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STUDY BESULTS

I. .. INTRODUCTION

This study has been directed at the rendezvous and docking operations
associated with the full capability Space Tug. It has investigated all of the associ
éted technoleogies; selected and ranked alternate mechanizations capable of performing
required operations, and recommended devglopment activities that will lead
to a proven system design. While this study has been directed at only one of the
rendezvous and docking applications to be encountered in the next decade, the find-
ings are pertinent to: several STS applications that can be foreseen., As a conse-
quence, these study results have a general value beyond the specific study objec-

tives.
A, ORJECTIVES & EMPHASIS

These specific objectives for the Space Tug Docking Study were outlined
in the original request for proposal as follows., First, to define, through a
total systems‘analysis, requirements, techniques, schemes, mechanisms, components
and subsystems for rendezvous and docking operations. Second, synthesize candi-
date rendezvous and docking systems providing rationale through analysis for their
selection, Third, recommend through an evaluation of relative merits the best
manual, automated and hybrid systems. And finally',,provide plans for the accom-

plishment of the simulation/demonstration testing of the selected systems.
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Fig, I~l1 Study Focus
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Figure I-1 illustrates the operations that are involved with rendezvous
and docking, together with the ultimate result of Tug R/V & D activity -~ which
will either be servicing or retrieval of a spacecraft. This study concentrates
on the inspect, align, close and dock operations, The reason for this concentra=
tion is that a considerable amount of recent or concurrent effort has been di-
rected at the other operations. It has been the intent of this study to build

upon and supplement these other activities. .

Several of these study relationships are particularly significant. First,
the General Dynamics Tug Avionics Study has defined a highly accurate navigation
system based upon updates received from an Interferometer Landmark Tracker. The
accuracy of this system minimizes the range of initial conditions over which the
R/V & D system must operate. This GDC study also recommended a particular R/V &D
system mechanization. This system has been taken into account in the current
study, but investigation of various levels of autonomy and spacecraft cooperation
as well as more detailed docking evaluation has led to several alternate system

recommendations. ,

The MDAC Payload Réquirements Compatibility Study and the MMC Multi-Use
Migsion Support Equipment Study have investigated the p?oblems of supporting
(structural support, particularly) retrieved spacecraft. The problem of meeting
decking requirements and structural support requirements on return into the
Shuttle payleocad bay for return to earth is particularly complex and involves
gsignificant trades. This study builds on the findings of these two studies, come

pares, and recommends some new alternatives.

The MMC Integrated Orxbital Servicing Study investigated the 'basis for
the selection of a cost effective orbital maintenance system supported by the
space transportation system. The conclusions and recommendations reached during
. this servicing study effort have been taken into account in the STDS effort. Com-
patibility with servicing is considered a desirable goal, and has been taken into'

account in the selections and rankings developed here.
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B. STUDY ORGANIZATION

The STDS study effort was organized to support study objectives. Fig.
I-2 shows the task structure employed. Task A generated requirements, developed
a component/strategy data base and supplied analytic support for the stuéy effort.
Requirements and data-base information was compiled early in the‘study and chanéed
minimally afterward. Analytic support in the areas of flight mechanics and dock-
ing dynamics continued throughout the stu&y. Task B concentrated on synthesizing
candidate systems (manual, autonomous and hybrid types) capable of meeting the.
requirements defined in and comprising the data base generated in Task A. These
systems were then ranked based on criteria developed and weighted with a sensi-
tivity to functional requirements, operational and cost objectives, An evaluation
of developmental problems associated with the candidate systems selected lead

into the Task C effort, where SRT and Simulation/Demonstration objectives and
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plans were evolved. The SIM/DEM plans evolved married developmental requirements
to MSFC laboratory facilities, supplémenting with other test facilities when re-
quired, recommending MSFC facility modification where applicable. This tetal
effort was” supplemented by programmatic analyses to provide realistic and cost

conscious background data to support decisions and recommendations,

This Volume II of the final reporting presents a complete view of the re-
sults of the studies described in the preceding paragraph., Volume I is an execu-
tive summary; Volume IIT is a compilation of procedures and plans; Volume IV is
an appendix of supporting analyses am]i Volume V presents programmatic data de-
veloped. This volume is organized according to the major study tasks (A, B & C)

with an added summary of study recommendations.
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Fig., I-3 Requirements Hierarchy
C. STUDY APPROACH

The development of requirements for the rendezvous and docking system was
a top-down process, starting at top level systems requirements and ending at in-.

-dividual subsystem Tequirement allocations. The areas where specific requirements

T4



spmmaries were develope§-in this study are heavily outlined in Fig, T~3, This
concentration reflects the study emphasis described in Fig. I-1, Note that the
subsystem level requirements allocation was an iterative process, beginning with
broad estimates and improving as analysis tools were daeveloped and applied during
the study. The detailed results of these analyses and developments are presented

in Section II of this report.
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Fig. I-4 Analysis Approach

A blend of manual analyses, existing/modified simulation progréms, and ney
simulation programs were used to support this study effort. The relationship be~
tween these programs and the operatioqal phases they supported are illustrated in
Fig, I~4, The depth of analysis presepted in this study has been somewhat varied ,>-
but comsistent with study objectives. It has been a superior effort, in relation
to the dollar value of the study. These .activities do, of course, suggest further
activity: formal simulation of the inspection maneuvers; expansion of the dodking
simulation from planaf to 3-D space; detailed application of the docking dynamics
programs to more detailed specifiéation of docking mechanism parameters‘(e.g.

damping, spring constants, et al).
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The system configuration and ranking process used in this study is depicted
in Fig, I-5. This process involved generation and ranking of a set of manual can-
didates and a set of autonomous candidates, Using the evaluations of the manual
and autonomous candidates, a single hybrid system combining the best features of
both was evolved. Each of these system candidates is capable of meeting system
level requirements defined under Task A, The ranking process used to identify the
moreé promising system candidates used a numerical approach. The candidates were
compared over a range‘of selection criteria (cost, performance and growth potential'
pgrameters). Numerical rankings were weighted to reflect relative importance and
summed to establish a comparable figure of merit. The top ranking candidates were

used to establish SRT and SIM/DEM requirements.

The basie ph:ilosophy behind the developmental activity defined during this
study has been practical. The top ranking system candidates have been evaluated
to identify long lead component dev&lopment requirements, and areas where opera-

tional problems may develop. Plans have beern evolved to assure that these

I-6



requirements/operations are addressed in‘a timely manner -~ to assure that po-
tential problems are understood and worked out before expensive developments
have proceeded too long down the wrong path. This kind of attention early in a
development program is sure to save money'in*the long term. The only hazard is
the possibility of changing requirements as the program evolves. This possi-
bility requires continued integration of new requirements running in parallel

to SRT and SIM/DEM activity.
®

D, MAJOR STUDY FINDINGS -

Current technology, conventional RF~RADAR and video systems, easily accom-
modates remote rendezvous and docking in the manual mode where real time éround
support is used to direct the sequence of events, Autonomous docking requires
some relatively low risk new development work =-- either f£flight qualification of

the proven GaAs Scanning Laser Radar or advancement of autonomous TV docking al-

gorithms.

, Hybrid systems are most attractive as they provide a desirable level of

redundancy, provide flexibility to accommodate unforeseen events. Hybrid systems
offer a low risk approach to the development of an autonombdus rendezvous and dock-
ing capability. Thus the hybrid approach is the most feasible development option.
Early flights can be made with heavy manual supervision. As confidence is gained,

autonomous approaches can be verified -~ eventually evolving a flexible rendezvous

and docking capability able to operate effectively in any situation.

Attractive alternate development paths are available in close-in RF dock-
ing sensors and in non-impact docking mechanisms. Close~in RF sensing, to within
one or two feet of the target, is possible using passive (no power required) time
delay retroflectors on the spacecraft., This approach has the advantage of using
fligﬁ% ptoven technology, although new component-development/qualification would
be required. Non-impact docking is achievable through the use of a close-in sta-
" tion keeping mode coupled with an articulated docking device {e.g. a steerable
STEM device)}. This approach has the advantage of a simple structural interface
between Tug and retrieval spacecraft, and a potential for minimal impact on the
spacecraft, It is felt that these options should be kept open untii future

rendezvous and docking requirements are more completely understood.

‘1-7



E, RECOMMENDED FUTURE ACTIVITY

Three major types of future activity are recommended as a result of this
study. The first category is the Simulation/Demonstration activity that has been
defined in the Task C effort. Pursuit of this laboratory testing activity affords
a technique for economically selecting between development options, arriving at a
proven design approach soundly based on an adequate simulation of anticipated

flight conditions.

The second category is the specific technology areas that have been identi~-
fied during the study. These areas include development and application of digital
simulation tools, flight algorithm development, and design effort required to ad-
‘vance alternate design options, These activities should be pursued over the next

2-3 years and then either discarded or integratéd into the SIM/DEM activity.

The final categoxry is a broad‘integration role that should be begun imme~
diately and continued throughout the STS operational life. Tt is apparént that the
role of rendezvous and docking in future space operations is expanding. Many appli-
cations are emerging that can benefit from the technology surveyed in this study.

An initial activity in this integration role is an applications system study to
place varied future requirements in perspective and define overall development/
operation plans that will most effectively meet all objectives. The implementation
of these plans leads to an integration role that on one hand pursues the develop~
ment of a rendezvous and docking capability, and on the other hand supports opera-

tional activities throughout the active life of this capability.

I-8



IT. REQUIREMENTS AND DATA BASE

Previous studies have been conducted for many aspects of Space Shuttle,
Space Tug and payloads which assume a rendezvous and docking capability. The
Space'Shuttle Payload Descfiption Activity (SSPDA), the NASA Mission Model and the
Baseline Space Tug requirements documents are examples. Also, a significant amount
of research and development worﬁ has been underway in developing new subsystems

which are useful for rendezvous and docking.

However, there has been no concerted effort to research these areas and
derive a set of requirements for a rendezvous and docking system, nor to catalog
the existing candidate sensor, mechanism or strategy characteristics. The object

of this task was to accomplish these gopals.

Additionally, analyses were performed to evaluate rendezvous and docking

schemes and to determine effects of docking dynamics.
A, SYSTEM REQUIREMENIS DERIVATION

Rendezvous and Docking System requirements were derived from many souxrces
as well as generated from engineering analyses. Additionally, desirable features
of a docking system were identified and used as weighting factors for selection
of candidate subsystemgi__The major sourﬁes of requirements were Space Tug, Space-
craft, Interface and Operations documents. The key system level docking require-
ments from these areas are illustrated in Figure II-~1 and are described in more

detail in the following paragraphs.

Requirements derive from many sources; a complete tabulation of all system
level requirements with traceability to appropriate documentation may be found at

the end of this section. (Table I1-7).
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Fisumre II 1@ “esuirements darive from.man: souvces

1. Spacecraft Imposed Requirements = Since the spacecraft developers will be-

come the users of this system, the desired features were considered heavily in
the candidate selection. The user acceptance of this service will be a determining
factor in the economic feasibility of a docking capability, whether it is used in

a retrieval or sexrvicing role.

Those requirements which derive from spacecraft sources as well as those
desirable features of a docking system from a spacecraft standpoint are summarized

in Table II-1.

a) Reference Spacecraft Selection - Inm order to bound the range of driving

requirements which must be accommodated by the system, a set of reference space-
craft were selected for the study. Four spacecraft were found to provide an ade-

quate range of parametric variations as illustrated in figure II-2.
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Table II-1 Requirements from Spacecraft Sources

The Docking System Must Accommodate:

¢ Wide Range of Spacecraft Size / Weights

e Variations-in Stabliization Systems (B-Axis vs Spin)

® Passive Cooperative Spacecraft
e Known S/C State Intelligence

The Docking System Should:

-

o Minimize Spacecraft Design Impacts
& P rovide for Infant Mortality Retrieval
o Nat Interfere with Servicing

e Consider Non -Cooperative Spacecraft Retrieval

ey
DOMSAT i < e ——— ‘l[
" R - — 7
PN S |
 — Environmentz!
e Perturbdlen
BN Satalitte
Synchronoys Earth
CBsiralion Scielsta
EQ-0% E0-56 ' APRS .
CN-52 Synchronous Earth Enwvironmental Environmental
Parameter Domsat Observation Satellite | Monltoring Satellite Perturbation Satellite A
Orbital Altitude Geostatlonary Geostationary 1686 km (310 nr) 1282 km (6900 nmm)
Orbltal Inclination 0 rad (deq) 0 rad {deg} I.8 rad {103 degl] .96 rad (55deq)
SIC Length , 3.6 m (12 ft) 7.5 m (25 1) 3.6 m {12 ft) 3.6 m 12 ft)
SIC Mass 561 kgt1237 ) 1481 kg (3266 1b}| 2183 kg (4814 tbM 1373 kg (3028 ib)
Type Stablity Spin 3-Axds 3-Axs 3-Axls
Booms No Ne No Yes
Solar Panels Ido Yes Yes No
Pointing Earth Earth Earth Ingrtial

Figure II-2 Reference Spacecraft Bound the Requirements
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Most existing mechanism designs could be eliminated by the system level
requirement to deliver one diameter spacecraft and retrieve another, Other
factors considered in the analyses included servicing, infant mortality retrieval

and impacts of docking with non~cooperative spacecraft,

Since the STDS charter was for a system to cretrieve spacecraft, the cap-
ability to service was not imposed as a requirement. The approach for the study
was to evaluate the candidate systems based on servicing potential capability
and rank each system on this basis.

v

The capability for infant mortality retrieval of spacecraft has nume rous
implications. A prime requirement is that spacecraft status be ascertained while
the space tug or delivery vehicle is in the vicinity. 1If this service is provided
for all spacecraft delivered, including those for which retrieval was not planned,
docking aids/mechanisms must be provided. Also, the spacecraft mortality can
occur after partial deployment of appendaggs and jettison of these appendages

plus safing of the spacecraft before recovery must be assured. Implications to

the tug include a stationkeeping capability with TV observing the spacecraft for
status. This requires mission control involvement with man~in-loop and operational
planning for alternate missions/sequences and detection and correction capabilities

be provided via RF links.

An analysis of spacecraft top~level functional failure modes and the re-
trieval capability of a malfunctioning (non-cooperative) spacecraft. At this stage
of spacecraft design definition the analysis was necessarily gross in nature with
an objective of determining an estimated percentage of spacecraft failure types
which are potentially retrievable., Thirteen major types of failures were identi-
fied for each spacecraft. Some of the results, as a percent of total failure

modes, are provided in tabular form below, followed by some conclusions.

Three-Axis Spin

Retrieval not feasible at all % 0%
Retrieval potential high (stable vehicle) 15% 46%
Retrieval feasibility depends on inspection 61% 38%
Vehicle state is known on ground 38% 30%
Vehicle state is not known on ground 38%. 46%
- Velricte state uncertain . 24% 247,

I1-4



Retrieval of failed spacecraft, particularly spin-stabilized, appears
feasible in a number of instances. Only a very small percentage of failure modes

leaves the spacecraft in a totally nonretrievable state. ,

The potential of retrieval of a high percentage of spacecraft failure modes
(ove£ 50% for eiéher type) depends on an inspection by the tug. There is consider-
able hesitation to expend a lot of orbital energy in pursuit of a spacecraft whose
retrievability is not known until rendezvous with it. To alleviate that unknown,
it might be Worth‘requiring that every spacecraft has some low~bitw-rate method of
dumping vehicle status to the ground from an omni antenna when a failed condition

arises in order to gain some likelihood of retrievability.

The large percentage of spacecraft failure modes requiring inspection before
retrieval, and the unknowns involved in making a "retrieve' decision, virtually
dictate a man in the loop for failed spacecraft retrieval. Trades between manual,
autonomous, and hybrid should consider this seriously when looking at growth from

an operative to a failed spacecraft retrieval capability.

Knowledge of vehicle state, e.g., attitude and rates, is not known, or at
least uncertain, for well over half rhe possible failed spacecraft conditions,
Assuming the inspection phase has found docking feasible, it is necessary for the
tug to determine the spacecraft attitude and rate prior to 10S tracking during
closure. This capability impacts hardware sensors, cooperative devices and modes
of operation. Candidate selections shotild be made Eonsidering growth to the cap-

ability for determining the vehicle state necessary to accomplish this.

2. Tug Imposed Requirements - Those requirements which derive from Tug sources

as well as the desirable features of a docking system from the tug standpoint are

summarized in Table T1I-2,

The uncertainties in tug position and attitude, as well as spacecraft
position and attitude must be accommodated by the Docking System. This, in
effect, reduces the available system budget which can be allocated to the sensors
or increases the uncertainties which must be accommodated by the mechanisms. Figure '
IT-3 illustrates the Space Tug Control System characteristics and a typical

_three-axis stabilized spacecraft limit cycle deadband.
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Table II-2 Requirements from Tug Sources

The Docking System Must Accommodate:

e Tug Guidance / Navigation Uncertainties
¢ Tug Attitude Control Deadbands

o Tug Provided Services to SIC

e Tug Plume Impingement Forces

¢ Tug Propeliant Siosh Dynamics

The Docking System Should:

eMinimize Tug Design Impacts
eUtilize Tug Onboard Data Management Resources

Target
Spacecraft

TuG

\

+ 4.3 mrad (+ 0.25 deg) Deadband
+ 1.7 mrfsec (¢ 0.1 dfs) Limt
Cycle Rate

vad (+ 0.5 deg)} Dm

mrisec (2 0.1 dfs} Limit
Cycle Rate

E
1.

~3

| 410D
~ 1
Parameter Uncertainties | GDC Baseline Budget
Angular Error (Z Deadbands) B s deg)| 09 rad (5.0 deg)
Angular Rete ( Z Limit Cycle Ratesk>-® ™55 5,y | 9 mvsec (0.5 ars)
Maximum Miss Distance () 4.6 am (1.8 in) 30.5 cm (12 in} |
Lateral Velocity Error (%) 1.27 fg{;e{’n!s) 9.1 cw/sec (3.6 n/s)

Figure II-3 Tug Guidance & Navigation Uncertainties Drive Docking System Design
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The docking port to ¢,g. distance for the spacecraft is assumed to be
2.1l m (7 ft) and for the tug, 5.4 m (18 ft). The tug mass is 14,590 kg (1000
slugs) and the pitch or yaw moment of inertia is 48,585 kg~mZ (37,000 slug~££2),

It is also assumed a close-in sensor is employed. that maintains a given
range and relative attitude as well as lateral translation corrections, The trans-
lation corrections are presumed to be provided in much the same way as attitude--
by pulsing the side-pointing thrusters to stay within a predetermined translation
deadband. For this example it was assumed two jets would fire at a time and only
for the minimum impulse time of 20 ms. This pulse results in a lateral rate of
.012 inches/sec. The limit cycle deadband limit is taken at .06 inches by assum-
ing an ACS firing to reverse the lateral translatioq motion no more .often than.
once each five seconds, These assumptions represent a close approximation for
the autonomous and hybrid systems. However, for a strictly manual system using
a TV, no close-in sensor is baselinad and the control system relies on the iner- '

tial platform for attitude hold with command inputs for maneuvers.

The docking dynamics effects impose requirements on the system with re-
gard to loads, accelerations and shock attenuation requirements. A major area of
investigation during the study was propellant slosh effects. The groundrules,
approach definjition and results from the dynamics analyses are presented in para-

graph D of this section

In the area of Tug supplied services to spacecraft, the docking system
must carry the services across the interface., The types of services envisioned

for the rendezvous and docking system to support are illustrated in Figure II-4,

3. Interface Imposed Requirements - Those requirements which derive from

interface sources can be categorized in two areas; (1) Tug to spacecraft and
(2) shuttle to payload (Tug and spacecraft) interfaces. These requirement
sources and the desirable features of a docking system from these interface

standpoints are summarized in Table TT-3.

The issue of servicing versus retrieval could become a driver in the
candidate system selection if servicing weré made a requirement in lieu of a

desire,
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T TUG SPACECRAFT

. ) (| Status of Safety Critlcal
Safety Critical Data Spacecraft Systems and
Receipt of Safing Commands
Shall be Provided,

Safing Commands from
the Tug can be by Hardline
Only.

N\
AN

Safing Commands

N
N

Electrical Power < Power for ‘Instrumentation
owe C and Control 1s Implied

No Fluid Interfaces are

| )
Huids 5] Currently Identified

- ———
Enmtrctsen.

Figure IT-4: Rendezvous & Docking System Must Accommodate Spacecraft Services

Table II~3: Requirements from Interface Sources

~

Interface Imposed Rgmt's -

®Spacecraft / Tug Interfaces
o Payload / Orbiter Interfaces

Interface Considerations / Constraints

e Maximize S/C I Tug interface Standardization

e Minimize interface Adapters for Reschedule Flexibiilty
@ Servicing vs Retrieval interface Considerations

e Impact ] Non-Impact Conslderations
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A summary of the requirements from the interface sources is presentéd in
Table II-4 for Tug/Spacecraft interfaces and Table 11-5 for Orbiter/Payload

interfaces.
Table II-4: Tug/Spacecraft Interface Requirements

© Spacecraft to Tug Communications Interface is by Hardwire
or Via Man-in-Loop

o Safety-Critlcal Systems (e, 9. - Propetants, Ordnance, Cryogenics, Radiatlon, etc,)
Must be Monitored and Determined Safe for Retrleval by Tug, and
Subsequently by Qrblter

© Safing Accomplished by Flight Operations (Man-In-Loop) or TV Inspection Plus
Umbilical Recennect for Monitor | Controf of S/C

@ No Flutd {Propellant, Coolant, Pressurant, etc.} Reconnection Requirements
Identified

o Statlc Discharge Between S/C and Tug Shall be Provided

@ Docking System Shall be Compatible with Interface Docking and Abort Undocklng
Loads

Table II-5: Ovrbiter/Payload Interface Requirements

e Safety Critical Payload (S/C and Tug) Systems Shall be Monlkored & Verifled
Safe for Retrieval by Orblter

o Provision Shall e Made to Preclude Depleted P ressurlzed Tank Implosions
During Reentry / Landing

o All Payloads Shall be Compatible with Shuttle Fmposed Snvironments, for
Retrieval These Include:
slanding toads {(Normal, Abort & Crash)
sThermal
«Accelerations

The requirement from these sources which has a major impact on candidate
1
. mechanism selection is the imposition of orbiter abort landing loads. Since the
mechanism must support the spacecraft cantilevered off the Tug, this places severe

loading design requirements on the mechanism,
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&4, . Operations Imposed Requirements - Operations requirements cover the range

of orbital variations and the interfages with the operations networks. In the
process of deriving requirements, consideration must be taken to avoid violation
of constraints,. Operational flexibility can provide cost effectivity by perform-
ing early operations analyses on branching issues such as the servicing versus
retrieval roles. For example, a system which can perform both roles may be more
or less costly than separate systems. The requiremgnts from operations sources
are summarized in Table 1I-6,

Table 1I-6: Requirements from Operations Sources

The Dacking System Shall Accommodate:

o Payload to Ground Network Compatabi ity (Data Rates)
o Network Handover Considerations / Constraints

e Orbital Varigtions (Time Delay, Lighting, etc.)

e Manual / Automatic System Crossover [ Backups

Operations ConsiderationsrlConstraints Shall Be:

sDetermined for Impact vs Non-Impact Docking
eDetermined for Retrieval vs Servicing Missions

An operations analysis which examines the ranges of orbital variationms,
day/night cycles, time delays and other operational considerations may be found

in Section V, Volume IV of this report, '

5. System Bequirements Summary - Source documents from each of the four areas

were reviewed during the early portions of the study to determine those require-
ments which translate into docking system requirements. These documents incluéed
Space Shuttle Payload Definitions (SSPD), MDAC Payload Utilization of Tug (PUT)
Study and Spacecraft Requirements Compatibility Study, GDC Avioniés Study, IBM
Tug/I1US Mission Operations Study and the MSFC Baseline Tug Document set., Other
requirements were derived from the STDS request for proposal or from engineering

analysis.
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The docking system requirements derived in this study and the source re-
quirement from which they were derived are tabulated in Table II-7 to provide
traceability., Many requirements appear in more than one source document and

only the primary source is listed in the summary table.
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TABLE 11-7, DERIVED SYSTEMS REQUIREMENTS SUMMARY

SOURCE REQUIREMENT

DERIVED REQUIREMENT

PRIMARY SOURCE

The Tug Will be Active Element in Providing
the Following Services to Passive Spacecraft
in the Mission Model:

a Retrieval and Retrun to farth

o Servicing ) -

The Rendezvous / Docking System Shall
Accommodate Varlatlons In Spacecraft Welghts,
C.g. and Size Variations for Delivery of One Space-
craft or Set and Retrieval of Another S/C or Set

The Rendezvous / Docking System Shall Not
Interfere With Servicing of Spacecraft

Tug Rgmt's
MSFC 68M00093~1
and RFP

The Tug Injection Accuracies Shall be
Known Within:

o Position - 7,8 km (4,2 ami)
o Velocity - 3.4 m/s (11.3 Tps)

The Rendezvous [Docking System Shall be
Designed to Accommodate These Variations

Tug Rgmt's
MSFC 68M00093-1

. Para3,2,1.2.25

The Tug Shall be Capable of Docking

Docking Misalignments Shall be Removed

GDC Avionics

Despin for Deployment [ Retrieval Up to

for Deployment and Retrieval of Spacecraft

With Spacecraft by the Docking System Study
Provislons Shal! be Made to P reclude Implies Safing Provisions for S/C Shall Also IBM Operations
Tug Tank Implosion During Return be Provided and Reinforces Umbilical Reconnection Study (Reference,
TS -24-10-58)

The Spacecraft State Shall be Known The Rendezvous / Docking System Shall be GDC Avlonics
Within the Following: Designed to Accommodate These Variations Study Report
© S/C Position 1,85 km (1 nmi)(30) in SIC State Intelligence

Spherical Radius
o S/C Attitude Rate - Controlled

Within 17 mr/sec (1 d/s)All Axes:
The Tug Shall Provide Spacecraft Spin / The Docking System Shall Provide Spin / Despin "Tug Rgmt's

MSFC 68M00039-1

160 RPM Para3,2.1.2.2,3
Tug Plume Impingement Shall Not Rendezvous & Docking Strategy Shall Minimize Englneering
Irreparably Damage Spacecraft Plume kmpingement Judgement

Tug Propellant Slosh or Gther Dynamics
Effects Shall Not Result in Irreparable
Damage to Spacecraft

Docking System Shall Accommodate Dynamic
Loads . )

Englneering
Judgement
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TABLE II 7

DERIVED SYSTEMS REQULuEMENTS SUMMARY (contlnued)
' “DERIVED REQUIREMENT

The Tug Shall P rovide Post Deployment
Visual Inspection to insure Spacecraft
Preparation are Adequate

(This Implies S/C Checkout After Release and
Before Continuing Mission, Further Implication
is Retrieval of S/C Not Scheduled or Designed
for Retrieval,) ‘

"SOURCE REQUIREMENT
The Tug Sha!l be Compatible with The Rendezvous / Docking System Shall be iBM Operations
SGLS or STDN / TDRSS Compatible with the Tug Communications Study (Reference
System (e.g. -TM, TV) TGl - 12 - 10 - 15)
The S/C Shall Provide Redline Limits for The RID System Shall Enhance Abort Capabliity, Tug Rgmt's
Mission Rules, Jettison, Hazardous Fluids, or as a Minimum Shall Not Preclude Abort MSFC 68M00039-1
Pressurant Dump and System Safing for . UNDOCKING IS A REQUIREMENT Para3,2,6.2,4
Abort ,
Provislons Shall Be Made for Remote Jettisoning of Deployment Mechanism Shall Not Tug Rgmt's
Emergency Jettisoning of S/C Deploying be Inhlibited by R/D System MSFC 68M00039-1
Equlpment asNecessary to Complete Para3,2,6.LLu
Retrieval and Stowage
The Tug Shall Provide for "Infant Mortality'" The Rendezvous / Docking System Shall Permit MDAC Report
Retrieval of Spacecraft “Infant Mortality" Retrieval G5%4 and

|BM Operatlions
Study (Reference
TGl - 10 - 10 - 3D)

P rovisions Shall be Made for Safing on
Command Any Unused S/C Ordnance
P rior to Retrieval

Capabllity Shall Exist for Ground Initlation
of All Control Signals to the S/C Interface

Implies S/C Safing Prior to Recovery by Tug
or Reconnection of Monitor & Control
Umblical

IBM Operations
Study (Reference

PTI -33-10-79 &

PTI--1-17 - 140)
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SOURCE REQUIREMENT

continued)

DERIVED REQUIREMENT

ey o T i

Safety Critical Data - The Tug Shall Provide
Tug 7 SIC Safety Critical Data During
Deployment / Retrieval by Orblter

Verification / Talkbacks - Commands
Affecting Safety Critical Equipment Status
Must Have Associated Data Transmission

to Provide a Positive Functional Verification

Data - The Data Link Between Tug and S/C
During Any Part of the Mission Shall be by
Hardline Only

Fiuld Interfaces - Propellant Fill, Drain,
Dump, Pressurant Fill, Dump and Coolants

Safety - The Tug / S/ C Shall be Safed P rior
to Orbiter Approach

- Provislon Shall be Made to Confirm All
Safety Critical SIC / Tug Interfaces Are
Securely Reconnected Prior to Retrieval

The Rendezvous / Docking System Shall Nat
Interfere With Tug 7 S/C Service Interfaces

(|mplfe§ Monitoring and Control Interfaces
be Re-established or Spacecraft Safing be
Performed Before Retrieval by Tug)

“PTH-2-10-70

IBM Operatfons
Study and
MSFC 68M00039-1

| BM References
PTI -1-17-140

PTI -8-10-20
Tl -2 -10-19
o1l -57-10=170
0TI -12-10-70
OTi -62-10-75

Capablfity for Static Discharge Between the
Tug and S/C Shall be Provided

The R/D System Shall Incorporate This
Requirement, or as a Minimum Not
Interfere with the Provisions,

Tug Rgmt's
MSFC 68M00093-1
Para 3.2,6.1.4 (d)(9)

The Sturctural Interface Between S/C and
Tug Shall Transmit the S/C Loads intothe
Tug Structure with 25% Margin of Safety
Under the Most Adverse Shuttle Design
Loads, Excluding Crash Landing

The R/D System Shall Support These Loads

Tug Rgmt's
MSFC 68M0D0039-1
Para 3,2,6,2.3 (b)(9
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TABLE II-7.

ey e bosd Tany o

SOURCE REQUIREMENT

S A —
DERIVED REQUIREMENT

P

The Space Tug and S/C Shall be Compatible
with All Shuttle Imposed Environment

The R/D System Shall be Compatible with Shuttle
Orbiter, Tug and S/C Imposed Environments (e.g.,
Docking Loads, Landing Loads, etc.)

Tug Rqmt's

MSFC 68M00039-1

Para3,2,7,410&
3.27.411

Al Electrical, Mechanical and Fluld Interfac
Connections Shall be Fail Safe

!

The R/D System Interface Connections
{Electrical Only} Shall be Fall Safe

I BM Operations
Study (References
PTI-14-10-4
& Safety 36 - 71)

Specifted Requirement ~

R/D System Candidates Shall Include:
- Autonomous System

- Hybrid System

-~ Manual System

-~ Lo-cost Compromise

RFP

RIMARY SOURCE |
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B. SUBSYSTEM REQUIREMENTS BUDGETING

Subsystem requirements, as this section will deal with it, refer speci-
fically to performance requirements on the design characteristics of the sensor
and docking mechanism. As all of these parameters are interrelated, the
derivation of- requirements is really a budgeting process that arrives at -the best
performing hardware for the lowest weight and cost. The factors in this budget-

ing are illustrated in Figure ZII-5.

A
[

Reduce ' Reduce
Measure Tug | : Variables Varfables
| To Taryet .| To Resldual [ To Zero -

Variables Contact Values
Sensors | [ Strategies™ | /  \. { Mechanlsms

Measured
Vatue Uncertainty:
Range —————~ F
Range Rate —————FPS

{Residuals)

Line Of Sight Angles & Rates: L;Zﬁgﬁtv‘é?;ﬁgy:}fgg
Pitch ———— Deg (Deg/Sec) Angular Velocity —Deg/Sec
Yaw ——————— Deg (Deg/Sec) . - All Axes

Targle;t“g:ls Angles & Rg’t;;:(neg}s&d Lateral Misalignment—~t

S — A —
o Doy (DegiSed ngular Misafignment -—Deg

o -
Relatlve Roll Angles & Rates: tlonal Misalignment-D

Rall

Figure II-5: Docking Budget Issue
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Considerations of docking one vehicle to another comsist of measuring the
relative states of the vehicles, maneuvering to change the states to desired
values and finally, securing one vehicle to the other, Errors and uncertainties,
of course, complicate these steps. The sensors used to meASure the relative states
have inherent uncertainties on the measured values. Thus, as maneuvers are per-
formed to complete the rendezvous and docking maneuvers, residual uncertainties
result in uncertainties in the vehicle states at contact., Maneuver algorithms
and maneuver hardware also have a contribution to the total uncertainty. There-
fore, the docking mechanism must have the capability to tolerate the uncertainties
resulting from the mapneuver znd the sensor measurements. Some of the mechanism
design parameters that are influenced by the conditions of the vehicles and their

mechanism's at docking are illustrated in Figure LI-6. .

Axial
Lateral Velocity
Roll Misalighment Drives Impact Loads,
Drives Slze of Energy Attenuation &
Drogue Opening Latching Design

Approach Path

{Axial Vel, & tat. ’
Vel,) \1 Drives Guide Design,
\ Lateral & Tarsional ¥ '

—_—r Loads Approach
TSI : AﬁitudeW
lﬂ"

Drives Lateral Drives iatch Design
Loads & Guide e MM
Design '

Figure II~6: Docking Mechanism Design Parameters
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To arrive at the desired requirements, détailed geometrical conditions at
docking were developed for all possible cases. Equations were then written fof'
these conditions that expressed the interrelationships and uncertainties affect-
ing the docking. It was found simplest to write equations for the docking mecha-
nism in terms of the other uncertainties such as Tug and sensor. A specific

equation was written for each of the following docking mechanism parameters.

o Angular Misalignment (Impact Docking) _

o Angular ﬁisalignment (Non~Impact Docking)

0 Lateral Displacement (Impact Docking)

0 Lateral Displacement (Non-Impact Docking)

o Lateral Velocity

o Contact Velocity

o Roll Misaligﬁment

o Steerable Probe Maximum Angle (Non-Impact)

o Steerable Probe Maximm Rate (Non-Impact)

An example of the approach is provided in Figure I1-7 for the first
parameter on the list; angular misalignment. The geometrical assumptions and
resulting equations are shown. The equations were coded for comﬁuter program
solution. A typical plot, for the conditions listed, is shown in Figure TI-S.
Other parameters can be plotted for any set of +values desired. A detailed
definition of the other equations listed above is provided in Part A of Section
JII in Volume IV. The computer program coding for the more complex equations is
also provided in that section. A large library of computer plots showing per-
formance of the mechanism and/or sensor and sensitivity to other system parame-
ters was generated. Those curves formed a data base for definition of the desired
detail hardware requirements. This detailed-derivation is provided in Part B
of that same Section III. That section has derived a set of requirements for the

following five different configurations:

Manual Impact Docking

Manual Non-Impact Dockiné
Auytonomous. Impact Docking
Autonomous Non—impact Docking

Hybrid Tmpact Docking
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The derivation in Part B of Section III represented only the first phase
of the requirements definition., As was pointed out earlier, the initial defini-
tion was based on a set of worst case conditions existing at a.single point in
time. These worst case errors were then RSS5'd in the analysis. To verify that
these conclusions were indeed valid and to expand on them where necessary, a
dynamiec docking simulation program was written that duplicated the docking process
under dynamic conditions and in the presence of expected Tug and sensor uncer-
tainties., See Section IT-B of this volume for a detailed description. The program
is a fast rumning simulation that permitted a Monte Carlo approach to arriving at
the expected values for the same docking mechanism parameters examined on an RSS

basis in the first analysis.
~

A good comparison of results wasg obtaimned. Table II-8 shows the results
of both of these analyses. for just a few of the typical docking mechanism para-

meters. '

Table I1-8: Simulation Verification Results -~ Autonomous Configuration

Dynamic Simulation

RSS Error Analysis (Program DOCK)

Docking Mechanism

Design Parameter Results Spec Results
. d .
Angular Misalignment (gg)ra 2285§§d (gg)rad
. . 05 m 10 m 03 m
Lateral Misalignment (.16 ££) | (.32 ft) (.1 ft)
. X . 006 m/s .3 m/s .05 m/fs
Lateral Tip Velocity (.02 Fps) (.1 Fps) (.15 Fps)

There is a reasonably good comparison between the first two., The column titled
"Specification" incorporates\a marging 26 m rad (1.5°) for the first parameter
and a factor of 2 for the second. It's the two "Results" columns that should be
compared, BSomewhat of a discrepancy exists for the lateral tip velocity. It
was assumed in the RSS error analysis that the Tug attitude control would be '
relatively stable during closing; operating generally in the ACS jet minimum
impulse regime. In program DOCK a more unsophisticated, coarser control system
was implemented to minimize program run time. This resulted in somewhat larger
vehicle deadband rates during closure which, in turn, reflected into higher tip
velocities, It is felt the specification of .05 m/s (.1 Fps) is still a reason-

able %alue.
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A summary of the final requirements derived in Part B of Section IIT,
using this two-phase approach, is provided in Tables IL-9 through -13. Five

general categories of requirements are summarized. They are for the:

Ranging Sensor
Video Semnsox
Docking Mechanism
Spacecraft Cues

Tug and/or Man-in-the-Loop Control System

Each requirement in the tables is treated imdividually in Section TII of

Volume TV accompanying rationale for its selection.

One Fomment should be made here regarding the last category above - the
Tug ané man’ control requirements. In the analysis for this study it was found
that a significant contributor to the errors for an impact docking is traceable
to the Tug vehicle lateral velocity. TFor a manual docking that parameter is a
function of how well the man can discern the target cue and detect he is driifting
off of alignmeﬁt. It is a nebulous paramefer'to pin down, but of great importance
because of the major contributor to errors that it is. It.uhdoubtedly requires man~
in—the-lpog-simulation. FTor an autonomous docking, much tighter control of the
vehicle can be achieved due to reasonably high accuracy of the attitude cetermina-
tion sensors. There are limits to the sensor, of course, but there are also
finite limits om trimming lateral velocities imposed by the Tug vehicleﬁ its con-
trol system zutcpilot design, ACS thrust levels, ACS minimum impulse bits) etc.

These must be known and accounted for in a total error analysis.

N

A similar argument arises for the non-impact docking,only in this caselthe
concern relates to the stationkeeping period: When the retrieval probe is being
extended. A translation deadband is being maintained using lateral position
sensing and the Tug control system in a manner similar to the familiar attitude
control rotational deadband, The rendezvous and docking sensor accuracies are key
error sources, of course, but again the Tug inherenf control system implementation

limitation, and the man's capabilities are equally significant,
D ¥ g

The conclusion of all this is that the capabilities of Tug designs and
man himself should be carefully evaluated, in simulation if necessary, and finite

and credible specifications be placed on the Tug, or any other applicable trans-
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TABLE 11-9 RANGING SENSOR REQUIREMENTS .
AU NOMOUS
REQUIREMENTS MAN’UAL UTO
IMPACT NON=-IMPACT IMPACT NON-IMPACT
a) Attitude Determination Capability No No Yes Yes
1) Actitude Determination 9im 91m
" Maximum Range N/A N/ (300 ft) {300 ft)
2) Attitude Determination 3m . 9m
Minimum Range N/A B/ {10 £t) (3 ft)
' + 17 mrad + 17 mrad
A A - -
3} Attitude Determination Accuracy N/a N/ & 1 deg) G 1 deg)
b) Acquisition Range 46 km 46 km 46 km 46 km
(25 nml) (25 n mi) (¢t 25 nmi) {(+ 25 n mi)
¢} Range Data Minimum Im .3m 3m .9m
(10 £1) (1 £r) (10 £t) (3 ££)
d} Range Accuracy -
Far- .93 km to 93 Im + 30,5m + 30.5m + 30,.5m + 30.5m
(.5 mi to 50 n mi) (£ 100 ££) |(*+ 100 £t) (% 100 ££) | (¥ 100 £r)
Near-3m to .93 km + J3m +.15m (+ .5 £t)(long term) + JJ3m + .J3m
(10 £t to .5 n ml) &1 £e) +.02m (¥,08 £t)(short temm) |(+ 1 £t) (1 £r)
Near..%m to ,93 kn +.15m (+.5 £t){day-to~-day)
(3 £t to 10 ££) N/A N/a N/A +.03m (4.1 £0) (short tem)
e) Range Rate Accuracy
Far= ,93 lm to 93 km
C5n mi to 50 1 ) TBD TED TBD 8D
Near-3m to .33 km 4+ .03 afs |+ .03 n/B + .03 mfs + ,03 m/s
(10 ft to .5 n mi) {+ .1 fps)y [{+ .1 £ps) (+ .1 fpa) (& .l fps)
Near-.Imto .93 lm + ,003 mfs
(3 £t to 10 ft) N/a N/a N/A (£ .01 £pi)
£) Field-of-View % .52 rad | L .52 rad + .52 rad | * .52 rad
N (+ 30 deg) (& 30 deg) Gt 30 deg) | (+ 30 deg)
g) LOS Accuracy (Iancl. Misalignments)
Far~ ,93 km to 93 km
(.5 n ol te 50 n ni) TBD‘ T5D
Near- ,3m to ,93 lm i 17 mrad i 17 mrad '_"_ 17 mrad t 17 mrad
(1 ft to ,5 n mi) ¢ 1 deg) (1 deg) (+ 1 deg) (£ 1 deg)
hy LOS Data Minimum Im »3m ’ +3m «3m
(1 £e) (1 fr) (1 ft) (1 £g)

:
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TABLE II-10 VIDEO/LIGHTING REQUIREMENTS

CAMERA
Type
Fov
Resolution
Camera Survivability
Qutput Bandwidth
Dynamic Range
Maximum Length
Power
Weight
Scan Time
LIGHTING
Type’
Maximum Power

Average Power

2.5 ecm (1") Silicon Intensified Target (SIT) Tube
.35 radian (20 degrees)

525 Lines x 430 Pixels, Minimum

Look Directly at Sun

L.S miz

% 10,000 to 1

Jm (L £ft)

20 Watts (28 VDC), Maximum

9.0 kg (20 1bs), Maximum

<1 sec

Tungsten Floocd Lamp
600 Watts

20 Watts
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TABLE II-11 DOCKING MECHANISM REQUIREMENTS

REQUIREMENTS' MANUAT AUTONOMOUS
IMPACT NON-IMPACT IMPACT NON-~IMPACT
+ .07 rad -
a) Angular Misalignment £ .08 rad ¢+ 4,1 degﬁsm i + .05 rad + .04 rad
) 4.5 deg) + 09 rad * 2.8 dag) & 2.4 deg)
. —_ RF “ .
. ¢t 5.0 deg)]] :
b) Max Lateral Displacement + .13 m + .12 m +..Im + .06 m
(prior to STEM Contact (+ .42 ft) (+ .4 ft) (+ .32 ft) (+ .2 ft)
if pon-impact)
' |
c) Max Lateral Velocity + .07 m/s 0 + .035 n/s 0
(at I/F) (+ .22 ft/sec) (+ .11 ft/sec)
d) Max Contact Velocity .3 + .03 m/s .005 m/s 3 + .03 m/s ,005 m/sec
' S (L + .1 ft/sec) | (.0l6 fr/sec) (1L + .1 ft/sec) | (.0L6 ft/sec)
e) Roll Misalignment 1 .09 rad x .09 rad + .09 rad + ,09 rad
_ (+ 5.0 deg) ¢ 5.0 deg) ¢t 5.0 deg) (£ 5.0 deg)
f) .Angulat Misalignment at + .
. N/A 1 .07 rad N/A + .04 rad
Contact{non-impact system) & 4,1 deg) G 2.4 deg)
g) Max Lateral Displacemeént {
at Contact (non~impact) n/A % 2.5 cm N/A t 25 cm
+ .17 ra iR
h) STEM Articulation Angle N/A (4 10 deg ) N/A + .17 rad
+ 235 rad] o G 10 deg)
: (+ 20 deg)lf
i) STEM Articulation Rate N/A .08 rad/sec N/A . 075 rad/sec
. (4.6 deg/sec) (4.4 deg/sec)
j) Max STEM Extension N/A 1.5 m N/A 1.5 m
(5 £t) (5 £t)
k) STEM Extension Time N/A 2 minutes N/A 2 minutes
1) STEM Retraction Time N/A 10 minutes N/A 10 minutes

b




€g-11

TABLE II-12 CUE REQUIREMENTS

REQUIREMENTS MANUAL AUTONOMOUS
IMPACT NON-TMPACT IMPACT NON-~IMPACT
Visual Offget "TM Offset "T" Offset "T", Offset "IV,
where TV is where TV is
required required
Ranging Sensor
SLR (Cooperative)
Ranging 1 Corner Gube 1 Corner Cube Spherical Spherical
reflector reflector
coverage coverage

Attitude Determination

SLR (Non-cooperative)
Ranging .
Attitude Determination

RF (Cooperative)

Ranging

Attitude Determination
RF (Non~cooperative) .

Ranging
Attitude Determination

(.6m(2") diametrer)

None

None
None

1 RF Reflector

None

None
None

None

None
None

1 RF Reflector
(.6m(2')diameter)
None

None
None

Corner reflec-
- tor pattern

None
Reflective
coating

1 RF Reflector
(.6m(2')dlameter)
4 RF Reflectors

None
4 RF Reflectors

Corner reflec=-
tor pattern®

None
Reflective
coating

1 RF Reflector
(.6m(2") diameter)
& RF Reflectors

Nonq
‘4 RF Reflectors

*Due to limitations on minimum rangé of =ar{3m) of the selected corner reflector pattern, an
additional smaller dismeter (< .3m) spacecraft cue may be necessary with the GaAs SLR that
provides attitude and position data in a rapid fashion, probably requiring a special mode
in the SLR for that close-in stationkeeping.
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TABLE II-13 MAN AND/OR CONTROL SYSTEM REQUIREMENTS

REQUIREMENTS M‘ANUAL AU- TONQMOUS

__ . IMPACT NON-IMPACT IMPACT NON-IMPACT

a) ACS Minimum Impulse Bit 20 ms 20 ms 20 ms '20 ms

b) Lateral Translation Time .03 m/sec .02 m/sec - .003 m/sec .003 m/sec
Capability (.1 £t/sec) (.1 ft/sec) (.01 ft/sec) (.01 ft/sec)

c) Akial Translation Trim N/A +,0006 m/sec N/A +.0006 m/sec
Capability {automatic) (+.002 ft/sec) (+.002 ft/sec)

d) Lateral Translation N/A +,152 m N/A .03 m
Deadband (+.5 £t) (.1 fr)

x
e) Leteral Translation N/A +.0006 m/sec N/A +.0006 m/sec

Deadband Rate

(+.002 £t/sec)

(+.002 ft/sec)




portation vehicle, for parameters that relate to rendezvous and. docking performance
such as translation limit cycles, etec. No such specifications currently exist.
Similar finite specifications should be placed on the manned control loop, which
includes not only the Tug but the entire imaging 1oop,_grouna delays, displays,

and others.

One final realm of requirements that is ultimately as important as those

discussed thus far is the detail mechanism design requirements that relate to

contact energy absorption capability of the mechanism, Specifically, these are
requirements for damping, load carrying capabilities, shock absorbers, etc,
Quantitative values for these requirements were not developed during this study,
but rather, emphasis was placed on refining and verifying the tools that develop
these requirements. Our appreoach and the tools developed are discussed in detail
in Section I of this volume. The definition of finite values is dependent on

an explicit detailed representation of the mechanism itself. Such definition was
not available. 1In addition, the sophistication of the program'incurs program run
time costs not in keeping with the preliminary design nature of the rest of the
study, The real ocbjective was not so much finite design parameters, but rather
verification that a tool exists that can provide those parameters at a time when
a firm mechanism choice has been made and detail design is ready to be initiated.

That objective was met.

IT-27



C. COMPONENT CANDIDATES

This part of Section II summarizes the candidate sensors, docking mechan-

isms, strategies and algorithms that were compiled as a data base from which the

candidate systems are configured in Section III.

‘

1. Sensors - The purpose for sensors in the rendezvous and docking system are

to provide the following data on the target S/C:

Range

Range Rate
Line~of-8ight Angle
Target Attitude

An initial objective in this study was to canvas all existing or poten-
tial sensors that could provide any one of, or all, the data desired., That
survey was conducted, vendors were contacted and from that a number of optimum
sensors representing several different technologies were selected as the hard-
waré data base from which the candidate manual autonomous and hybrid systems

were configured in Section TIL.

One of the key criteria in the candidate selection process was that the
list should represent sewveral different feasible technologies, specificaily
some proven and some advanced. It should also include some high performing
sensors as Wel} as some lower performing but inexpensive units. Each sensor
did not have to provide all the data desired; however, where only some data was
achievable, other alternative methods of arriving at the remaining data had to

be available before this sensor could be considered a valid candidate,

A list of the final set of sensor candidates is provided in Table II-14,
along with a summary of the rationale for-selection. Each of those shown are

discussed in more detail below.
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Table II-14 Sensor Hardware Candidates

Subsystem Candidate Rationale
Sensors

Laser Radars o Ga As ¢ Current Tug Baseline
o CO; Cooperative o Long Range Capability
o G0, Non-Cooperative o Minimize S/C Cues

TV o Silicon Vidicon o Shuttle Development

RF Radars o Modified Apollo Rendezvous -| o Flight Proven, Minimum

Non-Cooperative ] 8/C Impact -

o Modified Apollo Rendez- o Lower Weight and Power

vous - Cooperative

o Dual Mode - Non-Cooperative | o Single Unit, Full Range

(Rendezvous Radar above Capability, Minimized
plus Short Range Pulse S/C Impact
System)

o Dual Mode - Cooperative o Lower Power and Weight

than above

a. Scanning Laser Radars - The first one discussed, the GaAs SLR, has been
under development for several years. The design is feasible and a number of per-
formance capabilities have been demonstrated in test., WNo qualification testing

has been conducted.

A number of studies has been published by the original developer, ITT,

San Fernando, California. They are references

The GaAs SIR is currently baselined as the rendezvous and docking
sensor in the spare Tug Avionics Definition Study (Reference 2) dated April
1975.

Fl

The GaAs SLR is a line-of-sight acquisition and tracking system that
will determine the relative location of a target by measuring the line-of-sight
range to the target, and the pitch and yaw line-of-gight angles. The range
rate and angle rates are detefﬁined by differentiating the range and angle

measurements,
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Target attitude is derived by computation onboard utilizing reflected
laser pulses from several reflectors mounted in a known orienmtation on the
vehicle, A block diagram of the device is depicted for a single target in Figure

iT-9.

POSITION OF TRANSMITTER
- = LASER BEAM
A - .
PIEZOELECTRICALLY
DRIVEN MIRROR
TRANSMITTER
BEAM STEERER
so =)=
FIELD <
2T [Echmomc\mc
e DEFLECTION COIL
. - MULTIPLIER TARGET
L~ ™~ ~. RETLAN 2%6;;‘5
L~ _ CONTROL
- - A
e -7 ¥ scanine
> OPTICAL DETECTOR
, {IMAGE DISSECTOR1
L~ RECEIVER
- QPTICS
|~ )
‘ POSITION OF RECESVER
DETECTOR FIELD-QF-VIEW -
{AFTER IMAGE INVERSION}

Figure II-9 GaAs Scanning Laser Radar

The SLR is employed in a cooperative passive application on the Tug;
that is, no active electronics are required on the target, but some passive re-
flective device, such as a mirror, is necessary. In fact, an array of corner
cube retroreflectors is require to permit acquisition and tracking at a maximumn:
range of 46 Km (25 n mi)., Four additional corner cube retroreflectors, in 2

Wt configuration, are required for the docking phase,

Some pertinent parameters of the GaAs SLR are summarized in the first

column of Table II-15,
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Table II-15 SLR Candidates Charaéteristics Summary

Sensor GaAs CO2
Type Pulsed Pulsad
Wavelength 9 Microns 10.6 Microns
Mode Cooperative Passive Non-Cooperative
Mechanization Bear Steerer/Vidicon Osdillating Mirroxr

Peak Power
PRF
Beamwidth

FOV (Max)

Frame Time (Acq)
Range Accuracy
Acquisition Range
Pulse Width

Pulse Rise Time
Minimum Range
Average Power
Weight

Tnput Power

Estimated MIBF
Technology
Target Vehicle Aid

Development Status

2 Watts

"1/10K H=z

l.7m rad x 1.7 m rad
(0,,10 x 0.19

.5 rad x .5 rad (30° x 309)
140/14 Sec

1l m (0.33 Ft)

46 Fm (25 n mi)

70 n sec

20 n sec

~ 3 m (1 Fr) Poséible
0.14 m Watts

18 Kg (40 Pounds)

40 Watts

7000 Hours
Present

16 Corner Gubes (Rend)
T Configuration (Docking)

Prototype

1.2K Watts
100K H=z
0.01° x 0.01°

30° x 30°

360 Sec

.1 m (0.33 Ft)

46 Km (25 n mi) (Pq = 0.99)
350 a sec

TBD

A .3 m (1 Ft) Possible
40 Watts

22.6 Kg (50 Pounds)

200 Watts

100 Watts (Cooperative)}
2000 Hours

Present

None

Paper Design

b. 602 Laser Radar - The C0, laser, under recent development by Norden

Division of United Aircraft for MSFC, is not as far along as the GaAs SIR, but

has certain unique advantages that justify its inclusion as a vigble candidate

for Tug rendezvous and docking.

track ranging at relatively long ranges.

Principal among these is a capability for skin

Thus, the impact on the $/C is minimized,
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a feature the GaAs cannot achieve with its power limitations. Both a coopera-
tive, as well as a non-cooperative version of the CO, laser, was considered
since the cooperative version has a lower weight and power, However, the CO,

laser’s real advantage is in the non-cooperative mode. :

The sensor described herein is configured to utilize a passively Q-
switched CO2 laser as the transmitter active element,. and a four-quadrant\ photo-
diode array, operated as a coherent receiver element in a heterodyne mode. The
aperture is about 15 em (3 inches), and the telesc;ape steers the beam in a .7 rad
X .7 rad (490 x 40°) window. The laser, as well as the receiver configuration, are -
similar to equipment for tactical airborne applications. The electronics, logic,
and computer interface are similar to equipment that is associated with most

coherent pulse doppler radar sets.

A block diagram of the system is provided in Figure II-10 with an artist's

concept of the device in Figure II~ll,
: PRF REFERENCE

W
a-LINE DIRECTIORAL POINTING TARGET
| BMNLASER MDY semmier [P coupler | o | TEescore [ B OMRROR | e
S Y f y:
H ' -
- A4 —I
- f RECEIVE
POWER - SCAX
. ANGLE  [%
SUPPLY COMPENSATOR COXTROL
LocAL
BENY - DETECTOR DOPPLER IF THRESHOLD SEARCH TRACK
OSCILLATOR |31 creroms [P mrmay [ O|PRENPLIFIEREDY Teygers [ circurts [¥) conmao CONTROL
1o
[ ) FREQUERCY A0
COMTROL CORVERTER '
¢clacult
X
YEHICLE
PRF CONTROL i }ﬁ_

Figure II-10 COy Laser Radar Block Diagram

Pertinent performance characteristics are summarized in Table II-15.
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Figure II-11 (€O, Laser - Artist's Concept
& 2 P

Ce Video Sensor - Identification of requirements, summarized earlier in
Table II-10, and discussed in more detail in Part B of Section VI, Volume IV,
indicate that use of the TV camera to be developed for the Shuttle program is
feasible for Tug application. Some modification may be necessary but, in general,
the assumption that much of the initial development will be borne by Shuttle
appears valid. There is still further definition of requirements for the Shuttle

camera anticipated, but the general characteristics that Shuttle is looking for
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No particular vendor is selected at this time, pending

are shown in Table II=-16,

the Shuttle selection next year.

The Shuttle camera described in Table II-16 with its high scan rate, will
require some storage and buffering on the Tug to be compatible with the communi-

cation downlink bit rate of 50 KBS, as opposed to the Low Light Level TV in the
current Avionics baseline.

The Shuttle program is not certain whether an intensified tube will be re-
quired or not. RCA, a potential bidder, does not think so; but for Tug application
it has been assumed this will be a necessity since image data at 30 m (100') will be
necessary. Lighting is also an assumed requirement due to possible need for
target cue recognition in the dark. The cue may be set back in the docking port
as well. Strobe lighting will be assumed since picture rates on the ground will
be at a relatively low rate., For more autonomous operation, requiring onboard
algorithms deriving range, range rate, LOS, or target attitude, the picture speed
would undoubtedly be higher and the strobe rate higher, but continuous lighting

does not appear to be a requirement for unmanned application.

Table II-16 Shuttle TV Candidate Characteristics Summary

I1-34

Type 2,5 em (1") Silicon Vidicon Tube
FOV 35 rad (209)
Resolution 525 Lines x 430 Pixels

Camera Survivability

Output Bandwidth

Dynamic Range

Target Illumination Required
Maximum Length

Power

Weight

Image Scan Rate

Lighting

Development Status

Look Directly at Sun

4,5m Hz

~ 10,000 to 1

46 to .92 Lux (5 - 10-Ft Candles)
o3 My (k)

15 Watts, 28V d.c.

6.7 Kg (15 1bs)

30 Times/Sec

Tungsten Flood Lamps

Shuttle TV Camera Development
Appears Applicable. RFP in
Spring 1976; ATP in 11/76




" Additional detailed discussion regarding requirements and support of the
above selection is prowvided in Part B of Section VI in Volume IV, More details

on the lighting system required is also presented in that supplement,

- Another subject unique to the video system and also discussed in some
detail in that section, is the development of software algorithms that are re-
quired to process image data into the range, range rate, LOS'and S/C target
attitude data necessary for rendezvous. Not all that data is necessary for all
candidate system concepts, In some cases the processing is done onboard and
in others on the ground; ‘however, there is in all cases some form of large
data processing required. Some feasibility study and testing has been done at
MMC in this area. The approach and some results are provided in that same Part
B, Section VI of Volume IV, Tilustration of a technique that can calculate
centroids, or centers of a S/C for LOS data, and can measure maximum diameter on
a repetitive basis for range and range rate data, is provided. It provides sig-
nificant enhancement of iﬁaging data and further development of this capability

is encouraged.

There is also some feasibility study results of data compression tech-
niques presentéd in that same section. Data compression was recommended earlier
as an area of pursuit that would enhance the ground control of the wvehicle in
manual configurations by speeding up the current quite slow picture update rate

ont the ground (due to Tug downlink data rate constraints}.

d. R¥ Radars - Conventional RF radar, though not strongly considered for

Tug in recent studies, still have some unique capabilities and advantages that
place it as a definite contender as a rendezvous and docking sensor. Previously
de&eloped radars, such as Apollo IM, provide the required data down to a range

of ~30 m to 90 m (»v L00'" to 300'), From that point on in and in order to provide
target attitude information, a different concept and design is required., Consequently
the survey of potential radars fall into two categories. For the far-out ranging,
a number of developed designs were considered, while the close~in data gathering
required some new design effort to define a concept that would meet the rendezvous
and docking requirements. Some of the candidates surveyed, the derivation of '
requirements and a detailed description of the final candidates selected is pro-

vided in Part A of Section VI in Volume IV, "Supplemental Sensor Analysis". A
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brief description of the selected RF subsystems is provided below. As noted in
Table II1-14 earlier, four systems were selected for the candidate list, but note

that two of the four are merely cooperative versions‘of the pther two non-cooperative
systems. Both types were evaluated because of the reduced weight and power of the
cooperative systems. But, in effect, there are only two different types; referred

to as a rendezvous radar, which is useful only up to 30 m (100') of the target,

and a Dual Mode radar which incorporates a close~in data gathering capability

along with the rendezvous radar above. The latter is comparable to the SIR in

the ranges over which it performs and the type of data gathered. The pertinent

characteristics of four radars are summarized in Table II-17.

Rendezvous Radar - This unit is a derivative of the'Apollo IM rendezvous

radar. A design similar to Tug needs is being defined for the Shuttle program.
It is presumed much of any development required will have been accomplished on
+ the Shuttle program. Consequently, a major advantage of this unit is the minimal

development costs and low risk associated with a flight proven design,

The radar is a pulsed déppler ¥-band radar with a .9 m (3-foot) casegrain
antenéa. 1t will provide a probability of detection (Pg) of .99 on a S/C cross- ~
section of 10 mZ. Acquisition time at 46 Km (25 n mi) is less than 6 seconds.
The radar design employs a frequency diversity implementation utilizing five
frequencies spaced 50 MHz apart at X-band. This reduces the radar power require-

ments and improves the target radar cross-section of the complex target vehicles

congsidered for the space Tug mission.

The cooperative version requires a trihedral, triangular corner reflector
.24 m (.8" on a side) on the target vehicle, In other respects, it is the same
except for the expected reduction in power required and correspondingly in the

weight as well,

Dual Mode Radar - The dual mode radar incorporates the rendezvous

radar above, both the cooperative and non-cooperative, with a close-
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in radar that is essentially new design.

It is cooperative in all versions.

It utilizes four small RF retroflectors on the target $/C which support the de-

termination of range, range rate, LOS and target attitude determination down to

Im(3'). A9 #'sec transmitted pulse width is employed for this phase and a

wide band receiver is utilized to provide the required high range measurement

accuracy.

it has the advantage of using existing technology hardware.

Some

As stated earlier, this close-in capability is a new design, however,

p%edevelopment

effort should be expended in this area to develop an alternative to the laser

radar techniques.

Sensors Rendezvous Radar Dual Mode Radar {Rendezvous Plus Decking)
Noncooperaive Cooperative Noncosperalive Rendezvous Cooperative
Type Non-Ceherent Puise-Doppler | Non-Coherent Pulse-Doppler | Non-Coherent Pulse-Doppler Nen-Coherent Puise-Doppler
Frequency X-Band X-Band X-Band X-Band
Angle Tracking Amgl Comp Moncpulss Ampl Comg Monopulse Ampl| Or Phase Comp Monopulse Amp! Or Phase Comp Moncpuise
Peak Power &5 W 10K W 42X W Rendezvous Mode 10K W Renderwus Mode
10 W Docking Mode 10 W Docking Mode
PRF L6K Hz SL6K Hz 16X Hz L6k Hz
Bearwidth .04 Rad 2,39 LO4R2d(2.3°) . 04Rad{2.3°)Rend .52Rad (30°1 Docking | . 04Rad(2.3°}Rend .52 Rad £0°) Docking
Search Volume .52 Red X .52 Rad B0 X%0"} L52Rad X.52 RadBOXX07) [ 52RadX.52Rad B0X30°) .52RadX,52Rad (30.X30°)
Antenna Cassegrain Duat Ref Cassegrain Dual Ref Cassegrain (Rendezvous}; 4 Hom Cassegrain (Rendezvousk 4 Hom
Mono-pulse Array {Docking) #ono-pulse Array (Bockingt
Pulsswidth 1 s 1 s8¢ 9.0psec Time Shared 9.0 psec (Time Shared
Receive Moda); _ Receive Mode)
Anl Polarizatlon Clreutar Clrcular Circelar (Rendezvous} Circufar {Rendezwous)
Uinear {Docking! Linear {Docking) -
Recelwr BW L&A Kz LMK L4M Hz 1.4 Hz
Target Vehicle Alds Kone Trihedral, Triangular Corner [ None (Rendezvous); Passive Trihedral,” Triangular Corner
Refleclor,.24M {,&") On a Side [ Ant With Delay Line (Docking) Reflector (Rendezvous); Pastive
) Ant. With Delay Line (Docking)
input Powsr 75 WAt 120 Watts 275 Watts (Max} {Rendezvous) 120 Watts {Max.) {Rendezvous)
20 Watlts (Docking] 20 Watts (Docking)
Maxmum Range A6Km 25 n mi) 46Km (25 n mi) 46 Km 5 n mi) 46 Km 25 n mi)
Minimum-Range 30M {100 ) 30M (100 0 .6M @t} {Delay in Tracking Aid} L6 2 ) (Delay In Tracking Ald
Estimated MTBF 2000 Hours 2000 Hours 2000 Hours 2000 Hours
Technology Present Prosent Present Present
Developmant Complate Complets Rendezvous - Complete; Docking- Rendezvous - Complete; Docking-
: Paper Design Paper Design !
Welght 33Kg (72 Pounds) 36 Kg (80 Pounds} 34 Kg {75 Pounds)

34Kg (5 Pounds}

Table II-17

RF Candidate Configuration Sumrary
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2. Docking Mechanisms - The U.S. space programs' experience with joining

two vehicles together in.orbit began with the Gemini Program, continued with
Apollo and ASTP (Figure II~1l2). All three used impact mechanisms, and all three
were brought to the point of contact under direct manned control, By virtue of
being impact systems, all used a system of springs and shock absorbers to reduce
shock loads on the mating spacecraft, By virtue of being manned, all were built
around provisions for manned ingress/egres§; two were periferal mechanisms around

a tunnel, and one was a central device which was removed from the tunnel.

While the manned transfer problem is eliminated for the space Tug opera-
tion, most other requirements remain and some new and stringent ones appear. The

most significant requirements are:

1) Provide support structure to cantilever S/C off Tug in both Tug and Shuttle
flight regimes;

2) Provide a delivery/retrieval system capable of delivering up to three $/C and
retrieving one;

3) Retrieval interface must be able to accommodate delivery of one diameter
payleoad and retrieval of another;

4y ZEliminate final misalignment between vehicles to align docking interface;

5) Deploy or retrieve S/C spinning with rates up to 100 rpm;

6) Provide a redocking capability;

7) Cause minimum impact on retrieved spacecraft design;

8) Minimize weight to minimize Tug payload.

A wide variety of docking mechanism concepts were evaluated (Volume IV,
Supporting Analyses). Three basic concepts were found to be most promising and were

included in the array of subsystems carried into the systems synthesis activity.

MDAC Square Frame: This approach (Figure II-13) meets the myriad re-

quirements blaced on the design with a structurally efficient new design featurin%
a variéﬁy of moderately complex mechanisms., These include: U-jointed A-frames
with integral shock-absorbing capability; variable size s&uare f;ames; and a

set of four spaceeraft mounting points that incorporate a docking guide, a latch

mechanism, and a spin-up mechanism. This appreoach places some requirement on
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the spacecraft adapter to distribute mounting loads from the four point attachment
into whatever structure the spacecraft possesses, and to stablilize the shape of
the open square frame, It must generally be rated a sound concept requiring

considerable new development.

MMSE_Probe/Drogue Beam: This approach (Figure II-14) meets the same

array of requirements as the square frame concept using the flight-proven Apollo
Probe/Drogue in combination with an array of statie structure. In addition,

this approach was conceived to meet IUS and Shuttle automated payload require-
ments. As a consequence, the design has been standardized for a broader appliecation
spectrum than is required specifically for Tug applications, It supplies eight
hard mounting points for spacecraft of various diameters using a family of spider
beams, $tructurally, this approach appears heavier than the square frame approach,
but it is simpler, uses more existing hardware, an& should be less costly to
develop., Provision of spin-up capability in the Apollo probe design will be a
significant development problem; the spin-up requirement should be carefully

assessed before this capability is implemented.

Hybrid Soft Dock System: This approach (Figure IT-15), although not

as well developed as the previous two, incorporates several desirable features.

It achieves soft docking through the use of a steerable, extendable STEM mounted
probe (Figure I1I~16). This probe can be gently inserted in a lightweight space-
craft mounted drogue using man~in-the-loop wvideo concepts. The device then
draws the spacecraft back for a soft attachment to a rigid A-frame structure
attached to the Tug. The A-frames can be rotated in or out to match spacecraft
diameter in a variety of ways; perhaps the preferable approach being an adjustaﬂle
square frame similar to the MDAC approach, The A-frame structure need not have
the variable length shock absorbing struts required for an impact docking. There-
fore, the A-frames are rigid, singly hinged pamnels rather than being constructed
from uﬂiversal-jointed struts, The impact of this system on the spacecraft is
minimal, since the drogue device on the spacecraft can be small and light, and

since shock loads imparted to the spacecraft will be minimal.

Each of these approaches has some special merit, and some special dis-

advantage. The square frame approach is light, and has a fair level of development
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‘activity behinﬁ\it. On the other hand, the structural members involved are com-
plex mechanisms that are not yet qualified. The MMSE approach uses a flight
proven docking mechanism, and supports reérieval spacecraft flight loads with a
static structure. The approach, however, appears to be quite heavy., The hybrid
soft dock ‘approach simplifies the support structure over the MDAC approach and
eases the spacecraft impacts at the cost of a complex development in the steerable
STEM probe,  Comparative weights were developed for these systems for one par-
ticular ap lication (structure designed to carry the spacecraft illustrated in
Figure TI-l4 and -15). The comparative weights were: MDAC, 253 kg (556 1lbs);
MMSE, 441 kg (970 1bs): Hybrid Soft Dock, 241 kg (531 1bs). An added disadvantage
cited for the Hybrid Soft Dock System was a high level of risk involved in de-

veloping an autonomous docking capability.

3. Strategies - Strategies are the concepts used to meet functional require-
ments; the meéhodé by which rendezvous, inspection, alignment and docking are to
be accomplished. When strategies are combined with the requirements of a de-
sired autonomy level and the requirements of particular sensors (Figure II-17)

it becomes possible’to define implemenfation algorithms that will effect the
strategy in a computer. These algorithms divide into decision, maneuver, sensor

utilization and redundancy management algorithms.

Rendezvous Phase - The first rendezvous task is acquisition of the target

spacecraft., In the scenario developed for Tug, this will be accomplished at a
nominal range .of 23 km (12,5 nm) by searching the T /6 radians (30°) total field
of view where the S/C is anticipated to be. This procedure will depend on the

sensor mechanization, but will be straightforward in any case.

Several candidate techniques for rendezvous approach have been suggested
in the past (Figure II~18), but tWo have received the most attention. One of
these is a mechanization of yambert’s Theorem which is generally suitable for
the direction of precise orbital maneuvers intended to efficiently reach the
immediate vicinity of the target spacecraft. With the highly accurate Tug navi-
gation syséem anticipated, this type of maneuver is considered to be unnecessary
for this application. The proportional navigation approach, where line~of-sight

rates are nulled and the Tug is constrained to follow a prescribed range/range
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rate approach profile is considered appropriate. Studies described in more de-

tail in Section I1.D of this report volume have shown this to be an efficient

r

recommendation with a desirable insensitivity to sensor errors. .

Inspection Phase - The objectives of the inspection phase are to verify

the spacecraft ready for docking and to locate and maneuver to the docking axis.
A circular inspection maneuver is suggested where the Tug is controlled to always
point toward the spacecraft so forward pointing sensors can be used. A near

circular orbit ( 100-ft range, 20-minute period) around the spacecraft is

i Terminal
Objectives
s Verify SIC Ready for Docking Rendezvous Inspection
« Locate & Maneuver to Docking Axls -
Stepped Circular Inspection Maneuver Selected .

o Maintain Tug / Inspection Sensor 10S
Towards SIC, Use Propuision
To Maintain Proximity

o Near Circular Orbit @ 50-100ff, 15 Min Perlod
« Close Enough for Resolution
o Balance Between Time & Fuel Reguired

Inspection
Maneuver

Anornalous Ceondition' Determination Key lssue
= Concerned with Locally Gathered Data

© $iC Atlitude State that could ‘Prevent Docking
* S/C Mechanical Condition, Similar Effect

Alignmeni Maneuver |
o Baseline: Align LOS with Known Inertial Orlentation Algorithm_Types Requlred A
¢ [nspection Maneuver §

o Possible Alternate; Use Physical Cues
to Direct Maneuwver o Inspection Sensed
Data Interpreter

o Docking Axis locator

Figure I1I-19. Inspection Phase Strategy

recommended, Propellant consumption goes up linearly as ra;nge increases (4.5 kg
(10 1bs) at r = L5 m (50 f£t) vs 9 kg (20 lbs) at 30 m (100 ft) for a 20-minute
orbit period). Orbital period, or time for a circumnavigation, also increases
proﬁellant consumpiion nearly linearly as the time' per orbit decreases

(8 kg (18 lbs) for a 20-minute orbit vs 15 kg (34 lbs) for a 10-minute orbit at a
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range’ of 100 ft (30 m)). An inspection pericd over 20 minutes long appeérs to
be excessive from an operations standpoint. Therefore, 20 minutes was selected
to keep ACS propellant usage to a minimum., The lateral contrcl system using the
rate gyros and lateral APS engines could be commanded to produce a constant LOS
rate during this phase. The axial control system using axial APS engines can
keep the Tug at a comnstant range. This phase should be initiated on a range

criteria to provide' a smooth transition from the rendezvous approach phase. -

The spacecraft attitude change in state (tumbling, spin rate, wrong atti-
tude, etc.) mechanical condition (broken booms, solar panel not deployed, etc.)
and locally gathered data can be used to determine spacecraft condition and com-

mit to dock.

When the docking axis orientation is known the Tug can maneuver to the
docking port using commands executed in relatiwve (radial) coordinates, When the
docking axis orientation is not known physical cues such as spacing of corner

reflectors, size of corner reflectors, RF side lobe contrel, ete., will be used.

Alignment Phase - The orientation of the spacecraft docking axisg in

inertial space will generally be known before launch. After the inspection
activity is completed, the maneuver to the docking axis can be effected as indi-

cated in Figure I1-20. The cross-product of the LOS vector and the dockiidg

Maneuver to Docking Axis

_—(LOS} X (D.A.)

_Docking (D. A} E
. —

Axis

Candidate Mechanization

LOS, R e Maneuver laterally,
Perpendicular to Plane

o Malntain Lim <R <tim
e Stop when {LOS) *» (D.A.) = 0

Figure I11-20. Alignment Maneuver
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axis vector is formed in the Tug computer, Rotation of the LOS vector about
this cross-product vector at a constant range is commanded by appropriate in-
structions to the Tug RCS thrusters. The maneuver is completed when the magnitude

of the cross-product vector has been driven to zero,

In the event that the docking axis location is not known before launch,
a means of establishing it must be provided. One technique is to use an array of

retroreflectors on the target spacecrafi as illustrated in Figure II-21,

Reflector

Docking { Y

Array

1
]
1
]
.l . \‘ﬁL_ 6
1°.)
a4

Search
Array

Figure IT-~21., Docking Axis I.ocation

The approximate location of the docking port can be established after one orbit

of the spacecraft with this array. The technique involves remembering where in

the orbit cues are visible, how long they are visible, and deriving from this

where the pattern centroid is located.

Docking Phase -~ In an impact docking, the suggesﬁed‘docking closure

maneuver would be executed to close in the LOS direction with a constant velocity

(E) when aligned with the docking axis. The axial control system controls the

axial acceleration to keep the relative range rate within tolerance.

-~

The IMU
gyro and accelerometer data can be used in case of data dropout from the rendez-

vous Sensor.
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In a non-impact docking, the range rate is commanded to zero as the range
is reduced in some range vs range rate profile to achieve a stationkeeping
position or a very small ippact velocity. Accurate range sensing is essential
at close range. Close range measurements of LOS angles and target attitudes are
also needed during stationkeeping, which would be mechanized with a phase plane
control logic. Vehicle contact would be made with a steerable probe during the

stationkeeping mode, and the Tug and spacecraft would be ﬁechaﬁically drawn to-

gether.
Docking Axis
ocking Ax S/c
A

I mpact Non -Impact
® Goal - Drive Down Docking Axis ® Goal - Drive Down Docking Axis

at Constant R Until Impact with R—0 As R—=0
© Attitude Loop Drives LOS—0 @ Terminates with Close Proximity

o Translation Loop Drives T,A,—0 Sztjmzoﬁ eszilgcgit;rlmpact
e Periodic R Checks to Maintain

Within Tolerance

e Combining Relative Data with
IMU Data Makes Close-in Sensing
Less Critical °

o Close-In Sensing of Range Essential

e Station Keeping Requires Close-In
Measurement of LOS, T.A. Also

Figure II-22, Docking Maneuver Candidates

The specific mechanization of these strategies will vary somewhat with
the level of autonomy selected, and with the particular sens r¥s from which
measurements will be derived. The level of redundancy, either sensors or back-
up control modes, will also influence the specific algorithms to be incorporated

into the Tug flight computer. Table IIL-18 'shows the estimates of Tug computer
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Table II-18. R/V&D Flight Computer Support Words

Manual [Autonomous| Hybrid
Rendezvous . 1500 - 1500 1500
Inspection Orbit - 50 50
Range Control 200 200 200
L0S Control 100 o0 100
Target Attitude Computation - 750 750
Docklng Port Coalign - 200 - 200
Translation Loop Control . - 300 300
Docking Port Recognition _— 250 -
Abort Recognition - 400 -
Abort Command - 200 -
" Beguencing & Control ‘ 50 250 200
Closure Initiation 50 50 50
Total - 1900 4250 3350

support words that has been made for three of the selected candidate systems.’
" While alternate segmentation of software blocks can be made, and other functions
included, these estimates are believed fairly representative oflmanual, autono-

mous and hybrid system mechanizations.
D, SIMULATTION SYNOQPISIS

Digital simulations were used to support analyses of three principal
pﬂases of the rendezvous and docking sequence. The rendezvous rhase was simu-
lated using an existing proportional navigation program that was developed in
support of Martin Marietta's planetary programs. Docking closure was simulated
using a new, planar simulation developed under this contract.. The dynamics of
impact docking was simulated with two digital simulation programs, The first
was a new simulation ﬁeveloPed in éupport of this contract (under IRAD funds)
that wés designed to quickly identify major parametriec relationships. The

second was an existing program, developed under previous MSFC contracts, which
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was modified to include propellant slosh modes and a new docking mechanism,

This subsection summarizes the major results obtained using these simulations.

1. Rendezvous Simuldtion - PROGRAM RENDZ is a simulation, in three-

dimensional space, of the closure of two wvehicles in a central force field
utilizing a proportional navigation scheme. This program provides a capability
to mechanize the proportional navigation logic in different ways. The option
u?ed in this studf was to describe the desired closure relationship as R = K
(R)z, and to maintain this relationship with pulses of axial thrusting when a
prescribed deadband is exceeded. Simultaneously, line-of-sight rates were
monitored, When these rates exceed a prescribed threshold, a lateral component
of thrust is added to the axial thrust to null the sensed line-of-sight rate;
Time of closure for a given set of initial conditions is controlled by setting
the constant of proportionality relating R and ﬁ?. This program also provides
an ability to study the effects of systematic sensor errors om the closure
maneuver, This capability was modified during the course of the study to per-
mit the following exror types: Range and range rate measurements - a percentage
error plus a bias error; line-of-sight rate - a percentage error plus a bias
error; line-of-sight angle - a bias error. Typical program cutput for a closure
from a range of 25 km (12.8 n mi) is shown in Figure II-23. This particular
closure used 55 pulses totaling 7.8 m/sec (22.2 ftfsec) to achieve a closer
approach of 35 meters (115 ft) at a relative velocity of 0.9 m/s (3 ft/sec).

Approximately 2.3 hours was required to effect the closure.

An empirical relationship between the velocity and the time required
to complete a rendezvous closure was developed by fitting the results of several
closure simulations at geostationary altitude., The precise nature of this
relationship is determined by the area under the prescribed R/ﬁ curve, the
initial closure velocity, the non-linear orbital mechanics effects, the non-
linear nature of the ON/OFF control mode and the effects of sensor errors. In
spite of these fairly involved relationships, an empirical fit accuracy within
0.15 m/sec (0.5 ft/sec) was achieved. The empirical velocity/time relation-

ship is:
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B A ¢? AR . . )
AV = {3.0 -(2.77E-4) A Ro At +AR0 (English units)
AV = »; ¢ ~(.84E-4) lltz 1 (A&Ro) +A R (International units)
= . . AR AT AR I
Where; '
AV = Maneuver Velocity Required
At = Time Required
!l Ro = Relative Range at Maneuver Initiation
[léb = Relative Range Rate at Maneuver Initiétion

This equation yields the velocity, range, time relationships shown in Figure

1I-24, Considering the acquisition range of 23 km (12.5 n mi) recommended
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for Tug geostationary rendezvous, Tug
RCS propellant budgets, and Tug time-
lines, rendezvous energy in the vicinity
of 7 m/sec (23 ftfsec) and rendezvous
'time of 2.3 hours represent reasonable

planning parameters.

AVarm/sec

T 1 y 1
1] 20 40 60 80

AV~ Ft/Sec

Figure II-24, Rendezvous Time

Relationship
Typical Tolerance - Maximum

R/T SLR ¥ Investigated i

Range ©0.5% .01% +.3 Ft 10% ]
Range Rate { 0.1 F/S .02 ¥/8 10% ]
L0S 0.5° .01° 5° ‘
L0S Rate . 0.1°%/Hr* 0.10/Hr* ‘ 10.00/Hr i
2 1

Table I1-19. Rendezvous Sensor Errors Investigated

The effect of sensor errors on rendezvous performance parameters when
using the proportional navigation algorithm was investigated. The pertinent
performance parameters are the energy required to perform the rendezvous closure,
and the closest approach range to the target spacecraft. Table II—19‘shows
the rénge of sensor errors investigated. Typical errors for the S8LR and RF-
RADAR classes of rendezvous sensors are shown. The SLR devices are much superior
to the RF sensors. Errors in order of magnitude larger than either class were
investigated in the search for significant results. Neither miss distance nor
epergy requirements were effected inh any systematic way. No velocity require-

ment change greater than 10% was observed., The range of closest approach varied
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considerably from 100 to 500 feet, but not in a way relateable to sensor errors.
Tt is believed that the ON/OFF nature of the navigation algorithm is a larger
contributor to these parameters than sensor errors. A systematic increase in
the velocity at closest approach was observed, The 10% class of exrrors pro-
duced a velocity in the neighborhood of 3 m}sec (10 ft/sec), as compared with a

typical 1 m/sec (3 ft/sec) with no sensor errors present.

The major copnclusions reached from the rendezvous phase analyses are as

follows:

o The proportional navigation algorithm is suitable for directing
rendezvous approach.

o This algorithm is insensitive to sensor errors, and rendezvous
approacﬁ produces no driving sensor accuracy requirements.

0 Geostationary rendezvous can be effectively performed in 2~2.5
hours with an energy expenditure of less than 7.6 m/sec (25 ft/
sec)

o The lack of terminal precision of the rendezvous algorithm
used here suggests that transfer to the inspection algorithm
should be made at a relative range of at least 180 meters
(600 ft). -

These analyses have verified the suitability of proposed rendezvous
system candidates to successfully complete the rendezvous approach phase of

flight.

2, Docking Simulation -~ No digital simulation capability for the docking

phase existed at the beginning of this study. Initial plans for relating sensor
accuracies and operating ranges to docking mechanisin requirements called for
generating sensitivity relationships and generating appropriate parametric data.
This was done and is reported in Section II-B of this volume. It was felt, both
by the NASA COR and the study personnel, that this key phase should be verified
more rigorously by simulation. Analyses of the same problem~made in different
ways would add to the confidence in the results. Also, the simulation generated
would be a prototype of an analysis tool required later in the rendezvous and
docking development program. A decision was made in late September to develop

such a digital simulation program.
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The primary capability required of the program was that it be capable
of simulating all aspects of docking trajectory control that contribute to dis~
persions at the instant of contact between the Tug and target spacecraft docking
mechanisms., At the same time, the program should run rapidly enough to permit

Monte Carle simulation of the varied; non-linear contributions to these dis-

persions.

The contributors to contact dispersion that required simulation included
the following:

o Attitude and translation control implemented by pulsing RCS
nozzles in accordance with a phase-plane logic.

o Rigid Body Dynamics.

0 Sensor errors in the measurement of relative position and
attitude, and the derivation of rate information from these
measurements,

0 The loss of certain measurements as the docking vehicles approach
too closely for the sensors to function.

o The performance characteristics of simplified maneuver control
algorithms,

o The effect of offset centers of grévity, probe rotation arm,
translation/attitude loop cross-coupling and differential

gravity effects. >

The general nature of a simulation capable of addressing these require-
ments is illustrated in Figure II-25. The program is a planar simulation.
It uses the baseline Tug attitude phase-plane logic and the indicated transila-
tion control logic to make ON/OFF decisions for each of the 24 RCS ndzzles used.
The steering logic incorporated in the program is very simple, but has proven
effective, This version of the program simulates impact docking approach.
Generation of such a simulation is not unusual, but the desire to make the pro-
gram run rapidly made the problem somewhat unique. Most existing phase-plane
simulations readily available run in the ne ghborhood of real-time. This would

1
be much to slow for economical Monte Carlo simulation.
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Figure I1-25, PROGRAM DOCK - General Characteristics

Two steps were taken to cope with this fast run time requirement, First,
the simulation was limited to a planar reptesentation. This permits an accurate
evaluation of the parameters of interest at a basic savings in computations re-
quired, Cross-coupling between axes is not represented, but this is acceptable
for an initial analysis. Second, an elaborate control of computation cycles was
developed. The flight computer used to implement the docking maneuver will
operate on two computational intervals. The minor eycle, using an interv§1 of
about 0.020 seconds, will handle the attitude control phase-plané logic. The
majon cycle of about 1.00 seconds will handle navigation calculations and direct
the translation control loop. Imn this simulation, these two computational in-
ternals and a third longer interval (a simulation speeding 'coast' interval)

are implemented. Program logic uses the longest of these intervals whenever
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possible, and drops back to the shorter computational interval only when it es-
tablishes that changes are occurring at the lower level., Figure II-26

illustrates, in a simplified manner, how the computational cycle control is
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Figure 1I-26. Simplified PROGRAM DOCK Flow

effected in, the simulation developed, The basic approach was to assume the
longest interval possibfe, to calculate the resulting motion, to check at the
end of the interval to see if any control boundaries had been crossed. In the
event of a crossing, the interval was shortened as required to make the calcula-
tions valid., This procedure is more complex to code than the flight logiec will
be, but it has shown a great increase in computational speed. Under some cir-

cumstances, it has yielded a computational speed of 1/600 real-time.

Figure II-27 illustrates typical docking trajectory motion for the
Tug center.of gravity relative to the spacecraft docking axis, This run was

initiated from a distance from the docking port of 61 m (200 ft) with a lateral
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Figure II~27. C€.G. Motion for Typical Docking Maneuver

offset of 3 m (10 ft) and an initial pitch angle of .087 radian (50) with respect:
to éhe docking axis. Tt was commanded to approach the target spacecraft at
velocity of 0.3 m/sec (1.0 £t/sec). This command was quickly achieved, within
deadband tolerance, and maintained without Ffurther correction. The lateral
velocity command, required to acquire the spacecraft docking axis, results in
stepwise corrections to lateral velocity in accordance with the deadband charac-
teristics. Corrections come with increasing frequency as the target is approached.
Perfect lateral positioning of the Tug C.G, 'is not achieved with the selected dead-
bands. The attitude control loop, however, maintains vehicle L0S oriented at the
docking port, resulting in a superior positioning of the docking probe. The
motion of the centerline of the Tug docking mechanism is illustrated in Figure
11-28, The lateral positioning of the probe head is considerably superior to

the positioning of the center of gravity. The stepwise control of pitch rate,
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and résulting stepwise variation in the lateral component of probe head velocity

appears in the figure. On first observation, this performance appears generally

satisfactory.

f

In addition to input of a physical Tug description, PROGRAM DOCK is

capable of varying a range of initial conditions and sensor parameters to es-

tablish resulting impact conditions. Variable initial conditions include all

planar state variables, Sensor parameters include:

RGER - Range measurement error (ft)

TAERD ~ Target attitude error (deg)

LOSERD - Line-of-sight error (deg)

MBRNG - Minimum range for range measurement (ft)

MRTA - Minimum range for target attitude measurement (ft)
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MRLOS - Minimum range for line-of-sight measurement (ft)
VHER - Accuracy with which horizontal velocity can be derived {ft/sec)

VVER - Accuracy with which lateral velocity can be derived (ft/sec)

A series of runs was made varying these parameters one at a time to es-
tablish theixr; individual effects. The results were somewhat inconclusive, since
the effects were masked by the deadband effects of the Tug control systems. About
all that could be discerned was that the system could cope, with varying degrees
of success,-with all the variables. One not surprising result was that the ability
to derive lateral velocity became quite important when it was coupled with a loss

of measurement at a large distance from the target spacecraft.

In any event, it was decided that this simulation should be run in a
Monte Carloc mode, where random selections of input wvariables were run individually,
and the net result observed to determine statistical effects. Accordingly, the

following wvariables were selected for random variation:

o Five sensor errors (RGER, TAERD, LOSERD, VVER, VHER)

o Five initial conditions (i, Y, ¥, 8, é)

An input of a 3-sigma wvariation in these parameters is accepted in a modified
version of the program. A prescribable number of runs can be made where each .
run is made with a value for each of the ten variables randomly selected from a

normal distribution,

This version of PROGRAM DOCK was used to translate the typical docking
parameter variations shown in Table II-20 into the impact dispersions shown in
Figure T1II-29. The parameter variations are considered representative of an
autonomous docking system. The impact dispersion shown are for 100 runs ran-
domly selected from the parameter variations. This number of runs is insufficient
to develop a good statistical sample, but the ellipses showm on Figure II.D.2-7
are believed representative of 2-sigma variations in impact dispersion. In
Section IL.B of this volume, these results are compared with the linear sensi-
tivity analyses developed earlier. The agreement is generally satisfactory.

The primary specifications developed in Section II.B were that the docking

mechanism should be able to deal with an angular wmisalignment of (.08 rad (4.50),

1
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Table 1I1-20, Docking Parameter Variations
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Figure IL-29, Docking Impact Dispersions
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a lateral misalignment of 0.1 m (.32 ft), and a lateral tip velocity of .03 m/s
(.1 fps). "The first two of these specifications agree well with the sim lation
results. The last is somewhat exceeded by the simulation results. Some further
evaluation should be conducted to establish the criticality of this parameter,
and means of reducing it (perhaps by adjusting thq_closure élgorithm) if it -

proves advisable,

The next step in docking clesure simulation should include three advances
to the version of PROGRAM DOCK developed under this contract, A stationkeeping
phase-plane control mode should be developed. This control mode would be analo-
gous éo the attitude phase-plane control already incorporated, The axes on the
phase-plane plot would be relative position and relative velocity., This control
should be capable of hovering within mechanical grasping range--in the neighbor-
hood of .6 to .9 mefers (2 to 3 feet). Relative gensed data, of course, would
be required at these ranges to effect such control, The second expansion Eo the
simulation should be the incorporation of an ability Lo represent motions in
3-dimensional space. The control modes in pitch/vertical translation and yaw/
lateral translation would be mechanized independently. The simulation would
assure that there are no serious cross-coupling effects, The final addition re-
quired in the simulation is inclusion of the effects of RCS plume impingement on
the relative motion between the docking vehicles. These forces could require
revision of the control logic to effect a successful docking., Further, the
nature of the impingement could have ﬁndesirable effects on spacecraft sensors,

such effects need quantization and coordination with potential spacecraft users.
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3. Docking Dynamics - Docking dynamic analyses of the Tug to various

spacecraft are necessary and required to assess the overall impact maneu-
ver as related to impact attenuation mechanism design for both Tug and
spacecraft, pessible requirements for limiting large amplitude fluid mo-
tions, and pre~ and post-latch eontéol system requirements. This section
details the two-phase appreoach to docking dynamics énalysis that was de-
veloped, validated and implemented during the course of these studies

and summarizes the numerical investigations. A complete description of
the analyses and supporting digital computer programs appears in Volume

IV -~ Supporting Analyses.

During the early stages of the study, it was established that the
originally proposed plan to use the Martin Marietta developed digital
code for detailed docking analyses (IMPRES) would not provide a cost effec-
tive approach due to the long computer running times associated with this
digital code combined with the fact that the impact attenuation mechanism,
Tug flexible body properties and control system logic were not suffici-
ently defined to warrant such a detailed investigation. It Waé there~
fore decided to implement a two-phase approach to problem solution where
Phase T would provide a new analytical tool to be used to examine the
total dynamical system in the large and Phase TI would use a modification
of the IMPRES code for a selected ?ew impact analyses. Both analytical
tools incerporate an analog to simulate large amplitude fluid excursions
and provide an assessment of vehicle and fluid motions as well as defini-

tion of interface forces realized during a docking maneuver.

The Phase 1 approach is structured such that the total dynamical
system (including Tug structure, propulsion tamks, spacecraft and attenu-
ation mechanisms) is considered to be an assembly of interconnected sub- .
structures, The entire system (or portions thereof) may bé spinning or
nonspinning and individual bodies of the system are capable .of undergoing
large relative excursions with respect to each other. The system is, by
its pature, a feedback system wherein inertial forces (e.g., centrifugal

and Coriolis accelerations) and restoring and damping forces are motion ~
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dependent. A control system may be included to activély control pdéi—
tion and rate error through use of reaction control jets, servomators,

. or momentum wheels, The bodies of the system are interconnected via
linear or nonlinéar springs and dashpots, by gimbal/slider block combina-
tions, or a combination of the above. Any two bodies may be free (oﬁe
from the other) with six degrees of relative motion freedom and, addi-
tionally, any or all of the six degrees of freedom between two bodies

may be controlled as an explicitly prescribed function of time.

With reference ‘to Figure 1I-30, the mechanical system con-
gists of six bodies which are comnnected to form a composite two-body

system where the composite Tug vehicle consists of the Tug structure,

mechanism

.\\\(:) - . %ﬁ\\\&(:)

®©
7/ i ® sic (©

Note: O. Body
'(:) < > Hinge

Figure II-30 Tug/Spacecraft System, Phase I Study
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attenuation mechanism and two fluid pendulum masses and the composite
spacecraft consists of the vehicle and its associated attenuation mechan-
ism. The attenuation mechanisms may have one or more relative degrees

of freedom with respect to their associated vehicles to simulate the
stiffness and damping effects of attachment structure; the fluid mass
pendulums have three relative degrees of freedom with respect to the Tug

A
structure. - \

A fixed length pendulum analog simulates the mass associated with
the liquid hydrogen and liquid oxygen propellants., This is equivalent to
specifying that the propellants are constrained to move as a point mass
on a spherical surface; the radius of the sphere being adjustable with
various tank fill levels (the lower the fill level, the larger the equiva-
lent radius). This assumption of a spherical constraint surface is not

unduly restrictive in view of the known Tug tank geometry.

The Phase IY approach was centered about the Martin Marietta de-
veloped TMPRES code” as modified to consider the effects of large ampli-
tude fluid motions. 1In this formalism the Tug (chase vehicle), épace-
craft (target vehicle), and their associated docking/attenuation mechanisms
are considered as separate entities. Either vehicle may be characterized
as a rigid or flexible body and may be spinning or nonspinning. A signifi-
cand feature is the definition of the attenvation mechanisms which are
modeled as an assembly of interconnected rigid links (elements) which are
in turn connected by linear or nonlinear springs and/or dashpots and which
may éxperience large relative excursions with respect to each other. The
total mechanism is then assembled from a library of geometric shapés in-
cluding réds, tubes, cones, spheres, helixes, etc. 1In this manner the
analyst may describe a physical system in great detail as shown schemati-
cally in Figure II-3L where a typical probe/drogue attenuation mechan-
ism is indicated. The system governing equations of motion follow from

Hamilton's equatioms with constraints, This technique permits an exact

% Orbital Docking Dynamics, MCR-74~23, Martin Marietta 'Corporation,
April 1974
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numerical ‘simulation of the impact maneuver in that unilateral constraint
conditions are implemented and the actual process of initial mechanism
contact, sliding, possible rebound and recontact, and ultimate capture

is represented.

drogue cone

aw attenuator axial attenuator

Note! Drogue cone has pitch, vaw %
and axial attenuator - . ‘pitch attenuator
probe head modeled as sphere

with three~axis attenuation

Figure II-31 Tug/Spacecraft System, Phase II Study

During these investigations, the IMPRES program was modified to
.accept a large amplitude fluid motion analog that is considerably more
general than the analog developed under Phase I. Here the fluid is again
assumed to move &as a pdint mass on a constraint surface but the surface

is assumed ellipsoidal. This analog was originally developed by Martin

i1-79



Marietta Corporation and has been shown to yield excellent correlation
with experimental data . A modification to the basic equaticns of motion
was necessary to implement the analog; the -technique is summarized in

Volume IV - Supporting Analyses.

The intent of the numerical studieé was to establish those sys-
tem parameters which most influence the docking maneuver and to isolate
potential problem areas that might require further or extended investi-
gation. Several system characterizing parameters were selected for in-
vestigation studies performed to establish gross effects and relative

sensitivity of the response to variations in the parameters.

- " The possibility of large amplitude fluid excursions and the re-
sulting effect upon the maneuver was defined to be of major interest as
were the effects of variations in Tug tank f£ill level and variations in
time to execute the maneuver. Variations in attachment structure stiff-
ness and damping characteristics were felt to be of lesser importance
as were variations in spacecraft inertial characteristics and the initial

position of propellants within the tanks.

Several important and interesting conclusions were established as
a result of the numerical studies. Some of these conclusions are sig-
nificant with respect to the impact docking maneuver itself; others are

significant with respect to post-latch system requirements. *

The effects of propellant motions, in that the propellant masses
combine to represent (for nominal burn conditions) a lérge fraction of
the total system mass, are appreciable when the entire maneuver including
post-latch vehicle motions is considered. TFor nominal time to execute
the impact, closure and latch conditiorn, the resulting propellant excur-
sions are seen to be relatively small as would be expected, These ex-
cursions are on the order of a few degrees and do not significantly affect

the total system dynamic response or resultant interface load requirements.

* Experimental Study of Transient Liquid Motion in Orbiting Spacecraft,

MCR-75-4, Martin Marietta Corporation, February 1975.
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On the othef hand, nominal acceleration profiles resulting from,nominal
initial offsets and'rétes, are shown to yield relatively large residual
propellant rates which may have (over long periods of time) a signifi-

cant effect upon posp—latch‘system motions and may well impact Tug con-~
trol system requirements. This would indicate that some form of propellant
management device.(perhaps tank baffles) may be required. Further studies

in this area appear warranted.

Of major concern to the attenuation mechanism designer is the
accommodation of interface loads; a measure of which was established
through examination of representative Tug/spacecraft impact maneuvers. An
Apollo/Skylab-type probe/drogue mechanism and representative initial con-

" ditions and Tug propellant fill-conditions were employed in several simu-
lations. 'The results indicate that the docking interface forces and torques
are relatively insensitive to spacecraft inertial characteristics and Tug
£ill level but are quite sensitive to the relative vehicle rates at impacrt,
increasing markedly with incréasing impact wvelocity. However, the re-
sultant interface load levels are, in general, rather moderate and probably
will not be critical to mechanism design. Should this not prove to be the
case, some means of Tug translational control during the capture phase
(with resultant increase in time from initial impact to final latch) may
be used to alleviate undesirable loading conditions. It must be pointed
out here that these studies considered no flexible- body properties of
either vehicle and therefore there is no measure available of the dynamic
response of spacecraft solar panels or other flexible appendages. 1If,
for given class of spacecraft, it becomes necessary to maintain structural
integrity during the docking maneuver, the analyses should be extended
to consider wvehicle flexibilitf and the possible requirement for stowage

of the flexible appendages,
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ITI. SYSTEM SELECTTION

This section will result in recommended configurations for a manual, an
autonomous and a hybrid rendezvous and docking system for the Space Tug. Each
configuration will be discussed individually. For each, the following data will
be presented: (1) a strategy, or sequence of events, (2) a brief description
of the candidates that were configured for evaluation, (3) criteria used for the
evaluation process, (4) the method by which the candidates were ranked, (5) the
results of the ranking in the form of the best three candidates and rationale
for their selection; and finally (6) a more detailed description of the best

capndidate, including cost estimates,
A, MANUAL CONFIGURATION

The strategy adopted for the non-impact manual cdnfiguration, in the

form of a sequence of events, is as follows:

1) Sequence starts with ranging sensor acquisition at 23 Km (12.5 n mi).

2) Ranging sensor data is used to perform terminal rendezvous to
stationkeeping at inspection range of ~ 30 m (100 ft) while ground
monitors the TV image. Tug attitude is controlled from sensor
10S data,

3) The ground initiates inspection (preprogrammed or manual lateral
translation of known duration and direection). It is assumed
the docking port attitude is known;

4) The ranging sensor corrects LOS during inspection. The
ground monitors and can back it up if acquisition is lost,
or whatever.

5) Manual +X thrusting is used to correct for orbit's normal
acceleration,. )

6) The docking port.is located wvisually.

7) The ground manually stops the inspection orbit (reverse
lateral thrusting).

8) The crew manually aligns to the docking port axis by per-

forming lateral thrusting, using an offset T as a cue, while
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the ranging sensor and/or manual ground commands, maintain
LOS on the target. The Tug is now in an inertia} attitude
hold mode unless overriden by manual or sensor generated
conmands.

9) If all looks well; e.g., lighting, spacecraft stability,
ete., a predetermined (from Tug mass, ACS thrust, etc.)
translation is manually commanded to achieve w~ .3 m (1 fps)
closing velocity.

10) The ranging sensor monitors and trims that velocity during the
first few seconds. 1t could also.command it, if desired,
with manual command as a backup.

11) As the vehicle closes, the ground monitors range and range
rate data from the ranging sensor on a TV screen. Vehicle
lateral thrusting is commanded to align the offset "I
target on the spacecraft (ACS p?léing would be in a‘miniﬁum
impulse mode. The number desired would be determined by
crew judgment based on the "T" offset and range). The Tug
attitude is maintained by ranging sensor LOS data to the
corner reflector until that is not accurately available. At
that time GN&C inertial attitude hold is maintained. Ranging
sensor range and range rate data is lost at A&2.9 to 3 m (3 - 10 ft),
Manual lateral translation corrections may still be sent, based on
offset "T" wviewing, but few are likely since less than 10 seconds
remain until docking Vx = .3 m/sec (1 ft/sec) .

12) Docking occurs; spacecraft attitude control is deactiwvated,

13) Mechanism contact monitoring is conducted.

14) Hard latch is commanded.

The non-impact manual configuration is the same as the impact docking
for the rendezvous and inspection phases; Steps 1 through 8 in the previous

sequenﬁe, but from there te docking the following steps are followed:

9) If all looks well; e.g.; lighting, spacecraft stability, etc., a
predetermined translation is manually commanded to achieve

e

ar .15 m/s (.5 fps) closing velogcity.

IrI-2



10)

11)

12)

13)

14)

i5)

16)

17)
18)

The ranging sensor will monitor and trim this vel?city during
the first few seconds (it may .even initiate it). Range and
range rate data will be provided to the ground along with TV
pictures, At predetermined range gates, the range rate will be
reduced manually based on precalculated thrusting durations.
Range ;ate equals 0,0 m/s at .9 - 1.5 m (3 - 5 foot) range. The
man will continue to monitor the visual display to ensure a
stationkeeping mode.

The ranging sensor will maintain the LOS automatically, or it
can be provided manually,

Docking axes co-alignment will be provided by lateral thrusting
commands from the ground based on an offset "I" or similar TV
target., Consequently, a target attitude determination.capa-
bility will not be provided. Range semsor range and range-rate
data is highly desirable at close-in ranges to provide more
continuous and real time data on the ground for monitoring to
see that stationkeeping continues to be maintained within a
fairly rigid band during STEM insertion. I

On verification of stable stationkeeping, a separate ground con-
treller will command extension of the STEM.

Observing the TV picture (once each 16 seconds or less), the STEM
will be inserted into the drogue by commanding STEM pitch, yaw,
and extend/retract commands.

On receipt of a STEM contact signal, the tug will maintain its
attitude at the time of contact and the vehicles will slowly be
drawn together by manual control of the STEM.

Soft contact is monitored.

At contact the hard dock latches are commanded closed and the

target vehicle control system is disabled.

Based on these sequences, candidates were configured from the hardware

components presented in Section IL.C. All combinations of hardware elements
!

that met the requirements of IIA and B were considered., The resulting list of

19 candidates is shown in Table ITI-1.
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Table ITI-1l. Manual Candidate Summary

Weight - Kg (Lb)

Candi- Docking . TV Eower
date Sensor Mechanism | Mechanism R&R Sensor|| Lights | Sensor TV
ML | GaAs SIR MDAC 252 (556) | 25 © (55) || 9 (20) 40 12
M2 TV MMSE 460 (970) | 25  (55) # 9 (20) 40 12
M3 Non-Tmpact | 241 (531) | 25  (55) | 9 (20) 40 12
M4 CO, Laser MDAC 252 (556) | 22.7 (50) % 9 (20) 200 12
M5 (Non-Cooperative) ;| MMSE 440 {970) 11.7 (50) & 9 (20) 200 12
M6 TV Non-Impact 241 (531) | 22.7 (50> £ 9 (20) 200 12
b
M7 €0o Laser MDAC 252 (556) { 18 (40) § 9 (20)| 100 12
M8 (Cooperative) MMSE 440 (970) | 18 (40) |1 9 (20) 100 12
M9 TV ‘ Non-Tmpact | 241 (531) | 18  (40) | 9 (20) 100 12
Mi0 | Rend, Radar MDAC 952 (556) | 34 (75) E 9 (20) 275 12
M1l | (Non-Cooperative) | MMSE 440 (970) | 34 (75) |j 9 (20) | 275 12
TV - i
M12 | Rend, Rader MDAC 952 (556) | 32 (70) § 9 (200 | 120 12
M13 (Cooperative) MMSE 440 (970) | 32 (70) § 9 (20) 120 12
TY

M14 | Dual Mode Radar | MDAG 252 (556). | 36  (80) 1 9 (20) 275 12
M15 (Won-Cooperative) | MMSE 440 (970) 36 (80) 9 (20) 275 12
Mi6 | TV Won-Tmpact {241 (531) | 36  (80) !l 9 (20) 275 12
M17 Dual Mode Radar MDAC 252 (556) 34 (75) 9 (20) 120 12
M18 (Cooperative) MMSE 440 (970) § 34  (75) Ui 9 (20) 120 12 °
M19 | TV Non~TImpact } 241 (531) 34 (75) 4] 9 (20) 120 12

1
31

merely cooperative versions of a non-cooperative sensor.

Approximate weights and power consumption data is shown for each.

There.are really just seven distinct sensor groups and three of those are

The 19 candidates arise

from combining each of the sensor groups with the three di fferent docking mecha-

nism .

The RF rendezvous radar is combined with impact mechanisms only (MDAC

square frame and MMSE) since the rendezvous radar alone cannot ‘accomplish a non-

impact stationkeeping within the established requirements.

The method of evaluating these candidates is illustrated in Table I1I-2,

A set of evaluation criteria was selected, shown at the left of the table.
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Weighting factors were assigned to each criteria as shown in the "eight" column,
A 1 is less important, while a 3 is of higher importance. 'Rationale for each of

the weighting factors is provided below,

1. Manual Candidate Evaluation -~ The evaluation matrix for the manned

candidates is shown in Table III-2 for each of the 19 manual candidates in
Table III-1. The first column for each candidate is a rating (R) for that
candidate,.while the second is a value (V) obtained from the rating multiplied
by the weiéhting factor. The rationale for the weighting factors is provided
in (a) below and rationale for the ratings in (b). The criteria can generally
be grouped in three categories: - (1) those that are Tug design related, (2)
those that are S/C related and, finally, (3) mission and operations oriented
criteria. In assigning weighting factors to the criteria, it has been assumed
that the rendézvous and docking system is really provided as a éervice to the
S/C community, therefore, those factors that enhance attfactiveness to the

spacecraft, Group 2, are ﬁeighted highest.
ae Weighting Rationale., -

Mechanism Weight - Mechanism weights are large and vary widely so they
are important, but they impact the Tug design only, not S/C or mission. Con-

sequently, 'a weighting of 2 is assigned.

Sénsor Weights - The deviations in weight from sensor to sensor are less

than half thése of the mechanism; consequently, a weight of 1 was assigned.

Power -~ Only the sensors really require any power. There are some
reasonably large differences from sensor to sensor, but none appear to be

beyond accommodation in a Tug power subsystem design, therefore, a 1 was assigned.

Development Risk ~ Some candidate systems contain features or hardware
that present greater risks in developing successfully. These reflect in higher
costs but, in addition, raise concerns among the program management and potential
users as to flight worthiness at the promised flight date. This is a far-reaching
concern, but the anticipated lead times before the first flight for the Tug

should allow considerable reduction of most risks; consequently, a 2 was assigned.
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Table TIT~2

Manual Candidate Evaluation

9-TIT

KITTVAD ¥00d J0
SI @OV TVNIDIIO

W
i CANDIDATE
g
Evaluation h M1 M2 M3 M4 M5 M6 M7 M8 M3 || M10 | M11 ML3 || M14 | M16 | M16 { M17 | M18 | M19
Criteria tIRIVIRYVIR|IVIR|VIR|VIRI VIRIV|IR|V|R]VIIR|V|IR|] VR RIVERIVIRIVIRIVIRIVIRJVIR}Y
Mechanism Weight {2 (4 |81112|4|8lla]l8|1|2{4]{ 8li418|1[2|4]|8{4|8|4|8|34 418Ha4%87112141814|18|1]2|4]|8
Sensor Weight l1la14|4]ala|afala)atala)alis)s]|s|5i5152]2/2]2)3 {3zl zlz|232313}3]3|13]3
Power 1551555521111 1ff3|3]3|3131312|2|2] 24 4lap2|2|e2l2|l2j2|(4]4i4|4]| 4|4
Development Risk |2 |3 |6¢3|6)3|6|| 32| 121 2]]2(4]2|4]2] 4l 5([10} 5310(| & 41 8lia|8|4|814|8)a|8]|4]18]4]|8
Mission Success <
Probability 214(8i4| 85|10 5110165010510 510! 5110 5|10j| 3| 6] 3| 6] 3 316150 6[10| 5110 5105101 510
Software 2l4ln|at8]l3|6lla|8la|8|3;6|al]8|a]|8]3 41 8| 41 8/j 4 4| 84| 8]|4|8|3|6f4]2 8l 3|6
Mission Opera- y
tions {Complex. ) 213 |6|3|6}2|4|3|6!|3|6|2;4l3]|613t6)2! 44| 8)4]8la 4l8(i3|6|3i6(2|4i3}6|3|6|2]|4
seryicing Poten- |3 13 |g 15{3|9f2|6|sis3]a]zietshsll 3] oi2|6lalola|ofiz|a]z]|s6|sps|3]|9]2|6|s5]s
Spinning Space-
craft Compat. 2 4 8l4|8|2]4/14}8 gi2(4)441814] 8 4:8 8la|8|2|44 ;8|48 2|4
Spacecraft Im-
pact-Struct, 3 12 913|9(4112[{39 a14112¢ 3] 933| 9 39 9131941203939t 4112
Spacecraft Im-
pact-Cues 2 ] 10150305110/ 4|8 8348l 5/107 5]10 112 glalslajeliijz|1fz)ry2
%E‘s}gr)'do"e““"“sl sif3lafz|2|3ls]al3]zl2la|3]l2]3]2]2 ol 2l 3lal2|2|313f3]|3]e]| 2|3
Recurring Cost 2 3] 411 2| 4 212| 4)-5{10| 4| 8 8 8 6|4(8|4]8 6| 4] 8
Nonrecurring Costj2 41 1y211 1{2 2411 2] 5110] 5110 10 8]5]10[3]| 6} 4 5110| 3] 6
TOTAL 5 84 72 87 87 75 a8 || 103 97 95 97 87 96 94 84 92
P 2] =y v ) e
Docking 2l g |y |e8le|g |t 2 ¢ sl 2|8 2Bl 2|y L8
Mechanism Eleg |g |8E| s | £ |88 2| e|2 | €| & | € |88l & |€&]|5¢E
Sensor C0, Laser C0., Laser Rend, RF || Rend. RF Dual Mode RF Dual Mode RF
Group (Ngncoop.) (630p.) Radar Radar (rMoncoop]l Radar (Coop.)
Tv ™ {Nancoop. }f {Coop.) v
v TV
NOTES:

Weight: 1 = less important; 3 = more important
R = Rating, 1 = poor; 5 = good
¥ = Value which is weight x rating




Mission Success Probability - This criteria really relates to the complexi-
ty and flight experience of a candidate and its potential for presenting problems
during operation that can impact a mission's success. It is of concern to Tug
designers, as well as the payload community. Again, the development time avail-
able should allow for minimizing many of these operational concerné; hence, a 2 .

is assigned,

Software - Large software requirements present their own set of risks,
concemmns, and costs, as well as a potentially troublesome interface with the Tug
computer software world, These are desirable to be avoided, yet are of no con-

cern to the spacecraft suppliers; consequently, no more than a 2 is justified.

Mission Operations - In this evaluation this relates primarily to the
complexity of the ground operations required to support the vehicle during rendez-
vous and docking; i.e., are 2 or 5 men required? how much data must be processed?,
etc. This is important, especially considering the many recurring missions. It
does not warrant more than a 2, however, since the relative costs are not really

all that great for ground operations as opposed to flight.

Servicing Potential - This is a principal spacecraft concern. 1Its
presence can greatly influence the spacecraft supplier to use the Tug's services;

consequently, this is weighted a 3.

Spinning Spacecraft Compatibility - This alsc is an item of concern to
the spacecraft supplier, however, few spinning spacecraft are currently con-
sidered potential users of the Tug retrieval capability. A weighting of 1 was
assigned,

8/C Impact (Structure) - To the payload supplier the impact on his
structure design to provide for docking is a major concern; consequently, it is

waighted a 3.

8/C Tmpact (Cues) - This is similar to the above paragraph, but the mag-

nitude of the impact is only pounds vs 10's of 1bs, so it is rated a 2,

'‘Ground Operations (ESE) - Some candidates will require more extensive

checkout or may provide some inaccessibility to payloads, particularly when more
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than one is to be delivered, but, in general, these are relatively minor con-

.cerns and all can be solved with proper design, A weighting of 1 is assigned.

Recurring Cost - Non-Recurring Cost ~ In GDC's avionies study these
costs both fell in -the $10 to $20 million range; consequently, should be weighted
equally unless there are programmatic reasons why funding for ome or the
other will be particularly difficult to obtain in a given time frame, The down-
stream scheduling of Tug does not currently provide any insight into such

problems, A 2 was assigned to both criteria,

b. Rating Rationale - Some genmergl features and characteristics were evident

that influenced the ratings in Table III-2, They are summarized below.

Dockiﬁg Mechanism - The MDAC square frame is a medium weight, relatively
complex scheme that is not currently developed, It is basically an impact sys-
tem, not ideal for servicing, but a capability for docking with spinning

satellites is feasible,

The MMSE is a very heavy scheme, but does use some developed hardware;

the Apollo probe and drogue. Tt is less suited to servicing than the MDAC.

The non-impact device with a STEM probe is a medium weight. It is
ideally suited to servicing, though not to spinning spacecraft retrieval. It is
a paper design only. It has a higher risk regarding mission success-and a
greater mission operations complexity for the manual configuration because of
the additional control required from the ground for STEM articulation, as well
as close-in vehicle stationkeeping. The software requirements are slightl¥

higher,

Sensors - There are seven sensor groups, each of which has a TV for the
closure and docking operation, Three of the sensor groups are merely coopera-
tive versions of the RF rendezvous fadar, 002 laser radar and the dual mode -
(close~in and far-out) RF radar, The only rea} difference between the coopera-
tive and non-cooperative is that the latter has the advantage of requiring no
reflectors on the térget for ranging, In all cases, however, the power (and
-conéequently the weight) of the non-cooperative versions is higher. The Gals

SLR does not have the power capability for a non-cooperative mode.
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The RF rendezvous radar is an Apollo program developed unit. The dual
mode RF radar, however,-includes a close-in capability which has not been de-
veloped, The CO2 laser is -complex and has no ;eal development, to date., The
GaAs SLR is relatively complex also, but has been under development for some

time, It has not flown in space.

2. Selection - From the 19 candidates, the three highest ranked are shown

below in Table ITI-3.

Table III-3. Highest Ranked Manual Candidates

Rank
{Score) Sensors Mechanism
1 R¥ Rendezvous Radar MDAC Square Frame
(Non-cooperative)
(103) and TV
MLO
2 Dual Mode RF Radar Non-Impact System
(Non-cooperative)
(96) and TV
M4 ‘
3 GaAs SLR and TV Non-Impact System :
(95) M1

An evaluation score generated in the manmer illustrated is not sufficient
justification alone for corroborate ranking, There is additional rationale that

corroborates the above selectiom

The RF réndezv0us radar/TV sensor patkage was ranked No. 1, primarily
due to the developed state of the sensors, Costs and development risks are mini-
mized as are cue impact on the S/C. One concern with this candidate is the heavy
load on the TV and man to accomplish the final docking phases with no real back-
ups available. Thére is not as much growth to greater accuracy or other
performance capability, but it does meet the established requirements and for

~

what is probably a significantly lower cost than the other candidates.

The remaining two candidates are potentially more capable, but are more
costly as well,” Both utilize the non-impact docking mechanism, thus providing

somewhat improved accommodation for servicing, which the first one does not.

ITi-9
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Both have the capability of providing target attitude data, if necessary. More
redundancy is inherent, however, more development is required as well. The latter
candidates do not require total dependence on the ground for commands, nor do

they require TV algorithms to derive range data. There is more flexibility in
implementing vehicle control as more reliable data is available to work with to

provide some backup control in the event of ground link data loss,

3. ’ Description - Figure III-1 pictorially shows the elements of the highest
ranked manual candidates. The interface with other Tug electronics is shown as
well as the software programé required in the Tug computer. A detailed descripe
tion of all software routines is provided in the autonomous candidate description,

Part B. Refer to the applicable software routine descriptions in that part.

The RF rendezvous radar needs no cues; it ranges on skin track data,
The TV will utilize target outline and centroid data computations for 1.0S and
range information. The .only S/C cue is an offset "T" or similar cue for pro-
viding target attitude wisaligmment and LOS data to the ground via TV. The
unique TV algorithms that ‘compute target information from imaging data are im-
plemented in a small 2K word microprocessor contained on one or two boards in
the TV electronics. This minimizes Tug computer software and maintains a simple
uniform interface between the rendezvous and docking system and the mother

vehicle; be it Tug, Space Station, manned Tug, etc.

A more detailed discussion of image data processing to derive rendezvous
and docking control parameters is provided under “"Video Sensor Apnalysis™ in

Part B of Section VI in Volume IT. -

oA Docking Mechanism
lLarge Dia.

7 n Tu i
lTug Computer Words I !‘!‘ /Small Dia.
iRendezvous - 1500 1 i—S!_C_
{Range Control 200 | 3' Casegrain \%,;1 ! |

ASS 10S Control 100 | Rendezvous v¢ !

famett ‘m:CIosure Initiation 50 l“_ Antenna g [
Sequencing & Control _ 50 ‘R, R & LOS

Commands Teal o0 || / I |
e e e — e | RF |

Electronics | Offset
I v '
Llﬁ gts Elect _bq
XY a
—={" Tignal | ) |
i Processor I Image Data -
=3 .
—=; Transponder = Floodlight
oo e o

To Ground

Figure IIT-1 Manual Candidate Configuration
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The weight and power of the hardware components comprising this con-

figuration are summarized below.

Weight Power
Kg (Lb) Watts
| RF Antenna 18.6 .(41) - -
! RF Electronics & Transmitter | 15.4 (34) 275
TV : } 9 (20 12
TV Electronics . .
MDAC Docking Mechanism 252 (556} Neg

The manual and hybrid configurations purposely involve man in the deci-
sion making process and in the vehicle control itself, Consequently, an effective
and, high bit rate ground link is required to insure a continuous coverage and as
fast a response system as is possible. The key elements of the ground operations

are Milustrated in Figure ITII-2,
TV Screen e

For Target
Data Display
\

Images

Hand Controf
Switches

Control Cenler Computer Center Data Transmit & Receive

Figure 1II-2., Manual Candidate Ground Operations
The'control center console will display visual data on a screen and for-
matted digital data (range, range rate, etc.) on a GRT, The data formatting,
done in the ground ccmputer, may also provide corridors of acceptable conditions

to expedite performance monitoring by ground controller, An input to the Tug
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vehicle command system~can be provided from a keyboard/display. Hand controls
will be provided for manual translation and rotation commands, Mode switches

and monitoring lights will also be provided.

The computer complex will be the interface from the downlinked data to

the control center. It will buffer, process and format data.

The downlink data rate is assumed to be the current Tug rate of 50 kbs.
This does place an undesirable constraint on image picture refresh rate {(on the
order of seconds)., It is recommended that some data compression of imaging data
be done onboard and an image recreated in the ground computer as one means of

improving this response time. See Part B of Section VI in Volume IV for further

discussion of data compression.

An estimate of the span times and approximate dollars reguired in arriv-
ing at a developed manual rendezvous and docking system are provided in Figure
I1I1-3. ©No specific dates are given. Approximately the same tasks and phasing

would be required regardless of the vehicle for which it is being designed.

Year Cost
Task 1 2 3 4 5 6 7 3 {$ Millions).
ATP PDR  COR Tug 10C
£ |Phase|8 | Phase C Al
X 3 . Congept Vegificatign

Analyses & Studies : 7 - .30
{TV Algorithm D'evelopment) 2 5
Mechanism Development ,L-'-?- 3.55 3,80
Rendezvous Radar Development :ci—i——/ 2.52-
TV Dewvelopment 103 —d LO3
Software Development , - .43 - .43
Sim/Dem Testing 5 1.0 L / L.40
Ground Operations, .67 yme ./ 7

Training Development
Hardware Procurement

{1st Articlel

Mechanism .60 7 .60

Radar . 67 7 .67
N 1{ 21y .21

Total SILB M
4

Figure ILI-3, Cost and Schedule - Manual Configuration
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One unique characteristic of the manual development program is the front
end effort to determine feasibility of realiably generating rendezvous and dock-
ing parameters exclusively from imaging information. Such effort has been pro-
posed to NASA by MMC independent of this study and some initial work already

done. This effort appears promising and should be continued.

-Simulation/demonstration testing is also a key element in the manual
concept verification as many of the performance parameters camnot be determined
credibly without man performing his role under as realistic a set of conditions
as is possible. The simulation/demonstration effort continuing after concept
verification at ATP is in suppert of hardware development software development

and eventually procedures development and training.
B. AUTONOMOUS CONFIGURATION

The autonomeus configuration represents the other extreme in autonomy.
It was presumed this configuration would be able to complete the entire sequence
of rendezvous and docking with no ground control, or even ground monitor., The

strategy below reflects that autonomy.

1) The sequence begins with ranging sensor acquisition at 23 km (12.5 n mi).

2) Ranging sensor data is used to perform terminal rendezvous from
23 km (12.5 n wmi) to stationkeepiﬁg at the inspection range of 30 m
(100 £t) while the ground monitors a TV image, if provided. Tug
attitude is controlled from I0S data while position (tramslation
maneuvers) is controlled from ILOS rates and range date.

3) A preprogrammed lateral translation is commanded to initiate the
inspection orbit. The wehicle continues to automatically track’
tﬁe target from' LOS data, ;

4) Range and L0OS data from skin tracking {or 4T steradian covarage
reflectors) is used to command +¥X thrusting to maintain a constant
orbit radius.

5) The inertial attitude of the docking port is assumed to be known.
It will be stored in the Tug computer. The direction of the

inspection orbit will be defined so as to fall within the
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field of view of the docking port ranging sensor cues, When the

docking port cues; e.g., a unique pattern of reflectors, is sighted

{recognized from the unique pattern, or the unique signal returning ‘

as in the case of RF), a stationkeéping mode will be assumed and

the original orbital velocity removed. Should the docking port not
be sighted, the stationkeeping mode will still be accomplished to
achieve coalignment of the Tug, but will use the stored inertial
attitude of the target rather than any external cue, This is to
avoid the unnecessary propellank usage of repeated searchings until
the ground can evaluate the anomalous condition, Tf£ ground contact
is prohibited, this is not acceptable, of course., Continuing
orbital inspections of different inclination may have to be pursued
until sensor contact is made.

6) On verification of docking port sighting, the Tug will calculate
the target's attitude.

7) It will then compare that with Tug attitude and compute translation
maneuvers to align the docking port axes.

8} The maneuver is executed. LOS tracking of target will be maintained
during this maneuver. Target attitude will be recalculated each
TBD seconds during the maneuver and 2 new relative '"position-to-be-
gained” computed until the correct desired inertial attitude is
achieved.

8) When the vehicle's axes are satisfactorily coaligned, a closing
velocity of .3 m/sec (1 £ps) is initiated with a predetermined
thrust-on-time. Range‘rate data will be used to trim it,

10) As the wvehicle closes, LOS pointing will be maintained. Target’
attitude will be recaleculated once each TBD seconds and translation
corrections commanded to keep the docking axes coaligned (as in
Steps 7 and 8).

11) Target attitude computations and translation corrections will cease
when the target cues exceed the FOV of the semsor; ~ 3 m (L0 £t) for
a 15 m (5 f£t) attitude cue pattern and a 30 deg FOV, I1I0S tracking will be

maintained until the last foot before docking.
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12)
13)
14)

Docking occurs; spacecraft attitude control is deactivated.
Mechanism contact monitoring is conducted.

Hard latch is commanded.

The non-impact configuration follows Steps 1 through § above. For Step

9 and subsequent steps the following are applicable:

9)

10)

13)
14)

15)

16)

When the vehicle's axes are satisfactorily coaligned, a closing
velocity of .15 m/sec (.5 fps) is initiated with a predetermined
thrust-on-time. Range vate data will be used to trim it.

As the vehicle continues to close the -X jets will be fired to slow
the range rate along a predetermined range vs range rate profile

until the range rate goes to zero when the range is~ 1.5 m (5 ft)., 10S
pointing and lateral translations will continue at this station-
keeping distance, based on spacecraft attitude and relative lateral
position data,

On jnitiation of a preprogrammed signal, the steerable ‘boom (STEM)

is deployed and initiates acquisition of the docking port by sensor.

On receipt of a signal indicating acquisition, the STEM is steered

to a point at the port apnd while continuing to track, extends at a

rate of # 1,27 cm/sec (1/2 infsec)., The extend rate may be slowed
somewhat as range decreases.

The probe extends until contact is made.

At this time the probe is slowly retracted at ,254 em/sec (1/10 in/sec)
or .15 m/min (1/2 ft/min).

When soft contact is achieved, sensors will be actuated that initiate
the hard latch sequence, ’

Both vehicles remain inertially stable until hard contact is made

at which time the spacecraft control system is deactivated.

The candidate systems that were configured that accomplish these operations

within the established requirements are shown below in Table III-4,

Twenty-four autonomous rendezvous and docking configurations were defined,

but, as _in the case of the manual configuration, they are made up basically of
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Weight Kg {Ib) Power
Dockin -

+ Candidate Sensor sz;ha,?ism Mechanism |[R&R Sensor {i\gtits Sensor | TV
Al Gahs SLR MDAC 25560 || x5 - 40 -
A2 MMSE 4401970) 25055} - 40 -
A3 Non-Impact 2415311 5055 - 40 -
A GaAs SLR - MDAC 52056} 555) 9020 40 12
Ag Ands'rv MMSE 240970} 555 9r20! &4 12
A6 Non-Impact 241631 565) 920 40 12
A7 COp Laser MDAC 2521556 22.760) - 200 -
AB (Noncomerativel MMSE 44019701 22,7060 - 200 -
A9 Non-impact 2411531 22. 71500 - 200 -
Al0 €0y Laser . MDAC 2520556} 22,7600 | 9i20) 200 12
All (Nencooperativel MMSE 4461970} 22,7601 | %020) 200 12
Al2 And TV Non-Impact 241531 22,7600 | 9200 200 12
Al3 Rendezvous Radar  MDAC 25215586) 34(75) 9201 275 12
Al {Nencooperative) MMSE 4401970 34(75) 9{20! 2% -12
A And TV Non-Impact 2416631 34050 | 91200 25 2
Al6 Rendezvous Radar MDAC 520556) 32(10) 90201 120 12
Al {Cooperative) MMSE 4401970} 32(70 9{201 120 12
Al8 And TV Non-Impact 2410531 32010 9(201 120 12
Al9 Dual Mode Radar MDAC B2556) || 3660 - 20 -
A2 (Noncowerative) MMSE 40(970) 364801 - 2w -
Azl Non-Impact 241631 || 36180 - o -
AR Dual Mode Radar MOAC H25560 || 347 - 170 -
AZ3 {Cooperative) MMSE A0[9701 34075 - 120 s
A4 Non-Impact 23 || e | - 120 2

Table TI1-4. Autonomous Candidate Summary

just eight unique sensor groups, and several of these are merely cooperative
versions of non-cooperative sensors (cooperative requiring sensor cues and non-

cooperative requiring none).
The estimated weights and power requirements are provided,

It may be noted that several sensor groups include a TV. Tt is aseumed
that this semnsor will provide docking information (range, range rate, LOS and
target attitude) during close-in operation as an alternative to using the pri-
mary sensor. The advantage is to avoid new development ‘of & primary sensor and
accompanying cue for close-in sensing when the function could be accomplished with
a sensor that vefy likely will be present on the vehicle anyway, and some soft-

ware algorithms implemented in a microprocessor in the TV electronics. The

s
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non-impact docking; in particular, will require additional capabilities not feasi-

ble with any ranging sensors currently under development,

Evaluation of the autonomous candidates was performed in the same manmer
as the manual configuration. The candidate ratings and scores are shown in Table

III-5.

The evaluation criteria was also the same, only the weighting changed

slightly for several of.the criteria

Development risk was weighed as a 3 rather than 2 because of the

1
higher technology level, causing greater concerns on all aspects of developing

that technology.

Mission operations was downgraded from a 2 to 1 as the autonomous candi-

dates were purposely designed to require virtually no mission operations support.

Non-recurring cost was weighed a 3 instead of a 2 because of the higher

technology level and the emphasis that it will place on the non-recurring devélop—

ment costs.

' Ther; are some points to be made relative to how these candidate ratings
were derived that can be made here. Much of the general Ehoughts,regarding the
docking mechanisms aﬁd basic sensor characteristics discussed for the manual can-
didate are applicable here as well and will not be separated, There are some

others, however, peculiar to an autonomous concept,

The major factor relates to the minimum range at which spacecraft atti-
tude myst be determined and what method ie used to perform it. A decisive
threshold exists between the two impact systems and the non-impact system. The
impact systems require attitude data no closer than ,3 m (10 £t), while the non-
impact system must determine that data to .9 m (3 ft). It virtuwally requires an
additional and different concept for most of the sensor groups. GConsequently,
the non-impact system makes a poor showing in such areas as development risk,

mission success probability, spacecraft impact, and non-recurring cost,

In the case of the GaAs SLR semnsor (no TV) additional spacecraft re-
flectors and new SLR capabilities will be necessary to provide the capability to
derive attitude of the spacecraft and LOS data on a continuous basis at a .9 m

(3 ft) range and within the existing 30° FOV.
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Table III~5 Autonomous Candidate Evaluation

1004 30
NEDIHO

&1 @ovd IV

KIFTVOO

W
e
i CANDIDATE
Evaluation DlAL [a2 (A3 |a4 |ns |a6 [a7 |ag a9 [ai0[aii]aiz [m3s [a1a [ais [a16 [a17 [a1s [a1s (a0 [a21 a2z [az3 [a2a
Criteria t | RV [RIV [RIV [R[V|RIV[RIY [RIVIR[Y|R]V [R|v|RIV[R|V [RIv [R]v [R|v [R{v [RIV [RlV [R]v [R{v RV [R[v [R]v [RIV
Mechanism Weight 214] 8|1| 2}4] sla|sl1l2|4| 8la|s|Ll|2]a| s{a|s|riz|al a|a] g8|2| 2|4| 8[a]| 8|1} 2|4 8|a]| 8i1] 2]a] 8la| 8l1] 2|a] 8
Sensor Weight 1]5| 55| 5(5| 5|ajalalala] a|5|5|5(5(5] 5|alalalala] al2] 2121 2|2| 2|3] 3ls| 3{3| 3lz| 2]z] 2lz| 2]3] 3]3] 3[3] 3
Power 1|5] 551 5|5| 5|5{5|5(515| 5(3(3[3(3(3] 3(3|3[3[3|3) 3{3] 3(3| 33| 3ta| 2|a] afa| al3| 3[3] 3[3] 31a] ala] 2[a] 4
Development Risk 3 |4112}412(31 9|3]9|3|9]2]| 6]2|6]|2(6(1| 3|2i6|2|6|1| 32| 6l2f 6|1] 32| 6l2| 6[1] 3|alrzlaliz|3]| otalrz]a 12]al o
Mission Success e .
Probability 23|63 6|1]2[zlal2lalr]| 2|3|6(3]6|1| 2|2|alz|alr| 2l2| 42| 41| 2|2| al2]| 4[1]| 2|3| 63| 6l1] 213! 6|3 6[t] 2
Software 23| 53] 6|2] 4[2|aj2fa|t| 2|3l6[3|6|2| 4|2]al2]a|1| 2|2 4l2| 4[1] 2|2| a|2| 41| 213] 613} &|21.4|3} 6|3 ]| 6]2] 4
Mission Operations
Complexity 115/ 55 5|5(514f4|aiala| als5/5i5]5| 5afafaala| aja 4a|aja]ajaialalala] 4ls|5|5|5(5]5|5| 55| 5[5]5
cervicing 3|3 9|2| s|5l15{3|9]2]s |5 [15]3]al2|6|s15(3]a|2i6 |5 15]3] oiz| 6|5 |15]3| ol2]| 615|153] ol2| 6|5 |15]3] o|2| 6|5 (15
Spinning Space- .
craft Compatibility| 2 | 4] 8]%| 8|2| 4[4]8|a8[2] 4|4 [8[4(s|2| 4|aje(ajs|2} a|4) 84| 8|2| ae| 84| 82| 4a| 8| 8|2 4{4] 84| 8]2
fpggﬁﬁgijﬁermpactx 313] 9|31 9|a|12|319(3|9 |4 12|3|9|3|9(a|12(3[9[3|9{a [12]3]| 9(3]| 9la|12]3| 9|3| ela|12)3]| ol3]| 9la{12|3]| ol|3! olal12
Spacecraft Impact 15 |24 al2| 4|1 | 2|2|a|2|a (1] 2|3|sl3ls|2] 4[3(6|a]s|2| ala| 84| 8|2| a|2] al2| a|1] 2{3} 6[3| 6l2| al2| al2| a|2
Sroen Operations 1y o) 21l ale| 2fe|2|1fte| 2jefefif1fe| 2lefefirle| 2f2] 21| 1l2| 2le] 21| 1]2| 2|2| 21 ] 1]2| el 2]1| 1]
Recufring Cost 213| 6|2 4|3] 6/3|6]2[413| 6[2]a]1]2]2| 4|2}4]1|2j2| 4{5]10/a] 8|5 10|5{10]4| 8|5110(3 | 6]2|4|3] 6]3] 6]2] 4]3
Nenrecurring Cost |3 13| 9/4[12]2{ 6(2]6{3]a(1] 3|2le3[ol2] 6{1]3l2]s|1] 3{1{12]5]16[1] 3]a{1z{s15[1] 33| elalizle] sl3] olar2]2
TOTAL 94 {85 | 85 /82 |73 |75 |83 (74 | 75 |74 |64 | 70 189 (80 |78 |87 {70 |76 | 91|82 | 82 [ o1 | 82 | 82
Docking & I E 5 3 5 ut; Q| w u%
[ ] [§1] I gl O (¥ ] L L) b F gl QO [FR] L (&} [T ] )y o (&) [FV ] P o L] w [
M i =4 ala (i |esala | v ala [ el @ | VB | e < | 0 8| cC Rl o« (£
echansm S| £[SEc|c|8E|c | £ 58|88 8 | £ |sE| 8| E1sE(S |2 |85 8|8 |58
gensor GaAs SLR %As SLR (202 Laser (202 Laser F(tend. Radz}ar‘ f({end. F)!adar Dugl Mode Du31 Mode
roup ’ y Noncoop. Coop. Radar Radar
(Noncoop) woncoop) v TV {Nancoop. ) (Coop. )

NOTES: Weight, 1 = "I ess important; 3 = more important
Rating, 1 = poor; 5 = good
_V = value (or W x R)




The second sensor group has employed a TV to perform that same attitude
determination from 3 m (10 ft) on into .9 m (3 ft). This is a new role for a
TV and will require considerable development of the software algorithms and
spacecraft cues. Theré is still a concern as to feasibility of such an approach.‘
Its advantage and the reason for maintaining it as a candidate comes from the
fact- that a TV will probably be aboard the Tug anyway and by using it, along'
with software algorithms, the necessity of further development of the prime
ranging sensor and its new reflectors is not necessary. All candidateé using
the TV in this manner, however, do reflect concerns, specifically in the ratings

for risk and non-recurring cost.

The same rationale exists for all other candidates using a TV, in fact,
even greater concern is involved with the rendezvous radar candidates (Al3 to
18), as the TV must gfovide all data necessary from 30 m (100 ft) on in, rather
than 3 m (10 ft) as for the other candidates.

The remaining sensor groups--the €O, laser by itself and the dual mode
radar--probably provide the lowest risk in the area of close-in operation.
Some design of a separate spacecraft cue for target attitude determination has
been done for the C0yp laser. The duél mode radar can achieve attitude deter-
mination at closer ranges using just the one set of cues because of closer
reflector spacing and faster response than the GaAs SLR's attitude determina-

tion technique has.

The three highest ranked candidates from Table LII-5 are shown in
Table II1-6.

Table IIE-6. Highest Ranked Autronomous Candidates

Rank I *—’ R
(Score) Sensors Mechanism
1 GaAs SLR : MDAC Square Frame
(94) Al
2 Dual Mode RF Radar MDAC Square Frame
(91) (Non-cooperative)
Al9
3 Rendezvous Radar MDAC Square Frame
and TV ’
Al3
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The top ranked system relies on the GaAs SLR for all phases of the rendez-
vous and docking, and uses the MDAC square frame docking mechanism, Within the
required 23 km (25 n mi) acquisition range, the GaAs SIR provides a light and accu-
rate sensor with demonstrated capability to more than adequately meet all measurement
requirements. Only slightly lower ranked are the dual mode RF-RADAR eonfigura-
.tion, and a modified Apollo RADAR coupledwith a TV docking system that relies
on automated algorithms to derive ;ontrol motions. Both of these approaches re-
quire less completely proven developments than the SLR. There is risk involved
with the latter two candidates, particularly for the autonomous docking with a
TV and its algorithms, about which concerns were expressed earlier. Hardware de-
velopment and costs for the third candidate, by itself, is undoubtedly the lowest

of all three, however, the TV algorithms concern offsets this considerably.

The highest ranked autonomous candidate, depicted in Figure III-4, is a
relatively simple one. The mechanism is the MDAC square frame impact type;
the same as the manual., The sensor is just the GaAs scanning laser
radar. 1t requires an array of corner reflectors in order to detect the docking
port and determine §/C attitude. The $/C attitude determination array may be

as large as 1.5 m (5 £t) across since S/C attitude data is not required closer’

than 3 m (10 ft) for an impact docking.

Docking Mechanism

A
fPrm e o o e = — (3 Large Dia,
1 Tug Computer Words; Tug ~__Smali Dia.
| Rendezvous 15500 | I"éﬁ:"
¥ Inspection Orbit 50 | l
$———1Range Control 20 ! i
ACS | LOS Contro 100 ¢ ) g
Maneuver 'yarcet Attitude Comp. 750 ‘g R, R + LOS VN M comer
Commands : ; i i b
1 Docking Port Coafignment 200 | \_ SR & ] Reflectors
Translation Control Loop 300 . I
I Docking Port Recognition 250 1 Electranics |1 Ll
! Abort Recognition a0 ! IR 9]
:Abort Command 200 | /
; Sequencing & Control. 50 | / ]
1 Closure Initiation _50 , / k |
! Total 750 | /v |
b e e e e - J , ,// I-E -
o 4 ]

Y - A=)

Figqre I11-4. Autonomecus Candidate Configuration
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Considerable software is required in the Tug computer since all wvehicle
commands must be generated onboard. The target attitude determination computa-
tion and generating vehicle commands from the data is the most significant soft-
ware addition over the manual configuration, Another unique software additiomn is
the abort detection and correction routines. These routines represent the high-
est risk in successful development and also in providing confidence in ability

- to detect and correct for all feasible failure modes., A derailed description of

all software routines is provided at the end of this section,

The hardware weights and power for this-candidate are:

Weight

Kg (Lb) Power
Docking Mechanism 252 (556)
Gaks SLR 18 (40) 400 Wates
SIR Electronics " 6.8 (15)

There is no ground operations required for the autonomous configuration,
however, in all reality the Tug will probably carry a TV for inspection purposes
and a ground mopitoring activity could very well exist om initlal flight similar

to that depicted for the manual case in Figure III-2, '

An estimate of the span times and approximate dollars required in arriv-
ing at a developed autonomous system is depicted in Figure ITI~5. No specific

dates are given. The schedule of development would be much the same regardless

what vehicle it was designed for.

The software development shows a significant increase over the manual
AN

case because of the increased software required. -
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Figure III-5

Autonomous Candidate ~ Cost and Schedule

Year Cost
Task 1 2 3] 415 |6 7 8 {$ Miljons)
- Ar'g PDR cné , Tug 10C )
[ NN Phase C -\
%y Concept Verification !
Analyses & Studies - 7
Mechanism Development 3.2, 3,80
SLR Development 4(-_.....1-.5._.._ ' 7.8} _— 9.31
Software Development a7 — .55
Sim/Dem Testing L0 SUGH RV FPC S RO I 1.4
Ground Operations, T ]
. Training Development
Hardware Procurement
{l1st Articlel
Mechanism 60 / .60
SLR 29 Ly 50
Tetal $17.1 M



Software Estimates -

Terminal Phase.Rendezvous (1500 words) - This element of the software
implements the proposed proportional navigation scheme of rendezvous. It
starts at the acquisition range of 28 km (12:5 nm) and concludes at the inspec-
tion orbit of ™~ 30 km (100 ft). This is an autonomous phase. The software
includes filtering as well -as logic related to developing commands for the
lateral and longitudinal ACS thrusting., It will not include the attitude,
control loop phase plane logic itself, which is a part of the baseline Tug
software. A similar proportional navigation implementation on the Mars Surface
Sample Return Mission estimated the software reguirements for the above func-
tions at 1000 Wordé. To provide some margin and to account for navigation
from the completion of the proportional navigation phase at several hundred
feet down-to 30 m (L00 ft), an additional 500 words has been added for a total
of 1500, That includes instructions and memory for parameters and wvariables,
such as gains, etc. It was pointed out in the rendezvous phase analysis,
Section II.D.1, that the proportional navigation algorithm by itself develops
large uncertainties in the final kilometer or so, consequently it was recom-
mended an independent algorithm be used for the phase from several hundred

meters on in to the inspection orbit range.

Inspection Orbit Initiation (50 words) ~ This is presumed to be a
simple algorithm of which less than 25 words are allocated to the instructions
required to achieve a‘lateral velocity of given value. Variables in the equa-
tion are mass, orbit radius, etc., The remaining 25 words are set aside for
storage of constants, variables and thrust times for a library of selected

orbit periods,
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Automatic Range Control Command (200’wofds) - This routine generates
+ or - x translation commands in the form of position errors, to maintain
either (1) a constant range (inspection orbit), {2) a constant range rate
(impact type closure), or (3) a range rate vs range profile; for non-impact
type closures for example., The majority of the software would be associated
with the latter and with the memory required to store the parameters for
several different profiles., This routine accepts sensor range and range rate
data. It's output is to the translation command control loop descr}bed below
which performs the equivalent of the rotation attitude control loop phase plane

logic.

Automatic 105 Control Command (100 words) - This routine, like that
above, generates translation commands but in z lateral direction only (+ vy
and.z) to maintain a given 10S angle to the target. It accepts 10§, 10S rate,
and range data from the sensor and it outputs a translational position error
correction command, A large part of the software will be filtering, some of
it predictive, necessary to accomplish the position error nulling in an optimum
manner, minimizing ACS usage and overshoots. This routine will alsoc provide any
necessary coordinate transformation from sensor to ACS jet reference frame. Some
memory will be set aside for the filters, gains and constants. Again the trans-
lation control phase plane control loop is. not a part of this but rather handled

as a general purpoge routine as described below.

Target Attitude Computation (750 words) -~ In the development work by
ITT and MSFC for the GaAs SLR, the equations were defined for attitude computa=-.
tion. The estimate of 750 is based on those equations with some margin added,
This routine utilizes GaAs outputs. ILts output, in turn, is an internal one
providing an inertial attitude in a space reference frame to the following two

routines.
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Docking Port Goalignment Maneuver Computation (200 words) ~ This routine
implements the equations that take the Tug position vector and the target vehicle
position vector from the routine above, determines the difference between the
two, and transforms that position error into the Tug ACS jet reference frame.

The resulting position errors are inputs to the lateral translation command

control loop described below.

T@is roultine, along with the one above, is repeated in sequence at
least once each (TBD) seconds in order to successfully coalign the two vehicles
docking ports. Some filtering is presumed to smooth and optimize the process.
The software estimate is based on similar maneuver routines in Titan IIIC digital.
autopilot, which range from 28 to 125 words, not including filter terms in the
loadable memory., Allowing for some margin, a total of 200 words seemed more

than adequate,

Translation Command Control Loop (300 words) - This is really three
independent loops, one for each axis, of ~ 100 words each, though there are
common elements since the three axes will be processed in sequence. The soft-
ware for each loop is concerned basically with implementing the phése plane
control logic, i.e., the rate and position switching lines. The output is
varying ACS jet on-times depending on the vehicles position with respect to
desired position and rate, TIIIC digital autopilot coast state software was
370 words.

Docking Port Recognition (250 words) - This routine implements z series
of equations, or decision blocks, that process, or interrogate if you will, the
SLR signal returns: The process must determine when the docking port is sighted
by discerning the presence of the four target attitude cues. The process must
differentiate the target attitude cues from other corner reflectors on the §/C

by the unigque orientation of the 4 cues. It must be capable of concluding this
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routine without error or false signals from all possible orientations of the
two vehicles, A number of contingency situations must be built into this
routine. A larger than usual margin is provided because of the possible

unknowns.

-

Abort Recognition Program (400 words) -~ This routine is as large
as the number of potential failures that can be anticipated. Since this
depends on detailed design, a large uncertainty still exists as to the
content of this routine. (Consequently, a reasdnably large allocation has
been set aside for now. This routine will have to identify Tué failures
related to rendezvous and docking hardware failures, such as sensors and
latches, as well as failure to perform operational functions or sequences.
Inputs are required from all Tug rendezvous and docking system hardware as
well as other subsystems necessary to ascertain the failures above. The
routine's outputs are to the abori command routine described below. Mal-~
function detection logic for the TITIIC inertial guidance system alone was

over 300 words, . .

Abort Command (200 words) - This routine will receive any one of a
number of different "failure" indications from the previous routine., Dependent
on the indication, a previously determined sequence will be initiated and

carried out by this routine. It will initiate the actions such as closure

termination, inspection termination, collision avoidance, etec., and perform
whatever monitoring is necessary or possible to insure successful abort
accomplishment. At least six different abort sequences are anticipated with

a minimum of 30 instructions and parameters each,
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Sequencing and Control (250 words) =~ This routine will initiate,
monitor where necessary, and terminate 2ll operations in the entire autonomous
rendezvous and docking sequence., Involved are: timing operations, relays,
latc@es and power sequencing, and control. Most other software routines,
including the abort monitor and command subroutines, are brought into and
out of play by this routine. Executive control and basic computer timing

will not be & function of this routine.

Closure Initiation (50 words) - This is a simple routine that calculates
the ACS jet on-time for a predetermined closure velocity. It is a simple
equation dependent on Tug mass, velocity desired, etc, Most of the software

is for a library of the wvariable parameters.,

i

C. HYBRID CONFIGURATION

The hybrid configuration was derived in a different manner than
the manual and autonomous candidates were earlier. Rather than contriving
a large number of potential candidates from which the best are‘selected, the
Hybrid is a single candidate composed of strategies and hardware considered
the best, based on knowledge obtained from the earlier manual and autonomous

candidate selection process.
The hybrid configuration was derived out of two basic concerns:

1) The manual configuration is dependent on contipuous TV trans-
mission during the entire phase. Loss of that data cam very
likely result in loss of the mission. In addition, the data
rate constraints provide a-ground image update frequency that
results in normal operation bordering on marginal operation
from a risk standpoint, There is conslderable concern about

feasibility of manually recognizing and reacting to abort condi-~

tions.
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2) The second concern relates to the aptonomous‘configuration. There
is, first, a concern merely from the standpoint of the additional
technology required to accomplish, via hardware 'and software, the
many complex tasks. However; at this time it does appear to be a
feasible development. The real concern is developing reliable,
autonomous techniques for (1) determining that each phase has been
accomplished in a satisfactory manner and is ready for the next
step, (2) identifying an anomalous condition when it occurs, and
(3) performing fail safe actions that can recover from a failed

}
condition reliably.

Based on these factors the implementation for the hybrid was to select a
system that performs most of the operations autonomously -while the ground wmoni-
tors and evaluates each step of the sequence providing the necessary "go" or
"no~-go'. The ground also has the capability of manually performing the entire
sequence, théreby providing redundancy of a functional form. This is desirable

since it provides protection against generic type of failures.

The system, then, is basically autonomous with manual control of sequenc-
ing. Where relatively complex autonomous tasks were identified in the autonomous
configuration, however, such as docking port recognition, the task has been left
to the man on the ground. The detailed sequence of events for this impact dock-

ing configuration is:
1) The sequence starts at automatic target acquisition at 23 km (12.5 n mi).

2) Rendezvous Lo the stationkeeping point is accomplished autonomously

using ranging sensor range, range rate, and LOS data, The ground

monitors this phase on TV.

3) Ground monitors satisfactory accomplishment of stationkeeping and
provides a "go" for orbit inspection (possibly selecting an optimum

orbit from a presotred library of them).
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4)

5)
6)

7

8)

2)

10)

11)

12)

13)

14)

15}

The orbit inspection is computed and initiated onboard based on

range and prestored desired orbit period.
LOS is being maintained autonomousiy throughout.
The docking port is sighted manually.

When it is within range of the onboard attitude determination capa-
bility, the orbit inspection is stopped by ground command, the
initial orbit insertion A V is automatically removed, and station-

keeping is assumed.

1
The Tug ranging sensor computes the targét attitude with respect to

the Tug and displays it on the ground,

After a "go!' from the ground, the maneuver required for X-axis co-
alignment is calculated and executed in the form of translation
commands, with LOS to the spacecraft maintained automatically. The
ground monitors the maneuver and can take over in the event of

anomalous conditions.

After coalignment is accomplished, another "go" from the ground

initiates the closure phase.

A closing V of 1 fps is imparted using a prestored +X jet on-time.
L
This is monitored onboard and trimmed automatically using sensor

range rate data,
10S to the spacecraft is maintained until approximately .3 m (1l foot).

The Tug continues to compute target attitude to verify vehicle X

axes coalignment.

If lateral position ervor is detected, translation commands are com-
puted and executed to maintain coalignment automatically until target

attitude information is lost at approximately 3 m (10 ft).

Throughout this phase the ground is monitoring the closure on TV
(both image and range, range rate, and LOS data from ranging the
seﬁsor) and has the capability to take over from the Tug control

system and complete the closure manually at any time,
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16) Docking occurs; spacecraft attitude control is deactivated.
-17) Mechanism contact omintoring is conducted.

18) Hard latch is commanded.

The hardware elements selected for the hybrid system are:

o GaAs SLR
o 1TV ¢

o Impact Docking\Mechanism (MDAC square frame)
The' rationale for that selection is as follows:

Ranging Sensor - The GaAs SLR was chosen becatse it can autonomously pro-
vide both ranging data and target attitude information with basically the same
hardware; only the cues are e%panded and some software, is added. The RF candi-
date utilizes a different concept altogether for attitude determination, adding
hardware development. The SLR is also relatively light and low-power. The ex-
tended range capability the 002 SLR could provide is not required in the present
scenario that show acquisition at 23 km (12.5 n mi). Utilization of the TV for
ranging is not practical due to ranging limitatioms, It is more useful in a

backup role for docking only.
Some development has already been done on the GaAs SLR.

\ Visual Sensor - A TV is provided for monitoring the autonomous operations

and furnishing a capability for manual control of the vehicle in a backup mode.

“

Docking Mechanism - An impact mechanism was selected, as it was for the
other candidates, because of the additional complexity in the station-
keeping control mode and steerable probe control of a non-impact dev1ce. Servic-
ing is, of course, not readlly achievable with the impact system, but for this
study was not a requirement. The MDAC mechanism is currently recommended as it
s reasonably lightweight and shows some growth potential to a servicing role

and to spinning spacecraft retrieval,

The hybrid conflguratlon is depicted in Figure III~6., It is much the

same as the autonomous candidate in that it utilizes the same docking mechanism,
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the same ranging sensor ~ GaAs 3IR ~ and the same.basic ranging cues. A TV for
manual backup control and decision making has been added, however, this has
gllowed scme reduction in software required; specifically the abort recogni-
tion, abort command routines and the docking port recognition routine. A
detailed description of software routines for all configurations is provided
under the autonomous configuration description, Part B of this section.

Refer
to the applicable routines described in that section.

A A Docking Mechanism
PP s s o r T L T, T o TR Large Dia.
fug Computer Words; Tug ”_Small Di%'
i Rendezvous B0 | l_S!C_
Inspection Orbit 30 1, i
A(i,s_-—“! Range Control 200 1 |
Maneuver . Corner
Commandd Target Attitude Comp. 750 Reﬂedors:

1 Docking Port Coalignment 200
ﬂransiatio\n Control Loop 300
Sequencing & Control 200

R, R + LOS
\ Y SLR
Electronics \I O

SLR L\
TV
R |
s

L—rSignaI 1 Data

1L0S Control 100 rq
|
|
|
|
|

Closure Initiation _50
Total 3350

—=LProcessor | Tmagé” P
[ Data N ]
—{Transponder Floodlight
L _

. exrme GoNS MATR  CEED  CWD GITD SOWD W GRS

To Ground
Figure TII-6. Hybrid Candidate Configuration

The hardware weight and power data is summarized as follows:

Weight Power
. Kg (Lb) (Watts)
Docking Mechanism 252 (556)
I GaAs SLR 18 (40) 40
SLR Electronics 6.8 (15)
v 1 9 (20) 12
TV Electronics J

The estimated span times and dollars for-the hybrid candidate development

are shown in Figure III~7. These are really a composite of the pertinent efforts
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from the manual and autonomous development programs. The simulation/demonstration
test program is an area of major importance since the hybrid system embodies a
relatively high degree of hardware and software technology for onboard operations,

as well as all the ground conkrol operations for the manual configuration.

Year Cost
Task 1 2 3 4 5 6 7 {$ Millions)
ATP PDR  CDR Tug 10C ’
[ Ppase B | Phase C £
i 5 N Concept Verjfication
Analyses & Studies . of .5
{IV Algorithm Development)  J¢ ¥ .5
Mechanism Dewvelopment e : 2 3.2 3.80
SLR Development ) . 10 LU P S L) R 8.81
TV Development e LBL 103
Software Development 62 L b of .62
Sim/Dem Testing _ s 1.0 . A L4
Ground Operations, .61 fon .1 4 Y
Training Development ®
Hardware Procurement
- {1st Article) 3
Mechanism 60 'd .60
SLR 29 |y .59
v AN N .21
¢ Total $18.6

Figure II1-7.

Hybrid Candidate - Cost & Schedule

The emphasis to be placed on the hybrid development, then, is not so much ‘

simulation/demonstration dollars, but rather scheduling of an early and expedient
simulation/demonstration program that will allow for better planning of the com—

plex hardware and software development tasks that follow,
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Iv. STMULATION/DEMONSTRATION DEFINITION

A remote rendezwvous and docking capability is highly desirable for the STS
era. This section dedls with those areas of development where simulation/demon-
stration testing appears mnecessary and beneficial., The approach to defining a
simulation/demonstration program is discussed in this section. The factors con-
sidered in selecting test facilities and scheduling the tests, as well as pre-

liminary analyses and long-lead developments required, are also addressed,

A, INTRODUCTION

A primary goal of the simulation/demonstration test definition was to
maximize the use of existing MSFC facility capabilities. During the study a
tour of these facilities was conducted and discussions were held with those MSFC

personnel familiar with the facility operation and projected uses.

Tools were developed to assist in the facility screening and scheduling
activity, A technical risk analysis was performed to assess the development
status of each proposed test objective. Those tests in which a low confidence
level existed were given a high priority and, where possible, were scheduled with
the longest lead time. However, other factors impact the schedules. A matrix
of tests and their predecessor requirements was prepared for use in scheduling.
Predecessor rrquirements are those analyses, SRT tasks and other activities-which
must precede a given test. The results of these analyses, the test planning and
schedules are presented in this section. However, the detailed simulation/
demonstration test descripéions and plans may be found inm Velume I1I of this re-

port.

Facility selection for each test was based on several factors, also, A
fidelity requirements assessment was performed to determine the simulation
fidelity required for dynamics spacecraft, Tug, and visual representations. 4n
assessment of the acceptibility of scaling for each test was alsc made. The re-
sults of these analyses are presented in this section with a facility modification

plan presented in Volume III of this report.

The simulation/demonstration program described here is basically a phase

A" effort. The development activities are expected to produce a system design
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for which a reasonable confidence level is established, with the technical risk

reduced to the point that full development can be started,

A Shuttle flight test is recommended as a final system development
following successful simulation/demonstration program. It seems feasible that
this activity could be incorporated into the planned Shuttle Teleoperator Bay

Experiment (TOBE objectives.
B. TEST REQUIREMENTS DEVELOPMENT

Test requirements were derived starting with a top-down functiomnal flow.
The flight phases encompassed by rendezvous and docking capability were identi-
fied. Those functions which must happen to accomplish rendezvous and docking

were related to these phases. Tests were defined for each function on a one-

Rendezvous
| (Acguire & Approach}

Inspaction Close Dock -

R1 - Acquisition & Ranging 11 - Target Tracking Cl - Closure Algorithm D1 --Mechanism Dasign &

I
T I
| i
| |
| |
| |
| 1

12 - Target inspection | €2 ~ Target Tracking } D2 - Contact Dynamics &

|

I
| |
i !
| !

I

]

@ Rend Range @ Insp Range Development Operations Verif,
RZ - Rendezvous Algorithm
Dewelopment 13 - Docking Port During Closure So?itgoclat?&ode
R3 - Rendezvous Sensor Location C3 - Station Kesping erification,
Tracking 14 - Target Attitude Verificalon D3 - Docking ‘Abort
Determination ¢4 - Closure Abort Verificztion
15 - Inspection & Verification
Commit-To-Dock | '
Ajorithms |

D e o ot i s b —— .y e e [ =

Figure IV-1l., Tests Provide End-to-End Functional Verification

Subscripts were applied to these tests to indicate either manual (M) or
autonomous (A) system tests, Each test was ranked for priority risk with the
test having the highest risk given a ranking of one (1)}. The priority risk
numbers were based solely on technical risk or lack of confidence in development

status.

The results of a fidelity and scaling assessment are presented in Table
JAV-1 with a ranking of zero (0) to three (3) for the fidelity categories

analyzed.
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Table IV-1: Fidelity and Scaling Requirements Select Facilities

Coded | .
Ident, Scaling| Spacecraft { Pynamics| Visual 1
tPriority Test Titls Acospt-|Con Tuss TTog T SC TCwh- | T Semser THwch TS TG T o tal
Risk} abls fig. Stisl
l Rendezvous
RIAI2) {1 Autonomous Acquisition, Tracking & Ranging At | N 1 2 |20}t 1 3 0|1 0 u
Maximum Range .
RIM {3} 1-Manual Acquisition, Tracking & Ranging At Yos 1 1 2|0 3 3 3 [ ] 1 13
Maximumn Range
RZ 190 | Rendezvous Algordhm Veriffcation NIA 0 0 0]o.] 0 0 2 a 3 0 5
'|R3 {15} | Renderwous Sensor Tracking - Autonomaus No 1|2 21411 2 2 3 0 2 0 5
R3M (15)| Rendezwous Sensor Tracking - Manual Yes z 21271 3¢3 2 0 |2 2 19
- Inspection
1A 04 | Automatic Target Tracking w1y faje|t[r Y 3 {e 2] 0 M
I1M (5} '| Manual Target Tracking TV Yes 2 3 j211]3 3 3 6 |2 ] 19
124 {7) | Automated Target Inspaction No 3 3 211]1 1 3 o |1 0 B
124 {22} ] Manual Target Inspection Yes. 2 3 2t1] 3 3 370 |0 3 a
I3A 8 | Docking Port identification Automated Ne 1 szl 3 g (1] o0 B
1 &) | Docling Port ldentification Manual Yeos 1 3 211 3 3 3 0 i ] 1B
1A (16) | Target Mtitude Determination Automated No 1 3 21311 } k] 0|3 0 17
144 @) | Target Attitude Determination Manual Yes 1 3 2131 3 3 3 o |3 3 u
15 (9 inspection & Commit-To-Dock Algorithm NIiA 2 1 2l2] 0 ] 1 o |3 1] 1
E Closure -
CIM 200] Closure Algorithms Verificatlon NIA 1 1 212t 0 ] 1 0 |3 0 9
C2A (18)] Target Tracking During Closurs Autonomous No 1 3 3¢3 ] [} 3 0 2 /] 4]
CaM (1T Target Tracking Durlng Closutd Manual Yes 1 3 313 2 2 3 0 2 2 21
CIM7{11}| Manually Achiew & Maintalr Close-In No 2 3 313 2 2 3 0 2 3 3
Stationkeening
C3A 2} | Automatically Achleve & Maintain Chose-In Yos 2 3 3P 3] 2 2 3 0|2 0 &
Stationkeeping
C4A (1} | Closure Abort Procedures - Aulonomous Oper- | Yes 2 3 3|13| 2 H 3 0 |3 2 2l
alons
CaM (13}] Closure Aborl Procedures - Manusl Operstions § Yes H 3 313 2 H 3 [ 3 3 F<3
i Decklrg -
D1 100 | Latch Design And Operalons Verification No 2 ] 313]0 0 0 3 o [ 11
D2 @1} | Dynamics Effects - Pra-And Post-latch No 3 9 |3|3]|]0710 0 2 ]o i 1l
03 @31 | Docking Abort Procsdures No 3 Q 2] 1 1 0 9 H _ 0 1
FlaBty: O - m-ﬂl:m:;nd
1= Low -
2 - Hdm P, ORIGINAL PAGE IS
3 = Hig
OF POOR QU

A high total indicates a'requirement for high fidelity in a general se:
However, the driving requirements which select a given facility for .a specific
test are typically celestial scene fidelity and scaling acceptability, for ex-
ample. An overview of the selected facilities by phase and candidate system

(manual or autonomous) is presented in Figure IV-2.
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Figure IV-2. Autonomous & Manual Tests Have Differing Facility Requirements

The hybrid system is comprised of elements from the autonomous and

manual candidate systems, and the tests are proposed ‘to accompany those selected

elements or subsystems. However, new interfaces exist in a hybrid system candi-

date as a result of bringing together these subsystems.

This requires a control

hierarchy in the system logic with capability for control handover from an auto-

nomous element to a hybrid element, or vice-versa.

This "best-mix" system has

an advantage of inherent functional redundancy, but requires additional tests

to validate the interfaces and control logic hierarchy.
.
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I
|
{ eMew Applicetion OF Existing Technology
1
|
1

|

b 1
@ Desirable For Abort Capability ) !
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Specifications o |

!

i
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fine Added TM Points For Decisions _ ide B
oD llar;reConso?e Operatllf (Or Via Datalines L.___Center ___
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IV-& 7 . Figure IV-3, Test Rationale Summary for Manual System Tests :
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c. TEST ELEMENT DESCRIPTION

The basic methodolegy in the test planning was one of limiting the number
of variables which are introduced inte & given test element at once. This is
accomplished by a "building bleck™ approach based on test complexity. For ex-
ample, the initial inspection phase test verifies the capability of the sensor
under test to perform ranging, LOS and targek attitude at inspection range. The
complexity of performing this same function while the Tug is maneuvering aro;nd
the target is added for the second inspection phase test., Checkpoints along the
way reduce &he nu ber of variables and expedite the test flow. This allows veri-
fication of the first capability before introducing another "building block™ of

complexity; thus proceeding stepwise through the scenario.

The test elements descrlbed in the following paragraph are subdivided inte
supportive test rationale and facility selection for each defined test. A fur-
ther subdivision is made by manual, autoncmous and hybrid candidate systems

tests.

1. Manual System Tests ~ The test rationale for performing Lhe recommended
series. of tests for the manual system is summarized in Figure I1V-3. The desire
wag to make use of oﬁe facility for a total test series, if_possible, te reduce
test setup coste and provide an orderly progression of tests. Another considera-
tion is the faet that an end-to-end systems test covering all phases has been
proven to be cost effective in the long Tun. This approach has historically un-
covered problem areas which were not anticipated, and allowed testing of traneition

from phase-to-phase, This appreach produces a higher confidence in the resulta.

The facilitics considered for each paase vwf the test program and the ad-
vantages/disadvantages for each are illustrated im Figure IV-f. Each feaeility
selection was made to maximize the use of existing MSFC facilities and minimize
the modification to these facilities. The fidelity requirements dictated
ageurate dynamics and good representation of mission effecte (celestial scenes
and day/night simulations). Refer to test procedure RIM of Velume ITI of this

report for details.

These requirements are best met by the T27 Space Flight Simwmlator (SFS)

1
of the MSFC Rendezvous and Docking Laboratory.
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FAGILITY SELECTION - MANUAL RENDEZVOUS
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Pigure IV-4. TFocility

Selection Summary for Manual System Tests
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® Minimum Facilities Mods . : Simu)ation . Disadvant Disadvandages
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FACILITY SELECTION - MANUAL INSPECTION & CLOSURE
T21 Space Flight Simulator 6DOF Mction System FFTO Flat Floor”
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Since scaling is acceptable for the TV sensor, the T27 SFS can be uded
for ranges out tc 20 n mi, tug to target spacecraft separation. This allows
the use of the same system for remdezvous, imspection and closure phase Lests.
However, the performance af the RF rendeszvous radar sensor selected for the
manual candidate is dependent on the target radar cross-sectien. The facility
selecced for testing the primary rendezvous semser is the high altitude test
approach. This method was selected over an aircraft flight test due Lo costs.
it redyces atmospheric effects by operating in the Rocky Mountaln area near
Denver, Golorado. Details of the éest setup and procedures may be found in

Volume IIL of this report,

For- the docking tests, the dynamics fidelity reguirement is the driwver.
Far this rezson the 6 DOF motion system of the MSFC Rendezvous and Docking Labora-

tory was selected as providing the most realistic dynamics simulabions.

2. -Auronomous System Tests - The Lest rationale for performing the recom-

meu@ed series of tests for the autonomous system 15 summarized in Figure IV-5.
The desire was to make use of a single faclility as much as posgsibie to reduce

test setup coste and provide an orderly progression of tests.

The facilities considered for each phase of the Lest program and the ad-
vantages/disadvancages for each are illustrated in Figure IV-6. Each facility
selaction was made to maximize the use of existing MSFC facilitie; and minimlze
the modification to these facilities., The fidelity vequirvements dictated full
scale target mocKups due to sizing and placement of spscecraft mounted aids
(e.g., retroreflectors). Tuarther, good dynamics representation is required from

the inspection range to final decking.

Since scaling cammot be easily accommodsted, the rendezvous phase tests
‘require approximately 25 miles separation befween semsor and target. A Shuttle
flight test and an aircraft Fflight were considered ko reduce atmospherie effecta.
An alternstive approach which reducea atmospheric effects significantly, but
not” ag much as the other options, is recommended due to cost, This approach in-
volves mpuntiﬁg a target in the Rocky Mountains west of Denver, Colorade and
providing a vehicle mounted sensor. The details of this test may be found in

Test Procedure R1A, Volume TTT of this report,
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C4A - Closure Ahort —
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Figure IV~3, Test Rationale Summary for Autonomous System Testcs
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Figure IV-6. TFacility Selection Summary for Autonomous System Tests



The inspection and closure phase test requirements fit the combined capa-
bilicy ;f the Dalto Gantry and Target Motion Simulato} (TMS) as modified. The
Test setup is described in Test Procedure RI1A, Volume IIT of this report and
requires relocation of the‘TMS %ithin the MSFC }endézvous and docking labora-

tory.

The docking phase test requirements are the same for autonomous and
manual syétems and, therefore, the same facility is recommended. Refer to Test

Procedure D1 in Volume ITI of this report for details of the test setup.

3. Hybrid System Tests ~ The hybrid system selection was accomplished dif-

ferently than the manual and autonomous candidates. Nineteen (1%9) manual
candidates and twenty-four (24) autonomous candidates met the basic requirements

set and were ranked using "desirability" criteria. From the highest ranked

manual and autonomous systmes a hybrid "best mix" candidate was derived to over-
come weaknesses in the other areas. Following this approach, the subsystem
identified for a given sensor, strategy or mechanism accompanies that selected

element for the hybrid system.

However, the recommended approach to the hybrid system development pre-
“sumes a parallel activity for a manual and an autonomous capability from which
the'hybrid system evolves, . The selected candidate hybrid system tésts are,

therefore, a delta or tests in addition to the manual and autonomous test program.

These additional tests are basically in three categories for which inter-
actions are introduced, The rationale for these tests are summarized in Table

Iv-2,

Table IV-2: Hybrid Tests Verify Interactive Elements

f Interface Verification ’ :

¢ Assure Selected Manual Subsystems & Autonomous Subsystems Work Together
® Assure [nputs From Primary And Backup Sensor Subsystems Are Not In
Conflict For All Test Phases

Control_Handover Procedures
e Validate Procedures For Phase Related Transfer Of Primary Control From
Autonomous To Manual Or Vice-Versa
o Validate Capability To Implement Overrides Or Backup From Remote Console

Sofiware Hisrarchy ' .
@ Insure Mode Changes Are Programmed In Tug Control System Software
To Respond To Correct Inputs, If Conflicting Instructions Are Received

e Perform Entire Simulated-Mission Sequences Using Total Software For
Validation

e e ot it
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No interactions are foreseen in the rendezvous phase since the automated
sensor is in control and the manual sensor (TV) is used only to backup the ren-
dezvous. In the docking area, both the manual and autonomous systems use the
same test program. This is possible :since the docking test objectives are pri-
marily mechanism oriented and are not changed by the method of bringing the Tug

and spacecraft mechanisms together.

The major area of hybrid system test activity is in the inspection and

closure phase tests. The impacts on simulation/demonstration facility elements

for the hybrid candidate are in the interface verification, control handover and
software heirarchy areas previously discussed. This can be accommodated by
control software in the MSFC rendezvous and docking laboratory hybrid computers

as indicated by Figure IV-7.

Test Phase Autonomous Hybrid Manual
High Altitude Test
Rendezvous High Altitude ;’;gi%i"gi’;;e @ & 1
Phase Test Test No Impact T27 Space Fiight
. Simulator
. , Dalte Gantry o Combination Test
(I:T:s?::golghgse- & Target 5§ Interface Via ;ﬁ?hipasge fat
Motion Simulator "J’ Control-Software ght Stmulaior
— reemers o
Docking 6DCF Motion B Same 6D0F Motion
Phase Test System {No {mpact) System

Figure IV-7. Hybrid System Test Facility Implications
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D. TEST PLANS/SCHEDULES/COST

The test plapning and scheduling activity utilized the priority risk
assessment and scheduling predecessor requirements previously discussed. The

overview test plan is illustrated in Figure IV-8,

The autonomous candidate development status is such that sensor SRT
should be started early to allow longer lead time based om a technical risk
assessment. This overview illustrates a time-phased plan which develops a ren-
dezvous and docking system for use in retrieval of‘spacecraft by the Space Tug,
This approach permits developing an autonomous and a manual system, learning the
merits and limitations of each, and selection a "best mix" hybrid system, How-

ever, it should be noted that the schedule is adaptable to developing a system

Years . Syﬂem ioc Syﬂem 10C ngem 1GC System 10C
Minus 5 Yrs Minus 4 Yrs Minus 3 Yrs Minus 2 Yrs
Developmen‘l k o A A S 2 P g g e P e o
Schedule ; st 7 o A o 7 o g
Milestones Tuy DDTRE rrrmrreers)
Autonomous SRTL Sensors \  Mechinisms \ B
Candidate Anakses \ Algorithms _\
_ System [ Simukations | Demonstrations \
. s ’ Final
| Hybrid .
Candidate @alyses Algorlfhmg\ \Slzl%;fem
System , . [ Sim Y Dem - \?Via
] - X Shuttle
Manual . SRT[__Mechanisms AN Flignt
Candidate ) | Analyses \ _Algorithms \ Test
System { Sim\__ Dem \
-’

Figure IV-8, Test Plan Overview
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which could be used with other vehicles, if desired. TFor example, the system de-
development could be keyed to a manned Tug program, space station elements, or

gang on-orbit scenario for other applications. This could be accommodated by de-
fining a new set of requirements and subjecting the selected syséems to a similar

test plan.

The scheduling tools previously discussed were used in developing a
schedule for each candidate. Priority risks for each test were developed with
the test requiring the most development ranked first. Specifically, the auto-
nomous abort has highest technical risk and should be scheduled'%irst from this
aspect. However, other factors must be considered, such as scheduling con-
straints énd predecessor requirements. As an example, for the autonomous abort
there must be some analyses which precede the abort test; hence, these analyses
become predecessor requirements for the autonomous abort simulation/demonstra-

tion. Also, a normal closure procedure should be demonstrated and well understood

before the abort capability is verified.

Both priority risk and scheduling predecessor requirements are sum-

marized in Table IV-3,
Table IV-3: Predecessor Requirements trade with risks for schedule development

Test tdent. Scheduling Fradecessor Requlrements
Risk Priorkty} Tast Tithe Tust SRY ~ . Analgs Software
RIA (121 Autonomous Acg Track And Sansoris) SRT
Rng. @ Max. Rangs
RIM 33} Manual Acq. Track AndRng, SC Mounked Alds (Héwe SRT) | Range/Rats Methods Renge/Rate Aigorithms
& Max. Range .
R2 (19) Rendezvous Algorithms - Strategy (mgplemantation
Verification Analysis
R3ASM (15)] Rendezvous Sensor Track  |R1A Or RIM. Sensor(s} SRT Tracking Methods Rendezvous Algorithms
1A {14 Autonomous Tgt, Track {15) £xtension of RIA | Sensoris) SRT Strategy Impiem. Ansl. Recognition/Ranging
™ (6) Manual Tgt, Track {15} Extenision of RIM| Image Interpretation UdeoS¥ | Strategy Implem. Anal Lock-On Algor.
- SRT Recognition/Ranging
[2A ) Auto Target Inspection {15} Possible Combine| Sensorfs) SRT Lock-On Algor,
22 Manual Target Enspaci ﬁgf? - u(:onu o
124 anual Target in on 033, ne Ti n. Fidsl Data ress
WHEM & 1 " O oy comp
[3A {8) Autonomous Dock Port (I5) Poss, Combine | Sensoris) SRT Cus Definilion Target Recognition Aker.
'Iﬂﬂenliﬂcztm ' WIZA ?HIM - SC Mounted Equip,
13 6) anual Dock Post 1D (CIMTSEN {15 Poss. | SC Mounted Equlp, Cue Definitfon T Recegnition Akgor.
A . Comb. Y:I!IZM & 18 Exilp. arget Recog Kor
147 (16 utonomous Targed {15 Possibte Comb. | Sensor(s) SRT Cus Defl F omput Aiger,
Altitude Determination WIL2A & [3A SC Mounted Equlp, ue Defition v ¢ sien
124 &) Manual Targe! Attitude (15) Posslble Comb. | SC Mounted Equip. Cue Dafinition Attitude tatlon A
Determination - W24 & 13 b Compa Maee.
15 % inspection & Commit-Te=- {RIRILOSITA} Conwersion
Dock Algorithms Verif, Meas. Data To Controd
Cl 20 Closure Akorithms Verif, Stritagy Impl. Analysis Tug Control Via Sansed -
C2ZA (18) Auto Track During Closure |(CI) Common W/I4A | Sensoris) SRT Dl;ga
& C3A ; Data s Tug Control Viz Sansed
cM 11 Manual Track During {CD Common WilIM oo Dl;tg. .
Closure L May Responss - Dala Tug Fine Mode Corrtrof Laws -
Cam Manual Stationkesping [or ] Compress A‘tit%ludl & Position Hokd SW
C3A &) Autonomous Stationkesping | C2A Prox. LED Sensor Dev Bidwi/SW| Statlonkesp Strategy Anal. | Statlonkeep Akorithem
C4A (I} Abort Procedures - Normal Proc, Var- | Hdwe SRFiSensor SRT FMEA (DetectiCorrect) Faifure Detectient
) Alonomous ification Correction SW
a3 Abort Procedures - Manual ;J;crar;llal Proc. Ver- | Hdwe SRT RAEA (Tug & 5C) Faliurs Detection Alger.
on
Dl 1% Mzchea‘nism Dasign & Machanism Hardears SRY
Operations .
02 2p PDynaT:: dE‘fhds -k |w Dyn. AnaL - Control M tyn. Sim. - Tug Cantral
. Pe Changes
PR A D;dng Abort :mnlal Dock Ver- FMEATUIIdock Geln
on
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Confidence levels are the inverse of technical risk priority and relate

to the development lead time required for each test phase.

Table IV-4 illus-

trates the confidence level definitions and categorizes the test into these

levels by mission phase.

Table IV-4,

Definition Of Confidence Lewel Groups

Test Phases Relate to Confidence:'levels

lewe] 1 Level 2 Lovel 3 Lavel 4
Low Mediem-Low Medium-High High
RED PT&E |Substantfally Beyond The State Of Slightly Beyond The State Of The | Withln The Stzte COf The A, No | Modification OF Exsting
The Art.  Three Years Or More Of Arl. Two To Thres Years Of R&D | Quahfied Hardvare Exists. One Hardwvare. Less Than One
RE&D PTEE Required PTEE Required. To Two Years Of R&D PTAE Requlred) Year R&D PTEE Recuired
Cost Tolal tack Of Dta.  Inadequate Detaited Oesign And Cost Datz Not | Detailsd Dasign And Cost D2a Were | Sufficient Time And Data
Time Provided To Maka Estimate Sufficient To Make Accurate Esti- | Avalizhle, Could B2 More Accurate | Avallable To Provide
‘| Egtimate is Almost A Poor Guess, mae, Time Allawed Makes Estimate | If More Time Wars Avatlabla, Accurde Estimats.
Uncartain, Could Hawa A Few Minor Errors,
Schadule | Inadequate Time And Data Awlizdis Time Allowed Makes Estimate Uncar- | Sufficient Time And Data Availsble | Sufficlent Time And Dala
To Make Estimate. Schedulas Are tain. Input Data Are inconsistent | To Eslimate In Depth, Schedules | Avallable To Estimate In
Extremsly Tight With Almost No And Questionable. Schedules Are | Allow Tima For Miner Dalays. Dapth, Schadules Allsy For
Posstbllity ©F Maating All Dales. Tight - No Allowance For Delay, Mapr Delays. B
Porformance | Performancs Tust Abowe The Minimum | Many Parformance Objectives Are | Most Porformance Objectives Ara  § All Perfermanca Objecthas
Lowe) le. et . are Met Or Exceedsd

Canddae Test Grouplngs

Syt el 1 Llow Lowsl 2 Mad-Low tswi3  Med-High Lewel 4 High
Autonomous Closure Tests tnspection Tests Rendevous Tosts
. (C1 Thru C4A} (1A Thru 15} {RIA Thru R3A)
Manus Nons Rendszvous & Cloture Tests ﬁ'ﬁ%m“gf
inspeciion Tests (C1 Thru T
RiM Thru R3M
And [IM Thru 15

Schedules are presented in Figures IV-9, -10 and -11 for development of

the autonomous, manual and hybrid candidates, respectively,

These schedules are

at an individual simulation/demonstration test level and identify the associated

analyses, software development and SRT activities which support the tests.

Addi-

tional detail for the SRT and analyses tasks may be found in the SRT plan of

Volume III and the recommendations section of this wvolume of the report.
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AUTONOMOUS DOCKING SYSTEM DEVELOPMENT SCHEDULE

MANUAL DOCKING SYSTEM DEVELOPMENT SCHEDULE
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Figure IV-9: Autonomous Test Schedule Figure IV-10:

Manual Test Schedule
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Figure IV-11: Hybrid Delta Test Schedule
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V. RECOMMENDATIONS

This gtudy has identified three general categories of future activity
that should be conducted in support of planned and potential STS rendezvous and
docking objectives, These include Supporting Research and Tébhnology, a Ren-
dezvous and Docking Integration activity, and the Simulation/Demonstration activity.
The SRT activity includes long lead effort and activity that will keep design
opéions open until a sound technical basis fo deletion can be developed. The
R/V&D integration activity is required to assemble myriad future applications
requirements into a cohesive approach to system development and operation that
will maximize program cost effectiveness. The simulation/demonstration activity
provides a medium for mzking rational system selections and proving concepts be-
fore entering into full scale development. Careful planning and faithful imple-

mentation of these activities assures the most effective use of program funding

A. SUPPORTING RESEARCH AND TECHNOLOGY (SRT)

The technology for autonomous rendezvous and docking capability repre-
sents new hardware and software developments. The hardware SRT can be categorized
into sensor and mechanism developments. The software covers broad categories of
maneuver strategy, sensor utilization slgorithms and decision algorithms. An SRT
plan is presented in Volume IIT, Part IT of this report and is subdivided into
Sensor SRT Tasks (S-1 through S5-4), Algorithm SRT Tasks (A-1 through A-7) and
Mechanism SRT Tasks (M-1 through M=3). A suﬁmary of the areas where SRT activi-

[

ties are concentrated is presented in Table V-1,
B. RENDEZVOUS AND DOCKING INTEGRATION

One concern that arose during the course of this study was that thg re-
sulting designs were tailored to specific roles, particularly retrieval of a given
catalog of anticipated spacecraft with all-up Tug. Recent statements regarding
future space programs indicate the family of space systems may be expanding to
include such elements as the manned 0TV, space stations deployed at low and geo-
stationary altitudes, and possibly more visionary programs. FEmphasis shift from
retrieval to servicing of automated spacecraft appears probable. It is proposed

that a broad scope systems study be done to evaluate all possible uses and users
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SRT Candidates -

® Autonomous Sensor Development (SLR, RF Radar)

& Target Mounted Aids (Retro Reflectors, Patterns, Etc.)
e Non~Impact Docking Hardware (STEM, Sensors,” Etc.)
@ Failure Detection Sensors

Software SRT -

o Image Data Compression
® TV Pattern Recognition Algdrithms (Smart Bomb, Etc.)
© Failure Recognition/Abort Algorithms

Analyses/Study Recommendations -

& Software Requirements Studies, All Phases

@ Tug Control Responses Using Docking Sensor Inputs
@ Failure Modes & Effects Analyses (Functional Level)
eManned Tug Reguirements Impact Analyses

@ Servicing Roles

® Shuttle Flight Test Definition

Table V-1. SRT Activity Summary

of a rendezvous and docking system. The objective of this study would be to
identify potential for commonality among programs and provide for a greater flex-
ibility in design to accommodate the multiple purposes that will evolve from the

broader application of the system.

Another rather broad conclusion was reached with regard to the payload
integration task that will evolvg as new space systems become operational, and
the number and variety of users grow in the ‘years ahéad. Any payload desiring
more than simple deployment will interface with STS through what could, and
should, be a common system; the Rendezvous and Docking System. This interface
role leads to the conclusion that the R/V&D system should be a part of the total
STS payload integration effort, rather than constrained to a specific STS vehicle,
such as the Space Tug, It appears that a4 developmental/operational role for a

rendezvous and docking integrator should be implemented.
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Figure V-l1. Retrieveable/Serviceable Payload Integration

The nature of the interfaces that exist between STS elements and the
spacecraft community are illustrated im Figure V-1. These interfaces are closely
interrelated; payload integration and rendezvous and docking tasks are closely
allied. Many of the tasks involved in payload integration are required to arrive
at a rendezvous and docking system. Creation of a broad integration role en-

compassing both rendezvous and docking, and payload integration seems desirable

for the following reasons:

o The major interface between STS elements and spacecraft ig
through the rendezvous and docking system.

o 8TS and payload designers are precccupied with internal design

problems.

D
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o An integrator can act as an unbiased negotiator between STS and
the spacecraft community.
o The integrators broad knowledge will provide an efficient transi-

tion to the operational phase.

Should this integration role be sanctioned, the tasks required to define and

implement the required development and operational activities are as follows:

ss [ | ,
Programs™ ! 4

'Rendezvous .
& Dockin - -
!ntegra’tio% l Phase A/B Phase C DDT&E Phase D Operation {
Program
| 1 } AW —~—— - —~ 7

o PIL Regmts Library ¢ Spec. Prep o Payioad Integration

o STS To P/L Communication o ICD Definition © Maintain ICD's

o Concept Studies. o Hardware Design o Mission: Integration

o Sim/Dem Testing o Software Development o Flight Support

o Concept Selection a Dasigh Verification o Software Verification

Figure V-2, TIntegration Task Content

The integration tasks required fall into the three categories indicated .
in Figure V-2, Phase A/B tasks are required, starting as soon as possible. An
initial definition task should span one yeat. 1Its objective would be to define
an integrated approach to rendezvous and docking system development and operation
that méets all STS objectives. Then the Phase B effort should be broadened tol
encompass the total payload integration effort, and scoped to permit specific

definition of each identifiable application. Phase C DDT&E activity must follow
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a common thread developed in the Phase A/B activity, but must be polnted par-
ticularly to support specific operationa requirements. Those recognized at this
time are Shuttle rendezvous activity, IUS servicing missions, EOTS missions, and
OTV missions (beginning with geostationary space station assembly). Fhase D
activity is oriented at operational support,an area where payload integration
and rendezvous\and’docking mission planning are key continuing roles. The

approximate schedule of these integration activities is shown in Figure V-3.

-

Table V-2 outlines the first step in the implementation of the Rendezvous
and docking System Integration role. As noted, the objective is to bring the
many R/V&D requirements anticipated in the STS era into a common perspective. It
is necessary to understand all objectives, and to evolve a comprehensive approach
that will yield the most cost effective path to achieving all these objectives.
The study outlined will provide that common base that leads to efficient utiliza-
tion of available funding. The most important specific output of this study will
be system interface definitions that will assure future STS vehicles, spacecraft,
and ground'support facilities will be able to effectively meet anticipated opera-

tional goals involving rendezvous and docking.
- C, STMULATTION/DEMONSTRATION RECOMMENDATIONS

A simulation/demonstration activity is considered to be a key element in
the development of remote rendezvous and docking capability for the STS era.
The development program defined during this study includes SRT activities and
analyses which should precede simulation/demonstration tests., The tests are
separaéed into manual and autonomous systems procedural sets. It is recommended
that these efforts be pursued concurrently and the hybfid system tests only be
deltas to address interactions and interfaces which result from bringing manual

and autonomous elements together in a hybrid '"best mix" system.

A simulation/demonstration test program was specified which maximized
usage of existing MSFC facilities, The test program provides an end-to-~end
systems test flow demonstrating all phases of a rendeZvous and docking mission.
Test Descriptions and Test Procedures were developed and are presented in Parts

ITT and IV, respectively, of Volume III of this report, A Facilities Modification

V=5
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Figure V-3. Integration Task Schedule

Table V-2, Rendezvous and Docking Applications Systems Study

Define An Inlegrated Approach To Rendezvous And Docking System Development
And Operations That Meets Ail STS Objectives

roach:
@ System Requirements Generation ~
— Compile Planned & Projected STS Rendezvous & Docking.Activity
— Conduct Functional Cperations Analyses
— Develop Time Phased System Requirements

@ integrated Development Approach
~ Develop Technique/Mechanization Alternatives
— Define Time Phased Development Paths
— Select & Define The Most Effective Development Approach

@ Integrated Operational Approach
— Deveiop Alternative Operational Concepts
- Select & Define The Most Effective Operatlonal Approach

®System Interface Definitions
— RDS/STS Vehicles
~ RDS/Retrievable-Servicable Spacecraft
— RDSIFlight Support Systems

~



Plan (Part V of Volume III) details the necessary minor changes to existing

MSFC facilities to meet the test requirements.

The overall development program recommendations are summarized in Table

v-3. .

Table V-3. Rendezvous & Docking System Development Recommendations

@ Simulation/Demonstration Tests - Make Maximum Use Of Existing MSFC Facilities,
With Growth Options

o Shuttle Flight Test - Provides ldeal Test Bed For Final Systems Ver-
" ification - Possible Combine Wtih Teleoperator
Bay Experiment (TOBE)

@ SRT & Analyses - Autonomous Sensor SRT And Some Mechanism
Long Lead Work Is Foreseen. Software Analysis
And Requirements Definition Shouid Be Started
Early To Allow Checkout And Assure Software
Readiness To Support The Testing

o Options Available - Autonomous/Manual Rendezvous And Docking Systems

Applicability To Manned Tug To Space Station '
Resupply/Rescue And Payload/Payioad Gang On-Orbit
(Commonality With Shuitle Orbiter To Payload
Rendezvous/Docking!

The key issues which surfaced in the simulation/demonstration area as a
result of the present study, as well as those issues which should be considered

in future efforts, are summarized above.

The current set of requirements are somewhat limited in scope. A ren-
dezvous and docking system should be developed and demonstrated independent of
space tug development. The need for a system of this kind is foreseen associated
with Earth. Orbital Teleoperator System (ECIS) placement/retrieval of large auto-
mated satellites which are susceptible to contamination, and other payload-to-
payload docking applications such as space station build-up/assembly on-orbit.

The potentlal use of an expendable IUS for servicing of spacecraft should not be
dismissed lightly. This capability would be especially attractive for an expensive

spacecraft exhibiting infant mortality.



