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FOREWORD

This document was prepared by Martin Marietta Corporation under Contract
NAS8-35625, Servicer System Demonstration Plan and Capability Development,
Data Procurement Document 650, Data Requirement DR-5, Final Technical Report.
This effort was accomplished for the George C. Marshall Space Flight Center of
the National Aeronautics and Space Administration under the technical
direction of the Orbital Maneuvering Vehicle Task Team, with Mr. James R.

Turner as the Contract Technical Manager.
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1.0 SUMMARY

An upgraded spacecraft servicing demonstration plan, based on a

preliminary plan from contract NAS8-35496, has been prepared that leads

to a fully verified operational on—-orbit servicing system based on the

module exchange, refueling, and resupply technologies by late 1992.

The resulting system can be applied at the Space Station, in low earth
orbit with an Orbital Maneuvering Vehicle (OMV), or be carried with an
OMV to geosynchronous orbit by an Orbital Transfer Vehicle (OTV). The

three recommended overlapping phases are:

1D

2)

3)

Ground demonstrations using the MSFC Robotics Laboratory;

Cargo—~bay demonstrations in the Orbiter using the Remote
Manipulator System to dock a Multi-Mission Modular Spacecraft (MMS)
mockup, carried to and from orbit on the MMS Flight Support System,
to the servicer and spare module stowage rack. Two forms of module
exchange and fluid resupply are recommended for demonstration on a
single Orbiter flight;

Free—-flight verification using the OMV as the carrier vehicle and a

rented spacecraft bus to carry the MMS gerviceable spacecraft
mockup.

The plan emphasizes the exchange of Multi-Mission Modular Spacecraft

modules as the MMS is a significant ongoing program involving

space-repairabie satellites.

Three servicer mechanism configurations are included in the plan:

1)

2)

The Engineering Test Unit currently in use at MSFC would be used

for early ground demonstrations, procedures development, and
training; )

A proto-flight quality unit would be used for the demonstration
flight in the Orbiter cargo bay and subsequently for ground

demonstrations, procedures development, and training;
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3) One fully operational unit that has been qualified and documented
would be used in the free-flight verification activity.

The plan balances costs and risks by overlapping study phases,
utilizing existing equipment for the ground demonstrations, maximizing
use of existing MMS equipment, taking advantage of the ongoing NASA-JSC
orbital refueling program, and rental of a spacecraft bus rather than
building a new unit for a one~time use in the free-flight
verifications. The preliminary funding estimate is $1.0M for the
ground demonstrations, $9.3M for the cargo-bay demonstrations, $35M for
the free-flight verifications, and a total of $45.3M in 1985 dollars.

The plan must be significant and long-term to encourage users and
spacecraft designers to include on-orbit servicing in the form of

module exchange in their plans.

The capability development portion of the study effort had two parts -

software development and provision of MMS module exchange demonstration

mockup equipment. Software was developed, documented and successfully
demonstrated for the separate exchange of basic (24 in. cube) modules ‘

and MMS (48 in. square by 20.5 in. deep) modules. Exchange of each

type of module was demonstrated in three control modes.

A plan for the demonstration of the exchange of MMS modules using the
servicer mechanism Engineering Test Unit (ETU) was prepared and
executed. The plan included: (1) establishment of requirements, (2)
conceptual design, (3) selection of MMS spacecraft mockup
configuration, (4) selection of MMS module mockup configuration, (5)
evaluation of adequacy of ETU load capability, and (6) selection of a

stowage rack arrangement.

The MMS module exchange demonstration mockup equipment was designed,
fabricated, checked out, shipped, installed, and demonstrated in the
MSFC Robotics Laboratory.




1.1 INTRODUCTION

Many studies and demonstrations during the past decade have clearly
proven the overwhelming cost effectiveness benefits of an unmanned
on-orbit satellite servicing capability. The ability to change out
failed or worn—-out satellite modules and to replenish fuels and other
expendable commodities offers satellite programs a greatly reduced
operating cost when compared with replacement of an entire satellite.
Development activities that will eventually lead to routine orbital
servicing operations were initiated in the early 1970's. Several
alternative servicing systems, including satellite modules and component

design approaches, were defined and evaluated during this period.

With the Space Transportation System now operational, the capability
exists to deliver and retrieve an operational servicer system. It was
thus appropriate to initiate in 1983 the planning that will lead
directly to the operational servicing capability.

Since the early 1970's various alternatives for satellite maintenance
have been identified, conceptualized, and evaluated——unmanned orbital
servicing systems, manned extravehicular activities, highly reliable
expendable designs, and retrieval for ground refurbishment and return to
orbit. The first Integrated Orbital Servicing System (I0SS) study
completed in September 1975 along with a parallel study, Integrated
Orbital Servicing and Payloads Study, conducted by COMSAT Laboratories
of the Communications Satellite Corporationm, jointly concluded:

1) On-orbit servicing is the most cost-effective satellite maintenance

approach;

2) Development of a single on-orbit servicer maintenance system is

compatible with many spacecraft programs;

3) Spacecraft can be designed to be serviceable with acceptable design,

weight, volume, and cost effects;
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4) The evolving Space Transportation System (STS) is designed to

support on—-orbit maintenance;

5) Users need guarantees that servicing will be available and

assurances that it will be cost effective.

As satellite designs continue to evolve and the Space Station era
approaches, it becomes apparent that there is room for virtually all
the alternatives of satellite maintenance at one point or other in the
future. However, to minimize servicer system development costs, the
I0SS follow-on study, completed in June 1978, recommended that a single
servicer system having the capability to accommodate both low earth and
geosynchronous orbit applications should be evolved. This requirement
has been satisfied effectively by the servicer mechanization (Fig. 1-1)
conceptualized during the I0SS studies. The single design is
compatible with maintenance of most spacecraft of the Space
Transportation System era. Adapters may be used to accommodate support

structure differences across the applications.
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Figure 1-1 I0SS On-Orbit Servicer Configuration
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An effective interface between each orbital replaceable unit (ORU), or
module, and the spacecraft and the servicer was defined and
breadboarded. The interface mechanism provides a logical and cost

effective method of incorporating orbital replaceable units (ORU) for

module exchange in all spacecraft.

The value of demonstrations in furthering on-orbit servicing
development was recognized in the decision to build a 1-g version of
the Integrated Orbital Servicing System of Figure 1-1. The result is
the Engineering Test Unit (ETU) of the IOSS shown in the photograph of
Figure 1-2. This unit was built and delivered to MSFC in 1978. It has

been used for over 350 demonstrations during the intervening seven

years.

Figure 1-2 Engineering Test Unit




Considerable interest in spacecraft maintenance was expressed by both

the Department of Defense and the commercial sector, however, the ’
general tenor of their support was that a demonstration of orbital

maintenance must be conducted prior to any commitment on their part. A

flight demonstration of the all-up maintenance capability is also a

NASA requirement prior to wholesale commitment to the concept.

However, a reduced capability test that exercises the basic concept and
exchanger capability can and should be demonstrated prior to the time
that a full capability will exist. With this background material in
hand, and with renewed interest by the space flight community, it was
appropriate to perform the prior study (Contract NAS8-35496) that
defined a path leading to demonstration of the servicing capability.
The cargo-bay demonstration part of the development plan from the prior
study was felt to be too expensive so it has been extensively revised
in the current study. The 1l-g part of the development plan was found
acceptable and the portions of it having to do with basic and MMS
module software development and with the preparation of mockup

equipnment for the demonstration of MMS module exchange were performed

as part of the subject contract activity. This software and mockup
equipnent activity led to a series of successful 1-g module exchange

demonstrations.
1.2 STUDY OBJECTIVES

The objectives of this Servicer System Demonstration Plan and
Capability Development study are to identify all major elements and
characteristics of an on-orbit servicing development program and to
integrate them into a coherent set of demonstrations, to upgrade the
Engineering Test Unit control system for basic and MMS module exchange
demonstrations, and to upgrade the MSFC 1l-g servicing demonstration
facility mockups to permit the exchange of MMS modules. These
objectives, along with the program objectives, are summarized in Table
1-1. The on-orbit servicing development plan was to be a revision of
the plan prepared during the prior study with increased emphasis on low
cost and use of MMS equipment. The revisions primarily addressed the .

cargo-bay demonstrations.




Table 1-1 Study and Program Objectives

Study Obiectives

To identify and integrate the major characteristics of an on-orbit
servicing demonstration program plan.

To upgrade the engineering test unit control system for MMS and basic
module exchange demonstrationms.

To upgrade the 1—-g demonstration facility to permit exchange of MMS
modules.

Program Objectives

Fully verified and documented operational on—-orbit servicing system
a) Based on module exchange and fluid resupply technologies,
b) Suitable for use with Space Station.

Ma jor issue is balance between the number and complexity of
development activities and cost.

The goal of the development program is a fully verified operatiomnal
on-orbit servicing system based on the module exchange and fluid
resupply technologies that is also suitable for use with and at the
Space Station. The plan must be significant and long-term to encourage
users and spacecraft designers to include on-orbit servicing in the

form of module exchange in their plams.

The second study objective involves the development of two software
programs - one for the exchange of basic modules and one for the
exchange of MMS modules - and the demonstration of the exchange of both
types of modules. The demonstrations were to be performed for three

different control modes which are:
1) Supervisory with minimal operator assistance;
2) Supervisory with operator assistance at each action;

3) Manual-Augmented.




The third study objective involved the design, fabrication, and
installation of MMS demonstration equipment. The Martin Marietta

provided equipment included:

1) Two MMS module mockups;

2) One spacecraft mounted module receptacle;

3) Two stowage rack mounted module receptacles;

4) A connector positioner drive;

5) An MST storage rack;

6) A set of MMS module targets;

7) A set of related wiring.

A light weight form of the Module Servicing Tool, which was adapted to

the Engineering Test Unit and modified for remote location of its
control system was provided by Goddard Space Flight Center. The
mechanical and electrical design was performed by Fairchild Space
Company, the mechanical equipment was bullt by GSFC, and the electrical
equipment was built by Fairchild.

The combination of the second and third study objectives amounted to
the goal of adapting the on—-orbit servicer ETU to exchange MMS modules
‘and conducting successful demonstrations in 1-g. The challenge of this

goal was accepted and accomplished.

The first of two key study issues was the need to balance the number

and complexity of development activities against available funds. The

proposed approach, recommended in the Spacecraft Servicing

Demonstration Plan (SSDP) study, is to lay out a program with most of

the desired features, that overlaps the 1-g, 0O-g, and operatiomnal

servicer demonstrations, and attempts to get an early operational ‘
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capability. It minimizes costs by taking advantage of parallel
activities such as the JSC refueling program, and advocates renting a
spacecraft bus rather than buying a new one. The program was also
scoped large enough to become a recognized part of NASA's long-range
Plans. The promise of a clear plan by NASA to develop and use module
exchange for many years will encourage the user, or spacecraft

designer, to incorporate module exchange in his plans.

The second key study issue was the need to maintain a close working
relationship between MSFC and Martin Marietta personnel during servicer
control software development. A number of interfaces were defined so

both organizations could work towards the same goal:
1) Computer and interface electronics operations;
2) Functions to and from the Servicer Servo Drive Console and the ETU;

3) Functions to and from the control station for Manual-Augmented

control mode implementation.

The close working relationship between MSFC and Martin Marietta
personnel was particularly effective during the installation of the MMS
module exchange equipment and rework of the spacecraft mockup. The
cooperation and assistance of MSFC personnel, especially the Contract
Technical Monitor, Mr. James Turner and Messers. Tom Bryan and Don
Scott of the Robotics Laboratory, in obtaining needed materials and
performing the installation and rework resulted in the effort being
completed early and with better results than had been originally
planned. Their efforts are greatly appreciated.

The servicer system development plan was prepared to provide
implementors and users with a single development approach that will
culminate in orbital servicing operations. The plan is necessary
because only by providing a planned development program will both
development and user support be focused on the servicing issue.

Current planning for the Orbital Maneuvering Vehicle is such that



servicer development must be started soon if a servicing capability is
to exist shortly after the OMV reaches an operational status.
Verification of a servicing capability with the OMV will result in a

well-proven system being available for potential use with the Space
Station. Many prior and current studies have addressed individual
elements of servicing. Many tools and support hardware elements have.
been defined that will aid a future servicing program. These efforts,
however, have not resulted in a general move on the part of the user
community to incorporate serviceability in the form of module exchange
into their spacecraft designs. It is only through the implementation
of a development program that produces a demonstrated on—orbit
servicing capability that the benefits of this program will be realized
in future spacecraft operations. The upgraded development program plan

described in this report was prepared to satisfy this need.
1.3 RELATIONSHIP TO OTHER NASA EFFORTS
Prior and ongoing NASA activities, as well as future plans, in the area

of satellite servicing are discussed in relation to the objectives and

approach of this servicer system demonstration plan and capability

development study.

Servicing development activities were initiated in the early 1970's and
continue through the present time. Studies and development work have
been performed by NASA, other government agencies, and contractors.
Early study results concluded that on-orbit servicing was a more cost

effective approach than ground refurbishment of satellites.

Recommendations included that spacecraft be designed for servicing and

that module exchange was the most cost-effective method of servicing.

During the Integrated Orbital Servicing System study an Engineering

Test Unit was designed and built and has been in use at MSFC since 1978

for ground demonstrations of remote satellite servicing and other

development activities. A wealth of experimental data was accumulated

during that servicer demonstration and development program and

constitutes the basis for further development of an on—orbit satellite

servicing capability. ‘
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As the Space Transportation System is operational, satellites in low
earth orbit are accessible for on-orbit maintenance and repair. Many
NASA efforts are now directed towards definition of the requirements,
interfaces and programmatic aspects of the three main approaches to
satellite servicing: (1) manned, using extravehicular activities, (2)
remote servicing, using a simple specialized mechanism for module
exchange, refueling, and resupply and controlled in manual and
automated modes, and (3) remote servicing operations using telepresence
technology and artificial intelligence.

EVA satellite servicing participated in a successful demonstration
during the Solar Maximum Repair Mission when equipment modules were
exchanged on a Multi-Mission Modular Spacecraft utilizing the Orbiter
Remote Manipulator System (RMS), the Manned Maneuvering Unit (MMU) and
a module servicing tool (MST). Many tools and auxiliary devices have
been developed for use by the Shuttle or Space Station EVA crews to
perform various servicing tasks. The accumulated EVA experience
emphasizes the need for simple, easy maintenance and repair tasks,
ample clearances to accommodate the rather bulky EVA suit, and
provision for handrails and foot restraint brackets. Due to EVA time
and space limitations and the high cost and risk involved, baselining
EVA for maintenance, repair and refueling/resupply of spacecraft needs
to be determined by the user on an individual basis. Because of man's
direct involvement in the operations, the safety aspects are
particularly important and difficult to resolve. However, EVA remains
the main back-up system for repair in contingency situations at the
Orbiter and Space Station, due to its superior flexibility and ability

to perform unscheduled and unplanned repair operationms.

An Orbital Maneuvering Vehicle is being developed by NASA-MSFC, with
the participation of other NASA centers, to supplement the STS for
satellite delivery, retrieval and on-orbit servicing. It will utilize
the Orbiter for launch and will have applications in both low earth
orbits (LEO) and geostationary earth orbit (GEO), when transported to
GEQ by an Orbital Transfer Vehicle (OTV) or other orbit transfer
stage. Early availability of the OMV as a reusable vehicle will
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obviate the necessity of including integral propulsion in many new
space initiatives for satellite deployment or retrieval. The OMV will
have a man—-in-the-loop control capability from a ground control station
(GCS). Rendezvous and docking capability and an OMV compatible
servicer kit can be developed in subsequent phases to add satellite
retrieval and on-orbit servicing capabilities. The incongruity between
desirable polar orbits and the STS capability can be eased by use of an
OMV.

Servicing functions and approaches are being investigated by NASA and
its contractors in connection with Space Station operations.
Maintenance and repair missions are being evaluated for the Space
Station. For the proximity operations an RMS may be used, with manual
control from a specilal servicing piatform. For LEO satellite
deployment and retrieval, the OMV will be used. In situ satellite
servicing at LEO can be performed using an OMV and a servicer from the
Space Station. Similar operations at GEO can use an OTV from the Space
Station to deploy and retrieve the OMV and the servicer. The control
of the servicer can be from the Space Station or from the ground.
Operating the OMV/servicer or OTV/OMV/servicer from the Space Station
can provide better availability of servicing and can reduce launch

costs.

The promise of advanced automation, including capabilities such as
telepresence and artificial intelligence, 18 being examined by the MSFC
Space Station project as part of a "smart front end” for the OMV. The
requirements for the smart front end include those functions that the
I0SS approach can do, and much more. However, it is also possible to
refine the I0SS design so that the basic mechanism can also be used on
a smart front end. The major differences in the two approaches are in
the sensors used and complexity of the control systems. It thus seems
that the IOSS concepts should be considered for inclusion in the
development process leading to a Space Station applicable smart front
end for the OMV.
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The Astro Electronics part of the RCA Government Systems Division has
contracted with Martin Marietta to help RCA investigate the application
of IOSS concepts to Polar Platform configurations. The information
provided by Martin Marietta is to help RCA decide on a servicing system
approach for this element of the Space Station program.

Many studies during the past decade proved the cost benefits of
on-orbit fluid resupply. The areas of fluid management requiring new
technology have been identified. Cargo—bay experiments are now planned
by NASA-JSC to demonstrate fluid transfer in O-g and to test new quick
disconnects and sensors. For these first experiments, EVA operatiomns
are planned. Safety aspects are of prime concern. Standardization of
the fluid resupply interface 1is an important issue affecting the
economics and ultimately the success of the satellite fluid resupply
activities. An interface standardization project is being pursued by
NASA-JSC. The objective is to develop a standard propellant servicing
interface for all satellites. A committee will be formed consisting of
appropriate NASA elements, the DoD and those industrial firms active in
the design and fabrication of satellite propulsion stages. This
committee will define the fluid interconnects, mechanical attachment
hardware, isolation philosophy, data format requirements, and
instrumentation and control interfaces consistent with safety
requirements and minimization of crew time lines. The program
objectives are to develop and certify a standardized disconnect design
for on—orbit resupply of earth storable, gaseous and cryogenic fluilds
and to provide earth storable fluid disconnect flight hardware for the
Gamma Ray Observatory by March 1986.

The prior study, spacecraft Servicing Demonstration Plan, made use of
the experience accumulated during the I0SS demonstrations and expanded
its scope to encompass demonstrations of Multi-Mission Modular Space-
craft servicing, other module and component exchangé, and refueling
demonstrations utilizing the present state of the art technology.
Timing of various planned activities was such that it could take
advantage of the results of the NASA-JSC refueling development effort
and match the milestones of the OMV development program schedule.
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A simple, proven servicer mechanism, with a standardized end effector
interface and supplemented by specialized adapters and interface
mechanisms, like the I0SS, can be built today with the present

technology. It can provide a much needed satellite servicing
capability now and the ability to test and develop the elements of
future generation servicers.

1.4 STUDY APPROACH

Our approach to the proposed study was to use the four tasks identified
in the contract statement of work. These are:

1) Task 1 - Servicer Development Program Plan;
2) Task 2 -~ Servicer Control Software;
3) Task 3 - Servicer Demonstration;

4) Task 4 — Program Management.

Figure 1-3 shows an overall logic flow for the four study tasks. Other
than the program management task, the work divides naturally into two
parts - preparation of the Servicer Development Program Plan (Task 1)
and generation of the servicer control software as well as conducting
servicer demonstrations at MSFC (Tasks 2 and 3). The MMS l-g servicing
demonstration definition effort of Change Order 1 and the MMS 1-g
demonstration equipment drawing, fabrication, checkout, and
installation effort of Change Order 3 were included in Task 1. The MMS
module software requirements, programming, and user's manual
preparation effort of Change Order 3 were included in Task 2, while the
gsoftware installation and MMS module exchange activity of Change Order
3 were included in Task 3. MMS module exchange demonstrations required
the availability of é GSFC MMS Module Servicing Tool designed for use
in 1-g with the MSFC Engineering Test Unit. A more detailed
description of the approach to each of the four tasks of this study is
presented in Section 2.3.
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1.5 SIGNIFICANT CONCLUSIONS AND RECOMMENDATIONS

l‘5.l

The significant conclusions and recommendations from this Servicer .
System Demonstration Plan and Capability Development activity are

presented bélow. Many secondary conclusions and recommendations are

given in Sections 3.0 through 11.0. The conclusions and

recommendations which span the study are given first.

On-0rbit Servicing Development

The following conclusions and recommendations apply to the overall
on—-orbit servicing development:

1) The recommended plan leads to the free-flight verification of an
operational servicer suitable for use with the OMV and the Space

Station;

2) The plan has three phases

- Ground demonstrations,
- Cargo-bay demonstration,

- Free-flight verification;

3) The free-flight verification can be completed by late 1992 (see
Figure 1-4);

4) The total estimated cost 1s 45.3 million 1985 dollars;
5) The plan includes three servicer mechanism configurations:

- The Engineering Test Unit currently in use at MSFC would be used
for early ground demonstrations, procedures development, and
training for the cargo-bay demonstration,

- A proto-flight quality unit would be used for the demonstratiom
flight in the Orbiter cargo bay and for procedures development
and training related to the operational servicer,
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1.5.2

DESCRIPTION 1985 | 1986 | 1987 | 1988 | 1989 {1990 | 1991 | 1992 | 1993 | 1994
ATP Por COR CIR |FIRST FLIGHT
OMV Design & 7z
] PL*7 \" \Y
Development Y sﬁ
PHASE 8 PHASE C/D zm)?lmﬂ 3m:qlmn
OMYV Operations { V—V
RENDEZVOUS DEBRIS l
OMV Supporting & Lmn::cxm:l SERVICING RETRIEVAL ROBOTICS
L

Development v l
Ground DEMONSTRATION SUPPORT
Demonstrations
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Free-Fight ] ‘J7 FLIGHT
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Figure 1-4 On-Orbit Servicing Development Schedule
= One fully operational unit that has been qualified and
documented for use in the free-flight verification activity and
in subsequent operations;

6) The plan is based on use of proven I0SS designs and test hardware;

7) Areas for application of the module exchange form of on-orbit
gservicing to the Space Station were identified.

Multi-Mission Modular Spacecraft Servicing

The following conclusions and recommendations apply to the involvement

of MMS equipment in the demonstration plan and in subsequent operations:

1) Primary emphasis would be on demonstrating the exchange of MMS
modules (see Figure 1-5);

2) The MMS Module Servicing Tool should be adapted to work with the

servicer end effector for the exchange of MMS modules;

3) A set of requirements for the MST adaptation was prepared;
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Figure 1-5 Multi-Mission Modular Spacecraft Mechanical System

4) Light weight MMS module mockups with dimensionally correct standard
MMS attachment fixtures and connector shells should be used for

ground demonstrations;

5) On-orbit servicing of MMS modules should be effected by use of
lateral docking with a straight docking probe adapter, tool adapter
and modified stowage rack (see Figure 1-6).

1.5.3 Ground Demonstrations

The following conclusions and recommendations were developed during the

ground demonstration analyses:

1) The servicer system Engineering Test Unit, shown in Figure 1-2,

should be used as the mechanism for early ground demonstratioms; .

2) Continue the ability to demonstrate separately the exchange of both
basic and MMS modules;
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3) The control system software of the MSFC servicing demonstration

facility has been upgraded;

4) MMS module exchange under computer control has been demonstrated

(see Figure 1-7);

5) Control mode analysis and testing for exchange of both module types

should be continued;

6) Approaches for the cargo-bay demonstration and for free-flight
verification should be developed;

7) Fluid resupply hardware should be developed and the process

demonstrated;

Figure 1-7 Engineering Test Unit Adaptation for MMS Servicing
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8)

9)

The exchange of batteries or other individual components should be

demonstrated along with thermal blanket/access cover removal and

replacement;

An automatic target recognition and error correction system should

be developed and demonstrated;

10) The MSFC servicing demonstration facility should be made available
for support of flight operations in terms of simulations,
procedures development, training, and problem solving. The
facility should also be made available as a laboratory development
tool;

11) The first five ground demonstration activities can be accomplished
by late 1986 (Figure 1-8) if they are funded in time.

DESCRIPTION 1985 1986 1987 1988
OMV Design & A L v v =
Development PHASE 8 PHASE C/D
Multi-Mission Modular ——1
Spacecraft Modifications
{Spacecraft Mockup and
Stowage Rack) '
BASIC MMS
Module Exchange v mY|
Control Mode Analysis/ — |
Testing
DEMONSTRATION
Battery Exchange ————V
Demonstration DEMONSTRATION
Resupply Demonstration —V
DEMONSTRATION
Automatic Target —Y
Recognition TRAINING &
DEVELOPMENT OPERATIONS
Support for Cargo-Bay
Demonstration DEMONSTRATION
FLIGHT A
Cargo-Bay Demonstration

Figure 1~-8 Ground Demonstrations Schedule
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1.5.4 Cargo—Bay Demonstration

The following conclusions and recommendations were developed during the .

cargo-bay demonstration analyses:

1) A proto-flight quality servicer mechanism should be built for use
in the single cargo-bay demonstration flight;

2) The MMS Flight Support System should be used to support the MMS

spacecraft representation during the cargo—-bay demonstration;

3) The Orbiter Remote Manipulator System end effector should be used
for a docking system;

4) A specific arrangement of servicing demonstration elements in the
Orbiter cargo bay was selected and recommended for use (see Figure
1-9);

Figure 1-9 Artists Concept of the Cargo-Bay Demonstration
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5)

6)

7)

8)

The characteristics of the recommended servicer cargo-bay

demonstration are:

MMS mockup dock and undock by RMS,

- Supply of power, attitude control, thermal comtrol and
communications by Orbiter,

- Servicer control station in Orbiter,

- Docking rigidization by servicer docking probe,

- Electrical connection between servicer and spacecraft via the
docking mechanism,

- Use of MMS triangular module support structure,

- Module exchange demonstration,

- Fluid resupply demonstration,

- Servicing equipment performance demonstration,

— Unassisted Supervisory control mode,

- Man-machine interaction evaluations,

- Compliance with Orbiter system safety requirements,

- Servicer spare module stowage rack mounted in trunnions in
Orbiter cargo bay,

- Use of representative servicing operational equipment,

= Operator training;

The hardware for the fluid resupply demonstrations should be
obtained from the ongoing Johnson Space Center refueling

demonstration flight program;

The first’cargo—bay demonstration flight can be completed by late
1988 (Figure 1-10);

The recommended activities for the test flight are:

- The replacement of a Multi-Mission Modular Spacecraft type

module using an MMS Module Servicing Tool, incorporating an
electrical connector, and mounted so that the module moves
axially,
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OMV Design & — " e COR e
Development PHASE B
Ground Demonstrations
QEMONSTRATIONS SUPPORT

System Engineering C - C

REQUIREMENTS  PROCEDURES TRAINING & OPERATIONS
Design & Development [ -

REVIEW PHASES 0 1 2 3
Safety
ﬁJ
Software Dev & C/O nevzmrjeur — T
Procurement [ ]
Fabrication
Assembly & C/O ]
Acceptance Testing ) 7 oeMoNSTRATION
FLIGHT

System Integration & I —
Demonstration
Verification Phase B ]

Figure 1-10 Servicer Cargo~Bay Demonstration Schedule

- The replacement of a battery module on a light weight side
interface mechanism using an electrical comnector and with a

near-radial module motion direction,

~ The transfer of a fluid using a multiple line fluid resupply
module including a fluid interface unit and a hose and cable

management device mounted in a far-axial direction;
9) The cargo-bay demonstration servicer mechanism, after its flight

use, should be used to replace the ETU for ground demonstrations,

procedures development, and operator training.
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1.5.5 Free-Flight Verification Q ALty

The following conclusions and recommendations were developed during the

free-flight verification analyses:

1) A fully operational servicer system (Figure 1-11) that has been
qualified and documented should be built for use in the free-flight

verification activity;

2) One servicer system should be built;

Figure 1-11 The Operational Servicer with the OMV
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3)

4)

5)

6)

7)

-

The unassisted Supervisory control mode should be used;

A spacecraft bus, such as the SPAS-01, should be rented rather than

a new spacecraft being built for this one-time application;

The characteristics of the recommended servicer free-flight

verification are:

— One verification flight,

- Serviceable satellite mockup supported by a rented spacecraft
bus,

- Supply of power, attitude control, communications, and thermal
protection and control of the servicer from the OMV,

- Use of OMV for rendezvous and docking of servicer to the
serviceable spacecraft mockup,

- Use of serviceable spacecraft mockup and modules from cargo-bay
demonstration,

- Two way communication links to ground through TDRSS,

- Servicer control station at OMV ground control station, ‘

- Docking rigidization by servicer docking probe,

- Deployment of stowed servicer mechanism and docking probe,
- MMS module exchange demonstration,

- Fluid resupply demonstration,

- Servicing equipment performance verification,

- Control mode verification,

- Operator training§
The recommended flight verification activities are:

- Exchange of MMS module,

- Exchange of other representative modules,

- Fluid transfer;

The free-flight verification of an operational servicer can be
completed by late 1992 (Figure 1-12).

1-26



DESCRIPTION 1988 1989 1990 1991 1992

CIR FIRST FLIGHT

OMYV Design & ) A
Development M 2ND FLIGHT 3RO FLICHT
PHASE C/D I L

OMYV Operations L A4 Y
DEMONSTRATION
\'4 ] FLIGHT

Cargo-Bay
Demonstration

Definition Study I

PHASE B AVT"P POR COR
/ Vv

CIR FRR

Design & Development

DEVELOPMENT CHECKOUT
Software Dev & C/O L

Tooling & GSE —/—

System Test Equipment (

Control Station ‘ C ]

Fiight Unit & ASE . ———

System Qualification CF——' "
VERIFICATI

FLIGHT

System Integration &

—
Verification T

Figure 1-12 Free-Flight Verification Program Schedule

1.5.6 Servicer/MMS 1-g Demonstration Plan

The following conclusions and recommendations were developed during the

preparation of the servicer/MMS 1-g demonstration plan:

1) The servicer/MMS 1-g demonstration subsystem requirements were
identified for the MMS module mockup, spacecraft mockup, stowage

rack mockup, electrical connector positioner mechanism, and optical

targets;
2) A preliminary system concept design was performed and the relative

positions of the main components were established as shown in
Figure 1-13;
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Figure 1-13 Servicer System Configuration - 1-g Demonstrations

3) Several characteristics of the servicer/MMS demonstration equipment

were selected:

- MMS bolt tightening torque of 10 + 1 ft-1bs and loosening torque
of 20 + 1 ft-1bs,
- Maximum torque of 50 ft-1lbs for the wrist pitch (Y) drive of ETU,

- Maximum weight of 12.5 1bs for MMS module mockup,
- Maximum distance of 7.25 in. between the end effector interface

and module latch interface,
- Maximum weight of 15 1lbs for the modified MST;

4) A light weight configuration and a structural concept were selected
for the MMS module mockup;
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5) A simple, straightforward configuration was selected for the

‘ spacecraft mockup, that emphasizes the MMS module while providing
realistic MMS servicing trajectories and preserving the existing

basic module exchange capability;

6) The arangement of the MMS module mockups, basic module mockups and

MST storage rack on the ETU stowage rack was selected based on:

- Minimum modification of the existing stowage rack,
= Minimum MMS servicing demonstration time,
— No system reconfiguration between MMS module and basic module

exchange demonstrations.

1.5.7 Servicer/MMS 1-g Demonstration Equipment

The following conclusions and recommendations were developed as part of
the servicer/MMS demonstration equipment design and fabrication
activities:

1) The design effort included:

- Drawing preparation,
- Coordination of MST integration,
- Design coordination,

- Materials and components procurement;
2) The connector positioner mechanism (see Figure 1-14) features:

- A compact, eccentric type mechanism;

— Accurate linear ball slide,

- 5/8 in. mating stroke,

- 20 1b connector mating/demating force,

— Adjustable position for end of stroke,

- Simple interface with ETU end effector;
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3) The optical target features:

~ Common design for all MMS fastener locations and for the MST

storage rack,
-~ Compliant attachment to its support,

- Minimal resetting in case of accidental displacement;

Figure 1-14 Connector Positioner Mechanism

4) The weight of the fabricated and assembled MMS module mockup
(Figure 1-15) is 10.0 1bs, compared to the 12.5 1bs maximum design

limit;

5) The fabricated and assembled connector positioner mechanism:
- Was tested on a special bracket, prior to shipment to MSFC,

- Smoothly mated and demated with the electrical connector,

- The mating and demating times were within the design goals.
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Figure 1-15 MMS Module Mockup

‘ 1.5.8 Servicer Control Software — Basic Modules

The following conclusions and recommendations were identified during
development of the servicer control software for the demonstration of

basic module exchange:
1) Three control modes were implemented;
2) Software requirements were explicitly defined and documented;

3) All required interfaces between the computer and the electrical

equipment were defined and documented (see Figure 1-16);
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1.5.9

4) The characterictics of the Supervisory control mode trajectory

hierarchy for basic modules are:

= PFour total trajectories,

- Twenty trajectories,

= Nine steps,

- Eight actions,

- Each hierarchy level is composed of elements below it in the
hierarchy,

- Four types of coordinate transformations,

- Closed loop operation of ETU joints,

= Control of end effector and interface mechanism drives,

- Operator assisted and unassisted modes;
5) Software program is menu driven;

6) Procedures and trajectory sequences for the Manual-Augmented

control mode were documented;

7) Simulated hardware characteristics are included in software so

program can be run independent of servicer hardware;

8) A test program for verifying the computer to servicer hardware

interfaces was provided;

9) A separate Software User's Manual was prepared for the basic module
software.

Servicer Control Software - MMS Modules

The following conclusions and recommendations were identified during

development of the servicer control software for the demonstration of
MMS module exchange:
1) The MMS module software follows the basic patterns and philosophy

of the basic module software;
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2) Three control modes were implemented;
3) Software requirements were explicitly defined and documented; ‘

4) All required interfaces between the computer and the electrical

equipment were defined and documented;

5) The characteristics of the Supervisory control mode trajectory
hierarchy for MMS modules are:

= One total trajectory,

- Nine trajectories,

- Thirteen steps,

- Ten actioms,

- Each hierarchy level is composed of elements below it in the
hierarchy, .

- Four types of coordinate transformatioms,

- Closed loop operation of ETU joints,

- Control of end effector, connector positioner drive, and MST
latch and bolt drives,

- Operator assisted and unassisted modes;

6) Software program is menu driven (Figure 1-17);

7) Procedures and trajectory sequences for the Manual-Augmented

control mode were documented;

8) Simulated hardware characteristics are included in software so

program can be run independent of servicer hardware;

9) A test program for verifying the computer to servicer hardware

interfaces was provided;

10) A separate Software User's Manual was prepared for the MMS module

software.
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I0SS MAIN MENU - MMS

Run Setup Menu;

Mode Selection Menu;

Module Data Collection Menu;
Hardware Calibration Menu;

Exit to MCR.

Enter Item Number:

MODE SELECTION MENU

Unassisted Supervisory Mode;
Assisted Supervisory Mode;
Manual-Augmented Mode;
Manual-Direct Mode;

Return to IOSS Main Menu -
ms.

Enter Item Number:

Figure 1-17 Representative MMS Software Menus

1.5.10 Servicer Software Demonstrations

The following conclusions and recommendations were identified during

the conduct of the basic and MMS module exchange demonstrations using

the two servicer software programs:

1)

All of the demonstration equipment operated satisfactorily and was

comprised of:

- ETU and associated electronics by MSFC,
- PDP-11/34 computer with D/A and A/D's by MSFC,

- MMS modules, spacecraft mockup, and stowage rack modifications

by Martin Marietta,

— Connector positioner and wiring changes by Martin Marietta,
- 1-g Module Servicing Tool by GSFC (see Figure 1-18),
- MST electronics by Fairchild Space Co;
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Figure 1-18 Module Servicing Tool for Ground Demonstrations

2)

3)

4)

5)

6)

of MMS Module Exchange

Specific module location data could be readily collected for use in
the software program and in the Manual-Augmented trajectory

sequences using the procedures that were developed;

Separate demonstrations of basic and MMS module exchange were

successfully made in all three control modes (Figure 1-19);

Conduct of demonstrations in the Supervisory control mode in the
operator assisted or unassisted modes was easy to learn. Operation
in the Manual-Augmented control mode takes a little longer to

learn, as was expected;

Motion of the ETU during module exchanges in either Supervisory
mode was very smooth and precision was well within the basic module
equipment capture volumes and just within the tighter MMS equipment

capture volumes;

Integration of the MST was accomplished by operating philosophy

revisions, software modifications, and hardware ad justments;
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Figure 1-19 Ground Demonstration of MMS Module Exchange
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7) Non-orthogonality of the MMS module with respect to the docking
post (axial cylindrical coordinate) when the module top bolt is ’
tight and the bottom bolt is loose were accommodated by the
addition of a pseudo-combined motion capability where all six
cylindrical coordinates are changed together in a step-wise fashion

to approximate the desired path;

8) System operating techniques were identified for overcoming
anomalies so that the system should not be thought of as a
pre-programmed entity that cannot continue past the first anomaly.
Rather it is a system with three levels of control that can be used
interchangeably to get the job done in spite of a variety of

anomalies.
1.6 SUGGESTED ADDITIONAL EFFORT
A review of the study efforts and conclusions identified a number of

areas that merit consideration for additional effort. In addition to

the items listed below, it is assumed that the TDRSS program and the

OMV program including a docking system, payload rigidization system,

and ground control station will continue.

On—-orbit servicing of spacecraft has become a part of the Space Station
development activity over the last year, as it should. These
activities are on-going at several NASA centers and at their Space
Station contractors. The work has been emphasizing robotics and
automation because of a Congressional directive to assign 10% of the
Space Station budget to advanced automation activities so that
operating costs can be reduced. The module exchange activities, which
are the subject of this report, and the associated equipment and
software should be brought to the attention of the Space Station
project for consideration. The IOSS concepts could form the first
phase of an on-orbit servicing capability and then evolve into a smart
front end with telepresence and artificial intelligence, as the needs
are understood and the technology is developed. If is recommended that
the IOSS concepts of module exchange for the on-orbit repair of .
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1.6.1

106.2

spacecraft be fully considered for its potential application to Space
Station.

Servicing Tasks

The following additional efforts are related to servicing tasks and in
particular to the Multi-Mission Modular Spacecraft, fluid resupply

demonstrations, and representative satellite modules:

1) The Module Servicing Tool and the servicer mechanism end effector
should be adapted to work together for the exchange of MMS modules
in 0-g;

2) The fluid resupply interface should be standardized;

3) The fluid resupply demonstration equipment should be based on the
NASA-JSC standardization effort;

4) Thermal cover removal/replace mechanisms and sensors for fastener

and attach interface status need to be developed;

5) A small, light interface mechanism or a tool adapter to remove

conventional captive fasteners should be developed.

Servicing Mechanism

The following additional efforts are related to the servicing mechanism:

1) The interface between the servicer end effector and the interface

mechanism, tools, and adapters should be standardized;

2) Special adapters should be developed as required for other types of

modules or servicing tasks;
3) An activity for continuing repair and maintenance of the 1l-g
servicing demonstration equipment, including documentation and

configuration control, should be established.
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1.6.3 Demonstrations

The following additional efforts are related to the ground and '

cargo-bay demonstrations or to the free-flight verification:

1)

2)

3)

4)

5)

6)

7

Servicing control modes for the 1-g servicer should be analyzed and
investigated. Nine candidate subjects are discussed in Section
5.2.3 of this report;

Refueling and resupply hardware should be developed and the process

demonstrated;

An automatic target recognition and error correction system should

be developed and demonstrated;

Status of the MSFC Robotics Laboratory computer facilities should
be addressed to identify and implement an approach to obtaining a
higher level of reliability. This review should also consider use
of a 14 or 16 bit analog to digital converter;

Definition of the cargo-bay demonstration equipment should be
continued in the areas of servicer mechanism definition and

identification of the microprocessor and associated peripherals;
Additional development areas include:

- Special refueling disconnects for cryogenics or high pressures,
and self aligning conical electrical connectors,

- Development of in-line fluid couplings for replacement of tanks
and other propulsion system components,

- Demonstration of other servicing tasks specific to Space

Station operatiomns;

Demonstration of the mating of the servicer stowage rack to the OMV
should be a part of the Space Station technology development

missions. ‘
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2.0 INTRODUCTION AND BACKGROUND

The study activities that this report documents are part of a
resurgence of interest in on-orbit servicing that is based on the many
studies performed in the past. Those studies were able to clearly show
that orbital maintenance functions can be supported by the Space
Transportation System (STS) to effect large reductions in the cost of
spacecraft programs. This was found to be true both in geosynchronous
and low earth orbits. These economic benefits were augmented by
significant operational benefits, the totality of which implied that
the development of an on-orbit servicing capability should be
undertaken by the NASA.

Orbital servicing has a number of applications. The servicer and the
Orbital Manuevering Vehicle (OMV) can be carried to geosynchronous
earth orbit (GEO) on an Orbital Trapnsfer Vehicle (OTV). Communications
satellites are typical geosynchronous spacecraft that can realize cost
benefits from servicing. In low earth orbit the OMV can be used as the
carrier vehicle for the servicer system. Where contamination or
thruster impingement effects are a concern, the cold gas propulsion
system of the OMV could be used. For spacecraft in different orbits
(altitude or inclination) the larger propulsive capability versions of
the OMV, or the OTV with OMV, are appropriate. The servicer system can
also be deployed in the Orbiter cargo bay and the failed spacecraft
docked to it using the Remote Manipulator System (RMS). A major
opportunity for the use of orbital maintenance technologies is the
emerging Space Station. The Space Station can be used as a base for
the OMV and OTV, which can transport a remotely controlled servicer
system to the failed spacecraft for repair in situ. Alternatively,
failed spacecraft can be returned by the OMV and OTV to the Space
Station for repair. Spacecraft repair at the Space Station can be by a
variety of techniques including remotely controlled module exchange.

One of the early servicing studies, the Integrated Orbital Servicing
System (I0SS) series, recommended that, to minimize servicer system

development costs, a single servicer system having the capability to




accommodate both low and high earth orbit applications should be

evolved. This requirement has been satisfied effectively by the

servicer mechanization (Figure 2-1) conceptualized during the IOSS
studies. The single design is compatible with maintenance of most
spacecraft of the STS era. Adapters are used to accommodate support
structure differences across the applications. An effective interface
between the spacecraft and the servicer was defined and breadboarded.
The interface mechanism provides a logical and cost effective method of
incorporating orbital replaceable units (ORU) for module exchange in

all spacecraft and can be applied to the Space Station itself.

MODULE
STOWAGE RACK

END EFFECTOR
AND WRIST DRIVES

N\
‘0}’ ELBOW ROLL DRIVE
2 ®

DOCKING
MECHANISM

SERVICER STOWAGE/
DEPLOYMENT MECHANISM

C

SHOULDER DRIVES

OMY OR ORBITER
INTERFACE

INTERFACE
MECHANISMS

Figure 2-1 On-Orbit Servicer Configuration

Considerable interest in spacecraft maintenance was expressed by both
the Department of Defense and the commercial sector; however, the

general tenor of their support was that a demonstration of orbital




maintenance must be conducted prior to any commitment on their part. A
flight demonstration of the all-up maintenance capability is also a
NASA requirement prior to wholesale commitment to the concept.

However, a reduced capability test that exercises the basic concept and
exchanger capability can and should be demonstrated prior to the time
when the full capability will exist. With this background material in
hand, and with renewed interest by the space flight community, it was
appropriate to perform the prior study (NAS8-35496), which defines a
path culminating in the demonstration of an on-orbit servicing
capability. The objective of that study was to provide a single
unified development program for both servicing implementors and users
to guide their future development and operational plans for this
important technology. The objectives of the current study are to
refine the servicer development plan and to begin the 1l-g testing in
terms of demonstrating basic and MMS module exchange in three control

modes .
2.1 STUDY OBJECTIVES

The objectives of this Servicer System Demonstration Plan and
Capability Development study are to identify all major elements and
characteristics of an on-orbit servicing development program and to
integrate them into a coherent set of demonstrations, to upgrade the
Engineering Test Unit control system for basic and MMS module exchange
demonstrations, and to upgrade the MSFC 1l-g servicing demonstration
facility mockups to permit the exchange of MMS modules. These
objectives, along with the program objectives, are summarized in Table
2.1-1. The on-orbit servicing development plan was to be a revision of
the plan prepared during the prior study with increased emphasis on low
cost and use of MMS equipment. The revisions primarily addressed the

cargo-bay demonstratioms.

The goal of the development program is a fully verified operational
on-orbit servicing system based on the module exchange and fluid

resupply technologies that is also suitable for use with and at the
Space Station. A ground demonstration plan is envisioned that will
provide confidence in the development and operation of the on-orbit
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system. The servicing ground demonstrations cover a range of satellite
module sizes and include the ability to service propellant systems.
They also include a servicing mechanism configuration that is
representative of an eventual flight unit. Emphasis was placed on the

exchange of MMS modules.

Table 2.1-1 Study and Program Objectives

Study Objectives

To identify and integrate the major characteristics of an on-orbit
servicing demonstration program plan.
To upgrade the engineering test unit control system for MMS and basic

module exchange demonstrations.
To upgrade the 1l-g demonstration facility to permit exchange of MMS
modules.

Program Ob jectives

Fully verified and documented operational on—-orbit servicing system
a) Based on module exchange and fluid resupply technologies,
b) Suitable for use with Space Station.

Ma jor issue is balance between the number and complexity of
development activities and cost.

The Orbiter cargo-bay demonstrations utilize a protoflight version of
the servicer mechanism to reduce project costs. A single flight is
planned to demonstrate the exchange of a variety of modules, adequacy
of control from the Orbiter using the Supervisory control mode, and
accuracy of spacecraft to stowage rack alignment when the Remote
Manipulator System end effector is used as a docking mechanism. A
free-flyer (Orbital Maneuvering Vehicle) demonstration is planned as a
way of verifying the capabilities of an operational servicer. The plan
must be significant and long-term to encourage users and spacecraft
designers to include on-orbit servicing in the form of module exchange
in their plans.

The second study objective involves the development of two software

programs — one for the exchange of basic modules and one for the




exchange of MMS modules - and the demonstration of the exchange of both
types of modules. The demonstrations were to be performed for three

different control modes which are:

1) Supervisory with minimal operator assistance;

2) Supervisory with operator assistance at each action;
3) Manual-Augmented.

The basic module is a 24 in. cube and uses a side interface mechanism
to provide the structural interface between the module and spacecraft,

or stowage rack. Basic module exchanges were of four types:
1) A failed module in a spacecraft axial location being replaced;
2) A failed module in a spacecraft radial location being replaced;

3) A module being transferred from a spacecraft axial to a radial

location;

4) A module being transferred from a spacecraft radial to an axial

location.

The last two transfer types were used to simplify setting the
demonstration equipment up for either of the first two replacement

activities.

The MMS module has a 48 in. square plan form and is 20.5 in. deep. It
is fastened in place with two bolts. The bolts are tightened or
loosened with a Module Servicing Tool. MMS module exchanges involved
replacing a failed module in a spacecraft axial location with a good

module from the spare module stowage rack.




The third study objective involved the design, fabrication, and

installation of MMS demonstration equipment. The Martin Marietta

provided equipment included:

1) Two MMS module mockups;

2) One spacecraft mounted module receptacle;

3) Two stowage rack mounted module receptacles;

4) A connector positionmer drive;

5) An MST storage rack;

6) A set of MMS module targets;

7) A set of related wiring.

A light weight form of the Module Servicing Tool, which was adapted to

the Engineering Test Unit and modified for remote location of its
control system was provided by Goddard Space Flight Center. The
mechanical and electrical design was performed by Fairchild Space
Company, the mechanical equipment was built by GSFC, and the electrical

equipment was built by Fairchild.

The first of two key study issues was the need to balance the number
and complexity of development activities against available funds. The
proposed approach, recommended in the Spacecraft Servicing
Demonstration Plan (SSDP) study, is to lay out a program with most of
the desired features, that overlaps the l1-g, 0-g, and operational
servicer demonstrations, and attempts to get an early operational
capability. It minimizes costs by taking advantage of parallel
activities such as the JSC refueling program, and advocates renting a
spacecraft bus rather than buying a new one. The program was also
scoped large enough to become a recognized part of NASA's long-range
plans. The promise of a clear plan by NASA to develop and use module ‘
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exchange for many years will encourage the user, or spacecraft

designer, to incorporate module exchange in his plans.

In evolving the SSDP recommended approach, a range of alternatives was
considered. At the high end of the spectrum was a servicer development
program to demonstrate several forms of module exchange, several cover
door opening or removal approaches, three or four approaches to
refueling (fluid resupply), and several approaches to cryogenic
resupply in each of three areas -- l-g, 0O-g, and free-flight. The
three phases were put in series so full advantage of prior work could
be incorporated in subsequent activities; this resulted in a long and
expensive program. Additionally, on-orbit servicing opportunities

"would be lost with a concurrent loss of potential savings.

At the other end of the spectrum was a minimum cost program where
minimum cost equated to fewer functions being demonstrated, fewer
demonstrations, and a higher level of risk acceptance. However, a
significant failure could be enough to delay development of module
exchange by 10 years, or possibly ending it forever. It was decided to
go with a low cost program and mitigate risks by overdesign and use of

existing equipment where possible.

The second key study issue was the need to maintain a close working
relationship between MSFC and Martin Marietta personnel during servicer
control software development. A number of interfaces were defined so
both organizations could work towards the same goal:

1) Computer and interface electronics operations;

2) Functions to and from the Servicer Servo Drive Console and the ETU;

3) Functions to and from the control station for Manual-Augmented

control mode implementation.



An initial defintion of these interfaces was discussed at the

orientation meeting. The interface defintion was then refined and

documented as software requirements were specified and the software
code was prepared. When the software was delivered to MSFC, these
interfaces were verified before control system demonstrations were
initiated. Effective interface definitions led to their being quickly
verified.

2.2 BACKGROUND

One of the justifications for the Space Transportation System was its

potential for supporting the repair or recovery of failed spacecraft.

This approach was extended to the concept of making less expensive

spacecraft, accepting the higher predicted failure rates, and using the

Shuttle to permit repair of those spacecraft that did fail. This

spawned a large number of government, academic, and industry studies on

how spacecraft might be configured for on-orbit servicing. Figure

2.2-1 illustrates the variety of concepts that were documented. The

whole gamut from recovery and ground refurbishment, through repair at ‘
the Orbiter, through remote operations in low earth orbit, to repair in

geosynchronous orbit were addressed. All of the concepts discussed now
were addressed then except for Space Station related operations. The
long cylindrical spacecraft represents the Space Tug whose missions are
now to be handled by the Orbital Maneuvering Vehicle (OMV) and the
Orbital Transfer Vehicle (0TV). A good summary of the early work is
given in Proceedings of the Second Conference on Payload Interfaces,
MDC G4818, McDonnell Douglas Astronautics Company, Huntington Beach,
California, September 6-7, 1973.

Benefits from orbital servicing of spacecraft were identified in these
early studies and potential savings continue to be well recognized.

The three general approaches to orbital servicing are:

1) Man on extravehicular activity (EVA);
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Figure 2.2-1 Serviceable Spacecraft Designs from the 70's

2) Operations remote from the man using telepresence technology;

3) Module exchange and refueling/resupply using a simple remotely

controlled mechanism.

Remote module exchange and refueling/resupply for on-orbit servicing
were examined and had the broadest application in the near-term of the
three servicing approaches. They are not as time- or space-limited as
EVA is. The technology is here and available while telepresence
technology is still in the research stage. Therefore, it is
appropriate that work on the module exchange and refueling/resupply
form of on-orbit servicing be continued. Martin Marietta has been
active in this technology since 1974 and is committed to actively

promoting it.
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The extensive resource base was used in the 1974 through 1978

Integrated Orbital Servicing System (IOSS) study conducted by Martin

Marietta for Marshall Space Flight Center. The IOSS study initially
used the 1973 NASA mission model as a basis for establishing cost
benefits. The model included 47 NASA satellite programs for which
maintenance was applicable. Applicability of maintenance was based
on: spacecraft fleet size on orbit, program lifetime, and need for

equipment replacement.

If a satellite program was short, or the spacecraft value was low, then

maintenance was not attempted. Cost comparisons were made between:

1) Expendable spacecraft;

2) Return to the ground for refurbishment;

3) Return to the Orbiter for refurbishment;

4) Module exchange in the operational orbit (in situ servicing).

Generally, module exchange in the operational orbit was most cost
effective. If spacecraft are cheap, then it is cost effective to
expend them. The costs of returning a spacecraft to the ground and
relaunching were high enough to rule out ground refurbishment. Orbit
phasing effects and the launch costs related to propellant usage in
bringing spacecraft, especially geosynchronous spacecraft, back to the
Orbiter ruled out maintenance at the Orbiter. However, the orbits of
some spacecraft make this an acceptable approach. There were
significant cost savings from repair by module exchange in the
spacecraft's operational orbit. These savings are larger than the
costs of servicer system development. The same results were obtained
using much smaller mission models. These study results are applicable
to current-day situations. Some specific satellite programs have
changed since these study results were generated; however, the
conclusions on cost effectiveness are as applicable to today's

satellite programs as they were to the program projected in 1973. ‘
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A wide variety of servicer mechanism configurations were identified in

the literature. They ranged from simple one degree-of-freedom (DOF)

‘ devices, through a three DOF rectangular travel system, to two-arm
concepts, each with 7 DOF. The IOSS selected approach started with the
Shuttle launch cost rules that favored flat disk-shaped spacecraft such
as the Orbital Maneuvering Vehicle. From this, the servicer working

volume and observations shown in Figure 2.2-2 were developed.

Module Attachment
Location

/

Module

Spacecraft
/

Stowage Rack

-

—

\
\/S;{\Jaration Distance

‘ * The module attachment locations form a surface of revolution about the

Observations:

spacecraft centerline.

* The first servicer degree of freedom should be roll about the base of the
docking probe.

¢ The need for minimum arm length and separation distance implies the
servicer mechanism must ‘‘reach around’’ the spacecraft and module
surfaces.

Figure 2.2-2 Servicer Mechanism Working Volume

The shaded area on Figuré 2.2-2 represents the regions where the
servicer mechanism end effector must reach. The direction of module
removal is generally perpendicular to the shaded surface. The
applicability of a roll rotation for the first degree-of-freedom is
quite apparent. As the separation distance between the spacecraft and
stowage rack is reduced, the space available for servicer mechanism
elements near the base is reduced and the 'reach-around" problem
becomes more difficult. The minimum separation distance was taken as
60 in., which allows for a 40 in. module, a 10 in. end effector, and a
5 in. clearance on each end. The "reach-around" problem leads to use

of a redundant degree-of-freedom.




Figure 2.2-2 implies that two layers, or tiers, of modules could be

incorporated at a single docking location. It was later decided to

simplify the servicer design to permit module exchange only from the
first tier and to wait until a specific need is identified before the

servicer configuration is grown to handle the second tier. -

An extensive review and analysis of servicer mechanism configurations
and 28 serviceable spacecraft configurations was performed to arrive at
the selected servicer configuration shown in Figure 2-1. From the
review and analysis, extensive sets of requirements were prepared and
refined. All servicer configurations involving one or two arm segments

and many three arm segment configurations were considered.

The Figure 2-1 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. The servicer mechanism and the

stowage rack were designed separately with interfaces for individual

removal and replacement. 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 such
as the Orbital Maneuvering Vehicle. A flight support structure has

been designed to adapt the stowage rack shown to the Orbiter.

The entire design of the servicer system has been predicated on the
simple nature of the module exchange task as compared to the broader
variety of tasks that a general purpose manipulator is called upon to
perform. The simple activities of remove, flip, relocate, and insert
modules, when combined with the facts that all aspects of the module
trajectories are known far in advance of use and that the work volume
is a simple solid of revolution, were used in many ways to result in a
basically simple design in terms of mechanism configuration, control
system design, and operations approach. This simplicity was
accentuated by performing the mechanism and control system designs

concurrently in an integrated manner so that each of the needed
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functions was allocéted'fo'tﬁé‘é}stem that could most effectively

accomplish it.

Three modes of control were included. The Supervisory mode of control
was proposed as the normal mode of operation. All servicer arm motions
and trajectories are determined before flight and stored on board. A
Manual-Direct mode is provided as a totally unsophisticated means of
backup control. It sends commands directly to the joints themselves.
The Manual-Augmented mode has man doing most of the arm control as in
the Manual-Direct mode only using hand controllers instead of panel

switches.

The value of demonstrations in furthering on-orbit servicing
development was recognized in the decision to build a 1-g version of
the Integrated Orbital Servicing System of Figure 2-1. The result is
the Engineering Test Unit (ETU) shown in the photograph of Figure
2.2-3. This unit was built and delivered to MSFC in 1978. It has been
used for over 350 demonstrations during the intervening seven years.
The ETU has shorter segment lengths than the IO0SS as it was designed
initially for axial module exchange only. The later addition of a
sixth degree-of-freedom extended the ETU's capability to radial module

removal, albeit at a radius less than that of the Orbiter cargo-bay.

To date, satellite systems in general have not been designed and built
with the capability of changeout of subsystem or component modules.
The only satellite family that is currently in use and has a module
exchange capability is the Goddard Space Flight Center's Multi-mission
Modular Spacecraft (MMS). This satellite family is in operation in
several programs and is projected for continued use throughout® the
remainder of this century. The Marshall Space Flight Center's Space
Telescope has been designed for on-orbit repair by an astronaut on EVA
and is expected to fly soon. The U.S. Air Force has also shown
interest in the design of serviceable spacecraft, although the

particulars are not known to the authors.
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Figure 2.2-3 Engineering Test Unit

Several demonstrations and investigations of on-orbit refueling
capability are currently being planned. These efforts will include
definition and demonstration of connect/disconnect devices in support
of the transfer of fluids. Electrical umbilicals and connectors have

been developed in conjunction with the MMS subsystem modules as well as

on other programs.

The emerging Space Station program with its use as a base for many
spacecraft and with its associated polar platforms is a unique
opportunity to develop and implement on-orbit servicing in the form of
module exchange. The simple forms of a servicer and control system can
be used first and they can then be modified to the more advanced forms
of telepresence and artificial intelligence as these technologies

become available.
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2.3 STUDY APPROACH

The work completed under contract NAS8-35496 indicated that a viable
plan for module exchange demonstration in the Orbiter cargo bay could
be prepared and integrated with a free-flyer based verification of an
operational servicer system. One of the first steps of the servicer
demonstration plan is upgrading the control system for the ETU to have
all three control modes - Supervisory, Manual—Augmented, and
Manual-Direct - operable. The incorporation of control equations
specifically generated for the unique geometrical configuration of the

ETU promised to result in smooth demonstrations with the ETU.

Our approach to the proposed study was to use the four tasks identified

in the contract statement of work. These are:
1) Task 1 - Servicer Development Program Plan;
2) Task 2 - Servicer Control Software;

3) Task 3 - Servicer Demonstration;

4) Task 4 - Program Management.

Other than the program management task, the work divides naturally into
two parts — preparation of the Servicer Development Program Plan (Task
1) and generation of the servicer control software as well as
conducting servicer demonstrations at MSFC (Tasks 2 and 3). The MMS
1-g servicing demonstration definition effort of Change Order 1 and the
MMS 1-g demonstration equipment drawing, fabrication, checkout, and
installation effort of Change Order 3 were included in Task 1. The MMS
module software requirements, programming, and user's manual
preparation effort of Change Order 3 were included in Task 2, while the
software installation and MMS module exchange activity of Change Order
3 were included in Task 3. MMS module exchange demonstrations required
the availability of a GSFC MMS Module Servicing Tool designed for use
in 1-g with the MSFC Engineering Test Unit.
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Figure 2.3-1 shows an overall logic flow for the four study tasks.

Task 1 was to expand the Servicer Development Program Plan to include
detail planning and cost estimating for ground, in-bay, and free-flight
servicer demonstrations using a servicer system compatible with the
Orbital Maneuvering Vehicle (OMV). Special emphasis was to be devoted
to MMS servicing demonstrations. The Servicer Development Program Plan
produced under this task was to be used as input for the reports to be

produced under Task 4.

Preparation of the Servicer Development Program Plan was a natural
outgrowth of our work on Contract NAS8-35496, Spacecraft Servicing

Demonstration Plan. Both versions of the plan involve:

1) Use of the existing ETU at MSFC to demonstrate remotely controlled
exchange of a variety of modules and fluid resupply in 1l-g;

2) Demonstrations of module exchange and fluid resupply in the Orbiter
cargo bay in 0-g;

3) A free-flight demonstration of module exchange and fluid resupply
using the OMV to bring the servicer to a spacecraft bus that

supports the modules to be exchanged.

The work emphasized exchange of Multi-Mission Modular Spacecraft
modules and the adaptation of the MMS Module Servicing Tool to the ETU.

Task 1 also included the servicer system Multi-mission Modular
Spacecraft 1-g demonstration design and plan. The overall
configuration and specific design requirements necessary to effect the
MMS 1-g module exchange demonstration were identified. Also in Task 1
was the fabrication, delivery, and installation of a set of mockup
equipment to aid in the demonstration of MMS module exchange in 1-g.
This equipment was integrated with the light weight Module Servicing
Tool provided by GSFC.
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The first six subtasks of Task 2 were completed before the first three

subtasks of Task 3 could be started. Similarly, the last three

subtasks of Task 2 were completed before the last three subtasks of
Task 3 could be started. The main inputs to Task 3 (the basic and MMS
control software programs and the control Software User's Manuals) were
produced under Task 2 at Martin Marietta Aerospace. As indicated in
Figure 2.3-1, the initial set of software for the exchange of modules
using the side interface mechanism is designated as 'basic" software,
while that used for MMS module exchange is designated as 'MMS'" module

software.

Our approach to generating the software for servicer control system
upgrading was to start with the software used during the ETU design
acceptance review conducted at Martin Marietta. The requirements for
that software were modified extensively to handle the more complete
trajectories required, to enable use, or avoidance, of operator steps
when in the Supervisory mode, and to incorporate the end effector and
interface mechanism latching functions. The software was modified to

operate on the PDP-11/34 computer system at MSFC. Additional

modifications were made for operation with the MSFC electronic
interfacing equipment. All software modifications were checked out on
a PDP/11-34 computer at Denver Aerospace. These checks included use of

integrators to simulate joint drive motion.

In this way, it was possible to check out the software in a closed-loop
manner. Equations and instructions for both the Supervisory and
Manual-Augmented servicer control modes were provided. Software User's
Manuals were prepared under Subtasks 2.5 and 2.9 for basic and MMS
module exchange demonstrations. The necessary interfaces between the
new software and the MSFC equipment were initially established at the
Orientation meeting for the basic module software and at a Design

Coordination meeting for the MMS module software.

The basic software was checked out and demonstrated at MSFC on the
existing Engineering Test Unit (ETU), under Task 3. The MMS software
was checked out and demonstrated at MSFC on the existing ETU using the .
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MMS module mockups prepared under Task 1 and the 1-g version of the
Module Servicing Tool provided by GSFC.

Our initial approach to the servicer demonstrations was to have the
study manager and a software engineer travel to MSFC for a one week
period for each demonstration. However, several additional trips were

found to be necessary. During those visits the following occured:

1) New software was installed on the MSFC PDP-11/34 and certain

functional checks were conducted;

2) The software was interfaced with the Servicer Servo Drive Conmsole,
the MSFC hand controller, and the ETU;

3) Servicer system operation using the new control system software was

demonstrated as defined in Task. 3.

MSFC personnel were directly involved in these activities and obtained
hands-on training in using the new software. The cooperation and help
of the MSFC Robotics Laboratory personnel in performing the
demonstrations is appreciated very much. Without their efforts, we

would not have been able to successfully conduct the demonstrationms.
Task 4 received timely inputs from Tasks 1, 2, and 3 as needed for

monthly progress reports, the final report, and the midterm and final
presentations. Updating of the Study Plan was also done under Task 4.
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3.0 MMS SERVICING CONSIDERATIONS

The objective of this phase of the study was to review and update the
Multi-Mission Modular Spacecraft work of the prior study with the view
of placing increased emphasis on MMS module exchange and identifying an
approach to adapting the MMS module servicing tool to the ETU end
effector for ground, cargo-bay, and free-flight demonstrations. The
MMS, and MMS modules, have been, or will be, used in a number of
satellites that are currently flying, such as the Solar Maximum Mission
(Figure 3-1), that are being designed and built, such as the Landsat-D
and some defense systems, and they are being considered for other
spacecraft programs. The MMS evolved from a desire to standardize
subsystems and thus obtain low costs. The concept also involved an
ability to remove and replace modules while in orbit. Although the
initial concepts included a remotely controlled mechanism to exchange
modules, recent emphasis has been on use of man on EVA to exchange MMS
modules. This was demonstrated in 1984 during the Solar Max Repair
Mission.

Thus, one of the best ways to advance the satellite servicing
technology, using module exchange techniques, is to demonstrate an MMS
module exchange. However, the pivoting arm form of servicer mechanism
used in the Integrated Orbital Servicing Study was not explicitly
designed to interface with the MMS module attachment system. The
capability of the IOSS servicer to exchange MMS modules was developed
in the prior study. That work demonstrated the usefulness and

adaptability of the pivoting arm configuration.

The basic MMS spacecraft (Figure 3-2) consists of three standard
spacecraft subsystem modules and a mechanical structure that supports
the spacecraft subsystem modules. The structure also provides the
support for the instrument (payload) module, which is not part of the
MMS. The standard spacecraft subsystem modules are a communications
and data handling (C&DH) module, an attitude control subsystem (ACS),
and a modular power subsystem (MPS). The instrument module, which

includes the payload instruments and other mission unique equipment
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Figure 3-1 Solar Maximum Mission Version of MMS

(such as solar arrays, high-gain antennas, etc.), attaches to a
transition a&apter frame on the forward end of the MMS. A propulsion
module (PM) or a high gain antenna may be added to the aft end of the
MMS as a mission option. A signal conditioning and control umnit
(SC&CU) and the electrical interconnecting harness complete the basic

MMS.

Associated with the MMS is a flight support system. The FSS is mounted
in the Orbiter and is used to support the MMS during launch and

return. It can also be used to elevate the MMS for direct deployment
or for deployment, or retrieval, by the Orbiter remote manipulator
system (RMS). The FSS was used to hold the MMS during EVA exchange of

modules during the Solar Max Repair Missiom.
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Figure 3-2 Multi-Mission Modular Spacecraft Mechanical System

Each MMS module is fastened with two bolts (module retention system).
Despite the radial arrangement of the modules with respect to the MMS
centerline, they cannot be removed in a direction perpendicular to the
servicer docking axis because each end of the central triangular
structure is blocked: one end by the transition adapter and experi-
ments; the other end by a propulsion system or a high-gain antenna.

Each of the three large replaceable MMS modules is similar in external
configuration as shown in Figure 3-3. The maximum weight of an MMS
module is 500 1bs and the module structure (frame, cover, module
retention system (MRS) and thermal hardware) weighs approximately 95
1lbs. For ground demonstrations, the module retention system and the
electrical connectors may be used in a MMS module mockup weighing
approximately 15 1lbs. The upper module retention system consists of a
beam, two restraint sockets and a preload bolt. The lower MRS consists
of a beam, two optional snubbers, and a preload bolt with reaction
pads. The overall result is a non-redundant attachment if the two

optional snubbers are not used.
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Figure 3-3 MMS Module Structure with Module Retention System

A module servicing tool (MST) was designed and built as a battery
powered EVA hand tool. It was designed to loosen and tighten the MMS
module retention hardware to predetermined torques of up to 160 ft-1b.
It provides a means for locking onto the modules in a manner that
avoids reaction torques on the crew member. Power is supplied by a
battery housed in the tool assembly. This tool has three separate
motors to perform two functions (1) latch the MST to the module to
react bolt-driving torques and to provide a handle for maneuvering the
module (2 motors) and (2) drive the preload bolts in and out. The MST
is quite bulky and heavy because of the self-contained batteries.
However, it can be provided with a servicer standard interface and can ‘

be used as an adapter for exchanging the MMS modules using the servicer.
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Various alternative servicing methods for a Multi-Mission Modular
Spacecraft were analyzed in the prior study. The recommended method
for remote, on-orbit servicing of the MMS was to use the standard
servicer configuration fitted with a straight docking probe adapter, a
modified Module Servicing Tool (MST) and a modified stowage rack
(Figure 3-4). The servicer docks with the MMS laterally, on its
existing grapple fixture or on a grapple fixture/berthing pin
combination that replaces the existing berthing pin between the power
module and the C&DH module, as shown in Figure 3-5. The docking probe
adapter is designed to be compatible with the servicer docking probe
interface at one end and with the MMS docking aid interface at the
other. A joint similar in design to the other servicer joints is
included in the docking probe adapter to allow tilting of the servicer
with respect to the MMS after docking to bring the servicer mechanism
into a plane parallel to the face of the module to be exchanged. The
joint is powered through an electrical connection across the servicer
docking interface. This feature allows the simple, axial mode of
operation of the servicer without modifying its basic configuration.
Either one of the two modules adjacent to the grapple fixtures can be
serviced in one docking. Two grapple devices, the standard one and the
grapple fixture/berthing pin combination, are required if it is desired
to be able to service any of the three modules. No modifications of
the MMS modules or module retention system (MRS) are required.
Instead, a modified MST compatible with the existing MRS and with the

servicer standard end effector interface is recommended.
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Figure 3-5 Docking and Berthing Pin Combined Design
The remainder of this section includes:

1) A discussion of MMS servicing requirements with emphasis on the

operational case;

2) A discussion of an approach to modifying the module servicing tool

for use in a 1l-g servicing demonstration;
3) An analysis of MMS module exchange options;
4) A discussion of extended remote maintenance and resupply concepts.
3.1 MMS SERVICING REQUIREMENTS
During the prior study, a set of requirements for operationally
servicing spacecraft with MMS modules was derived. These requirements

were reviewed and complemented in this study. The resulting

requirements to be placed on the servicing system are:
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1)

2)

3)

4)

5)

6)

7)

8)

Minimum modification of the present configuration of the MMS

modules and/or module support structure;

Minimum modification of the standard configuration of the
servicer. An adapter may be used in connection with the standard

end effector interface in order to service MMS modules;

The method of removal/attachment of the MMS module shall be
compatible with the demating/mating of the existing electrical

connector(s) situated on the back of the module;

Adequate clearance shall be provided at all times between module

and satellite structure or other components;

The servicer shall clear the propulsion module or high gain antenna
at the lower end of the MMS support structure. A clearance
envelope of 86 in. by 103 in. diameter is required for satellites
using the Mark II propulsion system. The servicer should also
clear the payload envelope, including solar panels, antennas and

other appendages;

The number of times the servicer docks with the MMS in order to

perform all the servicing tasks shall be kept to a minimum;

The accuracy in positioning the servicer for module engagement
shall be within the capture envelope of the module retention
system. The adapter design shall be such as to minimize the errors

and the softness of the coupling at the interface;

Demonstration of other servicing tasks such as battery exchange,
other types of module exchange and expendable resupply, in addition
to MMS module changeout, should be performable on the same mission

without need for system reconfiguration.




The basic philosophy behind these requirements is that there should be
minimum changes required for any MMS components. The MMS is a fully
developed, operational system. Therefore, MMS design changes to
accommodate servicer existing interfaces or other servicer requirements
affect existing hardware and tooling and their implementation is
expensive. This cost element was considered in defining a servicer
system capable of exchanging MMS modules. However, some changes are
necessary and it may not be possible to service those MMS spacecraft
that have not been configured for remotely controlled servicing. The
requirements placed on the MMS spacecraft for remotely controlled

on-orbit servicing are:

1) Attitude stability that is within the capture envelope of the
Orbital Maneuvering Vehicle docking system;

2) RMS grapple fixture(s) adjacent to the module(s) to be exchanged;

3) Electrical power control and an RMS grapple fixture electrical
connector that allows the servicer to control electrical power to
the module to be replaced and to put the MMS attitude control

system into a safe condition;

4) A target that allows the servicer to estimate post-docking

alignment errors;

5) Attachment targets near each module retention device if a
Manual-Augmented control mode is to be used;

6) A method of transferring module "ready to latch"™, "latch”, and
"unlatched” signals to the servicer control system.

Each MMS is fitted with electrical connectors that are mateable with
corresponding connectors in the flight support system. The MMS
electrical power distribution and attitude control system can be
controlled through these connectors. While these berthing connectors
are not easily reachable by the servicer, it might be practical to

parallel the necessary leads to connectors at the grapple fixtures.
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The provision of electrical connections between the MMS and the

servicer for control, power and status is the most significant

requirement on MMS spacecraft. The provision of the various targets
should not be difficult.

In the prior study, it was decided to use the MMS module servicing tool

as a basis for the interface between the servicer and the MMS modules.

As the MST is self-contained and designed to be used by an astronaut on

EVA, it will require some modification for use in an operational

servicer configuration. The MST adaptation requirements are:

1)

2)

3)

4)

5)

6)

7)

The modified MST shall be compatible with the servicer end effector
interface (including the electrical disconnect). The translation
mechanism for mating/demating the electrical disconnect should be

located on the servicer end effector;

The number of electrical connections between the end effector and
the modified MST should be minimized;

The hand controls, electronics and power supply of the modified MST

should be in a remote location;

The modified MST interfaces with the end effector and the module
should be capable of transmitting all the moments and loads with

adequate margin for stiffness and safety;

The modified MST should stand 400 complete cycles of demonstration
operations without failure;

The modified MST should clear the TV camera, the lights, and all

other servicer components at all times during MMS servicing;

The modified MST should allow full view of the optical targets and
obstruct as little as possible the TV camera field of view;
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8) The modified MST should have a ready-to-latch sensor at the
interface with the module;

9) The distance between the end effector interface and the MMS module
latch interface shall be 17.25 in. for O-g demonstrations;

10) The modified MST unit for cargo-bay servicing operations shall be
provided with an EVA override for manual unlatching.

The above requirements are complemented by additional requirements in
the sections on the 1l-g, 0-g, and free-flight demonstration and
verification plans and in the next section involving adaptation of the
module servicing tool.

3.2 MST ADAPTATION FOR 1-g

3.2.1

A brief analysis was conducted to evaluate whether it was better to
modify the servicer engineering test unit (ETU) or the module servicing
tool for 1l-g operation. It quickly became obvious that the load
carrying capability of the ETU would have to be increased by more than
an order of magnitude unless the MST weight was severely reduced.
Concurrently, it was observed that certain parts of the MST could be
readily removed, certain functions must be remotely located, and that
MST performance (bolt driving torque) could be greatly reduced for the
1-g demonstrations. These observations led to a decision to minimize
changes to the ETU and to make most of the changes to the MST. The
logic and the associated requirements were discussed with Goddard Space

Flight Center personnel and were accepted.

Modified Module Servicing Tool Requirements

The use of the MMS Module Servicing Tool as it might be adapted or
modified for use with the on-orbit servicer system, especially for 1l-g
demonstrations was evaluated. The basic premise was that there would
be minimum changes to the MMS functional attachments and to the

Engineering Test Unit. However, an electrical connection interface
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between the ETU end effector and the modified MST, with the connector

mated and demated by a connector positioner on the end effector, would

be provided. For the l-g demonstrations, an electronic power supply

(driven by 110 vac, 60 Hz power) would be used in place of the battery

system. The following requirements apply to the modified MST as an

on-orbit servicer end effector adapter:

1)

2)

3)

4)

5)

6)

7)

8)

The 1-g and 0-g versions of the modified MST may be different but
should have the same ETU and MMS interfaces and approximately the

same overall dimensions;

The modified MST shall be compatible with the ETU end effector
interface (including the electrical disconnect). The positioner
mechanism for mating/demating the electrical disconnect should be

located on the ETU end effector;

The number of electrical connections between the end effector and

the modified MST should be minimized;

The hand controls, electronics and power supply of the modified MST

should be in a remote location;

The modified MST for the ground demonstration should have reduced

torque capability and longer operating time in order to save weight;

The modified MST interfaces with the end effector and the module
should be capable of transmitting all the moments and loads with

adequate margin for stiffness and safety;

The modified MST should stand 400 complete cycles of ground

demonstrations without failure;

The modified MST should clear the TV camera, the lights, and all

other servicer components at all times during MMS servicing;
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9)

10)

11)

12)

13)

14)

15)

16)

The
MST

The modified MST should allow full view of the optical targets and
obstruct as little as possible the TV camera field of view;

The modified MST should be as compact as practical to allow

maneuvering in volume restricted zones;

The modified MST should have a ready-to-latch sensor at the
interface with the module;

The distance between the end effector interface and the MMS module
latch interface, for the ground demonstration, shall be 7.25 in.;

The weight of the modified MST for the ground demonstrations shall
be less than 15 1bs;

The modified MST unit for cargo-bay servicing demonstrations shall
be provided with an EVA override for manual unlatching;

For the 1l-g demonstration, MST control should be selectable from
either an MST control panel, mounted in the MSFC control station,

or from a computer;

The MST latches would be modified to delete the inward motion
function, and to hold the module tightly during module transfer

operations.

weight and size requirements for the 1-g version of the modified
were derived from an analysis of the ETU drive torque capabilities

(see Section 8.1.2). The critical ETU actuator is the wrist pitch (Y)

drive. The torque required from this drive must not exceed 50 ft-1b to

avoid overheating and to provide an acceptable speed. For a 50 ft-1b

load torque, the drive will take 15 sec to flip a module upside down as

compared to 5 sec with no load. .

The

above requirements were discussed with GSFC and Fairchild Space

Company personnel and were used as a basis for their modified MST

design and fabrication activity.
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3.2.2 Modified MST Mechanical Concept Definition

The weight of the existing MST, as configured for EVA use, is ‘
approximately 67 lbs. The modified MST to be used for ground

demonstrations needs to be redesigned for a drastic weight reduction

and reduction of the distance between the end effector interface and

the module latch interface (called the "B" distance).

For the 0-g MMS servicing demonstration, existing MST hardware can be
used if the battery, battery case, EVA handles and the controls are
removed and a standard ETU end effector interface, including an
electrical disconnect, is added opposite to the tool/latch end. A
distance "B" of 17.25 in. between the two interface reference planes
can be accommodated without modifications to the EVA overrides or tool
drive. Minor modifications to the latch mechanism will be required to

provide a firm grip on the module during exchange operations.

For the l-g demonstrations, however, this simple adaptation is not
appropriate. In the analyses of Section 8.0, it was determined that ‘

for a module weight of 12.5 lbs and B = 17.25 in. the maximum allowable

weight of the modified MST would be only 3.5 lbs, which is not
feasible. Therefore, the shape and the design of the modified MST for

the ground demonstrations should be different from the one used in 0-g.

Several ways of achieving the required light weight and compactness

were identified:
1) Reduction of fastening torque from 170 ft-1b to 20 ft-1b;

2) Longer latch and wrench cycle time to reduce the motors power and

size;
3) Offset motor/gearbox;

4) Use of composite and other light weight materials;
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5) Elimination of the bolt drive extension simple removal feature.

’ A maximum module mockup weight of 12.5 1lbs and a "B" distance of 7.25
in. were selected for the ground demonstrations. From the Section 8.0
analyses, the maximum allowable weight of the modified MST is 15 1bs.
An allowance of approximately 0.5 1lb was made for the electrical
connector positioner mechanism to be added to the end effector. Other

applicable requirements are given in Section 3.2.1.

In Figure 3.2-1 the general configuration of the modified MST for the
ground demonstrations, the critical dimensions required for providing

adequate clearances and the approximate c.g. position are given.

MODULE LATCH npn END EFFECTOR
INTERFACE -7 25w 8,38 INTERFACE
OPTICAL TARGET i TV CAMERA
AREA B A ‘ "Z" DRIVE
4, 25 : i
-t * oy - - —a 1

.100 e - 1
‘ 1 ) - — 2 S ! L
—eeﬂilk P A T
7

. Z |t
wil v
INW/A
L..7

\ MAX -—1 "y" DRIVE
MMS MODULE 0.14 —bam 3.0
MOCKUP ——] MAX
U
L~~~ MODIFIED MST (15 LBS)

Figure 3.2-1 Modified MST Configuration for Ground Demonstrations

Adequate clearance between the modified MST and the servicer arm and
the MMS module mockup must be provided. The tool should not obstruct
the field of view of the TV camera, inside of the 10° cone shown,
except for the very tip of the tool. The servicer operator should have
a good view of the module latch interface on the TV screen prior to

‘ tool insertion and of the optical target during module attachment.
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3.2.3

A sketch of one approach to the design of a modified MST for 1-g use
that appeared to satisfy the above requirements was prepared. Parts
were generally sized to provide the desired torque and speed. Separate
motors were used for the bolt and latch drives with one motor driving
both latches through a cogged belt. Copies of the sketch were provided
to GSFC and Fairchild personnel to encourage them that the 15 1b weight

allowance could be met.

Modified MST Electrical Concept Definition

A conceptual arrangement of the modified MST wiring and its interface
with the Engineering Test Unit was prepared to better define the
interfaces between the four parties involved - Marshall Space Flight
Center, Goddard Space Flight Center, Fairchild Space Company, and
Martin Marietta Corporation. This arrangement was reviewed with the
four parties and accepted as a basis for hardware design and
fabrication. The MSFC responsibility included:

1) Computer interface equipment;

2) MSFC breakout box changes;

3) Location of MST control panel.

The GSFC/Fairchild responsibility included:

1) MST wiring;

2) MST electronics box;

3) MST power supply;

4) MST control panel;

5) Wiring between GSFC provided components (except MST) and between
MST electronics box and existing ETU junction box.
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The Martin Marietta responsibilities included:

1) ETU connector positioner wiring;

2) Cabling changes along ETU mechanism;

3) Changes in existing ETU junction box;

4) Changes in existing Servicer Servo Drive Console wiring;

5) Changes to existing Servicer Control Panel to add connector

positioner functions;

6) Wiring and cabling to MST tool storage rack;

7) Changes in existing ETU cabling;

8) Wiring of a new MMS junction box.

These areas of responsibility and the cabling involved are shown in

Figure 3.2-2 along with the MMS module receptacle wiring suggested for
the MMS module exchange demonstrations. The MST power supply is to be
plugged into an existing 60 Hz receptacle in the Servicer Servo Drive
Console (SSDC) that is switched off when the ETU main power is turned
off. In this way, it will be possible to shut down the entire MMS 1l-g

demonstration equipment (except for computer) by operating one switch.

The arrangement shown in the figure requires that cable connector P2 be
moved from the existing ETU junction box to the new MMS junction box
when MMS module exchange demonstrations are to be made. An earlier
alternative required the exchange of six basic module location
connectors with six MMS module location connectors. However, the
earlier design would have taken too much time between module exchange

demonstrations so the version shown in the figure was used.
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3.3 MODULE EXCHANGE OPTIONS

3.3.1

The results of the prior study with respect to adapting the servicer to
the MMS were reviewed to determine if any simplifications or increases
in capability could be identified. The primary areas of interest were
the servicer configuration including the docking probe and alternative
modules that could be involved. The basic approach is to use the
Integrated Orbital Servicing System (IOSS) concept as the reference and
then to modify the reference as necessary for MMS servicing. The
acronym IOSS is used to denote both the system and the study. The
context of use will generally indicate which meaning was intended. In
this way, the axial and near-radial capabilities of the IOSS for
exchanging modules from 15 ft-diameter spacecraft would be maintained
along with the capability to extend to radial exchange of a second tier
of modules.

Servicer Configuration

The prior study examined seven different alternative methods for
adapting the IOSS servicer to the servicing of MMS spacecraft. The
variations involved docking direction, servicer arm segment lengths,
type of adapter tool between servicer end effector and MMS module,
interface mechanism type, docking probe adapter type, and stowage rack
modifications. The selected configuration involved a docking probe
adapter with a hinge, Engineering Test Unit arm lengths and a modified
form of the MMS module servicing tool. The selected configuration is
shown in Figure 3-4.

3.3.1.1 Prior Study Results - The seven alternatives and three

variations listed in Table 3.3-1 were addressed in the prior study to
select an adaptation of the IOSS servicer to service MMS spacecraft.
All of the alternatives used the 45 in. lower and upper arm lengths of
the servicer Engineering Test Unit rather than the 79 in. arm lengths
of the I0SS. The ETU lengths were used because the prior study started
with the 1-g equipment and evaluated that equipment for the cargo-bay

demonstrations and the operational situation. The results of the prior
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study servicer configuration trade study are not affected by a change
to the longer arm lengths of the I0SS. Some of the details may change,

but the results should be the same.

Table 3.3-1 MMS Module Servicing Method Alternatives

Axial Docking Methods

1) Modified servicer end effector and specialized adapter tool
2) Use of existing side interface mechanism
3) Use of alternative interface mechanisms
a) Single power takeoff
b) Dual power takeoff
c) Latches directly actuated with electric motors
4) Use of one latch mechanism in back of modified MMS module
5) Use of one active latch at bottom of modified MMS module and a
passive hook-up point at the top

Lateral Docking Methods

6) Use of an offset docking probe adapter and tool adapter
7) Use of straight docking probe adapter, tool adapter and modified
stowage rack.

The prior study recommended the use of alternative 7) of Table 3.3-1.
The variety of MMS configurations to be addressed was a driving
consideration. In particular, the solar arrays of the Solar Maximum
Mission and the Mark II propulsion module were difficult to work -
around. Those servicer configurations involving docking at one end of
the MMS and using the MMS berthing pins for docking were cumbersome and
were judged to have a low probability of successful docking. These
criteria ruled out the first five candidates, including the variants,
of Table 3.3-1. A list of the criteria used for servicer configuration
selection is given in Table 3.3-2. There are few criteria associated
with changes to the MMS as it was strongly desired to avoid any
significant changes to the MMS. Some changes will be necessary as

noted in Section 3.1. The large number of criteria listed under
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Impacts on Servicer Design result from a willingness to look at
different servicer alternatives. Alternative 7) of Table 3.3-1 was
selected over Alternative 6) because it provided better clearance
between the servicer and the MMS, has better accuracy and is stiffer,
has an easier-to-use docking system, is mechanically simpler, and is

lighter; even though the Alternative 7) stowage rack must be modified.

Table 3.3-2 Servicer Configuration Evaluation Criteria

General

- Ability to service MM spacecraft fitted with Mark II propulsion
system

- Loss of capability to service other spacecraft types

- Use of three berthing pins for docking

- Use of proven module latch mechanism

- Ease of operation of both MMS module attachment bolts

= Number of MMS module attachment bolt engagements

- Adaptability to l-g demonstrations

- Applicability to MMS type satellites currently in orbit

Impacts on MMS Design

- MMS structure configuration changes
- MMS module configuration changes

- Module servicing tool changes

- Weight increases

Impacts on Servicer Design

- ETU mechanism configuration changes
- 1Inability to use standard interfaces
- Docking system used

- Docking system stiffness and accuracy
- Increases in operational complexity
- Increases in mechanical complexity
- Decreases in servicer dexterity

- Weight increases

- Need for docking probe adapter

- Need for stowage rack modifications
- Arm segment length increases

- Servicer arm stiffness and accuracy
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Both alternatives require that electrical connections be made between

the servicer and the module servicing tool and between the servicer and
the MMS. One, and preferably two, electrical grapple fixtures must be ‘

mounted on the MMS structure for docking. The module servicing tool
must be modified to move its control functions to a remote location and

to interface mechanically and electrically with the servicer.

3.3.1.2 MMS Docking Probe Adapter — The MMS docking probe adapter is shown in

Figure 3.3-1 installed in the IOSS docking probe. Both docking probes
are adaptations of the Orbiter RMS standard end effector. The hinge is
used so that the two docking probes can be colinear for docking with an
MMS and can be placed at the proper orientation for MMS module
exchange. When the MMS docking probe is oriented to the other side of
the servicer centerline, then a second MMS module can be exchanged.

The hinge also allows the MMS docking probe to be folded down for

storage during launch in the Orbiter cargo bay.

The concept of a docking probe adapter was selected, rather than a

bolt-on connection, so that the adapter could be installed, or removed,

during a $ervicing mission. This permits the IOSS to service both an
MMS and a serviceable spacecraft with standard side interface
mechanisms on the same mission (mixed spacecraft missions). The
servicer arm has the reach and controllability to remove and install
the MMS docking probe adapter. The IOSS is also capable of being used
from the Space Station. The MMS docking probe adapter concept of
Figure 3.3-1 would simplify its installation by astronauts on EVA for

MMS servicing missions.

The work on the cargo bay demonstrations of Section 6.0 indicated that
the use of two docking probes would increase the flexibility and
inaccuracy of the connection between the spacecraft and servicer.
Unlike the steady state misalignments, which can be measured and
accounted for in the servicer computer, the flexibility effects are not
so easy to handle. The RMS standard end effector has a connector with
a limited number of pins. The IOSS docking probe must handle all of

the signals between the servicer and the spacecraft, plus the signals ‘
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Figure 3.3-1 MMS Docking Probe Adapter

to and from the hinge joint. A rough estimate of the number of wires

needed indicates that the standard RMS connector is marginal.

These considerations lead to a recommendation that the IO0SS docking
probe be replaced by a separation collar as shown in Figure 3.3-2. The
separation collar would be designed for easy operation by an astronaut
on EVA. The pin limitation of the RMS connector would no longer be of
concern. The separation collar would permit installation of either the
MMS type docking probe adapter or the I0SS docking probe. The ability

to conduct mixed spacecraft missions would be lost. However, a much
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Figure 3.3-2 Revised MMS Docking Probe Adapter

stiffer structure would result. It
docking probe adapter be used until

spacecraft missions is identified.

3.3.1.3 Docking Probe Hinge - Because the

is recommended that the revised MMS

a firm requirement to conduct mixed

MMS docking probe hinge, or

orientation joint, represents an additional cost, its deletion was

reviewed. An approach to servicing

the Solar Maximum Mission

Spacecraft, without using the docking probe hinge, was identified and

evaluated. The conclusion of this analysis was to retain the docking

probe hinge as the advantages of its removal do not clearly outweigh

the corresponding disadvantages.
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The baseline servicer configuration for servicing the MMS in 0-g is
shown in Figure 3.3-3. The servicer is fitted with a straight docking
probe adapter, a modified Module Servicing Tool (MST) and a modified
stowage rack. The servicer docks with the MMS laterally, on its
existing electrical grapple fixture or on a grapple fixture/berthing
pin combination that replaces an existing berthing pin. An orientation
joint similar in design to the other servicer joints is included in the
docking probe adapter to allow tilting of the servicer with respect to
the MMS after docking to bring the servicer mechanism into a plane
parallel to the face of the module to be exchanged. The joint is
powered through an electrical connection across the servicer docking
interface. This feature permits the simple, axial mode of operation of
the servicer without modifying its basic configuration. Either one of
the two modules adjacent to a grapple fixture can be serviced in one
docking. Adequate clearance is provided between the servicer and the

solar panels or other spacecraft elements.

For MMS servicing missions the standard docking probe would be detached
from the servicer at the servicer mechanism interface and replaced by a
MMS type docking probe that is longer and includes the orientation
joint. The changeover to the MMS docking probe can be done at the same
time as the stowage rack is set up for the MMS servicing mission. No
modifications of the MMS modules or module retention system (MRS) are
required. Instead, a modified MST compatible with the existing MRS and

with the servicer standard end effector interface is recommended.

An alternative MMS servicing configuration for 0-g is shown in Figure
3.3-4. The servicer docks with a Solar Maximum Mission version of the
MMS laterally on its existing electrical grapple fixture or on an added
grapple fixture/ berthing pin combination that replaces an existing
berthing pin. Unlike the baseline configuration, the docking probe
does not have an orientation joint. A simple, straight docking probe,
with an RMS end effector is used. Both modules adjacent to a grapple
fixture can be serviced in one docking. Several modifications to the
servicer mechanism and its control software are necessary in order to

increase the axial reach and allow operating the two fasteners of each
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module with the end effector at a 60° angle relative to the docking
probe. As in the baseline configuration a modified MST is used to
adapt the standard end effector of the servicer arm to the standard MMS

module retention system.

The stowage rack is modified by eliminating one modular beam in order
to clear the spacecraft solar panels. Both segments of the docking
probe, between the stowage rack and the arm and between the arm and the
RMS end effector are longer in order to increase the arm reach in the
axial direction and to provide clearance between the stowage rack and
spacecraft. These modifications can be implemented at the same time as

the stowage rack is set up for the MMS servicing mission.

The tradeoff study on elimination of the orientation joint, or hinge,
from the MMS docking probe involved layout preparation and analysis of
interferences of the servicer with the solar arrays and other
spacecraft elements. To minimize interference between the Solar
Maximum Mission solar array and the OMV, the docking post must be
reworked to put the shoulder pitch joint halfway along the lengthened
docking post. This increases the number of changes involved in going
from a basic to an MMS servicing mission. A modified servicer
mechanism, with increased shoulder pitch joint travel, can reach the
MMS module latches. While the 45 in. arm segment length of the ETU
could be used, the long sides of the parallelogram would have to be
spaced farther apart because of the larger shoulder pitch joint angular
travel required. Figure 3.3-4 shows an arm segment length between that

of the ETU and that of the IOSS.

While the above mechanical changes permit the servicer mechanism end
effector to reach all points along the desired paths, certain control
system complexities arise when combined motions are involved. Module
exchange as shown in the figure means that the MMS module must move

straight along a line at a 60° angle with respect to the docking post.

3-28




This is a form of combined (axial and radial) motion. The servicer
control and trajectory generation system has been developed so that it
is only necessary to change one cylindrical coordinate at a time when a
module is being moved. For combined motion, it is necessary to change
more than one cylindrical coordinate at the same time and to
synchronize the variations in the three cylindrical coordinates. While
this is generally possible, an extra level of complexity is added to
the module exchange trajectory generation system. Additionally, in
order to orient the end effector properly while moving the MST along
the centerline of an MMS module fastener, all three wrist joints of the
arm must also be actuated at the same time at varying rates. Control
software modifications are needed to perform these more complex

maneuvers.

The Manual-Direct (joint-by-joint) control mode is more difficult,
almost impossible, to apply because of the need for joint
synchronization. Without this simple back-up control mode, the
reliability of the servicer system is lower, as compared to the
baseline. One possible solution may be to redesign the wrist yaw and

shoulder pitch joints for backdrivability.

The required arm modifications needed for reaching the module were
defined and some of the equations governing the arm motion were
established. Important software modifications would be required as
well as design changes affecting the shoulder segment parallelogram
arrangement. The time allocated to equation derivation did not permit
us to obtain an explicit solution for each of the joint angles. The
solution form was implicit, which means that an iterative solution
approach would be required. The solution is complicated by the fact
that multiple solutions are possible at certain steps because of the
range of allowable angles involved. All potential solutions must be
followed and checked until the correct solution is identified. Once a
correct solution is identified for a particular trajectory action, then
subsequent solutions can use the first solution to simplify the
solution "tree" because the functions are continuous and the servicer

does not move far between solutions. It may also be that the iteration
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converges quickly. However, with additional effort, it is likely that

a better approach to solving the equations can be found. It is clear

that the resulting equation solution technique will be more complex
than that used for the simple radial and axial exchange used. The
radial and axial motion equations, each involve only four degrees of

freedom as opposed to the six involved in combined motions.

The advantages of removing the orientation joint from the docking post
do not clearly outweigh the disadvantages that have been identified.
These servicer system modifications address only the servicing of one
form of spacecraft utilizing MMS modules. Servicing the MMS module in
an axial mode can be applicable to other spacecraft, as well as MMS.
Additional analyses are required to further define the hardware and
software modifications and the reliability aspects of the orientation
joint elimination.

For the ground and cargo-bay MMS servicing demonstrations, the baseline

configuration of the servicer shown in Figure 3.3-3 is recommended.

3.3.1.4 Servicer to MMS Electrical Connections - Certain functions on MMS and ‘

other spacecraft being serviced on orbit need to be safed or controlled
during the servicing operations. While some of these functions might
be controlled from the ground if the spacecraft communications system
was working, a more direct approach is to provide an umbilical
connection between the servicer and the spacecraft. Representative

functions that will require control include:

1) The spacecraft attitude control system should have its actuators
(thrusters) turned off so they do not fight the OMV attitude

control system and waste propellant;

2) Orientable appendages, e.g., solar panels or communication
antennas, should be fixed in position if they could physically

interfere with the servicing operation;
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3) Flow of fluids in lines to and from quick disconnects and

associated purging functions will need to be controlled;

4) Pressures, temperatures, and fluid flow rates in and out of tanks

will need to be controlled;

5) Electrical power will need to be provided to continue certain
functions or to keep modules warm while spacecraft power is off

during spacecraft component replacement;

6) Electrical power to modules being replaced should be controlled to
prevent arcing between pins as module electrical connectors are

disengaged;

7) Preliminary checkout of spacecraft after modules are replaced

including a check that connector continuity exists;

8) Provision to the servicer of ready-to-latch, latched, and unlatched
signals for each module location. These signals are used in the

servicer control system.

The concept of an electrical umbilical connection between the servicer
and the spacecraft being serviced is not new. The MMS flight support
system (FSS) has two umbilical connectors that can be remotely
actuated. These umbiiical connections were used during the Solar
Maximum Repair Mission and are used during normal launch operations for
the above types of functions as well as for caution and warning
functions. MMS functions can be controlled and monitored on the
Orbiter or on the ground by using the Orbiter communications system.
The FSS umbilical connector actuators can be controlled from the

Orbiter along with other FSS functions.

The recommended approach for on-orbit servicer operations is to use the
electrical connector on the RMS end effector used for servicer docking
to provide the necessary connections. Because of the limited number of

pins in this connector, it will be necessary to use signal multiplexing
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3.3.2

to obtain enough control and sensing functions. Spacecraft control
would be from the ground, or Space Station, using the OMV
communications link with the signals passing through the servicer. For
MMS vehicles the RMS grapple fixture (servicer docking system)
connections should be integrated with the FSS umbilical connection
signals so that the spacecraft could be controlled through either

connection.

For those cases where the pins in the RMS end effector connector are
insufficient in number or in current-carrying capacity, the servicer
mechanism can be used to mate an auxiliary umbilical connection between
the servicer and the spacecraft. This auxiliary electrical umbilical

connection could use some of the concepts of the fluid resupply

umbilical connection approach.

Al ternative Modules

The emphasis given to MMS modules and spacecraft should not be
interpreted to imply that less emphasis has been placed on the full
range of capabilities for which the flight version of the IOSS was
designed. The Engineering Test Unit is a small (45 in. arm segment
lengths) version of the flight design (79 in. arm segment lengths).
The flight servicer was designed to exchange up to 40 in. cube and 700
1b modules in axial and radial directions where the radial attachment
point was near the docking end of the spacecraft. The flight servicer
capability can be extended to removal of two tiers of modules in a
radial direction when the need is established. Table 3.3-3 lists a few
of the on—-orbit servicer characteristics along with the accommodations

required from a carrier vehicle.
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Table 3.3-3 On-Orbit Servicer Characteristics

Compatible with operations at/with Orbiter, OMV, OMV/OTV, Space
Station

Multiple spacecraft servicing per mission

Axial module replacement

Radial module replacement -- attach locations in a common plane

Maximum operating radius - 7.5 ft radial, 11.2 ft axial

Module mass - 10 to 700 lbs

Module size - 17 in. cube to 40 in. cube

Provides failed module temporary stowage

Degrees of freedom - .6

Stowed length - 27 in.

Tip force 5» 20 1lbs

Latch actuator located in end effector

Time to replace one module - 10 minutes

Compatible with automated, supervisory and remotely manned control

Accommodations required from carrier vehicle

- Transport capability

- Rendezvous and docking

- Electrical power

- Two way communications

- Attitude control

- Assistance in thermal control

- Data processing

The on-orbit servicer design requirements were developed from an
extensive review and analysis of servicer mechanism configurations and
28 serviceable spacecraft configurations from the literature available
in 1975. Ten preliminary servicer configurations were analyzed, mocked
up with a one-tenth scale model of a spacecraft and stowage rack, and
evaluated. The initial recommendation was judged to be too capable and
not simple enough. A major point in the selection was that the
eventual form of servicer that will become accepted and used could not
be identified, 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.
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The selected design has only two major components: (1) a servicer

mechanism, and (2) a stowage rack for module transport. 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

mounts directly to an upper stage such as the Orbital Maneuvering

Vehicle. A flight support structure has been designed to adapt the

stowage rack to the Orbiter.

Figure 3.3-5 is a histogram of data on 683 modules from 30 different
serviceable spacecraft. One graph shows the average weight vs largest
module dimension and the second graph shows the 90 percentile weight vs
largest module dimension. This data was used to select representative
module size and weight sets as indicated by the design value curve.

The design value sets are:

1) 40 in. cube = up to 400 1b;

2) 26 in. cube = up to 200 1lb;

3) 17 in. cube = up to 75 1b.

These sets were used to establish reference characteristics for
different interface mechanism sizes. The interface mechanism provides
the structural attachment between a module and the stowage rack. It
also provides the alignment and mating/demating forces for the
electrical connectors. The above data 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 recommended interface

mechanism standard sizes thus became - 17 in., 26 in., and 40 in.
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Figure 3.3-5 Module Characteristics Histogram

These correspond to modules no larger than a cube of the indicated
dimension. As the interfaces between the interface mechanism and the
module and the spacecraft both seem to lie within the spacecraft
designer's usual 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.

While the above discussion appears to limit the size and weight of
orbital replaceable units to 40 in. cubes and 400 1lbs, this is not
really the case. Larger and heavier modules can be handled if they are
advantageously located with respect to the servicer's operating

volume. The spacecraft designer should look at the options of reducing
module size and weight or of locating the module and its attachment

points for easier handling by the servicer. In some cases, it may be
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necessary to go to a seven degree of freedom growth version of the
servicer. Using these approaches, it should be possible to exchange

instruments comparable in size to those on the Space Telescope.

A number of other alternative modules were identified in the Spacecraft
Servicing bemonstration Plan study. They are listed in Table 3.3-4 and
sketches of some can be found in the referenced study. The battery
module is used to represent a small heavy module. Batteries will need
to be replaced because of their limited and somewhat unpredictable
lifetimes. The fluid tank module with an in-line coupling is an
alternative to the fluid umbilical interface unit. Replacing an empty
tank with a full one may be appropriate for smaller tanks or where it
is difficult to obtain required high pressures on orbit. The in-line
coupling term is used to indicate that the coupling must seal for long
periods and that a quick disconnect may not provide adequate sealing.
The in-line coupling would be tightened using a mechanical drive. Two
types of umbilical interface units are listed - fluid and electrical.
They are similar and they both require connections (cables or hoses)

back to the stowage rack that must be managed.

Table 3.3-4 Candidate Alternative Modules

Battery module

Fluid tank module with in-line coupling
Electrical umbilical interface unit
Fluid umbilical interface unit

Access door

Hinged access cover drive

Combinations of electrical connection and refueling/resupply umbilicals
have also been proposed. While small electrical connectors may be
mated using a simple interface mechanism, large electrical connectors
and the fluid disconnects will likely require a translation device to
provide the high mating and demating forces required. Dust covers with
their removal mechanisms may be required on both the spacecraft and

servicer sides of the fluid and electrical umbilical interface units.
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The access door is listed as a module type to show that access covers
or doors can be treated as a module where the interface mechanism is a
special configuration to properly secure the door. This form of access
door would be completely removed and temporarily stored to one side.
The underlying module would then be removed and replaced. The hinged
access cover drive is another approach to using covers over modules to
provide thermal protection. In this case, the cover is hinged to the
satellite and latched down. The servicer end effector attaches to a
fitting on the satellite near the door. The interface mechanism drive,
or end effector power takeoff, is used to power a mechanism that frees
the access cover latches and drives the cover to an open position. The
end effector jaws are then opened and the servicer can be used to
remove the uncovered module in the normal way. After the module has
been replaced, the access door can be driven closed and latched by

using the servicer end effector and interface mechanism drive.

3.4 EXTENDED REMOTE MAINTENANCE/RESUPPLY CONCEPTS

The extension of remote maintenance/resupply can occur in three
directions or regions - applications, orbits, and functions. These are
illustrated schematically in Figure 3.4-1. The Integrated Orbital
Servicing System was initially considered as a front end for the Space
Tug and is now considered as a kit for the Orbital Maneuvering

Vehicle. As such, its primary application has been to free-flying
spacecraft. However, with the advent of the Space Station, the Space
Station itself and its attendant free-flying platforms become potential
areas of application. The connotation of platforms being larger than
spacecraft implies that there will be more docking locations and/or
larger modules associated with platforms. As the IOSS was designed to
work with objects taken to orbit by the Orbiter, and platforms are
taken to orbit by the Orbiter, then it is likely that the IOSS
capabilties will also fit the elements of free-flying platforms. The
slow, deliberate motions of module exchange should minimize induced
platform accelerations. The potential applications at the Space

Station are extensive and are discussed below.
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APPLICATIONS - SPACECRAFT
- PLATFORMS

- SPACE STATION

INTEGRATED ORBITAL ORBITS - NEAR SPACE STATION WITH OMV
SERVICING SYSTEM - GEOSYNCHRONOUS WITH OMV/OTV
- OTHER LEO WITH STS/OMV

FUNCTIONS - REPAIR/MAINTENANCE
- UPGRADING

- RESUPPLY

- PRODUCT RETURN

Figure 3.4-1 Candidate Regions for Extension of Remote
Maintenance/Resupply

The orbit applicability of the Integrated Orbital Servicing System is
dependent on the carrier vehicles available. It is straightforward to
use the Orbiter, OMV and the OMV with OTV as carrier vehicles for the
I0SS. This should provide the orbit coverage listed in the figure
along with the polar orbits that are reachable with the Orbiter/OMV
combination. The polar orbits are particularly significant because
there are not current plans to have a Space Station in polar orbit,
just free-flyingvplatforms. These orbits are the same as have been
extensively considered in the past. It still appears that propellant
costs are too high to consider the extension of on-orbit servicing to
planetary probes. Perhaps if an extensive Lunar presence occurs in the

future, then it may be appropriate to extend servicing to Lunar orbits.

The servicing and maintenance functions that can be performed with
module exchange and umbilical connection are shown in the figure. The
first three functions have been addressed for some time and include

such things as inspection, fault isolation, and clean up. The supply
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of materials for making products is similar to resupply, and can
include solids, powders, or fluids. The new element is the return of
completed product to earth. The IOSS can transfer properly packaged
product to the Space Station or to the Orbiter for return to earth from
free-flying platforms or even between platforms should that become a
requirement. The return of a failed module has much in common with the
return of a processed product except that the product may require
additional environmental control or monitoring functions. This type of
thing should be within the capabilities of an extended servicer system.

The I0SS functions of module exchange and umbilical connection for
electrical signal or fluid transfer are widely applicable to the Space
Station as shown in Figure 3.4-2. The sketch on the left hand side of
the figure is a Martin Marietta concept for servicing of objects that
are brought to the Space Station. Examples of servicing functions that
can be performed by the IOSS are listed on the right.

The IO0SS could be involved in the assembly process by bringing modules
to prepared locations on the deployed trusswork. The prepared
locations also make it easy to replace any subsystems that subsequently
fail or otherwise become obsolete. The servicer could also be used as
a small manipulator during the assembly process. The repair of
spacecraft at the Space Station could be similar to the remote
maintenance of spacecraft. However, the servicer would need to be
supported by a mobility unit to move it around in the servicing
facility, particularly to transport replacement modules and special

adapters and tools.

The portable manipulator function is appropriate with the servicer in
the servicing facility and mounted on the mobile remote manipulator
system. The mobile RMS could be fitted with power and communications
links so the servicer could be operated while supported on the mobile
RMS. The concept of an operating servicer on the mobile RMS could also
be applied to the installation and servicing of experiments at the
Space Station. This feature could be valuable for those experiments
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Figure 3.4-2 Candidate Uses of On-orbit Servicer at Space Station

located on the Space Station, but far from the habitable areas. As is
discussed elsewhere in this report, the servicer can be used to
resupply fluid or make umbilical connections. These features could be
used at the Space Station fuel depot. However, the use of dedicated
actuators for the fluid umbilical connection could be more
appropriate. Much depends on the variety of umbilical locations and
types that are likely to be used. This is an obvious area for

standardization.

Another possibility, is to incorporate the IOSS concepts into the ware-
houses that store replacement modules much as trucks and fork-lifts are
used in terrestrial warehouses. These and similar concepts could be
used to reduce EVA workloads, especially those that are repetitive or

hazardous.
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The repair of the OMV and OTV are also candidates for application of
the servicer as they are just spacecraft and can have many of their
components configured for module exchange. Some repairs will be better
done by EVA because of their type or component locations on the
spacecraft. It may also be useful to configure parts of the Space
Station itself in modular form, especially the functions outside the
habitable areas. The servicer, perhaps on the mobile RMS, could then

be used to replace or resupply external Space Station components.

The configuration of spacecraft to be on-orbit serviceable also
simplifies pre-launch operations. The systems used for fault location
and diagnosis while on orbit can also be applied during pre-launch
checkout. Once a fault has been traced to a specific module, then that
module can be replaced simply and easily. Thus, spacecraft configured
for on-orbit servicing will be much easier to operate with during

pre-launch preparations.
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4.0 DEVELOPMENT PLAN SUMMARY

The objective of this section of the study final report is to summarize
the work reported in MCR-85-1313, Servicer Development Program Plan,
Martin Marietta Aerospace, Denver, CO, July 1985. It also serves as an
introduction to the material in Sections 5.0, 6.0, and 7.0 and shows

how they integrate together.

DEVELOPMENT PROGRAM PLAN INTRODUCTION

The concept of remote servicing involves the refurbishment of a
spacecraft in its normal orbit without the direct use of EVA
personnel. A typical mission would include rendezvous and docking with
the disabled spacecraft, performing the refurbishing operations and
returning the vehicle to its normal operation. Several spacecraft can
be serviced during a single mission. The basis of our approach is to
use module exchange. It should be thought of in a most general way -
the replacement of one object with another. The objects need not be
the same, nor need they perform the same function. They just need to
have a similar interface. Fluids inside tanks can even be resupplied
in the form of module exchange. This approach can fulfill many
on-orbit servicing needs. It can be applied to the Shuttle, Space

Station, LEO satellites, free-flying platforms, and geosynchronous

satellites.

The objectives of the spacecraft servicing demonstration plan are to
identify all major elements and characteristics of an on-orbit
servicing development program and to integrate them into a coherent
plan. The extent to which these objectives can be met is defined by
the available funding and how well the development program is planned
and executed. The selection of the elements to be included must be
thoroughly thought through to maximize the benefits of the

demonstrations and meet the cost goals.



Program cost is a critical aspect of this development plan. Innovative
approaches have been used to reduce the cost while maintaining high

technical standards. The ultimate goal of the development program is a
fully verified operational, on-orbit servicing system based on the
module exchange, refueling, and resupply technologies.

The availability of an on—orbit servicing capability can be
convincingly demonstrated to the user community only through flight
tests. The acceptance of on-orbit servicing methods by the spacecraft
designer is also linked to the financial and programmatic commitment of
NASA for timely development of the operational capability.

The development program plan is an improvement on the plan proposed as

part of the final report of the previous contract (NAS8-35496,

Spacecraft Servicing Demonstration Plan, MCR84-1866, Martin Marietta

Corporation, Denver, CO July 1984).. Although the ground demonstrations

and free-flight verification have been modified, the majority of the

effort has been on the cargo-bay demonstration. The major criticism of

the previous plan was the high cost of this demonstration. We have ‘
attempted to lower the cost by better defining the tasks and

concentrating on the primary objectives.

The work on the ground demonstrations and the free-flight verification
consisted of a critical review of the previous plans. The plan was
updated to reflect recent program changes. The schedules and cost
estimates were revised based on these minor changes, which are
described in the sections associated with these two activities.

4.2 1-g DEMONSTRATIONS

The ground demonstrations are designed to develop and demonstrate the

basic techniques of remotely controlled servicing of spacecraft. The

Engineering Test Unit (ETU) of the I0SS was selected as the servicer

mechanism for ground demonstrations based on the results of the

tradeoff study done as part of the prior contract. The actual ETU is

shown in Figure 4.2-1. Details of this selection process as well as ‘
the selection of the related hardware is documented in Section 3 of the
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4.2.1

ORIGINAL PAGE rs
OF POOR QUALMTY

"Spacecraft Servicing Demonstration Plan - Final Report,” July 1984
(MCR-84-1866).

Figure 4.2-1 The Engineering Test Unit of the IOSS

Work on the ground demonstrations is a continuation of the ongoing work
with the ETU. Some of the elements included are part of the current
activities and have been included in the plan for completeness. The
cost estimate reflects the work to be done and does not include the

currently funded tasks.

The main role of the servicing ground demonstrations is to support

further flight demonstrations.

1-g Demonstration Objectives

The ground demonstrations are the next step in gaining acceptance of

the concepts of remote servicing of spacecraft. They are a
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continuation of the on-going activities that have developed the

techniques of module exchange. The principal objectives of the ‘

servicer ground demonstrations, using a modified ETU, are:

1)

2)

3)

4)

To demonstrate the adaptability and flexibility of the module
exchange concept - This can best be done by demonstrating an
exchange of the MMS module mockup, because it is the only on-orbit
serviceable spacecraft modular concept that is operational and it
was designed for a different servicing interface. Additional
demonstrations should be conducted to show that the IOSS is a
flexible servicing system, and does not impose significant

constraints on spacecraft design;

To evaluate approaches for the cargo-bay demonstration and free-

flight verification - The ground demonstration will be used to

select the control strategies to be used in the demonstration and

verification tasks. Operating procedures can be varied and checked

for overall effectiveness in the use of available resources. These

types of issues are best answered with relatively inexpensive .

ground testing rather than expensive flight experiments;

To demonstrate the use of the ground servicer as a laboratory tool
- The development of new servicing concepts, new hardware, and
software before further flight testing and operational ’
implementation can be readily investigated on the ground. A good
example is the development of a satellite remote propellant

resupply capability.

If problems arise during the flight tests or operational servicing,
the ground demonstration unit could be used for finding and

checking out solutions;

To demonstrate the use of the ground servicer as a training
facility - Training of the operators for the flight demonstrations
as well as for actual servicing operations can be done using the ‘

ground servicer system.
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