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FOREWORD

This report documents The Aerospace Corporation effort on
Study 2.3, Systems Cost/Performance Analysis, performed under NASA
Contract NASW-2575 during Fiscal Year 1974, The effort was directed
by Mr. B. H. Campbell. Mr. R. D. Kramer, Marshall Space Flight
Center and Mr, R, R. Carley, NASA Headquarters were the NASA Study
Directors for this study., Their efforts in providing technical direction
throughout the duration of the study are greatly appreciated.

This volume is one of three volumes of the final report for

Study 2.3, The three volumes are:

Volume I .l Executive Summary

Volume II Systems Cost/Performance Model
Appendix Data Base

Volume III Programmer's Manual and User's Guide

Volume I summarizes the overall report. It includes the
relationship of thi‘s study to other NASA efforts, significant results, study
limitations, and suggested additional effort. '

Volume If provides a detailed description of the Systems Cost/
Performance Model, It also includes the model checkout and the results
for three payload test cases. The Data Base is provided in the Appendix
to Volume II,

~ Volume III provides a detailed des cription of how the Systems
Cost/Performance Computer Program is organized and operates., ‘The

program listing, detailed flow charts and user restrictions are included.

-y -



PAGE INTENTIONALLY BLANK



ACKNOWLEDGMENTS

The Aerospace Corporation effort on Study 2.3 was supported
-‘b_y Members of the Technical Staff (MTS) in various technical disciplines
within the company. The contributions of the following MTS to the System

Cost/Performance Analysis are gratefully acknowledged:

Auxiliary Propulsion ’ Reliability

R. W. Mascolo - G. H. Fuller
Communications Schedule

E, L. Tarca R. T. Dungan
Computer Program _Stabilization and Contro

R. F. Janz - R. M. Allman

R. E. Rice B. E. Ayotte

D. E. Sakaguch! Structure

J. C. Thacker

E. R. Johnson
Cost
H. G.-Campbell

D, W. Cochran
L. Raphael YEItucle Sizing
. R. T. Blake

Thermal Control
H. H. Yoshikawa

Data Processing
R. H. Arnold

Electrical Power
D. Rufus )
H. T. Sampson

PRECEDING PAGE BLANK; NOR EHAED

-vii-



PAGE JNTENTIONALLY BLANK



CONTENTS

FOREWORD . ... .. .... s s e s e e e s e e e e e e e v
ACKNOWLEDGMENTS . . . . v v v v . . s e e .. . v vii
1. INTRODUCTION . . . . . . .. . it e e it e 1-1
1.1 General, . . . ... ... e e e e e e e e e e e e e 1-1
Objectives . . . . . . . . ¢ v v v v v e e e e e 1-2
Approach . . ... . ... L0, 1-4
1.3.1 Functiomal . . , . . .. . . .. .. ... ... 1-4
1.3,2 Block Diagrams . . . . . . . . . . e e e e 1-6
1.3.3 Design Algorithm . . ., . e e e 1-6
1.3.4 / Hardware Selection . . . . ... .. ... . . 1-6
1.3.5 Input Data . . . . . . . . ... . ... 1.7
1.3.6 Aggregate Equations . . .. . .. .. .. e 1.7
1.3.7 Data Base . . . . ... ... ...... ce ot 1-11
1.3.8 Computer Program Model, . . . . . . . . . ‘. 1-11
1.3.9  Model Checkout . . . . . . v v v v\ .. e . 1-11
2, MODELOVERVIEW . . .. ... .. .cuo.u..... 2-1
2.1 Gemeral . .. ............. P 2-1
L1l Systems Cost/Performance Model . . . . . . 2.1
1.2 Subsystem Interaction. . . . . . . . .. ... 2-1
.1.3 Model Operation. . . . . .. . .. ... ... 2-4
2.2 Subsystem Models . ., . . . .. . .. .. e e e e e 2-6
2.2.1 Subsystem Configurations. . . . . .. . . .. 2-6
2.2 Equipment Desgcription . . . . . . . . . . .. 2-8
. 2.3 Design Algorithms, . ., . . . . ... .. C. 2-8
2.3 Reliability Model. . . . . . . . . . @ e e e e e e 2-14
2.4 CostModel. . . . . . . .. . .. . ... .. .. 2-16

FRECEDING PAGE BLANK NOT FILMED

-TW-



"CONTENTS {Continued)

2.5 Schedule Model . . . . . . .. e e e e e e e e e 2-17
2.6 Comi:uter Program . . . . R 2-18
2. 6.1 Program Techniques . . . . . ., e e e e ¢ 2-18
2.6.2 Program Operation . . . . .. . . .. ... 2-19
STABILIZATION AND CONTROL SUBSYSTEM . . ., .-.. - 3-1
3:1 l General., . . . . . . . v v e v e e e e L 3-1
1.1 Subsystern Functional Description , . . . . . 3-1
1.2 Subsystem Configuré.tions. e e e e e e 3.1
1.3 Configuration Compatibility . . .. ... .. 3-8
1.4 Equipment Typeé e e e e e e e e e e e e 3-8
Input Data . . . . . & v v v v v v e e e e e e e © 3.8
Dual Spin Configuration . . . . . . . . . . . . . .. 3-19
3:1 Functional Description . . . . . . . . . . . . 3-19
3.3.2 Design.Equations . . . B . 3-21
3.3 Design Logic. . . ., . v . « « « v v . et e 3-24
3.4 - Yaw Spin Configuration . . . . . . . .. .. .. .. 3.25.

3/4.1 Functional Description . . . . . . . . .. P 3-25

3.4.2 Design Equations e e e . 3-27

~3.4,3 Design Logic . ... .. e e e e e e e e e 3-33

- 3.5 Three-Axis Mass Expulsion Configuration . . . . . 3-33

5,1 Functional Description . . . . . . . .. R 3-33

5.2  Design Equations . . . . .. ... ...... 3-34

3.5.3 Design Logic . . . . .. .. .. ... Ce e 3-43
3.6 Mass Expulsion Configuration with Control"

. Moment Gyros . . . . . e e e e e e e e e 3-43
3.6.1 Functional Description . . . . . . . . . .o 3-43
3.6.2 Design Equations. .. .. . . . . . . .. .. 3.45
3.6.3 Design Logic.”. . . . . . . . . . . ... .. 3.57

- -



CONTENTS (Continued)

3.7  Mass Expulsion Configuration with Pitch’

. 0

------

-----

-----

.....

-----

ooooo

.....

------

cccccc

¢« s s
-

-----

.....

-----

) - Momentum Wheel . . .. . .. ... ...
3.7.1 Functional Description, . . . . . . .
3.7.2 . Des‘ign Equations
3.7.3 Design Logic . . . . . T
AUXILIARY PROPULSION SUBSYSTEM. . . .

4.1 Gemeral . . o vl
4.1.1 - Subsystem Functional Description
4.1.2 ° Component Functional ,Descrip’tions
4.1.3 Subsystem C‘onfigurations ..... .

4.2- ImputData . . .. . .. ... . ... ...

4.3 Subsystem Design Algorithm . . . . ., . .
4.3.1 | Configuration Compatibility . . . .
4.3.2 Design Equations ., . . ., . . . . ..
4.3.3 Design Logic . . . . .. ... ...
DATA PROCESSING SUBSYSTEM . . . .'. . .

5.1 General . . ... ... .. ae e e e
5.1,1" Subsystem Functional Description

- 5,1,2 Subsystem Configurations. . . . . .
5.1.3 Configuration Compatibility e
5.1.4 Equipment Types . . . . . ... o

5.2 IﬁputData'.......’..’ .....

5.3 Special Purpose Processor Configuration
5.3.1 Functional Description . . . . . . .

3.2 Design Equa.ti.ons e e e e e e e e
5.3.3 Design Logic . . . . . . . .. .. -

5.4 General Purpose Processor Configuration .

5.4.1 Functional Description . . . . . . .

-xi-

-----

3-59

- 3-5¢9
. 3-60

3-66
4-1 -
4.1
4.1

4.1

4-3
4-6
4-8
4-8
4-8
4-15

5-1
5-1
5.1
5.3
5-3
5-5"
5.8
5.8
5-12
5-15
5.17
5-17



6.

CONTENTS {Continued)

5.4,.2 Design Equations . ., , . . . ., .. e e e
5.4.3  Design Logic . . .. .......
COMMUNICATION SUBSYSTEM . . . . . . . . . . ...
6.1 General . . . .. .. .. ... ...
6.1.1 Subsystem Functional Description
6.1.2 Component Functional Descriptions . . . . .
6.1.3 Subsystem Configurations. . . .. .. . . ..
6.2, ImputData . . . . . .. . . . i uuuwuueueo.
6.3 Subsystem Design Algorithm . . . . . . . . . ...
6.3.1 Configuration Selection . . . . . . . . . . ..
6.3.2 Desgign Equations ., . . . . ... . .. ... .
6.3.3 Design Logic . . .. .. .. . .. ... ...
ELECTRICAL POWER SUBSYSTEM. . ... . .. ...
7.1 General . . . ... ... ... ... ..
7.1.1 Subsystem Functional Description . . . . .
7.1.2 Subsystem Configurations. . . . . . ., . ...
7.1.3 Configuration Compatibility . . . . ., . . .
7.1.4 Equipment Types . . . . .. .. . . ... L
2 Input Data . . . . . e e e e e e e e e e e e e e e
Blectrical Power Source Configurations . .
.3.1 Functioﬁal Description. . . . . . . . . .. ..
.3.2 Design Equations . . . . . . .. . ... ...
7.3.3 Design Logic . . . ... ... ... ...,
7.4 Shunt Voltage Regulation Configuration. . . . . . .
T7.4.1 Functional Description . . . . . . . . . . ..
7.4.2 Design Equations . . . . .., ... ...
7.4.3 Design Logic . . . . . .. .. ... .. ...
7.5 Shunt and Discharge Voltage
Regulation Configuration. . . . . . . . . . . .. ..
7.5.1 - Functional ﬁescripﬁon ..... e e e
" 7.5.2 Design Equations . . . . v . v v o o o v . . .

-x11~

5-17
5-18

6-1

6-1
6~1
6-2
6-2
6-4
6-4
6-8
6-8
6-20



CONTENTS (Continued)

Design Logic . . . . . . . . . . .. P

7.5.3

7.6 Series Load Regulation Configuration . . . . .
7.6.1 Functional Description . . . . . . . ... ..
7.6.2 Design Equations . . . . . . . . . .. ...
7.6.3 Design Logic . . « . v v v v v o v o o v o v

THERMAIL CONTROL SUBSYSTEM . . .

8.1 General ., . . . . . . v v v i s i e e e e
8.1.1 Subsystem Functional Description . . . . . .
1.2+ Component Functional Descriptions
Inéput Data . . . . . . . . « ¢ o v o o o ..
Design Equations . . . . . . .. . .. . . ... ..
3.1 Orbits of Synchronous Altitude or Greater . .
3.2 Orbits Less than 926 Kilometers {500 nm) . .
3.3 All Other Orbits . . . . . . . . . . . .. ..
3.4 Battery Thermal 'Control .......

8.4 Design Logic

VEHICLE SIZING. . . . . . v v v v v e v et e e v
9.1 General . .. .. ... ..

9.1,1 Functional Description . . . . . . . .. ...

9.1.2 Vehicle Configurations

9.1.3 Equipment TYpPes . . . . . . v v v v v v o . .
9.2 Input DRt . o o v e e e e e e e e
9.3 Design Equations . . . . . . .. .. ... .. L.

9.3.1 Mission Equipment . S e e

9.3.2 Solar ATTAYS . & v v v v 4o o e 0 e e e e e

9.3.3 Equipment Bay . . . . . . . . . . .

9.3.4 Equipment Bay Structural Weight. . . . . . .

9.3.5 Total Equipment Bay Weight . . . . . . . .

9.3.6 Wiring Harness Weight . . ... . . . . . . ..

9.3.7 Thermal Control Weight . . ., .-. . . . . ..

9.3.8 Spacecraft Gross Weight . . . . .

~xiii-

T2
7-28
7-28
7-29
7-30

8-1
8.1
8-2
8-4
8-5
8-9
8-10
8-12
8-14
8-14

g-.1

9-1
9-1
9-1
9-3
9-3
9-6
9-8
9-9
9-11
9-17.
9-17
9-17
9-18
9-18



CONTENTS (Continued)

9.3.9  Adapter Weight . , . o . 0 v v v v v e e 9-18

9.3.10 Spacecraft Launch.Weight . ., ... ... ... 9-18
9.3.11"  Center-of-Gravity Location . . . . ... .. 9-19
9.3.12 Incremental Moments of Inertia. ., , . . . . . 9-24 ‘
9.3.13 Moments of Inertia . . . , . . .. .. ..., 9-28
9.4 Design Logic. . . . . . ... ... ... 9-29
STRUCTURE |, . . . . o v o o vt et e et et e e e s ‘ 10-1
10,1 General . . . . . o.ouou.. .. e e e e 10-1
10.1.1 Subsystem Description . . . . .. . . . .. .7 10-1
i0.1.2 Subsystem Configurations. . . . . ... ... 10-.3
10.1.3  Configuration Compatibility .. . ... ... 10-5.
10.1.4 Equipment Types . . . . . . . . . « . . ... ) 10-5
10.1.5  Design Criteria . . . . . 2 o v v v v v v . . . 10-6
10,2 DmputData . . . . . .. .. . ... ..., . 10-9
10.3 Semi-Monocoque Cylindrical Structure . . . . . . . 10-10
10.3.1 Structural Ioads . . . ... ... .. ... . 10-10
10.3.2  Design Equations . . . . . . . ..... U 10-12
10.3.3 Design Logic. . . . . . . . . . ... .. .. 10-19
10.4 Semi-Monocoque Box Structure . . . . . . . . . ., 10-20
10.4.1 Structural Ioads . . . . . . ... . ... .. . 10-20
10.4.2 Design Equations . . . . . . . . « « v + + « . 10~20
10.4.3 Design Logic . . . . .. . .. .. ... ... 10-24
10.5 End Covers and Midsection Bulkhead , . . . . . . . 10-25
10.5.1 Structural Ioads . . .. .. ... .. S 10-25
10.5.2 Design Equations . . . . ... .. ... ... 10-25
10.5.3 Design Logic . . . . . . . .« .. v ... 10.28
10.6 Mission Equipment and Solar Array Extensions . , 10.28
10.6.1 Structeral Ioads . . . . . .. ... .. ... 10-28
10.6.2 Design Equations . . . . . . .. . .. .. oo 10-29
10.6.3 Design Logic . . ... ... ... ... ... 10-32

-Xiv-



11,

12.

11,
11.
11,
11,

12,
12.
12.

12.

12,

CONTENTS (Continued)

RELIABILITY ... .. . . .. e e e e e e
1 General . . . . . . . . o v v v v i v .
2 InputData .. ... .... Ve e e e e e e e e e
3 .Functional Description ., + . . & v v v v v v v v . .
4’ . Mathematical Models . . . . .. ... P
11. 4.1 Model!l . . ... .. ..... P
11.4,2 Model! 2 ., . . ... ... .. .. e e e e e
11,4.3  Model3 . . . v s vt i e
11.4.4  Model 4 . . . .vvi i ;
11.4.5 Model 5 . . . . . . . . s v v v v v o .
11.4. 6 Model 100 . . . . . . . . . . .. ... l e
COST . . it e e et s s s s s s h e e e e e
1 Background: .., .., ., . ... '
2 CostDataBase . . . . . . o v v v v vt 0 e
3 Cost Data Adjustments .. . .. . « « .‘ e s e e
12.3.1 Yearly Price Changes. . .. . . . .. P
12.3.2 Allocations to Component Cost . . . . . . ..
12.3.3 Separation of Recurring and
Nonrecurring Cost . . ., . . . e te e e e ..

12. 3, Cost-Quantity Effects . . . . . . e e e e e e
12.3.5 Adjuétments for Program Management

: and System Engineering . . . . . .. . . ..
4 Cost Model Development. . . . . . . ... ... ..
12.4.1 CER Categories . . . . v v v v v v v v . .
12, 4.2 CER Development - Genera‘li-zed Procedure .
12.4.3 CER Development . ., . . . . Ve e e e e e
12.4.4 Other CERS . . . . o v v v v iu e g
12. 4.5 Cost Factors for Redundancy . . . . . . . . .
5 Computer Cost Model . . . . . . ... .. ... ...
12.5.1 ProgramInputs . . . . . . . . .. .. ... ..
12,5.2 Program . . . « . . ¢ o v vt vt e e e e

1T.1

11-1

- 11-8

11-12
11.-16
11-16
11-20
11.21
11-22
11-22
11-23

12-1

12-1
12-1
12-2
12-2°
12-4

12-5
12-.7

12.7

- 12-8

12-8
12-9
12-11
12-18
12-19
12-20
12-21 -
12-23



13.

CONTENTS (Continued)

SCHEDULE . . v o + + v . .

13,1 General . . . . v v v s s 4 ot e e e e e e
13.2 Schedule Model . . . . ... ... .. ‘e
13.2.1 Definitions. ., . +« « v v ¢« 4 ¢ 4 v ¢« + .
13,2.2 Assumptions . . . . . . . v v e v 0 .
13.2.3 Schedule Eqguations , ., . . . .
13.2.4 Schedule Logic . . . . ¢ v v ¢ s v v ¢« & v « &
13.2.5 Representative Regults . . . . . . . .. . ..
13.2.6 Discussion., . . . . .. C e e e e e e e e .
13.3 Schedule Data . . . ...... e e e
14, DATA BASE DESCRIPTION .. ... ... . .
14,1 General c i e e e e e e e e e e e e e e e e
14,2 Performance Data . . . .
14,3 SafetyData . . . . . v v 4 v v v o o s 0 e 0 0w .
14.4 CostData . ... ... e e e e e e . e
14.5 Schedule Data ., . ... . .. e e e e e e e e e
15, MODEL CHECKOUT ANDRESULTS. . . « v + + 4+ « 4« &
15,1 DSCS-II Checkout . . .. . ... e e e e e e e
15,2 ERTS-A Checkout e 4 e s e e e e e e
15,3 OS0O-ICheckout . . . . . . . v v v v v v ¢ o o ¢ o
154 Trade Study Results . . . . . .. ... . ... ...
16, CONCLUSIONS . . . . . v v e v v v e e et et e e
17. RECOMMENDATIONS . . . .. . e e e e
REFERENCES e 4 e e e e e e e e e e e e e e e e e

NOMENCLATURE ...

GLOSSARY

-XVvi-

13-1

S 13-1

13-1
13-1
13-4
13-5
13-7
13.9
13-10
13-19

14-1
14-1
14-6
14-14
14-14
14-15

15-1
15-1
15-18
15-33
15.48

161

17-1



FIGURES

" 1.1 Systems Cost/Performance Model . , . . . . o . . . 1.3
1-2 Vehicle beéign/Equipment Selection., . . « « + « . . 1I-5
2-1 Systems Cost/Performance Model , . .-, . . . . . . : 2u2
2-2 . Vehicle Design/Equipment Selection . . . . . . . .. 23
2.3 Model Op.eration-_. R C .. . 25
3-1 Dual Spin Configuration . .‘ e e e e e e e e e e e 3-3
3-2 Yaw Spin Configuration . . . v 4 o o « « « . .. 3-4
3.3 Three-Axis Mass Expulsion Elonfiguraﬁon Ce 3-6
3-4 Mass Expulsion Configuration with Pitch .

Momentum Wheel . . . . . . . . v . v v v o v e oo 3.7

'3-5 Dual Spin Configuration Block Diagram . . . . . . . 3.20
3-6 Yaw Spin Configuration —Blo‘ck Diagram ... . . <. . 3-26
3-7 Yaw Spin Pointing Error Pattern. . . . . . . .. e 3.28
3-8 Three-Axis Mass Expulsion Configuration

Block Diagram . . . v 4 v v o o o s ¢ o o o o o o s s _ 3-34
3-9  Attitude -Refezzence Unit Block Diagram e 3-36
3;10 Band-Limited White Noise . . . . . . . . . « .« . .. -3-39
3-11 Mass Expulsion Configuration Block Diagram.

with Control Moment Gyros . . . . . e e e e e e 3-46
3-12 Mass Expulsion Configuration Block Diagram

with Pitch Momentum Wheel ., . . . . . « + + o « « & 3-60
4-1 Cold Gas Configuration . .-. . . « . .« « « « e 4.4
4-2 Hydrazine Monopropellant Configura.tion e v e e e e . 4-5
4-3 | Biptopellant Configuration . . . . . . .« v o v .« & 4-7

-xvii-



6-1

6-2

6-3

6-4

6-5

6-6
6-7

7-1

7-3

9-1

9-2 -

- 9_3
9-4

9-5

FIGURES (Continued)

Special Purpose Processor Configuration
Block Diagram . . . « ¢ 4 v v o o v« o s«

Telemetry Data Processor Block Diagram

Command Decoding and Distribution Unit

Block Diagram ., . . + « ¢ ¢ ¢« ¢ o s ¢ o + s «

Separate Uplink and Downlink Configuration
Block Diagram . . . « ¢« « « « ¢« & s e e s

LI R

Unified Link, Common Antenna Configuration.

Block Diagram . . . « ¢« + v o o o ¢ o« ¢ s

Unified Link, Separate Antennas Cénfiguration

Block Diagram . . . . « + v ¢ ¢ ¢ ¢« 0« o o = &

L R I

Unified Link, Common Antenna Flus Downlink

Configuration Block Diagram . . . . . . . . .

Unified Link, Separate Antennas Plus Downlink

Configuration Block Diagram , . . . . . . . .

Orbit Geometry . . . ¢ ¢ v ¢ « ¢ s s o o

Antenna Steering Subsystem . ., , . . . . .

« 2 =

« o s s

Shunt Voltage Regulation Configuration . ... ...

Shunt and Discharge Voltage

Regulation Configuration . . . . . .. ‘e e

Series Load Regulation Configuration . . .

Typical Spacecraft Configuration. . . . .. . . ..

Structure Weight Correlation. . . . . . . .

Representative Spacecraft Packing Factors

'Cylindrically Shaped Vehicle . . . . . ...

-----

Box Shaped VehiC].e‘ s e e ¥ 3 4 8 & 4 o s 8 e & 2 .c . s

-xviii-

5-2

5«9

5-10

6-3

6-5

6-5

6-6

6-6
611
6-16
7-3

7-5
7-7
9-2
9-7
9-13
9-14

9-15



FIGURES {Continued)

9-6 Spherically Shaped Vehicle. . . . . . . . .. “ ... 9-16
9-7 Mission Equipment Locations, . . . . . . . . . . .. 9-19
10.1 Typical Satellite Configuration . . . . . ... .. . 10-2
10-2 Satellite Structural Idealization . ... .. ... .. 10-4
10-3 Semi-Monocoque Cylinder Failure Modes . . . . . . 10-8
11-1 Reliability Model ------------- ¢+ s & s 11"'2
11-2 Failure Detection System ., . . . . . . e e e e e e 11-5
11-3 Failure Detection System Reliability Model . . . . . 11-7
11-4 Reliability Model for Active Unit with

Switched Standby Unit . . . . . . . v v v o v o o+ v o & 11-9
11.5 Reliability Array . . v v v 4 v v 4 o o s o o « o . . 1113
11.6 Typical Reliability Model Flow . . . . . . . . . . . . 11-17
12-1 Input Form for Cost Data Base . . . . . . e e e e 12-6
"12-2 Sun Sensor Assemblies; Design Engineering

Costversus Weight , ., . .. ., .. ... .. .. ... 12-31
12.3 Sun Sensor Assemblies: qut'and Evaluation )

COSt VerSuS.Weight L R R L R I I S T N A L I 12-32
12-4 Sun Sensor Assemblies: Production Average

' Unit Cost versus Weight . . . .. .. .. ... ... 12.33

12.5 Control Electronics Assemblies: Design

Engineering Cosft versus Weight . . ., , . . .., ... 12-34
12-6 Control Electronics Assemblies: Test and

Evaluation Cost versus Weight . , . . . . .. . ... 12-35

1

12-7 Control Electronics Assemblies: Production

Average Unit Cost versus Weight, . . . . . ... .. 12-36
12.-8 Earth Sensors: Design Engineering Cost

versus Weight . , , , . e e e e e s e e e e e e . 12-37

-Xix-



12-9

12-10
12-11
12-12
12-13
12-14
12-15
12-16
12-.17
12 -18
lé-l9
12-20
12.21
12-22

12-23

FIGURES (Continued)

Farth Sensors: Test and Evaluation Cost
versus Weight . . . . + « . o ¢ v 0 v o 0 v o 0 v v o s

Earth Sensors: Production Average Unit
CostversusWeight..... .....

Rate Gyro Assemblies: Design Engmeenng )
Costversus Weight . . . . . . . ¢ .+ s ¢« ¢ v o o v .

Rate Gyro Assemblies: Test and Evaluation
Cost versus Weight . . . . . . « o« ¢ ¢ ¢ v o e 0 o

Rate Gyro Assemblies: Production Average
Unit Cost versus Weight . . . . . . .. « ¢ ¢ v o

Reaction Wheel Assembly: Design Eng:.neemng
Cost versus Weight . . . . . . . . . v« «c o v v o v

Reaction Wheel Assembly: Test and Evaluation
Costversus Weight . . . . . « . . « v ¢ ¢ o o ¢« s o

Reaction Wheel Assembly: Production Average
Unit Cost versus Weight . . . . . . .+ ¢« ¢« ¢ « « + &

Thrusters: Design Engineering Cost
versus Weight . . . . . . .« ¢ ¢ s o o s v o o v o o

Thrusters: Test and Evaluation Cost
versus Weight . , . . . . +« ¢ ¢ ¢ ¢ o« v o v v o s o &

Thrusters: Production Average Unit Cost

versus Weight . . . . . . . ¢ v o ¢ v v ¢ ¢« 0 0 o v s o -

Total Reaction Control System: Design Engineering
Cost versus Weight {Including Propellant) . . . . . .

Total Reaction Control Systems: Test and
Evaluation Cost versus Weight . . . . . . . . . . . .

Total Reaction Control System: Production
Average Unit Cost versus Weight . . . . . ... ..

Digital Telemetry Units: Design Engineering
Cost versus Weight . . . . + + ¢« o ¢ v ¢ ¢ ¢ 4 o o 0

—Xx-

12-38
12-.39 .
12-40
12.41
12.42
12-43
12-44
12-45
12.46
12-47
12-48
12-49

12-50

"12-51

12-52



12-24

12-25

12-26

12-27

12-28

12-29

12-30

12-31

12-32

12-33"

12-.34

12-.35

12-36

12-37

12-38

FIGURES (Continued)

Digital Telemetry Units: Test and Evaluation
Cost versus Weight

s ¢ &« 4 = ® e & s & & 2 = * * o & 3

Digital Telemetry Units: Production Average
Unit Cost versus Weight . . . . .. e e e e e e e s

Tape Recorders: Design Engmeermg Cost
versus Weight . ., . . . . . . e e e e e e e e

Tape Recorders: Test and Evaluation Cost
versus Weight. . . . . . e e e e e e e e e e

Tape Recorders: Production Average Unit
Costversus Weight . . . . . . . . v o 0 o o v o0

Command Decoding and Distribution Equipment:
Design Engineering Cost versus Weight . . . . . ..

Command Decoding and Distribution Equipment:
Test and Evaluation Cost versus Weight ., . . . . .

Command Decoding and Distribution Equipment:
Production Average Unit Cost versus Weight . . . .

Wiring Harness: Design Engineering Cost
versus Weight . . . . . . . « v ¢ v ¢ v 0o o v o o o

Wiring Harness: Test and Evaluation Cost
versus Weight . . . . . .

Wiring Harness: Production Average Unit Cost’
versus Weight ., . . . . . e s e e e e e n e s e e e e

Antenna: Design Engineering Cost
versus Weight . . . . . . . . . v o v v v v o v

Antenna: Test and Evaluation .Cost
versus Weight . . . . . . . « ¢ « v v o v o v v o v .

Antenna: Production Average Unit Cost
versus Weight ., . . . . . . .. . ... .. .

Receivers; Design Engineering Cost
versus Weight . . . . . . . . 4 « ¢ ¢« ¢ ¢« « v v ¢« ¢«

-XX

12-53
1#-54
12-55
12-56
12-57
1?-58
12-.59

12-60

12-61

12-62

12.63

12-64

12.65

12-66

12-67



FIGURES (Continued)

12-39 Receivers: Test and Evaluation Cost

versus Weight . . v s v v o v o ¢ s o o 5 o o o o o o o 12-68
12-40 Receivers: Production Average Unit Cost

versus Weight . . . . « v ¢ v s v v 0 o e v o 0 ¢ o . 12-69
12-41 Diplexers: Design Engineering Cost

versus Weight. . . . . . . . e e ke e e e e e e e 12-70
12-42  Diplexers: Test and Evaluation Cost

versus Weight e a2 e + & @2 2 & & 8 e & ¥ + & 4 4 s ¥ e 12"71
12-43  Diplexers: Production Average Unit Cost

versus Weight. LI | LI A L I e € 9 @ L] . = 2 ¢ & = 12-72
12-44  Batteries: Design Engineering Cost versus

Ampere"HourS- « ¢+ & & & & 4 € 4 + ¢ 4 e e & v 2 = & 9 12-?3
12.45 Batteries: Test and Evaluation Cost

versus Weight. & ¢ & & ¥ 4 & 4 & F & 2 & & 3 & ¢ 12-74
12-46  Batteries: Production Average Unit Cost

Versus Weightc * @ 3 a e ® 4 » ® & ® » - » 4 & & & a 12"75
12-47 Power Conirol Equipment: Design Engineering

Costversus Weight . . . . . . . « v ¢ s o v o o o « 12-76
12-48  Poweyr Conirol Equipment: Test and Evaluation

Costversus Weight . . . . . + « ¢ ¢« v ¢ s v o v v o @ 12-77
12-49  Power Control Equipment: Production Average

Unit Cost versus Weight ., ., . . . +« « « « v ¢ ¢« « « &« 12-78
12-50 Solar Array: RDT&E Cost versus Square Feet . . . 12-79

12-51 Solar Array: Test and Evaluation Cost
VerSU.S Weight . 1 » . » M « o =« = . . « = “ . . . - » . 12"80

12-52  Solar Array: Production Average Unit
Cost versus Square Feet . . . . . +« « « « « « + & . . 12.81

12-53 . Power Converters: Design Engineering
Costversus Weight . ... . . . .« ¢+ s s v« . 12-82

-xXxii-



12-54

12-55

12-56

12-57

12-58

12-59

12-60

12-61

12-62

12.63

13.1
13-2

13-3

13.4

13-5

15-1

FIGURES (Continued)

Power Converters: Test and Evaluation

Costversus Weight . . ., . . ... .. ... .

Power Converters: Production Average Unit

Cost versus Weight , . . . .

Structure: Design Engineering Cost

versus Weight ., . . . . . . . . .o o000 00

Structure: Test and Evaluation Cost

versus Weight. . . . . . . . ..., . ... ...

Structure: Production Average Unit
Costversus Weight . . . . . ... ... ...

Thermal Control: Design Engineering

Cost versus Weight . . . . . . . .. e e e e e e e

Thermal Control: Test and Evaluation

Costversus Welght . . . . . ¢ + s v v 4« v ¢ 4 ¢« « &

Thermal Control: Production Average Unit

Costversus Weight, . . . . . .. ... .. e e

Ground Support Equipment Costs versus Satelhte

Design Engineering Costs . . . . . . . .. .

Unit Launch Cost versus Cumulative Average

Unit Cost of Satellite . . . . . .. . .. ..+ ..
Nominal Schedule/Cost Computation Diagram . . . .

Schedule Activity Flow Diagram . . .. ... . ..

High Level Traveling Wave Tube Development

and Qualification Lead Time . . . . . . ¢ v + ¢ « o .

Transponder Development and Qualification

Lead Time . . & v v v v 4 6 s ¢ o o o o o ot ¢ « o« « s

Example Schedule Qutput . . . . . . .. .. .

Computer Program Output Listing for DSCS-II

-xxiii-

LI |

12-83
12-84

12-.85

12-86

12-87
12-88
12-89
12-90
12-91

12-92
13.2

13-8
13-12

13-13
13-14

15-12



15.2
15.3

15-4
15.5

15-6

15-7

FIGURES {Continued)

Computer Program Output Listing

for ERTS-A ., , .

Computer Program QOutput Listing

for OSO-I

DSCS-11 Weight versus Extended Life

DSCS-II Cost versus Extended Life

¢« & 4 9 =2 =8 .

« e 9 & & » ¥

DSCS-1I Weight versus Mission Equipment

Power Requirement

L I N N A I I e I I N R

DSCS-II Cost versus Mission Equ1pment

Power Requirement

s .

-XXLV-

15-28

15-43
15.49
15-50

15-51

15-52



3-4 .

3.5
3-6
4-1
4-2

4.3

5-2
5.3
6-1
6-2
6-3
6-4
6-5
6-6

TABLES

Model Parameters . . . .« v v ¢« o o o .
Configurations., . ., . . . . . .+ .« 0 ¢« v ¢
Data Base Example ., . ., . . . .« « « 4 . .

Stabilization and Control
Configuration Selection . . . . . . . . . . .

Stabilization and Control
Configuration Compatibility. . . . . . . . .

Equipment Types and Their
Technical Characteristics . . . . . . . . .

Input Data Supplied by User ., . . . .. ..

Input Data Supplied by Vehicle Sizing Model

_ Dual Spin Configuration Error Contributors

Input Data Requirements . ... . . . . . . .
Auxiliary Propulsion Configuration Selection
Propellant and Pressurant Characteristics

Data Processing Configuration Compatibility

Input Data Supplied by User . . .. .. ..

Input Data Requi-rements ..........
Input Data Requirements . ., . . . . PR
Input Data Supplied by User . . e e
Commuﬁication Configuration Selection . .
Modulation Indices ., . . . . v e e e e e e
Transmittix;g Antenna Selection . . . . ..
Separate-ReceiviI;g Antenna Selection . . .

-XXV-

-----

ooooo

-----

------

ooooo

ccccc

-----

ccccc

-----

+ 4

-----

ooooo

ccccc

1-8
2-6

2«9

3-18

3-22
4-6
4-9
4.10
5-4
5-6
5-7
6-4
6-7
6-9
6-13
§-15

6-17



7-2

7-3

8-1
8-2
8-3
8-4
8-5
9-1
9-2
10-1
10-2
10-3
11-1
11-2
11-3
11-4

12-1
12-2

12-3

12-4

TABLES (Continued)

Electrical Power Configuration Compatibility . . . .

Input Data Supplied by User . .. . ... . .. C

Typical Solar Array Temperature
Correction Faclors . . . . . . . + v . v o v v ¢ v o

Input Data Requirements . . . . . .

« ¢ .

Vehicle Configuration Characteristic Length

Internally Stored Data. . . . . .

Metric Conversion Factors

Thermal Control Logic . . . ., . .

Vehicle Shape Compatibility

Input Data Supplied by User . . . .

. ¢ & » &

Structural Configuration Compatibility .

Input Data Supplied by Uger . .. ..

Input Data Supplied by Vehicle Sizing.

Input Data Supplied by User .., . ..

Data Supplied by Data Base . .

Data Supplied by Subsystem Models

Parameters Fixed in the Model

Example of Computer Output for

Selected Components . . . . . . . .

ccccccc

-------

e e =2 &+ ¢ 5 @

Percentage Allocations of System Engineering,
Quality Contrel and Program Management . . . . . .

Cost Model User Inputs . . . . . . . .

Design Engiﬁeering CER Data . . . .(. A N R

-XXVi-

7-9

7-10

7-16
8- 4
8-6
8-7
8-8
8-15
9-3
9-4
10-5
10-9
10-10
11-10
11-10
11-11

11-12

12-3

12-11
12.21

12-.25



12.5
12-6
13-1

13.2

13.3

15.7
i5-8
15-9
15-.10
15-11
15-12

15-13

TABLES (Continued)

Test and Evaluation CER Data . . . . . . .

Unit Production CER Data . .

State-of-Art Factors

& & ® ® ¢ 4 & =2 ¢ =

e ¢ e ¢ 9

Comparison of Nominal Schedules from Typical

Components and from Subsystem Summary

Component Schedule Coefficient and Lead
Time SUummary .-v v o« o s o o ¢ s o o o o

Subsystem Schedule Coefficient Summary

Data Base Example . . . . . .

DSCS-II Input Requirements .

DSCS"II Equipment a s & 8 4 &

DSCS-II Weights . . . . . ..

DSCS-I1 Dimensions ., . . . .

*

.

DSCS-1I Cost Estimate Comparisons .,

-----

ERTS-A Input Requirements . . . ... ... . .. .

ERTS-A Equipment . . . . . .

ERTS"A Weights + &+ v & 0 2 ¥

ERTS-A Dimensions ., v « « « +« &

OSO-1I Input Requirements . ,

0OSO-I Equipment . ., . ., , ..

OSO"I Weights . & e a - & s & 9

OS0O-I Dimensions. . . ¢« « « «

-XXVii-

12-26
12-.27

13-4
13-11

13-20
13.21
14-4
15-3
15.14
15.16
15-17
15-17
15-19
15-30
15-32
15-32
15.34
15.45
15-47

15-47



[pAGE INTENTIONALLY BLANE™



1, INTRODUCTION

1.1 General

During the preceding year a new methodology for developing
balanced designs of spacecraft subsystems which interrelates cost,
performance, safety, and schedule considerations was developed as part
of the FY 1973 NASA Study 2.3 (See Ref. 1-1). The methodology consis‘ts
of a two-step process. The first step is one of selecting all hardware
designs which satisfy the given performance and safety requirements., The
second step is one of estimating the cost and schedule required to design,

_ build, and operate each spacecraft design, Using this methodology to
develop a systems cost/performance model allows the user of such a
model to establish specific designs and the related costs and schedule.

In addition, the user is able to determine the sensitivity of design, costs,
and schedules to changes in requirements.,

Previous cost modeling approaches fall into one of two basic
categories: "bottom-up' or "top-down.' The ""bottom-up' approach
dépends on development of a specific system. Detailed estimates of tasks,
material costs, manpower requirements, and s_ch'edules are made, and

total estimates are obtained by summing individual costs and task durations.

"Top-down' models use CER (cost estimating relationship)
approaches to estimate the cost of a specific system (See Ref. 1.2). In
these models, the CERs are related to distinct parameters such as weight,
power, and pointing accuracy. The deficiency of the CERs lies in that,
although they identify what are cost drivers, CERs do not model why and
how the costs are driven by the parameters.

Since CERs have not been completely successful in meeting the
prime criterion of determining sensitivity of cost to changes in program

requirements, top-down approaches were judged unacceptable for a cost/
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performance model, .Hence, it was thought that a model oriented from the
bottom-~up could lead to fulfillment of this criterion.

During the FY 1973 effort, a set of basic equations, termed
"aggregate equations,' were written to describe the pe rformance, safety
(reliability.), cost, and schedule .required for one type of Stabilization and
Control Subsystem in terms of the equipment used. This year's effort was
devoted to refining the methodolo gy and applying it to ﬁnmanned, automated

spacecraft subsystems.

1.2 Objectives
This year's study had three objectives. The first objective was

to refine and improve the cost/performance methodology which was developed
during the preceding fiscal year's study. The same two-step process ‘of !
first establishing hardware designs and then estimating costs and schedules
was retained. However, incomplete portions of the methodology such as the
cost and schedule models were to be improved. A product of this year's
effort is the Systems Cost/Performance Model shown in Figure 1-1,
The second objective was the application of the cost/performance

methodology to the following vehicle subsystems:

a. Stabilization and Control {(S&C)

b. Auxiliary Propulsion Subsystem (APS)

c. Communications, Data Processing and Instrumentation (CDPI)
d. Electrical Power (EP)
1. Sources
2. Conditioning and Distribution
e. Thermal Control Subsystem {TCS)
f. Structure

The third ;'ijective was to implement the Systems Cost/Perfor-
mance Model as a digital computer program. The program would be used
to perform initial program pla,nning; cost/performance tradeoffs, and

sensitivity analyses.
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1.3 Approach

The general format of the vehicle design/equipment selection
model is presented in Figure 1-2. The subsystems to be :m‘é)deled are
represented by solid boxes. Mission equipment,which was not modeled as
part of the FY 1974 effort,is represented by a box with broken lines. The
meodeling applies to unmanned, automated spacecraft including:

a. Defense System Communication Satellite (DSCS i -
b. Defense Support Program (DSP)
c. Earth Observatory Satellite (EOS)
d. High Energy Astronomy Observatory (HEAO)
eo Large Space Telescope-(LST)
The vehicle subsystems' models have four key parts:

a. The input data required to establish a specific design and the
necessary equipment.

-b. An algorithm which selects acceptable designs and the hardware
required to implement the designs.

C. The output data including a description of the design, the equip-
ment list associated with the design, and any other data required
to interface with other portions of the Costlf_’e rformance Model,

d. A data base consisting of off-the-shelf hardware from which the
design algorithm can select.

The following tasks were performed in order to ensure that the

models would be as complete as possible.

1.3.1 Functional-

One of the first tasks was to determine the functions performed
by each 'subsystem ‘and the functions performed by specific hardware types
within the subsystem. Obviously, interfaces between subsystems deter-
mined some of the functions to be performed., The outline of functions to
be performed had to be complete since potential subsystem designs are,
for the most part, related directly to the functions they are required to per-

fom.
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1,3,2 Block Diagrams

Block diagrams were developed for all generally used subsystem

configurations.  The block diagrams contained the equipment types used

in each configuration and illustrated the functions performed iay the equip-
ment., Since there may be an infinite number of block diagram variations, th
de signer established certain genéral block diagrams that were valid for most

designs,
1.3,3 Design Algorithm

The design algorithm performs the function of selecting pre-
configured subsystem designs which will meet the input requirements. This
implies that, as part of the vehicle design algorithm, a complete set of
alternative designs has been established from which to choose.

The desigri algorithm consisted of a composite of logical and
arithmetic operations. An example would be to determine whether to use
gaseous nitrogen or bipropellant and then what quantity for the Auxiliary
Propulsion Subsystem.‘. A logical decision as to which propéllant should be
used may be made on the basis of the required total impulse. The amount
of the propellant can be calculated by knowing the required total impulse and
the propellant's specific impulse, This example incorporates a simple
logical decision (based on certain assumptions and approximations) with an
arithmetic calculation. In addition, the algorithm result may be overridden .
if the program inptit data specifies that a particular propellant (e.g., gaseous

nitrogen) will be used,

1,3,4 Hardware Selection

Given any specific design meeting the input requirements, the
hardware {and software) required to implement such a design must be
selected and sized. The hardware is selected from available off-the-shelf
hardware which is listed in the data base. Obviously, the model must be
capable of differentiating between hardware components of the same type and
of determining which hardware component has the characteristics to satisfy

all of the requirements.
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1.3.5 InEut_Data

In order to have a workable algorithmm, the exact input data list
required to select a design and size the necessary equipment has been
established, The ipput data would normally include subsystem performance !
requirements, interface requirements, and any other data 'ﬁecessary to make

design decisions,

1.3.6 Aggregate Equations

The aggregate equations are a set of basic equations deécribing
the technical performance, safety (reliai:ility}, cost, and schedule in terms
- of the equipment used in the specific configuration. A list of the System
Cost/Performance Model parameters described by aggregate equations is
presented in Table 1-1,

As an example, the aggregate equation for the pointi:ng accuracy
(which is a technical charactqristic) of a three-axis Stabiliz.atiém and Control
Subsystem (in this example, a specific design type) considers variables
such as horizon sensor noise.and misalignment, gyroscope drift and mis~
alignment, amplifier noise and offset, and electronic deadzone. Fach of
these variables is multiplied by a computed sensitivity coefficient and com-
bined in either a worst case or a root-sum-square fashion to form the
aggregate equation for the S&C pointing accuracy.

Generally, the technical characteristicé and safety aggregate
equations were used to ascertain whether a specific design with specific
hardware satisfied the input requirements. The r.ema,ining model parameters,
including cost and schedule, were used as output variables describing the
specific design's characteristics. However, any of the parame%:ers could be
specified as an input parameter, Examples would includelweight, volume,

cost, or schedule constraints.
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Subsystems

Configurations

Equipment types

Equipment

Performance

" Table I1-1., Model Parameters

1.1 Technical characteristics

1.1.1
1.1,10¥%

1.2 Power

(SESE SO N
. & 9 &
O U W Y

el

1.3  Weight

1.4 Volume

Subsystem-peculiar; no more than ten items
per subsystem; does not include items listed
below

Average power

Peak power

Minimum power

Nominal voltage

Maximum voltage specification
Minimum voltage specification

Total volume

1.4.1
1,4,2 Length
1,4,3 Width
1.4.4 Height
1.5 Inertia
1.5.1 I
plars
1.5,2 I
vy
1.5.3
ZZ
1.6 Vibration specification
1.6.1 Random
1,6.2 Nonrandom
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1.7

1.8

Safety

T 2.2

2.3

Cost

3.2

Table 1-1. Model Parameters (Continued)

Temperature specification

1.7.1 Maximum temperature limit ’
1.7.2 Minimum temperature limit - ~

" Ambient pressure specification-

Reliability assessment

2.1.1 MMD
.2 - Reliability
3 Reliability truncation time

Faijlure detection probability (fault isolation)

False alarm probability

DDT&E

Design engineering

Tooling and test equipment
Qualification units

Test and evaluation

Quality control

Systems engineering and integration
Program management

W w b wlw
.

[ R T S e -

O U s W I

e . =
s a LI .

Investment (Recurring)

Engineering

Production

Tooling and test equipment

Quality control

Systems engineering and 1ntegrat10n
Program management

WWWWwWwW
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O UL W DY e

Operations
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Table 1-1. Mode]l Parameters (Continued)

Schedule

4,1

B
U s o Y

Component design and development
Component gqualification

Subsystem development

Subsystem qualification

System test, checkout and flight readiness



1.3.7 Data Base

A data base consisting of off.the-shelf hardware was
established. The data content would revolve around each hardware

component, . The 'data for each cofnponent would consist of four types:

a. Performance
b.  Reliability
c. Cost

d. Schedule

The four types of data would contain sufficient information to:

2. Allow the equipment selection algorithm to sele ct specific
pieces of equipment -

b. Allow the aggregate equations to be computed’

c. Provide necessary output data

The data was collected from in-house, Air Force, and NASA
sources. Selecting the equipment components to be incorporated in the
data base was the responsibility .of the technical specialists. Reliability,
schedule, and cost data for each equipment component was obtamed by the

reliability, schedule and cost specialists,

1,3.8 Computer Program Model

The Systems Cost/Performance Model was implemented as a
digital computer program. The program was written in the language of
Fortran IV as adapted to the CDC 7600 computer and the Univac 1108
computer (for use at MSFC). The p’rogram included the Systems Cost/

Performance Model (presented in Figure 1-1) and the related data base.

1.3.9 Model Checkout

Two forms of model checkout were performed. The first was a
set of computer runs to ensure that both the logic and arithmetic models
were accurate and complete and that all submodels were interfacing properly
The second set of c‘omputer runs was limited to a few special runs, selected
for the purpose of comparing the Systems Cost/Performance Model against
actual cost, performance, safety and schedule data and against other’

existing models,
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2. MODEL OVERVIEW

2.1 GENERAL
2.1.1 Systems Cost/Performance Model

The general conr;ept of the Systems Cost/Performance Model
was illustrated in Figure 1-1 and is repéated in Figure 2-1 for the con-
venience of the reader. Tﬂe user of the Cost/Performance Model must
supply certain program data which would normally include the payload
pPerformance requirements as well as general information necessary to .
select a payload design. The technical portion of the model consists of
a two-step process: thenfirst step is to select subsystem configurations
which are acceptable to the user, and the second step is to select equipment
from a data base to mechanize the subsystem configuration. The reliability
portion of the model adds redundancy to the design such that the
reliability réquirements are met., The resulting output of the technical
model is any number of payload designs which meet or exceed the input
requirements. The a.ccep’-ca.ble designs are specified down to the subsystem
component (assembly) level. The cost and schedule required to design,
build, and operate each payload design is estimated by summing up the
individual _c‘ost and schedule allocations based on each end item assembly

specified as part of the particular design.

2.1.2 Subsystem Interaction

The technical portion of the Systems Cost/Performance Model
was depicted in Figure 1-2 and is also repeated for the convenience of the
reader in Figure 2-2. The expanded detail summarizes the inputs required
by each subsystem,

Most importantly, the interaction between subsystems as a design

prdblem is illustrated. In order .to design the Stabilization and Control (S&C)
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Subsystem, the vehicle weight, dimehsions, and moments of inertia must
be known. Design of the Auxiliary Propulsion Subsystem (APS) requires
knowledge of the total impulse and thrust levels from S&C. Design of the
Data Processing {DP) Subsystem requires knowledge of the telemetry and
data processing requirements for each piece of equipment in the vehicle.
Design of the Communication Subsystem requires knowledge of the command
and communication requirements for the entire vehicle, Design of the Electrical
Power (EE) Subsystem requires knowing theé power requirements. Deter-
mining the structural makeup of the vehicle and the weight, dimensions,

and inertias requires some insight into what is contained within the vehicle
and what the environment is. The reliability requirements impact the
design of every subsystem'through the addition of redundancy. The major
point to be made here is that by modeling the interaction of the subsystem
design processes, the Systems- Cost/Pferforma.nce Model is not only a sub-

systermn design tool, but is also a system design tool,

2.1,3  Model Operation

The Systems Cost/Performance -Model approach to designing
payloz;.ds is illustrated in Figure 2-3, The starting point consists of a
data base. The data base contains a large array of equipment (assemblies) -
which are to be candidates in designing the payload. Each piece of equipment
in the data base has its attributes specified, The attributes include technical
characteristics, power re_quirements, weight, volume, vibration, tempera-
ture and pressure specifica.tions, command and telgmetry reqﬁirements_,
a reliability description, "and cost and schedule allocations.

The general approach to establishing a specific payload design
is tq select any combination of equipment from the data base. Next, the
pavyload perfo\mlance, safety, cost, and schedule can be estimated by using
a-set of aggregated equations (design algorithm) fo process the equipment
attributes. If the payload attributes, as determined by the aggregate equa-

tions, meet the user supplied requirements, then the specific design is
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printed in an answer matrix as an acceptable design, If the payload
attributes are not satisfactory, the design attempt is aborted. In either
case, the Cost/Performance Model continues to try new combinations of
squipment from the data base. The net result is a complete set of payload

designs meeting or exceeding the input requirements,

AN

.2 SUBSYSTEM MODELS

(A

2.1 Subsystem Configurations

A subsystem configuration is a general design type for which
squipment listed in the data base will be searched out in order to mechanize
he design. Configurations, then, are synonomous with subéystem types.
The conf1gurat10ns incorporated in the Systems Cost/Performance Model
1re listed in Table 2-1,

Table 2-1, Configurations

Stabilization and Control
a. ~ Dual Spin
b, Yaw Spin
c. Three-Axis Mass. mxpuision
d. Mass Expulsion with Control Moment Gyros
e. Mass Expulsion with Pitch Momentum Wheel

Auxiliary Propulsion
a. Cold gas
b. Monopropellant
c, Bipropellant

Electrical Power Sources
a. Body mounted solar arrays

b. Oriented solar array paddles
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Table 2-1. Configurations (Centinued)

'Electrical Power Conditioning

a. Shunt regulation

b. Shunt and discharge regulation

c. Series load regulation
Communications "t

a. Separate uplink and downlink

b. Unified link, common antenna

C. Unified 1ink, separate antenna

d, Unified link, common antenna, plus

separate downlink
e. Unified link, separate antenna, plus
separate downlink
Data Processing
a. -General purpose processor

b. Special purpose processors

Thermal Control

(Dependen't on other subsystems and-component
requirements)

Vehicle Shapes
a, Cylinder
b. Box
c. Sphere

Structure

a. Semi-monocoque
Redundancy

a. Single system

b. Dual system



Each configuration has associated with it certain data including:

a. Compatibility or incompatibility with other subsystems'
configurations. .

b. Types of equipment required to mechanize the configuration.

c. Duty cycle for each equipment type,

d. Schedule data.

2.2.2 Equipment Description

The model selects equipment for a specific design in one of
three ways:

a. Most equipment is selected from the data base on the basis of
technical performance.

b. Some equipment which cannot be differentiated on the basis of
technical performance is called up from the data base on a
first called basis in order to provide a complete design
description, *

c. Certain equipment is not amenable to cataloging in the data
base. This equipment is identified and specific parameters
are determined. Examples include the wiring harness and
the Thermal Control Subsystem components. . .

An examplé of an equipment description in the data base is

provided in Table 2-2.

2.2.3 Design Algorithms

The design algorithms for all subsystems are summarized in
the following paragraphs. The input data required by each éubsystem is
stated with the source of the data given in parantheses., A brief statement
of what the subsystem design algorithm does is provided along.with a

summatry of the output information,

2,2.3.1 Stabilization and Control Subsystefn

a. ]'_nEut Data

1. Vehicle orientai':ion {User)

2. Oxrbit altitude (I_Tser)

3. Mission lifetime (User)

4. Attit{lde control reduirements (User)

5. Vehicle physical desgcription {Vehicle Sizing)

*It is proposed that this category be eliminated in future models by
differentiation of all equipment as suggested in paragraph a,
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Table 2-2, Data Base Example

Subsystem: Auxiliary Propulsion (0808)
Configurations: Monopropellant

Equipment Type Thruster (TRW 404620)
Performance '

Technical Characteristics .

(n Thrust level (N)

(2) Pulse life {cycles)

(3) Inlet priessure (N/mz)
4 Total impulse (N-sec)

(5) ISP (sec) -
- (6)
(7)
(8)
{9)
(10)
Power

Average Power {watts):

Maximum Power (watts):

Minimum Power (watts):

Nominal Voltage (volts):

Maximum Voltage (volts):

Minimum Voltage (volts):
ConVerter/Inverter Reqmrement (ﬂa.g)

Weight (Kg)
Volume (cc):
Vibration R

Randon (g, rms):
Non-Random (g):

Temperature

Maximum {deg K):
Minimum (deg K):

Pressure (psia):

18

93, 000
4,14 x 10°
6.49 % 10%
230

(near zero)
5.5
0.0
28.0
32.6
26.0
N. A.

0.3
1700
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Table 2-2. Data Base Example (Continued) -

Performance {(continued)

Safety

Cost

Schedule

CDPI

Power Switching Commands (No.):
Time Tagged Commands (No.):
Other Commands (No.):
High Rate Telemetry
Number of Analog Points (No. }:
‘Number of Digital Points (No.):
Sample Rate (sec~!):
Word Length (bits):
Low Rate Telemetry
Number of Analog Points (No.):
Number of Digital Points (No.):
Sample Rate (sec” 1_)
Word Length. (bits):

Failure Model (flag):

Failure Parameters +9
Failure Rate or Mean (x 10”7 hr):
Standard Deviation (x 10+9 hr):
Dormancy Factor {(N.D.):

Total Number of Redundant Elements (No.):

Design Engineering ($1000}:
Test and Evaluation ($1000):
Unit Production ($1000):
Reference Quantity (No.}:
Factor (N.D.):

Development Lead Time Constant (months):
Development Lead Time Variable (months):
Qualification Lead Time Constant (months):

Qualification Lead Time Variable (months):

State~of-Art Factor (N.D.):

OO0 OO0 o0 o

o0 ON

P O b
. . .
o~noo
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b. Model

1, Selects attitude measurement equipment.
2, Selects momentum exchange equipment.
3. Computes attitude control thrust.level,
4, Computes total impulse required.

c. Qutput Data )
1. 5&C equipment

2. Attitude control thrust level

3. Total impulse requifement

2.2.3.2 Auxiliary Propulsion Subsystem
Y P

a, Input Data
1, Powered flight thrust level (User)

2. Attitude control thrust level (S&C)
3. Total impulse requirement (S&C)

b.  Model
1, Selects thrtJ:ster equipment,
2. Selects propellant equipment.
3. Selects pressurant eq'ui:pment.

c. Ou1_.Put Data

1, APS equipment
2. Propellant description

:«2.3.3 Data Processing Subs-ystem

a. -Input Data
1. Selected equipment (Subsystems)

2. Equipment command requirements (Data Base)
3. Equipment telemetry requirements (Data Base)
b. Model

1, Selects computer or one d1g1ta.1 telemetry unit per
communication downlink, .

2. Selects command distribution equipment.



C.

C.

Ce

Qutput Data ,

1. DP equipment .

2. .. Bit rate for each downlink

Communication Subsystem

lnEut Data

1, SGLS or USB compatibility requirement (User)
2. Range ‘and range rate requii-ément (User.)

3.  Bitrates (DP)

Model - : ‘

1.  Selects communication eqﬁipment.

Ou@ut Data

1. . Communication equipment

Electrical Power Subsy‘sfen':n

Input Data

1, Selected equipment (Subsystems)

2. Equlpment power requirements (Data Base)

3. Voltage regulation requirements (Da,ta Ba.se)

4, Power conditioning requirements (Data Base)

Model -

1, Sizes soia,r array.

2. Selects ’f;atteriés and voltage regula.tioh equipment.

3. Selects power conditioning equipment bas ed on requlreme nts
of all other selected equiptnent,

‘Qutput Data ) )

1. Solar array description

2. EP equipment -
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2.2.3,6 Thermal Control Subsystem

a. Input Data
1. Orbit description (User)

. Attitude control description (S&C)
. Selected equipment (Subsystems)

2
3
4, Equipment power requirements (Data Base)
5

. Equipment temperature control requirements (Data Base)
b. Model
T 1. Sizes thernial mass, insulation, heaters, radiators,

louvers, and heat pipes.

C. Oumut' Data

1, Thermal control description

2.2.3.7 Vehicle Sizing

a. Input Data
1. Selected equipment (Subsystems)-

2, Equipmené weights and volumes (Data Base)

3. Structural description (Structures)_

4. Mission equipment description (User)

5. Maximum dia.:ﬁeter, length -and %;veight (User)
b. Model

i, Estimates structural weight.

2. Estimates thermal control weight.

3. Estimates mechanism, booms, and electrical harness weight,

4, Estimates total vehicle weight.

5. - Estimates adapter weight.

6. Estimates vehicle dimensions.

T.. Estimates moments of inertia.
c. Cutput Data

1. Vehicle mass

2. . Vehiclé‘dimensions ‘

3. Vehicle moments of inertia



2.2.3.8 Structural Subsystem

a, InEut Data

. Vehicle weight and dimensions (Vehicle Sizing)
2. Structural material description (User)
3. Launch loads environment (User)
b. Model '
1. Sizes monocoque wall thickness.
2. Determines equivalen?: semi-monocoque wall thickness.
3. Determines actual wall thickness based on optimum weight
design,
4, Determines stringer size and spacing.
5. Determines frame size and spacing.
6. Sizes end covers and center plate (if applicable),
7. Sizes mission bay and solar array extensions.

C. Output Data .
1, Skin thickness

2. Striﬂger size, number, and locations

3. Frame size, numbezr, and locations

4, End covers and center plate dimensions

5, Mission bay and solar array extension dimensions
2.3 RELIABILITY MODEL

As a result of satisfying the input performance requirements, a
finite number of designs are established by the Cost/Performance Model, '
As the next step in processing these designs, the reliability aggregate )
equations are broug}it iﬁto play. These equations are categorized as reli-
ability assessment, failure detection probability, and false alarm probability
aggregate equations.

The first of these equations, the reliability assessment, is used
to calculate the reliability of each configuration. ‘ This is done at an element

Jevel, Each identifiable subsystein component is cqnsidered as an element,



Thus, horizon sensors,. inertial reference units, computers or control )
logic, thruﬁers, ‘and propellant tanks would qualify as subsystem .elements.
Failure rate information stored in the equipment data base. for each com-
ponent is extracted ag needed by\the model. The failure rates are then
combined by the reliability equations to calculate total reliability for a
given mission.duration, The calculated reliabﬁity of each particular design
is evaluated against the specified level provided as the model input. How-
ever, the design is not discarded if it does not meet the specified reliability
level. Instead, a search for the least reliable element is initiated. The
criterion for least reliable is that €lement which, if made redundant, result
in the largest increase in reliability or in mean mission duration per unit
weight or cost increase. Upon identification, it is paralleled by an
identical unit, and suitable aggregate equations are used fo recalculate the
system reliability. The evaluation and paralleling pfocess continues until
the redundancy exceeds a spec:lfied limit, If the 'system still does not meet
the specified reliability, the system is deleted from consideration as a
viable single-string system. However, should it at any time meet or surpac
the required relziability level, aggregate equations are used to calculate
system failure detection and false alarm probabilities. The process des-
cribed above continues until each design stored as a result of meeting per-
formance requirements has been processed,

The required input data includes:

a. Mission life (User)

b. System reliability (User)

c. Basis for selecting redundancy (User)

d. Selected equipment (Subsystems)

e. Equipmg;nt reliability description {Data Base)
£, ‘Equipment weight or cost (Data Base)

The reliability aggregate equation procedure described above
. constitutes one-half of the total Reliability Model. Following completion

of the basic scheme, the whole procedure is repeated with each design
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mechanized as an active /standby (dual string) system. The term active/
standiay refers here to & completely separate system in addition to
modular levels of redundancy.

The output information supplied by the Reliability Model includes
the redundancy required for each component and the amount of expendables

- {propellant) required,

2.4 COST MODEL

The Cost Model consists of cost aggregate equations which proces
cost information associated with each subsystem compbnent. This costing
technique requires each component o have cost information for each of the
five cost categories illustrated in Table 2-2.

The required input data includes:

a. Selected equipment (Sﬁbsystems) )

b. Equipment costs (Data Base)

C. Number of qualification vehicles {(User)
d. Number of production vehicles (User)

The Cost Model adds up the following cost information for every

piece of equipment (up to 39 types) selectéed from the data basé:

a. Design engineering

b. Test and evaluation

c. Production engineering
d. Unit production

Cost Estimating Relationships (CERg) are used to estimate the

costs for components which are not amenable to cataloging, including:

a. Structure
b, Thermal control
c. Wiring
d. Power conditioning equipment
e. Solar arrays
- £, Propellant tanks
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The nonrecurring cost for each component takes into account
redundancy, deviations or improvements. in design, and inflation, The
average recurring cost for each e'quipment component is adjusted to account
for redundancy, 1ab01l, materials, deviations or improvements in design,
and inflation. If more than one unit is to be built, a learning curve is used
to account for reduced unit cost as additional quantities are built.

Remaining cost categories_ including:

a. Tooling and test equipment

b. Quality control -

c. System engineering and integration
d. Program management

are estimated on the basis of predetermined percentages of the total of
‘each of the four basic cost categories,

The total nonrecurring cost is then the summation of the non-
recurring costs for all the system components. The total recurring cost
is the summation of the products of the equipment quantities and the appro-
priate average recurring costs, The total spacecraft cost is obtained by
summing the fotal recurring and nonrecurring costs and then adding in the

mission equipment cost and contractor's profit.

2.5 SCHEDULE MODEL

Schedule aggregate equations estimate the amount of time required
to develop an operational system. The aggregate equations estimate the

following five schedule phases:

a. Component design and development lead time
b. Component qualification lead time

c. Subsystem development lead time

d. Subsystem qualification lead time

e. System test, checkout, and flight readiness

In general, the e_stimatés of the schedule lead times are functions of the

hardware and software selected by the Cost/Performance Model. The
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justification for such an approach lies in the fact that specific equipment
provide an indication-of the compleﬁt‘y’ of the s‘irst.em _aﬁd, hence, a
measure of tl':xe time required to complete the activities associated with
the system.

" 'The input data required by the Schedule Model includes:

a. Selected equipment (Subsystems}
b, = Eguipment lead times (Data Base)‘
The model performs the following operations using the appropriate

aggregate equations:

2. Computes the development and qualification lead times for each
component, .

b. Computés the development and qua.11f1cat10n lead times for each
subsystem. -

C. Computes the system lead time.

d. Determines the critical path,

e, Computes the total program duration,

The Schedule Model output includes.the various lead times, the total p;ro grarr

duration, and the critical path,

2.6 COMPUTER PROGRAM

The Systems Cost/Performance Model has been implemented as a
digital computer program.  The program is written in the language of
Fortran IV, as a.dapted‘ to The Aerospace .Corporation CDC 7600 computer
and MSFC's Univac 1108 computer, The'program includes -the Cost/

Performance Model and the related data base.

2.6.1 Program Techniques

!
The Systems Cost/Performance Computer Program incorporates

four techniques to make the program as efficient as possible while retaining
maximum versatility. The first technique is to pre-sort the equipment

data base according to attributes specified by the progra:m user. This



" technique is desirable in order to allow the program to select equipment
from the data base on the basis of the first piece identified which satisfies
the requirements,

The second technique consists of having the program always do
a macro'' search of combinations of major subsystem configufations
As. an e::ample, one~combination of major sybsystem ‘¢onfigurations would
. be a three-axis stabilized payload using cold gas propellant, oriented
solar array paddles, shunt power regulation, and so forth. The subsystem
configurations have been specified in Paragraph 2.2. 1.

The third technique is to mechanize the digital program to have
the capability to-try all combinations (micro-search) of equipment in any
single subsystem if requested by the user. The user must specify the
configuration typ‘es of the other subsystems in exercising this option. The
program will select, design, and print out all acceptable combinations of
equipment for the specified ~subs yster: " This technique.or option allows
the subsystem specialist to perform detailed trade studies,.

Because of the large number of design combinations that the
program may identify Wh1ch satlsfy the input requirements, a post-sort
routine (the fourth techmque) is included which sorts the acceptable designs

.according to attributes as specified by the user, This technique performs
the role of providing the computer program user with the designs listed in
an organized fashion. Hence, the process of finding the '"best" design out ~

of all of the possible contenders is performed by the program.

2.6.2 Program Operation

The general sequence followed by the computer program is to
read the input requirements, make one pass through the subsystem design
algorithms, determine the required redundancy, and then make a second
pass through the subsystem design algorithms with the data obtained from
the first pass, Redundancy is not altered on the second pass primarily
because the Reliaﬂilﬁ:y Model is extremely timéi'éﬁhsqming. Cost and

schedule are esﬁmated for each acceptable design.


http:technique.or

Ce

The computer program sequence is as follows:

Read the i.I.lPt}t requirements supplied by the user,

1, Subsystem requirements )

2. Safety, cost and schedule requirements
3. Mission equipment deséription

4, Pre-sort atiributes

5. Micro-search aption

6. Macro-search preference

7. Post-sort attributes

Pre-sort tl'z'e'data base accordihg to the attributes specified
by the user.

Set up a new. design attempt. This will be a new combination

- of configurations if the program is in the macro mode, If

micro mode, this will be a new combination of equipment from
the data base for the specified subsystem.

Test to ensure that the subsystem configurations are compatible,

Establish an initial estimate of the vehicle size based on the
mission equipment ‘description.

Design the Stabilization and Control Subsystem.

Design the Auxiliary Propulsion 'Subsys_tem.

Design the Data Processing Subsystem,

Design the Communications Subsysterm.

Design the Electrical Power SU_,bs'ys'tem.

If this is the first pa,s:s through the logic for the particular

‘design, add the necessary redundancy to the components to

meet the reliability requirements., If this is the second pass,
the reliability model is not used.

Design the Thermal Control Subsystem,
Perform vehicle sizing.
Design the Structural Subsystem.

If this is the first pass through the logic for the particular
design, make a second pass through the 16gic using the infor-
mation.collected during the first pass. .

Estimate the -cost of the particular payload design..
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Estimate the schedule for the particular payload design,

If the design is acceptable, print the output 'ipformation
describing the design.

Return for a new design attempt, as necessary,

When all design attempts have been completed, 