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FOREWORD

This study was performed under Contract NAS8-30820 for the George C.
Marshall Space Flight Center of the National Aeronautics and Space Administra-
tion under the direction of James R. Turner, the Contracting Officer's Repre-

sentative. The final report consists of three volumes:

Volume I - Executive Summary,
Volume II ~ Technical Analyses and System Design,

Volume IIT - Engineering Test Unit and Controls.
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TI. INTRODUCTION AND CONCILUSIONS

Orbiting satellites continue to grow in capability, imcrease in cost and
proliferate in numbers as the nation coﬁtinues to struggle slowly, but consis-
tently across the frontiers of space. The great exploitation of space has by
no means begun; in faet, the exploration is far from complete. DMore and more
frequently, however, glimpses of its great potential are offered the informed
and aware. Unlimited sources of power, highly efficient communications and a
continuously expanding application of specialized manufacturing processes are
only a few opportunities. Man's imagination will undoubtedly multiply these
manyfold. The challenge to the technological community today is not neces-
sarily to find a use for space but rather to find the best ways to use it.

The entrepreneurs will follow if space can be accessed quickly, safely and cost
effectively. The Space Transportation System, particularly the Shuttle Orbiter
ig the first major step in that direction. It will eventually assure the nec-
essary access. It is by no means the last step. A greater confidence in
operating and working in space over long durations must be acquired. Space
stations are obwious milestones towards this end. The sheer magnitude in

both numbers and diversitj of future orbiting satellites, facilities, and
utilities necessary to encourage these opportunities will demand longer hard-
ware life, more reliable operation and a continuously greater accountability

to cost. This will eventually demand routine maintenance of the orbiting
equipment much as electtical power facilities, communications transmitters,

manufacturing tools, and computing systems are maintained on earth today.

It is this theme that has motivated the last several years of conceptuzl

studies of on-orbit satellite maintenance under MSFC contract NAS8-30820.

i

Many alternatives for satellite maintenance have been identified-—-unmanned
orbital servicing systems, manned extravehicular activities, highly reliable
expendable designs, and retrieval and return for ground refurbishment. The
first Integrated Orbital Servicing Study (T0SS) completed in September 1975

concluded that:

o On-orbit servicing is the most cost effective satellite
maintendnce approach.
o The development of an on-orbit servicer maintenance systém

is compatible with many spacecraft programs.
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e Spacecraft can be designed to be serviceable with accept-

able design, weight, volume and cost effects.

As satellite designs continue to evolve it becomes apparent that there
is room for virtually all the alternatives of satellite maintenance at one
point or other in the future. 7The question has become one of "How?', not
"Which?" or "Why?". In a word, the "How?" sums up the thrust of this contract's

activities. To that end the following major outputs were produced.

e An optimum configuration for an on—orbit satellite servicer
system was selected.

e Preliminary design of a flight version satellite servicing
mechanism was performed.

e A control system was configured for the arm, and control
modes defined.

. Maintainaé}e spacecraft designs were completed for typical
high and low earth orbit applications.

e A simulation/demonstration was conducted that demonstrated
feasibility and utility of the servicer concept and designs.

e An engineering test unit of the proposed servicing arm was
designed and assembled for eventual use as an evaluation
tool at MSFC.

® The optimum approach to repair of geosynchronous satellites
_was identified and the life cycle costs of on-orbit servic-

ing were detailed.

Martin Marietta was aided in this follow—on activity by TRW, Inc. under
the direction of David H. Mitchell who was responsible for the serviceable
spacecraft design work. It should also be noted that the servicer configura-
tion, mechanism and control system work has broader application to the whole

field of teleoperator technology.

This volume documents the trade study work completed in the first year
of the follow-on work. It will be complemented by an Executive Summary and an

Engineering Test Unit and Control System technical volume.



A, STUDY OBJECTIVES

The overall objective of this study was to continue the development of
the orbital maintenance concepts which emerged from the first Integrated
Orbital Servicing Study. This current gtudy was to further the design definitiomn
of an automated spacecraft servicing system supported by the space transportation
system. The objective was to be attained by an evolutionmary effort characterized
by analytical study, simulation, analysis, and three-dimensional modeling and
mockup activities in preparation for the design and fabrication of funetional
profotype subsystems and systems. These systems were to be evaluated for fit,
function, interface, and adequacy with all other elements of the system to
ensure the elements and objectives were in phase and representad the best din-
terests of the NASA.

1. Background

The first TIntegrated Orbital Servicing Study was an 18-month,- $264,000
effort completed in 1975. It was primarily concerned with developing a recom-
mended approach to servicing/maintaining spacecraft on orbit as opposed to fly-
ing the mission with expendable spacecraft or with spacecraft returned to earth
for refurbishment. In this regard, it was not necessary to define the warious
systems in any high degree of detail. Its objective was to provide the basis
for the selection of_a cost-effective orbital maintenance system supported by
the space transportation system, The large number of prior studies for FASA

and DOD were used as a basis,

Of the many approaches to providing servicing function, module exchange was
selected for maintenance concept evaluation because it satisfies the majority
of the servicing operations with a single technique. This selection is consis-.
tent with the findings of the majority of the prior studies, Module exchange
can provide the servicing functions of (1) rxepair failed equipment; (2) repair
degraded equipment; (3) overcome design failures; (4) replace/replenish worn~
out equipment; and (5) update equipment with new models. Equipment includes

mission equipment as well as subsystem equipment,



At the outset of the first 10838, the 1973 NASA payload model was reviewed
and 47 spacecraft programs were selected as the maintenance applicable space-
craft set, Based on these spacecraft designs and from the alternative on-orbit
maintenance concepts in the literature the pivoting arm mechanism, which ex-
changes modules in an axial direction, was selected, Figures I-1 and -2 illus-
trate serviceable configurations of the large X-ray telescope and the INTELSAT
being serviced by an on-orbit servicer where the orbiter and tug are the re-
spective carrier vehicles. These figures show two applications of the cn-orbit
servicer system, recommended by this first I0SS, that canr also be applied to an
earth-orbital teleoperator system, to a geosynchronous freeflyer, to the sclar
electric propulsion system, and to some forms of the interim upper stage. The
pivoting arm was also found better than either EVA or the Shuttle remote manipu-

lator system for maintenance at the Orbiter,

The extensive cost analysis showed that the savings, across the 47 space=-
craft programs, were significantly greater than for ground refurbishment when
compared with the expendable spacecraft mode.  In addition to the om-orbit
servicer preliminary design, one-tenth scale models of the servicer, stowage
rack, and three spacecraft were delivered. Two versions of the significant
structural interface between modules and spacecraft were designed, fabricated,
and delivered. The first Integrated Orbital Servieing Study and several
spacecraft studies have clearly shown that space hardware and operational econ-
omies may be obtained through the maintenance or service of certain spacecraft
on orbit. These study conclusions were obtained even though the servicer sys-
tem and spacecraft trade studies were not conducted at a level which could
determine the degree of dependence or degree of autonomy which should be given
to the servicer system, spacecraft, delivery vehicle, or other elements of
the operatioqal system. The wide range of spacecraft configurations and/or
options which can efficiently utilize maintenance were not developéd not dis-
played. The current study showed that quite simple systems are obtained when
the interdependence of the spacecraft and servicer complexity is consldered

and the two systems are designed with the other's capabilities in mind.
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2, Specific Objectives

This follow-on effort was intended to provide the definition of the func-
tional and physical requirements of the system. Both low and high earth orbit
servicing/maintenance operations were to be addressed. This effort was to con~
tinue the first I0SS preliminary design of the sytem in such detail as to sup-
port the fabrication of functional mockups combined with engineering trade studies
leading to the definition of compatible, maintainable spacecraft and servicer

system configurations.

The full range of variables were to be exercised to define the system ele-
ments through engineering trades of the servicer system interacted with a typi-
cal carrier spacecraft matched to the emerging upper stage designs and the STS
system capabilities. The activity was to examine a range of serviceable space-
craft to determine the on-orbit servicer design requirements. It was to result
in a preliminary design of the servicer system and of the interface of a service-
able spacecraft, with rationale for the design approach selected. 1In addition
the effort was to provide for the design, fabrication and demonstration of hard
functional mockups of the servicer systemland the corresponding spacecraft inter-

face. An operable physical representation of the on-orbit servicer preliminary

design was to be delivered to NASA.

The specific objectives for this study then are directed toward optimizing
those initial designs from the first I0SS and developing more detail in all

hardware areas related to servicing. These objectives were:

e To define the on-orbit servicer functional and physical
requirements to support both low and high earth orbit
servicing/maintenance operations;

® To select an on-orbit servicer and interface mechanism concept
that will maximize the utility of a single design approach;

e To provide a higher level of servicer system design detail than
that of the first T0SS and to describe a preferred and highly
integrated design which fulfills all established servicing
requirements;

e To identify a refined and usable control system preliminary
design which increases the operational utility of the servicer

mechanism;
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To develop a detail characterization of all potentially
maintainable spacecraft;

To prepare a preliminary design of serviceable versions

of three selected spacecraft;

To conduct an analysig to develop an understanding of

and approaches to the design of mission equipment for
serviceability;

To conduct a demomstration/simulation of a functional

hard moeckup of the on—orbit servicer system and associated
portions of the selected spacecraft in order to validate

the concepts and demonstrate feasibility;

To prepare an evaluation of the relative utility/profitability
of selected high earth orbit maintenance/servicer approaches;
To prepare a comprehensive review of servicer system life
cycle costs as derived from an analysis of system requirements;
To deliver a full-scale, powered, counterbalanced engineering
test unit of the servicer mechanism structure; and

To provide an on—orbit servicer implementation plan involving
an early ground demonstration and subsequent flight demon-

stration.

The significant issues to be addressed in the study included:

-

Tdentification of c¢riteria for selection of the on-orbit
servicer concept;

Selection of a representative set of mission equipment and
identification of approaches to their design for service-
ability;

Identification of the significant serviceable spacecraft
design issues;

Identification of an effective approach to servicer mechan—
ism operation in one—g;

Selection of a best approach for conducting the demomnstration/
simulation;

Tdentification of the servicer mechanism structure design

approach that will maximize the return to NASA.
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B. RELATIONSHIP TG OTHER NASA EFFORTS

After years of gpacecraft evaluations, maintenance trade studies, and
conceptual designs, the work on this contract can best be characterized by
a focussing of all this earlier work toward selection of an optimum on-orbit
servicing system configuration, and preliminary design of that selection.
Mockups and early prototype hardware were actually fabricated aﬁd demonstrated

to validate the concepts selected.

As a result of the more hardware-oriented nature of this contract the
interaction with other NASA efforts was markedly reduced from the first I0SS
which was used as the basic reference and the lead to many of the other NASA

efforts.

Most related MASA studies on satellite maihtenance were completed at the
start of this contract. Some of the more significant of these are listed in
Table I-1., Their conclusions and results were all available and used where
applicable. They proved most useful in the analysis performed to charactérize
potentially maintainable satellites and the operations analyses. In this regard
the DSCS-II study by TRW was based on existing TRW spacecraft and provided.

much detail data for the serviceable spacecraft preliminary design.

Table I-1 Significant Prior Studies

Payload Supporting Studies for Tug Assessment, MSFC In—house, 1973.
In-space Servicing of a DSP Satellite, SAMSO/TRW, March 1974.

Unmanned Orbital Platform, MSFC/RI, September 1973.

Payload Utilization of Tug, MSFC/MDAC, GE and Fairchild, May 1974.
-Operations Analysis, NASA/Aerospace, July 1974.

Servicing thé DSCS-II with the STS, SAMSO/TRW, March 1975.

Earth Observatory Satellite System, GSFC/In-house and Contracted, 1976.

Integrated Orbital Servicing and Payloads Study, MSFC/COMSAT, September
1975. :

Multi-mission Support Equipment, MSFC/MMC. April 1975.
Orbital Assembly and Maintenance, JSC/MMC, August 1975.

Study to Evaluate the Effect of EVA on Payload Systems, AMES/RI,
January 1976.

Multi-mission Support Equipment ‘(Launch Site), MSFC/MMC, June 1975.

Earth Orbital Teleoperator Systems Concepts and Analysis, MSFC/MMC,
April '1976.
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Table I-2 Concurrent Studies

Proto-f1ight Manipulator Arm Assembly, MSFC/MMC, April 1977.

Anatlytical Study of Electrical Disconnect System for Use on Manned and
Unmannad Missions, MSFC/MMC, January 1977.

Design, Development, Fabrication and Testing of a Fluid Disconnect for
Space Operation Systems, MSFC/Fairchild Stratos, Septémber 1976, 28 months.

High Energy Astronomy Observatory (HEAO) Block II Study, MSFC/Preiiminary
Design, December 1975.

PLUS, Payload Utilization of SEPS, MSFC/Boeing, July 1976.

Table I-2 lists five concurrent studies that provided helpful informa-
tion to the I0SS follow-on.' The servicer mechanism electromechanical drives
for both the space ve;sion and the engineering test unit were adapted from the
Proto~flight Manipulator Arm designs. The HEAO Block II study data were used
as basic information for development of the serviceable Characteristic Large
Observatory spacecraft preliminary design by TRW. The PLUS data, alomg with
other Solar Electric Propulsion System (SEPS) data, were used in the geosynchron-

ous spacecraft servicing operations analysis.
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C. STUDY APPROACH

The many alternative forms.of satellite maintenance are illustrated in
Figure I-3. Each of these alternative forms is directed towards increasing space-
craft availability, which is a measure of the time that a spacecraft is ready
to perform its intended mission. On-—orbit maintenance, or servicing is one way

to reduce the cost of spacecraft availability.

Mal NTENANCEIAPP ROACHES

LI 1 1
EXPENDABLE -  ON-GROUND VlSiTING'SYSTH“S
i 1 1
EVA  SRMS ON-ORBIT CONCEPTS
SERViCERS
LI 1

PIVOTING GEMNERAL PURPOSE

ARM MANIPULATOR
e, e Nttt h ~— /s
EXPENDABLE GROUND ON-ORBIT MAINTAINABLE MODES

REFURBISHABLE

Figure I-3  Spacecraft Maintenance Approaches

The prior studies evaluated these varied concepts and modes and in the
first I0SS concluded on-orbit spacecraft maintenance with a special purpose
(pivoting arm) manipulator was the preferred approach. . As stated in
Section A, the objective of this study is to review the initial configuration
and expand upon the hardware design and interface definition of that concept
to the point of fabricating preprototype/mockup hardware for concept validation
in an MSFC servicing demonstration facility. The study approach divides the
effort into seven tasks. The tasks and their interrelationships are illustrated

in Figure I-4.

Task 1 is a trade study to determine if there is a better alternative to
the pivoting arm on—orbit servicer mechanism or to the side- and bottom—mounting
space replaceable unit (SRU) interface mechanisms resulting from the first I0SS.
Tt also includes the development of ratiomale for the selection of a spacecraft

and set of mission equipment for use as the reference im the other study tasks.

Task 2 is a further level of design of the on-orbit servicer concept

selected in Task 1. It provides a greater level of detail than the first IOSS
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Figure I-4 Study Task Flow

and is directed to the space application. Coordination between the servicer and
spacecraft interface design activity of Task 3 is maintained to ensure a highly

integrated design.

The purpose of Task 3 is to develop a serviceable spacecraft design for '
space application of a selected spacecraft with emphasis on the interface
aspects. Both spacecraft subsystems and mission equipment are addressed. The
module mechanical interfaces are addressed as are the servicing operations

aspects.

The mockups of Task 4 employ existing Martin Marietta motion generators,
- control stations, and control logic systems combined with the interface mech-

anisms fabricated under the first I0SS to obtain the hard functional aspects.

The first part of Task 5 further explores the benefits of on-orbit servicing
in high earth orbits, while the second part addresses the major part of on—orbit

servicer life-cycle costs, which occur in the operations phase.
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Task 6 addresses the design, fabrication, assembly, and delivery of a
full-scale, counterbalanced, powered engineering test unit of the on-orbit

servicer mechanism.

Task 7 develops an on—orbit servicing implementation plan with emphasis
on identification of ground and on—orbit demonstrations that will lead to early
user acceptance. The documentation/coordination activites have .been included

. in Task 7 for simplicity.

The study task and subtask relationships are straightforward with a few
interactions. The major interactions are between Tasks 2 and 3 which are the
on-orbit servicer design and the spacecraft interface design respectively.

Task 5, operations analysis, results can have an effect on Task 2, the on-orbit
servicer design. The control system and interface evaluation of Task 4, func-
tional hard mockups, affect both the on-orbit servicer and the spacecraft
interface designs. Task 6 draws on the results of Tasks 2 and 4 as a basis

for the servicer mechanism structure design.

The Systems Group of TRW, Inc. was subcontracted for Task 3, the service—

able spacecraft interface preliminary design effort.

The trade studies of Task 1 addressed-the important question of system.
complexity as opposed to system capability. This question is difficult when

applied to on-orbit servicing as the level of capability required in terms of

module removal directions and mechanism reach are not known at this time, nor
can they be known. Our first iteration through this question was based on

a detailed analysis of 28 serviceable spacecraft designs from the literature.
The alternative servicer configurations were evaluated in three dimensional
cne—tenth scale mockups. The preliminary considerations led to a trade study of
five different servicer configurations that represented five combinations of
complexity and capability. Each configuration's capability was optimized for
its level of compiexity. The NASA was thus able to select the combination of
complexity and capability that was most suitable at that stage of on-orbit
servicer development. These trade studies involved all six considerations used
in the first TO0SS, namely: spacecraft design aspects, space transportation
system impacts, technical feasibility, operational areas, programmatics, and

cost.
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The analyses of Task 1 alsc led to a firm recognition of a number of
factors that became the very basis of our approach to servicer system design.
One is a realization of the very simple nature of the tasks, or actioms, in-
volved in module exchange. They are: remove, flip, relocate, and insert.

These four actions are all that are involved in replacing a whole set of modules
in a failed spacecraft. There are no other tasks. Another factor is that the
module locations both in the spacecraft and in the stowage rack are known well
before launch of a servicing mission. There is no need to search for the

failed module location. Thus the module locations can be stored in the on-

board computer and all of the module exchange trajectories (Figure I-5)

can be preprogrammed as well. A third factor is that the working volume for

the on-orbit servicer mechanism is a solid of revolution with its axis coincident
with the docking axis. The last major point is that the control system design
and the mechanism design should be developed together so that they complement

each other and so that system operability is enhanced. These factors became
ORIGINAL PAGE IS
OF POOR QUALITY

the basis of our approach to servicer system design.

Figure I-5 Preprogrammable Module Trajectory



. RESULTS AND CONCLUSIONS

The results and conclusions from this study are provided below by chapter.

The top level conclusions are presented first under 1. Under each set of

results the more significant conclusions are shown in italics.

1. Top Level Conclusions

a)

b)

c)

d)

e)

£)

g)

h)

On-orbit servicing ie a feasible and useful method of signifieantly

reducing spacecraft program costs. (All chapters)

A single on-orbit servicer development can satisfy serviceable

spacecraft requirements. (Chapter II)

A continuing servicer system development program is necessary for

user acceptance. (Chapters II, IV, and IX)

The space transportation system is designed to accept on-orbit ser-

vicing and no serious potential impacts were identified. (Chapter IX)

Serviceable spacecraft designs by TRW in this study and by COMSAT Labs
in the prior study have validated the servicer design and demon-
strated the value of an understanding of servicer system capa-

bilities by the spacecraft designer. (Chapters IV and VI)

An on-orbit servicer implementation plan involving an early ground
demonstration and subsequent flight demonstration has been pre-

pared. (Implementation Plan)

Servicer system life cycle costs are small compared to potential
cost savings and are greatest when spacecraft and servicer systems

are designed with consideration of the other's capabilities. (Chapter IX)

A central docking system is more useful to servicing systems than

other concepts. (Chapter III)

Development of geosynchronous upper stages with a rendezvous and
docking capability should be accelerated to maximize potential

savings from on-orbit servicing. (Chapters IV and IX)

2 Satellite Servicing Requirements (Chapter II)

a) A valid set of servicer system requirements has been developed from

I-14
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b)

c)

A one-tier module exchange capability is preferred over a two~tier

capability.

Both radial and axial module exchange directions are required for

some large spacecéraft.

.d) The servicer mechanism reach need not exceed two tiers of modules
per docking.

e) The servicer mechanism working volume should be a solid of revolution.

3. Servicer ﬁechanism Configuration Selection (Chapte; III)

a) An integrated set of five modular servicer mechanisms was found to
span all servicer requirements.

b) The axial/near radial servicer mechanism configuration which has the
best balance between capability and complexity was selected for
preliminary design. |

¢} The modular set, with its capability for growth and adaptability,
was recommended for long term development. ‘

o Axials;

e Axial/Near Radial;

o Near Radial;

8 Two-Tier Radial;

¢ Axial/Two-Tier Radial.

d) An effective set of criteria was developed for selection of servicer
mechanism configurations.

e} A complete range of servicer mechanism configurations was sys-—
tematically and iteratively reduced to a few for detaill consider-
ation.

£) One~tenth scale models were found to be cost—effective during detail

selection between servicer configurations.,
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4, Serviceable Spacecraft Preliminarxy Design (Chapter 1V)

a) Design of spacecraft for serviceability is straightforward with

acceptable weight and cost effects.

b) The significant attributes and design characteristics of a service-
able spacecraft which can enhance user accepiance have been iden-
tified.

c) The TRW preliminary layouts of three serviceable spacecraft were
iterated with the MMC servicer configurations to easily reach

compatible designs for:

# DSCS-II--Defense Satellite Communications System IT;
e SEOS—-Synchroncous Earth Observatory Satellite;

e CLO--Characteristic Large Observatory.

d) The fundamental characteristics of mission equipment repair in

orbit have been identified.

e) The CLO replaceable modules are arranged around two separate dock-

ing ports.

5. On-Orbit Servicer System (Chapter V)

a) A servicer system preliminary design has been prepared that exploits
the simple nature of the module exchange task.

b} Funections have been allocated between the man, control system, ser-—
vicer mechanism, interface mechanism, spacecraft and carrier ve-

hicle.

¢} The control system design goal of simplifying servicer system

operations was accomplished.

d) The Orbiter Payload Specialists Station is recommended for comtrol

of servicer operations in or near the Orbiter.

e} The cylindrical geometry of the servicing task lends itself to

simple, easily implemented module exchange trajectories.
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Servicer Mechanism Preliminary Design (Chapter VI)

a)

b)

c)

d)

e)

£)

g)

4 servicer mechaniem preliminary decign has been prepared which

satisfies all the established requirements.

The mechanism can replace modules in both the axial and radial

directions on a single mission.

All aspects of the mechanism preliminary design are well within

today's state of the art.

Three standard interface mechanism sizes can handle. 90 percent of
the anticipated modules (These are applicable to either the side

or base mounting interface mechanisms):

® 17 inch cube, less than 75 1b modules;
@ 26 inch cube, less than 200 1b modules;
e 40 inch cube, dess than 400 1b modules.

The spacecraft designer may design his own interface mechanisms
as long as they are compatible with the servicer mechanism and
module stowage rack. However, two general purpose interface

mechanisms have been designed.

A truss type module stowage rack is more weight efficient than

a monccoque structure.

The selected stowage rack configuration can stow sufficient modules

for servicing:

o Two DSCS-II spacecraft;
o Two SEOS spacecraft; or

¢ One CLO spacecraft.

Servicer Control System (Chapter VII)

a)

A control system approach and implementation have been developed

which involve three modes:

6 Supervisory as the primary mode;
o Manual divect as the backup mode;

o Monual augmented tq represent conventional teleoperator conmtrol.
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b)

¢)

d)

e)
£)

£)

All three control modes were found to be essential and their de-—

velopment should be continued.

TUse of the emerging microprocessor technology can permit a dedica-
ted servicer computer featuring low weight, flexibiliity, capability,
and operational simplicity, and will lead to expedited sexrvicer

system development.

The same basic trajectory sequence can be used for all three con-
trol medes and for every module-—only the trajectory segment end

conditions will vary. -
The cylindrical coordinate system is most optimum for servicing.

Hand controller correlation with the TV screen is highly desirable

for the manual augmented mode.

A single TV camera mounted on the end effector is effectiwve.

Simulation/Demonstration (Chapter VIII)

a)

b)

c)

d)

e)

A simulation/demonstration using ewisting Martin Marietia motion

generator, computer, and control station was conducted.
The selected control system was verified.to be useful and effective.
The supervisory mode is effective and easy to learn.

The manual direct mode is feasible, but visual aids are highly de-

sirable.

The capture volume of the interface mechanism should be reassessed.

Operations Analysis. (Chapter IX)

1-18

a)

b)

On-orbit maintenance is the most cost-effective mode for maintenance

of geosynchronous spacecraft.

All twelve servicing methods considered were contained within a

+3 percent cost spread.



10.

c)

d)

_f)

g)

h)

The Tug-demand launch servicing method resulted in minimum total

program cost.

The fixed location warehouse with incremental satellite servicing

by the SEPS resulted in minimum servicing respounse time.

Tse of expendable upper stages is useful but not as cost—effective

as reusable systems.

The current NASA launch cost reimbursement policy favors expendable

servicer systems on geosynchronous missions.

Operations costs are the largest part of servicer system life cyecle

costs for a range of misstion model sizes.

The current NASA launch cost reimbursement policy enhances SIS near
term objectives, but puts many on-orbit maintenance requirements

into the extra-cost category. However, these extra costs are not

expected to overcome the advantages of on—orbit maintemance.

The current NASA launch cost reimbursement policy results in higher

L]
launch costs for all maintenance modes with an increase in savings

for the cn-orbit maintenance mode.

Engineering Test Unit (Volume TII)

a)

b)

An engineering test unit of the servicer mechanism structure has
been designed, fabricated, and delivered to MSFC.

The engineering test unit can become the basic building block of a

NASA on-orbit servicing demonstration facility.
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TX. SATELLITE SERVICING REQUIREMENTS

This chapter collects and compiles the multitude of assorted require-
ments that interact with and influence the overall servicing scenario. The
satellite servicing requirements are used as, 2 basis for, the servicer mech-
anism configuration of Chapter III, and the servicer system design of chap-
ters V, VI, and VII, as well as gupporting the serviceable spacecraft design
of Chapter IV. " The approach to developing these requirements is depicted

in Figure II-1.°
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Figure II-1 Servicing System Requirements Definition

There are three requirements-related discussion areas included in this
chapter. They are blocks A, B, and C on the figure. These letters also

correspond to the section headings in this chapter.

Some preliminary data from the first I0SS study were available as a

starting point at the beginning of this study. As noted in the block on
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the top of Figure II-1, this took the form of a preliminary definition of
servicer requirements. Other useful data and analyses results regarding
the maintainability of satellites were also available from that prior

study.

The real objective of this chapter is to accomplish block B, which is
a refinement and expansibn of the preliminary servicer requirements. The
arrows showing inputs to block B represent consideration areas used in de-
veloping the servicer system requirements. The empﬁasis was to identify
servicer mechanism configuration drivers. In order to provide more detail
and arrive at the desired credibility, it was found necessary to first per-
form an in-depth analysis of the most current data on future serviceable
spacecraft. The purpose of this analysis, shown as block A on the figure,
was to revieﬁ, then claséify and characterize in detail all the potentially
maintainable spacecraft identified during the first I0SS literature seaxch.
Each of these spacecraft represent different individual's concepts of how
spacecraft should be designed for serviceability. This task was a primcipal
effort in the requirements area. It became the corﬁerstone, not only for
the servicer requirements of block B, but also resulted in a set of require-
ments,‘or implications if you will, on the design of.spacecraft for maintain-
ability. It should be noted these implications were most useful as an inde~-
pendent cross check against maintainable spacecraft design requirements

generated on a subcontract with TRW (see Chapter IV)..

The analysis in block A also provided the necessary data for selection
of the spacecraft to be designed for maintainability by TRW. That selection

process is shown in the figure as block C.

The relationships of the requirements.task to the other activities
conducted on the contract such as the TRW spacecraft designs, are shown as

dotted boxes'on the figure for reference.
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A, SERVICEABLE SPACECRAFT CHARACTERISTICS

A detailed analysis regarding this subject was conducted and documen-
ted in a memorandum, "The Effect of Serviceable Spacecraft Design on Ser—
vicer System Requirements," dated May, 1976. This section will summarize
that document which reviewed and classified 28 serviceable spacecraft de-

signs from the literature.

The approach used in this aﬁalysis to arrive at a credible character-
ization of maintainable spacecraft focused initially on the Maintenance Ap—
plicable Set (MAS) of the previous I0SS study. The MAS was used as a ref~
erence in the spacecraft classification task described in 1. below. The
cost savings data from the previous I0SS for on-orbit servicing, as opposed
to expendable spacecraft or ground refurbishment programs, was then used to
determine the relative importance of each category from a cost savings
standpoint, This is discussed in 2. To identify the requirements imposed
by each category a study of 28 serviceable spacecraft designs was performed
and presented in 3. The servicer requirements to be implemented in this
Integrated Orbital Servicing Study Follow-On were identified in 4., based
on the potential cost savings reccverable through providing the servicing
capability. The implications of serviceability om spacecraft design were

abstracted and presented in 5.

1. Spacecraft Classification

The ‘maintenance applicable set of the first I0SS was derived from the
1973 NASA payload model and the 1974 Space Shuttle Payload Description (SSPD)
The applicability of the MAS to the present study was evaluated with respect
to present payload planning as presented in the. 1975 SSFD. Of the 47 space-
craft in the MAS, six programs were deleted in the 1975 SSPD. These were
all from the astronomy payloads. Six programs were added in the SSPD, how-
ever, which offset the deletions, The MAS was determined to be a represen-
tative sample group of spacecraft to be flown in the Shuttle era. A summary

of those 47 spacecraft in the MAS is provided in Table TI-1.

Categories or classifications of spacecraft according to imposed ser—
vicer requirements were determined. Classification according to mission

objective yielded a first cut, as configuration is often driven by program
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Table II-1 Summary of Maintenance Applicable Set
Payload
Payload Model
Number Code No. Spacecraft Name
AS-01-A { AST-6 Large Space Telescope
AS-03-A | AST-1B Cosmic Background Explorer
AS-05-A"} AST-1C Advanced Radio Astronomy Explorer
AS-07-A | AST-N1 34 Ambient Temperature IR Telescope
AS-11-A ! AST-N2 1.5M IR Telescope
AS-13-A { AST-N3 UV Survey Telescope
AS-14-A } AST-N4 IM UV Optical Telescope
AS-16-A | AST-8 Large Radio Observatory Array
AS-17-A | AST-N5 30M IR Interferometer
HE-01-A § AST-9B Large X-Ray Telescope Facility
HE-03-A { AST-5A Extended X-Ray Survey
HE-05-A | AST-5D High Latitude Cosmic Ray Survey
HE-Q7-A | PHY-1A Small High Eneray Satellite
HE-08-A | AST-5B Large High Energy Observatory A
HE-08-A § AST-4 Large High Energy Observatory B
HE-10-A } AST-5C Large High Energy Observatory C
HE-11-A | AST-9A Large High Energy Observatory D
HE-12-A }{ PHY-5 Cosmic Ray Laboratory
S0-02-A | AST-7 Large Solar Observatory
SO-03-A | AST-3 Sotar Maximum Mission
AP-01-A | PHY-1B Upper Atmosphere Explorer
AP-02-A | PHY-1C Explorer-Medium Altitude
AP-04-A | PHY-2A Gravitational and Relativity Satellite - LEO
AP-05-A | PHY-3A Environmental Perturbation Satellite - A
AP-07-A } PHY-3B Fnvironmental Perturbation Satellite - B
E0-08-A | EO-3 Earth Observatory Satellite
EO0-09-A | EO-4 Synchronous Earth Observatory Satellite
E0-10-A | EO-5 Applications Explorer (Special Purpose Satellite)
E0-12-A | EO-6 TIROS
EQ-56-A | NN/D-8 Environmental Monitoring Satellite
E0-57-A § NN/D-9 Foreign Synchronous Meteorological Satellite
E0-58-A | NN/D-10 Geosynchronous Operational Meteorological Satellite
E0-59-A { NN/D-12 Geosynchronous Earth Resources Satellite
E0-61-A | NN/D-11 Earth Resources Survey Operational Satellite
E0-62-A | NN/D-13 Foreign Synchronous Earth Observation Satellite
OpP-02-A } EOP-5 Gravity Gradiometer
OP-04-A | EOP-7 GRAVSAT -
OP-05-A { EOP-8 Vector Magnetometer Satellite
0p-51-A { NN/D-14 Global Earth and Ocean Monitoring System
LS-02-A | LS-1 - Biomedical Experiment Scientific Satellite
CN-51-A | NN/D-1 INTELSAT
CN-52-A | NN/D-2A* | DOMSAT A
CN-53-A | NN/D-2B DOMSAT B
CN-54-A | NN/D-3 Disaster Warning Satellite
CN-55-A  NN/D-4 Traffic Management Satellite
CN-56-A | NN/D-HA Foreign Communication Satellite - A
CN-58-A | NN/D-2C DOMSAT C
CN-59-A | NN/D-6 Communications R&D Prototype
CN-60-A | NN/D-5B* | Foreign Communication Satellite - B

* Dropped from maintenance applicable set in economic analysis.
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quectives. The final classification is summarized in Table 1I-2, It

is based on configuration and mission orbit or servicer carrier vehicle.
The orbiter is used for low earth orbit and an upper stage or tug for

high earth orbit. The criteria used was whether the subsystem and mission
equipment could be packaged into one tier.or required more than one tier.

A tier was defined as a cylinder of 4.57 m diameter and approximately 1 m
deep. This is compatible with the orbiter cargo bay diameter. The classi-
fication according to configuration was complemented by whether the space-

craft was delivered to orbit by the Shuttle or some upper stage.

Table II-2 Spacecraft Classification Categories

_ CATEGORY

Low Earth Orbit Medium or High Earth Orbit

One Tier | Two or More Tiers | One Tier | Two or More Tiers

Number of
MAS Programs 11 ' 15 18 3

It is apparent that the MAS contains representative spacecraft for
each category. The small number of High Earth Orbit, two tier configura-
tions is to be expected due to weight constraints on delivery te high earth

orbit.

2. Cost Savings Per Category

Having classified the maintenance applicable set according to the con~
figuration categories above, the cost savings recoverable through on-orbit
maintenance as opposed to expendable or ground refurbishment programs were
calculated for each category., The data was taken from the extensive cost
analysis perfcrmed during the first I08S. The results of this analysis dis

shown in Figure II-2.

Approximately 50% of the savings are in the LED, two tier spacecraft
category. This result places an emphasis on servicer capability to service
more than one tier spacecraft. This ratio is consistent within the sample
group., Of the ten programs with the potential for the highest cost savings,

six are two tier or greater. These ten programs make up 50% of the cost
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Figure IT-2 MAS Cost Savings Per Category

savings- It may be noted that programs representing 747% of the potential

cost savings were scheduled for initial launch prior to 1984,

Highest cost savings programs:

- E0-08-A Earth Observatory Satellite, ) LEO -~ One
- AS-01-A Space Telescope ’ LEO -~ Two
- E0-61-A Earth Resources Survey Operational HEQ - One
Satellite
- A5-07-A 3m Ambient Temperatufé IR Telescope ‘ LEO - Two
- AS-11-A 1l.5m IR Telescope ) LEC - Two
- LS-02-A Biomedical Experiments Science LEO - One
Satellite
- - 80-02-A .. Large Solar Observatdry ‘ LEO - Two
- HE-12-A - Cosmic Ray Laboratory LEO - Two
~ AS~14-A 1m UV Optical Telescope LEO - Two.
- HE-07-A Small High Energy Satellite LEC - One
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3. Serviceable Spacecraft Design Evaluation

An extensive review and evaluation of the serviceable spacecraft
designs found in the literature was conducted.. The variety (28) of ser-
viceable spacecraft designs considered provides trend data over a wide
range of spacecraft configuration variables. The serviceable spacecraft
designs were obtained from the extensive literature file collected during
the first I088. These were complemented with a few additional concepts
from the more recent literature. The primary emphasis of this review was
on identifying parameters that would aid in selecting the best servicer
mechanism, As part of identifying servicer configuration drivers, it was
necessary to find a way of datermining the relative importance of conflict-
ing information. One of the technigues used was to identify the most
significant spacecraft program class.in texms of potential savings and then
use it to help resolve the differences. The method of collecting and analy-
zing the serviceable spacecraft descriptive data provided important infor=
mation on serviceable aspacecraft design approéchés. This information was
also collated, analyzed, evaluated, and made available ro TRW for uge in

their serviceable spacecraft design work,

The approach used was to develop a classification scheme based on the
first IOSS maintenance applicable set and then to identify the important
class on the basis of potential savings. The low earth orbit, more than
one tier spacecraft programs represent the greatest savings. The service-
able spacecraft designs were then separated into the classifications, Ex~
tensivé descriptions of each of the 28 serviceable spacecraft were prepared.
Summaries of characteristics, at the spacecrafr and module levels, were
made both at the class level and then across classes, Conclusions and im-
plications on serviceable spacecraft design were drawn and servicer system
requirements were selected. The results were cross checked against the
88D épacecraft definitions, but no deficiencies were uncovered. Table IT-3
presents the serviceable spacecraft and the company that performed each
study in the four catepories introduced’earlier. Several of the spacecraft

(DSP, EOS, SEOS, and AGOES) were studied by more than one company

II-7



Toble II-3 Serviceable Spacecraft Designs

HIGH EARTH ORBIT ~ ONE TIER SPACECRAFT (11)

- DSCS-I1, DSP - TRW - UOP - RI

- COMR&DSAT, CSCSAT - MDAC/Fairchild - INTELSAT - COMSAT
- SEQS, AGOES - MDACIGE - DPOMSAT B ~ MSFC
- SEOS - GE - DSP - Aerospace

HIGH EARTH ORBIT - TWO TIER SPACECRAFT (8)

- Geosynchronous Platforms, 7 Versions - Rl
- AGOES - GE

o LOW EARTH ORBIT - ONE TIER SPACECRAFT (2)

- EOS - Aerospace
- EOS - Lockheed

o LOW EARTH ORBIT - TWO TIER SPACECRAFT {7}

- MMS EOS - GSFC

- ST - MMC

- HEAO 1 2m TELESCOPE - MSFC

- Solar Astronomy Platform, Stellar Astronomy Platform, ‘HE Phy. Platform,
Plasma Phy.. Platiorm - RI

To better illustrate the design type of spacecraft in these four
categories a typical design has been selected from each of the four and

is described in more detail.
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a) Serviceable High Earth Orbit ~ OUne Tier Design - The TRW serviceable

design of the DSCS II is presented in Figure IT-3 as an example of a high-
earth—~orbit, one tier design. It is a web structure, of box shape 128 in,.
% 99 in. x 40 in. It is designed for central decking and axial removal of
replaceable modules., Three versions of this spacecraft were studied by
TRW. The versions vary in number and size of modules, The configuration
shown has the least mumber of modules (eight). Each module contains an
entire subsystem and is approximately 32 in. x 40 in. x 40 in. The heav-
iest module weighs 444 1bs, The maximum number of modules considered was

30. In that configuration, subsystems were broken down into functions.

This spacecraft requires minimum complexity imn servicer design. There

is no axial reach requirement and the maximum radial reach is 78 im,

" FPigure II-3 Serviceable High Earth Orbit - One Tier Design (DSCS-II)

b) Serviceable High Earth Orbit —~ Two Tier Design - The Geosynchronous

Earth Observation Platform is presented in Figure II-4 as representative of
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the HEO, two or more tier category. This Rockwell International configur-
ation has separated the mission modules into two separate tiers. One tier
is at the focal plane of the telescope, The other tier is at the entrance
aperture of the telescope, The subsystem modules are located in a separate
tier also at the entrance aperture. The overall size of the spacecraft is
144 in, diameter x 309 in. long. In the Rockwell studies, servicing was
considered by an automated servicer as well as by crewmen under both EVA
suited and shirtsleeve conditions. The latter drove the design to the in-
ward radial removal configuration. To maintain the central region clear
the docking must be peripheral, The basic structure for mounting the modu-
les or space replaceable units (SRUs) is web type. There are locations for
36 replaceable units which range in weight from 13 to 200 1bs. The maximum

servicer reach is 42 in. radial and 54 in. axial.

A fm

Subsystern Module —
Mission Modules

Typical Mission Module Arrangement

Figure IT-~4 Serviceable High Earth Orbit - Two Tier Design (SE0S)
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This clas§ of spacecraft represents the more complex servicer re-
quirements. The potentizl for redesign exists if servicing by shirtsleeve
crewmen is eliminated. Module removal coul& then be axial and radial out-
ward. Locating all three tiers at the base of the telescope would elimi-
nate multiple docking, peripheral docking and possibly save omn spacecraft

design in structure and cable run lengths.

c) Serviceable Low Earth Qrbit - One Tier Design - The Earth Observation

Satellite serviceable design by the Aerospace Corporation is presented as
a rep;esentative of the LED one tier spacecraft. The configuration, shown
in Figure II-5, is also representativg of 26 additionai spacecraft config-
ured by the Aerospace Corporation in their Operations Amnalysis Study. The
gpacecraft is designeé consistent with the one tier definition and is com-
patible with the Orbiter cargo bay. Its overall dimensions are 180 in.
diameter and 60 in. deep., The configuration shﬁwn here has equipment mount-
ed to individual pallets which are removed axially. Only one face of the
cylinder is used for mounting here. More recent data from Aerospace shows

modules mounted to the interior face of the cylinder as well.

ORIGINAL page o
F POOR QuaLiTy

Figure II-5 Serviceable Low Earth Orbit - One Tier Design (E0S)
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This category of spacecraft doeg not generate any critical require-
ments which drive the servicer design. Docking is performed axially with
a central type docking. Only one docking_is required. All modules are re-
moved axially requiring only radial servicer reaches. The majority of the
modules are less than a 40 in. cube in size; however, mission modules may

reach 40 in, x 40 in. x 80 in. The maximum module weight is 719 1bs. -

d) Serviceable Low Earth Orbit -~ Two Tier Design -~ It was desired to in-

clude a representative of the GSFC work on serviceable spacecraft. The re-
cent documentation on the Multi-Mission Spacecraft does not discuss servic-
ing, nor does it include any set of mission equipment. it was. decided to

use the older GSFC information on the Earth Obgefvatory Satellite (EQS) that

did provide the servicing and mission equipment data requiréd. Tt is shown

in Figure II-6,

\ \\Q\\@\ ﬁ |

- LN |
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b L_)L__J%%

Figure I1-6 Serviceable Low Earth Orbit - Two Tier Design (EOS)
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The EOS was designed for launch on Shuttle, Delta or Titan launch
vehicles. This limits the design in the radial dimension and forces the
two tier length with the tiers essentially perpendicular to each other.

In order to service this spacecraft with the single, axial dock, excessive
reach requirements of up to 230 in. axial would be required. Therefore,
two dockings should be considered, an axial one for the two tiers of sub-
system equipment and a radial one for mission equipment. Subsystem module
removal is radial and mission equipment module removal is axial. All mod~
ules exceed the 40 in. cube module size, The subsystem modules are 48 in.
x 48 in, x 20 in, FEach module contains a complete subsystem or mission

equipment system,

4, Space Serviceability Impact on Servicer Design

.

The results from 3. above were carefully tabulated in the previously
referenced memo. The conclusions from the analysis and resulting data are

reflected in servicer system requirements as follows:

a) All Replaceable Compenents Can Be Modularized — No evidence was found

in any of the serviceable spacecraft descriptions that there was any ser-—
vicing activity required which could not be put in the form of module ex-
change. A possible exception is the extension/retraction of appendages by
an astronaut on EVA as discussed for the space telescope. UNote that the
mechanical drive system of the servicer end effector (normally used for in-
terface mechanism operation) could be used to power extension/retraction

systems in an emergency.

Similarly, all equipment that appeared to need replacement was modu-
larized by one design team or another. In some cases, the resulting modules
were large and heavy, but the replaceable components were modularized. This

was true for both subsystem equipment and mission equipment.

b) Maximum of Two Tiers per'Docking - Twenty-one of the twenty-eight ser-

viceable designs reviewed incorporated one or two tiers per docking. Five
were three tier designs. The other two spacecraft were the AGOES GE design

(5 tiers) and the RI High Energy Physics Platform. The AGOES was redesigned
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to a one tier spacecraft in a MDAC/GE design. The RI spacecraft could
be seérviced using two dockings. 1In general, two tiers per docking was the

maximum servicing requirement.

c) Module Size ~ 15 in. Cube Minimum and 40 in. Cube Maximum - The

majority of modules, both subsystem and mission equipment, used in the
serviceable spacecraft evaluated are within the size bracketed by a 15
inch cube and a 40 inch cube. Approximately half of the spacecraft used
some modules smaller than a 15 inch cube and approximately 3C% used some

LS

modules larger than a 40 inch cube.

The optimization of module size is an extensive trade study which
must consider failure rates, the number of spacecraft which can be ser-
"viced on a flight, the weight and structural effects, and module inter-
faces among other parameters. In the spacecraft reviewed, the module phil-
osophies generally ranged from packaging complete subsystems In a module
to packaging individual functions in a module, In their DSCS-II study, TRW
evaluated three separate configurations which varied mainly in the size and
number of modules. They tended to favor the larger or complete subsystem

modules.

Several of the programs evaluated used-both packaging philosophies.
In the Space Telescope design, subsystem equiﬁment was packaged according
to the functional philosophy resulting in many small replaceable modules.
The mission equipment was packaged according to the complete subsystem phil-

osophy. This resulted in a few large modules.

The modules smaller than a 15 inch cube can be repaékaged into larger
functionally complete modules. The modules larger than a 40 inch cube
generally are mission eduipment-modules suéh as the Thematic Mappexr used
on EOS satellites and the scientific instruments on Space Telescope. Re-
packaging instruments into smaller modules requires additional study. ‘In
the DSP Satellite, however, a large instrument was redesigned so that the
detector set became a replaceable module as opposed to replacing the com-

plete instrument,
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d) Module Weight -~ 10 to 700 lbs., - Most of the modules fell within the

weight bounds of 10 to 700 lbs. Three spacecraft with modules weighing
less than 10 1bs. were identified. They were Space Telescope, Plasma Phy-
sics Platform, and Ummanned Orbital Platform. TIn all cases, the items
could be grouped with other components to result in larger modules. There
are nine spacecraft with modules in the 11 to 20 1b, increment. Thus the

lower bound of 10 lbs, is appropriate.

Only two spacecraft programs were identified with modules heavier than
700 1bs. These are the Aerospace Corporation design of EOS and the Space
Telescope, The serviceable spacecraft data indicated an upper bound of 500
1bs. would be appropriate as there were no maximum weight modules in the
500 to 700 1b., interval, However, the SSPD data has a number of modules
falling between 500 and 700 1bs. Thus the 700 1b. value is used,

e) Servicer Mechanism Reach From Docking Port - It is recommended that the

minimum reach be 0 in,, axial and 20 in. radial and that the maximum reach be
100 in, axdial and 90 in. radial. The maximum radial reach is bounded by the
radius of a tier which equals half of -the Orbiter cargo bay diameter. The
minimum radial reach occurs on the end of the spacecraft near the docking
drogue. Some spacecraft designs, using peripheral docking, have a module
directly on the spacecraft centerline. With central docking, modules cannot
interfere with the docking drogue,- Additionally, the reach is to the inter-
face mechanism attach point which can be on the outboard side of the module.
The data collected is for the immermost part of the module, It is reconmend-

ed that a minimum radius of 20 in. be used.

A maximum axial reach of 100 inches also fulfills the reach require-
ments of most spacecraft. The two spacecraft with greater than 200 inch
reach requirements are the GSFC MMS/EOS and the Space Telescope. These
reach requirements are based on single axial dockings as the spacecraft are
designed. The MMS is designed for maintenance using a Shuttle Orbiter Eix-—
ture. The ST is designed for servicing by a suited crewman. Both excess-
ively long reach requirements could be decreased by multiple docking and
redesign of the spacecraft with automated servicing in mind. The 100 in.
reach permits reaching slightly past two tiers to solar arrays, antenna

drives, or specialized mission equipment,
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) Both Axial and Radial Qutward Module Removal are Required on the Same

Spacecraft - The axial module removal direction is preferred by the high
earth orbit, one tier designs, Radial inward removal is -indicated on eight
designs, but these are all RI geosynchronous platform variants, As was

shown by the UOP Alternative Configuration, inward radial can be readily re-
placed by outward radial when the need for shirtsleeve operation is deleted.
Both axial and radial module removal are shown for five spacecraft. This
dual capability is also a significant encouragement to spacecraft designers.
If the dual capability is not retained as a requirement, then the individual
needs for axial and radial could result in different concepts for devélopment

and higher total life cycle costs.

g) Provide For 0£f-Axis Radial Module Removal - Four serviceable spacecraft

designs involved off-~axis. radial .module removal, By itself, this data might
not be adequate justification, However, this is ancther area where it is

desired to minimize restrictions on the spacecraft designer. The additiomal
complexity in the servicer mechanism appears minimal and the possible gain to

the spacecraft designer could be significant.

5. Implications of Serviceability on Spacecraft Design

While the analysis described in 1., 2., and 3. was directed towards
deriving the servicer requirements of 4. above, another very pertinent
and useful output was obtained regarding the design of spacecraft themselves
for serviceability. Some of the more significant conclusions derived from
the data are provided below. They were provided to TRW to support their typi-
cal serviceable spacecraft design (see Chapter IV). These requirements have

also been useful as an independent check on the designs performed by TRW.

a) Use Central Docking System — Both peripheral and central docking were

used by the spacecraft evaluated. Where peripheral docking was used it was
normally due to having presupposed a peripheral type servicer or to accommo-—
date shirtsleeve crew servicing and the associated radial inward removal.
The majority of the designs could easily accommodate central docking, - The
use of a peripheral "docking system establishes a "fence' between the areas
for axial module removal and the areas for radial module removal. The
"fence' seriously inhibits the design of a servicer configuration capable

of both axial and radial module remowval.
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b) Minimize the Number of Dockings Per Spacecraft Service - Multiple

docking was only required for four of the twenty-eight spacecraft. A
maximum of two tiers per docking was required. Multiple docking should

be permitted, but at the same time it should be minimized.

c) Docking Direction Should be Normal to the Solaxr Array Drive Axis

Direction — In almost all cases, the docking direction was normal to the
solar array drive axis and component placement was such that there was
minimum likelihood of interference. One spacecraft design used an unbal-~
anced solar array configuration to avoid interference between the solar

array and the docking operation.

d) Solar Arravs and Other Appendages Need Not Be Retractable - Slightly

more than half of the designs did not provide for retracting appendages.

The proportion of non-retracting designs was higher for the low earth orbit
spacecraft. This is the opposite of what might be expected. Extended ap—
pendages could cause damage to the Orbiter wings or tail. The possible
interferences are less for Tug based servicing. However, the main rationale
for an appendage retraction capability is to be able to return the space-
craft to earth. This capability can’ 'alsc be obEFined by incorporating a

methed of severing the appendages in an emergency.

e) Consider Use of Replaceable Solar Array and Antenna Drives — Most

solar arrays were driven to face the sun, Only four cases of replaceable
drives were identified. Serviceable designs of the solar array drives were
investigated by the Aerospace Corporation. They plamned to replace the
drives as a module while leaving the solar array and the axis support bear-

ings in place,

More fixed than driveable antemnas were reported, This probably re-
flects the number of communications satellites in the group of satellites
evaluated. Only a few cases of replaceable antenna drives were noted. This
could be because the driveable antennas were often located at the ends of

deployable booms which made access difficult.
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It is recommended that additional consideration be given to tech-
‘niques for replacing solar array and antenna drives, As noted above,
Aerospace Corporation as well as fRW have looked at the replaceability
of solar array drives, Also,TRW has considered placing anténna drives
;t the base of the extension booms instead of out on the booms. This

could make the replacement of antenna drives more feasible.

£) Use Most of the Orbiter Cargo Bay Diameter - All but two of the

spacecraft had diameters, or diagonal measurements, greater than twelve
feet. These were the GSFC Multi-Mission Spacecraft which is designed for
use with exﬁendable launch wehicles and the other was an early design of
AGOES by General Electric. However, many of the designs had dimensions
close to twelve feet .and others needed most of the 15 foot diameter, but

did not use the volume effectively.

g) Dominant Structural Type is Web - Two types of structure were found,

Plate structure was the name given to large flat sections made up of honey-
comb panels. These tended to be four to six imches thick and were the
primary structure for mounting the modules. Web structure was the name
given to the egg-crate or pigeon hole arrangement. The "holes" were general-
ly outlined by some form of beams and then thin plates were used to connect
and stiffen the beams in the planes of the thin plates. This name was also
assigned to the open trusswork type of construction.

Plate construction was found on four spacecraft. On two of these, the

larger part of the structure was web.

h) Select Spacecraft Shape to Suit Other Design Requirements - The struec-

tural shapes of serviceable spacecraft identified were cylinder, toroid,
disk, and rectangular box. Combinations were also found. Approximately one-
third of the spacecraft were toroids, one-third were rectangular boxes, and
the remaining third were cylinders, disks, or combinations. The spacecraft
shape does not have much effect on servicer requirements other than reach

distance, which is discussed above.
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i) Use Between Ten and Thirty Modules - The number of modules includes

both subsystem and mission equipment modules. The fewest modules om a
spacecraft Were-éight and this occurred for one version of the DSCS-II by
TRW, the DSP by Aerospace Corporation and the SEOS by General Electric.
Forty-two modules were used on the UOP by Rockwell Intermational and 90
were used on the ST by Martin Marietta. Three spacecraft used fewer than
ten modules and seven used more than thirty modules. The ratio between
average number of modules for one tier and more than one tier spacecraft

was not as large as anticipated. The averages being 21 and 28 modules for
one and more than one tier respectively. The data did show a.larger differ-
ence between low and high earth orbit spacecraft where the average number

of modules were 33 and 20 respectively. The LEO, more than one tier numbers

tend to be distorted by the Space Telescope data,

k) Module Size - 15 in. Cube to 40 in. Cube - Refer to servicer require-

ments section A.4.c) for rationale,

1) Module Weight - 10 to 700 1b. ~ Refer to servicer requirements section

A.4.d) for rationale,

m) Servicer Reach 20 in. Minimum to 100 in. Maximum - Refer to servicer

requirements section A.4.e) -for rationale.

n) Electrical, Waveguide, and Fluid Connectors Are Acceptable — All modules

required electrical comnectors, Twenty-four of the spacecraft required
waveguides, or at least high frequency, connectors. Only three spacecraft
required fluid comnnectors. However, this may have been a desire to avoid th
development problems of a fluid connector. Fluid connectors should be per-
mitted, They can provide useful functions in terms of cross—strapping prope

lant supplies and permitting replacement of instrument fluids,

0) Avoid Conductive Type Thermal Comnectors - Thermal conmectors were used

on 14 spacecraft designs. These were predominantly the Rockwell Internation
al Geosynchronous Platform spacecraft, They proposed using a crushable pack
et of material to obtain good thermal contact. However, the problems associ
ated with obtaining good thermal conductance in a separable joint mitigate

against its use, Radiation type thermal connectors could be useful.
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B.  SERVICER REQUIREMENTS
The requirewents for the serving system are derived from the follow-

ing considerations:

e serviceable spacecraft;

e space transportation system
® operational areas

e programmatics

e economic considerations

e technical considerations

These considerations were also used in each of the trade studies of the
first T0SS and thus help provide continuity between this analysis and the

prior work.
The following discussion will elaborate on each in the order shown.

1. Servicer Requirements ~ Serviceable Spacecraft

This is by far the major contributor to servicer system requirements.
The serviceable spacecraft analysis summarized din the previous section, A.,
was initiated primarily to derive servicer requirements. The resulting re-
quirements were provided in Section A.4. TFor completeness, they are re-

peated here in Figure II-7 in summary form.

MODULE REMOVAL DIRECTION

o Axial and Radial
o Off-Axis Radial

MODULE END EFFECTOR ATTACH POINT LOCATION

o Anywhere on outer surface of a two-tier spacecraft
e 100 in. axial; 180 in, diameter.
® Anywhere on end surface outside 20in. of center

MODULE SIZE

o Maximum, 40in. x40in. x40in.
¢ Minimum, 15 in. x 15in. x 15 in.

MODULE WEIGHT RANGE
¢ 10 to 700 Ibs

Figure II-7 Servicer Requirements - Spacecraft Defined
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The combined capacity for axial, radial, and off-axis radial module
removal on any spacecraft with a sinele docking will provide the space-
craft designer with maximum design freedom. Off-axis module removal oc-
curs when a spacecraft is configured with an array of modules in a plane
not perpendicular to the docking axis. Some of these modules could be
removed in a plane containing the docking axis (radial plane), but others
cannot, The others would be removed in planes parallel to the radial plane,
thus the off-axis radial designation. The end effector attach point loca-
tions have been selected to cover one end of a spacecraft (less the docking
probe area) plus enough of the spacecraft outside surface to cover two tiers

plus a small margin for servicing solar array or antenna drives.

The module sizes and weights which were arrived at in the first T08S
were verified by the serviceable spacecraft analysis. The vast majority
of module sizes lie within these limits or can be reconfigured to be within

these limits.

The above requirements are primarily module related. Another area not
discussed thus far is the interface mechanism. The interface mechanism
provides the structural attachment between a module and the spacecraft or
the stowage rack. Tt also provides the alignment and mating/demating forces
for the connectors. The interface mechanism has two parts —— a baseplate
which is fastened to the module and a baseplate receptacle which is fastened
to the spacecraft or to the stowage rack. The baseplate receptacle is pas-
sive. The baseplate has the linkages, cams, and rollers which latch the
baseplate into the receptacle, The baseplate mechanism is mechanically dri-
ven from the servicer end effector. The interfaces of the interface mech-
anism are thus with the modules, the servicer end effector, the spacecraft,

and the stowage rack,

The first 10SS study conducted an interface mechanism amalysis. It
was reviewed, along with the serviceable spacecraft configurations analysed
in A of this chapter, to identify a logic for selecting a single interface
mechanism as a standard, The data did not lead to such a logic, rather it
indicated that a variety of interface mechanisms are possible and could be

useful.
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The first I0SS resulted in the design and fabrication 6f two interface
mechanisms ~- one for bottom mounting, and one for side mounting. These
plus some of the other possibilities are shown in Figure II-8. Various non-
redundant attachment configurations can he used with each of the locationm al-

ternatives.

BOTTOM SIDE [/ DIAGONAL
Top SIDE AND |: SIDE AND TOP
BOTTOM |- f X

Pigure TI-8 Alternative Interface Mechanism Locations

The disadvantage of multiple interface mechanism alternatives is, of course,
probable higher cost. The servicer mechanism end effector and its mechani-
cal drive system should, ideally, be standardized across all interface mech-
anismg, Similarly, the method for attaching the interface mechanism baseplate
receptacle alternatives into the stowage rack should also be standardized.

In this way, -a single, or few, stowage rack desizns could be used for all

missions.

The first I0SS suggested the development of an intefface mechanism as a
two-part kit in perhaps three sizes. These standard interface mechanisms
could be made available.to spacecraft designers. Each designer could then
make his choice within his own set of design and economic constraints, The
initial guidelines and conclusions from the first T0SS are, in general, still

valid for this report,

I1-22



One other component of the servicer system merits some discussion
at this time, That fs the stowage rack design. Tts requirements are
not derived directly from spacecraft ‘design but are instead derived
from the servicer arm, from the module sizes and weight and from the in-
terface mechanisms., In other words, it is the last element to be defined,
Based on the requirement of the primary elements the following stowage

rack requirements in Figure II-9 have been derived,

DESIGN TO BE COMPATIBLE WITH SERVICER MECHANISM

- Module replacement direction

- Alternative forms of modularized servicer mechanism
- Provide for servicer mechanism stowage

- Provide for docking probe stowage

PROVIDE 40-in. AXIAL LENGTH TO ACCOMMODATE MODULES
USE MAXIMUM ALLOWABLE DIAMETER = 14.7 ft -
PROVIDE -ONE TIER OF MODULE STOWAGE
- Average volume margiﬁ = 6.5
SELECT STRUCTURAL TYPE FOR MINIMUM WEIGHT

DESIGN TO BE COMPATIBLE WITH VARIETY OF INTERFACE MECHANISM
CONCEPTS

IT MAY BE DESIRABLE TO HAVE MORE THAN ONE STOWAGE RACK DES!GN
TO MINEMIZE TUG MISSION WEIGHT

Figure II-9 Servicer Requirements - Stowage Rack Configuration

2, Servicer Requirements »~ Space Transportation System

The Space Transportation System- places requirements on the servicer
system mainly in the areas of compatibility with and safety of the Orbiter

and Upper Stage as illustrated in the summary in Figure II-10., The Upper
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Stage considered can be any version that has a capability for rendezvous
and docking with a free-flying spacecraft, If on-orbit servicing ‘becomes
a significant docking mission for an upper stage, then the servicing needs
should be strongly considered. All the servicer mechanism configurations
work well with a central docking system and nearly all have complications
with a periphéral docking system, If all the geosynchronous sefvicing
missions were to single-tier, axial module removal spacecraft, then peri-
pheral deocking could be accommodated, Tor Orbiter operations, it is as-
sumed that the SRMS is used to place the spacecraft on a central docking

probe which extends from the stowage rack.

MUST BE COMPATIBLE WITH ORBITER AND UPPER STAGE
USE EXISTING DOCKING APPROACHES

Orbiter ~ Shuttle Remote Manipulator System
Upper Stage - Servicing is a significant requirement

DO NOT REQUIRE SPACECRAFT APPENDAGE RETRACTION BEFORE DOCKING

Interference with Orbiter wings -and taif
Interference with SRMS
Implies that spacecraft shoulid‘not be rotated during serwcmg

MUS:f BE ABLE'TO SEPARATE FROM SPACECRAFT IF SERVICING FAILS '
MUST BE ABLE TO CLOSE CARGO BAY DOORS -

SRMS 1S AVAILABLE FOR REPOSITIONING EQUIPMENT BEFORE AND AFTER )
SERVICING SPACECRAFT

VALUE OF OPERATING WITHIN CARGO BAY ENVELOPE IS NOT KNOWN

Figure II-10 Servicer Requirements - Space Transporiation System

The shuttle remote manipulator system will also be used to position
the servicer, stowage rack, and adapters in the best locations for servic-

ing. It may also be used for replacement of outsize mission equipment,
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3. Servicer Bequirements - Operational Areas

The first I0SS comcluded that a single servicer development would
satisfy both the Low Earth Orbit (LEO) based and High Earth Orbit (HEQ)
based requirements. This approach still appears valid. While the Orbi-
ter Golume capability is large enough for multiple servicing, the number
of spacecraft in very similar orbits that will need servicing at the
saﬁe time will probably be low. Thus multiple servicing on the same Or-
biter mission is not Iikely. The possible need for servicing different
classes of spacecraft on a single HEO mission should be evaluated if the
different spacecraft classes require more complex servicer configurations
than would be required for servicing individual spacecraft on a mission.
Servicing multiple spacecraft of a single class on one mission seems
straight forward as regards servicer mechanism configurations. Xey re-

quirements are summarized in Figure II-11.

SINGLE APPRDACH FOR LEO AND HEQ BASED SERVICING
LEQ SPACECRAFT TEND TO BE LARGER

MULTIPLE SPACECRAFT SERVICING IN LEQ IS POSSIBLE BUT THERE
ARE SERI0US PROPULSIVE CONSTRAINTS

HEQO SPACECRAFT GENERALLY COULD BE MADE ONE TIER AXIAL

- Could.use simpler servicer configuration
- |mplies lower cost to HEOQ spacecraft programs

MULTIPLE SPACECRAFT SERVICING IN HEO IS DESIRABLE

- Same spacecraft class
- Different spacecraft classes

FPigure II-11 Servicer Requirements - Operational Areas
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4. Servicer Requirements — Programmatic Factors

The programmatic related requirements are summarized in Figure
IT-12. The first three points on the figure show an undesirable feature
in that the more complex LE0Q missions will probably occcur before the
simpler (from a servicing mechanism poiht of view) HEO missions. It was
preferred to develop and verify the simpler servicer first and, in fact,

was the selected approach in the configuration selection of Chapter III.

MAJOR PART OF POTENTIAL SAVINGS ARE FOR LEQ SPACECRAFT
EARLY MISSIONS WILL BE LEO
IMPLIES FIRST SERVICER USE COULD BE MOST COMPLEX FORM

SIMPLER FORMS OF SERVICER CAN LEAD TO AN EARLIER ACCBPTANCE
BY USERS

APPROACH SHOULD BE CONSISTENT WITH USE ON

EARTH ORBITAL TELEOPERATOR SYSTEM, AND
SOLAR ELECTRIC PROPULSION SYSTEM

IN-FLIGHT DEMONSTRATION/VERIFICATIONS ARE REQUIRED -
MINIMIZE LIFE CYCLE COSTS

Figure II-12 BServicer Requirements - Programpatic Factors

Concern regarding this ecarly complex servicer prompted an analysis
to determine feasibility of using a simple, single-tier servicing capa-
bility for the more complex two tier LEO missions. That analysis was
documented in a memo titled, "Applicability of the Simple Version of the

On-orbit Servicer to the Low Earth Orbit Mission area," dated August 13,
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1976. The results from that study will be summarized here.

The analysis focused on the Maintenance Applicable Set (MAS) of
the first I0S8E as a representative. sample of the satellite programs in
the shuttle era. There are twenty-six LEO programs in the MAS.. Each
of these was evaluated as -shown on the flow chart of Figure II-13. TFor
a program to go directly through the logic flow, data had to be available
on module sizes, the modules had to weigh less than 300 kg and be smaller
than a cube,one meter on a side, and the total of the modules had to
weigh less than 2,100 kg, Where these criteria were not met the medule
sizes were evzluated to determine if redesign was feasible, or an evalua-
tion of reliability of modules was performed to determine the feasibility
and benefits of locating low reliability modules within access of a single

tier servicer, or data was extrapolated.

SET - LOW EARTH ORBIT

MAINTENANCE APPLICABLE
PROGRAMS

26 PROGRAMS

MODULE DATA
AVAILABLE

8 PROGRAMS ¢
0

18 PROGRAMS

I0DULES MEET
1055 REQUIRE- [WO

MODULE
REDESIGN
FEASIBLE

14 PROGRAMS 9 PROGRAMS
NOT APPLI-

CABLE

5 PROGRAMS
DESIGH " FOR '
> 3 PROGRAMS AXIAL SERVICER oo HONE
BASED ON |
N7 RELIABILITY
& PROGRANS ’
3 PROGRAMS
SERVICEABLE
WITH SIKPLE
8 PROGRAMS ~——s1 ™y cocion [ 17 PROGRAMS
SERVICER

Figure IT-13 Evaluation Logic Flow
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Specific module data required to perform this analysis was obtained
from the Level A and B, SSPD's, July 1975. Of the twenty~six programs
in the MAS, LEQ category, this data was available for only 18, The eval-
vation was based-on these programs and the results were extrapolated to

the whole set at the conclusion of the analysis,

Fourteen of the eighteen programs contained at least one module that
exceeded the I0SS requirements., Five of these 14 programs could be re-
designed for serviceability. These progféms_normally contained mission
equipment modules for which an entire instrument was packaged into a
single module. In these cases the instruments could be separated into
two or more modules which are replaceable., For example, a complete in-
strument could be separated into the optics and detector in one module and

the electronics in another module,

The programs for which module redesign was not considered feasible
nominally contained very large mission equipment modules. Examples are:
the 2700 kg Muclear Calorimeter in HE-12-A and the 6066 kg Large Gamma Ray
Survey Instrument in HE-08~A. High energy partiéle detection necessitates
shielding and heavy modules for which redesign for replacement does not

appear feasible at this level of evaluation.

The five redesignable spacecraft plus the earlier four that met initial
weight and size requirements were examined for location within one tier of
the subject spacecraft. A tier is defined for a Shuttle era designed space-
craft as a cylinder 4.57 meters diameter by 1.2 meters long. This is a vol~
ume of 16.3 cubic meters, Six of the programs permitted one tier and three
required more than one. To evaluate the potential benefit of servicing just
the first tier of these spacecraft, a study of module reliability based on
data from the Aerospace Corporatioh was performed. The highly reliable mod-

ules were classed as being non-serviceable and were placed in the second tier.

The final analysis showed that seventy-five percent of the potential
cost savings accruable through on-orbit maintenance in the LEQ case can be

obtained by servicing only one tier of the spacecraft with a simple version
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of the servicer. This is primarily possible through the significant re-
sult that for spacecraft of more than one tier, the additiomal cost of
considering the second tier a nonreplaceable unit is minimal when high

reliability components .are located there.

5. Servicer Reguirements - Economic Factors

The impact of economic factors on servicing are summarized in Figure
II-14. The potential spacecraft program cost savings were evaluated under
a number of variations in the first T05S cost sensitivity analysis. In all
cases, the cost savings were always significantly larger than the servicer
life cycle costs. This point strengthens the development of a more versa-—

tile servicer —— more versatile both in maximum capability and existence

SPACECRAFT PROGRAM SAVINGS ARE SIGNIFICANTLY GREATER THAN
SERVICER LIFE CYCLE COSTS

LAUNCH COSTS ARE MORE S1GNIFICANT FOR HEO THAN LEO"

- Minimize Weight
- Minimize Stowed Length

SERVICER MODULARIZATION
A modutarized servicer will cost more fo develop and operate

A modular development program could imply lower peak funding
requirements

Lighter versions of servicer will be an incentive to spacecraft
designer for simpler spacecraft configurations

DEEMPHASIZE ACCOMMODATING SPACECRAFT PROGRAMS WHERE POTENTIAL
SAVINGS ARE {OW

Figure I1-14 Servieer Requirements - Economic Factors
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of different versions (servicer modularization)., The additional costs
associated with modularization could be offset by low launch costs for the
HEO missions, WNote that if modularized forms are not needed for the early
missions, their development could be delayed., This would spread out the

development costs and thus lower the peak funding requirement,

If the servicer development is not inditiated soon, and user accept-
‘ance obtained, then the potential benefits can be sharply reduced, Once
a spacecraft is developed in an expendable -mode, then the costs of redeve-
lopment to a serviceable version can significantly reduce the potential

benefits,

The uncertainty in the anticipated traffic model is another point in

favor of development of a versatile servicer system.

6. Technical Considerations

Therg are several other sources of requirements for the servicer that
don't really fall in any of the above categories, TFor lack of a better
classification they have been called technical considerations. One of these
is the significance of minimizing servicer arm length and another is to

minimize complexity.

The rationale for minimizing servicer arm length is evident from the

foillowing relationships.

e Joint torque and weight increase with arm length for constant end
effector force,

¢ Joint weight increases with arm length for constant arm stiffness,

e Arm tube weight increases as fourth ‘power of arm length for constant
arm stiffness,

e Joint angular accuracy required increases as inverse of arm length

for constant end effector position accuracy,

Mechanism, or arm, length should also be minimized of itself because of
its effect on arm stowage problems, However, arm length is also a measure
of concern with respect to the other system parameters shown. End effector
force was selected as being greater than 20 1lb., in the first I0SS, The de-

sired arm stiffness is related to control system stability and to the
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operator's ability to control the system. End effector position accuracy
is related to the capture volume of the end effector to interface mechan~
ism and capture volume of the interface mechanism baseplate to the base-

plate receptacle.

In order to amplify on the minimized complexity requirement 2 means

of measuring complexity must be established,

The factors listed on Figure II-15 were selected to represent servicer
mechanism complexity. It is desirable to minimize complexity while retain-
ing the ability to satisfy the performance reuqirements., All configurations
have three degrees of freedom to provide for relative attitude, This re~-
quirement arises because of the combined axial, radial, and offset radial
module removal directions along with the greater reach distances and desire
to give the spacecraft designer freedom as to how He orients his interface

mechanisms,

NUMBER OF DEGREES OF FREEDOM

- Three required for relative attitude
- Three is minimum required for relative transiation

TYPE OF TRANSLATIONAL DEGREE OF FREEDOM

- Rotational drives are simplest
- 0One stage translational drive is more complex
- Telescoping translational drives are even more complex

Figure II~15 Serpicer Requirements - C‘omplemity. Factors

Three degrees of freedom are the minimum required for the three com-
ponents of relative linear position or translation. However, a fourth
degree of freedom is used, in some configurations, t6 provide a reach-
around capability or so that the elboﬁ joints, or arﬁ segments, can be pos-

itioned away from spacecraft structure,
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Translational drives are considered to be more complex than rotation-~
al drives because of the difficulty in controlling stiffness and backlash,
The one stage translational drives, such as was used on the pivoting arm
servicer mechanism, are less complex than the multiple-stage translational
drives. These multiple-stage, or telescoping, drives have definite Ilimits
on the exteﬁsion per stége that is possible while still retaining treason-
able stiffness and backlash properties. The low stiffness arises because

of circumferential bending in the tube cross sections,
C. SELECTION OF EXAMPLE SATELLITES FOR MAINTAINABILITY DESIGN

Chapter IV documents the design of three typical maintainable space-
craft performed by TRW under subcontract, Before this preliminaxry design
subcontract was initiated, it was necessary to select representative space-
craft to be designed for maintainability. This selection was documented
in a memo, "Geosynchronous Maintenance Spacecraft Selection",-dated June

23, 1976, That selection process is summarized here.

In order to obtain the maximum depth of analysis in the serviceable
spacecraft design‘work of‘Chapter IV, it was decided to concentrate on
three spacecraft. Two of these to be geosynchronous and one to represent

all large, low earth orbit observatories, The geosynchronous spacecraft

are smaller, tend to be omne .tier with axial module removal, and thus emphas-
ize the utilit& of the simplerhof the servicer mechanism modular configura-
tions, The large, low earth orbit observatories represent a significant
part of the potential savings from .on-orbit servicing. The desire was to
address all LEO observatory classes by using a single representative. The
differences in observatory mission objectives to be handled by a consider-
ation of mission equipment alternatives.

As a matter of interest, it was found in the analysis summarized in
Section B.4 that a simpler, single~tiekr servicer design could be wvery
effective even for a two tier low earth orbit spacecraft, merely by placing

the highly reliable modules in the second tier.

It was agreed to select two high earth orbit spacecraft. The criteria

initially used in the selection process are:
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a) Be contained in the maintenance applicable set of the first
T0ES;

b) Be representative of the high earth orbit ome-tier spacecraft
for which significant esavings can accrue when orbital servic-
ing is used;

¢) Be able to span the "design for serviceability" aspects for
spacecraft subsystems and for mission equipment; and

d) Adequate spacecraft definition should be available -- it is de-
sirable to have a gpacecraft for which a study of serviceazble

design has been performed,

There were initially 101 spaceéraft programs Irom which selection
could have been made, These were evaluated during the first TOSS with
respect to orbit, schedule, necessity for servicing, data availabilirty,
and probable savings from servicing, The result was that 49 spacecraft
programs were selected for maintenance consideration, The 49 were later
reduced to 47 for the economic anal&sis. Thege 47 formed the maintenance

applicable set of spacecraft introduced earlier in Table ITI-1.

The objective for this selectiord has been established as the group
of spacecraft whose orbits require the high earth orbit upper stages as

opposed to merely the shuttle orbiter as .the servicer carrier -vehicle,

This further reduces the spacecraft programs to the 21 listed in Table
I1-4, Each of these spacecraft could be designed for servicing as one

or one-plus tier configurations requiring a simple servicer. One or one-
plus tier refers to a spacecraft configuration which is ™ 180 inches in
diameter and " 40 inches deep, Module removal is in either the axial or
radial direction, The programs listed in Table II-4 are in order of cost

savings for on-orbit servicing beginning with the highest cost savings.

The cost savings recoverable through on-orbit maintenance are closely
related to the number of maintenance cycles. Each maintenance eycle re-
presents either an additional expendable spacecraft that would have to be
flown or a ground refurbishment that would be performed if on-orbit ser-
vicing were not available. As such, the spacecraft selection can be
pared down further by eliminating those programs with less ‘than 3 mainten—~

ance. cycles. This results in 13 programs,
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Tagble IT-4 MEO and HEO One or One-Plus Tier Spacecraft Programs

Payload . Initial
Payload Model Weight { Launch |Maint.
Number Number Program Name {kg) Date |[Cycles
E0-61-A NN/D-11 E. Res. Sur. Oper. Sat. 733 07/81 9
E0-59-A NN/D-12 Geosync. E. Res. Sat. 1475 06/88 8
E0-62-A NN/D-13 For. Sync. E. Obs. Sat. 3300 06/88 8
E0-09-A EQ-4 Sync. Earth Obs. Sat. 3300 09/83 6
CN-51-A NN/D-1 INTELSAT 1472 06/83 S
CN-53-A NN/D-2B DOMSAT B 1472 08/82 7
£E0-56-A NN/D-8 Envircn. Monitor, Sat. 2204 06/82 6
CN-56-A NN/D-5A Foreign Comm. Sat. A 308 09/82 12
AS-16-A AST-8 Lg. Rad. Obs. Array 1300 06/85 3
CN-59-A NN/D-6 Comm. R&D Proto, 1438 04/83 2
CN-55-A NN/D-4 Traffic Management Sat. 299 08/82 7
EQ-58-A NN/D-10 Geosync. Oper, Met. Sat. 286 07/82 6
AP-07-A Phy-3B Env, Perturb, Sat. B 3946 07/87 1
AP-02-A Phy-1C Exol. Med. Alt. 272 04/83 2
CN-54-A NN/D-3 Disaster Warning Sat. 583 07/82 2
EQ-57-A NN/D-9 For. Sync. Met. Sat. 286 | 07/82| 4
CN-58-A NN/D-2C DOMSAT C 2100 07/83 3
E0-12-A E0-6 TIROS 1636 06/82 1
AS-05-A AST-1C Adv. Radio Ast. Exp. 596 07/83 2
1apP-01-A Phy-1B Upper Atmos. Exp. 909 06/85 1

AP-05-A Phy-3A Env. Perturb, Sat. A 1488 07/84 0

EC-61-A . EO-56-A E0-58-A E0-09-A

EQ-59-A CN-56-A EO0=-57-4A

CN-51-A AS-16-A CN-58-A

CN-53-A CN~55-A E0-62-A

These 13 programs can readily he identified to consist of seven earth ob-
servations programs, five communications satellites, and a physics program.

Similarity of mission normally leads to similarity in subsystem and mission
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equipment, spacecraft design, and therefore servicing requirements. The
communication satellite group similarities are: containing antennas, both
transmitting and receiving, traveling wave tube amplifiers, a basic sub-
system group, and a structure encompassing the equipment. The earth cbser-
ving programs contain mission equipment that is similar from the standpoint
of servicing, The only difference comes in whether the instruments house
the required optics or whether they are located at the focal point of a
‘telescope, This does not affect servicing except as the size of the mission
-equipment containing the opties is larger. The selection of a communications
satellite will not adequately represent the mission equipment peculiarities
of earth observation programs., Tt was therefore recommended that two space~
craft be selected, one for each category -- communications and earth obser-

vations., These programs are listed by category in Table II-5.

Table II-5 High Earth Orbit Program Mission Categories

EARTH OBSERVATIONS

EO-61-A, Earth Resources Survey Operationaﬁ Satél1ite
E0-59-A, Geosynchronous Earth Resources Satellite
EQ-56~A, Environmental Monitoring Satellite

EO-58-A, Geosynchronous Operational Meteorology Satellite
£E0-57-A, Foreign Syncﬁronous Meteorology Satellite
E0-62-A, Foreign Synchronous Earth Observation Satellite
E0-09-A, Synchronous Earth Observation Satellite

COMMUNICATIONS

CN-51~A, INTELSAT

CN-53-A, DOMSAT B

CN-56-A, Foreign Communications Satellite A
CN-55-A, Traffic Management Satellite
CN-58-A, DOMSAT C

The large Radio Observatory Array can be thought of as a communication
satellite with a large antenna, Its servicing requirements are represented

by the. communications satellite category.
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In order to select a spacecraft, the serviceable designs for high
earth orbit one-tier spacecraft were reviewed. The similarity in service~
able design is evident in Table II-6, Eleven applicable serviceable de-
signs were presented in the memorandum, '"The Effect of Serviceable Space~
craft Design on Servicer System Requirements', May, 1976, These eleven
are listed in Table II-6 according to serviceable design configuration,
Seven of the spacecraft fall in the design category of a basic box shape,
using web-type structure and axial removal, Figure II-3 earlier presented
the TRW DSCS-I1I design, This is representative of the classification men-
tioned above and also of all communications spacecraft. Since TRW, our
subcontractor, has performed the very recent and extensive study, "Servic-
ing the DSCS~II with the STS", we have selected this as one of the space-
craft for study.

Table II-8 High Earth Orbit Single-Tier Serviceable Design Study
Configurations

# Box Shape, Axial Removal, Web --
- DSCS=11 - Defense Support Communications Satellite, TRW Design
- INTELSAT - COMSAT
- DSP, Defense Support Program, TRW
- COMR&DSAT - Communications R&D Satellite, MDAC/Fairchild Design
- CSCSAT - Commercial Synchronous Communications Satellite, MDAC/
Fairchild
- SEOS - Synchronous Earth Observation Satellite, MDAC/GE
- AGOES - Advanced Geosynchronous Observation Environmental Platform,
MDAC/GE
e Plate
- UOP - Unmanned Orbital Platform, Rockwell International
- DOMSAT, MSFC
¢ Concentric Ring
- DSP - Defense Support Program, Aerospace Corporation
e Radial Removal
- SEOS - Synchronous Earth Observations Satellite, General Electric
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As indicated in Table II-6, two of the serviceable spacecraft studies
on earth observations programs were performed on the Synchreonous Earth
Observation satellite (SEOS), One by General Electric configured this
spacecrafé for radial module removal, A subsequent study by McDonnell
Douglas and GE configured it as a box structure using axial module remov—
al, The SEOS is also one of the programs showing the most potential for
cost savings to accrue through the use of on-orbit servicing. Together
" the SEOS énd the Foreign SE0S require 14 maintenance cyecles. The SEOS was

selected as the second high earth orbit spacecraft.

For completeness, it was found necessary that‘the-maintainability de~
sign effort by TRW should also include a representative low earth orbit
spacecraft, though preliminary servicer design would not necessarily be
directed toward this spacecraft, The low earth spacecraft in the MAS in
Table II~1 were evaluated in a mannetr similar to that above for high earth
orbit, ‘Three large observatory types were ldentified: high energy astro-
physics, solar and stellar., Each of these classes represent large potential
savings, It was decided to address the mission equipment from a representa-

tive of each class, The selected representatives were:

HE-11-A, Large High Energy Observatory D (1,2m xX-ray telescope)
AS-01-A, Large Space Telescope
50-02-A, Large Solar Observatory

The mission equipment from each of these is addressed in Chapter IV, It

was decided to look at the total servicing requirements by -locking at one

of the above three which was to be called a Characteristic Large Observatory
(CLO). The Space Telescope could not be used as a basis for the CLO as it
was in a pre-RFP stage and thus any serviceable design would have been sen-
gitive and controversial, It was found that little hard data existed on the
Large Solar Observatory. A good expendable gpacecraft design was essential
for the CLO so that effort could be expended om serviceability aspects as
opposed to expanding general mission requirements into a basic spacecraft

design,
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Fortunately an adequate amount of data existed for the 1.2 m x-ray
telescope. It had been studied in some detail by MSFC in 1976 and their
data was available, Additionally, TRW had significant experience on high
energy observatory spacecraft and mission equipment that céuld be directly
applied, Thus, the 1.2 m x-ray telescope was selected as the subject for

the Characteristic Large Observatory design for serviceability.

The resulting maintainable designs of the DSCS II, SEOS and CLO are

presented in Chapter IV.
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IIT, SERVICER MECHANISM CONFIGURATICON SELECTION

This chapter will discuss a relatively unique aspect of the servicer
design. In the normal design evolution there is an orderly process that
starts with a concept and a set of requirements and grows into a sy stem
design and finally the detailed hardware design. In the evolution of the
servicing system there was another step that was not only a critical point
in the design process but also one about which there were many uncertainties
and questions that had to be carefully regolved before.a true design phase
could be initiated. That step was the selection of a configuration for the
servicer, Explicitly, éhe task entailed selection of the most optimum
arrangement of servicer arm segments (quantity and length), joint orienta-
tion and jeoint order. The configuration directly affects almost all aspects
of tﬂe subsequent design,‘ﬁarticularl; the mechanism and control system.

The challenge in this task arises from the large number of variables in the
problem which result in, theoretically, a seemingly almost infinite number

of potential configurations.

This chapter will document the analysis- conducted to reduce this

myriad of configurations down to the optimum servicer,

The servicer requirements definitiom, provided in Chapter II, en-
compasses all the prerequisites as can be seen im the flow diagram of the
approach, depicted in Figure III-1. Also aiding the analysis was the

configuration work done on the previous I0S study.
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Figure ITI-1 On-orbit Servicer Configuration Selection Approach
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A, CANONICAL FORMS ANALYSIS

The first I0SS required use, or modification, of a servicer design
that existed in the literature. This follow-on study has not been con-
strained in that manner. It was considered extremely important to make
an unbiased, thorough, bottom up evaluation of all conceivable configura-
tions of the arm. An analysis was conducted and documented in a memo,
"Canonical Forms of Two Segment Manipulator Amms," dated 26 March 1976.
¥ote that even this analysis was limited to no more than two arm segments.
These two-segment arms are connected to joints and oriented so as to pro-
vide up to three degrees of translation motion of the end of the last seg-
ment., Three and four segment arms are of course feasible, but the number
of possible configurations was cousidered totally ummanageable within the
study resources. It will be seen that two segments, properly connected
and oriented, can satisfy many servicing activities. However, three seg-
ments are needed to reach around multiple tier spacécraft. It should be
noted that the desired motion of concern which the configurations must
supply is tramslational movement of the tip. Rotation of an end effector
about the end of the last.arm's segment is called attitude and does not

really enter into the configuration selection.
The analysis identified four classes of configurations:

® Three translational directions of motion

e Two translational directions of motion and one rotational

¢ One translational direction of motion and two rotational, allow-
ing one of the segments to be a fixed length

@ Three rotational degrees of freedom and fixed lengths for both

arm segments

These four general configurations can be formulated into 31,185
specific configurations., The canonical forms analysis reduced these
31,185 possibilities down to 12 canonical forms. By way of explanation,
a canonical, or normal, form is the simplest and most significant form

to which the configurations can be reduced without loss of generality.
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They thus permit reducing the number of cases to a few that are repre-
sentative of all possibilities. The results of the analysis are depicted

in Table ITII-1.

Table ITI-1 Canonical Forms Analysis Resulis

Carried to Extrapolated
DOF and Possible Canonical Evaluation as to Three

Segments Configurations Forms Two Segment Arms | Segment Arms
2T, 1R 81 1 0 0
1T, 2R, 1F 1,944 7 3 1
1T, 2R 1 0 0
3R, 2F 29,160 3 0 3
TOTAL - 31,185 12 3 4

F - fixed length segment, T - variable length segment
R - rotational degree of freedom

Of the 12 canonical forms the two-transiational configuration was
not used because of its complexity. Note that no candidates are even
identified for the three translational motion grouping because of its un-
desirable complexity features. Four of the 12 forms were not used because
of limited working veolume. Of the seven remaining, three were carried to
evaluation as two segment arms and four were extended into three~segment con-
figurations by adding another degree of freedom (joint) and another fixed
segment. The latter was done so that in the next section an evaluation of
as broad spectrum of representative configurations as possible could be
provided. It was preferred to include representative three segment and,
if possible, four segment configurations. It was stated earlier that a
bottoms up derivation of these many segment configurationms was impracti-
cal, therefore a reasonable solution was to extrapolate the most logical
of the 12 canonical forms in Table ITI-1 into three segment versions.

All seven arms are included in the evaluation in the next section.
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Ifi the process of reducing the large number of possible configurations
to the canonical forms, a number of configuration equivalency rules for
identifying invalid configurations were identified. These are presented
in Figure I1I-2. They are either intuitively obvious or can be easily
proveﬁ. These equivalency rules were used in evolving to the ten config-

urations and in reviewing the set of configurations for completeness.

THE DIRECTION OF THE Fl RS.TADEGREE OF FREEDOM AXIS CAN ALWAYS BE
ARBITRARILY DESIGNATED (e.g. X)

A ROTATIONAL DOF ‘MUST ALWAYS. BE FOLLOWED BY A LINEAR SEGMENT
(FIXED OR. VARIABLE LENGTH} WITH ITS AXIS PERPENDICULAR TO THE
AX1S OF THE ROTATIONAL DOF

THE ORDER OF TWO" ADJACENT LINEAR SEGMENTS CAN BE INTERCHANGED

THE ORDER OF A ROTATION AND A LINEAR SEGMENT ABOUT AND ALONG THE
SAME AXIS CAN BE INTERCHANGED -

THE ORDER OF TWO ADJACENT ROTATIONS ABOUT DIFFERENT AXES. CANNOT
BE INTERCHANGED

THE ZERO DEFINITION OF-A_ROTATION AXIS DOES NOT MATTER’
WHEN MORE THAN ONE A-DJACENT‘ ROTATION IS ABOUT THE SAME AXIS,

EITHER DEGREES OF FREEDOM ARE LOST OR THERE ARE REDUNDANT
DEGREES OF FREEDOM

Figure III-2 Configuration Equivalency Rules
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B, EVALUATION OF FULL-CAPABILITY CONFIGURATIONS

Having reduced the initial myriad of configurations down to seven
canonical forms that credibly represent all reasonable two and three
segment configurations, the next step was to define each of these more
explicitly so that a quantitative analysis could be performed. In the
process it was found that two Yspecial-case" configurations should be
added to the seven because they were the subject of previous studies,

One was the general purpose manipulator from the first IOSS-with its
cireular track. The other was the pivoting arm from the first I(0SS,
however another rotational degree of freedom was added aloﬁg with an-
other fixed segment to give it the necessary capability for both axial
and radial exchange. This additiop qakes it a2 four segment configuration;
a desirable feature from the standpdint of broadening the spectrum of
configurations evaluated, This makes nine candidates. One final con-
figuration was added in the process of extending the four two-éegment
canonical forms to three segment configurations to more completely fepre~

sent the category of three segment arms, The resulting total of ten con-

figurations evaluated is listed in Table III-2 along with the basic source

of the configuration,
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Table ITI-2 Candidate Servicer Configurations

No.

Configuration Description

Source

10

al Drive

and Second Elbow Pitch

Yaw

- Elbow Pitch

- Shoulder Yaw

- Elbow Pitch

Shoulder and Elbow Pitch

Extended Pivoting Arm--Axial Translation-
Extended Pivoting Arm--Shoulder Pitch
Extended Pivoting Arm - Shoulder Pitch
Modified General Purpose Manipulator
General Purpose Manipulator - Shoulder

3 DOF Extendable Drive (second segment)

3 DOF Extendable Drive (first segment)

3 DOF Extendable Drive (first segment)

4 DOF Extendable Drive (first segment)--

Three Segment Manipulator--Shoulder,
First Elbow, and Second Elbow Pitch

First I0SS version extended
to four segments

One of four canonical forms
extended to three segments

One of four canonical forms
extended to three segments

MDAC circular track version
from first I0SS

One of four canonical forms
extended to three segments

One of three 2-segment canoni-
cal forms carried forward

One of three 2-segment canoni-
cal forms carried forward

One of three 2-segment canoni-
cal forms carried forward

One of four canonical forms
extended to three segments

One of four canonical forms
extended to three segments

A three-dimensional 1/10 scale mockup of the servicer elements was con-

structed to aid in the evaluation.

It proved to be invaluable. Photos

of each of mocked up ten configurations is provided in Figure III-3, One

point of clarification should be made regarding No. 4, which is the MDAC

circular track version from the previous study.

is not shown on the photo.

tion for ease of mockup.

The circular drive track

It has been replaced by an equivalent mechaniza-

This study's progress reviews have described these configurations in

much more detail than the format of this report will permit. The First
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Quarterly Progress Review, dated May 1976, should be referred to for more
detail. Table III-3 provides a condensed tabulation of some of the perti-

nent characteristics of each of the ten configurations.

The evaluation of the ten servicer configurations was performed on
three levels, The evaluation results from each level were used to deter-
mine which configurations should be carried forward to the next evaluation
level., Also, more details were iIntroduced in each subsequent level of

evaluation.

In Evaluation Level 1 the servicer mechanism iength for each con-
figuration was optimized using as variables: ‘relative length of arm seg-
ments, mechanism base location, and separation distance. In Evaluation
Level 2 the remaining configurations were mocked up and investigated in
a 3-D soft mockup. The capability of.the configurations. to accommodate
reference module transfer trajectories was studied. In Evaluation Level 3
the remaining configurations were investigated for the capability to accom-
modate stowage of the servicer mechanism, modularization and counter-
balancing. Stowage approaches allowed the servicer mechanism to be hinged,
and thus stowed up against the fﬁée of the stowage rack., Modularization
approaches for axial only, radial two-tier, radial minimum, and axial and
radial minimum were studied. Counterbalancing approaches for the launch

site and lab testing were investigated.

The screening criteria used to select between the ten servicer con-
figurations at each of the ‘three evaluation levels are listed in Figure
TIT-4. A check means that a given criteria was used in the evaluation
level. The first three eriteria are spacecraft servicing requirements
which every configuration’ should meet in order to be considered further,
Servicer mechanism length is significant in that it affects weight, accuracy
and stiffness. Spacecraft to stowage rack separation distance is important
in that it affects servicer mechanism length, accuracy and structural weight.
Mechanizatién complexity involves the number and type of degrees of freedom
and the number of arm segments. Control complexity involves singular con~

trol axis and control equation complexity. The last three criteria are
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0T-III

Table ITI-3 Configuration Reference Data

CONFIGURATION
Configuration Characteristic 1 2 3 4 5 6 7 8 9 10
) Degrees‘éf Freedom
Arm
Rotational 3 8 4 2 4 2 2 2 3 4
Translational 1 0 0 1 0 1% 1% 1% . 1% 0
End Effector
Rotational 3 3 3 3 3 3 3 3 3
Total 7 7 6 7 6 6 6 7 7
¢ Number of Arm Segments T4 3 3 3 2 2 2 .2 3
e Base Offset 8 3 10 0 0 0 0 0 0 0
e Segment No. 1 45 97 107 Ba** 84 . 140 20 to 255 86 to 113
140 179
e Segment No. 2 70 97 53 | 101 108 |30 to | 150 [ 140 44 65
inches ' : 158
e Segment No. 3 70 a4 56 101 43 - - - - - 45
8 Segment No. 4 88 R - ‘- - - - - 2
e Total Arm Length 281 | 241 - 226 286 235 298 290 395 223 223
® Separation Distance 60 60 75 75 75 75 75 75 75 75

* Extendable
** Radius of Circular Track




measures of how effectively a configuration can accommodate stowage, modu-

larization and counterbalancing.

]

Evaluation Levels

. Screening Criteria . Level 1 Level 2 Level 3
Axial and Radial Module Removal X X X
Reach-End Effector/Module Attach Locations X X X
Modu le sizes '

Maximum, 40 in. x40 in. x 40 in.

Minimum, 15 in. x 15 in. x 15 in,
Servicer Mechanism Length _
Spacecraft to Stowage Rack Separation Distance

>xox X X X

Mechanization Complexity
Control Complexity

X X X X X

Stowage
Modularization

Mo X X X X X X X

Counterbalancing

Figure ITI-4 Servicer Configuration Screening Criteria

The results of the level one evaluation are summarized on Figure
I11-5,

The servicer mechanism length was optimized for each of the ten con-
figurations, considering as variables: , relative length of arm segments,
mechanism base location, and separation distance between the spacecraft and
stowage rack, Data were tabulated on all ten configurations for the Level 1
Screening Criteria listed in the left hand column of Figure ITI-4., A com~

_parison. of these results indicated that Configurations 4, 6, 7, and 8
should be eliminated and not studied further. The driving factors for

eliminating each configuration are indicated on Figure III-5 by a box.
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CONFIGURATION
SCR?ENING CRITERIA TDEAL 4 ; 7 2
Axial and Radial :Module Both Both Both ‘Both Both
Removal
Reach End Effector/Module 0K 0K 0K TaTTEJFI 0K
"Attach Locations central re-
gion of end
!(3?:;}11;57)‘ Mechanism Length 198 286 290
Separation Distance 60 - 75 75 75 7% 60
(Inches)
Complexity
Degrees of Freedom
Rotational 3 2 2 2 2
Translational W3} 1 1 1
Total ) 3 Kokl 3 3
Number of Segments . 2 3 2 2 2
* Circular Track Drive
** First Arm Segment must be folded for stowage
[:] Indicates driving factors contributing to the gelimination of a configuration

Figure III-5 Level One Evaluation Results

The data in the left hand column labeled ''Ideal™ represent what the
screening criteria values would be for an "ideal" (most desirable) con-
figuration. The other configurations can be measured relative to the
"ideal" configuration values. It should be noted that the remaining sys-
tems which passed this-gate compare much more favorably to the ideal. This

data will be seen'in the subsequent evaluation results.

Each of the four configurations (4, 6, 7, and 8) can accommodate
both axial and radial module removal/insertion at the spacecraft. This
was a fundamental requirement. Each configuration can reach the end
effector/module attach locations with one exception. Configuration 7 cannot
reach the end central region of the spacecraft, This factor along with the
fact that its total arm length is 46 percent greater than the "ideal" con-

figuration resulted in Configuration 7 being eliminated. Configuration 4
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was eliminated based on a 44 percent increase in arm lengtn and The com-
plexity of the peripheral cireular track. The circular track results in
a considerable weight penalty which was seen in the previous I0SS study.
Two factors éesulted in the elimination of Configuration 6. The first
factor was a 50 percent increase in arm length. The second factor was
the need for folding the first arm segment during stowage which results
in a considerable complexity penalty. Configuration 8 was eliminated
based on an eitremely long arm; ‘100 percent éreater‘than the "ideal" con-

figuration.

After the Level One Evaluation and subsequent elimination of configura-
tions &4, 6, 7, and 8, the remaining configurations were mocked up and
evaluated further in a three-dimensional mockup of the spacecraft and stow-
age rack, The segment lengths specified previocusly in the description of
each configuration were used, The configurations were evaluated for their
capability to perform the three module exchange transfer trajectories. Two
factors were observed which resuited_in the elimination of configurations
1, 2, and 5. Factor one was intérferenée of the servicer arm when trying
to reach the attach point location and then again during removal/insertion
of the modules. Factor two was control complexity in terms of singular
axes and non-planar control. The results for these three eliminated con-

figurations is provided in Figure III-6.

Configuration 1 has a singular control axis problem when removing
modules radially near the front edge of the spacecraft.
Also, for radial module removal the arm motion is non-planar which results
in more complex contrel than for planar motion. These factors along with
a fairly long arm length 6281 inches) resulted in the elimination of con-

figuration 1.

Configuration 2 has a servicer arm-interference problem for radial
module removal/insertion., The arm interferes with the cormer of the space-
craft and stowage rack. Also, it has a non-planar arm motion for radial

module removal.
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CONFIGURATIONS
SCREENING CRITERIA TDEAL 1 2 5
Axial and Radial
ModuTe Removal Both Both Both Both
Reach End Effector/ |_Axjal 0K 0K Restricted to outer].
Module Attach Loca- | 0K 10 in, on axial re-
tions moval -
Eﬁdja] Near Radial Control Interference Problem oK
Problem with S/C & S/R corper
Servicer Mechanism
Length (inches) 198 281 241 235
Separation Distance .
{inches) 60 - 75 60 60 75
Mechanization Com- .
plexity
Degrees of Freedom
Rotational 3 3 4 4
Transiational 1 0 0
Total -3 4 4 . 4
Number of Segments 2 4 3 3
Control Complexity
Mation . .
Axial Planar Planar Planar
Radial Planar Pianar
Singular Axis
Axial None - None None None
Radial None fExists for Near Radiall None None

[::]Indicates drivin

Figure ITI-6 Level Two Evaluation Results

g factors contributing to the elimination of a configuration

i

Configuration 5 cannot reach axial modules which are more than ten

inches in from the periphery of the spacecraft.

arm motion for axial module removal,

Also, it has a non-planar

Configurations 3, 9, and 10 were investigated in more depth on the 3-D

mockup.

counterbalancing and modularization were studied.

are comparable for many of the screening criteria,

The results are providéd in Figure IIT-7.

Each configuration

The areas of stowage,

The three configurations

accommodates radial and axial removal over the spacecraft surface areas

designated,

is essentially the same for each configuration.

major limiting factors,

The first factor is control complexity.

Also, the servicer mechanism length and separation distance

Configuration 3 has two

Its non~

planar motion results in more complex control laws than for configurations
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9 and 10. Counterbalancing for testing configuration 3 is more compli-
cated than for configurations 9 and 10 because of the non-planar motion
of the arm, These two factors were the major reasons for elimination of
configuration 3, 1In addition configuration 3 will require a greater stow-

age depth because the shoulder and first elbow rotational axes are not

parallel.
CONFIGURATIONS
SCREENING CRITERIA TDEAL 3 ] 9 ) 10

Axial and Radial Module Removal Both Both Both Both
Reach End Effector/ | Axial 0K 0K 0K 0K
Module Attach loca- .
tions Radjal ) 0K 0K 0K 0K
Servicer Mechanism Length {inches) 198 226 223 223
Separation Distance {inches) 60 - 75 75 75 75
Mechanization Complexity - DOF ot §

Rotational ' 3 4 3 4

Transiational 0 0 Ep 0

Total 3 4 4

Number of Segments x4 3 2. 3
Control Complexity Motion

Axial Planar Non~Planar Planar Planar

Radial Planar on-Planar Planar Planar
Singuiar Axes ) None None* None None
Stowaqge See Discussion Fair Good Good
Modularization See Discussion -— Good Good
Counterbalancing See Discussion iPoor] Good - Good

* There is a singular axis for stowage rack radial far.

D Indicates driving factors contributing to the elimination of a configuration.

Figure III-7 Level Three Evaluation Resulls

Configurations 9 and 10 are comparable in the complexity required for
stowage and counterbalancing. Also, both appear to have acceptable approaches
for modularization, The major deciding factor between configurations 9 and
10 is the type of drives. Configuration 9 uses an extendable drive with a
maximum to minimum extension ratic of 2.3. This drive is ranked as being
considerably more complex than the rotational drive of configuration 10. A

telescoping (extendable) translational drive is more complex than a
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non-extendable translational drive. The 2.3 ratio will require three

or four segments which also adds to the complexity. These complexity
factors resulted in the selection of configuration 10 as the recommended
configuration., As the study progressed, however, it became apparent that
it was still not possible or practical to launch into a design phase for
this configuration. For one thing, it was a relatively complex mechanism
and-its development was not- necessarily straightforwérd. Lt became
apparent that simplified versions of configuration 10, which may not sat-
isfy all current and future requirements, could be much more confidently
developed. Consequently, at this point the requirements were reevaluated
to see if a more phased &evelopment approach was feasible. The result was
adoption of a modular arm configuration approach that had the ability of
e%eﬁtually growing toward the full capability of configuration 10 'while .
permitting initial development of a simpler versibn that meets most of the
requirements of the early years of servicing. The next sections will pre-
sent that modular approach, rationale for it, and, in section E, make a
final selection that will serve as a basis.for the design phases described

in the remdining chapters of this report
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C.

MODULAR FORMS DESCRIPTION

This section presents the more detailed level of analysis that was

found necessary in order to finally arrive at an optimum servicer con-

figuration. As stated earlier, the following discussion will show how

the preferred configuration 10 was modified and compromised in order to

provide a sensible developﬁent approach, Risks were reduced through sim-

plicity of initial designs, yet nearly all important requirements were

met,

ties

The capability for straightforward development to fuller capabili-

in the future was preserved,

The first step in this phase of selection was the reevaluation of

spacecraft requirements. It was determined that a number of these re-

quirements are not really dominant in selection of a servicer configura-

tion.

icer

tion.

Some typical requirements in this category are:
# Spacecraft Diameter 12 to 15 feet
¢ Docking Type Central
o Number of Modules 10 to 30
e Module Size Minimum ~-- 15 in. cube
Maximum -~ 40 in. cube
o Module Weight 10 to 700 1bs,

It was found that just two requirements really influenced the serv-
configuration. They are:
@ DNumber of tiers of modules on spdcecraft

@ Module removal directions

There are five logical combinations of tiers and module removal direc-

They are listed in Table III-4.

Tgble ITT-4 Logical Spacecraft Serviecing Requirements Groupings

Radial
Axial and Radial

Removal Direction Number of Tiers Designation
Axial Axial
Axial and Radial Axial/Near-Radial
Radial Near-Radial

Two-Tier Radial
Axial/Two-Tier Radial

N DN =t el
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Obviously, a servicer mechanism design is matched to a set of spacecraft
servicing requirements. Therefore, the question is: Which one or more of
the five spacecraft servicing requirements groupings in Table III-4 should the
servicer mechanism be designed to? The difficulty in resclving the gques-
tion lies in the fact that the designs of future serviceable spacecraft
are in the early stages. Thus, it is not known explicitly what the space-
craft community will need, Tt is also realized as the spacecraft servicing
requirements are broadened to gain spacecraft designer flexibility, the -
servicer mechanism complexity increases. 1In light of these uncertainties
and conflicts, it was decided the best approach was selection of a modular
configuration that would permit accommodating all of the above groups by
adding or subtracting segments or joints as necessary from a relatively

simple basic configuration.

To verify the validity of this approach, a modular version of con-
figuration 10 was devised and each of the five configurations necessary to
accommodate the five groups in Table 1I1I1-4 was mocked up with the 1/10
scale servicer elements, Each of these configurations will be described
in detail in the following paragraphs, Section D will describe the evalu-
ation and E will select the preferred of these five configurations for

initial design and development.

1. Axial Servicer Configuration

The axial servicer is designed to accommodate servicing of a one tier
spacecraft., In the prime operational mode modules are removed in an axial
direction, Howéver, the servicer mechanism can remove modules in an off-
axis direction also. The off-axis removal is a significant feature for

centrally located sensor packages on large telescope type spacecraft.

The series of photographs of the servicer sytem mockup in Figure ITI-8
demonstrate howa module would be exchanged. Modules can be located any-
where on the end surface of the spacecraft. However, structural and

thermal requirements will dictate where and how the modules should be
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Figure III-8 Axial Servicer Configuration
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attached to the spacecraft. The servicer mechanism will accommodate both
side and bottom mount interface mechanisms., The interface mechanisms can
be located to within 20 inches of the central axis. Obviously, the module

itself can extend inward from this point.

Operationally, this servicer has the advantage of being able to per-
form a module exchange within the 15 foot diameter of the spacecraft and
stowage rack envelope., This feature has application when servicing within

the Orbiter cargo bay.

A layout sketch of the configuration is shown in Figure III-9.

Storage
Rack

Figure III-9 Axial Servicer Configuration Layout

Note that a considerable number of design refinements and simplifications
have been incorporated in the original configuration 10 design. In fact,
the desired simplicity and the modularity features lead to a basic design,
for this as well as the following four configurations, that is more closely
aligned with the design of the pivoting arm servicer of the previous IO0SS.
One major design improvement, which is directly applicable to two of the
modular configurations, is the replacement of the pivoting arm servicer's

translational drive with a much simpler mechanization. This has been
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accomplished by attaching a four bar linkage (as shown in the layout)

to the rotary portion of the shoulder roll drive (T). The four bar link-
age (U) can be driven (as shown) in a push/pull manner by a ball screw,
or a rotary drive can be installed at one of the lower pivot points of
the linkage. The four bar linkage translates the elbow roll joint V)
between the spacecraft and stowage rack. The linkage is such that it
maintains the elbow to wrist arm segment in planes parallel to the front
of the spacecraft as the module is moved in the region between the space-

craft and stowage rack.

The wrist has two degrees of rotational freedom resulting in a total
of five degrees of freedom for this configuration. It has an indexing
drive (W) which is required for flipping the module. This drive does not
have to be a continuous, accurate type of drive. Only the end points have
to be accurate. A wrist roll drive (Z) is required to align the end effec-

tor to the interface mechanism for attachment.

Two types of module flip are available. One is inside the space-
craft and stowage rack envelope, and the other is outside of the space-
craft and stowage rack envelope. The flip inside the envelope is more
complicated and requires a coordinated motion between the four bar linkage
drive and the wrist indexing drive. The outside flip merely puts the arm
in its fully extended position, and the flip then performed with the index

drive.

The growth alternatives for this configuration, shown in Figure
III-10, are: 1) Tandem module locations for growth to two tiers and 2)

off-axis axial module removal for mission equipment access to central region.

A two-tier spacecraft can be serviced with the axial servicer using
the tandem module locations approach. An end effector adapter is required.
Also, there are certain restrictions placed on the spacecraft structural
layout. The first tier modules must be larger than the second tier modules
immediately behind, and an opening in the structure between the first and

second tier must be provided.
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REMOVAL

Figure ITI-10 Axial Module Removal Growth Altermatives

The sequence of steps to replace a second tier module starts with re-
moving the first tier module (:) and stowing it in the stowage rack. The
second tier module (:) is now accessible through an opening in the structure
between the tiers. The servicer mechanism picks up an end effector adapter
from the stowage rack. The adapter allows the interface mechanism of the
second tier module to be reached within the translational travel of the
servicer mechanism. By means of the adapter the end effector unlatches the
second tier module. The servicer mechanism then translates the module to a
temporary stowage location in the first tier (:) . The module is latched in
place. The end effector releases and stows the adapter, Now the second
tier module is removed from its temporary stowage location in the first tier
(:) in the normal manner. A reversal of the steps allows a second tier
module to be inserted into the spacecraft. The current end effector design

would require an additional drive to operate the jaws on the adapter,
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The off-axis axial module removal approach on the right of Figure III-10

allows mission equipment and docking structure to be located in the central
region. The docking structure is located near the front surface of the
spacecraft. Behind the docking structure,mission equipment modules can ex-
tend to the centerline of the spacecraft., This is a desired location for
sensors on some spacecraft. The module can be removed in an off-axis axial
direction if space permits. If space is limited, the module is removed part
way in an off-axis axial direction and the remainder in the axial direction
. The latter approach would require a different guide configuration
and possibly have additional impacts on the interface mechanism. Module (:)
location would require mounting the module on the interface mechanism so

the end effector attach point is in the spacecraft frontal plane, or it would

require use of the end effector adapter previously discussed.

2 Axial/Near-Radial Servicer Configuration

The axial/near-radial servicer is designed to accommodate a one tier
spacecraft. Operationally, modules can be removed in both axial and radial
directions from the spacecraft. This allows the spacecraft designer greater
flexibility in structural and thermal design. However, some of this space-
craft design flexibility could also be gained through side and bottom
mount interface mechanisms. Both off-axis axial and radial module removal

can also be accomplished with this servicer mechanism.

The series of photographs in Figure III-11 demonstrate how a module
would be exchanged. The servicer mechanism is very similar to the axial
servicer previously discussed. The same types of rotary and four bar link-
age drives are incorporated. The servicer mechanism accommodates both side
and bottom mount interface mechanisms. Modules can be located anywhere on
the end of the spacecraft. However, the end effector interface mechanism
attach points for axial removal must be located outside of a 20 inch radius.
For radial module removal the diameter of the spacecraft can vary from 80
inches to 174 inches. The radial attach points lie in a plane which can
be thought of as a spacecraft frontal plane. Selecting this plane for

attachment minimizes the segment length between the index drive and the
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end effector. However, this imposes certain restrictions on spacecraft

volume and structural design., Alternatives are dicussed below.

A layout of the axial/near radial configuration is provided in Figure

ITT-12.

Spacecraft

Figure III-12 Axial/Near-Radial Servicer Configuration Layout

The design is very similar to the axial servicer design with the
exception of the following factors which have resulted from the addition
of the radial module removal requirement:

@ addition of one degree of rotational freedom in the wrist

@® addition of a third arm segment

® longer first and second arm segments

@ higher torques and greater accuracy in the drives
The added wrist pitch (Y) is required for orienting the wrist roll (Z)
properly for the radial or axial module removal. It is also required
for the radial module extract/insert motion. The third arm segment is
required to allow the end effector to reach the radial attach points.

The first and second arm segments were increased to 79 inches.
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The total operating arm length has gone from 134 inches to

208 inches. This increase is arm length results in higher torque and

greater accuracy requirements for the shoulder and elbow drives.

Two types of module flip are available: inside and outside the space-
craft and stowage rack envelope. The simpler mode is outside of the space-
craft and stowage rack envelope. The motions can be sequenced as opposed
to coordinated. TV coverage is not as difficult, and hazard avoidance
is minimized.

The axial/near-radial servicer normal operational mode requires that
all the interface mechanism attach points lie in a frontal attach plane,

In this mode the spacecraft to be serviced is a one-tier spacecraft. Also,
there is symmetry of the attach points in the spacecraft to those in the

stowage rack.

With a minor modification to the servicer mechanism this type of
servicer can be grown to capture two-tier spacecraft as shown in Figure

III-13. In the one example standard sized modules are shown with the attach

NORMAL RELOCATED ATTACH PLANE NONSTANDARD MODULE SIZES

!

|
il | |

j )

— LL:—L)I-JBE Tt st am— ] ) 2

f t

ATTACH PLANE ATTACH PLANE ATTACH PLANE

Figure III-13 Near-Radial Module Removal Growth Alternatives
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plane in the center of the two tiers. The interface mechanism attach
points lie in a plane because the module attachment points are inter-
digitated as shown. By using outsize modules as shown in the other ex-

ample a two-tier spacecraft volume can also be captured.

The condition that must exist in the spacecraft is that all the attach
points lie in a plane normal to the docking axis. The plane can be lo-
cated anywhere in an axial direction from the front to the back. The modi-
fication to the servicer mechanism is affected by the distance the plane
is from the front. The arm segment length between the index drive and the
end effector must be changed so the end effector can reach the spacecraft
attach plane. The condition that must exist in the stowage rack is that
its attach plane is symmetrical with respect to the spacecraft attach plane.
Thus, choosing the spacecraft attach plane location determines the impact

on the stowage rack.

The modifications are minor compared to the increased spacecraft volume
gained and could readily be incorporated on those servicing missions re-
quiring them. Other servicing missions would have the nominal servicer
mechanism. This would result in an effective match of spacecraft servicer

requirements to servicer capability.

33 Near-Radial Servicer Configuration

The near-radial servicer, shown in Figure III-14, is designed to
accommodate servicing of a one tier spacecraft. In the prime operational
mode modules are removed in a radial direction. However, the servicer
mechanism can remove modules in an off-axis radial direction also. The end-
effector/interface mechanism attach points are located in a frontal plane
normal to the longitudinal axes. There is symmetry between the spacecraft
and stowage rack with respect to the attach points, and the attach points

lie in a plane in both the spacecraft and the stowage rack.

More than one tier spacecraft can be serviced with the type of

approaches described under the axial/near-radial servicer. The end
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Pigure III-14 Near-Radial Servicer Configuration

effector attach plane can be anywhere along the spacecraft. However,
there must be symmetry of the attach plane in the stowage rack layout.
The interdigitating of the attach points in the spacecraft allows a 40
inch depth stowage rack to accommodate a two tier spacecraft (40 inches

per tier),

Considerable spacecraft structural design flexibility is gained through
the use of side and bottom mount interface mechanisms. Spacecraft ranging
in size from 80 to 174 inches in diameter can be serviced. With the off-
axis radial module removal capability the spacecraft do not have to be
cylindrical in shape. The spacecraft can have flat sides which are de-

sirable for antenna farms and radiating surfaces.
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The near-radial servicer shown in the configuration layout in Figure

III-15 represents a simple design. It has the same number of degrees

10, 5—=

8- o6 o
Storage Il | Tier 1
Rack -
I =V

Spacecraft

Figure ITT-15 Near-Radial Servicer Configuration Layout

of freedom as the axial servicer. All five degrees of freedom are pure

rotation. No translational drives are required. A shoulder roll drive

(T) allows the servicer mechanism to sweep around the complete outer sur-
face of a spacecraft. An elbow roll drive (V) and a wrist roll drive (Y)
along with the shoulder roll provide the extract/insert force. An index-
ing drive (W) is required to flip the modules between the spacecraft and
stowage rack. This is a simple rotary drive requiring accuracy only at the

end points. The wrist yaw (Z) aligns the end effector about the radial

direction.
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The arm segment lengths are 79 inches each with an overall operating
length of 185 inches. The spacecraft to stowage rack separation distance
is 16 inches. If the interface mechanism orientation in the spacecraft
and stowage rack can be fixed, then the wrist yaw drive (Z) can be deleted
and a four degree of freedom servicer results., This is the simplest of

the servicer configurations that have been suggested,

&, Two-Tier Radial Servicer Configuration

The two-tier radial servicer system depicted in Figure ITI-16 is de-

signed to service a two-tier spacecraft. In the prime operational mode

S
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Figure III-16 Two-Tier Radial Servicer Configuration
modules are removed in a radial direction. However, the servicer mechanism

can remove modules in an off-axis radial direction also.

It is of interest to compare the difference in spacecraft design be-
tween this servicer and the near radial. For this servicer the end

effector/interface mechanism attach points do not have to lie in one plane
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normal to the longitudinal axis as they did for the near-radial servicer.
Also, there does not have to be reflected symmetry in the stowage rack
design. The attach points can be located anywhere on the outer surface of
the spacecraft. This results in greater spacecraft designer flexibility.
The significance of the greater design flexibility is difficult to assess.
It should be noted that the near-radial servicer could service a two tier

spacecraft using an adapter on the length of the third arm segment.

The two-tier radial servicer configuration layout is shown in Figure
III-17. It has six degrees of rotational freedom. The three-segment arm
forms a plane which always contains the longitudinal axis. The shoulder
roll (T) allows the plane to rotate about the longitudinal axis. The two
elbow rolls (V&W) along with the wrist roll (X) allow the top of the arm to
be placed anywhere on the outer surface of the spacecraft and provide the
extract/insert force for module replacement. This aspect of the configura-
tion allows the end effector/interface mechanism attach point to be lo-

cated anywhere on the outer surface of the spacecraft.

~ 2 b

Figure IIT-17 Two-Tier Radial Servicer Configuration Layout
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5. Axial/Two-Tier Radial Servicer Configuration

The axial/two-tier radial servicer is designed to service a two-tier
spacecraft, with maximum flexibility for the spacecraft designer. A typi-
cal exchange is pictorialized in Figure III-18. Modules can be removed
axially and off-axis axially from the first tier of the spacecraft.

Modules can be removed radially and off-axis radially from the first and
second tiers of the spacecraft, Maximum interface mechanism location and
orientation flexibility are provided. On the outside of the cylindrical
surface the interface mechanisms can be located anywhere, and the interface
mechanisms do not have to be oriented to lie in a plane normal to the longi-
tudinal axis. On the end surface the interface mechanisms must be located
outside of a 40 inch diameter. There is complete orientation freedom within

the end surface plane.

Two tier spacecraft varying in diameter from 80 to 174 inches can be
serviced. The spacecraft can also have flat sides which require off-axis
radial removal of modules. This axial/two-tier radial configuration, shown
in layout form in Figure III-19, is the full-capability configuration ten of

Section B.

T Tier 1 | Tier 2
Spacecraft

a5
Figure IIT-19 Axial/Two-Tier Radial Servicer Configuration Layout
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Figure III-18 Arial/Two-Tier Radial Servicer Configuration
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The axial/two-tier radial servicer has 7 degrees of rotational freedom.
The three segment arm forms a plane which always contains the longitudinal
axis. The shoulder roll (T) allows the plane to rotate about the longi-
tudinal axis. For radial and axial module replacement the shoulder pitch
(U), the first elbow pitch (V), and the second elbow pitch (W) allow the
tip of the arm to reach the end effector attach points on the outer and

end surfaces of the spacecraft,

The three rotations of the wrist allow the end effector to be oriented

properly for attachment. As shown in the layout the end effector is oriented

for radial module removal. The wrist pitch (X) provides for attitude
differences resulting from (1) different axial locations of the end
effector attach points and (2) geometric changes during the module ex-
tract/insert motion. The wrist yaw (Y) is required for off-axis radial
module removal. The wrist roll (Z) allows the interface mechanism orien-
tation to vary (i.e., the interface mechanisms do not have to lie in

planes normal to the longitudinal axis).

For axial module removal the end effector must be oriented 90 degrees
out from the radial module removal direction. This is provided by the
wrist pitch (X). Off-axis axial module removal attitude changes are pro-
vided by the wrist yaw (Y) and pitch (X). The wrist roll (Z) allows the

interface mechanism to have any orientation in the spacecraft frontal plane.

The module flip is performed outside of the spacecraft and stowage rack
envelope for both axial and radial module removal. The stowage rack need

only be configured for radial module replacement.
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D. MODULAR SERVICER CONFIGURATIONS EVALUATION

The evaluation of the five servicer configurations was performed for
the same.three levels used in the evaluations of the ten candidate con-
figurations presented in Section B. In Verification Level One the servicer
mechanism length for each configuration was optimized using as variables:
relative length of arm segments, mechanism base location, and separation
distance. In Verification Level Two the five configurations were mocked
up and investigated in a 3-D soft mockup. The capability of the coﬁfigura-
tions to accommodate reference module transfer trajectories was studied.

In Verification Level Three the configurations were investigated for the
capability to accommodate stowage of the servicer mechanism and counter-
balancing. For all the configurations the servicer mechanism was hinged
and thus stowed up against the face of the stowage rack. Counterbalancing

approaches for the launch site and lab testing were investigated.

One of the evaluation criteria of major influence is mechanism length.
The geometric relationships between spacecraft, stowage rack and module
locations which affect servicer mechanism length are shown in Figure III-20.
These geometric considerations were used in the level one configuration
evaluation to optimize servicer mechanism length. Nine module locations
(as indicated) were examined., Associated end effecéor locations (A-K)

were used.

L is the base location of the servicer mechanism. Module location
one sets the maximum length of the servicer mechanism. The straight line
from A to L represents the ideal length (198 inches) that a servicer
mechanism can approach. The end effector point A 'is 140 inches from the
spacecraft centerline. The modules are 40 inch squares with ten inch end
effectors, A spacecraft to stowage rack separation distance of 60 inches
is shown. Module locations one through four represent radial replacement
modules, Modules five through seven represent axial replacement modules,

and modules eight and nine represent modules in the stowage rack.
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SPACECRAFT

Figure ITI-20 Servicer Mechanism Length Comsiderations

The servicer mechanism length optimization started with locating the
mechanism joints for each of the ten configurations so they most effec-
tively aided avoiding the interference points at the corners of the space~-
craft and module one. This initially set the segment lengths. Then the se-
lected segment lengths were evaluated further at each of the nine end effec-

tor locations (A-K). Segment lengths and separation distance were modified

when required. The configuration was then checked against module location one

again. Thus, iterations through the series of module locations were per-

formed as necessary to verify a functioning configuration.

For configurations having two clustered gimbals at the base (L) a 13
inch radial standoff was used to represent a realistic mechanization. The

end effector was assumed to have a 20 inch separation between the first and
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second gimbals. These two factors significantly aid avoiding the inter-

ference points,

Several factors can be observed from the geometry. Configurations
which use right angles between segments will not approach the ideal
straight line very effectively, and thus they end up being long. Config-
urations which result in bringing the module up against them for axial
module removal will result in greater separation distances (75 inches).

The results of these geometrical relationships are summarized for the level

one evaluation in Figure III-21, Each of the five servicer configurations

CONFIGURATION
AXIAL REAR~ THO-TIER AXIAL/THO-
SCREENING CRITERIA AXIAL | NEAR-RADIAL | RADIAL RADIAL TIER RADIAL
Module Removai Direction Axial Axial Radial Radial Axial
Radial Radial
Module Locations ,C1,E,F C,D,E,F, c,D,H,K | A,B,C,D, | A,C,D,E,F,G,
G,H,k I,J,H,K H,1,J,K,B
Reach End Effector/Module | OK 0K 0K 0K 0K
Attach Locations
Servicer Mechanism Length | 134 208 185 246 254
{Inches)
Ideal Servicer Mechanism 101 153 140 178 216
Length (Inches) :
Separation Distance 60 60 16 24 75
(Inches)
Complexity
Degrees of Freedom
Rotational 4 5 4 6 7
Index 1 1 1 0 0
Total b 6 5 6 7
Number of Segments 2 2 2 3 3

Figure ITI-21 Level One Verification Reeults

was investigated for the screening criteria parameters used previously.

It should be noted that the objective of collecting this data on the five
configurations is to verify how the servicers meet the criteria, not for
comparison between servicers. Since each serxvicer has been designed to
satisfy different spacecraft requirements, a direct comparison of servicers

is not realistic. -
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The servicer mechanism length was optimize& for each configuration
considering as variables~-relative length of arm segments, mechanism base
location, and geparation distance between the spacecraft and stowage rack.
This was accomplished using the module transfer cases shown in Figure
ITI~20. The module locations investigated for each configuration are
shown on the figure., For the axial servicer the C' module location
means that the C module was removed in the axial direction, The derived
servicer mechanism lengths are stated. They can be compared to the 'Ideal
Servicer Mechanism' lengths shown, The ideal represents the minimum

possible length using a straight line.

The separation distance is basically set by three factors--module
length, module removal direction, and servicer arm configuration. A dis-
tance of 60 inches is required to remove and flip axially a 40-inch module
‘with end effector attached. For radial module removal, the separation dis-
tance is set by the servicer mechanism motion envelope and stowage require-

ments.

" The resu%ts from investigating the. level two and three parameters are
summarized in Figure ITT-22, Since each configuration is a near optimum
for its group of spacecraft requirements, it would be expected that none of
the configurations would have any basic problems. None of the configura-

tions have any singular axes which would complicate the control problem.

Each has a plane-of-motion in which it can be controlled, This results in
simpler control laws. The Axial-Two-Tier Radial servicer motion is planar. How-
ever, the servicer has seven degrees of freedom which implies redundancy
in controlling the mechanism. After studying this condition a siﬁple so-
lution was determined. It was observed that the first elbow location could
be held fixed (requires holding shouider pitch constant) for each major part
of a module exchange trajectory from all the various module locations. An
example is the extraction of a module from the second tier of a spacecraft,

With the arm up high enough to clear the spacecraft, the shoulder pitch is

driven to position the first elbow at its predetermined location for this

I11-38



CONFIGURATIONS
AXIAL/ NEAR~ | TWO-TIER AXIAL/THO-
SCREENING CRITERIA AXIAL NEAR-RADIAL RADIAL RADIAL TIER RADIAL
Control Complexity
Motion’
Axial Planar Planar N/A N/A Planar*
Radial N/A Planar Planar Planar Planar*
Singular Axes ’

Axial None None N/A N/A None
Radial 7 H/A None None None None
Stowage Good‘ Good Good Good Acceptable

Counterbalancing ' Good Good Good Good _ Good

*Control of the seventh degree of freedom is straightforward.

Figure III-22 Levels Two and Three Verification Results

subtask. It is held fixed—(constant) there. The rest of the joints are

then driven to perform the module remowval,

Good stowage and counterbalancing approaches were evolved on the con-
ceptual level for each configuration. However, the axial/two-tier radial
configuration has an acceptable stowage approach which is somewhat more
complex, The servicer mechanism design necessitates that the first arm
segment be longer than half the spacecraft diameter. This is required to
reach all the module locations. This condition causes the base of the arm

to require hinging off to the one side so it can be stowed.
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E. CONFIGURATION SELECTTION

This section summarizes the logic-and considerations that resulted
in the seféction of a preferred configuration for more detailed design
of a space version of the servicer. -The selection was made by WASA and
Martin Marietta concurs with the choice, The major guidelines in the se-
lection were:

¢ The space design will be one of -five modular forms .

# The totality of the five modular forms spans‘the totality of

servicer requirements .

o Tt is desirable that the engineering test unit be the same con-

figuration as the space design

e The majority of the detail analysis will be for the space design

¢ The other four modular forms are to be worked at the conceptual level

¢ The space design configuration'will establish the image for on-

orbit servicing-—complexity, reliability, cost, capability

This section also addresses the decision to select a configuration
for a pre-prototype servicer, called the engineering test unit (ETU). As
noted above, this is desired to be as close as possible to a flight design

but in actuality this was not really practical.

1. Space Design Configuration Selection

The initial selecfion process, described in Sections A and B, had been
predicated on identifying a servicer mechanism configuration that would
have a capability to service the majority of proﬂable serviceable satellite
configurations. As was stated earlier, the preferréd configuration from
this evaluation (Configuration 10) was felt to be too complex, Instead,
emphasis was placed on simpler configurations for initial development.
These. simpler forms are the fiye modular forms discussed in Sections B and
D. DNote that the five modular forms do not compete in the usual sense,

rather each, satisfies a different requirement, so each of the forms repre-

N L3R}
e

sents a distinet capability associated with a complexity. So the question
becomes one of picking a combination of capability and complexity (és
represented by one of the five modular forms) that will convey the best

image of onw~orbit servicing over the next few years.
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The logic in this final selection process is shown in Figure II1I-23.

GEOSYNCHRONOUS LOW EARTH ORBIT CHARACTERISTIC

SPACECRAFT SPACECRAFT LARGE OBSERVA-

REQUIREMENTS REQUIREMENTS TORY REQUIREMENTS
»4 AND J=

Evaluation of 10 Configurations

FIVE MODULAR THREE
SERVICER » CANDIDATE
CONFIGURATIONS CONFIG{iRATIONS
OTHER_CONSIDERATIONS | EVALUATION/
SELECTION

L s RECOMMEN DATION

Figure III-23 Selection Logic

Three different classes of satellites were considered with the major em-
phasis being the geosynchronous spacecraft, DSCS I1 and SEOS, which were
designed for servicing by TEW. The low earth orbit spacecraft considera-
tions led to increased interest in single tier spacecraft, but no further

identification of preferred module replacement directions.

The recommended configuration 10 servicer from the first analysis
(Section B) was a three segment, seven degree of freedom concept. This
plus our prior experience were used to generate the five modular configura-

tions as discussed above, Of the five, three were felt to be good candidates.
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These were: 1) axial:; 2} axial/near-radial; and 3) axial/two-tier radial.
The other two configurations--near-radial and two-tier radial--do not
have an axial module removal capability. They are not compatible with the
serviceable DSCS~II and SEOS satellites and are not as versatile as the
other three forms. However, the near-radial configuration is thé .simplest
of all five and shows some of the growth characteristics of the axial/

near-radial configuration,.

The selection between these three candidates was based on the con-
siderations that follow. A surprisingly large number of considerations
come into play in a selection process such ds this, These considerations

have been grouped as follows:

¢ Public image of servicing

e Balance of versatility vs simplicity
e Utility aspects

e Complexity aspects

2 Engineering test unit aspects -

A summary of the considerations in the first categorv is shown in

Figure III-24,

o THE SELECTED CONFIGURATION BECOMES THE IMAGE FOR SERVICING SYSTEMS

- Complexity - Capability
- Cost © - Reliahility
e ALL THE GOOD ART WORK AND SYSTEM DESCRIPTIONS WILL BE FOR THE
SPACE DESIGNS ’

@ SIMPLER CONFIGURATIONS ARE EASIER TO PRESENT AND COMMUNICATION
CAN BE MORE COMPLETE '

- General Introductions - Movies
- Final Presentations - Demonstrations with Engineer-
ing Test Unit ) :

e A CLEAR EVOLUTIONARY PATH FROM PRIOR WORK IS DESIRABLE

Figure ITI-24 Public Image Considerations
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It should be made clear that while each of the other four modular
forms was carried at the conceptual level, the prime effort was with re-
gard to the selected configuration. This is particularly true in those
presentations which were brief or where the selected configuration was
used to set the stage for another discussion point., The lower the cap-
ability and simpler the configuration the easier it is to explain and the
better the level of communication that results. However, too low a cap=-
ability is not a good image where a spacecraft program requires and de-

sires a greater capability.

The second set of considerations, summarized in Figure ITI-25, relates
to the question of what is the best balance between versatility, or cap-
ability, and simplicity of the servicer image. This is felt to be a ques-
tion that was best answered b& NASA with their better knowledge of the
‘agency's long-range planning and probable users of orbital servicing. The
last two points on the figure are in direct opposition and illustrate the
difficulty in making a selection. The criteria of "minimum constraints on
spacecraft designers" was one of the major points during the first T0SS
as well as in this current study. This’balance between versatility and

simplicity will be discussed further in Chapter V.

¢ SELFCTION OF THE BEST BALANCE BETWEEN VERSATILITY AND SIMPLICITY
FOR THE SERVICER IMAGE IS A NASA PREROGATIVE

® MINIMUM CONSTRAINTS ON SPACECRAFT DESIGN WILL LEAD TO USER ACCEPTANCE

- Number of Tiers
- Module Replacement Directions

@ THE POTENTIAL USER SHOULD HAVE GREATER CONFIDENCE IN A SIMPLER
SYSTEM AND THUS ACCEPT IT EARLIER

Figuve III-25 Versatilily vs Simplicity Considerations

Figure III~-26 addresses the servicer utility aspects of the selection.
The selection was made in the sense that the selected configuration is not the
only one that will exist, rather it will represent orbital servicing for

the next few years., It will be the image of orbital servicing and it will
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be the test case for most of the analyses and evaluations that will be
conducted. As our knowledge increases over the years, it may be reason-

ably expected that better choices can be made.

e THE SELECTION IS NOT IN THE SENSE OF ULTIMATE UTILITY OR
MATCHING TO A SPECIFIC NEED

® THE TOTALITY OF THE F1VE MODULAR FORMS SPANS THE
SPECTRUM OF SERVICER REQUIREMENTS

o THE SELECTED CONFIGURATION SHOULD BE GROWABLE TO THE
OTHER FOUR MODULAR FORMS

e IT SHOULD INCLUDE AN AXIAL CAPABILITY

¢ THE GEOSYNCHRONOQUS SPACECRAFT {DSCS |1 AND SEOS) SERVI -
CING REQUIREMENTS ARE SATISFIED BY A ONE-TIER/AXIAL
SYSTEM

. THE MAJORITY OF POTENTIAL LEO SAVINGS CAN BE CAPTURED
BY SERVICING ONE TIER

o THE CHARACTERISTIC LARGE OBSERVATORY SPACECRAFT DESIGN
WAS NOT FAR ENOUGH ALONG TO INFLUENCE SERVICER CONFIGURA-
TION SELECTION

Figure IIT-26 Servicer Utility Considerations

The approach was that all five modular forms would be developed,
produced and available for operational use over the &e&rs. Then each
" spacecraft designer or program manager éould select the modular form that
best suits his needs. The order in which particular modular forms will be
developed and enter the inventory will depend on the requirements of tha
first spac?crﬁft programs to plan on using orxrbital servicipg.< However, all
five formg’appear to have distinct places in the eventual total spectrum of

on~orbit servicing requirements,

~ As the five modular forms have been conceived to have a great deal of
hardware commonszlity, any of the three candidate configurations can be

grown to all five configurations. However, it is generally easier to work
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from the middle level of complexity to the ends rather than work from

either end to the other.

Figure ITI-27 addresses the complexity aspects of configuration se-
lection. TIf the selected configuration is simple then it is possible to
perform the analysis at greater depth and in this sense learn more about
the servicer configuration: This was particularly true when the limited

resources of this fixed price contract were considered.

o THE SIMPLER THE CONFIGURAT!ON, THE MORE WE CAN LEARN

e STUDY RESOURCES FOR SERVICER PRELIMINARY DESIGN ARE
LIMITED. THUS, COMPLEXITY OF SERVICER CONFIGURATION
INFLUENCES DEPTH OF ANALYSIS

o SELECTION OF A SIMPLE CONFIGURATION LEADS TO SIMPLICITY
IN OTHER SERVICER ASPECTS

Primary Force Direction

Seguential versus Coordinated Motions

Mechanical Guiding versus Electrical Slaving

Decoupling of Control Stability from Structural Stiffness

o COMPARATIVE VOLUMETRIC CAPABILITY OF AXIALINEAR-RADIAL
AND AXIAL

- Same for Basic Form
- Axial/Near-Radial is Better in Extended Forms

& ARM LENGTH OF AXIAL CONFIGURATION S LESS THAN 55% OF
OTHER CONFIGURATIONS

o WEIGHT OF AXIAL CONFIGURATION WILL BE 60 LBS LESS THAN
THE OTHER CONFIGURATIONS

I

ST L sy

-

Figure IIT-27 Complemity Considerations

The module exchange task is quite simple in that there are only
three kinds of trajectories involved: insert/extract, medule flip, and
transfer to next location, Each of these in itself is very elementary.

Also all of the trajectories, end points, directions, and order of doing
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things is known before any mission. Thus, it is possible to use this task
simplicity (as opposed to a general purpose manipulator where the tasks
are not defined) to lead to a simple mechanical and contrel system design.
Similarly the simplicity of a mechanism coﬂfiguration can be carried over
into many other aspects of the designm and its use. This is particularly

true if only one module removal direction (axial or radial) is considered.

The last three points on the figure address some benefits of the axial
configuration as compared to the axial/near-radial form., However, it seems
relatively easy to conceive of ways of extending the axial/near-radial con-
figuration by simple additions. These ideas did not come as easily for

the axial configuration,

Figure ITII-28 addresses the Engincering Test Unit (ETU) aspects of
the selection process and were based on a desire to have the ETU closely
represent the configuration selected for the space design. The key aspects
were successful demonstraéions and the limited resources available in this
fixzed price contract. ‘As:the ETU is to be the first step in an orbital
servicing deponstration facility at MSFC, it can be expected to be expanded
and updated as more is learned about the requirements of orbital servicing

and the design of servicer -systems. -

@ PREFER TO HAVE THE- ENGINEERING TEST UNIT REPRESENT THE
CONFIGURATION OF THE SPACE DESIGN

6 THE SIMPLER THE ENGINEERING TEST UNIT; THE HIGHER THE
PROBABILITY OF SUCCESSFUL DEMONSTRATIONS

- Arm Length

- Degrees of Freedom

- Module Removal Directions

- Variety of Interface Mechanisms

- Number of Tasks to be Demonstrated

ESPECIALLY WITH LIMITED RESOURCES

¢ ACCOMMODATE EXTENSION AND EX'gANSION OF THE ENGINEERING
TEST UNIT IN THE FUTURE AS 1T {S USED IN THE DEMONSTRATION
FACILITY

Flgure IIT-28 Engineering Test Unit Considerations
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Servicer mechanism arm length is a particularly important paramet?r
in that it affects so many things which increase costs and required accuracy,
These parameters include joint drive torque level, output gearing accuracy,
gear housing maéhining accuracy, feedback sensor accuracy, servo loop gains
and compensation, arm segment stiffness, electronic grounding and signal

shielding, as well as system calibration.

The selected configuration should be such that it can be modified and
updated in the future. It is important that the drive sizing be such that

they can be used for most of the modular forms.

After carefully considering all these above considerations the axial/
near radial configuration, the second modular form described in Section B,
was selected. This configuration represented the best balance between cap-
ability and simplicity. It is completely comptabile with the geosynchron-
ous sPaceEraft and can service most of the low earth orbit spacecraft with
its more than one tier capability., The two directions of module removal
provide more freedom to the spacecraft designer in terms of module location,
interface mechanism applicability, and module removal direction. The natural
growth options to the second tier do give a second tier capability although

it is not as versatile as the axial/two-tier configuration.

The simpler axial configuration was felt to be too restrictive on the
spacecraft designer even though it can service a large volume at the one-
tier level. The axial/two-tier configuration is more complex and it was be=-
lieved that its greater capability would not be required oftem enough to

warrant its use as the orbital servicer image in the next few years,

2. ETU Configuration Selection

The selection of a configuration for the engineering test unit was

based on the following desires:

E 8
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e Must be a simple expression of a servicer
o Need to keep the demonstrations simple
- Gives more confidence to user
- Increases probability of good demonstrations
e Want to be able to get potential users involved
@ Must keep overall size such as to fit within space available
o Prefer to have both bottom and side mounting interface mechanisms
involved
® Prefer to demonstrate radial as well as axial module removal
¢ Resources available are marginal for axial form of servicer

mechanism

The dilemma in this selection was a desire to have the ETU and the
space design in the same configuration and yet stay within the contract
funding limits., The probability of successful demonstrations is much
greater for the shorter arm and fewer degrees of freedom of the axial con-
figuration. Little real consideration was given to the axial/two-tier con-
figuration because it does-not look like the axial/near-radial configura-

tion and because of its potential cost.

The resulting selection for the ETU was the axial configuration (the
first of the five modular forms in Section B), however certain features
were incorporated to permit realistic evaluation of near radial operations
without the longer arm segments required of the axial/near radial. The
shoulder and roll drives were sized larger than the axial-only servicer in
order to perform radial module removal. The ability to do radial module
removal was obtained by having part of the spacecraft mockup approximating
a fifteen foot diameter and the other part at a diameter that will permit
investigation of radial module removal for reasonably sized modules using
the basic axial configuration segment lengths, The difference in direction

of the end effector was accommodated by provision of a separate adapter.

An extension to this contract was proposed and approved subsequent to

the decision process described above to incorporate an additional degree
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of freedom into the selected axial version. This will provide an axial/
near radial capability in the ETU and its controls before delivery to

MSFC at the end of the follow-on contract.
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IV. SERVICEABLE SPACECRAFT PRELIMINARY DESIGN

Design of an automated spacecraft that takes full advantage of the
hardware and cperational economies possible with orbital servicing is an
important part of the overall space servicing concept. The total dollar
investment in serviceable spacecraft i; the Shuttle Era will be many times
the investment in servicers. Therefore, spacecraft economies have a much
larger potential payoff than economies in servicer design.

TRW has developed a great deal of information on serviceable spacecraft
design concepts as part of a series of studies spomsored by SAMSO.l’ 25 3

This information has been used extensively in this study.

One of the major characteristics of automated serviceable spacecraft
will be the packaging of equipment in replaceable modules. A first step
toward this modularization has already' taken place. In recent years, space-
craft designeré have developed configurations which separate spacecraft
ﬁousekeeping functions from payload functions., The goal has been to minimize
housekeeping hardware changes from one mission to another. The result is
the "Standard Spacecraft Bus" concept. In this concept, subsystems such as
power, attitude control and communications are located in a separate structure
which has a simple mechanical interface to which a mission—-peculiar module
is attached. Additional flexibility is provided by using a central on-board
computer for attitude control, command and data handling and general
function management which allows large changes in function by only changing
the software. Necessary hardware changes are facilitated by allowing a
variety of sensors, actuators and black boxes. Further modularization is
possible through the use of a data bus. This means that commands, timing
and telemetry are multiplexed such that component,interconnections are re-—

duced to a few wires. A data bus facilitates accommodating a broad class

1. "DSP Paylcad Study (U)," SAMSO-~TR-72-266-2 (also TRW Report No. 16439-
6392-RE~-00), August 1972 (SECRET).

2. "In-Space Servicing of a DSP Satellite,'" SAMSO-TR-74-168 (also TRW
Report No. 16439-6637-RU-00), March 1974. (Three Volumes - I and II
SECRET, III Unclassified). .

3. "Final Report, Servicing the DSGS-II with the S5TS," SAMSQ-TR-75-133,
dated September 1975 (Three Vol.), prepared by TRW Systems Group.
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and number of payload elements, depending on the mission.” Each element has

its own data interface unit, thus greatly simplifying interconnections.

The cost effectiveness of a serviceable spacecraft is enhanced when
non-repairable failures are minimized. Most of the spacecraft subsystems
and mission equipment should be pakkaged into removable modules, called Space
Replaceable Units (SRUs). It is desirable that the SRU sizes and attach-
ments be standardized. Care must be taken in SRU sizing and configuration
arrangement to ensure good thermal control. (In some instances thermal
radlator area requirements dictate a minimum SRU siée). Finally, the SRU
attachﬁent to the spacecraft backbone structure should be simple and pro-

vide reasonably large tolerances to misalignments,

The TRW I0SS Follow-On étudy results show that it is poséible to
design serviceable spacecraft to perform a wide range of upcoming NASA,
DoD and commercial missions. The spacecraft meet the mission performance
requirements and are also designed to enhance orbital servicing. Auto~

mated payloads examined in detail are:

Geosynchronous Orbit,

e Defense Satellite Communications System (DSCS-II)

e Synchronous’ Earth Observatory Satellite (SEOS)

Low Earth Orbit

o 1.2 meter X-Ray Telescope (NASA Payload HE-11-4)
s Large Solar Observatory (NASA Payload SO-02-A)
o Space Telescope (NASA Payload AS-0l1-4)

DSCS-IT is representative of the many communications satellites
in geosynchronous orbit. SEOS is d geosynchronous sensor mission. The
ﬁhyee Low Earth Orbit payloads are representative of three major scien-
tific mission areas — high energy astrophysics, solar physics and

as tronomy.

Separate serviceable spacecraft designs have been developed for the
two geosynchronous missions, although there is a similarity in the two
concepts. A serviceable Characteristic Large Observatory (CLO) has been
developed to cover all three of the Low Earth Orbit missions. The

housekeeping subsystem designs are sized for 1.2 meter X-Ray Telescope
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mission requirements, but they can be used for the Large Solar Observa-

tory and Space Telescope missions. Only the mission equipment varies

between the three missions.

In all cases, promising automated sexrviceable spacecraft designs

have been developed that 1) perform the required missions, 2) interface

with the servicer designs developed by Martin Marietta Aerospace, and

3) prove cost-effective for orbital servicing.

A. SERVICEABIE SPACECRAFT DESIGN REQULREMENTS

There are several reasons why spacecraft will be designed for auto-

mated

servicing in the Shuttle Era. Some of these are:

Replacement of failed equipment — rather than replace an

entire spacecraft due to the failure of a small number of
elements, only the failed equipment is replaced, saving the

cost of the other equipment.

Update or replacement of mission equipment — rather than

fly a series of 2- or 3-year missions, place the major tele-
scope or other instrument in orbit and change the mission

equipment periodically.

Replacement of life-limited equipment - rather than expend

a great deal of resources to develop extra long-life equip-

ment, it may be more cost-effective to plan onr a replacement

during the satellite lifetime.

Replacement of expendables - rather than carry a launch

penalty for the large amounts of propellant required for

long-life missions, such as geosynchronous satellites with
¥

North-South stationkeeping, plan for propellant replenish-

ment after a certain number of years.

Retxieval of recorded data - rather than transmit data by

telemetry or have re—entry requirements for data packages,

have the recorded data returned by a servicer vehicle,

The underlying motivation for each of these concepts is to save money

over the long run. A serviceable spacecraft may be somewhat more ex-

pensive than an expendable version to perform any single short-—duration
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mission. The cost savings is obtained by reducing the number of replace-

ment satellites and by making more efficient use of the launch vehicle.

Satellites designed for automated orbital servicing will be quite
different in outward appesarance from current satellite designs (see
Figure IV-1). This is because servicing adds a new set of requirements
and mﬁy ;lso change the way certain basic mission requirements are met.
The internal equipment is often the same, but the packaging and general

arrangement will be different. The general arrangement of an automated

serviceable spacecraft must be compatible with many factors. Several of

them will be discussed in the following sections.

Figure IV-1 Expendable and Serviceable Satellite Configurations

1. Mission Requirements

A servicesble spacecraft must be able to perform the same basic
mission as an expendable spacecraft. The majox sensor or antemna may
have a different design to take advantage of serviceability, but it must

result in the same mission performance.

2. Housekeeping Functions

% serviceable spacecraft must provide the mission equipment with
adequate attitude control, structural support, electric power, thermal

control, commands, telemetry and electromagnetic compatibility. Any



subsystem designs which result from serviceability requirements, such
as a pigeon-hole type structure, must account for all of these consider-

ations.

- 3. Space Replaceable Unit (SRU) Location and Operation

Each SRU must be located in a way that it can perform its basic
function (i.e., a sensor must be able to point in its prescribed direction)
but still be accessible to the servicer for possible removal and replace-
ment. This can be a pigeon-hole concept, where the modules all face on
a common plane and are removed axially, or a radial-extraction concept
where modules move outward from a ring~type structure. Thermal con-—
siderations may require that a certain SRU have a face toward dark space.
Also, the SRU must be designed to align the new equipment aftex servicing

and to maintain this alignment during the remainder of the flight.

4. Bervicer Interfaces

Any automated servicing will require that a servicer vehicle (Fig-
ure IV-2) rendezvous and dock with the serviceable spacecraft. The space-

craft must be capable of maintaining a passive attitude just before and

~

e

[ SERVICER VEHICLE

Figure IV-2 Serviceable Spacecraft and Servicer Vehicle Combination
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during docking, provide a docking receptacle to mate with the servicer,
allow for locking. to the servicer and be capable of unlocking and un-
docking after servicing has been completed. In additiom, the SRU's must

be compatible with the servicer transfer mechanism, they must not be too

large or too heavy to be properly transferred and stored and they must

have a common mechanical, electrical and fluid interface.

5. Space Transportation System (Shuttle) Requirements

The STS launch vehicle will be standard in-the era of serviceable
spacecraft and has certain.special requirements that must be met. In
particular, manned safety and contamination considerations may affect the
serviceable spacecraft design and operational procedures. These require-
ments must be met by all spacecraft of the Shuttle Era, but the effect
is especially true for serviceable -spacecraft since they will interface

with the Shuttle System several times during their lifetime.

Two of the space serviceable spacecraft from Figure IV-1 ‘are shown
mournted for launch with a Full Capability Tug from the Shuttle orbiter in
Figure 1V-3. The large diameter of the payload bay allows them to be

mounted side-by-side.

148 O IN
T ) _ -1
— ' 'EULL CAPABILITY TUG \ !
i - T 1
i ’ -..___JI
___-_ZJ |

|
1 _— -
SERVICEABLE SATELUTEJ// 4/4
SEPARATION PLANE

Figure IV-3 Serviceable Spacecraft Launch Configuration in Orbiter
Payload Bay (Double Launchi

6. Other Considerations

Orbital servicing may impose other requirements on the spacecraft.
One example is a North-South stationkeeping capability to overcome effects
of nodal regression of the orbit plane. On military missions, simpler

ways to overcome these effects are to reduce the pointing accuracy



requirements, bias the inclination error by overcompensation at imitial
insertion, or compensate for the resulting pointing errors with equipment
on the ground. When a fleet of satellites is to be serviced, it is véry
inefficient and time-consuming to have the servicer wvehicle do orbit-
changing maneuvers between satellites, It may be more cost-effective to
pay the large preopulsion weight penalty on each satellite for North-South
stationkeeping. ‘Commercial geosyachronous communication satellites will
already have a North~South stationkeeping capability, so this is not a

concern.

Another satellite design comnsideration that comes from servicing re-
quirements is the use of a data bus. Tt is desirable to keep the number
of wires going across the SRU interfaces as low as possible. Use of the
data bus provides a substantial reduction in electrical connector pin

coumnt. It alsc permits an economical means of increasing the extent of

fault diagnosis. Replacement of failed equipment by orbital servicing
requires isolation of failures to the SRU level. The localization can
probably be accomplished with no great difficulty using current techniques.
However,, it would be advantageous to localize failures to a much lower

level so that corrective action can be tsken toward product improvement.

TRW has restricted the design of serviceable spacecraft to require
that they have a body-stabilized (3-axis) attitude control subsystem. It
is no doubt possible to design a servicer that can capture, dock and
service a spinning satellite but it is not considered to be worth the

additional complexity and expense.

B. GENERAL SERVICEABTLITY CdNCEPTS

Detail design of serviceable spacecraft for several missions has pro-
duced several general serviceability concepts. In this section the
characteristics of a Space Replaceable Unit will be discussed, as well as
Non-Replaceable Units. In addition, some of the operational considerations

that affect most serviceable spacecraft will be addressed.
Specific design examples will be presented in Sections C and D.

1. Space Replacesble Unit (SRU) Characteristics

The Space Replaceable Unit is the basic element of an automated ser-
viceable spacecraft, The payoff potential of the whole orbital servicing

concept can be negated if care 1s not taken in the design of the SRUs.
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One important consideration in SRU design is to use proven equipment
to minimize the design risk. A major outcome of the TRW serviceable
spacecraft design studies is the determinatiom that much current standard.
spacecraft equipment is usable in space serviceable designs without modi-
fication. This consideration is important in assessing serviceable
subsystem feasibility, minimizing development costs-'and obtaining data for
cost tradeoffs. Another conclusion is that high equipment reliabdility is
still important. Although servicing can be done easily, launch costs for

service flights are high and so servicing should be held to a minimum,

Modularity is a fundamental characteristic of an SRU. Related equip-
ment is grouped in a way that failures can be detected and the whole
module replaced as a wmit. Equipment in a given SRU is usually from a
single subsystem. This simplifies the job of assembly and integration

and a single organization is responsible for the entire SRU.

If.order to be able to easily service a wide variety of equipment, the
SRU module should have standard dimensions and, most importamtly, have a
standard interface mechanism. It is often necessary to have a small
number of non-standard SRU sizes on a given mission but this does not

diminish the value of standard dimensions on as many SRUs as possible.

Standardization of module sizes applies to both mission equipment and
housekeeping subsystems. Such standard modules could possibly be used
for a number of different missions. This is one of the fundamental con-—
cepts, for example, used in the design of the Multimission Modular

Spacecraft. It was not pursued in this study.

A standard SRU structural configuratioﬁ, such as that shown in Figure

IV-4, is based on the following criteria:

s Provide maximum functionability of SRU components during

on—-orbit satellite operations

& Provide a simple interface with the SRU guide and latch

mechanism and the sexrvicer arm end effector

¢ Be easy to slide in and out and provide adequate alignment

with the spacecraft structure and cother SRUs

e Be capable of axial or radial removal
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e Be located in ocne br two tiefs for easy access by the

servicer arm
o Minimize the structural weight penalty

A single, minimum-access external opening in the spacecraft is used
for each SRU. The SRU radiator, when required, uses this opening. Radi-
ation panels are thermally isolated so that their raé&ating efficiency is
preserved. This really suggests that the radiator should be structurally
isolated except for its own support or any interface involvement for the
particular component requiririg the radiator, such as transmitter TWTs.
The end effector fitting should be separate from the radiator surface and
should not use up any more access opening area thaﬁ necessary. A simple

push—-pull motion is used for SRU replacement.

The dimensions for the SRU in Figure IV-4 are 27"x35"x23". The SRU
enclosure is a simple box and needs only one end and the baseplate for
load-bearing structure. This particular SRU uses the side-mounting Inter-
face Mechanism as designed by Martin Marietta, Electrical connectors
and/or fluid disconnects can attach in two locations and a 50-pin plug/
receptacle design 1s used. 50 pins should be adequate for any contingency.

The usual number of pins per connector will be as follows:

3-wire data bus x 2 (redumdant) 6
l—wire for power x 2 (redundant) 2
Basic for all SRUs 8 pims
Payload data or internal wiring 1 to 2
' TOTAL 10 pins

The standardized interface with the end-effector of the servicer is
shown in the views on the vight. The SRU baseplate is constructed of a
honeycomb sandwich material, It has either a conductive metal or non-
conductive composite core, depending updﬁ thermal requirements. Heat
pipes can also be used to transfer heat. from equipment mounted on the

baseplate to a radiating wall or the front face.

Access provisions during spacecraft assembly are an important con-
gideration in SRU design. The SRU panels have the equipment installed
and checked out prior to spacecraft assembly. The principal SRU access

requirement during assembly is to connect to the spacecraft wiring harness



and for interconnections between the top and end panels. During integra-
tion and all-up systems testing, it is often necessary to check connections
or remove malfunctioning components. It is desirable that any component

on the gquipment panels can be removed and replaced without the necessity
of removing other components to obtain access. This is of considerable
importénce as unnecessary removal of equipment and connections increases
the probability of incurring additional problems and historically has

resulted in increased integration time and cost.

A key part in the design of an automated serviceable spacecraft is to
determine the size and number of SRUs. Three variations in SRU size for
axial removal only are shown in Figure IV-5 for the DSCS-II spacecraft to

be discussed in detail in Section Cl.

$5C-1 SMALL SRU CONFIGURATION

SSC-2 MEDIUM SRU CONFIGURATION

§$5C-3 LARGE SRU CONFIGURATION
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Figure IV-5 Variations in SEU Size for Serviceable DSCS-IT

The SSC~1 configuration represents the smallest size module comsidered.
The equipment is distributed so that a functional unit and its redundant
member are located in an SRU wherever possible. 1In some instances (for
example, batteries} an SRU contains only a single unit. Thexmal radiation
area, rather than equipment volume, sometimes dictates the minimum size
of an SRU containing large heat-dissipating equipment (for example, high-

level Travelling Wave Tube Assemblies).
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The $8C-2 configuration has somewhat larger SRUs. Here equipment has
been allocated as much as possible to minimize interfaces between functions.
For example, the uplink and command chair is in one SRU, the telemetry

downlink chain is in another.

The largest SRU configuration, SSC-3, has each subsystem contained in
a single or, at most, two SRUs. This greatly reduces the electrical
inter%aqe%{ Electric power and data signals for command and telemetry
comprise the only tie between most SRUs. It should be moted that the
communication antennas and their associated wave guide are packaged as
SRUs in configuration 85C-3. In the other two configurations they are

not replaced,

Equipment reliability is another consideration in determining what
should be located within a given SRU. An attempt was made in the SAMSO
studies to put the equipment with the highest failure rate for a given
subsystem within a single SRU. The ability to do this depends upon the

number and complexity of interconnections between SRUs, of course.

Equipment repair by replacement at levels lower than the black box
(e.g., at the slice level) has not been examined in detail by TRW, but
is conééptuélly feasible. It is not clear whether this capability
would be particularly advantageous. - Black boxes could pe packaged so
that slices could be removed and replaced., In addition, a level of fault
‘diagnostics could be provided to pinpoint failure to a specific slice.
However, it is not clear what spacecraft and servicer configurations would

permit simple access to all of the hundreds of boxes.

2. Non—Replaceable Unit (NRU) Charxacteristics

Spacecraft equipment fails for a variety of reasons in spite of care-
ful design reviews, the constant improvement of technology, parts screening,
manufacturing process control and testing at all levels of assembly. The
equipment failures occur over a period of time after the satellite starts
its operation. Satellites fail or become inefficient performers as a

result.

Some spacecraft failures are not repairable, either because the failed
equipmgnt is not modularized or because the failure is of such a nature

that the spacecraft becomes incapable of maintaining a reasonably constant
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attitude for docking. These failure sources must be minimized. If many
spacecraft need replacement, the whole point and cost benefit of ser-

vicing is lost. Fortunately, it has been found that only a few non-repairable
failure sources must be tolerated on a serviceable spacecraft and that these

failures have a minor impact on total program cost.

The Non-Replaceable Units (NRUs) on the housekeeping portion of a ser-
viceable spacecraft can usually be limited to the primary structure,
wiring harness and solar array. Each of these are high-reliability, long-
life items. Depending on the mission, it may also be desirable to arvange
the spacecraft configuration so that simple antennas and waveguide-coupled

components are not replaced,

Some elementse of the Reaction Comtrol Subsystem and the attitude control
electronics are vital to holding the spacecraft attitude amgle with small
rotation rates in order to dock with the servicer. These elements are re-
placeable bhut should be made highly reliable and redundant to ensure that

the probability of a spacecraft being umserviceable is extremely small.

3. Operational Considerations

The design of a spacecraft for orbital servicing requires the estab-
lishment of certain operational requirements and ground rules. A good deal
of effort was spent in the TRW serviceable military spacecraft studies to
develop workable procedures for operation of the system. Certain overall

concepts were developed and these spacecraft were designed to work within

the concept.

The missions selected for study in the I0SS Follow-On Study are not
drastically different from those in the previous study. Many of the oper-
ational considerations are similar. Therefore, the previous guidelines

have been adopted, with only small modifications to update them.

Some critical operational considerations for a sexrviceable spacecraft

are:
e How are failures detected and isclated?

e How is equipment shut down and turned back on before, during

and after servicing?

& How are the replacement SRUs checked out?
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Orbital servicing requires identification of the space replaceable
unit (SRU) which has failed equipment so that the appropriate replacemént
SRU can be selected. Current spacecraft diagnostic techniques are probablfﬂ
adequate. Instrumentation is, however, generally skimpy and much time can
be spent in localizing the failure. There is no doubt that the problem of
localization would be greatly eased if the amoumt of instrumentation were
increased, The data bus provides an efficient means of collecting and

distributing added data.

A speciai investigation of failure diagnosis was conducted as part
of the Serviceable DSCS~II study. The basic Project 777 satellite Digitél
Command and Telemetry Subsystem was used as the basis. The additional
capabilities recommended to improve failure diagnosis and data recovery,

plus the parts and power impacts are shown in Figure IV-6.

lEXISTING PROPOSERD PARTS ADDED

BOX DIAGHOSTICS - ADDITIONAL DIAGNOSTICS INCREMENTS POWER
EIA 3 STATYS BILEVELS 4 ADDITIONAL STATUS SIGNALS 16 IC'S ‘50 MM

{COMMAND PARITY, LENGTH, (7 AMALOG, ? BIEEVEL) 10 DISCRETES

AND ADDRESS CHECKS)

1 TEST COMMAND RESULTING IN
20 BILEVEL QUTPUTS

{ABOVE EQUIVALENT 70 1
RTU MULTIPLEXER}

PCH 1 STATYUS BILEVEL (OH/OFF) 8 BILEVEL TEST INPUTS | 5 IC'S 75 MH

EHCCDER 2 STATUS ANALOG 1 ANALOS REFERENCE TEST 8 DISCRETES
TNRUT

(ABOYE EQUIVALENT 70 1/4
RTU MULTIPLEXER)

PCM 1 STATUS BILEVEL (ON/OFF} 8 BILEVEL TEST INPUTS 5 IC'S 75 My

MULTIPLEXER

: 2 STATUS ARALOS 1 ANALOS REFERENCE TEST 8 DISCRETES
ThPuT

(ABOVE EQUIVALENT TO 1/4
RTU MULTIPLEXER)

Figure IV-6 Additions to Project 777 Satellite for Increased Failure
Diagnosis and Data Recovery

The serviceable spacecraft Electrical Power and Distribution Subsystem
performs the Off/On function. It must permit selective shutdown of poﬁer
to those SRUs which are to be replaced without shutting down the entire
spacecraft and then turn on the new SRUs., Tt also must perform selective

shutdown and turn on of those portions of itself needing replacement.
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The basic design requirements for a serviceable EPDS are:

® Provide a primary power source compatible with the users'

load requirements,

# Provide fault isolation for protection of the primary

power bus,
e Incorporate power control switches for ease of servicing, and
e Be a simple, reliable design for minimum servicing requirements.

The first requirement is imecluded to emphasize that the subsystem must
first meet the basic requirements of any spacecraft EPDS. Fault isolation
is more critical on a servicegble spacecraft, so the performance require-
ments for requirement 2 will likely be more severe, The third requirement
will result in more switching since the criterion is used that any box must

be OFF when it is removead,

The three fundamental issues in the design of a serviceable EPDS are
the power bus distribution concept, the use of the disconnects and the -

method of power control during servicing.

The two main power bus distribution concepts which can be considered
for a serviceable spacecraft are shown in Figure IV-7. The "spoke wheel”
has power fed direct from the central source (Power SRU) to each SRU, and

the"daisy chain" has power fed from SRU to SRU.

POYMER
SRU

SPOKE WHEEL ' DAISY CHAIN
Figure IV-7 GServiceable Power Bus Concepis
The spoke wheel concept allows individual control of power to all SRUs.

It requires more connector pins on the Power SRU and more lines in the

wire harness.

1v-15



IvV-16

A daisy chain design equalizes the number of connector pins in the
Power SRU with those in the other SRUs and minimizes the total number of
wires. However, the wiring required at each SRU to allow it to be re-~
moved without circult interruption is quite complex. In addition, the

power to individual SRUs cannot be controlled.

TRW has selected a spoke wheel power bus in all of its serviceable
spacecraft designs. The number of pins on the Power SRU has been kept
down to about ten. This allows for the use of a small, standard comn-

niector with a small connect/disconnect force.

There are three main purposes for electrical power disconnects on a
servi;éaﬁle satellite: 1) fault protection between the Power SRU and the
using SRU, 2) removing power from the using SRU to allow it to be ser—
viced, and 3) switching power to a standby redundant unit within a using
SRU. The location of the disconnect depends on the purpose. The dis-
connect must be in the Power SRU for fault protection, for SRU power OFF.
it could be in either the Power SRU or the using SRU, and for element
switching the disconnect is usually within the using SRU. The switch to

change power between redundant elements within a SRU could be located in th

Power SRU, but it would require an extra set of wires.

Power during servicing can be contrxolled by turning everthing OFF
(single bus) or by turning individual units or groups of umits OFF (multiplL
bus). A Power Control SRU alone can be used for the simple bus concept -
there is one leoad power disconmect switch. This concept accommodates
either spoke wheel or daisy chain distribution. It is difficult to fault

isolate for problems between the Power SRU and the using SRUs, however.

Adding a set of Auxiliary Power Distribution Units {APDU) allows for
individual SRUs or groups of SRUs to be selectively turned OFF or ON.
This multiple bus concept is more complex, requiring one power switch per

using SRU or group of using SRUs. The distribution must be the spoke

© wheel type.

A single bus is adequate, but use of the multiple bus provides a great
deal more flexibility and makes fault isolation simpler. APDU reliability
is critical since it is in series with the religbility of the SRU which
it serves. Its relisbility must be high enough to assure that an SRU will

not be lost due to an APDU switch or circuit breaker failure.



C. SERVICEABLE GEOSYNCHRONOUS SATELLITES

The spacecraft selected to demonstrate the application of automated

servicing to geosynchronous satellites are:
® Defense Satellite Communications System - Phase II (DSCS-II)
¢ Synchronous Earth Observatory Satellite (SE0S)

These are both in the maintenance applicable set of the original
study and represent the two major geosynchronous missions -~ communications
and earth-sensing. They also have one-tier SRU configurations with axial

removal.

The housekeeping subsystems for most geosynchfonous spacecraft are
quite similar due to the nature of the orbit. 1In general, body-stabilized

geosynchronous spacecraft are characterized by:

@ A centrzl body containing a payload package (such as an antenna

! farm or sensor) that is continuously oriented toward the earth.

@ A flat solar array that is rotated once a day with respect to
the central body about a North-South axis to maintain a fixed

sun orientation.

® A Thermal Control Subsystem that takes advantage of the north
and south faces of the central body that are almost always

pointing toward dark space.

These general characteristics result in fairly standard spacecraft
subsystem designs., Therefore, servicing concepts developed for the two
candidates will be pertinent to a wide range of other missions. For
example, a preliminary check was made in the DSP In-Space Servicing Study’2

of the applicability of the "DSP concept" to two COMSATS, a NAVSAT, and

a small low-altitude sensor satellite. No incompatibilities were discovered.

1. Space Serviceable D5CS-II

The Defense Satellite Communications System ~ Phase IL (DSC5-1I)
mission is representative of a large class of geosynchronous commmica-

tions satellites and has been selected for use in the I0SS Follow-On Study.
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This section contains a summary of the serviceable DSCS-II space-
craft.3 Each of the housekeeping subsystems will be described since they

incorporate the resulits of all the TRW serviceable satellite studies,

DSCS-II is a military communications satellite with moderate power and
pointing requirements. The current project (called Project 777) has’
several spacecraft in orbit, The Project 777 satellite, shown earlier in
Figure IV-1, is a spinmer with a despun platform which supports the 4-

channel communications transponder payload and its four antennas.

~ Several body-stabilized configurations of the DSCS-II were developed
to analyze serviceability. Body (3-axis) stabilized satellites were
selected since they are much easier to service than spimmers. The docking
probe and transfer mechanism used in the I0S8S are compatible with the space
serviceable design. The body-stabilized spacecraft subsystem designs are
based on FLTSATCOM, another military commumications satellite now under
development at TRW. The new configurations, also shown in Figure IV-1,
are 1) expendable, 2) ground serviceable, and 3) space serviceable. 4An
economic tradeoff analysis shows that the largest savings are possible
with- the space serviceable concept. The space serviceable DSCS—iI is

the only one that will be discussed here.

Three space serviceasble configurations were developed, differing
primarily in the size and number of replaceable modules. These differences
have been discussed in Section Bl., The S5C-2 configuration, with medium-

size modules, has been selected for use in the IQOSS Follow-On Study.

A close-up of the sexrviceable DSCS-II is shown in Figure IV-8. The
main features of this configuration, featuring the serviceability aspects,

are:

‘e Geosynchronoﬁs Orbit

e DSCS-II Performance

¢ Body-Stabilized, Single Solar Array
¢ HNorth-South Stationkeeping -

e Ten-Year Design Life

o 99 in, x 128 in. x 40 in.

e 2459 1b (Beginning of Life)
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Figure IV-8 Space Serviceable DSCS~IT Configuration

@ 15 Space Replaceable Units (SRU}, Single Tier
e Single Central Docking, Axial SRU Removal

@ Largest SRU = 40 in. x 40 in. x 32 in.

o Heaviest SRU = 444 Ibs

e Servicer Reach = 23 in. minimum, 72 in. maximum

This "medium size" SRU design, shown in detail in Figure IV-9, is
based on co-locating equipment as possible to minimize Interfaces between
functions. Thus the uplink and command chain is in one SRU; the telemetry
and downlink chain is in another. The two reaction wheels are in one SRU,
as are the three batteries. The narrow-coverage antennas with their bi-
axial @rives, as well as the horn antennas, are not serviceable in this SRU
configuration. If required, the antennas could be included with one orx

more of the Communicaticns Subsystem SRUs.

A breakdown of the Serviceable DSCS-II mass properties, Table IV-1,
shows that 1920 pounds, or 81% of the total spacecraft weight, is spacere-

placeable. The major items which are not serviced are the basic structure,
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Figure IV-8 Serviceable DSCS-II Equipment Arvangement

Table IV-1 BServiceable DSCS-II Mass Properties by SRU and NRU

Number of SRUs Weight - Lb
SRU (Repiaceable) Weight

Communications 4 268.3

Telemetry, Tracking & Command 2 126.9

Attitude and Velocity Control 4 217.5

Electrical Power 2 206.9

Stationkeeping Reaction Contral 2 899.4
Dry (160.2)
Propellant & Pressurant {739.2}

Reaction Control (other) "1 200.8
Dry {55.4)
Propellant & Pressurant (745.4)

Sub Totals 16 1919.8
NRU (Fixed) Weight

Communications 116.9

Telemetry, Tracking & Command 8.2

Electrical Power 107.5

Structure & Thermal 212.0

Sub Total 444.6

Contingency 94.6

' SATELLITE ON STATION (BEGINNING OF LIFE) 2459.0
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the solar array (the solar array drive is replaceable), the narrow-coverage

antennas and their biax drives, the horn antennas, the omni antenna, and

the shunt element assembly.

It should be noted that the Serviceable DSCS-II is heavier than the
Project 777 satellite and an expendable body-stabilized version for two
major reasons. One is that North-South stationkeeping is required to keep
the fleet to be serviced in a common orbit plane. To do this adds 400 1b

of propellant and associated hardware for a ten-year mission.

The other major reason for a heavier spacecraft is that a single-sided
solar array is used. This makes it easier to replace the critical solar
array drive, but increases solar—ﬁressurg disturbance torques. The basic
structure of a serviceable satellite is also less efficient than for amn
expendable satellite. It is impossible to assess the tare weight due to

adding a servicing capability to DSCS5~II because of these differences

between the capabilities.

Each of the housekeeping subsystems for the Serviceable DSCS-IT will
be discussed separately. Maximum use is made of Project 777 and FLTSATCOM

equipment. The Communications Payload and most of the Tracking, Telemetry,

and Command Subsystem are divectly from Project 777. The Attitude and
Velocity Control and Reaction Control Subsystems are close to the FLTSATCOM
designs. 'The major design changes for serviceability are the data bus

signal distribution concept, the entire Electrical Power and Distribution

Subsystem and the incorporation of North-South stationkeeping into the AVCS.

a) Structure Subsystem

The Structure Subsystem, shown in Figure IV-10, is designed to maxi-
nize the volume available for components to be carried in the SRUs, to
maximize radiator area for thermal contxel, and to interface with the
Servicer. This type of structure is less efficient than can be designed

for expendable spaceeraft, but the difference is not great.

The docking cone for servicing is located in the center bay of the
egg-crate like structure. The walls of this bay form a fully-closed box,
as do all of the internal SRU mounting structures. The walls are one-inch
thick honeycomb core sandwich pamels. Tubular support struts are located

on each side to help support the wide upper structure. To save weight,
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Figure IV-10 Serviceable DSCS-II Structure Subsystem

the outboard SRUs are not covered by spacecraft'structure on their exter-
nal faces. This is a primary consideration in the design of the thermal
control for each of these SRUs. The solar array side of the structure

(to the left in Section A-A) is closed by half-inch thick honeycomb panels.

" A lightweight tubular structure supports the folded solar array.

b) Attitude and Velocity Control Subsgystem

The overall AVCS requirements for the Serviceable DSCS-II are shown
in Table IV-2. The subsystem design selected, based on FLTSATéOM, is shown
in the block diagram‘of Figure IV-11l. It consists of the earth sensor,
rate gyro and two sun sensors for semsing attitude, the control and
auxiliary electronics for processing sensor information and generating’
commands, and the actuating devices, consisting of the reaction wheel and
reaction control thrusters. "In addition, there are drives for the solar
array and two narrow coverage antennas. The secondary power converter,

which is part of the EPDS, provides the required AVCS power.
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Table IV-2 AVCS Requivements for Serviceable DSCS-II

HISSION

e ACS MUST OPERATE DURING ECLIPSE
® MUST OPERATE DURENG SUN/MOON INTERFERENCE SEASONS
o NO GROUND ENTERVENTION FOR 21 DAYS

ACS PERFORMANCE

¢ ACQUISITION - ACQUIRE FROM ARBITRARY ATTITUDE AND RATES OF
0.45 DEG/SEC {P, Y} AND 0.75 DEG/SEC (R)

o OM-ORBIT (NORMAL) - POINTING ACCURACY

ROLL - 0.15 BEG
PITCH - 0.15 DEG
YAdW - 0.5 DEG

o ON-ORBIT (AV) - DEGRADED ACCURACY PERMITTED
¢ GENERAL - STRUCTURAL INTERACTION SHMALL NOT DEGRADE AVLS PERFORMANCE

LONGITUDE AdD LATITUDE STATIONKEEPING

e LATITUDE (NS} - + 0.1 DEG (160 FPS/YR)

» LONGITUDE {EW) - 7 FPS/YR

® AV = 120 FPS FOR IN PLANE VELOCITY AND POSITION ERROR AND INITIAL
DRIFT RATE CORRECTION

e ORE REPOSITIONING - AV = 288 FPS
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The body-fixed momentum wheel spins normal to the orbit plane, Its
momentum provides dynamic coupling of the roll/yaw axes and precludes the
need for a yaw sensor for normal on-orbit control.#® The speed of the wheei
is varied to provide control about the pitch axis. Periodically, the wheel
speed is reduced by dumping momentum with the pitch thrusters. Roll/yaw
and pitch control are in response to error signals generated by an earth
sensor.ts Actuatlon for roll/yaw control is provided by offset thrusters

in the Reaction Control Subsystem (RCS). Solar array positioning is

accomplished by a continuous one-per—-day rotation of the solar array drive.

The narrow coverage antemnas are gimballed about two axes and have a
nodding program built in to compensate for orbital inelination effects on
pointing, The antennas, drives, electronics and sensor are the same as

used on the Project 777 satellite,

The AVCS design has been énalyzed to determine critical failures
which coﬁld prevent holding attitude and low attitude rates and prevent
docking with the Servicer. It was found that there are enough alternate
sensor and contreol paths that the probability of this class of failure is
low. Certain functions were identified as vital (e.g., yaw thrusters)

and will require increased redundancy.

To allew docking to be performéd during command-link failures, there

is an sutomatic transfer to thruster control (using earth and sun sensors)

if attitude errors become and remain large. It is assumed that docking
will not be attempted unless the sun sensor is properly illuminated.
Additional features may be required im the AV(QS to reduce vulnerability

to a bump during docking. . Upon a completed docking, the internal thruster
commands will be inhibited and the wheel speed held at its last value
before docking. Wheel speed and other vital functions will be under
hardline control from the Tug after docking. Control will xevert to the
AV mode immediately after separation, then to normal cruise control upon

receipt of the appropriate RF command.

% In Figure IV-8 the solar array rotates about the pitch axis, the
antend§§=point along the vaw axis and the roll axis is the orbit velocity

vector.



c) Telemetry, Tracking and Command Subsystem

The up and down links used in the Project 777 satellite (shown at the
left in Figure IV-12) are retained in the Serviceable DSCS-II TT&C Subsystem.
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Figure IV-12 Serviceable DSCS-II Telemetry, Tracking and Command Subsystem

New equipment, shown to the right of the dotted line, replaces the Command
Decoders, Electrical Integration Assembly, $wit1:hing Logic Assembly, PCM
encoders and PCM multiplexers used in the Project 777 satellite. Certain

switching functions packaged in the ETA and SLA are transferred to the SRUs.

This new equipment forms a modular data transfer network, or data bus.
The data bus is divided into two functions - the Command Bus and the
Telemetry Bus. The Command Bus consists of the command controller, the
command party line and the remote décoders. Each remote decoder (RD) is
capable of executing 32 discrete commands oxr 2 quantitative commands. This
is also the basic unit module size for command expanmsion or contraction
(e.g., add/delete 32 discrete/2 serial each time), As a command is recéived
from the decrypter, the controller processes and formats the data for the
party line transmission. Only the uniquely addressed RD will respond to
the party line command transfer. Once the'transfer is validated, the

command is decoded and executed by the selected RD.

The Telemetry Bus contains two party lines, remote multiplexers (RM
and a telemetry controller. The two party lines provide a data loop. One

is the request for data or address party line and the other is the
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data return (data party line) ox™ feedback to the controller. Each RM can
handle 32 block selectable data chammels with any mix of amalog, digital
and bi-lewel. - Each M has an integrated circuit 8 bit A/D converter for

processing of analog data.

-

+Each SRU has one or more standardized Remote Decoders and Multiplexers
depending upon the number of commands and extent of telemetry data require
In addition, data produced in one SRU can be transferred to another SRU by

a slight modification of the system.

The telemetry controller uses a read-only memory (ROM) for storage
and generation of the downlink telemetry format. The ROM provides

addresses and control for selection of the individual data channels. By

this means, a programmable and hence flexible format generator is obtained

The telemetry controller transfers the ROM data request or address
onto the address party line. The uniquely addressed RM responds by con-
verting (if required) and collecting the appropriate data and transferring
the data to the controller via the data party line. This data in turn is

down-1link formatted and sent to the telemetry encrypter.

The data bus design for the TT&C Subsystem permits a large increase
in telemetry data with small additional cost for Remote Terminal Units.

The key features of a data bus are:

@ Projected Lower Cost and Higher Reliability - The use of large

scale integration (LSI) and standardized replicated functions
can reduce parts count and lower both development and manufac-

turing costs.

o Modularity ~ The use of remote terminals provides flexibility
to accommodate changes and advancements in requirements. This

also makes a data bus amenable to totally modular spacecraft.

e Electrical Integration — The connector pin count is greatly

reduced and electromagnetic interference is kept low by

fewer and shorter cable rums.

@ Spacecraft Integration andTest — Test, diagnostic and fault

isolation data gathering is facilitated by simply connecting
onto the bus with a standard remote terminal. This does re-
quire a minor contreoller change or to designate the RT as a

controller.



o Data Management — The RT can do real time data processing om

the 1/0 data from the subsystems and mission equipment. This
can lower data rates and throughput for ground and any on-—

board processing.

¢ Redundancy Management - The data bus can conduct continuous,

pre-planned diagnostics on the entire spacecraft. (It could
respond to on-board failures immediately with emergency
control sequences with slightly more advanced controllers

and RTs.)

d) Electrical Power and Distribution Subsystem

The EPDS provides primary power to the rest of the satellite. Second-
ary power conversion is not centralized but is provided as needed in each
SRU. This approach was adopted to minimize pimn count in the SRU electrical

connectors.

The general design philosophy for a serviceable EPDS has been dis-
cussed in Section B3. The design for the Serviceable DSCS-II, shown in

Figure IV-~13, retains the basic shunting system design used in the
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Project 777 satellite; as well a5 in many other satellites. The subsﬁétem
permits shutdown of power to those SRUs which are to be replaced without
shutting down, the entire satellite. Tt also permits selective shutdown

of those portions of the power system if they need replacement. If the
power control unit requirgs replacement, it can be shut down by command
from the servicer. It is then reset after servicing and before the ser-

vicer disconnects from the satellite.

The entire EPDS can be packaged in one SRU, or in succesgively finer

grained sizes., The selected configuration has the EPDS in three SRUs.

Two primary power buses are used for redundancy. The use of an
Auxiliary Power Distribution Unit is recommended because of the improve-
_‘mgné in system'flexibility, but may be eliminated by a weight/cost/relia-
bility tradeoff. Circuit breakers in the APDUs protect against a fault
to ground between the APDU and user SRU. This fazilure mode may be pre-

cluded'bf careful design of the power distribution harness.

e) Reliability

The Serviceable DSCS-II is modularized to permit replacement of SRUs
on orbit. The SRUs are often replaced for preventive maintenance when
redundancy is lost. The reliability of each SRU is not, therefore, of
fundamental importance and has not been separately computed. Total
satellite reliability has, howevér, been computed as a matter of interest.

The reliability vs. time in orbit is shown in Figure IV-14 for both
1.0
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Figure IV-14 Serviceable DSCS-II Satellite Reliability versus Time On Orbit

Iv-28



standard and increased redundancy in the communications payload. It has
been found that satellite reliability is relatively insensitive to the

number of SRUs, but improves measurably with increased payload redundancy.

2. Space Serviceable SEOS

The Synchronous Earth Observatory Satellite (E0-09~-A) mission optically
monitors environmental phenomena containing significant temporal varia-
bility. These phenomena are divided into earth resources observables and
meteorological events. The earth resource observables are covered in the

spectral range of 0.42 micron to 23 microns by 58 spectral bands.

Meteorological events to be monitored are severe storms, hurricame and
tropical storms, flash floods, frost and freeze, clear air turbulence,
fog, lake and sea breezes, air pollution, and weather modification and

experiment assessment.

Perkin-Elmer conducted a Phase-A study of the SEOS mission4 for NASA
Goddard Space Flight Center, with TRW as a subcontractor for spacecraft
design. The recommended Large Earth Survey Telescope (LEST), shown in
Figure IV-15, uses a l.5-meter aperture Abe Offner four-mirror anastigmat
optical system with a 375 km x 750 km projected field of view operating
with pushbroom arrays in the focal plane. The last mirror slides back
and forth between the earth resource (ER) and meteorological (MET) sensor

packages, which contain the focal plane optics and detectors.
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Figure IV-15 Large Earth Survey Telescope Configuration

FOCAL PLARE

L. "'Synchronous Earth Observatory Satellite/Large Earth Survey Telescope
(SEOS/LEST) Final Report,” by John J. Russo, The Perkin-Elmer Corp.,
October 1975 (Five Volumes), NASA Contract NAS5-20075.
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The LEST/sensor concept shown meets all the requirements for both
types of missions. It is larger and more complex than the equipment used
by General Electric in other SEOS studies.5 However, the GE design will
not meet all of the mission requirements. Technical personnel at NASA/GSFC
have indicateésthat the tighter requirements will most likely be dimposed
when the program is funded., Therefore, we have used the Perkin-Elmer

telescope and sensor concept to develop a Serviceable SEOS.

The principal SEOS/LEST characteristics are summarized in Table IV-3
and an expendable version of the spacecraft is shown in Figure IV-16,

Table IV-3 Characteristies of Synchrownous Earth Observatory Satellite with .
Large Earth Survey Telescope

ORBIT . GEOSYNCHRONOUS
EARTH RESOURCES & METEOROLOGICAL VIS T0 FAR IR
IMAGER {0.42 MICRON TQ 23 MICRONS)
3-MIRROR OFF-AXIS SYSTEM 1.5 METER EFFECTIVE APERTURE
RESOLUTION CAPABILITY 100 METERS YIS
800 METERS FAR IR
PASSIVE FOCAL PLANE COOLING HEAT PIPE & RADIATOR
SENSOR POWER 129 WATTS AVERAGE
180 WATTS PEAK
ATTITUBE CORTROL A BODY STABILIZED

TELESCOPE

SUNSHADE ADAPTER

RADIATOR

Figure IV-16 FExpendable SEOS Configuration

5. "A Study of Payload Utilization of Tug," MDC G5356, prepared by McDonnell
Douglas/GE/Fairchild for NASA Marshall Space Flight Center, June 1974.

6. Telephone conversations with Marvin Maxwell and Milton Ritter, NASA
Goddard Space Flight Center.



This configuration uses a Service Equipment Module (SEM) to house all the
housekeeping equipment, The SEM is connected to the mission equipment by
a truss adapter., The sunshade is stowed during launch. A single solar
array is attached to the S8EM and rotates once per day, This expendable

version weighs about 5000 lbs,

Design of a Serviceable SEOS is driven by the location of the earth
resource and meteorological instrument packages. Toeliminate the need for
another mirror, ER and MET must be on the side of the telescope near the
rear, as shown in Figure IV-15. It is difficult to reach these instruments
from a docking port on the back of the telescope. Therefore, the docking
face for servicing is located on the same side of the telescope as ER and
MET. TFigure IV-17 shows how the spacecraft housekeeping equipment is
located in SRUs around the docking cone. The solar array is in the same

location as for the expendable configuration.
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For launch, the Serviceable SE0S will be attached to a Space Tug by
a tubular-truss interstage connecting at the rear of the telescope. The
interstage, shown in Figure IV-18, will attach to the spacecraft at six
points and to the Tug at eight points. The Tug will separate from the

SE0S at the spacecraft—-to-interstage interface.

UG INIERFHCE FLANE
{BATTACH POINTS}

Figure IV-18 Serviceable SEOS to Tug Interstage Aésembly

Spacecraft elements which fold during launch are the 1) sunshade for
the telescope, 2) two microwave sounder antennas, one of which shares its

mast with an omni antemna, and 3) solar array.

All of the 19 SRUs are in a single tier, are accessible with an Axial
or Axiai/Near Radial Servicer, and use é side—mountiﬁg interface mechanism.
The largest SRU is 25 in. x 35 in. x 60 in. and the heaviest is 281 1bs.
The maximum reach required for the servicer arm is 80 in. and the minimum

is 30 in.

The "box and shelf" type of spacecraft structure supporting the SRUs is
envisioned to bé of honeycomb panel consfruction. Panels may be lightened
in unstressed areas by use of large cutouts. The configuration has one
spare SRU location and provides some growth potential. Up to four more

SRUs could be added.

The solar array mast and pivot bearings are fixed to the spacecraft
structure, but the drive motor and electronics are replaceable. Engage-
ment/disengagement is provided by axial positioning of the driver/driven

gear interface.



The ER and MET instruments (SRUs 10 and 11) have a severe thermal
dissipation requirement, The thermal control design selected uses a
multi-stage passive radiative cooler with cryogenic heat pipes to trans-
fer heat from the instruments to the radiator panels. The selected
docking face is on a North/South side of the spacecraft, so is an ideal
radiative surface, Each 12 ft2 radiator panel is an” integral part of
the SRU and extends out on each side of the main box, This design elimi-
nates any breaks in the heat path link, which greatly increases the
thermal control performance. Special provisions for these out-size SRUs

have been provided in the servicer designs.

The GE studies of a Serviceable SEOS5 recommend a stored cryogen
method for cooling the payload. The increased-performance detectors
used by P-E have a signifiéantly greater heat load, however, and the N
weight penalty for a cryogenic fhermal control system for them is prohi-

bitive. -

TRW's experience with passive, multi-stage radiators is mot as nega-
tive as GE indicates. Direct access to the North-South face for the
radiator is a critical factor in TRW's design. GE uses an East-West face
for servicing and does not appéar to service the radiators. The radiators
will likely need replacement since contamination;buildup will increase

their absorbtivity.

Other thermal considerations are: (1) care must be taken to ensure
that the docking maneuver does not cause excessive contamination or tran-
gsient heat loads, (2) since it will take several hours for the sensors to
cool down after the servicer departs, final spacecraft checkout will be

delayed.

The Serviceable SEOS design shown does not include provisions for
North-South stationkeeping. There has been discussion of whether such a
requirement will be imposed for the SEOS mission. At this time Goddard
assumes only East-West stationkeeping is required. Since there are only
a few SEOS planned, perhaps only one, the need to add N-S stationkeeping

for ease of multiple servicing is unlikely.

The mass properties of the Serviceable SEOS dre shown in Table IV-4.

The satellite weighs 5280 lbs. at the beginning of life and 377 of this is

Iv-33



Table IV-4 Serviceable SEOS Mass Properties by NRU and SRU

NRU {FIXED) WEIGHT 3323 LBS

PRIMARY OPTICS/MOUNT 819 LBS
OPTICAL/NONOPTICAL STRUCTURES 1626
SOLAR ARRAY (W/0 ORIVE) 80
STRUCTURE 566
ANTENNAS (2 PARABOLIC, 1 OMNI) 82
TUG INTERSTACE 150
SRU (REPLACEABLE} WEIGHT : 1957 LBS

1. - COMMUNICATIONS EQUIPMENT 163 11. METEOROLOGICAL INSTRUMENTS AND
2. COMMUNICATIONS EQUIPMENT 140 RADIATOR PANEL 189
s EARTH SENSORS. AND ATTITUDE 12. SENSOR ELECTRONICS EQUIPMENT 54

CONTROL EQUIPMENT , 80  13. SENSOR ELECTRONICS EQUIPMENT 50
4. REACTION WHEELS (4) AND ELECTRONICS 80  14. SENSOR ELECTRONICS EQUIPMENT 59
5. SOLAR ARRAY DRIVE AND ELECTRONICS 55  15. PROPULSION SYSTEM EQUIPMENT 28]
6. ELECTRICAL POWER EQUIPMENT 56  16. PROPULSION SYSTEM EQUIPHMENT 281
7. ELECTRICAL POWER EQUIPMENT 90  17. SUN SENSOR AUD ELECTRONICS 20
8. ELECTRICAL POWER EQUIPMENT 101 18." STAR TRACKER AND ELECTRONICS 30
9. ELECTRICAL POWER EQUIPMENT 109 19. SPARE SRU STRUCTURE 15
10. EARTH RESOURCES INSTRUMENTS 106

AND RADIATOR PANEL

SATELLITE ON STATION (BEGINNING OF LIFE) ‘ 5280 LBS
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serviceable. This percentage is lower than some serviceable spacecraft
designs principally because the primary optics, its mount, and the entire
optical bench structure are not to be serviced. These items are so massive
(46% of the total), and have such precise aligmment requirements, that

servicing them is considered impractical.

The center of mass of the spacecraft is estimated to be about 1.3
inches from the docking cone. If this causes undesireable motion of the
spacecraft during docking, about 50 1bs. of ballast can be added on the

front of the telescope. The most massive elements are at the rear.

D. SERVICEABLE LOW EARTH ORBIT SPACECRAFT

The spacecraft selected to evaluate the servicer design for low-earth
orbit is the Characteristic Large Observatory (CLO). This is a space-
serviceable spacecraft that is capable of being used for several low-earth
missions: The basic design analysis of the CLO is for the 1l.2-meter X-Ray

Telescope Payload (HE-11-A).




However, the basic concept and much of the hardware are applicable to
the Space Telescope (AS~01l-A) and Large Solar Observatory (S0-02-A) pay-
loads. This payload spectrum encompasses a wide variety of low-earth

missions in the post-1984 era.

The housekeeping subsysteﬁs required for the three missions are quite
similar. The 1.2-meter X-Ray Telescope represents the worst-case mission
in several subsystem areas.

1. Characteristic Large Observatory =~ 1.2~Meter X~Ray Telescope Payload
(HE-11-4)

The 1.2-Meter X-Ray Telescope mission provides high resolution imaging,
spectral, and polarimetric measurements of X-Ray sources. The mission
equipment, Table IV-5, consiéts of a large telescope and eight instruments,
five of which are located on a carocusel that rotates them one at a time
into the focal plane at the rear of the telescope. The mission equipment
configuration is similar in <oncept to the High Energy Astronomy Observa-

tory (HEAO)-B, but larger. NASA/MSFC is the sponsor for HEAO-B and TRW

is the prime contractor.

Table IV-5 Mission Equipment for 1.2-Meter X-Ray Telescope Payload

(HE-11-4)
TOTAL DATA BOX SIZES
WEIGHT POWER RATE {DIMERSION
INSTRUMENT REQUIRED LOCATIOR {LB) (W) {kbps) EN INCHES) NOTES
IMAGING PROPORTIONAL FDCI’\[TF‘[I\NEdr 420 20 i.0 18x18x17 (2) SPHERES CONTAIN
COUNTERS 12x8x24 {1} XENON {4} AND
T4 dra. PROPANE (2)
. Sphera(6)
HiGH RESCOLUTION FOCAL PLANE 320 100 4.0 20x12x12 (3)
IMAGER 20x20x16 (1)
FOCAL PLANE CRYSTAL FQCAL PLANE* 380 28 4.0 Agxa8x22 (1) SPHERES CONTAIN'
SPECTROMETER 16x20x20 (1) ARGON/COE
14 dia.
Sphere(2}
SOLID STATE FOCAL PLANE* 400 15 1.0 21 dia. x 32
SPECTROMETER cyl. (1}
. 10x10x%10 {1}
POLARIMETER FOCAL PLANE* 59 10 0.2 20x15x8 (1) CONTAINS INTERNAL
30x20x8 (1) ROLL MECHARISM
QOBJECTIVE GRATING FRONT OF TELE- 140 - - 48 d1a. x 110| INCLUDES MIRRGR
SCOPE, BEHIND - cyl. (1) ASSEMBLY
HIRROR
MORITOR PROPOR- FRONT OF TELE- 210 22 0.9 25x18x21 (2) ALSO REQUIRES RE-
TIONAL COUNTERS SCOPE, PARALLEL 14 dra MOTE ELECTRONICS
(2) T0 AXIS Sphere{2) BOX; SPHERES COR-
TAIN ARGUN/COE
ALL SKY MOMITOR EXTERNAL TO 100 B 0.5 12x12
TELESCOPE gy;amid x

* MOUNTED ON A ROTATING CARQUSEL
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Data on the mission equipment and basic observatory requirements7’8 are
shown in Table IV-6, in terms of an expendable observatory. Much of the sub-
system design information from the two references is pertinent to the CLO and
the emphasis in this study has been on changes due to servicing. The CLO

meets all of the requirements in Table IV-6 and has the characteristics listed

in Table IV-7. A perspective view is shown in Figure IV-19.

Table IV-6 1.2-Meter X-Ray Telescope Payload Design Requirvements

o NOMINAL 463 Km, CIRCULAR 15° INCLINATION ORBIT
¢ EIGHT MAJOR INSTRUMENTS:

o CRYSTAL SPECTROMETER

& SOLID STATE SPECTROMETER

o IMAGING PROPORTIONAL COUNTERS
e ALL SKY FLARE MONITOR

HIGH RESOLUTION IMAGERS
POLARIMETER

MONITOR PROPORTIONAL COUNTERS
OBJECTIVE GRATING

o 1.2-METER X-RAY TELESCOPE (NESTED ARRAY OF MIRRORS)
lo SERVICING PERIOD TWO YEARS ;

& BODY-STABILIZED, BODY-FIXED SOLAR ARRAY

¢ TDRSS GIMBALLED ANTENNAS

Table IV-7 Characteristics of Characteristic Large Observatory with
"1, 8-Meter X-Ray Telescope Payload

,nfl:lEETS ALL 1.2 METER X~RAY TELESCOPE DESIGN REQUIREMENTS
o ESTIMATED 22,000 LB {BEGINNING OF LIFE)
o 150 IN. x 150 IN. x 516 Iil.
® 25 SPACE REPLACEABLE UNITS {SRU)
s THO SINGLE-TIER DOCKING PORTS
o AXIAL REMOVAL OF 13 HOUSEKEEPING SRU‘'S AT AFT _DDCKING PORT A

# RADIAL REMOVAL QF 5 CAROUSEL-MOUNTED MISSEON EQUIPMENT SRU'S
AT AFT DOCKING PORT A

@ AXIAL REMOVAL OF 6 SRU’S AT SIDE DOCKENG PORT B
a ALL SRU'S OR SPACECRAFT USE SIDE-MOUNTING TNTERFACE MECHARISM

7. "High Energy Astronomy Observatory (HEAOQ) Block II Study," December
1975, prepared by Program Development, NASA Marshall Space Flight Center

8. "HEAO Spacecraft Modifications Definition Study for an Advanced Missions
Program," Report No. 29882-6001-RU-00, TRW Defense and Space Systems
Group, 15 October 1976.
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Figure IV-19 Characteristic Large Observatory Configuration

The telescope housing and internal optical bench provide the basic structure
of the observatory. The High Resolution Mirror Assembly is located at the
front end of the telescope and a carousel carrying five experiments is at its
base. The tubular shell which houses the telescope is fitted with trunnion
structures which pick up five attach fittings on the orbiter for launch. A
flat solar array is attached to the telescope housing permanently, as are the
sun sensor instruments and the Shunt Radiator Assembly, shown as a series

of triangles.

Two docking ports are required for the CLO since mission equipment is
réquired at both the back end of the telescope (Docking Port A) and near
the High Resolution Mirror Assembly (Docking Port B). These two locations
are too far apart to reach during a single docking. It is planned that
the Shuttle Remote Manipulator System (RMS) arm will be used to capture
and position the spacecraft during docking and redocking operations with
the orbiter. A handling lobe is provided on the spacecraft to furnish a

suitable grasping point for the end effector mechanism of the RMS.

The Attitude Control and Determination Subsystem of the CLO uses re-
action wheels for stabilization, star sensors, and magnetic torgquer coils

for momentum dumping. No reaction control gas is included.

IV-37



All of the mission equipment but the Objective Grating will be replace-
able. The Objective Grating is highly reliable and is tied directly to the
High Resolution Mirror Assembly. It would be difficult to sever, retie and

realign this attachment.
Other Non-Replaceable Units are:

e High Resolution Mirror Assembly

° Opt;cal Bench Structure

e Omni Antennas (2)

e Aspect Sensor Upper Sunshades (3)
e Magnetic Torquer Coils (3)

e Shunt Radiator Assembly

o Carousel Bearings and Supports (2)
s Solar Array

o Sun Sensors (3)

Details of Docking Port A are shown in Figures IV-20 and 21. The 13
external SRUs have a single servicing plane for axial removal. Most of |
the housekeeping subsystem SRUs, such as command and data handling, atti-

tude control and electrical power, are located here, as are the gimballed
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Figure IV-20 Characteristic Large Observatory SRUs at Aft Docking Port
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Figure IV-21 Characteristic Large Observatory SRUs Mounted on Carousel

dish antennas for communication with the Tracking and Data Relay Satellite
System (TDRSS). The mission equipment carousel has a serviceable rim drive

mechanism, located in SRU 10, but the carousel bearings and supports are

non-replaceable and must be redundant and highly reliable.

The electronics and gas storage for the carousel-mounted Focal Plane
Crystal Spectrometer are removed axially from the center of the carousel
(SRU 2). Fluid disconnects are required between SRU 2 and SRU 15, but
there is no flexible gas line, as would be required if SRU 2 was located
on the fixed spacecraft structure. The opening for SRU 2 requires a
thermal closure during normal spacecraft operations. Té meet this requiFe—
ment and still be open for servicing, a "window shade™ thermal blanket is
operated by a worm gear system activated by the servicer end effector.
After servicing, backdriving the worm gears permits spring cartridges to

return the shade to its closed position.

Five of the mission equipment instruments are mounted on a carousel
which serially positions each instrument detector in the telescope focal
plane. All five of these instruments are arranged im compact groups per-
mitting each to be an éRU. The mission equipment SRUs are removed radially

through an opening in the carousel shell in the +¥, -Z quadrant. A window
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shade device with thermal blanketing is also used to close this opéning for
normal operation. The servicer end effector is used to open and close the

shade.

The remainder of the SRUs are located at Docking Port B, located near
the front of the telescope on the side opposite to the solar array, Figure
Iv-22. A second docking_port is required because the sun aspect sensors
for attitude determinatiﬁn must be rigidly .mounted to the mirror assembly.

Other equipment is placed here to relieve crowding at Docking Poxt A.

-ALL SKY
MONITOR()
2 PER SRY

24, 25

STA STA STA
%o 1302 X l187 Xo'fﬁ‘
; | 3
WMONITDR PROPORTIONAL - - : -
-z N COUNTERS{2 S/s) }-—— 202 I
| Q==
f — o
SRU . i l
NO. CONTENTS 1 | e i @ @
20° REFERENCE GYRO ASSEMBLY | | |
21 . ASPECT SENSORS (3) e e
22, 23 MONITOR PROPORTIONAL COUNTERS ; u ! l i
{1 -EACH) I
ALL SKY MONITORS (2 EACH)} ) ] -

Pigure IV-28 Docking Port B and Front of CLO Telescope

.

The use of radial-extracted SRUs was examined for the front end of the
relescope. This concept, shown in Figure IV-23, has the advantage of dock-
ing at the end, which appears more convenient for orbiter-based servicing.
The concept was not pursued, however, since a fixed telescope sunshade would
interfere with dockihg and an extendable shade adds complexity to the space-
craft. In addition, cutouts are required in telescope sunshade to accommo-

date the All Sky Monitor SRUs.
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Figure IV-23 Radial SRU Configuration at Front of CLO Telescope

The cocrdinate axes for the CLO are defined in Figure IV-24. The
observatory center of mass is 277.5 inches from the servicing face for

Docking Port A and 3 inches in the -Z direction from the centerline of
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Figure IV-%4 C(LO Mass Characteristics
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the main telescope. The total weight and moments of inertia about the
center of mass are as indicated. The CLO is only slightly more massive
than the non-serviceable configuration,8 due largely.towthe-fact that

807 of the CLO weight is non-replaceable.

The detailed CLO mass properties have been separated into SRUs and
NRUs in Table IV-8. The individual SRUs range in weight from 61 1b for
SRU 3 (command and data handling) to 444 1b for SRU 17 (imaging propor-
tional counters). The NRUs far outweigh the SRUs due to the extremely
heavy optical equipment that canpot be realigned in orbit. The mirror

assembly alone is 46% of the total observatory weight.

Table IV-8 CLO Mass Properties by SRU and NRU

SPACE’ REFLACEABLE UNITS NDH-REPLACEABLE UAITS
STRUCTURE .
PAYLOAD & LATCH NET NET
ITEN HEIGHE WEIGHT WEIGHT ITEM MEIGHT
CAROUSEL-MOUKTED SRUS (RADIAL TELESCOPE ASSEMBLY
ACCESS, DOCKING CONE A OPTICAL BENCH ASSEMBLY 353
#15 FOCAL PLANE CRYSTAL SPECTRDMETER 250 LB 2418 274 L8 ASPECT SEHSOR SUNSHADE ASSEMBLY 80
#16 HIGH RESOLUTION IMAGER {3) 320 24 364 OBJECTIVE GRATING SPECTROMETER 140
#17 iMAGING PROPGRTIONAL COUNTERS ({2) 420 4, - 484 BROADBANG FILTER SPECTROMETER 140
#16 SOLID STATE SPECTRONETER 400 24 524 FORWARD THERMAL PERCOLLIMATOR 25
#19 POLARIMETER 60 2 8 MIRROR ASSEHMBLY 8,738
1570 L8 FIBUCIAL LEGHT SYSTEM 37
~¥ END SRUS (AXIAL ACCESS-DGCKING o
CONE A} ISOLATION MOUNTS 60
70,173 LB
#2 FPCS ELECTRONICS AND GRS 130 20 150 SPACECRAET ASSEMBLY
] #3 COMMAND & DATA HANDLING ) 32 29 61 o AaTENAS (3) 2
#4 REMOTE CONTROL ELECTROMICS 330 29 359 SUNSHADE ASSEMELY (SCOPE) o
é53§’f$§gég”(-z';°”53 EQUIPHENT & 2 2 201 SOLAR ARRAY {18 PANELS) 220
#5 SLECTRICAL PONER EQUIPHENT & SHUNT RADIATOR (16 PI SEGNENTS} 4
BATTERIES (2} 172 29 2n MAGNETIC TORQUER {3) 390
#71DRSS ANTENHA 50 29 7 HARNESS INSTALLATION 250
#8{AND FLECTRONICS 50 29 7 SUN SENSOR
#9 DIGITAL PROCESSOR FOR ACDS 2 22 16 STRUCTURE AND THERMAL 3,591
£10 CARQUSEL DRIVE 40 22 62 1545 L8
#11) REACTEO WHEEL 100 29 129 CARDUSE}, ASSEMBLY
ml AND ELECTRONICS a 29 m BEARINGS AND SUPPORT 184
913 82 28 m WHEEL ASSEMBLY 166
#14 REACTION WHEEL & MAGNETOMETER 8 29 115 CABLING 50
+X END SRUS (AXIAL ACCESS - DOCKING = e HODULE EXCHAIGER TRACKS {6 SET5) %
et 8) FLEXIBLE CLOSURE AND DRIVE 7
!24} ALL SEY HORITORS (4) 59 20 70 492 L&
e . 50 50 0 TOTAL OF NRUS 15,160 L8
#e2 105 20 125 TOTAL OF NRUS AND SRUS = 18,997 LB
23% HOITOR PROPORTIOAAL COUNTERS (2) " 125 CONTIHGEHCY (15%) 2,850
221 ASPECT SENSORS (3} 65 22 a7 TOTAL OBSERVATORY 21,847 LB {9970 XG)
#20 REFERENCE GYROS (3) 78 20 __% "
TOTAL OF ALL (24) SRUS --mmm-emn-mneesmmmmsmmmmemmenee———eae 7549 LB

a) Attitude Control and Determination Subsystem

The ACDS performance requirements for the CLO are the same as for the
HEAQ Block II Study, 7 summarized in Table IV-9. 1In addition, service-
ability requirements must be met.
IV-42
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ORSET ALTITUDE
ORBIT INCLENATION
VIEWING MODE

SQLAR AVQIDANCE CONE

LUNAR AVQIDANCE CONE

EARTH AVOIDANCE CONE

POINTING ACCURACY (LONG TERM)
POINTING JITTER (STAB. RATE)
POINTING ASPECT (NOH-REAL-TIME}
REACQUISITION ACCURACY

ROLL MANEUVERS FOR SGIENCE
SLEW RATE

MAX. POINTING TIME PER TARGET
MAX. FLARE REACTION TIME
RETRIEVAL/REVISIT

POINTING ACCURAGY

250 H.M.
0% - 28.5°
THREE AXIS POINTING

+ 459

N/A

1° DARK, 10% LIGHT
+ 30 ARC SEC/HR

+ 0.5 ARC SEC/SEC
0.5 ARC SEC

0.5 TD T ARC MIN (20)
NONE

10°/KIN (DESIRED)
24 HOURS

1 oar

2 YEARS

+ 30 ARC SEC

Table IV-9 1.2-Meter X-Ray Telescope Payload Attitude amd Velocity
Control Requirements

ORIGINAL PAGE i$
OF POOR QUALITY

The ACDS configufétion devéloped in the HEAO Block IT Study is amenable
to servicing, so has been selected with the only change being the omission
of the Reaction Control Subsystem. TRW recommendssthat momentum dumping

be accomplished by the magnetic torgquer coils alone.
b}

The moments of inertia of the CLO are about the same as foxr the HEAO
Block II configurations. The additional weight for serviceability is
distributed more toward the center than the other approach of attaching

the complete HEAQ Service Equipment Module (SEM) in one spot. Therefore,

the same Sperry Model 400 Reaction Wheel Assembly, which has 400 ft-1b~sec

momentum at 4000 RPM, is used.

The nonsexrviceable ACDS configuration8 is shown in Figure IV-25. A
functional definition of the nonserviceable ACDS assemblies is provided in

Table IV-10.

Aspect sensors for attitude determination must be located near the
telescope's primary mirror for precise alignment. The Invar structure
which supports the primary mirror also warps the Earth's magnetic field.
The three-axis magnetometer 1s therefore located near the support module
(SM). Three—-axis stabilization of the telescope and maneuvering is accom-—
plished through momentum exchange with a cluster of four reaction wheels
located in the SM. Momentum unloading is provided by the interaction of
the Earth's magnetic field with three orthogonal magnetic torquer coils

which are located midway between the aspect sensors and the magnetometer.
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TORSS Antenna

FORWARD Magnetic Torquer SH
Ik/ OMNT Antenna /
" AFT QNI
______ _ql--i Antenna
Star Star _/tl:lﬁl _-‘ ) SN
Sensor(s) Sensor Assy(3)
~ - 4
Monitor Proportional Magnetometer .
Counter Carousel Support

. Cylinder
Figure IV-25 Expendable HEAO Block II X-Ray Telescope Configuration

Table IV-10 CLO Attitude and Velocity Control Subsystem Fimction Definition

KUMBER
ASSEMBLY/FUNCTIOH FLIGHT QUANTITY OPERATTIONAL

DIGITAL PROCESSOR (DPA} 2 1
SENSOR PROCESSING
RW CLUSTER CORTROL LOGIC
MAGNETIC DESATURATION LOGIC
AKTENNA POINTING LOGIC
ATTITUDE DETERMIHATION SOFTWARE
TRANSFER ASSEMBLY (TA) 4 1
DPA A/D, D/A COHVERSIOY AND MEMORY LGAD
- TELEMETRY MULTIPLEXING
SENSOR MULTIPLEXING
R MOTOR AND.MTS COIL DRIVE DIGITAL ENTERFACING
COMMAND DECODING
POWER CONVERSEOH R
Y SUH SENSDR ASSEMBLY (YSSA)
7 SUN SENSOR ASSEMBLY (ZSSA)
REFERENCE GYRD ASSEMBLY (RGR)*
MAGNETOMETER ELECTRONICS ASSEMBLY (MEA)
PROCESSES ANALOG SIGNALS FROM REMOTE
3-AXIS MAGRETOHMETER
REACTION WHEEL ELECTRORICS (RHEA)- 4 4
POHER BRIVE AND WHEEL SPEED PROLESSING
POKER COXVERSION (AC/DC) ‘
DIGITAL DATA [/0
REACTION WHEEL ASSEMBLY (RMA} 4 4
COIL DRIVE ELECTROMICS (CDE} 3 3
PROVIDES GRAGUATED ELECTRONIC DRIVE TO TORQUER COILS
PGWER CONVERSION

LUBET N ]
Ll

MAGNETIC TORQUER COIL {MiC} 3 3
PROVIDES TORQUE FOR CONTRGL AND WHEEL LINLOADENG :
GIMBAL DRIVE ELECTRONICS {GDE) 2 R z
* STEP MOTOR DRIVE N

PULSE METEREHG AND COUNTING
DIGITAL 1/0
PONER COHYERSION
THREE AXIS MAGHETOMETER 2 1
ANTENNA BRIVE ASSEMBLY (ADA) 2 2

CONTAINS MECHANICAL GIMBALS, MOTORS, ANGLE PICKOFF,
GEARS, AND CABLE WRAP FOR HIGH GAIN ANTERNA
ARTICULATION, .

FIXED HEAD STAR TRACKER - 3 20of 3

CONTAINS SHADE, OPTICS, ARD ELECTRONICS FOR !
ATTETUDE GETERMINATEON SENSING

% THD {2} GYROS AND ELECTROMICS PER ASSEiBLY



For the
Bus located

of the ACDS

ACDS assembly/comgonent groupings
ACDS functioms,

Servicer characteristics, and

Serviceable spacecraft design guidelines.

in- the Command and Data Handling Subsystem.

equipment for servicing is influenced by:

The allocation of ACDS equipment to SRUs is shown in

serviceable CLO, the Transfer Assembly is replaced by a Data

Reconfiguration

ORIGINAL ‘PAGE 1S
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Table IV-11. The

three star aspect sensors are combined in an SRU with their lower shades,

Table IV-11 CLO Attitude and Velocity Control SRU Assigrments

optics, and electronics in order to preserve their relative alignment inte-

grity.

ACDS ASSEMBLY

SRU
ND.

DOCKING
PORT

® STAR ASPECT SENSCRS (THREE IN ONE SRU)
s  DIGITAL PROCESSOR {REDUNDANT)

o TORSS ANTENA DRIVE AiD GIMBAL ELEC.
o RW PLUS RWEA

»  MAGNETOMETER PLUS MEA
o RAGNETIC COIL DRIVE ELECTRONICS
¢ RGA (THREE IN ONE SRU}

21
g
7,8

11, 12,
13, 14

14
11
20

g
A
A
A

T

EACH UNIT IS MADE SELF-REDUNDANT

DOCKING PORT A: AFT
. DOCKING PORT B: FORHARD

»

The redundant digital processors are together in a separate SRU.

Each of the two high-gain TDRSS antenmnas is packaged separately with its

gimbal drive electronics to form two separate ERUs.

Each reaction wheel

is combined with its electronics assembly to form four (4) separate SRUs.

Each RWEA contains a power converter.
signals from the magnetometer, is combined with the magnetc;meter and located
in one of the reaction wheel SRUs.
electronics is located in another reaction wheel SRU.
gyro assemblies, each containing its own power converter, are mounted in one

SRU at the front end to save space at Docking Port A.

The MEA, which processes the analog

Similarly, redundant magnetic coil drive

The three reference

The omni antennas are

considered highly reliable and therefore are Non~replaceable Units. Redun-

dant sun semsors are also non-replaceable.
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The ACDS is sized on a per axis basis. The minimum RW sizing criteria
is 1.5 times the peak cyclic gravity momentum. The maximum RW sizing

eriteria is 1.25 times the maximum accumulated secular momentum per orbit.

?%elm;nimup is 300 ft-lb-sec per axis and the maximum is 800 ft-lb-sec
per axis., Usding a skewed mounting arrangement, four 400 ft-lb-~sec wheels
are recommended. The Sperry Model 400 RW is a derivative of a model used
on the DSP satellite that uses AC motors. The AC motor and electrxonic

driver is replaced with a brushless DC motor and its electronic driver.

The NASA-recommended magnetic torquer dipole size is 6000,Arm2/axis
and is three times the size required for the Space Telescope. By making
the magnetic coil and drive electronies self-redundant, no singlepoint
failure will jeopardize the mission. The core need not be redundant,
only the coil and drive electronics. The coils must be-positioned such
that their residual field at the aspect sensors and the ACDS electronics
assemblies is minimized. This means that the MTCs cannot be located near
either the fore or aft docking port. The redundant coils can be attached
in a way that they can be replaced by EVA, but it is mnlikely this will

be necessary. Redundant coil drive electronics is Jocated in SRU 1l.

The CLO must be passive for f£inal rendezvous and docking with the
orbiter. Therefore; tﬁe ACDS‘will be disabled about an hour before fimal

rendezvous to allow the reaction wheels to slow down and stop. The space-

craft transient response to ACDS disable has not been examined, but no

problems are anticipated.

b) Command and Data Handling Subsystem

The CDHS for the CLO uses a centralized computer. This computer may
be reprogrammed, via the uplinki'ﬁo operate with any equipment suit. A
multiple Data Bus is also iﬁclﬁdéa in the system architecture for flexi-
bility and to minimize éonnectdt pin reqﬁirements in each SRU. The selected
computer is the Advanced On-Board Processor (AOP) design being developed by
NASA/GSFC. A modified version of this has been selected as the NASA Stand-
ard Spacecraft Computer (NSSC). Dual redundancy ir all units and the
generalized capabilitieSain the computer aliow for high reliability of the

CDHS. There are several work—around provisions possible.

IV-46



Throughout its service lifetime, the spacecraft may be provided with,
several different equipment suits. The CDHS must be capable of functioning
with any configuration of equipment suits, as new equipment may have con-—

gsiderably different command and telemetry requirements.

Several alternatives are available to achieve the required flexibility.
The spacecraft equipment may be constrained to a specific command and tele-
metry format, or the CDHS may be modified every time the spacecraft equip-

ment suit is changed. Clearly, neither of these alternatives is desirable.

A flexible and adaptable CDHS has been created by the inclusion of a
centralized computer. This computer may be reprogrammed, via the uplink,
to operate with any equipment suit. The programming will not have to be
changed when a faulty SRU is replaced with an identical functioning SRU.
The inclusion of a central computer does not preclude processing equipment
within the various spacecraft subsystem equipment. Existing equipment con-—
taining computers may be used and central computer will act merely as a
command executive. However, new or existing equipment designed to be opera-
ted in spacecraft system configurations containing centralized processing

can make use of central computers processing capabilities.

The CDHS block diagram in Figure IV-26 shows the three data busses;
the Command Bus, the Telemetry Bus, and the Priority Interrupt Bus. The
CDHS is made up of the command decoder, central computer, and central tele-
metry unit. Remote Telemetry Units (multiplexexs) are incorporated within

the other SRUs, such as ACDS, Power and Experiments.

TELEMETRY BUS

COMM 4 A A A y
UNIT .
COMMAND | BUS
CMD.

TLM PWR EXPRMT
DCDR. PICOMPUTER—P| 17 ACDS 545 PKGS

_C_EEE‘.E{S____T _______ l___ l
A4 A

NOTE: ALL UNITS DUAL REDUNDANT PRIORITY INTERRUPT BUS

o e e e e e sy

Figure IV-26 CLO Command and Data Handling Subsystem Block Diagram
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In notrmal operation, uplinked commands are received from the ground or
the TDRSS multiple-access antenna by the communications unit (Comm Unit).
It is then decoded and polynomial checked by the command dececder, and
further processed by the computer. The computer then transmits a properly
formatted command, wvia the Command Bus, to the appropriate spacecraft
element. These commands are interleaved on the Command Bus with the normal
telemetry requests from the telemetry unit. Telemetry responses from the
various spacecraft eleménts, are transmitted to the Comm Unit for downlink

transmission via the prime Telemetry Bus.

In the absence of the uplinked commands, the computer outputs commands
to the various elements, from its stored command programs, as required to
maintain proper operation of the observatory. Should the computer require
data from & spacecraft element, the data respomse is transmitted via the
redundant Telemetry Bus, using the redundant RTU. Thus the normal down-

link telemetry format is not disturbed.

If a spacecraft element requires that a special function be performed
by the computer (because of some extraordinary circumstance, etc.), an
interrupt signal is sent from the element to the computer via the Interrupt
Bus. An interrupt signal causes the computer teo stop what it is doing and
dedicate itself to the interrupt requester. In the event of several simul-
taneous interrupts, the computer is equipped with priorization logic within
ite stored programming. It will service the highest priority interrupt
first, proceed to the next highest priority interrupt, and so forth until
all interrdpts have been serviced. Then the computer returns to where it

was prier to the receipt of the interrupt.

As an example, consider the normal changeover from one experiment to
another. From its previously stored program, the computer issues commands
via the Command Bus to shut down the present experiment, rotate the carousel,
and turn on the new experiment. Once these have_been accomplished, the
experiment might require certain commands for proper configuration. It
then sends an interrupt to the computer. Upon receipt of the interrupt, the
computer branches to a §ervice routine for that equipment and issues data
request commands via the Command Bus. In response to these commands, the
affected redundant RTU turns on, gathers the requested data, and transmits

the data to the computer via the redundant Telemetry Bus. The computer
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acts upon this data and issues commands to the experiment via the Command
Bus. Once the interrupt serviecing has been completed the computer returns

to where it left off in its normal routine.

The spacecraft is launched with an initial nominal set of station-
keeping and equipment service routines stored within the computer. In
addition, the initial nominal telemetry format is stored within the tele-
metry unit. If one or more of the routines must be changed, the computer
is reprogrammed via the uplink. The computer software is modular, and
hence only the affected modules need be altered. Changes 1in the tele~
metry format are stored within the computer and then transmitted to the

telemetry unit for internal storage. '

Changes of the spacecraft system configuration during servicing require
reprogramming of the computer and/or the telemetry unit. This is accom-—
plished in the manner described, via the uplink. Virtually the entire
suit of spacecraft equipment can be changed to different equipment, and

the computer reprogrammed from the ground to operate these equipment.

-

The system operation described above comsiders no equipment failures.
However, this configuration is remarkably resistent to the effects of
failures within the CDHS equipment. Loss of a command decoder and/or a
compdter and/or. a telemetry unit results in switching to the affected
redundant unit(s). Since the required power and signal switching are
successfully provided, these failures are transparent to the ground.
Redundant unit take-over cam be accomplished either automatically aboard
the spacecraft, or via uplink command from the ground. For automatic
switchovers?'equipment status telemetry is sent, informing the ground of

the switchover.

Loss of an RTIU: results in a change in system performance characteris-
tics. Computer data request replies are then handled by the affected
redundant RTU along with normal telemetry data. Thus the computer data
request replies would be interleaved with normal telemetry data on the
same Telemetry Bus. The exact impact of a failure such as this on the
overall system response is difficult to assess as it depends upon several
presently undefined factors, such as the telemetry rate, the telemetry

format, and specifically which RTU has failed. However, the overall impact
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can be small. The computer would have to wait one telemetry data word

time before recelving its requested data.

Loss of both computers would severely affect system performance but
commands can still be uplinked to the spacecraft via the command decoder.
All commends, including station-keeping, would have to be tramsmitted by

this means until servieing could be accomplished.
The computérs considered for the CDHS are showm in Table IV-12. Some
of the criteria used for selection are: '

o Sufficient operating speed and capacity to execute all necessary

algorithms.
e Availability in a space-qualified model.

o Possibility of achieving status as a standard spacecraft computer

Table IV-12 CLO Command and Data Handling Subsystem Computer Condidates

DF224 Autonetics

ML-1 1BM

HTC IBM

*COC 469 " Control Pata Corporation
SUMC RCA

HDC701P Honeywel1

D216 Autonetics

“CP=16 General Electric
cp-24 General Electric
CcP-32 General Electric
NNF {Also called APL} RCA
*AQP Daveloped by GSFC
MSC Raytheon

* Best Candidates

Although many of the listed computers could be used for this appli-
cation, the best choices are the CDC 469 (used on HEAO), and the AQOP (NWSSC).
Either “computer will work. The CDC 469 is slightly larger and consumes_
slightly more power than‘the ACP. WNSSC is listed in the NASA Standard

Equipment Catalog (No. 4001), so is given preference.



All of the CDHS modules will fit within a single SRU, including redun-
dant elements and weigh a total of 30 1lbs. About 40 watts power is re-

quired with the prime system on and the redundant system in standby.

¢) Electrical Power and Distribution Subsystem

The EPDS configuration for the CLO is essentially that shown for the
Serviceable DSCS-II in Figure IV-13, with a fourth battery and fourth shunt
element. The number of APDUs is determined by the exact redundancy config-
uration of the total spacecraft and the number of SRUs requiring primary
power. The Spacecraft Integration Assembly and the Experiment Accommodation

functions of the HEAO EPDS go into the individual SRUs.

8. .
The 1.2-meter X-Ray Telescope mission power budget is shown in Table

IV~13. The budget is based on an average experiment bus load of 272 watts

Table IV-123 Power Budget for CLO with 1.2-Meter X-Ray Telzscope Payload

HATTS

EXPERINENT AYERAGE ‘ 272
HISSION EQUIPMENT THERMAL CONTROL
(DISABLED DURING ECLIPSE) 240 ORIGINAL PAGE IS
SPACECRAFT LESS ATTITUDE CONTROL AUTHORITY 215 OF PCOR QUALITY
MAGNETIC TORQUING 30
REACTION WHEEL ORIVE:

DISTURBANCES m

FIVE 90-DEG MANEUVERS PER DAY 55
CONTINGENCY AT 5 PERCENT OF ALL EXCEPT

SPACECRAFT 35

TOTAL LOAD IN SUNLIGHT, Pg - 948
REQUIRED SQLAR ARRAY PQWER, Py 1619

including individual instrument heaters as necessary, and upon maintaining
the observatory Z-axis oriented toward the sun. An additipnal 240 watts is
allocated for general thermal control of the mission equipment. Battery
life is extended by disabling this thermal control power during eclipse.
The 215 watts carried for the spacecraft includes TDRSS communicatdion -
anténna steering functions. The magnetic torquing allocation includes
magnetometer load and coil drive. The total reaction wheel drive load,
averaged over the worst four orbits of the misgsion, 1s only 101 watts due

to gravity, aerodynamic and residual magnetic disturbances. Maneuver
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power is allocated at 55 watts, based on five 90-degree excursions per day
with 100 ft-1b-sec momentum residuals and 950 kilojoules per maneuver. The
5 percent contingency allocation .is arbitrary, and in practice can be aug-

mented by.the experiment module heater power when necessary.

Four 20-Ah batteries are assumed, with a 19.5% maximum depth of dis-
charge (DOD) if the mission equipment thermal control is disabled during
eclipse. If the spacecraft is required to operate with onl& 2 of 4 bat-
teries, the DOD could get up to 39%, which is vexry high for low earth
orbits. A third operating battery reduces the maximum ﬁOD to an acceptable
26%. A fifth battefy may need to be added to increase the likelihood

that three will remain operating.

The solar array conservatively requires 18 standard large HEAO modules
to provide 1619 watts after two years in orbit. These are shown in the
configuratidp drawings and mass properties statement. Since the arrq§ is
assumed to be non-replaceable, additional array modules will likely be
required. Depending on the specific array‘techpology used, it is estimated
that up to 22 array modules are required for a 7-vear lifetime. Each
module weighs 15 1bs. Another alternative is to make the array serviceable.
Tt does not Tend itself to the standard SRU configuration, but the array

modules could possibly be replaced by EVA at the orbiter.

With the mission equipment thermal control off, there will be a 673
watt load shortly_after eclipse. With 22 array modules, this would require
a fifth shunt module. . It may be possible to operate with four shunt modules
if the mission equipment thermal control is turned back on near the end of

eclipse.

For servicing, the batteries are contained in two SRUs of two each.

The rest’ of the EPDS equipment is in two other SRUs.

d) Thermal Control

:

The most critical CLO thermal contrxol problem is the dissipation of
heat froq.the carousel-mounted mission equipment, as illustrated in Figure
wv-27. " Heat pipes‘will be required within the individual SRUs to transfer
heat from the gquipment'to the back (right hand) face of the SRU and then

to the carousel structure.



SUN LIGHT ORIGINAL PAGE IS
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SOLAR ARRAY HEAT

v
<
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SRU

‘ - 1 EARTH RADIATIGN

INSULATION
BLANKET

CARQUSEL CENTERLINE

Pigure IV-27 Thermal Control of CLO Carousel-Mounted Mission Equipment

Since the back end of the observatory 1s nominally at right angles to
the sun, a simple insulation blanket, such as aluminized Kapton, is suffi-
cient for passive control with albedo and earth radiation effects. This
configuration should keep the equipment temperatures to less than 90°F and

the mounting surface below 80°F.

.

The assumptions for this estimate are:

© Radiator {(carousel surface) area = 63 ft2 (9 ft diameter)
e Surface degraded to ¢ = 0.4, e = 0.86
e Heat Load (200 n m£ orbit)

Electronics = 170 W (worst case)

Albedo = (0.3) (442) (6.9) oA

Earth radiation = (79) (0.9) eA

Other areas of the observatory use standard passive thermal control

techniques.
e} Reliability

The CLO configuration provides a highly reliable approach for a periodi-
cally-maintained system. Block diagrams for the three critical subsystems

(Command and Data Handling, Electrical Power and Distribution, and Attitude
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Control and ‘Determination) “are shown in Figures IV-28, -29 and -30 respec-
tively. Nunfeé"iéa‘lfpredicptions are shown for two years, the assumed time

between servicing visits. The unit failure rates (), in units of failures

M=3985
A=3745 A=182 A=4884 A=3391 ApC{5%)=0i8.5 A=52
- Primary
¥ntr/Conv  f—j Diplexer & Lo pevesoony 8aseband CMD Bata Bus
Ant Selectien Decoder Fwd /Ret
A=375 A=399
Standby —{  Standby b= A“’ﬁ"’e Standby Standby RDN
- (25 sets)
e ———rrr——— = = -
R=.9833 > R=.9981 Re. 99562 e 9008
—
2411375 A=9374 ) 22685 I
1
Computer TEM Unit 1 E‘:Nrtg;rlx;ss :
ec
2=40 : A=105 1
' TORS ANT/ !
OMNL AT (2) H Mech Drive l
- = i 1
Standby Standby Re 9995 | Standby i
1 1
1
R=.9810 R=,9868 1 {2 sets) (R=.9981/set) i
=.9962
A=4110 A=2063 A=4110 A=2063
ADC(5%)=596 ADCi2%)=243 ApC [20%)=1i51 ADC(2%;=243
RMUC ‘RMUE  {—~d4  SCOC/SCDE RMUC/RMUE ey  SCDC/SCDT
A=411 A=206 1=411 1=206
Standby — Standby Standoy —_— Standby

Remote Unit for Nen-Experiment
SRUs (18 sets) {R».99981 Remote}

R=.99676

Remote Unit for E<per-ment SRUs
{6 sets) (R=.9996/Remate)

R= 5575

Pigure IV-28 CLO Command and Data Handling Subsystem Reliability

— 1=196% A-8052
Charge Batz Cells Shunt
Control 1) (22 cells) Element #1
(h=3667Cel 1} 7
. |
—1 solar . PCUSUV : S
ATTay . Sensor +
¥
R=.999% R=.9866 i
Charge | _{ Batt.Cells Shunt
Controli4) (22 cells) Element ¥12
(2 of 4 req'd) (9 of 12 reqd}
R=.9937 R».9999
A=1826 A=1728 A=10964
S;A =
Conv r— SIA EAASCONY
Standby = Standby Standby
R=.9980 (6 sets)
(R=.9822/5¢ct)
R=.89481

Figure IV-29 CLO Electrical Power and Disitribution Subsystem Reliability
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A=5782

A=13,276 A=135 A=1374

Star Sensor
Magnetometer
+Electronics

RGA #1 Sun Sensor

Star Sensor

RGA #6 RON Magnetcmeter
{Standby) ! +Electronics
3 of 6 req'd (3 sets total for R=.9997
Star Sensor R=.9933 iY and 2)
R=.999%
Z of 3 req'd
R=.9739
aeiss ORIGINAL PAGE IS
Wheel + OF
. o { POOR QUALITY
e e | |
1
A
Mag Torguer Coil Drive RWsFlect.
Coil Elect. #4
3 of 4 req'd
* 3 sets R=.9838
R=,9%55

Figure IV-30 CLO Attitude Control and Determination Subsystem Reliability

per 109hours, are based on TRW hardware experience, with duty cycles-(lDC)

to account for the particulars of the serviceable mission.

The CPHS, Figure IV-28, uses a centralized computer and a multiple data

bus. Each of the twenty-four SRUs has its own redundant Remote Telemetry
Unit. The antenna to communicate with the TDRSS is included in the CDHS

reliability diagram.

The critical CDHS elements are the computer and telemetry umits. Each

has a redundant unit. A conservative estimate was used in the calculations.

There are work-around meodes that could be used for continued operation with

degraded performance, if necessary.

In the EPDS, Figure IV-29, the 18-panel solar array is a Non-=Replace-
able Unit, as are the shunt elements. Both have high reliability. The
most critical elements, the batteries, are shown for 2 of 4 operating being
satisfactory. As pointed out in EPDS discussion, it is desirable to have
at least 3 operating. The combined reliability of the charge control and
batteries for two years is .8989 for 3 of 4 and .9677 for 3 of 5.

Figure IV-30 shows the interaction of the major ACDS equipment. The
basic concept is active reaction wheel control with magnetic unloading.
The star sensors are located at the front of the telescope, as are the

reference gyro assemblies. The sun sensors, which are extremely reliable,
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are mounted as redundant Non—-Replaceable Units on’ the observatory outer
structure; The critical ACDS elements are the star sensors, reference
8Yros andlfeaction wheels. Reliability is made sufficient by using a
configur?tioﬁ that allows 2 of 3 star sensors, 3 of 6 reference gyros and

3 of 4’réaction wheels and their electronics.

An overall housekeeping subsystem reliability-of 0.7846 after two years

is indicated as follows for the worst batter§ requirement (3 of 4):

CLO Subsystem R (Two Years)
Command and Data Handling .9401
Artitude Control and Determination L9510
Electric Power and Distribution L7947
Thermal and Structures .9990 (est.)

Net .7097

There is no reliability requirement on the CLO, but 0.7097 compares
with the HEAO-B reliability requirement of 0.78 after one year. If the
3 of 5 battery option is selected, the nmet reliability becomes 0.7641.

No good mission equipment reliability data has been obtained. TRW is

not responsible for this data on HEAO, so does mot have direct access.

It appears that this is not a design requirement, so is not analyzed in

any- detail,

£) SRU Design

A fluid diséonnect is regquired between SRUé 2 and 15. Information on
this subject was obtained from Fairchild Stratos'Diﬁision; which has a
contract with NASA MSFC to design and develop standard payload fluid dis-—
connects. for Space Shuttle. The disconnects are being designed to commnect
and éiséonnect various lines between the orbiter and its payloads while in
orbital flight, including in-orbit remote servicing of payloads. The dis—
connects must handle toxic or cryogenic gases and fluids, héve low flow

resistance, extremely low leakage when disconnected and must survive the

. space environment.

.
» *

Unaer the NASA contract, Stratos will establish functional and opera-
tional requirements and design, fabricate and test a prototype fluid dis-
comnect. Discussions with their project manager and other engineering
personnel indicate that the requirements on the CLO fluid discomnect are

within the capabilities of their prototype.



The inertial mass properties éf the largest SRU on the CLO, SRU 17,
have been calculated to verify the performance of the servicer arm. This
is the imaging proportional counter, located on the carousel and is removed
radially from bocking Port A. The moments cf inertia are shown in Figure

IV--31 about the end effector fitting, where the SRU is grabbed by the

servicer.

Z
|

CENTER OF MASS ARE
[}

-A—8
T

T r.rrd s

1 petECTR (D) 4 SRU HONEYCOMB STRUCTURE
2 6As spHERes (B) 5 INTERFACE MECHANISM
3 ELECTRONICS 6 END EFFECTOR FITTING
TOTAL SRU WEIGHT = 444 18 (201 xs)
MOMENTS OF [NERTIA ABOUT END EFFECTOR FITTING: ORIGINAL PAGE 15
Iyx = 49.7 swe Fi2 : OF POOR QUALITY

Tyy = 106.1 sLus F2
Iz = 72.1 sws Fr2

Figure IV-31 Mass-Properiies of Largest CLO Space Relaceable Unit (SRU 17)

The sun aspect sensors require a special SRU design. The design
proposed is a new application of concepts from other technologies. The
aspect sensors are the same as used on HEAO~B. Each of the three sensors
has a ve£y long sunshade. The 75-inch total length of the equipment

greatly exceeds the maximum SRU dimension desired by the Servicer.

The "“upper'" sunshade assembly is constructed of composites and con-—
tains knife~-edge surfaces. This surface does not see any significant
loading conditions, has no moving parts and is highly reliable. Since
likelihood of it failing is very small, it will not be serviced. The
three "lower" sunshades, made of aluminum, and the three tracker assemblies,.
will be serviceable in a single SRU. The special feature of this SRU is

the tight requirement on lateral alignment as well as in-and-out position.
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Precise aligmment of the aspect sensors with the telescope mirror
assembly is eritical; therefore, every means is émployed to achieve and
maintain precision of alignment. The mirror and optical bench assemblies
are rigid entities but are attached to the telescope shell through €flexures

which provide for thermal excursion.

Although other Docking Port B SRUs are structurally mounted to the
shell structure, the aspect sensor equipment is not. Both the SRU portion
of the aspect sensors and the fixed sunshade assembly are mounted directly
to the mirror assembly. A clearance cutout in the telescope shell structure
permits the aspect sensors to bypass the flexure arrangemeﬁt and behave as

i

a rigid appendage to the mirror assembly.

The aspect senser SRU design, shown in Figure IV-32, features a sliding
guide plate and spring-loaded sleeve. The SRU moves radially (in terms of
the telescope)} to make or break the opticai alignment while the fixed sun-
shade sleeve travels axially to eliminate any gap between the fixed and

moveable components.
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Figure IV-32 Details of SRU 21 (Sun Aspect Sensors)
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2.

Characteristic Large Observatory - Large Solar Observatory Payload

{30-02~4)

— . 9
The Large Solar Observatory mission and representative spacecraft

characteristics are summarized in Table IV-14. NASA/GSFC is the develop-

ment agency. Personnel there have supplied or verified most of the data

used in this part of the study.

Most of the LS80 mission equipment will be flown earlier on Spacelab

as sortie payloads,loespecially the Dedicated Solar Sortie Mission

(DSSM). The mission equipment that has been proposed to date for 50-02-A
is shown in Table IV-15.

Table IV-14 Characteristics of Large Solar Observatory Mission (50-02-4)

ARGE SOLAR OBSERVATORY
(NASA PAYLOAD NO, SO-02-a)

MULTISPECTRAL OBSERVATIONS OF

PURPOSE QUIET SUN AND SOLAR ACTIVITY
ORBIT ALTITUDE " 350 k4 (189 N MDD

ORBIT INCLINATION . 00 .

DESIGN LIFETIME 24 MONTHS

SPACECRAFT LAUNCH WEIGHT™ B2 ke (21,660 LB)
MAXIMIM DIAMETER™ 4,5 m (15 F7)

MAXIMUM LENGTH® 16.2 4 (53 FT)

CORE INSTRUMENT , FHOTO HELIOGRAPH (150 )

ORIGINAE PAGE ig

*NON-SERVICEABLE VERSION OF POOR QUALITY
Hd

i
2

.
A%

“
’ ~
-

Some of the proposed Large Solar Observatory mission equipment will fit

easlly into a single standard SRU as developed for the CLO. About a dozen

10.

"Summarized NASA Payload Descriptions, Automated Payloads — Level A
Data," prepared by Program Development, NASA Marshall Space Flight
Center, July 1875.

"Payload Description - Volume II, Book 1 — Sortie Payloads, Level B
Data," prepared by Program Development, NASA Marshall Space Flight
Center, July 1975.
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Table IV-15 Proposed Mission Equipment for Large Solar Observatory

H PEAX | $TAMDBY DaTA
. MEASUREMENT BIMENSIONS MASS
NO. MNAME DESCRIPTION POWER | POWER RATE
" CBJECTIVE/FUNCTION 7] {KG) o) o @)
1 | CORONAGRAPH, EXTERNALLY OCCULTED | IMAGES CORONA BY GCCULTING | OSSERVE COROMAL BRIGHINESS | D.60X 0 60X 4.80{ 208 160 % 10E+06
SOLAR DISK 2000-7000 A, 1.5 TO & SGLAR RADIE
2 | PHOTO-HELIOGRAPH, ~ 150 €M TELESCOPE WITH SPECTROGRAPHS | HIGH SPATIAL AND SPECTRAL A7 R 147X 7 1| 125 800 300 12807
RESOLUTION IMAGES OF SUN
3 | SPECTROGRAPH, ULIRAVIOLET ?1\.}1—6 RAFTING SPECTROGRAPH, SOLAK SPECTAUM, 1000-2200 A 0.50X 050X 4.00 | 250 o 7 I256+@
ND
4 | SPECTROMELIOMETER, EXTREME UV TELESCOPE, SPECTROMETER, MAP SUIN EMISSION, 260-1700 8 [0 68X 0 81 X 3,70 | 270 120 1] 11E+05
POINTING 0 0.1 A AND 1 ARC-SEC
5 | SPECTROMEIER/SPECTROHELIQGRAPH WOLTER TELESCOPE, GRAZING MAPS AMD SPECTRAL LINE 020X040X2.00| 150 0 2 1.06+43
INCIDENCE SHAPES, 100-800 A
7 | SPECTROMETER/SPECTROHELIQGRAPH, ODA COLLIMATORS, GRAZING CORONAL MAPS AND LINE PRO- {0 40X 1.00x 4,00 | 270 100 w7 2.0E+4
SOFT X-RAY TELESCOPE, FLAT CRYSTAL FIEES, 0.5-25
8 | PHOTOMETER, GRID-COLLIMATOR TWO ALIGNED GRIDS, PHOTON | LOCATEFLARETO 2 ARC-SECIN | 025X 0.25X2.00| 39 15 [ 2,0E+2
ACQUISITION COUNFERS 10-30 SEC
9 | COLLIMATCE, MODULATION MULTIGRID COLLIMATOR, MAP OF HARD X-RAY EMISSION | 020X 0.20%X3.10| 50 1H [ 2.5E+3
PHOTON COUNTER VERSUS ENERGY
11 | FLARE DETECTCR, SOLID STATE ARFAY OF COOLED S: DETECTORS { FLARE X-RAY SPECTRUM HIGH 0.50X0 50x0,50] 50 20 0 3.0E+@
FIME RESOLUTION
12 | BURST DETECTOR, X-RAY ARRAY OF SCINTILLATION .| . DYNAMIC RANGE OF FLARE X-RAY | 1 00 X 1 00X 1.00 | 300 20 0 30E+@
SPECTROMETERS ELUX VERSUS ENERGY, TIME .
13 | SPECTROMETER, X-RAY/GAMMA RAY SCINTILLATION SPECFROMETERS | COMTINUUM FLARE 1.00X 1.00 X 100 | 900 20 0 108+
, BR%SSTMHLUNG AND GAMMA
= 14 | SPECTROMETER, GAMMA RAY SCINTILLATOR AND SOLID-STATE | NUCLEAR GAMMA-RAY LINES 100%1,00X01 00| 700 20 - 0 $05+03
SPECTROMETER FROM FLARES
15 | POLARIMETER, SOLAR X-RAY CRYSTAL Li AND Be SCATTERERS, | POLARIZATION OF FLARE X-RAYS, | 1 00X 0,50 X £,00 | 100 15 L} 30E+
PROPORTICMAL COUNTERS | 1-200kev
t6 | POLARIMETER, IRAGS REFLECTION CRYSTAL REFLECTOR, PHOTON POLARIZATION OF SOFT X-RAYS | 1,00X0.50X8 00| 40 EH] [} 1 0E+03
CRYSTAL COUNTER FROM FLARES, 1-10 keV
17 | SOLAR NEUTPON EXPERIMENT WO SOLID SCINTILLATORS, SOLAR FLARE NEUTFONS, 1.00X1.00XE 30 23C 22 [} 1LOE+€2
32 PHQTOMULTIPLIERS 2-100 MeV
18 | DETECTOR, HIGH ENERGY GAMMA MULTIPLE SCINTILLATOR SOLAR MEUTRONS AND GAMMA | 0,40X 0.40X 0 40 | 10 5 [ 50E+
RAY AND NEUTRON DETECTOR RAYS ABOVE 10 eV
- | SPECTROMELIOGRAPH, HIGH SPECTRAL PLANE GRATING, ZONE MAPS IN SELECTED LINES, N/A
PURITY 20-100 A
- | TELESCOPE, X-PAY GRAZING INCIBENCE FOCUSING | HIGH SPATIAL RESOLUTION MAPS N/ -
TELESCOPE 184 COARSE X-RAY REGIONS R
- | DETECTOR, SOLAR GAMMA RAY SPAPX CHAMBER DECAY GAMMA RAYS FROM (1779
- FLASE PIONS

eso 001, 2 = 5O 062, ETC,
""CORE INSTRUMENT
experiments, however, exceed the baseline servicer capabilities as a single

SRU and may need to be repackaged.

The major items which cannot be serviced easily are the large telescopes,
optical benches, precisely aligned optical surfaces and long collimators.
These are the same types of items that are not sexviced for the 1.2 meter

X-Ray Telescope mission.

A TRW solar physics specialist and spacecraft mechanical designer have
developed repackaged serviceable configurations for each equipment that
exceeds the nominal SRU capabilities. Examples of repackaged mission equip-~

ment are shown in Figures IV-33, -34, and-35.

The Exte;nally Occulted Coronagraph, ﬁxperiment No. 1 in the mission
equipment list, is a long optical cylinder with recording and support
equipmenf located in boxes at the rear of the Coronagraph and along the
side (Figure IV-33). The length of the cylinder (4.6 m) makes it difficult

to service the entire experiment as a unit. TRW recommends that the
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ELECTRONICS

0.6m x 0,6m x U.bm
204 ke

Figure IV-33 Repackaging of Externally Occulted Coronagraph for Servicing

0.5 x 0.5 x 4,04
250 ke

Figure IV-34 Repczckaging— of Ultraviolet Speetrograph for Servicing

Iv-61



SLIT JAWS L FOLD MIZEOR ACTUAROR
STARLIZATION ACTUATORY CLO3RE OO0 By

FOUD MITAOR CENTER OF GhavITY

FOLD MIzZEOR

=V & AERA K RELAY GHICS
\

GAHTR STRUC TLRE . DIEEMEIR smsms-\ FOLD MIRROK
‘ TILE SENSOAS.

SECONDARY MIZROE.

(Tvonnad .
UNSIH (19 CUTER SRUCTUIE (14T
=\, K
| A ]

J gCauraz g 1

é

el | - . Th\,;_\“ ¥ i )
'P""ﬁ—{— N i h /‘:\L S :/ |~ acciss poos
= o IR e ey
7 =) i = ATLHR HAG
N e ;f.‘}‘;-‘h-':‘!: s — & EIAN“M“
B | et ( o S j [~ DNAME £ P RILT]
= - S I T
1) | i 19

== et S —— L
Y rrgs THEMAL BADIAIOL
IniRMAL ZADIATOR i M FESALY MIEECR
HEAT SHIELD MIFTOR
HEAT PE - ~ HEAT HPE )
SAAIN SUFFORT TING. .
AELAY O

AR ATION mﬁb N

. - iLts MAGN[II:MEIII._‘-\X'

AUGNMENT ACTUATCR) ————y

s

MIETOE SUPPORT ——

JJ'\.L" ===

— e} E’:.‘-ﬁ

FLEXURE MIRROR MOUNT
HIIL

Gl
= .}
. 1LM CASSEITES 70 wm CAMLR,
, ZIM -

=

Figure IV-35 Repackaging of Photoheliograph for Serviecing
/s
camera and electronics be re-packaged as -one or more SRUs and mounted at

the rear of the optics. The optical cylinder would be a Non-Replaceable
Unit.

Experiment No. 3, the Ultraviolet Spectrograph, is currently packaged

with the support equipment contained in many small boxes along the length

of the Spectrograph (Figure I¥-34). In our opimion most or all of this
equipment can be re-packaged for serviceability at one location, perhaps

at the rear as shown. An important design problem will be the vacuum seals.

The Extreme UV Spectroheliometer (No. 4) and High Spectral Purity
Spectroheliograph are similar in design to the Ultraviolet Spectrograph.

They can be re-packaged for serviceability in much the same manner.

The Photoheliograph, Figure IV-35, exceeds the nominal SRU maximum
in both mass and dimension. It is‘unlikely that the optical structure on
the’left part of the sketch can be removed and realigned in ogbit.' The
recording equipment on the right can probably be serviced, however. In

particular, all the equipment whose titles are cirecled.

It will probably be necessary to re-package the Photoheliograph equip-
ment into several SRUs. The center of gravity.location indicates that at
least half the 1256-kg instrument mass is at the right end. Depending on

the interactions between units, this experiment may require two or three

separate SRUs.
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Since S0-02-A subsystem requirements are lower than for HE-11-A,
the same housekeeping SRUs can be used. Therefore the CLO concept can be

used for the Large Solar Observatory mission.

3. Characteristic Large Observatory - Space Telescope Payload (AS-01-A)
9,11,12,13

The 2.4 meter Space Telescope mission, has recently been
-designated as a major NASA new start. This mission will represent a quantum
sump in the ability to carry out astronomical studies in a favorable space
environment. The data used in this section do not reflect details developed
as part of the current hardware procurement Process, but are representative

of this class of missions.

The Space Telescope mission is summarized in Table IV-16 and the seven
(7) candidate Scientific Instruments (SI) for the mission are described in

Table IV-17. Four SI will be selected for each flight.

Table IV-16 Characteristics of Space Telescope Mission (AS-01-4)

PURPOSE PRECISION OBSERVATIONS OF ALL TYPES
OF PLANETARY, GALACTIC AND EXTRA-
. GALACTIC OBJECTS.

orBIT ALTITUDE 500 M (270 n mM1)
ORBIT INCLINATION 78.2°
DESIGN LIFETIME 35 MONTHS

SPACECRAFT LAUNCH 500 ks (20,900 L)
WEIGHT

MaxXTMUM DIaMETER 4,3 M (14.1 FT)
MAXIMUM LENGTH 13 M (2.7 FD)
TELESCOPE RITCHEY-CHRETIEN, 2.1 METER APERTURE

CORE INSTRUMENT  FIELD CAMERA —F/24

11. '"Payload Descriptions, Volume I - Automated Payloads, Level B Data
(Preliminary),” Marshall Space Flight Center, July 1975.

12. '"Large Space Telescope Science Instrument Final Review — Goddard
Space Flight Center," prepared by Perkin-Elmer, July 1975.

13. "The Space Telescope', NASA SP-392, National Aerconautics and Space
Administration, 1976.
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Table IV-17 Proposed Mission Equipment for Space Telescope

MEASUREMENT DIMENSIONS | Mass | FEAK [ STANDEY | DaTA
NAME BESCRIPTION OBIECTIVE/FUNCTION 0 KG) po(c,vv)gg pomvgeg %;PTSE)
FIELD CAMERA, F/24" 70-pM SECONDARY ELECTRON DISCOVER NEW TARGETS 8 210 130 70 N/A
CONDUCTION ORTHICON Zdo-—
(SECO) CAMERA 28z -
gg 2
FAINT OBJECT SPECTROGRAPH (FOS) SLIT-GRATING SPECTROGRARH, DISTRIBUTION OF ENERGY FROM, szze 208 taz 56 1LOE+05
SLIT JAW CAMERA FAIMT CELESTIAL OBIECT VERSUS I
WAVELENGTH, 0-800 NAMOMETERS | = w 2 =
2 s
HEGH SPEED POINT/AREA PHOTOMETER ULTRAVIOLET-VISIBLE PEOTOMETER | PRECISE MEASURE OF CONSTANTOR | Z 3 2 145 71 13 16E+06
{HSAP} OPERATING 1N A PHOTON= TIME VAPIABLE INTEMSITIES OVER a0
COUNTING MODE WITH OPTIONAE | A WIDE DYMAMIC RANGE OF 203a
ANALOG MODE ASTRONCMICAL SIGNAL STRENGTHS | 55 & & =
z
INFRARED PHOTOMETER DEWAR, SUPER-COOLED IMTERNAL | PHOTOMETRY OF POINT OR o & E 109 n 2 BAA
DETECTORS, EXTERNAL OPTICS EXTEMDED SOURCES INMID-AND | £ 4 = 3
FAR-INFRARED WAVELENGTHS £ 32 v2
| HIGH RESOLUTION SFECTROGRAPH (HRS} | INTERCHANGEABLE ECHELLE AND | IMAGING SPECTROSCOPY OF w9 % % b7 122 22 1.0E+08
FIRST-ORDER GRATINGS, TWO POINT OR EXTENDED SQURCES Yo = -
SECO CAMERAS e 2 -
Qa
ASTROMETER RECORDS POSITIONS USING THE MEASURE PARALLAXES, FROPER gz 2 ; 13 &0 kE N/A
ASTROMETRIC MULTIPLEXING MOTIONS, ANGULAR DIAMETERS 82,2
AREA SCANNER {iAS) TECHNIGUE | AND INDIVIDUAL MASSES BEOE £
PLANETARY CAMERA, F/48/96 TWO SELECTABLE FOCAL LENGTHS | IMAGING PHOTOMETRY AT HIGK § 4 é .3_ Loz %0 50 N/A
IMAGING Qo A COOLED AMGULAR RESGLUTION FOR E-g=y
CHARGE-COUPLED DEVICE (CCOD) HIGH SURFACE BRIGHTHNESS OR VaE g
DETECTOR MULTIPLE BRIGHT SQURCES joggy

*CORE INSTRUMENT

As noted, all of the equipment is designed for manned on~board service-

ability.

drical section for experiments along the telescope axis,

The standard module is designed to fit as a quarter of the cylin-

The equipment

masses vary‘from 126 to 304 kg, well within the standard SRU limit. The

only parameter that exceeds the baseline servicer capabilities is the 2.1

meter length. " If this cannot be accommodated, it is possible to repack-
age the electronics on several of the SIs so that they can be serviced by

the baseline servicer. Examination of the instruments has shown that the

same considerations for re-packaging that were developed for the Large

Solar Observatory are true for Space Telescope.

In summary, it appears the CLO serviceability concepts can be applied

to Space Telescope missions.



ON-ORBIT SERVICFR SYSTEM

This chapter will discuss the overall servicer system development
approach and more specifically the approach followed during this contract
in carrying that development process through a preliminary hardware de-
sign phase, While the somewhat philosophical nature of this section would
seem to be more appropriate in the introduction of the report, it was con-—
sidered to be pertinent here for the following reason. A better understanding
of the approaches and design philosophy in this chapter is possible with
the perspective p;ovided by the servicer requirements in Chapter II, the
selection of a basic servicer configuration in Chapter III and the design

of maintainable spacecraft in Chapter IV.

The overall servicer system development plan will be presented in
Section A to better understand the pivotal nature of the servicer work
currently being done, The servicer design approach, discussed in Section
B, will show how the multitude of information that was collected and de-
rived in Chapters II, IIL and IV was utilized to make the tradeoffs and
develop the concépts necessary to arrive at an optimized design that met
the desires of both user and supplier of the servicing system, Some of
the thought processes that went on and the driving requirements and domin-
ant influences that eventually evolved will be presented. In essence,
Section B is a reexamination of a number -of basic guidelines that were es-
tablished at the outset of the contract and an expansion of them into a
form necessary to proceed to the more detailed level of servicer design in

Chapters VI (mechanical) ané VII (controls).

This chapter will conclude in Section C with a description of speci-
fic requirements and/or characteristics of those elements of the Space
Transportation System (STS} that are necessaryv to support om—orbit servic-
ing. While not related directly to the discussions in A and B, the S5TS is
essential in a servicing mission and must be well understood before hard-
ware design is initiated. The data in this section goes beyond the TS re~
quirements in Chapter II, providing modes of operating, available capabi-

lities and constraints on the STS as well.



SERVICER SYSTEM DEVELOPMENT APPROACH

The overall servicer system development‘is pictorially represented
in Figure V-1, Many studies for many agencies have been conducted by
many companies'prior to MMC's‘first T0SS. Most of them were directed at
a specific spacecraft design. The objective of the first I0SS included
placing these many studies-on a common basis, The primary tasks of that
study ére shown in the first block. 'The conclusion<was that orbital
maintenanée is indeed cost effective, interface mechanisms were designed

and fabricated and a preliminary servicer design accomplished,

1974 1975 1976 171 1978 .
S[elATR] [ [a]s[o]w o[ H{F TR[ATM[ 22 [a]s]o{n[o FpIa Rl Aol o e I[AfL T Al s[o]n]o a[r]a]m]a]ifa]s]o]n]o
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1055 Follow-On
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o Engineering Test Umit Fabrication
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Figure V-1 Servicer System Development Approach



The study being reported on here is a follow-on to that first T0SS.

Tts objective was to carry the work of the first study to a more detailed

level of design.

The systems design approach which guided most of the effort of this
follow-on started with a set of requirements, expanded the concepts of the
first 10588, then allocated functions so that a total working system was
formed, The functions were allocated to the set of elements shown in Fig-
ure V-2, Requirements were prepared for each element. Designs were pre-

pared for each of the major elements at various levels of detail.

Spacecraft
And
Interface
Mechanisms

Servicer
Mechanism
And

Stowage Rack

Controt System -

And
/ Cperator

ones e

Spacy
Transporiation
System

Ground

Figure V-2 On-0Orbit Servicing Elements



The follow—on contract included a simulation/demonstration
that went a long way towards verifying the concept and design feasi-
bility.

The challenge in subsequent phases of development is to build re-
rresentatives of the various blocks in Figure V-2 and to evaluate inter-
actions between the blocks, The results of these evaluations will then
be used to define the next steps in the on-going development plan. While
the study resources have been effectively used to define the various
blocks and the preliminary analyses indicate the interactions are under-
stood, it is well within the range of possibility that unexpected events

can occur or that new avenues for system improvement may open up.

The first of these subsequent phases is shown on Figure V-1 as an
extension of the current IO0OSS contract. It is planned to continue the
hardware development. Control electronics will be fabriczted instead of
gimulated, and a full six degrees of freedonm will be incorporated in a
preprototype servicer mechanism called the engineering test unit (ETU),

A demonstration again will be conducted with the more flight-representa-
tive equigmeﬂf, The EIU and control electronics will be delivered to
MSFC for‘uée as a démons;ration and evaluation tool, The remaining ac-
tivities planned in this NASA servicing system development are centered
on use of the tool at MSFC to continue evaluations pf the design approach
and refinement of characteristics and requirements. The downstream ob-—
jective is arriving at enough detail in design approach to prepare a well

justified servicing system design specification,

A separately documented Implementation Plan has been prepared as
MCR~76-258 by Martin Marietta, April 1978, which relates and expands
upon the servicer system developmeét activities shown in Figure V-1, It
discusses in particular, those activities that should be carried out be-
yond the scope of those shown on the figure. It emphasizes the need for
parallel development of the servicer system and a serviceable spacecraft,
the need for an on—~orbit demonstration as part of the Orbiter Flight Test
program, and the need for a continuing program which will help to develop

user confidence in the viability of the concepts,
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When the servicer system reaches an operational stage, then the man-
ager of each new spacecraft program will need to assess whether his space—‘
craft should be made serviceable. If he decides to incorporate servicing,
then he and his spacecraft designer must determine which of the five modu-
lar forms best.suité their needs and will minimize their total life cycle
costs. Figure V-3 summarizes, at a top level, the procéss and considera-

tions in such a selection.

SERVICEABLE SPACECRAFT

Number of tiers Residual Decisions
Module replacement directions

Reach distances et JOR\

Number of dockings

Module sizes

Module weights

!

-SERVICER SYSTEMS

MISSION
CHARACTER- | Five modular forms ;
§ISTICS _ | Module replacement direction
Orbit Number of tiers OPERATIONAL ALTERNATIVES

Reach distance

Number - e Interface mechanism type
of Missions S‘ga'r:;twn distance Stowage rack configuration
Carrier g Third segment length
Vehicle Arm Ien_gth longer timelines
Complexity

1 =l Multiple dockings

Selected Servicer

Configuration I-:»Operatl ng Plan

Pigure V-3 Selection of Servicer Modular Form to Match Satellite
Requirements
A preliminary definition of-the spacecraft is first made. This is
then compared with the servicer capability available while keeping in
mind the mission characteristics. A first selection of‘a servicer config-
uration is made and any residual decisions are moted, A first estimate
of life eycle costs can then be made. The process is iterated until satis-

factory life cycle costs are obtained.
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Note that the nesidggl decisions can be addressed either through
spacecraft redesign or the operational alternatives listed. When all re-
sidual decisions have been resolved, an operating plan can be prepared
and the resulting life cycle costs determined.' This discussion has been
included to illustrate how the proposed servicer system modular forme in-
troduced in Chapter III can be used by the spacecraft program;magager to
develop program options to save money and by the spacecraft designer to

prepare spacecraft configuration alternatives that will evolve to a best

satisfaction of mission requirements,



SERVICER SYSTEM DESICN APPROACH

The primary role of the servicer is to provide a service to the
spacecraft commuﬁity to increase the lifetime of their spacecraft
through on-orbit replacement of failed components, whether they are
subsystem or mission equipment hardware, To be cost effective, the
servicer system must be applicable to a wide range of spacecraft pro-
grams., The work of Chapter III was directed towards identifying a
single servicer system that could sat&sfy the needs of the wvast majox-
ity of spacecraft programs while not being unduly influenced by a few
unique special cases. The servicer then must accommodate potential
users to the fullest extent, Im fact, without-a very high degree of
accommodation of the spacecraft community's needs the servicer concept
will probably never fly. So these desires must be adhered tb. At
the same time the servicer designer -and developer has some desires that
are in conflict with those of the user. Further compounding the situ-
ation is the continued uncertainty regarding the specifics of‘the user's
desires and requirements. TFortunately, a probable upper bound on ser-

viceable spaéecraft requirements was evolved in Chapter II.

It is resolution of these conflicts, while minimizing total ser-
vicer life cycle costs, that is of primary interest in this chapter.
Some of these @gggralread§ been resolved in the configuration selection
of Chapter IIT. The more obvious requirements of the user, as well as

supporting systems such as STS and ground operations, are:

e High capapility and versatility;

& Minimum impact on spacecraft design;
e Minimum impact on supporting systems;
o High reliability;

o Life cycle cost savingé;

e Simple operatiomns;

e Continuity of development and operatiomns,

On the other hand the servicer design would like:

o Simple configuration;

@ Simple design;



e Low development risk;

e Minimal, simple interfaces.

The real conflict reduces to simplicity on the part of the servicer
designer vs the degire for a highly capable and versatile servicer de-

sign with minimum spacecraft impacts on the part of the user.

LK ] ¢ A .
The first step in resolving this conflict was to review the servicer

systen requirements of the first TI0SS and updating them using the results
from Chapters 1I, III, and IV. The resulting set of requirements was sep-
arated into four sets. The system level requirements are shown here as
Table V-1. The servicer mechanism, interface mechanism, and stowage rack
requirements were expressed as design characteristics and are given in

Chapter VI,

Table V-1 Servicer System Level Requirements

o Impose minimum restrictions on the spacecraft and module
designers by allowing flexibie and efficient packaging
of modules on spacecraft.

o Be compatible with most automated serviceable spacecraft.

o Compensate fof tolerances/misalignments in 6D0F.

® Avoid'init1a1 module to opening close-fit requirements.

¢ Operate interface mechanism Tatches.

e Interface mechanism to provide connector make/break forces.

e Interface mechanism componénts shall be mechanically passive.

e Be compatible with EVA.

@ Generate operational status signals.

¢ Minimize siiding friction.areas.

4 major step towards resolution of the conflict of simplicity vs versatil-
ity was selection,, in Chapter III, of a simple, single tier, servicing arm,

constrained to motion along eylindrical coordinates, High capability and



vérsatility were provided through modularity or simple add-on segments
that provided a potential for more tiers or larger diameters. The ob-
jective was to carry that same theme forwsrd through the remaining de-~

sign phase.

The geometry of the servicing task was a major influence in the
configuration selection and continued to guide the remaining design as

well., This geometry is illustrated in Figure V-4.

Module Attachment
Locations

Stowage Rack

ORIGINAL PAGE IS
OF POOR QUALITY

Separation Distance

Figure V-4 Servicing Task Geometry

Note that the module attachment locations form a surface of revelu-
tion about the spacecraft centerline. The base of the servicer arm is
conveniently mounted on the axis of the cylinder which also becomes the
docking axis. The radially mounted modules extract ideally along the rad-
ius direction of the cylinder while the axial mounted modules extract
along thg other coordinate -~ the axial diéectinn ~= of the cylindrical

elements.



It was found that this is a useful characteristic, not only in
evolving the selected configuration into-mechanical'hardware design, but
also in the control system design, permitting the trajectory to be broken
into simple sequences that minimize the need to drive more than one joint

at a time.

As compared to the capabilities of a general purpose manipulator,
such as configuration 10 in Chapter III, the task to be performed by a
gservicer system can be arranged to be relatively simple., All modules ef-
fectively look the same to the servicer and they only need to be removed,
flipped, relocated, inserted, attached, and latched. There are no other
actions and each module sees the same actions. This simplicity of task
was recognized and used over and over again in the preliminary design pro-

cess.

Ancther key feature influencing trade studies and designs is also
apparent from that same geometry. All the elements of the servicing task
are completely and accurately defined prior to the flight. The stowage
rack physical dimensions and envelope are very accurately known; the
spacecraft has, of course, been dimensioned in detail prior to flight.
The vehicles are aligned within 0.1° (1o) in all axes by the docking sys-
tem on orbit. Consequently, all the module locations and hazards are
known ahead of time. This permits complete trajectory and sequence de-
finition prior to fiigﬁt. This is an obvious advantage to the control
system which must implement the necessary steps to complete the exchange.
Simple, accurate, automated sequences are possible (remove, flip, relocate
and insert). Note also that there is no great time criticality so em-

phasis can be placed on slow, deliberate and smooth motions.

Many of the design trades revolved around the interactions illus-
trated in Figure V-5, As noted in Chapter II the serviceable spacecraft
configurations and their requirements are the primary drivers on ser-
vicer mechanism configuration selection and requirements. These are ex-
pressed in terms of module sizes, number of tiers, module replacement
direction, module location, module weight and number of dockings. The
stowage rack configuration and requirements are primarily driven by the

servicer mechanism and only slightly by the spacecraft configuration.

v-10



C -3

The point is that the stowage rack configuration need not be the same as
the spacecraft configuration, rather it should be designed to suit the
servicer configuration. This is reflected in Chaptér V1 where the ser-
vicer mechanism can handle radial module remqval, but the stowage rack is
primerily an axial module removal configuration. The stowage rack con-
figuration is afﬁected directly by certain spacecraft module data, namely

number, size, and weight.

SERVICER -
MECHANISM
CONFIGURATION

SPACECRAFT
CONFIGURATION

STOWAGE RACK
CONFIGURATION

s 41

| INTERFACE
MECHANI SMS

Figure V-5 Element Interactions

The module interface mechanism configurations are more closely re-
lated to spacecraft design. They need only have consistent interfaces
with thé servicer mechanism and with the stowage rack. A variety of
types and sizes of module interface mechanisms are possible and perhaps
the spacecraft designer should be given the option of using gstandard . in—
terface mechanisms or developing -his own design. This is the recommended

approach,

How these features and the selected configuration, to be further de—
tailed in Chapters VI and VII, come together into a proposed design is

shown in Figure V-6,
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Figure V-6 Selected Servicer Configuration

From the figure.the potential for growth through modularization is
apparént. Arm segments can be replaced with longer or shorter length

segments. The number of degrees of freedom and arm segments can be re-

duced or increased,

The spacecraft servicing requirements groups, shown in Table,V—2, can
all be accommodated by modular changes to the design. Refer to Chapter

IIT, Section C for more details on how this is accomplished.

Table V-2 Servicing Requirements Groupings

Removal Direction Number of Tiers Designation

Axial 1 Axial

Axial and Radial 1 AxiallNear-Radial
Radial 1 Near-Radial

Radial 2 ‘Two-Tier Radial
Axial and Radial 2 Axial/Two-Tier Radial
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The modularized design could cost somewhat more to develop but peak
funding can be spread over more yvears while an initial, simple version is
evolved into broader capabilities. Ultimately, spacecraft tailoring of
servicer capabilities to each spacecraft should decrease rhe per mission
servicing costs and keép weight at a minimum as well. Note that the axial/
near-radial configuration, which was selected for near term development,
lies in the middle of the range of complexity and capability. It can be

readily incremented up and down to the other four modular forms.

Another area where good design practice can lead to a simple, yet ver-
satile servicer design is in the proper allocation of the conduct of the
servicing functions between the man, the control system and the mechanisms.
The mechanisms can carry some of the load of the servicing operatioms by
providing backdriving joints that can automatically correct for strain re-
lief and misaligmnments. Proper selection of arm lengths and joint orienta-
tions can simplify the control system design and ease the operator's train-
ing. The control system bears much of the responsibility of accomplishing
the servicing activities., TIts implementation can do much to simplify the
operator's tasks. Sequences can be stored and automated to whatever de-
gree is desired. Procedural displays can be incorporated via the use of
software, Failure detection and hazard avoidance features can be included.

Others are discussed in Chapter VII. The value of man in the loop to add

flexibility and versatility yet maintain simplieity will become more obvious
in Chapter VII. Man is invaluable in placing value judgments on successful
completion of the tasks in a module exchange operation. With a properly
configured control system he can also provide effective yet highly capable

backup control of the servicer.

In conclusion, the major conflict of simplicity vs high capability
and versatility has been very effectively-resolved by taking full advan—
tage of the unique geometry of the servicing tasks and by optimizing the
role of the three major elements in servicing —— control system, man and
mechanism, A number of examples of how this theme was carried out will be

seen as the detailed design is discussed in the subsequent chapters,
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SUPPORTING SYSTEMS DESIGN

This section will describe the characteristics and/or requirements
of the major systems §upporting the servicer system during a typical on-
orbit servicing mission. This data, while necessary in the design process
of the servicer, also helps to understand some of the capabilities as well
as constraints that aid or restrict the servicing funétion: The discus-
sion is divided into support equipment provided by: (1) the carrier
vehicle, in general; (2) by the Shuttle Orbiter uniquely; and (3) by the
ground and flight operations elements. Characteristics of the docking

system are discussed in Section (4).

Support Equipment Provided by the Carrier Vehicle

The support equipment required by the on-orbit servicer and provided
by either the Orbiter or Upper Stage (Tug) is addressed first. The on-
érbit servicer can readily be designed to be compatible with both carrier
vehicles with only minor changes. The sources of data for this evaluation
are the Space Shuttle System Payload Accommodations, JSC-07700, Volume XIV,
and the Final Report of the Space Tug Avionies Definition Study, Report
No. CASD-NAS75-012, Contract NAS3-31010, by General Dynamics.

a} Electrical Power - The servyicer shall be designed to operate from stan-

dard spacecraft power provided by the carrier vehicle. 28 VDC power will

".be supplied to the servicer through a two-wire system prdviding a bower re-—

turn. Power ground will not be thorough the spacecraft skin. A separate
backup power interface will be provided, Each power source will be capable
of providing the total power requirements of the servicer. The operational
power requirement of 290 watts for the servicer is based on three drives
operating simultaneously —-- drive heaters, video system, and electronics.
The standby power of 50 watts is based on heater and partial electronics
power only. Both power requirements include a 207 growth margin, These
power requirements can be met by any of the five orbiter payload bay power
interfaces and the upper stage paylead power allocation. Ripple will not
exceed 0.9 volts peak-to-peak at any single frequency and 1.6 volts over
the broad band. Any requirement for higher quality DC or AC power shall be

satisfied by the servicer,
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b) Telemetry -~ Both the Tug and Orbiter providé the downlinking of data
required by the servicer. The characteristics are as shown below in
Figure V-7. The Orbiter interfacg is simplified due to the extensive pay-
load services provided by the Orbiter. TFormatting for downlink is pro-
vided as well as a real-time video channel. The Tug provides submultiplex-
ing of housekeeping data with Tug data for transmission. The video data,
however, is transmitted on a lower rate (256 Kbps), hard-wired channel.
This requires the servicer to format and provide the necessary header data

compatible with TDRS, STDN or Orbiter for the video data.

@ The carrier vehicle shall provide --
- downlinking of servicer data in real time
- clock
e Space Tug *
- 10 Kbps housekeeping data- submultiplexed with Tug data
~ 256 Kbps hardwired telemetry 1ink for video data., The ser-
vicer shall format the video data for transmission.
¢ Orbiter
~ 64 Kbps channel for housekeeping
- composite video channel
= the Orbiter shall provide multiplexing, formatting, block
interleaving-of data as required for display, record, and/or
transmission to the ground

Figure V-7 Telemetry
¢) Command - The carrier vehicle shall provide:

o Command reception, demodulation, error detection, correctionm,
and command distribution;

¢ Commands shall be issued in real time ox from memory:

e Command table programming and variable update;

¢ Sequence initiate commands;

e Real time discrete commands for remotely manned control.

V15



It is required that the command system for the servicer be commanded
under several modes of operation, Commands mey be issued from a prepro-~
grammed sequence within the servicer initiated by a command from the ground
or the Orbiter Payload Specialist Station., An example of a éreprogrammed
sequence is the servicer checkout sequence. Command capability to alter
a sequence such as this or to update information in memory is available if
it is required. Operation of the servicer.in a remotely manned control
mode requires a capability of the carrier vehicle to process real time dis-
crete commands. The carrier vehicle will provide the capability to receive

uplink commands and distribute them according to address.

d) Attitude Stabilization — The servicer will not have any attitude con-

trol capability, All requirements will be met by the carrier vehicle, The

error analvsis performed during this I0SS follow—-on study assumed that the

- maximum error in docking accuracy was 0,1 deg in all axes, This accuracy

may be met through final mechanical latching techniques, however, the car-
rier vehicle must provide docking capability teo permit a final aligmment
to within these tolerances, Attitude during servicing operations shall be

maintained with less than a 1500 ft-1b moment.

The carrier vehicle shall provide thermal maneuvering such as a "ro-

tisserie" mode to mimmize thermal gradients during orbit transfer,.

Support Equipment Providéd by the Orbiter

The partlcular support equipment provided by the Orbiter are as follows:

a) Cautlon and Warnlng - Caution and warning (C&W) capability is prov1ded

by the Orbiter for payloads to alert the-crew to anomalies which require
flight crew attention. With respect to servicing, C&W parameters may ori-
ginate in the servicer, the serviceable spascecraft, or the replacement mod—
ules. As a goal, servicer hazards shall be constrained such that actual or
impending failures will not propagate into the Orbiter subsystems or cause
potential injury or harm to the crew or vehicle. If required for the ser-
vicer, serviceable satellite, or replacement modules, C&W parameters will
be distributed to the Orbiter through the Servicer/Orbiter C&W interface

channel ,
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b) Video System — The Orbiter shall provide: 1) servicer video display

"and record; 2) real time video transmission to the ground; 3) additiomal

pavload bay cameras may be used as required, The Orbiter cleosed circuit
television (CCIV) system provides for monitoring of payload bay and cabin
area activities and accepts up to three simultaneous standard input sig-
nals from an attached payload. The payload TV must wutilize horizontal and

vertical synchronous signals provided by the Orbiter CCTV for synchroniza-

tion. The composite video signal is transmitted through the video switch-

ing nétwork to the Orbiter monitors, rhe FM signal processors for S-band
FM transmission, and to the Ku band signal processor for transmission via

the Ku-band communications link,

¢) Control Station Location - The Shuttle Aft Flight Deck contains the

Payload Specialist Station which is varied from flight to £light to ac-
commodate the particular needs of the payload. These panels are the logi-
cal location for the C&D functions of servieing. The capabilities required
for servicing are: 1) software programmable for specific flight display
requirements; é) TV monitors; 3) three degree of freedom hand controllers;
4} tailored panel for lights, meters and controls for monitoring perform-
ance and backup control, Gfeater vigibility on the payload specialist sta-

tion and its function and rcle are proyvided in Chapters VII and VIIL. ;

d) Shuttle Remote Manipulator System - The SRMS can be used to aid and

augment on-orbit servicing from the Shuttle Orbiter. Modules too large
for the_servicer can be exéhanged using the SRMS. The primary use of the
SRMS is the capture, docking to the servicer, and deployment of the ser-
viceable satellites, It will also be used to relocate and reorient the

servicer system and adapter within the Orbiter cargo bay.

Ground and Flight Operations

Some areas of interest regarding this category are provided below. More
detail in several of the following operations areas is supplied in Chapter
IX,
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a) Rendezvous ~ The servicer is essentially a passive payload in all
operations except the actual servicing of spacecraft. As such, the
capability to rendezvous and dock with serviceable satellites is pro-—
vided by the carrier vehicle, For low earth orbit spacecraft, the Shuttle
ig utilized for rendezvous. In high earth orbit an upper stage will pro-

vide the rendezvous capability.

b) Operational Timelines ~ The total time to change out a module in the

supervisory mode has been estimated to be 9.2 minutes. This was deter-—
mined based on the selected joint maximum rates and accelerations during

a sequence of activities for module exchange using an axial servicer for -
axial module removal. It is estimated that six module exchanges will be
performed on the average per servicing. By allowing 30‘'minutes for ser-
vicer unstow and checkout, and 15 minutes stow, the average servicing will

require approximately two hours.

Timelines for maintenance mission types were presented in the Final
Report of the first I0SS study. These timelines estimated that from 30
te 100 hours were available for servicing. With two hours required for
servicing, a well planned servicing mission would easily have adequate

time for additional rendezvous and multiple servicings.

¢) Communication With Serviceable Satellite - During servicing it is nec-

essary that a command and data link be set up between the serviceable
spacecraft and the servicer., The command link will allow thé servicer to
place the spacecraft in a quiescent mode for servicing and power the veh-
icle to operational configuration after servicing. WNominally, a powered-
down configuration would be the status during servicing. A data channel
and partial power may be required under the circumstances of servicing a
spacecraft with hazardous components necessitating. the monitoring of C&W

parameters.

d) Contamination - The Orbiter payload bay will be at a Class 100,000

cleanliness level, This will be adequate for the servicer. The ex-

change modules —— particularly in the case of optical instruments -- will
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probably require Class 10,000 cleanliness levels. Several methods exist
for providing the cleaner levels -- overpressurizing the modules, a con-
tinuous gas purge, and bagging are a few. Additional services required
for the cleaner levels will be payload chargeable and not the responsibil-

ity of the carrier vehicle.

e) Checkout of the Servicer ~ Servicer checkout om-orbit prior to servie-

ing will be performed from the Payload Specialist Station for Orbiter
operations and from the ground for upper stage operations. A preprogram-
med command sequence and data limit checks will be performed with man in

a supervisory position,

Docking System

During the first I0SS the servicer mechanism was designed for axial module
exchange only. Thus, it was compatible with either central or peripheral
type docking systems. However, the servicer system requirements analysis
of Chapter II established the need for both radial and axial module ré-
moval on the same mission. No simple way was found to handle the radial
and axial requirement when a peripheral docking system is involved. The
peripheral system acts as a fence dividing the axial region from the radial
region, The use of a generalized peripheral docking system would force the

development of two servicer mechanisms and stowage racks. Their operation—

al vtility would also be diminished. On the other hand, if a central dock-
ing system is used, then all of the advantages of the modularized servicer
system immediately accrue. 1In effect a lighter, more versatile servicer

system with a lower life cycle cost can be developed,

The first I0SS economic analysis showed that ground return of space-
craft was not economical. If this is accepted, then spacecraft retrieval
is no longer a significant mission. Rather, the significant use of a dock-
ing system becomes the servicing mission, As the servicing mission is better
satisfied by a central docking system, development by the NASA of a docking

gystem should emphasize the central approach
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VI, SERVICER MECHANISM PRELIMINARY DESIGN

Two servicer mechanism designs were prepared during the current contract.
These were a preliminary design for a space version of the on-orbit servicer
mechanism and a hardware design for the engineering test unit of the servicer
mechanism structure. It is the preliminary design of the space version that is

discussed in this chapter,

The design which is presented here has been evolved through a series of
iterations during which a very wide range of alternatives were considered. The
result is believed to be sound, it meets all of the requirements, and it can be
carried to a flight design. The first I0SS screened and evaluated 15 different
on-orbit servicer concepts from the literature. No significantly different con-
cepts have been identified from the literature since then. Those concepts which
have appeared recently were directly relateable to the categories of the first
I0SS. That study selected a pivoting arm system which was optimized for axial

module exchange and emphasized simplicity and light weight.

The current activity statement of work reopened the question of the need for
radial module removal. The results of the reevaluation in terms of servicer
requirements are given in Chapter II. In Chapter III a very large number of
candidate mechanism configurations (number and type of degrees of freedom and
number of arm segments) were identified, categorized and evaluated. Additionally,
a set of criteria for selecting a configuration was identified and defined. This
led to selection of the axial/near-radial configuration by NASA, a selection in
which we concur. As discussed in Chapter III, the selected configuration is one
of a family of five modular forms. The approach taken in the first design
stages was to ensure that the selected design was compatible and extendable to
all five modular forms. The intention is to keep open the option of developing

all five modular forms at minimum cost.

The details of the mechanism design, and particularly the rotary joint de-
signs, has evolved in a manner similar to the mechanism configurations., OQur
first attempts at the design of the Shuttle Remote Manipulator System (SRMS)
joints considered a wide range of alternatives. This led to our avoidance of

telescoping or sliding arm segments with their low rigidity and high weight.
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The dual path drive evolved from detail consideration of a range of rotary

drive designs including external spur gears and harmonic drives. The dual path
rotary drive configuration was used in several applications, the most recent of
which was the Proto-Flight Manipulator Arm (P-FMA) delivered to MSFC in March

of 1977. The drives are light in weight, stiff, have high torque, minimum back-
lash, incorporate all the necessary feedback and safety elements and are back-
driveable. The P-FMA design approach was used in three of the drives for the
space version. However, the learning and experience was carried over into the

designs for all of the drives.

The simplicity and function allocation approaches discussed in Chapter V
were mostly applicable to configuration selection and overall system design.
However, these concepts were also carried into the mechanism design details when-

ever applicable,

The major characteristics of the selected axial/near-radial servicer con-
figuration are shown in Figure VI-1l, Serviceable spacecraft designers have been
provided with a great deal of freedom. There are very few restrictions on module

replacement direction, spacecraft diameter, interface mechanism type, or module

® Axial Module Replacement
¢ Radial Module Replacement
- Attach locations in a common plane
o Tip Force - 20 pounds
e Maximum Operating Radius - 7.5 ft
o Module Mass - 10 to 700 Ibs
® Module Size - 17 in. cube to 40 in. cube
e Time to Replace One Module - 10 min.

e Stowed Length - 71 in.

¢ Mechanism Weight - 140 Ibs
o Stowage Rack Weight - 309 Ibs
e Degrees of Freedom - 6

o Operable in one-g with bolt-on counter-
balance

Figure VI-1 On-Orbit Servicer Major Characteristics
o/ J
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size, weight, or shape., The capacities selected were based on an evaluation of

28 serviceable spacecraft designs from the literature.

The one-tier capability is very compatible with all geosynchronous space-
craft requirements such as the DSCS II communications spacecraft and the SEOS
earth observation satellite. The servicer requirements analysis of Chapter II
showed that the majority of servicing benefits could be obtained for multiple
tier spacecraft if the least reliable components were located in the one tier
accessible to the servicer. Alternatively, multiple one-tier dockings can be
used to service all replaceable modules as has been done with the Characteristic

Large Observatory.

Characteristics of the first I0SS pivoting arm have been retained in terms
of tip force, module replacement time and a low stowed length including the
module stowage rack. A significant reduction in stowage rack weight has been
achieved by going to an open truss type structure. Ground turn-around checkout
has been facilitated by provision of a bolt-on counterbalance system that permits
cperation of the servicer in one-g without modules, but with lightweight inter-

face mechanisms.

The axial/near-radial configuration for space design is shown on Figure
Vi-2. A major point in the selection was that the eventual form of servicer
that will become accepted and used cannot be identified now, so the selection
had to be made on the basis of a best estimate of the probable situation. It was
decided to go with a relatively simple configuration that has natural and easy

growth options.

This design has only two major components: (1) a servicer mechanism, and
(2) a stowage rack for module transport. A docking mechanism is also shown for
reference and so that the mechanical interface aspects can be more easily
visualized. The servicer mechanism and the stowage rack were designed separately
with interfaces for individual removal and replacement. This allows for simple
removal for maintenance and also for quick ground reconfiguration. Stowage racks
can be configured and loaded for particular flights prior to attachment to the
carrier vehicle., It may be desirable to have available several stowage racks
for this purpose. The stowage rack shown mounts directly to an upper stage. A

flight support structure has been designed to adapt the stowage rack shown to
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Figure VI-2 On-Orbit Servicer - Space Design

the Orbiter,

A major difference between this design and the first I0SS is the use of a
parallelogram linkage form of upper arm. This approach keeps the lower or fore-
arm parallel to the stowage rack and spacecraft faces as did the translational

drive of the first I0SS. However, it is a stiffer and lighter weight mechanism.

The on=-orbit servicer has been designed to satisfy the requirements estab-
lished in the first I0SS contract and updated by our more recent work. Those
requirements have been divided into three groups: servicer mechanism, stowage
rack, and interface mechanism. The three groups are compatible and are reported
on separately in this material in terms of system characteristics. The primary
servicer mechanism characteristic as noted in Table VI-1 is the ability to re-
place modules in both axial and radial directions as well as off-axis directions
and combinations of directions. The restriction on radial module replacement is
that all of the interface attach points must be contained in a common plane whose
normal is parallel to the docking axis. For the configuration designed, this
plane can be no farther than 63 inches from the front face of the stowage rack.

This dimension can be increased by changing the length of the third arm segment.
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Table VI-1 On-Orbit Servicer Mechaniesm Characteristics

o Axial Module Replacement

¢ Radial Module Replacement -- attach locations in a common plane
¢ Maximum Operating Radius - 7.5 feet

¢ Module Mass - 10 to 700 Ibs

o Module Size - 17 in. cube to 40 in. cube

o Degrees of Freedom -6

o Stowed Length - 27 in.

o Tip Force > 20 Ibs in worst configuration

o Attach/Latch Actuator Located in End Effector

o Time to Replace One Module - 10 minutes

o BeCompatible with Supervisory and Remotely Manned Control
¢ Probability of Mission Success = 0.98

o Reusable for 100 Missions

o Lifetime of Five Years

¢ NoAbility to Exchange Modules in One-g

¢ Operable in One-g with Counterbalance and No Modules

¢ Lightweight

The module size limits shown are representative for cubes. Smaller sizes
can be handled, but they are not efficient. Some larger sizes can be handled
at lower rates and with appropriate stowage rack configurations. The 20 1lb tip

force can be obtained in either the radial or the axial direction., For some

mechanism configurations, the resulting forces will be larger due to shorter radii
or the toggle effect. The 10 minute module exchange time corresponds to the
nominal joint rates and a significant time allowance between motion segments. The

actual time used will depend on control system and training specified.

It was decided not to include an ability to exchange modules in one-g as
this would have resulted in very significant weight penalties. The mechanism is
designed only to move modules in zero-g and thus cannot even support itself ex-
cept over a limited range of joint angles. However, a bolt-on counterbalance
system has been designed so that the mechanism may be exercised over its full

range of operation between flights.

An analysis of the applicability of the selected servicer configuration to
the three serviceable spacecraft designs of Chapter III was made, TRW was kept
aware of the mechanism capabilities as they evolved and TRW included these
aspects in their spacecraft configuration considerations. As the TRW designs

became available checks were made on module sizes and interface mechanism
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attach point locationé. Methods of handling and stowing the outsize modules of

the SEOS and the CLO were identified and validated using two dimensional models.
An early version of the CLO had modules located outside the reach envelope of

the axial/near-radial configuration. It was relatively easy for the servicer

and the spacecraft designers to work together and to evolve a CLO configuration
which could be readily serviced. It should be noted that the CLO probably pre-
sents the most complex and sophisticated serviceable spacecraft design challenge
that has been identified. Yet its configuration evolved in a rapid and straight-
forward manner. Thus the capability and utility of the axial/near-radial con-

figuration was demonstrated.

The design approach of Section A builds on the system approach of Chapter
V and addresses the effects of the five modular configurations on the servicer
mechanism design. It also discusses the approaches used in electro-mechanical
component selection. Section B introduces details of the servicer mechanism de-
sign at the overall and specific joint levels. Mechanism stowage and test
counterbalancing are also covered, The recommended interface mechanism approach
and rationale are discussed in Section C and three standard sizes are identi-
fied. Details of the new truss type stowage rack are covered in Section D. The
compatibility of the selected stowage rack design with the three serviceable
spacecraft of Chapter 1V are also addressed. The final section, E, addresses

the implications of the docking system design on the servicer mechanism,
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A. DESIGN APPROACH

The servicer mechanism design approach builds on the simplicity and func-
tion allocation approaches of Chapter V. The selected servicer mechanism con-
figuration involves six electromechanical drives or joints. These are shown

in Figure VI-3 as

T = Shoulder Roll W - Wrist Yaw
U - Shoulder Pitch Y - Wrist Pitch
V - Elbow Roll Z - Wrist Roll

ORIGINAL PAGE 1§
OF POOR QUALITYl

Figure VI-3 Axzial/Near-Radial Servicer Configuration Layout

The lengths shown on the figure are in inches. The symbol X is used for a
second elbow joint which is used in some configurations. These symbols are

used extensively in the rest of this chapter.

Chapter IIT identified the value of modularized forms of servicer mechan-
isms. These modular forms are servicer configurations that span the range of
capability (module removal direction and number of tiers) with five levels of

mechanism complexity. The Chapter III configuration selection became a question
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of selecting the most appropriate combination of complexity and capability.

Each of the five modular forms had been optimized as the most effective con-
figuration to satisfy the capability requirement. Also all five used similar
design approaches and shared common hardware elements so that life cycle costs

of all five would be minimized. This section discusses the identification of

the common hardware elements in paragraph 1. The second paragraph discusses

the approach to selection of components for the electromechanical drives and tabu-

lates the selected components.

i Joint Drive Characteristics

Identification of the type and characteristics of the fewest number of joint
drives necessary to span the five modular forms is addressed in this paragraph.
The basic joint drive characteristics are: 1) angular travel; 2) angular slew
rates; 3) angular acceleration; and 4) torque level. These must be identified
before a joint can be designed. Table VI-2 shows the major considerations in
selecting the specific values for each of these parameters. The numbers shown
are based on specific requirements or on engineering judgment. Preliminary cal-

culations were made to assure that these quantities were reasonable.

Table VI-2 Joint Drive Requivements Identification

N R TRAVEL

® Axial and radial module reptacement
e Full range of module locations
¢ Module flip

ANGULAR RATES

e Module exchange time < 10 minutes
o Relative rates based on experience

ANGULAR ACCELERATIONS

o Occur in small part of travel time = 1 second
o Acceptable stopping distance < 4 inches
o Acceptable torque levels = 700 Ib module

[ORQUES

Tip force = 20 Ibs

Module and mechanism acceleration
Worst module locations
Misalignment forces

Reasonable combinations




The angular travel data was calculated from the configuration layouts and
verified using the servicer and spacecraft model. The angular rate discussion
is presented in Chapter VII. The acceleration/deceleration stopping time and
distance are reasonable for remotely manned control as well as for supervisory
control. The torque calculations required care because of the variety of con-
ditions, module motion directions, and module locations that had to be consid-
ered, Estimates of mechanism inertia were made to ensure that valid accelera-
tion torques were calculated. These four parameters were determined for each

joint of each of the five modular configurations.

The joint drive requirements data for the axial/near-radial configuration
are shown in Table VI-3. Similar data was prepared for the other four modular
configurations. The moment of inertia data includes the effect of the mechanism
itself and have been calculated for a worst case., However, the module was not
extended out past the wrist unless it was necessary to accomplish a specific tra-
jectory. Two inertial configurations were used for elbow roll. The larger
number corresponds to the module extended out past the wrist and the second cor-

responds to the module tucked in near the forearm.

Table VI-3 Servicey Mechanism Joint Data - Axial/Near-Radial

Torque from Joint

Moment Angular Rate Accel - Accel- Torque from Design

of Inertia eration eration Tip Force Torque

(slug-ft?) deg/sec rad/sec | (rad/sec?) | (ft-1bs) (ft-1bs) (ft-1bs)

o g 100.49 12 0.21 0.21 21.1 % 21.1

AL 117.32 12 0.21 0.21 23.4 -- 23.4

:‘;;“ phod 188.13 6 0.10 0.10 18.8 e 18.8

Elbow Roll 1,297.98 8 0.14 0.14 181.7 162.0 181.7

(v) 540.27 8 0.14 0.14 75.6 162.0 162.0
Shoulder

Translation 1,841.5 4 0.07 0.07 129.0 172.6 172.6

(v)
T 1,909.5 6 0.10 0.10 191.0 191.0 191.0

While only acceleration and tip force torques are tabulated, several other
combinations involving misalignments were checked to see that they did not cause

a higher requirement. The joint design torque shown is the larger of the accel-
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eration and tip force torques as these two should never be required at the same
time. The tip force considerations involved both axial and radial module removal
considerations using worst case module locations with the tip force direction
being parallel to the module removal direction. This resulted in the elbow
torques being comparable to the shoulder torques. The wrist torques are much
lower. Similar tables were made for the other four mechanism modular configura-

tions.

The joint drive requirements for all 29 of the drives used on the five modu-
lar forms are shown in Table VI-4. GCenerally the larger inertia related torques
were used. In some cases, two different angular rates are required for the
different configurations, The joint travel data is coded, in parentheses, with

the number of the applicable configuration as noted above the configuration name.

Table VI-4 Servicer Mechanism Joint Data - Composite

TORQUE (foot-pounds)
(1) (2) (3) (4) (5)

Axial/ Anqular Accel- Joint
Axial/Near Two-Tier Two-Tier Rate eration Travel
Radial Near Radial.| Radial Radial (rad/sec) | (rad/sec?) (degrees)
191 191 225 221 0.10 0.10 380
(1,2,3,4,5)
173 308 0.07 .07 60 (1,2,3,4)
135 (5)
v 75.8 ' 182 179 205 164 0.07* 0.07* 175 (1.2.3)
0.14 0.14 180 (4,5)
W 14.1 18.8 17.8 162 162 0.10 0.10 200 (1,2,3)
0.14* 0.14* 250 (4)
290 (5)
X - - -- 26.7 26.7 0.10 0.14 180 (4)
240 (5)
Y - 23.4 23.4 23.4 23.4 0.21 0.21 380
(1,2,3,4,5)
z 21.1 21.1 21.1 21.1 21.1 0.21 0.21 380
(152l3 ,d’,s)

*Two-Tier Radial Configurations

The purpose of preparing the composite table was to identify the smallest
number of joint types that could reasonably be used to satisfy all 29 joint re-

quirements. The rules used were:

1) Common joint type - rotary or ball screw
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2) Similar joint travel
3) Similar joint rate

4) Similar torque level

Where a higher rate was assigned to a specific joint, the equivalent accelera-
tion torque was calculated and checked against the torque level assigned. It

is anticipated that adapters may be required in some instances to be able to use

some joint types in some applications.

The result of the joint drive commonality analysis is shown in Table VI-5.
The upper part of the table shows the axis assignment by type. Subscripts show
specific drive type, e.g., Tl’ T2 and a - means that a drive is not required.
For the Z and Y axes, the requirements for each are common across all using con-
figurations because the application is common. The X drive is only required for
two configurations and has a requirement that was close enough for the Yl drive
to be used. The W axis is an indexing drive for the wl assignment, but is an

elbow drive where V2 was assigned,

Table VI-5 Configuration/Joint Assignments

COMF IGURATION AXIAL/

_'-"-—-.________ AXIAL/ TWO-TIER

JOINT AXIS NEAR-RADIAL NEAR-RADIAL RADIAL

ORIGINAL PAGE IS
OF POOR QUALITY

AXIAL/

NFIGURAT 100
K THO-TIER TW-TIER

AXIAL/
JOINT TYPE AXTAL NEAR-RADTAL NEAR-RADIAL RADIAL RADIAL

v X X X (2) x (2)

¥ X X X (2) X (2)
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For the V axis, the elbow does not have to generate a tip force for the
axial configuration, but it must for each of the others. The U1 drives are to
be screw jack type drives, but the U drive for the axial/two-tier radial con-
figuration is a regular rotary drive. The situation for the T axis is similar
to that for the V axis where the T, drive does not have to generate a tip force,

i §
but the T, drives do.

2

From the cross plot data of the lower part of the table, it can be seen
that the axial configuration uses two drives (T1 and Vl) that are not used in
any other configuration. Each of the axial/near-radial drives are used in at
least one other configuration. This point was included in the configuration
selection logic. The symbol, (2), in the last two columns means that two of
these drives are required for the specific configuration. The conclusion is
that nine joint drives can be adapted to cover all 29 drive requirements across

the five modular forms,

The specific characteristics selected for each of the nine joint drive types
are shown in Table VI-6. Generally, the largest of the composite requirements
was used and then rounded upwards slightly. The power data was computed on the
basis of rate and the torque occurring at the same time. This generally will
not occur, but is a useful approximation at this stage of the design. As can

be seen, the power levels are relatively low and are readily obtainable from

Table VI-6 Drive Characteristics

RATE TORQUE TRAVEL "ot
DRIVE (rad/sec) (ft-1bs) (deq) USAGES HORSEPOWER WATTS
Tl 0.10 65 380 1 0.0118 8.8
T2 0.10 225 380 4 0.0409 30.5
Ul 0.07 175 60 2 0.0223 16.6
U2 0.07 300 135 1 0.0382 28.5
‘d‘l 0.14 80 180 1 0.0204 15.2
v, 0.14 200 300 6 0.0509 .. 38.0
h‘l 0.10 20 200 3 0.0036 2.7
\'l 0.21 30 380 6 0.0115 8.6
Z) 0.21 25 380 5 0.0095 7.1
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permanent magnet DC torque motors. The smallest requirement, Wl’ is an index-
ing drive and is more in the category of a permanent magnet DC gear motor. The
low power levels result from the low joint rates selected. For those joints
where the torque level is based on module acceleration, a doubling of a joint

rate results in a fourfold increase in motor power.

The requirements listed in Table VI-6 are those used in the detail
drive designs. The slightly higher torque capabilities can be used to provide
higher rates and tip forces than were used in analyzing the different modular
configurations. The use of nine drives instead of twenty-nine should make for
lower life-cycle costs in terms of development, production, spares and servicer
system maintenance., Note that any configuration could be developed first, with

the others following naturally.

s Electromechanical Component Selection

The electromechanical joints of a servicer mechanism are similar to those of
a general purpose manipulator in that each tends to be a special requirement and
that they are not available as catalog items. While each is special, our ex-
perience has led to a definite approach to designing these mechanical joints.
The major factors considered are listed in Table VI-7. Each was considered in
detail for each joint of the axial/near-radial configuration which again becomes

the discussion reference.

Several other joint types, such as the external spur gear, planetary,
eccentric, and harmonic drive, were considered earlier in our learning process.
However, each is generally inferior to the internal gear, dual path, drive
arrangement that is used for half of the joints. This approach is compact,
lightweight, low backlash, backdriveable, smooth, and very stiff. The worm gear
approach is used where backdriveability is not required, and the linear actuator
will be used for the shoulder pitch drives where the angular travel is less than
60 degrees. It was desired to use the dual path approach for the wrist roll
drive. However, the result would have been a poor package. Instead a conven-
tional external spur gear drive was selected to minimize the wrist dimension
parallel to the wrist roll axis. Increases in this dimension force increases

in the spacecraft to stowage rack separation distance or decreases in module
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Table VI-? Joint Design Factors

-

TYPE SELECTION CONSIDERATIONS
o INTERNAL GEAR - DUAL PATH o SIMPLICITY
o WORM GEAR o STIFFNESS
o LINEAR ACTUATOR ¢ WEIGHT

o COST
MENTS INVOLVED o RELIABILITY

o GEAR RATIO e DESIGN MARGINS
» MOTOR TYPE ¢ MOTOR DERATING
o POSITION SENSOR
o RATE SENSOR
® BRAKE
o WIRING HARNESS

maximum size for axial module replacement.

Softness of a drive can make a significant contribution to loss of servicer
mechanism stiffness. It is most important that the shoulder and elbow drives
be stiff. This is accomplished by keeping effective shaft diameters to nearly
the full housing diameter, double ending the connection if possible, derating
bearings, and designing gears and housings for stiffness rather than wear or
breaking strength, These approaches also lead to more reliable drives because

of the greater stress margins and effective derating.

Gear ratio selection is influenced by maximum joint output rate, motors

available, and joint size and weight requirements. For instrument servo systems

where the load inertia is relatively constant, the concept of motor inertia

equal to reflected load inertia is often used to select a gear ratio. This con-
cept results in very large gear ratios and thus expensive joints when applied

to manipulators. The question of proper gear ratio was addressed some time ago
in terms of a large motor and low gear ratio versus a small motor and high gear
ratio. A large part of the drive weight is associated with the output gear mesh,
housing, output bearings, and the need to keep stiffness high. Thus, gear ratio
selection has little effect on drive weight until ratios go below 50 to 1. The
consideration then becomes the number of gear passes and the effect on reliability

and cost. It takes three stages of gearing to get the desired minimum ratio,
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which in turn leads to the range of ratios normally used (®100 to 1) when DC
permanent magnet torque motors are used. Where high speed DC permanent magnet
motors are used, as for the end effector jaw drive, then higher ratios are more

appropriate. These ratios are selected to match motor speed to load speed.

The permanent magnet DC torquer type of motor has been selected for the
majority of applications. It has been used extensively in space and is very re-
liable when two sets of brushes are used. It is also lightweight and can be
readily packed into the drives along with the tachometer generator and brake
which all operate at the same speed. Figure VI-4 shows the shoulder roll drive
motor requirements (dashed lines) and the candidate motors available from the
catalogs. The numbers in parenthesis are the motor weights in 1lbs. The selected
motor is the Magnetic Technology 5125C-135 which has its maximum power point
close to the drive requirements point. Derating is effected by realizing that
the maximum torque and speed requirements do not occur at the same time. Thus,
motor current can be limited to prevent overheating. The ratio of stall torque

to friction torque is greater than the acceptable 40 to 1 ratio. Similar analyses

were conducted for five of the six joint drives.
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Figure VI-4 Shoulder Roll Drive Motor Candidates
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The sixth (W) drive uses a worm drive and a high speed DC permanent magnet

motor with gearhead which was selected on the basis of providing the required
torque and speed. The motors for the end effector jaws and the interface mechanism
drive were shown to be high speed DC permanent magnet motors with gearheads.

This type of drive has adequate power, packages well, is space qualified, and

suitable gear ratios are available.

Selection of the position and rate sensors used for each drive is discussed
as part of the control system analysis of Chapter VII. Brakes are used on each
backdriveable joint (T, V, Y, and Z) to keep the joint from moving inadvertently.
The brakes are normally engaged and require current to release so that the joint

may move. The logic to provide this current is part of the control system de-

sign. Each brake is mounted on the high speed motor shaft to minimize brake

size which was selected so that the brake can resist the motor stall torque.

The electromechanical components used in the various drives along with some

of their important characteristics are listed in Table VI-8.

The wiring harness has not been designed at this time. Several manipulator
system wiring harnesses have been designed and fabricated by us. The straight-

forward attributes include separation of power and signal wiring into separate

cables, use of twisted shielded pairs, and single point signal grounding., Al-
ternatives exist with regard to use of flat wires, flat cables, round cables,
number and location of connectors, and method of handling cable slack to allow
for joint motion. The latter question is the most difficult to answer. Each
approach has advantages and disadvantages and must be evaluated in terms of the
parameters at a specific joint. These are: number and size of wires, cable
type, number of cables, and joint travel. The Proto-Flight Manipulator Arm used

flat cable constrained in sheet metal cans with unidirectional wrap. The re-

verse wrap system should also be considered.
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Table VI-8 Electromechanical Comporent Summary

MOTOR POSITION SENSOR RATE SENSOR BRAKE
Stall No Load i rAccuracy Max imum
Joint Drive Gear Vendor Torque Speed Vendor arc- Vendor Speed Vendor Torque
Designator Type Ratio| Type Part Number | in. oz rad/sec Type Part Number min | Type | Part Number|rad/sec|Part Number|in. oz
Shoulder Dual 113 { DC Magnetic 700 29 Resolver | Singer 3 e Magnetic 60 |Electroid 560
Roll (T) Path Torquer | Technology Kearfott Technology FSB-35
Internal 5125C-135 €Z41093001-0 2813C-088
Gear
Shoulder Ball 2262 | DC Magnetic 100 415 Potenti- | Computer In- 2. |.bC Magnetic 800 |Delevan 80
Pitch (U) Screw Torquer | Technology ometer struments Technology BF-10-24-4
1500C-250 Corp. Model 1500E-050
205
Elbow Ro11 | Dual 127 | DC Magnetic 700 29 Resolver | Singer 3 |DC Magnetic 60 |Delevan 240
(v) Path Torquer | Technology Kearfott Technology BF-20-24-6
Internal 5125C-135 CZ41093001-0 2813C-088
Gear
Wrist Yaw Worm 8271 | DC Globe Indus- 3.6 1100 Potenti- | Computer In- 10 | DC Globe N/A | N/A N/A
(W) Gear and High tries (51% ometer struments Industries
Planetary Speed 5A545-22 eff.) Corp. Model N/A
100
Wrist Dual 110 | DC Magnetic 85 65 Potenti- | Computer In-| 6 |DC Magnetic 520 |Delevan 30
Pitch (Y) Path Torquer | Technology ometer struments Technology BF-10-24-4
Internal 3000C-065 Corp. Model 1937E-040
Gear 205
Wrist Roll |External 50 | DC Magnetic 170 39 Potenti- | Computer In- 60 | DC Inland 128 |Electroid 112
(2) Spur Torquer | Technology ometer struments Motors FSB-7
Gear 4590B-063 Corp. Model T6-2139
7810 {
End Effector|Ball 81 | DC Globe Indus- 7.0 1456 Micro- N/A N/A | N/A | N/A N/A | N/A N/A
Jaws Screw and High tries (51% switches
Planetary Speed 5A505-7 eff.)
Interface Planetary| 148 | DC Globe Indus- 754 1456 N/A N/A N/A | N/A | N/A N/A | N/A N/A
Mechanism High tries (51%
Speed 5A509-7 eff.)
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B. MECHANICAL DESIGN DETAILS

The purpose of this section is to present the details of the servicer
mechanism drives, how the servicer mechanism and docking probe can be con-
figured for stowage during the launch and reentry phases, a method of counter-
balancing the mechanism for ground checkout, and a weight statement. The inter-

face mechanism and stowage rack are discussed in subsequent sections.

The NASA selected axial/near-radial on-orbit servicer configuration is
shown in Figure VI-5. This design has only two major components: 1) a serv-
icer mechanism, and 2) a stowage rack for module transport. A docking mechan-
ism is also shown for reference and so that the mechanical interface aspects can
be more easily visualized. The servicer mechanism and the stowage rack were de-
signed separately with interfaces for individual removal and replacement. This
allows for simple removal for maintenance and also for quick ground reconfigura-

tion.

As the specific joint designs used in this configuration are part of the
common set described in Section A for the five modular servicer configurations,
it will be possible to build from this configuration to the other four configura-

tions.

Characteristics of the first 1I0SS pivoting arm have been retained in terms
of tip force, module replacement time and a low stowed length including the module
stowage rack. However, the translational drive of the first IOSS has been re-
placed by a parallelogram linkage and a ball screw drive to provide greater
rigidity at lower weight and a concept which is applicable to a wider range of
configurations. Also the end effector roll drive has been redesigned to obtain
a better balance between gearing weight and motor weight and a wrist pitch drive
has been added to bring the total number of degrees of freedom to six. A three-
view installation layout of the servicer mechanism is shown in Figure VI-6.
The major dimensions in inches are:

Separation distance between stowage rack and spacecraft - 60

Separation distance between stowage rack and U joint effective pivot axis - 30

Upper arm (Four bar linkage) - 79

Lower Arm - 79

Lower arm centerline to end effector centerline - 12

Wrist pitch drive centerline to end effector attach interface - 8
VI-18
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A wrist pitch strain relief mechanism is provided at the base of the wrist
yaw drive (W). This strain relief is to provide a controlled compliance to com-
pensate for misalignment tolerances when the interface mechanism is in the guides.
A similar mechanism is included as part of the wrist yaw drive. These two
strain reliefs are at 90 degrees to each other and thus provide relief in two of
the three degrees of freedom. The third axis is the elbow roll drive axis which
is backdriveable. So the two strain relief mechanisms and the backdriveable
elbow roll drive provide full three axis compatibility for small (=~ 2 degree)
misalignments. Each of the two strain reliefs are designed to prevent any motion
until the 20 1b tip force is exceeded. For forces greater than 20 1lbs (when the
spring preload is exceeded) a. low spring rate comes into play at essentially con-
stant force to a firm stop after two degrees of relative motion. The wrist pitch
strain relief mechanical design consists of a pair of shoulder screw pivots and
a set of eight compression springs along with the necessary mechanical stops. A
Bellville spring approach is used in the wrist yaw strain relief and it is dis-

cussed below,

The four bar linkage, or translation members, are built up from machined end
fittings, side channels, and facing plates, Each member is thus a riveted assem-
bly with appropriate stiffeners. The original concept used open construction
to simplify the assembly operations. However, a strain analysis showed that the
members could be stiffened significantly if the boxes were closed, so this was
done. The critical stiffness configuration is with the lower arm at 90 degrees
to the translation members so that the translation members are being twisted
about their longitudinal axes. The closed boxes and the member spacing selected

provided the necessary stiffness,

The shoulder roll drive shown in Figure VI-7 has a large diameter because
of its interface with the docking mechanism and a decision to use the accurate
internal-gear dual-path construction., The docking probe tube is bolted to the
gear plates which in turn will be connected to the stowage rack through the fold-
ing mechanism. The two outer bars are the supports for the upper arm parallelo-
gram, Large diameter, small cross section output bearings are used to provide a

high level of structural stiffness,
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Figure VI-7? Shoulder Roll Drive (T)

The permanent magnet DC torque motor is shown on the center shaft along

with a tachometer generator and a fail-safe brake. The overall drive ratio of

113 to one is obtained in three steps in a dual path approach. The center mesh

gears are made adjustable on their shafts and are used to remove much of the drive
This

backlash. After adjustment, the center gears are pinned to their shafts.

straight spur gear construction is backdriveable at a low torque level. Seals

or covers are provided for all bearings.

The position indicator selected is a Singer resolver identical to those
used for the proto-flight manipulator arm and is driven through an anti-backlash
gear. The high accuracy of a resolver is required at the shoulder drives because
of the long arm length. The resolver drive gearing provides over a full revolu-

tion of travel of the joint,

The linear translational drive of the first I0SS was replaced by the shoulder

pitch drive shown in Figure VI-8. Use of the two translation members in a
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parallelogram configuration results in the lower arm of the servicer being kept
parallel to the front of the stowage rack. This simplifies the hazard avoidance
problem. However, as the shoulder pitch drive alone is operated, the end effec-
tor moves along an arc instead of along a straight line. This is not too im-
portant when the end effector alone is being moved, but it is important when a
module is being removed from the interface mechanism baseplate receptacle (guides).
For the module to move in a straight line parallel to the docking axis, the
shoulder pitch, shoulder roll, elbow roll, and wrist roll joints must move in
synchronism. When the module is in the guides and the shoulder pitch joint is
providing the basic motion, then the other three joints will backdrive and

should automatically move in the proper synchronism,
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Pigure VI-8 Shoulder Pitch Drive (U)
The shoulder end of the translation members are C shaped to provide clear-

ance for the docking probe. The gearing is effected through a Linear Industries
ball screw drive with a worm reduction. This joint is not backdriveable and it
need not be. The permanent magnet DC torque motor is mounted on one side of the
worm drive gearbox with the tachometer generator and the fail-safe brake on the
far side. Seals and covers are provided for all bearings and for the rearward

extension of the ball screw.
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The position indicator selected is a single turn potentiometer that has been
geared up to provide almost a full turn of travel. The small angular motion of
the shoulder pitch drive resulted in a lower ratio of full travel to allowable
angular error and thus permitted use of the potentiometer. Antibacklash gearing

to the potentiometer is provided.

The elbow roll drive shown in Figure VI-9 has been patterned after the in-
ternal-gear dual-path drives of the proto-flight manipulator arm. The drive is
mated to the parallelogram translation linkage through an angle fitting. The
joint centerline is mounted offset from the centerlines of the translation members
and the outer arm segment so that these arms may be folded back towards each

other with a minimum of interference.
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Figure VI-9 Elbow Roll Drive (V)

The drive is powered by a permanent magnet DC torque motor mounted on the
input shaft. The input shaft pinion drives a dual mesh, three-stage gear reduc-
tion. This gear train can be traced by following the torque transmission through
two shafts. The final gear stage terminates with the internal gear which is fixed

to and drives the outer housing. The tachometer (rate sensor) is mounted to the
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input shaft, giving the maximum voltage level for rotational speed. The fail-
safe brake is also mounted on the input shaft which requires the minimum torque,
and therefore power to restrain the drive if motor power were interrupted. The
overall drive ratio of 127 to one is obtained in three steps. The center mesh
gears are made adjustable as for the shoulder roll drive. This straight spur gear
construction is backdriveable at a low torque level. Seals or covers are pro-

vided for all bearings.

The Singer resolver (position sensor) is driven through an antibacklash
gear from the third shaft. This reduces the position error due to gear backlash
in the output gear stage. The high accuracy of a resolver is required at the
elbow drive because of the long arm length. The resolver drive gearing allows
full joint motion., The limit switch is provided as an indicator that the drive
has reached its maximum travel, The heater is required in the cold thermal case

to prevent the drives from going below -100°F.

The wrist yaw drive, located at the wrist end of the outer arm, is shown

in Figure VI-10. Its purpose is to turn the modules end for end so they may be

Potentiometer
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Ball Bearing
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Figure VI-10 Wrist Yaw Drive (W)
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placed in the spacecraft or stowage rack. This capability is required for both
axial to radial and radial to radial module exchange. The drive is thus basically
an indexing and not a servo drive. It is required to drive at a constant rate
during the module flip and thus a tachometer generator has been provided. A 56:1
worm gear ratio is used along with a gearhead on the DC permanent magnet motor

to provide the necessary slow speed from a small high-speed motor. A brake is

not necessary because of the inherent non-backdriveability of the worm drive. A
potentiometer is used to provide an indication of which index point the joint is
at as well as a basis for generating the other drive signals as the module is

flipped.

To allow for misalignment of the module as it is entering the guides on the
spacecraft or stowage rack, a Belleville spring preload assembly has been pro-
vided for strain relief, If the guide misalignment force is less than 20 1lbs,
then the springs hold the worm firmly in place and the end-effector does not move
with respect to the arm. If forces greater than 20 1lbs are experienced, say due
to binding in the guide, then the worm will move and thus let the end effector
rotate with respect to the outer arm. This will prevent damage to the arm and

allow the module to realign itself with the guides and thus relieve the binding.

The wrist pitch drive (Y) shown in Figure VI-11 is another of the proto-flight
manipulator arm type internal gear-dual path drives. 1Its outer housing mounts
directly to the wrist yaw drive and the gearing support structure supports the
short third arm segment leading to the wrist roll drive and end effector. The
wrist pitch drive is functionally and mechanically very similar to the elbow roll
drive discussed above. The input shaft supports the permanent magnet DC torque
motor, the tachometer generator and the fail-safe brake. The overall drive ratio
is 110 to one and is obtained in three steps. Backlash removal is provided by

center gear adjustment and the joint is backdriveable.

A single turn potentiometer type position sensor is used and is driven
through an antibacklash gear to reduce the effect of output gear stage backlash.
The accuracy of a potentiometer is acceptable because of the short arm length
from this drive to the end effector. The gear ratio has been selected to give
slightly less than one revolution of the potentiometer for a full revolution of

the drive.
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The wrist rolldrive design shown in Figure VI-12 was driven by the desire
to minimize length so that the operating length for axial module exchange would
be minimized. The outer form of the end effector is cylindrical and thus could
be readily mounted in large diameter, small cross-section bearings as is desired.
The drive then took the form of a large gear mounted on the end effector and
driven through a further gear reduction from the motor shaft, Other drive ele-
ments--brake and tachometer generator--are on the motor shaft, while the poten-
tiometer (not shown) is geared directly to the large gear. Note that a full 360
degrees of travel are provided in the wrist yaw drive so that any module can be

positioned in any orientation on the spacecraft.

The end effector concept is an extension of our prior work on general pur-
pose manipulators and is designed to mate with either of the two interface
mechanisms. It accomplishes two things: 1) it attaches the servicer mechanism

to the module; and 2) it operates the latching mechanism, End effector attachment
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Figure VI-12 Wrist RollDrive (Z) and End Effector

is accomplished by two closing jaws grasping a rectangular shaped baseplate
grip. The closing force is supplied by a motor-driven ball screw drive. This
drive applies a low initial closing force when radial alignment is taking place
and a very high final closing force when module handling is taking place. This
high force occurs because the jaw links are approaching an overcenter position

with respect to the ball screw carriage.

The interface mechanism latch drive mechanism (not shown) is an integral
part of the end effector attach drive. It is operated by an electric motor
through a gear head. The motor and gear train are designed to produce an operat-
ing torque of 28 in,-1bs with a stall torque of 50 in.-1lbs. Both the end effec-
tor and interface mechanism latch drive designs are similar to those of the first

I0SS and to the hardware delivered on the first IO0SS.
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Stowage of the servicer mechanism for major engine firing of the carrier

vehicle involves two systems.

One to deploy/stow the center post with docking

mechanism and the second to latch the arm in place near the front of the stowage

rack.

This should be done with a minimum of additional actuators and latches,

should maintain the servicer's basic structural stiffness in the deployed posi-

tion, and should minimize stowed length so that Orbiter cargo bay space is not

wasted,

B ——

The selected system is shown in Figure IV-13.
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Figure VI-13 Servicer Mechanism Stowage

The deploy/stowage operation involves a stowage pivot, a lock mechanism,
and an actuator. The pivot is in the transition fitting at the center front of
the stowage rack. An overcenter double pin deploy lock mechanism with a separate
actuator is used. The stowage actuator that actually folds the mechanism is a

ball-screw drive,

The method of latching the servicer mechanism in place uses the servicer
drives themselves. The shoulder roll drive rotates the translation members to
where they are close to the front of the stowage rack. The shoulder pitch drive
then forces the upper arm stowage hook under a latch on one of the stowage rack
upper beams. The elbow and wrist drives are then used to line the end effector

up with the end effector stowage attachment. The end effector motor is then used
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to tighten the jaws on the end effector stowage attachment. These operations
will hold the servicer mechanism tightly in place with no need for additional
actuators. The axial distance required for this method of stowage is 26.5

inches. It will be necessary to provide a method of latching the docking probe in

place when its design details become known.

A servicer mechanism counterbalance system for use between flights is shown
in Figure VI-14. It is intended to provide a method of moving the mechanism
through its full range of articulation with a minimum penalty on the flight ver-
sion. It was decided not to make the servicer strong and stiff enough to handle
full weight (700 1b) modules in one-g. That approach would have resulted in a
very heavy system with the concurrent launch cost penalty. Additionally, the
control torques required in space would have been on the order of the motor thres-
hold torques and the motors would have been difficult to control. Similar prob-
lems would result if the servicer had been made strong enough to move itself and
the interface mechanisms around in one-g. It was thus decided to provide a
bolt-on type of counterbalance which would counteract most of the arm weight and
part of the interface mechanism weight. The motors thus only need to counteract

half of the interface mechanism weight. This is within their normal capability.
12

WEIGHT SUPPORT
o ARM - 2

COUNTERWEIGHT
- 78 LBS

LEAD WEIGHTS
SUPPORT CHANNEL
TIE PLATE

|~ SPACER BLOCK

HINGE PIN

SECTION A-A
48.0 IN.

j COUNTERWE IGHT
OUNTERWEIGHT IN - 244 LBS L
TRANSLATION POSITION

Figure VI-14 Servicer Mechanism Checkout Counterbalance System
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The counterbalance weights are segmented and can be added or removed in
increments. Use of this property permits counterbalancing the mechanism, with or
without the interface mechanism attached, more exactly in selected configura-
tions for specific tests. The entire counterbalance system is removed for flight

and thus only a minimum weight penalty results,

A weight statement for the servicer mechanism alone is shown in Table VI-9.
The total weight is within 3% of that for the pivoting arm of the first IO0SS.
This axial/near-radial configuration is longer, has more degrees of freedom,
and a greater module removal capability than the pivoting arm. The weight of
the mechanism deployment/stowage hardware has been included while the weight of
the docking probe, its retraction mechanism, and its stowage latches have not
been included. The joint weights appear larger than usual due to the inclusion

of the joint-to-arm attachment fitting weight into the joint weight.

Table VI-9 Servicer Mechanism Weight Statement

r END EFFECTOR/WRIST ROLL (2) 12.0
WRIST YAW JOINT (Y) 9.0
WRIST PITCH JOINT (W) 1.5
LOWER ARM TUBE 37
ELBOW JOINT (V) 21.0
FOUR BAR LINKAGE 16.0
SHOULDER TRANSLATION (U) 4.0
SHOULDER ROLL (T) 32.0
ELECTRICAL WIRING 15.0
INTERCONNECTING TUBE FITTING 6.0
STOWAGE DRIVE 4.0
DEPLOY LATCH MECHANISM 3.0

139. 2 pounds

To obtain a total flight weight it is necessary to add the weight of several
items to the weight of the servicer mechanism., These items include: the con-
trol electronics at 30 lbs, the stowage rack (Section C), the stowage rack
Orbiter flight support system (Section D), if appropriate, and the weights of

the modules to be flown.
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C. INTERFACE MECHANISMS

The module--or space replaceable unit--interface mechanism provides the
structural attachment between a module and the spacecraft or the stowage rack.
It also provides the alignment and mating/demating forces for the connectors.
The interface mechanism has two parts—--a baseplate which is fastened to the
module and a baseplate receptacle which is fastened to the spacecraft or to
the stowage rack. The baseplate receptacle is passive. The baseplate has the
linkages, cams, and rollers which latch the baseplate into the receptacle. The
baseplate mechanism is mechanically driven from the servicer end effector. The
interfaces of the interface mechanism are thus with the modules, the servicer

end effector, the spacecraft, and the stowage rack as discussed in Chapter V.

The first I0SS interface mechanism analyses and the serviceable space-
craft configurations of Chapter II were reviewed to identify a logic for
selecting a single interface mechanism as a standard. The data did not lead
to such a logic, rather it indicated that a variety of interface mechanisms
are possible and could be useful. The disadvantage of multiple interface
mechanism alternatives is probable higher cost. This analysis is summarized
in Table VI-10.

Table VI-10 Interface Mechanism Analysis Summary

SERVICEABLE SPACECRAFT CONFIGURATION AND MODULE DATA WERE
REVIEWED

FIRST 10SS INTERFACE MECHANISMS WERE REVIEWED

TWELVE DESIGNS FROM LITERATURE
TWO NEW DESIGNS

MANY USEFUL INTERFACE MECHANISM ALTERNATIVES CAN BE GENERATED
GUIDELINES POSTULATED IN THE FIRST 10SS STILL ARE VALID

THE INTERFACE BETWEEN THE SERVICER END EFFECTOR AND THE INTERFACE
MECHANISM SHOULD BE STANDARDIZED

INTERFACE MECHANISM RECEPTACLES MUST BE COMPATI BLE WITH THE
STOWAGE RACK STRUCTURE

WITHIN THESE GENERAL LIMITS, INTERFACE MECHANISM DESIGN ALTER-
NATIVE SHOULD BE PERMITTED

As the interfaces between the interface mechanism and the module and

the spacecraft both seem to lie within the spacecraft designer's usual
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responsibilities, it would be possible to leave these design aspects up to
the spacecraft designer. However, the interface with the servicer mechanism
end effector and its mechanical drive system would have to be standardized
across all interface mechanisms. Similarly, the method for attaching the
interface mechanism baseplate receptacle alternatives into the stowage rack
would also have to be standardized. In this way, a single——or few--stowage

rack designs could be used for all missions.

A set of module interface mechanism design criteria were prepared in the
first I0SS. These included a requirement for nonredundant module support so
that spacecraft loads would not couple into the module structure and so that
spacecraft or module structural deflections due to loads, thermal effects,
or one-g load relief would not couple into each other. This approach simpli-
fies the structural analysis. The arrow symbols of Figure VI-15 represent
the forces that can be reacted by, or transmitted through various types of
fasteners. The left hand side symbol represents two plates butting together
where only a compressive force can be transmitted. The right-most symbol
represents a bolt in a tight hole where all three force components in both
directions can be reacted. There are a number of useful configurations
that will provide a nonredundant fastening.

A NONREDUNDANT FASTENING SIMPLIFIES STRUCTURAL ANALYSIS AND DESIGN.

MECHANISM MUST REACT THREE FORCE AND THREE MOMENT COMPONENTS
INDIVIDUAL FASTENINGS CAN REACT VARIOUS FORCE COMPONENTS

Y

CAN REACT MOMENTS WITH TWO (PLANAR) OR THREE LENGTH COMPONENTS :
AND PAIRS OF FORCES ORIGINAL PAGE IS

THE FORCE AND LENGTH ALTERNATIVES CAN BE COMBINED INTO USEFUL OF POOR QUALITY
CONFIGURATIONS

MECHAN|SM/MODULE LOCATION ALTERNATIVES

BOTTOM SIDE I | DIAGONAL
e ‘
3
TOP SIDE AND SIDE AND TOP
BOTTOM

Figure VI-15 Interface Mechanism Configuration Alternatives
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The first I0SS resulted in the design and fabrication of two interface
mechanisms--one for bottom mounting, and one for side mounting. The sketches
near the bottom of Figure VI-15 are intended to show additional interface
mechanism location possibilities. Various nonredundant attachment configura-
tions can be used with each of the location alternatives. This wide variety
of potentially useful interface mechanism alternatives with no apparent approach
to selecting a "best" led to the recommendation for leaving it up to the space-

craft designer to make his own selection.

It is also felt appropriate to establish "standard" interface mechanisms
that a spacecraft designer can buy off the shelf if he desired. To that end
an analysis of module size and weight distributions was made to identify use-

ful standard sizes of interface mechanisms.

The first I0SS suggested the development of an interface mechanism as a
two-part kit in perhaps three sizes. These standard interface mechanisms
could be made available to spacecraft designers. Each designer could then
make his choice within his own set of design and economic constraints. The

following discussion provides a basis for selecting the three sizes.

Interface mechanism weight is an important consideration because of the
large number of replaceable modules per spacecraft. If the module support
mechanism is designed for the largest and heaviest module, the weight penalty

in using the heavy interface mechanism on lightweight modules may be too great.

Some serviceable spacecraft use very large or very heavy modules. However,
they are the exception and thus should not be considered for standardized inter-
face mechanisms. The spacecraft characteristics analysis verified the utility
of the 40-in. module as an upper bound. A large number of very small modules
were identified with one serviceable spacecraft design. It is recommended

that the smaller modules be grouped together for greater weight efficiency.

The concept of allowing outsize/heavy modules is most important. It is
often difficult to reduce the size of experiment--or mission equipment--
modules and these are the very items that are more likely to be less reliable
and thus need replacing. Additionally, the growth capabilities of the axial/
near-radial servicer configuration also argue for allowing large modules with

specially-designed interface mechanisms.
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The majority of the available information on module sizes and weights
from serviceable satellites was referenced in The Effect of Serviceable
Spacecraft Design on Servicer System Requirements, Martin Marietta Corporation,
May 1976. That information plus the module data for the TRW version of SEOS
resulted in data on 683 modules from 30 different serviceable spacecraft.
Eleven size categories were identified as: <15 in., 40 to 100 in. . >100"in.,
and eight others in a geometric progression from 15 to 40 inches. The modules
were then grouped into the categories based on the largest module dimension.
The number of modules per category varied from four to 180. The largest
number in specific categories were: 81 from Space Telescope were <15 in.,

165 from Geosynchronous Platform Study by RI were 22-25 in., and 60 from
Payload Utilization of Tug by MDAC were 28-31 in. There were no modules less
than 2.5 in. Only four modules were in the >100 in. category.

The resulting data is plotted in Figure VI-16 in cumulative form where
the abscissa corresponds to the largest dimension of the category; e.g-., 40
in. for the 35-40 in. category. The effect of the large quantities of modules
in specific categories can be seen. The 40-in. module size captures 92 per-—
cent of the total and still seems to be a valid upper boundary. The 26-in.
size nicely includes the large number of 25-inch modules and leaves about
one-third of the modules for the 40-in. size to capture. The third size
was selected at 17 in., which puts the three sizes in a geometric progression
and captures slightly less than one-third of the modules. It was felt desir-
able to have a size that would not unduly burden the very small modules and

thus the 17-in. size is slightly smaller than that for the 30% figure.
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The recommended interface mechanism standard sizes thus become--17 in.,
26 in., and 40 in. These correspond to modules no larger than a cube of the
indicated dimension. Modules of smaller dimensions can of course be accommo-

dated.

The module weight data is plotted in Figure VI-17 for most of the 683
modules. Data in three categories were deleted as the number of modules in
the sample were too small and the data was not believed to be representative.
Average weight for all the modules is plotted as is a weight representing an
upper bound for 90 percent of the modules in that category. Again, the empha-
sis is on being able to satisfy the major part of the requirement, yet not be
driven by extremes. Design module weight values have been selected to be
slightly over the 90% curve. These module weights are significantly less

than previously and are:

40 in. interface mechanism - up to 400 1b modules;
26 in. interface mechanism - up to 200 1b modules;

17 in. interface mechanism - up to 75 1b modules.

100 o
70 L
a
o
=
%‘o-
-
:
-
g 2|
]
e '
0.0085- Las/1n. > :
10 3 [ - ad M 1 )

g

10 20 4 7 100 200
MODULE WEIGHT (LBS)

- Figure VI-17 Module and Interface Mechanism Weights
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The shape of the weight curves is interesting in that the left hand
part of the average weight curves is reasonably represented by a constant
density (cubical modules) of 0.0055 1lbs/ in.3. This corresponds to the
average density of spacecraft such as Intelsat II, Fleetsatcom, and RCA
Satcom. The right hand part of the curves seem to represent an upper limit

on module weight of 500 lbs.
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Preliminary estimates of flight unit weight for the three sizes of
interface mechanisms in both the side- and bottom-mounting configurations
were made. The reference information was the weight of the interface mech-
" anism engineering test units delivered to NASA as part of the first IOSS.
These weights were adjusted for design improvements and flight qualifica-
tion. The weight for the three sizes was then estimated considering loads,
fixed end effector attach geometry, fixed connector travel, and fixed end

effector torque limits.

Interface Mechanism Weights (1bs)

Bottom-Mounting Side-Mounting
Size Receptacle Baseplate Receptacle Baseplate
17 in. 2.6 12.8 3.4 9.0
26 in. 3.5 17.0 4.5 12.0
40 in. 5.3 25.5 6.8 18.0

For completeness, the interface mechanism characteristics are shown in
Table VI-11. The interface mechanisms--both side and bottom mounting--were
designed to satisfy the requirements established in the first I0SS. Our
recent work has not indicated any need to update those requirements. The
totality of on-orbit servicer characteristics is addressed in this material
in three separate groups: servicer mechanism, stowage rack, and interface

mechanism.

Table VI-11 Interface Mechaniem Characteristics
HAVE STANDARD INTERFACE WITH SERVICER END EFFECTOR
BE COMPATIBLE WITH STOWAGE RACK STRUCTURE
ACCOMMODATE A WIDE RANGE OF MODULE SIZES AND MASSES
BASEPLATE TRANSMITS ALL FORCES AND MOMENTS
ACCOMMODATE A RANGE OF CONNECTOR TYPES AND FORCES
ACCOMMODATE MISALIGNMENT IN SIX DEGREES OF FREEDOM
SMALL AND LIGHTWEI GHT

BE COMPATI BLE WITH OPERATION BY ASTRONAUT

PROVIDE NONREDUNDANT MODULE SUPPORT

ALLOW FOR THERMAL AND STRUCTURAL DEFLECTIONS
PROVIDE A TWO-STAGE ENGAGEMENT--CAPTURE AND LOCKUP
PROVIDE SEPARATION FORCES

o PROVIDE POSITIVE LOCKUP DEVICE

Our spacecraft and servicer requirements work indicated that a variety

of interface mechanism designs should be permitted providing they each satisfy
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the appropriate characteristics of Table VI-11l. Three sizes for each of
the side and bottom mounting interface mechanisms were derived above. It is
recommended that these sizes be made available for those spacecraft designers

who elect to use them.

The characteristics shown provide for separate structural analyses of
module, spacecraft and stowage rack and avoid stresses due to thermal deflec-
tions in the mounting structures. The concept of having a mechanical drive
interface in the end effector which avoids electrical interconnections and
the concept of all latching forces being contained in the interface mechanism

are felt to be significant in terms of evolving a workable system.

A bottom—-mounted SRU interface mechanism based on an MSFC concept and
a side-mounted interface mechanism were designed as part of the first IO0SS
and engineering test units of each were built and delivered. They are shown

in Figures VI-18 and 19.
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Figure VI-18 Bottom-mounted Interface Mechanism Engineering Test Unit
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Figure VI-19 Side-mounted Interface Mechaniem Engineering Test Unit

The space designs from which these two engineering test units were
adapted satisfied all of the interface mechanism characteristics of Table
vVi-11.

A hardwire connection between the servicer and the satellite is required
to perform several functions: 1) control spacecraft power; 2) verify module
connector engagement; 3) verify interface mechanism engagement; 4) verify
power — ON in modules before undock; and 5) control spacecraft attitude con-
trol system. It is necessary to be able to turn spacecraft power off so
that arcing does not occur at the connector when modules are being replaced.
It is also adva?tageous to be able to verify that connector continuity exists,
the interface mechanisms are fully engaged and that the modules are receiving
power before the servicer is undocked. Satellite checkout is recommended to
occur after undocking and will use the normal ground control techniques used

for initial satellite deployment.

Rather than have the hardwire connection made as part of the docking
operation, it was decided to mount the connector, with a cable to the docking

probe, on a shortened interface mechanism, as shown in Figure VI-20. The
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servicer can handle this interface mechanism just like any other interface
mechanism while allowing for the length of the interconmmecting cable. The
connection is made after docking is complete, but before module exchange
starts and the connector is stowed on the docking probe after all modules

have been exchanged and before undocking.

o Connector mounted on short interface
mechanism

e Servicer handles connector

e Connector stows on side of docking
probe

o Short cable to docking probe

Figure VI-20 Servicer to Spacecraft Hardwire Comnection

To keep the number of pin connections down, it is suggested that the
multiplex, or data bus, approach be used. This system would be basically
separate from the satellite data bus system so that it can be operated with
satellite power off. The multiplexer power would come from the servicer.
The multiplexer signals would go to each spacecraft module connector, to
the spacecraft power terminals within each module, and to a microswitch at
each interface mechanism. Multiplex connection to control (on/off/standby)

the spacecraft attitude control system can also be made.

Should more extensive satellite checkout be desired before undocking,
then additional separate connectors and cable systems, mounted in the same
interface mechanism, can be provided. These additional connections would

be routed through the servicer to the carrier vehicle (Orbiter or Tug).
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D. STOWAGE RACK

The purpose of the replacement module stowage rack is to provide struc~
tural support for the replacement modules during launch and reentry as well
as for the servicer mechanism and docking probe as shown in Figure VI-2.

Its design is complicated by the uncerta{ﬁty in the number and weight of
modules that will be carried to orbit on specific missions. The service-
able spacecraft analysis of Chapter II did provide certain guidelines which
are given in Table VI-12. A review of average parts factors from the first
I058 and average densities leads to a high design margin in terms of volume
available for a single spacecraft servicing. -  This. calculation used a stow-
age rack diameter of 14.7 feet and a length suitable for ons tier of 40 in.
‘modules. Statisticdl variations in parté factor, demsity variations, space-
craft weight, and the desire for multiple spacecraft servicing will all

reduce the margin for specific missions.

Table VI-12 Stowage Rack Design Guidelines
1 DESIGN TO BE COMPATIBLE WITH SERVICER MECHANISM

Module replacement direction

Alternative forms of modularized servicer mechanism
Provide for servicer mechanism stowage

Provide for docking probe stowage ’

PROVIDE 40-in. AXIAL LENGTH TO ACCOMMODATE MODULES
USE MAXIMUM ALLOWABLE DIAMETER = 14.7 ft
PROVIDE ONE TIER OF MODULE STOWAGE
- Average volume margin = 6.5
SELECT STRUCTURAL TYPE FOR MINIMUM WEiGHT

DESIGN TO BE COMPATIBLE WITH VARIETY OF INTERFACE MECHANISM
CONCEPTS !

IT MAY BE DESIRABLE TO HAVE MORE THAN ONE STOWAGE RACK DESIGN
JO MINIMIZE TUG MISSION WEIGHT :
Note that the stowage rack configuration was defined after the servicer

configuration was selected as noted in Chapter V. This approach is more
logical and has fewer pitfalls than forcing the servicer mechanism configura-
tion to accommodate to arbitrarily selected ‘stowage rack requirements. The
selected approach results in interesting results such as radial module removal

from the spacecraft and axial module removal from the stowage rack.

The major comntributor to servicer system-weight in the first T0SS was

the stowage rack. Thus its design was examined more carefully in this study.
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While our initis1 considerations left open the possibility of heavy, low-cost
stowage racks for Orbitel missions and lightweight, higher-cost stowage racks
for Tug missions, it was found that a single lightweight design could be

developed for both applicatioms.

The on—orbit servicer has been designed to satisfy the requirements
estaplished in the first I0SS contract and as updated by the Chapter TI anal-
ysis. As noted in Chapter V, those requirements have been divided into four
groups: system level, servicer mechanism, stowage rack, and interface mech-
anism. The groups are compatible and are reported on separately in this
material in terms of system characteristics. Those for the stowage rack are

" 1isted in Table VI-13. The stowage rack configuration has been selected for

a direct interface with the full capability tug (FCT) at its forward spacecraft
attach ring. .Compatibility with the Orbiter is obtained by. addition of a
flight support system which is described below. Compatibility with the Earth
Orbital Teleoperator System (EOTS), the Interim Upper Stage (TUS), the Solar
Electric Propulsion System (SEPS), or other applicable upper 'stages will be
accomplished by adapters. The basic premise of a 176 in. diameter cylinder
should make the stowage rack readily compatible with most of these carrier
vehicles. In the case of the smaller EOTS a special stowage rack may be

more appropriate.

Table VI-13 "Module Stowage Rock Characteristics
o COMPATIBLE WITH OPERATIONS AT ORBITER, TUG (fUS, FCT), EOTS

» MULTIPLE SPACECRAFT CAPABILITY PER MISSION
s PROVIDE FAILED MODULE TEMPORARY STOWAGE
o PROVIDE MODULE ENVIRONMENTAL CONTROL
- Thermal, Radiation, Contamination
o WITHSTAND ORBITER CRASH LOADS
o BE éOMPATI BLE WI1TH ORBITER/TUG/EOTS ELECTRICAL POWER
o STOW MODULES OF THE FOLLOWING SIZE CHARACTERISTICS

Large -- 40 x 40 x 40 inches - 400 Ibs
‘Medium -- 26 x 26 x 26 inches - 200 Ibs
Smaly -- 17 x 17 x 17 inches - 75 ibs

& REPRESENTATIVE MODULE COMPLEMENT
40 in. size -3*
26in. size -5
17 in. size -4 . .
*One of these spaces is left open for temporary module stowage

¢ LIGHTWEIGHT
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The module sizes and complement shown are intended to be representative
of a typical upper bound mission. Many spacecraft will require fewer modules
for a single repair mission. There are no constraints on which modules may
be used first. For each speoific mission, the module complement must be identi-

fied and the interface mechanism receptacles appropriately located.

The Orbiter crash loads have again been found to be the critical strength
requirement. The degire for a lighter welght system has resulted in a quite
different approach to the stowage rack structure design. It must be remembered
that outsize modules, different styles of 1nterface mechanlsms, or other‘spec1al
requirements may make it a necessity to design other stowage rack configurations.
However, the concepts and approaches used in the following should aimplify the

design process.

[

The representative set of 1l modules and one temporary stowage location
identified in Table VI—13 are shown in Flgure VI-21. The basic stowage rack
configuration is a truss work con51st1ng of four frames that ceonnect the
central transition fitting to the c1rcumferent1al tug structure and which
" supports the modules through the interface mechanisms. The servicer mechanism
attaches to the'tranSition fitting. 'THe outer ends of the four trusses are

stabilized to the tug structure ‘through sets of braces.
et \ TUG STRUCTURE

I
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TRANSITION FITVING TEMPORARY STOWAGE LOCATION

Figure VI-21 Representative Module Set in -Stowage Rack
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The weights for the various modules shown in the figure are those used
in the stressnanalysis and are adequate for 90 percent of the modules‘as was
identified above. The module plan view gizes are shown. The depth of the
modules can be anything up to 40 inches. As the interface mechanism receptacles,
or guides, mount to the upper and lower beams, they must be long enough (or
have support extensions) to span the 40 inch digtance between these beams.
The module temporary stowage location was made as large as the largest module
carried. Each failed module is first stored in the temporary location and
then moved to the good module's previous location. This opens up the temp-
orary location again. It, of course, can be used for temporary stowage of
smaller modules as the guide spacing is compatible for ali side mounting

interface mechanisms.

The truse structure and module configuration cshown are appropriate for

" axial module replacement (which does not imply only axial module replacement

in the spacecraft) and the side mounting interface mechanism. Radial module
stowage and/or use of bottom mounting interface mechanisms would require

adapterg or a different truss configuration.

The stowage.rack truss design is shown in Figure VI-22, It is made up
of four identical trusses and a central box. The figure shows a side view
of one truss, an end view of a second truss, and a partial side view of a
third truss, as well as the cgentral box structure. ALl four trusses are
identical. The servicer mechanism mounts to the tignsition fitting at the
top of the central box, The main truss elements are the upper and lower
box. beams which also provide the attachments for the_interface mechanisms.
The upper and lower beams are cross—braced and suppofted Jaterally at the
outer ends. The outer ends of the lower beams mate to the full capability
tug (FCT) spacecraft attach points as do the lateral braces. 'The lateral
braces are tied to the outer end of the lower beam with column members.
A@éi;igﬂai'column members tie the inner ends of the lower beams to the outef

£

. f
ends of the lateral braces,

Attachment of the stowage rack trusses to the FCT is via 12 of the 16
spacecraft deployment fittings, one of which is-shown in Figure VI-22Z.
These are hydraulically powered. This feature may be disabled for any tug
flight where it is intended to return the servicer, or they may be retained
as an emergency backup system should the servicer fail to stow itself at
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Figure VI-22 Stowage Rack Design

r

the completion of the servicing activity. Note that the cost analyses of
Chapter IX indicate that it is cheaper to leave the servicers and stowage

racks in geosynchronous orbit.

- A-stress analysis was used to aid the stowage-rack design process and
to determine member sizes and thus weight. This analysis is capsulized in
Table VI-14. ‘A review of the first I0SS stowage rack design requirements led
to the decision to delete the requirement for Orbiter crash landings with a
spacecraft mounted to the front of the stowage rack. This is a very unlikely
event and can be accommodated with epecial structure in the Orbiter if the
special case should arise. It was also decided to avoid the need for a skin
around the outside of the stowage rack if possible as that approach resulted

in a-relatively heavy stowage rack in the first I0S8S study.

The general criteria for the stowage rack and a representative module
complement are defined above. A single 400- 1b module mounted at the middle
on one side of a truss was -also considered as a design load condition. As
with most lightweight truss. type structures, beam column and local skin
buckling effects were found te be significant. The Orbiter crash loads

sized most members.
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Table VI-14 Stowage Rack Stress Analysis
& MODULE COMPLEMEN} o

- Three 400-Ib maodules
- Five 200-1b modutes
~ Four 75-1b modules

o CONDITIONS

- Full capability tug attach points
- Tension, compression, beam column, and local buckling effects
~ Worst combinations of madule locations

o. LOADS

- LXRT docking interface moment
- Orbiter launchand reentry load:
- Qrbiter crash loads

¢ RESULTS

- Critical conditions were column and local buckling
- Margins of safety

« 9 to 30 percent for crash loads
o AD percent for operating loads

Use of standard sizes of tubing resulted in the margins of safety,xbaSEd

on material ultimate streﬁgth, shown for crash loads. The conventional 40%

margin of safety was used where the operating loads were critical.

The stowage rack was designed to mount directly to the full capability
tug as that application is significantly more weight critical than is the
Orbiter application. A configuration for an adapter between the stowage rack
and the Orbiter is shown in Figure VI~23 as it would be in the launch and
return parts of a low earth orbit servicing mission. The module stowage rack
mounts to a large ring using the same attach locations as for the tug. A
gimple bolt-on attachment rather than the conical pin system of the tug is
planned. The large ring is comnected to the truss structure through a pair
of pivots (one near each Orbiter cargo bay sill). A launch/return position
latch is used to hold the ring in its proper position during these mission
phases. The truss uses four cargo bay sill attachments (two on each side)

and a keel fitting to transfer the servicer loads to the Orbiter structure.

The sill attachment spacing is- such that the remotely operated attach-
ment fittings can be used. These fittings are provided.as part of the Orbiter
system. Their use will permit release of the entire servicer system and

jettison should the servicer system ever fail in a mode which prevents closing
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Figure VI-23 Stowage Rack to Orbiter Adapter - Launch/Return Configuration

the cargo bay doors. Use of the remotely operated fittings also permits launch
and return of the servicer in omne cargo bay location and use of it in ancther
cargo bay location. It can be moved from one cargo bay location to another

by, the shuttle remote manipulator sys-tem (SR¥S). The SRMS handling lobe is
shown. Shouid the servicer location be changed in this way, then it will be
necessary to remotely break and make the necessary electrical connections.

The latches shown-are to be eiectrically éperated from the Payload Specialist

Station on the Orbiter aft flight deck.

The stowage rack is rotated from the launch/return configuration to
the operational configuration, as shown in Figure VI-24, by the Shuttle remote
manipulator system. Usé of the SEMS avoids the need for a separate
actuator. An operation position latch is used to hold the large ring and
stowage rack with respect to the adapterttruss during module exchange. The
operational loadé are small (mainly inertia reactions to firing of the Orbiter
attitude control s&st;m engines) and thus a single latch is felt to be adequate.

However, a second latch can be provided if it is necessary.

A preliminary assessment of the SRMS reach and viewing capability was
made and it appears that the servicer can be located as far forward as shown.

The forward location is desirable so that the module exchange operation can
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Figure VI-24 S%owage Rack to Orbiter Ad&pter ~ Operational Configuration

be viewed directly and closely from the cargo bay windows of the aft flight
deck. This direct view cannot be used for control of the module exchanée ‘
process Because the servicer control panel is at some distance from and to
one side of these win&owg. However, they can be used by a second astronaiit

for monitoring or problem assegsment.

The forward operatlng location is also de51rab1e so that the SRMS
operator can view the servlcer docking probe whemrr he is docking a.failed
spacecraft to the servicer as well as during deployment of a repaired

spacecraft.

A weight statement for the stowage rack with a complement of 12 inter-
face mechanism guides, is shown in Table VI-15. The total weight is 175 1bs
or 36 percent less than the welght of the first T0SS stowage rack. As can
be seen the major welghtAeont;Lbutors are‘the main beams and the interface
mechanisms. Should fewer tﬁan 12 inferface mechanisms be required on a

mission, the extras can be removed and the weight appropriately reduced.

It is important to minimize the weight of the basic stowage rack as it
goes to and returns from geosynchronous orbit where the per pound launch

costs are high. It is not so important that the adapter to the Orbiter (or
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Table VI-15 Stowage Rack Weight Statement

STOWAGE RACK ADAPTER JO ORBITER
‘ Ring Frame 112

Center Support 12.5 a0

‘ Upper-Main Beams ‘57,7 ﬁas!c Ta;na;né]le 153
Lower Main Beams 63.8 B?;L?Sn a) Beams gg
Outer Tubes 22.8 R .
Lateral Tubes 3.6 Fittings and Mechanisms 81

" Fittings and Fasteners 42,6 482 pounds
Interface Mechanism
Guides (12 56.5
308. 0 pounds

flight support system) weight be minimized ‘as the cost to low earth orbit and
return is not so important. For these reasons, the'desigﬁ of the’adapter to
the Orbiter has not been Weight optimized. It is recommended that a ‘brute’—

force approach be used to save design and test costs whlle ensurlng adequate

safety marglns

The servicer mechanism and control electronics weights are shown in

Table VI-9.

A representative set ‘of modules was .selected for each of the three
spacecraft described in Chapter . These were then fitted into the stowage
rack, one set at a time, to determine if there were any preblems. Tt was
found that two sets of modules for elther the DSCS~IT or the SEOS could be
accomnodated in the stowage rack. There were some difficulties with the CLO,
but one set of CLO- replacement modules could be accommodated. in the stowage

rack.

A representative.set of modules was selected for a Defense Satellite
Communications System - Phase II (DSCS iI) maintenance mission. The selection
wag based on including fhe most difficu}t module {SRU) to store, one of each
type of module, and a parte factor which is representative for this class of

spacecraft. The space replzceable units. (SRU) or modules selected are:

SRU MODULE TYPE Weaant
1 Communications , ) 65.4
5 Telemetry, Tracking: and Command 591
6 Attitude Control 66.7
8 Stationkeeping/RCS-Loaded 449.,7
10 Reaction Control - Loaded 200.8
12 Electrical Power 66.0
TOTAL 907.7 VI-49



The largest and heaviest SRU on the DSCS II is the loaded stationkeeping/
RCS module. The resulting parts factor is 0.37, which is a little high for
communications satellites. The large parts factor is due to including SRU 8.
This SRU would not normally be replaced as it has been sized .to have enough

propellant for the full 10-year mission duration.

As can be seen from Figure VI-25, the modules are easily accommodated
in the stowage rack. There is sufficient room for a second set of DSCS IX
modules so that two spacecraft could be serviced on one mission. The modules
shown have been located only from gedmetric and stowage rack strength con-
siderations. However, there is sufficient room to allow for additional con—
straints such ag center of gravity control on the tug part of the mission.
The SRUs may be located back-to—back or slightly offset from each other as
may be desired. In general the communications spacecraft missions are not

very demanding on stowage rack volume.
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Pigure VI-25 Stowage Rack - DSCS IT Maintenance Mission

A representative set of modules was selected for a Synchronous Earth
Observatory Satellite (SEO0S) maintenance mission using the same criteria as
for the DSCS II mission. The selected space replaceable units (SRU) or mod

ules are:
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SRU MODULE TYPE WEIGHT

LBS.
1 Communications Equipment 163
4 - Reaction Wheels ard ETéctronics 80
8 E1ectr%ca1 Power Equipment 101
11 Meteoro]og1ca1 Instruments "and 189

Radjator Panel
13 Sensor Electronics Equ1pment 50
15 Propu]s1on ‘ 281
TOTAL. 864

The SEUS modules.are -generally smaller and slightl&_heavier than the
DSCS II modules. The two SEOS instruments péseﬂé‘challenge in that their
radiators exceed the 40-in. dimension'thaﬁlis used as a normal upper limit
for module size. However, because of thefbrientation of the radiators:with .
respect to the interface mechénism,‘it is possible to handle and stow these
putsize instruments. The parts factor fér'tﬂé above complement of modules
is 0.16. This compares favorably with-the 0.15 parts factor® used in the

first I0SS for this same satellite.

As can be seen from Figure VI—Zé, the selected complement of modules
is easily accommodated in the stowagé rack, WNote the large frontal area
that must be allocated for temporéiy stowagé of thé meﬁeorological instru—
ments module with its large radiator panel:.”'As with the DSCS-IT, there
appears to be adequate room for a second set of méduieé S0 théf two SEOS
spacecraft could be serviced on one mission. The stowage rack volume ‘is
also adequate for servicing one DSCS-II and one SEOS on the same mission.
The. module locations shown on the figure can easily be adjusted to provide
center—of—graviﬁy control’ for the tug portion of the mission. From the com— *
munications satelllte (DSCS II) and the geosynchronous earth observatory
(SEOS) evaluatlons, it appears that the selected stowage rack configuration

is suitable for most -geosynchronous maintenance missions.

A representatlve set of modules was selected for 'a’Characteristic Large
Observatory (CLO) malntenance mission u81ng the same criteria as for the
DSCS II and SEOS missions. The selected_space replaceable units {SRU) or

modules are:’
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SRU

5
7
11
15
17
21

The CLO modules selected are generally larger and heavier than either
the DSCS II or SEOS modules and one extra module has been selected.
parts factor is 0,062 which-is less than the 0.09 value used for HE-11-A
in the first I0SS but quite comparable with the 0.06 used for the similar
in Figure VI~27 four modules exceed the 40-in. dimension

HE-01-A. As shown

limit., SRUs 15 and 17 can be fitted in because the large dimensions do not

occur in the interface mechanism direction. SRU 2 is slightly long in the
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MODULE TYPE WEISHT

Etectronics and Gas Storage 150
Electrical Power Equipment 201
TDRSS Gimbaled Antenna and Electronics 79
Reaction Wheel and Electronics 111
Focal Plane Crystal Spectrometer 274
Imaging Proportional Counters 444
Aspect Sensors 87
TOTAL . 1346

]
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direction of the interface mechanism, but it could be mounted so that it pro-
jects through the truss work into the open space behind the stowage rack.
The interface mechanism for SRU 2 probably should be limtied to the normal
40-1in. )

ORBITER ADAPTER STRUCTURE —— et ~TEMPORARY STOMAGE LOCATION
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Figure VI-27 Stowage Rack - CLO Maintenance Mission

The TDRSS antenna and its module, SRU 7, is 65-in. long and thus will
not pass through the 60-in. spacecraft to stowage rack separation distance.
The approach is to recognize that SRU 7 (and SRU 8) is mounted on the out-—
side of the CLO with no exterior structure. The concept is to use a shorter
interface mechanism length, say 26 in. Then the module can be moved axially
until the interface mechanism ig’disengaggd. There is adequate separation
distance for this. Then the SRU would be moved out radially to clear the
spacecraft where it ean be‘flipﬁed énd‘for'end. It could then be maneuvered
radially Within.the‘separation distance agd arougé the-stowage rack truss
work to the temporary stowage location. These kinds of approaches make it

possible to handle outsize modules.

Stowage of replacement modules for the CLO is a much more demanding task
than were the DSCS TI or SFOS modules. However, it is possible to handle
any oﬁ the CLO modules and to stow a reasomnable complement of them——30 percent
or the 24 SRUs or 35 percent of the total SRU weight.

T
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E. DOCKING SYSTEM CONSIDERATIONS

The effect of the docking system on servicer system design was reviewed
and the six aspects of Table VI-16 were ldentified as possible impacts. If
on-orbit servicing becomes a significant mission for the Space Tug, or its
equivalent, then the needs of servicing should be strongly considered. Each
of thé five modular forms works best with a central docking sysfem and some
cannot work with a peripheral system. However, it is possible to use outboard

stiffening struts (3 ox 4) and then for the servicer to reach between them.

Table VI-16 Docking System Effect on Servicer System Design
¢ SYSTEM TYPE )

- Central, small systems are preferred

- OQuthoard stiffening struts can be accommodated

RELATIVE ENERGY ABSORPTION
. = Space is available for shock absorbers in three conﬁgurataons
- Adaptation required for the two radiai-only configurations

‘s MULTIPLE OPERATION MISSIONS AT-HIGH EARTH ORBIT
- Deploy before service-is compatible
- Multiple servicer is compatible
- Retrieval not compatible with servicer return

ACCURACY
- Can-be made acceptable
- Errors can be measured

PROBE ST!FFNESS
- Adequate for servicing small spacecraft
- May require additional support for large spacecraft

o SENSORS
- Few, small sensors required
~ Docking TV camera can aid servicing

A docking system mechanism will be provided to absorb the relative

energy between the servicer and satellite during contact. Three of the
gservicer configurations provide at least 24 inches of space for this func-
tion. However, the radial-only configﬁrations {2) have reduced the separatiom
distance to a min;mum. For these two configurations, either the separation
distance can be increased or the docking cone can be recessed into the space-

craft.

While multiple operation missions (deploy, retrieve, and service) can
be readily accomplished at the Orbiter, some combinations do not appear

possible for high earth orbit missions.

Preliminary calculations indicate that a nine inch diameter docking probe
will provide adequate‘stiffness for large spacecraft docked to the Orbiter.
Should additional analysis later prove otherwise, the large spacecraft can
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be stabilized by using several outboard stiffening struts from the stowage
rack to the spacecraft. Consideration can also be given to use of the Shuttle
remote manipulator system to support the spacecraft laterally. The two-

manipulator Orbiter configurations may be more appropriate for this application.

The serviceable spacecraft designs nominally avoided interference between
appendages and docking by locating the solar arrays and antenna booms perpen—
dicular to the docking direction. An alternate TRW design of the DS? satel-
lite used a single solar array located on the opposite side of the wvehicle
from the docking cone. This method has the disadvantage of asymmetric solar
wind loading forces on the spacecraft. Where arrays are located normal to
the docking direction, the use of longer booms or designing the array with

cutouts may be used to avoid violation of the docking excursion envelope.

Slightly more than half of the spacecraft designs of Chapter IT did
not provide for retracting appendages. The proportion of nonretracting
designs was higher for the low earth orbit spacecraft. This is the opposite
of what might be expected. Extended appendages could be a hazard to the
Orbiter. The possible interferences are less for Tug based servicing. However,
the main rationale for an appendage retractiom capability is to be able to
return the spacecraft to earth. This capability can alsc be obtained by in-

corporating a method of severing the appendages in an emergency.

The Space Telescope design includes a manual override for retraction of
appendages by a suited crewman under contingency conditioms. This capability
is readily adaptable to operation using the servicer end effector in a

manner similar to that discussed for the CLO thermal blankets in Chapter IV.
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VII. SERVICER CONTROL SYSTEM

This -chapter will present the-important considerations that were addressed
.in-evolving the servicer control system design and: will describe the proposed

design.

The control system is a vital 1ngred1ent in satellite serv1c1ng Its
‘design'is 1nfluenced dlrectly by the servicer arm configuration and with good
de31gn if can be made to exp101t ‘and ephance the mechanical design features
in order to achieve simplicity, yet maintain all desifed capabilities. The
control system is also important .in that it provides the interface between
the servicer and the operator. Consequently, human factors aspects.under

operational conditions must be considered as well.

The servicer system’ configuration for which the controls in this chapter
are designed has beed selected préviously in Chapters III and V. ‘Detail -
mechanical design of the arm is depicted in Chapter VI. The culmination of
all the design dctivities is the simulation demonstratiod déscr?ﬁed in thée

r

next chapter, VIII. : ’ . g '

"In the discussion that follows, the general approach for the design process
will be presented first. The key requirements impacting controls design are
discussed next. The conceptual design derived in earlier studies will be intro-
duced and‘expanded upon. Iwo major servicing characteristics that influence
controls design directly--the trajectory sequence and the reference coordinate
systems-—are defined in detail. TFinally, the controls related hardware selec—
tions that evolved from the design process are described. The chapter is con-
cluded with a description of how each of the three proposed control modes would

be utilized in an operational scenario.

Before proceeding into any details, it is important to emphasize some
unique features of the servicing task that‘have influenced all aspects of the
servicer design but have particularly enhanced the control system. The first
such feature relates to the fact that all the elements of the servicing task
are completely and accurately defined prior to the flight. The stowage rack
physical dimensions and envelope are very accurately known; the spacecraft has,
of course, been dimensioned in detail prior to flight. The vehicles are aligned

within 0.1° (1o) in all axes by the docking system on orbit. Consequently, all

VII-1


http:important.in

the module locations and hazards are kmown ahead of time. This permits complete
trajectory and sequence definition prior to flight. This is an obvious advantage
to the control system which must implement the necessary steps to complete the
exchange. Simple, accurate, automated sequences are possible (remove, flip,
relocate and insert). Also, a wide range of ground-computer aided visual simu-
lations can be devised when explicit detail of the physical elements is known

*

beforehand.

Another unique feature is the distinet cylindrical geometry of the stowage
rack as well as many of the spacecraft. The center of the servicer arm is
conveniently mounted on the axis of the cylinder. The radially mounted modules
extract ideally along the radius direction of the cylinder while ‘the axial
mounted modules extract along the other coordinate--the axial direction——of the
cylindrical elements. The control system has been configured to exploit this
geometry, permitting the trajectory to be broken into simple sequences that

minimize the need to drive more than one joint at a time.
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A.  APPROACH

The approach that was followed in this study's setvicer controls design may
be better understood if the overall control system development plan is examined
first. In Chapter V, the overall servicer development plan was introduced and
discussed. From that plan, the control system development plan has been
extrapoiated. Flgure VII-1 shows the important activities and milestones
that are envisioned to ultimately bring the servicer control system to a state
of readiness for Phases C and D. The study that is documented in this'report
shows up on the-figure as the I0S8S Follow-on. The time span is from February
1976 to March 1977. This period represents an important part of the effort
leading toward control system development. Note that at the beginning of this
phase a controls trade study had already been completed and a control system
concept proposed. This shows up in the "output teardrop" summarizing the con-

trols related conclusions fxrom the first TO0SS.

1 1975 1376 1971, 1978
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The servicer control system design had a first evaluation and verification
in the functional hard mo&kup simulation demonstration of the I0SS follow-on.
This is described in the next chapter, VIII. A still further step in development
will be taken during the contract extension shown on the plan. Breadboard elec—
tronics will be designed and fabricated for controlling the servicer engineering
test unit (ETU). The output of that phase will be a demonstration of two modes
of control of the 6 DOF servicer arm and electromics. A third mode of control,
manual augmented, will be evaluated during this same extension period as part
of an IRAD that is investigating man's role and capabilities in remote control
of on-orbit maintenance activities. The result, then, at the end of the contract
extension is delivery to MSFC of the ETU and a fully-checked out control system

in all three proposed modes of control.

The next phase of development, shown for 1978 and beyond, utilizes this
- tool in the MSFC demonstration facility for a number of development test activi-
ties, many of them controls related as seen by the list in that block. The
eventual outcome of this phase will undoubtedly be a number of changes and
improvements together with an increase in confidence in the capability of the

evolved design to successfully control an on-orbit servicing system.

The remaining discussion will be concentrated on how the deéign evolved
during the I0OSS follow-on, what that design is and how it should be used. The
specific approach that was followed to arrive at this is illustrated in Figure
VII-2. This figure depicts the various decision points in the control system
design task and their interrelationships. The order of their completion is
gererally from the top down on the figure. Essential prerequisites are:

(1) a compilation of all requirements from Chapter II that affect the controls,
and (2) selection of a candidate arm configuration; see Chapter ITI. With

these as a base, each of the areas on the chart will be discussed in more detail
in this chapter. Two relatively independent and parallel sequences of tasks
should be noted on the figure. One involves establishing optimum trajectory
sequences. This, in turn, permits development of timelines and the accompany—
ing acceleration and velocity of the joints. These will be discussed below
under D. The other path depicts definition of the selected control modes—-
manual vs automated, or some combination in between--followed by selection of

the coordinate reference frame(s) in which the arm and the module will be driven.
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These are discussed in sections C and E, respectively.

frame is strongly influenced by wvisual requirements.

The coordinate reference

The focal point for all these activities is the hardware definition activity.

The motors, feedback sensors, controllers, displays, and electronic design take

shape at this point and become mated in an integral system configuration.

will be discussed in section F.

This

With the hardware defined, the next level of activity-includes a stability

analysis, definition of hazard avoidance techniques and of

correction methods, and redundancy requirements.

failure detection/

The final step in the approach is the simulation and demonstration activi-

ties.

where design changes or improvements are required.
Chapter VIII.

These are essential in verifying the selected designs and determining

They will be discussed in
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B. CONTROL SUBSYSTEM REQUIREMENTS

The overall servicing system requirements were introduced in Chapter II.
Not all requirements are pertinent to the controls subsystem. Those that are,

plus any others not previously defined, are documented here.

1. Mission Derived Requirements

The key mission related requirements are shown. These dictate the
replaceable module sizes, weights, and locations and define the potential
carrier wvehicles for .the servicer—--Orbiter, geosynchronous carrier vehicle, etc.
Automated servicing must be a consideration for potential military missionms.

It is possibly the only effective means of control at high orbits where data

and communications are limited.

a One module handled at a time

o' Module size - 40-in. cube max

‘e Module weight — 700 1bs max

e Axial and radially mounted modules

e Up to 25 modules/flight

e Varying sizes and Wéights on a flight
e More than one spacecraft/flight

e Maximum orbit - geosynchronous

& Compatible with Shuttle bay mounting

e Provide for manned monitoring of operations

2. Servicer Related Requirements

This next level of requirements becomes defined as the servicer system

design begins to evolve. Those relevant to controls are:

® Stow and unstow servicer arm

¢ Provide hazard avoidance

e Provide failure detection consistent with safety/
redundancy

e Remote control compatible with TV transmission rate
as slow as three frames/minute

e Arm accuracy - *1.3-in. radial, +0.75-in. axial
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Servicer accuracy must be established to design. the module cavity enﬁelopes
and attachment mechanisms. The control system plays a key rcle in achieving safe
operation by providing hazard avoidance and failure detection functions. Ser—
vicer interface definition finds constraints arising such as, data transmission
rate limits, These can drive the ferm of the control system and its capabilities.
For example, the Tug carrier vehicle at geoeyncﬁronous orbit can transmit no more
than 50 kbps of data. This limits the refresh rate of typical TV plctures being
transmitted on that line to three per minute. Thls is a dominant factor in
effective manual control of the servicer from the ground. The controls must also
provide for arm stowage. bertain.spacecraft modules may fequiie unique and aceur—
ate alignments with respect to the spacecrafﬁl The corntrol system will have to

provide the bulk of this requirement.

3. Controls Related Requirements

In this category,of requirements are those that, though they may be
derived from higher level requirements, are in a form specifically directed at
the control system design characteristics. There are also requirements in this
category that are independent of the miesion or servicer sﬁstem but.are just good
engineering design goals for any control system. 1In this category are the stebil—
1ty and phase marglns, those shown being typical for most control systems through—
out the industry. The coordinate transformations are an integral element of the

control system and easily 1mp1emented within the control system hardware.

Provide manual backup control modes

®

e Provide all coordinate transformations

® Provide compatibility of controls and visual displays
e Control loop gain margin, >6 dB

e Control loop phase margin, >30°

4, Effect of Servicer Mechanical Design on Controls Requirements

The preferred servicer arm mechanical configuration presented in Chapter
V1 has some unique characteristics that have a definite effect onthe controls

design. The key mechanical characteristics are:

o BSix independent controllable joints
- four backdriveable joints

- two spring preloaded joints
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® TFour bar parallelogram linkage for longitudinal drive
e Module locations and trajectories correlate to cylindrical
coordinates

*

® Both radial and axial removals with common configuration

To elaborate on some of the above; backdriveable joints permit arm motion
to be cdmmanded from a single, or at most, two joints, while other axes "float
free" during a module retraction and insertion. This presents a good potential

for simplifying the controls.

The four bar linkage, while simpler than a translational drive for -+ and
-X motion, does require some coordinated joint rotation to accomplish a pure
translational motiom at a constant radius. This can be done in the controls
mechanization. During module insertions and retraction, this can be maintained

through backdriving of those joints as well.

The backdriving feature in four of the degrees of freedom and the spring
preloaded strain relief in the remaining two permit the arm and its segments to
be relatively stiff, which simplifies stability and allows good response and
accuracy of controls, yet does not impose any severe strains on any elements of

the arm. )

The mechanical configuration of the arm can be the same for either the

radial or axial exchange tasks; however, the relationship between hand controller

axes and any visual sygtem requires a change in the electronic mixing of the

command signals from one configuration to another.
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C. CONTROL MODE SELECTION/DEFINITION

As pointed out earlier, the previous servicer'study phase had done a trade
study and selected an overall concept for control. That selection should be
reviewed before discussing specifié modes. Considered in that selection were
such factors as autonomy, thelform of man's participation where required, and
the carrier vehicle with its repreéentative mission profiles. The concept
resulting from that trade featured a supervisory type of control for the servie-
ing task, particularly during the early development years. This supervisory
concept encompasses both automated control and manual control, thereby carrying

along the development of all the ingredients 6f any number of other concepts

- should they be found to be more desirable at a later date.

Supervisory control is characterized as a semi-automatic control mode
that accomplishes each of the segments of a module exchange trajectory automatic-
ally while man monitors that automatié activity for success and provides a com—
mand to proceed to the next step only after-assured of success in the last. 1In
the event of a failure or undesirable outcome, the man selects the remotely
manned mode and, via TV, accomplishes the remaining operations manually. It can
be seen the only operations lacking to provide a completely autonomous system
are some automatic means of monitoring the sequences for safety and success and
a subsequent automatic "go" when a sequence is successfully completed. This is
the most difficult operation to mechanize and yet one of the simplest for man
to implement. In light of a strohg desire to include man for observation,K and
possible backup c;ntrol, anyway, the supervisory mode was a highly desirable
selection. It maximizes automation technology yet minimizes new state-of-the-
art or risky developments. It also includes development of a completely manual
control capability for backup operation. Some additional rationale for the.

gelection of this configuration are:

¢ Well-defined and accurate trajectories are possible with
the normally preprogrammed automatic module manipulation;

e The urdesirably low TV refresh rates (as few as three/
minute) impact only the backup mode, selected after a
failure when much slower motion and sequencing can be

tolerated;
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¢ Reliable status monitoring, hazard monitoring, and failure
detection, which is very difficult to implement for completely
autonomous operation, éan be performed simply and effectively
by man in a supervisory role; ' ..

e The backup mode has a high degree of functional redundancy;
i.e., utilizes as little common hardware as possible with

the supervisory mode. .

The selected concept for the servicer embodies many of the features of
both an autoncmous system and a manually controlled system. From the stand-
point of flexibility, both in configuration modifications during development
and during mission operations, this is highly desirable. It does, however,
require a considerable number of capabilities of the control system. Some of
these are listed below. How each of these is provided for and to what extent

will be presented in more detail in the subsequent pages.

e A method of automating the trajectory sequence is required;

@ On-orbic TV 1s required;

e Both rate (manual modes) and position (automatic) control:
of joints are required;

@ A ground visugl display that is compatible with hand
controllers is required; X

o Comprehensive status data must be transmitted to the ground;

e Augmentation of hand controller commands for coordination

with visual scene (manual backup) is requireé;

Computer aided visual scene generation is desirable (manual

backup).

To implement the proposed concept, three specific control modes quickly

became obvious.

@ Supervisory
¢ Manual Direct

o Manual Augmented

A summary of the implementation of these and accompanying rationale is

provided in Table VII-1.
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Table VII-1

Control Modes Summary

MODE | MPLEMENTATI ON RATIONALE
Supervisory ¢ Automated segments ¢ Man performs evaluation and
{Prime) s TV Monitor status monitoring =

¢ Manual"Go's" - step by step e Well defined, safe trajectory

¢ One joint at a time driven e Module location required pre-

flight
Manual e Joint driven directly from panel o Minimum hardwarel/software
Direct ‘ required .
{Backup) 9 Provided for failure case
Manual e Manual control from hand con~ o Capable of acquiring any target
Augmented trollers of opportunity within reach
{Alternate) o Arm motion coordinated with » Representative of "conventional"
visual displays teleoperator control approaches

The supervisory mode of control is the normal mode of cperation. All
servicer arm motions and trajectories are determined before flight and stored
on board. The computer implementing this mode will sequence from one segment
of the trajectory to the next, but oanly when the man has evaluated the state

and provided a "'go".

The manual direct mode is provided as a totally unsophisticated means of

backup control. It sends rate commands from panel switches directly to the

joints themselves. Commands are one joint at a time. Mbti&n is with respect .
to each joint's mounting base rather’than with respect to the TV display coor—
dinate system, making the control task somewhat awkward for some configurations.
The primary feedback displays are error meters which are one to one with the
control inputs. Manuai direct mode uses are: 1) .as a possible normal control
mode for certain simple arm configurations that lend themselves to direct joint
control; 2) as a backup in the event of a failure in the ground computations or
downlink used in the augmented manual mode; ox 3) in the event a joint fail-
ure has occurred thét can be worked around but the normal coordinate transform-

ations either omboard or om the ground are not valid.

The manually augmented mode has man doing most of the arm control as in
the direct mode above only using hand controllers instead of panel switches.
Also the computer is still in the loop to facilitate the direction of motion

of the arm and provide optimizatiom of its motion with respect to the displays
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provided. Its most useful reole is to perform unscheduled motions to previously
unidentified targets of opportunity. In most of the discussion that follows
regarding the enhancement technigques of manual control, it is this mode that is

being referred to, not the manual direet.

It should be stressed that the selection of these three modes is not final.
They have been deliberately chosen to span the spectrum of sophistication of the
types of control envisioned for the servicer arm. From the evaluations conducted
with these, during the remaining development phase, quantitative data will be

available to make a sound selection of the ultimate flight system control modes.

More detail on how each of these three modes is accomplished from the
hardware and software standpoint will be provided in sections H, T and J of this

chapter along with the operational aspects of using each of these three modes.

A more detailed yet significant concern regarding control mode selection
is the type of control command to be used to drive the servicer joints; i.e.,
should it be rate, acceleration or position servo-driven? Table VII-2? shows
some of the reasonable alternatives for the servicer system and the significant

characteristics of each.

Table VII-2 Types of Control

TYPE BASIC CHARACTERISTICS REMARKS
Acceleration | e Motor current (torque) pro- s Harder to handle than rate
: portional to command voits 8 Rate feedback not required
¢ Motor stops when command e Like rate control for "fine tuning"
is removed . (minimum impulses)
Acceleration 8 Like acceleration command, o Generally "puise" type of commands
plus rate but motor rate maintained e Slower response
untif negative acceleration e Rate feedhack not essential
commanded ¢ Rate "fine tuning'" is possible
‘ o More difficult to stop arm
Rate o Arm rate proportional to & Safe control - no command, no motion
commanded volts | ® Good manual response possible

o Arm position held when com-
mand is removed

Position o Arm position follows commanded | # Position feedback required
position (voits) e Rate feedback desirable

¢ Rate is constant or a function ¢ No arm drift
of position error magnitude
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The easiest of the above to implement is acceleration control. In this
case the arm is driven directly with no real form of feedback or control. It
is a feasible approach but from a manual operator's viewpoint there are other
methods that provide much better controllability. The acceleration-plus—rate
and the rate mode shown are two typical types. There are certainly other com-
binations that may be feasible as well. The first three types on the chart are
usually considered in reference to manual control. The requirements of a man
in the loop generally drive the control type and can often be very sensitive,
hence, the variety of typés of control that have been conceived for such an

application.

.The last type on the chart-~-position control--is thought of more with respect
to an automated application. In this case the response and sensitivity are all
of little consequence. The arm is to reach a givgﬁ position and how it gets
there is of no great concern. A position feedback sensor is, of course, required.
Rate feedback is also desirable to insure some controlled rates during traverse.
In any event, the options for position control are not that many and generally
concern themselves with the secondary issues of just how position control is
mechanized--what kind of position comparator, type of feedback device, relative

positioning ws absolute, ete.

The conclusion is that position control is required for the semi~automated

supervisory operaticns with joint rate controlléd as well until the desired
position is achieved. Control in either of the manual modes is recommended to

be done using a rate type of control.
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D. TRAJECTORIES AND SEQUENCE OF EVENTIS

In developing a preferred module exchange trajectory the following criteria

were used as a gudide:

e Take maximum advantage of natural joint motion;

e Minimize need for driving several joints concurrently;
e Compatible with automated and manual operations;

e Maximize hazard clearances;

e Simplify hazard avoidance;

e Common trajectory regardless of module size;

o Capable of exchange within Orbiter bay confines.

The general theme of these criteria is simplicity in implementation and use
as well as maximized margins for safe operation. Since the automated sequences
to acecomplish the necessary trajedtories are implemented in onboard software for
the supervisory mode, the simpler'these sequences -are and the more common each
can be with other configuration's sequences the easier the software development

and verification will be.

Straightforward coordinate transformations and driving a single joint at
a time wherever possible all tend to simplify the implementation of the trajec-—

tory.

Maximizing the-distance of the module from any hazard eases the accuracy
in defining a given trajectory and also relaxes the TV monitoring response
requirements. Servicer accuracy during the trajectory can impact hardware
design requirements beyond that needed for meeting an accuracy at an end point

only; e.g., sample rates, rate feedback, etc.

The one criteria that is counter to simplifying the controls task is the
last——exchanges in the Orbiter bay confines. It has a negative impact on achiev-
ing simplicity in design yet it is a desirable feature and the capability will
be provided. The discussion to follow will treat it as a separate problem,
offering some specialized techniques in accomplishing the desired trajectory

safely.

The following pages will first discuss the radially mounted module exchanges.

That will be followed by a discussion of the trajectory for axial type of module
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exchanges. The one special case—-—axial exchange within the cargo bay confines—-
will follow. Other trajectories are certainly possible for a given exchange
but are too numerous to discuss in detail. They are generally just slightly

different combinations of the steps in the three basic trajectories.

The TV viewing considerations for these basic radial and axial trajectories

in both the supervisory and manual control modes is also presented in this section.

The section closes with a typical sequence of events that is ‘applicable to

either an axial or radial exchange.

1. Module Trajectory Sequence ~ Radial

The steps to accomplish the initial attachment, withdrawl, flip and rein-
sertion of a module that is mounted on the circular periphery of the spacecraft

and stowage rack are listed in a brief form in Figure VII-3.

1  Position Wrist-to Module Attach Point
Retract in Radial Direction to Engage Module

"Arm
Configuration
for 3 Secure End Effector to Module and Dlsengage
Module Module From Rack

Flip 4  Extend Arm in Radial Direction Untit

Fully Extended

Translate Longitudinally to Center Module
Between Spacecraft & Stowage Rack

6  Rotate Module to Align with Upper Arm
%7 Rotate Module 180° about Upper Arm
8 Rotate Arm About Shoulder
to Predefined Angle

9 Rotate Module at Wrist to Align
with r Vector

10 Translate in longitudinal Direction to
Align Module with Guides

11 Retract Radially to Insert Module in
Cavity

12 Secure Module To Rack And
Disengage End Effector

wn

ORIGINAL PAGE IS

OF POOR QUALITY
Figure VII-3 Module Trajectory Sequence ~ Radial
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The position of the arm during the flip (steps 6.and 7) is depicted pic-
torially on the figure. This phase of the sequence warrants emphasis at this - ‘
time. WNote that with the arm nearly fully extended, and the module above and
clear of the cylindrical envelope of the spacecraft and stowage rack, the pfox—
imity of hazards are minimized and the accomplishing of the flip is a simple,
single-joint drive about the upper arm axes. Even for the largest module con—
sidered, the, clearance between module gnd.outer spacecraft perimeter is over
four inches. Exact location of the arm in the longitudinal direction is not
eritical though if it is near cénter the longest possible extension, and thus

greater clearance, is provided.

Note that for radial exchanges the retraction and insertion actions must
be along the radius vector. The module axes can be maintained along this r
vector during retraction by backdriving the elbow and wrist joints as the shoulder
roll ioint forces "the module out along éhe guides.u For insertion, however, it is
desirable that all these joints be driven in a coordinated manner so the module
will move along the radius vector regardless of whether it is in the guides or
not. Anﬁ.visual scenes will certéinly be enhanced. Implementation of this
coordinated motion is not difficult in the cylindrical geometry of the servicing
task. It is assumed this capability is provided for primary operation and will

be discussed in more detail in section E.

2. Module Trajectory Sequence — Axial

Figure VII-4 depicte the exchange of a module mounted on the face of the
spacecraft and inserted into a cavity on the face of the stowage rack. This
requires retraction and insertion parallel to the cylindrical axes of the two

elements, therefore the term "axial exchange'.

The figure again depicts the posgition of moduig aqd arm for the flip
sequence (steps.6 and 7). The point to be made here is that the sequence is
the same as for the radial exchange, thereby capitalizing on the advantages of
hazard avoidance and single joint-drive that were discussed on the previous

figure.

Motion along the r vector is not necessarily required for axial exchanges;
consequently, the coordinated shoulder and elbow joint drive can be eliminated.

On the other hand, it mav be desirable to add some coordination of joint drives
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Position Wrist to Module Attach Point

Arm Translate in Longitudinal Direction to
Configuration Engage Module
For Module

Wrist

~

g flp 3 Sttt Ciedr T e
4  Retract Module
5  Align Module Along Upper Arm Axis
6  Extend Arm in Radial Direction

Until Fully Extended
Rotate Module 180° About Upper Arm,
Transiate Module to Opposite Side

Rotate Arm About Shouider
o Predefined Angle

10 Rotate Arm/Module at
Elbow o Predefined Angle

11 Roll Module at Wrist to
Predefined Angle

_ 12 Insert Module by Translating
O Longitudinally

S
houlder 13 Engage Module to Rack And

\/\’_\%‘ Release End Effector

Figure VII-4 Module Trajectory Sequence - Awial

' m
O 00~

to account for the effect of the four bar linkage on the arm radius as transla-
tion motion is conducted. As before, this can be done through backdriving but

coordinated joint drive is more optimum’' and recommended for primary control.

The sequence on this figure assumes that there are no restrictions on
projecting the arm and module Gut beyond the sbacecraft periphery. This is
assumed to be typical and'thé normal operational scenario; however, some
future missions may require deviation from this. One case is use of the ser~
vicer in the Shuttle Orbiter Bay with all operations restricted to within the
beriphery of the spacecraft/stowage rack cylindrical envelope. That unique
application and proposed solution is discussed next. The solution is typical
of any application restricting exchanges within the spacecraft/stowage rack

periphery.
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3. Module Trajectory Sequence — Cargo Bay Constrained (Axial)

For satellite servicing within the spacecraft/stowage rack it must be
assumed that modules will be located on the faces of the spacecraft and stowage
rack and exchanges will be conducted in the axial direction. Extension of the
arm or a module beyond the spacecraft/stowage rack periphery will not be permit-
ted. All normal axial sequences can be completed without violating this con-
straint with one exception—-the module flip. The sequence of operations is
shown in Figure VII-5. They are essentially those of Figure VII-4, except for
steps 5, 6 and 7. The module flip in the Orbiter Bay is proposed with the mod-
ule positioned as depicted in Figure VII-5. Joint angles must be more accurately
defined to avoid module protrusion out of the envelope, or interference with the
lower arm during the flip. For commonality it is recommended the module axis
always be aligned with the upper arm axis. The V joint is then positioned to
%55° for a 40" square module. This angle may vary from one module geometry to

another but can be easily calculated before flight.

Position Wrist To Module Attach Point

Arm Configuration late +
for Module 2 Translate +x To Engage Module
Flip 3 Secure End Effector And Disengage

Module From Rack
4 Retract Medule
Drive Elbow To =555°

6 Drive Wrist Roll To Align Module
With Upper Arm

7 Flip Module About Upper Arm
While Translating Wrist In x
Direction Per Predefined Profile

8 Rotate Arm About Shoulder To
Predefined Angle

9 Roll Module At Wrist To Desired Angle
10 Drive Elbow To Desired Angle

11 insert Module By Translating
Longitudinally

12 Secure Module To Structure
And Release End Effector

Figuve VII-5 Module Trajectory Sequence - Cargo Bay Comstrained (Axicl)

Shouider
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There may be some tailoring of the sequences shown, depending on where the
module has been extracted from. If the V joint angle is larger than 55° (edge
mounted attach point) the V joint will have to be driven to * 55° beforé the
module is aligned with the upper arm in prder to avoid penetrgting the peripheral
constraint. Basically this is reversing.steps 5 and 6 or 9 and-lo. Again, this

is easily determined and accounted for in preflight programming.

The flip sequence is a far more ‘delicate operation than for the radial con—
figuration, particularly when the .module size approaches the maximum of 40 inches.
A multiple joint rotation profile is required. This sequence.is illustrated in

mere detail in Figure VII-6.

1

1 Flip |
] |
Translation |
L L ALLS MLK,L.—! Lﬁ%ﬁ:’_fﬂ 2//_//4.///4/
» 180>
o g 10°
e < o . . o
4[0] ‘-__—_-1:-_—- L ¥ T ¥ T ¥ T T — T -
:§ 50"
;E . I T ¥ T T T T T T ¥ 3 T T T T
077 21 ¢ § 10 T2 416 18 20-22 24 2 2 30%n

Time-Secs

Figuve VII-6 Module Flip Trajectory - Cargo Bay Constrained (Awial)

The figure shows a 40 inch square module (maximum) during the 180° fliﬁ
Sequence that takes place between the spacecraft and stowage rack in the Orbiter
Cargo Bay. The module axis has been aligned with the uﬁper arm axes. The view
is looking down at the end of the upper arm as shown in Figure VII-5. .The

remaining arm segments are not shown for simplification. The module positions
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are shown at the beginning or eénd of key-phases within the flip segment shown.
These phases are derived from the time profile of the £lip translation joint

drive motors shown at the bottom of the figure.

The relationship shown between the two joints is necessary to accomplish
rotation of the module about the upper arm without impacting any surfaces. The
complicating factor is that the axis of flip rotation must be translated from
the one surface to the other at the same time; however, it must be delayed at
the beginning while the rotation is started and finished before the rotation

is completed to avoid impact.

Note that when the preferred near-radial arm configuration is used for
axial operations with full size modules within the cargo bay constraints, the
short 12 inch extension needed for reaching the radial attach point must be
removed to accomplish the flip within the required envelope. This is a simple

task in the proposed modular design of the preferred servicer arm.

4, Viewing Considerations

It is apparent from the previous discussion on trajectories that the location
of a TV camera(s) for effectively monitoring the module during the variety of
movements required is a cbmplex decisibn.‘ Whether éhe motion is automated or
manually controlled,.some idea of successful hazard avoidance and safe operation
should be provided to the ground, preferably bf V. At a minimum the TV should
permit sighting visual cues that verify successful completion of each segment
of the exchange trajectory. A second major requirement on TV evolves from the‘
manual augmented control! mode. This modg;is designed around the presénce of a
TV image for control purposes. The selection and implementation of this manual
control mode and its corresponding coordinate system——discussed later in this
chapter—-is influenced by the location of the camera and the visual scenes it

is expected to transmit.

A somewhat generalized summary of the type of views desired during various
phases of an exchange for both the supervisory mode and manual control modes are
shown in Table VII-3. The conclusions to be drawn are that the supervisory mode
viewing requirements are not excessive. If a TV picture at trajectory segment
completion to verify success can be accepted as adequate, a single TV camera

with state-of-the-art field-of-view (FOV) characteristics is satisfactory. End
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effector mounting appears feasible. Viewing for manual augmented control
represents the driving requirements. The axial exchange is the worst case, but
only if a broad search of an entire spaceéraft face must be conducted to locate
the proper target. Two separate cameras are one solution-—one on the end effec-
tor and one with wide FOV' coverage from somewhere on the gtbwage rack., In the
radial case the search routine can be restricted to a narrow strip around the
periphery of the spacecrafi possibly alleviating the need for the second camera.
A similar single-camera solution may be’ f_easibie for the axial case if it is
assumed the camera, with its Wider;:t FOV, is driven in circles of decreasing radii

about the shoulder.

Table VIT-3 Viewing Considerations

Travel to Engage Orient for Orient to
. and Align Moduteand { and .| [nsert insert
Configuration | with Modute Retract Perform Flip Module Modu e
Supervisory Viewing at se~ | Narrow FOV; Simple radial | Viewing at [Simple +X.-.
Mode (Radial  |" quence comple- |'end effecter extension and | sequence ftranslation
or Axial) tion for veri- - mounted unobstructed completion |or radial
flcation- camerais rotation for for -verifi- [retraction,
" | adequate flip. No strin- | cation, Narrow FOV
" gent viewing Wide FOV  |adequate
- j requirements | monitoring- |for-monitor
) : desired
Manual Wide FOV De- : Wide FOV de-
Augmented sirable for tar- - sirable for -
{Axial) gét acquisition; _ DRIYING target acqui-
multiple cir- &«REQU'R'-MENTS @ sition and -
‘B cular scans Is hazard avoid-
feasible alter- Lapce; muitiple
nate circular scan-
ning-is feas-
ible alternate
Manual Radial scan with .
Augmented narrow FOV feas- #
(Radial) ible for target ¥ Y
acquisition

Viewing requirements for the Orbiter comstrained axial exchange are not
considered here. Requirements will be greater, but Orbiter TV cameras will

undoubtedly aid the problem.

5. Module Exchange Sequence of Events

Figure ITI-7 shows the timeline for a typical module exchange. The maximum
arm motions are shaded with the worst case time required, in ssconds, in the

block. The remainder of the bar for each segment is the allocation for verification
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of proper completion plus any preparation for the next segment. Note that the
segments are all reasonably uniform in length and a total exchange can be

accomplished in less than 10 minutes.

ALIGN TO SPACECRAFT [IPE30 ooy 180° SHOULDER ROLL Sy [WDICATES VERIFICATION
- ERL iR N\ -
TRANSLATE TO MODULE ) 'a‘“\\\ ??ESPREPARATION ACTIVI

ATTACH TO END EFFECTOR

UNLATCH BASEPLATE
JREMOVE MODULE - 50° SHOULDER TRANSLATION
FLIP MODULE - 180° WRIST PITCH

ALIGN TO STOWAGE RACK - 180° SHOULDER ROLL
REPLACE MODULE

LATCH BASEPLATE

DETACH END EFFECTDB

RETURN TO REFERENCE BN
i ] [} { 1 H { 1 4
SECONDS O 30 g0 50 120 150 180 710 740 730
MINUTES 1 2 : 3 3
MAXIMUM JOINT RATES AND ACCELERATIONS
Shoulder | Shoulder | Elbow Hrist
Rol1l Transiation | Roll _ Pitch Yaw Roli
Rate, deg/s (3 4 8 & 12 12
Accel.* deg/s? 6 4 8 6 12 12

*Based on 1 second to achieve maximum rate

Figure VII-7 MNodule Exchange Sequence of Events

The joint's angular rates and accelerations upon which the timeline is

based are given at the bottom of the chart.

¢

Some of the criteria, and/or requirements, that influenced selection of

the maximum rates and accelerations are:

® Replace failed module with a good one in < 10 minutes;

e Activity durations should be somewhat evenly distributed;
¢ Decelerate in < 10% of typical sequence duration;

‘# Distance to accelerate should be less than four inches

® Avoid excessive drive sizes/weights.

Some of these criteria are derived from projected mission applications and
estimates of time allocations for the maximum on—orbit module exchanges. Others
are in the category of engineering goals. They may hopefully permit cost effec-
tiveness through commonality, e.g., drive sizes, and provide ease and safety in

manual control operations.

is
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A module exchange in 10 minutes permits six exchanges per hour or probably
less than two hours at an orbital station for a single spacecraft servicing
completion. This appears well within typical mission profiles of the Tug or

the Orbiter. More than one spacecraft may be serviced cn a single missiom.

¥ote that none of the joints require excessively high rates. There is
also good potential for commonality. The accelerations shown are not really
critical nor -is meeting them exactly of any great concern. The general objec-—
tive was to not spend a large percentage of the travel time accelerating. The
arbitrary one second of acceleration time is only 3% of most of the 180°
Yotations in the timeline which is considered more than adequate. Even for a
short travel of 20° the acceleration time 1s less than 30% of the travel time.
It should be peinted out that the above estimates assume a maximum rate is com-
manded. For automated operations, the rates commanded will be reduced propor-
tionately as the remaining angular travel becomes smaller. This is for reasgoms
of safety, accuracy for visual gcene monitoring and to avoid overshoot at the
target. The time to accelerate to a lower commanded rate ﬁili obviously be

less than for the high rates.

Simulation/demonstration showed scme of the above ‘time spans are quite
optimistic, particularly for development phase activities. For operatiomal

conditions, however, the times are still comsidered suitable.
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E. COORDINATE SYSTEMS

This section is devoted to the selection of the coordinate systems for the
servicer. Selection and definition of the coordinate system(s) is important
to the controls because it will be the controls system task to implement motion
of the servicer arm in the directions of whatever coordinates are selected.
This can require complex coordinate transformation equations impacting elec-—
tronics design and computer software. The coordinate system also guides the
trajectory sequence and consequently is a factor in achieving simple, straight-
forward exchanges that also appear as such to the man controlling the servicing.
Because of these ramifications the following discussion will cover comsiderably
more than coordinate systems——touching on TV viewing, displays and hand control
coordination and other man-in-the~loop considerations. How these semirelated
topics all tie together and how they will be presented is shown below in
Figure VII-8. The order in which the steps:in the selection process were con-

ducted and will be presented is reflected in the numbers on the blocks.

T1P TRANSLATION MODULE ATTITUDE

(Establish
Selection

Criteria

Define (0]
Alternatives

Define 2]

Alternatives utomated
Considerations

Automated

Considerations ) { Considerations o —t--

I
|
Pr‘seli!m[[nary ] !
efection I
oy~ Fol
FINAL .
SELECTION
Pigure VII-8 Coordinate System Selection Approach
II-~
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Note that initial considerations of the cocrdinate systems were expedited

by separating the tip translation function from the module attitude. The pro-

Posed typical trajectories will, in general, utilize these two functions inde-

Pendently. Obviously, there 1s an interrelationship between the two, but

primarily in the mechanization of the equations of motion. Selection of a

gystém for tip translation simplifies the module attitude evaluations. That

information feedbacdk is shown dotted between blocks 5 and B on the flow chart.

It will be shown that in oxrder to accomplish the desired coordination between

hand control commands and the vigual displays, the tip translation coordinate

. system must be driven as a function of module attitude. The impact of that mech-

anization on the tip translation motion is shown as the final feedback path

(heavy arrow) at the bottom of the chart, and is a necessary step before final

selection of the tip tramslation coordinate system.

The criteria (block No., 1 on Figure VII-8) used to guide the necessary

selections are:

Compatible with automated operations;

Compatible with direction of module motions;

Compatible with module location geometry;

Should provide off-axis remove/replace capability;
Compatibility with manual operations;

Compatible with hand controller/visual system coordinates;
Ease of implementation;

Ease of operator training.

In attempting to simplify the subsequent discussion, several points can be

made here. First, the selection of a given. coordinate system explicitly defines

the direction in which the end or action point of the arm will move. The motion

of the end effector "attitude" can be independent of the arm's end point motion

or it can be slaved directly fto it.

Most of the more desirable motions of a menipulating arm require coordin-

ate systems that are not related directly to the individual joints that accomp-

1ish that motion.

Instead, they regquire that multiple, coordinated joint motiomn

be provided. The relaﬁionship of the joints being driven to the desired motion

at the end of the arm is accomplished through a coordinate transformation which is
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merely a series of trigomcmetric relationships in equation form that are mechan-—
ized in electronics or computer software. The simpler the coordinated transforma-
tion, the simpler its mechanization. The servicer task is simplified by considerable

use of simple, one-at-a=-time, joint drives.

One of the more important factors that impact the type of coordinate system
is the geometry of the physical elements. Another iz how involved man is in per-
forming the manipulation and, in particular, what his visual cues are while accomp-
lishing the task. The latter is of particular significance since the more directly
relatable the motion of the hand control is to the apparent motioms of the arm as
seen from the visual cue the more gquickly can the operator be trained and the more
effective he will be. Again, it should be pointed out that the servicer system
cylindricai geometry permits a corresponding simpler control mechanization than

most typical manipulator arm applications.

1. Tip Translational Motion

In examining first the tip translational motion (left-hand path on Figure
VII-8), a number of alternative directions of motion are quickly apparent. These
are illustrated in Figure VII-9. Other motions are undoubtedly feasible, such as
spherical, but they do not seen even remotely applicable nor are they easily incor-

porated.

The simplest form of control is to drive.each joint directly; i.e., independent
of other joints or of any base system cpordinates. For the servicer task, direct con~
trol is not entirely undesirable. The T-joint on the axis does rotate the arm around
the axis at a constant radius. The tip motion caused by the V-joint is in a direction
that. is purely a function of the V-joint angle at the time. It is not very easily
resolvable as a visual cue. Note that for an application where the tip divection
of motioﬁ is of little concernwand only the ultimate destination is, such as in an
autonomous mode where all angles are precalculated, the direct system is a feasible
and desirable alternative. Only one feature of the servicer arm tends to complicate
the direct approach. That is the four-bar linkage for module insertion/retraction
motion. It results in Y or Z motion, as Wéll as +X, thus making either one of the

following alternmatives more attractive.

The cylindrical coordinate system (right side of Figure VII-9) requires a mathe-
matical transformation to relate hand control commands in the servicer arm radial and

angular direction to the T, U apd V joint commands. The transformation is relatively
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Figure VII-9 Coordinate System Alternatives for Tip Translation

straightforward because of the cylindrical geomeiry of thée servicing systems
physical elements. The arm tip motion is consistently as shown regardless of the
location of the tip. The cylindrical system is quite satisfactory for axial oper-

ations and ideal for modules mounted radially on the circulsr periphery.

The cartesian coordinates (center of the figure) utilize a transformation
that always moves the arm tip in oxrthogonal directions with respect to a specified
orthogonal reference. From a visual display standpoint this is desirable, particu-
larly for modules mounted orthogonallyon the face of the spacecraft or stowage rack.
It is also valuable for removal of orthogonally oriented modules on the periphery but
not on the spacecraft axes. The coordinate transformation is consistently more
complex. The system is not particularly suited to radial removal of modules

mounted around a circular periphery, unless centered on an orthogonal axis.

It could be concluded at this point that cylindrical coordinates are the

more desirable. There is, however, another aspect that should be considered
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before making any final conclusion. That relates to how the arm motion will

-actually be accomplished in the semiautomated supervisory mode and in the
manual modes. There are unique characteristics in each mode that tend to influ-

ence the coordinate system selection.

a) Tip Mction Considerations — Automated Trajectory — Figure VII-10 below sum-

marizes the key functions that must be accomplished when the arm or arm-plus-
module is in a totally automated sequence. It represents the simplest scenario.
All angles, rates and the time sequence of operations are calculated on the
ground prior to flight. JIn the strictest sense, no man or visual aspects are

necessary. The impact on the presence of these will be discussed later.

Module Location .
Defined in Any Space-
craft Coordinate System

o Cartesian (X,Y,Z)
- @ Cylindrical (r,8, X)
e Sphericat (r,el.,az.)

e Eic,

Ground Computer

Module Location Coordinates
Converted to Preferred
Coordinate System

"Joints Driven
(One or More at

a Time)} to Prestored
Positions )

Servicer Computer
Locations Stored
in Terms of
Preferred
Coordinate

System

Pigure VII-10 Tip Motion Coordinate System Considerations - Automated Trajectory

The module attach point can be defined in virtually any coordinate system
that is convenient. A ground computer transformation will accurately derive the
final joint angles to achieve that position. The onﬁbafd computer then drives
the joints to these angles in whatever sequence and at whatever rate is prepro— '
-grammed into that computer. ~There is no concern about the direction of motion

of the tip since no one sees it or needs to see it. Any potential hazards can
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be avoided by the preprogrammed sequence in which the joints are driven. Since
the direction of the tip's motion is of no real concern, a coordinate transforma—
tion is not necessarily required for visual purposes. In fact, were it not for
the' arcing motion of the four-bar linkage for 1X which results in ¥ or Z motion
as well, direct control would be a simple and very satisfactory control mode for
auntomated sequences. The backdriveability feature of the servicer joints may
even permit direet joint control with the four-bar linkage. All joints other
than U would "float", thereby mechanically compensating for the four—-bar linkage °
effect. This is particularly true for extractions. Whether this is feasible for
insertion hinges upon representative hardware testing., Until that time, it is
considered best to provide some coordinated joint motion by using either cylin-
drical or cartesian coordinates. An X, or axial, command in either of these
coordinate systems will result in the generation of the proper joint angles so
that the arcing motion is compensated for. This is found to be even more desir-
able when considering the radial case where final movement toward the attach
point and during the retraction and insertion actioné is preferably along the
radius vector. This Eannot Be achieved with direct joint control alone. Back-
driving joints could be effective during the retraction but not for the insertionm.
It is preferred and recommended that some coordinated joint controlxbe provided

for radial operations.

Should a TV be provided for manned monitoring, a single, narrow FOV camera
on the end effector is adequate for verification of successful completion of a

sequence,

r

b) Tip Motion Considerations — Manual Operation — The manually cperated servicer

arm is contrasted to the automated arm in that the arm's tip motion view is of
considerable concern. Its movement will be observed directly om a wvisual monitor
and that movement in some way must be correlated to the commands manually generated

by hand controls. This is especially true for the manual augmented mode.

The three possible coordinate systems illustrated on Figure VII-5 are
implemented manually, by hand control commands, as shown below in Figure VII-I1l.
In direct control, the three directions of the hand control drive each joint directly.
This is basically the manual direct mode. Correlation to any spacecraft reference
is hard to perceive from a visual scene regardless of its location. To drive multiple

joints and accomplish some meaningful tip direction is a very difficult manual task.
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Figure VII-11 Tip Motion Coordingte System Considerations - Manual Operation

The cartesian and cylindrical systems' hand control commands correlate
directly toc the axes of the coordinate system. A single hand control command,
such as +z or f, results in multiple joints being driven from the coordinate

transformation matrix.

Note that the hand control commands are rate commands. In any manual system
this is preferred since the position loop is really closed by the man and his vis-—
ual observations. Acceleration commands could also be used but the ability to
achieve consistent, accurate motions near the target point is much more difficult.
The coordinate transformations for manual thus transform rate commands into desired
rates of change of joint angles. The automated system discussed in Figure VII-

10 is"implemented as a position control loop. The control laws, however, take the
position exrrors and convert them to rate errors. These rate errors correspond to

the manual rate commands and must also be transformed to desired rates of change
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of joint angles. For the selected coordinate system, the same rate tranéforma—
tions are used for both the supervisory.and manual augmented modes. In the
supervisory mode the control electronics thus do still command and control the
arm rate much as the man does until the position and loop error has been driven

to zero.
f

¢) Tip Motion Coordinate System Selection ~ With an understanding now of the

utilization of the alternative coordinate references in both automated and man~
ual operations, it is possible to arrive at a preliminary selection of the pre—

ferred tip motion coordinate system.

Some of the advantages and disadvantages of the three systems considered
are listed in Table VII-4. One fact becomes apparent—-there are certain unique
advantages to each of the approaches. It is. indeed possible that all three
could be provided. 1In a sophisticated system designed for application beyond
the time frame this study is considering, all three may very well be provided
with a selection switch that permits choosing between one or the other based
on the particular step in the servicing activity, the type of spacecraft or
module, etc., However, for the current developﬁent state, a simple, straight-
forward mechanization of the controls is highly desirable. Because of the
cylindrical geometry of the servicing task and the configuration of the arm
selected, it is possible to maintain a relatively simple ‘mechanization yet
provide adequately flexible servicer arm control with the cylindrical coordin-

ate system; therefore, it is recommended.

Table VII-4 Coordinate System Selection

SYSTEM ADVANTAGES DISADVANTAGES
DIRECT ¢ Easy to Implement o Difficult visual resolution of
S @ Adequate for axial, automated motion
operations o Coordination of hand controller!

visual system not possible’
o Radial motion not siraightferward
¢ Operator training is more difficu It

CARTESIAN e Natural for any orthogonal ¢ Not suited to radial module replace-
motion {visual reference, ment
off~axis removal, etc) o Difficult to implement

CYLINDRICAL ¢ Naturally suited to servicing , & Additional coordinate transforma-

- pr——— geometry tion for off-axis replacements and

[ PREFERRED)| | e |deal for radial exchanges visuat coordination
o ¢ Straighforward implementa-

tion

¢ Operator {raining is easy
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The direct system has disadvantages. However, it is a natural backup
system since it requires mno coordinate transformations at all. With care and
enough time, it is considered possible to complete a servicing task manually
in this mode. Tt certainly should be a key objective of any simulation/
demonstration test program to verify this type of control and the crew tasks

and timelines associated with it.

Returning to Figure VII-8 for a moment, it can be seen that the selection
process has been completed through block 5. The next major area of discussion
is a similar examination of the motion of the end effector mounted at the tip

of the arm. This motion at the tip will be referred to as "attitude'.

2. End Effector Attitude Control Alternatives

For the purposes of explanation, this report has separated discussion of
the servicer arm tip motion from the motion of the end effector about that tip.
This is a valid assumption when attempting to understand the alternatives avail-
able and making a configuration selection. In the mechanization of the control
of these two relatively independent elements, however, there is obviously some
data transfer necessary between the two control paths, as shown on Figure VII-8.

It will be discussed later.

Two alternative methods of end effector control are shown on Figure VII-12.
They represent two extremes—-one merely leaves the end effector slaved to the
arm regardless of arm positioning unless externally commanded as shown by the
block on the right. The other internally and automatically slaves ‘the end
effector to an independent coordinate reference system. The latter is the con-
trol approach that requires data from the arm joints and knowledge of the base
reference system (be it ecartesian or cylindrical) in order to provide the desire
end effector rotation. It is more complex in that additional coordinate trans-—
formations are required over and above that provided to accomplish the desired
tip translational motion. The advantages are significant for radial operatioms,
visual monitoring, and manual augmented control considerations. As in the case
of the first alternative, external commands directly to the joint are required

for final end effector positioning.

The subsequent discussion will examine the application of these alternative
end effector attitude contrcl modes to the total problem of finding and/or

attaching to a replaceable module.
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Figure VII-12 End Effector Attitude Control Alternatives
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Again, as was the case earlier for tramslational tip motion, a proper choice
between the alternatives cannot be made until after examining how the end effettor

control will enter into the automated and manual control mode operatioms.

a) End Effectox Attitude Considerations ~‘Aut0mated Trajectory — The elements

of automated end effector control are pictured in Figure VII-13. "For totally
automated trajectories all physical conditions and locations are known preflight.
The positioning of the end effector is a straightforward mathematical computation
on the ground using the known geometry and the joint angles computed for the

selected module attach point.
1Z

= Module Attach'Mechanism Orientation
Joint Axes Knowr] With Respect To Spacecraft
. (Radial Cont. ) Coordinate System

Ground. Computer

z— . Module Atlitude (W,Y,2)
\q\§ Computed from
| Joint Angles and Attach Mechanism
Orientation for

« Servicer Computer| | Each Module
: Module Attitude &

N\ . Data Stored on
r Board for Each
Module ; '
e N »Dlrect Joint Control Adequate for Axisl.
7 \ *Cylindrical System Commands Desirabls
. for Module Attachment in Radial
v }-x \ Configuration '

=TV Mount on End Effector’ Adequate

Figure VIT-13 End Effector Attitude - Automated Trajectory

All attitude angles will be stored on board and commanded in sequence or
in parallel as desired. For axial operations, it is apparent that direct joint
control is a feasible alternative and, of course, is most simply implemented.
For radial operations, which ineclude a third axis (¥ on the figure), the end
effector alignment to the module is preferably accomplished in a radial ‘direction.
Consequently, the recommended alternative is to be slaved to the coordinates for
modules mounted on the periphery of a circular spacecraft or stowage rack. This
preferred set of coordinates is shown on the figure. A different geometry could

result in preference for a different coordinate system.
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A single TV mounted on the end effector appears adequate,

b) End Effector Attitude Considerations — Manual Control - The conditions for

manual augmented comtrol, portayed on Figure VII-14, are based on several assump-
tions. The first is that the end effector and its TV camera were positioned in
the vicinity of the module attachment by either amn automated sequence but more
likely by manual translation hand controller commands. The visual cues to achieve
that point were either a second wlde-FOV camera, the end effector camera, or joint
angle displays. Verification of achieving the target was sighting of the attachment
mechanism target in the camera FOV. The next assumed step was alignment of the-
attachment mechanism intc a predefined orientation on the TV screen using the
wrist roll drive command on the attitude hard controller. The module interface
mechanism éhown here ig already vertical, the desired orientation on the screen.
Had it not been vertical the end effector would have been rotated until it was.

If a radial exchange is being conducted a previous command to the Y drive would

be necessary to align the Z axes drive vertical. After that the process would Y

be the same.

Target On TV_Image
Spacecraft
\ N\
T
_ Attachment
Mechanism re
& Wrist Roi! (Z) is Manually
W Commanded Until Target
L & TV Cross Hairs are
‘ Qrthogonal
Drogue———— é Module
Z > [

r \ Attitude

Control

Figure VII-14 End Effector Attitude - Marual Control
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At this point the next step is to align the target on the epacecraft so
it is under the crosshairs on the TV screen by using the translation control-
ler. In the eylindrical system a commanded motion in r or © (rotation) will
not appear as orthognal motion on the TV. TFor the angles on the illustration
the vehicle, as seen on the TV, will appear to move in the directions of the
arrows shown. While it might be possible to coalign the crosshairs with control
in those directions it is not very efficient and in fact for some orientations
of the arm and attach point that motion could provide a very confusing scemne.
The fact the motion will appear different for each different module location
complicates crew training even more. Consequently, it is apparent that a very
desirable feature is to have the translation hand controller command directly
correlated to motion of the vehicle on the TV, regardless of attachment point
orientation. How this feature can be provided through an additional coordinate

transformation is described next.

¢) Controller/Display Coordination - Manual Control — Figure VII-14 presented

the problem in correlating normal translation hand controller r and 6 commands
to the resultant motion on a visual scene generated from an end effector mounted

™ camera.

Figure VII-15 below illustrates how a simple computation of the end
effector's attitude with respect to the r vector can be used to seemingly
"rotate" the i, ® commands go as to command the arm in a directiomn that is cor-
related with the direction of motions desired (see arrows) on the TV screen.
The impact in implementing this capability is not on the end effector joint
motion but rather om the tip translation motion discussed earlier. Its effect
is reflected as the large "feedback" arrow on the illustrated approach in

Figure VII-8.

The figure shows the preferred cylindrical coordinates; however, a

similar transformation would be used if cartesian coordinates were preferred.

The transformation to correlate the commands and visual cues will result
in a moderate impact on the onboard mechanization, be it electronics or in
software, but it is a desirable feature. It is recommended for the servicer
controls mechanization. Its performance should be evaluated in simulations and

methods of mechanizing it refined.
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Figure VII-15 Controller/Display Coordination - Manual Control

Note that the reference frame to which the end effector motion is slaved
really does not become a factor in this narrow band of final alignment movements.
The only drive of the end effector required is from the attitude hand con-—
troller. A slaved end effector is of more value when a broad search is
being conducted for the proper attach point, or when specific module orien-

tations must be maintained during a long tramsfer trajectory.

d) Manual Control with Joint Angle Displays — Discussions of manual control up

to this point, either tip transiation or end effector attitude, have all pre-
sumed ; TV is present to provide the necessary visual cues. There is another
alternative that should be presented here which is designed to accomplish arm
motion manually without the TV. It does not result in any reversals of pre-
vious recommendations but ie, nevertheless, important in that it is the recom~

mended implementation of the manual direct mode presented in C.
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Another impetus regarding this capability is a concern that the carrier
vehicles' transmission of data is not at a high enough bit rété to provide
anywhere near-real time TV images on the ground for the worst case condition,
which is at geosynchronous orbit. The problem is most acute for the manual aug-
mented control mode where picture delays (as much as 15 secs for 50 kbs transmis-

sion rates) result in an extremely slow process of manual arm manipulatiom.

The alternative is to transmit and display, on the ground, the position
and rate of each joint. Considerably fewer bits are required (several hundred
ve over a million for a TV), consequently the data can be provided virtually
real time. The operations are similar to an automated trajectory sequence in
that only the end point is of concern for each joint. The joint is manually

driven at some rate until the display agrees with a predefined angle.

The operations are conducted without the TV visual cues for success; how-
ever, joint position and evidence of motion provide some degree of confidence.

Hazard avoidance is, or course, very difficult.

¥4t 'Tf is recommended that this capability be provided as a backup in any config-
uration. It is effective and is a straightforward implementation. More visibil-

ity regarding its operational application can be obtained in Section HZ.

3. Coordinate System Conclusicns

The conclusions of this section can be summarized as follows:

Tip Translation

e Cylindrical coordinates for normal automated or manual
, augmented control
e Direct joint coordinates drive as backup (manual direct mode)
e Controller/display coordination when manually fine
tuning to a target.
@ Joint position data used for manual cues as alternative
to TV

End Effector Attitude

e Slaved to a preferred coordinate system for manual or
automated control
e Joint position data used for manual cues as alternative

to TV
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F. CONEROLS RELATED HARDWARE

In previous sections of this chapter, a number of hardware elements of the
servicer system that are related to control of the arm have been introduced
and/or evaluated. Some of these are straightforward-—sensors, motors, ete.
They will be discussed first. There are some other more subtle hardware areas,
such as overall aim accuracy (tip capture volume), module motion in the guides
and strain relief, which also interrelate directly with the control subsystem.

They will also be discussed.

1. Controls Hardware Components

The controls hardware elements were introduced in Chapter VI, and are
listed in Table VI—-8. This section will bring out some rationale for the

selection of these components.

a) Motors — DC torquer motors are preferred, They have reduced gearing, high
accuracy and good response, The same type of motor was selected for a similar
application——the protoflight manipulator arm (PFMA) delivered to MSFC by MMC

on MSFC Contract NAS8-30266. The specific sizes, torques, current ratings and

travel limits for each joint were introduced earlier in Chapter VI.

b) Hand Controllers - Discussion of the hand controls in the earlier sections

on coordinate systems and trajectories showed that the attitude of the end effec-
tor and the translational motipn of the arm's tip were relatively independent
actions. This has resulted in a recommendation for u.v;e of two hand control-
lers, rather than a sipgle & DOF controller, Crew familiarization and train-

ing is easier with independent controllers,

¢) Position Feedback - Position feedback is required for the supervisory mode.

In order to achieve the desired tip accuracy, discussed in detail later onm in
this section, a position accuracy of less than 0.1° (1lo) is required at the
shoulder and elbow joints, A potentiometer, which is a 0.5° sensor at best is
not acceptable for these joints, though it can be used at the end effector
joints. An encoder is a highly aecurate device but is bulky and requires

more wiring. Its high accuracy is mot really required. Other error sources
dominate for accuracies much beneath 0.1°. The resolver accuracy of 0.1° can be
easily achieved, therefore appears to be an ideal match for the shoulder and

elbow while potentiometers can be used for cost savings 4t the end effector.‘
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d)} Rate Feedback - Rate feedback is essential for all modes. The low arm

rates require sensitive and accurate rate sensing. Direct sensing réther than
any derived rate determination is essential. A tachometer is recomnended as it
is small, ldight and accurate. Permanent magnet direct current tachometer gen—
erators, mounted directly te the motor shaft are preférred so the potential

. . . . ¢ i
uncertainty at very slow tachometer rotations is avoided. ’

e) Brakes — Brakes are provided in each of the drives. They -Lave not been dis-
cussed prior to this. Since many joints are backdriveable, brakes are essgntial
to maintain arm position when not driving. Brake slippage is pro&ided for strain
.relief at the joints in the event of abnormal torque conditions. Strain relief

is discussed in more detail in 4. below. =~

f) Electronics - The core of the control system is, of course, the electronics
(and/or .computer) that schedules the trajectory sequence and generates the joint
drive commands. It also. is characterized by considerable flexibility in how.it is
implemented. Many of the decisions on the form of the electronics can and should
be delayed until the next development phase. .Some thoughts, derived from :the
simulation demonstration activities and the ETU electronics design task, however,
are appropriate and ?e;ningful at this*poiqt. A recommended low-risk approach
is to close thehrate loop around each of the joints in an analog fashion.
Capability of driving. the joints from thé ground with just these circuits,
should be Providea_gﬁ a joint-by-joint basis. This ié essentially the manual
direct mode as introdqced earlier. Simply mechanized, fail-safe, béckup pper; .
ation is achieved wery cost effectively. The remainder of the controls and con-

trol modes are recommended for implementation in a dedicated microprocessor.

The functions in software could include:

Irajectory sequences

Mode control

Coordinate transformations
Target position library
Calibration curves

Parameter and constants storage
Failure detection

Hazard avoidance

Status monitor
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The memory required for all the above functions is highly dependent on the
sophistication of some of them, such as the failure detection and hazard avoidance
routines. The impact of these will be detailed later in Section F1. On the con-
servative side, where these functions are left to the operator's monitoring capabil-
ity as much as possible, it is feasible for the remaining functions to be incorpora-
ted in less than a 4 K word memory. On the high side, the hazard avoidance alomne
could require that much memory, resulting in high side estimates upwards of 10 K
words. An unsubstantiataed engineering judgment has placed ultimate operatiomal
memory size between 3 K and 6 K words. ©No estimates on timing have been made but
the rate loop being analog and the generally low arm rates indicate no real timing
problems are foreseen. In demonstration/simulation described in Chapter VITII the
coﬁputation repitition rate was marginal. Twenty-five computations per second are

recommended.

A dedicated computer is recommended over sharing the computer role with the
host vehicle. The potential for using the servicer with more than one host vehicle
leads to mechanizing as simple an interface as possible, including software. This
also certainly facilitates more complete checkout and preflight operatioms at a

lower test level.

2. Capture Volume

One of the secondary hardware related issues is the error allowed between
arm end effector and module capture drogue. This is referred to as capture vol-

ume and is influenced considerably by the control system's accuracy.

The capture volume at the servicer arm end effector directly impacts the
mecahnical sizing of the attachment mechanism as well as the margin of volume
between the module and the cavity into which the module must be positioned. It

is an important factor as it results in unusazble volume in the spacecraft.

To arrive at credible estimates of capture volume, an in—house funded IRAD
task was completed that performed a detailed definition of the inaccuracies that
impact the positioning of a servicing arm. Autonomous positioning was assumed as
it represents the most stringent requirements. A number of different configurations
of servicer arms of varying capability and complexity were analyzed in order to
gain confidence in the results. At one extreme are the simple Integrated Orbital
Servicer (I0S) arms that remove and replace modules in either the axial or radial

direction only. Arm motions are straightforward and can be programmed in sequence
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for the most part. A sophisticated general purpose manipulator (GPM) was. evalu-
ated at the other extreme., It can reach and remove modules mounted in the second
tier of spacecraft periphery in radial, axial, and off-axis directions with ease.

Multiple coordinated joint driving is required.

All possgible error sources for each of these configurations were ;dentified.
They generally fall into the following categories——attachment point target loca-
tions errors, joint drive errors, mechanical deformations, and vehicle docking
misalignments. The approach was to quantify all errors in each of the above
categories, then adjust——through changes to design~~the large "drivers" until.

the-errors in the four categories were approximately.equal.

" The resulting error envelopes for the arm tip 2nd accompanying module mis-
alignments, when attached, is shown in Table VII-5. The I0S near-radial configura-

tion was selected and its design is discussed in Chapter VI.

Table VII-5 BError Analysis Summary

GPM

Pivoting 105 Two-Tier

Error Arm Axial Near-Radial Radial
Pointing " 1 e _ .
Accuracy (3+) .16 N8 +L.04 +1.32 |
End Effector ) '
{or modue) I - . o
Anguiar Mis- 30.81deg |  +0.81deg +0,60deg #L.0deg
alignment (3¢) ‘

*Assumes comprehensive assembly alignment and calibration.

In order to achieve these accuracies, several hardware characteristics were
found to be dominant and special attention to requirements in these areas will be
necessary. These, along with required accuracies, are listed below. A1l values
shown are three sigma values. There were no new technology requirements necessary

tc acliieve the accuracies above.

e Joint drive error < 0.3°
e Shoulder installed on stowage rack to 0.1° and 0.06"
e Elbow—to-member twist error < 0.15°

¢ Arm temperature differential < 10°F
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e Module locations known to 0.06"

e Docking probe stiffmess > 2500 1b/ft

e Docking accuracy < 0.3° in all -axes

e ACS jet firing moment (carrier vehicle or spacecraft)
< 1500 £t-Ibs

e Comprehensive assembly alignment/calibration performed

preflight

Many of the above requirements are interrelated. Also, some have been

4

derived based on the specific servicer design assumed for the analysis. For
example, a 60" docking probe with a diameter of 9" was used. A change to any

other shape could affect docking probe stiffness and acceptable ACS jet firing moment.

3. Module Motion Control in Guides

Two alternative approaches were conéidered for the removal and replacement
of modules from their respective cavities using the module attachment mechanism
and guides. They are backdriving vs coordinated joint drive. The simplest of
these is backdriving or powering just one drive joint to extract or insert a
module. The joint will provide a tip force that forces the module down the
guides. The guides maintain the orientation of the module. If the module
translation motion requires other joints to move because of the geometry
of the arm or trajectory, the capability can be easily accomplished b& releasing
the brakes and letting the joints backdrive. This capability is currently pro-
vided in the joint design. The same backdriving can provide all secondary joint
motion during insertion as well, again requiring just one joint for transmitt-—
ing force. A concern for the backdriving method, and it becomes more apparent
for the insertion, arises at the point where the module is nearly out of, or
just starting into, the cavity. It is uncertain as to whether the guides can
force the necessary backdriving with the very short moment arm available. The

module could even tend to cock or become jammed.

Therefore, it is considered the safest and most reliable approach to select
the second alternative--coordinated multiple joint drive-—as the primary control
during this phase. The backdriving joint capability should still be provided
but as a backup only. It is really essentizl for any failure that loses the

cooxrdinate transformation provided for coordinated joint control.
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The impact of providing the necessary coordinate transformation is minimal.
At the most, it is only the implementation of several equations in scftware.
The transformations will very likely be provided anyway for effective manual

control and ceoordinated visual displays.

4, Strain Relief

Strain is defined here as resultiﬁg when an external torque is placed on
any element of the servicer arm. Normal torques necessar§ to place a 20 1b
force on the module for retraction or insertion are not comsidered a strain.
One possible source is the side forces resulting from the wedging action dur-
ing norﬁal insertion of a slightly misaligned modulé, The wedge effect can
create forces much greater than the tip force of 20 1b in a direction orthognai
to the tip force being applied. These lateral forces can be absorbed by brake
slippage or motor backdriving when in a plane perpendicular to joint rotation.
Depending on the module location and_orientat?on of the arm some of these
lateral forces are reflected in a direction where there are no joint drives
to absorb the misalignments. For these forces the arm flexibility itself muét
and can absorb these torques. However, it has been elected to leave the arm
flexibility independent of this disturbance and permit its des;gn to be gov-
erned oniy by control system natural frequency requirements, arm strength anc
weight criteria. Instead a speciél preloaded spring jointahas been gdded in
the arm that breaks away at excessive torques and affords the desired strain

relief through the springs. See Chapter VI for more details.
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G. ADDITIONAL CONSIDERATIONS

Before going to the final discussion of just how the control subsystem
accomplishes the servicing task in the three proposed control modes, there
are two or three controls-related considerations that, for lack of a better term,
have been called additional considerations, yet are very important. One is

hazard avoidance, another is failure detection/correction and finally, servo loop

stability.

1. Hazard Avoidance

This feature is an obvious requirement in some form, because of the
multitude and variety of arm motions, thée large number of module shapes and
sizes and the close proximity of mechanical structure on either side of the

servicing arm’s theater of activities.

Table VII-6 lists some of the options available for performing hazard

avoidance during servicer arm trajectories.

Options #1 and #2 in the table are straightforward. Both predefined
trajectories and omboard TV are likely servicer capabilities for more over-

riding reasons. They are certainly effective and obvious candidates for

hazard avoidance.

Optioﬁ #3, the computer augmented visual scene, uses joint angle data as
a direct display for more current knowledge of joint position. In the appli-
cation referred to here, however, it would be made more useful by proéessiﬁg
the joint position and rate data and incorporating it into a simulated visual
scene that presents near;real time, or even predictive, computer-simulated TV
scenes. The scene would be updated periodically from the true TV scene whenever
downlinked. This would certaiﬁly be useful for more effective manual control

but would also make hazard avoidance monitoring more current. There is, of

course, a software impact but it would be restricted to ground software only.

" Option #4 is an extrapolation of #3. It assumes or requires no TV what-
soever, using only engineering data from the joint and known measurements of
the servicer's physical elements to create a totally simulated visual scene
that is very near real time. Engineering data would be updated on less than
0.1 sec intervals. The options does lack a little of the warm feeling a live
TV picture can convey, particularly when the concern is for hazard avoidance,

but it does drastically reduce downlink data.
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Table VII~6 Hazard Avoidance Options

No, OPTION ADVANTAGES DISADVANTAGES
1 | PREDEFINED TRAJEC-
TORY -- NO TV
@ Automated @ Simple onboard implementation |® Known hazard avoidance only
{Supv, mode)
® Manual @ Nothing to implement onboard @ Subject to human error
o Less effective than automated
due fo inaccuracies
& Vulnerable to failure-induced
hazards
2 | VISUAL {1V} @ Simple @ Limited capability for remote
o Capability for stations {=15 secs between
avoiding unknown pictures)
hazards @ Some trajectory definition

still required

3 | VISUAL (TV) WITH
COMPUTER AUGMEN-
TATION

& Permit slowed TV raie
@ No onboard implementation
@ More current visual scene

@ Increased ground software
© Increased engineering data
required

4 } GROUND COMPUTER
SCENE GENERATION
—NOTY

@ Manual or automated

© No onboard implementation

@ Some unknown {failure)
hazards avoided

® Better visual perspectives

o Considerable ground software
impact :
@ More engineering dzta down-

linked

5 | COMPUTER STORED
~ | SOFTWARE HAZARD
BOUNDARIES

& Onboard

@ Ground

‘| ® Arbitrary manual commands

permitted

o Automated trajectories less
constrained

@ No onboard software impact

@ Considerable onboard software

impact
® Known hazard avoidance only

e Useful for manual only

& | PROXIMITY SENSOR
{Measured Signal
Reflections)

o Detect unknown {failure} or
. known hazards or both

@ Hardware cost and development
unknown

e Trajectories still must be de-
fined

7 | COLLISION DETECTOR
{Joint Motor Current
Monitors)

@ Simple and straightforward
hardware implementation

@ Detect unknown f{failure)
hazards only

® Trajectory definition still
required

o Damage may occur
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Option #5 has a number of possible variations which have not been evalu-
ated in much detail yet. It is basically a software program that defines all
the physical geometry of the servicing elements much as the two previous options.
One of the differences is that it can automate the hazard avoidance functiom.
By keeping track of the arm position, it can signal an alert when a leading
edge has been computed to approach an obstacle. It even can, in the onboard
implementation, modify the trajectory wvia software to circumvent a known
hazard. This could permit more generalized onboard, automated trajectories.
The same routine could be used on the ground, however, it would probably just
provide a warning when approaching a hazard. A program similar to this was
written at Martin Marietta for a proposed Mars roving vehicle. It was program-
med and tested in a simulation, showing good feasibility. It can have a large
software impact (1000's of words) which could prove undesirable for omboard
implementation. It does not really alleviate any of the existing requirements

for visual monitoring.

The proximity sensor, Option #6, is the first option that would detect
unknown as well as known hazards. It presents some real technical challenges
particularly in the hardware area. Possible methods are: sensing reflected
light, reflected rxf, laser schemes, sensed IR sources and others. None of these
have been examined closely or have had any development work completed that

relates directly to the servicer task,

The last option, collision detector, is straightforward. It really must fall
in the category of a backup device since it implies the possibility of damage to the
structure or the module. There are, of course, preventive measures that could

be provided such as metal or teflon bumpers on the module or arm.
The recommendations, by mode, resulting from these many options are:

e Supervisory Mode: Automated predefined trajectories with
hazard monitoring via use of TV image

e Manual Mode: Use predefined manual sequences where
possible; monitor joint angles and

computer augmented visual scene

These recommendations have maximized usage of capabilities already

present and provided in the basic servicer system. The trajectories presented
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earlier were purposely designed to maximize clearances between module and
hazard and to simplify the trajectories as much as possible. One reason for
this is to minimize the hazard avoidance problem, thereby permitting adequate
avoidance without costly or complex mechanizations in both hardware or soft-

ware.

As the capabilities of the arm increase along with an expanded servicing
role in the future, the hazard avoidance schemes will undoubtedly be expanded
as well. To prepare for this point in development, effort should continue to
be directed at some of the hazard avoidance techniques other tham just those
recommended. Development of a hardwate proximity sensor should be continued
as well as the computer augmented and computer generated visual scene genera-—
tion schemes. Much work has already been done on the latter and should be

studied for application to the servicing system.

2. Fajlure Detection

A brief failure modes and effects analysis was performed on the servicer
system hardware in order to determine the performance of the servicer in the
presence of failures and to scope the magnitude of the hardware/software needed

to detect the more critical of these failgres.

One obvious solution, should a critical failure occur is to at least
disable further arm motion so damage does not occur -to nonfailed equipment.
It is a more likely alternative that a reliable, reusable, flight operational
servicing system of the future will employ a significant amount of redundancy.
For that system, equally rellable as well as effectlve, failure detection 15

necessary in order to make proper use of that redundancy.

Several straightforward failure detection methods were derived from the
ligt of basic failures anticipated. These are listed on Table VII-7 together

with the failures they will detect directly.

It can be seen that most of those shown can be performed on the ground by
man, provided the proper displays have been furnished. Some delays must be
tolerated in this mechanization but it is a good starting point in the develop-
ment. It is desirable that eventually most of these methods be mechanized on-
board. There are nc problems foreseen in onboard mechanization, either hardware

or software.
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Table VII-7 Failure Detection Methods

METHOD . FATLURES DETECTED

o MONITOR FOR EXCESSIVE RATES o FEEDBACK DEVICE
o MONITOR POSITION~-Desired vs o MOTOR OR MOTOR DRIVE
Actual e POSITION FEEDBACK DEVICE
o JOINT MOTOR CURRENT--High or o MOTOR
Zero o ANY IMPROPER TRAJECTORY THAT RESULTS
IN COLLISION
- Software
- Feedback
- Human

- Manual Command or Uplink Error
e MECHANICAL DEFECT OR JAM
¢ VISUAL (TV} ¢ IMPROPER TRAJECTORIES
o EXCESSIVE TIME FOR COMPLETION » INCOMPLETE STEP OR TARDY PERFORMANCE

If redundancy is provided the selection of the backup elements will be
con@ucteﬂ from the ground, at least initially. Eventually, higher levels of
autonomy will drive toward correction techniques onboard. Current development
efforts and simulation/demonstration test programs should consider failure-
detection and correction in defiming test objectives. One parameter that has
a direct influence on both the failure detection and correction function is
the timing. That is, how quickly must it be de?ected, how quickly can it be
detected, and how quickly must it be corrected. This kind of infdrmation can

come directly from trajectory and timeline evaluations in a simulation test.

3'. Stability Analysis and Design

Finally, the last but not the least important is an assessment of the

stability of the joint rate control loops.

In order to evaluate the stability of the proposed servicer control system,
an analytical block diagram was defined that incorporated the basic cylindrical
coordinate system, the control modes and hardware elements introduced earlier.
The open loop transfer function for a single joint drive was defined and its
stability evaluated on a bode plot. The loop was unstable, as expected, however
the addition of a straightforward compensation term resulted in a phase margin

over 30° and gain margin over 6 dB.
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A reasonably high amplifier drive gain——-4000 V/V--was assumed to maintain
accurate, linear rate control in the presence of motor and bearing friction at

rates below the expected minimums to be commanded (~10% of the nominal maximums
of 5 to 12°/sec). -

As hardware design proceeds, the preliminary work completed to date will
be repeated and refined and expanded to each joint. This effort is necessary
to ensure the lcops are indeed stable. Also the .electronics designer must know
the compensation terms in order to mechanize them in thé electronics.” The
mechanical designer must know what constraints on characteristics such as stiff-

ness, inertias and friction levels are placed on his mechanical design.
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H. CONTROL MODES IMPLEMENTATION

A bloek diagram of the key elements in the servicer controls system and
their interfaces is shown on Figure VII-16. The figure shows the typical hard-
ware devices in one of up to seven different joints——electronice, the motor,
and a rate and position feedback. The three different modes are shown in a
functional fofm on the figure. How each mode accomplishes control of the arm
will be discussed in greater detail in the subsections to follow.

Position Feedback
Rate Feedback

¥ )

Signal ]P rogessor Supv
{Dgita Fiha
I'I ] ME&.—’O
¢ Trajectory Seq, LA
® Mode Control e e - - Manual Aug. .~
e Coord. Xforms. /r : Mode e e
© Storad Taryet Position Switch o &
® Calibration Data ] ©
Nt e prmararemet?
: ;:tr:n;e:;zlstgglage Atternzte Typical Of Up ORIGINAL PAGE Is
© Faiture. Detection ——g:{\t:roi To Seven Jaints OF P OOR QUAL’TY
{Current Monitor) .
e Hazard Avoidance v
o Status Menitor
i - - 1 _ _ _ | iairborne Systems
. 3 ! RF Link Where} |Required
-\ :Ia;d- - Ground Computer Ground Systems
Ground Computer Controls [ (Coordinate Transfor-
{Data Proc. & Format} mations, Etc.)
A Sequencing Controls : Displays Ty
Commands. {Hand Cortrols,  J  (TV, Meters, Status L Backup
Switches, Etc,) | Llghts, Etc.) ~ Status
Status 4

Figure VII-16 On-orbit Servicer Control System Block Diagram

The onboard data computation and command generation for the normal super-
visory mode is assumed to be a digital computer. See section F1(f) above. Its
size will vary from a small minicomputer to a larger general purpose machine
depending upon the number and sophistication of the features shown in the
box that eventually are implemented, Only a digital machine has the flex-

ibility and capacity to accommodate all those features cost effectively.

The ground support required is in the form of controls and displays for
the purpose of obtaining status and other visual informatlon necessary to

meintain control of the servicing task remotely from a station on the grouad.
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A TV is assumed, as is a sophisticated ground computational facility for

engineering and TV data processing and display formatting.

When the control station is remote from the servicer, data will be trans-

mitted through existing ground and carrier wvehicle RF cormmunication systems.

The remainder of this section will discuss the three ‘control modes indiwvid-
ually. Wherever applicable the simulation demonstration (Chapter VIII)
configuration will be used to more clearly show the intended operational

scenario for each mode.

1. Supervisory Mode

All the servicer arm motions and trajectories are preprogrammed onboard
in this mode. The heart of the system is in the signal processor, envisioned
as a-ﬁidroprocessér or minicoﬁputer in an operational system. The failure
ég%eﬁfion, hazard avoidance, and status monitor routines are relatively ele-
mentary as opposed to the complex routines required of a totally autonomous
system. They merely will augment the manned monitoring via TV on the ground
and provide for reactions onboard that are time critical. The link with the
man who may be on the ground or in the Shuttle Orbiter, or wherever, is through
an R¥ link if it is a remote station. The data Fransmitted are status indi-
cationg and TV. The uplink data is the sequencing commands from the ground

that are initiated on successful completion of a phase of the removal/replace-

ment sequence.

The digital implementation provides considerable flexibility in that trajec-
tories and/or module coordinates can be easily modified via digital uplink
command: Calibration data can be modified from the ground or via an onboard
calibration routine using a known spacecraft target. Selection from more

than one coordinate system, programmed onboard, is possible.

Man's principal interface with the servicer system in the supervisory
mode is envisioned as a computer terminal display/keyboard. This plus most
of the other elements of a servicer system control station were realistically
incorporated in the simulation demonstration of this contract. The simulation

control station setup is shown in Figure VII-17.
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Figure VII-17 Simulated Servicer Control Station

The setup shown is reasonably representative of a ground based or

Orbiter based control station.

A particular step in progress and its status is displayed on the CRT at
the right of the figure. The display is typical of a number of displays appear-

ing throughout a complete trajectory sequence.

The trajectory sequence used in the demonstration is summarized in
Table VII-8, and tracks very closely that derived earlier in Section D for

an axial-to-axial exchange.

This sequence is implemented in computer software as a series of automated
steps, each step driving just one joint through a given angular travel at a
time. These steps have been grouped into functional segments as shown on the
left of the table for a single module exchange. A listing of a typical set
of steps in one of those segments (C) is shown on the right of the table.

A unique display is associated with each step. An'example is the display for
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Table VII-8 Simulation Trajectory Sequence

NO. OF
TRAJECTORY SEGMENTS STEPS TYPICAL SEGMENT SEQUENCE
A. Initiate Simulation 5 1. "CONTINUE" provides display requesting
go-ahead of segment.
B. Initiate Exchange 5 2. "CONTINUE" commands computer to extract
desired joint angle from memory, initializes
o= comparator and shows error signal and
C. :;’tz'ct'r‘:?,:::{' % Module g error light ON on panel.
3. "PROCEED" initiates drive of elbow joint
until error is zero. Error light goes OFF
. “Engage and Extract Module i and display changes to request a CONTINUE
' TO NEXT STEP.
E. 180" Module Flip 10 4and5. Repeat of Steps 2 and 3 for shoulder
roll joint.
F. Module Insertion 9 6and7. Repeatof Steps 2 and 3 for end ef-
fector roll joint.
G. Return Arm to Rest Position 8 8and9. Repeatof Steps 2 and 3 for shoulder
- translation joint
H. Initiate Next Exchange or 2
Power Down
TOTAL 54

step C2 shown on the CRT on Figure VII-17. Note that the display tells the
operator what word to type in next, e.g., "PROCEED" in the last line of the
CRT display on Figure III-17 is the next word for the operator to type.

After typing in the word, the operator also strikes the carriage return button

to execute the command. To simplify the typing and minimize errors, only the

first two letters of each word need be typed correctly, e.g., the computer
would read PROCEDE as PROCEED. While a total of 54 such steps and displays
were required for one exchange in the simulation the operator need not

memorize them; rather the computer leads him sequentially through the exchange

process.

Any module exchange requires basically the same steps and segments. Only

the beginning and end points pulled from memory are different.

The meters, lights and TV screen on the left of the control station in
Figure VII-17 are for monitoring arm motion during the automated segments of

the trajectory sequence. A typical view of the interface mechanism prior to
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mating is shown on the TV screen. The end effector jaw closure and opening

and interface mechanism latch/unlatch functions can be manual operations from
the control panel on the left, as was the case for the simulation; or automated

in the computer sequence.

2. Manual Direct Mode

The Manual Direct Mode is provided as a totally unsophisticated means of
backup control. It sends commands directly to the joints themselves. Commands
are one joint at a time. Motion is with respect to each joint's mounting base
rather than with respect to the display coordinate system, making the control
task somewhat awkward for some configurations. Its uses are: 1) as a possible
normal control mode for certain simple arm configurations that lend themselves
to direct joint control; 2) as a backup in the event of a failure in the
ground computations or downlink used in the augmented manual mode; or 3) in the
“event a joint failure has occurred that can be worked around but the normal

coordinate transformations either onboard or on the ground are not valid.

The portion of the servicer control station used in the simulation/demon-
stration, containing the servicer controls and display panel for the manual
direct mode, is shown on Figure VII-18. Accomplishing a module exchange, or
a segment of it, is purely a manual operation with an explicit procedure, or

checklist, that is followed.

The general order of the steps necessary to complete a single joint
motion is shown in the figure with the respective control or display associ-
ated with that step. First the desired segment end condition is set in on an
angle set pot. This results in a non-zero reading on the error meter and the
error light coming on. The operator then presses a direct mode control rocker
switch in the direction which causes the error meter reading to return to
zero. Note that the switch motions are coordinated with meter motions. The
meter indications are nonlinear so more sensitivity is obtained near null.

When the error signal reaches zero, the error light will go off. As the appro-
priate joint drive rates cannot be easily determined and may vary for different
parts of a trajectory, any of three different levels of drive rate may be

selected.
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Step 1 Step 2 Step 3 Step 4 Continue To

Set Desired Note Lights Select Press Direct Drive Joints,

Angle On Come C?n Joint Control Switch Or Epd Effector

Angle Set And Meter Drive For Desired As Directed By

Knob Reads Error Rate Joint Until Checklist Until
Meter Reads Module Exchange
Null And Light  Is Completed

Goes Out

Figure VII-18 Simulation of Manual Direct Operations

3. Manual Augmented Mode

The manually augmented mode has man doing most of the arm control as
in the Direct Mode above only using hand controllers and the TV instead of
panel switches. Also, the computer, whether it is on the ground, Shuttle or on-
board, is still in the loop to facilitate the direction of motion of the arm and
provide optimization of its motion with respect to the displays provided. The
operator controls all the remaining module exchange activities such as the trajec-
tory, hazard avoidance, sequencing, and fail-safe aspects based on TV images. The
computer can be programmed to provide visual aids in the area of trajectoriés
and hazard avoidance. The most useful role for the manual augmented mode

is to perform unscheduled motions to previously unidentified targets of

opportunity.

For distant, remote control stations such as ground to geosynchronous
orbit, the arm motions would probably be slowed from the rates used during
automated control in order to be compatible with the slow TV refresh rate

caused by RF transmission bit rate constraints. Two hand controllers--one
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for arm translational motion and another for controlling the attitude of the
module at the tip--is the preferable method of implementing Manual Augmented

control.

The second feature of this mode is that arm motion will not be simply a
single joint at a time but rather, will be such that the end effector moves
in some visually resolvable coordinate system. This is accomplished with equa-

tions in software.

The manual augmented modes are thought of as a man controlled alternate
to the supervisory mode and use a visual reference, such as a TV, for guiding
the arm or module to the target. Under these conditions; the more recogniz-
able and consistent the visual cues are the more effective the control. To
that end the manual augmented mode features a number of software coordinate
transformations. The visual display hand controller coordinate system is
defined such that the up/down motion of the hand controller is up/down on the
TV and similarly for right/left on the TV. These visual display coordinates
are transformed into the cylindrical coordinate system discussed earlier in E.
The effect of this is that the TV display motion is essentially in cylindrical
coordinates only the commands are rotated so as to align with the image on the

v.

Another augmentation or image enhancement that is incorporated is to slave
the arm end effector to the cylindrical coordinate radius vector. This is
often referred to as the hawk mode. It is most useful for an arm that is being
moved through complex or arbitrary motions yet the end of the arm or a TV
camera mounted at the end is preferably pointed in the same direction through-
out. This is so that clear and continuous monitoring of a target can be
performed while the arm is moving. This mode gets its name from the claws of
a hawk, or it could be a man's hand as well; both remaining in a given orien-
tation with respect to a defined reference, such as an object being grasped,
regardless of the arm's, or hawk's, movemeuts during the process. Two useful
references to which a servicer end effector could be slaved are shown in Figure
VITI-19 below. One is the vehicles references axes (%, y and z), while a po-
tentially more useful reference to the servicer is the cylindrical coordinate
system. This is the preferred approach for manual control. In this case, the

TV image always appears as though the axis of arm rotation was in the same
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place, certainly improving the operators ability to orient himself.

Radius Vector

Top

Radius Vector

Figure VII-19 Alternative Hawk Mode Characteristics

In the satellite servicing arm configuration either reference is easily
implemented. The only axis that must be driven to accomplish either is the
end effector roll joint. The change in this angle necessary to maintain the
module in the.desired attitude while motion about the shoulder (or elbow)

roll joint is induced can be seen in the two sketches on the right of the figure.

The operator's operations for all the manual augmentation modes is essen-
tially the same. A typical control station is that shown in Figure VII-20
for the simulation. The operator's principal activity is controlling the
arm's position and the end effector's attitude using the two controls shown.
The joint angle meters and lights can be monitored, if desired, for an indepen-
dent evaluation of the arm joint movement. This, however, is not essential or
even useful, except for those cases where the desired joint angles are known
ahead of time for a given target and the time is taken to dial them in on the
attitude set knobs. In the general application of the manual augmented mode,
this data is not always available nor is it essential if a good TV presentation

is available.
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Figure VII-20 Manual Augmented Mode Operations

4. Control Mode Implementation

A summary of how each of the three control modes were implemented in
the simulation is provided in Figure VII-21. It is considered quite applic-
able to the proposed flight design. The basic functions that must be performed
in accomplishing a trajectory are essentially the same for each of the modes.
Only the manner in which they are implemented may vary. Considerable common-
ality is evident in that a number of functions are accomplished similarly

regardless of mode.
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FUNCTION

CONTROL MODE

SUPERVISORY

MANUAL DIRECT

MANUAL AUGMENTED

Trajectory Se-
quence Storage

Stored in Computer
Software

Crew Procedure

Crew Procedure

Joint Drive Command from Com- Direct Control Hand Controller
Command puter Comparator Switches

Determine De- Computer Comparator Manual Monitor of Manual Monitor of TV
sired Angle Meters and Lights

Achieved

Rate Selection

Rate Select Switch

on Panel

End Effector
Drive and Monitor

Panel Switch and

Status Lights

Interface Mechan-

Panel Switch and

ism Drive and Status Lights -
Monitor

Overall Status Man Monitors TV, Man Monitors Lights Man Monitors TV
Monitor Lights, and Meters and Meters

Figure VII-21

Summary - Control Mode Characteristics

It is appropriate at this time to again stress that the three modes

described

are not to be construed as a final selection for an ultimate servicer
design. They are purposely selected at this time to span as broad a spectrum

of control sophistication as possible. Whether one, two or all three of the

types of control represented by these modes will ultimately be implemented

will depend on: the evaluations currently initiated, on those planned for the

remainder of this year, and on evaluations that will be conducted at MSFC after

delivery of the tools developed here. Regardless of which or how many modes

are planned, the exact form of each will undoubtedly change as these evaluations

continue and firm designs begin to evolve.




VIII. SIMULATION/DEMONSTRATION

A simulation/demonstration of the servicing module exchange operation was
conducted at Martin Marietta, Denver. It represents a preliminary to the de-
sign and fabrication of the Engineering Test Unit and its subsequent use in an
Orbital Servicing Demonstration Facility at MSFC, It is anticipated that the
MSFC facility will repeat, extend, and expand the demonstration activity con-
ducted in Denver. The Denver demonstrations used existing general purpose mo-
tion generation systems and computers. The emphasis in the simulation was to
identify good module transfer trajectories and control systems that can be de-

veloped to flight equipment.

The objective was to conduct a demonstration of the module exchange activ-
ity of on-orbit servicing in the Supervisory and Remotely Manned Backup modes
to confirm and define the control approaches which have been proposed. This
was accomplished and the conclusions are summarized in this chapter. It was
important at this point in the development of the servicer design to investi-
gate the servicer control approaches in a functioning setup. The understand-
ing of the control problem gained from the simulation has provided a cost-
effective, sound basis for determining what control investigations should be
performed inthe future. The conduct of this controls simulation provided a
focus which further evolved and confirmed the control approaches, including
definition of the important man/machine interfaces, through a process of dis-

covery, refinement, and expansion.

The simulation was the first level of integration of the servicer mechan-
ism design into an operating servicer system. It has increased our confidence

in the eventual utility of the space design.

The control system simulated was the Supervisory with Remotely Manned
Backup control concept identified in the first I0SS. It was studied in three
separate, but related, parts. These are a) Supervisory, b) Manual-Direct,
and c) Manual-Augmented. Each of these control modes is described in detail
in Chapter VII. Time did not permit evaluation of the Manual Augmented Mode.

The axial configuration of the servicer mechanism was represented with module
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results from the simulation include:

verification of the utility of the two modes investigated;
definition of control and display scaling factors;

identification of TV system parameters (lens focal lengths, need
for focus adjustment, location, gimballing, etc);

identification of visual aids;

suitability of the Payload Specialist Station as a control station;
adequacy of joint rates and torques;

need to redesign interface mechanism guide shapes;

adequacy of attach capture volumes;

a set of recommended module transfer trajectories; and

verification that the selected timelines are suitable.

approach to the physical simulations involved use of an existing
rietta physical motion generator, control logic systems, and control
in conjunction with a partial full-scale mockup of a serviceable
t and module stowage rack. Figure VIII-1 shows the interconnection

jor elements., The selected motion generator is the Space Operations
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Figure VIII-1
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Simulator (SOS) which operates in cartesian coordinates and has a large weight
capacity. Thus it was not necessary to get involved in counterbalance aspects
during the demonstrations. The motion travel of the Space Operations Simu-

lator is such that the activities could be conducted at full scale.

The selected control station was the Payload Specialist Station (PSS)
which is located in a mockup of the Orbiter aft flight deck. The PSS is be-
ing designed to handle a variety of orbital activities such as on-orbit serv-
icing. The spacecraft and stowage rack partial mockups were made of foam-
core over a metal/wood structure at full scale. The metal structure supports
the interface mechanisms and the replaceable modules. The side mounting inter-
face mechanism was used. The end-effector and interface mechanisms delivered
to MSFC under the first I0SS were used, and a second interface mechanism base-
plate receptacle was fabricated so a module could be moved back and forth be-
tween the spacecraft and stowage rack. A second removable module location in
both the spacecraft and stowage rack was provided so the effect of different
module locations could be studied, The test set-up is described in detail in
Section A. Design evaluations and conclusions are covered in Section B.
Further details on the simulation/demonstration have been covered in a memo,
On-Orbit Servicer Demonstration/Simulation, March 25, 1977. The memo should
be considered as a basic reference for this entire chapter on the demon-

stration/simulation.
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A, TEST DESCRIPTION

The servicer configuration for the simulation/demonstration is illus-
trated in Figure VIII-2. The simulation is located in the large high-bay
Space Operations Simulator (SOS) located in MMC-Denver's General Purpose

Laboratory.

Figure VIII-2 Selected Motion Generator/Mockup Configuration

The servicer's mechanical arm motion is provided in this simulation by
an existing multipurpose motion generator capable of three degrees of trans-

lational freedom in cartesian coordinates which can be operated independently

of the additional three rotational degrees of freedom associated with the
servicer forearm representation. The full-scale mockups of the spacecrdft
and storage racks, which are integral elements of the simulation, are shown
at the end of the arm. Of the modules shown on these mockups, one is fully
operational for removal and replacement, but it can be moved from either of

two locations in the spacecraft to or from two locations in the storage rack.

The mockup of the Shuttle Orbiter Payload Specialist Station can be

seen at the far end of the room. It served as the control station for the
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servicer operation. This is a realistic approach since a potential role
for the servicer system is as a fixture in the bay of the Orbiter for low

earth orbit payload maintenance. For orientation of the viewer, the Shuttle

Orbiter can be thought of as pointing nose forward out of the far end of the
room. The servicing mockup then is located in the general vicinity of the
center of the Orbiter bay and appears, from the aft facing window of the

Payload Specialist Station, much as it would in an operational Orbiter appli-

cation.

The test setup consists of the elements shown in Figure VIII-3. The

Simulation Computer Servicing Arm and Mockups

ORIGINAL PAGE'I§
OF POOR QUALITY,

Fi gure VIII-3 Demonstration/Simulation Signal Flew

servicer operator conducts operations from the control console where his con-
trol information is displayed to him via TV, lights, and meters. The con-
trol station to be used is a functional mockup of the Orbiter Payload Special-
ist Station which is described in detail later. The operator initiates con-
trol commands just as he would on an operational servicer mission. The con-

trol commands are routed to a computer containing the servicer system math
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model. The contrecl commands cause servicer system motion in the math model.
The servicer system motion is transformed into simulator commands via simu-~-
lation equations, This transformation is necessary to put the servicer mo-
tion into the coordinates of the motion generator. The simulator commands
cause the motion generator to move the servicer mechanism realistically. The
end of arm moves the same as the forearm of the actual mechanism would move.
The operator observes the servicer mechanism moving between the spacecraft

and stowage rack as it would in a servicing mission.

Three control modes were planned to be run in the MMC Denver simulation =--
Supervisory, Manual Direct, and an Augmented form of backup control, Each is
described in detail in Chapter VII, Servicer Control System. The Manual Aug-
mented mode was not included in the initial demonstration in February, 1977.

Axial exchange only was incorporated.

The full scale mockup of the storage rack and spacecraft used in the simu-
lation is shown in Figure VIII-4., The simulated servicer arm is also shown.
The storage rack is the element to which the docking probe and servicer arm

are attached and in which the replacement modules are stored. The mockup is .

Figure VIII-4 Stowage Rack/Spacecraft Mockup
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shown with the docking axis vertical. This is the orientation when mounted

in the Orbiter bay. The storage rack modules illustrate the variety of types
of modules which might occur. They are not intended to represent any specific
spacecraft servicing mission. In fact, most missions will have fewer and
generally smaller modules. A representation of the largest (40 in. cube)
module is shown in the right hand quadrant. The other cubical modules are

24 inches in dimension. The modules which were exchanged in the demonstration

are located in the left hand quadrant.

The basic truss structure shown in white is representative of the flight
unit stowage rack configuration. However, only three of the normal four
trusses have been included. The fourth truss would have inhibited motion gen=-

erator operations,

The spacecraft mockup is shown at full scale in the docked configuration
with the storage rack. Separation of spacecraft to storage rack is the 60 in.
recommended in this study. The spacecraft has been configured as a generalized
serviceable spacecraft in order to better reflect the spectrum of potentially
replaceable modules on a serviceable spacecraft. A variety of shapes and
sizes of replaceable modules are shown mounted around and within a core struc-
ture. A self-contained propulsion module, incorporating both thrusters and
tanks, is shown, In the mockup, only the two module locations in the center
of the spacecraft core structure are operationally usable by the servicing arm.
The two locations selected represent the minimum radius (closest to the dock-
ing probe) and the maximum radius (farthest from the docking probe) that will

be encountered in any spacecraft for axial module replacement.

The servicer mechanism in the flight unit or the engineering test unit
mounts on the docking probe half way between the stowage rack and spacecraft
mockups. The moving base motion generator used in the simulation to generate
servicer mechanism motion is an existing item. Basically no changes were re-
quired to it. Some modifications were required to the arm, however, to pro-
vide the proper degrees of freedom, Figure VIII-5 shows the areas in which

the modifications were necessary. The joint at the base of the arm (simulator
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yaw) was reconfigured to provide movement in a plane parallel to the floor.
The arm itself was fabricated for the servicer simulation and is unique to
this application. The simulator yaw drive along with the moving base hori-
zontal drives (X and Y) provide the motion equivalent to the servicer mechan-
ism shoulder roll and elbow roll. Thus, the orientation of the arm in the

simulation is representative of the actual servicer mechanism forearm. This

MODIFIED TO REQRDER
DEGREES OF FREEDOM

ARM FABRICATED FOR
SERVICER SIMULATION MODIFIED FOR ADDI-
TION OF END EFFECTOR

Figure VIII-5 Motion Generator Modifications

can be seen better in Figure VIII-4. The yoke at the end of the arm (Figure
VIII-5) was existing but was modified to accommodate the servicer end effector
and to permit installation of lights and TV camera., The simulator end effec-
tor has two degrees of freedom in the servicer end effector. The simulator arm

rotates about itself providing a wrist yaw. The yoke rotates about an axis

normal to the face of the yoke providing a wrist roll.

The end of the simulated servicing arm and end effector mounted within
it is shown in the closeup photo in Figure VIII-6. The circular ring which
supports the end effector and provides the rotations of the end effector is
larger than the eventual ETU or a flight design. It is being used to take ad-
vantage of the existing mechanism, structure and motor which was designed

initially for much heavier loads than this application. It also provides
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more flexibility for investigation of alternative TV and lighting system lo-

cations than can be provided easily with the engineering test unit,

END EFFECTOR

TV CAMERA

Figure VIII-6 Simulator End Effector

The cone shaped probe and movable jaws on each side accomplish attach-
ment with the module., The slotted drive next to the probe turns a screw
drive after engagement to perform latch and unlatch of the module from the
interface mechanism receptacle or guide. The receptacles are permanently

mounted in the spacecraft and stowage rack,

The end effector discussed previously is shown in Figure VIII-7 attached
to the interface mechanism baseplate of a typical module. The simulated
servicer mechanism is shown inserting the module (baseplate) into the mating

part (baseplate receptacle) in the stowage rack. A 24-in. x 24-in. x 24-in.

module is shown.

A functional mockup of the Shuttle Aft Flight Deck has been fabricated
(as shown in the Figure VIII-8) at MMC. Its location in the facility was
shown previously in Figure VIII-2, A servicer system operator's station has

been incorporated.
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Figure VIII-8 Orbiter Aft Flight Deck Mockup
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The servicer control station shown on Figure VIII-9 is located on the

right of the aft flight deck mockup shown in Figure VIII-8. This corresponds

to the left hand side of the orbiter aft flight deck.

Figure VIII-9 On-orbit Servieer Control Station

The servicer control and display panel in the lower center and the moni-
tors are not mockups but are in fact operational and are integral to the
servicer demonstration. The function of the various elements shown at the
center and right hand stations are described later as the operations required
for each of the three control modes are described in detail. The right-hand

CRT screen and keyboard is solely for interface with the computer,

The panel at the left is not a part of the servicer controls or display.
The TV above the control panel normally will show the view from the end effec-
tor mounted camera. The TV screens at the upper left of Figure VIII-8 are

intended to monitor the Orbiter bay with the Orbiter cameras.

The panel shown below the TV monitor on Figure VIII-9 is illustrated in

greater detail in Figure VIII-10. The panel contains some controls for basic
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Figure VIII-10 Servicer Controls and Displays Panel

initialization. These include such items as: power on/off, communications

on/off, Hawk mode on/off and mode select. The lower part of the panel has

one region for end effector control and another region for interface mechanism
control. The end effector control consists of status lights (Ready, Closed
and Opened), and a momentary switch to drive the jaws closed or opened. The
interface mechanism control also consists of status lights (Ready, Latched and
Unlatched), and a momentary switch to drive the latching mechanism. There is
a module location selection switch in the lower left hand corner. It is used
for selecting the module number, and whether the module is located in the space-
craft or stowage rack. The upper part of the panel is used for the Manual
Direct control mode. A servicer mechanism joint by joint control is provided
by a combination of control inputs and displays which is paralleled for each
mechanism joint drive. A row represents the controls and displays for a given
drive like the shoulder roll. A desired angle on the joint is set in with

the angle set pot on the left. The light and null meter indication represents
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the joint error which is the difference between the angle set pot value and
the actual position of the joint. A joint is driven to the angle set pot
value with the white rocker switches. Three levels of drive rate are avail-

able.

The alphanumeric display and keyboard as shown in the right hand portion
of Figure VIII-9 is typical of most computer interface terminals, It has
been incorporated for the Payload Specialist Station design studies being
conducted for MSFC. It will eventually be operational with the PDP 1145 com-
puter, however, the initial simulations utilized an existing 1145 terminal--

INFOTON--stationed directly beside the unit shown.

The CRT screen and keyboard is the prime control element in the Super-
visory control mode. Status and requests for commands are displayed on the
screen. Commands to perform actions are inserted in the form of words typed
in on the keyboard. These commands have been designed to be a minimum and

simple in form to enhance operator understanding and simplify training.

The PDP 1145 computer being used for the servicer simulations is pictured
in Figure VIII-11. The machine is a general purpose facility tool. The PDP-
1145 is a 16-bit computer representing the large computer end of the PDP-11
family of computers. It is designed for high-speed real-time applications
and for large multi-user, multi-task applications requiring up to 124K words
of addressable memory space. Among its major features are a fast central
processor with choices of semi-conductor and core memory, an advanced Float-

ing Point Processor, and a sophisticated memory management scheme.

Some of the peripheral equipment included in the PDP 1145 installation

above are:

2 RKOS5 Disk Drives Line Printer
2 Seven Track Tape Drives Card Reader
2 Nine Track Tape Drives RT-11, RSX-11D and FORTRAN IV Plus

Paper Tape Reader Operating Systems

INFOTON (Keyboard and CRT)
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Figure VIII-11 Simulation Computer (PDP-1145) Facility

The block diagram in Figure VIII-12 depicts the interconnection of the

basic elements of the MMC Denver simulation, most of which have been dis-
cussed previously. The computer interface electronics performs the Input/
Output function between the computer, controls, displays and the motion gen-
erator. It should be noted that this configuration includes basically the
same elements as the proposed flight configuration. The only difference is
that the motion generator and its control panel would be replaced with the
flight servicer and its electronics. Subsequent simulation/demonstrations
will incorporate the ETU and its electronics, bringing the configuration

that much closer to a flight design.

A PDP 1145 is the computer being employed and is a laboratory facility
item, resulting in a low cost operation. This computer has been used for a
simulation of the Orbiter Payload Specialist Station configured earlier for

a study with MSFC.
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B. DESIGN EVALUATIONS AND CONCLUSIONS

This section contains the desiign evaluations performed during the . simu-

lation and the resultant conclusions. The areas covered are:

1) End Effector Attachment Status Signals;

2) Interface Mechanism Latch/Unlatch Status Signals;

3) End Effector TV Camera Location;

4) Latch/Unlatch Mechanism;

5) Visual Aids;

6) Capture and Alignment Conditions of End- Effector to Interface
Mechanism; h

7) Connector Alignment and Mating;

8) Module Transfer Trajectory:

9) Timelines and Veloeity and Acceleration Levels; and

10) Control Modes.

The conclusions are presented in the above order because it was the
order in which they were investigated in the simulation. The order represents
a very logical build-up of information for each succeeding conclusion. The
simulation represents the first level of integration of the servicer mechanism
design into an operating servicer system. ‘The simulation provided a focus
for effective study of the ahove listed areas and the total servicing system
at a very logical time in the development of the servicer system., The value
gained and to be gained is-not easily assessed, but it certainly has proven

to be very significant already.

1. End Effector Attachment Status Signals

Three status indications were mechanized on the end effector: jaws
opened, jaws closed and ready for jaw actuation. These status signals aided

in the attachment of the end effector to the interface mechanism,

The end effector jaws opened and jaws closed status signals were generated
by microswitches actuated by cam surfaces attached to the jaws., This con-
figuration has proved to be entirely.satisfactory during the simulation test-

ing. The setting of the microswitches to actuate at the end of the jaw travel
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is critical, However, the microswitch positions were set-up.only once and
did not have to be reset during the evaluation period. The jaw mechanical
motion and available surfaces make the mounting and operating of micro-

switches very easy.

The end effector ready status sensor is not as readily configured as the
jaws opened and closed sensors. An acceptable configuration for lab opera-
tion was evolved, but different approaches will have to be considered for the
space application, The configuration used'is shown in Part A of Figure VIII-13,
A push type button switch was mounted on the end of a coil spring. The switch
was set to be actuated just before the capture cone on the end effector was

bottomed out in its mating. part on the interface mechanism.

[ End Effector ,

¥ 3
r E Cone %
E 7 ' %’ Al
_ _ .
Sensor Interface '_A,—_l?.i L=

Mechanism '
A. Configuration B. Alignment Problem

Pigure VIII-13 End Effector Ready Status Sensor
The reasons for mounting the switch on a spring are obvious once the

relative alignment errors between the end effector cone and the mating part

on the interface mechanism are reviewed, The alignment conditions are shown
in Part B of Figure VIII-13. The cone can be misaligned both in displace-
ment -and angle. 1In the figure the displacement error is labeled A and the
angular error is labeled B. The present. capture capability is +3/4 inches

for the displacement error. The capture capability for the angular error has
not been evaluated. The spring mounting of the ready switch requires a mount~
ing support that could give when angular misalignment existed prior to the
cone bottoming out. As was stated this worked satisfactorily for the simu-

lation tests.
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The manner in which the status indications should be used in each mode
is another consideration, The status signals were used as control indicators
for the manual direct mode. After the operator aligned the end effector cone
properly according to the known pot settings, he drove the end effector cone
into contact with the mating part on the interface mechanism using the shoulder
pitch drive (U) only. He drove it until the ready light came on, Then he

actuated the jaw closed control switch on the C&D panel,

However, for this first physical demonstratioh it was decided that in
the Supervisory mode, the driving in motion would not be terminated based on
getting the ready indication. Instead, it was decided to determine the de-
sired inward travel as a calibration value and store it in the computer. This
was done, and it worked satisfacto?ily. The ready light always came on during
the runs in Bupervisory mode evidencing that it could be calibraééd for the
simulation set up. The Supervisory mode steps were not interlocked with the
jaw actuation., The alphanumerics display called for performing and checking
for completion of the jaw actuation. The manner in which the status signals
should be incorporated in the Supervisory mode for the space case is still

under consideration.

2. Interface Mechanism Latch/Unlatch Status Signals

Three status indications were mechanized on the interface mechanism:
interface mechanism latched, interface mechanism unlatched, and ready for
latching actuation. These status signals aided in the fastening of the inter-

face mechanism bdseplate to the baseplate receptacle.

The interface mechanism unlatched and ready for latching status signals
were generated by microswitches mounted to the track of the baseplate re-
ceptacle. The second set of guide rollers on the baseplate receptacle were
the cam surfaces which actuated the micyoswitches. The configuration was ade~
quate for the demonstration. However, the location of the ready for latching
microswitch is very critical. It is desirable to have the microswitch mounted

normal to the direction of travel instead of along it.. This could be done if the

microswitch were located in the Tregion of one of the latching/unlatching drive
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.arms, The interface mechanism unlatch status microswiteh when mounted on the
track has the 'same problems, It also should be located by one of the drive
arms, .The microswitches were not mounted where they could be actuated by the
latch/unlatch drive arm because :it would have required considerable machining.
Also, it was concluded later in-the simulation that when using the tracks for
mounting the microswitches, they should be mounted further along the .tracks

so the first set of guide rollers are the actuators

The interface mechanisp latched status signal was gbtained from the homing
of the electrical connector mounted at the .end of thekinterface mechenism.
Contlnulty through the connector was used to turn on a llght on the control
panel, This is an 1nd1cat10n that latch up has been completed Alao an in-
dlcatlon of a functioning connector will probebly be requlred as a ba31c post
servicing check. However, thlS type of latch signal w111 not be adequate in
the space design for motor turnjqff as it occurs at first pin contact and not
at the end of the connector travel.

The status 51gnals were used as control indicators for the manual direct
mode. The ready to latch light was used to indicate to the operator when to
stop driving shoulder pitch and actuate the latch drive switch. The latch
status signal was used to turn on a light which indicated to the operator to
stop the latching operation,:,The.ﬁnlatch status signal was used to turn on a
light which indicated to the operator when to shut off the unlatch motor drive.
"He then could initiate a shoulder pitch to remove the module. -In .all modes a
compensation term for.the shoulder pitch.drive- (U) was initiated in the com-
puter whenever the latch.-or unlatch switches were actuated. This term compen-

sated for the 1 and 3/4 inches of travel that the baseplate goes -through dur-

ing the latch and wnlatch .operation.

However, for this first physical dembnstration it was décided that in
"the Supervisory mode, the driving in motion would not be téminated based on
getting the ready indication.” Instead, it was decide&'to deterﬁine the de-
sired inward travel as a calibration value and store it in the computer., This

was done, and it worked satisfactorfly.' The ready light did not come on
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consistently indicating that it is difficult to actuate the microswitch for a
given inward travel of the baseplate, The Supervisory mode steps were inter=
locked partially to the latch/unlatch operation., The program could not be
advanced unless the latch/unlatch action was initiated. The manner in which
the status signals. should be incorporated in the Supervisory mode 'for the

space case is still under consideration.

3. End Effector TV Camera Location

‘During the simulation the end effector TV camera scene was disPla§ed on
a monitor in the servicer control panel., For the Manual Augmented control
mode the TV scene is the prime source of control cues for the servicer oper-
ator, However, in the Supervisory and Manual Direct control modes the TV
visual scene is used as monitor type information. By observing the TV scene
as steps in the module exchange are being performed, the operator can gain

assurance that the steps were completed correctly,

After reviewing the existing end effector TV camera location requirements
and the additional thoughts generated while setting up the simulation, the

following list of'requirements was defined.

End Effector TV Camera Location Requirements

1) Same visual aid for the-capture and attachment of both the end -

effector and the interface mechanism .

2) Keep camera as close to the center line of the end effector cone
as possible to minimize error differences between the sensor (TV
camera) and the parts being aligned (end effector eand interface

. mechanism) ¢

3) Keep camera as close to wrist roll axis as possible to minimize
apparent translational motion on TV monitor when wrist roll moves

4) Have end effector jaws in opened and closed positions in the camera
field of view

5) Have end of baseplate in view as it enters baseplate reéeptacle

6) Perform #5 for interface mechanism léngths up teo 40 inches

7) Use same type of visual aid(s) for stowage rack and spacecraft
8) Have latch/unlatch arm linkage in latched and unlatched positions

in the camera field of view
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The preceding servicer system requirements are desirable. They do not
all drive the TV-camera location to a single location, ,In addition, the

following servicer system mechanization conditions were considered.

Servicer System Mechanization Conditions’

1) Pﬁysical size of wrist roll drive
2) ©Physical size of camera
3) Minimum focal length of TV camera lens

4) Integration with the "IV camera lights

There are three regions to be considered for locating the end effector
TV camera. These regions surround the area taken up by the end effector it-

self as shown in Figure VIII-ll. Region A is where the module is located.

N

B /—Interfaée Mechanism

///
“1  _1—End Effector

|
Module A C

~_—Stowage Rack/Spacecraft -
Structural Member

__N_,
Top View

Figuve VITI-14 Fnd Effector TV Camera Location Options

Region B is on either side' of the interface mechanism, &nd Region C is the

spacecraft/stowage rack structural member supporting the interface mechanism,

Table VIII-1 summarizes the results of the end effector TV camera location

trade~off. The ability of.each of three regions to satisfy the previously

listed requirements was evaluated.

Requirement #1 says that the same visual aid should be used for capture

and attachment of the end effector and the interface mechanism. ' In Region A
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this requirement would necessitate a slot down through the module because the
visual aid would have to be mounted on the baseplate receptacle, This would
place the visual aid a long d%stance away from the camera (up to 40 inches),
The requirement can easily be met for Regions B & C. However, in Region C
there would be a separation limit (camera lens to visual aid) in 6rder that

holes would not have to be cut in the structural member.
Table VIII-1 End Effector TV Camera Location Tradeoff Results

Regions
Requirements
A B ¢
1 No Yes Yes
2 Good Poor Good
3 Good Poor Good
4 Yes No Yes
5 No No Yes
6 No No Yes
7 Yes Yes Yes
8 No No - No
(See Page Vill -20 For -
Definition Of Each Requirement)

The TV camera was located 4.2 inches to the side of the end effector
center line as shown in Figure VIII-15. The separation distance between the
lens and the visual aid was 5.5 inches, A TV camera available in the lab
facility was used, The TV camera characteristics are shown in Table VITI-2,
Obviously, the physical dimensions are not rgpfesentative of available space

qualified TV cameras.

The TV camera location in the simulation did prove to satisfy all the
requirements except #8, "Feeler" or "flag" type visual aids which the linkages
operate at the end positions could help. Also, the opened and closed positions
for the end effector jaws could not be identified as positively as might be

desired. However, jaw motion could be readily observed.
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Figure VIII-15 End Effector IV Camera Location Geometry
Table VIII-2 Simulation TV Camera Characteristics

Camera . Lens
Manufacturer: RCA ] .Manuféctﬂter:_ Aﬁgenioux
Size: 9.5 X 4,5" X 7.7" | Focal Length: 10 mm
Weight: 3-1/2 Lb, | F/L8

Power: 14 Walls. _
Resolution: 500 Lines

4. Latch/Unlatch Mechanisn

Early in the simulation setup some difficulty was encountered in engage-=

ment of the latch drive. The condition was cured by cutting- a‘chamfer-on the top
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edge of the hole in the interface mechanism. This provides a greater capture
capability of the drive shaft under alignment errors. Alseo, the slot in the
drive shaft was opened up somewhat. After these two minor changes the engage-

ment of the latch drive was performed consistently for all rums.

A latch/unlatch compensdation had to be added to the computer math model
to accommodate the 1 and 3/4 inch motion of the interface mechanism baseplate
as a latch/unlatch is performed.' The compeﬁsation consisted of a term added
to the shoulder piteh (U) drive command. An integration was initiated based ‘
on actuating the latch/unlatch drive switch., This integration was limited to
the 1 and 3/4 inch maximum value., The cd@pensation term was needed in the simu-
lation because the motion generator is not back driveable. 1In the ETU and
space design the compensation will be implemented because a back drive cap-

ability is not planned for axial module exchange., However, -the ETU stiffness

may be such that the compensation can be deleted later.

5. Visual Aids

The Supervisory and Manual Direct control modes do not require visual cues
from the end-effector TV camera. . The Manual Augmented mode is baselined to
use the video scene as its prime source of control cues. However, under cur-
rent thinking, the servicer opérator can use the video scene as supplementary
cues for the Suﬁervisofy-and Manual Direct control modes. Because of-this a

s N . . -
preliminary investigation of visual aids was performed.

The type of visual aid to be used is obviously dependent upon the control
cues (errors) to be determined from the visual aid. The first major separa-
tion of control cues is between translational ones and rotational ones. The
translation :and rotational effects.are.not easily separated if each has three
components to control. The design approach used for the 5 DOF servicer
mechanism has considered this factor. The servicer mechanism design requires
only one final alignment in rotation to be made. This is wrist roll, There
is no wrist pitch in the 5 DOF servicer condiguration. The wrist yaw which
is used to flip the module will have very accurately calibrated end points.

Thus, the need for correcting wrist yaw based on visual cues is eliminated.
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The control cues required reduce to three degrees of translation and one ro-
tation, The rotation is about an axis normal to the end surfaces of the

stowage rack and spacecraft,

Since the control cues were reduced to three translations and one
rotation, a very simple visual aid can be used. All that is needed as a target
is a cross within a circle (Figure VIII-16). The reticle on the TV monitor
would consist of a cross with ranging circles. Having only one rotation to
contend with decouples rotation from translation. For translation the operator
flies or evaluates errors based on the relative separation between the center
of the reticle cross hairs and the target's cross as shown in Figure VIII-16,
Part C. 1In the other degree of translational freedom the ranging circles are
used, A rotational error would result in the view shown in Part D of Figure

VIII-16. This error can be corrected by driving the wrist roll.

A\
N\

(A) Target Cross (B) TV Monitor Reticle
(C) Target And Reticle - Target And Reticle
Translational Error Rotational Error

Pigure VIII-16 End Effector/Latch Visual Aid

The visual aid set up used in the simulation is shown in Figure VIII-17.

The visual aid is not mounted on the stowage support member because of the
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manner in which the baseplate receptacle had to be mounted for the simulation.
A cross with no range circle was used. This visual aid proved satisfactory
for monitoring purposes in the Supervisory and Manual Direct control modes
for attaching the end effector to the interface mechanism. A problem arose
using the same visual aid during the module insertion operation. For module
insertion the TV camera is used to view the target cross shortly before (2

inch standoff) the baseplate enters the baseplate receptacle. The view distance

Figure VIII-17 Visual Aid in Simulation
is 30 inches. The center of the target cross is not on the center line of the
camera lens, it is off from the lens center line by an included angle (al)

as shown in Case 1 of Figure VIII-18. However, when the module is inserted as

in Case 2 the included angle is o Thus, as the module moves straight in as

2
it should, the center of the target cross has an apparent translational motion
on the monitor. This can be handled by marking the start and end points on
the monitor's reticle or aligning the lens center line with the target cross.

These possibilities are being considered.




]
Module \ TV Camera

1 (11
v Center Of R oa
_/ Target e
Baseplate
Baseplate — Module
Receptacle - | nterface
Mechanism

Case 1 - Initial Alignment Case 2 - Final Latch Up

Figure VIII-18 TV Camera - Visual Aid Geometry

6. Capture and Alignment Conditions of End Effector to Interface Mechanism

The ability of the end effector to capture the interface mechanism was
repeatedly tested during the simulation, The accuracy of the motion generator
was such that the end effector cone was positioned across the total +3/4 inch
translational capture distance of the cone's mating part on the interface
mechanism. The accuracy to which the attitude of the end effector was posi-
tioned was sufficient for capture but very difficult to measure. Once the
interface mechanism was mounted on rubber pads, capture including clamping
of the jaws to the jaw plate on the interface mechanism was consistently accom-

plished.

One additional alignment problem arose. With jaws fully clamped the angu=-
lar error between the end effector and the interface mechanism baseplate was
too large to allow the baseplate to be captured by the baseplate receptacle
during a module insertion. Tests were run to ascertain the angular accuracy to

which the end effector and interface mechanism were aligned after clamping of
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the jaws. Two of the angular alignment conditions are shown in Figure VIII-19.

Angle

End Effector

o S

Interface
Mechanism
Baseplate
]
\{ a l‘/
View One View Two

Figure VIII-19 Aligmment of End Effector to Interface Mechanism

View one shows the angular error ( B ) that proved to be the problem. The
alignment accuracy for B was +1.8 degrees which results in a +3/4 inch dis-
placement error at 26 inches. The O angle error was always acceptable. The
two wrist angular errors were under +1/2 degree and appeared acceptable for

the capturing capability.

The homing of the jaws at the end of the clamping action was reviewed and
reevaluated, It was determined that the jaw mechanism could be allowed to
drive closer to its over center point, It was felt that this should provide
better aligmment. This was accomplished by adjusting shims under the jaw
mechanism, The B angular error was reduced to +0.5 degrees (+1/4 inch at the
tip) which was acceptable for the simulation, After this one change was made

a module could be inserted consistently,

i Connector Alignment and Mating

The engaging/disengaging of a space qualified connector (Type 40M39569)
was evaluated during the simulation runs. The connector engaged consistently
during all the runs. Mating of the connector was verified by a continuity
check which turned on the interface mechanism latched light on the controls

and displays panel.
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The only modification made to the connector was to remove the locking
ring which requires a rotation for locking. Figure VIII-20 (arrow) shows
how the connector was mounted on the interface mechanism baseplate and base-

plate receptacle. Both halves were hard mounted with the male part on the

baseplate receptacle.

H
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Pigure VIII-20 Interface Mechanism Comnector Mounting

The interface mechanism design provides a fine alignment over the last
1.5 inches of travel prior to alignment pin engagement (Figure NII=21) " Ine
alignment pins have a 0.5 inch travel. The connector is mated and homed over

the last 1/4 inch of travel. The final alignment of the interface mechanism
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realized from the 3 alignment pins is sufficiently accurate to mate the con-
nector. The connector does have some small amount of capture/alignment cap-
ability. The tips of the pins are rounded off, and the holes in the female
connector are chamfered. This along with mounting the connector pins in an

elastomer does aid in the mating of the connector.

T/

, 7

f ([T
i

Connector B

Figure VITI-21 Connector Alignment
8. Module Transfer Trajectory

Selection of the module transfer trajectory was influenced by three
factors:

e sequential or compound control

e module flip region

@ utilization of a rest position
Each of these factors will be defined as they are discussed.

Sequential control versus compound control was considered. Sequential
control means control of one degree of freedom at a time and compound control

implies motion of more than one degree of freedom at a time. Simplicity is
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the important driver in the sequéntial versus compound contrdl ‘trade-off, A:
variable that must be considered is the control mode: Supervisory, Manual
Direct ‘and Manual Augmented. Simplicity can result in different effects in
each of the control modes, In the Supervisory mode it was concluded that
simplicity dictates performing thé'module’ transfer using -the -sequential con-
trol approach, Simplicity has several factors. Programming of the transfer
trajectory considering hazard avoidance is much simpler., Operator training

is simpler, Ability of .the operator to monitor the controls and display panel
for assurance of correct servicer mechanism functioning is much simpler. Se-
quential control of the module transfer trajectory was verrfied‘in the simu-
lation rums as a logical, easily performed and monjitored approach; The Manual
Direct mode by definition controls one joint at a time. Thus, it direetly
used a sequential approach for a module transfer trajectory.- The Manual Aug-
mented control mode has a different implication based on simplicity. . The
ability of ‘the servicer operator ‘to observe visual cues on a TV monitor and
operate hand controllers in a coordinated mabner is theé-key ‘to simplicity. . Thus,
this dictates compound control for some of the transfer trajectory segment

motions,’

The reglon for the module flip has several factois associated with it.
The major con31derat10n is to 31mp11fy the hazard avoidance problem. This-
dlrectly indicates the module £lip should be performed outside the spacecraft/
stowage rack envelope and not in the region between them. Operator training
and monltorlng of the fllp are also 51mp11f1ed One operatlonal need réquires
the flip be done for a few spaeecraft in the reglon between the sSpacecraft
and stowage rack This requlrement 1s the desire for serv1c1ng some Space-
craft down 1n the Orbiter bay, but even in this case there are reglons above
the bay where the flip could be performed outslde the spacecraft/stowage rack

envelope. - o ' ot
Utilization of a rest position between module tramsfer trajectories can
affect the number of steps and the time somewhat, The rest position is a

reference position that the servicer mechanism is-taken back to after complet~

ing a trajectory from the stowage rack to the spacecraft or vice versa. As
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such it'also becomes the starting position for the next trajectory. Two rest

positions are used which are identical for all degrees of freedom except for
wrist yaw (flip angle). TFor one rest position, the end effector faces the
spacecraft, and for the other, it faces the stowage rack. Programming is
simplified by this approach as well as operator training. The rest position
approach was used in the simulation and proved to be an effective manner of

operating.

Another module transfer trajectory step was introduced in the simulation
runs. A 2 inch stand-off before end effector attachment and module insertion
was used to aid in evaluating the next critical step, This turned out to be

very advantageous and effective.

9. Timelines and Velocity and Acceleration Levels

During the simulation runs it was established that an average of 18
minutes (supervisory mode) was required to remo%e a failed module from the
spacecraft and replace it with a new module from the stowage rack., This is
considerably longer than the 9.2 minutes (see Functional Hard Mockup Demon-
stration Plan, August 1976, page 11I1-3) estimated previously for several
reasons., It was decided prior to the simulation that initially the module
transfer should be performed at angular joint rates which were approximately
one half the values for-the space design. It was felt that this was safer
during the "get acquainted" phase, However, time never permitted making runs
at the space design values. This would not make a 2 to 1 difference because
of thé time between steps. Other factors affecting the module exchange time
are those discussed previously in the module transfer trajectory section,
The earlier timeline estimates were based ‘on compound joint control and no
rest position. These two factors increase the number of steps and the re-
quired time. A logical estimate of the module exchange time at space design
rates based on the simulation runs and related time factors would be 12 to
14 minutes per complete module change out. This would be performed in the

Supervisory mode.
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Three rate (velocity) levels were available for control in the Manual

Direct mode,

Low - 1/2 degrees/sec, Medium - 2 degrees/sec, High - 4 degrees/sec.
During the simulation runs the three rate levels appeared satisfactory for
most steps in thé module tramnsfer, The detailed sequence of displays and com-
mands representing a bomplete module transfer (which is half of a total ex-
change) is contained in Appendix C of On-Orbit Servicer Demonstration/Simula-
tion Report, March 25, 1977. -

10. Control Mode Eyaluation

In the control systems description of Chapter VII, three modes of control

were proposed for the servicer system. Two of these were implemented in the

simulation demonstration. - . .

Some observations and conclusions that were apparent during the servicing

demonstrations are discussed below for each of the modes evaluated,

a) Supervisory Mode - This mode, being the normal mode of control, was

utilized extensively not. only by the servicer study_;eam members but algo by
a number of relatively "uninitiated" visitors to the demonstration facility.
Also, complete trajectories were accomplished in this‘mode. Consequentily,
operator interfaces, actioné and regctions with the éupervisor& mg@e w;re ex-

tensively observed. The observations and conclusions follow:

‘e - The CRT displays provided a very'effective‘suﬁstitgte for a procedure
or checklist.

¢ Familiarity with the sequence and.the CRT display/keyboard method
of controlling it-was acquired wery quickly. Operators completély
unfamiliar with the tasks were able to pick up the flow within ? or
6 steps and complete a total exchange quickly and easily.

e The fail safe approach-of ‘locking out the next command until comple-
tion of the current step was very effective and permitted an un- -
trained operator to tdke respomnsibility for performing thg operations

with little risk. -
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e The CRT terminal software would respond only to the proper command
at the proper time. This proved to minimize damage due to operator
error., Any '"pilot error' representing a deviation from the desired
Waé flashed as such to the operator along with an audio signal. The
original display and corresponding requested command was then re-
turnad to the screen and the pilot given an opportunity to enter the
right command on the keyboard. This type of failure, which most
often was a keyboard input error or a failure to read the command
request carefully, occurred on the order of once each trajectory for
"unfamiliar" pilots.

e The software control law that reduced joint rate as the desired po-
sition drew near resulted in very smooth motion both on the TV moni-
tor and on the error meters,

s The step, initiated by a CONTINUE on the keyboard, that was used to
set up the servicer mechanism joint position errors and to display
the errors on the control panel null meters seemed to be a useful
step. However, some operators eventually tended to ignore the megers
and often proceeded without the desired meter-monitor check.

s The CRT displays which were all much the same and meant to be as ex-
planatory as possible may have been a little too much so, The first
step in a segment which provided the joint values to be gained may
not have had to been repeated for each subsequent step in that seg-
ment, The unfamiliar operator often felt obligated to read the whole
display only to find most of it the same as the last one. The real
change in the display, which was at the bottom, was overlooked on
occasion, The final lines of the display, which change from step to
step could be a sufficient display until the next segment is initiated,.

e The initial command format of typiﬁg in a word such as PROCEED, CON-
TINUE, or START was found too cumbersome by most operators. Since
the computer only interrogated the first twe characters, PR, CO and
ST were quickly accepted and substituted. It was felt even this was a
nuisance of sorts since the two letters had to be followed by "carri-

age return" as well to execute the step. A single lettexr, clearly

marked in an easilv seen and arcrscscihla Taratrinam ecanld ha enffiriont
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] The tragectory sequence offered very llttle flex1b111ty in changing
the sequences or any of the values. Subsequent 51mu1at10n software .
is planned to offer con51derab1y more flex1b111ty in thls area., Far
more data_ read out capability was found de31rable and will also be

proV1ded

b} Manual-Direct Mode - Three different members of the servicing team

utilized this mode to control the servicing arm during the set-up and checkout
of tue simulation/demonstration. Various steps of the module exchange se-
quence were performed, Some conclusions-drawn are listed below. Before dis-
cussing each in detail, it should be pointed out again that the expected )
utilization of this mode is on a .joint by joint basis that follows a detailed
checklist -using only the angle set knobs, meters and lights fox error display
and the direct;contfol switch for driving each joint. As a backup mode it must
be assumed the TV may have failed and trajectory completion must-:be accomplished
without it.. .In reality the TV could be available. 1In this case the normal re-
sponse is to use it as was the case in the simulation. The fifth conclusion
below relates to that configuration with some suggestions for enhancing its

use. . . : S : ‘

o The one maJor conclusion regarding this mode is that a Manual Direct
trajectory exchange is' possible.” With a good checklist and the error
displays any operator can be trained to accomplish the joint by joint
sequences in a trajectory. )

@ A significant factor ‘in accomplishing the Manual Direct operations
was tHe sensitivity of the error meter, particularly near null,
Initial sensitivity was selected to correlate meter displacement some-
what to the joint's span of travel. At null it was difficult to fine
position the joint ‘accuratély. ' The meter sensitivity was increased
such that near null a singIe_diVisioh representéo less than a degree,
greatly enhancing the positioning'caﬁabilify. ‘The more frequent
"meter pegged" conditions were found to pfesent no problem whatsoever.
The only real function required of the meter when not near null was to

provide polariﬁy information which it did very effectively.
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An observation similar to the previous conclusion related to the
error lights., Fox manual direct the threshold for extinguishing the
light as null was approached was iD.SO. It is recommended this be
decreased to iO.lo. In the supervisory mode ip.1° was used and found
to be more meaningful., No noise or hunting effect was ever evidenced.
The fixed-rate commands that result from the direct control switches
could be selected at three levels. The high levels were fine for
gross joint motions. The slowest rates were compatible with the
error light thresholds in that it was very easy to drive the joints
to where the lights went off and stayed off, It is anticipated that

the slowest rates will be adequate with lower error light thresholds.

]
® A number of observations were made on use of the TV in the Manual

Direct mode. While the mode was not initially designed to be effi-

cient in this configuration, there is a finite probability that a

"failure could ocecur, requiring the manual direct mode, that leaves

the TV operable. Certain features could be included to enhance con-

trol using the TV. ’

- It was initially difficult to correlate the joint commands entered
on the DIRECT CONTROL switches to the motion of the end effector
as viewed on the TV imonitor.

- It was found that a number of visual displays or aids at the con-
trol station were helpful to acquire the desired correlation be-
tween joints and TV.

~ It was difficult to complete a trajectory segment in the same
fashion from run to run using the TV. It should be peointed out
that’in the supervisory mode where each segment is repeated in an
identical sequence each time this problem did not show up. All
biases and errors were treated the same each time and were essen-
tially biased out automatically. Approaches to solving these prob-
lems have been identified and are detailed in On-Qrbit Servicer
Demonstration/Simulation Report, March 25, 1977.



IX. OPERATIONS ANALYSIS

A. GEOSYNCHRONOUS SERVICING ANALYSIS .

The Geosynchronous Servicing Analysis was to further evaluate the
profitability of high earth orbit satellite maintenance/service functions.
This profitability was evaluated in the, initial TOSS.
ity was only addressed for one maintenance concept even thougﬁ several
additional concepts were briefly considered.

uated the following alternative methods of on~orbit servicing, as well as

baseline expendable satellites'launchea by Tug or IUS.

a)
b)

¢)

e).

£

g)

h)

i)

i)

k).

2)

Tug/servicer launched on demand;

-1US/servicer launched on demand;

Fully-spared rover warehouse with chemical propulsion stage

(CPS)/servicer = one servicing cireuit per year;
Fully-spared rover warehouse with solar electric propulsion
stage (SEPS)/servicer — one servicing circuit per year;
Partially-spared rover warehouse with CPS/servicer — one
servicing circuit per year; '

Partially-spared rover warchouse with CPS/servicer - two

"sérvicing circuits per year;

Partially-spared rover warehouse with SEPS/servicer — one
servicing circuit per year;
Partially-spared rover warehouse with SEPS/servicer - two

servicing circuits per year;

Fixed-location fully—sparea warehouse -with CPS/servicer - two

servicing circuits per year;

Fixed-location fully-spared warehouse with CPS/servicer - incre-

mental servicings of two satellites at a time;

Fixed-location fully-spared warehouse: with SEPS/servicer - two

servicing circuits per year;

Therefore, this study eval-

However, profitabil-

Fixed—-location fully-spared warehouse with SEPS/servicer — incre-

mental servicings of two satellites at a time.

_The following major conclusions resulted from this study:

e On-orbit servicing of high earth:orbit- satellites is less

costly than the use of expendable satellites.
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e The preferred on-orbit servicing methods are:

— Tug/servicer demand launch with dual satellite servicing.
Program costs of $5.7B are 19% lower than $7.0B costs

for Tug launch of expendable satellites.

- TFully-spared warehouse at fixed longitude, with SEPS/
servicer servicing two satellites and return to ware-
house. Program costs of $6.0B are 15% lower than

Tug launch of expendable satellites.

The Tug-demand-launch option will have several months response time
before a servicing mission is initiated. If satellite redundancies make
satellite availability not a prqblem, then the first option is preferred.

If satellite availability is desired to the extent the additional $300M
program costs are justified, then the fixed-warehouse with ‘SEPS ineremental
servicing option is preferred. These two recommended options are compatible

with the baseline servicer system.
The following additiomal results were generated:

e All servicing options are within +3% ($183M) of the average;

therefore, other selection criteria become important.
e Major factors for selection of servicing methods are:

~ Program costs;
— Serviecing response time (minimize satellite downtime);

~ Compatibility to baseline gervicer system.

3

e Lower system costs and shorter servicing response times
make SEPS propulsion preferable over a chemical propulsion

system.

¢ Rover warehouse systems require more than the single baseline
servicer spares stowage rack and would make on-orbit servic-

ing difficult.

® Minimum program costs, for systems compatible with the
baseline gervicer, oecur with the Tug~demand-launch servic—

ing method.
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o Minimum servicing response time is achieved with the.
fixed-location .warehouse and incremental dual servicing

of satellites using the' SEPS for propulsiom.

o ‘It is cost effective to expend servicers and spares stowagt
‘racks in orbit. Costs to return these systems exceed prb—

curement costs.

¢ Servicing systém investments (servicer, warehouse, and
propulsion vehicle) cost about 2% to 6% of the program

costs for the various servicing options.

e Servicing system investments will cost from 6% to 26% of
the potential program cost savings when compared to the

use of expendable satellites.

¢ Maintaining the spacecraft programs at the same 1evel as
the peak in the mission model used or 1ncrea31ng the
missions will if anything resqlt in greater savings from

on-orbit servicings.

¢ Dual_ deployment of expendable satellites by Tug is not
cost effective because of maneuvering propellants that

must be taken to geosynchronous orbit.

e Tug prograﬁ cogts for gervicing missions are greater than
determined in the first I0SS ‘because of greater launch -

‘costs and escalation to 1977 dollars.

e IUS program costs are greatér than the use of Tug for
launch of ‘expendsble satellites and for high earth orbit

demand servicing missions.

The material in this section was abstractéd from High Orbit Service/
Maintenance ﬁnaZysis, Martin Marietta Corporation, Denver, Colorado, May
1977. It should be referred to for..complete details and the specifics of

the analysis.
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1. Introduction

This effort was initiated as a part of Task 5 — Operations Analysis; and
in particular, is Subtask 1--High Orbit Service/Maintenance Analysis. . The
subtask objectivés were to reevaluate the profitability of high earth orbit
satelli;e servicing and to compare various alternatives to achieve servicing.

Considerations to be included were:

e Sensitivity of full capability Tug;

e Sensitivity/need for an alternate Tug;
e Expendable Tugs and servicer;

e Muliiple service;

e Servicer and spares stationed on orbit.

The study was initiated with a definition of the geosynchronous~
sateilite misgion model to be used in the analyses. Performance data and
properties of support systems (e.g., Orbiter, Tug, IUS, SEPS, etc) were then
established and defined. Twelve alternative methods for geosynchronous-
satellite servicing were then deveioped and analyzed in sufficient detail
to define capabilities, limitations and other information needed for cost
analyses and tradeoffs. To enable complete comparison of program'costs
between servicing options and use of expendable replacement satellites,
the requirements for all satellite launches were then determined. With all
the foregoing data, total program costs were developed for the 12 servieing
options and two methods (Tug and IUS boost) of launching expendable satellites.
Subjective evaluations and cost comparisons were then conducted and recom-

mended servicing concepts were identified.

As an .aid in the study aad to focus the analyses on certain objectives,

the assumptions and guidelines in Table IX~1 were used.

2. Geosynchronous Satellite Mission Model

This paragraph establishes the mission model that was used as the
baseline for the analysis. .The geosynchronous satellite data listed in
Table IX-2 was extracted from the I0SS Final Report, Volume II, September
1975. Minor modifications were made to the I0SS launch schedule data to
maintain consistency in the fleet size (nf) and average operating time (AOT)
data. For purposes of establishing a servicing-requirements baseline, it

was assumed that, on the average, each satellite will be serviced at the
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Tabple IX-1 Assumptions and Guidelines

ORIGINAL PAGE IS
OF POOR QUALITY

AOT period.

to the mission.

will be used.

per flight are:

wvalid.

average, to extend the satellite o

§ 8 ATl costs’are in 1377 dollars.

Orbiter

Tug
s

e Data from 10SS {September

o The LCR? will apply to the Tug and IUS.

$23.44° 7
$2.4M
$ 5.7M {expendable)

# A1l launches of geosynchronous satellites witl be from KSC.

¢ Satellite system redundancies and en-orbit spare satellites are such
that replacement of failed subsystem modules and deplieted comodity
modules -can be effected ac the average operating time (AOT) on the -
perating 1ife through the subsequent

e Failure analysis telemetry data-will enable the scheduling of specific
servicing missions with the required replacement modules known prior

8- Replaced satellite modules are jettisoned to space and not recovered.

- » The current NASA launch cost reimbursement policy {LCRP} for the Orbiter

s The fo'l'i;:wing STS support systems are applicabie to the study and costs

e The SEPS from the PLUS studies is_an applicable support system candidate.

1975) are used where applicable and still

Y

e The spinning solid upper stage {SSUS) does not have performance capabil-
ities required for servicing operations and will not be considered as
an applicable servicing support system.

v Long-term storage of replacement modules in space is accept'ab‘le.

Table IX-2 Geosynchronous

On-orbit Mointainablée Satellite Data

P/L s
. L sMODEL | MASS :
ko ~SATELLITE v o e | oesy|  omerr rowsriupe M |Pe | AOT| pf {LF LTy
1 | Advanced Radio Astronu'ﬂy Explorer |AS-05-A [ AST-1C | 3971 | B0*¥ 3| 1} 3 |.22].06] .16
{Rat)
2 | synchronous Earth Qbservatory ED-0%-A | E0-4 4035 | 100*W, 110°W gl 2| 21{.15]|.16 | .54
Satellite (SEQS) N
3 1sat {1 CH-51-A | t/D-1 | 2526 | 24°¥, 30°W, 36°H, 42°H, |18 § 6 |.28].3 ] .81
Tutetsat {1st) ' 1684, 174, 180",
- | BOE, 86°E
4| bomsat+B (Dom B) Ch-53-A | NR/0-28 | 3905 1 88°H, 94°W, 1C0°N, 15| 7| 61.28].28) .63
106°W, 112*W, 118°H.
_jesw i -
5 | Gomsat © [Don C) ° CN-58-A | NH/D-2C ) 2576 i(!l'll'. 171°W, 104*W s 3f 5} .1].12] .27
spare
6 | Disaster Werning Satellite (DS} CH-54-A ] KH/D-3 | 1349 | 94°W,” 124°H 4] 2f 5| .24f.08)| .18
7 | Traffic Management Satellite (TM) CH-55-A | Ni/D-4 | 1322 | 29*N, 52°H, 140°W. T} 7] 61 .&9] .é6| .03
162°W, L76"W, E0°E, 80°E]
8 | Forefgn Communications Satellite - [ CH-56-A [ NN/D-BA{ 1371 50°H, 50°H, 407W, 30"y, [24 | 129 6+ =24{ .40 |2 08
A [FE-A) 20*W, 10°W, 0*, 84%H, \
104*H, 124°W, 135*W,.
- 155'W - '
9 | {usmunications R&D Prototype {C-RED) CH-59-A| Hi/0-6 | 2772 | 100°H 3| 1} 4] .25} .06} .18
10 | Fareign Synchronous Metearolegical | E0-57-A| HWH/D-¢ | 1181 | 60°W, 75°E 6f 2f 4| .37].12] 32
satellite (FSH)
11 | Geosynchronous Operstional E0-58-A] MN/B-10| 1181 | 138°E,. 142°E 8 .2 3] .18} .16) .48
Nztearotogical Sateilite [GOHS) -
12 | Seosynchronous Earth Rescurces E0-59-A | NH/D-12] 4035 | 98°H, 120°W 10f 2 2] .15} .20} .72
sitellite (GER) ' .
13 | Forefgn Synchronaus Earth Obser- EQ-62-4 | NH/D-13f 4035 | 60°H, 75°E 9| 2| 2| .14| 20| .72
«ation Satellite (FSEQ)

LEGEKD:

n - Humber of operating eycies: my - On-orbit fleet size, AOT
portion of satellite replaced; LF - Emplacement loss facters

-~ Average gpevating time; pf - Parts factor -
LFg e Te11%8e Tose Feeae”
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end of each AOT (except the last). When the costs of expendable satellites
are determined, it was assumed a new satellite is launched at the end of
each AOQT.

The baseline servicing schedule was identified by year. There will be
from two to 12 servicings a year. It was seen that this mission model has
an increase in activities until 1990 and then a decrease. Actually the
servicing schedule (or expendable replacements) would probably hold at some
level similar to that in 1990 or might even increase some. Potential effects

of different distributions are discussed in paragraph 7.

The servicing schedule and orbit locations are presented pictorially
in Figure IX-1. The years of servicing are represented by the bands. The
orbital location of each type of satellite is shown within the band for the
applicable servicing year (coded to the Table IX-2 listing). Much of these
" data were combined to present the amnual servicing needs. The weight of the
replaced modules at each servicing was determined by the product of parts
factor (pf) and the satellite weight. The total annual servicing replace-~
ment weight and total longitudinal distribution of the satellites requiring
servicing in a given year were summarized to aid in subsequent selections

of servicing options.

3. Support Systems Definitions

This paragraph defines and summarizes capabilities of those systems
applicable to supporting high earth orbit servicing operations. The systems

discussed include:

e On-orbit Servicer System;

e Shuttle Orbiter:

e Tug (full-capability);

¢ Interim Upper Stage (IUS);

e Solar Electric Propulsion Stage (SEPS)
e Chemical Propulsion Stage (CPS).

a) Servicer Systems — The servicer mechanism-and stowage rack is that

described in Chapter VI. The weight of the servicer mechanism is 184 1bs.
The length of the system with a single stowage rack is approximately five

feet in the launch configuration. The stowage rack weighs 253 Ibs plus
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ORIGINAL PAGE 1S
OF POOR ‘QUALITY

Figure IX-1 Baseline Servieing Schedule and Locations

4.7 1bs for each set of module interface mechanism guides, Each stowage
rack can carry replacement modules for ope or two satellites with a total

module capacity of approximately 1800 1bs.

b) Shuttle Orbiter - The Orbiter provides a 15-foot diameter by 60-foot :

long payload bay. A 65,000 1b payload can be delivered to a 160 n mi cireular
orbit at 28.5 deg dnclination from a KSC launch. The, nominal on~orbit dura-

tion is seven days. -

c) Tug — The full capability tug provides a third stage capability to
the STS for boosting satellites from the Shuttle orbit to higher orbits and/or
retrieving satellites. The reference data were extracted from Baseline Space
Tug Configuration Definition, MSFC 68M00039~-2, July 15, 1974. The Tug is
capable of boosting a 7000 1b payload from Shuttle orbit to a geosynchronous

equatorial orbit. The full Orbiter—to-payload interface accommodations systems
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weight of 1999 lbsxwas assumed when launching a servicer, CPS, or SEPS. With
péggivéasbaieéfpﬁlx, fewer accommodations are needed and a variable margin

for support systems was provided in these cases.

d) Interim Upper Stage (EUS) — The IUS (shown in Figure IX~2) provides
an early third stage capability to the STS for boosting payloads from the

Shuttle orbit to higher orbits. Data from the IUS Technical Interchange at
MSFC, April 4, 1977, indicates the two-stage IUS weighs 32,643 1bs and is
capable of boosting 5218 1bs of payload from Shuttle orbit to geosynchronous
equatorial orbit. The total IUS length is 16.4 feet.

. Small
114 In. Dia /Motor
pd
} \ "..--..\/
Y 1
;,
¢ \’ ' t" )
-1 5_ ! . p=091.0 In. Dia
=)
197.0 In. g ""\.\
I 1 Large
; =% Motor -
7
____\\ é /,/
[\
]
)
-+

-
Figure IX-2 Interim Upper Stage

e) Solar Electric Propulsion Stage (SEPS) —~ The SEPS (shown in Figure

IX-3) is a lopng-duration propulsive device for transferring payloads between
higher orbits. The data used were based on the earth orbital (E0) wersion
from Boeing studies (the planetary version had approximately twice the
propellant capacity). The avionics systems have a five-year life and thrust-
ing can be maintained for 20,000 hours.- It was assumed that the SEPS can be
refueled on orbit (as assumed in Boeing and Rockwell studies). The Tug can
deliver a mercury module, along with other spares, and the servicer system
could replace the module on the SEPS. The tank and other structure is assumed
to weigh 50 Ibs.
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Figure IX~-3 Solar Electric Propulsion Stage

£) Chemical Propulsicn Stage (CPS) —~ A chemical—propulsion'vehicle was

conceived to evaluate:this:typé of on*orbit servicing. The maximum total
weight was assumed to be 6321 ibg to be compatible with iug boost -to geo-
synchronous orbit and to remain within 65,000'1bs for the Tug, CPS, aﬁd
Orbiter interface accommodations. Subtracting 184 1lbs for the sexvicer
mechanisms and assuming 0.85 propellant mass fraction results in a'propelw
lant load of 5200 ibs.ﬁ-An ISP of 300 sec was assumed for a storablg hyper-

golic propulsion system. The CPS lifetime was assumed to be three years.

4, Evaluatlons of On-orbit Serv1c1ng Optlons

The 12 on-orbit servicing optlons 1lsted above were evaluated and are

discussed briefly ‘here.

In the demand launch from earth options, a Tug or IUS with a servicer
system and applicable spares would be boosted to the failed or degraded sate-
11ité(éj.after the need and type‘of servicing have been ideptifieil A full

complement of unique spares would-be maintained on earth.

a) Tup/Servicer Launched on Demand - The servicing requirements were

" evaluated for possible accomplishment by ‘Tug/servicer missions. It appeared
that a Tug/servicer woild be -capable of servicing two satellites and it ds

logical that conditions w1ll exist where much of the time two satellites will
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need servicing. Therefore, a worst-case condition of servicing two satellites
was identified and evaluated. This condition exists in 1995 where the required
replacement. weight is 1658 lbs for two satellites 160° apart in orbit. Figure
IX—4Lb%esehté!thé;performance analysis for this servicing mission. .As can

be seen, acceptable margins of inerts, auxiliary propulsion propellants, and
main propulsion propellants remained.. From Tug separation from the Orbiter
until return to the Orbiter tock about 159 hours. This would leave a marginal
nine hours for the Shuttle to be launched to orbit and to return from orbit.
However, since the mission examined was a worst case, it can be penerally
accepted that the Tug/servicer is capable of servicing two satellites on one
mission. Table IX-3 presents the breakdown of Tug servicings to accomplish
the baseline mission model servicing schedule. 1In most cases dual servicings
were assumed. Single servicings were assuned where an odd number of servic—
ings is required in a year. This schedule requires 40 Tug/servicer missions

in the 12 years, with up to six missions per year.

Table IX-3 Tug Servicings

SERVICINGS SERVICINGS
YEAR |REPLACEMENT REMARKS YEAR | REPLACEHERT . REMARKS
WEIGHT. 4-LONGITUDES HEIGHT A LONGITUDES
(Les) ' (LBS)
1985 1054 122+ * 1991 1036 26*°
. ) 1298 0°
1986 131 20° 1698 2*
449 -— Single 329 -— Single
- 1156 52° s .
1987 851 65° 948 L
1298 o K .
468 -— Single 1992 1036 ae
1170 33¢
1988 1128 41° 934 4e
1422 16* . 1090 4
1182 - 36 886 67
1248 51+
437 - Single 1993 394 95+
. 1422 48*
1989 1036 . 6° -
1479 20° 1994 1170 i id
1698 4e 1698 20
1036 33
832 A 1995 1658 160° Worst case - analyzed
L for Tug capability. -
1990 1990 2z
1002 0° 1996 565 -— Single
1422 34 - 1210 22
934 6* v
. 988 42
1414, ‘106~

*A11 are dual servicings except "those identified as "single”.

The Tug and Shuttle Orbiter payload requirements for the 40 servicing
missions are identified in Table IX-4. The Tug payload weight was determined
by adding the weights of the spares, servicer, and rack. The Shuttle payload
weight was determined by adding the 1900 1bs of Orbiter-payload interface

accommodations eqﬁipment to the Tug system weight..
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ORIGINAL PRGE 15

MAIN
EVENT TOTAL | INERTS/ MPS INITIAL | PROPELLANT
DURATION | TIME ] LOSSES APS AV WEIGHT USED
EVENT {HRS) {HR$) | (LBS) | (LBS) | {FT/SEC) (LBS) {LBS)
1. Tug separaticn from Orbiter 2.0 z2.0 10.0 8.6 - 58,935 -
2. Phase in Shuttle orbit 11.0 13.0 44.0 21.4 - 58,916 -
3. Burn into phasing orhit .13 13.13 - - 4494 58,851 15,513
4, Coast in phasing orbit, 1 rev 3.0 16.13 9.0 17.5 - 43,338 -
5. Inject into geo transfer .11 16.24 - - 3672 43,311 9,581
{includes 2.2° plane change}
6. Coast to midcourse 1.5 17.74 5.0 13.8 - 33,730 -
7. Midcourse correction .03 17.77 - - 50 33,711 122
8. Coast to geosynchronous 3.96 21,73 12.0 14.0 - 33,589 -
9. Circularize at geosynchronous .12 21.85 - - 5826 33,563 10,980
{includes 26.3° plane change)
10. Rendezvous and dock at 125°W 12.0 33.85 48.0 30.0 50 22,573 74
11. Changeout Domsat B - jettison 3.0 36.85 12.0 12.0 - 22,421 -
1093 1bs
12. Inject into phasing orbit - .05 36.9 - - 436 21,304 655
160° exterior .
13. Coast in phasing orbit - 3 82.7 ~ {119.6 249.0 20.0 - 20,649 -
revs
14, Circularize at geosynchronous .05 119.65 - - 436 20,380 627
15. Rendezvous and dock at 75°E 120 131.65 48.0 27.0 50 19,753 65
16. Changeout FSED - jettison 3.0 134.65 12.0 12.0 - 19,613 -
565 1bs
17. Phase at geosynchronous for *12.0 146.65 36.0 12.0 - 19,024 -
nodal crossing
18, Deboost burn .08 146.73 - - 5840 18,976 6,226
19. Coast to midcourse correction 1.0 147.73 3.0 7.5 - 12,750 -
20. Midcourse correction .01 147.74 - - 13 12,739 14
21. Coast to 170 n.mi perigee 4.2 (151.94 17.0 8.1 - 12,725 -
22. Inject into return phasing .05 151.99 - - 3791 12,700 2,889
23. Coast 1 rev in phasing 3.0 154.95 12.0 7.8 - 9,811 -
24. Circularize at 170 n.mi .05 155.04 - - 4243 9,791 2,457
25. Rendezvous and dock with 4,0 158.04 - 32.4 - 7,334 -
Orbiter ( 7,302)
, 517.0 | 244.1 49,213
Margins—s 30.0 72.9 976
INITIAL SYSTEM: RETURN SYSTEM:
Dry Weight 5150 Dry Weight 5150
Unusable Residuals 576 Unusable residuals 576
APS Reserves 29 APS 73
Expendables 547 Expendables 30
PropelTlant Reserves 300 Propellant 976
Usable Propeliants 49889 Servicer 184
Usable APS 288 Rack 314
Replaceable Modules 1658 7303 1bs
Servicer 184
Rack 314
58,935 1bs

Figure IX-4 Worst Case Tug Servicing Mission (1995 Servicing of Domsat B
and Foreign Synchronous Earth Observation Satellites)
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Table IX-4 Option a--Tug/Shuttle Launch

Vehicle | 1982 [1983( 1984| 1985 1986 1987 1938 198s 198) 1991 1692 1993 1994 1995 1996
Payload
Heights:
Spares 1054 13117449 | 85171298 | 1128/1422! 1036/1379| 1090/1002 1036/1298| 1036/1170( 894/1422 | 1170/1698 | 1658 565/1210
468 1182712481 169871036 1422/934 | 1698/329 | $34/1090
- 437 832 988/1414 | 11567948 { 886
Rack
Servicer 184}ea':h Taunch w—om i
Tug P/L
Heights: 3
1 155% 1809 1349 1626 1534 1588 1534 1534 1392 1668 2156 1063-§
2 9475 1796 1920 1977 1500 1796 1668 1920 2196 1708
3 966-S 1680 2197 1920 2196 1432
4 1746 1534 1432 827-8 1588
5 935-5 1330 1486 1654 1384
& 1912 1446
Shuttle
P/L *h
Heights:
1 60231 60488 60028 60305 60213 60267 60213 80213 60071 60347 60835 59742
2 * | 59626 60475 60599 60656 60179 60475 £0347 60599 50875 60387
3 50645 60359 60876 60509 60875 60111
4 60425 60213 60111 59506 60267
5 59614 60009 60165 60333 60063
6 60591 60125

* S signifies single servicings. These payload weights will be used dﬁ'ect'ly to determine b (cost sharing factor). A1l others are dual servicings.

To determine b, 800 1bs will be added for portion of payload needed for propeliant to make average mareuver to reach second satellite.

** Payload interface accommodations ot 1900 1bs included,




In the cost analyses, the Tug and Shuttle .costs will be sharéd with
other users since the Tug has greater payload capability than those shown.
For the dual servicing missions, 800 1lbs of the MPS propellant will be con-
sidered as additional servicing system weight. This is the propellant needed
for translation and docking to accomplish the second servicing operaticen,

assuming an average longitude difference of 80°.

b) 1IUS/Servicer ﬁagnched on Demand — Since the IUS motors are expended
on reaching geosynchronous orbit, only one satellite per mission can logic-
ally be serviced by this option. In fact, additional propulsion sysﬁem capa-—
bility would be needed to enable rendezvous and docking with the satellite.
This added feature is feasible for some maneuvers but not to enable large

phase changes and additional maneuvers,

The IUS and Orbiter payload weights for the 75 required missions were
calculated. In each of the missions, the IUS, servicer, rack, and replaced

gpares are expended,

In.rover warehouse-fully spared options, it:was assumed that a fully-
spared warchouse with servicer is mgintained in geosynchronous orbit. As
satellite failures occur, the entire warehouse system would be moved by a
CPS or SEPS to the applicable satellite. Since the warehouse mass and pro-—
pellant needs would be very large, only one annual orbital circuit to ser-

vice applicable satellites was assumed.

The fully-spared waréhouse will contain a full complement of unique spares
for each type satellite in orbit. That is, as each new type satellite is
Taunched, a full complement of spares is launched and placed on the warehouse.
As subsequent satellites 6f that type are launched, one set of supplemental
spares are stocked in the warehouse to the quantity of pf = Wsat' As modules

are replaced, the warehouse will be restocked with the mass of modules removed.

The mass of initial unique spares required was determined by first
summing the unique modules listed for the applicable satellites in Operations
Analysis (Study 2.1), Payload Designs for Space Servicing, Aerospace Reports
ATR-74(7341)-3, June 30, 1974 and Addendum, September 30, 1974. The ratio
{RR) of uniqﬁe replaceable modules to the Aerospace determined satellite

weight was applied to the 1085 satellite weights to determine the replaceable
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module weights for the mission model satellites. It was assumed that no
common modules exist between different satellite types. This analysis
is summarized in.Table IX-~5. Lower RR values occur where there are more

redundant modules within the satellite.

Table IX-5 Initial Unique Replacement Spares Determination

TOTAL WETGHT AEROSPACE DATA REPLACEHENT SPARES
FROM I0SS | TOTAL {REPLACEABLE | REPLACEMENT | FOR I0SS WEIGHTS

SATELLITE {ibs) (kg) (kg) * RATIO {RR) (1bs)
Advanced Radio Astronomy Expiorer 3971 1175 728 .62 2550
Synchronous Earth Observatory 4035 1923 974 .51 2044
Satellite ,
Intelsat 2526 e 1040 .38 963
Domsat B 3905 2705 1018 .37 1470
Domsat C 2576 1315 778 .59 1524
Disaster Marning Satellite 1948 1420 683 .48 937
Traffic Management Satellite 1322 1145 606 .53 700
Foreign Communicatfons Sat-A 1371 975 564 .58 793
‘Comunicatinns R&D Prototype 2722 3138 1098 ’ .35 952
Foreign Synchronous Meteorolegical 1181 1582 1015 .64 758
Satellite +
Geosynchronous Operational 1181 1582 1015 .64 758
Meteorological Satellite +
Geosynchronous Earth Resources 4035 2201 1352 .61 2479
Satellite
Foreign Synchronous Earth 4035 2344 1346 .57 2317
Observation Sateliite

*Replaceable mass assumes one of each unique module and no common modules between satellites.
tUsed E0-7 data. - . -

A schedule for stocking the warehouse with the initial complement of
spares (I), supplementary spares (S) when an additional satellite is launched,
and replacement spares (R) when AOT servicing occurs was prepared as was a
summary of total weight (including racks) to be delivered to the warehouse

each year.

It was seen that the warehouse will become very large, with 52 spares
racks or with any other configuration that packs spares more efficiently.
Some mechanism would.be needed to move the appropriate modules to the
servicer or the servicer would have to undock from the warehouse to extract
the modules from the stowage locations. The latter method would require a
stabilization system for the warehouse. An additional warehouse systems
weight of 500 lbs was assumed for providing these additional systems. A

four~year life time was assumed for the warehouse systems.
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¢) Fully-spared Rover Warehouse, CPS - Once each year, starting in 1985,

the CPS will move the entire warehouse around the orbital circuit and will
service each satellite requiring service (see Figure IX-1). The CPS has a
three-~year life. The first CPS/servicer will be on-orbit in 1982, even though
the first servicing is predicted for 1985, The next CPS/servicer will be
on—-orbit from 1985 until 1988, etc. The three-yvear servicing period, 1989-
1990-1991, would be the worst case for this option and it was analyzed. A
7000 1b CPS/servicer was assumed at this point in the study. Taking 186,
197, and 178 days each year for the servicing circuits required 2942 1bs of
the 5200 1lbs available propeilant. Therefore, one circuit per year is about
the best possible with this option. The Tug and Shuttle flights to orbit
the CPS/servicer and to stock the warehouse were summarized. A total of 26
launch missions are needed in 15 years, with a maximum of three launches

per year.

d) Fully-spared Rover Warehouse, SEPS — The SEPS has a predicted life

of five years. Therefore, three SEPS/servicers will be required for the 15-
vear mission model: 1982 to 1987; 1987 to 1992; and 1992 to 1997. The second
servicing period (1988 to 1992) is the worst case. " This period was analyzed
to evaluate SEPS capabilities. It was seen that the SEPS will require re-
fueling twice in the five years. A larger propellant capacity, as in the
planetary SEPS, could reduce refueling needs to once in the five years. The
other two SEPS on-orbit servicing periods (1985 to 1987 and 1993 to 1996)

will not require refueling since there are only 9 and 13 servicing activities
respectively and the rate of propellant usage in the mission analyzed averaged
less than 45 1bs per servicing. The Tug and Shuttle launches required to
orbit the SEPS/servicers, spares and racks, SEPS refueling modules, and new
warehouse systems were summarized. A total of 23 launch missions are re-

quired in the 15 years, with a maximum of two launches per year.

In rover warehouse-partially spared options, it was assumed that once
or twice a year, after specific satellite failures have been determined,‘
replacement spares are orbited and joined to an on—orbit warehouse and
transfer vehicle. This partial warehouse is then moved arcund the orbital

circuit te service the applicable satellites. The same spares will be

IX~15



required as in Options c. and d, but most spares will be maintained on the
ground. The on-orbit warehouse will therefore be much smaller. However,
there will still be up to three (two circuits) or six (one circuit) racks
accumulated at a time on the partial warehouse. Therefore, additional

warehouse systems would again be needed.

e) and f) Partially-spared Rover Warehouse, CPS - Two suboptions

were investigated: 1) one orbital servicing circuit per year, and 2)

two orbital servicing circﬁits per year. The second suboption reduces the
average satellite downtime to three months instead of six months but requires
approximately twice as many Tug/Shuttle launches. The worst case period was
analyzed for two service circuits per year. Only about 1500 lbs of propel-
lants were used in this method. The suboption of one circuit per year
would require even less propgllant. Because of the reduced need for pro-
pellants, the total CPS weight was assumed to be 3000 lbs in the summaries
of the requirements for Tug and Shuttle launches. Note that a CPS must be
available for launch and servicing all the time that maiuntainable satel-
lites are on orbit. With periodic maintenance, checkouts, ete, it was
assumed the three-year lif;time expires in 1985-even though only one year
of actual on-orbit use is achieved. A new CPS/servicer is launched in 1986.
Similar assumptions ‘were made in subsequent SEPS analyses. A total of 16

launches are required for the two-circuits per year option.

g) and h) Partially-spared Rover Warehouse, SEPS - The same sub—

options were investigated for the SEPS as for the CPS for the partial ware—
house method. An analysis of the SEPS worst-case 1988 to 1992 period for
two circuits per year was made. The SEPS would have to be refueled twice
in this period. The Tug/Shuttle launch requirements for the ome-circuit
and two-circuit cases were calculated. A total of 18 launches dre required

for the two-circuits per year option.

. In the fixed-location fully-spared on-orbit warehouse options, it was
assumed that a fully-spared warehouse is maintained at a fixed loecation (100°W
longitude) in geosynchronous orbit. Sparing requirements are as determined in

options ¢ and d. Resupply of used gpares is accomplished after the servicing
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activities. Periodically, the servicer system will load the required spares/
racks and service the applicable satellites. Two suboptions were analyzed:
1) two orbital circuits per year, and 2) incremental transits where two

- satellites are serviced on each trip. The firgt suboption again hag the
problem that up to three racks may be required, imposing additional compli-
cations in the servicer mechanisms. The second suboption would require only
one rack, allowing use of the baseline servicer system. In all cases, a
stabilization system (500 1lbs assumed) will be réquired to maintain the ware—
house while the servicer system is away. A four—-year life was assumed for

this system.

i) and j) Fixed-locationm, Fully-spared Warehouse with CPS - Based on

previous analyses in option f, it was known that the CPS has the capability
to perform the two—circuits per year case with under 1500 lbs propellants.
The second suboption was analyzed for the 1989-1991 worst case. A 7000 1b
CPS/servicer was again assumed initially. About 1300 1bs propellant was
used for the three-year period. Therefore, a 3000 1b CPS/servicer should
again be adequate for these options. A summary of the Tug/Shuttle launch
requirements was prepared. No significant differences exist between the
two suboptions as far as launch requirements are concerned. A total of 23

launches are required.

k) and 1) Fixed-location, Fully-spared Warehouse with SEPS - The same

suboptions were investigated as for the CPS. SEPS capabilities to service
satellites in the 1988 to 1992 period by doing two circuits per year were
analyzed. The SEPS would need to be reserviced once (in 1990). A partial
analysis of this period for the incremental (two satellites and return)
servicing suboption was made., This analysis was carried far enough to
determine that again only one SEPS refueling would be required (in 1990).
The Tug/Shuttle launch requirements were summarized. A total of 23 launches
are required. No significant launch differences exist between the sub-

options.

5. Satellite Launch Requirements

To enable comparing costs of the on-orbit servicing options to the costs

of using expendable satellites, the satellites and their launch costs must also
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be included in all cost analyses. The I0SS satellite costs were reevaluated

. i
to assure comparisons on a common basis.

The launch requirements for establishing the on-orbit fleet of serviceable
satellites were determined. They included the satellite weight, the actual
weight boosted by.the Tug or IUS (assuming 500 1lbs payload interface accommo-
dations for the Tug or IUS), and the Orbiter payload weights for both a Tug
and the TUS upper stage. With the Tug, 1,900 1lbs of payload support equipment
was assumed. The IUS will not require as much support equipment, therefore

support equipment was estimated as 1,000 1bs.

The same data for launching expendable satellites was calculated. The
lower satellite weights from the first I0S8S and additional replacement satel-

lites were launched at the end of the AOTs to maintain the on-orbit fleet size.

6., Cost Analysis

Thie paragraph discusses the methods, considerations, and results of
analyses to determine the costs of the on—orbit'servicing options, Costs fox
the expendable satellite program were reevaluated to enable comparisons on a
common basis -and to derermine the profitability of on~orbit servicing of high
earth orbit satellites., Data and methods from the initial I0SS and from the
follow-on Task 5.2 report, April 1977, were used where applicable and are still

valid. Changes and updates are discussed.

a) Launch Cost Reimbursement Policy — The new launch cost reimbuxrsement

policy (LCRP) for the Orbiter was used. In general, this policy makes the Or-
biter launch costs proportional to the Orbiter load factor (A), up to 0.75.
Over 0.75 load factor, the entire cost is assessed to the payload. Imn all
analyses in this study, since a Tug or IUS is always launched, the weight
ratio determines the load factor. As the Orbiter down capabilities are not
used in these ratios, the result tends to be even higher costs for return of

equipment from geosynchronous orbit.

The Orbiter LCRP was assumed to also apply for Tug and IUS. The payload
capabilities to geosynchronous orbit are 7,000 1bs for Tug and 5,000 1bs for
IUS. 1In the case of the recoverable Tug, when a servicer system is also re-
turned, the payload capability to orbit is reduced. TFor a servicer system
weight of 500 Ibs (round trip) the total up payload capability is 6,250 1lbs.
The 750 1bs reduction in payload capability is charged as additiomal servicing

program payload.
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Additional costs are incurred through premium payments charged for late
scheduling. Replacing failed expendable satellites or servicing failed satel-
lites cannot be accurately scheduled. Ten or 17 percent premiums were charged

for late scheduling and they are discussed as used.

As the Shuttle/Orbiter launch cost was taken as 12.0 million 1975 dollars
in the first I0SS, it can be seem that a significant change in the launch
costs in 1977 dollars may be anticipated. However, the cost sensitivity
analysis indicated that increases in launch costs increased savings but not

very significantly for geosynchronous satellite programs.

b) Expendable Spacecraft Program Costs - The expendable program cost

equations were defined. The spacecraft cost items are as used in the initial
I085. All terms were recalculated to assure conformance to the assumed mission

model and to determine costs in 1977 dollars.

The Orbiter and Tug/IUS launch costs are comprised of two terms--1) em-
placement of the initial fleet size with no premium payments, and 2) emplace-
ment of replacement satellites after failures with premium payments due to
late scheduling. A 17% premium was used. This relates to the assumption that
the replacement launches can be scheduled six months in advance. Shorter res-
ponse times would be very difficult to achieve. ZLonger periods would result

in excessive satellite downtime.

A portion of each satellite would be maintained on the ground to be used
in operations analyses, troubleshooting, and verifications of new commands/
operations. This spares allocation is identified as the S term. This term
represents the ratio of unique modules to the spacecraft weight and is the

same as RR, derived in Table IX-5.
Y

The resulting program costs were summarized for the two options of launch-
ing with Shuttle/Tug or Shuttle/IUS. The $7.03B costs for the Tug-boost option
is about él.SB or 33% higher than previously calculated in the T0SS for the
geosynchronous satellites., This increase is primarily due to the increase in
Orbiter/Tug launch cost estimates (97% increase) and 17% escalatiom to 1977

dollars in all other items. The spares allocation is a new contributor.
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A suboption to the Tug launch of replacement satellites was analyzed -
wherein two satellites were launched where the total weight did not cause the
Orbiter capacity to be exceeded. This resulted in 44 missions instead of 75.
However, because of extra péyload allowance for Tug propellant to place the
second satellite at the desired longitude, the program costs for this suboption
were actually about $§OM greater. Therefore, this suboption was no longer

carried in the evaluations. ~

The cost of launching the satellites using the Shuttle/IUS is about $420M
higher than using the Shuttle/Tug. This is primarily due to the fact that the
IUS is expendable and costs about $5.7M per basic mission, compared to $2.4M

for the recoverable Tug.

¢} On—Orbit Maintainable Spacecraft Program Costs

1) Demand Launch from Earth - The cost equations for the demand~

launch~from-earth options were established. The first seven items were as in
the initial I08S except the_;efurbishment operations. The term R was origin—
ally (1 + R} to account for both the launch checkout costs (R = .09) for the
repiacement spares and the cost of the sbares. The replacement spares costs
have now been moved to the last term and combined with other spares costs.

With all on-orbit servicing options there are three spares categories costed:

RRxpfx (1L +sf) x CS/C - full complement of unique replace-

’ ment modules for each type satellite
J
(n- nf) xpfEx (T +sf)xC

s/C spares to replace failed modules;

pf x (1 + sf) x CS/C - partial complement of spares for eac

satellite program where n_ is greate

£

r

than one.

In the demand-launch options, only the replacement spares category is
launched. The others are purchased and maintained on the ground toc be avail-

able for a servicing mission if the basic set of spare modules should fail.

The servicer sgystem costs were determined using the results of the Task
5.2 memorandum, with modifications as applicable. The share of the DDT&E

costs for the geosynchronous mission was taken to be:
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CSN = $12.54M.

Production costs (CSl) were initially based on a need for two flight
units and two spares for the Tug-demand-launch option a). As will be noted
below, it was later decided to expend all servicers going to geostationary or-
bit because of the high costs of returning equipment. Seventy-five flight
units, with two spares, were provided for the IUS-demand-launch option b).

A 907 learning curve was used in all analyses to determine multiple production
costs. Examples of the total servicer production costs are shown in Tables

IX-6 and ~7.

Table IX-6 Option a--Tug Demand Launch - Servicer Froduction Costs ($M)

WBS Element Unit Cost Production (2)
Project Management (at 6%) 0.12 0.44
project atreering and
Structure and Thermal 0.98
Mechanisms 0.35

3.24
Contrel Electronics 0.30
Assembly and Checkout 0.16 *
Airborne Spares 4.02
TOTALS T 2.11 8.50

Since the geosynchronous missions are a subset of the total maintenance
program evaluated in the Task 5.2 memorandum, the servicer operations costs
(082) in this study were derived by ratios of the Task 5.2 results. The

ratios were determined by considering the type of activities.

The Orbiter and Tug/IUS launch costs come from two sources—-1) emplace—

ment of satellite fleet sizé,

Z(ng +LF) [ab C +b Gyl

T/1

where LF is from the initial TI0SS and no premium is paid for the STS wmission,
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Table IX~7 Option b--IUS Demand Launch - Servicer Production Costs (SM)

WBS Element Unit Cost Production (75)
Project Management 0.12 4.43
?;gggigtggg1neer1ng and 0.20 8.1
Structure and Thermal 0.98

69.75
Mechanisms ' 0.35
Control Electronics 0.30
Assembly and Checkout 0.16
Airborne Spares ' 4.02
TOTALS 2.11 86.31

and 2} launch of servieing missions,

I (1+ LFé) [a b cop + b CTP/IP]

where LF4 is a new loas factor term and launch premiums are paid (17%).
The LF, term is derived from summing unreliabilities for the operations

A

involved. For single servieing missions, LF4 = 0.07 and for dual servicings

LF, = 0.13.

Payload weights (e.g., Table IX-4) were used to calculate the servicing
Jaunch costs., Initially, the Tug servicing option included the return of the
servicing system. However, additional calculations revealed a cost savings by
expending the servicer system in orbit. Because .of the 750 1b payload penalty
to return the 506 1b servicer syséem, program launch costs were $198M greater
to return the servicers. The 40 expendable servicers cost an additional $45M
resulting in a net savings of $153M. TFor the Tug sexvicing option, 800 lbs
were charged to the servicing paylecad for dual servicings to account for
maneuvering propellants. A 177 premium was charged because of a need for

about six months' scheduling time.
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Program cost analyses for the Tug and IUS demand-launch options (servicer
expended) were made. Program costs were about $162M higher using the TUS. One
would expect a greater difference because more IUS flights are made and costs
are greater. However, the Orbiter costs are less with the smaller IUS because
of* lower Orbiter load factors. The Tug-servicing program costs of $5.69B were
about $1.66B higher than those previously calculated in the IOSS for the geo-
synchronous satellites. This increase is due to about $1.3B increase im STS
launch costs and escalation to 1977 dollars and to about $0.3B for the spares

included in this analysis.

2) TFully-spared Rover Warehouse - The cost equations for the orbital

warehouse options (fully-spared rover, partially-spared rover, and fixed) were
identified. These equations are as in previous IOSS work except for differen—
ces previously discussed (spares costing and new launch cost equations) and
the addition of cost terms for the propulsion stage and warehouse systems.
Servicer production and operatioms costs were calculated as previously discus-
sed. For option ¢, five CPS/servicer flight units and two spares are needed.

Tor option d, three SEPS/servicer £light units and two spares are needed.

The DDT&E and production costs for the CPS were based on similarity to
the Common Support Module cost estimates in the Geosynchronous Platform Defini-
tion Study, NAS9-12909, Rockwell 8D 73~S5A~-0036-6, June 1973. Operations costs

for the CPS were based on ratios of the applicable activities to the servicer
operation costs. DDT&E costs for the SEPS were assumed absorbed in the total
8TS program since this vehicle would be another STS element like the IUS or
Tug. SEPS mission cost estimates’ were given in Boeing studies. The SEPS oper-
ations costs were also determined by ratio of activities to the servicer oper-—

-

ations costs.

The warehouse was assumed made up of spares racks and either a spares-re-
trieval mechanism or stabilization system. The structure and thermal system
costs previously included in the servicer system cost analyses were used to
estimate or calculate the warehouse costs. The options c and d warehouse will
eventually become 52 racks in size. With two spares, rack production costs
will be about $29M. The racks are assumed accumulated at the warehouse rather

than rearranging spares stowage locations and returning the empty racks to
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earth. The cost of retrieving payloads from geosynchronous orbit is about $2.6M
per rack. The production cost of each rack is less than $IM. Therefore, it is
cost effective to mot recover racks. Four mechanism ox support systems will

be needed. With one spare, these were estimated at $10M production costs.
Warehouse operations are included to some extent in the servicer operatioms.
However, an additional 25% of servicer operations was included for handling

warehouse systems, spares, etec.

Flights could be scheduled on the order of about a year beforehand based
on servicing system reliabilities and less urgency to replace the warehouse

spares used. Therefore, a 10% premium was charged on launch costs.

The results of the program cost analyses for the fully-spared rover ware-
house servicing options using either the CPS or SEPS as the orbital transfer
vehicles were determined. The costs are only abéut $174M different with the
CPS at $5.98B, and would be closer if some of the SEPS DDT&E costs were charged

to the servicing programs.

3) Partially-spared Rover Warehouse - Cost comnsiderations for these

options are the same as for the fully-spared warehouse. However, since only
the spares actually needed for replacement in orbit are launched, the launch
costs and warehouse costs are less., There will be 40 racks of spares launched
for the one-circuit servicing options (e for CPS and g for SEPS), and 43
racks of spares for the two servicing circuits per year oﬁtioqs (f for CPS

and h for SEPS).

Since the spares are launched after satellite failures occur and spares
needs are determined, less time is available for getting the spares into or-
bit. Therefore, six months scheduling and a 17% premium on launch cost is

assumed.

The results of the program cost analyses for the four suboptions for the
partially-spared rover warehouse were determined. These options are about
$90M to $240M lower than the fully-spared warehouse options, primarily because

of fewer spares launches.

4) Fully-spared Fixed-location Warehouse - Cost considerations for

these options are the same as for the rover warehouse with the exception of
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added DDT&E and production costs for é spacecraft bus to maintain the warehouse
at a fixed longitude in orbit while the propulsion stage is on a servicing
mission. The spacecraft bus is assumed to have DDT&E ($64.05M) and production
($56.5M for five units) costs similar to the CPS, which was based on the esti-
mates for the geosynchronous platform support module studies. Since there is
less urgency in replacing the spares on-orbit, scheduling of one -year with a

premium of 10% on launch costs was assumed.

The results of program cost analyses for the four suboptions to the fully-
spared fixed-location warehouse method were determined. Tlese costs are close
to those for the fully-spared rover warehouse. Less propellant is required
for orbit phasings in this option than when the full warehouse is moved. How-
ever, this saving in launch costs for propellants is offset by the increased

warehouse costs.

7. Tradeoff Evaluations

The operations, program costs, and principal advantages/disadvantages of
each of the 12 servicing options and baseline launches of expendable satellites
are presented in Table IX-8. The total éange of servicing options analyzed have
program costs between $5.67B and $6.03B, for only a 13% variation from the mean.
However, .the servicing options are significantly lower than program costs from

the use of expendable satellites by $1.0B to $1.8B (14 to 24%).

From the advantages/disadvantages lists there are three other major com-

parison features:

o Compatibility with baseline servicer system;
e Servicing response to satellite failures;

¢ Unique benefits or undesirable features.

The baseline servicer is designed to handle spares stowed in one integral rack.
More than a one-rack configuration would require other methods for translating
the spares to the servicer or to move the servicer about the stowage areas to

access the spares.

The value of on~orbit satellite availability wvaries with the programs.

Availability time is generally less important to the observatory satellites
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Table IX-8 Evaluation of Servieing Options

9BTIONS OPERATIONS SUHHARY . AOVANTAGES DISADVANTAGES

1.3 = Tug/servicer launched gn demand Servicer mission flown after satellite 5,688 » Fair response to Failures - Limited by TS e Up to 6 $TS missions per year.
failure. STS missions scheduled based on avatlabliity, ¢ STS scheduled based on satellite reliability
relfabiiity predictions. Spares mafn- s Compatible with baseline servicer. . preadictiens,
tained on ground.

I - JUSFservicer launched on demand Servicer mission Flown after satellite 5850 » Fair response to Fatlures » Iimited by 5TS ) Up to 12 STS missions per year.
fajlure. 5T5 missions scheduled hased on avallability. 6 ST% scheduled hased on sateliite reliahility
reltability predictions. Spares main- ¢ Compatible with_ baseline servicer. pradictions, - -

talned ¢n graund. ¢ Necds BUS renderyous and docking capabilitfes.

2.8 - Fully-spared rover warehouse with {large werehnuse careisd aloeng on Services £.983

& Fair response to faflures - 1/Z yoar averageis Sevoral months for serviciag trip.
{PSiservicer - one servicing ing trips. After servicings, spares are downtime since failure, » Large warchouse not compatibie to baselipe
circuit per year replaced from ground stores. Full spares * Up to 3 §T5 missions per year. sarvicer - needs access machanism or stabil-
complenefit maintained fn warehouss. % Cah service unexpected or recent failures. 1zation system.
# Hore compatible to STS schaduling.

2.5 = Fully-spared rover warehause with {large wartheuse carried along on servie- 5,809 s Fadr response o fallures - 172 year averagele Up to & months for servicing trip.
SERS/seryicer - one servicing ing trips. After servicings, spares are downtime sinre fallure, N & Large warehouse ot Compatible to baseline
cireuft per yer replaced from ground stores. Full spares + Up to 3575 missions per yesr. servicer - needs access mechanism or stabiti-

complesant maintained 1n warehowse. w Can service unexpected or recent fatlures. zatian system.
# Hore compatibie to STS stheduling. & SEPS requiras refueling or planetary versfon.

3.a{1) - Parttally-spared rover warchouse|Spares launched and servicing irip per~ %, 784 # Fair response to fallures « }/2 year averagefe Several months for servicing trip.
with (PS/sevvicer - one sereicing | formed after satefiite failures. Full downtime plus 573 schodulikg. s Requires late 475 scheduling, - ~ =
circuit per vear spares complenent miintained on ground @ Up to Z 575 misslons por year. + Up to 8 racks carried alony ~ Aot compatible.

3,4(2) - Partia)ly-spared rover warehousel Spares Jaunched ang servicing trips per- 5,812 » Fair responsg to failures « 1/4 year average|s Several moths for servicing trips. .
with [PS/servicer = two servieing | formed aftep satellite faflures. Full downtime plus 75 scheduling. | » Up to 3 racks carried along ~ not conpatible.
circults per year spares complement mafntained on ground. ¢ Up %o 2 5TS missions per year. » Requires late STS scheduling.

3,hi1} - Partially-spared rover warchouss! 5,874 s Falr response to fallures - 12 year averagsis Up to 2 months for servicing trip.
with SEPS/Seryicer - gaé servicing Sune a8 3.2{1} downtime pius $T5 schedultng. w Reguires late STS seuhedoling.
circutt per year . # Up to 2 STS missfons per year. e Up to 6 racks carried along « not compatible.

¢ Requires SEPS refueling or planetary version.

3.6{2) - Partially-spared rover warehsuse §.764 o falr response to failures - 1/4 year averageje Up to 2 months tor servicing trip.
with SEPS/servicer - two servicing Same as 3.a{2) v downtime plus SIS scheduling. s Requirag Tate 3¥8 scheduling,
clircults por year i " & Up to 3 375 wissfans per year. & Up to 3 racks garried along - not compalible,

N » Regquires SEPS refueling or planctary versien.

4,a(1} - Fixed=location fully-spared Large warehquse with full spares tonple- 5.9%4 « Good response to failures - 1/4 year sverage[e Up to 3 racks carried along - not compatfble.
warehouse with CPS/servicer - twd [ment maintained at fixed Tongitude. dowatime. o Requlres warehouse bus.
servicing circuits por year After satellite failgres, required spares) o Fafr compatid{tity to ST§ scheduling.

carried op servicing ¢ireuil, # 5 to 3 575 missions par your.
T 14.5{2) - Fized-iocation fully-spared Same 35 4.4{1} except servicing trip 5.033 | (ompatitle with baseline servicer. » Regeires warchouse bus.
warehouse with CPS/servicer - services two satellites and returns to » Good response to faflures ~ 1 month max.
facremental servicings warchouse. Up te six trips per year are » Most compatible to STS scheduling.
planned, # Up to 3 575 missions par year.

4.BT1} - Fined-Toaction el y-spaved SI928 |4 Falr response to failures - 1/4 year averageis Up ko 3 racks carrfed along - mot conpatible,
warehouse with SEPS/serviger - Same a2 &.a{1} ma, » Rugquires SEBS vefusiing or planetary werston.
two serviciag circuits per year M R o Fale compatibility to 515 scheduling. » fluguires warchouse bus.

o Up to 3 5TS misslons per year.

4,b(2} - Fized~location fully-spared £.990 ¢ Compatible with baseline seryicer, » Requires SEPS rafueling or planetary version.
warehouse with SEPS/sarvicer - Same as .af2} & Good response to faflures ~ 1 week max. . {e Baguires warehouse bus,
incremental servicings ‘

& Mogt compatible to 5TS srhedaling.
® Up to 3 5TS missions per year.

Baseline 1 - Launch expendable satel Fites|Replace vafled satellites with new 7,033 o Allows updated satellite techaelogy. o Mast expensive Tug opifor.

by Tug satellites, e Up to 12 STS missions per year.
Byseline 2 - Laanch expendable satelites|Replace failed sateliites with new 7.451 » Allows updated satalllite technology. & Most expensive nptfan.

by IS sateliites.

& Up to 12 5TS missions por yoar.
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srams provide redundant subsystems and even redundant (standby) satellites.
For the mission model analyzed, 581 years of on-orbit time is provided for
about $6B. Assuming 10% standby redundancy is included in this operating
time, the general assumption can be made that on~orb}t operating time costs
about $IM per month. This value was used in comparing servicing response by

the wvarious options.

a) Demand—launch Options - The Tug/servicer (a) and IUS/servicer (b) de-

mand-launch suboptions are basically compatible with the baseline servicer
since only one rack is required. The greatest deficiency in these options
is the delayed response to satellite failures, since a servieing mission is
flown after satellite failures occur and the specific servicing needs are
identified. However, as will be seen later, satellite downtime may not be a

large disadvantage if examined on a cost basis.

Since the Tug option is less costly than the IUS option and since the
present IUS configuwxation would not have the capability to rendezvous and dock

with failed satellites, the Tug/servicer demand-launch option is favored.

b) Fully-spared Rover Warehouse Qptions — Because of the large warehouse

required with these options, additional access mechanisms will be needed to
translate spares to the servicer or a stabilization system would be required
to permit the servicer /propulsion system to disengage and move about the

warehouse to acquire the required spares.

Since the warehouse contains a full complement of spares and used spares
are replaced later, the STS scheduling considerations discussed for options
a and b are not as critical. BHowever, since only one servicing circuit per
vear is conducted, there would still be an average delay of six menths priox
to starting the servicing circuit and an additional several months for the
CPS and up to two months for the SEPS to make the circuit. The present earth
operations SEPS would requiré refueling during its lifetime or the planetary
SEPS with a larger propellant tank would be required. Neither appears to pre-

sent a significant problem.
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These options do provide the unique benefit that many satellite failures
detected after the servicing mission starts can alsc be corrected since more
spares are carried along. Other options only carry the spares known to be

needed.

Of the two suboptions; the SEPS method is preferred because of lower
costs and less time required. These advantages of SEPS over the CPS are

consistent through all options analyzed.

¢) Partially-spared Rover Warehouse Optiong - These options have the

disadvantages of warehouse incompatibility with the baseline servicer and
slower response times. The one-circuit per year options result in average
_gatellite down times of six months during the servicing trips -and the two-
circuit-options result in average downtimes of three months. Since the spares
are launched from the ground after servicing needs are identified, the STS.

delays discussed in options a and b are also imposed. '

5

d) TFixed-location Warehouse Options ~ These options have several advan-

tages but are generally more costly. ' Since fewer spares are carried along,
the servicing missions can be achieved faster. Incremental servicing of two
satellites per trip can be achieved in a month using the CPS and in a week
using the SEPS. _This method should be feasible since satellite failures
would be random and dispersed such that the several incrementgl trips should
accommodate servicing needs and maintain good satellite availability. The
incremental servicing method requires only one spares rack and is therefore

compatible with the baseline servicer.

The two-circuits per year suboptions result in an average satellite
downtime of three months during the servicing missions. Also, these sub-
options require up to three spares racks and are therefore not compatible B
with the baseline servicer. These suboptions require a complete warehouse bus
to maintain orbital positioning and housekeeping functions. However, no tech-

‘nology problems are foreseen for this. STS scheduling is not a critical

factor since the spares-are replaced after the servicing missions.

1

. (3
The SEPS incremental servicing option (&) is preferred among these

options because of the lower costs, compatibility with baseline servicer, and

rapid response to servicing.
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e) Expendable Satellites — Program costs and S8TS scheduling requirements

are worst for the expendable-satellites methods. However, expendables have
the advantage of permitting the update of satellite technology and capabilities
through ground modifications prior to launch of later satellites. Although
these features could be achieved through on-orbit spares replacements, they

can be obtained more completely on the ground.

f) General — A decision tree which summarizes these discussions was pre-—
pared. The suboptions within each option category were first compared based
on program costs and servicing response time. Then the options were compared.
Where no clear-cut preferences exist, the options were compared on effective
costs when considering serviecing response times. For example, considering the
$1M per month "sateilite-availability-vate" previously developed, the Tug-demand
launch option will cost abour $240M in loss of satellite availability, relative
to the SEPS~incremental-servicing option. This is based on a six month prepara-
tion time for each of the 40 Tug-demand missions (most were dual missions).
The actual servicing times are comparable because the SEPS optiom alsoc services
two satellites in a week. Therefore, the equivalent program costs for the Tug
option would be $5.928B compared to $5.990B for the SEPS option. STS preparation
times of seven or eight months for the Tug-demand-launch option would make the

two options about equal in equivalent costs.

Based on these results, the Tug-demand-launch option would be preferred.
The fixed warehouse with SEPS ineremental servicing option would be the re-
commendation if fast servicing response is desired and the increased program
costs are acceptable. Another advantage-of these two recommended options is
that they are both compatible with the baseline servicer, requiring oniy one

stowage rack.

Servicing system investments for the servicer, warehouse, and propulsion
vehicle will run $84M to $374M, or about 2% to 6% of the program costs, for
the various servicing options. 1In terms of investments versus potential
savings over the use of expendable satellites, the extremes are about 6% and
26% for options a and &. That is, the servicing investment for the Tug-~de-

mand option is about $84M to achieve a savings of $1.35B. For the fixed
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warehouse with incremental SEPS servicing, the investment 4is $273M for a poten-~

tial savings of 51.04B.

The mission model used in these analyses had peak servicing years about
1991, with the spacecraft programs dropping off later. If the programs con-
tinued at the peak rate, no significant changes in the results of this study
would occur since servicing capabilities were investigated for the worst case
years. If the programs should expand requiring more servicings, one would ex-
pect an increase in net savings from servicing since more efficient use of the
servicing systems would cccur and launch load factors would be greater, resul-
ting in more payload capabilities with disproporticnally less additional launch
costs; e.g., any payload weight over the 75% load factor on the Tug would not

inerease the costs.
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B. SERVICER SYSTEM OPERATIONS SUFPORT

The analysis objective was to reevaluate all elements of the servicer sys-
tem operations costs and support activities to determine if the costs were
properly stated and if all support activities had been identified. Two éspects
were addressed in significant detail. First is the communications links be-
tween the various elements of the on-orbit servicing operation for both low and
high orbits. Each link using the STDN, TDRSS, and NASCOM was identified and
the time of usage for representative servicing missions was determined. Second
is a bottems-up identification of the servicer system operations costs as op~

posed to the similarity approach of the first I0S8S.

Servicer system operations costs were addressed in the first I108S. In the
final report, MCR-75-310, Integrated Orbital Servicing Study for Low Cost Pay-
load Programs, Volume 1T, Technical and Cost Analysis, September 1975, the sup-
porting data was introduced in different chapters and thus was difficult to
follow., All the necessary material was collected and is presented along with
the details of the current task in a coherent fashion in a reference memorandum,
Servicer System Operations Support--Task 6.2, April, 1977. This section of
the final report is a summary of the approach and results. For further details

the reader is referred to the referenced memorandum.

The approéch used in this analysis consists of the steps listed in Table
1X-9 and are as follows. First, the ground rules for the analysis were estab-
lished. These included consideration of both high and low earth orbits, use of
the Chapter VI on-orbit servicer design, and the mission model used. The mis-
sion phases of Table ITI-15 of the first TOSS were reviewed, updated, and de-
fined for the on-orbit maintenance mode to embrace sach and every mission phase.
The functional requirements and equipment required to support the orbital ser-
vice and maintenance were then identified. Next was the definition of a series
of cost allocation elements such as servicer, Orbiter, Tug, and mission opera-
tions center. The potential communications system links were identified and

expressed in terms of planned STDN, TDRSS, and NASCOM links.

The heart of the analysis is the allocation of each of the specifie fune-

tional and cost generating requirements to a cost allocation element. This
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Table IX-9 Analysis Approach

1. Identify Ground Rules

2. Identify Mission Phases

3. Identify Functional Requirements

4. Define Cost Allocation Elements

5. Define Communications System Links

6. Allocate Functional and Cost Generating Requirements
7. Isolate Orbiter/Tug/Spacecraft Extra Cost Functions
8. Identify Communications Link Usage

9. Define Mission Models .

10. Define Ground Processing Operations %

11. Identify Servicer Cost Effects’

12. Introduce Work Breakdown Structure

13. Determine Operational Site Services Costs

14. Summarize Servicer Operations Costs

15. Summarize Servicer System Costs

16. Present Example Spacecraft Program Costs

allocation was done in a manner (coding) that clearly identified those functions

which had been included in the basic system (e.g., Orbiter launch costs) and
those which are extra cost items. The servicer system operationzl cost gener—
ating requirements were also explicitly identified. The extra cost functions
relating to Orbiter, Tug, and serviceable spacecraft were next isolated and
discussed. Usage of the various communications links were identified and sum—

marized on a per-mission basis.

Two mission models were defined based on reductions to the large mission
model of the first T0SS. The ground processing operations from the first I0SS
and the Multi-mission Support Equipment studies were next reviewed to form a
basis for evaluating operations costs. The ramifications of mission model sizes
on servicer production units required and operations requirements for both ETR
and WIR were then identified. The basis of cost collecting, namely the work
breakdown structure (WBS), was introduced mext. The basic information from the

allocation of functional requirements to servicer operations was reviewed in
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terms of the ground proce531ng flow and mission models, converted to costs, and
collected under the WBS as operatlonal site services costs and then as servicer
operations costs. Finally, the costs were extended to a total cost of opera-
tions analysis for the servicer system and for two example spacecraft programs-—-—
the SEOS and LXRT.

The effect of this analysis is to include all ground and flight equipment
to support on-orbit maintenance operations. It also addresses directly, through
the function allocation step, compatibility of orbital servicing with the Shuttle
Orbiter and Tug. Those areas where compatibility does not clearly exist were

identified as extra cost functioms.

The Tug definitién used was the same as that used in the first I0S8S. It
is a full capability tug, is reusable, can rendezvous and dock, and can take
7,000 1bs to geosynchronous orbit or return 3,000 1bs from geosynchronous orbit.
Note that NASA has no firm plans for an upper stage with the required éapabili—
ties. The Interim Upper Stage (IUS) current definition does not include rendez-
vous and docking. The Solid Spinning Upper Stage (SSUS) does not even have
three-axis, body-fixed attitude control. The need for an upper stage that will
. have the necessary capabilities must be addressed if orbital maintenance in

other than low earth orbits is to be realistically addressed.

1. Ground Rules

The selected ground rules are shown in Table 'IX-10. These resulted from
the contract statement of work and a review and updating of the costing ground .
rules used in the first I0SS. The Orbiter launch costs were taken from recent
documentation as $20 million in 1975 dollars. To simplify the analysis, the
launch cost sharing ratios used in the first 1085 were retained. The servicer
stowage rack is lighter in weight now so the Tug costs shown are slightly high.
The Orbiter launch costs are the same because they were length-critical’ rather
than weight-critical. The servicer stowed length is similar to the fiwst IOS3

value.

2. Mission Phases

A set of servicing mission phases was identified and is presented in Table

IX-11. These mission phases were adapted from Table III-15 of the first I0SS
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ORIGINAL PAGE 1S
Table IX-10 Cost Estimation Ground Rules OF POOR QUALITY

Base on costing approach of the first 1055 Full-capability Tug I0C - 1984

On-orbit Maintenance using the 6 DOF servicer mechanism. Launch Cost Reimbursenent Policy

A1l costs are 1977 dollars.

STS Costs per Flight
- Orbiter - $23.4 Hilljon-
- Tug - $2.4 Million

Sharing Ratfes per first I0SS
One 1975 Dollar fnfiates to 1.17 1977 Dollars

Wb Mission Models

75% of first I0SS
ShuttTe I0C from ETR - 1980 562 of first I0SS

Shuttle IDC from WTR - 1983

Table IX-11 Servicing Mission Phases

APPLICABILITY APPLICABILITY

MISSION PHASES ORBITER | TUG MISSION PHASES ORBITER | TUG
» Pre~-missien X X Docking (Attachment) X X
Mission Preparation 4 X On-Orbit Servicing Operations X X
Prelaunch L X Undocking (Release) of Spacecraft X X
Orbiter LaunchfAscent X X Servicer Stowage X X
,Orbiter Qrbital QOperations X X Spacecraft Preparation for Hormal X X

Operation
Tug/Servicer Checkout X Spacecraft Checkout % X
Tug Deployment X
Tug Orbit Transfer 4 Iugjge;:zn t: Uzbiter Rotrt ; X
= ug/QOrbiter Rendezvous, Retrieva

Tug Orbital Operations X and Stowage : X
Rendezvous X S Orbiter Preparation, Reentry, and X X
Servicer Checkout and Deployment X X Landing
Spacecraft Preparation for Ser- X X Post-mission X X
vicing

final report, Volume II. A newiphase——Servicer Stowage—-was added. There was
some reordering-of phases to show spacecraft checkout being performed from the
ground as is conventional practice with current spacecraft programs. There

are 22 Tug (medium or high earth orbit) mission phases and 16 Orbiter (low earth
orbit) mission phases. Each of the servicing mission phases is defined in

Table ITI-B-2 of the Servicer System Operations Support memorandum to clearly

identify what functions belong in which mission phase.

Table IX~1l indicates overlap in mission phases between Orbiter and Tug.
To simplify the analysis, both Tug and Orbiter missions were considered to-
gether. To help the reader reconstruct a straight Orbiter or a straight Tug
mission, a coding system was adopted. It is: Orbiter mission only - 0; Tug

mission only — T; and either mission - E.
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3. Functional Requirements

Functional requirements for each mission phase were identified and are
detailed in Tables III~C-1 through -22 of the Servicer Systems Operations
memorandum. These tables were adapted from work done on the first I0SS, but
were not totally included in .the final report. The requirements have been
reviewed carefully and updated as appropriate. A draft of the first IOSS set
of requirements was reviewed by the NASA, Their comments were carefully con-
sidered and included in the revision process. The approach was to definitely
include all items which are part of on-orbit servicing. The objective in
considering a requirement for inclusion was whether it might lead to a cost
that had been overlooked, underestimated, or overestimated in the first IOSS
costing process. The 22 mission phases included a total of 128 requirements
for an average of six per mission phase. The number of requireﬁents vary
from one (Spacecraft Checkout) up to 32 (On-orbit Servicing). These require-
ments were used to generate the specific requi%ements and equipment associated

with each cost allocation element.

4. Cost.Allocation Elements

For an on-orbit gervicing m:i:ssion, the costs are generated from a multi-
tude of requirements. It was deciced to collect costs in the same general
method as used for the first 1088, The top level bBreakdown then becomes--~1)
Orbiter, 2) Tug, 3) Spacecraft, and 4) Servicer System. Within these elements
it was also necessary to consider whether a cost was included as part of a
standard service or whether it was an extra cost requiremeni. The reference
used for the Orbiter costs was Buying a Shuttle Ticket, W. F. Moore and C.

Forsythe, Astronautics and Aeronautics, January 1977. Moore and Forsythe give

‘the basic Orbiter cost as $19 to $20.9 millien in 1975 dollars. They identi-
fied the standard and optional Shuttle services as shown in Table IX~12. Table
IX~12 was used to identify functions that would be included as part of the

standard cost.

Moore and Forsythe present the launch cost sharing rules and these have
a minor variation for small payloads that does not impact the final T0SS cost

sharing and a major difference for higher load factors. The Moore and Forsythe
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Table IX-12 Standard and Optional Shuttle Services

STANDARD OPTIONAL
Payload design review Payload missfon planning
Orbiter flight planning Nonstandard-orbit flight and planhing
Payload safety review Launch-window constraints
Payload installation, verification, and Special integration and testing

compatibility
Three-man flight crew
One day of mission operations

Special crew training
Short-term call-up
Upper stages and services

1 On-orbit payload handiing Missron kits
Transmission'of payload data Spacelab, LDEF, and ‘special equipment
Deployment of free flyer Revisit and retrieval
Standard mission destinations-- EVA
¢ altitude, 160 n mi Additfonal time on orbit

¢ finciination, 28.5 or 56 deg Payload data processing

YAFB launch at 90 or 104 deg, inclination
standard mission available

curve goes to 100% cost at 757 load factor and then is constant at 100Z. The
first I0SS data continued on up to 1417 cost at 100%7 load factor. This re-
sulted because of éhe use of an average load factor of 70% in the first T0SS

- which imp%ied the 141% cost at 100% load factor. A review of the Orbiter load
factors used in the first T0SS showed only two cases (AST-8 and PHY-3B) for
expendable or on-orbit maintainable when the load factor was greater than 0.75
(0.78 and 0.76, respectively). Thus the first I0SS launch cost sharing factors

will continue to be used.

A new feature has been added to the LCRP which may increase on-orbit
maintenance cost. This feature is a premium for launch scheduling less than
three years before launch. The premium is 177 for six months before launch
and 21% for three months before launch. There is also a feature that permits
rescheduling flights for a smaller premium. As there is no conﬁenient way to
determine how far before launch a maintenance flight will be scheduled, a 17%
premium was used on all Orbiter and Tug flights. This premium was applied to
maintenance and to replacement flights, but not to those which establish the
on—-orbit fleet. Note that only space-available flights can be scheduled on
less than a one-year—ahead basis. What this means in terms of a tug mainten-
ance or replacement mission is not clear. As no information is available on
what would be included as standard on a Tug flight, the same guidelines were

used as for the Orbiter f£lights.
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‘The servicer system functions were allocated into two groups. Those asso—
ciated with DDT&E and production activities are the first group, while the second
group is the servicer system operation costs. A1l the functions relating to.
servicer operations costs were identified as a class. This is so the total ser-
vicer operations costs could be costed from the bottom up. Four additional
major elements were identifed to ensure all areas are properly considered.

These are—-1) ground support equipment, 2) communications links, 3) mission
operations control center (MOCC), and %) other. Standard and extra-cost codes
were generated using the above rules and are presented in Table IX-13. These

codes are used to indicate the allocation of costs in later paragraphs.

Table IX-13 Cost Allocation Element Codes

CODE  DEFINITION

Orbiter standard service
Orbiter extra-cost service
Tug standard service

Tup extra-cost service

L I B T~

Serviceable spacecraft function
Hot previously identified as a serviceable spacecraft function ORlGlNAL PAGE ‘S
Sarvicer system DOTAE er production function OF POOR QUAL‘W
Servicer operations functien

5. Communications System Links

The commmications system links were addressed separately because of the
number of possibilities and the desire to be able to cost this activity separately.
The complexity involves the spacecraft locations, Tug and Orbiter, space—to~-ground
linke, two-way aspects of each link, ground links, and the number of activity
centers involved. The Tracking and Data Relay Satellite System (TDRSS) subunet
services spacecraft in low earth orbit. It consists of a ground texminal in
the continental United States, and two active and one standby TDR geosynchronous
satellites. The Spaceflight Tracking and Data Network {STDN) will be used during
launch and for communicating with spacecraft at high earth oxbits and in parti—'
cular at geosynchronous orbit. The six basic sites provide full coverage for

geosynchronous orbit spacecraft.

The TDRSS ground station and all the SIDN sites are connected together to
GSFC, JSC, MSFC, the launch facilities, and many other sites by the worldwide
NASA Communications Network (MASCOM). The Network Operations Control Center
(NOCC) is located at GSFC. The primary Mission Operations Control Center (MOCC)

for manned operations is at JSC. Each unmanned spacecraft program will generally
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have a Project Operations Control Center (POCC). The PUCCs are often at GSFC,
although they may be any place that can be conmnected to NASCOM. To make things
more clear, we will identify a user POCC and a servicer POCC. The user POCC is
the one associated with the ﬁnmanned spacecraft which is to be repaired. The
servicer POCC is a center set up to control servicer operations during a main-
tenance mission. The servicer FPOCC couldsbe at MSFC or at JSC. The advantages/
disadvantages of such a choice have not been addressed. To maintain flexibility
a NASCOM link is shown. The activity centers and communications links dinvolved
in either high earth orbit (STDN) or low earth orbit (TDRSS) servicing missions

are shown on Figure IX-5. The specific links and subnet elements that might be
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Figure IX-6 Communication Links for On-Orbit Servicing

involved in any of the servicing missions were addressed and are incorporated

in the cost allocations.

6. Allocation of Functional and Cost ‘Generating Requirements

The functional requirements for each mission phase were examined and ex—
panded to identify cost generating requirements, hardware, or software for each
of the major elements. These elements are Servicer, Orbiter, Tug, Spacecraft,
Ground Support Equipment, Communications System Links, Mission Operations Center,
and other. Next the specific cost generating requirements, hardware, or soft-

ware were allocated to one of the cost allocation elements (Orbitér, Tug,
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Spacecraft, or Servicer System). The resulting data are presented in detail
in Tables IIT-F-1 through —-22 in the referenced memorandum, Servicer System
Operations Support, April 1977. Each table covers a different mission phase.

A sample is shown as Table IX-14.

During the first T0SS, tables similar to those generated under the current
tagsk were sent to NASA for review. Two sets of comments were received. These
were reviewed carefully to ensure comprehension of the intent of the comment.

Where the intent of the comments was still applicable they were included.

7. Orbiter/Tug/Spacecraft Extra Cost Functions

The costs allocated to the Orbiter, Tug, and serviceable spacecraft that
were judged to lie within the standard charges were included in the previous
cost allocations. The Orbiter and Tug extra cost functional requirements are
listed in Table IX-15. Each of the extra cost functions associated with the
Orbiter or Tug were considered nonstandard and thus were not included in the
standard costs except for the PSS. When a PSS charging policy becomes avail-
able, its effect should be included. No serviceable spacecraft extra cost

functions were identified.

Table IX-15 Exitra Cost Functions

Provision of Fluids if Necessary (Thirteen Reguirements)--Orbiter and
Tug :

Provision of Additional Orbit Maintenance System (OMS) Kits (One Re-
quirement }--Orbiter

Provision of an On-orbit Servicer Controls and Displays Capability as
part of the Payload Specialist Station (32 Requirements)--Orbiter

Equipment for Contamination Monitoring (Four Requirements )--Orbiter
and Tug

8. Communications Link Usage

The number of usages of each communications link was determined, the

extra—cost usages were designated, and the time intervals for each use werxe
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Table IX-14 Functional and Cost Generating Requirements

SERVICER. CHECKOUT AND DEPLOYMENT FUNCTIONAL REQUIREMENTS

Major Elements

Communications Hission Oper-
Funetional Requ-iremem:c servicer orbiter Tug Spacecraft osE Linﬁu 2] tigalo cggter other
1)} Power servicer systef» up from l E | Power sye- l H | Provide power-A | Provide puwer,lc ip -1 Data console A,C
standby* tem Provide PSS - B | Command sys- 4C, 4D - I Command Con-
tem sole-- C
Use - 1
2) Monitor gservicer system and re- | E | Semnsors, | H| Data conscle | A | Data transfer l_c_ Sensors, . i H 3D -1 Data Console-A,C
placement module status.* C&W systen aystem CEMW system 4D - 1 Use - 1
3) Activate and test video systems | E [ Video system I H] Data E:ransfetl A | bPata transfer I_c_ 3D -1 TV Console - A
on servieer,* system system 4D - 1 Use - I
4) Operate and monitor video syse 0 video aynteml A aip-1I TV Console - A
tems in Orbiter caxgo bay TV console Use - I .
5) Monitor video systens during I E| Video system I H| wvideo syn:emli Data transfer l_f_ ip - 1 TV Conzole = A,C
servicer deployment TV conscle system 4D - 1 Use - 1 R
6) Activals servicer mechaniam.* | E| Command sya- [_H Provide PSS | B| Command syaten{ C -1 Cotmand aystem,C
tem, Servicer Data tranafer 4G, 4D - I Data Conzole=a,C
system, gystem Use - 1
1) Deploy pervicer mechanism from E| cCommand sya- Ii Provide P35S | B| Command systemlﬁ_ -1 Command Systen,C
Jaunch stowage configuration to tem, Servicer Data transfer 40, 4D - 1 Data Console-A,
operaiing configuration.* sygtem, systen Use « 1
8) Verlfy chac servicer system is | E| Servicer sys-I_H_ Provide PSS | B| Command sys- l& 3 -1 Data Con~ A, C
rune! fonal, tem tem. Data 4C, 4D - 1 gole

transfer system

Comand sys- €
tem

TV Console A, C
Use - I

PSS - Paviuad Speefalists Station

*From Nrbite, o) ground
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developed. The number of link usages related to servicing operations is 168 and
involves 14 of the 20 links hypothesized. The servicing operations link usage
is broken down by mission phase in Table IX-16. The highest level of use is
for the actual servicing operation. However, the next highest usage is for
spacecraft preparation for servicing and for returning the spacecraft to its

configuration for normal operation after servicing. To provide part of the

.

Table IX-16 Maintenance Associated Communications Link Usages

TIME/SPACECRAFT
COMMUNICATIONS LINK CODES (HRS}

HISSION PHASES 10110{2c|20]3c130]4c | 40| 7¢|7019¢C |90 [20C [10D | TOTAL | ORBITER TG REMARKS
Premigsion.-1 0 ——— can
Kission Prep -2 0 ~—— ———
Prelaunch -3 1] 1] 111 4 2 2
Orb. Launch/A -4 0 wum -
Orb. Orb. Opn. ~§ 0 -— ——
Tug/Serv, C/0 «6 1l 3 4 0 1
Tug Deploy -7 1] — -—
Tug Orbit Trans -8 0 -— [
Tug Ord Opn -9 0 R -
Rendezvous ~10 o -— -—
Serv C/0 & Deploy ~11 8 47 19 3.2 3
$/C Prep -12 HEIEIRIL R 28 1.5 1.5 | Spacecraft despin {5 optional.
Docking -13 1 1 2 0 0 | Contamination Moniter is optional
005 -14 24|19]24 1 1 1 70 2.8 2.8
Undocking -15 1 1 2z 1] 0 | Contamination Monitor is optional
Sery. Stow -16 4 31 4 1 2 2
S/C Horm =17 o1 3]3]414]4 |4 24 2.5 2.5 | Spacacraft spin-up is optioml
$/C C/0 -16 111 4 1 1
Tug Return -19 i} -—— .
Tug Retrieval -20 - 0 — I
Orb Reentry -21 0 -— .
Post Mission -22 0 -— .
TOTAL 1| 1] 1% 1] 1l42526Q38] 51 6]11]12}11 {12 168 15.0 15.8

basis for communications system costing, time estimates for link usage during
a servicing operation were made. Time to exchange one module was taken as 10
minutes and six modules per spacecraft were exchanged. The checkout times were
related to these design module exchange times. Servicer checkout and deployment
takes longer in the Orbiter because the Orbiter TV system will be used to veri-
fy operations., The total time estimates are similar for Orbitef and for Tug

missions-~15 and 15.8 hours respectively, as shown in Table IX~16.

For Orbiter missions, all the communications links are through the TDRSS
and NASCOM. Table IX-17 shows the subnet usage for a representative Tug mis-
sion. The data of Table IX-17 and the corresponding data for the Orbiter
(TDRSS--13 hours, NASCOM--15 hours) provides a basis for determining communi-

- cations link charges to on—-orbit servicing missions. An attempt was made to
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Table IX-17 Communications Subnet Usage in Hours for a Tug Mission

MISSION PHASE STDN | TDRSS § NASCOM
Prelaunch | ————— 2
Tug/Servicer Checkout —— 1 1
Servicer Checkout and Deploy| 3 |[--——- 3
Spacecraft Preparation 1.5 —==mm 1.5
Orbital Servicing 2.8} ~~=m~ 2.8
Servicer Stowage 2 | e-——- 2

- Spacecraft Normalization 2.5 | ====- 2.5
Spacecraft Checkout I 1
TOTAL 12.84 1 15.8

convert this data to dollars per mission. However, the basis for the rates
have not yet been established. When such data becomes available, it should be

included in the overall cost numbers.

9. Mission Models

The mission model used for the first I0SS wae patterned after that used
for justification of ‘the Shuttle program and was somewhat larger than present
considerations would project. The generation of a new model is an inwvolved
and time-consuming-task. For the subject analysis, the effect of a mission
model is to provide a basis for servicer production quantities, spares required,
need for WIR operations, and level of servicer ope;gtions. It WaS'fhus decided

to use two mission models, each somewhat smaller than the first I0SS model.

The first IOSS included a cost senéitivity analysis. That analysis pos-—
tulated a 75% mission model-and a 50% mission model. These models were used
in the analysis. The specifics with regard to expendable spacecraft flights,
or‘opergting cycles (n), and pn-orbit fleet size (nf) are given in Table IIT-I-1
of the reference memorandum, Servicer System Operations Support, April 15, 1977.
The reduced models were obtained by reducing the number of operating cycles. No
programs were eliminated. The large reductions came in programs with a lot of
operating cycles. The number of maintenance activities was then determined as
n-n_.. These were allocated to ETR and WIR according to the orbital inclination

£
of the spacecraft as given in the SSPD. Certain adjustments to the model were
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made to delete those years in which there was little activity. The results are
given in Table IX-18. The table illustrates the tendency of servicing activity
to go down as mission model size is reduced. Note also how the number of flights
at WIR decreases even though the number of years has been reduced. The specific

levels and number of years were used to calculate servicer system costs.

Table IX-18 Mission Models for Servicing Operations

L AUNCH YEAR NUMBER | AVERAGE

MODEL| SITE |80 81 82 83 84 85 86 87 88 89 90 91 | TOTAL | OF YEARS | MISSIONS
ETR 2 5 6 71011 14 17 21 23 24 25| 165 12 14
.100% | WTR 122543866511 5| 58 12 5
Total | 3 7 81214 14 22 23 27 28 35 30| 223 12 19
ETR 3439 5 91216211821 121 11 11
75% | WTR 34326554483 4 10 4
Total 3 7 712 71417202526 24| 162 11 15
ETR 2 5 6 7 9111113111 75 9 8
50% | WTR 32332365 2| 23 s | 3
Total 2 8 8101213141813 | 98 9 11

10. Ground Processing Operations

When it is realized that the expenses of maintenance occur on the ground
during development, production and operations, it is obvious that the ground
processing operations should be examined more carefully. Thirty-two operations
are involved in the overall cycle of maintenance with fifteen of these occur—
ring on the ground. The first 1058 included in-depth assessments of ground
and f£light operational requirements as applicable to the STS elements and ser-—
vicing hardware end items (spacecraft, servicers, replacement modules, ete).
Those assessments were made for the purpose of identifying those operational
and support requirements which were common or unique to specific maintenance
modes and/or servicing concepts. The assessments involved the use of ground
processing operations flow charts. They were-found sufficiently helpful that

they were used in this analysis.

Details of the ground processing operations analysis are comtained in the
reference memorandum. The on-orbit servicer system was estimated to correspond
to a medium level of complexity and a corresponding offline turnaround time

would be 5.8 weeke. This gives a total turnaround time for a seven—day mission
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of 7.5 weeks, The first I0SS used a three week span. The effect of longer
spans is to require more eguipment at the launch site to maintain the launch

schedule.

11. Sexrvicer DDT&E and Production Cost Effects

The servicer DDT&E and production costs from the first I08S were reviewed
and updated. Where no changes are indicated, the data from the first I10SS
final report can be used. The costs are expressed here in 1977 dollars. The
applicable costing considerations are given in Table IX-19. The DDT&E costs
were taken to be independent of mission model size, There is an effect due to
operations at both ETR and WIR which has been included. The resulting costs

are presented in Table IX-20.

Table IX-19 Costing Considerations

WBS ELEMENT BASELINE ON-ORBIT SERVICER
Project Management 6% of subtotal
Project Engr. and Integration 11% of subtotal
Structures and Thermal 309 1b storage rack
Rack/Tug adapter not required
Mechanism 140 1b Manipulator Arm
Control Electronics 45 1b--six 7.5-1b units
Assembly and Checkout DDT&E 5% of hardware .
) Production 10% of hardware
Airborne Spares 4 flight articles for 75% mission model

3 flight articles for 50% mission model
Subsystems--partial

Airborne Support Equipment 482 1b Cradle-rack

Logistics Logistics Management
Inventory Control
0&M Manuals
Trainers (I ETR, 1 WTR) .
Training

Ground Support Equipment Mechanical--47 units
Electrical--15 units
Facilities Rearrangement

Operational Site Services Launch Operations
Flight Operations
Maintenance.

The total DDT&E cost is $37.3 million dollars compared to $33.8 million
1977 dollars from the first I08S. The difference is due to the greater capa-

bility (axial and radial module removal) of the current servicer design.
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Pable IX~-80 On-0Orbit Servicer DDTEE Costs

WBS ELEMENT BASIS COST ($M)
Project Management 6% of subtotal 2.1
Project Engr. and Integ. 11% of subtotal 3.5
Structures and Thermal SAMSO Data 5.5
Mechanisms Analogous to PDRM Data 2.2
Control Electronics Analogous to PDRM Data 8.2
Assembly and Checkout 5% of hardware cost 0.8
Airborne Spares N/A
Airborne Support Equipment 1.6
Logistics Analogous to PDRM and 6.6

Tug Data
Ground Support Equipment Analogous to Tug 4.3
Facilities Analogous to Tug 0.7
Operational Site Services Analogous to Tug 1.8
TOTAL 37.3
PDRM = Payload Deployment and Retrieval Mechanism

Unit and productiom costs for the on-orbit servicer system are given in
Table IX-21. The production costs for the 75% mission model involve four unitsg,

and for the 50% mission model involve three units.

The airborne spares costs were based on four units for the 75% mission
model and three units for the 50% mission model. The airborme support equip-
ment was based on the number of Orbiter—only missions and required 5.8 equi-
valent units for the 75% mission model and 4.1 equivalent units for the 50%

mission model.

The on-orbit servicer unit cost is 2.11 million dollars as compared to
the first TOSS estimate of 2.1YF million 1977 dollars. The increased servicer
complexity was offset by the lighter stowage rack. Production costs for the
75% mission model are greater than for the 100% mission model of the first I0SS
when expressed in 1977 dollars. This is due to the larger quantities of units

required due to the longer turnaround times.
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Table IX-21 On-0rbit §brvicer Unit and Production Costs

COST_($M)
75% 50%
LMission Model| Mission Model
WBS ELEMENT Unit Production Production
Project Management 0.12 1.22 0.90
Project Engr. and Integ. 0.20 2.01 1.50
Structures and Thermal 0.98 3.92 2.94
Mechanisms 0.35 1.40 1.05
Control Electronics 0.30 1.20 0.90
Assembly and Checkout 0.1i6 0.65 0.49
Airborne Spares - 8.04 6.03
Airborne Support Equipment - 3.07 2.17
Logistics - - -
Ground Support Equipment - - -
Facilities, - - -
Operational Site Services - - -
TOTAL 2.11 21.5 16.0
12. Operational Site Services Costs

The operational site services costs are addressed first as they are the
largest element of the operations costs and because they are needed to help
generate the logistics costs. The largest number of functional requirements
by mission phase are for Mission Preparation, Servicer Checkout and Deploy-
ment, On~orbit Servicing, and Post-Mission. The opexational costs were gener-
ated for each WBS element by identification of specific tasks, manloading and
time. Minimum headcount levels were established as necessary. The headcount
rules were applied to the mission models of paragraph 9 and totaled to give
man—years for each WBS heading at each launch site for each of the two mission
models. A cost per man-year was generated using an average across the type of
individuals used and updated to 1977 dollars. The result is given in Table
IX-22. The scheduled maintenance, unscheduled maintenance, and depot maintenance

costs were obtained by raticing against the first I0SS costs for these elements.
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Table IX-22 Operational Site Services Costs, Millions of 1977 Dollars

75% Mission Model 50% Mission Model
WBS ELEMENT ETR WTR TOTAL ETR WTR TOTAL

Years 11 10 - 9 8 -
Site Services and Support 2.51 1.31 3.82 1.77 1.05 2.82
Mission Planning 9.30 3.18 12.48 5.83 1.89 7.72
Flight Control 1.44 - . 1.44 1.18 - 1.18
Flight Evaluation 1.38 0.67 2.05 0.85 0.52 1.37
Scheduled Maintenance 1.92 0.91 2.83 21,26 0.64 1.90
Unscheduled Maintenance 2.87 0.91 3.78 1,90 0.64 2.54
Postflight Checkout 1.72 1.31 3.03 1.19 1.05 2.24
Tug Mating and Checkout 0.88 0.35 1.23 0.55 0,26 0.81
Depot Maintenance 1.92 1.82 3.74 1.26 1.27 2.53
TOTAL 23.94 10.46 34.40 15,79 7.32 23.10

The 75% mission model total cost is about 70% of the comparable number for

the first TOSS when expressed in 1977 dollars.

fewer missions being addressed.

This is partly due to the

The operational site services cost per mis—

sion ($0.24M) for the 50% mission meodel is 110% of that ($0.21M) for the 75%

mission model. This implies that the skills retention aspects (minimum head-

coumts at each Launch site) are not as serious as had been expected.

planning is the dominant cost source.

13, Sexrvicer Operations Costs

Mission

The operational site servicer costs were combined with the elements of

the work breakdown structure to obtain the total servicer operations costs.

Five logistics~type requirements were identified. Four of these can be grouped
together and handled by three people at ETR and two at WIR. The fifth acti-
vity is training., Training was estimated at ten percent of the operational
site services costs for all activities except scheduled maintenance, unsched-
uled maintenance, and depot maintenance where the training was estimated at
five percent of their costs. Ground support equipment operations costs (soft—
ware and equipment maintenance) was taken the same as for the first I0SS up-
dated to 1977 dollars. The total on-orbit serwvicer operations costs are pre-

sented in Table I¥-23 for the two mission models by WBS element. The operations
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Table IX-23 On~Orbit Servieer Operations Costs (Millions Ef 1977 Dollars)

Mission Model

WBS ELEMENT BASIS 75% 50%
Project Management 6% of subtotal 2.7 1.9
Project Engr. and Integ. 11% of subtotal 4.6 3.1
Structures and Thermal SAMSO Data - -
Mechanisms Analogous to PDRM Data - -
Control. Electronics Analogous to PDRM Data - -
Assembly and Checkout Percent of Hardware Cost - -

Airborne Spares ) - -
Airborne Support Equipment . - -

Logistics Bottoms up 6.4 4.8
Ground Support Equipment ' Analogous to Tug 0.6 0.6
Facilities Analogous to Tug - -

Operational Site Services Bottoms up 34.4 23.1
TOTAL 48.7 33.5

PDRM = Payload Deployment and Retrieval Mechanism

category summarizes the cost of launch operations, flight operations, mainten-
ance (scheduled and unscheduled), refurbishment, management and supporting

functions.

The operations costs for the 75% mission model arxe 74% of those for the
first I08S when expressed in 1977 dollars. This is partly due to the fewer
missions being addressed and partly to the differences in estimating approaqhes.
The operations costs per mission in thousands of 1977 dollars are--1) first
I0Ss, 270; 2) 75% mission model, 300; and 3) 50% mission model, 340. These
data show a consistent expected tremd with mission model size even though they

have been reached by quite different approaches.

14, Servicer System Costs

The total servicer system costs were compiled by combining the servicer
DDT&E and production costs with the operations costs. The results for the two
mission models are shown in Table IX-24. The total on—orbit servicer system

cost for the 75% mission model is 90% of the comparable first I0SS cost when
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expressed in 1977 dollars. This is well within the estimating tolerances, es—
pecially when the effect of a reduced mission model size is included. The 75%
mission model costs are a little higher than the mission model sizé change might
tead one to expect. Other factors include higher capability servicer mechanism,
lower stowage rack weight, larger number of spares, and different operating

periods at the launch sites.

Table IX-24 On-Orbit Servicer System Costs (millioms of 1977 dollars)

Mission Model

WBS ELEMENT BASIS 75% 50%
Project Management 6% of subtotal 6.0 4.9
Project Engr. & Integ. 11% of subtotal 10.1 8.1
Structures and Thermal SAMSO Data 9.4 8.4
Mechanisms Analogous to PDRM Data 3.6 . 3.3
Control Electronics Analogous to PDRM Data 9.4 9.1
Assembly and Checkout % of hardware cost 1.5 1.3
Airborne Spares 8.0 6.0
Airborne Support Equipment 4.7 3.8
logistics 1 Analogous to PDRM and 13.0 11.4

Tug Data, bottoms up

Ground Suppecrt Equipment Analogous to Tug 4.9 4.9
Facilities Analogous to Tug 0.7 0.7
Operational Site Services Bottoms up 36.2 24.9
TOTAL ] 107.5 86.8

PDRM = Payload Deployment and Retrieval Mechanism

The servicer system costs are summarized in a diffevent way in Tzble IX-25
to show the comprative sizes of the three major WBS level 3 cost elements. The
operations costs remain the most significant item except for the 50% mission
model where the DDT&E costs are comparable. The other important servicer
system cost is the $2.11 million 1977 dollar cost for each production servicer

system.

i5. Spacecraft Program Costs

To illustrate the effect of servicer operations costs, an analysis of the

total costs of operations for two spacecraft programs were derived. These are
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Table IX-25 Servicer System Costs at WBS Level 3

COSTS (millions of 1977 dollars)

Mission Model DDT&RE Production Operations Total
First 10SS 33.8 20.0 66.1 - 119.9
75% 37.3 21.5 48.7 107.5
50% 37.3 16.0 33.5 86.8

the Synchronous Earth Observations Satellite (SEQS) and the Large X-ray Tele-
scope (LﬁRT). These two spacecraft were selected as they are representative
of two major spacecraft categories—--high earth orbit and low earth orbit. They
also reﬁresent two of the three spacecraft analyzed by TRW in the servicesable

spacecraft design activity.

The approach used was that of the first 1088 with appropriate updating.
}

The results of this costing analysis are shown in Table IX-26. The LXRT mission

Table IX-26 Spacecraft Program Costs

SPACECRAFT | Mission Expeédab‘le On-0Orbit Maintainable Costs* Savings
PROGRAM |, Model Mode* Basic Servicer Total $* %
LXRT 75% 582,0 500.1 0.3 500.4 81.6 14
SEOS 75% 532.4 387.4 1,2 388.6 143.8 27
50% 407.5 355.7 0.7 356.4 51.1 13
*#illions of '1977 dollars

definition is the same for both the 75% and 50% mission models. The dollaxr
and percentage savings are significantly lower than for the first T105S. This
appears to be due to the swaller mission models. In the 50% mission models,
the number of servicing activities equals the on-orbit fleet size. They are
thug at the minimum level and may not be economic. The 75% mission model for
SEOS involves two servicings for each spacecraft in the on-—orbit fleet size

and thus more significant savings (dollars and percentage) result.

As can be seen from the table, the servicer operations costs are a small
part of the total costs or savings. The largest ratio is for the SE0S 507%
mission model use where the servicer operations costs are 1.5% of the savings.

The ratio for the other two cases is lower.
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16. Conclusions

All the factors entering into an estimate of servicer system life cycle
costs have been reviewed and reevaluated. The important operational costs have
been generated from the bottom up, as compared to the similarity approach of
the first TOSS. The result is no fundamental change in servicer system costs,
the total servicer system cost being within 10% of the first I0SS data when ex-
pressed in 1977 dollars. As the mission model size is reduced the servicer
system life cycle costs become smaller, but the cost per service action becomes
larger. The servicer per unit production cost in 1977 'dollars remained constant

from the Ffirst I058% to this evaluation at $2.11 milliom.

Spacecraft program costs for the Large X-ray Telescope and the Synchron-
ous Earth Observation Satellite were developed for 75% and 507 mission model
sizes. The LXRT savings (as compared to the expendable mode) were 81.6 million
1977 dollaxrs and 14% for both mission models. The SEOS savings were 144 million
1977 dollars and 27% for the 75% mission model and 51 million 1977 dollars and
13% for the 50% mission model. These savings are smeller than for the 100Z mis-
sion model of the first I0SS as was expected. The smaller mission models corres-
pond to only one servicing per unit of on-orbit fleet size. This situation
usually resulted in a 10%Z to 15% savings. The on~orbit servicer operations

cost on a per-mission basis continues to be a small part of the savings.

The functional requirements approach used in this analysis, in addition
to the cost data, examined many potential space tramsportation system impacts.
No such impacts were identified. All interfaces identified lie within the

bounds of the planned STS capabilities.

The communication links required for each mission phase were identified
from end point to end point. Each link was also presented in terms of the
STDN, TDRSS, and NASCOM, The servicer system and all its operations are being
designed to operate in the Multiple Access mode. The NASA communications sys-
tem for the STS era is to have all the capability that on-orbit servicing will

require.
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The current version of the NASA Launch Cost Reimbursement Policy has been
directed toward encouraging--1) deployment of simple payloads, 2) short term
on-orbit operations, and 3} an early transition to the STS. An affect has been
to put many of the activities associated with on—orbit servicing into the extra
cost category. Thus the potential savings from on~orbit servicing will be re~
duced. The extent-of the reductions is not clear at this time. The new LCRP
was applied to the LXRT in the 75% mission model, the SEQS in the 75% mission
model, and in the 50% mission model. These three cases resulted in a 38% savings
of launch costs of on-orbit maintenance as compared to the expendable mode.

A similar comparison from the first I10SS data (100% mission model) for the-
LXRT and the SEOS showed a 497 savings., Several effects were different in thé
two calculations. These include higher Orbiter and Tug launch costs and 1977
vs 1975 dollars which have no effect on the comparison. Also included were a
17% premium for a six-month launch schedule which favors on-orbit maintenance

and a smaller mission model which favors the ‘expendable mode,

Information was not available with regard to certain aspects of the LCRP

and thus the cost effects were not included. The factors are:

1) Special integration and testing;

2) Special crew training;

3) Retrieval;

4) VAFB (WIR) launch at 90 or 104 deg inclination;
5) Payload specialists station and related -software;

6) Communications system.
Future analyses should attempt to size and cost these factors.

The operational site services costs were found to be an important cost
element in the first IO0SS. They were éenerated in this analysis from the
bottom up. For the 75% mission ‘model the operational site services costs were
70%Z of the comparable number from the first TOSS expressed in 1977 dollars.
This is partly due to the smaller nission model. The analysis involved use of
minimum headcounts so skills would be retained at each launch site. However,
this was not a significant cost ‘effect. There are some differences in relative
contributions of the different WBS elements from the first T0SS to the current
analysis, None of these were major. WMission planning continues as the largest

factor.
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