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energy to sustain the telescope in normal
science operations mode for 7.5 hours

or five orbits. The batteries provide an
adequate energy reserve for all possible
safemode contingencies and all enhance-
ments programmed into the telescope
since launch.

Power Control and Distribution Units.
The PCU, which was replaced on SM3B,
interconnects and switches current flow-
ing among the SAs, batteries and CCCs.
Located in Bay 4 of the Equipment
Section, the PCU provides the main
power bus to the four PDUs. The PCU
weighs 120 pounds (55 kg) and measures
43 x 12 x 8 inches (109 x 30 x 20 cm).

Four PDUs, located on the inside of the
door to Bay 4, contain the power buses,
switches, fuses and monitoring devices
for electrical power distribution to the
rest of the telescope. Two buses are
dedicated to the OTA, science instru-
ments and S| C&DH; two supply the
SSM. Each PDU measures 10 x 5 x 18
inches (25 x 12.5 x 45 cm) and weighs
25 pounds (11 kg).

Thermal Control

Multilayer insulation (MLI) covers 80 per-
cent of the telescope’s exterior. The
insulation blankets have 15 layers of alu-
minized Kapton and an outer layer of
aluminized Teflon flexible optical solar
reflector (FOSR). Aluminized or silvered
flexible reflector tape covers most of
the remaining exterior. These coverings
protect against the cold of space and
reflect solar heat. Supplemental electric
heaters and reflective or absorptive
paints also are used to keep Hubble's
temperatures safe.

The SSM Thermal Control Subsystem
(TCS) maintains temperatures within set
limits for the components mounted in
the Equipment Section and structures
interfacing with the OTA and science
instruments. The TCS maintains safe
component temperatures even for worst-
case conditions such as environmental
fluctuations, passage from “cold” Earth
shadow to “hot” solar exposure during
each orbit and heat generated from
equipment operation.
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Specific thermal-protection features of

the SSM include:

* MLI thermal blankets for the light
shield and forward shell

*  Aluminum FOSR tape on the
Aperture Door surface facing the sun

e Specific patterns of FOSR and MLI
blankets on the exteriors of the
Equipment Section bay doors, with
internal MLI blankets on the bulk-
heads to maintain thermal balance
between bays

e Efficient placement of equipment and
use of equipment bay space to match
temperature requirements, such as
placing heat-dissipating equipment
on the side of the Equipment Section
mostly exposed to orbit shadow

e Silvered FOSR tape on the aft shroud
and aft bulkhead exteriors

* Radiation blankets inside the aft
shroud doors and MLI blankets on the
aft bulkhead and shroud interiors to
protect the science instruments

* More than 200 temperature sensors
and thermistors placed throughout
the SSM, externally and internally, to
monitor individual components and
control heater operations.

Figure 5-14 shows the location and type of
thermal protection used on the SSM.

During SM3A astronauts installed material
to cover and restore some degraded MLI.
The layer added to the SSM Equipment
Section on SM3A is a composite-coated
(silicone dioxide) stainless steel layer,
known as the New Outer Blanket Layer
(NOBL). The light shield/forward shell
material is Teflon with a scrim backing for
durability. During SM3A and SM3B, astro-
nauts installed NOBLs on Bays 6, 9 and
10. The materials used were life-tested to
an equivalent of 10 years.

Safing (Contingency) System
Overlapping or redundant equipment
safeguards the telescope against any
breakdown. In addition, a contingency or
Safing System exists for emergency oper-
ations. Using dedicated PSEA hardware
and many pointing control and data
management components, this system
maintains stable telescope attitude,
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Fig. 5-26 Science Instrument Control and Data Handling unit

the computer. It moves data, commands
and operation programs (called applica-
tions) for individual science instruments
in and out of the processing unit. The
application programs monitor and con-
trol specific instruments, and analyze and
manipulate the collected data.

The memory stores operational com-
mands for execution when the telescope
is not in contact with the ground. Each
memory unit has five areas reserved for
commands and programs unique to each
science instrument. The computer can be
reprogrammed from the ground for
future requests or for working around
failed equipment.

Standard Interface Board. The circuit
board is the communications bridge
between the computer and the CU/SDF.

Control Unit/Science Data Formatter.
The heart of the SI C&DH unit is the
CU/SDF. It formats and sends all com-
mands and data to designated destina-
tions such as the DMU of the SSM, the
NASA computer and the science instru-
ments. The unit has a microprocessor for
control and formatting functions.
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The CU/SDF receives ground commands,
data requests, science and engineering
data, and system signals. Two examples
of system signals are “time tags”—clock
signals that synchronize the entire space-
craft—and “processor interface tables”—
communications codes. The CU/SDF
transmits commands and requests after
formatting them so that the specific
destination unit can read them. For
example, ground commands and SSM
commands are transmitted with differ-
ent formats because ground commands
use 27-bit words and SSM commands
use 16-bit words. The formatter translates
each command signal into a common
format. The CU/SDF also reformats and
sends engineering and science data.
Onboard analysis of the data is an
NSSC-1 function.

Power Control Unit. The PCU distributes
and switches power among components
of the SI C&DH unit. It also conditions
the power required by each unit. For
example, the computer memory boards
typically need +5 volts, -5 volts and

+12 volts while the CU/SDF requires
+28 volts. The PCU ensures that all
voltage requirements are met.



Remote Interface Unit. RIUs transmit
commands, clock and other system
signals, and engineering data between
the science instruments and the SI C&DH
unit. However, the RIUs do not send
science data. There are six RIUs in the
telescope: five attached to the science
instruments and one dedicated to the
CU/SDF and PCUs in the SI C&DH unit.
Each RIU can be coupled with up to two
expander units.

Communications Buses. The SI C&DH
unit contains data bus lines that pass
signals and data between the unit and
the science instruments. Each bus is
multiplexed: one line sends system mes-
sages, commands and engineering data
requests to the module units, and a reply
line transmits requested information and
science data back to the SI C&DH unit. A
coupler attaches the bus to each remote
unit. This isolates the module if the RIU
fails. The SI C&DH coupler unit is on the
ORU tray.

Operation

The SI C&DH unit handles science instru-
ment system monitoring (such as timing
and system checks), command processing
and data processing.

System Monitoring. Engineering data tell
the monitoring computer whether instru-
ment systems are functioning. At regular
intervals, varying from every 500 millisec-
onds to every 40 seconds, the SI C&DH
unit scans all monitoring devices for
engineering data and passes data to the
NSCC-1 or SSM computer. The comput-
ers process or store the information. Any
failure indicated by these constant tests
could initiate a "safing hold"” situation
and thus a suspension of science opera-
tions. Refer to page 5-14, Safing
(Contingency) System.

Command Processing. Figure 5-27 shows
the flow of commands within the S| C&DH
unit. Commands enter the CU/SDF
(bottom right in the drawing) through the
SSM Command DIU (ground commands)
or the DIU (S§SM commands). The CU/SDF
checks and reformats the commands,
which then go either to the RIUs or to
the NSCC-1 for storage. Time-tagged
commands, stored in the computer’s
memory (top right of drawing), also
follow this process.

Each command is interpreted as “real
time,” as if the S| C&DH just received it.
Many commands actually are onboard

<: Remote C\
Modules Science Science
Instrument m c Instrument
Unique Memory Unique Memory
Remote
© Modules <; Stored Stored Science
- Command ﬁ Command C: Instrument
£ Memory Output Buffer Unique Memory
&
§ { Remote C "é
2 Modules £ Science Science
8 § Instrument Q Instrument
& Unique Memory Unique Memory
3
3
2 C: Remote <:
Modules
NASA Standard =
= +w= Spacecraft Computer S ©
2w S Modekl and Standard gé 58
Remote % g § - Interface g3 E, g
Modules § 3 § § Se 2 g
2 =
g5 s R N
] a
—
Support Systems V
Module Processor
Interface Table Words #VumTOrdera
ime Tag an
Parity Checks
From Command
Supervisory Bus i g Data Interface
arity and Type —
pu K (tmt Code Checks

Remote CU/SDF
Modules gommand

Sl

| Parity and Word
Control > Zg;g/ St Order Checks

|

To Power
Control Unit

Science
Control Unit/Science Data Formatter (CU/SDF) Unique Memory

From Data
Interface Unit

K7444_530

Fig. 5-27 Command flow for Science Instrument Control and Data Handling unit

Hubble Space Telescope Systems

5-27



8

N

stored commands activated by certain
situations. For example, when the tele-
scope is positioned for a programmed
observation using the Cosmic Origins
Spectrograph, that program is activated.
The SI C&DH can issue certain requests

to the SSM, such as to execute a limited

number of pointing control functions to
make small telescope maneuvers.

Science Data Processing. Science data
can come from all science instruments
at once. The CU/SDF transfers incom-
ing data through computer memory
locations called packet buffers. It fills
each buffer in order, switching among
them as the buffers fill and empty.
Each data packet goes from the buffer
to the NSCC-1 for further processing,
or directly to the SSM for storage in
the data recorders or transmission to
the ground. Data return to the
CU/SDF after computer processing.
When transmitting, the CU/SDF must
send a continuous stream of data,
either full packet buffers or empty
buffers called filler packets, to main-
tain a synchronized link with the SSM.
Special checking codes (Reed-Solomon
and pseudo-random noise) can be
added to the data as options. Figure
5-28 shows the flow of science data in
the telescope.

Space Support
Equipment

Hubble was designed to be maintained,
repaired and enhanced while in orbit,
extending its life and usefulness. For
servicing, the Shuttle will capture and
position the telescope vertically in the
aft end of the cargo bay, then the crew
will perform maintenance and replace-
ment tasks. The Space Support
Equipment (SSE) provides a mainte-
nance platform to hold the telescope,
electrical support of the telescope dur-
ing servicing and storage for Orbital
Replacement Instruments (ORI) and ORU:s.

The major SSE items to be used for
SM4 are the Flight Support System
(FSS) and the Super Lightweight
Interchangeable Carrier (SLIC), Orbital
Replacement Unit Carrier (ORUC) and
Multi-Use Lightweight Equipment (MULE)
Carrier. Crew aids and tools also will be
used during servicing. Section 2 of this
guide describes details specific to SM4.

Orbital Replacement Unit Carrier
An ORUC is a pallet outfitted with shelves
and/or enclosures that is used to carry
replacements into orbit and to return
replaced units to Earth.
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All ORUs and scientific instruments are
carried within protective enclosures to pro-
vide them a benign environment through-
out the mission. The enclosures protect the
instruments from vibration and contamina-
tion and maintain the temperature of the
instruments or ORUs within strict limits.
Instruments are mounted in the enclosures
using the same manually driven latch sys-
tem that holds instruments in the telescope.

During the change-out process, replaced
science instruments are stored temporarily
in the ORUC. A typical change-out
begins with an astronaut removing the
old instrument from the telescope and
attaching it to a bracket on the ORUC.
The astronaut then removes the new
instrument from its protective enclosure
and installs it in the telescope. Finally,
the astronaut places the old instrument
in the appropriate protective enclosure
for return to Earth.

The ORUC receives power for its TCS
from the FSS. The carrier also provides
temperature telemetry data through the
FSS for readout in the Shuttle and on the
ground during the mission.

Crew Aids and Tools e
Astronauts perform extravehicular (
activities using many tools to replace

instruments and equipment, to move

around the telescope and the cargo

bay, and to operate manual override )
drives. Tools and equipment, bolts,

connectors and other hardware are

standardized not only for the telescope P
but also between the telescope and

the Shuttle. For example, grappling

receptacles share common features.

To move around the telescope, the crew
uses 225 feet of handrails encircling the
spacecraft. The rails are painted yellow
for visibility. In addition, the crew can
hold onto guiderails, trunnion bars and
scuff plates fore and aft.

Astronauts can install portable handhold
plates where there are no permanent
holds, such as on the FGS. Another useful
tool is the Portable Foot Restraint.

While the astronauts work, they use
tethers to hook tools to their suits and
tie replacement units to the telescope.
Each crew member has a ratchet wrench
to manually crank the antenna and array
masts if power for the mast drives fails.
A power wrench also is available if
hand-cranking is too time consuming.
Other hand tools include portable lights
and a jettison handle, which attach to
sockets on the aperture door and to the
SA so the crew can push the equipment
away from the telescope.

Hubble Space Telescope Systems  5-29






H__ubblle Space Teleécope‘
Operations

ubble Space Telescope (HST) operations involve an elegant
choreography of many spacecraft elements that point the telescope,
acquire guide stars to precisely stabilize it, collect light from a distant

target and send data to the ground for calibration and analysis.

Hubble Space Telescope Operations  6-1



These activities are commonly divided into
science operations and mission operations,
but are actually closely interwoven. Science
operations include the planning required
to observe celestial objects, formulating
instructions to HST's science instruments
and processing the resulting data. Mission
operations include command and control
of the telescope to execute the science
plan and maintaining the performance of
all of its subsystems.

Numerous calculations must be made and
many rules followed to safely plan the use
of the telescope and one or more science
instruments to observe an astronomical
target. Instructions are encoded in groups
of commands sent to the HST spacecraft
and payload computers. These commands
are related to one another using time tags
so that activities are done in the proper
order at required times.

While Hubble observations are defined
as part of science operations, mission
operations elements monitor them to
ensure that HST subsystems function
correctly. Engineers watch spacecraft
systems and science instruments for
characteristics that could affect science
data collection, such as instrument
performance and pointing stability. The
telescope’s focus is also checked via
periodic observation of standard star fields.

The mission operations ground systems
provide all of the functions required to

operate HST and execute the science
plan. These systems include the Space
Telescope Operations Control Center
(STOCC), the Packet Processing Facility
(PACOR) and other institutional facilities
at Goddard Space Flight Center (GSFC)
in Greenbelt, Md. The Flight Operations
Team conducts mission operations from
the STOCC. The science operations
ground systems provide the functions
needed to plan and schedule HST science,
translate schedules into command loads,
and calibrate, archive and distribute
science data to the scientific community.

Space Telescope
Science Institute

The Space Telescope Science Institute

(STScl) on the campus of The Johns

Hopkins University in Baltimore, Md.,

oversees science operations for GSFC

(see Fig. 6-1). Among its functions are:

* Evaluating proposals for observing
time and selecting observation programs

e Scheduling the selected observations
and assisting guest observers in their
work

e Generating an overall mission timeline
and command sequences

e Storing and analyzing science data
acquired by HST

* Releasing news of HST's scientific
findings to the public.

THE ITIVEN MYTLERAUILDING

Fig. 6-1 Space Telescope Science Institute in Baltimore
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Scientific Goals

The Association of Universities for Research
in Astronomy (AURA) operates the STScl.
AURA is a consortium of 34 institutions in
the United States and eight international
affiliates that runs several national and
international facilities for astronomy. STScl
conducts the science program to meet the
overall scientific goals of the Hubble
Space Telescope Program, which are set
by NASA in consultation with committees
representing the national and international
astronomical communities.

STScl Software

Computer hardware and software systems
play an essential role in STScl's work. The
Science Planning and Scheduling System
(SPSS) and multiple science data calibra-
tion and archive systems are key among
them. STScl also created the Guide Star
Catalog used to support Hubble's precise
pointing requirements. In addition, exten-
sive science data analysis software (SDAS)
provides analytical tools for astronomers
studying observational data.

As part of the SPSS, the Guide Star
Selection System (GSSS) provides target
stars for HST's Fine Guidance Sensors
(FGSs). GSSS selects “guide stars” that
can be located unambiguously in the sky
by the FGSs during fine-pointing opera-
tions that take place as part of every sci-
ence observation. The Guide Star Catalog
has information on 20 million celestial
objects, created from 1,477 photographic
survey plates covering the entire sky.

After STScl collects, edits, measures and
archives the science data, observers can
use SDAS to analyze and interpret the data.

Selecting Observation Proposals
Any scientist may submit a proposal to
STScl outlining an observing program and
describing the scientific objectives and
instrument(s) required. Each year
astronomers from dozens of countries vie
for precious minutes of Hubble's unrivaled
view of the cosmos. Many of these countries
are European Space Agency (ESA) member
states. By virtue of ESA's contributions to the
development of the telescope and continu-
ing support of its operation, astronomers
from ESA countries are guaranteed 15 per-
cent of Hubble's observing time. ESA
provides approximately 15 staff members

co-located with other STScl employees in o=
Baltimore and operates its own data archive (ﬁ;
and analysis facility in Garching, Germany. :
STScl evaluates proposals for technical

feasibility and organizes a stringent peer j
review by panels of scientists from many

institutions. The panels rank the proposals

and recommend how the limited observing P

time should be allocated. Subsequently, a
Telescope Allocation Committee compris-
ing primarily the panel chairpersons
assembles the panels’ results and recom-
mends the science program to be
conducted in the coming year. The final
decision rests with STScl's director.

Individual astronomers and astronomy

teams submit many more proposals than

can possibly be implemented. In fact, for

the year following HST Servicing Mission 4

(SM4), six times more observing time has

been requested than can be accommo-

dated. The scientific concentration for the

next science cycle (Cycle 17) is approxi-

mately the following:

e Cosmology: 26 percent

* Resolved stellar populations: 13 percent

¢ Individual hot and cool stars (com-
bined): 13 percent

e Unresolved stellar populations and
galaxy structures: 12 percent

e Quasar absorption lines and the inter-
galactic medium: 12 percent

* The solar system and extra-solar plan-
ets (combined): 8 percent

e Other: 16 percent.

As would be expected, the new, extremely
powerful science instruments to be
installed during SM4—Wide Field
Camera 3 and Cosmic Origins
Spectrograph—will be employed for
approximately two-thirds of the Cycle 17
science program. The two instruments
for which repairs will be attempted on
SM4—Advanced Camera for Surveys and
Space Telescope Imaging Spectrograph—
will be involved in the remaining third.

A need for special, time-critical observa-
tions often arises throughout the year.
Some events are completely unanticipated.
The impact of the Comet P/Shoemaker-
Levy 9 on Jupiter in July 1994 was one
such instance. At other times, events can
be forecast but require unusually intensive
planning, such as the expected attempt by
HST to observe the impact of the Lunar
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Crater Observation and Sensing Satellite
(LCROSS) on the moon sometime in 2009.
Special tools are used to plan HST obser-
vations of moving bodies in the solar sys-
tem. Other procedures exist to quickly
interrupt a series of planned observations
to obtain data on unpredictable events
such as stellar novae in the Milky Way or
supernovae in other galaxies.

Scheduling Telescope Observations
The primary consideration when placing a
science observation on the schedule for a
given week is the visibility of the target,
which is governed by its angular separa-
tion from the sun and its position relative
to the plane of HST's orbit around Earth.
For example, occasionally a very faint tar-
get must be observed when the telescope
is in Earth’s shadow. The schedule takes
into consideration numerous rules and
parameters, such as the instrument(s)
being used, exposure times, locations of
guide stars and system limitations that
include allowable orientations of the
spacecraft. Additionally, many science
targets require repeated observations at
regularly spaced intervals that must be
compatible with the other constraints.

Data Analysis and Storage

STScl is responsible for storing the mas-
sive amount of data collected by the tele-
scope. The Hubble Data Archive catalog
records the location and status of informa-
tion as it pours into the storage banks.
Observers and visiting astronomers can
easily retrieve the stored data for examina-
tion and use data manipulation proce-
dures created by STScl.

To calibrate the science data, STScl uses
telescope and instrument engineering
data (for example, instrument detector
temperatures) and observations of “stan-
dard” astronomical sources whose physi-
cal properties are well known. In addition,
the GSFC mission operations facility
archives all of the engineering telemetry
reported by HST's sensors and uses it to
discover and trend changes in the per-
formance of spacecraft systems.

The STScl processes science data within
24 hours of receipt. When STScl receives
science data from PACOR, it automatically
reformats the information and verifies its
quality. STScl also calibrates data to
remove the instruments’ properties, such
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as a variation in a detector’s sensitivity
across its surface. Then the data are
placed on digital archive media from
which they can be retrieved and distrib-
uted to an observer or archival researcher.
Copies of HST data are also provided to
ESAs data analysis facility and to the
Canadian Astronomy Data Center. The
latter supports use of the data by
Canadian astronomers.

Space Telescope
Operations Control
Center (STOCCQC)

The STOCC is the facility at GSFC that
hosts the ground data systems and the
Flight Operations Team (FOT). The FOT
manages day-to-day spacecraft operations
(see Fig. 6-2). In that capacity, the FOT's
primary role is to send command loads to
Hubble’s computers, monitor the health
and status of the orbiting observatory via
real-time telemetry, and perform off-line
support work that includes engineering
data analysis and performance trending.
One vital part of the off-line work is to
ensure that the upcoming week’s Tracking
and Data Relay Satellite System (TDRSS)
schedule meets the data communications
needs of the telescope.

The HST Program’s Control Center System
(CCS) was built in the late 1990s to support
HST Servicing Missions 3A and 3B. CCS's
core capabilities include real-time command
generation and transmission along with
telemetry processing and display. The
CCS has been updated and enhanced in
preparation for SM4.

Nearly all spacecraft operations derive
from time-tagged commands executed
by Hubble's onboard software. STOCC's
FOT uses CCS to uplink commands to
HST's computers. In addition, ephemeris
loads that contain the predicted orbital
position of HST are uplinked weekly. The
spacecraft's computer uses this informa-
tion to maintain knowledge of its loca-
tion and velocity and to provide its
Pointing Control System other essential
information.

Daily commands consist of one computer
load that schedules basic spacecraft oper-
ations, such as when to turn on real-time
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Fig. 6-2 Space Telescope Operations Control Center
at Goddard Space Flight Center

telemetry and how to point the high gain
antennas (HGAs). Two to three other loads
are uplinked daily to the payload computer.
These contain commands for configuring
the science instruments for eight to 12 hours
of observations.

Engineering telemetry is received in the
STOCC via transmission through the
NASA Integrated Services Network (NISN),
which provides general communications
services for HST and most other NASA
space missions. The engineering teleme-
try—received in real time while HST is in
contact with a Tracking and Data Relay
Satellite (TDRS)—provides information on
spacecraft subsystem health and status.
Recorded engineering data, generated
between the real-time TDRS contacts, are
dumped to the ground at least twice every
three days. All of the data are analyzed to
ensure they are within proper operational
limits and for longer-term trending that
may reveal operational issues. Altogether,
several thousand engineering parameters
are generated continuously. Some teleme-
try reveals pointing control system opera-
tion and stability of the telescope during
science observations; other telemetry
reveals temperature trends of HST's bat-
teries. Occasionally these latter trends
require power system reconfigurations.

The initial step in ground system handling
of HST science data is PACOR processing.
When data arrive from NISN, PACOR

reformats the information. It strips out bits

that have been added by the spacecraft
and are essential to reliable data transmis-
sion, checks for noise or transmission
problems and passes both the data and a
data quality report to STScl. PACOR also
reports transmission problems to the FOT
so that, if necessary, a re-dump of missing
science data can be obtained before data
still on the recorder are overwritten.
Another important function of the PACOR-
STScl interface is to support observers
requiring a "quick-look” analysis of data.
Whenever STScl alerts PACOR to that
need, the incoming data are specially han-
dled and delivered to the observers.

Operational Factors

Three major operational factors affect

daily HST operations:

* The spacecraft’s orbital parameters and
characteristics and other environmental
factors

e HST's maneuvering characteristics and
target acquisitions

e Communications requirements for
sending commands and receiving data.

Orbital Characteristics

Hubble currently orbits approximately
350 statute miles (304 nautical miles,

560 kilometers) above Earth’s surface.
The orbit is inclined at an angle of

28.5 degrees to the equator because the
Shuttle was launched due east from

Hubble Space Telescope Operations
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Kennedy Space Center. In this orbit
sunlight falls on the Solar Arrays most of
the time. At other times batteries provide
the electrical energy needed by HST. In
addition, 350 statute miles is high enough
that aerodynamic drag from the tenuous
upper atmosphere decays HST's orbit slowly.

HST completes one orbit every 96 min-
utes, passing into Earth’s shadow during
each orbit. The time in shadow varies from
26 to 36 minutes. During a typical 30-day
period, the variation is between 34.5 and
36 minutes. Similarly, depending on their
location in the sky, different targets are vis-
ible to the telescope for as little as about
45 minutes (to be observed they need to
be sufficiently separated from Earth’s limb)
to as much as the entire orbit. If Earth
blocks a target from the telescope’s view,
HST reacquires the guide stars and the
target as they next rise above Earth’s limb.
Faint object viewing is best while the tele-
scope is in Earth’s shadow.

TDRSS is used to obtain HST orbital
tracking data approximately eight times
daily and these data are sent to the
Flight Dynamics Facility at GSFC.
Although this helps predict future orbits
quite well, some inaccuracy in predicting
the precise times of orbital events, such
as exit from Earth’s shadow, is unavoid-
able. The phenomena that most influ-
ence Hubble’s orbit are solar storms and
the 11-year cycle of solar activity.
Increased solar activity heats
the upper atmosphere, causes
it to expand and increases drag
on the telescope—accelerating
its rate of orbital decay. Shuttle
resources permitting, HST will
be boosted into a slightly higher
orbit during SM4.

Celestial Viewing

To perform the cutting-edge
science that is HST's mission,
the telescope is pointed toward
celestial targets for science
instrument exposure times that
can be as short as seconds or
sum in their aggregate to days.
Occasionally, several continuous
days of observation are devoted

to a single target or patch of Continuous Viewing Zone

sky. The longest individual expo-
sures using Hubble’s cameras
are about 20 minutes. Such
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exposures can be compared with one
another to aid in the removal of image
artifacts caused when cosmic rays pass
through the detectors, and they can be
added to one another to produce com-
posite exposures that reveal fainter tar-
gets than would otherwise be detected.

At any time, two HST continuous viewing
zones (CVZs) exist. These zones are
regions perpendicular to the orbital
plane of the telescope that extend up to
18 degrees on either side of the north
and south poles of the orbital plane (see
Fig. 6-3). The famous Hubble Deep Field
and Hubble Ultra-Deep Field were stud-
ied while the patches of sky containing
them were located in one of the CVZs.
The continuous visibility of the target
fields allowed many more exposures to
be obtained in the time allocated to
these two sets of seminal observations.

The orientation of the telescope is normally
selected to make the direction to the sun
nearly perpendicular to the spacecraft’s
Solar Arrays. HST's thermal design also
requires that the sun not be allowed to
shine directly on a “side” or on the
"underbelly” of the spacecraft. These limi-
tations may affect the times of year during
which a desired observation of a target
may be acquired. For example, a specific
orientation of the slit aperture of an HST
spectrograph on a particular target will be
achievable only on certain days.

Orbit Plane

Equatorial Plane

Orbital Zone
K7444_603

Fig. 6-3 Continuous viewing zone celestial viewing



STScl constructs and periodically updates
a long range plan (LRP) for each 12-month
cycle of HST science. The LRP process
takes into account the requirements of
each science program and makes all the
geometric and other calculations needed
to identify the candidate science for each
week of HST observing. This and the
detailed planning that follows has gener-
ated efficient and productive schedules of
HST science, which have also evolved
successfully to account for changes in
Hubble’s capabilities.

Solar System Object Viewing

For Hubble to view objects in our solar
system, the commands sent to HST must
compensate for the relative, continuous
motion of both the telescope and its tar-
get. For example, planning for an image
of Mars must take into account both the
orbit of Mars around the sun and Hubble's
motion as it orbits Earth. Although some
solar system objects are so bright that HST
needs only a very short exposure to image
the target, the motion of the target itself is
usually accounted for during such observa-
tions. Tracking errors will cause blurred
images if they are not compensated for
during longer-exposure observations of,
for example, much dimmer targets
(moons, asteroids and comets). Similarly,
longer exposures needed to obtain spec-
tra of planets and faint moving targets
require continuous corrections for the rela-
tive motion of HST and its target.

Without very special planning, no object is
ever observed by HST when the direction
to it is within 50 degrees of the direction to
the sun. This limitation makes Hubble
observations of Mercury impossible. The
telescope has made only a few observa-
tions of Venus when it has been more than
45 degrees from the sun. These highly
choreographed observations were made
after it rose above Earth’s limb, but prior to
the sun's appearance as viewed by HST.
They were timed so that HST could
maneuver outside the 50-degree solar limit
before the sun appeared above the limb.

Natural Radiation

Energetic particles from different sources
continuously bombard the telescope as it
orbits Earth. Geomagnetic shielding
blocks much of the solar particle radiation,
but when HST passes through the South
Atlantic Anomaly (SAA)—a region where

the Inner Van Allen Belt dips below HST's o=
orbital altitude—charged particles can (ﬁ;
penetrate the interior of spacecraft com- -
partments and interfere with its electronics

and detectors. j

Each day HST passes through the SAA for
segments of eight or nine consecutive
orbits and then has no contact with it for e
six or seven orbits. The FGSs cannot be
used while the telescope is within the SAA,
and its science instruments must be con-
figured in ways that minimize the impact
of the heightened radiation environment
on their sensitivity. SAA encounters vary in
duration and can last up to 25 minutes.
Careful scheduling minimizes the effects of
the SAA on Hubble productivity but it has
some unavoidable impact.

Earth's magnetic field shields the region of
near-Earth space through which HST orbits
from solar flares and the bursts of ener-
getic particles that accompany them.
Occasionally, however, cosmic rays can
penetrate the telescope’s shielding and
upset one of its electronic components. In
such a case, recovery procedures are then
used to return HST to full operation.

Maneuvering Characteristics

HST has no propulsion system. Its orienta-
tion in space is altered by changing the
spin rates of its four reaction wheels and
then restoring the original rates. The effect
involved is expressed in the principle
called the Conservation of Angular
Momentum. To conserve the spacecraft's
total angular momentum, electric motor-
driven increases in reaction wheel spin
rates (producing a change in their angular
momentum) cause the telescope to rotate
in the opposite direction (to offset and null
that change). Restoring the original rates
halts the spacecraft’s change in orientation.
The spacecraft can maneuver approximately
90 degrees in 14 minutes. Figure 6-4 shows
a roll-and-pitch maneuver.

After HST completes a large maneuver, its
Fixed Head Star Trackers are used to remove
most of any error between the actual and
desired pointing of the telescope. The
residual pointing error is usually less than
30 seconds of arc (eight thousandths of a
degree). It then takes a few minutes for
two FGSs to lock onto the guide stars to
be used for scheduled observations.

Hubble Space Telescope Operations ~ 6-7



oo When HST performs a maneuver
('é; from one target in the sky to
' another, it cannot allow the tele-
scope aperture to point within
50 degrees of the sun. For example,
j if two targets just outside the
50-degree Solar Avoidance Zone
are on opposite sides of the
zone, HST follows an imaginary
circle of 50 degrees around the
sun until it reaches the second
target (see Fig. 6-5).

Target Acquisition

The major steps in the observation

process are:

1. Vehicle maneuver, guide star
acquisition, target acquisition
(if needed to place a target in a
precisely defined location) and
science instrument exposure

2. Data storage and transmission

3. Data calibration, distribution and
archive

4. Data analysis.

Each science instrument has one or more
selectable apertures located in some por-
tion of HST's focal plane. The use of small
apertures can make precise target posi-
tioning a relatively lengthy procedure,
especially when a target is faint. To center
a target in a small aperture, microproces-
sor algorithms in the science instruments
are used to finely sample the distribution
of light coming through the aperture. At
other times, precise calibrations are
employed to move a target from one loca-
tion in an instrument’s field of view to
another. If exposures of the target will
span several orbits (and target occulta-
tions), the target acquisition process must
be repeated for each orbit. However, infor-
mation about the precise target position-
ing is retained from one orbit to the next,
shortening subsequent acquisition times.

Most observations with HST are made
while two FGSs are locked onto guide
stars. Two guide stars allow the best point-
ing performance. However, to increase the
probability of a successful acquisition,
Hubble's flight software contains algo-
rithms that allow a fail-down to single-star
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Fig. 6-4 HST single-axis maneuvers

guiding if an FGS cannot lock onto one of
the guide stars. The telescope’s pointing
performance is still excellent when only
one guide star is used and most observa-
tions are little affected.
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Fig. 6-5 Sun-avoidance maneuver



Communications Characteristics
Hubble communicates with the ground
via TDRSS, which is the orbital compo-
nent of NASA's Space Network (SN).
The SN's ground control facility, called
the White Sands Complex (WSC) and
located at White Sands, N.M., controls
all TDRS spacecraft. In addition to the
WSC, the SN has another ground terminal
on Guam.

The typical HST weekly communications
schedule has Hubble using only the east
and west TDRSs. However, a recent
enhancement to the ground and flight sys-
tems enables use of a combination of four
different satellites. That is, while HST com-
municates only through a single TDRS at a
time, mission planning can schedule up to
four different TDRS satellites during a
given week.

There is a small “zone of exclusion” where
Earth blocks HST' line of sight to both the
east and west satellites, but up to 91 per-
cent of its orbit supports communications
(see Fig. 6-6). TDRSs receive and send
both single-access S-band radio transmis-
sions—for Hubble's recorder-stored
science and engineering
data—and multiple-access
(MA) radio transmissions—
for Hubble's commands
and real-time engineering
data. To avoid unneces-
sary gaps in communica-
tion, each HST HGA
points toward and tracks a
TDRS whenever possible.
Each antenna tracks “its"
communication satellite,
even during maneuvers.
HST's two low gain antennas

TDRS East

‘Q'Q-..___

Longitude 41° W.

TDRS West Shadow Zone

provide at least 95 percent orbital coverage
via a TDRS for the minimum MA command
rate used.

WMC's Data Services Management Center »
(DSMC) schedules all TDRSS communica- _’
tions. HST has a general orbital communi-
cation schedule, supplemented by specific
science requests. The DSMC prepares
schedules 14 days before the start of each
mission week.

A ground network of tracking stations
that can receive engineering and science
data provides a backup communications
link to Hubble if the HGAs cannot trans-
mit to the TDRSS. The longest continu-
ous ground contact is between eight
and nine minutes. The limiting factor of
this backup system is the large gap in
time between potential contacts with
the telescope. This gap can be as short
as 30 minutes but as long as nine hours;
the average time is approximately one
hour. The FOT performs routine monthly
proficiency passes with the ground net-
work stations to ensure preparedness if
their use is required during an actual
contingency event.

TDRS West
Longitude 171° W

TDRS East Shadow Zone

No Coverage Zone
K7444:606

Fig. 6-6 TDRS-HST contact zones
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ACE
ACS
AMA
AME
AMSB
AS
ASD
ASIPE
ASLR
ATM
AURA

BAPS
BAR
BCS
BET
BMA
BPA
BSP

°C
CASH
CATS
ccC
CCD
CCs
CEB
CET
cm
COPE
COS
COSTAR
CPU
CRT
CSM
CSS
CuU
Cvz

DBA
DEB
DIU
DMS
DMU
DSMC

A
angstrom
actuator control electronics
Advanced Camera for Surveys
actuator mechanism assembly
actuator mechanism electronics
Advanced Mechanism Selection Box
articulating socket
Aft Shroud Door
Axial Scientific Instrument Protective Enclosure
Aft Shroud Latch Repair
auxiliary transport module
Association of Universities for Research in Astronomy

B
Berthing and Positioning System
Berthing Attachment Restraint
Battery Cooling System
Battery Extraction Tool
Battery Module Assembly
battery plate assembly
BAPS support post

C
centigrade
cross aft shroud harness
crew aids and tools
charge current controllers
charge-coupled device
Control Center System
CCD Electronics Box
card extraction tool
centimeter
Contingency ORU Protective Enclosure
Cosmic Origins Spectrograph
Corrective Optics Space Telescope Axial Replacement
central processing unit
Clamp Removal Tool
Channel Select Mechanism
Coarse Sun Sensors
control unit
continuous viewing zone

D)
diode box assembly
Detector Electronics Box
Data Interface Unit
Data Management Subsystem
Data Management Unit
Data Services Management Center
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E
E/STR Engineering/Science Tape Recorder

ECU electronics control unit

EHIP EVA Helmet Interchangeable Portable (battery)
EK enhancement kit

EMI electromagnetic interference

EP/TCE Electrical Power and Thermal Control Electronics
EPDSU Enhanced Power Distribution and Switching Unit

EPS Electrical Power Subsystem
[=YAY European Space Agency
ESM Electronics Support Module
EVA extravehicular activity
=
FCP fastener capture plate
FGE fine guidance electronics
FGS Fine Guidance Sensor
FHST Fixed Head Star Tracker
FMDM Flexible Multiplexer Demultiplexer
FOC Faint Object Camera
FOS Faint Object Spectrograph
FOSR flexible optical solar reflector
FOT Flight Operations Team
FOV field of view
FPS Focal Plane Structure
FRB fastener retention block
FSIPE Fine Guidance Sensor Scientific Instrument Protective
Enclosure
FSS Flight Support System
FUV far ultraviolet
€
GHRS Goddard High Resolution Spectrograph
GN ground network
GPS Global Positioning System

GSFC Goddard Space Flight Center
GSSS Guide Star Selection System

H
HGA high gain antenna

HH handhold

HRC High Resolution Channel
HSP High Speed Photometer
HST Hubble Space Telescope

HUDF Hubble Ultra Deep Field

ICE Integrated Control Electronics
IR infrared
IVA intra-vehicular activity

J
JPL Jet Propulsion Laboratory
JSC Johnson Space Center

K
KBO Kuiper Belt object
km kilometer
KSC Kennedy Space Center
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LGA
LGAPC
LIS
LOPE
LOCK
LVPS

m
MA
MAMA
MCP
MEB
MFER
MINC
MLI
MSM
MSS
MULE
MUT EE
MWS

NASCOM
NBL
NCC
NCC
NCS
NICMOS
NISN
nm

nmi
NOBL
NOPE
NRT
NSCC
NUV

OCE
OPE
ORI
OINV
ORUC
0SS
OTA

L

low gain antenna

low gain antenna protective cover
Load Isolation System

Large ORU Protective Enclosure
Latch Over Center Kit
low-voltage power supply

\Y

meter

multiple access

Multi-Anode Microchannel Plate Array
microchannel plate

Main Electronics Box

manipulator foot restraint

MULE Integrated NOBL Container
multi-layer insulation

mode selection mechanism
Magnetic Sensing System
Multi-Use Lightweight Equipment
multi-use tether end effector

mini work station

N
NASA Communications Network
Neutral Buoyancy Laboratory
Network Control Center
NICMOS Cryogenic Cooler
NICMOS Cooling System

Near Infrared Camera and Multi-Object Spectrometer

NASA Integrated Services Network
nanometer

nautical miles

New Outer Blanket Layer

New ORU Protective Enclosure
NOBL roller tool

NASA Standard Spacecraft Computer
near ultraviolet

O

optical control electronics

ORU protective enclosure
Orbital Replacement Instrument
Orbital Replacement Unit
Orbital Replacement Unit Carrier
Office of Space Science

Optical Telescope Assembly

Glossary
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P
PACOR  Packet Processing Facility

PCS Pointing Control Subsystem
PCU power control unit
PDSU Power Distribution and Switching Unit
PDU power distribution unit
PFR portable foot restraint
PGT Pistol Grip Tool
PIE power input element
PP push-in-pull-out
POE power output element
PRJU Power Regulator Junction Unit
PSEA Pointing/Safemode Electronics Assembly
PSO Project Science Office
R
RBM radial bay module
RCT RSU Changeout Tool
RDA rotary drive actuators
RGA Rate Gyro Assembly
RIU remote interface units
RMGA Retrieval Mode Gyro Assembly
RMS Remote Manipulator System
RSIPE Radial Scientific Instrument Protective Enclosure
RSU Rate Sensor Unit
RWA reaction wheel assembly
S
SA Solar Array
SYAVAN South Atlantic Anomaly
SADE solar array drive electronics
SADM solar array drive mechanism
SBC single-board computers
SBC Solar Blind Channel
SCM Soft Capture Mechanism
SDAS science data analysis software
SDF science data formatter
SI C&DH Science Instrument Command and Data Handling
SLIC Super Lightweight Interchangeable Carrier
SM1 Servicing Mission 1
SM2 Servicing Mission 2

SM3A Servicing Mission 3A

SM3B Servicing Mission 3B

SM4 Servicing Mission 4

S\ Space Network

SOFA Selectable Optical Field Assembly
SOPE Small ORU Protective Enclosure

SPSU Starboard Power Conditioning Unit

SSAT S-Band Single Access Transmitter

SSE Space Support Equipment

SSM Support Systems Module

SSM-ES  Support Systems Module Equipment Section
SSR solid-state recorder

STIS Space Telescope Imaging Spectrograph
STOCC Space Telescope Operations Control Center
STS Space Transportation System

STScl Space Telescope Science Institute
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TA
TCS
TDRS
TDRSS
TEC
™

uv
UVIS

VIK
VLA

WEC
WEC3
WEPC
WSC
WSIPE

T

translation aid

Thermal Control Subsystem

Tracking and Data Relay Satellite
Tracking and Data Relay Satellite System
thermo-electric cooler

transport module

ultraviolet
ultraviolet/visible

\%

voltage/temperature improvement kit
Very Large Array

W
Wide Field Channel
Wide Field Camera 3
Wide Field and Planetary Camera
White Sands Complex

Wide-field Scientific Instrument Protective Enclosure
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Refreshing Hubble’s
Batteries

An SM4 spacewalker astronaut
installs a new battery module

on the inside of the Equipment
Bay 2 door. A second new module
will be installed on the Bay 3
door, giving Hubble a complete

set of new batteries.

Sending Hubble ‘i
Back to Work

After spacewalks are done and
on-orbit servicing is complete,
Hubble is lifted out of th/e

payload bay, the Aperturé Door

is opened, and the telescope
ison its own again to explore

the universe.
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