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Abstract

Smart Materials’ ability to alter shape by applying an external impetus excitation has significant
potential within the aerospace industry. The ability to operate as an actuator has been the focus of
numerous published studies. Missile actuation systems have benefited from this technology where
Adaptive Structures actuated missile control fins. This research aims to determine how an Adaptive
Structure, using Smart Materials as the Force Generation Mechanism, can alter the flight path of a
supersonic missile with performance comparable to the generic Force Generation Mechanism system.
This study adapted the Systems Engineering approach from IEEE 1220 to develop a Force Generation
Mechanism for a Beyond Visual Range (BVR) class of missile that operates in the supersonic regime.
The Force Generation Mechanism is acknowledged in the literature to benefit the most from Smart
Material technology. The requirements for the design were compiled based on a holistic view. The
conceptual missile design and actuator system design were conducted to determine the inputs for the
Force Generation Mechanism system design. Functional Architecture, Physical Architecture, and Force
Generation Mechanism concepts were developed based on the requirement baseline. A design decision
tool comprising two scoring stages was then constructed to assess the performance of the different force
generation concepts that would incorporate Smart Material technology. A concept utilising piezoelectric
linear actuators was found to meet the requirements defined in this study, indicating that existing Smart
Material technology can satisfy the requirements of a generic Force Generation Mechanism for a

supersonic missile system.



Acknowledgements

I would first like to thank my supervisors Prof. Craig Law and Prof. Robert Reid of the School of
Mechanical, Industrial, and Aeronautical Engineering at the University of the Witwatersrand,
Johannesburg. | am grateful for their assistance and invaluable insight throughout my research.

I would also like to thank the various experts | consulted for this research; this includes the guidance |
received from mentors at Denel Dynamics and other industry experts. Without their passionate
participation and input, this study could not have been successfully conducted.

I must express my very profound gratitude to my wife, Amarinthea, my daughters Saoirse and Caoimhe,
my parents Kevin and Sharon, my brother Christopher and his fiancée Jasantha for providing me with
unfailing support and continuous encouragement throughout my years of study and through the process
of researching and writing this dissertation. This accomplishment would not have been possible without

them. Thank you.

Finally, | would like to express my gratitude to God for the perseverance and strength that carried me

through my studies and for the opportunity to develop myself further.
Author

Jeffrey Craig Moonsamy



Table of Contents

= Tod - T LA o] o SRS i
Y 0] 1 - To! SRRSO P PR PR TR ii
ACKNOWIBAGEMENTS ...ttt bbb iii
BLIE: o] Lo o) 0] 1 (=T SO S iv
I A0 T U1 SR viii
LISE OF TaDIES ..ottt te et e besre st e teeneeneeebeeneeneeereenrenres Xii
List of ACronyms and SYMDOIS. ........ccviiiiiieiiiice e et sre e Xiv
IS {011 0o [ ot T o PSSR 1
1.1 Background and MOUIVALION..........cccoeiiiiiic ittt sttt sre st sre s 1
1.2 Problem STatBMENT.......coiiie ittt sreere e renre s 2
1.3 T (o ol @ T =TS) 1 o] o ST 2
L4 ODJECTIVES ..ottt bbbttt b e 3
IO J =0T 1o [ 4 1o OSSPSR 3

2. LITEIatUrE REVIBW.....eiiiiieceie ittt sttt ettt st ettt e te et e e sae e st e besne e benbeeneesneesaenrenre s 5
2.1 SYSEMS ENGINEEIING . ...ccviiieiiiieiiesie ettt sttt re st e s te e te e et e s be e e e sbeeteenbesbeeneesteeneesreares 5
2.2 Adaptive Structures and Smart Materials ...........ccoceveiiiiiiinisieeee e 19
2.2.1 Adaptive Structure mechanisms used to morph Aircraft Structures............ccccovevenenee. 20
2.2.2 SMAIT MALEIIAIS ... ettt sn e 29

2.3 T 1SRRI 36
2.4  Beyond Visual Range (BVR) MISSIIES ........c.cociiiiiiiiicicce et 37
2.5  ALrodyNamMiC LOAAS ......cuiuiiiiriiiiieieiee ettt 38
2.6 MissSile CONrol IMENOGS. .........oiiiieieieeece e e 42
2.7 Missile Flight CONtrol SYSTEM .......ooviiiiiiiiierie e 46
2.8  FIOW EffeCtOor MENOGS .......ccoiiiiiiieieiees e 48

K R 1Y/ 1143 To T PSP 53
3.1  System of Interest identifiCation ...........ccooeiiiiiiiiciiic e 53
3.2 Force Generation Mechanism System DeSIgN .........cccooviiviiiiiiiieieseeee e 55
KT B o o [0t o | A O =T L1 o] TSSO PRUPRP 57
3.4 Developing the Design Decision Tool for Evaluation of COncepts..........cccocvvveverieeieriennnns 58
3.5 Summary Of the MEthOd ........ouiiie e 58
4. System of Interest Identification and Enabling System Development.............ccoocovoviieiieiiennnnnnn. 60
4.1  The SyStem OF INTEIEST .....ccueiiiiiiiieiei bbbt 60
4.2 Conceptual MiSSIIE DESIGN .....oviiiiie ittt sttt ee e ene e e nneas 62
4.3 ACLUALION SYSTEM DESION....cvitiiiieeiieiieiesie sttt bbb sb et 79
4.3.1 ASYS Requirements ANAIYSIS .......coo i 80
4.3.2 ASY'S Requirements Validation ..........c.cooiiiiiiiiiiie e 90
4.3.3 ASY'S FUNCLIONAl ANGIYSIS ...o.vvieieciec et 91



434 ASYS FUNCLIONA VEITICALION ...ceeeeei ettt ettt e e e e e r e e e e e e e e e e e 92

4.3.5 ASY'S Architecture DefiNItION .........ccoiiiiiiiiieiee e 93
4.3.6 ASYS ArchiteCture SEIECTION. .......ccvi it 98

5. Force Generation Mechanism SYStem DESIgN ........c.coviiiiieiiieeie e s 99
51  FGM RequUIremMents ANAIYSIS.........coeiieiiiiiiiriste et e 99
51.1 FGM Stakeholder needs, expectations and CONStraiNtS..........ccccevveeieeiesieerieseeiee s 100
512 FGM Project CONSEIAINTS .....c..oviiiiiiiiriisieseesiei et 101
5.1.2.1  FGM ENU DAE.....ciiveiiiieiieieieeee sttt sne e enes 101
5.1.2.2  FGM TECHNOIOGY ..cvieviiiiiie ettt ettt sre st et nre s 101
513 FGM Operational CONEXLE ........ccuiiiiiiieieseieeeee s 101
5.14 FGM CoNCEPL OF USE ...vviiciieciiie ettt st st 101
515 FGM EXternal CONSIIAINTS ........cvviiieriiieiiesieieie et 101
5.1.6 FGM MiSSION PrOFIlES.......ciiiiiiiiiee et 103
517 FGM Measures Of EFfeCtIVENESS.......cccuiiiiriieieissese s 104
5.1.8 FGM System boundaries and external interfaces.........ccoccovvvviveveviveceiiesiecre e 104
519 FGM Utilisation ENVIFONMENT .........ccooiiiiiiiieieeeesese e 106
5.1.10  FGM Life Profile ....coieieieeeees e 106
5.1.11  FGM Functional REQUITEMENTS..........cecieiiiieie et se ettt sre e re e re e 107
5.1.12 FGM Performance REQUITEMENTS ........cceiveiierierieieisiisesiesie e 108
5.1.13 FGM State and Mode ANAIYSIS........ccoviieiiiiiiiie et 109
5.1.13.1  Overview 0f SyStem MOUES ..........ccoriiiriiieiei s 109
5.1.13.2  The Impact of Failure MOUES .........ccoeriiriiiieise s 111

TN N T B - (=1 OSSO 112
5.1.14  FGM Technical Performance MEASUIES..........ccuvveuerririeerieseeiesiesieesiesreaseessesseeseeseens 113
5.1.15 FGM Physical CharaCteriStiCS..........cuiuriruiriirieieieisis sttt 113
5.2  FGM Requirements Validation..........cccccoiiiiiiiiiiicce ettt 113
53  FGM FUNCLIONAl ANAIYSIS.....c.iiiiiiiiieieis s 114
5.4  FGM Functional VerifiCation...........ooeieiiiiieiiie e 116
55  FGM Architecture Definition.........ccooviieiiiieie e 117
LT 0o g (o=t o] A €T g T=T =L o] o SO P PSR 121
B.1  FGIM CONCEPES ..ottt sttt bbbt n b nr s 123
6.1.1 CONCEPL L ettt b e sttt et b ek e e et e e ebb e b e b e e nbe e e 126
6.1.1.1 Force Generation FRIL........cccoiiieiiiiiie ettt nne e 130
6.1.1.2  Structural INtegrity FRA .......ccoo e 130
6.1.1.3  BandWidth FR7 .........cooiiiiiiiieieeee et 130
6.1.1.4  Operation TiMe FR2 ...t e 133
6.1.1.5  StOrage FRS ..o e 133
6.1.2 CONCEPL 2 .ttt bt bt he ettt b e b e e b e e et e e ehb e e b e e beenre e e 134
6.1.2.1  Force Generation FRIL........cccciieiiiiiie ittt st s 136



6.1.2.2  Structural INtegrity FRA ........ooi oottt e 144

6.1.2.3  BandWidth FR7 .......ccccoiiiiiiiieieiei st 147
6.1.2.4  Operation TIME FR2Z ......ccviiiiieece sttt sttt s re e 148
6.1.2.5  StOrage FRS ..o 148

6.1.3 L0000 01T 0| PP PSP 149
6.1.4 (0] 0 TorT o] SRS 152
6.1.4.1 Force Generation FRIL........cccooiioiiiiiie ittt st nee e 154
6.1.4.2  Structural INtegrity FRA ........cocv et 159
6.1.4.3  BandWidth FR7 .......cocooiiiiiiieieieee et 159
6.1.4.4  Operation TIME FRZ ........ccccoiiiiiiiiierese e 160
6.1.4.5  StOrage FRS ... e 161

6.1.5 L0 117 o A PSP 161
6.1.5.1 Force Generation FRIL.........ccooieiiiiiie i ettt st nee e 163
6.1.5.2  Structural INtegrity FRA ........cocv et s 163
6.1.5.3  BandWidth FR7 ........ccccoiiiiiiiieies e 163
6.1.5.4  Operation TiMe FRZ ..o 164
6.1.5.5  StOrage FRS ... e 164

6.2  Summary of CONCEPL GENEIALION.......ceccveiieieee st st sre e 164

7. Design Decision TOOI DEVEIOPMENT .........ooiiiiiiiiiiieieeeee e 166
7.1 The Vision fOr the TOOL. ..ot 167
7.2 Force Generation Mechanism Requirement Performance SCOring.........c.ccoovvvvrerenenenenn. 168
7.3 Project Implementation SCOMNQ........couciveiiiieieiie st sre et st sreens 173
7.4 Design Decision Tool Creation SUMMAIY .........cccooerieirininineniesesieseeeees s 176
8. Application of Design DeCiSiON TOOI .........ccoiiiiiiiiiieeee e 177
8.1 FGM Requirement Performance Scoring RESUILS.........c.ccceovivieiiiieicse e 177
8.2 Project Implementation SCOMNG........couuiiiiiiiriiterieieeeee e 178
8.2.1 Setup and EVAIUALION ..........ccvoiiiiie e e e 178
8.2.2 Summary of the Project Implementation OULCOME............cooervereiiiniiiceree e 179

TR I 1111 St o o OSSOSO 180
10. Conclusion and Recommendations for FUtUre WOrK............cccooviiiniiinenenescee e 187
050 @ o] [ o] o SO PRPR 187
10.2  Recommendations fOr FULUFE WOIK...........ccccveiiiiiie i 188
T =] T =T 0o TSP SSTRRSR 189
APPENDIX A - MiSSIIE DESIGN.....vitiiiieieiieiieie sttt 200
APPENDIX B : Advantages and Disadvantages of Tail and Canard Control.............cccccoevvenvnenne. 229
APPENDIX C : Normal Force Coefficient calculation .............ccooooiiiieiniie e 231
APPENDIX D : Actuator SYSTEM DESION .....coueiieiiiieeiie ettt st nee e 238
APPENDIX E : Brushless DC motor dataSheet...........c.ccvvveieiiiienie e e sie e 277

Vi



APPENDIX F : Generic Force Generation Mechanism CalCulations............ooeouveeeeeeiiiieeciieeeee e 282

APPENDIX G : Concept 1 CalCUIALIONS..........ccveieiiecieie ittt sttt sreees 292
APPENDIX H : Email from Dynalloy INC........ccocoveiiiiiiiiecccese et 297
APPENDIX I : Concept 2 CAICUIALIONS ........oveieieiiiisie st 301
APPENDIX J : Email from Smart-Material, the MFC manufacturer .........ccccccvvveeeiivieie e, 305

vii



List of Figures
Lo TN Y |V oo (-] I USSR 6
Figure 2: IEEE 1220-2005 System Engineering Processes [12].........ccccvimirerineneieiineseseseseseeeens 8
Figure 3: System of Interest within its operational context [8].........ccccevvvveieiiiiieiiiiere e 9
Figure 4: Requirements ANAIYSIS[LL] ......oiioirieieieisiiise et 10
Figure 5: Requirements Validation [L1] ......cccooeiiiiiiiiieie ettt 12
Figure 6: Functional ANalySiS [11] .....ccvoiiiiiieicieise e 13
Figure 7: Functional Verification [L1]........cccoreiiiiiniiiiisieseseeee e 14
Figure 8: SYNthesis PrOCESS [L1]....ccuiiieiiiiiiiieiie it sttt ste sttt be e st sbeena e besreea e reennesreanes 15
Figure 9: Design VerifiCation [L11].......ccooiiiiiieieieisieses e e 16
Figure 10: System ANAIYSIS [L11]....cuoiiiiiiiiieie sttt st sre et et sre e e reennesreenes 17
Figure 11: Control ProCESS [11].....cuiiiiiieriiiterieieiieiesie sttt sttt 18
Figure 12: NextGen MFX-1 (a) Extended Wings and (b) Swept Wings [14] ......ccccoocvvviveveieiiennene, 20
Figure 13: Baseline wing with MORPHLEt SECtioN [16] ......ccccoveiveiiieiiiie e 21
Figure 14: MORPHLEt DeMONSIAtOr [L7] ..c.cciveiviiieiiieeie ettt sttt s re e srens 21
Figure 15: Bistable WINGIEt [20] ......oviiiiriieieiee et 22
Figure 16: Overview of Adaptive Structure Projects corresponding to UAVs, Munitions, Gravity
Weapons and MISSIIES [152] ......c.uiiiiieieieieis e 24
LT[V A Y o T ST 25
Figure 18: Finite Element models of the supersonic (left) and subsonic (right) fin ...........cc.ccoceieienne 25
Figure 19: Hypersonic INTErceptor [22] ....coovoiiiiiie ittt st sttt s ns 26
Figure 20: SAMPSON SMart iNIEt [32]....ccveoveiieieieieierisie et 27
Figure 21: Rigid Lip Extension on the SAMPSON Smart Inlet [32] ......cocoovvviiiiiiicecececeeee 28
Figure 22: Post-Buckled Precompressed StruCtures [3]........cooerereiieiniiiie e 29
Figure 23: Directionally Attached Piezoelectric (DAP) [34]....covvieiiiiiie e 30
Figure 24: MFC ACIUBLOT [35] ... .eiuiiieiiiiteiiisieiieieie ettt 30
Figure 25: Experimental Setup of aluminium plate deflection using MFC actuators [38]................... 32
Figure 26: The definition OF 00" [78] ... . voiiirerieeiees e 40
Figure 27: Boundary-Layer Properties [76] .......cccvcvieieiieeie ettt sttt e e 41
Figure 28: Major missile sections of the AIM 120 [82].........cccooeiiiiiriiiii e 43
Figure 29: Missile Control Method AIternatives [60]..........ccevveiiiieiiieie e 43
Figure 30: Thrust Vector Control MethodS[60] ...........cuiiiiririiiieieiese e 45
Figure 31: Missile HOMING LOOP [83] ....eeveiueeieriiiie ettt ettt 46
Figure 32: Missile Flight Control System [83] ........ccuiiiiiiiiiiiieere e 47
Figure 33: Circulation Control at wing Trailing-Edge [94] .......ccovoieiiiiie e 49
Figure 34: Vision for the use of the PassPorT concept on military aircraft.............ccocooviiiniienenenns 51
Figure 35: Micro-Actuated flow effectors [102].......cocv oo 52
Figure 36: Fleeman’s Missile Conceptual Design Approach [60]........ccccooviiiieiiniiniiiinieneneeeen 54
Figure 37: Summary of Method fOlIOWED............c.ooiii e 58
Figure 38: Step 1 0f the MEtNOT .........coiiiiiieee s 60
Figure 39: Force Generation Mechanism SyStem CONEXT ..........oovviiriiinereneneeeeses e 61


file:///C:/Users/Jeffrey%20Moonsamy/Dropbox/Masters-JEFF_DELL/Masters%20_SHARE/Dissertation/Final/ADAPTIVE%20STRUCTURE%20DESIGN%20OF%20A%20SUPERSONIC%20MISSILE%20ACTUATION%20SYSTEM_Final_JCMOONSAMY_1.docx%23_Toc87887368
file:///C:/Users/Jeffrey%20Moonsamy/Dropbox/Masters-JEFF_DELL/Masters%20_SHARE/Dissertation/Final/ADAPTIVE%20STRUCTURE%20DESIGN%20OF%20A%20SUPERSONIC%20MISSILE%20ACTUATION%20SYSTEM_Final_JCMOONSAMY_1.docx%23_Toc87887368
file:///C:/Users/Jeffrey%20Moonsamy/Dropbox/Masters-JEFF_DELL/Masters%20_SHARE/Dissertation/Final/ADAPTIVE%20STRUCTURE%20DESIGN%20OF%20A%20SUPERSONIC%20MISSILE%20ACTUATION%20SYSTEM_Final_JCMOONSAMY_1.docx%23_Toc87887391

Figure 40: FGM influence on the MiISSIIE..........ooiiiiii e e 65

Figure 41: Cy vs 6 for the missile body, wing, tail and for the entire missile..........ccccvvvrivriiniirinerenns 69
Figure 42: Cy vs Cw for the conceptual BVR MISSHIE .........ooveiiiiiiiiiiii e 70
Figure 43: Cwu vs 8 at 14.95° angle of attack tail fin deflection for the conceptual missile................... 75
Figure 44: Typical temperature distributions through a motor casing thrust chamber wall as a function
OF NEALING tIME [LL7] . ceeiee ettt s be et e s e e saeste e e e sreeraentenre s 77
Figure 45: Context Diagram: Actuator System — External INnterfaces ............ccoeveveiiiiininincieiees 83
Figure 46: Actuator System - Modes of Operation flow diagram ............ccccccveiiiiiciii e 87
Figure 47: Actuator System-Level Functional Flow BIock Diagram ..........cccceeevereiiniinieninninenesens 91
Figure 48: Functional Decomposition of the Generate Force FUNCLION...........cccccevveieii i, 92
Figure 49: Initial Architecture BreakaOWN ...........ccvoiiiiiiiiiiccee e 94
Figure 50: Actuator Physical Architecture based on FUNctions — TYPe A......cccccevveieieiecceseece e 95
Figure 51: Physical Architecture based on Functions — ASACRCH2.........ccccoiiiiiininininicee 96
Figure 52: Step 2 0f the MELNOA ........c.ooiiic e e 99
Figure 53: Illustration of the path followed for the FGM requirements ...........ccocevevviinenencnicnienen. 100
Figure 54: Context Diagram: FGM System - External INnterfaces .........ccccccovveviviiiicvesiic e 105
Figure 55: Modes of Operation 0f the FGM ..o 110
Figure 56: Illustration of actuator SyStem diMeNSIONS ...........ccerveveiririrese e 113
Figure 57: Actuator System-Level Functional Flow Block Diagram ...........cccccevevivevenniieiesnesennens 115
Figure 58: Functional Decomposition of the FGM FUNCLION..........ccociiiiiiiiiiccee e 116
Figure 59: Selected ASYS AIChItECIUIE .....ccuviiieiicc et sre s 118
Figure 60: Initial Architecture BreakaOWN ...........coooiiiiiiiiiiciee e 118
Figure 61: FGM Physical Architecture - ARCH 1 ..o 119
Figure 62: Step 3 0f the MEthOd .........coviiiiiec e 121
FIgure 63: CONCEPL CALBUOIIES. .....eiviiuieriiteitie it steesie st teesteste e e e s te s e e stesteebesbeereesbesteebesbeaneesbesteesresreas 124
Figure 64: Control Fin planform used for the Generic Missile ASYS taken from the AIM 120 missile
.................................................................................................................................................... 125
Figure 65: Missile Fin Coupled directly to a servo Motor for rotation [126] ..........ccccocvvvvviinenennennnn. 126
Figure 66: Servo Motor rotation translated into linear motion to rotate missile fin using a lever [127]
.................................................................................................................................................... 127
Figure 67: Concept 1 - Replacement of @ SErVO MOLOF ........c.coeiiiiiiiiiecc e 128
Figure 68: Flexinol® force generation system block diagram.............ccccoviiiiniieininiineneee 131
Figure 69: Bode Diagram - Wire BUNAIE...........ccvoiiiiiiiiie it sttt sne s 132
Figure 70: Concept 2 — Illustration of Leading and Trailing edge Actuation .............c.cccccvverereriennnn. 135
Figure 71: Fin leading and trailing surface deflection mimicking the generic fin rotation................. 137
Figure 72: Resultant load due to MFC patch placement and force application .............c.ccocevereniennee. 138
Figure 73: Deflection model comparison to determine the best approximation for the experimental
=TT LSRR 139
Figure 74: Aerodynamic load case fOr CONCEPL 2........eeeeierieiiiieie ettt s 141
Figure 75: Cross-section of the bistable laminate COMPOSITE...........cocviiriiiiiieie 143
Figure 76: Free Body Diagram of the fin bistable Structure ............ccocooeiiii e 144
Figure 77: Concept 3 - Synthetic Jet Actuation - FIOW EffeCtor............ccoovviviiiiviniiciineecee 150


file:///C:/Users/Jeffrey%20Moonsamy/Dropbox/Masters-JEFF_DELL/Masters%20_SHARE/Dissertation/Final/ADAPTIVE%20STRUCTURE%20DESIGN%20OF%20A%20SUPERSONIC%20MISSILE%20ACTUATION%20SYSTEM_Final_JCMOONSAMY_1.docx%23_Toc87887402
file:///C:/Users/Jeffrey%20Moonsamy/Dropbox/Masters-JEFF_DELL/Masters%20_SHARE/Dissertation/Final/ADAPTIVE%20STRUCTURE%20DESIGN%20OF%20A%20SUPERSONIC%20MISSILE%20ACTUATION%20SYSTEM_Final_JCMOONSAMY_1.docx%23_Toc87887403

Figure 78: Supersonic Free Wing HIUSEratioN .............cooiiiiiiiiiecesese e 150

Figure 79: Passive porosity illustration [150] ........ccccciiveiiiiiiiieiiie e 152
Figure 80: Concept 4 — Passive Porosity Based CONtrol...........ccooveiiiiiininineiceee e 153
Figure 81: Piezoelectric Actuator in Munition [152]........cccoceiiiiiiiiiesiese e 153
Figure 82: Cn vs 0 for the MiSSile fiN..........cooeiiiiiiiiiiii e 154
Figure 83: Normal force vs Angle of AACK .........cooiiiiiiiiiee e 155
Figure 84: Illustration of High and Low Pressure of Fin due to free stream ...........cccocvovvinvnieinennen 156
Figure 85: Plate free body diagram........c.ccv oo et 158
Figure 86: Model of Displacement AmMplification ProCESS.........ccveiviiririiirieireieeeese e 162
Figure 87: Concept 5 IHUSIIALION .........ccveiiiie ettt sresreesrenre s 163
FIgure 88: Part 1 OF SEP 4 ......veeiiiiieiiie et 166
Figure 89: Illustration of the deciSiON tOO0]...........c.cciii i 167
Figure 90: Evaluation of Design Objectives against Measures of Effectiveness using a House of

L@ UL 11 Y P SSPSI 169
Figure 91: Actuator Filter HTUSTration ...........ccooviiiiiiiiie e 170
Figure 92: Technology readingss 18VEIS [163] .......ccciviiiiiiiieiiie ettt 173
FIQUIE 93: PArt 2 0F STEP 4 ...ttt bbb 177
Figure 94: Fleeman's Missile Conceptual Design Approach [60] .........ccccovvrereieiniiiiiiiininccee 201
Figure 95: AIM-120A Geometry (from [165] ONLINE) ......ccoveiviiiiiiiececc e 203
FIGUIE 96: CN VS CM vttt bbb b bbbttt b bbb n e 207
Figure 97: Fin DeflECHION ........ccociii ettt s be st resre s 208
Figure 98: Normal force interaction with the missile tail Fin............ccoooiiiiniiiiie 209
Figure 99: AIM-120 Rocket MOtor Layout [167].......cccoveiiiiieiiiiiie ettt sne s 212
Figure 100: AIM 120 Baseline Layout [82].........c.coveiririiiiiiieieeeeeesese e 214
Figure 101: Recovery Temperature vs Mach Number [60] .........cccceviiieiiiicicicceeece e 215
FIUIE 1022 CIN VS 8.ttt itttk b e bbbt btk e bbb e bt bt e e e nne e nneen s 223
Figure 103: CM VS Delta at 14.95 EOIES......ccveiieieiice et sttt sre et sre e sre st sresreebesre s 225
Figure 104: Typical temperature distributions through a motor casing thrust chamber wall as a

function of heating time [1L7] ..cvooiie e s re e e 227
Figure 105: Advantages and disadvantages of Tail Control [60] ..........ccccuviriniiiiniiniiinenccee 229
Figure 106: The benefits of Tail Control vs Canard control at high angles of attack [169] ............... 229
Figure 107: Advantages and Disadvantages of Canard Control [60]...........ccccoeereieiiiiniinincneseen 230
Figure 108: Context Diagram: Actuator System - External Interfaces...........ccccoevvveveiiiiciccienennns 245
Figure 109: MOdES OF OPEIALION .......cueiuiitiriiieieieieii ettt et b e 252
Figure 110: Actuator System-Level Functional Flow Block Diagram ...........cccoevoieiiiiii e 259
Figure 111: Functional Decomposition of Receive Command from MCP Function .............c.ccc.c..... 260
Figure 112: Functional Decomposition of the Generate Force FUNCLION.............ccooveviviiiniciieieenes 262
Figure 113: Functional Decomposition of the FGM FUNCLION............cccoviiiiiiiiicc e 263
Figure 114: Functional Decomposition of the Monitor Response Feedback Function...................... 264
Figure 115: The Updated Primary Functional FIOW Diagram ............ccccvverenineneininniienese e 265
Figure 116: Initial Architecture BreaKdoWn ..........ccoii i 267
Figure 117: Actuator Physical Architecture based on FUNCLiONS — TYPe A.....oceveiiiiineneneieieee 270


file:///C:/Users/Jeffrey%20Moonsamy/Dropbox/Masters-JEFF_DELL/Masters%20_SHARE/Dissertation/Final/ADAPTIVE%20STRUCTURE%20DESIGN%20OF%20A%20SUPERSONIC%20MISSILE%20ACTUATION%20SYSTEM_Final_JCMOONSAMY_1.docx%23_Toc87887463
file:///C:/Users/Jeffrey%20Moonsamy/Dropbox/Masters-JEFF_DELL/Masters%20_SHARE/Dissertation/Final/ADAPTIVE%20STRUCTURE%20DESIGN%20OF%20A%20SUPERSONIC%20MISSILE%20ACTUATION%20SYSTEM_Final_JCMOONSAMY_1.docx%23_Toc87887466
file:///C:/Users/Jeffrey%20Moonsamy/Dropbox/Masters-JEFF_DELL/Masters%20_SHARE/Dissertation/Final/ADAPTIVE%20STRUCTURE%20DESIGN%20OF%20A%20SUPERSONIC%20MISSILE%20ACTUATION%20SYSTEM_Final_JCMOONSAMY_1.docx%23_Toc87887469

Figure 118:
Figure 119:
Figure 120:
Figure 121:
Figure 122:
Figure 123:
Figure 124:
Figure 125:

Physical Architecture based on FUnctions — TYPE B......cooieiiieiiiiieeee e 272
[Hlustration of Iever arm diSTANCE ..........ccoiiiiiiiieee s 283
DC Servo Motor system BIOCK diagram ...........ccooviiririniniieieceee e 284
System block diagram for the Gear RaAtio ..........c.cccvvveeveieeie v 287
Fin Root chord and plate thiCKNESS............ooiiiiiiiise e 288
Bode Diagram - SErVO MOTOK .........cccviiiiieciiie et sre s 289
Free body diagram of the fin output shaft and the lever arm combination...................... 292
Moment applied to beam due to MFC PatChes..........ccccoviieveieiic e 304

Xi


file:///C:/Users/Jeffrey%20Moonsamy/Dropbox/Masters-JEFF_DELL/Masters%20_SHARE/Dissertation/Final/ADAPTIVE%20STRUCTURE%20DESIGN%20OF%20A%20SUPERSONIC%20MISSILE%20ACTUATION%20SYSTEM_Final_JCMOONSAMY_1.docx%23_Toc87887470

List of Tables

Table 1: Summary of Adaptive Structure Projects corresponding to Flightworthy UAVs [22]........... 23
Table 2: Overview of MFC Properties [35] .......ccooviiiiiiiiieieeccesesie s 31
Table 3: Validation Test results using MFC on an aluminium plate [39]......cccccvvviieviiiicieneceee, 32
Table 4: Flexinol® CharacteristiCs [43]......couuiiiriiiririe e 33
Table 5: Actuator COMPAriSON [42] ......ooiiieiiiiie et sre e re e b e e neesre e 35
Table 6: Smart Material Actuator COMPAIISON .........cciitiriirieieeeee s 35
Table 7: Flow control actuator eXamples [91] ..o 50
Table 8: Missile Performance REQUITEMENTS ........c.couiiieiieieiieie ettt 63
Table 9: MiSSile CharaCleriStiCS.......ccveiiieiierereee sttt sttt e sae s e neesneeneenee e 64
Table 10: Missile Performance Requirements related to the FGM.........c.cccoveieiiiieic e, 67
Table 11: Conditions fOr the REQUITEA CN ...vevveviiiiiiiiieiie e 70
Table 12: Variables to determine the missile time CONSLANt ...........ccooviiriieneieiee e 74
Table 13: The Missile performance inputs related t0 the FGM ... 79
Table 14: Functional and Performance Requirements for the Actuator System............cccccevvvvevnennnn, 81
Table 15: Actuator Life Profile and Actuator Functional Requirements............cccceovvvvnineneneniennen. 85
Table 16: Modes and associated Functional REQUIFEMENES .........ccccvviiiiiicveiecie e 88
Table 17: States and aSSOCIAtE MOUES...........cviiiiiiiiie e 90
Table 18: Actuator Physical CharaCteriStiCS .........ccoviiiiiiiiiiieie s 90
Table 19: Actuator Human Factor REQUITEMENTS ........c.cooiieiiiiieisesesie e 90
Table 20: Downward and Upward traceability of Actuator System Requirements..........ccceevvvevennenn, 93
Table 21: Relationship between the system architecture and the central system functions.................. 97
Table 22: Stakeholder Needs, Expectations and CONStraints............ccoceevveveeeeiesecveese e 100
Table 23: FGM EXternal CONSIIAINTS ........cccveiiiieieieeiee et se et sie e e e sre e sre e e saessesseeseennes 102
Table 24: FGM Life Profile and FGM Functional RequUIirements...........cccccvcvveveiecviein e 108
Table 25: Modes and associated functions of the FGM...........ccooiiiiiiiiinec e 111
Table 26: States and associated Modes fOr the FGM..........ccooeiiiiiiiiine e 112
Table 27: Summary of Requirements for the FGM ..........cccooiiiiiieie i 113
Table 28: Summary of validation of requirements for the FGM ...........ccooiiiiiiie i 114
Table 29: Downward and Upward traceability of System Requirements...........ccccceovvvvvninenenennenn. 117
Table 30: Functional Allocation for the System ArchiteCture ..........cccceeeveciie v 120
Table 31: FGM Concept Combination Table .........cccoveiiiiiii e 124
Table 32: Variables and constants for the NitinoI® WIre..........ccocovoviiiiiiiiieie e 132
Table 33: T300/976 material Properties [138] ........ccoviiririreiiiinisi et 143
Table 34: Failure Criterion EVAIUALION ..o e 147
Table 35: Summary of Concepts and REQUITEMENTS..........covviiiiririri e s 164
Table 36: DESIGN ODJECLIVES .......coiiieie ettt ettt st et re e e e saeeeeseeenes 168
Table 37: Evaluation of Design Objectives against 0ne another ..o 171
Table 38: Evaluation of Final Filter Criteria against one another............cocooeiiieeen e 174
Table 39: Decision Criteria SCOring DeSCIIPLION .........oiiiiiiiiiieiri e 175
Table 40: Scoring for the FGM Requirement Performance Scoring Results...........cccccvvevevviviierinnne. 177



Table 41.:
Table 42:
Table 43:
Table 44:
Table 45:
Table 46:
Table 47:
Table 48:
Table 49:
Table 50:
Table 51:
Table 52:
Table 53:
Table 54:
Table 55:
Table 56:
Table 57:
Table 58:
Table 59:
Table 60:
Table 61:
Table 62:
Table 63:
Table 64:
Table 65:
Table 66:
Table 67:
Table 68:
Table 69:
Table 70:
Table 71:
Table 72:
Table 73:
Table 74:
Table 75:
Table 76:
Table 77:
Table 78:
Table 79:

Project Implementation SCOrng RESUIES...........ccooeieiiiiiiiii e 178
Summary of FGM Requirement Performance SCoring Stage ........cccccevvvevvevieiieevenieeveesienn 185
Missile Performance REQUITEIMENTS ..........ociiiiierieieieieeses e 202
Missile Aerodynamics CharaCteriStiCS........cuuvuiiiiiieiiiiiie e 204
Conditions fOr the REQUITEA C ...vovvrvviiirierieiieieieeeee sttt 207
PropulSion CharaCteriStiCS ........ccuiveiiiiieieii ettt re et re e sresreeaenre s 211
AIM-120 LaYOUL SUMMAIY .....oiveiieeiierieeeesre e sne e sresre e sresre e sneeneenne e 213
AIM-120 SIrUCTUIE SUMMIAIY ....eiveiivieiieeieesieesieesteesiresiesteesbeesteesteesseessaeesaeesreesreesneesneesnes 214

Normal Force and Pitching Moment Results for a Constant 0 Degree Fin deflection ....... 232
Normal Force and Pitching Moment Results for a Constant 5 Degree Fin deflection ....... 233
Normal Force and Pitching Moment Results for a Constant 10 Degree Fin deflection ..... 233
Normal Force and Pitching Moment Results for a Constant 15 Degree Fin deflection ..... 233
Normal Force and Pitching Moment Results for a Constant 20 Degree Fin deflection ..... 234
Normal Force and Pitching Moment Results for a Constant 25 Degree Fin deflection ..... 234
Normal Force and Pitching Moment Results for a Constant 30 Degree Fin deflection ..... 234
Normal Force and Pitching Moment Results for a Constant -5 Degree Fin deflection...... 235
Normal Force and Pitching Moment Results for a Constant -10 Degree Fin deflection .... 235
Normal Force and Pitching Moment Results for a Constant -12.70 Degree Fin deflection235
Normal Force and Pitching Moment Results for a Constant -15 Degree Fin deflection .... 236
Normal Force and Pitching Moment Results for a Constant -20 Degree Fin deflection .... 236
Normal Force and Pitching Moment Results for a Constant -25 Degree Fin deflection .... 236
Normal Force and Pitching Moment Results for a Constant -30 Degree Fin deflection .... 237

Stakeholder Needs, Expectations and COoNnStraints............ccocveveieeeereseeiese e 239
Consolidated Actuator System Stakeholder iNPUL ............cooiiiieieiiiec e 239
Actuator EXternal CONSIIAINTS. .......cveviiiiiiie et eens 241
Actuator Life Profile and Actuator Functional Requirements............ccccceovviiiineneniennenn 248
Modes and associated Functional REQUIFEMENTS .........cccvveieiieie it 253
States and aSSOCIAtEA MOUES..........ccueviiiiriiiite e 257
Downward and Upward traceability of System ReqUIrements..........ccccoeveveveevieiesieniennnns 266
Relationship between the system architecture and the central system functions................ 273
S TC] (=10t o] O (=T £ - SO PSR 274
Selection Criteria RANKING IMAEIIX .........coviiiiiiiiiecees s 275
Weightings of Ranked Design ODBJECLIVES ........cccciveiiiiiie et 275
Scoring Scale and DefiNItiON ...........ooiiiiiiii e 275
Architecture Evaluation using the Weighted Objective Method ... 276
Variable and constants for the Generic ACTUALON ...........covvvvevieriiie e 289
Results of deflection of the aluminium plate from [39].........ccooiiiieiiiiii s 301
Beam Deflection EValUALION...........cccoiviiiie e 302
List of variables and quantities for the required force calculation................ccoceoviiernnnn. 303

Xiii



List of Acronyms and Symbols

Abbreviation/Acronyms

AAM
ABS
AMRAAM
ARCH1
ARCH?2
AS

ASYS
ASARCH
ASM
BLAM
BVR
cC
CONUSE
DAP
DARPA
DC

FAA
FFBD
FGM
FR

H(s)
IEEE
IMU
INCOSE
LOS

LP
MCP
MFC
MOE
MOE
MORPHLet
MSMA
NASA
Ni-Ti
OEM
PBP

P

PZT
REAM
SAM
SCREAM
SE

SEP

Meaning

Air to Air Missile

Acrylonitrile Butadiene Styrene

Advanced Medium-Range Air-to-Air Missile
First architecture

Second architecture

Adaptive Structure

Actuator System

Actuator System Architecture

Air to Surface Missile

Barrel-Launched Adaptive Munition

Beyond Visual Range

circulation control

Concept of Use

Directionally Attached Piezoelectric

Defence Advanced Research Projects Agency
Direct Current

Federal Aviation Authority

Functional Flow Block Diagram

Force Generation Mechanism

Functional Requirements

Feedback Function

Institute of Electrical and Electronics Engineers
Inertial Measurement Unit

International Council on Systems Engineering
Line-of-Sight

Life profile

Missile central processor

Macro Fibre Composite
Measures of Effectiveness

Measures of Effectiveness

Morphing Winglet

Magnetic Shape Memory Alloys

National Aeronautics and Space Administration
Nickel Titanium

Original Equipment Manufacturer
Post-Buckled Precompressed Structures
Physik Instrumente

Lead Zirconate Titanate

Range-Extended Adaptive Munition

Surface to Air Missile

Shipborne Countermeasure Range-Extended Adaptive Munition

Systems Engineering
System Engineering Process



SMA
SOl

SSM
TVC
UAV

Symbols

O T T 99

Ci
Co
Cwmac
Cn

CN Total

D
D

D:
De
Dy,
Dp
ds
Dy

Shape Memory Alloy
System of Interest
Surface to Surface Missile
Thrust Vector Control
Unmanned Aerial Vehicle

Meaning

Angle of Attack

Major dimensions of an elliptical cross-section
Minor dimensions of an elliptical cross-section
Body

Chord

Coefficient of induced drag

Lift coefficient

Aerodynamic chord

Normal force coefficient

Total Coefficient of Normal Force

Drag

Displacement of Wire Bundle

Displacement input signal

Difference between the displacement input signal and measured output
Friction drag

Pressure drag

Surface element

Rotational displacement

Young's Modulus

Strain (Subscript indicates principle axes)
Force required to move the structure and overcome external load
Shear strain (Subscript indicates principle axes)
Transfer function

Acceleration due to gravity

feedback function

Moment of Inertia

Proportional Controller Constant

Lift

Length

Moment

Mach

Normal Force

g manoeuvre

target manoeuvrability

Applied load to the beam structure

Pressure

Lower pressure

Upper pressure

XV



o O

Heat Energy

Dynamic pressure

Resultant force

Moment arm for MFC patch force
Reynolds number

Missile reference area

Upper surface

Wing surface are

temperature

The temperature at the edge of the thermal boundary layer
Internal temperature

Time to go

The temperature at the surface
Boundary-layer edge velocity
Poisson’s Ratio (Subscript indicates principle axes)
Velocity

Volume

Freestream velocity

Mass of missile

Total work done by MFC actuator
Work required to move the structure
Aerodynamic Work on System

Displacement of structure using the actuator without an external load
Combined displacement due to aerodynamic loads and actuator
moving the structure

Displacement due to the normal force

Fin Deflection angle

Density of air

Missile time constant

Shear stress

Upper shear stress

Lower sheer stress

Rotation of the elliptical cross-section about its axis

XVi



1. Introduction

Adaptive Structures, using Smart Materials, can change their shape, and in some cases, their properties
in response to external stimuli. This stimulus can be in the form of a temperature, pressure, magnetic
field, or electrical current change [1]. The design and development of such structures require a
multidisciplinary approach which includes the understanding of the structural properties of materials,
dynamics, control, the environment, and the system requirements. This approach presents innovative

ways to improve existing structures and mechanisms.

The design and development of Adaptive Structure (AS) technology is rapidly advancing despite the
perceived reluctance to adopt the technology in the aeronautical industry. It is understandable why Civil
Aviation Authorities, like the Federal Aviation Authority (FAA), do not recognise some of the Smart
Materials used to create Adaptive Structures when it comes to reliability and safety [2]. Thus, various
other studies have been undertaken where the evaluation of recognised materials was done to advance
adaptive technology [2]. The various studies form part of the effort in identifying Smart Material
technology that can be considered to be reliable and safe. Reliability and safety are significant factors

that form part of the decision making across the aerospace industry.

Within the Unmanned Aerial Vehicle (UAV) and missile industry, there have already been projects
corresponding to the use of Adaptive Structures to replace the mechanisms that actuate ailerons,
elevators and control fins. Their effectiveness has been demonstrated in small/micro UAVs but is yet

to become an alternative to the generic systems [3][4].

Considering that missile systems have space and mass constraints, as highlighted by Goldshine et al.
[5], it can be argued that there is a benefit with regard to the use of actuator systems that can meet such
requirements and still produce or aid in producing, the necessary forces to manoeuvre the missile during
flight. Adaptive aerostructures are currently not established replacements for generic actuation systems
on missiles. A knowledge gap is apparent in the area relating to the suitable application of Adaptive

Structures and the method of use of such structures/systems for supersonic missile applications.



As mentioned in Section 1.1, the use of Smart Materials/Adaptive Structure technology for aerospace
applications should allow them to be used on missiles. These materials/structures would provide the
means to alter the flight path of the weapon. However, these materials or structures are not acceptable

alternatives for missile actuation systems.

This study assessed the viability of existing Smart Materials or Adaptive Structures as replacements for
current missile actuation systems. Beyond Visual Range (BVR) missiles with tail-mounted actuation
system control surfaces were selected as the focus for the evaluation. These missiles were determined
to benefit from the expected lower mass and reduced space occupied by the Adaptive Structures, given
the space limitations in the missile. The resultant increase in the space available would also allow the
increase in the amount of propellant for improved range if required. There is a gap in knowledge
concerning Adaptive Structures used as part of a BVR missile actuation system. As such, an assessment
of relevant existing Smart Materials for use within the missile actuation system would aid the decision
process for the use of this technology in BVR missiles.

BVR missiles usually fly at a velocity faster than that of their intended target and must be able to cover
the distance to the target relatively quickly. These targets tend to be supersonic fighter aircraft capable
of speeds at Mach 1-4. The supersonic regime (Mach 1-4) was therefore selected as the velocity regime

for this study.

The problem statement has led to the creation of a primary research question:

Can existing Smart Materials satisfy all the requirements of a Force Generation Mechanism (FGM)
that alters the flight path of a BVR supersonic missile?

This would require the Smart Material/Adaptive Structure system to satisfy (or exceed) the performance
requirements of the generic FGM system of a supersonic missile. The all-around effectiveness of the
replacement would be evaluated in order to determine the feasibility of using the Adaptive Structure

system.



The objectives of this research will, therefore, be to:

Develop the requirements baseline for an FGM for a BVR supersonic missile control system.
Generate the Functional and Physical Architecture for the System of Interest.
Generate FGM concepts using Smart Materials.

Develop a design decision tool or framework to evaluate the concepts’ performance.

o~ w DN e

Evaluate potential candidates using the tool or framework developed.

This dissertation is structured as follows:

e Chapter 1 includes the background and motivation for this study. The problem statement,

research question, and objectives are defined in the subsequent sections of the chapter.

e Chapter 2 describes the literature review carried out for this study. Areas of interest related to

the study include:

o Systems Engineering

o Adaptive Structures and Smart Materials
o Missiles

o BVR Missiles

o Aerodynamic Loads

o Missile Actuation Systems

o Missile Flight Control

o Actuator Control Methods

o Flow Effector Methods

o Chapter 3 details the description of the method used to carry out this study. The chapter
describes the process to elicit inputs for the FGM system design, and it describes the

development of the evaluation tool or framework.

e Chapter 4 includes the selection of the System of Interest and the Enabling System

Development.



Chapter 5 defines the FGM Physical Architecture system design.

Chapter 6 defines the concepts developed by employing Adaptive Structures. This study used
currently available Smart Materials to generate the concepts for the FGM, and these were

evaluated along with the defined generic FGM.

Chapter 7 focuses on the development of the decision tool or framework to aid in the

performance evaluation and selection of missile actuation concepts.

Chapter 8 describes the application of the decision tool or framework and the results of the

concept performance evaluation.

Chapter 9 contains a detailed discussion of the study.

Chapters 10 draws the conclusion of this study and outlines recommendations for future work
in this field of study.



2. Literature Review

The literature review covers topics related to the approach to answer the research question and the

aspects that required investigation to answer said question. These topics are:

e Systems Engineering

e Adaptive Structures and Smart Materials
e Missiles

e BVR Missiles

e Aerodynamic Loads

e Missile Actuation Systems

e Missile Flight Control

e Actuator Control Methods

e Flow Effector Methods

These topics were all key to understanding their respective contribution to the scope of this study.

Based on the multidisciplinary nature of aerospace systems, specifically missiles and missile
subsystems, the design and development of such systems require a multidisciplinary approach. As
described in NASA’s Systems Engineering Handbook [6], Systems Engineering is a multidisciplinary
approach and has been described by Ryschkewitsch et al. [7] as “a critical core competency for
successful NASA missions”. The Systems Engineering approach was thus investigated as an approach

to use for this study.

Systems Engineering (SE) is described as a viewpoint, a method, and a discipline in the INCOSE
Systems Engineering Handbook [8]. It is a multi-disciplinary approach to enable the conceptualisation
of successful systems. The focus of SE is directed at defining the customers’ desires for a system early
in the development process, documenting the requirements, carrying out the design of the system, and
validating the system thereafter, all while considering the problem in its entirety. SE often requires the
integration of diverse disciplines and the interfacing of different stakeholders. SE as a method is a top-

down and iterative approach, and as a discipline, it focuses on the problem as a whole [8].

The SE approach involves the application of Systems Thinking. Systems Thinking is a shift in

perspective that allows one to focus on the whole and how its inner components interact with one
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another [8]. This approach has been successfully used in various areas of industry. The areas to which
such an approach has been applied to include:

e Technology product development

¢ Information-rich systems

¢ Vehicle Platforms

¢ Organisational and enterprise systems for service delivery

¢ Infrastructure system development

In Technology Product development, the VV-model (or Vee model) depicts a typical life cycle [8].
According to the INCOSE handbook [8], “The Vee model is used to visualize the System Engineering
focus, particularly during the Concept and Development Stages. The Vee highlights the need to define
verification plans during requirements development, the need for continuous validation with the
stakeholders, and the importance of continuous risk and opportunity assessment”. This model is
illustrated in Figure 1.

Organisational Drivers Strategic Objectives

Stakeholder Regs Dperation, Maintenance
Definition

Validation

Transition

Requirements Analysis

Architecture Design Verification

Integration

Implementation

Figure 1: V-Model [9]

Figure 1 illustrates the major components of the SE approach. This includes the following [10]:



o Solicitation of user requirements

e The understanding of the operational context (required for the concept of use generation)

e The development of the system requirements during the Requirements Analysis (which
includes a Function Analysis process)

o Architecture design where the system elements are conceptualised.

e System integration, and

o System verification and validation.

A SE approach emphasises the importance of the development of system requirements in the design of
system products [8]. This approach was necessary due to the nature of this study and formed part of the
methodology.

The requirements of the FGM needed to be determined to answer the research question. A SE approach
gives a bird’s eye view of the entire system’s lifecycle. This ensures that the proper requirements and
verifiable functions are elicited. The FGM is a subsystem within a missile’s Actuation System (ASYS).
The missile forms part of a larger weapon system which again sits within a larger system. There are
relationships between these systems across various system boundaries. Applying the SE approach
assisted in identifying the relationships that had an influence on the FGM. Hence this approach formed

a central part of the method developed for this study.

For a structured approach, a suitable SE Process standard was investigated. The IEEE 1220- 2005
standard [11] describes a structured approach for product system development. It is known as the IEEE
Standard for Application and Management of the Systems Engineering Process, and it describes the
conversion of stakeholder needs, requirements, and system constraints through interdisciplinary
processes over the system’s life cycle in order to achieve the required solution [12]. It largely focuses
on product-related systems such as aircraft and information systems. Figure 2 illustrates the IEEE 1220-

2005 process.
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The main stages of the IEEE 1220-2005 [11] [12] [13] process are:

Requirements Analysis
Requirements Validation
Functional Analysis
Functional Verification
Synthesis

Design Verification

System Analysis

O N o g M w DdPF

Control

This process can be applied to the System of Interest (SOI), whether it be a single system consisting of

basic system elements or a system of systems.



According to the INCOSE handbook [8], the SOI refers to the system whose lifecycle is being
considered. The SOI interacts with enabling systems and various other systems within its operational
context. This is illustrated in Figure 3.

__________________________________________________________________________________

Enabling
System

Interaction

'Interaction

Enabling Interaction System of Interest +~—= Operating Environment
System (sol)

i Interaction

Interaction

Enabling
System

Figure 3: System of Interest within its operational context [8]

The SOl in this study was identified as the FGM based on the research question. As mentioned earlier
in this chapter, the FGM is a subsystem within a missile’s ASYS. According to the INCOSE handbook
[8], it will interact with enabling systems such that both systems benefit from one another or receive
inputs when required. Using the SE approach aided in understanding the relevant influences on the SOI
and assisted in the Requirements Analysis.

As described by Doran [12], a Requirements Analysis defines the system’s abilities and performance.
The process outlines the operational context that includes the environment it will operate in, the
interfaces involved (human and other system interfaces), the physical characteristics of the system, and
other constraints that affect design solutions. The evaluation of stakeholder needs, requirements, and
system constraints results in the identification of the requirements baseline for the system. The
requirements should give a balanced view between the design, operation and function of the system. It
was necessary to carry out a Requirements Analysis to gather the correct inputs and establish a more
defined baseline of design inputs. During this process, the system requirements were specified as
described in the IEEE 1220- 2005 [10]. The structure of this process is illustrated in Figure 4. To elicit
a comprehensive list of requirements for the FGM, it was necessary to address all the aspects defined

in the process in Figure 4. This assisted in understanding the interaction between the systems



surrounding the FGM and its constraints. This process was helpful due to the complex nature of missile

systems.
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Figure 4: Requirements Analysis[11]
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Following the establishment of the requirements baseline, they can be validated through the
Requirements Validation stage. The Requirements Validation involves the requirements baseline being
assessed to determine if the stakeholder needs, requirements, and system constraints have been
accounted for. The Requirements Analysis stage is repeated if it is found that not all the needs have

been satisfied. [12]. The validation process, according to Sparrius [13], involves:

e Examination of all requirements individually and as groups to see if they have been formulated
correctly.

e Comparison with the stakeholder requirements and possibly reviewed by the stakeholders.

e Comparison with the constraints of the project

e Comparison with the external constraints, and

e Determining and fixing any requirement issues

This process was based on the Requirements Validation process illustrated in Figure 5. All the
validation of requirements steps indicated in Figure 5 were relevant to this study as it is a check for the
elicited requirements to ensure that the requirements addressed the needs of the FGM and to ensure

robust requirements were used during the Functional Analysis phase.

11
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As described in IEEE 1220- 2005 [11], during the Functional Analysis stage, the problem statement is
moulded towards a system solution using the validated requirements baseline. The system functions are
broken down into lower levels to fulfil system design components. The outcome of this stage is the
system’s Functional Architecture. The Functional Analysis process, from IEEE 1220- 2005 [11], is
illustrated in Figure 6. This phase was needed in this study to assist in breaking down the functions for
the FGM and to develop its Functional Architecture.
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According to IEEE 1220- 2005 [11], the Functional Architecture is evaluated, during the functional
verification stage, for completeness by checking if it addresses the requirements defined. The functional
verification process is highlighted in Figure 7. For a detailed functional verification, all the steps in the
process should be followed. For this study, it was relevant to check the downwards and upwards
traceability of the requirements and derived functions. This allowed for the establishment of a verified

Functional Architecture that could be used during the Physical Architecture development.
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The design architecture is developed in the Synthesis stage according to IEEE 1220- 2005 [11]. As
mentioned by Doran [12], the preferred solution is derived from a generated group of solutions, which

are based on factors that include cost, project schedule, system performance, and other risks.

During the Physical Architecture design or the process of Synthesis, the Systems Engineering Body of
Knowledge [10] mentions that the functional building blocks are transformed into physical blocks that
details the organisation layout of crucial components, internal and external interfaces and relevant

design constraints. A preferred solution is selected from a set of concepts.
The process is relevant to developing the Physical Architecture, which is the representation of the
physical elements that make up the structure of the system. The physical elements are derived from the

functions the systems are required to perform. Through this process, the components that could be
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replaced with Smart Materials can be identified. For this study, all the steps in the process were relevant
to establish the concepts that would utilise Smart Material technology. This process is illustrated in
Figure 8.
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Figure 8: Synthesis Process [11]

Traceability between the lower-level components of the design and the Functional Architecture were
confirmed through the Design Verification stage. This was applicable to this study so that the design

architecture could be assessed to see if it meets the elicited requirements. The result was considered a
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verified physical system architecture as mentioned in IEEE 1220- 2005 [11]. The Design Verification

process is depicted in Figure 9.
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Figure 9: Design Verification [11]

During Systems analysis, Doran [12] mentions that the system is evaluated to determine and resolve

requirement conflicts, establish the designed system effectiveness, manage risks related to the system,

assist in the breakdown of functions, assess performance, and evaluate design alternatives. The process
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is shown in Figure 10. This process was relevant to this
performed the best and where design could be improve

study as it aided in determining which concepts
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Control tasks are performed to provide a framework for the documentation of the relevant activities in
the SE plan and the related results [12]. The control process detail is depicted in Figure 11. This entire
process was not included as part of this study. Only the outcome of the previous SE processes is
documented in this paper.
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The adaptation of the IEEE 1220- 2005 by Sparrius [13] is utilised in this study’s approach to SE. This
is based on its use within the Aerospace and Defence industry. The multidisciplinary nature of the
aerospace system in this study required the inherent multidisciplinary approach offered by SE to aid in
the establishment of the requirement baseline through the Requirements Analysis and Validation
processes. This baseline was used in the creation of the Functional Architecture through the Functional
Analysis and Functional Verification processes. After this, the synthesis process allowed for the
development of the Physical Architecture. The overview of the entire product lifecycle, using SE
processes, allowed for a comprehensive list of requirements for the conceptual design of the FGM to

be created.

With the SE process described, the topics required to answer the research question were addressed in
the sections to follow.

An Adaptive Structure for an aircraft (or a missile) refers to a structure that can be morphed to influence
the overall aerodynamic performance or characteristics. These elements include, but are not limited to,
nose cone profile, the surface texture of fins, deflection of a fin or deflection of a wing. Adaptive
Structures behave as a system, with the external stimuli (for example, electric current or forces) as the
inputs and a change in structural geometry as the output. There are other types of Adaptive Structures,
which change other structural characteristics. However, for this study, the focus is on structures that
change in geometry. An Adaptive Structure can include specific materials, like Smart Materials that
change their own structure or structures with built-in mechanisms that allow for the modification of the

exterior structure’s geometry.

This section is broken into two main subsections:

1. Adaptive Structure mechanisms used to morph Aircraft Structures, and

2. Smart Materials

In this study, various Adaptive Structures were reviewed to determine their usefulness for aerospace
applications. The first subsection looks at the different ways Adaptive Structure mechanisms alter
aircraft structures to affect the air flow over the aerodynamic surfaces. The methods to alter the aircraft
structures focused on existing mechanisms and past studies to evaluate their feasibility for this study.
The Smart Material subsection summarizes some of the Smart Materials used in the aerospace industry

and again addresses the feasibility of such materials for use in this study’s investigation.
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2.2.1 Adaptive Structure mechanisms used to morph Aircraft Structures

Adaptive Structure technology has been extensively used in the aerospace industry. Wing Morphing
has been used in Unmanned Aerial Vehicles (UAVS), created by companies like NextGen Aeronautics
and Lockheed [4]. The NextGen Aeronautics UAV, the MFX-1, uses an adjusting internal scissor
structure that aids in transforming the wing area by 40%, the sweep between 15°-35° and the span by
40% according to FlightGlobal [14]. This is a typical example of an Adaptive Structure. The MFX-1
can be seen in Figure 12.

MFX-1unswept (left) and swept ©NextGen Aeronautics

Figure 12: NextGen MFX-1 (a) Extended Wings and (b) Swept Wings [14]

Changing the wings’ shape had benefits for a different type of missions. Tests for this system were
carried out at subsonic velocities [14].

An investigation into morphing winglets was carried out by Ursache et al. [15] to understand how they
would improve a narrow body’s flight performance. The morphing winglet or MORPHLet system was
made up of four sections beginning at the outboard section of the wing. This can be seen in Figure 13.
The structure was manipulated at each section to maximize the aircraft’s performance during varying
stages of the aircraft’s mission profile through a multidisciplinary design optimisation study as
described in Smith et al. [16]. A prototype of this winglet concept was created and tested for bending
and torsion. The prototype can be seen in Figure 14. It was constructed using a corrugated skin to allow

for the required deflections of the winglet.

20



T /
T
r,,‘z
1 |~
i : /’.—"ﬁ/ if S |
morphlet partitions fixed wing / il B ™
’ 4 [ s
varying: 3ot b
Dihedral ¢ el e i ioli |
Twist £ Pt i a A [if iR
Taper 4 p ey e -
Span b P 3 i ; ; }
7 | P e
L I
{47

Figure 13: Baseline wing with MORPHLet Section [16]

Figure 14: MORPHLet Demonstrator [17]

According to the optimization study by Smith [16], the morphing winglet showed improvement in the

specific air range over the aircraft of 6%. The winglet was also able to sustain a specific ai

r range

improvement of 4.5% to 5.5% for the studies’ defined flight stages. The generic winglet’s specific air
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range was shown to drop to 3.5%. The results of the investigation indicated significant enhancements

to:

o [ift-to-drag ratios during the climb,
o take-off

¢ landing stages of the aircraft.

The previously mentioned mechanisms require a constant force to maintain the new morphed shape.
This means an actuator would need to be constantly applying a load. With Bistable (or Multi-stable)
structures, the structures are able to transition between two or more stable positions, as mentioned in
Bilgen et al. [18] and Mattioni et al. [19].

(a)

Figure 15: Bistable Winglet [20]

Bistable structure use in winglets (as seen in Figure 15 from a study by Kim et al. [20]) to alter the lift
generation capabilities of a wing was investigated by Gatto et al. [21]. The bistable structure is made
from an unsymmetric composite layup. It can shift to two static states depending on the load applied.
For a range of subsonic flow speeds, the structure improved the lift characteristics of the wing. The
study indicated some drawbacks related to the creation and transmission of dynamic loads. Therefore,

the system would require a damper system to manage these loads.

These Adaptive Structure mechanisms showcased that their morphing ability improved the
aerodynamics of the system. These mechanisms were only evaluated at subsonic speeds; therefore, for
this study, their use in the supersonic regime may be limited. There were, however, lessons learned
from these mechanisms, such as structural flexibility of some structures, support structures that can
withstand the applied loads and actuators that can apply sufficient load to alter the structure and

resistance to aerodynamic loads.
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Table 1 and Figure 16 indicates some of the adaptive aerostructure developments between the late 1980s

and the early 2000s. These include developments in Adaptive Structures for missile technology and

where some were within the supersonic regime.

Table 1: Summary of Adaptive Structure Projects corresponding to Flightworthy UAVSs [22]

Project p=piczoelectric, s=shape memory alloy Modeling TestTechnigues Agency/!
c=componeni testing only  [=flight tested Techniques |Bench Stand/ Flight Sponsor
v = enfire vehicle configuration tested with adaptive device closed FEM Tunnel

I Bending-Twist Coupled Aeroelastic PZT Plate (1985-87) cp | * * * MIT
2 Adaptive Flap { 1987-89) cp | * " * MIT
3 Twist-Active Subsonic DAP Missile Wing (1989-90) cp * ARQ
4 Twist-Active DAP Rotor (1990-91) cp | * * ARO
5 Aeroservoelastic Twist-Active Wing (1990-92) cp * Prrdue
G Twist-Active Supersonic AP Wing (1991-92) C * KU
7 Constrained Spar Torque-Plate Missile Fin (1991-92) op * " & KU
& Free-Spar DAP Torque-Plate Fin (1992-93) cp * * KU
2 Pitch-Active DAP Torque-Plate Rotor ( 1992-03) cp | * * KU
10 Subsonic Twist-Active DAP Wing (1993-04) cp * * WLMNAV
11 Subsonic Twist-Active SMA Wing (1993-04) L o WLMNAV
12 Subsonic Camber-Active DAP Wing (1993-94) op * WLMNAV
13 Subsonic Camber-Active SMA Wing (1993-94) C,5 * WLMNAV
14 Supersonic Twist-Active DAP Wing (1993-94) op . " WLMNAYV
15 Supersonic Twist-Active SMA Wing (1993-94) C.5 » WLMNAV
16 Supersonic Camber-Active DAP Wing (1993-94) cp * WLMNAV
17 Supersonic Camber-Active SMA Wing (1993-94) C5 . WLMNAV
I8 UAV with Flexspar Stabilator (Methra 1993-94) whel * < . . AAL
19 Flexspar TOW-2B Wing (1993-04) wel * " * NSF
20 Solid State Adaptive Rotor (SSAR) (1994-95) cp| * * * NSF
21 Aeroservoelastic Flexspar Fin (1994-95) cp | * * * AAL
22 UAYV with Solid State Adaptive Servopaddle Rotor (95-96) wfp| * * * * NSF
23 MAV with Flexspar Stabilator (1994-97) whel * . 5 * | DeDCDTO
24 Barrel-Launched Adaptive Munition (1995-97) vp * " & AFOSR
25 Smart Compressed Reversed Adaptive Munition (1995-97) VD * * * WLMNAV
26 Monolithic Rotationally Active Linear Actuator (RALALIMSOT) o p * - * WLANAV/ Bosing
27 Pitch-Active Torque-Plate Wing (1997-98) cp * " * AAL
28 Range-Extended Adaptive Munition (1998-99) v * * * DARPA
20 Hypersonic Interceptor Test Technology (1998-2000) e * * * SMDC/Schafer
30 Coleopter MAY with Flexspar Stabilators (1998-2001) wfp| * < & & DARPA
31 UAVs with Pitch-Active SMA Wings (2000-01) whis| * L . AAL
32 Light Fighter Lethality MicroFlex Actuator (2000-01) we | * * * TACOM/ARDEC
33 Pitch-Active Curvilinear Fin Actuator {2001-02) C,8 * * * AMCOM
34 SC Range-Ex Adaptive Munition (SCREAM) (2000-03)  wp | * " " TACOM ARDEC
35 Thunder Multilaminate RALA Fin (2000-03) cp | * * AFRLMNAYV
16 Centerline Precompression RALA Fin (2000-03) op * " AFRLMNAV
37 Center Pivot Flexspar Fin (2002-03) c.p * ARL
35 PRP StAB (2003-) wip| * o " * * | TU Delft/TNO
39 Convertible UAV with PBP Crid Fin (2003-) wip| * o " " * TU Delft
40 Convertible UAY with PBP Turning Yane Flaps(2003-) v»fp| * . < & & TU Delft
41 Extended-Range Gravity Weapons w/Active Wings (2003-) v fp * * * * + | AFRLMN/Boeing
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The Adaptive Structures shown in Table 1 make use of Smart Materials to actuate the structures, which
causes the change in geometry. For example, studies by Barrett [23] and Barrett [24] used Directionally
Attached Piezoelectric (DAP) elements to twist an active structure for a subsonic and a supersonic

missile fin.

As mentioned by Barret [23], a constrained Spar Torque-Plate Missile Fin was able to achieve +4.5°
static deflections. This was done without aeroelastic divergence issues and without the need for
aeroelastic amplification. Figure 17 shows this fin during its operation. The fin performed well at low
Mach numbers (M < 1), and as the Mach number increased, there was an improvement in the main
spar’s strength and torsional stiffness. There was a decrease in the deflection of the fin as the Mach
number increased due to the mechanical joint between the plate and the spar. Decoupling the two
resulted in higher static deflections in pitch of about 7 degrees at Mach 0.7, as mentioned in Barrett [25]

originally from Barrett [26].

Figure 17: DAP fin

These studies indicated that suitable fin deflections for flight control could not be achieved. However,
large rotational control surface deflections were shown to be necessary to generate the force and
moments for subsonic and supersonic missiles. In Figure 18, the supersonic missile fin is experiencing

deformation in its camber next to a subsonic missile fin being actively twisted.

Figure 18: Finite Element models of the supersonic (left) and subsonic (right) fin
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Flexspar technology, as mentioned by Barrett [22] (originally from Lee [27] and Lee [28]), was used
for a Mach 3 projectile in 1998. Empirical studies such as bench tests and wind tunnel tests showed
positive results for the mid-supersonic flow regime. Other investigative studies for BLAM and REAM
programs described by Barrett [22] (originally from Lee [27] and Lee [28]) included flow speeds up to
Mach 4.5. The Hypersonic Interceptor Technology Testbed program, described by Barrett [22]
(originally from Lee [27] and Lee [28]), was designed for flight at Mach 8 and 9. In this program,
carbon-carbon fins with piezoelectric devices were able to deflect in a Mach 9 flow within 4.5 ms. This
meant that these actuators were able to overcome the high loads experienced at high Mach numbers and
were able to perform comparably fast as an actuator for a missile fin. The hypersonic inceptor used for

this test can be seen in Figure 19. This was taken from Barrett [22].

Figure 19: Hypersonic Interceptor [22]

The Flexspar actuators were later used in other projects, including the Light Fighter Lethality and
Shipborne Countermeasure Range-Extended Adaptive Munition (SCREAM) projects as mentioned by
Barrett [22] originally from Lee [29]. The Flexspar actuator was used in the construction of an aero
elastically unbalanced fin configuration. This fin had a centreline spar pivot. Further details regarding
the design and performance of the Adaptive Structures for the Flexspar design were not available as the

source material is proprietary.

In a feasibility study carried out by Giurgiutiu and Pomirleanu [30], the objective was to see if Smart
Materials could actuate a missile control surface from an energy or power requirement perspective.
Smart Material actuators were used as part of the Adaptive Structure design. Two concepts were

evaluated:

e Alinear piezoelectric PZT actuator

e Smart Material motor.

The study highlighted the displacement limitation and introduced the Displacement Amplification
mechanism. In the study, the parameters of such a device were developed. The outcome of the study
indicated that the use of Smart Materials could be possible if an optimal design is achieved that allows
a system, including the Displacement Amplification mechanism, to have a low gain and a high energy

transfer.
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Shape Memory Alloys have also been incorporated in a variety of systems to create Adaptive Structures,
for example, air intake control (SAMPSON smart inlet), noise suppression, and flutter suppression [31].
These materials were used as actuator replacements in the aerospace application and thus advances the

argument for the application of Smart Materials or, Adaptive Structures using Smart Materials to
produce similar outcomes for a missile control system.

Smart Materials Actuated Variable Geometry Inlet Provides:

A
Duct Shaping S I e |
Capture Area Control '
Lip Blunting R\‘,
intorcept Mission  Sepeson e
okt n@ueAet™ Variable Geometry Inlet Provides
+ Best Mach & Alt 2 »
up to 20% Increase in Mission Radius
Supersonic Dash

- Mach 13 \
- Best Aliitude

= st

- (relative to fixed inlet baseline design)

gt Enables Strike Aircraft Optimized for
o o

20 min v\/ " Subsonic Interdiction Mission to Also

T Perform Supersonic Intercept Mission

Figure 20: SAMPSON Smart inlet [32]
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SMA wire bundles

Figure 21: Rigid Lip Extension on the SAMPSON Smart Inlet [32]
For the SAMPSON inlet design, as seen in Figure 20 and Figure 21, a cable made from SMA wires

carried out the cowl rotation as described by Pitt et al. [32]. The shaping of the duct provided an increase
in the mission radius [32].
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Many of the Adaptive Structures, as seen in this subsection, make use of Smart Materials to meet
multidisciplinary Performance Requirements. In the aerospace industry, piezoelectric materials and
Shape Memory Alloys have been firm favourites in past studies and applications.

2.2.2 Smart Materials

In this subsection, the Smart Materials, piezoelectric materials and Shape Memory Alloys (SMAS) used

as actuators for the Adaptive Structures mentioned in Section 2.2.1 are showcased.

According to Pl Ceramic [33], piezoelectric material uses the piezoelectric effect to generate charge
from applied pressure to the material's surface. This effect is used for charge generation and for sensors.
Piezoelectric actuators make use of the inverse of this effect. When an electric voltage is applied to the
material, it changes in length. Piezoelectric materials include monocrystalline materials and polycrystalline

ferroelectric ceramics.

Piezoelectric materials have been used to create a variety of Adaptive Structures, which include,
amongst others, low-net passive stiffness structures [2], Post-Buckled Precompressed structures seen in
Figure 22 [3], and Directionally Attached Piezoelectric (DAP) actuation system in Figure 23 [2].

assembled

PBP stabilator PBP actuator core

Figure 10 Assembled Stabilator and Assembled PBP Actuator Core

Figure 22: Post-Buckled Precompressed Structures [3]
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Figure 23: Directionally Attached Piezoelectric (DAP) [34]

Another piezoelectric actuator is the Macro Fibre Composite (MFC). According to Smart Material [35],
it is a low-profile actuator and sensor invented by NASA in 1999. Smart Material began
commercialising MFC in 2002. The MFC is constructed from rectangular piezo ceramic bars inserted
between layers of adhesive, electrodes, and polyimide film and is sealed. The electrodes and the film
are connected in an interlocked pattern that transfers the voltage to the piezo ceramics. The MFC
construction allows for in-plane poling, actuation, and sensing. The piezoelectric device is usually
bonded as a sheet to a structure or embedded within a composite. When a voltage is applied to the piezo
structure, it will cause it to change shape or produce counter vibrations. The MFC can be used as a
pressure sensor or as an energy harvester when a voltage is not applied. The actuator can be seen in
Figure 24, and its properties can be seen in Table 2.

Figure 24: MFC Actuator [35]

30



Table 2: Overview of MFC properties [35]

Max. blocking force 28N to 1kN depending on width of MFC

P1, S1, F1: -500V o +1500V
Max. operating voltage P2, P3: -60V to 360V
P2 Single Crystal: 0V to 500V

Max. operating Actuator. 10kHz
frequency Sensor, Harvester <1MHz

Actuator: 10E+9 cycles
T}rpical lifetime Sensor: 10E+11 I:}"C|ES|6. 400pom)

Harvester: 10E+10 cycles (= satopm)

Typical thickness 300pm, 12mil
P1, S1, F1: 2nF to 12nF

Tpical capacitance ., oo 50F 1o 200nF

According to the MFC actuator datasheet [36], the MFC patches are environmentally sealed. The limits
of the sealing were not found. The storage of the MFC actuator requirements dictates that the actuator
must be stored within the temperature range of 10-60° C and less than 70% humidity. The actuator can
be stored for 20 years (with maintenance at 6 to 7 years) according to the manufacturer Smart-Material
[37]. In APPENDIX J, the email from Smart-Material affirming this statement can be seen.

The MFC was used as an actuator in the bistable winglets seen in Section 2.2.1. MFC patches can induce

flexure in their supporting structures. This was shown in a study by Bowen et al. [38], where MFC

actuators were used to deflect an aluminium plate. The experimental setup was as shown in Figure 25.
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Figure 25: Experimental Setup of aluminium plate deflection using MFC actuators [38]

In a similar study by Zhang et al. [39], the results from the beam deflection are shown in Table 3. This

was similar to the study in Bowen et al. [38].

Table 3: Validation Test results using MFC on an aluminium plate [39]

O! (mm) Deflection (mm)

0 0
15 6.1445 x 1071
55 0.0372
100 0.1593
150 0.3453
200 0.5344
250 0.7242
300 0.9141

Based on the force from the extension of the MFC d33 P1 patches [36] and the placement of the actuator
on the aluminium plate, a load would be induced on the plate, causing it to deflect. In the study by
Zhang et al. [39], the MFC actuators were also used to deflect composite plates with various types of

layer orientation.

Another type of piezoelectric actuator that could be utilised are Linear Actuators similar to the ones
produced by Pl [40]. These actuators use piezoelectric ceramic materials based on modified lead zirconate
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titanate (PZT) and barium titanate. The P-845.06 variant of this actuator (from P1) is able to push with a force
of 3 kN and pull with a force of 700 N. The limitation of this actuator is the extremely small travel range of
90 pum. [41]

Shape Memory Alloys (SMAS), the other popular Smart Material, are described by Mohd Jani et al.
[42] as metallic alloys that transform their shape due to a shift between the material’s phases when
subjected to temperature or magnetic field changes, called the Shape Memory Effect (SME). The
material can be deformed by an applied force and through external heating or internal heating (like

Joule heating) or subjected to a magnetic field (specific to MSMAS) [42].

Flexinol® wire is an SMA wire that is available in various diameters. The characteristics of the different

diameters of the Flexinol® wire, including its pull force ability, can be seen in Table 4.

Diameter Size Resistance Pull Force® Cooling Approximate™®* Cooling Time | Cooling Time
inches (mmj) ohms/inch pounds Deformation Current for 1 15K°F, 70°C 194°F, 90°C
{ohms/meter) (grams) Force® pounds Second YLT™ Wire #** “HT” Wire
(grams) Contraction {mA) {seconds) *EF (seconds)
0L001 {0.025) 36.2(1425) 0.02(8.9) 0.00% (3.6) 45 0.18 0.15
00015 ((LO38) 22 6 (R90) 0.0 {200 0.016 (8) 55 0.24 0.20
0.002 (0.050) 12.7 (300} .08 (36) 0.032(14) b 0.4 0.3
0,003 (0.076) 3.9(232) 0L 18 (50) 0.07 (32) 150 0.8 0.7
0.004 (0.10) 3.2(126) 031 (143) (0L12 (57) 200 1.1 0.9
0,005, (0.13) 1.9(75) 0,49 (223) 0.20 (89) 320 1.6 1.4
0.006 {0.15) 1.4 (55) 0.71(321) 0.28 (128) 410 2.0 1.7
0008 (0.20) 0.74 (29 1.26 (570) (.50 (228) 66l 32 2.7
0.010{0.25) 0.47(18.5) 1.96 (891) (.78 (356) 1050 54 4.5
0.012{0.31) 0.31(12.2) 2.83 (1280) 1.13 (512) 1500 B.1 6.8
0.015{0.38) 0.21 (8.3} 4,47 (2004) 1.77 (B02) 2250 10.5 B.E
0.020{0.51) 0.11{4.3) 7.85 (3560) 314(1424) 4000 16.8 14.0

Based on a discussion with Dynalloy (See APPENDIX H), the recommended work for the Flexinol®
is 0.0981 Nm per strand of wire. The contraction distance of the wire is a percentage of the wire length
according to Dynalloy [43], and as mentioned in APPENDIX H, one should consider the percentage of
wire contraction to be approximately 4% of the original wire length. A contraction of 3.5 % of the wire
length is considered to be more conservative. Table 4 highlights the current required for a 1-second

contraction for the wire strands of various diameters.
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According to Duerig [44], Ni-Ti alloys have been used as permanent Class Il medical devices
implanted inside a patient’s vena cava as a filter to prevent possible embolisms. Therefore, it can be
assumed that such material has a near-infinite shelf life. According to Dynalloy Inc. [43], Flexinol®
wire is impacted by high stress and high temperatures, and it is possible for the wire to be permanently
deformed when exposed to such conditions. The transformation temperatures for Flexinol® is between

60° and 110 °C and for other Ni-Ti alloys can be adjusted from above 100 °C to cryogenic values. [43]

The response rate of Flexinol® wires is determined by the heating of the wire, which is proportional to
the rate and intensity of the current applied, as mentioned by Dynalloy [43]. The limiting factor on the
rate of response of the wire is the inertia of the load the wire must pull, as damage in the wire can be
introduced during rapid operation. For fast contractions, the inertia should be kept low, and the current
should be applied in short high magnitude surges. Heating the wire using current, starting from room
temperature, will cause the wire to reach 100 °C in 1 millisecond [43]. For the wire to return to its initial
position, it is required to be cooled for relaxation to occur. These are some factors that limit the
bandwidth of the actuator.

The bandwidth of a system, as described by Motion Control tips online [45], refers to the rate of the
response to an input. The Smart Materials described previously perform the role of an actuator in the
systems they are utilised in. The rate of response to a system input is an important attribute of an actuator
as it links to its performance, with higher bandwidth being linked to better performance [45]. Within a

system, the components connected to the actuator will tend to reduce the system’s bandwidth [45].

The bandwidth for shape memory alloys from a survey of the literature, Lan and Fan [46], Grant [47],
Moallem and Tabrizi [48], Moallem [49], Sunjai Nakshatharan et al. [50], Song et al.[51], Song et al.
[52], Tehetal. [53] and Teh et al. [54], it was found to be between 0.3 to 3 Hz. With regard to Flexinol®
wire, the literature also mentions that a significant contributing factor to the material’s low bandwidth
includes the cooling of the wire to return it to the initial set point and compensating for the hysteresis

in operation [43].

In Fichera et al. [55], an MFC actuator was used for a camber morphing trailing edge. Through dynamic
testing, as mentioned in Fichera et al. [55], the actuator was able to achieve a bandwidth of 25 Hz. The
actuators consisted of an MFC patch sandwich (which comprises of two MFC patches with a 0.012 mm
steel shim in between), 0.5 mm aluminium sheet metal, and fixed at the end with a non-deforming ABS
plastic slider. The construction of the actuator plays a role in the bandwidth of the system, as mentioned
in Wu et al. [56], where they argue the effect of the mechanical structure on the bandwidth and

resonance and also indicates the influence of the electrical circuit. They affirm that PZT actuators have
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high-frequency bandwidths greater than 1 kHz. As seen in Table 5, the survey carried out indicated that

the bandwidth for piezoelectric ceramics and single-crystal piezoelectric materials can be 5 kHz and

5.8 kHz, respectively.

SMAs, piezoceramics and other actuator performance are highlighted in Table 5 from Mohd Jani et al.

[42].

Actuator type

Stress (MPa)

Strain (%)

Efficiency (%)

Bandwidth (Hz)

Work per Volume (J/cm?)

Power per Volume (W/cm?)

NiTi SMA
Piezoceramic

200
35

Single crystal piezoelectric 300

Human Muscle
Hydraulic
Pneumatic

0.007-0.8

20
0.7

50

3
5000
5800

2-173

4
20

10
0.035
2.55
0.035
5
0.175

30

175
15,000
035
20

35

This study identified two dominant types of Smart Materials. These include shape memory alloys and

piezoelectric ceramics. These were often the Smart Materials used in the creation of the Adaptive

Structure systems. These can be seen in Table 6.

Type of Structural Operatin Electronic
Smart Force Load Bandwidth | ~Pora™Nd | gnelf Life | Density :
. . Cycles Requirements
Material capacity
; -
3.5-685 cyclels(()under I(rt])fellnol\s\?
SMA - N/mm 70MPa | 03to3Hz | loadL. annealing | 2*°9 | 45 _ 4000 mA
Flexinol® (wire iddl d agi kg/m
diameter) Middleton and aging
[57]) temperature)
55.9 MPa 0-10 kHz 20 years
281000 | (Infibre (High (with
N direction) Electric maintenance 5440
Piezoelectric . 11.67 MPa Field) 107 cycles
(dependin - at6to7 kg/m3 1500 V
MFC d33 (perpendicul | 0-700 kHz (at 2kVp-p)
gon ar to fibre (<33% of years) [114] [114]
width) - . [APPENDIX
direction) Electric N
[58] Field)
Piezoelectric 30 MPa (due Upto5.5 9 4836
PI P-845.06 3%22]'\' toanaxial | kHz (No 100[ 4%"'65 ot | kgt | 100V [41]
(PZT) load) load) [41] P [41]
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Adaptive Structures have been evaluated for missile applications, as shown in Section 2.2.1. The use of
adaptive aerostructures for missiles and other aerial vehicles were evaluated at different velocities. The
Adaptive Structures used for the studies were used to create mechanisms that aided in the actuation of
aerodynamics surfaces. The Smart Materials, seen in this section, would perform a more secondary
function with regards to the control of the airflow over a control surface. The successes and
shortcomings from the studies in this subsection and Section 2.2.1 are useful input to a conceptual

design.

From the literature, the Smart Materials were found to have limitations with regard to stroke length (as
was the case for the piezoelectric actuators) and low bandwidth (for the SMAS), amongst a few others
mentioned in this section. Overall, the literature indicated that Smart Materials are able to produce high

loads and have been evaluated in the supersonic regime.

Following the investigation into Adaptive Structures and Smart Materials, the system where these

technologies would be applied was investigated, starting with missile systems.

Missiles were examined to gain a greater understanding of how the Smart Materials or Adaptive
Structures would be applied.

The Merriam-Webster Dictionary [59] refers to a missile as an object thrown or projected as a weapon,
usually to strike something at a distance. The focus of this section will be on the guided, though not

always self-propelled, flight vehicles used to carry warhead payloads to designated targets.
Missiles have sub-groups relating to their mission areas. These include the following:

= Airto Air Missile — AAM (e.g. AIM-120, Medium-Range) [60]

= Air to Surface Missile — ASM (e.g. AGM-65, Short-Range) [60]

= Surface to Surface Missile — SSM (e.g. BGM-109, Long-Range) [60]

= Surface to Air Missile — SAM (e.g. FIM-92, Short-Range) [60]

Further subcategories exist for each of the groups relating to, amongst others, the range, the type of

targets the missiles intercept, and mission conditions. [60]
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AAM and ASM are typically fired from an aircraft. Short-range AAM and ASM are usually used by an
aircraft to defend itself and have a range less than 25 km (though it may be capable of achieving more).
These missiles have control and seeker systems designed explicitly for short-range combat. These
systems include Thrust Vector Control (TVC) which would allow for greater agility to engage targets
behind the aircraft. Examples of AAMs include IRIS-T (manufactured by Diehl BGT Defence)[61], A-
Darter (manufactured by Denel Dynamics) [62], and AIM 9X (manufactured by Raytheon) [63].
Examples of ASMs include AGM-114 Hellfire (manufactured by Lockheed Martin) [64] and Brimstone
(manufactured by MBDA) [65].

Medium and long-range AAM and ASM missiles have ranges larger than 30 km. These are usually used
in BVR scenarios. They tend to have radar seekers, larger warheads and larger rocket motors in
comparison to the short-range missiles. Examples of AAMs include AIM-7 Sparrow (manufactured by
General Dynamics and Raytheon) [66], AIM-120 AMRAAM (manufactured by Raytheon) [67], and
Meteor (manufactured by MBDA) [68]. Examples of ASMs include AGM-65 Maverick [69] and AGM-
88 AARGM [70] (both manufactured by Raytheon).

SSM and SAM are fired from the ground (ground-based launchers and ground vehicles) or the water
(Ships). Examples include Javelin Weapon System missile (manufactured by Raytheon) [71] and the
Tomahawk missile range (manufactured by Raytheon and General Dynamics) [72].

There are further subcategories to the missile groups relating to range and the type of targets the missiles
intercept. The detail of these other sub-categories will be discussed in this study, where applicable.

Based on the research question, the missile investigation focused on the Beyond Visual Range (BVR)
missile because of its operation in the supersonic regime. The application of Systems Thinking to design
a BVR missile was the basis for the development of the requirements for an ASYS, which in turn were
inputs to develop the requirements for the FGM. BVR missiles are a well-established class of missiles
with adequate data for the AIM 120 (AMRAAM) missile and the Meteor missile to progress with this
study.

BVR missiles are a class of guided missiles that include the sub-categories of medium and long-range

missiles.
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BVR has been defined in various ways. According to Pierrot et al. [73], it is defined as 25 miles to 30
miles (which is about 40 km to 48 km) and beyond. Missiles that engage targets at this range tend to
use radar seekers like the AIM 120 AMRAAM [74], though other seeker types have also been used.

The Meteor missile is also considered to be a BVR weapon. It has a radar guidance system, and it makes
use of a ramjet for propulsion which enables the weapon to reach velocities above Mach 4 [68] and also
achieve its 100 km range. The AIM 120 is also capable of reaching such velocities [75]. The high-
velocity capability is a necessary trait for BVR missiles. It enables the missiles to engage high-velocity
targets and have sufficient velocity to pursue them at long range and to allow for the interception of
their high-velocity targets. It would also assist in reducing the time for a target to sense and avoid the

incoming missile.

The AIM 120 was selected as the baseline for the conceptual missile design in this study. This BVR
missile selection was based on the information available in the public domain. Its tail control actuator
position was also the baseline used in this study. With a baseline selected, the next step was to

understand how missiles and their control surfaces generate lift.

Anderson [76] describes that the Lift (L) and Drag (D) for a constant angle of attack can be

determined as follows in Equations (1) and (2):
1
L =5 paV2SC, 1)

1
D = pa¥esSCo )

Where p. refers to the air density, V. is the free stream velocity, S is the area of the wing area (or the

missile’s reference area), Cy is the coefficient of lift, and Cp is the coefficient of drag.

In most cases, aircraft make use of control surfaces such as ailerons, elevators and rudders to change
their position about their roll, pitch and yaw axes. These surfaces affect the flow of air over the lift
surfaces, which result in a change in the aircraft’s motion [77]. Similarly, missiles make use of control

surfaces to change their direction in flight.
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BVR missiles, as mentioned in Section 2.4, operate in the supersonic regime. The aerodynamic loads
experienced by a missile flying at supersonic velocities were considered relevant to this study. At these
flow velocities, there are shock waves across which the properties of the flow change.

According to Chin [78], it is easier, in supersonic missile-design studies, to evaluate normal forces
instead of lift forces when evaluating the aerodynamic loading on the missile. This is based on the
generally symmetric nature of the missile’s aerodynamic lifting surfaces. These are usually positioned
symmetrically about the missile axis or chord of a control surface. The resultant pressure loads on these
symmetrical bodies are therefore normal to the missile axis or chord of the control surface. This also is
useful for wind tunnel studies as most wind-tunnel strain-gauge balance systems are configured to
measure forces normal and parallel to the longitudinal axis of the model. Normal forces are also used

in the stability analysis for the missile [78].

In Fleeman [78], the aerodynamic characteristics are determined for the different missile sections and
summed together to obtain the overall aerodynamic characteristics of the missile. This is important as
it has an impact on the control stability of the missile.

For the body normal force prediction, Fleeman [78] combines Slender Body Theory (based on a
prediction method described by Pitts et al. [79]) and Body Cross Flow Theory (based on an analytical
method described by Jorgensen [80]). Based on the combination of these prediction methods, the

coefficient of normal force can be determined, as shown in Equation (3).

Cy = [(a/b)cos @ + (b/a) sin ¢][sin(2a) cos(a/2) + 2(l/d) sin® a] (€))

Where a and b refer to the major and minor dimensions of an elliptical cross-section, ¢ is the rotation
of the elliptical cross-section about its axis, « is the angle of attack of the missile body, and I/d is the

length to diameter ratio of the body.

Both slender body theory and cross-flow theory are typically used for the analysis of “slender bodies”
in a three-dimensional flow at any Mach number. The latter incorporates the effects of the vortices on
the missile body. [81]

In Fleeman [78], the normal force coefficient, Cy, for a control surface or wing is a function of the

freestream Mach number M, local angle of attack o, the wing surface planform area Sw and the missile

reference area Sger.
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From Equation (4), as the supersonic Mach number increases, the normal force coefficient decreases.
The inverse is true if the angle of attack or the wing surface area increases. The normal force coefficient
is also proportional to the angle of attack and wing surface area. Equation (4) is based on a method
determined in a study by Pitts et al. [79]. As mentioned in Fleeman [78], Linear Wing Theory and
Newtonian Impact Theory are the basis for the evaluation of the normal force Cy at supersonic Mach

numbers greater than 1.35.

The local control surface angle of attack «’ in Equation (4) refers to the combination of the angle of
attack o (the angle of the missile body relative to the freestream velocity Vo) and the wing or control
surface deflection d (the angle the fin is deflected relative to the missile body axis). This is illustrated

in Figure 26 from Fleeman [78] for a canard controlled and a tail control missile.

+ Assume static stability + Assume static stability
» Contrel surfece local g + Control surface local
\}/ angle of attack o = ow + & T~ angle of attack o' = - &
40 + Panel stalled at high o o e
=== . "_E\. v
i 'h-'“r";-h-..'_:-_._‘__ 22
v =
Single Canard Control %"':-fi'_“ﬂ_ Tail Control

Figure 26: The definition of a’ [78]

For a tail control missile, as the tail is deflected in the negative direction (as shown in Figure 26), the

local angle of attack «’ increases for a constant a.

The Cy can be used to determine the normal force in the same way that the coefficient of lift is used to
determine the lift force. Using the lift equation from Equation (1) and replacing C. with Cy and L with

N, we get Equation (5):

1

The flow over the body, in reality, has viscosity. According to Anderson [76], the viscous effects of

fluid flow over a body have an impact due to the frictional forces generated. The flow over the surface
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of the body results in a boundary layer in a region near the surface of a body. Within this layer, the flow
is stifled due to friction interaction with the body’s surface. This layer has an impact on the friction
drag, Dy, and the heat that the body will experience. Due to the viscous effects, the flow velocity at the
surface of the body is zero. This is also known as the “no-slip” condition. The temperature of the fluid
is the same as that of the surface, where the velocity is zero. The flow gradually increases in the y-

direction, as illustrated in Figure 27, which depicts the viscous flow over a flat plate.

T = T[J. — -
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g Velocity Temperature
W
profile profile

The velocity, u, increases until it is almost equal (0.99 times) to the freestream velocity, Ve, which
occurs at a height 9, the velocity boundary layer thickness, above the surface of the flat plate in Figure
27. The velocity at the edge of the boundary layer, ue, is equal to V. This velocity is determined by
evaluating the inviscid flow at the effective body surface. The velocity profile is defined as u = u(y).
This is for y equal to zero until ¢ and varies for different x positions along the body. This is also true for
the temperature variation on the outside surface of the body, which varies along the surface in the x-

direction.

The temperature T changes from Ty at (y = 0) to T equal to 0.99T. at y equal to Jr. Te refers to the

temperature at the edge of the thermal boundary layer depicted in Figure 27.

The velocity gradient at the surface of the body (a result of the frictional effects of the fluid moving
over the surface of the body) is the cause of the shear stress experienced by the body, and in a similar

manner, the temperature gradient results in the heat transfer at the surface.

The friction forces on the fluid at the surface also reduce the velocity of the fluid as it moves in the x-

direction. This eventually results in the separation of the flow from the surface. The separated flow
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influences the fluid by altering the body shape seen by the fluid downstream of the separation point.
The separated flow results in a change in the pressure distribution on the surface of the body, which
results in a drag force in the direction of the flow. This is known as Pressure Drag, Dp.

The type of flow, whether the flow is turbulent or laminar, also plays a role in the effects of the fluid
on the surface. The shift from laminar to turbulent flow, usually occurring at the transition point, causes
Ds to increase and D, to decrease. Some factors which affect this transition include increased surface
roughness, increased freestream turbulence, an adverse pressure gradient, heating of the fluid due to the
surface, Mach number and Reynolds number (Re). As mentioned in Anderson [76], at high Mach
numbers and low Re, the flow tends to be laminar in nature. An important flow attribute to consider
when evaluating the transition from laminar to turbulent flow is Re. Turbulent flow tends to separate
later than laminar flow due to its higher energy elements. Modifying the boundary layer usually involves
delaying the flow separation. This can be done by causing a turbulent flow to remain attached to the

surface at high angles of attack.

With the understanding of the boundary layer and the way the normal force is generated for a missile,
it was important to investigate how these aerodynamic effects could be used to alter their trajectory in
flight.

Aircraft make use of control surfaces such as ailerons, elevators and rudders to change their trajectory
in flight. These surfaces affect the flow of air over the lift surfaces, which result in a change in the

aircraft’s motion [77]. Similarly, missiles make use of control surfaces to change their direction in flight.
Rear-mounted servo-actuated fins (as seen in Figure 28) are traditionally used to manoeuvre the missile

in flight. These fins are a subset of the actuator system. The fins at the centre of the missile, the wings

in Figure 28, roles are to provide lift for the AIM 120 and are static compared to the tail fins.
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Figure 28: Major missile sections of the AIM 120 [82]

Typical types of control methods for missiles are shown in Figure 29.

Control Design Fixed Surface
Control Alternatives Alternatives
Tail Cruciform (4) Wingless
( Tri-tail (3) Wing
Not Compressed Strake / Canard
Folded In line with controls
Wraparound Interdigitated with controls
£ Switchblade Number (2,3,4)
— — Canard Above Tail (3,4,6,8)
I Rolling airframe (2) Tail + Wing

In line with controls
Interdigitated with controls

e Wing Above Tail (3,4,6,8)
Strake / Canard & Tail

‘ In line with controls
Interdigitated with controls

s Unconventional T;v._'lgt:ge Nozzle Tail (3,4,6,8)
(TVC,JI) a Tail + Canard / Strake
( —4 Jet Vane Tail :Wing
< Secondary Injection
Normal Jet / Jet
Interaction

Spanwise Jet / JI

Figure 29: Missile Control Method Alternatives [60]

As seen in Figure 29 from Fleeman [60], the control alternatives involve tail, canard and wing control,
Thrust Vector Control (TVC), and Jet Injection.

In changing a control surface (tail fins, canard fins, wings or a combination thereof) in-flight, results in
changes in the lift vector of the missile. The altering of the surface position affects the magnitude and

direction of the normal force produced. The control surfaces generate an unbalanced force, which will
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result in a change in the flight path of a missile. The unbalanced load will induce a moment about an
axis or point inducing pitch, yaw, or roll, depending on the required vector change. Missiles generally
employ this method for flight control by using either wings, canards, tail fins or a combination of the
three, according to Fleeman [60].

In APPENDIX B, Figure 105 to Figure 107 highlight the effects of the different control surface positions
as previously mentioned and give a visual representation of the advantages and disadvantages of the

different placements of the control surfaces.

According to Fleeman [60], the advantages of Tail Control include:

e A compact packaging of the internal actuator components around a blast tube
e A small hinge moment
¢ A low actuator motor torque because of the small local angle of attack and the vortices shed by

a tail deflection trail behind the missile result in a low induced rolling moment

Tail control surfaces also do not stall at higher angles of attack and perform better concerning the
Pitching Moment and Lift Coefficients at these angles, as mentioned by Fleeman [60].

The disadvantages of tail control include:

o Reduced lift at small angles of attack [60]
e The reduced volume due to the rocket motor hardware (such as the blast tube) limits the

selection of subsystems for the actuator system based on size. [60]

In APPENDIX B, Figure 105 (Fleeman [60]) highlights these advantages and disadvantages and the
effect of tail deflections.

Fleeman [60] also describes that the advantage of Canard Control is that the canard placement provides
additional space for internal systems as there is no blast tube from a rocket motor at those locations.
The design for the actuator systems does not have to be as compact as the subsystems of a tail control
actuator unless it is necessary to accommodate other systems. The deflection of a Canard Control
surface generates an increase in normal force at low angles of attack. The disadvantages include stalling
at high angles of attack and induced roll due to the interaction of vortices from the canard interacting

with aft control surfaces of the missile.
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Thrust vector control (TVC), as described by Fleeman [60], involves the manipulation of the thrust

vector by altering the direction of the exhaust gas of the rocket motor. This is achieved by the injection

of fluid into the exhaust, jet vanes, axial plates, jet tabs or movable nozzles.

The various methods and attributes of TVC systems can be seen in Figure 30.

Liguid Injection Hot Gas Injection Jet Vane'
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Beaction Jet

Mr.-o -
e Jet Flow
Mote: Unconventional flight control provides
high maneuverability at low dynamic pressure - VE.- -
ST FPIPIITIO7

Mote: Jet interaction force includes saﬁace pressure force plus thrust.

Figure 30: Thrust Vector Control Methods[60]
These attributes include:
e Deflection capabilities which range from 7 to 20 degrees
o Differential deflection for roll control (jet vanes)
e High manoeuvrability
e Fast response

The disadvantages mentioned in Fleeman [60] include:

e High operating temperature for TVC components

o High cost and short period of operation (due to the burn time of the rocket motor)
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These viable control system methods were used to generate different concepts using Smart
Materials/Adaptive Structures. The information was also helpful in eliciting requirements for the
Actuator System design. For the actuator design, the detail of missile flight control systems was
investigated. These inputs would later be used in the creation of the design decision tool as part of the
verification of the concepts developed.

The control methods described in this section required additional systems to function as intended. The
various missile flight control subsystems were therefore investigated to assist in the actuator system

development and to identify possible enabling systems for the SOI, the Force Generation Mechanism.

While manoeuvring to a target, a sequence of events is triggered within the missile to adjust its flight
path. Jackson [83] describes this sequence as the Homing Loop. This can be seen in Figure 31. In the
Homing Loop, the missile motion (a function of the flight control) and the target motion are combined
to create a relative geometry [83]. This is used by the Terminal Sensor to determine the Line-of-Sight
(LOS) angle between the missile and the target. The State Estimator calculates the LOS angle rate, an
input to the Guidance Law. The output from the Guidance Law is a control command, in the form of,
amongst others, an acceleration which is the input into the Flight control system [83]. The missile
systems involved in this loop include seekers, navigation and guidance systems, and flight control

system components [83].

The system responsible for altering the missile’s flight path is the missile Flight Control System. The
flight control system is made up of the missile autopilot, actuator, airframe dynamics and the missile’s

Inertial Measurement Unit (IMU), as seen in Figure 32.

Target .| Relative .| Terminal State
dynamics ~| geometry | sensor ~| estimator
A
¥
Flight control Guidance
system law
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While all these systems play their role in changing the missile’s flight path, the Actuator is the system
that provides the necessary physical input for the missile to manoeuvre. As mentioned by Jackson [83],
the Actuator System translates the inputs from the autopilot system into the physical changes in the
control surfaces or TVC systems that invoke changes in the airframe dynamics to follow the initial

guidance input.

Missile actuator systems have historically used various mechanisms to achieve directional change.

These include:

e Electrohydraulic Actuators

e Electro-pneumatic Actuators

e Electromechanical Actuators (like servo motors)

e Thrust vector control of the flow from nozzles of rocket motors.

e A combination of actuator types

Due to the space constraints within missile systems, the actuators are required to be compact to fit within
the available space. This is illustrated in Figure 28. The increasing performance requirement for
improved range, as well as lower mass requirements, has led to increased rocket motor volumes, further
reducing the available space for actuator systems. The proximity to the rocket motor blast tube further
reduces the available space for the Actuator System. Compact modular devices with reduced volume
have become the industry norm for actuators in missile use, as discussed by Goldshine et al. [5]. This
is significant as it indicates that there is a need to have a compact, low mass actuator system for tail
control. The Smart Materials/Adaptive Structures identified in Section 2.1 can fulfil this need due to
their low mass and can be deployed in various ways to optimally utilise the available space envelope

within the system.

Due to the reduced size of the Missile Actuators, the force or torque output is lower than is often

required. A Gearing System is deployed, using a system of gears [84], lead screws [85], or lever arms
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[86], to deliver the necessary load. This is noteworthy in that, in conjunction with selected Smart
Materials, a gearing system (or force-multiplying mechanism) must be considered when designing a
missile actuator using Adaptive Structures, which would interface with the FGM.

In BVR missiles, electromechanical actuators in the form of brushless dc motors with a lead/ball screw
arrangement are generally used, as seen in the AIM 120 AMRAAM mentioned by Global Security [87]

online.

The abovementioned site [87] also indicates, in addition to the actuator devices, there are the power
supply (in the form of lithium-aluminium batteries), control electronics, an encoder mounted to the
output shaft to measure the fin position, and a load-bearing structure which is mounted to the rear of

the missile’s rocket motor.

The actuators discussed in this section make use of pressurised gas, hydraulic fluid, or electromagnetism
to generate the force or torque necessary to move a control surface to affect the aerodynamic flow or
exhaust flow from the rocket motor. These are considered to be the generic actuators mentioned in
Section 1.3.

Understanding the components of the flight control system was necessary for the development and
conceptual design of the FGM within the Actuator System.

Flow Effector Methods in this study refer to actuation methods that interfere with and alter the flow

over lifting surfaces.

Fluidic Control or Boundary layer control involves the manipulation of the boundary layer on a lifting
surface. This can be done using methods that involve Circulation Control (CC) [88][89][90] or the use

of flow control actuator units [91] for active flow control.

During subsonic flight, CC uses the Coanda Effect [88] and allows the boundary layer over the lifting
surface to remain attached for an extended period. This is done by blowing compressed air over the
control surface to achieve an improvement in the lift. Figure 33 illustrates the effect on the flow over
the lifting surface. Flapless aircraft such as the DEMON demonstrator [92] and the Magma aircraft [93],
both UAVs, make use of this method, together with thrust vectoring, to manoeuvre in flight. The control

mechanism for CC could make use of Smart Materials for control of flow openings. This method of
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actuation would, however, be best suited for subsonic cases and, therefore, would not be suitable for

this study.

Upper TE slot
- fixed exit area

Contral valve Fixed rtf}]anda
Large plenum - Suiace
Air supply volume

Separation point

Figure 33: Circulation Control at wing Trailing-Edge [94]

Flow Control Actuator units similarly affect the airflow, except their placement is on top of the control

surface instead of at the rear [91]. Examples of flow control actuators can be seen in Table 7.
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Table 7: Flow control actuator examples [91]

Actuator ) Typical
Actuator Type Transduction | 10P0I0gY | Mechanism |, ojication
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These methods are also known for their improvement of the lift properties of the lifting surface, which
can be manipulated to manoeuvre the aircraft [91]. The method is, however, only viable at subsonic
speeds due to the lack of circulation when the flow over the lifting surface is fully supersonic. This

would not be effective if applied to a supersonic BVR missile due to the velocity requirement.

At the Center for Advanced Machine Mobility (CAMM) at Georgia Institute of Technology [95],
another method of actuation using flow effectors was tested called a Bleed Port system. This system
involves ports on the upper and lower surfaces of the wing, which can be opened to allow air to flow
from the lower surface to the upper surface. As mentioned by Frink et al. [96], this reduces the lift
(causes Lift dumping) on that surface, and this can be used to alter an aircraft’s flight path. In the study
by Frink et al. [96], a concept called Passive Porosity Technology (PassPorT) was presented. The
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concept was originally envisioned for transonic aerodynamic surfaces but was also considered for
supersonic delta-wing aircraft for the reduction of crossflow shock-induced separation. The envisioned
use of the concept is illustrated in Figure 34.
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The study by Frink et al. [96] only evaluated the impact of this concept in subsonic conditions. In
supersonic conditions, this concept would aid in reducing boundary layer separation and would act
similar to the Flow Control Actuators in a subsonic flow mentioned in this section. As mentioned by
Wallis & Stuart [97], discrete air jets were able to reduce the shock-induced separation of the boundary

layer, which would result in the improvement of the performance of the aerodynamic surface.

A study by Bauer [98] found that the PassPorT, when applied to a supersonic delta wing, resulted in the
“lift dumping”. This provided roll and yaw control. This was achieved by linking the plenum region
(shown in Figure 34) to the wing’s high- and low-pressure region. This was mentioned by Frink et al.
[96], but it was originally from the study by Bauer [98], which was carried out in the supersonic range.
The connection of these high and low-pressure regions is associated with a decrease of the local normal
force and translation of the centre of pressure, according to Hunter et al. [99]. One of the concluding
remarks mentioned by Hunter et al. [99] was that for other flight regimes, this technology could work

in a similar way.

51



Flow Effectors can also be in the form of protrusions that disrupt the flow over a lifting surface, such
as those mentioned by Corriveau [100] and Wong et al. [101]. Figure 35 depicts the flow effectors on
a missile used in the study by Corriveau [100]. These protrusions were tested at Mach 1.5 as the study
investigated the feasibility of these protrusions to control a missile during supersonic flight. The tests
were found to be successful as these protrusions were able to generate a significant force based on the
study’s requirements. The use of such a system was not considered because a tail control system was
selected in this study, and further investigation would have to be carried out to determine the feasibility
of this system at the tail location. This is due to the flow interactions that the tail control surfaces would

experience due to the influence of the airflow from the forward lifting surfaces and the missile body.

Figure 35: Micro-Actuated flow effectors [102]

Alternative methods for actuation were identified as potential applications for Adaptive Structures. The
flow effector principal identified in this section was considered in this study as some applications
already use Smart Materials/Adaptive Structures, and the others could benefit from the application of
such materials/structures. Their possible use as part of a missile ASYS was considered during the

concept development in this study.
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3. Method

For this study, a quantitative and a combination of a deductive and inductive approach was adopted.
Maree et al. [103] describes a range of research methods and based on this, a quantitative research
approach is relevant for this study, as numerical data was collected during the literature review and used
for comparison during the assessment of the concepts designed in this study.

An inductive approach was used to compile a set of observations relating to AS technology and methods
of actuation of missiles (Goddard et al. [104] and Dudovskiy [105]). The concepts developed through
this approach incorporated these observations. A deductive approach, as described by Dudovskiy [106],
was then used to evaluate and determine relevant adaptive technologies to be considered based on

methods of missile actuation.

This study used a systematic review, as described by Jesson & Lacey [107], to compile the required
information from a review of the relevant published literature. The literature focused on answering the
research question. The relevant studies were identified based on the requirements defined through the
Systems Engineering approach at each level of the system design, down to the system of interest. The
concepts were thereafter generated based on the relevant reviewed information and evaluated using an

evaluation tool developed for this purpose.

A more detailed description of the methodology followed to meet the objectives of this study are

included in the following subsections:

o Identification of the system of interest

o Defining the FGM requirements and developing concepts using Adaptive Structures with Smart
Materials

e Developing the design decision tool for evaluation of the concepts

e Applying the design decision tool to the designed concepts

The FGM (FGM) was identified as the system of interest (SOI) based on the research question in Section
1.3. The research question referred to a system that would aid in altering the flight path of a missile.
Hence the literature was also used to identify what systems play a role in altering the flight path of a

missile. This was done to establish the system context for the FGM. From the literature presented in
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Chapter 2, it became evident which system would benefit the most from the application of Smart

Materials for Adaptive Structures.

Following the identification of the SOI, a conceptual missile design was initiated to identify the
interaction between the enabling system, the missile, and the FGM. The mission requirements for a
supersonic BVR missile were defined based on a potential competitor to the Meteor and AIM 120
AMRAAM BVR missiles mentioned in Section 2.4. The missile design was considered to develop

inputs for the FGM system and to support the SOI selection.

Missiles are complex systems with a design process that requires multidisciplinary inputs. For this
study, the missile design method described by Fleeman [60] was used to develop a generic missile to
determine the necessary system inputs to the missile’s ASYS design, another enabling system to the
FGM. There are other methods to develop a missile system, for example, the method described by
Viljoen [108]. However, the Fleeman [60] approach was selected as the method of choice due to its use

in other missile studies such as Khalil [109] and Frits [110] due to the ease of use of this method.

The approach described by Fleeman [60] is illustrated in Figure 94.

Define Mission Requirements

( Establish Baseline |

Aerodynamics

Propulsion

Weight Resize

Trajectory

Meaet No
Performance?

Alt Config / Subsystems | Tech
No

Yes

Measures of Merit and Constraints

Yes

Figure 36: Fleeman’s Missile Conceptual Design Approach [60]
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With the mission requirements defined, a missile baseline from the BVR category of missiles, which
comply with these requirements, was then selected. The aerodynamic characteristics of the missile were
determined. This was followed by establishing the propulsion characteristics, the weight characteristics,
and the missile’s trajectory. The performance of the missile was evaluated along with the Measures of

Merit. The process followed is illustrated in Figure 36.

The missile design process is usually iterative. For this study, the process was only carried out once to
generate a conceptual missile, as this was not part of the scope of the study. As a result, no resizing was
done. For an improved missile design, further investigation and iterations would be required. For the
purpose of this study, the conceptual design provided sufficient information for the FGM Requirements

Analysis.

Following the conceptual design of the BVR missile, the ASYS was designed. The Systems Engineering
process described in Section 2.1 was followed to design the system. The outputs from this design and

the conceptual missile design were then used as input for the FGM system design.

The design of the FGM also utilised the Systems Engineering process, as mentioned in Section 2.1. A
description is presented in Section 3.2.

With the system of interest identified, the focus for the SE process was created. During the first stage

of the process, the Requirements Analysis, the requirements baseline was defined.

During the Requirements Analysis the following aspects, based on the process described in Section 2.1,

were defined:

Stakeholder needs, expectations and constraints.
Project constraints

End Date

Technology

Operational Context

Concept of Use envisioned for the Missile FGM
External Constraints

Scenarios or Mission Profiles

© 0 N o g~ w DdE

Measures of Effectiveness
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10. Definition of system boundaries and external interfaces
11. Utilisation Environment

12. Life Profile

13. Functional Requirements

14. Performance Requirements

15. State and Mode Analysis

16. Technical Performance Measures

17. Physical characteristics

18. Human factors

As part of this stage, the literature was examined to determine the critical requirements of a supersonic
missile actuator system’s FGM. The missile system-level inputs identified through the conceptual
missile design indicated that the actuator system design gave a more holistic approach to the

Requirements Analysis phase. The Requirements Analysis aspects were then assessed and defined.

The Requirements Validation followed the Requirements Analysis. The requirements baseline was
compared to the stakeholder needs and various system-related constraints. Requirement conflicts and
shortcomings identified through this process would require another iteration of the initial stage. The
validation followed the processes stated by Sparrius [13] described in Section 2.1. The outcome from

this validation stage was a validated requirements baseline.

This validated baseline was then used to determine the functions of the system in the Functional
Analysis stage. In this stage, the system functions were broken down into lower functions that are
carried out by components of the system design. In order to define the actuator functions, a Functional

Flow Block Diagram (FFBD) was generated.

According to the US Department of Defense Systems Management College [111], functional flow block
diagrams are useful in functionally defining the system requirements. An FFBD is meant to define
functions and not define solutions for the system to be designed. The process of defining lower-level
functional decomposition was carried out to determine the FGM lower-level functions. This allows for

the establishment of the Functional Architecture

This architecture was verified in the Functional Verification stage. The tabulation of the system
requirements and their associated functions was chosen to check the traceability to the requirements
baseline for the verification. The verified Functional Architecture was then used in the Synthesis stage,

where the Physical Architecture was designed.
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During this stage, the Physical Architecture was generated based on the Functional Architecture and
the Physical Architecture from the actuator system architecture. Usually, alternatives would be created
and assessed using trade studies to determine risks, risk-avoidance strategies and to determine their
impact on performance, schedule, and cost. This would form part of the iterative approach, as seen
throughout the Systems Engineering process, followed during this stage to mature the Physical
Architecture solutions. In this study, alternate Physical Architectures were created and assessed for
simplicity with regard to meeting the functions in the Functional Architecture. The aim was also to
identify which Physical Architecture component could be replaced with a Smart Material or Adaptive
Structure. The refinement of requirements was necessary to determine a better solution. This assessment
is carried out in the System Analysis stage, which forms part of the iterative loop. In the end, the most

suitable architecture was presented for Design Verification.

The verification requirements needed and the required environments were initially determined. These
were then used to assess the architecture. For this study, it was decided to graphically verify the
traceability between the lower-level components of the Physical Architecture and the Functional
Architecture as an extensive verification process was considered to be outside the scope of this study.

The outcome of the Systems Engineering processes carried out in this study is captured in this
document. This was considered part of the Control stage of the SEP followed.

By following the Systems Engineering process, the verified Physical Architecture can be traced back
to the Functional Architecture, which was decomposed from the requirements elicited. This link, from
the Physical Architecture to the system requirements, provided the basis for the evaluation of the

concepts developed.

The development of the concepts was based on the control methods and mechanisms indicated in
Chapter 2 in conjunction with the Physical Architecture developed. The Smart Materials identified in
Section 2.2 were utilised to produce the required mechanisms based on their abilities to function as

actuators.

To aid in the development of the concepts, a Concept Combination Table approach, as described by

Ulrich & Eppinger [112], was used to generate and select concept options.
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Only concepts that met all the defined requirements were considered for evaluation with the design

decision tool.

The vision of the Design Decision Tool was to evaluate the performance of the FGM concepts. It was
also used to evaluate a generic FGM. This facilitated a comparison of the generic system with the

solutions using Smart Materials/Adaptive Structures.

The FGM requirements baseline was used as the basis for the evaluation and for the creation of the tool.
The requirements were used as decision criteria. These were weighted based on the Measures of
Effectiveness and used to rank the concepts. This formed the first stage of the tool. The next stage was

set up to evaluate how well the concepts meet the performance project-specific criteria.

The vision of the Design Decision Tool was to evaluate the performance of the FGM concepts. It was
also used to evaluate a generic FGM. This facilitated a comparison of the generic system with the
solutions using Smart Materials/Adaptive Structures. The weighting of requirements will highlight the
level of importance to the system’s performance, and the scoring assists in identifying how well a
concept performs based on the requirements baseline.

The summary of the method followed is illustrated in Figure 37.
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Chapter 4 To Chapter 8 of this study fall within the steps highlighted in Figure 37.

The purpose of Step 1 was to define the SOI and develop the enabling system and operational context
inputs for it. In Step 2, the requirements baseline and the functional building blocks of the FGM were

developed and used to produce a Physical Architecture for the SOI. This formed the input to Step 3,
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where the concepts were generated. Step 4’s purpose is to develop the method to rate and rank concepts

to aid in a concept selection decision process.
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4. System of Interest Identification and Enabling System Development

This chapter and its subsections fall within Step 1 of the method followed in this study. It is highlighted
in Figure 38.

4 N N N )

Step 1
System of
Interest
Identification and
Enabling System

\_ Development ) \_ ) \_ ) \_ )

Figure 38: Step 1 of the Method
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The purpose of this step is to identify the SOI, to develop its enabling systems and its operational

context.
4.1 The System of Interest

As shown in Section 2.2, Smart Materials were used as actuators to influence aerodynamic structures
that induce a change to the aerodynamic loading. Considering their application, they would be a system

element of an actuator system.
Based on this, the Smart Materials and Adaptive Structures were considered for use within the Actuator

System of a BVR missile. Therefore, the ASY'S element, the FGM, was selected as the system of interest

for this study. The SOI is depicted in Figure 39 in its system context.
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Following the identification of the system of interest, the missile design process, as described in Chapter
3.1, was initiated. The objectives of this process were to determine the interactions between the missile
system and the FGM and to determine inputs for the ASYS.

The requirements for the FGM are derived from the actuator system within a supersonic BVR missile

system.

Based on the Systems Engineering approach to this design, the conceptual design of the missile system

was necessary to develop the system requirements in which the ASYS would be used.

The iterative method described by Fleeman [60] was carried out. The outcomes from the design process

that relate to the actuator system are described in this section.

The missile mission requirements are usually derived from the client, together with other stakeholders.
The additional context for the design is extracted from the evaluation of the Concept of Use of the
weapon. Once this is completed, a baseline can be selected. This assists the design process as the
baseline provides a starting point for the design of the missile. As described in Section 2.3, Section 2.4,

and Section 3.1, a BVR missile was selected.
The Concept of Use (CONUSE) describes how a product will be used in a variety of situations/scenarios
[56]. To generate the required inputs to develop an ASYS, the higher-level system, the missile, needed

a CONUSE to be defined.

The missile was envisioned to have the following post-integration life profile:

Acceptance Testing (Using external power)

e Be transported.

e Be stored and remain in a dormant state.

o Enter Maintenance State (after extended storage periods of 5 years (assumed) after each flight
cycle) (Using External Power)

o Be powered.

o Be tested (within missile system)

e Be powered down.

o Be repaired (if required)

62



e Carriage Flight
e Be utilised by the missile system (Free Flight)

o Decommission and dispose (if beyond proposed shelf life)

The CONUSE of the BVR missile to be designed is to engage an oncoming target at a range of 120 km
at 30000 ft. The missile would be launched from an aerial launch platform (like a fighter aircraft such
as a SAAB Gripen) with a velocity of Mach 0.9. As mentioned in Section 3.1, the missile mission
requirements were based on creating a weapon as a potential competitor to the Meteor and AIM 120
AMRAAM missiles. Meteor is said to have a range of over 100 km, and it is utilised on the SAAB
Gripen according to SAAB [113]. SAAB[114] also mentions that Meteor is launched at an altitude of
42650 ft.

The range for the conceptual missile was selected to be greater than that of Meteor so that it would have
improved range performance. The operational altitude was selected to be lower than that of the Meteor
missile as a conservative approach to the conceptual missile design. This is as the air density would be
higher, which would increase the drag on the missile and therefore, the missile should have an improved
range performance at higher altitudes. The launch velocity was based on the example used in Fleeman
[60].

The CONUSE was introduced to assist in adapting and refining the missile Performance Requirements,

as summarized in Table 8.

1 Range 120 km+

2 Launch Platform Fighter Jet Aircraft

3 Launch Altitude 9144 m or 30000 ft.

4 Launch Platform Speed Mach 0.9

5 Maximum Mass 160 kg

6 Maximum Carriage Volume 3.7mx0.35mx0.35m

7 Warhead Size > 18kg Blast Fragmentation [115]
8 Engaging Platform Speed M 0.9

9 Engaging Platform Altitude 30000ft

10 Engaging Platform Maximum Manoeuvre 9¢
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Based on the missile’s concept of use and its Performance Requirements, the AIM 120 AMRAAM was
selected as the baseline for the conceptual design. The missile characteristics that have an impact on the
FGM within the actuator system were determined, as seen in Table 9 through the Fleeman [60] process.

Characteristic Value/Design Choice
Missile Diameter 0.178 m
Missile Body Geometry Axisymmetric
Body Centre of Pressure 73% of the Nose Length (0.350 m)
Fin Design Cropped Delta
Coefficient of Normal Force Prediction (Cn Tota) 5.49
Normal Force Curve Slope 6.14/rad
Tail Centre of Pressure 3.39 m (0.081 m from Tail Leading Edge)
Flight Control Tail Control
Missile Configuration “+” configuration
Statically Stable
Static Stability (CG ahead of CP by 0.88 x Diameter value from
Fleeman [60])
Missile Tail Sizing 0.233 m?
Hinge Moment (total for two fins) 46.2 Nm

Fin Deflection (3) (Trimmed Manoeuvre Condition) -12.7 degrees (at 14.92 degrees Angle of Attack o)
1684.81 N

(Minimum required for 30 g manoeuvre)

Normal Force

Velocity (not including Drag) 1312 m/s
Burn Time 7s
Missile Mass 157 kg
Missile Length 3654 mm
Actuator Mass 14.4 kg
Actuator Length 410 mm
First Body Bending Frequency 48 Hz
Actuator Bandwidth 25 Hz
Maximum Missile Manoeuvre 309

The Actuator Length, seen in Table 9, together with the Missile Diameter, defines the volume of the

Actuator. The components of the Actuator will be contained within this volume.
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According to Fleeman [60], as a rule of thumb, the first body bending mode should be at least twice the
flight control system’s actuator bandwidth. This was used as the basis of the bandwidth requirement

later in the study.

The missile’s manoeuvrability was determined to be 30 g which is more than three times greater than

the target’s manoeuvrability, as per the rule of thumb stated in Fleeman [60].

The Measures of Merit for the missile that relate to the manoeuvring of the weapon were considered
during the evaluation. Figure 40 highlights how the FGM can influence missile performance areas. This
was based on the missile design detailed in APPENDIX A.

Missile Aerodynamics Missile Stability

Missile Flight Time

Generation
Mechanism

Missile Airframe

Missile Manoeuvring

Guidance and Control

Missile Response Time Missile Shelf Life

Primary Influence
—_— (with respect to
Actuator)

Secondary Influence
————— +  (with respect to
Actuator)

Figure 40: FGM influence on the Missile

In Figure 40, the primary influence of the FGM on different missile performance areas are depicted by
the solid black arrows. The diagram also shows the secondary influences (dashed arrows) as a result of
the FGM on other related missile performance areas when compared with the primary influences. The
selection criteria will focus on performance areas that relate to the primary function of the actuator (i.e.,
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to physically manoeuvre the missile to intercept the missile’s target). The selection criteria were chosen

to be as follows:

1. Missile Manoeuvring
a) Response Time
b) Missile Miss Distance
2. Missile Aerodynamics
a) Contribution to Lift
b) Impact on Drag.
3. Missile Guidance and Control
a) Time Constant
4. Missile Airframe
a) Effect of loading on Structure
b) Influence due to Rocket motor.
5. Missile Mass
a) Percentage contribution
6. Missile Stability
a) Effect of force generation location
7. Missile Flight Time
a) Operational Time

The performance areas are described as follows:

¢ Missile Manoeuvring (1) refers to the effect the FGM has on the change in the heading of the
missile during flight. This affects the response time of the missile system and impacts the miss
distance to the target.

e Missile Aerodynamics (2) refers to the FGM’s contribution to lift and its influence on total
missile drag.

o Missile Guidance and Control (3) refers to the influence the FGM has on the time constant used
by the guidance and control system.

e The Missile Airframe (4) refers to the impact the FGM has on the interfaces to the missile
airframe and the effect of the rocket motor (assuming a tail actuator) on the actuator.

e The Missile Mass (5) refers to the influence of the FGM’s mass on the missile system’s total
mass. This has an impact on Missile Stability (6) and influences the actuation force generation
location.

o Missile Flight Time (7) refers to the time the FGM will be operational after launch.
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The influence of the FGM on the various missile performance areas described led to the development

of the following requirements in Table 10:

Performance Areas

Approach

1 Missile Manoeuvring
] A metric for missile response time is the angle of
la Response Time o
attack sensitivity to turn rate. [60]
1b Missile Miss Distance oman = gnp 12 e (o /TDL(TO /)% /2] [60]
2 Missile Aerodynamics
2a Contribution to Normal Force Cn = Cn Body t Cnwing t Cn 1ai [60]
Lift induced drag, drag due to the fin area exposed to
2b Impact on Drag
the flow
3 Missile Guidance and Control
3a Time constant Trotal = Ts + T + Tpome [60]
4 Missile Airframe
) Evaluate the effect of load on the structure. In this
4a Effect of loading on Structure o
study, it will be the same for all concepts except the C4
4b Influence due to Rocket motor Thermal impact on the actuator, space available
5 Missile Mass
5a Percentage contribution Mass calculation, comparison
6 Missile Stability
6a Effect of force generation location Comment on missile CP relative to missile CG

These requirements were determined based on a selected generic FGM.

A Generic FGM was selected to aid in the requirement elicitation. This would also be used as a baseline

for comparison during the evaluation of the concepts. Based on the baseline missile’s description online

[87], the FGM was identified as brushless DC servo motors together with a ball screw arrangement.

The details of the motors used on the baseline actuator were not available. Therefore, an existing servo

motor was selected from a missile actuator servo motor supplier [116]. It was later determined that the

supplier had discontinued the manufacture of the selected motor, but the motor data was still available
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to be used for the purpose of the analysis. The motor used for this analysis is the BLHP-20-04-8P; the
datasheet can be seen in APPENDIX E.

The missile’s manoeuvrability was assessed by evaluating the response time and the missile miss
distance. The response time will be based on the angle of attack’s (a) sensitivity to the missile’s turn

rate (y) as described in [60]. This will be assessed as seen in Equation (6):
a
Rate of Response = ; (6)

The missile’s response time is based on the sensitivity of the angle of attack to the missile’s turn rate,
which was measured based on the ratio a/y. The FGM influence on the missile’s response time is

captured in the turn rate performance defined by y.

According to Fleeman [60], the turn rate performance is defined as seen in Equation (7):

¥ = gn/V =[qSkefCna® + qSresCns & — Weosy|/[(W/g)V] (7

Where g is the acceleration due to gravity, n is the g manoeuvre, v is the velocity of the missile, g is the
dynamic pressure, Sger IS the reference area, Cy, is the normal force curve slope due to the angle of
attack and the Cys is the normal force derivative due to pitch control deflection, W is the mass of the
missile, o is the angle of attack, ¢ is the control surface deflection, and y is the flight path angle (assumed

to be zero for this study due to constant altitude used in this study).

Fleeman [60] indicates the actuator impacts the Cy,, the Cys, 0 and W. Cy, is related to the ratio of the
tail area (St) (which forms part of the actuator system in this study), and the missile Sre. Cys would be
related to the deflection of the tail control surface.  would also be related to the tail’s deflection. The
mass of the actuator system would influence the missile’s mass W. Based on the generic actuator for
this study, the Cy, contribution from the tail was determined to be 1.03rad. With the body’s
contribution of 2 rad? and the wing’s contribution of 1.03 rad™, the Cy, for the missile would be 16.6
rad(0.29 deg™) according to Equation (8).

CNa = CNa Wing(SW/SRef) + CNa Tail(ST/SRef) + CNa Body (8)

This is based on an St/Srer of 9.38 and an Sy/Sret Of 4.82.
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The contribution and influence of the tail towards Cy; are illustrated by the slope of the curve for Cy rai

and Cn ot in Figure 41. Based on a linear approximation, the slope of the Cy taii curve is 0.295 deg™.

As seen in Figure 41, the tail is the main contributor towards the Cy; as the Cn gody, and Cn wing have no
slope. Therefore, the total Cys would also be 0.295 deg™.

25.00
®---CNEBody — & -CNWing CNTal —®—CHNTota

20.00

EE R T i Tl i e T I Y

-0
-40.00 -300.00 ~2 a0 -10000 0.00 10.00 20,00 30,00 A0.00

500
Deflection & [Degrees)

Figure 41: Cy vs 6 for the missile body, wing, tail and for the entire missile

The relationship between the missile’s Cy and Cw was established to evaluate trim condition, the tail
fin deflection that would be required (dreq) t0 achieve Cnreq and a Cwm of zero. Figure 42 depicts this
relationship. APPENDIX C describes how the Normal Force coefficient and the Pitching Moment
coefficient were calculated to create Figure 42.
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Figure 42: Cy vs Cw for the conceptual BVR missile

Based on Figure 42, the deflection that allows for the sustained g manoeuvre was determined to be -
12.7°. This was based on the curve that passes through the x-axis at the required Cn value, which
indicates the fin deflection that achieves the required Normal Force coefficient for a zero Moment
coefficient. A negative fin deflection is defined as the “leading edge down - trailing edge up” deflection

of the tail fin.

The conditions to produce the required Cy are highlighted in Table 11.

Table 11: Conditions for the Required Cy

Angle of Attack « (degrees) | Tail Deflection J (degrees)
14.92 -12.7
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Based on the calculations used to create Figure 42, it was determined that at an angle of attack of 14.92
degrees, the missile is trimmed with a tail deflection ¢ of -12.70 degrees (The first curve to cross the
horizontal axis at the required Cy). This deflection would be required for a sustained 30 g manoeuvre
at Mach 4. According to Fleeman [60], this gives control effectiveness, o/0, of -1.18. This deflection
was used as the maximum deflection for this study and was therefore used as o for the evaluation of the

turn rate performance.

The system of interest for the actuator system was the FGM, which is the servo motor for the generic
ASYS. The selected motor for this study has a mass of 0.52 kg, as mentioned in the Montevideo
Technology Inc. servo motor datasheet [116]. There would be four motors, one for each of the four tail
control surfaces of the actuator system. This would mean the total mass of the servo motors combined
would be 2.06 kg. Section 11.A.6, the mass summary of the conceptual missile used for this study,
mentions that the actuator mass was 14.40 kg. This mass would include the structural components,
power supply, motors and electronics. The servo motors selection, therefore, fits within the mass budget

defined and would be a valid option, from a mass perspective, as the FGM for the generic actuator.

The mass of the missile, W, used for this evaluation included the actuator mass from the summary in
APPENDIX A, as this forms part of the generic actuator used on the conceptual missile design. The
missile mass is 157 kg. Assuming the missile reaches its maximum velocity of Mach 4 when all the
propellant (52 kg) is spent and is then required to perform the 30 g manoeuvre, the mass of the missile

would be reduced to 105 kg. This would be considered as W for the turn rate performance.

Therefore, based on Equation (7), the turn rate performance would be 20.95 °/s, which is greater than
the intended target’s turn rate performance of 16.64 °/s, which means that the missile is capable of

intercepting the target.

The response time for 14.92 degrees angle of attack was determined to be 0.71 s.

The miss distance refers to the proximity of the missile to its manoeuvring target and is a measure of
accuracy in intercepting the target. This is a function of the time to go (t,), missile time constant (z),
target manoeuvrability (nt) (which is the target acceleration in g’s) and the acceleration due to gravity
(9). An effective navigation ratio (N) of 3 is recommended by Fleeman [60]. The miss distance for an

effective navigation ratio (N) of 3 is as described by Equation (9) according to Fleeman [60].

O'MAN = gnT ‘E2 e_(tD/T)[(tO/T)Z/Z] (9)
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For a target acceleration of 9 g, a time constant z of 0.44 s, a time to go (to) of 0.41 s, and acceleration

due to gravity of 9.81 m/s?, the miss distance was calculated to be 11.48 m.

Assessment of the ASYS’s influence on the missile’s acrodynamics as a result of the use of a selected
FGM was carried out by evaluating its impact on the contribution to the overall lift and drag of the

missile.

For this study, the normal force was used as the measure for the force generated by the missile. The

total normal force can be calculated as seen in Equation (10) from Fleeman [60]:

Cy =Cy Body T Cy wing T Cn 1ait (10)

Based on the control surface position defined for this study, the Cnraii would be affected, which would

impact the total normal force generated.

The contribution to the normal force of the missile is evaluated by assessing the actuator system’s
influence on the normal coefficient of the entire weapon as described previously. For the total Cy of
5.50, the tail contribution, Cnrai, is 0.4.

The Cnrail for the generic actuator system is a function of the tail fin area and the deflection of the fin.

The servo motor for the generic actuator has a direct impact on the deflection.

Lift-induced drag was determined based on the coefficient of induced drag (Cai). This was determined

as seen in Equation (11):

_ G
4T TARe

(11)

Where AR is the aspect ratio of the control surface, and e is the efficiency factor for the control surface.
Based on the relationship with regard to the coefficient of lift and the coefficient of normal force at high

angles of attack, C. can be approximated as seen in Equation (12):

C, = Cycosa (12)

Therefore Equation (11)becomes Equation (13):
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_ (Cycosa)?

= 13
Cai mARe (13)

The coefficient of induced drag, together with the zero-lift drag coefficient (Cqo), contributes towards
the total drag coefficient (Cq) as seen in Equation (14):

Cd = Cdo + Cdi (14)
The total drag was calculated as seen in Equation (15):
D= quede (15)

The induced drag contribution due to the actuator system’s control surface was determined to be 0.22
based on the induced drag calculation previously described. The Cyrai is the main influence from the

actuator system.

With regard to the missile guidance and control, the time constant was determined, and the effect on
the ASYS containing the FGM was evaluated. The time constant was calculated as recommended by
Fleeman [60] as seen in Equation (16):

Trotal = Ts T T5 + Tpome (16)

Where 7; is the time constant due to pitching moment control effectiveness, ; is the time constant due
to the deflection rate of the control surfaces, zoome is the time constant due to the radome slope error,
and zrotal iS the sum of the previously mentioned time constants, the total time constant for the missile.
The time constants that contribute to the total time constant were determined as seen in Equations (17),
(18) and (19):

AMax 2
- Omax @17
e lSIy pVZSRedemS ]
Smax
Ty = 2 — (18)
Max
V. a
Tpome = N (W) IR| (;) (19)
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The variables and constants used in these calculations are defined in Table 12.

Variable/Constant | Definition Units
OMax Maximum allowable angle of attack Degrees
OMax Maximum deflection angle of the control surface Degrees

p Air density kg/m?
v Missile velocity m/s
Shref Reference Area m?
d Missile Diameter m
Cus Pitching Moment Coefficient -
Iy Pitch Moment of Inertia m*
Smax Maximum wing control surface deflection rate Degree/s
N Navigation Ratio -
Ve Closing Velocity (related to the target and missile velocity) m/s
Vm Missile Velocity m/s
R Dome Slope Error -
o)y’ Angle of Attack sensitivity st

Based on the calculation previously described by Fleeman [60], the missile time constant z is 0.44 s.
The actuator system has a direct impact on the deflection ¢, the pitching moment control effectiveness
Cus, the deflection (slew) rate &, and the turn rate performance y. The FGM has an influence on all of

these characteristics.
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The slope of the curve in Figure 43 is -3.79. This slope is the pitching moment control effectiveness

derivative Cy.

The effect of loading on the missile airframe was evaluated based on the loads the missile structure
would encounter in operation. The influence the ASYS has on this load was evaluated by its influence
on the FGM.

The actuator system is subjected to aerodynamic loads, which is a function of altitude, geometry and
velocity. The actuator system must be designed to withstand these loads and work against them in order
to manoeuvre the missile. The loading around the actuator region would affect the interface to the
missile airframe. For this evaluation, the focus was on the loading that would impact the FGM in a
direct manner. This would be the normal force acting on the tail fin. The FGM would be expected to
withstand and overcome this load to produce the necessary fin deflections. Hence the normal force is
an important factor to consider. For the conceptual missile with a rotating fin, the hinge moment was

determined to be 46.2 Nm based on the applied normal force.
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To withstand this load and to operate when this load (assumed to be the maximum loading) is applied,
a motor with a 20 % safety factor (20% more available torque) would be suitable for this study. This
would mean that the servo motor should be able to hold the fin in its desired position regardless of the
load applied, within the range the control fins would experience. These inputs were also needed to select
the generic FGM to be used for comparison in this study.

Due to the selected placement of the actuator and the thermal influence of the rocket motor, the blast
tube and the nozzle were evaluated. The thermal data for the rocket motor selected for the conceptual
missile design was not available and thus could not be included in this study. In the absence thereof,
the heat the actuator system would experience, i.e., the heat transfer from the rocket motor to the exterior

surface of the rocket motor casing was estimated.
In G. P. Sutton et al. [117], which describes the transient heat transfer from the combustion chamber to

the motor casing wall and through it, the temperature of the blast tube internal wall was determined

based on Figure 44.
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Figure 44: Typical temperature distributions through a motor casing thrust chamber wall as a

function of heating time [117]

The internal temperature (T;) was assumed to be the typical equilibrium temperature, namely 357°C,
shown in Figure 44. Through conductive heat flow, the surface on the outside of the blast tube will
eventually reach this temperature. The temperature inside the actuator system would start from an
extremely low temperature (at the minimum operating temperature of the motor) and would start to
increase as soon as the rocket motor is ignited and would continue to increase until all the propellant is
burnt. According to Montevideo Technology Inc.[116], the maximum operating temperature of the
selected servo motor is 220°C. As a similar type of motor is in use in the AIM-120, it is expected that

the temperature does not reach a temperature higher than the maximum value operating temperature
during the flight time.
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The contribution to the overall missile mass was evaluated and compared to the conceptual missile’s
initial estimates. As previously described, the generic actuator system would contain four servo motors
of 0.52 kg each, which make the total mass for the FGM 2.06 kg. This makes up 14.3 % of the 14.4 kg
actuator, with the other components making up the remainder of the mass, as described in Section
11.A6.

The stability of the missile was also evaluated based on the contribution of the actuator candidate mass
and force generation location to the missile system. The positioning of the servo motor, the FGM within
the actuator system, has an influence on the centre of gravity of the missile but has no direct effect on
the centre of pressure of the weapon. This generic FGM placement would be similar to that of the AIM-
120 baseline. The placement of the fins on the conceptual missile is also similar to the AIM 120.
Therefore, the conceptual missile’s stability is expected to at least be similar to that of the baseline

selected.

The overall effect of the FGM on the operational time encompasses the time it is able to operate as well
as the effects of its mass and influence on drag. The mass and the drag would tend to bleed energy from
the system, reducing the missile range and ability to intercept the target.

As mentioned in Fleeman [60], a single degree of freedom approach was adopted to evaluate the
operating time of the missile. For the evaluation, seen in APPENDIX A, the missile was assumed to fly
at a zero angle of attack for the majority of its flight with only drag and thrust acting on it. Given that
the rocket motor would burn for 7s, the motor produces 18 kN of thrust, the initial velocity is 1212 m/s,
the reference area is 0.025 m2, the mass of the missile is 157 kg, and the coefficient of drag is 2, the
missile would travel about 8.7 km. To achieve the range of 120 km and to ensure an intercept velocity
of twice the target’s velocity is achieved, the missile would have to travel for an additional 126 s. In the
phase without the rocket motor, the missile is assumed to experience a constant drag that would reduce
the missile's velocity from its maximum value to the desired intercept velocity. The flight time would
therefore be about 133 s. This approach did not include the effects of manoeuvres, normal force or
change in weight after burnout. The operational time was considered to be 180s to account for the
influences of these effects on the missile as the system would be required for a longer period. This could

be refined by carrying out a higher DOF investigation; however, this is beyond the scope of this study.

The additional inputs into the ASYS design are shown in Table 13. These inputs can be considered to

be the minimum performance measures for a competitive generic FGM design.
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Selection Criteria Generic Units
Response Time 0.71 s
Missile Manoeuvring
Missile Miss Distance 11.48 m
Contribution to Normal
- - - 5'50
Missile Aerodynamics force (Cn)
Impact on Drag (Cq) 0.22
Missile Guidance and Control Time constant 0.44 S
Effect of loading on
23.15 Nm
Structure
Missile Airframe
Influence due to Rocket
<220 °C
motor
Missile Mass Percentage contribution 2.06 kg
) Position Same m
o . Effect of force generation ) )
Missile Stability ) as in Section (from
location
11.A4 Nose)
Missile Flight Time Operational Time 180 S

Following the missile design, the stakeholders (this includes the Client, the end-user and the original
equipment manufacturer (OEM)), as well as the operational context, were evaluated to elicit

requirements for the ASYS, which includes the FGM.

The Systems Engineering approach was used for the design of the missile’s Actuation System (ASYS).
The purpose of the ASYS design, like the conceptual missile design, was to elicit requirements for the
FGM. The details of the complete process and outcome are in APPENDIX D. This section contains a

summary of the process and outcome.

The main stages of the process followed were also adapted from the IEEE 1220 standard (described in

Section 2.1) and as described by Sparrius [13]
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The requirements for the actuator system are derived from the missile system. This is influenced by the
stakeholders (this includes the Client, the end-user and the original equipment manufacturer (OEM) as
well as the operational context. The process for the elicitation of requirements can be seen in Figure 4
in Section 2.1.

The functional and Performance Requirements for the actuator system were determined as summarized
in Table 14. The detail of the ASYS Requirements Analysis can be seen in APPENDIX D.
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Functional Requirement Performance Requirement Value
Generate a force to allow the missile to
la The Actuator Shall achieve a manoeuvre limit of 30 g >1685 N
generate the required (Minimum required for 30 g manoeuvre)
1b normal force Ensure interfaces withstand generated forces. | Reserve Factor > 1
Physical termination of
2a missile flight (Once In- Provide the means to terminate the flight -
Flight termination mode)
. . Information to be transferred at a rate of the
Receive information from - s
3a I system-level defined communication frame Yes
missile MCP rate
. . . Information to be transferred at a rate of the
Send information to missile - L
4a MCP system-level defined communication frame Yes
rate
5a Operate at a bandwidth 25 Hz
5b Ass.ist.in a!tering the Generate sufficient force to_alter missile flight Based on 1a
missile flight path path as required
Maintain the required applied force for the
5¢ required duration 180
6a Operate at a bandwidth 25 Hz
6b o Generate sufficient force to alter missile flight Based on 1
Maintain missile flight path path as required ased on la
6e Maintain the requ_lred appll_ed force for the 180's
required duration
7a Measure force generated output 800 Hz + 10 Hz
7b . . Record force generated output 800 Hz £ 10 Hz
Monitor Force generation ——
Feedback measurements within the system to
7c . 800 Hz + 10 Hz
allow for system adjustment
8a Operate at a bandwidth 25 Hz
8b Generate sufflclentt1 force to.alter missile flight Based on 1a
Run Pre-programmed flight — pat a5 requw_ed
Maintain the required applied force for the
8c paths ) - 180s
required duration
8d Information to be transferred to and from 800 Hz + 10 Hz
MCP at a rate
9a Operate at a bandwidth 25 Hz
9b Generate sufficient force to_alter missile flight Based on 1a
- . path as required
Run built-in maintenance — - -
Maintain the required applied force for the
9c tests . - 180s
required duration
9d Information to be transferred to and from 800Hz + 10 Hz
MCP at a rate
Endure all transportation within transportation
10a Be transported packaging based on the Military Standard [66] Yes
1la Have a Shelf life Ten years
11b Be stored Endure conditions within packaging based on Yes
the Military Standard [66]
122 Be Programmed Allow for multlple_ programming Yes
updates/modifications
13a Be dlspgsable at Fhe end of Must adhere to environmental standards Yes
its shelf life

The Measures of Effectiveness (MOE) refers to limits by which the system satisfies its mission when

used by the end-user in the correct operational environment [10]. The MOE is meant to be defined in
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terms of anticipated outputs of the system but must be independent of any final design chosen.
According to the INCOSE Systems Engineering Handbook [8], the defined MOE should be able to
identify the overall performance of the final solution chosen.

The defined MOEs were used to check if the actuator system met or exceeded the requirements needed

for the subsystem to be an effective solution for the intended missile system. The MOEs are as follows:

Bandwidth/Rate of Response
Energy Usage
Rate of change in Missile pitching moment.

Adherence to space requirements

o & w0 D e

Adherence to mass requirements

The ASYS boundaries were defined to assist in characterising other interacting systems which are out
of the system designer’s control. The external interfaces were defined, and a greater understanding was

achieved with regard to the input and output requirements of the system to be designed.
Figure 54 is an illustration of the ASYS and its related systems interaction. This illustration was created

based on the inputs from the missile design (see Section 4.2) and other information related to the life

cycle of the actuator system (derived from the missile system).
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Figure 45: Context Diagram: Actuator System — External Interfaces

The details of these interfaces (the arrows labelled EI 1-8) are as follows:

1. The interface to the Missile Central Processor (MCP) is a communications link. The link is required
for the MCP to send the actuator system information and to receive feedback from the actuator.
(Information and Control)

2. The interface to the missile airframe refers to the physical connection the actuator will have with
the rest of the missile system. (Interaction and Energy)

3. The rocket motor interface relates to the influence the rocket motor would have on the actuator.
This was considered based on the general placement of a tail ASYS. The rocket motor affects the
immediate environment of the actuator system due to the thermal impact. The rocket motor also
constrains the volume the actuator can occupy. (Interaction, Energy and Information)
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4. The physical environment is a significant influence on the actuator system. The physical
environment refers to the operating environment and the aerodynamic loads that the actuator would
have to overcome to function effectively. (Interaction, Energy)

5. The user interface refers to the interface the actuator would have before, during and after integration
to the missile system. This would involve the consideration of human factors and other design
criteria to ensure it can be integrated on the higher system level. (Interaction, Information, Control,
Energy)

6. The launch platform has a direct influence on the volume the system can occupy. The interface is,
therefore, a constraint to the actuator system. (Interaction)

7. The storage of the actuation system, before and after integration, is an interface that would have an
influence on the volume. There may also be environmental effects that may affect the actuator
system. (Vibration, temperature, humidity and other environmental factors) (Interaction, Energy)

8. The transportation of the actuator, like the storage interface, also has a similar influence on the

actuator system. (Interaction, Energy)

In Figure 45, the different arrows used to depict the various flows between interfaces for the context
diagram are defined. The flows such as information, control, energy and interaction were considered.

Information flow refers to the flow of data feedback or measurements at the relative interfaces. Control
flow refers to the control data sent at a specific interface that alters the function of the system. Energy
flow refers to thermal energy and vibration. Interaction flow refers to the physical influence surrounding

systems have on the actuator system. This relates to the space constraints the actuator would experience.

As seen in Figure 45, the actuator shall withstand the same environment as the next higher-level system,
the BVR missile described in Section 4.2.

The Life Profile refers to a system’s post-development life cycle, which includes where it will be used,
how it will be integrated, how it will be accepted, user training, system support, and end of life processes

(decommissioning and disposal). [10]

In order to define the life profile for the ASYS, the various processes post-integration of the system
were envisioned, based on the Systems Engineering Body of Knowledge [10], and the following life

profile was determined:

1. Acceptance Testing (Performance related testing pre-integration to the next higher-level
system)
2. Physical integration to the missile system

3. Be transported.

84



4. Remain in a dormant state.
5. Enter Maintenance State
a. Be powered.
b. Be tested (within missile system)
c. Be powered down.
d. Be repaired (if required)
6. Be utilised by the missile system.

7. Decommission and dispose (if beyond proposed shelf life)

The remainder of the life profile was determined based on the life of the actuator incorporated into the
missile system—the typical shelf life for a missile is 10 to 20 years, according to Howard et al. [118].
The shelf life of the missile system would give rise to a shelf-life constraint for the actuator and,
therefore, for the FGM. The shelf life of weaponry is a concern, and an accurate performance
specification could assist in developing products with better shelf life [118]. This points to the necessity

of Systems Engineering as a basis for the design and to develop a maintenance plan.

It is important to note that during the process of deriving the Functional Requirements, the actuator was
considered as a whole, and the Functional Requirements defined are that of the entire system. The
functions relating to the defined requirements are described following the establishment of the
requirements baseline. The links between the life profile of the actuator and the Functional
Requirements defined can be seen in Table 15. The grey cells in the matrix depict the link between life

profile and functional requirement.

Table 15: Actuator Life Profile and Actuator Functional Requirements

The modes of the actuator were then determined. A mode is a label given to a set of user-based
capabilities that can be used to command and control the system to achieve the required outcomes of
the system. [119]

The modes for the actuator system were defined as follows:
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o Power Off Mode refers to the mode when the system is not powered either from within the
missile or an external source.

e Power-On Mode is when the actuator system is powered from within the missile.

o External Power Mode is when the actuator system is powered from outside the missile.

o Standby Mode is the mode the actuator enters where it awaits instruction.

e Operational Mode is when the actuator is able to execute the flight commands received from
the MCP.

e Flight Termination mode is when the actuator performs a flight termination action.

o Test Mode is a mode used during the testing of the actuator. Within this mode, there are various
built-in tests that assess the performance of the system.

e The failure mode is entered into once the actuator does not receive any feedback from the
missile MCP. Upon entering this mode, the actuator then performs a series of system checks
(built-in tests) to identify and resolve the problem.

o Repair mode allows the system to be adjusted to resolve issues affecting the functioning of the

actuator.

Figure 46 highlights the modes for the ASYS. These modes are derived from the life profile of the
actuator. Each blue block refers to a distinct mode, and the arrows indicate the conditions for each

mode. The modes defined in Figure 46 are the internal modes of the actuator.
The FGM is impacted by all the modes identified. Table 16 illustrates the relationship between the
defined modes and the previously defined Functional Requirements of the actuator system. The grey

cells of the matrix depict the link between the functional requirement and the modes.

The complete correlation between the actuator modes and the missile system modes were not evaluated

as it is beyond the scope of the study.
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Figure 46: Actuator System - Modes of Operation flow diagram

The various conditions are defined as follows:

a)
b)

c)

d)

Refers to the fulfilment of the request from the Missile MCP to enter the Power On mode.

An external user initiates the External Power mode (for test purposes only).

After the power initiation has taken place (Power On/External Power modes) and the system is
fully powered, the actuator system enters a test mode. Built-in tests are carried out to assess the
integrity of the system.

If a failure occurs, the system enters a failure mode.

If the tests are successful, the system enters a standby mode. If required, the actuator system
will be instructed to return to the test mode during system testing or maintenance.

When required by the missile system, the actuator is requested to enter the operational mode
(by the MCP).
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9)

h)

)

K)

Should a failure occur with the actuator system, or if there is a communication failure between
the MCP and actuator, the system enters a failure mode.

If a request is received from the MCP, the actuator enters flight termination mode.

If the failure can be resolved internally or by an external user (during maintenance or acceptance
testing), the system will enter a repair mode.

If the failure cannot be resolved during free flight, the MCP will request the actuator to enter a
flight termination mode.

During maintenance testing or acceptance testing, the system will reset itself if required by the
solution to repair the failure and enter a Power Off mode.

If the solution to resolve the issue does not require a system reset, the system will enter the Test
mode.

If required by the external user during acceptance testing/maintenance testing, the system can

be manually switched to Power Off mode.

Table 16: Modes and associated Functional Requirements

Power On

Standy By
Operational
Maintenance
Failure

Flight Termination
Power Off
External Fower

Test

Assessing the Failure modes of a system is necessary in order to ensure a system continues to operate
as intended. The conditions/events related to a failure occurring is referred to as Failure Modes in J.
Moubray [120]. According to J. Moubray [120], it is crucial to define the functions and the Performance
Requirements of the system to gain a better understanding of what the possible failure modes will be

for the system.
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Once failure occurs, the system enters a Failed State, also called a Functional Failure. It is named as
such since the system is unable to function as intended [120]. The Failed State for the actuator is a sub-
state of a Termination State. Within the failed state, there are two lower states, namely the internal
power failure state or the External power failure state. The latter refers to a failed state experienced
during testing and maintenance. During this period, the actuator can be repaired if required.

The former refers to when the missile is using the actuator in captive and free flight. During these
periods, the actuator is not accessible for repair. It, therefore, results in the Flight Termination mode for
the actuator, which in free flight would cause the missile to tumble from the sky, or in captive flight, it
would send a signal to the missile that it is non-functional, which in turn would relay the message to

the launch platform.

The effects of the failures are linked to the failure events, as detailed and discussed in Moubray [120].
The events and their descriptions are described further in APPENDIX D.

The actuator is a vital system with regard to flight path alteration of the missile system. The criticality
of the failures was important to assess as they impact the surrounding systems and influence the
missile’s operation. For this study, the failures were assumed to have equal importance. The delay times
in the failure mode analysis were assumed values as these values should be determined based on the

needs of the system once components have been selected.
The actuator states were then determined. A system is in a state when the behaviour it showcases
remains constant or steady for a meaningful period [121]. In a particular state, a variety of modes can

occur as long as they align with the values of that state.

The states identified for the actuator are the Dormant State, the Operational State and the Termination

State. These are indicated in Table 17 and are linked to the modes which align to the state values.
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Table 17: States and associated Modes

State
Operational |Termination |Dormant

Mode

Power On
Stand By
Operational
Test
Maintenance

Failure
Flight Termination
Power Off
External Power

The physical characteristics of the actuator (taken from the Missile Design in APPENDIX A) are shown
in Table 18.

Table 18: Actuator Physical Characteristics

Characteristic Quantity
1 | Shall fit within the missile diameter 178 mm
2 | Shall fit within the defined actuator volume. 0. 0074 m®

The human factors requirements were identified in Table 19.

Table 19: Actuator Human Factor Requirements

Characteristics Quantity

1 | Shall have an external interface to a human user. The interface would | Designated user interface

allow for programming, maintenance and integration

4.3.2 ASYS Requirements Validation

Validation of the outputs from the Requirements Analysis process is necessary to ensure the system
will meet the required outcomes. The validation processes, as described in Section 2.1, were used. The
requirements were evaluated and can be assumed to be validated as a detailed verification and validation

of the actuator design is outside of the scope of this work.
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In this study, functions are high-level operations performed by the system, and Functional Requirements
are achieved through the system’s functions. The Functional Requirements and other supporting detail
developed previously were used to create a deeper understanding of the ASYS. This understanding
provided the insights that aided in the definition of the system functions.

The functional flow diagram in Figure 47 illustrates the primary functions of the actuator. The format
of the diagrams was based on the functional flow block diagrams from the Systems Management
College [111].

Force Feedback Loop
1B 0 3.0 4.0
Receive Command GEnerat.:e o— Monitor Response Send Information
ZomicE Feedback to MCP

5.0
Supply Power

The input from and the outputs to the missile system are not illustrated in Figure 47. It can be seen that
the information enters the system at 1.0 Receive Command from the MCP function. It then enters the
2.0 Generate Force function, which then enters the 3.0 Monitor Response Feedback function. After this,

the system then enters the 4.0 Send Information to MCP function.

An FFBD is meant to define functions and not define solutions for the system to be designed. The
process of defining lower-level functional decomposition was carried out to determine the lower-level
functions. This is required to develop the Functional Architecture required to carry out the design
according to Systems Management College [111]. The lower-level functional decomposition for the
ASYS can be seen in APPENDIX D.

The FGM, the system of interest, would be related to the “Generate Force” function. The sub-functions

between the 2.0 Generate Force Function and the 3.0 Monitor the Response feedback for the actuator
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was broken down as seen in Figure 48 from the Functional Analysis for the actuator system from
APPENDIX D.

21
Check Mechanism
Operation Status

23
Force Generation

2.2
Generate Error

Message

Figure 48: Functional Decomposition of the Generate Force Function

The lower-level functional decomposition of the “Generate Force” Function gave insight into the
functions for the FGM.

434 ASYS Functional Verification

The purpose of functional verification is to verify the totality of the functional structure developed in

the previous section. The verification involves evaluating the functions against the system requirements.

For this study, a tabulation of requirements and functions was employed. Table 20 highlights the
relationship between the system requirements and the system functions.
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Index | System  Requirements and | Function | Functional Performance Requirements
Constraints Requirements
1.1.1 | The Actuator must alter the | 1.0; 2.0; | 1;2;5;6;7,9 1a;2a;2b;5a;6a;7a;7b;7c,9a
missile flight path to intercept | 3.0; 4.0;
the intended target 5.0
1.1.2 | The Actuator must maintain the | 1.0; 2.0; | 1,2;5;6;8;9 1a;2a;2b;5a;6a;8a;8b;8c;9a
missile flight path 3.0; 4.0;
5.0
1.1.3 | The Actuator must not interfere | - 3 3a
with the launch platform
1.1.4 | Fitwithin the designated missile | - 3 3a
volume
1.15 | Operate within a required | 1.0; 2.0; | 7;8 7a;8a
timeframe 3.0; 4.0;
5.0

The verified Functional Architecture was then used to develop the Physical Architecture in the

Synthesis phase.

During the Physical Architecture design or the process of Synthesis [10], the functional building blocks

are transformed into physical blocks that details the organisation layout of crucial components, internal

and external interfaces, and relevant design constraints. A preferred Physical Architecture solution was

selected from a set of concepts.

The functions and their related sub-functions were evaluated to develop suitable architecture as a first

step. The top-level functions were separated into mechanical and electronic subsystems depending on

the main focus of the function. In Figure 49, the demarcation of the subsystems, depending on the

functions, are illustrated.
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Actuator System

Electronic Mechanical
Subassembly Subassembly

The electronic architecture would manage the following functions:

e Receive Command from MCP
e Monitor response Feedback.
e Send Information to MCP

e  Supply Power
The mechanical architecture would focus on the “Generate Force” function.

The hatched blocks will refer to electronic architecture, and the solid-coloured blocks will denote

mechanical architecture.

During the next step, the functions were evaluated to determine the Physical Architecture. The diagram
in Figure 50 illustrates the decomposition of the architecture.

The architecture decomposition of the actuator is only a single approach to the architecture that would

be able to achieve functions defined for the actuator. An alternative architecture can be seen in Figure
51.
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Table 21 illustrates the relationship between the defined architecture and the main functions of the

system. In places where the architecture is linked to more than one function, it refers to the architecture

assisting in performing some of the functions.

Table 21: Relationship between the system architecture and the central system functions

Functions
F1.0 F2.0 F3.0 F4.0 F5.0
Receive Monitor Send
Generate . Power
Command Response | Information
Force Supply
from MCP Feedback to MCP

Anc hitecture

ARCHI1.1.2

ARCH1.2.2
ARCH1.3.1
ARCH1.3.2
ARCH1.4.1
ARCH1.4.2

ARCHL.E
ARCH2.1.1

ARCH2.2
ARCH2.3
ARCH2.4.1
ARCH2.4.2

ARCH2.5.2
ARCH2.5.3

The functional architecture was used to define two different physical architectures. The physical

architecture is not limited to the structures created as other configurations may be possible. Its

components, for each structure created, were able to be traced back to the defined functions, which were

linked to the requirements baseline. This was mentioned in Section 4.3.4. Each of the structures created

is, therefore, a viable option. The structure could be broken down further to better identify existing

components and new design work. For the purpose of this study, however, the components were kept

at the level defined to not limit the creativity when considering the use of Smart Material for the SOI.

A selection process was necessary to determine which architecture is most suitable for this study. The

Architecture Selection process is described in the following section.
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The process of Architecture Selection is required to determine the most suitable system architecture to
use for the concept generation. According to Cross [122], the practice relating to evaluating design
alternatives is to evaluate them based on a set list of objectives. Through the Systems Engineering
approach followed in the previous sections, a list of design objectives can be compiled. This will be
based on user requirements, Functional Requirements, Performance Requirements, operational context

requirements, and the defined functions of the system.

The method proposed by Cross [122] for evaluating alternatives, the Weighted Objective Method, was
demonstrated through examples of concept evaluation. This method was employed for the architecture
selection.

As seen in APPENDIX D, the second architecture (ARCH2) was found to be the preferred of the two
architectures developed. Therefore, going forward, ARCH2 will be used as the ASYS Physical
Architecture in this study.

With the conceptual missile designed and the ASYS architecture selected, some of the inputs for the
FGM context were developed, which was used during the Requirements Analysis stage of the SOI

design.

With the SOI identified, the missile-related inputs and the actuator system inputs determined, the
Systems Engineering Process for the FGM was initiated. The Systems Engineering approach described
in Chapter 3.2 was followed for the design of the missile’s FGM, starting with its Requirements
Analysis.

98



5. Force Generation Mechanism System Design

The system design for the Force Generation Mechanism (FGM) was carried out based on the method
outlined in Section 3.2, which was derived from the system engineering approach defined in Section
2.1. This chapter is Step 2 of the method followed for this study, as seen in Figure 52.

4 N N N )
Step 2
» FGM System > >
Design
- AN AN 2N /

Figure 52: Step 2 of the Method

The purpose of this chapter was to develop the requirements baseline, the Functional Architecture and

the Physical Architecture. The outcomes from the iterative approach are captured in this document.

5.1 FGM Requirements Analysis

The process followed for the FGM Requirements Analysis to gain additional inputs and to elicit better

requirements, as mentioned in Section 3.2, can be illustrated as shown in Figure 53.
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Force Generation Mechanism
Requirements

Figure 53: Illustration of the path followed for the FGM requirements

As shown in Figure 53 (from top to bottom), the conceptual missile design was carried out first, which
was followed by the ASYS system design. The following sections will detail the FGM system design,
the remaining step in the path illustrated in Figure 53.

51.1 FGM Stakeholder needs, expectations and constraints

Table 22 highlights the needs, expectations and constraints for all relevant stakeholders relating to the
system of interest. For this study, only the stakeholder inputs seen in Table 22 were identified. These

inputs will be used for the design going forward.

Table 22: Stakeholder Needs, Expectations and Constraints

Stakeholder S Needs, expectations and constraints

The FGM shall provide a force that will be used to alter the
missile flight path to intercept the intended target

The FGM shall aid in maintaining the missile flight path
OEM of Missile

The FGM shall fit within the designated missile volume

The FGM shall operate within a required timeframe

g BN

The FGM shall not interfere with the launch platform
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Project constraints are important inputs to consider, as they can have a significant impact on the design
of a product. Examples of these constraints could include financial, end-user certificates, technology,
suppliers and client constraints [123]. For this study, only the constraints highlighted in this chapter
were identified to showcase the process followed.

The conceptual design is to be completed in six months.

Alternative technology and actuation methods should be investigated instead of generic missile
actuation methods.

The Operational Context refers to the environment in which the product to be designed would be
required to function. It includes everything that has an influence on the operation of the product, whether

it be constraints or system inputs.

The Concept of Use (CONUSE) describes how the product will be used in a variety of situations, and
the CONUSE for the missile system was described in Section 4.2. The system of interest, the FGM,
would have a CONUSE as follows:

“Assist the higher-level missile system to intercept a target at a range of 120 km by providing the

required forces to keep the missile travelling along a required trajectory towards the target for as long

as required by the missile system.”
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External constraints refer to environmental and physical constraints that influence the system to be

designed.

The FGM will form part of the actuator system within the missile system and will, therefore, be
subjected to the same external environment. Based on the location of the actuator unit within the missile
structure (refer to APPENDIX A), there would be an influence due to the interface to the missile system.

The following external constraints were identified:

Constraint Limits

(Minimum and/or maximum)
131 Operating environment
1311 Temperature -40 to +85 Degrees Celsius
1.3.1.2 Aerodynamic Loads 1685 N
1.3.1.3 Aerodynamic Heating 334.76 K (for t = 90s)

891 K (Maximum temperature)
1314 Vibration Refer to MIL-STD-810G
1.3.15 G-Loading 30¢g
1.3.2 Missile Airframe
1321 Space available 0.0074 m3(0.178 m Diameter)
1.3.3 Rocket Motor
1321 Thermal Loading 373-473 K
1.3.2.2 Space constraint 0.08 m (Blast tube diameter)

The operating environment for the FGM would be the same environment the ASYS within the missile
system would experience. The temperature that is expected to influence the FGM would be the
environmental temperature range during the missile operation; this excludes the aerodynamic heating
as the heat load path requires further analysis, which is beyond the scope of this study. The aerodynamic
loads that have an impact on the FGM would be a result of its placement within the missile layout and

the missile system aerodynamics.

The aerodynamic loads that impact the FGM have been estimated to be 1685 N based on the initial

calculations in accordance with the conceptual missile design by Fleeman [60]. (Refer to Section 4.2)

Vibration refers to the vibration spectrum the missile will experience. This includes both carriage flight

(experienced while still on the aircraft store) and free flight (in flight) vibration. Carriage flight vibration
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values are based on typical fighter aircraft flight vibration taken from MIL-STD-810G [124]. The free-
flight vibration is based on military test specifications and established test data. Vibration test
specifications should be evaluated based on the standard in MIL-STD-810G.

The g-loading was specified during the conceptual missile design. This is the expected worst case the

missile is expected to see when engaging its specified target.

The Missile Airframe constraints refer to the limitations imposed onto the FGM based on its interface
to the airframe. The space/volume allocated to the FGM is limited by the missile system. It is based on

inputs from the conceptual missile design. Refer to APPENDIX A.

Due to the decision to have the actuator at the rear of the missile, the rocket motor would influence the
FGM’s operation. The thermal loading during and after the rocket motor is fired is a limiting factor.
The rocket motor temperature values in Table 23 are based on rocket motor blast tube temperatures
discussed in G. P. Sutton et al. [117]. The space available is influenced by the rocket motor blast tube.
The blast tube diameter is based on the rocket motor’s throat area, 0.003 m?, which is a throat diameter
of 0.061 m. According to Fleeman [60], the blast tube diameter is larger than the throat diameter, and
therefore a diameter of 0.08 m was assumed.

Defining scenarios or mission profiles allows one to outline how the system will operate or be operated
by the end-user. The mission profile defined in this section is arranged in chronological order and

highlights the various scenarios the FGM will face during its period of operation.

1. Once power is received from the launch platform, a system functional test is performed.

2. After the initial functional test, if the test was successful, then the FGM enters a standby mode. If
not, it enters a failure mode, and a power reset from the launch platform is required.

3. Once the missile system is launched and is clear of the launch platform, the FGM will be fully
functional.

4. The FGM will assist in maintaining the missile flight path towards the intended target by executing
guidance and control commands.

5. The FGM will provide a force to alter the missile flight path to intercept the intended target by
executing guidance and control commands.

6. If the missile does not intercept the target or is required to end its mission, the actuator shall enter

a flight termination mode, and the FGM will assist the missile in tumbling towards the ground.
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The Measures of Effectiveness (MOE) refers to limits by which the system satisfies its mission when
used by the end-user in the correct operational environment [10]. The MOE is meant to be defined in
terms of anticipated outputs of the system but must be independent of any final design chosen.
According to the INCOSE Systems Engineering Handbook [8], the defined MOE should be able to

identify the overall performance of the final solution chosen.

The defined MOEs will be used to check if the FGM meets or exceeds the requirements needed for the
subsystem to be an effective solution for the intended actuator within the defined missile system.

Bandwidth/Rate of Response

Energy Usage

Rate of change in Missile pitching moment.
Adherence to space requirements

o > e

Adherence to mass requirements

The definition of system boundaries assists in characterising other interacting systems which are out of
the system designer’s control. The external interfaces can be defined, and a greater understanding can

be obtained as to the input and output requirements of the system to be designed.
Figure 54 is an illustration of the FGM and its related systems interaction. This illustration was created

based on the inputs from the missile design (see Section 4.2 and APPENDIX A) and other information
related to the life cycle of the FGM.
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Figure 54: Context Diagram: FGM System - External Interfaces

Figure 54 depicts the external interfaces (the arrows labelled El 1-8). The details of these interfaces are

This interface is the link is required for the Actuator Electronics to send the FGM inputs to
operate. (Control)

The interface to the Actuator System refers to the physical connection the actuator will
have with the FGM. (Interaction and Energy)

The rocket motor interface relates to the influence the rocket motor would have on the
FGM. This was considered based on the general placement of a tail ASYS. (Interaction,
Energy and Information)

The physical environment has an influence on the FGM. The physical environment refers
to the operating environment and the aerodynamic loads that the FGM would have to
overcome to function effectively. (Interaction, Energy)

The launch platform has a direct influence on the volume the system can occupy. The
interface is, therefore, a constraint to the actuator system. (Interaction)
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In Figure 54, the different arrows used to depict the various flows between interfaces for the context

diagram are defined. The flows such as information, control, energy and interaction were considered.

Information flow refers to the flow of data feedback or measurements at the relative interfaces. Control
flow refers to the control data sent at a specific interface that alters the function of the system. Energy
flow refers to thermal energy and vibration. Interaction flow refers to the physical influence surrounding

systems have on the actuator system. This relates to the space constraints the actuator would experience.

The FGM shall withstand the same environment as the next higher-level system, the actuator system
for the BVR missile described in Section 4.2.

The Life Profile refers to the item’s post-development life cycle, which includes where it will be used,
how it will be integrated, how it will be accepted, user training, system support, and end of life processes

(decommissioning and disposal). [10]

In order to define the life profile, the various processes post-integration of the system were envisioned,
based on the Systems Engineering Body of Knowledge [10], and the following life profile was

determined:

1. Acceptance Testing (Performance related testing pre-integration to the next higher-level
system)
2. Be transported.
Remain in a dormant state.
4. Enter Maintenance State
a. Be powered.
b. Be tested (within missile system)
c. Be powered down.
d. Be repaired (if required)
5. Be utilised by the actuator system.

6. Decommission and dispose (if beyond proposed shelf life)
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Acceptance testing was considered as a part of the life profile as the ability to evaluate the actuation
would be necessary if the system is to be tested for acceptance before the next level integration, and
therefore the interface to allow for the acceptance testing would be a design consideration.

The remainder of the life profile was determined based on the life of the FGM incorporated into the
actuator system—the typical shelf life for a missile is 10 to 20 years [118]. Therefore, the actuator
system and its system elements, such as the FGM, would be subjected to this constraint. The shelf life
of weaponry is a concern, and an accurate performance specification could assist in developing products
with better shelf life [118]. This points to the necessity of Systems Engineering as a basis for the design

and to develop a maintenance schedule.

Deriving the Functional Requirements involves evaluating what the requirements of the system would

have over its life profile [10].

The following list describes the functions identified (based on the life profile seen in Section 5.1.10)
that the FGM is required to perform:

The FGM shall generate the required force when required.

The FGM shall perform during the entire operational period.
The FGM shall withstand the loads during transportation.

The FGM shall withstand the loads during operation.

The FGM shall be able to be functional after a set storage period.
The FGM shall be disposable at the end of its shelf life.

The FGM shall have sufficient no-load bandwidth.

N o a k~r w b PE

It is important to note that during the process of deriving the Functional Requirements, the FGM was

considered as a whole, and the Functional Requirements defined are that of the entire system.

The links between the life profile of the FGM and the Functional Requirements defined can be seen in

Table 24. The grey cells in the matrix depict the link between life profile and functional requirement.
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Table 24: FGM Life Profile and FGM Functional Requirements

FR1 FR2 FR3 FR4 FR5 FR6 FR7

LP1
LP2
LP3
LP4
LP5
LP6

5.1.12 FGM Performance Requirements

The Performance Requirements were based on the Functional Requirements developed in the previous
Section (Section 5.1.11). The Performance Requirements are defined to characterise how well the
function needs to be executed in order for the system to be valid based on the defined MOE [10].

The following is a summary of the previously defined functions and their related Performance

Requirements:

1. The FGM shall generate the required force when required (to generate the required missile
pitching, yaw or roll moment)
a. Generate a maximum force to allow the missile to achieve a manoeuvre limit of 30 g
(1685 N Minimum Required)
2. The FGM shall perform during the entire operational period.
a. The FGM shall perform for > 180 s.
3. The FGM shall withstand the loads during transportation.
a. Endure all transportation within transportation packaging based on the Military
Standard [124]
4. The FGM shall withstand the loads during operation.
a. Withstand the maximum force during the manoeuvre limit of 30 g (1685 N Maximum
Applied Load)
5. The FGM shall be able to be functional after a set storage period.
a. Shall have a Shelf life of 10 years
b. Endure conditions within packaging based on the Military Standard [124]
6. The FGM shall be disposable at the end of its shelf life.
a. Must adhere to environmental standards.
7. The FGM shall have sufficient no-load bandwidth.
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a. The bandwidth should be greater than 25 Hz, with no load.

A mode is a label given to a set of user-based capabilities that can be used to command and control
the system to achieve the required outcomes of the system. [119]

The modes are defined as follows:

a) Power Off Mode refers to the mode when the FGM is not powered either from within the missile
or an external source.

b) Power-On Mode is when the FGM is powered from within the missile.

c) External Power Mode is when the FGM is powered from outside the missile.

d) Operational Mode is when the FGM is able to execute the flight commands received from the
Actuator electronics.

e) Failure mode is entered into once the FGM does not receive any feedback from the missile
MCP. Upon entering this mode, the actuator then performs a series of system checks (built-in

tests) to identify and resolve the problem.

Figure 55 highlights the modes. These modes are derived from the life profile of the FGM. Each blue
block refers to a distinct mode, and the arrows indicate the conditions for the transitions between the
modes. The modes defined in Figure 55 are the internal modes of the FGM. A state mode analysis

including was not carried as it is beyond the scope of this study.
Table 25 illustrates the relationship between the defined modes and the previously defined functional
requirements of the FGM. The grey cells of the matrix depict the link between the functional

requirement and the modes.

The complete correlation between the actuator modes and the missile system modes were not evaluated

in this study.
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External
Power

Power Off

Failure Power On

Operational

Figure 55: Modes of Operation of the FGM

The various conditions are defined as follows:

a)
b)
c)

d)

9)

An external user initiates the External Power mode (for test purposes only).

The fulfilment of the request from the Actuator Electronics to enter the Power On mode.
After the power initiation has taken place (Power on Mode) and the system is fully powered,
the actuator system enters a test sequence. Built-in tests are carried out to assess the integrity
of the system.

If the tests are successful, the system enters Operational mode.

If a failure occurs, the system enters a failure mode.

Should a failure occur with FGM during the Power on Mode, the system enters a Failure mode.
Should a failure occur with FGM during the External Power Mode, the system enters a Failure
mode.
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Table 25: Modes and associated functions of the FGM
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FR6
FR7

5.1.13.2 The Impact of Failure modes

Assessing the Failure modes of a system is necessary in order to ensure a system continues to operate
as intended. The conditions/events related to a failure occurring is referred to as Failure Modes in J.
Moubray [120]. As described in J. Moubray [120], it is crucial to define the functions and the
Performance Requirements of the system to gain a better understanding of what the possible failure
modes will be for the system.

For the FGM, these functional and Performance Requirements have been defined in Section 5.1.11 and
5.1.12.

Once failure occurs, the system enters a failed mode, also called a functional failure. It is named as such

since the system is unable to function as intended [120].

The possible failure events or failure modes identified are as follows.

A reduced pitching rate of the missile due to a reduced force generation rate
A reduced roll rate of the missile due to a reduced force generation rate

A reduced yaw rate of the missile due to a reduced force generation rate
The FGM does not receive sufficient/any power for the system to operate.
FGM does not Power-On.

The FGM enters the Power on Mode but does not enter the Operation Mode.

N o gk~ w D PE

The Force from the FGM cannot be utilised by the actuator system.
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The effects of these failures are necessary to understand the impact on the surrounding systems. The
effects of the failures are linked to the failure events, as detailed and discussed in J. Moubray [120]. A
summary of these effects for the failure events are described as follows:

a. The missile does not head towards the target.

b. Itisa threat to the performance of the missile.

c. There is an impact on the performance of the missile and could result in the missile missing its
target.

d. The missile, due to the FGM not functioning correctly, could intercept something unintended.

e. If experienced in free flight, no repairs are possible. A system check and a system reset may be

necessary.

The FGM is a necessary system with regard to flight path alteration of the missile system.
Understanding the criticality of the failures was needed to assess their impact on the surrounding
systems and their influence on the missile operation. For this study, the failures were assumed to have

equal importance.

5.1.13.3 States

A system is in a state when its behaviour remains constant or steady for a meaningful period [121]. In

a particular state, a variety of modes can occur as long as they align with the values of that state.

The states identified for the FGM are the Dormant State, the Operational State and the Failed State.

These are indicated in Table 26 and are linked to the modes which align to the state values.

Table 26: States and associated Modes for the FGM

State
Failed Dormant

Mode

Operational

Power On

Operational

Failure
Power Off
External Power
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5.1.14 FGM Technical Performance Measures

These are usually related to the measures of effectiveness. For this study, the Performance Requirements
for the Functional Requirements will be used as the technical performance measures along with the
measures of effectiveness stated in Section 5.1.7 of this chapter.

5.1.15 FGM Physical characteristics

The FGM must fit within the space allocated in the missile. The missile’s diameter is 178 mm, and the
FGM allocated length is 410 mm. These constraints are based on the conceptual missile design in
Section 4.2 and are illustrated in Figure 56. The defined space is meant to house the FGM and other

related actuator components.

Figure 56: lllustration of actuator system dimensions

5.2 FGM Requirements Validation

The Requirements Analysis was repeated until the main requirements were elicited, as shown in Table
27.

Table 27: Summary of Requirements for the FGM

1 The FGM shall generate the required force when required 1685 N (Minimum)

2 The FGM shall perform during the entire operational period. >180s

3 The FGM shall withstand the loads during transportation See MIL-STD-810G

4 The FGM shall withstand the loads during operation 1735N

5| The FGM shall be able to be functional after a set storage period 10 years (MIL-STD Conditions)
7| The FGM shall have a no load bandwidth greater than 25 Hz > 25 Hz
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The propagation of these requirements was validated, and the summary is in Table 28. The validation
summary, based on the IEEE 1220-2005 [123] and as described in Section 2.1, focused on the
assessment of the requirements baseline to check if the stakeholder needs, requirements, and system
constraints have been accounted for during the Requirements Analysis phase.

Index System Requirements and Constraints Functional Performance

Requirements Requirements

S1 The FGM shall provide a force that will be used FR1, FR2, FR1a, FR2a, FR3a,
to alter the missile flight path to intercept the FR3, FR4, FR4a, FR5a, FR7a
intended target FR5, FR7

S2 o o o FR1, FR2, FR1a, FR2a, FR3a,
The FGM shall aid in maintaining the missile

) FR3, FR4, FR4a, FR5a, FR7a
flight path
FR5, FR7

S3 Shall Fit within the designated missile volume - -

S4 o ) ] FR2, FR4, FR2a, FR4a, FR7a
Shall Operate within a required timeframe FR7

S5 Shall not interfere with the launch platform - -

The requirements have been evaluated and can be assumed to be validated for this study. This forms a
portion of the expected outcomes from Step 2 seen in Figure 52. With the requirements validated, the

system design entered the Functional Analysis stage of the process.

Based on the Functional Requirements list in Section 5.1.11 of this chapter, the main Functional
Requirements of the FGM were identified. This was done by evaluating the purpose of the system based
on the higher-level system requirements.

The FGM was determined to be the system of interest in Section 4.1. Through the conceptual missile
design and the actuator system design, the system of interest was also identified as the system that
would provide the force needed to aid in the manoeuvring of the missile. This supports the initial
decision to select the FGM as the system of interest. Therefore, the primary Functional Requirements

of the actuator are to execute commands to alter and maintain the missile flight path.
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According to Systems Engineering Fundamentals [111], Functional Flow Block Diagrams functionally
define the system requirements. As described in Section 3.2, a Functional Flow Block Diagram (FFBD)
was generated.

In this study, the functions are high-level operations performed by the system that achieve the
Functional Requirements. The functional requirements developed in Section 5.1.11 were used to define
the functions.

The FFBD in Figure 57 illustrates the primary function of the FGM. The format of the diagrams that
follow was adapted from the functional flow block diagrams from the Systems Management College
[111]):

Electrical 23

Energ'tf Force Generation Force

Electrical energy is the input (indicated on the left of the function), and the output is the force utilised

by the missile system.

The FFBD helped to develop the Functional Architecture required to carry out the design.

As described in APPENDIX D, once the command reaches the 2.0 Generate Force function (Function
2.0), the system must check the operational status of the FGM (Function 2.1, Check Mechanism
Operational Status function). If the mechanism’s status is acceptable, a “go” path is taken, denoted by
the G. The system then enters the Force Generation function (Function 2.3), which would then ideally
be able to increase, decrease or maintain the force required from the missile system. The Force

Generation function was broken down into the sub-functions seen in Figure 58.
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23
Force Generation

231
Transform

232 233

Electrical
Energy

Alter Qutput
Produced

Interact with the

Electrical Energy airflow

These sub-functions would include 2.3.1 Transform Electrical Energy, 2.3.2 Alter Output Produced,
and 2.3.3 Interact with airflow. The FGM will experience the flow of functions mentioned to meet the
force generation requirement. The electrical energy input will be transformed by the FGM into an
output. This output may need to be altered to be usable by the system. Once that function is performed,
it provides the input to interact with the airflow resulting in the force that will be utilised by the missile.

As mentioned in Section 2.1, the purpose of functional verification is to verify the totality of the
functional structure developed in the previous section. The verification involves evaluating the

functions against the system requirements.
The tabulation of the system requirements and the associated functions will highlight the downwards
and upwards traceability of the requirements and derived functions. For this study, a tabulation of

requirements and functions was employed.

Table 29 highlights the relationship between the system requirements and the system functions.
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Index

System Requirements

and Constraints

Functional

Requirements

Performance

Requirements

Function

S1

The FGM shall provide a

force that will be used to

FR1, FR2, FRS,
FR4, FR5, FR7

FR1la, FR2a, FR3a, FR4a,
FR5a, FR7a

F2.3

alter the missile flight
path to intercept the
intended target

S2 The FGM shall aid in
maintaining the missile
flight path

S3 Shall Fit within the - -

designated missile

FR1, FR2, FRS, F2.3

FR4, FR5, FR7

FR1a, FR2a, FR3a, FR4a,
FR5a, FR7a

F2.3

volume

S4 Shall Operate within a

FR2, FR4, FR7 FR2a, FR4a, FR7a F2.3
required timeframe

S5 Shall not interfere with - -

F2.3

the launch platform

The link between the FGM function and the system requirements have been established. Therefore,
the Functional Architecture for the FGM can be considered to have been verified. This architecture

will be used to define the Physical Architecture in the following chapter.

As described in Section 2.1, during the Physical Architecture design or the process of Synthesis [10],
the functional building blocks are transformed into physical blocks that details the organisation layout
of crucial components, internal and external interfaces and relevant design constraints. A preferred

solution is selected from a set of concepts.
The Physical Architecture is the representation of the physical elements that make up the internal
structure of a system. The physical elements are derived from the functions the systems are required to

perform.

The system’s Functional Architecture, determined in Section 5.3, showcased a single top-level function

for the FGM, Force Generation (Function 2.3 of the Actuator System).
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This function and its related sub-functions were evaluated to develop suitable Physical Architecture as
a first step. Using the Physical Architecture developed for the ASYS in Section 4.3.6, the FGM
architecture was developed. The architecture labelled ASARCH 2.4.1 was used as the baseline
architecture element for architectural development, as seen in Figure 59. In Figure 60, the demarcation
of the subsystems depending on the functions are illustrated.

Actuation System

(ASARCH2)
Force
3 e Generation
N (ASALFJ{'(.;[}:2 3) Mechanism
' (ASARCH2.4)

Mechanical

(ASARCH2.4.1}

En
£
El

coder/
orceto
lectronic:
-> Sl

transducer
{ASARCH24:2)

Figure 59: Selected Asys Architecture

FGM
Mechanical Device
(ASARCH 2.4.1)

|
} |

Electronic Mechanical
Subassembly Subassembly

Figure 60: Initial Architecture Breakdown
The electronic architecture will handle Function 2.3.1, Transformation of the Electrical Energy. The

mechanical architecture will also handle a portion of Function 2.3.1 as well as Function 2.3.2 Alter

output produced and Function 2.3.3 Interact with the airflow.
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The hatched blocks will refer to electronic architecture, and the solid colour blocks will denote

mechanical architecture.

During the next step, the functions were evaluated to determine if there would be a possible Physical
Architecture.

The Force Generation function requires different components to achieve the requirements. To identify

the physical structure, the sub-functions were considered.

Focusing on the sub-function 2.3.1, the input electrical energy will be transformed by a device into
useful work. This energy will be transferred through a train of components to give a final output force
that the missile will during its manoeuvre process. These components will perform the sub-functions
2.3.2 and 2.3.3. This Physical Architecture for the FGM is illustrated in Figure 61.

FGM
Mechanical Device
(ASARCH 2.4.1)

(FGMARCH1)
Transmission Airflow interaction
Force Generator b ladhaiaT structure
{EOMA S (FGMARCH1.2) (FEMARCH1.3)

In Figure 61, the Force Generator (FGMARCH 1.1) transforms the electrical current into a force. The
Transmission mechanism (FGMARCH 1.2) will alter the output produced by the force generator. The
Airflow interaction structure (FGMARCH 1.3) will manipulate the airflow. Different components are
capable of performing as these architecture elements; therefore, it was not broken down further to allow

for freedom in the concept development.

For the generic FGM, the Physical Architecture would consist of a servo motor which would perform
Function 2.3.1 by transforming the electrical energy into rotational motion, which would have an output
torque. A lead screw and a nut would be coupled to the motor to change the rotational motion into linear
motion, changing the motor torque into a linear force and amplifying the output load. This would fulfil
Function 2.3.2. The fin would be the component that interacts with the airflow (Function 2.3.3), and the

linear force from 2.3.2 would adjust how the fin interacts with airflow.
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Table 30 illustrates the relationship between the defined architecture and the main functions of the

system.

Table 30: Functional Allocation for the System Architecture

Functions (FGM)

F2.3.1 F2.3.2 F2.3.3
T f
rens .orm Alter Interact
Electrical .
Enerev into Qutput with the
&Y Produced airflow
a Force

ARCH1.1

ARCH1.2

Architecture
(FGM)

ARCH1.3

The outcomes of this chapter fulfil Step 2 defined in Section 3.5. During the Requirements Analysis,

the inputs from the enabling systems, the missile and the actuator system, and the operational context

aided in the elicitation of the FGM system requirements. This was considered to be validated as
described in Section 5.2 and used as the basis of the Functional Architecture creation. This architecture

was assumed verified through the traceability to the requirements baseline. The validation and

verification mentioned here refer to the processes described in Section 2.1 based on IEEE 1220-2005
[123]. These functions, along with the Physical Architecture developed for the ASYS, were used as
input for the FGM Physical Architecture generation. Through the SE processes mentioned in Section

2.1, the validated requirements baseline was developed, the Functional Architecture was generated, and

the Physical Architecture was established. These inputs were used for the concept generation phase.
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6. Concept Generation

The FGM system was developed using the Systems Engineering process mentioned in Section 3.2,
where the requirements and functions were defined and from which a Physical Architecture was
developed, as seen in Section 5.5. This architecture was used to develop the concepts described in this

chapter.

4 N N N N

- Step 3
Concept Creation

A 4
A 4

- J AN AN J

Based on the conceptual missile design carried out (described in Section 4.2), the actuator system was
allocated space to the rear of the rocket motor for its placement. This decision was based on the
placement of the actuator on the baseline missile (the AIM-120) used for the conceptual design and to
reduce the scope of the study. The concepts were therefore developed with predefined placement in
mind. Concepts that fall outside the prescribed placement were not considered for this study. Alternative
ASYS placements outside the prescribed placement should be considered for future study.

As previously mentioned, these requirements were revised based on the system of interest, namely, the
FGM. The design objective/requirement that refers to the primary function of the FGM is the generation
of a force for the physical alteration of the missile’s flight path (FR1). It was therefore considered during
the evaluation of the requirements. The requirement value refers to the minimum force that is required
to be produced by the actuator system for the system level to be utilised by the missile system for a 30
g manoeuvre. The force generation evaluation included analysing the defined FGM’s ability to aid in
meeting the force requirements. The concepts produce a force in different ways; therefore, the
evaluation was adapted to accommodate the different ways between the concepts. The approaches are
described in their respective sections. For the concepts that utilise the Smart Materials/Adaptive
Structures to move a fin, the concepts were evaluated on their ability to deflect the fin. The geometry
of the fin and the interactions between the body, wings and fins result in the aerodynamic force required
to manoeuvre the missile. The evaluation, therefore, focused on the concept mechanism’s force
production to generate the required deflection, which required some gearing or mechanical advantage,
to achieve the desired force. For this study, it was assumed that the Centre of Gravity (CG) position is
not affected by the different concepts and that the moment arm measured from the CG to the point

where the force generated acts was the same as the generic ASYS.
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This force also needs to be generated within a specific time frame to be effective at the missile level.
Therefore, the response of the system, the Bandwidth, was also important to consider. Therefore
requirement/objective FR7 was also important. For the evaluation, a mathematical model for the
different mechanism concepts was compiled in some cases based on an adaptation from literature. A
transfer function was then determined, and MATLAB (a product from MathWorks used for computing
and simulation) was employed to generate a Bode plot to determine the bandwidth. For some of the

concepts, the bandwidth data obtained from the literature was referenced.

Evaluating interfaces and components requires some detailed design which is beyond the scope of this
conceptual study. The verification of the structural integrity was therefore evaluated based on the Smart

Material/Adaptive Structure’s load-carrying ability as a standalone component.

The FGM also plays a role in maintaining the applied force for a required duration. This period is
dependent on the type of manoeuvre the missile requires and the time and distance to the target. For
this study, the analysis focused on the mission profile. The missile was thus expected to operate for a
maximum period of 180 s £ 10 s and would engage a target at its maximum velocity (Mach 4).

In general, the actuator has low power requirements during most of the missile flight as the majority of
the flight is spent making minor flight adjustments which does not require much energy to execute. At
times the missile will be required to pull a high g-manoeuvre which requires high energy input.
Therefore, the energy available for the FGM is a factor in maintaining the applied load, the other factor
being the FGM’s component fatigue life. For this study, it was assumed that the power supply is
uncapped. However, limitations were described based on the power requirements of the generic
actuator. The impact relating to available space was discussed. The fatigue life of the FGM was also

described in terms of the operational time-related requirement.

As the FGM already forms part of an existing system that has its transportability governed by military
standards like those mentioned in MIL-STD-810G [124]. The FGM should comply with these
requirements as part of the ASYS. The influence (like damping effects) of other actuator system
components not described in this study would play a role in the impact of the transportation of the FGM.
Therefore, the transportability requirement was not assessed, and it was assumed that the system met

the transportation requirements of the actuator system for this study.

The requirement for the disposability of the FGM was also not evaluated as it was considered to be

beyond the scope of this study.
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The storage requirement for the concepts was evaluated as it has a direct impact on the feasibly of the

concepts.

Therefore, the requirements assessed during the concept development were as follows:

e Force Generation
e Structural Integrity
e Bandwidth

e Operation Time

e Storage

As mentioned in Section 2.6, a missile flight path can be physically varied by altering the position of a
control surface. This change in position of the control surface influences the flow over its surface,
modifying the lift generated as described in Section 2.5. As mentioned in Section 2.6, other methods
that vary the missile’s flight path include fluidic control or flow effectors and using thrust vectoring.
The concept development was initiated with these various methods in mind. However, thrust vectoring
was not considered for this study as the mechanism would only be useful while the rocket motor is in

use.
A morphological box or concept combination table approach was used (as described in Section 3.3) to

identify solutions that would correspond to the Physical Architecture developed in the previous chapter.

The concept combination table can be seen in Table 31.
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Table 31: FGM Concept Combination Table

Force Generator
(FGMARCH1.1)

Transmission
Mechanism
(FGMARCH1.2)

Airflow Interaction
Structure
(FGMARCH1.3)

Servo Motor

Leadscrew, Nut and
Lever Arm Assembly

Control Fin

Flexinol Wire

Lever Arm

Control Fin Exterior

Piezoelectric Linear

Support Rib and Spar

Fin Geometry

Actuator
Piezoelectric MFC
Actuator

The first row indicates the headings for the columns, which correspond to the Physical Architecture
elements developed in Section 5.5. Under each heading, various solutions were identified based on the
Smart Materials identified in Section 2.2. The first row of solutions includes the generic force generation
solution. This was included as a baseline for comparison. The evaluation of the generic FGM can be
seen in APPENDIX F.

The concepts created were separated into concept categories. These can be seen in Figure 63.

Force Generation
Mechanism

Flow effectors

Tail Fin Rotation

Figure 63: Concept Categories
Figure 63 presents an illustration of the understanding of the various types of force generation, as

described in the Literature Review section, Chapter 2. Tail Fin Rotation was selected as a category
based on the baseline missile from the conceptual missile design.
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Tail Fin Rotation has two subcategories. These include Incidence and Morphing Control Surface
Geometry. Incidence refers to the change to the incidence angle of the control surface with respect to
the missile airframe, which also alters the control surface’s angle of attack, as changing the angle of
attack of the control surface changes the lift properties [81][125]. This is done by the rotation of a fin.
The Morphing Control Surface Geometry is a broad category that refers to the changing of the control
surface geometry. This can be done by altering the geometry’s dimensions to change the structure’s lift

properties.

Flow effectors (see Section 2.8) refers to the category of FGMSs, which make use of flow effectors to

alter the flow around control surfaces to change the lift properties.

The concepts generated will be discussed under the sub-categories shown in Figure 63. It should be
noted that the categories defined are not comprehensive, and other FGM categories may exist, but the
focus of the study has been limited to the categories indicated in Figure 63. The concept creation was

carried out as described in Section 3.3.

As mentioned in Section 2.5, the in-flight adjustment of the control surface position changes the
pressure distribution on the surface, causing a variation to the normal force magnitude and direction.
The concepts utilised the generic missile’s fin geometry, as seen in Figure 64, to achieve the same
normal force at the specified flight conditions.

a=64mm
b=1=314 mm
h =159 mm

-

g

d

1
r

Figure 64: Control Fin planform used for the Generic Missile ASYS taken from the AIM 120

missile
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Smart Materials or Adaptive Structures were employed to replicate a deflecting fin or simulate a servo

motor mechanism.

6.1.1 Concept 1

As shown in Chapter 2.7, servo motors can be used as an actuating mechanism to rotate a fin. In this
type of mechanism, the rotating motion of the motor shaft drives the rotation directly (see Figure 65),

or the mechanism can translate the motion into linear motion to push or pull a lever to produce the

required torque (see Figure 66).
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Figure 66: Servo Motor rotation translated into linear motion to rotate missile fin using a lever
[127]

The concept is envisioned to replace the generic servo motor, as depicted in Figure 66. A Shape Memory
Alloy (SMA) would provide the force to rotate the output shaft of the actuator, which would result in
rotation of the fin, as seen in Figure 67 (a). The wire connected to the control unit would pull in the
directions indicated to pull the wire wrapped around the spindle, which is connected to a leadscrew. As
the lead screw rotates, the nut moves axially, rotating the missile fin in the directions indicated in Figure
67 (b) and (c). The SMAs would be controlled by the control unit indicated in Figure 67.
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Figure 67: Concept 1 - Replacement of a Servo Motor
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A clutch would need to be included to minimize overstretching of the wire that is not contracting. The
clutch would need to disengage the non-contracting side when the tension exceeds a set limit but still
allow for the extending wire to be wound around the spool. This can be assisted by a spring that will
wind up the wire as it extends when the spool is free from the leadscrew.

This concept will induce a fin deflection similar to that of the generic missile. To achieve the desired
(maximum) fin deflection of -12.7 degrees, the nut on the lead screw would need to be displaced by
12.85 mm. If the same leadscrew (5 mm pitch) used by the generic system in this study is used for this
concept, the leadscrew would need to make 2.57 revolutions (5.14 revolutions from maximum rotated
positions of the fin). The SMA envisaged for this concept would be Flexinol® wire. The wire would
have to be 5.54 m for a more conservative strain of 3.5% to achieve the wire displacement required for
the resultant revolutions with a spool diameter of 12 mm. The length wrapped around the spindle only

needs to be about 200 mm, so the remainder would need to be placed accordingly.

The force at the end of the lever arm (76 mm) shown in Figure 67 would need to be 365.68 N to produce
a torque of 27.79 Nm.

The input torque for the given lead screw would then need to be 0.3 Nm. For a 12 mm spool, the force
required by the wire would need to be 25 N. Based on the datasheet obtained from Dynalloy [128], a
cluster of 0.51 mm wire would have to be used. To achieve the force, a cluster of 8 strands, with a total

area of 1.44 mm?, would be needed at the SMA locations indicated in Figure 67.

To overcome the spring that will assist in winding up the wire when the spool is disengaged from the
lead screw, additional pull force would be needed. To aid in this, additional wires can be added to the
cluster to work against the spring force. The number of wires depends on the spring selected. This detail

will be considered a detail design phase which is not part of this study.

As mentioned in Section 2.2.2, the response rate is determined by the heating of the wire, which is
proportional to the rate and intensity of the current applied [129]. The limiting factor on the rate of
response of the wire is the inertia of the load the wire has to pull, as damage in the wire can be introduced
during fast operation. For fast contractions, the inertia should be kept low, and the current should be
applied in short high magnitude surges. Heating the wire using current, starting from room temperature,
will cause the wire to reach 100 °C in 1 millisecond [128]. For the wire to return to its initial position,
it is required to be cooled for relaxation to occur. A cooling subsystem would have to be designed to
satisfy this requirement. However, this will not be covered in this study. A practical cooling system that

would allow the system to function as described will be assumed for system completeness.
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Concept 1 uses Flexinol® Wire to rotate the output shaft of the actuator, which rotates the missile
control fins. The Flexinol® Wire was envisioned to replace the DC servo motors from the generic
ASYS. Therefore, the evaluation for the force generation involves understanding the force required by

the wire to replicate the control fin deflection.

The aerodynamic load determined in Section 4.2 was the basis of this evaluation. As previously
discussed, a wire bundle would be required. The bundle details were determined in APPENDIX G.
Each cable would therefore only be required to exert 25 N to rotate the leadscrew described above. The
detail of this evaluation can be seen in APPENDIX G.

Following a discussion [130] (see APPENDIX H) with Flexinol® manufacturers (the selected Shape
Memory Alloy similar to Nitinol®), Dynalloy INC, Flexinol® was capable of producing the determined
force. This concept, therefore, meets the requirement FR1.

The recommended work for the Flexinol® is 0.0981 Nm per strand of wire, and in this concept, the
work is calculated to be 4.84 Nm which is 49 times higher than the recommended value. Therefore, the
Flexinol® would be able to produce the force required. However, it would have to operate beyond its
recommended limit, and therefore repeatability would be an issue. The repeatability in this context
would have to be evaluated in a future study. The Flexinol® may, therefore, experience some structural
damage after continuous use as the SMA is susceptible to high stresses according to the design data
sheet [43] and the email discussion with the manufacturer [130]. It also mentions that the memory strain
will decrease, causing the SMA not to perform as required and could impact requirement FR1a.

Therefore, this concept does not meet requirement FR4.

The system to be evaluated can be seen in Figure 68. The effect of the Flexinol® on the bandwidth of
the system was evaluated using the following transfer function (in the frequency domain), which was
adapted from Senthilkumar et al. [131]:
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(20)

Equation 20 is based on the outcome of the work done by Senthilkumar et al. [131]. The constants were

determined experimentally as described in that study.

De(s) Controller

Wire Bundle

Feedback
Sensor

H(s)

Figure 68: Flexinol® force generation system block diagram

The “Wire Bundle” seen in Figure 68 was the focus when the transfer function was determined for the
Nitinol® wire in Senthilkumar et al. [131] and therefore was considered to be suitable for the use for
the Flexinol® The input to the Wire Bundle is heat energy Q and the displacement of the nitinol wire
bundle D. In order to develop a closed system to evaluate the bandwidth, additional components were
included. As seen in Figure 68, D1 is the displacement input signal. D. the difference between the input
signal and the output measured by the feedback sensor. A controller and a feedback sensor were also
included to create a closed-loop system to evaluate the bandwidth. The inertia of the load connected to
the Flexinol® was not included as the focus is on the mechanism that generates the force. A proportional
controller (K) was selected to multiply the difference of the input from the output of the system. This
does not consider any losses due to the load that has to be pulled or the hysteresis the Flexinol® would
experience. The gear ratio, provided by the lead screw, in this system is used to amplify the force the
Flexinol® wire can produce and transform the linear displacement into a rotational displacement of the
control fin. This is not included in this calculation. Although the gear forms part of the system described,
it was not included in the closed-loop system evaluated using MATLAB as the focus was on the
bandwidth of the system in terms of the output displacement.

The variables and constants are described in Table 32.
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Table 32: Variables and constants for the Nitinol® Wire

Variable/Constant Description Value Units
Kp Proportional Controller Constant 0.001 -
Y Wire volume 7.94x10°® m3
H(s) Feedback Function 1 -

The Bode diagram from MATLAB can be seen in Figure 69.
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Figure 69: Bode Diagram - Wire Bundle

Unity feedback was selected for this analysis. Therefore, the feedback function has a value of 1.

The bandwidth was determined to be 1.14 Hz. The value for K, was initially assumed and alternated to
achieve the bandwidth result. Based on Nitinol® studies relating to the bandwidth of the wire, such as
Sunjai Nakshatharan et al. [132], the bandwidth should be in the range of 0.3 to 2 Hz [133].

The literature also mentions that a significant contributing factor to the bandwidth includes the cooling
of the wire to return it to the initial set point and compensating for the hysteresis in operation [43]. As
previously mentioned, the cooling of the wire was not defined, and the hysteresis of the wire was not
considered. Therefore, the result calculated was simplistic concerning the bandwidth of the wire. If
these factors are considered as well as the leadscrew and the inertia of the missile fin used for the generic

actuation system, the bandwidth will decrease significantly. Therefore, based on the range defined in
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the existing studies, the bandwidth is below the required bandwidth and is therefore not acceptable. The

requirement FR7 is not satisfied.

Given that the rate of cooling has an impact on the bandwidth of the wire, an improvement with regard
to these rates should improve the bandwidth. An example of improving the bandwidth through reducing
the cooling cycle was shown by Tadesse [134]. Depending on the cooling method, the heat transfer rate
can be improved. Further investigation is required to establish the level of improvement that can be

achieved; however, this is beyond the scope of this work.

The wire is required to operate for 180 s to meet the operational time requirement. The fatigue life of
the SMA wire is a necessary factor to consider when evaluating the operation time of the FGM.

The fatigue life is affected by the mechanical loading and thermal loading, as mentioned by Pelton
[135]. Thermal loading can be due to the environment (soaking in a -55°C environment in carriage
flight) or due to the joule heating required for the actuator to function and the cooling of SMA to return
it to its initial position. The mechanically induced fatigue is due to the contractions and extensions of
the wire. As mentioned in Middleton [57], the SMA wire can withstand 107 cycles of load. This would

be dependent on the wire diameter, the relevance of the load applied, and certain other factors.

To verify if the wire would be able to survive the operation time, the number of cycles would have to
be known. If we use the required bandwidth of the system, 25 Hz, as the duration of a cycle, and if the
total operation time is 180 s, then there would be 4500 cycles. Assuming the loading of the wire is
within its acceptable range, then it should last the duration of the operation time. Therefore, the

Flexinol® wire should meet the requirement FR2.

According to Duerig [44], Ni-Ti alloys, like Flexinol®, have been used as permanent Class 111 medical
devices implanted inside a patient’s vena cava as a filter to prevent possible embolisms. From this, it
can be assumed that such material (used for Nitinol® wire) has a near-infinite shelf life. Flexinol® wire
is only affected during prolonged exposure to high temperatures outside its transformation range [43].
Therefore, assuming the storage environment is temperature-controlled within a suitable range, the wire

should meet the requirement FR5.
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As shown in Section 2.5, changing the incidence angle of the control surface has an impact on its lift
properties.

The idea behind this concept, seen in Figure 70, is to mimic a fin deflection by morphing the control
fin structure by adjusting the leading and trailing edge in opposite directions (simulating a rotating fin),
to generate the required force. This concept uses bistable/multi-stable structures in conjunction with
Macro Fibre Composite (MFC) to actuate the leading and trailing edge of the control fin. In a similar
method used by Bilgen et al. [18], an MFC (see Section 2.1) laminate structure would be bonded to the
multi-stable surfaces to be deflected. The multi-stable surface is indicated by the diagonal hashed
rectangle in Figure 70. The multi-stable structure forms part of the internal structure of the control fin.
The outer surface, in contact with the airflow, would need to be a flexible skin to ensure a seamless
aerodynamic surface. The inner space between the multi-stable structure and the flexible skin would
require a support structure to maintain rigidity inflight. The flexible skin and inner support structure
will not be covered in this study. This structure’s design needs to be such that the impact on the MFC
actuator is minimal and that it does not deform due to the airflow. The complexity of the structure’s

design is not in the scope of this study and should be done as future work.

In this application, the multi-stable structures would be applied to the leading and trailing edges of the
control fins. The control surfaces would ideally be manipulated (the leading and the trailing edge would
move in opposite directions) to mimic a rotating fin. When a current is applied to the MFC laminates,
it provides the necessary actuation to snap the multi-stable structure into one of its pre-set stable states.
As shown in Figure 70, the MFC actuators would be bonded on the top and bottom of the multi-stable
structures on either side of the rigid support to facilitate deflections in both directions.
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Figure 70: Concept 2 — lllustration of Leading and Trailing edge Actuation
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The fin geometry in Figure 70 is only for illustration purposes. The fin geometry is envisioned to be the
same as the generic missile fin, as seen in Figure 64. Multi-stable structures are developed, as discussed
in Chapter 1. The structure would be processed to produce the necessary stable states that will mimic
the deflections for the fin. The required deflections will be based on the generic missile’s fin deflection

to achieve the required force.

The rate of response of the multi-stable structure and the load-bearing capacity of the structure (due to
the aerodynamic loading that would be experienced in flight) are related to other parameters. They will

be determined as required.

The second concept falls under the Alteration of Tail category. The force will be generated based on
the fin’s geometry and the deflection of the fin. The leading and trailing surfaces of the fin for this
concept will be deflected to mimic the rotational deflection of the generic actuator system.

It was determined that the generic fin would require a deflection of -12.7 degrees to produce the required
load to maintain the necessary g manoeuvre. This would mean the deflected fins (the horizontal fins in
the “+” configuration as seen in Section 11.A.4) would require the leading edge to deflect -12.7 degrees
and the trailing edge to deflect +12.7 degrees to achieve the same effect as the rotated generic actuator

fin.

As described in Daynes et al. [136], the energy required to change the position of a generic control
surface is related to the work done by the aerodynamic loads. However, for bistable structures, the type
of structure used in this concept, the energy required to change the control surface position is a function
of both the aerodynamic work done and the energy required to alter the form of the structure. This is
highlighted in Equation (21):

W, =Wr + W, (21)
Where Wj is the total energy required for bistable structure snap-through, Ws is the work done by the

aerodynamic load, and W, is the energy required to deform the bistable structure with no aerodynamic

loading.
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Equation (21) refers to the work the MFC actuator has to do in order to alter the control surface. The
approach to determine the work done by the actuator was adapted from Daynes et al. [136] for this
analysis.

If we assume a bistable or multi-stable structure was designed to produce the required deflections for
the required g manoeuvre, as previously mentioned, the deflections of the leading and trailing surfaces
of the fin are meant to mimic a generic control fin. Therefore, the loading of the fin should be the same
as the generic missile fin. Thus, for this study, this concept’s deflection was assumed to be as shown in

Figure 71.

Trailing
edge
deflected to
12.7
degrees

L, R o

-

Leading edge deflected - p— = X
to-12.7 degrees -

For this concept, the analysis for the force generation will focus on the MFC actuator, the Piezoelectric
patch. It is used to move the bistable/multistable structures, which forms part of the leading and trailing
surfaces of the fin. The analysis would assess the capability of providing the necessary work W, as

discussed previously. Using the Wy, the force generated was determined.

MFC patches can induce flexure. This characteristic ability was utilised in this concept, as explained
earlier in the chapter. In a previous study by Bowen et al. [38], MFC actuators were used to deflect an

aluminium plate. The experimental setup was as shown in Figure 25.

For this study, the deflection expected by the bistable structure was approximated based on the
deflection of beams. This approach would provide the basis of the method to determine the force
required to deflect the relevant structure. The approximation of the beam deflection was compared to
the results from the test carried out in by Zhang et al. [39] shown in Table 4 of that study which was

similar to the study in C. R. Bowen et al. [38]. A cantilever beam, with the same geometry and material
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properties as the aluminium beam used in the study by Zhang et al. [39], was the basis of the
approximation.

Based on the force due to the extension of the MFC d33 P1 patches [36] and the placement of the

actuator on the aluminium plate, a moment would be induced in the plate, which was approximated

along the central axis of the plate at the centre of the MFC patch as shown in Figure 72.

Top MFC Patch Force direction

Moment about central axis of
beam as a result of the couple
forces

222222

Top MFC Patch Force direction

Figure 72: Resultant load due to MFC patch placement and force application

The moment applied to achieve the same plate end deflection would need to be 0.2 Nm. This equates
to a force applied by the patches of 102 N, which is below the maximum force ability of the patch [36].
The experimental results were then plotted against an approximation of a beam with a moment acting
at the same location as the MFC patch. As seen in Figure 73, the deflection of the plate from the study
by Zhang et al. [39], and the approximation of the experiment based on a moment at the point indicated
in the beam in Figure 72, differed from one another. This could be attributed to the way the MFC patch
deforms the material of the plate, which is not modelled in this beam approximation or there could be
missing information from the study by Zhang et al. [39].
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In Figure 73, the solid line indicates the experimental results achieved by Zhang et al. [39], the dotted
line indicates a cantilever beam with a moment applied at the experimental MFC location. The

calculations relating to the creation of Figure 73 can be seen in APPENDIX I.

The deflection of this beam is as follows (adapted from Roark and Young [137]):

Zy = ﬂ(L2 —a?)
A~ 2FI (22)

Where za is the displacement measured at the end of the beam (which is expressed as Dy in Figure 25),
M is the applied moment, a is the distance the applied moment is from the free end, L is the length of

the surface to be deflected, E is the Young’s Modulus, and | is the moment of inertia.

The moment (M) is created from the force applied by the MFC patch (P) and the distance r. to the centre

of rotation shown in Figure 72.

M= PTC (23)
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The applied force was determined by rearranging Equation (22) and substituting in Equation(23) as

shown in Equation (24):

_ 2Elz
B 1.(L? — a?)

(24)
The deflection will be in the direction of the moment shown in Figure 72 based on the force directions

of the patches shown.

This load is the force required to deform the beam structure. The work done can be determined as

follows:
Wb = PZ (25)

This was considered to be the work required to deform the leading or trailing structures of the fin. To
fully define the work required from the actuator, the work done in resisting the aerodynamics loading,
Wy, was defined.

According to Daynes et al. [136], a simulation was carried out to determine the aerodynamic loading
on the bistable composite structure. The aerodynamic load distribution on the fin surface has not been
defined. This aerodynamic load was assumed to be the normal force the fin would experience acting at
the aerodynamic centre. Using the Cy calculated for the tail, using the method from Fleeman [60], the

normal force can be determined based on the following equation:
N =gqsS,,Cy (26)

Where N is the Normal Force, and Cy is the coefficient of the normal force. The load acting on the

leading surface is illustrated in Figure 74.
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The aerodynamic centre of the fin is dependent on the flow velocity. At low Mach numbers, the
aerodynamic centre is located at about 25 % of the mean aerodynamic chord (Cuac) and for high Mach
numbers (in the hypersonic range), it moves towards 50 % [60]. Since the Mach number for this study
is high, the aerodynamic centre would tend to be more towards the centre of the Cuac. So, for this study,
the normal force was assumed to act at 30 % of the cord, as this falls within the ranges described. The
normal force applied would deflect the leading surface by a distance z, in the direction of the applied

force. The work done in moving the leading surface, W, over this distance was considered as follows:

Wy = Nz, (27)

W: was considered to be the work required to maintain a zero-fin deflection if subjected to the
aerodynamic load alone. Therefore, the work required by the actuator W, can be determined based on
the relationship, which includes the influence of the work done to deform the structure and the work

done to overcome the aerodynamic loading.

In some instances, the aerodynamic load may assist the deflection of the control surface if the load acts
in the same direction as the required deflection. The actuator would have to resist the aerodynamic load
to prevent the control surface from exceeding the required deflection, and it will also be assisted by the
bistable structure’s “snap” ability. The highest work required to be done by the actuator is expected
when the aerodynamic load acts in the opposite direction to the required deflection. This case was

assessed.
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If the leading surface of the control fin is considered to mimic a fin deflection of -12.7 degrees, the
leading edge would have to be deflected in the negative z-direction, according to Figure 74’s axis
system, by -12.7 degrees. The displacement can be calculated as follows:

z = —Lsinf (28)

Where L is the length of the leading surface of the fin, measured from the hinge line to the leading edge,

and 0 is the fin deflection required. Therefore Equation (24) becomes:

p —2EILsin®
n.(L* —a?) (29)

If the displacement of the leading edge is assumed to be the distance the object travels when the force
P is applied, the work done to deform the structure would therefore be as follows:

2EI1?sin?6
] <0
Therefore, the work required (substituting Equations (27) and Equation (30) into Equation (21)) by the

actuator can be expressed as:

2EI1?sin?0

) ey

W, =Nz, +

For the actuator to be effective, the force generated would have to overcome the aerodynamic load and
alter the structure as required. To determine the force required, Equation (31) becomes:

Nz, 2EIL*sin*6

_—
Zq ZaTe (Lz - aZ)

Fy = (32)

Where F is the force generated by the actuator and za is the distance over which the actuator’s force
generated is required to work, which is the sum of the deflection distance due to the aerodynamic load

and the distance the leading-edge travels to the required deflected position. Where:

Za =2, +z (33)
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If a bistable laminate composite made from T300/976 is used with the material properties shown in
Table 33 from K. Y. Chang et al. [138] and cross-sectional properties shown in Figure 75, the force
required by the actuator, F,, would have to be 9495.84 N (see APPENDIX I).

Table 33: T300/976 material properties [138]

E /GPa E, /GPa ), | GPa Vi X, /MPa X./MPa Y, /MPa ¥./MPa &_./MPa o
139.76 12.9%6 6.96 0.23 15169 15927 445 2530 106.9 244 10%
bh?
12
b=0.294m

Figure 75: Cross-section of the bistable laminate composite

According to the MFC d33 patch technical data sheet [36], it is able to produce a blocking force of 923
N and a free strain displacement of 150 pm. Based on the required force, a single MFC patch would not

suffice.

The other factor affecting the deflection of the control surface is displacement. In Zhang et al. [39], the
maximum deflection of the aluminium plate was 0.914 mm. Based on the information provided in
Zhang et al. [39], it is assumed that this is achieved based on some displacement (which is not the same
as the free strain displacement) of the MFC patch, which is not explicitly mentioned and may be the
reason for the deviation of the calculated and experimental results shown in Figure 73. The deformation
of the control surface structure due to the displacement of the bonded MFC patches would therefore
have an influence on the deflection of the control surface. The displacement required by the MFC
patches to achieve the needed control surface structure deformation would have to be determined to

ensure the structure would be able to achieve the required deflection.

The force required is not achievable, the displacement or deformation required of the MFC patch would
need to be determined as the deflection of the fin structures becomes the determining factor if the force
would be able to be generated. Therefore, this concept, with the given information, does not meet
requirement FR1. Based on the information obtained regarding the MFC actuator and its application,
the effects of modification cannot be predicted. Further investigation into the necessary patch

displacement would have to be carried out.
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6.1.2.2 Structural Integrity FR4

The bistable structure would be required to withstand at least the aerodynamic loads, which would result
in a bending moment and a shear force at the origin of the beam structure, as shown in the free body
diagram in Figure 76. The total load F, was assumed to act at the free end of the cantilever beam as this
would result in the highest bending moment at the fixed end of the beam. This would be a more

conservative approach.

A
L

L 4

V l
Figure 76: Free Body Diagram of the fin bistable structure

In Figure 76, Fa is 1685 N based on the load required for the missile to perform the 30 g manoeuvre,
the shear force V at the fixed end is 1685 N, and the bending moment M at the fixed end of a 110 mm
beam is 185.35 Nm (see APPENDIX ).

Degradation of the bistable laminate structure would result in a possible failure of the fin to achieve the
desired deflection. This failure would prevent the required lift force from being generated, and therefore
the actuator would not effectively manoeuvre the missile. The bistable laminate structure is a composite
structure, and the behaviour of this type of material often varies due to different material properties in
different directions. For this study, and for a first-order approximation to evaluate the structural

integrity, the Maximum Strain Failure Criterion was applied.

According to R. Reid [139], the Maximum Strain Failure Criterion is similar to the Maximum Shear

Stress theory, except strains are compared instead of stress with regard to the failure of the material.
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Based on the Maximum Strain Failure Criterion, lamina failure is a result of either normal strain
exceeding the maximum allowable strain in tension or compression (or shear) strain exceeding the
maximum allowable shear strain for the lamina material. Failure is said to have occurred if any of the

following strain criteria are not met:

€1 = €7 (34)

or
€1 < €1 (35)

or
€y = €5t (36)

or
€, < €5 (37)

or
V12| = v12 (38)

This theory can also be expressed in terms of stresses as follows:

0, — V120, = X, (39)

or
01 — V1205 < X, (40)

or
0, — Vy101 = Y, (41)

or
0, — V3,01 S Y, (42)

or
|T121 =S (43)

To evaluate the structure as described, the principal stresses were determined. The principal stresses

were determined using the stress-transformation equations from Jones [140]:

0, = 0, cos? 0 (44)
0, = 0, sin? 6 (45)
T, = —0, sin @ cos B (46)
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For the x-y plane, o refers to the stress in the x-direction, @ is the fibre orientation of the composite
material, o1, o> and 71> are the principal stresses in the 1 and 2 directions and principal stress in the 1-2
plane. Based on the load case shown in Figure 76, the bending stress in the x-direction equates to the o
as the axial stress when considering the section under tension. There is no stress in the y-direction due
to the load condition considered; therefore, oy is zero. The bending stress was determined as follows:

Oy = —— (47)

For a moment, M, of 185.35 Nm, a distance from the neutral axis to the edge of the beam cross-Section,
y, of 1 mm, and a moment of inertia, I, of 157.33 mm#, would result in a maximum bending stress of
1178 MPa.

The shear reaction load in the x-y plane, based on the load case in Figure 76, was used to determine the

shear stress, z, as follows:

_ve
r=— (48)

Where V is the shear force, | is the moment of inertia, b is the width of the section. Q is the first moment
of the area above the area of interest of the structure that the MFC actuator will deform, envisioned as
a beam for this study. For the sheer force of 1685 N, and I of 157.33 mm*, Q of 0.236 mm?, and b of
236 mm, the shear stress would be 0.0107 MPa.

If we consider the neutral axis of the beam structure, the shear stress would be at a maximum. However,
the bending stress contribution to the tensile stress would be zero. At the edge of the beam, the bending
stress contribution to the tensile stress would be at its maximum, and the shear stress, 7y, would be zero.
For this study, the failure at the beam edge was considered as it would fail in bending first. Therefore,
the principal stress is the bending stress. Therefore, o1 is 1178 MPa. Due to the loading of the beam, o

and z;2 are equal to zero.

Based on the failure criterion in terms of stress, the outcomes of the assessment are seen in Table 34.
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Criterion Result Outcome
1 01 — V1205 = X; 1.2E+09 Fail
2 01 — V1205 < X, 1.2E+09 Pass
3 0y —Vy00 2 Y, 3E+08 Pass
4 0y, — V104 XY, 3E+08 Fail
5 |12l =S 0 Fail

Therefore, the failures indicated in Table 34 show that the composite fails based on the Maximum Strain
Failure Criterion (1), (4) or (5). Given that the structure is not currently able to withstand the
aerodynamic loads, it will not be able to withstand the inclusion of the load due to the MFC actuator

combined. Therefore, this concept does not comply with the requirement.

Changing the layup by increasing the ply number would improve the stiffness of the structure, as
mentioned in Anto [141]. It was also mentioned that ply orientation plays a role in stiffness, with the
stiffness being higher when the ply orientation is in the same direction as the tensile loading. Therefore,
altering the layout for the concept could improve the structural integrity. This would need
reinvestigation to determine the change required to improve the structure. The change in the force
required to alter the structure would also have to be investigated as increasing the ply number would
increase the thickness of the structure. This would require a high load from the actuator to deflect as

required.

The effect of the Piezoelectric MFC actuator on the bandwidth of the system was evaluated by
reviewing the literature. In Fichera et al. [55], an MFC actuator was used for a camber morphing trailing
edge. The morphing of the trailing edge is similar to the morphing of the surfaces used in this concept.
In Fichera et al. [55], the bandwidth was determined through dynamic testing. The actuator was able to
achieve a bandwidth of 25 Hz. The actuators consisted of an MFC patch sandwich (which is two MFC
patches with a 0.012 mm steel shim in between), 0.5 mm aluminium sheet metal, and fixed at the end
with a non-deforming ABS plastic slider. It was shown that the bandwidth achieved was similar to that
of the structure’s first bending mode. Therefore, the construction of the actuator plays a role in the
bandwidth of the system, as mentioned in Wu et al. [56], where it states the effect of the mechanical
structure on the bandwidth and resonance and also indicates the influence of the electrical circuit. They
affirm that PZT actuators have high-frequency bandwidths greater than 1 kHz. These high bandwidths
are probably determined with the piezoelectric device alone without any additional components

connected. If the mechanical components are considered, the bandwidth will be reduced. If the

147



bandwidth achieved in S. Fichera et al. [55] was 25 Hz, a fin made from steel, as described for Concept
1 (See APPENDIX G), would add additional load to the system lowering the bandwidth below 25 Hz.
Given that high bandwidths are possible, components could be adjusted to achieve the necessary
response time. However, at this stage, for this concept, it is assumed that the actuator would not meet
requirement FR7.

As mentioned in the previous section, the operation time refers to the duration the FGM would have to
operate. The missile is meant to operate for 180 s, and therefore the force mechanism should operate,
at a minimum, for the same duration of time, unless there is an alternate requirement or specification

that it doesn’t have to do so.

The operation time for the MFC actuator will be limited by the battery power supply and MFC actuator,
whilst the bistable laminate structure will be limited by its fatigue life.

As previously mentioned, the power supply is considered to be uncapped. The limitations of the power
supply will therefore not be discussed in this study. It is important and should therefore be evaluated in

a future study.

According to the MFC datasheets [36], the operational lifetime at 2kVp-p is 107 cycles. If the actuator
is required to operate at a bandwidth of 25 Hz, the MFC actuator would be needed to achieve 4500
cycles which is lower than the operational lifetime specified. Therefore, the actuator would be able to

meet the requirement FR2.

Specific information regarding the fatigue life of the T300/976 composite was not available at the time.
However, a study was done on the fatigue life of carbon/epoxy laminate composites, which is the
category of composites T300/976 would fall under. The fatigue life of the test specimens range from
25900 to 818355 cycles according to Reis et al. [142], which is well above the estimated cycles from

the calculation for the MFC actuator, and therefore would be able to meet requirement FR2.

According to the MFC actuator datasheet [36], the MFC patches are environmentally sealed. The limits
of the sealing were not found. The storage of the MFC actuator requirements dictates that the actuator

must be stored within the temperature range of 10-60° C and less than 70% humidity. Due to the
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placement of the MFC actuator within the actuator system, they are subjected to the same storage
specifications as other weapon systems. This is usually an environmentally controlled facility as laid
out in a Military Standard [124]. The actuator can be stored for 20 years (with maintenance at 6 to 7
years) according to the manufacturer Smart-Material [37]. See APPENDIX J for the email from Smart-
Material affirming this statement.

The bistable laminate composite, being a carbon composite, tends to degrade when exposed to the
natural environment [143]. The composite would form part of the internal structure of the fin and would
be sealed to prevent exposure to the external environment, delaying the rate of degradation. This type
of composite is also used in aviation/aerospace applications [144] and thus would be required to survive
the operational environment for those applications which have a variety of harsh environmental
conditions. This material would most probably be able to survive typical weapon storage, especially if

it is a controlled environment.

Therefore, this concept for the FGM meets requirement FR5.

As seen in Chapter 1, various flow actuators use Adaptive Structure/Smart Materials to operate. This
concept uses Adaptive Structures in the form of flow actuators to regulate the interaction of the fluid
(air) of the fluidic control system and the airflow over the surface. Synthetic jet actuators, diaphragms
oscillated using piezoelectric actuators, are built into a control fin, as illustrated in Figure 77. This will
be used in conjunction with Free Wing. The Free Wing is a self-stabilising fin, with a centre of rotation

ahead of the fin’s centre of pressure. An illustration of the fin’s cross-section can be seen in Figure 78.
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Figure 78: Supersonic Free Wing Illustration
As described in Porter et al. [145], the Free Wing is free to rotate about a spanwise axis. Instead of the
control tab, the synthetic jet actuators will be used instead to control the fin rotation. Therefore, this

concept would straddle both the Tail Fin Rotation and Flow Effector categories.

When the actuators are active on one fin, an improvement in the lift is achieved by delaying the

separation of the boundary layer. This is achieved by vortices that are ejected from the orifices on the
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fin’s surface. Oscillations of the diaphragm like membrane generate the vortices. This lies beneath the
opening on the fin’s surface.

The description of how the boundary layer is altered is discussed in Section 2.5. This modification of
the boundary layer changes the effective shape of the control fin. This change in the effective shape

could shift the fin’s centre of pressure which should induce a pitching moment of the fin.

This concept generates force in two ways. The first is based on the normal force coefficient, which is a
function of the Mach number, angle of attack, aspect ratio and wing planform area of the control surface.

The second is based on the influence of synthetic jets.

For this study, the flow has a velocity of Mach 4. This means that there would be shock-induced
boundary layer interactions. As explained in Verma et al. [146], these phenomena cannot be avoided at
supersonic velocities and are said to be complex physical interactions. Flow control techniques, which
included the application of synthetic jets, have been the subject of many recent studies as a means to
reduce the effects of shock-induced boundary layer interactions [146]. The purpose of flow control
highlighted in Verma et al. [146] is to encourage a reduction in the negative influence of Flow
Separation or to influence Compressible Mixing, with the aim of improving the overall performance.
Altering the flow characteristics of the incoming boundary layer by introducing energy to its mean
velocity profile is considered as the initial step with regard to flow control according to Verma et
al.[146] and Blinde [147].

It was shown in Verma et al. [146] and Vadillo et al. [148] that synthetic jets can be used to control the
shock strength, and it is both the unsteadiness and the separation of the boundary which makes these
devices a good choice for hinge less control for the purpose of drag reduction. However, this result was
obtained based on transonic speeds and most of the other studies described in Verma et al. [146] results
were based on subsonic velocities. There were some promising results using Micro Jets at supersonic
velocities; however, this is not the same as synthetic jets because micro jets make use of an additional
gas supply. The Micro Jets, together with the transonic synthetic jet results from the other studies in
Verma et al. [146], indicated that there is a possible use for synthetic jets for control in supersonic flow,
but further investigation, beyond the scope of this study, is required to determine the viability of this
control option in the context of this study. Therefore, it was decided that this concept will not be further
analysed. This concept was discounted at this stage to highlight the Smart Material device as a system
for flow control and to indicate the shortcomings of such a device for use in the defined application of

this study.
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6.1.4 Concept 4

Smart Materials can be used to open and close the openings of a bleed port system [95] or a Passive
Porosity-Based Flow Control system [149]. Airflow from the high-pressure zone of an aerofoil passes
through the wing structure, through openings on the wing surface, to the low-pressure zone of the
aerofoil. This is illustrated in Figure 79.

Low Pressure

A A
A A

High Pressure

Figure 79: Passive porosity illustration [150]

Based on the finding by Bauer [98], the “Lift Dumping”, as described in Section 2.8, was considered
as the method to alter the lift for the lift surface. As mentioned in Section 2.8, this system could be

utilised for different flight regimes, and hence it was considered for this study.

To ensure the airflow is not bled from the high-pressure region to the low pressure, the openings on the
upper and lower surface of the wing would need to be controlled so that they can be opened and closed
when necessary. The mechanism to open and close the openings of the wing’s upper and lower surfaces
can be controlled using Smart Materials. For this concept, a piezoelectric actuator will be employed to

control the openings.

Piezoelectric actuators, as seen in Figure 80, will be used to allow a cover plate to slide to open and

close on the upper and lower surfaces.
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Figure 80: Concept 4 — Passive Porosity Based Control

Similar to the structure discussed in Barrett et al. [151] (as seen in Figure 81)
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Figure 81: Piezoelectric Actuator in Munition [152]

The piezoelectric actuators pull the plate in one direction to align the plate holes with the holes on the
fin surface, which allows the air to bleed through the fin, altering the lift. When required, the plate is
pushed back, blocking the holes on the fin surface. The plate will have to be relatively low in mass so

that the work done by the actuators is also low.
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The piezoelectric actuators will form part of a Passive Porosity-Based Flow Control system. The
actuators will be used to push a plate that will allow for the opening of the holes on the upper and lower
surfaces, which will allow the movement of air from the high pressure to the low-pressure surfaces.
This mechanism will be used for Lift Dumping [96]. It is important to note this mechanism does not
rotate the fin, as is the case in a conventional application. Therefore, the coefficient of normal force for
the fin, as described by Fleeman [60], is only altered by the change to the missile’s angle of attack.

The Cy for the fin, for relatively small angles of attack between -20° to 20°, was plotted against the
angle of attack in Figure 82.

2
angle of Attack {Degrees)

The manoeuvring of the missile would have to be carried out in a different way compared to the generic
missile with the rotating fin. The Lift Dumping would be used to manipulate the missile’s angle of
attack to achieve a certain normal force coefficient at the tail of the missile, which has an influence on
the missile’s lift. The magnitude of lift for the missile body is altered depending on the angle of attack.
Therefore, the changes in total missile lift would need to be evaluated to determine the best “lift

dumping” strategy for the tail fins. This strategy will not be characterised in this study.
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For the requirement FR1a to be met, the ASYS would have to provide 1685 N of Normal force. This
can be achieved by altering the missile’s angle of attack between -1° to — 2° or 1° to 2°, as shown in
Figure 83.
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Therefore, using the fin (considering it forms part of the FGM), the force generation requirement, FR1a,
is met. However, the change in angle of attack would also affect the normal force generated by the other
missile lift surfaces. Therefore, the total normal force would differ from the normal force expected with
the generic ASYS. The missile may therefore not be able to perform as expected. As mentioned
previously, however, an alternative control method of manoeuvring that would include “Lift Dumping”

and not fin deflection would have to be derived and applied.

The piezoelectric actuator role would only be used to open (and close) the holes that allow air to bleed
from the high-pressure zone to the low-pressure zone. The plate within the fin that the actuator would
have to push (or pull) would be subjected to the pressure induced by the external flow. The worst-case

would be experienced in the high-pressure zone. This is illustrated in Figure 84.
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Figure 84: lllustration of High and Low Pressure of Fin due to free stream

For the case shown in Figure 84, the high pressure is on the lower side of the fin. Based on supersonic

linear theory in J. D. Anderson [76], the coefficient of pressure on the lower surface of a flat plate is:

co = 2a
v (49)
And for the upper surface,
_ 2a
Cou = —m (50)

Where o is the angle of attack (degrees) and M, is the Mach number of the free stream. Based on the
cross-sectional geometry of the fin, it was assumed to behave like a flat plate where the pressure

coefficient determined will be constant over the respective surfaces. Since,

_ P~ P
Gy =" (51)
The pressure coefficient for the upper and the lower surfaces can therefore be written as follows:
Pu — P
Cp,u = quo (52)
P — Poo
Cp,l = T (53)
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Where (o, is the dynamic pressure:

1
o = EpooVoo (54)
The pressure p, and p; refer to the pressure on the upper and lower surfaces, respectively. The p refers
to the free stream pressure, and the Vo, is the free stream velocity. Using Equation (52) and Equation

(53) in conjunction with Equation (54), the pressure on the lower surface can be determined.
D1 = CpiGeo T Peo (55)

For an « of 20°, a g, 0f 337.86 kPa, V, 0f 1212 m/s, p» 0of 32 kPa and a Mach number of 4, the pressure

on the lower surface will be about 93 kPa.

Assuming this is the maximum angle of attack, this would be the maximum pressure that the plate
within the fin would experience on the lower surface. This pressure applied over the area of the plate
would equate to a force applied to the plate. This force is relevant as it relates to the frictional force the

piezoelectric actuator would have to work against.

The exact dimensions of the plate must have to be determined based on the number of holes required
and the exact placement of the porous surfaces on the fin’s surface to have the desired Lift Dumping
effect. This will not be covered in this study as the focus was on the effectiveness of the Smart Material

in this application.

To evaluate the ability of the piezoelectric actuator to push the plate, the previously determined pressure
(pr) was assumed to be acting over the largest plate area (A) as this would result in the largest force

applied to the plate (F), based on the following equation:
F=pA (56)

The area for a single fin, 0.12 m?, would be the largest area that could be considered for this study.
Based on this area, the force applied to the plate would be 10.8 kN. The load is the basis of the friction
force, which acts in the opposite direction to the direction the movement of the plate has to move. This
is illustrated in the free body diagram of the plate Figure 85. It is assumed that the plate is constrained

in all directions except for translation in the x-direction.
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Figure 85: Plate free body diagram

The static friction force, Fy, is determined as follows:

Ff = ‘U.SF

Where us is the coefficient of static friction between the plate (assumed to be Aluminium) and the
guiding rail within the fin (assumed to be titanium), which is 0.41 according to data found online [153],
therefore, Fr would be 4443.51 N. The force applied by the piezoelectric actuator would have to be
greater than this to commence movement of the plate initially, thereafter it would have to overcome the

effect of the kinetic friction. The force due to kinetic friction is determined as follows:

Fyp = usF

This force acts in the same direction as F+. Based on a kinetic friction coefficient of 0.38 [153], the force
due to the kinetic friction would be 4118.38 N.

For a single linear piezoelectric actuator such as the P-845.60 by PI [41], which has a maximum push
force of 3000 N, it would not be able to move the plate. Two of these actuators would have to be
employed to move the plate. The friction force can be reduced if a lubricant is used on the sliding
surfaces to reduce the coefficient of friction. This piezoelectric actuator can only apply a 700 N pull
force. An additional mechanism would thus be required to aid the plate in returning to its initial position.
This can be done by using a spring or another piezoelectric actuator pushing in the opposite direction

(which adds an additional force the piezo actuator would have to work against).

This concept would therefore be able to work in a mechanism to open and close the holes of the Lift

Dumping system, which allows the system to generate the required force provided the fin is at the
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required angle of attack. However, further investigation is required to determine the viability of this

control option in the context of this study. Therefore, the requirement is not met.

In this concept, as discussed previously, the actuators are affected by the pressure distribution
experienced on the upper and lower surfaces of the fin. The only load considered in this study was the
load the actuators would be subjected to is the load applied to move the plate into position. Other load
cases should be identified and evaluated in a future study. As described in the previous section, the
actuators would push the plate to open the holes on the surface of the fin, and they would require an
additional mechanism to pull the plate back to its initial position. While the plate is pulled back, the
actuators (used to initially push the plate) will be in compression. Based on the information provided
by the manufacturer for the piezoelectric actuators, the actuator should not be preloaded with
compressive stress exceeding 30 MPa [154]. The load applied to the plate to return it to its initial
position is assumed to be the same as the load used to initially push the plate, as it would be required to
overcome the same frictional resistance. The load would have to be applied over an area of 75 mm?
(which seems possible given the available space) if two actuators are to be used to ensure the
compressive stress is below 30 MPa. The actuators would therefore be able to withstand the loads
applied and maintain their structural integrity. Therefore this concept meets requirement FR4 based on

the evaluation carried out.

The actuator makes use of a Lead Zirconate Titanate piezoelectric stack. Lead Zirconate Titanate (PZT)

stacks have been shown to operate at bandwidths in the kilohertz range [155].

The piezoelectric actuator is capable of producing no-load bandwidths up to 5.5 kHz [41], as mentioned
in Section 2.2.2. Equations (57) and (58) from the Pl Ceramic catalogue [156] can be used to determine

the resonant frequency of a spring/mass system like the piezoelectric stacks.

fo=(z2) n]:ff (57)
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m'eff (58)

Where fo is the resonant frequency of the no-load system, and kr is the stiffness of the actuator. For the
chosen piezoelectric actuator, the resonant frequency is 5500 Hz (based on the actuator’s datasheet
[41]), and it has an effective mass (mes) of 0.068 kg (calculated based on a third of the ceramic stack

mass as described in the Pl Ceramic catalogue [156]).

m et 1S the effective mass, including the mass added to the system. For a 0.8 kg plate, the effective mass,
including the added mass, would be 0.868 kg. Therefore, the resultant resonant frequency, 1", would
be 1539.42 Hz.

The bandwidth Af for the system can be estimated based on the adapted relationship between the
resultant resonant frequency, /" and the mechanical quality factor Q as shown in Equation (59)from
Miller [157], where it is referred to as the bandwidth method:

Af (59)

The mechanical quality factor Q is a characteristic of piezoelectric systems that characterizes what Pl
Piezo Ceramics [156] refers to as the “sharpness of resonance”. The inverse of this factor is related to
the mechanical loss in the system and is determined as shown in Equation (59). The mechanical quality
factor is determined experimentally as described by Holland and EerNisse [158]. The quality factor for
the chosen piezoelectric actuator was not available. In a study by Nader et al. [159], the quality factors
determined ranged from 50- 69 for different stack sizes. For a Q value greater than 62, a bandwidth

greater than 25 Hz should be possible based on Equation (59).

Further details of the train of components would be required to assess this aspect completely. However,

for this analysis, the FGM would meet requirement FR7.

According to the piezoelectric actuator manufacturer, Pl [41], the piezoelectric actuators are able to
operate for 100° cycles. Based on this information, the piezoelectric actuator material used to create the
tendons for this concept are assumed to have a similar operational life span. Therefore, they should be

able to meet the requirement FR2.
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According to the design constraints stated in Barrett et al. [151], based on the life span information
found online [160], munitions storage is usually 20 years in controlled storage conditions. Therefore, it
can be concluded that the material selected for the piezoelectric actuators in Barrett et al. [151] should
adequately meet the storage life span requirement. If the same materials are employed in Concept 4,

then it would meet requirement FR5.

The concept, as seen in Figure 87, would essentially replace the generic servo motor and lead screw
mechanism, as depicted in Figure 66. A Piezoelectric Linear actuator such as the P-845.60 by Pl [41]
would provide the force to rotate the output shaft of the actuator, which would result in rotation of the
fin. The actuator would require a Displacement Amplification device in order to create the required fin

deflection. This concept was based on and adapted from a study by Giurgiutiu & Pomirleanu [30].

The study by Giurgiutiu & Pomirleanu [30] describes the following parameters as important for the

design of the Displacement Amplification device:

e GainG
e  Work Efficiency nm
e Energy Transfer Coefficient E'e

e Internal Stiffness k;

Where the gain is the amplification factor of the Displacement Amplification device, the work
efficiency is the ratio of the work going into the device, and the work coming out, the Energy Transfer
Coefficient which is a characteristic of Smart Materials, and the Internal Actuator Stiffness is a
characteristic of the selected actuator. Giurgiutiu & Pomirleanu [30] describe that the design should aim
for a Displacement Amplification system with low gain and high energy transfer coefficient, which
according to their study, is achievable. They mention that an optimum internal stiffness can be obtained,
considering the work efficiency, based on the ratio of the energy transfer coefficient to the gain. Further
investigation in this device was considered beyond the scope of this study as the focus is on the FGM.

Therefore the detailed design of the Displacement Amplification device is for future work.
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Based on the conceptual design described by Giurgiutiu & Pomirleanu [30], the work going into the
Displacement Amplification device equates to the product of the force provided by the piezoelectric
actuator F and the actuator’s displacement u.. The output of the device is the force required, Fe, to
rotate the fin and required displacement, ue, to provide the necessary fin deflection. The ratio of the
work input and the work output forms the gearing ratio of the mechanism. If the same lever arm (76
mm) from the generic actuator system is used and the same hinge moment of about 28 Nm is required,
then Fe would need to be about 369 N. To create the necessary deflection of 12.7 degrees, the linear

displacement, ue, of the lever arm would need to be about 17.2 mm for deflection in one direction.

The work efficiency is defined by Giurgiutiu & Pomirleanu [30] as seen in Equation (60):

Feue

T Elul (60)

m

Given that the piezoelectric actuator selected, the work efficiency of the Displacement Amplification
would be 23.68. This is based on the force input of a single actuator. This is based on the process
described by Giurgiutiu & Pomirleanu [30], seen in Figure 86. The gain G would need to be greater
than 190.3.

Displacement | g Ms, 8
amplification .
G

ISA stack

Effective
aerodynamic stiffness

The simplified concept can be seen in Figure 87. The concept as described would benefit from a spring
to assist it in returning to its neutral position. A clutch and gear system could be used to switch between
the deflections in either direction so that the piezo actuators only need to work in their respective

directions.
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For a single linear piezoelectric actuator such as the P-845.60 by PI [41], which has a maximum force
of 3000 N. This would be able to provide the necessary hinge moment together with the Displacement
Amplification device and therefore would allow for the aerodynamic force to be created. Therefore, it

meets the requirement FR1.

Based on the information provided by the manufacturer for the piezoelectric actuators, the actuator
should not be preloaded with compressive stress exceeding 30 MPa [154]. The details of the
Displacement Amplification device would be required to fully assess this requirement. Assuming this
device would also have to withstand the applied loads, the structural integrity would be created to meet

the requirement FR4.

The piezoelectric actuator is capable of producing no-load bandwidths up to 5.5 kHz [41], as mentioned
in Section 2.2.2. Equation (57) can be used to determine the resonant frequency of a spring/mass system

like the piezoelectric stacks.

As described for Concept 4 in Section 6.1.4.3, the required bandwidth should be achievable for this type

of actuator.
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Therefore, for this analysis, the FGM would meet requirement FR7.

According to the piezoelectric actuator manufacturer, Pl [41], the piezoelectric actuators are able to
operate for 100° cycles. Based on this information, the piezoelectric actuator material used to create the
tendons for this concept are assumed to have a similar operational life span. Therefore, they should be

able to meet the requirement FR2.

According to the design constraints stated in Barrett et al. [151], based on the life span information
found online [160], munitions storage is usually 20 years in controlled storage conditions. Therefore it
can be concluded that the material selected for the piezoelectric actuators in Barrett et al. [151] should

adequately meet the storage life span requirement. Therefore, it would meet requirement FR5.

During this process, five concepts were developed. Three concepts were designed to rotate or simulate
a rotated fin. The other two were designed to be Flow Effector concepts. The summary of their

performance in meeting the requirements can be seen in Table 35.

Requirement
FGM Ele|le|lR|x
Lo Lo Lo Lo L

1 Y N Y

2 N Y Y
3 - - - -
4 N Y|Y|Y|Y
5 Y |Y Y |Y

In Table 35, Y indicates that the requirement was satisfied, and N indicates that the requirement was

not met.
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It is important to note that the requirements evaluated in this study were elicited with the FGM as the
focus. The intention with the requirements baseline developed was to allow different Smart Materials
to be used in different conceptual configurations to aid in answering the research question.

Concept 1 was able to meet the force generation (FR1), operational time (FR2) and storage (FR5)
requirements. It fell short with regards to the Structural Integrity (FR4) and the bandwidth (FR7)
requirements. It may be possible to improve the structural integrity by reducing the work per wire strand
through an alternate configuration. As previously mentioned, the bandwidth could also be improved.
However, further investigation is needed for these requirements to establish the level of improvement

that can be achieved. This is beyond the scope of this study.

Concept 2 was unable to meet FR1 and FR4. The limitation in achieving the force requirement was the
force produced and the displacement of the MFC actuator. The structural integrity was limited due to
the composite construction. Further investigation is needed to establish the level of improvement that
can be achieved when modifying the concepts to meet these requirements.

For Concept 3, as mentioned in Section 6.1.3, the literature indicates that there is a possibility to use
synthetic jets for control in supersonic flow, but further investigation is required to determine the
viability of this control option in the context of this study. Therefore, this concept was not investigated
further in this study.

For Concept 4, as mentioned in Section 6.1.4. The mechanism was still able to meet some of the
requirements. However, due to the uncertainty with regard to control effectivity in supersonic flow, it

doesn’t meet the force generation requirement.

Concept 5 was able to meet all the requirements. It should be noted that the concept depends on the

Displacement Amplification device that was considered a “black box” for this concept.
With the concepts defined and the successful concepts identified, the outcomes from Step 3, seen in

Figure 62 and defined in Section 3.5, have been achieved. The next step was then initiated, starting with

the design decision tool development.
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7. Design Decision Tool Development

The next step in this study was to develop a method of evaluating the concepts as described in Section
3.4. This method or framework would be constructed as a decision-making tool. Concepts for missile
FGMs should be able to use this tool to evaluate their performance compared to the design objectives
and each other. This chapter includes the first part of Step 4 as described in Chapter 3 of the study, as
illustrated in Figure 88.

4 N N N )
Step 4
Design Decision
Tool Creation
and Concept
Evaluation

\_ /o AN NG J

Y

\ 4

The tool was constructed using the system requirements from the Systems Engineering approach
followed in this study. The purpose of the tool was to evaluate how well the concepts achieved the
requirements, to rank them based on their performance and to compare them with the generic FGM.
The output of this tool was a performance score for the FGMs evaluated to be used as a decision input

for design selection.

A simplified illustration of the tool can be seen in Figure 89.
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Figure 89: Illustration of the decision tool

7.1 The Vision for the Tool

The vision for the tool is for concepts that meet all the requirements to proceed to the first stage, the
Force Generation Mechanism Requirement Performance Scoring, where the concepts will be scored
based on the requirements and the Measures of Effectiveness identified in Section 5.1.7. The scoring of
the concepts is based on how well they meet the FGM system requirements. For the concepts with
scores that are deemed acceptable, they would be able to move to the next level of the tool, the Project
Implementation Scoring stage.

At this stage, the concepts will be assessed and scored based on how effective they are at meeting the

project related criteria. For the concepts which make it through this filter, the final decision is then
selected by carrying out a design review selecting the highest performing concept.
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Cross [122] states that design alternatives can only be evaluated based on the design objectives. In the
case of the FGM, the requirements of the system are the objectives of the design. The list of

requirements is summarized in Table 36.

Label | Requirements Quantity
1685 N
FR1 | The FGM shall generate the required force when required (Minimum
Required)
FR2 | The FGM shall perform during the entire operational period. >180s
FR4 | The FGM shall withstand the loads during operation 1685 N
] ] Ten years (MIL-
FR5 | The FGM shall be able to be functional after a set storage period
STD Conditions)
FR7 The FGM shall have a no-load bandwidth greater than 25 Hz > 25 Hz

The design objectives were evaluated against the Measures of Effectiveness (MOES) to identify which
would have the most impact on the decision-making process. In order to evaluate the design objectives
against the MOEs, a House of Quality (adapted from UWS Business Solutions GmbH [161]) was
employed to determine which objectives would have the most impact on the design. The House of

Quality can be seen in Figure 90.

168



Correlations

Pozitive 4
Negative =—

No Correlation

Relationships
Strong @
Moderate O
Weak W/ +
+
Direction of Improvement
- +
Maximize 4
+ +
Target <»
- + + +
Minimize W
+ + + +
Column # 1 2 3 4 5 [ 7
Direction of Improvement ‘ <> <> <> 0 ‘
E & w | = - 2il s 3
: e | €322 |[=elx |28
B IR
B y = —_ El2E| 2| o<
g | & z HEFIEHEEHIFH R
e | & A sE|EE| (s 2% =5 |22
.| £ 2 sE|2s|58|%S|==|28|% ¢
. = | = >£ 0= E zs|zsE|fg|l=<s|<=
E 5| B | = Zg|5c|2E|25|2%| 5= | =8
& = B g Measures of FElcE|o5 |2 |Ez| =5 |2
Q s | B| % . =222 |23|2 [2E|=2°|Ex
” & B = § Effectiveness o =z E| 2 2 =8| 2 B E
z 2 = 2 = 3 2 » Egle E 2
2 = 2|38 |= 2 | |£ |£ 5| £
1 (N 26 ] Bandwidth/Frequency Response (25 Hz) [ ] V v O (@] v [ ]
2 |l 16% | 3 9 Energy Usage [ ] o | V| Io| VIV e
3 (N 2% | 3 9 Rate of change in Missile position ® ® v O v v e
4 | 16% 3 3 Adherence to Space requUIrements O v v v v v
5 |l 16%| 3 3 Adherence to mass requirements V v O O v O v
w - 7] = £ o 3
Target |22z | 2 £ |8=|= 'i 2 | 8E
Max Relationship ] 9 3 3 3 3 9
Technical Importance Rating | 678,95 | 436,84 | 131,58 | 268,42 | 152,63 | 121,58 | 647,37
Relative Welght 28% 18% 5% 11% 6% 5% 26%
Weight Chart

Figure 90: Evaluation of Design Objectives against Measures of Effectiveness using a House of

Quality

The MOEs importance was rated out of five. The two measures related to meeting the bandwidth and

the rate of change in the missile position were given the highest rating of five as these are directly
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related to the missile intercepting the target. The remaining three measures were given three each to

share the remainder of the relative weighting.

As seen in Figure 90, the design objectives 1 to 7 all received an important technical rating and therefore
were all included in the design decision tool.

HOQ is a tool used in Quality Function Deployment (QFD) [122]. The QFD method is used to
determine the targets to be achieved by the design objectives of the product such that the MOEs are
satisfied. Design objectives 1, 2, 4, and 7 have the highest number of strong relationships to the MOEs,
as shown in Figure 90. The evaluation using the HOQ showed that the focus of the design is leaning

towards the mechanism to generate the force required to alter the missile flight path.

Figure 91 illustrates the first stage of the tool based on the design objectives. It also highlights the
mechanisms of this stage of the tool, which determines the path the ranked concepts will follow. The
stage’s operations, seen in Figure 91, use the design objectives, determined through the Requirements
Analysis phase of the system development (refined by the MOES) as the method to rank the concepts.

These concepts
move to the next

Force Generation Mechanism Requirement Performance Scoring stage

Concepts Scored against
Design Objectives

Passed

Scored Concept Pool

Concepts

Failed

Design Objectives

Canit
be Discard
altered?

Figure 91: Actuator Filter Illustration

The scoring of the concepts in this stage is based on a scoring system developed using the Weighted

Objective Method as described by Cross [122]. The method can be summarised as follows:
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List the design objectives

Rank the design objectives

Assign relative weightings to the objectives

Establish performance parameters or utility scores for objectives

o > w e

Calculate and compare the relative utility value of the alternative designs

This method is one of many multi-criteria decision-making methods. It was used to evaluate engineering
design concepts as described by Cross [122]. A weighted scoring method is also described by Ulrich
and Eppinger [112] and is mentioned in Honkala et al. [162]. This provided confidence in the use of the
method; hence it was selected for the concept selection in this study.

As seen in Table 36, the design objectives have been listed for the FGM, so the first phase of the
Weighted Objective Method has been satisfied. The next step is to rank the objectives.

Ranking the objectives can be done by comparing each objective against one another by arranging them
in a matrix and scoring them with a “1” if it is more important than the other (a O if the opposite is true
and ¥z if they are of equal importance) and tallying the row scores. [122]

Once each objective has been compared, the row total will indicate the importance of each objective.
The design objectives for this design were evaluated against one another, and this is shown in the matrix
in Table 37.

Design Objectives FRI | FR? | FR4 | FRS | FR7 | Total|Rank| RE12tve
weighting
1 FR1 ~ o5 05| 1 |05 25| 1 | 11,63
2 FR2 05| - |05]05]|05]| 2 | & 9,30
4 FR4 05|05] - | 1 |05] 25| 1 | 1163
5 FRS 0 los]| o | - | o |o5] s 2,33
7 FR7 05]05]05] 1| - | 25| 1 | 1163

A scoring system was developed using the rankings from Table 37.
A relative weighting was determined to indicate the design objective’s importance, compared to other

objectives, in numerical form. There are various ways in which this could be done. A simple method

was used, as described in Cross [122]. In this method, the objectives are assigned a value based on their
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relative importance. The score for each objective was divided by the sum of all the scores and multiplied
by 100. This allowed the development of relative weighting for the list of design objectives that added
up to 100.

The relative weighting for this stage of the tool based on this design is shown in Table 37. The next step
of the Weighted Objective Method is to determine the performance parameter scores of the objectives.
In this step, the objectives are transformed into parameters that can be quantified. There are many
methods to achieve the desired outcome, as explained in Cross [122]; however, for this study, the simple

scale as described in Cross [122] will be used. The scale has five grades as follows:

Far below average (Score = 0)
Below average (Score = 1)
Average (Score = 2)

Above average (Score = 3)

o~ w e

Far above average (Score = 4)

The scale relates to the performance criteria stated in Table 36. This scale will be applied to each concept
that passes through this stage, assessing each concept against each design objective and scoring them

accordingly.

The scores for each design objective are then multiplied by the relative weight generated previously to
obtain a weighted score. The weighted scores are then summed together for each concept to give an

evaluation total.

If a concept achieves an average score (2) for each design objective, then the evaluation total will be
the total of the relative weightings and the average score. For this design, the average total score would
be 200.

Any concept with a score below this average value is not considered worthy of entering the next stage.
The unsuccessful concepts will pass through a final decision question, “Can it be altered?” as seen in
Figure 90. This question will assess if a concept can be adjusted with minimum effort in order to
improve its performance in an effort to improve its evaluation score. The minimum effort mentioned
refers to a small adjustment to a concept’s design that has a small or negligible impact on the project
schedule or cost to carry out the change. If the concept cannot be improved, then it will be disregarded
for this application. If it is possible to adjust the design with minimum effort, then the concept will be

re-scored post adjustment. If it turns out to be an unsuccessful concept again, it will be set aside for the
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time being. Should a concept achieve an above-average total score, it will be able to pass through to the

next stage.

7.3 Project Implementation Scoring

The purpose of the Project Implementation scoring is to evaluate the performance of the concepts from
a project perspective. This final stage evaluates concepts against the following set of implementation

criteria;
1. Technology Readiness
2. Cost
3. Manufacturability
4. Mission Performance

Technology Readiness refers to the maturity of a technology. It is measured using the Technology
Readiness Level scale one to nine, where one is the lowest, where the research is still in its infancy, and
nine is the highest, referring to a “Flight Proven” technology. [163]. Figure 92, taken from Mai [163],

highlights each technology readiness level.

system completed and “flight qualified” through test and
demonstration (ground or space)
—t TRL7 Ji
*System prototype demonstration in a space environment
—f TRL6 J—
System/subsy model or p ype d ion in a relevant
environment (ground or space)
TRLS l—
*Comp and/or breadboard validation in relevant environment

Figure 92: Technology readiness levels [163]
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This is an important criterion to consider as it indicates how ready the technology being considered is
for the concept to be implemented and what additional work is required to improve its readiness.

Cost refers to the financial implication of using or producing the concept. This can include the cost of

the materials, cost of manufacturing and cost of any related processes. [122]

Manufacturability speaks to the ease of producing the concept. This may influence the cost and time to

produce the concept.

The mission requirements refer to the requirements from the previous filter. The ranking of the criteria

would be carried out as before using the Weighted Objective Method (see Table 38).

Relative
1 2 3 4 |Total Rank Weighting
Techn?logy 1 ) 1 1 05 | 25 1 3.85
Readiness
Cost 2 0 - 1 0 1 3 1,54
Manufacturability | 3 0.5 0 . 0 0.5 4 0.77
I\’II.SSIOII 4 0.5 1 1 - 2.5 1 3.85
Requirements

The relative weighting was arranged in accordance with the totals in Table 38, and the weightings add
up to 10. As before, the next step of the Weighted Objective Method is to determine the performance
parameter scores of the criteria. For this study, we will be using a simple scale, as described in Cross
[122].

The scale has five grades:

Far below average (Score =0)
Below average (Score = 1)
Average (Score = 2)

Above average (Score = 3)

o ~ w D

Far above average (Score = 4)

The Technology Readiness score range is from 6 to 9. The cost of the concepts will be evaluated against

each other. They will be ranked and scored accordingly. Manufacturability will be evaluated based on
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the criteria in Table 39. The Mission Requirements refers to the adherence and achievement of design
objectives and the selection criteria from the first filter. The assessment for this criterion will be based
on the score from the previous filter. Table 39 details how the concepts will be scored.

o o Score
Decision Criteria Acceptable Value
0 1 2 3 4
Technolo
) v 1-9 1-5 6 7-8 9
Readiness

Concept costs will be

evaluated against one )
Cost High cost Average Low cost
another, ranked and

scored
. Ease of Very - Very
Manufacturability . o Difficult | Average Easy

manufacturability Difficult Easy

o Based on the score Low Average High

Mission .
. from the previous
Requirements <0 0 >0

filter

This scale will be applied to each concept that passes through this stage, assessing each concept against
each criterion and scoring them accordingly. As before, the scores for each design objective are then
multiplied by the relative weight to obtain a weighted score. These scores are then added together for

each concept to give an evaluation total.

From the evaluation totals, a suitable concept is expected to emerge. The other concepts will not be
considered going forward in the study, though they could possibly be used in other studies, provided

they meet the design criteria and are reassessed for suitability.

Once the concepts have been evaluated using the tool, a concept design review must be held. The agenda

of the review would be to do the following:

1. Give an overview of the process used.

2. Describe the concepts generated (discussing how the concepts function, their advantages and
disadvantages)

3. Describe the outcomes at the end of each stage of the tool

4. Propose the plan going forward

5. Gain stakeholder acceptance regarding concept selection
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Following the review, changes may be required; however, if the concept selection is accepted, the

design can advance to the next stage.

An initial part of Step 4, mentioned in Section 3.5, was to create a design decision tool for the purpose

of scoring, ranking and comparing mature concepts. The tool created is able to do the following:

e Score the performance of each mature concept using the requirements baseline.
e Score the concepts’ performance with regard to meeting project implementation criteria.

o Compare the concepts with one another.

With the tool created, the mature concepts could then be assessed, the final part of Step 4.
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8. Application of Design Decision Tool

In this chapter, the concepts were evaluated based on the design decision tool developed in Chapter 7.

This chapter describes the outcome of the second part of Step 4, as illustrated in Figure 93.

4 N N

Y
A 4

\_ J AN

~

/

J

Figure 93: Part 2 of Step 4
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The first FGM evaluated was the mechanism used in the Generic Actuator and will be referred to as the

Generic FGM. The calculations and the outcome for the Generic FGM evaluated in this tool can be seen

in APPENDIX F.

8.1 FGM Requirement Performance Scoring Results

Concept 5 met all the requirements defined for the FGM system. Using the calculated weighting, the

concepts were scored. The results can be seen in Table 40.

Table 40: Scoring for the FGM Requirement Performance Scoring Results

operation

Generic Concept 5
System Specification . . Relative . . Weighted N Weighted
Reference Design Objectives Weight Quantity Tolerance Value Score Score Value Score Score
FR1 The FGM shall generate the required force | 1685 N | Minimum | 202234 | 3,00 75.00 | 3000,00 | 4.00 100,00
when required
FR2 The FGM shall perform during the entice | ) 180s +10s 180,00 | 2,00 40,00 >>180 | 4,00 £0,00
operational period.
FR4 The FGM shall withstand theloads during | ), Yes Yes Yes 2,00 50,00 Yes 2,00 50,00

The FGM shall be able to be functional after
a set storage period

10,00

10,00

The FGM shall have a no load bandwidth
greater than 25 Hz

75.00

250,00

Based on the scoring system developed, a score greater than or equal to 200 is an acceptable FGM and

which would allow the concept to move onto the next stage.
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Concept 5 scored above 200 and performed better than the generic FGM. Concept 5 and the generic

FGM then moved to the next stage of performance evaluation.

Chapter 7 describes the criteria that will be used to assess the concepts as follows:

1. Technology Readiness
2. Cost

3. Manufacturability

4

Mission Requirements

The outcome of the evaluation can be seen in Table 41.

Generic Concept 5
Decision Criteria Relgtlve Value Score Weighted Value Score Weighted

Weight Score Score

Technology Readiness 3,85 9 4 154 6 2 7,7
Cost 154 Average 2 3,08 High 1 154

Manufacturability 0,77 [Very Easy 4 3,08 Very Difficult 0 0
Mission Requirements | 3,85 Average 2 7,7 High 3 11,55
Total 12 29,26 Total 6 20,79

The servo motor within the generic actuator would be considered to be at technology readiness level 9,
as it has already been tested and used successfully in the operation context [87]. Therefore, based on
the scoring system developed, the generic actuator with the servo motors would score the highest points.
Concept 5 was given a score of 6 for technology readiness as piezoelectric actuators used in these
concepts have been used before; however, details of their use in the exact mission context was not

evident in the literature.

With regard to the cost, off the shelf actuators with a frame should be lower priced than designing a
servo motor from first principles or buying a frameless rotor and stator and then designing a frame to
house them. This is based on the minimal effort required to incorporate a bought-out system compared
to designing and developing one. This work has already been carried out by the original equipment

manufacturer, and choosing their hardware reduces the cost due to the design and development time
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being eliminated. Therefore, it was assumed to be an average cost. Concepts 5 would have a relatively
high impact on the cost to incorporate the mechanism into an existing generic ASYS. This also includes
the impact of the design of the Displacement Amplification device.

The manufacturability of the servo motor to be used within the actuator would be considered to be easy
as the manufacturing of the servo motor is done by the motor manufacturer. As the motor already exists
and assuming the manufacturing processes are well defined, this hardware can be considered simple to
manufacture. The same can be said about the actuator used in Concept 5. However, there might be some
difficulty in manufacturing other connected components. The piezoelectric actuator is an existing

device.

The servo motor was considered to be the baseline in the previous filter, and therefore would be
considered to be average based on the score it received, based on the missile performance, which relates
to the mission requirements of the weapon. Concept 5 scored higher than the average of 200 and higher

than the generic FGM; therefore, Concept 5 scored a high value.

Overall, the servo motor scored higher than Concept 5 due to its Technology Readiness and Cost. The
score for these decision criteria could be improved through further investigation and testing related to
the operational context and further design work relating to the Displacement Amplification device.

This tool’s stages were designed such that it should identify the best concept based on a project
perspective through a scoring method. A discussion of the evaluation of the concepts and the

effectiveness of the design decision tool was also conducted thereafter.
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Q. Discussion

The goal of the four-step approach described in Chapter 3 was to answer the research question
mentioned in Section 1.3:

Can existing Smart Materials satisfy all the requirements of an FGM that alters the
flight path of a BVR supersonic missile?

The outcome from the study indicates that it is possible for Smart Materials to satisfy all the system
requirements of a supersonic BVR missile FGM used to change the missile’s flight trajectory. The
approach in this study identified key inputs that aided in answering this research question.

The SOI, the FGM, was made evident through the research question. The identification of the influences
relating to the SOI’s enabling systems and operational context formed the first step of this study. It
emerged, from the literature, that the enabling systems and operational context were the missile system,

the actuation system, and the missile’s operational environment.

The conceptual missile design ensued (refer to APPENDIX A and Section 4.2) to understand the inputs
for the FGM. The process allowed for a BVR missile system to be defined using the process defined by
Fleeman [60] through predefined mission requirements. As described in the literature, the process is
iterative in nature. For the purpose of this study, however, extensive resizing was not done as the focus
was on the outcome of the process. Further iterative refinements through additional studies would
enhance the response to the research question. Using minimal resizing, a conceptual missile system was

developed.

The outcome from the process yielded inputs and outputs for the missile’s actuation system, and it
enhanced the definition of the operational context in terms of the environment and launch platform. The

salient outputs that relate to the FGM included the following:

e Maximum Force required for manoeuvring the missile
e Tail actuation system

e Operational Time

e Operational Environment Conditions

e Mass requirement

e Volume requirement
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The process followed for the ASYS allowed for a “bird’s eye view” approach of the actuator’s lifecycle
to develop its requirements baseline, functional architecture and physical architecture. The SE process
provided a framework that enabled an in-depth look at the various factors that influence the SOI.

An extensive analysis would provide a deeper appreciation of all the relevant factors associated with
the design and further enhance the design. The outcome from this process was captured in APPENDIX
D and summarized in Section 4.3. Using this knowledge as additional inputs, the context for the FGM

design was determined.

The FGM system design also utilised the same process followed for the ASYS design. Many of the
ASYS requirements filtered down to the FGM, which indicates that a more extensive functional
breakdown could have yielded the necessary inputs for the FGM requirements. This can be expected as
the FGM is a system element of the ASYS.

The validation process that followed was done according to the process described in the IEEE 1220
standard [11] and by Sparrius [13] The outcomes are covered in Sections 5.1 and 5.2. Through this
process, it showed the link between the requirements and the stakeholder input.

The requirements baseline was then used to define the functional architecture for the SOI. The
functional architecture from ASYS was used as input to this process because the FGM functions were
considered to be sub-functions of the ASYS. The “Force Generation” subfunction from the ASYS was
defined as the sole function of the FGM. The functional architecture was considered to be verified for
the purpose of this study. A thorough verification process is, however, deemed necessary for further

study. The Physical Architecture was developed from the Functional Architecture.

Due to the influence from the ASYS, the ASY'S Physical Architecture selected during the ASYS design

was used as input during this phase.

With the definition of the FGM Physical Architecture, the second objective for this study was achieved,
and the FGM system design was considered complete. The outcome is covered in Sections 5.3, 5.4, and
5.5. As it was possible to develop various physical architectures for a given functional architecture of a
system, the use of the selected architecture could unnecessarily constrain the FGM Physical

Architecture development.

However, the SE process allowed for the architecture to be specified in such a way as to improve the
possibilities for the concept choices that could be made. The architecture developed through this process

was used to identify which physical architecture components would be able to incorporate Smart
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Material actuators, as this was the main use of the Smart Material identified in the literature (see Section
2.2). Using the outcome from the second step, the third step was initiated to also address the third
objective of the study; to generate FGM concepts using Smart Materials.

The FGM concept generation involved the creation of possible solutions to address the FGM physical
architecture developed. The process utilised a Concept Combination Table to identify various solutions
that could be used to create the physical architecture. Following this, two concept categories were
identified: Tail Rotation and Flow effectors (dealing with changes to the boundary layer specifically).
The constraint of an ASYS at the tail end of the missile did limit the concept creation and the possible
utilisation of the Smart Materials. However, it was necessary to include the constraint to add additional
focus to this study. Further study with alternative ASYS placement should be considered to evaluate

the use of Smart Materials in those locations.

Five concepts were created, three relating to the tail rotation and two relating to the flow effector
category. As identified in Section 2.2, the Smart Materials that were considered for this study were
SMA s and Piezoelectric actuators. These concepts were assessed to see if they met the requirements for
the FGM mechanism. A larger number of concepts could have been generated to showcase a variety of
different ways the Smart Materials could be utilised. However, the number created was deemed

sufficient to answer the research question.

For design requirement FR1, the force value is defined as the minimum value the FGM system needs
to achieve to allow the missile to carry out the required 30g manoeuvre. The tolerance limits defined
need to be assessed and verified in a further study. The upper limit was not defined as it was assumed
the system would only utilise the force necessary to achieve the desired manoeuvre. Any force value
generated above the minimum value was deemed acceptable because the system should be able to adjust
itself not to exceed the structural limits of the missile system. An upper force limit would still need to
be determined and verified. For the purpose of this study, the evaluation using the lower limit was
sufficient. A force produced below the limit would not be effective in achieving the manoeuvre
requirement. A force above the limit indicates the mechanism would allow the missile to achieve the
manoeuvre. The requirement was dependant on factors such as the placement of the actuator system,

the hinge line of the generic missile actuator, the missile flight velocity and altitude, amongst others.

The requirement, “Maintain the applied force for the required duration” (FR2), was determined in terms
of the length of time the concept would be able to operate. The operation time was defined as the flight
duration of 180s. This requirement is specific to the envisioned operation of the FGM system.

Therefore, only mechanisms that would be able to meet or exceed the operation time would qualify to
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enter the decision tool. The requirement could be different for a different missile context or for a
different method of operation. However, as it stands, this would be an effective way to identify which
mechanism would be a suitable concept.

Evaluating the FGM’s performance in meeting FR4 was based on the applied load. The requirement
was not explicit on the type of loads that the structure would experience, which would be a limitation
for this filter. Each mechanism was evaluated based on the effect of the aerodynamic load the system
would be subjected to. Thermal and other structural loads were not evaluated. With conventional design
processes, the surrounding structure would be better defined as the design progresses, and it would then
allow for additional structural evaluation. Further investigation beyond the scope of this study would

have to be carried out to determine all the relevant load cases.

The storage requirement, FR5, identifies the FGMs that would be suitable to meet the possible storage
period. This period is specific to this context, and it is possible that a lower storage period could be
defined.

The evaluation of FR7 focused on the FGM bandwidth with the influence of fin/load and without the
influences from the environment. The assessment of the bandwidth was tailored to each mechanism
based on the type of actuator mechanism selected. A thorough evaluation of this requirement would
need to include all the relevant influences that impact the bandwidth. Bandwidth values higher than the
required value should be acceptable if the influences from the other relevant systems are negligible. In
reality, this would not be the case, as the other structures influences would tend to reduce the estimated
bandwidth. A safety factor should be incorporated into the requirement to ensure the concepts that enter
the design decision tool accommodate for additional connected structures. However, for this evaluation,

this would be sufficient for a conceptual design choice.

From the assessment, only Concept 5 was successful across the board. Concepts 1 and 2 could possibly
be modified to improve their shortcomings. This would, however, require further investigation and was

considered to be beyond the scope of the study.

The first concept was not a viable option as part of an FGM for the defined context in this study. The
force value that the Flexinol® wire, in conjunction with its connected tail fin, would be able to withstand
the applied load. This was determined to be higher than the required value and marginally lower than
the generic mechanism. The downfall of this concept was the structural integrity. The use of the wire
beyond its recommended load limit was predicted to cause the deformation of the wire, preventing it
from performing as required. Even though it would be able to pull the load required, it is not certain

that it would be able to operate as such for the entire flight time; hence it did not meet that requirement.
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This was based on the literature and the discussion with the manufacturer of the SMA wire. Testing of
the wire under the specified conditions would provide better certainty with regard to the performance
of the wire. During the missile flight, the maximum load is only expected when the missile needs to
execute the high g manoeuvre. The frequency of this may be low, as for the majority of the flight, small
adjustments should only be required to keep the missile flying a certain path.

This concept also failed to meet the third most important requirement, the bandwidth. The heating and
cooling times of the wire play a major role in the response of the wire. While the heating of the wire is
controlled by the current supplied, the cooling of the wire would require an additional system to ensure
the rate of cooling is increased to improve the response time of the wire. Further study on this aspect is
required. In a context where the structural integrity requirement could be achieved or if the bandwidth

was acceptable, this concept could still be considered a viable option.

Concept 2 failed to meet the force generation, structural integrity and bandwidth requirement. Further
investigation is required to verify the impact of the MFC on the bistable structure with regard to the
deflection required. A structurally improved bistable/multistable construction should be considered to
handle the loads. With regards to bandwidth, this concept would perform better for a system with lower

response requirements.

Concept 3, using the jet actuators, requires further investigation and falls beyond the scope of this study,
as it needs to determine the improvement in the lift that can be achieved, and also if it would be useful

for missile control at supersonic speeds.

Regarding Concept 4, with the bleed port system, the impact on the control of the missile would require

further investigation to determine the viability of its application.

For this study, only Concept 5 was considered mature enough to progress through to the decision
process. The third step was completed with the creation of the concepts, which also allowed the third
objective to be achieved. A design decision tool was required to assess the performance of the concepts

and to check if it would outperform the generic FGM.

The creation of the Design Decision Tool was the fourth objective and the first part of the fourth step.

The purpose of the design decision tool was to evaluate the FGM system concepts. The mechanics of
the tool were established to assess the performance of each concept. This was centred on the various
requirements drawn from the SE process, which allowed the tool to verify compliance with system

requirements.
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With the tool developed, the fourth objective was achieved. The remainder of the fourth step of the
method involved the evaluation of the concepts. This part of the method was created to address the fifth

and final objective.

The summary of the results of the First Stage is presented in Table 42.

Requirement

L

o

o

:
Generic 75,00 40,00 50.00 10.00 75.00 250.00
5 100.00 80.00 50.00 10.00 75.00 315.00

Based on the decision tool designed, concepts then progressed through to the next stage after having
satisfied the preceding stage. Some of the concepts that were not evaluated could be modified to ensure
they meet the requirements as previously described, but this iteration was not done as part of this study.
If different actuator system requirements were determined such that the higher-level system

requirements are still met, the outcome of this filter could have been different.

The actuation system requirements were derived from the concept of use of the supersonic BVR missile.
In a context where the demand on the system was lower with regard to aerodynamic loading and
response time, the concepts that previously failed are expected to be successful. Alternative concepts
of use should be considered in further studies. A shift in thinking with regard to how a missile can
achieve its requirements could be investigated, as this may allow other concepts to be viable. This was

not investigated in this study.

Based on the scoring system developed, the minimum acceptable score for a concept would be 200
points. The evaluation of the generic FGM yielded 250 points. This means that it performs above the
viable limit. This was expected, as the solution has been successfully used as an FGM in contemporary
missiles in this class as described in the literature. However, the points for the generic FGM should
therefore be the new minimum acceptable score as the idea would be that the concepts developed should

perform the same or better than the existing system.

The candidates that achieved total scores above the benchmark would be evaluated by the final stage of

the tool, the Project Implementation Scoring. As mentioned in Section 7.3, the criteria for this filter
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relates to factors that affect project implementation, which was defined in this study as Technology
Readiness, Cost, Manufacturability, and Mission Requirements. The outcome of this stage was to
determine the most suitable candidate for the defined project context. As discussed previously in this
chapter, the generic FGM and Concept 5 were assessed. The score achieved by candidates were
compared and ranked with other candidates to determine the best solution. The outcome from this stage,
in some cases, may not have been the best performer from the previous stage. This final stage would be
effective in eliminating candidates that would have hindered the development cycle through extensive

design iterations, long lead times from manufacturing, and high project costs.

The servo motor was assessed based on the evaluation criteria, and as seen in Table 40, the servo motor
scored 21.50. This is marginally above the average score (20.00) that a concept could possibly achieve.
Any concept scoring below this average score would not be a suitable selection based on the value
system defined for this stage of the tool in this study. Those concepts may, however, still be viable
actuator system concepts, but not for this particular progression through the process. Ideally, these
should be documented and their viability recorded because they could be reused in the future, should
there be a change in the selection criteria used in the third or foregoing filters.

Concept 5 scored above the average and, therefore, should be suitable for implementation. The concept
with the highest-ranking score above the average should be selected. However, even though the purpose
of the decision tool developed was to draw out a viable value system orientated concept, the relevant

stakeholders could still choose another evaluated and viable concept.

If the servo motor, the generic FGM in this study, used within the generic actuator were a concept, this
tool has indicated that it would be a viable option and that it is above the average score with respect to
the “soft” evaluation criteria seen in the second filter. The performance of Concept 5 indicates that
existing Smart Materials are capable of satisfying the requirements of a BVR supersonic missile
actuator. This was also indicated in the literature. However, the limitation regarding the concept is the
design of the Displacement Amplification device. The literature did indicate that such a device is
possible. However, an example was not designed in this study. An evaluation using a suitable

Displacement Amplification device should be carried out in a future study.
The tool was able to evaluate the performance of concepts and the generic FGM based on the FGM

system requirements. From the concepts developed, only Concept 5 was determined to be suitable for

this missile context. Therefore, the tool aided in answering the research question.
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10. Conclusion and Recommendations for Future work

In this study, the requirements baseline for the FGM within the actuation system of a Beyond Visual
Range (BVR) missile was created using the SE approach described in Section 2.1. The design process
covered the major subsystems of the missile in order to appreciate the inputs related to the various
interactions that would have an influence on the FGM. The requirements for this system were elicited
through the SE approach adapted from IEEE 1220 standard, as described in Section 3.2. The SE
approach took a holistic view to establish the necessary inputs and outputs of the FGM system
developed in this study. The highlights for this approach included a requirement and Functional
Analysis, which satisfied the first objective of the study. The outcomes led to defining the functional
and physical architectures and thus achieving the second objective.

In response to the research question, concepts were generated, as described in Section 3.3, based on the

mechanisms and Smart Materials described in Chapter 2. This aided in achieving the third objective.

An evaluation tool was developed to assess the mature concepts. The concepts performance were
assessed on the basis of the system requirements defined by the developed physical architecture. This
met the fourth objective. The tool was then applied to the concepts generated—the scoring of the system
allowed for the ranking of actuator concepts to facilitate decision making. The tool was useful in

indicating the best actuator system concepts, satisfying the fifth objective.

The concepts were generated using Smart Material and/or Adaptive Structures which were described in
Section 2.2. These were created based on the two FGM categories outlined in Section 6.1. These include
Tail Fin Rotation and Flow Effectors. The first, second and fifth concepts fell under the Tail Fin
Rotation category. This category involved the manipulation of the tail control fin by using the Smart
Materials/Adaptive Structure to achieve the desired tail fin deflection as defined in the conceptual

missile design from Section 4.2.

The first concept made use of a Shape Memory Alloy, called Flexinol® wire. The second used MFC
patches, a piezoelectric actuator, in conjunction with a bistable laminate. The third and fourth concepts
are a part of the Flow Effector category. The third concept used synthetic jet actuators, made using a
diaphragm actuated by a piezoelectric actuator to manipulate the flow over the tail control surface. The

fourth concept used piezoelectric actuators to control a plate that was envisioned to open and close the
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upper and lower surfaces of the tail fin to manipulate lift on it. The fifth concept used piezoelectric

actuators that were envisioned to rotate the missile control fin to alter the missile’s flight path.

Only those concepts that met the system requirements and the generic force mechanism were evaluated
through the design decision tool developed as presented in Chapter 8.

The generic FGM was evaluated by the tool for comparative reasons. Concept 5 that made use of a
piezoelectric PZT linear actuator and a Displacement Amplification device was also able to be assessed,
as it met the system requirements. Concept 5 scored above the generic force mechanism in both stages
of the tool. This indicates that it would be possible for an existing Smart Material to replace a generic

force generation.

Therefore, through this study, the research question was answered; existing Smart Materials were able

to satisfy all the elicited requirements for a supersonic BVR missile.

In this study, it was established that the following recommendations for future work should be

considered:

1. Testing of the successful concept would be the next step in verifying the outcome of this study.

2. The evaluation of alternative weapons, such as glide bombs, should be carried out to determine if
Adaptive Structures would be beneficial in a different weapon application.

3. Aninvestigation into alternative missile control methodologies should be done to establish alternate
requirements for missile control.

4. The improvement of the Smart Material abilities evaluated in this study should be a topic for future
investigation - specifically focusing on the improvements that would enable their use in the
application-defined in this study.

5. Improvements to the concepts to be able to meet the requirements defined in this study.
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APPENDIX A: Missile Design

The missile design, as described in Fleeman [60], required the mission requirements to be defined. The
missile mission requirements are usually derived from the client, together with other stakeholders. The
additional context for the design is extracted from the evaluation of the Concept of Use of the weapon.
Once this is completed, a baseline can be selected. This assists the design process as the baseline
provides a starting point for the design of the missile. As described in Section 2.4, a BVR missile was

selected.

The concept of use (CONUSE) describes how a product will be used in a variety of situations/scenarios
as described by Mawby [164]. To generate the required inputs to develop an ASYS, the higher-level
system, the missile, needed a concept of use to be defined.

The missile will have the following post-integration life profile:
Acceptance Testing (Using external power)

Be transported.

Be stored and remain in a dormant state.

el

Enter Maintenance State (after extended storage periods of 5 years (assumed) after each flight
cycle) (Using External Power)
a. Be powered.
b. Be tested (within missile system)
c. Be powered down.
d. Be repaired (if required)
5. Carriage Flight
6. Be utilised by the missile system (Free Flight)
7. Decommission and dispose (if beyond proposed shelf life)

The concept of use of the BVR missile to be designed is to engage an oncoming target at a range of 120

km at 30000 ft. The missile would be launched from an aerial launch platform (like a fighter aircraft)

with a velocity of Mach 0.9.

Al The Conceptual Generic Missile
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Based on the Systems Engineering approach to this design, the conceptual design of the missile system
was needed to develop the system requirements in which the ASYS would be used.

Missiles are complex systems with a design process that requires multidisciplinary inputs. For this
study, the missile design method described by Fleeman [60] was used to develop a generic missile to
determine the necessary system inputs to the missile’s ASYS design. There are other methods to
develop a missile system, for example, the method described by G. Viljoen [108]. However, the
Fleeman approach was selected as the method of choice due to its use in other missile studies.
[109][110]

The approach laid out in Fleeman [60] is illustrated in Figure 94.

Define Mission Requirements
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Figure 94: Fleeman's Missile Conceptual Design Approach [60]

A.2 Mission Requirements

The initial phase of the missile conceptual design process is to define the mission requirements for the
missile system. These requirements are usually developed by an original equipment manufacturer

(OEM) through market analysis and/or client needs.
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The concept of use was introduced to assist in adapting and refining the mission requirements, as
summarized in Table 43.

1 Range 120 km+
2 Launch Platform Fighter Jet Aircraft (SAAB Gripen)
3 Launch Altitude 9144 m or 30000 ft.
4 Launch Platform Speed Mach 0.9
5 Maximum Mass 160 kg
6 Maximum Carriage Volume 3.7mx0.35mx0.35m
7 Warhead Size > 18kg Blast Fragmentation
8 Engaging Platform Speed Mach 0.9
9 Engaging Platform Altitude 30000ft
10 Engaging Platform Maximum Manoeuvre 9¢
A3 Missile Baseline Characteristics

The baseline to initiate the design for this study was the AIM-120 AMRAAM outer geometry. The
outer missile dimensions and layout of the AIM-120A/B/C (pre-clipped wings) are illustrated in Figure
28 and Figure 95. The dimensions depicted in Figure 95 were used for the design of the BVR missile.
These influenced the available space and placement of the subsystems.
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Figure 95: AIM-120A Geometry (from [165] online)

A4 Aerodynamics

The missile aerodynamics are the next phase of the conceptual design [60]. The aerodynamic design
for a missile includes the consideration of various types of subsystem layouts, changes in geometry,

and the aerodynamic technology available.

The following parameters were identified from Fleeman [60] as outputs of the missile aerodynamic

design process:

e Missile body length

o Nose geometry

e Wing geometry

e Control surface geometry

e Aerodynamic coefficients
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There are advantages and disadvantages to the selection of specific parameters. The missile’s

performance is a crucial factor in the selection of various geometric parameters.

The missile aerodynamic characteristics, based on the design carried out, is shown in Table 44:

Characteristic Value/Design Choice

Missile Diameter 0.178 m

Nose Fineness (In 2.71

Dome Geometry Von Karman

Nose Bluntness 20 %

Missile Length 3.664 m

Boat Tail None

Missile Body Geometry Axisymmetric

Body Centre of Pressure 73% of the Nose Length (0.350 m)
Wing Design Delta

Fin Design Cropped Delta

Coefficient of Normal Force Prediction (Cn Total) 5.49

Normal Force Curve Slope 6.14/rad

Wing Centre of Pressure 1.80 m (0.090 m from Wing Leading Edge)
Tail Centre of Pressure 3.39 m (0.081 m from Tail Leading Edge)
Lift to Drag ratio (L/D) 2.19

Induced Drag Coefficient (Cpj) 15

Total Coefficient of Drag (Cp) 2

Flight Control Tail Control

Missile Configuration X configuration

Static Stability Statically Stable

Missile Tail Sizing 0.233 m?

Hinge Moment (total for two fins) 46.2 Nm

Fleeman begins the aerodynamic design by defining the missile diameter. The diameter selected for this
design was 0.178 m, based on the missile baseline selected, and was deemed acceptable due to reasons
outlined in A.3.

The nose fineness defines the ratio of the nose length over the missile diameter. The value of 2.71 was
based on the AIM-120 (nose length of 0.483 m and a diameter of 0.178 m from Figure 95 ), close to the

typical ratio for supersonic missiles [60].

204



A Von Karman dome geometry was selected based on the AIM 120 seen in Figure 95 and the
advantages when flying at high Mach number and high altitude [60]. A nose bluntness of 20 % was
selected to reduce localised stress concentration and heating of the nose tip. The effect on the body
wave drag would be relatively small, as described in Fleeman [60].

The missile length and axisymmetric body were based on the AIM 120, as seen in Figure 95. A boat

tail was not selected for the missile to simplify the aerodynamic calculations.

The centre of pressure was initially calculated based on an angle of attack of 10 degrees and a body
fineness ratio (length of the body over the length of the nose) of 7.61 (based on the AIM 120 dimensions
in Figure 95).

Delta and cropped delta were selected for the wing and fins designs, respectively. Delta wings or fins
are commonly used for supersonic missiles [60]. The AIM 120D also has delta wings. The related
geometric characteristics were calculated for this study.

The coefficient of normal force is a calculated value based on the geometry of the body, wings and fin.
The Coefficient of Normal Force (Cn) for the entire missile was determined based on the requirement
(Cf. Section A.2) for the missile to achieve a 30g manoeuvre. The Cy was determined to be 5.49 at
Mach 4 and 30000 ft. This Cy was redefined as Cyreq, the required Ch.

The Cn values for the missile body (Cn soay), the wings (Cn wings) and the Tail fins (Cn rins) Were
determined for a constant tail fin deflection (6) at different missile angles of attack (a). These
coefficients were used to determine the moments of the missile’s centre of gravity and thereafter the

related Coefficient of Pitching Moment (Cw) for the missile.
First, the required Turn Radius was defined based on the required 30 g maneuverer using the following
equation from Fleeman [60]:

VZ

n=—
gRr

Where V is the velocity (m/s) of the missile, g is the acceleration due to gravity (9.81 m/s?), n is the

required g acceleration (m/s?), and Rr is the Turn Radius in metres.

Rearranging the equation to solve for the Turn Radius Ry,
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gn (61)

A velocity of 1212 m/s would result in a Turn Radius of 4997 m. The required Cy total can be

determined using Equation (62) from Fleeman [60]:

2w
" GCnSrerp (62)

Substituting Equation (61) into Equation (62), Cn can be determined from Equation (63):

2Wn

Cy = o
N V2Spesp (63)

Where g is 9.81m/s?, the missile reference area, Sger is 0.025 m?, an air density p of 0.458kg/m? (at
30000 ft. [166]) and a weight W of 1540.17 N, the Cy total (required) is determined to be 5.49. This
does not include interactions between the body, wings and tail fins.

This Cn was used to determine the load acting on the tail fins and the deflection. The Cn was evaluated
at different angles of attack and different tail fin deflections. This was done to determine the conditions
where the required Cn would be achieved. The results from the evaluation can be seen in APPENDIX
C.

The relationship between the missile’s Cy and Cw was established to evaluate trim condition, the tail
fin deflection that would be required (dreq) to achieve Cnreq and a Cwm of zero. Figure 96 depicts this

relationship.
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Figure 96: Cn vs Cwv

Based on Figure 96, the deflection that allows for the sustained g manoeuvre was determined to be -
12.7°. This was based on the curve that passes through the x-axis at the required Cy value, which
indicates the fin deflection that achieves the required Normal Force coefficient for a zero Moment
coefficient. A negative fin deflection is defined as the “leading edge down - trailing edge up” deflection

of the tail fin, as seen in Figure 97.

The conditions to produce the required Cy are highlighted in Table 45

Table 45: Conditions for the Required Cy

Angle of Attack « (degrees) | Tail Deflection ¢ (degrees)
14.92 -12.7

The initial angle of attack of 14.92 degrees allows for the Cn to be achieved at -12.7 degrees tail
deflection. These values are used going forward as the maximum control manoeuvre condition with this

tail deflection as the maximum tail deflection for the generic actuator.
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The missile will be flying in the “+” configuration. Therefore, the total tail Cy il is assumed to act on
two fins instead of four based on the missile orientation. The “+” configuration is the case where the
missile flies with two tail fins in a horizontal orientation and two in a vertical orientation, and the fin

set can be visualized as a “+” when viewed from the front or back of the missile.

This load is a result of the missile and fin geometry. To counteract this load and to allow for
manoeuvring of the missile, the servo motors provide a force to rotate the tail fin to position it in the
flow. The force produced by the motors combined with a gearing ratio needs to be equal to the externally
applied load to maintain a fin position of higher than the applied load to move the fin. The normal force
at the centre of pressure (CP) of the fin is used to determine the hinge moment of the hinge line of the
tail. This is the moment that the servo motor is meant to match and, in some instances, overcome to

produce the deflection required.

The normal force, the point of application (the CP), and the resultant moment are illustrated in Figure
98.

208



F=ma

Figure 98: Normal force interaction with the missile tail Fin

In Figure 98, the force (=1685 N ) is acting into the page perpendicular to the surface of the fin at the
CP location indicated. The moment arm, r¢, (calculated to be 13.74 mm), is the distance from the CP to
the hinge line (axis of rotation) of the fin. The hinge moment or torque T (23.15 Nm) is the result of the
product of the force and the moment arm r. The load the servo motor (in conjunction with a gearing
mechanism) is required to maintain the fin position is Fsw which would have to act in the opposite
direction to the resultant load at the end of the lever arm, r, to counteract the torque. For this study, it
was decided to increase the torque requirement by 20 % (this was assumed for the calculation, and it
should be verified in a future study). This was done to ensure the FGM produces sufficient load and
would always be able to overcome the applied load, assuming the 1685 N is the maximum load the fin
experiences. The target torque requirement is, therefore, 27.78 Nm.

The Normal Force Curve Slope was calculated as described in Fleeman [60]. Based on the asymmetric
body of AIM 120, an assumed roll angle of zero, the wing and fin areas and Mach 4, the Normal Force
Curve Slope for the missile was found to be 6.14 rad™.

The wing and tail aerodynamic centres are related to the missile’s velocity. For low Mach numbers, the
aerodynamic centre is closer to the leading edge and as the missile velocity increases (up to hypersonic

flight), it can shift to 50 % of the mean aerodynamic chord. The aerodynamic centre for the missile was
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calculated based on the AIM 120 geometry in Figure 95. It was determined to be 0.090 m from the
wing’s leading edge and 0.081 m from the leading edge of the tail fin, measured along the Mean
Aerodynamic Chord (MAC). This calculation was necessary for the stability predictions for the missile.

The lift to drag (L/D) ratio was determined based on the equation found in Fleeman [60]. The coefficient
of drag (excluding induced drag) for the missile was calculated based on AIM-120’s geometry. The L/D

ratio was determined to be 2.19 based on the previously calculated Ch.

Induced Drag is a contributing factor to the total drag of the missile. The induced drag coefficient is
influenced by the geometry of the lifting surface and the lift experienced by the lifting body. The total

induced drag coefficient for the missile was calculated to be 1.5.

If one considers the induced drag coefficient and the previously calculated drag coefficient (excluding

the induced drag, Cqo), the total drag coefficient Cq was calculated to be 2.

For this missile, tail control was selected based on AIM 120. This will have an impact on the actuator
design, and defining it at this stage allows for the generation of critical requirements for the actuator to
be designed (the system of interest for this study).

The missile configuration for the flight was selected to be flying in the “+” configuration as this allows
for a simpler normal force calculation and evaluates a more conservative load case for the missile fins.

The flight configuration influences the actuator design.

Missile static stability is a vital characteristic to consider during missile design—the position of the
aerodynamic surfaces and centre of gravity of the missile influence the missile’s stability. Static stability
in pitch is defined by a negative slope of the pitching moment against the angle of attack. This means
that when the angle of attack increases in upwards pitching motion, the pitching moment due to the
aerodynamic loading is such that it forces the missile nose down, this decreases the angle of attack. For
a statically unstable missile, the converse is true. For this design, the missile was selected to be statically

stable with the CP rear of the CG by 0.88 times the diameter of the missile as selected by Fleeman [60]

The missile’s tail was sized based on the method described in Fleeman [60]. Based on the AIM 120

geometry and a Mach number of 4, the tail area was estimated to be 0.233 m2.

The hinge moment is an important factor to consider for generic missile design. It is the result of the
normal force acting on the control surface at a distance away from the hinge line of the control surface

(a rotating fin). Based on a normal force of 3.37 kN (for two fins), a distance of 0.081 m (Xac) from the
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tail fins MAC leading edge, and the hinge line at 30 % of the Cuac, the hinge moment was calculated
to be 46.2 Nm or about 23.1 Nm per fin.

A5 Propulsion

After the aerodynamic characteristics were assessed, the next step was propulsion design. [60]
A variety of propulsion choices exist for missiles [60]. These include.

e Solid Rockets
e Ducted Rockets
e Scramijets

e Ramjets

e Turbofan/Turbojet

The propulsion selected for the conceptual missile is highlighted in Table 46. These design
characteristics were considered due to their influence on the actuator design.

Characteristic Value/Design Choice
Rocket Motor Solid Rocket Propulsion (AIM-120)
Propellant Mass 52 kg
Velocity (not including Drag) 1312 m/s
Thrust 18 kN
Burn Time 7s
Total Impulse 126 kNs
Propellant Reduced-Smoke Hydroxyl-Terminated Polybutadiene
Motor Case Steel

This design was based on the AIM-120 propulsion system. Therefore, solid rocket propulsion is the

propulsion method of choice. The AIM 120 propulsion system is described in Figure 99.
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Figure 99: AIM-120 Rocket Motor Layout [167]

The rocket motor mass can be seen in Table 46. The ratio of propellant mass to the missile mass is

therefore about 0.33 when the missile mass is 157 kg.

The velocity achievable (excluding drag) based on the ratio, after the propellant is spent, is 1312.5 m/s,

assuming the missile is launched at Mach 0.9 at 30000 ft.

The Is, was assumed to be 250 s which falls within the range of solid propellant rocket motors (no
further information was found at the time of the study). The thrust was calculated to be 18 kN based on

an assumed throat area of 0.046 m2.

The Total Impulse was calculated to be 126 kNs based on an assumed burn time of 7 s.
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The AIM-120 rocket motor uses a reduced-smoke hydroxyl-terminated polybutadiene propellant [167].
This propellant has an average lIs, (similar to the assumed value mentioned previously) density, is
relatively safe to handle and has low observables. [60]

The rocket motor casing was based on the AIM 120, which is made from DAG6C Steel. [167]

A6 Missile Weight (Mass and Structure)

The next phase of the conceptual design was the missile weight (Mass and Structure design).

The missile mass and structure are important considerations for the actuator design as it gives rise to
interface requirements and constraints. The design areas considered as influences to the actuator design
are described in this section.

The mass of the missile was established based on the mass requirement. The mass of the subsystems
was based on this mass value, the AIM 120 geometry and the estimated linear volumes from Fleeman
[60]. This can be seen in Table 47.

Subassembly Weight Length Density (kg/m)
Radome 5.95kg 480mm 124
Radar Electronics 13.7kg 425mm 32.2
Guidance Section 19.6kg 606mm 32.3
Warhead 23kg 251mm 91.6
Rocket motor 75.3kg 1500mm 50.2
Actuator 14.4kg 410mm 35.1

Wings, fins 5kg n/a

Total 157kg 3654mm 43.0

The warhead mass is larger than the specified warhead mass of 18 kg. The additional mass can be
redistributed to other subsystems where applicable to meet the requirements of the design for both the

warhead and the missile.

The missile’s centre of gravity was determined to be situated 1.986 m from the nose based on the

calculated masses and their corresponding centres of gravity.
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The missile layout was based on the AIM 120 baseling, as seen in Figure 100.
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Figure 100: AIM 120 Baseline Layout [82]

The materials selected for the missile can be seen in Table 48:

Table 48: AIM-120 Structure summary

Subassembly Material Comments

Radome Ceramic radome material -

Front Section Titanium [168] Composite wrapped;
manufacturability/cost &
insulation

Warhead Steel

Rocket motor Steel [167] D6AC steel pressure
vessel

Actuator sleeve Steel

Wings, fins Steel Future composite to save
50% mass

The reasons for the selection were based on the Functional Requirements of the various subassemblies
in Table 48, including the requirements relating to, amongst others, mass, thermal effects and radar
permeability. Further investigation is required to verify the material selection, but this should be

sufficient for a first iteration.
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The actuator sleeve or shroud material was initially defined as steel. The actuator design in the next

sections will give a better insight into the material to be chosen.

A missile detailed structure design includes joints and other considerations that fall outside the scope
of this study. A basic layout and design for the initial baseline can be seen in Figure 100.

During its flight, the missile is expected to experience some thermal loading, and it is expected to be
significant since the missile will be operating at Mach 4. This is due to the recovery temperature being
proportional to the square of the free-stream Mach (M) number. Assuming a recovery factor (r) of 1
and a free stream temperature (T») 0f 228.7 K at altitude 30000 ft., the recovery temperature (Trecovery)

is expected to be as follows based on Figure 101:
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The stagnation temperature (To) at the stagnation points is expected to be as follows:

To -1
2 =14+—M2
Too 2

-1
To = Top (1 +TM30)

For a free stream temperature of 229.73 K at 30000 ft., a specific heat ratio y of 1.4 and a Mach number

of 4, the stagnation temperature would be:
To = 964.86 K

Even though the time the missile spends flying at Mach 4 is short, the heat transferred to the missile
structure is noteworthy. High temperatures can affect the structural integrity of the missile, so the correct

materials and thermal insulation methods need to be selected based on the external conditions expected.

The missile’s first Body Bending Mode (ws) is an important structural factor to consider during the
conceptual design, as seen in Fleeman [60]. Assuming that all the material that makes up the missile
has a combined stiffness (E) of that of steel (210 GPa), the skin thickness (t) is 2 mm, the missile mass
(W) is 157 kg, and the length to diameter (I/d) ratio is 18, the calculated natural frequency (f) in Hertz
(Hz) for the first Body Bending Mode was therefore estimated as:

wp = 18.75 |— (64)

wp =302.33rad/s
=98 _4811H
f = E = . Z

According to Fleeman [60], as a rule of thumb, the first body bending mode should be at least twice the
flight control system’s actuator bandwidth. This was used as the basis of the bandwidth requirement

later in the study.

The maximum allowable buckling stress due to a bending moment (osuckiing Bending) Was calculated to

indicate the loads the missile structure would be able to endure. With a shroud of D6AC steel, whose
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modulus of elasticity (E) is 210GPa, the shroud thickness (t) 2 mm and the shroud radius (r) of 88.9
mm, for t/r equal to 0.0226, ouckiing Bending WOUId be.
t

O Buckling Bending = E x 0.35 (T) = 1634 MPa (65)

The expected carriage loads on the missile should be much lower than the free flight loads. Higher loads
would be expected for an ejection launch (compared to a rail launch). To future proof the missile for

ejection launch platforms, the relevant loads were used to determine the missile structure requirement.

Assuming a 20 g ejection load, the mass distribution in front of the rocket motor is 10.7 kN.m. There
the thickness t required would be 0.39 mm.

As calculated, a thin skin will suffice. However, a limiting factor to skin thickness is the
manufacturability of the element. [60]

A7 Trajectory and Flight Performance

The next phase of the conceptual design is the missile flight performance and trajectory.

The factors that influence missile trajectory and performance are the closing velocity and the end-game
manoeuvre [60]. These factors will determine if the missile can intercept the intended target after the
range requirement has been met [60]. The zero-lift drag coefficient is a driving factor in the calculation
of the missile range [60]. An assumption can be made that for the majority of the flight, the missile will

fly at an approximate zero angle of attack. [60]

Other influences on the range include the time of flight, seeker gimbal angle, and fire control system
[60]. These will, however, not be discussed as it is beyond the scope of this conceptual design. The

parameters required for long-range are first considered.

The flight performance can be simulated and modelled using methods such as one degree of freedom
(1-DOF) up to six degrees of freedom (6-DOF) simulations. For this conceptual design, only one degree

of freedom was considered to simplify analysis as this was not the focus of the study.

A 1-DOF (Axial force (Cpo), thrust, weight) has good accuracy near zero Angle of Attack and can be
used to simulate speed during the majority of the flight (based on the assumption made previously). At
low angles of attack, which is assumed to occur for the majority of the missile flight, the normal force

contribution does not significantly affect the missile trajectory [60]. A ballistic flight at a certain altitude
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would vyield the highest range. At the end-game manoeuvre, the normal force and missile weight

becomes very relevant [60].

The missile’s flight time was determined based on a 1-DOF assessment. It was assumed that the missile
travels along a straight path at a zero angle of attack. Two phases were considered for the flight, the
Rocket Motor Burn Phase and the cruise phase.

During the Rocket Motor Burn Phase, the following was considered:
e A rocket motor burn time of 7 s
e Athrust of 18 kN
e Aninitial velocity of 1212 m/s
e Areference area of 0.025 m?
e Coefficient of Drag of 2
e A missile mass of 157 kg

e Air density of 0.46 kg/m®

Based on the sum of forces in the direction of flight (x-direction):

The acceleration, a, was determined to be 7.05 m/s2. The is displacement, s, of the missile from its

initial position during this phase was determined as follows:

= vt + ! t2
S=7v 2 a
The displacement was determined to be 8.7 km.
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During the cruise phase, it was assumed the missile would travel its expected range of 120 km. During
this phase, the drag was assumed to be constant and slowly bleed off the missile’s velocity. The incept
velocity was then considered to be the final velocity, v, at the end of the phase. This velocity should be
twice the target’s velocity, according to Fleeman [60]. For a target velocity of M 0.9 at 30000 ft, the
intercept velocity was determined to be 546 m/s.

Considering the initial velocity, u, to be 1212 m/s, the time taken to reach 120 km was determined as

follows:

1
S=§(u+v)t

. 2s
T (u+v)

The time taken was determined to be 126 s. This gives a total flight time of 133 s, given the simplicity
of this approach. An operational flight time was considered to be 180 s to account for the effects of
manoeuvring, normal force and the change in weight after the propellent was used. These effects would
mean the missile would require more time to reach the target at 120 km, provided it still achieve the

intercept velocity.

The required 30g manoeuvre would require sufficient normal force to achieve the manoeuvre. The
normal force coefficient, calculated in Section A.4, was based on the missile geometry and adjusted

accordingly to achieve the 30 g manoeuvre.

According to Fleeman [60], a high speed and long-range flight are attained by a significant total

impulse. The total impulse (1) of the missile has the following relationship:

I

Isp:m—g

If this equation is rearranged, the following is obtained:

I =I,mg (66)

It is therefore related to the propellant mass (m), acceleration due to gravity (g) and specific impulse
(Isp). There are other factors, such as the drag force coefficient needs to be optimized to achieve the

required range [60].
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A8 Measures of merit and performance Evaluation

The next phase examined if the missile met the required performance criteria by assessing the measures

of merit and constraints.

The Measures of Merit were adapted from the missile mission requirements as defined at the beginning
of this section. Various parameters were varied in an iterative process to move towards meeting the
range and manoeuvre requirement. These included propellant mass, the addition of propulsion pulses
and the change in missile diameter.

Additional Measures of Merit, according to Fleeman [60], include:

e Missile Robustness

e Warhead Lethality

e Miss Distance

e Carriage and Launch Observables
e  Other Survivability Considerations
e Reliability

e Cost

e Launch Platform Integration

Robustness refers to the ability of the missile to survive various environmental flight conditions and
any changes in those conditions. These can include, amongst others, changes to weather, temperature

variation, and changes in altitude. [60]

Warhead lethality relates to the effectiveness of a warhead on an intended target. [60]

Miss Distance refers to the missile's performance concerning the interception of the intended target.
The miss distance influences the effectiveness of the warhead and overall missile performance. The
circular error probable (CEP) relates to the circular region where the miss distance will be close to the
target 50 % of the time. The conservative approach for conceptual design is to assume 3o (which is

three times the CEP or 1), meaning the missile has a miss distance probability of 99%. [60]

Carriage and Launch Observables are measures of the missile’s launch platform’s radar cross-section

(RCS) and the missile’s rocket plume signature. [60]
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Other Survivability Considerations refers to the missile’s RCS and the stand-off distance from possible
threats. [60]

Reliability relates to the missile’s ability to perform when required. The missile’s overall reliability is

related to the reliability of its subsystems. [60]

A missile’s cost is important to consider in the design of a tactical missile. The cost of the missile filters
up from the cost to produce its subsystems. Missile cost can affect design decisions which could impact

missile performance. [60]

Launch Platform Integration measure refers to the level of impact the missile has on the launch platform.
This is usually considered earlier in the design process. The iterative approach helps to refine the design

to fit a selected launch platform should the type of platform be a constraint. [60]

The Measures of Merit influence on the actuator system to be developed were considered during the

evaluation.

These measures were based on the primary function of the actuator within the missile system context.
The primary function of the actuator is to provide the means to manoeuvre the missile in flight. This

would include altering the missile’s flight path or maintaining the missile’s heading.

A9 Summary of the Missile Design

The importance of the missile design highlighted the various areas which have an impact on the actuator
design. The selection of the missile baseline indicated the placement of the actuator system, including
the surrounding systems that would have an impact, like the rocket motor. The missile propulsion design
highlighted the factors such as the space available and the operating environment. The aerodynamic
design indicated the aerodynamic loads, which had an impact on the structural design and actuator
selection. The missile weight assisted in the mass estimation for the actuator system. The centre of
gravity of the weapon had an impact on the hinge line position and the centre of pressure. The trajectory,
flight performance and the measures of merit are influenced by the actuator system together with the

other missile systems.

This design developed the context and set the platform for the ASYS design. It gave the inputs for the

elicitation of the requirements and functions of the actuator system.
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A.10 Additional Generic Force Generation Mechanism considerations

A10.1 Missile Manoeuvring

A.10.1.1 Response Time

It was previously mentioned that the missile’s response time is the sensitivity of the angle of attack (o)
to the missile’s turn rate ( y.), which was measured based on the ratio a/y. The actuator system

influence on the missile’s response time is captured in the turn rate performance defined by y.

According to Fleeman [60], the turn rate performance is defined as follows:

¥ = gn/V = qSrefCna® + qSrerCns & — Weosy|/[(W/g)V] (67)

Where g is the acceleration due to gravity, n is the g manoeuvre, v is the velocity of the missile, g is the
dynamic pressure (Srer is the reference area, Cu, is the normal force curve slope due to the angle of
attack, and the Cys is the normal force derivative due to pitch control deflection, W is the mass of the
missile, o is the angle of attack, ¢ is the control surface deflection, and y is the flight path angle (assumed

to be zero for this study due to constant altitude used in this study).

Fleeman [60] indicates the actuator impacts the Cy,, the Cys, 0 and W. Cy, is related to the ratio of the
tail area (St) (which forms part of the actuator system in this study), and the missile Sre. Cys would be
related to the deflection of the tail control surface. § would also be related to the tail’s deflection. The
mass of the actuator system would influence the missile’s W. Based on the generic actuator for this
study, the Cy, contribution from the tail was determined to be 1.03rad*. With the body’s contribution
of 2 rad and the wing’s contribution of 1.03 rad?, the Cy, for the missile would be 16.6 rad*, which is

0.29 deg™?, according to Equation (68).

Cva = Cnawing(Sw/Srer) + Cnarait(Sr/Srer) + Cna poay (68)
This is based on an St/Srer 0f 9.38 and an Sw/Srer O 4.82.
The contribution and influence of the tail towards Cy; are illustrated by the slope of the curve for Cy rail
and Cn Totar in Figure 102. Based on a linear approximation, the slope of the Cy rail curve is 0.295 deg™.

As seen in Figure 102., the tail is the main contributor towards the Cys as the Cn sogy, and Cn wing have

no slope. Therefore, the total Cys would also be 0.295 deg™.
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As shown in SectionA.4, at an angle of attack of 14.92 degrees, the missile is trimmed with a tail
deflection 6 of -12.7 degrees. This deflection would be required for a sustained 30 g manoeuvre at Mach
4. According to Fleeman [60], this gives control effectiveness, a/d, of -1.18. This deflection was used
as the maximum deflection for this study and was therefore used as ¢ for the evaluation of the turn rate

performance.

The system of interest for the actuator was the FGM, which is the servo motor for the generic actuator.
The selected motor for this study has a mass of 0.516 kg, as mentioned in the Montevideo Technology
Inc. servo motor datasheet [116]. There would be four motors, one for each of the four tail control
surfaces of the actuator system. This would mean the total mass of the servo motors combined would
be 2.064 kg. In Section A.6, the mass summary of the AIM-120 missile, the baseline of the conceptual
missile used for this study, estimated that the actuator mass was 14.4 kg. The mass of the servo motors
is below this actuator mass and therefore means the motor selection would be a valid option as the FGM
for the generic actuator. The mass of the missile, W, used for this evaluation included the actuator mass
from the summary as this forms part of the generic actuator used on the conceptual missile design. The
missile mass is 157 kg. Assuming the missile reaches its maximum velocity of Mach 4 when all the
propellant (52 kg) is spent and is then required to perform the 30 g manoeuvre, the mass of the missile

would be reduced to 105 kg. This would be considered as W for the turn rate performance.
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Therefore, based on Equation (67), the turn rate performance would be 20.95 °/s, which is greater than
the intended target’s turn rate performance of 16.64 °/s, which means that the missile is capable of

intercepting the target.

The response time for 14.92 degrees angle of attack is 0.712 s.

A.10.1.2 Missile Miss Distance

As previously described, the miss distance for an effective navigation ratio (N) of 3 is as described by
Equation (69) according to Fleeman [60].

Oyan = gy T2 e~(t0 /D [(10/1)/2] (69)

For a target acceleration of 9 g, a time constant z of 0.44 s, a time to go (to) of 0.41 s, and acceleration
due to gravity of 9.81 m/s?, the miss distance was calculated to be 11.48 m.

The actuator system has an impact on the missile time constant z. The calculation is described later in
Section A.10.3.

A.10.2 Missile Aerodynamics

A.10.2.1 Contribution to the Normal Force

The contribution to the Normal Force of the missile is evaluated by assessing the actuator system’s
influence on the normal coefficient of the entire weapon as described previously. For the total Cy of
5.50, the tail contribution, Cnrail, is 0.4.

The Cnrail for the generic actuator system is a function of the tail fin area and the deflection of the fin.

The servo motor for the generic actuator has a direct impact on the deflection.

A.10.2.2 Impact on Drag.

The induced drag contribution due to the actuator system’s control surface was determined to be 0.22
based on the induced drag calculation previously described. The Cyrai is the main influence from the

actuator system.
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A.10.3 Missile Guidance and Control

A.10.3.1 Time constant

Based on the calculation previously described by Fleeman [60], the missile time constant 7 is 0.444 s.
The actuator system has a direct impact on the deflection ¢, the pitching moment control effective Cays,

the deflection (slew) rate &, and the turn rate performance y. The FGM has an influence on all of these.

100.00

-40.00 40.00

-200.00 -
Deflection & |Degrees)

e 1 14,92 degreas

Figure 103: CM vs Delta at 14.95 degrees

The slope of the curve in Figure 103 is -3.787. This slope is the pitching moment control effectiveness

derivative Cy.

A.10.4 Missile Airframe

A.10.4.1 Effect of loading on Structure
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The actuator system is loaded subject to aerodynamic loads, which is a function of altitude, geometry
and velocity. The actuator system is meant to be designed to withstand these loads and work against
them in order to manoeuvre the missile. The loading around the actuator region would affect the
interface to the missile airframe. For this evaluation, the focus was on the loading that would impact
the FGM in a direct manner. This would be the hinge moment the normal force would cause acting on
the tail fin. The FGM would be expected to withstand and overcome this load to produce the necessary
fin deflections. The hinge moment was determined to be 46.2 Nm. To withstand this load and to operate
when this load (assumed to be the maximum loading) is applied, it was decided that the motor should
provide 20 % more torque to operate under load for the purpose of the study. This would mean that the
servo motor should be able to hold the fin in its desired position regardless of the load applied, within

the range the control fins would experience.

A.10.4.2 Influence due to Rocket motor.

The thermal data for the rocket motor selected for the conceptual missile design was not available and
thus could not be included in this study. Therefore, to estimate the heat the actuator system would
experience, the heat transfer from the rocket motor to the exterior surface of the rocket motor casing

was estimated.
In G. P. Sutton et al. [117], which describes the transient heat transfer from the combustion chamber to

the motor casing wall and through it, the temperature of the blast tube internal wall was determined

based on Figure 104.
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Figure 104: Typical temperature distributions through a motor casing thrust chamber wall as a

function of heating time [117]

The internal temperature (T;) was assumed to be the typical equilibrium temperature, namely 357°C,
described in Figure 104. Through conductive heat flow, the surface on the outside of the blast tube will
eventually reach this temperature. The temperature inside the actuator system would start from an
extremely low temperature (at the minimum operating temperature of the motor) and would start to
increase as soon as the rocket motor is ignited and would continue to increase until all the propellant is
burnt. According to Montevideo Technology Inc.[116], the maximum operating temperature is 220°C.
As a similar type of motor is in use in the AIM-120, it is expected that the temperature does not reach

a temperature higher than the maximum rate operating temperature during the flight time.
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A.10.5 Missile Mass

A.10.5.1 Percentage contribution

As previously described, the generic actuator system would contain four servo motors of 0.516 kg each,
which make the total mass for the FGM 2.064 kg. This makes up 14.3 % of the 14.4 kg actuator,
described in Section A.6. It is important to note that there are other structures that make up the ASYS

and will also contribute to the total ASYS mass.

A.10.6 Missile Stability

A.10.6.1 Effect of force generation location

The positioning of the servo motor, the FGM within the actuator system, has an influence on the centre
of gravity of the missile but has no direct effect on the centre of pressure of the weapon. This generic
FGM placement would be similar to that of the AIM-120 baseline. The placement of the fins on the
conceptual missile is also similar to the AIM 120. Therefore, the conceptual missile’s stability is
expected to at least be similar to that of the baseline selected.

A.10.7 Missile Flight Time

A.10.7.1 Operational Time

The overall effect of the actuator on the operational time encompasses the time the actuator is able to
operate as well as the effects of its mass and its influence on drag. The mass and the drag would tend to
bleed energy from the system, reducing the missile’s operational time. However, for this study, the
operational time of the 180s was considered as the structures that would influence the mass and drag

were not designed.
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APPENDIX B: Advantages and Disadvantages of Tail and Canard Control

CiTrim IC,,alS:O
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¢ Efficient Packaging

+ Low Hinge Moment /
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¢ Low Induced Rolling Moment

+ Decreased Lift at Low o.

Figure 105: Advantages and disadvantages of Tail Control [60]

Figure 105 illustrates the advantages and disadvantages of tail control. Figure 106, also taken from

Fleeman [60], illustrates the benefits of tail control over canard control at high angles of attack.
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Figure 106: The benefits of Tail Control vs Canard control at high angles of attack [169]

Regarding Canard control, Figure 107 highlights the advantages and disadvantages of having control
surfaces at the front of a missile.
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Figure 107: Advantages and Disadvantages of Canard Control [60]
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APPENDIX C: Normal Force Coefficient calculation

The normal force coefficient (Cn) was calculated as part of the aerodynamics characterization phase of
Fleeman’s missile design process [60]. The Cy was used to determine the load required to sustain the
30 g manoeuvre, which was considered to be the maximum loading the actuator would have to

withstand. The data represented in Figure 96 was sourced from Table 49 to Table 62.

The curve that crossed the x-axis at the point indicated by the vertical line (the required Cy Line) was

considered to be the fin deflection and the angle of attack that would result in a stable 30 g manoeuvre.

In the tables to follow:

o refers to the deflection angle of the tail fin.

e arefers to the missiles angle of attack in flight; the values are given in degrees and radians, the

latter used for inputs to the coefficient calculations.

o a+4 refers to the combination of the angle of attack missile and tail deflection; this gives the

total tail deflection relative to the missile flight path.

o  Cn sody refers to the normal force coefficient of the missile body. The calculation was based on
the equation from the following equation from Fleeman [60]. The lift to diameter ratio, I/d, for

the missile was 20.58.

Cn Boay = sin(2a) cos (a/2) + 2(1/d) sin* a

o  Cy wing refers to the normal force coefficient of the missile wing. The calculation was based on
the equation from the following equation from Fleeman [60]. The wing area, Sw, used for this
0.025m?

sina cosa 5
CNWing = 4W+2511’1 a EF

e Cy Tail refers to the normal force coefficient of the missile tail. The calculation was based on the

equation from the following equation from Fleeman [60]
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CnrTait =

sin(a + &) cos(a + §)

M? -1

+ 2sin?(a + 6)]

St

SREF

e Cy refers to the total normal force coefficient of the missile. The calculation was based on the

equation from the following equation from Fleeman [60]

Cn = CyBoay T Cnwing T Cn Tait

o Nuj refers to the total normal force generated by the missile tail section.

o Nuailper fin refers to the normal force generated by the missile tail fin. This is based on the number

of normal forces producing surfaces which two in this analysis due to the “+” flight

configuration of the missile.

e M refers to the pitching moment as a result of the tail fins normal force.

o Cuw refers to the normal force coefficient of the missile body. The calculation was based on the

equation from the following equation adapted from L. J. Clancy [170]. The q refers to the

dynamic pressure, and d is the missile’s diameter in this analysis.

Cy=———
M qSrerd

M

Table 49: Normal Force and Pitching Moment Results for a Constant 0 Degree Fin deflection

3 | 0.00 degrees | 0.00 rad
a o+d CN Body CN Wing CN Tail CN M Ntail Ntail per fin VA
Degrees | Radians | Degrees | Radians (N) (N) (Nm)
-30.00 -0.52 -30.00 -0.52 -9.46 -4.55 -8.84 -22.84 | 88.92 | -74428.50 -37214.25 133259.70
-25.00 -0.44 -25.00 -0.44 -6.61 -3.61 -7.03 -17.24 | 75.89 | -59151.90 -29575.95 113736.01
-20.00 -0.35 -20.00 -0.35 -4.18 -2.72 -5.28 -12.18 | 61.54 | -44465.49 -22232.75 92229.21
-15.00 -0.26 -15.00 -0.26 -2.26 -1.88 -3.66 -7.80 | 46.31 [ -30815.52 -15407.76 69395.42
-10.00 -0.17 -10.00 -0.17 -0.90 -1.14 -2.21 -4.25 | 30.65 [ -18616.74 -9308.37 45933.25
-5.00 -0.09 -5.00 -0.09 -0.14 -0.50 -0.98 -1.62 | 15.06 | -8239.80 -4119.90 22562.14
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5.00 0.09 5.00 0.09 0.49 0.50 0.98 1.97 | -13.06 | 8239.80 4119.90 -19576.64
10.00 0.17 10.00 0.17 1.58 114 2.21 4.93 | -26.74 | 18616.74 9308.37 -40069.76
15.00 0.26 15.00 0.26 3.25 1.88 3.66 8.80 | -40.61 | 30815.52 15407.76 -60864.44
20.00 0.35 20.00 0.35 5.45 2.72 5.28 13.45 | -54.27 | 44465.49 22232.75 -81335.41
25.00 0.44 25.00 0.44 8.10 3.61 7.03 18.74 | -67.30 | 59151.90 29575.95 -100865.50
30.00 0.52 30.00 0.52 11.13 4.55 8.84 24.52 | -79.31 | 74428.50 37214.25 -118863.94
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Table 50: Normal Force and Pitching Moment Results for a Constant 5 Degree Fin deflection

5 | 5.00 degrees | 0.09 rad
a a+d CN Body CN Wing CN Tail CN CM Ntail Ntail per fin M
Degrees | Radians | Degrees | Radians (N) (N) (Nm)

-30.00 -0.52 -25.00 -0.44 -9.46 -4.55 -7.03 -21.03 | 65.62 -59151.90 -29575.95 98337.38
-25.00 -0.44 -20.00 -0.35 -6.61 -3.61 -5.28 -15.50 | 53.49 -44465.49 -22232.75 80162.89
-20.00 -0.35 -15.00 -0.26 -4.18 -2.72 -3.66 -10.56 | 40.72 -30815.52 -15407.76 61025.39
-15.00 -0.26 -10.00 -0.17 -2.26 -1.88 -2.21 -6.36 | 27.70 -18616.74 -9308.37 41509.00
-10.00 -0.17 -5.00 -0.09 -0.90 -1.14 -0.98 -3.02 14.82 -8239.80 -4119.90 22211.56
-5.00 -0.09 0.00 0.00 -0.14 -0.50 0.00 -0.64 2.49 0.00 0.00 3725.95

0.00 0.00 5.00 0.09 0.00 0.00 0.98 0.98 | -12.57 8239.80 4119.90 -18836.19

5.00 0.09 10.00 0.17 0.49 0.50 2.21 3.20 | -28.89 18616.74 9308.37 -43298.33
10.00 0.17 15.00 0.26 1.58 1.14 3.66 6.38 | -45.35 30815.52 15407.76 -67956.17
15.00 0.26 20.00 0.35 3.25 1.88 5.28 10.42 -61.43 44465.49 22232.75 -92068.26
20.00 0.35 25.00 0.44 5.45 2.72 7.03 15.19 | -76.67 59151.90 29575.95 -114908.53
25.00 0.44 30.00 0.52 8.10 3.61 8.84 20.55 | -90.61 74428.50 37214.25 -135787.82
30.00 0.52 35.00 0.61 11.13 4.55 10.67 26.34 | -102.81 | 89831.13 44915.57 -154074.35

Table 51: Normal Force and Pitching Moment Results for a Constant 10 Degree Fin deflection

3 | 10.00 | degrees | 0.17 rad
a o+ CN Body CN Wing CN Tail CN cM Ntail Ntail per fin M
Degrees | Radians | Degrees | Radians (N) (N) (Nm)

-30.00 -0.52 -20.00 -0.35 -9.46 -4.55 -5.28 -19.28 | 43.22 | -44465.49 -22232.75 64764.26
-25.00 -0.44 -15.00 -0.26 -6.61 -3.61 -3.66 -13.88 | 32.67 | -30815.52 -15407.76 48959.07
-20.00 -0.35 -10.00 -0.17 -4.18 -2.72 -2.21 -9.11 22.11 | -18616.74 -9308.37 33138.97
-15.00 -0.26 -5.00 -0.09 -2.26 -1.88 -0.98 -5.12 | 11.87 | -8239.80 -4119.90 17787.32
-10.00 -0.17 0.00 0.00 -0.90 -1.14 0.00 -2.04 2.25 0.00 0.00 3375.37
-5.00 -0.09 5.00 0.09 -0.14 -0.50 0.98 0.34 | -10.08 8239.80 4119.90 -15110.24

0.00 0.00 10.00 0.17 0.00 0.00 2.21 2.21 -28.40 18616.74 9308.37 -42557.88

5.00 0.09 15.00 0.26 0.49 0.50 3.66 4.65 | -47.50 | 30815.52 15407.76 -71184.74
10.00 0.17 20.00 0.35 1.58 1.14 5.28 8.00 | -66.17 | 44465.49 22232.75 -99159.99
15.00 0.26 25.00 0.44 3.25 1.88 7.03 12.16 | -83.84 [ 59151.90 29575.95 -125641.38
20.00 0.35 30.00 0.52 5.45 2.72 8.84 17.01 | -99.98 | 74428.50 37214.25 -149830.85
25.00 0.44 35.00 0.61 8.10 3.61 10.67 22.38 | -114.10 | 89831.13 44915.57 -170998.23
30.00 0.52 40.00 0.70 11.13 4.55 12.46 28.13 | -125.78 | 104891.79 52445.89 -188503.02

Table 52: Normal Force and Pitching Moment Results for a Constant 15 Degree Fin deflection

5 | 15.00 | degrees | 0.26 rad
a a+d CN Body CN Wing CN Tail CN CM Ntail Ntail per fin M
Degrees | Radians | Degrees | Radians (N) (N) (Nm)

-30.00 -0.52 -15.00 -0.26 -9.46 -4.55 -3.66 -17.66 | 22.39 -30815.52 -15407.76 33560.44
-25.00 -0.44 -10.00 -0.17 -6.61 -3.61 -2.21 -12.43 14.06 -18616.74 -9308.37 21072.65
-20.00 -0.35 -5.00 -0.09 -4.18 -2.72 -0.98 -7.88 6.28 -8239.80 -4119.90 9417.29
-15.00 -0.26 0.00 0.00 -2.26 -1.88 0.00 -4.14 -0.70 0.00 0.00 -1048.87
-10.00 -0.17 5.00 0.09 -0.90 -1.14 0.98 -1.06 -10.32 8239.80 4119.90 -15460.82
-5.00 -0.09 10.00 0.17 -0.14 -0.50 2.21 1.57 | -25.91 18616.74 9308.37 -38831.93
0.00 0.00 15.00 0.26 0.00 0.00 3.66 3.66 | -47.01 30815.52 15407.76 -70444.29
5.00 0.09 20.00 0.35 0.49 0.50 5.28 6.27 | -68.32 44465.49 22232.75 -102388.57
10.00 0.17 25.00 0.44 1.58 1.14 7.03 9.75 | -88.57 59151.90 29575.95 -132733.11
15.00 0.26 30.00 0.52 3.25 1.88 8.84 13.98 | -107.14 | 74428.50 37214.25 -160563.70
20.00 0.35 35.00 0.61 5.45 2.72 10.67 18.83 | -123.47 | 89831.13 44915.57 -185041.27
25.00 0.44 40.00 0.70 8.10 3.61 12.46 24.17 | -137.07 | 104891.79 52445.89 -205426.90
30.00 0.52 45.00 0.79 11.13 4.55 14.15 29.83 | -147.54 | 119152.86 59576.43 -221103.83
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Table 53: Normal Force and Pitching Moment Results for a Constant 20 Degree Fin deflection

3 | 20.00 [ degrees | 0.35 rad
a a+d CN Body CN Wing CN Tail CN c™M Ntail Ntail per fin M
Degrees | Radians | Degrees | Radians (N) (N) (Nm)

-30.00 -0.52 -10.00 -0.17 -9.46 -4.55 -2.21 -16.21 3.79 -18616.74 -9308.37 5674.03
-25.00 -0.44 -5.00 -0.09 -6.61 -3.61 -0.98 -11.20 | -1.77 -8239.80 -4119.90 -2649.03
-20.00 -0.35 0.00 0.00 -4.18 -2.72 0.00 -6.90 -6.28 0.00 0.00 -9418.90
-15.00 -0.26 5.00 0.09 -2.26 -1.88 0.98 -3.17 | -13.27 8239.80 4119.90 -19885.06
-10.00 -0.17 10.00 0.17 -0.90 -1.14 2.21 0.17 -26.15 18616.74 9308.37 -39182.51
-5.00 -0.09 15.00 0.26 -0.14 -0.50 3.66 3.02 | -44.52 | 30815.52 15407.76 -66718.34
0.00 0.00 20.00 0.35 0.00 0.00 5.28 5.28 -67.83 44465.49 22232.75 -101648.11
5.00 0.09 25.00 0.44 0.49 0.50 7.03 8.02 | -90.72 | 59151.90 29575.95 -135961.69
10.00 0.17 30.00 0.52 1.58 1.14 8.84 11.56 | -111.87 | 74428.50 37214.25 -167655.43
15.00 0.26 35.00 0.61 3.25 1.88 10.67 15.81 | -130.63 [ 89831.13 44915.57 -195774.11
20.00 0.35 40.00 0.70 5.45 2.72 12.46 20.62 | -146.45 | 104891.79 52445.89 -219469.93
25.00 0.44 45.00 0.79 8.10 3.61 14.15 25.87 | -158.83 | 119152.86 59576.43 -238027.71
30.00 0.52 50.00 0.87 11.13 4.55 15.70 31.37 | -167.41 | 132181.04 66090.52 -250886.24

Table 54: Normal Force and Pitching Moment Results for a Constant 25 Degree Fin deflection

5 | 25.00 | degrees | 0.44 rad
a a+d CN Body CN Wing CN Tail CN CM Ntail Ntail per fin M
Degrees | Radians | Degrees | Radians (N) (N) (Nm)

-30.00 -0.52 -5.00 -0.09 -9.46 -4.55 -0.98 -14.98 | -12.04 -8239.80 -4119.90 -18047.66
-25.00 -0.44 0.00 0.00 -6.61 -3.61 0.00 -10.22 | -14.34 0.00 0.00 -21485.22
-20.00 -0.35 5.00 0.09 -4.18 -2.72 0.98 -5.92 | -18.85 8239.80 4119.90 -28255.09
-15.00 -0.26 10.00 0.17 -2.26 -1.88 2.21 -1.93 | -29.10 18616.74 9308.37 -43606.75
-10.00 -0.17 15.00 0.26 -0.90 -1.14 3.66 1.62 -44.75 30815.52 15407.76 -67068.92
-5.00 -0.09 20.00 0.35 -0.14 -0.50 5.28 4.64 | -65.34 | 44465.49 22232.75 -97922.16

0.00 0.00 25.00 0.44 0.00 0.00 7.03 7.03 | -90.23 59151.90 29575.95 -135221.23

5.00 0.09 30.00 0.52 0.49 0.50 8.84 9.83 | -114.03 | 74428.50 37214.25 -170884.00
10.00 0.17 35.00 0.61 1.58 1.14 10.67 13.39 [ -135.37 | 89831.13 44915.57 -202865.84
15.00 0.26 40.00 0.70 3.25 1.88 12.46 17.59 | -153.61 | 104891.79 52445.89 -230202.78
20.00 0.35 45.00 0.79 5.45 2.72 14.15 22.32 | -168.20 | 119152.86 59576.43 -252070.74
25.00 0.44 50.00 0.87 8.10 3.61 15.70 27.41 | -178.70 | 132181.04 66090.52 -267810.12
30.00 0.52 55.00 0.96 11.13 4.55 17.05 32.73 | -184.80 | 143580.46 71790.23 -276945.31

Table 55: Normal Force and Pitching Moment Results for a Constant 30 Degree Fin deflection

3 | 30.00 [ degrees | 0.52 rad
a o+ CN Body CN Wing CN Tail CN cM Ntail Ntail per fin M
Degrees | Radians | Degrees | Radians (N) (N) (Nm)

-30.00 -0.52 0.00 0.00 -9.46 -4.55 0.00 -14.00 | -24.61 0.00 0.00 -36883.85
-25.00 -0.44 5.00 0.09 -6.61 -3.61 0.98 -9.24 | -26.91 8239.80 4119.90 -40321.41
-20.00 -0.35 10.00 0.17 -4.18 -2.72 2.21 -4.69 | -34.68 18616.74 9308.37 -51976.78
-15.00 -0.26 15.00 0.26 -2.26 -1.88 3.66 -0.48 | -47.71 | 30815.52 15407.76 -71493.16
-10.00 -0.17 20.00 0.35 -0.90 -1.14 5.28 3.24 -65.57 | 44465.49 22232.75 -98272.74
-5.00 -0.09 25.00 0.44 -0.14 -0.50 7.03 6.38 | -87.74 | 59151.90 29575.95 -131495.28
0.00 0.00 30.00 0.52 0.00 0.00 8.84 8.84 | -113.53 | 74428.50 37214.25 -170143.55
5.00 0.09 35.00 0.61 0.49 0.50 10.67 11.66 | -137.52 [ 89831.13 44915.57 -206094.42
10.00 0.17 40.00 0.70 1.58 1.14 12.46 15.18 | -158.34 | 104891.79 52445.89 -237294.51
15.00 0.26 45.00 0.79 3.25 1.88 14.15 19.29 | -175.36 [ 119152.86 59576.43 -262803.59
20.00 0.35 50.00 0.87 5.45 2.72 15.70 23.86 | -188.07 | 132181.04 66090.52 -281853.15
25.00 0.44 55.00 0.96 8.10 3.61 17.05 28.77 | -196.09 | 143580.46 71790.23 -293869.19
30.00 0.52 60.00 1.05 11.13 4.55 18.17 33.85 | -199.17 | 153004.76 76502.38 -298489.26
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Table 56: Normal Force and Pitching Moment Results for a Constant -5 Degree Fin deflection

3 | -5.00 degrees | -0.09 rad
a a+d CN Body CN Wing CN Tail CN c™M Ntail Ntail per fin M
Degrees | Radians | Degrees | Radians (N) (N) (Nm)

-30.00 -0.52 -35.00 -0.61 -9.46 -4.55 -10.67 -24.67 | 112.41 | -89831.13 -44915.57 168470.11
-25.00 -0.44 -30.00 -0.52 -6.61 -3.61 -8.84 -19.06 | 99.20 | -74428.50 -37214.25 148658.33
-20.00 -0.35 -25.00 -0.44 -4.18 -2.72 -7.03 -13.92 | 83.94 | -59151.90 -29575.95 125802.33
-15.00 -0.26 -20.00 -0.35 -2.26 -1.88 -5.28 -9.43 67.13 | -44465.49 -22232.75 100599.24
-10.00 -0.17 -15.00 -0.26 -0.90 -1.14 -3.66 -5.70 49.26 -30815.52 -15407.76 73819.66
-5.00 -0.09 -10.00 -0.17 -0.14 -0.50 -2.21 -2.85 30.88 | -18616.74 -9308.37 46283.83

0.00 0.00 -5.00 -0.09 0.00 0.00 -0.98 -0.98 12.57 -8239.80 -4119.90 18836.19

5.00 0.09 0.00 0.00 0.49 0.50 0.00 0.99 -0.49 0.00 0.00 -740.45
10.00 0.17 5.00 0.09 1.58 1.14 0.98 3.70 -10.91 8239.80 4119.90 -16348.07
15.00 0.26 10.00 0.17 3.25 1.88 2.21 7.35 | -22.01 | 18616.74 9308.37 -32978.03
20.00 0.35 15.00 0.26 5.45 2.72 3.66 11.83 | -33.45 30815.52 15407.76 -50131.59
25.00 0.44 20.00 0.35 8.10 3.61 5.28 17.00 | -44.90 | 44465.49 22232.75 -67292.38
30.00 0.52 25.00 0.44 11.13 4.55 7.03 22.70 | -56.01 59151.90 29575.95 -83941.62

Table 57: Normal Force and Pitching Moment Results for a Constant -10 Degree Fin deflection

5 | -10.00 [ degrees | -0.17 rad
a a+d CN Body CN Wing CN Tail CN CM Ntail Ntail per fin M
Degrees | Radians | Degrees | Radians (N) (N) (Nm)

-30.00 -0.52 -40.00 -0.70 -9.46 -4.55 -12.46 -26.46 | 135.39 | -104891.79 -52445.89 202898.78
-25.00 -0.44 -35.00 -0.61 -6.61 -3.61 -10.67 -20.89 | 122.69 | -89831.13 -44915.57 183868.74
-20.00 -0.35 -30.00 -0.52 -4.18 -2.72 -8.84 -15.74 | 107.25 | -74428.50 -37214.25 160724.65
-15.00 -0.26 -25.00 -0.44 -2.26 -1.88 -7.03 -11.17 | 89.53 -59151.90 -29575.95 134172.36
-10.00 -0.17 -20.00 -0.35 -0.90 -1.14 -5.28 -7.32 70.08 -44465.49 -22232.75 105023.48
-5.00 -0.09 -15.00 -0.26 -0.14 -0.50 -3.66 -4.30 | 49.49 -30815.52 -15407.76 74170.24

0.00 0.00 -10.00 -0.17 0.00 0.00 -2.21 -2.21 | 28.40 -18616.74 -9308.37 42557.88

5.00 0.09 -5.00 -0.09 0.49 0.50 -0.98 0.01 12.07 -8239.80 -4119.90 18095.74
10.00 0.17 0.00 0.00 1.58 1.14 0.00 2.72 1.66 0.00 0.00 2488.12
15.00 0.26 5.00 0.09 3.25 1.88 0.98 6.11 -6.18 8239.80 4119.90 -9256.34
20.00 0.35 10.00 0.17 5.45 2.72 2.21 10.38 | -14.84 18616.74 9308.37 -22245.18
25.00 0.44 15.00 0.26 8.10 3.61 3.66 15.37 | -24.08 30815.52 15407.76 -36088.56
30.00 0.52 20.00 0.35 11.13 4.55 5.28 20.96 | -33.61 44465.49 22232.75 -50368.50

Table 58: Normal Force and Pitching Moment Results for a Constant -12.70 Degree Fin

deflection
) -12.70 | degrees -0.22 rad
a a+d CN Body CN Wing CN Tail CN CcM Ntail Ntail per fin M
Degrees | Radians | Degrees | Radians (N) (N) (Nm)

-30.00 -0.52 -42.70 -0.75 -9.46 -4.55 -13.39 -27.39 | 147.33 | -112720.43 -56360.21 220795.05
-25.00 -0.44 -37.70 -0.66 -6.61 -3.61 -11.64 -21.86 | 135.21 | -98035.94 -49017.97 202624.94
-20.00 -0.35 -32.70 -0.57 -4.18 -2.72 -9.83 -16.73 | 119.96 | -82760.19 -41380.09 179770.88
-15.00 -0.26 -27.70 -0.48 -2.26 -1.88 -8.00 -12.14 | 102.05 | -67357.30 -33678.65 152929.92
-10.00 -0.17 -22.70 -0.40 -0.90 -1.14 -6.21 -8.25 82.02 -52295.30 -26147.65 122922.42
-5.00 -0.09 -17.70 -0.31 -0.14 -0.50 -4.52 -5.16 60.50 -38031.83 -19015.91 90666.71

0.00 0.00 -12.70 -0.22 0.00 0.00 -2.97 -2.97 38.13 -25000.28 -12500.14 57150.65

5.00 0.09 -7.70 -0.13 0.49 0.50 -1.61 -0.63 20.25 -13596.61 -6798.31 30341.41
10.00 0.17 -2.70 -0.05 1.58 1.14 -0.49 2.22 8.02 -4167.32 -2083.66 12014.62
15.00 0.26 2.30 0.04 3.25 1.88 0.42 5.55 1.04 3507.30 1753.65 1562.16
20.00 0.35 7.30 0.13 5.45 2.72 1.52 9.68 -5.92 12765.41 6382.71 -8869.03
25.00 0.44 12.30 0.21 8.10 3.61 2.85 14.57 | -13.72 24023.15 12011.57 -20561.18
30.00 0.52 17.30 0.30 11.13 4.55 4.39 20.06 -22.13 36938.45 18469.23 -33161.69
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Table 59: Normal Force and Pitching Moment Results for a Constant -15 Degree Fin deflection

3 | -15.00 [ degrees | -0.26 rad
a a+d CN Body CN Wing CN Tail CN c™M Ntail Ntail per fin M
Degrees | Radians | Degrees | Radians (N) (N) (Nm)

-30.00 -0.52 -45.00 -0.79 -9.46 -4.55 -14.15 -28.15 | 157.14 | -119152.86 -59576.43 235499.59
-25.00 -0.44 -40.00 -0.70 -6.61 -3.61 -12.46 -22.68 | 145.66 | -104891.79 -52445.89 218297.41
-20.00 -0.35 -35.00 -0.61 -4.18 -2.72 -10.67 -17.57 | 130.74 | -89831.13 -44915.57 195935.06
-15.00 -0.26 -30.00 -0.52 -2.26 -1.88 -8.84 -12.98 | 112.83 | -74428.50 -37214.25 169094.68
-10.00 -0.17 -25.00 -0.44 -0.90 -1.14 -7.03 -9.06 92.48 -59151.90 -29575.95 138596.60
-5.00 -0.09 -20.00 -0.35 -0.14 -0.50 -5.28 -5.92 70.31 | -44465.49 -22232.75 105374.06

0.00 0.00 -15.00 -0.26 0.00 0.00 -3.66 -3.66 47.01 -30815.52 -15407.76 70444.29

5.00 0.09 -10.00 -0.17 0.49 0.50 -2.21 -1.22 27.90 | -18616.74 -9308.37 41817.42
10.00 0.17 -5.00 -0.09 1.58 1.14 -0.98 1.74 14.23 -8239.80 -4119.90 21324.31
15.00 0.26 0.00 0.00 3.25 1.88 0.00 5.14 6.39 0.00 0.00 9579.85
20.00 0.35 5.00 0.09 5.45 2.72 0.98 9.14 0.99 8239.80 4119.90 1476.51
25.00 0.44 10.00 0.17 8.10 3.61 2.21 13.93 -5.47 18616.74 9308.37 -8202.14
30.00 0.52 15.00 0.26 11.13 4.55 3.66 19.34 | -12.79 30815.52 15407.76 -19164.68

Table 60: Normal Force and Pitching Moment Results for a Constant -20 Degree Fin deflection

5 | -20.00 [ degrees | -0.35 rad
a a+d CN Body CN Wing CN Tail CN CM Ntail Ntail per fin M
Degrees | Radians | Degrees | Radians (N) (N) (Nm)

-30.00 -0.52 -50.00 -0.87 -9.46 -4.55 -15.70 -29.70 | 177.01 | -132181.04 -66090.52 265282.00
-25.00 -0.44 -45.00 -0.79 -6.61 -3.61 -14.15 -24.37 | 167.42 | -119152.86 -59576.43 250898.22
-20.00 -0.35 -40.00 -0.70 -4.18 -2.72 -12.46 -19.36 | 153.71 | -104891.79 -52445.89 230363.73
-15.00 -0.26 -35.00 -0.61 -2.26 -1.88 -10.67 -14.81 | 136.33 | -89831.13 -44915.57 204305.09
-10.00 -0.17 -30.00 -0.52 -0.90 -1.14 -8.84 -10.88 | 115.78 | -74428.50 -37214.25 173518.92
-5.00 -0.09 -25.00 -0.44 -0.14 -0.50 -7.03 -7.67 | 92.72 -59151.90 -29575.95 138947.19

0.00 0.00 -20.00 -0.35 0.00 0.00 -5.28 -5.28 | 67.83 -44465.49 -22232.75 101648.11

5.00 0.09 -15.00 -0.26 0.49 0.50 -3.66 -2.67 | 46.51 -30815.52 -15407.76 69703.84
10.00 0.17 -10.00 -0.17 1.58 1.14 -2.21 0.51 30.06 -18616.74 -9308.37 45046.00
15.00 0.26 -5.00 -0.09 3.25 1.88 -0.98 4.16 18.96 -8239.80 -4119.90 28416.04
20.00 0.35 0.00 0.00 5.45 2.72 0.00 8.17 13.55 0.00 0.00 20312.70
25.00 0.44 5.00 0.09 8.10 3.61 0.98 12.69 [ 10.36 8239.80 4119.90 15519.54
30.00 0.52 10.00 0.17 11.13 4.55 2.21 17.89 5.82 18616.74 9308.37 8721.74

Table 61: Normal Force and Pitching Moment Results for a Constant -25 Degree Fin deflection

3 | -25.00 [ degrees | -0.44 rad
a a+d CN Body CN Wing CN Tail CN ™M Ntail Ntail per fin M
Degrees | Radians | Degrees | Radians (N) (N) (Nm)

-30.00 -0.52 -55.00 -0.96 -9.46 -4.55 -17.05 -31.06 | 194.40 | -143580.46 -71790.23 291341.07
-25.00 -0.44 -50.00 -0.87 -6.61 -3.61 -15.70 -25.92 | 187.29 | -132181.04 -66090.52 280680.63
-20.00 -0.35 -45.00 -0.79 -4.18 -2.72 -14.15 -21.05 | 175.47 | -119152.86 -59576.43 262964.54
-15.00 -0.26 -40.00 -0.70 -2.26 -1.88 -12.46 -16.60 | 159.30 | -104891.79 -52445.89 238733.76
-10.00 -0.17 -35.00 -0.61 -0.90 -1.14 -10.67 -12.71 | 139.28 | -89831.13 -44915.57 208729.33
-5.00 -0.09 -30.00 -0.52 -0.14 -0.50 -8.84 -9.48 | 116.02 | -74428.50 -37214.25 173869.50

0.00 0.00 -25.00 -0.44 0.00 0.00 -7.03 -7.03 90.23 -59151.90 -29575.95 135221.23

5.00 0.09 -20.00 -0.35 0.49 0.50 -5.28 -4.29 67.33 | -44465.49 -22232.75 100907.66
10.00 0.17 -15.00 -0.26 1.58 1.14 -3.66 -0.94 48.67 -30815.52 -15407.76 72932.41
15.00 0.26 -10.00 -0.17 3.25 1.88 -2.21 2.92 34.79 | -18616.74 -9308.37 52137.73
20.00 0.35 -5.00 -0.09 5.45 2.72 -0.98 7.19 26.12 -8239.80 -4119.90 39148.89
25.00 0.44 0.00 0.00 8.10 3.61 0.00 11.71 22.92 0.00 0.00 34355.73
30.00 0.52 5.00 0.09 11.13 4.55 0.98 16.65 21.65 8239.80 4119.90 32443.42
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Table 62: Normal Force and Pitching Moment Results for a Constant -30 Degree Fin deflection

5 | -30.00 [ degrees | -0.52 rad
a a+d CN Body CN Wing CN Tail CN CM Ntail Ntail per fin M
Degrees | Radians | Degrees | Radians (N) (N) (Nm)

-30.00 -0.52 -60.00 -1.05 -9.46 -4.55 -18.17 -32.18 | 208.78 | -153004.76 -76502.38 312885.02
-25.00 -0.44 -55.00 -0.96 -6.61 -3.61 -17.05 -27.27 | 204.68 | -143580.46 -71790.23 306739.70
-20.00 -0.35 -50.00 -0.87 -4.18 -2.72 -15.70 -22.60 | 195.34 | -132181.04 -66090.52 292746.95
-15.00 -0.26 -45.00 -0.79 -2.26 -1.88 -14.15 -18.30 | 181.05 [ -119152.86 -59576.43 271334.57
-10.00 -0.17 -40.00 -0.70 -0.90 -1.14 -12.46 -14.50 | 162.25 | -104891.79 -52445.89 243158.00
-5.00 -0.09 -35.00 -0.61 -0.14 -0.50 -10.67 -11.31 | 139.51 | -89831.13 -44915.57 209079.92

0.00 0.00 -30.00 -0.52 0.00 0.00 -8.84 -8.84 | 113.53 | -74428.50 -37214.25 170143.55

5.00 0.09 -25.00 -0.44 0.49 0.50 -7.03 -6.04 | 89.73 -59151.90 -29575.95 134480.78
10.00 0.17 -20.00 -0.35 1.58 1.14 -5.28 -2.56 | 69.49 -44465.49 -22232.75 104136.23
15.00 0.26 -15.00 -0.26 3.25 1.88 -3.66 1.48 53.40 -30815.52 -15407.76 80024.14
20.00 0.35 -10.00 -0.17 5.45 2.72 -2.21 5.95 41.95 -18616.74 -9308.37 62870.58
25.00 0.44 -5.00 -0.09 8.10 3.61 -0.98 10.74 | 35.49 -8239.80 -4119.90 53191.92
30.00 0.52 0.00 0.00 11.13 4.55 0.00 15.68 | 34.22 0.00 0.00 51279.61
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APPENDIX D: Actuator System Design

The Systems Engineering approach was also used for the design of the missile’s Actuator System
(ASYYS).

The main stages of the process followed (adapted from IEEE 1220 [12][123]) are:

Requirements Analysis
Requirements Validation
Functional Analysis
Functional Verification
Synthesis

Design Verification

System analysis

o N o g »~ D RE

Control

D.1 Requirements Analysis

Requirement Analysis involves the evaluation of the needs of the stakeholders and the operational
context. It is necessary to carry out a Requirements Analysis in order to gather the correct inputs to
establish a more defined baseline of design inputs. During this process, the system requirements are
specified. [123]

The requirements for the actuator system are derived from the missile system. This is influenced by the
stakeholders (this includes the Client, the end-user and the original equipment manufacturer (OEM)) as

well as the operational context.

D.1.1 Stakeholder needs, expectations and constraints.

Table 22 highlights the needs, expectations and constraints for all relevant stakeholders. For this study,
only the stakeholder inputs seen in Table 22 were identified. These inputs will be used for the design

going forward.

238



Stakeholder Needs, expectations and constraints

@ The Actuator must alter the missile flight path to intercept the
a
intended target
End-User (Pilot)

(b) | The Actuator must maintain the missile flight path

(c) | The Actuator must not interfere with the launch platform

The Actuator must alter the missile flight path to intercept the

(d)

intended target

(e) | The Actuator must maintain the missile flight path

OEM of Missile __ _ __
(F) | Fitwithin the designated missile volume
(g) | Operate within a required timeframe
(h) | Must not interfere with the launch platform
n The Actuator must alter the missile flight path to intercept the
i
) intended target
Client

(1) | The Actuator must maintain the missile flight path

(k) | The Actuator must not interfere with the launch platform

In Table 22, it can be seen that there are some similar requirements when comparing the inputs from
the different stakeholders.

Therefore, it was deemed necessary to consolidate this table into Table 64:

Actuator System Requirements

1.1.1 | The Actuator must alter the missile flight path to intercept the intended target

1.1.2 | The Actuator must maintain the missile flight path

1.1.3 | The Actuator must not interfere with the launch platform

1.1.4 | Fit within the designated missile volume

1.1.5 | Operate within a required timeframe

D.1.2 Project constraints

Project constraints are necessary inputs to consider, as they can have a significant impact on the design
of a product. Examples of these constraints could include financial, end-user certificates, technology,
suppliers and client constraints [123]. For this study, only the constraints highlighted in this chapter

were identified to showcase the process followed.
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D.1.3 End Date

The conceptual design is to be completed in six months.

D.1.4 Technology

Alternative technology and actuation methods should be investigated instead of generic missile

actuation methods.

D.1.5 Operational Context

The operational context refers to the environment in which the product to be designed would be required
to function. It includes everything that has an influence on the operation of the product, whether it be

constraints or system inputs.

D.1.6 Concept of Use envisioned for the Missile Actuator System

As described in Section 4.2, the Concept of Use (CONUSE) describes how the product will be used in
a variety of situations, and the CONUSE for the missile system was described. The system of interest,
the missile actuator system, would have a CONUSE as follows:

Assist the higher-level missile system in intercepting a target at a range of 120 km by executing flight
altering commands by providing the required forces to keep the missile travelling along a required

trajectory towards the target for as long as required by the missile system.

For a better understanding of how the actuator will be used post-integration, the mission and life profiles
were defined (see Section D.1.8). The context diagram, shown in Section D.1.8, also gives some insight

into the environment where and how the actuator will be used.

D.1.7 External Constraints

External constraints refer to environmental and physical constraints that influence the system to be

designed.

The actuator will form part of the missile system and will, therefore, be subjected to the same external

environment (refer to Table 65). Based on the location of the actuator unit within the missile structure
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(refer to Section A.6), there would be effects due to the interface to the missile system. Therefore, the

following external constraints were identified:

Constraint Limits
(Minimum and/or maximum)
131 Operating environment
1311 Temperature -40 to +85 Degrees Celsius
1.3.1.2 Aerodynamic Loads 1685 N
(Maximum load expected)
1.3.1.3 Aerodynamic Heating 334.76 K (for t = 90s)
891 K (Maximum temperature)
1314 Vibration Refer to MIL-STD-810G
1.3.15 G-Loading 309
1.3.2 Missile Airframe
1321 Airframe interface Lap Joint at the rear of Rocket
Motor
1.3.2.2 Space available 0.0074 m3(0.178 m Diameter)
1.3.3 Rocket Motor
1321 Thermal Loading 373-473 K
1.3.2.2 Space available 0.08 m (Blast tube diameter)

The operating environment for the actuator would be the same environment the missile system
would experience. The temperature is the expected environmental temperature range during the
missile operation; this excludes the aerodynamic heating. The aerodynamic loads experienced by
the actuator would be as a result of the placement of the subsystem in the missile layout and the

missile system aerodynamics.

The aerodynamic loads acting on the actuator have been estimated to be 1685 N based on the initial

calculations based on the conceptual missile design by Fleeman [60].

The aerodynamic heating was based on the following aerodynamic heating prediction from
Fleeman [60]:

Q = 345 p0.8 MZ.S/xO.Z (70)
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In Equation (70), Q represents the heat transfer rate, p is the density of air, M is the Mach number,
and x refers to the distance from the leading edge (in this case, the nose tip is the leading edge). At
30000 ft., the air density is about 0.467 kg/m®. At Mach 4 and 3.55 m from the leading edge
(assumed actuator location based on the position of the leading edge), the heat transfer rate is about
7.06 kW/m?,

The skin temperature experienced during flight is estimated as follows:

Tskin = (Tskin)max + [(Tskin)i - (Tskin)max]e_Qt/{(CpZ)Skin[(TSkin)max_(TSkin)i]} (71)

(Tskin)max = T0[1 + O.ZTMZ] (72)

In Equation (71) and Equation (72), Q refers to the heat transfer rate, t is the duration of the flight
(at the specified Mach number), c is the specific heat for aluminium (the assumed skin material),
pacis the density of the skin material, z is the thickness of said material, (Tskin) max iS the maximum
temperature, T, is the temperature at the specified altitude and the (Tsn) i is the initial skin

temperature.

The skin temperature estimate was determined to be 334.76 K for a flight time of 90 s, with a
possible maximum skin temperature of 891 K. These are assumed to be the aerodynamic heating

for the actuator.

The vibration refers to the vibration spectrum the missile will experience. This includes both
carriage flight (experienced while still on the aircraft store) and free flight (in flight) vibration.
Carriage flight vibration values are based on typical fighter aircraft flight vibration taken from
[124]. The free-flight vibration is based on military test specifications and established test data.

Vibration test specifications should be evaluated based on the standard.

The g-loading was specified during the conceptual missile design. This is the expected worst case

the missile is expected to see when engaging its specified target.

The Missile Airframe constraints refer to the limitations imposed onto the actuator system based on
its attachment to the missile system. The joint between the actuator and the missile is an important
consideration when defining the airframe constraints. The space/volume allocated to the actuator is

a limiting factor. It is based on inputs from the conceptual design in Chapter A.6.
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Due to the decision to have the actuator at the rear of the missile, the rocket motor would influence
the actuator’s operation. The thermal loading during and after the rocket motor is fired is a limiting
factor. The rocket motor temperature values in Table 23 are based on rocket motor blast tube
temperatures discussed in G. P. Sutton et al. [117]. The space available is influenced by the rocket
motor blast tube. The blast tube diameter is based on the rocket motor’s throat area, 0.003 m?, which
is a throat diameter of 0.061 m. According to Fleeman [60], the blast tube diameter is larger than

the throat diameter, and therefore a diameter of 0.08 m was assumed.

D.1.8 Scenarios or Mission Profiles

Defining scenarios or mission profiles allows one to outline how the system will operate or be operated
by the end-user. The mission profile defined in this section is arranged in chronological order and
highlights the various scenarios the actuator will face during its period of operation.

1. Once power is received from the launch platform, the system functional test is performed.

2. After the initial functional test, if the test was successful, then the actuator enters a standby mode.
If not, it enters a failure mode, and a power reset from the launch platform is required.

3. Once the missile system is launched and is clear of the launch platform, the actuator will be fully
functional.

4. The actuator will maintain the missile flight path towards the intended target by executing guidance
and control commands.

5. The actuator will alter the missile flight path to intercept the intended target by executing guidance
and control commands.

6. If the missile does not intercept the target or is required to end its mission, the actuator shall enter

a flight termination mode such that the missile tumbles towards the ground.

D.1.9 Measures of Effectiveness

The Measures of Effectiveness (MOE) refers to limits by which the system satisfies its mission when
used by the end-user in the correct operational environment [10]. The MOE is meant to be defined in
terms of anticipated outputs of the system but must be independent of any final design chosen.
According to the INCOSE Systems Engineering Handbook [8], the defined MOE should be able to

identify the overall performance of the final solution chosen.

The defined MOEs will be used to check if the actuator system meets or exceeds the requirements

needed for the subsystem to be an effective solution of the intended missile system.
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Bandwidth/Rate of Response

Energy Usage

Rate of change in Missile pitching moment
Adherence to space requirements

o > v e

Adherence to mass requirements

D.1.10 Define system boundaries and external interfaces.

The definition of system boundaries assists in characterising other interacting systems which are out of
the system designer’s control. The external interfaces can be defined, and a greater understanding can

be obtained as to the input and output requirements of the system to be designed.
Figure 108 is an illustration of the ASYS and its related systems interaction. This illustration was created

based on the inputs from the missile design (see APPENDIX A) and other information related to the

life cycle of the actuator system (derived from the missile system).

244



Launch

Missile
Platform Airframe E13 Rocket Motor
' =

=

Physical Environment
(Context)

Missile Central El 4
Processor ;. ========p Operating
{(MCP)

Environment

Aerodynamic

Storage Forces

Aerodynamic
Heating

User Interfaces
Transportation

E TETIYTRRTTLY 3 Information

B ———— Interaction

Interaction,
Energy

Interaction, Energy
Information

—p Information and
Control

<E> Interaction, Energy

Information, Control

Figure 108: Context Diagram: Actuator System - External Interfaces

Figure 108 depicts the external interfaces (the arrows labelled EI 1-8). The details of these interfaces
are as follows:

1. The interface to the Missile Central Processor (MCP) is a communications link. The link is required
for the MCP to send the actuator system information and to receive feedback from the actuator.
(Information and Control)

2. The interface to the missile airframe refers to the physical connection the actuator will have with
the rest of the missile system. (Interaction and Energy)

3. The rocket motor interface relates to the influence the rocket motor would have on the actuator.
This was considered based on the general placement of a tail ASYS. The rocket motor affects the
immediate environment of the actuator system due to the thermal impact. The rocket motor also
constrains the volume the actuator can occupy. (Interaction, Energy and Information)
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4. The physical environment is a significant influence on the actuator system. The physical
environment refers to the operating environment and the aerodynamic loads that the actuator would
have to overcome to function effectively. (Interaction, Energy)

5. The user interface refers to the interface the actuator would have before, during and after integration
to the missile system. This would involve the consideration of human factors and other design
criteria to ensure it can be integrated on the higher system level. (Interaction, Information, Control,
Energy)

6. The launch platform has a direct influence on the volume the system can occupy. The interface is,
therefore, a constraint to the actuator system. (Interaction)

7. The storage of the ASYS, before and after integration, is an interface that would have an influence
on the volume. There may also be environmental effects that may affect the actuator system.
(vibration, temperature, humidity and other environmental factors) (Interaction, Energy)

8. The transportation of the actuator, like the storage interface, also has a similar influence on the

actuator system. (Interaction, Energy)

In Figure 108, the different arrows used to depict the various flows between interfaces for the context
diagram are defined. The flows such as information, control, energy and interaction were considered.

Information flow refers to the flow of data feedback or measurements at the relative interfaces. Control
flow refers to the control data sent at a specific interface that alters the function of the system. Energy
flow refers to thermal energy and vibration. Interaction flow refers to the physical influence surrounding

systems have on the actuator system. This relates to the space constraints the actuator would experience.

D.1.11 Utilisation Environment

The actuator shall withstand the same environment as the next higher-level system, the BVR missile

described in APPENDIX A.

D.1.12 Life Profile

The Life Profile refers to the item’s post-development life cycle, which includes where it will be used,
how it will be integrated, how it will be accepted, user training, system support, and end of life processes

(decommissioning and disposal). [10]
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In order to define the life profile, the various processes post-integration of the system were envisioned,
based on the Systems Engineering Body of Knowledge [10], and the following life profile was
determined:

1. Acceptance Testing (Performance related testing pre-integration to the next higher-level
system)

Physical integration to the missile system

Be transported.

Remain in a dormant state.

o &~ w0

Enter Maintenance State
a. Be powered.
b. Be tested (within missile system)
c. Be powered down.
d. Be repaired (if required)
6. Be utilised by the missile system.
7. Decommission and dispose (if beyond proposed shelf life)

Acceptance testing was considered as a part of the life profile as the ability to interface to the actuation
would be necessary if the system is to be tested for acceptance before the next level integration, and

therefore the interface would be a design consideration.

Physical integration to the missile system was included in the life profile as it was decided that there

would be an influence on the design of the system.

The remainder of the life profile was determined based on the life of the actuator incorporated into the
missile system—the typical shelf life for a missile is 10 to 20 years [118]. The shelf life of the missile
system would give rise to a shelf-life constraint for the actuator. The shelf life of weaponry is a concern,
and an accurate performance specification could assist in developing products with better shelf life
[118]. This points to the necessity of Systems Engineering as a basis for the design and to develop a
maintenance plan.

D.1.13 Functional Requirements

Deriving the Functional Requirements (as well as the Performance Requirements, as seen in Section
1.10 of this chapter) involves evaluating what the requirements of the system would have over its life
profile [10].

247



The following list describes the functions identified (based on the life profile seen in Section D.1.12)
that the actuator is required to perform:

Generate the required normal force (to generate the required missile pitching moment)
Physical termination of missile flight (Once In-Flight termination mode)

Receive information from missile MCP.

Send information to missile MCP.

Assist in altering the missile flight path.

Assist in maintaining missile flight path.

Monitor force generation.

Run Pre-programmed flight paths.

© oo N o g~ wDdhPF

Run built-in maintenance tests.
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. Be transported.

=
=

. Be stored.

=
N

. Be Programmable

=
w

. Be Disposable at the end of its shelf life.

It is important to note that during the process of deriving the Functional Requirements, the actuator was
considered as a whole, and the Functional Requirements defined are that of the entire system. The
functions relating to the defined requirements are described in this chapter. The links between the life
profile of the actuator and the functions defined can be seen in Table 66. The grey cells in the matrix
depict the link between life profile and functional requirement.

Table 66: Actuator Life Profile and Actuator Functional Requirements

D.1.14 Performance Requirements

The Performance Requirements were based on the Functional Requirements developed in the previous
section. The Performance Requirements are defined to characterise how well the function needs to be

executed in order for the system to be valid based on the defined MOE [10].
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The following list showcases the previously defined functions and their related Performance

Requirements:

1.

Generate the required normal force (to generate the required missile pitching, yaw or roll
moment)
a. Generate a force to allow the missile to achieve a manoeuvre limit of 30 g (1685 N
(Minimum Required))
b. Ensure Interfaces withstand generated forces (Reserve Factor > 1)
Physical termination of missile flight (Once In-Flight termination mode)
a. Provide the means to terminate the flight (Not considered in this study)
Receive information from missile MCP.
a. Information to be transferred at a rate of system-level defined communication frame
rate
Send information to missile MCP.
a. Information to be transferred at a rate of system-level defined communication frame
rate
Assist in altering the missile flight path.
a. Operate at a bandwidth of at least 50 Hz
b. Generate sufficient force to alter missile flight path as required (1685 N (Minimum
Required))
c. Maintain the required applied force for the required duration of 200 £ 5s
Maintain missile flight path.
a. Operate at a bandwidth of at least 50 Hz
b. Generate sufficient force to alter missile flight path as required (1685 N (Minimum
Required))
¢. Maintain the required applied force for the required duration of 200 * 5s
Monitor Force generation
a. Measure force generated output at 800 Hz + 10 Hz
b. Record force generated output at 800 Hz + 10 Hz
c. Feedback measurements within the system to allow for system adjustment at 800 Hz +
10 Hz
Run Pre-programmed flight paths.
a. Operate at a bandwidth of at least 50 Hz
b. Generate sufficient force to alter missile flight path as required (1685 N (Minimum
Required))
c. Maintain the required applied force for the required duration of 200 + 5s
d. Information to be transferred to and from MCP at a rate of 800Hz + 10 Hz

Run built-in maintenance tests.
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a. Operate at a bandwidth of at least 50 Hz
b. Generate sufficient force to alter missile flight path as required (1685 N (Minimum
Required))
c. Maintain the required applied force for the required duration of 200 + 5s
d. Information to be transferred to and from MCP at a rate of 800Hz + 10 Hz
10. Be transported.
a. Endure all transportation within transportation packaging based on the Military
Standard [124]
11. Be stored.
a. Have a Shelf life of 10 years?
b. Endure conditions within packaging based on the Military Standard [124]
12. Be Programmed
a. Allow for multiple programming updates/modifications.
b. Allow access from the outside for programming.
13. Be disposable at the end of its shelf life.
a. Must adhere to environmental standards

D.1.15 State and Mode Analysis

D.1.15.1 Modes

A mode is a label given to a set of user-based capabilities that can be used to command and control

the system to achieve the required outcomes of the system. [119]

The modes are defined as follows:

a) Power Off Mode refers to the mode when the system is not powered either from within the
missile or an external source.

b) Power-On Mode is when the actuator system is powered from within the missile.

c) External Power Mode is when the actuator system is powered from outside the missile.

d) Standby Mode is the mode the actuator enters where it awaits instruction.

e) Operational Mode is when the actuator is able to execute the flight commands received from
the MCP.

f) Flight Termination mode is when the actuator performs a flight termination action.

g) Test Mode is a mode used during the testing of the actuator. Within this mode, there are various

built-in tests that assess the performance of the system.
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h) Failure mode is entered into once the actuator does not receive any feedback from the missile
MCP. Upon entering this mode, the actuator then performs a series of system checks (built-in
tests) to identify and resolve the problem.

i) Repair mode allows the system to be adjusted to resolve issues affecting the functioning of the
actuator.

Figure 109 highlights the modes. These modes are derived from the life profile of the actuator. Each
blue block refers to a distinct mode, and the arrows indicate the conditions for each mode. The modes

defined in Figure 109 are the internal modes of the actuator.
Table 67 illustrates the relationship between the defined modes and the previously defined Functional
Requirements of the actuator system. The grey cells of the matrix depict the link between the functional

requirement and the modes.

The complete correlation between the actuator modes and the missile system modes were not evaluated
in this study.
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Figure 109: Modes of Operation

The various conditions are defined as follows:

a)
b)

c)

d)

Refers to the fulfilment of the request from the Missile MCP to enter the Power On mode.

An external user initiates the External Power mode (for test purposes only).

After the power initiation has taken place (Power On/External Power modes) and the system is
fully powered, the actuator system enters a test mode. Built-in tests are carried out to assess the
integrity of the system.

If a failure occurs, the system enters a failure mode.

If the tests are successful, the system enters a standby mode. If required, the actuator system
will be instructed to return to the test mode during system testing or maintenance.

When required by the missile system, the actuator is requested to enter the operational mode
(by the MCP).
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9)

h)

)

K)

D.1.15.2

Should a failure occur with the actuator system, or if there is a communication failure between
the MCP and actuator, the system enters a failure mode.

If a request is received from the MCP, the actuator enters flight termination mode.

If the failure can be resolved internally or by an external user (during maintenance or acceptance
testing), the system will enter a repair mode.

If the failure cannot be resolved during free flight, the MCP will request the actuator to enter a
flight termination mode.

During maintenance testing or acceptance testing, the system will reset itself if required by the
solution to repair the failure and enter a Power Off mode.

If the solution to resolve the issue does not require a system reset, the system will enter the test
mode.

If required by the external user during acceptance testing/maintenance testing, the system can

be manually switched to power off mode.

Table 67: Modes and associated Functional Requirements

Power On

Standy By
Operational
Maintenance
Failure

Flight Termination
Power Off
External Fower

Test

The Impact of Failure modes

Assessing the Failure modes of a system is necessary in order to ensure a system continues to operate
as intended. The conditions/events related to a failure occurring is referred to as Failure Modes in J.
Moubray [120]. As described in J. Moubray [120], it is crucial to define the functions and the
Performance Requirements of the system to gain a better understanding of what the possible failure

modes will be for the system.
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Once failure occurs, the system enters a failed state, also called a functional failure. It is named as such
since the system is unable to function as intended [120]. The failed state for the actuator is a sub-state
of the Termination State. Within the failed state, there are two lower states, namely the Internal Power
Failure State or the External Power Failure State. The latter refers to a failed state experienced during

testing and maintenance. During this period, the actuator can be repaired if required.

The former refers to when the missile is using the actuator in captive and free flight. During these
periods, the actuator is not accessible for repair. It, therefore, results in the flight termination mode for
the actuator, which in free flight would cause the missile to tumble from the sky, or in captive flight, it
would send a signal to the missile that it is non-functional, which in turn would relay the message to

the launch platform.

The possible failure events or failure modes identified are as follows.

A delay greater than 2 ms between messages received from the MCP.

A repeated delay greater than 2 ms between messages received from the MCP.

A delay greater than the 2 ms between messages received from the MCP and the Force Generated
A reduced pitching rate of the missile due to a reduced force generation rate

A reduced roll rate of the missile due to a reduced force generation rate

A reduced yaw rate of the missile due to a reduced force generation rate

The actuator does not receive sufficient/any power for the system to operate.

o N o g~ w D E

After repair mode, the system powers down and does not Power-On.

The effects of these failures aid in understanding the impact on the surrounding systems. The effects of
the failures are linked to the failure events, as detailed and discussed in J. Moubray [120], and are

described as follows:

1. A delay greater than 2 ms between messages received from the MCP.

1.1. Adelay in messages is recorded in a log file based on an internal timer running out.

1.2. Itis athreat to the surrounding environment.

1.3. The delay has an impact on the performance of the missile and could result in the missile
missing its target.

1.4. The missile, due to the actuator not functioning correctly, could intercept something
unintended.

1.5. If experienced in free flight, no repairs are possible. A system check, power cycle and a system

reset may be necessary.
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2. A repeated delay greater than 2 ms between messages received from the MCP.

5.

2.1.

2.2.

2.3.

2.4.

2.5.

A delay in messages is recorded in a log file based on an internal timer running out.

It is a threat to the surrounding environment.

The delay has an impact on the performance of the missile and could result in the missile
missing its target.

The missile, due to the actuator not functioning correctly, could intercept something
unintended.

If experienced in free flight, no repairs are possible. A system check, power cycle and a system

reset may be necessary.

A delay greater than the 2 ms between messages received from the MCP and the Force Generated

3.1.

3.2.

3.3.

3.4.

3.5.

A delay in messages is recorded in a log file based on an internal timer running out.

It is a threat to the surrounding environment.

The delay has an impact on the performance of the missile and could result in the missile
missing its target.

The missile, due to the actuator not functioning correctly, could intercept something
unintended.

If experienced in free flight, no repairs are possible. A system check, power cycle and a system
reset may be necessary.

A reduced pitching rate of the missile due to a reduced force generation rate

4.1.

4.2.
4.3.

4.4,

4.5.

A reduced pitching rate can be visually seen by the missile not effectively heading towards the
target.

It is a threat to the performance of the missile.

There is an impact on the performance of the missile and could result in the missile missing
its target.

The missile, due to the actuator not functioning correctly, could intercept something
unintended.

If experienced in free flight, no repairs are possible. A system check, power cycle and a system

reset may be necessary.

A reduced roll rate of the missile due to a reduced force generation rate

5.1.

5.2.
5.3.

5.4.

A reduced roll rate can be visually seen by the missile not effectively heading towards the
target.

It is a threat to the performance of the missile.

There is an impact on the performance of the missile and could result in the missile missing
its target.

The missile, due to the actuator not functioning correctly, could intercept something

unintended.
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8.

5.5. If experienced in free flight, no repairs are possible. A system check, power cycle and a system
reset may be necessary.

A reduced yaw rate of the missile due to a reduced force generation rate

6.1. A reduced yaw rate can be visually seen by the missile not effectively heading towards the
target.

6.2. Itis athreat to the performance of the missile.

6.3. There is an impact on the performance of the missile and could result in the missile missing
its target.

6.4. The missile, due to the actuator not functioning correctly, could intercept something
unintended.

6.5. If experienced in free flight, no repairs are possible. A system check, power cycle and a system
reset may be necessary.

The actuator does not receive sufficient/any power for the system to operate.

7.1. The system is non-responsive to the MCP or an external user. No information is received or
logged by the actuator.

7.2. Itis athreat to the functioning of the missile system.

7.3. There is an impact on the operation of the missile.

7.4. The missile, due to the actuator not functioning, would not be used.

7.5. If experienced in free flight, no repairs are possible. A system check, power cycle and a system
reset may be necessary during testing or maintenance by an external user.

After repair mode, the system powers down and does not Power-On.

8.1. The system is non-responsive to the MCP or an external user. No information is received or
logged by the actuator.

8.2. Itis athreat to the functioning of the missile system.

8.3. There is an impact on the operation of the missile.

8.4. The missile, due to the actuator not functioning, would not be used or will be terminated during
free flight.

8.5. If experienced in free flight, no repairs are possible. A system check, power cycle and a system

reset may be necessary during testing or maintenance by an external user.

The actuator is an important system with regard to flight path alteration of the missile system.

Highlighting the criticality of the failures was needed to assess as they impact the surrounding systems

and influence the missile operation. For this study, the failures were assumed to have equal importance.

The delay times in the failure mode analysis were assumed values. These values should be determined

based on the needs of the system once components have been selected.
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D.1.15.3 States

A system is in a state when the behaviour it showcases remains constant or steady for a meaningful
period [121]. In a particular state, a variety of modes can occur as long as they align with the values of
that state.

The states identified for the actuator are the Dormant State, Operational State and Termination State.
These are indicated in Table 68 and are linked to the modes which align to the state values.

Table 68: States and associated Modes

State
Operational |Termination |Dormant

Mode

Power On
Stand By
Operational
Test
Maintenance

Failure

Flight Termination
Power Off
External Power

D.1.16 Technical Performance Measures

These are usually related to the measures of effectiveness. For this study, the Performance Requirements
for the Functional Requirements will be used as the technical performance measures along with the

measures of effectiveness mentioned in this chapter.

D.1.17 Physical characteristics

The actuator must fit within the space allocated in the missile. The missile’s diameter is 178 mm, and

the volume available is 0.0074 m*

D.1.18 Human factors

The actuator must have an external interface to a human user. The interface would allow for
programming, maintenance and integration. These human factors have been identified in previous

sections.
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D.2 Requirements Validation

Validation of the outputs from the Requirements Analysis process is necessary to ensure the system

will meet the required outcomes. The validation processes stated in A. Sparrius [13] involve:

e Examination of all requirements individually and as groups to see if they have been formulated
correctly.

o Compared to the stakeholder requirements and possibly reviewed by the stakeholders

o Compared to the constraints of the project

o Compared to the external constraints

o Determine and fix any requirement issues.

The requirements have been evaluated and can be assumed to be validated for this study.

D.3 Functional Analysis

Based on the function requirement list of this appendix, the main Functional Requirements of the
actuator were identified. This was done by evaluating the purpose of the system based on the higher-

level system requirements.

From the missile level design, the actuator is to be designed to aid in the manoeuvring of the missile.
Therefore, the primary Functional Requirements of the actuator are to execute commands to alter and
maintain the missile flight path. The other Functional Requirements listed can be considered to be

secondary Functional Requirements that aid in achieving the primary Functional Requirements.

In order to define the actuator functions, a Functional Flow Block Diagram (FFBD) was generated.
According to the Systems Management College [111], functional flow block diagrams are useful in

functionally defining the system requirements.

In this study, functions are high-level operations performed by the system, and Functional Requirements
are required on a lower level to achieve the higher functions. The Functional Requirements and other
supporting detail developed previously were to create a deeper understanding of the ASYS. This

understanding provided the insights that aid in the defining of the system functions.
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The functional flow diagram in Figure 110 illustrates the primary functions of the actuator in terms of
its sub-functions. The format of the diagrams that follow was based on the functional flow block
diagrams from Systems Management College [111]:

Force Feedback Loop

Figure 110: Actuator System-Level Functional Flow Block Diagram

The input from and the outputs to the missile system are not illustrated in Figure 110. It can be seen that
the information enters the system at 1.0 Receive Command from the MCP function. It then enters the
2.0 Generate Force function, which then enters the 3.0 Monitor Response Feedback function. After this,
the system then enters the 4.0 Send Information to MCP function.

An FFBD is meant to define functions and not define solutions for the system to be designed. The
process of defining lower-level functional decomposition was carried out to determine the lower-level
functions. This is required to develop the Functional Architecture required to carry out the design
according to Systems Management College. [111]

In Figure 110, the first function, 1.0 Receive Command from MCP, can be broken down, as seen in
Figure 111. The solid blue blocks depicted in the functional decomposition can be considered to be the
reference functions. The blue outlined white blocks reference the sub-functions, products of the

functional decomposition.
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In Figure 111, 1.0 Receive Command from the MCP function would require a receiving unit to receive
the information from the MCP. The receiving unit would then begin the process to inform the system
to generate a force. After the command from the MCP is received, the actuator system must 1.1
Decipher the command to determine if it is an Operational command, a Flight Termination command
or neither of the two.

An Operational Command will activate the 1.2 Operational Command function. This will check if the
command is within limits. If the command is out of limits, the system will enter the 1.4 Command out
of Limits function. This function will deal with the out of limit command. If the command is higher
than the upper limit, the system will enter a 1.5 Change command to Maximum limit function where
the command is changed to the maximum upper limit. If it is lower than the lower limit, the command
will be changed to the lower limit by 1.6 Change command to Minimum limit function. The altered

commands will then enter the 1.7 Send to the Generate Force function.

A 1.3 Flight Termination command function will be activated if the command received is as such. The
function will send the pre-programmed flight termination information to function 1.7 Send to the FGM.
Once the 1.7 Send to the FGM function has received the required inputs, it is then sent to the 2.0
Generate Force function.

If the command received from the MCP cannot be deciphered, then the system (1.1 Decipher Command)
will enter the 1.8 Generate Error function, and it will generate a response to the command and submit

it to the MCP (4.0 Send Information to MCP function).

The sub-functions between the 2.0 Generate Force Function and the 3.0 Monitor the Response feedback

can be broken down as seen in Figure 112 and Figure 114:
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2.3
Force Generation
Mechanism

2.1
Check Mechanism
Operation Status

¥

-

Generate Error
Message

Figure 112: Functional Decomposition of the Generate Force Function

Once the command reaches the 2.0 Generate Force function, the system must check the operational

status of the FGM (2.1 Check Mechanism Operational Status function).

If the system detects that there is a fault/error from the system, a “No Go” path is taken, denoted by the
G. Itenters a 2.2 Generate Error Message function which generates a message with the error description
that will then be sent to the 4.0 Send information to MCP function.

If the mechanism’s status is acceptable, a “Go” path is taken, denoted by the G. The system then enters
the 2.3 FGM function, which would then ideally be able to increase, decrease or maintain the force
required from the missile system. The 2.3 FGM function could be broken down into the sub-functions

seen in Figure 113:
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2321
Reduce Farce

21
Check Machanism
Operation Status

232
Maintain Force

233
Increase force

232
Generate Error

Message

Figure 113: Functional Decomposition of the FGM Function

These sub-functions would include a 2.3.1 Reduce Force function, a 2.3.2 Maintain Force function and
a 2.3.3 Increase Force function. The system will enter each of these functions depending on the overall
missile system requirement. Once the function has been performed, the system will enter the 3.0
Monitor Response Feedback function.

Once the system enters the 3.0 Monitor Response Feedback function, the sub-functions involved can

be seen in Figure 114:
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In Figure 114, the sub-functions of the 3.0 Monitor Response Feedback Function have been identified.
Once the 3.1 Sense System Feedback function has received the feedback signal from the 2.0 Generate
Force Function, it then enters 3.2 Assess Response Acceptability function via the “Go” path denoted G.
If the feedback is acceptable, then the system enters 3.3 Generate System Appropriate Force Response,
it is then fed into the 4.0 Send Information to MCP function and the 2.0 Generate Force Function. If the
feedback is not acceptable, the system enters a 3.4 Reassess Feedback Function, which requests the
system to enter the 3.1 Sense System Feedback function, and 3.5 Generate Error Message function
(which is sent to the 4.0 Send Information to the MCP function). If the force feedback cannot be sensed,
the system also enters the 3.4 Reassess Feedback function via the “No Go” path denoted G. This
function simultaneously enters the 3.1 Sense System Feedback and 3.5 Generate Error Message

functions again (which is sent to the 4.0 Send Information to the MCP function).
In order to be able to transfer and process information and to perform the physical functions required,

a power source would be required. This would be a high-level function and would be associated with

the primary functions, as can be seen in Figure 115:

Force Feedback Loop

Figure 115: The Updated Primary Functional Flow Diagram

The Supply Power function would be accessed to carry out each of the primary functions and their
associated sub-functions. A current would be requested through the Supply Power function depending

on the requirement from each other function and sub-functions.
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D.4 Functional Verification

The purpose of Functional Verification is to verify the totality of the functional structure developed in

the previous section. The verification involves evaluating the functions against the system requirements.

The Functional Verification will be carried out in the following ways:

e Tabulation of the system requirements and their associated functions

e Activity diagram

The tabulation of the system requirements and the associated functions will highlight the downwards
and upwards traceability of the requirements and derived functions. An activity diagram can showcase
the actuator during operation. This would allow for the derived functions to be evaluated, to elicit any
additional functions required, to determine any emerging functions, and to find redundant or
unnecessary functions. For this study, a tabulation of requirements and functions was employed.

Table 69 highlights the relationship between the system requirements and the system functions.

Index | System  Requirements and | Function | Functional Performance Requirements
Constraints Requirements

1.1.1 | The Actuator must alter the | 1.0; 2.0; | 1,2;5;6;7,9 1a;2a;2b;5a;6a;7a;7b;7c,9a
missile flight path to intercept | 3.0; 4.0;
the intended target 5.0

1.1.2 | The Actuator must maintain the | 1.0; 2.0; | 1,2;5;6;8;9 1a;2a;2b;5a;6a;8a;8b;8c;9%a
missile flight path 3.0; 4.0

5.0
1.1.3 | The Actuator must not interfere | - 3 3a

with the launch platform

114 Fit within the designated missile | - 3 3a
volume
1.15 | Operate within a required | 1.0; 2.0; | 7;8 7a;8a
timeframe 3.0; 4.0;
5.0
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D.5 Physical Architecture Design

D.5.1 Architecture Definition

During the Physical Architecture design or the process of Synthesis [10], the functional building blocks
are transformed into physical blocks that details the organisation layout of crucial components, internal
and external interfaces and relevant design constraints. A preferred solution is selected from a set of

concepts.

The Physical Architecture is the representation of the physical elements that make up the internal
structure of a system. The physical elements are derived from the functions the systems are required to

perform. The system functions are as follows:

Receive Command from MCP
Generate Force

Monitor response Feedback.
Send Information to MCP

S

Supply Power

These functions and their related sub-functions were evaluated to develop suitable architecture as a first
step. The top-level functions were separated into mechanical and electronic subsystems depending on
the main focus of the function. In Figure 116, the demarcation of the subsystems depending on the

functions are illustrated.

Actuator System

} '

Electronic Mechanical
Subassembly Subassembly
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The electronic architecture will handle the following functions:

e Receive Command from MCP
e Monitor response Feedback.

e Send Information to MCP

e Supply Power

The mechanical architecture will mainly focus on the “Generate Force” function.

The hatched blocks will refer to electronic architecture, and the solid colour blocks will denote

mechanical architecture.

During the next step, the functions were evaluated to determine if there would be a possible Physical
Architecture. The electronic assembly was assessed first.

In order to receive or send a command (information in a data form), a processing device/processor
would be required. To monitor the response feedback, an encoder would be required to measure the
force output. A battery system provides the Supply Power function.

Within the mechanical assembly, the Generate Force function would require a Force Generation
mechanism, a primary structure to transfer the load through the actuator (like a bulkhead) and a shroud
to encapsulate the inner components to protect them from the external environment during flight.

The next step was to break down the structure further by considering the sub-functions to identify the

Physical Architecture better.

Focusing on the sub-functions between Function 1.0 and 2.0 (see Figure 111), the sub-functions would
require electronic hardware and software to operate. The electronic hardware and software details are
beyond the scope of this study, and therefore, further breakdown of these architecture components will

not be discussed further.

For sub-functions between 2.0 and 3.0, electronic hardware and software would be required to ensure
sub-functions 2.1 and 2.2 were possible. Sub-function 2.3 would require mechanical hardware. The sub-
functions of 2.3, Reduce Force, Maintain Force, and Increase Force (2.3.1, 2.3.2 and 2.3.3, respectively)

would require the mechanical hardware to be adjustable.

268



The encoder would handle this sub-function. The actuator electronic hardware and software would
handle the remaining sub-functions. The diagram in Figure 117 illustrates the decomposition of the
architecture.
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The architecture decomposition of the actuator is only a single approach to the architecture that would
be able to achieve functions defined for the actuator. An alternative architecture can be seen in Figure
118.

In order to perform the functions for receiving commands (F1) and sending information (F4), and
processing of the information received (sub-functions between F1, F2, F3, F4 and F5), a printed circuit
board (PCB) with the relevant electronic components to aid in performing the receiving, sending and
processing of information, would be required. The PCB would also provide the physical interface for
the system subsystems. Software would be required to aid in the processing of the information, for the
power management of the system and to interface and manage the interaction between the system
subsystems (for functions F1, F2, F3, F4 and F5 and sub-functions between F1, F2, F3, F4 and F5).

The generate force function (F2) and the function to monitor the response feedback (F3) could be carried

out by the same subsystem/assembly.

The primary structure and shroud of the actuator, which would be required to transfer the loads through
the structure generated by the force generation and the shielding of the internal actuator components
from the operating environment, are a result of the force generation function (F2), the operating
environment requirement and the missile airframe aerodynamics (see 5.1.3). The Supply Power

function (F5) would be achieved with an energy storage system.
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Table 30 illustrates the relationship between the defined architecture and the main functions of the
system. In places where the architecture is linked to more than one function, it refers to the architecture

assisting in performing some of the functions.

Table 70: Relationship between the system architecture and the central system functions

Functions
F1.0 F2.0 F3.0 F4.0 F5.0
Receive Monitor Send
Generate . Power
Command Response | Information
Force Supply
from MCP Feedback to MCP

ARCHI1.1.2

ARCH1.2.2
ARCH1.3.1
ARCH1.3.2
ARCH1.4.1
ARCH1.4.2

ARCHL.E
ARCH2.1.1

Anc hitecture

ARCH2.2
ARCH2.3
ARCH2.4.1
ARCH2.4.2

ARCH2.5.2
ARCH2.5.3

The Architecture Selection process is described in the following section.

D.5.2 Architecture Selection

The process of Architecture Selection is required to determine the most suitable system architecture to
use for the concept generation. According to Cross [122], the practice relating to evaluating design
alternatives is to evaluate them based on a set list of objectives. Through the Systems Engineering
approach followed in the previous sections, a list of design objectives can be drawn up. This will be
based on user requirements, Functional Requirements, Performance Requirements, operational context

requirements, and the defined functions of the system.
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The method proposed by Cross [122] for evaluating alternatives, the Weighted Objective Method, was
demonstrated through examples of concept evaluation. This method was employed for the architecture
selection.

As per the procedure of the Weighted Objective Method (WOM), the design objectives were determined
and listed. For the Architecture Selection, the design objectives were referred to as Selection Criteria
(SC). This can be seen in Table 71.

Selection Criteria
SC1 Simplicity
SC2 Allows for objective design
SC3 Maturity

Simplicity (SC1) refers to the complexity of the Physical Architecture created to carry out the system
functions. It was decided that a favourable architecture for this study would have a reduced complexity

to achieve better groupings of subsystems to ease the conceptual design phase.

The “Allows for objective design” criterion (SC2) relates to how well the architecture is perceived to
reduce restrictions in finding solutions for the architectural components. An architecture with fewer
built-in constraints would be more favourable as it would allow for greater creativity during the

conceptual design.

Maturity (SC3) refers to the state of maturity of the Physical Architecture developed; more specifically,
it refers to how well are the architectures broken down into the lowest components and if there is a

possibility that it can be broken down further.

The next step in the WOM is to rank the selection criteria. The process of ranking a selection criterion
by comparing it to the other selection criterion was selected as the system of ranking. If a criterion is
more important than another, then it will be assigned a 1 in the ranking matrix. If it is not as important,
it will be assigned a 0. The matrix will be generated by assessing each of the selection criterion rows

sequentially. The ranking matrix can be seen in Table 72.
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Selection Row
Criteria SC1 SC2 SC3 Totals
SC1 - 0 0 0
SC2 1 - 1 2
SC3 1 0 - 1

In the matrix in Table 72, the row totals highlight the importance of each objective and rank them

accordingly, with the highest-ranking score being the objective perceived to be the most important and
the lowest the least. In this case, selection criterion 2 (SC2) is ranked the highest. The weightings for

the criteria were assigned, as seen in Table 73.

o Selection
Weighting o
Criteria
50 SC2
25 SC3
125 SC1

Based on the selection criteria determined, the architectures will be assessed according to their

adequacy. The architecture will be scored off a five-point scale, from zero to four. The definition of the

scoring can be seen in Table 74.

Scoring Scale

Scoring Definition

0 Inadequate
1 Weak

2 Satisfactory
3 Good

4 Excellent

The architectures were then evaluated using the WOM. The evaluation can be seen in Table 75.
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Architecture Alternatives

] o ) Weighted Weighted
Selection Criteria Weight | ARCH1 ARCH?2
Value Value
SC1 Simplicity 125 2 0.16 4 0.32
SC2 Allows for objective design 50 2 0.04 4 0.08
SC3 Maturity 25 2 0.08 2 0.08
Total 0.28 0.48

For SC1, ARCH2 was deemed to be twice as simple and had better subsystem groupings compared to

ARCH1. ARCH1 was given a two as it was of satisfactory adequacy in being able to achieve the

functions of the actuator system. ARCH2 was, however, seen as a better structure in this regard.

For SC2, ARCH1 was deemed satisfactory as it would allow for an objective design. However, ARCH2

was considered better due to the groupings of its subsystems.

Both ARCH1 and ARCH2 were considered to be on par concerning maturity. They both can be further

broken down into smaller components, but for this study, it is sufficient.

As in Table 75, the second architecture (ARCH2) was found to be better than the two architectures

developed, with a total of 0.48. Therefore, going forward, ARCH2 will be used for the conceptual

design.
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APPENDIX E: Brushless DC motor datasheet

The information in this appendix was obtained from Montevideo Technology Inc. [116].

277



8/4/2019 BLHP Series

Montevideo Technology, Inc.© 0

A Motor And Control Company «a
= TORQUESSTENS —N\_~ 2
©
2
[
w
v
ABOUT US oy
(HTTPS://WWW.SLMTI.COM/ABOUT- E
us) CONTACT US (/CONTACT-US) NEWS & EVENTS (HTTPS://WWW.TORQUESYSTE@S.COM/NEWS-EVENTS)
‘_({; About us
g (https://www.s
) us)
g News
$ (https://www.s
v} Products
Fi
Search... g Q
S

BRUSHLESS DC MOTORS = BRUSH DC MOTORS (HTTPS://WWW.SLMTI.COM/PRODUCTS/BRUSH-DC-MOTORS)

INDUCTION MOTORS (HTTPS://WWW.SLMTI.COM/PRODUCTS/INDUCTION-MOTORS)

CUSTOM WINDINGS (HTTPS://WWW.SLMTI.COM/PRODUCTS/CUSTOM-WINDINGS)

CUSTOM DESIGNS (HTTPS://WWW.SLMTI.COM/PRODUCTS/CUSTOM-DESIGNS)

ENGINEERING (HTTPS://WWW.SLMTI.COM/PRODUCTS/ENGINEERING) = HEV/EV (HTTPS://WWW.TORQUESYSTEMS.COM/HFV-EV)
TORQUE SYSTEMS (HTTPS://WWW.TORQUESYSTEMS.COM/) = AFFILIATES

Products | Brushless DC Motors | HIGH PERFORMANCE (HTTPS://WWW.SLMTI.COM/PRODUCTS/BRUSHLESS-DC-MOTORS/HIGH-PERFORMANCE) | BLHP SERIES
(HTTPS://WWW.SLMTI.COM/PRODUCTS/BRUSHLESS-DC-MOTORS/HIGH-PERFORMANCE/BLHP-SERIES)

BLHP-20-04-8P

Brushless High Performance Servo Series

DESIGN FEATURES

High temperature operation up to 220°C

Specs reflect high energy/high temp SmCo magnets
Optional NdFeB magnets

3-phase Delta winding standard; Wye optional
Class 'H' insulation standard

Adheres to MIL design standards

ABEC 3 bearings standard

Feedback sensor options available

Contact Us (/contact-us) about this motor

DOWNLOAD DRAWINGS

[ J

‘ (/images/Products/BLHP/diag_sensor/BLHP-20-04-8P.gif) (/images/Products/BLHP/diag_senslss/BLHP-20-04-8P.gif)

Housed Diagram

w/ Halls Drawing

[ J
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SIZE PARAMETERS (APPROXIMATE)

Parameter
Units I Value
Number of Poles
P 8
Thermal Resistance, .
°C/W 4.00

Max. Continuous Stall Torque, T

mN-m 397.37
Motor Constant, K,
mN-m/W'/2 93.71
Hysteresis Drag Torque, T¢
mN-m 11.30
Viscous Damping
mN-m/RPM X 10 -° 53.67
Detent Torque, Tgmax
mN-m 19.07
Inertia, Sensorless, |,
g-cm 2 134.17
Inertia, w/halls, ),
g-cm? 148.29
Weight, housed, W
g 515.96
Weight, frameless, W
g 391.22

WINDING DATA AT 24 VDC (APPROXIMATE)

Customize this Motor

Enter a new voltage and no load speed to view new winding data and new Torque vs. Speed curve
Metric | Imperial

Voltage:

24

No Load Speed:
2064

Ambient Temperature:
25

Operating Temperature:
125

(/contact-us/regional-sales-representatives)

RPM

°C

°c

Parameter

Units Value
Torque Constant, K;
mN-m/A 110.87
Voltage Constant, K
V/kRPM 11.63
No Load Speed, NLS
RPM 2064

Electrical Time Constant, t,

https://www.sImti.com/products/brushless-dc-motors/high-performance/blhp-series/motor/blhp-20-04-8p/ismetric/1

2/4
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mS 0.71
Mechanical Time Constant, Sensorless, t,
mS 1.53

Mechanical Time Constant, w/Halls, t,

mS 1.69
Resistance at @25°C, Ry,
Ohm 1.4
Inductance, L,
mH 1

Max. Continuous Power Output at 100°C Rise
W 57.81
Max. Continuous Torque Output at 100°C Rise
mN-m 364.88

(/contact-us/regional-sales-representatives)

Max. Continuous Speed Output at 100°C Rise
RPM 1513

Rotation is counter-clockwise as viewed from the lead wire side with this excitation sequence and phase relationshi;: (/excitation-sequence).

100 deg. rise C. from 25 deg. C

400

300
§
2

; 200
Iy
2

100

0

0 500 1,000 1,500 2,000
Speed (RPM)

Montevideo Technology, Inc.© 0

A Motor And Control Company

“STOROUESYSTENS ~N__~

Montevideo Technology Inc. (MTI)

8201 109th Street

Pleasant Prairie, WI 53158

Phone: 262-764-6495 (tel:2627646495)

Email: websales@slmti.com (mailto:websales@slmti.com)

QUALITY MANAGEMENT

ICSEOR?IOFQ! (/Portals/0/Documents/0083453-01-SL-Montevideo-Technology-Inc-Recert-JC.pdf) “vpﬁ
OUR AFFILIATES
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APPENDIX F: Generic Force Generation Mechanism Calculations

F.1 Force Generation

As previously mentioned in this chapter, the generic actuator uses a servo motor to actuate fins, which
together forms a significant part of the FGM. The motors provide the force to rotate the fins, and in

turn, the fins, in the presence of the airflow, provide the required forces to manoeuvre the missile.

A brushless DC motor (See data sheet in APPENDIX E), together with a ball screw arrangement, is
used to counter this torque and move the missile's control surface for the baseline missile actuator

system [87].

The fin’s hinge moment was determined as follows:
T =F X1y

In this equation, rep is the distance (13.74 mm) from the centre of pressure to the hinge line of the fin,
as seen in Figure 119. The force F is the normal force (=1685 N ) that acts on the fin, determined in
APPENDIX A. The torque T (hinge moment) produced is 23.15 Nm. The torque was increased by an
assumed value of 20 % to ensure the motor selected had sufficient capability to still manoeuvre when

loaded. The torque value used in the analysis was, therefore, 27.78 Nm.

The lever arm, r, is measured from the centre of the fin output shaft to the point of contact of the ball
screw spindle. This is illustrated in Figure 119. The lever arm was adjusted to reduce the load acting
along the axis of the ball screw. For this analysis, a lever arm of 76 mm was selected based on the space

available within the actuator system.
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Figure 119: Illustration of lever arm distance

The BLHP-20-04-8P motor was selected due to its volume, which allows for four motors to be placed
in the specified actuator volume and its torque rating. The motor torque is capable of producing the

required linear force on the nut as shown in the calculation (from L. THK Co. [171]):

B _2XmXnXTy
“ P (73)

Where 7 is the efficiency of the ball screw (assumed to be 0.97), Tq is the torque developed by the motor
(0.3 Nm), and P is the lead of the ball screw (5 mm). The force, Fa, produced is about 365.68 N. The
specifications for a 12 mm diameter, 5 mm lead pitch ball screw (Part number 1521- 4 -6310) is an “off
the shelf” item. [172]
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The force, F,, applied to the lever arm, which is assumed to be 76 mm in length (based on the available
space within the actuator), connected to the output shaft would result in a torque of 27.79 Nm. This
would equate to a force of 2022.34 N at the CP position.

Based on the information in the datasheet, the Servo Motor, the FGM of the generic actuator, is capable
of producing the load required for the 30 g manoeuvre. Therefore, the servo motor meets requirement
FR1.

F.2 Structural Integrity

The servo motor structure as a whole was evaluated regarding the structural integrity of the generic
FGM. Assuming the servo motor uses a ball screw as its shaft, it allows for the translation of the torque
from the motor into a linear force which is used to rotate the output shaft to the control fin using a lever
arm. The motor shaft would have to withstand loads applied to the missile control fin. These loads affect
the motor axially along the shaft of the motor.

As this type of FGM has already been deployed in an in-service missile actuator, it can be assumed that

the motor can withstand the applied loading. Therefore, the requirement FR4 is satisfied.

F.3 Bandwidth

The bandwidth is the measure of the rate of response of the system to the input received. For the servo
motor, Figure 120 illustrates the system (in the frequency domain) considered to determine the transfer
function that would be used to evaluate the bandwidth of the generic actuators FGM.

01(s) t BE[SE Controller B8;(s)

DC Servo Motor

Feedback

Sensor
H{s)

Figure 120: DC Servo Motor system block diagram
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In Figure 120, 6 is the input signal, and & is the difference between the input signal and the output

measured by the feedback sensor. V is the voltage input to the servo motor. 6 is the motor’s output

rotation, and 6- is the output rotation after the gearing ratio, which would be expected to be seen at the

hinge line of the control surface, negating the effect of the inertia due to the components that follow

after the servo motor. The transfer function was determined between the voltage input to the servo

motor and the rotational displacement.

The transfer function of the DC Servo Motor for bandwidth assessment

The transfer function for the generic FGM was developed as follows:

Ty —cl =J6

d
v(t) = Ri(t) + Ld—; + epemy

€pemf = K6

Substituting Equation (75) into Equation (74), you get Equation (78)

i()Ky —c =6

Substituting Equation (77) into Equation (76), you get Equation (79)

di .
v(8) = Ri(t) + L—+ Kyf

If you take the Laplace transform of Equation (78) and Equation (79), you get Equation (80) and

Equation (81), respectively.

1(s)Ky — cs8(s) = Js20(s)

(74)

(75)

(76)

(77)

(78)

(79)

(80)
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V(s) = RI(s) + LsI(s) + Kz6(s) (81)
Rearranging Equation (80) such that it solves for I(s) and substituting the rearranged equation into
Equation (81), we get the combined Equation (82) in terms of the system output over the input:

0(s) Ky

G(s) = V(s) [JLs® + (R] + cL)s? + Rcs + KKz] (82)

The MATLAB code was as follows:

% Servo_Motor

% Controller

Kp =1000;

controller = pid(Kp, Ki, Kd);

% Plant

R =1.4; %0hm

L =1*10"-3; %mH to H

KE = (11.63/(1000*(0.104719755))); %V/KRPM to V/rad/s
Jload = 0.008139165; %lnertia of load (kgm2)

KT =110.87/1000;%mNm/A to Nm/A

¢ = (53.67)/(1000*0.104719755); % mN-m/RPM X 10 -5 to Nm/RPM to Nm/rad/s
H = 1; %sensor feedback

GR = 92.6;%gear ratio

J =14.829%-6 + (Jload*(1/GR)"2); %gcm2 to kgm2

num = [0 KT];
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dem = [L*J (R*J)+(c*L) (KT*KE)+(R*c) 0];

plant = tf(num, dem);

% Feedback Sensor

sensor = tf(H, 1);

% Closed-loop system

sys = controller*plant;

closed_sys = feedback(sys, sensor, -1);

% Calculate bandwidth of the closed-loop system

figure; bode(closed_sys); grid on

bw = bandwidth(closed_sys)/(2*pi)

When considering the angular displacement, the inverse gear ratio is considered, as shown in Figure

121, as the gearing results in an angular displacement reduction.

1/GR

The Missile fin load on the system was added to the inertia of the motor as follows:

2

I =+ (7)

Where Jy is the load’s inertia (kgm?).

(83)
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For the Missile Fin load, inertia was determined based on a steel plate with dimensions seen in Figure
122.

m=ﬂ4mm

\ 4

[
»

b =1mm

le
<

d=47.1mm

vy

Figure 122: Fin Root chord and plate thickness

1
Iy = = bym? (84)
1 2
Ix = E bxm (85)
L, = I, + md? (86)

In Figure 122, d refers to the axis of rotation. The polar moment of inertia J was calculated about this
position. In Equation (84) to (86), |y refers to the mass moment of inertia about the y axis, by is the base
dimension perpendicular to the y axis, I« refers to the mass moment of inertia about the x-axis, by is the
base dimension perpendicular to the x-axis, m refers to the mass of the fin and I, refers to the mass
moment of inertia about the centre of rotation based on parallel axis theorem. Only the influence of the
inertia was evaluated for this system. Other factors like stiffness and damping of the load were not
considered as part of the scope of the study. These factors can influence the performance of the system,

and their impact should be evaluated in another study.

As seen in Figure 120, a controller, gear ratio and a feedback sensor were selected to create a closed-
loop system to evaluate the bandwidth. A proportional controller (K,) was selected to multiply the

difference of the input from the output of the system.

The variables and constants are described in Table 76.

288



Table 76: Variable and constants for the Generic Actuator

Variable/Constant | Description Value Units
Ko Proportional Controller constant 1x103 -
R Servo Motor resistance [116] 1.4 Q
Ke Back EMF constant [116] 11.63 V/KRPM
Jm Motor Inertia [116] 14.829 x 106 kgm?
Ct Damping constant for the system [116] 0.5125 Nms/rad
Kr Motor Torque Constant [116] 0.1109 Nm/A
H(s) Feedback Function 1 -
GR Gear Ratio 92.6 -
J Missile Fin Load Inertia 8.14 x 1073 kgm?

The Bode diagram for the Servo motor can be seen in Figure 123.

Bode Diagram

-20 —

-40 —

-60 —

-80 —

-100 —

Magnitude (dB)

-120 —

-140 —

-160
0

45—

_90

-135 —

Phase (deg)

-180 —

-225 —

-270 =

10°

10’

Figure 123: Bode Diagram - Servo Motor

Frequency (Hz)

The K, value used was adjusted to achieve a critically damped system. This type of damping was

selected as a critically damped system. It would tend to return to its position of rest in a relatively short

period [173] which would allow the servo to achieve the fin deflection command in a shorter time.

Improved values, additional or alternative controller configurations will not be analysed in this study as

a first-order answer was able to be achieved with the initial controller.

289



The torque required by the motor to overcome the aerodynamic loading and to maintain the control
surface position was determined to be 27.78 Nm. The selected motor can produce 0.3 Nm torque [116].
Therefore, a gearing ratio of 92.6 would be required to ensure the required output torque is achieved.

Unity feedback was selected for this analysis to simplify the calculation for this study. Therefore, the

feedback function has a value of 1.

The bandwidth was determined to be 27 Hz. This is above the required bandwidth of 25 Hz and is

therefore acceptable for this application. The requirement FR7 is therefore satisfied.

F.4 Operation Time

As mentioned in the previous section, the operation time refers to the duration the FGM would have to
operate. The missile is meant to operate for 180 s. Therefore, the force mechanism should operate, at a
minimum, for the same duration of time. This is true unless there is a requirement or specification that

it does not have to do so.

The battery power supply will limit the operation time for the motor. According to [87] online the
actuator for the AIM 120 uses lithium-aluminium batteries. Additional details were not able to be found.

Therefore, a suitable similar battery was investigated.

Thermal Batteries are often used as a power supply for defence systems, according to Swift [174]. These
batteries are electrically inert at low temperatures, which make them ideal for extended storage periods.
The ignition is usually provided by an electric current. The batteries are electrochemical systems that
require high temperatures to operate. The batteries are made up of Li/FeS2 couple to create power and

an anode usually made from Lithium-Silicon or Lithium-Aluminium.

The voltage and current capabilities of the AIM 120 actuator batteries were also not available. Based
on its in-service status, it was assumed that the batteries in the actuator system are capable of powering
the servo motors (the servo motors are rated at 24 V) and allowing the missile to manoeuvre as required;
hence the selection. Therefore, it was assumed that at a minimum, it would last 180 s. Therefore, the

generic FGM meets requirement FR2.
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F.5 Storage

Based on the use of DC motors as a component of the generic FGM for missile systems like the AIM-
120, the motors would have to be able to be stored similarly to the system itself. As mentioned in
Howard et al. [118], the typical shelf life of missiles is 10 to 20 years. Therefore, this meets requirement
FR5.
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APPENDIX G: Concept 1 Calculations

a) Force Generation Hinge Moment Calculation

Based on the torque, T, of 27.78 Nm to rotate the fin and a lever arm, r, of 76 mm, the force required

was calculated as follows:

T
F=-

T
Therefore the force F required was 365.68 N. Based on the arrangement of the Flexinol® wire, as seen
in Section 6.1.1 in Figure 67, the pull of the wire would provide the input torque to rotate the leadscrew.
The rotation would allow the nut to move linearly and provide the need required force to rotate the fin
output shaft. This is illustrated in the free body diagram of the fin output shaft and the lever arm in
Figure 124.

Lo

Figure 124: Free body diagram of the fin output shaft and the lever arm combination

From Figure 124:
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Based on the torque T of 27.78 Nm and the lever arm r of 56.60 mm mentioned previously, the force

per wire, F, from the equation, would be 365.68 N.

Similar to the generic FGM, if the same leadscrew characteristics are considered, then the input torque
to the leadscrew is 0.3 Nm. If a spool of diameter 12 mm is considered, then the force required by the
Flexinol® wire is 25 N.

Based on the information provided by the Flexinol® wire manufacturer Dynalloy Inc. [128], the wire
diameter (d) selected was 0.51 mm, which is able to produce a pull force of 3.56 N when heated [128].
About eight strands of this wire would have to be bundled together to produce the required pull force.

This would result in a wire bundle of 1.35 mm in diameter (D). This was calculated as follows:

d2
Single Wire Area = nr? = L

~ Single Wire Area = 2.04 x 10~ "m?

Force Required 25
Force Produced 3.56

Number of Strands = =7.02

Wire Bundle Area = Single Wire Area X Number of Strands

~ Wire Bundle Area = 1.46 x 10~ m?

4 X Wire Bundle Area

~. Bundle Wire Diameter (D) = \/ - X 1000 = 1.35mm

b) The transfer function for bandwidth assessment

The transfer function from P. Senthilkumar et al. [131] is as follows:

0.0643 _ d(s)

¢ =GToD - 06

In that study, the transfer function is based on the heat generated per unit volume of wire as was derived
experimentally according to P. Senthilkumar et al. [131]. Where d(s) refers to the function for wire
displacement in the frequency domain and Q(s) is the function of the heat generated per unit wire
volume. To investigate the bandwidth of the wire length selected for this concept, the wire volume was

included. Therefore the transfer function becomes:
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0.0643
(s + 0.V

G(s) =
The transfer function didn’t include the inertia of the fin or the other components that would increase
the load on the system. The inclusion of the components would increase the inertia of the system and
would tend to decrease the bandwidth as the systems natural frequency would decrease based on simple

harmonic motion:

The MATLAB code was as follows:
% Controller

Kp =0.001;

controller = pid(Kp, Ki, Kd);

% Plant

%R = 1.4; %0Ohm

%L =1; %omH

%KE = 11.63; %V/KRPM
%J1 = 148.29; %gcm?2
%J2 = 300.00; %gcm?2
%JT = J1+ J2;

%ct = 0.2,

%KT =110.87;%mNmM/A
H = 1; %sensor feedback
%GR = r*theta;%gear ratio
%s = tf('s");

%A = ((L*JT)*s"3)+(((R*JT)+(ct*L))*s*2)+(((KT*KE)+(R*ct))*s);
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%num = [0.0643*Kp*H Kp*(H/Ki)];
%dem =[1 0.1 0];

| =5.54; % m

d =0.00051; %m

Ad = pi*(d*2)/4; %m2

Strands = 8;

AD = Ad*Strands; %om2

%D = d*Strands;%m

V = (AD)*1; %m3

%ozeta = 0.7;

%wn = 40*2*pi; % needs to be in rad/s

%plant = tf(num, dem); % put in your plant transfer function here

%plant = (0.064)/((s + 0.1)*V);

num = 0.0643;

dem =[10.1];

plant = tf(num, dem);

% Feedback Sensor

sensor = tf(H, 1);

% Closed-loop system

sys = controller*plant*(1/V);

closed_sys = feedback(sys, sensor, -1);

% Calculate bandwidth of the closed-loop system

figure; bode(closed_sys); grid on

bw = bandwidth(closed_sys)/(2*pi)

c) Operational Time
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According to D. Collins [45], bandwidth is defined as the rate of response of the system to given
command input. In this analysis, it was assumed for the bandwidth evaluation that the given command
would be equated to a single cycle of operation. During the operational cycle, the loading is meant to
be within the expected loads of the system. Therefore, under normal operating conditions, the system
should be able to perform under these conditions. Based on the required operation time of 180 s, the
system would be required to respond to command inputs for the duration of the operating time.

Therefore, the number of operation cycles was calculated as follows:

Operating Time

0 ting Cycles =
perating Lyctes Response Time

Response Time = 1/Bandwidth

Operating Time

=~ Operating Cycles = 1/Bandwidth

= Operating Time X Bandwidth = 4500 cycles

This is based on the required bandwidth of 25 Hz. In comparison with the load cycles of the nitinol
wire, the operating cycles of this system fall below this value. Testing of the loading of the system

would need to be carried out to verify this approach.
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APPENDIX H: Email from Dynalloy Inc.

10/3/2019 Mail - Jeff Moonsamy - Outlook

Erick Ortega <Erick.Ortega@dynalloy.com>

To: Jeff <negative_pressure@hotmail.com>
Cc: Caroline Gonzalez <caroline.gonzalez@dynalloy.com>

Hi Jeff,

Pulling 490N over 12.85mm is possible but potentially not efficient. Typically, we recommended
staying below 1kg*cm and your desired work is 64.2kg*cm.

To pull 490N 12.85mm will require several stands of wire strung in parallel. The length of your
working wire can be found by taking your desired stroke and dividing it by the percent strain the can
be created through the phase change = 4%. Take 12.85mm/4% (or 3.5% for some safety margin) =
321.25mm.

Regarding the response time of the wire thicker wires require more power to head and longer
cooling times. For details see the link below:
http://dynalloy.com/tech_data_wire.php

Thank you
Best Regards,

Erick Ortega | Customer Service

(714) 436-1206 main 1562 Reynolds Avenue
(949) 502-8548 office Irvine, CA 92614
(714) 436-0511 fax

Alternate Contact: Jeff Brown (jeff.brown@dynalloy.com)

DYNALLOY, Inc.
Makers of Dynamic Alloys

This email message may contain confidential and proprietary information. Any unauthorized use is prohibited.

If you are not the intended recipient, please contact the sender by reply email and destroy all copies of the
original message. Dynalloy, Inc. Confidential.

From: Jeff <negative_pressure@hotmail.com>

Date: Monday, February 18, 2019 at 5:37 AM

To: Erick Ortega <Erick.Ortega@dynalloy.com>

Cc: Caroline Gonzalez <caroline.gonzalez@dynalloy.com>
Subject: Re: Flexinol product Information Request

Good Day Erick,

My apologies for the delayed response.

Thank you for the information.

https://outlook.live.com/mail/deeplink?version=2019092206.10&popoutv2=1 1/4
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10/3/2019 Mail - Jeff Moonsamy - Outlook

The pull force required by the wire has changed to 490 N and the distance it has to travel is 12.85
mm. is there a wire length that would be able to meet this requirement?

Regarding the efficiency of the wire, | understand that it isn't as effective as other solutions. Is there
a method to determine the rate of response of the nitinol wire?

| am currently using the study, Material Characterization of Nitinol wire for the design of actuator
systems by SP Kennedy.

Kind Regards
JEFF

From: Erick Ortega <Erick.Ortega@dynalloy.com>
Sent: Friday, 25 January 2019 1:05 AM

To: Jeff

Cc: Caroline Gonzalez

Subject: Re: Flexinol product Information Request

The load of 270N over 34mm is possible with Flexinol® actuator wire but the length of the wire
would be very long and require a large amount of power and a long cooling time. The 34mm
actuation would require 875mm of straight working wire (16 parallel wires with 4% strain).

Please keep in mind there is also the question of efficiency. If your end task or device will require
more than one-inch pound of work (or approximately 1 cm * kg) per second in order to operate,
shape memory alloys may not be the most effective solution. The inherent efficiency of the shape
memory alloys is relatively low compared to motors or solenoids capable of accomplishing the this
much work. The SMAs excel in lower total work environments.

Best Regards,

Erick Ortega | Customer Service

(714) 436-1206 main 1562 Reynolds Avenue
(949) 502-8548 office Irvine, CA 92614
(714) 436-0511 fax

Alternate Contact: Jeff Brown (jeff.brown@dynalloy.com)

DYNALLOY, Inc.

Makers of Dynamic Alloys

This email message may contain confidential and proprietary information. Any unauthorized use is prohibited.
If you are not the intended recipient, please contact the sender by reply email and destroy all copies of the
original message. Dynalloy, Inc. Confidential.

From: Jeff <negative_pressure@hotmail.com>
Date: Thursday, January 17, 2019 at 6:05 AM
https://outlook.live.com/mail/deeplink?version=2019092206.10&popoutv2=1 2/4
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10/3/2019 Mail - Jeff Moonsamy - Outlook

To: Jeff Brown <jeff.brown@dynalloy.com>

Cc: Erick Ortega <Erick.Ortega@dynalloy.com>, Caroline Gonzalez
<caroline.gonzalez@dynalloy.com>

Subject: Re: Flexinol product Information Request

Good Day Jeff,

Please see attached the form filled in as best | could. | am currently doing a feasibility study as part of
my degree. | am identifying if SMA's can be used in place of generic actuation methods on air vehicle
actuation systems.

Kind Regards

From: Jeff Brown <jeff.brown@dynalloy.com>
Sent: Wednesday, 16 January 2019 11:37 PM

To: Jeff

Cc: Erick Ortega; Caroline Gonzalez

Subject: Re: Flexinol product Information Request

Jeffrey Brown | 949-502-8540 direct | 714-436-1206 main

DYNALLOQY, Inc.

Makers of Dynamic Alloys

This email message may contain confidential and proprietary information. Any unauthorized use is prohibited. If you are
not the intended recipient, please contact the sender by reply email and destroy all copies of the original message.
Dynalloy, Inc. Confidential.

From: Jeff <negative_pressure@hotmail.com>
Date: Wednesday, January 16, 2019 at 12:30 AM
To: Contact <Contact@dynalloy.com>

Subject: Flexinol product Information Request

Good Day,

I am looking for Flexinol product that can pull a load of 300 N over a distance of 35 mm. Do have
something that could achieve this?

Kind Regards

https://outlook.live.com/mail/deeplink?version=2019092206.10&popoutv2=1 3/4
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10/3/2019 Mail - Jeff Moonsamy - Outlook

https://outlook.live.com/mail/deeplink?version=2019092206.10&popoutv2=1 4/4
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APPENDIX I: Concept 2 Calculations

a) Force Generation Calculation

i.  MFC patch deflection characterisation

The patch’s deflection characterisation was carried out to determine the patch’s effect on the bistable

internal structure, as seen in Figure 70. The load conditions were compared to the results from S. Q.

Zhang et al. [39]. These results can be seen in Table 77.

Table 77: Results of deflection of the aluminium plate from [39]

&' (mm)

Deflection (mm)

0
15
55
100
150
200
250
300

0

6.1445 x 10~
0.0372

0.1593

0.3453

0.5344
0.7242

0.9141

Moment (M) applied at the centre of the beam, at the centre of the patch length, with each station’s

deflection due to the load along beam determined as follows adapted from Roark and Young [137]:

M 2
Z=274+0x + —(x—a)

o zisthe deflection a position x

2E1

M
24 = (17 — @)

2E1

0, = ML
A= EI( a)

e 7ais the maximum deflection at the free end of the cantilever beam

o Oaisthe slope of the deflected beam
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e X is the distance along the beam

e a s the distance from the free end of the cantilever beam (m) to where the moment is applied
e L isthe length of the beam (m)

o Eisthe Young’s Modulus (Pa)

e | isthe Moment of Inertia (m?)

e Mis the applied Moment (Nm)

The aluminium plate was evaluated at the same stations as in S. Q. Zhang et al. [39]. The results can be
seen in Table 78. The outcome of the calculation was corrected such that the deflection occurred in the

same orientation as the experimental setup.

z
Cantilever with
a moment
) Results from )
Beam Station acting at the
[39]
centre of the
patch location
0 0 0.000
0.015 0.00061445 0.007
0.055 0.0372 0.092
0.1 0.1593 0.243
* 0.15 0.3453 0.411
0.2 0.5344 0.579
0.25 0.7242 0.746
0.3 0.9141 0.914

The results in Table 78 was used to create Figure 73.

ii.  Force required Calculation

Based on Equation (32), the force was calculated
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N 2E11%sin?6
_ Nz, sin (87)
Zq Zarc(Lz - a2)

Fq

Table 79: List of variables and quantities for the required force calculation

Variable Quantity Unit
N 1685 N
Zn 0.0294 m
L 0.11 m
E 13.22 x 10" Pa
I 1.573x 100 mm*
0 12.7 Degrees

The required force, F4, using the values from Table 79, would therefore be 9495 N.

b) Structural Integrity

The shear and moment loads at the origin of the cantilever beam based on how the load is applied by

the MFC patch would be determined as follows based on Figure 125:

ZFZ=0=V

~V =0
Z Morigin =0=M- Morigin
Morigin =M
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Moment
/ Applied

Figure 125: Moment applied to beam due to MFC Patches

Considering a worst case of a point load acting on the beam:

V= Fa

ZMorigin =0=FKL-M

#M=FL
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APPENDIX J: Email from Smart-Material, the MFC manufacturer

10/22/2019 Mail - Jeff Moonsamy - Outlook

RE: MFC information

Thomas Daue <t.daue@smart-material.com>
Sun 2019/04/07 17:27

To: 'Jeff' <negative_pressure@hotmail.com>
Cc: m.daue@smart-material.com <m.daue@smart-material.com>

Hello Jeff,

please see answers below.

best

Thomas Daue

e-mail; t.daue@smart-material.com
Phone: +1 941 870 3337

Fax:+1 941847 0788

http://www.smart-material.com
MFC Forum: http://www.macrofibercomposite.com

From: Jeff [mailto:negative_pressure@hotmail.com]
Sent: Sunday, April 07, 2019 11:09 AM

To: sarasota@smart-material.com

Subject: MFC information

Importance: High

Good Day,

My name is Jeff, | am currently busy with my Masters Degree research and require some additional
information regarding MFC actuators.

I am looking for following information:

Storage Requirements
10-60C, humidity < 70%

Storage life (without being used)
20 years, might require repoling after6-7 years

Sealing specification of the patches.
encapsulated in polyimide

Could you please assist me? Your help would be greatly appreciated.
Kind Regards
Jeff

Sent from Mail for Windows 10

https://outlook.live.com/mail/deeplink?version=2019101401.13&popoutv2=1 17
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