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Preface

The Space Transportation System program was formally launched on January 5, 1972, when President
Nixon announced that the National Aeronautics and Space Administration (NASA) would proceed with the
development of a reusable Space Shuttle system, with North American Aviation (later Rockwell
International, now Boeing) selected to be the prime contractor. This followed early “Phase A” studies
beginning in October 1968 and “Phase B” studies in 1970, during which various concepts and designs
were evaluated. In 1977, during the Approach and Landing Test (ALT) phase of the program, five free
flights of the Orbiter Enterprise landed under astronaut control and verified the flight characteristics of the
Orbiter design with several aerodynamic and weight configurations. From the first flight of Columbia in
April 1981, through the landing of Discovery in September 2009, there were 128 Orbiter launches and
126 landings. (Challenger was lost during launch on January 28, 1986, and Columbia during entry on
February 1, 2003.)

This document provides a historical summary of the design, development, verification, and flight test of
the entry flight control system (FCS), including its integration with the guidance and navigation systems.
(Note that the entry FCS is also known as the entry digital autopilot [DAP]; these two terms are used
interchangeably throughout this document.) Emphasis is placed on design drivers, including performance
requirements and database impacts, together with the thinking and logic that went into design decisions
and solutions. The FCS was certified and considered operational for the first flight, and no significant
performance anomalies have been encountered since STS-1. However, the FCS has continued to evolve
over the years, with modifications made both to resolve minor anomalies and to enhance performance
capability. The overall success of the entry FCS program can be attributed to the cooperative effort of
countless individuals, working for various corporate and government entities, with the common goal of
ensuring safe entry and landing of the Space Shuttle Orbiter.

A comprehensive draft of this document was written and released by Larry McWhorter NASA-Johnson
Space Center (JSC) in June 1992, but was not formally published at that time. A major update completed
in 2009 captures the various studies and FCS upgrades that have occurred during the intervening years.
An attempt was made to retain the original material untouched (Sections 1 through 5, 9, and 10), except
for some typographical corrections and formatting changes necessary for publication, but some additions
and updates were incorporated; most of these are indicated by footnotes or italicized in-line text.

The 2009 update was compiled primarily by Milt Reed (contracting to Barrios), with significant
contributions coming from various members of the entry guidance, navigation, and control [GN&C]
community. In particular, Mark Hammerschmidt (NASA-JSC) documented the wraparound DAP flight test
program, Brian Bihari (Jacobs Engineering) provided valuable inputs to the reaction control system [RCS]
redlines discussion, and Gordon Kafer (contracting to BATECH) contributed the ALT program summary
contained in Appendix C. Other contributors are listed on the title page. Much of the material presented
in Section 6 was obtained from Honeywell and Rockwell heavyweight certification and forward center-of-
gravity [CG] expansion reports, and the discussions of flight-specific and generic FCS certification in
Section 7 rely heavily on the certification reports authored by Dr. Steve Everett (Boeing). It is with sincere
appreciation that we acknowledge the help of Sue McDonald in editing this document for publication.

FCS details presented in this document are considered correct as of November 2009. Appendix D
contains block diagrams illustrating the entry DAP control laws at that time. However, the FCS is still
subject to change, so if the reader wants accurate up-to-date information, the latest versions of Flight
Subsystem Software Requirements [FSSR] and I-load data books should be consulted.



Contents

e =] =T OSSR iii
L7 0] (=] | SR iv
Acronyms and ADDIeVIatioNS .........cooiiiiiii e X
1.0 10T [ T o) o SRR 1
20 Entry Flight Control Systems OVEIVIEW .........cccoiiiiiiiiiiiiii e 1
21 GPC GN&C SOftWAIE.....ceeeeeee et e e e e 2
211 NaVIgation SYSIEM ... 3
2.1.2 GUIdANCE TECNNIQUES ...ttt e e e e e e e e e e e e e e snnraaeeeas 4

2.2 Entry DAP Configuration ...........cooooiiiiiiiiieice et e 8
2.3 Trajectories and EVENtS ... 10
24 Sensors and EffEeCtOrs...... .o i 13
241 =Y or (o) = SRRSO 13
242 RS T= g T ] = SRS 17
243 Redundancy ManagemeEnt..........c.ueeiiiiiiii e 18

25 Formal Verification ProCESS .....oooii i 19
26 Acknowledgement of Key INdiVidUAIS ............oooiiiiiiiiiii e 19
3.0 [ 1153 (] YA OO PTUPPPPPRP 20
3.1 REQUIFEMENTS ...ttt e e e e e e e e e e e e e e aneneeeeeens 20
3.2 EVOIULION e e e e e e e 22
3.2.1 Development of Entry 1 DAP (1975)....ueiiii et 22
3.2.2 Development Of ENtry 5 DAP ..ottt 23
3.2.3 Aborted Verification AtEmMPL .......cc.eviiiiiieee e 30
3.24 Tiger Team Activities for STS-1 (1979)......uuriiiiii e 32
3.25 ST ST RESUILS ..ttt e et e e et e e e s te e e e sneeeeesneeens 37
3.2.6 Addition of Transatlantic Abort Landing (TAL) Mode.........cooiiiiiiiiiiiiieeeeeeee e 39
3.2.7 S SR G U oo £ | (= RSP RP 39
3.2.8 Landing RoOIOUt UPGrades ........oocuuieiiiiiiiiiiiiee et 41
3.2.9 Significant ANalysis EffOrtS..........ooiiii 46
3.2.10 Abort DUmMp ENhanCemMeENnts ...t e e 50
3.2.11 Payload [CD ISSUES.......cocceiiieiee ettt e e e et e e e e e e e st r e e e e e s e senrnraeeees 52
3.2.12 Post-STS-51L Software ModifiCations ............cooiiiiiiiiiiiiee e 53
3.2.12.1 OI-8A and -8B Approved Changes ..........c.ueeiiieeiiiiiiiieiieee et e e e e e 54
3.2.12.2 Entry/GRTLS DAP-Related Changes ..........cccceiiiiiiiiiiiie e 55
3.2.12.3 OI-8C Approved DAP Changes .........cccuuiiiiieee ittt a e e 55
3.2.12.4 OI-8D Approved DAP Changes .........cccuuiiiiieee ittt a e a e e 56
3.2.12.5 OI-8F Approved DAP Changes.........ccuuiiiiiiaeae e e e e e e e e e 57
3.2.12.6 OI-20 Approved DAP Changes ... ...coiiiuiiiiiiiee et e e e 57
3.2.12.7 OI-21 Approved DAP Changes ... ...coi i 59
3.2.12.8 OI-22 Approved DAP Changes ... ..ccoi it 59
3.2.12.9 OI-10 and OI-11 Approved DAP Changes..........cocuuiiiiiiae i 60

4.0 TEST PrOGram ... et 60
4.1 VENICIE TOSES ...t e e e bbb e e e as 60
411 HOE FIre TSt .. e e 60
4.1.2 Entry Dynamic Stability TeSt........coooiiiiieee e 60
4.1.3 IUS Dynamic Stability T@ST .......cccueiiieiiie e 63

4.2 L e L A =] £ PP PPPPPRPNt 64
421 STS-2, STS-3, and STS-4 PTILOGIC ..ceuuveieiiiiiieeiiiiee ettt 64
422 F U (o ol I B I Yo ot S I T SRR 65
4.2.3 Manual Alpha SWeep MaNEUVETS .........uiiiiiieiiie et 69
424 BOAYFIAD PUISES ..ottt 69

5.0 CUIMENT ISSUES ...ttt e e e e e e et e e e e e e e e et e e e e e e e e e e e anneeas 70
6.0 Major FCS Studies and Updates Since June 1992 ...........ccoiiiiiiiiiiniie e 72
6.1 DAP Reconfiguration Switches and EVENts..........ccccccovviiiiiiiiiie e 72
6.2 Ny Feedback MoOdifiCation............cooiiiiiiiiiiie e 73
6.3 Descent Abort Heavyweight Verification.............cccceeeiii i, 74

iv



6.4 WraparoUNd DAP ... 76
6.5 Forward XCG EXPANSION ......cciiiiiiiiiiiiiiie ettt e e e anraaee e e 86
6.6 RCS Redling REAUCLION ...t e s 93
6.7 Miscellaneous Studies and Updates..........oooiiiiiiiiiiiioi e 97
7.0 Post-Columbia (STS-107) Recertification ............c.cooveiiiiiiiiiiiieec e 99
71 Columbia Accident INVestigation...............eeiiie i 99
7.2 GRTLS Envelope EXIENSION ......ooiiiiiieie e 100
7.3 Technical Interchange Meeting...........oooiiiiiiiiiii e 104
7.4 Entry Flight Control Requirements Document ............cccoociiiieiieciiicieeeee e, 106
7.5 Mission-Specific FCS Certification..........cccccooiiiiiiiiie e 109
7.51 Preliminary TasKS.......u ettt e eeee e ee e eeeeeeeeeeeeasesseesesaseseesessessssnnssnnnnnes 110
752 STS-114/STS-300 SCOPE ...couveeeeeiiuiiieeeiieie e et ee ettt e e sttt e e s st e e s sneeeeesantteeesanneeeesanneeeas 110
7.5.3 STADIlItY RESUIS ... .ot e e e e e 111
754 STS-114 ANOMANES ..coiiieiiie ettt s e e e et e e e e st ee e e e nnbeeeeennneas 113
7.5.5 Additional 1SS MISSIONS .....eeiiiieiii e e e e e e e eneeeeeaa e an 117
7.5.6 STS-125, Hubble Space Telescope Servicing MiSSION ........c.ccviiiiiiiiiieiciie e, 118

7.6 Generic FCS RecertifiCation ... 118
7.6.1 Monte Carlo Trajectory Selection............coo i 119
7.6.2 RS T0 o] o] AR5 18 o 1= S 122
7.6.3 Flight Case (Test Point) SEleCtion ..o 123
7.6.4 STADIlItY RESUIS ... e e e e et e e e 127
7.6.5 Trim and Controllability ANAlYSiS...........cccuiiiiiii e 129
7.6.6 TrajeCtOry STUQIES ... ueeiiiiiie et e e e e e e e e e e se b e e e e e e e enannes 131
7.6.7 Delta CertifiCations ........eeiiiiiiie e et 132
7.6.8 GRTLS Aileron Gain StUAY ........ceiiiiiiiiiiiiiieee et e e e e e e e e e e 133
7.6.9 @7 0] Lo 11T ] 1SS 133
7.6.10 Proposed Updates .......cooeeiiiieie e 134

8.0 Program Status November 2009 ...........cooiiiiiiiiiii e 135
9.0 TS T Yo Eo N == Ty 1= To RS 136
10.0 101010 1= YU OUPRPP 139
LS 1= =Y T SR 140
Appendix A. Space Shuttle Flight HIStOry ...........oeiiiiiiiii e A-1
Appendix B. Key INAIVIAUAIS ...........uuuiiiiiiiiiiiiiiiiiiiii e aeaasassesesesasnsssnsnsnssnsssnsnsnnnnns B-1
Appendix C. Approach and Landing Test Flight Phase ............ccooiiiiiiiiii e C-1
C.0 ) (oo (813 1o o R TR RR C-1
C.1 [ 115 (o] o VPP C-1
C.2 FCS Procurement Specification..............eeviiiiiiiiiiiiic e C-2
C.3 FCS Design ReqUIrEMENTS .....ccoiuiiiiiiiiiii e C-3
C.3.1 FCS Stability REQUINEMENES ... e C-3
C.3.2 FCS Response ReqUIrEMENTS ... C4
C4 FCS Phase C Design Evolution SUMMAry..........ccceiiiiiiiiiiiiee e C-5
C.4A1 HFT FCS — DAP OVEIVIEW ...ccciiiiiiieiiiiie e eetieee e eeteee e esiee e e s st e e s sntaeeesstaeeasssaneeesnneneanans C-6
C4.2 ALT FCS — DAP OVEIVIEBW ...ceciiiiiiieeitiiee e etiiee ettt e ettt ee e e siteee e s snbaee e s sntaeeeesbaeeessneeeeeanns C-9
C5 ALT Program Challenges and ANSWETS............ceiieeeieieiiiiieiieeeeeesiiirneeeee e e e e ssrsreeeeaaeeeas C-11
C.6 ALT Flight TESt OVEIVIEW.....ciiiiiiiiiieeiee ettt e e e e e e e e e re e e e e e e ean C-13
C.6.1 Pilot-Induced Oscillation (P1O) DiSCUSSION ..........uvvviiiieeiiieiiiiieeee e C-13
C.6.2 Pilot-Induced Oscillation (P1O) FIEEr........ooviiiiiicieeee e C-15
C.6.3 DFRC Landing Study SUMMAIY..........uuiiiieiiiiiiiieiiee et e e e s ereee e e e e e e e snnraeee s C-16
C.7 Lessons Learned/Relearned...... ... C-16
C.8 MISCEIIANEOUS ...ttt e et e e e e e e et e e e e e e e e e nnneeeeeens C-17
C.9 EDIOGUE ...ttt e e C-19
C.10 Bibliography and Suggested ReadingsS...........cooiiiiiiiiiiiiiiiiiie e C-20
Appendix D. Simplified DAP DIiagramS ... e e e e e e e e e e e e e e e e s anneeeeeeeaeeaeneneees D-1



2-1
2-2
2-3
2-4

2-6
2-7
2-8
2-9
2-10
2-11
2-12
2-13
2-14
2-15
2-16
2-17
2-18
3-1
3-2
3-3

3-5
3-6

3-8

3-9

3-10
3-11
3-12
3-13
3-14
3-15
3-16
3-17
3-18
3-19
3-20
3-21
3-22
3-23
3-24
3-25
3-26
3-27
3-28
3-29
4-1

4-3
4-4

4-6
4-7
4-8

Figures

Orbiter Data Processing System Data FIOW ...........cceeoiiiiiiiiiiiiiiee e 2
Guidance, Navigation, and Control Data FIOW.............ccooiiiiiiiiiiiiiiieee e 3
Navigation BIOCK DIAQIaM .........uuiiiiiiiiiiiiiie ettt e e e e e e s s baba e e e e e e e e e aaanes 3
Nominal End of Mission TrajeCtory Parameters. ...........oooiiiiiieiieeiiiiiiieee e 5
Typical Drag-VeloCity Profile ............ecii e 5
[ (o= Lo [T To T =t (o] g I 0 11 £ PP PPTPUPRPRPR 6
Reference Angle-of-Attack Profile.............eeeii e 6
Typical TAEM GroUNd TTACK.......cuuieiieiee e ittt e e e e s sttt e e e e s s st e e e e e e s s snntaneeeaeeesnnrnnneeeaeeanas 7
Autoland Range/AIItUAE Profiles .........uueeiieeiii e 7
GRTLS Profile PAramMeters ........coiiiiiiii ittt sttt e nb e e nanee s 8
Simplified Roll AXiS BIOCK DIagram ........c.uuuueiieeeisiiieieeee e e e sestieee s e e e e s ssvraeeee e e e s s snnnnaneeeeeessnnnnnes 9
Simplified Yaw AXiS BIOCK DIaQram .........ccuuuiiiieeeisiiciiiieiee e s s sitiee s e e e s s s sieee e s e e e s e nnnraneeaaeeeens 9
Simplified Pitch AXiS BIOCK DIagram ............cooiioiiiiiiiiiiie e e e e e 9
Nominal ENd-0f-MiSSION BEVENTS ..ot a e e 11
GRTLS EVENTS .. s 12
Entry EffeCtor ULIIZAtION ...........ooiiiie ettt 14
Surface/Hydraulic System ConfigUration ............cooiueiieiiiiie e 16
FCS Verification EIBMENTS ........oiiiiiiiiiiiie ettt e e e e e e e e 19
Control Stability Margins DefinitioNS ...........ceeiiiiiiiiiiiiiece e 20
Typical RESPONSE ENVEIOPE.......ccoeveeeeeieeeee e, 21
Example C;and Cp DIBQIAIM. .....ccoiuiiiiiiiiie ettt st e et e e e s stbe e e e s sabeeeessabeeeeee 24
Combinations of Lift and Drag UNCErtaiNties ..........cccceeiiiiieeiiiiiee et 25
Frequency and Damping Ratio Ranges for Four Dominant Vehicle Modes...........cccccceevne. 29
Entry/GRTLS Dynamic Pressure 3-Sigma LIMItS ........cccciiiiiiiiiiiiiee e 30
GN&C/FCS VerifiCation PrOCESS. ....ccoiiiiiiiiiiie ettt e e e e s e e e e e e e s enaeee 31
Redesign ProCeSS and TOOIS .......oiiiiiiiiiiii ettt e e e e e s e e e e e e ennees 32
RCS JE HYSIEIESIS . eeiiii ettt et e e e e e e st e e e e e e e s e babeeeeaaeeeeaannes 34
AIEroN Gain SCREAUIES........eeiiie ettt e e e e et e e e e e e e e snrbeeeeas 35
Rudder FOrWard LOOP GaIN.......ccuiaiiiiiiiiiiieie ettt ettt e e e et e e e e e s e s aanbbaeeeaaaeaeannnenes 35
Modified Ny Feedback Diagram..........ccuuuiiireeeiiiiiiieee e s s e e e e s s s e e e e e e s s ssnraeeeeeeeesennnnes 35
Nonlinear Bank Error FUNCHION DIiagram ..........coccviriiiieeesiiiiieiee s e e e s sssvieee e e e e e s s ssssnnneeeeeeesennnnes 36
Sideslip (Beta) Motion During First ROI ManN@UVET ..........ccceiiiiiiiiiiiiee i e e sesiaeee e e e 37
Comparison Of Yaw Jet MOMENLS .....cccoiiiiiiiiiie e e eectiiie e e e e e s s steee e e e e e e s s e e e e e e e s senneaneeeaeeeannns 38
GRTLS GDA COMPULALION .....ivitveiieee e e seitieeee e e e s s st teee e e e e e s ssssntaeeeeeessssntaaneeeaeesasssntaneeeeeessnnssnes 40
(ORSIS IS F=ToTo [o11Y g I @XoT o) i £ I 1o [T SRR 42
Original Manual GPC MOE .........ccoiiiiieiiiie ettt e e e eannee s 44
Upgraded Nosewheel BIOCK DIagram ..........ccueeeiiiiiieiiiiiee ittt 44
STS-37 WING Profil@.....ceiiiiiie et e e e e e st e e e e e e e e nnnes 46
Aileron Trim Integrator RO EFTOr GaIN .........coeiiiiiieiiiiiee ettt 47
Generic EleVator SChEAUIES. ....... et e e e e e e e e e e e e nnennes 49
RCS Usage from Monte Carlo ANAIYSIS .........uueieiiiiiieiitiie ettt 50
Ascent/Entry Payload SCreening CrHEIA . ... ..uuuuuuuieeeieeeereeeeeeeeeeeeeeeeeeeeeeeeeeeeereseeeeeeeeereereereeeeeee 53
Current Software Release SEQUENCES.......cccciiiiie e 54
I = T =0 Lo 1Y =T TN o Yo T 57
Elevator/Bodyflap Profil€S......... ... iuiiiiiiiiiiiiiiiiiiiieiiieiereesveseseseseesesssssssssssssssssssssssssssnessrsrnnes 58
Revised NOSEWheel SteeriNG LOQIC .....uuuuuuuururiiiiiiiiiieieiuieierntererererereerrrerrsrrrererere———————.. 58
Revised WOWLON DiSCrete LOGIC ....uuuuuuuuuiiiiiiiiiiiiiiiiiiinnaiaensnnsnnnnnnnensnnnnnnnsnnnnsnnnnnnnnnnnnnnnnnne 59
L AN I Yo 1o SRR 60
Closed-Loop Test CONFIQUIALION ........eiiiiiiiiie it 61
Open-Loop Test CONFIGUIALION ...ttt et 62
STS-2, STS-3, aNd STS-4 PTILOGIC ..cieveieiiiee et e e e e e s s snanee e e e e e e e nnnes 65
AUtOMALIC PTT LOGIC FIOW ...ttt 66
PTT PUISE LOGIC ...ttt ettt ettt e e e skttt e e e e e e st b et e e e e e e e saabnbeeeeaaeeeeaanne 67
TYPICAI PTIPUISES ...ttt e e e e e et e e e e e e e babeeeeaaeeean 68
TYPICAI AIPNA SWEEPS ...ttt s bt e st e e s nbe e e e e nnens 69



6-1
6-2
6-3

6-5
6-6

6-8

6-9

6-10
6-11
6-12
6-13
6-14
6-15
6-16
6-17
6-18
6-19
6-20
6-21
6-22
6-23
6-24
6-25
6-26
6-27
6-28
6-29
7-1

7-2

7-3

7-4

7-6
7-7
7-8

7-10
7-11
7-12
7-13
7-14
7-15
7-16
7-17
7-18
7-19
7-20
7-21
7-22
7-23
7-24
7-25
7-26
7-27
7-28

Typical BOAYFIAp SWEEP .......eeiiiiiiiie ittt 69

Original GRTLS DAP Ny Feedback Configuration and RESPONSE .........cceeevviieieiiiieneiiiieeenn 73
Beta Feedback Test Configuration and RESPONSE ........ccoiuuiiiiiiiiiiiiiiiieeee e 74
Modified Entry/GRTLS Baseline DAP Ny Feedback Configuration and Response................ 74
Composite GRTLS Qbar vs. Mach Analysis ENVEIOPE........ooouuiiiiiiieiiiiiieie e 75
SODB Dynamic Pressure Envelopes for Increased Landing Weight ............cccooociinne 75
GALR (Aileron Bending Gain) SChedules ...........cooiiiiiiiiiaiiii e 77
Reverse Aileron DAP Lateral Acceleration Feedback to Aileron...........ccccceeevviiiiieeeeeenniinee 77
Baseline and Wraparound Yaw-RCS Switching LOQIC ........ccvvvieieeeiiiiiiiieec e 78
FAYU] (o 1Y oTo [ = L] | @20 4o g - T To I o o | o 79
BANKERR_THRESH Nonlinear Roll Gain FUNCHION..........cccvviiiiee i esieee e 80
Roll Step Command Response Comparison: Initial Wrap vs. Baseline DAP ..........cc.ccccouee.e. 80
Example of Minimum Roll COMMAN..........cccooiiiiiiiiiiiie e e e e er e e e ennes 81
Roll Step Command Response Comparison: Final vs. Initial Wrap BANKERR_THRESH.... 81
Alpha Error Filter and Gain Modifications for Wraparound DAP (Entry Only) .........cccceeenen 82
STS-79 PTI 4 RESPONSE PIOLS ...ceeiiiiiieiiiiiee ettt ettt 85
Flight Cases for Forward CG Expansion Analytic ASSESSMENT.........covcveeeiiiiieeiiiieeeniieeeeanes 87
Revised Aileron Rolling Moment Derivative UNCErtainty ............ccoveeiiiieeeiniiieenniee e 88
Elevon Trim and Up-Elevon for Fixed-Point CaSES .........cccocuiieiiiiiieiiiiiee it 89
Aileron Trim and Yaw RCS Duty Cycle for Fixed-Point Cases.........c.cccceeeriiiieiiiiieeisiieee e 89
SDAP Monte Carlo Results for Right Elevon Deflection and Aileron Trim ...........ccccceeecnnnnes 90
Representative Elevon Loop Stability Margins ..............ueueieieiiiiiiriieieieiiieiiierrrererrre—. 91
Representative Aileron Loop Stability Margins ...............eueueueiiiiiiriirieiiieieieeererererereeere... 91
Representative Fixed-Flight-Case Step Responses with Nominal A€ro ..........cccccvvvvvvevivennns 92
Representative Step Responses for Fixed-Flight-Cases with Aero Uncertainties.................. 92
Entry RCS Propellant Usage for Low-Inclination MiSSIONS ..........ccceeiiiiieeiiiiiienniiee e 94
Comparison of Wraparound DAP and Baseline DAP RCS Propellant Consumption............. 94
Effect of Orbit Inclination and Orbiter XCG 0n RCS USAJE .......coocuvreiiiiiieiiiiieeeniiee e 95
Representative RCS Propellant Distributions from Monte Carlo RUNS............cccccvvveeernneneee. 95
Wraparound DAP RCS Propellant Usage HiStOry ..........coouiiiiiiiiiiiiiee e 97
Proposed GRTLS Qbar and Alpha ENVEIOPES.........ccooiiiiiiiiiiiie e 101
GRTLS Envelope Expansion FIIGt CASES ........coiiiuiiiiiiiiiiiiiiiieee e 102
Worst-Case Stability on GRTLS Expanded Envelope Boundaries.........cccccooviiieiiieiiiniiinnenn. 103
1993 Verification Flight Cases with 2004 Stability Rerun ...........ccccoooiiiiiiniiee 104
Entry and GRTLS Waterfall Charts from Reference 7-8...........cccoiiiiiiiiiiiieeee e 107
LS N o O N Vo o o S SRPRRRE 108
Statistics of STS-114 Stability Analysis Scope and ReSUIS ..........occeviiiiiiiiiieeiiiieee e, 111
STS-114 NEOM and GRTLS Flight Cases and Regions of Stability Issues .............cccccoe.. 112
STS-114 NEOM and GRTLS Stability Summary and FCAN AssSignments ...........cccccceeeeeeee 113
FCAN 26 ANOMAlY DESCIIPLION .ceiiiiiiiiiiiiieie ettt et e e e e e e s b e e e e e e e e e ennees 114
FCAN 26 SDAP TESES ...iiitiiiiiiieiitie ettt et ettt b e et e et et e ste e e s bt e e sbb e e sabe e s abeeesabeeanbeeesbbeesnbeeenaneas 115
FCAN 26 Investigation and ClOSUIE..........coiii ittt e e e 115
[SOF AN\ Y g o o ¢ F= 1)V B 1= =T ] o) o ) o SRR SS 116
FCAN 1 STS-114 GRTLS SDAP Trajectory With LVAR 10 .......cociiiiiiiiiieiee e 116
FCAN 1 Disposition @nd CIOSUIE ........ccuuvuiiiieeeiiiiiiiieeeeeesssstieeeeee e e s s s sarreereeeeesssssnsaneeeeeessnnnsnes 117
Worst-Case FCAN 90 SDAP RUN ........ouiiiiiiiieiiiie ettt 117
FCAN 90 Disposition @nd CIOSUIE .........uviiiiieeiiiiiiieieee e e e s et er e e e e e ssterrr e e e e e s e snnraareeae e s e e nnnneees 117
NEOM Entry Interface Orbiter Weight vs. XCG for Selected MiSSIONS..........cccoovccvvvevereeninnnns 120
AOA Entry Interface Orbiter Weight vs. XCG for Selected MiSSIiONS ..........ccceeeviieeerniiieeennine. 120
TAL Post-ETSEP Monte Carlo Case Weight vs. XCG for Selected Missions............ccccceeeee. 121
GRTLS MM 602 INIT Monte Carlo Case Weight vs. XCG for Selected Missions.................. 121
Example of Point Selection TOOI QULPUL ..........eiii it 124
Selected Flight Cases for OPS-3 Generic Certification ...........ccccovveeeiiiiieeniiice e 125
OPS-3 Flight Cases AIpha VS. MACK..........ciiiiiiii e 125
Selected Flight Cases for OPS-6 Generic Certification ............ccooeeeieieii i 126
Selected Subsonic Flight Cases for Generic Certification ............cccooeeieiiiiiiiiiiiciieens 126
OPS-6 Aileron Loop Gain Margins Relative to Requirement...........ccoooeveeeieeeieeeeeceeeccsececns 129
Elevator Trim Deflection for OPS-3 Flight Cases ........cccccciiiiiiiiiiii e 129

Vii



NA—\L\_\_\@
WN -0

Elevator Trim Deflection for OPS-6 Flight Cases ..........ccccvvviiiie i, 130

Proposed Change in OPS-3 Alpha Envelope Boundaries ...........cccccveeieeeeiiiiciiieieee e, 132
Trajectories and Test Points for High Alpha Delta Certification ............cccccooiiiiiiiiii i, 133
OPS-3 Dynamic Pressure ENVEIOPES.........cocuuiiiiiiiiiiiiiie et 134
OPS-3 Angle-of-Attack ENVEIOPES ......ooueiiiiiiiiiii e 134
OPS-6 Dynamic Pressure ENVEIOPES.........oocuuiiiiiiiiiiiiiee et 135
OPS-6 Angle-0f-Attack ENVEIOPES ......ooueiiiiiiiiiii e 135
Historical Flight Data Parameters for STS Missions Through 2009............cccccoiiiiiiiiiineenne A-1
Orbiter Weight at Entry Interface for STS Missions Through 2009 ...........cccccooviiiiiiieeeeeees A-2
Orbiter XCG at Entry Interface for STS Missions Through 2009 ...........cccccceeiiiiiiiiieeiee e, A-3
RCS Propellant Data for STS Missions Through 2009 ............ccoooiiiiiieieee e, A-4
DDT&E Program SCheAUIE............ccuuiiiiiiie et e e e e C-1
Generalized Step ReSpoNse ENVEIOPE........ccooiuiiiiiiiie et C-5
Entry FCS Hardware EIEMENTS .........ooiiiiiiiiieeee e C-6
HFT Pitch AXis CAS BIOCK Diagram .........cocuueiiiiiiiee i C-7
HFT Roll Axis CAS BIOCK Diagram ..........ccoiuiiiiiiiieiiiiie et C-8
HFT Yaw AXis CAS BIOCK Diagram .........coocuueiiiiiiieeiiiiiee ettt C-8
ALT Pitch AXiS BIOCK DIaQram .......ccoiuiiiiiiiiiie ittt C-9
ALT Lateral AXis BIOCK DIagram...........cuiiuuiiieiiiiiie ittt C-10
I O 1 USSR C-11
O I o o RSP C-11
“The MomeNt Of TIUN” ......ooi e e e e e eenaeeeas C-12
Results of the F-8 Time Delay Study for the Landing TasK..........cccccvveieieiiiiiiiiiieeee e, C-15
(O] o I [ B 1 (= PSPPSR C-15
Pitch Axis DAP Simplified BIOCK DiagQram ............uueiiiieiiiiiiiiiie et e e e D-2
Pitch Axis Gains and Filters.... ... D-3
Roll-Yaw Axis DAP Simplified BIOCK Diagram ...........ccceeiiiiiiiiiiiiie e D-4
ROIl AXis GaiNs @nd FIlLErS......oooi oo e e e e e e D-5
Yaw Axis Gains and Filters ... D-6
Body Flap Channel, Ol-27 FSSR ...t D-7
Speedbrake Channel, O1-27 FSSR ... .. s D-8
Nosewheel Channel, O1-27 FSSR ........ooi i e D-9

viii



2-1
2-2
2-3
2-4

2-6
2-7
2-8
3-1
3-2
3-3

4-2
6-1

6-3
6-4

6-6
6-7
6-8
6-9
6-10
6-11
7-1
7-2
7-3
7-4
7-5
7-6
7-7
7-8
7-9
7-10

C-1
C-2
C-3

C-5
C-6
C-7

Tables

Key Events iNn NEOM Profile .........uuiii ittt 11
Additional Key Events in TAL Profile ... 12
Key EVents iN GRTLS Profile ...ttt 13
ACtUALOr-DrIVEN EffECIOIS .....eeiiiiiii e 15
RO o 1 {=Tox (o] €SP PP TP OPTPPPRPPPR 15
Aerodynamic Surface PoSition COMPULALIONS........cciiiiiiiiiiiiiieie e 15
SUIMACE RALE LIMILS ....eiiiiiiii ittt e e e e et e e e e e e e e snbbeeeeeaeeeaannnes 16
FCS SEINSOIS ...ttt et ettt e e st e e s s e e s et e e s e e e e s an e e e s e e e e e 17
Stability REQUIFEMENTS ..ciii i e e e e e e e e e s st r e e e e e s s s snnraeeeeeeeeeennnne 21
Lateral Aerodynamic Variations Scale FaCIOrS..........ceveeviiiiiiiirieee i e e 24
Early Entry Lateral Trim EQUALIONS .........uuiiiiieeis et e e e e s s e e e e e e s snavnnee e e e e e snnenes 27
CloSed-LO0OP TESE RESUILS.......cuiiiiiiei e e e e e e e e e s e e e e e e e snnnnes 62
Representative Set Of PTI WINAOWS ........oooiiiiiiiie et e e 66
Proposed Modifications for Fuel-Saving Entry DAP ... 76
DAP MOUE COMPATTISON ...eeiiitiieeiiittiee ittt ettt e ettt e ettt e e s bbbt e e s atbe e e e aabb e e e e sabbeeeeabreeeeabneeeeaan 83
Wraparound DAP Flight TESE Plan .........cooo it 84
PTIMANEUVETS FOF STS=79 ..ttt ettt ee e e e e e s e e e e e e s stbabeeeaaeeeaannenes 84
CR 90476 Flight Software Implementation ErTOrS ..........cccccoiieiieiniiiie e 86
Forward XCG Evaluation Mass Properties .......cccuueeiieeiiiiiiiiieiee et e e siireee e e e e 87
Stability Requirements for Forward CG ASSESSMENT .....cccoeeiiiiiieiieeeeeeee e 88
SES Monte Carlo Statistics for EI to Mach 1 with XCG 1,109 and GRAM Atmospheres....... 96
Effect of Protection Percentile on Weissman EStMate...........ccccovcvveeeiniiiee e 96
Updated Aerosurface Drive Rate LiMItS...........uuuuuiuiiuiiiiiiiiiireiiiieerersreeeeerenreerereeeemee——. 98
Effects of SPeCIfic APU FAIIUIES .........uuuuiiiiiiiiiiiiiiiiiiiiiiiiirieseeseseseseeeessessseeesssssssssseesereeerereeeeane 99
GRTLS Envelope EXPanSioN TESt CASES ......cuuueieiiiiiieiiiiiee sttt e ssiieeee st e e sibaeeessnneeeessnneee s 101
GRTLS Envelope EXpansion Mass PrOPEItIES .......c.uvveiiiiiieiiiieee ettt 101
Stability Level Summary for GRTLS EXPansion CaSES .........ccuveeeiiiiieeeiiiieeeeiiieeessiieeesnineeee s 102
Sample Stability Comparison for Analysis TOOI SetS..........ceeiiiiiiiiiiiiiiiie e 105
Entry Aerodynamics/Flight Control TIM AttENAEES..........ccoiiiiiiiiiiiie e 106
Initial Mass Properties and Atmospheres for Requested Monte Carlo Data........................... 122
Generic Certification Stability Evaluation Statistics ..o, 128
Generic Certification FCAN Failure and DA Case Distribution ... 128
OPS-3 Time-Domain Core FCS MatfiX ......uuuiiireeiiiiiiiireieeeissiiiieeeeeeessssesieeeeesesssnsnnsreeeeeeeesans 131
Time-Domain MatriX Trajectory VariationS. ...........ccoiiiiiiiiiiieiiiie i 131
Space Shuttle Flights 1981-2009 ........ccciiuiiiiiiiiieiiiie et sbeee e seaeee s A-5
Some FCS DeSign HiStOry OVEIVIEW ..........uuiiiiieiiiiiiiiieee e ettt e e ee e e e e e C-2
FCS Stability Requirements COMPAISON ........ooiuuieiiiiieaiiiiiie ittt e e e e C-4
Time Response Parameters fOr ALT ... C-5
Ground TeSt ChallENQES ..... ...ttt e e e s e e e e e e e s anees C-13
ALT Fre@ FIIGNTS. ...ttt e e e e e e bbbt e e e e e e e e sanbbreeeas C-13
Example of OFT-1 Entry FCS Pass-Fail Crerial ........ccccooiiiiiiiiiiiaeieiieece e C-18
Sample Page from Revised Entry FCS Pass-Fail Criteria........ccccccevivviiveeiieeiiiiciiieece e C-19



AA
ABLT
ADB
ADTA
ADI
A/E
AFT
A/L
ALT
AOA
APU
ASE
ASI
ATP
b

BF
BFS
BNA
CA
CcD
CDR
CFT
CG
CHR
CL
Cl
CIR
CLBA
Cm
CN
Cn
CNBA
CPES
CPDS
CPU
CR
CRT
CSS
CSTAR (C¥)
CTF
CY
Da
DA
DAP
dB
DCSP
DDT&E
DE
DFRC
DIGIKON
DPS
DR
DRB
DRRCL

Acronyms and Abbreviations

accelerometer assembly
asymmetric boundary layer transition
Aerodynamic Data Book

air data transducer assembly
attitude direction indicator
ascent/entry

aft

approach and landing

Approach and Landing Test

abort once around

auxiliary power unit

airborne support equipment
aerodynamic stick inputs
Authority to Proceed

span reference length

bodyflap

backup flight system

Boeing North America

axial force coefficient

drag force coefficient

Orbiter Commander

common facility tests
center-of-gravity

Cooper-Harper rating

lift force coefficient

rolling moment coefficient

cargo integration review

rolling moment due to bent airframe
pitching moment coefficient

normal force coefficient

yawing moment coefficient

yawing moment due to bent airframe
Crew Procedures Evaluation Simulator
Computer Program Development Specification
computer processing unit

change request

cathode ray tube

control stick steering

type of pitch axis control law
commit to flight

side force coefficient

delta aileron

design assessment

digital autopilot

decibel

entry flight control signal (roll axis)
Design, Development, Test, and Evaluation
elevator

Dryden Flight Research Center
Honeywell Linear Stability Program
data processing system
discrepancy report

Data Review Board

entry flight control signal (yaw axis)

X



DST
DTO
EDO
EDST
EDW
El
EOM
ET
ET-SEP
FAD
FCAN
FCHL
FCS
FDIR
FDO
FF
FSL
FSSR
ft
FWD
g
GALR
GDA
GDR
GJET
GN&C
GPAY
GPC
GPS
GPX
GQAL
GRAM
GRAY
GRO
GRTLS
GTRA
GTRR
GTS
GUIDCOMP
HAC
HFGM
HFPM
HFT
HI
HUD
Hz
IAS
/B

IC
ICD
IEE
IGN&C
I-load
IMU
IPHASE
ISS
ITEM
IUS

dynamic stability test(s)

detailed test objective

Extended Duration Orbiter

entry dynamic stability test

Edwards Air Force Base

entry interface

end of mission

external tank

external tank separation

flight assessment deltas

flight control anomaly notice

Flight Control Hydraulic Laboratory

flight control system

fault detection, isolation, and reconfiguration
Flight Dynamics Officer

free flight

Flight Simulation Laboratory

Flight Subsystem Software Requirements
feet

forward

gravity

entry flight control gain (roll axis)
entry flight control gain (roll axis)
entry flight control gain (yaw axis)
entry flight control gain (pitch axis)
guidance, navigation, & control

entry flight control gain (yaw axis)

general purpose computer

Global Positioning System

entry flight control gain (pitch axis)

entry flight control gain (pitch axis)

Global Reference Atmosphere Model

entry flight control gain (yaw axis)

Gamma Ray Observatory

glide return to launch site

entry flight control gain (roll axis)

entry flight control gain (yaw axis)

GN&C Test Station

guidance computation

TAEM heading alignment cone
high-frequency gain margin
high-frequency phase margin

horizontal flight test

Honeywell International

heads-up display

cycles per second

indicated airspeed

inboard

initial condition

Interface Control Document

integrated entry environment

Integrated guidance, navigation, & control
initialization load

inertial measurement unit

phase counter in TAEM and GRTLS guidances
International Space Station

special keyboard key

Inertial Upper Stage

Xi



Ixx
lyy

I1zz
JAEL
JSC
JSL
KALPHA
KEAS
K-load
KSC
L/D
LCDP
LDCP
LFGM
LH,
LO,
LON
LOS
LRU
LVAR
M/C
MATCRAM
MDM
MECO
MEDS
MIL
min
MMLE
MSBLS
MM
MOD
MOV
MPS
NASA
NAVDAD
NEOM
NOR
NSTS
NWS
Ny

Nz
o/B
OADB
OCCB
OFT
OMS
OPS
ov
OVEI
p
PASS
PBI
Pc or PC
PFS
PIO
PLT
PM

p-pP

inertia about the X axis

inertia about the Y axis

inertia about the Z axis

JSC Avionics Engineering Laboratory
Johnson Space Center

jet selection logic

GRTLS unique flight control gain (roll axis)
knots of equivalent airspeed

constant load

Kennedy Space Center

lift-to-drag ratio

lateral control departure parameter
lateral directional control parameter
low-frequency gain margin

liquid hydrogen

liquid oxygen

launch on need

loss of signal

line replaceable unit

lateral aerodynamic uncertainties
mated coast

Boeing linear stability program
multiplexer-demultiplexer

main engine cutoff

multifunction electronic display system
man-in-the-loop

minutes

Modified Maximum Likelihood Estimator (computer program)
Microwave Scanning Beam Landing System
major mode

Mission Operations Directorate

main oxidizer valve

main propulsion system

National Aeronautics and Space Administration
navigation-derived air data
nominal end of mission

Northrop (White Sands) landing site
National Space Transportation System
nosewheel steering

lateral acceleration

normal acceleration

outboard

Operational Aero Database

Orbiter Configuration Control Board
Orbital Flight Test

Orbiter maneuvering system

Orbiter program segment

Orbiter vehicle

Orbiter vehicle end item

body roll rate (about X axis)

primary avionics software system
pushbutton indicator

roll rate command

primary flight system

pilot-induced oscillation

Orbiter Pilot

phase margin

peak-to-peak

Xii



PRCB
PRL
PRO
psf
PTI
PVAR

a
Qbar
q

r

RA
RCS
RECON
RGA
RHC
RI

rps
RPTA
RTHL
RTLS
RSOC
SAIL
SB
SBTC
SCB
SCOTS
SCR
sec
SDAP
SDSS
SDM
SES
SIMEX
SMS
SMTAS
SOP
SPEC
SPS
sps
SSFS
SSME
SRB-SEP
STA
STAMPS
STRIM
STS
SVDS
TACAN
TAEM
TAL
TDRS
TIFS
TIM
TRD
TRIM
Unc
UPP
USA

Program Requirements Change Board
priority rate limiting

software keyboard command to proceed
pounds per square foot

programmed test input

pitch aerodynamic uncertainties
dynamic pressure

dynamic pressure

body pitch rate (about Y axis)

body yaw rate (about Z axis)

radar altimeter

reaction control system
reconfiguration module in FCS

rate gyro assembly

rotation hand controller

Rockwell International
radians per second

rudder pedal transducer assembly
entry flight control gain (yaw axis)
return to launch site

Rockwell Space Operations Company
Shuttle Avionics Integration Laboratory
speedbrake

speedbrake/thrust controller

Software Control Board

Shuttle Commercial Orbital Transfer Stage
software change request

second

Shuttle Descent Analysis Program
Shuttle Dynamics Simulation System
Systems Definition Manual

Shuttle Engineering Simulator
Honeywell Digital Simulation

Sh