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EVA
FCA
FF
Fov
GN&C
GPS
GSE
HOR

HMF
HRF
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IDMS
10C
ISA
LAB
LM
LDR

List of Acronyms and Abbreviations

Attitude Control Assembly
Attitude Control System

Animal Research Facility

Apollo Soyuz Test Project

Active Thermal Control Subsystem
Cost Estimate Relationships
Control Moment Gyro
Communications and Tracking
Design, Cevelop, Test, and Evaluation
Data Management System
Environmental Control/Life Support System
Energy Conversion Subsystem
Extravehicular Mobility Unit
Energy Storage Subsystem
Extravehicular Activity

Fiow Control Assembly

Free Flyer

Field of View

Guidance, Navigation, and Control
Global Position Satellite

Ground Support Equipmert

High Data Rate

Habitation Module

Health Maintenance Facility

Human Research Facility

Hertz (Cycles Per Second)
Intermediate Frequency
Information and Data Management Subsystem
Initial Operational Capability
Inertial Sensor Assemblies
Laboratory Modutle

Logistics Module

Low Data Rate
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LVLH

MC
MLI
MMPF
MMU
MRMS
MRWG

0cz
ORU
07V
OMV
PA
PAC
pCU
POP
PF
PID
PMAD
RCG
RFP
RMS
RCS
SAA
SE&L
$S
SSPE
STS
TBD
TEA
TOM
TORS
WCS

Local Vertical, Local Horizontal
Meter

Multiple Access

Manned Core

Multilayer Insulation
Microgravity and Materials Processing Facility
Manned Maneuvering Unit

Mobile Remote Manipulator System
Mission Requirement Working Group
Nautical Miles

Operational Control Zone

Orbital Replacement Unit

Orbital Transfer Vehicle

Orbital Maneuvering Vehicle

Power Amplifier

Pginting and Control System

Power Conversion Unit
Perpendicular to Orbit Plane
Platform

Proportional, Integral, and Differential Gain
Power Management and Distribution
Reference Concept Group

Request for Proposal

Remote Manipulator System
Reaction Control System

Science and Applications

System Engineering and Integration
Space Station

Space Station Program Elements
Space Transportation System

To Be Determined

Torque Equilibrium Attitude
Technology UDevelopment Missions
Tracking and Data Relay Satellite
Waste Control System
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1.0  INTRODUCTION

This report documents the data generated by the Space Station Program
"Skunk Works" over a period of 4 months which supports the definition of
a Space Station reference configuration. The data were generated to meet
these objectives:

a. Provide a focal point for the definition and assessment of
program requirements

b. Establish a basis for estimating program cost

¢. Define a reference configuration in sufficient detail to allow
its inclusion in the definition phase Request for Prcposal (RFP)

Although the reference configuration has beet specifiad in the RFP, the
specific data defining that configuration in this document should be
viewed as preliminary, subject to change, and presented for information
only. It was NASA's intent in providing this information that it be
considered as a potential point of departure for the definition phase,
not a set of approved design solutions. Baselining of reference
configuration characteristics will occur prior to definition phase
Contract Start Date (CSD).

This report addresses the I0OC and growth of the Manned Station and
Unmanned Platforms. Section 3 presents a summar, of the configuration
description, subsystems, and key evaluaticn results for the Space Station
and Platforms. Sections 4 and 5 contain key design requirements and
de<criptions of the configurations of the Manned Core Station and
tform, resnectively. A functional evaluation is made of the

ifiguration's ability to accommodate payloads, support crew an”

1gistics operations, accommodate integrated systems requirements, and to
Joe assembled and grown efficiently. Detailed subsystem descriptions with
options considered and rationale used to select the specific subsystems,
are also presented.

In the early phase of this effort, 14 teci 'cal areas were identified
which served as “targets" for system/subsystem alternative evaiuation and
analysis. The data developed in these areas was considered too detailed
for inclusion in this document. The study results of these technical
areas are published as "Spcce Station Subsystem White Papers” (JSC-20054)
and the titles of each paper are identified under the 1isting of
reference documents in the back of this report.
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2.0 BACKGROUND

‘ The Space Station Program Office “Skunk Works" activity was initiated to
‘ support RFP preparation, to develop a reference configuration, and to
provide supporting data bases. The Reference Configuration Group (RCG),
a subgroup of the "Skunk Works" SE&I team, wa: tasked to develop
configuration concepts 2nd supporting data. As a point of departure ad
continuity from previous studies, five concepts were sc'ected for

e evaluation from those identified by the NASA Headquarters Co.,cept
- Development Group (CDG). They included the “CDG Planar", the
"Delta-Truss”, the "Big T-Truss", a cross-type structure referrad to as
the “Power Tower", and a configurestion with a rotating solar array called
3 the “Spinner".

-

Early in the study, the five configuration concepts were narrowed to

three based on the finding that the salient features of all were

incorporated in the remaining three. The three concepts selected for

s further study were the “CDG Planar“, the “"Delta-Truss", and the “Power

o Tower". For these configurations, mission functional requirements were

s converted to design requirements and detailed Space Station and Platform
configurations were developed. Systems and subsystems were sized

i. accordingly. Cost sensitivity studies were performed and the integration
- of subsystems, crew, and customer requirements into the Station
£ configurations were investigated.

The “Power Tower" was finally selected as the reference configuration
because it was seen as maximizing the accommodation of current user and
growth requirements while demonstrating acceptable design and operations
characteristics. It was also recognized that the “Planar' and “Power
Tower" configurations are members of the same family which differ
basically in their placement of the manned modules and experiment bases
with respect to the articulated solar collection devices.

The RCG was comprised of approximately 80 technical specialists from
various NASA centers, including JSC, MSFC, GSFC, KSC, LaRC, LeRC, JPL,
and Hqs. A listing of perscnnel invslved in the study is contained in
Section 6.0 of the report.

R
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3.0 SUMMARY
3.1 CONFIGURATION DESCRIPTION

A brief overview of the Space Station reference configuration is provided
in this section. More details are provided in subsequent paragraphs.

The reference 10C Space Station configuration is shown in Figure 3.1-1.
The Space Station operates in a local vertical-local horizontal {LVLH)
orientation, with its keel along the local vertical direction and the
solar array boom perpendicular to the orbit plane (POP). The
earth-pointed end of the Space Station contains earth-looking payloads.
The zenith-pointed end contains solar, stellar, and anti-earth viewing
payloads and communications antennas. Non-viewing payloads are located
at various places on the Space Station and the pressurized modules are
locate¢ near the bottom of the keel. Servicing equipment is located
along the keel on either side, with the front and back surfaces of the
keel kept free for traver-e of the Mobile Remote Manipulator System
(MRMS). The servicing anu refueling facilities, OMY and OTV technology
demonstration equipment, and satellite storage and equipment areas are
located at varicus places along the structure.

Gimbaled solar array wings provide full power at any reiative alignment
of the Space Station and sunline. The solar voltaic power generation
system was used in this studv and is shown on the configuration to
demonstrate a design option rather than to advocate the ultimate system
selection. Heat rejection is provided by a combination of body-mounted
radiators on the modules, deployed non-rotating radiators on the
transverse boom, and deployed rotating radiators near the bottom of the
keel.

‘he long, thin shape of the Space Station gives it a natural proclivity
towards gravity-gradient attitude control. Aerodynamic forces and any
unbalanced side-to-side masses tend to cause a tilt of the keel off the
nadir-zenith line, but tha impact on the Attitude Control System can be
minimized by maintaining reasonable side-to-side balance in mass
distributions, and by allowing the keel to tilt slightly in the orbit
plane, if required. Locations for attachment of large transient masses,
such as the Orbiter and large space construction elements, have been
selected to minimize impacts on the Attitude Control System.

< s Ve e s

One of the principal advantages of this configuration is the good viewing
afforded to all payloads, both externally-mounted and

internally-mounted. The configuration also allows good accommodation of
tether payloads and good accommodation of communication antennas. Good
clearances are provided for Orbiter rendezvuus and berthing, and for
construction, servicing, and other operations activities. The deployable
truss-mounted subsystems and distribution equipment are mostly
pre-integrated (prior to launch) to minimize on-orbit time, complexity,
risk, and especially EVA activities, during buildup and assembly. The
module-mounted subsystems and distribution equipment are
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pre-integrated also. Launch and assembly of the I0C Space Station
requires from six to eight launches, including some but not all
payloads. Assembly is accomplished using the Orbiter RMS and the Space
Station MRMS after it is installed. Permanently manned operation can
begin after launch 5.

The payload complement shown on Figure 3.1-1 is no doubt more extensive
than that which will exist on the early Station, but it was utilized here
as a test of accommodation capability. Although physical locations are
provided for this quantity of payloads, Space Station resources such as
power, data and crew time would have to be time-shared among the
payloads.

Some options for the truss stricture on the Station are shown in Figure
3.1-2. Some of these options are deployable, some are erectable, some
are pre-inrtegrated with subsystems, and some have subsystems installed on
orbit after deployment of the structure. These are discussed in more
detail in the structures section.

A weight summary of the Station is provided in Table 3.1-1. It should be
noted that these weight numbers do not include growth. The payload
weight is probably the softest of the numbers shown, since the payload
complement used in the study was optimistic.

Five pressurized modules are utilized in the on-orbit configuration of
the reference Station: two Habitation Modules, two Laboratory Modules,
and a Logistics Module. In addition, a second Logistics Module must be
provided in the program, for on-orbit exchange with the first one, to
accomplish Station resupply every 90 days. Crew rotation or partial crew
rotation will occur during resupply visits.

One Laboratory Module is characterized as primarily a Life Sciences
research module and the other as primarily a Materials Sciences research
module, for purposes of this study. However, either module can be
modified on-orbit to support other activities.

The module arrangement is discussed in paragraph 3.3. Cost analyses have
shown that considerable cost avoidance can accrue from having commonality
among the pressurized modules. Cursory systems assessments have
indicated that a fairly high degree of commonality should be possible.
More details are provided later in the report.

A man-tended Station which is operated and maintained by a crew living in
the Orbiter and which operates unmanned at other times may offer some
cost deferral if pressur . zed mouules on the Station are eliminated from
the I0C version. Assuming that the Station wi'1 ultimately grow to a
fully manned version, the overall configuration will not differ
signisicantly from the reference concept described in this document (Fig.
3.1-3).

Platform concepts can be derived from the Station subsystems. Table
3.1-2 identifies some implications of trying to achieve different levels
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Subsystem

SE&l

Logistics/

Ty Spares

Maintainability/
Maintenance

Growth

Size/Weight

Cost

TABLE 3.1-2.- PLATFORM CONCEPT SPECTRUM
OEGREE OF COMMONALITY WITH SS

HIGH

~SS resource
Module struct
-SS subsystems

-Mostly existi

~-Common

-Common

-High degree;

already scarred

-Largest &
heaviest

-Low D&D but
manned CER's;
cost TBD

MEDIUM

-Part of existing
SS resource module
structure

ng -Partially existing

-Partially common

-Partially common

-High degree;
partially scarred

~-Medium size &
weight

~Higher D&D,
mixed CER's;
cost TBD

LW
-New structure
-Non-SS subsystems

~-Partially exist-
ing-to-mostly new

-Non-common

~-Noh-common

-Probably limited;
scars must be
added

-Probably smallest
and lightest

-Higher-to highest
D&D, but unmanned
CER's; cost T8D
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of commonality. Figure 3.1-4 shows a generic platform derived from the
reference Station. Platforms that are sized to best meet the user needs
in a cost-effective manner should be studied.

There is ro “safe haven" per se in the Space Station. Rather, the
Station meets the basic safety requirements of 1) operability and safety
after the loss of any one module, 2) survivability of the crew for 22
days, and 3) rescuability by providing safe exit from and isolation of
any one mndule from the others and sufficient life support, food, waste
management, control/communications, and rescuability within the remaining
three-module cluster.

Assessments of berthing/docking appear in the appropriate areas of the
report (dynamics, mechanisms, operations, etc.). The growth version of
the Space Station is discussed in later portions of the report.

3.2 SUBSYSTEM DESCRIPTION AND PERFORMANCE

A summary listing of some of the key features of the reference subsystems
is provided in Table 3.2-1. Each of the subsystems is described in more
detail in appropriate sections of the report.

The Station reference subsystems consist mostly of existing and
state-of-the- art equipmert/designs. However, in some areas, it was
deemed to be more cost-effective to provide some advance in the
state-of-the-art.

The Guidance, Navigation, and Control (GN&C) and Propulsion subsystems
are probably the ones requiring fewest advances in the state-of-the-
art. The Crew, Information and Data Management, Communications and o
Tracking (C&T), and Structures/Mechanisms subsystems require a moderate

degree of technology/advanced development. The Electrical Power, Thermal

Control, and Environmental Control and Life Support (ECLS) subsystems

probably require more advancement than the other subsystems. Further

study may indicate that changes should be made in the subsystem

concepts. One subsystem concept which should be given significant

attention in further studies is the solar dynamic concept of the S
Electrical Power subsystem. All presently identified technology

advancement areas should be studied more thorouc-ly, to verify their

expected costs and performance.

A top-level summary of the 10C SS performance in key subsystems areas is
provided as T.ble 3.2-2. The flexible body frequency is Tow, but
analyses have indicated that there should be no interaction with the GN&C
or other subsystems. The number of Control Moment Gyros ((LMG's) is very
moderate. Housekeeping power is fairly sizable, but possibly can be
reduced. Some payloads should be able to utilize the pointing accuracy
and stability of the Station directly, without requiring pointing mounts,
but others will require pointing mounts.

11
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TABLE 3.2-1 - KEY FEATURES OF SS REFERENCE SUBSYSTEMS

ELECTRICAL POWER

0 PLANAR SOLAR ARRAY (DEPLOYABLE)
0 REGENERATIVE FUEL CELLS

0 GIMBALED ARRAY WINGS (2 AXES)

o HIGH VOLTAGE AC DISTR.

GN&C

o DOUBLE-GIMBALED CMG'S

0 MAGNETIC TORQUERS

o RATE GYROS, STAR-TRACKERS
ACCELEROMETERS

0 CONTROL SIGNALS TO RCS
(REBOOST & BACKUP ACS)

PROPUL.SION

o REBOOST & ACS (BACKUP THRUSTERS
o PROPELLANT STORAGE & FEED EQUIPT.
0 BLOWDOWN SYSTEM

ECLS

0 REGENERABLE CO2 CONCENTRATION
REDUCTION

0 N2 STORAGE & RESUPPLY

o CONDENSATE, WASH WATER, &
URINE/FLUSH WATER RECOVERY

o WATER ELECTROLYSIS

0 WASTE MGT. PROCESSING & STORAGE

THERMAL CONTROL

0 CENTRALIZED/DECENTRALIZED HEAT
REJECTION

o FIAcD/ORIENTABLE/DEPLOYED/NON-
DEPLOYED RADIATORS (ALL HEAT
PIPES), SOME CONSTRUCTABLE

0 2-PHASE HEAT TRANSPORT

o THERMAL CAPACITOR

STRUCTURES/MECHAN I SMS

o 30' (CYL, PORTIO:) PRESSURIZED
MODULES

o DEPLOYABLE TRUSSES

o ERECTABLE STRUCTURE (MINIMIZED)

0 BERTHING

0 MOBILE RMS

0 ROTARY JOINTS (ELECTRICAL & FLUID)

12

INFORMATION AND DATA MANAGEMSOT

0 HOUSEKEEPING & PAYLOAD DATA BUSES
o HIERARCHICAL SYSTEM

o FIBER-OPTIC NETWORK

o FIXED AND PORTABLE CONTROL CONSOLES
0 SOME FLAT-SCREEN DISPLAYS

COMM & TRACKING

0 KU-BAND & S-BAND (MULTI-FREQUENCY)
o DIGITAL COMMUNICATIONS

0 MULTIPLE-STEERED-BEAM ANTENNAS

0 WIRELESS CREW COMM

o RADAR TRACKING & OPTICAL BERTHING
0 ENCRYPTION/DECRYPTION

CREW SYSTEMS

o PRIVATE CREW QUARTERS

WARD ROOM & GALLEY (INCLUDING
FOOD FREEZER & DISHWASHER)

HEALTH MAINTENANCE FACILITY

AIRLOCK(S) WITH HYPERBARIC CHAMBER

EVA SUITS, WITH STOWAGE/CLEANING/
MAINTENANCE

WASTE MANAGEMENT COLLECTION

SHOWERS & HAND WASHERS

CLOTHES WASHER & DRYER

TRASH MANAGEMENT SYSTEM

0 EQUIPMENT MAINTENANCE FACILITY

o YEHICLE MANAGEMENT

0 SAFE HAVEN

o o

(==

© 000

PAYLOAD & SERVICING ACCOMMODATIONS

o BASIC LAB VOLUME

0 ATTACHED UNPRESSURIZED PAYLOADS

0 ATTACHED PRESSURIZED PAYLOADS

o OMV {I0OC), MMU (I0C),& OTV (GROWTH)

0 SERVICING OF FREE-FLYING SATELLITES
& PLATFORMS, OMV, MMu, & OTV

o CONSTRUCTION OF LARGE STRUCTURES

o Al L

(+

{8) 4
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TABLE 3.2-2 - 10C SS PERFORMANCE SUMMARY

FLEX BODY FUNDAMENTAL FREQUENCY: 0.123 Hz
NUMBER OF SKYLAB CMG'S REQUIRED FOR CONTROL:

0 WITHOUT ORBITER ATiac.ED: 3
0 WITH ORBITER ATTACHED: 4

10C POWER AVAILABLE

0o TO PAYLOADS: 50 kW
o HOUSEKEEPING: 25 kW

10C HEAT REJECTION AVAILABLE

o FOR PAYLOADS: 50 kW
0 HOUSEKEEPING: 50 kW

POINTING

6 ACCURACY: +1°
o STABILITY RATE: + .02 DEG/SEC

REBOOST

0o THRUST LEVEL: 100-300 LB
0 REBOOST FREQUENCY: 90 DAYS

COMMUNICATIONS

0o DOWNLINK: 300 MBPS (LESS ENCODING)
0 UPLINK: 25 MBPS (LESS ENCODING)

DATA STORAGE: HOUSEKEEPING ONLY
CREW TIME

o FOR PAYLOADS: 5 PEOPLE
0 FOR HOUSEKEEPING: 1 PERSON

13
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The thrust level during reboost varies from 300 pounds with full tanks to
100 pounds later, since a blow-down system is utilized. Reboost occurs
every 90 days. The communications capability of the SS is that of the
TDRSS link. Nominal crew time expected to be available for payloads is
four equivalent people out of a six-person crew, with the fifth and sixth
person use: for SS housekeeping and miscellaneous activities.

3.3 MODULE ARRANGEMENT

Figure 3.3-1 depicts the module arrangement used for the reference
configuration. This arrangement provides a “racetrack" configuration,
i.e., each module (except the Logistics Module) has two exits. Although
not a requirement, this probably enhances safety in the event of an
emergency evacuation of any module. There is a high degree of moduie
commonality, particularly among the four modules in the racetrack. This
results in the fewest number of module types being required. This
arrangement also prevides a minimum total number of elements and a
minimum number cf incerfaces between elements. Traffic through the
Laboratory Modules is low, with the majority of traffic being in the two
Habitation Modules. Traffic considerations and interface/integration
considerations seem to make it preferable to have the Logistics Module
and Orbiter berthed to the Habitation Modules, and to have the
pressurized payload modules berthed to the Laboratory Modules.

The above-described arrangement was selected after a fairly brief
assessment early in the study to provide a reference module arrangement
which could be utilized on all Space Station concepts being assessed.
Some of tre other module arrangements which were investigated during this
assessment are shown in Figure 3.3-2. The first option utilizes “corner
cubes” to join modules together, which increases the total number of
elements, the number of element types, and the number of interfaces.
Total module volume in this option is expected to be inadequate unless
the modules are lengthened, and cost is expected to be higher. The
second option has two different types of modules, which increases costs.
This option also requires traffic to pass through the shorter
(Laboratory) modules to get from one ionger module (Habitation) to the
other (Habitation). This provides a very undesirable traffic flow. The
third option shown in Figure 3.3-2 is the one selected as the reference,
for the reasons already discussed.

Figure 3.3-3 shows several other inoduie pattern concepts arranged on a
large truss, such as the reference Station keel. Some of these utilize
interconnecting tunnels or other elements, which may provide some
advantages but probably would increase costs. None of these has been
assessed in this study, but these and other potential arrangements should
be studied further in order to arrive at the best module arrangement
possible within the programmatic and technical constrainis.

14
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The number of berthing port utilized per module and the function of each
port are defined in Table 3.3-1. Two radial and two axial ports per
module would satisfy most existing requirements and provide for slight
growth. The module internal layouts provided later in the report allow
for four radial ports per module, one of which is blocked of f to increase
usahle internal volume. This allows for more growth, but provides a
slightly more pessimistic picture of available internal! volume, since a
good amount of volume has been allowed for each radial port.
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4.0 SPACE STATION MANNED COR:

4.1 DESIGN REQUIREMENTS

The primary design requirement for the Space Station is to provide a

versatile, gr)wing, permanent, manned facility in space with the
ipability to enable the efficient accomplish.ent of significant advances
.m space scieace, technology, commerce, and transportation.

Soecifically, the Space Station is required to implement the following

ot-jectives.

a. Establish the means for a permanent and productive presence of
people in space.

b. Establish routine, continuous. and efficient utilization of
space for science, applications, technalogy development, and operations
(including servicing and refueling or space assets).

c. Develop further the commarcial utilization of space.

d. Develop and exploit the synergism effects of the man/machine
combination in space.

e. Provide essential system elements and operational practices for
an integrated national space capability.

f. Stimulate the mutual benefits traditionally derived from
cooperation in space with our allies and friends. :

g. Reduce the cost and complexity of living in and using space.

h. Ensure leadership in space for the United States in the decade
of the 1990's and beyond.

Design ruquirements have been derived from these objectives, both in
termms of an Initial Operational Capability (JOC) and a growth '
capability. Prime consideration has been given to customer requirements
and the operations requirements, and system requirements have been
derived from these. At the basic level, the mission, or customer
requirements, nave been interpreted as necessitating three separate
spacacraft: a permanently-manned Space Station in a 28-1/2° inclination,
270 nmi ci.ccular orbit; an unmanned co-orbiting platform, which is in a
rendezvous-compatible orbit with the Space Station and a second platform
in 2 98°, 430 mmi, Sun synchronous (2 p.m.) orbit. The polar orbiting
platform configuration characterized in this study contains primarily
Earth obsersinyg pavloads, but is intended to be sufficiently versatile to
support other payloads ar hHe operable in other near-polar orbits. The
plat’om which ic in the rendezvous-compatible orhit with the Space
Stacion is characterized in this study as accommodating payloads for
celestial and solar observations and demanding microgravity experiments
with a minimum of mechanical disturbance and contamination. The platform
is versatile enough to accommodate other types of payloads, if desired.
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The manned Space Station element of the program must be designed to meet
all the remaining program objectives, as well as providing for the
development of sensors and systems for Earth observations and a base for
some celestial, solar, and Earth observations which require a manned
presence. To meet these objectives, the configuration design must
arevide for (1) mounting, pointing, servicing instruments which
continuously view the Sun, the entire Earth's disk, and the celestial
sphere, and provide this capability simultaneously except when prohibited
by occuitation; (Z2) significant continuous power for commercial and
scientific functions; {3) sigmiricant pressurized volume for laboratories
and the C.ew required to service all users; (4) the capability to act as
a "Space Pori” for the Shuttle, various free-flying satellites, the
zo-r~hiting platform, and space transportation vehicles such as the 0TV
and UMV; (5) the ability to store, maintain, assemble, and reconfigure
vehicles and payloads of all types; (6) the ability to service and refuel
free-flying spacecraft, platforms, and attached payloads; and (7)
attachment and services to various unpressurized scientific and
commercial payloads. Specifically, at IOC, the manned Space Staticn
element is required to provide at least 50kW of continuous power, a
minimum of four crew persons to service customers, at least 45 m3 of
laboratery volume, an OMV, ports for attachment of two pressurized
customer payloads, attachments and service interfaces for at ieast seven
unpressurized instrument payloads, and provisions for large space
coirstruction and CTV development.

The work set forth in this report is directed toward a manned Space
Station, ard implicitly assumes that early manning is desirable. As a
result, the possibility of a man-tended Station has not been explored in
this study. "“Man-tended" is taken to signify a mode in which the Station
is visited at intervals by the Orbiter and operates unmanned the rest of
the time. This mode offers some potential cost deferral if the
pressurized modules are deleted from the IOC Station altogether. This
deletion would require the crew to live entirely out of the Orbiter
during their stay on orbit. If pressurized modules are included in the
man-tended Station to enhance on-board operations and maintenance, there
is little or no cost saving associated with it.

Inherent in the program objectives is that the manned Space Station have
the capability to grow in its ability to provide basic services to all
types of customers, >nd to accommodate additional users of foreseen and
unforeseen classes. For design purposes, this requirement has been
defined as approximately twice the power level, crew size, and number of
pressurized payloads of that expected at 10C; increases in the number of
unpressurized attached or serviced payloads have not been specifically
defined, but the major areas of growth in the types of attached payloads
are expected to be in the size and complexity of satellites to be
serviced, in the size of construction and assembly projects, and in the
addition of increasingly capable OMV-and GTV-type vehicles.

The requirement that the Space Station become a permanent facility
implies that, in add’tion to growth capability, it must alsc possess the
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characteristic of being able to incerporate advances in technology as
they occur. This compatibility with "modernization”, or technology
transparency, is then considered a significant design driver. Although
this requirement basically applies to all systems and subsystems of the
manned core Space Station, its influence on configuration is reflected
primarily in the power system area, and its influence on the module
design primarily in the ECLSS, since it is anticipated that these areas
will be particularly subject to post-I0C development, and because
provision must be made in the basic design for significant changes in the
systems.

To facilitete the definition of specific configurations for the manned
Space Station and platforms, a set of payloads for I0C has been
identified to serve as a “pathfinder" in design. This set is shown in
Table 4.1-1. This set is nut taken as an actual expected manifest at
I0C, so much as it is intended to encompass the types of near-term
Payloads expected to appear on the SSPE's. It will be noted that these
"pathfinders" represent specific cases for all the generic user
requirements. The Starlab (SAAQ006) is representative of a
celestial-viewing instrument package, the pinhole facility (SAAO009) of a
solar observation instrument, and the plasma payload (SAAD207) of a
simultaneous viewing requirement, while the zarth observation technology
experiment (TDM2260) demands a broad, continuous view of Earth.
Microgravity requirements are represenied by the ECG production unit
(COM1203), the material processing laboratory (COM1201), and the EQS
production unit (COM1202). Tha group of users for which the Space
Station provides a base for maintenance, construction, repair, and
servicing is represented by the Deployment/Assembly/Construction
Technology project (TDM2060) and the servicing technology projects (TDM's
2560 and 2570).

In addition to these technology experiments, a definition of satellite

servicing requirements has been developed for use in preliminary

definition of a reference configuration for the manned Space Staticn.

This definition includes storage and servicing capabilities and is -
intended to provide for support of the specific satellites shown in Table

4.1-2. These satellites are intended to represent the range and types of

systems and vehicles to be accommodated at IOC; they are not considered

as either exclusive or inclusive of the actual satellites wkich wil} be

serviced during the 10C period.

Closely associated with the customer requirements are operational
requirements, some of which also affect the overall configuration of the
Space Station and the unmanned piatforms. The primary requirement is
that the SSPE's must all be launched, and supported by the Space

Shuttle. This requirement has a significant effect on the assemoly
sequence and the modularization of the structure and subsystems. Support

- by the Shuttle implies that the design of the SSPE's must provide

convenient means for rendezvous, berthing, and loading/unloading of the
Orbiter. In addition to the Orbiter, the Space Station must aiso be
configured to perform many of the same operations with free-flying
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satellites, the OMV, and the OTV (in the growth phase). The
communications requirements are built around the customer data
requirements for near-continuous data transmission through TDRS and for
communication and tracking of the Orbiter and free-flying unmanned
satellites, vehicles, and EVA crewmen.

The majority of the system requirements have more effect on the detail of
subsystem design than on the overall configuration concept. However, the
requirement for safe operation with the loss of one pressurized module
affects the arrangement of the modules. The gereral requirements for
commonality affect the modularization of the structure and subsystems,
and the requirements for maintainability affect the location of
components and EVA and manipulator provisions.
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TABLE 4.1-1 - SPACE STATION MANNED CORE IOC PAYLOADS

ATTACHED/EXTERNAL PAYLOADS

SAA0005
SAA0006
SAA00CY
SAA0201
SAAD207

COM1203

TDM2010
TDM2060
TOM2070
TDM2260C
TDM2310
TDM2410
TDM2420
TDM2510
TMD2560
TOM2570

Transition Radiation & lon Calorimeter (TRIC)
STARLAB

Pinhole Occulter Facility

LIDAR Facility

Space Piasma Payload (SSP}

ECG Production Unit

Materials Performance
Deployment/Assembly/Construction Technology
Structural Dynamics Technology

Earth Observation Instrument Technology
Fluid Management Technology

Attitude Control Technology i
Figure Control Technology ;
Environmental Effects
Satellite Servicing Technology
0TV Servicing Technology

PRESSURIZED PAYLOADS

SAAQ307
SAA0401

COM1201
COM1202

TDM2020
TDM2520
TDM2530

Life Science Laboratory
Microgravity Research Laboratory

MPS Lab #1 (Materials Processing)
E0S Production bLnit

Materials Processing Technology
Habitation Technology
Medical Technology
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TABLE 4.1-2 REPRESENTATIVE I0C SATELLITES REQUIRING SERVICING

CODE

SAAQO!L2
SAAQOL3
SAQ0014
SAAQ0016
SAAQOC19
SAADQ17

TR AR Lot oo

MISSIONS

Space Telescope (ST)

Gamma Ray Observatory (GRO)

X-Ray Timing (XTE)

Solar Maximum Mission (StM)

Far traviolet Spectroscopy Explorer (FUSE)
Advanced X-Ray Astrophysics Facility (AXAF)
Leasecraft 1 and Pavloads

Leasecrart 2 and Payloads

Leasecraft 3 and Payloads

Leasecraft 4 and Payloads

Leasecraft 5 and Payloads
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Taken as a whole, the design requirements dictate that the manned core
station be an assembly of significant overall dimensions, with large
areas for energy collection and heat rejection, multiple pressurized
modules, areas of unpressurized structure, and means for connecting
elements fo~ orientation of the various elements and also providing
access and clearance for viewing and operations. The requirements for
the polar and co-orbiting platforms demand small areas for energy
collection and heat rejection and no pressurized volumes. But a high
priority is placed on the viewing needs of observational payloads and
must be compatible with support by the STS and/or the OMV.

4.2 CONFIGURATIOK DESCRIPTION

4.2.1 General Arrangement.

The Space Station reference configuration is a set of deployed linear
trusses to which pressurized modules, subsystems, and user equipment are
attached. The principal structural components are a keel and three booms
at right angles to the keel. The IOC configuration is illustrated in
Figure 4.2.1-1. The coordinate system is Z parallel to the keel,
positive toward nadir; X perpendicular to keel and booms, positive in the
direction of flight; and Y parallel to the booms, positive to starboard.
The origin is at the center of the intersection of the keel and
transverse boom.

Four of the pressurized common modules (two habitation and two
laboratory) are arranged in a quadrangle to permit IVA crew movement in
case any one module becomes unusable. The keel is divided at the bottom
to allow installation of the pressurized modules on the centerline of the
keel. This maintains the principal axis in the orbit plane while the
Urbiver is berthed, avoiding excessive yaw and roll excursions.

The materials processing mcdu'e (Lab 2) is located at the top of the

quadrangle to keep it as close as possible to the mass center of the

station. The control station is at the front of HM2 for a direct view of

berthing operations. [he HM's are adjacent to each other to eliminate i
the need for excessive crew movement through the 1ab modules. The i
legistics module (LM) is berthed to HM2 to permmit unloading with minimum
disturbance to laboratory operations.

Primary Orbiter structural interface is at the end of HM1l as shown in
Figure 4.2.1-1. An alternate position at the end of Lab 1 is provided
for emergency access in case the primary port is inoperable. Both
positions allow payload removal without interference.

External airlocks are berthed to the port side hatches of HMl and HM2.
This location leaves the entire forward face of the starboard keel
extension open for manipulator travel.

The configuration in Figure 4.2.1-1 employs a photovoltaic power
generation system. A solar dynamic system has also been considered as an
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option for I0C. Such a system is illustrated in Figure 4.2.1-2. The
arrangement is identical to the photovoltaic version except for the power
system. Discussions in the following sections, with that exception,
should be understood to apply to b.ch I0C configurations.

A sample growth configuration is shown in Figure 4.2.1-3. The principal
differences are a solar dynamic power system providing 300 kW average
power, two additional habitation modules and four additional lab

modules. The solar dynamic power system is shown to demonstrate a design
option and is not intended to advocate a particular power system growth
path. The lower keel is also expanded from one bay wide to three bays
for improved structural redundancy and stiffness. Additional lower booms
are placed at the ends of the kee! extensions to preserve the field of
view of the earth scnsors. Propulsion system relocation to these booms
may be necessary to maintain the Station's mass center betwee. the
thrusters.

4.2.1.1 Subsystem Installation

The electrical power system is instalied on the transverse boom (see Fig.
4.2.1-1) outboard of the alpha gimbal joints, including power generation,
storage, and conditioning. This permits power transfer across the alpha
joint to be limited to fully-conditioned AC power. Each array wing is
gimbaled individually for beta adjustment to minimize principal axis
shifts and to simplify assembly and deployment.

Primary heat rejection is provided by radiators on booms mounted on the
lower keel. The radiators are rotated to maintain an edge toward the
Sun. They are rewound during the dark portion of the orbit to avoid a
continuously rotating fluid joint.

TDRSS and GPS antennas are mounted at the ends of the upper boom for
maximum upward view. Tracking and rendezvous antennas are mounted on the
lower keel under the transverse boom for a clear view forward and aft
along the flight path.

The Attitude Control Asseribly (ACA) is a rigid 9-foot cube at the
intersection of the keel and the transverse boom. It ccntains the
control mcaent gqyros, star trackers, and other guidance, navigation and
control components needed fcr ccntrol of the Station from the initial
launch.

Identical sets of propulsion thrusters are mcunted at four locations at
the ends of the lower boom and on the lower keel, capable of firi.yg
forward, aft, and outboard. The lower thrusters (on the lower boom)
normally provide all backup attitude control. The upper thrusters
normally fire only aft, for orbit maintenance. Orbit maintenance
maneuvers are performed at approximately 5 a.m. and 5 p.m. (orbit time)
to minimize plume impingement from the upper thrusters on the solar
arrays.
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A Mobile Remote Manipulator System (MRMS) is capable of moving on the
nodes of the truss to any location on the forward faces of the keel and
booms. By moving outboard of the alpha joint and rotating the transverse
boom, the MRMS can also move along the aft face of the structure.

4.2.1.2 Payload Accommodations

Two primary locations are provided for observational users (see Fig.
4.2.1-4). Solar and stellar sensors are mounted along the upper boom to
maximize their view of that part of the sky not occu:ted by the Earth and
to minimize contamination from activities at the inhabited end of the
Station. Some mutual blockage of one stellar or solar instrument by
another will occur in the region of the orbit poles. Any such lost area
is relatively small and can be made up within a week or two as the
Station orbit regresses in longitude. Horizon-to-horizon viewing of
objects away from the orbit poles is poss'ble for all instruments without
blockage. Solar viewing is possible on every orbit because the Sun is
always within 52° of the orbit plane. Earth sensors are mounted on the
lower boom; local vertical orientation allows continuous viewing
limb-to-1imb with no image rotation.

Some solar sensors may also be mounted on the transversz boom outboard of
the alpha gimbal to simplify pointing if their mass characteristics do
not adversely affect the Station's dynamic properties.

Sateliite servicing provisions are located along the keel. Two
storage/servicing bays are situated parallel to the upper keel. This
location minimizes contamination of optical surfaces and other sensitive
components. Related ORU and tool storage is provided nearby on th.
transverse boom. A refueling bay is located on the lower keel.
Satellite propellants and cryogens are stored at the top of the keel
extension near the refucling bay.

The OMY and OMV kits are berthed alongside the port and starboard keel
extensions.

Large structure construction is carried out oin the aft face of the lower
keel. Ample space for storage of materials and equipment is available on
the keel extersions.

Several berthing ports are available on the lahoratory and habitation
modules for attachment dedicat~+ uscr modules requiring IVA access.

4.2.2 Flight Modes

In normal operation, the Station is oriented with the keel approximately
aligned with local vertical and the Y principal axis (approximately
parallel to the transverse boom) held perpendicular to the orbit plare
(POP) as shown in Figure 4.2.2-1. A constant pitch attitude is
maintained tc balance gravity gradient and average aerodynamic torques.
CMG's are used for momentum management to compensate for aerodynamic
torque variations around the orbit. Long-term (more than a few orbits)
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Figure 4.2.2-1 - NORMAL ORIENTATION.



variations in mass properties or atmospheric density are accommodated by
small adjustments in the flight attitude of the Station.

The sular array is maintained normal to the Sun vector by a continuous
rotatiun about the alpha gimbal at orbital rate and a slow adjustment
about the beta gimbal to track the Sun's motion relztive to the orbit
plane. The radiators are also rotated at orbital rate, but are “rewound"
during the dark part of the orbit to avoid centinucusly rotating fluid
joints.

During the early stages of buildup, a “strcamlined” orientation is flown
(see Fig. 4.2.2-2). The transverse boom is in the orbit plane and the
gimbals are locked with the array masts POP and the array wings at local
horizontal. This attitude minimizes aerodynamic drag and enhances
gravity gradient stability. The power system produces nearly half of
full-rated power in this orientation, which is adequate until the Station
is permanently manned.

The streamlined orientation can also be used in the ualikely event of
total control system loss. Should this occur, gravity gradient torque
will force the transverse boom into the orbit plane. The power system
can maintain housekeeping requirements under these conditions, but a
reduction in user operations would be necessary until the control problem
can be corrected.

4.2.3 Elements

The principal elements of the reference Space Station are: Habitation
Modules, Laboratory Modules, Logistics Modules, and Utiiities Elements.
Figure 4.2.3-1 provides a list of the pressurized module fun<tions by
element, and each is briefly discussed below. As mentioned previously,
the modules have a high degree of commonality, both at the overall
configuration level and at the subsystems level. The basic pressure
shell and berthing port arrangement is identical in all Habitation and
Laboratory Modules. The Logistics Module is the same as the others,
except that the radial port segment has bteen replaced by an
externally-mounted tankage segment, and the pressurized portion of the
Logistics Module is ‘herefore only two-thirds as long as that of the
other modules. Al1l the Habitation and Laboratory Modules have the sanw
floor and ceiling arrangements except for the portion of the Habitation
Module which contains the sleep quarters. Equipment racks have a high
degree of commonality across the modules, as do the utilities.

Each Habitation and Laboratory Module has a 22-day supply of food and
medical supplies for two crewmen. In the reference Space Station
concept, most of the ECLSS equipment is located in the two Habitation
Modules. A more distributed ECLSS system may have a greater weight and
cost, but this may be offset by cost savings due to module commonality.
The EVA airlocks are external modules berthed to the Habitation Modules.
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Figure 4.2.2-2 - STREAMLINED ORIENTATION.
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Each of the Habitation and Laboratory Modules incorporates the safe haven
features mentiuned previously. The Orbiter is structurally compatible
with any of the berthing ports on the modules for rescue, although the
subsystems interfaces may be different than those between modules.

One of the overall guidelines used in the internal layout activity was to
try to keep the Laboratory Modules as free as possible of habitability
and housekeeping functions. Control stations, utilities, storage, and
handwashers are include¢ in the Laboratory Modules, and more equipment
may have to be shifted from the Habitation Modules to the Laboratory
Modules due to volume limitations in those moduies.

Another key guideline was to provide minimum disturbance in the sleep
quarters area (ideally to have a "quiet" module and a living area
module). This was not completely achieved due to other constraints.
However, the wardroom and health maintenance facility (HMF), which are
noisy areas, are located in a separate module from the sleep quarters.

Packaging schemes which allow more dense packaging have been assessed
hriefly and offer some improvement in volume constraints. There is some
cquipment within each module to which access is not required frequently,
and this equipment would lend itself well tc more dense packaging.
Access to walls is needed in all concepts for detection, isolation, and
repair of pressure shell leaks. This requires that the equipment be
movable or that some other equivalent approach must be taken in the
design.

A brief assessment was made of the on-orbit spares requirements. It is
desired that these be kept to a minimum because of the premium placed on
internal volume. It appears that the quantity of spares can be kept low,
because of the modularity/redundancy design concepts used for critical
subsystems.

The Logistics Module can be more densely packaged than the other modules,
since it serves the “closet” function. Care must be taken not to exceed
the STS down-weight 1imit (32,000 1b). This Timit is expected to be
increased by the timeframe of the Space Station. The nonfluid expendable
resupply items and spares are packaged inside the Logistics Module, and
the fluids are stored in externally-mounted tanks.

As presented in the reference configuration, the habitation volume is
comprised of two habitation modules which contain all those facilities
and equipment required for crew sustenance and Station operation. The
following areas and categories of equipment are contained in the
habitation volume: crew quarters, galley/wardroom, health maintenance
facility/exercise area. personal hygiene area, workstations, stowage
areas, waste management facilities, and laundry faciiity. These areas
contain equipment, the facilities which "house" this equipment, and
access volume which facilitates its use and maintenance. The internal
configuration of these modules is shown in Figure 4.2.3-2 (Hab 1) and
Figure 4.2.3-3 (Hab 2).
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Crew accommodations in nonhabitation areas include the laboratory
modulies, the airlocks, the logistics module and safe haven provisions.
Crew accommodations in the laboratory volumes aid in crew health, safety
and well-being and they support the crew fn customer services. As
presented in the reference configuration, the internal layout of these
modules is shown in Figure 4.2.3-4 (Life Sciences Lab) and Figure 4.2.3.5
(Materials Processing Lab).
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4.2.4 Mass Prop~rties

The weights and volumes for the ten subsystems were assembled for the
reference configuration.

The ten subsystems were:

a. electrical power

b. guidance, navigation and controi

¢. communications and tracking

d. data handling

e. propulsion

f. environmental control and life support systems

g. active thermal control system

h. structures and mechanisms

i. crew systems

j- payloads
There were five iterations of weights for the refervice configurations.
A1l five iterations showed a steady increase of weights. The increases
were due mainly to components that were overlooked in a previous
iteration.
Because of the early decision to go with one module arrangement, tne
volume was only assembled “or the one module arrangement. There were
three iterations of volume for the common race-track-module arrangement
of the Space Station.
The estimated weights and volume of the Space Station are summarized in
the following tables. Although thece estimates do not include an
allowance for growth, growth can be expected to occur.
The subsystem weights for each element of the Space Systems are presented
in Table 4.Z2.4-1. These are the tota! wet and dry weights in pounds.
These weic’ - ifter each iteration were distributed to all subsystems for
their use, . well as for updating and correcting errors. The subsystem
data were uv,lized for the cost estimation of the Space Station. The
weight data for the cost estimates were double checked for accuracy.
Table 4.2.4-2 shows the Space Station volume in cubic feet for applicable

subsystems thet were in the pressurized mudules, as well as components
that were attached tc the Space Station truss structures.
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Table 4.2.4-3 presents the total weight for the Space Station by elements
and subsystems.

Table 4.2.4-4 presents the total volume for the Space Station by elements
and subsystems.

Table 4.2.4-5 preseuts the 90-day resupply by subsystem for the Space
Station.

Table 4.2.4-6 presents the 10-year lifetine replacement cycle for the
Space Station

Tables 4.2.4-7 through 4.2.4-15 list by module all the components of a
subsystem that are commion across the pressurized modules. The units ere
either number of components, number of men, or nunber ot comparison
quantity. Example: one unit might be 200 feet of wire.
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TABLE 4.2.4-2 - SPACE STATION ELEMENT VOLUME - FT

SUBSYSTEN H4L 2 LM LABL LAB2
ELECTRICAL POMER 12.5 8.7 3.6 8.6 2.6
GN&C - - - - -
COMMUNICATIONS 35.9 78.2 0.5 23.1 23.1
& TRACKING

DATA HANDLING 66.0 39.7 5.2 42.6 33.0
PROPULSION - - 7.0 - -
ECLS 334.8  334.8 40.6 32.6 29.1
TCS 57.1 57.1 25.3 145.5 66.3
CREW SYSTEMS 2,608.0 5,897.0  1,040.0 651.0 639.0
PAYLOADS - - 3,748.0  2,800.0  2,80C.0
TOTALS 3,108.3 6,415.5  4,920.2  3,704.4  3,599.1

}
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TABLE 4.2.4-2 - SPACE STATICN ELEMENT YOLUME - FT

SUBSYSTEM

ELECTRICAL POWER

GN&C

COMMUNICATIONS

DATA HANDLING
PROPULSION
ECLSS

ATCS

CREW SYSTEMS
PAYLOADS

TOTALS

TRUSS
STRUC

392.6
161.0
9.9

783.2

47

ATTCH
COMPNTS

1055.3
7.6
130.0

427.1

1620.0

2 e P

(CONTINUED)

PAYLOADS

44.6

(A) 8,898

(8) 124 x 106

(A) 8945.1

{B) 124 X 106
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TABLE 4.2.4-3 - SPACE STATION WEIGHT - POUNDS

ELEMENT
HM1

HM2

LM

LAB1

LAB2

TRUSS STRUCTURE

ATTACHED
COMPONENTS

PAYLOADS
TOTALS

WEIGHT
37,942
34,163
33,884
59,495
55 305

29,483

31,679

184,435
446,946

48

SUBSYSTEM
ELECTRICAL PONWER
GN&C

C&t

DATA HANDLING
PROPULSION

ECLSS

ATCS

STRUCTURES &
MECHANICS

CREW SYSTEMS

PAYLOADS
TOTALS

AL

fd

WEIGHT

22,744
3,734
7,225
4,550
9,719

15,351

10,818

77,706

43,681

251,418
446,946
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TABLE 4.2.4-4 - SPACE STATION TOTAL VOLUME - FT

ELEMENT

HM1

HM2

LM

LAB1

LAB2

TRUSS STRUC
ATTACHED COMP.
PAYLOADS

VOLUME

3,108.3
6,415.5
4,920.2

3,704.4
3,599.1

783.2
1,620.0

(A) 8,945,
(B) 124X10

:
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SUBSYSTEM

ELECTRICAL POWER
GN&C

Ca&T

DATA HANDLING
PROPULSION
ECLSS

ATCS

CREW SYSTEMS

PAYLOADS

VOLUME
344.0

161.0
1,2¢8.5
188.1
187.0
772.9
1,133.3
10,835.0

(A) 18,246
(B) 124x106
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SUBSYSTEM
ELECTRICAL POWER
GN&r

COMMUNICATIONS &
TRACKING

DATA HANDLING
PRUPULSICN
ECLSS

ATCS

STRUCTURES &
MECHANICS

CREW SYSTEMS
PAYLOADS
TOTALS

TABLE 4.2.4-5 - SPACEZ STATION 90-DAY RESUPPLY

WEIGHT (LBS)
0
0
0

2,402
3,341

4,252
13,148
23,143

50

T

VOLUME (FT3)

0
0
0

57
240

278
3,748
4,323



TABLE 4.2.4-6 -

SUBSYSTEM

ELECTRICAL POMER
GN&C

COMMUNICATIONS
& TRACKING

DATA HANDLING
PROPULSION
ECLSS

ATCS
MECHANISMS
CREW SYSTEMS
PAYLOADS
TOTALS

SPACE STATION TEN YEAR LIFETIME SPARE REPLACEMENT CYCLE

WEIGHT (LBS)

15,848
0
0

790
146
976
722
2,500

3,305
24,207

51

VOLUME (FT3)
302
0
0

96

35

72
45

0

0
942
1,492

AR

CYCLE (YRS)

5-10
0
)

5-6
5-10

5-9

1/4-5

f(@\ £
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TABLE 4.2.4-7 - SPACE STATION SUBSYSTEM COMMOM EQUIFMEMT BY MODULE

ELECTRICAL POWER

BDM

MBCU

BDC

upC

0 GA. WIRE

8 GA. WIRE

12 GA. WIRE
CIF

$SS

CYCLO (60 X 1)
CYCLO (50 X 1)
CYCLO (60 X 3)
CYCLO (50 X 3)
CYCLO (40 X 3)
APMS

oPS

HM1

€0

1/3

HM2 LABi LAB2
4 4 4
48 50 50
3/10 3/10 3/10
2/10 1/3 1/3
12 8 8
4 4 4
2
2

1 1

1 1

2 2
1 1 1

52
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LM TRUSS STRUC

24
2 8
24
24 80
1
1/10 1
1712 1
2
2
2
2
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TABLE 4.2.4-8 - SPACE STATION SUBSYSTEM COMMON EQUIPMENT BY MODULE

GN&C
CMG ASSEMBLY

MAGNETIC BAR

STAR TRACKER SENSOR
HEXAD STRAPDOWN SENSOR
MAGNETIC TORQUERS

G&C PROCESSOR
NAV/TRAFFIC PROCESSOR
RCS CONT. SYS.
INTERFACE DEVICES

TRUSS
HMz LAB1 LAB2 LM STRUC

6

W NN

18

53
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TABLE 4.2.4-9 - SPACE STATIOH SUBSYSTEM COMMON EQUIPMENT BY MODULE

COMMUNICATIONS &
TRACKING

AUDIO TERMINAL

SPEAKER MAKE

MODULE CONTROLLER

EMERGENCY COMM. UNIT

WIRELESS COMM.

WIRELESS COMM.
W. UNIT

LASER DOCKING

FIBER OPTIC TRANS-
CEIVER

HDR 4-CHANNEL RCVR.

FAR RANGE MA LDR
MOD/DEMOD

PROX. OPS MA LDR
MOD/DEM3D

TDRS KU-BAND MOD/
DEMOD

PROX. OPS MA LDR
MOD/DEMOD

TDRS KU-BAND MOD/
DEMOD

TM PROCESSOR &
CONT

P/L DATA INTERLEAVER

FF SIG PROC. (LDR)

FF SIG PROC (HDR)

TDRS SIG PROC.(KU)

DIGITAL TV PROC.

REND. RADAR SIG PROC.

VIDEO LINE DRIVER

RF1 INTERFACE

EXTERNAL INTERFACE
UNIT

COMM & TRACK

PROCESSOR COMPUTER

DIGITAL STORAGE

HM1
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TABLE 4.2.4-10-- SPACE STATION SUBSYSTEM COMMON EQUIPMENT BY MODULE

COMMUNICATIONS &
TRACKING

GPS LOW GAIN
S-BAND LOW GAIN

RADAR XPNDR LOW GAIW
MRMS S-BAND LOW GA:IN
S-BALD LOW GAIN MRMS

v

S-BAND XPNDR (TODRS)
S-BAND XPNDR (OREITER)
S-BAND PA/REAMP (T/0)

XCVR (MRMS)
RCVR (MRMS)
XMTR (ORBITER)
LOW RATE MuX
TORS SIG PROC.
ENCRYPT/DECRYPT
ORBITER SIG PROC
GPS REC/PROC
RADAR XPNDR
CABLE

MED RATE MuX

TV CAMERA

TY MONITOR
STEREO DISPLAY
VIDEO RECORDER
LASER PLAYER
PAN/TILT UNIT
AUDIO INTERFACE
CONTROL STATION
LARGE DISPLAY
HIGH RATE MUX
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TABLE 4.2.4-11 - SPACE STATION SUBSYSTEM COMMON EQUIPMENT BY MODULE

DATA HANDLING

DATA STORAGE
TIME + FREQ.
FAC/MGT CON
FIXED WORK STATIGNS
PORTABLE WORK

STATIONS
CBLNG/OPT. NET
INTERIOR LIGHT
SUPPGkT HARDWARE
IDMS ID'S
SUBSYSTEM ID'S
PAYLOAD ID'S
IDMS SDP'S

HM1 HM2 LAB1
1 1 1
1 1 1
1 1 1
1 1 1
2 2 2
1 1 1

45 20 22
1 1 1
6 6 6

15 17 15

6
6 6 6
56
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TABLE 4.2.4-12 - SPACE STATION SUBSYSTEM COMMON EQUIPMENT BY MODULE

ECLS

ORBITER P/C CONTROL

FIRE DETECTION/
SUPPRESS 10N

DUMP + RELIEF

FANS, CUCTING,
MUFFLERS

£0p REMOVAL SUB.

(O REDUCTION

TRACE CONTMINANT

Op GENERATION

HUMIDITY/TEMPERATURE
CONTROL

MONITORING-ATMOSPHERIC
REVITAL IZATION

PLUMBING, VALVES, FITTINGS
INSTALL SUPPCRT

POTABLE WATER TREATMENT

HYGIENE WATER PROCESSING

WASH WATER PROCESSING

MOKITORING-NA" "R MANAGEMENT

URINALS

0, GENERATION - EVA SERV.

cB, REDUCTION = EVA SERV.

WATER MGT EVA SERVICING

AIRLOCK SUPPORT - ULLAGE
SAVE PUMPS ACCUL S¥S

SAFE HAVEN - POS + MASKS

MODULE TANKAGE - POTABLE
WATER

MODULE TANKAGE - HYGIENE
WATER

[} [ -, e e N NN NN — ~N R - NN - Pt et |§
—
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HM2 LAB1 LAB2
1
1 1 1
1 1 1
1
2
4
1
2
1 1 1
2 1 1
1
2
2
2
6
2
1
1
1
1
6 6 3
6
6
T



TABLE 4.2.4-13 - SPACE STATION SUBSYSTEM COMMON EQUIPMENT BY MODULE

TRUSS

s WML HM2 LABl  LAB2 LM STRUC
COLD PLATES 19 6 32 31 1
HEAT EXCHANGERS 18 6 32 31 1 31
PUMP/ACCUMULATORS 7 7 7 7 7 2
PLUMBING 5.5 a 9 8.7 2 1/4
VALVES/DISCONNECTS 4.5 4 7 6.5 2 1
CONTROLS/INSTRUM 1 1 1 1 1 1
BODY-MOUNT RADIATGRS 1 1.4 1.4 1 1.4
INTERFACE HX'S 1 1.03 103 1 1.03  il.2
THERMAL STORAGE 1
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TABLE 4.2.4-14 - SPACE STATION SUBSYSTEM COMMON EQUIPMENT BY MODULE

ECLSS

CABIN FANS, DEBRIS TRAP
MUFFLEF

DUCTING, FITTINGS
PLUMBING, VALVES FITTINGS
MICROB. CHECK VALVES

PUMP PACKAGES

WATER ACCUMMULAT ION

Nz CRYO

WASTE STORAGE

Ny CRYO - MOD REPRESS TANK
0p CRYO - MOD REPRESS TANK
COLLECTGR/COMMODE

ARt ANt AR SRS "™ S . AR RS 1 W3 s QO o0 e
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TABLE 4.2.4-15 - SPACE STATION SUBSYSTEM COMMON EQUIPMENT BY MODULE

CREW SYSTEMS

CLOTHING

PERSONAL HYGIENE KiT

EQPT CONTAINERS/RESTRAINTS

HOUSEKEEPING SUPPLIES

ANCILLORY PROVISIONS

WARD ROOM

GALLERY

WINDONS

FOOD CONTAINERS

HANDWASHER

CREW QUARTERS

HMF, TOXICOLOGY, RADIATION
NOISE

CAMERA EQPT, ETC.

STOWAGE CONTAINERS

SHOMER

MAINTENANCE WORK STATION

DRY AND WET WIPES

SLEEP RESTRAINTS

WASTE TRASH STOWAGE

WASHER/DRYER FACILITIES

FREEZER

REFRIGERATOR

EMU SERVICE STATION

MMU SERVICE STATION

EMU

HATCHES

MMU

EVA TOOLS & MISC EVA EQPT

AIRLOCK

AURLOCK EQUIP & HYPERBARIC
EQPT

HM1 HM2 LAB1 LAB2
3 3 2 2
1 1
1 1
1
1 1
1
1
6 6 4 4
3 2 2 2
1 1 1 1

6
1

158 106 56 56
1 1
1
2 2 2 2
2 2 2 2
2 2 2 2

1
1 1
1
2 2
4 4 4 4
2
1
1 !
1
60
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4,3 SPACE STATION REFERENCE CONFIGURATION EVALUATION SUMMARY

The reference configuration has been evaluated, with all the driving 10C
requirements previously identified and the effects on each subsystem
area, and met the requirements without significantly affecting the cost
or threatening the feasibility of any of the major subsystems. The
configuration provides excellent viewing opportunities for both Earth and
celestial instruments, although wide angle gimbal systems are required
for the latter type of instruments. The local vertical, local horizontal
flight mode permits a straight-forward approach to communications and the
use of established rendezvous and dockinuo/berthing techniques. The
buildup and assembly sequence appears feasible using the expected Space
Shuttle Orbiter capability. The confiyuration is assessed as being free
of structure/control system interaction, requires a moderate levei of
control authority, and tends to have a nontumbling attitude in an
uncontrolled mode. The gimbaled solar arrays and radiators are
efficient, since they operate continuously in the preferred solar
orientation. Satisfactory locations have been identified for all the
"straw man" external and internal 10C payloads and servicing/construction
functions. The crew accommodations are judged to be adequate for a
6-person crew, and for the facilities required for control, maintenance,
and EVA support activities.

In addition to the assessment against the I0C customer, operations, and

systems requirements, the reference configuration has been evaluated

against additional criteria. The more qualitative criteria deal with the
programmatic aspect of cost and risk, the ease of accomplishment in

systems engineering, area of integration, and growth, as well as

transparency to evolving subsystems and pavioad technology. '

A cost asscssment of the I10{ Reference Configuration has revealed no
significant cost drivers associated with configuration unique features,
nor have significant risk drivers been identified.

The user accommodations have been located on the contiguration based on

viewing, contaminaticn, configuration, and functional requirements, and y
are considered to meet all reguirements and to be near-optimum in meeting ’
qualitative criteria.

The growth configuration has not been studied to the same depth as the
I0C configurati_n. However, at least one means of accommodating growth
in any direction it might take, as summarized in the requirements, has
heen identified. One scenario discussed for growth in the power area
encompasses technological transparency in that <olar dynamic primary
power sources would be substituted for the photovoltaic arrays envisioned
2t i0C. Tkis can be accomplished either by replacement of the entire
poewer ooom assembly, including mechanisms, or the initial structure and
mechanicai systems can be "scarred" to include the capability of
accommodating the growth and system type change. The addition of modules
for increased crew size and laboratory volume can be accommodated by the
addition of structure to the keel extensions and che

6l
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relocation or replacement of the lower boom assemblies with the
propulsion and Earth viewing payload provisions. Growth in the
construction and satellite and OMV servicing areas is accommodated by the
erection or deployment of additional structure to the keel, and
relocation of I0C servicing equipment, and perhaps TCS radiators, as
required. Growth in the viewing instrument attachment area {is
accomplished by addition of structure and utilities to the upper and
lower bnoms, with relocation of propulsion and communications eguipment
if necessary.
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4.3.1 Payload Accommodations

A large, representative set of payloads for the IOC Space Station manned
core has been 1dentified. The purpose of this set of payloads is to
bring out the wide range of customer requirements which will be imposed
on the Station. It is not suggested that the entire representative
payload set be present on the Station at 10C. Rather, the myriad of
requirements brought forth by this representative set of payloads are
used to guide the design of the Space Station. The representative
payload set provides a measure for assessing the capability and
versatility of the Space Station configuration to accommodate its
customers.

4.3.1.1 Representative Payload Set

The representative payload set is not an ovficially accepted I10C payload
set; it has no official status. The component payloads were chosen on
the basis of the requirements which each imposed on Space Station design
and the proposed initial time period (1992) of their operation.
Descriptions of the individual payloads are provided within the Mission
Requirements Working Group (MRWG) Langley Data Base Documents and other
MRWG reports.

The representative set of payloads may be divided into the three broad
categories of (1) science and applications (SAA), (2) commercial {COM),
and (3) technology development missions (TDM). These payloads and their
MRWG identification codes are presented in Table 4.3.1-1.
Servicing and refueling of free-flying spacecraft and platforms will also
be accommodated by the reference Space Station. A representative set of
free-flying payloads which require servicing and/or refueling has been
developed; this set of payloads is presented in Section 4.3.1.4.
4.3.1.2 Attached Payloads
Seventeen payloads in the representative payload set are to be attached
to the Space Station manned core. These payloads are identified in Table
4.3.1-2. Requirements imposed by these payloads include:

a. mass distribution and payload location

b. simultaneity of viewing in inertial, solar, Earth, and
anti-Earth directions

¢. precise pointing fields-of-view, accuracy, and stability
d. contamination-free environment

e. 10-% microgravity
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TABLE 4.3.1-1 - REFERENCE IOC PAYLOAD SET

IDENTIFICATION CODE

PAYLOAD NAME

SAAQ005
SAA0006
SAAU009
SAA0201
SAA0207
SAA0307
SAA0401

COM1201
CoM1202
COM1203

TDM2010
TDM2020
TDM2060
TDM2070
TDM2260
TDM2310
TDM2410
TDM2420
TDM2510
TDM2520
TDM2530
TDM2560
TDM2570

Transition Radiation & Ion Calorimeter (TRIC)
STARLAB

Pinhole Occulter Facility

LIDAR Facility

Space Plasma Payload (SPP)

Life Science Laboratory
Microgravity Research Laboratory

MP5 Lab #1 (Materials Processing)
EQS Production Unit
ECG Production Unit

Materials Performance

Materials Processing Technology
Deployment/Assembly/Construction Technology
Structural Dynamics Technology

Earth Observation Instrument Technology
Fluid Management Technology

Attitude Control Technology

Figure Control Technology

Environmental Effects

Habitation Technology

Medical Technology

Satellite Servicing Technology

0TV Servicing Technology
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f. construction of large structures

g. servicing

h. attachment of tethers

i. control consoles within pressurized module

4.3.1.2.1 Mass distribution and payload location

The 17 attached payloads represent a significant mass component of the
Station. The weight of each attached payload is presented in Table
4.3.1-2. The sum of the weights is approximately 110,000 pounds.

Placement of these attached payloads will influence the mass distribution
characteristics of the Space Station. The payloads are distributed on
the reference ccnfiguration such that the inertial, solar, and anti-Earth
pointing instruments are placed on the upper boom. Earth viewing
instruments are placed on the lower boom. The technology payloads which
have no pointing requirements are situated along the keel. The
commercial production units are attached to the Microgravity and
Materials Processing Facility module.

4.3.1.2.2 Simultancity of viewing

Attached payloads listed in Table 4.3.1-3 have specific pointing
requirements; attacned payloads not listed in this Table have no pointing
requirements.

The requirement for different payloads to simultaneously point in
different directions is accommcdated onboard the reference configuration
by having the various instruments, or possibly groups of instruments,
independently gimbaled.

In general, instruments requiring similar pointing directions are grouped
together. Instruments which require inertial, solar, or anti-Earth
viewing directions are situated on the upper boom. (The option, however,
is held ~men to place some solar pointing instruments on the transverse
boom.) Instruments requiring pointing in the Earth direction are placed
on the lower boom.

4.3.1.2.3 Pointing fields-of-view, accuracy, and stability

Payload requirements for pointiag fields-of-view, accuracy, and stability
are identified in Table 4.3.1-3.

Placement of the pointing instruments on either the upper boom (for
"outward"-looking instruments) or the lower boom (for “downward"-looking

instruments) will maximize the possible field of view by reducing that
area potentially subtended by the Space Station structure.
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CODE

TABLE 4.3.1-2 - ATTACHED PAYLOAD WEIGHTS

PAYLOAD

1

WEIGHT

SAAQD05
SAAQ006
SAAQQO9
SAA0201
SAA0207

- COM1202
COM1203

TDM2010
TDM2060
TOM2G70

TDM2260
: TOM2310
: TOM2410
TDM2420
TOM2510
TOM2560
TDM2570

Transition Radiation & lon Calorimeter (YRIC)

STARLAB

Pinhole Occulter Facility
LIDAR Fa ility

Space P1. .ma Payload (SPP)

EQS Production Unit
ECG Production Unit

Materials Performance
Deployment/Assembly/Construction Technology
Structural Dynamics (mass requirements are
covered by TDM2060)

Earth Observation Instrument

Fluid Management

Attitude Control

Figure Control

Environmental Effects

Satellite Servicing

0TV Servicing

12,675 1bs.
7,085
7,940
4,190
7,055

9,920
11,025

1,545
8,820

660
5,510
1,100
1,100
6,175
7,055

17,640

R
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TABLE 4.3.1-3 - POINTING REQUIREMENTS OF IOC PAYLOAD SET

POINTING IDENTIFICATION PAYLOAD NAME FIELD OF POINTING POINTING
DIRECTION CODE VIEW ACCURACY  STABILITY
(DEGREES) (ARC SEC) (ARC SEC)
FARTH SAA0201 LIDAR Facility 60 3600 3600
EARTH SAAQ207 Space Plasma
Payload (SPP) 360 3600 3600
EARTH TOM2260 Earth Observation
Instrument Tech. - 360 -
EARTH TOM2510 Environmental Effects 20 7200 -
ANTI- Transition Radiation
EARTH SAAQQ05 and Ion Calorimeter
(TRIC) 120 36000 36000
SOLAR SAA0009 Pinhole Occulter
Facility 3 10 1
SOLAR SAA0207 Space Plasma
Payload (SPP) 360 3600 3600
SOLAR TDM2010 Materials Performance - 7200 -
SOLAR TDM2510 Environmental Effects 20 7200 -
INERTIAL SAAQ006 STARLAB 180 2 0.02

INERTIAL TDM2410

INERTIAL TDM2420

Attitude Control
Technology -

Figure Control
Technology -

Payloads listed under more than one “POINTING DIRECTION" category
have component parts with different pointing direction requirements.
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Pointing accuracy and stability requirements for payloads SAA0006
(STARLAB), SAA0009 (Pinhole Occulter Facility), and TDM2260 (Earth
Observation Instrument Technology) cannot be met without some type of
pointing augmentation system for the individual instruments. The nature
of this pointing system has not yet been determined.

4.3.1.2.4 Contamination-free environment

Contamination is a serious concern for sensitive-viewing instruments.
Placement of those viewing instruments on the upper boom and the lower
boom remove them from the vicinity of the satellite refueling area and
the Shuttle and OMV berthing areas on the lower keel.

4.3.1.2.5 10-5 microgravity

Payloads COM1202 (EOS Productior Unit) and COM1203 (ECG Production Unit)
have the requirement for a 102 g environment. These two pav‘loads are
customer-supplied commercial production facilities.

(Payload COM1202 requires attachment to the manned core modules through a
pressurized port to permit IVA servicing. Payload COM1203 is
unpressurizesd, serviced by EVA, and therefore does not need to be
attached at a pressurized port.)

Since the Microgravity and Materials Processing Facility (MMPF) moduie
also has a requirement for 10-5 g, payload COM1202 js attached to that
MMPF modu’ 2.

4.3.1.2.6 Construction of large structures

Payload TDM2060 (Deployment/Assembly/Construction Technology) requires
the construction of a 30-meter-diameter dish antenna. This antenna is
positioned on the reference configuration lower keel for reasons of
station mass properties and ease of EVA access.

4.3.1.2.7 Servicing of attached payloads

Servicing of the attached payloads will be by EVA operation. (The
exception to this EVA servicing is payload COM1202, which is pressurized
and will have IVA servicing.) Attached payloads are situated at various
locations on the structure: the upper boom, the lower boom, the lower
keel, the modules, and possiblyv also the power booim. These attached
payloads will require regular servicing. In addition, unanticipated
repairs or trouble-shcoting may be necessary. Mobile RMS (MRMS) and EVA
operations must be designed to work synergistically to allow servicing of
these payloads.

4.3.1.2.8 Attachment of tethers

rayload SAA0207'(Space Plasma Pay'oad) will require both payload

tethering "up" {up 30 km in length from Space Station along a cunducting
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tether) and tethering “down" (down 30 to 300 km from Space Station along
a nonconducting tether). Tethering "up" can be accomplished from the
upper boom; tethering "down" can be done from the lower boom.

Payload SAA0207 further requires the deployment {and retracticn) of a
300-meter dipole antenna. This long dipole antenna needs to have the
capability to be rotated plus-or-minus 60° irom nadii in order to fly
either aligned parallel or perpendicular to the Earth magnetic field
1 1S,

4.3.1.2.9 Control consoles within pressurized module

Many of the externally attached payloads will require cuntrol consoles
within one of the pressurized modules from which those payloads may be
operated routinely.

4.3.1.3 Pressurized Laboratory Modules

Six of the payloads identified in the representative set of payloads
(Table 4.3.1-1) are conducted within pressurized laboratory modules.
Specifically, these payloads are: SAA0307, Life Science Laboratory;
SAAO401, Microgravity Research Laboratory; COM1201, MPS Laboratory #1;
TDM2023, Materials Processing Technology; TDM2520, Habitation Technoloay;
and TDM2530, Medical Technology.

At I0C, there are two habitable Space Station modules to conduct

laboratory work and to provide oj2rational support. For the purposes of

this report, one module is identified to be a Microgravity and Materials
Processing Facility module; it will require the maintenancz of a

microgravity level less than or equal to 10-5 g. The other is '
identified to be a Life Sciences Laboratory module; it is designed to

conduct research into the problems and henomenological effects of

long-term exposure of humans, animals, and plants to near

weightlessness. The Life Sciences Laboratorx module is required to

maintain a microgravity level of at most 10~% g. Additionally, the

Life Sciences Laboratory will have equipment and work space in it for

monitoring and controlling the various payloads attached externally to 2
the Station.

Both iaboratory modules are intended to have sufficient versatility to
support other science and application missions. To that end, both
laboratories will be capable of having equipment reconfigured on-orbit.

Science airlocks and optical-quality windows will be provided to
facilitate viewing by internally-mounted payloads. Parameters for
viewing direction will constrain module orientations and internal
arrangements of equipmeat.

4.3.1.3.1 Mic~ogravity and Materials Processing Facility module

The Micrograv ty and Materials Processing Facility (MMPF) module will
support the development of unique materials and processes. An
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acceleration environment of 10-9g, =r less, is required “or periods of
days to months. TVhe MMPF module will support the advancement of the
knowledge base; the development of processes and process controls; the
scale-up to pilot plant operations; and the operation of pre-production
and commercial production facilities.

The module is required to be a sectionalized facility composed of
equipment stations that deliver the utilities of powcr, heat rejection,
vacuum, control gases, data handling, communications, and command. The
principal equipment within the module will include low and high
temperature furnaces, crystal growth apparatus, containerless
(levitation) furnaces, biclogical materials separation facilities, a
scientific airtock station with equipment attachments exterior to the
module, a sample preparation and characterization work statioa, and
instrument and materials stowage. Attachment directly to the interior
wall of the module will be necessary for some equipment.

The generic distribution of utility outlets and attachment provisions
wil) permit self-contained, integra! equipment to be quickly “plugged*
into an equipment staticn by the crew. A high degree of equipment
changeout and reconfiguration will be essential to conduct required
research, deveiopment, and engineering. Specifically, utility control to
permit chunge of the utility distribution to different equipment as a
function o tasks is needed. This utility controi function will
accommos .. utility distribution to new processing equipment that is
exchanged on-orbit with obsolete equipment.

A schematic drawing of the Microgravity and Materials Processing Facility
module is shown in Figure 4.3.1-1.

4.3.1.3.2 Life sciences laboratory module

The available voluwe within the Life Sciences Laboratory will be divided

between a human research facility, an animal and plant research facility,

and operations/control facilities for payloads externally attached to the

Station. Few firm requirements ~xist at present for the volumes of these ‘
individual facilities within the Life Sciences Laboratory. For the 1
purpcses of sizing the utility requirements of this module within the

context of the overall Station configuration, some ascumptions of

equipment mass and volume have been made. These assumpiiuns are intenaed

only to support the viability of a multidiscipline Life Sciences

Laboratory and do not necessarily represent a consensus within the Tife

science community.

A schematic drawing of the Life Sciences Laboratory module is shown in
Figure 4.3.1-2.

4.3.1.3.2.1 Human research facility

The human research facility will conduct investigations of the
physiological changes which human beings undergo due to exposure to
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microgravity for extended periods of time. (Much of the early research
will concern NASA's need to develop countermeasures to protect the health
and safety of the Space Station crew.)

Equipment for the human research facility is assumed to require eight
19-inch racks and two 38-inch racks. The contents of these racks are
core laboratory equipment, discipline specific equipment, data management
equipment, storage space, and supporting hardware. A treadmill,
orgometer, and body mass measurement device will be situated in the
center aisle. In addition, tnere will be floor and ceiling storage space
and mounting provisions for experiment unique hardware.

Total volume for the equipment is approximately 280 ft3; total
equipment mass is nearly 3175 1bm (1440 kg).

4.3.1.3.2.2 Animal/plant research facility

The animal/plant research facility will conduct Tong-term studies on
microgravity-induced physiological changes in animals; on the mechanisms
of gravity <ensing and gravity responses in animals and plants; on the
effects of microgravity on fundamental biological systems, including
reproduction; and on biological and chemical systems to close the
ecologicai cycle and convert waste into focd.

Volume for equipment within the anirii/plant research facility is
approximateiy 460 ft2. The equipment mass is nearly 4400 'bm (2000

kg). (Although this equipment volume is groater than that for the human
research facility, the overall volume of the ar mal/plant research
facility is approximately the same as that of the humar research
facility.) Required racks will contain core laboratory equipment,
discipline specific eyuipment, genera® purpcse workbench, advanced rodent
holding facilities, refrige-av,r/freezer, plant growth units, closed
ecology life support equipment, and data managemer.t equipment. Ceiling
storage will also be provided.

The animal/plant research farility is required to be enclosed in a
separate compartment within the module. This conpartment will have its
own independent ECLSS system (nroviaged by the user). The ECLSS will
prevent cross-contamination between the rest of the Space Station and the
animal and piant specimens. The ECLSS will exclude particles larger than
0.5 microns on the air inlet and particles larger than 0.2 microns on the
air outlet. Charcoal filters will elimii. .o odor transfer.

The animal and plant holding facilities should be as isvlated as
practical (e.g., by movable barrie.s) from the laboratory work area.
This will provide better controi of the 1ight/dark cycle for specimens,
more accurate tempereture and humidity contrel, and will isolate the
animals from disturbances caused by crew activity.
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Again, it must be stated that the particular choices of volumes and
equipment for the human research facility and the animal/plant research
facility were selected somewhat arbitrarily for reference configuration
purposes. These volumes and equipment choices do not represent a
concensus decisicn of the life sciences community.

4.3.1.3.2.3 Operations/Control Facilities

Many of the externally attached payloads and servicing operations will
require consoles within the pressurized modules from which those payloads
and operations may be monitored and contrslled. Equipment smich fills
three 16-inch racks is provided inside the Life Sciences Laporatcry
module for those cortrol functiors (iabeied as "Astrophysic. Racks" in
Figure 3.3.1-2).

4.3.1.4 Servicing Facility

The Servicing Facility onboard the I0C Space Station manned core will
have the capabilities to service and refuel free-flying satellites (which
have been brought to the Station), co-orbiting platforms (interpreted to
be multi-payload spacecraft which can be berthed to the Station),
payloads attached to the Statior, the OMY, and the OMV kits. The
Servicing Facility will also provide for the storage of satellites, the
OMV, two OMV kits, ORU's, instruments, and tools.

A 1ist of representative free-flying satellites which will require
on-orbit servicing or refueling at the Space Station is presented ia
Table 4.3.1-4. Again, this list of representative free-flying payloads
has no official status. The set was developed to reflect the type and
quantity of free-fliers proposed for the 1991-1993 time period.

Servicing and refueling requirements for this representative payload set,
along with serious consideraticn for eventual expansion to growth
canabilities, were used to develop the Servicing Facility for IOC.

Two dedicated work sites, or "bays" are required: one bay is needed to
perform servicing operations and the other to perform refueling
operations. Several of the spacecraft which will be serviced or repaired
contain optical instruments which are highly sensitive to molecular
and/or particulate contamination. Separate facilities for servicing and
refueling operations are necessary to prevent possible contamination of
optics which are exposed during servicing to unexpected leakage of
propellants or other cortaminants possible in the refueling area.

This concern with the sensitivity of payload instruments to various
ccntamninants dictates that the servicing bay be separated and/or
“upstream” from the refueling and fluid storage areas, from the Orbiter
berthing area, and from &. ' pressurized modules which may vent
contaminants (e.g., laboratory or commercia; modules).
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TABLE 4.5.1-4 - REPRESENTATIVE SET OF !0C FREE-FLYING SATELLITES

REQUIRING SERVICING

IDENTIFICATION FREE-FLYING SATELLITE

CODE SERVICING PAYLOADS

SAA0012 Space Telescope (ST)

SAAD013 Gamma Ray Observatory {GRO)

SAR00L14 X-Ray Timing (XTE)

SAA0016 Solar Maximum Mission (SMM)

SAAQO17 Advanced X-Ray Astrophysics Facility (AXAF)
SAA0019 Far Ultraviolet Spectroscopy Explerer {(FUSE)

Leasecraft 1 and Payloads
Leasecraft 2 and Payloads
Leasecraft 3 and Payloads
Leasecraft 4 and Payloads
Leasecraft 5 and Payloads
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The refueling bay and fluid storage area should be located so as to
reduce any hazard potential to satellites being serviced,
instruments/payloads externally attached to the Station, or Station
systems such as the solar arrays or radiators.

Some satellites may require solar protection while in the servicing and
storage areas. If needed, thermal protection may be provided by some
type of shield or enclosure.

An access corridor with sufficient clearance must be available for the
OMV with attached payload to move close e¢nough to the Station so that the
Mobile RMS (MRMS) can grapple and berth the OMV and r:yload.

MRMS access to Servicing Facility elements is required >0 that payloads
may be moved between the servicing, refueling, and storage areas. Also,
ORU‘s must be moved between the Orbiter and the ORU storage area.

A clear translation path is needed for the movement of EVA crew between
the core modules and the Servicing Facility elements.

The elements of the Servicing Facility will need tu be provided with
utilities inciuding power, lighting, CCTV, Viquid Tines, and
data/communication.

The elements which make up a Servicing Facility that accommodates IQC
mission servicing dare the foiiowing:

a. Servicing Bay: a cylindrical vclume (not necessarily
enclosed) which is 30 teet in diameter and 70 feet in length. This
volume allows for the berthing of a 15-ft-diameter-by-60-ft-long
satellite with clearances all around for movement of EVA crew and the
placement of workstations. The servicing area will have provisions for
berthing payloads either by a Flight Support Structure (FSS), which has
tilt and rotation capabilities, or by trunnior latches. Moveable or
reattachable berthing assemblies would pemit the berthing of more than
one payload in this area.

The servicing bay is attached to, and parallei wi.h, the upper keel above
the transverse boom.

b. Refueling Bay: A cylindricel volunie w*th the same
approximate dimensions as the servicing are¢ and simila» berthing
mechanisms. The refueling hay is situated on the lower keel just above
the radiators.

c. Satellite Storace Area: A cylindrical volume with the
same dimensions as the servicing area {i.e., 30-ft-diameter-by-70-ft
length) and with the same berthing mechanisms. (This volume is in excess
of the approximate 15-ft-diameter-by-60-ft-long volume which is actually
required for storage purposes. However, allocation of the additional
voiume would permit this area to evoive into another servicing
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area for the growth Station.) The satellite storage area is located
across the upper keel from the servicing bay.

d. Fluid Storage Area: An area which will provide
facilities for storage of propellants, pressurants, and coolants for the
payloads. It is located just beneath the refueling bay at the top of the
keel extensions.

e. OMV Storage Area: A cylindrical volume approximately 15
feet in diameter and 4 feet in length. The OMV storage area is situated
on the kecel extension just beneath the radiators.

f. OMV Kits Storage Area: Two cylindrical volumes
approximately 15 feet in diameter and 4 feet in length. They are located
on the keel extensions opposite to the OMV storage area.

g. ORU Storage Lockers: Each enclosed rectangular locker
is 3 x5 x5 feet. Ten lockers will be available for ORU storage.
They are placed on the power boom inboard of the alpha joints for
corvenient access from the servicing bay.

h. Payioad Instrument Storage: An enclosed rectangular
compartment which is 10 x 20 x 3J feet. It is situated on the lower keel
opposite the refueling bay.

i. Tool Storage Lockers: Each enclosed rect~ngular
compartment is 3 x 5 x 5 feet. Four lockers will be availaole for tool
storage. They are located with the ORU storage lockers.

j. Monitoring, Control, and Checkout Equipment:
Monitoring, control, and checkout is provided for spacecraft and ORU's in
storage as well as spacecraft undergoing servicing and refueling
oprrations. These functions will require volume for display consoles
wi hin the pressurized moduies.

4.3.1.5 Growth

Customer utilization on the growth Space Station will require an
expansion of capabilities present on the initial Station. However, it is
not clear at this time just which capabilities will grow and to what
degree, or how that growth will drive the Station evolution.

An attribute of the reference Space Station configuration is that it can
support growth in any or all of its initial capability areas: servicing
and refueling; construction of large space structures; materials
processing; life science research; citrophysics and solar physics; Earth
remote sensing; or sensor development. Growth of some of these
capabilities would require increased crew size (e.g., servicing,
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construction, life sciunce research). Growth of other capabilities would
require significantly increased power (e.g., ma*erials processing).
Whichever capabilities eventually come forward as growth reguirements,
the reference configuration can gracefully evolve to meet them.
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4.3.2 Crew Accommodatiors

Crew a-commodations refers to all areas which involve crew systems and
crew support. The major portion of these accommodations is in the
habitation volume. The laboratory volume contains crew-related items if
they aid in crew healtn, safety and well-being, or if they support the
crew in providing customer services. Crew accommodations in all volumes
are designed and arranged to the zero-g neutral body posture, traffic
patterns, congestion avoidance, cleaning and ease of maintenance.
Functional group interrelationships were a prime consideration in the
basic arrangement. Other considerations in the design and arrangement of
facilities and equipment included the ability to support reconfiguration,
growth and update; the ability to access facilities and equipment;
standardization of crew interfaces and associated equipment; and
accommodaticn of anthropometric strength and size measurements.

4.3.2.1 Habitation Yolume

In the reference configuration, the habitation volume consists of two
habitation modules which contain all those facilities and equipment
required for crew s:stenance and station operation. The following areas
and categories of equipment are contained in the twc modules: crew
quarters, galley/waidrocom (including housekeeping supplies), health
maintenance facility/exercise area, personal hygiene area, workstation
areas, stowage areas, waste management facilities, and laundry facility.
These areas contain equipment, the facilities which "house" this
equipment and access volume which facilitates its use. The internal
configuration of these moduies is shown in Figure 4.3.2.1-1, 4.3.2.1-1a,
?nd 4.?.2.1~1b (Hab 1) and Figures 4.3.2.1-2, 4.3.2.1-2a and 4.3.2.1-2b
Hab 2).

4.3.2.1.1 Crew Quarters

Private quarters for each crewmember are located in Hab Module 2. Each
crewmember has been provided with 150 cu ft of volume which contains a
sleepstation with bedding, a communications unit, a desk, a CCTV/CRT, a
portable workstation with certain command/control functions, stowage
volume (20 cu ft including a “dresser" and area for personal items), a
bulletin board, audio/video entertainment and a mirror. These
accommodations are shown in rigure 4.3.2.1-3 (Sieep Comipartments) and
Figure 4.3.2.1-4 (Sleep Compartment Furnishing in Working Position). The
volume which has been allocated is below desirable standards, but has
been expanded beyond those minimum levels included in previous
investigations. Privete crew quarters utilize 88 inches ¢f -ve length of
the module.

4.3.2.1.2 Galley/wardroom

The g.iley/wardroom is located in Hab Module 1. The galley, as depicted
in Figure 4.3.2.1-5, cccupies 747 cu ft of whic) 225 cu ft is equipment
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volume, utilizes 163 inches of the length of the module and provides the
following accommodations: equipment and supplies necessary for the
preparation and heating of food and drink; clean-up ard stowage for 14
days is provided. Food and drink stowage is provided by the
refrigerator, freezer and ambient food stowage lockers. Cooking
accommodations are provided by the oven and microwave oven. There is
additional stowage for utensils/aopliances, housekeeping supplies, and
trash. Galley trash collection und compaction for wet and bulk trash is
provided. There is also a handwasher and a zero-g dishwasher. Galley
equipment and food are GFE.

The wardroom is an area, across from the galley, occupying 576 cu ft, 137
inches in length, designed to acccmmodate the entire crew simultaneously
as a dining area as well as a meeting area, lounge, viewing and
recreation area. This area contains tables (4 sq ft per person),
audio/video entertainment equipment, game kits, a window, and IVA
communications.

The accommodations provided were chosen to be above minimum levels in an
effort to increase acceptability for long-duration flight and to
contribute to the optimization of crew performance.

4.3.2.1.3 Health maintenance facility/exercise area

The Health Maintenance Facility/Exercise Area is located in Hab Module 1,
utilizing 72 inches of the length of the module, some 65 cu ft of
equipment volume and occupying a total of 320 cu ft. The equipment
contained in this volume provides for inflight preventive, diagnostic and
therapeutic medical and dental capabilities. The health maintenance
facility (HMF) is principally for the application of countermeasures
including exercise and the treatment of health problems. The HMF and
exercise area as depicted in Figure 4.3.2.1-6, share the same volume as
well as some of the same equipment. The approach to the design of the
HMF is as follows. Its capabilities are tailored to the degree of
mission complexity and defined "acceptable medical risks." The
requirements are derived from inflight medical experience, mission
related activities and hazards, and projected low probability medical
scenarios which could be adequately treated with minimal equipment.

The exercise area contains the equipment necessary to enable the crew to
retain the requisite physical body tone and also provides a means for
recreation. Provisicns also exist in the exercise area for monitoring
body mass and dimensional changes.

4.3.2.1.4 Personal hygiene areas

Personal hygiene areas which provide facilities for body waste collection
and disposal, personal cleanliness, and bathing are located in Hab
Modules 1 and 2. Each area is 80 inches in length. There are two waste
management systems (for both fecal and urine collection); two additicnal
urine collection systems; two personal hygiene stations for face and
handwashing and oral hygiene; and one additional handwashing station in
the galley and in each cf the remaining habitabie modules.
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The facilities for collecting and disposing of vomitus, fecal matter and
urin: re sized to anthropometric specifications. Commode compartments
are iarge enough to permit donning, doffing, and temporary stowage of
clothing.

The faciiities for shaving, hair grooming, teeth clearing and
expectoration are designed for easy cleaning and maintenance on orbit.
Handwash facilities have hot, cold, and mixed water controls.

A full body shower facility is provided in each of the Hab modules. Each
has hot, cold, and mixed water contirols, permits hair and scalp washing,
and provides a temperature controlled (heated) private dressing area.
There are restraints to stabilize the crew while bathing. Means to
facilitate drying and cleanup waste water collection, and transfer to a
storage tank for processing are provided.

4.3.2.1.5 Workstations

Workstations are lrcated throughout the Space Station in all the
habitable modules. They are conceived as generic stations capable of
supporting Space Station operztions, customer services, crew health and
equipment maintenance. Hab module 1 contains the following workstations:
the work/control station for Space Station operations (Figures.2.1-7) and
portions of the health maintenance facility (Figure 4.3.2.1-6). Hab
module 2 contains a larger command/control station (Figure 4.3.2.1-8) and
the maintenance workstation for equipment maintenance and repair. Each
of the Lab mudules contain workstations. There is one operations station
in Lab 1 (Figure 4.3.2.1-9, Life Sciences Lab) and two operation stations
in Lab 2 (Figures 4.3.2.1-10, 4.3.2.1-11; Materials Processing Lab). All
workstations are conceived to have the necessary and appropriate level of
automation, tools, equipment, and communications required for the
specific tasks and activities to be accomplished.

4.3.2.1.6 Crew stowage

Twelve burdred cu ft of stowage has bee: orovided for a crew of six. >
Stowage volume has been allocated to es~n module as indicated in Table
4.3.2.1-1. This allocation is the rr.su't of the stowage requirements
presented in Table 4.3.2.1-2. The o0istics module contains the greatest
portion of the stowage volume including stowage for clothing for 14 days
(this assumes a laundry facility on--bsard), for a 90-day supply of food,
for bedding, and for food trash stssage. The two Hab modules have
approximately equal amounts of stuwage volume includirg stowage in the
galley, crew quarters, personal hygiene areas, and at the various
workstations. Lebs ! and 2 each has a small ~ar.unt of stowage volume
provided. Each stowage container is 2 cu f* ar | weighs 5 1bs/cu ft (10
1bs) empty.

These stowage requirements have been derived from nrevious inflight
experience as well as extrapolation of consumayle;, for six peoplie over a
90-day period.
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TABLE 4.3.2.1-1 - STOWAGE ALLOCATION FOR CREW OF 6 (PER MISSION)

HAB 1

GALLEY

WARDROOM

MAINTENANCE WORKBENCH

EQUIPMENT CONTAINERS/RESTRAINTS
WORK/CONTROL STATION

PERSONAL HYGIENE AREA

ADDITIONAL MISCELLANEOUS STOWAGE

HAB 2

CREW QUARTERS

COMM/CGNTROL STATIGN

PERSONAL HYGIUNE AREA

EQUIPMENT CONTAINERS/RESTRAINTS
ADDITIONAL MISCELLANEOUS STOWAGE

LOGISTICS

CLOTHING (14 DAYS)

FOOD (90 DAYS)

BEDDING (90 DAYS)

FOOD TRASH STOWAGE (EMPTY)
ADDITIONAL MISCELLANEOQUS STOWAGE

TOTAL

TOTAL

TOTAL

TOTAL

TOTAL

STATION TOTAL

97

NO. OF
CONTAINERS

118.60

40.00
10.00
10.00
3.00
6.00
7.00
42.00

106.00

60.00
6.00
7.00
3.00

30.00

264.00
32.00
94.00
35.00

50.00
53.00

56.00

56.00

600.00

STUWAGE
VOLUME
(CU FT)

236.00

80.00
20.00
20.00

6.00
12.00
14.00
84.00

212.00

120.00
12.00
14.00

6.00
60.00

528.00
64.00
188.00
70.00

100.00
106.00

112.00

112.00

1200.00
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TABLE 4.3.2.1-2 - STOWAGE REQUIREMENTS FOR CREW OF 6.00 PER MISSION

SUBSYSTEM

CREW QUARTERS
(INCLUDES CLOTHING, PART OF PERSONAL
HYGIENE PROVISIONS AND PART OF
ANCILLARY PROVISIONS)

GALLEY

REFRIGERATOR (14 DAYS)
FREEZER (14 DAYS)
AMBIENT FOOD (14 DAYS)
UTENSIL/APPLIANCE STOW
TRASH STOW (EMPTY)
HOUSEKEEPING SUPPLIES

WORKSTATIONS

ANCILLARY PROVISIONS
(e.g., WRITING EQUIPMENT, FILM,
CAMERA EQUIPMENT)

SHOWER/HANDWASH/WMF (PERSONAL HYGIENE)

TISSUE DISPENSER
PERSUNAL WETWIPES
TOWELS

WASHCLOTHS

LOGISTICS MODULE

CLOTHING (14 DAYS)
FOOD (90 DAYS)
BEDDING (90 DAYS)
FOOD TRASH STOWAGE (EMPTY)
ADDITIONAL STOWAGE

STOWAGE CONTAINERS (AaDDITIONAL)

EQUIPMENT CONTAINERS/RESTRAINTS
MAINTENANCE WORKSTATION
WARDROOM

ACOITIONAL HAB 1

ADDITIONAL HAB 2

ADDITIONAL LAB 1

ADDITIONAL LAB 2

TOTAL

98

TOTAL VOLUME
(Cu FT)

120.00 (20 Cu F1/
CREWMEMBER)

74.30

12,00
12.00
16.80

11.060

22.66

108.00

(PART OF WORKBENCH)

1200.00
(2.222 CU FT/"N/DAY)
E

(5 LBS/CU Fy - EMPTY)
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4.3.2.1.7 Laundry facility

A laundry facility has been provided in Hab module 2. The reference
configuration concept provides for a washer and dryer. The presence of a
laundry facility onboard Space Station substantially reduces the amount
of clothing necessary for a 90-day mission. With a laundry facility,
only a 14-day supply of clothing is necessary. The clothing supply
weighs 185.4 1bs for a crew of 6 and occupies 63 cu fi of volume, while
the washer/dryer weighs TBD and occupies TBD ft3 of volume. Witnout a
laundry facility, a 90-day supply of clothing is necessary. This weighs
1140 1bs for a crew of 6 and occupies 388.35 cu ft.

4,5,2.2 Nonhabitation Volume

There is additional volume for crew accommodations in the non-habitaiton
areas. This volume includes the two labor.’' 'ry modules, the airlocks,
the logistics module, and safe haven.

4.3.2.2.1 C{rew accommodations in laboratory volume

The crew accommodations in the laboratory volume aid in crew health,
safety, and well-being (e.g., lighting, windows, handwashers), and they
support the crew in providing customer services (e.g., workstations,
stowage volume). Figure 4.3.2.2-1 depicts the internal configuration of
Lab 1 (Life Sciences Lab), and Figure 4.3.2.2-2 depicts the internal
configuration of Lab 2 (Materials Processing Lab). Most of the internal
volumz of Lab 2 is comprised of racks for materials processing. The
allocation of racks for specific types ~f processes is depicted in
Figures 4.3.2.2-3 and 4.3.2.2-4. Crew accommodations in this Lab consist :
of a handwasher {as described in 4.3.2.1.4, Personal Hygiene Areas),
communications equipment, and two operations stations (as described in
4.3.2.1.5, WorkStations).

Lab 1 contains facilities and accommodations primarily for Life Sciences
experiments. However, there are some racks allocated for Astrophysics
experiments. That portion of this module dedicated to Life Sciences
experiments consists of the Human Research Facility (HAFf) and the
Animal/Plant Research Facility (APRF). Cohabiting animals and humans in
the same module requires special accommodations since each group has

micr orgunisms that could adversely affect the other. Therefore, the
ECLSS “or the animals habitat must be separate from that provided for the
crew. The environment in which animal research is done should also be
separate from the environment of the Space Station. Therefore, a
"biologicatl lock" isolating the APRF from the rest uf the Space Station
is required. A room for changing clothing and/or donning cap, gown,
mask, and gloves is provided at the entrance of the APRF, as is a shower
or handwasher (TBD). The ARPF occupies 670 cu ft. A floor plan is shown
in Figure 4.3.2.2-5. Equipment includes racks, a surgical table, and
biolock/shower. The nonhuman Life Science community has listed a 1G
centrifuge as part of their experimental equipment. The inclusion of
such a centrifuge alters the internal configuration of this lab module as
indicated in Figure 4.3.2.2-6. The ECLSS to support the ARPF is sized
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for four crew capability; accommodating two mission specialists and TBD
animals (rats, mice, small primates). It requires 375 cu ft of volume of
which approximately 245 cu ft i5 equipment volume with the remainder
being access volume to this equipment. The HRF consists of racks to
support experimental equipment (Fig. 4.3.2.2-7) and a treadmill for
research purposes. In total, it occupies 462 cu ft of volume. In
addition, there is an operations station with racks to accommodate data
management.

4.3.2.2.2 Airlocks/hyperbaric chamber

iwo EVA airlocks, one with hyperbaric chamber capability, are planned for
the Space Station. Details are presented in paragraph 4.4.9.2.3 EVA
Airlock.

4.3.2.2.3 Safe haven provisions

Safe haven provisions dre located in each of the four habitable volumes
(both Hab moduies and both Lab modules). It consists of a 22-day supply
of food, dry and wet wipes, clothing, sleep restraints, waste, and trash
stowage. Such a suppiy, sized for two crewmembers, is stowed in the
module segment containing hatches and mechanisms and occupies 50 cu ft of
each of these segments. Thus, if any one of the four modules must be
evacuated and isolated, the remaining three modules contain safe haven
supplies for six crewmembers. !

4.3.2.2.4 C(Crew accommodations in the logistics module

The logistics module containi a 20-cu ft refrigerator, a 60-cu ft freezer
and 528 cu ft of stowage containers to support the crew for 90 days.
There will be a 90-day supply of food and additional galley provisions,
housekeeping supplies, clothing, bedding, personal hygiene items,
equipment containers and restraints, ancillary provisions (batteries,
writing supplies, paper, etc.), and resupply items for the HMF and
maintenance workstation. All of these accommodations occupy 1,675 cu ft
of volume {equipment, supplies and access volume included). A breakdown
of these accommod  .ions is presented in Table 4.3.2.2-1.

4.3.2.3 Crew . acilr .’ Equipment

The family of items required to outfit modules for habitation is defined
herein. Such facility equipment includes secondary structure, hatches,
mechanisms, utilities (e.g., power, data/comm., thermal, and ECLSS),
lighting, windows, and maintenance facilities. Crew Consumables and
habitability provisy ns are not included in this paragraph.

4.3.2.3.1 Secondary structure

Secondary structure in the modules consists of walls, floors, crew
transfer tunnzls, and framework for retaining and positioning stowage
containers, habitability subsystems, utilities, crew workstations, and ¢

~
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payload facilities. Secondary structure materials include metal,
fiberglass, fabric, and screen devices.

Secondary structure within the launched module will be sufficient to
withstand launch and crash loads. Once on orbit, such structure may be
modified as required for support of new payloads and interior
modification and/or growth. Should the module be returned to the ground,
the secondary structural design must withstand landing loads. All
secondary structure is designed to permit access to equipment for
maintenance considerations.

Secondary structure total weights for each module are 3854.3 1b (Hab
Module 1), 4756.0 1b (Hab Module 2), 2937.6 1b (Lab Module 1), 2937.6 1b
(Lab Module 2), and 1873.3 1b /Logistics Module). Secondary structure
volumes for each moaule are 79.22 cu ft (Hab Module 1) and 126.42 cu ft
(Hab Module 2), respectively. Other volumes are either considered as
part of encompassing volumes or are volumes yet to be defined.

4,3.2.3.2 Hatches

Hatches are provided on all operational ports and crew airlocks. They
are hinged and stowed such that crew and equipmert can traverse through
the open ports as required. However, during such times, each may be
closed to serve as a pressure bulkhead between mcdules.

When the radial hatches are opened, it is envisioned that they will move
inward toward the center approximately 1 foot, then move back to the end
cap and then are restrained. End ports or axial hatches rotate 90° down
and are restrained due to operational volume constraints caused by
utility line penetration.

Hatch size is defined by maintenance and changeout requirements,

including the requirement to transfer a single (e.g., Spacelab-sized)

rack from tne Orbiter to its use location in the Space Station through a

port, passageway, tunnel, etc. Hatches may be larger if design indicates o
the need. Sufficient volume around the hatch operational envelope is

provided to prevent unusual body contortions or major reorientations of

crewmembers when traversing through passages (other than turning the body

long axis perpendicular to the plane of the hatch opening). Hatches are

conceived to be capable of supporting either an open-or-closed hatch mode

with manual contre! requiring a maximum of 30 seconds.

Hatcn weight has not been determined. However, the minimum diameter of a
typica’ hatch is 50 inches, and volume (assuming 50 in. dia, 12 in. thick
hatch) is 10 cu ft. There are six (four radial and two end hatches) each
identified in all modules except the logistics module, which has only two
end hatches.

4.3.2.3.3 Mcchanisms

Crew mechanisms defined in this paragraph are limited to those which
release/lock the hatch to the port. Weights are undefined. However,
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362.7 cu ft of volume is allocated, which incorporates the hatch and crew
operational envelope.

Other crew-related mechanisms will be defined as Station definftion
evolves.

4.3.2.3.4 Utilities

A1l modules have selected utilities passing through them (Figs.
4.3.2.3-1, 4.3.2.3-2 and 4.3.2.3-3). Penetrations around a raaial pert
and the opposite axial port permit entry/exit of the majority of the
utilities. Additionally, twin penetration paneis on the side bulkhead of
each module suffice as other passages for utilities.

Systems which require module penetrations include envirommental contro)l
(ECLSS), power, thermal, housekeeping data, payloads data, and crew water
(drinking, waste, wash). Line definition for the ECLSS includes two
4-in.-dia lines penetrating through the bulkheads, and expanding to
6-in.-dia ducts. Air flow on ore line provides supply to the module,
while the other line is used for collecting exhaust air. The
housekeeping bundle, an optical data network, consists of six 1/2-in.-dia
lines accommodating data acquisition/telemetry, thermal data, control and
navigation status, audio control and signal data bus, power distribution
control bus (25Kw, 200 VAC), and a miscellaneous data bus. Internal
utilities entering/exiting through the two bulkhead panels include dual
1-1/2 in.-dia coolant supply and return lines, dual 1-in.-dia lines for
drinking water, for waste liquid water, condensate water, and wash water.
Al-0 included are dual 3/8-in.-dia 02 supply and 1/2-in.-dia N2

supply lines. The thermal system has dual liquid water loops and a
partial vapor loop passing through a heat exchange and a heat source.
Yolume calculations include 7.3 cu ft for ECLS, 35.3 cu ft for the
optical data network, 17.6 cu ft for internal utilities, and various
volumes for thermal (Hab 1-10.8 cu ft, Hab 2-10.8 cu ft, Lab 1-30.0 cu
ft, Lab 2-19.1 cu ft, Logistics module -7.3 cu ft) insulation. Weight
calculations is a function of materials selected for lines.

4.2.2.3.5 Lighting

The lighting system provides both interiur and exterior illumination
based upon appropriate human factors specifications. Consideration has
been given to luminaires location, brightness ratio arnd contrast with the
surrounding area, glare, and shadows. Care has been given in locating
switches to facilitate convenient operation. Night 1ight route locators
and switch illumination are placed in frequently darkened 2reas.

Internal lighting as defined 1, given in Table 4.3.2.3-1.

4.3.2.3.6 MWindows

Windows are located throughout the module cluster to facilitate work and
recreational tasks. Each window is sized and located to permit viewing
by two or more persons at a time. Window workstations permit, as
required, shadowed viewing and restraint for crewmembers and equipment.
Specific equipment which will be accommodated at each window workstation
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include mounted voice tape recorder, event timer, means to mount cameras,
means to secure handheld cameras, small light, method to secure paper and
checklists, writing station, body restraints, CRT monitor and keyboard,
maps, @oving map display with an optical driver to view the flignt path,
optical maps to identify future flight paths, method of measuring angles
and the horizon if appropriate, control of adjacent lighting, and easily
deployed hood or curtain to block interior light. Baseline windows are
not planned to be of optical quality or to be UV transmissive. However,
some techniques will be used to verify that window transparency will be
maintained. The current configuration identifies two 20-in.-diaz and fcur
i0-in.-dia windows in each of the two habitat modules. Four 10-in.-dia
windows are located in the two laboratory modules.

4.3.2.3.7 Maintenance Facilities

The crew will serve as the main capability for accomplishing hardware and
software maintenance. This capability will be enhanced via the
maintenance workstation. Included in the workstation wiil be equipment
permitting simple diagnosis of circuitry, repair of hardware, and/or
replacement of elements of a subsystem. Although the primary maintenance
technique will pe the changeout of Orbital Replaceable Unit (ORU's), the
maintenance workstation will provide supplemental capability to diagnose
and repair to the elemental level as appropriate. Additional items may
be fabricated from components of failed items or from raw materials.
Controlled lighting and magnification capability will be provided. A
dedicated microprocessor/screen/printer will serve as a diagnostic tool,
supplemented by diagnostics with handheld instruments. Electrical test
equipment, maintenance tool kit (powered and manual), and a soldering kit
will be available. Support equipment include crew equipment and small
item restraints, a particle control system, measurement kit (tape,
micrometer, thread cages, etc.), fastener kit (nuts, bolts, washers,
etc.), and an adhesive kit (tape, cement, etc.).

A special feature of the workstation will be a portion that is removable
and which converts into an EV compatible portable maintenance
workstation. This de.ice can be transported, along with attached
diagnostic and repair equipment and spares, to any location on the
Station requiring maintenance, diagnosis, or repair. It will be capable
of being positioned and rigidiy restrained at the worksite. Tools,
diagnostic and repair equipment, and a computer-enhanced, audio-visual
checklist will be easily accessible to the crewmember.

Estimated dimensions for the basi,smaintenances workbench are 1%in. by 57
in. by 84 in.) (92.3 cu ft); weight is estimated to be 238 1b.

4.3.2.4 Volumetric Analysis
4.3.2.4.1 Introduction

A comprehensive account of volumetric utilization was undertaken for the
reference configuration. Assessments for all systems and subsystems
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been included to the extent that current definition is available. Table
4.3.2.4-1 shows volumes witiiin the cylinder as they will be discussed in
subsequent sections.

4.3.2.4.2 Aillocations
4.3.2.4.2.1 End cone volumes

For the purposes of this analysis, end cone volumes are included only to
show they are primarily occupied by utilities and hatches. The available
end cone volume not occupied by this equipment is considered access
volume for hatch operation and utility line servicing and maintenance.

4,3.2.4.2.2 Connecting end volume

A 9-ft long section ot the 30 ft cylindrica! axis length is utilized for
module interconnection where four radial ports are located S0 degrees
apart. Because of the complexity of the connecting end volume, the
1257-cu-ft volume contained therein is summarized separately (Table
4.3.2.4-2) from the rema‘ning cylindrical volume (21 ft of the 30 ft
cylindrical axis).

Figure 4.3.2.4-1 shows a cut-away view of the protrusion of radial port
mechanisms into tne connecting end volume. If a rectangular box 8.5 ft
by 8.5 ft by 9 ft (650 cu ft, Fig. 4.3.2.4-2) is conceptualized in this
end, space alcng one side (152 cu ft of volume) is available for
equipment inst:1lation where one radial port is blanked off.

The volume sutside the rectangular walls and inside the inner cylindrical
surface i_ occupied by the radial port module connection mechanisms.
Remaining volume inside this end “cube" is utilized as hallway access for
traverse between modules, and as access volume to the equipment
(mentioned previously) installed agaius. the blanked off port. Some
residual volume (128 cu ft) is available around the radial port
mechanisms (inside the inner cylindrical wall and outside the conceptual
cube wall) but does not provide a form factor compatible with
conventional packaging. While it is certain this 128-cubic-foot volume
will be eventually utilized, for purposes of this anaiysis, it is treated
as nonfunctional.

I

4.3.2.4.2.3 Habitable volume

The remaining 21 ft of the 30 ft cylindrical axis is considered habitable
volume (2932 cu ft). A conventional layout (in terms of floors and
ceilings) is utilized in the reference configuration, but the arrangemeni
and layout methodology is not relevant to volumetric accounting, in that
equipment volume requiremerts are basically constant (given that
packaging form factors could alter them somewhat). While installation
methods and alternative layouts may provide more or less access,
maintenance, and operational volume, the percentage gain or loss will nct
significantly change the fact that volume in HM1 and HM2 i: minimaily
sufficient to inadequate.

116

o
i A - .

-

o«



g TABLE 4.3.2.4-1 - YOLUMETRIC SUMMARY BY LOCATION

CYLINDRICAL AXIS

(LENGTH IN FEET) VOLUME
(INNER DIAMETER = 13 ft 4 in.) (CU FT)
TOTAL VOLUME 30 4189
HABITABLE V(' UME (21) 2932
CONNECTING END (9) 1257
END CUBE (VOLUME WITHIN CONNECTING END) (650)
CONNECTING END LESS END CUBE (9 ft LONG CYL. LESS CUBE) (607)
Ty
B ) 117
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TABLE 4.3.2.4-2 - CONNECTING END VOLUME ALLOCATION SUMMARY

(COMMON TO BOTH HM1 AND HM2)

FUNCTION

EQUIPMENT (POWER, SAFE HAVEN,
THERMAL, ECLSS (PARTIAL)

ACCESS

HALLWAY TRAVERSE
(OUTSIDE END CUBE)

MODULE CONNECT MECHANISMS

NOT UTILIZED

TOTAL

- 118

-~

e

g ]

VOLUME (CU FT)

152

156

494

327

128

1257



-

$3IHOLVH TVIAVY 40 MIIA - L-¥ZEy 0nbly

i‘lﬁi‘:&&ﬁ:;‘k e

119




il AT «i’- {?w’& \“\k;\ . ‘J'\ X N

+

-\ r

VIHY HOLVH TVIAGVH 40 MIIA - Z-9'2°C'y eanBiy

{

s
-




w

Table 4.3.2.4-3 and Table 4.3.2.4-4 <how equipment and access volume
allocations by subsystem for the two hab modules. Access volumes are
shown adjacent to equipment volumes and are in additior to equipment
volumes.

4.3.2.4.4 Access volume

Access volume requirements vary according to the equipment being
utilized. For example, ~» drawer, when pulled out and removed from its
cabinet, requires sliachitly more than its own original volume plus encugh
room for someone to stand and perform the remcval. A: operable rule of
thumb for this coudition requires 2.7 times the equipment volume for
equipment plus access volume. Hewever, access volume can sometimes be
shared by ey .ipment on opposite walls sharing a commcn aisle provided
simultaneous functions are not required in the same raace. In other
cases, a fartor greater than 2.7 is required if botn vertical and
horizontal manipulation are required. In the case o7 the reference
configuration for the Space Station, insufficient detail exists to
ascertain whether simultaneous operations .111 be performed in the lab
modules in opposing equipment racks. For the habitation and logistics
modules it is generally assumed that t{his will not te the case, and the
same assumption is generalized to the lab modules. Given these
assumptions, a factor of 3.0 (or 1.5 for each side) times the equipment
rack volume along one side of a module is considerea minimally adequate
to preovide space for an individual to operate or maintain the equipment
and to allow passage during operations. This translates to half the
depth of the equipment being available for a person to operate in front
of the equipment and 1.5 times the equipment depth being availabie as
aisle space for others to pass by with no room left to operate on the '
opposite wall. Alternatively, two people could op:rate back to back with
no room between them to allow passage.

4.3.2.4.5 Conclusions

The access volume for crew quarters requires that volume is needed for

movement in and out of the area, and is satisfied by the 50 in.diameter Ty
tunnel common to the six entrances and the 150 cu ft per craw quarters A
(which includes both equipment and access volume).

The galley/wardroom share a common aisle and are conceptually similar to
the crew quarters in terms of volumetric requirenents. In addition to
providing shared volume for meal preparation, the wardroom provides a
common meeting location for recreation, station management meetings,
dining, etc. If galley equipment must be removed, the tables can be
removed to increase the maintenance access.

Waste management facilities, like the crew quarters, utilize access
volume internally, and require only enough room externally for the door
to operate.

The respective external cccess factors of .52 and 1.6 for the oppc-ing
volumes of hygiene and medical areas permit removal of the medical racks
for maintenance, if required.
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TABLE 4.3.2.4-3 - HABITAT MODULE 1 SUBSYSTEM EQUIPMENT AND
ACCESS VOLUME ALLOCATIONS

{INSIDE CEILING AND FLOOR) EQPT ACCESS
(IN CU FT)
WORKSTATIONS 39 62
EQUIPHENT RACKS 32 44
STOWAGE 192 92
CREW (236)
SPARES (48)
HYGIENE 228 118
GALLEY/WARDROOM 737 458
MEDICAL 88 141
SECONDARY STRUCTURE 79 ( COMMON )
SUBTOTAL 1395 915
TOTAL 2310
(OUTSIDE CEILING AND FLOOR) EQPT ACCESS '
ECLSS 162 (COMMON)
LIGHTING 19 ( COMMON)
UTILITIES 73 (COMMON) N
STOWAGE (SPARES) 331 37
SUBTOTAL 585 37
TOTAL 622
(CONNECTING END) 1257 N/A

GRanD TOTAL 4189
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TABLE 4.3.2.4-4- HABITAT MODULE 2 SUBSYSTEM EQUIPMENT AND
ACCESS VOLUME ALLCCATIONS

(IMSIDE CEILING AND FLOOR) EQPT ACCESS
(IN CU FT)
WASHER/DRYER 39 67
MAINTENANCE 96 222
DATA MGT/COMM 97 135
CREW QI'SRTERS 900 100
(INCL. 120 CU FT STOWAGE)
HYGIENE 194 110
WORK STATION 20 203
SECONDARY STRUCTURE 127 (COMMON)
SUBTOTAL 1473 837
TOTAL 2310
(OUTSIDE CEILING AND FLOOR) EQPT ACCESS
ECLSS 162 (COMMON )
LIGHTING 29 (COMMON)
UTILITIES 73 (COMMON)
STOWAGE 321 37
SUBTOTAL 585 37
[ ‘-‘
TOTAL 622
(CONNECTING END) 1257 N/A

GRAND TOTAL 4189
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It can be seen from Table 4.3.2.4-3, Table 4.3.2.4-4, and the internal
configuration drawirgs that, while the desirable equipment-to-access
volume ratio of 3.0 is not achieved,there is sufficient volume for
operational activities to occur. Ih some cases, operatfons plus passage
by another individual can be accomplished. In all cases, the total of
access volume factors for the opposing pieces of equipment across the
aisle will permit removai/replacement and maintenance.

Utilizing the packaging factors from HM1 and HM2, it should be possible
to realize 20 cubic meters (1059 cu ft) to 45 cubic maters (1589 cu ft)
of equipment volume per laboratory module, or 60 cubic meters (2119 cu

ft) to 90 cubic meters (3178 cu ft) total.

The volumetric allocations of Labs 1 and 2 in the reference configuration
are not discussed in this section, as the functions and allocations are
discussed elsewhere. However, the Materials Processing (Lab 2) module is
configured with approximately 18 cubic meters (640 cu ft) of equipment
volume with the capability to add an approximately aqual amount for a
total of 35 cubic meters (1235 cu ft) to 40 cubic meters (1412 cu ft) of
equipment volume. Equipment volumetric overhead (ECLSS, utilities,
workstations, data management, power, thermal, safe haven,
communications. secondary structure, 1ighting, hatches, etc.j to the
laboratory modules is approximately 21 percent. Access volume
requirements added to this equipment overhead increases the total
overhead to approximately 42 percent.
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4.3.3 Space Station dynamics and control anaiysis

Analyses of the rigid body control and orbital altitude maintenance
requirements, flexible body control, and flexible body response due to
typical disturbances are documented in Sections 4.3.3.1 through 4.3.3.6.
The results should be considered preliminary since details of many of the
structural and control aspects of the configuration were not available
during the analysis cycle.

Sections 4.3.3.1 through 4.3.3.4 deal with input data for the analysis
while 4.3.3.5 presents analyses results in an attempt to demonstrate the
performance of the station in the natural and induced dynanic
environments. A summary of the results is presented in Section 4.3.3.6.

4.3.3.1 Applied Forces and Torques

This subsection contains a description of models which have been used to
generate loading events for preliminary analyses of the reference
configuration of the Space Station.

Aerodynamic and gravity-gradient models generate forces and torques
acting upon the Space Station as a function of orbital position and
vehicle attitude which are used for the purposes of control system sizing
and configuration trade studies. Orbiter berthing, crew motion, and RCS
firings models generate significant loading events which are used for
control and response analyses and trade studies.

Due to time limitaticns and availability of data, the following
addi tional disturbance sources were identified tut not included in this
study.

Manipulator Dynamics

Construction Dynamics

Manufacturing Dynamics

Rotating Machinery Dynamics

Shuttle RCS Plume Impingement

Crew Motions During Nominal Operation
Momentum Management Schemes

Solar Pressure

These loading e.cnts are not cnasidered tc be an exhaustive list.
However, taken together with the ones which were studied, this set is
belijeved to be representative of the set of disturbances which are
significant for dynamics and control systems studies.

1See White rapers "Space Station Fluidic Momentum Controller,"and
"Space Station Large Area Magretic Torquer."
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4.3 1.1.1 Gravity-gradient torques

Gravity gradient torques act upon any satellite with a mass distribution
which results in unequal principal axis inertias.

Two of the principal axis inertias for the reference configuration are
approximately equal in magnitude. The minimum axis is half an order of
magnitude smaller and the configuration will fly with the minimum axis
aligned within a few degress of nadir.

To compute the gravity-gradient torques, the mass moments of inertia in
body axes are calculated from the geometric definition of the reference
configuration (see mass properties in Tables 4.3.3.4-1 through

4.3.3.4-4) Assuming a uniform gravity-field, the orientation of the mass
momen<s of inertia in the gravity field is used to calculate the
resultant torque acting upon the Space Station.

The detail for the mcdel of gravity-gradient torques is contained in
References 3 and 4.

4.3.3.1.2 Aerodynamic drag and torques

The referencs configuration utilizes large-area solar arrays to generate
power and large-area radiators to dump excess heat energy. These arrays
and radiators are controlled with alpha and beta rotary joints to track
the Sun. As a result of the solar-tracking, the drag area of tue station
varies as the orbit is traversed.

The reference configuration which is not geometrically symmetrical about
its center of mass and is flown with its x- axis in the orbit plane (see
Fig. 4.2.1-1) with the power bocms perpendicular t. the orbit plane. The
aerodynamic torques about the x- and z-axes would pe cyclic with respect
to inertial space if the atmospheric density was ronstart and
nonrotating. However, since the atmosphere rotates with the Earth and 3
is not constant (Figure 4.3.3.5-11), secular torques occur about these
axes. The aerodynamic torque about the y-axis is due to center «f mass
to center of pressure offset and will resuit in secular torque if i. is
not nulled with gravity-gradient torque.

Drag ar=2a of the reference configuration is caiculated by a solid area
projection which includes the effects of orbital position and shading.

Aerodynamic forces are calcuiated as a function of the area, the local
atmospheric density and the center-of-mass velocity with respect to the
atmosphere. Center of pressure offset with respect to the center of mass
is then used to calculate the aerodynamic torques.

The detail for the model of aerodynamic drag force and torques is
contained in References 3 and 4.
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4.3.3.1.3 Atmosphere variation mode:

The nominal altitude range of the Space Station is from 250 to 270 rmi.
Control system sizing studics were performed at altitudes of 220, 250 and
270 nmi. At altitudes in the range of 100 to 300 nmi, the atmospheric
density depends upon the degree of solar aciivity and the diurnal effecr
as well as the altitude. The atmospheric density model is a complex
function of Space Staticn altitude and locatien relative to the incoming
Sun-Tline.

Thie nominal altitude range of the Space Station is from 250 to 270G nmi.
Control system sizing studies were performed at altitudes ot 220, 250 and
270 rmi. At altitudes in the range »f 100 {o 300 nmi, the atmospneric
density depends upon the degree of solar activity and the diurnal effect
as well as the altitude. The atmospheric density model is a complex
function of Space Station altitude and location relative to the incoming
Sun-line.

Recent empirical models of the upper atmosphere density, based on drag
data from various satellites (reference 5) and direct mass-spectrometric
measurements of upper atmosphere (reference 6) have been included in this
anaiysis.

These atmospnoric medels reflect the cbservational evidence for both long
and short-term variations in upper atmcsphere density, composition, and
temperature. long-term variations are dominated by the 1! year solar
cycle (Figure 4.3.3.1-1) related variations in the extreme ultraviolet
(EUV) radiation from the Sun and semiannual anc¢ seasonal variations.
Short-tem variations are dominated by the diurnal variation causa2d dy
the daylight side heating of the Sun and variations associated with
energy inputs related to geomagnetic activity. The statistically
predicted solar flux indicatcrs, Figure 4.3.3.1-1, as well as the
geomagnetic index, Ap, were obtained firom MSFC Mission Analysis

Division. The 2? sigma peak F10.7 values of 242 and correspcnding 2 sigma
Ap value of 22 was cnosen for the analysis to be used to size the CMG
requirements.

On rare ocrasions, extreme solar magnetic activity results in short-term
{(less than 12 hours) atmospheric densities three times as large as the 2
sigma case. Present plans calls for controlling the Station with the RCS
during these occasions if necessary.

4.3.3.1.4 Docking/berthing

The following assumptions were used to derive a model for the disturbance
to the Space Station contrcl and stabilization system due to berthing of
the Shuttle Orbiter vehicle:

- Significant forces along the x berthing axis only
- Station initially at zero rate state
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- Orbiter closing at G.1 ft/sec rate along berthing axis
- Constant force berthing mechanism
- 0.5-ft displacement of berthing mechanisk

The beithing disturbance is modeled as a 500-ib force acting along the
berthing axis for a period of 1 second. This is considered to be a
conservative model for design purposes. Although dockina forces
experienced on SKYLAB were an order of magnitude higher, it is
anticipated that the berthing operation may actually produce forces which
are an order of magnitude below the design model level.

The time history for the berthing force model is given in Figure
4:3-3-1‘2-

The z-axis moment arms for the reference configuration in body
coordinates are 78 ft without payloads and 120 ft with payloads.

4.3.3.1.5 Shuttle launch and landing 1oad factors

Load factors for Shuttle launch and landing are given ir Table
4.3.3.1-1. Load factors for intermediate flight events are given in
Reference 7. These load factors were soecified for preliminary
structural design purposes and are included nere for completeness,
although they were not required or used for dynamics and control
analyses,

4.3.3.1.6 Crew motion (kick-off/stopping)

The following ascsumptions were used to derive wodels for the disturbance
to the Space staticen control system due to on-board crew movement:

- Station initially at zero rate state
- Free-flight distances of 30 ft and 10 ft
- 25-1b peak force

The first crew motion mode! is an end to end traversal of a habitat
module. The force generated by the crew member increases linearly to a
maximum of 25 pounds over an interval of 1 second and then decreases to
zero as wall contact is lost. At the opposing wall, the force increases
instantly to 25 1bs as the wall is contccted and decreases 1inearly to
zero over a 1 second interval. The time between force pulses of 13
seconds is calculated from a free-flight distance of 30 _at.

The timz history for this crew motion model is giver in Figure 4.3.3.1-3.
The force is applied along the x-axis, a.l the moment arms for the
referenc configuration are 78 feet without payloads ana 120 fe<t with

payload-. when the Qrbiter is berthed to the statiorn, the z-axis moment
arms become 25 feet without payloads and 59 feet with payloads.
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The time nistory for this crew motion model is given in Figure ¢ 3.3.1-3.

The force is applied along the x-axis, and the moment amms for .
reference configuration are 78 ft without payloads and 120 ft with
nayloads. When the Orbiter is berthed to the station, the z-axis moment
arms become 25 ft without payloads and 59 ft with payloads.

4.3.3.1.7 RCS re-boost firing disturbance

The following assumptions were used to derive a mode)l for the disturbance
to the Space Station control and stabilization system during a reboost
firing of the RCS thruster.

The Svation is initially at zero angular rate state. The RCS control
s'stem will off-modulate tTour jets to hold the attitude of the Station
within a + 1.0° deadband while applying the desired Delta-V along the
fiight path. Eventually, the Station will reach a limit condition about
a2 1.0 degree bias or attitude error. The time history for the RCS firing
disturbance model is given in Figure 4.3.3.1-4 for the initial 500
seconds of reboost.
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TABLE 4.3.3.1-1 - SHUTTLE LIFT-OFF AND LANDING LOAD
FACTORS FOR PRELIMINARY DESIGN

LANDING LANDING
(9.6 FT/SEC SINK (6 FT/SEC SINK
LIFT-OFF RATE) RATE )
-3.7 +3.0 +2.6
'0.2
+1.8 42.25 +1.2
+3.5 +6.3 +4.5
-1.5 -0.3
+3.7 rad/Sec? +4.8 +4.0
+1.7 +11.3 +5.4
+3.1 4.7 43.0
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Figure 4.3.3.1-3 - CREW MOTION DISTURBANCE
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4.3.3.2 Control System Definition

4.3.3.2.1 Control moment qyro

A proportional, integrai, and differential gain (PID) type control method
was chosen for the Space Station attitude control system. This method of
control is relatively simple and is well within the state of the art.

The integral gain is especially useful in nulling very small pointing
errors.

There are several methods for calculating PID gains. However, only one
will be discussed here. Figure 4.3.3.2-1 represents the Attitude Control
System (ACS) rigid and flexible body dynamics for a single body fixed
control axis. The following definitions apply:

Tp = disturbance torque (N.m)
Tcon = torque applied by control actuators (N.m)
TR = resultant torque as seen by the vehicle (N.m)
I = vehicle inertia about the body axis (Kg.m?)
Khi = model gain of the i'th flexible body mode (unitless)
w3 = frequency of the i’th flexible body mode (Rad/s)

i = damping ration of the i‘th flexible body mode (unitiess)

Gp = proportional control gain {N-m)

G; = integral control gain (N-w/s)

Gp = differential control gain (N.m.s)

S = La place operator (1/s)

Tc = commanded torque (N-m)

m = total number of flexible body modes (unitless)

Some simplifying assumptions have heen made to aid in analysis:

a. The range of bending mode resonant frequencies was considered to
be low enough to aliow the sensor and control actuator dynamics to be
neglected.

b. The body axes are assumed to coincide with the principal axes.

This assumption decouples the body axes and justifies a planar model.
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c. The sample rate was high enough to allow the system tc be
considered as continuous.

d. The control sensor and contrecl actuaters have been colocated.

This final assumption allows the model gain to be written as

Where ¢; is the normalized slope of the i'th bending mode at the sensor
location and Mgy is the corresponding generalized mass.

Temporarily ignoring the flexible body dynamics the rigid body transfer
function from disturbance to command car be written. After
simplification the transfer function is

2
TC GDs + Gps + GI

3 2
Is® + GDs + Gps + GI

Setting the characteristic equation to zero and dividing by the vehicle
inertia gives

Gain calculations are made by setting the above equation equal to the
product of a second order equation dependent only upon the control
parameters and a first order equation cdetermined by the integral gain.

Thus

Yo = control frequency (rad/sec!

te= damping ratio (unitless)
wy= integral loop frequency (rad/sec)
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After multiplying and equating coefficients of like powers, the following
relationships can be derived:

G, = I(mI + ZQCwC)

- —_ 2

Gp = I(wC + ZCCwaI)
_ 2

GI = IwcwI

In practice, it is common to assume the control and integral frequences
to be related by:

wI = ch

where K is a constant

If this substitution is made, the gain equations become

GD = ImC(ZCC + K)
- 2

Gp = Iwc(l + ZKQC)
— 3

GI = IwCK

Generally the control frequency of the rigid body should be kept
sufficiently low so that there is a wide separation with frequencies of
other degrees of freedom. For the purpose of this analysis, the first
mode elastic body frequency will establish the upper 1imit on the control
frequercy of the rigid body. The control system parameters must be
chosen such that the transient response to a disturbance does not impose
excessive torques on the spacecraft (as would be the case for a very fast
responding system) and yet not so "sluggish” that large attitude errors
accumulate.
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The rigid body control frequency was selected to be one decade below the
first elastic body mode. This is sufficiently below the first mode so
that strong coupling does not exist and unreasonable settling times do
not result. Further, the values of K and % for each configuration were
selected to be 0.1 ard 0.707 respectively and the elastic bndy damping
ratio was chosen to be 0.005.

4.3.3.2.2 Reaction control system

The RCS is used primarily to maintain attitude control during reboost
maneuvers, but also serves as a backup to the CMG system. The RCS must
counteract disturbance torques due to thruster misalignment, center of
gravity offset and thrust mismatch between pairs of thrusters used to
impart velocity changes during these maneuvers. Since the pitch
thrusters are used in pairs for the reboost maneuver, they are
off-modulated for attitude control. Figure 4.3.3.2-2 shows a block
diagram of the RCS. The following nomenclature is used:

E = Attitude Error
Kp = Compensator Gain
DB = Control System Deadtand
h = Hysteresis :
TL = Control Torque '
Tp = Disturbance Torque :
[ = Space Station Inertia
Y
o
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4.3.3.3 Oynamic 'lodel and Free Vibration Characteristics

The purpose of this section is to present a preliminary analysis of the
flexible body dynamics of the reference Space Station. Since the Station
must accommcdate growth, both I0C and growth configurations are
addressed. Primary consideration 1< given to the ]JOC Station with the
results thereof piroviding a reference for considering other stages of
construction and growth. Furthermore, the IOC Station is considered with
and without payloads and/or attached orbiter and with the solar arrays
oriented either normal to the fiight path or normal to the Nadir.

For poth the 10C and gruwih configurations, free-free vibration
frequencies and modal shapes are presented. Transient responses due to
Nrbiter berthing, crew motion, RCS firing and certain MRMS functions are
also presented in Section 4.3.3.5 . All analytical results were derived
using the MSC NASTRAN structural analysis code of Reference §.

4.3.3.3.1 Andlytical model of IO( station

The 10C Station is showr in Figuce 4.3.3.3-1. Nine-foot bay square
trusses as discussed in Reference 9 are employed for the lower,
transverse and upper booms, %eel extension, and lower and upper keels.
An analytical finite element model using MSC NASTRAN was developed
employing beam type members to produce a continuou. beam reprsentation
of the discrete member box truss. Considerable literature presently
exists for such continuous beam representations (e.g. References 10 and
11j. However, for the particular truss construction of the reference
configuration, equivalent continuous beam stiffness properties do not
exist in the literature. Nevertheless, some similar Lrusses have been
examined in the literature. These stiffness; properties take the form,

EI = (CEI) b2 (EA)

GJ = (C63) b2 (EA)

where b is the dimension of the cubic repeating truss bay and EA is the
axial stiffness of every truss member. Upper bounds for the coefficients
CEl and CGJ may be derived by assuming that the cross section battens are
infinitely stiff. These yield values of CEl and {GS of 1.18 and 0.35,
respectively.

Recently, through a personal correspondence with the authors of Reference
10, formulas for the stiffness properties of the box truss beam with
flexible vattei.s were developed. This led to vaiuves of CEl and CoJg of
1.07 and 0. ‘espectively. Unless otherwise stated, these latter
values were .d for the NASTRAN finite element beam modei. A summary of
properties used for the truss heam representatior is provided in Table
4,3.3.3-1.
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The continuous beam representation tor this truss also revealed some
torsional bending coupling as well as some higher order beam effects.

For the preliminary nature of this study it was considered appropriate to
neglect these effects. They may be included in future studies.

The solar array blankets of the IOC Station were not modeled in detail
except for their mass which was distributed along the array mast which
supports each array. However, approximate frequencies for the blankets
are piovided herein. The solar urrays are assumed to ba supported by
30-inch diameter double laced continuous longeron coilavle masts whese
properties are given in Table 4.3.3.3-1. The radiators are assumed to be
supported by 2-foot diameter aluminum tuoes of 0.1 inch thickness.

A1l paylcads are modeled as iumped masses with appropriate center-of-
gravity offsets. The Station modules are treated as rigid beam members
rigidly connected to one anuther in the appropriate race track
arrangement. Both payioad and module weights are provided in Section
4.3.3... Inertial properties of the analytical model are given in Table
.3-7 and the undeformed geometry of the model is shown in Figure

4.3.3.3-2
4.3.3.3-2.
It is believed that the rotary alpha and beta joints of the station as
well as joint connections in the lattice trusses will invelve some degree
of nonlinearity. 1lnis is an important subject for future investigation,
tut is beyond the scope of the present study. Ut is also assumed that
the alpha rotation rate of one cycle ner 94 minutes is slow enough that
the arrays may be considered stationary.

Since the Station is constructed in orbit, vibration modes of the Station
during construction should also be addressed, however, this is beyond the
c-.pe of the present study.

4.3.3.3.1.1 Solar arrays normal to flight path

Tables 4.3.3.3-3 through 4.3.3.3-6 provide the free vibration frequencies
and a brief verbal description of their corresponding mode shape when the
arrays are normal to the flight path. In Tables 4.3.3.3-3 through
4.3.3.3-6 the mode shape desc. iptions are provided for the four cases of
10C Station without attachments, with payloads, with Orbiter and with
both payicads and Orbiter. Each table contains the results for all four
cases and a brief description of the mode shape associated with one of
the four cases whose values are given in the first column of -esults in
each table. Thus the order of the columns for each table is changed so
that mode shape descriptions are provided for all four cases and a glance
across the columns of any of these tables indicates changes ir frequency
as attachments a~e added or subtracted.
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Selected mude shape deformations of the I0C Station are presented in
Figures 4.3.3.3-3 through 4.3.3.3-7 for the Station without attached
Orbiter and payloads; in Figures 4.3.3.3-8 through 4.3.3.3-12 for the
Station with attached payloads only; in Figures 4.3.3.3-13 through
4.3.3.3-16 for the Station with attached Orbiter only; and in Figures
%4.3.3.3-17 through 4.3.3.3-20 for tne Station with both payloads and
Orbiter attached.

It is not always obvicus how to characterize individual modes. However,
in Tables 4.3.3.3-3 through 4.3.3.3-6 an attempt is made to characterize
the mode shapes using symbols defined in the table. Further, it is
attempted to reflect the relative contribution of different parts of the
Station to each mode shape by the order in which the symbols ave given.
In general, hawever, mode shapes generally fall into the following three
categories:

(a) Array mast dominated modes

{b} Primary structure (keel deformation) dominated
modes

{c) Radiator mast dominated mcdes

It is evident from Tables 4.3.3.3-3 through 4.3.3.3-6 that the station
ha> many closely spaced modes partially due tc the repetitive nature of
its construction, (e.g.,eight solar arrays). Modes which involve the
array masts by themseives have frequencies near 0.16 Hz. (See Figures
4.3.3.3-4, 4.3.3.3-9, 4.3.3.3-14 and 4.3.3.3-18 as well as Tables
4.3.3.3-3 through 4.3.3.3-6.) These modes are effectively the cantilever
modes of the individual masts, (with the solar blanket mass distributed
over their length), and as such are insensitive tc tne presence of
payloads and/or Orbiter.

Below the cantilever mast modes are the lowest modes of the Station. In
general, the lowest station modes involve ccupling of array mast bending
and keel twist or bending, with the radiators and upper and lower booms B
moving as rigid bodies. (See Figures 4.3.3.3-3, 4.3.3.3-8, 4.3.3.3-13
and 4.3.3.3-17.) Depending on attachmenrts, these modes occur at
frequencies of 0.096 to 0.15 Hz. A stiffer keel would raise these
frequencies, but never higher than the array mast cantiiever frequency of
about 0.15 Hz. As shown in Tables 4.3.3.3.3-3 through 4.3.3.3-6, when
payloads and/or Orbiter are attached to the Station, these frequencies
decrease and keci deformation becomes more pronounced because the keel is
dynamically softened due to the presence of added mass. Consequently,
when thzse modes have frequencies close to 0.16 they are denoted as array
mast dominated modes and otherwise as primary structure dominated modes.

Above the cantilever array mast modes are additional coupled modes. In
the absence of attachments there are two modes invclving coupling of

array mast bending and rigid body keel pitch. (See Figure 4.3.3.3-5.)
These mdes resemble those occurring in a free-free beam having a heavy
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mass .t its center and as such are slightly higher than the cantilever
modes. When payloads and/or Orbiter are attacned the frequency of these
modes decreases slightly, (they can never go below the cantiiever modes),
and become indistinguishable in mode shape from the cantilever modes and
are hence listed as such in the Tables as array mast dominated modes.

Above these array dominated modes are those dominated by deformation of
primary structure; that is, keel twist, keel roll bending, and keel pitch
bending. (See Figs. 4.3.3.3-6, 4.3.3.3-11, 4.3.3.3-15, and 4.3.3.3-

19.) Primary structure dominated modes start at a frequency of 0.2094 Hz
in the case cf no attachments and as lcw as .197 Hz when both payloads
and Orbiter are attached. Bending of the transversc boom occurs at a
frequency of about 0.526 Hz in the absence of attachments, at 0.486 Hz
when payloads only are .ctached, at 0.509 Hz when Orbiter alone is
attached and at 0.475 Hz when both payloads and Orbiter are attached.
Thus the transvese bending mode is nearly insensitive to attachments.

Finally, the lowest radiator mast dc inated mode occurs at a frequency of
0.572 Hz in the absences of attachmen... (See Figures 4.3.3.3-7,
4.3.3.3-12, 4.3.3.3-16 and 4.3.3.3-20.) The frequency of these modes
change little when attachments are added to the Station.

4.3.3.3.1.2 Solar arrays normal to the Nadir

Yibration modes for the case of the solar arrays oriented normal to the
Nadir are quite similar to those for solar arrays oriented normal to the
flight path and hence are not shown in this document. Nevertheless,
transient response results for array oriented normal to the Nadir are
given in section 4.3.3.5.

4.3.3.3.1.3 Solar array modes

As mentioned earlier, the NASTRAN finite element model does nct allow for
solar array blanket modes inasmuch as the arrays are onlv taken into
account as nonstructural mass distributed along the array support mast.
In order to produce a first approximation to the array blanket modes it
is assumed that each blanket is attached to a mast near its root and at
its end. and that the array behaves as a membrane grounded at these
lecations. As a consequence, the lowest blanket frequencies are given
apprc<imately by the formula,

frequency in Hz = (1/2)[square root (P/L/M}]

Where P is the blanket tension, L is the blanket length, and M is the
branket mass. For the IOC station, the blanket length is 80 feet and
weighs 1200 pounds. Te~ ion in the blanket must be reacted by
compression in the array mast. It is assumed that P is 50 percent of the
mast axial strength. For the 30-inch diameter array mast, the axial
compressive strength is about 2000 pounds. Then, a first approximation
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to the lowast blanket frequency would be 0.29 Hz. In addition, the axial
compressi.n would reduce the array mast frequency from about 0.16 to 0.1}
Hz. Presence of the axial compression will also reducc the bending
strength of the mast. This is an important consideration since it is
shown in Section 4.3.3.5, Tables 4.3.3.5-11 and 4.3.3.5-16, that the
array mast root has the smal.est margin of safety on thz station.

4.3.3.3.2 Growth configuration

The growth configuration is depicted in Figure 4.3.3.3-21 and the
associated analytical model is depicted in Figure 4.3.3.3-22. The growth
configuration differs from the I0C Configuration in size, number of
modules, and the use of a solar dynamic system for power generation
rather than a solar array based system. A singie bay upper keel is used
in this study and the radiator mast is assumed to be an aluminum tube of
10.5-inch diameter with 0.10-inch wall thickness.

Growth Station modes are similar in character to 10C modes and fall into
the following general categories:

a. keel twict

b. coupled keel roll bending and keel twist
c. keel pitch bending

4. array mast modes

e. radiator mast modes

Selected mode shapes for each of these categories are displayed in \
Figures 4.3.3.3-23 through 4.3.3.3-27 for the Growth Station without

attachments and for the dynamic solar collectors oriented normal to the

flight path. Each figure shows a front and side view of the mode shape.

The lowest mode involves keel twist and occurs at a frequency of 0.108 Hz

which is about 8.8 percent lower than the 10C Station in a similar

condition.

4.3.3.3.3 Concluding remarks

A finite element dynamics model and free vibration characteristics of the
reference gravity-gradient Space Station have been presented. Vibration
modes for both the I0OC and the growth corfigurations have been presented
for the the following four cases: without attachments, with payloads
attached, with Orbiter attached, and with both payloads and Orbiter
attached.

For the I0C Configuration, modes were characterized into three basic
types, modes dominated by array mast deformation, modes dominated by
primary structure (keel) deformation, and modes dominated by radiator
mast deformations.
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Cantilevered array mast modes occur at about 0.16 Hz. Modes of the solar
array blankets were not included in the finite element analysis but the
Towest frequency of these modes was approximated as being 0.29 Hz. Modes
with somewhat lower frequencies involve coupled array mast and primary
structur2 (keel) deformat.on. They may be either array mast dominated or
primary structure dominated. Stiffening the keel would increase the
frequencies of these modes, but never above the freguency of the
cantilever array mast modes. Modes with frequencies s1igthly higher than
the array mast cantilevered frequencies are also array mast dominated,
but involve some primary structural motion. Increasing the mass of the
primary structure would tend to lower these frequencies, but never below
the cantilevered 7. 3y mast frequency. Finally, in the absence of
Station attachme.ts, modes having a frequency of about 0.21 Hz and kigher
are dominated by primcry structural deformation.

Growth configuration fr:quencies were also provided, but detailed
characterization was not given. The lowest growth configuration
frequency was 0.108 Hz in e .l~etqice of attachments. This is only 8.8
percent Tower than the lowest IOC .onfiguration frequency in the absence
of attachments. Consequently, it appeared that the Growth Station would
not respond radically different than the I0C Station.
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TABLE 4.3.3.3-1 - PROPERTIES OF ANALYTICAL REFERENCE

CONFIGURATION SPACE STATION MODEL

COMPONENT BENDING  TORSIONAL  MASS BENDING TORSIONAL
STIFFNESS  STIFFNESS LENGTH  STRENGTH STRENGTH
(FT-LBS-FT) (SLUGS/FT) (FT-LBS)
BOOMS & KEELS 1.31 E+9  3.13 E+8 0.25 35,000 15,000
30-INCH ASTRO  3.13 E+6 2.(8 E+5 2.3 3,480 208
MAST
TABLE 4.3.3.3-2 - INERTIAL PROPERTIES OF ANALYTICAL MODEL
WEIGHT C. G. COORDINATES MOMENTS OF INERTIA
CASE (LBS) (FT) (LB-FT-SEC2)
WITHOUT £69.000 (1.1,0,84.2) (8.63 E+7,
PAYLOADS 7.81 E+7,
AND ORBITER 1.20 E+7)
WITH 373,200 (-1.1,0,128.2) (2.06 E+8,
PAYLOADS 1.98 E+8,
ONLY 1.45 E+7)
WITH 508,800 (5.7,0,34.4) (1.45 E+8,
ORBITER 2.37 E+8,
ONLY 1.35 E+7)
WITH 608, 600 (3.59,0,68.3) (3.21 E+8,
PAYLOADS 3.14 E+8,
AND ORBITER 1.62 E+7)
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TABLE 4.3.3.3-3 I0C REFERENCE CONFIGURATION FREQUENCIES IN Hz
WITH MODE SHAPE DESCRIPTIONS FOR THE CASE WITHOUT
PAYLOADS AND CRBITER ATTACHED

MODE SHAPE DESCRIPTION* WITHOUT WITH WITH WITH
PAYLOADS  PAYLOADS ORBITER  PAYLOADS
AND ONLY ONLY AND
ORBITER ORBITER
AM/KRB/KT/RRR/TBRR/MRR/LBRR  0.136 0.123 0.120 0.0963
AM/KPB 0.148 0.130 0.135 0.102
AM/KPE 0.1502 0.132 0.138 0.1139
0.1525 0.1540 G.153 0.1515
0.161 0.1544 0.158 0.153
0.1630 0.161 0.1613 0.1613
0.1636 C.162 0.1632 0.1626
0.1642 0.16310 0.16325 0.1628
AM 0.16426 0.16315 0.1643 0.1631
0.1643 0.1633 0.16435 0.16315
0.1644 0.1642 0.1644 0.1638
0.1646 0.16439 0.1646 0.1642
0.1648 0.1€445 0.1647 0.1645
0.16485 0.1648 0.16475 0.1647
AM/KRP 0.1752 0.16485 0.1648 0.16475
AM/KRP 0.1770 0.16486 0.172 0.1648
KT/KRB/AM/RKR/TBRR/LBRR 0.2094 0.173 0.1840 0.16485
KT/KRB/AM/TBRR/RRR/LBRR 0.2126 0.178 0.188 0.1695
KPB/AM/RM $.2640 0.198 0.209 0.1970
KRB/AM/RM/LBRR 0.5218 0.299 0.403 0.2627
TB/AM/RM 0.526 0.319 0.501 0.2983
RM/KPB 0.572 0.320 0.565 0.3168
RM/LBRR 0.587 0.430 0.568 0.3713
RM/TB 0.592 0.475 0.588 0.4280
KPB/RM/TB/AM 0.675 0.486 0.589 0.4745 ,
KPB/AM 0.720 0.570 0.709 0.5572
KPB/AM 0.879 0.579 0.873 0.5671
AM 0.901 0.590 0.901 0.5874
KPB 0.921 0.624 0.918 0.5885
AM/KRB 0.948 0.707 0.948 0.6889
KEY:
AM - ARR'Y MAST BENDING RM - RADIATOP MAST BENDING
LB - LOWER BOOM BENDING 7B - TRANSVERSE BOOM BENDING
KT - KEEL TWIST KPB ~ KEEL PITCH BCINDING
KRB - KEEL ROLL BENDING KRP - KEEL RIGID BODY PITCH

RRR - RADIATOR RIGID BODY ROLL MRR - MODULE RIGID BODY ROLL
LBRR - LCWER BOOM RIGID BODY ROLL TBRR - TRANSVERSE BOOM RIGID BODY ROLL

* MODE SHAPE DESCRIPTIONS CORRESPOND TO FIRST COLUMN OF VALUES ONLY
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TABLE 4.3.3.3-4 10C REFERENCE CONFIGURATION FREQUENCIES IN Hz
WITH MODE SHAPE DESCRIPTIONS FOR THE CASE OF
PAYLOADS ATTACHED

MODE SHAPE DESCRIPTION*

KT/AM/TBRR/RRR/LBRR
AM/KT/KRB/RRR/MRR/LBRR
AM/KPB

AM/KPB

AM/KPB
AM/KRB/RRR/LBRR
KT/AM/RRR/LBRR
KT/AM/RRR/LBRR
KT/RKB/AM/RRR
KPB/AM/RM/MRP
AM
KT/KRB/RRR/LBRR
TB/KPB/RM

RM

RM

RM

RM/KRB/KT
KPB/AM/RM

KEY:

AM - ARRAY MAST BENDING
LB - LOWER BOOM BENDING
KT - KEEL TWI1ST

KRB - KEEL ROLL BENDING

WITH
PAYLOADS
ONLY

0.123
0.130
0.132
0.1542
0.1544
0.1613
0.1623
0.1631
0.16315

RRR - RADIATOR RIGID BODY ROLL

LBRR - LOWER BOOM RIGID BODY ROLL TBRR - TRANSVERSE BOOM RIGID BODY ROLL

WITHOUT WITH WITH
PAYLOADS ORBITER  PAYLOADS
AND ONLY AND
ORBITER ORBITER
0.138 0.120 0.0965
0.148 0.135 0.1020
0.1502 0.138 0.1139
0.1525 0.153 0.1515
0.161 0.158 (.1530
0.1630 0.1613 0.1613
0.1636 0.1632 0.1626
0.1642 0.16325 0.16285
0.16426 0.1643 0.1631
0.1643 0.16435 0.16315
0.1644 0.1644 0.1638
0.1646 0.1646 0.1642
0.1648 0.1647 0.1645
0.16486 0.16475 0.1647
0.1752 0.1648 0.16475
0.1770 0.172 0.1648
0.2094 0.1840 0.16485
0.2126 0.188 0.1695
0.2640 0.209 0.1970
0.5218 0.403 0.2627
0.526 0.501 0.2983
0.572 0.565 0.3168
0.587 0.568 0.3713
0.592 0.588 0.4280
0.675 0.589 0.4745
0.720 0.709 0.5572
0.879 0.873 0.5671
0.901 0.901 0.5874
0.921 0.518 0.5885
0.948 0.948 0.6889

RM - RADIATOR MaST BENDING
TB - TRANSVERSE BOOM BINDING
¥PB - KEEL PITCH BENDING

KRP - KEEL RIGID BODY PITCH
MRR - MODULE RIGID BODY ROLL

* MODE SHAPE DESCRIPTIONS CORRESFOND TO FIRST COLUMN OF VALUES ONLY
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TABLE 4.3.3.2-5 I0C REFERENCE CONFIGURATION FREQUENCIES IN Hz
WITH MODE SHAPE DESCRIPTIONS FOR THE CASE OF
ORBITER AVTACHED

MODE SHAPE DESCRIPTION*

KT/AM/TBRR/RRR/LBRR
AM/KPB
AM/KRB/RRR/LBRR

AM

AM/KPB

AM/KRB/RRR/LBRR/MRR

AM/KRB/RRR/LBRR/MRRR
KPB/AM

KT/AM/RRR/LBRR/MRR

KRB/AM/RRR/LBRR/MRR
TB/AM/RM

RM

RM

RM

RM

KPB/TB/AM

KPB/TB/AM

|

KPB,'AM

AM

KEY:

AM - ARRAY MAST BENDING
LB - LOWER BOOM BENDING
KT - KEEL TWIST

KRB - KEEL ROLL BENDING

WITH
ORBITER
DMLY

0.120
0.135
0.138
0.153
0.58
0.:613
0."632
0.16325
0.1643
0.16435
0.1644
0.1646
0.1647
0.16475
0.1648
0.172
0.1840
(.188
£.209
(.403
0.501
).565
1.568
0.588
0.589
0.709
0.873
0.901
0.918
0.948

RRR - RADIATOR RIGID BODY ROLL

LBRR - LOWER BOOM RIGID EODY ROLL TBRR - TRANSVERSE BOOM RIGID BODY ROLL

WITH WITHOUT
PAYLOADS  PAYLOADS P

ONLY AND

ORBITER 0

0.123 0.138
0.130 0.148
0.132 0.1502
0.1542 0.1525
0.1544 0.161
0.1613 0.1630
0.1623 0.1636
0.1631 0.1642
0.16315 0.16426
0.1633 0.1643
0.1642 0.1644
0.1644 0.1646
0.16445 0.1648
0.1648 0.16486
0.15485 0.1752
0.16486 0.1770
0.173 0.2094
0.178 0.2126
0.198 0.2640
0.294 0.5218
0.319 0.526
0.320 0.572
0.430 0.587
0.475 0.592
0.486 0.675
0.570 0.720
0.579 0.879
0.590 0.901
J.624 0.921
0.707 0.948

RM - RADIATOR MAST BENDING
TB - TRANSVERSE BOOM BENDING
KP8 - KEEL PITCH BENDING

KRP - KEEL RIGID BGDY PITCH
MRR - MODULE RIGID BODY ROLL

* MODE SHAPE DESCRIPTIONS CORRESPOND TO FIRST COLUMN OF VALUES
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WITH

AYLOADS
AND

RBITER

0.0963
0.1020
0.1139
0.1515%
0.1530
0.1613
G.1626
0.16285
0.1631
0.16315
0.1638
C.1642
0.1645
0.1647
0.16475
0.1648
0.16485
0.1695
0.1970
0.2627
0.2983
0.3168
0.3713
0.4280
0.4745
0.5572
0.5671
0.5874
0.5885
0.6889

ONLY



TABLE 4.3.3.3-6 10C REFERENCE CONFIGURATION FREQUENCIES IN Hz
WITH MODE SHAPE DESCRIPTIONS FOR THE CASE OF
ORBITER ATTACHED

MODE SHAPE DESCRIPTION* WITH WITH WiTH WITHOUT
PAYLOADS ORBITER PAYLOADS PAYLOADS
AND ONLY ONLY AND
ORBITER ORBITER
KPB/AM 0.0963 0.120 0.123 £.138
KPB/AM 0.102 0.135 0.130 0.148
KRB/KT/AM/RRR/LBRR 0.1139 0.138 0.132 0.1502
0.1515 0.153 0.1542 0.1525
0.153 0.158 0.1544 0.161
0.1613 0.1613 0.1613 0.1630
0.1626 0.1£32 0.1623 0.1636
0.1628 0.16325 0.1631 0.1642
0.1631 G.1643 0.16315 0.16426
AM 0.i6315 0.16435 0.1633 0.1643
; 0.1638 0.1644 0.1642 0.1644
: 0.1642 0.1646 0.1644 0.1646
. 0.1645 0.1647 0.16445 0.1648
4 0.1647 0.16475 0.1648 0.16486
) 0.16475 0.1648 0.16485 0.1752
0.1648 0.172 0.16486 0.1770
AM/KRB 0.16485 0.1840 0.173 0.2094
AM/KRB 0.1695 0.188 0.178 0.2126
KT/AM/RRR/LBRR 0.1970 0.209 0.198 0.264C
KPB/AM 0.2627 0.403 0.299 0.5218
KT/AM 0.2983 0.501 0.319 0.526
KRB/AM 0.3169 0.565 0.320 0.572
KRB/AM/LBRR/RRk 0.3713 0.508 0.430 0.587
AM/TB 0.4280 0.588 0.475 0.592
T8 0.4745 0.589 0.486 0.67%
RM 0.5572 0.709 0.570 0.720
RM 0.5671 0.873 0.579 0.879
RM 0.5874 0.901 0.590 0.901
RM 0.5885 0.918 0.624 0.921
TB/TPB/AM/RM 0.6889 0.948 0.707 0.948
KEY:
AM - ARRAY MAST BENDING RM - RADIATOR MAST BENDING
LB - LOWER BOOM BENDING TB - TRANSVERSE BOOM BENDING
KT - KEEL TWIST KPB - KEEL PITCH BENDING
KRB - KEEL ROLL BENDING KRP - KEEL Rl. D BODY PITCH

‘RRR - RADIATOR RIGID BODY ROLL MRR - MODULE RIGID BODY ROLL
LBRR - LOWER BOOM RIGID BODY ROLL TBRR - TRANSVERSE BOOM RIGID BODY ROLL

* MODE SHAPE DESCRIPTIONS CORRESPOND TO FIRST COLUMN OF VALUES ONLY
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4.3.3.4 Mass Properties

Mass properties for the 10C Station used in the rigid body analyses are
shown in Table 4.3.3.4-1. Six configurations are characterized in this
table. The minimum mass configuration, 124,321 kg, represents the basic
Station without the Orbiter, payloads, or servicing items attached. The
maximum mass configuration, 312,078 kg, has all these elements attached.
The Station element location, masses, and projected areas are shown in
Table 4.3.3.4-2. Payload and servicing item locations and masses are
shown in Tables 4.3.3.4-3 and 4.3.3.4-4, respectively. The mass
properties us.d for the flexible response and controls analyses are noted
in the appropriate paragraphs. As is usually the case, these differ
slightly from the values listed in the tables.
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PUMWER TOWER REFERENLCE CONF IGURATION

CENTE® OF MASS COURDINRTES

ITEM METERS
b h <

PARYLURDS

TOM 2018 2.74 -19.28 a.08
SHA BRBs5 8.00 8.098 ~39.78
SHA aaas a.a0 -18.97 ~-39.7
SAR eaa9d 2.00 18,97 -%39.79
SAR ale? 8.00 4.57 -39.78
TOM Z242@ -2.74 3.66 -36. 1@
TOM 2410 R § -%.66 ~3%8.1¢
TeM 2510 ’.62 B.00 -39.78
TOM 2568 0.e8 9.14 ~G. 1%
TOM 2069 -15.24 .98 5:1.82
TOM 2078 -15.24 a. 80 51.82
TOM 271w 8. 60 ~-%.85 51.82
coM 1283 a.60 -6. 86 ?5.44
oM 2268 8.808 16.67 7’8.18
SHA a2ul -5. 49 8. 6o a86. 92
SARA Aa.xa? -C.82 0.9 78.18
TOM 2578 -4.57 ~4.5¢ 1€. 76

WE IGHT
®GS

’00.ue
1188.08
661. 36
743.64
1603.64
508. 41
5808.91
2808 . ba
3206 .82
4008. 183
e.80
2585.45
5880. 80
380. 45
332..:7
1683. 64
BA16.B2

Table 4.3.3.4-3 - PAYLOQAD LOCATIONS AND MASSES

ITEM

SATELLITE SERVICING
SERVITING ATTRCH . FSS-TYPED
STOVAGE HTTACHMENT
REFLCL ING RTTACHMENT
OMy STORAGE RYTACHMEMY
i U0
JF LRGBS BOXES
0. STOCAGE BLXLS
2 TN BL'EsTSFFUEL. ARES
INS™ 2w &7 STORRGE SHELTER
Fiv-L “ "GRAGE TANKS
FUEL LTORALGE TANK
SA.LLITE CHECKOUY EQUI-
MV CHECKROUT ECGSLF
SET ORU*S
SET OF TOOLS
oMy 1TSS
CET OINST™. ' KTA
FLEL S, 1R,
SHTELLITE
GHTELLITE

»

a.00

[SIRE

> 1

.

o JA

.98

v. AP

8.0

-d, 31
. el

3,813

[ 5

A, 0

£ By

@,

©.88

-a.91
< 1%)

a. 08

(TP ]

METERS
Xd

6.71

[ ¥]

CENTER OF MASS COORDINATES

LE2
el
.le
-1
.35

13

.13
.12
15
.12
.38
. 6o
.69
.13
.13
.
.15
.12
.93
.98

POWER TOUWER PEFERENIZE CONFIGURRTION

WEIGHT
LGS

1794.55
€. 69
174,55
113¢€. 36
5681,82
1968, 64
33.,'.73
264, a9
4545, 45
2849.91
115.64
a. 64
A.28
1818, 14
&2 73
x9vv. 27
999.89
19454, 5%
1815, 111

Py
c2vae. TS

Table 4.3.3.4-4 - SERVICING ITEM LOCAT!ONS AND MASSES
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4,.3.3.5 Performance Assessment

4.3.3.5.1 Rigid body control dynamics

The objective of this analysis was 2 determine the control requirements
for Space Station operations including attitude control and ortit
maintenance as a functior of the natural on-orbit dynamic environment.
The dynamic environments simulated included gravity gradient torques,
aerodynamic drag, and aerodynamic torques. System requirements for the
baseline configuration were determined for parametric variations of
altitude and mass properties.

4.3.3.5.1.1 Simulation capabilities

Two indcpenuently developed programs with similar capabilities were used
to predict the on-orbit dynamics ot the Space Station, the Zpace Stition
Dynamics (SSDYNAMICS) and the Rigid Body Control Dy..umics {RCD) program
(References 12 through 16).

The SSDYNAMICS program, developed at JSC, ir~ *ializes with the Space
Station on a user prescribed orbit and calculates the time histories of
altitude and attitude as a function of the dynamic enviropments
encountered. A simple, feed back control system ic modeled. The
associated control torque time histories and mom=ntum storage
requirements for maintaining the Station at a prescribed orientation or
maneuver, e.g., solar inertial or earth fixed (LVLH), are conruted. The
control torques are computed as 2 linear function of the attitude and
rate errors of the Space Staticn (Figure 4.3.3.2-1). (MG torque limits
are imposed where applicable. Motion of the solar arrays and radiators
relative to the main body is includad in the analysis. Mass and
aerodyr..mic properties for the Space Station are computed as a function
of the Space Station's individual components. The atwosphere deasity .
computed as a function of the time of year, altitude, longitude.
tatitude, F10.7 solar flux index, and Ap geomagnetic irdex. The
atmosphere is simulated as rotating with the Earth's surface. The
equations of motion which are based on Newton's second law of motion and
Euler's moment equations are solved using a variable step Runge-Kutta
integration routine.

The Rigid Body Control Dynamics {KCD) program is a major software progra=
within the Interactive Desiagn and Evaluation of Ad anced Spacecraft
(IDEAS) computer-aided design and analysis system developed at Langloy
Research Center (Reference 16). RCD uses equation of motion essentially
the same ar those employed in SSDYNAMICS to compute on-crdit
environmenital and maneuver forces and torques at user-specified circuiar
orbital altitudes and spacecraft orientation. Mass and aerodynamic
properties are automatically computed and input by other IDEAS modules i.
RCD. Momeniwum storage and deszturation requirements, contr-l system
predesign control, and maneuvers ara calculated for one orbit anc for the
spacecraft lifetims. Principal features of HCD are shown in Figure
4.3.3.5-1. Results from both the SSODYNAMICS and the RCD pronrams are
summarized in Section 4.3.3.5.1.3.
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4.3.3.5.1.2 Flight mode selaction

The reference space Station flies with its keel stabilized by CMG'S to a
quasi local vertical iocal horizontal (LVLH) modz with iis zalar arrays
rotating at orbital rate using the alpha joint drives, to point at the
Sun. The Sun beta condition is handled with beta joint drives. The
power booms are maintained perpendicular to the o-bhit ~lane to simplify
the alpha and beta joint drive system. The cunfiguratinn is pit:ied in
the orbit [ Yane to an average torque equilibrium at*itudc (IEA) to
preclude momentum buildup in the pitch plane. The pitch plane gravity
graaient torque varies over an orbit due to rotation of the solar arrays
(Figure 4.3.3.5-8). The aerodynamic torque also varies over an orbit due
to solar array rotation and due to the diurnal density variation. A
gravity gradient drift flight mode was analyzed and discarded after
several simulations since the atmospheric variations and solar array
rcations caused a close to resonance pendulum motion of the keel body

«+ ~h peak to peak oscillations of approximate 13° at an altitude of 270
nsi and 19.5° at 250 nmi for the I0C mass condition.

4.3.3.5.1.3 Control requirements for the natural environment

Simulations o. the six different mass properties conditions of the
Station were conducted with parametric variations of the altitude to
determine the minimum CMG control requirements for attituce
maintainance. The simulation used a 2 sigma atmosphere condition and
included short-term atmospheric density variations. Cyclic momentum,
secular momentum, trim angle, number of CMG'S, and back-up RCS momentum
storage were summarized per orbit in Table 4...3.5-1.

Four skylab equivalent CMG'S wil' s"fiice for the nominal altitude range
oV 250 to 270 nmi. However, if the alt-tude is reduced to 220 nmi, *he
I0C + Orbiter conditicn will require slightly _ver six skylab CMG'S. The
secular momentum bu:.dup per orbit shows the need to frequen-ly
desaturate the CMG'S. Magnetic torquers can be used in lieu of RCS to
prevent structural respunse ar-~elerations and contamination. Also
another method of nulling the secular torque buildup about the Station x-
and z-axes involves rotating the Stalion about an axes such that the '
solar array boom axis prescribes a tilted cone with respect to the orbit
plane. The resulting secular gravity gradient torques can be made to
null the secular aerodynamic torques. However this method was nnt used
since it violates the requirement that the solar array booms remain
perpendicular to the orbit plane. Future trade studies may be conducted
to determine the cosi irade-off between the two before-mentioned methods
of secular momentum alleviatiun.

Data for the preceding table was lerived from detailed flight
simultations. Time histories from one such simulation of the I0C
configuration including payloads at 250 nmi are presented in Figures
4.3.3.5-3 through 4.3.3.5-11. The c~ordinate system used with Figures
4.3.3.5-3 through 4.3.3.5-11 is showr in Figure 4.3.3.5-2.
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This case was chosen since its mass properties resulted in large out of
plane torque requirements. The simulation starts at the sub-solar point
in the orbit at an inclination of 28.5° and with an Earth longitude of
0.0°. Thus, the local time is 12:00 noon, and the latitude is 28.5°
(Fig. 4.3.3.5- 3). The station is pitched in “he orbit plane to an angle
of - 0.59° such that the pitch axes momentum requirements at the end of
an orbit are zero (Fig. 4.3.3.5-4).

Figure 4.3.3.5-4 shows the inertial torque impulse vector with respect
to an inertial coordinate system fixed in the plane of the orbit. It was
concluded from this figure that 3.3 Skylab CMG's would be required for
attitude hold.

This number was arrived at by vectorally adding the peak-to-peak y-axes
momentum equirement of 12000 ft-1b-sec to the concurrent x and z
resultant momentum requirement of 9000 ft-l1b-secs resulting in a total
momertum storage of 15000 ft-1b-sec. By properly initilizing the CMG's,
they need only to stor- half of the peak-to-peak cylic momentum. Thus
half of 15000 ft-1b-secs require 3.3 equivalent Skylab CMG's. Note that,
during this same orbit, a slight secular momentum of 1./00 ft-1b-scc
accumulated about the orbit z-axes. As mentioned above, this secular
momentum will requirce some form of desaturation.

The resultant drag force over an orbit is shown in Figure 4.3.3.5-5. The
peak drag force is seen to be slightly over 0.2 pounds and occurs at a
time of 0.16 orbits. Emergency RCS propellent requirements for “he case
of full CMG failure are calculated from the integration of the apsolute
value of the control tcrque vector with respect to the space station body
axes. These torque impulse requirements are snown in Figure 4.3.3.5-6.
it is seen th:t at the end of an orbit, the torque impulse vector is
20C00,24000,1C00 ft-1b-cecs.

Figure 34.3. < 7 shows the control torque vector requir~d to hold the
station LVLH over the arbit. The os ilations about the y-axes are caused
by the solar array articulations and variations in aerodrag.

The gravity gradient torques are shown in Figure 4.3.3.5-8. The y-axes
component varies due to the solar array articulation. The aerodynamic
torques are shcwn in Figure 4.3.3.5-9. The diurnal variation is apparent
in the y-axes component of torque. The slight variation about the x-axis
is caused by the aerodrag variation,. The aerodynamic drag impulse is
shown in Figure 4.3.3.5-10. The peak impulse at tha end of an orbit is
600 15-sec. The aerodensity occuring during the orbit is shown in Figure
4,3.3.5-11. The density varies by approximately a factor of 3 over the
orbit

4.3.3.5.1.4 Control requirements during system failures
A scries of simulations were conducted for the I configuration to

. understand the control requirements and resulting dynamics in the event
that a Lpace Station svstem eitier tailed or was temporarily shut down
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for service. Three types of cases were investigated. The first type
being a case in which the CMG system fails to provide any control
torque. The second type being a case in which the CMG system fails to
provide control torque and a back-up system provides attitude hold about
the z-a:es. The third type is a series of cases where the alpha
joint/joints were failed or shut down with the solar array either
parallel or perpendicular tc the main keel.

The motion of the IOC Space Station with respect to a rotating orbit
coordinate system for the first fa‘lure mode case shown in Figure
4,3.3.5-12 and Figure 4.3.3.5-13 for five orbits. The IOC is seen to
rotate about its keel in Figure 4.3.3.5-12 and to swing in a pendulum
manner in Figure 4.3.3.5-13.

The motion of the IOC with respect to a rotating orbit coordinate system
for the second failure mode case are shown in Figure 4.3.3.5-14 and
Figure 4.3.3.5-15 for a 270 nmi and 250 nmi altitudes respectively. The
aerodynamic orbital variation is seen to cause a near resonance pendulum
motion with peak-to-peak ascillations of 13 and 19.5° for the 270 and 250
nmi altitudes, respectively.

The control requirements related to the third type of failure are
summarized in Table 4.3.3.5-2. The CMG requirements for these cases
include the angular impulse required to bring the solar arrays up to the
Station's angular rate and the angular impulse caused by the natural
environments. A singular alpha failure requires 0.25 Skylab CMG's to
accelerate the arrays to station angular rates and 0.5 Skylab CMG's for a
double alpha joint failure. These failure cases are only slightly more
severe than for nominal operations. However the peak secular mementum
(3000 ft- 1b-sec) about the z-axes has increased greatly over the rominal
case (1000 ft-1b-sec). This will greatly impact the desaturation
requirements.

4.3.3.5.1.5 Control requirements for the induced environment

A few simple rigid body calculations were made in an attemptc to develop
insight into the effects of manipulator motion and crew mction on the
momentum storage and torque requirements for the Station. For example,
crew kick-off in the lower habitation module results in the following:

Approximate distance to CM = 90 ft

Peak torque = 25 1bs x 90 ft = 2,250 ft-1bs

Angular momentum = 0.5 X 2250 = 1125 ft-1bs

Peak torque output of 4 CMG's = 4 x 160 = 640 ft-1bs.

These results suggest that the CMG's will torque saturate during the
later part of the assumed crew kick impulse. This is not necessarily a
problem but it does indicate how easily crew micion can overpower the
CMG's. Also the corresponding momentum storage requirement is equivalent
te about one-half the capacity of a reference CMG. Now consider the
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case where a 32,000 pound payload is being removed from the Orbiter bay
by the Station manipulator while the Orbiter is docked to the Station.

Assume:
Payload/manipulator tip velocity = 0.2 ft/sec
arm extended so that distance to CM = 100 ft

angular momentum to start motion:
H = mass x ¥V x moment arm
H = 32000/32.2 X .2 X 100 = 20C00 ft-1b-sec
Peak torque - depends on start-up transient
Equivalent CMG's - 20000/ 2300 = 8.6

The later calculations show that if it is assumed that the Station is to
be controlled by CMG's during manipulator operations, then the number of
CMG's required can be significant relative to those required of control
due to the natural environment. Obviously additional work must be done
in this area.

Other similar calculation were made such as moving payloads on the upper
boom with the manipulator. These results were essentially the same as
those reported above.

4.3.3.5.1.6 Controllability assessment during assembly

The on-orbit configurations of the reference configuration after the
first two launches are shown in Ficure 4.3.3.5.-16. The mass properties
for each configuratior are shown in Table 4.3.3.5-3. Simulation of the
mass properties conditions for each of the configurations were conducted
in order to determine the flight orientation and minimum CMG requirements
for attitude maintenance. The simulation was performed at /0 nmi, using
a constant densiiy representative of the MSFC J-70 atmosphere, with +2
siama sotar flux predictions. The momentum storage requirements are
shown in Table 4.3.3.5-4. This table shows that the momentum storage
requirements for attitude control are well within momentum storage
capabilities cf 1 Skylab-equivalent CMG. The corresponding force, torque
and momentum time histories for each configuration are shown in Figure
4.3.3.5-17.
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4.3.3.5.1.6 Controllability assessment during assembly

The on-orbit configurations of the reference configuration after the
first two launches are shown in Figure 4.3.3.5.-16. The mass properties
for each configuration are shown in Table 4.3.3.5-3. Simulation of the
mass properties conditions for each of the configurations were conducted
in order to determine the flight orientation and minimum CMG requirements
for attitude maintenance. The simulation was performed at 270 nmi, using
a constant density representative of the MSFC J-70 atmosphere, with +2
sigma solar flux predictions. The momentum storage requirements are
shown in Table 4.3.3.5-4. This table shows that the momentum storage
requirements for attitude control are well within momentum storage
capabilities of 1 Skylab-equivalent CMG. The corresponding force, torque
and momentum time histories for each configuration are shown in Figure
4.3.3.5-17.

4.3.3.5.1.7 Control requirement sensitivities to payload placement

The configuration of the station was designed to maintain symmetry with
respect to the x-z plane causing the z principal axis to lie in the x-z
plane. However, the addition of payloads to the configuration causes the
z principle axis to shift out of the orbit plane. A study was conducted
to determine the control sensitivity of the I0C+PAYLOADS configuration to
variations in the numbar of attached payloads. Mass properties were
computed for each variation by removing a payload, computing the mass
properties, replacing the payload, and then removing the next payload
until 211 the payloads had been examined. The removal of the OTV
Servicing Technology TDM 2570 caused the largest out-of-orLit plane shift
of the z principal axis. The corresponding CMG control requirements were
increased to 4.8 over the nominal case's 3.3 for an altitude of 250 nmi.
These results indicate that a strategy should be developed for payload
placement which minimizes the impact to the CMG control requirements.

4,.3.3.5.1.8 Orbit maintenance

An investigation of the orbit altitude loss due to aerodynamic drag and
of the impulse required to reboost was performed. Computations were made
for predicted maximum and minimum atmospheric densities and station
masses for the IOC timeframe. The following parameter values were used
to characterize the system:

Drag coefficient = 2.3
Minimum mass 124,321 kg
maximum mass 204,892 kg
Reference area for minimum mass = 1475.8 m2
Reference area for maximum mass = 1976 ml
Atmospheric model - MSFC J-70 with + 2 sigma solar
flux predictions. From
NASA SP 8021,
March 1983 revision.
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Plots of decay time histories for initial altitudes ranging from 250 to
270 nmi are given in Figures 4.3.3.5-18 and 4.3.3.5-19. Detailed data
from which the figure were derived is summarized in Table 4.3.3.5-5. The
data on the table indicates that for an initial altitude of 270 nmi, the
minimum mass Station will decay to an altitude of 250 nmi in 90 days when
the 2 sigma high density atmosphere is assumed. These values, which are
intended to be representative of the most severe condition, satisfy the
present system design requirements.

- Decay rates for the high mass Station (payloads and servicing items

added) are lower than those for the low mass configuration.

Estimates of the reboost requirements are also shown on Table 4.3.3.5-5.
These calculations were based on a Hohman transfer from the lower to the
higher circular orbit. Reboost from an orbit of 250 nmi to an orbit of
270 nmi requires 2600 pounds of propellant having a specific impulse of
220 pound-second/pounds. The corresponding number for reboost following
a 90-day decay from 270 nmi and maximum station mass is 3,564 pounds.

4.3.3.5.2 Flexible body attitude control dynamics

Both time and frequency response cases were run to study control
system/flex body interaction. Bending mode data obtained from NASTRAN
were run with a PID controller to obtain open and closed loop responses.
The band width of the control system was set a decade below the lowest
bending mode frequency. Sensor and actuator dynamics were not modeled.
Configuration data are presented in Table 4.3.3.5-6.

4,3.3.5.2.1 Pointing accuracy

a. Crew disturbance torques Disturbance torques due tc
crew motion were simulated in aTl three axes of the Space Station The
shape of the disturbance which is shown in Section 4.3.3.1 simulates an
astronaut pushing off a module wall and then contacting the opposite
wall.

Disturbance torque results are summarized in Table 4.3.3.5.7. Time
histories of pointing error are shown in Figures 4.3.3.5-20, 4.3.3.5-21,
and 4.3.3.5-22.

b. Berthing torques A disturbance torque resulting from the
Orbiter berthing with the station is shown in Section 4.3.3.1.

The magnitude of the torque and the resulting pointing errors and
settling times are summarized in Table 4.3.5-8. Time histories of
pointing error are presented in Figures 4.3.3.5-23, 4.3.3.5-24, and
4.3-3-5-25-

¢. Torque Limited Actuators The crew disturbance and berthing
cases were repeated with the control actuator torque limited to
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640 foot-pounds. This simulates the condition of using four CMG's where
the maximum CMG output torque is 160 foot-pounds. Resuits for both crew
and berthing disturbances are shown in Figure 4.3.3.5-26 to 4.3.3.5-31.
Comparing these results with the nonlimited cases shows essentially no
difference for crew disturbances. Berthing disturbances, on the other
hand, produce attitude error excursions well in excess of 1° in the
torque limited case.

d. Time Response Results Analysis of the pointing error
plots indicates a stable control system. Damping is good and the control
system is able to hold the pointing error in each axis to within the one
degree pointing requirement for crew disturbance torques. Pointing
errors greater than one degree are seen during berthing when the control
torque is limited to 640 foot-pounds. The large settling times observed
in all the runs are indicative of the low bandwidth controller being used
to avoid control/flex body interaction.

4.3.3.5.2.2 Control stability

a. Frequency response Open loop frequency response results
in the form of Bode Plots and Nichols charts au-e shown in Figure
403-3.5"32 - 4-3-3.5"37-

b. Frequency results Analysis of the frequency response
plots shows acceptable rigid body gain margins and phase margins on the
order of 60°. It is anticipated that the inclusion of actuator and
sensor dynamics in the system model will lower the phase margin
somewhat. The important point, however, is that the results shcy no
control system/flex body interaction. Those bending modes which do show
greater *han unity open 1oo0p gain are at frequencies well above the
control system bandwidth and are phase stable. Of course, it may oe
desirable to adopt some type of filtering to insure attenuation of these
higher frequency modes.

4.3.3.5.2.3 RCS results

A set of RC> cases were run to simulate a center of gravity offset during
the reboost maneuver. Figure 4.3.3.5-38 illustrates the assumed
conditions.

The figure shows that during a four jet reboost, center of gravity offset
results in a 4500 ft-1b pitch disturbance torque. The control system
will off modulate jets to hold the Station within a + 1.0° deadband.
Eventually, the Station will reach a limit cycle condition about a 1.0°
bias or attitude error. The frequency of these periodic firings can
obviously excite structural bending modes. Using the configuration and
autopilot data given below in Table 4.3.3.5-9, the autopilot hysteresis
(h) was parameterized to determine its effect on limit cycle frequency.
Using a value of .05° for hysteresis, Figure 4.3.3.5-39 shows torque
acting on the vehicle as a function of time. Figure 4.3.3.5-40
illustrates in the phase plane the tendency of the station to limit
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cycle about a 1.0° error. The limit cycle frequency is approximately
0.05 Hz which is below the first bending mode frequency. Torque
histories for several different values of hysteresis were used to drive
an open loop flexible model of the station. These results appear in
Section 4.3.3.5.3 of this report.

4.3.3.5.3 Transient response of I0C Space Station

The purpose of this section is to present and discuss preliminary results
for the transient response of the reference I0C Station to the dynamic
load cases of section 4.3.3.1. This includes responses to berthing, crew
kick-off, RCS firing sequence for Station reboost and MRMS operations.
The analytical model used to derive these results is discussed in Section
4,3.3.3. Section 4.3.3.3 also summarizes the rwdal charact r of the 10C
and growth Stations. All the results of this section are derived from
the MSC NASTRAN finite element structural analysis program of Reference
8.

4.3.3.5.3.1 Orbiter berthing

Berthing of the Orbiter to the Station is simulated by a 500-pound pulse
of one second duration as described in Section 4.3.3.1. The pulse acts
in the negative x direction {opposite to the flight path). To simulate
misalignment of the Station berthing port to the Orbiter berthing port,
the effect of an additional torque pulse about the Madir axis is also
examined. The duration of this torque is also 1 second and has a
magnitude of 2100 foot-pounds. Station responses of particular interest
due to berthing are the p2ak acceleration levels at the modules, center
of the upper boom, tip of the transverse boom. and tip of an array mast.
In addition, the response of a 5000-pound experimental pavload on a soft
spring support is also examined in order to assess the practicality of
isolating payloads which have Tow acceleration level requirements.
Accelerations were obtained for both zero and one-half of 1 percent of
criticai damping. Peak accelerations were tabulated for the conservative
assumption of no damping.

It is observed that the longest period of vibration, of a mode whose
shape involves motion of the berthing port, is, from Table 4.3.3.3-3, 7.2
to 10.4 seconds, depending on attachments. Thus, it takes from 3.6 to
5.2 seconds for locations furthest from the berthing port to experience
the affect of the berthing load and 7.2 to 10.4 seconds for the berthing
port to experience the wave reflected from these remote locations. This
is considerably longer than the puls duration itself, so that the
berthing loading specified herein approximates an impulse.

4.3.3.5.3.1.1 Solar arrays normal to the flight path

Time histories of acceleration response to berthing at the selectea
station locations when the solar arrays are oriented normal to the flight
path are given in Figures 4.3.3.5-41 through 4.3.3.5-44. In these
figures, one-half of one percent of critical damping is assumed in
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aach mode. 7 'le 4.3.3.5-10 summarizes the peak acceleration magnitudes
at these locatiuns for the conservative case of zero damping. Results
are expressed in multiples of g, (i.e., 32.2 ft./sec./sec.), and as
ratios to the acceleratior of each location were the entire Station
rigid. This ratio, denoted as the amplification factor, “a", provides a
measure of flexibility effects.

Also of interest are the peak bending moments and torques occurring at
the intersection of the keel extension and lower keel, transverse boom
root, alpha-rotary joint, top of upper keel and array mast root. Table
4.3.3.4-11 contains peak moments 2nd torques at these locations and their
margins of safety (M.S.) using a factor of safety of 1.5. Strength
values used in calculating the margins of safety are given in Table
4.3.3.3-1.

Peak acceleration magnitudes at the selected Station locations range from
about 0.0012 to 0.016 g's. With the exception of the center of the upper
boom, peak acceleration magnitudes change little with the attachment of
payloads. Further, the amplification factor at the tip of the transverse
boom is very large when payload. are present. This occurs, not because
the flexible body 2cceleration is very large, but because in an entirely
rigid station with payloads attached, the instantaneous axis of rotation
due to the berthing load lies nearly along the transverse boom. Hence the
rigid body rotation of this location is near zero.

The effect of damping on Station response can be appreciated by comparing
the peak values in Table 4.3.3.5-10 where no damping is assumed with the
peaks occuring in Figures 4.3.3.5-42 through 4.3.3.5-48 where 0.5 percent
damping is assumed. For example, the peak response at the center of the
upper boom is about 39 percent lower in the presence of damping. The
large damping effect is basically attributed to the fact that the highest
accelerations in the absence of damping occur long after the applied load
is removed. Thus damping significantly reduces these Vater occurring
peaks and earlier occurring peaks become the maximums experienced by the
station. It is believed that the conservatism introduced by using the
peaks in the absence of dampinyg will compensate for the uncertainties
presently existing in load definition. In future studies, when load
definition is better, it would be desirable to use peak values in the
presence of damping.

Inasmuch as no acceleration requirements during a berthing operation
exist at the present time, little can be said about the acceleration
Tevels themselves. However, the internal structural force resultants
require consideration relative to allowable Station strength.

Table 4.3.3.4-11 contains peak bending moment and torque magnitudes at
selected locations on the station. The attachment of payloads has little
effect on the root bending moment at the upper end of the keel extension,
but more than doubles the root bending moment of the transverse boom.
Moreover, since the addition of payloads to the Station makes the
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Station unsymmetric about the keel axis, torques exist in certain
locations of the structure where they did not exist in the absence of the
payloads.

Margins of safety assuming a factor of safety of 1.5 are also shown in
the Table. A1l margiins of safety exceed a value of 4.7 with the lowest
values occurring at the root of the array mast. Thus, this location
should be given careful scrutiny in future studies when the loading
environment is better defined. Finally, the results indicate that the
flexible deformation of the array mast, frum root to tip, does not exceed
4 inches.

As discussed previously in this section, the Orbiter berthing load is
essentially impulsive for this low frequency station. As shown in
Reference 17, but for a different Station configuration, internal force
resultants can be considerably higher when load duration is longer. To
more accurately account for load duration as well as berthing 1oad level,
future studies should consider simulation of the berthing operation.

This could be accomplished by using a simplified berthing mechanism model
between the Station berthing port and an Orbiter with an initial berthing
velocity. Presently, initial berthing velocities are believed to be
about 0.1 to 0.3 feet per second.

4.3.3.5.3.1.2 Solar arrays normal to the N:Jdir axis

Response results when the solar arrays are oriented normal to the Nadir
are summarized in Table 4.3.3.5-12. Results are similar to those of
Table 4.3.3.3-10 for arrays oriented normal to the flight path. The
primary difference between results for the two array orientations occurs
at the tip of the array mast. The peak acceleration for arrays oriented
norm2! to the flight path is up to 5 times larger than that for arrays
oriented normal to the Nadir. This in turn indicates larger bending
moments at the array mast root when arrays are oriented normal to the
flight path.

4.3.3.5.5.2 Response to crew-kick-off motions

As described in the Section 4.3.3.1 of this Adocument, two diffeent
crew-motion cases are examined, one based on crew kick-off across the
lTower habitation module, denoted as transverse crew motion and the other
based on crew kick-off along the length of the habitation module, denoted
as axial crew motion.

4.3.3.5.3.2.1 Solar arrays orientes normal to the flight path

Figures 4.3.3.5-45 thru 4.3.3.5-48 illustrate the time history of the
. acceleration response due to axial crew motion at the same seiected
i Station locations as that used for herthing when the solar arrays are
: normal to the flight path. For the results presented in the figures,
one-half of onme percent critical damping is assumed in each mode.
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Responses of the mecdules, as shown in Figure 4.3.3.5-45 clearly indicates
the occurrence of the crew-kick-off. Table 4.3.3.5-13 <''mwmarizes the
peak acceleration magnitudes of the responses for the conservative
assumption of no damping. Acceleration values are given in multiples of
g and amplification factors, are also provided. Internal loads are not
provided for crew motion since they are not expected to be significant
from a strength point of view.

Table 4.3.3.5-13 indicates that attacling payloads to the Station
increases some accelerations and decreases others. In general, attaching
the Orbiter to the Station decreases acceleratior levels. Again, as
explained under the berthing discussion, amplification factors when only
payloads are attached to the Station are high along the transverse boow
since it lies along the instantaneous axis for rigid body response to
crew motion. When both payloads and Orbiter are attached to the Station,
the instantaneous axis of rigid body rotation for these crew motions lies
along the upper end of the vertically oriented solar array masts, so that
amplification factors are very large for this location. Moreover, when
payloads and/or orbiter are attached to the Station, there is generally
1ittle difference between the peak acceleration responses for transverse
and axial crew motions.

4.3.3.5.3.2.2 Solar arrays oriented normal to the Nadir Axis

Response results when the solar arrays are oriented normal tc the Nadir
are summarized in Table 4.3.3.5-14. A comparison with the results shown
in Table 4.3.3.5-13 indicates that, in general, the peak accelerations
are lower when the arrays are normal to the Nadir for ali configurations
except when the payioads and Orbiter are attached tc the Station.

Certain payloads require accelerations on the order of 10-5 g's. Table
4.3.3.4-13 ingicates that this requirement is only met when the Orbiter
is attached., Hence it will be necessary for payloads to nave an
isolation system which allows them to function at very low acceleration
levels. To ascertain the possibility of doing this, the design of a soft
spring isolator and its analytical verification is discussed i{n the next
subsection.

4.3.3.5.3.3 Isolation of experimental payloads

In this section isolation from axial crew-kick-off is examined for a
5000-pound material science payload (COM 1203), located or the laboratory
module. Isolation is provided by the use of a soft spring support for
the experiment. Design of the isolation spring stifrness was determined
by considering a simple two-mass problem. Response of a two-mass system
to a step load applied to one-mass is well krown. On the basis of this
system and the requirement to have accelerations on the order of 10~
g's, the spring stiffness is approximately 5 pounds per foot. Verifying
this isolation design through NASTRAN analysis of the I0C Station with
the isolated experiment included, but no attached payloads and Orbiter,
reduced the acceleration level before isolation of 0.00015 g's to an
acceptable level of 0.000012 g's .
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4.3.3.5.3.4 Response to RCS reboost firing sequence

The RCS reboost firing sequence used for the transient aralysis:presented
herein is presented in Section 4.3.3.1. Each RCS is assumed to deliver
75 pounds of thrust. Two thrusters are located on the lower boom and two
are located 175.5 feet up the keel. The RCS thrusters are assumed to
fire in pairs in a staggered sequence thus rocking the Station in the
pitch plane.

Acceleration response time histories at selected Station locations are
provided in Figures 4.3.3.5-49 through 4.3.3.5-52. Peak accelerations in
g's are summarized in Table 4.3.3.5-15. These results ¢ssume one-half of
one percent (.5%) of critical damping in each mode. The RCS firing
sequence for reboost can occur over one or more orbits. However, ' the
present study only 500 seconds of this sequence is simulated. The
results indicate that acceleration levels are not increasing in an
unbounded fashion during the first 500 seconds of response history.

After about 500 seconds, the thrusters are turned off and the responses
decay to zero. Furthermore, at Station locations far from the Station
center of gravity, acceleration levels are generally higher due to
reboost than due to other load cases. The peak acceleration at the upper
boom, which accommodates several payloads, is nearly 0.025 g's. However,
low-g requirements for experimental payloads are relaxed during rebocst
operations.

Table 4.3.3.5-16 displays peak bending moments and torques at selected
locations on the Station. This table aiso displays margins of safety
assuming a safety factor of 1.5 and strength values ieu to perform these
calculations are given in Table 4.3.3.3-1. All marg. s of safety are
positive. As in the case of berthing, the lowest margins occur at the
roots of the array masts. They are somewhat lower for reboost than for
berthing. (Compare Tables 4.3.3.5-11 with 4.3.3.5-16.) Since there is
considerable freedom in designing the RCS firing sequence and in
adjusting the magnitude of the RCS tirust, it is important in future
studies to give special attention to margins of safety at the roots of
the array masts during reboost as these may become dangerously low.

4.3.3.5.3.5 Response to MRMS operations

The Mobile Remote Yanipuiator System (MRMS) can produce loads during its
operations when accelerating and decelerating payloads. In order to
assess the Station dynamic response to MRMS operations, it is assumed
that a worst case occurs when the MRMS is located at one end of the upper
boom and the arm of the MRMS is decelerating a payload weighing 10,000
pounds. Deceleration loads for the Shuttle RMS arm as given in Reference
18 are used after being scaled for a 10,000-pound payload. This results
in applied loads on the Station of 17.2 pounds in the flight path
direction and 877 foot-pounds of twist torque about the negative Nadir
axis. These loads are assumed to occur as step load: with a 1 second
duration.
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Peak acceleration magnitudes in g's and amplification factors
(acceleration of flexible station at specified location ratioed to
acceleration of rigid station at the same location) due to the MRMS
operation, are summarized in Taeble 4.3.3.5-17. Acceleration responses at
a habitation module, center of the upper boom, tip of transverse boom,
and tip of an array mast are provided. All of these arc quite high.

Peak acceleration response at the end of the upper ooom where the MRMS is
located is found to be 0.0484 g's. This leads to an amplification factor
of 33.9. The implication of this on the station performa.ce is a
potenticl control problem in performing MKMS activities on flexible
portions of the Station when payloads are not attached to the Station.

It is probable that the presence of payloads in the vicinity of the MRMS
operation is what plays the major role in reducing acceleration responses
at the MRMS.

4.3.3.5.3.6 Effect of bay size on peak acceierations

It is of interest to examine the sensivivity of the station responses to
the choice of various bay dimensions. In Figure 4.3.3.5-53 this is
accomplished by considering peak acceleration responses at four station
locations, namely, application point of applied load, center of upper
boom, tip of transverse boom, and tip of an array mast. Peak
acceleration responses are presented for cubic bay dimensions from 1 to
15 feet as amplification factors ratioing the actual acceleration at scme
location to the corresponding acceieration at the same location were the
entire Station fully rigid. These results were compiled using earlie-
values for CEl and CGJ which are now known to be too high. Nevertheless,
these results provide trends and insight into the effect of variations of
stiffness about the nominal 9-foot bay I0C reference configuration on
Station responce levels.

As the bay dimension is varied the Station truss structural stiffnesses
change in proportion to the square of the bay dimension. Only the array
wast and radiator mast stiffnesses remain unchanged.

In the limit as the bay dimensior goes to zero, a1l parts of the Station
become completely isolated from the riyid modules and are thus unaffected
-y any loads applied at the modules such as berthing and crew motion.
Indeed the curves of Figuie 4.3.3.5-53, for all but the berthing port,
confirm this trend down tc the bay dimension of 1 foot. The dashed
continuation of the curves to the origin represents the consequence of
this postulate. The curve for the berthing port, which is on one of the
habitatiun modules, limits to a finite value as the bay dimension goes to
zero. This value iy the response of the rigid modules due to the appiied
load ratioed to the response of an entirely rigid Station due '~ the same
applied load.

As the bay dimension is increased from zero, the response of the berthing
port decreases because more of the mass of the Station is allowed to
participate in the response. The derrease in this response is not
dramatic, gyoing from a ratio of about 1.55 at a 1 foot bay
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dimension to about 1.2 at a 15-foot bay dimension. Thus acceleratior
levels at the modules are not very sensitive to truss stiffness. On the
other hand, the response of all other locations removed from the modules
increases rapidly as the bay dimension is increased.

As the bay dimension is increased the m dal frequencies of the Station
undergo continuous change, while the frequency content of the applied
pulse remains unchanged. For certair bay dimensions the Siation modal
frequencies will better lineup with the frequency content of the applied
loads and hence larger responses will result. This helps to explain the
rapid variations in response peaks as the bay dimension is varied.

For very large bay dimensions, the truss stiffness goes to infinity, and
the curves should asymptote to limiting values. These iimiting values
will not be un“<v as though the Station were entirely rigid, since the
array and radiator masts are always flex ole. Interestingly, a 15- foot
bay dimension does not in this sense closely approximate the rigid
limiting case. In order to ascertain the limiting rigid struc .ure
values, results are shown for a 1000-tfoot bay dimension with the
understanding that this is entirely an academic situation with no
practical application. Figure 4.3.3.5-53 indicat.; that amplification
ratios Timit to values between 1 and 1.2 depending on Station location.

The fact that very small bay dimensions leads to essential isolation of
parts of the Station has benefits and drawbacks. It is beneficial that
the acceleration levels and hence aiso internal 1cads are kept low in
certain parts of the Station removed from the module location. On *he
other hand, too small a bay dimension can have the drawback of rendering
the same parts of the Station uncontollable. At present, no requirement
to precisely control portions of the Station far removed from the modules
has been identified. However, if in the future this became a
requirement, control of remote locations using actuators at the modules
would be essentially impossible when the bay dimension is too low and
consequentiy an expensive distributed control system would probably be
required. Thus it appears wise to avoid too '.~ a bay dimension. Figure
4.3.3.4-53 indicates that the minimum bay dimension desirable in orde- vo
avoid possible future control problems on remote Station locations
depends on the location itself. The worst location is the upper boom.
Responses at this location fall off rapidly when the bay dimension is
less t“an 8 feet. Consequently, it is wise to kXzep the bay dimension
above 8 feet to avoid possibie fuu re control problems =’ lccations
remote from the modules.

4.3.3.5.3.7 Concluding remarks
Preliminary analytical results for the dynamic response of the reference
Space Station configuration have been presented and discussed.

Disturbances due to Orbiter berthing, crew motion, RCS rebcost firing
sequence and MRMS operations have been examined. The Station with and
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without payloads and/or Orbiter was considered and arrays were oriented
either normal to the flight path or normal to the Nadir. Time histories
and summary tables of peak accelerations, amplification factors, peak
bending moments and torques and margins of safety using a safety factor
of 1.5 were presented and discussed.

Considering all four load cases, maximum peak accelerations occur at the
tip of *he array mast due to RCS reboost firing with a magnitude of 0.028
g's. This led to relatively high internal bending moments at the root of
an array mast with a margin of safety of 4.13. Peak acceleratiors also
at an array mast root due to berthing were not much lower and ‘he
corresponding margin of safety was 4.71. Since neither tne RLS firing
sequence for reboost nor the berthing 10aas are very wel: derined at
present, future studies with better defined applied loads should give
special attention to margins of safety at the root of the array masts.
Furthermore, array mast flexible deformation from root to tip did not
exceed about 4 inches.

It was found that crew motion leads to exceeding the 10-2 g order of
magnitude acc~leration requirement for the laboratory module. However, a
soft spring - lator was designed for a 5000-pound experimental payload
and its performance was verified in the full rinite element analysis.
This led to an acceptable acceleration level of 0.000012 g's for the
isolated experiment.

Operations or the MRMS at one end of the upper bosin produced relatively
large accelerations a. the MPMS location itseif. This needs future
attention as it could lead to problems in controlling the MRMS
operations.

An examination ot the effect of bay dimensiun on Statior response to
Orbiter berthing indicated that the bay dimension would have to be
extremely large to provide dynamic responses approximating the limiting
case of a rigid keel. Even the use of erectable 15-foot bays would fall
far short of achieving this. The reference config.ration with its 9-foot
bays is therefore a very flexible stictuire. It appears to be able to
meet dynamic pe.formance requirements as they are presently defined.
However, it is noten herein, that if additional performance requirements,
such as on payloads located some distance from the station modules are
later imposed on .%e Station, an additi.=al control system would become
necessary. Dyvnamic results indicate that a bay dimensi~-~ much less than
9 feet would probably require a distributed control system.

4.3.3.6 Summary

Rigid body control requirements for si operational configurations of the
I0C Station were determined. The configurations differed according to
i1ie number and type of items attached to the basic Station. These items
were vae Orbiter, payloads and servicing equipmeat. In establishing the
requirements, the orbital altitude range was varied between 220 and
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270 nmi and the coirasponding atmospheres were characterized by 2 sigma
high densities which varied over an crbit and rotated with the Earth.
The analysis results indicate that four equivalent Skylab CMG's will
provide sufficient momentum storage and torque to control the stavicn in
the natural environment (gravity-gradient and aerodrag) for the
prescribed altitude range of 250 to 270 nmi. Some secular momentum
builaup occurs on the roll and yaw axes which must be nulled. Three
different methods for doing this were discussed. Secular momentum
buildup is precluded cn the pitch axis by flying with a small pitch angle
(1ess than 10°) such that the angular momentum accumulated over an orbit
due to gravity-gradient is the negative of that due to aerodynamic
torque.

A limited number of system failure cases were investigated. Under the
rather severe assumption that al! control s:.tems failed, the Station
rotated about the keel and started to swing in a pe-“uium manner. A
subset of this case assumed that all control was 1.t except for ihe
z-axis {yaw). In this case, the Station oscillated in the orbit (piich)
plane. The case of a failed alpha joint was also investigated. The
number of CMG's required to provide angular impulse to bring the solar
arrays to the Station (keel) rotational rate varied from two to three
depending on the assumed failure conditions. Th. associated secular
momentum buildup was about three times the nominal value.

A cursory investigation of the control requirements due to induced

environmer.ts was also performed. Torque generated by crew motion exceed

the torque capability of four CMG's and requires about one-hali the

momentum storage capability. Torques and momentum due to

docking/berthing and moving of payloads with the MRM> were estimated to

be two to three times the capability of four CMG's. This would seem to '
indicate that control of the Station during verthing/docking and

subsequent MRMS activity should be accomplished with the RCS or possibly

the control requirements should be reduced.

Orbit decay and reboost calculations for the maximum and minimum mass IOC
configuration were performed. For the highest atmosvhere densities and
most severe drag-to-mass ratios, the I0C Station decays from a 270 nmi
orbit to 250 nmi in 90 days which meets the system raquirement. The
reboost propallant required for a 90-day decay period and highest mass
configuration is about 3600 1bs. for a propeilant having an ISP of 220
seconds. Flexible body attitude control dynamics studies were made for
the I0C configuration without the Orbiter, payloads, and servicing items
added.

The control frequency was set one decade below the lowest bending
frequency. Vibration modes in the analyses were included to
approximately one decade above the lowest mode. The peak pcinting error
due to crew-kick-of“ was less than 0.02° at the navigation base. The
maximum settling time was 150 seconds. Similar disturbance responses for
decking/berthing were less than 2° and 400 seconds, respec.tively.
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Associated frequency response investigations show adequate gain and phase
margins and no significant control system/flex body interaction was
observed. A simple RCS control system was designed and torque histories
which simulated a four RCS jet orbital reboost were also generated.

These were used in an uncontrolled response analysis to investigate
structural loading.

Structural dynamic models of both the I0C and Growth Station
configurations were developed and utilized for the flexible control and
transient response analyses. Continuous beam representations were
employed for the lower, transverse and upper beams, keel extension, and
lower and upoer keeis. Payioads were modeled as lumped masses and the
station modules were treated as rigid beam members rigidly connected to
one anovher in the acetrack arrangement. No attempt was mzde tc model
nonlinear effects such as those potentially associated with the large
rotating joints. The frequencv of the fundamental vibration mode of both
the I0C and Growth Station is approximately 0.1 Hz. The jower frequency
modes are associated with coupied motion of the solar arrays and keel for
the 10C configuration and with keel twist for the growth configuration.
Transient response results for disturbances from Orbiter berthing,
crew-kick-off , RCS rebcost and MRMS operations were developed. Maximum
bending moments at the base of the solar array mast were well below the
allowable. Array tip maximum deflections were on the order of 4 inches.
Acceleration responses due to crew-kick-off exceeded the 1.0 E-5 g
requirement in the laboratory module. Consequently, a soft spring
isolator was designed for a 5000-pound experiment located in the
laboratory moduie. This led to ar acceptable acceleration lTevel of 1.2
E-5 g for the isolated experiment.

An examination of the effect of bay dimension on Station respo 2 to
Orbiter berthing indicates that the keel is far from rigid. Increasing
the bay width to 15 feet did not significantly change the response
Tevels.
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TABLE 4.3.3.5-1 - SUMMARIES FOR IOC
SPACE STATICN PER ORBIT

ALT CYCLIC SECULAR TRIM CMG'S RCS
MOMENTUM  MOMENTUM ANGLE MOMENTUM
VECTOR VECTOR VECTOR
(NMI) (ft-1b-s) (ft-1b-s) degree {ft-1b-s)
x1000 x1000 x1000
10C:
270 0,9.5,.9 0,0,.9 -2.2 2.3 1,21,0
250 .2,13,1.3 .2,0,1.3 -3.2 2.8 2,30,0
220 1,23,2.7 1,0,2.7 -6.1 5.1 3,57,0
I10C +Orbiter:
270 0,9.2,1 1,0,1 5.66 2.3 1.8,23,0
250 4,12.7,16 .2,0,1.6 4.88 3.4 2,35,0
220 1,22.5,3 0,0,3 2.53 6.3 4,69,0
I0C +Payloads:
270 5,7.7,9 0,0,.9 -1.27 2.7 30,17,1
250 5,11,9 0,0,1.2 -1.59 3.3 30,24,1
220 5.17,8 0,0,2.5 -2.70 4.9 30,48,1
10C +Payloads +Orbiter:
270 3, 9,4.2 0,0,1 4.64 2.2 15,22,1
250 3,12,4 0,0,1.6 4.25 3.4 15,33,1
220 3.21,4 00,3 3.13 5.7 16,65,1
10C +Payloads +Service:
270 1.6,6.5,4 0,0,.7 -.893 2.2 13.5,15,.5
" 2.2, 9,3.8 0,0,1 -1.12 2.5 15.5,22,.5
220 2.5,15,3 0,0,2.2 -1.79 4.0 14,43,.5
10C + Payloads :Service +0Orbiter:
270 2,8,2,3.8 0,0,1,0 4.97 2.3 10,20,2.5
250 2, 11,4.0 0,0,1.6 4.74 3.0 10,31,2.5
220 2.4,17.5,5 0,0,3.0 4.05 5.3 11,60,2.5
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TABLE 4.3.3.5-2 - JOINT FAILURE SUMMARY RESULTS

ALT CYCLIE SECULAR TRIM CMG'S RCS
MOMENTUM  MOMENTUM ANGLE MOMENTUM
(NMI)  VECTOR VECTOR YECTOR
(FT-LB-S)  (FT-LB-S) DEGREE (FT-LB-S)
x1000 x1000 x1000

I0C - SINGLE ALPHA JOINT FAILURE PERPENDICULAR TO KEEL:
270 5,5,5 2.5,0,1.7 - 1.7 1,20,1

I0C - SINGLE ALPHA JOINT FAILURE PARALLEL TO KEEL:
270 1,9.5,3 0,0,3 - 2.45 2,20,7

10C - DOUBLE ALPHA JOINT FAILURE PARALLEL TO KEEL:
272 .4,9.2,1 .1,0,1 - 2.5 1.5,24,0

TABLE 4.3.3.5-3 - MASS PROPERTIES SUMMARY

FLIGHT 1 FLIGHT 2 INERTIAS (kg-m@ y£6)
1.85 11.2

.50 9.09

1.41 2.17

1.00 0.00
0.00 5.00
0.00 0.00
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TABLE 4.3.3.5-4 - MOMENTUM STORAGE REQUIREMENTS FOR REFERENCE
CONFIGURATION AFTER FIRST TWO LAUNCHES

CYCLIC SECULAR
MOMENTUM MOMENTUM TRIM
VECTOR YECTOR ANGLE
(nmi-sec) (nmi-sec) (DEG) CMG'S
FLIGHT 1 252,10,155 45,0,10 0 1
FLIGHT 2 29,0,34 4,0,6 5.01 1

TABLE 4.3.3.5-5 - ESTIMATED ORBIT DECAY AND REBOOST CHARACTERISTICS

Inital Final Reboost Decay
Altitude Altitude Propellant Time
(nmi) (nmi ) (Kg) (Days)

Min/Max Mass Min/Max Mass Min/Max Mass

Maximum density - 8/1991 launch

300 2917292 540/780 20/90
270 250/253.5 1190/1620 90/90
250 210/211 2420/2880 90/90
300 223/220 4840/7970 386/478
270 220/220 3000/4950 154/190
250 220/220 1790/2960 78/91 N
Minimum density - 4/1994 launch

300 296/296.3 250/340 90/90
270 26072862 610/790 90/90
250 232/236 1070/1380 90/90
300 220/220 4840/7970 1965/2169
270 220/220 3000/4950 360/507
250 220/220 1790/2960 151/188

Reboost lIgp = 220 Tb-sec/1b
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TABLE 4.3.3.5-6 - CONFIGURATION DATA

TABLE 4.3.3.5-7 - DISTURBANCE TORQUE DUE TO CREW MOTION

Ixx - 47510000
Iyy - 38570000
1zz - 13160000
No. of Modes:

X Axis 19

Y Axis 21

Z Axis 21

Frequency Range:

Kg mZ
Kg m2
Kg m2

0 .09 - 1.07 Hz

Control Frequency: 0 .0094 Hz

DISTURBANCE TORQUE X

To (NT - M) 2813
POINTING ERROR X
(DEGREES) .014
SETTLING TIME X
(SECONDS) 150

™
o
[ FY)

2813

-

.016

145

508

.008
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TABLE 4.3.3.5-8 - DISTUBRANCE TORQUES DUE TO BERTHING

DISTURBANCE TORQUE
Tp

POINTING ERROR
(DEGREE)

SETTLING TIME
( SECONDS)

TABLE 4.3.3.5-9 - AUTOPILOT AND CONFIGURATION DATA

X Y
49506 49506
X Y

142 OS
400 400

1.0 deg/(deg/s)
1.0 deg
0 to 0.1 deg

10,575 ft-1bs

4,500 ft-1bs
70,837,100 siug ft2
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(I TABLE 4.3.3.5-10 - PEAK ACCELERATION RESPONSE IN G's AT SELECTED
STATION LOCATIONS DUE TO ORBITER BERTHING FOR
SOLAR ARRAYS ORIENTED MORMAL TO THE FLIGHT PATH

LOCATION BERTHING CENTER TIP OF TIP OF
PORT OF TRANSVERSE ARRAY
UPPER BOOM MAST
CASE BOOM
WITHOUT 0.00476 0.0162 0.00460 0.00123
PAYLOADS a=1.70 a=5.21 a=4 .48 a=5.05
WITH 0.00432 0.00280 0.00596 0.00126
PAYLOADS a=1.77 a=2.44 a=92.3 a=17.5

KEY: a = amplification factor=(accel. of flexible station)/(accel. of
rigid station)
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TABLE 4.3.3.5-11 - PEAK BENDING MOMENTS AND TORQUES IN FOOT-LBS
AT SELECTED STATION LOCATIONS DUE TO ORBITER
BERTHING FOR SOLAR ARRAYS ORIENTED NORMAL TO
THE FLIGHT PATH

LOCATION KEEL EXT. TOP OF TRANSYERSE ALPHA ARRAY
ROOT UPPER BOOM JOINT MAST
KEEL ROOT ROOT
CASt
Moment: Moment: Moment: Moment: Moment:
€230. 0.004 2690. 1172. 406.
WITHOUTY M.S.=7.15 M.S.=* M.5.=18.5 M.S.=# M.S.=4.71
PAYLOADS Torque: Torque: Torque:l Torque: Torque:
350 . 0.0 1009. 1008. G.16
M.5.=67.6 M.S.=* M.5.=22.8 M.S.=# M.5.=865
;
; Moment: Moment: Momenit: Moment: Moment:
6990, 248. 112n. 3170. 381.
WITH M.5.27.08 M.S5.=227. M.$5.=6.93 M.S.=# M.S.25.08
PAYLOADS Torque: Torque: Torque: Torque: Torque:
510. 728, 2500. 2400. 0.0
M.S.=46.1 M.S5.=32. M.S5.=8.6 M.S.=# M.S.=*
KEY: M.S.=Margin of Safety=(strength)/{1.5 x moment or torque) - 1

*: Margin of Safety exceeds one million

#: Allowable strength for alpha joint presently unavailable
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TABLE 4.3.3.5-12 - PEAK ACCELERATION RESPONSE IN g's AT SELECTED
STATION LOCATIONS DUE TO ORBITER BERTHING
FOR SOLAR ARRAYS ORIENTED NORMAL TO THE NADIR

LOCAT 10N BERTHING CENTER TIP OF TP OF
PORT OF TRANSVERSE ARRAY
UPPER BOOM MAST

CASE BOOM

WITHOUT 0.0044 0.0125 0.00275 0.0027%

PAYLOADS a=1.52 a=4.46 a=3.09 a4=3.09

WITH 0.0041 0.0027 0.0056 0.0056

PAYLOADS a=1.71 a=1.14 a=18.1 a=14.1

KEY: a=amplification factor=(flexible response)/(rigid station
response)
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TABLE 4.3.3.5-13 PEAX ACCELERATION RESPONSE IN g's AT SELECTED STATION
LOCATIONS DUF. TO AXIAL AND TRANSYERSE CREW KICK-OFF
FOR SOLAR ARRAYS ORIENTED NORM/i TO THE FLIGHT PATH

WITHOUT
PAYLOADS
AND
ORBITER

WITH
PAYLOADS

WITH
ORBITER

WITH
PAYLOADS
RID
ORBITER

LOCAT ION

AXIAL KICK

TRANS. KICK

AXI*L KICK

TRANS. KICK

AXIAL KICK

TRANS. KICK

AXIAL KICK

TRANS. KICK

HABITAT ION

MODULE
-4

1.49 X 10
a=1.23

-4

2.35 x 10
a=1.54

-4
1.70 x 10
a=1.39

-4
1.86 x 10
a=1.52

-5
5.68 x 10
a=1.08

-5
5.34 x 10
a=1.01

-5
4.91 x 10
a=1.0

-5
4.56 x 10
a=0.94

CENTER OF
UPPER
BOOM

-4
5.37 X 10
a=1.0

-4
8.07 x 10
a=5.2

~4
1.25 x 10
a=2.18

-4

1.42 x 10
a=2.47

-4
1.88 x 1¢
a=63.1

TIP OF
TRANSVERSE
BOOM

1.51 x 19
a=¢.%4

7.42 x 10
a=4.69

-5
3.78 x 10
a=8.08

-5
5.5¢ x 10
a=4.t

TIP OF
ARRAY
MAST
-4
5.47 X 10
a=4.46
-4
5.16 x 10
az4.23

-
3.18 x 10
«217.2 ONLY
-4
6.89 x 10
a=19.1

-4
2.03 x 10
a=55.9 ONLY

-4
2.54 x 10
a=69.8

-4
2.01 x 10
a=94.6
-5
1.62 x 10
a=76.2

KEY: a=amplification factor={accel. of flexible station)/(accel. of
rigid station)
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\ TABLE 4.3.3.5-14 PEAK ACCELERATION RESPONCE IN g's AT SELECTED
STATION LOCATIONS DUE TO AXIAL CREW KICK-OFF
FOR SOLAR ARRAYS ORIENTED NORMAL TO THE NADIR

LOCATION HABITATION CENTER OF TIP OF TIP OF
MODULE UPPER TRANSVERSE ARRAY
BOOM BOOM MAST
-4 -4 -4 -4
WITHOUT  AXIAL KICK 1.45 X 10 2.6 X 10 4.0 X 10 3.5 X 10
PAYLOADS a=1.58 a=2.89 a=4.44 a=3.4
AND
ORBITER
-4 -4 -4 -4
WITH AXIAL KICK 1.35 x 10 1.17 x 10 2.1 x10 2.5 x10
PAY’ JADS a=1.96 a=1.77 a=3.09 a=3.42 ONLY
-5 -4 -5 -4
WITH AXIAL KICK 5.3 x10 1.25 x 10 2.1 +10 1.6 x 10
ORBITER a=1.06 a=2.91 a=4.17 a=2.60 ONLY
-5 -5 -4 -4
WITH AXIAL KICK 5.4 x10 8.8 x 19 1.3 x10 1.4 x10
PAYLOADS a=1.32 a=4.) a=4.1 a=3.18
AND
ORBITER

KEY: a=amplification factor=(accel. of flexible station)/(accel. of
rigid station)
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TABLE 4.3.3.5-15 - PEAK ACCELERATION RESPONSE IN o's
AT SELECTE) STAT10ON LOCATIONS DUE TO
RCS REBOOST FIRING SEQUENCE

LOCATION dABITATION CENTER TIP OF TIP OF
MODULE OF TRANSVERSE ARRAY
UPPER B00M MAST
CASE BOOM
WITHOUT 0.0034 0.024 0.012 0.028
PAYLCADS
WITH 0.0024 0.0062 0.003C 0.0037
PAYLOADS
210
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TABLE 4.3.3.5-16 - PEAK GENDING MOMENTS AND TORQUES IN FOOT-iBS

AT SELECTED STATION LCCATIONS DUE TO
RCS REBOOST FIRING SEQUENCE

LOCATION LOWER KEEL ROOT OF TRANSYERSE ALPHA ARRAY
ROOT LOWER BOOM JOINT MAST
BOOM R0OOT ROOT
CASE
Moment: Moment: Moment: Momen c: Moment:
9,134 12.6 3,460 2,809 452.3
WITHOUT M.S.=8.62 M.S.=* M.5.=15.3 M.S.=#4 M.S.=4.10
PAYLOADS Torque: Torque: Torque. Torque: Torque:
0 0 942.0 856.0 0
M.S.=* M.S.=* M.S.=24.7 M.S.=# M.5.=*
Moment: Moment: Moment: Moment: Moment:
15,820 20.8 5,260 2,750 357.0
WITH M.5.=8.36 M.5.=2700. M.S.=9.70 M.S.=# M.S.=3.65
N PAYLOADS Torque: Torque: Torque: Torque: Torque:
1,925 0 1,660 1,660 0
M.5.=9.26 M.S5.=0 M.S5.=13.6 M.S.=# M.S.=*
KEY: M.S .=Margin of Cafety=(strength)/(1.5 x moment or torque) - 1
*: Margin of Safety exceeu: one miilion
#: Allowable strength for alpha joiit oresently unavailable
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TABLE 4.3.5-17 - PEAK ACCELERATION RESPOMSE 1M G'S AT SELECTED
STATICN LOCATIONS DUE TO MRMS OPERATIONS ON

THE UPPER BOOM
LOCATION HABITATION AT TIP OF TIP OF
MODULE MRMS TRANSVERSE ATTAY
BOOM MAST
CASt
WITHOUT 0.000550 0.0248 0.0102 0.00870
PAYLOADS a=5.7 a=33.9 a=22.0 a=13.8
WITH 0.00015 0.00030 0.0026 0.0050
PAYLOADS a=1.15 a=1.25 a=17.6 2=24.c

KEY: a=AMPLIFICATION FACTOR=(ACCEL. RESPONSE OF FLEXIBLE STATION)/
(ACCEL. RESPONSE OF RIGID STATION)
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4.3.4 Power Capability and Utilization

4.3.4.1 Power capability

The electrical power system consists of a generatiun subsystem, storage
subsystem, and management and distribution subsystem. The subsystems are
of medular design to facilitate repair/replacement and growth. The
initial station power system may be either solar dynamic or photovoltaic
based. The growth station will be solar dynamic.

The power system provides electrical power to support station activities
and is capable of accepting new technology as it becomes available, or as
it is needed. The power system must accomplish these objectives while
simultaneously mirimizing adverse effects on station altitude and
attitude meintenance and interference with Space Station customers.

The power system integration with other users of the Space Station is
primarily through electricai interfaces. The identification of these
interfaces heips determine the requirements and responsibilities of both
the power system and the Space Station users. Electrical power produced
by the solar arrays or the solar dynamic power system is transferred
across beta joints and distribvied to the solar photovoltaic energv
stcrage subsystem and management and distribution elements outboard of
the alpha joints. The DC power from the generation and storage
subsystems (or AC from the solar dynamic poweir system) is converted to
high frequency AC power and transferred across the rotary alpna joints.
Power is then distributed via power lines along the upper and Tower keel
T varicus Space Station users. This power is distributed to attached
payloads and communication antenna: aiong the upper boom. Likewise,
power is distributed to the reaction cintir?l system wmocuies, mobile
maniculator system, thermai control system, Space Station medules, and
other .uttached s5yjuads on the lower keel. The management and
distribution subsystem controls the power and provides individual
protection for each user interface, power source, and subsystem hardware
and wiring. A properly designed management and distribution subsystem
can function with several different generation subsystems, thus
accommodating Space Staticn growth.

The arez requirements and configuration of the power generation subsystem
have a majo- effect on power system integration with the station. The
dray force experienced by the station is directly related to thc area
requirements, and the drag force affects the orbit altitude of the
station and the amount of propellants required for altitude maintenance.
As the power system grows in size and power requirement, the impact of
drag forces wiii becume more severe. Also, in the Space Stiatio.
reference configuration most of the station miss is near the bctiom of
the keel and most of the drag force is near the top. Sraller area
requirements will thus ailcw the station to experience =znaller
aercdynamic torque and to fly more nearly vertical. The generation
subsystem confiouration was selected to minimize gravity gradient roll
torques at high beta angles. The spacing of the generation subsystem
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elements from the main boom and from each other was based primarily on
shadowing and viewing considerations. This spacing also affects the
Space Station keel length, because interference by the volume swept by
the generation subsystem elements must be avoided.

4.3.4.2 Power utilization
4.3.4.2.1 Introduction

The issue of power system size and capacity is fundamental to size and
operational capability of the Space Station. There is a natural desire
to be “"power-rich" at the inception; however, cost considerations dictate
a compromise which will require close modeiing of power use. The power
utilization an~,ysis is an attempt to provide realistic time histories of
power consum.v:on for each subsystem.

The technique requires an electrical equipment list which defines the
power draws for various operating modes for each jiece of electrical
equipment. In addition to a crew timeline, a definition of equipment
operation is required in the form of activity blocks. These blocks
correspond to a time period for which a particular activity is

performed. Another set of input data drfines the 1ink petween ihe power
levals that exist fcr equinm:int ooeration and activity Socks and
timelines. The resuiting anaiysrs produces 3 variety of speciiic
information which descrives the power configuration of the Space Staticn
at any point in time and the associatad statistics for the system.

This technique has been developed and utilized on the Shuttle. The
technique has been applied previously to a Space Station design study and
a study for an eight-man, 120kW station which preceded the current study. °

An initial output was a set of foui- guidelines (Table 4.3.4.2-1) for the
use in the development of the subsystems.

4.2.4,2.2 Reference crew activity

The two 12-hour shifts provide a nominal operation of 24 hours a day for
the crew of six with a 6-day workweek for each crewmember. The crew
complement is two station specialists and four mission specialists. The
Station specialists work 9 hours on operations, 8 hours on overhead
activities such as eating, exercise, planning, and personal time. 1lhe
mission specialist spiit of activities is 9 hours ané 7 hours. All
crewmembers have 3 hours for sleep.
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TABLE 4.3.4.2-1 GUIDELINES FORMULATED BY THE POMER UTILIZATION GROUP

DON'T LEAVE REDUNDANT SYSTEMS POWERID, ROTATE THE USE OF REDINDANT
STRINGS WHERE POSSIBLE

USE LOW WATTAGE AREA LYGHTING AND APPROPRIATE TASK LIGHTING FOR WORK
AREAS

DON'T USE ELECIRICITY TO MAKE HEAT IF THERE IS A COST EFFECTIVE WAY
TO USE EXISTING HEAT SOURCES

THE STATION WILL SUPPLY CONDITIONED UTILITY GRADE POMER. DO NOT
SPEND POWER AND WEIGHT TO RE-CONDITION THE PGWER AS ON ORBITER
(123 OF POWER)
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4.3.4.2.3 Analysis considerations

The power analysis has certain assumptions which affect the results:

é. The power is provided to the subsystems and payloszds at
the bus, which means that the power distribution and control subsystem
accounts for the inefficiencies associated with the delivery and
conditioning of the power.

b. Interior low-level area lighting is provided for normal
transit through modules. Dedicated task 1ighting is provided for work
places at 125 watts per person per task.

Z. One active work station 1s provided for each crewman.

d. A significant portion of payload activities would be
onboard computer or ground controlled.

4.3.4.2.4 Preliminary Results

The preliminary power profile for the total station is fliustrated in
figure 4.3.4.2-1. The power levei exceeds the 75 kW system capability
primarily due to the size of the reference payload complement (Table
4.3.1-1) and a current lack of understanding of payload operation
phasing. The profile for the facility averages is shown in figure
4.3.4.2-2. These results should be taken only as indicative of the
general operating range of the facility due to the preliminary nature of
the subsystems definitfon. The distribution of power utilization among
the subsystems is given in table 4.3.4.2-2. The profile for the payloads
only is shown in figure 4.3.4.2-3.

The quality of this analysis is consistent with the maturity of the
subsystem and payload data. The housexeeping power requirements should
be interpreted a> an indication that ihe Station can potentially operate
below the 30 kW housekeeping level.

Prior experience and analysis performed to support the current study tend
to indicate that station power consumption is not strongly affected by
the number of crewmembers onboard or the level of crew activity. The
power consumption is more strongly a function of the design size of the
subsystems.
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29.

TABLE 4.3.4.2-2 - PRELIMINARY DISTRIBUTION OF POWER ii:LIZATION

SUBSYSTEM

POWER GENERATION
POWER DISTRIBUTION
GUIDANCE CONTROL
NAVIGATION
TRAFFIC CONTROL

RF SYSTEMS
ANTENNAS

AUDIO

VIDEO

SIGNAL PROCESSING

-DATA ACQUISITION/TA/CDS

TRACKING

SYSTEM MONITORING/CONTROL
DATA MANAGEMENT

INTEGRATED D & C

FACILTIES MANAGEMENT

OPERAT IONS/PLANNING/ SUPPORT
ORBIT PROPULSION

FLUIDS MANAGEMENT
PROPULSION STAGE MANAGEMENT
ECLS

EVA

ACTIVE THERMAL CONTROL
STRUCTURES

MECHANICS

PASSIVE THERMAL CONTROL
CREW ACCOMMODAT IONS

HEALTH MAINTENANCE

PAYLNAD SUPPORT

RMS

SUBTOTAL
PAYLOAD OPERATIONS

TOTAL

TOTAL  AVERAGE
POMER  POWER KN :
ALL OVER 48-, PERCENT
COMPONENTS  HOUR MM W/0
ON-KN  MISSION . CONSUMED PAYLOADS
0.00 0.00 6.0 0.0
2.65 2.65 127.2 10.0
5.99 5.99 297 5 22.3
0.06 0.0C ¢.0 0.0
0.00 0.00 . 0.0
3.07 1.59 E 5.9
0.89 0.24 s 0.9
0.78 0.52 e 2.0
4.65 2.53 LD 9.4
1.46 0.55 2.0
0.89 0.39 1.7
2.63 6.12 . 0.5
0.10 0.07 0.2
2.68 1.50 CL 5.5
5.70 0.85 3.1
0.00 0.00 L 0.0
0.00 0.00 ot 0.0
0.00 0.00 1.8
0.00 0.00 o 0.0
0.22 0.04 R 0.1
10.97 7.07 3386 26.3
6.21 0.35 1.8 1.3
0.26 0.26 12,2 0.9
0.00 0.00 ek 0.0
0.00 0.00 &0 0.0
0.00 0.00 .0 0.0
8.97 0.85 3.1
3.82 0.53 e 2.0
0.00 0.00 e 0.9
277 _0.21 i 1.0
65.21 26.89 120,  100.0
118.04 63.16 203 .6 -
183.25 90.05  4321.7 -
272
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4.3.5 Thermal capability

4.3.5.1 Introduction

The thermal design of a Space Station is highly dependent on the
configuration and is therefore sensitive to seemingly slight changes in
the configuration. The following thermal evaluation criteria were
considered for this study:

a. Integrated station environment effects on thermal design
requirements

b. Radiator area requirements
C. Muximum use of waste heat

d. Minimize sensitivity of thermal design to surface coatings
¢~ntamination and degradation

e. Design complexity and maintainability

f. System pocwer

g. Hardware commonality

h. Safe haven requirements

i. Technology status
4.3.5.2 Thermal integration
A totally integrated Thermal Contro) System which efficiently uses all
heat sinks and sources is ideal. However, this idealism must be
moderated by practicality. With this in mind, the Space Station
configuration was reviewed to identify functions and systems requiring
thermal control. Considering the evaluation criteria and the

requirements specified in the RFP, levels of integraticn and rationale
were formulated.

Table 4.3.5-1 presents the major identifiable functions/systems and the
design approach and rationale selected. Where specific thermal
requirements were not defined, sucii as OMV, OTV, and satellite servicing,
assumptions were made ac {o the thermal desfgn approach,
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4.3.5.3 System Qverview and Tapability

The candicdate Active Thermal Control Subsystem (ATCS) functionally 11lus-
trated by Figure 4.3 5-1 i, a hybrid design concept that maximizes the
use of Jocal thermal control for individual Station modules and satisfies
the remaining thermal controi requirements with a centralized system.

The heat acquisition and transport function is accomplished with &
thermal bus approach using a two-phase .-.vking fluid to transfer heat by
evaporation and condensation rather than by sensible heat changes of a
single phase coolant., As a result, the thermal bus essentially operates
at a constant temperature cver the entire length of the flow circuit with
pumping power requirements that are very small compared to a single phase
fluid system. Each manned Station module contains multiple twu-phase
water heat transport circuits to accommodate Station iscthermality and
heat load capacity requirements. With tho exceptinn of the Logistics
Module, the manned module water circuits interface with approsriate
central two-phase ammonia thermal bus circuits outside the pressurized
cabin areas operating at about 250F, 700F, and 900F. These cor “~al

fiow circuits in turn i~terface with an erectable, cen.rai..«. v it pipe
radiator systen. 1his radiator assembly includes a gimo:* <+- e to
orient the radiators towerd a minimum thermal environment o
minimizing radiatcr size.

In additio.., each mannad Staticn module has heat pipe radiators
(operating at about 35°F) integrated with the module meteroid pro-
tection shield. Although hardware commonz’ity is a geoal, the size of
these body-mounted radiators may vary from module to module depending on
surface area availability considering berthin; ports, windows, thermal
blockage, etc. To a limited degree, these module radiacors augment the
central radiators during normal operations. However, with the exception
of the Logistics Module, the principal function ¢~ these radiators is to
provide an autonomous safe haver rapability and to possibly assist during
the Station buildup ana assembly. To avoid "make and break™ filuid lin2
operations fcr the logistics module, body-mounted radiators are usea
exclusivelv to reject waste heat.

A separate two-phase ammonia thermail -+ (operating at about 1159F) is
provided for electric»l power system w.ice heat rejection from the
regenerative fuel cells, electrolysis units, and power conditioning
equipment. This flow circuit also inci.d~s a thermal storage unit to
minimize the radiator .ize since the night/day orbital power svstew waste
heat load varie« by a f--~tor of about *.5. Heat pipe radiators are
provided for rejection of the nower s;suim waste heat.

The 10C radiator areas for the referencc ATCS corcept are summarized
below:

2
Radiator Area (ft )*

Body-Mt 960 *
Central 4627
Power System 1226
L og Module 122

* Totel radiating arvea
** Excludes Logistic< Module 297

A{ﬁ-': t
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Virtually all eiements of the refercice configuration receive direct
solar radiation in the local vertical flight mode. Ideally the passive
therwmal design of habitable mor ,es for these conditions would use
radiator-type coatings {i.e., low solar absorptivity to emittance,

@/€, ratios) in conjunction with an insulation design to minimize heat
leak into the modules for those surfaces receiving sun while maximizing
heat leak out for other surfaces. However, considering the desire to
minimize coating refurbishment and the fact that the module total passive
heat loss or gain is small in comparison to the total internal heat load
{approximately 1 to 6 percent of tne Habitat Module load), a therwmos
bottle insulation design was selected. This desensitizes the design to
environmental va-iation- and coating degradation and allows the selection
of surface treatments such as anodized aluminum with an oC/€ approaching
1.0 for the habitable modules and external airlocks.

The OMY servi:ing and storage areas do rot require thermal protection
since the OMV must be designed for the extremes of thermal enviromment to
accompiish i<s mission. Alsc, no active thermal control ..aterface is
provided since the thermal design of the OMV will probably be completely
passive.

Satellite storage, service, and refueling area requirements are varied in
order to accommodate a large spectrum of satellite thermal design
enviromments from stationary attitudes which represent the extremes of
temperature capability to spinning modes which tend to a moderate range
of temperatures. This implies a capability to provide thermal protection
for some payloads in o~der to limit the range of environments to which
the satellite is subjected. Temperature extremes for unprotected
satellites with various oc /€ thermal properties are presented in Section
4.4.7.4.3 as well as internal temperatures for & deployable 15-by-60-
feet-long cylindrical thermal protectior shroud as a function of internal
power generation. A diameter greater than 15 feet will probably be
required to meet access requirements. For thov:z satellites requiring the
thermal protection shroud the allowable sateilite and egquipment heat
generation/power will be limited by the external oc/E ratio of the
shroud and the allowable maximum temperature envircnment of the payload.
Therefore, the ability to design the shroud to eliminate surface property
refurbishment may be limited. The shroud thermal design must be based on
a review of payioad and supporting equipment powei' and temperature
requirements and servicing/refueling operations.

The OTV hangar, 33 by 33 by 66 feet, is considered to have a completely
passive thermal design composed of multijayer high performance insulation
and appropriate hangar external surface thermal optical properties.
Actual performance requirements must be s2lected based on detailed OTV
design requirements and servicing operations. Active thermal control
interfaces with the central bus can be added as these requirements are
identified.

For an o2/E of 1.0, an internal heat load of approximately 2kW can be
accg?modated without exceeding an average internal hangar temperature of
100°F.
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Propellants for satellite, OMY, and OTV refueling and the station
contingency propellant are located within the truss work just below the
lower keel in the keel extension. Insulation closeouts are provided to
form an enclosure around the tanks. Since the design approach for the
cryogenic fluids (hydrogen, helium, nitrogen) has not been selected, the
thermal design is left as an open issue. Mowever, it is expected t‘at an
approach similar to that of the mono- and bi-propellants can be applied.
Applying anoac/E = 1.0 (0.8/0.8) external surface treatment in
conjunction with high performance multilayer insulation results in
minimum makeup heat to maintain the mono- and bi-propellants between a
400F and 1009F operating range. For each 9-foot truss cube

containing the tanks, 54 watts of makeup heat are required. The makeup
heat is provided by electrical heaters. Where practical, propellant
lines will be run parallel to the central tnermal bus with a common
insulation cocoon, thereby obtaining required makeup heat from the
thermal bus transfer lines. Tnose Tines not wrapped with the thermal bus
l1ines require approximately 0.27 watts of makeup heat per foot. Makeup
heat for operation of the catalytic beds for the station RCS engines was
not established since this is highly dependent on the detailed cngine
design and structural integration approach.

The 90-day station propellants are located in the unpressurized section
of the logistics wodule. The design of the logistics module is similar
to that ¢7 the habitation and laboratory modules. In addition, the body-
mounted radiators are mounted to the greatest extent possible on the
unpressurized portion of the module to provide an acceptable boundary
temperature for hardware located in the unpressurized compartment. A
thermal curtain (multi-layer insulation) closes out the open end of the
compartment.

The number and type of antennas for the reference configuration are

varied and their particular thermal requirements vary depending on

location, internal power generation and duty cycle. Since the antennas

andg associated avionics are expected to be either in an operational or

standby mode at all timwes, a passive design similar to that of the Space

Shuttle Orbiter Ku-band is envisioned rather than integration into the

Active Thermal Control Subsystem. "

Passive thermal control of the solar arrays can be obtained to a small
degree by optimizing the back face thermal optical properties. For an
oc/E of 0.5 and 0.7, the maximum and minimum temperatures during an
orbit are 1669F and -1359F, and ror an o¢/E of 0.2 and 0.9 they

become 1380F and -1420F, respectively. More complete results are
presented in Section 4.4.7.4.7. Final selection of surface properties
and materials treatment must consider the solar array detailed design and
evaluation of the contamination environment to which the array will be

subjected.
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4.3.6 Communications and Tracking Antenna Systems

4.3.6.1 Required Antenna Coverage (Field-of-Yiew) and Operational Zones
4.3.6.1.1 Operational zones

The operational zones specified for the Space Station Program are
depicted in Figure 4.3.6-1. These consist of nine zonal areas: (1)
proximity operations, (2) control, (3) departure, (4) rendezvous, (5 & 6)
co-orbital, (7 & 8) non-co-orbital, (9) parking (see Section 4.3.8.2.1).
Only zones 1 through 6 will be the responsibility of the Space Station
for communications and tracking.

Figure 4.3.6-2 depicts communications and tracking system coverage of
these operational zones. Tne approach taken was to cover zone 1 ana the
control zone with an antenna system which can achieve spherical coverage
out to 20 rmi since Space Station control of operations is limited to
this area. Zones 5 and 6 are covered by antenna systems which produce a
conical beam of +8.5° out to 1080 nmi (1line of sight grazing the
atmosphere).

These antenna systems will be described in Section 4.3.6.2.

4.3.6.1.2 Coverage required for an earth-oriented Space Station

a. Anterna coordinate system: Figure 4.3.6-3 shows the
coordinate system used to define the cone and clock angle direction
(theta and phi respectively) from the Space Station antennas to any other
vehicle. For an earth-fixed orientation, the z-axis is pointed toward
zenith (opposite the nadir direction), the x-axis is pointed along the
Space Station velocity vectoer, and the y-axis is perpendicular to the
orbit plane (POP). The boresight or peak gain direction of the antenna
is usually assumed pointed along the z-axis, so that the theta/phi plots .
will show the angular variation reiative to the antenna boresight. :

b. TDRS: Two Tracking and Data Relay Satellites (TDRS} will
be located at west longitudes of 41C and 1710, with a spare at
830, Since the TDRS is in synchronous orbit, the look angle from the
Space Station to TDRS will vary very slowly over o short period of time.
However, in a 1-day period the cone and clock angles vary over a wide
range. This can be seen in figure 4.3.6-4 where the theta and phi{ angle
variation is plotted for one 24-hour period. One orbit pass corresponds
to one horseshoe shape set of points around the y-axis. Each point is
separated in time by two minutes. For the whole year the cone and clock
angies will fall within the shaded area shown in the figure. Note that
the theta angle is never greater than 1000. The earth's horizon is
assumed to be at 809 corresponding to about the top of the ionosphere.
Note the large angular area over which the TDRS antenna does not have to
look. This allows greater flexibility in the location of the antenna on
the Space Station since such a large area of obscuration is available
without interfering with the TDRS look angle directions.
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c. GPS: The GPS look angle riquirements are similar to those
of the TDRS. However, since the GPS satellites are &t a highly inclined
orbit (550), there are periods when the cone and clock angle directions
are all near the positive and negative y-axes. Thus for GPS, unobscured
view of the upper hemisphere (theta = 00 o 900, phi = 00 to
36C%) will be required so that at least four GPS are always in view.

d. Co-orbiting S/C: With the Space Station in an earth-fixed
nadir pointed orientaticn the +8.59 cone coverage required around the
forward and aft tracks stays fixed throughout the orbit. However, small
roll, pitch, and yaw excursions of about 50 can occur. Thus, with one
antenna pointed forward and one pointed aft an angular cone of at least
+149 about both the positive and negative x-axes must remain
unobscured. If larger angular rotations of the Space Station about the
roll, pitch and yaw axes are expected, then iarger unobscured fields of
views will be necessary.

4.3.6.2 Antenna System Description

4.3.6.2.1 Communication links

4.3.6.2.1.1L TDRS

Two 9-foot diameter parabolic antennas will be used to communica‘e to the
ground via the TDRS. Two antennas are necessary in order to minimize
link outages during handover between the two TDRS satellites. For a 10-
te 15-minute period each orbit both TDRS satellites are in simultaneous
view. During this period the communication link must be transferred from
the TDRS satellite that is setting to the one that has just risen above
the horizon. If one antenna is used to track both satellites,
considerable data outage will occur during the pericd required to slew
the antenna 1300 from one TDRS to the other and to re-acquire the TDRS
signal. To minimize this outage period high slew rates would be
necessary, requiring much higher power to drive the gimbals. Low power
is required to drive the gimbals during the normal tracking periods since
the 1anb angles change very slowly. Each antenna will contain a dual
feed system, one for S-band and one for Ku-band. A tracking feed will
also be incorporated to maintain antenna pointing initial acquisition.
The RF transmit and receiving electronics will be locateu near the feed
to minimize cable losses.

During the initial build up of the Space Station, two hemispherical
coverage low gain (0-3db) S-band antennas will be used to provide a low
data rate S-band 1ink to both the TDRS and the Orbiter. Small microstrip
antennas can be used for this application. These antennas are used for
the TORS 1ink when the Orbiter is not present. When the Orbiter is in
the vicinity of the Space Station these antennas are switched to the
Orbiter link. The TDRS Yink from the Space Station is turned off.
Communication to the ground is now accomplished via the Orbiter TDRS
Tink. When the Space Station Assembly is completed, these antennas,
after relocation, will be used to provide a low data rate S-band link to
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TDRS as a backup in the event of loss of tracking by the 9-foot high gain
antennas. Separate RF transmit and receive electronics are located near
each of these antennas.

4.3.6.2.1.2 Orbiter

As stated in the previous paragraph, low gain near hemispherical coverage
S-band antennas will be used to conmunicate with the Orbiter in the near
proximity of the Space Station during the assembly phase. After the
reference configuration is completed, two additional low gain S-band
antennas will be added to provide coverage to the Orbiter during
proximity operations.

These antennas can provide coverage out to a range of about 5 n. mi.
Beyond this range a low gain (10 db) horn antenna will be used to provide
communicatiori to the maximum range of 20 n. mi. specified in the
rzquirements. Two steerable horn antennas will be required to provide
coverage along the forward and aft zones. Since these antennas have a
bezmwidth of about 50 degrees, a single axis gimbal will be required to
provide hemispherical (+900) coverage in the plane of the orbit.

4.3.6.2.1.3 EVA, OMV, FF, Platform

The communications 1ink to these various users will operate at K-band (25
to 27 GHz). Section 4.3.2.1 and Figure 4.3.6-2 discuss the required
operational coverage zones. As pointed out in that section, two basic
coverage zones will be provided. These are the near range contrcl zone
and the far range co-orbital zone. Two antennas systems will be used to
cover these zones. In the near range control zone (20 nmi sphere) a
multiple access 1ink will be used to communicate with the EVA's and OMV. '
This zone will be crvered by a set of switchable antennas with
overlapping beai.. to prrvide hemisphericai coverage. Figure 4.3.6-5
shows the mounting configuration of seven horn antennas, and their
transmit/receive electronics, which can provide hemispherical ccverage.
The peak gain of each antenna is approximately 9 db with a crossover gain
between antennas of 5 db.

A separate transmitter and receiver are connectec to each antenna so that
multiple users can be served. The signal received from each antenna is
down converted to a different IF frequency, corresponding to a different
beam. Each IF frequency is multiplexed and transmitted by cable to the
control center, where the signals are again separated and converted to a
comron IF frequency. A switch unit connects tha mixer output to the
dem>dulator corresponding to a particular beam. Several user signals can
be present in the same beam. In this situation more than one demodulator
would be connected to the same mixer. The demodulator selects only the
signal that matches the identifying code fed to it. CDMA has been
assumed for this design. TOMA could be used with a simpler design. The
switching unit would be located at the antenna, and the multiplex units
eliminated using a single !% frequency. Using TDMA requires an increase
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in the transmitter power in a direct ratio to the number of users being
served. Higher power microwave amplifiers may not be available at 25
GHz. For this reason and other considerations the use of TDMA may be
precluded. A more detailed trade-off analysis will be necessary before a
multiple access system design is chosen. In any event this antenna
design will work with any MA system.

An antenna switching arrangement, similar to that used for the received
mal, is incorporated for the transmitted signal. The transmit and
rv ive signals are connected to the same antenna using a deplexer, and
RF  !ters to provide isolation. Additional single element broad beam
anternas with 0-3 db gain will be used to provide extra coverage to EVA

activily in and around the immediate Space Station structure.

ror the initial Space Station configuration a single access communication
link will be used to communicate with the platrorm and FF in the var
range co-orbital zone (100-1080 mmi). To provide this coverage a 28-inch
digmeter K-band steerable dish is used. The peak gain of this antenna is
43 db. This is the gain required for the maximu: range of 1080 mmi. At
this range a FF located at the -10 nmi edge of the coverage zone will be
at an angle of -8.90 from the Space Station velocity vector. At +10

nmi this angle is 7.80, for a tota)l cone angle -overage of 16.70

(+8.50). Tn cover this angular zone a two axis gimbal system is

required for pointing the antenna toward the communicating user. The
antenna must be realigned each time the link is switched to a new user.
Two ot these antennas are required; one pointed forward and one gointed
aft. A separate set of RF transmit and receive electronics will be
mounted near the feed of each of these antennas.

In the Space Station growth configuration a multiple access capability
will be incorporated for the far range co-orbital zone. To provide this
capability the 23 inch diameter dish will be replaced with a multiple
beam of fset reflector antenna. Figure 4.3.6-6 shows the design of a
multibeam offset reflector antenna which can provide the required
coverage. This antenna contains about i00 switchable feeds, which cas
provide beams anywhere in the +8.50 core. The peak gain of this

antenna is also 43 db. -

The antenna boresight must be pointed about .59 below the orbit track

so that the +8.5% cone coverage of the antenna can reach the lower scan
angle of 8.90, A two a.is gimbal system is required for proper
alignment of the antenn. system borecight. This gimbaling system wiltl
allow for realignment of the boresight which may be needed to compensate
for any small pitch, roll or yaw excursions. Twc antennas are required,
one pointed forward of the Space Station, the other pointed aft.

Each feed of the new multibeam far range antenna system contains both a
transmit and a receive module, each consisting of a filter, mixer, buffer
amplifier, and either a power amplifier (PA) or low noise amplifier
(LNA). The transmit and receive iodules are diplexed to the feed. The
signals to and from the transmit and receive modules and the control
center are at IF frequencies. A mixer frequency is also provided for
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the up and down heterodyne conversion. A beam switching matrix is
incorporated at the antenna to switch the IF signal to the correct beam.
Up to four beams .an be uperated simultaneously. A gate signal is
provided to enable the LNA and PA of the operating beams, and to disable
the corresponding asplifiers on all the non-operating beams.

In the growth configuration a higher gain (50 db) antenna will also be
incorporated to provide high data rate (25 mbps) capability out to the
maximum range (See Table 2.4.3-1) . This antenna is a 5-foot diameter
steerable dish with a single beam. Only one user can be serviced at a
time. Two of these antennas are also needed to cover the forward and aft
directions. Since the beamwidth of this antenna is about .59, a two

axis gimbal will be required to reaiign the antenna to a different user
in the +8.5% (+14°for small attitude angle excursions) coverage zone.

4.3.6.2.2 Tracking and navigation

Two antenna systems are used to provide the Space Station tracking and
navigation functions. One is a rendezvous radar antenna using a
steerable 3-foot diameter dish operating at Ku-band. Two of these
antennas are required to provide tracking of the Orbiter or OMV anywhere
in the required 20 nmi sphere. The other i5 a low gain (0-3 db), dual
switched, hemispherical coverage antenna, which can receive position
location information from the GPS satellites. Small microstrip antennas
can be used for this application. Two of these antennas will provide the
hemisphericil coverage required.

An additional pair of low gain (0-5 dh) Ku-band microstrip antennas will
alsc be included for use with a rendezvous radar transponder which
operates with the Orbiter rendezvous radar. The radar transponder is
included on the Space Station in order to improve the tracking capability
of the Orbiter rendezvous radar, especially during the assembly phase.

It also aids in distinguishing returns from the various parts of the
Space Station structure, and thus avoids parallax errors whern approaching
the docking pert.

4.3.6.2.3 Mobile Remote Manipulator System (MRMS) s

To transmit commands and receive TY and TM from the MRMS, an S-band 1ink
will be used from the Space Station to the MRMS. One low gain near
hemispherica: coverage microstrip antenna will be located on each end of
the MRMS. Two ommidirectional antennas with a dipole type pattern will
be mounted on the Space Statiun. A biconical antenna or an array of
micrastrip antennas mounted around a cylinder could provide the beam
pattern coverage required. The antenna will have to be mounted away from
the Space Station structure and the pattern shaped to minimize the
effects of reflections from the structure. One uf these antennac will be
mounted on the transverse boom for use during the assembly phase. As the
Space Station is completed these antennas are moved to their permanent
locations.
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4.3.6.3 Antenna Locations for the Reference Configuration

Table 4.3.6-1 lists the total antennas to be used on the reference
configuration. Included in the table are the antenna type, frequency of
operation, and the elements served by each antenna. In the initial
configuration antennas Nos. 2 and 3 will not be incorporated. As pointed
out in Sectior 4.3.6.2.1.3, a 28-inch diameter K-band steer-able dish
antenna will be used in the initial configuration instead of the
multibeam antenna listed for antenna No. 2. The antenna location
discussion, however, will include both antennas Nos. 2 and 3. In general
two antennas will be needed for each link. For proximity operations four
additional low gain anternas (No. 5 in the table), with near
hemispherical coverage, are included to provide extra coverage to EVA
activity in and around the immediate Space Station structure. Four low
gain S-band antennas (No. 7) are shown. Two of these antennas and the
GPS {No. 8) antennas and their RF electronics will be located on the
transverse bocm for use during the early Space Station assembly phase.
When the Space Station is comp :te these antennas will have significant
cbscuration from tre solar panels and upper and lower keel structure. To
alleviate this problem these antennas and the RF 2lectronics associated
with them must be moved to a less obscured location. However, if the
moving of these antennas is not feasible, two additional antennas and
their electronics will be required. The two systems left on the
transverse boom could be used for 1imited redundancy capability.

Assuming these antennas can be mcvea, the two S-band antennas will be
located on the upper boom to provide a low data rate backup link to

TDRS. The two GPS antennas will also be located on the upper boom. The
two additional low gain S-band antennas (No. 7) will be located on the
lower boom to provide additional coverage to the orbiter in the proximity
region. The S-band horn antennas (No. 6), which provide coverage to the
orbiter out to 20 nmi, will be located on the upper boom. These antennas
proviue the primary coverage for tne S-band 1ink to the orbiter.

Figure 4.3.F-7 is a plan vieu of the reference configuration showing
antenna locations. The reference configuration is flown earth-oriented
with the bottom end of the Space Station always pointed toward nadir as
indicated in the figure. For this situation the look angle coverage
requirements are as discussed in Section 4.3.6.1.2. Both the TDRS and
GPS antennas must have unobscured views in the upper hemisphere looking
toward space. To provide this coverage these antennas are located on the
upper boom, as shown in figure 4.3.6-7. Th2 GPS antennas are located on
each end of the boom with the boresight looking along the z-axis toward
space. Although one hemispherical antenna could provide the coverage,
two are included since the placement of payload experiments on the boom
may cause obscuration. Figure 4.3.6-8 shows an olscuration plot for the
TDRS antenna locatad on the starboard side of the boom. The antenna
boresight reference is aligned 1s described in Section 4.3.6.1.2. The
shaded areas in the plot ccrrespond to the angular volume where
obscuration occurs. (Note: This obscuration plot and the ones to follow
were made for the configuration which is ientical to that shown in
Figure 4.3.6-7 except that it included three lower keel sections, and did
rot include the large antenna experiment TDM 2060. The results, however,
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ANTENNAS FOR REF. CONFIGURATION.

COMM. AND TRACK. ANTENNA FREQ. ELEMENTS
TRACK TYPE GHz NC. SERVED
I, TORS S/KU BAND 9 ft dish /18 2 TDRS
2. MED. GAIN (43db}~ 2.5 ft muTti- FF, PLAT-
CO-ORBIT M.A. feed offset 25 2 FORM, L&HDR
Ref.
3. HIGH GAIN (50db) FF, PLAT-
CO-ORBIT S.A. 5 ft dish 25 2 FORM, HDR
¥, 5.3db GAIN T eVement MU, OMV,
PROX. OPS M.A. switched array, L&HDR
hemisph. cov. 25 2
5.  0-3 db Gain Single element, ENU, ONY,
PROX. OPS M.A. near hemisph. cov. 25 4 L&HDR
6. S-BAND LOW
GAIN (10db) Horn 2 2 ORBITER
7.  S-BAND LOW Dual switched, ORBITER,
GAIN (0-3db) hemisphere cov. 2 4 TDRS
8. GPS LOW GAIN Dual switched,
(0-3db) hemisphere cov. 1.5 2 GPS
9. RENDEZYOUS RADAR ORBITER,
MED. GAIN (40db) 3 ft dish 14 2 OMV
1G. REND. RADAR XPNDR  Near hemisphere
LOW GAIN (0-2db) coverage 14 2 ORBITER
IT. MRMS LOW GAIN See Note 2 ‘Mobile Rem.
{0-3db) 2 4 Manip. Sys.
TCTAL 28
TABLE 4.3.6 -1
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NOTES: 1.

Py

Antenna #5 required to provide extra coverage to EVA activity

in and around the immediate Space Station structure.

Two antennas of #11 are mounted on the MRMS. They are single
element ant. with near hemispherical coverage. The other two
are mounted on each side of the keel structure. These ant.

will produce omni-directional dipole type patterns.

The Radar XPNDR. (#10) is included on the Space Station to
enhance the capability of the Orbiter's rend. radar to see the

Space Station, especially during assembly.

The S-band low gain ant. (#7) are used to provide coverage
to the Orbiter and to TDRS during the assembly phase, and to
provide a low data rate S-band link to TDRS as a backup to
the 9-ft dish (#1). Two of these antennas will rrovide extra
coverage to the Orbiter when it is stationkeeping near the

Space Station.

In the initial configuration antenna #2 will be a single beam
28-1in dish. Antenna #3 will be added in the growth

configuration,
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would not be much different for a single keel configuration.) Figure
4.3.6-8 shows that there is a clear field of view (FOV) over the required
coverage angles indicated by the hatched area. Figure 4.3.6-4 indicates
the required angular coverage. A similar clear upper hemisphere FOV will
also be available for each of the GPS antennas except for slight
obscurations that occur from payloads. Howe er, the two GPS antenna
coverages complement each other so that payload obscurations are avoided.
The Tow gain TDRS S-band antennas located near the GPS antennas will have
the same coverage capability as the GPS antennas.

The medium and high gain antennas (No. 2 and No. 3) used for the far range
co-orbit communications need only a +150 FOV around the forward and aft
orbit track. This is easily cbtained by placing these antennas on the
upper portion of the lowe: keel, as seen in Figure 4.3.6-7. Oae each of
these antennas is pointed along each track direction. Figures 4.3.6-9 &
-10 show respectively the obscuration plots for the forward and aft looking
5-ft diameter K-band antennas (No. 3), located cn the starboard side of the
lower keel. For this plot the solar arrays were rotated from their
position shown in Figure 4.3.6-7 by 90C in alpha and 520 in beta,

placing the arrays in the position that can cause the greatest

obscuration. The hatched in areas on each plot correspond to the +150

FOV requirement, showing that a sufficiently clear FOV exists. A similar
set of plots would result for the medium gain antenna, and for the
rendezvous radar antenna (No. 9) located on the port side of the lower
keel. For the radar, however, a full hemispherical (+900) FOV is needed
around the positive and negative x-axes. For the forward looking direction
shown in Figure 4.3.6-9, this FOV (theta=0-180, & phi=0-90 & 270-360) is
mostly clear except for some obscuration caused by the solar arrays. In
the aft looking direction, where the required FOV is theta=0-180 &
phi=90-270 degrees, a similar situation exists. This is shown in figure
4.3.6-10. These areas of obscuration will reduce when the solar arrays
rotate away from this orientation. The radar transpower antenna, which has
the same FOY requirement as the rendezvous radar antenna, will have
obscuration similar to that shown in figuroes 4.3.6-9 & -10.

The S-band horn antennas (No. 6), which are located on the upper boom
pointing along the forward and aft direction, will have a clear FOV over
the forward and aft hemisphere. The obscuration plots for the forward
looking antenna is shown in Figure 4.3.6-11. In this particular plot the
z-axis of the antenna has been rotated so that it points along the x-axis.
In this orientation the required FOV is the angular volume of theta=0-300

% phi=0-3600 as indicated by the hatched area shown on the figure. Two

of the low gain S-band antennas (No. 7) that are used to provide additional
coverage to the Orbiter will be located out on either end of the lower boom
structure, pointed along the positive and negative Y-axis respectively (not
shown on the figure).

The 7-element prox. ops. antennas (No. 4) are located near the top of the

keel extension. They are placed away from the structure in both the x and
y direction and pointed along the positive and negative x-axis, in order to
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provide unobscured hemispherical coverage in the forward and aft
direction. Figures 4.3.6-12 & -13 show obscuration plots for these two
antennas, for the z-axis of each antenna rotated so they point along the
positive and negative x-axis, respectively, as in Figure 4.3.6-11.

Two of the low gain prox. ops antennas (No. 5) will be located on each end
of the upper boom pointed along the positive and negative y-axis,
respectively. Figure 4.3.6-14 shows an obscuration plot for the antenna on
the starboard end of the upper boom, with the z-axis of the antenna pointed
along the negative y-axis. The solar panels for this figure were rotated
900 in alpha and 520 in beta. The required hemispherical FOV is the
angular volume of tneta=0-900 & phi=0-360°. This area is essentially

clear except for the small area of blockage caused by the solar panels
around phi=2700. The prox. op. antenna on the other end of the upper

boom will have a similar obscuration plot, except the shawdows from the
solar arrays are iocated around phi=90 degrees. The hemispherical FOV will
1ie in the positive y-axis direction. The other two No. 5 antennas are
located on the keel extension section with their axes pointed along the
positive and negative y-axts similar to the other antenras on the upper
boom.

Two of the MRMS low gain antennas (No. 11) will be located on the top of
keel extension, one on the forward side and one on the aft side. The
omnidirectional patterns of these antennas are aligned to provide coverage
to the MRMS up and down each side of the keel. The other two antennas as
stated earlier will be mounted on either end of the MRMS.

Locations of the low gain broad beam antennas (Nos. 5, 7, 8, 10 & i1), are
only suggested to provide good FOV coverage. The obscuration plots shown
for the various antenna locations give line of sight blockage information
only, and do not necessary represent the RF blockaae which may occur. The
actual antenna patterns from these antennas or any of the broad beam low
gain antennas will be affected by reflections and refractions from nearby
str tures. A more detailed volumetric pattern computer analysis, of these
antennas mounted on the structure, will be needed before true RF blockage
can be determined and suitable locations chosen. This also applies to the S
high gain pencil beam antennas, in which case the problem is from multipath
reflections from structures entering the antenna side lobes.
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4.3.7 Launch and Assembly

4.3.7.1 Introduction

At present, no spacecra‘t has ever been assembled on-orbit. The
construction of a Space Station therefore presents a brcad spectrum of
design and development challenges that must be addressed early in a
configuration amalysis.

A Space Station reference configuration launch and assembly scenario was
developed for use in determining Space Station design implications anc
requirements on the STS. It was recognized that there were many
variations and options applicable to the launch and assembly of such a
system as the Space Station; however, the following scenario is
considered to be an achievable one based on the available inputs. The
effort described herein includes the objectives that were established and
au explanaticn of the assumptions that were made. Also included are
descriptions of each payload package and th assembly operations leading
to I0v. Finally, estimates of the required _.aw timelines for the
assembly operations are included.

The scope of this scenario is limited to the launch and assembly/
installation of the major Station elements leading to I0C and does not
address station payload related items. The intent is to convey a
starting point for more extensive studies leading to a well defined
launch and assembly scenario.

Only the assembly of the IOC Station is described. It is felt that the
taunch and assembly operations associated with the growth of the station
wouid be quite similar to those presented here.

4.3.7.2 Launch/Assembly Description

Early in the study three general objectives were selected and were
incorporated into the relerence scenario. The three objectives are:

1. Minimized STS-supported EVA. EVA that is conducted from and N
supported by the Orbiter 1s a 11mited resource. On a typical seven day
mission, tinere is curreantly a Timit of two, two-man EVA's of
approximately six hours duration each. In addition, should an emergency
arise, the Orbiter may be required to return to Earth before all mission
objectives have been met. For this reason an objective was to minimize
the amount of EVA required in the early assembly phases of the Spa-e
Station. Some EVA wiil of necessity be required during the early phases
of the buiidup, however, the objective was to keep the durations and
complexities to a minimum. After the station cen be manned and the
necessary consumables are on board, EVA could be conducted without the
presence of ar orbiter. Therefore, many operations required to achieve
the final station conf.yuration but not required to reach habitability
were reserved for station-supported EVA missions.
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2. Self-powered and controllable spacecraft from Flight 1.
Another important objective for Taunch and assembly planning was to leave
on-orbit from the first flight a spacecraft element capable of generating
some amount of power for attitude control, thermal control, and
communications functions. This goal dictates the order in which major
station elements are launched through the first two flights.

3. Early habitability. A final important objective was to man
the station as early in the buildup phase as is practical without making
major subsystem changes. Having the station manned allows the assembly
operations such as systems checkout, interface verification, and
utilities installation to continue between STS flights. This objective
dictates the order in which station elements are launched beginning with
the third flight.

In establishing the launch and assembly scenaric, certain assumptions
concerning the STS were made. These include the following:

1. Only one Orbiter is required for each launch/assembly phase.

2. Only one Logist'cs Module is required to reach I0C (no
changeout during buildup).

3. Flights 1 through 5 are capable of supporting EVA.

4. Shuttle Remote Manipulator System {SRMS) is available on
Flichts 1 through 7.

5. The Orbiter would not bhe used in a hovering mode from point
to point mode.

It was also0 assumed that the OMY would not be used to assist in the
assembly operations.

The launch/assembly scenario is composed of sevcn STS flights and
associated operations. Figure 4.3.7.2-1 illustrates the major components
of the Space Station and indicates the flights on which they are

mani fested.

The basic structure of the Space Station is composed of 1inear,
sequentially deployed, single fold, box truss type beam segments as
described in the White Paper entitled, “Space Station Truss Structures
and Construction Considerations.” The reference structure has strut
members that are two inches in outer diameter. A single unit cf this
beam is a 9- by 9-ft cube formed by 18 struts and eight connecting nodal
Joints. Utilities are pre-integrated into the structure, thereby
reducing the task of routing cables, hoses, etc., to one of making
relatively simple connections at the major structural interfaces.
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Certain segments of the station structure, it is felt, could be
efficiently assemtled in a strut-by-st.ut manner by the crew. This is
especially true for short connecting segments which could become quite
difficult to integrate, package, and deploy with longer segments.

The listing that follows is a summary of the payload components making up
each of the seven flights.

FLIGHT MAJOR SPACE STATION ELEMENTS

I - inboard solar array wing pairs
- rotating power joints
- power conditioning radiator arrays
- inboard transverse boom structure
- power conditioning equipment
- control equipment
- communication equipment
- berthing structure
- MRMS

II - lower keel st-ucture
- port keel extension structure
- starboard xeel extension structure
- lower boom structure
main radiator panels
cioseout structure
main radiatcr booms
RCS ’
berthi- structure

111 - HM1 (habitation module 1)
ALl (airlock 1)
AL2 (airlock 2)

1

Iv HM2 (habitation medule 2} 1
upper keel structure
upper boom structure

antennas

LOG1 (logistic module 1)

port solar array wing pair

starboard solar array wing pair

port outboard transverse borm structure
starbcard outboard transverse boom structure

LI S B T |

V! ~ LAB1 (laboratory module 1)
. - equipment spares
- external experiments

VII - LAB2 (laboratory 2)
- equipment spares ‘
- external experiments o

308



o

Vo Weottee e

Such items as the OMY, OMV hangar, and satellite servicing equipment

have not been included in this scenario. Further study is needed 1n this
area to determine whether these items could be delivered on Flights VI or
VII, on subsequent flights, or possibly by resuppiy flights.

4.3.7.3 Shui.tle Payload Bay Packaging

1 major design constraint on the principal Space Station elements is
compatibility with the STS for launch. This constraint includes such
c-itical payload parameters as weignt, volume, and center of gravity.
For each of the seven STS flights in the reference scenario, an analysis
was carried out to define a payload package that was within the limits
set by geometry and launch capability of the Orbiter. Figures 4.3.7..-1
through 4.3.7.3-7 illustrate the launch package for each flight.

4.3.7.4 Component Installation Description
Following is a description of 'he issembly procedures using illustrations

as appropriate. The approach taken was to develop only the details of
the operations necessary to understand the total assembly task.

FLIGHT I
TASK/OPERATION FIGURE METHOD
1. Install radiator parels I-1 RMS/EVA
2. Remove payload package from Jaunch 1-2 RMS

restraints; rotate 90° and insert
into deployment restraints

3. Deploy port half of deployable I-3 Mechanisms
structure; deploy sterboard half
of deployable structure

4. Deploy solar array blanket boxes; I-4 Mechanisms
deploy solar array blankets I-5

5. trect berthing structure support EVA
bay; attach berthing port

6. Install MRMS (Mobile Remote SRMS/EVA
Manipulator System)

7. Perform systems checkout; depart 1-6 Orbiter

Systems
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Figure -6 Side bay erected on transverse boom to accommodate a berthing ring for Flight Il.



10.

TASK/OPERATION

FLIGHT II

Remove lower keel package from payload
bay; unfold deployment rails; attach

package to transverse boom

Deploy lower keel deployable structure;
unfolid radiator support booms

Unfold radiator arms; erect two keel
extension bays on the port and starbcard

sides of the icwer keel boom

Install radiator panels in the port
and starboard heat exchanger booms

Remove the port keel extension boom

package from the cargc bay; transport
to attachment site; unfold deploywent
rails; attach package to erected keel

extension bay on port side

Deploy port keel extension structure

Remove the starboard keel extension
boom package from the cargo bay;
transport to attachment site; unfold
deployment rails; attach package to
erected keel extension bay on starboard

side

Deplioy starboard keel extension structure

Erect keel extension interconnect bays

Perform systems checkout; depart

Ay ARET

FIGURE
I1-1

11-2

I1-3

I1-3

11-4

11-4
11-5

11-6

11-6

(+)

METHON
MRMS/EVA
Mechanism

MRMS/EVA

MRMS/EVA

MRMS/EVA

Mechanism
MRMS/EVA

Mechanism
MRMS/EVA A

Orbiter
Systems
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FLIGHT III
TASK/OPERATION"

1. Remove HM1 from payload bay; attach
to keel axtensicn structure

2. Remove AL2 from payload bay; attach
£ HM1

3. Remove AL1 from payload bay; attach
to HMl

4. Pcrform systems checkout; depart

332

FIGURE

I1I-3

METHOD
MRMS/EVA

MRMS/EVA

MRMS/EVA

Orbiter
Systems
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Figure 111-3 Configuration at end of Flight l11.
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FLIGHT IV
TASK/OPERATION

Remove HM2 from payload bay; attach
HM1

Attach AL2 to HM2

Remove upper keel structure package
from payload bay; transport to
attachment site; unfold deployment
rails; attach package to transverse
beam

Deploy upper keel and uppe’ boom
structure

Perform systems checkout; depart

336

FIGURE
Iv-1

Iv-2

Iv-3

METHOD
MRMS/EVA

MRMS
MRMS/EVA

Mechanism

Orbiter
Systems
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FLIGHT ¥

TASK/OPERATION

Remove LOG1 from payload bay; attach

to HM2

Remove port solar array addition

package from payload bay; transport

to attachment site; attach %o
transverse beam

Deploy port outboard transverse
beam structure

Remove starboard solar array addition
package from payload bay; transport to
attachment site; attach to transverse

beam

Deploy starboard outboard transverse

beam structure

Deploy sclar array blanket boxes;

deploy solar array blankets

Perform systems checkout; depart

FIGURE
V-1

v-3

V-4

METHOD

SRMS/EVA
MRMS

SRMS/EVA
MRMS

Mechanism

SRMS/EVA
MRMS

Mechanism

Mechanism

Orbiter
Systems

1t was assumed for scenarioc development purposes that the Station was

permanently manned at this point in the assembly sequence.

Many

operations could be conducted at this point including performing EVA
assembly tasks such as verification of attachments, installation of
additional radiator panels, and installation of permanent hard lines as

necessary.

has to be on-crbit to support the assembly operations.
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FLIGHT VI

TASK/OPERATION FIGURE METHOD

1. Remove LAB2 from payload bay; attach SRMS/EVA
to HM2 and to keel extension structure MRMS
2. Perform systems checkout, depart Vi-1 Orhiter
Systems

No major Station element other than LAB2 has been designated for launcn
on Flight VI. Such items as Station systems spares and external payloads
could be deiivered on this flight as suggested in the payload summary
given in 4,3.7.2. [t is felt that as further studies are conducted many
items wiil be identified as being required early in the build-up
sequence. Hence, the available volume on this flight and on Flight VIl
was intentionally illustrated in the launch packaging figures in 4.3.7.3.
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FLIGHT VII
TASK/OPERATI0K FIGURE METHOD
1. Remove LAB1 frcm payload bay; attach SRMS/EVA
to HMl, and LABZ MRMS
2. Perform systems checkout; depart Vii-1 Orbiter

Systems

As on the previous flight, there exists a volume for miscellaneous items
or payloads in the launch package.

347

L3
AT AL S AR L e oDe Tl IR AED ey v W T -



T e . ‘ -
v . - 8 /o

‘Pei8|dwo9 39138084, 8Y} PUB PBYIEBHE LGy Buimous 1A 1yBii4 40 pue e uoneinByuod L-|jA enbiy

—_— —
\
\
/
’
s
48

3

: N
q_ ] ,
' .—__ ! \ o

iy X7 w




Figure 4.3.7.4-1 illustrates the final configuration of the I0C Reference
Zpace Station. Assembly techniques described in the reference scenario
would be applicable to the envisioned growth configuration of the
Station.

4,3.7.5 Assembly Operations Crew Timelines

A- a part of the study estimates were made of the crew timelines required
to perform the on-orbit assembly operations These estimates were based
ori NASA Contra~tor Report 3751, “"Analysis of Large Space Structures
Assembiv”, and on SRMS, EVA, and neutral buoyancy testing experience.

Table 4.3.7.5 1 lists the estimated number of hours of two-man EVA's
required to perform the assembly tasks associated with each flight in the
reference scenario.

The results of this analysis, including a breakdown of the EVA, SRMS, and

MRMS operations required to perform the assembly tasks described in
4.3.7.4, are detailed in Appendix A.
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Figure 4.3.7.4-1 10C reference configuration space station.
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4.3.8 Operations
4.3.8.1 Manipulator Operations

Assembly of the Space Station, as well as the placement and servicing of
externally mounted payloads and maintenance of station ORU's all require
a Mobile Remote Manipulator System (MRMS). Some of the more critical
requirements of the MRMS will be station assembly, module removal,
OMV/0TV berthing in the hangar area, deployment of the OMV/OTV from the
hangar area and as ar aid to OMv, OTV and satellife servicing. The
analysis conducted emphasizes the use of the current Shuttle RMS to the
maximum extent possible for assembly. The MRMS was considered cnly for
those operations which exceeded the reach capability of the Shuttle RMS.
The MRMS analysis was performed using the RMS Desk Top Planning
Simulation (RPS) developed for RMS mission planning activities and used
to define RMS payload handling capabilities and procedures for STS '
missions. The program was updated and modified to include the reference
configuration, as well as a generalized manipulator in the sense that the
length of the manipulator booms can be varied to accommodate larger reach
envelopes than the current RMS. The number of active joints can be
reduced and the booms shortened so that a Handling and Position Aid (HPA}
type of mechanism can also be accurately simulated.

The manipulator analysis included herein is based on a kinematic model of )
the RMS in that no rigid or flexib'e body dynamics are included. This ;
limitation, however, does not invalidate the feasibility of using the RMS N
for station assembly since all modules handled are within the weight and

inertia 1imits verified for standard RMS operations. The stucy results

are based on the current RMS control algorithms and software and verify \
the reach capability as well as the maneuver path for both the RMS and
the MRMS. The simulation also checks for singularities and joint reach
limits. In summary, all maneuvers studied for the reference
configuration assembly sequence should be valid with the exception of
possible crew visibility constraints. RMS operator eye-point and CCTV
views can also be generated using the RPS simulation, and these result<
wiil be considered in future analysis. The study focuses on assembly _f
the major structurail components and modules of the Space Station only and K
was performed using the following assumptions and guidelines:

a. Orbiter RMS use was restricted to the current port RMS.

b. A1l construction was performed with the Orbiter firmly
attached to the Space Station structure.

c. The MRMS dimensions and control algorithms were identical to
those of the current RMS.

d. The MRMS could move on either the front or back side of the
upper and Tower keels, the keel extensiop, and the transverse boom.
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e. Crew visibility of maneuvers was not considered.

f. Grapple fixture locations and orientations considered only
RMS/MRMS reach capability and did not consider module structural design
at the attach point.

The RMS/MRMS maneuvers are not necessarily the most optimum maneuvers,
but do verify reach capability, adequate clearances along the entire
maneuver path, and freedom from encountering reach limits or
singularities.

4.3.8.1.1 Station assembly

a. Flight 1 - The Orbiter port RMS is required to remove the
initial package of truss structure components from the Orbiter payload
bay and place it on the guide rails which permit the transverse boom to
be deployed (Figure 4.3.8.1-1). The Orbiter RMS '4+i11 also de required to
assist in Jositioning the MRMS onto the truss structure once it is tully
deployed.

b. Flight 2 - Once the Orbiter is docked to the structure
following Flight 1, the MRMS can be used to remove the new structure
packages from the Orbiter and position them for attachment tc the
existing structure. Figure 4.3.8.1-2a shows the MRMS removing the
package that makes up the lower keel (step 1) and placing it in position
for deployment (step 2). Figure 4.3.8.1-2b shows the same maneuver using
the Orbiter port RMS.

c. Flight 3 - Flignt 3 requires the Orbiter to dock to th2
auxiliary berthing ring at the module end of the lower keel as showr in
Figure 4.3.8.1-3. The MRMS is then used to remove the first Habitation
Module (HM1) from the Orbiter payload bay (step 1) and position it for
attachment to the keel extension (step 2).

d. Flight 4 . The Orbiter is docked to the HM1 as shown in
Figure 4.3.8.1-4. Tne rationale for docking the Orbiter to the HMl as
shown allows the module to be entered directly from the Orbiter without Y
an EVA. This berthing port is not the primary or auxiliary, but it is
required to facilitate transfer of the second Habitation Module (HM2) and
still allow access to the interior of the HMI. As on Flight 3, the MRMS
is used to remove the HM2 from the Orbiter paylnad bay (step 1) and
position it as shown (step 2).

354
\
e M "-\il‘é



Cpe e mr

£

———

355

RIS

Figure 4.3.8.1-1 - FLIGHT 1 PORT RMS (DPERATIONS

4



e ——JHEEEE

i =
L\
i i =
+ B -
] - jusman-Ef]
i
g : E

Figure 4.3.8.1-2a- FLIGHT 2 MRMS OPERATIONS
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Figure 4.3.8.1-4 - FLIGHT 4 PLACEMENT OF HM? USING MRMS



e. Flight 5 - With the Orbiter docked to the primary berthing
port on the HM1 in the orientation shown in Figure 4.3.8.1-5, the Orbiter
port RMS is used to remove the logistics module (LM) from the Orbiter
payload bay (step 1) and attach it to the auxiliary berthing ring located
on the truss structure (step 2). The MRMS is then used to remove the LM
from the auxiliary berthing ring {(step 3) and attach it to the HM2 (step
4). Care must be taken when maneuvering the MRMS around the external
airlock attached to the HMl. For this and all remaining assembly
flights, the Orbiter is attached to the primary berthing port on the HMI.

f. Flight 6 - A scenario similar to that of Flight 5 is used
to transfer the LAB module {LAB1} from the Orbiter to the MRMS for
attachment to the existing modules; however K the MRMS is roquired to

operate on the opposite side of the lower keel from all previous flights
(Figure 4.3.8.1-6).

. Flight 7 - The transfer of the second laboratory module
(LAB2) from the Orbiter bay to the MRMS {steps 1, 2 and 3) of Figure
4.3.8.1-7 i5 identical to that of Flight 6. The MRMS then positions LAB2
(step 4), completing the racetrack configuration (Figure 4.3.8.1-7).
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4.3.8.1.2 Station maintenance/payload placement

Figure 4.3.8.1-8 shows representative locations and sizes of the
externally mounted payloads and servicing structures. The Space Station
structure is removed from this figure for clarity. In Figure 4.3.8.1-9,
the Space Station structure has been inserted. Also shown in this figure
is the reach envelope of the MRMS as defined by the location of the wrist
pitch joint. The envelopes are shown for various locations along the
truss structure where MRMS assistance in servicing the station and
externally mounted payloads cnuld be required. With the MRMS able to
travel along both the front and back sides of both the upper and lower
keels and the trarsverse boom, it is apparent that all areas of concern
can be reached with an MRMS h»ving the same dimensions as the current
RMS.

4.3.8.2 Orbital Flight Operations

The Space Stz*ion System consists of a manned orbiting Space Station,
space platforms, free-flying satellites, orbital transfer vehicles, and
orbital maneuvering vehicles that interact with the Space Station in
orbit. In order to utilize all oi these elements efficiently, many
detached operations will interact directly with the station. Missions
involving two or more spacecraft will frequently require rendezvous
and/or Proximity Operations (PROX OPS}. Rendezvous is the act of
bringing two vehicles, a target and a chaser, together. The amount of
time requirea to rendezvous can range frem hours to days. This time may
influence the launch/departure time. In general, the rendezvous
maneuvers will leave the chaser vehicle at a specified offset point ahead
of the target if the cheser is manned or behind the target if the chaser
is unmanned. At this point, the -endezvous is completed. The chaser may
then stationkeep prior to init at'or of PROX OPS involved with transition
to the target and berthing. PROX OPS is concerned with that portion of a
mission when two vehicles are within approximctely 1000 feet of each
other and one is performing maneuvers relative to the other. These
maneuvers may <{r may not be pe formed marually by the active vehicle
controlier; however, the results of these maneuvers will be monitored
closely through direct visual cr electronic means. PROX OPS begins at
that final stete resulting from the rendezvous activities (normally on
the target's velocity vector). PROX OPS maneuvers may include
transitions to various offset points, statirnkeeping, approacies,
flyarounds, and the separation to a “stand-¢ ." position. Other
activities such as departures, monitoring and servicing co-orbiting
satellites (satellites traveling in the same orbit as the Space Station)
are alse included.
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4.3.8.2.1 Operational Control Zones for the Space Station

The concept of Operationul Control Zones has been developed in an effort
to provide an operational foundation for the Space Station System.

Any concept for multiple detached operations must address the following
operational requirements. First, the concept must allow for standardized
flight planning and operations. This means that the routine need for
long lead-time preparation prior to executior of multiple detached
operations must be avoided. Second, the concept must permit standardized
crew planning and operations. This wiil simplify crew training and
day-to-day crew activity planning. Third, the concept should aliow early
definition of requirements. These include Communication and Telemetry
reguirements, as well as Command/Control/Tracking requirements. Knowing
the requirements early will help to minimize over-design. Finally, any
ptan for conducting multiple detached operations should provide for
collision avoidance between spacecraft and hold Space Station disturbance
and contamiration from thruster firings to a reascnable level.

In order to satisfy these operetional recuirements, the current concept
earmarks nine specific operational regions or zones in the crbital area
of the Space Station. Each of these zones is decdicated to a specific
type(s) of detachied operation(s).

The following cperational considerations and guidelines were taken into
account in defining the location and size of the Operational Control
lones:

a. The amount of work on the Space Station will be held at a
minimum by having the ground responsibie for all flight pianning,
tracking, and cortrol operations where a high level of crew involvement
would otherwise be required for final rendezvous and PROX OPS phases.

b. For all flight operations in which a vehicle is approaching,
stationkeeping, performing fiyarounds, ana/or berthing with the Space
Station, a crew member will be required to actively monitor and if
necessary control the flight operations. Thus, if the active vehicle is
urmanned, the capability to actively take over Command/Control must
exist. For most spaceflight operations performed to date, this contro! .
usually takes over at a separation distance of approximately 37 km (20 LN
nmi) between the two vehicles. }

¢. Co-orbiting Satellites will be maintained in a desired orbit
position relative tc the Space Station and will be actively controlled
from their ground control centers. The definition cf this relative
position will be a Tuncticon of the payl- ad's reaquir~ments on the Space
Station. If it requires no Space Station support other than routine
servicing, its relative control position can pe allcwed to be very large,
possibly
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hundreds of kilometers along the Space Station's flight path. However,
all co-orbiting satellites will be maintained approximately coplanar with
the Space Station.

d. Non-co-orbiting satellites will be positioned to avoid any
possible recontact with the Space Station and its co-orbiting satellites.
The Command/Control of the non-co-orbiting satellites will be maintained
by their ground control centers. No attempt will be made to cuntrol the
relative position of these vehicles, cvcept in instances of collision
avoidance. However, some control may be exercised upon the satellite's
relative altitude in order to control the magnitude of the relative plane
at the time of satellite servicing, ospecially if the satellite is to be
serviced from the Space Station.

e. Payloads returning from geosynchronous or other high energy
crbits, and requiring Space Station support, will be initially targeted
to a parking orbit above the Space Station. This will 2ilow for relative
phasing and planar adjustments between the returning vehicle's orbit and
that of the Space Station. This parking orbit will also act as a
hand-over interface for flight planning activities, allowing the descent
from the high energy orbit to bte decoupled from those activities
occurring in low earth orbit such as final rendezvous with or servicing
by the Space Station.

A detailed discussion of each of these coperational zones is outlined
below. Refer to Figures 4.3.8.2.1-1 through -8.

Zone 1: Proximity operations zone

Zone 1 consists of the region of space enclosed by a 1-km (approximately
3280 ft.) sphere centered on the Space Station. Within this zone, all
nominal proximity operations including stationkeeping, flyarounds, final
approaches énd berthing will take place. In addition, aominal MMU/EVA
activity will be performed within this zone.

Zgge 2: Control zone

This concept assumes that the Space Station will have the capability to
acquire active Command/Control/Track of any unmanned vehicle that enters
this zone.

This zone contains a “slab-like" vrlume of space that is curved and
centzred about thc Space Station orbit track. (Neote that this shape is
common to all cones cenicred around the Station's orbit.) In the
horizonta! direction (curvilinear “x"), Zcne 2 begins 37 km (20 nmi)
behind the Space Station and ends 37 km ahead of it. In the vertical
directici (rurvilinear “z"), the zone starts 37 km below the Space
Station's orbit and ends 37 km above it. Finally, Zone 2 2xtends + 9 km
(5 nmi) out of tne Space Station's orbital plane (curvilinrear "y")o
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In order to support its Command/Control responsibility_ the Space Station
is assumed to have several additional capabilities which will be used
only when an unmanned vehicle enters Zone 2. Tne functions are:

a. Mcnitoring: The Space Station will be capab’e of actively
monitoring the “system health" portion of any unmanned vehicle's
telemetry. This will support any safety questions such as system
malfurctions that must be considered while maneuvering the active vehicle
within near proximity of the space Station.

b. Tracking: The Space Stiation will be capable of
tracking/commanding/controlling all unmanned vehicles within the Control
Zone. Limiting Space Station traffic control authority to Zone 2
provides two obvious advantages. The first is that it reduces and helps
to define antenna requirements. The second advantage is the freeing of .
valuable crew time that is better spent on things other than routine -
monitoring and flight planning activities.

Zone 3: Departure zone

Most nominal departures from the Space Station will take place within

this zone, after initial deployment and separation maneuvers are

performed in Zone 1. Zone 3 is centered upon the Space Station's flight

path and begins at the Space Station, extending forward to approximately .
185 km (100 nmi). In the vertical dimension it begins approximately 37 -
km (20 nmi) below the Station's orbi  nd &i.ds approximateiy 3/ km above

the Space Station's orbit track. Tt . zone extends approximately + 9 km

(5 nmi) out of the Space Station's o1 it plane. -

Zone 4: Rendezvous zone

A1l nominal rendezvous with the Sp> > Station will be targeted to arrive

within this zone. Zone 4 is centered upon the Space Station's orbit

track, and extends rearward from the Space Station to approximately 185

km (100 nmi). 1t is approximately + 37 km (20 nmi) in the vertical

dimension, and approximately + 9 km (5 nmi) in the out-of-plane v
dimension. This zone's location and size have been designed to be \
consistent with the standard Stable Orbit Rendezvous Technique In

Stable Crbit Rendezvous, the chaser arrives at an offset point some

distance behind the target and performs its closing maneuvers from this

point.

Zone 5 & 6: Co-orbiting zore:

A e v e
e e e ,w;ﬁkﬁv‘mf“‘w"

These two zones are dedicated to co-orbiting satellite onerations. Zone
5 is the leading co-orbiting satellite zone. It begins approximately 185
km (100 nmi) ahead of the Space Station. It is centered aiound the Space
Station's flight path, and extends forward to the opposite side uf the
orbit; i.e., 180° away from the Space Station (app.roximately
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21,609 km or 11.668 nmi for an assumed Space Station orbit of 500 km
(270 n. mi.). Zone 6 is the Trailing Coorbiting Satel.ite Zone. It
begins approximately 185 km (100 n. mi.) behind the Space Station and
follows the Space Station orbit track until it contacts Zone 5. Hence,
the co-orbiting satellite zores are continuous around the Earth.

Zone 7 & 8: Non-co-orbiting zones

These zcnes contain the ron-co-orbiting satellites. Both Zones 7 and 8
are concentric spherical shells centered about the Earth. Zone 7
begins approximately 37 km (20 nmi) below the Space Station. It
extends downward to approximately 185 km {100 nmi} altitude above the
Earth. Zone 8 begins approximately 37 km (20 nmi) above the Space
Station. It extends to an altitude of approximately 352 km (190 nmi)
abov~ the Spac2 Station's orbit.

Zone 9: rarking orbit zone

This zone surrounds the parking orbit used by orbital transfer vehicles
(0TV's) returning from gersynchronous or other high energy orbits. It
may alsc be used by spacecraft returning from lunar or planetary
missions. Zone 9 is a spheri-al shell, centered upon the Earth, that
encloses the Space Station and Zones 1-8. This shell begins
approximately 352 km (190 nmi) above the Sp>-<¢ Station orbit track, and
extends upward to an altitude approximately 389 km (210 nmi) above the
Space Station.

4.3.8.2.2 Rendezvous operations

Future orbital missions involving two or more spacecraft will
frequently reguire rendezvous. A simplistic definition of rendezvous
is the act of bringing two vehicles, a target and a chaser, together.
The target vehicle is assumed to be in a known, stable orbit. The
chaser performs a series of predetermined maneuvers designed to ensure
that the rendezvous with the target will occur at a specified position
in the target's orbit and within a prescribed amount of time. The
magnitude of these maneuvers is dependent upon many factors, but it may
be significantly influenced by the time of launch (or departure, in the
case of a Space Station based "launch"). Tiie target position at
rendezvous completion depends mainly on lighting requirements, while
the amoun* of time that is prescribed for the rendezvou: can range from
hours to days. The prescribed rendezvous time may influence the
launch/departure time, which in turn influences the lighting in the
finzl phases of the mission. In general, the rendezvous maneuvers will
leave the chaser vehicle at a specified offset point (typical’y 1000

ft ) ahead of the targec if the chaser is manned or behind * {arget
if the chaser is unmanned. At this point, the rendezvous

completed. A statle orbit rendezsous is assumed which takes the chaser
to a close offset range (between 5 nmi and 20 nmi). Manned venicles
will continue to approximateiy 100 feet in a
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Figure 4.3.8.2.1-4 - OPERATIONAL CONTROL ZONES:
NEARFIELD VIEW, SLIGHTLY OUV-OF-PLANE
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Figure 4.3.8.2.1-5 - OPERATIONAL CONTROL ZONES: NEARFIELD VIEW,
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Figure 4.3.8.2.1-6 - OPERATIONAL CONTROL ZONES: NEARFIELD VIEW;

EYEPOINT SLIGHTLY OUT-OF-PLANE (VIEW A)
(DRAWING TO SCALE)
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Figure 4.3.8.2.1-8 - OPERATIONAL CONTROL ZONES:
APPROACHING ZONE 1 FROM AHEAD OF THE SPACE STATION
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man-in-the-loop mede while unmanned free-flyers will continue with an
automated mode. All planning, targeting,and navigation for the longer
ranges of the rendezvous will be externas to the Space Station and
therefore will impose no requirement on the Space Station. Once a
vehicle is in the final rendezvous phase the Space Station will monitor
all vehicles. Monitoring includes communication, tracking, and back-up
targeting for manned vehicles and communication, tracking, targeting, and
back-up take over of unmanned vehicles. These activities imply
requirements on the Space Station for various hardware and software
systems.

4,3.8.2.3 Proximity operations

In order to develop an efficient set of PROX OPS procedures, numerous
operational considerations must be addressed regarding the final position
achieved by the active vehicle and the PROX OPS techniques used to
maneuver this vehicle to the desired position. A major concern is the
effect of the RUS piume on the target. This plume impingement creates
problems of contamination and disturbance (over-pressure) experienced by
the target. In addition, the active vehicle's RCS propellant usage is
critical. Propellant consumption influeinces the choice of braking
maneuvers anc¢ stationkeeping techniques. Another concern for Orbiter
operations is whether it is more efficient to compute required maneuvers
using onboard targeting software or to have the crew execute the
maneuvers manually using out-the-window data such as Crew Optical
Alignment Sight (COAS) or Rendezvous Radar (RR) data. In any case, crew
visibility and procedural simplicity have considerable impact on the
selected maneuvers. A final major consideration is that of lighting
during PROX OPS procedures.

4.3.8.2.3.1 Lighting impact on proximity operations

The PROX OPS procedures discussed here are extremely dependent on the
lighting available for the crewman to view the activities taking place.
The crewman who is monitoring activities or actively involved in
performing the PROX OPS maneuvers requires that lighting (real or
artificial) must be of the proper intensity as well as being projected in
the correct direction. The primary source of natural light is the sun,
and its position reiative to a vehicle is a function of time. Hence,
operations which impose a constraint on lighting direction also impose a
restriction on the place in orbit when the activity can be performed or
the attitude of the viewing vehicle. With this consideration, the
direction of lighting must be in favor of the viewer having the final
authority in performing the activities. Therefors, lighting direction is
a function of the active vehicle being manned or unmanned.

If the active vehicle is manneu, the lighting should be in a direction
favorable to the manned active vehicle. For the situation of natural
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lighting, the lighting direction can be controlled by scheduling the
activities at the appropriate time of day. It is for this reason that
manned active approaches are initiated on the positive velocity vector (+
V-bar) of the target and designed to take place as soon after orbital
sunrise as possible and be completed before orbital sunset. Conversely,
unmanned approaches to a manned Space Station will be initiated from
behind the Space Station; i.e., on its negative velocity vector

(-V-bar). This provides the manned Space Station with the proper
lighting needed to monitor the vehicle's approach.

4.3.8.2.3.2 Approach and berthing to the Space Station

A typical retur.. mission for an active vehicle which has already executed
a successful return rendezvous profile placing it at an 8 mi offset
point behind the Station begins witn an auto-return maneuver sequence
that brings the vehicle to a 1000-foot offset point. This point will be
behind the Station for unmanned vehicles and ahead of the Station for
manned vehicles, consistent with favorable 1lighting. The final PROX OPS
returns are considered to begin at this point.

The final PROX OPS begin with a period of stationkeeping at 1000 feet.
For returns to any port, a maneuver is performed to establish a closing
rate until a position TBD feet from the Space Station is reached. At
this range stationkeeping may be performed, if required. For V-bar
ports, a final closing rate is established along the V-bar until the
berthing range is reached. Returns along other axes involve a similar
approach, if required, then utilize a constant range flyaround to aiign
the approaching vehicle on the appropriate axis for final closure to the
berthing port.

4.3.8.2.3.3 Separation from the Space Station

A typical separation scenario for a vehicle docked to the Space Station
begins with small separation rate (approximately 0.2 fps using either a
mechanical system or a vehicle maneuver) to begin the vehicle movement
away from the port. The direction of the separation will be directly
away from the berthing port to maximize an opening rate. A small a2
intermediate maneuver may be required to ensure a favorable geometry
between the separating vehicle and the station for the large separation
burn to follow. After a coast of approximately 15 minutes the separation
vehicle will perform the large separation maneuver of approximately 3
fps. This will ensure a separation range of approximately 10 mnmi at
orbital transfer maneuver ignition. This range is needed so that the
station is outside the assumed explosion range of the separating

vehicle. It is at this point that the separaticr iias been completed.
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4.3.8.2.3.4 Plume impingement/contamination

Keeping plume impingement on all orbiting elements at the lowest possible
levels is a very important aspect of PROX OPS procedures both in Shuttle
and Space Station operations. Currently, the Orbiter uses its RCS jets
(primary and vernier) to control its attitude and execute various
maneuvers. Subseguently, vehicles in the near vicinity of the Orbiter
will experience both disturbance and contamination on their surfaces.
Disturbance is in the form of external torques and forces caused by
pressure differences on vehicle surfaces while contamination results
depend on the toxic qualities of the impinging plume.

The plume flowfield contours of the QOrbiter in the Low Z and Normal Z
modes and for the Orbital Maneuvering System (OMS) are shown in Figures
4,3.8.2.3-1 and -2. These plume flowfield contours illustrate the
expected amount of dynamic pressure to be experienced by a vehicle in the
near vicinity of the Orbiter. Figures 4.3.8.2.3-3 and -4 illustrate the
Orbiter plume flux contours or the expected amount of plume particles
that will be incident on a vehicle's su:faces when it is near the
Orbiter.

In order to :demonstrate the effects of plume disturbances on the Space
Station, a series of Orbiter l-second jet firings have been made using
the power tower configuration shown in Figure 4.3.8.2.3-5. Two PRCS jet
firings modes were selected for this demonstiration. The first mode was a
Normal Z mode and the second was a Low Z jet mode where the + X-jets are
fired to provide a +Z Orbiter body transiation. These l-second jet
firings were made starting at berthing and at 50-foot intervals cut to
200 feet (Figure 4.3.8.2.3-6) along the Space Station plus x-axis which
would represent a final berthing approach direction or initial separation
direction. The result of these l-second jet firings can be seen in table
4.3.8.2.3-1. The resulting disturbances indicate that the Orbiter
thruster configuration set up in the Digital Auto Pilct has a very
pronounced effect c¢n the resulting impingement forces and torques. More
detailed analysis of the effects of the various vehicles' plume
impingement on the Space Station during PROX OPS must be considered.
These l-second jet firings give an initial example of some of the
expected disturbance forces from these operations. However, some PROX
OPS activities may result in many jet firings lasting Tonger than one
second. The duration and relative range of these firings will be the
result of future PROX OPS activity requirements.

Figures 4.3.8.2.3-7 through -9 illustrate a typical Orbiter primary
reaction control system (PRCS) thruster time history for a normal Z V-bar
approach to the Power Tower Space Station configuration. The figures are
plotted for the +X, +Y, and +Z thrusters respectively, with each set's
total ontime being plotted as a function of the Orbiter's range from the
station. The approach begins at approximately 850 feet with a 3 minute
period of stationkeeping. The approach is initiated via two initial
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burns at about 810 feet; a 1.0 fps -Z and a .17 fps + X burn. This
combination places the Orbiter on a closing trajectory toward the
Station. When tie range equals approximately 575 feet, the pilot
initiates a series of braking maneuvers to control the approach velocity
until all rates ar2 nulled at approximately 50 feet. For this case, the
plots clearly illustrate the increased firings necessary in the near
proximity of thc station in order to null the Orbiter's closing rate. It
should be understood that these results simulate a typical Orbiter V-bar
approach and by no means represent the total actual Space Station PROX
OPS environment.
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Figure 4.3.8.2.3-1 - ORBITER LOW Z AND NORMAL Z DYNAMIC
PRESSURE PLUME CONTOURS.
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4.3.8.2.4 Station reference design suitability for PROX OPS
flignt operaxions

The Station. which maintain; an LVLH stabilized attitude profile, has one
docking port located on its positive V-bar, with an alternate port
located on the + R-bar. Two large booms project from the central truss
structure in the out-of-plane direction and each contains a set of four
solar arrays. The area of these arrays is approximately 2400 square feet
each. Figure 4.3.8.2.4-1 shows the Station from four different
orientations. Clockwise from the upper left, the Station is shown
looking along its positive angular momentum vector; along the positive
V-bar; up the positive R-bar; and finally in an arbitrary orientation
essentially viewed from below (+ R-bar). The solar array pan.is,
radiators, and various modules (habitation, laboratory, etc.) are clearly
visible in the figure.

This specific configuration has been reviewed and evaluated in terms of
the following evaluation criteria:

a. Procedure design/implementation

b. Propellant usage

Cc. Mission timeline impact

d. Lighting

e. C(learances

f. Plume impingement
The results of this general review are discussed in the following
sections: ,

!

4.3.8.2.4.1 Procedure design/implementation ease !

With the accessibility of a port on the positive V-bar, the Space Station
configuration provides for procedural design of the simplest of approach
scenarios. This is ideal from the standpoint of a manned vehicle ;
approach to the Station. The alternate port, located on the positive ?
radius vector, offers a reasonable approach for an unmanned vehicle. i
After an initial approack to the V-bar, the unmanned vehicle can initiate
a flyaround (:.ded by the effects of orbital mechanics) allowing it ¢o
reach + R-bar. This flyaround and the final approach to berthing (along
the + R-bar) may all be executed with the aid cf ideal lighting
conditions. If the flyaround is initiated near orbital sunrise the Space
Station controllers should have "over-the-shoulder" 1lighting for the
entire scenario. This is not the case for a manned approach aiong the
R-bar. Manned approaches are targeted to the + V-bar. To flyaround to
the + R-bar would be more expensive in terms of propellart cost (flying
against effects of orbital mechanics). Second, the R-bar approach would
have to be timed to occur near orbital sunrisz or orbital sunset in order
to insure that the Sun would not be in the crews' eyes during the
approacn (not within + 20° of the LCS).

Camt
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Figure 4.3.8;2.4-1 - VARIOUS VIE ¥S OF SPACE STATION CONFIGURATION
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An alternative, if the + V-bar port should not be available, would be to
target the rendezvous directly for the + R-bar. This would require
timing such that the approach to the port could be made with proper
lighting (depending on whether the vehicle is manned or unmanned). If
stationkeeping were required in order to achieve this lighting,
propellant usage would increase.

In order to facilitate icdeal operations it i- recommended that the plus
R-bar port be relocated or an additional port be added to the minus V-bar
axis. This would be especially beneficial in the case of unmanned
vehicles as it would aid i(n the reduction of propellant consumption by
eliminating the need for a flyaround. Lighting would be essentially the
same as those operations occurring near orbital surset. Also, better
vehicle berthing clearances would be expected using ports on the + and -
V-bar rather than the + R-bar. Adequate clearance could be a probliem
with the current configu-ation.

4.3.8.2.4.2 Propellant usage

Propellant usage for approaches to a V-bar port is less than for the
other locations. This is expected since all approaches are along the
v-bar up to about 200 feet. At this point, a manned + V-bar approach to
the port would simply continue along the V-bar to berthing. However, a
flyaround would be necessary to reach the + R-bar port unless the
rendezvous were targeted to the + R-bar, as mentioned above. Also, an
approach altong the V-bar can be stopped at anytime and a minimum
propellant stationkeeping position could be established. Establishing
stationkeeping during a flyaround (especially on the + R-bar) can be
expensive in terms of propellant usage. The most practical method would
be to stationkeep on the Y-bar.

4.3.8.2.4.3 Mission time impact

Generally, approaches to the V-bar require the least amount of time.
Approaches to R-bar ports require alignment with the port prior to
closure. The main tradeoff between a flyaround from the V-bar to the
R-bar and direct rendezvous to the R-bar would be the resulting
propellant usage. However, the V-bar port locations allow for more
mission flexibility since they nominally allow for a stationkeeping phase
prior to starting the approach at a small cost, both in terms of
complexity and propellant usage.

4.3.8.2.4.4 Lighting

Activities during PROX OPS are very dependent upon lighting conditions
since it is mandatory that the crew observe all activities by visual
means using the eye (preferably), television, or other acceptable
electronic techniques. Therefore, the location of the sun will impact
the activity timeline for PROX OPS. The basic ground rule for

395

b



PR T ]

e e LA

daylight approcaches is that the angle between the line-of-sight to the
sun and the line-of-siaht to the vehicle be greater than 20 degrees.
Proximity operations, especially final approach and berthing, are also
preferred to be done in daylight.

The reference configurations's plus V-bar pcrt provides the best port
location for manned vehicle approaches such as the Orbiter berthing with
the Space Station. The + R-bar port is a much more difficult port for a
manned vehicle to accomplish final approach and berthing because the Sun
may be near the line-of-sight to the Space Station during these final
activities.

The + V-bar port is undesirable for approaches of unmanned vehicles to
the Space Station since the crew on the Space Station would also have a
possible Sun lighting problem during daylight operations. However, the +
R-bar port provides an ideal port location for sunlight operations with
only one basic problem: a flyaround would nominally be required to reach
this port. If the stationkeeping position prior to the flyaround was on
the - V-bar, the impact would be minimized. Therefore, from a lighting
standpoint the referernce configuration is excellent for manned approaches
to the + V-bar port and undesirable for manned approaches to the R-bar
port. For unmanned approaches, the + R-bar port provides a very good
situation for final approaches and berthing whereas the + V-bar port is
an undcsirable location. Adding a - V-bar port would make this an
excellent configuration for both manned and unmanned active vehicle
activities.

Lighting considerations for separations from the Space Station are much
the same as those discussed for approaches. Manned separations are
preferred along the + V-bar and should be initiated early in the orbital
day for lighting. Similarly, unmanned vehicle operations are preferred
from the V-bar early in the orbital day. The station has a + V-bar port;
hence it is very satisfactory from the standpoint of manncd vehicle
separations.

The Station also has a + R-bar port which ailows both manned and unmanned
separations from the preferred direction for each type vehicle.

Therefore, it will experience minimum impact with regards to lighting
during separations.

Approaches and separations during darkness are also possibilities. They
would require, however, sufficient artificial lighting such as running
lights on both vehicles or flooa lights. The assessment of the
configuration regarding this requirement cannot be made at this point.
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4.3.8.2.4.5 Transfer vehicle visibility

Vehicles in the vicinity of the Space Station will require monitoring by
the Space Station traffic controllers at all times. This could be
accomplished by strategically locating cameras around the Space Station
structure. The number and location of cameras on the station is TBD.

4.3.8.2.4.6 Clearances

The reference configuration appears to present no major clearance
problems between the station elements and PROX OPS wvehicles as large as
the Orbiter. However, if an out-of-plane flyaround were ever required,
the lower booms emanating from the keel extension and the radiator panels
might present some clearance problems. Alsc, active vehicle-to-vehicle-
clearances may be required when trying to dock two vehicles at once to
the Space Station, especially two Orbiters. Adding a minus V-bar port or
moving the R-bar port to the minus V-bar position would basically solve
this problem. -

4.3.8.2.4.7 Plume impingement

Vehicles located in the near vicinity of another vehicle actively using
thrusters to perform maneuvers (translation, rotation, or
stationkeekping) are subject to impingement of thruster exhaust.
Impingement on vehicle surfaces can result in two undesirable
consequences~~-disturbance and contamination. Each of these is a function
of the location of the impinged vehicle relative to the thruster
centerline and the relative range. Contamination is also dependent on
the type of exhaust products emitted; for instance, combustion reactions
produce a greater volume of contaminants than a compressed gas system.

It should be realized that plume impingement cannot be totally eliminated

during the PROX QOPS period, but its effects can be reduced through

vehicle and procedure design considerations. During separation, jets

must be fired to move the vehicle directly away from the Space Station;

this results in the jet plume being directed towards the Space Station. x
For approaches, the relative motion must be nulled at some time prior to

berthing which again results in jets being fired toward the Space

Station. Design consi“2rations could place Space Station elements in a

position or attitud- -elative to approact lanes to reduce impingement.

The reference configuratic has several areas quite susceptible to plume
impingement for both separations and returns. For PROX OPS activities to
and from the + V-bar port, the radiator panels are essentially normal to
direction of thrusting, although offset. Also, one ¢f the modules is
directly in line with the thrust direction.

397

T o P, PR AN



R R

R

The rotation feature of the solar arrays may aliow for a reduction in
plume impingement. Through a possible combination of timing the V-bar
approach cr separation to occur slightly before orbital noon and
orienting the Orbiter in the most advantageous attitude, the arrays may
have rotated to a position essentially “edge-on™ with respect to the
plume. Problems could arise, however, during approach/separation
operations if orientation is such that the plume flow is essentially
normal to the arrays.

4.3.8.3 Construction of Large Structures

The Space Station will serve as a base for construction of large

structi res. The Station was assessed relative to its capability to
support construction of a large submillimeter astronomical observatory
depicted in Figure 4.3.8.3-1. This structure is essentially a
100-by-100-foot cylinder, with a 30-foot extension at the base, weighing
20,000 1bs. to 60,000 1bs. The following areas relating to the
construction of this observatory were considered as part of this
preliminary evaluation: offloading and storage of component parts, work
stations, construction methods, and impacts on the Station.

The high structure to Station mass ratio from 1:10 to 1:5 must be
considered with respect to attitude maintenance during offloading and
subsequent related operations. The MRMS will be positioned on one of the
keel extensions when accessing the Orbiter cargo bay. Preliminary
calculations indicate that an offloaded mass of approximately 50,000 1bs.
would shift the Station center of gravity three to six feet cut of the
orbital plane, which should be considered when sizing the Station
attitude control system. The observatory packaging, mass, and number of
packages are unknown; however, a gross estimate of the volume of storage
required is 20,000 ft3 or more. The storage area choice must consider
the location of the construction area, MRMS translation and reach
capability,and the OMV/payloads servicing bays, all of which occupy or
require space along the truss. Another important consideration is CG/CP
offset, necessitating that the storage/construction area be within the
orbital plane, and located on the "back" of the lower keel as indicated
by TDM2060 in the station configuration reference drawing.

Several methods of construction were examined before being discarded as
impractical or unfeasible. The method appearing to have more advantages
utilizes the support structure of the instrument unit itself during
construction, and requires a turntable with the added ability to tilt
towards the lower keel (see the station configuration reference
drawing). The pivotal point must be approximately the radius of the
fnstrument unit away from the lower keel. The bottom of the instrument
unit would be mounted on the turntable and tiited so that the top of the
unit is as close as possible to the MRMS for an adequate reach envelope.
At- this point the MRMS can begin construction and the turntable can
present the correct arc and tilt away from the lower keel as the
cylindrical base grows.
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The scenario for the construction of the sunshade can take two forms.
Construct two or three panels of the shade, mounting each as it 1s
constructed; construct the secondary reflector and mount it; then
construct and mount the remainder of the sunshade panels. The
alternative method is to first construct the secondary reflector, mount
it, then one by one construct and mount each panel of the sunshade. In
either case a construction area would be required for assembling the
sunshade panels.

Construction itself of the panels could be a problem. They have not been
designed and little is known other than their dimensions of approximately
40 by 100 ft. The Station affords no construction platform this size,
but it cannot be stated categorically that only this size is required.

Following are the main areas requiring further study in order to
accommodate construction of this large observatory at the Space Station.
The effect of long and short duration exposure of the covered facets to
the Sun is unknown. The effect on the Station of a delay in deployment
of the observatory should be assessed. Attitude control consumables and
CMG sizing may be affected if the observatory remains attached for a
prolonged period of time. Plume impingement modeling should be done.

Station RCS thrusters are in proximity to the construction site and the
Orbiter will probably return at least twice during construction.
Finally, payioad view fictors during the period of observatory
construction may be adversely affected and will need a detailed
assessment.

4.3.8.4 Logistics/Resupply Operations

Logistics for the crbital operation of the Space Station system will
consist of the orderly planning and execution of the resupply of
propellants and consumables, delivery of spare/repair parts,
delivery/return of payloads, and any new or damaged ORU, return of waste
and p.ocessed material, and delivery of consumables to support crew
rotation. Logistics support includes the packaging, handling, storage,
and transportation of Station consumables and replacement equipment.
Long-term activity planning will provide the integration of requirements
and schedules for the various logistics tasks. The STS will provide the
means for delivery to the Station or return to the ground on a 90-day
resupply schedule.

The Space Station has unique Teatures relative to logistics and

resupply. The STS has a short turnaround (1 week) when mated to the
Station. The Logistics Module offers 1imited stowage capability for
equipment and gases/fluids on any single flight, and may have to be
supplemented by a pallet for additional tankage and supplies. Yet the
manned missfon is very extensive. Crew turnover will primarily be on the
same 90-day schedule as resupply, requiring volume/weight
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allocations to support unique crew requirements that might otherwise be
used for Station or payloads, and, due to the small number of
crewmembers, there will be no dedicated on-board maintenance/logistics
crewmember to perform maintenance on an on-call basis. This means that
scheduled maintenance and logistics functions must be minimized. In
order to minimize the logistics tasks, consideration should be given to
the level of system redundancy of Station elements, quantities of
consumables on-board, and maintainability requirements to reduce the
frequency of required resupply or repair missions.

Logistics/resupply operations at the Station consists, in a broad
context, primarily of changing modules, transferring crew, and properly
employing the crew maintenance capabilities between flights. The
scenario for changing modules consists of removing a fresh Logistics
Module (LM) from the Orbiter, berthing with the Station, connecting
fluids and power/data, disconnecting the used LM, and berthing the used
LM in the Orbiter cargo bay for return to earth. Any other ORU's not
part of the LM or payloads would generally foliow the same operational
scenario. Following are general requirements derived from the above
scenario:

a. Rigid Orbiter attachment to the Station

b. Adequate RMS reach and adequate staging area for all items either
for removal from Orbiter or for replacement in the Orbiter

c. Good visibility for the RMS/MRMS crerator ¥

Station operatione during crew transfer must consider the fact that
normal Statior operations will be interrupted and there may be a maximum
of twelve to sixteen people on the Station for short periods.
Consumables such as food, clothing, spares, payloads, and payload
materials must be unloaded and taken to use areas. Trash and waste aust
be processed and stowed, and dirty clothing, processed material, \
experiment samples, and ORU's must be stowed. These considerations lead

to requirements for good module traffic patterns and both internal and

external storage space. Section 4.3.8.1 assessed the MRMS capability to

reach payloads externally mounted, and the reach envelopes of the MRMS

demonstrate adequate capability to off-load the Orbiter and provide for

:xternal storage in the vicinity of the module or on the lower or upper

eel.
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4.3.9 Safety
4.3.9.1 General

The reference configuration as presently conceived is intended to meet
the safety design requirements defined in the proposal (RFP). These
requirements are to be applicable to all Space Station systems,
subsystems, and operations. These requirements apply under worst case
natural and induced environments. The configuration design is to cither
eliminate by design or control all hazards to the maximum extent and in
the most cost-effective manner possitle.

4.3.9.2 Habitable Module Egress Capability

The Habitation Modules and Lab Modules assembled in the manner described
jn the reference .unfiguration (i.e., the "race track") allows for two
egress paths from any one of these modules. The Logistics Mvdule is
generally considered to be exempt from the dual egress path capability
implied by the safe haven requirements stated in the RFP. Although the
Logistics Module has only one egress path, the risk to a crewmember
occupying this volume during the occurrence of an accident forcing
evacuation of the volume can probably be reduced to an acceptable level
by the proper location of equipment, adequate materials control,
elimination of potential ignition sources, and maintenance of adequate
traverse clearance.

The previously mentioned capabilities are described as a part of the I0C
phase of the reference configuration. Habitation and Lab Modules added
to form additional "race tracks" must meet the egress requirements.
Additional Lab (for international and commercial users) and Logistics
Modules, not included in the "“race track," will have to be assessed on a
case-by-case basis according to their hazard potential.

4.3.9.3 Protection/Control of High-Pressure or Hazardous Fluic Tanks

It is required that putentially explosive containers be located outside
of habitable areas, isolated and protected such that the failure of one
will not propagate to others, and designed to "leak-before-rupture." The
reference configuration allows for potentially explosive containers
(e.g., high-pressure tanks, tanks containing hypergolics, tanks
containing flammable and/or toxic fluids) to be located outside of and
away from habitable areas. The reference configuration provides ample
areas on the keel of the Station structure for high-pressure and
explosive containers to be located away from the inhabited regions of the
Space Station. In addition, potentially explosive containers located in
a group or cluster of similar containers are required to be protected
such that the failure of one does not propagate to the others.
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4.3.9.4 Isolation of Modules After an Accident

Individual modules within the module assembly of the reference
configuration (i.e., the “race track") are capable of being isolated from
other modules in the case of an accident or potentially hazardous event
such as loss of pressure or fire. In addition, uiose modules which
contain confined hazardous or toxic materials anc which are not a part of
the “race trick" will be capable of being isolated from the remainder of
the Space Station habitable areas during emergencies and/or accidents
(e.g., loss of pressure, fire, release of toxic materials and/or fluids.
materials offaassing).

4.3.9.5 Reaction Time After the Cccurrence of a Leak

The hatches of each individual module will have the capability of being
clused rapidly in the case of a module leak. In addition, the
Eavirommental Control and Life Support System (ECLSS) is required to have
the capability to accommodate atmos;phere leakage up to 2.3 kg/day (5
1b/day) for the total Space Station pressurized volume.

4.3.9.6 Safe Haven Capabilities

Although not required, the module arrangement (i.e., the "race track") of
the reference configuration allows the Space Station to tolerate any
single credible failure, including the complete functional loss of a
module. The "race track" modular arrangement allows any crewmember duz’
access to habitable conditions within the Space Station without EVA. The
reference configuration's safe haven concept provides for habitable
conditions for the crew in the remaining modules including atmosphere,
food, water, waste management, health maintenance, personal hygiene,
sleeping provisions, communications, command/control, and fire
suppression. The reference coenfigu-ation provides for redundant command
and control by allocating locations where a portable control “console®
can be installed as needed. A1)l critical systems/subsystems necessary
for implementing the safe naven concept (e.g., ECLSS) will provide
erergenty capabilities for a period of up to 22 days.

4.3.9.7 FEVA Operations

The reference configuration provides capabilities to facilitate EVA
operations. A singular concern for EVA operations with regard to the
reference configuration is the large distances from the Station airlock
to potential EVA work sites. Due to the large dimensions of the Space
Station struc.ure, a means of transporting and supporting the EVA crew
from the airlock to a potential work site may have to be developed. This
may be accomplished by the projected traveling RMS or extensive use of
the Manned Maneuvering Unit (MMU). The antenna locations are apparently
‘such that radiation hazards to EVA crewmembers are minimal. At present,
the current locations of the Reaction Control System (RCS) packages do
not seem to constitute a hazard to EVA crewmembers.

403

S wmunes

DYR



4.3.9.3 Repair and Reactivation of Modules after an Accident

A major issue to be resolved for the reference configuration is the
capability to repair and reactivate a module or modules after an
accident. Detailed conceptual means of implementing this goal has not
been developed at this time. As a general design requirement, all
critical systems/subsystems are to be fail-operational/fail-safe/
restorable. Ii addition, there is a design goal fcr the inaer surfaces
of the modulz walls to be accessible for inspection and repair by the
shirt-sleeved crew.

$.3.9.9 Orbiter Docking Ports

The ability to docks with and access the Orbiter from the various volumes
of the Space Station is accommodated by the rr®erence configuration.

4.3.9.10 Other Safety Considerations

Several areas of safety concern with regard to the reference
configuration will require additional study. These areas include but are
not limited to: (1) servicing of satellites and/or free-flyers either on
or in proximity of the Space Station, (2) servicing of solid and/or
liquid upper stages (PAM's, OMV's, OTV's, etc.) either or or in proximity
of the Space Station, (3) flight operations of upper stages in transit to
and from the vicinity of the Space Station and, (4) assembly operations
assocfated with the change-out of a module either for return to Earth for
repair or refurbishment or for relocatiorn in the growth phase of the
reference configuration.

g

404
R
>
e e v ann - - - . R RER S - %‘y—



L A-""‘xx«‘*"?}:‘ . ) * : :

A LT . .
A .\'\*\‘NH *
AU TS N . .. o

4.4 SUBSYSTEM DESCRIPTION

4.4.1 Electrical power

4.4.1.1 Introduction

The Space Station is a much larger orbiting vehicie than NASA has ever
flown in the past. Design criteria different from those of previous
programs must be met. These considerations are reflected in the power
system design. in several ways. The power system must support Station
activities which are largely undefined and which will change as
activities on the Station evolve. The power system must be flexible
enough to meet changing demands and growth over the anticipated 30-year
station life. Initial power demands of 75 kW are expected to grow to 300
kW by the year 2000. The power system must be modular with well defined
interfaces to accommodate repair-by-replacement and growth without
disruption. It should also be able to accept new technology as it
becomes available or as it is needed.

The power system Tor the Space Station cansists of three elements: energy
conversion subsystem (ECS), energy storage subsystem (ESS), and power
management and distribution (PMAD). Within each of these elements are
several candidate technologies for consideration as options. Possible
technologies are listed in Table 4.4.1.1-1. Both deployable and
erectable structures are considered.

A primary goal of the power system design is the development of a
utility-type system as nearly independent as possible of outside support
from the crew or another subsystem.

For this study effort, two reference power system configurations were
considered for the initial Space Station. One was a silicon photovoltaic
power system with regenerative fuel cell energy storage and high-voltage
ac distribution. A second used a solar dynamic power system with thermal !
storage and high-voltage ac distribution. Each of these power system
configurations has merit for the initial Station. Only the initial i
Station photovoltaic power system was subject to analysis and integration

with other subsystems. A sketch of the initial photovoltaic power system

is shown in Figure 4.4.1.1-1. A sketch of the initial solar dynamic

power system is shown in Figure 4.4.1.1-2. These selections were

representative of many applicable power system options. Each component

of the power system configurations will be described in the paragraphs

below.
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TABLE 4.4.1.1-1 - ELECTRICAL POWER SYSTEM OPTIONS

- -l&}

POWER MANAGEMENT
ENERGY CONVERSION ENERGY STORAGE AND DISTRIBUTION
DYNAMIC Thermal High-voltage ac
Brayton
Rarkine Regenerative Fuel Cells High-voltage dc
Stirling
NiCd Batteries High-Yoltag2 Hybrid
PHOTOVOLTAIC
Silicon planar Flywheels
GaAs concentrator
NiHp Batteries
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4.4.1.2 Photovoltaic System Generation and Storage
Assumptions used in this study are outlined in Table 4.4.1.2-1.
4.4.1.2.1 Photovoltaic generation

The photovoltaic system chosen for this study is the flexibie, planar
array utilizing the large area (5.9 cm x 5.9 cm) silicon cells. This
reduces the total number of cells and the manufacturing and handling
steps required in array fabrication. The cells would be attached to a
flaxible kapton (or similar material) substrate and welded to the
attached circuitry in order to provide better rcsistance to the thermal
cycling that will be experienced in LEO. Since the blanket will have
little or no structural stiffness, a means of structural support must be
provided. For this study, a gnit weight for the solar array blanket and
support structure of 2.5 kg/m¢ was assumed. Whether this lightweight
structure is adequate is subject to further study.

A design life goal of 10 years wac chosen for the solar array. Since the
Station will last longer than the array life goal, provision must be made
to change out solar array components. Roughly a 10 percent degradation
in cell performance is expected to occur over the 10-year 1ife of the
array. The rate of degradation is also subject to further study.

The solar array wing used in this study would allow both deployment and
retraction so that the entire wing could be replaced. Other concepts
might allow replacement of smaller units. Concepts requiring EVA to
erect structure and panels were also considered. As the array wings get
larger, erectable concepts become more attractive. Growth capability is
a function of the specific array design. In this study, growth would
require adding 2 or 4 wings. Several packaging concepts to transport the
array to orbit were also addressed in the study.

Two-axis gimbals with rotary power transfer devices have been provided to
orient the array normal to the sun. Because of the geometry of the
reference Space Station configuration, some of the station {structure or
experiments) will shadow portions of the solar array during part of the
orbit. This must be recognized as part of the design of the array.

The solar array size is a function of the power level, array orientation,
storage sys*em efficiency, distribution system efficiency, expected
degradation, and the orbital parameters. The initial array area is
approximately 19,200 fte.

4.4.1.2.2 Energy storage subsystem (ESS)

The ESS defined in this study consisted of four regenerative fue! cell
modules with the required supporting hardware. The storage units will be
mounted on the array support structure outboard of the alpha gimbal.

Each 20 kW module would weigh about 1262 1bs. and occupy about 75 ft3.
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4.4.1.3 Dynamic System Generation and Storage

The dynamic system chosen for this study is a generic representation of
the three most applicable technologies: Brayton, Rankine, or Stirling,
each using molten salt thermal storage. Basic operation of the solar
dynamic system involves the use of a mirror to collect and concentrate
the Sun's energy on a heat receiver. A heat engine is then used to
extract energy from the receiver and convert it to mechanical energy to
drive an electrical alternator. Excess heat is collected and stored in
the thermal storage material within the receiver and is used to operate
the engine during eclipse periods. Waste heat from the engine is
rejected to space through a dedicated radiator. Because the storage
element is between the Sun and the engine, the engine operates
continuously around the orbit. The major assumptions used to size the
dynamic system for this study are shown in Table 4.4.1.3-1.

Specific choice of heat engine cycle will depend on the result of trades
concerning receiver temperature, performance, and development risk. The
numbers presented here are indicative of a Rankine cycle using Toluene as
a working fluid or a low temperature Brayton cycle. Design results are
given in Table 4.4.1.3-2 for both the initial and growth stations.

With proper design, the same rotating machinery can be used on the
initial and growth station. The radiator required as part of this power
system fits behind the primary mirror. This radiator is an integral part
of the power system and is not part of the station thermal system.

The collector can be a single parabolic mirror or a two-element
Cassegrainian. Either may be deployable or erectable although erectable
devices seem to package in smaller volumes. The mirror has high
reflectivity and high geometric accuracy to provide the concentration
that permits a small receiver aperture to be used, resulting in low
reradiation losses.

The heat receiver absorbs, stores, and transfers the solar energy tn the
engine working fluid. In most concepts, the storage is in the hcai of
fusion of a salt with a fixed melting point. Therefore the engine peak
operating temperature will be chosen in conjunction with the choice of
salt and containment material. Mirror accuracy will also be a factor in
the choice of operating temperature since high temperatures place more
stringent requirements on mirror fabrication.

The unit size was arbitrarily selected and should not be considered
optimum. However, the use of four units allows a relatively simple
initial configuration which is amenable to growth.

Two axis gimbals, identical to thcse used in the sola- array, have been

provided with rotary power transfer devices to maintain alignment of each

wing to the Sun. In addition, a small amount of fine pointing capability
has been given to each unit to compensate for station pointing and gimbal
errors.
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TABLE 4.4.1.3-1 - Dynamic Power System Design Assumptions

Collector efficiency « « « ¢« ¢« ¢« v « « - e s s e o s e« 90%
Recéiver efficiency . ¢« ¢« v v ¢ ¢ ¢ v ¢ o o o o s v o s o 90%
Engine efficiency T { - ! ]
Sun period « « . ¢« ¢« 4t 4 4 s s e s s s s s w e s s e s s 59 min.

Eclipse period . . . . . . . e ¢t s s s s s s s o s e s oo 35min.

TABLE 4.4.1.3-2 - Dynamic Power System Design Results

Initial Growth
Station power demand . . . . . . . 75 kW 300 kW
Unit engine size . . . . . . . .. 20 kW 37.5 kW
Number of installes units . . .. 4 8
Mirror/radiator diameter . . . . . 13 m 18 m
Mirror type . . « + ¢« ¢« « ¢ v 4 simple parabolic
Unit weight . . .. . .. e « » . 2100 kg 3410 kg
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4.4.1.4 Power Management and Distribution (PMAD)

The PMAD subsystem transfers electrical power from the source to the user
interface. It conditions and controls the power and provides individual
pretection for each user interface, power source, and PMAD hardware ard
wiring. The subsystem manipulates sources, loads, and buses as required
for most effective utilization of power and provides the mechanization
for recharging the energy storage devices. If the PMA) system is
properly designed, it can function with several different power sources.

OC power (or ac from a solar dynamic power system) from the generation
and storage devices is converted to high frequency three-phase power for
transmission via multiple redundant buses throughout the station. Each
bus consists of a suhstation with overrides for selected switches, an
automated power manacemeni system (APMS) interface, a primary ac bus,
secondary ac and dc ouses, and user utility outlets. Disconnects and
crossties controlled in the substation are in the main bus structure to
provide the flexibility to utilize to the maximum that portion of the
primary circuitry remainiag intac’. after a fault or during maintenance.
Finally, the interface between the PMAD and the user is the utility power
controller (UPC), which is controlied by the AFMS via a link to the data
bus. Although this design utilizes high-frequency ac distribution, the
choice between ac or dc for primary power transmission will be determined
by weight, volume, cost, and growth potential considerations. The
interface with the user wiil remain sine wave ac. The distribution of
PMAD equipment around the station is shown in Table 4.4.1.4-1.

TABLE 4.4.1.4-1 - DISTRIBUTION OF PMAD EQUIPMENT

B e

Central structure . . « « . ¢ ¢« ¢ ¢ ¢ ¢ ¢« o o« o« « 1983 1bs
Logistics module . . .+ « v ¢ ¢ v ¢ ¢ o o o o o . 212 1bs
Habitat module . . . . . . ¢« « ¢« ¢ ¢ ¢ o ¢ o v o« 471 1bs
Laboratory module . . .« . « ¢ ¢ ¢ ¢« ¢ e bt e 4 . e . 514 1bs

contro] mdu]e . . L] L] L] L] L] * * . L] L] L ] L] L L] . L] 652 ] bs :
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4.4.2 Guidance, Navigation and Control

This system has the responsibility for managing the sensing and
acquisition of information, computation, and actuation required to
provide position and attitude control for the Space Station and to point
its solar arrays, radiators, and payload mounting surfaces. The GN&C
system will interface with the Information and Data Management System
(IDM), Communication and Tracking System {C&T) and Propulsion System
(RCS) to perform these functions. The GN&C system will also manage the
traffic control function and proximity operations. GN&C support will be
provided to the payloads attached to the Station and to the Station
traffic. Satellites and vehicles berthed to the Station will have their
control systems inhibited, and the Station wiil be responsible for
attitude control. The GN&C system (in conjunction with the propulsion
system) will have responsibility for orbit altitude maintenance and
adjustment, collision avoidance and deboost in the event that disposal of
the Gpace Station is required. Tho GNAC system will use the mass
properties, propellants, and structural! bending data provided by IDM to
provide attitude control and orbit maintenance of the Space Station. The
baseline system architecture is shown in figure 4.4.2-1.

4.4.2.1 Functional Description

The GN&C is a major Space Station system which is critical for

attitude control, orbital maintenance, solar pointing, traffic control,
proximity operations, and experiment stability. These functions are
vital to the success of the mission, efficiency of operation, and safety
of the Station and crew. For this reason, the highest level of
reliability must be considered from the outset, using error detection
techniques, redundancy, standby equipment. and backup or alternate means
for achieving the most critical functicns. In contrast to reliability,
the perfarmance requirements such as sensor accruracy, memory capacity,
computation speed and effector characteristics are not as critical to
this program, and certainly not beyond existing technology. Therefore,
new development should be considered primarily to update the specified
equipment in terms of efficiency, reliability and lifetime. The
equipment and software interfaces must permit the substitution or

addition of elements for this purpose throughout the lifetime of the
Station.

4.4.2.1.1 wuvaseline GN&C approach

The baseline control system (Figure 4.4 2 i) 1s a centr ized system of
colocated attitude sensors and Ciig control cffectors which provide
inherent stability of the fiexible body. The ndvigation system utilizes
the Inertial Scusor Assemblies (ISA) composed of rate gyros and
accelerometers to provide attitude, attitude rate, position, and
velocity. Star trackers will be used to upndate attitudes, and GPS
satellites will be used to update position and velocity. The navigation

processing will be performed in the Navigation and Traffic Control
Computer.
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Figure 4.4.2-1 - GN&C SYSTEM ARCLITECTURE
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The primary attitude control effectors will be CMG's and may be
supplemented by magnetic torquers to perform continuous momentum
rianagement. The RCS will be used to perform all translation maneuvers of
the Station. RCS will be used to backup the CMG's when the momentum or
torque exceeds the capability of the CMG's. Also, the RCS will be used
for primary attitude control with reduced pointing in the event that the
CMG's become inoperative, and the RCS will be used to perform momentum
management in the event that the magnetic torquers fail. A1l of the
Station's control systems (CMG, RCS, magnetic torquer, etc.) will have
the capability to operate simultaneously or individually. An attitude
tran;’er system will be used to determine the relative alignment between
the navigation base and the mounting surface of the pointing instruments.

4.4.2.1.2 GN&C equipment location

The GN&C equipment locations are as follows:

a. The CMG's and ISA's will be installed in the Attitude Control
Assembly (ACA) on the ground prior to Space Station launch. This ACA
will, in turn, be installed at the intersection of the transverse bcom
and the main keel to optimize vehicle mass distributicn for control
dynamics. The accessibility of this equipment for maintenance will have
to be addressed in more detail. However, it should be noted that all
CMG's are centrally located on one reference base and that the gyros
(ISA's) are colocated with the CMG's.

b. The star trackers have tentatively been located on *he ACA.
An alternate location would be on the upper boom. A study will have to
be made to determine the optimum location.

Cc. The magnetic torquer locations are TBD at this time, but will
likely be on the main keel and/or one of the booms.

d. The solar array and thermal radiator drive electronic units
will most likely be placed at the locations of the drives themselves. If
this proves impractical, they will be placed in the ACA.

e. The G&C processors and the interface devices (ID's) associated
with flight control and its sensors and actuators will be located in the
ACA. These processors and ID's are required to provide attitude control
during the unmanned buildup phase of IOC.

f. The navigation/traffic control processors and the other
miscellaneous GN&C electronics will be located in Habitat Moduie 2. The

location of each of the ID's that support the remote sensors will be at
the sensor itself.

g. The philosophy on spares is to have flight critical spares
installed in place. It may also be desirable to have the spares for all
the remote GN&C sensors installed and in place to alleviate complex
installation/alignment tasks.
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4.4.2.1.3 Alternate control system approach

An innovative approach is the pointing and control system (PAC) which
would colocate the control sensors and effectors with the pointing
payloads and dynamically couple this system to the remaining Space
Station. This would permit precisely oriented pointing mounts that would
be loosely connected to the Station, thereby isolatir, some of the
Station's motions from the pointing instruments. The Station's control
torques would be effected through a spring-coupled system between the
Station and the PAC.

The Station could typically have multipie PAC elements, each of which is
internally redundant and completely indepe~dent of the other in terms of
sensors, computers, and effectors. Each element would be capable of
operating in a slave mode, in which the effectors are commanded by the
master element to support the momentum management task of the entire
Station. The elements would be connected by an optical 1ink or star
trackers that would establish the relative aligmment of one to the
other. The master element would be the one which has the best viewing
direction to the stars, unless there is catastrnphic failure of one
element, in which case the other assumes command. The master element
always establishes the reference coordinate system. Because of the rigid
structure and the close proximity of sensors and actuators, the most
stable part of the Station would aiso be the best pointing part of the
Station. Therefore, the experiment pointi