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LIST OF SYMBOLS

1.  FLOW CHART SYMBOLS .
Flow charts shown in this report conform to American National Standard

X3.5-1970, "Flow Chart Symbols and Their Usage in Information Processing".
Symbols of interest are defined below.

Process: Computation, storage move, etc.

Tnput/Output _—

Comment, annotation

B P T

On-Tine storage (e.g., disk)

Decision s ;

Predefined process, subroutine

Xy
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Preparation, initialization

Flowline connector .

Program terminus: begin, end, return,
stop, etc.

Parallel mode: multitasking, databus

2. ACRONYMS
The acronyms listed below are those of fairly general use within this

report.

APU AuxiTiary Power Unit

ATCS Active Thermal Control System

CGI Computer-Generated Image

C&U Caution & Warning

ECLS Environmental Control/Life Support
EOM Equations of Motion

EPG Electrical Power Generation

EPS Electrical Power Subsystem

ET External Tank

GN&C Guidance, Navigation & Control

IMU Inertial Measurement Unit

MDM Multiplexer/Demultiplexer

ME ‘ Main Engine

MPS Main Propulsion System

MSBLS Microwave Scanning-Beam Landing System
OMS Orbjtal Maneuvering System

PATA]
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PDR
PDRS
PMS
PRSD
P/T
RCS
SGLS
SRB
SRM
SSFS
STDN
SVDS
TACAN
TBS
TDRS
UHF

MDC ET136 -
2 September 1974

Preliminary Design Review

Payload Deployment & Retrieval System
Performance Monitoring System

Power Reactants Supply & Distribution
Payload/Target

Reaction Control System
Sphce/Ground Link System

Solid Rocket Booster

Solid Rocket Motor

Space Shuttle Functional Simulation
Spaceflight Tracking & Data Network
Space VYehicle Dynamic Simulation
Tactical Air Navigation

To Be Supplied

Trécking & Data Relay Satellite
Uitra-High Frequency

At kA s e

xvii
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4.7.4 Power Generation Subsystems
This section discusses the Electrical Power Generation and Auxiliary Power
Generation.

4.7.4.1 Electrical Power Generation

The Electrical Power Generation (EPG) portion of the Electrical Power System
includes three H,/0, fuel cells with associated water cooling loops; and the Power
Reactant Storage and Distribution subsystem (PRSD}. (The battery subsystem has
been deleted.) The distribution and control of electrical power is accomplished
by the Avionics Subsystem.

EPG System Description

Each of the three fuel cells contains subsystems which provide the following
functions:

e Heating and pressure regulation of the H, and 0,.

® Coolant circulation and control for proper temperature control.

2 H2/02 circulation to remove product water from the fuel cell.

Reference 25 provided Figure 4,7-65,a schematic of the fuel cell interfaces
with:other systems. Figure 4.7-66 (also from Reference 25) illustrates the fuel
cell internal operations and functions, which are discussed below.

fuel Cell

The H, and 0, from the PRSD are passed through pre-heaters (heat exchangers)
which warm the gases prior to flow through coupled pressure regulators which
maintain the proper operational gas pressures for purges and normal fuel powev
geheration.

The fuel cell coolant Toop circulates a cooling fluid' through the fuel cell.
This fluid transfers heat from the fuel cell to the active fhermal Control System.
The system includes coolant pump, flow control vaive, condensé}‘(heat exchanger),
startup heaters, fuel cell caldplates, 0y/Hy pre-heaters (heat exchangers), and
coolant accumuiator.

The H,/0, circulation is accomplished by a combination pump/H,0 separator.
The flow is through the fuel cell, condenser, and the water separator. The fuel

4,7-132
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cell product water is output to the ECLSS for storage and use,

RSD

———

The Power Reactant Storage and Distribution (PRSD) subsystem comprises
cryogenic storage tanks, control valves and distribution manifold. The Shuttie
subsystem has two tank assembiies for 0, and two tank assemblies for the Ho.
However, provisions of the manifolds allow the addition of cryogenic 0, and Hy
tank assemblies in tne payload bay. Each tank assembly has two heaters, burst
diaphragm and relief valve. The subsystem schematic from Reference 25 is shown
in Figure 4,7-67.

EPG Module Description and Performance Parameters

The EPG module functions are to provide the calculations related to the fuel
cell operations and the PRSD performance. Figure 4,7-68 is an illustration of the
EPG module functional elements and their interfaces with other modules. The
functions of each functional element are discussed in the following paragraphs.
The module performance parameters for the fuel cell and PRSD are identified in
Tables 4.7-19 and 4,7-20.

Fuel Cell Pressure Control - The following calculations are provided by this
élement: | |
- @ Electrude pressure - a function of temperature, gas quantity, gas
volume. _ ,

@ Gas Usage rates - a function of electrical Toad, inlet pressure, electrode
pressure, temperature, purge mode selection, and electrode differential
pressures. '

® Electrode Gas Quantities - functions of regulator flow characteristics and

~ gas usage rates. .
& H20 quant1ty ~ function of electrical load and eiectrode pressures.

Fuel Cell Coolant Loop - This element makes the following calculations:

s Pump Tiow rate - a function of loop configuration selection, fluid
‘nemperature, input voltage . ‘
& Pump outlet temperature - a funct10n of inlet temperature, flow rate, 1nput
electrical power, and output hydrauT1c pewer.

4. 7-1 85
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TABLE 4,7-19 EPS FUEL CELL PARAMETERS (TYP 3)

MDC E1136

27 January 1975

| PARAMETER NOMENCLATURE DATA RANGE TYPE®

LOW HIGH UNIT
H2 Regulator Pressure 0 +100 | PSIA cp
Voltage 0 +40 | ¥bC P
Current 0 +500 | AMP DC P
Cell Current Low LOW EVENT p
Ready OFF | ON EVENT I
Start Up Heater OFF | ON EVENT I
Startup Heater - OFF ON EVENT I
Stack Cool.Qut Temperature -50 - +300 | BEG F CP
Condenser Exit Temperature 0 +250 §{ DEG F cP
02 Flow 0 25 | LB/HR cp
02 Regulator Pressure 0 - +100 | PSTIA cp
H2 Flow 0 4.5 | LB/HR cP
02 Purge Valve Automatic ON EVENT
H20 Condition ON OFF  EVENT
]20 Outlet Valve Position OPEN | CLOSE EVENT 1
Product H20 Line Temperature 0 +200 | DEG F cP
H20 Line Heater Active ON EVENT 1
H20 Line Heater ON ~{oN EVENT I
02 Pressure Over H20 0 +10 | PSID p
H2 Purge Valve OPEN ON EVENT I
HZ2 Purge Valve - Automatic ON EVENT - I
02 Purge Valve OPEN ON EVENT I
2 p . Performance Parameter
CP - Critical Performance Parameter

I - Input
|
4,7-188
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TABLE 4,7-20

MDC E1136
27 January 1975

EPS POWER REACTANT STORAGE AND DISTRIBUTION PARAMETERS
(COMMON 3 FUEL CELLS)

PARAMETER NOMENCLATURE DATA RANGE TYPED
LOYW HIGH UNIT
H2 Circulation Isolation Valve 1A OPEN CLOSE (PEN EVENT P
42 Circulation Isalation Valve 1B OPEN CLOSE OPEN EVENT P
H2 Circulation Pump 1A ON ON EVENT p
H2 Circulation Pump 1A Automatic ON EVENT p
H2 Circulation Pump 1B ON ON EVENT P
H2 Circulation Pump 1B Automatic ON EVENT P
H2 Circulation Line Heater No. TA-Active ON EVENT p
HZ Circulation Line Heater No. 1B~Active oN EVENT P
H2 Manifold 1 Pressure 0 +400 | PSIA cp
H2 Manifold 1 Isolation Valve Closed OPEN CLOSE EVENT P
H2 Manifold 2 Pressure 0 +400 | PSIA cp
H2 Manifold 2 Isolation Valve Closed OPEN CLOSE EVENT P
H2 FCP 1 Supply Valve Closed OPEN CLOSE EVENT P
1H2 FCP 2 Supply VYalve Closed OPEN CLOSE EVENT P
H2 FCP 3 Supply Valve Closed OPEN CLOSE EVENT P
H2 Pressure 0 +400 | PSTA cp
HZ Quantity 0 100 | PCNT p
H2 Heater 1A ON OFF ON EVENT P
H2 Heater 1A Temperature -425 +200 | DEG F cP
H2 Heater 1B ON OFF ON EVENT p
H2 Heater 1B Temperature -425 +200 { DEG F cP
H2 Purge Vent Temperature 0 +250 | DEG F cp
H2 Relief Vent Heater 1 Active ON EVENT P
H2 Relief Vent Heater 2 Active ON EVENT P
H2 Relief Vent Heater 3 Active 10N EVENT P
02 Pressure 0 +1500 j PSIA CP
02 Quantity 0 100 | PCNT P

4.7-129
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TABLE 4.7-20 (CONTINUED)
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PARAMETER NOMENCLATURE o AR e TyPE®

02 Heater 1A ON OFF ON EVENT P
02 Heater 1A Temperature -325 +300 [ DEG F CP
02 Heater 1B ON OFF ON EVENT p
02 Heater 1B Temperature ~325 +300 | DEG F cp
02 Circulation Isglation Valve 1A OPEN CLOSE OPEN EVENT P
02 Circulation Isolation Valve 1B OPEN CLOSE OPEN EVENT P
02 Circulation Pump TA ON ON EVENT P
02 Civrculation Pump iA Automatic ON EVENT P

02 Circulation Pump 1B ON ON EVENT p

02 Circulation Pump 1B Automatic ON EVENT p

02 CircuTation Line Heater No. TA-Active ON EVENT p

02 Circulation Line Heater No. 1B-Active ON EVENT P

02 Manifold 1 Pressure 1} +1500 | PSIA cp

02 Manifold 1 Isolation Valve Closed OPEN CLOSE EVENT P

02 Manifoid 2 Pressure 0 +1500 | PSIA cp

02 Manifold 2 Isolation Yalve Close OPEN CLOSE EVENT P

FC 1 02 Supply Valve Closed OPEN CLOSE EVENT P

FC 2 02 Supply Valve Closed OPEN CLOSE EVENT

FC 3 02 Supply Valve Closed OPEN CLOSE EVENT
- H20 Relief Vent Temperature 0 +250 | DEG F cp

FC H20 Relief Vent Heater 1 Active ON EVENT

FC H20 Relief Vent Heater 2 Active ON EVENT

02 Purge Vent Temperature 0 +250 { DEG F cP

02 Relief Vent Heater 1 Active ON EVENT

02 Relief Vent Heater 2 Active ON EVENT

02 Relief Vent Heater 3 Active ON - EVENT

% P - Performance Parameter
CP - Critical Performance Parameter

I - Input

4,7-199
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@ Coolant flow to ATCS - a function of condenser HZO/H2 outiet temperature,
| pump flow rate, startup heater inlet temperature, and condenser fluid *
outlet temperature.

® Fluid temperature to ATCS - a function of pump outlet temperature.

@ Coolant flow to condenser - a function of coolant flow to ATCS., condenser
HZU/H2 outlet temperature, startup heater inlet temperature, and condenser
fluid outlet temperature.

¢ Condenser fluid inlet temperature - a function of condenser fluid flow
rate, pump outlet temperature, condenser HZ/HZO outlet temperature, ATCS
fluid flow, and ATCS Tluid return temperature.

® Condenser fluid outlet temperature - a function of condenser fluid flow,
Ha/H,0 Flow, Hy/H,0 inlet temperature, and condenser fluid inlet temperature.

¢ Startup heater inlet temperature - a Tunction of stack inlet control valve
characteristics, pump fluid outiet temperature, condenser fluid outlet
temperature, condenser flow rate. and pump flow rate.

& Startup heater temperature - functions of heater electrical power, inlet
fluid temperature, and fluid flow rate.

® Startup heater outlet temperature -~ a function of fluid flow, heater
temperature, and inlet fluid temperature.

¢ Fuel cell outlet temperature - a function of the fuel cell temperature,
pump flow rate, and startup heater outlet temperature.

e 0, Pre-heater fluid outlet temperature-- a function of inlet fluid
temperature, inlet 02 temperature, 02 flow rate, pump flow rate.

] 02 Pre-heater outlet 02 temperature - a function of inlet 0, temperature,
inlet fluid temperature, and 02 and fluid flow rates.

@ H, Pre-heater outlet fluid temperature - a function of 0, pre-heater fluid
outlet temperature, Hy inlet temperature, H, flow rate, and ¥1uid flow
rate.

& H, Pre-heater outlet H, temperature - a function of 0, Pre-heater fluid
outlet temperature, H2 inlet temperature, H2 flow rate, and fluid flow rate.

& Fuel cell temperature - a function of electrical Toad, end plate heater
power, 02/H2 flow rates, cooiant flow rate, H2/H20 flow rate, coalant inlet
temperature, and HZ/HZO inlet temperature.

HZ/HZO Circulation - This element calculates the following:

9 HZ/HZO pump flow - a function of electrical input voltage, HZ/HZO temperature,
4.7-191
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rpm, and outputpower. )
Separator HZO flow ~ a function of separator efficiency and HEO quantify
inlet.
Separator H,0 pressure - a function of H,0 tank pressure, and H,0 flow.
Separator outlet HEO temperature - a function of inlet HZ/HZO temperature,
input electrical power, and output hydraulic power.
H2 pump outiet temperature - a function of the 1n1et_H2/H20 temperature,
input electrical power, and output hydraulic power.
H2 pump outlet pressure - a function of H2 temperature, and pump flow
ratae,
Condenser inlet HZ/HZO temperature - a function of inlet H2 temperature,
inlet H2 flow, HZ/HZD pump flow, fuel cell outlet H2/H20 temperature, and
HE/HZO pressure.

Cell Electrical Qutput - This element generates the following:

PRSD

Qutput voltage Tlevel - a function of reactant quantities at electrodes,
output current, and fuel cell temperature. '

Output current - a function of load impedance, and fuel cell output
voltage.

The catculations performed by this element are:

Reactant Quantities - functions of ECLSS usage, fuel cell usage, and
relief venting.

Tank temperatures - functions of input heater power, heat leakage,
veactant flow rates, and pressures.

Tank pressures - functions of reactant quantities, temperatures, and
volumes.

Burst diaphragm rupture (discrete) - a function of diaphragm characteristics
and pressure.

Relief flow rate - a function of tank pressure, ambient pressure, reactant
temperature, and relief valve characteristics (only after burst diaphragm
rupture).

Manifold temperature - a function of inlet and outiet flow rates, and
temperatures.

Manifold pressure - a function of inlet flow, cutiet flow, and manifold

temperature,
RLPROD[KJLMJPY'OF THE
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¢ Manifold flow rates - functions of inlet pressure, inlet témperaturé,'
and outlet pressure. .

EPG Reference Data Sources and Data Formats

Several sources of data exist for use for developing reference modules or
making direct comparison with simulator results. The system and component design
performance requirements, analysis/performance predictions, test resuits, and
flight performance data are a few. Figure 4.7-69 is an overview flow chart of
methods of using these sources in a direct comparison withothe vesults of a .
simulator run. 1In brief, the method is to establish the desién requirement,
analysis, etc. as input conditions on the simulation module to be verified. The
simulation module is allowed to reach a stabilized response and the resulting data
output for manual comparison with the spec requirements, analysis results, etc.
This method is discussed in Section 4.2.1.4. The method of section 5.1 can be
used with the reference models for verification. ' ‘

Fuel Cell

The fuel cell requirements are provided by Reference 64 . The requirements,
analysis and predictions can be determined from Reference 22, design or analysis
groups, and MPAD. Many of the test results can be acquired from individual
acceptance tests and integrated-systems checkout. Reference 63 discusses a
computer program for simulation of the CSM fuel cells for the Skyiab mission.
The Shuttle fuel cell system 1s very similar to the one described by this
reference; thus, the subject program should be easily converted for Shuttle
simulation verification.

PRSD - The basic flow for the PRSD 02 reference module is shown in Figureﬁ@?—?O.
This approach utilizes the basic flow charts shown in Figures 4.7-71 and 4,7-72.
The approach for PRSD-H, parameters would be identical to the 0, except for the
fluid characteristics. Reference 65 can be used as a source of 0, characteristics
while Reference 66 provides the H, characteristics. Reference 22 ' provides many
of the component characteristics of interest.

EPG Validation Methods and Check Cases
The referance module is utilized by the method of Section 5.1, while the
systems performance data is used by the technique of Section 4.2 is validating the

EPG simulation module. Drivers required to generate and maintain interfacing
4.7-193
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moduie input parameters include:
& Atmosphere Revitalization
Active Thermal Control
Avionics (Electrical Power distribution)
HZU'Management
Control Logic Inputs

® & 8 @

The check cases should include minimum, ‘intermediate, and maximum electrical
power 1oad requirements, transient power switching loads, and projected mission
1oad profiles.

EPG Data Base Imract

The {mpact of the EPG validation on the simulator data base is in four forms.
These forms are the reference module, required drivers, processing subroutines,
and data files. The most significant impact is the reference module. The

reference moduie includes the fuel cell and the power reactants systems. The
drivers would have the next most significant impact. The drivers would be reguired
for both the reference module method and the systems performance data method.

‘The processing subroutines would include the data output routines {tables,
plots, etc.) and any comparisons or data manipulations. The output routines would
be required for the reference module and the systems performance data methods.
Most processing routines would be common to all modules validated, however.

Data files are required for the power load profiles, 02/H2 cryogenic tables,
and output data tables.

- 4.7.4.2 Auxiliary Power Generation (APG)

The APG consists of three Auxiliary Power Units (APU's) which provide power
to the hydraulic pumps in the three hydraulic power systems. The three APU's
are identical with each driving only one hydraulic system. APU's are identical
with each driving only one hydraulic system.

APG System Description
Figure 4.7-73 (taken from Reference 25 ) is a schematic of the APU used for
the Shuttle Orbiter. The fuel (N,H,) is expelled from the fuel tank by a fixed

quantity of nitrogen used as a pressurant. A turbine-driven fuel pump feeds the
4,7-199
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fuel through control valves into the gas generator. The gas generator is a
heated catalytic bed which causes decomposition of the fuel intc a hot gas . The
hot, high pressure gas is then used to drive the turbine and exhausted overboard.
A gearbox provides torque and angular velocity transformation to drive the fuel
pump, AC generator (if any), oil pump and hydraulic fiuid pump. The o011 pump
circulates the gearbox lubricant through the gearbox and the water boiler for

cooling. The Tubricant in the gearbox is pressurized by a tank of GNZ via a

pressure ragulator. An electronic APU controller provides fuel flow moduiation
to allow startup, shutdown, and maintain normal turbine run speed.

APG Module Description and Performance Parameters

Figure 4,7-74 is a schematic showing the APG module functional elements and
their interfaces with other modules. Table 4,7—21 is a listing of the APU para-
meters. The functions performed by each element are discussed below:

Fuel Source
o Nzrpressure-- function of temperature, Helium quantity, and N2H4
_quantity remaining.
o Tank (fuel) temperature - function of heater power, input, and NyH,
usage,
] N2H4 quantity - function of initial quantity and fuel usage rate.

" Fuel Pump
¢ Pump flow rate - function of turbine speed and fuel density.

@ Pump bypass rate - function of fuel delivered to the gas generator,
pump flow rate, and control mode.

@ Fuel source flow rate -~ function of fuel delivered to the gas generator
and control mode.

e Fuel pump torque - function of friction, speed, flow, differential
pressure, and moment of inertia.

Gas Generator
@ Pressure - function of temperature, fuel inlet flow, gas flow out, and
gas quantity.

¢ Temperature - function of fuel decomposition rate, heater power,
exhaust temperature, and turbine flow rate.
¢ Gas quantity - function of turbine flow, fuel inlet rates, and
decomposition rate.
4.7-201
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TABLE 4,7-21 .APU REFERENCE MODULE PARAMETER LIST (From Ref. 9')

o ‘ DATA_RANGE a

PARAMETER SOMENCLATURE oW 1 nienl ONTT TYPE
Shutdown inhibit command ON] EVENT P
Propeliant tank pressure 0 { 600{PSIA CP
Propellant tank temperature 0§ +160}DEG F p
Tank heater-element A-B ON ON{ EVENT p
Discharge Tine temperature 0 | +160{DEG F P
Line heater-element A-B ON ONFEVENT p
Fuel pump discharge temperature 0 250 DEG F P
Package heater-element A-B ON ON{ EVENT p
Fuel isolation valve-open command ON[EVENT p
Fuel isolation valve position Open CLD} EVENT CP
Lube 01l heater -element A-B ON ONi EVENT P
Thermal bed heater A ON ONf EVENT p
Thermal bed heater B ON ON{ EVENT P
Gas generator bed temperature 0 | 2500|DEG F cP
Controller power-on command ON{ EVENT p
Status Tight - ready OFF ON} EVENT P
Start command ON| EVENT
Turbine speed 0 | 100K} RPM cpP
Gearbox Tube 01l temperature 0 400{ DEG F CP
Gearbox lube oil pressure 0 { +100fPSIA . P
Gearbox bearing temperature no. 1 0 500} DEG F cP

dp - Performance Parameter

CP - Critical Performance Parameter

I - Input
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Turbine
® Turbine speed - function of turbine torque, gear box Tubricant ‘
temperature, hydraulic pump load, system friction,
system moments of inertia, fuel pump rate, and AC
generator output power.
¢ Turbine input power - function of turbine polytropic efficiency, gas
inlet temperature, gas inlet pressure, and gas outlet
pressure.
e Discharge temperature - function of inlet temperature, turbine power.
o Turbine fuel flow - function of inlet pressure, temperature, outlet
pressure, and effective turbine fTow area.

Gearbox

@ 071 pump pressure - function of pump speed, oil temperature, and Tine
resistance.

@ 0i1 pump flow rate - function of pump speed.

® ,0i1 pump torgue Toad - function of oil temperature, flow rate, and
1ine resistanze,

@ 0i1 temperature - function of oil pump flow, return oil temperature,
01l quantity.

@ Rate heat input - a function of friction and rotation (rpm).

APU Control
® Valve control{s) - function of input commands, turbine speed,
temperatures.

APG Reference Data Sources and Data Formats
The APG module can be verified by use of reference module(s) or system
performance data. The reference module{s) should have incorporated the most

accurate systems performance data in order to achieve a high degree of fidelity.
The systems performance data would include design requirements, analysis results,
test results, and vehicle 1ight data.

Figure 4,7-75 is a flow chart utilizing the reference data sources for
verification. The sources of the systems performance data include:

- e MC2071-0001 (Reference 67 ) - provides system and component design perfor-
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. mance requirements.

Kj, ® JSC-08934, Vol. I (Reference 22..) - provides a compilation of design
requivements, analysis results, test results, and performance
predictions for various Shuttle systems.

& SAPUCM (Reference 68 ) - the Simplified Auxiliary Power Unit Consumables
Model allows the conduct of full consumable analysis for
comparison with the simulation module.

A reference module for the APU is shown in Figure 4,7-76.

APG Validation Methods and Check Cases

The method of Section 5.1 and the selected reference module on the technique
presented in Section 4.2.1.4 with the system performance data can be used for
verification of the APG module. When utilizing the reference module, the following
interface module drivers are required:

o Hydraulic power - system functions, power load, and Tubricating oil

(Gearbox) cooling ‘
e Electrical power bus voltages
& Control Togic inputs

Check cases should include startup, shutdown, steady-state maximum hydraulic
load, steady state minimum hydraulic load, mission hydraulic load profiles, and
hydraulic Toad switching.

APG Data Base Impact

The impacts on the simulator data base are associated with the reference
module, special drivers and check case data files. The selected APG reference
module will have a large impact. The development of Figure 4.7-76 into a
reference module {or the use of some detailed model) witl be the buik of the impact.

Special drivers will also be required for the simulation module and reference
modules. These drivers would include the hydraulic power subsystem, electrical
power system, and control Togic inputs. The hydraulic power subsystem driver would
provide hydraulic pump loads and cooling for the gearbox lubricating oil. The
electrical power driver provides appropriate bus voltage Tevels for the heaters,
control logic, and valve actuation. Switch positions, command inputs, and automatic
inputs are provided by the control Togic input driver.
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Gear Box mass

Mass of Gas Generator

Fuel mass available

Residual fuel mass

Fuel tank N2 mass

N, mass in Gear Box pressure bellows

~ Lubricant mass in Gear Box

Gear Box - N2 source tank N2 mass
Gas mass in Gas Generator

Mass of fuel in fuel Tine 1 (Run)
Mass of fuel in fuel 1ine 2 {Bypass)
Mass of fuel in fuel pump 1ine
Mass of Tubricant in oil base
Mach number of turbine flow
Volume of N, in fuel tank

Fuel tank volume

Gear Box N, source tank volume
Geir Box N2 bellows volume
Gas\yolume of Gas Generator

Fuel tank and fuel temperature
Fuel tank compartment temperature

~ Fuel pump inlet fuel temperature

- Fuel pump outlet temperature
~ @Gas Generator inlet fuel temperature
— Lubricant pump outlet temperature

Gear Box lubricant temperature

~ Gear Box lubricant return temperature

Lubricant temperature out of Hydraulic Boiler

—~ Gear Boerz source tank temperature
~ Gear Box N, tank compartment temperature

Gas Generator temperature
Gas Generator compartment temperature
Turbine outlet gas temperature

Fuel heat of formation

FIGURE 4,7-76 . (CONTINUED)
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Moo Mass flow rate of fuel from fuel tank
#npe ~ Fuel pump mass flow rate

x] “rat- Fuel flow rate through startup line

+negy Bypass Tine fuel flow rate
wnpy—~ Lubricant pump mass flow rate
s N2 flow rate to Gear Box pressure bellows
wng ~ Gas fliow rate through turbine
pe— Fuel density
Po = Lubricant density
At — Time increment

€ - Specific heat of fuel

(c,,}h-,Speciﬁc heat at constant volume of Nz

Co - Specific heat of Tubricant

Ges ~ Specific heat of Gear Box

¢ — Specific heat of fuel gases at constant volume
¢, — Specific heat of gas generator -

¢p,, — Specific heat of fuel gases at constant pressure
V5 - Fuel gases specific heat ratio

e N, gas constant
K, — Fuel gas constant

q}-;—- Fuel pump volume displacement per cycle
fleo = Lubricant pump volume displacement per cycie
Kpe- Fuel pump efficiency fTactor

Kpy = Lubricant pump efficiency factor

23z - Fuel pump angular velocity |
23, — Hydraulic pump angular velocity
@9, - Lubrication pump angular velocity
2 ~ Turbine angular velocity
H= - Gear ratio of fuel pump to turbine
No - Gear ratio of oil pump to turbine
Ny = Gear ratio of hydraulic pump to turbine

FIGURE 4.7-77 . (CONTINUED)
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72 - Fuel tank pressure

Z - Gas generator pressure

Brep — Fuel pump outlet pressure

AF= — Fuel pump pressure rise

RBe.oor~ Lubricant pump outlet pressure
aB —~ Lubricant pump pressure rise

Rs — Gear Box lubricant pressure
Bn, — Gear Box N2 source tank pressure
2 ~ Turbine outlet pressure

\—{:‘T{él heater electrical power

7‘?”"“? -

e, - Gas Geferator heater electrical power
Laees T

Ag,~ Fuel delivery Tine flow area

A2~ Fuel bypass Tine flow area

A ~ Lubricant line flow area

A= Turbine flow area

. Yer — Fuel pump fuel velocity

v, - Fuel delivery line velocity
¥z, = Fuel bypass Tine velocity
7;~ Lubricant Tine velocity

Rem— Reynold's number for fuel delivery Tine

Ko~ Reynold's number for fuel bypass line
7o — Reynold's number for oil Tine
‘7 — Diameter of fuel delivery Tine

Z., — Diameter of fuel bypass Tine

"D, — Diameter of oil tine S

€5 — Roughness factor of fuel delivery Tine
€r.— Roughness factor of fuel bypass 1ine
e/~ Length of fuel delivery Tine

trz~ Length of fuel bypass line

4, - Length of 0il line

FIGURE 4,7-76, (CONTINUED)
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e = Fuel friction due to 1ine realted to pump shaft

fuor
é&w -
for
Fo ~
7= -
Jep —
Jep —

f/m. -
Hr
H.—

i

- Friction Tosses of o0il pump

Friction losses of fuel pump
Friction losses of hydraulic pump
011 pump and 1line friction losses
Fuel pump and Tine friction losses
Fuel pump wmoment of inertia

0i1 pump moment of inertia
Hydraulic pump moment of inertia
Summation of pump and fuel inertias
Summation of pump and oil inertia
System moment of inertia at turbine
Gear Box moment of inertia at turbine
0il pump.hydrauTic power 1oad

Fuel pump hydraulic power Toad
Hydraulic pump hydraulic power Toad
Turbine power

Hydraulic power load for turbine
Turbine efficiency '

FIGURE 4,7-76. (CONTINUED)
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The use of analysis/test/design requirements reference data requires the use
of special drivers. These drivers establish and maintain proper conditions in ‘the
modute which cofrespond to the analysis/test/design requirements conditions. The
plotting or outputting of the simulation data would also require special subroutines.
However, the total impact of the analysis/test/design reguirements is small.

The use of input/output files for special check case profiles may be required.
The profiles would include hydraulic power profiles for Taunch and reentry-through-
Tanding.
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4.7.5 Avionics

Avionics subsystems are iavelved in sensing, communications, information
handling, and control, The following subsections discuss avionics modules under
the categories of Guidance, Mavigation and Control: Communicatjons and Tracking;
Displays and Controls; Operational Instrumentation; and EPS Distribution and
Control. Data Processing and Software functions are performed by flight hardware
and software in the simulators of interest to this study.

4.7.5.1 Guidance, Navigation and Control

Guidance, Navigation and Control subsystems and components are used for
sensing vehicle-related observables, using these sensor data to estimate vehicle
state variables, and defining and executing desived vehicle mansuvers. The
subsystems and components in this category include inertial measurement units,
strapdown gyros and accelerometers, propulsion systems interfaces, optical
trackers, and the aeroflight control system.
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4.7.5.1.1 Inertial Measurement Unit (IMU) - The IMU is used to sense the inertial
pricntation and acceleration of the vehicle.

18U System Description
Generaliy, three types of IMU's are employed in spacecraft:

¢ three-gimbal platform - as used in the Apolio Command Moduie.

¢ four-gimbal platform - as used in the Gemini spacecraft and currently
baselinad for Shuttle (see Refs. 25, 69 ).

o strap-down platform - similar to the backup attitude reference system
on Apollo; considered as an alternate attitude reference system for
Shuttle.

Regardless of the type, the IMU outputs directly perceivable by the crew
consist of three angular readouts which describe the orientation of the spacecraft
with respect to an jnertial reference. In addition, accelerometer outputs are
input to the onboard computer for processing. In the case of the four-gimbal
platform, the output of a redundant inner roll gimbal is also input to the
onboard computer. This gimbal provides the capability of preserving the stable
nmember attitude reference during "gimbal lock" conditions. The output of this
gimbal is used by the flight computer to prevent gimbal lock, but is not
normally displayed to the crew.

The performance verification methods presented in this section are
particularly suited to the four-gimbal arrangement, since this design has
all-attitude capabilities under normal conditions of body rates. Additional
development would be requ’ *ed to verify IMU simulation in and around the
gimbal-Tock regions characteristic of the other two types of IMU design.

TMU Module Functions and Performance Parameters
Figure #,7-77 depicts the interfaces between the IMU module and the rest
of the simulaticn. Inputs come from four basic sources:
o MDM (Multiplexer/Demultiplexer), which provides the “operate"
discrete and the flight software torquing and slew commands.

4.7-221

RICDOMARAER L. DOUGLAS ASTROMAUTICS COMPARY » EAST

e o— e : 7 B . . . R e T R T T - ¢ r—————

{i



MDC E1736
27 January 1975

ECLS MODULE

[
avionics bay heat load
temperature
power m&mwgmzam R —
available k
EPS MODULE IMU MODULE
e
power
demand
IR 7 ;\“ — smg
' data cammands angular rotations,
linear accelerations
&
PMS data
MM ENVIRONMENT
MODULE
-
gimbal status discretes
angles
3 " 1
PMS GN & C
COMPUTER C&W

FIGURE 4.7-77 . [IMU MODULE INTERFACES
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o FPS (Electrical Power System), which provides the 28 Vdc operating
power.

e ECLS (Environment Control and Life Support} system, which provides
the thermal control.

e Environment, which provides the vehicle dynamics sensed by the
pTatform: angular rotation and inertial acceleration.

Qutputs of the IMU fall into four categorises:
o Status discretes which are used by the 71ight software and
the Caution and Warning (C & W)} system. _
o PMS (Performance Monitor System) Data, which are used by the flight
software performance monitor system for its redundancy management function.
¢ Gimbal angle resolver data, which consists of sine and cosine data
from the coarse (1X) and fine (8X) resolvers attached to the individual
gimbals and is used by the flight software and the FDAI for determining
the orientation of the vehicle with respect to the stable member of
the platform.
e Accelerometer Data, which consists of the AV accumulator outputs
and §s used by the flight software to determine the total inertial
" acceleration acting on the vehicle.

Using the current Shuttle baselined four-gimbal platform as a reference,
the performance parameters as defined in Ref. 25 are summarized in Table 4,7-22,

Note on this table that the three primary gimbal angles {not the resolver
sine and cosine outputs) have been chosen as critical performance parameters.
The fourth gimbal is a redundant roll gimbal which is forced by the stabilization
Toop to remain at or near zero. It only has a non-zero value during the time
that the platform is in the condition that wculd result in gimbal-lock in a
three gimbal platform. Since the stabilization Toop of the IMY is not expected
to be part of the simulation sofiware (Reference 32 ), the role of this redundant
gimbal in the simulation is unknown. Some empirically-determined “kluge”
simulation may be incorporated to provide a "wobble" in the FDAI during these
conditions; however, verification of this implementation would be dependent on
the manner of its simulation, and is therefore not addressed in this newsletter.
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TABLE 4,7-22 . IMU MODULE PARAMETERS

SYMBOL DESCRIPTION TYPE®
"Operate" discrete I
Electrical power 1
Avionics Bay temperature I
Gyro torquing and gimbal sTew commands I
o« Body angular rate vector i
a, Body sensed acceleration vector I
Status discretes (IMU ready, operaie mode,
overtemperature, IMU fail) 0
PMS data (redundant sensed angular rate, oven
temperature, IMU mode/BITE status 0
Gimbal angle resolvers:
o outer roll (coarse/fine) P
¢ pitch (coarse/Tine) P
6 yaw (coarse/fine) p
& inner roll (fine only) P
P, S W Gimbal angles (roll, pitch, yaw) cp
Vx’ Vy, VZ AV accumulator outputs P
B Instantaneous accelerometer outputs cp
LEGEND:
I = dnput -
= ouiput
P = performance parameter
CP = critical performance parameter
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IMU Reference Data Sources and Data Formats _
Two methods are presented in this section to provide ideal (closed-form

solution) IMU angular information in response to selected vehicle body rate
inputs. The first method, the "constant rate input method", employs constant
body rates or stable member drifi rates as inputs, and computes the resultant
gimbal angle time histories. The second method, the "closed-form gimbal angle
input method", computes the body rate time'history which must be input to produce
a pre-selected gimbal angle time history.

These methods apply only to the nominal operation of an IMU. Failure
modes , effects of off-nominal temperature or power conditions, and control
logic are not considered. In the design of these IMU reference math models,
only rate and acceleration inputs and gimbal angle and accelerometer outputs
are considered. Generation of status discretes and PMS data would reguire a
high-fidelity representation of actual hardware operational lcgic, which is
best obtained from test data. Similarly, determination of IMU responses to
input voltages and temperatures will require test results from the actual flight
hardware. Generation of the IMU responses to slew commands and gyro torquing
commands would involve a high Tidelity simulation of the flight hardware
stabilization loop. Approximate data for the response to gyro torquing commands
can be generated by equating the torguing commands to the gyro drift rates in the
reference module presented in this section.

Constant Rate Input Method - By holding the rate jnput to an IMU constant, the

total angular displacement can be determined as a linear function of time. The
correspending IMU gimbal angles can be easily determined by first defining the
total angular response in terms of quaternion elements. Once the time history of
gqraternion element variation is determined, the individual gimbal angles can be
extracted from the body/IMU direction cosine matrix, which is a function of the
quaternion elements.

Two types of rate inputs are considered:
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o body rates (p, q, r) - three components of angular velocity
about the body axes.

e drift rates (Dx’ Dy, Dz) - three components of angular velocity
about the stable member reference axes. (These rates can also be
interpreted as gyro torquing commands from the flight software.)

Both types may be input in a single run. Other input data required are: the
iteration rate (A t) at which the resultant gimbal angles are to be printed
out; the initial gimbal angles ( 900, E%D, be }: the body-axis referenced
accelerations (Ax, Ay, AZ), to check the IMU accelerometer computations: and the
time (tmax) at which the run is to stop.

Figure 4.7-79 presents a math flow of this technique. An initialization path
is incorporated, to allow the capability to preset the gimbal anglies to any value
prior to initiating the input rates. Additional data is computed (including an
initial direction-cosine matrix, C) concerning the ovrjentation of the angular
velocity vector with respect to the initial stable member orientation, which
serves as the inertial reference for the remainder of the computations.

After the initialization pass, the gimbal angles at each time increment (AtL)

are computed. This computation progresses as follows:

1) Time is incremented by At. .

2) The total angular displacements of the body (iﬂ.r) and of the stable
member (_de) from their initial orientations are computed as Tinear
functions of time.

3) The quaternion elements (dl’ dz, d3, d4) defining the angular displace-
ment of the stable member are computed as a function of total drift
angle oy and the orientation of the drift vector,

4) The direction cosine matrix (D) defining the orientation of the stable
member with respect to its initial position is computed.

5} The quaternion &lements (rys Tga Iy r4) defining the angular displace-
ment of the vehicle are computed as a function of the total displiacement

—fLr, and the orientation of the rate vector.
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FIGURE 4.7-73 CONSTANT RATE INPUT METHOD

4,7-227

RRCDONRELE DOUGLAS ASTIORNAUTIICS SONVIPANY « EAST

A e e - -




MDC E1136
27 January 1975
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FIGURE #4+7-78 (CONTINUED)
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6) The direction cosine matrix {R) defining the orientation of the vehicle
with respect to its initial position is computed from the quaternion
elements.

7) The direction cosine matrix (B) defining the arientation of the vehicle
with respect to the stable membar is computed as a funciion of the three
previously detined matrices.

8) The gimbal angles describing this orientation are extracted from the B
matrix. The equations presented are valid for a gimbal sequence of
yaw (¢ ), pitch (&), roll (¢¥); other sequences can be treated in a
similar manner.

9) The ideal IMU accelerometer outputs are computed using the B matrix
and the input body-referenced accelerations.

10) The gimbal angles and accelerometer cutputs are stored for comparison
with simulation software outputs.
Closed Form Gimbal Angle Input Method - The previous method is primarily suited

to verifying the IMU performance during orbital conditions, where the body rates
tend to be constant Tor considerabie periods of time. It is also necessary to
verify the IMU performance Tor variable body rates such as encountered during
entry conditions. The math flow shoun in Figure A,7-79 describes a method for
establishing a closed-form relationship between variable body rates and TMU gimbal
angles. )

This reference module, given a desired IMU output time history, "inverts"
the IMU transformation to generate the body-rate time history which must be input
to the IMJU. To do this, it is necessary to restrict the form of the input. Each
gimbal angle time-history must be an amalytic function of time; thus the time
derivative of the function (i.e., cimbal angle rate) is precisely computable.
Three typical examples are:

¥ = A sin it = 95= A wy cos vyt
-1,t-D : B
©=8 tant(&D . &-= :

?’= E [cos wyt + (wgt) sin wzt)-ﬂv o= E (wzt) €os Wyt

With the gimbal angle rates thus defined, the corresponding body rates are
determined by standard Euler transformations. The body rate data is then writien
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FIGURE 4.7-79 CLOSED FORM GIMBAL ANGLE METHOD
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on an output tape for each computation finterval required by the simulation
software.

IMU Data Base Impact

Data base impact for initial IMU dynamical validation is very minor; only
the above referen.» modules and a few mathematical subroutines are required.
Revalidation of the basic IMU dynamics should be required rarely, if at all.
Validation of subsidiary IMU outputs will require a certain amount of hardware
test data.

IMU Vaiidation Methods and Check Casses
Verification software structures emploving the closed-form-solution reference
modutes previcusly described are shown in Figure 4,7-80 .

To use the constant rate input methed, Figure 4,7-80 (a), input constant
baody rates and/or drift rates to the IMU reference module and the IMU simulation
module, thus obtaining comparable gimbal-angle time histories.

To use the closed-form gimbal angle input technique, Figure 4,7-8n {b),
select analytic functions of time to be used as inpuis (see preceding examples).
These time-histories and their derivatives are input to the reference module,
vhich generates body-rate time-histories toc bz input to the IMU simuiation module.
The outputs of the IMU simulation module should then match the original gimbal-
angle time histories.

A set of check cases applying different combinations of megnitude and
frequency inputs to the various IMU axes should be used for thorough validation
of individual-axis responses and their inieractions. Due to the analytical
nature of the reference data, a highly-accurate match with simulation data
should be demanded; e.g., one percent or better over time spans up to a hundred
seconds.
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4,7.5.1,2 Strapdown Inertial Sensors - This secticn concerns those inertial
sensors which are “strapped down"; i.e., rigidly mounted to the vehicle structure,
rather than on a stable element.

SIS System Description

The SIS subsystem, as described in Refs. 25, 71 , consists of five identical
sensor packages - three at various locations in the Orbiter, and one in each SRB.
Each package contains a normal and lateral accelerometer, and orthogaonal rate
gyros to sense body roli, pitch and yaw rates. These sensors provide data for
use in the vehicle attitude control loops. The SIS has also been considered for
use as a backup navigation data source in the event of multiple IMU failures.
This application would require the addition of Tongitudinal acceierometers.

SIS Simulation Module Description and Performance Paraﬁeters

The input/ocutput interfaces of the SIS module are shown in Fig. 4,7-81.
Primary inputs are of course the body angular rates, the body-axis sensed
accelerations of the center of mass, and the current c.g. position. The primary
outputs are the simulated rate gyro and accelerometer outputs, which incliude the
effects of sensor lrzation, axis misalignment, and possibly hardware error
characteristics. (Hardware error modeliing may not be required, unless the SIS
is used as a backup navigation reference.) Body bending and fuel slosh contri-
butions to SIS outputs are discussed in Section 4.6 . Subsidiary inputs and
outputs include electrical power, avionics bay temperature, and various status

and failure discretes, Table 4,7-23 provides a parameter list for the SIS
simulation module.

SIS Reference Data Sources and Data Formats

Figure 4,7-82 provides the math flow for a reference module which provides
data for nominal SIS operation only. OfF-nominal operation due to failures and
voltage variations and temperature variations is not considered in this study.

Two separate flow paths are shown on Figure #4.7-82: an error-free
computation path, and a measurement-error path. On the error-free path, Equation
(1) calculates sensed vehicle accelerations at the sensor-package location, in ideal

ST g™ T
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FIGURE 4,7-R7. STRAPDOWM INERTIAL SENSOR MODULE INTERFACES.
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SYMBOL DEFINITION TYPE?
XY o2 Body coordinates of center of gravity I
a Vehicle sensed acceleration I
P.q.rs: Yehicle angular rate and acceleration in 1
PsqsT body axes
AT DiffTerence between operating temperature and I
calibration temperature of the SIS
X;aY 925 Typical sensor locations (in body coordinates) DB
e, Accelerometer/rate gyro misalignments (¢ =
misalignment in X-Y plane, ©'= misalignment
in ¥-Z plane, ¥’= misalignment in Y-Z plane) DB
D Accelerometer dead zone DB
an, Eaz Accelerometer measurement errors DB
Epd, Eqd, £rd Rate gyro measurement errors (roll, pitch,
yaw drift rates respectively) DB
- Accelerations at the accelerometer, in
ideal axes P
2.2 Accelerations at the accelerometer, in
misaligned axes Cp
Pma*Ima® "ma VYehicle angular rates, in misaligned axes cP
| EGEND: = data base input

input
performance parameter
critical performance parameter
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sensor axes. Equations (2) and (3) then transform the ideal-axis accelerations
and angular rates into true sensor-axis outputs, using small-angle relationships
for axis misalignments. A single misalignment transformation is used for both
accelerometer and gyro outputs, since the use of a typical misalignment provides
all the generality required for a compiete verification.

The measurement-error computations are provided on the assumption that some
or all of the simulations of interest will require sensor error modelling. The
measurement-error path is taken only when an input flag is set.

The accelerometer measurement error reference data is generated using Equations
(4) and (5) of Fig. #.7-82, where D is from the data base and represents a typical
dead zone ar threshold below which no acceleration is sensed, and the functions
€AY and £AZ are generalized representations of the measurement errors that would
be added to the true axis accelerations. Equation {7) presents an expansion for
the accelerometer error function £A of Eguation (5), using a standard modelling
algorithm Tor typical accelerometer measurement errors.

_ 2 +

The parameters in Equation (7) are defined as follows:

B, = accelerometer total bias (mean + random)

A],AZ,A3= acceleration components along the input axis and the cross-axes,
respectively

C] = linear scale factor error

C2 = non-linearity error coefficient

012’613 = cross-axis sensitivity error coefficients

AT = difference between calibration temperature and operating
temperature

Cm = }inear temperature error coefficient
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It may not be necessary to model all the terms shown in Equation {7),
depending upon the fidelity required. In addition, Equation (7) does naot represent
the most general case; for example, we could include higher order non-linearity
terms, error terms proportional to acceleration preducts, and non-linear temper-
ature variations. The necessary terms in the error model can be determined
using vendor-supplied design and test data for individual errors, the real-world
sensor use, and the simulator's functional requirements. Typically, bias, Tinear
scale factor, second order non-linearity and linear temperature error terms vould
be all that is required for sensors involved in a navigation function.

Equation {6) provides rate gyro measurement error reference data, where the
functions SPD, SQD, and 1£RD are generalized representations of measurement
errors based on sensor design and test data. The error values output would
normally be added to the true rate outputs as drift rates. Equation (8) presents
an expansion for gyro drift rate, using a standard modeling algorithm:

ED =B + KiA1 + KOAO + KSAS + ... 4 KioAiAo + K AR

g 050 s

+ KS'EASAi + Kt AT + ... (8)

where the individual parameters are defined as follows:

B = gyro total bias drift (mean + random).

Ai’Ao’As = case accelerations along the input, output, and spin axes
respectively. .

Ki’Ko’Ks = anisoetastic drift coefficients

LT = difference between calibration temperature and operating
tenperature

Ky = Tinear temperature coefficient

It may not be necessary to model all the terms of Equation {8), or it might be
necessary to model additional terms; for example, drifts proportional to
acceleration squared or possibly drift due to external magnetic fields. As with
the accelerometer error modeling, gyro error model fidelity should be determined
using vendor-supplied design and test data on individual errars, the real-world
sensor use, and the simulator's functional requirements.
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The gyro case accelerations shown as variables in the error functions of
Equation (8) are the same as the body accelerations for the accelerometer error
functions. The transformation of AX, AY, and AZ into gyro input, output, and
spin axis accelerations depends on the individual gyro orientations. As a
result the individual drift rate equations for EPD, EQD, and ERD will have
different body acceleration components as the respective gyro axis accelerations.
Since the error model is not affected by the preceding generalizations, there
is no loss in the validity of the verificatirn»

The data required for validation will no..nally be in hard-copy format. Basic
information, such as sensor package Tocations and typical misalignments, should
be found in Ref. 70 . Hardware error coefficients may have to be obtained
from test reports or other less-accessible sources.

SIS VYalidation Methods and Check Cases
In genaral, checkpoint data will be required for both error-free and measure-

ment-error modes of operation of the SIS module. Although reference-trajectory
segnents may be used to provide input data, selected discrete checkpoints will be
simpler to impTement, and actually give better results.

For reference data not containing measurement errors, the inputs include
sensor location in the body reference system, the center-of-mass accelerations,
body angular rates and angular accelerations, and a zero valuz for the measurement-
error flag. Only a relatively small number of independent input check points are
required for a complete verification for this mode, since the eguations involved
are relatively simple. Sets of three widely-spacad 1inearly-independent vectors
in linear acceleration, angular rate, angular acceleration and axis misalignments
will provide a thorough validation exercise. Several sensor-package locations
should be tested, including fore/aft, lefi/right, and up/down displacements
relative to the c.g. Agreement between reference and simulation data should be
close to machine accuracy (e.g., five to six significant figures).

Yhen generating reference data for the error model verifications, the required

inputs are the accelerations at the sensor in the sensor true axes {assumed the
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same for both accelerometers and rate gyros), the operating temperature variation
from that for calibration, and a positive value for the measurement-error flag.
Data can be generated by varying the inputs selectively to magnify effects of
different error tarms. Comparisons can then be made which are identifiable with
individual error components. Agreament should be within a few percent.

When driving the simulator models to generate the corresponding data, we
anticipate that some action will have to be taken to provide compatibility with
the reference module execution mode:. For example, contributions due to flexibie
body dynamics must be zeroed; simulation-module measurement-error models must be
deactivated for non-measurement error check points. For the measurement error

check points, sensor Tocations should be set to the center of gravity, with zeroed

misaiignments. Since the simulator software has not yet been developed, only the
preceding generalizations are made with respect to interface initializations and
input identifications required for the simulator moduie.

SIS Validation Data Base Impact

Data base impact for SIS module initial validation is very minor. The
reference module is rather simple, and the use of discrete checkpoints obviates
handling of large data files. Revalidation would only be required if significant
changes were made in the measuremant-error model.

a,7-010
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4.7.5.1.3 Propulsion Systems Interface U its (PSIU's) - These units, which
transfer data between the propulsion subsystems and flight computers and/or crew
controls and dispiays, include the Main Engine Controller/Engine Interface Unit
(MEC/EIU)}, the Solid Rocket Booster (SRB) interface, the Orbital Maneuvering
System Thrust Vector Control (OMS TVC) interface, and the Reaction Control System
{RCS} 1interface.

Except Tor the MEC/EIU, these are rather simple hardware units, and we assume
that their functional simulation, data-word generation/interpretation capabilities
and malfunction-insertion provisions will be "embedded" in the module which
simulates the corresponding propulsion subsystem. Only the MEC/EIU will be
described in any detail in this section; the other PSIU's perform the same
general functions.

PSIU Subsystem Descriptions

The MEC hardware and functions are described by Ref. 62 , the MEC software
by Ref 72 . The EIU is described by Ref. 73 . Specifications for the other
PSIU's have apparently not been issued yet.

The MEC and EIU together perform the following functions:

o Accept discrete {e.g., start, shutdown) and variable (e.g., thrust level)
commands from the Orbiter avionics.

Control SSME sequencing, thrust, and mixture ratio.

Perform engine checkout and monitoring.

Transmit SSME checkout/monitoring data back to the Orbiter avionics
Perform self-test.

o o O 9@

Figure 1,7-83 (after Ref. 62 ) shows the control and data interfaces of the
MEC/EIU. The EIU's role in control/data interchange is simply code conversion and
formatting. Other PSIU's perform similar functions, except for thrust variation.

PSIU Module Description and Performance Parameters

PSIU simulation has two aspects: functional simulation, and data-word
generation/interpretation. From the functional viewpoint, we assume that each
PSIU simulation is "embedded" in the module which simulates the associated
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propulsion subsystem. Thus the overall command/response characteristics of each
propulsion module will be a composite of (a) the internal processing of the PSIU
and {b) the response of the propulsion hardware - pumps, valves, combustion
chamber and nozzle. Startup/shutdown sequencing will probably be simulated as
empirical time functions for thrust buildup/tailoff.

The other basic function of the PSIU modules is the handling of digital
data-words, including interpretation of command words received from the flight
computers, and generation and formatting of monitoring and status words for
transmission to the flight computers. These functions must be implemented pre-
cisely to satisfy the flight software; however, they will be shared with or
entirely absorbed by the Flight Hardware Interface Device (FHID), thus simplifying
the simulation software.

Each PSIU module will also require some failure-insertion provisionsj
simulated failures may affect either the functional simulation, the data-word
handling, or both.

No performance-parameter tables are provided for PSIU simulation modules.
Since PSIU simutation is embedded in the propulsion subsystem simulation module,
the performance parametars for each such module will include both functional-
simulation parameters and avionics-related command and status words. For example,
see Section 4.7.3.1 for the SSME/MEC/EIU parameter table and simulation-module
interface aiagram.

PSIU Reference Data Sources and Data Formats

The functional performance of each PSIU simulation will be implicitly
validated by end-to-end command/response validation of the ascociated propulsion
moduTe. This will include static thrust levels, thrust buildup/tailoff, and
(for the SSME only) throttle response.

The basic source of functional-simulation reference data will be engineering
simulations of each propulsion subsystem. Later in the program, engineering data
will be refined using static-firing data; these data will be corrected for
atmospheric pressure in the case of the larger engines, but vacuum-chamber firing
data will be available for the smaller engines. These considerations are discussed
in Section 4.7.3.
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Command/status data-word formats must be verified bit-by-bit for each nominal
and off-nominal case, the basic source of reference data being the most current
version of each PSIU specification.

Due to the compliexity of the MEC/EIU, it may be necessary to verify this
submoduie in isolation, before integration with the basic SSME module. The
hardware/software MEC simulation described by Ref. 74 may be a suitable source
of reference data for such an exercise.

PSIU Validation Methods and Check Cases

Each composite PSIU/propulsion-subsystem module must be exercised over its
overall operating range, including startup, constant thrust, and tailoff.
Additional check cases will be necessary for the variable-thrust SSME. These
will include static-thrust levels from MPL to EPL, as well as dynamic throttle
response to both increase and decrease commands aver the operational static-thrust
range. For simulators which use functional simuiation of the flight software,
the command inputs will be in the normal internal floating-point format of the
host computer,

For simulators using flight-computer hardware, inputs must be in the format
in which they will be received from the flight computer/FHID. The set of check -
cases must then be sufficient to verify that each PSIU module property interpretis
all valid flight-computer command words, and returns the correct status/monitoring
words for all self-test modes, nominal and off-nominal operational modes.

PSIU Validation Data Base Impact

In the functional-simulation area, validation of the PSIU's contributes no
data base impact, since PSIU functions are implicit in the end-to-end validation
of the propulsion modules.

Validation of digital data-word handling will require a command/response
data-word "dictionary" covering the operational regime of the simulator of
interest. For the MEC/EIU, this dictionary will be fairly extensive (several
hundred entries); for other PSIU's, the dictionaries will be short (perhaps a
few dozen entries). | -
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4.7.5.1.4 Star Tracker (ST) - Unlike previous manned space vehicles, the Orbiter
provides fully automatic star/target tracking, without crew viewing of the tracker
field. This section discusses the ST hardware and its flight-computer interface,
as well as the functions and validation of the associated simulation module.

ST Subsystenm Description

The ST is a strapdown, wide field-of-view (10 X 10°) image-dissector device.
1t provides automatic acquisition and tracking, under flight-computer control, of
a selected star or sun-illuminated rendezvous target. While tracking, it outputs
the apparent magnitude and position in the field of the object being tracked.

Its sensitivity (acquisition threshold) is variable on command; the maximum
sepsitivity is sufficient to acquire and track the 153 brightest starts (S-20
magnitude), or a sunlit target whose apparent brightness is at least equivalent
to an S-20 magnitude of +3 at a rahge of 300 nm.

Despite the stray-light protection afforded by its 1ight shade (LS}, the ST
may fail to acquire, or lose track on, stars or targets which are in the vicinity
of other bright objects; e.g., the sun, moon, earth, or a brighter star. To protect
the tracker from damage due to excessive input brightness, it is provided with a
shutter, activated by a separate bright source sensor. Field of view and response
time of this subsystem are sufficient to prevent damage due to a bright object
approaching at a rate of 10 deg/sec. ‘

The physical arvangement of the three ST/LS assemblies, mounted on the nav
base for maximum accuracy, is shown in Figure 4.7-84 (from Ref. 75 ); additional
detail may be found in Ref. 76 . WNote that #1 and #2 star trackers provide over-
Tapping coverage.

Star tracker operational modes, internal signal processing, and command/data
interfaces are indicated by Figure 4.7-85. The modes of jnterest are:
8 Open/cliose door
Self test
Search!acquire star or target

Break track

)

e

8 Track star or target

)

o Close shutter (bright source protection)
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The star tracker door, in the left side of the Orbiter fuseTage, is closed

during ascent and entry, and opened on orbit. The self-test mode activates ST BITE,
causing the ST to return a discrete indicating either operable or failed status.

In initiating a search, the flight computer sets the acquisition threshold,
and may also provide horizontal and vertical position offset coordinates. In the
absence of offset coordinates, the ST searches its entire field, locking onto either
the first catalog star acguired, or to the brightest object in the field. If given
an initial offset, it searches a reduced Tield centered on the offset point. In
either case, a rectangular raster-scan search pattern is used, the search time
will not exceed ten seconds, and the ST falls into the track mode.

The ST rem:ins in the track moade until given a "break-track" command, the
object passes out of the field of view, or it Toses Tock due to excessive vehicle
rates or bright-source interference. Since the ST's are strapped-down, it may be
necessary for Orbiter attitude maneuvers to be executed to maintain tracking.
(Note that Ref. 75 does not presently define ST discretes for search Tailure or
toss of target during track.)

ST Module Description and Performance Parametiers

Star tracker functions will be simulated at varying levels of detail. Door
opening and closing will be simulated as talkback, with time dejay and allowance
for malfunction insertion. Self-test operation can be simulated with a small
command/response dictionary which allows for nominal status and a repertoire of
inserted malfunctions.

To obtain realistic star selection and timing results, the search/acquire
mode simuiation will have to be rather detailed. For all stars which are not
blocked by the sun, moon, or earth, and satisfy the magnitude criterion def’ ed
by the current threshold selection setting, coordinate transformation and gating
operations will determine whether they fall in the range of the scan pattern. To
determine the first star acquired, a "lexicographic ordering” operation {see
Ref. 77 )} will be required to determine which of the candidate stars is "nearest"
to the starting corner {shown as the bottom-left corner in Figure 4.7-86, in terms
of scan-pattern coordinates. Hardware scan-rate parameters can then be used to
compute the acquisition time.
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The scan computations per se will be simpler for target acquisition, or for
the search mode in which the brightest object in the field is selected. However,
computation of target brightness will require determination of terminator position,
range to target, and target viewing aspect (e.g., broadside vs. end-on}.

Simulation of tracking outputs requires cnly a simple coordinate transformation,
plus logic for loss of tracking due to excessive vehicle rates, movement of the
object out of the field, and inserted malfunctions. Hardware error sources (bias
and random) and stellar aberration due to Orbiter inertial velocity will also be
simulated. '

Bright-source relative positions and closure rates must be simulated at all
times that any star tracker is operational.

Star tracker simulation module parameters are listed in Table 4.7-24, and
modute interfaces are shown in Figure 4,7-87.

5T Reference Data Sources and Data Formats

Initial validation of the track mode is best supported vsing closed-form
solutions, for several special orientations of the ST axes relative to the point
targets used for testing.

For more complete validation (all operatienal modes, interface with environ-
ment and dynamics), a detailed reference module will be required. Two candidate
referaence modules have been identified. One of these was developed, checked out,
and used for the study described in Ref. 78 . However, we recommend the module
now being developed and checked out for inclusion in SYDS, the math flow of which
(Ref. 79 ) is presented in Figure 4.7-88. Note that the search-mode simulation in
this module only simulates the brightest-obhject selection criterion. Modifications
will be necessary if the first-object-acquired criterion of Ref. 75 1is actually
implemented in the flight system.

ST Data Base Impact

The reference module for ST simuiation validation is quite detailed; it will
be of the same order of size as the ST simulation module for the SMS, larger than
the one for the SPS. In addition, a driver routine will be required to generate
Orbiter and target states and rates. Initially, these should be just synt’etic
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SYMBOL DESCRIPTION TYPE?
Door-open discrete I
Search-mode command dfscrete I
Initial search position commands. (horizontal and vertical

displacement} ' I
Self-test mode command I
Threshold-set command I
Break-track command I
Bus voltage I

r. v Orbiter position & velocity (ECI axes) I

&r Target relative position {Orbital axes) I

go,¢ | Orbiter attitude I

62 Orbiter angular rate vector I
Star catalog (magnitudes, unit vectors in ECI) 1
Sun & moon positions (unit vectors in ECI) I
Earth horizon altitude 1
Tracker alignment angles DB
Horizontal & vertical scan rates DB
Tracker hardware errors {bias, scale factor, and random) DB
Shutter-closed discrate ' cP
Setf-test data P
Track-made engaged discrete
Star/target tracking position {horizontal & vertical

displacement} ce
Star/target apparent magnitude cp

a7 = input

DB = data base input

P = performance parameter
CP = critical performance parameter
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Fuecsnt, g, PERMAL(1O), TSI(),1.ID), X 1i0h = -;1
W, LAY, FOV, un.ar.(m}i PSR LIBY = 7O

[y k] ket ol

—

€FOv, WSYAN, RE, MAUTO{ID),
5
BRINE; b0 o
NISTBLE 57 AR jmc
N IDth 53"
YES

cALL ooseen (reTR{y,1a),
rsirda,in), fo, TSEOLL, IR,
T, PS1{1,16Y, PSIaB{1,I0)}

.,‘ 1 .
G_.’ ) ¥ :
Chil SEANCH [STEL H,1D), €FOY, G5TAR, :
YE, StUros{iny, poicomd, 1oy,

PEIMACLTLY, TSEMD, Y, I0), Ud, IBAY,
FoY, T3Tr{1, 10, ‘TRAC({ID}}

i

~
) PRINT: D
AR igie <
<\t,u. w1 5°105h Sran
,\? TRACKLR"
qes

Y'fES

Ip=2
1TRAC(2) = macp}
ISTR({1,2) = 1SIR(1,!}
TSTR{2,2) « TSTRIZ,]
TETR(3,2) = T51343,)
T5tit{4,7) = T570{s,1
MAUTEP 2{ = BANTOR(]
psuax(e) = PSIMAX(L

-;.-h "W

.

~ CALL SRGGER (TSIR(Y,10), 1STAR(A,10),

kN 19, 710,008, F, s, 10),

&1 PIILR(1,10)} CALL OBSGLW (TSTRIL,IOY,

s TSTR{4, 109, 18, 154{1,1,10),

e : T, PSI{1,1D), PS1O8(1,10}) !

PRINT: "WC
VIGIBLE STAR
I Dth S7°

LSVF * ARNYIIAICD SSPALNRVYNOMNLASY SY3ioSnod 37

%rES

CatL NOSGEN (T918{1,10),
b et rsTagd, 10y, 1o, 351{3,1,103,
T, BSI(Y,IDY, PSIO2(1,E0}}

STRA 8-1

FIGURE 4.7-88. (CONTINUED)
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]r:w:n: LIKE UF SEEHT ASD PAHGE : '
lu:-_n »R1-1

we » uldr geeiey

IIRNGE = §ote|

FRIMT . PRARIRLM
PRAUAE BALELOD [T

PSIRALIID) = 'r"i".]
E%_._.,,. .

CALL 2iS10 (v, K&, MOP(ID),
POICI L, D), VRINAL L),
TELLE,YLED), UN, IDAY, U5QIC)

PRAME: "DLACHY YES
BT YTSIDLE [h z-lnmum .0 I ITx{3) =
16t ilRCELR r — ! 7
e Ghtr oty BY5, 1D ! -
ALL GasLer o, BPUL, 1D, e
TSI L, T, PR L), EXIT
zetaely i L
- i .
‘\
:.: ‘ I
i
STHAKR-5 : STHAKR-B
‘ "
.
FIGURE 4,7-8R. (CONTINUED)
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Subroutina ABERR (F, U, JSTAR}
Purpose;  To corpute the shift tn the apparent 1tne of sight to a star dee ta mtion
of Lthe osserving vehicle about the sun.
‘ Imuts:
, it MALTRR ' .
PSIHAS(IDY = AFQY [=west T elapsed time from the clock epach
#(3) geometrical 1ine of sight to star
2 JEs
N 1} ' Output:
£ .
g PSIMAX(IR) » FOV g USTAR(3) Vine-of-sight vector carrected for abarratfon
2 .
2 NP S o
R i
: L
i ¢ CALL VISIR {uy, rE, mautpp(1el,
1 i PSICOY,18), PLi Ry (1D},
I Q T31{Y,1,103, UM, §0a¥, J0OCCY)
f e .
! fs .
H [
i b
i n o L
1 - "
i hoo~e ’ -”1%?70’\ Y] PEIVAILID) = FO I
: b et w30t i0) » 0
""[ :'.,1 “\\"// L
:\ ~ d no
i et
b DRt TLHBEIVOLG
' o T;‘.& ;!'\‘ HOF YiSIDLE
o THAG = THAG Pt
& b Y
i i g: j
) ’ vOTY s )
0
3 !
3
h ]
2
K‘
1
m STRAKP.Z N =
: b ~3
i @ c.Jn
P N - Vo . 9 m
3 = —
P = —
o [<TRR F5 1
o ::_5 o
o
¥ FIGURE #.7-0%.  (CONTINUED) <
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C ;;‘) Subroutire ELOC (V, UW, THETA, CFOV, DAY, IEARTH, JOOCC}
M il .
) Murposa:  To lest FOV {nterference by the earth, sun, or moon
CINd = 9,737€7405 x 108 tnpats:
€A = . 997674 % 107% ' Vi) target 1ine of sfght ar 5T centerling
N Ih({3,3) unit vectars from the vehicle to the earth, sun, or mion
TETA(3)  effective Malf-angles of the carth, sun, and maon sub-
. ACCESS SOLEW EMMEMEDTS 04 fRUE LONSLTURE : tundud at the vehcle

g;}"ﬁgiﬂ’j,"";f:g";’ﬁj;’q”‘g; :!l!rl;'i::[:oinu; CFov half-cone angle of the circular fleld-of-view entompass-

FRan TC To THE ELLINTEE Bunintiin ATm ing the §T ssarch raster pattern

SOTEM, [TIEC) 10y ' oerbital phase {day/night} flag

ALEESS VEHICLE [PIREMEALS FO% YERICLE f

VELOCITY FLLATIVE YO LALIM, yeb, M CEI , TEAREH carth only fiag
. {: Dutpul.s
; tnoce {dentity of ‘the occulting body ’ ’
i COMPLTE ABERRATION CORHICTION VECTOR: : .
: ! 100CC = 1:  varth
] tevel - dsioasn)  os(oad) o = 2: sun
! = 3t moon
| AT oy = wuET ¢ o et [1eEc]

nE™.f %4,
qu L i

‘# .
COMBUTE LINE OF SIGHT ADJUSTED FON ’
ABERRATICN:

USTAR = UKIT {4 + 31

ASTT = ARTIMNOD SDIADUNHOMLSY BEILO I Osn

: ' _natcnn.h‘) : .

{

: AERR-1 '

. r =
; ~J 0
: o
g ‘o 9 m
n : -
| = -
! 8 W
| <9
FIGURE 4.7-R8 . (CONTINUED) =
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FiRy = CFuY
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MORL TR (F)°
APANY
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[

v

-

COMPUTE AMGLE BETLIN ¥ AND wit;
SEP = AHCLOS (TEw )

")\'m
P

-

TEARTH w
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(CONTINUED)
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Subrastlng QUSGEN [SE, WMAG, tYin, 181, 1, fSE, pSioy)

Purpase:  To corpute sfmulated star tracker ¢ofluction angles

Toputss
sSi(
YHAG
1Ml
Ly
1
1Agean
£reaE
MELAL
IS S

A

R/4 357
PH1{Y, )

5¢(1,2,3)

-yt
i

au

] QuANT

Qutputs:
Psi(2)
PSIOn{T

»

seanetrical Tine of sfght to 1ha target
wisust magnitude ¢ © target

idertity of trachy-

star tracher-to~f1 [ trapsfeemition matrix

elapsed tire sincy Vne clock enoch

errar eatien flag
fiac.t yla L

constant For corputing tracker nolse standard deyiatios
feta COUDN)

tracker mtsatingment yectors
fyra Foemey)

tracier scale feetar pondfngartties
fuda L)

watlpctinn putput avarcization level
{via LoMa0n)

1dee] ctar tracke” teflection anples

slavlated star trolier angles

CCFPUTE JOEAL STAR TRACKER
DEFLICTION ANGLLS:

52 (151751

. st
pst(1) = ne.crr.u[ﬁ[-ﬂ-]
50

as1(2) « ﬂﬂf“\“{s‘ﬁ%l

CORRECT FOR ADERMATION:
‘CALL ABERR {7, SI, SI£)

58 = [usi1'5ig

v

ERALSE™N 4
&

0 o]
v
YES

»,

EONPUTE HDISE O :
516 » CHDIS ® (2‘5}‘—‘;{9

{

ACLESS RANDGH RUMPER
GEUERATOH FOM 2 GAUSSIAR
RANOUH KUMBERS, R% AND 12
AHGIS{EY = R » S1G
RNOYS(2) = A2 * SIG

e

@qﬁ

 QBSGE-) NS

2

Vo g l:}

g

S w

3o

FIGURE 4,7-88. ({CONTINUED) ©
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gt
ES7 D 12305E)
"
P

COAPUTE 2 DRYWISNAL ASLS,
Y1 AND VZ, CHIFIGDNAL TO S
Wi ot 03

V1 = URIE (U} & 4R)

Y2 s 58 % V1

{l

FORM ERRDR VECTOR AfD ROFATE STAR VETOR:
ERRVEC = RUOIS{1) * ¥1 + RM0IS{2) * 42 + PHI(T)
EAR = | ERRvee]

EHAVES
YE = Fim
o -UE(3) us{z)}
[ux] = | uE{a) a ~UELN)

-UE(2)  UE(1) o J

8= {03 + 1 - costeralNoaf + Si(eRnbur]}sR

Y

COMPUTE STARL TRACKLR ANGLES
FROM SEMSED STAR VECTOR:

PSIOB(1) » ARCTAN [ g',}gﬂ

PSIO0{2) = ARCTAN [22{?{ ]

MIDIFY PSI00 TO IKCLUDE SCALE FACTOR

HORL INERITY :

PSIOB{1] = PSIOB(1) + SE(1.1,11rIps100(1;3%
+ SF(2,1, 1)+ [pstoa{1))’
+ SF(3,1 .1)*[951911[1)1"

P5108(2) ~ PSI00(2) + SFEL,2,1}+(PSI0B(2)]%
+ 5£(2,2,1)8[pst06(2)1
+ sF(3,2,1)¥{ps1on(2)]’

3
Ayt

QOS3E" .2

FIGURE 4.7-83, (CONTINUED)

iy RETURN

OBSGEN-3 -
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QUANTIZE PSIOS:

TEMP = MOD[PSI03(1), QUANT]
PSIOB(Y) = PSIQNY) - TEW?
TEMP = MOD[PSL03(2), QUANT]
PSINB(2) = 95108(2) - YEMP

0iSTEN-4

Subroutine SCREEN (STCL, CFOY, NSTAR, STRDAT, NS)

Purpose; Ta sort out navigation stars which fa1l within the circuler fleld of

| Inputs:
g STCL(3)
CFov

NSTAR

Qutputs:
STROAT(10,4)

KS

FIGURE 4,7-88. (CONTINUED)

view ancompassing the ST search raster pattern

ST centerline in ECI coordinates

half-angle of the circular field of view encompassing
the ST search raster pattern

number of stars in the star ta*'e

star data {unft vectors and sagnitudes) of candidate
stars

number of candidate stars
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4 : ‘
b STZRT : Sybroutine SEARCH (STCL, CFOV, RSTAR, KE, MAUTOP, |
2 ¢ : SSICOM, PSIMAX, TSI, UM, IDAY, FOV, TSTR, ITRAC) i
W H
T i 1 o i E - Purpose: To detsct a target star for tracking !
NS =0 : |
_ ! [nputs: ,
3 7 y;' : STCL(3) star tracker centerline i
E: r |
E 3 NCCESE STAR. THSCE. PO terT - erov half-angle of circular fleld of view enclosing the g
| 3 VECTOR OF It STAR, VeTR, tracker sezrch raster pattern |
8 AND ITS MGHIUNC, STRATE . HSTAR nuitber of stars in the star table
2 If KE h: effective half-angle of the earth
E z COMPUTE ANGLE BETWEEN ST i MAUTCP suto-optics mode flag
; ﬂ CENTER LINE AYD ¥STR: ) .
3 [ ANGLE = ARCCOS(STCL + VSTR) : PSIC(H(2) auto-optics deflection comsands
4 &) ] PSINAX raster Vimit
%
;; g TS11%,3) §T-to-ECT transformation matrix
‘ g e (i, 3) unit vectors from vehicle to the earth, sun, and moon’
; g = DAY orbital phase (day/night) flag
. FOV tracker search raster size
L 2 |
§ R = NS + 1 i
a 2 STROAT(1 45" = ySTR() Cutputs: - : |
i w STRDAT (2,05} = VSTR(2 : . :
; smz;nu,nc_i = YSTR{3 ; T5TI4) target star unit vector and magnitude
i PRI = ST e tracking fla
] § » ; g Tlag |
B § o y
| i 1
: |
#} i
]
0 ' |
: o -
: '
£ b} i ' ‘
| 2 | )
% ) | g el
. : Al
g SCREEN-1 i . i
| :
| - NS
: 5] i S ’
§ b | . :
i ! e & m |
| = e |
d = -
3 91' ‘é: |
‘ : g ‘
h FIGURE 4.7-88, (CONTINUED) -
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SEARCH STAR TABLE FCR CANDIDATE STARS:

CALL SCREEM (STC., CFOV, NSTAR,
STI0AT, HS)

voe-LV

1SV » ANVAWOD STIANVNOMNISY SYIDnoa 11anwogaw &=

[TEST VISIDILITY OF JSth CANGIDATE STAR

CALL VISIB (STRDAT(1,J5), KE, MAUTOP
PSICOM, PSIMAX, TSI, UW, TDAY, 1noce

STORE VISIBLL STA UNIT
VECTOR AND MAGNIT.OE:

YSTR(X,1} = STa2A"(1,J5)
VSTR(K,2) = STROAT (2,05
¥STRIK,3) = STROA™(3,45
VSIR(K,4) = STROA™ (4,08

NSTR & K
K=sKed
I
:l
SEARCH-)

FIGURE 4.7-88, (CONTINUED)

1TRAC = 1
MAUTOP = 0
PSIMAR = FOV

!

| PRINT:
STAR IN AUTO-OPTICS
RASTER AREA"

I:LECT TARGET STAR FOR TRACKING:
CALL SELECT (YSTR{Y,4), NSTR, H)

i

TSTR
TSTR
TSTR
TSTR

1
2
3
4

= VSTR(M,1
= VSTR(H,2
= VSTR{H,3
= VSTR(M,4)

SEARCH-2

anty 2o

9€LL3 JaW
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Subroutine SELECT (SkiG, NSTR, MIN)

Purpose: To select the brightest star in tha ST fleld of view

Inputs:
SHAG(NSTR) magnitudes of visible stars
NSTR number of yiitble stars
Qutputs:
HN index of the brichtest star

GYC=L°y

.

ASTA * ANYVANOD STIANVNOMNLISY SVYID2NROCa TI1ANNOCOIN

START

SMIN » SHAG(1) '
MIN =1

1=141

SELECT-1 *

9€113 3G
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Subroutine TRACK (TSTR, STCL. CFN/, NSTAR, KE, F)MUTOF.

PSICON, PSIMAX, TSI, UM, ICAY, FOV, ITHAC

Purpose: To test the visibility of the siar zeing trackel and to search for a
new target star 1f the visibi ity test s failed,

Inputs:
TSTR(4)
STCL(3)
cFov

NSTAR

KE

rAUTOP
PSICOI(2)
PSTHAX
151(3,3)
U%(3,3)
10AY

Fov

Outputs:
TSTR{4)
1TRAC

target star unf® vector and mignitude

star tracker centerline

half-angle of circular fleld of view enclosing the ‘

tracker search raster pattecsn
number af stars 1n the star table
effective half-an)le of the esrth
auto-optics mode flag 4
auto-optics defleztion conmands
raster linit

§T-t0-EC! traniformation matrix

unit vectors from vehicle to the earth, sun, and moon

orbital phase (day/night) flag

tracker search réiter size

target star unit vector and ragnitude

tracking flag

FIGURE 4.7-88 .

(CONTINUED)

STARY

[

DETE'IMINE THE VISIBILITY OF
STAR BEING TRACKLD:

CALL VISIB (TSTR, KE, MAUTCP
PSICM, PSIMAX, TSI, UM,
1DAY, 1D0CC)

S s

SEARCH FOR NEW YARGET STAR:
CALL SEARCH (STCL, CFOV,
NSTAR, KE, MAUTGP, PSICOM,
PSIMAX, TSI, UW, 1DAY,
FOV, TSTR, ITRAC)

CREPRTLS

TRACK-1

9€LL3 ITH
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Subroutine VECELB (R, T, DEL, RS, KATM, RE, UW, THETA, KE, KRE, IDAY)

- Purpose: To compute vehicle-to-celestia) bads (the earth, sun, and meon) unit
wvectors, half-angles of celestin) bodies, and orbita) phase,

Inputs:
R(3)
1
DEL(3)
R(3)
KATH
fiE

OQutputs:
us(3,3)
THETA(3)

KE

KRE
1DAY

vehicle posttion vector

elapsed time fror the cicck enoch
angular factors t: account for celestial body brightness
average radii of the earth, sun, and moon

angular factor for the earth's atmosphere

effective radius of the earth for sun occultation

vehicle-to-celest al body unlt yectors

ofﬁ,:cuve half-an;les of celestial bodies fncluding i
glow :

effective half-ancles of the earth inclucing the
atmosphere

effective half-angle of the earth for sun occultation

day phasa flag

 FIGURE 4,7-08.

(CONTINUED)

o

3 =1
REE = D
3
ACCLSS LUNAR
[""Eﬂmsr;gﬂ - 3 -2
MoK PCSITION
VCCTOR, VNFOON e (st}
f )
(EARTH)

ACCESS SOLAR
EPHEMERES FOR
| SUN FOSITION
VECTOR, VSUM

HiL = VSUK

- —_

Y

COMPUTE UNIT VECTOR FROM
VEHICLE TO CELESTIAL 80DY:

W) = REB - 7
UN(3) = URIT(NEO))

1

COMPUTE EFFECTIVE ALF ANGLE
OF CELESTIAL B0DY SUSTENDED

AT VEHICLE:

Tewp = ARCS!NH%HH .
THETAL) = TEMP + DELLY)

KRE = ARCSIN [Ti-g—,r]

J=1 JES
?
KE = TEMP 4 KATM
HO |
i
[ ‘ : .
VCELB-1

G261 Auenuep /2
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Inputs:
) v(2)
KE

DETERMINE ORBITAL PHASE (DAY/MIGHT)

TEMP = ARCCOS [M(2) * LM(1)) HAUTOP

PSICOM{2)

PSTHAX

151(3,3)

; (3,3)
100Y

i
i

Qutauts:
100¢cc

89c-=L" Y

l
|
1)
VCELD-2 i
]

FIGURE 4,7-97. (CONTINUED)
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Subrautine VISIE (V, KE, MAUTOP, PSICOM, PSIMAX, TSI, tW, IDAY, 150CC)

Purpiose: Ta test the vistbility of a target within 2 specified raster area
{search or auto-optics).

target line of sight in ECI

effective half-angle of the earth subtended at the
vehicle ‘

auto-optics made flag

auto-optics angular commands

raster 1imit

ST-to-EC! transformation matrix

unit vectars from vehicle to the earth, sun, and moon

orbital phase (day/night) flag

visibility flag
100CC = 0: target visible
= 1: earth occultation

= 4§; target outside specified raster area

n =
~NOo
2]
<y
o m
= e
T o=
58
<
—
‘D
~
ot




ASVH = ANVANOD SIHANVYNOMNISY SWTDINOT TIINROGIOW

69c=L'¥

e

1

TRANSFORM ¥ TO ST CUIORDIRATES
ust = [rsn)'y

f

COMPUTE ST DEFLECTION ANGLES:
PSI{Y) = ARCTAM [VST(:)/vST(3)]
PSI(2) = ARCTAN [VSTI)/VST{3)]

HAUTOP = >1”....
7

PSICOM(1) = ©
PSI1COM(2) » O

YES I
P e b

DELPSI(1) = | PSI(1) « PSICOM(1Y
DELPSI{2) = |PS1(2) + PSICOM{EN

visig-1

1006C = &

FIGURE 4,7-33.

N (DAY

YES(RIGHT)

PERFORA EARTH QHSTAUCTION TEST:

CALL BLOC (v, UMW, KE, O, IDAY,
I, 1ooce)

(CONCLUDED)

3 re
¥
RETURN
viste-2 oS
NS
(]
(=)
& m
; 3~
ot
58
L
—
o
~
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states and rates; later, realistic vehicle dynamics can be provided by an EOM
module. Hardware data (error sources and scan-rate parameters) and a star
catalog complete the ST validation data base requirements.

4.7-270
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4,7.5.1.5 Aero-Flight Control System (FCS) - The FCS, which is used during approach
and landing, TAEM, and part of entry, is described in Ref. 80 . This is a "fly by
wire" system, with data handling and control functions performed by the flight soft-
ware resident in redundant digital computers. The backup FCS is another digital
computer (with identical CPU hardware and simplified software).

Of the flight hardware involved in f]%ght control, nost modules -- e.g., IMU,
rate gyros, TACAN receivers -- are covered in other sections of this report. The
flight hardware modules which we have assigned exclusively to FCS are:

¢ Aerosurface Actuator Interface Units

e Air Data System

4.7.5.1.5.1 Aerosurface Actuator Interface Units (ASAIU's) - These are rather
simple hardware units, with very Timited simulation and validation requirenents.
Therefore, the discussion which follows is rather brief. Additional information
relating to somewhat similar hardware units (PSIU's) may be found in Section

8 7.5:.).3

ASAIU Description
Like the PSIU's described in Section 4.7.5.1.3, the ASAIU's provide interfacing
between controlled hardware units (in this case, aerusurface actuators) and manual

controls and flight computers, performing signal processing and checkout functions.
When the control channels and aerosurface actuators are performing properly, the
primary function of the ASAIU's is formatting and conversion of signals from and to
the flight computers, to implement closed-loop vehicle control.

The ASAIU's also implement "voting" of redundant commands and feedback signals,
enabling command equalization as well as malfunction detection, isolation, switch-
out and annunciation. Switchout of a malfunctioning actuator can be overridden by
crew command. In the case of the quad-redundant hydraulic actuators used on the
fast-response surfaces -- elevons and rudder/speedbrake -- these monitoring functions
are implemented with rathc~ complex and as yet ill-defined algorithms invnlving
position feedbacks and hydraulic pressures sensed at multiple ports. For the dual-
redundant hydraulic actuators used on the body flap, the implementation is similar,
albeit simpler.

4,7-27
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Specifications and study reports defining command/response werd formats,
malfunction-handling algorithms, etc., have not yet been identified.

ASAIU Module Description and Performance Parameters

Again like the PSIU's, it seems reasonable to assume that the functions of
the ASAIU's will be "embedded" in the associated actuator simulation modules. This
is particularly true in view of the fact that the level of detail of actuator
simulation will probably not be adequate to directly simulate the equalization and
monitoring functions in high fidelity. That is, the actuators will be simulated
basically as transfer functions with appropriate nonlinearities (see Section
4,7.1.4); thus the physical quantities used in the monitoring process will simply
not exist in the simulation. It may be possibie to translate these physical
parameters into their equivalent transfer-func*ion variables. More 1likely, however,
the simulation module will simply talkback inserted malfunciions.
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4.7.5.1.5.2 Air Data System (ADS) -- The air data system is used to sense the
velocity and orientation of the Orbiter relative wind, providing data used for
aeroflight control.

ADS System Description
Figure 4.7-%9 shows an overview of the air data system and its hardware

interfaces. The total system consists of: a set of dual-redundant probes, with
associated deploy/retract mechanisms and heaters; dual/dual-redundant air data
transducer assemblies (ADTA); and electronics interfaces. The probes are deployed
during the transition phase of entry, and air data outputs are used from then
until landing. (See Refs.25 , 82 .)

Figure 4.7-90 is an expansion of an ADTA, identifying the individual
transducers, calibration memories, and miscellaneous electronics. The ADTA has
self-test and operate modes. Self-test data is evaluated by the GN&C computers
to determine the status of each ADTA. In the operate mode, the ADTA responds to
probe inputs to generate static pressure, total pressure, total temperature and
differential pressure outputs. These are processed by the GN&C computer to
compute airspeed, angles of attack, etc.

ADS Simulation Module Description and Performance Parameters

We assume that the ADS simuiation module will provide a high-fidelity simu-
lation of ADTA self-test and operate mode outputs and a time-delay simulation of
probe deployment and retraction, will allow for varicus internal failurc modes,
and will respond properly to variations in simulated bus voltages.

Figure #.7-91 is an overview of ADS simulation module interfaces. Table
4.7-25 provides an ADS module parameter list.

ADS Reference Data Sources and Data Formats

The ADS reference module discussed in this section provides a simulation of
the nominal operation of the air data probes and the ADTA, and sets discretes for
probe deploy/retract and heaters without any detail simulation. The individual
hardware elements of the air data system are not modelled in this reference module.
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(7 TABLE 4.7-25 AIR DATA SYSTEM MODULE PARAMETER LIST §
SYMBOL DEFINITION TYPE2 |
- - Command for self-test mode or operation mode £ ¢
To’ P0 Ambient air temperature and pressure I
M Mach number I
™ s Fg, Va Angle-of-attack angle-of-sideslip and airspeed I
- ADTA self-test ya]ues for Psi’ Pti’ Tti’APi’ and DB
mode/status
n Temperature sensor recovery factor DB
7 Specific heat ratio for air DB
Pso’ Pto’ Tto Ideal probe values of static pressure, total P
pressure and total temperature
AP Ideal probe differential pressure (function of P
vehicle aerodynamics)
Spso"spto’ Changes in ideal probe values due to vehicle P
| STto dynamics
Epsi{ Epti’ ADTA hardware errors P
ETi’EAPi
Psi Indicated static pressure (divided into most cP
significant and least significant words)
Pti Indicated total pressure CP }
Tti Indicated total temperature cP ;
AP; Indicated pressure differential cpP §
- - ADTA Operational Mode and Status flag 0 |
- - Power-on discrete from ADTA 0 !
- - Probe heater status discrete 0
- - Probe deploy/retract status discrete 0
a :
LEGEND: I = input
DB = data base input
0 = output
P = performance parameter
CP = critical performance parameter
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: Modelling of hardware errors is to be accomplished by means of "generalized

B ; ~" functions" (table lookups, polynomials, etc.), based upon hardware test data.

‘ The math flow for module CKADS, as shown in Fig. 4.7-38 , is initialized
with constant parameters from the data base, and driven by checkpoint data
provided either by an on-line driver routine or accessed from a predefined data
file. It has two basic paths: one for the self-test mode, and one for the
operate mode.

Self-Test Mode - The ADS reference module simulates the ADTA self-test mode,
normally initiated by the GN&C computer. Generation of reference verification '
data for the self-test mode is accomplished by simply setting the ADTA output
to the values expected by the GN&C computer for a nominal status.

-

Operate Mode - The operate mdde simulates the functional situation in which
dynamic sensor data is supplied to the GN&C computer for processing. Generation
of the ADTA output during this mode is accomplished by exercising Equations

(1) through (9) of Figure 4,7-92, discussed in the following paragraph.

Equations (10),(11), and (12) provide the ideal values for total temperature
(Tt)’ static pressure (PS), and total pressure (Pt)’ as measured by the air
data probes. The equations presented are developed, using fundamental dynamics
and thermodynamics of air, in Reference 81 . "

T = To 0o+ e am) (10)
Ps = Po ( ] ] )
Y,
_ ¥=10, 21 4
R —PO‘|.0+"':7‘§:M,;§‘ 2 2 1P for M<1 (]2 5
[} . 20 l47MZ_20_l-°) or 21

Note that the probes are assumed to be located in the free stream ahead of any
shock wave, and the temperature sensor is assumed to measure full adiabatic
temperature increase within the recovery factor 4. Equations (10), (11), and
(12) are for airflow axial along the probes, and will not provide the correct
measurement when tpe incident flow is not axial. They are typical calibration
equations; by addi%;ahiif correction terms dependent on vehicle parameters such
as angle of attack, angle of sideslip, and airspeed, representative ideal values
for Ps’ Pt’ and Tt can be achieved for all vehicle states. The additive

R
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- . corrections indicated by & in Equations (1), (2), and (3) of Figure 4,7-92
"~ are derived from test data.

The differential pressure parameter ( A P), is a function of vehicle dynamics
and airflow around the probe, with the functional form heavily dependent on probe
design and location on the vehicle. For the reference module, the ideal AP i
is modeled using design and test data. (The flight software will contain an
algorithm for converting APi into sensed angles of attack; this algorithm will
be essentially the inverse of the reference module algorithm.)

A T o | e A A L L P s ME VL,

The ideal inputs to the ADTA thus obtained are then degraded due to non-ideal
operation of the hardware. Typically, hardware errors can be divided into two
classes: those which are compensated for in the software accepting the data,
and those not compensated for and thereby introduced into the system. Since the
GN&C fiight software will likely perform compensation for certain hardware
characteristics, both types should be introduced to the ideal data. The reference
module discussed here provides all hardware errors as additive terms (£ ) to the

ideal values. The hardware error functions are determined using design and
test data.

The final output performance parameter, the mode/status flag, is assigned
the appropriate value for nominal system operation. Since operate and self-test
values may differ, the parameter appears in both paths of Figure 4,7-92.

| ADS Module Validation Methods and Check Cases
; : ADS module validation is performed by driving both the simulation module and
E | the reference module with corresponding input data. Check-case data required
: by the referance module are as follows:
e Power-off Data Check - The power off checkpoint is to verify that the |
power-off condition for the ADTA results in proper power-off output data. ﬁ
This single check point need not be built in to the reference module.

B
-
i R Y A AR
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e Self-Test Data Check - The self-test check point is to verify the ADTA
output in response to self-test commands. The reference output for
this check point will consist of stored test words identical to those
existing in the GN&C computer for verification of the ADTA status. The
reference module input needs only the mode parameter to specify the
self-test condition.

o Operate Data Check - This check consists of a series of check points
chosen to verify the system output over its normal range of use. The
reference data for this check is generated by a parametric variation of
the inputs (P, T, X, 3 , etc.) used in the calculation of the performance
parameters. The appropriate parameter variations are selected based on
performance specifications fc che air data system and the vehicle.

The simulation module, being more directly hardware-oriented, will require
additional input data (see Table 4,7-25) for proper operation.

In addition to the discrete check points, the appropriate input values to the
reference module may be stored along with resulting simulation module outputs
from a simulation run. The verification executor can then access the data to
drive the reierence module and generate data for comparison with the stored
simulation data. However, care should be used in utilizing this option. Since
the reference module does not simulate all the air data system hardware-related
effects (e.g., malfunctions, voltage and temperature variations), the simulation
data must be in the nominal operational regime to be directly comparable.

For nominal operation, reference/simulation data agreement should be within
a few percent for moderate mach numbers and angles of attack, during steady
flight. Discrepancies of ten percent or greater would not be unreasonable at
high mach numbers or high angles of attack, during turbulence or high g maneuvers.

ADS Data Base Impact
The parameters and functions indicated on Figure 4,7-92 as input through the

data base must be available to the reference module from mass storage. Table
4,7-26 presents the individual data base items, with an indication of the data
source and added comments on the type of data.
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TABLE 4,7-26 REFERENCE MODULE DATA BASE SOURCE LIST

ITEM SOUPCE COMMENT
Self-test |Air Data Subsystem Nominal Values indicating a "GO" status
Values Vendor
¥ Reference Simulation Assigned Reference Value (e.g., 1.40
Standards for air)
n Air Data Subsystem From Design or Test Data
Vendor
PsisePyj Air Data Subsystem Predicted static error data from design
‘Tti"AP} Vendor studies
8P s6P s Vehicle Vendor From Wind Tunnel or Fiight Test Data
ﬂ}igAp

The complicated nature of the airflow functions SPSi, ‘;Pti’ and AP warrants the
use of flight test data when available. Wind tunnel data or predicted values will
in general provide only trend data, but should be used until flight test data
becomes available. However initially obtained, the airfiow functions should be
updated upon the availability of flight test data to ensure a valid simulation.

For all test data items, it is important that configuration control procedures
be utilized to maintain up-to-date data base information. Reference module data
base updates would result from system modifications and from the availability of
more reliable data through program advances. When such updates are incorporated
into the reference module, a reverification of the simulator air date module
would be undertaken. If it is found that the simulator module is no longer valid
with respect to the updated data, simulator management would then be informed.
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4.7.5.2 Communications and Tracking (C&T) Subsystem

The C&T subsystem provides capabilities for transmission ¢’ information and/or

commands and determination of relative state variables between che Orbiter and
(a) ground-based facilities (see Section 4.3.2.1) and (b) payloads and rendezvous
targets (see Section 4.3.2.2). Orbiter/payload communication and tracking is
performed during the on-orbit mission phase; Orbiter/ground communication and
tracking may be performed during any mission phase - except for a short period of
communications "blackout" during entry.

C&T "Subsystem Description
The block diagram of Figure 4.7-93 (Ref. 70 ) provides an overview of the
C&T subsystem. This subsystem includes several types of components:

@ receivers, transmitters and transponders

e reccrd/playback equipment

e rcata handling and distribution equipment (e.g., signal processors, coders,

data interleavers, switching systems)

e antennas

¢ manual control and display interfaces

¢ flight computer interfaces
Component specifications (Refs. 83 through 92) provide detailed information
relating to many of these components; specifications for other components have not
yet been identified. '

C&T Module Description and Performance Parameters

The C&T subsystem simulation module will consist of a number of submodules.
Each such submodule will provide the operational modes and performance parameters
of one of the basic hardware components of the C&T subsystem, model appropriate
hardware errors, and allow for the insertion of simulated malfunctions.
Table 4,7-27 gives a list of performance parameters for the C&T simulation module.

Figure 4,7-94 shows the C&T module interfaces. Definition of the interface
with the artificial environment module requires some assumptions about the soft-
ware design. We have assumed that, for maximum module independence, each of these
modules will require a minimum of information about the other. For example, the
ground nav/comm module will compute the line-of-sight (LOS) to the Orbiter (as
seen from the ground), in its own axis set, and use the ground-antenna gain pattern
to compute its transmitted signal strength along that LOS. The onboard C&T
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COMMUNICATIONS AND TRACKING SIMULATION MODULE PARAMETERS

SYMBOL DESCRIPTION TYPE?
BSE Ground station coordinates (earth-fixed axes) I
: Ground station identification tags I
Ground station transmitting frequencies I
Line-of-sight contact flags I
s ¥V Orbiter position and velocity (ECI axes) I
&r, &v |Target relative position and velocity (ECI or orbital axes) I
ge,y Orbiter attitude I
h Orbiter altitude (above local terrain) I
res ?s Station range and range rate I
Asgs Eg Station azimuth, elevation I
res Pr Target range and range rate I
SST,STT Transmitted signal strength from ground station, target I
Incoming and outgoing data/command streams I
Onboard antenna gain patterns DB
Ugs Up |Line-of-sight to station, target (body axes) P
SgpeStp |Received signal strength from station, target , B gt
ST Transmitted signal strength to groupd station or target - P
Dc Measured doppier counts cP
hra Measured radar altitude cp
?;{?T Measured range to station, target cpP
ﬁ&sfﬁs Measured station-referenced azimuth, elevation cp
¢;’§§_ Measured target angle and angular rate cP
4TYPE: = input
DB = data base input
P = performance parameter
CP = critical performance parameter
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module will compute the LOS to the ground anterna (as seen from the Orbiter), in
jts body-axis set, and then use the onboard antenna gain pattern and the transmitted
signal strength to compuie its received signal strength along that LOS. Thus,
each module will need to know its own antenna patterns, but neither module will
need to know the other's antenna patterns. In addition, each module will need
to output various Tlags and tags to inform the other which ground facilities
are active and in view, which onboard subsystems are active, etc.

The Shuttle Mission Simulator, which is sometimes used in integrated operations
with Mission Control, must provide the capability to provide a simulated telemetry %
stream -- realtime and/or recorder data-dump. This will require the C&T module to 3
have telemetry simulation modes, in which properly-formatted mass-storage files
are generated during simulator operationa, then dumped over an appropriate communi-
cation channel upon commands received via the Mission Control communication Tink.

C&T Reference Data Sources and Data Formats

Figure #.7-95 shows the math flow and variable definition for a module
(CHKCMT) to generate reference data for validation of the C&T simulation module. |
The equations shown in this figure are derived in Ref. 93. Geometry calculations ﬁ
necessary to compute range, ranye rate, bearing, etc. are performed in terms of ﬁ
coordinate systems as shown in Figure 4.7-96; (see Ref. 47 ). In some cases,
complete information required for equation development is not yet available, and
computations are shown as generalized functions. These generalized functions
may be implemented in computational form, or via table Tookup, polynomial fit,
etc., as the reguired data becomes available during the course of the Shuttle
program. Status discretes and other secondary parameters are assumed set to
their nominal operational values, and are not represented on the math flow.

.-
I LTI

e

LT TOREE A X TR

Note that this reference module is designed for initial validation of the C&T
module, and includes computations which will actually be performed by the artificial i
environment module. A simpler reference module will be appropriate for integrated
validation of the C&T and artificial environment modules.

Sy

Command parameters {e.g., switching, data-dump) normally generated by manual i
.. controls, flight computers, or ground command mus* be providec by an external
e driver and/or manual data input to the reference module, in a format matching their
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FIGURE #.7-95 COMMUNICATIONS AND TRACKING REFERENCE MODULE MATH FLOW.
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'T= [(Ry-RT) - Ry-R1)12

FT = RysRy+RT+R7-Ry-RT-RT-Ry
T

- H0 (RENDEZVOUS)

]

RIB= B{Ry-RT) CALCULATE 6, ¢

Ss1= T5(RLB)

RETURM

FIGURE 4.7-95 (CONTINUED)
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LEGEND
SYMBOL DEFINITION
i Pass number
¢si Ground station Tatitude
Asi Ground station longitude
hsi Ground station altitude
N Number of Ground stations to be verified
ae Earth semimajor axis
e Earth eccentricity
wt Angle between vernai equinox and Greenwich Meridian (Note
t depends on time of reference frame initialization) 1
© Earth rotation rate E Bt 4o
1 Function relating Doppler counts to range rate (Ground
Transmission)
f2 Fﬁnction refating antenna transmitted signal strength to

line of sight {vehiclie to ground station)

3 Function relating antenna received signal strength to line
of sight (ground station to vehicle)

T4 Function relating antenna transmiited signal sirength
to line of sight {vehicle to TDRS)

5 Fupction relating antenna received signal strength to
1ine of sight (TDRS to vehicle)

FIGURE 4,7-95 (COMCLUDED).
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intended operational format in the eventual integrated-simulator environment. A
pseudo-data stream should aiso be provided to verify proper transfer of telemetry
data.

Note that, to simplify the reference module logic, values for azimuth,
elevation, range and range rate are computed for all ground station types, even
though not needed in every case; e.g., elevation angle and range rate are not used
for TACAN stations.

C&T Validation Methods and Check Cases

In accordance with the basic validation software structure described in
Section 5.1, Figure 4,7-97 provides the math flow for a checkpoint-generation
routine to be used in C&T module validation. This routine will provide, in

addition to discretes for selection of operational modes, ground stations and
TDRS satellites, the following vehicle-dynamics-related data:

X = (X,Y,Z,k,?,i) = shuttle state vector

Ay = (Xt,Yt,Zt,Xt,Yt,Zt) = rendezvous-target state vector
B = 3 X 3 coordinate transformation matrix

T = universal time

The logic of this driver routine provides_for exercising the Tinkage between
the Orbiter and every ground facility, as well as varying the relative position and
velocity over the entire range of operational interest. For initial validation,
synthetic state vectors will be used. Later, when a vehicle dynamics module becomes
available, integrated validation will make use of realistic trajectories which
pass into and through the regions of ground-station ard payload contact.

C&T Validation Data Base Impact

The data base contributions for C&T module validation will include the
reference module, the checkpoint-generation routine, ground-station tables,
antenna-pattern functions or tables, and temporary files of checkpoint inputs and
ocutputs.

The reference module and checkpoint-generation module are both fairly simple,
and will impose Tittle storage Toad. The ground-station table will may be fairly
extensive {dozens or hundreds of stations, depending upon Shuttie operational
rules), but wiTl be common to the simulator data base rather than in addition to

4,7-202
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¥i - Through the Vernal Equinox of Reference
Yz -~ 890° bast in the Equatorial plane
Z1 -~ Through the North Pole

XE =~ Through the Greenwich Meridian
"YE - 90° East in the Equatorial plane
Zg - Through the North Pole

L - East through the station location in the Earth tangential plane
YL - North through the station location in the Earth tangential plane
Z1, - Up through the station location along the geodetic vertical

FIGURE 4.7-96 COORDINATE SYSTEMS FOR COMMUMICATIONS AND TRACKING MODULE.
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FIGURE 4,7-97 COMMUNICATIONS AND TRACKING CHECKPOINT-GEHERATION MATH FLOW.
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it. The antenna-pattern data, if maintained in tabular rather than functional

‘|;  form, will also be extensive, but should also be common to the simulator. The
extent of the checkpoint files will vary with the resolution desired for
comparison plots, and in any event, these files need not be maintained after
initial validation is completed. Overall, the data base impact for C&T module
validation should be minor.
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4.7.5.3 Controls and Displays (C&D)

The controls and displays group includes subsystems and components involved in
the presentation of information to the flight crew and flight crew control of the
Shuttle vehicle and its various onboard systems. It also includes the Master
Events Controller (MEC), which transfers discrete commands from the flight computer
to various pyrotechnic devices.

Controls and displays will be discussed in four categories: timers (including
the MEC)}, artificial feel system, miscellaneous display interfaces, and
miscellaneous control interfaces. Flight-computer CRT/keyboard units are excluded
from this discussion, on the assumption that they will be implemented using flight
hardware on the simulators of interest.

This discussion will be brief, since C&D software requirements are minor, and
much of their validation will be done in an integrated rather than isolated-module

configuration.

C&D Subsystem Desecription

Timers and MEC - This category includes the Master Timing Unit (MTU), the event
timer, and the MEC.

The MTU (Ref. 94), based on a crystal-controiied oscillator, provides
(a) stable frequency outputs for use by various Orbiter subsystems and payloads,
and {b) serial time code outputs for subsystems including computers, data
acquisition systems, recorders, displays and attached payloads. 1t includes

- separate time accumulators for Greenwich Mean Time and Mission Elapsed Time,

which can be set or updated by external control.

The Event Timer (Ref. 95) is used by the crew in execution of maneuvers and
other onboard procedures. It accepts and counts timing pulses from the MTU (or a
backup internal source), and generates a numeric display. Operational modes are
count-up, count-down, reset, preset, and override.

The MEC {Ref. 96) recognizes two types of discrete commands output by the
flight computer: critical and non-critical. Critical command words must be

4- 7-296
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Miscellaneous Display Interfaces - The display interface software will perform
simple buffering, formatting and scaling of signals from the host computer. Some
meters may require compensation-curve processing, based upon periodic calibration
data.

The caution and warning status display, if flight hardware, will interface
directly with the flight computer. If implemented as simulator hardware, it will
require Flight-computer data conversion by means of software in the host and/or
the FEID. An interface with the aural simulation hardware will also- be requ1red to
generate tone, klaxon and siren outputs, used to indicate mission~critical anomalies.

Miscellaneous Contrel Interfaces - The control interface software will simply

buffer, format and scale discrete and continuous control inputs for the host and/or
FC/FEID.

Sumrary - Figure 4.7-98 depicts the C& simulation module interfaces. Table 4.7-28
Tists the C&D simulation module parameters.

C&0 Reference Data Sources and Data Formats

The basic sources of reference data are the specifications of the onboard
systems, and of the simulator hardware and software for the pariicular simulator
of interest. The simple C&D software modules just perform a simulator-peculiar
mapping of inputs to outputs -- e.g., discrete input #xxx is delayed for ttt
seconds and becomes discrete output #yyy: so much controlier motion maps into so
many degrees of aerosurface deflection.

C&D Validation Methods and Check Cases

The bulk of the C&D validation is performed on the integrated simulator.
Preliminary validation of discrete-data handling would be done by means of an
external driver and a command/response "dictionary." Preliminary validation of

continuous-data handling would be performed by providing sampled inputs over the
specified range {e.g., the input to a particular meter}, generating a data plot
to be compared to the meter calibration curve.

PRECEDING PAGE BLANK ﬂm_mmm
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TABLE 4,7-28. CONTROL AND DISPLAY MODULE PARAMETERS

MDC E1136
27 January 1975

DESCRIPTION

TYPE®

Hand-controller and rudder pedal deflections
Manual switch actions

Flight computer discretes

Flight computer continuous data

Avionics data: MSBLS, TACAN, IMU gimbals, etc.
Aerodynamic and runway velocities

Sensor and instrument scaling and calibration data
Aerosurface deflection commands (manual)
Avionics mode and channel-select commands
Thrust commands (manual)

Displayed times: GMT, MET, event

Display discretes: C&l, channel set, etc.
Instrument drive signals

C&W panel settings: inhibits, T1imits, etc.
Discrete talkbacks

Lo B S B e T e T B
juy)

W W U W v v v U

8TYPE - 1 = input
DB = data base input
P = performance parameter

4,7-300
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C&D Validation Data_Base Impact
Very little on-line storage is required for Va11dat1on of the C&D module,

}
~  which requires no reference module as such. The on-Tine data base will consist of
some short command/response dictionaries, a few calibration curves, and a simple -
external driver module.
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;4 7.5.4 0perat10na1 Instrumentat1on (OI)

- MDC E1136
~:27“Jaﬁgany 1975

The 0L subsystem providés the ‘telemetry pruteSS1ng and caut1on and warn1ng
{C&W) functions on the: Shuttle Grb1ter“ The telemetry prOCESSTng funct1on

consists of data buffer1ng, sca11ng and fnrmatt1ng, and contr01 of unboard record1ng,‘.-5

recorder dump1ng, and real<time te1emetry to the: gruund.netwurk The' caut1nn and
warning function consists of buffering, f11ter1ng and qat1ng data, dnd generat1ng
display messages in reSponse to detected anoma11es.

These functions are all implemented in fTight‘software in the Orbiter flight
computers, and witl thus require no simulation software in the simulators of

“interest, which will incorporate f1ight computer hardware. In the SMS, which

simulates most onboard subsystems in high fidelity, OI implementation will require
the subsystem simulations to provide vealistic values for such performance-
correlated variables as temperatures, voltages, and various operational discretes --
over and above a correct representation of subsystem functions. 1iIn the SPS and

0AS, we expect Tittle or no implementation of 0I functions, and much-simpiified
representation of most onboard subsystems.

The telemetry and maintenance recorders are discussed under C&T (Section
4.7.5.2), and the C&W displays under Controls ‘and Displays (Section 4.7.5.3).

4-:7“'3[]2
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4.7.5.5 Electrical Power Distribution and Control

The Electrical Power Distribution and Control (EPDZC) subsystem provides the

means of conditioning and transfer of electrical energy from the fuel cells or
ground support equipment (GSE) umbilicals to the various systems electrical
equipment. In addition, the subsystem includes external vehicie iliumination.
This section provides a discussion of the subsystem components, module performance
parameters, reference data sources, validation methods, and impact to the
simulation data base.

EPD&C Subsystem Description

Figure 4,7-99 is a schematic of the EPD&C subsystem. The means of energy
transfer is a network of bus bars which are connected by electrical cables, power
relays, solid state power controliers, fuses, ete. This network of buses includes:

e 3 main buses

8 3 essential (critical) control buses

® 3 forward local buses

@ 3 midsection local buses

® 3 aft section local buses

@ 3 AC 3-phase buses {powered by 3 inverters)
The three main buses can be individually interconnected by a tie bar which also
allows connection of the tie bar to GSE power via the nose-wheel umbilical. The
three aft Tocal buses can be individually connected to GSE power via the aft GSE
power umbilical. The three aft local buses can also be connected together via a
tie bar. The 3-phase AC buses can also be electrically connected by tie bars.

The illumination system block diagram is presented in Figure 4,7-100. The
exterior Tighting is controlled by manual switching. The Tighting includes Tanding,
navigational, anti-collision, rendezvous, docking, manipulator, payload and camera
1ights.

EPD&C Module Description and Performance Parameters

The Figure 4,7-101 schematic 11lustrates the EPD&C module interfaces with the
other modules and shows the functional elements within the module. The performance
parameters of the module are Tisted in Table 4.7-29, The module functional
elements provide the following calculations:

4- 7‘303
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TABLE 4.7-2%, EPD&C PERFORMANCE PARAMETERS

MDC ET136
27 danuary 1975

PARAMETER TYPE?

Switch position, selections, etc. I
Equipment operating modes, on/off i
FC electrical oulputs - (Norton's equivalent current, admittance) I
GSE electrical outputs - {Norton's equivalent current, admittance) 1
Equipment temperatures I
Bus voltages cP
Load voltages P
Bus currents CP
Load currents P
Bus distribution admittances P
Load admittances P
External iTlumination Tight operating modes P
Power interruption devices - total current P

- overload trip time (WY

- device open P

3TYPE:
cp

critical parameter
performance parameter
input

- O
] 1]

4.7-307
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# Loads - determine the admittance values of each Toad as functions of
operating mode, input voltage, and temperature.
8 Control logic - determines enabling/disabling selectionr logic from the
control inputs.
8 AC inverter - calculates:
~- Inverter AC load - determines inverter load-phase as functions
of AC voltage, mode selected temperatures.

-- Inverter efficiency - this is a function of inverter temperature,
AC load, and input DC voltage.

-- Equivalent DC Toad - a function of inverter efficiency and
inverter AC Toad.

8 Distribution resistances - caiculates the bus network distribution
resistances as functions of the control logic, and bus voltages.

¢ Distribution voltéges and currents - calculates bus and load voltages and
currents as functions of the fuel cell current/admittance, Toad
admittances, and distribution network resistances.

8 Power interruption - sums current through the power interruption devices,
determines overload conditions, integrates overload time, and sets
logic indicating power Tline open.

& External illumination - determines 1ight operating mode and on/off
condition from control Togic and bus voltages.

EPD&C Reference Data Sources and Formats

The component design performance requirements, performance predictions, test
results, and flight vehicle performance results can be used as reference data
for direct comparison with simulation results. Reference 22 1is specifically
intended to provide data of this type. Component design requirements are defined
in the following Rockwell International documents:

COMPONENT SPECIFICATION

Fuses MC451-0010

Thermal circuit breakers MC454-0026

Remote control circuit breakers MC454-0027

Remote power contrailer MC450-0017

AC 1inverters MC485-0012
4,7-302
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Various analysis computer programs are available for use in providing reference

data. One such program is the Shuttle Electric Power System Analysis Computer
Program (SEPS) developed by TRW for the consumables analysis section of the Mission
Planning and Analysis Division (see Ref. 100). The subroutines used in the SEPS
can be easily developed into an adequate reference module. The complete develop-
ment of a suitable module would be a relatively simple and straightforward task.
Figure 4,7-102 is a generalized overview of the module operations.

Figure 4,7-1N13 provides an equivalent DC circuit for the Shuttle EPD&C. It
also shows the defining matrices for the circuit assuming the switches are all
closed and the diodes are forward-biased. The defining matrix equation is:

(11 = [6] [E]
where [I] = column matrix for the node input current sources
[G] = square admittance matrix of the circuit
[El = column matrix of the node voltages

1}

The node voltages can be determined from the fellowing equation:

'S
Ex‘— Aa

+ E, = x-node voltage

b
1

value of the determinant of [G]

value of the determinant of the matrix resulting by replacing
the x column of the [G] with [I] '
The analysis of the circuit with all switches open is similiar with the resulting
matrice; being less compiex.

P
>
I

EPD&C Validation Methods and Checkcases

The methods of Secitions 5.1 and 4.2 can be used in validating the EPD&C
simulation module. A comparison of the parameters listed in Table 4.7-29 and
bus power, Toad power, fuel cell input power, fuel cell input watt hours, and
ampere hours, should provide adequate checks. During the module runs, interface
drivers will be required to provide the input parameters from the interfacing
modules. It will aiso be necessary to provide drivers to initialize or hold
static the intermodule parameters and conditions. Drivers required are:

8 FC electrical outputs

& ECquipment operating mode, etc.
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<»  FIGURE4.7-102 ELECTRIC POWER DISTRIBUTION AND CONTROL SUBSYSTEM REFERENCE MODULE
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= AC load admittance

= AC bus voltage

= logic inputs _

= Sum of AC Toads on AC inverter

= Inverter electrical efficiency

= Equivalent DC load representing inverter and its AC Toads
= Individual DC Toad resistances

= Line resistance from load to bus

= Sum of bus load admittances

= Bus interconnection admittance (DC)
= Bus voltage

= Yalue of determinant of the admittance matrix with x-column
replaced by current matrix

= Yalue of the determinant of the admittance matrix
= Current ‘
= voltage

= Power (electrical)

= Interruption state of power interrupt devices (fuses, circuit
breakers, etc.)

Time increment

1}

= Temperature

FIGURE 4,7-102  (CONTINUED)
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= Norton's equivalent current sources representing the fuel cell
A, B, C outputs.

H

Norton's equivalent admittance for the fuel cells A, B, C.

Admittances connecting fuel cell output to main buses.

Equivalent loads on main buses A, B, C including forward Tocal/
middle local/AC bus loads and wiring losses.

Admittance between main buses and AFT local buses A, B, C.

Admittance loads on AFT Tocal buses A, B, C.

= Admittance between AFT local buses A, B, C and AFT Bus Tie.

= Admittances between main buses A, B, € and main Bus Tie.

= Admittance between main buses A, C and essential bus A.

FIGURE 4.7-103. {CONTINUED)
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= Admittances between main buses A, B and essential bus B.

}- = Admittances between main buses A, B and essential bus C.

= Admittance loads on essential buses A, B, C.

PN

$ = Fuel cell output voltages.

i N

} = Fuel cell A, B, C input voltages.

o
= Main buses A, B, C voltages.
= Main bus tie-bar voltage.
= AFT Tocal tie-bar voltiage.
3
= Essential buses A, B, C voltages.
7
’

» = AFT local buses A, B, C voitages.

= Yalue of the determinant of the G-matrix {[G])

= Value of the determinant of the matrix resulting by replacing the
x-column of the G-matrix with the I-matrix.
= Switch.
FIGURE 4,7-103, (CONTINUED)
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¢ Equipment temperature
o Control Togic (switch positions)
® Prelaunch/launch interface - GSE electrical inputs parameters

The check cases implemented should inciude step changes in loads, bus switching,
maximum equipment powered, minimum equipment powered, and expected mission load
profiles (equipment powered time-line). System checkout or test sequence results
can be input as check cases with simulation results compared directly to the test

results.

EPD&{ Data Base Impact

The EPD&C reference module and drivers are of moderate impact to the simulation
data base. The majority of the processing subroutines (data comparison, read,
write, etc.) would be common to all modules requiring validation. The equipment
power profiles {time-lines) would be required but represent a minor impact. Data
files would also be required for the input and output data tables.

4,7-317
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This section includes the discussion of the Atmosphere Revitalization System;
the Active Thernial Control System; and the Food, Water, and Waste Management

System.

4.7.6.1 Atmosphere Revitalization System (ARS)

The ARS includes the Atmosphere Revitalization Pressure Control Subsystém
(ARPCS), and the ARS Cabin Atmosphere Control Subsystem (ARS-CACS). These two
subsystems are discussed in the following sections. |

Ealiatongd Sat Vs E A Mt

it A e R TR KA
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4.7.6.1.1 Atmosphere Revitalization Pressure Control System Description

The Atmosphere Revitalization Pressure Control Subsystem (ARPCS) provides
three basic functions for the Shuttle Orbiter. The functions provided are:

1) N, and 0, sturage (gas) o

2} distribution of gaseous 0, and Ny, at proper pressures, to the user

equipment, system, etc,
3) ensuring proper 0, and N, mixture while controlling cabin {crew

quarters) pressure.
These functions are accomplished via interconnecting manual valves, solenoid
valves, pressure regulators, pressure sensors, electronic controls and relief
valves. This interconnection was determined from schematic YL70-000214 (Reference

111), specification MC250-0002 {Referencel03),and a Preliminary Design Review (PDR)

handout on the Power Reactant Storage and Distribution System. The resulting
representative plumbing schematic is shown in Figure 4,7-104. and 4,7-105, Although
these figures are not totally accurate, they should suffice for the current
verification study purposes.

ﬁg Supply and Distribution -~ The N, gas is stored in 3000 psi bhottles containing

. l approximately 50 pounds of N, in each. The primary source of N, is one {(n
bottle, with the auxiliary source comprised of three (3) bottles. Additional
bottles can be carried in the payload area and connected to the system if desired.
Either the primary, auxiliary, or payload supply can be selected to deliver gas to
either of the two N, distribution networks. '

The N2 distribution networks are each comprised of various control valves
{manual and solenoid) and two (2) N, pressure regulators. A 175 psi outlet
regulator provides the proper pressure level to the 02/N2 cabin pressure controller
and to the potable H,0 bottle regulators. This 175 psi regulator also provides
outlet pressure relief (at approximately 200 psi) to prevent over pressurizing the
downstream distribution network. The pressure relief is vented overboard resuiting
in possible vehicle attitude and rate disturbance torques. Potable water bottie
regulators maintain pressurization of the three (3) potable water tanks. Pressure
is regulated 8 to 12 psi above the cabin pressure. This higher pressure ensures
the expulsion of the water from the tanks. It should be noted that the N2 side

4,7-319
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FIGURE 4.7-105, ATHOSPHERE PRESSURE CONTROL, AIRLOCK SUPPORT SUBSYSTEM SCHEMATIC
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of the water tanks can be opened to the crew quarters atmosphere via a solenoid
actuated valve. The potable water tanks pressure regulators also provide pressure
relief for the water tanks. This relief is vented into the crew quarters and
contributes to the total cabin pressure.

0o Supply and Distribution - The 02 gas supply has three (3) sources. The primary
and secondary supplies are from the Cryogenic 0, Systems for the Power Reactants
Storage and Distribution System {PRSD) which also provide 02 to the fuel cells.
The Cyrogenic 02 flows through restrictor/heat exchangers which provide flow control
as well as increasing the gas temperature. Oxygen accumulators (surge tanks) act
as pressure stabilizing and intermediate storage devices.

An auxiliary O, gas supply is also available. This is at an initial pressure
of 3000 psi and must be regulated to approximately 450 psi to prevent over-
pressurizing the 0, distribution network. The 450 psi regulator also provides
a distribution system over pressure relief at approximately 1100 psi. This 0
relief is vented overboard and may generate vehicle attitude and rate disturbance
torques.

The 0, distribution networks are each made up of manual valves, solenoid
valves and a pressure regulator. The 100 psi 02 regulator provides the proper
02 supply pressure to the 02/N2 cabin pressure controller. High pressure 02 is
provided to the four (4) emergency 0, outlets in the crew compartment mid section,
to the four (4) outlets for portable 0, bottle fi17ling, and to the two(2) airlock
support outlets.

Mixture and Pressure Control - The cabin 02/N2 mivture control and cabin pressure
control are provided by cabin pressure reguiators, pressure relief valves, 0, partial

pressure ccntroller, manual valves, and solenoid valves.

02 or N2 is selected for cabin make-up gas by the 02/N2 mixture controller,
The partial pressure of oxygen is sensed by the partial pressure controller and
electronically opens (for 02 partial pressure 3.45 psia) the NZ supply solenoid

d,7-372
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.. valve(s) which allows the 170 psi N, to flow to the cabin pressure regulator

inlet. The N2 pressure is greater than the 100 psi 0, which feeds thg regulator
through a check valve. The higher pressure closes the check valve preventing

0, from entering the regulator and N, only is supplied to the cabin. UWhen the

02 partial pressure is less than 2.95 psia, the N2 solenoid valve is closed. This
allows any cabin make-up gas flow to be Q5. 02 and N, flow sensors provide output
to the caution and warning subsystem if flow is excessive., In addition, signals
are provided to the caution and warning subsystem if the cabin 02 partial pressure
becomes too high or too low.

The cabin pressure control is provided by two (2) types of cabin pressure
reguiators, cabin relief prassure valves, and manual valves. The primary cabin
pressure regulators maintaih the cabin pressure at 14.7 psia under normal conditions.
However, in the event of excess cabin Teakage, additional cabin regulators operate
to maintain the pressure at 8 psia.

Two cabin overpressure relief valves operate to 1imit the cabin high pressure
at 15.5 to 16 psi above the vehicle external pressure. These relief valves can be
electrically overridden if desired. Two reverse cabin pressure relief valves
actuate to maintain a maximum 2 psid external pressure above the cabin pressure.
These reverse pressure relief valves can be manually overridden when desired. The
venting of these valves can cause body attitude and rate disfurbance torques.

Manually actuated pressure equalization valves are used to pressurize and
depressurize the airlock compartment. Each of the three (3) avionics bays is

"continually vented {at a Jow rate) to the spacecraft external ambient. This
venting is required to prevent equipment ouigassing products from entering the crew
compartment. The inlet to each bay is open to the crew compartments via a reljef

valve. This valve maintains the bay pressure at 0 to 0.4 psi below the cabin pressure.

In the event of a cabin rapid depressurization the same relief valve operates at
0.6 psi to prevent the bay over-pressurizing with respect to the crew compartment.

A cabin pressure decay rate detection provides signals to the caution and
warning subsystem when the cabin pressure is decreasing at an excessive rate.

a . 7" 32-5
MVMICDORNNNELEL DOUGLAS ASTRONAUTICS CORBPANY « EAST



MDC E1136 £
27 January 1975 :
| | %
5ﬂ3 The continued venting of the three avionics bays, and pressurization/ g
W - .
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% ARPCS Module Functions and Parameters

Figured,7-106 provides an overview of the ARPCS simulation module functional
elements and interfaces with other modules. Basically there are four functions
performed within the module. These functions are:

e Control logic '

© 02 and Nz storage

2 02 and N2 pressure regulation and distribution

8 Cabin pressure control

Table 4,7-30 provides a detailed Tisting of the parameters associated with
the ARPCS module and designation of parameter type.

The following discussion identifies, in general, the functions performed in
each element and the factors involved in the calculations.

Control Logic - The control logic functions are dependent on the position of manual

| valves, solenoid valves, switches, command inputs, bus voltages, etc. The logic

outputs are used extensively in each of the other functional elements calculations.

The valve logic can be determined from the plumbing schematic; however, the
electrical logic is not presently known, The total Togic will, of necessity, be
highly dependent on the exact electrical design, and this study does not warrent

accurate description of the logic. It is only necessary to recognize its existence,

and the possibility of many combinations existing.

02 and N2 Storage - The 02 and N2 storage functions are the calculation of remaining

(or available) gas mass, source pressures, temperatures, inlet or outlet mass
flow, etc. The parameters associated with these calculations are as follows:

A. 02 Accumulator Calculations

1. 0, gquantity as a function of initial quantity, inlet flow, outlet
flow, time, etc.

2. Pressure as a function of quantity, temperature, tank volume.
Temperature is a function of initial temperature, inlet 02

.?ﬂl temperature, heat Teak, etc.

4, Mass Tlow inlet as a function of cryogenic 02 pressure, accumulator

pressure, and restrictor flow/pressure characteristics.
1,7-325
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TABLEA.7-30,ATHOSPHERE REVITALIZATION PRESSURE CONTROL SUBSYSTEH PARAMETERS

PARAMETER

TypE®

Primary 02 Accumutator - inlet 02 temperature
Primary 02 Accumulator - cryo 02 pressure
Secondary 02 Accumulator - inlet 02 temperature
Seconaary CZ Accumulator - crvo Gz pressure
Primary 02 Accumulator - 02 mass

Secondary 02 Accumulator - 02 mass

Primary 02 Accumulator - Pressure

Secondary 02 Accumulator - Pressure

Primary 02 Accumutator - Temperature

Secondary 02 Accumulator - Temperature

Prﬁpary 02 Accumu]ator - 02 inlet mass flow - cryo
Secondary 02 Accumulator - 02 inlet mass flow - cryo

PRIMARY 0, ACCURULATOR - 0, mass outlet flow
SECONDARY 0, ACCUMULATOR - 0, mass outlet flow
AUXILIARY 0y TANK - 0o mass

AUXILIARY 0p TANK - pressure

AUXILIARY 0, TANK Tenperature

AUXILIARY Oy TANK - Op mass outlet flow
AIRLOCK SUPPORT - (- pressure

AIRLOCK SUPPORYT -~ Oz mass fliow

N, PRIMARY TARK « No Mass

No AUXILIARY TANKS ~ N2 mass

No PRIMARY TANK - pressure

Np SECONDARY TANKS - pressure

Ny PRIMARY TANKS - femperature

Np SECONDARY TAMKS - temperature

N, PRIMARY - Ny mass flow outlet

No SECONDARY ~ Np mass flow outlet

i

Mumerous Control Logic Outputs/Inputs

Electrical Power System - Bus Voltages

Aux 02 regulator - Qutput Pressure (include velief)
Fuy, 0y regulator - Input Pressure

Aux 0, reguiator - Reljef vent mass flow rate

B LT e LT L e

I
1
I
I
cP
cP

P

P

P

P
-1
I
P
P

Cp

- v 9 v T

¢
C

= Qo

- T T T < 0
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TABLEA.7-30. (CONTINUED)

vo

PARAMETER TYPEE

MID SECTION EMERG O2 flow 1 - mass Tlow P
MID SECTIOM EMERG 02 flow 2 - mass flow P
MID SECTION EMERG Op flow 3 - mass flow p
MID SECTION EMERG 02 flow 4 ~ mass flow P
PORTABLE 02 bottle fill - 1 bottle pressure P
PORTABLE 02 bottle fill - 2 bottle pressure P
PORTABLE 0O, bottle fi1l - 3 bottle pressure P
PORTABLE 0, bottle fill - 4 boitle pressure p
PORTABLE 0,, bottle fi11 1 - mass flow P
PORTABLE 0, bottle fil1l 2 ~ mass flow P
PORTABLE 02 battle fi11 3 - mass fTlow P
PORTABLE 02 bottle fill 4 - mass Tlow P
PRIMARY O2 - 100 PSI reg - inlet pressure P
PRIMARY Op ~ 100 PSI reg - outlet pressure p
PRIMARY 02 - 100 PSI reg - mass flow _ p
PRIMARY 0o ~ 100 PSI reg - relief vent mass flow p
SECONDARY 02 - 100 PSI reg - inlet pressure P
SECONDARY 02 - 100 PSI reg - outlet pressure p
SECORDARY 02 - 100 PSI reg - mass flow P
SECORDARY 0p - 100 PSI reg - relief vent mass flow P
PAYLOAD N2 tanks - mass cp
PAYLOAD Ny tanks - pressure
PAYLOAD N2 tanks - temperature
PAYLOAD Nz tanks - mass flow out
PRIMARY Nz 175 PSI reg - inlet pressure P

> PRINARY Ky 175 PSI reg - outlet pressure P
PRIMAEY K 175 PSI reg - mass flow P
PRINARY Np 175 PSI rea - relief vent flow p

- S ——— e
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PARAMETER TYPER
SECONDARY N, 175 PSI reg - inlet pressure p
SECONDARY Mo 175 PSI reg - outlet pressure P
SECONDARY Nz 175 PSI reg - mass flow
SECONDARY N2 175 PSI reg - relief vent mass flow P
PRIMARY No Check valve - outlet pressure P
SECONDARY M, Check valve - outlet pressure P
PRIMARY POTABLE H,0 Bottle Regulator - inlet pressure p
Primary POTAELE H20 Bottle Regulator - relief vent flow to cabin P
PRIMARY POTABLE H,0 Bottle Regulator - flow rate P
SECONDARY POTABLE H,0 Bottle Regulator - inlet pressure P
SECONDARY POTABLE HoO Bottle Regulator - relief vent flow to cabin P
SECONDARY POTAELE Hp0 Bottle Regulator - flow rate p
POTABLE H,0 tank 3 - N, (gas) quantity cp
POTABLE H20 tank 3 - Gas Pressure P
POTABLE H,0 tank 3 - temperature P
POTABLE H20 tank 3 - Gas flow/bottles 1 & 2 P
POTABLE Ho0 tank 3 - Gas volume, P
POTAELE Hy0 tank 3 - Hy0 mass remaining I
POTABLE H,U tanks 1 and 2 - N, (Gas) mass P
POTABLE H;0 tanks 1 and 2 - Gas pressure p
POTABLE H,0 tanks 1 and 2 ~ temperature p
POTABLE Ho0 tanks 1 and 2 - Gas flow to cabin P
POTALLE H20 tanks 1 and 2 - Gas volume P
POTABLE H20 tanks 1 and 2 - HZO mass remaining 1 1
POTABLE Hzo tanks 1 and 2 - HZO mass reraining 2 I
Crew Compartrent COZ Partial Pressure
Pri N2 to Cabin Pressure Coniroller - Pressure
Sec.N2 to Cabin Pressure Centroller - lressure

MOCDORMELEL DOUGLAS ASTROAMAUTICS CORMPARIY = EAST
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TABLE 4,7-31%, (CONTINUED)

SLewe s s ot

' PARAMETER : TYpE®
Pri 0, to Cab'n Pressure Controller - Pressure P
Sec 02 to Cabin Pressure Controller - Pressure P
Pri Cabin Pressure Regulator - inlet pressure P
Sec Cabin Pressure Regulator - inlet pressure P
Pri 02 mass flow to cabin cp
Sec 0p mass flow to cabin cp
Pri Ny mass flow to cabin cP
Sec N2 mass flow to cabin . cp
Pressurized Volume P
Crew Compariment Pressure - total ' P
Crew Compariment Pressure - 02 Partial Pressure cp
Crew Compartment Pressure - Decay rate CpP
Crew Compartment - 0, mass - P

\ Crew Compartment - My mass p
Crew Compartment - temperature {(gas) I
Crew Compartment - O, leakage, loss P
Crew Compartment - N leakage, loss P
Airlock Compartment - 02 mass P
Airlock Compartment - Ny mass P
Airiock Compartment - Pressure P
Airlock Compartment - 0, mass loss /gain P
Airlock Compartment - Np mass loss/gain P
Payload Compartment - 02 mass P
Payload Compartment -~ N2 mass P
Payload Compartrent - Pressure P
Payload Cempartment - 02 mass loss/gain p
Payload Cempartment - N2 mass loss/gain p
Avionics Bay 1 - 0p mass
Avionics Bay 1 ~ NZ mass

... Jvionics bay 1 - Pressure e

MCODONRNELL DOUGLAS ASTRONAUTICS CORMPARY = EAST
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£

vy TABLE 4,7-30, (COMPLETE)
PARAMETER TYPE?
Avionics Bay 1 - 02 mass loss/gain P !
Avionics Bay 1 - N, mass loss/gain p )
Avionics Bay 1 - Gas temperature I
fvionics Bay 2 - 02 mass P
Avionics Bay 2 - N2 mass P
} Avionics Bay 2 - pressure p
g Avionics Bay 2 - 0., mass Toss/gain P E
; Avionics Bay 2 ~ No mass loss/gain P i
; Avionics Bay 2 - Gas temperature I
‘ Avionics Bay 3 - 0, mass P
= Avionics Bay 3 - N, mass p ]
T Avionics Bay 3 - Pressure P
Avionics bBay 3 - 02 mass loss/gain P
Avionics Bay 3 - N, mass loss/gain P
| Avionics Bay 3 - Gas temperature I

a
P = Performance Parameter
C? = Critical Performance Parameter

Input parameter (from another moduie)

4,7-331
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B. Auxiliary 02 Calculations ‘
1. 0, quantity remained as a function of time, initial quantity, flow, etc.
2. 02 source pressure as a function of quantity, temperature, tank volume.
3. Temperature as a function of initial temperature, heat leak, etc.

C. N2 Source Calculations
1. Primary, auxiliary, and payload N2 quantities as a function of
initial quantities, outlet flow, etc.
2. Primary, auxiliary and payload temperature as a function of initial
temperatures, heat leaks, etc.
3. Primary, auxiliary and payload source pressures as a function of
temperature, tank voiumes, quantity, etc.

D. Components characteristics needed to perform these calculations are:
1. Cryogenic 0, restrictor/heat exchanger 02 flow versus differential
pressure characteristic.
2. Cz accumulator volumes
02 and N2 tank volumes

Pressure Requliation and Distribution - The 02 and N2 pressure reguiation and

distribution functions are the calculation of the pressures, temperatures, flow
rates, etc., throughout the distribution networks. The parameters associated with
the calculations are as follows:

A. 02 Distribution Network Calculations

1. Gas temperatures as a function of source temperature and heat leaks.

2. Pressures as a function of requlator characteristics, inlet
pressures, relief characteristics, line volumes, flow rates, etc.

3. Total system flow rate as a function of demand, leakage, etc.

4, 02 delivery flow rates to the four Emergency 02 outlets as a function
of inlet/outlet pressures, vorlve/line flow characteristics.

5. 0, delivery flow rates to *tae four portable 0, fill outlets as a
function of inlet/outiet pressures, fill tank volume, valve/Tine
Tlow characieristics, etc.

4,7-1332
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Distribution Network Calculations

Temperatures as a function of source temperatures and heat leaks.
Pressures as a function of regulator characteristics, inlet
pressures/relief characteristics, 1ine volumes, flow rates, etc.
Total system flow rate as a function of demand, leakage, etc.

N, gas flow rate and quantity delivered to the potable water tanks
as functions ot regulator characteristics, HZO tank N2 volume,
remaining H20 quantity, etc.

N2 gas flow to cabin via the valve opening the HZO tanks N2 side
to cabin,

component characteristics needed to perform these calculations are:
Pressure regulators flow characteristics, relief pressure points,
and regu]ation.pressure points. -

L ine/equipment volumes.

Cabin Pressure Control - The cabin pressure control functions are the calculation

of various compartment pressures, 0, and N2 gas quantities, ¢ flow rates into

and out of the cabins, and pressure decay rates. The parameters associated with
these calculations are as follows:

Fiow Rates

1.

Bas

02 flow rate to cabin as function of pressures, partial pressure
controlier characteristics, cabin pressure regulator characteristics,
etc.

N2 flow rate to cabin as function of pressures partial pressure
controller characteristics, cabin pressure regulator characteristics.
0, and N flow from cabin, as function of pressures, cabin Teak
rates, relief valves, depressurization valves, etc.

Quantities
02 and N2 quantities in cabin as a function of initial quantities,
flow rates into and out of cabin, etc.

4,7-333
MODORAELL DOUGLAS ASTRONAUTICS COMPARNY =« EAST




MDC E1136
27 January 1975

Cabin Pressure ‘

1. Caution and warning signals as functions of pressures.

2. Cabin pressures as a function of various gas partial pressures.

3. 02 partial pressure as a function of 02 quantity, cabin temperature,
cabin volumes.

4, N2 partial pressure as a function of N2 guantities, cabin tempera-
ture, cabin volumes.

Component characteristics required to perform these calculations are:

1. Cabin pressure regulators flow/pressure characteristics, regulation
points, etc.

2. Cabin pressure relief valves flow/pressure characteristics, open and
close points for solenoid valves.

3. 02 partial pressure controller operating voltage Tevels, open and
close points for solenoid valves.

4, Avionics bays vent orifice flow/pressure characteristics (effective
flow area), etc.

5. Airlock vent and equalization valve flow/pressure characteristics.
Cabin or compartment gas volumes, leakage, etc.

4 L] 7"??4
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BRPCS Reference Data Sources and Formats

Reference modules for ARPCS module validation can be developed from routines
described in Reference 101 and 102. The G189A (see Ref. 12 ) program was developed
for JSC and provides a versatile analytical tool for support of environmental
systems work. Reference 102 describes environmentai analysis subroutine used for
mission analysis and consumables studies.

Figure 4.7-107 is a fiow chart for calculation of gas flow into or from a
manifold or compartment from various sources, as well as calculating the resulting
pressure, temperature, etc. This routine is used in providing a reference module
for cabin pressure control. {see Figure 4.7-108) and N2 distribution/source
(Figure 4,7-109). The 0, distribution network module can be developed in a
similar way. It should be noted that the proper system control Togic must be
integrated into these modules.

The system and component design performance requirements, analysis, performance
predictions, and test results provide data for direct comparison with the Shuttle
simulation results. Reference 22. will provide these types of data as they become
available. The design requirements can be determined from Reference 103.

&,7-335
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B.~ Manifold pressure

Eur—Pressure of IHl load/source

Tw-r— Temperature of Ig-‘- Toad/source

vrgr— Flow rate from I~t-h- load/source into manifoid

Tru-x — Temperature into manifold » 1t ¢ank
T - Temperature delivered to T toad/source
¥y — Fluid velocity from 1 tank into manifold
- T.n — Fluid temperature in manifoid
A — Fluid density
i, ~ Fluid mass in manifold
€ - Fluid specific heat
AZ = Time increment
Asz~ Flow area from IEil Toad/source into manifold

A, - Critical pressure ratio

FIGURE 4,7-107, (CONTINUED)
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LEGEND:
" R ~ Crew Compartment Pressure
R — Lock Compartment Pressure
f»~ Payload Compartment Pressure
.~ Avionics Bay 1 Pressure
2. ~ Avionics Bay 2 Pressure
Fs— Avionics Bay 3 Pressure
Z. = Ambient Pressure
Led- ~— Ambient Temperature
T )-cass— COmpartment heat exchanger outiet temperature
% - Crew Compartment Temperature

T. — Loci Compartment Tenperature

7= ~ Payload Compartment Temperature
Tz, — Avionics Bay 1 Temperature
722 — Avionics Bay 2 Temperature

Tss — Avionics Bay 3 Temperature

Ar — Effective flow area of relief valves, lines, etc., between compartments
@, ~ Heat gain rate of crew compartment
c‘.?g_- Heat gain rate of lock compartment
@p - Heat gain rate of Payload compartment
Qg - Heat gain rate of Bay 1 compartment
d'és,_— Heat gain rate of Bay 2 compartment
Zésg = Heat gain rate of Bay 3 compartment
n’inm.(,;" Electrical heat rate for compartment
l:’uc-a) — Heat Jeakage rate from compartment
Qusr — Metabolic heat rate
V¢y — Compartment volume
C- -~ Constant pressure specific heat of gas
C, — Constant volume specific heat of gas
K; — Gas Constant
¥ ~ Specific heat ratio of gas
-'\fﬂm-s ~ Gas flow rate into compartment (4 ) from compartment y
-»?nLO'L')K_ﬂ-“ 02 gas flow rate into compzrtment ¥ from compartment y.
“":“U"Z’x-g“ N2 gas fiow rate into compartment ¥ from compartment y.
o)y, -~CO2 gas flow rate into compartment £ from compartment y.
‘“;"G'M)x-_:; -—H20 gas Tlow rate into compartment # from compartment y.

FIGURE ¢.7-117, (CONTINUED)
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stery ~ X compartment 0, gas guantity
W“@ngx—-x compartment N2 gas quantity
wn (co?), ~X compartment CO, gas quantity
sm(Hzo), —X ompartment H20 gas quantity

FIGURE 4,7-18 (CONTINUED)
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LEGEND:
Fe=en — Cabin Pressure Regulator inlet pressure

R — Cabin Pressure {(Crew Compartment)
Bz~ 0, Regulator (100 psi) outlet pressure
Rz~ = N, 170 psi Regulator outlet pressure
Fiizo-1~ H,0 tank regulated pressure
Biz-s17 Ny 170 psi Regulator inlet pressure

T -~ Cabin temperature
Teee: — Cabin pressure regulator inlet temperzture
TI:L-:.-;"NZ 170 psi pressure regulator inlet temperature
Tor = Ho0 tank gas temperature
T-s1 — No 170 psi regulator inlet temperature
Veea-r — Cabin pressure regulator inlet manifold volume
Hro-—Volume of Hy0 in Hy0 tank
V+ = Volume of HZO tank
Viz-s, = Volume of manifold inlet to N, pressure regulator
Vm_-:.,“Nz 170 psi reguiator outlet volune
Areeer — Effective flow area of cabin pressure requlator
Aece-nsy Effective flow area of HZO tank pressure regulator
¢- — Specific heat at constant p.essure
£y — Specific heat at constant volume
Crro— Specific heet of ligquid water

«r?«col%OE flow rate into cabin
A - NZ flow rate into cabin
#pmq~ Flow rate of N, 170 psi regulator
"""’*am—,;"HZU flow rale into HzO tank
"m0 H20 flow rate out of HzO tank

N2 quantity in H20 tank

~nfor) - Cabin pressure regulator inlet line 0, mass quantity

m(Me, — Cabin pressure regulator inlet Tine N, mass quantity

Myrony HZO tank gas quantity
sy o 170 psi reguiator inlet quantity

FIRUPE 4.7-10% (COUTINUED)

L7000
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v-Specific heat ratio (CP/CV)
K, - Gas constant

FIGURE 4,7-109 (CONTIWUED)
4.7-355
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FIGURE 7,7-11n N2 SOURCE FLOW CHART
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LEGEND:
B — Tank pressure
B~ Ambient pressure
Ae,— Effective flow area of relief line/valve
7s — Temperature of tank
T — Tank compartment temperature
wmgp— Flow rate through relief line
-ngo—Flow rate to distribution system
sng~ Quantity of gas in source tank
Pso— Gas density in tank
Wyre~Tank electrical heater power
&..s— Heat leak into tank
c

s
¥ — Tank volume

— Bas specific heat

FIGURE 2.7-111. (CONTINUED)
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ARPCS Validation Methods and Check Cases

The verification approach for the ARPCS simulation module utilizes and expands
upon the technique presented in Section 5-1 . The use of this flow chart
ailows the comparison of the simulation module with various types of chnckcases
{test, analysis, software model, etc.). Figure4,7-117 presents the flcwchart for
checkpoint generation subroutine in Figure 5.1-1,. Figured.7-11314s the sub-
subroutine shown in Figurea,7-112 as "COMBCHK" and generates the "all checkpoints

sequenced" flag.

Some Tiberty was taken in the notation for variables in these flow chartsz.
With the exceptions of time (t), initializatior time (to), computation time ( at},
and COMBCHK variables, the variabies used represent a group or "set" of parameters
rather than a single variable. Each parameter set is associated with a particular
driver, function or logic. For example, the variable PAOS (JAOS) represents a
set of parameters including pressure, 02 quantity, etc. associated with the
auxiliary 02 supply. The identification of the actual parameters is dependent
on exact systen design and simulation fidelity desired.

This verification technique provides the following capabilities:
& Initialization of parameters

s Interfacing module drivers

o ARPCS functional element drivers

o Time-dependent evaluations

e Multiple evaluations in a single run.

Initialization - At the start of each checkcase the ARPCS module and driver
parameters, logic, and conditions are set to pre-determined values. The values

may change as the checkcase is allowed to continue.

External Module Drivers - The parameters normaily provided by interfacing modules

are provided by module drivers. These drivers supply parameter vaiues which
can be held constant or allowed to vary according to calculations performed
within the driver. The following moduie drivers were identified:

4,7-359
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ARPCS . ;
t=t+AL | |
3
il
i
f - )
LMIT JCRY PCRY (JCRY) CRYIC (JCRY) ;
LMIT JATC PATC (JAIC) ATCIC (JATC) §
LMIT JCLNT PCLNT (JCHT) CLNTIC (JCLNT) S
LMIT JH20 PH20 (JH20) H20iC {JK20) :
LKIT JLTRC PLTRC (JLTRC) ELPIC (JLTRC) 5
LMIT JFIR PFIR (JFIR) FSIC (JFIR) L
LMIT JAQS PAOS (JADS) AOIC (JA0S) i

LMIT JN2S PN2S (dN2S) SM2IC (JK2S) z
LMIT JCBNP PCHNP {JCBAP) CPIC (JCBNL ) s
LMIT Ji2t cN2L {Jn2t) i
LKIT J2L cozL (JoaL) tLMIt 1
IMIT JCBHL cPCL (JCBHL) At i
LMIT JO2N DO2IC {J02k) to 5
LMIT JN2N DN2IC (JN2N) 3
CRYO STATIC FLAG LTRC STATIC FLAG it
ATC STATIC FLAG FIR STATIC FLAG . E,
CLNT STATIC FLAG 105 STATIC FLAG CEBRP STATIC FLAG L
Hz0 STATIC FLAG N2S STATIC FLAG : i
' !

il :

JCRY =1 JCBNP = 1 ¥

JATC =1  JNeL =1 i

JOLNT =1 J02L = 1 ¥

gH20 =1  JCBRL = 1 |

JLTRC = 1 Jo2n =1 é

JFIR =1 JheN =1 é

JAOS =1 t=to !

JN2S =1 CHKPSEQ FLAG= CLEAR ;

S— CLEAR f

CCHLONE _ 1

1 |(GENERATE 0 = t0 --uw{p<:i:> -

JCRY, JATC .. !

. .JN2n) :

RETURM )

, FIGURE 4,7-112, CHECK FOINT DRIVER, ATMOSPHERE REVITALIZATION PRESSURE CONTROL 3
A SUBSYST. 1 (ARPCS) FLOWCHART i;
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CRYD?2 SOURCE IN.TIAL COMDITIONS = CRYIC (JCRY)
ACTIVE THERMAL CONTROL INITIAL CONDITIONS = ATCIC (JATC)
H?0 COGLANT INITIAL CONDITICNS = CLHTIC (JCLHT)
POTABLE H20 INMITIAL CONDITIONS = H20IC (JH20)
ELECTRIC POWER INITIAL CONDITIONS = ELPIC (JLTRC)
FIRE SUPPRESSION INITIAL CONDITIONS = .FSIC (JFIR)
AUX 02 SOURCE INITIAL CONDITIONS = AOIC (JAOS)
N2 SOURCE INITIAL CCHDITIONS = N2SIC (JNZS)
CABIN PRESSURE CONTROL INITIAL CONDITIONS = CPIC (JCBNP)
N2 CONTROL LOGIC = CN2L (Jnel)
02 CONTROL LOGIC = ¢02L (J02L)
CABIN PRESSURE CONTROL LOGIC = CPpCL (JCBNL)
02 DISTRIBUTION NETWORK INITIAL CONDITIONS = DO2IC (JO2N)
N2 DISTRIBUTION WETWORK IMITIAL CONDITIONS = DN2IC (JHaN)
ACTIVE THERMAL CONTROL PARAMETERS = PATC (JATC)
» CRY 02 PARAMETERS = PCRY (JCRY)
e H20 COOLANT PARAMETERS = PCLNT (JCLNT)
POTABLE H20 PARAMETERS = PH20 (JH20)
ELECTRIC PONER PARAMETERS = PLTRC (JLTRC)
FIRE SUPPRESSION PARAMETERS = PFIR {JFIR)
AUX 02 SOURCE PARAMETERS = PAOS (JAOS)
N2 SOURCE PARAMETERS = PN2S (JN2S)
CABIN PRESSURE CONTROL PARAMETERS = PCBHP (JCBLP)
ACTIVE THERMAL r RETURN
CONTROL o -
MODULE
INTERFACE ATC
DRIVER STATI;/,/” YES
NO
ACTIVE ACTIVE TharrA‘
THERHAL CONTROL
. CONTROL PARAMETERS =
i PAREETER PATC (JATC) !
CALCULATIGHS

-_¥ \‘!‘
(2 < 3

FICURE 4.7;112(COPiTIPIUED) A.7-571
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YES

A

CRY 02
PARAMETERS =
PCRY (JCRY)

INTERFACE
DRIVER
CRY 02
PARAMETERS
{{cALCULATIONS
: 1
ARS HODULE - !
H20 COOLANT — — — — - <
INTERFACE ;
DRIVER

ci;?“\\\

YES
STAIiE/,/r I
NO qL
H20 COOLANT {20 COOLIANT
PARAMETERS PARAMETERS =
CALCULATION SCLNT (JCLNT)
POTABLE H20 \
MODULE o — ~ - Y]
INTERFACE :
DRIVER “
H20 = YES

STAIEQ/’
"L HO
Y
POTABLE H20 ;

PARAMETERS
CALCULATIONS;

t

ool

o
Ty

POTABLE 120

1PH20 (JH20)

PARAMETERS = |

\q‘]

v

4-?"’3’:?

FIGURE 4.7-112 {continued)
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MODULE
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STATIC
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0

&

ELECT PWR
PARAMETERS
CALCULATIONS

ELECT. PWR
PARAMETERS =
PLTRC (JLTRC)

FIR
STATIC

)

7

'FIRE :
SUPPRESSION

PARAMETERS
CALCULATICNS

PARBMETERS =

{PFIR (JFiR

FIRE SUPPRESSICUH

AUXILIARY 02 !_

SOURCE
DRIVER

W

AUX 02
SOURCE
PARAMETERS =
PAQS (JAOS)

FIGURE 4,7-172 (CONTINUED)
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- N2 SOURCE !

DRIVER — T T

H2S

STATIC
NG

YES

¥
ti2 SCURCE

PARAMETERS =
PN2S (JIN2S)

CABIN
PRESSURE f—~ — — - - ot
CONTROL

DRIVER

PG YES

STATIC
0

Ll

CABIN PRESSURE
CONTROL
PARAMETERS =
PCBHP (JCENP)

Yé?;l‘

..__..ra_v,;

s

RETURK

FIGURE 4,7-112 (CONTINUED)
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LEGEND:

AL
tCMIT
CMIT
CRY
ATC
CLNT
HZ20
LTRC
FIR
A0S
N2S
CBNP
N2L
02L
CBNL
02N
N2N

Universal time at initialization
Computation time

Limit on time

Limit

Cryogenic element

Active Thermal Control Element
Coolant element

HZO element

Electric element

Fire Suppression element
Auxilliary 02 element

N2 source element

Cabin Pressure element

N2 logic element

O2 logic element

Cabin Logic element

02 network element

N2 network element

Indexing variable for indicated parameters
Indicated parameter initial conditions
Parameters for indicated element

FIGURE 4.7-112 (COMPLETE)
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&
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JFIR .

1]

+
—

A JH2S = .

JR0S = ]
1JA0S + 1 i

ol

- Y

Ji2s + L id

4.7-360

JN2L = }
Ju2L + 1

il

————e

RETURN

ﬁ

FIGURE 4.7-113, FLOWCHART FOR ARPCS CHECKPOINT SEQUENCE
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“J02L e e

10 .1 JO2L = :
>IMIT .....?___, - "'"""'“'E'?—’
\\:]‘DZ,L/, JOZL -! -.-1-——.-- ok

Y YES )

U R U

» O [ JCBNL = ,
LRR{ICENL < 1 T

C N0 ,.TJ02N = |
J02K ek 1 LEGEND:
(See Figure 4,7-112.)

et N e = .
AMIT D et + 1 =]
JL2N e e i

N
™ Tcikpseq
____FLAG = SET

'
i
%
1
i
i

v n e T R

b \ RETURN
Fieuep 4,7-113 (CONTINUED) h
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o PRSD Crngenic 02 supply - provides 0, supply pressure temperature,
quantity, etc.
@ Active Thermal Contrel - provided cryogenic 0, feed temperature, etc.
ARS-HZO Coolant ~ provides cabin temperature, €O, quantity, humidity,
etc.
¢ Potable H,0 Management - provides quantity H,0 remaining (each tank),
temperature, etc, for N, pressure quantity, etc. calculations.
& Electrical Power Distribution - provides bus voltages for logic, etc.
@ Fire Suppression - provides freon quantity release rate into cabin
for cabin pressure calculations, etc.

Functional Element Drivers - Certain intramodule parameters provide iogic changes,
etc., which require thorough verification. Drivers are included to provide ease in
this verification. Those drivers jdentified were:

e Auxiliary 02 source - parameters include tank pressure, quantity, etc.

] N2 source - parameters inciude tank pressures, quaniities, etc.

g Cabin pressure control - parameters include cabin total pressure,
pressure decay rate, 02 partial pressure, etc.

Multiple Evaluations - The sub-subroutine "COMBCHK" (Figure 4,7-113) generates the
values of indexing variables controiling the checkcase conditions and determines
when all check points have been sequenced (CHKPSEQ). Since the number of check-
cases performed during a single run is the product of the number of parameter

sets (LMIT JCRY, etc.), care must be taken to prevent a large number of unnecessary

checkcases being performed. Effort must be made to complete the module verifi-
cation with a minimum number of checkcases. This may be best accomplished by
restricting certain parameter sets to nominal values, while cyclting through the
more significant paramaizr sets. The run could then be repeated for different
parame’er sets.

1.7-368
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ARPCS Data Base Impact

The major impact to the ARPCS date base is the impact of the reference module

(Figures #.7-107%, 4,7-108,and 4.7-108) and the functional element/module drivers of
Figure 4.7-112. Most processing subroutines {data input/output routines) would be
common to all modules being validated. Data Tiles are reguired for storage of the
output data tables. The use of analysis/test/design requirements as reference
data requires the use of special drivers. These drivers establish and maintain the
conditions within and interfacing with the moduie which correspond to the analysis/
test/design conditions. The plotting or formatting of the simulation results
would require a few utility subroutines of small data base impact.

4.7-369
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4.7.6.1.2 ARS-CACS Subsystem Description

The ARS Cabin Atmosphere Control Susbystem provides the circulation of the
atmosphere, temperature and humidity control, and C02 and odor conirol. Figure
4.7-114 provides a simple schematic of the interfaces with other ECLSS modules.

Atmosphere Circulation - This subsystem provides atmosphere circulation for the
crew quarters, and avionics bays. A simple schematic of the crew quarters circula-

tion is shown in Figure 4,7-115 and the avionics bay schematic is shown in Figure
4.7"‘1]6.

Temperature Control - This element provides cooling and heating of the cabin
atmosphere. Thermal transport is accomplished by means of two water loops, as
shown in Figure 4,7-116. The primary and secondary loops are identical, except
that the secondary loop has one water pump vice two as in the primary loop.

Heat rejection from the water Toops to the ATCS is accomplished at the cabin
interchanger through which both water loops and both ATCS freon Toops fiow. Two

. water sublimators receiving water from the potable water system provide an active

heat sink during Taunch and orbital periods when the payload bay doors, housing
the space radiator system on the underside, are closed. The sublimators are
active during entry to an altitude of 100K feet. Between TOOK feet and 20K feet
there is no active heat rejection from the Orbiter, and temperatures are governed
by the bulk thermal capacitance of the vehicle. Below 20K feet through landing,
ammonia evaporators in the ATCS are activated for heat rejection.

Figure 4,7-115 from Reference 23  shows the Orbiter cabin atmosphere thermal
and purification system. Three fans circulate cabin air through an aerosol filter,
through 1ithium hydroxide canisters for CO2 removal, then on throujh a condensing
(cooling) heat exchanger for temperature and humidity control. Condensate is
removed to the waste management system. The condensing heat exchanger is part of
the water coolant Toop system shown as the "cabin HX" in Figure 4.7-114. The
cabin temperature is maintained by controlling the airflow through the cabin heat
exchanger by means of a controller reguiating bypass flow around the heat exchanger.
The controller is regulated by a temperature selector. If cabin heat input is

" " required the controller activates electric heaters in the bypass loop.

£,7-370
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ARS-CACS Module Functions and Parameters

Figure 4.7-117 provides an overview of the ARS-CACS s1mu1at1on module

functional elements and interfaces with other modules. There are five basic
functions performed within the module: air circulation, C02/H20 control, H20
coolant flow, thermai control, and control logic. Tables 4,7-31, 4.7-32, and
4.7-33 provide a Tisting of the atmosphere control module parameters. The
following discussion is related to the calculations performed within each of the
module elements.

Air Circulation - Air circulation calculations are provided for each of the three
avionics bays and the crew quarters.
e Fan/Duct flow rates - These are functions of input voltages, air density,
duct pressure drop and fan efficiency.

v Duct pressure drop - a function of air velocity, density, and duct
configuration or branches.

® Condensate 1ine inlet pressure - a function of pump outlet pressure and
duct pressure‘drop.

o Duct air temperature - functions of cabin temperature, duct velocity,
fan power, heat exchanger cutlet temperature, air cooled equipment
electrical power, and electrical heaters electrical power.

€0y Control _ ryis control is provided for the crew quarters.

o C02 removal rate - a function of cabin 002 pressure, air Tiow rate through
LiOH canisters, and air temperature.

HZO Coolant Loop Flow _ Calculates HZO coolant loop flow rates and pressures.

® Pump flow rate - a function of input voltage, pump pressure rise, and
inlet pressure.

& Loop pressure drop - a function of H20 pump flow rate, H20 temperature,
and branch flow rates.

e Branch flow rates - functions of pump flow rates and cabin heat exchanger
outlet HZO temperature.

® Accumuiator HZO Quantity - a function of H20 temperature.

¢ Accumulator Pressure - a function of H20 guantity and temperaturo.

4,7-374
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~ TABLE 4,7.31 WATER COOLANT LOOP MODEL INPUT DATA

PARAMETER TYpEd
SPECIFIC HEATS DB
HEAT TRANSFER COEFFICIENTS DB
SOURCE HEAT CAPACITIES B
SOURCE TEMPERATURES DB
LOOP TEMPERATURES DB
INTERMAL HEAT LOADS DB
TRAJECTORY AND ATTITUDE HEAT LOAD TABLES DB
TRAJECTORY AND ATTITUDE I
MISSION PHASE FLAGS I
WATER PUMP/LOOP FLOW CHARACTERISTICS DB
INTERFACING MODULE PARAMETERS 1
WATER PUMP POWER DB
AVIONICS EQUIPMENT POMERC DB
AVIONICS BAY FAN/AIR FLOWRATE CHARACTERISTICS B
AVIONICS BAY FAM POWER DB
WATER PUMP AMD AVIONICS BAY FAM ON-OFF DISCRETES I
AVIONICS EQUIPMENT OM-OFF DISCRETESC I
POTABLE WATER USAGE 1
SUBLIMATOR OPERATING CHARACTERISTICS DB
LIQUID COOLED GARMENT HEAT LOADS DB

a DB - from Data Base
I - Input

&.7-375
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TABLE £.7-32  WATER COOLANT LOOP MODEL OUTPUT DATA
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Ty

PN

PARAHETER TYPE®
Hy0 ACCUMULATOR QUANTITY ~ PGL & SCL p
AVIONICS BAY 1 AIR FLOM P
AVIONICS BAY 2 AIR FLOY p
AVIONICS BAY 3 AIR FLOM P
SURLTMATOR OUTLET TEMP - PCL & SCL cp
Ho0 COOLANT FLOM RATE - PCL & SCL p
SUBLIMATOR 1 VAPOR VENT TEMP p
SUBLIMATOR 2 VAPOR VENT TEIP p
H,0 PUIP OUTLET PPESSURE ~ PCL & SCL p
AVIONICS BAY 1 OUTLET TEMP - PCL & SCL cP
AVIONICS BAY ? OUTLET TEMP - PCL & SCL cp
AVIONICS BAY 3 DUTLET TEMP - PCL & SCL cp
CABIN INTERCHANGER OUTLET TEMP - PCL & SCL cp
SOUPCE TEMPEPATURES (ALL CAPACITIVE LOADS) p
LOOP TEMPERATURES (MON-TELEMETERED) - PCL & SCL P
FLOW PATES (HOM-TELEVETEPED) - PCL & SCL p
HEAT TPAMSFER RATES (MON-TELEPETERED) - PCL & SCL p
H.Q PUMP OUTLET TEMP - PCL & SCL cp

a P - Performance Parameter
(P - Critical Performance Parameter

h.7-377
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TABLE #.7-33, CABIN ATMOSPHERE PERFORMANCE PARAMETERS

PARAMETER

TYPED

FETABOLIC MEAT, CO, AND WATER PRODUCTION
CABIN EQUIPHENT HEATIHG RATES
TRAJECTORY/ATTITUDE CABIN HEATING RATES
CABIN FAN PERFORI'ANCE DATA

CABIMN FAN ON-OFF DISCRETES

Li0H CANISTER OM-LIME TIME

LinH CAHISTER PEPFORMANCE CHARACTERISTICS
TEMPERATURE SELECTOR SETTING

RULK CABIH THERMAL CAPACITANCE

COMDEMSIMG HEAT EXCHANGER CHARACTERISTICS
CONTROLLER/BYPASS THRPOTTLE CHARACTERISTICS

CABIN TEMPERATURE

CABIN HUMIDITY

CABIM ca, PARTIAL PRESSURE

CARIN AIR FLOY RATE

OUTLET HUMIDITY

OUTLET C02 PARTIAL PRESSURE

CUTLET TE!NPERATURE

COHDENSING Hx AIR FLOW RATE
CNMPENSTMG Hx OUTLET AIR TEMPERATURE

DB

DB

DB

DB
DB
B

@8 P - Performance Parameter
CP - Critical Performance Parameter

I - Input

4,7-373
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% Thermal Control - Temperature calculations are provided for the Hy0 coolant Toops

| ], and interfacing module. .

: o Pump outlet temperature - a function of H20 flow, pump inlet temperature,
pump pressure rise, and pump input electrical power.

e Coldplate equipment temperature - functions of electrical power, inlet
H20 temperature, equipment temperature, and Ho0 flow rate.

o Heat exchanger outlet H,0 temperatures - functions of inlet H,0
temperature, H20 flow rate, in%erchange fluid inlet temperatures, and
interchange fluid flow rate.

. e Heat exchanger outlet interchange fluid temperatures - functions of
interchange fluid inlet temperature and flow rate and the H,0 iniet
temperature and flow rate.

o Accumulator H,0 inlet temperature - a function of cabin heat exchanger
outlet HZO te&perature/f]ow rate, bypass temperature and flow rate.

® Pump inlet temperature - a function of the accumulator inlet temperature,
accumutator temperature and H,0 flow rate.

ARS-CACS Reference Data Sources and Data Format

'il Various reference data sources exist for the ARS- CACS. Data concerning
component and system performance requirements, predictions, and tests are
available from References 22 and 104. 1In addition, several computer programs are
available for development into a reference model or performing analyses.

References 12 and 102 described component subroutines which can be combined to
provide a system simulation reference module. Reference 105 is an ARS/ATCS
performance routine designed for use with the Wang 700-series programmable
calculator system. The use of this type of equipment allows an average runs
time of five minutes per case, as opposed to hours or days turnaround with a
regular computer facility. References 106 and 107 provide data for Orbiter heat
exchanger calculations. The following discussion pertains to the development

of a independent reference module.

4.7-379
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Final performance evaluation of the simulator subsystems modules is best
accomplished by evaluating the dynamic response of all crew station'displayed and
telemetered parameters pertaining to that subsystem, in a full-up simulation (all
interfaces operating ) of a mission phase or a transition from one mission phase to
another. Certain parametric data, other than displayed data, is required to
verify proper interfacing and coupling with other subsystem modules, e.g., the heat
load from the H20 coolant Toops transferred to the ATCS.

Static check cases can be run with simpler verification models, however, the
validation of simulator response to combinations of off-nominal operating con-
ditions, insertion of malfunctions, etc., is not readily performed using simple
check case models. The subject thermal and atmospheric control models are
presented as examples of what a verification model involves in terins of input
data and interface requirements. Maximum use should be made of existing hardware
sizing and subsystem analysis programs with their data packages in developing an
integrated verification moduie, e.q., Reference 12,

Primary and Secondary HEO Coolant Loop Model - The math Tlow for the H20 coolant
loops model (CGOLP) is shown in Figure 4.7-118. This model is applicable for
generating static or programmed parametric variation check case data from a

given set of input data, as well as generating performance data from a dynamic
simulation run (whereby the simulator supplies the systems configuration and
trajectory data). Basically COOLP calculates the outlet temperature of each heat
transfer device in the order of the device position in the loop. Appropriate
mixing calculations are performed at device output convergence points. Reference
is made to three subroutines for calculating outlet temperatures for three lypes
of heat transfer devices: a) coldplate, b) heat exchangar, and c) a direct
heat load such as structural cooling, windows, etc.

COOLP uses an incremental time base for the computations. Typically the
time increment would correspond to the computation cycle of the simulator module
being checked. The device inlet temperature is related to the preceeding device
outlet temperature and assumed constant during the integration time period.

4.7-350
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The PRI and SEC H20 loops are identical except for flow rate, i.e., all heat
transfer devices are serviced by both Toops. The model combines the flow in both
loops, and the calculated Toop temperatures are appliicable for both loops.
Parameters for a non-operating loop could be set to some predetermined value based
on the temperatures majntained by the operating loop. |

The comp cycle begins at the outlet of the HZD pumps and proceeds around the
loop as shown in Figure 4.7-118using internally calculated flow rates and heat
loads as applicable. MNot all the coolant Toop flow paths are represented for the
sake of simplicity, e.g., the avionics bay cold plates really consist of a series/
parallel arrangement of cold plates for each piece of equipment. Some unidentified
functions are those of the cabin interchanger bypass flow which is controiled by
the cabin HX outlet temperature, and the sublimator operation. '

Table 4,7-31 1s a representative set of input data required to operate COOLP. A
complete set of starting conditions is reguired including load source and loop
temperatures. Data pertaining to vehicle and subsystem configuration is contained
in a configuration array of discretes which is continuously updated during the
course of a run. These data are used to internally compute flow rates and heat
loads from tabular type input data. A numberof scripted malfunctions can be
handled by inputs to the configuration array.

Operational data such as heat capacities, heat transfer coefficients, etc.,
will probably not be available until late in the subsystem design/test stage;
however, high fidelity data of this type is not required for accurate equilibrium
solutions. Starting conditions (namely initial loop temperatures, bypass Flow
rates, etc.) can be determined and trimmed by running the model until it reaches
equilibrium for given static heat Toads and vehicle configuration.

The output parameters for directly'eva1uating the performance of the H20
coolant Toop module are Tis.ed in Table 4.7-37. A1l the telemetered parameters
are available for display on any of four crew station CRT's via keyboard callup.
Other parameters (such as avionics equipment case temperatures) can be checked

4,7-7172
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using this model; however, they are not identified here. The output from COOLP

* can be used to provide checks on such things as equipment overtemp condition

sensing and proper alari fesponse. Parameters such accumulator quantities are
scripted unless a malfunction such as a leak is input, whereby internal compu-
tations would be made prior to outputting the data.

Cabin Atmosphere Control - The math flow for the cabin atmosphere control model
(CABAIR) is shown in Figure 4,7-119. As with COOLP this model is capable of
running prescribed check cases or evaluating a simulator run. The output from
this model consists primarily of cabin temperatures, humidity, and COp partial
pressure profiles for given starting conditions and dynamic load conditions. The
air flow into the system is based on the running status and performance charac-
teristics of the three cabin fans. Flow rates through each of the LIOH canisters
and the cabin HX are determined in order ic calculate the €0, and water removal

rates and heat transfer to the H50 coolant Toops or heawv input to the cabin as
required,

CO2 Level

002 is removed by passing cabin air over LIOH beds contained in a canister.
The reaction (2 LIOH + co, Liz 603 + H20) results in heat production as well as
water which is removed by the subsystem. The efficiency of the LIOH canisters
in removing 002 is a function of bed geometry and on-line time. The cabin CD2

level is determined by the time integral of the net of the removal and metabolic
production rates.

Cabin Temperature

Cabin air temperature is determined by calculating the net cabin heat produc-
tion (or loss) and using appropriate starting conditions and thermal caparitance.
Heat production sources include metabolic, cabin equipment, LIOH canister operation,
and wall heating. The heat removal is governed by the cabin temp selector which
controls the air flow through the cabin heat exchanger. The cabin heat exchanger

heat removal rate in turn is a function of the running condition of the HZO coolant
lToops and the ATCS.

4,7-303
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Cabin Humidity

The cabin humidity is determined by calculating the net cabin water production.

Water sources include metabolic, food and waste management, Li0OH canister operation,
etc. The removal is a function of the cabin heat exchanger air flow rate, air
inlet dew point and outlet air temperature. The calculated water removal rate is
required by the condensate and urine storage model.

ARS-ACS Validation Methods and Check Cases

The mothods of Sections 5.1 and 4.2 can be used to verify the ARS-ACS
simulation module. These methods require the use of interface drivers (to provide
interfacing module functions) and the module functional element drivers to establish
and maintain desired conditions for each check case. Drivers are required for the
following:

o ARS-ARPCS module
Electrical Power Generation
Electrical Power Distribution
Active Thermal Control module
Food, Water and Waste Management module

Q O o o

These drivers should provide capabilities for parameter initialization,
transient response, steady state response, static inputs, and muitiple check case
execution during a single simutation run.

The check cases implemented should include step inputs with a comparison of
the transient and steady-state responses. Initial check cases should also provide
a thorough exercise of the module internal responses, as outlined in the design
requirements documents. Latter check cases should implement refinements due to
actual component and system design/tests. Actual systems/component test conditions
can be input as a check case with simuTation results compared directly to the test
results. Other check cases should include the maximum, minimum, and nominal 1oad
conditions for each subsystenm.

ARS~ACS Data Base Impact

The ARS-ACS reference module and the module drivers previously discussed
represent a large impact to the simulation data base. Most of the processing
subroutines (data input/output; data comparison) would be common to all modules being

validated. Data files are required for input and output data tables.
a,7-335
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4.7.6.2 Active Thermal Control System .

The Active Thermal Control System (ATCS) provides the positive means of preventing
orbiter equipment and fluids from exceeding permissible temperature extremes. This
section describes the current system design, the expected simulation module’s
functions, identifies parameters associated with the module, and discusses techniques
of verification of the module performance.

ATCS Description

The ATCS transfers heat from “heat sources" to "heat sinks" via a circulating
fluid and interconnecting valves and tubing. The heat sources include coldplate
mounted equipment, warmer fluids flowing through heat exchangers, and pumps. The
heat sinks include fiuid evaporators, colder fluids in heat exchangers, and the
radiator. The heat sources and sinks are cannected by controlling valves, tubing
and fluid accumylators. The Orbiter uses two coolant loops which are identical,
except that the primary Toop has two pumps and accumulators, while the secondary
Toop has only one pump and accumuiatar. Figure 4,7-120(see Refs. 107 and 110) is
a schematic of the ATCS. A brief description of the major components and their
pertinent performance characteristics follows.

Fluid - The circulating cooling liquid used in the Orbiter ATCS 1is Freon 21.
The pyimary characteristics of interest are the density and specific heat, both
of which vary with the fluid temperature. The consideration of these temperature
variations in the simulation is dependent on the required fidelity.

Pump(s} - The role of the fluid pump is to provide the energy fpressure rise)
necessary for circulation of the fluid through the loop components. The pump flow
rate produced will vary with its input voltage and the system's resistance to fluid
flow {pressure drop). Voltage regulation can be used to reduce the effects of the
voltage variations. The system vresistance {pressure drop) will vary with the
selection of fiow paths.

Fluid Accumulators - The purpose of the accumulator is to provide adequate
system fluid volume for thermal expansion, slow Teakage, and to provide adequate
Fluid pressure ranges throughout the expected temperature range, The major
performance characteristics are the fluid volume and the pressure exerted on the

fluid. The pressure is maintained by a sealed bellows.

4.7-3060
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Heat Exchangers - Heat exchangers provide the means of transfer of heat from

-%J one fluid to another flowing fluid. The major performance characteristic of interest
is the "overall heat transfer coefficient (UOA)," which varies with the flow rates
and inlet temperatures of the fluids. A second characteristic is the fluid's
pressure drop as functions of the fluid flow rates. These pressure drop character-
istics are used in determining the total system pressure drop and corresponding
loop fluid flow rates.

% Evaporators -~ The HEO evaporator and NHB Boiler are essentially heat exchangers ‘
: with one of the Tlowing fluids being allowed to vaporize within the exchanger. The ok
energy required for the fluid's vaporization is absorbed from the Ffluid being
cooled. This vaporizing fluid is operated "open-cycle” being vented overboard.
The amount of cooling is dependent on the flow rate and the specific heat of
vaporization of the fluid being evaporated. The effective heat transfer is there-
fore dependent on the cooled fluid inlet temperature and flow rate and the quantity

rate of fluid evaporated. y i

The H20 evaporator uses water from the H20 management subsystem as the ?
; evaporating fluid. The NH3 Boiler uses ammonia from three storage tanks for the ]
f evaporating fluid. The HZO evaporator is used on-orbit when the payload bay door
is closed. The NH3 Boiler is used after entry? below 100K feet.

Coldplates - The coldplates previde heat transfer from the mounted equipment
to the cooling fluid circulating through the coldplates. The primary performance
characteristic is the effective thermal conductance. This characteristic varies
according to the cooling fluid inlet {emperature, flow rate and the mounted
equipment temperature.

Radiator ~ The radiator cools the Freon 21 by radiating the heat into space.
‘The heat rejection is dependent on the fluid inlet temperature, fluid flow rate,
surface emissivity, surface absorptivity,and the surface area exposed to »uniight,
earth, and space.
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Control Logic - The exact switching Togic is not currently known. The logic,
however, represents the control inputs for pump operation, valve positioning, Toop
selection, etc. These inputs can be manual controls, radio frequency commands, or
automatic equipment commands. The functions of the logic are normally dependent
on the voltage level, pressure ievel, temperatures, etc.

ATCS Module Functions and Parameters

The functions provided by the ATCS module include calcuiations and performance
determination pertaining to control logic, coldplates., heail exchangers, evaporators,
radiator, and pumps. Figure4,7-1211s a block diagram which illustrates the module
functional elements and interfaces with other modules. Table 4,7-34 provides a
listing of the parameters associated with the ATCS module. The following paragraphs
describe the functions performed by each element.

Control Logic - This element provides 12gic determination of loop selection,
pump enabling, valve positioning, etc., aliowing control of the freon fluid Tlow
rates, interfaces, temperatures, etc. Inputs would include manual switch and
valve positions, radic frequency command, automatic commands, and computer commands.
post of these controls are dependent on electrical bus voltage levels to actuate

relays, valves, or other circuits. The logic would also include the following:
Q

Bvpass Valve Position controller: a function of the bus voltage(s)
and H20 evaporator outlet freon temperature, etc.

Radiator Bypass Valve Position Control: a function of the bus
voltage(s) and the radiator cutlet freon temperature, etc.

Radiator Flow Direction Valve Position: a function of the

paylcad door position, etc.

Coldplates - This element provides the calculations of the thermal conditions
of the coldplate mounted equipment and the effect on the coclant fluids. The
coldplates cooled are the mid-fuseiage, aft-fuselage, and DFI coldplates. The
following calculations should be provided for each coldpiate or group of coldplates:

® Equipment temperatures: functions of equipment mass, equipment
specific heat, previous temperature, heat dissipation, coldplate
freon inlet temperature, freon flow rate, freon specific heat,

heat transfer of the coldplates, heat conduction to walls, etc.

4,7-380
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TABLE 4.7-34, ACTIVE THERMAL CONTROL PARAMETERS

MDC E1136
27 January 1975

Parameter Typea
Electrical power bus voltages I
Switches/control selections I
Coldplate equipment heat Toads or power

(DFI, AFT fuselage, MID fuselage) I
Heat exchangers (HZO payload, Cryo 02, fuel cell, hydraulics 1/2,

fluid inlet temps./specific heats/fiow rates I
Heat exchanger UOA (overall heat transfer conductance) I
Sun angle I
Shuttle attitude I
GSE heat exchanger freon outlet temp. 1
H20 evaporator, HZO inlet temp./pressure/flow rate I
Freon pumps on - (primary: 1, 2; secondary) p
Freon system, branch flow rates P
Freon pump outlet pressure, pressure rise cP
Freon accumulator position (quantity) P
Freon temperature {into and out of coldplates, heat exchangers,

radiator, evaporators) ' cP
Coldplate equipwent temperatures (DFI, AFT & MID fuselage) cP
Heat exchangers - 2nd fluid outlet temperature

(HZO’ payload, Cryo 0,, fuel cell, hydraulics 1/2) cP
Evaporators - evaporation fluid outlet temperature/vapor pressure

(NH3, HZO) cpP
Specific heats (freon, fluids, equipment) P
Controlled valve positions

(Diverter, flow proportioning, bypass, radiator bypass,

radiator flow direction, NH3 evaporator valves, HZO evaporator

valves, accumulator control valves) p
NH3 flow rate/quantity remaining/pressure CP

_Radiator temperatures P

a

= Perfo-mance Parameter

C§ = Critical Performance Parameter
I = Input

fl"? rlah
ae T
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®  Freon outlet temperature: function of equipment temperature,
heat transfer, inlet freon temperature, inlet freon flow rate,
specific heat of freon, etc.

Heat Exchangers - This element provides the interface relationships and
functions defining the thermal interchange with other modules. This interchange
incTudes PRSD. Cryogenic 02 heating for the ARPCS, fuel cell heat dissipation
from the power generation circulation system, H20 coolant loop heat transfer for
the ARS, hydraulic fluid warming for the hydraulics systems, heat transfer from
payload coolant loops and heat dissipaticn to the ground cooling loop of the
prelaunch/launch module. The calculation of the fluid outlet temperatures are
provided for each interface.

°  Outlet temperatures: functions of inlet T1uid temperatures,
fluid flow rates, heat conductance of the heat exchanger, and
fluid specific heats.

Evaporators - This element provides the calculations associated with the NH3
boiler subsystem and control of the H20 evaporator as follows:
A. NH3 Boiler

1. Quantity NH3 remaining: function of flow rate, Tlow time,
leakage, vent rate, starting quantity for each of three tanks.

2. Tank pressure: function of NH3 guantity remaining, temperature,
for each of three tanks.

3. Tank vent flow: function of tank pressure, density.

4, Evaporator NH3 valve position: function of electrical bus
voltage, evaporator outlet freon temperature.

5. NH3 evaporator flow rates: function of NH3 tank pressure,
valve position, and density.

6. Freon outlet temperature: function of the inlet freon tem-
perature, freon flow rate, specific heat, NH3 flow rate,
NH3 inlet temperature, NH specific heat, NH3 heat of
vaporizztion,

4,7-372
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H

1? Hy0 flow control valve position: function of bus voltage
level, outlet freon temperature.

2. Outlet freon temperature: a function of H20 flow rate, inlet
freon temperature, freon flow rate, inlet H20 temperature,
specific heat of fluids, water heat of vaporization.

0 Evaporator

Radiator - This element determines thermal results and conditions for heat

rejection,
-]

Radiator temperatures: function of the inlet freon temperature,
freon flow rate, heat rejection, mass, specific heat, freon flow
direction {payload door position).

Radiator heat rejection: a function of the radiator temperature,
vehicle attitude, vehicle state vector, beta angle, payload door
position, freon flow direction,

Radiator outlet freon temperature: a function of freon flow rate,
inlet freon temperature, heat rejection, freon flow direction,
radiator bypass valve position, specific heat, etc.

Freon Flow/Pressure/Temperatures - This element determines the freon system/

branch flow rates, pressures, and integrated temperatures.

L]

System/Branch flow rates: functions of the system configuration,
pump selection/enabling, freon temperatures, pump and equipment
flow/pressure characteristics, bus voltage level.

System pressuces: functions of the flow rates, temperatures,
accumulator quantities, flow/pressure characteristics, system con-
figuration, bus voltage level.

Integrated freon temperatures: function of mixing freon flow
rates/temperatures, system configuration.

Accumulator freon quantity: function of the freon leakage, flow
rate, temperature.

1,.7-393
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ATCS Reference Data Sources and Formats

ATCS System and component design performance requirements, analysis.,
predictions, and tests provide data for direct comparison with the Shuttle
simulation results. Figure4.7-1221is an overview flow chart of a method of
reference source selection and comparison. Reference 22 (updated at intervals)
is a source of component and systems performance data regarding design requirements
analysis, tests, and actual flight. Design requirements are available from
Reference 108, The analysis and test results should be available from Shuttle
design and evaluation groups.

In addition, several computer programs are available which can be used to
develop suitable reference modules or to use in performing analysis of the system.
References 12 and 102 provide descriptions of system component subroutines which
can be combined to provide a reference module for the ATCS. The G189A program of
Reference 12 was developed for JSC and is a versatile analytical tool for support
of environmental systems work. Reference 105 describes an ARS/ATCS performar ce
subroutine designed for use with the Wang 700 series programmable calculator. This
subroutine allows an average run time of five minutes per case as opposed to hours
or days turnaround when using the regular computer facilities. Figure 4.7~123
provides a overview flow chart of an ATCS reference module.

ATCS VYalidation Methods and Check Cases

The ATCS module can be verified by the techniques described in Sections 4.2
and 5.1. During the verification the following drivers are required to provide the
necessary range of inputs and conditions for establishing each checkpoint.

¢ Electrical Power Generation

PRS and D

ARPCS

ARS

Payload thermal control loop
Prelaunch/launch GSE cooling
Hydraulic subsystem heating
Food, HEO’ waste management
Equations of motion

Intra module functional elements

o O D8 @ © O @ O
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LEGEND:

A, — Effective flow area of control valves

- Evaporator fluid quantity

515~ Pump freon flow rate

2 — Freon Toop branch flow rate

7.~ Heat exchanger Interfaces circuit flow rate
+nee~Evaporator fluid flow rate
«mzo-Freon flow rate through radiator

v —Sun rays incidence angle with radiator panel

«— Earth view angle with radiator panels

7=- Freon average temperuture

7%— Branch freon temperature
T~ Heat exchanger freon outlet temperature
Zr-on~ Heat exchanger interface circuit outlet temperature
T Heat exchanger freon inlet temperature

T-w—~ Heat exchanger Interface circuit iniet temperature
Qﬁstvaporatbr outiet freon temperature

7= - Evaporator fluid tank temperature
T-se— Evaporator cutlet evaporation fluid temperature
T.we- Evaporator freon inlet temperature
T=-m— Evaporator inlet evaporation filuid temperature
T-w#~ Radiator inlet freon temperature
Ir.oe~ Radiator outlet freon temperature
Tes — Temperature of radiator surface

47 — Freon loop pressure drop

Lp= Freon loop effective length
Lg~ Effective branch length

D, - Freon loop flow diameter

Dy — Branch flow diameter

/=~ Freon viscosity

&5~ Freon loop effective roughness

7 - Evaporator storage tank pressure
% — Evaporator pressure on evaporation fluid circuit
&g~ Ambient preszure

FIGURE 4,7-123 (CONTINUED)
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The system design requirements (see Ref. 108) provide component and system

maximum/minimum acceptabte performance levels. These requirements should provide
the initial check case conditions. The results of various contractor- and NASA-
performed analysis, studies, and evaluations can provide higher fidelity verification
check cases. Later, data from actual systems and component tests as well as actual
flight performance can be used to establish the more severe verification check cases
for both the module and the individual functional elements.

The check cases should include the exercise of each individual functional
element and of the module functioning as a unit. The approach for individual
functional element verification is to nuliify or isolate all interaction with other
elements and allow the calculation of selected outputs for controlled input
parameters.

ATCS Data Base Impact
The ATCS reference moduie and the ATCS iicdule drivers as previously discussed

will have a large impact on the simulator data base. The processing subroutines
(such as data input/output and data comparison) are of small impact, and most of
them will be common to all the modules being validated.

4.7.6.3 Food, Water and Waste Management (FULM)

This system provides contrcl, storage and utilization of food, water and
waste. The simplified schematic of the water subsystem (from Ref. 110) is shown
in Figure 4.7-124. Figure 4,7-12514s a schematic of the waste management subsystem
(also from Ref. 110).

FUWM System Description

Food Management - This subsystem provides for the storage and preparation of
crew meals.,

Water Management - The water management subsystem provides for the collection
of fuel cell product water, storage in the three potable water bottles, and
subsequent delivery to water sublimators, overboard dumps, airlock, and food
management subsystem.

Haste Management - This subsystem provides for the collection, storage, and

disposal of condensate (from the ARS subsystem) and human waste.

4,7-200
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FYM Module Functions and Parameters

The food management system is a lower-deck function, und thus will not be
dynamically simulated. The waste management system only requires the condensate
collection (flow rate) to be dynamically simulated. The water management sub-
system, however, interfaces dynamically with the fuel cell and ARS-water coolant
Toop (water sublimators). The module performance parameters are identified in
Table 4,7-35.

Water Management - This functional element provides the following calcuiations.
o Water flow rates to using outlets - functions of the tank pressures,

outlet pressures, and effective flow areas.
e Tank Ho0 quantities - functions of initial quantity, Tlow rates, and time,

Waste Management - This functional element provides the caiculation of the conden-

sate flow rate from the condensing heat exchanger to the urine storage tank or
vacuum dump. The flow rate is a function of the heat exchangers inlet pressure,
condensate quantity and tank pressure.

FUWM Reference Data Sources and Formats

FWWM subsystem design requirements, analysis, and test vesults can be used
for module verification. In addition, certain math models described in previous
portions of Section 4.7.6 can be utilized for this module. Figure 4.7-126 to
calculate the liquid flow rates, can be developed into a suitable reference module.
Those portions that are not dynamically simulated can be functionally provided by
a performance profile {i.e., a tabular function of time). .. Reference 22 , 109, and
23 are sources of component and subsystiem performance requirements and data,

FWM Validation Methods and Check Cases
This module can be verified by the techniques described in Section 4.2 and

5.1. Module drivers are required to provide the fuel cell inlet water flow rates,
water sublimator pressure, water tank pressure/temperature, and condensing heat
exchanger inlet pressure. Check cases can be developed utitizing component and
systems maximum and minimum performance design requirements, analysis, and system
evaluations.

4.7-493
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TABLE 4,7-35  FOOD, WATER AND WASTE MANAGEMENT PARAMETERS

PARAMETER

Typg®

Condensate heat exchanger Ho0 quantity/pressure
Ambient pressure

Fuel cell water flow rates/temperatures

Water chiller and heater flow rates

Water subiimator pressure

Water container pressure/temperature

Water sublimator pressure regulator flow areas
Water container water quantities

Fan/Separator flow rates

Urine tank quantities/pressures

e = I e R T e T e T e O o |

CP

3 e et e

il

4p
cp
I

Performance Parameter

1]

Critical Performance Parameter

Input Parameter
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LEGEND:
"‘J> Rx — Pressure of ng load

Z,,— Manifold pressure
" fu-z = Source pressure of 15 tank

Tw-r — Source temperature of Im tank fluid

wans Ligquid flow rate from IED— tank into manifold
wnoa~ Liquid flow rate from manifold to JE’* Toad

-z~ Liquid temperature into manifold from Im

Tog— Fluid temperature delivered to Jiﬂil load

#hr— Fluid velocity from Iyl tank into manifold

s Fluid velocity from manifold to J—t—h— Toad

tank

T — Fluid temperature in manifold
/% — Fluid density
7.~ Fluid mass in manifold
Mo TEY tank Fluid quantity %
¢ — Fluid specific heat \
4AZ - Time increment ’
A =~ Flow area from 1% tank into manifold

Ao = Flow area from manifold to Jll_'ﬂ load

Viog~Volume of fluid in I tank

. FIGURE 4.7-126 (CONTINUED)
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FWWM Data Base Impact

Impact to the simulation data base is small. The reference module should be
relatively simple. Few drivers are required, and the comparison/processing
subroutines would be common to other simulation modules.

4. 7_11, na
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4.8 MODULE INTEGRATION | |
The size and complexity of the simulators we are concerned with in this study
militates against the use of either a pure "top-down" or "botfom—up" integration
sequence. We anticipate that simulation integration will proceed, instead, by a
process of "agglomeration." That is, validated modules which have a high degree
of interaction will be integrated into distinct "clusters." When these individual
clusters have been validated, they will be integrated with each other, again on
the basis of their degree of interaction, until the complete simulation has been
integrated. '
Yalidation aspects of the clustering process are discussed in Section 5.2.
This section is concerned only with the definition of a probable integration
sequenice for a large spacecraft simulator. The basic information used to develop
this sequence is taken from our module interface diagrams: Figures 4.3-2, 4, 6,
7; 4.4-2, 3; 4,5-2, 4, 5; 4.6-1; and 4.7-11, 28, 42, 67, 70, 84, 94, 116, 135,
162, 174, 187, 202, 222, 234, 242, 252, 276, 285, 299, 306, 326, 375, and 390.

Figure 4.8-1 depicts an integration sequence developed on the basis of this
information. No "drivers" are shown explicitly on this figure, the assumption
being that whatever drivers are necessary for the modules in question will be
provided. Wherever possible, the actual simulation executive should be used as
the basic driver, with additional drivers or "“stub" subroutines used to
substitute for modules not yet-integrated.

Major stages in the integration process are separately identified as named
clusters in the 1ine of integration flow. In several cases, a "replica" of a
module or cluster (e.g., the ECLS and the Trajectory Cluster} is shown in use
on more than one Tine of flow. When these distinct lines are merged, excess
replicas will of course be removed. In open-loop applications, previously-written
tapes may be used in place of an on-line replica of the required module/cluster.

In addition to the natural sequence of integration derived on the basis
of hardware/software interactions, the timing of the process will be constraired
by the availability of modules; this is particularly true of hardware. The
flight computer/flight hardware interface device (FC/FHID), for example, may

4,8-1
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profitably be integrated anywhere between the "earliest" and "Tatest" positions
shown on the figure. If the FC/FEID is unavailable when desired, its functions
must also be provided by a driver of some sort (a functional simulation or
emulation). Of course, the most efficient overall development wiil result if
hardware and saftware development is scheduled to provide modules in a sequence
which is compatible with the natural integration sequence.

4,84
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4,9 SPECIAL TEST REQUIREMENTS

Spacecraft hardware tests are conducted for both static and dynamic test

conditions, at the component level, integrated subsystem/system level, and the
total vehicle level. In these respects, the hardware test sequence seems to
resemble the simulation validation sequence as we know it. This would lead us to
expect test data to be an important category of reference data for simulation
validation. ‘

However, it is important to remember that the goal of hardware testing is
to prove out the hardware, not to support simulation proérams. Thus, certain
characteristics of test programs and normally-available test data tend to reduce
their utility for simulation validation. This section first discusses the general
characteristics of various test programs and of the resulting data, based upon
experience from past space programs. It then suggests potential changes in test
operations, data-gathering and data-handling which would enhance the usefulness
of test data for simulation validation. Finally, some consideration is given to
the question of how simulation preject personnel might interface with test groups
to affect implementation of the desired changes. (This topic, however, is not
strictly within the scope of this study.)

Suggestions for the use of test data to validate individual simulation
modules will be found in various module-oriented sections {e.g., 4.5.2, 4.7.1.4).

4,9.1 Survey of Conventional Test Operations

There are three basic classes of testing performed during the development of
a space vehicle: - .omponent tests, system tesis, and vehicie tests. In this
section, we discuss various characteristics of these tests -- purpose, time frame,
types of data taken, documentation, and potential problems in using the test data
for simulation validation. Example data are shown.

4.9.1.1 Component-Level Tests

We expect component-level tests to be the most fruitful in terms of providing
directly-usable reference data. Component tests will fit the simulator development
cycle best, and provide data which is more performance-oriented than the other
classes of test.

4,91
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Davelopment and Bench Tests
These tests are intended to verify hardware design concepts, establish design
parameters, predict flight hardware perfovmance, and identify the potential

influence of such environmental factors as temperature, voltage level, acceleration,
ete.

Test Characteristics -- These tests, conducted with early prototype hardware, occur

rather early in the hardware design phase. For many onboard systems, this time
period will coincide with the simulation software development phase. Tests are
often quite rigorous with regard to the range of environmental conditions and

input forcing functions. Extensive engineering analysis is often performed upon

the resulting data, including updating of the contractor's local analysis/simulation
programs to reflect the performance parameters as estimated from test data.

Typical Documentation -- Both informal and formal test documentation may be

generated. The informal documentation (recorded during the actual conduct of the
test) may consist solely of hand-entered parameter and environwmental values, with
various annotations. In medern test laboratories, however, it is becoming common
to record test data automatically, using on-line minicomputers. The data format,
however, will be highly customized, and probably rather abbreviated, whether in
hard copy, punched tape, or magnetic tape.

The formal documentation will be free-form test reports, reproducing the
more significant portions of the test data (raw and/or reduced), and providing
some engineering analysis of the significance of the results in terms of the
performance of the component.

Potential Problems -- The formal test documentation is not often widely distributed;

simulation personnel must often make personal contact with cognizant engineers to

even become aware of the existence of such documentation. The informal documentation,
obscurely formatted, often canrot be used without the aid of the people who were
actually involved in the generation and/or reduction of the data. Even the formal
documentation will often require further analysis to be put into a form useful

for module validation. Finally, the performance data may be obsolete, due to

design changes based upon the test results; indeed, this is the basic reason for
conducting such tests.

409-2
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Exampie -- Figure 4.9-1 resulted from the evaluation of development test data for
certain Skylab I e]ectrjca]—equipment coldplate heat transfer coefficients; see
Ref. 14 .

Qualification Tests

"Qual tests" are performed to verify that components operate within
specification limits, during and/or following exposure to specified environmental
extremes, such as shock, vibration, temperature, and overvoitage. Life tests also
fall in this category;

N

-

Test Characteristics -- These tests are started early in the component’s

production history, and are continued through the component production phase, often
on a 100% testing basis. Very little parametric data is collected from qualification
tests, which are intended only to provide go/no-go information at specification
Timits.

Typical Documentation -- Qualification test results, considered highly significant

to the success of the hardware program, are quite formally and thoroughly
documented. The reporis are widely distributed and widely evaluated.

Potential Problems -- The test data is not parametric in nature, and is almost

always at extremes of environmental conditions, pruviding Tittle or no information
about performance under nominal conditions.

Acceptance Tests

Acceptance tests are conducted on individual production units, prior to
installation in the flight vehicie, to verify that each unit has been properly
assembled, and performs within specification over a reasonable range of operating
parameters.

Test Characteristics -- These tests are conducted with production hardware slated

for installation in actual flight vehicles. Accurate, parametric performance data
reflecting normal operational conditions is recorded for each individual unit, and
tagged with the serial number for the production unit. Since data is available for
multiple units, it becomes possible to determine the inherent scatter in the
performance-parameter data, which helps to establish fidelity criteria for

. . 1 ,
simulation validation. 4.9-3
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"Typical Documentation -- Rather thorough, formal documentation is prepared for

each serial-numbered component. The tests results, however, normally remain with
the unit until installation, and do not receive wide distribution.

Potential Problems -- Acceptance-test data does not become available in time for
initial simulation validation, although it can serve as a good reference for
simulation updating. The data must generally be "fiitered" and reformatted to be
directly useful for validation. Test documentation normally remains with the

tested unit, and is not widely distributed, posing something  of a retrieval problem.

Examples -- Figure 4,9-2 , from Ref. 14, shows typical acceptance-test data from
an individual component {a pump for a Skylab coolant loop). Also see Figure 4.2-10
‘of Section 4.2.1.4, which shows operational envelope data, compiled from a number
of individual acceptance-test results on individual pumps, which were retrieved via
considerable "legwork."

4.9,1.2 Systems-Level Tests

Systems-level tests are conducted after components have been integrated into
subsystems and systems and, in some cases, installed on the space vehiclie. They
normally require rather complex setup and operational procedures, which must be
faithfully duplicated for the results to be meaningful.

Systems Development Tests

These tests verify system conceptual designs, and lend confidence to the
results of prior analyses and simulations.

Test Characteristics -- The tests are performed Jate in the design phase.

Complete or partially integrated subsystems are operated with simulated external
inputs, loads, etc. Data may be taken at isolated performance points, or may be
parametric over an operational range of interest. The type and amount of data
taken will depend upon the (formal or informal) test plan, the degree

of prior confidence held by the investigators, and upon whether initial results
turn out as expected. Unexpected resuits will usually induce the investigators
to take more data, and to exercise the system over a wider range, in the interest
of later analysis.

4,9-5
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Typical Documentation -- Semi-formal documentation is normally prepared, consisting

of a brief cover report of problems, conclusions, etc., followed by & descripiion
of the test procedure and reproduction of the test data sheets as recorded during
the test. Generally, the only information which becomes widely known is the
problems encountered.

Potential Problems -- Data becomes available rather Tate for simulation use. The
systems as tested may lack certain components, and test conditions may be
unrealistic and/or hard to duplicate in a simulation. The data may be incompiete
and in an inconvenient format.

Example -~ APU spin-up tests (rotation vs. time); APU fuel consumption under
various hydraulic loads.

Integrated Systems Test

This is a go/no-go test series for the integrated vehicle, to verify that
the performance of the various interacting systems is correct (within the acceptable
range of values).

Test Characteristics -- With multiple systems installed in the vehicle, energized
and operated according to a rather precise and complex procedure, isolated
performance data points are taken over a range‘of conditions. Since the test is
of a go/no-go nature, the actual parameter values are often not recorded if they
fall within the expected range.

Typical Documentation -- The test report will include a description of the test
procedure or "script," and indicate whether the data taken fell within the
expected rangr:; few actual performance parameter values are provided.

Potential Problems -- Integrated systems tests occur during the vehicle integration
phase, late relative to simulator requirements. Little useful data is provided in
the test results, and what useful data is available is difficult and time-consuming
to extract. The test setup is difficult to duplicate on the simulator, even if the
published script is followed exactly.

4,9-7
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Example -- Figure 4.9-3 was excerpted from a ten-page test procedure published
in Ref. 113. -

Vehicle Prelaunch Checkout
These tests are conducted to verify operability of each vehicle prior to
Taunch.

Test Characteristics -~ These tests require highly complex procedures, which are

often fully or partially automated using a variety of computer systems. Isolated
performance data points are taken, and tested against acteptable ranges; actual
parameter values are often not recorded.

Typical Documentation -- Much of the data remains within the checkout complex in

volatile form, and is never pubiished. Summary reports usually only cover
anomalies observed, and are not widely distributed.

Potential Problems -- Very little useful data can be expected from prelaunch

checkout. Tests occur very Tate for simulation purposes.

4.9.1.3 Vehicle Flight Tests

Flight tests are conducted to verify the operational readiness of the
complete vehicle and its onboard systems in its actual environment. Successful
flight tests develop confidence in in-space capabilities, procedures, etc.

Test Characteristics -- Flight tests provide data which reflect the actual

operational environment of the vehicle. Great quantities of data are recorded --
both external (ground tracking)} and onboard-system performance parameters
{telemetry stream and onboard recording). The data stream includes both
discretes, such as switch settings and event markers, and continuous parameters,
such as accelerations, temperatures, voltages, etc., Rather complex commutation
and framing schemes are necessary to record such a quantity of data. For
example, the onboard data acquisition system used during DC-10 flight tests is
described by Ref. 112 as follows:
"Most data recorded in the airborne system are digital,
although it also has a secondary FM-FM recording capability. The
400 telemetry channels are divided into 90 recording at prime

4,9-8
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SYSTEM
SEQUENCE AREA DESCRIPTION REMARKS
02-031 EMC PHOTOGRAPH VOLTAGE SPECTRUM (FREQUENCY DOMAIN, 1 KHZ
TO 110 IiiZ) OF EXTERNAL POWER (POSITIVE LEAD ON PIN G,
NEGATIVE LEAD ON PIN U).
CAUTION
ALWAYS USE X10 ATTENUATOR PROBE WiEN USING-FET PROBE TO
AVOID TEST EQUIPMENT DAMAGE,
v : N
02-032 EMC OPEN SWITCH S1 OM BREAKOUT BOX (EXT PUWR IN).
PHOTCGRAFH QURRENT SPECTRUM (FREQUENCY DOMAIN, 1 KHZ
TO 110 MHZ). CLOSE SWITCH,
02~033 EMC OPEN SWITCH S12Z ON BREAXOUT BOX (EXT PWR RET).
PHOTOGRAPH CURRENT SPECTRUM (FREQUENCY DOMAIN, 1 XHZ
TO 110 MHZ). CLOSE SWITCH,.
02-034 EMC RECORD MIEMORY VOLTHMETER READINGS ARD RESET THE METERS
NORM VOLTS
10 8§ VOLTS
02-035 icr MOVE AUZILIARY FIRING SWITCH S9 TO STANDBY AND HOLD
AGAINST DETENT SPRING.
02-036 HARCO PLACE OFPERATION POWER SWITCH TCO NORMAL.
02-037 1cP VERIFY LCCP STANDBY WINDOW AND READY TO FIRE WINDOW
TILLUMINATED, -
STANDBY CHECK
READY TO FIRE CHECK
02-033 | HARCO VERITY:
IGNITER EXTENDED-OFF CHECK
OPERATION POWLUR-ILLUMINATED CHECK
02-039 EMC RECORD MEMORY VOLTHETER READIMGS AND RESET THE METERS
NoRM VOLTS
10 8 VOLTS

FIGURE 4.9-3 . EXCERPT FROM AN INTEGRATED-SYSTEM TEST "SCRIPT."
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sampling rates, 290 recording at a 10:1 subcommutation rate, and
20 recording at a 20:1 subcommutation rate. The prime channel
sampling rate can be changed in flight from 400 to 10 samples per
second in six stages.

"The up-to-2400 paramefers on one aircraft are transmitted
over the 400 chapnels by onboard multiplexing of some data. Data
from 64 temperature sensors on an engine may be multiplexed on
board into one céanne], for example."

Typical Documentation -- Qualitative and semiquantitative data is provided by

crew debriefing reports, flight control reports, and final summary reports. The
informal reports become available soon after the flight, while the formal summary
reports may not be published until months later.

The bulk of the quantitative data remains available on magnetic tapes.
Depending upon the software, hardware and retrieval aids provided, it may be a
fairly simple matter to obtain tabulations and plots of any desired parameter
time-histories from a particular flight -- or it may be extremely difficult.
Where the inputs and outputs for an onboard system can both be obtained as
functions of time, the validator will have a directly-usable, highly realistic
check case for simulation validation.

Potential Problems -- Flight test data becomes available too Tate for initial
simulation development and validation, but should be useful for subsequent
updating. The available check cases are constrained by the actual mission

timeiine, and may require complex setup to duplicate the operational conditions
on the simulator. It may be difficult to obtain sufficient data to accurately
define the environmental conditions in which the vehicle was operating. Potential
availability of the data is sharply dependent upon the power of the retrieval

and data-reduction aids provided by the spacecraft project.

4.9.1.4 Shuttie-Related Test Documents
Table 4,9-1 provides a 1ist of currently-published documents relating to
planned tests for the Shuttle program.

409"']0
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TABLE 4.9-1 . POTENTIALLY USEFUL TEST DOCUMENTATION

MJ072-0004-3

MLO101-0001
$D72-SH-0009
SD72-SH-0112-6-11

SD72-SH-0112-12
SD-72-SH-0112-13

SD72-SH-0112-18
SDB72-SH-0112-19
SD72-SH-0112-21
SD73-SH-0062

SD73-SH-0094

SD73-SH-0298

SD74-SH-0011
through
SD74-5H-0049

Shuttie Master Verification Plan,
VYolume 3: Orbiter Verification Pian

Test Requirements: In-Process and Acceptance-Orbiter
Orbiter Quality Assurance Plan

RDD-Major Ground Test-Thermal VYacuum Test Program:
CMS-RCS POD

RDD—vasystem Ground Test-Docking Mechanism Dynamic Simulation

RDD-Ground Subsystem Test-Orbiter/External Tank Separation
Subsystem Test )

RDD-Subsystem Ground Test-APU Integration Test
RDD-Subsystem Ground Test-ECLSS Test Article
RDD-Subsystem Ground Test-Escape System Test Article

Checkout Plan: Orbiter and Combined Elements Ground
Operations

Manual, Technical and Non-Cestructive Testing, Space Shuttle
Specification for Preparation of

Avionics Development Laboratory General Test Plan

Subsystem Certification Plans
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4,.9.2 Idealized Test Programs

Based upon an understanding of historical norms in test operations, we are now
in a position to consider what changes would be desirable to make test data a more
valuable source of reference data for simulation validation. Efforts should be
concentrated upon component-level tests, for at least two reasons:

(a) Component-level tests appear to be an inherently more valuable source

of reference data.

(b} System-level and vehicle-level tests are already so complex and expensive
that resistgnce will Tikely be encountered to any changes which would
make them still more complex and expensive. We recommend a three-step
approach to maximizing test-data utility: (1) identify required data,
(2) develop an idealized test plan, and (3) define the data recording
and documentation desired.

4.9.2.1 Identify Required Data |

In the analysis of spacecraft subsystems and associated simulation modules
provided in Section 4.7, we have identified inputs, performance parameters and
critical performance parameters for each module. Obviously, the data most desired
from a test are the values of the component inputs and the critical performance
parameters. Fortunately, these will in most cases also be the data most desired
from the test by the !.:rdware designers. For high-fidelity simulation, non-
critical performance parameters will also be desired, but at lower priority, thus
giving the test designers a "shopping 1ist" against which they can evaluate
potential time and cost impacts of setting up increased test instrumentation and
recording capability.

The workload of establishing data requirements for each onboard component
will be minimized by unifying the analysis of similar components, regardless
of their end use. The guiding philosophy would be that, for example, "a pump
is a pump is a pump," whether it is a fuel pump in the main propulsion system,

a coolant pump in the ECLS, or & lubricant pump for the APU. The parameters of
interest - RPM, differential pressure, flow rate, etc. -- would then be the same

for all pumps on the vehicle.

4,9-12
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4,9.2.2 Develop an ldealized Test Plan
The ideal test for a component is one which would translate directly into a
check case for validation of the associated simulation module. The analysis sieps
necessary to define such a test are as follows:

(a) From preliminary analysis or simulation results, determine the
expected range of the component inputs and performance parameters.

(b) From similar performance predictions, define the expected shape of the
performance‘curve between its upper and Tower Timits.

{c) Determine tﬁé minimum number of input values nécessary to define this
performance curve, and the best choice of values based upon the curve
shape. This will commonly lead to non-uniform spacing of checkpoint
values -- widely spaced in regions of expected uniform slope, closely
spaced in regions of expected high curvature.

Similar considerations will apply for defining the time-spacing of data-
points Tor dynamic response of a component, based upon the estimated transfer
function of the component and the expected bandwidth of input forcing functions.
Standard test descriptions would be prepared for basically-similar components,
such as pumps, as discussed above. Performance curves for all such similar
components would be expected to be similar in shape.

4.9.2.3 Detine Desired Data Recording and Documentation

During the conduct of the actual test, the data to be recorded will consist
of environmental conditions, input stimuli, and output responses of the component/
system. These should, of course, be actual values, rather tnan go/no-go
assessments. Accuracy, time spacing, and other data attributes will generally
be selected by the test personnel on the basis of availabie instrumentation and
the requirements and goals of the test. Accuracy estimates will be helpful in
making proper use of the test data.

The normal recording format and medium will be hard-ceopy tabulations,
either handwritten or minicomputer printout. Where available, graphical data will
be very desirable. Magnetic tape records will probably not be available, and are
1ikely to be incompatible in format with the simulation computer in any event.

4,9-13
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Test documentation should inciude units, scale factors, known biases, and
any other adjustments necessary to use the data as a simulation check case.

4,9.3 Implementation of Test Enhancements

Although simulation personnel should make every reasonable effort to
communicate their requirements to test personnel, it must be assumed that the
goals and economic constraints of the hardware programs will take precedence.
Thus, the simulation/validation test-interface group should become famitiar
enough with test operations, requirements and instrumentation to assess the
potential impact of whatever enhancements they plan to request.

This will require the eaf1y establishment and continuing maintenance of
effective 1iaison with design and testing groups, to accomplish the following:

e Communicate their needs for performance-oriented data from component/
system testing.

¢ Make test personnel aware of the data formats and documentation which
would make test data most useful for simulation validation.

® Ensure that they will receive available test data in a timely manner.

8 Evaluate the probable impact of unexpected test results upon hardware
designs, operational procedures, etc.

In some large test organi;ations (e.g., the DC-10 Flight test organization},
a formal structure for integration of various user's requirements into test design
will already be in existence; the simulation personnel will need only to make use
of the existing interfaces. (It is to be expected that PICRS will provide
assistance in this area.) Where formal lines of communication do not yet exist,
the simulation program will need to make efforts to establish new working
interfaces, to make their requirements known. Ideally, the personnel assigned
to this liaison function would have extensive experience both in simulation
development and hardware design and testing. Where such personnel are initially
unavailable, some cross-training will be required.
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4,10 REFERENCE DATA FORMATS
This section discusses mathods for formatting of reference and simulation
data, to obtain the following benefits:
o Maintain -ompatibility between reference module and simulation module
inputs and outputs.

o Optimize verification data-handling, comparison and evaluation pro-
cesses-- manual and automatic.

¥

o Mininize simulator verification data base impact.

4,10.1 %eference Data Types

Reference data to be used as standards of performance for simulation
validation may be available in either machine-readable or non-machine-readable
form.

4,10.1,1 MNon-Machine-Readable Reference Data
Non-machine-readable reference data -- numerical tabulations and plots -~
will become available to the validation staff from several sources:
o System and subsystem data books, which compile data derived from per-
formance predictions, analysis/simulation programs, and component/system
tesis,

o Component, subsystem and system tesis, providing raw data taken during
test execution, and/or reduced data published in test reports (see
Sect. 4.9).

o Printout and/or plots from existing analysis/simulation programs not
under the control of the validation staff.

4.10.1.2 Machine-Readable Reference Data
Machine-readable reference data may be provided by any of the following
means :
o Standard plot tapes generated by multi-user anclysis/simulation programs,
such as SYDS (see Sect. 4,2.1.3). |

4110"1
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o Output data files (tape or disk) generated by either an existing analysis/
simulation program operated under control of the validation staff, or a
new reference module developed specifically for validation purposes.

(This includes highly-detailed reference trajectory tapes.)

0 Basic data tapes provided by an outside. contractor or agency (e. g.,
-p]anetary ephemervs tapes, vehicle aerodynam1c data tapes).

4,10.2 Reference Data Generation, Handling and Conversion

Clearly., radically different methods are required for the handling of machine-~
readable and non-machine-readable data. For non-machine-readable data, we have
the options of either performing the comparison/evaluation in a purely manual
mode, or hand-entering the data into the computer for automated comparison/
evaluation. For machine-readable data, we may either put the data out for
manual comparison/evaluation, or perform automated compartson/evaluat1on within

the computer (see also Sect 5.5).

4,10.2.1 Handling of Non-Machine-Readable Data

He recommend that when the reference data is in non-machine-readable form,
the comparison and evaluation required for simulation validation be performed in
a purely manual mode. To simplify the manual operations, reduce worklead and
fatigue, and eliminate all possiblz sources of error or misjudgement, it is
essential that the simulation dr:ta be mapped into a format which is as nearly
identical as possible with the pre-existing format of the reference data.

Formatting factors involved in tabular data include headers, physical
arrangement of data con the page, spacing of inaependent-variable values, and
units, axes, and numerical format of individual numerical entries.

Graphical output from :imulation module drivers should be designed to enable
the simulation-data plot to be exactiy overlaid on the reference~-data plot, for
convenient "eveball” evaluation of fidelity. The factors which must be controliled
to enable such overlaying include axis conventions and units of the basic data,
as well as axis lenqgths, origins and scale factors of the plot itself, Since
plots found in data books and gther sources may not be reproduced in their
origiral full size, highly flexible formatting and scaling capabilities will be

4.10-2

NICDONRELL DOUGLAS ASTRONAUTICS CONVIPANY -« EAST

e e e e T T T VS v o oY R SN PR T TR SIS



MDC E1136
27 Jdanuary 1975

required for the simulation data-handling support software.

Since great flexibility is desired for the required data-handling support soft-
ware, consideration should be given to "human engineering" factors in the design
of this software -- i.e., command vocabulary and formats, control of options,
free~form input, etc. The goals of the support-software design should be to
provide all requived formatting capability, achieve a practical minimum of
workload in obtaining the required hard-copy, and minimize the potential for
errors induced by the support software itseilf.

Hand-entry conversion of non-machine-readable data into machine-readable
form is definitely not recommended. The labor and error potential of the re-
quired manual operations, in our view, more than offset the potential gains of
automating the compariscn and evaluation.

4.10.2.2. Handl%-g of tlachine-Readable Data

When both the reference and simulation data are in machine-readable form,
the basic processing for comparison and evaluation is rather simple (see Sect. 5.5).
The bulk of the programming effort and computer time is likely to be expended in
pure data-handlings file searching and retrieval, record searching and re-
trieval, data formatting and adjustment, etc, For that reason, we believe that
substantial benefits can be realized from the early establishment, continuing
maintenance, and broadest possible application of a universal data format.

Formats for llew Validation Software
This universal format would encompass axis conventions and units, decimal
formatting of discretes, fixed-point and floating-point data, data sampling rates

and the mapping of software input and output data streams into time-tagged

"pages” or "frames" of data. The basic properties of such a universal data format
are illustrated in Fig, 4.10-1. (Also see sect. 4.9.1.3 for a brief description
of the framing scheme used for onboard recsrding and telemetry of DC-10 flight
test data.) The formatting and framing information necessary to utilize the data
would automatically be recorded on a "header® preceding each data file,

Mith the amount of study and development which has already gone into the next
genuralion of training and procedures-development simulators for NASA-JSC, it

4,10-3
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- ITEM # DESCRIPTION _
“e 1 Data file identification (fixed-leﬁgth alphanumeric title)
2 Date file was generated
3 Type of data: reference, simulation, both
4-5 Identification of reference and simulation modules used

to generate data

5 Data wovrd length

6 ' K=Number of werds per data frame

7 Nominal frame rate (frames per second)

8 HM=Total number of frames (if known)

‘ 9 N=Total number of parameters in this file

10 Identification name or code for first parameter

11 ~ Location of parameter #1 in each frame in which it
appears

12 Word length for parameter #1 (several short parameters
may be "packed" into a single word)

13 Frame frequency for parameter #l

14 (Same information for parameters 2 through H)

4N + 9

{a} Header Block
FIGURE 4.10-1, SCHEMATIC OF A UNIVERSAL FORMAT FOR VALIDATION DATA FILES
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FRAME # WORD # DESCRIPTION
1 1 ’t‘.-g = Frame Time
2-K Parameter values at time t1
2 1 t2
' '
2-K Parameter values at tiwe tz
i 1 tm
2-X Parameter values at time tm
M End of file mark

{b) Data Frames
FIGURE 4.10-1 (continued)

4:10“5

MCDONNELL DOUGLAS ASTRONAUTICS CONMPARNY « EAST




. b
ZZZZZ

MDC E1136
27 January 1975

should be possibie to define the universal format with high confidence, rather
early in the simulation design phase. A growth margin can be allowed by leaving
some spare capacity in each data frame. In this way, drastic redesign of the
format, and resulting obsolescence of existing programs and data files, should be
avoidable for the life of the program. The frame size would, of course, have to
be consistent with the block-length constraints of the host-computer operating
system and I/0 peripherals.

In application, the universal format would be buiit into all new support
software developed for simulation validation. This would include:
0o New reference-data generation programs (See Sects. 4,2.1.1, 4.2.1.2).

o "Driver" routines for simulation software modules and clusters of modules
(see Sects. 5.1, 5.2).

0 PRoutines for realtime data acquisition during operation of the all-up
simulator {see Sect. 5.4).

o Service routines for reference/simulation display, comparison and evaluu-
tion (see Sects. 5.1, 5.5).

Since a truly universal format will have to be designed to accomodate high-
volume data gemeration processeé (up to and including an all-up high-fidelity
simulation), there will be some sacrifice in "micro-efficiency" when it is used
for the low-volume applications, such as individual modules, small clusters, and
low-fidelity simulations, However, this sacrifice will be counterbalanced by the
increase in "macro-efficiency"” over the entire program, resulting from the
ability to standardize the input and output routines of all validation support
software. An intermediate approach between a single universal format and a
plethora of custom formats would be the definition of a small number of "semi-
universal" subset formats: one for vehicle dynamics and environment parameters,
one for onhoard-system parameters, another for simulator hardware parameters, etc.

4.10-6
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Software~development effort and data-base impact will be minimized by the
absence of custom data read/write routines for individual modules and module
clusters, Finally, data-handling errors will be minimized, both by the standar-
dized arrangement of data on all validation data-files, and by the use of the
header record on each data-file.

This universal format concept has been applied with considerable success in
the data-reduction programs "or the Skylab Earth Resources Experiments Package
(EREP) and the Earth Observation Aircraft Program (EOAP). In these programs,
users at scattered geographic Tocations, with widely varying needs for data,
benefited greatly from the standardized input/output interface provided by this
approach,

Reformatting Data from Existing Sofiware
Even if the universal data format epproach is adopted for all new vali-

dation software, pre-existing software wili have a variety of individual formats.
Two approaches are available for integrating these programs into the overall
validation system, and making effective use of their reference-data capabilities:
build format conversion into the software, or reformat its data-files with a
post~processor.,

If a copy of the program is under the control of the validation staff, it may
be feasible (depending upon the complexity of the program and the completeness
of its documentation} to build-in compatible I/0 routines. From that point on-
vard, all data generated by the program will be in the universal format.

For programs which are not under the control of the validation staff, or are
too difficult to modify, it will be necessary to use a custom-built post-processor
to reformat the output from the existing program. Such post-processors will also
be required for reference data which already exists in the form of a card, tape
or disk file.

SO 60
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4,17 DATA BASE IMPACT .

A large and complex data base will be built up during the simulation develop-
ment and verification phases. This section discusses the overall organization and
structure of this data base, as well as the software, procedures and personnel re-
quired for data base management.

4,11.1 Data Base Organization and Structure

Figure 4.11-1 shows in tree form the overall scope and structure of the
validation data base. He define the data base to include information in both
machine-readable and hard copy form,

4,11,1.1T Machine-Readable Information

Machine-readable information may be in the form of disk or drum storage,
magnetic tape, or punched cards. Due to the great differences in costs of the
various media, it will be desirable to distinguish between active and inactive
data base materiais, and keep only the most active in rapid-access storage.

Active Materials

Frequently-used materials which will need to be maintained in on-line storage

or convenient-access tape files wiil include:
A. Simulation module checkpoint data, for modules currently being validated

(See Sect. 5,1.1.)
B. Active reference and simulation data:

1. Module Tevel

2. Hodule "cluster" level

3. Alleup simulator

4, Reference trajectories
C. Active Peference modules
D. Validation Service routines:
1. Tabulation software
2. Plot software
3. Peal-time data acquisition software (see Sect. 5.4)
4, Module and cluster drivers
5. Driver-interface data-locatien routine (COUGEN or eauivalent; see Sect. 5.1.2)
6. Reference-data conversion routines (See Sect, 4.10,2.2)
7. Compariscn and evaluation routines (see Sect. 5.5)
E. Data basc management software 4.11-1
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Inactive Materials
Lower-activity materials which can be kept on magnetic tape (or, for low-
volume data, on punched cards) include backup copies of currentiy-active files

{for recovery from possible catastrophic failures of the system hardware or sofi-
ware), plus check-case data and reference modules for portions of the sinulation
which have passed their initial validation. These materials would be retained
for potential use in revalidation efforts following later modifications. However,
in some cases the modifications will invalidate the existing check-case data
and/or dictate modifitations to the reference module,

4,11.1.2 Hard Copy

The hard-copy portion of the data base will, Tike the machine-readable
portion, include both active and inactive elements, with simiiar requirements for
access, updating and purging. The hard-copy files will encompass three general
categories of information: base information, reference data, and validation
results. The most significant information from all three categories would be
compiled into a module~organized “"validation data book". This data book would
serve as a reference for the ongcing staff, for training of new members of the
validation staff, and for coordination with other project personnel.

Base information (see Sect. 4.2.2) is information which is not directly
usable as validation check cases, but supports the development of check cases
and/or software to generate check cases. This includes system descriptions,
specifications, operational data books, performance parameter definitions, etc.
Sections 4.2 - 4,7 of this report are base information for simulation validation.

Reference daia hard copy will include data which is not available in machine-
readable form, as well as printouts and plots of machine-readable data made for
engineering analysis. This will include all four categories of reference data
identified in Sect, 4.2.1 -~ closed-form solutions, independent math models,
existing analysis/simulation programs, and test data. Recent versions of software
listines will also be retained in hard-copy form.

4,11-3
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Validation results will be retained in vraw form, in informal summary reporis
covering the validation of individual modules, and in formal validation reports
issued at major milestones of the validation process,

4.11.2 Data Base Management

The total Data Base Management System (DBMS) includes the hardware (host
computer and peripherals), support software, procedures, personnel, and documen-
tatjon. Some of the factors to be considered in assessing the magnitude of the
data base management problem, and thereby defining the requirements, design, and
implementation plans for the DBMS, are as follows:

o The total amount of data to be handled

o The complexity of the data structure (i.e., the number of “"dimensions”

of identification by which a particular data item might be sought by an
eventual user)

o Desired efficiency, in terms of utilization of physical facilities and

computer resources _

o Desired efficiency in terms of use of support-personnel resources and

user interface

o Duration of the program over which the data base will have to be maintained

(ten years or more)
Modularity and extensibility of the DBIS as requirements change

o Reliability requirements, in terms of probabilities of incorrect filing,

retrieving, updating or purging of data

o Stability of the system -- i.e., freedom from "crashes" and catastrophic

loss of data or accass capability

o Data security
A few of these factors are briefly discussed below.

4,11.2.1 DBI'S Requirements and Design
Data Dictionary

The design of any DBMS begins with the development of a "data dictionary".
Whether the system is manual or automated, dealing with hard-copy or machine-
readable data or both, it cannot function effectivelv without a comprehensive
data dictionary. The data dictionary simply defines the standards for identifi-
cation of data items as they are brought into the system, which in turn tells each
user how to identify an item which he is trying to get out of the system.

4,11-4
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Dimensions of the.identification for an item sought may include: the subsystem of
interest, the name of the simulation module for that subsystem, the date or version

of the module, the source of the reference data, the name and version of the reference
module, jdentification of the check case(s), identification of a reference mission

or mission phase, and the time period of interest during the mission, Standardi-
zation of names and formats for these identifiers will be required to formulate

data requests in an unambiguous and reliable manner, and allow efficient access

to the desired data.

The data dictioniry will require frequent updating, especially in the early
stages of buildup of the data base. However, the initial definition of the
system's data structures and the data dictionary should be made general enough
that it will not be necessary to go back later and modify the identifiers for
data which has already been filed.

Data Directory

A companion to the data dictionary is the "data directory", which is simply
a 1ist of all files and documents existing in the system as of a particular time.
The data directory will also require frequent updating, and may eventually become
so large as to be difficuit to maintain in hard-copy form.

Query and Peport Lanquaqge )

The query and report language is the means of interface between the data
base and its users and support personnel. A "query" will consist of commands,
data identifiers, and data destinations., A "report" may consist of actual hard-

copy produced on a line printer or plotter, a dispiay of tabular or graphical

data on an on-line terminal, or simply making desired software or data accessibie
to an application program, ‘hether formulated in English-1ike statements or
abbreviated numerical codes, whether in batch or on-line mode, user queries will
be of forms such as:

"Copy program xxx onto file yyy"

"Copy xxx data-file onto unit yyy"

"Printout xxx data-file in format yyy"

“Get missicn xxx3 plot parameter yyy against parameter zzz from time t] to time t2
with scale factors 54 and 52“

4,11-5
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Data base support personnel will also need to make commands of the forms such as:
"Add program xxx to the system" .

“Copy the data on file xxx into the system, with identifiers I], 12, vens In“
"Delete file xxx"

"Replace file xxx with file yyy"

Data Base Relijabilitv and Stability

The reliability (freedom from error) and stability jfreedom from crashes) of
the DBI'S can obviously be no better than those of the hardware and operating system
of the computer in which it resides {along with applications software, simulation
software, compilers, etc.). Unless properly designed and implemented, morecver,
they are apt to be a good deal worse! It should be clear that the DBMS must be as
modular and as well validated as the software it serves, if i1t is to make a con-
tribution to the solution of the validation problem, rather than be an additional
source of problems. Finally, as added insurance from crashes, backup tapes of the
data base should be made at intervals.

Data base stability also encompasses the idea of {freedom from major redesigns

during the Tifetime of the program. This is ensured by:

A. Building sufficient scope and flexibility intc the data structure and data
dictionary

B. Modular organization of the data base and the DBIS, and

C. p phased implementation of the DBIS, enabling detection and corrzction of
potential inadequacies before too great an investment is tied up in the data
base.

Data Security

Data security, in the sense of prevention of uncontrolled access to data,
may or may not be required in this application, depending upon whether JSC simu-
lators are used to support classified {Dob) missions, Another aspect of data
security is the prevention of inadvertant modification or destruction of programs
and data by machine error, entry of incorrect codes, etc. CODASYL data base
standards {sce below) include provisions for both kinds of data security.

4.11-6
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The probability of inadvertant destruction of data can be sharply reduced
simply by 1imiting the number of people who are able to enter data-modification
commands. That is, data-modification commands should be intercepted by the DBMS
unless enabled by appropriate "passwords”., These passwords would be known to
data base support personnel, but not communicated to any other users of the system.

4,11.2.2 DBMS Implementation

It should be clear from the foregoing discussion that the development of a
DBMS to support the dévelopment and validation of a large-scale simulator is not
only a large task in itself, but is a task quite unlike the development of the
simulation software. It requires different personnel capabilities, different
compuier capabilities, different language properties, and an entirely different
conceptual base. For these reasons, we recommend that a thorough and serious
"make or buy" analysis be conducted before jumping into the DEMS development,

A wide variety of DBMS software (much of it catalogued in hef. 114} is
available on the open market -~ from simple file-management systems costing
$5000 or less to full-scale DBIS/report generators costing upwards of $200,000.
Somez of these packages have been proved in years of operating experience at
dozens of installations, and are supported by their vendors with on-site installa-
tion and training, extensive documentation, periodic updates, and performance
guarantees.

If the decision is made to proceed with in-house DBMS development, we
recommend that most of the lead personnel assigned to the program have extersive
prior experience in data base design and implementation. The remainder of the
personnel requirerznts can be filled by cross-training of simuiation types.

Any in-house development should also be consistent with CODASYL (Committee on Data
System Languages) standards. This will enable the DBHS development to profit from
the years of study expended by the CODASYL Data Base Task Group, and provide
easier access to the most-current DBMS technology. Table 4.11-1, from Ref. 115,
provides a few of the most important definitions of data base concepts, as for-
mulated and standardized by CODASYL.

4,11-7
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TABLE 4,11-1, BASIC CODASYL DATA BASE DEFIHITIONS

Data Item

Record

Set

Area

Schema

Subschena

CALC

The smaliest data base unit referenced by an assigned
name.

A collection of on2 or more data ftems; contains a named
description of data items and attributes.

Establishes a named Togical relationship between two or

allows the data base designar to establish complex data
structures.

A named subdivision of logical address space in a data
base; each record must reside in an area which contains
one or more records.

A complete description of all data items, record types,
set types, and areas which exist in a data base; the
foundation 7 a data base dictionary system.

A Togical subset of the schema which names only those
record types, set tvpes, and areas that are accessed
by one or more specific applications programs.

Refers to one common method of record placement and
retrieval within a data base; provides an access
point via a "hashing” algorhytm.

Jnore record types; the basic data base building block which

4,11-8
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SECTION 5
METHODS FOR VALIDATING PERFORMANCE

The total process of simulation vaiidation consists of:

1. Exercising a simulation with properly-chosen inputs,

2. Gathering the output performance parameter data which it generates in
response to these inputs, and

3. Evaluating the sihu1ation fidelity by comparing these data to reference
data representing the real world which the simulation is intended to
represent. )

Techniques and support software for the efficient performance of these opera-
tions are discussed in this section, The discussion includes overall validation
software structure, the performance of validation at various levels of simulation
integration, guidelines for check case formulation, methods for realtime acqui-
sition and formatting of data from an all-up operational simulator, and methods
and criteria for comparison and evaluation of simulation data.

5-1

RICDONNELL DOUGLAS ASTRORNAUTICS COMPARY « EAST



MDC E1136
27 January 1975

5.1 VALIDATION SOFTWARE STRUCTURE )

Figure 5.1-1 depicts a support-software flow for the overall generation,
handling, comparison and display of simulation and reference data as used in
performance verification. The complete support-softuare system will consist of
the validation executive shown in this figure, modelling routines as discussed
in Section 4, and a set of service routines, Table 5.1~1 briefly discusses the
role of each part of the overall software system,

To reduce the amount of specialized coding and setup required to perform
each individual validation exercise, it is desirable to build as much generality
as possible into the service routines. Characteristics of the major routines
are briefly discussed in the following subsections.

5.1.1 Checkpoint Generation Routines

Checkpoint generation routines provide a series of check case input values
for static and/or dynamic exercise of the reference and simulation modules. The
checkpoint generation routines will provide the user with the capability to set
up a complete set of check cases in a convenient manner (rather than manually
defining and entering the checkpoint data for each individual check case). It
will incorperate logic to generate various combinations of discrete parameters,
thus exercising various operational modes and legic paths of the software, as
well as to vary continuous parameters over various ranges of values, thus
verifying the operational envelope of the simulation. The checkpoints may be
generated individually on-line, under control of the validation executive, or
may be generated all at once and placed on a data file (see Sect. 4.10) for
later input.

As discussed in Sect. 5.3, it is generally impractical to exercise a module
over all combinations of a set of input values. For example, if a module has eight
on/off discretes usad for mode control, 256 check cases will be required to test
all pessible corbinations of these discretes; if it has six continuous input
parareters, 720 check cases would be required to test ali combinations of high,
nominal and low values of those parameters; and 256 x 729 = 186,624! The checkpoint
generation routines must then provide flexible logic to generate only required
and meaningful combinations of inputs. both systematic and randon variation
of parzreters will prove useful in nedule validation. Exarnles of checkpoint

5.1-1
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TABLE 5 oT=1. VALIDATION SOFTWARE MODULES ({GEHERIC)

ROUTINE FUNCTIONS
Executive . Overall sequencing, interfacing and control.
Data read routine Reads records from a data file generated

by a prior simulator performance run, and/
or a reference data generation program,

v strips data for the appropriate module and
places it into a data array.

Checkpoint generation ' Generates checkpoints including all data
routine required for input into the module to be
verified.

Simulation module Interfaces with the simulation software
interface routine module, placing input and output data into
(driver) a data array.

Reference Medule Generates reference performance parameter

data, placing the input and output data into
an array compatible with the simulation
software data array.

Data write routine Writes the data from the simuiator soft-

ware module and the reference module onto
a temporary file, to be read back in for

comparison processing.

Data comparison routine Processes the data file previously written.
Incorporates a variety of differencing
techniques and corparison criteria. Per-
forms automated comparisons of simulation
and reference data.

Data display routine Generates listings and plots of raw or
processed data for manual interpretation.

5.1-3
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generation routines are shown in Figs, 4.3-16 through 4.3-22,4,7-112 and 4,7-113,

5.1.2 Simuiation Software Module Drivers
Driver routines perform an interfacing function (analogous to the "patchboard"
in a piece of test hardware). The driver obtains checkpoint inputs from an in-

ternal array or an external data file, passes these inputs to the simulation
software in the proper order, format, and common locations, accepts outputs
generated by the simujation sofiware from their appropriate common locations,

and places these values into an output data file for 1a£ér comparison, evaluation
and display.

The normal interfacing method for simulation modules in their eventual
operating environment will, in most cases, be bv means of a large total-simu-
lation "common" package, Due to the size and complexity of the total simulation,
it seems very likely that some type of support software ~- COMGEN (Ref, 116}
or equivalent -- will be used for development, analysis and maintenance of the
simulation cormon package., Therefore, the same interfacing mode and support
software should be used for interfacing of simulation modules with their drivers
and other validation service routines. Likewise, the same relative common structure
and support software should be used for reference module development, thus pro-
viding an additional area of standardization and removing another potential
source of error. ‘

5.,1.3 External Dafa Files
In many cases, either the reference or simulation data (rarely, both the

reference and simulation data) will be handled as an external data file, rather
than being generated on-1%ne during the validation exercise. The validation
exercise, in turn, will typically gencrate a nevy external data file, consisting
of interleaved reference and simulation data vs. time, for post-processing by
comparison, evaluation and disptay routines. Some of these data files will be
"volatile" (i, e., discarded soon after nrocessing is complete), while others
will be retained in the data base for varying periods of time,

5.1-4
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Section 4,10 discusses *ne generation and formatting of reference data files,
either by newly-developed reference modules or by use of existing analysis/simu-
lation programs adapted for validation purposes. Section 5.4 discusses the
generation and formatting of simulation data files by realtime acquisition
of data from an operational all-up simulator. In both applications, it seems
clear that the magnitude of the analysis, development and maintenance efforts
will be minimized, anq the occurence of errors in data-handiing sharply reduced,
by the use of standarg or "universal” formats for all data files in the system.,

5.1=5
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5,2 MODULE INTEGRATION

Simulator validation is performed at various stages of integration during

the course of simulator development. This is true whether integration and
validation are conducted in "top-down" or "bottom-up" fashion. This section
defines four configurations of simulation software Tinked with validation support
software which can be used for the exercises required for performance verification,
and discusses the utility of each of these configurations in accompiishing total-
simuiation validation,

5.2.1 Configuration Definitions

Isolated Module
For the present purpose, a "module" is defined as a "set of sofiware elements

which is invoked as a unit.and performs a defined function." Any single module of
simulation software can be verified in isolation by use of a properly-designed
"driver" {interface routine) with appropriate static and/or dynamic check cases.
To do this, the driver must substitute for all other modules which, in the eventual
integrated simulation, will interface with the module under test. That is, the
driver must provide all continuous and discrete inputs needed to initialize the
module and control its execution, as well as exercise it for performance
verification. These inputs must be properly scaled, formatted and routed (by

use of argument 1ists and/or common-storage locations). Similarly, module outputs
must be scaled, formatted and routed for storage, manipulation, comparison and/or
display.

. Integrated "Cluster" of Modules

Two or more naturally interacting modules can be operated together by a
single driver, thus providing for each other some of the data, control, and I/0
functions wihich would otherwise have to be provided by the driver. Section 4.8
provides examples of natural clusters of modules. The limiting case of cluster
testing is off-1ine (non-realtime) operation of the total software system without
its simulator hardware interfaces.

The exercise of an integrated cluster could conceivably be the initial
validation for all of the modules in the cluster; more commonly, however, some or
all of the modules will have previously been individually validated more or less

5.2-1
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thoroughly, either in isolation or as part of a different cluster.

Figure 5.2-1 provides examples of dynamical check cases (step-input responses)
which could be run oa a cluster consisting of aerodynamics, vehicle dynamics and
environment, together with an appropriate driver.

Modified Al1-Up Simulator .
During initial integration of the simulator software and hardware into an

operable all-up simulation, temporary modifications can be made for verification

purposes. Two types of modifications are considered: °

e Emplacement of "probes" or "test points" for insertion of stimuli and/or
tapping of responses at points which would not normaily be accessible via
standard output.

e Interruption of normal signal flow within the simulation system, to
artifically decouple various interacting functions (e.g., the aerodynamics
from the equations of motion) and thus simplify signal/error propagation

characteristics.

The first approach is used, for example, at NASA-LRC; control commands from
a “canned man" (a data tape) are inserted downstream of the manual controls. This
ensures check case repeatability and objective evaluation of simulation performance.
Both approaches are to be used in the acceptance testing of the USAF F-15 simulator
now being developed under the aegis of McDonnell Aircraft Company.

Interrupted signal flows must of course be reconnected to return the
simulator to normal operation. Certain of the test points, however, might
profitably be l1eft in place permanently, for convenience in reverification efforts
following Tater modifications.

Normal All-Up Simulator

The complete man~in-loop simulator, in its normal operating configuration,
can be exercised by check cases of two different kinds:
' & Specially-constructed test cases (not necessarily representing any

anticipated real-worid mission or missien phase), providing rigorous
exercise of the simulation, high repeatability, and easy interpretability
of results.

5.2-2
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MACH = XXX
WEIGHT= XXX
Ce= XXX
Og = XXX

FIGURE 5.2-1. EXAMPLE CHECK CASES FOR A SMALL CLUSTER OF MODULES.
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® Realistic mission/mission phase check cases; e.g., a reference mission,
an anticipated future mission, or a re-enactment of a previous mission.

5.2.2 Pros and Cons of Defined Confiqurations

The four test configurations just described are often considered as the
normal evolutionary stages in validation of simuTlators; every module would be
expected to pass through all four states in turn. It is also often assumed that
a "complete" verification of all possible functions is performed at each stage,
hefore proceeding to the next. Thus, isolated-module configurations would be
used to verify all functions of individual modules, so that when they were
integrated into clusters, all that would remain to be verified would be their
relative interfaces and interactions. This is the traditional "bottom-up"

integration/validation methodology.

Recent advances in software-development methodolegy, particularly an
increasing emphasis upon "top-down" testing, make it appropriate to guestion
these conventional assumptions, and to consider whether, for some modules, it may
be reasonable to de-emphasize isolated-module validation in favor of validation
at a higher level of integration. Table 5.2-1 provides an objective look at
the capabilities and limitations of validation exercises performed at each of
the above-defined levels of integration. These considerations are essential to
any effort to allocate overall simulation validation effort.

5
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TABLE 5,2-1.

CONSIDERATIONS RELEVANT TO- PERFORMING VALIDATION

AT VARIOUS LEVELS OF INTEGRATION

VALIDATION
CONFIGURATION

PRIMARY OBJECTIVE

ADVANTAGES

DISADVANTAGES

Isolated “Mpdule
'software only}

Yo Validate Detailed
Siw.station Capabili-
ties of each Mudule

Easfest to devise check cases for which correct answers are
known exactly.

Lasiest to fault-isolate follawing check-case failure®,
Easiest to ensure thorough exercise of module.
Can be executed offline (hatch runs).

Generation of each driver represents extra coding 2nd de-
bugging effort, (Developuent of “general-purpose” drivers
will reduce the cumulative effort, but some tailoring of

the driver to each module under test will still be necessary.)

For “trivially" sieple modules, the validation benefits may
not be commensurate with the effort of building the driver
and setting up and executing the check cuses,

Does not explicit]y verify module~to-module interfaces.

integrated
luaster of
~wdales
[.cfiware only)

To Validate Inter-
faces Amang Hightly-
Interactive iodules

friver can be simplified, because sowe required data is
supplied by modules in the cluster.

tess cumelative coding and debugging effort devoted to
generation of drivers; a single driver serves validation
of nultiplie izodules,

All exercises are “non-teivial®.
Yerifies sowe nodule-to-madule linkage.
Can be executed offline {batch runs).

May be difficult to thoroughly exercise and validate all
moduies in the cluster.

Hay sometices be difficult to davise lest cases for which
correct answitrs are kaown exdctly.

May sonetimes be d;fficult to fault-isolate follewing
check-gase failure®,

wrtified all-up
Sisulatar
{nardware and
sof tware)

To Stmp1ify-Signal

Error Prapagation for

System-tevel
validation

ho coding and debugging ef drivers.
Allows extensve verification of module-to-module Yinkage.

May be a complex, laborious process to mod{fy and restore
simulation, and to set up for check-case ‘execution.

Potential for later difficultied {f all modifications are not
restored to nomnal configuration,

Requires realtime operation of dedlcated system.

pifficult to know correct answers for all variables which
will be exercised by each check case.

Difficult to fault-isoiate following check-case failure®,
Fed individual sinulation modules will be thoroughly exercised.

Difficult to optain repeatable results from man-in-leop
operation.

HSormal all-up
simulator
{hardware and
software)

Te validate Dynamic

Adequacy of Total
Simulator System

to coding and debugaing of drivers.

Allows complete verification of hardware and software
interfaces.

Successful operation butlds confidence in complets simulator

system,
Contributes to simulator acceptancea.

May be a conplex, laborious process to set wp simulator for
check-case execution,

Requires realtime operatfon of dedicated system,

Difficult te know correct answers for all variables exerclsed
by each check case.

Very difficult to fault-isolate following check-case failured.
Fei individual simulation modules will ba thorowghly exercised.

BifficulC to obtain repeatable results from man in-loap
operation.

9ot explicitly in the scope of this study.
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5.3 CHECK CASE FORMULATION

This section deals with the problem of providing a thorough validation
exercise of a simulation in an efficient manner. Thoroughness is essential
to provide high confidence that the simulation will function properly over
its entire range of operation, and for long periods of time, Efficiency is
essential becuause the simulation is large and compiex, and validation will
require large expenditures of computer and personnel resources.,

The topics covered in this section are check case design principles,
application of these principles to initial validation of modules and integrated
simulations, and application to revalidation of modules and integrated simu-
Tations., Interestingly encugh, the same principles Tead to diametrically
opposite approaches for initial validation vs, revalidation.

5.3.1 Check Case Design Principles

Criteria for selection/construction of a set of check cases include thor-
oughness, efficiency, and order of execution; impiementation methods include
manual selection, complete and incomplete Tactorial designs, orthogonal designs,
and random {l%onte Carlo) variation of parameters.

5.3.1.1 Thoroughness

It is convenient to visualize the uperatiéna1 range of a particular simu-
lation as a "parameter space" -- the range of values which its input parameters
(incTluding time) are allowed to assume. The process of validation exercise then
consists of supplying check case inputs which "sweep out" the parameter space
over a broad enough range and at a cliose engugh spacing that we become confident
that the simulation will perform properly when given anv input lyving in that
space. Discrete and continuous regions of the parameter space must be considered
separately.

Discrete regions of parameter space arise when a simulation has internal
logical breaks which result in different modes of operation for different values
of its input parameters. These internal logical breaks may be activated either
by input of discrete variables (failure flags, switch settings, etc.), or by
input of continuous variables whose values cross over certain breakpoints in the
Togic (e. g., altitude ranges in an atrosphere routine, wach-number ranqes in
aerodynamic tables).

5.3-1
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The range of variation of continuous input parameters should reflect the
spectrum of missions for which the simulator will be used, including nominal,
off-nominal, failure and abort cases. Within the simulation module, variation
of the values of its continuous input parameters may result in variations in
amplitude, frequency, linearity, or other attributes of its response in a
smoothly~varying manner, rather than by discrete switching between modes of
response.
5.3.1.2 Efficiency ° =

Efficiency in this context refers to minimizing to the expenditure of com-
puter and personnel resources needed to attain a certain level of confidence
in the fidelity of the simulation over its entire operational range. Efficiency
can be gained in two ways:

o By minimizing the total number of check cases needed to attain a given

level of confidence, and

o By minimizing the resources needed to generate, execute, and interpret

each individual check ¢-se.
The second approach is discussed in other sections of this report.

I useful viewpcint for attacking the minimization of the number of check
cases is the economic concept of "marginal utility". The marginal utility of a
check case is the increase in confidence derived if it executes successfully,
or the diagnostic information derived if it fails. To maximize the marginal
utility of each check case, it is necessary to minimize inter-case redundancy.
That is, each additional check case must be made sufficiently different (in a
meaningful way) from previously-executed check cases that it provides new infor-
mation about the module performance, rather than just reconfirming what has already
been demonstrated,

Although in practical cases it is difficult to quantify the marginal
utility of a check case {or even to quantify the current Tevel of confidence in
the simulation), even an intuitive understanding of the concept will help to
prevent over-validation in some regimes of operation at the expense of under-
validation in nther reqimes of equal importance. In conducting parametric
studies rest:iting in performance curves, for example (see Sect. 4,9.2.2), tie

5.3-2
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input points should be spaced just closely enough to define the shape of the
curve, as predicted from preliminary analysis or test data -- not necessarily
closely enough to draw a smooth curve starting from scratch,

5.3.1.3 Order of Execution

Obviously, the marginal value of a particular check case depends not only
upon the properties of that check case itself, but also upon the check cases
vhich have previously been executed., To define an "optimum" ordering of
check cases, it is helpful to consider what will be known, and what decision
will result, if each check case passes, or if it fails. The cost of that
decision or star2 of knowledge is then the cumulative cost of all check cases
which have been executed up to that point. This viewnoint has different impli-
cations for initial validation and revalidation.

5.3.1.4 Basic Check Case Selection/Construction Methods

Four basic methods of constructing sampling points in a parameter space
are the complete factorial, incomplete factorial, orthogonal, and random methods.
These four methods are showm for two-dimensional space in Fig. 5.3-1; however,
it is important to realize that the parameter spaces in simulation validation
will be many-dimensional.

In a complete-factorial parameter-variation scheme, every possible combination
of parameter values {for a fixed spacing in each dimension) occurs exactly once,
Thus, the checkpoints define a more or less closely-spaced grid spanning the
~ parameter space. As the number of dimensions increases, the number of checkpoints
increases explosively. For example (see Sect, 5.1.1), running all combinations
of Tow, nominal and high values for six continucus parameters, and all combinations
of on/foff values for eight discretes will require 186,624 checkpoints. In an
incomplete-factorial scheme, the checkpoints still 1ie on a grid, but some of the
grid points are void. Although every individual parameter takes on every possible
value (for the given grid spacing) at least once, many possible combinations of
values do not occur.

5.3-3
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(a) Complete Factorial (b) Incomplete factorial
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(c} Orthogonal lines (d) Random

FIGURE 5.3-1 TWO-DIMEIISIONAL ILLUSTRATIOHS OF FOUR
METHODS OF CHECKPOINT GENERATION

(RECTANGLE REPRESENTS PARAMETER SPACE, S.)
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The orthogonal-line method is a further extension of the incomplete factorial
concept. Here all checkpoints 1ie on perpendicular lines, extending out to the
boundaries of the parameter space. The orthogonality of the Tines tends to

achieve the goal of maximizing the difference between checkpoints, and the
Timitation to these lines sharply reduces the total number of check cases, as
compared to factorial schemes. If the lines are skewed relative to the coordi-
nate axes of the parameter space, the basic benefit of the factorial schemes --

the use of combinations of parameter variations -- is retained.

Random or Monte Carlo variation of input parameters is inefficient for
parameter spaces of few dimensions, but research in optimization methods has shown
that the relative efficiency of Monte Carlo methods improves as the dimensionality
of the problem increases (Ref. 117). Historically, Monte Carlo methods have
been of greatest value in attacking complex problems which proved impractical
to solve by more systematic methods (Ref. 118). The checkpoints may be generated
by-a uniform distribution (i. e., with equal probability of falling anywhers in
the parameter spacej, or may be‘distributed more densely either in the nominal
operating regime or near the extremes, whichever is desired.

A1l of the above-described methods are suitable for implementation in auto-
matic checkpoint-generation routines., Check cases may also be generated manuaily,
either using one of these basic methods, or based upon the analyst's jntuitive
understanding of the system and its simuiation requirements, and a "feel" for
what choices of input parameter values will provide the most information about
the simulation fidelity.

5.3.2 Check Cases for Initial Validation

Check case ordering is an important aspect of initial-validation strategy,
both for modules and integrated simulations. The ordering of check cases for
initial validation should result in a more-or-less gradual process of expanding
the envelope {by analogy to hardware testing and vehicle flight testing). This is

based upon a pessimistic initial assumption {since nothing has vet been proven

about the module's capability) that, for some or all of its required operational

range, the simulation will fail to perform satisfactorily. \hen it does fail,

it must be fixed, and some or all of the previously-executed check cases repcated,

Therefore, ve would 1ike to minimize the resources expended up to the point of
5.3-5
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failure. Figure 5,3-2 depicts, in general terms, the relationship between objec-
tive confidence level and the number of check cases executed, for initial simula-
tion validation,

5.3.2.17 Initial Validation of Individual Modules

The first check case(s) presented to an individual module should verify
some minimal operational capahility -- the simplest logical flow, most Tinear
ragime, etc. {{Again by analoay to hardware testing, this is sometimes called a
"smoke test" (Ref. 119); "plug it in and see if it smokes.”) Successive cases
become fincreasingly more rigorous, until the complete envelope has been attained.

The output data density also varies during the course of module validation.
Most or all of the performance parameters would be output in the early stages,
gradually sca’ing down to just the critical performance parameters as validation
progresses successfilly. Failed check cases would probably be rerun wich more
complete output for diagnostic purposes.

5.3.2.2 Initial VYalidation of Integrated Simulations

At all stages of simulation integration {see Sects. 4.8, 5.2), the operational
modes of the individual modules, as well as the types and values of inputs trey
receive, are determined basically by the overall mission phase and vehicle opera-
tional mode. Therefore, integrated-simulation check cases should be mission-
oriented sequences.

The process of envelope expansion in this context will consist of execution
of longer, more complete, and more rigorous mission segments, Starting with a
“mini-phase" or mission-phase segment, well within the nominal operational regime,
the duration would be extended out to include a compliete mission phase, at the same
time that the forcing parameters -- trajectory parameters, failures, etc, -- are
made more exireme. When operational capability has been verified for mission
phases individually, the capability to progress from one phase to another, and
from nominal operation fo abort modes, should then be verified.

5.3-6
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Most integrated-simulation validation will be based upon output of critical
parameters only., For diagnostic purposes in the event of check-case failure,
complete performance parameter output from suspect areas may be obtained. However,
complete output of all performance parameters of the simulation may not be possible
within realtime constraints {see Sect. 5.4). In any event, a powerful data-handling
system will be required to make effective use of so much data.

5.3.3. Check €ases for Revalidation

By contrast to the initial validation problem, vevalidation strategy shouid
be based upon the optimistic assumption {due to prior successful experience with
the simulation before it was wodified) that it will perform satisfactorily over
its required operational range; Therefore, revalidation is treated as a process
of envelope contraction, The process is started by executing a small set of
check cases (ideally, a single check case) which, if successful, will verify
both the nomimal and extreme operational capability.

IT the initial test results in one or more failures, progressively less
rigorous exercises are performed, untii the root of the failure is uncovered.
Figure 5.3-3 depicts the relationship beiween objective confidence level and the
number of check cases executed, for simulation revalidation,

The data density is low for the initial test (critical performance para-
meters only), and increased only for diagnostic purposes in the event of failure,
Check case "failure," of course, may be due to improper implementation of the
simulation modification, or may simply mean that the old check case (retained
in the data base) has bean invalidated by the modification.

5.3.3.17 Module Revalidation Check Cases

The initial check case for revalidation of a simulation module should be a
fairly long time-sequence of discrete and continuous inputs which forces the
module to select all of its operational modes, perform in its nominal operational
regime, and operate out to its specification limits,

5,3-8
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5.3.3.2 Integrated Simulation Revalidation Check Cases

Depending upon the magnitudc and type of wmodification made, revaiidation check
cases for the integrated simutation may be either complete mission phases or a
short but complete end-to-end mission (either a once-around mission or a return-
to-launch-site abort). Table 5.3-1 suggests the scope of potential mission/mission
phase check cases for revalidation.

Each such check case should provide a rigorous exercise of the all-up sysiem,
in terms of trajectory parameters, maneuvers, visual and motion-base exercise and
synchronization, etc. Manual inputs, such as stick motions and switch settings,
should be provided by a "canned man" (a pre-recorded data file) for check case
repeatabiiity. For rapid and accurate evaluation, the maneuver sequences should
result in easily-recognizable decision points -- gut-the-window views, insertion,
touchdown, stopping point on runway, etc. ’

As with all integrated-simulation Operafions, validation outputs should be
1imited to the critical performance parameters.

5,3=8
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SUMMARY OF MISSION/MISSION PHASE CHECK CASES.

DESCRIPTION

TYPICAL PERFORMANCE PARAMETERS

o TOTAL SPACE IMSSION WHICH INCLUDES ASCENT, GNE ORBIT
REVOLUTION, ENTRY, TREN AND AUTOLAND

« FLIGHT i}l THE ATROSPHERE PCWERED BY BOOSTER SOLIR ROCKET
MOTORS AND ORBITER RAIN PROPLLSION TO ORBIT MHSERTION,

o CIRCULAR OR ELLIPTICAL EARTH ORBIT WHICH CAH INCLUDE ALY
ONE, ALL OR NORE OF THE OR-ORBIT ANEUVERS

- PHASE WHICH BEGINS WITH FIRST CATCH-UP MANEUVER AFTER
IHSERTION AND CONTINUES THROUGH BRAKING ARD DOCKING

~ INSPECTION DR WAIT PERIOD [R THE VICINITY OF THE
TARGET VEHICLE

~ DEPLOYHENT AND RETRIEVAL PROCEDURES FOR OR-ORBIT
PAYLDADS

o PORTION OF THE ORBITER FLIGHT WHICH INCLUDES THE DECRDIT
MAREUVER THROUGH TIIE START OF THE SUBSONIC FLIGHT
REGION.

o THAT PUASE OF THE ORDITER'S REENTRY TRAJECTORY WHICH
STARTS WITH THE SUBSORIC FLIGHT REGLON AHD CONTIRUES
TO FINAL APPROACH.

o [MSSION PHASE BEGIHMNG WITH THE FINAL APPRDACH AND
CONTINUING THROUGH LANDING, ROLLOUT AND BRAKING.

o TOTAL AEROFLIGHT BNSSION WHICH INCLUDES TAKEDFF,
CRUISE, APPROACH, MARUAL LANDING, RGLLOUT AND DRAKING.

o ATTITUDES AND RATES, ALTITUDE, IACH HO,, RANGE, RARGE RATE,
AMGLE-QOF-ATTACK,

a ATTITUDES AND RATES; ALTITUDE AND ALTITUDE RATE, DOWNRANGE,
SLANT RANGE, VEHICLE VELOGITY.

¢ ATTITUDES AHD RATES; ORBITAL VELOCITY & ALTITUDE, PROPELLANT
USAGE

« TARGET EPHEMERIS, RERDEZYOUS TIRE, RANGE, RANGE RATE AND
ELEVATION AHGLE :

o RANGE, RANGE RATE, LINE-OF-SIGHT RATES

e PAYLOAD ATTITUDE, RANGE, RANGE RATE, PAYLOAD SUBSYSTEM

PARANMETERS

o ANGLE-OF-ATTACK, RANGE, RAMGE RATE, MACH R0., ALTITUDE
DYRAMIC,PRESSURE, AERODYRAMIC HEATING RATES.

o ANGLE-DF-ATTAGK, BARK ARGLE, SPEED BRAKE POSITION, MAEK NO.,
ALTITUDE, HEADING, RANGE.

’

s ALTITUDE, SINK RATE, GLIDE SLOPE ERNOR, LOCALIZER ERFIOR,
PITCH, ROLL, YAY AHD CORRESFOUDING RATES.

o MIGLE-OFATTACK, ALTITUDE, MACH NB., FITCH, ROLL, YAY &
CORRESPONDING RATES, FLIGHT PATH ANGLE.

3

g INSSI0H TNSSION PHASE
g o LAUNCH TO TOUCHDOWN
2

E o ASCENT

g « ON-ORBIT

¢

g - RENDEZVOUS

b

:1 o - STATIONKEEFING
e 9

g = «~ PAYLOAD HANDLING
Q

g » ENTRY

c

]

g o TAER

f)

0

2 « AUTOLAND

b

g « FERRY

1

[

2

b

0

)

£ O
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5.4 REALTIME DATA ACQUISITION AND FORMATTING

This section discusses requirements and techniques for realtime acquisition
of performance parameter data from an operationaT all-up spacecraft simulator.
Although such data may be used for on-line manual monitoring or "quick look"
assessment of simulation performance, the basic purpose of the data is for
validation post-processing.

Reference 120 describes a similar application of realtime data acquisition
on the Shuttle Procedures Simulator, undertaken in support of the Crew Procedure§
Development Techniques Study performed at NASA-JSC,

5.4,1 Data Acquisition Reauirements, Goals and Constraints

The basic purpose of the realtime data acquisition subsystem is to build
a properly-formatted data file of time-tagged data -- flight crew inputs and
simulation performance parameters -- for later processing by validation service
routines. As a secondary function, it may be desirable to provide summary in-
structor/operator station CRT displays for on-line monitoring of the most criticai
aspects of simulation performance, or for "quick look" assessment of simulation
performance immediately after a simulator run.

Since the data may be intended for use in‘initial validation, revalidation,
or problem diagnosis, the data acquisition subsystem must provide capabilitius
for convenient variation of data density, both in terms of the number of para-
meters recorded and the sampling frequency; see Sect. 5.3, The data file must 4
be formatted in a manner consistent with other validation data files (see Sect. i
4,10); that is, in time-tagged “pages" or "frames" of data of standardized arrange- :
ment and format, preceded by a header frame of standardized type, and ending with .
a standard end-of-file flag.

The data acquisition subsystem must be properly synchronized with the real-
time sinulation executive, such that ail data recorded in a particular frame is
actually updated as of the time shown in that frame, It must have access to all
simutation data common-storage areas, and appropriate data buffers and I/0
channels. Most importantly, the data acquisition system must not interfere with
realtime simulator operation, either by pre-empting required main storage or by
preventing the simulation from keeping up with real time. !

5.4=1
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5,4,2 Data Acquisition Subsystem Design and Implementation
Overall control, storage, and input/output relationships for the realtime
data acquisition subsystem are sketched in Fig. 5.4.-1.

5.4.2.1 Data Acquisition Controi Module
The control module performs interfacing and synchronization with the simu-

lation, and controls buffering, manipuiation and transfer of data to the output

file. Prior to the atart of the simulation run, the contr01 module performs the
following 1n1t1a11zat1on functions:

(a) Accepts jnputs defining the desired data density (number of outpul parameters
and” sampT1ng freqiency), and instructions for formatting the individual para-
meter va]ues and mapping them onto the output data frames. This information
is then written onto the data-file header block (see Sect. 4.10).

(b)' Establishes linkages to the simulation common-storage blocks. This would
probably be achieved by use of the same basic common package support soft-
ware used for the simulation (COMGEN or equivalent; see Sect. 5.1.2).

{c) Establishes linkages to the buffer areas and input/output channels provided,
This would normally be controlled by the host computer operating system.

5.4.2.2 Operational Interface Qith Realtime Simulation

Upon receipt of each "transfer enable" discrete from the simulation executive,
the data acquisition control module accesses the desired parameter values from com-
mon storage, and loads them into the buffer area. It may also be necessary to
pick up certain hardware-related variables (e. g., switch settings, visual and
motion-system parameters) from simulator I/0 channels. Depending upon the update
cycle of the simulation software, multiple transfers may be necessary to acquire
all of the data required for a particular frame.

To prevent data acquisition from interfering with simulator realtime operation,
it may be necessary to restrict the size of the data acquisition software and iis
associated buffers to conserve main storage, and/or to restrict the data-density
to conserve execution time, During execution, the priority of the data acquisition
function must be set low enough that data-acquisition operations can be deferred
or interrunt~d in the event that the simulation threatens to lose swnchronization
with real time. This would lead to “dropouts" on the data file, and some com-
promise of its usefulness for validation. Such occurrences should be flagged by
the control module, 5.4-2
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5.4.2.3 Data Buffering ,

A buffer area in main storage must be provided to hold newly-acquired data
while it is manipulated for formatting and output. This buffer area must be
large enough to hold z complete frame at one time, since output will be in terms
of complete frames,

5.4.z,4 ©ata Manipulation
Using the instructions loaded at injtialization time, the data acquisition
software will take dafa from the buffer area, format it For output or display,
and transfer it out on the appropriate output channel. In its primary opera-
tional mode, generation of a data file for validation post-processing, the
formatting operations will consist of: -
o formatting of individual data items (scaling, fixed-point and floating-
point formatting, packing, etc.}, and
o frame generation (ordering outputs for the current frame, multiplexing,
etc.)

If secondary capabilities for realtime display are implemented, the selected
parameters from the buffer area will also be put out onio tabular CRT displays
at selected update rates (consistent with human reading-speed Timitations),
Display updates could be performed at fixed intervals, on the basis of the amount
of change in the parameters of -interest, or upon the occurrence of certain
discrete events., Realtime graphical displays may also be provided, if sufficient
computational time is available. Quick-look graphical displays could easily be
. generated when the simulator is in "hold" mode,

5.4~4
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5.5 COMPARISON METHODS AND CRITERIA

When the reference data and simulation data for a particular check case or
set of check cases are both available in machine-readable, compatible form, the
comparison and evaluation may be implemented in either of two ways:

(a) Use the validation support software to display the reference and
simulation data in a form designed to enhance the ease and reliability
of manual comparison and evaluation.

(b) Perform automatic comparison and evaluation within the validation support
software.

Automated comparfﬁon/evaiuation is desirable on groﬁnds of accuracy, internal
consistency, speed, and of course, cost. To be useful, however, it is essential
that automated comparison/evaluation methods give results which are consistent
with the subjective judgement of experienced simulation engineers.

Whether the comparison is performed manually or automatically, the level of
fidelity which is considered acceptable will vary for different modules, and for
different operational fanges and modes of a single module. For all meduiles, the
criteria for acceptability will become more demanding as a function of time, as
the vehicle, subsystems and environment become bettier defined, and higher-
confidence reference data become; available.

Mhenever the fidelity of a particular module is judged to be unacceptable,
the normal response of the simulation staff would be to attempt to obtain acceptable
fidelity by tinkering with the "characteristic parameters" (gains, time constants,
and other coefficients) of the simulation module, before attempting a basic

. redesign of the module. Although such techniques are not strictly within the

scope of this study, they are briefly discussed both for manual and automated
comparison methods.

5.5.1 Display Methods for Manual Comparison

The validation support software must provide a variety of tabulation,
plotting and processing capabilit.es to present the reference and simulation data
in formats enabling efficient manual comparison and evaluation.

5.5-1
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B.5.1.1 Tabular Displays
Tabular displays, although ineffective for time-history data, are useful far
highly accurate single-point comparisons of reference and simulation data; for
example:
¢ The times at which certain discrete events occurred.
@ Vehicle state variables at the end of a particular mission phase or
maneuver seguence -- ascent, rendezvous, etc,
® Summary or end-point variables, such as consumables.
Fixed-time comparison of matching variables from_replicated modules,
such as IMU gimbal angles or bus voltages.

5.5.1.2 Raw-Data Plots

The most useful presentation for manual comparison/evaiuazion will be time-
history over plots of reference and simulatien data on the same axes, as shown
in Figure 5.5-1.. This plot is scaled to give maximum resolution for the available
picture area, which results in uneven scale parameter:z. If ease of interpolation
or intercomparison of various plots in a set of data were desired, it would be
necessary to use preassigned scale factors. The support sofiware must therefore
offer a variety of formatting and scaling capabilities, including Togarithmic
scaling for parameters of broad dynamic range (e.g., atmospheric density).

Interpretation of time-history plots to modify module parameters for a better
match will require consideratidn of individual attributes of the response, such as
initial mismatch, oscillation frequency, damping, phase error, and steady-state
error. The subjective "weighting" assigned to the various atiributes of the
simulation response will depend upon the context. For example, if the parameter
is to be integrated, steady-state error might be most important; but in a motion-
base or visual system, the initial response would be most important as a source
of cues to the pilot.

Depending upon the familiarity and compiexity of the system, it may be
fairly obvious which parameters should be changed to improve each attribute of the
response, or considerable experimentation may be required. This type of experi-
mentation is best done on via on-line graphic-display terminals (which were used
with considerable success in the DC-10 performance monitor development program).

5.5=2
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8 Therefore, the validation support system should include this sofiware and hard-
© L5  ware capability. ' :
r

- 5.5.1.3 Difference and Error Plots

g Numerical differencing (differentiation) can be used as a check on smoothness
: of a module's input/output response, in those cases where a module has discrete
switching between modes of operation, or uses a piecewise fit to cover its overall
dynamic range (e.g., atmosphere and aerodynamic routines). Figure 5.5-2 . shouws
the appearance of jvregularities at boundaries of the piecewise fit used in an "
atmosphere routine, as amplified by the use of numerical differencing.

: It is also sometimes convenient to generate a plot of the error between the
%r simulated and reference deta, appropriately rescaled. Fixed or percentage tolerance
i: . bands can be simultaneously plotted on the same axes to aid evaiuation.

Figure 5.5~3 shows an example error plot for an atmosphere routine.

As with the vraw-data plots, linear, logarithmic and other forms of scaling
= may be used, as appropriate to the range and type of parameter variation.

%r 5.5.1.4 Parameter-Plane Plots -

: The "parameter plane™ or “calibaration curve" format may be used to advantage

E:‘ " for certain static cteck cases resuiting from a parametric study. In this format,

] i1lustrated in Figure 5.5-4 , the reference value and simulation value for each

;: checkpoint are used as the plotting coordinates. Thus, a perfect match between

{: reference and simulation data, over the range of interest, will put all plotted

f points on a diagonal line of unit slope (shown dashed in the figure). Bias, scale

- factor, and other forms of error will result in departures from this ideal Tine.

;- Fixed or percentage tolerance bands can also be placed on the parameter-plane plot,
as shown.

A special form of parameter-plane plot, which is useful for summarizing large
quantities of essentially static data, is the contour plot, in which contours
of simulation error value (or percentage) are plotted against two of the input
parameters of interest, over a range of variation. Use of the contour plot,
= where appropriate, can focus attention upon the regions of greatest inaccuracy of
a simulation module. A hypothetical example is shown in Figure 5.5-5 |

5.5-4
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simylated data

reference data

" {a) Fixed Tolerance Band.

simulated data

reference data

(b} Percentage Tolerance Band.

o FIGURE 5.5-4 . PARAMETER-PLANE PLOTTING FORMAT
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5.5.2 Automated Comparisan Techniques
oo Computers are, of courée, incapable of making subjective judgements about the
= "goodness" of the match between reference and simulation data. An automated
i comparison/evaluation program will perform some processing (which way range from
g: elementary to quite complex) of the reference and simulation data, resulting in one
? or more numbers which quantify the degree of wismatch. The mismatch value(s) are
% then compared against criterion values provided by the validator, and the

ét simulation is thus classified as acceptable or. unacceptable.

" The experience aﬁd judgement of the validator are, of course, embodied in the
?’ selection of the criterion values used to separate acceptable from unacceptable

3 performance. As stated above, the acceptance criteria will vary for different

;ﬁ modules, for different operational modes and regimes, and as a function of time.

gf Variation of simulation module characteristic parameters to improve the

;: match can easily be automated, since all quantities involved in the process are
?: available to the computer in numerical form. The match between simulation and

et reference data can be “oﬁtimized" (relative to the comparison technique in use)
= either by systematic or random perturbation of the module characteristic para-

= meters. Descriptions of optimization algorithms (stepwise variation, gradient

g search, Monte Carlo, etc.) are widely available in the literature.

;- 5.5.2.1 Tolerance Bands

f A very simple routine can be used to find the maximum error between the

= reference and simulation data,

Epax = Max { [r(t)=s(t)|: 05 <7}

T and compare this to a preassigned tolerance. In some cases -- where the data
covers a wide dynamic range, but does not pass through zero -~ it will be
appropriate to use the maximum percentage error, rather than the maximum absolute
arror.

?’ Where smoothness at certain representational boundaries is an important
‘ criterion of simulation quality, tolerances may be applied to the first and/or
second differences (derivatives) of the simulation data.

5.5-9
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5.5.2.2 Integral Criteria
A variety of simple integral transformations may be used to convert the
mismatch between reference and simulation itime-history data into a single number
for evaluation purposes. Several of these transformations are 1isted below:

Integral of error:

T
1E ={[r(t)-s(t)]dt

Integral of absolute error:

:
. 1 = [rlt)-s(t)at X

Time-weighted integral of absolute error:

LA
1AET =/ |r(t)-s(t)| tdt

Integral of sguared error: T
_ 2
ISE = [ [r(t)-s(t) 1%t

Time-weighted integral of squared error:

o T
ISET =,/c:[r(t)-s(t)]2tdt

The IE criterion appears at the outset to be too simple to be workable,
since errors of opposite sign will cancel, giving an unrealistically small mismatch
value. The squared-error criteria, ISE and ISET, as compared to IAE and IAET,
assign increasingly higher weight to Targe deviations, which seems a reasonable
thing to do. Even higher powers can be used, such as I4E, I6E. The time-weighted
criteria, IAET and ISET, give higher weight to persistent errors than transient
errors, and higher weight to bias errors than to osciliating errors. Further
properties of various integral criteria are discussed in Ref. 121.

5.5.2.3 Feature Extraction

A potential problem in the use of the simple criteria described above is that the
individual attributes of the response -- frequency, damping, phase, etc. -- cannot
be individually identified in the result. It then appears desirable to devise
algorithms for processing time-history data to extract these individual attributes
of the response. 1If desired, a single numerical criterion could then be devised
by forming a weighted sum of the errors in the individual attributes; the weighting
could be varied with the simulation context, as previously indicated.

505"'10
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Limited experience to date indicates that feature extraction‘is'lfkeﬁy'to'be
difficult for complex systems. Further work in this area should be undertaken.

5.5.3 Agreement Between Manual and Automated Comparisons

A simple experiment was conducted to shed some light on how well the results
of automated comparison might be expected to agree with subjective judgements of
simulation fidelity.

*

5.5.3.1 Experiment Description

The simple linear system shown in Figure 5.5-6 waé‘forced with a unit step
input. With a selected set of parameters and zero initial conditions, the
"reference" time-history shown in Figure 5.5-7 was obtained. "Simulation" time-
history data was generated by using the same linear system, with random ervors in
parameters and/or initial conditions. Ten simulation cases were generated in
this manner. For each case, a time-history plot was generated for subjective
evaluation, while the fidelity was also evaluated by a number of objective
criteria. The resulting plots are shown in Figure 5.5~8 .

Copies of the ten time-history plots were made with uniform scaling, and
distributed to ten experimental subjects. A1l subjects were engineers at our
Houston Operations facility. The subjects were classified by their experience
in simulation: those in the "high" experience group had from one to fourteen

years' experience (mean of 6.0 years); those in the "low" experience group had from

zero to one year experience (mean of 0.4 years).

Each subject was instructed to rank the ten cases as to how well the
simulation data matched the reference data; the actual instruction sheet is
reproducted in Figure 5.5-9 . The subjects weve not told what criteria to use
in this evaluation, nor informed as to the context of the simulation from which
the data were taken. Conversations with subjects following the experiment

indicated that the weight given to various response attributes -- initial response,

final error, oscillation amplitude and damping, etc. -- varied widely among
subjects; however, several subjects in the high experience group indicated that
they gave highest weighting to initial response characteristics, perhaps due to
familiarity with the role of visual/motion cues in simulators.

505"’11
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This experiment will take you only a few minutes.

The attached plots represent ten attempts to match a given
"raference” data time-history with a simulation program. On each
plot, the reference and simulation time-history data are plotted on
the same axes, Your task is to evaluate {rank) how well the ten
simulation trails succeeded in matching the reference data.

Spread out the time;history plots so that you can easily see and
compare all of them. The plot which, in your judgement, shows the
best match between the two curves should be ranked 1; the next
besi ranked 2; and so forth Qan to the worsi match, which should
be ranked 10, | .

Take your time; look them over. When you are sure of your ranking,
mark each plot with its assigned ranking in the top right corner;
circle it. Then staple the entire set fogether and return to

P. B, Schoonmaker, E917, Beta.

To maintain standard experimental conditions, please do not discuss
the experiment with anyone until it is completed.

Thank you for your cooparation.

FIGURE 5.5-9 . INSTRUCTION SHEET DISTRIBUTED TO SUBJECTS IN EXPERIMENT.
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5.5.3.2 Subjective Comparison of Time-History Data

Table 5.5-1 summarizes the subjective ranking data for all ten subjects.

As would be expected, the greatest unanimity is shown for the best and worst
matches, with considerable scatter for the intermediate cases. Scatter would
probably be Tower in a real application, where the context of the data was known,
and hence the relative importance of various response attributes would be better
understood.

Table 5.9-2 compares the subjective rankings accorded by subjects in the
high and low experience groups. The low-experience data seems to show slightly
greater scatier, and some significant individual differences in ranking. As an
objective measure of the comparability between the two groups, we use the “rank
correlation" given by

624,
r=l-———
N (N°-T) _
where di = the difference between the two groups' mean ranks for the i case
N = the number of cases (10)

For these data, r = 0.962, which is quite high (r is always between plus and
minus one). Overall, then, the differences between the two groups are not
important for these data. Differences with respect to individual criteria will
be evident in the following discussion.

5.5.3.3 Comparative Ranking for Simple Criteria

Table 5¢5-3 shows the numerical values and resulting ranking for each of
the simple objective comparison criteria: maximum error, and the five integral
transformations previously listed. ihe ten-subject mean subjective ranking (MSR)
is also shown for convenient comparison. The IE criterion must be converted to
absolute value (AIE) to make any sense at all; and as expected, it shows some
wide departures from the results for the other criteria. Note that IAE and ISE
gave the same objective ranking for these data.

Table 5.5~4. summarizes the comparison of subjective and objective ranking
for the simple mismatch criteria and the mean objective rank {MOR), using the rank
correlation algorithm previously shown. Correlation values are shown for all
subjects, and separately for the high and low experience groups. As expected,

5.5-25
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TABLE 5.5-T . SUBJECTIVE RANKING OF EXPERIMENT DATA

e i e

RANKING BY INDIVIDUAL SUBJECTS RANK SPREAD
CASE “"High" Experience gy Experience High Mean Low
1 2 3 4 5 6 7 8 9 10
1 g 9 10 9 9 0 9 ¢ 10 10 9 9.4 10
{ 2 2 2 2, 2 2 2 2 2 1 2 1T 1.9 2
E 3 5 7 8 6 & 5 6 7 5 _8 5 6.3 8
4 8 5 5 8 7 8 4 4 2 5 2 5.6 8
5 7 6 7 7 8 7 8 8 6 7 6 7.1 8
6 4 3 3 3 3 4 3 3 4 3 3 3.3 4
7 1 1 1 1 1 ] 1 1 3 1 1 1.2 3
L 8 6 4 4 4 5 6 7 5 7 4 4 5.2 7
9 10 10 9 10 10 g 1 10 9 9 8 9.6 10
10 3 8 6. 5 4 3 5 6 8 6 3 5.4 8
%
) .
: TABLE 5.5-2 . SUBJECTIVE RANKING FOR DIFFERENT EXPERIENCE GROUPS
RANK SPREAD
I CASE "High" Experience "Low" Experience
é High Mearn Laovw High Mean Low
1 9 9.2 10 9 9.6 10
2 2 2.0 2 1 1.8 2
3 5 6.4 8 5 6.2 8
4 5 6.6 8 2 4.6 8
5 6 7.0 8 6 7.2 8
6 3 3.2 4 3 3.4 4
: 7 1 1.0 1 1 1.4 3
i 8 & 4.6 6 4 5.8 7
9 9 9.8 10 9 9.4 10
i
; . 10 3 5.2 8 3 5.6 8
REPRODUCIBILITY OF THE
- 5,5-26 ORIGINAL PAGE IS POOR
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TABLE 5,5-3. OBJECTIVE RANK' 3 FOR SIMPLE CRITERIA

MISMATCH VALUE/RANK RANK SPREAD
- CASE | MSR
- Emax ATE TAE IAET 1SE ISET High Mean Low
1 lo.a ] 0.879 o0.422 2.948 11.203 1.411 4.286
g 4 9 9 9 9 4 8.17 9
2 |1.9 .153 .618 .618 1.789  .065  .147
2 6 2 3 2 2 2 2.83 6
3 /6.3 .753  *1.781 1.792 5.931  .620 1.961
8 9 3 7 8 7 7 7.83 9
4 |5.6 .510 406 . .883 1.903  .233  .293
6 3 5 4 5 4 3 4.50 6
5 7.1 472 1.623  1.628 6.282  .432  1.328
. . 5 7 6 8 6 8 5 6.67 8
6 |3.3 .231 .206 .657 1.782  .094  .178
4 1 3 2 3 3 1 2.67 4
7 |1.2 .138 270 .287  .610  .823  .029
] 1 2 1 1 1 1 1 1.17 2
h 8 |5.2 .187 579  .851 4.116  .099  .478
3 5 4. 5 4 5 3 4.33 5
9 9.6 | 1.089 3.732 3.732 12.28% 2.162 5.104
10 10 10 10 10 10 10 10.00 10
10 {5.4 730 1.748 1.748 4.622 571  .823
7 8 7 6 7 6 6 6.83 8
5.5""27
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the AIE criterion shows the pobrest results, and should therefore not be used as
an evaluation method.

One apparent difference between the high and low experience groups is evident
in their correlations with the time-weighted criteria, IAET and ISET. The Tow
experience group apparently gave higher weight to persistent errors, as shown by
the fact that the correlation with IAET was higher than with IAE, and their
correlation with ISET was higher than with ISE. This carried through to the all-
subjects correlations; but results were mixed for the high experience group.

Overall, the maximum-error criterion seems less useful than any of the
integral criteria, and the squared-error criteria seem better than the absolute-
error criteria, On the basis of these limited data, then, we would make the
following recommendations for simple mismatch criteria:

(a) Use ISE for cases where initial dynamic response is important,

such as visual, motibn, and instrument-readout inputs.

{b) Use ISET for cases where persistent errors are undesirable, particularly

variables which 1ie upstream of integrators in the system.

5.5.3.4 Comparative Ranking for Feature Extraction

The features which were considered potentially important in subjective
evaluation of mismatch were initial position, initial slope, and Tinal vaiuve of
the total response curve, and the frequency, démping, amplitude and phase of the
oscillatory component. Even for the simple dynamical system used for this
experiment, the oscillation frequency amplitude and phase proved surprisingly
difficult to extract. This would seem to indicate that they may be particularly
difficult to extract for complex dynamical systems. Therefore, the value of the
first peak was used as a rough indicator of the oscillation amplitude, and the
time of the first peak as a rough indicator of the initial phase of the
oscillatory component of the response.

Table 5.5~5 summarizes the corvelation of errors in these response features
or attributes with the subjective ranking of the experiment time-history data.
AlT rank correlation values are vrather Tow, indicating that no individual
attribute is dominant in the subjective evaluation of fidelity, at Teast for
these data.

5‘ 5"28
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5-4 . SUBJECTIVE/OBJECTIVE EVALUATION COMPARABILITY FOR
SIMPLE MISMATCH CRITERIA

SURJECT RANK CORRELATION VS. CRITERION
GROUP E.  AE 1AE IAET  ISE ISET | MOR
High experience | 0.919  0.536  0.940  0.931 0.940  0.945 | 0.931
A11 subjects ‘905  .558  .946  .950  .946 .97 943
Low experience .872 .562 .933 .959  .933 .979 .935

GROUP

TABLE 5.5-5 . SUBJECTIVE/CBJECTIVE EVALUATION COMPARABILITY
l , FOR FEATURE-EXTRACTION DATA
RANK CORRELATION VS. ATTRIBUTE
SUBJECT

Initial Initial
Value Slope

Final -
Value Frequency Damping Peak Time

First First-peak

High experience| 0.45] 0.594 0.422 0.749 0.586 0.596 0.400

A1l subjects .528 547 .524 .750 .617 .644 377

Low experience . b8t .482 .608 .732 .630 .673 .336
5.5-29
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. For feature extraction to be useful in automatic comparison and evaluation
./  of simulation data, further development will beé required in two areas:

(a)
(b)
[
3

Development of efficient, reliable algorithms for extraction of
individual response attributes from time-history data.

Formulation of a composite performance index -- i.e., a we1ghted
sum of the errors in various response attributes -- which paraliels
the subjective weighting of experienced simulation engineers.

L 4 . C . A
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SECTION 6
CONCLUSTIONS AND RECOMMENDATIONS

Conclusions and recommendations compiled from all sections of this report
are Tisted below. The number(s} in parentheses after each item indicate the
section(s) in which supporting rationale may be found. The conclusions and
recommendations are listed in the order of the section in which first mentioned;
no ranking of importapce is implied,

)

1. Simulation validation should be performed by a staff which is organizationally
independent of the staff responsible for simulation development (3.0).

2, Simulation validation must be performed at the isolated module level, at
intermediate stages of integfation, and in the final all-up man-in-Toop
configuration (3.0, 5.2).

3. Attention should be concenirated upon the "critical” performance parameters
of each simulation module in performing simulation validation (4.0, 4,1,
5.3.2). '

4, Each of the four types of reference data source ~- closed-form solutions,
independent math models, existing analysis/simulation programs, and test
data -- has particular advantages and disadvantages for simulation vali-
dation. {(4.2).

b. Most simulation modules will require both static and dynamic check cases
for thorough validation (4.2.1, 4.7).

6. Libraries of existing simulation routines offer many candidate reference
modules for validation., However, modifications will be necessary in many
cases (4.2.1.3, 4.7).

7. Driver routines must be developed for module validation exercises: both to
provide the inputs representing interfacing moduies, and to ensure format
compatibility between the reference and simulation data (4.7, 5.1.2, 5.2).

8. The integration/validation sequence for a simulation should be based upon the
natural "clustering® structure of strongly-interacting modules. Efficiency
will be improved by scheduling module development fo be consistent with this
module jntegration/validation sequence (4.8).

9. Early estabiishrment of working interfaces with component and system test
groups will help to ensure timely access to appropriate reference data under
desired test conditions (4.9). o1

WICDORINELL DOGLAS ASTRONAUTICS COMPANY « EAST
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Service routines will be required for printout, plotting, data handling, data
comparison, and validation data base management. An early start on the de-
veloprent of these service routines is required to ensure that they will be
available when needed (4.10, 4.11, 5.1).
For efficient development of the required service routines, "customized”
software should be minimized by the early and uniform application of certain
standards:
a} Data formats and file structures for reference and simulation data
fites {4.10.2; 5.4), ~
b) Data base management system implementation consistent with CODASYL
standards (4.11).
¢) Module/driver interfacing (using COMGEN or an equivalent support
software package) (5.1.2).
Hand entry of non-machine-readable reference data into the computer is not
recommended. Corresponding simulation datea should be ocutput in compatibie
formats for manual comparison and evaluation {4.10.2).
A thorough "make or buy" analysis should be performed before undertaking the
implementation of a data base management system for the validation data base
{a,11),
For ali-up simulation validation, use of a "canned man" (pre-recorded manual
inputs) is preferable to man-in-loop operation (5.2, 5.3).
Efficiency and thorough exercise are the basic criteria for check case
design/selection (5,3).
For initial validation of a simulation, check cases shouid be sequenced on
the basis of steady expansion of the operational envelope; the opposite
approach is recommended for revalidation following modifications {5.3.2,
5.3.3).
The acceptable fidelity for a simulation varies with time, as the system
being simulated becomes better defined, and more accurate reference data
becomes available {5.5).
Automated comparison techniques which correlate well with the subjective
judgement of experienced simulation engineers are presently available,
However, further development of “feature extraction" techniques is
recomrended (5.5.3).

6-2
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