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ABSTRACT

This document contains a detailed description of the computer code for the

trajectory processor (#TRAJ) of the HP-9825A High Fidelity Relative Motion

Program (HFRMP). The #TRAJ processor is a 12-degrees-of-freedom trajectory

integrator (6 degrees of freedom for each of two vehicles) which can be used

to generate digital and graphical data describing the relative motion of the

Space Shuttle Orbiter and a free-flying cylindrical payload. The description

of the processor includes a listing of the code, coding standards and conven-

tions, detailed flow charts, and discussions of the computational logic.

i



CONTENTS

Page

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	 i

TABLE OF CONTENTS	 . . . . . . . . . . . . . . . . . . . . . . . . . . 	 ii

ILLUSTRATIONS	 . . . . . . . . . . . . . . . . . . . . . . . . . . . .	 ix

TABLES	 .	 . . . . .	 . . . . .	 . . . . . . . . . . . . 	 . . . . . . . .	 xi

NOMENCLATURE	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 xi i

Abbreviations.	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 xi i
Symbols.	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 xi i i
Subscripts.	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 xv
Superscripts.	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 xvi

FOREWORD	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 xvi i

1.	 INTRODUCTION	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 1

1.1	 GENERAL DESCRIPTION OF #TRAJ	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 5

1.2	 STATE	 VECTOR DEFINITIONS 	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 10

1.2.1	 Rotational	 State Vector	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 11

1.2.2	 Translational	 State Vector	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 12

1.3	 BASIC EQUATIONS OF MOTION 	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 13

1.3.1	 Rotational	 Motion	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 13

1.3.2	 Translational	 Motion	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 14

1.4	 CONVENTIONS AND CODING STANDARDS 	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 18

1.4.1	 General Arrangement of Program Files 	 .	 .	 . .	 .	 .	 .	 19

1.4.2	 Branching Conventions 	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 20

1.4.3	 Program Labels	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 20

1.4.4	 Input/Output Mnemonics	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 20

1.4.5	 Data-Register Protocol	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 21

ii

i



F^

CONTENTS (Cont.)

Page

1.4.5.1	 Simple Variables . . . . . . . . . . . . . . .	 21
1.4.5.2	 r-Registers	 . .	 . . . . . . . . . .	 21
1.4.5.3 Restrictions on Utility Subprograms . . . . . 	 22

F

2.	 BASF. LINK (#TRAJ) 	 . . . . . . . . . . . . . . . . . . . . . . . .	 25

2.1	 FUNCTION SUBPROGRAMS 	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 25

2.1.1	 'ANG1 ` .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 25

2.1.1.1 Arguments	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 25
2.1.1.2 Example of Usage	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 25
2.1.1.3 Computations	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 25

2.1.2	 'ANG2' .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 27

2.1.2.1 Arguments	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 27
2.1.2.2 Example	 of Usage	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 27
2.1.2.3 Computations	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 27

2.1.3	 ' ATN 1 ' /' ATN2'	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 29

2.1.3.1 Arguments	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 29
2.1.3.2 Example of Usage	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 29
2.1.3.3 Computations	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 29

2.1.4	 'HM.S' .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 31

2.1.4.1 Arguments	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 31
2.1.4.2 Example of Usage	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 31
2.1.4.3 Computations	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 31

2.1 .5	 'SECS . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 33

2.1.5.1 Arguments	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . , . .	 .	 .	 .	 .	 .	 .	 33
2.1.5.2 Example of Usage	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 33
2.1.5.3 Computations	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 33

2.1 .6	 ' DOTP' .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 35

2.1.6.1 Arguments	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 35
2.1.6.2 Example	 of Usage	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 35
2.1.6.3 Computations	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 35

2.2	 UTILITY SUBROUTINES .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 37

i i i



CONTENTS (Cont.)

Page

2.2.1	 ' SXV'	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 37

2.2.1.1	 Arguments	 . 37
2.2.1.2	 Example -f Usage 37
2.2.1.3	 Computations	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 37

2.2.2	 ' VADD' /' VSUB' 	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 39

2.2.2.1	 Arguments.
2.2.2.2	 Example ofUsage 39
2.2.2.3	 Computations	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 39

2.2.3	 ' CRSP' . . . . . . . . . . . . . . . . . . . . . . . . 	 41

2.2.3.1	 Arguments.
	

.	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 41
2.2.3.2	 Example of Usage 	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 41
2.2.3.3	 Computations	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 41

2.2.4	 ' ROT' /' I ROT'	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 43

2.2.4.1	 Arguments.	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 43
2.2.4.2	 Example of^Usage	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 43
2.2.4.3	 Computa ".-i ons	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 43

2.2.5	 'QDOT'/'QXQ'/'QXQC'/'QCXQ: 	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 46

2.2.5.1	 Arguments .	 .	 .	 .	 .	 46
2.2.5.2	 Example of Usage 46
2.2.5.3	 Computations	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 47

2.2.6	 'Q231'/'Q213'	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 49

2.2.6.1	 Arguments.
2.2.6.2	 Example ofUsage 49
2.2.6.3	 Computations	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 49

2.2.7	 'Q313 . 	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 53

2.2.7.1	 Arguments 53
2.2.7.2	 Example of Usage 53
2.2.7.3	 Computations	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 53

2.2.8	 ' 231 Q' /' 213Q'	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 56

2.2.8.1	 Arguments 56
2.2.8.2	 Example of Usage 56
2.2.8.3	 Computations	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 56

r^

iv



CONTENTS (Cont.)

Page

2.2.9	 '313Q .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 58

2.2.9.1	 Arguments.
2.2.9.2	 Example ofUsage 58
2.2.9.3	 Computations	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 58

2.2.10	 ' IMATQ'	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 60

2.2.10.1	 Arguments	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 60
2.2.10.2	 Example	 of Usage	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 60
2.2.10.3	 Computations	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 61

2.3	 STATE VECTOR DERIVATIVES SUBROUTINE ('DERIVS') 	 .	 .	 . .	 .	 .	 .	 55

2.3.1	 Input	 Data	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 65

2.3.1.1	 Argument	 List	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 65
2.3.1.2	 r-Registers	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 65
2.3.1.3	 Array	 Variables	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 66

2.3.2	 Output	 Data	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 66

2.3.3	 Computations	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 67

2.4	 MAIN	 LOGIC	 FLOW	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 75

3. RESPONSE MATRIX COMPUTATION LINK (%RMAT) . . . . . . . . . . . . . 76

	

3.1	 INPUT DATA	 . . . . . . . . . . . . . . . . . . . . . . . . . 	 76

3.1 .1	 Jet Force Table	 . . . . . . . . . . . . . . . . . . . 	 76

3.1.2	 Jet Select Tables	 . . . . . . . . . . . . . . . . . . 	 76

3.1.3 Shuttle Mass Properties	 . . . . . . . . . . . . . . . 	 80

	

3.2	 OUTPUT DATA	 . . . . . . . . . . . . . . . . . . . . . . . . 	 84

	

3.3	 COMPUTATIONS	 . . . . . . . . . . . . . . . . . . . . . . . . 	 85

4. TRAJECTORY INITIALIZATION LINK (%TNIT)	 . . . . . . . . . . . . . . 99

	

4.1	 FUNCTION SUBPROGRAMS	 . . . . . . . . . . . . . . . . . . . . 	 99

4.1 .1	 'JD'	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 99

v



CONTENTS (Cont.)

Page

4.1.1.1	 Argument	 List	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 99
4.1.1.2	 Example	 of	 Usage	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 99
4.1.1.2	 Computations	 .	 .	 ,	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 99

4.1.2	 ' PLOTYP'	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 101

4.1.2.1	 Argument	 List	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 101
4.1.2.2	 Example	 of Usage	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 101
4.1.2.3	 Computations	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 101

4.1.3	 'UNIT'	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . . 	 . 	 103

4.1.3.1	 Argument	 List	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 103
4.1.3.2	 Example	 of Usage	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 103
4.1.3.3	 Computations	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 103

4.1 .4	 'MONTH . 	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 105

4.1.4.1	 Argument	 List	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 105
4.1.4.2	 Example	 of Usage	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 105
4.1.4.3	 Computations	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 105

4.1.5	 'C'	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 107

4.1.5.1	 Argument	 List	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 107
4.1.5.2	 Example	 of	 Usage	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 107
4.1.5.3	 Computations	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 108

4.1.6	 'T'	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . . 	 . 	 110

4.1.6.1	 Argument	 List	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 110
4.1.6.2	 Example	 of Usage	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 110
4.1.6.3	 Computations	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 111

4.2	 MATRIX DIAGONALIZATION SUBROUTINE 	 ('DIAG')	 .	 .	 .	 .	 .	 .	 . .	 .	 113

4.2.1	 Argument	 List	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . . 	 . 	 113

4.2.2	 Example	 of	 Usage	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . . 	 . 	 113

4.2.3	 Computations	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . . 	 . 	 114

4.3	 MAIN	 LOGIC	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 119

5. ORBITER GEOMETRY LINK (%SSVU) . . . . . . . . . . . . . . . . . . .	 127

vi



CONTENTS (Cont.)

Page

6. FLIGHT SEGMENT INITIALIZATION LINK lk%SNIT) . . . . . . . . . . . . 128

6.1	 FUNCTION SUBPROGRAMS	 . . . . . . . . . . . . . . . . . . . .	 128

6.1.1	 ' KAM' .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 128

6.1.1.1 Argument List	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 129
6.1.1.2 Example of Usage 	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 129
6.1.1.3 Computations	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 129

6.1.2	 ',?:iEL . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 131

6.1.2.1 Argument List	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 131
6.1.2.2 Example of Usage	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 131
6.1.2.3 Computations	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 131

6.1.3	 'COMP' .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 133

6.1.3.1 Argument List	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 133
6.1.3.2 Example of Usage	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 133
6.1.3.3 Computations	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 133

6.1.4	 ' KTOMS' .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 135

6.1.4.1 Argument List	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 135
6.1.4.2 Example of Usage	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 135
6.1.4.3 Computations	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 135

6.1.5	 ' KTRCS' .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 137

6.1.5.1 Argument List	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 137
6.1.5...2 Example of Usage	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 137
6.1.5.3 Computations	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 137

6.1.6	 ' DATYP' .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 139

6.1.6.1 Argument List	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 139
6.1.6.2 Example of Usage 	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 139
6.1.6.2 Computations	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 139

6.2 SEGMENT DEFINITION LISTING ROUTINE ('SLIST') . . . . . . . . 140

6.3	 MAIN LOGIC	 . . . . . . . . . . . . . . . . . . . . . . . . . 	 141

7. STATE PROPAGATION LINK (%PROP)

	

	 . . . . . . . . . . . . . . . . . . 	 148

vii

A



CONTENTS (Cont.)

Page

7.1	 ROTATED-ELLIPSE PLOTTING SUBROUTINE ('RELIP') 	 .	 .	 .	 .	 .	 . .	 .	 148

7.1.1	 Argument	 List	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 150

7.1.2	 Example	 of	 Usage	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 151

7.1.3	 Computations	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 152

7.2	 FOURTH-ORDER RUNGE-KUTTA INTEGRATION SUBROUTINE ('RK4') 	 . .	 .	 153

7.2.1	 Input	 Data	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 153

7.2.1.1	 Argument	 List	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 153
7.2.1.2	 Others	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 153

7.2.2	 Output	 Data	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 154

7.2.3	 Examplee	 of , `'5sac^e	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 154

7.2.4	 Computation s 	.	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 155

7.3	 MAIN	 LOGIC	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 158

REFERENCES	 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	 167

APPENDICES

A	 BASIC QUATERNION OPERATIONS 	 . . . . . . . . . . . . . . . . . A-1

B	 COORDINATE SYSTEMS . . . . . . . . . . . . . . . . . . . . . .	 B-1

C	 PROCESSOR CODE . . . . . . . . . . . . . . . . . . . . . . . . 	 C-1

D	 MEMORY ALLOCATION	 . . . . . . . . . . . . . . . . . . . . . .	 D-1

E	 USER-SUPPLIED INPUT DATA BASE . . . . . . . . . . . . . . . .	 E-1

F	 USER-SUPPLIED FLIGHT PROFILE DEFINITION . . . . . . . . . . . F-1

G	 DIGITAL OUTPUT DATA	 . . . . . . . . . . . . . . . . . . . . .	 G-1

H	 GRAPHICAL OUTPUT DATA	 . . . . . . . . . . . . . . . . . . . . 	 H-1

viii



ILLUSTRATIONS

4	 Figure Page

1 HFRMP Mainline	 Logic	 Flow	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 2

2 #TRAJ	 Overlay Structure	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 3

3 'ANG1'	 Function Subprogram Logic Flow	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 26

4 'ANG2'	 Function Subprogram Logic Flow	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 28

5 'ATNl T ATN2'	 Function Subprogram Logic Flow	 .	 .	 .	 . .	 .	 .	 30

6 'HM.S'	 Function Subprogram Logic Flow	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 32

7 'SECS'	 Function Subprogram Logic Flow	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 34

8 'DOTP'	 Function Subprogram Logic Flow	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 36

9 'SXV'	 Subroutine	 Logic	 Flow	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 38

10 'VADD'/'VSUB'	 Subroutine Logic Flow	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 40

11 'CRSP'	 Subroutine Logic 	 Flow	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 42

12 'ROT'/'IROT'	 Subroutine Logic Flow	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 45

13 'QDOT'/'QXQ'/'QXQC'/'QCXQ' 	 Subroutine Logic Flow 48

14 'Q231'/'Q213'	 Subroutine Logic Flow	 .	 .	 .	 .	 .	 .	 .	 . ,	 .	 .	 52

15 'Q313'	 Subroutine	 Logic	 Flow	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 55

16 '231Q'/'213Q'	 Subroutine Logic	 Flow	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 1	 57

17 '313Q'	 Subroutine	 Logic	 Flow	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 59

18 'IMATQ'	 Subroutine	 Logic	 Flow	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 64

19 'DERIVS'	 Subroutine	 Logic	 Flow	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 68

20 %RMAT	 Logic	 Flow	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 92

21 'JD'	 Function Subprogram Logic Flow 	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 100

22 'PLOTYP'	 Function Subprogram Logic Flow	 .	 .	 .	 .	 .	 . .	 .	 .	 102

23 'UNIT'	 Function Subprogram Logic Flow 	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 104

24 'MONTH'	 Function Subprogram Logic Flow	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 106

ix



ILLUSTRATIONS (Cont.)

Figure Page

25 'C'	 Function Subprogram Logic Flow	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 109

26 'T'	 Function Subprogram Logic Flow 	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 112

27 'DIAG'	 Subroutine Logic	 Flow	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 llr

28 %TNIT	 Logic	 Flow	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 120

29 'KAM'	 Function Subprogram Logic Flow 	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 130

30 'JSEL'	 Function Subprogram Logic Flow 	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 132

31 'COMP'	 Function Subprogram Logic Flow 	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 134

32 'KTOMS'	 Function Subprogram Logic Flow 	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 136

33 'KTRCS'	 Function Subprogram Logic Flow 	 .	 .	 .	 .	 . .	 .	 138

34 %SNIT	 Logic	 Flow	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 142

35 'RELIP'	 Ellipse	 Geometry	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 149

36 'RELIP'	 Subroutine	 Logic	 Flow	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 153

37 'RK4'	 Subroutine	 Logic	 Flow	 .	 •	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 157

38 %PROP	 Logic	 Flow	 ...	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 159

B1 Shuttle Station Coordinates 	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 B-3

B2 Payload Station Coordinates 	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 B-5

B3 Shuttle Body Coordinates 	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 B-7

B4 Payl oaO	 Body	 Coordinates	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 B-9

B5 Rectangular Local	 Vertical	 Coordinates	 .	 .	 .	 .	 .	 .	 .	 . .	 B-11

B6 Curvilinear Local	 Vertical	 Coordinates	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 B-13

B7 Mean of 1950.0 and Mean of Launch Date Coordinates 	 .	 . .	 .	 B-15

x

1



TABLES

Table Page

r	1 RCS Thruster Data, Disk Files "$JFT" and "$JFTM" 77

2 Basic RCS Thrust Data (Without Plume Impingement) 	 .	 .	 . .	 78

3 Force and Moment Increments Due to Plume Impingement . 	 . .	 79

4 Vernier (V)	 Jet Select Table, Disk File "$JSV" 	 .	 .	 .	 .	 . .	 81

5 Primary	 (P) Jet Select Table, Disk File "$JSP" 	 .	 .	 .	 .	 . .	 82

6 Fri!,iary with +Z Thrusters Inhibited (PZI) Jet

Select Table,	 Disk	 File	 "$JSPZI"	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 83

7 File Names	 for Response Matrices	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 86

8 Uncompensated Response Matrix for Jet Select

Option	 P,	 Disk	 File	 "*P"	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 87

9 Rotationally Compensated Matrix for Jet Select

Option	 P,	 Disk	 File	 "*PR"	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 88

10 Fully Compensated Matrix for Jet Select Option P,

D;sk	 File	 "*PF"	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 89

xi

in



NOMENCLATURE

Abbreviations

BL	 buttock line (Y coordinate in structural coordinate system)

CG	 center of gravity

CPLV	 curvilinear payload-centered local vertical coordinates

DAP	 digital autopilot

ECI	 earth-centered inertial (coordinate system)

HFRMP	 Nigh-Fidelity Relative Motion Computer Program

HPL	 Hewlett-Packard Language (for the NP-9825A computer)

IMLD	 "invariant" mean of launch date orbit elements

MLD	 mean of launch date ECI coordinate system

M50	 mean of 1950.0 ECI coordinate system

OM50	 osculating mean of 1950.0 orbit elements

PBY	 payload body-fixed coordinate system

PCON	 propellant consumption

PL	 payload

PLV	 payload-centered local-vertical coordinate system

RCS	 reaction control system

RIMP	 rotational impulse (integral of torque with respect to time)

RSBY	 rectangular Shuttle body-fixed coordinates

RSLV	 rectangular Shuttle-centered local vertical coordinates

SQY	 Shuttle body-fixed coordinate system

SLV	 Shuttle-centered local vertical coordinate system

SRM	 solid rocket motor

SS	 Space Shuttle (Orbiter)

STA	 station (X coordinate in structural coordinate system)

WL	 water line (Z coordinate in structural coordinate system)

xii

i,

A



t^
,

Symbol s

A	 linear acceleration of Shuttle CG

a	 linear acceleration of payload CG

[I],[I] B 	Shuttle inertia tensor, referenced to SBY axes

[I]',[I] p Shuttle inertia tensor, referenced to principal axes of inertia

[i],[i] b 	payload inertia tensor, referenced to PBY axes

[i]' Ili] p payload inertia tensor, referenced to principal axes of inertia

i,j,k	 unit vector aligned with X,Y,Z coordinate axes (i.e., vector base)

C 'J	 torque vectors

FK	
position vector drawn from point J to point K, resolved onto axes

1	 T

of system F; i.e. , P 	 = i PF1 + j PF2 + k PF3
PFK 	

derivative of F
K 
with respect to time in coordinate system F; i.e.,

-JK	 'JK	 HK	 ^ • JK	 •JKDP /dt = PF = i PF1 +	 PF2 + k PF3

qFG
	 orientation versor (unit quaternion) defining orientation of coor-

dinate system G with respect to system F

qFG	
conjugate of q FG' q FG = `1GF

R	 geocentric position vector of Shuttle CG

R	 IR'I

R	 dR/dt

R	 d2R/dt2

r	 geocentric position vector of payload CG

r	 (rl

r	 dr/dt

r	 d2r/dt2

t	 time

U, —u	 unit vectors

V	 geocentric inertial velocity of Shuttle CG

i

1,

G
	

xiii



geocentric inertial velocity of payload CG

array of (3) Euler angles

Keplerian angular velocity magnitude of Shuttle CG, If x Vj/R2

doK/dt

Keplerian angular velocity magnitude of payload CG, Jr x v1 /r2

dwK/dt

angular velocity vector of system G with respect to system F,

resolved onto axes of system G

GG	 DWV/dt

MI

v

CC]

Q 

:tK

wK

``' K
4G
W 

xiv



Subscripts

B	 Shuttle body-fixed (SBY) coordinate system

b	 payload body-fixed (PBY) coordinate system

G	 Shuttle-centered local vertical (SLV) coordinate system

9	 payload-centered local vertical (PLV) coordinate system

M	 Shuttle-centered UVW coordinate system

h payload-centered UVW coordinate system

I mean of launch date (MLD) ECI coordinate system

J mean of 1950.0 (M50) ECI coordinate system

P principal axes of inertia of Shuttle

p principal	 axes of inertia of payload

S Shuttle sensor coordinate system

xv



Superscripts

n	 A actual CG of Shuttle

a actual	 CG of payload

B Shuttle body-fixed (SBY) coordinate system

b payload body-fixed (PBY) coordinate system

G Shuttle-centered local	 vertical	 (SLV) coordinate system

g payload-centered local	 vertical	 (PLV) coordinate system

I (any)	 inertial	 coordinate system

N nominal	 CG of Shuttle (STA 1076.7, BL 0, WL 375)

n "nominal	 CG" of payload (STA 0, BL 0, WL 0); = center of front

face of payload cylinder

S origin of Shuttle sensor coordinates

T transpose of matrix

t payload targetpoint

U aerodynamic effect

Y gravitational	 effect

T thrust effect

Product Symbols

o	 quaternion product

X	 vector cross product

•	 vector dot (scalar) product

xvi



i
I

a
a

1

I;

FOREWORD

This document contains a detailed description of the trajectory processor

(#TRAJ) of the High Fidelity Relative Motion Program (HFRMP) Version 03T(1229/

IONOV79). The HFRMP is coded in Hewlett-Packard Language (HPL) for the

HP-9825A Desktop Calculator with memory option 002 (23,228 bytes of read/

write memory) and the following peripheral devices and read-only memory (ROM)

modules:

Required Peripheral Devices

	

HP-9885M	 Flexible Disk Drive

	

HP-9872A	 Plotter

	

HP-98666	 Thermal Line Printer

or

	

HP-9871A	 Character Impact Printer

Required ROM Modules

	

HP-98210A	 String-Advanced Programming

	

HP-98211A	 Matrix Programming

	

HP-98217A	 9885M Flexible Disk Drive

	

HP-98216A	 9872A Plotter-General I/0-Extended I/O

or

	

HP-98215A	 9872A Plotter-General I/O

Applicable HPL programming information is contained, along with operating in-

structions for the calculator and its peripheral devices, in the following

HP-9825A manuals published by the Hewlett-Packard Calculator Products Divi-

sion:

xvii



i

HP Part No.	 'title of Manual

09825-90000	 Operating and Programming

09825-90020	 String Variable Programming

09825-90021	 Advanced Programming

09825-90022	 Matrix Programming

09825-90024	 General I/O Programming

09825-90026	 9872A Plotter Programming

09871-90000	 9871A Printer...Operating Manual

09885-90000	 Disk Programming

A basic understanding of the contents of the cited manuals is required for a

full comprehension of this program document.

xviii



1. INTRODUCTION

The HP-9825A High Fidelity Relative Motion Program (HFRMP) is a disk-

resident flight design software system specifically intended for the analysis

of Space Transportation System (STS) proximity operations. The mainline logic

flow is illustrated in Figure 1. The code is divided into several primary

modules that are designated "processors" and identified as such (according to

HFRMP convention) using the pound-sign (#) symbol as the first character in

their identification strings (i.e., names). Some processors, being too large

to fit in the available read/write memory area, are broken down into subsidiary

links which are identified by the use of the percent (a) symbol as the first

character in their identification strings. Subsidiary links overlay each other

in a shared memory area, as illustrated in Figure 2.

Processors (such as #TRAJ) are called into read/write memory from the

program disk by use of the HPL comet command, which erases all variables (numer-

ical data) that may have been stored in memory. Information transfer between

processors is accomplished by means of disk-resident data files that are

stored and retrieved, as necessary, by appropriate commands coded into the

processors. This includes user-supplied input data, which can be manipulated

(edited/saved/recalled) by the user with the aid of interactive input proces-

sors (#DBED and #FPED in Figure 1).

From the preceding remarks it can be seen that every HFRMP processor rep-

resents, in a limited sense, a stand-alone program. Therefore it is possible,

t i.e., that which is invoked by a regular production run of the program. Not
shown are a number of special processors that are used for program mainte-

nance.

1
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Figure 1. HFRMP Mainline Logic Flmv
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for instance, to interrupt the normal HFRMP execution sequence :: f ter input

processing has been completed and then later to resume execution by commanding

get "#TRAJ" from the calculator keyboard and pressing the (IW button. By the

same token, it is not necessary to execute the HFRMP particle impact damage

integrator (#PIDI) immediately after executing #TRAJ. The vehicle ephemeris

data that #PIDI requires is stored on the program disk by #TRAJ, where it is

preserved indefinitely until written over by a subsequent execution of #TRAJ.

Therefore, a user can execute the trajectory processor, shut off the calculator

and remove his program disk, and then initiate a particle impact damage analy-

sis of the subject trajectory at any later date si.:.ply by inserting his disk,

commanding zget "#PIDI" from the keyboard, and pressing the C U ► button.

The remainder of this document will be concerned only with the #TRAJ pro-

cessor, which contains the HFRMP dynamic models, the trajectory/attitude inte-

gration logic, and the basic output computations. Detailed program documen-

tatior for the HFRMP input processors and the #PIDI output processor are to be

published under separate cover. (Reference 1 contains operating instructions

for the HFRMP, with emphasis on input operations. Reference 2 contains a def-

inition of the ^>-. :J c equations used in the #PIDI processor.)

4I;



1.1 GENERAL DESCRIPTION OF #TRAJ

The #TRAJ processor is a 12-degrees-of-freedom trajectory integrator (6

degrees of freedom for each of two vehicles) which generates digital and graph-

ical data to describe the relative motion of the Space Shuttle Orbiter and a

free-flying payload. These data are obtained by differencing the geocentric

states of the individual vehicles, computed to a numerical precision of 12

decimal digits, with respect to an oblate earth whose gravitational model

includes the second harmonic coefficient 0 2 ). The state of the two-vehicle

system	 computed as a function of time by means of a fourth-order Runge-

Kutta numerical integration scheme which uses unit quaternions (versors) to

define both the rotational and the translational states of each vehicle. The

derivation of the versor-based translational state vector is contained in 	 le

Reference 3, which is reproduced for the most part (with some changes in

coordinate system definition) in Appendix A and Sections 1.2 and 1.3 of this

report.

The payload is modeled geometrically as a cylinder whose length and diam-

etnr are specified by program input. The Orbiter and the payload are treated

as rigid bodies whose individual mass properties ^^-;; , oss weight, moments and

products of inertia, and center of gravity location) are specified by program

input and are assumed to remain constant f during the HFRMP run. Gravity

gradient torque is included in the rotational equu i ons of motion for both

vehicles. At the user's option, aerodynamic torque and drag can also be

tAn exception is made when integrating the trajectory of an upper stage during
a major translational maneuver such as a solid rocket motor burn. In such
a case, the payload gross weight is decremented during the burn to reflect
the consumption of propellant.
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included for either or both vehicles. Aerodynamic forces normal to the rela-

tive wind vector are ignored.

The atmosphere is assumed Lo rotate with the earth, and is modeled as a

function of geodetic altitude by a curve fit of the 1962 Standard density pro-

file (Reference 4). The curve fit is valid down to a minimum altitude of

approximately 400,000 feet. The density profile can be modified by a program

input factor (K P ) to account for the major effects of solar activity. Aerody-

namic drag and moment coefficients for the Orbiter are computed as curve-fit

functions of its attitude with res pect to the relative wind vector (References

5-7).

Aerodynamically, the payload is modeled as a flat plate whose size and

U;
	

shape are determined by projecting its cylindrical outline onto a plane normal

to the relative wind vector. The payload drag coefficient is assumed to be

2.0, based on its projected frontal area. Aerodynamic effects on the Orbiter

and the payload can be modified (or cancelled entirely) by means of input fac-

tors (Ka and ka) which are applied uniformly to all aerodynamic forces and

torques that are computed for the specified vehicle. The possible effects of

aerodynamic shadowing (of one vehicle by the other) are not accounted for in

the internal calculations of #TRAJ.

Several options are provided for defining the initial state of the two-

vehicle system. The translational state of the Orbiter can be described

either in terms of osculating orbit elements referenced to the Mean of 1950.0

(M50) geocentric equatorial frame, or in terms of invariant orbit elements

(Reference 8) measured in the Mean of Launch Date (MLD) equatorial frame. The

initial attitude of the Orbiter is defined by pitch, yaw, and roll angles

(taken in that order) referenced to the rotating Shuttle-centered local-

6



vertical (SLV) coordinate system. The Orbiter's angular velocity, measured

in terms of rate components about its body axes, can be defined with respect

to either the M50 (inertial) frame or the SLV (rotating) frame.

The initial translational state of the payload is defined by rectangular

position and velocity components which are measured rel ive to the Orbiter's

center of gravi^y (CG). At the user's option, these components can be mea-

sured in the SLV coordinate system, or in the Shrittle body (SBY) coordinates

system. The payload's initial pitch, yaw, and roll angles can be referenced

either to the payload-centered local-vertical (PLV) system, or to the SBY

system. The payload's angular rate components about its body axes can be

defined relative to the M50, the PLV, or the SBY frame.

The initial state of the system can be advanced through up to 40 flight

profile segments, each of arbitrary length, which are defined by the user in

a prior execution of the #FPED processor. h At the beginning of any segment

the user may command the application of an impulsive (i.e., instantaneous)

increment to the angular rate of either or both vehicles.	 In this regard,

the user may specify a particular rate increment (INCR), a desired rate with

respect to inertial space (IR), or a desired rate with respect to the local-

vertical frame of the vehicle in question (LVR). In all cases, the components

of the desired rate or rate increment are measured about the body axes of the

hAll input data, including the flight profile definition, are saved in disk
files whence they can be recalled (and edited, if necessary) for use in
subsequent runs.

*Commanded angular velocity impulses, and the linear velocity impulses which
they may induce as a result of RCS translational cross coupling, are the only
types of state variable discontinuity that are permitted by #TRAJ. These are
allowed only at the beginning of a flight profile segment.
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vehicle in question.

After applying the specified angular velocity increment (if any) at the

beginning of the flight segment, PTRAJ then (for each vehicle independently

of the other)
NEt

1. allows the attitude to drift N under the influence of inertia and

natural torques, or

2. performs inertial rate hold (IRH) control (i.e., maintains a constant

angular velocity relative to inertial space), or

3. performs local-vertical rate hold (LVRH) control (i.e., maintains a

constant angular velocity relative to the rotating local-vertical

frame of the vehiclr being controlled)

for the duration of the segment, depending on the user's specifications for

that segment.

When the IRII or the LVRH attitude-maintenance option is specified for the

Orbiter, a simplified RCS/DAP model (Reference 9) is used to compute average

values for the propellant consumption rates and translational cross-coupling

accelerations that result from the intermittent thruster firings which are

required to apply the necessary control torques. The model takes into account

the mass properties of the Orbiter, the ele:trical width (an integer multiple

of the DAP cycle time) and the effective width (the duration of steady-state

`	

acceleration) of the RCS thruster pulses, and the width of the attitude dead-

band about each of the Orbiter's body axes. Deadbands can be changed from

segment to segment in the flight profile, as can the selection of primary or

vernier thrusters and the mode of cross-coupling compensation. Translational

cross-coupling accelerations are integrated along with those produced by

gravity, aerodynamics, and commended translational thrust. They are reflected

in the output data by the flight path deviations they produce. Propellant



consumption rates are also integrated (but not subtracted from the Orbiter

gross weight), and the accumulated expenditures are tabulated, along with other

data, at user-specified time intervals. Propellant consumption is broken down

according to source (forward, aft left, or aft right tank) and function (trans-

lational or rotational control).

When the IRH or the LVRH attitude-maintenance option is specified for the

payload, the magnitudes of the necessary control torques are integrated and the

accumulated rotational impulse (measured in pound-foot-seconds) in the positive

and negative direction about each body axis is printed along with the other

digital output data. Since no specific method of implementation is modeled,.

it is not possible to compute propellant consumption rates or cross-coupling

effects that may result from payload attitude control.

Translational thrust acceleration of either or both vehicles can be 	 k

commanded at the beginning of any flight profile segment. Payload transla-

tional thrust is always applied in the direction of the payload's +X body axis

and is assumed to be directed through the CG. Once initiated, payload thrust

acceleration continues until all of the rocket motor propellant is consumed,

as determined by a table of flow rates versus burn time.

Translational acceleration of the Orbiter is initiated by commanding

ignition of either or both of the OMS engines (L, R, or L+R) and/or by firing

primary RCS thrusters to produce thrust nominally in the positive or negative

directions of the Orbiter body axes (+X, -X, +Y, -Y, +Z, or -Z). Once initi-

ated, Orbiter translational acceleration is applied continuously at the

nominal steady-state level, throughout the duration of the flight profile

segment.

a
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1.2 STATE VECTOR DEFINITIONS

There are many numerical methods which can be used to integrate the dif-

ferential equations that govern the motion of a rigid body such as the Orbiter

or a free-flying payload. A common requirement of such methods is the defi-

nition of a state vector along with a set of equations which, given the val-

ues of tho state variables at any particular time, permit the calculation of

the first derivative of every state variable with respect to time.

A -fourth-order Runge-Kutta numerical integration technique is used in the

#TRAJ processor. However, the state vector definitions and the derivative

calculations (which comprise the bulk of the computations involved in state

vector propagation) are not influenced directly by the integration logic

except in the sense that the integrator determines how frequently the deriv-

atives have to be evaluated. In #TRAJ, the integration logic and the deriva-

tive calculations are isolated from each other in separate subroutines, thus

making it easy to change the numerical integration technique if that should

become desirable.

The purpose of this section of the report is to describe the state vari-

able that have been adopted for use in #TRAJ. The associated derivative

calculations, described in terms of external forces and torques that act on

the body under consideration, will be covered in Section 1.3. The detailed

calculation of these forces and torques will be described in Section 2.3, and

the Runge-Kutta integration logic will be described in Section 7.2.

to set of variables that define the position and linear velocity of the body's
CG (in the case of translational motion) with respect to a chosen system of
reference, and/or the body's attitude and angular velocity (in the case of

t	
rotational motion about the CG).

10



The #TRAJ processor makes use of versors (unit quaternions) as internal

state variables to describe the translational as well as the rotational

motions of the Orbiter and the payload. (The HFRMP user never sees the state

vectors in quaternion form; input and output data are defined in terms of

Euler angles.) The computational advantages of using versors to describe

rotational motion are well known. Certain advantages also accrue from their

use to describe the translational motion of a satellite, as explained in

Reference 3. Versors are also used extensively in #TRAJ for coordinate trans-

formations in general, and a working knowledge of their characteristics and

rules of manipulation is necessary for a good understanding of the remainder

of this report. A careful study of Appendix A is recommended at this point

for the reader who is not accustomed to the use of quaternions. Even for

	

.10	 those who are familiar with quaternion applications, it probably will be help-

ful to review the conventions and the system of notation defined in Appendix

	

I , 	 A. all readers should examine the coordinate system definitions in Appendix B.

1.2.1 Rotational State Vector

The rotational state of the Shuttle at any given time t is defined by the

variables 1q B ,w66], where qI6 is a versor that defines the orientation of the
Shuttle body-fixed (SBY) coordinate system B with respect to the geocentric

mean-of-launch-date (MLD) equatorial inertial coordinate system I. The vector

	

'	 symbol w 66 represents the angular velocity of the Orbiter. The double super-

script IB identifies the angular velocity as that of system B with respect to
t

system I, and the subscript B indicates that the vector is resolved into

components along the axes of the B system. The rotational state of the payload

is similarly defined by the variables Cglb,—Ib1, 
whose definitions are the

same in all respects except that the lower-case symbol b is used to identify

I
t.
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the body-fixed coordinate system of the payload.

1.2.2 Translational State Vector

The translational state of the Orbiter is defined by the variables

[qI0 ,R,P^
K]. The symbol q IG represents a versor that defines the orientation

of the Shuttle local-vertical (SLV) coordinate system G with respect to the

inertial system I. The symbol R repress-its the distance from the center of

the earth to the Shuttle CG, and R stands for its derivative dR/dt. The

symbol 
'"K 

represents the scalar magnitude of the instantaneous geocentric

angular velocity of the Shuttle CG. The subscript K in this case does not

designate a coordinate system; it merely identifies the angular velocity in

question as that which is associated with Kepler's law of equal areas.

t-
The translational state of the payload is similarly composed of the vari-

ables [g lg ,r,r,cw K], which are defined in the same manner as those described in

the preceding paragraph except for the use of lower-case symbols to repre-

sent the scalar quantities and the coordinate-system designator (g) of the

payload local-vertical (PLV) coordinate system.

12
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1.3 BASIC EQUATIONS OF MOTION

The purpose of this section is to define the equations for calculating

the derivatives of the #TRAJ internal state variables, assuming the forces and

torques acting on the bodies are known. Equations for calculating the forces

and torques will be given in Section 2.3.

The only equations that will be defined explicitly in this section are

those that apply to the motion of the Shuttle. The payload equations are

identical in all important respects, and can be obtained simply by substituting

the lower-case symbols b, g, r, r, and 
wK 

for their upper-case counterparts

B, G, R, R, and s,K.

1.3.1 Rotational Motion

What is required here are the first derivatives of q 16 and 
wBB 

with re-

spect to time. The derivative of the orientation versor is equal to one-half

of its quaternion product with w B6 , i.e.,

q I6 = q I6 ° wB6 /
/2.(+	 (1)

The derivative of IB is given by the equation

WB6 = [I]B1 (EB - 
WB 6 x C I ] B wB6 ,,	 (2)

where the vector L B represents the external torque acting on the Shuttle.

The symbol [I] B represents the Shuttle's inertia tensor (a 3x3 matrix whose

elements consist of the moments and negative products of inertia, referenced

to the B system), and [I]B 1 represents its inverse. For the purpose of comput-

ing the product of a matrix and a vector, the vector is treated as a column

matrix, e.g.,

13
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WB1

—IB	 I 
"'B 

= WB2

I 
WB3

1.3.2 Translational Motion

We seek now to define the first derivatives of the translational state

variables q IG , A, and sK with respect to time. (The derivative of the state

variable R is no problem, because it is equal to R). By definition, the

Shuttle's local-vertical coordinate system G rotates in such a manner that

RG = - k R
	

(J)

and

(RxV)G = - jIRxV^ _ - j R2 OK	(4)

at every instant of time, where R and V represent the geocentric position and

inertial velocity vectors of the Shuttle CG.

An expression for the inertial velocity can be obtained by differentiat-

ing Equation (3) with respect to time. This yields

VG = - kR- -IG xkR,	 (5)

where the vector

W IG = i W
IG + ^ WIG + k WIG

G3

(whose components have yet to be evaluated) represents the total angular

velocity of coordinate system G with respect to the inertial system I. We

(6)

I 14



now differentiate Equation (5) with respect to time and obtain the expression

AG = -  kR-2wGGxkR

- wGG x k R- wGG x (wIG G x k R)	 ( 7)

for the linear acceleration of the Shuttle CG, where the vector

wIG = i wIG + " S IG + k wIG
G	 G1	 J G2	 G3	 (8)

represents the angular acceleration of coordinate system G.

We now proceed to evaluate the components of w GG and wGG . First, we

substitute the expression for wG G from Equation (6) into (5), and expand the

vector cross product. This results in the equation

VG = - i R wG2 + j R wGl - k R.	 (9)

Using the expression for R  and V G from Equations (3) and (9), we form the

cross product

(RxV)
G
 = i R2 w

Gl + j 
R2 

wG2'
	

(10)

Equating the vector components of Equations (4) and (10), we obtain

wGG = 0
	 (11)

and

IG =
G2 - ^K

which lead to

•IG =
wGl	

0

(12)

(13)

15



and

SIG -
	 -	 (14)

wG2 - - 
s^ K

Substituting (11), (12), (13), and (14) into Equations (6), (8), and (9), we

obtain

WGG 
- - j s.K + k 

wG3 ,	
(15)

wGG 
= - j 0K + k wG3,	 (16)

and

VG= i Rs^K -  kR.	 (17)

Using the expressions for w GG an( wGG from Equations (15) and (16), the

cross products ppearing in Equation (7) can now be expanded to obtain

AG = i (2 R s^ K + R s^K ) + j R 
^"K 

wG3 + k {R s^K - R). 	 (18)

From Newton's second law, we have

F  = M AG ,	 (19)

where M represents the mass of the Shuttle and the vector

FG = i F
G1 +	 FG2 + k F

G3	 (20)

represents the external force acting on it. Combining Equations (18), (19),

and (20), and equating vector components, we obtain the equations

R = R oK 2  - FG3/M	 (21)

11
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^K = (FGl /M - 2 R Q K )/R	 (22)

and

wG3 = FG2/(M R 2
K ).	 (23)

Equations (21) and (22) define the derivatives of the translational state

variables R and o K . The derivative of the remaining state variable 
qIG 

is

given by

q IG = ( q IG	 wGG )/2,	 (24)

where the angular velocity vector

F^
	 wGG = - j OK + k FG2/(M R QK )	 (25)

is obtained by substituting Equation (23) into (15).

Equations (21), (22), (24), and (25) are valid for all states of motion

except those where JRxVI = 0, in which case the geocentric flight path would

be vertical, and the orientation of the X and Y axes in the local-vertical

coordinate system would be indeterminate.

I	 17



1.4 CONVENTIONS AND CODING STANDARDS

HP-9825 programs are coded in the Hewlett-Packard Language (HPL), which

is functionally similar to BASIC but unique in terms of its syntax. To

facilitate correlation with the #TRAJ code (Appendix C), some of the syntacti-

cal features of HPL have been carried over into the flow charts (Sections 2-7).

For instance, consider a computation which involves forming the product

of two simple variables A and B, where the vesulting value is to be assigned

to a third variable C. In FORTRAN code this operation would be represented by

writing C = A * B, and in most flow charts by writing C = AB. In HPL code,

and in the flow charts that follow, the same operation would be described by

writing AB -; C. (Perhaps the most succinct verbalization of the HPL value-

assignment symbol is obtained by substituting the phrase "goes to" for the

4

right-running arrow

Another feature of HPL code and the flow charts, which may be confusing

to FORTRAN programmers, is the use of square brackets to enclose the index or

indices of a dimensioned variable. The Jth element of the HPL dimensioned

variable A[*] is designated by writing A[J], whereas in FORTRAN it would be

written A(J). In HPL code, the square brackets are always used to enclose

indexing or dimensioning information about an array (dimensioned) variable,

and for no other purpose. This is necessary in HPL to distinguish, for

instance, the simple (scalar) variable P from the array variable P[*] whose

dimensions might have been declared by a statement dim P[5,10], which is

analagous to the FORTRAN statement DIMENSION P(5,10). In a FORTRAN program

where such a dimension statement exists, a reference to the variable P is an

implicit reference to P(1,1), i.e., the first element in the P array. However,

this is not the case in HPL, where the simple variable P has no connection

f
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whatever with the array variable P[*] or any of its elements. For instance,

the sequence of HPL statements 2 -)^ P; 3 + P[l,l]; P P11,1] 4 X would cause the

number 6 to be assigned to the variable X.

1.4.1 General Arrangement of Program Files

The first line of code (line 0) in every HFRMP program file (processor or

processor link) contains, in the form of a label, the name under which the file

is stored on the program disk, followed by the date and time of its most recent

revision. The executable part of this line contains the statement gto "RUN",

where "RUN" is the label of the line where the main logic flow begins. The

next two lines 0 and 2) contain statements that facilitate an automatic list-

ing of the complete program, and which are never executed in a normal produc-

tion run.

All subprograms are located between line 2 and the "RUN" label, and they

are arranged in the following general order:

1. Function subprograms

2. Utility subroutines

3. Special subroutines.

The rationale for this order is to makE the program listings as insensitive as

possible to corrections or revisions of the logic. Function subprograms and

utility subroutines are revised much less frequently than the rain (driver)

logic in a given link. Therefore the code in the top part of each link tends

to remain comparatively stable.

To the greatest extent that is practicable, the code in each subroutine

and in the driver logic of each individual link is arranged so that execution

control flows from top to bottom, i.e., from smaller line numbers to greater

ones.

19
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1.4.2 Branching Conventions

For ease of program maintenance, branching to absolute line numbers is

avoided. Relative addressing (e.g.,tg o + 4) is used whenever practicable;

otherwise, the general rule is to branch to a symbolic label (e.g., gto "RUN").

The IM statement is used only in the rare instances where it is necessary to
compute a relative address (line number) at execution time.

To avoid confusion regarding the flow of execution control (and also

generally to permit, the transfer of date through an argument list), the

HPL c1l statement is used for branching to a subroutine in lieu of the Zb

statement.

1.4.3 Program Labels

No lower-case alphabetic symbols are used in program labels (character

strings used to identify branching targets, including the names of subpro-

grams). The purpose of this convention is to provide a contrast between such

labels and the commands and standard functions of HPL, all of which are spelled

with lower-case alphabetic symbols.

1.4.4 Input/Output Mnemonics

Although numerical option codes are sometimes used intern lly by #TRAJ,

it has'been adopted as a policy that HFRMP users should not have to memorize

(or look up) obscure numerical codes in order specify logical options in the

input data files. Rather, such options are specified by the user in the form

of mnemonic character strings which, if necessary,,, are converted to numerical

codes internally.

Mnemonic character strings are also used to identify the HFRMP digital

output data. With regard to all input/output mnemonics, a determined effort

20
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has been put forth to make them as meaningful and as consistent as possible.

1.4.5 Data-Register Protocol

Because of the limitations of the HPL syntax, it has been found necessary

to adopt a comparatively rigid protocol to govern the use of named variables

and of the numbered r-registers. Appendix D contains storage allocation infor-

mation for the r-registers.

1.4.5.1 Simple Variables

The simple (sc&lar) variable names, which are limited in HPL to single

upper-case alphabetic characters (A thru Z), are used primarily as loop

counters and for the temporary storage of intermediate computational results.

Eight of the 26 simple variables are designated as volatile registers, which

means that they are least rigidly controlled, and that their contents are most

susceptible to frequent change. These are the registers identified by the

characters H,I,J,K and W,X,Y,Z.

1.4.5.2 r-Registers

Because of the limited number of usable names for variables, and also

because array names cannot be passed through the argument lists of HPL sub-

programs, most of the data that would normally be assigned unique names or

stored in individual arrays (e.g., as in a FORTRAN program) are stored instead

in the numbered r-registers. The correlation between the r-numbers and the

logical symbols, shown in Appendix D, is extremely critical to the understand-

ing of the #TRAJ code.

When there is a need for a utility subprogram to perform a standard compu-

tation involving one or more logical arrays (such as vectors and quaternion5),

5

2
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the address of each logical array (i.e., the r-number of its first element) is

passed through the argument list (in lieu of an array name, which is not per-

mitted in HPL). For instance, suppose the components of a vector R G reside

in the registers rl through r3, the components of another vector V G reside in

r4 through r6, and it is desired to compute the vector H G = RG x VG and store

it in 0 through r9. Symbolically, in the flow charts, this would be written

R 
	 x VG -^ RG , or possibly as cli 'CRSP'	 (RG ,VG ,HG ).	 In the HPL code, it would

appear as cl	 'CRSP'	 `1,4,7), where 'CRSP'	 is the name of the vector cross-

product routine, and the numbers 1,4,7 are the addresses of the vectors in-

volved in the operation.

The first 19 r-registers (r0 through 08) are similar to the simple-vari-

able registers in that they are used mainly to store the intermediate results

of array computations. The first ten r-registers (r0 through r9) are analo-	 L

gous to the simple variables H,I,J,K and W,X,Y,Z in that they are designated

as volatile, i.e., most frequently used. Preferential use of the lower-num-

bered registers tends to minimize code-storage requiremen;..s, simply because

they entail writing out fewer digits (each of which requires one byte of code

storage) to identify the registers. That is to say, the statement cU'CRSP'

(101,104,107) requires 6 more bytes of code storage space than the statement

cLI'CRSP' (1 L4,7).

1.4.5.3 Restrictions on Utility Subprograms

During the execution of an HPL subprogram, the HP-9825 operating system

allocates temporary storage (only for the duration of subprogram execution) to

numbered p-variables. These variables are numbered sequentially beginning

with p0, into which the operating system loads the number of parameters that

appear in the argument list of the calling routine's reference to the sub

22
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program. If there should be three arguments, then at the beginning of sub-

program execution pQ would contain the number 3. The registers pl, p2, and p3

would contain the values assigned to the arguments of the subprogram by the

calling routine. The subprogram can make use of as many higher-numbered p-reg-

isters (p4, p5, etc.) as it may need for temporary storage of intermediate

computational results. All of the p-registers are de-allocated (ill effect,

erased) when execution control is returned to the calling routine.

The operating system also permits the subprogram to reference (get values

from or store values into) any of the registers accessible to the main program

(this includes the simple variables, array variables, string variables, and

r-registers). However, to prevent inadvertent modification of the contents of

registers that the calling routine may be using, certain conventions have been

adopted that limit the access of utility subprograms to global variables (i.e.,

any other than the p-variables).

In general, utility (general-;!urpose) subpi°ograms are not allowed to make

literal reference to a liv r-register. They are allowed to i ke logical refer-

ence to such registers by means of adJ resses that may be passed to them

through their argument lists by the calling routine. For example, the charac-

ter strings rO or r25 are not permitted in the code of a utility subprogram.

However, the character strings rpl and r(p3+3) are permitted, where pl and p3

represent addresses (in this case, the first and third numbers in the argument

list) of logical arrays that are passed to the subprogram by the calling

routine.

Function (as distinguished from subroutine) subprograms are not allowed to

make reference to any simple variable. They are required to use p-variables

for any temporary storage they might need. The same restriction applies to

23



any utility subroutine whose logical argument list contains only scalars and

vectors.

Utility subroutines that perform quaternion and matrix operations are

permitted to use the volatile simple variables (H,I,J,K and W,X,Y,Z), but no

others. Special subroutines such as 'DERVIS' (Section 2.3), whose calculations

generally are more complicated than those of utility subroutines, have no

such general restrictions on their access to storage registers.
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2. BASE LINK (#TRAJ)

The "#TRAJ" program file is the base link of the #TRAJ processor, contain-

ing all of the general-purpose subprograms, i.e., all that are used by two or

more subsidiary links.

2.1 FUNCTION SUBPROGRAMS

2.1.1	 'ANG1'

The function subprogram 'ANG1' converts an input angle to its equivalent

value in the range of 0 to 27.

2.1.1.1 Arguments

I
pl = Input angle, measured in radians.

2.1.1.2 Example of Usage

The instruction 'ANG1' -37r -> A in the calling routine would cause the

value of +7 to be assigned to the variable A.

2.1.1.3 Computations

The fractional part of pl /27r is multiplied by 2fr. If the result is nega-

tive, 2fr is added. A flow chart is shown in Figure 3.
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Figure 3. 'ANGI' Function Subprogram Logic Flow
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2.1.2	 'ANG2'

The function subprogram 'ANG2' converts an input angle to its equivalent

value in the range of -a to +7r.

i
2.1.2.1 Arguments

pl = Input angle, measured in radians.	
f

2.1.2.2 Example of Usage

The instruction 'ANG2'(-37r)_- A in the calling routine would cause the

value of -7r to be assigned to the variable A.

2.1.2.3 Computations

The fractional part of pl/27r is multiplied by 21r. If the result is great-

er than 7r, 27r is subtracted. A flow chart is shown in Figure 4.
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Figure 4. 'ANG2' Function Subprogram Logic Flow
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2.1.3	 'ATNI'/'ATN2'

This multiple entrypoint function subprogram computes the arctangent of

the ratio of two input quantities, whose individual signs determine the quad-

rant of the output angle. The 'ATN2' entrypoint is analogous to the FORTRAN

ATAN2 function, in that the output angle lies in the range of -,r to +,r. When

the 'ATNI' entrypoint is used, the output angle lies in the range of 0 to 2R.

2.1.3.1 Examples of Usage

The instruction 'ATNI'(-1,1)	 _r A would cause the variable A to be as-

signed the value of 77r/4, while the instruction 'ATN2'(-1,1) - A would cause

it to be assigned the value of -rr/4.

2.1.3.2 Computations

Tests are made to avoid division by zero. Depending on whether pl or p2

has the greater magnitude, a base value of the output angle is computed from

the expression it/2 - atn(p2/abs(pl)) or the expression atn(abs(pl/p2)), where

atn and abs represent the HPL arctangent and absolute value fu +.rctions. Tests

on the signs of pl and p2 then are made so that the base value can be rotated

into the proper quadrant. If pl = p2 = 0, the output angle is set equal to

zero. A flow chart is shown in Figure 5.
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Figure 5. 'ATN1 '/ 'ATN2 ' 'Function Subprogram Logic Flow

! 30



2.1.4	 'HM.S'

The 'HM.S' function converts time from seconds to hours, minutes, and

seconds. The output is a single number in the form of HHMM.SS, where HH

denotes the hours digits, MM denotes the minutes digits, and SS denotes the

seconds digits.

2.1.4.1 Arguments

pl = Input time, measured in seconds.

2.1.4.2 Example of Usage

The instruction 'HM.S'(36385.8) -* H in the calling routine would cause

the variable H to be assigned the value 1006.258 (10 hours, 6 minutes, and

`	 25.8 seconds).

2.1.4.3 Compl;tati ons

See Figure 6.

l
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Figure 6. 'HM.S' Function Subprogram Logic Flow
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2.1 .5 'SECS'

The 'SECS' function is the inverse of the 'HM.S' function described in

Section 2.1.4. It converts time from hours, minutes, and seconds (expressed

in the HHMM.SS format) into seconds.

2.1.5.1 Arguments

pl = Input time, in the HHMM.SS format.

2.1.5.2 Example of Usage

The instruction 'SECS'(1006.258) -+ S in the calling routine would cause

the variable S ^o be assigned the value 36385.8 (the number of seconds in 10

hours, 6 minutes, and 25.8 seconds).

2.1.5.3 Computations

See Figure 7.
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"SECS"( 0 1 )

loll/100 -0. 02-

INt (^2.) -* ^ 3

looTrc ( 0

60 (6o ^3 + ► Nt (^ 4) ) + loo f rc ( )P4) - N, ^3

ret 03 AIN(oi)

M.

Figure 7. 'SECS' Function Subprogram Logic Flow
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2.1.6	 'DOTP'

The 'DOTP' function subprogram computes the dot (scalar) product of two

vectors.

2.1.6.1 Arguments

pl = Address of first vector.

p2 = Address of second vector.

2.1.6.2 Example of Usage

If vector A resides in registers rl, r2, r3, and vector B resides in

registers r4, r5, r6, then the instruction 'DOTP'(1,4) -> D in the calling

routine would cause the value of A • B to be assigned to the variable D.

2.1.6.3 Computations

See Figure 8.
a,
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/GOTPt jDi , 0.1)

 rot rP2-+r(Oi+or(p2+o +

Figure 8. 'QOTP' Function Subprogram Logic Flow
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2.2 UTILITY SUBROUTINES

2.2.1	 'SXV'

The subroutine 'SXV' calculates the product of a scalar with a vector.

2.2.1.1 Arguments

pl = Value of scalar.

p2 = Address of input vector.

p3 = Address of output vector.

2.2.1.2 Examples of Usage

The instruction c1l 'SXV'(6.8,0,3) in the calling routine would cause the

values 6.8 r0, 6.8 rl, 6.8 r2 to be stored in r3, r4, r5. If vector T resides

in	 rll,	 r12, rl3, and B resides in r7, r8, r9, the instruction cjj 'SXV'('DOTP'

(11,7),11,7) would cause the value of (A	 • B) A to be stored in r7, r8, r9.

2.2.1.3 Computations

See Figure 9.

IF

37

^. 1



^, rp^ -► r^ s

^► ^ r(}^a^^)-► r(^3^^^

ret

Figure 9. 'SXV' Subroutine Logic Flow
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2.2.2 'VADD'j'VSUBI

Depending on which entrypoint is used, this subroutine will calculate

either the sum or the difference of two vectors.

2.2.2.1 Arguments

pl = Address of first input vector.

p2 = Address of second input vector.

p3 = Address of output vector.

2.2.2.2 Example of Usage

If vector A resides in rl, r2, 0 and vector f resides in r4, r5, r6, the

instruction c	 'VADD' 1,4 7 in the calling routine would ca+ise the value of

A + B to be stored in r7, r8, r9. The instruction cif 'VSUB'(1,4,4) would

cause the value of A - N to be stored in r4, r5, r6. The instruction

ciT 'VADD'(4,4,4) would cause the value of 2B to replace 6 in r4, r5, r6.
The instruction cH 'VSUB'(1,1 1) would cause zeros to be stored in rl, r2, r3.

2.2.2.3 Computations

See Figure 10.
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a

j

r

1♦04 1 	 1 -I♦ by

rot + ^4 rya -► r^v	
%, ;

r( I +0 + H r+10) -W

r+* a) + ^4 r(ba+ s)i r(a3+1)

Figure 10. 'VADD'/'VSUB' Subroutine Logic Flow
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2.2.3	 'CRSP'

The 'CRSP' subroutine computes the cross product of two input vectors.

2.2.3.1 Arguments

pl = Address of first input vector.

p2 = Address of second input vector.

p3 = Address of output vector.

2.2.3.2 Example of Usage

If the vector A resides in rl, r2, r3 and the vector B resides in r4, r5,

r6, the instruction c H 'CRSP'(1,4,7) in the calling routine would cause the

value of A x B to be stored in r7, r8, r9. The instruction cif 'CRSP'(4,1,4)
would cause the value of B x A to replace B in r4, r5, r6.

2.2.3.3 Computations

See Figure 11.
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CRsP'(01, 02., ^3 )

;.+2-)- r4I +I)r(pa+1)-v ^&i

^O5+ r(^3+1)
^4-* Y+a

Figure 11.	 'CRSP' Subroutine Logic Flow
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2.2.4 'ROT' 'IROT'

This multiple entrypoint subroutine is used for transforming the com-

ponents of a vector between two Cartesian coordinate systems that are angularly

displaced from one another by a rotation about their common origin. Let the

two coordinate systems be designated F and G, and let the versor (unit quater-

nion) qFG define the orientation of G with respect to F (see Appendix A).

The 'ROT' entrypoint performs the computation symbolized by qFG ° VF ° qFG ' V'G'

The symbol VF represents the value of a vector V in coordinate system F, and VG

represents the value of the same vector in System G. The IROT entrypoint

performs the inverse transformation, symbolized by qFG ° 
VG ° q FG -'-

 Arguments

pl = Address of input vector.

p2 = Address of versor.

p3 = Address of output vector.

2.2.4.2 Examples of Usage

If the versor q FG resides in r0, rl, r2, r3 and the vector V F resides

in r4, r5, r6, the instruction cil 'ROT'(4,0,7) in the calling routine would

cause the vector V G to be stored in r7, r8, r9. A subsequent instruction

cil 'IROT'(7,0,7) would cause a copy of the vector V F to replace VG in r7, r8,

r9. The instruction cli 'ROT'(4,0,1) would cause V G to be stored in rl, r2,

r3 (thus destroying the last 3 components of the versor qFG)'

2.2.4.3 Computations

The quaternion operation qFG o VF o qFG 
-*.VG 

is equivalent to the matrix

operation [R] V F -* VG , where

43
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1

1
1

(HH+II-JJ-KK)
	

2(IJ+HK)
	

2(IK-HJ)

[R] = 2(IJ-HK)
	

(HH-II+JJ-KK)
	

2(JK+HI)	 ,
	

(26)

2(IK+HJ)
	

2(JKa-HI)
	

(HH-II-JJ+KK)

and where q FG = H + i I + j J + k K. The inverse transformation

qFG 
o VG o qFG -* V F is equivalent to the matrix operation [R]T VG -* V F , where

[R]T is the transpose of [R]. By inspecting Equation (26), it can be seen that

[R]T is obtained simply by reversing the sign of H, as reflected in the flow

chart that is shown in Figure 12.
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ROT ^(, 100 t) ^3

i M2-0 N i

iROTIOI , 02.,03 )

—r4oa-+H

Mr

rpI+x

r(0I +I) -* Y

E.

rc p^+^^^T

r(a^+3)^K

(NN+zI-1T - KK^X+•t( (I1+NK)Y + (IK- N^)^) -^ Y'^ 3

(HH -II + 1J-KK^Y ♦ l^(1K+HI^^ ♦ ( IJ'- NK^X^-^ r^,p3-FI^

(HH-II - T.TtKK^ ♦ I^(Ik ♦ K1)X ♦(JK-HI^Y^^ r(0342)

ret

Figure 12. 'ROT'/'IROT' Subroutine Logic Flow
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2.2.5 'QDOT'/'QXQ'/'QXQC'/'QCXQ'

This multiple entrypoint subroutine performs a variety of related quater-

nion operations. As in Section 2.2.4, let 
qFG 

represent a versor (unit

quaternion) which defines the orientation of a Cartesian coordinate system

with respect to another system F that has the same origin. Let the vector

GG represent the angular velocity (measured in system G) of system G with

respect to system F. The 'QDOT' entrypoint is used to perform the operation

symbolized by (qFG o w G )/2	 qFG , where q FG represents the derivative of qFG

with respect to time.

Let P and Q represent any two quaternions (not necessarily versors), and

let R and Q represent their conjugates. The entrypoints 'QXQ', 'QXQC', and

'QCXQ' (respectively) perform the operations symbolized by P o Q

P0	 and Wo	 R.

2.2.5.1 Arguments

'QDOT' Entrypoint:

pl = Address of the orientation versor qFG.

p2 = Address of the angular velocity vector 
GG.

p3 = Address of the output derivative qFG'

'QXQ'/'QXQC'/'QCXQ' Entrypoints:

pl = Address of the first input quaternion P.

p2 = Address of the second input quaternion Q.

p3 = Address of the output quaternion R.

2.2.5.2 Examples of Usage

Assume the variable A has the value of 25, that the versor qFG resides in

r50, r51, r52, r53, and that the vector 
GG 

resides in r54, r55, r56. Then
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the statement cif 'QDOT'(A+25,A+29,A+125) will cause the value of qFG to be
stored in r150, rl51, r152, r153. If the versor q GH resides in r0, rl, r2, r3,

the statement cQl 'QXQ'(A+25,0,4) will causeqFH to be stored in r4, r5, r6,

r7. If this were followed by cQQ 'QXQC'(0,4,8), the versor

qGH ° qFH qGH ° qHF	
qUF would be stored in r8, r9, r10, rll. Then the

statement cjj 'QCXQ'(8,0,0) would cause a copy of the versor

qGF ° qGH ` q FG ° q
GH = qFH (already residing in r4, r5, r6, r7) to be stored

in r0, rl, r2, r3.

2.2.5.3 Computations

The computational sequence depicted by the flow chart in Figure 13 results

from a straightforward application of the rules of quaternion algebra that are

_ .
defined in Appendix A.
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'(Pli pal pa)/ CQCxgf ,, *ZI

1 ♦ M	 140 14

O * W	 1-►W

rp^,1x
r^pi^l^/y^♦Y
r(p^+i1,^♦4

OP N 1	 1 -14014
-Iiw	 1,1W

wr(pa.+11 ♦ x
w r(p ^+11-+Y

rbvpw

Ilr(pl +^^'+J'
ar(p1t3)♦ K

rp^^r1
WW--Ix -7Y -K!	 p3

Mx+7W+3j1—Ky+f(PT40
aY+ ZW +KX-It-W r(paiz)
NR ♦ kW ♦IY - J x ^ r(p3+3)

Figure 13. 'QCOT'/'QXQ'/'QXQC'/'QCXQ' Subroutine Logic Flow
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2.2.6	 'Q231'/'Q211'

The digits 1,2,3 in the 'Q231' and 'Q213' entrypoint names identify coor-

dinate-system rotations about the X,Y,Z axes (respectively) in two different

Euler-angle sequences. Generally, rotation about the X axis is designated as

roll, rotation about the Y axis is designated as pitch, and rotation about the

Z axis is designated as yaw. Given an orientation versor qFG, the 'Q231' entry-

point is used to calculate the values of the pitch, yaw, roll angles (taken in

that sequence) that are required to rotate the axes of coordinate system F into

coincidence with those of system G. The 'Q213' entrypoint is used to calculate

the corresponding Euler angle set for a pitch, roll, yaw sequence.

2.2.6.1 Arguments

pl = Address of the orientation versor.

p2 = Address of the output array of Euler angles (measivred in radians, and

stored in the same order as the logical rotation sequence).

2.2.6.2 Example of Usage

If the orientation versor under consideration resides in r0, rl, r2, r3,

the statement cjj 'Q231'(0,4) would cause the first rotation (pitch) angle to

be stored in r4, the second rotation (yaw) angle to be stored in r5, and the

third rotation (roll) angle to be stored in r6. The statement c H '213(0,0)

would cause the rotation angles of a pitch, roll, yaw sequence to be stored in

r0, rl, r2 (thus wiping out the first t!jree conponents of the orientation

versor) .

2.2.6.3 Computations

The output: of the 'Q231'/'Q213' subroutine is an ordered set of Euler angles

49



i

For a pitch, yaw, roll sequence the Euler angles are related to the

orientation versorqFG = H + i I + j J + k K by the equations ( see Reference

10)

H = Ca CN CY - S x S G SY ,	 (27)

I=CaC^,S^+S^S^^C
Y

,	 (28)

J = Sa C^ C  + C
a 

S 	 (29)

and

K = Ca S^ C  - S a C^ SY ,	 (30)

where C ,x = Cos 12 Lt 	 = sin	 Cl^ = cos 12 0. etc. Solving equations (27)

•	 (30) for a, G3, Y results in	 G

12 (a + Y ) = tan -1 [(J + I)/(H + K )],	 (31)

= tan - ^ [(J - I)/(H - K)],	 (32)

s = tan 	 (HK + IJ)/ X 2 + Y2 ],	 (33)

where

X=H2- I2+J2-K2,	 (34)

and

Y = 2 (JK - HI).	 (35)

As reflected by the flow chart shown in Figure 14, Equations (31) - (35) are

used to compute the Euler angles when the 'Q231' entrypoint is used.

For a pitch, yaw, roll sequence, the orientation versor and the Euler

angles are related by the equations
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Cy + 
Six

C+ S
y	 ,x

Cy	 Cox

S[^ S
	 (36)
Y

C 	 (37)

S 	 ,	 (38)

H 
= Cox 

C

I=C S
x

J=Sx C

and

K = C C,
.	 ,xS	 -S S ^,,C 

y
.	 (39)

^	 ^	 y 

The Euler-angle solutions in this case are

1: (,x - )) = tan -1 [(J - K)/(H + I )1,	 (40)

h (a + y) = tan -1 [(J + K)/(H - I )],	 (41)

= tan 	 (HI - JK)/ VX1+ y 1,	 (42)

where

X = H - I + J - K 	 (43)

and

Y = 2 (IJ + HK).	 (44)

It can be seen that Equations (31) - (35) become identical with (40) - (44)

when

(a) -K is substituted for I,

(b) I is substitutes+ for K, and

(c) the sign of y is reversed in the first set of equations.

This characteristic of the 'two Euler sequences allows common logic to be used

for the major portion of the computations, as illustrated in Figure 14.
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I41.W	 —I+ W

-r(01 ♦ a^^=
K	 r(^1+11-► K

rpI-+H

HH — IItJ1 — KK K K

^(TK — HI ^^ Y

'A-r t4 ;L, C T + I 14 + K 1	 K

'A-rN2.^C^'-= ^H-K'^Y
'ANGI ' (x + Y1 ^+ r ¢x

'A"I"(W(X-V	 +^^

rat

Figure 14. 'Q231'/'Q213' Subroutine Logic Flow
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2.2.7	 313'

Given an orientation versor qFG, the 'Q313' subroutine calculates a set of

Euler angles (a,^,y) that corresponds to a rotation of coordinate system F

into coincidence with system G, assuming F is rotated sequentially about its

Z, X, Z axes.

2.2.7.1 Arguments

pl = Address of the orientation versor.

p2 = Address of the output array of Euler angles (measured in radians, and

stored in the same order as the logical rotation sequence).

2.2.7.2 Example of Usage

Suppose that coordinate system F is a geocentric inertial system defined

such that the first point in Aries lies on the X  axis, and the earth's

angular momentum vector lies along the Z  axis. Let G be another geocentric

system defined such that the instantaneous position of some satellite lies

on the X  axis, and such that the angular momentum vector of the satellite

CG lies along the Z  axis. Let the versor q FG reside in r0, rl, r2, r3. Then

the statement c.11 'Q313'(0,4) would cause the right ascension of the ascending

node of the satellite orbit to be stored in r4, the inclination of the orbit

to be stored in r5, and the argument of latitude corresponding to the satellite

position to be stored in r6.

2.2.7.3 Computations

The Euler angles are related to the versor q FG = H + i I + j J + k K by

the equations
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H = cos t (a + Y) cos t; ,	 (45)

I = cos 12 (a - Y) sin 12 s,	 (46)

J = sin 12 (a - Y) sinZ,	 (47)

and

K= sin 12 (a + Y ) cos .
	

(48)

(see Reference 10). It follows that

Y2 = tan-1Imo,Ham),	 (49)

'2 (a + Y ) = tan -1 (K,H),
	

(50)

and

Y) = tan -1 (J,I).	 (51)	 k"

A flow chart of the 'Q313' logic is shown in Figure 15.
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'Q313(01,02.

r^IjoH

rt^^+ 1)-*'L

r(^^ +2-1i1

r(^1+3^+K

a ATN2.^^ I=+1'1^, NNi-MC1c 	 '^ r(47^+^^

ATN2 ' (X,H1 ♦ X

'ANG1( X + Y)* r pa.

'ANC,3. ' (X — Y) -* r (i3:. + 2)

ret

Figure 15. 'Q313' Subroutine Logic Flow
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2.2.8	 '231Q'/'213Q'

The '231Q'/'213Q' subroutine performs the inverse function of the 'Q231'/
8

'Q213' subroutine described in Section 2.2.6. That is to say, given an order-

ed set of Euler angles a, 0, y, it calculates the associated orientation versor

qFG' The '231Q' entrypoint is used when the rotation sequence is pitch, yaw,

roll, and the '213Q' entrypoint is used when the sequence is pitch, roll, yaw.

2.2.8.1 Arguments

pl = Address of the input array of Euler angles (measured in raoians, and

stored in the same order as the logical rotation sequence).

D2 = Address of the orientation versor.

2.2.8.2 Example of Usage

If rl, r2, r3 contain the pitch, yaw, and roll angles that define a

certain orientation of the Orbiter's body axes 6 relative to its local-vertical

frame G, then the statement c H '231Q'(1,0) in the calling routine would cause

the orientation versor q GB to be stored in rO, rl, r2, r3 (thus destroying the

input values of the Euler angles, plus whatever value may have been stored in

rO before calling the subroutine). If the variable A has been assigned the

value 100, and if r4, r5, r6 contain the pitch, roll, yaw angles that define

the orientation of system G with respect to another system F, the statement

c Y '213Q'(4,A+10) would cause the versor q FG to be stored in rllO, rlll, r112,

H13.

2.2.8.3 Computations

The computational sequence defined by the flow chart in Figure 16 is a

straightforward imp l—lentation of Equations (27) - (30) and (36) - (39) from

56



3

i

I IOW I	 1-1 .*W I

rpi/vox
cos(x) -W I

sIN(x)"+x
r(01+ 1) /al * Y

t	 cos(Y) i 7
SIN(Y)'*Y
	 t

r(p1+I)/,-vAz
COS (*)'PpK
s ► N(11 ♦ a

2SK—WxYA-V,rp2.
17 A  +WXYK'► r(pa.+2-W)
X 1 K 4 WIYZ ♦ r(02.+2.)
I Y K — Wx7z r({ 2.42.1W)

Figure 16.	 '231Q'/'213Q' Subroutine Logic Flow
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2.2.9	 '313Q-

The '313Q' subroutine performs the inverse function of the 'Q313' subroutine
i

described in Section 2.2.7. Given an ordered set of an gles a. s. r that

defines the orientation of a coordinate system G with respect to another system
	

i

F in terms of sequential rotations of F about its Z, X, Z axes, the 1 313Q' sub-

routine computes the associated versor qFG.

2.2.9.1 Arguments

pl = Address of the input array of Euler angles (measured in radians, and

stored in the same order as the rotation sequence).

p2 = Address of orientation versor.

`	 2.2.9.2 Example of Usage

Let the F and G coordinate systems be defined as in Section 2.2.7. Let

the right ascension of the satellite orbit reside in r4, the inclination of the

orbit in r5, and the satellite's argument of latitude in r6. Then the state-

ment cil '313Q'(4,0) would cause the orientation versor qFG to be stored in

r0, rl , r2, r3.

2.2.9.3 Computations

The computational sequence defined by the flow chart in Figure 17 is a

straightforward implementation of Equations (45) - (48) from Section 2.2.7.

i^
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/313Q'(0I, bit)

r(0 +0/2. 4► Y

cos (Y) '► 1
Sim (Y) ^' Y

Cos ( VI )-*I

S IN( X)'-'X

3

Cos (a)-► K

SI N(37^'toa

ri -*rp.t

YK 4 r(02.4 1)

Ya ^ r(^^ +^^

TA-w- r(Pa.+ 3)

Figure 17. '313Q' Subroutine Logic Flow
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2.2.10	 'IMAT '

Given the inverse

	

Til	 T 12	 T13

	

[R] -1 = [R] T = [T] = T
21	 T22	 T23
	

(52)

	

T31	 T32	 T33

of the coordinate transformation matrix [R] defined by Equation (26) in Section

2.2.4, iie 'IMATQ' subroutine computes the associated orientation versor

q FG =q O +i q l + j q2+kq3.	 (53)

2.2.10.1 Arguments

pl = Address of the inverse transformation matrix, stored (columnwise) in

the order T 11' T21' T 31' T 12 , T 22 , T32' T 13' T 23' T33'
p2 = Address of the output versor.

2.2.10.2 Example of Usage

Let F represent an ECI coordinate system, defined such that the first

point in Aries lies on the X  axis, and the earth's angular momentum vector is

aligned with the Z  axis. Let G represent another geocentric coordinate

system defined such that the X  axis is aligned with the .geocentric position

vector R of a satellite, and such that the Z  axis is aligned with R x V, where

V is the geocentric inertial velocity vector of the satellite. Suppose that

R and V are known in terms of their components in F, and that it is desired to

evaluate qFG'

The inverse transformation matrix can be expressed as

[T ] _ [^X' -- uGZ ]
F I F I F	 60



where U X = RF/^RFI, FZ 
= (R F x 

VF)/IRF 
x V F W, and FY = F

z 
x u X . If 

R  
re-

sides in r13, r14, r15, the statement c1l 'SXV'(1/f('DOTP'(13,13)) 13 0 will

cause F
X 
to be stored in r0, rl, r2. If V F resides in r16, r17, rl8, the

statement cjf 'CRSP'(13 16 6) • cjj 'SXV'(1/f('DOTP'(6,6)),6,6) will cause 
Fz 

to

be stored in r6, r7, r8, and the statement cjj 'CRSP'(6,0 =3) will then cause

UY to be stored in r3, r4, r5, thus completing the columnwise storage of [T]

in rO through r8. The statement cil 'IMATQ'(0,9) will then cause 
qFG 

to be

stored in r9, HO, rll, rl2.

2.2.10.3 Computations

E

By comparing Equations (26)

expressed, in terms of the verso

(q2 +q
	 2-y3'

[T] = 2(glg2+gOg3)

2(glg3-gOg2)

and (52), it can be seen that [T] can be

r components appearing -in Equation (53), as

2(g l q2-qoq3 )	 2(glg3+gOg2)

( q2 - q^+g2- g3)	 2(q 2
g3 -gOg l )	 (54)

2(g2g3+gOgl)	 (qo-gl-g2+q3)

Taking cognizance of the facts that q2 + q^ + q2 + q3 	 1, and that one (but

only one) of the versor components can be given an arbitrary sign, four

different solutions for the values of q k (k =0,1,2,3) can be found in terms of

the T ij (i,j = 1,2,3). T;iese solutions are given by the equations

qO =	 1 + T11 + T22 + T33/2	 (54a)

q l = (T32 - T23 )/4 q O	(54b)
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f

	 q2	 (T13 - T31 )/4 qO	
(54c)

q3 = (T21 - T 12 )/4 qO	
(54d)

or

ql	 1 + T11 - 
T22^- T33/2
	

(55a)

q2 = (T21 + T12)/4 ql	 (55b)

q3	 (T 13 + T31 )/4 q1	
(55c)

qO = (T32 - T23 )/4 q1	
(55d)	

1,
or

y2 - 

1 T11 
+ T22 --T-23/ 	

(56a)

q3 = (T 32 + T23 )/4 q2	
(56b)

qO = (T13 - T
30 /4  q2	

(56c)

ql = 
(T21 + T12)/4 q2	 (56d)

or

q3	
1	 T 11 - T22 + T;^/2
	

(57a)

qO 	
(T21 - T12)/4 q3	 (57b)

i
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q l = ( T13 + T3 014 q 3	 (57c)

q 2 ;^ (T32 + T 23 ) / 4 q3 • 	 (57d)

Since any versor component (or as many as three of them) may turn out to

be zero, numerical tests are necessary to determine which one of the alternate

computational sequences defined by the preceding equations can be used in a

given case. It is known from the versor identity q2 + q2 + q2 +q 2 = 1 that

at least one component must have a magnitude as great as 2, and that none can

have a magnitude greater than unity. As defined by the flow chart shown in

Figure 18, the 'IMATQ' logic tests the magnitude of each versor component in

sequence until one is found that has a magnitude at least as great as Ii . As

soon as a component qN is founu that satisfies the inequa ty 4 qN > 1, it is

arbitrarily given a positive sign, and the remainder of tr,, components are

calculated by using the equations that contain 4 q N in the denominator.
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2.3 STATE VECTOR DERIVATIVES SUBROUTINE ('DERIVS')
	

d

The 'DERIVS' subroutine computes the first derivative (with respect to time)

of each quantity contained in an extended array of state variables that in-

cludes, in addition to the translat,onal and rotational state vectors defined

in Section 1.2, such things as propellant expenditures and control torque

integrals. The memory allocation table contained in Appendix D lists the

specific quantities that are included in the Shuttle state variable array

(registers r25-r49) and the payload state variable array (registers r50-r74).

Containing mathematical models of the orbital flight environment and of

all vehicle systems affecting the dynamics of the Shuttle and the payload, the

'DERIVS' subroutine represents the heart of the #TRAJ processor.

2.3.1 Input Data

2.3.1.1 Argument List

The 'DERIVS' argument list consists of a single parameter (pl) which is

assigned a value of 0 or 1 by the calling routine according to whether state

variable derivatives are to he computed for the Shuttle or the payload.

2.3.1.2 r-Registers

The contents of the following r-registers (see Appendix D ) are used as

input quantities in the 'DERIVS' calculations:

I	
Shuttle Computations

(O -_ 0)

r23, r24

r25-r39

r75-r86

r91-r99, r124

65
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Payload Computations
(p1=1)

r23, r24

r50-r64, v74

r100-rill

r116-rl24



i

1

2.3.1.3 Array Variables

$	 The appropriate 12x12 RCS/DAP response matrix (see Section 3) must reside

in the HPL array variable R[*] (represented symbolically as [R] in the following

flow charts) before calling 'DERIVS' for Shuttle derivatives (i.e., with pl = 0).

When SRM thrusting is to be simulated, the name of the disk file containing

the appropriate SRM thrust table must have been assigned to file no. 3 and the

array variable A[*] (see Figure 19d for contents) must have been initialized

before calling DERIVS for payload derivatives (i.e., with pl = 1). The contents

of the A[*] array (symbolically, [A]) are updated as required in 'DERIVS' by

reading new thrust-profile coordinates from f-Ile no. 3 as the burn progresses.

2.3.2 Output Data

As indicated in Appendix D , the r-registers have been allocated so that

the address of every state derivative can be found simply by adding 100 to the

address of the corresponding state variable. Thus, Shuttle state derivatives

are stored in rl25-rl49 when pl = 0, and payload state derivatives are stored

in registers rl50-rl74 when pl = 1. When pl = 0, the contents of r285

(normally zero) will be set equal to 1 if 'DERIVS' finds the Shuttle RCS

inadequate to maintai,l the conunanded attitude.

Sometimes the calling routine requires, in addition to the state variable

derivatives, the angular vel ocity vector ( —IG or ;ag g ) of the local-vertical

coordinate system. This actor resides in the volatile registers rl-r3 when

f	
execution control is returned from 'DERIVS' to the calling routine. Another

vector sometimes needed by the calling routine is the linear acceleration

vector (AO or a9 ), which resides in r7-r9 upon the return from 'DERIVS'.
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2.3.3 Computations

The computations performed by 'DERIVS' are defined by the flow chart shown

in Figure 19a through 19g.	 For the most part, the computations are described

in terms of logical symbols (as opposed to the HPL variable names and addresses

that appear in the code.) The major portion of the computational logic applies

equally to Shuttle and to payload calculations. To minimize confusion in

following the flow of the logic, Shuttle symbols (e.g., A G rather than ag ) are

used almost exclusively throughout the flow chart, even in those sections of

the logic that apply uniquely to the payload. The only exceptions to this

general rule occur when there is no Sh±attle-related equivalent of a payload-

related variable (e.g., i1+, 12+ 9
 etc.).

Insofar as practicable, the order of computation in the HPL code (Section

C.1) is arranged to follow that shown in the flow chart. Ever, so, Appendix D

which shows the correlation between logical symbols and r-register numbers, is

indispensable to the understanding of the code.

Following is a summary of all the data registers that will or may be

modified by an execution of 'DERIVS':

Shuttle Computations 	 Payload Computations
(al = 0)	 (pl = 1)

r0-rl8	 r0-rl8

r87-r90
	

rll2-rll5

rl25-rl49
	

rl50-rl74

r285
	

A[51-A[81

A-Z
	

A-Z
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2.4 MAIN LOGIC FLOW

The "main logic" of the #TRAJ link consists of nothing more than an

instruction that causes the %RMAT link (Section 3) to be appended to #TRAJ.

t,

75



3. RESPONSE MATRIX COMPUTATION LINK (roRMAT)

The function of the wRMAT link is to compute matrices that describe the

response of the Shuttle to DAP/RCS commands, and to store the matrices in

designated disk files for subsequent use during trajectory integration.

3.1 INPUT DATA

3.1.1 Jet Force Table

Basic inputs to the response matrix computations include the data shown in

Table 1, which reside in the disk files named "$JFT" and "$JFTM". The "$JFTM"

file contains the mnemonic identification symbols (shown in the second column

r 11
	 of Table 1) for the Orbiter's 44 RCS jets, as defined in Figure 4.3.2.-2 of

E i

Reference 11. The "$JFT" file contains the body-fixed thrust components and

the station coordinates of the thrust application point (which together define

a torque component normal to the thrust line) for each thruster, along with a

factor C (in the last column of Table 1) whose product with the thrust vector

defines a component of torque parallel to the thrust line. This latter com-

ponent of torque (parallel to the thrust line) is the result of RCS jet plume

impingement on the exterior surfaces of the Orbiter. Table 1 results from

combining the basic RCS jet data shown in Table 2 with the plume impingement

data shown in Table 3, as explained in Reference 9.

3.1.2 Jet Select Tables

For each flight profile segment, the HFRMP user must specify which one of

three basic combinations of thrusters is to be used for attitude and/or trans-

lational control of the Shuttle. The available options are designated V

(vernier jets), P (primary jets), and PZI (primary jets with +Z thrusters

L
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Table 1. RCS Thruster Data, Disk Files "$JFT" and "."JFTM"

II USTER
N0.

THRUSTER
ID.

F

LB

F

LB

F

L6

STA
(IN)

BL
(IN)

WL
(IN)

C
(FT)

1 F2F -879.4 -26.2 119.9 306.72 14.65 392.96 0.0000
2 F3F -879.5 0.0 122.7 306.72 0.00 394.45 0.0000
3 F1F -879.4 26.2 119.9 306.72 •14.65 392.96 0.0000
4 F1L -26.3 873.6 18.2 362.67 -69.50 373.73 0.0000
5 F3L -21.0 870.3 0.5 364.71 -71.65 359.25 0.0000
6 F2R -26.3 -873.6 18.2 362.67 69.50 373.73 0.0000
7 F4R -21.0 -870.3 0.5 364.71 71.65 359.25 O.OGUO
8 F2U -32.3 -11.7 874.4 350.93 14.39 413.46 0.0000
9 F30 -31.9 0.0 873.5 350.92 0.00 414.53 0.0000

10 F1U -32.3 11.7 874.4 350.93 -14.39 413.43 0.0000
11 F'2D •-28.0 -616.4 -639.5 333.84 61.42 356.95 0.0000
12 FID -28.0 616.4 -639.5 333.84 -61.42 356.95 0.0000
13 F4D -24.8 -612.6 -639.4 348.44 66.23 358.44 0.0000
14 F30 -24.8 612.6 -639.4 348.44 -66.23 358.44 0.0000
'15 RM 856.8 0.0 151.1 1555.29 137.00 473.06 0.0000
16 R1A 856.8 0.0 151.1 1555.29 124.00 473.06 0.0000
17 L3A 856.8 0.0 151.1 1555.29 -137.00 473.06 0.0000	 I
18 L1A 856.8 010 151.1 1555.29 -124.00 473.06 0.0000	 I
19 M 3.3 868.8 4.8 1515.41 -149.91 452.87 -0.2421
20 L K 3.3 868.8 4.8 1528.43 -149.91 452.88 -0.2759
21 L K 3.3 868.8 4.8 1541.45 -149.91 452.88 -0.309,",'
22 L1L 3.3 868.8 4.8 1554.47 -149.91 452.88 -0.3437
23 R4R 3.3 -868.8 4.8 1515.41 149.91 452.87 0.2421
24 R2R 3.3 -868.8 4.8 1528.43 149.91 452.88 0.2759
25 R3R, 3.3 -868.8 4.8 1541.45 149.91 452.88 013098
26 R1R 3.3 -868.8 4.8 1554.47 149.91 452.88 0.3437
27 L4U 0.1 76.3 872.2 1516.36 -115.43 481.95 -0.1536
28 L2U 0.1 76.3 872.2 1529.23 -115.43 481.95 -0.0648
29 LIU 0.1 76.3 872.2 1542.10 -115.43 481.95 0.0290
30 R4U 0.1 -76.3 872.2 1516.36 115.43 481.95 0.1586
31 R2U 0.1 -76.3 872.2 1529.23 115.43 481.95 0.0648
32 R 1 U 0.1 -76.3 872.2 1542.10 115.43 481.95 -0.0290
33 L4D 210.6 318.4 -576.0 1510.34 -104.34 431.12 0.1103

34 L2D 210.6 318.4 -576.0 1526.50 -103.22 434.78 -0.0959

35 L3D 210.6 318.4 -576.0 1542.65 -102.11 433.44 -0.3020

36 R4D 210.6 -318.4 -576.0 1510.34 104.34 431.12 -0.1103

37 R2D 210.6 -318.4 -576.0 1526.50 103.22 434.78 0.0959

38 R3D 210.6 -318.4 -576.0 1542.65 102.11 433.44 0.300

39 F5R, -0.8 -17.0 -17.6 324.35 59.70 350.12 0.0000

40 F5L -0.8 17.0 -17.6 324.35 -59.70 350.12 0.0000

41 R5R 0.0 -24.0 -0.6 1565.00 149.27 459.00 0.0000

42 LK 0.0 24.0	 1 -0.6 1565.00 -149.87 459.00 0.0000

43 R5D 0.0 0.0 -24.0 1565.00 118.00 455.44 0.0000

44 L.5D 0.0 0.0 -24.0 1565.00 -118.00 455.44 0.0000
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Table 2. Basic RCS Thrust Data (Without Plume Impingement)

THRUSTER

N0.

THRUSTER

ID.

F

L8 LB LE
(I14)

L

(IN) (IN)

1 F2F -879.4 -26.2 119.9 306.72 14.65 392.96

2 F3F -879.5 0,0 122.7 306.72 0.00 394.45

3 F1F -879,4 26.2 119.9 306.72 -14.65 392.96

4 F1L -26.3 873.6 18.2 362.67 -69.50 373.73

5 F3L -21.0 870.3 0.5 364.71 -71.65 359.25

o F2R -26.3 -873.6 18.2 362.67 69.50 373.73

7 F4R -21.0 -870.3 0.5 364.71 71.65 359.25

8 F2U -32,3 -11.7 874.4 350.93 14.39 413.46

9 F3U -31.9 0.0 873.5 350.92 0.00 414.5;

10 F1U -32.3 11.7 874.4 350.93 -14.39 413.46

11 F2D -28.0 -616.4 -639.5 333.84 61.42 356.95

12 F1D -28.0 G16.4 -639.5 333.84 -61.42 356.9

13 F4D -24.8 -612.6 -639.4 348.44 66.23 358.44

14 F3D -24.8 612.6 -639.4 348.44 -66,23 .358,41

15 R3A 856.8 0.0 151.1 1555.29 137.00 473,06

15 R1A 856.8 0.0 151.1 1555.29 124.00 473,06

12 L3A 856.8 0.0 151.1 1555.29 -1'37.00 473 AC,

18 L1A 856.8 0.0 151.1 1555.29 -124.00 473.06

19 L4L 0.0 870.5 -22.4 1516.00 -149.87 459,00

20 L2L 0.0 870.5 -22.4 1529.00 -149.87 459.00

21 LK 0.0 870.5 -22.4 1542.00 -149.,'7 159.O(i
22 L1L 0.0 870.5 -22.4 1555.00 -149.87 45t).0:

23 R4R 0.0 -870.5 -22.4 1516.00 149.8`/ 459.01

24 R2R 0.0 -870.5 -22.4 1529.00 149.87 459.00

2; R3R 0.0 -870.5 -22.4 1542.00 149.87 459,00

26 R1R 0.0 -870.5 -22.4 1555.00 149.87 459.00

27 L4U 0.0 0.0 870.0 1516.00 -132.00 480.50

28 L2U 0.0 0.0 870.0 1529.00 -132.00 4P0.50

29 LlU 0.0 0.0 870.0 1542.00 -132.00 480.50

^0 R4U 0.0 0.0 870.0 1516.00 132.00 480.50

31 R2U 0.0 0.0 870.0 1529.00 132.00 480.50

32 R1U 0,0 0.0 870.0 1542.00 13,00 400.511

33 L4D 170.4 291.8 801.7 1516.00 -111.95 437.10

34 L2D 170.4 291.8 -801.7 1529.00 --111.00 410 00

35 L3D 170.4 291.8 -801.7 1542.00 -110.06 442.611

36 R4D 170.4 -291.8 -801.7 1516,09 111.9: 437.40

37 R2D 170.4 -291.8 -801.7 1529.(: • 111.00 440.0^

38 RM 170.4 -291.8 -801,7 1542.00 110.01, 44-60

39 F5R -0.8 -17.0 -17.6 324.x.: 9.1u 3511, 1..
40 F5L -0.8 17.0 -17.6 324.35 -!19.76 350.12

41 R5R 0.0 -24.0 -0.6 1565.00 119.s''% 459. GO

42 L5L 0.0 24.0 -0.6 1565.00 -149.81 459.00

43 R5D 0.0 0.0 -24.0 1565.00 118.00 455.4.1

44 L5D 0.0 0.0 -2.4.0 1565.00 -118.00 455.1+
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Table 3. Force and Moment Increments Due to Plume Impingement
(CG @ STA 1076.7, BL 0, A 375.0)

THRUSTER
ID

o FORCE	 (LB) o MOMENT (FT-LB)

jX	 Ly	 LZF X
F 

FZ

L4L 3.34 -1.66 27.17 -795.30 762.42 144.46
L2L 3.34 -1.66 27.17 -795.30 762.42 144.46
L K 3.34 -1.66 27.17 -795.30 762.42 144.46
L1L 3.34 -1.66 27.17 -795.30 762.42 144.46

L4U 0.09 76.30 2.21 1859.90 94.21 -2932.80
L2U 0.09 76.30 1859.90 94.21 -2932.80
L1U 0.09 76.30 2.21 1859.90 94.21 -2932.80

L4D 40.19 26.59 225.66 -2475.50 8469.00 -645.46
L2D 40.19 26.59 225.66 -2475.50 8469.00 -645.46
L3D 40.19 26.59 225.66 -2475.50 8469.00 -645.46

R4R 3.34 1.66 27.17 795.30 762.42 -144.46
R2R 3.34 1.66 27.17 795.30 762.42 -144.46
R3R 3.34 1.66 27.17 795.30 762.42 -144.46
R1R 3.34 1.66 27.17 795.30 762.42 -144.46

R4U 0.09 -76.30 2.21 -1859.90 94.21 2932.80
R2U 0.09 -76.30 2.21 -1859.90 94.21 2932.80
R1U 0.09 -76.30 2.21 -1859.90 94.21 2932.80

R4D 40.19 -26.59 225.66 2475.50 8469.00 645.46
R2D 40.19 -26.59 225.66 2475.50 8469.00 645.46
R3D 40.19 -26.59 225.66 2475.50 8469.00 645.46

(Take', from Reference 13)
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inhibited). Corresponding to each of these options is a jet-select table

(Tables 4-6) which identifies the particular jet or combination of ,jets that

is to be fired in respon ', t,, to each of the six RCS translational acceleration

commands (+X, -X, +Y, -Y, +Z, -Z) and the six rotational acceleration commands

(+ROL, -ROL, +PCH, -PCH, +YAW, -YAW). The jet select tables, which reside in

the disk files named "$JSV", "$JSP", and "$JSPZI", are not routinely available

for modification by the user. However, the HFRMP software system includes a

jet-select editing processor that makes it possible to update the tables or to

provide additional options with little difficulty.

As indicated in Table 4 by the absence of any jet designations for the

execution of translation commands, the V option (vernier jets) can be used only

for rotational control. The P option (Table 5) and the PZI option (Table 6)

can be used for translational and/or rotational control.

In the PZI option, no jets are fired that would expel propellant directly

upward with respect to the Orbiter body. Translational acceleration it, the

downward direction, if commanded, -is achieved (at a comparatively high propel-

lant cost) by firing the +X and -X thrusters simultaneously. The cant angles

of the +X and -X jet thrust lines produce a small net acceleration in the +Z

(downward) direction. This option normally is used only when the Orbiter is

maneuvering in the near vicinity of a payload that must be protected from jet

plume impingement.

3.1.3 Shuttle Mass Properties

At MAT execution time, the user-defined mass properties of the Shuttlet

tWhich remain constant during HFRMP trajectory integration.
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able ^. Vernier (V) Jet Select Table, Disk
File "$JSV"

CMD
THRUSTERS TO BE FIRED

1 2 3 4 5 6 7 8

+X
-X
+Y
-Y
+Z
-Z

+ROL L 5D
-ROL R5U
+PCH F5R F5L
-PCH L5D R51)
+YAW R5R
-YAW L5L
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Table 5. Primary (P) Jet Select Table, Disk
File "$JSP"

CMD
THRUSTERS TO BE FIRED

1 2 3 4 5 6 7 8

+X R1A L1A
-X F2F F1F
+Y F1L L4L
--Y F2R R4R
+Z F3U L4U R4U
-Z F1D F2D L4D L2D R4D R2D

+ROL L4D R4U
-ROL L4U R4D
+PCH F1D F2D L4U R4U
-PCH F3U L4D R4D
+YAW F1L R4R
-YAW F2R L4L
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Table 6. Primary with +Z ihrusterr tnitibited (PZI)
Jet Select Table, Disk File "$JSPZI"

CMD
THRUSTERS TO BE FIRED

1 2 3 4 5 6 7 8

+X R1A L1A
-X F2F F1F
+Y F1L L4L
-Y F2R R4R
+Z F2F F1F RlA LlA
-Z F1D F2D L4D L2D R4D R2D

+ROL L4D
-ROL R4D
+PCH F1D F2D
-PCH L4D R4D
+YAW F1L R4R
-YAW F2R L4L
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reside in the disk file named "1*", where they are stored by the data-base

editing processor #DEED. The "1*" file contains 32 scalar quantities, of

which %RMAT makes use of the following:

Item No.	 Description

	

1	 Shuttle gross weight (Ib)

	

2	 1 X
moments of

	

3	
IYY	 inertia

	

4	
IZZ	

(slug-ft 2)

	

5	
IVZ

products of

	

6	
IZX	 inertia

	

7
	 1 X

	

8	 STA

	9 	 BL	
station coordinates
of CG (in)

	

10	 WL

	

32	 %RMAT execution flag

Item 32 in the "1*" file is a flag that is tested immediately after entry into

%RMAT to determine whether a re-computation of the response matrices is

necessary. It is set equal to zero during initialization of the program disk,

and thereafter (by the appropriate editing processor) when the contents of

11 1 *11
9 "$JFT", or any jet-select table are changed in any way. It is set equal

to 9 by %RMAT upon completion of the computation and stsrage of the response

matrices.

3.2 OUTPUT DATA

The output of the %RMAT link consists of eight 12x12 matrices, each corre-

sponding to a particular jet select table and a particular mode of RCS cross-
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i

coupling compensation, and each stored in a separate disk file as indicated in

Table 7. The compensation modes available to the HFRMP user are designated

NONE (no compensation), ROT (rotational compensation only), and FULL (rota-

tional and translational compensation). In any given flight profile segment,

the HFRMP user may choose any jet-select option in combination with any com-

pensation mode, except V with FULL. Full compensation is impossible with the

vernier jets, and the compensation mode is internally defaulted to ROT when

such a combination is specified by the user.

Tables 8-10 show typical response matrices for the P jet-select option

and increasing degrees of cross-coupling compensation. For purposes of illus-

tration, each matrix was transposed and then partitioned into two 12x6 matrices

so it could be printed conveniently on a single page. Each column of the

(untransposed) response matrix corresponds to a particular translational or

rotational command. Rows 1-3 contain the body-axis components of the steady-

state linear acceleration, and rows 4-6 contain the components of angular accel-

eration. Rows 7-12 contain RCS propellant consumption rates, broken down

according to source (forward, aft left, or aft right tanks) and control function

(translation or rotation). The computations that produce the results shown in

Tables 8-10 are described by the flow chart shown in Figures 20a through 20g,

wherein the symbols [U], [R], and [F] represent the uncompensated, rotationally

compensated, and fully compensated response matrices.

3.3 COMPUTATIONS

It will be noted that six small rectangles, each enclosing a pair of

acceleration components, run diagonally across the upper partition of the

matrix shown in Figure 8. The components thus enclosed represent the uncompen-

sated "principal response" of the Shuttle to each of the 12 translation and
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Table 7. File Names for Response Matrices
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rotation commands. All other components of acceleration represent "extraneous

responses", commonly referred to as "cross-coupling effects", that arise

from the canting of certain jet centerlines away from the body axes, uneven

moment arms, and plume impingement on the exterior surfaces of the Orbiter.

T I, _, details of the uncompensated response matrix calculations are defined in

Figures 20b and ''Oc.

The process of cross-coupling compensation can be explained in the follow-

ing general terms. Assume that the jets activated by a given "primary command"

P fire continuously for a long period of time At. The effects of extraneous

accelerations are nullified by intermittent firings of jets activated by

"compensating commands". Let the accumulated firing time of the jets activated

intermittently by any particular compensating command K be represented by 6t K'

The ratio Y  = at Y/ot is referred to as the "duty cycle" of the (jets activated

by the) compensating command.

The uncompensated response to the primary command (a column in the uncom-

pensated response matrix) vas represent with the symbol [U]p - 
[(U 1,P ) (U2,P ) ...

(U12,01T. The compensated response (a column in the compensated response

matrix is defined by the expression.

K
LC] P = [U]P + E Y K [U]K'

where the summation includes all the compensating commands that are required

to nullify the extraneous accelerations.

Rotational compensation, which involves the nullification of only the

extraneous angular accelerations (see Table 9), is carried out in two phases.

The rotation commands themselves are rotationall, compensated in the firs-

phase (Figure 20d), which is of necessity an iterative process. Successi
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compensations introduce new extraneous angular accelerations, whose magnitudes

must diminish progressively if convergence is to be realized. Non-convergence

of this process implies that (given the input mass properties and the jet-

select table under consideration) the attitude of the Shuttle can not be

controlled, and an appropriate warning message is output.

The translation commands are rotationally compensated in the second phase

of rotational compensation (Figure 20e). This is a non-iterative process that

is simplified by use of the results from the first phase.

Full compensation is achieved by nullifying the extraneous linear acceler-

ations that remain in the rotationally compensated matrix. Again, the process

is carried out in two phases. Starting with the rotationally compensated

matrix as an input (which eliminates the need to worry about compensation

command ,., producing extraneous angular accelerations) the first phase (Figure

20f) is devoted to the translational compensation of the translation commands.

This is an iterative process that is essentially identical to that defined in

Figure 20d. Likewise, the second phase of translational compensation (Figure

20g) is essentially identical to that shown in Figure 20e.

The computations are repeated for each of the three jet select tables,

except that full compensation is not attempted with the vernier jets. Appro-

priate warning messages (if any) are stored in the desk files along with the

response matrices.

The last executable statement in the .RMAT link causes the code of the

^;TNIT link (Section 4) to be appended to that of the base link (#TRAJ), in the

region ot computer memory formerly occupied by the ''JRMAT code. The HPL qet

command is used for this purpose, which causes all data registers used by ;ORMAT

to be de-allocated (erased) before execution control is handed over to `,;TNIT.
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4. TRAJECTORY INITIALIZATION LINK (%TNIT)

The function of the %TNIT link is to initialize calculator memory in prep-

aration for trajectory integration. Elements of the user-supplied data base

(Appendix E) are read from appropriate disk files (where they will have been

stored by a previous execution of the #DEED processor) and processed as neces-

sary to define the constants and the initial state of the Shuttle/payload system.

4.1 FUNCTION SUBPROGRAMS

4.1.1	 'JD'

The 'JD' function subprogram computes the Julian day number corresponding

to a given year, month, and day of the Gregorian (civil) calendar.

4.1.1.1 Argument List

pl = year

p2 = month	 integers

p3 = day

4.1.1.2 Example of Usage

The instruction '1D'(1980,4,2) -* D would cause D to be assigned the value

2444332 (the number of the Julian day commencing at Greenwich noon on 2 April

1980).

4.1.1.3 Computations

Figure 21 is a flow chart of the 'JD' computational procedure, which was

taken from Reference 14.
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4.1.2	 'PLOTYP'

Given the user-assigned mnemonic symbol which designates the desired type

of data plot, 'PLOTYP' returns the appropriate numeric code for internal use.

4.1.2.1 Argument List

None. The mnemonic symbol must be assigned to the string variable P$

before 'PLOTYP' is executed.

4.1.2.2 Example of Usage

If the character string "CPLV" resides in P$, the instruction 'PLOTYP' , I

will cause I to be assigned the value 2,

4.1.2.3 Computations

See Figure 22.
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Figure 22. 'PLOTYP' Function Subprogram-Logic Flow
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4.1.3	 'UNIT'

Given the user-assigned mnemonic syir,hol which designates the unit of

distance for data plots, the 'UNIT' subprogram returns the appropriate conver-

sion factor (the number of feet in the designated unit).

4.1.3.1 Argument List

None. The mnemonic symbol must be assigned to the string variable P$

before 'UNIT' is executed.

4.1.3.2 Example of Usage

The instructions " NMI" -+-P$; 'UNIT' -►. C would cause C to be assigned the

value 6076.115.

4.1.3.3 Computations

See Figure 23.
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4.1.4	 'MONTH'

Given the abbreviated name of a month, the 'MONTH' function subprogram

returns the appropriate month number.

4.1.4.1 Argument List

None. The abbreviated month name must be assigned to the string variable

P$ before MONTH is executed.

4.1.4.2 Example of Usage

If the character string " AUG" resides in P$, the instruction 'MONTH' 4 M

will cause the number 8 to be assigned to the variable M.

4.1.4.3 Computations

See Figure 24.
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4.1.5	 'C'

Given the size of a square matrix stored columnwise in a one-dimensional

array, and the row and column indices of one of its elements, the 'C' function

returns the relative address (in the one-dimensional array) of the matrix

element.

4.1.5.1 Argument List

pl = Row index of matrix element.

p2 = Column index of matrix element.

p3 = Matrix size (number of rows = number of columns).

4.1.5.2 Example of Usage

Assume the 3x3 matrix [T] is stored columnwise in registers r8 - r16, as

shown below:

Relative Register Matrix
Address No. Element

0 r8
T1,1

1 r9 T2t,l
2 r10

T3,1

3 rll T1,2

4 r12 T2,2
r

5 rl3
T3,2

6 r14
T1,3

7 r15
T2,3

8 rl6
T3,3

The instruction r(8 +	 V(122,3))_-* A would cause the value of T 1,2 to be

assigned to the variable A.
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4.1.5.3 Computations

See Figure 25.
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Figure 25 'C' Function Subprogram Logic Flow
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4.1.6	 'T'

Given the row and column indices of an element in a symmetric matrix

whose upper triangular form is stored columnwise in a one-dimensional array,

the 'T' function returns the relative address (in the one-dimensional array)

of the matrix element.

4.1.6.1 Argument List

pl = Row index of matrix element.

p2 = Column index of matrix element.

4.1.6.2 Example of Usage

Assume the upper triangular form

I 1,1 I 1,2 I1,3

I 2,2 I2,3

I3,3

of the symmetric 3x3 matrix [I] is stored columnwise in registers r10-rl5 as

indicated below:

Relative Register Matrix
Address No. Element

0 r10
I1 ,1

1 rll
I1,2 =I2,1

2 r12
I2,2

3 r13
I1,3	 =	 I3,1

4 r14
I2,3 =	 I3,2

5 r15
I3,3
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The instructions 10 + 'T'_(1,2) o H; H - X would cause the value of I
1,2 = I 2 1

to be assigned to the variable X.

4.1.6.3 Computations

See Figure 26.
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4.2 MATRIX DIAGONALIZATION SUBROUTINE ('DIAG')

Given a symmetric matrix [M] of order C, the 'DIAL' subroutine solves the

equation

[R] [M] [R]T = [D]

for [R] and [D], where [D] is a diagonal matrix (one whose off-diagonal elements

are all zero, within some specified tolerance).

4.2.1 Argument List

pl = Order (size) of the input matrix [M].

p2 = Address of the input matrix [M], stored columnwise in upper tri-

angular form.

p3 = Address of the diE,onalized output matrix [D], stored columnwise

in upper triangular form.

p4 = Address of the square (pl x pl) output matrix [R], stored columnwise.

p5 = Tolerance on the maximum squared value of D i,j , where i^j (this input

is optional; if not supplied by calling routine, it will be calculat-

ed by 'DIAG').

4.2.2 Example of Usage

Assume that the upper triangular form of the Shuttle's inertia terror

[I] B (referenced to the body coordinate system B) is stored columnwise in

registers r10 - rl5 as illustrated in Section 4.1.5.2. Then the instruction

cli 'DIAG'(3,10,10,1) would cause [I] B to be replaced by [I]p (the same inertia

tensor but now referenced to the coordinate system P, whose axes are the

principal axes of inertia). Upon return from 'DIAG', the registers rl - r9

would contain the 3x3 coordinate transformation matrix [R] that satisfies the
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equations

[R] Tp = TB

and

[R]-1 AB = [R] T TB = Tp9

where T is any arbitrary vector.

4.2.3 Computations

The method used to find the matrices [D] and [R] is of the type known as

the Jacobi method (Reference 15). This consists of a series of matrix rotations

of the form

[ D] = ([R] 1 [R ]2 . . . ) [M] ( . 	 [R]2T[R]1T)

where each [R ] k is selected so as to cause one pair of off-diagonai elements

to be zero after the k th rotation. An initial trigger level, 6, is computad

f rom

d=vr«/c

where a is the sum of the squares of all off-diagonal elements and C is the

order of [M]. The square of each off-diagonal element of [M] is compared to

s. When an element is encountered whose square is larger than 6, the matrix

[M] is rotated so as to cause that off-diagonal element to be zero.

For example, suppose that the square of the (i,j)th element of [M] is

greater than d, then [M] is rotated by [R] 1 to get [M]' where

M'[i,j] = M'[j ' i] = 0

The matrix [R] 1 has the form
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R I [i,i] = R I [j,j] = cos 0

R l [i + j ] = - sin ^

R l [j,i] = sin ^

and all other elements of [R] 1 are identical to the unit matrix [1]. Rotation

with [R] l , i.e.,

[M]' = [R] 1 [M] [R]^

gives rise to the elements

M'[i,i] = M[i,i] cos 2 ¢ + 2M[i,j] sin 0 cos ^ + M[j,j] sing

M'[j,j] = M[i,i] sin  ^ - 2M[i,j] sin ^ cos ^ + M[j,j] cos2

M'[i,j] = M'[j,i] = (M[j,j] - M[i,i]) sin ^ cos ^

+ M[i,j] (cos 2 ^ - sin  0

from which it can be seen that

M'[ i , j ] = M'[j,i] = 0

provided ^ is selected such that

tan 2 ^ = 2M[i ,j]/(M[i ,i ] - M[j,j])

After this rotation, scan of the off-diagonal elements continues using

now, however, [M]'. It is true that any one rotation will cause other off-

diagonal elements which were zero to become non-zero, but the trend is to re-

duce all off-diagonal elements to small numbers.

When the scan of all off-diagonal elements has been completed, the trigger

level 6 is reduced by dividing it again by C, and the process is repeated
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until 6 is less than a pre-set tolerance. The programmer may include this

tolerance in the argument list or he may let 'DIAL' set the tolerance for him.

This process is shown in detail in Figures 27(a) and 27(b).
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Figure 27b. TIAG' Subroutine Logic Flow (cont.)
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4.3 MAIN LOGIC

The NTNIT computations are described by the flow chart contained in

Figures 28a through 28g. The memory allocation table in Appendix D	 will

have to be consulted for the purpose of correlating the symbols appearing in

the flow chart with the r-register numbers appearing in the HPL code, which

is contained in Appendix C.3.
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5. ORBITER GEOMETRY LINK (%SSVU)

The function of this link of the #TRAJ processor is to plot an end and/or

a side view of the Shuttle Orbiter profile. 't is executed only when the user

speci`:es RSBY (Rectangular Shuttle Body-fixed coordinates) for the plot type,

in the graphics data file (see Appendix E.3). In addition, it draws dashed

lines that represent the nominal limits of visibility (through the overhead

and aft windows) from the on-orbit pilot's control position. The code (Appen-

dix C.4) is straightforward, for the most part consisting of HPLlit commands

followed by the station coordinates (measured in inches) of the points that

define the end and side profiles of the Orbiter. Typical Orbiter profile plots

are illustrated in Appendix H.
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6. FLIGHT SEGMENT INITIALIZATION LINK (%SNIT)

The %SNIT link is called into memory and executed at the beginning of

every flight profile segment. Each time it is executed, it reads a new flight

segment definition (see Appendix F) from file number 1, to which the name 117-"

has been assigned in the %TNIT link.

After each new flight segment definition is read from disk, appropriate

processing of the new input data is performed in preparation for state variable

propagation through the ensuing flight segment. The propagation itself (in-

volving numerical integration of the equations of motion) is performed by the

%PROP link (Section 7). Upon completion of the segment initialization process,

execution control is passed to %PROP by means of a chain instruction that

causes the %SNIT code to be replaced by that of %PROP.

Trajectory integration is terminated (i.e., %PROP is not called into

memory) when an end-of-file mark is encountered during the attempt to read a

new flight segment definition. If a payload solid rocket motor (SRM) burn has

been simulated, the Particle Impact Damage Integrator Processor (#PIDI) is

called into memory immediately after the termination of trajectory integration.

Otherwise, the user is asked whether he wants to start a new run. If the

answer is yes ((C 	 ), the Data Base Editor Processor (#DBED) is called

into memory. If the answer is no, (0, CONTINUE ), program execution is

terminated by a stp command.

6.1 FUNCTION SUBPROGRAMS

6. 1.1	 'KAM'

Given the user-supplied mnemonic symbol that designates an attitude-

maintenance option, 'KAM' returns the appropriate numeric code for internal use.
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6.1.1.1 Argument List

None. The mnemonic symbol must be assigned to the string variable P$

before 'KAM' is executed.

6.1.1.2 Example of Usage

If the character string "LVRH" resides in P$, the instruction 'KAM' -• K

will cause K to be assigned the value 2.

6.1.1.3 Computations

See Figure 29.
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Figure 29 'KAM' Function Subprogram Logic Flow
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6.1.2	 'JSEL'

Given the mnemonic symbol that designates a Shuttle RCS jet-select table,

'JSEL' returns the appropriate numeric code for internal use.

6.1.2.1 Argument List

None. The mnemonic symbol must be assigned to the string variable P$

before 'JSEL' is executed.

6.1.2.2 Example of Usage

If the character string " 	 P" resides in P$, the instruction 'JSEL' -► J

will cause J to be assigned the value 1.

6.1.2.3 Computations

See Figure 30.
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Figure 30 'JSEL' Function Subprogram Logic Flow
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6.1.3 'COMP'

Given the mnemonic symbol that designates a Shuttle RCS cross-coupling

It,
	

compensation option, 'COMP' returns the appropriate numeric code for internal

use.

6.1.4.1 Argument List

None. The mnemonic symbol must be assigned to the string variable P$ be-

fore 'COMP' is executed.

6.1.3.2 Example of Usage

If the character string "NONE" resides in P$, the instruction 'COMP ; C

will cause C to be assigned the value zero (0).

6.1.3.3 Computations

See Figure 31.
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6.1.4 'KTOMS'

Given the mnemonic symbol that designates which (if any) of the Shuttle

OMS engines are to be fired firing a given flight profile segment, 'KTOMS'

returns the appropriate numeric code for internal use.

6.1.4.1 Argument List

None. The mnemonic symbol must be assigned to the string variable P$

before 'KTOMS' is executed.

6.1.4.2 Example of Usage

If the character string " L+R" resides in P$, the instruction 'KTOMS' -> K

would cause K to be assigned the value 3.

6.1.4.3 Computations

See Figure 32.
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Figure 32 'KTOMS' Function Subprogram Logic Flow
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6.1.5	 'KTRCS'

Given the mnemonic symbol that designates a Shuttle RCS thrust command,

'KTRCS' returns the appropriate numeric code for internal use.

6.1.5.1 Argument List

None. The mnemonic symbol must be assigned to the string variable P$

before 'KTRCS' is executed.

6.1.5.2 Example of Usage

If the character string "+ROL" resides in P$, the instruction 'KTRCS' + K

would cause K to be assigned the value 7.

6.1.5.3 Computations

See Figure 33.
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Figure 33. 'KTRCS' Function Subprogram Logic Flow
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6.1.6	 'DATYP'

HFRMP input data files contain three general types of data: non-integer

numbers, integers, and mnemonic symbols (character strings). Given the item

number of an entry in a flight segment definition (see Appendix F), 'DATYP'

returns a numeric code which identifies the type of data so that it can be

printed in the appropriate format. 'DATYP' also loads the appropriate

identification text for the data item into the string variable B$, and the

description of its unit of measurement into the string variable U$.

6.1.6.1 Argument List

pl = Item number in the flight segment definition (see Appendix F).

6.1.6.2 Example of Usage

The instruction 'DATYP'(7) ->I would cause I to be assigned the value 1,

the character string "SS XB RATE OR INCR ......................" to be loaded

into B$, and the character string "DEG/SEC 	 " to be loaded into U$.

6.1.6.3 Computations

The 'DATYP' code, which is straightforward and has no effect on trajectory

computations, can be found in Appendix C.5.
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E.2 SEGMENT DEFINITION LISTING SUBROUTINE ('SLIST')

The 'SLIST' subroutine is used to list each fligh-

nition on the output line printer, immediately after i

in the format that is illustrated in Appendix F. The

straightforward and has no effect on trajectory comput

Appendix C.5.
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6.3 MAIN LOGIC

The %SNIT computations are described by the flow chart contained in Figures

34a through 34f. The memory allocation table in Appendix D 	 will have to be

consulted to correlate the logical symbols appearing in the flow chart with the

r-register numbers that appear in the HPL code, which is contained in Appendix

C.5.
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7. STATE PROPAGATION LINK (%PROP)

The function of the %PROP link is to propagate the state of the Shuttle/

payload system through a single flight profile segment. Digital output data

describing the state of the system are printed at the beginning and the end of

the segment, and at user-specified intervals between these two points. If the

user has specified "RSBY" (Rectangular Shuttle Body-fixed coordinates) or "CPLV"

(Curvilinear Payload Local Vertical coordinates) for the PLOT TYPE (in the

graphics data file, Appendix F-3), then the appropriate graphical data are

also plotted at each data output point. Upon reaching the end of the flight

profile segment, %PROP passes execution control back to %SNIT.

7.1 ROTATED-ELLIPSE PLOTTING SUBROUTINE ('RELIP')

When the user selects the "RSBY" plot type, %PROP draws one or two pictures

of the payload (depending on how many views are specified) at each data output

p3int. These pictures represent orthogonal projections of the payload's

cylindrical outline into the X-Z and/or the Y-Z planes of the Shuttle's body

axes. The pictures are composed of straight lines (corresponding to the sides

of the cylinder) and ellipses and elliptical arcs (corresponding to canted

views of the circles that represent the ends of the cylinder).

The ellipses and elliptical arcs are drawn by using the HPL ofs instruction

to move the origin of plotter coordinates to the appropriate point on the

HP-9872A plotting surface, and then by calling 'RELIP' to draw an ellipse (or

portion thereof) about the offset origin. The geometry of the ellipse, refer-

enced to the offset origin of plotter coordinates, is shown in Figure 35.
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Figure 35. 'RELIP' Ellipse Geometry

149



7.1.1 Argument List

pl = a = Semi-major axis of ellipse.

p2 = b = Semi-minor axis of ellipse.

p3 =
E 

= Eccentric anomaly of first point on elliptical	 arc,

p4 = of = EL - E F , where EL = eccentric anomaly of last point on elliptical

arc.

P5 = Number of chords to be drawn between the first and last points, for

the purpose of approximating the true arc.

p6 = cos a	 where e = ellipse rotation angle, measured from 
XPLOT 

axis

p7 = sin a	 to semi-major axis.

r
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7.1.2 Examples of Usage

Suppose that it is necessary to draw the upper half of the ellipse shown

in Figure 3E, centered on the Shuttle body-fixed coordinates X  = 20, Z  = -50.

We will assume that the relationship between the HP-9872A plot coordinates

(X
PLOT' YPLOT) and the Shuttle coordinates (X B , Z B ) has already been defined

by the execution of an HPL scl instruction. We will further assume that the

lengths of the semi-major and semi-minor axes, respectively, reside in regis-

ters A and B. The values of cose and sine we assume to reside in registers C

and S, respectively. The necessary instructions for drawing the desired arc

are then pen; ofs 20, -50; c1l 'RELIP'(A,B 4 O,7r,N,C,S), where N is the number of

chords that are to be used to approximate the true shape of the semi-ellipse.

'he 'RELIP' subroutine can be used to draw figures other than elliptical

arcs. For instance, the instruction pen; cH 'RELIP'(R,R,0,27r,40,1,0) would

cause a circle of radius R (approximated by 40 chords of equal length) to be

drawn about the origin of coordinates. If this were followed by the instruc-

tions pen; cil 'RELIP 1 (R,R,7/2,2Tr,3,1,0) an equilateral triangle would then be

inscribed within the circle.
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7.1.3 Computations

The coordinates of any particular point P, on the ellipse shown in Figure

35, are given by the equations

X
PLOT = a cosE cose - b sinE sine

and

YPLOT = a cosE sine + b sinE cose.

As indicated by the flow chart in Figure 36, these equations are embedded in a

loop and evaluated at regular intervals of E. The elliptical arc is approxi-

mated by drawing straight lines (chords) between the points thus defined.

Since a great number of chords may be required to obtain an accurate

approximation, of the true arc, the trigonometric identities

sin (E + 6E) = sinE cos 6E + cosE sin sE

and

cos (E + 5E) = cosE cos 6E - sinE sin 6E

are used within the loop. This avoids repetitive references to the sin and cos

functions, which could result in excessive execution time requirements.

It should be noted that the 'RELIP' subroutine makes use of the volatile

simple variables (H,I,J,K and W,X,Y,Z); therefore, values assigned to those

registers by the calling routine will be lost upon execution of 'RELIP'.

k
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Figure 36. 'RELIP' Subroutine Logic Flow
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7.2 FOURTH-ORDER RUNGE-KUTTA INTEGRATION SUBROUTINE ('RK4')

The function of the'RK4' subroutine is to propagate the state of the

Shuttle/payload system across one integration time step, using 'the fourth-order

method of Runge-Kutta.

7.2.1 Input Data

7.2.1.1 Argument List

pl = h = Value of time step.

7.2.1.2 Others

The 'RK4' routine calls 'DERIVS'; therefore, all the 'DERIVS' input data

listed in Sections 2.3.1.2 and 2.3.1.3 must have been defined before calling

'RK4'.
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7.2.2 Output Data

'RK4' updates the contents of the extended array of state variables (r25-

r74), which will be referred to symbolically in this section as [X]. It should

be noted that time is one of the state variables in the HFRMP, and is integrat-

ed just like any other state variable. It should also be noted that, although

the contents of the derivatives array (025-074) will change as a result of

executing 'RK4', the values that reside there upon return from 'RK4' do not

represent the true derivatives at the end of the time step. To obtain the

true derivatives, it is necessary to call 'DERIVS' again after executing

'RK4'.

7.2.3 Example of Usage

The instruction cil 'RK4'(300) would cause the state of the system to be

advanced 300 seconds.
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7.2.4 Computations

Let [X] represent the array of first derivatives (with respect to time)

of the state variables in the array [X]. Let [X] n represent the state of the

system at time tn , and [X] n+l represent the state at to+1 , where

h = to+l - to

is some relatively small time interval. Since [X] = f([X]), then according to

the fourth-order method of Runge-Kutta we can write

[X] n+l = [X] n + ([k ] 1 + 2 [k] 2 + 2[k]3 + k[41)/69

where

[k]1 = h f([X]n)

[k] 2 = h f([X] n + 'z [k] 1 )

[k]3 = h f([X] n + _ [k]2)

and

[k]4 = h f([X] n + [k]3).

The error introduced into the system state by a single fourth-order RK

integration step is on the order of

d5 [XI h5

d t 5	5!

As a rule of thumb, it has been found in using the HFRMP that the integration

stepsize should always satisfy the relationship

h < 40 degrees/wmax*
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The symbol 
`max 

represents the angular velocity magnitude, measured in degrees

per second, of whichever one of the four state-variable reference coordinate

systems (B,b,G, or g) is rotating most rapidly with respect to inertial space.

That Is to say, no reference coordinate system should ever be allowed to rotate

more than 40 degrees during a single integration step. In some cases it may be

necessary to reduce the single-step rotation limit to 20 or even 10 degrees to

achieve the desired integration accuracy.

A flow chart of the 'RK4' subroutine is shown in Figure 37. The [Y] array

is stored in registers rl75-r224, and the [Z] array is stored in registers

r225-r274. Each quaternion in the [X] array (only) is normalized, each time

that array is updated, by means of the computational sequence

q0 +q l 
+q2+q3-► m

q0/m -* q0

q l /m	 ql

q2/m ; q2

q3/m	 q3.

The quaternion normalization procedure is never applied to the [Y] and the [Z]

arrays; to do so would introduce a systematic integration error.
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Figure 37. 'RK4' Subroutine Logic Flow
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7.3 MAIN LOGIC

The %PROP cor^:putations are described by the flow chart contained in Figures

38 a through 38h. The memory allocation table in Appendix D will have to be

consulted to correlate the logical symbols appearing in the flow chart with

the r-register numbers that appear in the HPL code, which is contained in

Appendix C.6.
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APPENDIX A:

BASIC QUATERNION OPERATIONS
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A.1 QUATERNION ALGEBRA

Reference A-1 defines a quaternion to be a mathematical quantity of the

form

= QO + IQ l + jQ2 + kQ3 	(A-1)

where Q0 , Q 19 Q29 and Q 3 are real numbers and where the products of i, j, and

k are governed by the following conventions:

ioi = joj = kok - -1, (A-2)

jok = -koj =	 i, (A-3)

koi = - iok = ^„ (A-4)

and

ioj = -joi = k.	 (A-5)

In addition to having the properties of imaginary numbers, the quantities i, j,

and k also have the properties of unit vectors that are aligned with orthongo-

nal coordinate axes ;n a three dimensional space.

The circular symbol (o) which is used to denote the quaternion product is

adopted from the notation of Reference A-2. This symbol should not be confused

with the dot (-) that is used to denote the scalar product of vector algebra,

which is governed by the following conventions:

i•i = j • j = k•k	 -	 1, (A-6)

j • k - -k- j = 0, (A-i )

k•i = -i•k - 0, (A-8)

G
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and

i-j = -j-i = 0.

It is worthwhile to observe also

quaternion product and the vecto

conventions

ixi -jxj=kxk

jxk=-kxj

kxi=- i xk=j,

(A-9)

the similarities and differences between the

r cross product, which is governed by the

= 0,	 (A-10)

(A-11)

(A-12)

and

ixj = -jxi = k.	 (A-13)

A quaternion can be thought of as having a scalar part Q 0 , and a vector

Q = iQl + j Q2 +kQ3 .
	

(A-14)

part

Sometimes, 'chen, it is convenient to express Equation (1) in its equivalent

form

Q=QO+Q.	 (A-15)

The sum of two quaternions is defined by

+Q	 (P0+40 ) + i(P 1 4 ,1 + j ( p 2+Q 2 ) + k(P3+Q3)1
	

(A-16)

and their product by

A-3
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roQ = (P OQO - PIQI - P 2Q 2 - Ph)

+ i(P OQ I + P 1 QJ + P 2Q 3 - P3Q2)

+ j (PpQ 2 + P 2QQ + PA - P1Q.))

+ k(POQ 3 + P 3QO + P 1 Q2 - P2Q 1 ).	 (A - 17)

Equation (A-17) results from applying the distributive law of algebra along

with the conventions defined by Equations (A-2) throu g h (A-5). It s^lould be

noted that, in general, quaternion multiplication is not commutative (i.e.,

QoP # PoQ). Except for the commutative property of multiplication, quaternions

satisfy all the requirements for the defin-;tion of a field.

The quaternion product of a scalar and a quaternion is commutative, and is

given by

SoQ = QoS = SQO + iSQ I + jSQ2 + kSQ 3 .	 (A-18)

which follows from (A-17) when the scalar is treated as a quaternion whose

vector pa of is zero. In a similar vein, the product of a quaternion and a

vector if formed by treating the vector as a quaternion whose scalar part is

zero. This results in

QoV = (-Q I V I - Q2V2 - Q3V3)

+ i(QoV I + Q 2V 3 - Q3V2)

+ j (QOV 2 + Q 3V 1 - QlV3)

+ k(QOV 3 + Q l V 2 - Q2V 1 )
	

(A-19)
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and

VoQ = (-V 1 Q1 - V2Q 2 - V3Q3)

+ i(V 1 Q0 + V 2Q3 - V3Q^)

+ J(V2Q0 + VA - V1Q3)

+ k(V3Q0 + V 1 Q2 - V2Q 1 ) * 	(A-20)

By examining Equation (A-17), it is seen that the quaternion product can

be expressed in the form

PoQ = POQ0 - P•Q + PO' + Q0P' + P x Q 	 (A-21)

which leads to a relationship,

QoP = PoQ - 2 P x Q,	 (A-22)

that is sometimes useful. Equation (A-22) shows that quaternion multiplication

is commutative whenever the vector parts of the two quaternions are parallel

to each other.

The conjugate of the quaternion Q = Q0 + iQ l + jQ 2 + kQ 3 is defined by

Q = Q0 - 1Q1 - jQ2 - kQ 3 .	 (A-23)

The norm of a quaternion is defined by the product

QoQ = QoQ = Q0 + 41 + Q2 + Q3	 (A24)

A-5
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A.2 COORDINATE TRANSFORMATION

Quaternions that have a norm of unity exhibit properties that make them

very useful for transforming coordinates from one Cartesian system to another

having a different orientation. Although the distinction is not made in some

of the relevant literature, a quaternion of this special class is more pre-

cisely known as a versor. In any event, it is well to remember that when the

word "quaternion" is used in relation to coordinate transformation or the

orientation of rigid bodies, almost always it refers to a quaternion whose

norm is equal to one (1.0). A convention of using lower-case alphabetic

symbols to designate versors (unit quaternions) has been adopted in this

report. In other words, use of the symbology

q = qO + iq l + J q 2 + kq 3	(A-25)

implies that

q0 + q1 + q2 + q2 = 1,	 (A-26)

According to one of Euler's theorems, any two Cartesian coordinate systems

F acid G that have a common origin can be brought into coincidence by rotating

F through some angle ti about a single fixed axis. That is to say, the angular

displacement of any Cartesian system G with respect to another Cartesian

system F can be described in terms of a rotation about a single fixed axis

which is usually referred to as the Eultir axis. The orientation of the Euler

axis can be defined by a unit vector

d = d  = d  = id  + id  + kd 3	(A-27)

with components d l , d2 d3 which not only satisfy the equation
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d2 +d2+ d3= 	1.
	 (A-28)

but which also have identical values in F and G. Assuming that the angle of

rotation is restricted to lie in the range 0 < a < 27r, the unit vector d can

be taken to define both the orientation of the Euler axis and the sense

(direction) of rotation according to the customary right-hand screw convention.

It can be shown ,'t?.g., see Reference A-2 and A-3) that any vector V

having the form

VF = iV
FI + jV F2 + kV 

F3	 (A -29)

in coordinate system F can be transformed to its equivalent form

VG = iV
GI + jVG2 

+ kV G3(A-30)

in system G by use of the equation

VU	
q FG ° V F " qFG'	

( A -31)

where

qFG = cos 2 a) + d sin	 (A -32)

It should be noted that in this system of notation the unit vectors i, j, and k
are not associated with a particular set of reference axes. Instead, they are
understood 'to be aligned with the axes of whatever coordinate system is desig-
nated by the alphabetic subscript attached to the vector symbol. In this
connection, a vector symbol having no subscri pt represents an intrinsic physi-
cal value that exists independently of the system of reference. For instance,
the symbol V .iight_represent the inertial velocity of one body with respect
to another, while V F represents just one of maa possible quantifications of V:
namely, that resulting from the projection of V onto the axes of coordinate
system F.

I
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The double subscript FG in Equation ( A-32) identifies the versor as being

the orientation versor which defines the angular displacement of coordinate

system G with respect to system F'.

Th y^ inverse displacement (of F with respect to G) is defined by

qGF = qFG _ cos ('Z a) - d sin ('2 a) ,	 (A-33)

and the inverse transformation of coordinates by

VF	 qGF ° VG o qGF'	 (A-34)

It is easily seen that the equations

VG	 qGF " V F " qGF	 (A-35)

and

VF = q FG a V G 0 
qFG	

(A-36)

are equivalent to (A-31) and (A-34).

We now consider a third coordinate system H whose angular displacement

relative to G is defined by the orientation versor

qGH = cos	 + e sin	 (A-37)

Application of the coordinate transformation law yields

I-An alternate rotation that produces the same result is defined by

4G -	
cos Z a) - d sin ( 1 a), which represents a rotation through an angle

of 27r - a in the opposite (-d) direction. However, there is no need to con-

sider the alternate rotation in the present discussion.

A-S
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VH	 qGH ° VG o qGH

qGH ° (q FG o y F ° q FG ) o qGH

(qGH o qFG ) o V F o ( qFG o qGH)
	

(A-38)

whence it follows that

qFH - qFG o qGH'
	

(A-39)

The above result can be extended to any number of successive rotations. For

instance, suppose that the body-fixed frame 8 of a spacecraft is displaced from

an inertial reference frame I by rotating the spacecraft first through a pitch

angle a about Y-axis, then through a ,yaw angle ^ about its body-fixed Z-axis,

and finally through a roll angle ^ about its X-axis. The total displacement is

defined by the quaternion product

qIB = [cos ( 12 e) + j sin ( 12 e)] o [cos	 + k sin ( .12  W)]

[cos ( 12 f) + i sin	 (A-40)

which, after carrying out the indicated multiplications, reduces to

qIB = ( Ce C4) C^ - Se S^ S)

+ i(C e C
	 + S e S^ C^)

+ j (S e C^ C + C  S* S^)

+ k(C 0 S^ C^ - Se C^ S^)	 (A -41)
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where C . = cos ('2 e), s e = sin ( t2 e), C^ = cos ('Z fl, etc.

The angles o, ^, v represent one of many Euler angle sets that can be

used to define the orientation of one Cartesian system relative to another.

Any relative orientation can be described by three Euler angles * representing

successive rotations about particular coordinates axes, taken in a specified

sequence; the only restriction being that the second axis of rotation must not

coincide with the first or the third. Reference A-4 contains a useful

compendium of the relationships between versors, transformation matrices, and

all of the possible Euler angle sets.

*
Not to be confused with the single angle of rotation about the Euler axis
which produces the same result.

A-10



a

t

A.3 TIME DERIVATIVE OF AN ORIENTATION VERSOR

If the coordinate system B is rotating with angular velocity n relative

to system I, the time derivative of qIB is given by

q I6 - ^2 q IB o 1,	 (A-42)

or, alternatively, by

q IB = 'z 21 o q 1B .	 (A-43)

The consistency of Equations (A-42) and (A-43) with each other can be readily

verified by substituting the relationship

ITS 	q IB o 1 I o qIB	 (A-44)

r

into (A-42), which yields

q IB = '2 ( q IB o qIB ) o 1, o q IB	 (A-45)

One of the major advantages of using a versor to define the orientation

of a .rotating coordinate system lies in the fact that it has a finite deriva-

tive at every possible orientation (assuming of course that the angular velocity

^ is finite), thereby facilitating numerical integration of the differential

equations that govern the rotational motion of the system. Such is not the

case when Euler angles are used. No matter what rotation sequence is chosen,

it is possible for the derivatives of two of the angles to approach infinity

in the vicinty of certain critical orientations.

The problem of infinite derivatives can be avoided by defining the

orientation with direction cosines (i.e., the elements of a coordinate trans-

formation matrix); however, this requires the integration of nine real
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variables as compared to four in the case of a versor. The integration of

d'., rection cosines is further complicated by the necessity of maintaining the

normality and orthogonality of the transformation matrix, as defined by six

different equations among the direction cosines. In the case of versor inte-

gration, only a single ancillary condition of this nature is of concern: the

maintenance or normality as defined by Equation (A-26).
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COORDINATE SYSTEMS

i

s

I

^^	 B-1



B.1 SHUTTLE STATION (STRUCTURAL) COORDINATES

Shuttle Station coordinates are referenced to a Cartesian system that is

r. 	 fixed to the Orbiter structure. The origin of the system lies in the plane off

symmetry at a point 400 inches below the cargo bay centerline and 576 inches

forward of the aft face of the fon-iard bulkhead of the cargo bay. The X-axis

is parallel to the cargo bay centerline and positive in the aft direction, the

Y-axis is normal to the Orbiter's plane of symmetry and positive to starboard,

and the Z-axis completes a right handed orthogonal system. The X coordinate is

referred to as the station (STA), the Y coordinate is referred to as the buttock

line (BL), and the Z coordinate is referred to as the water line (WL). This

system is shown in Figure B1.
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Figure al, Shuttle Station Coordinates
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B.2 PAYLOAD STATION (STRUCTURAL) COORDINATES

The Paylc :+ Station reference system is defined such that its coordinate

axes are parallel to the Shuttle Station coordinate axes when the payload is

stowed in the Orbiter payload bay. The origin of the Payload Station coordinate

system is located in the center of the front face of the payload cylinder. This

system is shown in Figure B2. Coordinates in this system are always measured in

inches.

1

i

;I
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B.3 SHUTTLE BODY COORDINATES

Shuttle Body coordinates are referenced to a Cartesian system that is

fixed relative to the Orbiter structure, with its origin at the Orbiter CG.

The X-axis is parallel to the cargo bay centerline and positive in the forward

direction, the Y-axis is normal to the Orbiter's plane of symmetry and positive

to starboard, and the Z.-axis completes a right handed orthogonal system. These

axes are parallel to the Shuttle Station axes; however, the positive directions

of the X and Z axes are reversed. This system is shown in Figure B3.

B-6

-mat



X

CENTER OF
GRAVITY

V

L

Figure B3. Shuttle Body Coordinates
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B.4 PAYLOAD BODY COORDINATES

Payload Body coordinates are referenced to a Cartesian system that is fixed

relative to the payload structure, with its origin at the payload CG. The X-

axis is parallel to the payload longitudinal axis and positive in the Orbiter's

forward dirction when the payload is stowed in the Orbiter's cargo bay. The Y-

axis is normal to the Orbiter's plane of symmetry when the Payload is stowed in

the cargo bay, and the Z-axis completes a right-handed orthogonal system. This

system is shown in Figure B4.
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B.5 RECTANGULAR LOCAL VERTICAL COORDINATES

Rectangular Local Vertical coordinates are referenced to a rotating

Cartesian system centered at the CG of an orbiting vehicle. The direction of

the Y-axis is opposite to the orbital angular momentum vector of the vehicle's

CG with respect to the center of the earth, the Z-axis points toward the center

of the earth, and the X-axis completes a right hand orthogonal system. This

system is shown in Figure B5.
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Figure B5. Rectangular Local Vertical Coordinates
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B.6 CURVILINEAR LOCAL VERTICAL COORDINATES

Curvilinear Local Vertical coordinates are referenced to the CG of an

orbiting vehicle. As shown in Figure B6, the X and Y components of position

are measured along the surface of an imaginary earth-centered sphere that

passes through the CG of the vehicle. The Z component is measured normal to

the sphere, positive in the direction of the earth's center. These coordinates

are essentially identical with those defined in Section B.5 when the distance

from the vehicle CG is small.
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Figure B6. Curvilinear Local Vertical Coordinates
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B.7 MEAN OF 1950.0 COORDINATES

Mean of 1950.0 coordinates are referenced to a non-rotating earth-centered

Cartesian system that is defined by the orientation of the earth's mean equator

at the beginning of the Besselian year 1950.0 (i.e., the Julian Date

2433282.423357). The Z-axis points in the direction of the earth's angular

momentum vector, the X-axis is aligned with the intersection of the equatorial

and ecliptic planes (positive in the direction of the sun as seen from the

earth at the time of the vernal equinox), and the Y-axis completes a right hand

orothogonal system. This system is shown in Figure B7.

I
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X-Y plane is Earth's equator of epoch

X is directed toward the mean vernal equinox of
epoch

Z is directed along Earth's mean rotational axis
of epoch and is positive north

Y completes a right handed system

Epoch is the beginning of Besselian year 1950
for the Mean of 1950.0 system or the date of launch
for the Mean of Launch system

Figure B7. Mean of 1950.0 and Mean of Launch Date Coordinates
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B.8 MEAN OF LAUNCH DATE COORDINATES

The Mean of Launch Date system of reference is also a non-rotating earth-

centered Cartesian system defined in exactly the same manner as the Mean of

1950.0 system, except that the orientation of the equatorial plane is fixed at

the date of launch. This system is shown in Figure B7.

B-16



APPENDIX C

PROCESSOR COr

C-1



C,1 Base Link (#TRAJ)

0: "#TRAJ(1223/lONOV79)":eto "RUN"

1: Wtb 6oll1list #6

2: Set AMAT"Op1

^: "ANG1":2nf ►•c<pl.'2d)+a2

4: if p2,0;2n +p24p2

`: r et p2

6: "AW. 2 ":2nf rGC p 1 2040 2

?: if p2',0F.-2-2n4p2

ret 02

"FlTNI " : '2n-i p 5; ?t 4 +2

10: "RTtr2":04a5

1 1: f•'1'1-2 i0; r,2l•.24r-4

12: if p^+r'4=0;?t.o +6

13: if'	 +3

14: =tt•Yi^Q^^Sl p l ` p2};!y r'?Ilf pL'-.l^;n-r'3^i^3

1!,: ?t.G +2

2-	 2 bs.e.r. 1	 3

NG!^t A

Pu/ ĉ^̂ 4s
^'!,

IS: rt-t . r'3

.:L1:	 ir1l,,ir• '2:'r^ll;i y p::;! lr'It,';r:1^'r, ►l;^''r'4

^i: j^11_tp^{+r'-rt1F=4+C p s-rl?1R.Ji:' 1t:1t^•p:_:

24: irit. F, 2	 F., 	100f rc.1.F., 2 r-4

2`: c,P3':: r.rjp ;+i 	 4:l +100f'r	 r•4'r7p_

"UOTF":ret r'r'l 	 r(r-2+1	 r'::r'2+2)

_r V " :rsl	 r"r''3; p lr : r''2+j	 r i,r_+17;r^1 l''.A	 r'+'Z."r Et

ADD": 1-f-,4; :?to +2
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#TRAJ Cont.

30: ^VSUB^:-I-*p4 

31: r p l +P4rp2+rp3

32: r( p I+I )+n4r(F.,2+1 )+r(P3+I^

r(r,1+2)+r,4r(p2+2>+r(p3+2);ret

34: ^CR6P^:r( p 1+I)r( p2+2)-r( p 1+2)r(P2+1 +p4

35: r(r, I+2)rP2-r p 1r(r2+2 p5

36: r^1r(n2+1)-r(pI+1)rp2'r(P3+2^

37: n5+r(p3+1);p4+rp3;rot

38: ^ROT" : r p 2+H;-?to +2

39: l POT ^:-rF-2+A

4O: /F.1+>::r(p1+1)4Y;r(p 1+2)+Z

41: r(p2+1)~I;,(p2+2)+J;r(n2+3)4K

42: (HH+II-JJ-Kk)X+2((lJ+HK)Y+(I Ill'-HJ)Z)+r^3

43: (HH-%I+JJ-KK)Y+2((JK+Hy)Z+{lJ-Hk)X)+r(F.3+1)

44: ( HH-ll-JJ+KK)Z+2(<lK+HJ)X+(JK-HI)Y)+r(r.3+2 ret

45	 1.-'11UT^:1+H;0+W;r^2/2	 2+1)/2+Y;r(p2+2)	 Z;	 +5

46: ^CXQ^:\+H+N; y tm +3

47; ^1.-!XQ[^:1+H;-1+W;^to +2

4S: ^QCX0'':-1+H;1+N

49^ Wr(p2+l)-.',: IWr(	 +Y:N,(p2+3)+Z;rp2+W

50' Hr( p 1+1)+I Hr(F,1+2)+J-Hr^rl+3!+K;rp1+H

51: HW - IX-	 rn3

52^ H^(+IW+J^-KY+r'P3+1)

53/ HY+JW+Kt:-lZ+r'r,3+2)

54: H:+H]+lY-J^^`r^n3+3	 r 

55^ ^02^^^;1^W;r(p1+1)+{;r(n1+3	 +2

56: ^0213^:-1+1 .1;-r( p 1+3	 I r(p1+1)+K

57; /pI+H;r(Fj1+2)+J

58: HH - II+]J- KK	 K- HI)+Y

59: '.9T|'2'(2(lJ+H[`	 YY))~r(n2+1)
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#TRAJ Cont.

601 'RTN29(J+I#H+K)+Xi'ATH29(J-I9H-K)+Y

61: 'ANG2'(X+Y)+r•p2i'ANG2'(W(X-Y))+r(p2+2)iret

621 "0313":r•pl;Hir(p1+1)+Iir(p1+2)+J9r(p1+3)+K

Oss 2'ATrr?1(r(II+JJ),r(HH+KK))+r(p2+1)

64: 'ATN2'(K+H)+Xi'ATN2'(JoD4Y

65: ' AP}G2' (^+Y>+rn2i'AlIG2' (?;-Y>;r<p2+2)i ret

66: "Z'31Q": 1"bl i 3 to +2

67: "2131":-1+W

r.S: r • ali2+Xicos(X);I } sin(X)+X

69-*

10: r•(p1+2)/2+Zico_(Z)+Kisin(Z)+Z

71: I•JK-W,;YZ+r•p2

72: I JZ+W>tYK+ r (r• 2+'2- W )

XJK+WIYZ+r(a2+2)

74: 1'•rK-I4XJZ+r• ( p 2+2+W)i ret

r:5: "31'qC!":r(F,1+I)/2+Yico's(Y)+J9=iri(Y);Y

;6	 (:rF..i + r('r-1+2))%2+Xi cos (X)+1; 1ri(X)-OX

77: (rF1-r(p1+2))-''2•*Zi cos (Z)+I:i in(Z)+Z

JI+rF,2 ;YK;r(F,2+111YZ7r'(^^+.^'.)l.J:i^r(F^^+ ~)i r:•t

IMATO" : r(r.1+5;)+I i r•(r^1+6)+•Ji r(F,1+1)+K

Cl,: r .F,1 +7)4;> i r l.P,I +2'];'°i i r(r..l+3 4Z

S1: l+rr, I+rCF-I+4`+r(F,1+8) ?Hi if H ,: I; ?t o +2

=2	 1 2 r H W i 1. 41,1;rpZ'; r I- ; W+r r2+1 i J-Y W r• r= . 2+2; ;'..t:-2 11 r r , '2+'3:;: r• t.

2-H 4 1.1i W+2 rF. I H', i f H: I i 3t o +'2

.4:	 1. 21- H>Wi (I-,;)4J+r F^24 1 .::}tJ: ► r'r,2+1?; (K+".., ll> rF2+2: ; .I+';': tJ+r :r'2+,;:" re t.

35: W+', r• i;r. 1+4? y Hi i4 H<.Ii 3t.o +2

1.' 2 041.1; (J-'•i'':W»rr-2iK+Z)W+r-::r•2+) 	 -s	 2+'2;' + +;,`,l,J> ; -.+_, ,;l	 i l	 4 11	 t• ". r^'•	 • i •: I	 t• . r^ ^	 re t

7	 W + 2 r (.'r- 1 +8 's 4H

1'2rN y t19;f:-Z7W-err, 2;(J+`'., W-r(:r, 2+1)i(I+ )Wyrr:r-2+2)il.4W-,rrF,2+:3)iret
11EPI , ,_,	 25r-1-4ri
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#TRAJ Cont.

901 "GRAV":cll 'QCXQ'(0+25x0+29r0+87);cll 'Q?iQ'(0+87x0+80x0+129)

91: 8+ri+r2;l4r3;cll 'ROT'(1rO+25,0+133);-1+r3;cll 'ROT'(190+129r1)

92: r(0+33) ► R; r• 24 RR *C; r(0+133)+U; r(0+134) +T; r•0+135)+S

93: . (ILI 431(r23•'R)i:?+6;C(B(5S5•-1)i?-1)+A; CBS +B

94 22 6U+r • 7; BT +r • 8; BS -R+r9

:+5: ►• t0+7 7? +13 r ( 0 +; 8) ► P1; r•(0+,'9>+N; 3C•'R+C

'?6: Cr_'r3cll-1 .1) 1 . 16;x: r 1r3i1_ • tI -) 1'; r,rIr2(11-L)+ ► 18

97: r124ri0+75> yP; if F-0 f'or I=10 t.o 15;0+rI;r,ext I; ?to "ANi;AC"

'?8: "HTI'1" • . 0'16.69342+E; TT+I ILI +C•; -ESrC+D; EC+C; Dj'( 1 -C	 D

'??: 3,:,. ,° 5?1 1 +i 1+ 3 C . A)C,,2 )76;8D/R+A; (R-B)(1 -DR.'2)?H
I I 'll s  , ti ,l,:' a 7' 'c :r, ir(ili--3941'34>•'1'2665>+17. 449)-40

101: 7.3.^21^-5y1J;R(r^^l+`S,tTIJ?+r1;-RUtJyrti-r:^^+'34)yr3

102: •. 11 I POT' c 1, 0+87, 1 ); i f p 1=1 ; ?t•o "PLAERO"

I03: "riERO":rIrl+r• 3r• '2+R',1'(R+r2r4)+V; r::'V a 'c;rA V+C

1134: 044; 1+\; if C#O; r3••-VC 4 Y; c•1.'1rC+X

1Cr5: 'ATN2 1 tS, C)  6; ' ATN2'(Y,\)-A;obs(S)-#S;_ int,28 )#E
ICIE.: ( . 786+2.413-1b_ cY) P1.316) (1-S)+1.9285+.646abs(EY)'? *D

1li7: -13, 45FDQs-',D;cII ISXV'iD,1,10)

I ►?'a:. 0 45cost. ;A)-.162Y)CC-.045`;crist;;;E)+,.I

1 10: .067 1 n  2. Cl$?;FO - .01 (' +;;r,b_ t E) )E+ ►
lil	 F'i: , ' v A4`	 1_A, E:; I04 ,74 8'-roA;AI • rl_; ;EQ y t14,nI • t'15;ato +4

11"Fl_riERO":x122', , bs(.rI +r12'3r(r • 2r2. +r_I- - A

1 1 ^	 - riF'C , ^A; . 1 1	 ''_^; ; t;" , H, 1 1 1 O)

114: -r 121.'2 7 rI;Ci » r y r3; II 'C SP'tI, 1Ci, I _?

1 15: "ENIiEF'Ci":,:I 1 ' C RSF" ( 0+8 4  109 1)

11t: :I1 "ti'^^!B' 1?+1,13)ic1I 'I POT' 1 ►?, O +x,17. I,ia

117:	 174. r ^.'i+_.aa^i;;cll 'SI	 A 1E+ lip)

1 1	 c I l ' k0T' 1• 04 C:O, I); c 1 1 • VADD	 o, l, l E,

119: "ANGAC":c1I 'F*OT I (0+' 690+ 3QFI)iLr1 y r4;Mv24 r5;Nt.	r6
r

(
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#TRAJ Cont.

1201 ell 'CRSP 1 (l94r4)iell 'VSUB'(16e491)

121t rl/L-*r1;r2/M+r2;r3/NOr3;cl1 'IROT'(10+800+136)

122: if p 1=1; ato "PLTHR"

12 , : "THR": 1•'?4,).1; .1rri-il2 +I 	 J' I ),'2A

124: 19.10, ► rl41;19.16314rl40;0+039

1:'5: 6.11 1)G( I+K) - A; f- 1 1 I S.,V I l ill r'3i r 13)

1'6: t'^5+Jiif J-0,fr,r I==1 .12 to 14410+r-I;ne0 I	 +11

1:': for• I = 13 to 15;rI+RCI-12rJ1 4 r-1inext I

1.'c: for` I=136 to 1 ti; r I +RC I - 1 32P -134 r I ; next. I

12'?: foi- I-143 t	 147; PC I  135#J1 4 rI next Ii at -) +8

l ,r?: "PLTHR": 1 p rl -N:1i-,t'+r134r14 r15+r11A if r 	 t0 +?

131: rr'4 - T; if T' A[ 2 ]; :it o +6

132: I +V; T AC 1 1-4 T: i f T^ =A1 7 It	 +3

133: FIE ?7-,;;;ACr37-1';_read 3rK r 7rNCS3 ];;f T' A[ 7 7; 0.o +fit

IN:	 AC 8 ]-Y^	 AL T 7- ;;) a A[ v 1; 1'- ?;AC 6 7 4A[ 51

1:5: -kAC57+TA16].^AC37+rir;4-#G;'-32.174GA141 r•c,)+1;

1 ?6: f oi- I=1'3 to 15; Gr(I+103)+r • I;next I

13 7,	 ENDTHR"::I1 ' TROT 	 13 ► 0+5'+13)

1 5: for I	 to :+; rI+r I+'?)+r	 r( I+0+123";nr:xt I

I	 r11-I:": r' 0+7h.- *A: if A 0 ?t o "EhD DER „

1401:	 11	 A I;fc,r I -In tip 1	 ; r k I +II+I .C'1'r'I;1'^ r	 I	 ti ^'+

1 #1	 Er y rl: 'r• n + 5, 	 •r ' . 0+I .;1 1 F" r•2+ r.3

142:	 11	 ' 1R 0 T !	 r;^ + t,,ri +j; .; . ; ,-II	 ._J^IS'r	 X 1-4 ;^11	 ' r : F  F"	 4 1;.4

14;	 2r51-A:it F. , I . 1: if	 ttr?;A	 AC 61 r1r.4+r'11-4 rr•4 •R

1 .14:	 11 '1:F": F lk L i + lr4 ;rk0+ 4 ?_;;r'0+:'`  14

145' .00:.:4	 3 R t.:lr`r•ir) +I 5'+r'6r r ij+ID4	 4'S rR F: +ri +F1

146' +1_0	 H	 R+;•;;0•r-4;	 r	 A•R14-	 P 4	 W'r3-irh

14': .I1 'r:F"-:-F" I,;	 j;:II I'N.iIrir':4)	 4	 I 'POT' 4%0+K. 4)

14c	 frr I =lr, r., 1,:;; rk' I+ii^. 120,-r i I - I	 I;r^ t	 I

t
	

la'a:	 if	 r:I -i:^t "	'F'1.firll'

l
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150: "RP1I":for I = 7 to 9;0+rI;next I

151: for K=16 to 18;K-12+H;2H+J;J-I+G;if r•K«;G+J;J+1+G

152: A>E;E +H;1 +x285

153: .l^14yF;r''^'?>G;r^H+'?) ^DiF+4t (r3l► %'E+TSr.int.<T'r^)+T

154: if T `QM T-F+'=; Cr 64Y+?; 3t o +2

155: C+T; T F ^ ; EE' S! 1611-R ► E i E•'a lir (R[ H, G ])+^; T; S,y,

156: t.R+6).'E4;i;r;T S414

Its : for I=7 to	 I

158: for 1=136 to i: ;iI-13'cyH;r•I+;R[ tip :1]+ZR[ tip G]^rI;next. I

159: for 1 ,142 to 14*,; I-1 3S^H; rI+IJF'[HP. ► )+`i'R[H,(.]+rI;r'ic>:t• I

160: nc-?,t f ; :11 ' IROT' ^7eG7 ► 7);cll	 +5

161: I=16.1 tr 16'3;rI-r(I-145>+rI;r,txt• I

lr,:: .11 'PUT' x:16.105p 1	 -LrI ; rl; Mr2+r2;-tdr,,r

IE.3: _ 11 ' 1POT'k 1, 105, 1 ); for I=1 t•o :3; r•I/2+Y

164	 1

165: "ENDDER":for I=7 to 	 I

ltt,: r';C^+'34'1+'_ar-^0+1:3)ire'J+.35i•^W;F'b14J-r.9+r;q+14)

it.7• ir7-^3W) R>r-'0+135);0	 1i-14 r'2;r8,'R1.1+r3

168: •: 11 ' CI DiiT' t 0+25, 1. 0+125); c.1 1 ' uIIOT' OD 4-29 p 0+-36 0+12' 9' ; r • c t

169: "RIJt1	 t	 '.RtlAT" r 169

17 C-1 	 rld

-1 r, r?1

I
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C.2 Response Matrix Computation Link (",:IRMAT)

Bt "%RMRT(0403f24SEP79)"Vito "RUN"

1: tdt.b 61 11 ► 1 i st M6

?et "':TNIT"9li91

?: "PI V:ll.d 4rod;it f1 .911;9to +5

4: dish RI339Ell 3279FC 1'2912]9 I[ 39319JC89121

5: dim L['3l9IJC 1'291'219 R[ 129 1'2]9 T[ 7944]

a: dim BTI15IPC$l1294IPE412539JV394191k#C5]

7: dim 101449'3I PPt C3IPV$C80It1-J$C$01;sfi 11

":	 WARNING: SS "-B$

9 :	 CONTROL IMPO'S'SIBLE 14ITH "+DS

10'.	 4"' y . JF[ 1 1; "	 P"+ J3C 2 1; " F'2I "+J t[ 3 ]

11:	 JETS"aK3

12	 f]it 1 9/ 9 80

13: a	 n "tECMIiID" 1'9 _read 190,3

14: •z ?n "3JFTM"+ I;for I=1 to 44;_,read I,PW 11;ne

15: o_en "tJFT"9I;_r • ead 19TI*3

16 o_ ?n " I +'91;Sread 19EC*7;if BE 327=9;ato "RMFIJD"

17: f r I=1 to .;BC I+1 ]+111? I 3;next. I

18 , -6157-IC2'931 113921

19: -E:[n];II1 31113x11

20: -E:[7 1 411 1 9 2 3-^I12911

21: ink, I-I

22 for T=1	 d_r•	 .RMHT" 9 J$I T 3 	 T
^^	 ,_	 vile•= t_I _„^ ,x;,.	 '9^^t1, +;

24: f i 1 e	 #J=. F, *P, -PFD, PF; .3t. c- +2

25: f ilex I  F'2	 F2I9tP2IR}*P IF

26: ino U: F9 F; " VT,W1; sreod I A 3

#or C = 1 to 12;for N = 1 to 8

2.	 JC FJ9 i. ]'I9;	 +13

for I = 1 t D 6 ; TC I9193-^rI; tie 0 I

C-8

I



Al

MAT Cont.

^ f or 1=4 to 6;(rX -BE %+4 ])/12+r%;new$ X

31: -r4+r4;-r6+r6;cll "CRSPo(4o194)

32; for 1=4 to 60r y +T[7"M]r(%-3)+rl;next I

33: for 1 = 1 to MU[I,C]+r[+U[l,C];next 1

34: Mt[M]+P$

35: if P*[l,1]=^R^;9+1;wto +3

36: if P$[t,l]=^L^;8+1;stu +2

37: 7+%
'

38: if C>6;I+3+1

39: 3.1071+W;if M>38;.09230

40: U[IvC]+W+UI 1,C]

41: newt N

42: 32.174/6[1]+H;for I=l to 3OU[l,C]+U[I,C];nsxt 1

43: for I=4 to 6;U[19C]+LI y -3];next l

44: mot yL+8

45: for 1=4 to WH[I-3]+U[l,C];next I

46: if T=1;if C<7;wto +4

47: int((C+I)/2)+P;4P-2C-1+S;if SU[P,C3}0; g to +3

48: BS&C$[C]&D$U$[TJ&K$+V$;wrt 6.1PV$;^^+V$

491 if C>6;8$&^HTT^&D$&J$[TM$+W*

50: next C;s p rt 2,U[*],Moru U+R

51: if WI#^";stn "REND''

52: for C=7 to 12;int((C+1)/2)+P

53: for NO to 10

54: for H=8 to 114AP+H)mod3+E

55: -R[E,C]+X;2E+K;if X>0;K-1+1--'..

56: X/U[E,k]+Y;for 1=1 to 121R[l,C]+YU[l,K]+R[I,C];next l

57: next H;0+X

58: for H=0 to 1;4+(P+H)mod3+E;X+RCE,C]t2l'?.'.

59: next H;X/R[P,C]12+X;if X<1e-8; g to +2

'	 [~9



'."RMAT Cont.

60: next N; g to +2

61: 4P-2C-17S;if SRC PPCI>O; g t.o +2

62: 6 . 10-Mara U-OR;-:ito "REND"

t-'3: fc- • H,0 to
	

H

64: next 0

65: fi_- , r C=l to 6

C,	 fc-r E :1 4 t ci 6

h'7:-	 - F , [ E1 C	 2E 4,; i f X",O K- I 4K

C-8: ': RC E K I	 f or I = 1  t. o EEL'; PI 1 9 C l+YRI I K 14R[ I C, 1;	 1

C, -F, C E 1 C I	 E

Cl: it T= 1; a t	 +3

I	 C+1	 ^F; 4 P-2C ,- 1 *6't i f '--.R[ P P C: ]': , 0; g t o

2: E,,-F^,."PCT C OPIP ":: 1 : $1 C I' Dt& -4I T R IJ-tVfl wrt h. I V 

C

4: "FE11D	 PI	 14; i f T= 1; 	"HEXTT

a r a P- F

6	 1 f I .1$#"": at c, ''F E N D

if	 t #	 cj	 A E: C' R T F

fcr C=1 t	 E.	 rit	 C+1	 2. p

t	 I Cl

C,	 c, r H C, t c I .; 1 4 P+ H	 d2 E

I	 F[ E	 I	 E -I	 I	 I ,f

PC E i, I 1'i'; f	 I=1 t o	 F II C I YF, 
I 
I I I - E I 1: 3

H-Cl

H	 Fl P, I t	 +

I	 t	 0 E : Cl R T F

E	 4P 2C I	 F I P 9 C I	 Ci	 t, " 1-1 BID R T F

H	 I	 P+H'	 F ; Cl -F 
I 
E	 H
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90: for C=T to 12

91: for E=1 to 3

92: -F[EPCI +X;2jE;l+if X>0iK-liK

93: X/F[EoKI+Y;for I=1 to 12 i ;'[IPCI+`!F[IoKI y F[IrCJIt•iext I

94: O *F[ Es C I9 next E

95: ir•it((C+1)x2)+F'94P-2C-1+S3 if SF[PPCI< = Oi-?t•o "AEORTF"

96: next C; ?to "FEND"

97: "ASORTF" : B$& "FULL t:OPiP" &D:t&tint[ T I &l t+W3

98: wrt 6.10-Mara R+F

99: "FEND ":_rrt 4rF[*Irbl3

100: "NEXTT ":next T

lot : 9+B1 •i2 I

1rQ: o._?n "1}"r19_t •,rt IpB[*I

103: "P.MEND":?et	 169

104: e•nd

4706
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C.3 Trajectory Initialization Link (`;TNIT)

0: "%TNIT(1238i160CT79)": gto "RUN"

1: wtb 6P IMist N6

2: get	 ':SSVU"P0r1

: " iV: int((F2-14) 12)4P4

4: r3-3.?i]r5+ir'^t(14a1 (^1+4?l+0+r4):4>-p5

5: ^5+int.(3or'(s,2-'2-1°r-4)r'12)^n5

_: r-et. P5-int (3int C-:r, 1+4'300+F-4) , ICu3) A)

r: "PLOTYP

8: if Pt="	 r r'e •t 0

9: if Pt="H,JHE"i ret• 0

1C1: if Pt="P8BY"; ret 1

11: if Pt= "CF'L4 "; r•et• 2

12: r • et -9

13: "I_INIT":

14: if F3="	 FT";r-et 1

15: if Pt=" I:FT"4 r • ,t 1000

16: i f F't=" HPI I " 6 r-e t. 6076. 115

17: if Ft="	 P1" : r- t. 1.-, . 3 048

1:-!: i t F't="	 1 .;H" i r.- t	 1 UC,0 , :,Ci48

1'?:	 r.t. —9

2r.,: "Pir]HTH"

21 : 1 f F't = " _I AII r • c t 1

i t PT = " FEE!"; re r 2

it P t =" H A F: "	 r e t .3 OF'^pppR ' PAO! 18
QUA p y24: if Pt = ",HPF;r-et. 4

25: i f PT=' HA`r" .	r: t 51

i f Pt =" IJ N "; r fit. 6

if Pt=" ILIL"; r.t

_ if F't= AlIG"; r	 t. ,3

Z':+: if F'T = " '3EF'" : ret 9

C-12
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NIT Cont.

30: if P$=" OCT";ret |e

aI; if P!=- NOWA r nt ||

a2; if P$=" DEC";ret 12

23; r+t -9

34: "C";ret P3(p2-1)+ n |-1

35: "T"Max(PO P2 4 PA ret @3<p3-1>Z2+iln(PIPP2)-1

36: "DIAG"M A Q

37; for J=l to Pl;for |=| to J

38; 'T'(?,J)+K;p2+K4H;p2+K+K;rH+rK+Y

S9; if I=2;W+YY+W;!!r<@4+'C'<J,J,P!>>;9to +2

40 : K+2YY¥3;O+r(p4+'C'<I,JPPI))4r<p4+'C'(J,IPPI))

41: next I;next J

42; if P W5;r(W+X)/Pl/le& p5

43: rK/PlIPY &P7¥@S

44; for J= to PlU or I=l to J-|

45: Pt+'T I (IsJ)¥Z;if .bs<rz>< =R6;9to +12

46; l+p8;@3+'T'(I,I)*H;p3+'T•(J,J)+W

42:	 k<O;-K+K

48; [xr<2(1+r<I-KK)>>+y;r(l-YY>+2;rH+K

49; E2X+2XYrz+YYrw+rH!KYY-2KYr2+XXrWirW;e¥rZ

50: for K=l to p l;if K=l; g to +4

51; if K=J;3to +a

52^ pa+'T'<K,I)9H;ra+'T'<R,J>+N

53: rH¥ZlXZ+YrW,rH;2rW-V2-rW

54; P4+'C'<E,I,P!>4H;P4+'C'<K,J,p!>*W

55: rH4:;2Z+yrQirH;R64-YZ-trw

56: next K

57: next Went J;if P8 = 11e+Re;9to +3

SS; if P64p5;ret

59: P&POPE.
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60: p7+l+ p7iif P7<100iito -16

61: fr)t "DIAG EP.ROR = "ielO.2r2/iwrt 6#PIP6;fmt ir-at

62: "RUN" : o b 6olliif flallieto +5

E-3: dim HCS]+BC 3?]+i;C l 1 19RC 12r 1219T171

64: dim Fill ? r21 j6$C4@IPCtC294)^DtC3+4IPEt[5r4]rFt[4r4]

a5: dish GtC	 41,HTC	 31pI1C6r3I+ 1tC6FI]tWRi+]rLt[41-1,111EIFNtl031

r6: diM 'I TC 6+ 3],F'tC4], OTC r,,3] RTC 6,31r'ctC 6,'319lltCl ►?J^Nt[_u l+tit[ i!]isf? 11

e7: "'=55	 1 ]i "PL	 F412 ]i "TP -+R$[ 3 ]i "DX"7R$[ 4 ]i "DY"4ATC 5 Ji "D2"--Fl C 6 ]

60: "DR" , Ht[ ]i "U':	 At18 ]i "DT"+At19 ]

C. 	 "OHSO"+CTC11i"I11LD"+C'K21

P150"-I 1 tC 1 I;" '3LV"4Dt1 2 ]1 " PLV"--Dt[ 3 ]

T1 : ' : R 6't"'-Etl 1 ]i " F"llLV"+EtC 2 Ji'TOLV" y E$[ 3 ]i "E'3LV"--E$l 4 ]i "31'150"--Et[ 5 ]

2: "PF'E'7	 F t C 1 ]i "F'PLV"+FtC 2 Ji "r:PLV"+F$C 3 Ji "EPLV" +Ftl 4 ]

SEHS">hTC 1 ]i "F'i:	 21; "RI PIP" +G$[ 31

T4: "'_NA" HTC 1 J'r "ECU-*Ht12 ]i "INi:"+Htl3 ]i "PAN"+H$C 4 ]

"ARG" - HTC 5 ]9 "TRA" y Ht. C 6 ]i "HA "CHIC 7 ]i "HP "-W::_,

6' "PCH"-Ill 1 ]i ""I'lild" y ItC21; "ROL"-rIll31; "R`. ::6" 1$[ 4 ]i	 5]i "R26"yItL61

;y"^ IT[ 1 ]i " I„ '	 ltC? Ji "^” , 413 Ji "R	 it1 4 ]i ' ,3"+ lt[	 J: 'T	 J 	 E. ]

+ , "+i!tC 1 ]r „+,^	 , iirC 2 ]i "+Z "41-40 3 Ji "-, N' "+i!t1 4 ]i " - Y "+i1$15 Ji "-Z " +i!tC 6 ]

T:+: "PF;;"- ( l TC 1 3; "PL ,"- 1?T[ 21; "F'F' "+i?tC ;3 Ji "PH::" -C-414]i "R'X.	 61

"F'FR" y F TC 1 ]i "RLP" , Pt[ 2 Ji "PF'R" 44[': ]i "PAP" ^F't[ 4 ]i "F'F " • 4'tC 5 Ji "ii1'1 F'"-F'tC E ]

°1: " P F T "	 TI 1 Ji "FLT"	 tI ]i "F PT	 T  :'Ji "PAT	 Stl-4 ]: " R T " '_ , sC5]i "ilP1 " '=TC6]

 ID	 l	 d I	 Ti"#TPH I " _ 7 TC1 53

_ - : b^^Fi =rt "Ef1TEP TF'HJE I_,TORY ID TE',;T" f t'. it f 1?1<<i gt„ +r?

1;=0; at o +2

f, r H =1 t.; I  T',	 " y f"TirlE :t H

_,E	 frlt	 = _Ilte	 -='.fl, 'iwI . t	 StZt!f tifrlt

old 0-r - 5; n.,1 0-YQ

?: n ; ? r I	J 1,E:[*];K1]ir'!9

'	 C-14
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IZTNIT Cont.

90: B[ 21+r l; B[ 3 ]4 r3; B[ 41+r6; -B[ 51+r5; -B[ 61+r4; -B[ 7 1+r2

91: cl l I DIAG' (3r I / I P l); r1 +r77; r3+r78; r • 6ir • 79;s11 ' I MAN I ( 7r 80)

92: ( 107`6.7-BC 81)/12+r84; B[ 91/ 	 ►• 85; (375-bC 10 1),'12+1.86

93: ( 1C'7 6. 7--PC 11 ]) 12 *t-275; BE 121112+r• 276; ( 375-BC 1 3 ]).'12yr277

'?4: for I-1 to 3;QBC I+131 # r-Hnext I; c_11 '2310'(1	 IS)

9 5: BC 171 le34t'99;for • I =40 to 47; ►3+rI;next I

?6: o f iin ' 2*" p 1; _ i-ci 1 1 9 BC + ]; 61 1 1-or•64

7: BC 2]+r • 1;B[31 1, r • 3;B[4]+r 6; B[514 5r-6C63+ 4;-817]+r2

'8. : c11 'DIAL (3r 1 r 1 r7); rl-) 02; r3+ ►• 103; r-64 1134;c,II ' I11ATQ (7 105)

-BI 81 1241.109-BE91!12-ot-IILI;••B[101112+r•111

1001: -B[ 1 I ] ' 12 , r'2: 2; ESC 121/ 124 x28'3; -B[ 1:31/ 12+r•284

1111 : BC 141 '.'N , R y r 12 Cl 6[ 15 ]i 12 y L y r 121

102: nF'R7r122; 2RL-r'123

103: for I=6..5 to ; C1; 1i-r • I; ne^;t I

1114:	 in	 S;fot- I=1 to ii;ar-i-ad I p G[I1;n_xt I

105: f t = ' GC 1 Y , 4 PX; ' PLOT`r'P 1 -GC 1 J; i f GC 1 3=11; 9t o +1 3

10 P--'. .  f t s	 G[ 2 1. , -P!'; ' UN I T' -G[ 2 ]

10-17: L,eeF•,-znt "FEA11Y T 	 PL 13T ':'" ► 1; if f 1 13 =1j; 9t.o +'Cl

1 C" C-; 	 r_ I t' i.Jr'1: il_t`! " 1 F'5401 8'1 6! 1477 8. f 1131.130"; F? ►. n#	 :::,A 11

109 ic 1 0 14,0 9 : F>in;r:-1t. 0p -.";1bI KS

11 Cl: G[ ]-C : GE ? ] -"111 6 J- `r'; 1 f GC 5 1=0; at , +4

1 1 1 : _ _ 1 C1. -14C , C1. -'?C; of z - Gl 8 1 -GC 91; GC , ]-- 1 7. GC 5 ] y ;

11	 c, : C1.I]E 1!+],Cl.1"1 :],GC 11 ]; ., 	 C1r-GC 101 cl,;;+i, Icl,GI 11 J

I 1 _;:	 : o . C?: GC 1 Cl ]. i1, G[ 9 ]! GI 1 1 ]; 	 , :< t_r r -GC 10 ], it,	 G I 1 ]

114: i + G[ 4 ]=it; at , +4

1 15: . c l C1, -141 ^ 13, '-'^::; of s -CGC 5 ]-G[ 7 7^ -GC '^ ); hC 7 ]-CGC 4 ]+k

I r',:	 Q GC Icl3, cl,GC7]-C 1G+GC 11 ];:>;o.; ©r -GL 1it],13,y;+GC 11 ]

117:	 ,:	 C1 , GC Ic1 J+i1,G['3]9G[ I1 ];".13.	 C1 s-GI 1C+]rC9Y . GC 11 I;F, en# 1

110	 _?r, '4r'+1;_re-^11 1^PC+l

1 1'c+ : BC 1 ]-''; t t. _ 1 E'l 2 ] 5 -PT; ' 14! HTH' -11; BC	 ]-4Ii
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UNIT Cont.

120: ("JD"(Y"M"D)-2433282)/36524.22+T

1210 (2384.948+(.302+.0l8T)T)T+X

122: (2004.256-(.426+.042T)T)T+Y

123: (2304.94O+(1.093+.018T)T)T+Z

t 21 4: if/648O0U+C;irr/2-C%+rI;CY4r2;-if/2-CZ+r3

125: c.11	 ']13Q"( 1,19)

126: ':-:.ECS'(B|5])+,74;8[6]+r124

127: osan	 ^7*^,1;oo	 end	 I,^G'02^;sreod	 I, BE* I

128: ^1;O2^:8[5]+,-. 5;6[18]+r100;0+r76+r94+r95+r101+r119

129: osan	 ^5*^,t;sreud	 I,8[*3; f t 	 (8111)+P$

I30: 6076.115+T;r24+C; if	 Pt=^0M50^;TB[2]+H;8[3]+E;ato +2

131: TB[2]+r23^H;rB[33+r23+P;(H-P)/(H+P)+E;(H+P)/2+H

132: H(1-EE)+P;OB[7]+F;P/(I+Ec.os(F))+R;r(G/P)Esio(F)+S

133: 0B153+r1;0B141+r2;08161+F+r3

134: i f	 Pt= ^OH5O^;c.il 	 '313&"(1 ^ 25)	 ll	 "QCXQ'(19,l5,25);?to +8

135: r1+H;r2~I	 os(l)+C;sin({)+8

136: co^(U)+>^;sin(U)+L;KK-LL+M;2KL+N °^°

137: 1.62405e-3+J;Jr23f^+Y;V/P^B -^&~^

\38: R+BDDM/6+R;H+B(1-3DD/2)^3^H;^(^/H)/H+N

139: S-BWDDN/3	 H+2HHV(I-3DDLL)/3RRR+H `^^_ur
r

140: U-B(1-7DD/6)N'2P+r8;I+VCDM/2RR+r2;H+BCN/4F+r1

141: c 1	 '313Q'/1"25)

142: ff/2+r4;-r4+r'j;0+,6;c. l1	 '3130'(410);cll	 °@%@'^^5^@.^5)

143: 2/R-1/H	 P 35;S r34;R~r33

144: for	 I=1	 to	 8[l+8]+rl.next	 1

145: cll	 ^23\Q'(1,87	 ll	 10XQ'(25,U7v29)

146: for	 J=36	 to	 UB[1-23]-4rI;next	 l

147^ cll	 'DER[)S'( Cl) ^«/180+U

148: its	 ^B[12])°PT;if	 Fl="	 SLV^;cll	 'RUT'.1,87,4);cll ^VHDD'(4^36,36)

149: ns .3n ^6*^,1; Sreud 1,B[*]

^-l6



ANIT Cont.

158s	 foor	 I=7	 to	 12; BII-53+rI;next	 I

151:	 fts	 (BC13)+Ptiif	 P$="RSLV"i9to	 +4

152:	 ell	 'ROT'(1P8794)ie•11	 'VSUB90694M

153:	 ell	 'CRSP'(4r7 ► 4)iell	 IVADD'(10 0 10)

154:	 ell	 1 IROT'(7Mr7)iell	 1IROT'(1Or87r10)

1551	 r9-r33+r9i r12-r'344r12

156: Al	 WSP't1 M)KII IVADD'(is,3r4,10)

157:	 ell	 ' IR.'OT 1 0, 2_5r 7	 of l	 ' IROT' (IOr 2500)

158:	 r I DOTP'(7r7)4R+r58;c.11 	 'CRSP'(791O ► 4)

159:	 r' DOTP' (4) 4 ) -,H; H-'RR y td-f r60

160:	 for	 I=4	 to	 6+-rl/H4rIi- r(I +3)vR+r(I +3)in:xt 	I

161s	 -'DOTP 0 (10)74r59;aH	 I CRSW (4r7i1)

16-2:	 c.lI	 'I MAN" (1,50)

163:	 for	 I=1	 to	 06CI+834rI3next	 Iicll	 '210110112)

164: fts SCM00if P3=" PLV"4eto +2

1651	 ell	 'i:!i	 ;	 IC50,2990)KII	 'G:i;l?'(O112P112)

166:	 Al	 '1=i. 1150012P54)

1671	 for	 I=61	 to 600SC I-483 y Mnext	 I

1681 fts (SC IM M if P3=" M509sto +6
169:	 if	 PH"	 PL , ,: at o +3

170:	 c. 11	 'QC:;G!°r3'?,54,0)+	 11	 'ROTI(--'6fCIP4j

171:	 +

172:	 c. l 1	 ' U E R. I VSI (' ',

173:	 r_1l	 'ROT' (I	 11294ji,:ll	 "-r'HIIU'1496,,1,61)

1741	 a;9n	 "N"91

175:	 if	 GE 1 3 = H ohain	 " tSSVU" r 169

1761	 chain	 HIT"9169

1771	 end

*23100
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CA Orbiter Geometry Link (%SSVU)

0: " %SSVU(1108/16SEP79)- n A o "RUN-

I: Qtb G,|| n list n G

2: iet ":SNIT"PS 1

3: "SYM":obs(int(p6))4H;R5QWg;cos<]>+I;sin(J)+]

4: cos<PO U sin<e4> A NK

5: Pit P I +XP3t PZ+YP3;if E=H;ret

6: uK+IY¥W;Ix-JY+2;W+Y;K+P K;ato -1

2; ®RUN";de,;lzG[2]¥I;^G[al^C

S; Ren# 2;if 2 5] =O;9to "SVU"

sal o,-14C,e,9 0 ofs -2G[8] DG[9]

10: Tie IG[8] Le[8]-CG[5] -IG[9] Cr[£]-gG[9]

11: ofs -l2re5,l2r§e-aZs

!2: -I+S

IT: Ren;Rlt	 8,261

14: p it 550862

!S, Pit SA M&&

16: Pit S46SP300

17: Pit S46SPS12

18: @!t 520@,327

19: p it 5130,336

20: p it S12500:3

21: F!! 5158,399

22: Flt 5125,:39

23: p it 5200,408

24: FIi 5220,412

25: p it 5241,424

26: Pit 5232,424

27: P I t 5228,422

28: @!t 5200-40,

29: @I! 5175,409

C-l8



alt t	 I If 4	 tL:

1 1 , SSVU Cont.30: Ph S150P409

31 : PIt S125 ► 413

32 : PIt S1110 ► 415

33 : Pit St 30-4.  0

34: Pit ", 139, 450

Pit S143, 462 

ti; 6: Pit `:1451475

37 : Pit 5144 ► 490

38: Pit, S140PL509

'S t ? 0	 5 15

40 1 t S 115	 `i24

41: Pit 9100P526

42' alt ; E A . L:1 ., h-

43' F., I t c r,O P 'i24

44: a lt cl. 4 0 o 5 18

45: alt `_:0	 51 2

4t' : altt S Z'Cl	 5 13

4 r I t S4	 ;S 16

4 1 f	 S 0	 1	 5

4 Pit :4r 816

L.

i r, E 115	 4	 4 . S	 Y;	 4C 7
f	 Ilk 1,j2

Y; F-1 1

54: .=,:I 9 1

55: 1	 1 ot 3, C GE 4 I—DQ 7 1 r	 D1j( 9 It F. GE E, a--[ii.[

1'0 4 - I C1	 6 .	 I	 CC.—:31'5

F, E f.,

C-i9



° ' ssvu cont.

608 Plt 1550 335

618 Plt 1575034

62: P l t 1600 034

P: ,: Plt t6	 3, 3^6

64: P l t 1609P412  

65: Plt 1600941+3

66: Plt 15,'5,4 02

67: P1t 1550P392

68: P l t 1535, 382

69: P 1t 1517, 376

70: Plt 1502,441

71: P lt 15;:5,441

Plc I L^50 1442

73: Plt 15.'5.445

74: P l t 1590, 453

5: Pl •t 1:1,'.x,536

76'- P l t I 5t-O o 517

77 1 P l t l t,25, 506

78: P 1 t 1500, 489

79: Plt 1493,483

SO: P lt 143:'3519

04; 1...:554E:

5: F lt `4o

46 Plt 1.,11	 '5.?

ti7 F' lt 1	 : 6 :,°24

^, ^, : F' 1 t 1 :1:1.' 	 C 1 t.
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%SSVU Cont.

90: Plt 576P420

91 : Plt 576P508

92: Plt 5M508

93 : Plt 491,499

94: Plt 48Ot493

95: Plt 472,439

9 6 ;: rlt 404p450

97: P lt 200,89 4

9ED : p lt 283,)85 

99: r- 1 t 2209378

lee;'- r.- 1 t. 259,3 22

101: r, I t 250 P364

102: : . 11 " SYM ' -. 2 E. 2	 5	 :3 '.D 8-	 5	 1	 5 ,1 02 ,10 

103: P l tt 2, 6	 3, 0 S

104: F-. I t. 286,8 8 80

1 u5: @1t 8 1 2 2? 4

106: @1t -3 37

1017 : P t 282, 286.

1O'-";; @!t 2.,-: : 3887,283

1 Fl t 4 1 4, 28 @ 

F--It 4 58, 2 25 

elr 492: 22 55

112: 91t 585. 22 8 

I 1 ':3 1 t 525.222
!!4: p I t 625, 22!

115: F, I t 625,26: 

I I e: r, I T 17 25 268

117 : Plt 225,2 6 2 

I r- I t. '? C' C' - 26. 5

p I t 4 Ci O 1-1	 64

C-21

^ .̂__--^..... ^._^^_	 ^.. ^.



%SSVU Cont.

1201 pit	 %loo"263.

121: p it	 11509262

123: wit	 1250,261

123: p lt	 1300,261

124: p lt	 1350^264

125: p it	 1400,267

126: p it	 1450,27l

127: P it	 1500"275

128: p lt	 1550^281

129: p 1t	 1600,288

130: Plt	 1613,290

131: line	 2 " 1;545. 2+X;484.O+Y;24C Z
132: X,Y;plt ^os(100),Y+Z-sin(100)
133: X,Y;plt X+Zc ci s (38)"Y+Zsin(38>
134: 560+X;480+Y

135: X,Y;plt X+Z^os(30)"Y+Zsin(30)
136; p eo; p lt	 X,Y;pl* X+395^os^-82>"Y+3^5sin(-32);lina
137: ^END^:pen;r.en#

138: choin	 ^%SNlT^,169

139: eod

*22779
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C.5 Flight Segment Initialization Link ('SNIT)

0: ":SNIT<1340i270CT79>": yto "RUN"

1: wtb 6o11;Iist. k6

2: Set ":PROF"9091

"KA1-1" :

4: if Pt="	 D"; ret 0

5: if Ft=" IRH ";rtt 1

r•: if P1-="LVRH"; ret

r rc t — 9

Y:-: EL' .

9: if F'S="	 V"; ret 0

1C+: if Ft="	 F"; rt.t	 I

It: if PT=" PSI";ret 2

1	 rt- t --'-q

13	 "C C1t•1F":

14: if P$ = "	 "; ret 0

15.: if F'''="HIDHE"; ret 0

IE: if PT = " Ri1T"; ret 1

17: if Ft = "FULL"; ret 2

1:_	 rr-t	 -9

19: '1 TONS":

t

1	 ^ t F X-"HiJ	 0

it F'I =	L"; r._t 1

it F't=	 F` rc-t

.4: if Pt=" L+R"; ret 3

` 5 • r•ct -9

ter.'

	

	 f TRC_ -

if";ret 0

0
	

L:	 if P = "f I C t I E	 rat. L)

C-23



%SNIT Cont.

30: if Pt=" -X"; ret 2

31: if Pt=" +Y" y ret 3

32: if Pf=" -Y"i ret 4

331 if Pi=" +Z"; ret 5

34: i f P$=" -Z"; ret 6

35: if P3="+ROL" i ret 7

361 if PS= "-ROL" 9 r • e t 8

37: if P$="+PCH";ret 9

?S: if P3="-PCH"; ret 10

39: if P$="+'•i'AW" i ret 11

40: if P$="-`i'AW"; ret 12

41: ret -9

42: "DMTYP ":Ji .m r-1

4:3: "FLT SEGMENT	 TYPE	 (PROP) ................. " y Bfi " "-► U$; ret	 :3

44: "FLT SEGMENT	 LENGTH ......................... 8fl "HH1.1M. ;S "-UV ret	 1

451 "PRINT.''PLOT INTERVAL .......................+8$; "HHMM.SS " -•IJ $; ret	 1

461 "MAX 1NTEG	 STEPSIZE ........................ Eel;"HHMM. =;S " 4UT;ret	 1

471 "SS HERO	 FAr:TCIR .......................... " y B3;" ;IJf 'r ret	 1

48: "SS RATE	 OPT	 (INCRrIRa LVR) ..... .......... "yEli" "ret	 :3

49: "S'S X'S	 RATE	 OR	 INCR .........................48V "DEG:'SEC ' -+I_I #; ret.	 1

50: "SS `i'B	 RATE	 OF'	 INCP ...................... '+E:$;	 ' DEG. "3EC .L4; re ,	 1

51: "SS ZE:	 RATE	 OR	 IHCP........... I .......... ".4El; "DEG :,_ EC ,II$*.	 r . ct	 1

52: 5S ATT	 MAINT	 OPT	 e'Dr IRHrL'+'RH) ............. 16V " "+U F; ret	 3

5'.: : S::; ,'E:	 DEADSAHD .......................... '. ^Bl;	 'DEG -UV ret	 I

54: "SS 'V8	 UEADEAHD ............. . .............. yEf;"DEG "-IM net.	 1

«: S'S: ZE:	 IiEAUE:AND ............................. S 9 "DEG "-Ua; ret	 1

c ry: "SS RC::	 OPT	 r:'v'rP9HI) ...................... 7E:t; .. 711i3rcf.

571 "SS ;>,C	 COMPE11SATION	 '.'.NClNE,RCITP FULL) ......... Ef; •»I_I;; ret 	 3

5.: SS I M'S	 CMD	 -;tai!NE:LrRaL+R) .................46t; "yljl; r et	 3

59' c. PCt:	 CJID IJ	 fret.	 3

I'	 C-24



^'O'SNIT	 Cont.

60: "PL	 AERO	 FACTOR ..........................";63i" "3Utiret	 1

61: "PL	 RATE	 OPT	 (INCRoIRrLVR) ....... ........".*B$;- ".*Utiret	 3

62: "PL	 YOB	 RATE	 OR	 INCR ......................"'*Bti"DEG/SEC "-*UEiret	 1

63: "PL	 1'B	 RATE	 OR	 INCR ...................... " y Bti "DEG-"SEC "-*U'ti rtt	 1

04: "PL	 .26	 RATE	 OR	 IHCR ......................... 'Bti"DEG%SEC "-*Utiret	 1

65: "PL	 ATT	 (SAINT	 OPT	 (D! IRH!LYRH) .............. r6ti" "}Uti ret.	 :3

60: "PL	 THR	 TABLE	 (NONE,IL!	 A!'SD)............".Bti" " >I_Iti ret 	 3

67
"SLItiT":

6$: f rot	 1 f 2,, o "FLT	 PROF I LE	 SEGMENT" i (3. 0

69: fret	 2!?/t"ITEIVP2Xr"DESCRIPT ION" 938xr "VALUE"P2/

-10: fvit,	 3!f4.05c42!f14.4!17•11

1: fot	 4+f4.+3!c42'!f14.0oc.11

2: fart	 5!f4.0.9c42!c14 ► c11

2' f mt	 9 p 2	 ;fiot

,4: if	 r,l?13mtb	 6.! 11

5: Seri	 6.1 s F 1	 2

;t; fcir	 I=1	 t,	 F . 2	 F.	 l IiATYP	 Ii

?;: t,irt	 6.3!I!Bt+BEI3!Uti3t.o	 +3

rirt	 6.4rI!B4-BEII.,Uti3to	 +2

: ft=	 t:BCI1'4 Pt; idrt	 6. 5!I!Eli	 F'3!I_Ij

,_;ci: next	 I	 L-1rt	 6,9; r•, t.

1	 : "Fl-lH	 rnd	 n	 1 ;0^r;^

T[E,]+IiTEr1 ; 0- i]C1 1.it'	 T1 	 I-GC1:Ji""+LI

_ 4-L	 d	 1!	 'FIN'

f	 r	 I=1	 t 	 1.:_rci:J	 1!BIIJ	 t	 I1c1I	 'SL I'=.T'i TCEI 	 L;

t	 r	 I=1	 t	 :''=E i='=' iE[ I+I ]) y TC I ]itiei t	 Ii TC 1]+r'4>T[ 1]

E: E[51]-'ri:

_,: f 	 e	 E'C1^-'],-F'd'?'KAM'-f.yr-'6

:: f t =	 E:C 14 ];, -Pt3 ! SSEL' -#J
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%SNIT Cont.
90: if J= 1;"*P " +Ms; g to +2

91: " *PZI"4M3

92: fts (BEGIOPP'COMPOK

93: if k:YWOWC)+C

94: if 00000904C

95: if OWMA"R"711t;at.o +3

96: if C=1;M#&"R" yM3'QU 3to +2

97: MM"MMS M3

98 1 asm MSi21_read 2,R[*3rW$

99: if WW"Wt Ac8O "Iwrt GWNUmt

IOCI: ft.s CB[ 173)-P3'; IKTRCS'+r95

1011 fts CB[163)->P3' STOMS 1 ir94;if r94 = 0;sto +6

1021 (1518-1076.7)w124rl;04r•2;(492-375)/12fr•3

1031 if r•'?4=1f88J1ON

104: if r94=21-88'12+r2

105: oil IVHIED't1 8091);T'DOTP'OW'300

106: for I=91 to 9: ; rI /Xlrl;next I

1071 for I=96 to 98;1;!BC I- S53 y rl;next I

108: oil ' DERIVSKO n'ASM

109: 'C:R' PI(Iq7rIO>

1101 rl2-r 34+r!2;c11 'ROTMOPS700)

111: fts (8163)W

112: if PWINCR";for• I=4 to r",;4jWNe•xt I;9 t. r +;

113: if P$="	 IR" : f or I=4 to 6; r( 1+:3200 Next I; eta +2

114: oil 'ROP P87P4)Ir_.1I "VSUB' (36p4r4)

115: for I=4 to NOB[I+33- rI y rI;next I

117: if WIN"";W ncHiMum SrWS;fmt

118: for F=4 to rte;if rtN!= +E

119: 2K*C;if WOMAN
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'SNIT Cont.

120: Max(OsrK/R[KrC])+T

121: for I = 10 to 12irI+TR[I -9rC]+rIinext I

122: for I=36 to 38irI+TR[I-32PC3+rIinext I

1231 for I=42 to 47; r• I+TR[ I-35rr_ 3+r • Iinext I

124: next K

125: cll 'IROT'(7,::597)iC•11 'IROT'(IOP29r143)

126: x_.11 }CR'3F'(7^IOP4)ir•3'34R

127: rIDOM(4r4)--HiH,RR+lJ+r35

128: for I=4 to c.i—r I iH ► r Ii — r (I+3);`R+riI+3)ir^•_xt I

129: —'DOTF'(lOo 7)+r34iC.11 'CRSF'(4p791)

130: 1 1 I IMAT01 ( I p 25)

131: a_3n MtP2isre,A 2PRC*]

1 : ': 81 18J+r• li_:Crifts (BC23J)+F'3i'KFiN'+r•101

1'33: ft•s X61243)+F't

134: if F'i="NiiHE" i 3t o +4

1	 if. Fl= „	 ;.,to +3

1 :.r'.: if Lt "' i 9t	 +4

1:37: fait "':.RPI "e-:,4r" IGNITION C:OPIPIAND IGNORED"s. iwr • t• 6pPVfrvt•

1 .: if r119#0;f mt . 	RN	 +:4r" BURN CONTINUE'="	 wrt. 6^ LT; fvit

1:30: a t, o +8

140: F'3+L3

141: for I=1 To 4;zf F'ICI,IJ = " "'rncxt I

14 ::	 tit=T" PTT I 2 4 3- H4 1 N$(	 E. I-F1

14:
	

,_?n Nl	 d =3rAC::J,AI_19A141-AC81

144: r• i 4 4 HC ID r74+81'2'14AC2J,AC8^-AC5DOSAC6J-MC7J

14 1:,.:: l^r•11'3+r116it^yrll'+x118

14r_',:

147: c 1 1 ' DEF:I'l ' 1	 160-tu

14 ': ij-* r 1- fr8e — t58-r? cII 'CF' P'(Ip791 ►3)

14'; : r12 — r • 59-rI	 _ 1 1 ' FOT' C ICT, 112 ► 10
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%SNIT Cont.

1501 f is (BC 19l)+Pf

1511 if PW'INCR" ; for I=4 to 6;0+rI;next I;eto +3

152: if Pi="	 IR";for I=4 to 6 ; r(I+57)+rI;next I;-3to +2

153: x111 'ROT'(1,11294);c1l 'VSL1131(61r4r4)

154: for I=4 to t.;081 I+161-t-14r • I;ntxt I

155: for I=61 to E-3 3; r• I+r• (I-57)4 r• I;next I

15(S.: c•I I 'ROT' (49 105r 1)

157: f or I=1 to	 ; r 1 r(I+1t^i)?r I; next. I

15,3: olI 'IRI)T'(1F105PI)

159: for I=1 t.o :3;r•I.2-)Y; -.xbs(Y)+X

1r.Cl	 r(I+64)+;+`+r•(I+64i;r(I+67)+,X--Y-ri1+67);next. I

161: chain	 %:F'R0P "e 169

162: "FIN": if r  I9=0; ?to +3

16:: hvit "':;RM "rata" STILL BURN INi. AT TR,H_IECTCIRY TERM INRTIiihJ	 rt ^,sLt

164: _r.,r • t 5p ";-nd"

IE5: ffht "P	 Ci92 !:_'G^2 ; ld rt . r.^'_t ► h:

166.: for I=1 to 3;beer•;wo.it 500 ;next I

167: if Lt#""; ?e-t "#PIDI"

16:3 	 ent	 'STHF'T HEW RUN '?" r I; i f f 131:_,=kif '3t o +2

1E-.9 ?et "KIBED"

170: _tr

171: End
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C.6 State Propagation Link (')PROP)

a: ":PR0P0 103i160CT79)": gto "RUN'

1: wtb	 69111list	 N6

get	 " NPIDI"r Orl

T: "RELIV: cib_( it-it ( P5))+H;r•4:'H+J;cos(J)+I; sin( J)+J

4: cos (P3)+X;sin(0)+Y;O+K

5: P 1 t	 'XP 1 r• 6-YP2P7 r ;(r. l P7+YP2P6; i f 	 K=H; ret

6: J,N+I'r'+14; IX-JY+X;; W+Y; K+1+K; :)to	 -1
7: "RK4": PI -*r2.* P2.'2+P3; P2-'6+P4; 1 yP5

8: for	 I = 25	 to	 74 ; rI+r(I+150)+r<I+'200>;nest	 I
9: cll	 r IiERIV: r (0);cll	 rDERIVSr(1)

10: ror	 I=25	 to	 74;r • (I+150)+P3r( I+100)+r I;ne>.t	 I

1 1 : f or	 K=6 t.o	 25 b^	 25; f or	 J=25	 to 29 b y	 4; .J +KaH; 0+14
12: for	 I=0	 to	 3^W+riI+H)?^>4dir^eaa	 I;tbJ;W

13: for	 I=O	 t.p	 ?;r::I+H):'Wyr(I+H);r^ext	 I;r7_,,t	 .t;r^e;;t	 f:.

14: if	 P5=4; r• t.

15: for	 I=225	 T o	 74; r I+P4r(I-irrl),rI; r^e>;t, 	 I

1r.: if	 F, 5=1;P2 r 3 r, 4; 91.o	 +3

17: if	 P5=2;P27P3; Ito	 +2

IS' P2/6-^r3;for	 I=175	 to	 '224;r(I+50) y rI;ri ►_xt	 I

19: P5+1 4 ri5; etc,	 —10

20 "PI_IN	 i)d4 0 4 T I	 I

2 1: f ^^t . 	1,	 '! "^^ET	 ="	 f	 10.'3! "	 t1 t9.35HH

^2 trit	 2, c2,	 ',_4!t9.1!c4!f 8..1!_.49t:_.2,c4,t:.'1 	 4,f_.2'!_4!t-8.2!c4

2:'., : 4!t'3.1! _4!f8.5!c4 rf =. 2sc4,t;=.2!c4!t::. !c4	 2!c4

24: fret	 4!_2! ' . ' !c 4! f 9 . 21, c4Pf'8.21 1,49f8.211t41f=.?!_49f:_.''9,_4ri8.:3! r_4
25: f Pit	 5! c2! ' •	 ' ! c4! f 10.2! c2! 0. 2r c2! 0. 2 ! c21 f 10.'2! : f 10. 2! r_' 	 ! f 10. 2! c

2r": f o t	 6 ! -2!	 r,_4!f10.0!c2rf9.0rc,2if9.09:2!f1C,- 22 9_.; !f1 Cl. '2!t3!f10.2

27• fi-it	 71, c2!' . ' ! c4!f10.0!c2!f9.2rc2!f9.2lc29f 10. 2!c : !f1 iJ.3!c'3!fI Cl. 3!c:3
.._ frit.	 ^.c2._5!f'9.0.c49f'8.09c4!f:3.09i, 49 f8.tJ9_4!f,=.09c4!1 :_.09_4

29: f Pit
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%PROP Cont.

30: "PRINT" : if TC73mod2=0;wtb 011

31: wrt 6.1r1HM.S1(r74)

32: ell 1DERIVS1<0);130:#4Q

32: if 08500i f mv "*** RCS CAN'T CONTROL SS NTT", /; wrt 6; f rat 04085

34: for I=1 to 3;r14 r(I+174);next I

:5: for I=7 to 9;r • I4r • (I+178);next I

36: "SOTRAN": r • 24+G; r• 334R; r• 34+S; r•:35+W

37: GR/(2G-RRRWW-RSS) +A;RR(2/R-1/R-'3S•/G)+P

:35: Sr<P/G)+Y;P/R-I+X;r(XX+YY)4E;'ATN1'(Y,X)+F

39: W/2+r4;-0+00 4 0411 '313Q1 (4r7WclI 'r:!XQC'(25r7r11)

40: all 1 00 1 090197401 103131(7,4)

41: OIANG1' (r4)+N;Qr5+I;QI ANG1' <r•6-F)4J

42: 6 776. 1 t 5+T; is K

40 wrt 6. oA$E 1 3iC$C 1 ]rR/TPH$C 1 ]rE ► H$12]t IrH$C33PHPH$14]rJrH$[5]rFrH$C6]

44: 1 . F•24O5e-^ +ai Jr2:3'12+'Ji 4'/'P+B

45: all 1 03 130(l1,4);cos(r•5)+C;sinCr5)+D

461 cos (r • 6) iK; _ i n (r • 6) +L; KK-LL+M; 2KL+N

47: A-2AAVCI-3DDLL)/3RRR+Rlr(G/R)/R+W

48 1 A-E C 1-3DD/2:: 3'A; R-BDDM/64R; S+BWDDN/3+S

491 RR(2, R-I/R- ,_,S G)+P;Sr(P/G)+'Y';P/R-1+X

50i r(XX +YY')+Ei'ATNI I (` PX)+F

51: r6+BCl DDv6)N. 2P4U; r5-VCDMz2RR41; r•4-BCNw4P+H

520 iI+I;i;!'AtaGl':H)+Ni^!'AlaGl'(rJ-F)+.Ji^:dF+F

51: CA(1-E)-r23)/T4P; (A(1+E) -r23)/T+A

54: wrt 6 2, All! 39SE23PRPH$C7)rPrHSE8hIME339NrHi[4WPHS[57rF!HSE63

551 wrt 6

56: "SSROT":x_11 =0 1 09x29+7; Ull I Q2:31' (7,4)

57: Qr4+I;Or54J;O'ANG1'(r6)-fr;Qr364;;Qr374Y;Qr38tZ

58: art 6.4rASC1]rDSE17rItISE1]rJrIj r 23,V, MUMISE41yYpIS[5390ISE61

59: cll 'ROT 1 (198?o i;cII WSUB I C36sloMr_.Il '02311,804)
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%PROP Cont.

68: Qr4+IiQr5+JiQ'RNG11(r6)+KiQr7+X;QrS+Y;Qr9+Z

61: wrt 6.4tA$(1]ID$(2ItIt IS( 1 It J#I4 [ 2ItKoI$ 1 3ItX+I$14ItYr IS[ 5It2rI$(61

62: wrt 6

63: "PLROT':ell 1DERIVS1(1);1 80/ri+Q

64: for I=1 to 3;rI+r(I+177);next I

65: for I=7 to 9;rI+r(I+181);next I

E-6: ell 'QXQ'(19r54r7);ell 102311(7p4)

67: Qr4+IiQrS+J;Q'APIG1'(r6)+KiQr61+XiQr62+YiQr63+2

68: wrt 6.4rA?[2]rD![11,IpI3[1]r•JPI$12]rK91$131PXPI$14)p1'tl$C5]i2rIt[6]

69: ell 'ROT'(1r112p1);el1 1 VSUB 1 (6191o7);c•11 1Q2311(112r4)

743: Qr• 4+I3i),r- *-I; t'At4Gll(r•6)+K;Qr7^3X;QrS+Y;Qr•9+2

71: wrt 6.4rAt [ 2]rD3137rIi It[ 1 1 p •Jo IS[23PKt I$[3]rXr I$ 1 4]oYr I$[51r2r I3[6]

72: wrt 6

73: ell 1 QCXQ 1 (50 g 25+0) if G[1]M2;•ato +9

74: if G[ 12 ] = 0; 1 +G[ 12 ]; •vt o +8

71 5 1.  "CPLV" : G[ 2 ]G[ . ] + S; G[ 2 ]G[ 9 ]+T

76: ell '^^!21^'(43x4) i - r4r53>r7ir5r5+r8il52-r33+r9

77: for L = :3 to l;if G15-LJ=C;9to +4

78: sc. 1 0 p -14S p o p -9.,-:.; G[ 2 ]G[ 2-L J+`r;-*W; i f L=1; W+8G[ 5 7+W

79: of's -lJ - T; 1 i i4 '>; , X-SG[ 5-L ] p T r T-SG[ 6 ]

O: of's r ; -L;,r?;r-lt. OrE^;r^er'+;x_11 'F,ELIP' i:^: rar::	 r=rr ►:+2rt^ l+^ l•i9)

81: r, =ri i next L

2: 0+r7+r :;-r: c• >r9; .-11 'C:RSP	 175t7r 10i; r1'2-r:44r12

4	 0+r1:3+r14;-r5S r15;c•II I C: F'SF'' (1783 1=' p 1E.., r18-r•59+1.18

F.4: clI 'ROT' (A?-P9 13);cll IROT'f'.169Op16)I	 ,
3: ell 'VSUE;'i13r7r13)ie11 'VSIIE'(16 p IAr16;x ;if x119 0; 9t c. +12

S r^.: " 0 L'=; P15 ra	 11	 F: O T' (1 8 8 o 9 18 8:- i c 11 ' V :, I_I g	 1 _: 8 , 185 ! 8 8

37: c•11 1 1ROT'i116 54r1);ell IIR0,T'(1r19pI

sr-rt 5 p r74-A[ 1 ]r r164r r• 1 o r29 r3

89: c+ I I I IEC1T I ^ VI:925,1);ell I IPiiT	 1r19p1)
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%PROP Cont.

90: ell 'IR0T 1 (16x25x4);cl1 'IR0T'(4r19r4)

91: sort 5r rl r r2r r3r r4r r3r r6

92: wrt 6.69A$ [ 2ItEt C 5),rlo Js[ 13x r2r•J3 [ 2I sr3 p J $C3Itr4x AS( 439r5rA$ [ 5Itr•6xA3C61

93: c•11 1 IROT 1 (188x25x1);c1l 'IROT'( lxl9xl)

94: sort 5x rl x r• 2x r3

95: if r• 74<812 3; 3t o +2

96: s p rt 5r"crid";0+x119

97: "PLTRAN":for I =1 to 3;r(I+12)+r11next I

98: c11 1 CRSP'(175P1r4);cII IYSIJB'(16x4x4)

99: tort 6. 6x A$C23 9 E$[23rrIFJ$113xr2x _I$123xr•3x_1S 133xr49A$C41tr5xASC519r6xA$C63

13A: c•II 'I ROT ''36,87x7); 111 IVS1JB'(175x797)

101: •.•11 'CF' .F'c7xIx7);c11 'VADD'(4x7x4)

102: c11 1 ROT 1 (1x87x1);c-11 'ROT'(4x37x4)

103: w r t 6^6.tAtC21 E3[ 1 3r r1.•J$11 3p r2+JS123, r?,•JS131p r4rA1143p r5rA$1519 r 6 t A $ C 6 3

104: w r t 6

105: cll 1 01 0'i,54 +29x181 :'iif GCII #lieto +15

1.t6: if GC 123=0i 1-GC 123; •3t•o +14

10?: "RS8Y	 GC '22 111 1+S;G123G193+T;r•120+Ai-r121>r•10;0+ri1+r12

108: cI 	 'ROT'(1A3x181r7);c•11 'ROT'(10,181x10)

109: for L =0 t.a i;if G15-L3=0;eto +10

110: sc1 0= -14Sp i^-9B;GE23G[S-L	 if L=1;W+!:;G1534W

1 1 1: c, f 	 -W x - T; l i vi	 + X.- .GC 5-L 19 T x T-SG[ 6 3

112: cf 	 r• ('2-L:xr3,F-It 0; 171;r. -En ..I  I PELIP 11,S 2 CF	 '2C1 p fi 2r'22nx3,1xA);F,eri

11 : t'(II-L.) 4U;t1	 - r:	 L)> ;-r•')-Y

1 14: i f (1-2L) r( 1 A+L i 0; +U y ; ; Y+V4'e; - U4U; -%J+V

115: r(UI_I+'-,+'d >E;Ari-ja'(Ax 1-{E/r • 121)12)-iB;if E=0;1-C;0-D;at•o +2

1 16: V,'EyC; - I J: E,D

117: af's < x 5';-.11 'F'ELIP'(ArB x A x2 n x 3CtxC+D:>;if' E = Ct;? t a +2
	

u ^1 ►a

118: o{	 Ux','4:.II 'PELIP''AxBx09nx15tC911 iF- It -Ux -V

1 19: r•:: r^; nee:t L
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;PROP Cont.

1281 "TPSENS"sell 0 VSUB'(282r189i7);ell 'ROT'(79181#7)

1211 cll 'R0T' ( 619181r13 ) lcll 'VSUB'(13936s13 ) 1011 'CRSP' ( 13r7r18)

1::21 cll 'VRDD'(4P18r4)icll 'VADD'(lol'90

123: cll 'VADD'(1,S4r1);cll 'V` 4.1B'(1+275r1)

1241 cll 'RUT'(11 7S11);cll 'RQT'(4t278s4)

1251 1 . 1 #X; 1'2-01'; 1*3+Z; 1' . 4 + A; 15 * B;  1.6+C

126 1 XX+Y1' 4-t:; r ( 04+'Z ) -0 R; r0-00

1271 'ATN1'(YiX)4S;'ATN2'(ZrW)4T

1281 A\+BY+!'Z) R*U

129: 1f 0 R<Ie-6;0 # Y;r (All fBB+CC-UU)J'Rij4;9to +2

130: kON-RY) MoV; kCR°-UZ)• WR-*W

131: 130 'n + 11;41:,	 ;t^7fT;ldVaV;t^IJaIJ

1321 wr't 6. 7, At[ 3],t;t[IItRp 414 It SoJ$15ItTo 4161P LIP W71+V+ At[ 81P140 fit[ 91

133: ail 1' t 6

134: "RIF'CCiN":for • I-1 to 6;r(1+64)+r'I;next I

135: w r t 6. S, AtC 2 ], t;t[ 3 Jr r 1 r 0iC 1 1 ► r 2, 01C 2 1  1'3, 0 1 J, 1'4, Citl' 4 1, 1'5, C,SC 1P r 6, GtC 6 1

136: al r't 6

137: for I=0 to	 ri1+40)}M ine >;t I

1 tis r 3+r'4^A; A+1'.2-B

1?9: r6+r7+C;Cfr5-D

140: 1''-'+r*'_,-I, r_+r-6- i, r irr7 1"

141: a+L"^;;;E:fD•'I';r%r+1'l+Z

1a2: l,lrt r,, , HIf 111i IC 21,r2,i" 1 iII1,r3,0if21,r4	 4 , F tiI - fl	 314 1 U  U$151,ri+,CriCe,1

14	 [11i1;1c2'1,r5,F't[IIPre., PSI 23,r; , kt[	 1,1,FA141,11,F't[b1,r•1,k#lrI

144: I.irt	 r', L..riTCI1i 1 34121,1} SIS1I1,J,'..1[23-1	 i[_1,,,, iC41,Y, St( ')I .',' 3[61

145: 11 r E.

146: sf ob-: r1- 4-1C 1 1' 1 .0001;ch'lalr •I	 '.SHIT", IE-9

147: "AL''H14'_•'' : TI 21 , 1 f rck 1'74 TI 2, 1!) - D; s f ,l , _ i lr	 mic, I . T[ 21-D

14S: Dfr74 -E; if TC 1 1-°E'.0001;TC I I -E;E • 1'74-I1'

14'?: ir•,t,.;,:4.±D ri 3 3 1 + 1'r TL 5 3; D. 115 1*T[41

a
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""PROP Cont.

1501 if T[ 51=l i if abs(TE I I-T[ 4 1-r74) <.O0O1 i T[ 1 1-r74+T[ 41

151: fxd 2ids p ",%PROP T = "r'HM.S'(r74)ic11 'RK4'(T[41)

1521 T[51-1-oT[511if TC53=0;717]+1+T[71;ds p " " 9-3to "PRINT"

153: at o -3

154: end

*299

I

a^

m"
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MISCELLANEOUS DATA

REG. SYMBOL UNITS DESCRIPTION/NOTES

0 -------

1
—Icontains 
wG

G
 

or W
q1 1

1 Wl

2 1w2 upon return from

3
volatile W 

3,	 \DERIVS
—— — — — — — — — — —

4

5--

6

7

-- — — — — — — — —

1AA 	 Contains A	 or a

8 A	 upon return from

9 A j	 DERIVS

10

12 temporary storage for

13 working arrays

14 ^V
15

17 ` I	 i

18

19 !`'O
20 (orientation versor, MLD ECI with respect toqJ4

21 M50

_22	 ^3	 !	 _ __^

L23 R	 i ft 20925722 = equatorial	 radius

24	 P --Lf t
3 

sec	 14076469 x 10
9
 

= 
gravitational	 parameter
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SS STATE VARIABLES

REG. SYMBOL UNITS DES:'RIPTION/NOTES

25 q SS local-vertical system

26 q_,	 orientation versor, with respect

27 q to MLD ECI system.

28

29

q3

SS body orientation versor,q

30 q
qIB 
	 with respect to MLD ECI system.

31 q

32
q3

33 R ft SS CG distance from center of earth.

34 R	 L ft sec -1 dR/dt

Keplerian angular velocity magnitude_. 	

—

35 Q, sec

36 wA 	
sec-1

f sec-137^W

__	 SS body angula r ve locity with
L"I g

, wB 	 respect to inertial space,

38 (	 w sec -1 resolved onto SS body axes._

39^ W Ilb	 ,	 SS gross weight (constant)

40 W Q L_ Ilb	 left OMS propellant consumption

E	 41
IWPOMR

,lb right

42	
1WPRFX

43!WPRLX

lb	 {	 forward

I lb	 ^ 	 aft	 left translation

ti	 44	
iWPRRX

;lb aft right control RCS propellant	 I
r
45	 N

PRFR	 Ilb	
forward

46	
IWPRLR	 j

l b	 4	 aft left _

----

rotational

consumption

47	
^WPRRR

48

Ilb aft right	 _ control
 

(RESERVED)

49 (RESERVED)
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PL STATE VARIABLES

REG. SYMBOL UNITS DESCRIPTION/NOTES

50 qO PL local vertical system

51 q l qI	 orientation versor, with

52 q2 respect to MLD ECI system

53 q3 —

54 qO PL body orientation versor,

55 ql qIb	 with respect to MLD ECI

56 q2 system.

57 q3

58 r ft PL CG distance from center of earth.

59 r ft sec-1 drfdt	 M

60 w sec-1

__

PL Keplerian angular veolcity magnitude.

w sec -1 PL body angular veloc ity with

1 62

63

- isec

W -3

-1

sec -1

I

I

wIb	
respect to inertial space,__ 	 I

resolved onto PL body axes.

64 w lb PL gross weight

6 5 fkl+ lb ft se Integrals of con t rol torque applied

1-067 f^2+
lb ft se in the positive direction about each

I
	 68 fR3+ lb ft se body axis.

69
1lb ft sel Integrals of the control torgue magnitude

70 Ifk2-	
!lb
t

ft sej applied in the negative direction about

71 lfk 3 _	 ,lb ft sej each body axis.

F	 71	 f
l

`	 (RESERVED)

`	 72	 y (RESERVED)

73 I `	 (RESERVED)

74 it 	 (sec State time	 _.
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SS MNSTANTS

REG. SYMBOL UNITS DESCRIPTION/NOTES

75 Ka SS aero factor.

76 KAM SS	 att maint flag	 (O:D,	 1:IRII,	 2:LVRH)

77 I' slug 
f 

t 
2

78 I' slug ft 2 SS pri n cipal momen ts of inert ia
-	 ---- --- ___ _

79 I' slug ft2

80

81

q O - _	 —	 SS_pri r,cipal axes of inertia 

_ qBP	 orientati on versor, wit h respectql

82 q2 to SS body axes.

83

84

85

86

q3

ft Position of SS actual CG with

^^_ _-
B	 respec t to nominal CG, in SS

body axes system.

P1

P 2

P3

f t

ft (

	

1 87	 q0
88q 	 ^—	 q 

8-.- 
q Ir o q,^ (not constant;

i
	89	 q

2
	! —	 value computed in 'DERIVS')

90 I	 I
f

	

j 92	 U2	 UB (OMS thrust unit vector, in SS body axes system.)

	

_ 93_ 	 U 3 -	 !	
f

94 
(' TOMS	 I

^ 95 K__ACS.— ^ ---
r

	

1 9 6 	DL_

	97	 D2_

IE 98 I	
QI

99I C1 sec

OMS thrust flag (O:none, 1:L, 2:R, 3:L+R)

RCS t hrust comman d flag 0 1 2 ' '

SS attitude deadbands

SS DAP cvcle time

D-5
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PL CONSTANTS

REG. SYMBOL UNITS DESCRIPTION/NOTES

100 k PL aero factor

101 kAM PL att maint flag	 (O:D,	 1:IRH,	 2:LVR1i)

102 i'x slug ft 

103 V
yy

slug ft 2 PL principal moments of i nertia.

104 i 2 Z slug ft 21

105 q0 I PL principal	 axes of inertia

106 q l ` qb	 orientation versor, with respect

to PL body axes.107 q 2

108 q3

Position of PL actual CG with109

110

111

P

P

P,

ft

ft

ft

Pia	 respect to "nominal CG"	 (front face

of cylinder), in PL body axes system.

112

113

f qn

^	 ^	 ^ —--q9b = qj q o q Ib	 (not constan t;	 J

114 q2

i
value computed in ' DERIVS')

j	 115

!	 1 16	 l

I qj	I

u

I

I

1 17	 I u2

!

uT	 (PL thrust unit vector, in PL body axes system.

1118	 { u

119	 ( k T	i PL thrust flag	 (o:no,	 E yes)

120	 f d/2 I ft	 C	 PL radius

12 1

122

R

AF

ft

ft2

PL length_

^r d2/4

1 23	 —	 AS	f ft2	j	 d^

1124	 ! K	 f	 j AAtmosjheri c dens i t^ factor	 app	 qs	 o
24 K	 l i	 t	 SS & PL—

^'	 D-6
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PI CTATF VARTARI F fiFRTVATTVFS

REG. SYMBOL UNITS DESCRIPTION/NOTES

150 sec-1

151 q sec
- 1

qTnp -
152 qol sec-1

153 q sec-1 _______d_M

154 q sec
-1

q

ggR_a 	 3_155 q sec-1 qIb	 qI

156 q
-1

sec 2z

-
a
	

to

2	 R—	 -	 -
-1

'

4J

I157 q sec q3 a 3	 ; a

158 r ft sec-1 u 

.59 r
-2

ft see
U
2

U17—	 >
9	 4

160
-2wK sec

161 _ _.-} 	 w sec-2

162 sec-2 *lb

163	 `	 w sec
-2..	

4

164	 (W i lb	 sec-1

165 1	 P, lb ft

j 166 2+1 lb ft

167 Q lb ft 1

168

i	 169

Q l _	 I lb ft

(>z 2 _	 lb	 ft

170 1^^ lb ft

171 i i	 (RESERVED)

1	 172 , (RESERVED)

1 73	 ` ,	 (RESERVE D)

1174	 I	 L I	 11.0
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REG. SYMBOL UNITS DESCUPTION/NOTES

176 —IG

178 W 1 CD

179 Ig

180
-- -L- 3

181

__ t

q

183 q 2 0	 4J
Cn-

iA

4J
M

184
q 3

186
a'jVG

1 a,H8

190
3

195	 1 Used by RKUT to store data

196 which must be preserved

between call s to TERI VS' .197

D-g

L-	 "k	 _- -_	 -



REG. SY^180L UNITS DESCRIPTION/NOTES

200

201

202

203

204

205

206 !-

207

208

209

210

211

212

~ 213 ' —^

'	 `

!

Used by^RKUT^to store data
--

which must be preserved between

F14 i calls	 to 'DERIVS'.

216

217

218 I

1219 I ^

220
f

221

222	 I I

1223

224

D-10



REG. SimBOL UNITS	 DESCRIPTION/NOTES

225

226

227

228

j	 229

230
^_-

231

232

233

234

235

2 36

j	 237	 i Used by ^RKUT ' to store data

238 ` I which must be preserved between` 	

r

239 calls	 to 'DERIVS'.

240

1241.4

{	 242

243

244 ! I 4

245

246
i

i 247 I 
`	

►
248 	 ^ T I _

i	 249	 I

D-1



REG.1 SYMBOL UNITS DESCRIPTION/NOTES

250

251

252

253

254

255

256

257

258

259

260

261 4 Used by^RKUT'to store data

262 which must be preserved bewteen

263 calls	 to	 'DEPIVS'.

264
I

265

266

267	 !

268

I

I ( ^;,^^
269 f -

270

271

272

273	 I _

i

274 _
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i __

MISCEI.LANEOUS DATA

t,

REG. SYMBOL UNITS DESCRIPTION/NOTES

275 P I

'1

ft

ft

/ Ss sensor position with

276 P^	 respect to nominal CG, in

277 P 
3

ft SS body axes system.----j
278 q 0 SS sensor orientation---.--

2 79 qBS	 versor, with respect

280 q 
2

to SS body axes.

281	 q3

282 P, ft PL target point position with respect
\

283 P ft P 
n t 	 to "nominal CG", front fact of PL

f—cylinder),

— - -- --Lz.----

system. 4284 Pa. ft in PL body axes

285 K
A Shuttle attitude control	 failure flag

L _ . __1^____ ^__ i

t

D-13
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USER-SUPPLIED INPUT DATA BASE

E-1



F_ ^ --

E.1 SHUTTLE DATA FILE

SHUTTLE DATA FILE	 $

ITEM DESCRIPTION

	

1	 WEIR;HT ..................................
	2 	 IXX .....................................

	

3	 IYY .....................................

	

4	 I77	 ....................................

	

5	 IYz^ ....................................
	6 	 IZX ...... I ..............................

	

7	 IXY.....................................
	8 	 CG STA ..................................

a CG BL ...................................

	

to	 CG 14L..	 .............................

	

11	 SENSOR STA ..............................

	

12	 ';ENSOR FL ...............................

	

13	 SEHSOR WL.	 ......................

	

14	 SENSOR A;;ES ^PITi_H .......................

	

15	 _;Et1';,OR AXES TAN ........	 ................

	

16	 SEN3 îR A',;ES RiILL ............. I ..........
	17	 IiAF'CYCLE ...............................

VALUE

200017.0000 LB
t-12.0ii00 _t.LU.;-FTT2

6 =,86877. C, Cl A 0 '31.UG•-FT f2
t; C. 1: 	 S.LI_IG FT't2

r' 1.t_000 ';LAJG :Tt2
47 ,76. 0000 SLUG .FTP2

5622. uO00 ''LUG- F TT2
1095 . =.000 IN

^a.:^^ ►_+0 I N
377.4000 IN

1 ►_t35. _tuClCl IN
13 , _, i i ►,n3 IN

-;r'7. 4000 IN
0.13UCl0 DEG
0.00 1,1 0 DEG
0. ►.IOCO DEG

8, ►:1.CIACIO MILLISEC

i
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E.2 PAYLOAD DATA FILE

PHYLI AD DATA FILE 	 $

ITEM DESCRIPTION
	

VALUE

	

1	 WEIGHT ..................................

	

2	 Ixx .....................................

	

:3	 1YY .....................................

	

4	 IZZ .....................................

	

5	 IYZ	 ....................................

	

5	 Izx .....................................

	

?	 ICY.	 .................................

	

8	 CG	 3TH ..................................
a CC BL ...................................

	

10	 GG WL..	 ........................

	

11	 THF'GETF'QINT^STH .........................

	

12	 THRGETPOINT BL ..........................

	

13	 THRGETPOINT WL ..........................

	

14	 DIAMETER ................................

	

15	 LENGTH ..................................

37253.0000 LB
7419.0000 ;LUG-FT 12

45468.0000000 SLI IG -FT F2
45433. 0ni00 SLUG-FT T2

0.0000 SLI IG -F T f 2
0,0000 SLUG-FT?2
0.11000 ! LUG -FT 12

300,000 IN
0. 0000 IN
0.200 IN

DOO.6100 IN
0.0000 IN
0. 2000 IN

112. X000 IN
428.000 0 IN

E-3



E.3 GRAPHICS DATA FILE

GRAPHICS DATA FILE
	

f

ITEM DESCRIPTION
	

VALUE

1 PLOT	 TYPE	 (HONE,RSBYPC;PLV).............. RSB`r'
2 PLOT	 UNITP	 PU	 CFToKFTPNMIPMsKM)......... FT
3 PLOT	 SCALE .............................. 120 PU/IN
4 X	 PANEL	 WIDTH ........................... 14.0000 IN
5 Y	 PANEL	 WIDTH ........................... 0,0000 IN
h PANEL	 HEIGHT ............................ 9.0000 IN
7 X	 MAX ................................... 1500.0000 Pu
8 Y	 MAX ................................... 0.0000 Pu
9 z	 MAX..	 ............................ 80.0000 PU

10 TIC	 INTERVAL ............................ 20 PU
11 LABEL	 INTERVAL .......................... 5 TICS

E-4



E.4 TIME/ATM DATA FILE

TIME/ATM DATA FILE	 t

ITEM DESCRIPTION
	

VALUE

1	 LAUNCH YEAR..	 1'3 31.............	 .........
2 LAUNCH MONTH ( JAN r	 FEB
3	 LAUNCH DAY .............................. 	 27
4	 LAUNCH GMT ..............................	 1935. 0000 HHOM.S3
5 INITIAL GET...	 1005.0000 HHMM.SS.............
5 ATMOSPHERIC DENB I T`^" FACTŜ R ..............	 1.0000

r
I^
	

E-5

E



E.5 SHUTTLE ISTATE DATA FILE

SHUTTLE ISTATE	 f

ITEM DESCRIPTION
	

VALUE

	1	 STATE TYPE (OM50v IP1LD) ..................

	

2	 SMA .....................................

	

3	 ECC .....................................

	

4	 INC .....................................

	

5	 RAN .....................................

	

6	 ARG .....................................

	

7	 TRA ... ..	 ..........................

	

8	 ATT REF^CSLV> ...........................

	

9	 PITCH.........	 ........................
to YAW .....................................

	

11	 ROLL.	 .........._	 .........

	

1'2	 RATE REF S iM<<`_1sS,^..4^'?, ^ ....................

	

13	 `B RATE .................................

	

14	 `8 RATE .................................

	

15	 Z`B RATE .................................

01'150
'3598.1726 NMI

0.Or+12
28. --:014 DEG

-80.5443 DEG
-29.4152 DEG

3.3t:63 DEG
SLV

-100.9 000 DEG
--''3,';,C,0 0 DEG

-1 e0. 0000 DEG
M50

0. 01000 DEG:"aEC
0.0000 DEG. --.EC
0. 0000 DES,; ,^;EC

i
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E.6 PAYLOAD ISTATE DATA FILE

PAYLOAD I STATE	 t

ITEM DES RIPTION 'v'ALUE

1 STATE	 TYPE	 iRSLti 9RSBY) .................. R'_i,Y
2 X ....................................... r_,:jt 'r'5 FT
3 ) ....................................	 .	 .	 .. ^^ , ^_^	 `' 0 FT
4 ?	 ................................... S.12_a'2 FT
5 :-<DOT .................................... X3.2120 FT,'-.EC
6 YD0T .................................... 0. t 003 FT•" EC
7 71 DOT ....... .................	 ..... 0	 3.3y2 FT -"=EC
3 ATT REF (PLv; BY
9 PITCH ................................... 5,, C1000 1,EG.

10 YAW .......................... 	 I.......... 0 001-,0 DEG
11 ROLL.	 .................. 0,CUiO DEG
12 RATE	 REF	 iP150rPLV.3E:1'? .................. 1-150
13 ,-;8	 RATE ..........	 ...................... Cl. Cl0:,0 DEG ;E
14 YB	 RATE ................................. 0, 0C, CIO DEG :3E 
15 'B	 RATE ................................. O. C-1 Cl 00 DEG.,. `EC

E-7
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APPENDIX F

USER-SUPPLIED FLIGHT PROFILE DEFINITION
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F.1 FLIGHT PROFILE SEGMENT

FLT PROFILE 'SEGMENT 20

ITEM DESCRIPTION
	

VALUE

1 FLT SEGMENT	 TYPE	 P ROP) ................. PROP
2 FLT SEGMENT	 LENGTH ...................... '2.4000 MIMI.SS
:3 PRINT -'PLOT	 ItITER'vAL ..................... 0.0+500 HHt-lM.SS
4 MAX INTEL	 STEPS 117 EE ...................... 10. Cl C, H1M1-1. SS
5 SS HERO	 FACTO 1R..	 ............... 1 . tiOci0
h SS RATE	 OPT	 (:IHCR p IR,L4'R) ............... IR
7 :=S XB	 RATE	 OR	 IHCP ...................... 0.CuVj 00 DEG,-!--.EC
4 SS YB	 RATE	 OR	 INCR ...................... 0.0000 DEG"SEC
9 SS 28	 RATE	 OR	 INCR..	 ........... 0.0000 DEG^xSEC

10 SS ATT	 MAINT	 OPT	 (D) IRHPLVRH)........... IRH
11 '=S XB	 DEADBAHD .......................... 2.00+00 DEG
1) SS 1'6	 DEADBAND .......................... 2.00+00 DEG
I3 SS ZB	 DEADBRHD .......................... 2.0000 DEG
14 SS RCS	 OPT	 (V;P#PZI).	 ..... P
15 •_S OTrFL)......XC COMPEN' ATION	 010HE;R	 UL ROT
16 = S Ot'1	 ,	 CND	 CNOtlEgLoRvL+R)..... ..........
17 3S RCS	 Ct'11)	 CNONE9+';r — Xs +1'r ... r'-YAWS—`i'A14)
IS PL AERO	 FACTOR..	 ............... 1 . CIC+CIO

1'9 PL RATE	 OPT	 (INCRF IP g LVR) ............... IR
20 PL XB	 RATE	 OR	 Itai:P. ...................... 0. Cl0Cl0 DEG.—'—;El'
21 PL YB	 RATE	 OR	 INCR ...................... 0. i 000 IiEG	 '=Ei.
22 PL c'B	 RATE	 iiR.	 ItaCR..	 ........... 0. Cl000 DEG:"'=.EC
23 PL ATT	 MAINT	 CIPT	 (D• IRH}L%.-'RH)........... IRH
24 PL THR	 TABLE	 010t1E^	 ............ IL

F-2
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APPENDIX G

DIGITAL OUTPUT DATA
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G.1 DIGITAL OUTPUT DATA

VET

SS:OM50
SS: IMLD

SS: 1456
S	 SL.V

PL: 1'150
PL: PLY

PL: 1'150
PL: R'SLV
PL: F:'SBY

TP: FENS

PL RIMP

S " PCON.J.j
':'S PC ON
SS Pi'ON

1056.350 HH11M. SS

3617.3 SMA 0.00407 ECC

	

187.5 HA	 149.8 HP

-21.13 PCH -57.48 YAW

	

-114.70 PCH	 0. C+0 YAW

161.78 PCH -12.72 YAW
-3.51 PCH -10.14 YAW

-• 325:94 X -277410 Y

	

413200 X	 •-992 Y

	

:32454 X	 1011 Y

	470$60 R	 1.78 S

	

173 +X	 205 +Y

	

62 RFX	 0 RLX

	

46 RFR	 30 RLR

	

108 RFT	 30 RLT

28.31 INC 279.22 RAN
28.46 INC 279.57 RAN

99.13 ROL -0.000 RX8

	

180,00 ROL	 0.000 RX8

	

87.86 ROL	 0.000 RX8
0.03 ROL -0.011 P.XB

	

-136164 Z	 -868.39 DX

	

225774 Z	 1273.34 DX

	

469739 Z	 101.56 DX

	86.05 T	 1168.77 DR

272 +Z	 173 -X

	

0 RRX	 0 R13X

	

31 RRR	 61 RAR

	

31 RRT	 61 RAT

26.00 ARG
19.90 ARG

0.000 RYB
-0.065 RYB

0.000 RYB
0.068 RYB

-716.98 DY
-155.27 DY
155.31 DY

0.268 DS

:331 -Y

62 RX
107 RR
169 RT

153.42 TRA
159.58 TRA

0.600F' el- B
0.000 R"6

0.000 RZB
0.013 PZB

-347. 56 IiZ
106.44 DZ

1164.21 DZ

-0.003 DT

261 -Z

P- 71 OML
671 OMR

1341 019T

105E'.400 HHMM.SS

1 7. 3 SMA 0. A0407 ECC

	

1:7.5 HA	 149.8 HP

-21.13 PCH -57.48 YA14
-114.37 PCH	 0. CIO Y AW

161.78 PCH -12.72 YAW
-3.16 PCH -10.07 YAW

-330744 X -281099 Y

	

420006 X	 -1849 Y

	

2821 Y,	 18F_^ 8 Y

	477102 R	 3.2 6 S

	

173 +>;	 :,05 +Y

	

62 RFX	 0 F.
	46 RFR	 30 RLR

	

108 RFT	 .DO RLT

28.31 INC 279.22 RAN
23.46 INC 279.57 RAN

98.13 ROL -0.000 P,,;B

	

180.00 ROL	 0.00+0 RX8

	

87.86 ROL	 0.000 RX8
0.03 ROL -0.011 k..;B

-191034 Z -1033.87 DX
	226314 Z	 1452.11 DX'

	

475968 Z	 44.17 D5t

	

86.05 T	 I3'?O. SO DP

2 72 +Z	 173 -„

	

0 r'RX.	 0 F:A X

	

:31 F. R F:	 t,1 F' A R

	

::1 RRT	 61 FAT

25.90 ARG
19.90 ARC.;

0. 000 R`i'B
-0.065 RYB

0.000 RYB
0.068 RYB

-75'3.41 DY
-18:3.22 DY
188.27 DY

A. '323 DS

r.2 R X
107 P.
1E' 9 P.

153.85 TRA
159.91 TRA

0. 000 R-1B
000 F'26

9. cloo RZB
0.014 R!B

-401.51 DZ
109, 0,:, DZ

1330.19 DZ

0. 0+04 DT

r^71 i!N 
671 1)MR

1341 CiMT

GET

_.:IMLD

M50
::' 'SLV

PL: 1,150
PL: PLY

PL:'SM50
PL: P'SLV
PL:RSSY

TF: SENS

PL F1 1'1 P

PC:UN
KON

_. PC )N

Pqt }t QUAL/Ty
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GRAPHICAL OUTPUT DATA
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C
O

d
O

O
r
0.

..J
0.U
i
O
4-

i-^
O
r
a.
r

.0
O_
rti
i
C7

O

C
O

s
i,
N

r
r

r

G1i
Q1

L1
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001

(1j)
ex

0ST

0ST-

00T-

0S-

C
O
41
G.
O
4-`
O

r1

co
Nw
i
O
4-

O
ta-

U

0.
rti

T

O

I3

O

to
i

V)
O

r-

m
In

m m m
Ln m Ln

i^
Infn	

H LL fV
m

I I I I'^^

i

i

m
N	 N

i

U-0S

ej)
A

00T

m
m

^	 m m
in

m	 s
-

I
m 4	 N	 NIa.	 I I	 N `A

^`yy

W	 •

^	 W

y	 ^

r ^^ W

W

¢	 o
F- u¢ w^ LL	 g
W .~-.^ O` ^	 .p

^	 ^4W

d	 N	 ^

pa
°,	 g

W m

66 H x rr±̂. _^ FJW-	 i
8 J W Z^ .^.	 O

N
1-- ^	 H

1^-	 O4^y
f" t ^^ UW =	 .^.

^
N^

W	 O
JZ

w Z ^yl

^^ ^y ^^ ^O mNO

^	 ^	 mw^.G

phi	

,p1

J	 f i
^_ t J

G ^
^^^//
	

JJ
2

~ N ON l= UW ^ `

yl

OKCC	 itt^D '- .: Nv r.W a sW
i 	 O. MO f^

Z O H No	 ..
^ 

S
m JN

W	 i C)
1- J 1 Z J 	 =
^ ^i m^ W Wm r

\

1.Wp1
W f N t^^ J ^ E
OC

.- N	 1^f	 O	 N	 \ \ \ ^ ~ G
\

mtim
> > N 6

o	 \

/ /

o	 `\

/ _ V	 4-N ^ N N om" N	 ` \ 	 ^ 1

'^^1s^r^R^
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