SHUTTLE VEHICLE AND MISSION

SIMULATION REQUIREMENTS REPORT

VOLUME II

s

URER OF THE LINK TRAINER

< AND MANUFACT




Cr-,28l22

SHUTTLE VEHICLE AND MISSION
SIMJLATION REQUIREMENTS REPORT

VOLUME I1I

10/20/72

Q4 Rl
J. F. Burke
Principal Investigator

. SMS Definition Study

' This document is submitted in compliance with Line
Item No. 2 of the Data Requirements List as Type
I Data, Contract NAS 9-12836 ‘

SINGER COMPANY
SIMULATION PRODUCTS DIVISION




N AL -
L t:t-xf?v‘«»:-'.q&.‘ﬂ;,‘.

SHUTTLE VEHICLE AND MISSION
- SIMULATION REQUIREMENTS REPORT

VOLUME II

Prepared by:

e . () /} !@l L L}/
: J. F. Burke

Principal Investigator
" SMS Definition Study

Approved by:

C. Olasky
NASA Technical Manager

- .

Contracting Officer

-

This document is submitted in compliance with
Line Item No. 2 of the Data Requirements List
as Type I Data, Contract NAS 9-12836

SINGER COMPANY
SIMULATION PRODUCTS DIVISION



DATH THE SINGER COMPANY ; PAGE NO. 1
10/20/72 SIMULATION PRODUCTS DIVISION 1
REV. _ . BINGHAMTON, NEW YORK REP. NO.
PREFACE

This document is submitted in compliance with Line Item No. 2 of the
Data Requirements List és Type 1 Data, Contract NAS9-12836. The document
is divided into four volumes for ease of handling. The contents of |
each volume is defined as:
Volume TI: Includes sections entitled Introduction, Mission
Envelope and Fiigﬁt Dynamics which correspond t6
Sections 1.0, 2.0 and 3.0 of the Table of Contents.
Volume II: Includes sections entitled Iﬁtroduction and Shutéle
Vehicle Systems which correspond‘to sections 1.0 aﬁd
4.0 to 4.18 of the Tablé of Contents. |
Volume III: Includes sections entitled Iﬁtroduction and Shuttle
| Vehicle Systems which correspond to sections 1.0 and
4.19 to 4.22 of the Table of Contents.
Voluﬁe IV: Includes seCtiéné entitled Exﬁernal Inﬁerfaces, Crew
Prodedures, Crew Station, Visual Cues and Aural
Cues which correspond.to sections 5.0, 6.0, 7.0,

8.0 and 9.0 of the Table of Contents.
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8.9.1.5 Atmospheric Effects
' 8.9.2 Color
8 9.3 Illuminators/Non-Illuminators
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4  Displacement
'8.974.1_ Translation
4.2 Rotation
8.9.5 Velocity
8.9.5.1 Translation
8.9.5.2 Rotation
8 9.6 Acceleration
| 8.9.6.1 Translation
8.9.6.2 Rotation
-8.10 .Entry
8.10.1 Scene Content
8.10.1.1 Horizon
8.10.1.2 Terrain
8.10.1.3 Celestial Bodies
8.10.1.4 Atmospheric Effects
8.10.2 Color
e, .
8.10.3 ~ Illuminators/Non-Illuminators

8.10.4 Displacement

8.10.4.1 Translation

F.398.8-A

8.10.,4.2 Rotation
8.10.5 Velocity
8710.5.1 Translation
8.10.5.2 Rotation

8.10.6 Acceleration
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.10
.10.
.10
.11
11
11
11
1.
11.
11
.11
11.
11
11
11
11
.11.
11

.11.

.6.1 Translation

6.2 Rotation

.7 Assumptions

Approach and Landing Phase

.1 Scene Content
.1.1 Horizon

.1.2 Terrain

1.3 Celestial Bodies

1.4 Atmospheric Effects

.2 Color

105 Other‘Aircfafé

3 Illuminators/Non-Illuminators

.4 Displacements
4.1 Translation
4.2 Rotation

.5 Velocity

5.1 Translation

.5.2 Rotation

6 Acceleration
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.11
J11.
.11
.12

.12,

.6.1 Translation

6.2 Rotation

.7 Assumptions

Ferry Flight Phase

1 Scene Content
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8.12.1.1 Horizon
8.12.1.2 Terrain
8.12.1.3 Celestial RBRodies
8.12.1.4 Other Aircraft
8.12.1.5 Own Aircraft
8.12.2 Color
8.12.3 Illuminators/Non-Illuminators
8.12.4 Displacement
- 8.12.4.1 Translation
8.12.4.2 Rotation
8.12.5 Velocity
8.12.5;1 Translation
8.12.5.2 Rotatioh
8.12.6 Acceleration
8.12.6.1 Translation
8.12.6.2 Rotation
8.12.7 Assumptions
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9.0 Cue Requirements

9.1+ Propulsion Cues

9.1.1 Main Rocket.Engines

9.1.2 Solid Rocket Motors

9.1.3 Airbreathing Engines
9.1.4  Abort Solid Rocket Motors
9.2 System Equipment Cues

9.3 Aerodynamic Cues |

9.4 - Caution and Warning Cues

9.5 Landing Gear Cues

- 9.6 - Malfunction CUES -. - - v ot oo e o
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1.0 Introduction

The objective of the Shuttle Vehicle and Mission Simulation
Requirements report is to provide to NASA/MSC documentation of the
requirements for faithful simulation of the Shuttle Vehicle, its
-gystems, mission, operations and interfaces. To accomplish this
objective the 'report was divided into eight topics which comprehensively
cover the simulation requirements of the Shuttle mission and vehicle.

The topics and their main objectives are summarized below.

Mission Envelope =~ This topic covers the space and atmosphexic
missions that are envisioned for the Shuttle
program. The characteristics of each mission

_are dgs;ribgd.by an analysis of the mission
phases, trajectory information, timelines
and éﬁerations for nominal and abort condi-
tions to the extent data was available.

Orbiter Flight Dynamics - This topic covers the flight regimes
which the Shuttle vehicle will encounter in

the accomplishment of its missions. The

398-8-A

reqdiremenfs—wefe—eseablished_inwthe_fallgwi%g_
manner. | ’%
The vehicle configurationé that must be simui
lated for horizontal and vertiéal test

flights, operational space missions, atmospheri

missions and abort modes were defined.
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The dynamics requirements were established
by defining the forces and moments that will
act on the vehicle during the entire mission
envelope which include, propulsion, gravity,
aerodynamic effeéts, payload effects, docking
effects, staging effects, ground reactions
aﬁd the dumping of material overboard. The
translational equations of motion requirement
were established by defining the vehicles,
satellites and ﬁayloéds whose stéte vectors
must bé calculated and by defining the co-
ordiﬁaté systems, relagive equations of |
motion and accuracy of the calculations. A
similar analysis was performed for the rota-
tional equatioﬁs of ﬁotioﬁ;v ﬁéés pfOperty>
and ephemeris requirements weré also identi-

fied.

Shuttle Vehicle Systems = The Shuttle vehicle systéms required

for simulation were identified and described.

F-398-8-A

The descriptive data generated in this efforﬁ

was primarily based on the North American ;

' |
Shuttle proposal. The Shuttle vehicle and its

system configuration is currently in a state

of flux and therefore the descriptive data

¢



DATE 20772 THE SINGER COMPANY PAGE NO. -
10/20/7 SIMULATION PRODUCTS DIVISION 1-3

REV. BINGHAMTON, NEW YORK REP. NO.

contained in this report undoubtedly will
become out of date as the Shuttle program
progresses. However, for the purposes of
this study, the data is more than adequate:
to define simulator requirements and a base-
line design when it 1s tempered with the past
experience of Apollo and Gemini programs. A
cross correlation between the NR definition
of systems and LRU's and this report is shown
in Table 1-1 for reference purposes.

External Interfaces - The external interfaces of the Shuttle
vehicle were identified and a preliminary
type interface description established. Due
to the fact that for every external interface
theré also-exists an equivalent on-board
system, the descriptive data on the workings
of the interfaces is contained in the Shuttle
Vehicle Systems section of the report and

cross references are provided in this section.

F-.3398-8-A

Crew—Procedures —The autuai—treW“prUcedures—fbf*thé“SﬁﬁﬁﬁhT——f——
system will not be available for many years.,
As a result the study concentréted-on identi<
fying tasks by mission phase and crew member

and identifying the probable interfaces be-

tween work stations. The data used for the




DATE 10/20/72

REV.

SIMULATION PRODUCTS DIVISION -

THE SINGER COMPANY PAGE NO.1-4

BINGHAMTON, NEW YCRK REP. NO.

Crew Station

Visual Cues

S,

writing of this report was used to identify

‘shape of the interior cabin, the location of

analysis waé a RTOP study by MacDonald-
Douglas, conversations with George Franklin
of NASA/MSC, past experience, and the re-
quirements of the Shuttle vehicle & mission.

The latest available data at the time of the
the configuration of the Crew Station. The

the work stations and the allocaﬁion of the
C&D panels by work station were establishé&.
Detailed data on the interior composition of
the'cébin is not currently a&ailable..
However, simulation requirements were identi-
fied based on past experience and accepted‘
levels of fidelity for mission simulators.
The visual scene content was established for
each of the mission phases. Attributes of
the scene elements, to the extent feasible,

were established and will be further defined

F.398-8-A

in the SMSR report. The vehicle window con-g
figuration is not defined at this time but |
the best data available was utilized. The

accelerations, velocites and displacements

were established to the extent possible. Son
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dynamics data was not available such as in
the Abort phases of the mission. The missing
information will be incorporated if it be-
comes available when the time frame and

ground rules of the study or assumptions will
be made.

Aural Cues -~ The aural cues requirements associated with

the mission and vehicle systems were identifiled
and described. Detailed data on the charac-
teristicé of‘each sound-was not évailable
and probably will not be until the vehicle
test program is in progress. This factor can
- be circumvented by specifying flexibility
into the simulator aural éue equipment. |
This report will be updated at the end of the study based on data
received as of January 1, 1972.
Reference tSQStudy data sources are included in the margins and
the text in order to facilitate update of this report. The numerical

references are correlated with the data listing defined by Table 1-2.

F.398-.8-A
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' 4.0 - SHUTTLE VEHICLE SYSTEMS )
- 166 The shuttle vehicle is composed of three major units: the orbiter

'vehicle, the external fuel tank, and the two 156" external solid rocket

 motors. Figure 4.0-1 gives the relative location of the total vehicle

major components. Note in this figure the Abort SRM's are shown attached

to the shuttle vehicle body. In Figure 4.0-2 the shuttle vehicle does not

have the ABORT SRM's in place and is in an orbital configuration. Inserts

_and cutaways provide general location of additional components of the
~-shuttle vehicle. The payload shown is representative of one of the many

~ possible configurations that may be accommodated in the shuttle payload

bay. . R 3
- 4,0.1 Rationale for Assumptions
o Not Required T —
3.0.2 References "
. 166 pages 3-3 and 2-105 -~ - f:tj“'}““f”“““*j'"w‘“f“'M~”““"““"
e
; ‘ i L B
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4.1 ELECTRICAL POWER

“restartable “hydrogen-oxygen “fuel cell powerplants were selected as the primary|

"will be supplied by four ABPS driven AC generators.

. power supply. The nickel-cadmium batteries use hermetically sealed cells to

166

The electrical power system for the shuttle vehicle is composed of
fuel cells, batteries, auxiliary power generators (AC power), and air
breathing engine generators (AC power). These power sources are distributed
throughout the vehicle as both AC and DC supply to operate electrical

pumps, motors, valves, and avionic subsystems throughout the mission. The

source for DC power. Projected 1ife expectancy of these cells is approximatel
5000 hours. Three of these fuel cells are provided, each having an oufput
capabi]fty of 10KW at 29 volts +5%. Heat and water generated by the fuel
cell reaction process are input to the ECLS subsystem.

For the launch, landing, and during some mission operations the three
400 Hertz; 20/30 KVA; 120/208 VAC APU driven generators will provide additiona

power for peak loads. During ferry flights the electrical power requirements
Nickel-cadmium batteries provide the pyrotechnic and emergency

minimize maintenance requirements. A high-pressure safety relief vent on
each cell provides the necessary safety for manned vehicles; however, the
vents do not cycle under normal operating modes..

As a pyrotéchnic and emergency power supply, two nickel-cadmium secondary
batteries are employed. Each battery has nominal power of 10 amp-hours at

29 volts and 27.55 volts (nominal TBD% SOC at TBD° F. at 20 amps discharge.

A Separate battery subsystem is provided for contingency power to meet
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duration of 2.5 hours, which assumes a 100-percent duty during high_actiVity

of receiving space station power for orbiter emergency orbital docked-phase

-is capable of transferring power to the péy]oad module. No electrical power

‘portion of the vehicle provide three independent AC power sources. The three

special requirements for the-Development'Flight Instrumentation (DFI).

A load analysis has indicated a requirement to supply 962 watts for a total

periods and a 10 percent duty cycle during low activity periods. Three Apollo
CSM silver-zinc entry batteries (40 amp-hr each) provide this power requirement.
Battery recharging will be accomplished by DC-DC convertors. Static

inverters are provided for minor AC loads when startup of the APU is

vr

not warranted. Conversion of AC to DC will be accomplished when the fuel cell
are inoperative,. |

Power distribution and control is accomplished by bus nétworks with.
switching and-control logic for protection 6f buses and c%rcuits from power
source, bus load faults, and failures.

The orbiter electrical system provides an electrical power umbilical

compatible with the space station docking port power umbilical and is capable
power requirements. In addition the orbiter provides a power umbilical and

transfer is provided between the orbiter and booster.
4.1.1. ELECTRICAL POWER DISTRIBUTION AND CONTROL (EPDC)

The orbiter EPDC is shown schematically in Figure 4.1-1 Primary
28 vdc power is distributed from the three 10 kw fuel ce]]évthrough three
central DC distribution center near the fuel.cefls, to seven local distributior
boxes located near the load centers. There are two 3-phase, 400 cycle AC

bus systems incorporated into the vehicle. The APU generators in the aft

SRR
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TABLE 4.1.1 Equipment for EPDC
b "~ “Feature > SetectedApproach ~2fquipment/Somponents B
Power types e ‘
oc .- 24-30 v at load 'Fuel cells, 150-amp transformer-rectifier,

Aero, boost and

115/200-v, 400-Hz generator

110 amp-hr Batferies,} battery charger
\Generators,i “genérator controf unit

Load control.

entry ac (MIL-STD-704A)
Orbit a¢ 115/200-v, 400 Hz central  {CSM 1250-va 3-phase inverters
inverter system (CSM limits) {(refurbish-reuse)
GSE 115/200-v, 400-Hz Ac power umbilicals
(MIL.STD-704A)
Bus redundancy Three redundant Magnetic latch, hermetic sealed power
contactors _
Redundancy Isolated (ac nonsynchro-
management nized—isolation maintained
szos"{é?g?eer ;?{g:‘%gdfcaed) Magnetic latch, hermetic sealed power
failure contactors
Redundant loads powered N
from redundant buses
Kardwired electromechanical|Magnetic latch, hermetically sealed RCC8's

RPC's, high-reliability relays

| Power current return

Structure, multipoint ground
(single-point ground for
signal circuits)

Sequencing

Conventional logic—with
voting inputs and basic
timing from GN&C computer

Relays and solid-state logic

Circuit sensing

Over-under voltage

: Over-under-frequency Generator control unit
Main ac Overload
Dec Undervoltage, overload Solid-state sensors 1
Inverter Over-under voltage, overload |Solid-state sensors
$4-Inverse time-current RCCB's, thermal circuit breakers, fuses
Fadlt interruption
Current limited, timed MIL-Spec solid-state RPC's
interruption
gr {_"7777 Denotes non-avionics equipment; RCCB—Remote control circuit breakers; RPC—remote power controflers

3-114
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buses are non<-synchronous and should.not be tied to a common bus

"except when GSE is providing power. The APU generator has con-

trols for governing voltage and freqﬁency; however, there is no

‘provision for synchronization of the generators.The sclid state

1250 VA-3-phase invertors driven from the main DC buses do have

~;§ynchﬁonization between phases.Note that in case of failure of

any one unit, that the other invertors can be switched to provide
redundant power. Inverter power is distributed from there to the

local distribution boxes,

" From the local distribution boxes, power is distributed to loads
and controlled by remote power controllers. The interface for power control
and data with the Displays and Control (D&C) system is by Data Control
Management Acquisition Control and Test (DCM ACT) units and data bus. As
shown, certain basic power control and data functions are hardwired directly
to dedicated D&C equipment. Transformer-rectifier units near the main DC
distribution center supply DC power from géﬁerafor sources dﬁring ferry
missions, GSE AC sources for ground checkout, and space station AC sources
for emergencies during docked periods. Two batteries supply emergency power
control and pyrotechnic DC loads. The batteries can be recharged»from fuel
cell energy by a regulated charger. |

Redundant sequencers provide positive arming and safing of pyrotéchnic

devices and any other unilateral safety-of-flight electrical operations required

'of orbiter electrical subsystems.

Interior lighting is provided in the flight deck, Avionics Equipment
Bay, IVA tunnel, cabin, and airlock compartments. Both floodlights and

spotlights are provided. Exterior_lightshare provided for rendezvous, docking, .
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o ‘ ' and payload maneuvering during orbital flight, as well as atmospheric flight,

landing and taxi. General operating characteristics of the EPDC is shown in
Table 4.1-1.
4.1.2 POWER DISTRIBUTION EQUIPMENT DESCRIPTION
| 4.1.2.1 GENERATOR CONTROL UNITS (GCU)
166 . Generator Control Units (GCU) provide voltage regulation for the AC
generators, and control the Generator Load Contactor (GLC) to close (upon
command from the D&C) when generator voltage and frequency are normal and

open when voltage or frequency exceed limits (or a feeder fault or generator

e e - - e e e e e =.
o SN

overload is sensed by the genérator current transformers). The GCU will
also provide failure indications to the DCM system for failure jsolation
to generator, GCU feeder, or GLC.

“ ‘ 166 The three 20/30 kva, 400-Hz generators used for orbital missions are
. sized to power the main propulsion engine accessories, the ABPS fuel boost pumps
the ECLSS vapor cycle machines, and other similar loads applied during ascent,
__tp___“ _ entry, and landing. 'Frequency control is in accordance with MIL-STD-704A.
_.,_:____,.j,w. | Synchronization of APU generator frequencies is not controlled. The generatof‘
design is a smaller model of existing spray-oil cooled units, and \&as designed
for integration with APU gearbox zero-g lube system.

4.1.2.2 POWER CONTACTORS |

166 Main AC and DC power source and bus tie contactors are the electro-
mechanical type, and will have auxiliary contacts for interlock and position
indication. DC types will.include overcurrent sensing and trip in some
applications. ..

4,1.2.3 INVERTERS

- ‘ 166 There are four inverters; single-phase units with 1250-va, 115-v

 400-Hz output ratjng.h They are completely stat‘_ic,wsc_ﬂ_iq_/stqte_l,:“ar_u_j_havc_e_

F.398-.8-A
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"provisions for sensing and limiting overload current in either of two output "
terminals. Synchronization and phase relationship between units is provided
by an internal clock oscillator in the master inverter unit for phase A, and
'120-degree lock signals between inverters connected to succeeding phases.
iBus 1'and Bus 2 inverter sets will also be synchronized.

4.1.2.4 TRANSFORMER-RECTIFIERS (TR)

trip indication to D&C through the DCM system.

- and electromechanica]lqontapts fob.power switching._ The hybrid RPC's have

" . The three transformer-rectifiers (T-R) are each rated at 28-v, 150-amp
output and can deliver 225-amp for five minutes and 3b0-amp for five seconds.
The T-R's contain no active regulator te contrcl output voltage. The
regulation of the transformer and rectifier over the normal load range
provides output voltage within subsystem limits. | h |
4.1.2.5 BATTERY/CHARGER

A solid-state battery charger uses fuel cell energy to recharge
the 10-amp-hour nickel cadmium batteries after partial discharge for pyrotechn;
loads and/or emergency power .control. The charger is a constant current
type with maximum voltage cutoff control, and will sense battery temperature
to adjust cutoff voltage.
4.1.2.6 REMOTE POWER CONTROLLERS (RPC)

Two types of remote power controllers are used in the local

power distribution boxes: solid-state and hybrid. Solid-state power controllers

protect and control DC loads rated from 1 to 10 amp. They limit
overioad current to 150-percent RPC rating and control turn-on and

turn-off time for transient current and voltage control. They also provide

Hybrid power controllers control and protect DC loads rated

above 10 amp and AC loads. This RPC type uses solid-state sensing and control

c

ety ey
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inverse current-time overload trip characteristics, and for AC are

A

in both single and three-pole types.
Both solid-state and hybrid Ramote Power Controller (RPC) are

trip-free, and are controlled by a‘5-v, 10-ma signa]_fqr on and 0-v

“open circuit for off. Reset affer'trip is accomplished in both types

by removing the control signal. All RPC's have fuseable links as back
up'fo the solid-state overload sensing and trip circuits, and the hybrid
DC RPC's also have a current trip coil.
4.1.2.7 SEQUENCERS

Sequencer units contain a sequehcer bﬁs which is armed only
during sequence events. Dual-redundant firing relays short protechnic
devices during all periods except firing. Connection is made to sequencer
buses on logic command from the DCM.
4}1.2.8 INTERIOR LIGHTING

Floodlighting is provided by fluorescent lamps and spotlighting
by incandescent lamps. Integral DQC panel lighting is a part of D&C and 15;
provided by that subsystem.
4.1.2.9 EXTERIOR LIGHTING
| For &xterior lighting during orbit, flashing rendezvous lights are
provided for the space station rendezvous phase. Running lights and a
docking light are provided for stationkeeping and docking. A spotlight
on each payload manipulator arm provides payload illumination. For atmos-
pheric flight phases, the rendezvous light is used as an anticollision
light. Other FAA lighting requireménts are met by position lights and
fuselage lights. HNight landing requirementé are met with three landing
1ights mounted on the landing gear. The nose-gear landing light is also
used as a taxi light.

4,1.2.10 FUEL CELL SYSTEM

P e et 3 e gy L
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product lines to prevent directional flow problems. Heaters are provided

~ The shuttle orbiter vehicle carries three 10 KW peak power fuel
cells for a prime source of power during orbital missions. During ferry
missions the fuel cells remain inactive. Figure 4.1-2 gives the expected
fuel cell load.

Redundant cryogenic tanks provide the gaseous O2 and H2 at nominal
pressures of 900 psia and 250 psia respectively. |

*NOTE: To daté manufacturer/type of fuel cell has not been
selected, however, the two types under consideration have similar character-
istics.

The hydrogen-oxygen fuel cells are thellow—temperature restartable
type and are either the contained electrolyte Pratt and Whitney or the.ion-éxché
membrane type power units. The reaction conditions are 60 psia pressure
and 200 F using a catalyst for the reaction. Refer to Figure 4.1-3.

Voltage control will be achieved either by inherent characteristics
or by voltage regulators.

Controlled gas regulators will provide near equal pressures to the
fuel cell chambers to prevent f]oodihg and contamination. Preheaters will
be used to precondition incomming gas flows. Purging will be accomplished
on a fixed watt-hour usage by integration devices and controls. Separate
purge systems are provided for both reactants. Water vapor and gaseous
reactant will be separated either by a static separator (droplet collector)
operating at a differential pressure caused by circulation or by wicking
Product water is routed to the EC/LSS storage tanks or overboard disposal.

Check valves and pressure relief regulators are provided on fuel lines and

nge
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on all lines and ports where water products accumulate or discharge.” Waste

heat from the reactor unit is removed by circulating coolant through heat
exchangers, or fhrough the electrodes. Pumps, accumulators, pressure and
temperature controls circulate the reactant and coolant and provide proper
fluid volumes and thermal control within the power pfant unit. The waste
heat from the coolant loop is transferréd to the ECLSS coolant loop or to
freon heat exchangers during certain vehicle operating modes.

4.1.3 ELECTRICAL POWER OPERATIONAL CHARACTERISTICS

The interface to the electrical-power system for most power control
and data transmission is by DCM Acquisition, Control, and Test (ACT) units.
Central automatic power management functions are performed by the DCM central
computer complex. Certain basic power control and data functions are hardwired
directly to dedicated D&C equipment.

The AC generators are driven by APU's during boost, entry, cruise,
and landing flight phases of the orbiter mission. The generators
are connected to.isolated AC buses normally.and contrélled by
Generator Control Units (GCU).

The orbiter Transformer Rectifier units provide DC power from ground
and space statfon AC sources and from the onboard generators during ferry
missions. Batteries supply emergency power control and pyrotechnic DC loads.
Orbiter batteries can be recharged from fuel cell energy. An orbiter central
inverter system supplies AC loads which require 3 phase power during orbit

flight phases from two redundant 3-phase AC buses, each supplied from a
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orbiter-booster electrical voltage transient envelopes.

boxes from the central buses. Locally, solid-state and hybrid power controlle
control and protect load circuits, interfacing with adjacent DCM-ACT units.
Redundant loads are connected to redundant buses.

For failure isolation, failed power sources will be isolated from the
bus, and the bus will be connected to another power source through bus tie
contactors,

Table 4.1.2 lists the orbiter electrical power characteristics which

are common to those in the booster. Figures 4.,1-4 and 4.1-5 depict common
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4.1.4.1 "Data‘control'andfManagement‘(DCM)

The EPDC interface for power control; EPDC
data; automatic, normal and emergency power management fﬁnctions;
and data recording will be through the DCM ACT units. The ACT unit
control interface with the RPC's will be a continuous 5-v, 10-ma

signal for on,-O-v open circuit for off. The ACT data interface with |

"RPC trip signals, power contactor position, and EPDC-analog data

signals will be a 5-v 1-megohm input.

4.1.4.2 Displays and Controls (D&C)

The EPDC interface with D&C for normal crew display and
control functions will be through the DCM. However, functions
required.for initial power-upv(or power restoration) of DCM and
integrated D&C will be hardwired between EPDC and D&C. Such functions
include the application of GSE power, AC and DC bus switching,
inverter system controls, fuel cell systems controls, and ECLSS
electronics cooling controls, Where controls are required to be both
manual hardwired through D&C and automatic through DCM, the circuit
will be designed to permit D&C manual control to override the DCM
signal. The D&C control interface with EPDC RPC's will be a 5-v,
10-ma signal for on, O-v grounded for off, and open circuit for
automatic through DCM (if required).
4.1.4.3 Electrical Power Generation (EPG)

The EPDC interface with the EPG will be at the fuel cell,
AC generator, and battery terminals. Electrical power characteristics

at the inte(face wi)] be;‘m
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1. - Fuel cells: 23-v iS;percent load range of 1.5 to 10 kw

2. AC generators:. 120/208-v, 3-phase, load range of

0 to 30 kva, 400 +20 Hz

3. Batteries: 27.55-v at 20 amp discharge with a TBD% SOC

The EPDC will nominally distribute power to the loads while

maintaining power characteristics at the subsystem load interface as

stated. The EPDC GCU will regulate the EPG AC generator voltage.

4,1.4.4 Electrical System Power Losses : T~

The EPG will provide for EPDC power distribution conversion

and control power losses as listed:

EQUIPMENT

POWER LOSS (watt)

DC distribution and control
AC distribution and control

Inverter distribution and
control

Inverter
Transformer-rectifier
“Interior lighting

Extérior lighting, payload
manipulation

Exterior lighting, atmospheric
running

- Exterior lighting, landing
and taxi

108 w, plus 4 percent of DC load
66 w, plus 1.3 percent of AC load

26 w, plus 1 percent of inverter
load '

25 percent of inverter load
17.6 percent of DC load
275 w maximum

800 w maximum
275 w maximum

3000 w maximum

4.1.4.5 Environmental Control/Life Support (ECLSS) Interface

EPDC equipment (except wire harnessés) and lighting will be

located in the crew compartment - electronic equipment bay, near the

4
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. fuel cells and near the APU's. EPDC equipment is temperature-

; controlled by ECLSS to maintain the temperature 1imfts listed

| below at the mounting surface while dissipating the pbwer listed.

PER UNIT TEMP.

: NO. | MAX. POWER LIMITS

: EQUIPMENT LOCATION | REG. LOSS (w) (F°)

GCU Near APU's 3 50 -65, +200

| Inverter Electronics bay | 6 13 +40, +140

%Battery_charger Electronics bay 1 40 -65, +150

_ fTransformer

'rectifier Electronics bay 3 740 -65, +150

‘Central dc

‘distribution box Electronics bay 2 60 - -65, +200

iCentral ac

‘distribtuion box Near APU's 2 50 -65, +200-

 Inverter ac central

-distribution box Electronics bay 2 10 -65, +200

. _|Local Power Forward crew

distribution box Compartment 2 29 -65, +200
D&C panel 2 40 -65, +200
Airlock 2 5 -65, +200

IR Electronics bay | 2 98 -65, +200

E Near forward

; Cargo Bay 2 61 -65, +200

Near Aft

: Cargo Bay 2 16 -65, +200

i

' Near APU's 2 165 -65, +200

e o aan e A e LA Sy § = Aeha s e e
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4.1.4.6 Power Utilization Subsystems -

The EPDC interface is at the using subsystem conhector. Powen
characteristics as listed in Paragraph 4:1;4-3'15 supplied to the
interface for the loéds. Power control and interconnecting wiring
for all subsystems is provided by EPDC.
4.1.4.7 Support Equipment - GSE

The interface for ground electrical power to the orbiter
will be through an external power umbilical connector located near

the APU's, 120/208-v, 3-phase, 400-Hz power of 60-kva maximum can
be furnished from the GSE to this interface.

4.1.4.8 Payload _
An average of 1000-w DC (maximum 1.5 kw) power.wiif-génsubﬁlie

by the orbiter to the payload power interface umbilical, located at

the forward end of the cargo bay. |

4,1.4,9 Space Station Interface

An average of 500-w DC (maximum 800 w) power will be supplied
by the orbiter to the space station interface umbilical, located at the
airlock docking port. The space station will be capable of supplying to
the orbiter 7-kva maximum, 115/200-v, 3-phase, 400-Hz AC power through
each of two umbilicals located at the airlock docking port.

4.1.5 Rationale for Assumptions
Not required.

4.1.6 -References

166 Pages 3-85 to 3-93

166 Page 3-157
38 Pages 408-409
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4.2 Mechanical Power

system.

Auxiliary mechanical power is used by the shuttle vehicle foflhydrau1ic
operation of linear and rotary actuators, electrical power generation,

shock dampers, and pressurization of tanks. 'Pressurization of fuel tanks

is discussed in each section which has a requirement for individual fuel

supply pressurization. Hydraulic power and generation of AC power is
accomplished by Auxiliary Power Units (APU's) or the ABPS during ferry
operations. Refer to Figure 4.2-1.

4.2.1 Auxiliary Power Units (APU) ' .

Four independent 200 HP APU's provide power to a shaft driving an
AC alternator, a lube pump, and three hydraulic pumps. The description of
the AC alternator interface with the electrical power system is discussed
in Paragraph 4.1.2. The lube pump supplies the APU and gearbox during
operation. The hydraulic pumps provide the shuttle vehicle with primary
hydraulic power for approximately 90 minutes during prelaunch, ascent,
entry, and landing.

Electronic controls provide for speed coﬁtrol, turbine inlet -
temperature control, logic for APU startup and shutdown, instrumentation,
and malfunctf&n protection. Automatic shutdown of an APU will occur if
turbine speed, turbine inlet temperature, and lube oil temperature or
pressure exceed limits. Each APU is enclosed for both heat transfer

reduction and fire protection. Redundant fire extenguishers are provided

for each APU. Overheat sensors are provided to the caution and warning

et e e e A
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A separate pressurization subsystem and elastomeric diaphragm tank
assembly supply the hydrazine (N2H2) to each APU. Pressure modulation control
is used to control the turbine speed and thereby'frequéncy-of the AC generator.
The combustion of hydrazine is accomplished by a thermal decomposition
chamber.

A period of ten minutes is required for preheatfng the decomposition
chambers to ignition temperature. “This ‘period “is~compatibYe with -prelaunch
and entry timelines. Power requirements are 200 to 500 watts dependingldn
the chamber configuration. While on-orbit, fuel temperature is maintained
above 40° F using radiation heaters for fuel tanks and strip heaters for
fuel Tines. |

System cooling is provided by air coolers during prelaunch operations;
by water boilers during boost, injection, and from start of entry to 20,000
feet; and by air coolers below 20,000 feet, including ferry operation. Ducted
fam air is provided in flight, and electric-driven fans are used during
ground operations. The use of air coolers below 20,000 feet instead of
continuous water boiler operation maintains system temperatures below 275° F.

4,2.1.1 Rationale for Assumptions

Not required.
4,2.1.2 References

166. Pages 3-86 to 3-89 e
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4.2.2 Hydraulic Power System

The APU's drive multiple hydraulic pumps which provide supply

réqundancy. Check valves in the outlet lines of each pump prevent back

f]bwmto a failed pump. During atmospheric ferry flights, provision

is made to provide hydraulic power from gear pumps on the~ABES. During
space operations when only 1ight hydraulic power is required, electrical
-AC-gear--pumps ‘wi'll--be -used. -Refer-to ~figure 4.2.2-1

Hydraulic power is used to drive the linear actuators of the
thrust vector control system of both the orbital maneuvering engines
and the main engines, retraction of the main engine nozzle, and main
engine control valves. Hydraulic power is also used for deployment
of the ABE and operation of the payload and ABE access doors, hydraulic
motor and linear actuator. A1l landing gear functions of braking, door
operation, steering, and gear extension/retraction are hydraulic functions.

Accumulators are provided for extending or retracting the landing
gear without flow from the system. The main geaf in addition has
accumulators for the brakiné system sufficient for multiple braking
operations even in the event of fluid loss from the main hydraulic
unit system.

Circulation pumps are used to operate low power requirement
loads, such as the payload bay doors while in orbit, and to prevent
viscosity changes in the hydraulic fluid caused by low temperatures.
Heat exchangers are providéd to maintain the hydraulic oil within jts
operating limits.

Caution and wafning displays to the crew are provided for low-

temperature, high-temperature, low-fluid level, and low-pressure.

+d
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all contamination-sensitive components such as servo valves.

systems to the various flight control and utility subsystems is illustrated

in FIGURE 4.2.2-1. Use of four independent subsystems provides safe

flight and landing after a second failure regardliess of the time of the
second occurrence. All utility functions are isolated from the pumping
source by valves which block the trunklines after each actuation. Four

independent hydraulic systems are powered by variable displacement pumps

. driven by separate APU's. Bootstrap type reservoirs with air/oil separators

for self-bleeding capability ensure fluid stiffness and service life.

The hydraulic subsystem is designed for operation at a nomfna] pressu
of 3000 psi over a temperature.range of —40°F to +275°F. The system uses
MIL-H-83282 synthetic hydrocarbon fluid, thereby taking advantage of its
superior high-temperature, improved fire resistance, and reduced vacuum
vaporization characteristics. |

| Fluid cleanliness is maintained by 5-micron (nominal) filters
installed downstream of all case drain manifolds, all outlet manifolds, and

in the return port of each reservoir. Filters are also installed upstream o

Sy,
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~ the trajectory will be flown on a nonoptimum energy basis.

4.3  MAIN PROPULSION SUBSYSTEM (MPS)

The orbiter main propulsion subsystem (MPS), assisted by two booster
solid rocket motors (SRM) during the initial phase of the ascent trajectory,
provides the velocity increment and thrust vector control for insertion of
the orbiter into a 50- by 100-nm orbit. MPS boost operation begins
immediately before 1iftoff and terminates at orbit insertion.

“The MPS consis'ts of ‘three 1iquid propellant rocket engines

plus associated tankage, p]umbing, valves, and controis.
The engines operate on 1liquid oxygen and 1liquid hydrogen propellants contained
in the orbiter external tank (ET), which is released following orbit insertion.
The general arrangement of the mated MPS and ET is shown in Figure 4.3-1.

At normal power level (NPL), each engine operates nominally at a mixture
ratio (LO,/LH,) of 6.0:1 and a chamber pressure of 3,000 psia to produce a
vacuum thrust of 470,000 pounds with a fixed nozzle area ratio of 80:1. Nominal
vacuum specific impulse (Isp) fdr a single engine operating under these conditionps
is 455.2 seconas. Table 4.3-1 lists the total MPS propellant inventory for
a 40,000 pound payload polar orbit. The same propellant loading will be used

for reduced mission requirements or lighter payloads; however, in these cases

A schematic diagram of the integrated MPS and ET is presented in
Figure 4.3-2. Thé ET contains three fuel and two oxidizer fluid 1ines interfacipg
with the orbiter at self-sealing disconnects on the bottom side of the orbiter
aft fuselage. The three fuel disconnects are ;1ustered on the left side mounted
on a common carrier plate, and the two oxidizer disconneﬁts are mounted on a

similar carrier plate on the right side. The vehicle carrier plates are located
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FIGURE 4.3-1

MAIN PROPULSION SUBSYSTEM
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TABLE 4.3-1

ORBITER PROPELLANT INVENTORY

4-33

Item LH, (1b) ‘ L0, (1b) Total
Ascent propellant (nominal) 241,428 1,448,572 1,690,000
1% AV performance reserve .1,011 6,064 7,075
Additional FPR (no PU) 143 857 1,000
Abort reserve (Polar Orbit) 1,143 6,857 8,000
Residuals ' :
Bias 1,500 - 1,500
Pressurant 1,375 3,370 4,745
Tanks and lines © 889 778 1,667
Engines 15 985 - 1,020
Total Residuals 3,839 5,093 8,932
Total propellant at 1iftoff 247,564 1,467,443 1,715,007
 Pre-1iftoff use "+ 250 2,130 2,380
- %.Total propellant tanked 247,814 1,469,573

1,717,387
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“inside ‘the vehicle moldline and are covered by flush closure doors following

tank jettison to provide protection from heating during entry. The tank vent
line disconnects each -contain an integral safety relief valve that precludes tan
overpressure when the tank-mounted disconnect is not engaged with the orbiter-

mounted half. A1l other MPS fluid control valves, including tank vent and tank

fill and drain valves, are located in the orbiter to minimize ET throwaway costs}

Saturn S-II-type fluid 1fne vibration damping mounts will be provided on the tan
mounted 1{nes at critical locations. Al1l tank-mounted fluid lines are designed
for single mission (minimum weight and cost) application, whereas the orbiter-
mounted fluid Tines are designed for maximum reusability and employ vacuum
jacket insulation. The installation arrangement of all orbiter-mounted fuel

and oxidizer lines is portrayed in Figure 4.3-3.

The MPS fluid va]vés employ the same design cbncepts as the valves
developed for the Saturn V program except for upgrading required to achieve the
extended 1ife (reusability) requirements of the orbiter. A 4,000 psi helium
storage system with 750 psig regulation capability is provided in the orbiter
for valve actuation and engine helium requirements. The schematic arrangement
of the orbiter MPS he]ium'system is included in Figure 4.3-3.

Propellant servicing is accomplished through fuel and oxidizer disconnects
of eight-inch diameter located on the upper shoulder of the orbiter aft fuselage
on the opposite sides of the‘vertical stabilizer. The eight-inch diameter

fi11 and drain lines each contain two shutoff valves in series to assure closure

at 1iftoff. LO, geysering in the ET feedline manifold is prevented during pre]a¢nch

operations by convection-induced flow of LO, from the iﬁsu]ated 17-inch diameter
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manifold to the 4-inch diameter uninﬁulated antigeysering duct. Propellant
loading is controlled by an orbiter-mounted signal conditioning unit supp1yihg
the ground 1o§ding equipment with signals from the ET-mounted warm wire point
sensors. Differential pressure gauges installed in the orbiter between the
propellant feed and vent lines provide intermediate loading level data between
~point-sensors -forbeth «the.-fuel..and.-oxidizer subsystems.
Predicted propellant loading tolerances are within +0.6 percent for
L0, and 0.7 percent for LH,. Tank manufacturing volumetric tolerances and
repeatability of pdint sensor locations will be controlled to achieve the
requifed flight-to-flight propellant loading accuracy. The propellant gauging
system will be used for controlling tank loading operations and provides
level indication. The in-flight engine mixture ratiolCOntrol is preprogrammed
before flight to a fixed value in the range of 5.8 to 6.2. The preprogrammed
value for each flight will be based on predicted engine performance and prédicte
]oading system tolerances to minimize the quantity of unused LO,.
Incorporation of an LH, bias (1,500 pounds) to assure depletion
of the heavierALOZ propellant is effective in reducing the magnitude of the
residual propellant mass.
Qy._
The following functions are provided to assure satisfactory engine'start:
1. Delivery of subcooled propellants to each engine inlet (3 1b/sec
LO,, 1 1b/sec LH,) to chill the engine to prescribed levels. This
operation will start 15 minutes before engine start and terminates
coincidently with engine start command.
2. Ground prepressurization of tank ullage with helium (LO, at 20 to 22

psia, LH, at 35 to 37 psia). This operation will be completed

o

approximately 60 seconds before liftoff.

P . E— JRPURE PR,
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Subcooled LO, is maintained at the.engine inlets by overboard bleed
from the feedlines through the engines to ground disposal. During overboard
bleed, LO, topping flow will be Timited to a maximum temperature of 166° R
to assure the presence of adequately subcooled propellant at the engine inlet.

A comparable LH, overboard preconditioning system is not used because of the

excessive pressure loss through the engines.

" “the ‘engine “inlets 'by electric-driven pumps which dischargé conditioning f1ow
downstream of closed prevalves through the engines and to the LH, tank via
a recirculation manifold. During LH, recirculation, LH, topping flow is

diverted to the recirculation return manifold to preclude warm LH, entering

the pumps.

After completion of the engine conditioning cycle, the vehicle 1iftoff
sequence begins by commanding engine start to NPL. When all three engines
reach 50 percent power level and automatic self-check of engine operation is
satisfaCtéri1y completed, ignition of the booster SRM occurs. When main engine
thrust reaches approximately 90 percent, the vehicle thrust-to-weight ratio

.exceed5h1iQ3”§nd liftoff occurs. Throttling of engine thrust below 100 percent
is commanded during orbite} ascent to limit vehicle acceleration to 3g. An
emergency powegalevel'(EPL) of 109 percent may be commanded on the operating

engines if prematﬁre thrust decay or engine shutdown is encountered on any of

the three engines.

Tank prepressurization and hydrostatic head provide the required net
positive suction pressure (NPSP) to the engine pump inlets during the starting
transient. Following engine thrust buildup, tank ullage pressure is maintained
by vaborized propellant pressurant extracted from the engines. An engine-suppli

on-off control valve (contro]}ed by redundant pressure switches sensing tank

Subcooled LH, is delivered to

144
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ullage pressure) in parallel with a bypas§‘orifice is used forvin-flight tank
pressure control. Pfedicted tank pressurization performance is shown in
Figure 4.3-4.

The gimbal actuators and the engine control systems for the three engines
are supplied with hydraulic pressure from four redundant orbiter vehicle-
mounted APU-driven hydraulic systems. Thrust vector control during boost is
attained by gimbaling the MPS engines to the maximum pitch and yaw deflections
of 11 degrees. The engines are mounted in the orbiter aft fuselage in a
triangular pattern with an angle of 6 degrees between thé upper and lower engine
centerlines in the pitch plane. The Tower engines are instal]ed.with their
null position canted inboard 3.5 degrees in the yaw plane; however, all engines
are fired with parallel thrust vector alignment in the yaw plane. ‘The engine
spacing of 104 inches in yaw and 100 inches in pitch a]ibws adequate clearance
for maximum gimbal deflection on the two rémaining engines after any one engine
has failed in its null position. The gimbal actuators are mechanized to drive
to a null position if two hydraulic systems are lost, if two hard-over servo
valve failures occur, or if two electrical signals are lost. The hydromechanica
logic circuit wifhin the actuator assembly senses these failures and diverts
the remaining<hydraulic pressure supply to drive the actuator to the null
pésition.

MPS engine control and data signals are processed through an engine
interface un{t. The unit converts all ehgine control inpﬁts (GN&C and manual)

to be compatible with the engine controller serial digital data system. Engine

. serial data output is also appropriately converted for use by vehic]e computer

systems and for dedicated displays. Engine data input to the PCM recorder and
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td telemetry will be transmitted as direct data output through separate engine
instrumentation connectors per the vehicle/engine ICD. The engine interface
unit is further described in Section 4.3.2°
166 A pogo suppression accumulator will be incorporated in each LO, propellant
feedline at the engine inlet.
Engine cutoff will norma]]y be prdvided by a signal from the Guidance,

~|166

1166

Navigation, and Control (GN&C) subsystem when orbit injection ve]ocity is

attained. The Flight Performance Reserve (FPR) propellant (Table 4.3-1)
provides a 317 foot per second (1 percent) ideal delta velocity margin to assure
orbit injgction. In those missions where the FPR is expended, engine cutoff
will be initiated by an LO, depletion signal from a cluster of five point sensorys
located in the orbiter L0, feed manifold. In the event an off-nominal operatior
condition results in LH, depletion, a cluster of five point sensors located in
the bottom of the LH, tank provides an engfne cutoff signal to preclude engine
damage after shutdown.

Propellant dumping and depressurization of the tanks to 5 to 15 psi before

tank release will be manually controlled. Dumping of residual liquids and

venting of residual gases will be accomplished through overboard fuel and oxidizer.

dump lines whieh.discharge aft of the vehicle. Liquid propellant also will be
dﬁmped through the engines concurrent with dump system operation to provide
sufficient thrust to settle thé propellants remaining in the tanks. The total
velocity 1ncréments introducted by dumping will be limited to 30 ft/sec. LO.

dumping will be initiated first followed by LH, dumping. GH, and GO, will be

vented concurrently through the dump lines.
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" Propellant dumping through the engine will be a crew-controiled operation.
starting five seconds after main engine shutdown. Oumping will be initiated by
opening the engine main valves and the vehicle prevalves. LH, and LO, will be
dumped through both engines. The thrust obtained from dumping will retain
propellants in the aft end of the propellant tanks and in the feed system. Dump |
cutoff control will be accomplished manually. »

A short pariod after orbiter propeTlant ‘dumping, the boiloff vent system
is activatéd by opening the shutoff valves. Boiloff is vented overboard to
maintain the ullage pressure within the 25.5- to 27.5-psia range. The redundant
shutoff valve in series with the primaﬁy vent valve is left in the open position
to permit emergency operation of the vent valve in the event of excess evaporati
resulting from residual liquid splashing on hot structure. This redundant
valve may be closed later in the mission when all of the residual liquid has
been evaporated and/or the tank pressure decays at a level iower than the operatir
band of the boiloff vent system. The flow from the boiloff vent system is
directed to the nonpropulsive vents.

Immediately following propellant dumping the engines are purged with
helium, and the oxygen and hydrogen prevalves are closed. The engine main
valves, closed in series with the vehic]e‘valves, provide a double seal against
tank leakage. |

The AC electrical power and the hydraulic supply to the engines is discontir
two minutes after engine shutdown by stbpping the APU and activating the cutoff
circuits. At a convenient time following engine cutoff, all electrical power
is removed from the engine interface to prevent overheating the engine control unj

leakage continues after engine shutdown.

on

uel
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~gases are injected into the main chamber with additional liquid oxygen to

Figure 4.3-2 i]iustrates MPS controls and dedicated displays for critical
performance parameters. Pilot override control capability is provided for
critical MPS functions, e.g., engine shutdown and thrust level.

4.3.1 Engine

The orbiter main engine is a pump-fed, high chamber pressure engine
utilizing a staged combustion concept and liquid hydrogen/liquid oxygen
propellants. The 3,000-psi chamber pressure‘éngine provides a vacuum thrust
of 470,000 pounds with a nozzle expansion ratio - of 80:1 and operates at an
average propellant mixture ratio of 6:1.

The major components of the engine assembly consist of a main
chamber, nozzle, preburner, fuel and oxidizer turbopumps, and fixed low-
pressuré fuel and oxidizer boost pumps. Other components include an engine
control unit, oxygen pressurant heat exchanger, fuel and oxidizer shutoff and
pontro] valves, a thrust mount, and a gimbal bearing block. Provisions also
are included for a gaseous hydrogen pressurant bleed, f]uid and electrical
disconnect panels, and attachments for the TVC gimbal actuators.

During engine operation, prope]]anfs flow through the turbopumps, where
the propellants are pumped to high pressure for injection into the preburner and
main combustion chamber. Prior to injection, the liquid hydrogen is used to
cool the thrust‘chamber and preburner jackets. The preburner operates with
propellants at a mixture ratio of approximately 1:1 to provide relatively cool

fuel-rich combustion gases to drive the turbopumps. The fuel-rich turbine exhaus

support main thrust chamber combustion.

t
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4.3.2 Control/Monitor System - —

The control for engine start, main-stage, and shutdown is performed

by sensing and monitoring engine performance, an electronic controller computes
commands to modulate and sequence the values, and the integral spark ignition
system. Refer to Figure 4.3.2-1. The epgine monitoring function is provided

. to ensure the vehicle that the engine is functioning properly and to collect

engine data for vehicle recording and post-flight engine maintenance analysis.

The sensors provide the engine data to the Control]er and vehicle

for control, checkout and maintenance, and condition monitoring. Fifty-two

engine parameters consisting of pressure, temperature, propellant volumetric
flow, turbopump shaft speed, vibration, and position are measured.

signal conditioning and analog-to-digital conversion electronics is located in

the controller.

The controller performs the computations for engine control and sequencim
checkbut; and monitoring. The computations are performed by digital computers
within the controller assembly. The sensor signal conditioning and analog-to-

!
digital conversion electronics are time shared among the sensors by multiplexing i
§

within the controller. The controller interfaces with the vehicle data bus,

accepts and validates vehicle commands, and, with sensor data, computes propellani

valve actuator commands for engine control. Controller output electronic

circuitry transmits commands for positioning the valve actuators, switching

hydraulic and pneumatic solenoid valves, and controlling spark ignition.

The sensor

- s s s
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. “to "achieve “indepenidently ‘the proper balance of propellant flows for thrust

4.3.2.1 Engine Thrust/Mixture Ratio : e

To enable control of variable thrust and mixture ratio level,
the system uses a simple two valve control. The control points selected have °
capability to fully control the engine thrust and mixture ratio over the full
range of required engine operating conditions. The control modulates the areas

of the oxidizer preburner oxidizer valve and the fuel preburner oxidizer valve

and mixture ratio control.

The control/monitor accepts data in flight and uses the data in the
controller to compute the modulated control valve settings required to achieve
vehicle commanded thrust and mixture ratio. This is achieved by the controller
accepting vehicle thrust and mixture ratio commands and comparing them with
monitored thrust and mixture ratio to determine a thrust and mixture ratio
error. The thrust and mixture ratio errors determine the directions to change
the two modulated control valve areas. The controller recomputes valve areas
50 times per second (every 20 msec). Each time the valve areas are adjus ted
the controller monitors engine performance and recomputes the error between
vehicle commanded performance and engine montiroed performance. When the
error in performance reaches allowable 1ihits the controller maintains the valve
at those areas which achieved the desired level of performance. The process of
comparing commanded performance and monitored performance and adjusting control
valve setting is a closed loop control system.

Two performance control loops.and one 1imit .control Toop are used in
the engine control. .Engine thrust is computed (as a percent of vacuum normal
power level) in the controller from sensed main combustion chamber pressure and

corrected for mixture ratio (and dump coolant on the orbiter). The vehicle




THE SINGER COMPANY . PAGE NO.
DA .
"¢ 10/20/72 |  SIMULATION PRODUCTS DIVISION L4=46
REV. BINGHAMTON, NEW YORK REP. NO.

L]

42

42

42

F.398.8-A

- .propellant volumetric flows and corrected by propellant density computed from

cdmmanded thrust {s'compared with the computed thrust to'obtain An error signal.
The thrust error signal is used to compute an area command for both the oxidizér
preburner oxidizer valve and fuel preburner oxidizer valve to drive the thrust
error to an allowable value. |

Engine mixture ratio is computed in the controller from sensed

sensed propellant pressure and temperature. The vehicle commanded mixture ratip
is compared with the computed mixture ratio to obtain an error signal. The
mixture ratio error is used to compute a correction to pdsition
the fuel preburner oxidizer valve, which also drives the mixture ratio error
to an allowable value. 4 ‘

Repeated computations of the thrust and mixture ratio control result
in thrust and mixture ratio being controlled to within £5,920 pounds (26,333.3
newtons) thrust and +0.82 percent mixture ratio precision which'is below the
requirement of *7,500 pounds (33,361.5 newtons) and * 1 percent.

Preturner temperature limiting control is provided for protection
of the turbine power system from overtemperature. The preburner limit control
functions by the controller computing an override command for the thrust control
loop to decrease thrust whenever.a sensed preburner temperature rapidly
approaches or exceeds 2,200 R (1,222.2 K). The limit control normally affects
system operation only during maximum fhruét rate transients. As the preburner
temperature stabilizes below 2,200 R (1,222.2 K), the temperature limit override
is reduced, allowing control to revert to the thrust control loop, and the desir
mainstage level is attained. This control logic aids in maintaining long-

life operation of the high-pressure turbopumps.
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C]osed-]oop control is used to achieve repeatability of thrust buildup)
to full mainstage power from a low power level (10 percent NPL) during start.
For engine start the initial control valve sequences produce a low power level
prior to thrust buildup. The same closed-loop control valves used for main-
stage are used for thrust buildup control. Closed-loop mixture ratio control
is initiated when thrust buildup to mainstage is completed.

In addition to the two valves used in closed-loop performance control,
three other sequenced or scheduled valves control propellant flow during engine
operation. These are:

1, The main oxidizer valve which is timed-positioned scheduled

during startup and shutdown.

2. The main fuel valve, which is sequenced open and closed during

startup and shutdown.

3. The combustion chamber coolant valve, which is scheduled with

thrust level to optimize chamber cooling.

Engine shutdown can be initiated from any power 1eve1; during transient
of steady-state operation. It is accomplished by reducing thrust under closed-
loop control at a rate of 4,800 pounds (21,351.4 newtons) per 10 msec. After
a low thrust level has been attained, propellant valves are sequenced closed
for a fuel-rich éhutdown. Shutdown performance and repeatability meet require-
ments by use of closed-loop control during a major portion of the transient.

4.3.2.2 Engine Monitoring

Vehicle and engine protection is ensured by engine condition monitoring
performed by the system. Selected engine parameters are sensed and monitored
by the controller. Controller digital computer programs compare the parameters
against limits stored in memory. If an engine limit is exceeded and if the

vehic]e 1imit control enable command has been invoked by the vehic]e, the control

ley
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‘parameters include actual thrust and mixture ratio. The data are transmitted in

shuts the engine down. The vehicle also has a limit control inhibit command
available to prevent against engine shutdown during critical periods of engine
operation. This is done because the controller has no information with respect
to the condition of the other booster engines, and it méy be necessary to
operate an engine above limits for a short time to ensure vehicle safety.

Parameters monitored for limit shutdown are fuel preburner over'
temperature, oxidizer preburner over-temperature, high-pressufe fuel turbopump
shaft overspeed, high-pressure oxidizer turbopump shaft.over-speed, combustion
chamber (high and low) pressure, and oxidizer heat exchanger failure.

If the safe 1limits stored in the controller memory are exceeded
the controller automatically initiates a normal shutdown. '
4.3.2.3 SSME  CONTROLLER DATA FLOW

A1l data flow for the SSME (Figure 4.3.2.3-1) passes through the
controller.

Data flow between the engine and vehicle consists of operational
commands and data requests from the vehicle to the engine and data transmission
from the engine to the vehicle. A1l vehicﬁe data to the engine are received
from the vehicle/engine data bus interface unit. The controller digital compute
interface electronics route the data to or from the controller digital computers|.
Data flow in eifher direction is under vehicle control.

Included in the engine-to-vehicle data flow is engine status, other
operational parameters, and maintenance data. The engine status includes engine

operational phase, mode of operation, and self-test status. The operational

blocks of digital words at a maximum rate of 25 blocks of data per second and

a maximum data bit rate of 10,000 bits/second.

<
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in the digital computers. The digital interface electronics steer the data to

~ Sensor data from 67 sensor assemblies (93 sjgna]é with redundant
elements) for the control and monitor functions are sampled, signal conditioned,
multiplexed, and converted from analog to digital form in the input electronics

every 20 msec. These sensor data are routed by the digital computer interface

—

electronics to the digital computers. During checkout, commands from the digita
computer flow back through the digital cbmputer interface electronics unitA
to activate sensor calibration circuits in the input electronics.

Data flow for sequencing the engine and controlling actuation devices
is originated in the digital computers. Commands to initiate spark ignition,

control solenoid valves, and modulate positions of valve actuators: are computed

the output electronics. The output electronics perform the digital-to-analog
conversion and power amplification, and interface with the specific controlled

devices. The commands are updated every 20 msec.

4,3.3 SSME Operation Details

4.3.3.1  SSME Sequence Schedule

4.3.3.1.1 Engine Start _
’ Engine start operation is accomplished in two phases. The first

thase of the start is the open-loop start normalization phase. The second
phase is the clesed-loop thrust buildup phase. Engine start to NPL is accomplist
within 3.5 seconas. Simplicity and reliability of engine start control is
obtained by accomplishing the start functions with the same control elements used
for mainstage'control and by establishing engine operation at a low power level
prior to thrust buildup. Repeatability of thrust buildup is accomplished by
bringing the system to full power under closed-loop control. '

The start sequence (Figure 4.3.3-1) is initiated by opening the main

fuel valve to provide priming of the engine fuel system and to establish fuel fid

L
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with tank-head pressure. ‘The main fuel valve is full open in 0.4 second. Spark
igniter operation is initiated in all units and maintained for 3.5 seconds into
the start.
Opening of the three oxidizer valves is initiated 100 mfl]iseconds

after start. The main oxidizer valve ramps to a 55 +2 per cent open position

at a rate of 100 percent/sec. The fuel preburner oxidizer and oxidizer preburner
«ox¥dizer va'lves -open-to ‘their initial opening of 2 percent of full area.
Preburner ignition and main combustion ﬁhamber ignition follow in approximately
100 milliseconds. The four turbopumps are powered at a very low level by heated
hydrogen until 0.5 secohd after start initiation. At 0.5 second, the fuel pre-
burner oxidizer valve ramps to 12 bercent open and thrust builds up to approximats
10 percent of NPL. This phase of'engine start sequence is used to achieve
approximately 10 percent NPL thrust to accommodate variations in the start
transients due to tank pressures, booster-orbiter differences, environmental
temperatures, etc. The positions_of all valves are set to establish engine power
at approximately 10 percent of NPL with an engine mixture ratio in the range of
1.0 to 2.0. Partial opening of the main oxidizer valve results in less oxidizer
flow acceleration prior to main chamber priming, tends to increase preburner power
level and temperature while at the Tow engine power levels, and reduces the
pressure transients when the main chamber primes. When the main oxidizer injecton]
primes,a thrust level of approximately 10 percent NPL is attained. During
this phase when thrust is below 15 percent, the maximum thrust rate is approximate
13,000 pounds (57,826.6 newtons) per 10 msec peéiod. fhis rate is the highest

that has been experienced in simulation runs below 15 percent of NPL.

z]y;

ly
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The'flexibility of dual preburneré allows fuel pfeburner flow builduﬁ
_to occur prior to oxidizer preburner flow buildup to ensure a fuel-rich start
and to maintain a satisfactory fuel pump flow coefficient with the largest pump
inlet pressure unbalance [(20 psia (13,79N/cm®) fuel, 225 psia (155.13 N/cm?)
oxidizer] that can exist. .

The second phase of the start is initiated at 1.7 seconds by activating
closed-loop thrust control. The thrust control is allowed to stabiliie at 10
percent of.NPL of 0.30 second. The thrust control compehsation is proportional
at this time. Integral compensation is added in proportion to thrust level
until MPL is attained, when integral gain is at the nominal MPL mainétage
value. At 2.0 seconds, the main oxidizer valve is ramped open and the thrust
command ramp initiated. The thrust command ramp is set at 4,800 pounds
(21,351.4 newtons) per 10 millisecond rate to ensure the fastest practical

thrust rate increase without exceeding the 7,000-pounds (31,137.4 newtons) per

ot —— e e

10 millisecond maximum allowable rate. During'start, open-loop mixture ratio control

is accomplished by positioning the fuel preburner oxidizer valve from a thrust
contfo]]er cross-feed signal. The cross-feed gain is selected so that the engine
mixture ratio is in a high specific impulse range (2.0 to 4.0 main combustor
mixture ratio) during a major portion of the thrust buildup and is at approximate]
the nominal value bf 6.0 at mixfure ratio control activation. This maximizes
the specific impulse during the start transient and minimizes closed-loop
control activation transients.

At 3.25 seconds, closed-loop mixture ratio control is activated. At
that time: (1) cross-feed gain from thrust to mixture ratio control is changed

to the mainstage value, and (2) the mixture ratio control compensation output

y
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~generated limit shutdown signal.

‘»‘ki1ograms), respectively.

is initialized for a smooth transition from scheduled to closed-loop mixture
ratio control. At 3.5 seconds, thrust and mixture ratio are within mainstage
tolerance.

4,3.3.1.2 Engine Shutdown

Engine shutdown can be initiated from any power level during transieft

or steady-state operation. Shutdown repeatability is obtained with closed-

Toop control. Shutdown may be initiated by vehicle command or controller-

Engine shutdown is accomplished in two operating phases, illustrated
in Figure 4.3.3-2 . The initial phase is a controlled thrust rate of 4,800
pounds (21,351 newtons) decrease per 10-msec period. This effective rate
minimizes both the shutdown time and shutdown impulse while keeping the
transient thrust change rate within the 7,000 pounds (31,137 newtons) per
10-msec maxihum allowable thrust decay rate. The closed-loop shutdown is
predictable and repeatable from any mainstage level. Closed-loop mixture ratio
control is active during this phase of shutdown.

The second phase of the shutdown sequence is initiated when the
thrust reference decreases below MPL and sequenced closing of the propellant
valves is init¥ated. At the start of this phase, a 0.85 second main oxidizer
valve closing ramp is initiated. At 0.3 second into the phase, fhe oxidizer
preburner oxiqizer valve and the fuel preburner oxidizer valve are commanded
full closed at 150 percent/sec. At 0.65 second into the phase, main fuel valve
closing is initiated. The combustor coolant valve is ramped close when thrust
decreases below MPL. A1l oxidizer valves are closed before the main fuel valve,
ensuring fuel-rich shutdown. Total impulse and propellant consumed below MPS are

more than 100,000 pound-sec (444,820 newton-sec) and less than 480 pounds (216,7

R
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The main fuel valve is full 6losed’1.05 seconds after thrust

-reference reaches MPL and all propellant flow has stdpped except for residuals

downstream of the main valves. Impulse from residuals will be approximately
15,000 1b/sec (66,723 newton-sec) and will have a duration of about 0.5
second.

4,3.3.2 SSME Flight Operations Monitoring

Continuous In-Flight Test

During engine operation, the controller cbntiﬁually perfdkﬁslé bui]t-
in test of the controller, sensors, and actuating devices. A summary of these
built-in tests is provided in Table 4.3.3.2-1. During the start and shutdown
sequences, the controller monitors the opening and closing sequencing of the
propellant valve actuators and verifies that the power level of the engine increa
and decreases in accordance with programmed limits. It also verifies proper
timing of the ignition sequence.

As part of the shutdown sequence, the controller verifies that all
control devices have been returned to a fail-safe condition and that the engine
is safely shut down. Position sensors are monitored to verify retraction
of the orbiter's extendible nozzle. The engine shutdown status is made
available to the vehicle.

Additional monitoring during flight operation falls into five
categories:

1. Performance Monitoring - Monitoring of engine thrust and mixture
ratio to verify proper response to vehicle commands and to provide
engine performance status to the vehicle.

2. Limit Control Override - Monitoring of preburner temperatures.

If a temperature limit is exceeded,the controller throttles the
engine power level to reduce temperature below the limit if limit

control is enabled from the vehicle.

bes




DATE

10/20/72

REV.

THE SINGER COMPANY PAGE NO.
SIMULATION PRODUCTS DIVISION 4-57

BINGHAMTON, NEW YORK REP. NO.

F-.398.8-A

shutdown phase. The propellant valves are positioned by commands from the vehicle.
The controller provides interlock logic to ensure oxidizer dumping prior to
fuel dumping and to prevent both fuel and oxidizer valves from being open

at the same time.

- engine is shut down provided the limit control is enabled from

Propellant dumping through the engine may be sequenced during the post

Limif Control Shutdown - Detection of preburner over temperature,
turbopump overspeed, main combustion chamber overpressure and

underpressure and oxidizer heat exchanger failure. The controllen
uses the 1imit control shutdown measurements to determine if the
engine has exceeded a safe operating limit or shutdown condition.

If .any..of .these .parameters .exceed.a .safe..operating limit, the

the vehicle. v .

The preburner temperature limits used in 1ihit control shutdown
are higher than those used in limit control.override. Table
4.3.3.2-2 summarizes the measurements and the limits which determi
if the engine should be shut down.

Position Monitoring - Monitoring of actuator/valve positions

for verification of proper operating sequences and interlocks.
Data Transmission - Transmitting engine status and performance

data to the vehicle for recerding of engine trends.

ne
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GROUND FLIGHT
‘ OPERAT 1ONS OPERAT I ONS
TEST 1TEM SUMMARY OF TEST CHECKOUT MON I TORING
CONTROLLER
DICITAL COMPUTER SAMPLE PROBLEM TESTS PROCESSOR AND MEMORY X X
HEMORY PARITY CHECK ON EACH READ OPERATION X X
VATCHDOG THMERS VERIFY PROPER SEQUENCING THROUGH
DIGITAL PROGRAN X X
- HENORY "SUr "CHECKS X
COMPUTER INTERFACE.- CIRCULATE DATA FAROM MEMORY THROUGH DATA BUS INTERFACE X X
ELECTRONICS: ELECTROMICS BACK INTO MEMORY -
SIMULATE WATCHOOG TIMER OPERATION BY ALTERING DECAY X X
THME :
INPUT ELECTRONICS. INPUT REFERENCE VOLTAGES TO CHECK ANALOG TO DIGITAL X X
: CONVERTER :
CHECK MULTIPLEXER SWITCHES S/ITH SENSOR TESTS X X
QUTPUT ELECTRONICS INDIVIDUAL POVER SUPPLY VOLTAGES VERIFIED BY x X
' REGULATOR MONITOR € IRCUIT
SENSORS STIMULATE SENSORS BY BRIDAE SHUNTING OR FHOUCTIVE/ X
CAPACITIVE COUPLING OF TEST SIGHALS
CHECK SENSOR SIGUALS FOR REASONABLENESS X X
PERFORM COMPARISOM TESTS OM REDUMDANT SENSORS X
ACTUATGRS I1SSUE STEP COMMANDS AND CHECK ACTUATOR POSITION AND X
. RATE OF TRAVEL
COMPARE SERVOVALVE OUTPUTS WITH ELECTRONIC MODEL X X
" COMPARE ACTUATOR POSITION FEEOBACK SIGNALS WITH X X
ACTUATOR COMIANDS :
ON/OFF VALVES ENERGIZE ON/OFF VALVES AND VERIFY SWITCHING BY X
POSITION AND/OR PRESSURE MEASUREMENTS
MONITOR NORMAL SWITCHING OPERATIONS BY POSITION X X
AND/OR PRESSURE MEASUREMENTS
SPARK  IGNITERS ENERGIZE AND HONITOR SPARK RATE AND VOLTAGE' X
MONITDR KORMAL OPERATION X

TABLE 4.3.3.2-1
BUILT-IN TEST METHODS




10/20/72 . . 4=59

n“"lV—L/SP ST

PAREMITER ~ T CENSAR LT REMARKS
J JEUEL.PREZUANER.CVER .TEMRERATULAS FUEL. PREIUANER TENREFATUE . 2353R . ] TEMPERATLE -SPUKE A2IE THIS LEVEL
LI4iTE0 19 9.5 SEC
OXIT12E8 PREBUNER GVER 0X12§252 PRE3ULNER ’ 2250 R - TEMPERATYUIE SPIKE ASIVE THIS LEVEL
TENPE2ATURE TEMPERATURE : : .} LIMITED T3 0.5 SEC
KIGH-PRESSURE FUIL TURBZPUMP ) SHAFT SPELED ) 33,300 RPM RECUCED CEISIRN SAFETY FACTOR AT
: ' ’ SPEEDS EXCEECING THE LIMIT
RIGH-PRESSURE CXIDIZER TyRS3- SHAFT SPZED ' 28,700 RPH AEDUCED CISIGH SASETY FACTOR AT
PUMP SHAFT CVER SPEZO : . ' L : _ - SPEEDS EXCEZDING ThE LIMIT
COM3USTION CHAMBER PRESSUAE CHAM3ER PRESSURE - U PERCENT PECUIRES THREE CCNSECUTIVE SAMPLES
(Low) ' T NPL ZELOYW THIS LEVEL® .
COM2USTION CHAMSER PRISSUIE CHaMBER PRESSURE . 112 PERCENT REGUIRES THAZE CONSECUTIVE SAMPLES
(ni6d) . ’ : TNPL "ASOVE THIS LEVELw
GXiDIZER KEAT EXCHANGER FAILURE KIGH-PRESSURE CX191282 4P >575 PSIA MALFUNCTESH DETECTICN TO PREVENT
DISCHASGE PRESSUAE AND : HOT CAS BACKFLOW TO VEHICLE
HEAT EXCMANGER QUTLET
PRESSURE .
LCSS OF HISH PAZgsuat PURSE INLET P2ESSURE LESS THAN PREVENT CCMUMICATION OF OXIDIZER
GX12123% TURITPLNZ INTE2- 40 PSIA AND TURZINE HCT GAS

£I5)ATE SIAl PURaE

AZCNTRALLER SWITCHES T2 A HISH SAHPLE RATE (200 SA=PLES/SECOMD) TO VEQIFY DATA IN TIMELY FASHION ANO YO
REOUCE TIME TO SHUTCZWH INITIATION, B

TABLE 4.3.3.2-2
. ENGINE LIMIT CONTROL SHUTDOWN PARAMETERS
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' 4.3.3.3 Data Transmission -

42 The engine status and maintenance data available for transmission to
the vehicle via the vehicle/engine data bus are listed in Table 4.3;3.3-1.
The data rate in samples per second is indicated for each parameter versus
the mission phases. Data are transmitted in bytes consisting of 8 binary bits.
The data ére arranged in blocks which are transmitted to the vehicle at a
maximum rate of 25 times per second. Engfne data whiéh are obtained af
sample rates higher than 25 samples per second are stored by the controller
for transmission in the next block of data. For example, each block of data
transmitted at 25 times per second contains 4 samples of each parameter which
is sampled at 100 samples per second. The first byte normally transmitted
with each block of data is the engine status byte défined by Table 4.3.3.3—2.

The engine status byte identifies to the vehicle:

1. The engine phase of operation (3 bits).

2.  The mode within the phase (3 bits);

3. The self test status (2 bits).

2 5 1 Octal number
: s=f 010 101 01 Binary equivalent
} .
L For example, the engine status byte indicates:

1. That the start preparation phase was entered.

2. That the modes were completed to a valid fengine feady".

3. That the engine is satisfactory (no failures).

Since the engine is in the start preparation phase, the data available
to the vehicle is that listed under the column "Start Preparation" in Table
4.3.3.3-1. A11 bytes are arranged in blocks to fit within the 10,000 bit/second

b Timit, . A ———
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l - MISSEaN PPASE

QATA
. : 3YTE Gasun2 START - PaST
9ATA SYTE (3 6175) u2. CRECYIUT | eacpapatTion | STEAT | MAINSTARE { SHUTCSWN | SHUTOSWN
SAMPLES PE2 SELTND
(e2inE STATUS \ } .25 25 25 25 25 25
wiv©.3f 20710 (2 BYTES) . 2,3 - = R 5 5. S . -
23,47 (2 BYTES) - 4,5 - - . S 5 5 - -
freeL3E (SENTIFICATION 6 25 25 S 5 5 25
#:a2-8753 VALUE OF CATA BYTE N3, 6 7 25 25 S S S 25
1od PIIECLRE FUEL TURZIPUNP :
T162-2358 PRESSURE 8 - 25 25 25 -
91§C=223¢ TEMPERATURE . 4 3 - 5 S S 5 -
§~AFT SCEED 10 - - S s 5 -
CEEIFALSLEEELERSMETER o - 1] - -~ t 1 L -
FLEL FulW RATE (LEAST SIGNIFICANT 8YYE) B P ¢ B 1 .09 1ea - teg 100 -
FofL FLOw RATE 1M2ST SICNIFICANT BYTE) L I - T 25 25 25 -
wism PRE53L2E FUEL TURBIPUMP .
TyS{mn3IT PRESSURE : 14 - 25 50 50 50 -
§u3FT SSEED . . 15 - - 5 S 5 -
Ar)ray ACCELERONMETER ) . 113 - - ] 1 | -
£ €y P3E2.3MIR PRESSUAE : 17 - - 50 50 50 -
£.30 SILEUANIA TEMPERATURE . 18 - - t ¢ L -
CLte PRESSURE CXIDIZER TURSJPUMP : M ’ .
514752352 PRISSLRE 19 - - 25 25 25 25 -
T§eAf[ $PCED : . o 29 - - 5 5 5 -
BaTia. ALCELEACMETEY . 21 - - t T 1
mine PIISSLRE DXIDIZER TUREQPUMP
J152e2728 PAESSURE : . 22 - 25 “ 50 50 50 -
C2t3Imed5E TEMPIAATLAE ' 23 - 5 5 5 5 -
IILT 5T25E DISCMARGE PRESSUAE - 24 - - 50 50 50 -
=47 §TLED ’ 25 - - S -5 5 -
*AT1AL ACCELERONETER 26 - - ] 3 1 -
o%1 FLna 3372 (LEAST SIGNIFICANT 8YTE) . e zT - 10 100 100 1co -
LI FLle “i3T SISHIFICANT 8YTE) .. 28 - 1a 5 25 2S -
PRI LY LINER PRISSUAL ] T29 - - 50 59 50 -
L ozeentlea JANTR TEWDERATURE 30 e e ~ 5 5 5 -
=AIN TI=3LSTHIN [HMAM3ER FUEL : 31 - - 25 5 25 -
Ta_EITIIN PRESSURE
ezix £oM2U5TI0N CHAM3ZR PRESSURE {2 8YTZIS) 32,313 - - 100 100 . ico -
mAiM CIBUSTION CHAMZIIR COSLANT TEMPERATURE 736 7 - 5 1 1 1 -
TWITIZEP TaNC PRESCUSANT PRESSURS 35 - 25 50 50 ({3
mais ZTe2_5T10N CPAMISR COJLART PRESSURE 36 - < 4 1 | I -
meZes 1T SY3TIA PRESSURE ’ .37 ' 3 1 ] 1 1
BUTINISaLE NO2ZLE POITION 38 1 25 1 ] ] 25
“~Ala ':.‘EL YALVE POSITIONN . 39 2 .10 ’ -5 ' 5 10
AlN SHISR VALVE POSITICON - ko B - 10 = 50 v 50 13
e eissTica CHAMIZR CCOLANT VALVE u 25 10 ! 1 1 -1 s
PIITICN . .
TUYL FATI_3ANER OXIDIZER VALVE POSITION 42 25 10 . 50 so 50 10
THTIIJER SATILANIR OXIDIZER VALVE POSITION 43 25 10 50 S0 50 . 10
LEL3 PISHITION 4% 25 10 1 1 1 1
11 20EL) POSITION 45 25 10 ) ! }
T c p;:se- RE ks 25 25 . - - . -
t PUASE PAIISUAE : 4y 25 25 - . - . -
TIICL3T CAIDIQIR TUIATAUMD LIFTCFF 48 25 25 | - - -
N2 s;zsa VALVE £ONT22L PAESSURE : ‘ ¢
SCle o BeINS_E FUEIL TLR2IIUP LIFTRFF SEAL 43 25 25 1 - - -
32 3 TE3 NALVE CONTIZL PRISSUNE
WTEReIZIATE SEAL PURSE PRISSUAZ 50 1 1o’ - 13 ! -
TreLoetegningg 51 - - | 1 ] }
TS #IIeaNEl LONGITUDINAL ACCILERCMETER 52 - ! ] ! -
Y Zaley 2302 ayr2 LZaa 1 TUDINAL 53 - - H H 1 -
87 4 t3TeErz - - 1 ] } -
Mow TRl STITN CHAR3ER LONSITUDINAL 54 - - ! ] L} -
NIf frtesven
SINTETLEA NSTTaNAL PRESIUIE 55 1 } 3 1 1 1
*TRILLEN NeTIaNAL TEwRZAATLRE 5% t } : 1 1 1 i
SPELTAL INTA (W RESERYE) 57 - - 159 213 185 -

TABLE 4.3.3.3-1
DATA TRANSMITTED TO VEHICLE BY ENGINE MISSION PHASE
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" The order of transmission is fixed by the engine operating phase.
The total data rates versus phase are listed in Table 4.3.3.3-5. Start and
shutdown have the highest data rates.

Failure identification information is contained in data bytes 6
and 7 Tisted in Table 4.3.3.3-1. Table 4.3.3.3-4 is a list of failure modes
ahd line replaceable units which will be identified to the vehicle. Byte
number 51 in Table 4.3.3.3-1 is a timing pulse which is issued to correlate
events with the time they occur. |

4,3.3.4 Controller Built-in Test

The controller built-in-test is initiated by the executive program
and is performed once in its entirety each time through the 20 msec major cycle
of the éxecutive program. It is performed continuously throughout all phases
of ground and fiight operation. The built-in-test starts with a complete
checkout of the dual digital computers. Ubon verification of the operability
of the bomputer processors and memories, the checkout is expanded to the digita]
computer interface electronics, the input electronics, the output electronics,
and the power supply eléctronics. The interrelationship of these major

controller sections is shown in Figure 4.3.3.4-1. The input electronics

conditions the sensor inputs and converts them to a digital format. The output

interface electronics converts the digital computer oufputs to the form required
to drive output devices such as actuators, valves, and spark igniters. The
computer interface electronics provides the interface between the dual digital
computers and all computer inputs/outputs. The power supply electronics
converts the electrical power supplied by the vehicle to the individual power

Supp]y voltages required by the controller.:

s

et v e —————————
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4.3.3.4.1 Computér Checkout

The sample problem tests every instruction in the

computer's repertoire and performs a complete test of every

- section of the processor and memory. Memory parity checking is

used to check the data obtained from the memory. A parity bit is
generated and stored during each memory write operation so that

‘every word stored in memory including the parity bit has an odd

number of ones. Upon each memory read operation, the parity of

the word extracted from memory is verified to be odd. ’ Y

The checkout of the memory is concluded by the testing of the'
parity hardware. Several known constants, some with odd and some with even
parity, are fetched from the memory, and the parity checking hardware is moniton

to verify that it can distinguish between odd and even parity. The parity-

~generating hardware is also checked by performing alternate store and fetch

instructions using several constants.

During ground checkout, an additional test of the fixed portion
of the memory is made by a memory sum check. This verifies the integrity
of the computer program and assures that each location in fixed memory can be
S,

addressed.l

4,3.3.4.2 Computer Interface Electronics Checkout

Upon successful completion of the total processor and memory checkou
the sample problem initiates the checkout of the computer interface electronics.
Each of the dual digital computers has a dedicated set of computer interface

electronics to perform the fUnctions'of;

ed
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L3 .
5 15k . -
6 |rPe
7 (=
T 01 5173)
GEICUND CPIPATINNG . FLICHT Q3Z2aTICNS
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$RE5RISS AND MIXTURZ RATIC . COMPLETE Mg2E
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TABLE 4.3.3.3-2
ENGINE STATUS
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3 SSITTAL
PHASE SATA CATA
GAOLND CRECKCUT 2843
START PREFARATICN LL64
STRRT §728 . 1212
MAINSTAGE 8195 ° 1734
SHUTDIWN 8520 1483
POST SHUTIWN 178

TABLE 4.3.3.3-3
TOTAL DATA RATE
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1. Controlling flow of digita] data to and from the computer,
vehicle/engine data bus interface, and memory.
2. Monitoring computer operation to ensure fail safe computer
monitoring and fail operational controller operation.
3. Providing a redundant time reference to the digital computer.
The control of dfgjta] data flow is through three separate electronigc
‘circuits:
1. Direct Memory Access Control - contro]§ the diréct data flow
in and out of the memory. |
2. Input Multiplexer Electronics - provides the data flow path
between the controller inputs and the memo}y.
3. Data Bus Mu]tib]exer Electronics - provides communication
with the vehicle data bus.

42 These three circuits are checked out together with énd—to-end
test. Under direct memory access control, data are transferred via the direct
memory access output into the data bus multiplexer electronics data register.
This data are then transferred back into memory Vfa the input multiplexer
electronics. The input data are>then compared to the initial data to verify the
correct operation of the direct memory access control, data bus multiplexer
electronics and the input multiplexer electronics. The interface between the
data bus multiplexer electronics and the vehicle data bus is automatically
checked every time a command from the vehicle is received and validated: the
controller responds by transmitting engine status.

42 Two watchdog timers are used with each computer to ensure fail
safe computer monitoring and fail operational controller operation upon a
watchdog timer failure. The watchdog timers verify that each computer is
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43,
44,
45,
46,
47,
48,
49,
50.
si.
52,
53,
Sk,
55,
56.

57.

58,

59.
60.

6.

62.

CONTROLLER CHANHEL 1.

CONTROLLER CHANNEL 2

RASEOUS NITROAEM SYSTEM PURGE CONTROL VALVE

HELIUM FUEL SYSTEM PURRE CCNTROL YALVE

EMERAENCY SHUTDCWN CONTROL VALVE CMANNEL

EMERGENCY SHUTDOWN CONTROL VALVE CHANNEL 2

BYPASS CONTAOL VALVE

LIFTOFF SEAL AND BLEED VALVE CONTROL VALYE (FUEL)
LIFTOFF SEAL AND BLEED VALVE CONTROL YALVE (OXIDIZER)
INTERMEDIATE SEAL PURGE CONTROL VALVE CHANNEL )
INTERMEDIATE -SEAL PURARE CONTROL VALVE CHANNEL 2

SYSTEM PURGE PRESSURE SENSOR

HELIUM FUEL SYSTEN PURSE PRESSURE SENSOR

LIFTOFF SEAL AND BLEED VALVE PRESSURE SENSOR (FUEL)
LIFTOFF SEAL AMD BLEED VALYE PRESSURE SENSOR (0X1DIZER)
INTERMEDIATE SEAL PURRE PRESSURE SENSOR -

FUEL PREBURNER IfHITER NO, |}

FUEL PREBURHER IGHITER NO, 2

OXIDIZER PREBURMER IGNITER NO. |

OXIDIZER PREBURNER IANITER NO, 2

MAIN COMBUSTION CHAMBER IGNITER NHO, )

MAIN COMBUSTION CHAMBER IANITER NO. 2

MAIM FUEL VALVE ACTUATOR CHANNEL |

MAIN FUEL VALVE ACTUATOR CHANNEL 2

MAIN OXIDIZER VALVE ACTUATOR CHANNEL )

MAIN OXIDIZER VALVE ACTUATOR CHANNEL 2

COMBUSTION CHAMBER COOLANT VALVE ACTUATOR CHANNEL 1
COMBUSTINON CHAMBER COOLANT YALVE ACTUATOR CHANNEL 2
FUEL PREBURNER OXIDIZER VALVE ACTUATOR CHANMEL 1}

FUEL PREBURNER OX1DIZER VALVE ACTUATOR CHANNEL 2
OXIDIZER PRESURNER 0XIDIZER VALVE ACTUATOR CHANNEL 1
OXIDIZER PREBURNER OXIDIZER VALVE ACTUATOR CHANNEL 2
EXTENDIBLE NOZZLE ACTUATOR CHANNEL |

EXTENDIBLE NOZZLE ACTUATOR CHANKEL 2

FUEL BLEED VALVE POSITION SENSOR

OX1D1ZER BLEED VALVE POSITION SENSOR

EXTENDIBLE NOZZLE RETRACTED POSITION SENSOR CHANNMEL 1
EXTENDIBLE NOZZLE RETRACTED POSITION SEMSOR CHANNEL 2
EXTENDIBLE MOZZLE EXTENDED POSITION SENSOR CHAMNEL )
EXTENDIBLE NOZZLE EXTENDED POSITION SENSOR CHANMEL 2
LOW-PRESSURE FUEL TURBOPUMP DISCHARGE PRESSURE/
TEMPERATURE SENSOR NO, | CHANNEL 1}

LOW-PRESSURE FUEL TURROPUMP DISCHARGE PRESSURE/
TEMPERATURE SENSOR NO. 1 CHANNEL 2

LOW-PRESSURE FUEL TURBOPUMP DISCHARGE PRESSURE/
TEMPERATURE SEMSOR NO, 2 CHAMNEL 1

LOW-PRESSURE FUEL TURBOPUMP SHAFT SPEED SENSOR

CHANNEL 1

LOW-PRESSURE FUEL TURBOPUHP SHAFT SPEED SENSOR

CHANNEL 2

LOW-PRESSURE FUEL TURBOPUMP PADIAL ACCELEROMETER

SENSOR

FUEL FLOWPATE SENSOR NO.
FUEL FLOWRATE SENSOR 1O,
FUEL FLOWRATE SENSOR NO.
FUEL FLOWRATE SENSOR NO,
FUEL PREBURMER TEMPERATURC SEHSGR NO, |

FUEL PREBURNER TEMPERATURE SENSOR NO. 2

FUEL PREBURNER PRESSURE SENSOR CHANNEL |
HIGH-PRESSURE FUEL TURBOPUMP DISCHARGE PRESSURE
SENSOR CHANNEL 1

HIGH-PRESSURE FUEL TURBOPUMP DISCHARGE PRESSURE
SENSOR CHANNEL 2

HIGH-PRESSURE FUEL TURBOPUHP SHAFT SPEED SENSOR
CHANNEL I

HIGH-PRESSURE FUEL TURBOPUMP SHAFT SPEED SENSOR
CHANNEL 2

HIGH-PRESSURE FUEL TURBOPUHP RADIAL ACCELEROMETER
SENSOR

FUEL PREBURNER LONGITUDINAL ACCELERATION SEHSOR
LOW-PRESSURE OXIDIZER TURBOPUMP DISCHARGE PRESSURE
SEMSOR CHANNEL |

LOW-PRESSYRE OXIDIZED TURSOPUNP DISCHARGE PRESSURE
SENSCR CHANNEL 2

LOW-PRESSURE OXIDI1ZER TURBOPUMP SHAFT SPEED SENSOR
CHANNEL 1

CHANNEL )
CHANNEL 2
CHANNEL |
CHANMEL 2

NN e e

63.

64,
65.

66,
67.

- 68,

3.

70.
70,
72,
73.
74,
75.
.76.
77.
78.

79
80.

81,
82.
83.
84,

85,

86,
87.
88.
39,
90.
91,
92.

"9k,

95.
96.
97.
98,

100,
iol.
102,
103,
104,
105,
106,

107.
108,

HOTE:

LOW-PRESSURE OXI01ZER TURBOPUMP SHAFT SPEED SENSOR
CHAINEL 2 .

LOW-PRESSURE OXID1ZER RADIAL ACCELEROMETER SENSOR
Hi%H-PRESSURE OXICIZER TURBOPUMP DISCHARGE PRESSURE/
TEMPERATURE SENSOR NO, 1 CHANNEL 1

HIGH-PRESSURE OXIDIZER TURBOPUMP DISCHARGE PRESSURE/
TEMPERATURE SENSOR HO. | CHANNEL 2

HiGH-PRESSURE OXIDIZER TURBOPUMP DISCHARGE PRESSURE/
TEMPERATURE SEMSOR MO, 2 CHANNEL 1

HIGH-PRESSURE OX{DI1ZER TURBOPUMP BOOST STAGE -
IMPELLER DISCHARGE PRESSURE SENSOR

HIGH-PRESSURE OX1D1ZER TURBOPUMP RADIAL
ACCELERNMETER SENSOR

OXI1DIZER PREBURNER TEMPERATURE SENSOR NO, |

OX)1012ER PREBIANER TEMPERATURE SENSOR NO, 2

OX1DIZER PREBURNER PRESSURE SENSOR HO. 1

OXI1DIZER PREBURNER LONG)TUDINAL ACCELEROMETER SENSOR
OX1Dt2ER FLOWRATE SEMSOR NO. 1 CHANMEL 1}

OXINIZER FLOWRATE SENSOR NO, 1 CHANHEL 2

OXIDLZER FLOWPATE .SEHSOR HO. 2 CHAMMEL 1

OXIDIZER FLOWRATE SENSOR NO. 2 CHANNEL 2

NXI01ZER TANK REPRESSURIZATION PRESSURE SENSOR
CHANNEL )

OXIDIZER TANK REPRESSURIZATIOH
CHAHNEL 2
CONMBUSTION CHAMBER
CHAHNEL |
COMBUSTI0N
COMBUSTION
COMBUSTION
COMBUSTION
CHANHEL !
COMBUSTION
CHANNEL 1 .
HYDRAULIC SYSTEM PRESSURE SENSOR CHANNEL |
HYDRAULIC SYSTEM PRESSURE SENSOR CHAHNEL 2
CONTROLLER INTERNAL TEMPERATURE SENSOR CHANNEL 1
CONTROLLER IHTERNAL TEMPERATUPE SEHSOR CHANNEL 2
CONTROLLER INTERMAL PRESSURE SENSOR CHANNEL 1
CONTROLLER INTERHAL PRESSURE SEMSOR CHANNEL 2
OXIDIZER IMLET PRESSURE NOT READY

OXIDIZER INLET TEMPERATURE MOT READY

FUEL INLET PRESSURE MOT READY

FUEL INLET TEMPERATURE NOT READY

HYDRAULIC SYSTEM PRESSURE NOT READY

MAIN FUEL VALVE POSITION HOT READY

MAIN OXIDIZER VALVE POSITION NOT READY

FUEL PREBURMER OXIDIZER VALVE POSITION NOT READY
OX101ZER PREBURNER OXIDIZER VALVE POSITION NOT
READY ) '
COMBUSTION CHAMBER COOLANT VALVE POSITION NOT READY
FUEL PREBURMER TEMPERATURE OUT OF LIMITS

OX101ZER PREBURNER TEMPEPATURE OUT OF LIMITS

PRESSURE SENSOR
FUEL INJECTION PRESSURE SENSOR

CHAMBER
CHAMBER
CHANBER
CHAMBER

PRESSURE SENSOR HO. 1 CHANNEL |
PRESSURE SENSOR NO. 1 CHANNEL 2
PRESSURE SENSOR NO, 2 CHANNEL 1

CHAMBER COOLANT QUTLET PRESSURE SENSOR

"HIGH-PRESSURE FUEL TURBOPUNP SHAFT SPEED

QUT OF LIMITS

HIGH-PRESSURE OX1iDIZER TURBOPUNP SHAFT SPEED
OUT OF LIMITS

COMBUSTION CHAMBER PRESSURE OUT OF LIMITS
OX$101ZER TAHK REPRESSURE OUT OF LIHITS
THROUGH 255 ARE SPARES

CHANNEL INCLUDES SENSOR, HARNESS, CONNECTORS
_ AND CONTROLLER INPUT ELECTRONICS,

TABLE 4.3.3.3-4
FAILURE IDENTIFICATION

COOLANT OUTLET TEMPERATURE SENSOR:
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progressing through its program and is executing program instructions per a
predetermined schedule. The watchdog timer is a simple timing circuit that
checks the time it takes the computer to progress between checkpoints in the
computer program. Imbedded within the program are instructions requiring the
computer to reset each timer, at different points in the program's execution,
in--a-sequential fashion. Each subroutine includes an instruction to reset only
one of the watchdog timers, thus ensuring detection of a computer failure that
prevents the computer from returning to the executive program on schedule.
If either of the computers fails to reset either of its watchdog timers, the
watchdog timer output switches to zero. |

Each computer monitors the watchdog timer output of the other
to»determine operational status. This status is made available to the vehicle
by the controlling computer (initially Channel 1 computer).

The output switch, which determines which computer is in control,
is controlled by tne Channel 1 computer watchdog timer output. Channel 1
computer maintains engine control as long as it remains failure free. Upon

failure of Channel 1 computer, its watchdog timer output goes to zero, thus

switching engine control to the Channel 2 computer.

S,

A11 processor and memory failure modes cause the watchdog timer
output of the corresponding computer to switch to zero. The wafchdog timer
output is used to command a HALT instruction in a failed computer. The HALT
instruction prevents the computer processor from executing any further instructi
to ensure that the failed computer dees not output actuator commands or data

to the_vehic]e data bus.

vt et

ons
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The prOpef operation of the watchdog timers is checked during groung
checkout. The decay time of the watchdog timers is speeded up by switching
in checkout circuitry. The watchdog timer output of each computer is.monitored
to verify that the Watchdog timers will switch to zero if not reset within a |
specific time interval. Al1l the failure modes of the watchdog timer test
circuitry tend to shorten and not legnthen the timer delay times, thus
ensUring a shutdown of the corresponding- computer upon a failure.

Two real time clocks are used with each computer to provide:
fail-safe computer operation. During each controller test cycle, the two clocks
are monitored to verify that they agree. If the élocks do not agree, the
malfunction is detected and the corresponding computer chanﬁe] is commanded to
a HALT instruction. The watchdog timers run down causing control to switch
if the failure is in Channel 1 computer. If both clocks are stopped but
still agree, the failure is detected by the watchdog timer. In.this case,
the processor will not return to the executive program in time to reset one
of the watchdog timers and the timer output will go to zero.

4.3.3.4.3 Input Electronics Checkout

Checkout of the input electronics is achieved by the sample probliem
program. The input electronics processes analog and pulse rate data from the
engine-mounted sensors. These data are converted into a digita]zformaf for |
inputting to the digital computer memory via the computer interfacé electronics.

The input electronics consists of low-level and high-level multiplexer gates,

amplifiers, demodulators, pulse rate converters and analog to digital convertery.

e
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~ from either vehicle power bus, provide internal controller power distribution.

:Intgrnal reference voltages are applied at specific.low- and high-
level multip]exer input gates. These voltages have been incorporatéd to aid
in checkout. The reference signals are monitored at the output of the analog
to digital converters by the computers to verify operation of amplifiers and |
the analog to digital converters. These reference voltages are also used by
the.computers.to .measure .bias..and.offsets .in the input channels. This informati
is used by the computers to provide a continuous recalibration of the input
channels by automatic software changes. The remaining portion of the input
electronics checkout is accomplished during sensor input monitoring and process]
discussed in 4.3.3.5.

4.3.3.4.4 Output Electronics Checkout

The output electronics converts the digital computer commands to
voltages for contrelling the valve actuators, solenoid valves, and igniters.
A1l of the controller outputs are continuously verified by the computers. The
controller output voltages are fed back to the input electronics and are
processed through the mu]tiplexér gates and analog to digital converters, in
the same fashion as the sensor inputs, and are stored in memory. The controllen
output data are then compared to the commanded data and verified to be correct.
This test provides a complete checkout of the output electronics. Upon
detection of a malfunction of the controlling output channel, engine control is
switched to the second output channel.

4.3.3.4.5 Power Supply Electronics Checkout

Built-in test circuits continuously monitor the controller supply

electronics. Five internal controller power supplies, each capable of operating

on

ng
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The five power supplies provide power to the triple redundant input electronics
to the dual redundant digital computers/interface electronics, and to the dual
redundant output electronics.

Each power supply includes circuitry in the regulators that monitor
regulator performance and turn off the power supply upon detection of a |
malfunction. The operational status of.all power supplies is continuously
honitored as part of the controller self-test. The completion of fhe power supj
electronics checkout completes the controller built-in test. The engine
controller has been completely checked out during the controller built-in
test with the exception of the sensor input multiplex gates which are checked
as part of the sensor built-in test. |

4.3.3.5 Sensor-Built-in Test

Computer Channels 1 and 2 both conduct all tests. Computer Channel 2
conducts all tests, storing results in memory in case computer Channel 1 fails
requiring computer Channel 2 to assume control.

4.3.3.5.1 Sensor Ground Checkout

A11 sensors except nonflight data sensors are functionally
tested during the automatic ground checkout.

4.3.3.5.2 Sénsor Inflight Monitoring

Three levels of sensor redundancy are used in the engine systemﬁ

1. Triple redundant sensors are used for performance control.

2. Dual redundant sensors are used for engine ready checks and
limit control.

3. Nonredundant senﬁors are used for acquisition of maintenance

data for transmission to the vehicle and recording.

o1y
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__for the main combustion chamber pressure sensor channels is negligible.

Each of the triple redundant sensors used in performance contro]
are initially checked for reasonableness by'comparing their outputs with
minimum and maximum limits. The sensors are designed so that a failure will
cause the sensor output to fall outside of the reasonableness limits. The
reasonableness limits for the seven performance control parameters are given
in Table 4.3.3.5.2-1. As an illustration of a reasonableness test during
mainstage .engine operation, if the value of main combustion chamber pressure is
not between 1280 psia (848.1 N/cmz) and 3,450 psia (2378.7 N/cmz), a reasonabler]
failure of the sensor is indicated.

After the reasonableness test, the triple redundant performance
control signéls are compared to each other. If all three channels havg
passed the reasonableness check and agree within a comparison failure limit

stored in the computer memory, the average value of the three sensor channels
15 used to update the sensor information stored in memory.

Comparison failure limits for the seven performance cohtno]
sensors are given in Table 4.3.3.5.2-1. The comparison limit that is used to
detect a failed main combustion chamber bressure sensor is a difference_
between sensor signals of 4.0 percent of full scale. The engine control will
still meet operational repeatability requirements if the differences are within
this 1imit. The normal 3gp-deviation that can be expected between good sensor
channels is approximately 1 percent of full scale. Therefore, the probability

of having nuisance failures using the 4 percent of full-scale failure limit

ess
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If only two of the three sensor channels pass the above tests,
the average value of the two agreeing channels is formed and this value is
used to update the memory. If the same sensor channel does not pass the above
tests three times in succession, it is assumed that the sensor channel has
failed and that channel is not used in future prqcessing. An alternate sensor
value (computed -from-other sensed «parameters, .Table 4.3.3.5.2-2) is used to
replace the failed sensor channel.

The performance control operates With two of the original sensors
and an alternate computed sensor value as before. The sensor tests are continue
with the new set of triple redundant sensor value as before. The sensor tests
are continued with the new set of triple redundant sensors. Upon a second

failure, the performance control continues to operate using the value of the

good sensor and the alternate computed value. Thus a fail operational capabilit

is provided for second failures of performance control sensors without an
increase in sensor count.

A third sensor channel failure-is detected eifher by the reasonablen
tests or comparison failure limits test. A third failure results in computer
Channel 1 being shut down. 1If the failure is in the sensors and not the signal
conditioning electronics, computer Channel 2 will also have detected the failure
and shut down. If the failure were in‘the signal conditioning electronics
dedicated to Channel 1 computer, the Channel 2 computer will continue to operate
and control the engine.

The dual redundant sensors used for engine ready and the engine 1imi
control are checked for reasonableness by comparing their outputs with minimum

and maximum limits similarly to the performance control sensors. If either

.~

12)
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‘sensor channel indicates that the engine is within operating limits, the

engine is safe and ié allowed to operate norma]]y: If both outputs from a set

of dual redundant sensors indicate that a limit has been exceeded in three

successive samples, an engine failure is assumed and the engine is shutdown.
The nonredundant sensors used only for acquiring maintenance

data are not tested in flight operation. These sensors are noncritical and

do not affect control fuﬁctions. | |

4.3.3.6 Actuator/Valve Built-in Test

' The controller performs failure monitoring of the actuatoré and
valves by use of actuator/valve position sensors. The modulating-type
hydraulic actuators contain dual redundant servovalves to provide a fail
operational/fail safe capability. A penumatic shutdown system provides actuator
fail safety in case of loss of hydraulic power or loss of electronic control
to the actuator. Pressure ]adder—sequenced penumatic actuators and motors
provide this shutdown capability to the valves and retraction capabi]ity to
the orbiter nozzle. The cohtrol]er contains provisions to detect failures |
and to switch out failed elements.

Monitoring of the aétuators is accomplished by use of an analog electro
servovalve model. The model receives the same commands as the servovalve and
electrically models the normal servovalve output spool position. The outputs.of
the servovalve and the electronic model are compared. If a servovalve failure
is detected, the failed servovalve is isolated from the actuator and a redundant
standby servovalve is switched in to control the actuator. Monitoring of the

standby servovalve is accomplished in a similar manner.
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REASCNABLENESS FAILURE LIMITS2

®

FLGHRATE

LOW-PRESSURE FUEL PLMP

DISCHARGE PRESSURE
DISCHARGE TEMPERATLAL

FLOWRATE

4

580 L2/SEC

1575 LB/SEC

230 PSIA
S0 R

250 L3/55C

CONTRIL PAPAMETER HINIMUM MAXIRUR COﬁ?éRlSQN FAILURE Llnl!ﬁ
v MAICCHBUSTICN CrEnSER PRESSURE 1233 PS1a 3450 PSIA h‘PERCERT FULL SCALE
" HIGH-PRESSURE OX1D1ZER Pun?
DISCHARGE PAESSURS 1750 PSIA 6140 PSIA 4 PERCENT fULL‘SCALE
DISCHARGE TERPERATURE 1708 2008 1.5R

0.1 PERCENT#%

4 PERCENT FULL SCALE
0.5 R

o.1 PEATENTH®

SAPPLICABLE 1N LO PERCENT YO 112 PERCENT OF MPL KANGE OF THYUST

22CCMPARISON BETWEEN DIGITIZED PULSE RATE SIGNALS

PERFORMANCE CONTROL SENSOR-REASONABLENESS AND COMPARISON FAILURE LIMITS

TABLE 4.3.3.5.2-1




10/20/72

4-77

PEXFORMANCE

CHTASL PARSMETER

ALTERNATE SINSSR VALUE COMPUTED FASH .

-

K1GH-PAESSUIE CXID1ZE2

MIGH-PRISSURE CKID1ZE3

LCW~-PRESSURAE FUEL TURB2

LOW-PRESSURE FUEL TURSZPUNMP JiSChARGE

'.‘H-PRESSL’?\E XIDIZER

MAIN COM3USTICN CHAM3IER PATSSURE

PUMP DISChaARGE.PRISSURE

-1

EMPERATURE

Coen,

LOW-PRESSURE FUIL TURSCALM? FLLRRATE

TLR3220MP FLOWIATE

"y

TUASIPUM2 D1SCARRSE 2aTS5L3

TUR32PLMD DISCNARIE TTHPIASTURE

MIXTURZ 2ATIO AND TOTAL FUZL AND OXIDIZER
FLOWRATES

LOW-?3ZSSURE FUEL TUR3CPUMP SPEED AND FUEL .

FLOWRATE

CONSTANT

MAIN CCHMAUSTICZN CHAvZER PRISSURE AND CXIOIZER

FLOWIATE

BAIN COMSUSTION CAAM3ER PRAIGSLRAE AND FLEL
FLJIWRATE

LOW-PIISIURT CAIJIIER TUIIIALmP D1ST=aRST.
PRISSIIE AND MIGH=-TATIFLRI SXIDIZIR TUA302Lr-P

R
SPETT AND MALIN OXIZIZZIR Flla

. CONSTANT

TABLE 4.3.3.5.2-2

ALTERNATE PERFORMANCE CONTROL SENSORS
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42 The controller also compares the actuator position feedback signals

“with the actuator position command to detect actuator failures not detected
by monitoring of the servovalves. Upon a failure of both servova1ve'channels,
or a failure detected by monitoring actuator position; the penumatic shutdown
assumes control. This monitoring procedure is used duking both ground and

‘*“f*?ghtNOperat%on.

42 Built~in test of the penumatic purge valves is provided by measure-
ments of penumatic pressure. Indicated failures are isolated by the electrical
stimulation test of the pressure sensor to distinguish between sensor failures
and valve failures.

4.3.3.7 Spark Ignitéer Built-in Test

42 Each igﬁ?ter circuit provides an output which is monitored for spark
rate and voltage level. This allows verification of igniter operation during
both ground checkout and fiight operation.

4.3.4 Instrumentation Parameter List

%2 ‘The engine is equipped with sensors to provide data acquisition during;
engine flight and non-flight operations. Dual sensing elements are provided
for pressure, cryogenic temperature, flow and pump speed pickups.
142 Parameters for data acquisition are listed in Table 4.3.4-1. This
i 1ist was developed from studies covering:

1. The dynamic simulation for selecting the control system.

2. Verification of the operational readiness condition of the engine

through checkout.
3. Requirements for engine readiness prior to start.

4., Establishing performance and trend analysis of the engine and

subsystems. L A
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The”tablé shows the usagé of sensor outputs for échieving the following
functions:
..1.  Performance Control..
" Limit Control.
Position Indication.
.Engine..Ready.

In-flight Maintenance Recording.

o s W N

Non-flight Data Acquisition.
The non-flight data are provided at a connector panel attached to the

controller.

4.3.4,1 Alternate Performance Control Parameters
4z Alternate performance control sensors are listed in Table 4.3.4.4-1.
Engine performance is maintained within specification requirements with the use

of these alternate values after the first and second sensor output failure.
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FUNCTIGMAL USE
= 3 = =
SUSSYSTEM SENSOR EN o z- £z - S
24D SANTITY [ sENsar | 52 -] w ] =a wd | 3
PARAMETER REAYLRAEMENTS - AND.TYZE | CuTPuTs | v % i S2 = =3 E 2 i
&3 %S =2 2= 2 ZE3x | 22
LOW-PRESSU2T FUSL TuasLrump
- DISTHASGE PANSE, © TO 4CO PSIA; 23 0C; A8 lags; .= - - A +3 +A - 8
PAISSUAE ACCUPACY 22 PEACENT INTEGRAL | 1 1§ t 3 1 2 2
: FULL SCELE; RESPONSE, A 3B A
0 TO 150 HZ; PRCCURE- r 2
FENT SPECIFICATICN,
RC7003 *
DISCHARCE RANGE, -523 TO +760 F; | 2; oes A;B; A ;B - - .- A 43 +A -- -
TEMPZRATURE .| .ACCURACY,.=2 PERCENT INTEGRAL| 1 ) 1 12
OPIRATING RANIE; Az A 3
RESPCNSE, 0.2 SECOND 2 2 2
TIHEZ CCNSTANT; PR0-
CUREHINT SPECIFICA-
TICH, RC7003
SEAFT RANSE, O TO 20,053 1 A; B -- .- - -- A0]S - -~
SPEED APM; ACTuRACY, =)
: REH; PADCUREMENT
SPEClFICATION, RCTI05
RADIAL .
ACCELERATICN | RANGE, 10 TO 6030 k2, i A -— ] .- - -- A - --
0 TO 300 G3MS;
ACCURACY 20,2 M1/G;
PROCUAEMENT SPECIFI-
CATION, AC7026
FLOWRATE PANSE, O TO 13,000 2; PU A8 |A B - - - A OR S - .-
. GPH; 1321, =20 11 LI ! i
h UPH' N3&, 380 A-;B A OR A
RAS PRCIUAE- 2 2 2 2
HENT SPECIFIC ATION,
RL 7035
KICH-PAESSURE FUEL TURSI2UMP AND PREZYRNER
DISCHAZGE RAMIE, O TO 7500 1; oC A; 8 - - - - A -- 8
PRISSURE PSIA; ATCLRACY, 22
EPCENT FULL SCALE;
RESPLNSE, 0 TO 100 HZ;
PROCUREMINT S?ECIFI=-
CATION, RC700!
PREZUINER RENSE, 0 TO 5532 1; oC A; B - -- - - A - B
PRESSURE PS1A; ACCUACY, 22 : .
PERCENT FULL SCALEgg*
RE s"-u4°, 3 T0 133 Hi;
{T SPECIFI=
CATICH, 301
. .
PREIEUANER P‘"’-, 90 TO 2380 Fy 2 A A -~ A A - - A +A - -
" TEMPERATURE | ATCu? r"r,:z v;at 8T 12 1 12
: ?-:;rl‘, PANSE; Z
RESPSNSE, 2. 5 sIccud
TirI CONSTANT; PR0-
CURSMINT SPECIFICA~
TIoN, RET7335
SHAFT RANIZ, 9 TO k5,392 1 o A; B - A; 8 -- - ACR B .- -
SPZZD RPM; ACTLRACY, =}
: RPM; PAILCLRIMEINT
SPECIFICATION, RC722S

20 = DUAL CONNELTIRS; Py = PICKL?; A, 8 = SENSCR CuTPUTS;

SUSSCRIPTS = SENSIR NI, | AND SENSCR NO. 2 OF REJUNDANT SE7

TABLE 4.3.4-1

INSTRUMENTATION PARAMETER LISTS
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FUNCTICHAL USE

e x w
(")
_ E =2 e -t
X 3 4 O b = - Y —_
SU2SYSTEX g2 -2 . = ] wd Z
And sz | % Ss2 ~a £8 =2 3
PARAMETER REQUIREMENTS £S| 38 Iz 2z 3] =3 23
PADIAL RANSE, O TO €352 HZ, - - A - -
ACCELERATION | 3 T0 323 GRMS; ACCU-
RACY =0Q.2 ®Y/G; P2~
CUREMEST SPECIFICA-
TION, RC7905
PRESUANER RANSE, 100 TO 15,000 - - - A
LOKSITUDINAL | KZ, O TO 500 GAMS; ’ 2
ACCELEPATICN | ACCURACY, =0.2 MY/5;
PROCUAEMERT SPECIFI=
J caton, scpoas R .
LOW-PRESSURE GYIDIZIR TU2I)PUMP
DISCHARGE BANGE, O TO 600 PStA; - - A +A - 8
PRESSURE ACCUSACY 22 PERCENT 2 2
FULL SCALE; AZS?INSE,
o TO 100 HZ; PALCURE-
YENT SPECIFICATIC:
RC7901 .
SHAFT RANGE, O TO 8300 RPM; - - A 038 S -
SPZED ) ACCURACY =1 RPH; ‘..
PAOCUREMENT SPECIFIe .
CATICN, RC7005 N
Y
RADIAL RANGE, 10 TO 6000 HZ, - - — -
© ACCELERATION | 0 TO 330 G°S;
- ACCURACY, 0.2 M7/5;
PROCURIMENT SPECIFI-
-CATION, R$7235
HIGN-PRESSUAT DXIDIZTR TURIGPUKP AND PA
DISCHARSE RANZE, 0 TO 6000 PSIA; - - A +B +A - 8
PRESSUAE ACCURACY =2 PERCENT 2
FULL SCALE; RESPONSE,
8 0 193 WI; PROCU3E=
MENT SPECIFICATICN,
RC7003
D1SCHARGE AANSE, =423 YO +700 F; - - A +3 A - -
YEMPERATURE | ACCURACY =2 PERCENT 2
DPZIATING RANGE;
RESPCNSE, 0.2 SITOND
TIHE CONSTANTS
PROCUAIMENT SPECIFI=
o CATICH, RC7003
BIOST STASE 1 RANSE, O TO 300 PSIA; - - — 8
IMPELLER ACCURACY 22 PIACINT .
DISCHARGE FULL SCALE; AISPCNSE,
PRESSURE 0 7O 133 MI, FIICU2E-
MENT SPECIFICATION,
AC7301
PRETURNER PANGE, O TO €333 P34 - .- - 8
PRESSURE ACCUAATY 22 PIRLENT
FULL SCALE; RISPONSE
0 T0 1Gd MZ; PAICURE-
MENT SPECIFICATION,
RC 70014

TABLE 4.3.4-1

INSTRUMENTATION PARAMETER LISTS (Continued)
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- FUNCTIGN2L USE
w = b -
b [+ ) . =
= - < = - [
< O - Zz - 2 -
2 P - < - o w O -
SUssYSTEM SENSOR 32 | w27 g5 | EZ 4 B <
AND ; CUANTITY |SENSOR S == s2 ae 53 g2 =
PAPAMETER REQUIREMENTS ARD TYPE 1OYTPUTS 23 =3a zd - =~ « w o za
PAESUANER PANSTI, O TO 2333 F; 2 A A - A A - - A +A -- --
TENPERATURE | ACCURACY, =2 PIACENT 1 2 12 12
CPERATING RAMSE; - -z
RESPCHSE, 0,5 SICOND
TIME CLNSTANT: PRC-
CUREHENT SPECIFICATION,
RC7904
SHAFT PANGE, O TO 35,000 1; oc A; B - A; B .- -- AORB - -
SPLED RPM; ACCU2ACY, =1 RPM;
PRCCUAIMINT SPECIFICA-
TiCN, RC7O05
RAD{AL PANGE, 10 T3 6200 HI; 1 A - - - - A - -
LACCELEPATION] .0 7D 220..68M4S; - , :
ACCUPALY, =0.2 HY/G;
PROLUREMENT SPECIFICA-
TICN, RC7206
PREBUAHER 2 A ;A - - - - A - A
LONSITUDINAL 12 1 2
ACCILIRATICH , =3,
INT §F )
CATION, RC7026
CXIDIZER PANGE, O TO €2G3 PStA; | 1; OC A; B .- AEB] == - A+ 8B - -
TARK ACCURALY =2 PEICENT
PRESSUPANT FULL SCALE; REISPCNSE,
PRESSURE 0 T3 1CY HZ; P20~
CURZMINT SPECIFICA- -
TicH, RC7O!
_FLONRATE 2AMGE, O TO 6320 GPM; 2; PU A B3] A;B; - - - A ORB - -
ACCUZACY, =5 6P LI} [ 1 ]
RESPCNIE, 320 RAD/S A ;8 A OR A
SEC; PROCURIMINT 2 2 2 2
SPECIFICATICN, RC7C05
PAIN OMINSTION CBAw2ER
CORZUSTION RAHSE, O TO 3520 PStA; | 23 oC A3 AGe ;s -— - - A 4B +A - 8
CrAMPIR ACCURACY, 22 PERCENT 1 | | 1 1 2 2
PRESSURE FULL SCALZ; RESPUMSE, A ;8B A "'}'f‘"
0 YO 100 HZ: PR2CURE- 2 2 2
MENT SPECIFICATION, .
.. | RC7201
FUEL RAM3E, O TO 4200 PSI1A: | 1: BC A; B - -— -— - A - -
IRJECTICH AICURACY =2 PIACENT
" PRESSLAE FULL SCALE; RISPONSE,
0 TO 130 HZ; PilCURE= .
MEINT SPECIFICATICN, Y.
RC7931
COOLANT RANGE, O TO S200 PSIA; | 1; A; 8 —_ - -— - A -— -—
CUTLET ACCURALY, =2 PICENT INTEGRAL
PRESSURE FULL SCALE; 3ESPIN3E
0 73 189 HI; PATCURE-
MENT SPICIFICATICN,
RC7CO1
COCLANT pANCE, -h23 TO4720 F; ; e A; 8 - -~ -~ - A - -
OUTLET ¥, £2 PIRCENT INTEGRAL
TEMPERATURE | O2IZATING RANSE; RES- 3
PON3E, 0.2 SICTHD
TI4E CONSTANT; PRI~
CUAZHENT §2E]IFICA-
TicH, 27332

TABLE 4.3.4-1

R | " : ) :
INSTRUMENTATION PARAMETER LISTS (Continued)
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} FUNSTICHAL USE
[~ (¥
2 x w | g
x o = o =
< I -~ < X | (e
SUISYSTEM SENSSR >3 ] w 2z Sa w3 >
AND GUANTITY | sEN532 o= il zz ol 3 =3 e
PARANITER REQIIREHEINTS &0 TYPE | CUTPUTS 55 3 £3 [ &2 8 ZE &<
: [- ¥ - LS - 4 e, - T = - o o
LENSITUDIMAL | RANSE, 120 TO 15,00 2 A A - - -~ - A - A
PICELERATION| HZ, 8 TO 550 gws; 12 1 2
ACCURACY, 20,2 #Y/C;
PRICURIMENT SPECIFI~
CATIGH, RC7056 4
BYS2AULIC
KY322ULIC 1286E, 0 TO 4000 PSIA; | 13 OC A; 8 - .- A; B - A+ B A: B -
~-SYSTEM JBCCLRAZY, 22 PEZLENT a a
PRESSURE FULL SCALE; RESPLNSE,
0 TO 160 HZ; PRO~
CUREMINT SPECIFICA-
TicK, PC730L )
FLCW CONTROL VALVES PASITICNS
MAN FUZL RANGEZ, 0 TO 30 ce5Rzes,l 2 A A - - A A Ac:A A ORA A A -
YALVE ACCURACY, =1 PEZACENT i 2 P2 1 2 1 2 12
AN ?
OXIDIZER
VALVE
SERVOVALVE 2 AA ) o-e - - A A - - -
12 12
ACTUATOR | RANGE, 0 TO 90 DEGREES 2 A A - - A A A A A A A A --
§ 12 . 12 12 12 b2
CCSLANT -
YALVE
$z2v0 2 A ;A - - - A A P - -
VALYE 12 12
ACTUATOR | PANGE, O TO SO0 DECREES 2 A A - - A A A A A ORA A A -
- : 12 12 12 1 2 1 2
FUEL PRE=-
BU2NER
OX1D1ZER -
SERYO 2 A :A e -a . - A A - - .-
VALVE 12 12
ACTUATOR | RANGE, 0 TO 90 DSCREES 2 A A - Le= P AGA A A A ORA A A -
o S b2 12 12 1 2 12
. £
CX101ZER
PRISUANIR .
GXID12ER
£E3V0 2 A A -— - - AzA - - -—
VALVE 12 LI
ACTUATOR | RANGE, 0 TG 30 DEGREES 2 A A — - A A A A A A A A -
12 1 2 1oz 1 2. 1 2
FUEL BLEED TANSE, O TO 0.133 1 A - -- -- - A A -
VALYE INCH - -
OX!D12ER RANZGE, 0 TO 0.133 1 A - - - - A A --
BLEED INCH
VALVE

INSTRUMENTATION PARAMETER LISTS (Continued)

TABLE 4.3.4-1
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FUNCTICNAL USE
-t Wt
bt = o —
=< »2 z Lz’ — -.:3
SUSSYSTEM SEuSOR £3 =1 w 2z Z3 w3 3
e qussTiTY | senser | 22 zZ. =3 =< zs ] 5.
PAZAMETER REGUIREMENTS AxD Type | cuiPuTs | S 3 rz 25 Se == 2L 3%
(- -t D - ool G, - b =y -4 D Zz c
PHEUMATIC CONTEZL SYSTEM
G PURSE PANGE, O TO 150D PStA: | 1 GC A; 8 - -- .- - A A .-
2 ACCURACY £2 PERCENT
PRESSURE FULL SCALE; RESPONSE,
0 T3 100 HZ ProCU2E- R
MINT SPECIFICATION,
RC7031
THAUST PANSE, O TO 1QCO PSIA; | 1; DC A; 8 - -~ -- -~ A A --
CHAMSER FUEL | ACCUAACY, =2 PEACENT
JACKET FULL STALE;
PURSE 0 TO 159 HI; PRACLAE-
PRESSURE | *{™MINT *SPECIFICATION,
RC7001
H1CH- RANSE, O TD 100D PSIA; | 1; OC A; 8 -- -- - - A A --
PRESSURE ACCURACY, =2 PERCENT ’
OX1312:R FULL SCALE; RESPENSE,
TURS2PUMP 3 TO 130 MI; PR0CuR:-
LIFTCFF SEAL | SENT SPECIFICATION,
AND QXISIZER| PC73)
BLEZD VALVE
PRISSYAE
HIGH~ RANSE, O TO 1803 PS1As] 3 oC Az - - -- -- A A -
PRESSURE ACCURACY, =2 PEICENT
FUEL TUA30- | Full SCALE; RIsSPosise,
Fux? LIFT- 0 T2 ICI mI; PACLARE-
CFF SEAL MENT SPECIFICATION,
AND FUEL RCT0IN *
BLEID YALYE
PALSSUAE : :
RANGE, O TO 133 PStA; ] 1; o€ Ay B - A; 38 - -- A+ B A; 8 --
ACCURACY, =2 PERCENT -
FuLl SCALE: RESPINSE,
0 TD 123 HI; PITILRE-
MINT SPICIFICATION,
RC7201
CONTELLER
INTERNAL RANGE, O T9 50 PSiA: 1; oC A B - .- - - AOR B A; B ==
PRESSULAE AZCLAACY, =2 PEICENT
FULL SCALE; RISPLNSE
0 TO 129 HZ; PA2CLAZ-
MENT SPECIFICATICON,
RC7C0O1 . .
INTERNAL RANGE, =322 VO +3C0 F; 2 A A -~ -- - - A +A - --
TEMPERATURE | ACCUBACY, =2 PIILENT 12 12
OPERATING RANSE,; p)
RESPONSE, 1 SIC74D
TIME CINSTANT; PiO-
CURIHEINT SPECIFICA-
TICK, KA5-27315
EXTENZI3LE NJZILE
SERVIVALYE T2 A A -- - -- A A - -- .-
POSITICN 12 1 2

TABLE 4.3.4-1

INSTRUMENTATION PARAM;ETER LISTS (Continued)
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FyusCTIguaL USE
[V} b
o x (o3 e
x o xz O x
. T o 3= = S ]
SU3SYSTEM _— SENSOR , 22 -2 w =S &2 ] -
AND ’ QUANTITY | SENSGR -z e =a - = o ~-u ' <
ZRAMETER F.‘Q"JIP-:HE\ITS AND TYPE | QUTPUTS w - g g 5 3 g it g ‘:'_-" g :
ASAELEL = =re 1 " ' o a o \ - O - eg - .§.c= W) = a
ALTUATSR 2 A A -- -- -- A A A cR A A A --
PGSITILN b2 1 2 1 2 2
NOZILE : 2 A A -- -- - o- A OR A A A --
RETRAITED ] 12 : ! 2 1 2
NIZZLE 2 A A - | -- A ;A - A ORA A A° -
EXTENDID 12 P2 1 2 Vo2

. | | | TABLE 4.3.4-1 o
INSTRUMENTATION PARAMETER LISTS (Continued)
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REDUNTANT : :
PERFIANANLZE CONTROL PARANETER SENSLAS ALTERMATE YALUE CORPUTED FAGM
NAIN COMBUSTION CHANBER PRESSUAE 2 HIXTUAE RATIO AND TOTAL FUEL AND OXIDIZER
. FLOWRATES . :
LGW-FRESSURE FUIL TURBDOPUYP DISCHARGE : T2 ‘ LOW-PRESSURE FUEL TURBIPUYP SPEED FUEL
PRESSURE : FLOWRATES ’
2 . NCHE
LOW-PRESSURE FUEL TURBOPUMP FLGWRATE ) 2 ) BAIN COMBUSTICN CHAMBER PRESSURE AND
. MAGHETIC PICKUPS OXIDIZER FLOWRATE
LOW-PRESSURE FUEL TURECPUMP L
DISCHAZGE TEMPZRATURE TURBINE FLOWMETER
HIGH-PRISSUAT OXIDIZER TURSLPLMP 2 - : ' MATH COMBUSTIGN CHAN2ER PRESSURE AMD
Arry s . I . (4
FLOWAATE ) BAGNETIC PICKUPS FUEL-FLOWRATE
1
TURBINE FLOWMETER
.H15H~P.>.Essua£ OX1DIZER TUR3OPUMP DISCHARSGE 2 : LSW-PRESSURS OXILIZER TLABCPUMP DISCHARGE
PRESSUE ) _ : PRESSUAE; HIGH-PRISSUAZ GXIDIZIR TUR3O-
) : PUMP SPEED PMAIN OXIDIZEZR FLGWRATE
, . . )
WIGH-PAESSURT OXIDIZIA TURITPUMP DiSCHARGS 2 NONE
TEMPZAATURE i

TABLE 4.3.4.1-1 |
ALTERNATE PERFORMANCE CONTROL 4SENSORS
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4;3.5 " Engine Actuator e e

The gimballing of the main engine is accomplished by an electro-
mechanical servo-actuator. The redundancy of components:give the actuaﬁor '
fail operation capabi]ity after first failure and fail-safe after the second
failure. In the fail safe mode, the actuator refurns to neutral. With

the triple redundant feature of the hydraulic servo valves, the actuator

can accept three separate independent input signals. The servo actuator has

a c]osed‘loop hydro-mechanical feedback loop. The developed force, direction
and rate of position change of the actuator piston are determined by the
electro-hydraulic servo valve. |

The input hydraulic pressure is 3,000 psig, and the return pressure
is nominally 45 psig. Using 3,000 psig fluid at 38 + 5 - 20° C, the servo
actuator has a piston rod maximum velocity of 5.25 inches pér second with
a load of 60,000 pounds.

The servo has a linear accuracy of 1 ma thru full stroke with a
hysteresis of less than 1.5 ma. . Threshold signal for piston movement is
less than 0.5 ma. With no electrical signal to the servo and with 3,000
psig hydraulic supply, the position of the piston shall be within 0.055 in
of the reference midstroke position.

4,3.5.1 Operating Characteristics

The servo system has the following general characteristics:

Frequency response - The system frequency response of amplitude
ratiorand phase shift is within the Timits shown on Figure 4.3.5-3 and
Figure 4.3.5-4. This is an engine position to current input ratio driven by
a current source. The nominal phase shift at 1.0 .Hz shall be 17°. This

applies to inertia loads only.

e e A B SR DI
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. ’

 ACTUATOR ENVELOPE-MAXIMUM DIMENSIONS

e B —e
TN A -t '
B ™  CDIA
FLUID & ELECT.
.. ..CONNECTIONS . _
T = " ENGINE
1 _ . /4 ATTACH
7 T / END
_ . y P
L ' A NOTE: .
S 1. ACTUATOR SHOWN IN NULL POSITION

2. ALL DIMENSIONS IN INCHES.

: o - T DIMENSIONS

185
35.5
30
4.5
355

43.0
8.0
14.0

4.0
8.0

C—=TITOTMMOOWDD

SECTION M-M

FIGURE 4.3:5-1
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area type with a net piston working area of 30 square inches.

" Transient résponse - The response of the load or engine position '

to input signals to the servoactuator as a function of time falls within

the 1im1ts'of Figure 4.3.5-5. There ére no continuing oscillations, limit -
cycling, or hunting in the steady state condition. This requirement applies -
with inertia loads only.

System stability - With system characteristics as given in

Figure 4.3.5-2, and the actuator bias loads from 0 to 60,000 pounds, the
load does not have continuing oscillations, hunting or.]imit cycling in
excess of 0.006 inch peak to peak position during a 10 second period.
Hunting or long time drift during a one minute period does not exceed the
threshold of 0.5 ma.

Position loop gain adjustment - Provisions shall be incorporated

into the actuator to allow adjustment of the position open Toop gain (KvH)
A

-1 1 paximum. This gain adjustment

from 12 sec minimum to 22.3 sec
mechanism should be field serviceable and should not have to be returned to
the vendor facility for installation.

Servovalve - The servovalves are of the flow control type uti]izing%
mechanical feedback from the final stage to the first stage. External to
the servovalve and removeable mechanics, hydraulic circuits are provided to
stabilize the reasonant load with bias loads up to 60,000 pounds as shown '
in Figure 4.3.5-2. Any additional steady state compliance due to these
circuits is minimized.

Power consumption - The power used by the servovalve torque motor

with 50 ma applied shall be no greater than 0.3 watts at 77 degrees F.

" Actuator - The actuator is of the linear, double acting, equal

' ~i t R A s i i ! i ot i H N o M 1 ]‘
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4-90
+Fd
Qv 1 - Be
KA “ z i
2 Ms2
Fa
1 1
Kp Gp A =
H

Qe TvE s ~.

LINEAR BLOCK DIAGRAM - SPACE SHUTTLE TVC
(SEE TABLE 1 FOR VALUE OF PARAMETERS)

FIGURE 4.3.5-2
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- - . SYSTEM PARAMETERS
SYMBOL UNITS VALVE
KTM in-1b/ma . )
Kv cis/in-1b
A in2 30
re Lbs/in 219000
KL Lbs/in 240000
M Lbs/seé2 in A . ' :
| 170.0 (Orbiter)
KpL = (KvKTKp) o ‘
_ v 33.6 Orbiter
Kp In-1b/psi
Gp pS/p® +1
Tp Sec .
1.0 Orbiter
H n=-1b/in
Q, cis
Bi in
8p in 4 Max = 5,5 in,
' = 10,5 deg.
8¢ in
ic MA . "~ No less than
: - 50 MA max
Fd lbsv
FA ibs
P psi
Ps - psi 3000
S sec™! - L

TABLE 4.3.5-1

4~91

' DESCRIPTION
Torque motor gain,
Valve flow gain,

Piston area

Total spring rate

Spring rate - Structural tie points

" Engine equivalent mass

- Position. loop gain

Pressure feedback open loop gain
Pressure feedback gain

Pressure feedback shaping network
Time constant - Shaping network
Position feedback éain |
Valve output flow

ldeal actuator piston position

-Actuator piston position

Engine Position

Input command current

External disturbance force

" Actuator output force

Differential pressure
System Suppfy Pressure

Laplace operator
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Length and stroke - The length of the actuator is as specified in

Figure 4.3.5-1. The maximum stroke shall be +5.50 inches; (10% deg). The
design allows for a minimum stroke of ;3.9"'(i7%0) by the installation of

a stroke 1imiting mechanism internal to the actuator. This stroke limiting
mechanism may be field installed.

Piston bypass valve - The biston bypass valve is manually operated,

which when operated, relieves fluid locking of the piston. The valve is
pressure actuated to close at a system pressure of 200 psig maximum.

Lock ~ A removable mechanical lock capable of holding the actuator'
rigfd]y in its_midstroke position is provided. The lock when properly »
adjusted establishes the reference midstroke position.

Potentiometer - A linear, dual element, potentiometer with center

taps is provided for actuator piston position indication. The potentiometer

- is internally mounted, directly coupled to the actuator rod.

Stroke - The mechanical stroke of the potentiometer is 12.0
inches, including 0.025 inch of over travel at each end. The electrical
stroke is 11.0 * 0.02 inches. | s

Electrical characteristics - The electrical characteristics are

as shown in Figure 4.3.5-6. The sum of the pading resistance, which is

'500 +50 ohms, and the contact resistance is 575 *125 ohms for each element -

as measured between wiper and element. The resistance between the center
tap and thé element is 150 ohms maximum for each element.
Excitation - The excitation voltage of the potentiometer is

60 +0.25 vdc.
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' 4.4 . REACTICN CONTROL SUBSYSTEM %
166 '_The orbiter reaction control subsystem (RCS) consists of three self-
contained monopropellant hydrazine propulsion subsystem modules installed -
" as shown in FIGURE 4.4-1. The RCS provides attitude control and three-
axis trans]ationa]_capabi11ty during both orbital and entry phases of_the
mission. The RCS may provide a backup for propellant acquisition during
OMS engine operation.
4.4.1  CONFIGURATION |
166 - The RCS configuration employs 40 monopropellant -thrusters

166

“operating at a rated vacuum thrust of 1000 pounds to provide a fa11 -opera- . ...

t1ona1/fa11 safe attitude control and trans]at1on capab111ty Monopropel-
lant hydrazine, stored in positive expulsion tanks, is used as the fuel.
Tank pressurization is provided by regulated helium stored at ambient

conditions. The RCS thrusters are installed in three independent re-

~>-~—movab1e modules- lTocated 1n the orb1ter nose section and in each of the

i

C ; aft OMS pods

AN thrusters, tanks and components are comp]ete]y 1nter— '
.

changeab]e in all modu]es The forward modu]e contains 16 thrusters,

each aft module located in the OMS pod contains 12 thrusters. Manifold

L'?éolation aﬁd“purgetvaivee"prov%de.mUItiole'redundahty'aga%nst"IoSS:Of .
prope11ant in the_erent of a thruster valve open failure. Multiple |
redundant valves and regulators provide propellant tank pressure controi.
~ During docking operat1ons, the forward RCS module thruster de-
ployment panel 1is reoriented 45 degrees toward the closed position to
preclude exhaust plume impingement on either the space station or a
dep]oyed payload. This automat1ca11y disables the norma]]y upward firing
thrusters and modifies the funct1ons of the downward and outward firing

thrusters to then provide the required maneuvering forces. In this
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166
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166

~tank -size and distribution between -fore and aft modules. Propellant

quantities for the three reference missions are shown in TABLE 4.4-1..

" heat soak-back to the propellant valve. This valve is a'fde1-operated
valve controlled by an electrically operated valve. A cavitating venturi

- is incorporated in the valve, thereby providing constant fuel flow to the

~ consists of a body made of Hastelloy X with a low momentum Rigimesh

. minimizing the bed loading and decomposition gas velocities for maximum

manner, all forward module plume centerlines are maintained at a minimum
of 45 degrees from any potentially sensitiveé surface.

The propellant storage and expllsion system uses the ethylene
propylene terpolymer (EPT-10) diaphragm tank concept.

The polar mission propellant requirement defines RCS

4.4.2- THRUSTER DESCRIPTION

The RCS thrust chamber assembly uses a stand-off tube to minimize

thruster and'permitting performance evaluation based on monitored chamber
pressure variation. This concept minimizes catalyst bed overloading at

each pulse, thereby minimizing cold start problems. The injector assembly

injector design.  The  radial out-flow cata]&st bed

provides an increasing cross-sectional area to propellant flow, thereby

catalyst life. The inner section of the catalyst bed consists of 25 to 30
mesh Shell 405 catalyst to initiate the decompositioh of the NoHg. The
outer section of the bed uées a coarse 14 to 18 mesh low-cost catalyst
which improves the overall catalyst bed performance and life characteristics)
The thrust chamber and nozzle are fabricated from a single Hastelloy B
precision investment casting. An electrical heater (12»watts per thruster)
is attached to the injector head and maintains a hinimum catalyst bed

temperature of 150° F to eliminate cold starts.
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4.4.3 PROPELLANT TANKAGE
A usable propellant capac1ty of 3130 pounds is provided in the
forward module tanks, and a usable capac1ty of 1878 pounds is available

in each of the aft modules. Five tanks are located in the forward module,

~ and three are contained in each of the aft modules. Propellant tankage

and lines are maintained within the acceptable operating regime by module
thermal control. This is accomplished by electrical heaters (on-orbit)
and 1nsu1at1on (on-orbit and entry)

The propellant tankage system is designed to supply propellants

-to the thruster inlets at 290 psia minimum.- Manual isolation valves are

 provided to isolate each tank assembly from the pressurization system if

H

required. A manual disconnect is used to facilitate filling and draining
the propellant tanks in each module.
The RCS EPT-10 tank diaphragm is used to provide positive

fuel expulsion during all operating conditions including zero g and re-

“entry. A capi]lar barrier at the outlet prevents diaphragm damage or

" pulgging of the propellant outlet port and permits most of the propellant

L

to be expelled in the event of diaphragm failure. Tank diaphragm

fa11ures Cih be detected dur1ng turnaround by 1nd1v1dua11y pressurizing
‘each fank monitoring the f]ow from the prope]lant fill and dra1n dump
fitting and sampling the helium pressurant.
4.4.4  PRESSURIZATION SUBSYSTEM

Four identical 4000 psi helium spheres provide the helium required
for propeilant tank pressurization. Two spheres are mounted in the for-

ward RCS module, and one is contained in each of the two aft modules. The

pressurization subsystem is designed to use primary and secondary regulators

'with operating bands of 310 to 325 and 320 to 335 psi, respectively, with

a minimum 600 psia inlet pressure. Parallel pressure relief valves
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designed to accommodate full helium flow (equivalent to four thrusters

-operating at steady-state conditions) are provided to limit propellant tank

“pressure to the design limit pressure of 435 ps1a The pressure/volume/

temperature (PVT) propellant gauging system developed and used successfully
on the Apollo CSM RCS will be employed in the orbiter RCS. |

Upon completion of RCS operations, purge isolation valves will be
activated to provide a low-pressure helium purge to cool and decontaminate

the thrusters. Post-landing operations will include thruster and valve

~ assembly purge and drying with heated low-pressure nitrogen to ensure
.removal of residual prope]lants.

- 4,4.5 RCS OPERATION

The thruster eng1nes receive firing commands from the Gu1dance,

_ Nav1gat10n and Control computer or by indirect entry via manual translat1on

or rotational hand controllers. Data from the RCS system is supplied to the

onboard computer system for display to the crew of propellant and engine

conditioning status. Electrical power and instrumentation conditioning for

-;T/M is providéd through-redundant power systems. Manual crew controls are

'prov1ded for contro] of activation and mon1tor1ng functions of the RCS

operating,.system

~4,8.6-—~RATIONALE - =t ~—i— -.-i, —— _ et ede i %v b S U

Not required

4.4.7 REFERENCES

166 pages 3-63 thru 3-68
20 pages IV-20 thru IV-21
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‘ g§° 4.5 ,ORBITAL MANEUVERING SUBSYSTEM (OMS) “
1p6 The OMS provides the propulsive thrust to perform orbit circularization,

orbit transfer, rendezvous, and deorbit. The OMS tankage is sized to provide-

propellant capacity for Mission 1, which retains a 65,000~-pound payload through-

out the mission. ,

;155 The OMS is capable of burning all of its allocated propellant in either

a single Tong burn or a series of multiple burns spread at random over the

: mission duration.

:é 4.5.1 OMS CONFIGURATION

166 ' The propellant quantity required for the design mission will be provided

in two pods, one located on each side of the aft fuselage. Each pod contains 3

high-pressure helium storage bottel, tank pressurization regulators and controls,

. a fuel tank, an oxidizer tank, and a pressure-fed recket engine. The OMS

employs nitrogne tetroxide (N204) as the oxidizer and monomethylhydrazine

(MMH) as the fuel. Additional propellant storage is provided by three self-

e contained pressurant/propellant supply kits which maybe located in the cargo

‘Z; bay. The OMS AV/payload capability and the number of auxiliary OMS kits

“ required are shown in FIGURE 4.5.1 as a function of the booster-MPS 1liftoff
- capability for" the three design mission inclinations. |

>>>> 166 Schematics of the basic subsystem and auxiliary subsySteh are shown

| in FIGURE 4.5.1. Each pod system is fail-operational/fail-safe, except for

‘ the engine bipropellant valve, which is fail-safe. A pod crossfeed line,

employed in conjunction with individual engine isolation valves, assures

availability of all propellant for deorbit with the remaining single engine

following a multiple failure in the bipropeéllant valve of one engine.

F-398-8-A

B
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4,571

4.5.2 ENGINE
The OMS engine is a 5;000~pound thrust reusable pressure-fed rocket

engine. The nominal characteristics for this engine are listed in FIGURE

The thrust chamber is regeneratively cooled using engine fuel flow
with supplementary film-cooling. The coolant jacket extends aft from the
injector to the radiation-cooled nozzle extension attach flange. The thrust
chamber is fabricated of stainless steel. The injector is a flat-faced,
nonbaffled design utilizing acoustic cavities to achieve dynamic combustion
stability. The bipropellant engine valve is a series-parallel redundant
valve with a pneumatic actuation package. The basic valve design is similar
to that used in the Apollo CSM service propulsion subsystem engine valve,
except for the use of a cam mechanism to 1ift the seals away from the ball
prior to ball rotation, thus minimizing the amount of seal rubbing on the bal
surface.

The design uses the basic gimbal technique employed on the Apollo CSM

service propulsion subsustem engine. Electro-mechanical actuators incorporati

redundant drive mechanisms will be employed.
4.5.3 TANKAGE

The propellant and helium tanks are fabricated from 6A1-4V titanium
alloy. The fuel and oxidizer tanks are identical and contain a maximum
usable prdpel]ant load of 12,200 pounds per pod. The helium tanks will be
identical to the Apollo CSM service propulsion subsystem helium tahks with

a nominal servicing pressure of 3200 psia at 70°F.
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oxidizer and three fuel) and three helium tanks may be installed. A single

- propellant and helium tanks can be installed as reqbired by a particular missfo%{

and zero-gravity gauging is provided by pressure/volume/temperature type

Analysis indicates"that lateral s]oshing in the OMS tanks, which might '
occur during boost; does not represent a significant dynamic problem. Bynamic
coupling of the sloshing forces and moments with the vehicle stabilization
and flight controls can occur only at frequencies at which the disturbance
torques generated are not significant. Theréfore, the OMS propellant tanks
do not have baffles.

Liguid propellant will be retained in the engine supply lines through
use of screened retention reservoirs containing devices to prevent premature
surface dip and vapor ingestion at the tank outlets at propellant depletion.
The reservoirs refill by hydrostatic vapor expulsion during OMS firings and
require no auxiliary settling thrust.

The auxiliary tankage and pressurization components located in the carg¢

bay gre identicalto hardware used in the OMS pods. Six propellant tanks (thred

pressurization control assembly is employed for the auxiliary tnakage. The

auxiliary tankage kit is designed so that either one, two, or three sets of

Quantity gauging is provided during OMS engine firings by a set of 10
dual point sensor assemblies. Quantity indications between point sensors,
necessary for OMS status assessment, are provided by an integrating unit
similar to the Apollo CSM service propulsion subsystem backup gauging system,
using engine burn time and nominal propellant flow rates. Low-Tevel warning

is provided in each tank by an independent point sensor assembly. Backup
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of pressurization system components without applying unnecessary pressure cycles

:géuging thrqugh use of the dn—goard performance monitor and CRT display.
4.5.4 PRESSURIZATION _

The fuel -and oxidizer tanks are pressurized through,pafa11e1 flowpaths,
thus eliminating the possibility of mixing fuel and oxidizer vapors coused
by leakage and/or diffusion through the isolation check valves in the helium
pressurization lines. Check valves are employed to prevent liquid propellant
migration.
4.5.5 INSTALLATION

The OMS is installed in two removable pods with propellant crossfeed
Tines that remain with the vehicle. The auxiliary tankage in the cargo bay
also feeds propellant to the engines in each pod through the crossfeed lines.
4.5.6 ENVIRONMENTAL CONTROL

Thermal control for the OMS is provided by insulation and electric
heaters to maintain the internal pod environment between 40° to 125°F on-
orbit with a maximum of 150°F allowed as a result of entry heating. The insuiat
is installed to allow subsystem thermal isolation as a unit. This allows
high heat capacitance elements to thermally stabilize the Tow mass elements.
4.5.7 MAINTENANCE |

The énﬁfﬁe prbpe]lant isolation valve located between the tanks and the
engine brpropellant valves provide for engine removal without purging of the o
propellant tanks. The engine valves also can be checked out with‘the engine
installed and the tanks fully loaded . |

Manual shutoff valves installed upstream of the prope11anf tanks

isolate the pressurization system from residual propellant vapor during

ion

ground operations. This valve also allows extensive checkout and replacement

€
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“procedure. An alternate capability will provide loading propellants at the

tovthe propei]anf ténks. The probel]ant tanks will be purged on]y'when main-
tenance or replacement of the tanks or associated components is required. The
manual shutoff valve control will be designed so that the vent receptacle
cover cannot be installed with the valve closed.
4.5.8 OPERATIONS

-OMS..preflight checkout .and servicing is accomplished in the hypergolic
serivicing facility. Following propellant servicing, the helium storage tanks
and propellant tanks are then pressurized to 1,000 and 50 psig, respectively,
to meet safety standards for normal wofking areas. The loaded pods are
subsequently mated to the orbiter, after which the electrical and instrumentat
interface will be checked out with the tank and engine isolation valves
closed. Final filling of the helium bottles will be accomplished at the

Taunch pad. Auxiliary system checkout and servicing is identical to this

launch pad after installation of the external pods and auxiliary system.

The OMS is capable of operation at any time after launch, including
simultanéous operation with the MPS engines. During all operating modes,
the engines are normally fired simultaneously with the TVC maintaining paralle]
thrust vectors. During single-engine operation, the RCS will provide roll
control.

Auxiliary tankage propellant, when installed, will be consumed first.
Propellant is retained in the pod tanks by closing the helium isolation valves
in the pods. When a low-level warning is received from the'augiliary sump
tank, the pod helium isolation valves are opened, and the auxiliary helium

isolation, propellant isolation, and crossfeed valves are closed automaticalily.

on
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Foi1owing the deorbit burn, the engine propellant iso]atibn va1Ves are élosed
and tﬁe downstream propellant lines and engines are purged using residua]-
helium. The engine valves remain open until just prior to reentry to vacuum-
dry the purged assemblies and thereby remove remaining propellants and vapory.
The engine valves are then closed to allow repressurization of the line
upstream of the engine valves as a.means of preventing air ingestion after
entry. |

A dump system is provided for dumping OMS propellant in the horizontal ;
flight condition. Residual propellants are dumped during entry following
a normal mission; however, the system is sized to dump all OMS propellant in
the pods prior to landing in the event of a low-altitude abort. For other

abort modes, the OMS propellant will be burned through the engines.
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- 4.6 AIRBREATHING PROPULSION SUBSYSTEM (ABPS)

The ABPS primary purpose is to provide 1oiterfflight capability upoh
return from a space mission. With modifications; the ABPS also provides
self-ferry capability from alternate landing sites to the launch site.
The self-ferry configuration is used to conduct the horizontal flight
test program, '

The orbital ABPS module, incorporating two engines, deployment
mechanisms, a fuel tank, and supporting subsystems, may be installed
in the aft section of the cargo bay. The weight of this module is
charged against total payload capability; the module is removable for
missions requiring maximum payload capability. The ferry system consists
of the orbital module plus two additional engines, a ferry fuel tank, and
supporting structure. A secondary electrical and hydralic power generation

system is included in the ferry system.

4.6.1 CONFIGURATION

The orbital ABPS module consists of the structural, the engine/nacelle/
pylon, and the fuel tank assembly modules as shown in FIGURES 4.6.1. The

vehicle scar wéight associated with installation of the integrated module is

‘that necessary for instrument and control wiring, vehicle structural "hard

points," ferry mode vehicle power interface (hydraulic and electrical), and
provisions for installation of the horizontal flight fuel fill and drain adapte
When the ABPS is ihsta]]ed, the two aft sections of the segmented cargo bay
doors are removed. |

The structural module includes provisions to accommodate the orbiter

structural interface, nacelle thrust and airloads, nacelle deployment,‘tank
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mdunting, and manipulator arm stowage. The nacelles are deployed by rotary.

motion about the nacelle pylon longitudinal axis wusing hydraulically driven

power hinges. Segmented deployment doors actuated by ]ineér hydraulic actuator

remain closed throughout launch and orbital operations for environmental
control purposes. The doors are automatically sequenced open during the
deployment. cycle .and .are .then_clased following .engine.depolyment.

Each nacelle module houses an afterburner turbofan engine modified
to accommodate the predicted launch and orbital environment. The engine is
a derivative of the Pratt and Whitney F401-PW-400 engine now under development.
Supporting subsystems include a dual element fire detection subsystem, a
fire extinguishing sybsystem (dual bottle/dual shot per nacelle), electric
thrust control subsystem, an air start assist system, and a thermal control
system. The electric thrust control subsystem is an adaptation from the
concept being developed under the B-1 program with minor modifications
required for engine and cockpit quadrant arrangement differences. A cartridge
air start system is proposed wfth either cartridge or pneumatic capability
provided for ground starts.

4,6.2 FUEL TANK

The fuel tank module includes a main fuel tank and the associated tank-
mounted units of boost pumps, shutoff valves, vent va]ves,.quant%ty gauging,
and thermal control provisions. The tank may contain 22,565 pounds of fuel
for the early orbital deve]opmént flights. For operational flights with

scientific payload, this tank will be off-loaded to the 13,681-pound quantity

_required for engine air-starting and 15 minutes of loiter flight at 10,000 feet

L3
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~are.provided for.both .the.vertical .and.horizontal vehicle attitude. Dual

“for the fuel.

Tank fuel f]ow'is-pkovided by three e]ectf%cally driven "plug-in"
type boost pumps supplying a common maniford that connects to both engine
nace]]eé. An atmospheric cir—venting system.is provided that uses'series/
parallel vent valves to maintain on-orbit tank préssurization and fuel

isolation. Refueling-defueling capability and capacitance gauging systems

level control valves are employed for capacity control in either qttitude.
The thermal control subsystem employs electric heaters and insulation
to maintain the bulk fuel, the engine, and support subsysfems (starters, fire
extinguishing, thrust control, lube 0il, etc.) within design temperature
limits. A steady-state temperature range of -—65% to 2750F is specified for
the engine with a —350%F limit on transients; the lube 0il in the storage

tank is limited to —259F minimum; and a range of —300F to +1609F is stipulate

4,6.3 FERRY CONFIGURATION

To provide the required ferry thrust, two additiona]lF401—Pw-400
engine nacelle assemblies are installed in a fixed position on the ABPS
structural module Tower shoulder. The vehicle APU system will not be used
for power generation during ferry or horizontal flight test operations;
therefore, a secondary power generatioh kit providiné hydraulic and 400-Hz
electrical power capability will be installed and driven by each of the four
engines. An uninsulated ferry tank will be installed aft of the orbital
fuel tank to accommodate an additional 44,905 pounds of fuel. This capacify

was selected to provide maximum fuel (67,470 pounds) for flight test up to

[N
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the Vehic]é gross weight 1imit of 232,000 pounds. Capacitance gauging and |
single point refueling provisions will be provided for the ferry tank in the
horizontal attitude only. The ferry tank will be off-loaded to provide a
total fuel loading of 52,000 pounds for the 400-nm ferry range capability.
4.6.4 OPERATION

-The.APES jis.purged of a1l fuel and lube o0ils prior to orbital flight.
This is- necessary since in orbit the engines encounter vacuum environment.

The vehicle uses pneumatic helium pressure for the main propellant
and engine valve activation, engine pump seals, purging and inerting all
propulsion lines, engines land fuel tank prepressurization.

Operationally, the ABPS remains inactive until reentry except for
thermal control system functions. After entry, the nacelles are deployed,
and the engine 0il and fuel systems are primed. For early development
flights, assisted air starts will be initiated at 40,000 feet- the upper
1imit of the air-start envelope. The design fuel load for operétiona] flights
is based on delaying air start initiation to 25,000 feet, which will provide
sufficient time during descent for engine start and operational-check prior
to initiating the planned 15-minute loiter flight at 10,000 feet altitude.

‘The APES engine is provided with a manual power lever to control the
engine thrust from IDLE to maximum, Below the IDLE position the power Tever
will actuate fuel cutoff valves.

Control of all engine operations is initiated by crew members. Engine
thrust level.is governed by a fuel controller. The fuel controller combines

input sigpals from the throttle lever position, engine RPM sensor, compressor
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inlet temperature and pressure sensors, and the compressor discharge pressure
sensor to position the fuel metering valve.

'B Instrumentation monitoring is required on fuel flow.rates, temperaturesi,
pressure; turbine inlet and exhaust temperatures; valve state; lubricating oil
quantity, pressure and temperature; and burner pressure.

The Caution and Warning Systeﬁ is provided inputs from the ABES system

similar to ®=standard aircraft.

during ferry flights and the re-entry flight when activated by crew members.

4,6.5 RATIONAL for ASSUMPTIONS

A. Throttle controls for the APESare visible on instrument panel
configurations, however, detailed descriptions are not yet available.

B. Reference 36, pagé 4-673 indicates APES instrumentation by
quantity of measurements only. At present it is assummed these meésurements
pertain to standard turbofan parametérs_monitored in existing aircraft.

Also since the engine is deployable, it is also assummed there are indications
presented to the crew for the condition of engine deployed.

C. There is no reference detailed to the level of components of
systems for the APES., It is assummed the APESis manually controlled, i.e.
no computer throttle control and that the turbofan engine has a fuel controller

D. There is no reference to date of interfaces of the Caution and
Warning System, however, this interface is required for operation.

4.6.6 REFERENCES
20 pages IV-20 to IV-21 | )
166 pages 3-75 to 3-80
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4.7 SOLID ROCKET MOTORS

The shuttle vehicle is equipped with 156" solid rocket motors (SRM)
providing thrust forces for main vehicle liftoff, shuttle vehicle abort separation
and external tank retro-deorbiting. Each of these engine groups is discussed
in detail in the following parajraphs.

4.7.1 MAIN SRM |

TQo 156-inch diameter SRM's are attached to the orbiter external tank
and burn in parallel with the orbiter MPS engines to provide ascent propulsive
thrust up to staging. In addition to ﬁhe rocket motors, the booster assembly
contains an aft skirt launch support structure, forward skirt and external tank
attach structure, separation rocket motors, recovery system, aerodynamic
fairing, an electrical power and distribution system, and a malfunction detec-
tion instrumentation system.

The SRM assemblies transmit thrust through a structura] skirt at the
forward end of the motor into the external tank subsystem intertank structure.
Total vehicle support on the launch pad is provided by structural skirts on
the aft end of the motors. The motor nozzels are fixed at a cant angle of
11 degrees to the motor centerline in the yaw plane. Thrust termination
ports are provided in the forward end of the motors for use under abort
conditions., FIGURE 4.7.1.1 shows a baseline motor envelope,while preliminary
motor characteristics are presented in FIGURE 4.7.1.2,

A segmented case design was selected to afford a maximum degree

of flexibility in selecting a fabrication site and for ease of transportation
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166 Each SRM composed of polybutadiene acrylonitrile (PBAN) provides an

and handling. The motor nozzle uses a composite ablative inner liner and stee)

outer shell with provisions for attachment to the motor case aft closure.

initial sea-level thrust of approximately 3.52 million pounds. The motor
ballistic provides a high 1nitiél thrust/weight with decreasing thrust to

~ Slimit.maximum .q followed by an increasing thrust to minimize g loss while
maintaining vehicle acceleration below the 3-g l1imit. Predicted ballistics foy
a motor using proven propél]ant grain geometries were Qsed for trajectory
analysis, FIGURE 4.7.1.2._

166 A conventional self-contained pyrogen ignition system with appropriate
redundancies and safe and arm provisions will be utilized. Final selection
‘ of initiator type (exploding bridgewire versus hot wire) will be based on

an assessment of overall Shuttle system ordinanceArequirements.

166 Thrust termination is provided for abort modes by means of two symetrikal
blowout ports formed in each forward motor . by the ignition of Tinear
shaped charges (FIGURE 4.7.1.3). Exhaust stacks are provided to direct the
gas discharge through the forward attach structure and away from the orbiter.
The stacks also provide some gas expansion to achieve slightly higher thrust.
The ports are sized to provide approximately 10 percent positive SRM net thrust
throughout all phases of burning to enhance separation. A malfunction detection '
system is used in conjunction with the thrust termination system to provide
an early warning of an impending catastrophic SRM failure. As a minimum, the
system will contain pressure and temperature sensors to detect abnormal pressurges

and/or overheating conditions.

-398.8-A
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166  The SRM/external tank subsystem separation system (FiGURE 4:7.1.4)

171 operates in normal and abort modes at varying SRM residual thrust levels and
oblique vehicle flight paths. The SRM separation system uses auxiliary
rockets to provide relativeseparating motion between the SRM cases and the
orbiter/ténk. Forward and aft recket thrusters provide the desired separation

~trajectory, while the aft thrusters are rotated to counter any SRM residua]v

thrust. The thrusters are located to minimize plume impingement on the orbiter.
This system prevents reaction loading on the external tank subsystem. Three
rockets are located forward and three aft to provide safe separation with

2

single rocket failure for normal staging (FVac — 27K pounds,

avg
seconds). The aft separation rockets are installed at a greater angle than

thurn =

forward rocketsto account for residual thrust of skewed main rocket nozzle.
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4.7.2  ABORT SOLID ROCKET MOTOR (ASRM) ' -

~jettisoned unused 30 seconds from 1iftoff.

deceleration forces.

The abort solid rocket motor subsystem, ﬁonsisting of two solid rockef
motors attached to the orbiter aft fuselage, provides the rapid start and high
thruét necessary to successfully accomplish orbiter separation from the boostdr
SRM's and external tank subsystem in the event of an abort between 0 and 30
seconds from 1iftoff,

In an aborted mission the abort rocket motors are fired simultaneously,

reaching peak thrust in 600 milliseconds, and burn for approximately 21 second

[72)

with an average thrust of 385,000 pounds. The predicted thrust-time history
is shown in FIGURE 4.7.2.1 At ignition, a 2.45 thrust/weight ratio is pfovided
to accelerate the orbiter (with 65,000 pounds payload) away from the booster
and éxterna] tank. After burnout, at approximately 12,000-foot altitude, the

abort solid rocket motors are jettisoned. 1In -a normal mission, the motors are

The ASRM's are separated during a nominal mission (unused) or following
an abort firing (expended). " The_nomina]vseparation is accomplished by placing
the SRM's at the rear of the configuration so that a simple release mechanism
allows the vehicle to accelerate away. The nominal acceleration at this point
in this trajectory gives adequate separation safety margins. The ASRM's will
land approximately two nm downrange. The more difficult ASRM separation problgn
occurs when the abort rockets have fired to separate and maneuver the orbiter
away from the tank and booster. For orbiter stability reasons, the ASRM's are

separated immediately after burnout with the orbiter and ASRM's experiencing
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The abort solid rocket motors require separation under two conditions
of aerodynamic loading and mass. In a normal missipn, the unused abort solid
rocket motors are jettisoned at a dynamic pressure of 300 to 400 1b/ft2, which

provides separation forces in an upward and outward direction with respect to

the orbiter. In an abort mode, the motor weight is 8,100 pounds at burnout

.}and.iheadynamicapnessuneuis”ZOOJtQMBOOAJb/ftz. -Relative-acceleration studies

indicate complete separation and clearance between the abort solid rocket motors
and orbiter in less than 1 second. Bolt-on fittings are proyided to meet
orbiter maintenance time schedule. Separation occurs at the clamp thrust
interface, Teaving only the attachment fittings on the orbiter. These fittings
will be structurally loaded during orbiter structural testing. A triple

redundant explosive separation clamp sized for worse-case conditions will assure

separation.
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4,7.3 DEORBIT SRMFOR EXTERNAL TANK (ET) o :
Deorbit of the ET requires a 300-fps retrograde velocity increment to
effect ET fragment impact in the prescribed footprint in the Indian Ocean.

ThisAV is achieved with a forward-firing solid rocket motor installed in the

ET forward fairing and firing through a fragible nose cap. The motor is armed

and .fired..by..the~ET.avienics .battery/sequencer -subsystem following ET-orbiter

separation. The deorbit motor design, as dictated by the AV req'uirement, has

an average vacuum thrust of 18,500 pounds and provides a total impulse of

approximately 686,000 1b-sec during its 37-second burn time. The preliminary mot

deségn is approximately 37 inches in diameter, 76 inches in length, and has

a total loaded weight of 2,600 pounds.

The configuration contains 2,400

pounds of propellant and is based upon the modification (5-percent increase

in propellant quantity) of an existing spaceflight-qualified rocket motor.

Table 4.7.3.1 DEORBIT SRM VACUUM PERFORMANCE

i}-vf Thrust Avg.
1 Thrust Max

18,500 1b.
21,000 1b.

? Burn Time Avg.
Total Impulse

'37.1 sec

686,350 1lb.-sec.

Specific Impulse 286.5 sec.
. Pc Avg. 520 PSIA
-~ "Nozzle Area Ratio 40 n
. Throat Area 19.35 in,
Throat Dia. 4,95 in.
Exit Dia. 1.D. 31.2 in. .
Cg 1.837
1 1.18
Case Dia. 37 in. .
Length, Overall 753 in.
Wt . Loaded 2,610 1b.
Propellant Wt. 2,400 1b.
Burnout Wt. 210 1b.

| The relative location of the ET Deorbit SRM is shown in FIGURE 4.7.3.1
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allow a 15-percent-over-mission load condition on the

ding system by increasing the main gear tire pressure
to 250 psi and maintaining static tire deflection at 32
percent. The ferry/horizontal flight test condition pro-
vides the design criteria for the maximum tire load
caused by the down-load due to elevon deflection for
nose wheel liftoff. Main gear tire deflection at this con-
dition is approximately 50 percent. The ferry condition
also defines the criteria for turnover, spacing, and struc-
tural sideload caused by turns during taxiing. When
designed to these conditions, the landing system is cap-
able of drift landings with peak ground wind speeds
to 35 knots from any azimuth.

Additional cost savings during the implementation
and operational phases of the orbiter results from
landing /deceleration system maintainability and servic-
ing features. The main gear, nose gears, and deceleration
chute are fully accessible for structural and system in-
spections and servicing by access through the gear doors
and vertical stabilizer speed brake. Using standard
access equipment, the main and nose gears can easily
be inspected in the preventive maintenance apportion-
ment time of 2.25 hours. With the speed brake open,

deceleration parachute backup structure is exposed
and can be inspected visually within 0.50 hour. In order
to meet the allocated hours for servicing, the decelera-
tion chute is a module package which, for installation,
requires only mechanical and electrical connecting.
Gear lubrication and main and nose gear shock strut
service is also accomplished through the open gear
doors. Jacking provisions are provided at each strut
to accommodate wheel/tire replacement, without re-
moval of other components, in 1.2 hours. The main
gear brakes are replaceable as a unit, are open on the
upper aft side for ease of inspection,Smd can be replaced
within the allocated maintenance time.

Tow attachments to allow towing on slopes to 5 per-
cent are provided on the front and rear of each gear,
and are positioned to prevent towing equipment inter-
ference.

During the development of the landing and decel-
eration systern, tull consideration will be given to meet-
ing the orbiter maintainability and turnaround time
requirements, discussed further in Section 2.4.

SD will define, develop, certify, and deliver. for the
orbiter a landing and deceleration system which pro-

’s for all phases of shurtle operations. This results in

midinum l.wnch wiight. i impsct and. wnplc;‘
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The use of existing equipment requires on-orbit con-
ditioning of the main and nose gear wheel wells to
maintain the exposure temperature within —G0°F to
275°F. This is accomplished by use of a combination of
electric heaters and passive insulation, described in
Section 3.1.3. Deceleration parachute thermal protec-
tion also is described. The landing/deceleration system
will be developed and space-rated by conducting
environmental testing where necessary. Certification
by similarity to existing hardware will provide cost
savings to the program. Thermal vacuum testing of
nonmetallic components, such as tires and lubricants,
is proposed. Landing gear simulators are proposed for
the conduct of operational and endurance tests. Static
ultimate load and fatigue tests will be conducted as
part of the structural test program. Final qualification
testing of the deceleration chute, nose gear steering,
and brake systems will be accomplished during taxias
part of the horizontal flight test program. The landing
system test requirements and program are discussed in
detail in Volume 5.

4-127

The orbiter mission will expose landing system com-
ponents to long-term space environment for the first
time, requiring space rating of this equipment. SD will
apply its Apollo CSM experience and analysis capability
on long-term space environmental exposure affects to
the development of certified equipment and to a rea-
sonable certification program.

The landing/deceleration system proposed is based
on the Phase B study. No problem areas not previously
solved by SD on Apollo CSM or by NR on its many
aiscraft systems are armcnpated

-

3.1.3 THERMAL PROTECTION AND
CONTROL (WBS 1.3.1.3)

The thermal protection and control system consists
of two elements. One, the thermal protection system
(TPS), is external to the primary structural shell of
the vehicle. It maintains the airframe outer skin
within acceptable temperature limits during the vehicle
mission. Where internal vehicle special compartments
or areas require additional thermal control, the external
TPS is augmented by a second element; the internal

thermal control system (TCS). Overall vehicle thermal .

design also is included i in the ECLSS, discussed in Sec-
tion 3.5, the purge and vent submstcm, discussed in

ection 3:1. 1 5; and’ chcr subsystems.
Ao
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3.1.3.1 TPS DESCRIPTION AND FEATURES

The baseline TPS (FIGURE 3-25) consists of: (1)
ceramic reusable surface insulation’ (CRSI!) (ceramic
panels with an external waterproof coating on a strain-
isolation foam pad) directly bonded to the airframe in
areas exposed to surface temperature berween 650°F
and 2500°F; (2) elastomeric reusable surface insula-

‘tion (ERSI) directly bonded to the airframe in areas

o '.7z.su.so.s

exposed to temperatures below 650°F, and (3) rein-
forced carbon-carbon (RCC) material in the wing
leading edge and body nose cap in areas exposed to
“temiperatures above 2300°F.

3.1.3.2 CERAMIC RSI.

Candidate ceramic insulation material systems
basically consist of mullite or silica. SD’s rationale
supporting the use of mullite as the baseline TPS
material is presented in the Discussion Item 2 re-
sponse. SD plans to review the RSI material candidates
after ATP and make the final selection by PRR. Four
basic elements of the mullite CRSIsystem are reviewed
as follows:

e Mullite panels— A low-density insulative com-
posite material formed by coating a matrix of
mullite fibers rigidized with an aluminum-boria
silica refractory glass binder. The panel and pad
(FIGURE 3-25) dimensions are determined by
the thermal/structural analyses

°© PD-200 pad — A chemically foamed methyl-
phenyl silicone elastomeric material. This pad pro-
vides strain isolation of the CRSI from the alumi-
num structure and accommodates local surface
irregularities. Its outer surface design temperature
is 650°F, determined by the allowable bond tem-
perature. The inner surface design temperature is
350°F. This temperature was selected to yield the
lowest TPS and aluminum primary structural
weight. Early analyses indicate that by increasing
the bottom and chine pad thickness by 0.2 inch,
the ablative characteristics will provide a ceramic
panel loss fail safe entry. This will be substantiated
by further analyses and tests.

© SR-2 coating— A waterproof ceramic coating
fired at 2500°F on the top and sides of the panel.
This coaring 'is chemically compatible with and
similar in expansion coefficient to the mullite in-
sulacion. The coating provides the necessary
thermal control opnml characeenistics, rain erosion

‘protection, . and  Abrasion tesistance for ground: * T the susccpmbiiva 1o handling. damqgc' SRRTHE

Space Division
North American Rockwell
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handling and atmospheric flight.
© RTV-560 adhesive — A silicone clastomer room-

temperature-cured adhesive system used for both

pancl and pad bonding.
The RSI system is structurally sized considering the
effects of airframe structure with a general thermal/
structural analysis method for multi-material ortho-
tropic elastic bodies. It is based on finite element, direct
stiffness methods for computing displacement stresses
and strains thru the substructure adhesive, pad, panel,
and coating. This analytical technique has been verified
-and .correlated with test results.
Pancl-to-panel gaps (0.12 to 0.25 inch) are sucd to
avoid CRSI panel compressive loads at maximum ex-
pansion during entry. The gaps are partially filled with
a low-density-quartz expandable gasket to thermally
protect the substructure at the base of the joint. The
height of the gasket is determined by thermal analysis
to preclude material thermal degradation. A panel self-
venting system is provided which allows venting to the
boundary layer pressure through the panel gaps. It
consists of a local interruption in the panel to PD-200
bond line (adjacent to the panel lower outer edge.) A
silicone primer, applied to the lower panel surface,
provides a water barrier while allowing venting of in-
ternal gases. This venting concept has been test-verified.
Two CRSI test prototypes, mounted on simulated air-
frame structure and configured to two critical areas of
the baseline system, have been successfully tested to
withstand 100 orbiter thermal environment cycles. Dur-
ing the test series the prototypes were also subjected to
a dynamic/acoustic energy spectrum of 163 db for the
equivalent of 25 missions. See Section 2.2.4 for dy-
namic acoustic design requirements.

3.1.3.3 ELASTOMERIC RS!

An important feature is the use of an ERSI
(ESM1004X)) as the primary TPS on the orbiter upper
surfaces where lower tempcratutes (<650°F) are ex-
perienced. Using an clastomer instead of a ceramic re-
sults in a2 TPS weight reduction of 3500 pounds. It is a
flexible, open-cell structure material possessing good
low-tempcerature flexural properties, and is attached to
the airframe in coated sheets with RTV-560 bond. The
ESM1004X is coated with an elastomeric silicone resin
(for waterproofing) pigmented with titanium dioxide

“and carbon black (for thermal control). It is an impact-
© resistant, casily rcpmmblc material which \\111 mxmmue .

v
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‘ 4.8 External Tank Subsystem (ET)

The ET is a single assembly with integrated L02 and LH2 tankage and structure.
The ET is mounted in parallel below the orbiter and between the two SRM bodster .
The configuration consists of structure, thermal protection system, main pro-

pulsion system tankage components, avionics, and mechanical components (Figure

4.8-1).

. The LO2 tank aft skirt and.the LH2 tank forward and aft skirt§ use 2024

Structure

The ET stru;tura] design is illustrated in Figure 4.8-1. Both propellant
tanks are constructed of 2219 aluminum monocoque skins with support frames.
The design employs explosive bulge forming to form the individual bulkhead/
éone gores. The skins and frames are butt fusion-welded together to provide

reliable sealed joints.

integral machine-milled skin/stringer structure stabilized with attached

hydro-formed and chem-milled frames.

The ET to orbiter structural attachment (Figure 4.8-2) consists of one forwar
and two rear connections, through truss structures mounted to the LH2 tank
support'frames and longerons. The mechanical release components are installe
in the orbiter. The attachment between the ET and each SRM booster consists
of one forward ball joint connection at the intertank longeron/frame juncture

plus two Tinks and a slide at the LH2 tank aft skirt frame.

A field joint is provided at the intertank skirts by circumferential tension

bolts. This joint provides tank assembly and tank shipment benefits.

Doors in the forward fairing and the L02 tank aft skirt provide access to

interior installed equipment; In addition, manhole doors in each tank
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4.8.2

- 4.8.3

Thermal Protection System (TPS)

provide manufacturing and field operations access for installing and

maintaining equipment installed within the tank.

Saturn S-II type linear pyrotechnic explosive is installed along the sides

of each tank for range safety propellant dispersion.

The ET is axially supported aft of the LO2 tank by attachment of the canted

SRM booster thrust cones to the ET ball joints on the intertank pitch axis.

Spray-on foam insulation (SOFI) is applied to the complete outer surface of

the LH2 tank, including the sidewalls and the end bulkheads. Sheet cork

of local structural areas (Figure 4.8-3). Sheet cork ablator is also bonde

to a fiberglass substructure that is locally supported from the LH2 tank afg

bulkhead. The TPS coverage is minimized by using the heat sink provided by

the ET sidewalls, SOFI, and propellants.

Deorbit Motor

Deorbit of the ET requires a 300-fps retrograde velocity increment to effect

ET fragment impact in the prescribed footprint in the Indian Ocean. This A
is achieved with a forward-firing solid rocket motor installed in the ET
forward fairing and firing through a frangible nose cap. The motor is armeq

and fired by the ET avionics battery/sequencer subsystem following ET/

orbiter separation. The deorbit motor has an average vacuum thrust of 18,5Q0

pounds and provides a total impulse of approximately 686,000 lb-sec during
its 37-second burn time. The motor design is 37 inches in diameter, 76 inct
in length, and has a total 1qadéd weight of 2600 pounds. The configuration

contains 2400 pounds of propellant.

|

D

and the other high-density ablators are bonded directly to the outer surface
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4.8.4 Avionics
166 The ET installed avionics consist of two redundant primary batteries,
sequencers and range safety recéiver/decoders and antennas, development
and operational flight instrumentation, and all interconnecting harnesses.
4.8.4.1 Instrumentation
166 The instrumentation used for propellant loading and tank pressure control

398-.8-A

during the mission consists of pressdre transducers, temperature trans-
ducers, and liquid level sensors. Quad-redundant sensors are used
throughout except for the optical type liquid level point sensors. The
latter are mounted at the following volumetric 1eve1§ at the walls in
each tank: 2%, 3%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 97%,
98%, 99%, and 101% - with four sensors each located at the 1% and 100%
levels. The 100% level is defined as the rated prope]]aht load volume -
exclusive of the 3% ullage volume. These sensors will be used during the
fill operation to control the propellant fill rate. The liquid level
sensors are used as part of the propé]]anf utilization control system

working in conjunction with engine controls.

Optical type 1iquid level point sensors located in the feed lines are
used as control sensors during the LH2 and LO2 dump sequencing. These

sensors are referred to as depletion sensors.

Tank pressure will be controlled to within + 1.5 psi of the desired level

during each phase of the mission by means of pressure control units located

on the vehicle. After orbiter engine shutdown, these units will control
the dumping of 1liquid residuals and will vent the tanks to 5 psi prior to

separation.

. p o ay vt
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4.8.4.2  SEPARATION

Since there is no communications 1ink between orbiter and tank after
separation, a simple combination timer, distance calculator, and attituds
and attitude rate measuring unit is installed in the tank. This unit
generates the signal to fire the retrorocket under normal operation mode
and delays this signal in case of .a malfunction where the distance/
attitude condition for a normal firing time could create a hazard to the
orbiter. It also generates the sequencing signals for the tumbling-

enforcing jet system.

The geometric relations between orbiter and tank deb]oy tapes which remai
attached to the orbiter during the separation maneuver and the relative
velocity of their ejection from the tapereel tank provide for the direct

determination of distances, attitude, and attitude rates.

The ET ordnance timing system performs the sequencing function which
accomplishes retrorocket ignition. Prior to separation all power, contra
and system monitor functions come from and are located in the orbiter.

The post-separation system is fully autonomous (including its own power

supply).
4.8.4.2.1 Electrical Power

No separate power system is required in the ET during operation up to

separation. A1l power up to 2 sec prior to separation, and the power

requirements for the ordnance system operation after separation are

satisfied by its own batteries. The only additional requirement remaining

after separation is for the operation of the timer/separation condition
sensor unit. This low power requirement is provided by two dedicated

batteries incorporated in the ET system.
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166 Figure 4.8-4 illustrates the system to provide a separation sequence

that accommodates both perpendicular and axial separation trajectories
and meets all modes of separation from pad-abort to nominal mission
orbital separation. Through use of the orbiter's existing ACPS (for
orbital separation) and aerodynamic forces (for suborbital separation)
no other active displacement system is required for ET separation any-

where in the mission.
4.8.4.2.2 Interface

Orbi ter/ET interfaces requiring separation are grouped in tWo subsystems
(LO2 and LH2) and three structural disconnect mechanisms. A1l of the
subsystem's propellant transfer disconnects are composed of linear
actuated poppet valves attached to umbilical plates on both the ET and
orbiter sides of the interfaces. As the umbilical plates separate, the
poppets are closed when the valves are disconnected. Because of differeng
tial motion between the ET, orbiter, and propellant lines resulting from
thermal structural deflections, there is no rigid tie between the ET's
umbilical and the ET. Retracting bungees are installed between the ET
and its umbilical plates to rétract and retain the ET's umbilical plates
after release from the orbiter. Electrical plugs and receptacles are
likewise attached to, and separated by, the orbiter and ET umbilical

plates.

Three structural interfaces are arranged in a triangu]ar pattern with two
thrust interfaces aft. Side loads are reacted only at the left aft and
forward attachments. All thkee'interfaces react verticé] loads. The
geometry of the aft interfaces are such that the orbiter's MPS thrust
forces are transferred to the ET by canted links approximate1y‘a1igned

with the MPS thrust axis. The forward structural attachment is comprised
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'ET separation 7is feadﬁ1y accommodated. Mechanically actuated doors will

of an A-frame truss canting aft from the ET With its apex having a pivote
shallow probe engaging a socket within the orbiter's lower mold-line. A
stud within the probe engages jaws of a restraining latch attached to the

orbiter. The canted links provide controlled displacement of the orbiter

away from the ET during pad-abort. Perpendicular (orbital and suborbital] -

subsequently cover all of the orbiter's aft ET interfaces. The forward
fnterface will have a heat-sink and therefore will not require a door
cover.
4.8.5 RATIONALE FOR ASSUMPTIONS

Not fequired

4.8.6 REFERENCES

166 - Pages 3-151 thru 3-154

&
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4.9 Guidance, Navigation, and Control (less computer)

The shuttle flight control system, given guidance commands
and data on vehicle dynamics from sensors, prevides RCS firing commands,
PMS gimbal actuator commands, MPS gimbal actuator commands, and aero-
surfate actuator commands. The flight controt system isvdivided into
primary and backup control systems. The primary GN&C subsystem
1 provides control for all flight phases, with both automatic and manua]
- modes. The primary system is present in three redundant str1ngs, inter-
2 connected only at IMU output and output force servos and jet drivers.
During quiescent on-orbit periods, only one string is used. Flight
1 | control loops used with the main engine TVC, @MS TVC, and the RCS are
closed through the GN&C computer. Aerosurface control uses the computer
and the Aerodynamic Stability Augmentation System. (ASAS) An additional
‘manual aerodynamic control mode bypasses the computer and uses on]y
:the ASAS. The ASAS 1s an F 14 type convent1ona] ana1oq system wh1ch
employs body mounted rate gyros and acce]erometers Ga1n schedu11ng is
prov1ded by 1nputs from an air data system The entry and approach/

‘

-3 e -~1and1ng prlmarv control: systems are- 111ustrated of the- fo110w1ng page R
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4 The load relief control scheme used during periods of high dynamic

pressure during bhoost uses both main engine TVC and aerosurface

control. It is illustrated below:
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5 On-orbit (non-thrusting) flight control effects attitude and trans-
lation maneuvers using RCS jets. Cross-axis coupling is eliminated by
RCS jet select logic. Key features are:

1. independently selectable three-axis hold capable of
accepting guidance commands.
2. independently selected three-axis translation control
3. selectable attitude accuracies of + 0.5, + 10, and + 45 degrees,
- e -, deg i
and minimum attitude rate of 0.1 Sec
4. minimum overshoot response to commanded inputs provided by rate
feedback, and RCS select logic providing minimum propellant consumption
and inhibiting opposing jet firings.

6 Attitude control during PMS firing is achieved by gimballing the @MS
engines. In the case of single PMS engine operation, RCS will provide
roll control.

1 A backup GN&C subsystem is provided, which provides safe return capability
for all flight phases. It is separate from the primary subsystem, using
dedicated gensors and electronics. Backup control inputs are manual.

) Contro]_modes are summarized below: ”f | _}w . K .iv o

7 Made Fligat Phase l Characternistic

Command « Boostiinsarticn (TVC! Orbital tOMS « Crew initiates guidance and control modes and momitors——
TVC.RCS). Entry. Aero, Landing control automatic threuan GHAC computer
Control « Orontai ;GMS TVC or RCS), Eatry, Aero, | » Manuai controi and guidance gispiays through GN&C
stick Landing computer
steering « Rate command, attituds hotd. and RCS minimum impulse;
RCS transiation—acceleration command
Mznual . « Aerodynamic + Manua! control threugh ASAS
Rate commaad and Jamp

. e m icas- ¢ s e e rar Serts pamenan P Ay
S TRl LD ISR I ULy, RETEOOTITMAND 3R damp
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1 Crew steering information is provided on a cockpit CRT. Display

8 information is processed through a Modular Display Electronics (MDE)

9 unit. The backup entry and aporoach/landing control uses a simple SAS rather

than direct control to improve handling cualities.

shown below:

[ ToTue

i a7 Pt

TRiM
PITCH STEEAING INPUT - ELEVON
COMMAND
© o mICHPATE I l
)
s (WA a_ PITCH
£ S ALs
T Yo =
S CTTTTUATE RS s JeeaEe
TAm
.
ROUL RATE AILERON
COMMaRn
N M4 -
© ROLL STEERING thPY l } l
L—j e ’l YAN
- RCS
Mea ! .
YAW RATE & v—?—
*o ° x
K o0 Mee
. -
a o RUDDER
¥ +
LEGEND
TR

: @ - DYNAMIC PRESSURL (LB/SOFT;
T 1w -macusno.
i O - ANGLE OF ATTACK iDEGY

e prereeme————

Figure 2-94. Entry Back Up Flight Control System

The scheme 1is

. .
! ' . i rOLL
! CONTROLLER

A

ROLL RATE

nrcH
CONTAQULER

PITCH RATE

MANUAL TRiM

) e

} —

MaNUEL TRIW —]

AIRLEAON
COMMAND

RUDDER
COMMAND

ELENDN
Zomnand

Figure 2-98.- Approach{Laending Back Up Manual
Flight Control System




F.398-8-A

DATE 20/72 THE SINGER COMPANY PAGE ‘NO.
10/20/7 : SIMULATION PRODUCTS DIVISION 4-142
REV. BINGHAMTON, NEW YORK REP. NO.
Ref
Key
7 The full GN&C system is illustrated below:
I M
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10 ,Control System, Line Replaceable Units (LRU'S);,are as follows (ndt"

including GN&C computers or their interface elctronics):

TVC Monitor

MPS TVC Drivers

PMS/TVC Driver Unit

APS Driver/Monitor
Throttle/Speed Brake Electronics
Manual TVC/RCS Control
dero-Control Electronics Unit
Aero-Backup Electronics
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1 Interfaces with other systems are illustrated below:
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2,7 Provision is made throughout the system for failure recovery.

Redundancy management and failure provision are summarized in the

tables below:

Table 3-24. Phased Buildup and Redwidaney Management gluence GNEC Packaging

function

Unit Packasing Rationale

Jet select .

-

Logic in GH&C computer Allcws fieribility for redundancy management for dual

logic and . failure :
drivers + Drivers in 3 umits, dual powaer supplies |« Provides spatial diversity, minimizes number of drivers to
. provide FO-FS
Backup « Dedicated gyro. accelerometer units | « Alows backup GNEC to be functionaily independent
GN&C « Dedicated acro-control electronics * Delays RCS/TVC implementation to first vertical flight. FHF
units Gual integrity retained by avoiding rework for FVF
+ Dedicated RCS, TVYC unit » Delays impiemeniation to FVF
- Separate computation in MDE « Protection against primary system single point software
processor faitures :
TVC gimbal |+ Three units, dua! supplies. Each drives |« No gimbal loss after two failures. Delays implementation
drivers one redundant actuator in each to FVF
engine, primary or backup control

Aero-control | «
electronics

Three units. Fach dedicated to cne « Fail operational after one failure. Detection capability
fevel of recundant actuators on #ach
suriace. primary. or hackup costrol

remains for transfer to backup. Delays driver avionics cost.

FVE—first vertical flight; MDE—modular dispiay electron:cs; FHE—first horizental flight

N

e f

) : ! N ! - i .
Table 3-26. GN&C Redundancy Muanagement Considerations ot

1 S

Consi-leration Trade Studies

Implementation and
Solution

GNE&C redundaacy level Redundancy level versus pro-
gram costs (aborts, hardware,
operations, weizht, power,
and cooling)

FO-FS best, Triplex primary
system with unlike backup
path

. . | Hardover aerosurface/ TVC
| failures cause vehicle less
(allowable datect and cor-
rect trmas C.5 sec, much
less than piot reaction
capability)

Position sum actuators, cperate-
standby actuators, and force
sum actuators

Use force sum actuators with
simpie pressure monitors to o
switch per conventional
aircraft practice to *‘faii soft”

j Cost of exhaustive sofitware C/0
aganst cost of unlike sepa-
rate 1th string

Protecticn azeinst single-
point Gl&C software failure

Use unlike “‘get home safe”
GR&C 4th string

False failure d:tectinns caused
by string co nmend diver-
gence from control law
integrations and guidance
sensitivities

Cross-strapping 14iU's and
computars or cross-strapping
IMU's only

Cross-strap tMU: allows simple
mechanization
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Table 3-27. GN&C Failure Recovery Sequences
Firct Failure Second failure
Detec(:jicn Detection
tlement énd. lemen and GREC
Cerrection Element Correction Status
Sequence Seauence
Py £ Safe
iy A Havigation aids. compuiar 8 Operaticnal
Brivers, servas, sensers | C Cperationa!
Bzckup channe! ! 4] Safe
My | A Dperaticnal |
g Navigstionwafds. comauter | F Sale
i ; 5 Ssfe
! 3} | Safe
A | Gearatiorst
! £ Safe
i 3 Sale
i 0 Szin
! A Safe
] 3 Safe '
. o Jsfe
camnytarg
SN comouters
nand men:tir 3nd in pressure-driver momtor
fed cnanael. or pressure-Criver manitors automatizally dis-
C. 9 gr monitars
C iy Cx Mszne faiied channel
0. Dz £ .
Go 4: suto disengage for aero
E. De: -
Correction M Al ,f-.m 0 are freezz on iast inertial data point on
discamoaret: if 15013 ralert o,rrn v
F. Detection: H.arc«'nere coimpare in mrr:tcr and in pressure-driver monitor
i Correction. Manual switchover ‘:o b GN&C, or pressure-driver monitors automatically . : . . : .
1 switch to tackup GNSC : SR -
. . . . R 3 . . H
i G. Detection. Hairdware compare in pressure-driver monitor : . : ! : ! ! : !
e Correction- Fail-soft by ferce fight and sutematically engage backup channel; if isolated by @+ oo ot m = o s i
i BITE, opt«on to revert to primary channel '
cMntar Thadet stian and switeRies deshe e znpan s $¥aiant comSinations of failures: the. -
i SR
S,
. i ) . N i e e el [ YOS P SRR SRS} .
A ' Table 3-28. Rcdundancy Management Key Ieatures ;

« Redundant strings interconnected oniy at 14U output and at the output
force servos and jet drivers to maintain design simplicity. 11U inter-
connection prevents divergence in gv'da ice computations and allew
detection of slow degradation failures. Servo and jet driver intercon-
nection {via monitor) required fer * fanlsmt !

' « RCS engines divided into 3 groups electronically, each with dedicated
GN&C computer and capable of duing all required mancuvers.

. Hydrauhc pressun, menitors in the main engine TVC and auosurfacn
actuators automaticelly disengage a feiled channel fer first failure zng
switch to backup for second. 038 TVC is not time-critical and does not
require a3 monitor.

o When the backup system is engaged, there are no significant transients
requiring initial corrective pitot inputs. Backup is rate command system
that damps out failure transients automanca:ly with rotational- con-
trofler centered.

« Steering display cemmand monitor detects guidance loop discrepancies

) for display; no automatic action is initiated by this monitor.

{ I o Built-in test and self-test furnish LRU status to crew but are not used

) f0 automaticelly manage redundancy.

-4 | e After a second failure, if the failed smng can be isolated using BITE,

control may be restored to the remaining good string at crew optien.
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12 Main engine control signals are processed through the Engine

Interface Unit, described in 4.3.2. Main engine gimbal actuators
are mechanized to drive to a null position if two hydraulic systems
are lost, two hard-over servo valve failures occur, or if two electrical
~signals ~are “Tost. ‘Hydraulic pressure monitors in the main engine TVC

2 actuators automatically disengage a failed channel upon the first
failure and switch to backup upon the second. Main engine control

interface is illustrated below (one per engine):

CRBITER I MAIN ENGINE

I I i' 1 ]

—— {

,,.‘__,.,.,.-“ - . “' l {
e N T ——»-aa]
S it o—-—-——~—¢»’j DATA BUS
INTERFACE . -~
suaL UNIT 1
CONTROLS + L
T i ENGINE
. A cos £
: ‘oRnnen N » ONTROLL 3
| F‘j 22 [ o ]J
T T [ PCM - - - =
! ; : ' ? RECORDER |
! e
i SeaND & SIGNAL .
! TRANSTTER T EETSM 3318 i
6 wMS baswc gimbal design techanue 1s the same as that emnloyed on the

”"Ano110 CSM. If emn]oys electro mechanical actuators 1ncorporat1nq
redundant drive mechanisms. RCS thrusters w111 be activated by a fuel
14 operated valve, controlled by an electrically operated valve. RCS
engines are electronically divided into three groups, each with dedicated

2 GN&C computer and capable of doing all required maneuvers.
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16

The aero-surface control system receives its input from the three-
channel primary control servo and a single-channel backup servo.

These inputs are summed mechanically and coupled by linkage to the power
actuator. Load limiting/override bungees are provided to prevent
excessive loads in this linkage system for both power-on and the power-
Off ‘droon condition. “Two dual tandem irreversible surface actuators

are connected to each of the pinned together elevons. -The rudder panels
serve dual functions being used for aero-control and speed brakes. Two -
dual tandem actuators are connected to each sidé of the rudder panel to
provide this control. Hydrau]ic power for actuation is provided by

the four independent vehicle systems to individual sections of the dual
tandem actuator. Aero-surface hinge moment and rate requirements for
reentry and landing are provided with any two hydraulic power sources
operating.

Hydraulic pressure monitors in the aerosurface actuators automatically
disengage_a-fai1ed chénné14hbogwfhé fffgiﬂf;{lure,:anq'gwitch to béckup
upon the second. ‘The aero-surface control mechanisms are illustrated
below:

5 i 1 N ]
R SR SRNUU SOR S : SO RIS SV VT SRS WU U W S i : : z :
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ot a
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17 Elevon deflection ranges from -40° to +15° (negative is trailing

-edge up). Rudder deflection is + 15°, while speed brake deflection
ranges up to 70°. Sensor LRU's, excepting those covered in section
4.10., are:

IMU (including .power supply)
Star Sensor

 Horizon Sensor Assembly
Rate Sensor Package
Accelerometer Package
Air Data Package

- Angle of Attack Transducer
Gyro/Accel Package
Backup Optical Unit

18,7 Three Inertial Measurement Units (IMU's) will be carried. The IMU's
will be all-attitude, forced air cooled, gimballed devices, each weighing

47 1bs., and requiring 120 watts of power. IMU outputs are cross-strapped,

19 feeding each IMU output to each computer. Each IMU will output inertial
7 - acceleration and attitude. IMU error sources are tabulated below:
RS i) y “ - . - . . : . : -
L T I fovicment | Errer | -
PR e Charegtzrtis PQeneroooal b Busasstiled
T e ’ gias .o} 2t 162 ;
. Scaie factar (35) — 0.0025 0.0150 i
input/Output axis misalign {sec) 10 40
Gyre-- Scale factor (%) 0.04 0.10
, o G-insens drift (*/hr) 0.03 0.05
,._~;~,-.--«.M_,,;NA---L.....”-T' Mass unbalance input axis (* /hr/g) 0.1 0.1 I S
: : Mass unbalance spin axis (*/hr/g) 0.03 0.10
! ' Arisoelactic (*/hr/g") 0.003 0.160
i Gimba! | ressoutitwoospeed: (dect 25 72
1,7.20 IMU's will be eapable of fine alignment using star trackers and/or horizon
18 ~ sensors, and coarse alignment using the backup optical unit. Fine
7 alignment accuracy will be within 1 arc-minute. Three star trackers
18 will be carried. Star trackers will use image-dissector type detectors

hard mounted to the spacecraft structure. They will be. capable of obser-

vations within a fixed field of view; about 17° by 17°. Line-of-sight
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1,18,21

7,18

- degree of freedom rate gyros Ind1v1dua1 rate gyro 0perat1ona1 and

motion within the field of view will be electronically tracked.

'}Capabi1ity to track suniit or beacon 1it rendezvous targets will be

included to provide rendezvous bearing. Star tracker on-axis random
error and bias will be within 30 arc-seconds (1o). Three horizon sensors
will be carried. Angular error (limited by horizon .definition) will be
within 6 arc-minutes (1o). A Crewman Optical Alignment Sight (CPAS)

will be included. It is a manual sighting device mounted in the left
winddw,.pfiented along the spaéecraft % axis. It wil be‘capab}e of_
repeated removal, stowage, and remount without elaborate calibration.
Sufficient accuracy will be provided to allow backup rendezvous tracking,
IMU coarse a1ignment, and backup system alignment, The‘device will be
similar to the Apollo and Gemini instruments. Instrument, a]iqnment,

and limit cycle error is expected to be within 11 arc-minutes (10).

Three body-mounted rate gyros will be employed 1nAeach of the three

-status monitor s1gna]s will be transmitted for each gyro. These gyros

w11] prov1de body rate data for normal conFro} purposes, and w11] be‘ -
1ocated 1n the best 1ocat1on (s) to a1d‘1n subpress1ng body bend1nq
deflections and 1pad a11eviatipn. Two_body‘mqunted acce]erometdr§,
mounted one each in the yaw and pitch axes, will be employed in each
of the three GN&C Strings. These instruments will be of a spring-loaded,

seismic mass type. Air data is provided by vehicle nose pressure'

ports at high altitude and by redundant'probes deployed at lower altitudes.

: _WGN&C Str1ngs Rate sensors w111 be conventional spring- restra1ned, s1ng]e .
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A DC-10 type digital air data computer will be aboard. A strapdown
7 gyro/accelerometer package will be provided for the backup GN&C
system. Backup sensor accuracies are tabulated below:
! ’ . ' Eouipmer i frrar ]
[Tivessensor | - T !,
i Gro Scale factor (% 0.05 0.065 e
: Bizs (*/hn) 0.25 0.50 ‘
Accelerometer | Scaie factor (%) 0.05 - oo i
| Bias (up) 400 | 500 s

1
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4.10  Communications and Tracking

~ redundancy is shown in Figure 4.10.2-1.

There are three generai»systems to be used in conjunction with the
Shuttle Mission. These are the Spacecraft Data and Tracking Network
(STDN), the Space Ground Link SystemA(SGLS), and the FAA Air Traffic
Control Network (ATC). ’

Primari]y'the communication system uses existing equipment. The equip-
ment of the STDN network is compatible to the equipment installed in

the SGLS network. The SGLS network will provide secure voice and data
networks for classified missions. The ATC equipment gives the shuttle

landing capability at almost any large airport.

The Shuttle orbiter vehicle contains transponders for tracking and
navigation, telemetry television comménd, and voice. Tracking, tele-
métry command and voice link (TTCV), television transmission, and pay-
load data/voice channels are compatible to the Sbacecraft Tracking Data
Network in current oﬁeration. S-band equipment is provided for the
Satellite Control Facility (SCF) TTCV by the Space-Ground Link System
(SGLS). Jn addition, S-band equipment is provided for veoice and data
crypts and normal payload data and voice relay to ground. Navigation,
tracking/landing aids, and communication equipment is provided for
flight which is compatible to the Air Traffié Control (ATC) system

currently in operation.

The communications system also controls antenna selection, audio and
video processing equipment, and signal distribution controls. The sub-

system flow diagram, showing general functional requirements and functional
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4.10.1.

~ TBD watt power capability. With this power the air-to-ground link has

The only major change required for any currently operatibnél communication
system is to the glide slope transmitter located at the primary and

alternate landing sites following a space operations.

The orbiter vehicle is equipped with antenna systems oriented for communi-

‘cation coverage at specific vehicle attitudes. Selectable antennas are

-used for increased-geometric-pattern -coverage where required. Figure

4.10.2-2 shows the relative location of the antennas and the type (polar-
ization) of the patterns. Attenuation of the radiated patterns is modified
by body geometry as shown for each frequency band. Se]ection-of the

strongest signal/antenna is accomplished by automatic switching logic.

S-Band

The Shuttle vehicle uses three S-band frequencies for communication.

There are two transmission frequencies (air to ground) of 2272.5 (+2.5) ]

mHz and 2287.5 (+2.5) mHz. The receiving frequency is 2106.4 (+2) mHz.

The on-board receivers have a nominal receiver sensitivity of 97 db.
On-board transmission line losses are estimated at -10 db from the

receiver/transmitter to the antenna. The on-board transmitters have a

complete coverage with no signal attenuation where line-of-sight between

the ground station and shuttle exists.

S-Band OMNI Antennas

There are four right hand circularly polarized, flush mounted helix

- antennas, located at intervals about the cirtquerence_of the _orbiter.

The omni antennas provide near-earth communications. The antennas

~are uti]ized individually and are selected by S-Band Antenna
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switches. Figure 4.10.2.1-1 is a typical antenna pattern for any one

of the 4 OMNI antennas.

MSFN Unified S-Band Stations

Table 4.10.2.1-1 gives the Call Letters, Names, and Lat.-Long. locations
of the S-Band ground stations. Goldstone, Madrid, and Canberra stations
are equipped with 85 foot "Dish" antennas with 51 db gain. The remaining
stations have 30 foot antennas, with 43 db gain. Power output of all the

stations is variable from 1 to 10KW.

S-Band Voice

Duplex (simultaneous two-way) voice operated relay (VOX) voice communica-
tion is provided for crew members headsets. Normal voice duplex communi-
cation is provided by transmission of a bhase modulated 2287.5 mc carrier
-1250 kc subcarrier, and reception of a phase modulated 2106.4 mc carrier
-30 KC subcarrier. Backup voice communication for down voice is provided
by'transmission of a direct phase modulated 2287.5 mc carrier. Backup
voice communication for up voice is provided by using the up-data 70 kc

subcarrier of the 2106.4 mc carrier.

S-Band T/M

Digital telemetry data will be by pulse code modulation (PCM). The high
data bit rate of <256 Kbs is provided by direct phase modulation of the
2287.5 mc carrier. The low data rate of 128 Kbs is providéd by trans-

mission of a 2287.5 mc carrier-phase modulated by a 1024 kc subcarrier.

Analog data transmission is provided by a 2272.5 mc carrier using sub-
carrier frequencies of 65, 76, and 95 Khz. Al1 data for these subcarriers

undergoes crypto secure processing prior to mu]tip]exing.”
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On-board data recorders ére'brovided for PCM data~for later transmission
to a ground receiving station.
4,.10.1.3 Command Data
The Shuttle has provisions for accepting digital encoded commands. The
up-data link for this use has a maximum data rate of 2 Kbs using the
2106.4 mc carrier, phase modulated by a 70 kc subcarrier.
-4,10.1.4 Video
Television transmission is provided by an analog video signal directly
frequency modulating a 2272.5 mc carrier.
4.10.1.5 Wide Band Data Link
‘A wide band transmission link is provided for payload or main engine data
(as applicable) in lieu of the video channel. Note: Lower response pay-
load data will be transmitted as a pért of the standard T/M data.
%4_]0,1,5 Range Measurement

The S-band equipment provides the capability for Doppler tracking and

pseudo random noise (PRN) ranging by receiving and transmitting in phase

gt 7T

coherence on the 2106.4 mc carrier.
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Ship 1
MIL-T1
BDA-02
CYI-Ob

ACN-T5
CRO-08
GWM-2L
HAW-12
MAD-23
HSK-25
GDS-28
PKS-96
T-EX-16.
MAR-95

STN-00

Insertion ship S-band
Merritt Island S-band

Bermuda S-band

Grand Canary S-band

.Ascension S-band

Cetrnarvon S-band

Gugm'S-band

. Hawaii S~band

Medrid deep space

Canberra déep space

Goldstone deep space (85 ft)

Parkes deep space

Texas S-band

Goldstone deep spece (210 ft)

Stanford, California, S-band

~

b
v/




RADAR
ALTR
RADAR
ALTR
RADAR

SPKS=94
2 1322+176,
aMAR=95
2 31690286,
s5TN=0Q0

QTN . .‘

TABLE 4.10.2.1-1

“ = S TDN station characteristics

Geodetic latitude, LATR, deg
Longitude, LONR, deg .
Altigude, ALTR, ft :
Range capability, SRANGE, n. mi.

Keyhole, FTINDC: O = none .
1 = porth-scuth

SRANGE =21000uV.0,
A=E USB1I5%a, LATK &

10/20/72 .

RADAR wMalw23 XeY ySge85y
ALTR m 25020276+ SRANGE =
RADAR ®BHSK=28 XaY USavla,
ALTR ® 3749993 SRANGE =
RADAR oGDS=28 Xeo¥f USR=8R,
ALTR =-30210648, SRANGE =

HeD USBR2la:
SRANGE‘BZIOUOUUoO'
HeD USB2)my LATR =

-RADAR

ALTR =

ALTR
RADAR
ALTR
RADAR
ALTR =
RADAR
ALTR
RADAR
ALTR =
RADAR
ALTR =
RADAR
ALTR
RADAR
ALTR
RADAR sBSHlP
ALTR =

®CRO-08

K=Y USgedanse
SRANGE =
X=Y USB¢3n.

Y=Y USa*=da
SRANGE.H
A=Y USB®Jns

X=Y USgeldns

164nd,y SRANGE =
BGyMo2l
374,015,
BNANS) 2
B 37496993 SRANGE ®
BVEX =} b
8 ¢‘2709520 SRANGE'“
1
De000, SRANGE ® 234uUeQs FTINDC =

Xe=Y UYSa=das
SRANGE =
X=Y ysSs~3n:
X=Y USBe3ns

INSERTION

LATR p'
85000040,

2 » gast-west

40045499,
FTINDC =

LATR @ =35,583494,

8500000,

LATR B

8500300,

FTINDC =
350341594,
FTINDC =

LATR 8 =32,998749,

LATR =

30000U.0,

LATR =

30000U.0,

LATR B

30000LTU a0,

LATR 2.

FTINDC a
350425958,
FTINOC @
37.409722,

525.000s SRANGE @1500000.04 FTINDC =
aMil=71}
8 «l77:145,
eBpA«D2
8 «l41.075, SRANGE =
aCyYl-D4
5874269
B8ACNaTD
®. 17286999 SRANGE =

284508272,
FTINDC =
32.,3251250,
FTYINOC =
27 ¢764536,
FTINDC =
=7e954794,

3GCQuY0y FTINDC =
LATR 8 =240906577,

300CQuUs0

LATR =

30000u0e0

LtATR B

A000U00,

LATR =

3000uG+0

LATR =

FTINDC =
13.310575,
FTINDC =
220126307,
FTINDC ®©
274653750,
FTINDC =
27000000,

LONR
200
LONR
200
LONR
£+0
LONR
Qe0
LONR
OeQ
LONR
00
LONR
leO
LONR

LONR
leus
LONR
leD
LONR
loD
LONR
10
LONR
l+0
LONR

100

LONR
JeQ

4-100

355,830159

148,9764%2])

243,125015

148,263517
293.f10517
237.,822083
%79.305142
295,34083«

344346945

3456671554

113.,724182
[44,735427
200433345¢G
262,619990

311.800Lu00
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4.10.1.7 Rationale
The system described in Reference 166 uses basically the same system
as the Apollo Command Module Communication and Instrumentation System.
Reference

4.10.1.8

166  Pages 3-109 to 3-113

1. Communication and Data System - Spec
North American Aviation MC901-0712
29 Jan. 1968

2. CMS-SU-21-Section A Apollo Master
Command Module Simulator, Communication

and Instrumentation System Specifications
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4.10.2 VHF System
. 166 The Shuttle Orbiter has two VHF amp]itude modulated carriers of 296.8 mc
1 and 259.7 mc. Transmission or reception on either frequency is provided
2 ' by using two receivers and two transmitters. Four antennas are provided
for selection by automatic switching logic. Vertical polarized antennas-
are provided at the orbiter tailcap énd belly. Right Hand Circular
Polarized (RHCP) RF patterns are provided on each side of the fuselage
by helix cavity antennas.

166 The system provﬁdes a duplex loop suitable for simu]tanebus voice commun-
ication and also provides a Tow rate data transmission and command link
of 2 Kbs for detached payload communication.

166 - The orbiter vehicle has two VHFltranscefvers that are frequency modulated.

1 The éhanne] frequency is selectable for use of voice communication with
j 2 Air Traffic Controllers during approach and landings. This system shares
Az the same antennas as the duplex system. A triplexer functions to allow
| simultaneous operation of three transmitters or receivers off of a common
antenna. + RE_losses by the triplexer are less than 1.5 db.
|
166 Each of the STDN stations has a VHF system using directable narrow-beam
1 antennas fed from the main dish. This system gives air—to-gkound commun-
2 ication at orbital altitudes under any vehic1e attitude when line-of-
sight conditions exist.
é 166

The ATC system uses the VHF band for control of air traffic during the

orbiter re-entry. The orbiter-ground Tink for ATC is established
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4.10.2.1

14.10.2.2

ﬁ.10.3
j 166

4.10.3.1

4.10.3.2

F-398-8-A

f0110w1hg re-entry. Prior to this time, the vehicle will not be in
line-of-sight, is blacked out from re-entry heat, or is out of range/

reception because of distance.

Rationale
The system described in Ref. 166 uses basically the same system as the

Apollo Command Module Communication and Instrumentation System.

Reference
166  Pages 3-109 to 3-113
1. Communication and Data System - Spec.

North American Aviation MC901-0712

dated 29 Jan. 1968
2. CMS-SU-21 Section A, Apollo Master ’

Command Module Simulator, Communications

and Instrumentation System Specifications
UHF System ‘
A UHF transponder gives the orbiter voice communication capability with
the Ground Controlled Approach (GCA) of the airport for low visibility
landings. The transponder has selectable channels that are preset prior ,
to takeoff. This system has a maximum operational range of 50 miles.
The orbiter antenna system is located in the three-wheel wells. The
ground-based system uses an omni-directional antenna_such as a corner
reflector discone or top-hat antenna.
Rationale
The system described in Ref. 166 uées basically the same sysfem as -the
Apollo Command Module Communication and Instrumentation System. |
Reference

166  Pages 3-109 to 3-113
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4.10.4 Audio Control Center
| 166  Each crew station has audio control equipment to accomplish audio
1 | signal amplification and switching to select intercommunication between

the crew station, to select communication RF 1fnks; to select recording
equipment, to relay audio signals received. Each station has provisions
for connecting a second headset for emergency operations. Automatic
volume control is pkovided to balance the output for strong/weak signals.
Standard Push-to-Talk (PTT) and voice-operated relay (VOX) mike circuits

will actuate the transmitters to a "Transmit" condition.

166 Two communication panels provide redundant controls over the power
1 system-communication system interface. Access to the channel selector

controls is provided between the pilot-copilot positions. Access to

. the crypto secure terminals is provided at the crew station aft positions.

'4.10.4.1 Rationale
| The system described in Ref. 166 uses basically the same system as the
-i Apollo Command Module Communication and Instrumentation System.
7 4.10.4.2 Reference
| 166  Pages 3-109 to 3-113
Sy,

f " 1. Communication and Data System - Spec.

i North American Aviation - MC901-0712
dated 29 Jan. 1968
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4.10.5 TACAN

116

Y

21

TACAN is a phase measuring high speed rotating ground based beacon providing
highly accurate azimuth determination in combination with a ground based
transponder providing distance measuring. TACAN covers the frequency range

of 962 megahertz to 1213 megahertz, with 1 megahertz channel spacing. Bearing

Ainformation (aircraft to station) is accomplished by a phase comparison of

two equal frequencies. One frequency is fixed in phase aligned to true north
while the other is rotated. The phase difference at the aircraft position
establishes the rélative bearing to the station. The Distance Measuring
Equipment (DME) has two modes of operation. The airborne interrogator pulses
at a relatively high frequency in search mode. Once lock-on is achieved with
the ground based transponder, the pulse repetition frequency is reduced.
Identification messages are transmitted each 30 seconds in morse. The ability
to communicate between the aircraft and the ground station is a function of
line~of-sight range and altitude. Accuracy of béaring information is within
+ 1.5°.  Accuracy of the DME is + 0.2 percent of the distance measured. A

"cone of confusion" exists directly over the station for bearing information

but does not exist for the DME. The system will provide range and bearing

information zg‘the Guidance, Navigation, and Control subsystem and to the
Display and Control subsystem. The TACAN will operate in the L-Band of the
radio frequency spectrum. A self test feature will provide a visual indica-~
tion of "GO/NO-GO" status of the functional units. An aural identification
signal will be provided to the intercqm‘equipment. Controls will be provided
to allow the crew to select the desired channel. All modes will be simulated
including multiple location of ground stations and search prior to lock-on.
Radiation patterns of the ground station will be simulated iﬁcluding the

radio horizon, maximum range, and cone of confusion. Accuracy bounds will
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approximéte those of the real-world equipment with resolution and update
rates which will cause no noticeable discontinuities in either the dis-

plays or the on-board computer.

For in-orbit use, the TACAN system will be employed as a range and range-
rate system. This will be accomplished by installing a TACAN ground
transponder in the vehicle to be tracked or to which rendezvous is being
made. This usage of TACAN will be very similar to its current use in
air-to-air refueling operations.
'4,10.5.1 References
L pp. 9-12c¢-8
21 pp. 56-57 |
1) Radio Navigdtion Systems for Aviation etc., Bauss (1963).
Reference Data for Radio Engineers, Federal Telephone (1953).
166 pp. 3-109 t; 3-113
’h.10.6 Radar Altimeter
|
”§ 166 The radar altimeter system measures altitude relative to the local ground.
, The system operates in the C-Band of the radio frequency spectrum and is
used in thga;ange 0 to (TBD) feet. Outputs of the system are to the
Guidance, Navigation, and Control computer and to the Control and Display
Subsystem. . A model of the ground terrain is required with highly
_accurate ﬁodels of the prime landing sites nominal approaches. Off—nominal
and secondary landing sites will be approximations requiring lower accuracy.
4.10.6.1 Rationale
Not required.
4.10.6.2 References

166 Pages 3-109 to 3-113 ‘ . o
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h.10.7 ATC Transponder
The Air Traffic Control (ATC) transponder will be used to identify and
track the orbiter during post-entry phases of the mission. The ground
control station will transmit interrogation signals to the transponder
in the orbiter whiéh will respond in the L—Band with altitude and iden-
tificdtion signals to the ground -station. The transponder will be compatible
with continental United States and international operations requirements.
The I-Band antenna switch will control interface of the ATC transpoﬁder
and TACAN with one of the two antennas. Signal attenuation presents a
non-linear altitude versus range limitation in the L—Band; The ATC trans-
ponder altitude limitation should be programmed as a variable similar to

the TACAN coverage. The radio horizon can be represented as:

The test for visibility with respect to the radio horizon between shuttle

and the Nav-aid is: .

The index of refraction in the lower atmosphere (to about 10 miles) decreases
with height. Radio fregquencies above 200 mhz. follow curved paths slightly
bent toward the earth. By replacing the real earth radius with one of_h[S

the true radius (5284 miles) the coverage can be considered straight lines.

—-—

r= cos L

0 cos (=+ 9
r = radio horizon for a given Nav-aid measured from the earth's center.
rg = earth radius g

i

ol = elevation angle constraints (default value of zero) ﬁ
6 = central angle between Nav-aid position and shuttle positions

R = :
0 = Sin (UR shuttle X UR Nav-Aid)

r & r shuttle - visible

r > r shuttle - not visible

v
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A gdod éﬁéfoximétiéﬂnféé’tﬁé distance to the radio horizon is 4 = y2h
) h - altitude in feet |
d 2 radio horizon distance in miles
Over a smooth earth, line of sight is maintained if the distance in miles
_ between antennas is less than J?ﬁi

L4.10.7.12 Rationale
| Not required.
lh.lO.T.Z References
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'gféuﬁﬂ”range‘anﬂﬁi;360°'for 10 -NoM. -ground .range. .The .glideslope coverage

. The simulation will provide two glide slopes with each independently adjust-

Instrument Landing System (ILS)

The ILS system is a fixed directional beacon with a directional (localizer)
and elevation (glideslope) beam about & reference path in the plane of the
runway centerline. The DME is used in conjunction with ILS to provide range

to go information. The localizer coverage is approximately + 35° at 25 N.M,

is + 10°. Elevation coverage is approximately 20° for both localizer and
glideslope. The coverage range is 25 N.M. slant range for the localizer

and 10 N.M. slant range for the glideslope. The beam is considered linear
in a + L° range for the localizer and + 0.8° range for the glideslope with
respect to the reference path. The display is a "fly-to" error presentation.

The localizer has a single null while the glideslope contains multiple nulls.

able. The steep slope will be typically 13° centered with ground intercept
at 5000 ft. from the end of the runway and the shallow will be typiéally 3°
centered with the ground intercept at 1000 ft. from the end of the runway.
Both the localizer and glide slépe will be independently adjustable and

located at the landing site. False nulls in the glide slope will be simulate
The ILS system will be used for horizontal flight test only.

References:
4 pp. 9.12¢-5 thru 9
21 pp. 3-24l

166 Pages 3-109 to 3-113
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4.10.9  GCA Radar

~ 166 Each major airport in the continental U.S. is equipped with a Ground
Control Approach (GCA) radar system. This radar is a skin-track pulse

é system which provides cross track, distance from touchdown, and height

'§ above glidepath to the GCA operator. The operator, using the UHF com-—
munication system, .can direct .aircraft .down through overcast conditions
to a Category II landing. GCA radar will control the final approach
from 4 to 7 N miles to touchdown.

fh.10.9.l Rationale

E All commercial and military aircraft use GCA for Cat. II landing in

é overcast conditions.

{b.10.9.2 References

Instrument Flying Handbook, AC 61-27A,

Dept. of Transportation, Federal Aviation

"Administration

166
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4.10.10

166

— presentation not only gives him aircraft position, but their relation to

*h,10.10.2

Rationale

166  Pages 3~109 to 3-113.

Air Route Surveillance Radar

The FAA within continental U.S. has a series of overlapping radar systems
that provides a map-like presentation of all aircraft within a defined

zone. The radar system is composed of many skin-tracking radar installa-
tions or sectors. Each iﬁstallation has a maximum range of 200 miles or
less dependent bn aircraft altitude (line of sight). These many installa-
tions are united into oﬁe control center for all traffic control. By means
of electronically generated range marks and azimuth indicators, the con-
troller can locate each radar target with respect to the radar installation,
or can locate one radar target with respect to another.' From direct reading
counters on the controller's display panel, the controller determines the

bearing and rangé of one aircraft target with respect to another. A video

other runways, navigation aids, and hazardous ground points in the area.

FAA will control all air traffic into commercial or military air terminals.
References
Instrument Flying Handbook, AC 61-27A,

Dept. of Transportation, Federal Aviation Administration
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158
166

- 158
166

C4.10.11.1

e

4.,10.11.2

Precision Ranging System (PRS)

The PRS system may be used by the shuttle from post-blankout at an
altitude of approximately 140,000 ft. to touchdown. The system consists
of a shuttle based interrogator and multiple transponder beacons located
at ground stations. As many as 10 PRS beacons could be interrogated by

the shuttle during ﬁhe‘approach'end landing sequence.

This navigation system is based on using an inertial measurement unit
(IMU) and a precision ranging system (PRS) as the primary sensors. The
IMU measures changes in vehicle velocity due to non—gravitatioﬁal forces
on the vehicle. The PRS provides measurements of range and range rate
from the vehicle to ground transponders. Range measurements are made
ﬁwice per second using a phase ;omparison of frequencies. Range rate is

measured at the Same time using Doppler Shift. This system of touchdown

has an accuracy of approximately 12 ft. altitude, 24 ft. crosétfack, 13 ft.

dowvn range, .6 ft./sec. altitude, 1.2 ft./sec. crosstrack, .9 ft./sec.

down range.

Rationale

Not required.

References

158 All of the Document.

166 Pages 3-109 to 3-113 °
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4.10.12 Microvave Landing System (MLS)

157 The MLS will be used during approach and landing for range, azimuth,
and elevation angle information with respect to the runway. The MLS
is a sophisticated landing NavAid being developed jointly by DOD, DOoT,
and NASA and is scheduled for limited-prdduction in 1976. The system
uses the 'Kuband. The airborne -antennas will.pxoviae azimuth coverage
of i.hS degrees, and elevation coverage of + 30 degrees referenced to
to the Orbiter longitudinal axis. Four transmitter antennae will be
used in the MLS. The range, azimuth, and long range elevation will
operate in the C band while the flare elevation antenna will operate
in the Ku band. The C band transmits data in a 20 N.M. range by 60°
azimuth by 20° elevation angle. The Ku band flare antenna transmits

.elevation data in a 2 N.M. range by 8° azimuth by 8° elevation.

Accuracy of the system is estimated at 1 ft. altitude, 7 ft. in cross-
| track, .5 ft./sec. altitude rate, and .6 ft./sec. in crosstrack. These

. estimates are based on using a measurement update every U seconds.

4,10.12.1 References
(.
| 157  Kriegsman, B. )
1 "Entry and Terminal-Phase Navigation for SSV Orbiter Using MLS or
ATLS and VOR/DME," MIT Draper Lab 23A STS Memo No. 11-T2, Feb. 16, 1972.

158 Kriegsman, B. and Gustafson, D. ‘
"Entry-and-Landing Navigation Study for SSV Orbiter Using a PRS Navaid,"
MIT Draper Lab 23A STS Memo No. L49-71 (Ref. 1), Oct. k4, 1971.

Gustafson, D. and Kriegsman, B. )
"SSV Re-entry Navigation Studies Using Barometric Altitude and VOR/DME
Measurements," MIT Draper Lab 23A STS Memo No. 22-70, July 14, 1970.

'4,10.12.2 Rationale

Not required.

Rkl shale
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ﬁ%g' 4.11 Operational Instrumentation

166 The orbiter vehicle is equipped with two types of instrumentation dependent
on the mission objectives. Development Flight Instrumentation (DFI) will
provide the required data for in-flight and post-flight evaluation for the
initial flights. Once the developmental flights have been completed, the
-<ins trumentation .system will be converted to the Operational Flight Instru-
mentation (OFI).

66 The data collected from sensors is conditioned for display and monitoring on-
board the~vehic1e, provided to computers for CRT display, recorded, telemete:
to the ground, and also provided to group support before and after launch.

656 Table 4.11-1 shows the division of measurements per system for both OFI and
 DFI usage. Figure 4.11-1 shows the general concept of the data interface
requirements in both flight phases. Table 4.11-2 gives the CFI and DFI
sample rate.
4.11.1 Recorders
56 There are five categories of recorders on-board the vehic]e.‘ These are thg {

maintenance recorder, a short-burst (5 min.) loop recorder, a wide-band
data recorder, a crash (FAA) recorder, and a voice playback unit. The
recorder functions are straightforward with the following special features.
The playback of the maintenance recorder is not required for flight crew
training. This recorder is played backrf011owing a mission landing. The
loop recorder is a cued recorder wh%ch is controlled manually or-auto-
matically by GN&C or C&HW systems.- This recorder will be used by.the crew
in problem analysis during flight. There is no requirement for the wide-

band recorder. The crash recorder is not required for simulation. This

red
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is outside of crew training requirements. The voice recorder is required]

4.11.2

4,11.3

4.11.4

The system should provide near real world simulation interfacing with alj

active voice or T/M (simulated) lines.

Sensors and Signal Conditioning

The types of signal sensors are indicated in Table 4.11-1 Table 4.11-2
indicates the sample rate fpr PCM inputs. The data rate (maximum) is 256
kbs and is programmable in 4 formats. Inputs to the signal conditioning
units is 0-5 vb]t and 0-20 millivolt full scale. Dédicated spacecraft
instruments use dual 0-5 volt inputs. Total error for instrumentation is

distributed as follows:

Sensors 3.0%
Signal Conditioners 1.0%
Noise 0.6%
PCM 0.4%

Ground Support Equipment PCM Links
There is no requirement for simulation of preflight GSE activity occurring
prior to the crew boarding the vehicle. GSE maintenance/monitoring must
be complete prior to that time. By the same ground rule, there is no

requirement for preventive maintenance simulation for main engine performa

evaluation.

Caution and Warning System

Instrumentation sensors are provided for 200 major critical flight parametgrs.

Parallel systems are provided to display the problem to the crew and to

provide input data to the GNC computer where required.

1ce
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Oseraticnal Instr I Develeoment Flight Instr
No. {[Rate . Bits/ No. [ Rate . Bits/
chan. |8/ | BitS| secong| DetaType  fopor S/lS Bits | second
435 1 81 3,4¢0{Analog 1,810 1 81 15,280
500] 10 81 40,000( Analog 140 10 8 { 11,200
- - _ — | Analog 3; 50 81 1,200
21 100 8} 1,600} An2iog 751 100 8 | 60,008
- -~ - — | Discrete 351100 1| 3G
1,120 10 1] 11,208 Discrete 3441 10 1] 3,440
6] 10 ] 80D} 4,800)Ser. Dig. (ME) - - - -
31 251 &0} 6,L00iSer. Dig.(GHAC) -] - - -
1} 100 | 256 25,600 1Ser.Dig. (Payload)] — | - — -
1] 10| 24 240 GET 11 101 24 240
1} 200 | 32] 6,4C0!Sync&ID 11200 32} 6,400
11 10 32 222iPerf. Manat. Sync. ~ - - -
Total used 93,650 Total used 97,760
Spare capacity 223382 Snare canacity .249
Total canacity 128.000] Total capacity 128,000

S/S—sampizs/szcoad

Y e
Iei—fiission elaosed

time

TABLE 4.11-2 OFI and DFI Rates

=177
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~-shuttlte. A-siren sigmal wi'l'l ~indicate Fire Emergency. A 1000 cps tone

"Redundant sensors provide input parameters to two C/W units. Each unit is

Redundant caution and warning indicator display light units are provided
in the orbiter crew station.Klaxon. horns, intercom speakers, and headsef
tone signals provide audio cues for alert. The audio tones are coded by

frequency and pulse duration for easy recognition by the crew.

The tone signals used from the Sky]ab Mission will also be used for the

modulated by a square wave of 1.25 cps will indicate ¥arning, and a con-
tinuous 1000 cps tone will indicate Caution conditions. A rapid Toss of
pressure (Emergency) will be represented by an interrupted buzzer signal.
Stall (Emergency) will be represented by an intermittent horn while gear
down and locked (coupled to a low power level) will be represented by a
continuous horn. A single pulse will represent a'crew alert for incoming

crypto message.

Other crew alert tones will be present when crossing the Tacan Quter Markg
(400 Hz modulated once every two seconds), Middle Marker (1300 Hz with
alternate dots and dashes), and the Boundary Marker (3000 Hz dots @ two

per second).

LN

equipped with redundant power supplies. Caution, Warning, Emergency, and

Crew Alerts provide inputs to set the Master Alarm units. Master Alarm is

visually indicated on a telelight switch. Depress the switch with an alag

on will silence the alarm. Reoccurrence of the condition will re-trigger

the alarm circuit.

The C/W system provides a means of disabling malfunctioning sensors throug
the use of inhibit switches. In the Inhibit position, the sensor input i

not fed into the C/W system.

r

m

o ey
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sperformance ‘to “the Skylab "C&W ‘System. 'Refer to Saturn Workshop Systems

A Memory feature provides the crew with the capabi1ity to recall én alert
signal that triggered the C/W circuit. Memory may be cleared by depressi*g
the CLEAR switch. ' |

4,11.5 Rationale

A. The Caution and Warning System will be similar in logic and

Handbook, DC-5 July 11, 1972.

B.. It is assummed that the C/W tones used for shuttle will be
very similar to existing commercial aircraft warnings.
4.11.6 References

166 Pages 3-111~ 3-113
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4.12 Environmental Control and Life Support Subsystem

iss The environmental control and 1ift support subsystem (ECLSS)
provides atmospheric revitalization, life support, and thermal control
(Figure 4.12-1) with subsystem assemblies as shown in Figure 4.12-2. The
atmospheric revitalization subsystem furnishes a shirt-sleeve environment
for the four-man crew fbr a seven-day mission -and -a ‘96<hour contingency
by controlling C02, humidity, odor, pressure, oxygen/nitrogen cabin atmospherel
and cabin temperature. Six additional crewmen can be accommodated for a
short duration. Expendable capacity is supp]ied for 42 man-days. The
mission can be extended up to 30 days by adding expendables in the payload.
The life support subsystems provide for food and waste management, fire
. control, and extravehicular/intravehicular activities. The thermal control
subsystem affords active thermal control for avionics and mechanical
equipment, dissipates the heat from the crew compartment, and provides

for water management. The fluid and energy interchange functions performed

by the ECLSS and interfacing vehicle systems are shown in Figure 4.12-3.

4.12.1 Atmospheric Revitalization

4.12.1.1 Pressure Control

166 A two-gas atmosphere, oxygen/nitrogen at a nominal pressure

of 14.7 psia, is used to reduce fire hazard potential and to provide
compatibility with payload module experiments and proposed space station
environments. The oxygen stored in a supercritical state, is acquired from
the electrical power generation reactaht storage system. The nitrogen

is stored at 3,000 psi in two carbon filament storage tanks. Normal gas
usage and losses as a result of venting and seal leakage are shown in

Table 4.12-1. The subsystem includes provisions for a 10-minute emergency

398-8-.A
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wes: 135
£CLSS
ATMOSPHERIC LIFE THERMAL
REVITALIZATION SUPPORT CONTROL ..

O3 SUPPLY

o SUPPLY
PRESSURE CONTROL
HUMIDITY CONTROL
CO7 REMOVAL
0DOR CONTROL

9200000

CIRIULATION

VTEMPERATURE CONTROL

s

ss e

*

FOOOD MANAGEMENT
WASTE MANAGEMENT
PERSONAL HYGIENE
FIRE DETECTION AND
EXTINGUISHING
EVANVA SUPPORT AND
AIRLOCK HEPRESS

FIGURE 4.12-1

CABIN COOLANT LOOP
EXTERNAL COOLANT LOOP
FUEL CELL COOLING
HYDRAULIC HEATING
AVIONICS COOLING
PAYLOAD HEAT REJECTION
HEAY SINKS
WATER MANAGEMENT
STORAGE
PURITY

ALL FUNCTIONS PROVIDED BY SYSTEM PROPOSED

4-181
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Gas Loss (Pounds Per Day)

Description Oxygen Nitrogen Total
Waste management port venting 021 6.78 1.0
Avionics bay eontrolied venting 0.42 1.58 20
Cabin leakage 1.26 4.74 6.0
Metebolic . 810 8.0
Ges Required (Pounds)
Mission total lincluding teserves and cabin 142.0 202.0 ] 344.0

repressurization)

- TABLE". 4.12-1

NORMAL GAS USAGE AND GAS LOSSES

4-184
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High oxygen gas f]oﬁ of 55 pounds per hour. An.alarm to the Caution and warniﬁg
system is initiated after a time delay if the oxygen flow exceeds three

pounds per hour. Additional quantities of oxygen and nitrogen, stored at
3,000 psia, are connected to the primary system for one cabin repressurization

at a flow of 150 pounds. per hour, offering the four-man crew a 96-hour

-contingency., -or-:seven .airlock .operations.

Gas flow into the cabin is controlled by the cabin pressure reguiator,
which sets thé N2 flow based upon the cabin 02 partial pressure of 3.0 to
3.2 psia. The partial pressure control opens when the 02 partial pressure
is 3.2 psia or above, permitting only nitrogen to flow into the cabin.
Nitrogen will continue to flow until a total cabin pressure of 14.7 psia
is reached. When the 02 partial pressure drops to 3.0 psia, thé partial
pressure control closes to permit. only 02 to flow into the cabin.

Cabin overboard pressure relief valves are located in the cabin
area and in the avionics bays. A differential pressure relief valve is
provided between the cabin and each avionics bay to maintain the avionics
bay pressure at approximately 0.4 psi below cabin pressure. A total of

two pounds per day for three avionics bays is bled overboard to maintain bay
S

"pressure below cabin pressure. During times of airlock repressurization

or emergency fire extinguishing operation in the avionics bays, the pressure
in the bays may be as much as 0.6 psi higher than in the crew cabin. Gas
flow into the crew cabin is prevented by check valves in the differential
pressure regulator and the sealed avionics bay door design.

Portable face masks and emefgency oxygen assemblies are designed to

furnish a ten-minute supply of oxygen to each crew member and passenger.

Provisions are also available to connect these assemblies to the oxygen systemi

S e e e o meng e gy Y g
<
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4;12;1.2 Cabin Humidity, COZ; Odor and Temperature Control

A condensing heat exchanger for humidity control and cabin
temperature, lithium hydroxide for controlling CO2 1eve1, and activated
charcoal for controlling air odors are used because of their proven
performance in the CSM environmental control system. The system is
-comprised .of .three -two-speed fans, two -}ithium -hydroxide (LiOH) canisters,
a condensing heat exchanger, and an air bypass valve. Air volume through
the system is governed by the cabin temperature control range of 65° to 80°
F, selectable to #+2° F. The fans can operate at maximum flow for high
heat load flight conditions or at reduced flow for station keeping operations.
Figure 4.12-2 shows system performance for the four-man design condition.
With 10 men and maximum heat load, the cabin temperature will approach
75% F. A payload heat exchanger is inc]uded in the cargo bay with a
capacity of 5,200 Btu/hr. Additional heat dissipation from operation of |
the mission specialists station of 1,000 Btu/hr is absorbed by the cabin
atmosphere heat exchanger p]us'Z,OOO Btu/hr from equipment in the avionics
bay. The LiOH canisters are insta]]éd in two parallel flow paths. Each
canister will be installed in the system for 24 hours, baﬁed on a seven-
day, four-man mission. The canisters will be replaced more frequently
when iO people are carried. Each canister also contains activated charcoal
for trace contaminate control. Low toxicity outgassing materials in the
cabin design are used to reduce contaminant problems. The condensing
heat exchanger removes the cabin sensib]é and latent heat load. Water is
removed from the heat exchanger by wafer separators and trasnferred to the

waste water system for storage. A replaceable, disposable filter is
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-chilling or heating in the galley oven. Rehydratables are prepared by

~galley for extended miséions by moving stored food to other areas of the

vehicle,

4.12.2.2  Waste Management

provided at the inlet to the fans for particu1ate control. A coldwall
configuration has coolant flow passages attached to the cabin wall to control
the wall temperature to prevent condensation in orbit ahd excessive cabin
temperature during and after entry. A1l surfaces normally in contact

with the crew will not exceed 113° F.

4.12.2 Life Support

4.12.2.1 Food Management

The food management system consists of a galley area offering
a food preparation center for food and equipment storage, hot and cold
water dispensers, and waste storage. The GFE food concept assumed includes
the use of protective canisters for storing food serving cans, dehydratables,
and drink packages. Foods are categorized as thermostabilized, rehydratables,

wafers, and beverages. Some foods are ready to eat, and others require

injecting hot or cold water and mixing. A freezer can be installed in the

Simulation of the food management system outputs/inputs such as

electrical loads, water usage, heat absorbtion/rejection is required.

The waste management subsystem accumutates solid waste and
collects, transfers, and stores liquid wastes. Urine and urinal rinse are
collected, separated from air, and stored for return to earth. The commode
uses a slinger and vacuum drive concépt for feces storage. The bactericide

for bacteria control in the urine is stored in a bladder tank. Air flow
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leaving the urinal and commode passes through bacteria filters and charcuul
canisters beforé-féénfering the cabin. This process provides odor and
bacteria control to the entire vehicle.

| Simulation of the electrical loads, heat rejection/absorbtion,

and water usage is required.

-4.12.2.3 .Personal.Hygiene

For the seven-day mission, personal hygiene provisions will be a
GFE kit stored in the waste management compartment.  Space is available above
the waste management system for installation of a hand wash basin and a
more extensive personal hygiene system for extended missions.
| Simulation of the electrical loads, heat rejection/absorbtion,
and_water usage is required.

4,12.2.4  Fire Detection and Extinguishing

The fire control subsystem is located in the avionics bay and

flight deck. The detection system consists of a light source, a gas filter

interferometer, and a detection and localization logic similar to the Skylab

system. Several gases can be monitored at once, and it can localize
incipient fires or toxic elements. This system simultaneously serves as
a fire detector and as a contaminant detector. It detects a problem before
it represents a hazard to the crew.

Different types of fire extinguishing systems are provided for
the three avionics bays and for the crew compartment. The avionics bays
are isolated and differential pressure regulators normally maintain the bays
0.4 psig below cabin pressure. If a.fire.occurs in the avionics bay, a
high N2 purge f]ow is introduced to reduce the 02 partial pressure below

1.0 psia, extinguishing the fire in less than one minute. Operation of avionj

Y
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recharge, and oxygen open-loop prebreathing. To recharge the PLSS, a

bay fans will effectively mix é]] the gases to give the minimum reaction
time. The high gas flow into the bay will be vented overboard by the
individual bay vent valve. The vent valve will operate between 14.7
to 15.0 psia.

The crew compartment will use four hand-operated portable,
foam fire extinguishers. Each extinguisher is identical to that used

in the CSM.

4.12.2.5 Extravehicular/Intravehicular Service and Recharge Station
~ and Airlock
Two portable Tife support systems (PLSS) service stations are
provided for two-man operations. Each station has provisions for water

(for recharging the suit sublimator cooling system), oxygen and battery

pump boosts the 900-psia oxygen supply to the 1500-psia PLSS oxygen storage
tanks. The airlock will normally be repressurized from the cabfn gas in
less than five minutes by opening the airlock pressurization valve.
Expendables are supplied for seven airlock repressurizations and PLSS
recharges.

4,12.3 Thermal Control

4.12.3.1 Coolant Loops

Figure 4-12.2 presents the coolant lgops and design performance
data. Water is used to cool the cabin‘because it is nontoxic. Freon 21
cools the unpressurized areas because it has a low freezing point and
viscosity. Thermal integration 1s'a§comp1ished in the Freon loop through

interfaces with the environmental control subsystem, fuel cells, and
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hydraulic systems. Up to 15,000 Btu/hr of Freon system heat transfers
to the hydraulic fluid to maintain its temperature. Electrical heaters
provide thermal control of other passive systems in space. Refer to
Figure 4,12-3.
Thermal control of the three avionics compartments (located
~+in-the -erew-compartment) is..accomplished by pinfin coldplates and by air
cooling systems of one of two parallel fans operating with a heat exchanger
in each bay. The CSM-developed coldplates will be improved ih durability
by increasing the faceplate material thickness to reduce potential
damage during normal maintenance procedures.
4,12.3.2 Heat Sinks
Space.radiators are the primary heat sink and can reject the
~maximum heat Toad without attitude constraints during all space operations.
The water sublimator is the normal heat sink for boost and before and
during reentry to 100,000 feet altitude, with system thermal lag absorbing
heat between that altitude and the cruise condition. During atmospheric
cruise (below 30,000 feet), vapor-compression cycle refrigeration systems
reject the heat to ram air-cooled heat exchangers. Heat is rejected
"~ during groJ:E operations through GSE heat exchangers or the vapor-cycled
systems. The radiator is a two-sided, deployable radiator consisting of
eight modular panels stowable in the cargo bay -and enclosing the cargo
space as a door. The radiator is in turn provided with a thermal protection A
cover or outer door during ascent, reentry, and recover conditions.
The panels are constructed from aluminum, and the top péne]s are thermally

“isolated from the bottom panels. Figure 4.12-4 shows one side open,
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exposing the cargo bay, and the other closed, brotecting the cargo. In

the open position the radiator has 726 square feet of effective area on

the bottom side. The radiator is most efficient when in the deployed

position, for heat can be rejected from both sides without supplemental

cooling for all orbital mission phases and Without attitude constraints.
When the radiator is in the stowed position, the effective

radiator area is 790 square feet and supplemental cooling will be required,

using excess fuel cell water in the sublimator for the worst-case mission

heat load and radiator attitude. The radiator coating has a solar absorptivi

of 0.2 and an infrared emissivity of 0.92.

4.12.3.3 Water Management

The water management system stores, distributes, and disposes

of potable water and collects and stores waste water. Potable water is

_stored in two tanks, each having a capacity of 100 pounds. It is supplied

to the galley at temperatures of 150% and 45° £. When the potable storage

tanks are fully charged, the system pressure will rise to 20 psi above

~ cabin pressure. With continued fuel cell flow, the tanks will become full

and normal disposal is accomplished by the water sublimator. For
emergency, the water will be dumped overboard through two heated nozzles.

Bacteria are cohtro]]ed by processing potable water through silver ion

~generators. In the event the water from one of .the fuel cells should

become contaminated, the water can be dumped directly overboard to bypass

the potable system. Waste water condensate from the humidity control heat

.exchanger is stored in three tanks, each of 100 pounds capacity and normal

operating pressure of 14.7 psia.

Ly
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4.12.4 ~ Fault Detection Management

The fault detection subsystem allows continuous monitoring of
critical paths of the subsystems during flight and minimizes ground'checkoﬁt
procedures. The instrumentation will permit determination of redundant
paths in flight and status of each 1ine replaceable unit within the subsystems
during ground .checkout. Controls will isolate units or groups of units
when‘an-out-of-tolerance condition is detected. Notification of out-of-
tolerance conditions will activate Caution and Warning system alarms and
displays.

4.12.5 Ground and Launch Operations

Postlanding cooling of the avionics equipment and cabin will be
supb]ied by the ECLSS. System heat will be transferred to the GSE heat
égchanger, which will be activated‘by connecting the ground coolant lines
and electric power to the service connections. With ground power available
to the vehicle, the vapor-cycle system will serve as a standby cooling
system if the GSE éoolant system is not operating or if it is not avai]ab]e;'
PreTaunch cooling will be provided by the GSE system through the upper
swing arm to T-25. Subsequent to T-25 the vapor-cycle system will provide
system cooling.

4.12.6 = Cabin Noise Level

Special provisions have been incorporated in the design of the
cabin systems to control noise level. The avionics bay doors and the noise-

producing avionics equipment, such as the inverters and fans, are sound

insulated. The cabin fan and water pump assemblies have been remotely
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166 ~ located under the lower compartment floor away from living areas. The pump
and fan 1ncorporate'1oca] éound insulation and the duct system design
contains sound absorbing baffles. Audio cues for these devices -are not
required.

4.12.7 Corrosion and Contamination Control

166

A program for corrosion and particulate contamination control will
be employed for all ECLSS fluid systems. Stainless steel tubing and componen
will be used in the water system loop and the potable and waste water
system to reduce corrosion. The Freon system will be made of aluminum.
4.12.8 Rationale

Not required
4.12.9  References

166 Pages 3-135 to 3-142
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4.13

Payload Accommodation System

4.13.1

Structura]/Mechanica] Interfaces

4.13.1.1

General Structural Attachment

The payload attachment mechanism Figure 4.13.1.1-1 consists
of easily moved attachment fittings that can be placed at 14

lTocations along the length of the bay. This design provides

felxibility for paylead .changes between missions. -Alignment

of the payloads within 0.5 degrees of the orbiter's reference

system is maintained by this system.

SHUTTLE PAYLOADS
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FIGURE 4.13.1.1-1 PAYLOAD RETENTION
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4.13.1.2 Payload Deployment/Retrieval

: 166 Deployment and retrieval of payloads is provided by the
general purpose remote manipulator system (RMS) illustrated
in FIGURE 4.13.1.2-1. The system is adaptable for various
payloads to perform multiple payload deployment, retrieval on
a single orbit mission, and the docking/retrieval of light
~mass -payloads.

A payload is retrieved in three basic steps:- (1) transmission
of commands for stabilization, orientation for manipulator
attachment, retracting solar arryas, antenna, etc.; (2)
manipulator engagement, translation, and securing in the
payload bay; and (3) connection of payload utilities, (e.q.,
caution/warning, power, data, and fluid/gas venting when
required)..

These utilities are connected without EVA by the standard
interface connections proviced at the docking port and the
payload tay access hatch.

For multiple payloads having propulsive stages, actuation
of interface connections remotely.controlled from the
payload handling station will be provided by kits.

s
1. 4

FAR REACH )
@ REACH . .
ENVELOPE
RIGHT 200 \, X
\ ”

f (ff‘ PES
) . \)Q" GRAB TYPE /
L-lﬂy EN>FFECTOR
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AND LIGHTS

B8O0OM RETERTION {3 EA)

SHUTTLE TRANSLATIONAL
AND ROTATIONAL CONTRPOLLERS

RMS HAMO CONTROLLERS

P \ '
SLECTROMNIC CONTRGL RACK
SHUTTLE AVIONICS

FIGURE 4.13.1.2-1
Man1pu1ator Arms Adaptable to Multiple Payload Deployment and Retrieval
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‘ Shuttle orbifa] pay]oéd deployment and retrieval will be
1, 2, accomplished by two remoté]y controlled manipulator arms. The two identical
’ 50 foot long arms each possess shoulder, elbow, and wrist joints. The
shoulder, located at the attachment point of the arm to the orbiter,
possesses two rotational joints (pitch and yaw), The elbow, connected
4 =to-the shoulder by a "23% ‘foot Tong rigid tubular beam, possesses two
rotational joints (roll and yaw). The wrist, connected to the elbow by
§ a 23% foot long beam "forearm," possesses three rotational Jjoints (yaw,
1 pitch, and roll). The terminal device is connected to the wrist by a
3 foot Tong beam. The standard terminal device will be a hand-type
5 grasping mechanism, but special devices may be attached for particular
6 mission. Each arm will weigh about 1000 pounds. “Each arm is attached
‘ 1 to the fuselage near the forward bulkhead of the payload bay. During
7 Taunch and entry, the arms are stowed along the top of the payload bay.
8 Each arm is extended, and attached at seven points to one of the payload

doors, near the mating line between the doors. Each.arm-is attached to
a different door. When stowed, each arm occupies a cylindrical envelope.
50 feet in lsggth by 8 inches in diameter. The attachments must be
released before opening the payload doors, and, the arms are ordinarily.
locked in them shortly after closing fhe doors., After the payload doors
are opened, an arm deployment mechanish is actuafed which raises the

shoulders out of the payload bay and opens a 20 foot separation distance
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‘manipulator~arm. Interface between the controller and the manipulator

returned is then available for display. Ordinarily, no motion will

close the doors. Electric motors and gear redﬁcers located at each of
the seven rotational joints, plus the terminal device, provide torque
to move the arm and terminal device. The selected motors have a maximum
shaft power of 28 watts. Each joint uses two motors. If one motor
fails, the joint can still be moved with full speed and torque capability.
Each rotational joint has a brake, which is locked up whenever power
to that joint is off (not powered up, or power failure). Each rotational
joint also contains a potentiometer to measure angular pdsition and a
tachometer to measure angular rate.

Control of the manipulator arm may be either automatic or
manual. The on-board computer will be able to execute certain basic

arm maneuvers itself. Manual control will be effected through a force-

réf]ecting system. To provide both the coarse control helpful for

‘positioning the arm in the approximate attitude desired, and the fine

control necessary for delicate maneuvers, a variable-gain system was
chosen. For coarse control, angles transcribed by the manipulator arm

and the controller will be equal. For fine cohtro], angles transcribed

by the controller will be 18 times as large as those transcribed by the

arm will take place through the on-board computer, which will calculate
the necessary transformations. |

A checkout system is provided to verify the condition of
arm motors, tachometers, and potentiometers, before power is applied.
to the system. Upon selecting thevdésired device to be evaluated, a

predetermined voltage is applied to it. The actual voltage accepted and

-
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result, since brakes are locked when the system is powered down. In
case of certain failures, the checkout system may be used to move a
joint independent]y.> A switch will be provided to release the brake
on a joint, thereby moving the joint when the checkout system apb]ies
electrical power, | 4 |
Sensory inputs to the crewman controlling the manipulator
“arm -are 'provided by the ‘force-reflecting controller, a window through
which the operator can see into the payload bay, and three TV monitors.
Four TV cameras are mounted in the payload bay - the operator chooses
which three he wishes to monitor., Two f1ood1ight§ are attached to each
camera. One camera is mounted near the end of each arm (after wrist
yaw and pitch joints, before wrist roll). Another TV camera is mounted
at the base between the two manipulator arms. This camera can be used
to automatically track the terminal device. Iris and focus control is
“provided for all cameras, as is a power switch. Both the fore and aft
payload bay cameras can be zoomed as well. Both the aft and forward
(when in manual mode - not automatic terminal device track) can be pannedi
and tilted by the operator. Brightness, contrast, and test controis are
provided on the crew station monitors. Reso]utioﬁ of at least 300 scan
Tines is provided by the TV system. ' -
In case of certain arm failures which would prevent cfosing
of the payload doors, an explosive device will séparate the failed
manipulator arm from the vehicle, allowing fhe orbiter to be flown away
from the derelict arm, ‘
Efficient manipulator arm design requires certain limitations

" on arm dynamics. Rotational joint deSign requires limitations on angular
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travel at each joint. Each joint is aiso torque 1imited to prevent
damage to the manipulator arm. Travel 1imits and torque capability
(based on 10 poundé maximum tip force) are:
Angular Travel "~ Torque (ft-1b)
Shoulder  Pitch +200° 500
yaw © 1130° - 500
ETbow roll £200° . 350
yaw +1550 350
Wrist yaw +120° 150
pitch +120° 150
roll +200° 65
Travel Tlimits are enforced by meéhanica] stops and/or
microswitches. Joints and the control system are designed so that
maximum tip position error is #2 inches and maximum tip velocity error
is +,05 ft/sec. (excluding structural deflection under load). This
requires an angular position accuracy of +.113°% and an angular rate
accuracy of +.033 gg% at each joint. This places requirements on the %
precision and frequency of arm control inputs recieved from the on-board
computer, Aqgg]ar position information will be exchgnged between the
computer and the arms in 13 bits, every 20 to '40 milliseconds. E
Structural deflection at maximum (10 pounds) tip force will
not exceed 1 inch. ‘
The arm electric torque motors, controller torque motors,
and TV camera operate off 28 vdc. Floodiights will operate off 110 vac.
The largest electrical load is expected during payload unload and deploy.
An average power demand of 1.008 KW is anticipated for a period of ten

minutes during this process,
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4.13.1.2.1

4,13.1.2.2

Rationale for Assumptions

Not applicable.
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4.13,1,3 Payload Control/Display Panels

166 - Payload services such as electrical power, fluid and
gases filling, venting, and draining, etc., are provided by
replacing blank panels with payload-unique panel kits. These
panels will be located adjacent to orbiter service panels of
a similar nature to aid mission preparations and operations.

"4,13.2 Propulsive Fluid System Interfaces

166 For propulsive stages using LH2 and L02 propellants, a fill,
drain, dump and vent system interfacing with the MPS will furnish
payload fuel requirements. Payload kits provide the interface
connections from the payloads to the orbiter's plumbing.

Propulsive payloads that utilize storage propellants will have
interface panels and connecting lines for propellant dump but
are independent of the orbiter propulsion system lines.

'4.13.3 Electrical/Instrumentation Interfaces

166 Standard connectors are provided for all hardwired electrical
interfaces for payload power, monitoring, communications,
navigational data, and caution/warning located in the payload

i bay, docking port, at the payload handling stations and the

mission specialist station (MSS).

Payload electrical loads of 50 kwh of e]ectricaf energy from
the orbiter's EPS is sufficient for the majority of payloads;

not normally be required. For pay]oads requiring more energy,
provisions have been incorporated to allow additional reactants
and tankage to be installed in the payload box.

ey PR K
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Therefore, mission-to-mission changes to the base power system will
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The baseline orbiter's time phased average power profile for a
typical mission given in the EPS loading includes the specified
payload requirement of 1000 watts average (1.5 kw peak) during
all mission phases except the orbital operations phase where
excess capability exists. This power is supplied to the payload
bay and to the docking port in the form of regulated dc.

‘Payload Avionics Signal Interface

The baseline configuration accommodated the majority of payload
and has sufficient flexibility that between-flight changes will

be required only for infrequent special missions. This flexibility

is provided by simple design extensions of the basic avionics
subsystems, and simplifies crew procedures, flight preparations,
and payload adaptation.

The’orbiter communication system and the pay16ad signal interface
that is common to all payloads is shown in Figure 4.13.4-1. Except
for the safety of flight signals (critical displays and safing
discretes) which are routed to the forward flight station and the
MSS, the individual selection, rduting, and switching of payload
signals is accomplished at the payload control panel of the MSS.
Payload data communication flexibility is provided by multiple
recorders, multiple transmission channels, general purpose alpha-
numeric displays, and alterable memory computers. The junction and
switches shown are repeated for simultaneous accommodation of up

to five payloads. Digital commands from ground stations are
encoded, and a payload data interleaver combines payload data for
inclusion with the normal 128 kilobits per second operational
flight instrumentation OFI (Mode 1) transmission. When orbiter OFI
is not transmitting (Mode 2), up to 256 kiiobits per second payload
digital data can be accommodated.
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FIGURE 4.13.4-1 Payload Interface Signal Flow 4
The MSS provides for managing orbiter/payload interfaces and
supporting operation of active payloads. The console houses most i

of the payload signal support equipment. The MSS caution and warning
system annunciates payload critical malfunctions and is intercon-
nected with the flight deck performance monitor during periods when

the payload computer is not operating or the MSS is not manned.

The computational support systemvis“required for status deter-
mination, control, limited onboard checkout, initialization, data
display, and gross verification of proper data transmission for all
payloads, and tc support the manipulator arm control. The read-only
tape memory enables the MDE to operate in either the payload signal
processing or manipulator control mode, and provides for payload
variation and program growth needs. Either of the payload data

D
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Area

Payload Bay Environment -

Acoustics
Pressure
Hum:idity
Contamination:

145-db interior overall sound pressure level
Air vents control pressure to differennial £ 2.0 psi
Nitrogen purge by GSE — dew point — 65°F

Payltoad bay li'ner, GSE purge

4205

bay

Ground
On-orbit:
H20 Hold for 2 days and dump*
Waste Hold for 7 days
Propettant RCS thrusters do not impinge on paylaad

Material outgassing | Material selection and design criteria per
NASA guidelines (02SF Handbook 8060.1)

*Ice particles dacay time due “o dragand sublimation =3 hr

Table 14.,13.5-1

.

Payload Bay Environment

Low- High-
Seion Temperature Temperature
Phase Limit Baseline Design Limit Basefine Design
Pretacnch +40°F GSE purge g3s conditions bay to 75°F 10°F for +120°F GSE purge gas conditions bay to 75°F 219°F fo;
extreme §5% cold atmosphelic temperatures (i.e., extreme 85% hot atmcspheric temperatures {i.e.,
KSC: 44°F; WTR: 397F) KSC: 89°F; WTR: 88°F),
Launch +40°F Adiabatic payload bay wall will remain near pre- +150°F Entry designs TPS; during launch, bay wall temper-
faunch temperature ature rises a maximum of 18°F li.e., 103°F
maximum)
Qn-orbit ~-100°F Insulation and radiators maintain temperature #1506F Extensive multidimensional analysis shows maximum
{dsars ctosed) 2bove minimum. temperatures less than 120°F
Entry and -100°F Same as on-orbit minimum temperature +200°F Payload bay insulztion designed 1o meet entry
post landing temperature requirements,
Repressurization air cooled to less than 200 'F
by air vent heat sinks,
Post-landing ground purge connection incorporated.

Table :4.13.5-2 Payload Bay Thermal Environment
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recorders can be controlled at the payload control panel to play

back data for ground transmission, subject to the bandwidth

limitations of the ground RF link. In addition to the installed
equipment which can accommodate most payloads, the MSS incorporates

space and modular installation provisions for additional unique

displays and controls provided with special payloads.

A three-way .conference voice.is .available, -as .are dedicated-digital

data channels and a time-shared (with orbiter TV) wide band ground
downlink. Also, payload access to orbiter antennas is provided for

ground checkout of transmission functions.

Payload Environment Control

The orbiter incorporates a payload heat exchanger in the ECLSS Freon
Toop to provide a minimum cooling capability to the payload of 5200
Btu/hr. This exchanger is located near the payload bay service

panel for convenient access for hookup during payload changes.

Provisions within the orbiter ECLSS distribution system permit the
installation of payload-supplied fans and ducting for atmosphere

revitalization of pressurized payload modules.

The characteristics of the environmental conditions in the payload

bay are presented in TABLE 4,13.5-1. Thermal control provisions are
presented in TABLE 4.13.5-2. 1In addition, the air vents provided
for pressure control use heat sinks to cool incoming air during

re-entry to 200°F.

4.13,5.1 Rationale

Not required

4,13.5.2 Referencg

166 Pages 3-155 to 3-161
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4.13.6 Payload Bav Deor Mechanisms

The door mechanism rotates axially while maintainino contour
control between door segments. Each co-linked seament is
indenendently hinged to the fuselase lonaeron at three places
and contains three latches on the door centerline edge. Latches
also are Tocated at the forward and aft carao bay bulkheads.

The latches first arasp and pull the door edces together anainst
thermal distortions and the neripheral door-to-fuselage seals
holding the dbor shut. To avoid large latch reaches, each latch
actuatgs uson contact with its matina nin via a proximity sensor
signal. The latches have a zip-fastener action, initiéting at
thé noint of first contact; i.e., each latch will null the next
“adiacent latch into contact. This will continue even if one
latch on each segment is failed or tripped.

Each door segment is supported by either three idler hinges or
two idler hinges and oné powered hinae. There are four powered
hinaes é@’each side of the orbiter. The four nowered hinces are
driven by a common torque shaft with redundantAe]ectric motors
at each end of the shaft. Intermediate stennina, provided throuah
sequencing proximity switches, proQides man}oulator positioning

and denlovment and retrieval. The powered hinges are driven by
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4€13{6 ‘Pay1oad Bay Door Mechanisms
| The door mechanism rotates axially while maintaininc contour

control between door segmeﬁts. Each co-Tinked seament is
indenendently hinged to the fuselaae longeron at three nlaces
~and—-contains “three Tatches -on -the 'door—-centerline edge. Latches
also are located at the forward and aft carao bay buTkheads.

The latches first arasp and pull the door edaes together anainst
themmal distortions and the neripheral door-to-fuselage seals
holding the door shut. To avoid larce latch reaches, each latch
actuates unon contact with its matina nin via a proximity sensor
sianal. The latches have a zip-fastener action, initiatina at
the point of first contact; i.e., each latch will null the next

“adiacent latch into contact. This will continue even if one

latch on each segment is failed or trinned.

T Each door secment is supported by either three idler hinges or

two idler hinges and one powered hinae. There are four nowered

hinges on each side of the orbiter. The four nowered hinaes are
T o driven by a common torque shaft with redundant_e]ectric motors

at each end of the shaft. Intermediate stenning, proviced throuqh

sequencing proximity switches, proQides manipulator positioning

and deplovment and retrieval. The nowered hinges are driven by
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4.13.6.1

4.13.6.2

reversible jackscrew linear actuaters.

The reversible jackscrews

are used so horizontal navload loading can be accomplished by

simnly disconnectina the gear boxes from the drive torque shaft,

allowing the remaining system connected

to the door to free-wheel

as the doors are opened through use of GSE. PReliability is

systems at each end of the drive torque

designed into the system throudh the use of indenendent drive

shaft. B drive system

is automatically declutched from the toraue shaft in the event

of failures resulting in its loss.
Rationsle

Not Required

Reference

166 Page 3-23
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4.13.7 Pendezvous and Docking Sensors

4.13.7.1 Reauirernents

The rotentiometers and tachometers mounted on the manioulator
Joints can aTso be utilized as rendezvous and deckina sensors.
~Mermallv, they-nrovide angular nosition and velocity of each
joint to the on-board comnuter to close the force-feedback
control loop. The or-board comnuter can calculate the exact
position and velocity of the terminal device at any time with
this information. After navload canture by the maninulator
arm, knowing the position and velocity of the terminal device
fixes the rosition and velocity of the taroet vehicie.

4.13.7.2 Rationale for fssurintiong

Hot anplicable.
4.13.7.3 Peferences
e 222 pp TI-A, VIII-5, VITT-6 -l m o o opome oo din oo o

4.13.8 Payload Dedicated Recorders

Two recorders are nrovided for pay]oéd Qidébandbdata and'PCM
data. - The dedicated recorders and interface equipment will be
installed as reauired as snecialized units at the mission
specialist station. ‘Additiona] recorders may be transcrihed or
replaced during servic%ng of navloads. On board reduction of
these records is not reauired; however, the recordings may be
mounted and transmitted to the cround via the orbiter communication
svstem,

4.13.8.1 Rationale

There may be snrecialized reccrders on the payloead.
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4.13.8.2 PReferences
166 Pace 3-159

4.13.9 Pavlcad Handling Station

The payload handling station is equinned with five closed
éircuit té]evision cameras {CCTY) and two monitors. In addition,
the handler will have visual cohtactf Two CCTY cameras are
located on the ends of ihe manipulator arms which insure a close
image of thévfina1 matine tarcet. Two TV cameras are mounted
in the pavload bay to nrovide remote viewina of‘the nay1oad.
attachment, release, and stowaae operations. The £ifth TV camera'
is used to help the overator align thé bay1oad duriné manipulator
controlled docking orerations.
4.13.9.1 Rationale
| Hot required.
| 4.13.9.2 References

TETTUTITTT U166 Page 3-159 and 32160
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4.13.10 Payload/Bay Lighting

The exter1or lighting system fulfills the requ1rements for

166

pay]oad visual acquisition and tracking, determination of gross attitude,

relative attitude and a]ignment, and gross range and range rate during

terminal .rendezvous,. .docking., .deployment, and.retrieval operations. Types

of lamps and their locations are illustrated in FIGURE 4.13.70-1.

(1) ILEFT anD RIGHT SIDEY
® v eacr anm

@ LEFT AND RIGHT

(@) LEFT AND RIGHT

APPLICATION - GUANTITY TYPE
H ATTITUDE AND RUNNING LIGHTS 13 LOW VOLTAGE AC, TUNGSTEN-HALOGEN LAMPS. |
8 ACQUISITION, TRACKING, -2 | XENON FLASHING — (MODIFIED as0LLOY
ANTICOLLISION LIGHTS
(D DOCKING LIGHTS — SPOTUGHT tar 2 \.OW VOLTAGE AC. TUNGSTEN-HALOGEN LAMPS,
~ FLOODLIGHT {o) 1 Lon vo».ncs AC, TUNGSTEN-HALOGEN LAMP?
* 2108 LCW VOLTAGE AC, TUNGSTEN-HALOGEN LAMPS,
- © evavionts ASREQMTS | 100 WATTS
OICTATE)
(®) PAYLOAD BAY FLOODUIGHTS ., 75 WATT FLUORESCENT oot
3 TLIGH 3 LOW VOLTAGE AC. TUNGSTEN-HA| N

() MANIPULATOR ARNS SPOTLIGHTS ALY

@ ranowG LiGHTs® ? 700K BCP QUARTZ, SEALED BEAM.

* NOT SHOWN

FIGURE 4.13.10-1
ILLUMINATION FOR ALL SPACE
LIGHTING CONDITIONS




F-398-8-A

DATE 10/20/72 THE SINGER COMPANY PAGE NO.4-212

REV.

SIMULATION PRODUCTS D!VISION

BINGHAMTON, NEW YORK REP. NO.

REF.
KEY

166

166

166

166 -

4.1 6 Miscellaneous Systems

This section includes those subsystems which are not described
elsevihere in this document.

4.1 6.1 Purge and Vent Svstem

The orbiter requires a controlled venting and purging throuch-
out the vehicle because of hazardous fluids and gases, thermal heat
dissipation, and air frame defta pressure limitation.

" The Yarée quant{ties of on-board hazardous fluids and comhustible
gases dictate the use of an inert gas dilutant for purging airframe
cavities. On the launch pad, prior to fueling, the vehicle undergoes
an air purge furnished by GSE. When the vehicle is loaded, the airframe

is then purged with GN». Internal to the vehicle, the compartments are

-isolated to avoid gas mixing and are provided with independent non-

propulsive vent ports.

. The vent ports ére sized for maximum flow rate during the
boost phase of flight. A two-position méchanica11y controlled non--
propulsive vent portlhaving lanyard-type pull out plugs will be used to
give the two stage orifice control required.

-~ Two feeders (top fuselage and bottom fuselage) are provided
from the aft located GN» tanks for the purge system. This system will

be manually controlled by the crew.

4.1 6.1.1 Rationale for Assumptions

Not required
4,1 6.1,2 References

166 Pages 3-22
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_The main gear uses four 44 5x16 type 21 tires at 220 psi pressure. For

capab1]1ty to stop the vehicle within 6,000 feet on a dry runway and
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REF.
KEY
4.16.2 Landing/Braking System
167

The orbiter vehicle is eguipped with a conventional tricycle
landing gear system. Each set of gears is a dual wheel having hydraulic
retraction and hydraulic/free-fall extension. The two main gears and
nose gear have the same material construction and components as
.conventional commercial aircraft. Each wheel has a folding drag brace,

a gear activation system, up/ddwn locks, and position indication system.
The nose gear is equipped with a combination shimmy damper and steering
system. Nose wheel Timits are +30° either side of center. Turning radius
‘of the vehicle is 116 feet. The main gear has an anti—skfd brake system
wifh locked-wheel protection at touchdown; Brakes and nose gear steering
are electrically control-hydraulic activators. Accumulators in the
hydraulic system provide stored enérgy for towing and braking.

Emergency fail-safe free-fall capability is provided without

hydrau]ic power.

“The nose’ gear uses two 32x8 8 type VII t1res at 200psi pressure

ferry missions the main gear tire pressure will be increased to 250 psi.

The braking system and the drogue parachute prov1de the” T

10,000 feet on a wet runway.

The brake assembly is a carbon-on-carbon surface. The brakes
are sized to provide five normal stops or to stop an orbiter during

aborted takeoff without overheating.
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167 The drogue chute assembly is basically a B52 main chute and
an Apollo pilot chute and mortar assembly.

1€7 For ferry flight, the static tire deflection is 32% of full
travel. Maximum tire loading occurs during the horizontal takeoff roll .
when the elevon.deflection .causes nose gear liftoff. Main.gear deflection
at this condition is 50% of maximum travel.

167 For cross-wind landing, the gear is designed for a maximum
ground wind speed of 35 knots.

167 During in-orbit flight, the landing gear system and the drogue
chute system will be thermally protected by passive insulation and electric
heater blankets. The design Timit of the gear system is -60°F to 275°F.

167 The nose gear is equipped with gfound tow attachments. Simula-
tion of the tow system is not required. -

4,16.3 Glide Brake System

167 The orbiter vehic]e employs an -integral split rudder design which

- provides aerodynamic dra:ifo}ces. The design is manually controlled and
may be adjusted for the amount of braking force required. |

167 T623§1ide brake (or speed brake) system is normally deployed at

'250 knots airspeed at appréximate]y 41,000 ft. During the landing glide
and approach, the split rudder glide brake is dep]oyed‘and modulated to
control airspeed and glide range.

167 The nominal glide brake setting is 40°. This setting may be

varied to increase range/speed by closing the brake or to decrease range/

speed by opening the brake further.

KA
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167 A 100% glide brake setting on the control gives a 70° brake

F-398.8-A !

deployment - a 30% Setting gives an angle of 20°, and a 40% setting
gives an angle of 30°.
4.16.3.1 References

167 Page 4-5 and 4-6

4,16.3.2 Rationale for Assumptions

Not required.
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166 Orbiters 1 and 2 will be equipped with.two ejectjon seats
for the Horizontal Flight Test phase and the first six manned orbital.f
flight tests.

166 The ejection seat will oberate at dynamic pfessures from zero
o -2 -maximum.of 650 .psf. Existing-ejection seats which have zero altitude/
zero velocity performance capbability will he used.

166 The ejection sequence will separate the canopy hatch and remove
it from the ejection path. The crew member will automatically be posi-
tioned for safe ejection. The seat will then be ejected by a rocket-
catapult blast through the canopy hatch.

166

The ejection seat mechanism will be removed from the operational

vehicle,

4.1 6.4.1 Rationale

Not required.

4.1 6.4.2 ‘References . - =

166 Pages 2-2, 4-20, 7-11, 7-5, 7-3.
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4.16.5 Dockino Mechanisn

sxstandard utilities interface connectors are-located around the

The orbhiter docking mechanism Pmolovs a neuter dockina concent.
Fiqure 4.16.5-1 schematicallv illustrates this concent. It
nresents the orbiter assembly and the corresponding dockina

element assembly. During the mission, the neuter active assembly

is installed with its extendible tunnel retracted into the air

lock. The tunnel extens1on nrovides the clearance for the docknnq
operat1on. ﬁ11 docking e]ements will provide a nassive assembly
that interfaces with the orbiter docking assemblies.

The seals and latches are desioned to accommodate relativelv large
to]erances'éccumu]ated from manufacturino, thermal, ahd pressuriza-
tion distortions. The arranaement nrovidcs the canability for

insnection and unscheduled maintenance and interface connector

enagaaenent in a sh1rts1eeve atmosnhere after a doc ¢ing has been

-

iaccomp11shed -The tota] neuter assembly 15 contained w1th1n an

'“80-inCh-diameter clear passage. Attenuation of docking forces is

obtained by usina a 10-inch stroke hvdraulic shock unit. The

i

A40-inch diameter clear onening. This arrangement provides the

flexibi]ity for.ren]acgment and for missién confiauration changes.
Visual alignment aids and displays assist the crew in aliagnina

the docking element within the aécuracy required for mating.

The nassive docking assembly with an outwara onenina hatch for the

baseline orbiter cenfiquration provides the canability to attach

a pay1oad to the dockina port by utilizing the.pavioad handling

manipulator or to dock with other orbitina elements or an orbiter
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vehicle. This tunnel assembly orovides a minimum 36-inch
clearance between the docking element and the orhiter and
eliminates need of a loose dockino adanter. Senaration and

jettison nrovisions provide positive senaration of the docking

-assembly for emergency -or -continaency conditions.

- SCREW JACK

« REVERSIBLE FOR GROUND OFR
o SYNCHRONIZATIGN

o LOAD SHARING

® EASE OF REPLACEMENT

® MODULAR INSTALLATION

o COST EFFECTIVE 8Y MULTI-USE

 LATCHING UNIT

* DUAL ACTUATION
o OVER CENTER LOCKING

® PROXIMITY ACTUATED DRIVE UNIT

] T e DUAL ELECT MOTORS (W)
o MULTIPLE POSITIONING
- & BRAKING .
* DECLUTCHING
* RZOUNDANT DRIVE
® QUAL DRIVE SHAFTS

NCAMAL SEQUENCE FAILURE BACK-UP

0
FIHST CONTACT Ly LOSE M) 1y REDUNDANCY
280 CONTACT L. ba LOSE Ly L2, L3 CAPTURS

FINAL CONTACT L2.tg

Figure 4.16.5-1
PAYLOAD DOOR ACTUATION AND LATCHING
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4.17 On~Board Computer System

The Shuttle Vehicle on=board Computer System is

functionally divided into four semi-autonomous federated

systems:

the GN&C, the Performance Monitor, the

Payload system, and the Main Engine Controllers.

166

166

Key features of the on-board computer system are:

'@ Computation tasks grouped and allocated for

manageability, separation of high development
activity, isolation of high traffic data from
flight critical functions and ease of integration.
ﬁisplay, keyboard and non GN&C computation
functions mechanized in a single type; small

computer augmented by tape mass memory, enables

low development and equipment costs to satisfy

redundancy requirements.

No direct exchange of data between computers
performiﬁg redundant functions (multiple
cross switching but no cross strapping), low data
rate and non~interrupt transfer of dafa, memory

protection.

A block diagram of the on-board computer system is

shown in Figure 4.17-1.
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~ to and from the computer memory. The transfer functions _

The input/output (I/0) interface between the
computets anq the other vehicle subsystems is implemented
using a modular design concept to provide the flexibility
to accommodate changing requirements and'permit early
computer design. The modular display electronics 1/0,
computing, and oisplay subassemblies are combined into
a single unit, which permits a simple design and is
feasible because the identified I/0 channel requirements
are primarily multiplexed, serial digital. The I/0 to

the GN&C computers is significantly more complex, and

. subject to change; therefore, these functions have been

grouped into a separate unit identified as the GN&C

" 1/0 buffer. The I/0 buffer provides the functions of

51gnal conversion, mul*iplex1ng, and transfe1 of data

are accomplished by using a direct memory access (DMA)

~ channel which operates independently of the CPU, except for

initialization., Modifications to the I/O buffer capabilities

are accomplished by exchange of availoble standard modules

and/or where necessary exchanging custom I/0 modules. The

transmisaion of cormands and data to and from the Mzin

Engine Controllers will be via a dedicated serial interface
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with DMA interface to controller computers.

Guidance, Navigation, and Control (GN&C) System

| The primary GH&C system consists of three'64K 32-bit
word computers dedicated to.the solution and status of the
Orbiter guldance, navigation, and control functions.

The computers contain identical programs to allow a

triple redundant computer system mode of operation.

Data will be routed to each computer to allow
program vote, average, or compare on input data.
Qutput data will be voted, or compared, at the actuators
rather.thah at the computer.
| The Perférmance Monitor System Modular Display

Electronics (PM MDE's) will contain backup G&N programs

|~fso that>a!"getlme home" capability is available for all !

'flight phases in the event of a gene:ic‘softﬁéte error

or GtQi; critical system failures. Separate dedicated

‘sensors and electronics are used with this system.

Display data for crew observation of the GN&C

system performance and status is provided by the GN&C

Modular Display Electronics (MDE) processors which are

connected to CRT displays and keyboards.
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The CRT's can operate in tabular alphanumeric, or
graphic mode and contain an interactive selection feature
for rapid indexing and data selection. Major display mode
selection and manual data entry are accomplished via an

associated keyboard. Switching is provided to permit

-geveral modes ‘of .CRT/MDE intercomnection for flexibility

of access to different display generation programs

which may be accommodated among the MDE's.

Performance Monitof (PM) System‘

The PM system consists of two MDE processors dedicated
to the monitof and display of non-GN & C systems status or
to the solution and display of the backup guidance and
navigation function. One of the PM MDE processors capa-

bilities is obtained by time sharing the center console

‘GN & C MDE between the GN & C display functlons, Lhe ._:

PM function, and the backup G &N functlons. Reload

of the MDE memory for a change of functlons will be

‘ provided by a tape read-only memory under control of the

crew.

Payload (PL) System

The PL system consists of two MDE prooessors dedicated
to the status, control, checkout, initialization, and

display of payload data. The PL computers which_contain
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identical programs will both be active but only one will
be in control. The PL system will not be required to process
onboard experiment data which will be either recorded on-

beard or transmitted to the ground for processing. Data

transmission and recording will .not require the PL computer

participation. Memory growth capability for the PL
computer system is provided by a dedicated wead=-only

“tape memory unit.

- Main Engine Controller

The controller is a single integral electronics
package mounted directly on each of the three main engines.
The controller contains electronics for interfacing with

the engine and the Vehicle with double and triple redundancy.

" The éontroller.also contains two independent .16 bit , - -

| 'HDC-601 Digital Computers, each of which performs the '

computations necessary for fulle-aunthority closed-loop

‘control of the engine thrust and mixture ratio in response

to commands from the Vehicle and daga from the engine
sensofs. | | )
Normally, Computer NQ;‘l is in control and
Computer No. 2 is in operétional standby. In the event
of a failure, control is automatically transferred to

Computer No. 2 without impairing engine'operation.
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4.18 Cr8 Ga-Poard Comnptor B Taterface Systoms
4.16.1 GCilLC CGrunral Functicnal Dascription

The GN&C subsvstem (Figure 4.18.1-1) provides (1) automatic
and manual centrol capability for all mission phasesvexcept
docking, which is manual only; (2) guidance commands that drive
control loops an& prbvide steering displays for the érew; and
(3) inertial navigation updated by star and horizon sensors for
autonomous orbital flight and‘by KF navigaticn aids.for |
rendezvous, approach, and landing. Three independent redundant
strings and a backup provide FO/FS redundancy. The equipment
is divided into three subsystems: the aerodynamic stability
augmentation (ASAS); the primery GN&C; and the backup GE&C.
Sengor requivewinis are found in table 4.18.1-2. Scction 4.9

discusses overall GN&C  subsystem functional requirements. The

various system control modes are summarized in Teble 4.18.1-1.

The basic aerodynamic stability of the orbiter is augmented by

using the ASAS, an F-14 type conventional system that employs

body mounted rate gyros and accelerometers. Gain scheduling is

provided by inputé from a DC-10 type digital air data computer
and deployable probes. Side stick rotation controliers, rudder
pedals, and trim controls allow manual control, and the GNAC

’ cpt ¢l . R P | o ey Ly o 1 Al 1 . Yy -
computer provides commands to the acrodynamic stability cugmen

e

tation subsystem for automatic flight control functions, such
- 2

as automatic landing..
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Flight Phagse

Characteriatic

LYWL e

Manual
- (backup)

Command .Poost/Insertion (IVC) i .Crew initiates guidance and
rbital (C.5,TVC,RCS), i control modes znd monitors
Entry, Aero,Landing ; centrol sutomatic through
Gil&C computer.

Contrxol «Orbital .(OMS TVC -or RCS),}{ .Menual control and guidance
Stick Entry, Aecro,Landing displays through GIl&C computerx
Stcering . Rate command, attitude hold, and

RCS minimum impulse: RCS
translation-acceleration command
A v : :
Manual .Aerodynamic Menual control through ASAS
Rate command and dowp

.Boost/insertion(IVC)
Orbital (CMS TVC or
RCS), Entry,Acro,

PR I RS
Fay ¢ f‘vef
14—411.14. iiy

.Backup sensors and computer,
Rate command and damp
LDirect RLS jet

ey . e = 23

Table 4.,18-1-1

Control Modes
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The primary GU&C piovides guidance, navigation, and control
for all flight phases with both automatic (command) and manual
(control stick steering) modés. The flight control 1oops'used
with the main engine and orbital mancuver subsystem (OMS) thrust
vector controls, and the réaction control subsystem (RCS) are
closed fhrough the GE&C computer ; aerosurface control uses the
computer and the ASAS. An additional manual mode for aero-=
dynamic flight control bypasses the computer and uses only the
ASAS. Rate gyros and accelerometers provide sensing for
damping and load relief. Attitude information is obtained from

the inertial measurerant unit (IMU). Air data is provided by

“vehicle nose pressure ports at high altitudes, and by redundant

probes deployed at lower altitudes.
~The backup GN&C subsystem provides a safe return capability
for &1 flight phases. It is separate from the primary sub- '

system and uses dedicated sensors and electronics. Backup

flight control is manual; rotation controller and rudder pedals

inputs are used. The change {rom tip pods to body-mounted RCS

jets eliminates severe control cross-coupling and allows direct

RCS control on-orbit as additional-backup. Steering information
for ascent, entry, and tcrminéi area energy management is
provided through visual int rpzctatioﬁ of the backup G&N data oy
a cockpit cathode-ray tube (CRT). Backup system alignment is

accomplished by an optical sighting device, much like the CSM

crevman's optical alignment sight,
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Currently, a gimbaled IVMU provides the navigation reference
y g g

with horizon md star sensors for autonomous aliguwnent and state

vector update. During active rendezvous, TACAN is used for rangy

mach as it is used in military air-to-air refueling operations.
Range rate is derived from the range data in the GN&C computer.
A star sensor acquires a target .light to provide bearing.
Rendezvous with a péssive target employs ground tracking of the
target combined with orbiter on-board navigation and, when re-
quired, range, range rate, and angle data from rendezvous sen-
scrs (considered part of the paylodad). TACAKN update is used to

assure approach and landing path intercept above 10,000 feet

altitude.

Automatic landing is accomplished.via a computed flight path
genevated in the GRN&C computer using the inertial navigation
system for reference with continuous updates from TACAN and

instrument landing system (ILS). Radar altimeter updates are

used neare«touchdown. The two segment (l5-and3-degree) glide

slopé approach fequires separate ground ILS transmitters for
each segment. Rollout control similarly uses the GN&C computer
and inertial navigatiog system with continuous ILS localizer
updates.,

For all critical mission phases where adtomatic switching
(i.e., allowable recovery times exceed pilot capability) is

required, the three independent strings are operated in parallel

[y
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with the backupAstring available. (Table 4.18.1-3). The requirc

T

autormatic detection and switching are accomplished through

comparisons with a predetermined threshold.




]

")

Qo

i
=
@) O
z Z
uld .
&) [ %
< ul
o o
=z

[

0
> >
23 &
o S
sSn =
S~ o
ouv 3
5 ¥
Rw -
W
°E f
- z
n Z nrm.
o
w—- 2
T+ m
= <
_

o)

=

)

N
=

i

o

QY]

!

(@]

—

w .
T -
< "
a o

t

SiUswoXInboyd eoubuiojded £0sdes ¢-1'8L° § 914984

R S CY-EFER)

(35p) 34075 SPITS UOTIEASTH

393png

quawdinbyg

’ S00°0
WRUTUTR €0°0 . (8ap) aeztTieEO0T ‘YanmIzZy ST1
0'1 €0 ( ) onieA uoijeoljroads-4Aoeanooe 3uraeaqg
009 00g . ( ) onie2a uorjediIioads-LdoeInodoe aduey NVOVL
H Ia32wrI3le
1 1 + () umopyono3j 3e Adexnooy zepey
, . : SAIVAVN a4
00% 00% (&) 5S¢y
01°0 G00° 0 (%) ao3oe3y 31eEOS 193cWCI3[a0dY
0S°0 <ZT°0 . (zu/ ) seig 0143
£900°0 0" 0 L (%) o303 BTEOS - zosuag dmyoeg
EGERES
A : ae3s/aosuss
Z°1 0°1 (utw) 3JuawulT1y UOZIIOH NI
, JUBLS
Z1 11 (uta) 31240 3Twil ‘JuswulTIIeE‘IUsWNIISUI 1eo13do dndoeg
9°0 $°0 (utw) se1q pur WOpPUPI SIXY-UQ I0Suas ae3ls
6 9 UoTITUIISp uoziaoy Aq pajIwil‘uiw) arfuy I0SU3S UOZTIOH
¢l Ce _ {J9s) (poads.om]) Jnopeay 1equtd
001°0 £000°0 , (3/xq/ )
01°0 £€0°0 (8/1y/ ) sixe uids aduelequn Ssey
1°0 1°0 (8/xy/ ) sixe 3ndur souelequn SSel
$0°0 €0°0 (ay/ ) 3geap
01°0 <0°0 (%) 030 g 81E2S 0149
(1}72 01 (oes) uBriestw stxe 3ndang-anduy
0S$10°0 62000 : . (%) =zo3024 °TESS
. 001 Gz g S (8 ) serd I233W0I31390Y
. o , 1001
(1) 3odpng (1) &311iqede) S13SiIoj3oedeqy Jusuodwoy -

‘ v-8-86€"




T ————T—— N L O Tt AT

[qY
™M
O
)
e
o | o
= =
E -
o | o
< &
o | «
=z
5
n
T >
25 x
o S
Swn 9|
S6 =
5 ¥
x5 7
1) .
ox &
zo ¢
- L
n =z
b2 8
T - o
= <
4
=)
=
n
Al
7(
1
(@]
od
1
@]
—
W .
= >
< &
a o

3 P
paruI3uod) SEIUSNDaS AIoh0o0Y 84184 L.ND E~1°8l°'% 91981

id 03 JAsszX O3 Lo
1 Uo 2zasij Saem3y

WH

do ‘m1I1d 4Lq v@usaomd J1 ¢ (oxpduwonsin
wv u;uweonm dmjsczg 03 YogIMs Jenusty
xo3ndwcs HSNH Bl axrdwod 3IBMIICS
cize xol sfof@ussyp o3ne pafefussip ¢ Mﬂxunyﬁ adutrs adeds xcI¥ paxinbax wucy
_ AIId souzpIng duvoeq LMD (ca2e) I03TUOW 0AISS

12uueyd paiiey a8z8uasip m wmuwumﬁousmeuswww 92303 £q 3J0S Tt1ed

gIcatTuc: I3ATIP aanssaiad ul sardwod axempiIry

1suueyd palIeI o8eduasip

A11eOoT36wo2ne SIojTUOW IBATIPp aanssaxd xo‘jzuusyd payiey a8eBuasyp L1jenuryy
2037U0W I2ATIP aanssoxd UT pue I03TUCH pupumod ul axedwod 2aeMDILD]
sx23ndwod J¥NI UL JOI3I3S SNTEAPTU IIBMIJOS

szaandwod JRNH ul 21edwod axemijes

USI3ITSCASIP Mmﬂuuea

TU0TIT3I10)
Tuo139a3a(q

$UDTIDBIA0YH
suo130323q

‘uo0TI22II0D
uop3oe3sq

=

€

tUu0I30DIX0YH
.1UpT3d918Qd °
tU0TIO5II0)
1u01353933q

< 31 M

30Uarndas BOIJoaalon

S pue doijdalsd

EREIS o) SIOSUBSFSOATOS *SABATIA(] :
ajes q Jaandwos¢spre uoI3Ie3TABRN _ a dmjoeg
2Jes v NI :
2IEG a Tsuueyd dnjoeg “
azes 9 SICSUaS ‘SoAIS3 ‘SaaATa(] ¢ L . .
2385 I Isyndwod‘spre uvoijzedrazy th 2 8- 10SU3S ¥ SO0AISS
TeUOTIRXEd0 . _ (51 saaataq Lxewtagd
EREIS q Touusyo dnso2g
a3es 9 SICSUIS ‘SOAISS SABATIA(Q Jazndwod
ajes R x3andwodspie uworiedraeN J d SpIE uoIlelBraEN
1euOTIIRXadQ v M1
aleg a Touuay) dmoey
TeuoxiexadQ ) sacsuas ‘soaissésasatag
jeuotaexado a 133nduog pue uoiizediaey v {1
ajes d (TNI :
SO3ens 23usnbag JuswsIg 3TU3NDIG Juswa]qd
JOND ucT3021310) ' o UoT31939x10)
pue v pue
ucT3Ioa3eq C : 1 uoI3da39q
9iIN] 184 puoooag _ : “ SIN{IEJ 35314

. v-8-86€-4



o7

L-23

PAGE NO.

NO.

REP.

THE SINGER COMPANY
SIMULATION PRODUCTS DIVISION

BINGHAMTON, NEW YORK-

DATE 10~

REV.

pozelocsr JT fjouus:
L1iest3cuwogae
_ o3

(38238 encissad woxy panuijuod)

TGHOD JUaIadIIID BU3 INA0D

2o dmjorq a8z8us A77zo13
ELEER

SIrO3TUCH X2ATIp danssc.ad
cu oazatap oanssaad vr pue

acn sSsnbiuyssy %ma&uaah

*2a0q8

031 3I3A3X 03 uctado ¢
pue 3y3813 sd1Cc; £¢
2anssaxd u1 aa: uﬂou axe

L xo QxuH dmdeq el

jusudinbe 3523

UUQHMU;@@ QAL

=v9 dosorg o] raawuw

37

I03TUCH pupuRNOD UT ax2dwod aipslAH

Ul

<eCT30333(g 32

31T

=1
£
fond
ex]

nq -

ssuo Iofow oyl
pue LoY3I0338p Syl

¢ 3I0N

13993300
otT39833q "D
13297363

soouNbDag AJL2ACITY

Yo T Y FaNaRK)
ANTT A TLU

’ v-8-86€-d




F.398.8-A ‘

DAT

E 10-20-72 THE SINGER COMPANY - PAGE NO. t-2371

REV.

SIMULATION PRODUCTS DIVISION

BINGHAMTON, NEW YORK REP. NO.

.controls -and navigational aids which interface directly with the primar]

Weight -Volume =  Total - Total

U Qty. Lb/InU Fe>/IRU ~"Wt.-Lbs. = Vol-Fe3

Air Data Pzzkeage ' 3 25 0.52 75 1.56

Attack 4ngle Transcucers 3 10 - 0.15 30 0.45

IMJ & Power Supply 3+3 47 0.80 141 2.40
tar '[racker and

Control Uanit 343 10 0.18 30 0 .54

Horizon Scusor (1) 346 22 0.20 66 0.60

Rate Sensor 9 . L.5

Accelerometer 6 0.8 0.01 4.8 0.06
GN&C Computer 3 40 1.03 120 3.09
Prog I1/0 Processor 3 35 . 1.03 105 3.09
Mowmory Unit (0) = 3 30 0.70 90  2.10
TVC Driver Unit 3 8 0.12 24 - 0.36
MIVC Electronics 1 5 0.10 6 0.10
Aero Control Elect. 3 13 0.29 39 .. .0.87
Speed Brake Driver 1 6.4 0.10 . 6.4 0.10
APS Logic/Driver Unit -2 19.6 0.48 30.2 0.96

Totals,GN&C LEUs

4.18.2 @I“C_Svstem Elements & Interfanes

This section provides detailed descriptions of the least
replacesble units (LRU's) included in the GN&C system.
The size and weight of the individual 1RU's are included in

Table 4.18.2-1. This table does not include the varicus displays,

Gli&C equipment. Table 4.18.2-2 contains a tabulation of the individual
LRU power requirements by mission phase. Individual detailed LRU

descriptions follow.

& H/S Heads (2) L S
0.02 - 13.5 0.18

789.9 1bs. 16.46 Ft-

L
(3}

Teble 4.13.2-1 System Weight and Volume
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requires only ‘the computation of dynamic pressure for gain scheduling

the addition of an Angle of Attack Transducer package, which produces

4.18.2.1 _Air Data Fauiprrorat

| The Air Data Equipment for shuttle has been selected for
maximum use of existihg equipment and permits a phased development
pregram.

For the Mark I Orbiter, the horizontal flight control system

of the stability augmentation system; displayed-parameters include
altitude, altitude rate, mach numbér, and airspeed. These parameters
are computed by the Air Data Package from input probe pressure signals
corresponding to static and total pressures.

The selection for Air Data Package is a modified version of
the lioneywell Digital Air Data System designed for the DC-10. Utilizing
a comnuter (7 CPU cards, 1 memory card), this device converts pressure
signals to digital format, computes flighé parameters, and produées
both analog and parallel digitél output ts displays and to:the aero=’
dynamic control electronics. | |

Updating the Air Data System for the Mark II vehicle requires
digital outputs permitting computation of angle-of attack by the GN&C
computer. This device coﬁsists'of two differential pressure-to-.
electrical signal transducers and utilizes module building blocks in
converting to the required digital outputs.

Three cach of the Alr Data and Angle Transducer units are
required in each eystem, for single-string redundancy in a spatially

diverse vehicle layout.
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“and power supply. Separating rate sensors by axis is assumed to be

F-398-8-A

4.18.2.2 Rate and Acceleromoter Sensors

Sensors for both the orbiter and booster vehicle GN&C systems

include both body rate gyros and acceierometers for control loop
stabilization.

The hardware elements for both rate and acceleration sensors
ére based on existing equipment in current production by Honeywéll for
the Grumman F;14 flight control system. Available configurafions in-
clude both’dual and triple redundant single-axis packages utilizing
heaterless GNAT gyros, and triple accelerometer packages. In applying
the single-string system criterion of gpatial diversity to the redundant
gyros and.aécelerometers, subassemblies and circuits of the F-14 units
will be handled as building bl ocks in repackaged sensors 6f four types:
roll, yaw, and pitch body rate packages, and a 2~axis'acce1erometer'_

package; each LRU includes the inertial sensor, plus loop electronics

required to permit locating the sensors at different airframe body

stations because of vehicle bending mode variation by axis. =

4.18.2.3 Iy

Each IMU consists of two LRU's; the platform and the power
supply. Both are shown in Figure 4.18.2-1.

The platform has four gimbalé'with apprdpriate synchros, re-
solvers and torque motors for each gimbal. The angular sequence
starting with the.inner gimbal is pitch, roll, and yaw with the fourth

gimbal providing redundant roll. The stable element (iﬁner member) con-
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tains two ZDOF gyros with SRA's directed along the pitch and yaw gimbal
axcg, regpectively. One gyro controls the roll and yaw platform gimbals
while the other controls the pitch gimbal axis. The blatform baseline i
typified by a Kearfott KT-?O.

The accelerometers, also mounted on the stable member, consic
of a two axis zcceleromater, measuring accelerations in the X and 2

axis and a single axis accelerometer measuring Y axis accelerations.

This definition applies.when the gimbal angles are driven to zero in

systemvx, Y, Z, defined in the conventional sense, corresponds to the
roll, pitch, and yaw axes cf the vehicle. The gimbal torquing elec-
tronics and the accelerometer rebalance electronics are located in the
platform assembly.

4.18.2.4 . Star Tracker System.

The star tracker is a strapped down optical sensor using
electronic gimbaling to determine star positions within the eight degree
diameter field-of-view (FOV). Usage of the tracker is extended to in-

clude acquiring and tracking a space station light beacon. The acquisi-

tion mode, results in a scan of the entire FOV after which the brightnesgs

object is selected. The tracker then enters a tracking mode in which
the selected object is scsnned over a very small FOV on the order of

186 arc-minutes. Tue position of the object is measured in two axes

with respect to the boresight of the tracker.

S

rr
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tron image -of the “focused 1light source. An accelerating voltage applied

‘generator is used teo scan the entire tracker FOV whereas the track sweep

The star tracker(baseline is typified by the ITT Dual Mode
Star Tracker) consists of an optiéal lens system, photosensor:and elec-
tronic circuitry as shown in Figure 4.18.2-2. The lens gathers and
Erings to focué the radiant energy from the source at the photo cathode

of the multiplier phototube. The photo cathode surface forms an elec-

between the photo cathode and a limiting aperture causes electrons
from a particular area of therphoto cathode (instantaneous photo
cathode area) to pass through the aperture. This then defines an
instanﬁaneous FOV of a small region in space. A multiplier section
behirnid the aperture amplifies the signal.

| Deflection coils placed around the image section of the

hototube provide a means of deflecting the electron image. A search
P g 23

sweep generator and a track sweep generator provide deflection signals tjo .

the coil to cause the electron image to sweep across the aperture during

the acquisition and track modes, respectively. The search sweep

generator scans a small preséléctéd area;

‘The video amplifier and star selection circuits amplify the
star presence signal, and set a reference level corresponding to the
largest signal encountcred in the FOV. Oﬁ receipt of a tracking signal
from mode control, the tracker scans the FOV and stops when the brightesgt

star enters the instantaneous FOV. Once this happens, the tracker

enters the tracking mode. The tracking loop circuits develop an ahalog

.




DATE 10-20-T72 THE SINGER COMPANY 7 PAGE No,ii"‘g"'f*l ] :
B ) ‘* 77 SIMULATION PRODUCTS DIVISION
—- -:|REV. o S " BINGHAMTON, NEW YORK SR REP. NO.

F.398.8-A

-error signal which is used to control the deflection-soil signals so
" that the fine scan is centered on the star image. The output error

“amplifiers sample the deflection coil signal and provide output error

‘signals to the computer. -
~-- - ------The power supply requires both plus and minus 27 vdc input
opower. oo

“T'“f“””‘;”TThe star tracker system isvcomprised of 3 LRU's: —~

. star Tracker/shuttler . _
ST s s Sun; Shleld/Sun Sensor/Shutter Assembly -
o Control Unit L ) B

4.18.2.5 Horizon Sensor “1”"W”“““““““*”j““*?"“““L“f”“im-

The horizon sensor, used operationally during nav1gat10n is

~of the conical scan variety. The sensor approach uses two horizon

~ sensing heads interfacing with a signal processing box. A block

) diagram of the- sens1ng system is shown in Figure 4,18.2-3.

Each head contains an optics section with a motor driven

rotating mirror. A bolometer/amplifier provides a signal indicating

-the level of radiance received through the rotating FOV. A marked

~ change in radiance levels indicates a horizon crossing. Under normal

_operation, two horizon sensor crossings per scan are received by each

" head. A motor packoff provides a reference timing signal which locates

..the center of each scan pattern. . .. ... ... .. .. 2

" "Within the processor box, pitch information from each head

~is derived from the horizon crossing signals and the reference pulse.
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| which is the optlmum spectral band for minim121ng horizon variations.
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|- of "Earth crossing" pulse from each head.

| this method of control. There is no productlon dlgital stabillty aug-

The pitch information from each head is averaged to obtain a pitch angle

'outpnt signal.V_A'roll‘outputlsignal is obtained by comparing the period

Radiance compensation circuitry is provided to suppress the

- effects of horizon anomalies on the output performance of the horizon

.sensor.

““-“:‘*'f““The'horizon sensor, typified by the-Barnes 13-156 Conical

Scan Horizon SensorrSystem,*provides'a'hlghly'aecurate;‘long'life,‘local
vertical reference oveér a wide range of altitudes (80 - 6000 nautical

miles). The optics are designed to view.the Cdi special bandi(lS micron

The output error angle signals are linear over a +S degree region
’ saturatlng at’ 10 degrees. A sun'presence signal detected in the short
wavelength spectral band inhlbits the signal output thus preventlng

corruptlon of the navigation processrng with erroneous updates.

. 4.18.2.6 Analog SAS

The selection of an analog SAS shown in Flgure 4.18.2-4 as
opposed to a digital SAS was based on the fact that there are several
flight proven and operational fail operative and fail safe analog fllght

control systems in use today All aircraft currently flying employ

mentation other than Apollo. Therefore, analog is tentatively selected
" as the conventional off-the-shelf approach in order to minimize risk

and be available for horizontal flight, - . ST e

—— e e e e e P [ — © e - - ———

s)
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_for gain schedullng

4.18.2.7 TVC Electronics

T
X
F-398.8-A ,

Anélog aerodynamic flight control electronics are packaged

in three identical 3-axis LRU's in}adherence to the spatial diversity

‘concept of redundant hardware‘independence; In each, thevpitch, roll

and yaw control channels receive control commands from the GN&C computer]

and provide crossfed commands to the elevon control surface actustors,

and in yaw channel from transducers in pedals. Capability also exists

"in the roll and pitch channels to provide surface actuation signals

~in response to analog manual input commands from transducers on the
" center control stick. Vehicle body'rate and lateral and normal

. acceleration feedback signals are introduced for axis stabilization arnd

a dynanlc pressure s1gna1 from the air data system 1s used in each axis

In ‘addition to the control electronlcs and actuator servo

,ampllflers, each LRU includes an independent set of mlddle select coms

parators and the rcqu1red power supplles. In packaglng of the aero con-

trol electronics, exten51ve use will be made of existing a1rcraft flight

control hardware and packaglng techniques. Plug-in circuit boards will

ey, .
be modified from C-5 and F-14 hardware; wire-wrap interconnecting base

" plate and fabricated aluminum enclosuxe are adapted from the existingg

F-15 aircraft flight control electronics hardware. -

wemw . Hardware for thrust vector control is packaged in four LRUs"

3 identical TVC gimbel servo driver units and one manual TVC electronics

box . e e e TTTT T T T T RAS mmsemme e QTstom oS o mesmomm eeemstmmsosmems s omeememe o T o e -

P
1

Each'of‘the TVC gimbal servo driver units contains 8 servo
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m'ignltion is handled by two APS Loglc/Drlver Units. Based on the existing

amplifier circuits, middle select level detectors for redundancy
;.hanagement, and_bias aupplieg,-and repreeents'a single layer>of redundant
drivers for the 8 engine gimhal actﬁators: Gimbal command inputs are
daccepted from eiﬁher the.GN&C.compdeer ih automatic control mode, or updn

manual switchover to manual TVC, from the MIVC electronics in a backup

<mode..

"~ 7" The MIVC electronics'unit accepts J-axis commands from the

.two rotation hand controllers and body rate signals.w Stick and fAEe
inputs are amplified, and summed in an 1ntegrat1ng ampllfler, the re-
dsultant command SLgnai.outputs are fed to the approprlate glmbal servo
" drivers in each of the three TVC driver LRU s.i A11 of the TVC electro-
nics hardware la new desxgn,ww1th circu1ts based on Apollo BG286 MTVC

and BG288 servo amp background experience. Packaglng will utilize
.olug;ih“circoit hoarde, wirevorao inhercohhecting mahrix; and non-
hermetic aircraft-grade enclosure design of fabricated aluminum sheet,
wihh ohermal design based on convection cooling. .- oo

1 4.18.2.8 ”APS Logic[Driver Unit

- . ... Control of the ACPS thruster valve aolénoids and of OMS engine

Apollo Reaction Jet/Engine on-off control, this device accepts ACPS
thrust commands from either the GN&C Cdmputer”or_from the Translation
Hand Controller; it-contains the 1ogic necessary to select the appro-

priate throster'inﬂresbonse to the commanded rotation or translation.

maneuver, and provides the switching circuits necessary for controlling
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current to the thruster valve solenoids. This device also includes the
nécessary‘transient suppreééionvand bias supply circuits, and circuits
for OMS engine ignition and cutoff control..-*“ SRR R
The unit will utilize the BG287 chassis-as well as the basic
existing welded matrix and cordwood module configuration. Growth space
is adequate to accommodate revisions neCessary to tallor the existing
' jet select logic to shuttle ACPS system requirements, add one 2-jet

drlver module to the ex1sting 16-Jet control capability, and modlfy

the SPS engine igﬂlthP tlming and logic to meet shuttle OMS needs.
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4.18.2.9 GN&C Computer Interface = .

The GR&C computat10na1 fac111ties consist of three, single

thread dedlcated data acqulsitlon strings and computers. At the pre-

sent time, no prov151ons are belng made to permit the transfer of data

between computers. Figure 4.18.2-5 presents a simplified block diagram

of the selected-concept.

e During the quiescent on-orbit periods, where tue'consequences

}of a hard failure are mlnimal, only one GN&C strlng is used WAIQM?eble'

-4.18. are the key features of the redundancy configuration. The
fallure recover& scheme is shown in fIGURE 4 18 1- 1 ‘and TABLE 4. 18 1-3.

_AI.A.. :- _ s e e ‘ — Table 4 18 2 2 R _.,,,._,'...__Y._

rlRedundency Management Key Features

T -RedJr ant strints intorconnestad only &t l“U ¢tzut and at the gutnut
force servos and jet drivars to maintzin cesisn 'T‘Lumi) 15 mtcr~
cennz qtnon pravanls diviriance in guidance c: mputations and alies
detection of grzdztien failures. Servo and jet driver mtercon-
R nectien (via m reguired for “fail-szit.”
: * RS engines divided into 2 grouns elactroniczily, e2ch with dedicated
T mT e e Gr&C ccm ter and czpatie of coing &li req.vnrnd maneuvers.
. Do
i - ' ' ¢ Hydraulic pressure manitars in the main enzine TVC and aerosuriace
R ac(ualors zutamstically dizsnzzza a failed channel for first failure and
’ | . switeh ta backup for sencrd. 43S TVC is nat time-criticel and does rot-
e e e ] Spequire a moniter.
: e When the beciup system is cngaged, there are no significant tiznsients

T Tt ’ ; requiring initial corractive pnlvtlrpu s. Backun is raie commeand system
o . that demps out faiiure transients automahcdly with rotational cea-
pm e e e e trollercentercd S e e
: : i o Steering displsy command monitor detects guidance loop discrepancies :
T T e i for dispiay; no auiomatic acticn is initistad by this monitor. - - T T —
;
{

: { | *Builtin test and se!ftest furnish LRU status to crew but are not used
ST e to automatically manage redundancy.

: * Riter a second failure, if the failed string can be isolated using BITE,
T e : control may be restored to the remaining gosd string at crew ontlon

s

R e e
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4.18.2.9.1 GNS&C 1/0 Buffer

_permit early computer design. The modular display electronics 1/0,
- computing, .and. display subassemblies are combined into .a single unit,
~ which permits a simple design and is feasible becausé the identified

"~ 1/0 channel requirements are primarily multiplexed, serial d1g1ta1 The

_ unit identifled as the GN&C 1/0 buffer The I/O buffer prov1des the

Mﬁand from the computer memory. The transfer functions are accomplished

. and/or where necessary exchanging custom I/0 modules. The feasibility

the‘other vehicle subsystems is implemented using a modular design con-=

- cept to provide the flexibility to accommodate changing requirements and

- change therefore, these functions have been grouped into a separate

"functions of sxgnal conver51on, multlplex1ng, and transfer of data to

capabilities are accomplished by exchange of available standard modules

‘of this approach has been verified by detailed I/0 interface studies

. summarized in Table 4.18.2-3. ]_f" "f.,f i_nﬂif_“;“fmfm

The input/output 1/0 interface between the computers and

I/O to the GN&C computers is s1gn1f1cant1y more complex, and subJect to

.

by USlng a dlrect memory access channel which operates 1ndependent1y

of the CPU, except for initialization Modifications to the I/0 buffer
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Table 4.18.2-3

. Input{Ousput Buffer Subsystem Interface Summary

- e
n > = n) - -
Interfazing ?f:' H:‘:f;c g‘::::“ . jNumber]  Rate Typica! Signal ames . Use
- GNaC Discrete [Hardare | Standard 9 125578 Siatus and control GHAC prrlorms momior and equipment control
AC analog jHardwire { Custom 9 }lard 25s/s | Gisrlad anpls Guidan-e and 1718 conlral ecmpntatiors
. Paise Hardwize { Costom 23 {1 and 254/s | Accetcrameiers, rate, gyros | Guidonce and tight control computations
; DC analey| Hardaite | Standard 47 11 810258/ | Star angles, vestical errars, | Navigaticn and guidance computalicns, flight
i 3 air ¢a1a, commands cosiiol
- Serial Hardwire | Semi custom $ [25s/s i ntrel computations
i TRUX Semi cuslom 1 §25s/¢ e eontic) and musitor
i [ Bocster Diccrete |1 dwire | Siandyd TS| e wmter statas a1d diseiete contrcl
i Communication Disceele jHaicwire | Stangard 37 |V and 25 575 | Situs. eont nl anlenns Status, equ:poznt control and swilttang
. switching cemmands
Seriat MUX  §Semi custom 2 12Kb/s Updata Greund data foad
- Parailet |Hargaire | Custom 6 is/s Ranza, beating Asro-ravigation guidance; orbital rendazvous
-4 | OC-anatnp Miardwice 1Standard %3-125¢/s «{-Ritigde; plide siope «Autoland .
1 D&c Senal wux Semi custom 10 [S3Kb/s Alt:tuca/tansiation Hight cont:e!
- o caTmands
[']] Uiscrete THordaire | Standard [RIXYD Stzlus and contiol Status, equipment centrol
S:nal NUX | Semi custom 1 |2Kb/s Computed data Telemedry .
e - Serial Hardwire | Semi custom 1 s/ fime Micsion/event navigation update
' Computer/computer | Serial MUX Semi custom 12 |756 ¥b/s intercomputer data transler | Indicect transfer of data betaeen comg
for reiritialization, suprort inlermation, data;
_ _ ot exchange, ard GAIC display data (CRT and
i annuncnzlorl

;;, !ll—mph et second Kb /s~ Kilobils per second; MUX—wultipiered

multiplexers and input buffer, and an output decoder.

~The GN&C I/0 Buffer consists of two standard remote

Data collected

‘ via the multlplexer/buffer will be, with very limited exceptions,

already conditioned to a spec1f1ed DC 1eve1

i v ¢ i \
N i

" the various

The decoder will be

custom'des1gned to meet subsystem interface requirements. h

After 31gnal conditioning has been performed data from

l

subsystems 1s distrlbuted to one of the two multiplexers. '
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The input data is multiplexed and routed to the buffer units of the

computeré. Each'@ultiplexer accepts: (1) 96 discretes, (2) 1 serial

data channel, (3) 80 high level analogs, and (4) 50 differential anzlog

signals. The multiplexer's sample rate is under internal control; its-

output is 8-bit plus parity serial data.
" The buffer units aécept input data from thermultiplexer at
“the bit rate programmed by the'multiplexer programmable read only mem-

ory. The buffer stores the input data in an internal memory. Each

multiplexer input has a separate starting address. Two multiplexer

channels are-étored simultaneously (16 bits).

77 " The buffers used in conjunction with the G&N computers

_receive data from the various subsystems via the multiplexers

described above,” Using input data and the stored program, the computer

s&stem performs the’reqUifed'G&N functions. Combuter outputs are

obtained either under direct software control or under decoder control

-

via direct memory address through the parallel channel Nominal decoder]

‘output capacity is as follows: (1) 15 serial signals, (2) 100 analog

signals, and (3) 200 discretes.

’ 4;18§2.9.2 ) Remote Mu1tip1ex1ng,Un1t (RMU)

The selected multiplexer is typlfled by an off-the-shelf

Teledyne Remote Multiplexer Unit (RMU)»Model DS-704 with minor modifi-
- cations. The RMU is tbe device whiéh-interfaces_thé Qser—subsystems to
the GN&C computers, via the appropriate Buffer Unit. It consists of

a time division multiplexer, A/D converter, prograémable read only
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memory, and the necessaty control/timing logic and modulator circuitry
| required to ootput mdltiplexed subsystemldate>into a PCM format for
"trensmission to the Buffer Units:. The modification required is the
» eddition of a“serial digitaivinputrchannel(s).
The following is a description of the functional capabili-
%ta':ég of -ot-h_é R | |
‘ 'Ingut‘s: .
. High level (00 to +5 VDC) analog: 80 single ended chanmels
" . Low/High Level Analog: 50 differential channels
...... , mo.?. biecretes: 96 pointe-~..v- N - .
”;. Serial Dlgltal Total anut capablllty is limited to
| \:142 equlvalent 8 bit words, i.e., Analog Input - 1-8
"bit word 8 dxscrete inputs = 1 8 bit word. The ndmber
_of serial digital 8 bit words inputted to the RMU w111
'subtract from the existing analog/dlscre*e capablllty,
e eewien oo i,e., = 1 serial digital word block consistlng of 142-
N | . 8 b1t ‘words would delete -any analog/dlscrete lnput
- -Acapabllity for that RMU. - . . . .-
w—w"i.._i’ormat Select: Two lines speeifying one of four formats to
be read ffom the programmable read only memory.
Ah.‘Power: +28 ilOi VDC @_406 ma.
Qutputs: - - : . : N

. Data Output- 9 blt (8 bit + parlty) words belng transmltted

at approx1mate1y 30 Kbps with Bi-phase - L Modulatloﬁ.
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Functional Operation The RMU will operate according to

‘;the mooe stored in the programmable readzonlylmemors-ano selected by
‘the Format Select lines. Flgure 4.18.2-6" presents a simplified
functlonal block dlagram of the RMU One of four modes can be externall
selected which specify: output bit rate, input channelvselection, cut-
put modulation, output word length, and gain selection tor the differ-
'entlal analog 1nput channels The RMU will then scan the approprlate

. input channels, perform the requ1red A/D conversion for formatting,

"add the necessary parity, modulate the resulting serial data stream,

. and output this data stream for transmission to the appropriate Buffer

Unit.
. Functional Configuration Two functional RMU's are pro-

"vided within one case. These RMU's may be used redundantly by external

crossstrapping or to expand the total number of input channels.

Physical Characteristics (for Dual RMU's)

. Power: ... 20 Watts (both units ON)
) Weight: 10 1bs.
=~ == - - Dimensions: — --8.5H x 4,5Wx 3.5L (Prellmlnary est.)
) L""J*;Qo1dné§'“”"'“f:f"b 08 cu. ft.;”f“ S

4.18.2.9.3 - Input Buffer

The input buffer contains a11 of the circuitry and storage
‘necessary to accept, decommutate, and store the inputs from four multi-
_'plexers nhich“are‘outputting serial data streams. In the baseline

" system only two will be used. The multiplexers are free running and
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an aaiiitn “:‘“‘ 2 T S eeS eemseee
.Figure 2. 18 2- 6 -
‘ - SIMPLIFIED BLOCK DIAGRAM, 'REMOTE MULTIPLEXBR TR
: ' L (TELEDYNE Ds-704) ‘ ' ' o
R T PPEE USSR L PCM
o o 4 o L : .Y __ OUTPUT.
’ PROGRAM ; . MEMORY PCM CODE SELECT. . “ .
, MEMORY, ‘T——> CONTROL | - ] -
. .. | SYSTEM  |WORD LENGTH S}
' BIT RATE <_l 1) _- C
SO .. SELECT : GAIN SELECT !
 GROUP a - SG;‘LOEUC}; CHANNEL  GROUP
.© SELECT BUFFER SELECT . SELECT
AMPLIFIER - » Y o D
4 OUTPUT |
- ADC iy
. HOLD N '
R L :
: , CHANNEL
o : ' SELECT
’ v . . SER-
BUFFER GAIN AL
AMPLIFIER SELECT Ux L
. 4 .
CHANNEL DIFF, CHANNEL CHANNEL
. . 'SELECT AMPLIF, SELECT SELECT
HIGH LEVEL LOW /Kl LEV, - DISCRETE <__|J o
ANALOG MU " JANALOG MUX " MUX ~ -
\UP_TO 80_CHANNELS UP TO 50 CHANNELS _ 1 CHANNEL uPp 'ro 96 CHAm\:ELs
A v
b




F.398.8-A

DATE 10-20-72 THE SINGER COMPANY PAGE NO. 257

" SIMULATION PRODUCTS DIVISION

REV. : : * BINGHAMTON, NEW YORK - REP. NO.

"determined location of core storage in the buffer unit, or the computer.

_puts where significant cost savings may accrue. Typical candidates

for consideration are data inputs from TACAN and Up-Data Link equipments|.

" computer interface compatible with the computer parallel Direct Memory

operating asynchronously. As each pair of words of data are recéived,

from a multiplexer channel, the data will be transferred to a pre-

In addition to the four PCM input channels, provisions will

be made to custom interface, on an exception basis, those specific in-

The input buffer for the CN&C computers will have a buffer-

Access (DMA) channel. The computers will initiate data fetches from the
buffer under control of software. By use of an I/0 call, a starting
buffer address and Wérd count will be transferred and then sequential
fetches of up to 24 locations will'begin.-'Transfers from the buffer
core to main memory will take place:via DMA.

| ”é_simplifieq"b}ch‘Qiagram_of thé»input‘buffer is shown

in Figure 4.18.2-7.

-thsical Charaéteristics ” -
Weight - 24 1bs.
Dimensions: 4.1 H x 10.1W x 15.50

--—---Volume: - 0.25 - : S e

h?oﬁer} ”A' 160 waftéﬁww
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4.18.2.9.4 Qutput Decoder
_ The output decoder provides a means of distributing and/or
'~ formatting the G&N compﬁter output. The output decoder has the

following capabilities. L o

T . 16 independent serial channels - each serial channel is

1osded via a direct 170 instruction

128 discretes (0 -:5 v) - four fixed main memory locations
are fetched via the DMA at selected intervals and their
~ contents are used to update the discrete outputs.

64 DC analogs (0 - 5" @ 8 bit accuracy) - 16 fixed main
';memory 1oca;ions_(4_outpgﬁs perglbqagion) arelfetched via
.the DMA at selected intervéls and their contents are
~_qsed>t9'update ;hevdigitgl_tq aﬁélog converters.
Gyro Pulse Torque Commands to gyro - a three-channel
”gyro_pulsg_tdrduerrcqnverts command'signéls‘from the com-

~= —-+----—-puter to precise binary torque pulses which may be used

i _ﬁ§ drive the’gyro paékages. Each pulée_délivefed fo

=~ - - the gyro represents an increment of angle at the gyro

e e e e e

input axis.

- - . 48 bit register to telemetry - one and one half fixed
“memory locations arg.fétched via the DMA at software
"~ =7 controlled intervals and their dontents are used to

reload the 48 bit register. The register is made avail-

wmemtosmo o gble” for periodic sampling by the telemetry data

~ acquistion system.
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The Outpuﬁ'Decoder interfaces with the parallel DMA channel

of the édmputerl ' The DMA facilities of the comp&tef are shared with
-thé Input Buffer. «

| o Figure 4;18.2-8 depicts a simplified>block'diagram of typic

- functional paths which may be provided by the Outpﬁt Decoder.

Physical -Characteristics

"‘Weight: - 27 lﬁs.
 Dimensions: 4.1 Hx 10.1 W x 15.5D
" \Wotume: 0.25

_ Power: = 80 watts

a1
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4.18.3 GN&C Computer System

. The GN&C system consists of three 6&K 32-bit word computers
dedicated to the solution and status of the Orbiter guidance,
navigation, and control functions. The computers contain identical
programs to allow a triple redundant computer system mode of oper-
ation, The computer clocks will be phase locked to the master
timing unit to provide an inherent computer synchronization capa-
bility.

. The GN&C program also provides navigation and guidance -
data to the Booster control computer and provides the control
program for the manipulator:iarms,

- Although the final choice for the GN&C computer has not
yet been made, there are at present two candidates for the GN&C
computeér for the Orbiter., One is the Model AP-1 (designated AP-101
for the Space Shuttle) manufactured by IBM Corporation. The other

- -candidate is the SKC-2000 manufactured by the Kearfott Division

" The Model AP-1 Computer 'f o
_The IBM System/4Pi Model AP 1 computer is a medium-sized, hlgh'

of The Singer Company,

speed, general-purpose computer for real-time space and military

“control use, A standardized parallel channel and AGE interfaces

permit the AP-l to be integrated into an optimum system design
with other Advanced System/4Pi computers. A summary of AP-1
characteristics follows, i

1 [

" The AP-1 has a fu!ﬁ)’éralle! 32-bit word machine organization. Data transfers to and

-- from main storage and the 1/0 are handled on a fullword basis as well. The architecture’

provides addressing of each 16-bit storage halfword, thus allowing both 16-bit and 32-bit

operands to be processed. This, together with the short and long format instructions (16

~ and 32 bits), significantly increases the overall storage efficiency-of the AP-1 computer.
It further expands the applicability of the AP-1 to a wide range of problems, since most
uses require only 16-bit precisio: in the operands.- Navigation and similar high precision

| computations are effectively addressed using 32-bit operands. The short format instruc-

* tion, 16 bits, provides a similar advantage, because more than 70% of the instructions.in a
. typical application program may be of the short format.” :
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‘ AP-1 Functional Characteristics

Machine Organization

Type

Organization

Data Flow

Data Word Length
Instruction Word Length
Average Instruction
Execution Rate
*General"Registers

Main Storage
Type
Capacity

Modularity

1/0

Serial Channels

.

General purpose, stored program, parallel
Binary, fixed point, fractional

32-bit parallel

32 bits

16 and 32 bits

450,000 operatlons/second 40 5S50c00

“Two selectable sets of-eight"32:bit hardware registers

- .. Random access, nonvolatile, destructive readout core

Parallet Channel {option) -

" Interrupts
‘Discretes

Logic Circuits
Class
Type
Package

Power System

. Primary Power

Power
Features

Physical
Volume.
Weight

Environment

-

- 250 W (32 K halfword main storage)

16,384, 32,768; or 49,152 18-bit halfwords (including 1 parity
bit and 1 store-protect (optional) bit)
8,192 18-bit halfwords per pluggabie page

Four channels; transformer coupled, two-way party line, 15 de-

vices per channel; 1-MHz bit rate; 45,000 16-bit halfwords per
second per channel

One channel; multiple devices; 16 bits transfer; 150,000 to
750,000 halfwords/second

16 internal and external interrupts; 9 levels of pnonty, maskable

12 DC-coupled inputs; 9 DC-coupled and 3 relay-controlled outputs

Monotithic integrated
TTL and MS!
Flatpacks; 14, 16, and 24 leads

115/200 V AC, 3 phase, 400 Hz O0R 2§ VDC

Overvoltage and overcurrent protection; transient protection;
power sequencing :

0.87 ft 3 e

’ 40 Ib (32 K halfword main storage)

“Meets or exceeds M| L-E-5400, Clas 2X
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7 .' A block diagrani 'of;he AP-1 compute} is s‘h0\.~n below.

. T 115200V
A 3 Phase, 400 Hz
Systeen l Power . 3:':;::m.ng
i
Test Ser ' System System

r—

S

vy

+5,-5,+12v DC

R

Operation

Number system

Data word length

e Ve e i
» Controls o l sf.oraqe 1‘03":0"
3 K
. “CPy < __-Cata 1320113 ITiming. 1orme | 1 [izon] ' |ne] |

e Page 3K e i fex !
1 17 bit 17 bt 17 bt |
' { Control Lines | '

- M (S SUUR
: ‘ 1 1 y

e ___-5 Optional 1o _
i Paraltel < » Controt < —p{ Serial
Channel Logic Channels
i ofid T 133 1113 b
T - Oiscretes & Senat Data T
. Controls I tPrraols Bus (4) , _J
) - 4,18.3-1 AP-1 Functional Block Diagram - x
i . : T H M SR . I B TR [, o
- - - T H H . .- PR— v -
T CPU Characteristics .
Type - General-purpose, stored program, simplex —~ 4 S&7Ts ofF

GENERAL REGISTERS
Binary, fixed-point, two’s complement, fractional

Full parallel
32 bit fullword, including sign

. 16 or 32 bits

Instruction word length
fnstruction set

Typical execution times

42 short (16 bits) and 41 fong (32 bits)

. - Storage to

~ Register {us)

AD-jot

>~

117 18517,

Register to
Register {us)

Add 20 L6 1.2

— Multiply _ 66 54 6.0
Divide = . - 106" 8.6 10.0

- Ap-i0} :

Average instruction
execution rate

General registers

Over 450,000 instructions per second using typical instruc-
tion mix {68% add or equivaient, 8% branch, 5% multiply,
1% divide, 8% miscellaneous) (AV—IOI §5Goco)

“Two selectable sets of eight 32-bit hardware registers; in each
set, all are usable as accumulators, seven are usable as index
registers, and four are usable as base registers
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Instructions

.-~ "The five basic instruction formats shown below allow most operations to be coded in
either a halfword or fullword instruction. The halfword format instructions not only pro-
vide increased throughput, by means of the instruction-look-ahead feature of the AP-1,
but significantly improve the storage efficiency of the computer. Improved storage ef-

- ficiency means decreased storage capacity requirements for operational programs, since
typical applications have consistently demonstrated that the short format (16-bit) in-
structions account for over 70% of the instructions used. The AP-1 Assembler program

- automatically optimizes-the.object program by selecting the short format instruction

.. whenever feasible. ‘

i
; op R1 |1 1100{ R2
| O O O I I I I A
‘ op R1 piIsP |82
| 1 1 [ S !
.OP; R1 {1 1 11i/bblg2 ADDRESS SPECIFICATIONS
o8 O N T X T 5 T T 1 T O O T O
or oPX DISP: B2 -
1111 | | . 1 : -
' or |oex DisP B2 MASK
. ) U8 U 10 N O O U 1 N (1 O O T 0 O O O Y
oo+ OP and QPX Operation code and operation code extension
. R General rejister designation
¢ DisP Displacemznt fiaid
. - ] Base register designation
bb Addressing mode

" RR (Register to Register)

SRS {Short Register to Storage)

LRX {(Long Indexable Register to Storage)

SSS (Short Storage to Storage) : ' ;

LSS (Long Storage to Storage) ”
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The AP-1 general-purpose computer features an efficient instruction set, resulting in low
main storage overhead and high throughput. A comprehensive set of halfword and full-
word instructions are provided for arithmetic, logical, bit manipulating, data formatting,
and input/output operations. Extended mnemonics for the Branch -on-Condition instruc-
tion aid in sxmphfymg programmer source coding.

AP-1 Instructlon Set

" Typical Execution Time Format
tnstruction Type Basic Instruction (SRS) (us) RR SRS LRX SSS LSS
Arithmetic Add 200 (L&) x x x
- Compare - 2.00 X X X
o ] Divide 1075 (66 x x x
- _ - Load 200 . X X X
Modify Storage 3.12 " o X
SRt Multiply 675 (54) x X X
Store 2.00 / X X
Subtract 2.00 A”"‘, X X X
Tally Down 3,12 evawples X
Logical _AND 2.00 X X X
. Exclusive OR 2.00 X X X
OR 2.00 X X X
OR Bits 3.12 X
OR Halfword - 3.2 X
) Test Bits 2.75 X
Test Halfword 2.75 X
Zero Bits 3.12 - X
Zero Halfword 3.12 X
Branch Branch and Link 1.37 X X X
Branch on Condition 1.37 X X X
Branch on Count 1.62 X X X
. Branch on Overflow ]
: . & Carry 137 . X X X
- - Shift . S, Normalize and Count 1.32+n/4 X
: Shift Left Single & ” s
) - Double Logical - 1.87 +n/4 X .
Shift Right Single & o
Double Arithmetic A . PR
- & Logical 1.87 +n/4 - X
Input/Output n 1.87 - X
- Load AGE - 200 X X.
Out 2.2 X
System Instruc- Load Multiple 10.37 X X
tions Load PSW 2.25 X X
Load System Mask 2.25 X X. X
Store Multiple 10.12 X X
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Organization

.. The organization of the AP-1 cbrﬁputer offers very versatile addressing. The addressing

technique accommodates 65,536 halfword addresses in the main storage. The generation

" of Storage Operand Effective Address is a function of the instruction format; and offers
: short or extended displacement addressmg, direct and indirect mdexed address, and im-

. mediate operands.

. The AP-1 computer contains two selectable sets of eight 32-bit general registers, which
.+ may.be.used.as.accumulators.for fractional binary arithmetic; for legical gnd shlftmg op-
eratlons or as base regtsters mdex regnsters or temporary storage.

- Interrupt handling normally requires a put-away routine and a storage area to save the
- general registers whenever an interrupt servicing routine is entered; then the registers must

be restored at the end of the interrupt routine. Assigning one set of the general registers
to interrupt (executive) routines and the other set to the problem programs gives an im-
provement in throughput and storage efficiency. Alternatively, in a multiprogramming
environment, assignment of the general register sets among the problem programs may

_ produce even greater throughput.

Main Storage Features

Type Ferrite magnetic core, nonvolatile, random access, destructive read-
out ;

Capacity Choice of 16,384; 32,768; or 49,152 18-bit halfwords, including
1 parity bit and 1 store protect bit, for the optional store protect
feature, within the existing structure. A slightly larger structure
will accommodate 65,536 halfwords

Modularity 8192 18-bit words

Cycle time 1 ps write or read/restore ~—> 900 %S Ap-tol

Access time 450-ns ' »

Electronics Monolithic -

Special features Power transient protection, separateA sense winding, 2-1/2D Organ- '
ization, temperature compensation

F-398.8-A

A militarized, 1-us core storage array organized in a 2-1/2D addressing scheme forms the

. basis for the AP-1 main storage, which is unplemented primarily with monolithic circuits

on two unique page types: an 8 K X 18-bit storage page and a timing page. The storage
page contains 8/13 mil,* wide-temperature-range, ferrite cores with self-contained, temper-
ature-compensated voltage regulators, address drivers, sense amplifiers, and a storage data
register. A single timing page can handle up to eight storage pages, providing 8 K X 18-

bit modularity up to a maximum of 64 K halfwords of storage. No adjustments are re-
quired to provide complete interchangeability of the pluggable modules.

>‘l
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Input/Output

; High-speed internal operations, coupled with a versatile serial and/or parallel input/output,

- provide for excellent throughput. The four-channel multiplex serial 1/0 services up to 15

peripheral devices per channel at a data rate of 1 megabit per second. The data-handling ca-
pacity of each transformer-coupled, party-line, serial data bus may be up to 45,000 half-

words per second, depending on the amount of data blocking.

I/O Characteristics

- Serial channe!
. Data Interface

Maximum data transfer rate

Parallel channel (Option)

Data interface

Maximum data transfer rate
Features

Discrete inputs (typical)
Discrete outputs (typical)

Program loadable/readable
counters

lnt'erruptsééypical)

: Dlrect memory access; four multiplexed /O channels

up to 15 devices per channel

" Serial, 1 MHz, transformer-coupled (70-ft lines)

45,000 hatfwords per second per channel L

" 180,000 halfwords per second for 4 channels

Direct memory access, externally controlled, 750,000
halfwords per second, maximum

Buffered 1/0, externally controlled, 480,000 hatfwords
per second, maximum

Direct /0, program controlled, 240,000 halfwords per
second, maximum

16 bits plus address and control, single-ended TTL
interface -

240,000 to 750,000 data words per second

Channel-to-channel interface

- Externally specified channel-control-word chaining on

buffered 1/0
12, DC coupled

12: 3 relay controlled; 9 DC coupled

" Two 6-second counters with 100-us resolution; one

3-second counter with 50-us resolution

12 internal and 4 external: 9 levels of priority w)ith
program mask control -

e e PR . - - e el
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Transformer coupling and the sinusoidal Manchester phase-coded signals provide data
transmission reliability not possible with direct-coupled DC lines. The AP-1 transmission
lines can withstand a short or an open without affecting data transmission. This is par-
ticularly desirable in a party-line 1/0 system. An unterminated line design allows remov-
ing units without disrupting operation of the line.

Each serial channel is initialized separately by a program instruction. Facilities exist to
permit block transfer of data words and to provide for chaining blocks of data. Data and
contro! words are transferred to and from the CPU general registers or main storage. Per-

~-+ipheralsrespond-only when-a:select-codecommands-a:response.

An optional multiplex interface module (MIM) can provide a compatible .interface be-
tween an /O device and the serial channel. One version of the MIM (shown in the serial
1/0 application diagram) features a back-up channel for improved 1/0 reliability, parity
checking and generation, peripheral unit selection logic, parallel-to-serial data formatting,
and automatic gain control to assure uniform data amplitude during transmission.

Channel  Data 9 >
1
Clock PX 2
. - N
Channel Data ] T ¢
2 - Clock >
CPU :
Channet  Data
3 Clock
Channel Data
4 Clock
Multiplex Multiplex
Interface .t Interface
Module ’ Module
e ] 15
&
DataIn | T/RjUnit |Parity] Data Out
{16 Select| Error (16) -
14 4 )
Peripheral .- .. Peripheral
1/0 Device .- 1/0 Device .
i 1 15

Figure 4,18,3-2

Typical serial channel application shown for channel 7 primary and channel 2 backup.
Four channels are ava:lable
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- _ -

Designed for inclusion in each peripheral 1/0 device, the MIM connects the serial bus in-
" terface to a parallel TTL interface, and includes the control lines necessary to service most
- 1/0O devices. ) ‘

' The 1/O capacity of the AP-1 may be increased by adding an optional high-speed parallel
- channel. This parallel channel may be used with, or in place of the serial channel in ap-
. plications requiring support of such high-speed 1/0 devices as the 1BN System/4 Pi Drum
Mass Memory, o S B : o

. nput.and-output data-busses-provide transfer of data-unidirectionally to-the-peripheral
devices. The parallel channel interface has been standardized to assure 1/0 compatibility
with other computers of the Advanced System/4 Pi family, such as the SP-1,

The parallel channel can support four devices, each of which may be an 1/0 unit, such as

a drum or magnetic tape unit, or a control unit. Each control unit may interface withas - = -~ -|-

many as 127 1/0 devices, giving the AP-1 excellent and versatile 1/0 support potential.

AP-1 Computer

Data In (17)

@ . 2 -
Data Cut (17)
L' g §- iy
ST ' wol (10)
Contro o ° o
CPU  |Parallel 1/O Req/Ack 1 (2)
Req/Ack 2 (2)
Req/Ack 3 (2}
Channel-to{
Channe Req/Ack 4 (2)
Interface
Data | Control Lines (11) D
In Data Out : rum Control Control - Control
(3 ¥2] (7 mass Unit Unit Unit
5 A - emory N 3 4
sP-1° e L . : -
Computer : S _ S 2]—] (}—. ’l_l
‘ B (F[e] 1/0 1/0 10 1/0 * hio
|Device}- - -}Devicel [Device}- - -|Oevice] {Devicef. - -fDevice
1 J27 1 127 1 127

Figure 4.18.3-3 T _
Typical parallel channel application, showing direct device attachment (drum) and control units with
with maximurn number of peripherals attached.

' ' - : B -
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" Three 1/0 modes are provided for transfer of data and command functions between the

AP-1 computer and peripheral equipment: J

1) Direct Memory Access (DMA) 1/O — The 1/0O device supplies a 16-bit main
storage address, and 16 bits of data are written into or read from the storage

location. DMA 1/0 is device initiated. ‘A CPU lockout feature significantly
increases the data rate to a maximum of 750,000 halfwords per. second.

. 2) Buffered 1/O — The 1/O device provides an “address tag”, used to access a
channel contro! word ‘(CCW) containing count and address; a single word or
a block of data words are written into or read from main storage. Buffered
1/O is device initiated. A maximum data rate of 480,000 halfwords per sec-
ond may be reached when the CPU is locked out. o

3) Direct 1/0 — Under control of the CPU instruction stream, a command is
sent to an 1/0 device, and one word (16-bits) of data is written into or read’
from the device. Direct /O is program initiated. The data rate is a function
_of the operation following the transfer and may be as’high as 240 000 half-
words per second. _ .

¥

"In addition to high speed, the AP-1 parallel channel provides several features for expanded

performance. Most significant is the channel-to-channel interface, which permits the AP-1
to transfer data to or from another member of the advanced System/4 Pi family, such as
the SP-1 or another AP-1. The AP-1 channel, although faster than the SP-1 channel due to
the higher main storage speed, is compatible with the SP-1, thereby permitting communi-
cation between the AP-1 and the SP-1. :

Being able to externally chain two channel-control words while in the Buffered 1/0
mode increases the length of the data block that may be transferred. Provisions for an ex-

" panded controlwerd for Direct I/0 enhance the number of different 1/O functions or -

transfers that may be performed.

A priority interrupt system is implemented with full masking capability for nine levels.
Four external interrupts and 12 internal interrupts automatically store the current pro-
gram status word in an assigned main storage location and begin an interrupt servicing
routine. The internal interrupts include arithmetic conditions, time, machine errors, and
{/0 termination interrupts. g :

Three program-loadable/readabfe counters are provided in the 1/0 logic of the AP-1. One
of these is used principally to implement 1/0 time out monitoring. The other two may be
used in any countdown application. All three issue an mterrupt when the countdown

reaches zero. :
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The /0 serial and parallel channel interfaces are shown on the following page. Four ser-
ial channels are available as standard 1/0 on the AP-1. Each consists of a clock line and a
. . two-way serial data bus. On the parallel channel each device has unique Service Request
and Service Acknowledge lines. Four pairs of these lines are built into the paraliel chan-
nel. In addition, the i/0 implementation inciuces an interchannel interface that interacts

with the data out and/or data in bus of another AP-1 or SP-1 computer.

AP-1 Computer

MM MMM

3

{12)

1§——— in {DC coupled)
(9)

f————— Qut (DC coupled}

——‘Lb Out (relay controlied) '

»
Discrete 1/O

e .
Ciock

’ Channel 1
| .
Data Bus
H——

Clock.
Channel 2

[¢——p
Data Bus
———
} Channe! 3

o
Clock

l——>
Data Bus
b

Clock _
¢ Channel 4'
Doata Bus
——

" Serial Channels

_JﬂL.’. Data Out Bus

Zero Count

Branch Out
Command Out

Data Acknowledge
1-MH2z Clock )

Data In Bus

input

Direct Memory Access
External Interrupt
Data Request .
Lockout
System Reset”
Ser\(ice'hequest

{4}

[ Service Acknowledge

Optional

:Parallel Channel

{17}

————— |Interchannel Bus Out

(1)

Interchannel Controls
(17}

Interchannel 8us in

Figure 4.18.3-4

! 1/0 Interface

Channel-
to-Channel
Interface
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Options

Nine major options are available for extending the capability of the AP-1to meet specific

application requirements. These options are summarized below:

1) Expanded Main Storage — The minimum configuration AP-1 has a 16-K halfword

main storage. This may be expanded in 16-K increments to 48 K halfwords by
inserting pairs of main storage pages {plus replacing the timing page with a new
timing page for a 48-K storage). This maodification is field installable.

2) 64-K Main Storage - An expansron to a 64 K halfword main storage may be
S done without any changes to the architecture and organization of the computer.
t. . . Aslightly larger structure to accommodate the additional main storage pages is
’ " the only other requurement m addition to that listed for a 48-K halfword main
storage. : :

~ 3) Main Storage Extension — Additional 64-K halfword modules of external main
storage may be attached to the AP-1 computer. A factory modification, this

feature permits a memory extension to 256-K halfwords directly addressable by -
the CPU through storage interface logic (SIL). The interface is implemented on
. an additional SIL page pluggable module workmg with the external main storage

v extensnon packages.

4) Parallel Channel — A high-speed parallel channe! with support for four devices

i (four pairs of unique request and acknowledge lines) is available. Featuringa

" channel-to-channel interface and compatibility with other Advanced System/
4 Pi computers, this channel provides both general register and direct memory
access data transfers. The parallel channel option is field installable. Details
for the paraliel channel are described in the 1/O section of this document.

5) Store Protect Feature — A store protect option, which prevents the accidental
overwrite of protected halfwords, is available as a factory modification. The
store protect bit is set on the selected halfwords during the memory load
through the AGE interface. It is not program resettable, assuring maximum

~integrity of the protected data. If an attempt is made to write in a protected

‘ : area, an interrupt will be issued and serviced by the interrupt routine. Each

i . MCM-1 main storage page is populated with the necessary store protect bits.

- -

6) Maintenance Library Program — An optional software feature, the MLP is A
. used to test and debug operational programs on the AP-1.computer. Used in
I . conjunction with an external data adapter and peripheral equipment such as
' a keyboard, CRT display, and tape drives, the MLP sxmpllfles the task of op-.
.erattonal program checkout and maintenance.’ :

7) Floating Point — This option allows floating-pojnt operations for extended
range applications. A factory modification, the floating-point fzcture pro-
vides both long and short fraction operands. The floating-point operands
consist of a 2's complement, signed integer exponent, and a 2’s complement
fraction. General registers 4 and 5 sérve as the floatmg point register first
operand durmg floating-point operations. :

AP- I.OI Fomwré

- &/24 + Blso

8 BIT EXPolENT

witl 3& HEXADeCIMAL
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8) Field Programming System (FPS) — The FPS is an AP-1 software option that
provides for generating and testing operational software directly on the AP-1 -
computer using the computer test set, paper tape reader, paper tape punch,
and a typewriter, :

8) Compiler — A compiler may be provided to extend the AP-1 language trans- '
lation facilities to include a higher order language (HOL) such as JOVIAL, ForvRan I, HAL , eTc.
Translation of the HOL by the compiler to AP-1 macro assembler Ianguage
simplifies implementation of thls option.

* Floating-Point Arithmetic {Optiona/} | : . | o , ’
- .' '

' Floating-point data occupy a fixed-length format whnch may. be elther a fullword short
format or a three-halfword long format. '

Short Operand
. _ Ap-lol
s EXPONENT FRACTION 8 /2 4
I O A I T T O 1 T T S I O O O O |
0 1 . : 15 16 3
Long .Opgrand .
s EXPONENT FRACTION 5§ : . 8/40
I N T N T T T T O O I I L I |
01 15 16 . 47

Note: The sign of the normalized fraction is unlike the first bina}y fraction digit.

~ The first operand is contained in a pair of general registers. General register 4 contains the

| . exponent of the first operand in bits O through 15. Bits 16 through 31 are ignored. Gen-

- eral register 5 contains the fraction of the first operand. The fraction of a short floating-
point number is containgd_in bits O through 15 of general register 5. The fraction of a
long floating-point nuraber is contained in bits O through 31 of general register 5.

.-

Short Operand ' o - R

! S Genera-l Reqister 4 - - -8 ‘vGene‘ral Regisfer 5

' EXPONENT , FRACTION
S o 15 16 E o 15 16 BER

. Long Operand ‘ ' ‘ ' -
s B s '
EXPONENT ' FRACTION
o 15 16 a0 . ' , EED
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The floating-point second operand may start at any halfword address. The figure below - .
illustrates floating-point data placement in main storage.
1

l o0 | o 10

SHORT OPERAND
I’

' [{ SHORT OPERAND
‘| "

he e e e——

LONG OPERAND

LIl |

:{ LONG OPERAND

Floating-Point Data Placement in Main Storage

.-+ Floating-Point Exceptions

The operand incompatibility interrupt, exponent overflow interrupt, and the floating-
point divide interrupt are the three floating-point exceptions. A bit in the program status
word (PSW) may be used to mask and hold these pending untit the PSW bit is reset to zero.
The exception is then honored by a PSW swap. The interrupt code in the "old" PSW |dent-
ifies the particular exceptian.

The instruction formats are:

Short Format
OP CODE oPX DisP B2 | 0pand OPX  Operation code and operation code extension
Py | 1 1111 { R ’ General register designation
pisp ) Displacement field
- 0, 4 5 7 8 13 14 15 B . Base register designation
_ ’ bb - Addressing mode
Long Format - . : .
OP CODE OoPX \J 1 1 1 w Bé - ADDRESS SPECIFICATION
N :
JII[IIIJIIILI!IIIIII_IIIIIJ

o 45 78. 111213 14 15 16 o 4 v 3
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These formats are |dent|cal in form and addressmg modules to the SRS and LRX instruc-
tion formats. :
LT Floating-Point Features
' A ) Ap-l01
T Data : Exponent: 16 bits 8 eirs - HEX
" Fraction: Short 186 bits 24 airs
. 40 BITS

Long 32 bits
Range: 109864 to 10%9864 (approx)
Instruction Length Short: 16 bits
) : - Long: 32 bits
Add; Add Long
Subtract; Subtract Long
_ ' _ _ Multiply; Multiply Long
- B : ' Divide; Divide Long
: ' Load; Load Long
Store; Store Long
Convert to Floating Point
Convert to Fixed Point

Repertoire

- ApP-101
Average Execution Times Add 4.00pus —> 2.6us¢ec,
Multiply . 9.50 us '
Divide 13.50 us

F/eld Programming System ( Op t/ona/)
The AP-1 FPS provides the programmer thh the facxlmes to : o o —_
1) Generate and edit source input tapes
2) Assemble the source program modules frbin the gene}ated tapes
. ~ 3) Link the program‘modu!esAinto an executable program
- ~ 4) Control program checkout through entry and dusplay of data during program

execution

_‘ The AP-1 FPS consists of the following program cémponents:

oo
[ . - -

1) Tape Generation and Edit (TGE) program T ’ - . -
A -2) Assembler _ - T -
3) Linkage editor . - L - T .
4) Program verification packagé. T : T - |
i The TGE module gives the problem prograrﬁmer a t;')ol for placing thé sour;:e progr-am .'

module on punched tape, modifying that tape module before assembly, and listing the
contents of the source tape. T ' _
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" The FPS assembler provides programmers with a convenient means of writing operational
~ programs to be run on the AP-1 computer. The assembler accepts as input a symbolic

source program module written in the assembler language, and produces as output an ob-

_' ject program module. The module is ready for subsequent processing by the FPS linkage

editor. The assembler language is upward compatible with AP-1 macro assembler, which

* operates on tiie IBM System/360. Programs written in the FPS assembler language may
. be assembled on either the System/360 or the AP-1.

" The FPS linkage editor, like the System/360 AP-1 linkage editor, accepts as input inde-

pendently produced object modules generated by the assembler. The linkage editor links
these modules together’into a single AP-1 executable program.

"The program verification package (PVP) helps the user check out his program by providing

dynamic control over the program while it is being executed on the AP-1. The user may .

~control program debug Dy entering commands to the PVP directly througn the typewnter .

. or indirectly through a user-written test mformatlon program.

- Compiler (Optional)

A compiler can be provided to extend the AP-1 language translation facilities to include

a higher order language. The complier translates programs written in HOL JOVIAL to
the AP 1 macro-assembler language. : :

" . The selective use of a HOL for military computer applications has been demonstrated to

be cost- and schedule-effective. In addition, HOL programming addresses the military

) need for software commonality and maintainability.

With the compiler, the AP-1 application programmer has at his disposal three languages
to express his problem: : i

1)JOVIAL

2) Macro

3) A§émbler. ‘

To augment this capability, the subroutine libfary may be call‘ed by-any one of the above

languages. The programmer may intermix the use of these languages in any combmatlon
to achieve an optimum program for the AP-1 application.

For example, the HOL is well suited for the major and primary mission tasks. The macro _ '

language is ideal for defining unique application functions, including input/output, and the
assembler language best handles time-critical and bit-handling operations.

e - f g = e = —— U
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- Source / { .
o, . Operational Linkage

i AP-1 Computer Support Software

¢ The AP-1 Support Programmiing System (SPS) .provides the application programmer with
1. aflexible set of aids designed to effectively reduce the time required to develop applica-
! tion programs to support program modification and maintenance. Continuing a field-proven
! concept, the AP-1 SPS, operating on System/360 under OS control, gives the user an assem-
. bler, alinkage editor, a simulator, a subroutine library, and an optional compiler. The pro- -
i gram generation process is shown in the following illustration. An optional Field Program-
' ming System (FPS) permits generating and testing programs directly on the AP-1 computer.

" “+*ProgranrModule o " Object-Program

i .
. I - Language Translation l Combination + Relocation Verification + Load Module ) -
o JOVIAL
: ! . - -Compiler Simulator
T (Optional)

{ Program 2. /— Editor
e , Assembler /‘/

Load Module

Macro ,
Processor
Previously
Application Assembled -
. Dependent Modules Including : AP-1 .
L Language Functional R

Definitions Subroutines

AP-1 Support Software Program Generation Process

Macro-Assembler

The AP-1 assembler provides the i programmer wrth a symbolic source language that pro-
duces storage-efficient, high-throughput programs using the effective instruction set de-
fined by the computer’s architecture. An excellent macro capability combined with math-
ematical subroutines significantly reduces the repetitive coding required of the applica-
tion programmer. -

; Identicai in most respects to the widespread, well-known System/360 assembler lan-

- - guage, the AP-1 assembler requires minimum retraining of experienced programmers and

provides early on-line release of new trainees, thus significantly reducmg training costs.

High-quality user and programmer manuals assist the programmers in the effective use of

] the AP-1 assembler language. Programming rules and techniques, such as modular program-

' ming (C-sects, D-sects, etc.), syntax, macro generation, symbols and labels, source instruc-

tions, comments and combinations, and subrouune hnkage are in most cases identical to
System/360 operations. :
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Lmkage Editor ' | .

The AP- 1 linkage editor accepts as input independently produced object modules gener-
ated by the AP-1 assembler. The linkage editor combines and relocates these modules, re-
solves module linkages, and generates an executable load module suitable for AP-1 execu-
tion or simulation. This foad module is available on paper and magnetic tapes for loading
the AP-1 memory. Corrections can be made to the object modules at linkage edit time.
The AP-1 linkage editor also produces a symbolic listing of the relocated load module com-
plete with operation mnemonics, labels, and absolute addresses.

Simulator

The AP-1 simulator dynamically analyzes the executable load module produced by the
AP-1 linkage editor for programming errors and unusual conditions. The user has com-
plete control of portions of code to be simulated and of stopping conditions. In addition,

" the user can choose several types of debug outputs, including full or partial dumps;

instruction-by-instruction traces, complete with location symbols; and location snaps. He
may, if he desires, devise his own format for simulation control inputs through entries
that are available to attach simulated i/0 devices.

. The AP-1 simulator program consists of a series of subroutines. To form an executable sim-

ulation capability, these subroutines are combined with a user-written control program.

" This control program reads the control mput and passescontrol information to the simu-

lator through subroutine calls,

Subroutine calls are made through a screening interface, which detects syntax errors, if

any, in the call; then passes information to the appropriate subroutine.

~ The actual simulation is done interpretatively, with an execute table of interpretative in-

structions being built and changed dynamically during simulation. Corrections to the load
module to be simulated can be made at any time during the simulation.

S,

Functional Subroutine Library

The AP-1 functional subroutines consist of the elementary trigonometric, vector, and con-
version routines. The linkage editor selectively includes these-in AP-1 apphcatnon programs
as needed.
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AP-1 Support Software

Assembler

Linkage Editor

i Simulator

[

Subroutine Library

" Maintenance Library
Program (MLP)
{Optional)

Efficient symbolic language : _ ' S
Modular programming and testing .
Assembles relocatable programs

Selects instruction length for the AP-1 machine instructions -
Provides syntax error detection and identification

Allows macro-processing and conditional assembly

Produces listed output

Combines and relocates program modules assembled at separate
times ) ) .

Resolves program linkages .

Creates input for the Simulator : :

Creates core image ob;ect programs for loading the AP-1 Com- .
puter :

AP-1 program analysis

Dynamic simulation facilitated through a user-written control
program

User access to simulated computer object program data (with ab-
solute and symbolic reference)

Object program correction

Program debugging options {dump, snap, trace) _

Provision for simulating input/output and interrupt initiation and
response ' . )

Square root

Root sum square

Sine/cosine

Arc tangent

Arc sine . _ ‘
Arc cosine ‘ : e

E Log, (X)

Exponentnal ex

Exponentiation a*

Matrix operations

Vector cross product

Vector dot product

Rectangular-to-polar coordinate conversion
Polar-to-rectangular coordinate conversion
BCD-to-binary conversion ’
Binary-to-BCD conversion

‘- . .

Operational program debug {on the AP-1)
Keyboard, printer, tape, CRT, 1/0 control
Program load and verify

Provides core dumps

Memory modify
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The SKC~2000 Computer

A general purpose, high performance digital com-
puter, the SKC-2000 bases its modular design
upon a single data and cortro! bus interconnecting
all modules with a standard interface to provide
true modularity and maximum flexibility. Modular
flexibility is further augmented by asynchronous
module operation, a complete spectrum of input

"design -utilizing "sandwich constructxon which is
easily expandable ' :

SKC-2000 modules' strict compliance with asyn-
chronous modularity concepts permits module

111
Simplex]
Computerq—

Control/Data Bus
! l L § !

1

si1on

i
Simplex L
Computer

[

>

Bus Extension

Simplex

Compu ter‘u)

-

Simplex Computer Multi-Computer

with Two Memory Configuration
Modules

output capabilities, and contemporary mechanical

Bus Exten

mixing or matching, and growth by adding mod-
ules or through replacement with modules using

" newer technologles

: SKC 2000 modules can be used for example, to

form a simplex central computer, a muiti-computer,

"~ or a multi-processor instaliation with equal ease. .
"Modules for a simplex computer typically include

a-central processor module, one or more memory
modules, -a power supply module, and an input/ .

- “output module. Because individual modules zre

relatively smaii, they are packaged most efficiently .
as part of the larger SKC-2000 computer.

rmr e i e ra e L TR AT+ Samany b ne

SN ST WetAl  wADE @S RNy

MM MM

3

"; A G wpn | v L

Data/ContI Bus

| cPM CPM | | IOM £
] £
L | { o {}
Executive Bus Bus
'Extension
"Multi-Processor
Configuration
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Inter-module communication is accomplished via
.a bus consisting of 32 data lines, 17 memory
address lines, 6 processor/device code lines, and
several control lines. This bus, the bus priority
analyzer, and asynchronous module operation

allows direct memory access by processors or
peripheral devices. it also permits processor-to-
processor communication on a priority basis with
minimum loss of time which would otherwise be
wasted to provide synchronization.

Memory Bite Signal

A Y,

{ﬁgi:fSZZEi?:Data Bus

AN

1

1

\Vi

1Initiate

a

LY

Gl
V

. } Y/
T ?_‘*Bi‘t’“névrzsé“tie?
. |
RYAY,

o

Mode Line

<r
i
1
'

Memory Kequést Lines and Node_Control Lineé

P {

| !

(- -
\_. 17 _Bit Address Bus

17 Bit Address Bus Y

SKL-2000 Basic Computer Bus Interconnection

SKC-2000 computer through-put is outstanding,
- and varies with the choice of memory module.
" A simplex computer performs 320,000 add type
. operations per second using the 1.9 usec memory

module, 470,000 operations per second with the
- LSI scratch pad and 530,000 operations per second
when a solid state ROM and an LS| scratch pad
memory is' employed. Multi-computer and multi-
processor configurations typically provide more
than 1,000,000 operations per second with core

-memories. High density packaging gives the SKC-
. 2000 computer outstanding through-put-to-volume
~and through-put-to-weight indices. S

b e o b=

CENTRAL PROCESSOR MODULE
Parallel organization and floating point arithmetic
in the central processor module provide outstand-

_ing arithmetic capabilities. The processor operates .

upoh 32 bit operands and has double precision

add and subtract instructions for those computa-

tions requiring exceptionally high accuracy. Simul-
taneous indexing capability on two levels facili-
tates matrix operations, and the 88 index registers
located in memory assure sufficient capacity for
large computation loads. ‘ ;

3

1
i‘Memory '-.".\:F‘»l.l.ﬁe._.,m.,...) MEMOR ‘D_:Lsable CENTRAL - H e
! Y PRIORITY ™ ! 2PROGRAM INTERRUPTS 37 SYS
System  INITIATE PULSE ! oRITY . PROCESSING [PROGRAMINTERRUPTS. . INPUT-OUTPUT . “INpuTt
2 ! ANALYZER ; U NS
GR/8K x . o , ' ! soiscreTe InpuTs; (UNT INCLUDING
: . MEMORY BUSY (5) . % UNIT(S) R R v
37 Bit,  |HEMORYRWYE-T o cuea) - P ame e
X 0 é i BRE . (CPU) . OCCMMANDLINES- @ ... SY e
rodule , ACKNOWLEDGE : ! - ! R Vg oUTRY
>)_ : . i , ] i i
- - . I H :
i |Data Clear ' REQUEST ACCEPTED l ; i | ‘ P
B 1T |
i : b
: DATA AVAILABLE IR §
atl M i
| T
i
RELEASE DATA/ADDRESS BUS : : | | !
Rtttk L . : _J !
1 M
! .
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SKC-2000 FEATURES
R R D Y e e B e e R A R -“- AT v BT ok ey "Eéw-b‘
Type General purpose, paratlel, asynchronaus module, high speed data/control bus :

EN
VA RO E IR T U X 0 BT SO M (S 4G a BT SN, SRR e N s W R 14 S AHRTR T AT T 0 5 NI 5 e 1l

picie

s

SN OGS P Aa

Military Specifications

Number Systems

Data Words, Floating Point
Data Words, Fixed Point
Instruction Words
Instructions

Address Modes

Indexing 1st Levef Registers
Indexing 2nd Level Registers

‘Execution Times, "Average for:

"Add Fixed Point, usec

Multiply Fixed Point, usec -

Divide Fixed Point, psec
Add Floating Point, usec

" 99 total long and short

Multiply Floating Point, usec

Divide Floating Point, usec

A'Time Indexing, psec .
Normalization Time (NT)

Memory Words Directly Addressable

Electronic Technology
Power

Yoltage -
Weight :
Options

Standard Type

Optional Types

Module Size

Access Time, LS!

Access Time, 1.9 usec Core
Protected Program Storage
Contents Protection
Special Techniques

Electronic Technology
Power, Long Term Average
Voltages

Weight

Program Interrupts

Direct Memory Access 1/0
Data Bus

Data Flow, 1.9 usec Memory
Data Flow LSI Memory
Programmed {/0

Channel Device Codes
Discretes (Input Switch Type)

e aa S e el e . B - B T T

- 20 MIL DRO lithium ferrite core, coincident current 3 wire, 30

- <1.00 usec

. To/From Memory; To/From CPU, command or data designation, with or without acknowledge

PARALLEL CENTRAL PROCESSOR MODULES .

"1'9 psec’Memory 19 psec‘Memory with LSt ROM Program Store & LSI Scratchpad
3.125 . . 212 . o 1.875
6.625 C © 5875 T . 85
10.75 : ~-. 100 L T 9,625
4.0 4 NT v 3254 AT - . 28154 NT
10 . 625 - - . . .. 5875
95 . . 815 v - 0. 8325

- 20 ) S 10T e 10
25 psec/shift oo : '
131,072
MSI/TTL
75 Watts

_ Selection currents controlled by single thermal sensor; strobe timing siaved to selection
~ 6 pounds including structure

16 priority levels — expandable {7 preassrgned including power fa:lure BITE, COntrol Cansale} .
. 18 priority levels (2 preassigned) . L R

- 32 bit parallel — 4 MHz ’

" 500,000 words/sec

A Rt IR N LTI - Crpeetm s e e s GE el ke S aomeegl ana enseomey, e e e S Ciomre

% ATR cross section, variable length

MIL-E-5400 Class 2, MIL-E-16400

Do e aR s it e e end e meten e oL it 4 sdeen S e

Binary, -floating point and two's complement fixed point
24 bit mantissa, 8 bit exponents ) -
32 bits including sign

16 bits short and 32 bits long -

dlrect indirect, relative, immediate
15 } 4 groups for a total of 88

+5 volts +5% : . E . S o
3 pounds including structure S : RERRE . -
Fast shift matrix, ¥2 word arithmetic .

MEMORY -MODULES

Piated wire, 1.2 usec 2%2 D core, solid state LSt scratchpad, solid state ROM '
4K, 8K words by 32 bits )
0.25 psec

2 AGE and/or program controlled subsets
Over-voltage; under-voltage; over-temperature;-erroneous input signals

current amplitude
MSI/TTL, Hybrid
85 watts typical, 1.9 usec cycle core
=5 voits +5%; +12.5 volts =2%

INPUT/OUTPUT CAPABILITY

1,000,000 words/sec

61 directly addressable; 14 are useable for DMA
8 directly interrogated and branched upon

PHYSICAL FEATURES.

2L P B R AT W S Y RTINS TS TR S e AR G R IR oA T A TGN VIR R ST B ST PR A R BN R R 0 R I T O RAA DA AR Y AN

Packaging _

Cooling Forced air or cold plate #
Circuit Cards XY B . . _ z
Baseline SKC-2000 ' Paralle! CPU, 8K x 32 bits 1.9 usec cycle memory, 3 card I/0 and power bost-regulators ;t
Size 15.33 in. long x 7.50 in. wide X 4.88 in. high H
Power 245 watts including regulator loss z
Weight : " 19.7 pounds 9
R AN S A PR N T e T e e e e

R T I e T ™
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The order set of 99 was derived by detailed con-
sideration of aerospace computer programming
requirements and is a balanced set providing an
"~ optimum combination for computation and pro-
~ -‘gramming ease. Inclusion of many big-machine
- features facilitates transition to the SKC-2000 by -
" . the programmer who is familiar with large com-
mercial computers. : o o

Instructions having short and long formats, 16 and

- 32 bits respectively, enhance efficient -memory.

' usage. Experience shows that 80% to 90% of the
-instructions will be in short format form. Typically,

- .instructions...use ..the ..greater ..patt...of ..memory.

. ! Hence, packing two instructions per memory word
‘- results either in appreciable reduction in memory
- " _size or a greatly increased number of instructions

1
MEMORY MODULES
.~ Designed as independent, asynchronous modules
. - of 4K or 8K words by 32 bits, 'standard ferrite core
memory modules have 1.9 microseconds cycle
time. Asynchronous modules operate independent-
- ly of the 4 MHz computer clock and use an initiate

“~operand location at the effective instruction ad-

for a given memory size. An 8192-word memory
module provides approximately 10,000 instructions
and 2,000 words of scratch pad, making it the
equivalent of a 12,000-word memory.

Addressing modes include: (1) direct, for operand
" location at the address specified by the instruc-
tion; (2) indirect, for operand location at the
address specified, at the address specified by the.
instruction (up to 16 levels); (3) relative, for

dress plus first and second level index registers;

.and ..(4) immediate, .for .operand location in the
address portion of the instruction. Relative ad-
dressing may be combined with either direct or
indirect addressing. -

pulse from the requesting processor or device to

~ start the memory cycle and issue a “data avail-
able” signal at the cycle's completion. Thus, asyn-
chronous operation allows use of any memory
cycle time while maintaining full compatibility with
other modules. - o : '
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Optlonal memory modules mclude LSI read only,
LSl read/write, plated wire, and 1.2 usec 22 D
core.

- Standard core’'memories use MSI, TTL, and hybrid

circuits to provide high reliability and small size. -
A novel circuit using a single precision alloy re-
sistor mounted on the core stack to sense temper-
ature and to control X and Y currents for both read
and write, precisely slaves read and write currents
to each other. :

- Another unique circuit slaves strobe timing to |
selection current amplitude and rise time, assuring

interrogation at the output signal’s optimum point.

Memory modules provide prnoram storage protec-
tion against inadvertent write cycles, the protected
portion being adjustable by program control or
during manufacture to fit system requirements.
Another design feature is the inclusion of memory
address latches within each module.

Protection against over-voltage, under-voltage,
.over-temperature and erroneous input signals is
built into the memory module. Resulting signals

force the computer into a shut-down routine and -

are transmitted to the system’s built-in test equnp-
ment (BITE). : . _

INPUT/OUTPUT NMODULE

Extensive input/output capabilities of the SKC-
2000 facilitate design of an application-oriented

P U SOOI I SO PP S R

; Program interrupts are signals having preassngned :

- priority which divert the program to assigned loca-
tions in memory. Jump commands in each of these

" locations direct the computer to the interrupt sub- .-

. program. The program counter value at the time
of the interrupt is stored for use when returning to

* the main program. Of .the 16 interrupts provided.

in the basic computer, 7 are preassigned, leaving

1/0 module and provide direct communication
with external units. 1/O capabilities of the com-
puter include:

1. Data Transfer

a) Program Controlled; “A” Register, N‘emory

. b) Direct Memory Access

2. Priority Interrupts

3. Discretes (switches)

Program-controlled /O utilizes programmed in-
structions to transfer information to and from the
~scomputer “A"-register-or to.and from the computer
memory. These instructions may request an ack-
nowledgement and may designate the information
. being transmitted either as data or as a command.
All combinations of input/output, acknowledge-
ment, and data/command give 16 types of pro-
gram-controlled transfers for each of 61 directly
addressable devices. Program-controlled 1/O in-
structions are long or short instruction formats for
global and non-global addressing with indirect
. addressing applicable to global addressing.

Direct memory access (DMA) by other computers
or devices allows high speed data transfer to and
from SKC-2000 memory modules independent of
central processor module operation. Access to the
memory is accomplished via the bus system allo-
. cated to various users cn a priority basis. Use of
DMA facilities permits an external device to insert
or extract words almost arbitrarily from the com-
puter memory, bypassing all program control logic.
DMA transfer is particularly well suited to devices
transferring large amounts of data in block form
such as tapes, drums and disks, for information
exchange between computers, or for sensors gen-
erating or requiring large amounts of data.

pandability may be provided in the input/output
section.
" 8 discrete (switch) inputs which are directly ac-
cessible to the program via the “Jump on Switch i”
. order are accepted by the SKC-2000. Additional
- discretes may be handied by conventionally pro-
grammed l/O techniques.

9 for other system uses. Unhmlted mterrupt ex-
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“tolerance conditions.

- Typical /O channel capabilities include serial

- channels with 1/O bit rates up to 4 megabits/
" second. Channel control can be by direct program
. control, by an 1/O processor operating indepen-
dent of the program, or by an 1/O processor which
operates independently but is directed by software.
Similarly, parallel channels operating at up to 16
' megabits per second are available.

A block lransfer channel for communication with
- standard peripherals in byte format is also avail-
able. This channel is started under program control
by .setting.a.register with.the starting.address.and
number of words to be transferred. The transfer is
then automatically controlled by the block transfer

" channel which stops when the correct number of '

. words have been transferred.

* Analog to digital and digltal'to analog converters

~ built into the SKC-2000 digital computer’s input/
output module are compact, high accuracy, high
- reliability circuit board-mounted units demonstrat-
ing high-speed conversion compatible with high

SIGNAL
Memory Power Fail
BITE Memory One
Memory Over-Temperature
Bus Priority Time Out
Indirect Addressing Fail
Time-Out Alarm
T, Time-Out Alarm
Master Clock Pulse Fail
Primary Power Fail Interrupt
4 Spare Signals

POWER SUPPLY MODULE

. Power supply modules for the computer system

vary depending upon the type of memory modules
chosen and input/output module design. The

~power supply typically operates from 115 volts . ..

400 Hz or from 28 volts DC prime power. Each

- power supply module is equipped with a high
efficiency switching regulator designed in accord-
“ance with MIL-STD-704A, and has over-voltage, -

over-load, and short circuit protection. in addition
to providing line conditioning and RF! attenuation,
continuous fault monitoring (BITE) operates to
assure orderly shutdown in the event of out-of-
internal energy storage is
sufficient to complete the current instruction and

store the contents of status and CPU registers. This

‘overall

speed computers. Self-checking capabllmes as-
sure operational precnsmn -

.BITE SUBMODULE

A comprehensive -.combination of software and
hardware built in test equipment provides efficient -
self-test features for error detection and program -
protection and is integral to computer design. The
BITE submodule is located in the 1/0O module.

" In operation, the combination —

- -8 .determines.computer.performance
= protects hardware from damage
® protects memory against information loss
.o isolates faults for maintenance
" and traceability
® processes and traces errors

Software is provuded to check program storage
(memory sum), check the computer’s central pro-
cessor, end around check the 1/O channels etc.,
and to process the BITE priority interrupt.

BITE priority interrupt is based on the following signals:

FUNCTION

Out-of—spec:flcatuon memory input power levels detected
- Protected storage alteration attempted by program

Memory temperature exceeds specified value

User failed to generate memory release signals

Indirect addressing exceeded 16 levels

Time-out counter improperly reset by CPM

CPM reset time exceeded time allotted

Master clock failure detected

120 psec warning signal to CPM

Avaiiable per application requirements

orderly shutdown is followed by deactlvatlon of the

: memory circuits.

- -

PACKAGING

SKC 2000 packagmg employs a stacked and -
clamped card mounting technique in which the
cards form an integral “box-like” structure for the
assembly. Four longitudinal members
(straps) are used to clamp the cards between a

 front connector panel and rear support panel.-
" Lower straps form a subchassis by providing the

structure for retaining the female connector plate
motherboard assemblies and for card keying and -
guiding. Card removal is effected by loosening

. four tront bolts and lifting the two upper. straps.

-r
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.. Circuit card construction used throughout incorpo-~

.- rates several unique features which provide effi-

. cient methods of flatpack interconnection and heat

~‘removal while reducing electromagnetic interfer-

. «iice. A glass-filled epoxy double-sided laminate

- 0.008 inch thick provides electrical insulation and

- serves as a base for the conductors. These are

routed in the X direction on the outer surface and

" .the Y direction on the inner surface. Interconnec-

tion between X and Y conductors is accomplished

by plated-through holes, a type of construction

"which achieves a significant increase in reliability
and producibility over multilayer boards.

B BB B B B 8 B B B B

- SKC-2000 COMPUTER
" PROGRAMMING AND SOFTWARE

" The SKC-2000 computer_is significantly easier to
.. program than previous military computers. Fea-
tures that facilitate programming are:
: B Floating point arithmetic eliminates scaling
& 88 index registers eliminate memory
boundaries
B Dual level index reglsters sumpllfy reentrant
subroutines
B Incremental addressmg in branch mstruc—
_ tions for relocatable subroutines
Trap instructions provnde for special
instructions :
m Large instruction repertonre for mlmmlzmg
computatlon time

‘grammer, a powerful software package is avail-
able to complement machine language program-
ming. It includes an assembler, a loader, an

utility routines, and diagnostic routines.

‘In addition to hardware designed for the pro- -

arithmetic simulator, an interpretive simulator, .

Designed to be hard-mounted to eliminate the
need for vibration isolators, the computer has been

. Subjected to extensive vibration tests without any

failures. A thorough dynamic analysis shows that

- all stress levels are well below fatigue limits.

SKC-2000 computers are designed to be easily
. maintained, having conveniently located and read-
ily accessible test points which contribute to a
. short mean time to repair. The design includes
- separate external AGE and test connectors and
accessible test points on individual cards.

B B E BE B B B B B BE B B

The assembler/loader is designed to allow the

" user great flexibility and utifity in his coding. Fea-

tures include relocatability, reentrancy, addressing
via index register modification, availability of com-
mon (blank or labelied) and globally defined sym-

| _bols. An assembly language, FOCAP, has been

developed and documented for the assembler/
loader. Ct

SKC-2000 simulators operate on a host machine’
~ via the host machine's assembler. They simulate

execution of a user program written for the SKC-
2000 as if the user program were actually running

. on the SKC-2000. The arithmetic simulator repro-
"-duces the arithmetic of the SKC-2000 in the man-
_ner most expeditious in the host machine. An inter-
-pretive simulator accepts the binary pattern used
-in the SKC-2000 and interprets each instruction,

performing each operation exactly as in the SKC-

7. 2000. The arithmetic simulator runs much faster
and is useful for much of the program checkout.

The interpretive simulator is a very desirable tool

* where real-time and 1/O problems do not lend

themselves to hands-on debugging.
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ok 31 .- o .
' e DATA FORMAT Y L ALLEL LELANLALANE R S SN N R A S B B D N S B A AN M N B B
o < Ny ,
N e 1 8 1 8 0 8t o 2 & .t 3 0 0 9 1 1 2 8 #3930 3 ¢ ¢ 1
,*24 -1S NgS1-2-3t 2's COMPLEMENT REPRESENTATION { s
2- 1
FLOATING POINT WORD i
1 23 22 o
L BRE S S SN BN rrrrrrrrr1r1rvrryrrtrvy ettt
EXPONENT MANTISSA
S IO S W N S B TS SO N TN T NS N W DU P | i 1 & 11 .1 ¢t 1.1
OFT is 20 5~ (-1.0}2¥12T) MLS(1.0-2-23) 242N ‘ 2-23

(E‘ e o £ X X3 - IO
0 456 89 15
BASIC swort [ |°Pl T TT T f; T
ol x ™ .
INSTRUCTONS i T S S | 1 1 11 s b ) % R
: 0 4856 89 1213 1415 16 3
. ) T L SR B 4 1 14 | BRI 1 & T L] T 0 T LIBALEE S R 1
i : j LONG opP 1] x X2 |tIM|T M6

PRIMARY OPERATION CODE (5 BITS)

oP
LONG/SHORT OPTION BIT 5 IS 0 FOR SHORT
_ BIT 5 1S 1 FOR LONG _
L % 1ST LEVEL INDEX REGISTER SELECTION .
) o T X, 2ND LEVEL INDEX REGISTER SELECTION .
= o : M IMMEDIATE ADDRESSING
. . o I * INDIRECT ADDRESSING
T ' TRAP BIT
M7, M16 AEMORY AGDRESS FIELD
E EFFECTIVE ADDRESS = M 4 0X) + (X
, EXECUTION TIME (.SEC)
MNEMONIC INSTRUCTION ' SHORT FORMAT LONG FORMAT
CORE Lst ~ CORE LSt
LDA LOAD THE A REGISTER 3.125 1625 40 225
L08 LOAD THE B REGISTER 3125 1625 40 2.25
LDX LOAD THE X REGISTER . 3.125 1625 40 2.25
ADU ADD UPPER FIX POINT 3125 - 1625 40 2.25
ADL ADD LOWER FIX POINT 315 1625 40 225
«.SBU SUBTRACT UPPER FiX POINT 3125 1625 49 1 225
SBL SUBTRACT LOWER FIX POINT 3.125 1625 40 - 225
ADF ADD FLOATING POINT 35 + SC* 2.75 4125 + SC* 350
SBF SUBTRACT FLOATING POINT 35 4+ SC* 2.75 4125 + SC* 3.50
MUL MULTIPLY FIX POINT 6.75 5.325 75 6.25
- DVD DIVIDE FIX POINT 10.75 95 115 . 1025
. _MLF MULTIPLY FLOATING POINT 70 5.75 7.75 6.50
. DVF DIVIDE FLOATING POINT 95 «|. 825 10.25 9.00
- SAM SKIP ON A REGISTER MASKED 35 25 1.25 3.00
LOR | LOGICAL OR 3125 1625 40 225
AND LOGICAL AND o 3.125 1625 40 2.25
X0 EXCLUSIVE OR _ 3125 1625 40 225 | . !
STA " | STORE THE A REGISTER 3125 1625 40 225 i
STB STORE THE B REGISTER «1 312 1,625 - 40 2.25 |
STX STORE THE X REGISTER - | 3125 © 1825 40 225
RTA RETURN ADDRESS - o .
(UNCONDITIONAL JUMP) : 35 2.25 4125 3.00
AFD ADD DOUBLE PRECISION . .
FLOATING POINT 375+ 8C*|  3.25 4375 + SC* 3.75
SFB SUBTRACT DOUBLE PRECISION
FLOATING POINT 375+ 8¢*|  3.25 4375 + SC* 375
LAE LOAD THE A REGISTER WITH E 1625 225 :
LDS LOAD STATUS REGISTER _ 40 225
STS STORE STATUS REGISTER 40 225
LDI LOAD INTERRUPT REG!STER 40 2.25
STl STORE INTERRUPT REGISTER ~ 40 2.25
TIMES ARE BASED UPON 1.9 uSEC CORE AND LS| MEMORY. *NORMALIZATION TIME 0.25 pSEC/SHIFT
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[} SHIFT INSTRUCTIONS

. ‘ 0

02 AND 04 SECONDARY OPERATIONS CODES

s .NUMBER OF, PLACES T0. BE SHIFTED -
4 S =0+ N o |
EXECUTION TIME (,SEC)
MNEMONIC INSTRUCTION ST T
. . T SRA SHIFT A RIGHT ALGEGRAICALLY _ 175 + N/4
IR SLA * SHIFT A LEFT LOGICALLY WHERE N IS
: SRL SHIFT A, B RIGHT ALGEBRAICALLY * THE NUMBER
CSLL SHIFT A B LEFT LOGICALLY . OF BITS
SRC SHIFT A RIGHT CIRCULARLY SHIFTED
SCR SHIFT A, B RIGHT CIRCULARLY
_ - SeL SHIFT A, B LEFT CIRCULARLY
- - SRG "SHIFTA, B RIGHT LOGICALLY
{1 INDEX-REGISTER COMPARE AND INCREMENT INSTRUCTIONS
E [o] 4 5 § 8 9 121314 1516 : 31
LB H i T & T L O DL T S I I L O L D S L L)
E op X, x, |ijm|r M 16
f | I N S S S I B A |

: T TEST CRITERION/ADD-SUBTRACT .
- - E EFFECTIVE ADDRESS = M16 OR (M16) -

-

A ST EXECUTION TIME (uSEC)

B MNEMONIC ’ INSTRUCTION - : LONG FORMAT

o CORE Lst
ICN - TEST SELECTED INDEX-REGISTER 4.00 275
‘ A T FOR NOT-EQUAL, AND SKIP .

o [ TEST SELECTED INDEX-REGISTER 4.00 . 275
: a ' FOR LESS-THAN, AND SKIP : _ . _
P . MODIFY INDEX-REGISTER BY 400 275

o o . POSITIVE INCREMENT s :
-~ IMN MODIFY INDEX-REGISTER BY 400 .|. 275
NEGATIVE INCREMENT e R U
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LB
oP o} € P M7
Lt 1 1 A B TS TN T O W |

]

0 45 6 89 12|3I4I5
1

not

op 1| x, c '
L0 1 1 1 1.t 1 1

aanc

. JUMP_CRITERIA
o L : BIT S = SHORT; 1 = LONG
o B S ADD OR SUBTRACT
) , . » o : EXECUTION TIME (SEC)
MNEMONIC INSTRUCTION . LONG FORMAT
: -} - , . SHORT FORMAT
! _ . CORE Lst
JRU JUMP RELATIVE UNCONDITIONAL 163
R JUMP RELATIVE IF C(A) < 0 ' 163 .
RG JUMP RELATIVE IF C(A) > 0 - 163
JRN JUMP RELATIVE IF C(A) = 0 163 _
IGF JUMP ON PROGRAM FLAG ' 225
AL JUMP IF CIA) < 0 . - 225
" JAG, JUMP IF C(AY > 0 : : 225
AN JUMP IF CR) = 0 : 225
JGWi JUMP ON SWITCH i . . 225
JGSi JUMP ON STATUS BIT i : : | 2
oy JUMP UNCONDITIONALLY 225 |
1ol JUMP UNCONDITIONALLY ‘ 6.00 4.25
- T0 SUBROUTINE -
TRPi JUMP THROUGH TRAP : 6.00
INTERRUPT (4 AVAILABLE)

r - L e eTh e RPN N R
- £} NON-MEMORY REFERENCE INSTRUCTIONS (Short Instruction)

N 0 4567889 112 15

T . 1 1 T T LU
NOT
op 02| 03} Lseo F
W I N | ! 1 1 1

02, 03  SECONDARY OPERATION CODES

; F . . PROGRAM FLAGS/INTERRUPT CONTROL SELECTION
‘ ' : ~ INSTRUCTION TIME (.SEC)
MNEMONIC INSTRUCTION  TUUSHORT FORMAT
: - NoP NO OPERATION 1 1.63
Lo ~ LT - © HALT : 18
; : SET © SET SELECTED PROGRAM FLAGS . B 163
RST RESET SELECTED PROGRAM FLAGS | . . 163
el ENABLE PROGRAM [NTERRUPTS - - 163
. DPI DISABLE PROGRAM INTERRUPTS - 1.63
S i DISAGLE MEMORY INTERRUPTS 163 -
EMI ENABLE MEMORY INTERRUPTS S 183
CFX ‘ .~ CONVERT FLOATING POINT T0 225 4 AT
j FIXED POINT : S A
oXF CONVERT FIXED POINT T a5 4T
~ FLOATING POINT
£AB EXCHANGE A & B REGISTERS 1.63
*NORMALIZATION TIME 0.25 uSEC/SHIFT .
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EINPUT-OUTPUT o 4567 o 12BKIS
o Lo olc D ol'%|x

)0 INPUT/QUTPUT

BITS LONG =1, SHORT =0

D 6 BIT DEVICE CODE

C COMMAND BIT

K ACKNOWLEDGE -

INSTRUCTION TIME (.SEC)
MNEMONIC INCTRUCTIONS
SHORT FORMATY LONG FORMAT

CIM * CONDITION, 1/0 TO MEMORY 4+
DIM DATA, 1/0 T0 MEMORY » e 4
Cip CONDITION, 1/0 TO CPU (A REG) 238 AVG.
pip DATA, 1/0 T0 CPU (A REG) 238 AVG. .
CoMm - CONDITION, MEMORY TO |/0 ' 4+
DOM DATA, MEMORY T0 1/0 . 4
cop CONDITION, CPU (A REG) TO 1/0 2.38 AVG.
Dop DATA, CPU (A REG) TO 1/0 2.38 AVG.

**PLUS ACKNOWLEDGE DELAY

- NOTES: 1.

Times are a’verége based upon use of the 2.0 us memory initiation
pulse and include memory access. Individual times vary dependent on

machine operational state.
. Reductions in execution times are available through memory overlap

operation.

time.

. Each indirect operation adds one memory cycle time to the execution

One level indexing does not increase execution time. Two levels add

0.5 usec.
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4.18.4 Orbiter GM.C Crperational Flight Computer Procranm

Thz rational flivht program for the Shuttle on-beard GHAC
computer consists of an executive and a set of "mission' modules (see
Figure 4.18.4-1 which can be asserbled to build up an operational pro-
grom to accommsdate 21l Shuttle baseline missions. The computer progran
for the GN&C coﬁputer will be devoted to the solution, display and
performance monitoring of the Guidance, Navigation and Control problems
of the Shuttle Orbiteri Peripheral support such as displa?s and per-
formznce monitoring of non-GR&C orbiter subsystems will be provided by
dedicated MDE utouessors which;afe divorced froﬁ thsiGN&C broteSsors.

" The GN&C Operational Fllght computer program description cov
the operat10131 softvarc functions for theé orbiter from prelaunch
through landing. The GN&XC software functions include Guidance, Naviga-
tion, Control, Attitude reference, Executive,'énd‘iﬁftoujuuctisn_uith
the MDE computer, Display Proce531ng and status monltorlng Tue defined

functions w1th1n ‘the above functions for all m18810n phases are:

. Guidance
Prelaunch Targeting
Atmospheric guidance during boost,
Orbit injection guidance
Prethrust targeting fot';endezvous and deorbit
Cross~product steeringi |

Entry guidance

Approach guidance ;
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. Navigation |
Prelaunch alignment
Powered and unpowered navigation
Earth relative navigation
On-orbit updating (horizon sensor)
Terget navigation
4Entry navigation |
Atmospherié navigatioﬁ (TACAN Updating)

. Attitude Reference |

E Direction cosine and Euler angle computaﬁion
Platform updates (Star Tracker)
Gyro compassing during prelaunch
. Flight Control

| Main engine thrust vécﬁor-control | .
ACPS control
Thrust on-aff control
Entry program control

-+ Executive
Task control I .
1/0 control.
Common rgutineé

Tables
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. Display Processing
Display 1/0 _ -
"Tables
. -.Status.Monitoring
T “*7 " Maintain system status
n-Compufér self Eeét<
Command /response tests
Limit éhecks
"Reasonableness tests
‘In addition; the*software functibns iﬁclﬁde sequenﬁing and
1nLerfac1ng with the 'MDE computer and sysLems other than GN&C:
. The overall control of the operat10na1 program 1s prov1ded by
the executive sub-program. The Executive sub-program provides for the
.. flow of information between brograms and the external environment and
provides for standardization of interfaces in the presence of a variety

of .modules and for management of the program resources to assure the

‘response required by the system. In addition,, the executive program wil

provide an internal environment which will permit application programs
to be constructed and executed independently of one another and allow
a modular program structure which emphasizes operational flexibiiity,

ease of modification, and capability for growth.

1
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All compﬁter program instructions will reside in protected
memory.locations while all computer variable data will reside in un-
protected memory locations. Protected memory is defined as reéd-only
memory while uﬁprotected memory is defined as read-write memory. The
protected and unprotected memory locations are predetermined during the
program development process and will not change during a mission time
span. All unused memory locations will be assigned as protected memory.
If aﬁy program attempts to write into‘protected memory,the computer will
enter a fail state,

Individual program will be responsible for-all internal program
celculation scaling and arithmetic manipulations in order to attain
sufficient accuracy ;é required for the Shuttle Orbiter configuration fo
all mi%sion phases. Extended precision afithmetic functions will be use
as required. The fixed point scaling nmst‘be sufficient to accommodate
the maximum expected values ané maintain the required parameter reso-
lution.

Software Elements
The following paragraphs describe design concepts for the on-

.board Shuttle GH&C Flight Program.

-

a. On-board Executivé System. This section describes the on-
board cxecurive control system.

1. asic Structure. The executive structure will be based

on a timer interrupt, fixed schedule, time slice mode of operation. In

effect, this type of executive does not require, nor allow, instantaneoy

(&4

[o N
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responsc to external interrupts.

The timer interrupt interval will be under program control
and will provide the initiaglization and réference for the basic executive
time structure. When the executive detects a timer interrupt, it will’
brocess its schedule tables to determine which set of program jobs are
to be .executed -during .the mext .program intérmal..

" All program intervals will be approximately equal in execu-

[A W

tion time; This will be accomplished By predetermining the time require
for the longest.path in each job and shuffling jobs to balance the time
intervals. Each time intefval will contain portions of various rate
jobs as recquired to satisfy the tire and rate constraints.

| The program intervals occur 25 times per:second, based con
the maximum system sample rate. 'Each interval contains all 25 per sec-
ond jobs. evecry other interval contains 25vand 12.5 per second jobs,
every fourth interval contains 25 and 6.25 per second data, etc.

2. Job Schedule. The Job Schedule function manages the

sequence in which programs are executed. System‘considerations determine
the priority of the routines driven by the schedule function. The job
‘ééhedule function is designed to respond quickly to exeéutionhrequésts
on a predetermined priority basis.
A1l externsl inferrupts are treated by the schedule as
discrete inputs (ON-O¥F). The scheduler will mask the interrupt and
sample the interrupt status on a periodic basis. An interrupt detected

as ON will result in the scheduler modifying its scheduled jobs or

b
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- «down in -40 -millisecends (based on acedpted maximum sample rate of 25 per

setting a flag to be used by one of the sub-programs.
internél interrgpts such as the Ihternal Timer or Machine
.Exrror interrupts will be handled as true interrupts, as follows:

(2) Internal Timer Interrupt - This interrupt will occur

when a pre-set timer counts down. The program will set the time to count

sécond). This interrupt will cause the program to exit its present
séheduled jobAéna feﬁurn téﬂthe baéic ééﬁeduler eﬁtry pdint. The.pro-
gram structure will be designed so that this inferrupt will always occur
during a 16w priority (background) job or during an idle state.

(b) Machine Error Interrupt - This interrupt dndicates

that the.cémputer circuitry has detected~é problem in the computer
hardware. This interrupt will force the program into an error detection
self test ﬁode. Verification of tﬁe machine error will cause the compu-
ter to be shut down. One of the redundant computer systems will take
over control of the orbiter vehicle by manual or automatic means.

3. Input/Output Supervision. The input/output supervision

function controls all the operations associated with the input/output
buffer device. Effectively, the input/output supervisor will input
data at interval n to be used in calculations in interval n + 1. The
output data at interval n islfor da;a}éélcﬁlated dgring interval n-1.
For time critical functions, the inpdt-calculation-output process will

be optimized to satisfy the required time constraints.




F.3098.8-A

DATE 310-20-72 THE SINGER COMPANY ' PAGE NO.t-300

SIMULATION PRODUCTS DIVISION

REV. . : BINGHAMTON, NEW YORK REP. NO.

. subsystem usage. System clock accuracy and update rate will be consis-

The input and output data is normally a function of mission
phase, sequencing,control panel seiection, job scheduling, etc.; as such
the data set is variable and is a function of the jobs schedule by the
executive.

The input/output data will be transmitted to or received
from the input/output buffer utilizing predetermined unprotected main

memory locations.

4. Systems Services. Systems services provides the

function of system and applications program interface with the operator
of the system. This function will sample ali input control media such
as control panél switch positions at a predetermined and constant rate,
nomiﬁally.G samples ;er'sééond. ‘If the panel switch inputs are in a
changea state for two or more éuccessive samples, the services facility
will either change thé job schedule to satisfy the inputs or set a fiag
for usage by the subsystems pfogram.

5. Systemé Clocks. This facility will provide the

capability of maintaining unique clock facilities for system usage. The

clock facility will be utilized for display functions, sequencing, or

temt with accuracy constraints on the onboard system. The clock
facilities will include Time From Léuqch, GMT, Launch Local Time, Time
to Go to Event, and Time in Mission‘?hase. Maximum ciock update rate
for a minimum number of:time bases will be 25 per second. _Nominal

clock update rate will be 1 per second. The basic time information for
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determine sine, cosine, tangent, square root, root mean square, matrix

calibrating the Software clocks shall be provided by the Master Timing
Unit or the Display Keyboard.

6. Conmon Subroutines. This service facility will contain

all common subroutines to be used by the various subprograms. Included

in the common subroutines are the standard mathematical functions to

inversion, etc. In addition to the standard set of subroutines, this
facility will contain other routines that are used by more than one
subprogram. The subprograms will branch-to the appropriate sﬁbroutine
as neceséary; exit from the subroutine will be to the using subprogram.

7. Common Data Blocks. The Executive program will

maintain common data‘blocks of unprotécted memdry. .The Common Data
Blocks'Q111 be available for usage by all programs, subprograms or
routines. Inclusion of data in the Common Data Blocks implies that data
is used across program interfaces. Data that is unique to individual
programs such as scratch pad mémory, éonstants, etc;, will be maintained
in individual 1033} program data blocks which are not accessible to
other programs. | | | |

8. Self Test. The Self Test fun?tion will be executed
on a minor cycle basié to determine and verify the operational state of
the GN&C computer.A This function willfbefdesigned to execute a maximum
number of computer program instructions and to comparé results of mathe-

matical manipulations against a predetermined result. Failure of the

Self Test function in a particular computer will result in a shutdown

of that computer.
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9. Systems Tables. The executive program structure will

" be designed to maximize the usage of System Tables in conjunction with
siﬁple subroutines for execution of the System Table data. The System
Table concept simplifies the programming, checkout and validation of
the GN&C Flight Program in addition to providing a relatively simple

.means.of .incorporating.program changes .and updates.

b. Guidance, Navigation, and Control Programs. The GN&C

softwafe‘consists of the operational sofﬁware functions from prelaunch
through landing. The GN&C software functions include Guidance, Naviga-
tioﬁ, Control, attitude reference, Executive, Display'processing, and
status mohitoring. Thege functions are required for both the orbiter
and thg Booster ofAtge flyback (LOX/RP) configuration. -
| However, a pressure fed booster which is controlled by the
orbiter and which is towed to ﬁhe launch site after a»free fall return
would not'require any SOEtware.functionSE the orbiter GN&C computer
would be augmented to pfovide the pressure fed boosfer contrel during
the mated boost phase.
The LOX/RP booster configuration contains its own GN&C

computer with the same functions as the orbiter during.prelaunch,

mated boost, and separation. A period of booster coast and retﬁnr to
.atmOSpherié flight reqﬁires Eomputeé Guidancé; Navigation and ACPS
control. These functions are perfo;med by thg'computér until the

bilot initiates manual control.

Table 4.18.4-1 summarizes the orbiter GN&C program func-
tions by mission phase.
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‘Table 4.18.4-1

PHASE

Prelaunch

" Mated Boost .-

Separation/Orbit Insertion

.

Rendezvous/Unpowered’

Rndezvoua /Powered

DockingA'

g

" Orbiter Mission Phasc Requirements Summary

i

‘" Powered Navxgatxon S

- Manipulator’ Arms . - . . - AN
Target Relative Navigation: - 0 o2 0o

GN&C FUN STIONS

Targéﬁng Update - '
Powered Navigaticn

"Prelaunch Nav Update
" Direction Cosines Computatlona
Prelaunch Gyro Compasamg

- Powcrcd Navxgatmn

Earth Relative Navigation
Direction Cosines Computat\ona

" Open Loop Guidance

Closed Loop Guidance
Abort Guidance .
Pow:red Navigation -

- Earth Relative Navigation

Separation Guidance

Abort Guidancg

Injection Guidahce | o
Separation Control ) oL -
Thrust Vector Control h T

. Thrust On-Off Throttle Control

Direction Cosine Computations

" Euler to Body Transforms

- Ofbital Navigation

Direction Cosine Computations

" Update Pldtform Attitude
" Euler to Body Transform

ACPS Control

' _ Thrust On-Off Control

Rendezvous Targeting
Prethrust Maneuver Targeting

: Targeting Conic Routines

Direction Cosine Computatxons L
Euler to Body Transform™

Thrust On-Off Control

Cross Product Steering

Unp'o_\i;ércd/pdwc're_d Navigation N

Direction Cosine Computations..

Euler to Body Transform
ACPS (,ontrol

—— ——
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Iab_]_ef 4.18.4-1" ¢ Ot_Bite;' Mission Phase Requirements Summary (Cont. ) K

-

L

PHASE - - - : - GNACFUNCTIONS

. Deorbit Mancuver Sequence © - Unpowered Navigation
.- {Unpowered) : " - ' . Earth Relative Navigation
s . ) . Direction Cosine Computations
Fuier to Body Transform .
Attitude Update ’
Deorbit Targeting
Target Conic Routines .

. Prethrust Maneuver
" ACPS Control

. Deorbit Mancuver Sequence - Powered Navigation )
(Powered) s .- . ... Earth Relative Navigation
o T e Direction Cosine Computations
DR K -, Euler to Body Transform
R - '+ - _ " Thrust Vector Control
SR o Thrust On-Off Control
Cross Product Steering

. Entry - S e " Powered Navigation
T R ) ) Earth Relative Navigation
Direction Cosine Computations

Body Axis Error Computationg °

Attitude Control

" Aerodynamic I D Approach Guidance-
o ) S Earth Relative Navigation

"Atmosphetic Nav/Aids Updates - ST - L

R . S R ‘.'. . Aero Flight Control
L. oS0 - 0 w7 0 Attitude Reference

1 oo : . .o .. Ve s

-x“;’\". : .
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Baseline GN&C éomputer sizing estimates are based on well;
understood requirements'from.previous programs, are therefore relatively
accurate, and are not expected to grow beyqnd the 100-percent reserve
provided. If added functions during the definition phase cause growth-
beyond the-reserve, available access channels will accommodate mass
memory. The performance monitor (PM) and payload (PL) functions are
not as well defined, and the use of tape mass memory allows expahsion
and the sharing of_funttibns to minimize the numbef’éf computers.

Tape memory was se1e¢ted for the modular disﬁlay electfonics functions,
- which:are not time critical, based on availability and low power,
weight, and cost. The payload data processing requirement of 10,000
- 32-bit wbrdslis séti;fied by_the use of a modular displayveleqtronics
unit with an equivalent of 8000 32-bit words in the main memory and the
tape.massAmembry._ (Prelimihary énalysis indicatgs a“4000-word resident
memory augmented with incremenéal 2000pword tape ioads is adequate.)

Hardware fioaring poiﬁt arithmetic is implemented in ﬁhe
GN&C computer to reduce the problem of scaling errors and provide the
lowest brogram cost fof Ehe primarily arithmetic GN&C‘software;' Hard-
wafe floating point is.not“brovided iﬁ the mddplar display eleétonics;
the added-cost.to pfovide this'capability for the primariiy data
handling andhlogic functionsiofvghe modular éisplay eiectfonics, which
do not involve a lafge amount‘of scéling,»is notvjusfifiea'by off-

setting software savings. . S
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Table 4.18.4-2illustrates the assignment of pro-
grams and. requirements to the functionally dedicated
GN&C compurcrs and MDE'’s and identifies the mem-
ory size, speed estimates, and capabilities. These values
were derived by analyses of vehicle requirements,
‘ mo'icling, and coding of selected functions. The results
- of this process compared within 5 percent with equiva-
lent programs from Apollo RTCC and Saturn IU.
Table 4.18.4-2 o o
T Program Functional chzurcnwms and Mcmory Estimates
GHaC - {4 and Bﬂl.r up GraC LioE's PLM and PLH MDE's
) . : Size 2rd {So228} , Siz2 and {Sa2ed) . Siza and {Speed:
- Funetion TR = Fenction P | BUGHAC - Function P4 PLH
‘ecutive . 3930 Executive - 400 400 4 Executive 200 909
Data podl, subrautines, (13.8) 0.9 Subrouiines, input/output, 0.5) (5.0) Subroutines, input/outout, {2.3) (2.5)
input/out, sequencing, ata pool, tebles data pool, tables -
schoduling, tebles | Systemstatus 900 System status *2000 1400 -
Systent status 2200 * Ken-GiiC system perform- (20.0) Performance moenitor, 2naleg,
Redundzncy manzgement, {25.5) ance monitor, annunciator. , discrete, serial limit checks
GNSC, systzm pericrmance lights, seif-cazck- ’ Crew aisplays 500 5C0
meaitor, ground chackout Crew station dizolays 3500 Impui/outout conversions, (5.6) (5.6
Flight crew cxcp!qs 450 33590 lnput/cur,ut c«r‘ersmns, (5.0) formats, tables, cisplay :
GiiC smcm stalus, 0.9) 13.€) formactis, tzbies., c:s,'_y seryicas
procedures services, time shzre Gil&C, Paylcad checkout *20C0
Navigation 5850 Pld, and backep GREC Minimal on-board checkout, (3.0)
State vector, attitude 2.1 Backup GGG 2950 no exgeriment processing
reference Steer to displays, get-home . (33.1) | PlHccnlrol pregiam 1000
Guidarce . 7500 guidance and navigation Closed-lcop cantrol of (36.3)
Steering commands, engine {39.5) attitude, rate, and position
control, sbart PLH constraint 1ahies 1000
Targeting 4260 Deployment and retrieval
: {19.3) trajactorics, rasinad
., Flight control 2550 dependent tables
: TVC, RCS, cinital outer loop, | (20.1) Program loader 150 150
boost bt 1d.ng Tepe memory load on request
Program services 2700
Uplmx PCiA, prnfhrht {5.0)
system ahcn and caiibration,
interfaces (pooster, paylead,
main engine controiier,
GSE interface)
Unmannzd orbiter 500 .
Sequencing, cslculation for {2.5) Program foader 150 150 =
autonomous flight Tape memory loag an crew
Program lcader 100 request
Peak memory loading 30500 £330 5350 3500 3550 4850
(128.2) (5.1) (26.1) (33.1} (13.1) (44.9}
Machine capabilily main ) g
meniory 65535 .o 8192 8192
: (239.0) . (235.0) {25¢.0)
* Tape mentory 1 2300 | 256 K 256 K

hote Sizing is in terms of equivai

MDE comruters are all 16 bits. Fl Julll"c' T

ient 32-hitw

PLM -0

Jr:3. iost GH&C computer instructions are 16 bits.

uisz3 manacement

it data are 32 or 48 bits and other data are 16 or 32 bits. Speed in KADS.

Pi/i—pericrmance monitor PLH—payload handiing

*Mutually exclusive,
tepe memory toad

‘ MDE—modular distlay eleclrenics

F.3088.8-A
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4.18.5 Rationale
Not applicable.
4.18.6 Assumptions . o
None.
4.18.7 Data References

41

Space Shuttle Alternate Avionics
System ‘Study and Phase 'B Extension
Final Report dated 12 November 1971
Pgs. 2.3-29 to 2.3-46

©2.10-1 th 2.10-48

232  MsSC-03329

166 SD72-SH-50-s Technical Proposal for Space Shuttle
; Program Volume III
dated 12 May 1972

pgs. 3 95 to 3 -122

Space Shuttle Phase B Avionics
Final Report dated 8 March 1972
Pgs. 70- 73 '

SD72-SH-0023

Aerospace Digital Computer
SKC-2000 dated Nov. 30, 1970

65 SKC2000

187 AP101/SP1 IBM OBC Candidates for Shuttle




