
 

 

 
 

UNIVERSIDADE DA BEIRA INTERIOR 
Engenharia 
 
 
 
 
 
 
 
 
 

Hybrid Robust Distributed Propulsion Control of 
Lateral-Directional Flight Dynamics 

 

(Versão corrigida após defesa) 

 
 
 

Alexandra Teles de Lima Ferreira Monteiro 
 
 
 
 
 

Dissertação para obtenção do Grau de Mestre em 

Engenharia Aeronáutica 
(Ciclo de estudos integrado) 

 
 
 
 
 

Orientador: Prof. Doutor Kouamana Bousson 
Co-orientador: Doutor Ricardo José Nunes dos Reis 

 
 
 
 
 

Covilhã, janeiro de 2020 



 

ii 
 

 



7R P\ GHDU JUDQGSDUHQWV� $PpULFR DQG *OyULD ♥

LLL



LY



´$OO RXU GUHDPV FDQ FRPH WUXH�
LI ZH KDYH WKH FRXUDJH WR SXUVXH WKHP�µ

³ :DOW 'LVQH\

Y



YL



$FNQRZOHGJPHQWV

,W KDV EHHQ TXLWH D MRXUQH\� (QGLQJ WKLV F\FOH� , FDQ·W HYHQ EHJLQ WR GHVFULEH KRZ JUDWHIXO , DP
DQG KRZ OXFN\ , IHHO IRU KDYLQJ EHHQ JLYHQ VR PDQ\ JUHDW RSSRUWXQLWLHV WKDW PDGH PH JURZ DQG
KDSSLO\ OHG PH WR ZKHUH , DP WRGD\�

$ ORW RI WKRVH RSSRUWXQLWLHV , PXVW WKDQN IRU WR (PEUDHU 3RUWXJDO &(7(·V WHDP� IRU ZHOFRPLQJ
PH ZLWK RSHQ DUPV LQWR VXFK D IULHQGO\ ZRUN DWPRVSKHUH� DOZD\V PDNLQJ PH IHHO OLNH RQH RI
WKHP� , FRXOG QRW WKDQN \RX DOO HQRXJK� SDUWLFXODUO\ WR 0DUWD 4XLQWLmHV DQG 6pUJLR &DUYDOKR�
WUXH IULHQGV ZKR VXSSRUWHG PH E\ EHOLHYLQJ LQ PH� ERRVWLQJ P\ LQWHUQVKLS LQ %UDVLO�

7R P\ PHQWRU DQG IULHQG� 5LFDUGR 5HLV� D VSHFLDO WKDQNV IRU KH KDV WDXJKW PH WR EHOLHYH LQ P\VHOI
DQG KXPEO\ DFFHSW ZKDW , GR QRW NQRZ� ZLWKRXW HYHU PDNLQJ PH IHHO DIUDLG WR DVN TXHVWLRQV DQG
LQVWLJDWLQJ PH WR DOZD\V OHDUQ PRUH ´SDUWLQGR R ERL D ELIHµ� $ JUHDW GHDO RI P\ DHURQDXWLFDO
NQRZOHGJH DQG FULWLFDO WKLQNLQJ DELOLW\ ,·YH OHDUQW IURP \RX�

'XULQJ P\ WLPH LQ (PEUDHU·V KHDGTXDUWHUV ,·YH PDGH FRXQWOHVV IULHQGV� ZKR·YH KHOSHG PH DQG
PDGH PH IHHO DW KRPH LQ D IDUDZD\ FRXQWU\� E\ FKHHULQJ P\ GD\V ZLWK JRRG PRRG DQG KXPRURXV
WKRXJKWV� IRUWXQDWHO\� WRR PDQ\ WR PHQWLRQ LQGLYLGXDOO\� ,W ZDV FHUWDLQO\ D OLIHWLPH H[SHULHQFH�

-RVp 3DUL]L DQG )HUQDQGR 0RUHLUD� P\ DEVROXWH JUDWLWXGH IRU DOO WKH IOLJKW FRQWUROV NQRZOHGJH
SDVVHG RQ� YDOXDEOH GLVFXVVLRQV ZKLOH VWLOO GHILQLQJ WKLV ZRUN·V WUDLO� FRXQWOHVV DGYLFHV DQG VXJ�
JHVWLRQV DQG PRVW RI DOO IRU FKHHULQJ DQG EHOLHYLQJ LQ P\ ZRUN� ,·YH OHDUQW VR PXFK WKDQNV WR \RX�

, DOVR FRXOG QRW WKDQN HQRXJK WR P\ DFDGHPLF VXSHUYLVRU� SURIHVVRU .RXDPDQD %RXVVRQ� IRU KLV
JXLGDQFH DYDLODELOLW\ IRU ORQJ GLVWDQFH YLGHR PHHWLQJV� DOO WKH FDOPQHVV DQG WUDQTXLOOLW\ KH FRQ�
VLVWHQWO\ WUDQVPLWWHG� ZLWKRXW HYHU PDNLQJ PH IHHO SUHVVXUHG RU VWUHVVHG DQG DSSHDVLQJ PH LQ
WKRVH WLPHV ZKHQ , GLG� )XUWKHU� IRU KLV HQGOHVV DSSOLHG�PDWKHPDWLFV· PHWKRGV· VXJJHVWLRQV IRU
VROYLQJ FRQWURO SUREOHPV� ZKHQHYHU WKH SUHYLRXV GLGQ·W ZRUN�

$Q HQRUPRXV WKDQN \RX WR DOO P\ IULHQGV� ZKRVH KDQJRXWV , NHSW UHVFKHGXOLQJ DQG SRVWSRQLQJ LQ
RUGHU WR IRFXV DQG ILQLVK WKLV ZRUN� <RXU XQGHUVWDQGLQJ DQG VXSSRUW DUH SULFHOHVV�

$ VSHFLDO WKDQNV WR P\ ER\IULHQG� *XVWDYR� IRU VWUHQJWKHQLQJ PH HYHU\ VWHS RI WKH ZD\ HYHQ
ZKHQ LW PHDQW GULIWLQJ XV DSDUW� , DP DZDUH , DP D KDQGIXO� EOHVV \RX IRU \RXU SDWLHQFH DQG PD\
, DOZD\V EH DEOH WR PDNH \RX DV KDSS\ DV \RX PDNH PH�

/DVWO\ EXW QRW OHDVW� P\ XWPRVW JUDWLWXGH JRHV WR P\ IDPLO\� ZKR·YH DOZD\V GRQH WKHLU EHVW
UDLVLQJ PH DQG VKDSLQJ P\ SHUVRQDOLW\� OHDGLQJ PH WR ZKHUH , DP WRGD\ DQG HQFRXUDJLQJ PH
WKURXJK P\ HYHU\ DPELWLRQ� <RX·OO DOZD\V KDYH P\ XQFRQGLWLRQDO ORYH DQG DGPLUDWLRQ� HVSHFLDOO\
P\ JUDQGSDUHQWV� WR ZKRP ,·YH GHGLFDWHG WKLV ZRUN WR ³ \RXU DEVHQFH LV KHDUWLO\ IHOW�
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5HVXPR

$V DHURQDYHV GH DVD IL[D VmR JHUDOPHQWH FRQWURODGDV SRU PHLR GH VXSHUItFLHV GH FRQWUROR FRPR
R OHPH GH SURIXQGLGDGH� DLOHURQV H OHPH GH GLUHomR� (VWDV VXSHUItFLHV VmR RSHUDGDV DWUDYpV GH
DWXDGRUHV KLGUiXOLFRV H�RX HOpWULFRV� (P FDVR GH IDOKD GRV VLVWHPDV GH VXSHUItFLH GH FRQWUROR
�LVWR p� GRV DWXDGRUHV GH FRQWUROR H GLVSRVLWLYRV GH DFRSODPHQWR�� D DHURQDYH SRGH VRIUHU GDQRV�
OHYDQGR D DFLGHQWHV JUDYHV RX DWp PHVPR IDWDLV�

8PD KLVWyULD FUHVFHQWH GH DFLGHQWHV H LQFLGHQWHV PRWLYRX LQYHVWLJDo}HV VREUH R XVR GD SURSXO�
VmR FRPR FRQWUROR GH YRR HP VLWXDo}HV GH HPHUJrQFLD H� GHVGH HQWmR� SHVTXLVDV UHODWLYDV D
DHURQDYHV FRQWURODGDV SRU SURSXOVmR JDQKDUDP XPD SRSXODULGDGH FUHVFHQWH QDV ~OWLPDV Gp�
FDGDV� GHL[DQGR GH VHU PRWLYDGD H[FOXVLYDPHQWH SRU UD]}HV GH VHJXUDQoD j PHGLGD HP TXH RV
LQYHVWLJDGRUHV VH IRUDP DSHUFHEHQGR TXH R FRQWUROR GH SURSXOVmR p PDLV IOH[tYHO GR TXH DV VX�
SHUItFLHV GH FRQWUROR FOiVVLFDV H TXH RV YHtFXORV FRQWURODGRV SRU SURSXOVmR VmR SURSHQVRV D XPD
HVWDELOL]DomR GH DWLWXGH H UDVWUHDPHQWRV GH WUDMHWyULD DOWDPHQWH UiSLGRV�

$ SURSXOVmR HOpWULFD GLVWULEXtGD DEUH DLQGD PDLV RSRUWXQLGDGHV SDUD DHURQDYHV FRQWURODGDV SRU
SURSXOVmR� LQWURGX]LQGR PRWRUHV FRP UHVSRVWDV PDLV UiSLGDV H FRP FDSDFLGDGH GH WUDomR DGL�
FLRQDO� JDUDQWLQGR IOH[LELOLGDGH GH LQWHJUDomR VHP HVFDOD H VHP SHUGD GH SRWrQFLD j PHGLGD
TXH D DOWLWXGH DXPHQWD� $OpP GLVVR� D LPSOHPHQWDomR GD SURSXOVmR HOpWULFD GLVWULEXtGD EHQHIL�
FLD GDV YDQWDJHQV GR DFRSODPHQWR DHUR�SURSXOVLYR� UHGXomR GH UXtGR FRP XP LPSDFWR DF~VWLFR
VXEVWDQFLDOPHQWH PDLV EDL[R H XP LPSDFWR SRVLWLYR QR DPELHQWH�

$VVLP VHQGR� R FRQFHLWR GR VLVWHPD GH SURSXOVmR HOpWULFD GLVWULEXtGD FRPR DWXDGRU GH FRQ�
WUROR SRWHQFLDOL]D QRYRV UHFXUVRV SDUD R SURMHWR� HILFLrQFLD H UREXVWH] GH IXWXUDV DHURQDYHV�
PHOKRUDQGR R GHVHPSHQKR GRV SURMHWRV FRQYHQFLRQDLV� LQFOXLQGR D UHGXomR GDV VXSHUItFLHV GH
FRQWUROR WUDGLFLRQDLV H GD YXOQHUDELOLGDGH GR VLVWHPD GH FRQWUROR GD DHURQDYH D FDVRV GH IDOKD
GH PRWRUHV�

'HVWH PRGR� R SUHVHQWH WUDEDOKR DERUGD D TXHVWmR GR FRQWUROR UREXVWR GD GLQkPLFD ODWHUR�
GLUHFLRQDO SDUD XPD DHURQDYH FRQWURODGD SRU SURSXOVmR FRP LQFHUWH]DV GH SDUkPHWURV� FRP R
REMHWLYR GH HQWHQGHU FRPR FRQWURODU XPD DHURQDYH GH IRUPD UREXVWD DWUDYpV GR VHX VLVWHPD GH
SURSXOVmR HOpWULFD GLVWULEXtGD H FRPR XVDU HVVD FDSDFLGDGH SDUD LQWURGX]LU PHOKRULDV QR SURMHWR
GH DHURQDYHV� &RQFUHWDPHQWH� D TXHVWmR FHQWUDO FRQFHQWUD�VH QR SURMHWR GH XP FRQWURODGRU
KtEULGR UREXVWR� FDSD] GH OLGDU FRP XP PRGR GH RSHUDomR LQGHSHQGHQWH GH FRQWUROR SRU SURSXO�
VmR H XP PRGR FRQYHQFLRQDO� FRPELQDQGR� VH QHFHVViULR� R FRQWUROR SRU SURSXOVmR H D RSHUDomR
GDV VXSHUItFLHV GH FRQWUROR�

2V PpWRGRV SURSRVWRV VmR HQWmR YDOLGDGRV DWUDYpV GH VLPXODo}HV FRPSXWDFLRQDLV HP FHQiULRV
GH YRR UHDOLVWDV� WDLV FRPR YiULDV FXUYDV FRRUGHQDGDV QLYHODGDV H XPD IDOKD FUtWLFD GR PRWRU�

3DODYUDV�FKDYH

&RQWUROR UREXVWR SRU SURSXOVmR � &RQWUROR SRU +�LQILQLWR� 'LQkPLFD GH YRR ODWHUR�GLUHFLRQDO�
,QFHUWH]DV GH SDUk�PHWURV� 3URSXOVmR (OpFWULFD 'LVWULEXtGD�
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5HVXPR DODUJDGR

$V DHURQDYHV GH DVD IL[D VmR JHUDOPHQWH FRQWURODGDV SRU PHLR GH VXSHUItFLHV GH FRQWUROR FRPR
R OHPH GH SURIXQGLGDGH� DLOHURQV H OHPH GH GLUHomR� (VWDV VXSHUItFLHV VmR RSHUDGDV DWUDYpV GH
DWXDGRUHV KLGUiXOLFRV H�RX HOpWULFRV� (P FDVR GH IDOKD GRV VLVWHPDV GH VXSHUItFLH GH FRQWUROR
�LVWR p� GRV DWXDGRUHV GH FRQWUROR H GLVSRVLWLYRV GH DFRSODPHQWR�� D DHURQDYH SRGH VRIUHU GDQRV
FDWDVWUyILFRV�

3RU PDLV GH �� DQRV� YiULDV DHURQDYHV HQIUHQWDUDP JUDQGHV IDOKDV QR VLVWHPD GH FRQWUROR GH YRR�
OHYDQGR D DFLGHQWHV JUDYHV RX DWp PHVPR IDWDLV� UHVXOWDQGR HP PDLV GH ���� YLGDV SHUGLGDV�
$ FUHVFHQWH KLVWyULD GH DFLGHQWHV H LQFLGHQWHV PRWLYRX LQYHVWLJDo}HV VREUH R XVR GD SURSXOVmR
FRPR FRQWUROR GH YRR HP VLWXDo}HV GH HPHUJrQFLD� WHQGR�VH UHDOL]DGR GLYHUVRV HVWXGRV DQDOtWL�
FRV� HP VLPXODGRUHV H HP YRR VREUH R DVVXQWR�

0XLWRV GDGRV LQWHUHVVDQWHV SXGHUDP VHU UHWLUDGRV GHVVDV LQYHVWLJDo}HV H R SRWHQFLDO GH XVDU D
SURSXOVmR FRPR IRUPD GH FRQWUROR H[SDQGLX�VH GH VHU H[FOXVLYDPHQWH SDUD ILQV GH VHJXUDQoD
j PHGLGD HP TXH RV LQYHVWLJDGRUHV VH IRUDP DSHUFHEHQGR TXH R FRQWUROR GH SURSXOVmR p PDLV
IOH[tYHO GR TXH DV VXSHUItFLHV GH FRQWUROR FOiVVLFDV H TXH RV YHtFXORV FRQWURODGRV SRU SURSXOVmR
VmR SURSHQVRV D XPD HVWDELOL]DomR GH DWLWXGH H UDVWUHDPHQWRV GH WUDMHWyULD DOWDPHQWH UiSLGRV�
OHYDQGR D XPD FUHVFHQWH SRSXODULGDGH GH YHtFXORV YRDGRUHV FRQWURODGRV SRU SURSXOVmR HQWUH RV
LQYHVWLJDGRUHV�

$ SURSXOVmR HOpWULFD GLVWULEXtGD DEUH DLQGD PDLV RSRUWXQLGDGHV SDUD DHURQDYHV FRQWURODGDV SRU
SURSXOVmR� LQWURGX]LQGR PRWRUHV FRP UHVSRVWDV PDLV UiSLGDV H FRP FDSDFLGDGH GH WUDomR DGL�
FLRQDO �XPD YH] TXH D PDLRULD GRV PRWRUHV HOpWULFRV SRGHP VHU VREUHFDUUHJDGRV SRU XP FXUWR
SHUtRGR GH WHPSR VHP VREUHDTXHFHU H GDQLILFDU R LVRODPHQWR�� JDUDQWLQGR IOH[LELOLGDGH GH LQWH�
JUDomR VHP HVFDOD �HILFLrQFLD� FRPSDFLGDGH H FRQILDELOLGDGH HP TXDOTXHU HVFDOD� H VHP SHUGD
GH SRWrQFLD j PHGLGD TXH D DOWLWXGH DXPHQWD� $OpP GLVVR� D LPSOHPHQWDomR GD SURSXOVmR
HOpWULFD GLVWULEXtGD EHQHILFLD GDV YDQWDJHQV GR DFRSODPHQWR DHUR�SURSXOVLYR�SUHVVmR GLQkPLFD
PHOKRUDGD VREUH D DVD GHYLGR j GLVWULEXLomR GDV KpOLFHV DR ORQJR GD HQYHUJDGXUD�� UHGXomR GH
UXtGR FRP XP LPSDFWR DF~VWLFR VXEVWDQFLDOPHQWH PDLV EDL[R H XP LPSDFWR SRVLWLYR QR DPEL�
HQWH� WHQGR HP FRQWD TXH RV VLVWHPDV GH SURSXOVmR HOpWULFRV XVXIUXHP GH PHOKRU HILFLrQFLD QD
FRQYHUVmR GH HQHUJLD H VmR FRQVLGHUDGRV HFROyJLFRV�

$VVLP VHQGR� R FRQFHLWR GR VLVWHPD GH SURSXOVmR HOpWULFD GLVWULEXtGD FRPR DWXDGRU GH FRQ�
WUROR SRWHQFLDOL]D QRYRV UHFXUVRV SDUD R SURMHWR� HILFLrQFLD H UREXVWH] GH IXWXUDV DHURQDYHV�
PHOKRUDQGR R GHVHPSHQKR GRV SURMHWRV FRQYHQFLRQDLV� LQFOXLQGR D UHGXomR GDV VXSHUItFLHV GH
FRQWUROR WUDGLFLRQDLV H GD YXOQHUDELOLGDGH GR VLVWHPD GH FRQWUROR GD DHURQDYH D FDVRV GH IDOKD
GH PRWRUHV�

'HVWH PRGR� R SUHVHQWH WUDEDOKR DERUGD D TXHVWmR GR FRQWUROR UREXVWR GD GLQkPLFD ODWHUR�
GLUHFLRQDO SDUD XPD DHURQDYH FRQWURODGD SRU SURSXOVmR FRP LQFHUWH]DV GH SDUkPHWURV� FRP R
REMHWLYR GH HQWHQGHU FRPR FRQWURODU XPD DHURQDYH GH IRUPD UREXVWD DWUDYpV GR VHX VLVWHPD GH
SURSXOVmR HOpWULFD GLVWULEXtGD H FRPR XVDU HVVD FDSDFLGDGH SDUD LQWURGX]LU PHOKRULDV QR SURMHWR
GH DHURQDYHV� &RQFUHWDPHQWH� D TXHVWmR FHQWUDO FRQFHQWUD�VH QR SURMHWR GH XP FRQWURODGRU
KtEULGR UREXVWR� FDSD] GH OLGDU FRP XP PRGR GH RSHUDomR LQGHSHQGHQWH GH FRQWUROR SRU SURSXO�
VmR H XP PRGR FRQYHQFLRQDO� FRPELQDQGR� VH QHFHVViULR� R FRQWUROR SRU SURSXOVmR H D RSHUDomR
GDV VXSHUItFLHV GH FRQWUROR�
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'DGD D LPSRUWkQFLD GH FHUWDV SURSULHGDGHV FKDYH GR VLVWHPD SHUPDQHFHUHP SUDWLFDPHQWH LQ�
DOWHUDGDV TXDQGR VXMHLWDV D SHUWXUEDo}HV QRV VLVWHPDV GH FRQWUROR GD DHURQDYH� JDUDQWLU D UR�
EXVWH] GR FRQWURODGRU HUD XP SUp�UHTXLVLWR HVVHQFLDO SDUD HVWH WUDEDOKR� SRLV SUHWHQGLD�VH REWHU
XP FRQWURODGRU TXH DWHQGD jV HVSHFLILFDo}HV GH SURMHWR HP FRQGLo}HV QRUPDLV GH RSHUDomR GR
VLVWHPD H JDUDQWD GHVHPSHQKR VDWLVIDWyULR QD SUHVHQoD GH GLVW~UELRV�

3DUD HQWHQGHU GHYLGDPHQWH D YDOLGDGH GR FRQWURODGRU GH SURSXOVmR GHVHQYROYLGR QHVWH WUD�
EDOKR� IRUDP FRPSDUDGRV GRLV FDVRV GH HVWXGR � XPD DHURQDYH FRP FRQWUROR FRQYHQFLRQDO �7HF�
QDP 3����7� H XPD PRGLILFDomR GD PHVPD DHURQDYH SDUD SHUPLWLU R FRQWUROR GLVWULEXtGR SRU
SURSXOVmR� 'XDV VROXo}HV SRVVtYHLV SDUD D LPSOHPHQWDomR GR FRQWUROR SRU SURSXOVmR IRUDP LGHQ�
WLILFDGDV� WUDomR YHWRULDO H WUDomR GLIHUHQFLDO�DVVLPpWULFD� 2 DXWRU RSWRX SRU LPSOHPHQWDU D
~OWLPD� TXH FRQVLVWH HP DGLFLRQDU PDLV WUDomR GH XP ODGR TXH R RXWUR� D ILP GH YLUDU D DHURQDYH
QR VHQWLGR GD PHQRU WUDomR�

2V SDUkPHWURV SDUD SURMHWDU R VHJXQGR FDVR IRUDP REWLGRV SRU PHLR GH XPD EUHYH H HOHPHQWDU
HVWLPDWLYD DQDOtWLFD� FRP EDVH QRV PpWRGRV GH SURMHWR FRQFHLWXDO� FRQVLGHUDQGR RV LPSDFWRV
GD PRGLILFDomR QR SHVR� PRPHQWRV H SURGXWRV GH LQpUFLD� DUUDVWR� GHVHPSHQKR QD IDVH GH
GHVFRODJHP H GHULYDGDV GH FRQWUROR H HVWDELOLGDGH�

2V PpWRGRV SURSRVWRV VmR HQWmR YDOLGDGRV DWUDYpV GH VLPXODo}HV FRPSXWDFLRQDLV GH GRLV FDVRV
GH HVWXGR HP FHQiULRV GH YRR UHDOLVWDV� WDLV FRPR YiULDV FXUYDV FRRUGHQDGDV QLYHODGDV H XPD
IDOKD FUtWLFD GR PRWRU�

(P UHVXPR� HVWH WUDEDOKR SHUPLWLX HVFODUHFHU R SRWHQFLDO GD WHFQRORJLD GH SURSXOVmR HOpWULFD
GLVWULEXtGD FRPR XP DWXDGRU GH FRQWUROR� DERUGDQGR D TXHVWmR GR FRQWUROR GR PRYLPHQWR ODWHUR�
GLUHFLRQDO� &RPR D WHFQRORJLD PHQFLRQDGD SRVVXL ]HUR HPLVV}HV GH RSHUDomR� IRL GDGR XP SDVVR
QR VHQWLGR GH UHGX]LU QRVVD SHJDGD DPELHQWDO� QXP PRPHQWR HP TXH D QHFHVVLGDGH GH VROXo}HV
DPELHQWDOPHQWH UHVSRQViYHLV QD DYLDomR p XPD SUHRFXSDomR LQFRQWHVWiYHO� (VWHV QRYRV GHVHQ�
YROYLPHQWRV DEUHP LQ~PHUDV RSRUWXQLGDGHV SDUD QRYDV SHVTXLVDV VREUH R WHPD� DSULPRUDQGR D
YLVmR GH XP IXWXUR PHOKRU H GH XPD DYLDomR VXVWHQWiYHO� HVWLPXODQGR R VXUJLPHQWR GH SURMHWRV
QRYRV H PDLV IOH[tYHLV H GDQGR XVR D QRYDV DERUGDJHQV FLHQWtILFDV H WHFQROyJLFDV�
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$EVWUDFW

)L[HG�ZLQJ IO\LQJ YHKLFOHV DUH XVXDOO\ FRQWUROOHG E\ PHDQV RI FRQWURO VXUIDFHV VXFK DV HOHYDWRU�
DLOHURQV� DQG UXGGHU� 7KHVH VXUIDFHV DUH RSHUDWHG E\ K\GUDXOLF DQG�RU HOHFWULF DFWXDWRUV� ,Q
FDVH RI IDLOXUH RI WKH FRQWURO VXUIDFH V\VWHPV �L�H�� FRQWURO DFWXDWRUV DQG FRXSOLQJ GHYLFHV�� WKH
DLUFUDIW PD\ VXIIHU GDPDJHV OHDGLQJ WR VHYHUH RU HYHQ IDWDO FUDVKHV�

$Q LQFUHDVLQJ KLVWRU\ RI DFFLGHQWV DQG LQFLGHQWV PRWLYDWHG UHVHDUFKHUV WR LQYHVWLJDWH WKH XVH
RI SURSXOVLRQ DV DQ HPHUJHQF\ IOLJKW FRQWURO DQG HYHU VLQFH UHVHDUFKHV RQ SURSXOVLRQ FRQWUROOHG
IO\LQJ YHKLFOHV KDYH JDLQHG LQFUHDVHG SRSXODULW\ LQ WKH ODVW GHFDGHV� H[SDQGLQJ IURP VDIHW\
SXUSRVHV RQO\ DV LQYHVWLJDWRUV UHDOLVHG SURSXOVLRQ FRQWURO LV PRUH IOH[LEOH WKDQ FODVVLFDO FRQWURO
VXUIDFHV DQG SURSXOVLRQ FRQWUROOHG YHKLFOHV DUH SURQH WR KLJKO\ IDVW DWWLWXGH VWDELOLVDWLRQ DQG
WUDMHFWRU\ WUDFNLQJ�

'LVWULEXWHG HOHFWULF SURSXOVLRQ RSHQV HYHQ IXUWKHU RSSRUWXQLWLHV IRU SURSXOVLRQ FRQWUROOHG DLU�
FUDIW� LQWURGXFLQJ IDVWHU UHVSRQVH HQJLQHV ZLWK DGGLWLRQDO WKUXVW FDSDELOLW\� JUDQWLQJ VFDOH�IUHH
LQWHJUDWLRQ IOH[LELOLW\ DQG QR SRZHU ODSVH DV DOWLWXGH LQFUHDVHV� $OVR� WKH '(3 LPSOHPHQWD�
WLRQ SURILWV IURP DHUR�SURSXOVLYH FRXSOLQJ EHQHILWV� QRLVH UHGXFWLRQ ZLWK D VXEVWDQWLDOO\ ORZHU
DFRXVWLF LPSDFW DQG D SRVLWLYH LPSDFW RQ WKH HQYLURQPHQW�

7KXV� WKH HPHUJHQFH RI WKH '(3 V\VWHP FRQFHSW DV D FRQWURO DFWXDWRU SRWHQWLDWHV QHZ FDSD�
ELOLWLHV IRU IXWXUH DLUFUDIW·V GHVLJQ� HIILFLHQF\ DQG UREXVWQHVV� LPSURYLQJ WKH SHUIRUPDQFH RI
FRQYHQWLRQDO GHVLJQV� LQFOXGLQJ UHGXFLQJ WKH WUDGLWLRQDO FRQWURO VXUIDFHV DQG GHFUHDVLQJ WKH
DLUFUDIW·V FRQWURO V\VWHP YXOQHUDELOLW\ WR HQJLQH�RXW FDVHV�

+HQFH� WKH SUHVHQW ZRUN DGGUHVVHV WKH LVVXH RI UREXVW ODWHUDO�GLUHFWLRQDO G\QDPLFV FRQWURO IRU
D SURSXOVLRQ FRQWUROOHG DLUFUDIW ZLWK SDUDPHWHU XQFHUWDLQWLHV� DLPLQJ WR XQGHUVWDQG KRZ WR
UREXVWO\ FRQWURO DQ DLUFUDIW WKURXJK LWV GLVWULEXWHG HOHFWULF SURSXOVLRQ V\VWHP DQG KRZ WR XVH
WKLV FDSDELOLW\ WR LQWURGXFH LPSURYHPHQWV LQ DQ DLUFUDIW·V GHVLJQ� &RQFUHWHO\� WKH FRUH LVVXH
IRFXVHV RQ GHVLJQLQJ D K\EULG UREXVW UROO�\DZ FRQWUROOHU ZKLFK LV DEOH WR GHDO ZLWK D VWDQGDORQH
SURSXOVLRQ FRQWURO RSHUDWLRQ PRGH DV ZHOO DV D FRQYHQWLRQDO PRGH� FRPELQLQJ� LI QHHGHG� ERWK
SURSXOVLRQ FRQWURO DQG FRQWURO VXUIDFH RSHUDWLRQ�

7KH SURSRVHG PHWKRGV DUH WKHQ YDOLGDWHG WKURXJK FRPSXWDWLRQDO VLPXODWLRQ RQ UHDOLVWLF IOLJKW
VFHQDULRV� QDPHO\ VHYHUDO OHYHOOHG FRRUGLQDWHG WXUQV DQG D FULWLFDO HQJLQH IDLOXUH� 7KXV� WKLV
ZRUN VKLQHV D OLJKW RQ WKH GLVWULEXWHG HOHFWULF SURSXOVLRQ WHFKQRORJ\ SRWHQWLDO DV D FRQWURO DFWX�
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1RPHQFODWXUH

α DLUFUDIW·V DQJOH RI DWWDFN

αn QDFHOOH DQJOH RI DWWDFN

α∗ HTXLOLEULXP VWDWH DQJOH RI DWWDFN

a DFFHOHUDWLRQ

A VWDWH FRHIILFLHQW PDWUL[

Ah KRUL]RQWDO HPSHQQDJH DVSHFW UDWLR

Ap SODQW·V VWDWH FRHIILFLHQW PDWUL[

Aprop SURSHOOHU GLVN DUHD

Av YHUWLFDO HPSHQQDJH DVSHFW UDWLR

Aw ZLQJ DVSHFW UDWLR

β VLGHVOLS DQJOH

bv YHUWLFDO HPSHQQDJH VSDQ

bw ZLQJ UHIHUHQFH VSDQ

B GULYLQJ PDWUL[

Bp SODQW·V GULYLQJ PDWUL[

cdc H[SHULPHQWDO VWHDG\ VWDWH FURVV�IORZ GUDJ

(clδr )theory WKHRUHWLFDO UXGGHU VLGH IRUFH HIIHFWLYHQHVV

clαv
YHUWLFDO HPSHQQDJH DLUIRLO OLIW FXUYH VORSH

cv YHUWLFDO HPSHQQDJH PHDQ�FKRUG

cw ZLQJ PHDQ�FKRUG

C RXWSXW�REVHUYDWLRQ PDWUL[

CD GUDJ IRUFH FRHIILFLHQW

CDα GUDJ GXH WR DQJOH RI DWWDFN GHULYDWLYH

CD0 DLUFUDIW ]HUR�OLIW GUDJ FRHIILFLHQW

CD0nb
]HUR�OLIW GUDJ FRHIILFLHQW RI WKH EDVH RI WKH QDFHOOH

(CD0n
) QDFHOOH ]HUR�OLIW GUDJ FRHIILFLHQW
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CD0v
YHUWLFDO HPSHQQDJH ]HUR�OLIW GUDJ FRHIILFLHQW

CDbn
QDFHOOH EDVH�GUDJ FRHIILFLHQW

CDLn
QDFHOOH GUDJ FRHIILFLHQW GXH WR OLIW

CDLv
YHUWLFDO HPSHQQDJH GUDJ FRHIILFLHQW GXH WR OLIW

CDn QDFHOOH GUDJ FRHIILFLHQW

CDv VXEVRQLF YHUWLFDO HPSHQQDJH GUDJ FRHIILFLHQW

Cfn WXUEXOHQW IODW SODWH IULFWLRQ FRHIILFLHQW RI WKH QDFHOOH

Cfv WXUEXOHQW IODW SODWH IULFWLRQ FRHIILFLHQW RI WKH YHUWLFDO HPSHQQDJH

Cl UROO PRPHQW FRHIILFLHQW

Clβ UROOLQJ PRPHQW GXH WR VLGHVOLS GHULYDWLYH

Clβv
YHUWLFDO WDLO FRQWULEXWLRQ WR WKH UROOLQJ PRPHQW GXH WR VLGHVOLS GHULYDWLYH

Clδa UROOLQJ PRPHQW GXH WR DLOHURQ GHIOHFWLRQ GHULYDWLYH

Clδr UROOLQJ PRPHQW GXH WR UXGGHU GHIOHFWLRQ GHULYDWLYH

Clp UROOLQJ PRPHQW GXH WR UROO UDWH GHULYDWLYH

Clpv YHUWLFDO WDLO FRQWULEXWLRQ WR WKH UROOLQJ PRPHQW GXH WR UROO UDWH GHULYDWLYH

Clr UROOLQJ PRPHQW GXH WR \DZ UDWH GHULYDWLYH

Clrv YHUWLFDO WDLO FRQWULEXWLRQ WR WKH UROOLQJ PRPHQW GXH WR \DZ UDWH GHULYDWLYH

CL OLIW IRUFH FRHIILFLHQW

CL0 ]HUR DQJOH RI DWWDFN OLIW FRHIILFLHQW

CLα VORSH RI WKH OLIW FXUYH

(CLα)v OLIW�FXUYH VORSH RI WKH YHUWLFDO SDQHO� GHWHUPLQHG ZLWK WKH HIIHFWLYH DVSHFW UDWLR
RI WKH YHUWLFDO HPSHQQDJH

CLav
YHUWLFDO HPSHQQDJH OLIW FXUYH VORSH

CLsec ZLQJ VHFWLRQ·V OLIW IRUFH FRHIILFLHQW

Cm SLWFK PRPHQW FRHIILFLHQW

Cmα SLWFKLQJ PRPHQW GXH WR DQJOH RI DWWDFN GHULYDWLYH

Cmδe
SLWFKLQJ PRPHQW GXH WR VWDELODWRU GHIOHFWLRQ GHULYDWLYH

Cm0 SLWFKLQJ PRPHQW DW ]HUR DQJOH RI DWWDFN

Cmq SLWFKLQJ PRPHQW GXH WR SLWFK UDWH GHULYDWLYH

Cn \DZ PRPHQW FRHIILFLHQW

Cnβ \DZLQJ PRPHQW GXH WR VLGHVOLS GHULYDWLYH
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Cnβv
YHUWLFDO WDLO FRQWULEXWLRQ WR WKH \DZLQJ PRPHQW GXH WR VLGHVOLS GHULYDWLYH

(Cnβ )WB
FRQWULEXWLRQ RI WKH ZLQJ�ERG\ FRPELQDWLRQ WR WKH WRWDO \DZLQJ PRPHQW GXH WR
VLGHVOLS

Cnδa
\DZLQJ PRPHQW GXH WR DLOHURQ GHIOHFWLRQ GHULYDWLYH

Cnδr
\DZLQJ PRPHQW GXH WR UXGGHU GHIOHFWLRQ GHULYDWLYH

Cnp \DZLQJ PRPHQW GXH WR UROO UDWH GHULYDWLYH

Cnpv
YHUWLFDO WDLO FRQWULEXWLRQ WR WKH \DZLQJ PRPHQW GXH WR UROO UDWH GHULYDWLYH

Cnr \DZLQJ PRPHQW GXH WR \DZ UDWH GHULYDWLYH

Cnrv
YHUWLFDO WDLO FRQWULEXWLRQ WR WKH \DZLQJ PRPHQW GXH WR \DZ UDWH GHULYDWLYH

Cp SODQW·V RXWSXW�REVHUYDWLRQ PDWUL[

CT WKUXVW IRUFH FRHIILFLHQW

CX D[LDO IRUFH FRHIILFLHQW

CY VLGH IRUFH FRHIILFLHQW

CYβ VLGH IRUFH GXH WR VLGHVOLS GHULYDWLYH

CYβv
YHUWLFDO WDLO FRQWULEXWLRQ WR WKH VLGH IRUFH GXH WR VLGHVOLS GHULYDWLYH

CYδa
VLGH IRUFH GXH WR DLOHURQ GHIOHFWLRQ GHULYDWLYH

CYδr
VLGH IRUFH GXH WR UXGGHU GHIOHFWLRQ GHULYDWLYH

CYp VLGH IRUFH GXH WR UROO UDWH GHULYDWLYH

CYpv
YHUWLFDO WDLO FRQWULEXWLRQ WR WKH VLGH IRUFH GXH WR UROO UDWH GHULYDWLYH

CYr VLGH IRUFH GXH WR \DZ UDWH GHULYDWLYH

CYrv
YHUWLFDO WDLO FRQWULEXWLRQ WR WKH VLGH IRUFH GXH WR \DZ UDWH GHULYDWLYH

∆CY,rudder LQFUHPHQW LQ DLUIRLO VXEVHFWLRQ PD[LPXP VLGH IRUFH FRHIILFLHQW GXH WR WKH UXG�
GHU GHIOHFWLRQ

(∆CYβ )v VLGH IRUFH GXH WR VLGHVOLS RI WKH YHUWLFDO HPSHQQDJH FRHIILFLHQW

CZ QRUPDO IRUFH FRHIILFLHQW

δa DLOHURQ GHIOHFWLRQ

δe VWDELODWRU GHIOHFWLRQ

δr UXGGHU GHIOHFWLRQ

δth WKURWWOH SRVLWLRQ

d GLVWXUEDQFH YHFWRU

db QDFHOOH EDVH GLDPHWHU
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dn PD[LPXP QDFHOOH GLDPHWHU

D GLUHFW PDWUL[

D GUDJ IRUFH

ξ GDPSLQJ

η UDWLR RI WKH GUDJ RI D ILQLWH F\OLQGHU WR WKH GUDJ RI DQ LQILQLWH F\OLQGHU

ηP SURSHOOHUV·V HIILFLHQF\

ε WXQQLQJ FRQVWDQW

εturn FRRUGLQDWHG WXUQ WUDFNLQJ HUURU

εTe HQJLQH DQJOH RI LQFLGHQFH

E GLVWXUEDQFH DVVRFLDWHG PDWUL[

FTen
GLIIHUHQFH EHWZHHQ HDFK HQJLQH ZLQJ DIIHFWHG VHFWLRQ·V ZHLJKW DQG OLIW IRUFHV

γ DLUFUDIW·V WUDMHFWRU\ LQ UHODWLRQ WR WKH KRUL]RQWDO ORFDO SODQH

γ DWWHQXDWLRQ FRQVWDQW

γclimb FOLPE DQJOH

h̄ GLVWDQFH IURP WKH FHQWUH (DUWK·V JOREH WR WKH DLUFUDIW

hfus IXVHODJH KHLJKW

hobstacle REVWDFOH KHLJKW

hTR WUDQVLWLRQ SKDVH UHDFKHG KHLJKW

H KDPLOWRQLDQ VWUXFWXUH RI D JLYHQ DOJHEUDLF 5LFFDWL HTXDWLRQ

Ixx UROOLQJ PDVV PRPHQW RI LQHUWLD

Ixy UROO�SLWFK SURGXFW RI LQHUWLD

Iyy SLWFKLQJ PDVV PRPHQW RI LQHUWLD

Iyz SLWFK�\DZ SURGXFW RI LQHUWLD

Izx \DZ�UROO SURGXFW RI LQHUWLD

Izz \DZLQJ PDVV PRPHQW RI LQHUWLD
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J FRVW IXQFWLRQ

k HPSLULFDO IDFWRU

kv HPSLULFDO IDFWRU

K IHHGEDFN JDLQ

K ′ HPSLULFDO FRUUHFWLRQ IDFWRU IRU QRQOLQHDU HIIHFWV DW KLJK UXGGHU GHIOHFWLRQV

Kdrag GUDJ GXH WR OLIW IDFWRU

Kb HIIHFW RI WDSHU UDWLR DQG UXGGHU VSDQ FRUUHFWLRQ IDFWRU

KΛ DQ HPSLULFDOO\ GHULYHG FRUUHFWLRQ IDFWRU WKDW DFFRXQWV IRU WKH HIIHFWV RI YHUWLFDO
WDLO SODQIRUP

KN HPSLULFDO IDFWRU UHODWHG WR WKH VLGHVOLS GHULYDWLYH IRU ERG\ SOXV ZLQJ�ERG\ LQ�
WHUIHUHQFH

KRl HPSLULFDO 5H\QROGV�QXPEHU IDFWRU

λ HLJHQYDOXHV RI D JLYHQ PDWUL[

λ̄ DLUFUDIW·V ORQJLWXGH

Λ1/4v
YHUWLFDO HPSHQQDJH TXDUWHU FKRUG VZHHS DQJOH

Λc/4 ZLQJ TXDUWHU FKRUG VZHHS DQJOH

lB OHQJWK RI WKH ERG\

lfus IXVHODJH OHQJWK

ln QDFHOOH OHQJWK

lv GLVWDQFH SDUDOOHO WR WKH ORQJLWXGLQDO D[LV EHWZHHQ WKH YHKLFOH FHQWUH RI JUDYLW\
DQG WKH TXDUWHU�FKRUG SRLQW RI WKH 0$& RI WKH YHUWLFDO HPSHQQDJH

lxsec GLVWDQFH GLVWDQFH SDUDOOHO WR WKH ORQJLWXGLQDO D[LV EHWZHHQ WKH YHKLFOH·V DQG
HDFK VHFWLRQ·V FHQWUH RI JUDYLW\

lxT GLVWDQFH SDUDOOHO WR WKH ORQJLWXGLQDO D[LV EHWZHHQ WKH YHKLFOH·V DQG WKH HQJLQH·V
FHQWUH RI JUDYLW\

lyT GLVWDQFH SHUSHQGLFXODU WR WKH ORQJLWXGLQDO D[LV EHWZHHQ WKH YHKLFOH·V DQG WKH
HQJLQH·V FHQWUH RI JUDYLW\

L OLIW IRUFH

L′ DLUIRLO WKLFNQHVV ORFDWLRQ SDUDPHWHU

L̄ UROO PRPHQW

Lsec OLIW IRUFH LQ WKH HQJLQH ZLQJ DIIHFWHG VHFWLRQ
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LT WKUXVW UROO PRPHQW

µ UROOLQJ�IULFWLRQ FRHIILFLHQW

m WRWDO QXPEHU RI IDLOHG HQJLQHV

M SLWFK PRPHQW

MT WKUXVW SLWFK PRPHQW

n ORDG IDFWRU

nult GHVLJQ XOWLPDWH ORDG IDFWRU

N \DZ PRPHQW

N̄ WRWDO QXPEHU RI HQJLQHV RI WKH DLUFUDIW

Nβ \DZ PRPHQW JHQHUDWHG E\ WKH VLGHVOLS

ND GUDJ SURGXFHG E\ WKH IDLOHG HQJLQH

NE HQJLQH \DZ PRPHQW

NV \DZ PRPHQW JHQHUDWHG E\ WKH YHUWLFDO WDLO

NT WKUXVW \DZ PRPHQW

ωn QDWXUDO IUHTXHQF\

φ UROO�EDQN DQJOH

φ̇ UROO�EDQN UDWH

ϕ DLUFUDIW·V ODWLWXGH

ψ \DZ�WXUQ DQJOH

ψ̇ \DZ�WXUQ UDWH

p DLUFUDIW DQJXODU ERG\ UDWH

P XQLTXH SRVLWLYH�GHILQLWH VROXWLRQ RI D JLYHQ DOJHEUDLF 5LFFDWL HTXDWLRQ

PO HQJLQH·V SRZHU IRU WKH VHW WKURWWOH� DW VHD OHYHO

Pe HQJLQH·V SRZHU

Pef SUREDELOLW\ RI DQ HQJLQH IDLOXUH

Pmax HQJLQH·V PD[LPXP SRZHU
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q DLUFUDIW DQJXODU ERG\ UDWH

Q VWDWH ZHLJKWLQJ PDWUL[

Q̄ G\QDPLF SUHVVXUH

ρ DWPRVSKHULF GHQVLW\

r DLUFUDIW DQJXODU ERG\ UDWH

R UHDO QXPEHUV

R FRQWURO ZHLJKWLQJ PDWUL[

RLS OLIWLQJ VXUIDFH FRUUHFWLRQ IDFWRU

Rturn UDGLXV RI WXUQ

RTR UDGLXV RI WKH WUDQVLWLRQ SKDVH FLUFXODU SDWK

Rwf ZLQJ�IXVHODJH LQWHUIHUHQFH IDFWRU

σ VWDQGDUG GHYLDWLRQ

Sbn QDFHOOH EDVH DUHD

SBS SURMHFWHG VLGH DUHD RI WKH ERG\

SC FOLPE ILHOG OHQJWK

SG OHYHO JURXQG UROO ILHOG OHQJWK

SR URWDWLRQ JURXQG UROO ILHOG OHQJWK

Sh KRUL]RQWDO HPSHQQDJH DUHD

Sn QDFHOOH PD[LPXP IURQWDO DUHD

Splfn
QDFHOOH SODQIRUP DUHD

Ssec ZLQJ VHFWLRQ DUHD

STO WRWDO WDNH�RII ILHOG OHQJWK

STR WUDQVLWLRQ WR FOLPE ILHOG OHQJWK

Sv YHUWLFDO HPSHQQDJH DUHD PHDVXUHG WR WKH ERG\ FHQWUH�OLQH

Sw ZLQJ UHIHUHQFH DUHD

Swetn ZHWWHG DUHD RI WKH QDFHOOH

Swetv ZHWWHG DUHD RI WKH YHUWLFDO HPSHQQDJH

τ WLPH FRQVWDQW
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τe HQJLQH·V WLPH FRQVWDQW

θ̇ DLUFUDIW DWWLWXGH UDWH

t WLPH

trh KRUL]RQWDO HPSHQQDJH PD[LPXP URRW WKLFNQHVV

trv YHUWLFDO HPSHQQDJH PD[LPXP URRW WKLFNQHVV

tTr HQJLQH·V 7KUXVW UHVSRQVH�VHWWOLQJ WLPH

tturn WLPH WR FRPSOHWH RQH WXUQ

T WKUXVW IRUFH

T 1
2

WLPH WR KDOYH

T2 WLPH WR GRXEOH

TE WKUXVW RI HDFK HQJLQH

u FRQWURO YHFWRU

u∗ QRQ�OLQHDU HTXLOLEULXP �RU WULPPHG� FRQWURO YHFWRU

ū OLQHDU HTXLOLEULXP �RU WULPPHG� FRQWURO YHFWRU

U FRQWUROODELOLW\ PDWUL[

v ODWHUDO FRPSRQHQW RI WKH IOLJKW YHORFLW\

vi LQGXFHG YHORFLW\

V IOLJKW YHORFLW\

V∞ DLUVSHHG

VA PDQHXYHULQJ VSHHG

Vmax PD[LPXP VSHHG DW VHD OHYHO

VMCG PLQLPXP FRQWURO VSHHG RQ JURXQG

VNE QHYHU H[FHHG VSHHG

VS VWDOO VSHHG

VTR WUDQVLWLRQ YHORFLW\

We HQJLQH ZHLJKW

Wempty HPSW\�HTXLSSHG ZHLJKW

Wh KRUL]RQWDO HPSHQQDJH ZHLJKW
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Wn QDFHOOH ZHLJKW

WTO WDNH�RII ZHLJKW

Wuseful VWDQGDUG XVHIXO ORDG

Wv YHUWLFDO HPSHQQDJH ZHLJKW

Ww ZLQJ ZHLJKW

Wwsec ZLQJ VHFWLRQ·V ZHLJKW

χ IOLJKW SDWK DQJOH LQ UHODWLRQ WR JHRGHWLF 1RUWK

x VWDWH YHFWRU

x̄ OLQHDU HTXLOLEULXP �RU WULPPHG� VWDWH YHFWRU

x∗ QRQ�OLQHDU HTXLOLEULXP �RU WULPPHG� VWDWH YHFWRU

xe LQWHJUDWRU·V VWDWH YHFWRU

xp SODQW·V VWDWH YHFWRU

X D[LDO IRUFH

Xcga
PD[LPXP DIW D[LDO FJ SRVLWLRQ

Xcgf
PD[LPXP IRUZDUG D[LDO FJ SRVLWLRQ

XT WKUXVW D[LDO IRUFH

y RXWSXW YHFWRU

yE GLVWDQFH SHUSHQGLFXODU WR WKH ORQJLWXGLQDO D[LV EHWZHHQ WKH YHKLFOH FHQWUH RI
JUDYLW\ DQG WKH DFWLYH HQJLQH

Y VLGH IRUFH

YT WKUXVW VLGH IRUFH

z YHUWLFDO GLVWDQFH EHWZHHQ WKH ZLQJ·V URRW TXDUWHU FKRUG SRLQW DQG WKH DLUFUDIW·V
FHQWHU RI JUDYLW\

zf PD[LPXP IXVHODJH GHSWK

zv YHUWLFDO GLVWDQFH EHWZHHQ WKH YHUWLFDO WDLO·V DHURG\QDPLF FHQWUH DQG WKH DLU�
FUDIW·V FHQWUH RI JUDYLW\

zw GLVWDQFH IURP ZLQJ URRW TXDUWHU FKRUG SRLQW WR WKH IXVHODJH FHQWUHOLQH

Z QRUPDO IRUFH

ZT WKUXVW QRUPDO IRUFH
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(αδr )CL
(αδr )cl

HIIHFW RI DVSHFW UDWLR DQG UXGGHU�FKRUG UDWLR RQ WKH WKUHH GLPHQVLRQDO UXGGHU

HIIHFWLYHQHVV

clδr
(clδr

)
theory

HPSLULFDO FRUUHFWLRQ IDFWRU

Sv
Sw

UDWLR RI WKH YHUWLFDO HPSHQQDJH DUHD �PHDVXUHG WR WKH ERG\ FHQWUH�OLQH� WR WKH
WRWDO ZLQJ DUHD

Svf

Sv
WKH UDWLR RI WKH UXGGHU�DIIHFWHG YHUWLFDO WDLO DUHD WR WKH WRWDO YHUWLFDO WDLO DUHD

t
c PD[LPXP WKLFNQHVV UDWLR DVVRFLDWHG ZLW WKH YHUWLFDO HPSHQQDJH DLUIRLO
(
1 + ∂σ

∂β

)
· qv
q∞

SDUDPHWHU UHSUHVHQWLQJ WKH ZDNH DQG VLGHZDVK HIIHFWV
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$FURQ\PV /LVW

$)&6 $XWRPDWLF )OLJKW &RQWURO 6\VWHP

%:% %OHQGHG :LQJ %RG\

&�0$366 &RPPHUFLDO 0RGXODU $HUR�3URSXOVLRQ 6\VWHP 6LPXODWLRQ
&$' &RPSXWHU�$LGHG 'HVLJQ

'((& 'LJLWDO )OLJKW &RQWURO &RPSXWHU
'(3 'LVWULEXWHG (OHFWULF 3URSXOVLRQ
')&& 'LJLWDO (OHFWURQLF (QJLQH &RQWUROV
'R) 'HJUHHV RI )UHHGRP
'3 'LVWULEXWHG 3URSXOVLRQ

($,& (OHFWURQLF $LU ,QOHW &RQWUROOHUV

)$5 )HGHUDO $YLDWLRQ 5HJXODWLRQ
)3&& )OLJKW 3URSXOVLRQ &RQWURO &RXSOLQJ

,&&7 ,QWHUQDWLRQDO &RXQFLO RQ &OHDQ 7UDQVSRUWDWLRQ
,)6' ,Q�)OLJKW 6KXWGRZQ

/($37HFK /HDGLQJ (GJH $V\QFKURQRXV 3URSHOOHU 7HFKQRORJ\
/45 /LQHDU 4XDGUDWLF 5HJXODWRU
/75 /RRS 7UDQVIHU 5HFRYHU\

0'2 0XOWL�'LVFLSOLQDU\ 'HVLJQ 2SWLPLVDWLRQ
0,02 0XOWLSOH ,QSXW 0XOWLSOH 2XWSXW

1$6$ 1DWLRQDO $HURQDXWLFV DQG 6SDFH $GPLQLVWUDWLRQ

2SHQ963 2SHQ 9HKLFOH 6NHWFK 3DG

3&$ 3URSXOVLRQ &RQWUROOHG $LUFUDIW
3,' 3URSRUWLRQDO�,QWHJUDO�'HULYDWLYH
36& 3HUIRUPDQFH 6HHNLQJ &RQWURO

6, ,QWHUQDWLRQDO 6\VWHP RI 8QLWV

7H'3 7XUERHOHFWULF 'LVWULEXWHG 3URSXOVLRQ
72& 7KURWWOHV�2QO\ &RQWURO

8$9 8QPDQQHG $HULDO 9HKLFOH
8%, 8QLYHUVLGDGH GD %HLUD ,QWHULRU
86 8QLWHG 6WDWHV
86$) 8QLWHG 6WDWHV $LU )RUFH

972/ 9HUWLFDO 7DNH�RII DQG /DQGLQJ
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&KDSWHU �

,QWURGXFWLRQ

)L[HG�ZLQJ IO\LQJ YHKLFOHV DUH XVXDOO\ FRQWUROOHG E\ PHDQV RI FRQWURO VXUIDFHV VXFK DV HOHYDWRU�
DLOHURQV� DQG UXGGHU� 7KHVH VXUIDFHV DUH RSHUDWHG E\ K\GUDXOLF DQG�RU HOHFWULF DFWXDWRUV DQG
LQ FDVH RI IDLOXUH RI WKRVH FRQWURO V\VWHPV �L�H� FRQWURO DFWXDWRUV DQG FRXSOLQJ GHYLFHV�� WKH
DLUFUDIW PD\ VXIIHU FDWDVWURSKLF GDPDJHV�
)RU RYHU �� \HDUV� PXOWLSOH DLUFUDIW KDYH IDFHG PDMRU IOLJKW FRQWURO V\VWHP IDLOXUHV ZKLFK OHG WR
VHYHUH RU HYHQ IDWDO FUDVKHV� UHVXOWLQJ LQ RYHU ���� OLYHV ORVW� 7KH LQFUHDVLQJ KLVWRU\ RI DFFLGHQWV
DQG LQFLGHQWV PRWLYDWHG UHVHDUFKHUV WR LQYHVWLJDWH WKH XVH RI SURSXOVLRQ DV DQ HPHUJHQF\ IOLJKW
FRQWURO E\ FRQGXFWLQJ VLPXODWRU� IOLJKW DQG DQDO\WLFDO VWXGLHV RQ WKH PDWWHU� $ VXPPDU\ RI WKHVH
DFFLGHQWV FDQ EH IRXQG EHOORZ�

7DEOH ���� 6\VWHPV IDLOHG DQG RSHUDWLQJ IRU DFFLGHQWV DQG LQFLGHQWV LQ ZKLFK HQJLQH WKUXVW ZDV RU FRXOG
KDYH EHHQ XVHG IRU FRQWURO� >��@

$FFLGHQW�,QFLGHQW $LOHURQ 5XGGHU (OHYDWRU (QJLQHV )DWDOLWLHV

-XQH ��
����

1RUWK $PHULFDQ ;%����
86$)

\HV QR QR DOO 2. �

���� ³ ����
9LHWQDP :DU 6WDWLVWLFV�
6RXWKHDVW $VLD /RVVHV

³ ³ ³ ³ ≈ ����

-XQH ���
����

0F'RQQHOO 'RXJODV '&����
$PHULFDQ $LUOLQHV )OLJKW ��

\HV QR \HV RQH RXW ³

$SULO ��
����

/RFNKHHG &��$�
86$) 2SHUDWLRQ %DE\OLIW

\HV QR QR DOO 2. ���

0DUFK ��
����

0F'RQQHOO 'RXJODV '&����
7XUNLVK $LUOLQHV )OLJKW ���

\HV QR QR DOO 2. ���

0D\ ���
����

%RHLQJ %���+�
86$)

\HV QR QR DOO 2. ³

$SULO ���
����

/RFNKHHG /����� 7ULVWDU�
'HOWD $LU /LQHV )OLJKW ����

\HV \HV \HV DOO 2. ³

1RYHPEHU ���
����

%RHLQJ %���*�
86$)

\HV QR QR DOO 2. ³

$XJXVW ���
����

%RHLQJ ����
-DSDQ $LUOLQHV )OLJKW ���

QR QR QR DOO 2. ���

-XO\ ���
����

0F'RQQHOO 'RXJODV '&����
8QLWHG $LUOLQHV )OLJKW ���

QR QR QR FHQWHU RXW ���

)HEUXDU\�
����

)DLUFKLOG 5HSXEOLF $����
86$) 2SHUDWLRQ 'HVHUW 6WRUP

\HV QR QR DOO 2. ³

1RYHPEHU ���
����

$LUEXV $��������
$PHULFDQ $LUOLQHV )OLJKW ���

\HV QR \HV DOO 2. ���

0D\ ���
����

0F'RQQHOO 'RXJODV )�$����
86 1DY\

QR QR QR DOO 2. ³

1RYHPEHU ���
����

$LUEXV $����
'+/

QR QR QR DOO 2. ³

0DUFK ��
����

$LUEXV $����
$LU 7UDQVDW )OLJKW ���

\HV QR \HV DOO 2. ³
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3OHQW\ RI LQWHUHVWLQJ GDWD FDPH IURP WKRURXJK H[DPLQDWLRQV RI WKRVH FDVXDOWLHV� WKH SRWHQWLDO
RI XVLQJ WKUXVW IRU FRQWURO H[SDQGHG IURP VDIHW\ SXUSRVHV RQO\ WR GHVLJQ RSWLPLVDWLRQ EHQHILWV�
OHDGLQJ WR DQ LQFUHDVHG SRSXODULW\ RI SURSXOVLRQ FRQWUROOHG IO\LQJ YHKLFOHV DPRQJVW UHVHDUFKHUV�
'LVWULEXWHG HOHFWULF SURSXOVLRQ �'(3� RSHQV HYHQ IXUWKHU RSSRUWXQLWLHV IRU SURSXOVLRQ FRQWUROOHG
DLUFUDIW� LQWURGXFLQJ IDVWHU UHVSRQVH HQJLQHV ZLWK DGGLWLRQDO WKUXVW FDSDELOLW\ �VLQFH WKH PDMRULW\
RI HOHFWULF PRWRUV FDQ EH RYHUORDGHG IRU D VKRUW SHULRG RI WLPH ZLWKRXW RYHUKHDWLQJ DQG GDP�
DJLQJ WKH LQVXODWLRQ�� JUDQWLQJ VFDOH�IUHH LQWHJUDWLRQ IOH[LELOLW\ �HIILFLHQF\� FRPSDFWQHVV� KLJK
SRZHU WR ZHLJKW DQG UHOLDELOLW\ DW DQ\ VFDOH� DQG QR SRZHU ODSVH DV DOWLWXGH LQFUHDVHV� $OVR� WKH
'(3 LPSOHPHQWDWLRQ SURILWV IURP DHUR�SURSXOVLYH FRXSOLQJ EHQHILWV �HQKDQFHG G\QDPLF SUHV�
VXUH RYHU WKH ZLQJ GXH WR WKH SURSHOOHUV EHLQJ GLVWULEXWHG DORQJ WKH ZLQJVSDQ�� QRLVH UHGXFWLRQ
ZLWK D VXEVWDQWLDOO\ ORZHU DFRXVWLF LPSDFW DQG D SRVLWLYH HIIHFW RQ WKH HQYLURQPHQW� DV HOHFWULF
SURSXOVLRQ V\VWHPV DGYDQWDJHRXVO\ KDYH EHWWHU HQHUJ\ FRQYHUVLRQ HIILFLHQF\ DQG DUH FRQVLGHUHG
HQYLURQPHQWDOO\ IULHQGO\� 7KXV� WKH HPHUJHQFH RI WKH '(3 V\VWHP FRQFHSW DV D FRQWURO DFWXDWRU
SRWHQWLDWHV QHZ FDSDELOLWLHV IRU IXWXUH DLUFUDIW·V GHVLJQ� HIILFLHQF\ DQG UREXVWQHVV� LPSURYLQJ
WKH SHUIRUPDQFH RI FRQYHQWLRQDO GHVLJQV� LQFOXGLQJ UHGXFLQJ WKH WUDGLWLRQDO FRQWURO VXUIDFHV DQG
GHFUHDVLQJ WKH DLUFUDIW·V FRQWURO V\VWHP YXOQHUDELOLW\ WR HQJLQH�RXW FDVHV�
$OVR� SURSXOVLRQ FRQWURO LV FRQVLGHUDEO\ PRUH IOH[LEOH WKDQ FODVVLFDO FRQWURO VXUIDFHV� DV SURSXO�
VLRQ FRQWUROOHG YHKLFOHV DUH SURQH WR KLJKO\ IDVW DWWLWXGH VWDELOLVDWLRQ DQG WUDMHFWRU\ WUDFNLQJ�
7KH DXWKRU DFNQRZOHGJHV WKLV SRWHQWLDO EXW DOVR WKH FKDOOHQJHV RI FRQWURO�DXWKRULW\ OLPLWDWLRQV
RI WKH VWDQGDORQH SURSXOVLRQ FRQWURO RSHUDWLRQ PRGH� WKHUHIRUH K\SRWKHVLVLQJ WKDW SURSXOVLRQ
FRQWURO PLJKW QRW EH VXIILFLHQW IRU IXOO ODWHUDO�GLUHFWLRQDO IOLJKW G\QDPLFV� 7KLV DVVXPSWLRQ ZLOO
OHDG WR WKH D SULRUL GHVLJQ RI D K\EULG PRGH� DOWKRXJK FRQYHQWLRQDOO\ EHIRUH GHVLJQLQJ WKH K\EULG
FRQWURO PRGH� RQH VKRXOG GHPRQVWUDWH WKDW WKH SURSXOVLYH VWDQGDORQH FRQWURO LV LQVXIILFLHQW�
+HQFH� WKH SUHVHQW ZRUN DGGUHVVHV WKH LVVXH RI UREXVW ODWHUDO�GLUHFWLRQDO G\QDPLFV FRQWURO IRU
D K\EULG GLVWULEXWHG HOHFWULF SURSXOVLRQ FRQWUROOHG DLUFUDIW ZLWK SDUDPHWHU XQFHUWDLQWLHV� &RQ�
FUHWHO\� WKH FRUH LVVXH IRFXVHV RQ GHVLJQLQJ D K\EULG UREXVW UROO�\DZ FRQWUROOHU ZKLFK LV DEOH WR
GHDO ZLWK D VWDQGDORQH SURSXOVLRQ FRQWURO RSHUDWLRQ PRGH DV ZHOO DV D FRQYHQWLRQDO PRGH� FRP�
ELQLQJ� LI QHHGHG� ERWK SURSXOVLRQ FRQWURO DQG FRQWURO VXUIDFH RSHUDWLRQ� 7KH SURSRVHG PHWKRGV
DUH WKHQ YDOLGDWHG WKURXJK FRPSXWDWLRQDO DQDO\WLFDO PHWKRGV DQG VLPXODWLRQ RQ UHDOLVWLF IOLJKW
VFHQDULRV�

��� 2EMHFWLYHV

0RWLYDWHG WR LQYHVWLJDWH WKH DIRUHPHQWLRQHG SUREOHPDWLF� DGGUHVVLQJ WKH LVVXH RI ODWHUDO�GLUHFWLRQDO
G\QDPLFV SURSXOVLRQ FRQWURO� WKLV ZRUN DLPV DW DQVZHULQJ WKH IROORZLQJ TXHVWLRQV�

�� +RZ WR UREXVWO\ FRQWURO DQ DLUFUDIW WKURXJK LWV GLVWULEXWHG HOHFWULF SURSXOVLRQ V\VWHP"

�� +RZ WR XVH WKLV FDSDELOLW\ WR LQWURGXFH LPSURYHPHQWV LQ DQ DLUFUDIW·V GHVLJQ"

+RZHYHU� DQVZHULQJ WKHVH WZR TXHVWLRQV LV UDWKHU FKDOOHQJLQJ� VLQFH WKH\ LQYROYH H[DPLQLQJ GLI�
IHUHQW DVSHFWV RI WKH SURSXOVLRQ FRQWURO V\VWHP DQG LWV LQWHJUDWLRQ� 7KHUHIRUH� WKRVH UHVHDUFK
TXHVWLRQV ZHUH EURNHQ LQWR VXE TXHVWLRQV� VHWWLQJ VPDOOHU JRDOV E\ VHSDUDWLQJ WKH GLIIHUHQW DV�
SHFWV WKDW LQIOXHQFH WKH FRQFOXVLRQV RI WKLV WKHVLV�

%UHDNLQJ GRZQ WKH ILUVW TXHVWLRQ� WKLV ZRUN LQWHQWV WR DQVZHU WKH VXEVHTXHQW SRLQWV�
� :KDW LV WKH JHQHULF UHOHYDQFH RI WKH PRGHO XVHG"
� :DV WKDW PRGHO DSSURSULDWHO\ FKRVHQ"

�



� :KLFK JDLQ GHVLJQ LV PRUH VXLWDEOH LQ WHUPV RI UREXVWQHVV IRU WKLV VWXG\� LQR RU H∞"
� +RZ ZLOO WKH SURSXOVLRQ FRQWUROOHU EH VWUXFWXUHG"
� &DQ WKH VWDQGDORQH SURSXOVLRQ PRGH KDQGOH D FRRUGLQDWHG WXUQ" 7R ZKDW H[WHQW"
� &DQ WKH VWDQGDORQH SURSXOVLRQ PRGH KDQGOH HQJLQH IDLOXUHV" 7R ZKDW H[WHQW"
� :KLFK FRQWURO DXWKRULW\ OLPLWDWLRQV DUH LPSOLHG LQ WKH VWDQGDORQH SURSXOVLRQ PRGH"

6LPLODUO\� EUHDNLQJ GRZQ WKH VHFRQG TXHVWLRQ LQWR VHYHQ WRSLFV�
� :KDW DUH WKH LPSURYHPHQWV LQ WHUPV RI ZHLJKW"
� :KDW DUH WKH LPSURYHPHQWV LQ WHUPV RI GUDJ"
� :KDW DUH WKH LPSURYHPHQWV LQ WHUPV RI YHUWLFDO HPSHQQDJH VL]LQJ"
� :LOO WKH LPSURYHPHQWV ZRUVHQ WKH DLUFUDIW·V WDNH�RII ILHOG OHQJWK"
� :KDW LV WKH JHQHULF UHOHYDQFH RI WKRVH LPSURYHPHQWV"
� +RZ FRQVHUYDWLYH DUH WKH UHVXOWV"
� :KDW DUH WKH FHUWLILFDWLRQ�LPSOHPHQWDWLRQ FKDOOHQJHV DVVRFLDWHG ZLWK WKRVH LPSURYHPHQWV"

��� 3ULQFLSOHV RI DLUFUDIW FRQWURO

$LUFUDIW FRQWURO FDQ EH GHVFULEHG DV D ORRS FKDLQ EHWZHHQ WKH SLORW� DFWXDWRUV DQG VHQVRUV� 7KXV�
WKH DFWXDWRUV IXQFWLRQ DV FRQWURO RUJDQV WR DSSO\ WKH IRUFHV DQG PRPHQWV QHHGHG WR JHQHUDWH
DQG FRUUHFW WKH PRYHPHQW RI WKH DLUSODQH� 6HQVRUV SURYLGH LQIRUPDWLRQ DERXW WKH IOLJKW� DLUFUDIW
PRWLRQ DQG LWV VWDWHV DQG WKH SLORW �RU FRQWURO V\VWHP� FORVHV WKH FKDLQ E\ FRQWUROOLQJ WKH DLUFUDIW�
RSHUDWLQJ WKH DFWXDWRUV EDVHG RQ WKH LQIRUPDWLRQ SURYLGHG E\ WKH VHQVRUV� LQ RUGHU WR PHHW WKH
VSHFLILF REMHFWLYHV RI WKH IOLJKW� 7KH VHQVRUV DQG DFWXDWRUV XVHG WR WUDQVPLW WKH LQIRUPDWLRQ
DUH KHQFH NH\ HOHPHQWV ZKRVH TXDOLW\� DFFXUDF\ DQG UHOLDELOLW\ HVWDEOLVKHV WKH TXDOLW\ RI WKH
FRQWURO DFKLHYHG�
7KH PDMRULW\ RI DFWXDWRUV XVHG LQ IOLJKW FRQWURO DUH LQWHQGHG IRU FRQWURO VXUIDFH SRVLWLRQLQJ�
7KHVH VXUIDFHV FKDQJH WKH SDWWHUQ RI DLU IORZLQJ DQG SUHVVXUH GLVWULEXWLRQ RYHU DQG DURXQG
WKH DLUFUDIW DQG FDQ EH VXEGLYLGHG LQWR WZR JURXSV� SULPDU\ DQG VHFRQGDU\� 7KH SULPDU\ �RU
FRQYHQWLRQDO� FRQWURO VXUIDFHV DUH WKH RQHV UHTXLUHG WR VDIHO\ FRQWURO WKH WKUHH D[HV RI WKH
DLUFUDIW·V ERG\ IUDPH LQ�IOLJKW� ZKLFK LQFOXGH WKH HOHYDWRUV� UXGGHU DQG DLOHURQV� 6HFRQGDU\
FRQWURO VXUIDFHV� KLJK OLIW GHYLFHV VXFK DV IODSV� VSRLOHUV� WULP WDEV� VODWV DQG ZLQJOHWV� DUH
PHDQW WR LPSURYH WKH DLUFUDIW·V SHUIRUPDQFH DQG�RU DOOHYLDWH FRQWURO ORDGLQJ�

)LJXUH ���� %RG\�IL[HG ULJKW KDQGHG FRRUGLQDWH DQG D[LV V\VWHP�

,Q WKLV ZRUN� D ERG\�IL[HG ULJKW KDQGHG FRRUGLQDWH V\VWHP �)LJXUH ���� ZLOO EH XVHG WR GHILQH
WKH DLUFUDIW·V PRWLRQ� WKH DQJOHV GHILQHG E\ WKH ULJKW KDQGHG URWDWLRQ DERXW WKH WKUHH D[HV RI
D ULJKW KDQGHG V\VWHP RI D[HV DUH WKH (XOHU DQJOHV� θ� φ DQG ψ�
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7KH UHODWLRQ EHWZHHQ WKH DLUFUDIW DQJXODU ERG\ UDWHV p, q, r DQG WKH DWWLWXGH UDWHV� φ̇� θ̇� ψ̇
UHIHUUHG WR GDWXP D[HV LV WKH IROORZLQJ

p = φ̇− ψ̇ · sen(θ) �����

q = θ̇ · cos(φ) + ψ̇ · cos(θ) · sen(φ) �����

r = ψ̇ · cos(φ) · cos(θ)− θ̇ · sen(φ) �����

$QG�

φ̇ = p+ (q · sen(φ) + r · cos(φ)) · tan(θ) �����

θ̇ = q · cos(φ)− r · sen(φ) �����

ψ̇ =
q · sen(φ) + r · cos(φ)

cos(θ)
�����

7KH IRUFHV DFWLQJ RQ WKH DLUFUDIW DUH WKH D[LDO IRUFH �X�� WKH VLGH IRUFH �Y � DQG WKH QRUPDO IRUFH
�Z�� 7KHVH IRUFHV FDQ EH GHILQHG DFFRUGLQJ WR WKH IROORZLQJ FRHIILFLHQWV

CX =
X

Q̄ · Sw
�����

CY =
Y

Q̄ · Sw
�����

CZ =
Z

Q̄ · Sw
�����

ZKHUH�
Q LV WKH G\QDPLF SUHVVXUH�
Sw LV WKH ZLQJ UHIHUHQFH DUHD�

7KHVH IRUFHV UHODWH WR WKH DHURG\QDPLF UHIHUHQFH IRUFHV� /LIW �L�� 7KUXVW �T � DQG 'UDJ �D��
DFFRUGLQJ WR WKH IROORZLQJ HTXDWLRQV

CX = CL · sin(α) + CT · cos(α)− CD · cos(α) ������

CZ = −CL · cos(α) + CT · sin(α)− CD · sin(α) ������

ZKHUH�
α LV WKH DLUFUDIW·V DQJOH RI DWWDFN�

7KH PRPHQWV DFWLQJ RQ WKH DLUFUDIW DUH WKH SLWFK PRPHQW �M�� WKH UROO PRPHQW �L̄� DQG WKH
\DZ PRPHQW �N�� H[SUHVVHG LQ WKH FRHIILFLHQW IRUP

Cm =
M

Q̄ · Sw · cw
������

Cl =
L̄

Q̄ · Sw · bw
������

Cn =
N

Q̄ · Sw · bw
������

ZKHUH�
bw LV WKH DLUFUDIW·V ZLQJ UHIHUHQFH VSDQ�
cw LV WKH DLUFUDIW·V ZLQJ PHDQ�FKRUG�

�



7KH SLWFK PRPHQW GHILQHV WKH ORQJLWXGLQDO V\PPHWULF G\QDPLF PRWLRQ RI WKH DLUFUDIW DURXQG
WKH KRUL]RQWDO D[LV� LQ ZKLFK WKH FHQWUH RI JUDYLW\ PRYHV LQ D YHUWLFDO SODQH� 7KLV PRPHQW LV
FRQWUROOHG E\ WKH HOHYDWRUV� FRQWURO VXUIDFHV ZKLFK DGMXVW WKH DLUFUDIW·V DOWLWXGH E\ JHQHUDWLQJ
D QRUPDO IRUFH DQG FDXVLQJ WKH DLUFUDIW WR DVFHQW RU GHVFHQW�

5ROO DQG \DZ DUH WKH PRPHQWV UHODWLYH WR WKH ODWHUDO�GLUHFWLRQDO DV\PPHWULFDO G\QDPLF PRWLRQ
RI WKH DLUFUDIW� REMHFW RI VWXG\ LQ WKLV ZRUN�

5ROO PRWLRQ LV WKH PRYHPHQW DURXQG WKH KRUL]RQWDO D[LV WKDW HQDEOHV WKH DLUFUDIW·V EDQN DQJOH
FRQWURO� )RU DFKLHYLQJ WKLV ODWHUDO FRQWURO� WKH DLOHURQV �LQVWDOOHG DW WKH RXWHU WUDLOLQJ HGJH
RI HDFK ZLQJ� RSHUDWH V\PPHWULFDOO\ RSSRVLWH WR RQH DQRWKHU� JHQHUDWLQJ GLIIHUHQWLDO OLIW DQG�
WKHUHIRUH� LQGXFHG GUDJ IRUFHV RQ HDFK ZLQJ� 7KH GRZQZDUGV GHIOHFWHG DLOHURQ LQFUHDVHV WKH
DLUIORZ H[SRVHG FDPEHU RI WKH UHVSHFWLYH ZLQJ� LQFUHDVLQJ WKH ZLQJ YHORFLW\ DQG JHQHUDWLQJ PRUH
OLIW� ZKLOH WKH XSZDUGV GHIOHFWHG DLOHURQ GHFUHDVHV WKDW FRQYH[LW\� UHVXOWLQJ LQ D OLIW UHGXFWLRQ
RQ WKDW ZLQJ� $V PRUH OLIW LV JHQHUDWHG LQ RQH ZLQJ WKDQ WKH RWKHU� D UROOLQJ PRPHQW GHYHORSV
LQ WKH GLUHFWLRQ RI WKH GURSSLQJ ZLQJ� DV WKH KLJKHU OLIW ZLQJ PRYHV XSZDUGV� 7R PD[LPLVH WKH
PRPHQW·V OHYHU DUP OHQJWK� DLOHURQV DUH PRUH HIILFLHQW ZKHQ ORFDWHG DW WKH ZLQJWLSV�

<DZ PRWLRQ LV WKH PRYHPHQW DURXQG WKH YHUWLFDO D[LV WKDW JUDQW·V WKH DLUFUDIW ZLWK KHDGLQJ
FRQWURO� )RU DFKLHYLQJ WKLV GLUHFWLRQDO FRQWURO� WKH UXGGHU �LQVWDOOHG DW WKH WUDLOLQJ HGJH RI WKH
YHUWLFDO VWDELOLVHU� LV XVHG WR JHQHUDWH DQ DHURG\QDPLF VLGH IRUFH� VLPLODU WR WKH SURGXFWLRQ
RI OLIW E\ WKH ZLQJV� (VVHQWLDOO\� ZKHQ WKH UXGGHU VXUIDFH LV GHIOHFWHG� WKH VWDWLF SUHVVXUH RQ
WKH GHIOHFWHG�GLUHFWLRQ·V VLGH LV LQFUHDVHG ZKLOH WKDW RQ WKH RSSRVLWH VLGH LV GHFUHDVHG� WKLV
SUHVVXUH GLIIHUHQWLDO FDXVHV D SXOO IRUFH RQ WKH YHUWLFDO VWDELOLVHU ZKLFK UHVXOWV LQ \DZ URWDWLRQ�
7KH UXGGHU·V HIILFLHQF\ LV GLUHFWO\ SURSRUWLRQDO WR WKH VSHHG RI LWV VXUURXQGLQJ DLUIORZ� WKXV WKH
DLUFUDIW·V GLUHFWLRQDO FRQWURO LV PRUH HIIHFWLYH DW KLJKHU VSHHGV�

,GHDOO\ UROO DQG \DZ PRWLRQV DUH DFKLHYHG VHSDUDWHO\� KRZHYHU� WKHVH PRWLRQV DUH QRW LQGHSHQ�
GHQW DQG RQH JHQHUDWHV WKH RWKHU� $ UROO PRWLRQ LV WULJJHUHG DV WKH DLUFUDIW \DZV GXH WR WKH
GLIIHUHQWLDO DLU�IORZLQJ H[SRVXUH RQ WKH ZLQJV� WKDW XQEDODQFHV WKH OLIW SURGXFHG E\ HDFK ZLQJ
DQG LQGXFHV D EDQN DQJOH WRZDUGV WKH UHVSHFWLYH \DZ�WXUQ GLUHFWLRQ� 6LPLODUO\� D \DZ PRWLRQ LV
WULJJHUHG DV WKH DLUFUDIW UROOV GXH WR WKH KRUL]RQWDO FRPSRQHQW RI WKH ´GLDJRQDOµ OLIW JHQHUDWHG
E\ WKH ULVLQJ ZLQJ� LQGXFLQJ D \DZ DQJOH WRZDUGV WKH GURSSLQJ�ZLQJ·V GLUHFWLRQ� 7KLV LQGXFHG
DLUFUDIW \DZ LV GHVLUDEOH DV LW LQFUHDVHV WKH DLUFUDIW·V UROO UDWH� DQG LV KLJKHU IRU DLUFUDIW ZLWK
KLJKHU GLUHFWLRQDO VWDELOLW\ FKDUDFWHULVWLFV�

)LJXUH ���� 3RVLWLYH FRQYHQWLRQ IRU FRQWURO VXUIDFHV GHIOHFWLRQ� >�@

,OOXVWUDWHG LQ )LJXUH ���� WKH GHIOHFWLRQ RI WKHVH VXUIDFHV �HOHYDWRUV� DLOHURQV DQG UXGGHU� LV
TXDQWLILHG E\ WKUHH DQJOHV �δe� δa DQG δr� UHVSHFWLYHO\�� E\ FRQYHQWLRQ� WKH GLUHFWLRQ RI WKH
SRVLWLYH GHIOHFWLRQV LV WKDW ZKLFK SURGXFHV D QHJDWLYH PRPHQW� KHQFH SRVLWLYH UROO LV ULJKW ZLQJ
GRZQ� SRVLWLYH SLWFK LV QRVH XS DQG SRVLWLYH \DZ LV QRVH WR WKH ULJKW DV VHHQ E\ WKH SLORW�
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����� 0RGHUQ FRQWURO WKHRU\

$LUFUDIW KDYH VL[ GHJUHHV RI IUHHGRP� WKUHH DVVRFLDWHG ZLWK WKH DLUFUDIW·V FHQWUH RI JUDYLW\
WUDQVODWLRQ DQG WKUHH DVVRFLDWHG ZLWK DQJXODU PRWLRQ DERXW WKH FHQWUH RI JUDYLW\ �(XOHU DQJOHV��
7KH DELOLW\ WR FKDQJH DQ DLUFUDIW·V FXUUHQW VWDWH RI PRWLRQ LV DFKLHYHG WKURXJK FRQWURO VXUIDFHV
GHIOHFWLRQ RU D FKDQJH LQ WKUXVW� ZKLFK FDQ EH REWDLQHG IURP WKH HQJLQHV� ,Q RUGHU IRU DQ DLUFUDIW
WR IO\ D VWUDLJKW DQG OHYHO IOLJKW� FRQVWDQW DWWLWXGH FRUUHFWLRQV PXVW EH PDGH ³ HLWKHU WKURXJK
WKH SLORW·V FRPPDQGV RU DQ DXWRPDWLF IOLJKW FRQWURO V\VWHP �$)&6��
&ODVVLFDO FRQWUROOHUV VXFK DV SURSRUWLRQDO�LQWHJUDO�GHULYDWLYH �3,'� VKRZ LQHIIHFWLYHQHVV LQ WKH
SUHVHQFH RI V\VWHP PRGHO XQFHUWDLQWLHV� VHQVRU LQDFFXUDFLHV� DQG H[WHUQDO GLVWXUEDQFHV� 0RG�
HUQ FRQWURO WKHRU\ XVHV WKH WLPH�GRPDLQ VWDWH VSDFH UHSUHVHQWDWLRQ WR VROYH FRQWURO SUREOHPV�
ZKHUH WKH DLUFUDIW·V PRWLRQ VWDWHV DUH GHVFULEHG DV YHFWRUV LQ IXQFWLRQ RI WLPH DQG WKH V\VWHP
XQGHU DQDO\VLV �SODQW� LV UHSUHVHQWHG E\ GLIIHUHQWLDO HTXDWLRQV� ERWK OLQHDU DQG QRQ�OLQHDU� 7KH
HYROXWLRQ RI PRGHUQ FRPSXWHU VLPXODWLRQ WHFKQLTXHV HQDEOH VROYLQJ LQFUHDVLQJO\ FRPSOH[ FRQ�
WURO SUREOHPV ZLWK PXOWLSOH LQSXWV DQG RXWSXWV �0,02� LQ D FRQYHQLHQW DQG FRPSDFW ZD\� ZLWK
UHDO�ZRUOG �QRQ�OLQHDU� FRQWH[W DSSOLFDWLRQ� IXUWKHU VLPSOLILFDWLRQV FDQ EH LPSOHPHQWHG DV WKRVH
HTXDWLRQV PD\ EH UHSUHVHQWHG LQ PDWUL[ IRUP �IRU OLQHDU V\VWHPV��
$ ZD\ RI UHJXODWLQJ WKH RXWSXW RI WKH SODQW WR D VSHFLILF VHW SRLQW RU WR PDNH LW WUDFN D FKDQJLQJ
FRPPDQG LV WKURXJK D QHJDWLYH IHHGEDFN FRQQHFWLRQ� IRUPLQJ D FORVHG ORRS DURXQG WKH SODQW�
)HHGEDFN FDQ EH GHILQHG DV UHWXUQLQJ D VLJQDO REWDLQHG IURP D V\VWHP·V RXWSXW WR LWV LQSXW�
,Q DLUFUDIW FRQWURO� WKLV QHJDWLYH ORRS FRPSDUHV WKH SLORW RU $)&6 FRPPDQGHG PRWLRQ ZLWK WKH
PHDVXUHG PRWLRQ� LQIRUPDWLRQ SURYLGHG E\ WKH DIRUHPHQWLRQHG VHQVRUV� DQG XVHV WKDW IHHGEDFN
WR FRPSXWH WKH FRQWURO ODZ DQG DSSO\ WKH UHVSHFWLYH JDLQV� JHQHUDWLQJ VLJQDOV WR WKH DFWXDWRUV
WR SURGXFH WKH FRQWURO VXUIDFHV GHIOHFWLRQ RU WKURWWOH VHWWLQJ QHHGHG WR DFKLHYH WKH FRPPDQGHG
PRWLRQ�
7KH ORRS HQGV ZKHQ WKH DLUFUDIW·V PHDVXUHG PRWLRQ FRUUHVSRQGV WR WKH FRPPDQGHG PRWLRQ� ,Q
WUDFNHU DQG UHJXODWRU DSSOLFDWLRQV� QHJDWLYH IHHGEDFN FKDQJHV WKH SODQW·V EHKDYLRXU� SURPRW�
LQJ HTXLOLEULXP VHWWOLQJ DQG UHGXFLQJ SHUWXUEDWLRQ·V HIIHFWV� 8VXDOO\� LQWHJUDWHG IOLJKW FRQWURO
V\VWHPV DUH D JURXS RI VHYHUDO $)&6 PRGHV �VLGHVOLS VXSSUHVVLRQ DXJPHQWDWLRQ� SLWFK DWWLWXGH
KROG� DXWR�WKURWWOH� 0DFK KROG� DOWLWXGH KROG� FRRUGLQDWHG WXUQ� HW FHWHUD� LQWHJUDWHG LQ D VLQJOH
V\VWHP� ZKHUH WKH SLORW VHOHFWV SDUWLFXODU PRGHV DFFRUGLQJ ZLWK WKH UHTXLUHG WDVN RU SKDVH RI
IOLJKW�

)LJXUH ���� &ORVHG ORRS QHJDWLYH IHHGEDFN FRQWURO V\VWHP VWUXFWXUH�

$ JHQHUDO VWUXFWXUH RI D FORVHG ORRS QHJDWLYH IHHGEDFN FRQWURO V\VWHP FDQ EH UHSUHVHQWHG DV
GHVFULEHG LQ WKH EORFN VFKHPDWLFV RI )LJXUH ���� DFFRXQWLQJ IRU WKH FRQWUROOHU� DFWXDWRUV� SODQW
�LQFOXGLQJ GLVWXUEDQFHV� DQG VHQVRUV�
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'LYHUVH FRQWURO VWUDWHJLHV PD\ EH LPSOHPHQWHG LQ RUGHU WR FRPSXWH GH FRQWURO ODZ DQG JDLQV�
DFFRUGLQJ WR WKH GHVLUHG FRQWUROOHU VSHFLILFDWLRQV DQG WKH PRGHO FRQVLGHUHG� DOWKRXJK LQ DQ\
FDVH WKH\ PXVW DOZD\V JXDUDQWHH VWDELOLW\ LQ WKH FORVHG ORRS EHKDYLRXU� $V DLUFUDIW V\VWHP·V
EHKDYLRXU YDULHV VLJQLILFDQWO\ WKURXJKRXW QRUPDO RSHUDWLRQ� VHYHUDO GLIIHUHQW FRQWURO ODZV DUH
LPSOHPHQWHG� RQH IRU HDFK EHKDYLRXU PRGH� 2QH RI WKH ELJJHVW FKDOOHQJHV LQ FRQWURO GHVLJQ
LV SUHFLVHO\ GHVLJQLQJ D FRQWURO V\VWHP WKDW HQDEOHV D VWDEOH PLOG WUDQVLWLRQ EHWZHHQ RSHUDWLRQ
PRGHV�
2QH FRPPRQO\ XVHG VWUDWHJ\ LV UREXVW FRQWURO� ZKLFK LV DEOH WR HQGXUH XQFHUWDLQW\ LQ WKH V\V�
WHP·V PRGHO DQG VWLOO SHUIRUP HIIHFWLYHO\� $Q H[DPSOH RI D PRGHUQ UREXVW FRQWURO DSSURDFK LV
WKH +∞ WHFKQLTXH� $ OHVV UHFHQW VWUDWHJ\ LV RSWLPDO FRQWURO� ZKRVH FRQWURO VLJQDO RSWLPLVHV D
GHWHUPLQHG FRVW IXQFWLRQ� $ IDLUO\ ZLGH XVHG H[DPSOH RI WKLV PHWKRG LV WKH /LQHDU 4XDGUDWLF
5HJXODWRU �/45� WHFKQLTXH� %RWK RI WKHVH VWUDWHJLHV ZLOO EH DGRSWHG DQG FRPSDUHG LQ WKLV ZRUN�

��� 2XWOLQH

7KLV WKHVLV LV GLYLGHG LQWR VL[ FKDSWHUV� RUJDQLVHG DV IROORZV�

,Q &KDSWHU � WKH VWDWH RI WKH DUW RQ SURSXOVLRQ FRQWUROOHG V\VWHPV IRU IL[HG�ZLQJ DLUFUDIW LV
UHYLHZHG� DGGUHVVLQJ WKH VWUHQJWKV DQG OLPLWDWLRQV RI FRPPRQO\ XVHG PHWKRGV� 7KLV UHYLHZ DOVR
HPSKDVLVHV WKH SHFXOLDULWLHV RI DLUFUDIW ZLWK GLVWULEXWHG HOHFWULF SURSXOVLRQ V\VWHPV�

,Q &KDSWHU � WZR FDVH VWXG\ DLUFUDIW DUH SUHVHQWHG� ZKHUH WKH VHFRQG FDVH VWXG\ LV REWDLQHG
IURP D '(3 LPSOHPHQWDWLRQ VWXG\ SHUIRUPHG RQ WKH ILUVW� 7KLV VWXG\ DVVHVVHV WKH LPSDFWV RI
WKH LPSOHPHQWDWLRQ RI D GLVWULEXWHG HOHFWULF SURSXOVLRQ FRQWUROOHU RQ DLUFUDIW GHVLJQ� $OVR� WKH
SDUDPHWHUV IRU WKH '(3 DLUFUDIW DUH DQDO\WLFDOO\ HVWLPDWHG DQG WKH UHVSHFWLYH DSSOLHG PHWKRGV
YDOLGDWHG�

,Q &KDSWHU � WKH IXOO G\QDPLFV RI WKH DLUFUDIW LV PRGHOOHG� IRFXVLQJ RQ WKH JDLQ GHVLJQ DQG VWUXF�
WXUH RI ERWK FDVHV· ODWHUDO�GLUHFWLRQDO FRQWUROOHUV� 7KH JDLQ IRU ERWK DQ LQR DQG DQ H∞ FRQ�
WUROOHUV LV GHVLJQHG DQG LWV SHUIRUPDQFH FRPSDUHG IRU FDVH ,� LQ RUGHU WR SURYH WKHH∞ FRQWUROOHU
UREXVWQHVV DQG YDOLGDWH WKH FRQWUROOHU VHOHFWLRQ� $IWHUZDUGV� WKH FRUUHVSRQGLQJ FRQYHQWLRQDO
�FRQWURO�VXUIDFH DFWXDWLRQ� FRQWUROOHU VWUXFWXUH LV VSHFLILHG� )RU FDVH ,,� WKH SUHYLRXVO\ YDOLGDWHG
H∞ JDLQ GHVLJQ LV FRPSXWHG� DQG WKH K\EULG�FRQWUROOHU VSHFLILFDWLRQV DV ZHOO DV WKH FRUUHVSRQG�
LQJ VWUXFWXUH �ZLWK D VWDQGDORQH SURSXOVLRQ FRQWURO RSHUDWLRQ PRGH DV ZHOO DV D FRQYHQWLRQDO
PRGH� DUH GHVFULEHG�

,Q &KDSWHU � EHVLGHV D FRRUGLQDWHG WXUQ VLPXODWLRQ� D FULWLFDO HQJLQH IDLOXUH LV DOVR VLPXODWHG
IRU HDFK FDVH VWXG\ DQG DQ HYDOXDWLRQ RI WKH UHVXOWV UHJDUGLQJ WKH DLUFUDIW·V PDQRHXYUDELOLW\
DQG FRQWURO HIIHFWLYHQHVV LV DFFHVVHG DQG FRPSDUHG EHWZHHQ WKH XVDJH RI FRQYHQWLRQDO DQG
SURSXOVLYH FRQWUROV�

,Q &KDSWHU � WKH RYHUDOO UHVXOWV IURP WKH SUHYLRXV FKDSWHUV DUH DQDO\VHG� DVVHVVLQJ WKH VWUHQJWKV
DQG OLPLWDWLRQV RI WKH VLPXODWLRQ DQG UHVXOWV� DV ZHOO DV WKH LQIOXHQFH RI WKH XVHG PHWKRGRORJLHV
LQ WKH RYHUDOO FRQFOXVLRQV� 7KH RUDO SUHVHQWDWLRQ RULJLQDWHG IURP WKLV ZRUN LV UHIHUUHG DQG
JXLGDQFH IRU IXUWKHU ZRUN RQ WKLV UHVHDUFK LV SURYLGHG�

�
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&KDSWHU �

&ULWLFDO UHYLHZ RI 3URSXOVLRQ &RQWUROOHG 6\VWHPV

$Q DLUFUDIW·V GLUHFWLRQ DQG DWWLWXGH GXULQJ WKH FRXUVH RI IOLJKW FDQ EH FRQWUROOHG E\ WKH SLORW RU
DXWR�SLORW WKURXJK WZR W\SHV RI FKDQJHV�

� D FKDQJH LQ WKH DLUFUDIW·V DHURG\QDPLF FRQILJXUDWLRQ�

� D FKDQJH LQ WKH DLUFUDIW·V SURSXOVLYH WKUXVW�

7KH ILUVW LGHQWLILHG FKDQJH FRQFHUQV WKH FRQYHQWLRQDO DLUFUDIW FRQWURO� ZKHUH SULPDU\ VXUIDFHV
VXFK DV WKH DLOHURQV� HOHYDWRU DQG UXGGHU SURYLGH FRQWURO DXWKRULW\ RYHU WKH DLUFUDIW� 7KH ODWWHU
LV WKH REMHFW RI VWXG\ RI WKLV ZRUN� ZKHUH FRQWURO DXWKRULW\ LV DFKLHYHG WKURXJK SURSXOVLYH LQSXWV�
7KLV DXWKRULW\ FDQ EH SURYLGHG HLWKHU IURP WKH PRPHQW JHQHUDWHG E\ WKH SURSXOVLYH IRUFHV DFWLQJ
RQ WKH DLUFUDIW �HVVHQWLDOO\ WKH WKUXVW DQG SURSHOOHU LQ�SODQH IRUFH� RU IURP WKH LQWHUDFWLRQ RI
WKH SURSXOVLYH VOLSVWUHDP ZLWK WKH DLUFUDIW�
7UDGLWLRQDOO\� DLUFUDIW·V IOLJKW DQG HQJLQH FRQWURO V\VWHPV RSHUDWH LQGHSHQGHQWO\ IURP RQH DQ�
RWKHU EXW WKH HPHUJHQFH RI WRGD\·V GLJLWDO FRQWUROOHUV� DV ZHOO DV PXOWLSOH[ GDWD EXVHV DOORZLQJ
FRPPXQLFDWLQJ EHWZHHQ WKHP� KDV SURYLGHG WKH PHDQV IRU DXWRPDWHG LQWHJUDWHG FRQWURO VROX�
WLRQV WR RSWLPL]H WUDGLWLRQDO IOLJKW FRQWURO SUREOHPV� 7HFKQRORJLFDO DGYDQFHV LQ V\VWHP PRG�
HOOLQJ DQG HVWLPDWLRQ WHFKQLTXHV JUDQW LPSURYHG DQDO\WLFDO WRROV IRU PXOWLYDULDEOH FRQWURO ODZ
GHVLJQ� $V VR� QXPHURXV UHVHDUFKHV RQ LQWHJUDWHG IOLJKW�SURSXOVLRQ FRQWURO DOJRULWKPV KDYH
EHHQ FRQGXFWHG� DLPLQJ WR LPSURYH DLUFUDIW VDIHW\ DQG SHUIRUPDQFH�
,Q WKLV &KDSWHU WKH VWDWH RI WKH DUW RQ SURSXOVLRQ FRQWUROOHG V\VWHPV IRU IL[HG�ZLQJ DLUFUDIW LV
UHYLHZHG� DGGUHVVLQJ WKH VWUHQJWKV DQG OLPLWDWLRQV RI FRPPRQO\ XVHG PHWKRGV ZLWK UHJDUG WR UR�
EXVWQHVV LQ WKH SUHVHQFH RI PRGHO XQFHUWDLQWLHV� H[WHUQDO GLVWXUEDQFHV� DQG VHQVRU LQDFFXUDFLHV�
7KLV UHYLHZ DOVR HPSKDVLVHV WKH SHFXOLDULWLHV RI DLUFUDIW ZLWK HOHFWULFDO GLVWULEXWHG SURSXOVLRQ
FRQWURO V\VWHPV�

��� +LVWRULFDO RYHUYLHZ

:LWKLQ WKH ODVW FHQWXU\� DQ H[SRQHQWLDO GHYHORSPHQW RI DLUFUDIW FRQWURO V\VWHPV KDV EHHQ LGHQ�
WLILHG� EHJLQQLQJ ZLWK WKH ILUVW SRZHUHG IOLJKW LQ 'HFHPEHU ����� DFKLHYHG E\ WKH :ULJKW EURWK�
HUV>��@� ZKRVH VXFFHVV KDV EHHQ DWWULEXWHG WR QRW RQO\ WKHLU V\VWHPDWLF GHVLJQ DSSURDFK� KDYLQJ
EXLOW DQG XVHG D ZLQG WXQQHO� EXW DOVR WR WKH UHOHYDQFH WKH\ HPSOR\HG RQ WKHLU DLUFUDIW EHLQJ
FRQWUROODEOH E\ WKH SLORW UDWKHU WKDQ LQWULQVLFDOO\ VWDEOH� $W WKLV HDUO\ SRLQW� PDQ\ GLIILFXO�
WLHV ZHUH VWLOO EHLQJ IDFHG ZKHQ FRQWUROOLQJ DLUFUDIW� ZKLFK� FRPELQHG ZLWK D GHVLUH IRU ORQJHU
IOLJKWV� OHG WR WKH GHYHORSPHQW RI WKH ILUVW DLUFUDIW DXWRSLORW ´6SHUU\ $HURSODQH 6WDELOLVHUµ� E\
WKH 6SHUU\ *\URVFRSH &RPSDQ\ LQ ����� ZLWK D SURSRUWLRQDO IHHGEDFN VFKHPH�>��@

3URJUHVV LQ DLUFUDIW GHVLJQ ZDV JUHDWO\ LPSXOVHG E\ :RUOG :DU , ������������ +RZHYHU� DW WKLV
WLPH D KXPDQ SLORW ZDV VWLOO FDSDEOH RI H[HFXWLQJ DOO WKH QRUPDO IXQFWLRQV IRU FRQWUROOLQJ WKH
DLUFUDIW� PDNLQJ WKH DGYDQFHV LQ DXWRPDWLF FRQWURO VORZ� (YHQ VR� WKH GHYHORSPHQW RI DXWRSLORWV
HQGXUHG� XVLQJ SQHXPDWLF VHUYRPHFKDQLVPV WR SRVLWLRQ WKH FRQWURO VXUIDFHV DQG J\URVFRSHV DV
WKH UHIHUHQFH VHQVRU� >��@

�



)LJXUH ���� ���\HDU�ROG /DZUHQFH 6SHUU\ GHPRQVWUDWLQJ KLV 6SHUU\ J\URVFRSLF VWDELOLVHU RQ D &XUWLVV &���
WR ZLQ WKH ´&RQFRXUV GH OD 6HFXULWp HQ $pURSODQHµ RQ -XQH ��� ����� >�@

,Q WKH ����V� :LOH\ 3RVW IOHZ DURXQG WKH ZRUOG LQ OHVV WKDQ HLJKW GD\V ZLWK D WULD[LDO 6SHUU\ DX�
WRSLORW �IXOO\ SRZHUHG E\ HQJLQH�GULYHQ SXPSV SURYLGLQJ K\GUDXOLF DQG SQHXPDWLF SUHVVXUH� >��@�
DV FODVVLFDO FRQWURO WKHRU\ ZDV LQLWLDWHG ³ LQVWLJDWHG E\ ZRUNV OLNH %ODFN·V ´UHJHQHUDWLRQ WKHRU\µ�
1\TXLVW·V IUHTXHQF\�GRPDLQ VWDELOLW\ FULWHULRQ DQG %RGH·V FRPSOH[�IUHTXHQF\�GRPDLQ WKHRU\�

'XULQJ :RUOG :DU ,, ����������� DQG IRPHQWHG E\ WKH QHHG IRU UDGDU WUDFNLQJ DQG JXQ�SRVLWLRQLQJ
VHUYRPHFKDQLVP GHYHORSPHQW� IXUWKHU DGYDQFHV LQ FRQWURO WKHRU\ ZHUH PDGH� )O\LQJ DW QLJKW
DQG LQ EDG ZHDWKHU FRQGLWLRQV OHG WR WKH GHYHORSPHQW RI QDYLJDWLRQ DLGV� UHYHDOLQJ D QHFHVVLW\ WR
FRXSOH WKHVH DLGV WR WKH DXWRSLORW� 7KXV� LQ ����� FRPSOHWHO\ XQGHU WKH FRQWURO RI DQ DXWRSLORW�
D WUDQVDWODQWLF IOLJKW ZDV PDGH E\ D 86 $LU )RUFH &���� >��@

7KH IUHTXHQF\ UHVSRQVH DQG WUDQVIHU IXQFWLRQ FRQFHSWV ZHUH JDLQLQJ PRUH SRSXODULW\ E\ WKH ODWH
����V� DV WKH ILUVW DQDORJ FRPSXWHUV EHFDPH DYDLODEOH� $ PDMRU GHYHORSPHQW LQ WKH GHVLJQ DQG
DQDO\VLV RI FRQWURO V\VWHPV ZDV :� 5� (YDQV· URRW�ORFXV WHFKQLTXH ������ >��@� OHDGLQJ WR VWDELOLW\
DQG SHUIRUPDQFH DQDO\VLV RI DXWRPDWLFDOO\ FRQWUROOHG DLUFUDIW WR EH LQFUHDVLQJO\ LPSOHPHQWHG
E\ DLUFUDIW FRPSDQLHV�

)URP ���� WR ����� DIWHU PDNLQJ LWV ILUVW IOLJKW� WKH URFNHW�SRZHUHG %HOO ;�� DLUFUDIW DFKLHYHG
VXSHUVRQLF IOLJKW DQG UHDFKHG DQ DOWLWXGH RI QHDUO\ �����P �)LJXUH ����� $V LQ VXFK DLUFUDIW PRVW
RI LWV PDVV LV FRQFHQWUDWHG DORQJ WKH ORQJLWXGLQDO D[LV� DQG WKH VSHHG�DOWLWXGH HQYHORSH H[WHQ�
VLRQ SURYRNHG JUHDW XQSUHGLFWHG YDULDWLRQV LQ WKH G\QDPLFV RI WKH DLUFUDIW� D QXPEHU RI WKHP
VXIIHUHG IURP LQHUWLD FRXSOLQJ HIIHFWV DQG VSXQ RXW RI FRQWURO� >�@ %HVLGHV WKH PHQWLRQHG LQHUWLD
FRXSOLQJ� PDQ\ RWKHU IDFWRUV FRQWULEXWHG WR WKH QHHG IRU D PRUH DQDO\WLFDO DSSURDFK WR DLUFUDIW
VWDELOLW\ DQG FRQWURO SUREOHPV� $LUFUDIW GHVLJQ LQQRYDWLRQ �PDVV SURSHUWLHV� DHURG\QDPLF VXU�
IDFHV DUHD� HWF� FDXVHG FKDQJHV LQ WKH QDWXUDO PRGHV RI WKH DLUFUDIW� PDNLQJ WKHP GLIILFXOW IRU
WKH SLORW DORQH WR FRQWURO� $OVR� DV WKH DOWLWXGH OLPLW RI WKH DLUFUDIW ZDV H[SDQGLQJ� WKH GDPS�
LQJ RI WKH QDWXUDO PRGHV WHQGHG WR GHFUHDVH� PDNLQJ LW LQFUHDVLQJO\ LPSRUWDQW WR DQDO\WLFDOO\
SUHGLFW WKH PRGHV· IUHTXHQF\ DQG GDPSLQJ�

,Q ����� WKH ;��� URFNHW SODQH·V ILUVW IOLJKW H[SDQGHG WKH HQYHORSH IRU PDQQHG IOLJKW WR EH\RQG
0DFK � DQG DERYH �����P� EHLQJ HTXLSSHG ZLWK D +RQH\ZHOO�GHVLJQHG DGDSWLYH FRQWURO V\VWHP
WKDW SURYLGHG WKUHH�D[LV VWDELOLW\ DXJPHQWDWLRQ DQG D WUDQVLWLRQ IURP DHURG\QDPLF FRQWURO WR
UHDFWLRQ FRQWURO� >�@

$V WKH GLJLWDO FRPSXWHU EHJDQ WR KDYH D PDMRU LPSDFW RQ HQJLQHHULQJ LQ WKH HDUO\ ����V� WKH
WHFKQLTXHV RI QXPHULFDO DQDO\VLV VWDUWHG KDYLQJ LQFUHDVLQJ LPSRUWDQFH� IRVWHULQJ WKH HVWDEOLVK�
PHQW RI PRGHUQ FRQWURO WKHRU\�

2Q DFFRXQW RI WKH GLJLWDO FRPSXWHU� WKH ����V VDZ JUHDW VWULGHV LQ FRPSXWDWLRQDO VLPXODWLRQ
WHFKQLTXHV� HQDEOLQJ UHDOLVWLF SLORW WUDLQLQJ RQ WKH JURXQG� DV WKH DXWRPDWLF IOLJKW FRQWURO V\VWHP

��



)LJXUH ���� %HOO ;�� DLUFUDIW GXULQJ LWV ILUVW IOLJKW RQ -DQXDU\ ��� ����� >�@

RQ ERDUG RI WKH WUDLQLQJ DLUFUDIW DOORZHG WKH G\QDPLF EHKDYLRXU RI DQ HQWLUHO\ GLIIHUHQW DLUFUDIW
WR EH VLPXODWHG� VXFK DV WKH VSDFH VKXWWOH *XOIVWUHDP�,,� >��@

7KH )��� DLUFUDIW ZDV GHVLJQHG IRU ´UHOD[HG VWDWLF VWDELOLW\µ DQG DOO�HOHFWULF �IXOO ´IO\�E\�ZLUHµ�
FRQWURO� LQ VHTXHQFH RI IOLJKW FRQWURO WHFKQRORJ\ DGYDQFHV LQ WKH ����V� 3UHFHGLQJ WKLV� D ´KLJK�
DXWKRULW\µ HOHFWULFDO FRQWURO VXSHULPSRVHG RQ WKH EDVLF HOHFWUR�K\GUDXOLF V\VWHP KDG EHHQ LP�
SOHPHQWHG� IRU H[DPSOH� RQ WKH )����� DQG DQ HOHFWULFDO V\VWHP ZLWK PHFKDQLFDO EDFNXS RQ
WKH &RQFRUGH� $OWKRXJK� HOHFWULFDO VLJQDOV SURFHVVLQJ IRU WKHVH DXWRPDWLF IOLJKW FRQWURO V\VWHPV
ZDV VWLOO DQDORJ� )OLJKW WHVWV ZLWK GLJLWDO IOLJKW FRQWURO V\VWHPV DQG ZLWK DGGLWLRQDO DHURG\QDPLF
FRQWURO VXUIDFHV� IRU SURYLGLQJ GLUHFW�OLIW FRQWURO RU GLUHFW VLGH�IRUFH FRQWURO� ZHUH RQO\ GRQH LQ
WKH ����V� UDLVLQJ LQWHUHVWLQJ PXOWLYDULDEOH FRQWURO SUREOHPV IRU PRGHUQ FRQWURO WKHRU\� >��@

0RGHUQ DLUFUDIW HYROXWLRQ HVWDEOLVKHG D QHHG IRU DXWRPDWLF SLORW FRQWURO V\VWHPV DQG SRZHU�
GULYHQ DHURG\QDPLF FRQWURO VXUIDFHV� DQG� IURP WKH ����V RQ� UDLVHG VHYHUDO QHZ FKDOOHQJHV IRU
IOLJKW FRQWURO V\VWHPV� )XUWKHU DGYDQFHV LQ FRQWURO WHFKQRORJ\� HVWLPDWLRQ WHFKQLTXHV� DQG V\V�
WHP PRGHOOLQJ KDYH SURYLGHG EHWWHU DQDO\WLFDO WRROV ZLWK ZKLFK WR GHVLJQ PXOWLYDULDEOH FRQWURO
ODZV� PDNLQJ URRP IRU XQFRQYHQWLRQDO WHFKQLTXHV WR HPHUJH ³ VXFK DV SURSXOVLRQ FRQWURO�

)OLJKW�3URSXOVLRQ FRQWURO FRXSOLQJ �)3&&� VWDUWHG HPHUJLQJ DV D WHFKQLTXH IRU HQKDQFLQJ DLU�
FUDIW SHUIRUPDQFH DQG WKH JURZLQJ GHPDQG IRU WKLV WHFKQLTXH WULJJHUHG FRQFHQWUDWHG UHVHDUFK
HIIRUWV>�����������������@ DLPHG DW DGYDQFLQJ WKH VWDWH�RI�WKH�DUW RI WKLV WHFKQRORJ\�

5RFN HW DO� LQWURGXFHG D WHFKQLTXH IRU JHQHUDWLQJ VSHFLILFDWLRQV WKDW GHILQH KRZ VXEV\VWHPV
PXVW SHUIRUP ZLWKLQ DQ LQWHJUDWHG FRQWURO V\VWHP LQ RUGHU WR DVVXUH SHUIRUPDQFH JRDOV DUH
PHW ZKHQ WKH LQWHJUDWHG V\VWHP LV LPSOHPHQWHG>��@� ,Q WKLV SDSHU� WKH DXWKRUV FODLPHG WKDW
D VSHFLILFDWLRQ JHQHUDWLRQ SURFHGXUH VXFK DV WKH RQH SUHVHQWHG ZLOO EH UHTXLUHG WR PDNH LQWH�
JUDWHG IOLJKW�SURSXOVLRQ FRQWURO GHVLJQ SUDFWLFDO� DIWHU DSSO\LQJ WKRVH SURFHGXUHV WR D VLPSOH
IOLJKW�SURSXOVLRQ FRQWURO V\VWHP�

%DFN LQ ����� 1$6$ GHYHORSHG WKH 3HUIRUPDQFH 6HHNLQJ &RQWURO �36&� $OJRULWKP>��@ ³ DQ DGDS�
WLYH� LQWHJUDWHG IOLJKW�SURSXOVLRQ FRQWURO DOJRULWKP� WDUJHWLQJ WRWDO DLUFUDIW SHUIRUPDQFH RSWL�
PLVDWLRQ GXULQJ VWHDG\ VWDWH HQJLQH RSHUDWLRQ� 7KH V\VWHP·V DUFKLWHFWXUH KDG IRXU SULPDU\ FRP�
SRQHQWV� D 5ROP +DZN FRPSXWHU� D 'LJLWDO )OLJKW &RQWURO &RPSXWHU �')&&�� 'LJLWDO (OHFWURQLF
(QJLQH &RQWUROV �'((&� DQG (OHFWURQLF $LU ,QOHW &RQWUROOHUV �($,&�� 7KH +DZN FRPSXWHU� ZKHUH
WKH PDMRULW\ RI WKH DOJRULWKP·V ORJLF LV ORFDWHG� FRQWDLQV DOO FRQWURO ODZ PRGXOHV �SURSXOVLRQ
V\VWHP� HQJLQH XSGDWH ORJLF� RSWLPLVDWLRQ URXWLQH DQG VXSHUYLVRU\ ORJLF�� 7KLV FRPSXWHU� DORQJ
ZLWK WKH ')&&� FDOFXODWHV WKH RSWLPXP WULP FRPPDQGV� WKDW DUH IXUWKHU DSSOLHG WR WKH ($,&�
WKDW DGMXVWV WKH FRZO DQG WKLUG UDPS SRVLWLRQV RQ WKH LQOHW·V JHRPHWU\� DQG '((&� WKDW DGMXVWV

��



WKH HQJLQH RSHUDWLQJ SRLQW DQG WKH DIWHUEXUQHU RSHUDWLRQ� ([WHQVLYH QRQOLQHDU DLUFUDIW�HQJLQH�
KLJK ILGHOLW\ VLPXODWLRQV LGHQWLILHG VLJQLILFDQW LQFUHDVHV LQ WKUXVW �XS WR ����� DQG UHGXFWLRQV LQ
VSHFLILF IXHO FRQVXPSWLRQ �XS WR ���� UHVXOWLQJ IURP WKH DOJRULWKP·V LPSOHPHQWDWLRQ� >��@

)LJXUH ���� )UDQN :� %XUFKDP·V QDSNLQ VNHWFK IRU WKH 3&$ V\VWHP� >�@

,Q ����� WKH 3URSXOVLRQ &RQWUROOHG $LUFUDIW �3&$�>��@ FRQFHSW LGHD FDPH WR WKH HQJLQHHU )UDQN :�
%XUFKDP ZKLOH WUDYHOOLQJ ZLWK 1$6$ 'U\GHQ )��� SURMHFW PDQDJHU -DPHV 6WHZDUW� OHDGLQJ KLP WR
URXJKO\ VNHWFKLQJ LW RQ D 1DSNLQ� )LJXUH ���� 7KLV ZDV DQ HPHUJHQF\ EDFNXS V\VWHP WR EH XVHG LI
PDMRU SULPDU\ IOLJKW FRQWUROV IDLOHG� PDQHXYHULQJ WKH DLUFUDIW WR D VDIH ODQGLQJ ZLWKRXW PRYLQJ
WKH QRUPDO FRQWURO VXUIDFHV� DV VHYHUDO RI WKLV V\VWHP IDLOXUHV KDG EHHQ H[SHULHQFHG LQ UHFHQW
IOLJKWV� /RQJLWXGLQDO DQG ODWHUDO�GLUHFWLRQDO FRQWURO ODZV ZHUH GHYHORSHG IRU VXFK VFHQDULRV�
FRPPDQGLQJ WKH IOLJKWSDWK DQJOH DQG DXJPHQWLQJ SKXJRLG GDPSLQJ DQG XVLQJ GLIIHUHQWLDO WKURW�
WOH LQSXWV WR JHQHUDWH \DZ DQG UHVXOWDQW UROO PRWLRQ E\ GLKHGUDO HIIHFW �)LJXUH ���� 'XULQJ WKH
WHVWLQJ SKDVH� WKH ORQJLWXGLQDO FRQWURO V\VWHP SHUIRUPHG ZHOO EXW� EHFDXVH RI ZLQG JXVWV� WKH
ODWHUDO�GLUHFWLRQDO UHVSRQVH ZDV FRQVLGHUHG WRR VOXJJLVK QHDU WKH JURXQG� VR VRPH LPSURYHPHQWV
DQG FRQWURO ODZ FKDQJHV KDG WR EH PDGH LQ WKH DOJRULWKP EHIRUH IOLJKW LPSOHPHQWDWLRQ� >��@ 7KLV
UHVHDUFK ZDV D SDUWQHUVKLS EHWZHHQ 1$6$ DQG 0F'RQQHOO 'RXJODV $HURVSDFH� 6W� /RXLV� 02�
ZLWK 3UDWW 	 :KLWQH\ WRJHWKHU ZLWK +RQH\ZHOO� UHVXOWLQJ RQ WKH ILUVW VXFFHVVIXO ODQGLQJ XQGHU
HQJLQH�SRZHU RQO\ ZDV DFKLHYHG LQ $XJXVW ��� ����� E\ D 0F'RQQHOO 'RXJODV 0'���� LQ )LJXUH
����

)LJXUH ���� )LUVW ODQGLQJ RI D WUDQVSRUWDWLRQ DLUFUDIW XVLQJ WKH 3&$ V\VWHP� >�@

��



�D� /RQJLWXGLQDO PRWLRQ �E� /DWHUDO�GLUHFWLRQDO PRWLRQ

)LJXUH ���� 3URSXOVLRQ &RQWUROOHG $LUFUDIW �3&$� FRQFHSW� >���@

,Q ����� -RQFNKHHUH HW DO� DSSOLHG WKH +∞ PHWKRGRORJ\ WR WKH SUREOHP RI PDWFKLQJ WKH G\QDP�
LFDOO\ FRPSHQVDWHG WKURWWOH�DFWXDWHG FULSSOHG DLUFUDIW PRGHO DQG WKH QRPLQDO FRQWURO�VXUIDFH�
DFWXDWHG DLUFUDIW PRGHO >��@� 7KH RXWFRPH ZDV WKDW WKH UHVSRQVHV RI WKH FULSSOHG DLUFUDIW ZHUH
DOPRVW WKH VDPH DV RI WKH QRPLQDO PRGHO� GHPRQVWUDWLQJ WKDW +∞ GHVLJQ FRSHV ZLWK WKH PRGHO
PDWFKLQJ SUREOHP LQ D VDWLVIDFWRU\ ZD\� $V WKDW UHVHDUFK RQO\ FRYHUHG WKH ORQJLWXGLQDO PR�
WLRQ� LQ WKH IROORZLQJ \HDU� -RQFNKHHUH HW DO� LQWURGXFHG D QHXUDO QHWZRUN DSSURDFK WR JDLQ�
VFKHGXOLQJ OLQHDU G\QDPLF FRQWUROOHUV IRU WKH ODWHUDO PRWLRQ RI 3&$>��@� $ GHPRQVWUDWLRQ RI WKH
FRQFHSW WKURXJK D VLPXODWLRQ RI DQ /������ FRQILUPHG WKH GHVLJQ·V HIIHFWLYHQHVV IRU WKH FKRVHQ
IOLJKW FRQGLWLRQV DQG WKH IDPLO\ RI FRQWUROOHUV� )XUWKHU UHVHDUFK>��@� DOORZHG IRU DQ XQGHUVWDQG�
LQJ WKDW� FRQWUDU\ WR WKH PRUH SRSXODU PRGHO PDWFKLQJ E\ SODQW VWDWH IHHGEDFN� HUURU IHHGEDFN
LV DQ HDVLHU� PRUH UREXVW GHVLJQ DJDLQVW XQFHUWDLQWLHV� 7KLV RXWFRPH ZDV DFKLHYHG DIWHU WZR
VWUDWHJLHV FRPSDULVRQ� WK HUURU IHHGEDFN IRU ORQJLWXGLQDO FRQWURO DQG WKH FULSSOHG DLUFUDIW VWDWH
IHHGEDFN IRU ODWHUDO FRQWURO�

7ZR QHZ YHUVLRQV RI 3&$ ZHUH SUHVHQWHG E\ 1$6$ ODWHU LQ ���� ³ WKH /LWH DQG 8OWUDOLWH IOLJKW
PRGHV� $OWKRXJK D IXOO LPSOHPHQWDWLRQ RI WKLV V\VWHP KDV VWLOO QRW KDSSHQHG� WKHVH ZHUH FKHDSHU
DQG PRUH DGDSWDEOH YHUVLRQV WKDW GLG QRW UHTXLUH FKDQJHV LQ WKH DLUFUDIW·V HQJLQH�FRQWURO FRP�
SXWHU� LQ DQ DWWHPSW WR PDNH WKHP PRUH DWWUDFWLYH WR LQGXVWU\� 3&$�/LWH DOORZV WKH SLORW WR
XVH DQ DLUFUDIW·V H[LVWLQJ DXWR�WKURWWOH DQG HQJLQH WULP FRPPDQGV WR SHUIRUP HQJLQHV�RQO\ ODQG�
LQJV� 5HVXOWV VKRZHG WKDW 3&$�/LWH LV DOPRVW DV HIIHFWLYH DV WKH IXOO V\VWHP� DOWKRXJK LW FDQ RQO\
EH LPSOHPHQWHG LQ DLUFUDIWV ZLWK GLJLWDO HQJLQH FRQWUROV� 3&$�8OWUDOLWH DOVR XVHV DQ DLUSODQH·V
H[LVWLQJ DXWR�WKURWWOHV WR FRQWURO SLWFK �FOLPE DQG GHVFHQW�� EXW XQOLNH 3&$ DQG 3&$�/LWH� GRHV
QRW UHTXLUH GLJLWDO HQJLQH FRQWUROOHUV� ,QVWHDG� WKH SLORW QHHGV WR PDQXDOO\ FRQWURO WKH WKURWWOH
RI HDFK HQJLQH IRU GLUHFWLRQDO PRWLRQ FRQWURO� >��@ 6XEVHTXHQW VWXGLHV LQWR 3&$ IXUWKHU GHPRQ�
VWUDWHG WKH FRQFHSW>��������������@�

2FKL HW DO� GHVLJQHG>��@ D IOLJKW FRQWURO V\VWHP IRU SURSXOVLRQ FRQWUROOHG DLUFUDIW �3&$� LQ �����
ZKLFK DUH FRQWUROOHG XVLQJ WKUXVW RQO\� ,Q WKLV VWXG\� VSHFLILFDOO\ WKH IDVHV RI DSSURDFK DQG
ODQGLQJ ZHUH FRQVLGHUHG �PRVW FULWLFDO� EDVHG RQ WKH VWDWH�VSDFH DSSURDFK DQG HPSOR\LQJ WKH

��



+∞ VWDWH�IHHGEDFN FRQWURO� 7R PDNH WKH GHVLJQ VLPSOHU DQG WKH JDLQ DGMXVWPHQW HDVLHU� WKH
FRQWURO DQG JXLGDQFH ORRSV ZHUH GHVLJQHG DW D WLPH� LQVWHDG RI WKH FRQYHQWLRQDO VHSDUDWHG
ORRSV� 7KH GHVLJQHG IOLJKW FRQWURO V\VWHPV �JOLGH VORSH� IDUH DQG ODWHUDO�GLUHFWLRQDO FRQWUROV�
DFKLHYHG VDWLVIDFWRU\ DSSURDFK DQG ODQGLQJ XVLQJ WKH DYDLODEOH DPRXQW RI WKUXVW �DVVXPLQJ WKDW
WKH WULP WKUXVW LV ��� RI WKH PD[LPXP FUXLVH WKUXVW DW WKH IOLJKW FRQGLWLRQ�� DOWKRXJK WKH VWXG\
GLGQ·W WDNH LQWR DFFRXQW WKH XQFHUWDLQWLHV RI WKH DLUFUDIW PRGHO�

,Q ����� <X SURSRVHG D QRYHO GHVLJQ DOJRULWKP IRU WKH SLWFK FRQWURO >��@ RI 3&$ RYHU D IOLJKW
HQYHORSH IRU D FULSSOHG DLUSODQH� 7KH OLQHDU FRQWUROOHUV DUH V\QWKHVLVHG DW YDULRXV HTXLOLEULXP
RSHUDWLQJ SRLQWV E\ DQ +∞ PHWKRG WR VROYH WKH PRGHO PDWFKLQJ SUREOHP�ZKHQ WKH FULSSOHG
DLUSODQH PDWFKHV WKH UHVSRQVHV RI WKH QRPLQDO PRGHO�� 7KH UDGLDO EDVLV QHWZRUNV �5%1� WUDLQHG
IURP WKH IDPLO\ RI +∞ FRQWUROOHUV LV XVHG IRU JDLQ VFKHGXOLQJ DQG \LHOGV FRQWUROOHUV WKDW SURYLGH
DFFHSWDEOH SHUIRUPDQFH RYHU DQ RSHUDWLQJ UDQJH� WKHUHIRUH FRQVWUXFWLQJ WKH JDLQ VFKHGXOLQJ
FRQWUROOHU� 5%1 XVDJH HOLPLQDWHV WKH GLIILFXOW\ RI PXOWLYDULDEOH FRQWURO VFKHGXOLQJ DQG ZKLOH
PDLQWDLQLQJ WKH GHVLUHG SHUIRUPDQFH�

&RQFHUQLQJ PRGHUQ FRPPHUFLDO DLUOLQHUV IRU HPHUJHQF\ SURFHGXUHV� DQRWKHU VWXG\ ZDV FRQ�
GXFWHG E\ 1$6$ LQ ����>��@� VWLOO PRWLYDWHG E\ WKH LQFUHDVLQJ KLVWRU\ RI DFFLGHQWV DQG LQFLGHQWV
LQ ZKLFK VRPH RU DOO IOLJKW FRQWUROV ZHUH ORVW� ,Q WKHVH DFFLGHQWV� PDQ\ SLORWV DWWHPSWHG WR FRQ�
WURO WKH DLUFUDIW ZLWK WKURWWOHV�RQO\� XVLQJ GLIIHUHQWLDO WKUXVW WR FRQWURO EDQN DQJOH �JHQHUDWLQJ
VLGHVOLS DQG DFKLHYLQJ D UROO PRWLRQ WKURXJK WKH DLUFUDIW·V GLKHGUDO HIIHFW� DQG FROOHFWLYH WKUXVW
WR FRQWURO IOLJKWSDWK� EXW WKLV FRQWURO PHWKRG RIWHQ SURYHG XQVXFFHVVIXO IRU ODQGLQJ� $V VR� 1$6$
VWXGLHG WKH 0DQXDO 0DQLSXODWLRQ RI (QJLQH 7KURWWOHV �72&� IRU D ZLGH UDQJH RI DLUFUDIW WKURXJK
VLPXODWLRQ DQG IOLJKW� $OWKRXJK� DOO WHVWHG DLUFUDIW VKRZHG VXIILFLHQW FRQWURO FDSDELOLW\� EHLQJ
DEOH WR PDLQWDLQ PRVW RI WKH FRQWURO HIIHFWLYHQHVV� ZLWK ERWK IOLJKWSDWK DQG JURXQG WUDFN DQJOH
EHLQJ FRQWUROOHG WR ZLWKLQ D IHZ GHJUHHV� PDQXDO 72& XVDJH ZDV FRQFOXGHG WR EH H[FHVVLYHO\
GLIILFXOW WR XVH IRU VDIH UXQZD\ ODQGLQJV� GXH WR WKH RVFLOODWRU\ GXWFK UROO DQG SKXJRLG PRGHV
FRPELQHG ZLWK ZHDN FRQWURO PRPHQW JHQHUDWLRQ DQG VORZ HQJLQH UHVSRQVH� >��@

/DWHU LQ ����� 2FKL >��@ FRPSOHPHQWHG KLV SUHYLRXV VWXG\>��@ E\ GHVLJQLQJ D FRQWUROOHU IRU GHVFHQW
DQG GHFHOHUDWLRQ IRU ORQJLWXGLQDO PRWLRQ DQG XVLQJ D PRGHO�IROORZLQJ FRQWURO PHWKRG� EDVHG RQ
D OLQHDU TXDGUDWLF UHJXODWRU� 7KH DXWKRUV VLPXODWHG WKH GHFHOHUDWLRQ� GHVFHQW� DSSURDFK DQG
ODQGLQJ DQG FDPH WR WKH FRQFOXVLRQ WKDW ERWK ORQJLWXGLQDO DQG ODWHUDO�GLUHFWLRQDO FRQWURO DUH
VXFFHVVIXOO\ DFKLHYHG� DOWKRXJK VSHHG FRQWURO SURYHV PRUH GLIILFXOW� +RZHYHU� LI WKH KRUL]RQWDO
VWDELOLVHU DLQ·W GDPDJHG� WKH DLUVSHHG FDQ EH UHGXFHG WR D VDIHU ODQGLQJ VSHHG�

+LWDFKL HW DO� SUHVHQWHG LQ ���� D UREXVW 3&$ FRQWURO V\VWHP IRU YHUWLFDO�WDLO�GDPDJHG DLUFUDIW
E\ XVLQJ +∞ ORRS WUDQVIHU UHFRYHU\ �+∞�/75� WHFKQLTXH>��@� DQG WHVWLQJ LW ERWK IRU OLQHDU DQG
QRQOLQHDU VLPXODWLRQV RI D IRXU�HQJLQH MHW DLUFUDIW� 7KH DXWKRUV SURYHG WKH V\VWHP·V FRQWURO
HIIHFWLYHQHVV XQGHU GLIIHUHQW OHYHOV RI YHUWLFDO WDLO GDPDJH� WKHUHIRUH YDOLGDWLQJ WKLV PHWKRG DV
D VROXWLRQ WR HQKDQFH WKH UREXVWQHVV RI DQ RSWLPDO FRQWUROOHU�

$V SDVW UHVHDUFK KDG GHPRQVWUDWHG WKDW WKH HQJLQHV· VORZ UHVSRQVH DV FRQWURO DFWXDWRUV� ZKHQ
FRPSDUHG WR FRQYHQWLRQDO FRQWURO VXUIDFHV� ZDV RQH RI WKH PDMRU FRQWULEXWRUV WR WKH GLIILFXOW\
LQ ODQGLQJ ZLWK 3&$� IXUWKHU UHVHDUFK>��@ ZDV FRQGXFWHG LQ ����� DWWHPSWLQJ WR PDNH WKH HQJLQH
PRUH UHVSRQVLYH GXULQJ HPHUJHQF\ FRQGLWLRQV� 1$6$ FDUULHG RXW DQ H[DPSOH VHQVLWLYLW\ DQDO\VLV
RQ WKH &�0$366 HQJLQH� ZLWK WKH REMHFWLYH RI LQYHVWLJDWLQJ LWV DELOLW\ WR UHVSRQG IDVWHU WKDQ
XVXDO� DQG HQDEOH DQ RYHUWKUXVW FDSDELOLW\� 7KLV LQYHVWLJDWLRQ FRQFOXGHG WKDW HQJLQH FRQWUROOHUV
FDQ EH UHGHVLJQHG DQG�RU WKH OLPLWV DGMXVWHG� WR UHDFK D TXLFNHU UHVSRQVH DQG�RU RSHUDWH XQ�
GHU RYHUWKUXVW FRQGLWLRQV LQ HPHUJHQF\ VFHQDULRV� +RZHYHU� WKLV HQKDQFHG RSHUDWLRQ VHYHUHO\
GHFUHDVHV WKH HQJLQH·V OLIH DQG LQFUHDVHV LWV RSHUDELOLW\ ULVN� >��@

(QJLQH UHVSRQVH WLPH UHTXLUHPHQWV LQ VHYHUH YHUWLFDO VWDELOLVHU GDPDJH VLWXDWLRQV ZHUH H[DP�
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LQHG E\ 1$6$ LQ ����>��@� 7KH WLPH FRQVWDQW DQG GHOD\ UHTXLUHPHQWV IRU HQDEOLQJ WKH XVDJH RI
DLUFUDIW HQJLQHV DV FRQWURO HIIHFWRUV LQVWHDG RI WKH UXGGHU ZHUH FRPSXWHG WKURXJK WKDW VWXG\�
LQ ����� ,W ZDV REVHUYHG WKDW� DV WKH GXWFK�UROO GDPSLQJ DQG HQJLQH WKUXVW GHFUHDVHV ZKHQ
WKH DOWLWXGH LQFUHDVHV� WKH HQJLQH UHVSRQVH WLPH QHHGV WR EH TXLFNHU IRU KLJK DOWLWXGH DQG KLJK
VSHHG RSHUDWLRQV� DV HQJLQHV KDYH OHVV WKUXVW FDSDELOLW\ ³ PDNLQJ IOLJKW�SURSXOVLRQ FRQWURO PRUH
HIIHFWLYH DW ORZ DLUVSHHG DQG DOWLWXGH� 7KH LQLWLDO FRQGLWLRQV FDQ LQWHUIHUH LQ WKH VWDELOLW\ RI WKH
SURSXOVLRQ FRQWURO GXH WR HQJLQH WKUXVW VDWXUDWLRQ� DV ZKHQ WKH HQJLQH WKUXVW HQWHUV LWV OLPLWLQJ
YDOXHV� LWV FRQWURO HIIHFWLYHQHVV LV ORZHU� $OVR� WKH \DZ DQG UROO UDWHV· OLPLWV PD\ EH UHODWLYHO\
VPDOO IRU KLJKHU DLUVSHHG DQG DOWLWXGH� VR LQ FDVH WKH LQLWLDO FRQGLWLRQV RQ WKRVH UDWHV H[FHHG
WKHVH OLPLWV� WKH DLUFUDIW ZLOO GHSDUW� >��@ 7KH REMHFWLYH RI WKLV UHVHDUFK ZDV WKDW LWV UHVXOWV FRXOG
EH EH WDNHQ LQWR DFFRXQW GXULQJ IXWXUH DLUFUDIW GHVLJQ SKDVH�

,Q ����� HQJLQHHU -DPHV 0� 8UQHV UHYLHZHG WKH 3URSXOVLRQ &RQWUROOHG $LUFUDIW �3&$� IOLJKW PRGH
FRQFHSW IRU 0XOWL�HQJLQH 8$9 $LUFUDIW >��@� 7KLV VWXG\ VKRZHG WKDW LQWURGXFLQJ WKLV IHDWXUH QRW
RQO\ LQFUHDVHV FRQWURO UHGXQGDQF\ DV ZHOO DV GHFUHDVHV WKH QHHG IRU PXOWLSOH FRQWURO FKDQQHOV�
EXW DOVR WKDW WKH XVH RI 3&$ IRU UROO FRQWURO FDQ SHUPLW OLJKWHU ZLQJ VWUXFWXUDO ZHLJKW DQG WDLOOHVV
FRQILJXUDWLRQV XVLQJ WKUXVW FKDQJHV IRU GLUHFWLRQDO FRQWURO�

3RVWHULRUO\� /X HW DO� SURSRVHG D VWUDWHJ\ LQ ���� EDVHG RQ GLIIHUHQWLDO WKUXVW WR EH XVHG DV D
FRQWURO LQSXW WR DFW DV D ´YLUWXDOµ UXGGHU DQG KHOS PDLQWDLQ VWDELOLW\ DQG FRQWURO RI D GDPDJHG
DLUFUDIW >��@� 7KLV VWUDWHJ\ KDG D +∞ ORRS�VKDSLQJ DSSURDFK LQ RUGHU WR DFKLHYH D VWDEOH DQG UREXVW
IOLJKW HQYHORSH� 7KDW UREXVW FRQWURO V\VWHP GHVLJQ·V DELOLW\ R VWDELOLVH WKH GDPDJHG DLUFUDIW ZDV
VXFFHVVIXO� DV LW UHDFKHG VWHDG\ VWDWH VWDELOLW\ ZLWKLQ RQO\ �� VHFRQGV XQGHU IHDVLEOH FRQWURO
HIIRUWV�

0RUH UHFHQWO\� WKH DXWKRUV GHVLJQHG D OLQHDU TXDGUDWLF UHJXODWRU FRQWUROOHU >��@� WR VWXG\ WKH DELO�
LW\ RI WKH GDPDJHG DLUFUDIW WR WUDFN DQG PLPLF WKH EHKDYLRXU RI WKH PRGHO DLUFUDIW �UHIHUHQFH�
LQ DQ H[WUHPH VFHQDULR� $Q DELOLW\ WKDW WKH DXWKRUV GHPRQVWUDWHG WKURXJK DQ DGDSWLYH FRQWURO
V\VWHP GHVLJQ EDVHG RQ WKH /\DSXQRY VWDELOLW\ DSSURDFK�EDVHG PRGHO UHIHUHQFH DGDSWLYH FRQWURO
PHWKRGRORJ\� 5REXVWQHVV DQG XQFHUWDLQW\ DQDO\VLV VKRZHG WKDW XQFHUWDLQ SODQW G\QDPLFV ZHUH
DEOH WR IROORZ PRGHO SODQW G\QDPLFV ZLWK DV\PSWRWLF VWDELOLW\� LQ WKH SUHVHQFH RI ��� IXOO EORFN�
DGGLWLYH XQFHUWDLQW\� DVVRFLDWHG ZLWK GDPDJHG DLUFUDIW G\QDPLFV� WKHUHIRUH DFKLHYLQJ VDIH �DQG
VWDEOH� RSHUDWLQJ FRQGLWLRQV�

7KH SRWHQWLDO RI LQWHJUDWLQJ SURSXOVLRQ FRQWUROOHG V\VWHPV DV D SULPDU\ PRGH RI DLUFUDIW FRQWURO
LV VWLOO DQ RQJRLQJ UHVHDUFK HQGHDYRXU� GXH WR WKH FRQWLQXLQJ WUDGH�RII EHWZHHQ DGYDQWDJHV DQG
FKDOOHQJHV DVVRFLDWHG ZLWK WKH LPSOHPHQWDWLRQ RI WKLV WHFKQRORJ\�

��� $GYDQWDJHV DQG &KDOOHQJHV

$V VHHQ LQ 6HFWLRQ ���� SURSXOVLRQ FRQWURO UHVHDUFKHV ZHUH PDLQO\ PRWLYDWHG E\ WKLV FRQFHSW·V
DGYDQWDJHV LQ HPHUJHQF\ VLWXDWLRQV ZKHUH FRQYHQWLRQDO IOLJKW FRQWUROV ZHUH ORVW� +RZHYHU�
EHVLGHV VDIHW\ UHDVRQV� RWKHU DGYDQWDJHV RI WKLV FRQWURO PHWKRG FDQ EH LGHQWLILHG�

$LUFUDIW ZLWK WKLV WHFKQRORJ\ EHQHILW IURP LQIHULRU DFTXLVLWLRQ DQG PDLQWHQDQFH FRVWV� GXH WR
WKH PXFK VLPSOHU IOLJKW FRQWURO V\VWHPV� $ ERRVWHG HQJLQH OLIH DQG IXHO HIILFLHQF\ DUH RWKHU
SHUNV� $V D UHVXOW RI WKH QHHGHG HQJLQH FRQWURO PRGHV� WKDW DOORZ WKH HQJLQH WR DOZD\V IXQFWLRQ
ZLWKLQ LWV RSWLPXP RSHUDWLQJ FRQGLWLRQV� 2SWLPDO HQJLQH FRQWURO DOVR UHVXOWV LQ OHVV IXHO EXUQ
DQG H[WHQGHG FRPSRQHQW OLIH� SURYRNLQJ RSHUDWLQJ FRVWV UHGXFWLRQ DV ZHOO�

/LJKWHU DLUIUDPH VWUXFWXUDO ZHLJKW LV DFKLHYDEOH� RQFH SDUW RI WKH UROO DQG \DZ PRPHQWV DUH
FRQWUROOHG WKURXJK WKUXVW� WKH ZLQJ DQG WDLO VWUXFWXUHV DUH DOORZHG OHVV ULJLGQHVV DQG WKH FRQWURO
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VXUIDFHV UHTXLUH OHVV VXUIDFH DUHD� 7KHVH UHGXFWLRQV FRXOG DV ZHOO OHDG WR DLUFUDIW ZLQJ DQG WDLO
GHVLJQ DGYDQFHV� IRU ZHLJKW RSWLPLVDWLRQ�

3RVVLEOH DXJPHQWDWLRQ RI WKH DLUFUDIW·V IOLJKW HQYHORSH� FRQVLGHULQJ WKH SURSXOVLRQ·V VXSHULRU HI�
IHFWLYHQHVV DW H[WUHPH DQJOHV RI DWWDFN DQG VLGHVOLS� ZKHQ FRPSDUHG WR WKH UXGGHU DQG DLOHURQV�

$Q LQFUHDVH LQ WKH FRQWURO UHGXQGDQF\� VLQFH SURSXOVLRQ FRQWURO DXJPHQWV WKH DLUFUDIW·V FRQYHQ�
WLRQDO FRQWURO DQG GHFUHDVHV WKH QXPEHU RI FRQWURO FKDQQHOV QHHGHG�

,Q DGGLWLRQ� D VDWLVIDFWRU\ SHUIRUPDQFH RI WKHVH V\VWHPV DV D FRQWURO PHDQV KDV EHHQ SURYHQ�
DIWHU PDQ\ IOLJKW WHVWV KDYLQJ GHPRQVWUDWHG JRRG HQRXJK IOLJKW SDWK FRQWURO DQG DLUFUDIW VWDELO�
LVDWLRQ�

$OWKRXJK WKHUH DUH PDQ\ DGYDQWDJHV LQ FRQWUROOLQJ DQ DLUFUDIW WKURXJK LWV SURSXOVLYH V\VWHP�
WKHUH·UH DOVR D IHZ FKDOOHQJHV UHJDUGLQJ WKLV LPSOHPHQWDWLRQ�

$ UHOHYDQW LVVXH LV FRQFHUQLQJ WKH WRWDO TXDQWLW\ RI HQJLQHV DQG WKH UHVSHFWLYH SRVVLEOH ODFN RI
H[FHVV WKUXVW DYDLODEOH IRU FRQWURO LQ VRPH SKDVHV RI WKH IOLJKW� IRU H[DPSOH GXULQJ WDNH�RII� ,Q
DGGLWLRQ� WKHUH·V D UHGXFWLRQ RI HIIHFWLYHQHVV DW KLJK DLUVSHHG DQG DOWLWXGH� DV WKH HQJLQHV KDYH
OHVV WKUXVW FDSDELOLW\�

(QJLQH WKUXVW YDULDWLRQV RXJKW WR EH IDVW HQRXJK VR WKDW VXIILFLHQW ODWHUDO�GLUHFWLRQDO G\QDPLF
DLUFUDIW VWDELOLW\ LV DFKLHYHG� 7KH HQJLQH·V VORZHU DFWXDWLQJ SRZHU LQ FRPSDULVRQ WR WKH FRQYHQ�
WLRQDO IOLJKW FRQWURO VXUIDFHV LV RQH RI WKH PDLQ FRQFHUQV UHJDUGLQJ SURSXOVLRQ FRQWURO HIILFLHQW
XVDJH� $OVR� DV ZLWK LQFUHDVHG DOWLWXGH WKH HQJLQH·V WKUXVW GHFUHDVHV� LWV UHVSRQVH UHTXLUHPHQWV
DUH PRUH GHPDQGLQJ IRU KLJK DOWLWXGH DQG VSHHG RSHUDWLRQ�

'XH WR WKH SUHYLRXVO\ SUHVHQWHG UHVSRQVH UHTXLUHPHQW� WKH SKXJRLG DQG GXWFK�UROO PRGHV FRQ�
WURO DQG WKH GDQJHUV DVVRFLDWHG ZLWK H[FHHGLQJ WKH DLUFUDIW·V IOLJKW HQYHORSH OLPLWV� PDQXDO
HQJLQH FRQWURO LV LQHIILFLHQW� UHTXLULQJ H[WHQVLYH SUDFWLVH DQG FRQFHQWUDWLRQ� WKXV RSWLPXP HQ�
JLQH FRQWURO PRGHV DUH UHFRPPHQGHG WR DFKLHYH WKDW GHPDQG�

��� 'LVWULEXWHG (OHFWULF 3URSXOVLRQ

(OHFWULF SURSXOVLRQ FRXOG EH LPSOHPHQWHG WR RYHUFRPH WKH IRUPHUO\ PHQWLRQHG FKDOOHQJHV�
QDPHO\ WKH QHHG IRU IDVWHU UHVSRQVH HQJLQHV DQG DGGLWLRQDO WKUXVW FDSDELOLW\� )XUWKHU EHQH�
ILWV FRPH IURP WKH LPSOHPHQWDWLRQ RI D 'LVWULEXWHG (OHFWULF 3URSXOVLRQ �'(3� V\VWHP� DV HQJLQHV
FDQ EH SODFHG� VL]HG� DQG RSHUDWHG ZLWK ODUJH IOH[LELOLW\� DOORZLQJ WR H[SORUH WKH DHUR�SURSXOVLYH
FRXSOLQJ EHQHILWV DQG WR LPSURYH WKH SHUIRUPDQFH RI FRQYHQWLRQDO GHVLJQV� LQFOXGLQJ UHGXFLQJ
WKH WUDGLWLRQDO FRQWURO VXUIDFHV DQG GHFUHDVLQJ WKH DLUFUDIW·V FRQWURO V\VWHP YXOQHUDELOLW\ WR
HQJLQH�RXW FDVHV� >��@ ,Q IDFW� WKH HPHUJHQFH RI WKH '(3 V\VWHP FRQFHSW SRWHQWLDWHV QHZ FDSD�
ELOLWLHV IRU IXWXUH DLUFUDIW·V GHVLJQ� HIILFLHQF\ DQG UREXVWQHVV� $OWKRXJK D IRUPDO GHILQLWLRQ LV
\HW WR EH HVWDEOLVKHG� '(3 FDQ EH GHVLJQDWHG DV D PHDQV IRU SURYLGLQJ �E\ ZD\ RI DQ HOHFWULF
WUDQVPLVVLRQ V\VWHP� WKH QHFHVVDU\ HQHUJ\ WR SRZHU DQ DUUD\ RI PXOWLSOH�VPDOO�LQGHSHQGHQWO\�
SRZHUHG SURSXOVLYH XQLWV ORFDWHG DFURVV WKH DLUFUDIW WKDW HPSRZHU WKH LPSURYHPHQW RI WKH
V\VWHP�

7KLV EHQHILW RI DGRSWLQJ GLVWULEXWHG SURSXOVLRQ WR HQDEOH DLUFUDIW FRQWURO ZDV LQWURGXFHG E\
:LQERUQ>��@� .R HW DO� >��@� .LP DQG 6DXQGHUV>��@� DQG .LP HW DO� >��@� >��@

7KHVH ZRUNV SURYLGHG LQVLJKW LQWR WKH XVH RI '3 DV D FRQWURO PHWKRG IRU DLUFUDIW IOLJKW G\QDPLFV
DQG LWV UROH RQ WKH PRUH WUDGLWLRQDO FRQWURO VXUIDFHV SRWHQWLDO HOLPLQDWLRQ� RSHQLQJ QHZ GRRUV
IRU YHUWLFDO WDLO VXUIDFH UHGXFWLRQ RU HYHQ HOLPLQDWLRQ DQG DLUFUDIW ZHLJKW�

/HLIVVRQ HW DO� >��@ XWLOLVHG WKH VDPH DSSURDFKHV DV WKH SUHYLRXVO\ PHQWLRQHG VWXGLHV� EXW LPSOH�
PHQWLQJ LW LQ D EOHQGHG ZLQJ ERG\ DLUFUDIW GHVLJQ FRQFHSW� ,Q WKLV %:% UHVHDUFK WKH '3 FRQWURO
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ZDV SURYLGHG E\ WKUXVW YHFWRULQJ� UHSODFLQJ WKH XVXDO HOHYRQ VXUIDFHV� DQG WKH WRWDO ZLQJ ZHLJKW
UHGXFWLRQ ZDV GHPRQVWUDWHG�

/DWHU� FRQVLGHULQJ WKH LQFUHDVHG QXPEHU RI HQJLQHV LQ D '(3 FRQILJXUDWLRQ� WKH DGYDQWDJH RI
LQFUHDVHG FRQWURO UHGXQGDQF\ ZDV LQGLFDWHG E\ .R HW DO� >��@� HPSKDVLVLQJ RQ WKH OHVV FULWLFDO
DLUFUDIW SHUIRUPDQFH FRQVHTXHQFHV LQ DQ HQJLQH�RXW VFHQDULR� ,Q VXFK D VFHQDULR� IRU D '(3 DLU�
FUDIW� D UH�DUUDQJHPHQW RI WKH V\VWHP·V WRWDO WKUXVW LV SRVVLEOH E\ UH�DOORFDWLQJ WKH ORVW HQJLQH·V
WKUXVW�

1JX\HQ HW DO� >��@ H[SORUHG WKH XVH RI '(3 DV D ZD\ IRU FRQWUROOLQJ DQG LPSURYLQJ DLUFUDIW DHUR�
G\QDPLFV� E\ PHDQV RI SURSXOVLRQ�LQGXFHG DHURHODVWLF UHVSRQVHV OHYHUDJLQJ� 7KH DXWKRUV SUH�
VHQWHG DQ DHURHODVWLF ZLQJ VKDSLQJ FRQWURO FRQFHSW IRU '(3 DLUFUDIW� SURYLQJ WKDW '3 FDQ EH XVHG
WR LQFUHDVH DHURG\QDPLF HIILFLHQF\�

$ JUHDW EHQHILW RI WKH '(3 WHFKQRORJ\ LQWHJUDWLRQ LV WKH HQKDQFHG G\QDPLF SUHVVXUH RYHU WKH
ZLQJ DW UHGXFHG VSHHGV GXH WR WKH SURSHOOHUV EHLQJ GLVWULEXWHG DORQJ WKH ZLQJVSDQ� HQDEOLQJ
ZLQJ DUHD UHGXFWLRQ DQG KLJK�VSHHG FUXLVH HIILFLHQF\ ZLWKRXW MHRSDUGLVLQJ WKH ORZ�VSHHG SHUIRU�
PDQFH�>��@ $OVR� GHVLJQLQJ WKH KLJK�OLIW SURSHOOHUV IRU ORZ�VSHHG RSHUDWLRQ LQVWHDG RI SURSXOVLYH
HIILFLHQF\ DW FUXLVH� DYRLGV WKH RYHUVL]LQJ RI WKH ZLQJV IRU WDNHRII DQG ODQGLQJ VDNH �RYHUVL]HG
ZLQJV KDYH D PXFK KLJKHU YHORFLW\ GXULQJ FUXLVH WKHQ ZKHQ WKH DLUIUDPH OLIW�WR�GUDJ UDWLR LV
PD[LPLVHG��

$Q DGGLWLRQDO DGYDQWDJHRXV FKDUDFWHULVWLF LV WKH SRVVLELOLW\ RI ORZHULQJ WKH FRPPXQLW\ QRLVH
GXULQJ WKH WDNH�RII DQG ODQGLQJ IOLJKW SKDVHV� E\ LQFUHDVLQJ WKH HIIHFWLYH E\SDVV UDWLR �UDWLR RI
PDVV IORZ UDWH RI DOO FRPELQHG DLU IORZ HQWHULQJ WKH '(3 IDQV RYHU WKDW HQWHULQJ WKH HQJLQH
FRUH >��@�WKURXJK LQFUHDVLQJ WKH QXPEHU RI HOHFWULFDOO\�GULYHQ IDQV� %HVLGHV QRLVH UHGXFWLRQ� D
VXEVWDQWLDOO\ ORZHU DFRXVWLF LPSDFW LV OLNHZLVH YHULILHG RQ HOHFWULF HQJLQHV FRPSDULQJ WR WXUELQHV
DQG LWV FRPSRQHQWV� >��@

$QRWKHU IDYRXUDEOH UHDVRQ IRU WKH VWXG\ RI WKLV DOWHUQDWLYH SURSXOVLRQ V\VWHP LV WKH YLVLEOH VWURQJ
LPSDFW RI DYLDWLRQ RQ WKH HQYLURQPHQW� %HVLGHV WKH HPLVVLRQV DQG SROOXWLRQ SUREOHP� WKHUH LV
WKH IDFW WKDW WKH DPRXQW RI SHWUROHXP IXHO LV OLPLWHG� HYHQ LI LW LV QRW FOHDU ZKHQ WKDW UHVRXUFH
ZLOO GUDLQ� >��@ $V HOHFWULF SURSXOVLRQ V\VWHPV EHQHILW IURP EHWWHU HQHUJ\ FRQYHUVLRQ HIILFLHQF\
DQG FDQ EH FRQVLGHUHG ]HUR�HPLVVLRQ� WKH\ DUH DWWUDFWLYH LQ WKDW H[WHQW�

$OWKRXJK WKH HQYLURQPHQWDO VWDQG RI HOHFWULF YHKLFOHV FDQ EH FRQWURYHUVLDO DV IDU DV WKH EDWWHU\
PDQXIDFWXULQJ LPSDFWV RQ JUHHQKRXVH JDV HPLVVLRQV DUH FRQFHUQHG� ODVW \HDU ������ WKH ,QWHU�
QDWLRQDO &RXQFLO RQ &OHDQ 7UDQVSRUWDWLRQ �,&&7� LVVXHG D UHSRUW >��@ RQ WKH VXEMHFW� 7KLV FRXQFLO
FDPH WR WKH FRQFOXVLRQ WKDW DQ HOHFWULF HQJLQH LV PXFK FOHDQHU WKDQ DQ LQWHUQDO FRPEXVWLRQ HQ�
JLQH RYHU WKHLU OLIHWLPH DQG WKDW WKH EDWWHU\ PDQXIDFWXULQJ OLIH�F\FOH HPLVVLRQV GHEW LV TXLFNO\
SDLG RII DIWHU RQO\ � \HDUV�

7KH PDMRULW\ RI HOHFWULF PRWRUV FDQ EH RYHUORDGHG IRU D VKRUW SHULRG RI WLPH ZLWKRXW RYHUKHDWLQJ
DQG GDPDJLQJ WKH LQVXODWLRQ� 7KH FRQWLQXRXV HOHFWULF FXUUHQW FDQ EH H[FHHGHG EH\RQG QRUPDO
YDOXHV LI WKH PRWRU KDV EHHQ UXQQLQJ ZLWK UHGXFHG FXUUHQW IRU VRPH WLPH� 7KH SULPDU\ IDFWRUV
LQIOXHQFLQJ WKH GXUDWLRQ DQG PDJQLWXGH RI WKDW DGPLVVLEOH RYHUORDG DUH WKH SUHYLRXV SDWWHUQ RI
RSHUDWLRQ DQG WKH WKHUPDO WLPH�FRQVWDQW� 7KHUPDO WLPH FRQVWDQWV GLFWDWH WKH WHPSHUDWXUH·V
UDWH RI ULVH DQG PD\ H[WHQW IURP D IHZ VHFRQGV IRU VPDOO PRWRUV WR PDQ\ PLQXWHV WR KRXUV IRU
ODUJH RQHV�>��@

$V DOO HOHFWULF PRWRUV IROORZ WKH HOHFWURPDJQHWLVP ODZV DQG DUH WKHUHIRUH XQGHU WKH VDPH FRQ�
VWUDLQV LPSRVHG E\ WKH PDWHULDOV IURP ZKLFK WKH\ DUH PDGH� FRPPRQ SURSULHWLHV EHWZHHQ WKHP
FDQ EH LGHQWLILHG� >��@

�� 5DWHG WRUTXH LV URXJKO\ SURSRUWLRQDO WR WKH URWRU� DQG FRQVHTXHQWO\ PRWRU� YROXPHV LQ
PRWRUV ZLWK LGHQWLFDO FRROLQJ V\VWHPV�

��



�� $Q\ JLYHQ PRWRU·V DGPLVVLEOH RXWSXW LV PDLQO\ FRQVWUDLQHG E\ LWV FRROLQJ DUUDQJHPHQW�
�� 2XWSXW VSHFLILF SRZHU LV SURSRUWLRQDO WR VSHHG�
�� 7KH HIILFLHQF\ RI D PRWRU LQFUHDVHV DORQJ ZLWK VSHHG�
�� 6PDOO PRWRUV KDYH D ORZHU VSHFLILF WRUTXH DQG DUH OHVV HIILFLHQW WKDQ ODUJH RQHV�
�� $Q\ PRWRU FDQ EH PRGLILHG WR PDWFK DQ\ YROWDJH�

8QGRXEWHGO\� WKH PRWRUV� JHQHUDWRUV DQG HOHFWULFDO FDEOHV JRYHUQ WKH HOHFWULFDO V\VWHP·V ZHLJKW�
GLFWDWLQJ FDXWLRXV GHOLEHUDWLRQ IRU HQJLQH SODFHPHQW� FRROLQJ V\VWHP·V HIILFLHQF\ DQG QXPEHU
RI PRWRUV DQG JHQHUDWRUV� 7KXV� LW LV SUHIHUDEOH WR DYRLG DQ H[FHVVLYH DPRXQW RI PRWRUV DQG
JHQHUDWRUV� DV ZHOO DV SODFLQJ WKHP IDU� UHTXLULQJ FDEOH GUDZLQJ DFURVV WKH IXVHODJH� >��@ )RU
FRPSHQVDWLQJ WKH PDQ\ HOHFWULFDO XQLWV DQG FRPSRQHQWV· ZHLJKW� FRPSRVLWH PDWHULDOV PD\ EH D
JRRG VROXWLRQ� $OWKRXJK� LI WKRVH PDWHULDOV ZHUH DSSOLHG RWKHU GLIILFXOWLHV VXFK DV WKH LPSDFWV
RQ WKH DLUIUDPH LQ D OLJKWQLQJ VWULNHV HYHQW� DQG WKH V\VWHP·V GDWD QHWZRUN SURWHFWLRQ ZRXOG
QHHG WR EH UHYLVHG�

(OHFWULF HQJLQHV FRQYHUW HOHFWULFDO LQWR PHFKDQLFDO HQHUJ\� JUDQWLQJ VFDOH�IUHH LQWHJUDWLRQ IUHH�
GRP �HIILFLHQF\� FRPSDFWQHVV� KLJK SRZHU WR ZHLJKW DQG UHOLDELOLW\ DW DQ\ VFDOH� DQG ZLWKRXW
H[SHULHQFLQJ D SRZHU ODSVH DV DOWLWXGH LQFUHDVHV� :LWK D JUHDW QXPEHU RI DYDLODEOH FRQFHSWV�
GLVWLQFW LQ HQHUJ\ FRQYHUVLRQ DQG VWRUDJH �HQHUJ\ SHU PDVV DQG SHU YROXPH� DOZD\V XQGHU FRQ�
VWDQW LPSURYHPHQW� WKH PRVW UHOHYDQW HQHUJ\ VWRUDJH DSSURDFKHV DUH WKH EDWWHU\� IXHO FHOO�
VRODU FHOO� EHDPHG HQHUJ\� IO\ZKHHOV DQG JHQHUDWRU EDVHG V\VWHPV�

(YHQ WKRXJK WKH EDWWHU\ EDVHG FRQFHSW PD\ EH WKH PRVW SRSXODU RQH� VRPH REVWDFOHV WR LWV
LPSOHPHQWDWLRQ FDQ EH LGHQWLILHG VXFK DV WHPSHUDWXUH VHQVLWLYLW\� LQVXODWLRQ DQG FRROLQJ UH�
TXLUHPHQWV� ILUH KD]DUG� V\VWHP FRVW� KDQGOLQJ LVVXHV DQG WKH WRWDO V\VWHP HQYLURQPHQWDO LVVXHV
IURP PLQLQJ WKH H[RWLF PHWDOV WR SURGXFWLRQ DQG HYHQWXDO GLVSRVDO� >��@

$OVR� LI EDWWHU\ V\VWHPV ZHUH WR EH LPSOHPHQWHG RQ D UHJXODU EDVLV� SODQV IRU DLUSRUW LQIUDV�
WUXFWXUH DQG LQYHVWPHQW FRQFHUQLQJ EDWWHU\ UHFKDUJLQJ DQG UHSODFHPHQW ZRXOG EH UHTXLUHG DQG
FHUWLILFDWLRQ UXOHV DQG VDIHW\ OHYHOV ZRXOG QHHG DGDSWDWLRQ� 2QH H[DPSOH LV WKH PDWWHU RI HQ�
JLQH IDLOXUH SUREDELOLW\ �(TXDWLRQ ����� ZKLFK VWDWHV WKDW WKH SUREDELOLW\ RI DQ HQJLQH IDLOXUH
LQFUHDVHV OLQHDUO\ ZLWK WKH QXPEHU RI HQJLQHV� %DVHG RQ WKLV� DQ DLUFUDIW ZLWK �� SURSXOVRUV
ZRXOG EH � WLPHV PRUH OLNHO\ WR VXIIHU DQ LQ�IOLJKW VKXWGRZQ �,)6'� RI RQH RI WKHP WKDQ D WZLQ�
HQJLQH� $OWKRXJK WKLV LV LQGHHG WUXH� WKH DGYDQWDJH RI KDYLQJ WKH SRZHU GLVWULEXWHG DORQJ ��
HQJLQHV LV WKDW WKLV ORVV ZRXOG RQO\ UHSUHVHQW ��� RI WKH WRWDO WKUXVW YHUVXV D ��� WKUXVW ORVV LQ
WKH WZLQ� PDNLQJ WKH SUREDELOLW\ RI FULWLFDO SURSXOVLRQ V\VWHP IDLOXUH UHGXFH LQFUHDVLQJO\ ZLWK
WKH QXPEHU RI HQJLQHV� 7KH SUREDELOLW\ RI m HQJLQH�V� IDLOXUH RQ DQ DLUFUDIW ZLWK N̄ HQJLQHV LV
JLYHQ E\>��@

(
N̄

m

)
· pmef =

N̄ !

m!(N̄ −m)!
· pmef �����

(OHFWULF SURSXOVLRQ·V SHQDOWLHV FDQ EH VXPPHG WR WKH HQHUJ\ VWRUDJH·V ZHLJKW DQG FRVW DQG
WKH FHUWLILFDWLRQ DQG VDIHW\ DVSHFWV� 'XH WR WKH WKH W\SLFDO IORZQ GLVWDQFHV DQG QHHGHG IOLJKW
DXWRQRP\ DQG DV D UHVXOW RI WKH FXUUHQW VWDWH�RI�WKH�DUW RI HQHUJ\ GHQVLW\� HQHUJ\ VWRUDJH LV
D FRUH SUREOHP IRU HOHFWULF SURSXOVLRQ DSSOLFDWLRQ LQ DLUFUDIW� >��@ 7KXV� EURDG DGYDQFHV LQ WKH
HQHUJ\ VWRUDJH DQG FRQYHUVLRQ ILHOGV DUH FRQWLQXRXVO\ EHLQJ UHVHDUFKHG LQ RUGHU WR JUDQW WKH XVH
RI HOHFWULFDOO\�GULYHQ SURSXOVRUV· LQFUHDVHG HIILFLHQF\ DQG IHDVLELOLW\� >��@

/RRNLQJ DW WKH GDWD SURYLGHG LQ 7DEOH ���� LW LV HDV\ WR VHH WKDW VLJQLILFDQW LPSURYHPHQWV VWLOO
QHHG WR EH PDGH LQ RUGHU IRU EDWWHU\�HOHFWULF DLUFUDIW WR EHFRPH WUXO\ FRPSHWLWLYH ZLWK IXHO�
EDVHG DLUFUDIW�

��



7DEOH ���� %DWWHU\ 6SHFLILF (QHUJ\ DQG 'HQVLW\� >��@

&KHPLVWU\
7\SLFDO 9DOXHV

1DPH
�:K�NJ� �:K�/�

ROG /HDG�DFLG �� ��� /HDG DFLG
$ONDOLQH ��� ��� $ONDOLQH

1LFNHO 1L)H �� �� 1LFNHO ,URQ
1L&G �� ��� 1LFNHO &DGPLXP
1L+ �� �� 1LFNHO +\GURJHQ
1L0+ �� ��� 1LFNHO 0HWDO +\GULGH
1L=Q ��� ��� 1LFNHO =LQF

/L�LRQ /L�LRQ ������� ������� /LWKLXP LRQ
/L�LRQ 3RO\PHU ������� ������� /LWKLXP 3RO\PHU
/L&R2� ��� ³ /LWKLXP &REDOW 2[LGH
/L)H32� ��� ��� /LWKLXP ,URQ 3KRVSKDWH
/L0Q�2� ��� ³ /LWKLXP 0DQJDQHVH 2[LGH
/L1L0Q&R2� ��� ��� /LWKLXP 1LFNHO 0DQJDQHVH &REDOW 2[LGH �10&�
/L6 ��� ��� /LWKLXP 6XOIXU
/L6 ������ ��� ���� /LFHULRQ2 �/L6�
/L WLWDQDWH �� ��� /LWKLXP 7LWDQDWH
/L�DLU ��� ��� /LWKLXP�$LU

PLVF 1D�LRQ ��� �� 6RGLXP ,RQ
0ROWHQ VDOW ��� ��� 0ROWHQ 6DOW
6LOYHU =LQF ��� ��� 6LOYHU =LQF

&RPSDULVRQV :RRG ���� ���� :RRG
&RDO ���� ����� &RDO
-HW )XHO ����� ����� -HW )XHO
*DVROLQH ����� ���� *DVROLQH
/+� ����� ���� /LTXLG +\GURJHQ
8UDQLXP ���(��� ���(��� 8UDQLXP
$QWLPDWWHU F2 ���(��� $QWLPDWWHU

'HVSLWH WKH OLPLWHG FXUUHQWO\�DYDLODEOH VSHFLILF HQHUJ\ GHQVLW\� WKHUH DUH DOUHDG\ D QXPEHU
RI HOHFWULF DLUFUDIW FRQFHSWV WKURXJKRXW WKH ZRUOG� WKH PDMRULW\ RI ZKLFK EHLQJ VPDOO DLUFUDIW
DSSOLFDWLRQV� 7KLV LV GXH WR WKH SUHYDLOLQJ GUDZEDFN RI WKH ZHLJKW WR SRZHU UDWLR� DV WR WKH
H[RUELWDQWO\ KLJKW ZHLJKWV RI WKH FXUUHQWO\ DYDLODEOH HQHUJ\ VWRUDJH RSWLRQV� ZKLFK FRQVWDQWO\
GULYH UHVHDUFKHUV WR OLPLW WKHLU HOHFWULF SRZHU LPSOHPHQWDWLRQ VWXGLHV WR XQPDQQHG� ORZ VSHHG
DLUFUDIW ZLWK KLJK DVSHFW UDWLRV ZLQJV� >��@

����� 5HIHUHQFH 3URMHFWV DQG $FWRUV

2QH RI WKH LQLWLDO 'LVWULEXWHG (OHFWULF 3URSXOVLRQ FRQFHSWV ZDV WKH 7XUERHOHFWULF 'LVWULEXWHG
3URSXOVLRQ �7H'3�� ,QLWLDOO\ SURSRVHG E\ 1$6$>��@ EXW VLQFH WKHQ UHVHDUFKHG E\ RWKHU LQGXVWULHV�
WKLV FRQFHSW EDVLFDOO\ FRQVLVWV RI VHYHUDO KLJKO\�HIILFLHQW DQG OLJKW�ZHLJKW HOHFWULF PRWRUV WKDW
UXQ GLVWULEXWHG HOHFWULF IDQV� ZKRVH HOHFWULF SRZHU LV SURYLGHG E\ LQGHSHQGHQW JHQHUDWRUV GULYHQ
E\ RQH RU VHYHUDO JDV WXUELQHV� 7KH 7H'3 DSSURDFK IRU SRZHU WUDQVPLVVLRQ DOORZV IRU HDFK
HOHFWULF JHQHUDWRU WR VSLQ DW DQ\ JLYHQ VSHHG� WKXV WKH SURSXOVRUV FDQ EH RSHUDWHG DW VHSDUDWH
RSWLPXP VSHHGV� $OVR� WKH VSHHG UDWLR PD\ FKDQJH GXULQJ IOLJKW� EHKDYLQJ OLNH D YDULDEOH�UDWLR
JHDUER[� ZLWK WKH XVH RI SRZHU LQYHUWHUV EHWZHHQ WKH IDQ PRWRUV DQG WKH JHQHUDWRUV� $QRWKHU
FKDUDFWHULVWLF RI WKLV WHFKQRORJ\ LV WKDW D KLJK GHJUHH RI IOH[LELOLW\ FDQ EH DFKLHYHG E\ WKH XVH RI
HOHFWULFDO SRZHU WUDQVPLVVLRQ ZKHQ WKH IDQ PRGXOH DQG WXUERHOHFWULF JHQHUDWRUV DUH SRVLWLRQHG
WR WDNH DGYDQWDJH RI WKH V\QHUJLVWLF SURSXOVLYH�DLUIUDPH LQWHJUDWLRQ�

��



)LJXUH ���� 1$6$ 1��; DLUFUDIW FRQFHSW� >���@

&RQILJXUDWLRQV IRU IXWXUH FRPPHUFLDO DYLDWLRQ� VXFK DV WKH 1$6$ 1��;>��������@ �)LJXUH ����� WKH
1$6$ 6LQJOH�$LVOH 7XUERHOHFWULF &RPPHUFLDO 7UDQVSRUW ZLWK IXVHODJH ERXQGDU\ OD\HU LQJHVWLRQ
�)LJXUH ���� DQG WKH (PSLULFDO 6\VWHPV $HURVSDFH (&2���� �)LJXUH ����� HPSOR\ WKLV SURSXOVLRQ
FRQFHSW�

)LJXUH ���� 1$6$ 6LQJOH�$LVOH 7XUERHOHFWULF &RPPHUFLDO 7UDQVSRUW �67$5&�$%/� FRQFHSW� >�����@

)LJXUH ���� (6$HUR·V (&2���� FRQFHSW� >��@

%HVLGHV WKH 7H'3 SURSXOVLRQ V\VWHP� PRUH '(3 SURSXOVLRQ V\VWHPV DUH EHLQJ SURSRVHG� UH�
VHDUFKHG DQG GHYHORSHG IRU D QXPEHU RI GLIIHUHQW DLUFUDIW FRQILJXUDWLRQV DQG DSSOLFDWLRQV� 6HY�
HUDO RI WKHP KDYH EHHQ VXFFHVVIXOO\ IORZQ DQG GHPRQVWUDWHG� DPRQJVW ZKLFK D ��� VFDOH GHPRQ�
VWUDWRU RI WKH $XURUD ;9��� /LJKWQLQJ6WULNH 8$9 �)LJXUH ����� WKH /LOLXP MHW �)LJXUH ����� DQG
WKH 1$6$ */��� *UHDVHG /LJKWQLQJ 8$9 �)LJXUH ������ $OWKRXJK WKH */���·V GHYHORSHG G\QDPLF
PRGHO KDV EHHQ SXEOLVKHG>��@� WKH G\QDPLF PRGHOV DQG FRQWUROOHUV IRU WKH ;9��� /LJKWQLQJ6WULNH
8$9 DQG /LOLXP MHW KDYH QRW EHHQ PDGH SXEOLF� QRU KDYH WKH UHVSHFWLYH XVHG PHWKRGV�

��



)LJXUH ���� $XURUD )OLJKW 6FLHQFHV ;9��� /LJKWQLQJ6WULNH 8$9 FRQFHSW� >��@

�D� /RQGRQ /DQGLQJ 3ODWIRUP �E� 7KH MHW

)LJXUH ����� /LOLXP MHW FRQFHSW� >�����@

,Q WKH $XURUD )OLJKW 6FLHQFHV ;9��� /LJKWQLQJ6WULNH 8$9� D WLOWLQJ�ZLQJ ZLWK �� GLVWULEXWHG GXFWHG
IDQV SOXV WZR IRUZDUG FDQDUGV ZLWK � PRUH GXFWHG IDQV HDFK DUH SRZHUHG E\ D 5ROOV�5R\FH
$(����& WXUERVKDIW HQJLQH� ZKLFK JHQHUDWHV HOHFWULF SRZHU WKURXJK � +RQH\ZHOO JHQHUDWRUV�
7KLV H[SHULPHQWDO YHUWLFDO WDNHRII DQG ODQGLQJ �972/� FRQILJXUDWLRQ ZLWK KLJK FUXLVH VSHHG� ZDV
FDQFHOHG LQ $SULO �����
7KH /LOLXP MHW� DGYHUWLVHG DV ´$Q DLU WD[L WR UHYROXWLRQLVH WKH ZD\ ZH WUDYHOµ >��@� LV D ILYH�
VHDWHU 972/ IXOO\�HOHFWULF FRQFHSW DLPLQJ WR WUDYHO XS WR ���NP LQ RQO\ RQH KRXU� 7KH ZLQJV
FDUU\ �� WLOW HOHFWULF MHW HQJLQHV WKDW IDFH XS IRU YHUWLFDO WDNH�RII DQG ODQGLQJ DQG VKLIW IRUZDUG
IRU KRUL]RQWDO IOLJKW� ,W LV PHDQW WR VHUYH DV DQ ´DLU�WD[Lµ ODXQFKHG LQ PXOWLSOH FLWLHV E\ �����
1$6$·V */��� *UHDVHG /LJKWQLQJ 8$9 KDV � HOHFWULF�GULYH HQJLQHV SODFHG RQ LWV � PHWHU ZLQJVSDQ
WLOWLQJ�ZLQJ SOXV � SODFHG RQ LWV WLOWLQJ�KRUL]RQWDO�VWDELOLVHU� 7KRVH SURSHOOHUV DUH SODFHG RQ WKH
OHDGLQJ HGJH� SURYLGLQJ KLJK VSHHG IORZ DQG FRQVHTXHQWO\ LQFUHDVLQJ OLIW� UHGXFLQJ WKH QHFHVVDU\
ZLQJ DQG VWDELODWRU VXUIDFH DUHD� ,W ZDV GHVLJQHG WR HQGXUH D ORLWHU PLVVLRQ RI XS WR �� KRXUV
DQG FRPSOHWH PXOWLSOH YHUWLFDO WDNH�RIIV DQG ODQGLQJV�

)LJXUH ����� 1$6$ */��� *UHDVHG /LJKWQLQJ 8$9 FRQFHSW� >��@

��



%HVLGHV WKH WKUHH SUHYLRXVO\ PHQWLRQHG� WKHUH DUH D QXPEHU RI RWKHU 972/ '(3 DLUFUDIW FRQILJX�
UDWLRQV IRU WKH QHZ DQG HPHUJLQJ ´DLU�WD[Lµ PDUNHW WKDW DLPV WR UHGXFH XUEDQ WUDIILF FRQJHVWLRQ
DV ZHOO DV SURYLGLQJ DQ ´RQ�GHPDQGµ DLU VHUYLFH>��@� ([DPSOHV DUH WKH -RE\ $YLDWLRQ 6� �)LJXUH
����� DQG WKH $LUEXV 9DKDQD �)LJXUH ������

)LJXUH ����� -RE\ $YLDWLRQ 6� FRQFHSW� >��@

)LJXUH ����� $LUEXV 9DKDQD FRQFHSW� >��@

$ ZRUWK PHQWLRQLQJ '(3 FRQYHQWLRQDO IL[HG�ZLQJ FRQILJXUDWLRQ LV WKH 1$6$·V ;��� 0D[ZHOO >��������@�
LQVSLUDWLRQ WR WKLV ZRUN� (PSOR\LQJ �� HOHFWULFDOO\�GULYHQ DQG EDWWHU\�SRZHUHG OHDGLQJ HGJH
DVVV\QFKURQRXV SURSHOOHU WHFKQRORJ\ �/($37HFK�� � ODUJH RQHV DW WKH ZLQJ�WLSV DQG �� VPDOO
PRXQWHG DW WKH ZLQJ·V OHDGLQJ�HGJH� WKLV ;�SODQH LV D PRGLILFDWLRQ RI WKH EDVHOLQH ,WDOLDQ 7HF�
QDP 3����7� E\ UHSODFLQJ LWV ZLQJ DQG SURSXOVLYH V\VWHP�

)LJXUH ����� 1$6$ ;��� 0D[ZHOO FRQFHSW� >�����@

$OWKRXJK D QXPEHU RI '(3�EDVHG FRQWURO FRQILJXUDWLRQV KDYH EHHQ VXJJHVWHG� WKHUH KDV QRW
EHHQ VXIILFLHQW SXEOLVKHG ZRUN FRQWULEXWLQJ WRZDUG WKH WKHRUHWLFDO GHYHORSPHQW RI '(3 G\QDPLF
PRGHOV WR HQDEOH IOLJKW FRQWUROOHUV WKDW WDNH DGYDQWDJH RI WKH WHFKQRORJ\�

��



��� /DWHUDO�GLUHFWLRQDO PRWLRQ FRQWURO

)URP WKH SUHYLRXVO\ FLWHG OLWHUDWXUH LQ WKLV 6HFWLRQ� LW·V SRVVLEOH WR LGHQWLI\ PXOWLSOH SRWHQWLDO
ZD\V RI FRQWUROOLQJ WKH DLUFUDIW·V ODWHUDO�GLUHFWLRQDO PRWLRQ�
,Q RUGHU WR FRQWURO WKH \DZ PRWLRQ� RQH SRVVLELOLW\ FRQVLVWV LQ SURGXFLQJ ODWHUDO DLU SUHVVXUH DV
IDU EHKLQG WKH FJ DV SRVVLEOH� SXVKLQJ WKH WDLO LQ WKDW IRUFH·V GLUHFWLRQ DQG JHQHUDWLQJ D WXUQLQJ
RI WKH DLUFUDIW DURXQG WKH YHUWLFDO D[LV ³ WKLV LV WKH DHURG\QDPLF SULQFLSOH EHKLQG WKH UXGGHU·V
DFWXDWLRQ DV D SULPDU\ FRQWURO VXUIDFH�
$QRWKHU SRVVLELOLW\ LV JHQHUDWLQJ GLIIHUHQWLDO GUDJ EHWZHHQ WKH WZR ZLQJV� DFFHOHUDWLQJ WKH ZLQJ
ZLWK OHVV GUDJ DQG JHQHUDWLQJ D WXUQLQJ RI WKH DLUFUDIW DURXQG WKH YHUWLFDO D[LV WKURXJK VLGHVOLS
³ WKLV LV WKH SULQFLSOH EHKLQG WKH GLIIHUHQWLDO�DV\PPHWULF WKUXVW FRQFHSW �)LJXUH ����� IRU GLUHF�
WLRQDO PRWLRQ FRQWURO� DGYDQFLQJ WKH WKURWWOH�V� RQ RQH ZLQJ DQG UHWDUGLQJ WKH RWKHU�V�� OLJKWO\
LQFUHDVLQJ WKH GUDJ RQ WKH UHWDUGHG WKURWWOH�V�· ZLQJ�
9HFWRUHG WKUXVW �)LJXUH ����� LV DOVR DQ RSWLRQ IRU WKLV PRWLRQ·V FRQWURO� DOWKRXJK LW·V QRW DQ
H[LVWLQJ FDSDFLW\ LQ WKH PDMRULW\ RI DLUFUDIW·V FXUUHQW FRQILJXUDWLRQ� KDYLQJ WR EH LQVWDOOHG� 7KLV
FRQFHSW DOORZV D ODWHUDO WKUXVW FRPSRQHQW WR EH DGGHG E\ FKDQJLQJ WKH HQJLQH·V KHDGLQJ YHFWRU�
LQ RUGHU WR WXUQ WKH DLUFUDIW DURXQG LWV YHUWLFDO D[LV�

�D� 'LIIHUHQWLDO WKUXVW �E� 9HFWRUHG WKUXVW

)LJXUH ����� &RQVLGHUHG SURSXOVLRQ FRQWURO PHWKRGV�

$V IRU WKH UROO PRWLRQ� RQH SRVVLELOLW\ FRQVLVWV LQ SURGXFLQJ SRVLWLYH�YHUWLFDO DLU SUHVVXUH RQ RQH
ZLQJ WLS DQG QHJDWLYH RQ WKH RWKHU� SXVKLQJ HDFK ZLQJ LQ WKH UHVSHFWLYH DSSOLHG IRUFH·V GLUHFWLRQ
DQG JHQHUDWLQJ D WXUQLQJ RI WKH DLUFUDIW DURXQG WKH ORQJLWXGLQDO D[LV ³ WKLV LV WKH DHURG\QDPLF
SULQFLSOH EHKLQG WKH DLOHURQV· DFWXDWLRQ DV SULPDU\ FRQWURO VXUIDFHV�
$OWKRXJK� WKHUH·V D FRXSOHG UROO PRWLRQ LQ WKH GLIIHUHQWLDO WKUXVW FRQFHSW SUHYLRXVO\ UHIHUUHG
�DV VLGHVOLS JHQHUDWHV UROO UDWH�� DQ LPSURYHG ODWHUDO PRWLRQ FDQ EH DFKLHYHG ZLWK WKLV PHWKRG
E\ UHGXFLQJ WKUXVW RQ WKH LQERDUG�ZLQJ·V HQJLQHV RU LQFUHDVLQJ WKUXVW RQ WKH ZLQJWLS·V HQJLQHV�
*RRG UROO PDQHXYHUDELOLW\ LV DFKLHYHG LI WKH DHURG\QDPLF UROO PRPHQW LV ODUJH DQG LI WKH DQJXODU
PRPHQW RI LQHUWLD LV VPDOO �LQ RUGHU WR DYRLG LQWHUDFWLRQV ZLWK SLWFK PRWLRQ� EDQN DQJOHV PXVW
EH NHSW VPDOO�� $V VXFK� HQJLQH�LQGXFHG UROO PRWLRQ FRXOG EH DFKLHYHG E\ LQGHSHQGHQW WKUXVW
YHFWRUHG HQJLQHV�
)RU VLPSOLFLW\ SXUSRVHV� WKLV ZRUN DGRSWV WKH GLIIHUHQWLDO WKUXVW FRQFHSW IRU WKH ZKROH ODWHUDO�
GLUHFWLRQDO PRWLRQ G\QDPLF� DQG RWKHU FRQFHSWV ZHUH QRW H[SORUHG�
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��



&KDSWHU �

0RGHO SDUDPHWHUV IRUPXODWLRQ DQG FRPSXWDWLRQ

,Q RUGHU WR IXOO\ XQGHUVWDQG WKH YDOLGLW\ RI WKLV ZRUN·V SURSXOVLRQ FRQWUROOHU� WZR VWXG\ FDVHV
ZLOO EH FRPSDUHG ³ RQH LV DQ DLUFUDIW ZLWK FRQYHQWLRQDO FRQWURO DQG WKH RWKHU LV D PRGLILFDWLRQ
RI WKH VDPH DLUFUDIW IRU HQDEOLQJ GLVWULEXWHG SURSXOVLRQ FRQWURO�
7KH VHOHFWLRQ RI WKHVH FDVH VWXGLHV ZDV LQVSLUHG E\ WKH 1$6$ ;��� 0D[ZHOO H[SHULPHQWV >��������@�
ZKHUH WKH ,WDOLDQ FRQYHQWLRQDO IRXU�VHDWHU OLJKW DLUFUDIW ³ 7HFQDP 3����7 ZDV PRGLILHG DV
VKRZQ LQ )LJXUH ���� E\ UHSODFLQJ LWV WZLQ�HQJLQHV ZLWK GLVWULEXWHG HOHFWULF SURSXOVLRQ DQG LQ�
VWDOOLQJ DQ KLJKHU DVSHFW UDWLR ZLQJ� LQ RUGHU WR GHPRQVWUDWH WHFKQRORJ\ WR UHGXFH HPLVVLRQV�
QRLVH DQG IXHO FRQVXPSWLRQ� 7KH ILUVW FDVH VWXG\ ZLOO EH WKH 7HFQDP 3����7 DLUFUDIW DQG WKH
VHFRQG DQ RSWLPLVHG '(3 WUDQVIRUPDWLRQ RI WKLV DLUFUDIW� 7KLV RSWLPLVDWLRQ FRYHUV WKH VHOHFWLRQ
RI WKH HQJLQHV· QXPEHU DQG YHUWLFDO HPSHQQDJH VL]LQJ�

)LJXUH ���� 7HFQDP 3����7 �RQ WKH OHIW� DQG 1$6$ ;��� 0D[ZHOO �RQ WKH ULJKW� FRPSDULVRQ� >��@

7KH YDOLGLW\ RI WKH G\QDPLF PRGHO SDUDPHWHUV FDQ KDYH DQ LPSDFW RQ WKH FRQWUROOHU SHUIRU�
PDQFH� PDNLQJ WKHLU FRUUHFW HVWLPDWLRQ DQG YDOLGDWLRQ UHOHYDQW� $V VR� WKHLU PRGHO SDUDPH�
WHUV ZHUH REWDLQHG IURP 7HFQDP 3����7·V GRFXPHQWDWLRQ>�����@ IRU &DVH , DQG WKURXJK D EULHI
DQG HOHPHQWDU\ DQDO\WLF GDWD HVWLPDWLRQ EDVHG RQ FRQFHSWXDO GHVLJQ PHWKRGV IRU &DVH ,,� FRQ�
VLGHULQJ WKH PRGLILFDWLRQ·V LPSDFWV RQ ZHLJKW� LQHUWLD PRPHQWV DQG SURGXFWV� GUDJ� WDNH�RII
SHUIRUPDQFH DQG FRQWURO DQG VWDELOLW\ GHULYDWLYHV� $ FRPSDULVRQ EHWZHHQ GLIIHUHQW HQJLQH DU�
UDQJHPHQWV ZDV DOVR PDGH� LQ RUGHU WR HVWLPDWH WKH EHVW '(3 FRQILJXUDWLRQ�
,Q RUGHU WR HYDOXDWH WKH OLPLWDWLRQV RI WKH PHWKRGV XVHG WR HVWLPDWH WKHVH SDUDPHWHUV� D FDOL�
EUDWLRQ ZDV PDGH E\ DOVR DSSO\LQJ WKH PHWKRG WR WKH 7HFQDP 3����7 DQG FRPSDULQJ WKH UHVXOWV
ZLWK WKH DLUFUDIW·V NQRZQ YDOXHV IURP SXEOLFDWLRQV>��@� %RWK FDVHV· PRGHO SDUDPHWHUV DUH SUH�
VHQWHG LQ WKLV FKDSWHU DQG ZLOO EH XVHG IRU WKH GHVLJQ RI WKH FRQWURO V\VWHP� 7KH ,QWHUQDWLRQDO
6\VWHP RI 8QLWV �6,� ZDV DGRSWHG LQ WKLV ZRUN·V FDOFXODWLRQV� XQOHVV VSHFLILFDOO\ VWDWHG RWKHUZLVH�

��



��� &DVH , ³ 7HFQDP 3����7

����� 0RGHO SDUDPHWHUV

7HFQDP 3����7 GDWD ZDV FROOHFWHG IURP WKH DLUFUDIW·V W\SH�FHUWLILFDWH>��@ DQG WKH ZRUN RI 9HF�
FKLD� 3�� 1LFRORVL� )� DQG 'H 0DUFR� $�>��@�
7KH SDUDPHWHUV SUHVHQWHG KHUH ZLOO EH XVHG IRU WKH GHVLJQ RI WKH FRQWURO V\VWHP DQG VLPXODWLRQV
RI WKH IROORZLQJ FKDSWHUV� )URP 7DEOH ��� WR 7DEOH ��� JHRPHWULFDO� PDVV� SURSXOVLRQ� SHUIRU�
PDQFH DQG DHURG\QDPLF GDWD RI WKLV DLUFUDIW FDQ EH IRXQG� 7KH KRUL]RQWDO HPSHQQDJH RI WKLV
DLUSODQH LV D VWDELODWRU� L�H� DQ ·DOO PRYLQJ WDLO· ZKRVH GHIOHFWLRQ LV UHSUHVHQWHG LQ WKLV ZRUN DV
δe� $LOHURQ DQG UXGGHU GHIOHFWLRQV DUH UHSUHVHQWHG KHUH DV δa DQG δr� UHVSHFWLYHO\� ,Q )LJXUH
���� WKH WKUHH�YLHZ GUDZLQJ RI 3����7 DLUFUDIW LV VKRZQ�

7DEOH ���� 7HFQDP 3����7 $LUFUDIW *HRPHWULF &KDUDFWHULVWLFV�

*HRPHWULFDO &KDUDFWHULVWLFV

:LQJ VSDQ bw 11.4 m

:LQJ DUHD Sw 14.8 m2

:LQJ PHDQ�FKRUG cw 1.3 m

9HUWLFDO WDLO VSDQ bv 1.6 m

9HUWLFDO WDLO DUHD Sv 1.60 m2

9HUWLFDO WDLO PHDQ�FKRUG cv 1.06 m

)XVHODJH OHQJWK lfus 8.7 m

)XVHODJH KHLJKW hfus 2.85 m

7DEOH ���� 7HFQDP 3����7 $LUFUDIW 0DVV &KDUDFWHULVWLFV�

0DVV &KDUDFWHULVWLFV

0D[LPXP 7DNH�RII :HLJKW WTO 1180 kg

6WDQGDUG (TXLSSHG :HLJKW Wempty 760 kg

6WDQGDUG 8VHIXO /RDG Wuseful 420 kg

0D[LPXP /RDG )DFWRU nmax +3.8 g

0LQLPXP /RDG )DFWRU nmin −1.9 g

;cg 0D[LPXP )RUZDUG Xcgf 16.5 %MAC

;cg 0D[LPXP $IW Xcga 31 %MAC

5ROOLQJ PDVV 0RPHQW RI ,QHUWLD Ixx 1617 kg m2

3LWFKLQJ PDVV 0RPHQW RI ,QHUWLD Iyy 1927 kg m2

<DZLQJ PDVV 0RPHQW RI ,QHUWLD Izz 2931 kg m2

5ROO�<DZ 3URGXFW RI ,QHUWLD ,[\ Ixy 0 kg m2

<DZ�3LWFK 3URGXFW RI ,QHUWLD ,\] Iyz 0 kg m2

3LWFK�5ROO 3URGXFW RI ,QHUWLD ,][ Izx 0 kg m2

7DEOH ���� 7HFQDP 3����7 $LUFUDIW 3URSXOVLRQ &KDUDFWHULVWLFV�

3URSXOVLRQ &KDUDFWHULVWLFV

(QJLQH 0RGHO 5RWD[ ���6
3URSHOOHU �� %ODGHV� &RQVWDQW 6SHHG )XOO )HDWKHULQJ� 079����$�&�)�&)������
0D[LPXP 3RZHU Pmax 73 kW

3URSHOOHU GLVN DUHD Aprop 2.50 m2

(QJLQH D[LDO GLVWDQFH WR FJ lxT 0.14 m

(QJLQH VLGH GLVWDQFH WR FJ lyT 1.58 m

(QJLQH LQFLGHQFH DQJOH εTe 0 deg
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7DEOH ���� 7HFQDP 3����7 $LUFUDIW 3HUIRUPDQFH &KDUDFWHULVWLFV�

3HUIRUPDQFH &KDUDFWHULVWLFV

0D[LPXP 6SHHG DW 6HD /HYHO Vmax 80 m/s

&UXLVH 6SHHG ����� ���� P� V75%,2740 75 m/s

&UXLVH VSHHG ����� ���� P� V65%,2100 70 m/s

6WDOO 6SHHG )ODS 'RZQ VS 24 m/s

0DQHXYHULQJ 6SHHG VA 60 m/s

1HYHU ([FHHG 6SHHG VNE 86 m/s

&OLPE 5DWH� 6�/� climb 6.4 m/s

&OLPE UDWH� 6�/�� 2QH (QJLQH ,QRSHUDWLYH �2(,� climb,se 1.5 m/s

6HUYLFH &HLOLQJ �7ZLQ (QJLQH� hmax 4570 m

6LQJOH�(QJLQH &HLOLQJ �2(,� hse 2100 m

7DNH�RII 'LVWDQFH STO 361 m

7DNH�RII 5XQ SG + SR 251 m

/DQGLQJ 'LVWDQFH SL 257 m

/DQGLQJ 5XQ SLR 203 m

7DEOH ���� 7HFQDP 3����7 $LUFUDIW $HURG\QDPLF &KDUDFWHULVWLFV�

$HURG\QDPLF &KDUDFWHULVWLFV

=HUR�OLIW GUDJ GHULYDWLYH CD0 0.0334 (per radian)

'UDJ GXH WR DQJOH RI DWWDFN GHULYDWLYH CDα 0.222 (per radian)

=HUR DQJOH RI DWWDFN OLIW GHULYDWLYH CL0 0.289 (per radian)

/LIW GXH WR DQJOH RI DWWDFN GHULYDWLYH CLα 4.152 (per radian)

3LWFKLQJ PRPHQW DW ]HUR DQJOH RI DWWDFN Cm0 −0.922 (per radian)

3LWFKLQJ PRPHQW GXH WR DQJOH RI DWWDFN GHULYDWLYH Cmα −0.871 (per radian)

3LWFKLQJ PRPHQW GXH WR SLWFK UDWH GHULYDWLYH Cmq −14.799 (per radian)

3LWFKLQJ PRPHQW GXH WR VWDELODWRU GHIOHFWLRQ GHULYDWLYH Cmδe
−1.811 (per radian)

6LGH IRUFH GXH WR VLGHVOLS GHULYDWLYH CYβ −0.355 (per radian)

6LGH IRUFH GXH WR UROO UDWH GHULYDWLYH CYp 0.254 (per radian)

6LGH IRUFH GXH WR \DZ UDWH GHULYDWLYH CYr 0.112 (per radian)

6LGH IRUFH GXH WR DLOHURQ GHIOHFWLRQ GHULYDWLYH CYδa
0.127 (per radian)

6LGH IRUFH GXH WR UXGGHU GHIOHFWLRQ GHULYDWLYH CYδr
−0.040 (per radian)

<DZLQJ PRPHQW GXH WR VLGHVOLS GHULYDWLYH Cnβ 0.0135 (per radian)

<DZLQJ PRPHQW GXH WR UROO UDWH GHULYDWLYH Cnp −0.130 (per radian)

<DZLQJ PRPHQW GXH WR \DZ UDWH GHULYDWLYH Cnr −0.106 (per radian)

<DZLQJ PRPHQW GXH WR DLOHURQ GHIOHFWLRQ GHULYDWLYH Cnδa
−0.009 (per radian)

<DZLQJ PRPHQW GXH WR UXGGHU GHIOHFWLRQ GHULYDWLYH Cnδr
−0.0304 (per radian)

5ROOLQJ PRPHQW GXH WR VLGHVOLS GHULYDWLYH Clβ −0.029 (per radian)

5ROOLQJ PRPHQW GXH WR UROO UDWH GHULYDWLYH Clp −0.281 (per radian)

5ROOLQJ PRPHQW GXH WR \DZ UDWH GHULYDWLYH Clr 0.057 (per radian)

5ROOLQJ PRPHQW GXH WR DLOHURQ GHIOHFWLRQ GHULYDWLYH Clδa
−0.045 (per radian)

5ROOLQJ PRPHQW GXH WR UXGGHU GHIOHFWLRQ GHULYDWLYH Clδr
0.0009 (per radian)
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)LJXUH ���� 7KUHH YLHZ GUDZLQJ RI 3����7 $LUFUDIW� >��@

��� &DVH ,, ³ '(3 FRQILJXUDWLRQ

7KLV FDVH VWXG\ LV DQ RSWLPLVHG '(3 WUDQVIRUPDWLRQ RI WKH 7HFQDP 3����7 DLUFUDIW� 7KLV RSWLPL�
VDWLRQ FRYHUV WKH VHOHFWLRQ DQG LQWHJUDWLRQ RI '(3 HQJLQHV RQ WKH ZLQJ DQG VL]LQJ RI WKH YHUWLFDO
HPSHQQDJH DFFRUGLQJO\� $ FRPSDULVRQ EHWZHHQ GLIIHUHQW HQJLQH DUUDQJHPHQWV ZDV DOVR PDGH�
LQ RUGHU WR HVWLPDWH WKLV VWXG\·V EHVW '(3 FRQILJXUDWLRQ�

3XEOLVKHG ZRUN>��@ RQ 1$6$ ;��� 0D[ZHOO IOLJKW GHPRQVWUDWRU·V KLJK�OLIW SURSHOOHU V\VWHP FRQILJ�
XUDWLRQ VHOHFWLRQ ZDV FRQVXOWHG DQG WKH UHVSHFWLYH LQIRUPDWLRQ ZDV XVHG WR VHOHFW WKH GLIIHUHQW
SURSXOVLYH DUUDQJHPHQWV WKLV VWXG\ ZLOO FRQVLGHU IRU FDVH VWXG\ QXPEHU WZR� WKDW DUH�

�� 7HQ KLJK�OLIW SURSHOOHUV

�� 7ZHOYH KLJK�OLIW SURSHOOHUV

�� )RXUWHHQ KLJK�OLIW SURSHOOHUV

�� 6L[WHHQ KLJK�OLIW SURSHOOHUV

7KH SURSHOOHUV FRQVLGHUHG DUH LGHQWLFDO DQG HTXLGLVWDQW DORQJ WKH ZLQJ� IRU HDFK FRQILJXUDWLRQ�
7KH VL]H DQG FKDUDFWHULVWLFV RI HDFK SURSHOOHU FRUUHVSRQGV WR WKH XSSHU VL]HG KLJK�OLIW SURSHOOHU
RQ WKH DIRUHPHQWLRQHG 1$6$ ZRUN� VLQFH QR FUXLVH SURSHOOHUV ZLOO EH FRQVLGHUHG IRU WKH ZLQJWLSV�
WKH ZLQJ KDV VSDFH IRU ELJJHU DQG PRUH SRZHUIXO HQJLQHV WR EH LQVWDOOHG DORQJ WKH VSDQ �L�H� WKH
�� KLJK�OLIW SURSHOOHUV FRQILJXUDWLRQ LQ WKLV ZRUN SRVVHVV WKH � KLJK�OLIW SURSHOOHUV· FKDUDFWHULVWLFV
RQ 1$6$·V ZRUN��

7KH GHVLJQ DGYDQWDJHV DQG LPSDFWV RI WKH '(3 LPSOHPHQWDWLRQ ZLOO EH VWXGLHG DFFRUGLQJ WR HDFK
RI WKH IRXU SRVVLEOH FRQILJXUDWLRQV DQG IXUWKHU FRPSDUHG�
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�D� 7HQ KLJK�OLIW SURSHOOHUV �E� 7ZHOYH KLJK�OLIW SURSHOOHUV

�F� )RXUWHHQ KLJK�OLIW SURSHOOHUV �G� 6L[WHHQ KLJK�OLIW SURSHOOHUV

)LJXUH ���� 5HSUHVHQWDWLRQ RI WKH IRXU GLIIHUHQW SURSXOVLYH DUUDQJHPHQWV FRQVLGHUHG LQ WKLV VWXG\ IRU
&DVH ,,� EHIRUH WKH YHUWLFDO HPSHQQDJH VL]LQJ�

����� 9HUWLFDO HPSHQQDJH VL]LQJ

$V SUHYLRXVO\ VHHQ LQ &KDSWHU ���� RQH RI WKH EHQHILWV RI LQVWDOOLQJ '(3 WHFKQRORJ\ LV WKH SRVVL�
ELOLW\ RI YHUWLFDO HPSHQQDJH UHGXFWLRQ� DOORZLQJ D ZHLJKW DQG GUDJ GHFUHDVH�
7KH FHUWLILFDWLRQ FRPSOLDQFH RI D GLVWULEXWHG HOHFWULF SURSXOVLRQ DLUFUDIW XVLQJ GLIIHUHQWLDO WKUXVW
LV VWLOO XQGHU GLVFXVVLRQ DQG WKHUH DUH GLIIHUHQW SRVVLEOH DSSURDFKHV RQ WKH PDWWHU� ,Q WKLV
ZRUN� IRU WKH YHUWLFDO WDLO VL]LQJ RSWLPLVDWLRQ� 3DUW �� UHJXODWLRQV >��@ ZHUH IROORZHG E\ FRP�
SO\LQJ ZLWK FRQWURO DQG VWDELOLW\ UHTXLUHPHQWV �LOOXVWUDWHG LQ )LJXUH ����� ZLWK WKH H[FHSWLRQ
RI ��������E����� ´7KH WZR FULWLFDO HQJLQHV PXVW EH LQRSHUDWLYH ZLWK WKHLU SURSHOOHUV LQ WKH
PLQLPXP GUDJ SRVLWLRQµ�
,I VXFK DQ RSWLPLVDWLRQ ZHUH WR EH LPSOHPHQWHG LW LV QRW FHUWDLQ VXFK UHJXODWLRQ ZRXOG EH WKH
PRVW DSSURSULDWH� DV FHUWLILFDWLRQ VSHFLILFDWLRQV GLFWDWH UHTXLUHPHQWV EDVHG RQ WUDGLWLRQDO DLU�
FUDIW� DQG DV VR DUH QRW ZHOO�DGDSWHG WR '(3 DLUFUDIW� 7KXV� VLQFH WKH SUREDELOLW\ RI ORVLQJ
VSHFLILFDOO\ WKH WZR FULWLFDO HQJLQHV LQ WKH SUHVHQWHG FRQILJXUDWLRQV LV URXJKO\ DV OLNHO\ DV ORVLQJ
DOO HQJLQHV RQ D WZLQ�HQJLQH� ��������D����� ´RQH FULWLFDO HQJLQHµ ZDV FRQVLGHUHG� $OWHUQDWLYHV
KDYH EHHQ VWXGLHG DQG GHEDWHG LQ SUHYLRXV ZRUNV >��@� ZKHUH QHZ GHILQLWLRQV DQG SDUDPHWHUV DUH
SURSRVHG DV IRXQGDWLRQ WR HVWDEOLVK FRPSOLDQFH ZLWK KLJK OHYHO FHUWLILFDWLRQ DLPV�

)LJXUH ���� 6FKHPDWLFV RI WKH DV\PPHWULF SRZHU DQG FURVVZLQG VL]LQJ FRQGLWLRQV� UHVSHFWLYHO\�
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������� &RQWURO UHTXLUHPHQW

$V VWDWHG LQ WKH FHUWLILFDWLRQ UHJXODWLRQV >��@� WKH VL]LQJ RI WKH YHUWLFDO WDLO DFFRUGLQJ WR WKH
FRQWUROODELOLW\ UHTXLUHPHQWV LV GRQH IRU WKH HQJLQH IDLOXUH GXULQJ WDNH�RII FDVH� ZKLFK RULJLQDWHV
DQ DV\PPHWULF SRZHU FRQGLWLRQ� ,Q WKLV FRQGLWLRQ� WKH DFWLYH HQJLQH V\PPHWULFDOO\ SRVLWLRQHG
WR WKH IDLOHG HQJLQH FDXVHV DQ DGYHUVH \DZ PRPHQW NE�

NE = TE · yE �����

ZKHUH�
TE LV WKH WDNH�RII WKUXVW RI HDFK HQJLQH�
yE LV WKH GLVWDQFH SHUSHQGLFXODU WR WKH ORQJLWXGLQDO D[LV EHWZHHQ WKH YHKLFOH FHQWHU RI JUDYLW\
DQG WKH DFWLYH HQJLQH�

7KH IDLOHG HQJLQH SURGXFHV DGGLWLRQDO GUDJ �DE�� LQFUHDVLQJ WKH PRPHQW DURXQG WKH YHUWLFDO
D[LV� )RU D YDULDEOH SLWFK SURSHOOHU DLUFUDIW� WKDW PRPHQW FDQ EH HVWLPDWHG DV

ND = 0.25 ·NE �����

7R FRXQWHUDFW WKLV DGYHUVH \DZ� WKH PRPHQW JHQHUDWHG E\ WKH YHUWLFDO WDLO KDV WR EH

NV = NE +ND �����

7KDW PRPHQW FDQ EH REWDLQHG IURP>��@

NV = YV · lv = ∆CY,rudder ·
Svf

Sv
·KΛ · Q̄ · Sv · lv �����

ZKHUH�
YV LV WKH VLGH IRUFH SURGXFHG E\ WKH UXGGHU GHIOHFWLRQ�
Svf

Sv
LV WKH UDWLR RI WKH UXGGHU�DIIHFWHG YHUWLFDO WDLO DUHD WR WKH WRWDO YHUWLFDO WDLO DUHD�

KΛ LV DQ HPSLULFDOO\ GHULYHG FRUUHFWLRQ IDFWRU WKDW DFFRXQWV IRU WKH HIIHFWV RI YHUWLFDO WDLO
SODQIRUP�
Q LV WKH G\QDPLF SUHVVXUH� ZLWK

Q̄ =
1

2
· ρ · VMCG

2 �����

ZKHUH�
ρ LV WKH DWPRVSKHULF GHQVLW\�
VMCG LV WKH PLQLPXP FRQWURO VSHHG RQ JURXQG�
∆CY,rudder LV WKH LQFUHPHQW LQ DLUIRLO VXEVHFWLRQ PD[LPXP VLGH�IRUFH FRHIILFLHQW GXH WR WKH
UXGGHU GHIOHFWLRQ� REWDLQHG IURP

∆CY,rudder = δr ·
[

clδr
(clδr )theory

]
· (clδr )theory ·K

′ �����

ZKHUH�
(clδr )theory LV WKH WKHRUHWLFDO UXGGHU VLGH�IRUFH HIIHFWLYHQHVV�

clδr
(clδr

)
theory

LV DQ HPSLULFDO FRUUHFWLRQ IDFWRU�

K ′ LV DQ HPSLULFDO FRUUHFWLRQ IDFWRU IRU QRQOLQHDU HIIHFWV DW KLJK UXGGHU GHIOHFWLRQV�

��



,Q VXPPDU\� WKH PLQLPXP UHTXLUHG YHUWLFDO HPSHQQDJH DUHD FDQ EH HVWLPDWHG E\

Sv =
NE +ND

δr ·
[

clδr
(clδr

)
theory

]
· (clδr )theory ·K

′ · Svf

Sv
·KΛ · 1

2 · ρ · VMCG
2 · lv

�����

������� 6WDELOLW\ UHTXLUHPHQW

7KH GLPHQVLRQLQJ IOLJKW FDVH IRU WKH VWDELOLW\ UHTXLUHPHQW>��@ LV DW FURVVZLQG FRQGLWLRQV� ,Q VXFK
FRQGLWLRQV� WKH UXGGHU LV XVHG WR FRUUHFW WKH GULIW� VR WKH YHUWLFDO HPSHQQDJH PXVW EH VL]HG WR
SURYLGH VXIILFLHQW FRQWURO DXWKRULW\ LQ RUGHU WR PDLQWDLQ D VWHDG\�VLGHVOLS� 7KXV� WKH PRPHQW
JHQHUDWHG E\ WKH YHUWLFDO WDLO VKRXOG FRXQWHUDFW WKH VLGHVOLS DQJOH �β�� VR WKDW

NV = Nβ �����

DQG�

Nβ = Cnβ · β · Q̄ · Sw · bw �����

([SUHVVHG LQ FRHIILFLHQW IRUP E\ GLYLGLQJ WKURXJK E\ (β · Q̄ · Sw · bw)� WKH \DZLQJ PRPHQW GXH
WR VLGHVOLS RI D ZLQJ�ERG\�WDLO FRQILJXUDWLRQ� UHIHUUHG WR LW·V FHQWHU RI JUDYLW\ DQG EDVHG RQ WKH
ZLQJ DUHD DQG ZLQJ VSDQ� LV JLYHQ E\>��@

Cnβ = (Cnβ )WB
+
∑

v

[
− (∆CYβ )v ·

lv
bw

]
������

$V WKH VXEVFULSW Y UHIHUV WR SDQHOV SUHVHQW LQ WKH YHUWLFDO HPSHQQDJH� WKLV H[SUHVVLRQ FDQ EH
VLPSOLILHG WR

Cnβ = (Cnβ )WB
− (∆CYβ )v ·

lv
bw

������

ZKHUH
lv LV WKH GLVWDQFH SDUDOOHO WR WKH ORQJLWXGLQDO D[LV EHWZHHQ WKH YHKLFOH FHQWUH RI JUDYLW\ DQG WKH
TXDUWHU�FKRUG SRLQW RI WKH 0$& RI WKH YHUWLFDO HPSHQQDJH� SRVLWLYH IRU WKH HPSHQQDJH DIW RI
WKH JUDYLW\ FHQWUH�
bw LV WKH VSDQ RI WKH ZLQJ�
(Cnβ )WB

LV WKH FRQWULEXWLRQ RI WKH ZLQJ�ERG\ FRPELQDWLRQ WR WKH WRWDO \DZLQJ PRPHQW GXH WR
VLGHVOLS� REWDLQHG IURP>��@

(Cnβ )WB
= −180

π
·KN ·KRl ·

SBS

Sw
· lB
bw

(per radian) ������

ZKHUH�
KN LV DQ HPSLULFDO IDFWRU UHODWHG WR WKH VLGHVOLS GHULYDWLYH IRU ERG\ SOXV ZLQJ�ERG\ LQWHUIHUHQFH�
KRl LV DQ HPSLULFDO 5H\QROGV�QXPEHU IDFWRU�
SBS LV WKH SURMHFWHG VLGH DUHD RI WKH ERG\�
lB LV WKH OHQJWK RI WKH ERG\�

��



(∆CYβ )v LV WKH VLGH IRUFH GXH WR VLGHVOLS RI WKH YHUWLFDO HPSHQQDJH� REWDLQHG IURP>��@

(∆CYβ )v = −k · (CLα)v ·
(
1 +

∂σ

∂β

)
· qv
q∞

· Sv

Sw
������

ZKHUH�
k LV DQ HPSLULFDO IDFWRU�
(CLα)v LV WKH OLIW�FXUYH VORSH RI WKH YHUWLFDO SDQHO� GHWHUPLQHG ZLWK WKH HIIHFWLYH DVSHFW UDWLR
RI WKH YHUWLFDO HPSHQQDJH�(
1 + ∂σ

∂β

)
· qv
q∞

LV D SDUDPHWHU UHSUHVHQWLQJ WKH ZDNH DQG VLGH�ZDVK HIIHFWV�

Sv
Sw

LV WKH UDWLR RI WKH YHUWLFDO HPSHQQDJH DUHD �PHDVXUHG WR WKH ERG\ FHQWUH�OLQH� WR WKH WRWDO
ZLQJ DUHD�

,Q VXPPDU\� WKH PLQLPXP UHTXLUHG YHUWLFDO HPSHQQDJH DUHD FDQ EH HVWLPDWHG E\ VROYLQJ WKH
IROORZLQJ HTXDWLRQ LQ RUGHU WR Sv

− 180
π ·KN ·KRl ·

SBS
Sw

· lB
bw

+ k · (CLα)v ·
(
1 + ∂σ

∂β

)
· qv
q∞

· Sv
Sw

· lv
bw

· 1
2 · ρ · VMCG

2 · Sw · bw · β

δr ·
[

clδr
(clδr

)
theory

]
· (clδr )theory ·K

′ · Svf

Sv
·KΛ · 1

2 · ρ · VMCG
2 · Sv · lv

= 1

������

������� 0HWKRGRORJ\ LPSOHPHQWDWLRQ DQG FDOLEUDWLRQ

%RWK UHTXLUHPHQWV RI FRQWURO DQG VWDELOLW\ PXVW EH PHW� 7KH PHWKRGRORJ\ XVHG ZDV WR IROORZ WKH
VHW RI HTXDWLRQV GHVFULEHG LQ &KDSWHU �������� REWDLQ WKH PLQLPXP UHTXLUHG YHUWLFDO HPSHQQDJH
DUHD IRU FRQWUROODELOLW\ HVWLPDWLRQ IURP (TXDWLRQ ���� IROORZ WKH VHW RI HTXDWLRQV GHVFULEHG LQ
&KDSWHU ������� DQG REWDLQ WKH PLQLPXP UHTXLUHG YHUWLFDO HPSHQQDJH DUHD IRU VWDELOLW\ HVWLPD�
WLRQ IURP (TXDWLRQ ����� 7KH HTXDWLRQ WKDW JLYHV WKH KLJKHU DUHD HVWLPDWH FRUUHVSRQGV WR WKH
GLPHQVLRQLQJ UHTXLUHPHQW� LI (TXDWLRQ ��� UHVXOWV RQ D KLJKHU YDOXH WKDQ (TXDWLRQ ����� WKHQ
WKH FRQWURO UHTXLUHPHQW LV WKH GLPHQVLRQLQJ UHTXLUHPHQW DQG WKH UHVXOWDQW HVWLPDWHG DUHD LV
WKH PLQLPXP DUHD WKH YHUWLFDO HPSHQQDJH PXVW KDYH �DQG YLFH�YHUVD��

,Q RUGHU WR HYDOXDWH WKH OLPLWDWLRQV RI WKH PHWKRGV XVHG WR HVWLPDWH WKH FRQWURO DQG VWDELOLW\
YHUWLFDO HPSHQQDJH UHTXLUHPHQWV� D FDOLEUDWLRQ ZDV PDGH E\ DOVR DSSO\LQJ WKH SUHYLRXVO\ XVHG
PHWKRG WR WKH 7HFQDP 3����7 DQG FRPSDULQJ WKH UHVXOWV ZLWK WKH DLUFUDIW·V NQRZQ YDOXHV IURP
SXEOLFDWLRQV>��@�

)LJXUH ���� *UDSKLFDO UHSUHVHQWDWLRQ RI 3����7·V YHUWLFDO HPSHQQDJH VL]LQJ DFFRUGLQJ WR UHTXLUHPHQWV�

��



5HVXOWV IURP )LJXUH ��� DOORZ D YDOLGDWLRQ RI WKH XVHG PHWKRGRORJ\� DV LW FDQ EH REVHUYHG WKDW
WKH UHDO YDOXHV DUH FORVH WR WKH RQHV REWDLQHG DQDO\WLFDOO\� E\ D FRQVHUYDWLYH HUURU RI DURXQG ��
�ZKLFK LV ZLWKLQ WKH H[SHFWHG HUURU RI WKLV PHWKRGRORJ\�� 7KLV SHUFHQW HUURU ZDV LQFRUSRUDWHG
DV D FDOLEUDWLRQ WR WKH PHWKRG WR EULQJ WKH VL]LQJ UHVXOWV RI WKH RSWLPLVHG FRQILJXUDWLRQV FORVHU
WR WKHLU UHDO YDOXHV �UHVXOWV RQ )LJXUH ���� DQG 7DEOH ���� IROORZLQJ (TXDWLRQ �����

Sv (real value)
= 92% · Sv (methodology)

������

,PSOHPHQWLQJ WKLV FDOLEUDWLRQ� LW LV SRVVLEOH WR SUHGLFW WKH SHUFHQWDJH RI DOORZDEOH YHUWLFDO HP�
SHQQDJH UHGXFWLRQ RQ WKH RSWLPLVHG FRQILJXUDWLRQV� FRPSDULQJ WR 7HFQDP·V YHUWLFDO HPSHQQDJH
UHDO VL]H �1.60m2��

�D� 7HQ KLJK�OLIW SURSHOOHUV �E� 7ZHOYH KLJK�OLIW SURSHOOHUV

�F� )RXUWHHQ KLJK�OLIW SURSHOOHUV �G� 6L[WHHQ KLJK�OLIW SURSHOOHUV

)LJXUH ���� *UDSKLFDO UHSUHVHQWDWLRQ RI WKH RSWLPLVHG FRQILJXUDWLRQV· YHUWLFDO HPSHQQDJH VL]LQJ
DFFRUGLQJ WR UHTXLUHPHQWV�

7DEOH ���� 9HUWLFDO HPSHQQDJH·V VL]LQJ UHVXOWV FDOLEUDWLRQ�

PHWKRGRORJ\ VL]LQJ
m2

UHDO YDOXH �FDOLEUDWLRQ�
m2

DUHD UHGXFWLRQ
�

7HFQDP 3����7 ���� ���� ³
7HQ KLJK�OLIW SURSHOOHUV ���� ���� ��

7ZHOYH KLJK�OLIW SURSHOOHUV ���� ���� ��
)RXUWHHQ KLJK�OLIW SURSHOOHUV ���� ���� ��
6L[WHHQ KLJK�OLIW SURSHOOHUV ���� ���� ��

,W LV GXH QRWLFLQJ WKDW WKH YHUWLFDO HPSHQQDJH DUHD UHGXFWLRQ UHVXOWV SUHVHQWHG RQ 7DEOH ���
DUH IRU WKH ZRUVW SRVVLEOH FDVH� FRYHULQJ RQO\ WKH FXUUHQW FHUWLILFDWLRQ UHTXLUHPHQWV DQG GLVUH�
JDUGLQJ WKH SRWHQWLDOV RI WKH '(3 WHFKQRORJ\ LPSOHPHQWDWLRQ� :LWK GLVWULEXWHG SURSXOVLRQ DV D
IRUP RI DLUFUDIW FRQWURO� WKH UXGGHU GHIOHFWLRQ�HQYHORSH ZLOO PRVW OLNHO\ GLPLQLVK� JUDQWLQJ PRUH
URRP IRU D VXE�VHTXHQWLDO HPSHQQDJH UHGXFWLRQ� ,Q )LJXUH ��� WKH &$' UHSUHVHQWDWLRQV RI WKHVH
FRQILJXUDWLRQV ZDV GHYHORSHG XVLQJ &$7,$ Y�� DQG 2SHQ963�� )RU VLPSOLFLW\ PDWWHUV GXULQJ FDO�
FXODWLRQV� WKH GLVWDQFH SDUDOOHO WR WKH ORQJLWXGLQDO D[LV EHWZHHQ WKH YHUWLFDO WDLO·V DHURG\QDPLF
FHQWHU DQG WKH QRVH RI WKH DLUFUDIW ZDV PDLQWDLQHG� DV ZHOO DV WKH DVSHFW UDWLR DQG VZHHS DQJOH�

�&$7,$ Y�� 'DVVDXOW 6\VWqPHV 6�$�
�2SHQ963� 1$6$ JRY

��



�D� 7HQ KLJK�OLIW SURSHOOHUV

�E� 7ZHOYH KLJK�OLIW SURSHOOHUV

�F� )RXUWHHQ KLJK�OLIW SURSHOOHUV

�G� 6L[WHHQ KLJK�OLIW SURSHOOHUV

)LJXUH ���� 5HSUHVHQWDWLRQ RI WKH IRXU GLIIHUHQW SURSXOVLYH DUUDQJHPHQWV FRQVLGHUHG LQ WKLV VWXG\ IRU
&DVH ,,� DIWHU WKH YHUWLFDO HPSHQQDJH VL]LQJ�

����� ,PSDFWV RQ DLUFUDIW GHVLJQ

:LWK WKH SURSRVHG PRGLILFDWLRQV WR WKH YHUWLFDO WDLO DQG SURSXOVLRQ V\VWHP� VRPH RI WKH RULJ�
LQDO DLUFUDIW·V FKDUDFWHULVWLFV VXFK DV ZHLJKW� LQHUWLD PRPHQWV DQG SURGXFWV� GUDJ DQG SHUIRU�
PDQFH ZHUH DOWHUHG� 7KH LPSDFWV RI VXFK PRGLILFDWLRQV ZHUH URXJKO\ HVWLPDWHG XVLQJ PDLQO\
5RVNDP>��������@ PHWKRGV�

��



������� :HLJKW

%HVLGHV WKH QDFHOOHV DQG YHUWLFDO WDLO ZHLJKW HVWLPDWHV� WKH ZLQJ DQG KRUL]RQWDO WDLO ZHLJKW ZHUH
DOVR FDOFXODWHG IRU DSSOLFDWLRQ LQ WKH LQHUWLDO FDOLEUDWLRQ� 7KH ZHLJKW YDULDWLRQ RI WKH HQJLQHV
ZDV HVWLPDWHG DFFRUGLQJ WR SXEOLVKHG GDWD>��@ DQG WKH UHPDLQLQJ HOHPHQWV IROORZHG D &ODVV ,,
PHWKRG IRU HVWLPDWLQJ VWUXFWXUDO ZHLJKW RI JHQHUDO DYLDWLRQ DLUSODQHV >��@� VXFK DV WKH 7HFQDP
3����7�

$FFRUGLQJ WR WKH &HVVQD 0HWKRG>��@� IRU PXOWL�HQJLQH DLUFUDIW ZLWK KRUL]RQWDOO\ RSSRVHG HQJLQHV�
WKH WRWDO QDFHOOH ZHLJKW LV JLYHQ E\

Wn = 0.24 · PTO ������

ZKHUH�
PTO LV WKH WRWDO WDNH�RII SRZHU�

,W LV DVVXPHG WKDW WKH ZHLJKW IRU DQ HOHFWULF HQJLQH·V QDFHOOH DOVR REH\V WKLV IRUPXOD� 7KH
EDWWHU\ ZHLJKW DVVRFLDWHG ZLWK WKH SURSRVHG SURSXOVLRQ V\VWHP LQVWDOODWLRQ LV QRW FRQVLGHUHG LQ
WKLV ZRUN·V DQDO\VLV� DOWKRXJK 1$6$·V ;��� UHIHUHQFHV>��@ VXJJHVW DQ HQHUJHWLF GHQVLW\ RI DURXQG
500 Wh/kg� *LYHQ DQ HQHUJHWLF FRQVXPSWLRQ RI 10.5 kW/h SHU HQJLQH>��@� RQH FRXOG HVWLPDWH
DURXQG 20 kg RI EDWWHU\ ZHLJKW SHU HQJLQH SHU KRXU RI RSHUDWLRQ� &RQVLGHULQJ 7HFQDP 3����7·V
IOLJKW DXWRQRP\ RI 4.5 hours� WKLV ZRXOG UHSUHVHQW URXJKO\ D 95 kg EDWWHU\ ZHLJKW SHU HQJLQH
IRU REWDLQLQJ WKH VDPH DXWRQRP\�

7KH VDPH 0HWKRG>��@ VWDWHV WKDW WKH YHUWLFDO WDLO ZHLJKW FDQ EH REWDLQHG IURP

Wv =
1.68 ·WTO

0.567 · Sv
1.249 ·Av

0.482

639.95 · trv0.747 · cosΛ1/4v
0.882 ������

DQG WKH KRUL]RQWDO WDLO IURP

Wh =
3.184 ·WTO

0.887 · Sh
0.101 ·Ah

0.138

174.04 · trh0.223 ������

ZKHUH�
WTO LV WKH WDNH�RII ZHLJKW�
Sv,h LV WKH YHUWLFDO DQG KRUL]RQWDO WDLO DUHD� UHVSHFWLYHO\�
Av,h LV WKH YHUWLFDO DQG KRUL]RQWDO DVSHFW UDWLR� UHVSHFWLYHO\�
trv,h LV WKH YHUWLFDO DQG KRUL]RQWDO PD[LPXP URRW WKLFNQHVV� UHVSHFWLYHO\�
Λ1/4v

LV WKH YHUWLFDO WDLO TXDUWHU FKRUG VZHHS DQJOH�

)RU FDQWLOHYHU ZLQJV� WKH 0HWKRG>��@ JLYHV WKH ZHLJKW IURP

Ww = 0.04674 ·WTO
0.397 · Sw

0.360 · nult
0.397 ·Aw

1.712 ������

ZKHUH�
Aw LV WKH ZLQJ DVSHFW UDWLR�
nult LV WKH GHVLJQ XOWLPDWH ORDG IDFWRU�

$V RQO\ WKH WDNH�RII ZHLJKW RI WKH 7HFQDP 3����7 LV NQRZQ>��@ DQG WKH &HVVQD 0HWKRG GHSHQGV RQ
WKDW SDUDPHWHU� WKLV PHWKRGRORJ\ ZDV FDOLEUDWHG LWHUDWLYHO\ ZLWK WKDW DLUFUDIW LQ RUGHU WR REWDLQ
WKH QHZ FRQILJXUDWLRQ·V WDNH�RII ZHLJKW E\ VXEWUDFWLQJ WKH YDULDWLRQ RI WKH HQJLQHV� QDFHOOHV DQG

��



YHUWLFDO WDLO ZHLJKW� UHODWLYH WR WKH 7HFQDP 3����7� VR WKDW

WTOi = WTO(Tecnam)
−∆Wei −∆Wni −∆Wvi ������

ZLWK�

∆Wei = We(Tecnam)
−We(methodology)i

������

∆Wni = Wn(Tecnam)
−Wn(methodology)i

������

∆Wvi = Wv(Tecnam)
−Wv(methodology)i

������

:KHUH WKH L LQGH[ UHSUHVHQWV HDFK RQH RI WKH QHZ FRQILJXUDWLRQV�

(DFK RSWLPLVHG FRQILJXUDWLRQ·V HTXLSSHG�HPSW\ ZHLJKW LV WKHUHIRUH JLYHQ E\

Wemptyi
= WTOi −Wuseful ������

7KH &HVVQD�PHWKRG ZHLJKW HVWLPDWLRQ GDWD FDQ EH IRXQG RQ 7DEOH ���� ,W LV GXH QRWLFLQJ WKDW
WKH 7HFQDP·V PD[LPXP WDNH�RII DQG HPSW\ ZHLJKWV DUH WKH DLUFUDIW·V FRUUHVSRQGLQJ UHDO NQRZQ
ZHLJKWV� QRW HVWLPDWHV�

7DEOH ���� &HVVQD�PHWKRG ZHLJKW HVWLPDWLRQ�

7HFQDP 3����7
+LJK�OLIW SURSHOOHUV

7HQ 7ZHOYH )RXUWHHQ 6L[WHHQ

:
HL
JK
W
�k
g�

(QJLQHV �We� ����� ����� ����� ����� ����
1DFHOOHV �Wn� ����� ����� ����� ����� �����
9HUWLFDO WDLO �Wv� ����� ����� ����� ����� ����
+RUL]RQWDO WDLO �Wh� ����� ����� ����� ����� �����
:LQJ �Ww� ������ ������ ������ ������ ������

0D[LPXP WDNH�RII �WTO� ���� ���� ���� ���� ����
(PSW\ �Wempty� ��� ��� ��� ��� ���

������� ,QHUWLD

0RPHQWV RI LQHUWLD DOORZ WKH XQGHUVWDQGLQJ RI KRZ URWDWLRQDO PRWLRQ FKDQJHV ZKHQ WKH PDVV
GLVWULEXWLRQ FKDQJHV� FKDUDFWHULVLQJ WKH UHVLVWDQFH RI D ERG\ WR WKRVH FKDQJHV� $V WKH SURSRVHG
FRQILJXUDWLRQV LPSO\ ZHLJKW FKDQJHV� HDFK DLUFUDIW FRPSRQHQW·V FHQWHU RI PDVV LV QR ORQJHU WKH
VDPH� WKHUHIRUH WKH PRPHQWV RI LQHUWLD QHHG WR EH HVWLPDWHG IRU WKRVH QHZ FRQILJXUDWLRQV�

7KH SURFHGXUH HPSOR\HG ZDV WR FRQVLGHU WKDW WKH DLUFUDIW LV GLYLGHG LQWR VL[ PDLQ FRPSRQHQWV�
WKH YHUWLFDO DQG KRUL]RQWDO WDLOV� WKH ZLQJ� WKH SURSXOVLYH V\VWHP �QDFHOOHV SOXV HQJLQHV DQG
SURSHOOHUV�� WKH ODQGLQJ JHDU DQG WKH IXVHODJH� :KHUH WKH IXVHODJH KHUH LV DVVXPHG WR LQFOXGH
DOO FRPSRQHQWV QRW DFNQRZOHGJHG EHIRUH DV PDLQ� VXFK DV SRZHU�SODQW DQG IL[HG HTXLSPHQW� VR
WKDW LWV ZHLJKW HTXDOV WKH NQRZQ DLUFUDIW WRWDO ZHLJKW PLQXV WKH HVWLPDWHG ZHLJKW RI WKH RWKHU
PDLQ FRPSRQHQWV�

$IWHU WKDW� DQG H[FHSW IRU WKH IXVHODJH FRPSRQHQW� WKH PDVV FHQWHU RI HDFK PDLQ FRPSRQHQW
ZDV SUHGLFWHG XVLQJ WKH GHYHORSHG &$' PRGHOV� DVVXPLQJ FRQVWDQW GHQVLWLHV IRU HDFK RQH DQG
GLVWLQJXLVKLQJ EHWZHHQ WKH ULJKW DQG OHIW VLGHV RI WKH DLUFUDIW�

��



&RQVLGHULQJ D FODVV ,, PHWKRG IRU HVWLPDWLQJ PRPHQWV DQG SURGXFWV RI LQHUWLD� WKH IROORZLQJ
DSSOLHV>��@

Ixx =
∑

i

mi · [(yi − ycg)
2 + (zi − zcg)

2] ������

Iyy =
∑

i

mi · [(zi − zcg)
2 + (xi − xcg)

2] ������

Izz =
∑

i

mi · [(xi − xcg)
2 + (yi − ycg)

2] ������

Ixy =
∑

i

mi · (xi − xcg) · (yi − ycg) ������

Iyz =
∑

i

mi · (yi − ycg) · (zi − zcg) ������

Izx =
∑

i

mi · (zi − zcg) · (xi − xcg) ������

$FNQRZOHGJLQJ WKDW Ixy DQG Iyz DUH HTXDO WR ]HUR� VLQFH DOO VWXGLHG FRQILJXUDWLRQV DUH V\PPHW�
ULFDO�

7KH IXVHODJH·V FHQWUH RI PDVV FRRUGLQDWHV LQ WKH [ DQG ] D[LV ZHUH WKHQ LWHUDWHG XQWLO WKH PR�
PHQWV RI LQHUWLD REWDLQHG IURP HTXDWLRQV ���� WR ���� DSSUR[LPDWHO\ PDWFKHG WKH RQHV IURP
7HFQDP 3����7 GDWD>��@� DQG SUHVHUYLQJ WKH FHQWHU RI JUDYLW\ WUDYHO HQYHORSH DORQJ WKH ORQ�
JLWXGLQDO D[LV >��@� 7KH SURFHGXUH LV QRZ FDOLEUDWHG DQG DSSOLFDEOH WR WKH QHZ FRQILJXUDWLRQV�
FRQVLGHULQJ WKDW WKH FHQWHU RI PDVV RI WKH IXVHODJH� ZLQJ� KRUL]RQWDO WDLO DQG ODQGLQJ�JHDU UH�
PDLQV WKH VDPH�

7KLV PHWKRGRORJ\ ZDV ILUVW FDOLEUDWHG� E\ EHLQJ DSSOLHG WR WKH 7HFQDP DLUFUDIW DQG YHULI\LQJ D
FRQVHUYDWLYH HUURU RI 4% IRU WKH SURGXFW RI LQHUWLD Izx DQG PRPHQWV RI LQHUWLD Ixx DQG Izz DQG
D QRQ FRQVHUYDWLYH HUURU RI 5% IRU WKH PRPHQW RI LQHUWLD Iyy� WKH UHPDLQLQJ SURGXFWV RI LQHUWLD
KDYH QR HUURU� 7KH FRUUHFWHG UHVXOWV IRU WKH KLJK�OLIW FRQILJXUDWLRQV FDQ EH IRXQG RQ 7DEOH ����
,W LV GXH QRWLFLQJ WKDW WKH 7HFQDP·V PRPHQWV RI LQHUWLD DUH WKH DLUFUDIW·V FRUUHVSRQGLQJ UHDO
NQRZQ YDOXHV� QRW HVWLPDWHV�

7DEOH ���� ,QHUWLD HVWLPDWLRQ�

7HFQDP 3����7
+LJK�OLIW SURSHOOHUV

7HQ 7ZHOYH )RXUWHHQ 6L[WHHQ

0RPHQWV RI LQHUWLD
�kg m2�

Ixx ���� ���� ���� ���� ����
Iyy ���� ���� ���� ���� ����
Izz ���� ���� ���� ���� ����

3URGXFWV RI LQHUWLD
�kg m2�

Ixy � � � � �
Iyz � � � � �
Izx ��� ��� ��� ��� ���

��



������� 'UDJ

:LWK WKH SURSRVHG PRGLILFDWLRQV LQ WKH YHUWLFDO WDLO DQG SURSXOVLRQ V\VWHP� WKH RULJLQDO DLUFUDIW·V
GUDJ ZDV DOWHUHG� 7R TXDQWLI\ WKHVH DOWHUDWLRQV D FODVV ,, PHWKRG IRU SUHGLFWLQJ WKH GUDJ SRODU
RI VXEVRQLF DLUSODQHV GXULQJ WKH SUHOLPLQDU\ GHVLJQ SKDVH>��@ ZDV DSSOLHG WR WKH YHUWLFDO WDLO DQG
QDFHOOHV�

7KH VXEVRQLF YHUWLFDO HPSHQQDJH GUDJ FRHIILFLHQW LV IRXQG IURP>��@

CDv = CDLv
+ CD0v

������

CDLv
LV WKH YHUWLFDO HPSHQQDJH GUDJ FRHIILFLHQW GXH WR OLIW DVVXPHG WR EH ]HUR� VLQFH YHUWLFDO

WDLOV DUH QRUPDOO\ LQVWDOOHG V\PPHWULFDOO\�
CD0v

LV WKH YHUWLFDO HPSHQQDJH ]HUR�OLIW GUDJ FRHIILFLHQW� IRXQG E\>��@

CD0v
= Rwf ·RLS · Cfv ·

[
1 + L′ · t

c
+ 100 ·

(
t

c

)4]
· Swetv

Sw
������

ZKHUH�
Rwf LV WKH ZLQJ�IXVHODJH LQWHUIHUHQFH IDFWRU�
RLS LV WKH OLIWLQJ VXUIDFH FRUUHFWLRQ IDFWRU�
Cfv LV WKH WXUEXOHQW IODW SODWH IULFWLRQ FRHIILFLHQW RI WKH YHUWLFDO HPSHQQDJH�
L′ LV WKH DLUIRLO WKLFNQHVV ORFDWLRQ SDUDPHWHU�
t
c LV WKH PD[LPXP WKLFNQHVV UDWLR DVVRFLDWHG ZLW WKH YHUWLFDO HPSHQQDJH DLUIRLO�
Swetv LV WKH ZHWWHG DUHD RI WKH YHUWLFDO HPSHQQDJH�

7KH WRWDO QDFHOOHV GUDJ FRHIILFLHQW PD\ EH FRPSXWHG IURP>��@

CDn =
∑

i

(CDn)i ������

:KHUH WKH LQGH[ L HTXDOV WKH QXPEHU RI QDFHOOHV RQ WKH DLUSODQH� (DFK QDFHOOH GUDJ FRHIILFLHQW
LV FRPSXWHG ZLWK WKH IROORZLQJ PHWKRG>��@

(CDn)i = (CDLn
)
i
+ (CD0n

)
i

������

(CDLn
)
i
LV HDFK QDFHOOH GUDJ FRHIILFLHQW GXH WR OLIW� IRXQG E\>��@

CDLn
= 2 · αn

2 · Sbn

Sw
+ η · cdc · |αn|3 ·

Splfn

Sw
������

ZKHUH�
αn LV WKH QDFHOOH DQJOH RI DWWDFN�
Sbn LV WKH QDFHOOH EDVH DUHD�
η LV WKH UDWLR RI WKH GUDJ RI D ILQLWH F\OLQGHU WR WKH GUDJ RI DQ LQILQLWH F\OLQGHU�
cdc LV WKH H[SHULPHQWDO VWHDG\ VWDWH FURVV�IORZ GUDJ�
Splfn

LV WKH QDFHOOH SODQIRUP DUHD�

��



(CD0n
)
i
LV HDFK QDFHOOH ]HUR�OLIW GUDJ FRHIILFLHQW� IRXQG E\>��@

CD0n
= Rwf · Cfn ·

[
1 +

60

(ln/dn)3
+ 0.0025 · ln

dn

]
· Swetn

Sw
+ CDbn

������

ZKHUH�
Rwf LV WKH ZLQJ�IXVHODJH LQWHUIHUHQFH IDFWRU�
Cfn LV WKH WXUEXOHQW IODW SODWH IULFWLRQ FRHIILFLHQW RI WKH QDFHOOH�
ln LV WKH QDFHOOH OHQJWK�
dn LV WKH PD[LPXP QDFHOOH GLDPHWHU�
Swetn LV WKH ZHWWHG DUHD RI WKH QDFHOOH�
CDbn

LV WKH QDFHOOH EDVH�GUDJ FRHIILFLHQW� JLYHQ E\>��@

CDbn
=

0.029 · (db/dn)3

(CD0nb
· Sw/Sn)

1/2
· Sn

Sw
������

ZKHUH�
db LV WKH QDFHOOH EDVH GLDPHWHU�
CD0nb

LV WKH ]HUR�OLIW GUDJ FRHIILFLHQW RI WKH EDVH RI WKH QDFHOOH�
Sn LV WKH QDFHOOH PD[LPXP IURQWDO DUHD�

$V DQ HVWLPDWH RI WKH SDUDVLWH GUDJ FRHIILFLHQWV RI WKH 7HFQDP 3����7 LV NQRZQ>��@� WKLV PHWKRG�
RORJ\ ZDV RQFH DJDLQ ILUVWO\ FDOLEUDWHG ZLWK WKDW DLUFUDIW EHIRUH EHLQJ LPSOHPHQWHG RQ WKH VWXG�
LHG FRQILJXUDWLRQV� 7KH QHZ SDUDVLWH GUDJ FRHIILFLHQWV ZHUH WKHQ REWDLQHG E\ VXEWUDFWLQJ WKH
YDULDWLRQ RI WKH FDOFXODWHG YHUWLFDO HPSHQQDJH DQG QDFHOOHV SDUDVLWH GUDJ FRHIILFLHQWV� UHODWLYH
WR 7HFQDP 3����7� VR WKDW

CD0 i = CD0(Tecnam)
−∆CD0v i

−∆CD0n i
������

ZLWK�

∆CD0v i
= CD0v(Tecnam)

− CD0v(methodology)i

������

∆CD0n i
= CD0n(Tecnam)

− CD0n(methodology)i

������

+HUH� WKH L LQGH[ UHSUHVHQWV HDFK RQH RI WKH QHZ KLJK�OLIW FRQILJXUDWLRQV�

7KH 5RVNDP�PHWKRG SDUDVLWH GUDJ FRHIILFLHQW HVWLPDWLRQ GDWD FDQ EH IRXQG RQ 7DEOH ���� ,W
LV GXH QRWLFLQJ WKDW WKH 7HFQDP·V WRWDO SDUDVLWH GUDJ FRHIILFLHQW LV WKH DLUFUDIW·V SXEOLVKHG>��@

FRHIILFLHQW HVWLPDWH�

7DEOH ���� 3DUDVLWH GUDJ FRHIILFLHQW HVWLPDWLRQ�

7HFQDP 3����7
+LJK�OLIW SURSHOOHUV

7HQ 7ZHOYH )RXUWHHQ 6L[WHHQ

'UDJ
&RHIILFLHQW

9HUWLFDO WDLO �CD0v
� ������� ������� ������� ������� �������

1DFHOOHV �CD0n
� ������� ������� ������� ������� �������

7RWDO �CD0 � ������ ������� ������� ������� �������

��



������� 7DNH�RII

5HFDOOLQJ WKH UHTXLUHPHQWV IURP )$5 3DUW ��>��@ WKDW LQIOXHQFH VWDELOLW\ DQG FRQWURO GHVLJQ� LW
LV HVWDEOLVKHG WKDW WKH PLQLPXP FRQWURO VSHHG UHTXLUHPHQWV VHW LQ )$5 ������� KDYH D JUHDW
LQIOXHQFH LQ WKH VL]LQJ RI DQ DLUFUDIW·V YHUWLFDO WDLO WR FRQWUROODELOLW\ UHTXLUHPHQWV� 7KLV VSHHG
LV GHILQHG DV ´WKH FDOLEUDWHG DLUVSHHG DW ZKLFK� ZKHQ WKH FULWLFDO HQJLQH LV VXGGHQO\ PDGH
LQRSHUDWLYH� LW LV SRVVLEOH WR PDLQWDLQ FRQWURO RI WKH DLUSODQH ZLWK WKDW HQJLQH VWLOO LQRSHUDWLYH
DQG PDLQWDLQ VWUDLJKW IOLJKW ZLWK DQ DQJOH RI EDQN RI QRW PRUH WKDQ � GHJUHHVµ DQG PXVW EH
HVWDEOLVKHG IRU WKH PRVW FULWLFDO FDVH� 7KDW VFHQDULR LV ´ WKH FDOLEUDWHG DLUVSHHG GXULQJ WKH
WDNHRII UXQ DW ZKLFK� ZKHQ WKH FULWLFDO HQJLQH LV VXGGHQO\ PDGH LQRSHUDWLYH� LW LV SRVVLEOH WR
PDLQWDLQ FRQWURO RI WKH DLUSODQH XVLQJ WKH UXGGHU FRQWURO DORQH �ZLWKRXW WKH XVH RI QRVH�ZKHHO
VWHHULQJ�� DV OLPLWHG E\ ��� SRXQGV RI IRUFH� DQG WKH ODWHUDO FRQWURO WR WKH H[WHQW RI NHHSLQJ
WKH ZLQJV OHYHO WR HQDEOH WKH WDNHRII WR EH VDIHO\ FRQWLQXHG XVLQJ QRUPDO SLORWLQJ VNLOOµ�

)LJXUH ���� 7DNH�RII DQDO\VLV� >��@

$ VLPSOLILHG WDNH�RII DQDO\VLV ZDV LPSOHPHQWHG WR LQVXUH QR PDMRU GLVDGYDQWDJHRXV PRGLILFD�
WLRQV WR WKH RULJLQDO DLUFUDIW·V SHUIRUPDQFH ZHUH PDGH� VXFK DV D FKDQJH LQ WKH PLQLPXP FRQWURO
VSHHG RU DQ LQFUHDVH RQ WKH WRWDO WDNH�RII ILHOG OHQJWK� $Q HPSLULFDO PHWKRG>��@ IRU GHWHUPLQLQJ
WKRVH IDFWRUV ZDV LPSOHPHQWHG� DVVXPLQJ WKDW WKH WDNH�RII WDNHV SODFH IURP D FRQFUHWH RU DV�
SKDOW GU\ VXUIDFH� $V VKRZQ LQ )LJXUH ��� �WKH WRWDO WDNH�RII GLVWDQFH ZDV VHJPHQWHG LQWR WRWDO
JURXQG UROO� ZKLFK LQFOXGHV WKH OHYHO JURXQG UROO DQG WKH JURXQG UROO GXULQJ URWDWLRQ WR WKH DQJOH
RI DWWDFN IRU OLIWRII� WKH WUDQVLWLRQ WR FOLPE DQG WKH FOLPE SKDVHV�

/HYHO JURXQG UROO FDQ EH GHWHUPLQHG E\ LQWHJUDWLQJ YHORFLW\ GLYLGHG E\ DFFHOHUDWLRQ� DV IROORZV

SG =

∫ Vf

Vi

V

a
dv ������

ZLWK�

a = g ·
[(

T

W
− µ

)
+

ρ

2 ·W/Sw
· (−CD0 −Kdrag · C2

L + µ · CL) · V 2

]
������

)RU WDNH�RII� WKH LQLWLDO YHORFLW\ LV ]HUR� DQG WKH ILQDO YHORFLW\ LV VTO� ZKLFK ZDV FRQVLGHUHG WR

��



EH ��� WLPHV WKH VWDOO VSHHG� IRXQG E\ VHWWLQJ PD[LPXP OLIW DW VWDOO VSHHG HTXDO WR ZHLJKW DQG
VROYLQJ IRU VWDOO VSHHG� $FNQRZOHGJLQJ WKDW WKH WKUXVW YDULHV GXULQJ WKH JURXQG UROO� DQ DYHUDJH
WKUXVW YDOXH RI DERXW ��� (1/

√
2) RI VTO

>��@ ZDV XVHG�

*URXQG UROO GXULQJ URWDWLRQ ILHOG OHQJWK GHSHQGV PRVWO\ RQ WKH SLORW >��@� ,W ZDV DVVXPHG WKDW
URWDWLRQ WDNHV � VHFRQGV DQG WKDW WKH DFFHOHUDWLRQ LV QHJOLJLEOH RYHU WKDW WLPH LQWHUYDO� WKLV
PDNHV WKH URWDWLRQ JURXQG UROO GLVWDQFH HTXDO WR

SR = 3 · VTO ������

'XULQJ WKH WUDQVLWLRQ WR D VWDEOH FOLPE SKDVH� WKH DLUFUDIW·V SDWK ZDV DSSUR[LPDWHG WR D FLUFXODU
DUF ZKHUH WKH DYHUDJH WUDQVLWLRQ YHORFLW\ LV DERXW 1.15 Vstall� DV WKH DLUFUDIW DFFHOHUDWHV IURP
WKH WDNH�RII VSHHG 1.10 Vstall WR WKH FOLPE VSHHG 1.20 Vstall� 7KH UDGLXV RI WKLV WUDQVLWLRQ DUF FDQ
EH FDOFXODWHG E\>��@

RRT =
V 2
TR

0.2 · g ������

7KH FOLPE DQJOH γ DW WKH HQG RI WKLV WUDQVLWLRQ FDQ EH GHWHUPLQHG IURP

sin(γclimb) =
T −D

W
������

$W WKLV SRLQW RI WKH WDNH�RII DQDO\VLV� WKH REVWDFOH KHLJKW FOHDUDQFH QHHGV WR EH FDOFXODWHG XVLQJ
(TXDWLRQ �����

hTR = RRT · (1− cos(γclimb)) ������

,I WKLV KHLJKW ZDV FOHDUHG EHIRUH WKH HQG RI WKH WUDQVLWLRQ VHJPHQW� PHDQLQJ hTR ! hobstacle�
WKH KRUL]RQWDO ILHOG GLVWDQFH WUDYHOHG GXULQJ WUDQVLWLRQ LV FRPSXWHG E\ (TXDWLRQ ���� DQG WKH
WRWDO WDNH�RII GLVWDQFH LV HTXDO WR WKH VXP RI WKHVH WKUHH GLVWDQFHV� SG + SR + STR�

STR =
√
R2

RT − (RRT − hobstacle)2 ������

,I QRW DQG hTR " hobstacle� WKH WUDQVLWLRQ KRUL]RQWDO ILHOG OHQJWK LV FRPSXWHG E\ (TXDWLRQ ����
DQG WKH KRUL]RQWDO GLVWDQFH WUDYHOOHG GXULQJ WKH FOLPE QHHGV WR EH GHWHUPLQHG WKURXJK (TXDWLRQ
����� VR WKDW WKH WRWDO WDNH�RII GLVWDQFH LV HTXDO WR WKH VXP RI WKHVH IRXU GLVWDQFHV� SG + SR +

STR + SC�

STR = RRT · sin(γclimb) ������

SC =
hobstacle − hTR

tan(γclimb)
������

&RQVLGHULQJ DQ REVWDFOH KHLJKW RI 15 m� WKLV PHWKRGRORJ\ ZDV ILUVW FDOLEUDWHG� E\ EHLQJ DSSOLHG
WR WKH 7HFQDP DLUFUDIW DQG YHULI\LQJ D FRQVHUYDWLYH HUURU RI DURXQG 2%� 7KH FRUUHFWHG WDNH�RII
DQDO\VLV GDWD REWDLQHG ZLWK WKH GHVFULEHG PHWKRGRORJ\ IRU WKH KLJK�OLIW FRQILJXUDWLRQV FDQ EH
IRXQG RQ 7DEOH ����� ,W LV GXH QRWLFLQJ WKDW WKH 7HFQDP·V WDNH�RII OHQJWKV GDWD DUH WKH DLUFUDIW·V
SXEOLVKHG>��@ HVWLPDWHV�

��



7DEOH ����� 7DNH�RII ILHOG OHQJWK HVWLPDWLRQ�

7HFQDP 3����7
+LJK�OLIW SURSHOOHUV

7HQ 7ZHOYH )RXUWHHQ 6L[WHHQ

)LHOG OHQJWK
�m�

/HYHO JURXQG UROO �SG� ��� ��� ��� ��� ���
5RWDWLRQ JURXQG UROO �SR� ��� �� �� �� ��
7UDQVLWLRQ WR FOLPE �STR� �� �� �� �� ��
&OLPE �SC� �� �� �� �� ��

7RWDO WDNH�RII �STO� ��� ��� ��� ��� ���

������� 6WDELOLW\ DQG FRQWURO GHULYDWLYHV

7KH SURSRVHG UHGXFWLRQV LQ WKH YHUWLFDO WDLO FKDQJHG WKH LQLWLDO DLUFUDIW·V DHURG\QDPLF DQJOH�RI�
VLGHVOLS� UROO UDWH� \DZ UDWH DQG UXGGHU FRQWURO GHULYDWLYHV� QDPHO\

{ CYβ , Cnβ , Clβ , CYp , Cnp , Clp , CYr , Cnr , Clr , CYδr
, Cnδr

, Clδr } ������

7KH UHPDLQLQJ DHURG\QDPLF GHULYDWLYHV ZHUH DVVXPHG WR UHPDLQ WKH VDPH� IRU VLPSOLFLW\� 7KH
YHUWLFDO WDLO FRQWULEXWLRQ RI PHQWLRQHG VWDELOLW\ GHULYDWLYHV IRU ERWK VWXG\ FDVHV ZDV FDOFXODWHG
XVLQJ SUHOLPLQDU\ GHVLJQ PHWKRGV �IRXQG RQ 5RVNDP>��@ DQG SUHVHQWHG EHORZ� DQG WKH UHVXOWLQJ
GLIIHUHQFH DSSOLHG WR WKH RULJLQDO GHULYDWLYHV >��@� DV IROORZV

C(new) = C(Tecnam) − C(Tecnam)V
+ C(new)V

������

$HURG\QDPLF DQJOH�RI�VLGHVOLS GHULYDWLYHV
7KH YHUWLFDO WDLO FRQWULEXWLRQ WR WKH VLGH IRUFH GXH WR VLGHVOLS GHULYDWLYH CYβ PD\ EH IRXQG IURP

CYβv
= −kv · (CLav

) · (1 + dσ/dβ) · ηv ·
Sv

Sw
������

ZKHUH�
kv LV DQ HPSLULFDO IDFWRU�
CLav

LV WKH YHUWLFDO HPSHQQDJH OLIW FXUYH VORSH�
Sv LV WKH HIIHFWLYH YHUWLFDO WDLO DUHD�
DQG ZLWK (1 + dσ/dβ) · ηv JLYHQ E\

(1 + dσ/dβ) · ηv = 0.724 + 3.06 · Sv/Sw

1 + cos(Λc/4)
+ 0.4 · zw

zf
+ 0.009 ·Aw ������

ZKHUH�
Λc/4 LV WKH ZLQJ TXDUWHU FKRUG VZHHS DQJOH�
Aw LV WKH ZLQJ DVSHFW UDWLR�
zw LV WKH GLVWDQFH IURP ZLQJ URRW TXDUWHU FKRUG SRLQW WR WKH IXVHODJH FHQWUHOLQH �SRVLWLYH EHORZ
IXVHODJH FHQWUHOLQH��
zf LV WKH PD[LPXP IXVHODJH GHSWK�

7KH YHUWLFDO WDLO FRQWULEXWLRQ WR WKH \DZLQJ PRPHQW GXH WR VLGHVOLS GHULYDWLYH Cnβ PD\ EH IRXQG
IURP

Cnβv
= −CYβv

· lv · cos(α
∗) + zv · sin(α∗)

bw
������

��



ZKHUH�
zv LV WKH YHUWLFDO GLVWDQFH EHWZHHQ WKH YHUWLFDO WDLO·V DHURG\QDPLF FHQWHU DQG WKH DLUFUDIW·V
FHQWHU RI JUDYLW\�

7KH YHUWLFDO WDLO FRQWULEXWLRQ WR WKH UROOLQJ PRPHQW GXH WR VLGHVOLS GHULYDWLYH Clβ PD\ EH IRXQG
IURP

Clβv
= CYβv

· zv · cos(α
∗)− lv · sin(α∗)

bw
������

5ROO UDWH GHULYDWLYHV

7KH YHUWLFDO WDLO FRQWULEXWLRQ WR WKH VLGH IRUFH GXH WR UROO UDWH GHULYDWLYH CYp PD\ EH IRXQG IURP

CYpv
= 2 · CYβv

· zv · cos(α
∗)− lv · sin(α∗)− zv

bw
+ 3 · sin(Γ) ·

[
1− 4z

bw
· sin(Γ)

]
· (Clp) Γ=0

CL=0

������

ZKHUH�
z LV WKH YHUWLFDO GLVWDQFH EHWZHHQ WKH ZLQJ·V URRW TXDUWHU FKRUG SRLQW DQG WKH DLUFUDIW·V FHQWHU
RI JUDYLW\�
DQG ZLWK (Clp) Γ=0

CL=0
JLYHQ E\

(Clp) Γ=0
CL=0

=
k

β
·
[
β · Clp

k

]

CL=0

������

7KH YHUWLFDO WDLO FRQWULEXWLRQ WR WKH \DZLQJ PRPHQW GXH WR UROO UDWH GHULYDWLYH Cnp PD\ EH IRXQG
IURP

Cnpv
= − 2

b2w
· (lv · cos(α∗) + zv · sin(α∗)) · (zv · cos(α∗)− lv · sin(α∗)− zv) · CYβv

������

7KH YHUWLFDO WDLO FRQWULEXWLRQ WR WKH UROOLQJ PRPHQW GXH WR UROO UDWH GHULYDWLYH Clp PD\ EH IRXQG
IURP

Clpv = 2 ·
[ zv
bw

]2
· CYβv

������

<DZ UDWH GHULYDWLYHV

7KH YHUWLFDO WDLO FRQWULEXWLRQ WR WKH VLGH IRUFH GXH WR \DZ UDWH GHULYDWLYH CYr PD\ EH IRXQG
IURP

CYrv
= −2 · CYβv

· lv · cos(α
∗) + zv · sin(α∗)

bw
������

7KH YHUWLFDO WDLO FRQWULEXWLRQ WR WKH \DZLQJ PRPHQW GXH WR UROO UDWH GHULYDWLYH Cnr PD\ EH IRXQG
IURP

Cnrv
=

2

b2w
· (lv · cos(α∗) + zv · sin(α∗))2 · CYβv

������

��



7KH YHUWLFDO WDLO FRQWULEXWLRQ WR WKH UROOLQJ PRPHQW GXH WR UROO UDWH GHULYDWLYH Clr PD\ EH IRXQG
IURP

Clrv = − 2

b2w
· (lv · cos(α∗) + zv · sin(α∗)) · (zv · cos(α∗)− lv · sin(α∗)) · CYβv

������

5XGGHU FRQWURO GHULYDWLYHV

7KH VLGH IRUFH GXH WR UXGGHU GHIOHFWLRQ GHULYDWLYH PD\ EH IRXQG IURP

CYδr
=

CLαv

clαv

·K ′ ·Kb ·
(αδr )CL

(αδr )cl
·
[

clδr
(clδr )theory

]
· (clδr )theory ·

Sv

Sw
������

ZKHUH�
clαv

LV WKH YHUWLFDO HPSHQQDJH DLUIRLO OLIW FXUYH VORSH�
Kb LV WKH HIIHFW RI WDSHU UDWLR DQG UXGGHU VSDQ FRUUHFWLRQ IDFWRU�
(αδr )CL
(αδr )cl

LV WKH HIIHFW RI DVSHFW UDWLR DQG UXGGHU�FKRUG UDWLR RQ WKH WKUHH GLPHQVLRQDO UXGGHU

HIIHFWLYHQHVV�

7KH \DZLQJ PRPHQW GXH WR UXGGHU GHIOHFWLRQ GHULYDWLYH PD\ EH IRXQG IURP

Cnδr
= −CYδr

· (lv · cos(α
∗) + zv · sin(α∗))

bw
������

7KH UROOLQJ PRPHQW GXH WR UXGGHU GHIOHFWLRQ GHULYDWLYH PD\ EH IRXQG IURP

Clδr =
(zv · cos(α∗)− lv · sin(α∗))

bw
· CYδr

������

$SSO\LQJ (TXDWLRQ ����� WKH QHZ VWDELOLW\ GHULYDWLYHV GDWD REWDLQHG ZLWK WKH SUHYLRXV PHWKRGRO�
RJ\ IRU WKH KLJK�OLIW FRQILJXUDWLRQV DQG DSSO\LQJ (TXDWLRQV ���� WR ����� WKH QHZ UXGGHU FRQWURO
GHULYDWLYHV GDWD FDQ DOO EH IRXQG RQ 7DEOH ���� IRU WKH DLUFUDIWV·V HTXLOLEULXP DQJOH RI DWWDFN
�α∗�� ,W LV GXH QRWLFLQJ WKDW WKH 7HFQDP·V FRHIILFLHQW GDWD DUH WKH DLUFUDIW·V SXEOLVKHG>��@ HVWL�
PDWHV DQG ZHUH QRW REWDLQHG ZLWK WKH SUHYLRXV PHWKRG�

7DEOH ����� 6WDELOLW\ DQG FRQWURO GHULYDWLYHV HVWLPDWLRQ�

�SHU UDGLDQ�
7HFQDP 3����7

+LJK�OLIW SURSHOOHUV
7HQ 7ZHOYH )RXUWHHQ 6L[WHHQ

$HURG\QDPLF
DQJOH�RI�VLGHVOLS

GHULYDWLYHV

VLGH IRUFH �CYβ � ������ ������ ������ ������ ������
<DZLQJ PRPHQW �Cnβ � ������ ������ ������ ������ ������
5ROOLQJ PRPHQW �Clβ � ������ ������ ������ ������ ������

5ROO UDWH
GHULYDWLYHV

VLGH IRUFH �CYp � ����� ����� ����� ����� �����
<DZLQJ PRPHQW �Cnp � ������ ������ ������ ������ ������
5ROOLQJ PRPHQW �Clp � ������ ������ ������ ������ ������

<DZ UDWH
GHULYDWLYHV

VLGH IRUFH �CYr � ����� ����� ����� ����� ������
<DZLQJ PRPHQW �Cnr � ������ ������ ������ ������ ������
5ROOLQJ PRPHQW �Clr � ����� ����� ����� ����� �����

5XGGHU FRQWURO
GHULYDWLYHV

VLGH IRUFH �CYδr
� ������ ������ ������ ������ ������

<DZLQJ PRPHQW �Cnδr
� ������� ������� ������� ������� �������

5ROOLQJ PRPHQW �Clδr
� ������ ������ ������ ������ ������

��



������� &DVH ,, ³ FRQILJXUDWLRQ VHOHFWLRQ

7DEOH ����� 3DUDPHWHU UHGXFWLRQ 'HS LPSOHPHQWDWLRQ YV 7HFQDP�

+LJK�OLIW SURSHOOHUV
7HQ 7ZHOYH )RXUWHHQ 6L[WHHQ

5HGXFWLRQ ���

9HUWLFDO HPSHQQDJH DUHD ���� ���� ���� ����
(PSW\ ZHLJKW ��� ��� ��� ���
3DUDVLWH GUDJ FRHIILFLHQW ���� ���� ���� ����
7DNH�RII ILHOG OHQJWK ���� ���� ���� ����

$ VXPPDU\ RI WKH SDUDPHWHU UHGXFWLRQV IURP WKH '(3 LPSOHPHQWDWLRQ LV SUHVHQWHG RQ 7DEOH
����� *UDSKLFDO UHSUHVHQWDWLRQV RI WKHVH UHGXFWLRQV FDQ EH REVHUYHG IURP )LJXUH ��� WR �����
IRU HDVLHU FRPSDULVRQ DQG XQGHUVWDQGLQJ RI WKH FRQVHTXHQW UHODWLRQV�

)LJXUH ���� *UDSKLFDO UHSUHVHQWDWLRQ RI WKH YHUWLFDO HPSHQQDJH DUHD UHGXFWLRQ�

,Q ILJXUH ���� WKH YHUWLFDO HPSHQQDJH DUHD UHGXFWLRQ ZDV SORWWHG YHUVXV WKH QXPEHU RI HQJLQHV
DQG LW LV SRVVLEOH WR LGHQWLI\ ZKDW LV SUHVXPHG WR EH D ORJDULWKPLF UHODWLRQ EHWZHHQ WKH WZR
D[LV� WKH KLJKHU WKH QXPEHU RI KLJK�OLIW SURSV� WKH ELJJHU WKH DUHD UHGXFWLRQ�SUHVXPDEO\ XQWLO D
FHUWDLQ SRLQW ZKHUH WKH VWDELOLW\ UHTXLUHPHQW ZRXOG EH WKH GLPHQVLRQLQJ FULWHULD�� $ UHGXFWLRQ
RI KDOI RI YHUWLFDO HPSHQQDJH LV DFKLHYHG IRU WZHOYH KLJK�OLIW SURSV DQG RI DURXQG WZR WKLUGV IRU
WKH VWXGLHG FRQILJXUDWLRQ ZLWK KLJKHU QXPEHU RI KLJK�OLIW SURSV�

)LJXUH ����� *UDSKLFDO UHSUHVHQWDWLRQ RI WKH ZHLJKW UHGXFWLRQ�

��



,Q )LJXUH ����� QRW RQO\ WKH GDWD LQFOXGLQJ WKH LQIOXHQFHV RI WKH YHUWLFDO HPSHQQDJH� QDFHOOHV
DQG HQJLQHV RQ WKH WRWDO ZHLJKW UHGXFWLRQ �IURP 7DEOH ������ EXW DOVR WKH LQIOXHQFH RI WKH SURSXO�
VLRQ V\VWHP DORQH �QDFHOOHV SOXV HQJLQHV� ZDV SORWWHG� ,Q WKLV ODVW VHULHV� WKH QDFHOOHV· ZHLJKW
ZDV FRPSXWHG ZLWK (TXDWLRQ ���� DQG WKH HQJLQH GDWD ZDV REWDLQHG IURP WKH VDPH SXEOLVKHG
GDWD>��@� $V VR� LW ZDV SRVVLEOH WR SORW WKH FXUYH DFFRXQWLQJ IRU �� KLJK�SURSV DQG WR H[WUDSRODWH
WKDW GDWD WR WKH RWKHU FXUYH �GDVKHG OLQH�� /RRNLQJ DW WKH SORW� LW LV HYLGHQW WKDW WKHUH LV QR OLQ�
HDU UHODWLRQ EHWZHHQ WKH QXPEHU RI KLJK�OLIW SURSV DQG WKH ZHLJKW UHGXFWLRQ �SRVVLEO\ QHJDWLYH
TXDGUDWLF�� DQG WKDW DGGLQJ PRUH HQJLQHV LV RQO\ LQFUHDVLQJO\ EHQHILFLDO WR D FHUWDLQ SRLQW� LQ
WKLV FDVH� XS WR DURXQG IRXUWHHQ KLJK�OLIW SURSV�

,Q )LJXUH ����� D KLJK VORSH OLQHDU UHODWLRQ EHWZHHQ WKH QXPEHU RI KLJK�OLIW SURSV DQG WKH SDUDVLWH
GUDJ UHGXFWLRQ DSSHDUV IRU WKUHH ODVW GDWD SRLQWV� DQG DQ DOPRVW LUUHOHYDQW UHGXFWLRQ FDQ EH
REVHUYHG IURP WHQ WR WZHOYH KLJK�OLIW SURSV�

)LJXUH ����� *UDSKLFDO UHSUHVHQWDWLRQ RI WKH SDUDVLWH GUDJ UHGXFWLRQ�

&RQWUDULO\ WR WKH SUHYLRXV JUDSKLFV� LQ )LJXUH ���� D QHJDWLYH VORSH DOPRVW OLQHDU UHODWLRQ FDQ EH
IRXQG EHWZHHQ WKH WRWDO WDNH�RII ILHOG OHQJWK DQG WKH QXPEHU RI KLJK OLIW SURSV� 7KLV LV GXH WR
WKH WRWDO WKUXVW GHFUHDVH DV WKH QXPEHU RI HOHFWULF HQJLQHV LQFUHDVHV� VKRZQ LQ SXEOLFDWLRQV >��@

IRU WKH HQJLQHV FRQVLGHUHG� (YHQ VR� IRU WKH PRVW RSWLPLVWLF FDVH �WHQ HQJLQHV� XVHV RQO\ WZR
WKLUGV RI WKH RULJLQDO ILHOG OHQJWK IRU WDNH�RII�

)LJXUH ����� *UDSKLFDO UHSUHVHQWDWLRQ RI WKH WDNH�RII ILHOG OHQJWK UHGXFWLRQ�

��



$OWKRXJK EDVHG RQ WKLV GDWD WKH IRXUWHHQ KLJK�OLIW SURSV FRQILJXUDWLRQ VHHPV WR EH WKH PRVW
SURPLVLQJ FRQILJXUDWLRQ� D PRUH DFFXUDWH DQG FRPSOHWH DQDO\VLV HYROYLQJ D JUHDWHU QXPEHU RI
SDUDPHWHUV ZRXOG EH QHFHVVDU\ WR HIIHFWLYHO\ HYDOXDWH WKH EHVW FRQILJXUDWLRQ DPRQJVW WKH IRXU
SURSRVHG� 7KH DXWKRU GHFLGHG WR FKRRVH WKH WZHOYH KLJK�OLIW SURSHOOHUV FRQILJXUDWLRQ� VLPLODUO\
WR WKH H[LVWHQW 7HFQDP PRGLILFDWLRQ E\ 1$6$ ³ ;��� 0D[ZHOO� $OWKRXJK WKLV FRPSDULVRQ GLGQ·W
DOORZ WR GUDZ D IXOO FRQFOXVLRQ RQ WKH FKRLFH RI FRQILJXUDWLRQ� LW LV SRVVLEOH WR VHH WKH LQIOXHQFH
RI WKH QXPEHU RI HQJLQHV RQ WKH YHUWLFDO WDLO VL]H� ZHLJKW� LQHUWLD� GUDJ DQG WDNH�RII ILHOG OHQJWK�

)LJXUH ����� '(3 LPSOHPHQWDWLRQ� 5HSUHVHQWDWLRQ RI WKH EHIRUH �&DVH ,� DQG DIWHU �&DVH ,,��

����� 0RGHO 3DUDPHWHUV

7KH IROORZLQJ SDUDPHWHUV ZLOO EH XVHG IRU WKH GHVLJQ RI WKH FRQWURO V\VWHP DQG VLPXODWLRQV RI WKH
IROORZLQJ FKDSWHUV� )URP 7DEOH ���� WR 7DEOH ���� GDWD IRU WKH JHRPHWULFDO� PDVV� SURSXOVLRQ�
SHUIRUPDQFH DQG DHURG\QDPLF FKDUDFWHULVWLFV RI WKLV '(3 DLUFUDIW FDQ EH IRXQG�
,Q )LJXUH ���� WKH WKUHH�YLHZ GUDZLQJ LV VKRZQ DQG LQ )LJXUH ���� DQ H[DPSOH RI WKH GLVWULEXWHG
SURSXOVLRQ VFKHPDWLFV RI WKLV FRQILJXUDWLRQ FDQ EH IRXQG� LQ RUGHU WR SURYLGH D EHWWHU XQGHU�
VWDQGLQJ RI LWV GLIIHUHQWLDO SURSXOVLRQ G\QDPLF�

7DEOH ����� '(3 &RQILJXUDWLRQ $LUFUDIW *HRPHWULF &KDUDFWHULVWLFV�

*HRPHWULFDO &KDUDFWHULVWLFV

:LQJ VSDQ bw 11.4 m

:LQJ DUHD Sw 14.8 m2

:LQJ PHDQ�FKRUG cw 1.3 m

9HUWLFDO WDLO VSDQ bv 1.2 m

9HUWLFDO WDLO DUHD Sv 1.07 m2

9HUWLFDO WDLO PHDQ�FKRUG cv 0.76 m

)XVHODJH OHQJWK lfus 8.7 m

)XVHODJH KHLJKW hfus 2.85 m

7DEOH ����� '(3 &RQILJXUDWLRQ $LUFUDIW 0DVV &KDUDFWHULVWLFV�

0DVV &KDUDFWHULVWLFV

0D[LPXP 7DNH�RII :HLJKW WTO 1096 kg

6WDQGDUG (TXLSSHG :HLJKW Wempty 676 kg

6WDQGDUG 8VHIXO /RDG Wuseful 420 kg

;cg 0D[LPXP )RUZDUG Xcgf 16.5 %MAC

;cg 0D[LPXP $IW Xcga 31 %MAC

5ROOLQJ PDVV 0RPHQW RI ,QHUWLD Ixx 1723 kg m2

3LWFKLQJ PDVV 0RPHQW RI ,QHUWLD Iyy 1809 kg m2

<DZLQJ PDVV 0RPHQW RI ,QHUWLD Izz 3015 kg m2

5ROO�<DZ 3URGXFW RI ,QHUWLD ,[\ Ixy 0 kg m2

<DZ�3LWFK 3URGXFW RI ,QHUWLD ,\] Iyz 0 kg m2

3LWFK�5ROO 3URGXFW RI ,QHUWLD ,][ Izx 194 kg m2

��



7DEOH ����� '(3 &RQILJXUDWLRQ $LUFUDIW 3URSXOVLRQ &KDUDFWHULVWLFV�

3URSXOVLRQ &KDUDFWHULVWLFV

0D[LPXP 3RZHU Pmax 11.5 kW

3URSHOOHU GLVN DUHD Aprop 0.52 m2

(QJLQH D[LDO GLVWDQFH WR FJ lxT −0.17 m

(QJLQH VLGH GLVWDQFH WR FJ lyT(1,12)
±4.82 m

(QJLQH VLGH GLVWDQFH WR FJ lyT(2,11)
±4.03 m

(QJLQH VLGH GLVWDQFH WR FJ lyT(3,10)
±3.24 m

(QJLQH VLGH GLVWDQFH WR FJ lyT(4,9)
±2.45 m

(QJLQH VLGH GLVWDQFH WR FJ lyT(5,8)
±1.66 m

(QJLQH VLGH GLVWDQFH WR FJ lyT(6,7)
±0.87 m

(QJLQH LQFLGHQFH DQJOH εTe 0 deg

7DEOH ����� '(3 &RQILJXUDWLRQ $LUFUDIW 3HUIRUPDQFH &KDUDFWHULVWLFV�

3HUIRUPDQFH &KDUDFWHULVWLFV

6WDOO 6SHHG )ODS 'RZQ VS 23.5 m/s

7DNH�RII 'LVWDQFH STO 274 m

7DNH�RII 5XQ SG + SR 166 m

7DEOH ����� '(3 &RQILJXUDWLRQ $LUFUDIW $HURG\QDPLF &KDUDFWHULVWLFV�

$HURG\QDPLF &KDUDFWHULVWLFV

=HUR�OLIW GUDJ GHULYDWLYH CD0 0.02895 (per radian)

'UDJ GXH WR DQJOH RI DWWDFN GHULYDWLYH CDα 0.222 (per radian)

=HUR DQJOH RI DWWDFN OLIW GHULYDWLYH CL0 0.289 (per radian)

/LIW GXH WR DQJOH RI DWWDFN GHULYDWLYH CLα 4.152 (per radian)

3LWFKLQJ PRPHQW DW ]HUR DQJOH RI DWWDFN Cm0 −0.922 (per radian)

3LWFKLQJ PRPHQW GXH WR DQJOH RI DWWDFN GHULYDWLYH Cmα −0.871 (per radian)

3LWFKLQJ PRPHQW GXH WR SLWFK UDWH GHULYDWLYH Cmq −14.799 (per radian)

3LWFKLQJ PRPHQW GXH WR VWDELODWRU GHIOHFWLRQ GHULYDWLYH Cmδe
−1.811 (per radian)

6LGH IRUFH GXH WR VLGHVOLS GHULYDWLYH CYβ −0.143 (per radian)

6LGH IRUFH GXH WR UROO UDWH GHULYDWLYH CYp 0.274 (per radian)

6LGH IRUFH GXH WR \DZ UDWH GHULYDWLYH CYr 0.023 (per radian)

6LGH IRUFH GXH WR DLOHURQ GHIOHFWLRQ GHULYDWLYH CYδa
0.127 (per radian)

6LGH IRUFH GXH WR UXGGHU GHIOHFWLRQ GHULYDWLYH CYδr
−0.023 (per radian)

<DZLQJ PRPHQW GXH WR VLGHVOLS GHULYDWLYH Cnβ 0.0035 (per radian)

<DZLQJ PRPHQW GXH WR UROO UDWH GHULYDWLYH Cnp −0.128 (per radian)

<DZLQJ PRPHQW GXH WR \DZ UDWH GHULYDWLYH Cnr −0.038 (per radian)

<DZLQJ PRPHQW GXH WR DLOHURQ GHIOHFWLRQ GHULYDWLYH Cnδa
−0.009 (per radian)

<DZLQJ PRPHQW GXH WR UXGGHU GHIOHFWLRQ GHULYDWLYH Cnδr
−0.0164 (per radian)

5ROOLQJ PRPHQW GXH WR VLGHVOLS GHULYDWLYH Clβ −0.019 (per radian)

5ROOLQJ PRPHQW GXH WR UROO UDWH GHULYDWLYH Clp −0.279 (per radian)

5ROOLQJ PRPHQW GXH WR \DZ UDWH GHULYDWLYH Clr 0.049 (per radian)

5ROOLQJ PRPHQW GXH WR DLOHURQ GHIOHFWLRQ GHULYDWLYH Clδa
−0.045 (per radian)

5ROOLQJ PRPHQW GXH WR UXGGHU GHIOHFWLRQ GHULYDWLYH Clδr
0.0006 (per radian)

��



)LJXUH ����� 7KUHH YLHZ GUDZLQJ RI '(3 &RQILJXUDWLRQ $LUFUDIW�

)LJXUH ����� ([DPSOH RI SURSXOVLRQ VFKHPDWLFV IRU WKH '(3 &RQILJXUDWLRQ $LUFUDIW�

��
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&KDSWHU �

/DWHUDO�'LUHFWLRQDO 5REXVW &RQWUROOHU

)RU D FRQWURO V\VWHP WR RSHUDWH SURSHUO\ LQ UHDOLVWLF VFHQDULRV LW UHTXLUHV D SDUWLFXODU SURSULHW\
FRPPRQO\ QDPHG UREXVWQHVV� 7KLV SURSULHW\ HQVXUHV WKDW WKH FRQWUROOHU SHUIRUPV VDWLVIDFWRULO\
QRW MXVW IRU RQH SODQW� EXW IRU D IDPLO\ RI SODQWV�

$LUFUDIW FRQWURO V\VWHPV QHHG WR EH GHYHORSHG VR WKDW FHUWDLQ NH\ V\VWHP SURSHUWLHV UHPDLQ
DOPRVW XQFKDQJHG ZKHQ VXEMHFWHG WR GLVWXUEDQFHV� ,Q WKH GHVLJQ RI UREXVW FRQWUROOHUV LW LV LQ�
WHQGHG WR REWDLQ D FRQWUROOHU WKDW PHHWV GHVLJQ VSHFLILFDWLRQV XQGHU QRUPDO V\VWHP RSHUDWLQJ
FRQGLWLRQV DQG HQVXUHV VDWLVIDFWRU\ SHUIRUPDQFH LQ WKH SUHVHQFH RI GLVWXUEDQFHV� 7KH UROO DQG
\DZ FRQWUROOHU ZLOO WKXV EH GHVLJQHG WR PHHW UREXVWQHVV VSHFLILFDWLRQV UHODWHG WR PRGHO XQFHU�
WDLQWLHV� H[WHUQDO GLVWXUEDQFHV� DQG�RU VHQVRU LQDFFXUDFLHV� IRU WKH FRQWURO VXUIDFH FDVH DQG WKH
K\EULG FDVH�

7KH /45 LV D FRQWUROOHU EDVHG RQ WKH RSWLPDO FRQWURO WKHRU\ WKDW LV LQWHQGHG IRU D OLQHDU V\VWHP
DQG DLPV WR GHWHUPLQH WKH RSWLPDO V\VWHP VROXWLRQ WDNLQJ LQWR DFFRXQW WKH PLQLPLVDWLRQ RI D
TXDGUDWLF SHUIRUPDQFH FULWHULRQ� /45 LV DQ RSWLPDO FRQWUROOHU EHFDXVH LW SURYLGHV WKH EHVW
SRVVLEOH SHUIRUPDQFH E\ SURYLGLQJ WKH VPDOOHVW LQSXW HUURU� ,WV VWDWH IHHGEDFN VFKHPH SURYLGHV
D JDLQ PDWUL[ K WKDW PLQLPL]HV WKH REMHFWLYH IXQFWLRQ LQ RUGHU IRU WKH V\VWHP WR DFKLHYH D
FRPSURPLVH EHWZHHQ FRQWURO HIIRUW XVH� DPSOLWXGH DQG UHVSRQVH WLPH� ZKLOH UHPDLQLQJ VWDEOH�

,Q +∞ FRQWURO WKHRU\ WKH +∞ QRUP RI D V\VWHP PHDVXUHV LWV UREXVWQHVV E\ TXDQWLI\LQJ WKH ZRUVW�
FDVH EHKDYLRXU RI D SHUWXUEHG V\VWHP� SHUIRUPLQJ HIILFLHQWO\ LQ WKH IDFH RI DWPRVSKHULF WXUEX�
OHQFH DQG RWKHU GLVWXUEDQFHV� E\ KDYLQJ D ORZ VHWWOLQJ WLPH� DOWKRXJK KDYLQJ D VOLJKWO\ KLJK SHDN
RYHUVKRRW �GXH WR WKH ZRUVW�FDVH EHKDYLRXU SXUVXH�� 7KLV PHWKRG LV KHQFH XVHG WR V\QWKHVLVH
FRQWUROOHUV WR DFKLHYH VWDELOLVDWLRQ ZLWK JXDUDQWHHG SHUIRUPDQFH� LQWHUSUHWLQJ WKH FRQWURO SURE�
OHP DV D PDWKHPDWLFDO RSWLPLVDWLRQ SUREOHP DQG VROYLQJ WKDW RSWLPLVDWLRQ� 2QH GLVDGYDQWDJH
RI WKH +∞ WHFKQLTXH LV SUHFLVHO\ WKH OHYHO RI PDWKHPDWLFDO XQGHUVWDQGLQJ QHHGHG WR DSSO\ LW
VXFFHVVIXOO\�

,Q WKLV &KDSWHU WKH IXOO G\QDPLFV RI WKH DLUFUDIW LV PRGHOOHG� IRFXVLQJ RQ WKH JDLQ GHVLJQ DQG
VWUXFWXUH RI ERWK FDVHV· ODWHUDO�GLUHFWLRQDO FRQWUROOHUV� 7KH JDLQ IRU DQ LQR DQG DQ H∞ FRQ�
WUROOHUV LV GHVLJQHG DQG FRPSDUHG IRU FDVH ,� LQ RUGHU WR SURYH WKH H∞ FRQWUROOHU UREXVWQHVV
DQG YDOLGDWH WKH FRQWUROOHU VHOHFWLRQ� $IWHUZDUGV� WKH FRUUHVSRQGLQJ FRQWURO�VXUIDFH FRQWUROOHU
VWUXFWXUH LV VSHFLILHG� )RU FDVH ,,� WKH SUHYLRXVO\ YDOLGDWHG H∞ JDLQ GHVLJQ LV FRPSXWHG� DQG WKH
K\EULG�FRQWUROOHU VSHFLILFDWLRQV DV ZHOO DV WKH FRUUHVSRQGLQJ K\EULG VWUXFWXUH �ZLWK D VWDQGDORQH
SURSXOVLRQ FRQWURO RSHUDWLRQ PRGH DV ZHOO DV D FRQYHQWLRQDO PRGH� DUH GHVFULEHG�

��� '\QDPLF PRGHO

'\QDPLF PRGHOV DUH WKH FRUH RI XQGHUVWDQGLQJ V\VWHPV· G\QDPLFV� 7KHVH PRGHOV PD\ HLWKHU
EH HPSLULFDO �IURP GDWD� RU SK\VLFV�EDVHG �IURP IXQGDPHQWDO UHODWLRQV�� UHO\LQJ RQ NQRZOHGJH
RI WKH SK\VLFDO SURFHVV� $ FRPELQDWLRQ RI WKH WZR DSSURDFKHV ZDV XVHG LQ &KDSWHU � DQG WKH
XQNQRZQ RU XQFHUWDLQ SDUDPHWHUV ZHUH HVWLPDWHG� %DVHG RQ WKRVH SDUDPHWHUV� WKH G\QDPLF
PRGHO RI ERWK VWXG\ FDVHV ZDV GHYHORSHG DV IROORZV�

��



����� 7ULP PRGHO

$Q DLUFUDIW LV VDLG WR EH WULPPHG� ZKHQ LW LV SXW LQ D VWDWH RI HTXLOLEULXP E\ WKH DFWLRQ RI WKH
SLORW DGMXVWLQJ WKH FRQWUROV� ,Q WULP WKHUH FDQ EH QR WUDQVODWLRQDO RU URWDWLRQDO DFFHOHUDWLRQ�

,I WKH DLUFUDIW LV WULPPHG RQ D VWHDG\� VWUDLJKW IOLJKW FRQGLWLRQ� DOO WLPH GHULYDWLYHV DUH ]HUR DQG
WKHUH LV QR DQJXODU YHORFLW\ DERXW WKH FHQWUH RI JUDYLW\� VHWWLQJ WR ]HUR DOO WLPH GHULYDWLYHV� WKH
DQJXODU YHORFLWLHV p, q, r� DQG WKH WLPH GHULYDWLYHV RI DQJXODU SRVLWLRQ �DWWLWXGH�� ,I WKH PRWLRQ LV
UHVWULFWHG WR V\PPHWULF IOLJKW� WKH EDQN DQJOH LV DOVR ]HUR� $OWKRXJK� WKH YHORFLW\ FRPSRQHQWV v
DQG w DUH QRW QHFHVVDULO\ ]HUR� 7KLV LV WKH VLPSOHVW FDVH RI VWHDG\ IOLJKW� PDNLQJ LW HDV\ WR VROYH
WKH QRQOLQHDU PRGHO G\QDPLF HTXDWLRQV IRU WKH VWDWH DQG FRQWURO YDULDEOHV� $V PRUH GHWDLOHGO\
VSHFLILHG LQ WKH VXEVHFWLRQ ������ DLUFUDIW·V IOLJKW G\QDPLFV DUH HVVHQWLDOO\ QRQ�OLQHDU DQG WKHLU
PRWLRQ FDQ EH GHVFULEHG DV D IXQFWLRQ RI WKH DLUFUDIW·V VWDWH DQG FRQWURO YDULDEOHV�

ẋ = f(x, u) �����

7KH QRQ�OLQHDU HTXLOLEULXP �RU WULPPHG� SRLQW (x∗, u∗) FDQ WKHQ EH IRXQG E\ VROYLQJ

f(x∗, u∗) = 0 �����

)LJXUH ���� �'R) G\QDPLF PRGHO

$ JHQHULF �'R) 6LPXOLQN� G\QDPLF PRGHO� FRXUWHV\ RI (PEUDHU� ZDV PRGLILHG WR UHSUHVHQW HDFK
RQH RI WKH WZR FDVHV EHLQJ VWXGLHG � WKH RULJLQDO 7HFQDP 3����7 DLUFUDIW DQG WKH SURSRVHG
PRGLILFDWLRQ� 7KLV PRGHO� UHSUHVHQWHG LQ ���� LV FRPSRVHG E\ DQ (QJLQHV EORFN� D 5LJLG $LUFUDIW
$HURG\QDPLFV EORFN� DQ (QYLURQPHQW EORFN DQG D �'R) 0RWLRQ (TXDWLRQV EORFN� %RWK FDVHV·
PRGHOV VKDUH WKH VDPH EORFN PRGXOHV DSDUW IURP WKH (QJLQHV EORFN �GHWDLOHG LQ &KDSWHU ���������
LQ ZKLFK HDFK HQJLQH ZDV PRGHOOHG ZLWK WKH VDPH VHW RI HTXDWLRQV� EXW KDYLQJ D GLIIHUHQW QXPEHU
RI SURSHOOHUV IRU HDFK FDVH� 7KH SDUDPHWHUV LQVHUWHG DOVR YDU\ IRU HDFK RQH RI WKH FDVHV ERWK
LQ WKH (QJLQHV DQG 5LJLG $LUFUDIW $HURG\QDPLFV EORFNV �GDWD IURP 6HFWLRQV ����� DQG �������

$ 0DWODE1 VFULSW� DOVR FRXUWHV\ RI (PEUDHU� ZDV DOWHUHG WR PDWFK ERWK VWXG\�FDVHV· DLUFUDIW
VWDWHV DQG FRQWUROV� LQ RUGHU WR EH LPSOHPHQWHG LQ WKH GHYHORSHG 6LPXOLQN1 �'R) PRGHO� DQG
WULP WKHP DW 0DFK 0.18 DQG D 2450 m DOWLWXGH ³ VWHDG\� VWUDLJKW IOLJKW FRQGLWLRQ�

�0$7/$% 5����D� 7KH 0DWK:RUNV ,QF�

��



������� (QJLQHV EORFN

,Q WKH QH[W ILJXUH� WKH 6LPXOLQN� HQJLQH EORFN VXEV\VWHP LV SUHVHQWHG� )RU &DVH , LW KDV RQH
WKURWWOH LQSXW DQG IRU &DVH ,, LW KDV WZHOYH WKURWWOH LQSXWV� RWKHU LQSXWV DUH WKH DLUVSHHG V∞ DQG
DLU GHQVLW\ ρ� 7KH RXWSXWV JRLQJ LQ WKH �'R) 0RWLRQ (TXDWLRQV EORFN DUH WKH WRWDO 7KUXVW� HDFK
FRPSRQHQW �X�Y DQG Z� RI WKH 7KUXVW )RUFH DQG HDFK FRPSRQHQW �L̄�M DQG N� RI WKH 7KUXVW
0RPHQW�

�D� &DVH ,
LPJ

�E� &DVH ,,
LPJ

)LJXUH ���� �'R) G\QDPLF PRGHO � (QJLQHV EORFN

7KH HQJLQH·V SRZHU Pe GHSHQGLQJ RQ WKH HQJLQH·V WKURWWOH δth� ZDV PRGHOOHG DFFRUGLQJ WR WKH
IROORZLQJ HTXDWLRQV

P0 = Pmax · δth �����

Pe =
( ρ
ρ0

− ρ/ρ0 + 1

7.55

)
· P0 �����

ZKHUH�
PO LV WKH HQJLQH·V SRZHU IRU WKH VHW WKURWWOH� DW VHD OHYHO�
δth LV WKH WKURWWOH SRVLWLRQ�
Pmax LV WKH HQJLQH·V PD[LPXP SRZHU�
Pe LV WKH HQJLQH·V SRZHU�

)RU WKH '(3 HQJLQHV Pe ZDV DVVXPHG WR EH HTXDO WR PO� 7KH FRUUHVSRQGHQW HQJLQH·V WKUXVW T
LV DVVXPHG WR EH D IXQFWLRQ RI DLUVSHHG� SRZHU DQG SURSHOOHU HIILFLHQF\� ZKLFK LV D IXQFWLRQ RI
DOWLWXGH DQG SURSHOOHU DUHD� VR WKDW �LQ LPSHULDO XQLWV� HDFK HQJLQH WKUXVW LV JLYHQ E\

T =
ηP · Pe · 550

V
�����

ηP =
V

V + vi
�����

vi = −V

2
+

√(V
2

)2
+

T

2 ·Aprop · ρ
�����

�0$7/$% 5����D� 7KH 0DWK:RUNV ,QF�
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ZKHUH�
T LV WKH HQJLQH·V WKUXVW�
ηP LV WKH SURSHOOHUV·V HIILFLHQF\�
V LV WKH IOLJKW YHORFLW\�
vi LV WKH LQGXFHG YHORFLW\�
Aprop LV WKH SURSHOOHU GLVN DUHD�

7KH HQJLQH·V G\QDPLFV ZHUH PRGHOOHG DFFRUGLQJ WR WKH IROORZLQJ ILUVW RUGHU GLIIHUHQWLDO HTXDWLRQ

Ṫ =
1

τe
·
(
δth · Tmax(h, V )− T

)
�����

:LWK τe EHLQJ WKH HQJLQH·V WLPH FRQVWDQW� JLYHQ E\

τe =
1

5
· tTr �����

ZKHUH�
tTr LV WKH HQJLQH·V WKUXVW UHVSRQVH WLPH� DOVR NQRZQ DV VHWWOLQJ WLPH DQG GHILQHG DV WKH WLPH
ZLWKLQ ZKLFK WKH GHVLUHG V\VWHP·V UHVSRQVH LV DWWDLQHG DQG UHPDLQV ZLWKLQ D ±2% HUURU PDUJLQ
RI LWV VWDWLRQDU\ 7KUXVW YDOXH�

3XEOLFDWLRQV>��@ VXJJHVW WKLV 7KUXVW UHVSRQVH WLPH IRU DQ HOHFWULF HQJLQH WR EH DERXW ��� VHFRQGV�
VR WKH DXWKRU FRQVLGHUHG WKDW WLPH LQWHUYDO GXULQJ VLPXODWLRQV�

7KH IRUFHV DVVRFLDWHG ZLWK HQJLQH WKUXVW ZHUH PRGHOOHG DV IROORZV

XT = XTe1
+XTe2

+ ...+XTen

= Te1 · cos(εTe1
) + Te2 · cos(εTe2

) + ...+ Ten · cos(εTen
)

�����D�

YT = (Lsec1 −Wsec1) · sin(φ) + (Lsec2 −Wsec2) · sin(φ) + ...+ (Lsecn −Wsecn) · sin(φ) �����E�

ZT = ZTe1
+ ZTe2

+ ...+ ZTen

= (Te1 · sin(εTe1
) + FTe1

) + (Te2 · sin(εTe2
) + FTe2

) + ...+ (Ten · sin(εTen
) + FTen

)
�����F�

/LIW IRUFH LV SURSRUWLRQDO WR WKH G\QDPLF SUHVVXUH WKDW LV SURSRUWLRQDO WR WKH DLUVSHHG� 6LQFH
ZKHQ XVLQJ GLIIHUHQWLDO WKUXVW HDFK HQJLQH·V VSHHG GLIIHUV �RU PD\ GLIIHU�� HDFK SURSHOOHU·V
VSHHG LV �RU PD\ EH� GLIIHUHQW IURP WKH RWKHUV� VXEVHTXHQWO\ FKDQJLQJ WKH G\QDPLF SUHVVXUH RI
WKH ZLQJ VHFWLRQ DIIHFWHG E\ WKH HQJLQH VOLSVWUHDP DQG FRQVHTXHQWO\ DOWHULQJ WKH OLIW RQ WKDW
VHFWLRQ� 7KLV OLIW IRUFH YDULDWLRQ DORQJ WKH ZLQJ VHFWLRQV �LOOXVWUDWHG LQ )LJXUH ���� FDXVHV D UROO
PRWLRQ�

+HUH� WKH LQGH[ n UHSUHVHQWV HDFK RQH RI WKH HQJLQHV DQG WKH VXEVFULSW �secn� FRQFHUQV HDFK
HQJLQH ZLQJ DIIHFWHG VHFWLRQ� 7KH IRUFH FTen

LV WKH GLIIHUHQFH EHWZHHQ WKH VHFWLRQ·V ZHLJKW
DQG OLIW �(TXDWLRQ ������ LI WKH GLIIHUHQFH LV QXOO LQ DOO VHFWLRQV WKH DLUFUDIW ZRQ·W UROO�

FTen
= Wsecn + Lsecn · cos(φ)

= Wwsecn
+Wen + Lsecn · cos(φ)

������

ZKHUH�
Wwsecn

LV WKH HQJLQH n ZLQJ DIIHFWHG VHFWLRQ·V ZHLJKW�
Wen LV HDFK HQJLQH·V ZHLJKW�
Lsecn LV WKH OLIW IRUFH LQ WKH HQJLQH n ZLQJ DIIHFWHG VHFWLRQ�

��



$Q DLUFUDIW·V OLIW IRUFH HTXDWLRQ PD\ EH ZULWWHQ DV

L = CL · Q̄ · Sw ������

$W FUXLVH FRQGLWLRQV L = W � FRQVLGHULQJ WKLV UHODWLRQ WKH FUXLVH OLIW FRHIILFLHQW LV JLYHQ E\

CL =
W

Q̄ · Sw
������

)LJXUH ���� 6FKHPDWLFV RI WKH ZLQJ·V VHFWLRQ
GLYLVLRQ�

$VVXPLQJ Lsecn = Wsecn IRU HDFK VHFWLRQ RI WKH
ZLQJ� WKH OLIW DW D GHWHUPLQHG HQJLQH·V n ZLQJ
DIIHFWHG VHFWLRQ DW OHYHOOHG FUXLVH LV JLYHQ E\

Lsecn = CLsecn
· Q̄secn · Ssecn ������

ZLWK�

CLsecn
=

Wsecn

Q̄ · Ssecn

������

DQG DVVXPLQJ WKDW WKH ZLQJ·V ZHLJKW FDQ EH DS�
SUR[LPDWHG WR YDU\ SURSRUWLRQDOO\ WR LWV DUHD�

Wwsecn
=

Ww · Ssecn

Sw
������

7KH G\QDPLF SUHVVXUH LQ HDFK ZLQJ VHFWLRQ LV JLYHQ E\ WKH IROORZLQJ HTXDWLRQ� ZKHUH WKH VSHHG
DVVRFLDWHG ZLWK HDFK VHFWLRQ �Vsec� GHSHQGV RQ WKH VSHHG LQGXFHG E\ LWV UHVSHFWLYH HQJLQH

Q̄secn =
1

2
· ρ · V 2

sec ������

,Q WKLV FDVH εTe = 0� VR WKH PRPHQWV DVVRFLDWHG ZLWK HQJLQH WKUXVW DUH JLYHQ E\

LT = lyTe1
· ZTe1

+ lyTe2
· ZTe2

+ ...+ lyTen
· ZTen

�����D�

MT = lxsec1
· ZTe1

+ lxsec2
· ZTe2

+ ...+ lxsecn
· ZTen

�����E�

NT = lyTe1
·XTe1

+ lxsec1
· YTe1

+ lyTe2
·XTe2

+ lxsec2
· YTe2

+ ...

+ lyTen
·XTen

+ lxsecn
· YTen

�����F�

ZKHUH�
lyT LV WKH GLVWDQFH GLVWDQFH SHUSHQGLFXODU WR WKH ORQJLWXGLQDO D[LV EHWZHHQ WKH YHKLFOH·V DQG WKH
HQJLQH·V FHQWUH RI JUDYLW\�
lxsec LV WKH GLVWDQFH GLVWDQFH SDUDOOHO WR WKH ORQJLWXGLQDO D[LV EHWZHHQ WKH YHKLFOH·V DQG HDFK
VHFWLRQ·V FHQWUH RI JUDYLW\�

2Q (TXDWLRQ ����E� LW LV DVVXPHG WKDW LQ WKH ORQJLWXGLQDO G\QDPLFV� WKH VWDELODWRU FDQ FRPSHQ�
VDWH WKH VPDOO SLWFK PRPHQW JHQHUDWHG E\ WKLV IRUP RI FRQWURO ZLWK D VPDOO δe GHIOHFWLRQ� DV WKH
GLVWDQFHV lxsecn

LV VKRUW DQG WKH FRPSRQHQW ZT GRHVQ·W DWWDLQ ODUJH YDOXHV�

,W LV GXH QRWLFLQJ WKDW WKHUH DUH DOWKRXJK VRPH OLPLWDWLRQV LQ WKLV HQJLQH PRGHO� VXFK DV LQ (TXD�
WLRQ ��� WKH LGHDO SURSHOOHU HIILFLHQF\ LV FRQVLGHUHG� EXW WKH DFWXDO HIILFLHQF\ LV ORZHU EHFDXVH RI
HQHUJ\ ORVVHV GXH WR VOLSVWUHDP URWDWLRQ� EODGH SURILOH GUDJ� QRQ�XQLIRUP IORZ� FRPSUHVVLELOLW\
HIIHFWV DQG SURSHOOHU EORFNDJH�

��



����� /LQHDU PRGHO

:KHQ WKH RULJLQ D ERG\�IL[HG V\VWHP RI FRRUGLQDWHV LV IL[HG DW WKH FHQWUH RI JUDYLW\ RI WKH
DLUFUDIW� ZKLFK LV LQ DQ HTXLOLEULXP �RU WULPPHG� VWDWH RI PRWLRQ DORQJ D QRPLQDO IOLJKW SDWK�
WKHQ� ZKHQ RQO\ VPDOO SHUWXUEDWLRQV RI WKH DLUFUDIW·V PRWLRQ DERXW WKLV HTXLOLEULXP VWDWH DUH
FRQVLGHUHG� WKH FRUUHVSRQGLQJ HTXDWLRQV RI PRWLRQ FDQ EH OLQHDULVHG� >�@

$V DLUFUDIW·V IOLJKW G\QDPLFV DUH HVVHQWLDOO\ QRQ OLQHDU DQG QRQ OLQHDU SUREOHPV DUH VLJQLILFDQWO\
PRUH FRPSOH[ WR VROYH WKDQ OLQHDU SUREOHPV� LW·V SRVVLEOH WR OLQHDULVH WKH G\QDPLF PRGHO DURXQG
WKH HTXLOLEULXP �RU WULPPHG� SRLQW WR VLPSOLI\ WKH FRQWURO ODZ GHVLJQ�

7KH WZR PRVW FRPPRQ PRGHOOLQJ DQG DQDO\VLV DSSURDFKHV IRU OLQHDU V\VWHPV DUH WKH WUDQVIHU�
IXQFWLRQ DSSURDFK DQG WKH VWDWH�VSDFH DSSURDFK� 7KLV ZRUN ZLOO DGRSW WKH ODWWHU UHSUHVHQWDWLRQ�
DV LW DOORZV WKH UHSUHVHQWDWLRQ RI WKH SURFHVV XQGHU H[DPLQDWLRQ E\ V\VWHPV RI ILUVW�RUGHU GLI�
IHUHQWLDO HTXDWLRQV�

$ PXOWLYDULDEOH OLQHDU WLPH�LQYDULDQW G\QDPLF V\VWHP FDQ EH GHVFULEHG LQ D VWDWH�VSDFH UHSUHVHQ�
WDWLRQ E\ DQ LQSXW DQG DQ RXWSXW HTXDWLRQV� GHILQHG LQ (TXDWLRQV ����D DQG ����E� UHVSHFWLYHO\�

{
ẋ = A · x+B · u

y = C · x+D · u

�����D�

�����E�

7KH VWDWH HTXDWLRQ LV D ILUVW RUGHU YHFWRU GLIIHUHQWLDO HTXDWLRQ� ZKLFK UHSUHVHQWV WKH HTXDWLRQ RI
PRWLRQ RI DQ DLUFUDIW� DQG ZKHUH x ∈ Rn LV WKH VWDWH YHFWRU� u ∈ Rm WKH FRQWURO YHFWRU� A ∈ Rn×n

WKH VWDWH FRHIILFLHQW PDWUL[ DQG B ∈ Rn×m WKH GULYLQJ PDWUL[� 7KH HOHPHQWV RI YHFWRU x DUH
WKH VWDWH YDULDEOHV DQG WKH HOHPHQWV RI WKH YHFWRU u DUH WKH FRQWURO LQSXW YDULDEOHV� )RU WKH
ODWHUDO�GLUHFWLRQDO PRWLRQ� WKHVH YHFWRUV ZLOO EH GHILQHG LQ WKLV ZRUN DFFRUGLQJ WR (TXDWLRQV
���� WR �����

xcaseI =
[
v φ ψ p r

]
������

xcaseI =
[
v φ ψ p r

]
������

ucaseI =
[
δa δr

]
������

ucaseII =
[
δa δr δth1 δth2 δth3 δth4 δth5 δth6 δth7 δth8 δth9 δth10 δth11 δth12

]

������

7KH MDFRELDQ VWDWH FRHIILFLHQW PDWUL[A DQG MDFRELDQ WKH GULYLQJ PDWUL[B FDQ EH REWDLQHG E\ OLQ�
HDULVDWLRQ RI WKH DLUFUDIW·V QRQ�OLQHDU HTXDWLRQV RI PRWLRQ DURXQG WKH HTXLOLEULXP �RU WULPPHG�
SRLQW IRU WKH VWHDG\� VWUDLJKW IOLJKW FRQGLWLRQ SUHYLRXVO\ FRQVLGHUHG� VR WKDW

A =

(
∂f

∂x

)

x=x∗

u=u∗

, B =

(
∂f

∂u

)

x=x∗

u=u∗

������

$ 0DWODE� VFULSW ZDV GHYHORSHG LQ RUGHU WR FRPSXWH WKH SUHYLRXV HTXDWLRQ DQG REWDLQ ERWK PD�
WULFHV IRU WKH ODWHUDO�GLUHFWLRQDO PRWLRQ RI HDFK FDVH� UHVXOWV ZLOO EH IXUWKHU DKHDG LQWURGXFHG�

�0$7/$% 5����D� 7KH 0DWK:RUNV ,QF�

��



$Q DLUFUDIW·V IOLJKW FDQ EH DIIHFWHG E\ DWPRVSKHULF WXUEXOHQFH DQG RWKHU GLVWXUEDQFHV� VXFK
IDFWRUV ZLOO EH FRQVLGHUHG UDQGRP DQG WDNHQ LQWR DFFRXQW E\ DGGLQJ D WKLUG WHUP WR (TXDWLRQ
����D� ZKHUH d ∈ Rl LV WKH GLVWXUEDQFH YHFWRU ZLWK DQ DVVRFLDWHG PDWUL[ E ∈ Rn×l� DV IROORZV

ẋ = A · x+B · u+ E · d ������

7KH RXWSXW HTXDWLRQ LV DQ DOJHEUDLF HTXDWLRQ GHSHQGLQJ RQ WKH VWDWH YHFWRU x DQG� RFFDVLRQDOO\�
DOVR RQ WKH FRQWURO YHFWRU u� DQG ZKHUH y ∈ Rp LV WKH VWDWH YHFWRU� C ∈ Rp×n WKH RXWSXW PDWUL[
DQG D ∈ Rp×m WKH GLUHFW PDWUL[� 7KH HOHPHQWV RI YHFWRU y DUH WKH RXWSXW YDULDEOHV� )RU WKH
ODWHUDO�GLUHFWLRQDO PRWLRQ� WKLV YHFWRU ZLOO EH GHILQHG LQ WKLV ZRUN DFFRUGLQJ WR (TXDWLRQ �����

y =
[
φ ψ

]
������

7KLV ZRUN ZLOO DGRSW WKH SURSRVHG DXJPHQWHG V\VWHP IURP 5HIHUHQFH>��@� &RQVLGHULQJ WKH SUH�
YLRXVO\ GHILQHG SODQW� A LV IURP QRZ RQ UHIHUUHG WR DV Ap� B DV Bp� C DV Cp DQG x DV xp� 7KH
DXJPHQWHG V\VWHP·V VWDWH ZLOO EH GHILQHG UHJDUGLQJ WKH SODQW VWDWH xp DQG WKH LQWHJUDWRU VWDWH
xe� DV IROORZV�

x =
[
xp xe

]
������

+HUH� WKH LQWHJUDWRU VWDWH·V GHULYDWLYH FDQ EH GHILQHG DV WKH GLIIHUHQFH EHWZHHQ WKH FXUUHQW
RXWSXW DQG WKH UHIHUHQFH RXWSXW�

ẋe = y − yref ������

6XEVWLWXWLQJ (TXDWLRQ ����E LQ WKH SUHYLRXV (TXDWLRQ� FRQVLGHULQJ D = 0 DQG QDPLQJ yref DV r
IRU VLPSOLFLW\� ẋe LV QRZ GHILQHG WR EH

ẋe = Cp · xp − r ������

,I (TXDWLRQV ���� DQG ���� DUH FRPELQHG� WKHQ WKH DXJPHQWHG V\VWHP·V VWDWH FDQ EH GHILQHG LQ
IRUP RI D V\VWHP E\ WKH IROORZLQJ (TXDWLRQ�

⎧
⎨

⎩
ẋp = Ap · xp +Bp · u+ E · d

ẋe = Cp · xp − r
������

,Q PDWUL[ IRUP� WKLV LV HTXDO WR

[
ẋp

ẋe

]
=

[
Ap 0

Cp 0

]
·
[
xp

xe

]
+

[
Bp

0

]
· u+

[
E

0

]
· d+

[
0

−I

]
· r ������

DQG LI�

A =

[
Ap 0

Cp 0

]
, B =

[
Bp

0

]
, C =

[
Cp 0

]
,

Ē =

[
E

0

]
, Br =

[
0

−I

]
������

��



7KH DXJPHQWHG V\VWHP·V VWDWH DQG RXWSXW HTXDWLRQV DUH QRZ GHILQHG DFFRUGLQJ WR WKH IROORZLQJ
HTXDWLRQV� UHVSHFWLYHO\�

{
ẋ = A · x+B · u+ Ē · d+Br · r

y = C · x

�����D�

�����E�

)RU GLVUHJDUGLQJ GLVWXUEDQFHV QRLVHV� (TXDWLRQ ����D VKRXOG EH XVHG LQVWHDG RI (TXDWLRQ ���� LQ
(TXDWLRQ �����

7KH UHODWLRQ EHWZHHQ WKH QRQ�OLQHDU HTXLOLEULXP �RU WULPPHG� SRLQW (x∗, u∗) DQG WKH OLQHDU HTXL�
OLEULXP �RU WULPPHG� SRLQW (x̄, ū) LV JLYHQ E\ WKH IROORZLQJ (TXDWLRQ�

{
x̄ = x− x∗

ū = u− u∗

�����D�

�����E�

����� &RQWUROODELOLW\

&RQWUROODELOLW\ PHDQV WKDW WKH FRQWURO LQSXW u(t) LQGHSHQGHQWO\ DIIHFWV DOO WKH V\VWHP PRGHV�
$FFRUGLQJ WR .DOPDQ� VWDWH FRQWUROODELOLW\ LV GHWHUPLQHG E\ WKH VWDWH FRHIILFLHQW PDWUL[ A DQG
WKH GULYLQJ PDWUL[ B XVLQJ WKH IROORZLQJ HTXDWLRQ>��@

U = [B AB A2B ... An−1B] ������

7KH V\VWHP LV FRQWUROODEOH LI WKH FRQWUROODELOLW\ PDWUL[ U KDV IXOO UDQN RI n� WKDW LV� LI U KDV n
OLQHDUO\ LQGHSHQGHQW FROXPQV�

����� 6WDWLF 6WDELOLW\

$ ODWHUDO�GLUHFWLRQDO IOLJKW LV LQ HTXLOLEULXP ZKHQ WKH ODWHUDO IRUFH DQG \DZLQJ DQG UROOLQJ PR�
PHQWV DUH DOO QXOO� WKDW LV� ZKHQ WKH VLGH IRUFH �CY �� \DZLQJ PRPHQW �Cn� DQG UROOLQJ PRPHQW
�Cl� DUH DOO QXOO�

:KHQ FKDQJLQJ WKH VLGHVOLS DQJOH �β� RI DQ DLUFUDIW IURP D \DZ HTXLOLEULXP SRVLWLRQ �βeq� RQ�
IOLJKW� LW LV GHVLUDEOH IRU WKH DLUFUDIW WR UHWXUQ WR WKLV HTXLOLEULXP \DZ DQJOH βeq �ZLWKRXW DQ\
SLORW RU DXWRSLORW DFWLRQ�� ,I WKLV KDSSHQV� WKHQ WKH DLUFUDIW LV VWDWLFDOO\ VWDEOH DW WKLV GLUHFWLRQDO
HTXLOLEULXP YDOXH RI WKH VLGHVOLS DQJOH βeq� 7KLV RFFXUV LI WKH IROORZLQJ FRQGLWLRQ LV YHULILHG

Cnβ > 0 ������

7KH PRVW LPSRUWDQW IDFWRU LQIOXHQFLQJ ODWHUDO VWDELOLW\ LV WKH GLKHGUDO DQJOH �DQJOH EHWZHHQ WKH
DLUFUDIW·V xy SODQH DQG WKH ZLQJ SODQH�� RWKHU IDFWRUV DUH WKH LQWHUDFWLRQ EHWZHHQ WKH ZLQJ�
WKH IXVHODJH DQG WKH WDLO RI WKH DLUFUDIW� $LUFUDIW ODWHUDO VWDWLF VWDELOLW\ RFFXUV LI WKH IROORZLQJ
FRQGLWLRQ LV YHULILHG

Clβ < 0 ������

��



����� )O\LQJ DQG +DQGOLQJ TXDOLWLHV

)O\LQJ TXDOLWLHV PD\ EH GHILQHG DV WKH HDVH DQG SUHFLVLRQ ZLWK ZKLFK DQ DLUFUDIW UHVSRQGV WR WKH
SLORW·V FRPPDQGV� 7KHVH TXDOLWLHV DUH JHQHUDOO\ GHVFULEHG E\ SDUDPHWHUV VXFK DV WKH GDPSLQJ
UDWLR DQG XQGDPSHG QDWXUDO IUHTXHQF\ DQG NQRZLQJ WKHP DOORZV IRU WKH XQGHUVWDQGLQJ RI WKH
DLUFUDIW·V EHKDYLRXU DIWHU SLORW FRPPDQGV RU GLVWXUEDQFHV�

%RWK IO\LQJ DQG KDQGOLQJ TXDOLWLHV GHSHQG RQ WKH DLUFUDIW·V VWDELOLW\ DQG FRQWURO FKDUDFWHULVWLFV
DQG IRU ODWHUDO�GLUHFWLRQDO PRWLRQ WKH\·UH HVVHQWLDOO\ WKH VDPH WKURXJKRXW WKH IOLJKW� LQ WKH
FRQWH[W RI VPDOO SHUWXUEDWLRQ PRGHOOLQJ�

+DQGOLQJ TXDOLWLHV DUH VXEVWDQWLDOO\ VXEMHFWLYH� UHIOHFWLQJ WKH HDVH ZLWK ZKLFK D SLORW FRQVLGHUV
DQ DLUFUDIW �ZLWK GHWHUPLQHG IO\LQJ TXDOLWLHV� LV SLORWHG� 7KHVH TXDOLWLHV DUH WKHUHIRUH GHSHQGHQW
RQ SLORW·V RSLQLRQV DQG FDQ EH DVVHVVHG EDVHG RQ WKH &RRSHU�+DUSHU>��@ JUDGH VFDOH�

)LJXUH ���� &RRSHU�+DUSHU +DQGOLQJ TXDOLWLHV UDWLQJ VFDOH� >��@

7KLV PHWKRG DLPV WR JUDGH WKH G\QDPLF EHKDYLRXU RI DQ DLUFUDIW DFFRUGLQJ WR WKH FODVV RI DLUFUDIW
�,�,9� DQG IOLJKW SKDVH FDWHJRU\ �$� % DQG &�� 7KH DLUFUDIW·V G\QDPLF FKDUDFWHULVWLFV DUH WKHQ
JUDGHG EHWZHHQ OHYHOV ��� DV GHVFULEHG LQ 7DEOHV ��� WR ��� DQG DFFRUGLQJ WR )LJXUH ���� )RU WKH
ODWHUDO�GLUHFWLRQDO PRWLRQ� WKH WKUHH KDQGOLQJ TXDOLWLHV PRGHV �5ROO� 'XWFK UROO DQG 6SLUDO� FDQ EH
LGHQWLILHG DQG DQDO\VHG XVLQJ WKH HLJHQYDOXHV RI WKH VWDWH PDWUL[ $� 7KLV PDWUL[·V FKDUDFWHULVWLF
HTXDWLRQ LV RI WKH IRUP

anλ
n + ...+ a2λ

2 + a1λ
1 + a0 = 0 ������

ZKHUH an DUH FRQVWDQW SDUDPHWHUV GHSHQGLQJ RQ PDWUL[ $ DQG λ UHSUHVHQWV WKH PDWUL[·V HLJHQ�
YDOXHV� (TXDWLRQ ���� KDV n VROXWLRQV WKDW FRUUHVSRQG WR WKH n HLJHQYDOXHV RI WKH VWDWH PDWUL[
DQG WDNH WKH IRUP

λ = a± Mb ������

��



$Q DQDO\VLV RI WKH DLUFUDIW·V ODWHUDO�GLUHFWLRQDO KDQGOLQJ TXDOLWLHV FDQ QRZ EH GRQH E\ LPSOH�
PHQWLQJ WKH QH[W VHW RI HTXDWLRQV� FRUUHVSRQGLQJ WR WKH QDWXUDO IUHTXHQF\� GDPSLQJ� WLPH WR
GRXEOH�KDOYH DQG WLPH FRQVWDQW� UHVSHFWLYHO\�

ωn = |λ| ������

ξ = − a

ωn
������

T2 = T 1
2
=

ln2

|a| ������

τ =
1

|λ| ������

7DEOH ���� &ODVVLILFDWLRQ RI DLUSODQHV� >��@

&ODVV , 6PDOO� OLJKW DLUSODQHV �VXFK DV OLJKW XWLOLW\� SULPDU\ WUDLQHU� DQG OLJKW
REVHUYDWLRQ FUDIW�

&ODVV ,, 0HGLXP�ZHLJKW� ORZ�WR�PHGLXP PDQHXYHUDELOLW\ DLUSODQHV �VXFK
DV KHDY\ XWLOLW\�VHDUFK DQG UHVFXH� OLJKW RU PHGLXP WUDQV�
SRUW�FDUJR�WDQNHU� UHFRQQDLVVDQFH� WDFWLFDO ERPEHU� KHDY\ DWWDFN
DQG WUDLQHU IRU &ODVV ,,�

&ODVV ,,, /DUJH� KHDY\� ORZ�WR�PHGLXP PDQHXYHUDELOLW\ DLUSODQHV �VXFK DV KHDY\
WUDQVSRUW�FDUJR�WDQNHU� KHDY\ ERPEHU� DQG WUDLQHU IRU &ODVV ,,,�

&ODVV ,9 +HDY\ PDQHXYHUDELOLW\ DLUSODQHV �VXFK DV ILJKWHU�LQWHUFHSWRU� DWWDFN�
WDFWLFDO UHFRQQDLVVDQFH� REVHUYDWLRQ DQG WUDLQHU IRU &ODVV ,9�

7DEOH ���� )OLJKW SKDVH FDWHJRULHV� >��@

&DWHJRU\ $ 1RQWHUPLQDO IOLJKW SKDVHV WKDW UHTXLUH UDSLG PDQHXYHULQJ� SUHFLVLRQ
WUDFNLQJ RU SUHFLVH IOLJKW SDWK FRQWURO� VXFK DV DLU�WR�DLU FRPEDW� LQ�
IOLJKW UHIXHOOLQJ �UHFHLYHU�� WHUUDLQ�IROORZLQJ DQG FORVH IRUPDWLRQ IO\LQJ
�DSSOLHV RQO\ WR PLOLWDU\ DLUFUDIW��

&DWHJRU\ % 1RQWHUPLQDO IOLJKW SKDVHV WKDW DUH QRUPDOO\ DFFRPSOLVKHG XVLQJ JUDGXDO
PDQRHXYUHV DQG QR SUHFLVLRQ WUDFNLQJ� DOWKRXJK DFFXUDWH IOLJKW SDWK
FRQWURO PD\ EH UHTXLUHG� ,QFOXGHV FOLPE� FUXLVH� ORLWHU� GHVFHQW� LQ�
IOLJKW UHIXHOOLQJ �WDQNHU� DQG DHULDO GHOLYHU\

&DWHJRU\ & 7HUPLQDO IOLJKW SKDVHV UHTXLULQJ JUDGXDO PDQRHXYUHV EXW SUHFLVH IOLJKW
SDWK FRQWURO� ,QFOXGH WDNHRII� FDWDSXOW WDNHRII� DSSURDFK� ZDYH�
RII�JR�DURXQG� DQG ODQGLQJ�

7DEOH ���� &ODVVLILFDWLRQ RI DLUSODQHV� >��@

/HYHO � )O\LQJ TXDOLWLHV FOHDUO\ DGHTXDWH IRU WKH PLVVLRQ IOLJKW SKDVH�
/HYHO � )O\LQJ TXDOLWLHV DGHTXDWH WR DFFRPSOLVK WKH PLVVLRQ IOLJKW SKDVH EXW

ZLWK VRPH LQFUHDVH LQ SLORW ZRUNORDG DQG�RU GHJUDGDWLRQ LQ PLVVLRQ
HIIHFWLYHQHVV�

/HYHO � )O\LQJ TXDOLWLHV VXFK WKDW WKH DLUSODQH FDQ EH FRQWUROOHG VDIHO\ EXW WKH
SLORW ZRUNORDG LV H[FHVVLYH DQG�RU PLVVLRQ HIIHFWLYHQHVV LV LQDGHTXDWH�

��



5ROOLQJ PRWLRQ
,Q WKLV PRGH� RQO\ RQH GHJUHH RI IUHHGRP LV DVVXPHG� WKH UROOLQJ DQJOH φ� ,W FRUUHVSRQGV WR WKH
ODUJHVW IXOO\ UHDO HLJHQYDOXH RI $ LQ DEVROXWH YDOXH�

7DEOH ���� /DWHUDO�'LUHFWLRQDO +DQGOLQJ 4XDOLWLHV� 5ROO PRGH� >��@

5ROO PRGH ³ τmax �PD[LPXP WLPH FRQVWDQW�
&ODVV &DWHJRU\ /HYHO � /HYHO � /HYHO �
, DQG ,9 $ ��� V ��� V �� V
,, DQG ,,, $ ��� V ��� V �� V
$OO % ��� V ��� V �� V
, DQG ,9 & ��� V ��� V �� V
,, DQG ,,, & ��� V ��� V �� V

6SLUDO VWDELOLW\
,W LV WKH WHQGHQF\ WR LQFUHDVH RU GHFUHDVH WKH DQJOH RI LQFOLQDWLRQ RI WKH ZLQJV DIWHU D GLVWXUEDQFH
�RU ODWHUDO FRQWURO�� ZKLOH NHHSLQJ WKH FRQWURO VWLFN LQ WKH ZLQJ�OHYHO SRVLWLRQ ZLWKRXW KROGLQJ
LW� ,W LV D QRQ�RVFLOODWRU\ EHKDYLRXU� WKDW LV� WKH DLUFUDIW LV HLWKHU FORVLQJ RU RSHQLQJ D FXUYH�
LQIOXHQFHG E\ WKH FKDUDFWHULVWLFV RI ODWHUDO DQG GLUHFWLRQDO VWDELOLW\� 7KH DLUFUDIW PD\ KDYH D
GLYHUJHQW VSLUDO �WHQGHQF\ WR FORVH WKH FXUYH PRUH DQG PRUH� RU FRQYHUJHQW �WKH RSSRVLWH��

7KH VSLUDO PRWLRQ FRUUHVSRQGV WR WKH VPDOOHVW IXOO\ UHDO HLJHQYDOXH LQ DEVROXWH YDOXH DQG LV
FRQYHUJHQW LI WKLV HLJHQYDOXH LV QHJDWLYH� RU GLYHUJHQW LI WKH FRUUHVSRQGLQJ HLJHQYDOXH LV SRVLWLYH�

7DEOH ���� /DWHUDO�'LUHFWLRQDO +DQGOLQJ 4XDOLWLHV� 6SLUDO PRGH� >��@

6SLUDO PRGH ³ T2,min �PLQLPXP WLPH WR GRXEOH�
&ODVV &DWHJRU\ /HYHO � /HYHO � /HYHO �
, DQG ,9 $ �� V �� V � V

% DQG & �� V �� V � V
,, DQG ,,, $OO �� V �� V � V

'XWFK UROO
7KH 'XWFK UROO LV SUDFWLFDOO\ D VZLQJ WKDW FRPELQHV \DZ DQG UROOLQJ� )RU VRPH DLUFUDIW� WKLV
RVFLOODWLRQ PDQLIHVWV LWVHOI SULPDULO\ DV VLGHVOLS DQG \DZ� LQ ZKLFK FDVH WKH UROOLQJ PRPHQWXP
HTXDWLRQ PD\ EH GLVUHJDUGHG� KHQFH WKH OLQHDU PRGHO PD\ EH VLPSOLILHG LQ WKLV FDVH� ,W FRUUH�
VSRQGV WR WKH FRQMXJDWH FRPSOH[ HLJHQYDOXHV RI WKH VWDWH PDWUL[ $�

7DEOH ���� /DWHUDO�'LUHFWLRQDO +DQGOLQJ 4XDOLWLHV� 'XWFK 5ROO PRGH� >��@

'XWFK 5ROO PRGH
/HYHO &DWHJRU\ &ODVV )UHTXHQF\ ξmin ξ · ωnmin 'DPSLQJ ωnmin

� $ , DQG ,9 ���� ���� UDG�V ��� UDG�V
,, DQG ,,, ���� ���� UDG�V ��� UDG�V

% $OO ���� ����UDG�V ��� UDG�V
& , DQG ,9 ���� ���� UDG�V ��� UDG�V

,, DQG ,,, ���� ���� UDG�V ��� UDG�V
� $OO $OO ���� ���� UDG�V ��� UDG�V
� $OO $OO ���� B ��� UDG�V

��



��� &DVH , � &RQYHQWLRQDO $LUFUDIW &RQWUROOHU

,PSOHPHQWLQJ WKH GHYHORSHG �'R) WULP PRGHO ZLWK WKH SDUDPHWHUV IRXQG LQ &KDSWHU ������ WKH
FRUUHVSRQGLQJ WULP ODWHUDO�GLUHFWLRQDO VWDWH DQG FRQWURO YHFWRUV DUH� UHVSHFWLYHO\

x∗
(caseI)

=
[
0 0 0 0 0

]
������

u∗
(caseI)

=
[
0 0

]
������

/LQHDULVLQJ WKH PRGHO DURXQG WKDW SRLQW� WKH IROORZLQJ ODWHUDO�GLUHFWLRQDO PDWULFHV ZHUH RE�
WDLQHG IRU WKH SODQW

Ap(caseI )
=

⎡

⎢⎢⎢⎢⎢⎢⎣

−0.1278 9.7999 0 2.7004 59.7344

0 4.2776e− 27 0 1 0.0366

0 1.1688e− 25 0 0 1.0007

−0.0839 0 0 −4.6322 0.9396

0.0215 0 0 −1.1825 −0.9642

⎤

⎥⎥⎥⎥⎥⎥⎦
������

Bp(caseI )
=

⎡

⎢⎢⎢⎢⎢⎢⎣

2.7222 0.8574

0 0

0 0

−7.7495 −0.1550

−0.8552 2.8888

⎤

⎥⎥⎥⎥⎥⎥⎦
������

,Q RUGHU WR REVHUYH DQG FRQWURO WKH GHVLUHG VWDWHV� WKH ODWHUDO�GLUHFWLRQDO PDWUL[ Cp ZDV FKRVHQ
WR EH

Cp(caseI )
=

[
0 1 0 0 0

0 0 1 0 0

]
������

&RQVLGHULQJ WKH SUHYLRXVO\ GHGXFHG DXJPHQWHG V\VWHP� LW·V SRVVLEOH WR FRQFOXGH WKDW IRU WKH
ODWHUDO�GLUHFWLRQDO PRGHO

A(caseI) =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−0.1278 9.7999 0 2.7004 59.7344 0 0

0 4.2776e− 27 0 1 0.0366 0 0

0 1.1688e− 25 0 0 1.0007 0 0

−0.0839 0 0 −4.6322 0.9396 0 0

0.0215 0 0 −1.1825 −0.9642 0 0

0 1 0 0 0 0 0

0 0 1 0 0 0 0

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

������

��



B(caseI) =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

2.7222 0.8574

0 0

0 0

−7.7495 −0.1550

−0.8552 2.8888

0 0

0 0

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

������

C(caseI) =

[
0 1 0 0 0 0 0

0 0 1 0 0 0 0

]
������

E(caseI) =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 0 0 0 0 0 0

0 1 0 0 0 0 0

0 0 1 0 0 0 0

0 0 0 1 0 0 0

0 0 0 0 1 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

������ Br(caseI) =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0

0 0

0 0

0 0

0 0

−1 0

0 −1

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

������

%DVHG RQ WKHVH PDWUL[HV� LW LV SRVVLEOH WR FRQFOXGH WKDW WKH V\VWHP LV FRQWUROODEOH� DV WKH FRQ�
WUROODELOLW\ PDWUL[ U KDV IXOO UDQN RI n� WKDW LV� U KDV n OLQHDUO\ LQGHSHQGHQW FROXPQV�

$IWHU SHUIRUPLQJ D VWDWLF VWDELOLW\ DQDO\VLV� LW ZDV FRQFOXGHG WKDW WKH DLUFUDIW LV ODWHUDO�GLUHFWLRQDOO\
VWDWLFDOO\ VWDEOH DV Cnβ = 0.0135 �Cnβ > 0� DQG Clβ = −0.0029 �Clβ < 0��

7KH HLJHQYDOXHV LQ ODWHUDO�GLUHFWLRQDO PRWLRQV RI WKH DLUFUDIW ZHUH GHWHUPLQHG DFFRUGLQJ WR
6HFWLRQ ����� DQG DUH SUHVHQWHG LQ 7DEOH ����

7DEOH ���� (LJHQYDOXHV LQ ODWHUDO�GLUHFWLRQDO PRWLRQV� &DVH ,�

5ROO 6SLUDO 'XWFK UROO

0.0528 0.8731 −3.3250± 0.5360i

$SSO\LQJ 7DEOHV· ��� WR ��� FRQVWUDLQWV� LW LV SRVVLEOH WR JUDGH WKH DLUFUDIW·V KDQGOLQJ TXDOLWLHV
DFFRUGLQJ WR WKH &RRSHU�+DUSHU UDWLQJ VFDOH� 7KH UHVXOWV DUH SUHVHQWHG LQ 7DEOH ����

7DEOH ���� /DWHUDO�GLUHFWLRQDO KDQGOLQJ TXDOLWLHV� &DVH ,�

5ROO 6SLUDO 'XWFK UROO

τmax T2,min ξmin ξ · ωnmin ωnmin

V V ³ UDG�V UDG�V
/HYHO �� /HYHO �� /HYHO � /HYHO � /HYHO �

)URP 7DEOH ��� LW LV SRVVLEOH WR VHH WKDW VWDELOLW\�HQKDQFLQJ V\VWHPV� PHDQV IRU JUDWLQJ DSSUR�
SULDWH IOLJKW TXDOLWLHV WR DQ DLUFUDIW� DUH QHHGHG IRU WKLV DLUFUDIW·V 5ROO DQG 6SLUDO PRGHV� 7KHVH
V\VWHPV DUH EDVHG RQ VWDWH IHHGEDFN FRQWURO FRQFHSWV� DQG LPSURYH WKH VWDELOLW\ DQG FRQWURO RI
DQ DLUFUDIW WKDW GRHV QRW KDYH GHVLUDEOH IOLJKW TXDOLWLHV�

��



����� 6WUXFWXUH

$ EDVLF IHHGEDFN ORRS VWUXFWXUH �)LJXUH ����� ZKLFK DOORZV WKH V\VWHP WR DGDSW LWV SHUIRUPDQFH
WR PHHW WKH GHVLUHG UHIHUHQFH RXWSXW UHVSRQVH� ZDV PRGLILHG DFFRUGLQJ ZLWK WKH HPSOR\HG
DXJPHQWHG V\VWHP IURP (TXDWLRQV ���� DQG ����� 7KXV� WKH IHHGEDFN VWUXFWXUH LPSOHPHQWHG WR
&DVH , LV SUHVHQWHG LQ )LJXUH ����
,Q WKLV VWUXFWXUH� WKH RXWSXW HUURU WUDFNLQJ LV GRQH LQVLGH WKH ´$XJPHQWHG 3ODQWµ VXEV\VWHP DQG
WKH GHVLJQHG FRQWURO JDLQ LV DSSOLHG WR WKH FXUUHQW DXJPHQWHG SODQW VWDWHV LQ WKH ´&RQWUROOHU
*DLQµ VXEV\VWHP� E\ VROYLQJ WKH UHVSHFWLYH FRQWURO ODZ DQG UHVXOWLQJ LQ WKH QHZ FRQWURO DFWXDWLRQ
ucontroller� 7KH FRQWURO u LQSXW WR WKH DXJPHQWHG SODQW LV WKH VXEWUDFWLRQ RI WKH FRQWURO EHIRUH
WKH FRQWUROOHU·V LPSOHPHQWDWLRQ u0 DQG WKH QHHGHG FRQWURO FRPSXWHG E\ WKH FRQWUROOHU ucontroller

WR WUDFN WKH UHIHUHQFH RXWSXW� 6HQVRUV DQG DFWXDWRUV ODJV DQG HUURUV ZHUH QRW FRQVLGHUHG DQG
ERWK WKH JDLQV GHVLJQ DQG FRQWURO ODZV DUH GHVFULEHG LQ WKH QH[W VXEVHFWLRQ�

)LJXUH ���� )HHGEDFN DXJPHQWHG SODQW VWUXFWXUH�

����� &RQWURO ODZ DQG JDLQ GHVLJQ

7KH JDLQ IRU ERWK DQ LQR DQG DQ +∞ FRQWUROOHUV LV GHVLJQHG DQG FRPSDUHG� LQ RUGHU WR SURYH
WKH +∞ FRQWUROOHU UREXVWQHVV DQG YDOLGDWH WKH FRQWUROOHU VHOHFWLRQ�

������� +∞

,Q D W\SLFDO +∞ FRQWURO V\VWHP GHVLJQ� WKH JLYHQ VSHFLILFDWLRQV DUH DW ILUVW WUDQVIRUPHG LQWR D SHU�
IRUPDQFH LQGH[� DQG WKHQ FRQWURO ODZV ZKLFK ZRXOG PLQLPL]H WKH +∞ QRUP RI WKH SHUIRUPDQFH
LQGH[ DUH VRXJKW� $ JLYHQ FRQWUROOHU LV VDLG WR EH DQ +∞ RSWLPDO FRQWUROOHU IRU D JLYHQ V\VWHP LI�
ZKHQ WKH FRQWUROOHU LV DSSOLHG WR WKH V\VWHP� WKH UHVXOWLQJ FORVHG�ORRS LV LQWHUQDOO\ VWDEOH DQG
WKH +∞�QRUP RI WKH FORVHG�ORRS WUDQVIHU PDWUL[ LV HTXDO WR WKH LQILPXP RI WKH +∞�QRUP �γ∗��
7KH FODVV RI FRQWUROOHUV FRQVLGHUHG IRU ERWK FDVHV·V V\VWHP ZLOO EH VWDWLF OLQHDU�WLPH�LQYDULDQW
VWDWH IHHGEDFN� ZLWK D FRQWURO ODZ GHILQHG DV IROORZV>��@

u = −K · x ������

ZKHUH� K ∈ Rm×n LV WKH IHHGEDFN JDLQ PDWUL[ IRU WKH FRQWURO V\VWHP� VXFK WKDW WKH JLYHQ
SHUIRUPDQFH VSHFLILFDWLRQV RQ WKH V\VWHP DUH VDWLVIDFWRULO\ PHW� ,I K = [K1 K2]� WKH FRQWURO
ODZ PD\ DOVR EH ZULWWHQ DV

u = −K1 · xp −K2 · xe ������

��



7KH QHFHVVDU\ DQG VXIILFLHQW FRQGLWLRQV VR WKDW D FRQWURO ODZ RI WKH IRUP JLYHQ LQ (TXDWLRQ ����
H[LVWV DUH�

�� 7KH VWDWH FRHIILFLHQW PDWUL[ A DQG WKH GULYLQJ PDWUL[ B PXVW EH FRPSOHWHO\ FRQWUROODEOH�

�� 7KH VWDWH FRHIILFLHQW PDWUL[ A DQG WKH RXWSXW PDWUL[ C PXVW EH FRPSOHWHO\ REVHUYDEOH�

,I WKH SUHYLRXV FRQGLWLRQV DUH VDWLVILHG� WKHQ WKLV IHHGEDFN JDLQ K LV JLYHQ E\>��@

K =
R−1 ·BT · P

2 · ε ������

ZKHUH WKH V\PPHWULFDO PDWUL[ P ∈ Rn×n LV WKH XQLTXH SRVLWLYH�GHILQLWH VROXWLRQ RI WKH FRQWURO
DOJHEUDLF 5LFFDWL (TXDWLRQ ����>��@� ZLWK DWWHQXDWLRQ FRQVWDQW γ ̸= ∞ IRU VRPH DUELWUDU\ ε > 0�

ATP + PA− 1

ε
PBR−1BTP +

1

γ
PEETP +

1

γ
CTC + εQ = 0 ������

ZKHUH Q ∈ Rn×n LV WKH VWDWH ZHLJKWLQJ PDWUL[ DQG R ∈ Rm×m LV WKH FRQWURO ZHLJKWLQJ PDWUL[�
ERWK V\PPHWULFDO �Q = QT DQG R = RT �� PDWUL[ Q VHPL�GHILQLWH �Q ≥ 0� DQG PDWUL[ R SRVLWLYH�
GHILQLWH �R > 0�� 7KHVH PDWUL[HV FDQ EH JLYHQ LQ IXQFWLRQ RI WKH PD[LPXP OLPLWV RI HDFK VWDWH
DQG FRQWURO LQSXW� UHVSHFWLYHO\�
�

Q(i=j) =
1

x2
(i=j)max

, Q(i ̸=j) = 0, R(i=j) =
1

u2
(i=j)max

, R(i ̸=j) = 0 ������

ZLWK i DQG j EHLQJ WKH URZ DQG FROXPQ� UHVSHFWLYHO\� 7KH DXWKRU FRQVLGHUV WKLV PHWKRG>��@

WR EH D JRRG VWDUWLQJ SRLQW� FKRRVLQJ WKHVH PDWUL[HV EDVHG RQ WKH UHODWLYH LPSRUWDQFH RI WKH
YDULRXV VWDWHV DQG FRQWUROV� )XUWKHU DGMXVWPHQWV ZLOO EH PDGH WR PDWUL[ 4 WR SURGXFH VSHFLILHG
FORVHG�ORRS HLJHQYDOXHV� IROORZLQJ /XR HW DO� SURSRVHG PHWKRG>��@� 7KH +DPLOWRQLDQ VWUXFWXUH
H ∈ R2n×2n RI WKH DOJHEUDLF 5LFFDWL (TXDWLRQ ���� LV JLYHQ E\

H =

[
−A 1

εBR−1BT + 1
γEET

1
γC

TC + εQ AT

]
������

7KH HLJHQYDOXHV λ RI WKLV PDWUL[ FDQ EH FRPSXWHG E\ VROYLQJ WKH IROORZLQJ HTXDWLRQ

det(λI −H) = 0 ������

7KH VROXWLRQ IRU WKDW HTXDWLRQ ZLOO EH DVVLJQHG DV HTXDO WR WKH SUHYLRXVO\ GHWHUPLQHG HLJHQYDOXHV
RI WKH ODWHUDO�GLUHFWLRQ PRWLRQ �7DEOH ����� LQ RUGHU WR FRQQHFW WKRVH SROHV WR WKH FRQWUROOHU·V
IHHGEDFN JDLQV DQG DFFRXQW IRU PRUH FRQWURO HIIHFWLYHQHVV� :KLOH WKH QRQ�GLDJRQDO YDOXHV RI
0DWUL[ 4 UHPDLQ QXOO� WKH QHZ GLDJRQDO YDOXHV �q1, q2, ..., qn� DUH JLYHQ DV WKH RQO\ XQNQRZQ YDOXHV
RI WKH SUHYLRXV HTXDWLRQ VR WKDW

f(q1, q2, ..., qn) = det(λI −H) = 0 ������

,Q WKLV ZRUN� DQ DUELWUDU\ ε = 2 ZLOO EH FKRVHQ� DV IURP H[SHULHQFH WKH DXWKRU FRQVLGHUV WKDW
ε < 1 PD\ VDWXUDWH WKH DFWXDWRUV� 7KH DWWHQXDWLRQ FRQVWDQW γ WKDW VWDELOLVHV WKH DXJPHQWHG
V\VWHP LV FRPSXWHG� LQ D ILUVW SKDVH� DV WKH ORZHVW QXPEHU RQ WKH SRZHU RI WHQ VHULHV WKDW VROYHV
WKH 5LFFDWL (TXDWLRQ ���� ZLWK 106 SUHFLVLRQ IDFWRU� $IWHU WKH FRQVWDQW·V PDJQLWXGH LV NQRZQ�
DQG LI QHFHVVDU\� IXUWKHU DGMXVWPHQWV FDQ EH PDGH XQWLO WKH GHVLUHG VWDELOLW\ LV DFKLHYHG�

��



������� /45

7KLV RSWLPDO FRQWUROOHU DLPV WR GHWHUPLQH WKH V\VWHP·V RSWLPDO VROXWLRQV� WDNLQJ LQWR DFFRXQW WKH
PLQLPLVDWLRQ RI D TXDGUDWLF HUURU FULWHULRQ� 7KH FRQWURO ODZ LV IRXQG E\ VROYLQJ DQ RSWLPLVDWLRQ
SUREOHP WKDW ILQGV WKH FRQWURO YHFWRU u WKDW PLQLPL]HV WKH FRVW IXQFWLRQ J� JLYHQ E\>��@

J(u) =

∫ ∞

0
(xT ·Q · x+ uT ·R · u) dt ������

7KH ZHLJKWLQJ PDWULFHVQ DQGR IRU WKLV FRQWUROOHU·V JDLQ GHVLJQ DUH WKH VDPH DV IRU WKH SUHYLRXV�
$OLNH IRU WKH SUHYLRXV FRQWUROOHU� WKH\ ERWK QHHG WR EH V\PPHWULFDO �Q = QT DQG R = RT ��
PDWUL[ Q VHPL�GHILQLWH �Q ≥ 0� DQG PDWUL[ R SRVLWLYH�GHILQLWH �R > 0��

7KH FRQWURO YHFWRU WR EH SDUDPHWHULVHG DQG ZKLFK PLQLPL]HV WKH FRVW IXQFWLRQ LQ (TXDWLRQ �����
LV D OLQHDU IXQFWLRQ RI WKH VWDWH YHFWRU >��@

u = −K · x ������

ZKHUH� K ∈ Rm×n LV WKH RSWLPDO IHHGEDFN JDLQ PDWUL[ IRU WKH FRQWURO V\VWHP� VXFK WKDW WKH
JLYHQ SHUIRUPDQFH VSHFLILFDWLRQV RQ WKH V\VWHP DUH VDWLVIDFWRULO\ PHW� ,I K = [K1 K2]� WKH
FRQWURO ODZ PD\ DOVR EH ZULWWHQ DV

u = −K1 · xp −K2 · xe ������

7KH QHFHVVDU\ DQG VXIILFLHQW FRQGLWLRQV VR WKDW DQ RSWLPDO FRQWURO ODZ RI WKH IRUP JLYHQ LQ
(TXDWLRQ ���� H[LVWV DUH�

�� 7KH VWDWH FRHIILFLHQW PDWUL[ A DQG WKH GULYLQJ PDWUL[ B PXVW EH FRPSOHWHO\ FRQWUROODEOH�

�� 7KH VWDWH FRHIILFLHQW PDWUL[ A DQG WKH RXWSXW PDWUL[ C PXVW EH FRPSOHWHO\ REVHUYDEOH�

,I WKH SUHYLRXV FRQGLWLRQV DUH VDWLVILHG� WKHQ WKH RSWLPDO IHHGEDFN JDLQ K LV JLYHQ E\>��@

K = R−1 ·BT · P ������

ZKHUH WKH V\PPHWULFDO PDWUL[ P ∈ Rn×n LV WKH XQLTXH SRVLWLYH�GHILQLWH VROXWLRQ RI WKH FRQWURO
DOJHEUDLF 5LFFDWL HTXDWLRQ>��@

ATP + PA− 1

ε
PBR−1BTP +

1

γ
PEETP +

1

γ
CTC + εQ = 0 ������

7KH /LQHDU 4XDGUDWLF 5HJXODWRU LV D SDUWLFXODU FDVH RI WKH +∞� ZKHUH γ = ∞ DQG ε = 1� VR WKH
FRQWURO DOJHEUDLF 5LFFDWL HTXDWLRQ LV VLPSOLILHG WR

ATP + PA− PBR−1BTP +Q = 0 ������

ZKHUH WKH PDWUL[HV Q DQG R DUH LQ D ILUVW SKDVH FRPSXWHG LQ IXQFWLRQ RI WKH PD[LPXP OLPLWV
RI HDFK VWDWH DQG FRQWURO LQSXW� UHVSHFWLYHO\� DFFRUGLQJ WR (TXDWLRQ ����� 7KH PDWUL[ 4 ZLOO
VXIIHU IXUWKHU DGMXVWPHQWV WR SURGXFH VSHFLILHG FORVHG�ORRS HLJHQYDOXHV� IROORZLQJ /XR HW DO�
SURSRVHG PHWKRG>��@� 7KH +DPLOWRQLDQ VWUXFWXUH H ∈ R2n×2n RI WKH DOJHEUDLF 5LFFDWL (TXDWLRQ
���� LV JLYHQ E\

��



H =

[
−A BR−1BT

Q AT

]
������

7KH HLJHQYDOXHV λ RI WKLV PDWUL[ FDQ EH FRPSXWHG E\ VROYLQJ (TXDWLRQ ����� 7KH VROXWLRQ IRU
WKDW HTXDWLRQ ZLOO EH DVVLJQHG DV HTXDO WR WKH SUHYLRXVO\ GHWHUPLQHG HLJHQYDOXHV RI WKH ODWHUDO�
GLUHFWLRQ PRWLRQ �7DEOH ����� LQ RUGHU WR FRQQHFW WKRVH SROHV WR WKH FRQWUROOHU·V IHHGEDFN JDLQV
DQG DFFRXQW IRU PRUH FRQWURO HIIHFWLYHQHVV� :KLOH WKH QRQ�GLDJRQDO YDOXHV RI 0DWUL[ 4 UHPDLQ
QXOO� WKH QHZ GLDJRQDO YDOXHV �q1, q2, ..., qn� DUH JLYHQ DV WKH RQO\ XQNQRZQ YDOXHV RI WKH SUHYLRXV
HTXDWLRQ VR WKDW (TXDWLRQ ���� LV PHW�

������� *DLQ &RPSDULVRQ

7KH SUHYLRXVO\ GHVFULEHG SURFHGXUHV WR REWDLQ WKH JDLQV IRU D H∞ �6HFWLRQ �������� DQG LQR

�6HFWLRQ �������� FRQWUROOHUV ZDV LPSOHPHQWHG ZLWK &DVH ,·V SDUDPHWHUV� DQG WKHLU UHVSRQVH
WR DQ DWPRVSKHULF GLVWXUEDQFH LV JUDSKLFDOO\ FRPSDUHG EHORZ� )URP WKLV FRPSDULVRQ WKH PRVW
UREXVW FRQWUROOHU ZDV LGHQWLILHG DQG LPSOHPHQWHG RQ &DVH ,,�

7KH SURFHGXUH IURP 6HFWLRQ ������� ZDV LPSOHPHQWHG DQG WKH UHVXOWLQJ PDWUL[HV FDQ EH IRXQG
EHORZ� IURP (TXDWLRQ ���� WR �����

7KH ZHLJKWLQJ PDWUL[HV ZHUH FKRVHQ DV IROORZV� E\ DSSO\LQJ WR %U\VRQ·V PHWKRG>��@ VLQFH /XR HW
DO�·V PHWKRG>��@ SURYHG WRR GLIILFXOW WR LPSOHPHQW LQ WKLV FDVH

Q(caseI) =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0.0004 0 0 0 0 0 0

0 0.4053 0 0 0 0 0

0 0 0.0253 0 0 0 0

0 0 0 1.6211 0 0 0

0 0 0 0 3.6476 0 0

0 0 0 0 0 1 0

0 0 0 0 0 0 1

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

������

R(caseI) =

[
8.2070 0

0 4.8562

]
������

7KH XQLTXH SRVLWLYH�GHILQLWH VROXWLRQ RI WKH FRQWURO DOHEUDLF 5LFFDWL (TXDWLRQ ����� ZLWK DWWHQ�
XDWLRQ FRQVWDQW γ = 1000000 DQG ε = 6� LV

PH∞(caseI )
=

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0.0054 −0.0314 −0.2778 −0.0091 0.0200 −0.0433 −0.0296

−0.0314 5.4443 0.1857 0.8068 0.0566 2.5895 −0.1130

−0.2778 0.1857 27.0927 −0.4658 2.5198 2.3081 5.2269

−0.0091 0.8068 −0.4658 0.3291 −0.2914 0.3409 −0.1308

0.0200 0.0566 2.5198 −0.2914 1.9552 0.1064 0.7609

−0.0433 2.5895 2.3081 0.3409 0.1064 2.6435 0.0756

−0.0296 −0.1130 5.2269 −0.1308 0.7609 0.0756 3.2363

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

������

��



)LQDOO\� FRPSXWLQJ (TXDWLRQ ����� WKH RSWLPDO JDLQ ZDV IRXQG WR EH

KH∞(caseI )
=

[
−0.0083 0.7781 −0.0851 0.2834 −0.0780 0.3474 −0.0344

−0.0131 −0.0023 −1.4648 0.1854 −1.1759 −0.0447 −0.4516

]
������

7KH SURFHGXUH IURP 6HFWLRQ ������� ZDV DOVR LPSOHPHQWHG DQG WKH UHVXOWLQJ PDWUL[HV FDQ EH
IRXQG EHORZ� IURP (TXDWLRQ ���� WR �����

7KH ZHLJKWLQJ PDWUL[HV RQ (TXDWLRQV ���� DQG ���� DOVR DSSO\ IRU WKLV FRQWUROOHU�

7KH XQLTXH SRVLWLYH�GHILQLWH VROXWLRQ RI WKH FRQWURO DOJHEUDLF 5LFFDWL (TXDWLRQ ����� ZLWK DWWHQ�
XDWLRQ FRQVWDQW γ = ∞ DQG ε = 1� LV

PLQR(caseI )
=

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0.0325 −0.1885 −1.6674 −0.0545 0.1199 −0.2602 −0.1777

−0.1885 32.6667 1.1165 4.8407 0.3394 15.5379 −0.6781

−1.6674 1.1165162.6189 −2.7956 15.1228 13.8568 31.3635

−0.0545 4.8407 −2.7956 1.9745 −1.7484 2.0454 −0.7850

0.1199 0.3394 15.1228 −1.7484 11.7315 0.6386 4.5657

−0.2602 15.5379 13.8568 2.0454 0.6386 15.8624 0.4533

−0.1777 −0.6781 31.3635 −0.7850 4.5657 0.4533 19.4188

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

������

)LQDOO\� FRPSXWLQJ (TXDWLRQ ����� WKH RSWLPDO JDLQ ZDV IRXQG WR EH

KLQR(caseI )
=

[
−0.0041 0.3891 −0.0426 0.1417 −0.0390 0.1737 −0.0172

−0.0066 −0.0012 −0.7326 0.0927 −0.5880 −0.0224 −0.2258

]
������

)RU FRPSDULQJ WKH WZR FRQWUROOHUV� WZR VLPXODWLRQV RI D FRPPDQGHG UROO DQJOH RI DURXQG � GH�
JUHHV DQG D WXUQ UDWH RI �� GHJUHHV SHU PLQXWH� ,Q WKH VHFRQG VLPXODWLRQ WKH DLUFUDIW HQFRXQWHUV
DWPRVSKHULF GLVWXUEDQFHV� ZKLOH WKHUH DUH QR GLVWXUEDQFHV LQ WKH ILUVW�

7KH PDJQLWXGH RI WKH GLVWXUEDQFH ZDV DVVXPHG FRQVLGHULQJ WKH GLVWXUEDQFH YHFWRU·V YDULDEOHV
dv� dφ� dψ� dp DQG dr UDQGRP JDXVVLDQ YDULDEOHV ZLWK QXOO DYHUDJH DQG VWDQGDUG GHYLDWLRQV DV
IROORZV

dv ∼ N(0,σ2
v), with σv ∈

[
0,

5

3

]
������

dφ ∼ N(0,σ2
φ), with σφ ∈

[
0,

0.035

3

]
������

dψ ∼ N(0,σ2
ψ), with σψ ∈

[
0,

0.035

3

]
������

dp ∼ N(0,σ2
p), with σp ∈

[
0,

0.087

3

]
������

dr ∼ N(0,σ2
r), with σr ∈

[
0,

0.087

3

]
������

��



)LJXUH ���� 6LPXODWLRQ � UHVXOWV � 5HVSRQVH ZLWKRXW GLVWXUEDQFH�

��



)LJXUH ���� 6LPXODWLRQ � UHVXOWV � 5HVSRQVH WR D UDQGRP GLVWXUEDQFH�

��



)URP )LJXUHV ��� DQG ��� LV SRVVLEOH WR FRPSDUH WKH UHVSRQVH RI ERWK FRQWUROOHUV WR DWPRVSKHULF
GLVWXUEDQFHV� $QDO\VLQJ ERWK JUDSKLFV LW LV HYLGHQW WKDW WKHH∞ FRQWUROOHU SHUIRUPV EHWWHU LQ WKH
IDFH RI GLVWXUEDQFHV� VHWWOLQJ LQ WKH GHVLUHG YDOXHV LQ VOLJKWO\ OHVV WLPH WKDQ WKH LQR FRQWUROOHU
DQG ZLWK D ORZHU SHDN RYHUVKRRW WKDQ IRU WKH LQR FRQWUROOHU�

&RPSDULQJ )LJXUH ��� WR )LJXUH ��� LW LV DOVR FOHDU WKDW WKH ELJJHU WKH GLVWXUEDQFH WKH ELJJHU WKH
GLIIHUHQFH EHWZHHQ ERWK FRQWUROOHUV· SHDN RYHUVKRRW� ZKLOH WKH VHWWOLQJ WLPH GRHVQ·W YDU\ PXFK�
,Q WKH FDVH RI DLUFUDIWV� D ORZHU SHDN RYHUVKRRW LV PRUH LPSRUWDQW WKDQ D VOLJKW LQFUHDVH LQ WKH
VHWWOLQJ WLPH� VR WKHH∞ FRQWUROOHU ZDV LGHQWLILHG DV WKH PRVW UREXVW LQ WKH IDFH RI GLVWXUEDQFHV�
DQG WKHUHIRUH WKH PRVW DSSURSULDWH WR EH LPSOHPHQWHG RQ &DVH ,,� LQ RUGHU WR IXUWKHU FRPSDUH
WKH PDQRHXYUDELOLW\ EHWZHHQ ERWK FDVHV�

��� &DVH ,, � 3URSXOVLRQ $LUFUDIW &RQWUROOHU

,PSOHPHQWLQJ WKH GHYHORSHG �'R) WULP PRGHO ZLWK WKH SDUDPHWHUV IRXQG LQ &KDSWHU ������ WKH
FRUUHVSRQGLQJ WULP ODWHUDO�GLUHFWLRQDO VWDWH DQG FRQWURO YHFWRUV DUH� UHVSHFWLYHO\

x∗
(caseII)

=
[
0 0 0 0 0

]
������

u∗
(caseII)

=
[
0 0 0.53 0.53 0.53 0.53 0.53 0.53 0.53 0.53 0.53 0.53 0.53 0.53

]

������

/LQHDULVLQJ WKH PRGHO DURXQG WKDW SRLQW� WKH IROORZLQJ ODWHUDO�GLUHFWLRQDO PDWULFHV ZHUH RE�
WDLQHG IRU WKH SODQW

Ap(caseII )
=

⎡

⎢⎢⎢⎢⎢⎢⎣

−0.0515 9.7999 0 2.7437 59.5517

0 −5.5259e− 27 0 1.0000 0.0367

0 −1.5083e− 25 0 0 1.0007

−0.0787 0 0 −4.3176 0.7583

0.0054 0 0 −1.1320 −0.9197

⎤

⎥⎥⎥⎥⎥⎥⎦
������

Bp(caseII )
=

⎡

⎢⎢⎢⎢⎢⎢⎣

2.7222 −0.4930 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

−7.2750 0.0970 0.0265 0.0293 0.0294 0.0231 0.0157

−0.8315 −1.5152 −0.2697 −0.2255 −0.1813 −0.1371 −0.0929

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0.0082 −0.0082 −0.0157 −0.0231 −0.0294 −0.0293 −0.0265

− 0.0487 0.0487 0.0929 0.1371 0.1813 0.2255 0.2697

⎤

⎥⎥⎥⎥⎥⎥⎦

������

��



,Q RUGHU WR REVHUYH DQG FRQWURO WKH GHVLUHG VWDWHV� WKH ODWHUDO�GLUHFWLRQDO PDWUL[ Cp ZDV FKRVHQ
WR EH

Cp(caseII )
=

[
0 1 0 0 0

0 0 1 0 0

]
������

&RQVLGHULQJ WKH SUHYLRXVO\ GHGXFHG DXJPHQWHG V\VWHP� LW·V SRVVLEOH WR FRQFOXGH WKDW IRU WKH
ODWHUDO�GLUHFWLRQDO PRGHO

A(caseII) =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−0.0515 9.7999 0 2.7437 59.5517 0 0

0 −5.5259e− 27 0 1.0000 0.0367 0 0

0 −1.5083e− 25 0 0 1.0007 0 0

−0.0787 0 0 −4.3176 0.7583 0 0

0.0054 0 0 −1.1320 −0.9197 0 0

0 1 0 0 0 0 0

0 0 1 0 0 0 0

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

������

Bp(caseII )
=

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

2.7222 −0.4930 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

−7.2750 0.0970 0.0265 0.0293 0.0294 0.0231 0.0157

−0.8315 −1.5152 −0.2697 −0.2255 −0.1813 −0.1371 −0.0929

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0.0082 −0.0082 −0.0157 −0.0231 −0.0294 −0.0293 −0.0265

− 0.0487 0.0487 0.0929 0.1371 0.1813 0.2255 0.2697

0 0 0 0 0 0 0

0 0 0 0 0 0 0

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

������

C(caseII) =

[
0 1 0 0 0 0 0

0 0 1 0 0 0 0

]
������

E(caseI) =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 0 0 0 0 0 0

0 1 0 0 0 0 0

0 0 1 0 0 0 0

0 0 0 1 0 0 0

0 0 0 0 1 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

������ Br(caseI) =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0

0 0

0 0

0 0

0 0

−1 0

0 −1

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

������

%DVHG RQ WKHVH PDWUL[HV� LW LV SRVVLEOH WR FRQFOXGH WKDW WKH V\VWHP LV FRQWUROODEOH� DV WKH FRQ�

��



WUROODELOLW\ PDWUL[ U KDV IXOO UDQN RI n� WKDW LV� U KDV n OLQHDUO\ LQGHSHQGHQW FROXPQV�

$IWHU SHUIRUPLQJ D VWDWLF VWDELOLW\ DQDO\VLV� LW ZDV FRQFOXGHG WKDW WKH DLUFUDIW LV ODWHUDO�GLUHFWLRQDOO\
VWDWLFDOO\ VWDEOH DV Cnβ = 0.0035 �Cnβ > 0� DQG Clβ = −0.0019 �Clβ < 0��

7KH HLJHQYDOXHV LQ ODWHUDO�GLUHFWLRQDO PRWLRQV RI WKH DLUFUDIW ZHUH GHWHUPLQHG DFFRUGLQJ WR
6HFWLRQ ����� DQG DUH SUHVHQWHG LQ 7DEOH ����

7DEOH ���� (LJHQYDOXHV LQ ODWHUDO�GLUHFWLRQDO PRWLRQV� &DVH ,,�

5ROO 6SLUDO 'XWFK UROO

0.1327 0.5334 −2.9774± 0.1491i

$SSO\LQJ 7DEOHV· ��� WR ��� FRQVWUDLQWV� LW LV SRVVLEOH WR JUDGH WKH DLUFUDIW·V KDQGOLQJ TXDOLWLHV
DFFRUGLQJ WR WKH� &RRSHU�+DUSHU UDWLQJ VFDOH� 7KH UHVXOWV DUH SUHVHQWHG LQ 7DEOH �����

7DEOH ����� /DWHUDO�GLUHFWLRQDO KDQGOLQJ TXDOLWLHV� &DVH ,,�

5ROO 6SLUDO 'XWFK UROO

τmax T2,min ξmin ξ · ωnmin ωnmin

V V ³ UDG�V UDG�V
/HYHO � /HYHO �� /HYHO � /HYHO � /HYHO �

)URP 7DEOH ���� LW LV SRVVLEOH WR VHH WKDW VWDELOLW\�HQKDQFLQJ V\VWHPV� PHDQV IRU JUDWLQJ DSSUR�
SULDWH IOLJKW TXDOLWLHV WR DQ DLUFUDIW� DUH QHHGHG IRU WKLV DLUFUDIW·V 6SLUDO PRGH� 7KHVH V\VWHPV
DUH EDVHG RQ VWDWH IHHGEDFN FRQWURO FRQFHSWV� DQG LPSURYH WKH VWDELOLW\ DQG FRQWURO RI DQ DLU�
FUDIW WKDW GRHV QRW KDYH GHVLUDEOH IOLJKW TXDOLWLHV�

����� 6WUXFWXUH

$Q DOJRULWKP ZDV GHYHORSHG VR WKDW WKH K\EULG V\VWHPV DOWHUQDWHV IURP WKH FRQYHQWLRQDO FRQWURO
WR WKH SURSXOVLRQ FRQWURO DXWRPDWLFDOO\ DQG DFFRUGLQJ WR WKH SODQW·V FXUUHQW SURSULHWLHV� 7KH
GHVLJQHG DOJRULWKP PDQDJHV WKH FRQWUROOHU·V EHKDYLRXU DV IROORZV�

�� 7KH WKUXVW H[FHVV LQ HDFK HQJLQH LV FRPSXWHG� VR WKDW WKH DYDLODEOH WKUXVW IRU GLIIHUHQWLDO
SURSXOVLRQ XVDJH LV NQRZQ�

�� 0DLQWDLQLQJ IOLJKW VSHHG DQG DOWLWXGH�ZLWKRXW UHGXFLQJ WKH LQLFLDO WKURWWOH�� DGGLWLRQDO
WKUXVW LV LQWURGXFHG RQ WKH HQJLQHV ORFDWHG RQ RSSRVLWH VLGH RI WKH LQWHQGHG WXUQ�

�� 7KDW H[WUD WKUXVW LV LQFUHDVHG LQ D ORRS XQWLO WKH HQJLQH UHDFKHV LWV PD[LPXP WKUXVW RU WKH
WXUQ LV FRPSOHWH� ZKLFKHYHU FRPHV ILUVW�

�� ,I WKH HQJLQH UHDFKHV LWV PD[LPXP WKUXVW EHIRUH WKH GHVLUHG WXUQ LV DWWDLQHG� WKH UXGGHU
LV DFWLYDWHG DQG FRPSOHWHV WKH FRPPDQGHG PDQHXYHU�

7KLV K\EULG FRQWUROOHU DOVR GHWHFWV LI D GLIIHUHQW FRQWURO FRPPDQG KDV EHHQ PDGH EHIRUH WKH
DLUFUDIW UHDFKHV WKH SUHYLRXV RQH� ,Q WKDW FDVH� WKH V\VWHP UH�LPSOHPHQWV WKH DOJRULWKP� WU\LQJ
WR SHUIRUP WKH PDQHXYHU ZLWK WKH SURSXOVLYH V\VWHP ILUVW� 7KH FRQWUROOHU DOORZV WKH XVHU WR
GHILQH WKH VHWWOLQJ WROHUDQFH PDJQLWXGH� ZLWKLQ ZKLFK WKH V\VWHP DVVXPHV WKH PDQHXYHU LV
FRPSOHWH� DQG WKH PD[LPXP VHWWOLQJ WLPH� IURP ZKLFK WKH V\VWHP VZLWFKHV WR WKH FRQYHQWLRQDO
PRGH LQ FDVH WKH GHVLUHG WXUQ KDV QRW EHHQ UHDFKHG�

��



7KH VDPH EDVLF IHHGEDFN ORRS VWUXFWXUH IURP ��� ZDV PRGLILHG DFFRUGLQJ ZLWK WKH HPSOR\HG
DXJPHQWHG V\VWHP IURP (TXDWLRQV ���� DQG ����� 7KXV� WKH IHHGEDFN VWUXFWXUH LPSOHPHQWHG WR
&DVH ,, LV SUHVHQWHG LQ )LJXUH ����

)LJXUH ���� )HHGEDFN DXJPHQWHG SODQW VWUXFWXUH�

,Q WKLV VWUXFWXUH� WKH RXWSXW HUURU WUDFNLQJ LV RQFH DJDLQ GRQH LQVLGH HDFK PRGH·V ´$XJPHQWHG
3ODQWµ VXEV\VWHP DQG WKH GHVLJQHG FRQWURO JDLQ LV DSSOLHG WR WKH FXUUHQW DXJPHQWHG SODQW VWDWHV
LQ WKH ´&RQWUROOHU *DLQµ VXEV\VWHP� E\ VROYLQJ WKH UHVSHFWLYH FRQWURO ODZ DQG UHVXOWLQJ LQ WKH
QHZ FRQWURO DFWXDWLRQ� 7KH FRQWURO u LQSXW WR WKH DXJPHQWHG SODQW LV WKH VXEWUDFWLRQ RI WKH
FRQWURO EHIRUH WKH FRQWUROOHU·V LPSOHPHQWDWLRQ u0 DQG WKH QHHGHG FRQWURO FRPSXWHG E\ WKH
FRQWUROOHU ucontroller WR WUDFN WKH UHIHUHQFH RXWSXW� 7KHUH DUH DOVR WZR LQWHUUHODWHG DXWRPDWLF
´0RGH 6ZLWFKHVµ� WKDW VZDS XS IRU WKH SURSXOVLRQ PRGH DQG GRZQ IRU WKH FRQYHQWLRQDO PRGH
DFFRUGLQJ WR WKH SUHYLRXVO\ GHVFULEHG DOJRULWKP� 6HQVRUV DQG DFWXDWRUV ODJV DQG HUURUV ZHUH QRW
FRQVLGHUHG DQG ERWK WKH JDLQV GHVLJQ DQG FRQWURO ODZV DUH GHVFULEHG LQ WKH QH[W VXEVHFWLRQ�

0D[LPXP DOORZDEOH EDQN DQJOH ZDV VHW DFFRUGLQJ WR WKH ORDG IDFWRU �n� OLPLWDWLRQV DV IROORZV�

n =
1

cos(φ)
# φmax = cos−1

(
1

nmax

)
������

����� &RQWURO ODZ DQG JDLQ GHVLJQ

)RU WKLV FDVH� WKH JDLQ ZLOO EH GHVLJQHG IRU D +∞ FRQWUROOHU� DV SURYHQ LQ &KDSWHU ������� WR
EH WKH PRVW UREXVW� 7KH SURFHGXUH IURP 6HFWLRQ ������� ZDV LPSOHPHQWHG DQG WKH UHVXOWLQJ
PDWUL[HV FDQ EH IRXQG EHORZ IRU ERWK PRGHV� IURP (TXDWLRQ ���� WR �����

)RU ERWK PRGHV� WKH ZHLJKWLQJ PDWUL[HV ZHUH FKRVHQ WR EH

Q(caseII) =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0.0004 0 0 0 0 0 0

0 0.4053 0 0 0 0 0

0 0 0.0253 0 0 0 0

0 0 0 1.6211 0 0 0

0 0 0 0 3.6476 0 0

0 0 0 0 0 1 0

0 0 0 0 0 0 1

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

������

��



R(caseII) =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

8.2070 0 0 0 0 0 0 0 0 0 0 0 0 0

0 4.8562 0 0 0 0 0 0 0 0 0 0 0 0

0 0 1 0 0 0 0 0 0 0 0 0 0 0

0 0 0 1 0 0 0 0 0 0 0 0 0 0

0 0 0 0 1 0 0 0 0 0 0 0 0 0

0 0 0 0 0 1 0 0 0 0 0 0 0 0

0 0 0 0 0 0 1 0 0 0 0 0 0 0

0 0 0 0 0 0 0 1 0 0 0 0 0 0

0 0 0 0 0 0 0 0 1 0 0 0 0 0

0 0 0 0 0 0 0 0 0 1 0 0 0 0

0 0 0 0 0 0 0 0 0 0 1 0 0 0

0 0 0 0 0 0 0 0 0 0 0 1 0 0

0 0 0 0 0 0 0 0 0 0 0 0 1 0

0 0 0 0 0 0 0 0 0 0 0 0 0 1

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

������

3URSXOVLRQ PRGH
)RU WKLV PRGH� WKH UXGGHU FRQWULEXWLRQV WR WKH DLUFUDIW·V PRWLRQ ZHUH QRW FRQVLGHUHG LQ RUGHU WR
XVH SURSXOVLRQ RQO\ IRU GLUHFWLRQDO FRQWURO� WKLV ZDV DFKLHYHG E\ VHWWLQJ WKH VHFRQG FROXPQ RI WKH
GULYLQJ PDWUL[ B(caseII) WR ]HUR� 7KH XQLTXH SRVLWLYH�GHILQLWH VROXWLRQ RI WKH FRQWURO DOJHEUDLF
5LFFDWL (TXDWLRQ ����� ZLWK DWWHQXDWLRQ FRQVWDQW γ = 1000000 DQG ε = 6� LV

PH∞(caseII )
=

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0.0112 −0.0219 −0.6004 −0.0103 0.0447 −0.0940 −0.0358

−0.0219 6.1766 0.7549 0.7924 0.9256 2.7871 −0.1684

−0.6004 0.7549 52.3283 −1.2043 5.8172 6.0443 6.9533

−0.0103 0.7924 −1.2043 0.4421 −0.7730 0.2892 −0.2956

0.0447 0.9256 5.8172 −0.7730 5.0587 0.4795 1.5393

−0.0940 2.7871 6.0443 0.2892 0.4795 3.2729 0.2140

−0.0358 −0.1684 6.9533 −0.2956 1.5393 0.2140 3.7264

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

������

)LQDOO\� FRPSXWLQJ (TXDWLRQ ����� WKH RSWLPDO JDLQ ZDV IRXQG WR EH

KH∞(caseII )
=

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−0.0083 0.8034 −0.2790 0.3170 −0.1875 0.3361 −0.0942

0 0 0 0 0 0 0

0.0123 0.2287 1.6011 −0.2202 1.3851 0.1217 0.4230

0.0104 0.1855 1.3472 −0.1873 1.1635 0.0997 0.3558

0.0084 0.1445 1.0902 −0.1532 0.9400 0.0784 0.2878

0.0064 0.1086 0.8253 −0.1162 0.7114 0.0590 0.2179

0.0043 0.0736 0.5591 −0.0787 0.4819 0.0400 0.1476

0.0023 0.0385 0.2929 −0.0412 0.2525 0.0210 0.0773

−0.0023 −0.0385 −0.2929 0.0412 −0.2525 −0.0210 −0.0773

−0.0043 −0.0736 −0.5591 0.0787 −0.4819 −0.0400 −0.1476

−0.0064 −0.1086 −0.8253 0.1162 −0.7114 −0.0590 −0.2179

−0.0084 −0.1445 −1.0902 0.1532 −0.9400 −0.0784 −0.2878

−0.0104 −0.1855 −1.3472 0.1873 −1.1635 −0.0997 −0.3558

−0.0123 −0.2287 −1.6011 0.2202 −1.3851 −0.1217 −0.4230

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

������

��



&RQYHQWLRQDO PRGH
)RU WKLV PRGH� WKH SURSXOVLYH FRQWULEXWLRQV WR WKH DLUFUDIW·V PRWLRQ ZHUH QRW FRQVLGHUHG� WKLV
ZDV DFKLHYHG E\ VHWWLQJ WKH WKLUG WR ODVW FROXPQV RI WKH GULYLQJ PDWUL[ B(caseII) WR ]HUR� 7KH
XQLTXH SRVLWLYH�GHILQLWH VROXWLRQ RI WKH FRQWURO DOJHEUDLF 5LFFDWL (TXDWLRQ ����� ZLWK VDPH DW�
WHQXDWLRQ DQG WXQLQJ FRQVWDQWV� LV

PH∞(caseII )
=

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0.0100 −0.0289 −0.5456 −0.0096 0.0331 −0.0847 −0.0346

−0.0289 5.9553 0.7334 0.8169 0.6165 2.7550 −0.1491

−0.5456 0.7334 47.7811 −1.0812 5.2991 5.2848 6.5937

−0.0096 0.8169 −1.0812 0.4278 −0.6791 0.3064 −0.2667

0.0331 0.6165 5.2991 −0.6791 4.3133 0.3901 1.4076

−0.0847 2.7550 5.2848 0.3064 0.3901 3.1368 0.1717

−0.0346 −0.1491 6.5937 −0.2667 1.4076 0.1717 3.6309

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

������

)LQDOO\� FRPSXWLQJ (TXDWLRQ ����� WKH RSWLPDO JDLQ ZDV IRXQG WR EH

KH∞(caseII )
=

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−0.0085 0.7962 −0.2406 0.3136 −0.1759 0.3392 −0.0823

−0.0115 −0.1731 −1.6196 0.2214 −1.3627 −0.1070 −0.4410

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

������

��



&KDSWHU �

6LPXODWLRQ DQG 5HVXOWV

$ SURJUDP IRU WUDMHFWRU\ YLVXDOLVDWLRQ ZDV FUHDWHG XVLQJ 0DWODE� IRU WKH *HRGHWLF UHIHUHQWLDO
ZLWK WKH IROORZLQJ VHW RI JRYHUQLQJ HTXDWLRQV

˙̄h = V · sin(γ̄) �����

˙̄λ =
V · cos(γ̄) · sin(χ)

h̄ · cos(ϕ)
�����

ϕ̇ =
V · cos(γ̄) · sin(χ)

h̄
�����

ZKHUH�
h̄ LV WKH GLVWDQFH IURP WKH FHQWUH (DUWK·V JOREH WR WKH DLUFUDIW�
λ̄ LV WKH DLUFUDIW·V ORQJLWXGH�
ϕ LV WKH DLUFUDIW·V ODWLWXGH�
γ̄ LV WKH DLUFUDIW·V WUDMHFWRU\ LQ UHODWLRQ WR WKH KRUL]RQWDO ORFDO SODQH�
χ LV WKH DLUFUDIW·V IOLJKW SDWK DQJOH LQ UHODWLRQ WR JHRGHWLF 1RUWK�

,Q WKLV 6HFWLRQ·V VLPXODWLRQV� DOO WUDMHFWRULHV· VWDUWLQJ SRLQW LV LQ /LVERQ �3RUWXJDO� ZLWK WKH
IROORZLQJ FRRUGLQDWHV�

� /DWLWXGH ³ ��� ��· ����µ 1RUWK

� /RQJLWXGH ³ ²�� ��· �����µ :HVW

7ZR VLPXODWLRQV ZHUH WHVWHG IRU WKH GHVLJQHG FRQWUROOHU� D FRRUGLQDWHG WXUQ DQG WKH FULWLFDO
HQJLQH IDLOXUH� &RQFOXVLRQV RQ WKH PDQRHXYUDELOLW\ RI WKH DFKLHYHG FRQWURO RQ &DVH ,, ZLOO EH
WDNHQ EDVHG RQ D FRPSDULVRQ ZLWK WKH FRQYHQWLRQDO FRQWUROOHU IURP &DVH , DQG WKH FRQYHQWLRQDO
PRGH RI WKH VDPH FRQILJXUDWLRQ� ,W LV DVVXPHG WKDW WKH LQLWLDO FRQGLWLRQV RI WKH V\VWHP VWDWH DW
WLPH t = 0 DUH x∗ DQG u∗� IRU 0DFK 0.18 DQG D 2450 m DOWLWXGH�

��� &RRUGLQDWHG WXUQ VLPXODWLRQ

:KHQ WKH DLUFUDIW LV IO\LQJ LQ D VWHDG\ OHYHO FRRUGLQDWHG WXUQ ZLWK D VSHHG V DQG EDQN DQJOH φ�
E\ UHVROYLQJ WKH IRUFHV DFWLQJ RQ WKH DLUFUDIW YHUWLFDOO\ DQG KRUL]RQWDOO\ �VKRZQ LQ )LJXUH ����
DQG HOLPLQDWLQJ WKH OLIW / EHWZHHQ WKH WZR UHVXOWLQJ HTXDWLRQV LW LV HDVLO\ VKRZQ WKDW WKH UDGLXV
RI WXUQ LV JLYHQ E\>��@

Rturn =
V 2

g · tan(φ) �����

�0$7/$% 5����D� 7KH 0DWK:RUNV ,QF�

��



)LJXUH ���� $LUFUDIW LQ D VWHDG\ EDQNHG WXUQ� >��@

7KH WLPH WR FRPSOHWH RQH WXUQ LV JLYHQ E\

tturn =
2π · h̄
V

=
2π · V

g · tan(φ) �����

7KHUHIRUH WKH UDWH RI WXUQ LV JLYHQ E\

ψ̇ =
2π

tturn
=

g · tan(φ)
V

�����

'XULQJ D FRRUGLQDWHG WXUQ� WKH IROORZLQJ FRQGLWLRQV DSSO\

φ̇ = θ̇ = θ = 0 �����

7KH FRRUGLQDWHG WXUQ ZLOO EH WUDFNHG XQWLO WKH HUURU �εturn� LV QXOO� L�H� WKH IROORZLQJ HTXDWLRQ
HTXDOV ]HUR�

εturn = ψ̇ − g · tan(φ)
V

�����

7KH SDUDPHWHUV� PDWUL[HV� FRQWURO JDLQV DQG VWUXFWXUH IRU WKLV VLPXODWLRQ FDQ EH IRXQG RQ WKH
SUHYLRXV VHFWLRQ� 7ULP FRQGLWLRQV ZHUH XVHG DV LQLWLDO YDOXHV�

)LUVW� UHSUHVHQWHG RQ )LJXUH ���� D VLPXODWLRQ RI WKH &RQYHQWLRQDO DLUFUDIW �FDVH ,� ZLOO EH PDGH
DW ψ̇ = 30◦/min IRU UHIHUHQFH DQG IXWXUH FRPSDULVRQ� EHVLGHV )LJXUH ���� DOVR IRU 0DFK 0.18 DQG
D 2450 m DOWLWXGH�

:KLOH PDLQWDLQLQJ 0DFK 0.18 DQG D 2450 m DOWLWXGH �DV QR ORQJLWXGLQDO PRGHO ZDV GHYHORSHG�
WKLV LV DVVXUHG E\ PDLQWDLQLQJ δth ≥ δ∗th�� GLIIHUHQW UDWHV RI WXUQ ZLOO EH VLPXODWHG IRU WKH '(3
FRQILJXUDWLRQ�FDVH ,,��

� ψ̇ = 5◦/min ³ )LJXUHV ��� DQG ���

� ψ̇ = 15◦/min ³ )LJXUHV ��� DQG ���

� ψ̇ = 30◦/min ³ )LJXUHV ��� DQG ���

� ψ̇ = 45◦/min ³ )LJXUHV ��� DQG ����

� ψ̇ = 55◦/min ³ )LJXUHV ���� DQG ����

��



)LJXUH ���� 6LPXODWLRQ ψ̇ = 30◦/min UHVXOWV IRU &DVH ,�

��



)LJXUH ���� 6LPXODWLRQ ψ̇ = 5◦/min '(3 UHVXOWV � 6WDWHV DQG &RQYHQWLRQDO &RQWUROV�

��



)LJXUH ���� 6LPXODWLRQ ψ̇ = 5◦/min '(3 UHVXOWV � 3URSXOVLYH &RQWUROV�

��



)LJXUH ���� 6LPXODWLRQ ψ̇ = 15◦/min '(3 UHVXOWV � 6WDWHV DQG &RQYHQWLRQDO &RQWUROV�

��



)LJXUH ���� 6LPXODWLRQ ψ̇ = 15◦/min '(3 UHVXOWV � 3URSXOVLYH &RQWUROV�

��



)LJXUH ���� 6LPXODWLRQ ψ̇ = 30◦/min '(3 UHVXOWV � 6WDWHV DQG &RQYHQWLRQDO &RQWUROV�

��



)LJXUH ���� 6LPXODWLRQ ψ̇ = 30◦/min '(3 UHVXOWV � 3URSXOVLYH &RQWUROV�

��



)LJXUH ���� 6LPXODWLRQ ψ̇ = 45◦/min '(3 UHVXOWV � 6WDWHV DQG &RQYHQWLRQDO &RQWUROV�

��



)LJXUH ����� 6LPXODWLRQ ψ̇ = 45◦/min '(3 UHVXOWV � 3URSXOVLYH &RQWUROV�

��



)LJXUH ����� 6LPXODWLRQ ψ̇ = 55◦/min '(3 UHVXOWV � 6WDWHV DQG &RQYHQWLRQDO &RQWUROV�

��



)LJXUH ����� 6LPXODWLRQ ψ̇ = 55◦/min '(3 UHVXOWV � 3URSXOVLYH &RQWUROV�

��



)LJXUH ����� 6LPXODWLRQ ψ̇ = 55◦/min '(3 UHVXOWV � 6WDWHV DQG &RQYHQWLRQDO &RQWUROV IRU 3URSXOVLYH
&RQWUROV ZLWKRXW UHVWULFWLRQV�

��



)LJXUH ����� 6LPXODWLRQ ψ̇ = 55◦/min '(3 UHVXOWV � 3URSXOVLYH &RQWUROV ZLWKRXW UHVWULFWLRQV�

��



7KH [ D[LV RQ WKH VLPXODWLRQV VKRZV WKH VLPXODWLRQ WLPH LQ VHFRQGV ZKLOH WKH VDWH �v φ ψ p r�
DQG FRQWURO �δa δr δth1 δth2 δth3 δth4 δth5 δth6 δth7 δth8 δth9 δth10 δth11 δth12� YDULDEOHV DSSHDU RQ
WKH \ D[LV�

7KH WZR VWXG\ FDVHV FDQ EH FRPSDUHG IURP )LJXUH ��� WR )LJXUHV ��� DQG ��� DQG IURP )LJXUH
��� WR )LJXUHV ��� DQG ���� $QDO\VLQJ WKH JUDSKLFV LW LV SRVVLEOH WR REVHUYH WKDW WKH VLGH VSHHG
LV ORZHU IRU WKH RULJLQDO 7HFQDP FRQILJXUDWLRQ LQ DERXW 8m/s IRU ψ̇ = 30◦/min DQG 3m/s IRU
ψ̇ = 15◦/min� )RU ERWK WXUQ UDWHV� WKH \DZ UDWH DQG UROO UDWH KDYH DERXW WKH VDPH RYHUVKRRW
DQG VHWWOLQJ WLPH� $V H[SHFWHG� IRU WKH QHZ FRQILJXUDWLRQ� ZLWK D VPDOOHU YHUWLFDO WDLO DUHD� D
ODUJHU UXGGHU GHIOHFWLRQ FDQ EH LGHQWLILHG� DORQJ ZLWK D ODUJHU DLOHURQ GHIOHFWLRQ�

,W PD\ EH VHHQ WKDW WKH SHDN RYHUVKRRW LV YHU\ ORZ IRU WKH '(3 FRQWUROOHU� IRU H[DPSOH IRU WKH
\DZ UDWH r QHYHU H[FHHGV 0.5◦� WDNLQJ LWV ODUJHU YDOXH IRU WKH KLJKHVW WXUQ UDWH� )RU WKH UROO UDWH
p WKH RYHUVKRRW LV HYHQ VPDOOHU� DOVR LQFUHDVLQJ IRU KLJKHU WXUQ UDWHV�

/RRNLQJ DW WKH WUHQGV� LW LV FOHDU WKDW ZLWK WKH H[FHSWLRQ RI WKH \DZ UDWH r WKH SHDN RYHUVKRRW
ZLWK WKH FRQYHQWLRQDO FRQWURO VXUIDFHV DFWXDWLRQ LV KLJKHU WKDQ ZLWK WKH SURSXOVLRQ DV D FRQWURO
DFWXDWRU� IRU WKH VDPH ZHLJKWLQJ PDWUL[HV DQG FRQWURO SDUDPHWHUV�

)URP WKH VLPXODWLRQV LW LV SRVVLEOH WR REVHUYH WKDW WKH SURSXOVLRQ FRQWURO LV DEOH WR VXVWDLQ DOO
VLPXODWHG WXUQV� RQO\ UHDFKLQJ WKH SHDN RI WKH WLS HQJLQH DW ψ̇ = 55◦/min� 7KH UHVXOWV DUH
FRKHUHQW ZLWK WKH H[SHFWHG DQG WKH HQJLQHV FORVHVW WR WKH WLS RI WKH ZLQJ KDYH KLJKHU WKURWWOH
LQSXWV JHQHUDWLQJ KLJKHU \DZ PRPHQWV DQG VXVWDLQLQJ WKH WXUQ� ,W LV GXH QRWLFLQJ WKDW WKH PRVW
FRVW HIIHFWLYH VROXWLRQ IRXQG E\ WKH FRQWUROOHU LV QRW UDLVLQJ RQO\ WKH HQJLQHV ORFDWHG RQ WKH WLSV
WR WKH IXOO PD[ WKURWWOH� EXW LQVWHDG XVH DOO HQJLQHV JUDGXDOO\�

,W LV DOVR GXH QRWLFLQJ WKDW WKH IDFW WKDW WKH HQJLQHV RQ WKH ULJKW VLGH RI WKH ZLQJ DUH VWDJQDWHG DW
WKH LQLWLDO WKURWWOH LQSXW LV DQ LPSRVHG FRQGLWLRQ E\ WKH DXWKRU� VLQFH QR ORQJLWXGLQDO PRGHO ZDV
GHYHORSHG DQG WKH DOWLWXGH ORVV GXH WR WKUXVW ORVV FDQQRW EH PRGHOOHG RU FRUUHFWHG LQ WKLV ZRUN�
7KHUHIRUH� WKH HQJLQHV PDQGDWRULO\ ZLOO KDYH D ORZHU OLPLW HTXDO WR LWV LQLWLDO SRVLWLRQ XSRQ EHLQJ
DFWLYDWHG� LQ WKLV FDVH WKH WULP FRQGLWLRQ� DOWKRXJK LW LV QRW WKHLU FRVW LGHDO DFWXDWLRQ� DV YHULILHG
E\ )LJXUH ����� ,Q WKLV )LJXUH� LW LV DOVR FOHDU WKDW D WXUQ UDWH RI ψ̇ = 55◦/min LV QR ORQJHU WKH
SHDN IRU JHQHUDWLQJ \DZ PRPHQW ZLWK WKH WLS HQJLQH� ZKLFK ZDV H[SHFWHG�

$Q LQWHUHVWLQJ IDFW LV WKDW D KLJKHU DLOHURQ LQSXW LV QHHGHG IRU WKH SURSXOVLRQ FRQWURO WKDQ LW
ZRXOG EH LI WKH DLUFUDIW ZDV FRQWUROOHG FRQYHQWLRQDOO\� DV FDQ EH VHHQ LQ WKH JUDSKLFV IURP DOO
ILYH VLPXODWLRQV� 7KLV LV GXH WR WKH FRPELQHG UROO PRPHQW LQGXFHG E\ WKH GLIIHUHQWLDO WKUXVW�
WKDW LV KLJKHU WKDQ WKH UXGGHU·V DFFRUGLQJ WR WKH DSSUR[LPDWLRQV PDGH RQ (TXDWLRQ ����D�

)LJXUH ����� &RRUGLQDWHG WXUQ VLPXODWLRQV UHSUHVHQWDWLRQ
RQ WKH *HRGHWLF UHIHUHQWLDO �OHJHQG LQ GHJUHHV SHU

PLQXWH��

7KH VLGH VSHHG v DOVR DVVXPHV ORZHU YDO�
XHV IRU WKH FRQYHQWLRQDO FRQWURO WKDQ IRU
WKH GLIIHUHQWLDO WKUXVW FRQWURO� DV QRWHG
LQ DOO VLPXODWLRQV� 7KH DSSUR[LPDWLRQ
PDGH WR WKH VLGH IRUFH FRPSRQHQW RI
WKH WKUXVW IRUFH �(TXDWLRQ ����E�� PD\
MXVWLI\ WKLV VSHHG GLIIHUHQFH DOWKRXJK LW
GRHVQ·W GLUHFWO\ VKRZ RQ WKH GULYLQJ PD�
WUL[ B �(TXDWLRQ ������

1R IXUWKHU UDWHV RI WXUQ ZHUH VLPX�
ODWHG VLQFH WKH W\SLFDO YDOXHV IRU WKLV
VWXG\·V WKH FODVV RI DLUFUDIWV GRQ·W H[�
FHHG WKH VLPXODWHG RU UHDFK VXFK KLJK
UDWHV� WKHUHIRUH LW ZRXOG EH EH\RQG WKH VFRSH RI WKLV ZRUN� 7KH WUDMHFWRULHV RI WKH ILYH VLPXODWHG
WXUQV DUH SUHVHQWHG RQ )LJXUH ���� RQ *HRGHWLF FRRUGLQDWHV IRU HDVLHU YLVXDOLVDWLRQ�

��



��� &ULWLFDO HQJLQH IDLOXUH VLPXODWLRQ

'XULQJ DQ HQJLQH IDLOXUH� DV GHVFULEHG LQ 6HFWLRQ �������� WKH DLUFUDIW IOLHV XQGHU DQ DV\PPHWULF
SRZHU FRQGLWLRQ� ZKHUH WKH HQJLQH V\PPHWULFDOO\ SRVLWLRQHG WR WKH IDLOHG HQJLQH DQG WKH IDLOHG
HQJLQH·V GUDJ FDXVH DQ DGYHUVH \DZ PRPHQW �NE + ND� WKDW QHHGV WR EH FRXQWHUDFWHG� DV
LOOXVWUDWHG LQ )LJXUH ����� 7R FRXQWHUDFW WKLV PRPHQW� WKH DLUFUDIW PD\ HLWKHU XVH WKH UXGGHU
RU� IRU '(3 YHKLFOHV� DWWHPSW WR UH�GLVWULEXWH WKH UHPDLQLQJ HQJLQH·V SRZHU LQ RUGHU WR VWDELOLVH
WKH IOLJKW SDWK ZLWKRXW DFWLRQLQJ WKH UXGGHU�

)LJXUH ����� 6FKHPDWLFV RI D FULWLFDO HQJLQH IDLOXUH�

7KH SDUDPHWHUV� PDWUL[HV� FRQWURO JDLQV DQG VWUXFWXUH IRU WKLV VLPXODWLRQ FDQ EH IRXQG RQ WKH
SUHYLRXV VHFWLRQ� 7ULP FRQGLWLRQV ZHUH XVHG DV LQLWLDO YDOXHV�

)LUVW� WZR DGGLWLRQDO VLPXODWLRQ IRU WULP FRQGLWLRQ ZLOO EH PDGH �L�H� ψ = 0 DQG φ = 0�� WR VHH
KRZ WKH HQJLQHV UH�GLVWULEXWH WKH WKUXVW� DOVR DW 0DFK 0.18 DQG ZLWK D 2450 m DOWLWXGH� 2QH ZLWK
WKH VDPH WKURWWOH OLPLWDWLRQ �δth ≥ δ∗th� ³ )LJXUHV ���� DQG ����� DQG DQRWKHU ZLWKRXW ³ )LJXUHV
���� DQG �����

%DVHG RQ WKRVH UHVXOWV� LW ZLOO EH GHFLGHG ZKHWKHU RU QRW WR LPSRVH D WKURWWOH OLPLWDWLRQ DQG WKH
VDPH UDWHV RI WXUQ IURP WKH SUHYLRXV VLPXODWLRQV ZLOO EH FRQVLGHUHG�

� ψ̇ = 5◦/min ³ )LJXUHV ���� DQG ����

� ψ̇ = 15◦/min ³ )LJXUHV ���� DQG ����

� ψ̇ = 30◦/min ³ )LJXUHV ���� DQG ����

� ψ̇ = 45◦/min ³ )LJXUHV ���� DQG ����

� ψ̇ = 55◦/min ³ )LJXUHV ���� DQG ����

��



)LJXUH ����� 6LPXODWLRQ IRU WULP FRQGLWLRQ ZLWK FULWLFDO HQJLQH RXW '(3 UHVXOWV � 6WDWHV DQG &RQYHQWLRQDO
&RQWUROV�

��



)LJXUH ����� 6LPXODWLRQ IRU WULP FRQGLWLRQ ZLWK FULWLFDO HQJLQH RXW '(3 UHVXOWV � 3URSXOVLYH &RQWUROV�

��



)LJXUH ����� 6LPXODWLRQ IRU WULP FRQGLWLRQ ZLWK FULWLFDO HQJLQH RXW '(3 UHVXOWV � 6WDWHV DQG &RQYHQWLRQDO
&RQWUROV IRU 3URSXOVLYH &RQWUROV ZLWKRXW UHVWULFWLRQV�

��



)LJXUH ����� 6LPXODWLRQ IRU WULP FRQGLWLRQ ZLWK FULWLFDO HQJLQH RXW '(3 UHVXOWV � 3URSXOVLYH &RQWUROV
ZLWKRXW UHVWULFWLRQV�

��



)LJXUH ����� 6LPXODWLRQ ψ̇ = 5◦/min ZLWK FULWLFDO HQJLQH RXW '(3 UHVXOWV � 6WDWHV DQG &RQYHQWLRQDO
&RQWUROV�

��



)LJXUH ����� 6LPXODWLRQ ψ̇ = 5◦/min ZLWK FULWLFDO HQJLQH RXW '(3 UHVXOWV � 3URSXOVLYH &RQWUROV�

��



)LJXUH ����� 6LPXODWLRQ ψ̇ = 15◦/min ZLWK FULWLFDO HQJLQH RXW '(3 UHVXOWV � 6WDWHV DQG &RQYHQWLRQDO
&RQWUROV�

���



)LJXUH ����� 6LPXODWLRQ ψ̇ = 15◦/min ZLWK FULWLFDO HQJLQH RXW '(3 UHVXOWV � 3URSXOVLYH &RQWUROV�

���



)LJXUH ����� 6LPXODWLRQ ψ̇ = 30◦/min ZLWK FULWLFDO HQJLQH RXW '(3 UHVXOWV � 6WDWHV DQG &RQYHQWLRQDO
&RQWUROV�

���



)LJXUH ����� 6LPXODWLRQ ψ̇ = 30◦/min ZLWK FULWLFDO HQJLQH RXW '(3 UHVXOWV � 3URSXOVLYH &RQWUROV�

���



)LJXUH ����� 6LPXODWLRQ ψ̇ = 45◦/min ZLWK FULWLFDO HQJLQH RXW '(3 UHVXOWV � 6WDWHV DQG &RQYHQWLRQDO
&RQWUROV�

���



)LJXUH ����� 6LPXODWLRQ ψ̇ = 45◦/min ZLWK FULWLFDO HQJLQH RXW '(3 UHVXOWV � 3URSXOVLYH &RQWUROV�

���



)LJXUH ����� 6LPXODWLRQ ψ̇ = 55◦/min ZLWK FULWLFDO HQJLQH RXW '(3 UHVXOWV � 6WDWHV DQG &RQYHQWLRQDO
&RQWUROV�

���



)LJXUH ����� 6LPXODWLRQ ψ̇ = 55◦/min ZLWK FULWLFDO HQJLQH RXW '(3 UHVXOWV � 3URSXOVLYH &RQWUROV�

���



$JDLQ� WKH [ D[LV RQ WKH VLPXODWLRQV VKRZV WKH VLPXODWLRQ WLPH LQ VHFRQGV ZKLOH WKH VDWH �v φ ψ p r�
DQG FRQWURO �δa δr δth1 δth2 δth3 δth4 δth5 δth6 δth7 δth8 δth9 δth10 δth11 δth12� YDULDEOHV DSSHDU RQ
WKH \ D[LV�
,Q RUGHU WR VLPXODWHG WKH IDLOHG HQJLQH� WKH WKLUG FROXPQ RI WKH GULYLQJ PDWUL[ B(caseII) ZDV VHW
WR ]HUR� DV ZHOO DV WKH WKLUG OLQH RI WKH JDLQ PDWUL[ KH∞(caseII )

�
)URP )LJXUHV ���� DQG ����� LW LV VWUDLJKWIRUZDUG WKDW LI WKH ORZHU OLPLW UHVWULFWLRQ LV NHSW� WKH
DERYH DSSUR[LPDWLRQ RI WKH JDLQV KDV D ODUJH SHDN RYHUVKRRW DQG WDNHV WR ORQJ �DERXW WKUHH
PLQXWHV� WR VHWWOH LQWR VWDELOLW\� 7KHUHIRUH� WKRVH JDLQV ZRXOG QHHG WR EH UH�FDOFXODWHG IRU WKLV
HQJLQH DUUDQJHPHQW �L�H�� RQH HQJLQH OHVV� DQG GLIIHUHQW JDLQV ZRXOG QHHG WR EH XVHG IRU HDFK
HQJLQH FRQILJXUDWLRQ �DFFRUGLQJ WR WKH QXPEHU RI DFWLYH�IDLOHG HQJLQHV��
2Q WKH RWKHU KDQG� LI WKH UHVWULFWLRQ LV UHPRYHG DQG WKH FRQWUROOHU LV DOORZHG WR EDODQFH WKH
WKUXVW GLVWULEXWLRQ EHWZHHQ ERWK VLGHV �)LJXUHV ���� DQG ������ D VWDELOLVLQJ VROXWLRQV LV DFKLHYHG
LPPHGLDWHO\ DQG ZLWKRXW WKH QHHG IRU GLIIHUHQW JDLQV� DOWKRXJK ZLWK D VOLJKW SHDN RYHUVKRRW�
)RU WKH UHPDLQLQJ VLPXODWLRQV WKDW VWUDWHJ\ ZDV DGRSWHG DQG WKH ORZHU ERXQGDU\ RI WKH HQ�
JLQH WKURWWOH ZDV UHPRYHG� 7KLV VROXWLRQ PD\ QHHG VWDELODWRU GHIOHFWLRQ WR FRUUHFW WKH SLWFK
FRQWULEXWLRQ IURP (TXDWLRQ ����E�
&RPSDULQJ WKH HQJLQH RXW FRRUGLQDWHG WXUQV ZLWK WKH DOO HQJLQHV RSHUDWLQJ FRRUGLQDWHG WXUQV�
LW FDQ EH JHQHUDOLVHG WKDW WKH SHDN RYHUVKRRW LQFUHDVHV ZLWK D IDLOHG HQJLQH� HYHQ IRU WKH VLGH
VSHHG WKDW GLGQ·W KDYH DQ\ RYHUVKRRW LQ WKH ILUVW VFHQDULRV� 7KH SHDN RYHUVKRRW GHFUHDVHV IRU
WKH VLGH VSHHG� UROO DQJOH� \DZ DQJOH DQG DLOHURQ GHIOHFWLRQ DV WKH WXUQ UDWH LQFUHDVHV� L�H�
ELJJHU RYHUVKRRW RQ WKRVH YDULDEOHV IRU ψ̇ = 5◦/min WKDQ IRU ψ̇ = 55◦/min� 7KH VHWWOLQJ WLPH LV
DERXW WKH VDPH EHWZHHQ WKH HQJLQH RXW DQG WKH DOO HQJLQHV RSHUDWLQJ FDVH IRU DLOHURQ GHIOHFWLRQ
DQG DOO WKH VWDWH YDULDEOHV� H[FHSW IRU \DZ UDWH r ZKLFK GHFUHDVHV IRU WKH HQJLQH RXW FDVH�

)LJXUH ����� (QJLQH�RXW FRRUGLQDWHG WXUQ VLPXODWLRQV
UHSUHVHQWDWLRQ RQ WKH *HRGHWLF UHIHUHQWLDO �OHJHQG LQ

GHJUHHV SHU PLQXWH��

)RU WKH VDPH WXUQ UDWH� WKH VDPH DLOHURQ
GHIOHFWLRQ LV XVHG EHWZHHQ WKH DOO HQ�
JLQHV RSHUDWLQJ DQG WKH HQJLQH RXW FDVH�
DV FDQ EH VHHQ LQ WKH JUDSKLFV IURP DOO
ILYH VLPXODWLRQV� 7KH VLGH VSHHG v DOVR
DVVXPHV WKH VDPH YDOXHV EHWZHHQ WKH
WZR VFHQDULRV� DV QRWHG LQ DOO VLPXOD�
WLRQV� 7KLV SURYHV WKH PDQRHXYUDELOLW\
RI WKH DLUFUDIW ZLWK WKH FULWLFDO HQJLQH
IDLOHG� DV WKH DLUFUDIW LV DEOH WR PDLQWDLQ
DOO FRPPDQGHG VWDWHV HTXDOO\ DV LI WKHUH
KDG EHHQ QR IDLOXUH� 7KXV� WKH WUDMHFWR�
ULHV RI WKH ILYH VLPXODWHG WXUQV DUH VLPL�
ODU WR WKH RQHV IURP WKH SUHYLRXV VLPXOD�
WLRQ� DV VKRZQ RQ )LJXUH ���� RQ *HRGHWLF
FRRUGLQDWHV�
7KLV DELOLW\ WR RYHUFRPH WKH IDLOHG HQJLQH DGYHUVH \DZ ZLWKRXW H[FHHGLQJ WKH DYDLODEOH SRZHU
DQG ZKLOH XVLQJ D δthn = 0.53 WKURWWOH VHWWLQJ IRU FUXLVH DQG UHGXFLQJ WDNH�RII ILHOG OHQJWK ZKHQ
FRPSDULQJ WR WKH RULJLQDO 7HFQDP FRQILJXUDWLRQ� FRXOG PHDQ WKDW WKH HQJLQHV DUH RYHUSRZHUHG
DQG ORZHU SRZHU HQJLQHV FRXOG EH XVHG LQVWHDG� VDFULILFLQJ RI FRXUVH WKH WZR SUHYLRXVO\ PHQ�
WLRQHG YDULDEOHV �UHGXFLQJ DYDLODEOH SRZHU DW FUXLVH DQG LQFUHDVLQJ WDNH�RII ILHOG OHQJWK�� WKDW
WKH YHUWLFDO HPSHQQDJH FRXOG EH UHGXFHG HYHQ IXUWKHU RU HYHQ ERWK� GHSHQGLQJ RQ WKH GHVLUHG
SURMHFW UHTXLUHPHQWV� +HQFH� D WUDGH�RII DQDO\VLV RQ WKLV VXEMHFW ZRXOG EH QHHGHG DV ZHOO DV
SULRULWLVLQJ HDFK RI WKH GHVLJQ UHTXLUHPHQWV WR XQGHUVWDQG WKH PRVW EHQHILFLDO VROXWLRQ�
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&KDSWHU �

&RQFOXVLRQV

5HVHDUFK ZDV PDGH RQ WRSLFV VXFK DV GLVWULEXWHG HOHFWULF SURSXOVLRQ DLUFUDIW� SURSXOVLRQ FRQWURO�
DLUFUDIW PRWLRQ� FRQWURO V\VWHPV DQG LWV WRROV� 7KH UHVXOWDQW UHOHYDQW LQIRUPDWLRQ ZDV JDWKHUHG
LQ WKLV ZRUN�

&RQVLGHULQJ WKH HQJLQH·V WKUXVW IRU IOLJKW FRQWURO KDV SURYHQ WR EH YHU\ YDOXDEOH IRU XVH DQG
LQFRUSRUDWLRQ LQ WKH GHVLJQ RI IXWXUH DLUSODQHV� DV LW DFFRPPRGDWHV VHYHUDO DGYDQWDJHV EHVLGHV
SURYLGLQJ D VDIH ODQGLQJ FDSDELOLW\ LQ HPHUJHQF\ FDVHV DQG HOLPLQDWLQJ WKH QHHG IRU D OHVV FDSDEOH
K\GUDXOLFV�GHSHQGHQW EDFNXS IOLJKW FRQWURO V\VWHP� VXFK DV UHGXFLQJ WKH IOLJKW FRQWURO VXUIDFHV�
WDLO VL]H� ZHLJKW DQG GUDJ�

)URP D WKHRUHWLFDO DSSURDFK� LW LV UDWKHU SHUFHSWLEOH WKDW WKH '(3 LQFRUSRUDWLRQ LV YHU\ EHQH�
ILFLDO EXW LPSOHPHQWLQJ HOHFWULF SURSXOVLRQ V\VWHPV LQ DYLDWLRQ PD\ UHYHDO WR EH D FRQVLGHUDEOH
FKDOOHQJH� GXH WR WKH HQHUJ\ VWRUDJH SUREOHP DQG WKH H[WUHPHO\ KLJK VDIHW\ VWDQGDUGV ³ WKHUH
DUH VWLOO PDQ\ WHFKQRORJLFDO DQG RSHUDWLRQDO GLIILFXOWLHV WKDW PXVW EH KDQGOHG EHIRUH IXOO\ LQ�
WURGXFLQJ WKHVH DLUFUDIW LQWR SURGXFWLRQ� 1HYHUWKHOHVV� D JUHDW GHDO RI UHVHDUFK LV FXUUHQWO\
IRFXVLQJ RQ WKLV� IRU WKH '(3 WHFKQRORJ\ KDV SOHQW\ RI SRWHQWLDO DQG QHZ GHYHORSPHQWV RSHQ
LQQXPHURXV RSSRUWXQLWLHV IRU LWV XVDJH DQG LPSOHPHQWDWLRQ�

,Q RUGHU WR IXOO\ XQGHUVWDQG WKH YDOLGLW\ RI WKLV ZRUN·V SURSXOVLRQ FRQWUROOHU� WZR VWXG\ FDVHV
ZHUH FRPSDUHG ³ DQ DLUFUDIW ZLWK FRQYHQWLRQDO FRQWURO DQG D PRGLILFDWLRQ RI WKH VDPH DLUFUDIW
IRU HQDEOLQJ '3 FRQWURO� 7ZR SRVVLEOH VROXWLRQV IRU WKH LPSOHPHQWDWLRQ RI WKH SURSXOVLRQ FRQ�
WURO ZHUH LGHQWLILHG� 9HFWRUHG WKUXVW DQG 'LIIHUHQWLDO�$V\PPHWULF WKUXVW� 7KH DXWKRU FKRVH WR
LPSOHPHQW WKH ODWWHU� WKDW FRQVLVWV LQ DGGLQJ PRUH WKUXVW LQ RQH VLGH WKDQ WKH RWKHU� LQ RUGHU
WR WXUQ WKH DLUFUDIW WRZDUGV WKH VLGH ZLWK WKH OHDVW WKUXVW SRZHU� DQG D FRPSDULVRQ EHWZHHQ
GLIIHUHQW HQJLQH DUUDQJHPHQWV ZDV PDGH� LQ RUGHU WR HVWLPDWH WKH EHVW '(3 FRQILJXUDWLRQ�

$ EULHI DQG HOHPHQWDU\ DQDO\WLF GDWD HVWLPDWLRQ EDVHG RQ FRQFHSWXDO GHVLJQ PHWKRGV DQG FHUWL�
ILFDWLRQ UHTXLUHPHQWV ZDV SHUIRUPHG RQ &DVH ,,·V FRQILJXUDWLRQ� GHVSLWH WKH IDFW WKDW FHUWLILFD�
WLRQ FRPSOLDQFH RI D GLVWULEXWHG HOHFWULF SURSXOVLRQ DLUFUDIW XVLQJ GLIIHUHQWLDO WKUXVW LV VWLOO XQGHU
GLVFXVVLRQ DQG WKHUH DUH GLIIHUHQW SRVVLEOH DSSURDFKHV RQ WKH PDWWHU� ,I VXFK DQ RSWLPLVDWLRQ
ZHUH WR EH LPSOHPHQWHG LW LV QRW FHUWDLQ FXUUHQW UHJXODWLRQV ZRXOG EH WKH PRVW DSSURSULDWH�
DV FHUWLILFDWLRQ VSHFLILFDWLRQV GLFWDWH UHTXLUHPHQWV EDVHG RQ WUDGLWLRQDO DLUFUDIW� DQG DV VR DUH
QRW WDLORUHG WR '(3 DLUFUDIW� 2QH H[DPSOH LV WKH PDWWHU RI HQJLQH IDLOXUH SUREDELOLW\ �(TXDWLRQ
����� ZKLFK VWDWHV WKDW WKH SUREDELOLW\ RI DQ HQJLQH IDLOXUH LQFUHDVHV OLQHDUO\ ZLWK WKH QXPEHU
RI HQJLQHV� %DVHG RQ WKLV� DQ DLUFUDIW ZLWK �� SURSXOVRUV ZRXOG EH � WLPHV PRUH OLNHO\ WR VXIIHU
DQ LQ�IOLJKW VKXWGRZQ �,)6'� RI RQH RI WKHP WKDQ D WZLQ�HQJLQH� $OWKRXJK WKLV LV LQGHHG WUXH�
WKH DGYDQWDJH RI KDYLQJ WKH SRZHU GLVWULEXWHG DORQJ �� HQJLQHV LV WKDW WKLV ORVV ZRXOG RQO\ UHS�
UHVHQW ��� RI WKH WRWDO WKUXVW YHUVXV D ��� WKUXVW ORVV LQ WKH WZLQ� PDNLQJ WKH SUREDELOLW\ RI
FULWLFDO SURSXOVLRQ V\VWHP IDLOXUH UHGXFH LQFUHDVLQJO\ ZLWK WKH QXPEHU RI HQJLQHV� 7KXV� VLQFH
WKH SUREDELOLW\ RI ORVLQJ VSHFLILFDOO\ WKH WZR FULWLFDO HQJLQHV LQ WKH SUHVHQWHG FRQILJXUDWLRQV LV
URXJKO\ DV OLNHO\ DV ORVLQJ DOO HQJLQHV RQ D WZLQ�HQJLQH� )$5 ��������D���� ZDV FRQVLGHUHG LQ�
VWHDG RI )$5 ��������E����� 'HVSLWH WKLV� '(3·V PDQ\ DGYDQWDJHV FRXSOHG ZLWK WKH LQFUHDVLQJ
GULYH IRU HOHFWULF DQG K\EULG HOHFWULF DLUFUDIW� ZLOO FHUWDLQO\ SURPRWH FXUUHQW UHJXODWLRQV· IXWXUH
DGDSWDWLRQ WR WKHVH QHZ DSSURDFKHV�
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$OWKRXJK� IRU WKLV WKHVLV· FDVH VWXG\ FRPSXWHG GDWD� WKH IRXUWHHQ KLJK�OLIW SURSV FRQILJXUDWLRQ
VHHPV WR EH WKH PRVW SURPLVLQJ FRQILJXUDWLRQ� D PRUH DFFXUDWH DQG FRPSOHWH DQDO\VLV HYROYLQJ
D JUHDWHU QXPEHU RI SDUDPHWHUV ZRXOG EH QHFHVVDU\ WR HIIHFWLYHO\ HYDOXDWH WKH EHVW FRQILJXUD�
WLRQ DPRQJVW WKH IRXU SURSRVHG� 7KH DXWKRU GHFLGHG WR FKRRVH WKH WZHOYH KLJK�OLIW SURSHOOHUV
FRQILJXUDWLRQ� VLPLODUO\ WR WKH H[LVWHQW 7HFQDP PRGLILFDWLRQ E\ 1$6$ ³ ;��� 0D[ZHOO� $OWKRXJK
WKLV FRPSDULVRQ GLGQ·W DOORZ WR GUDZ D IXOO FRQFOXVLRQ RQ WKH FKRLFH RI FRQILJXUDWLRQ� LW LV SRVVL�
EOH WR VHH WKH LQIOXHQFH RI WKH QXPEHU RI HQJLQHV RQ WKH YHUWLFDO WDLO VL]H� ZHLJKW� LQHUWLD� GUDJ
DQG WDNH�RII ILHOG OHQJWK�

'HVSLWH WKH IDFW WKDW WKH UHVXOWV DUH IRU WKH ZRUVW SRVVLEOH FDVH� FRYHULQJ RQO\ WKH FXUUHQW FHU�
WLILFDWLRQ UHTXLUHPHQWV DQG GLVUHJDUGLQJ WKH SRWHQWLDOV RI WKH '(3 WHFKQRORJ\ LPSOHPHQWDWLRQ�
LW ZDV SRVVLEOH WR HVWLPDWH D PLQLPXP RI ��� YHUWLFDO HPSHQQDJH DUHD UHGXFWLRQ IRU WKH FKRVHQ
&DVH ,, FRQILJXUDWLRQ �WZHOYH KLJK�OLIW SURSHOOHUV��

&RQVLGHULQJ WKH YHUWLFDO HPSHQQDJH·V PRGLILFDWLRQV LPSDFWV RQ ZHLJKW� LQHUWLD PRPHQWV DQG
SURGXFWV� GUDJ� WDNH�RII SHUIRUPDQFH DQG FRQWURO DQG VWDELOLW\ GHULYDWLYHV� WKH IROORZLQJ FRQ�
FOXVLRQV PD\ EH GUDZQ IURP WKH UHVXOWV RI WKH LPSOHPHQWHG PHWKRGRORJLHV� D ���� UHGXFWLRQ RQ
HPSW\ ZHLJKW� ����� UHGXFWLRQ RQ SDUDVLWH GUDJ FRHIILFLHQW DQG D ����� UHGXFWLRQ RQ WDNH�RII
ILHOG OHQJWK� 7KH SURSRVHG UHGXFWLRQV LQ WKH YHUWLFDO WDLO FKDQJHG WKH LQLWLDO DLUFUDIW·V DHURG\�
QDPLF DQJOH�RI�VLGHVOLS� UROO UDWH� \DZ UDWH DQG UXGGHU FRQWURO GHULYDWLYHV� KHQFH WKRVH GHULYD�
WLYHV ZHUH FRPSXWHG EDVHG RQ DQDO\WLF PHWKRGV DQG WKH UHPDLQLQJ DHURG\QDPLF GHULYDWLYHV
ZHUH DVVXPHG WR UHPDLQ WKH VDPH� IRU VLPSOLFLW\� $OVR� LW ZDV FRQVLGHUHG WKDW D ODUJHU QXPEHU
RI HQJLQHV GRHVQ·W QHFHVVDULO\ LQFUHDVH WKH PD[LPXP OLIW FRHIILFLHQW� VLQFH HQRXJK OLIW PXVW EH
DFKLHYHG HYHQ ZLWK IDLOHG HQJLQHV� 7KLV FRQVLGHUDWLRQ ZDV PDGH IRU VLPSOLFLW\ LQ FDOFXODWLRQV�
DV WKLV LQIOXHQFH·V FHUWLILFDWLRQ �DOWKRXJK SURPLVLQJ IRU VWUXFWXUDO ORDG UHGXFWLRQ� LV VWLOO XQGHU
GLVFXVVLRQ�

*HQHUDOLVLQJ WKH LPSURYHPHQWV· FRQFOXVLRQV IRU VLPLODU DLUFUDIW� DQ DOPRVW ORJDULWKPLF UHODWLRQ
EHWZHHQ WKH YHUWLFDO HPSHQQDJH DUHD UHGXFWLRQ DQG WKH QXPEHU RI HQJLQHV ZRXOG EH H[SHFWHG�
ZKHUH WKH KLJKHU WKH QXPEHU RI KLJK�OLIW SURSV� WKH ELJJHU WKH DUHD UHGXFWLRQ� D SRVVLEO\ QHJD�
WLYH TXDGUDWLF UHODWLRQ EHWZHHQ WKH QXPEHU RI KLJK�OLIW SURSV DQG WKH ZHLJKW UHGXFWLRQ� ZKHUH
DGGLQJ PRUH HQJLQHV LV RQO\ LQFUHDVLQJO\ EHQHILFLDO XS WR D FHUWDLQ SRLQW �XS WR DURXQG IRXUWHHQ
KLJK�OLIW SURSV LQ WKH VWXGLHG FDVH�� D KLJK VORSH OLQHDU UHODWLRQ EHWZHHQ WKH QXPEHU RI KLJK�OLIW
SURSV DQG WKH SDUDVLWH GUDJ UHGXFWLRQ DSSHDUV IRU WKH WKUHH ODVW GDWD SRLQWV� DQG DQ DOPRVW
LUUHOHYDQW UHGXFWLRQ IRU WKH ILUVW WZR� VXJJHVWLQJ DQ LQFUHDVLQJ UHGXFWLRQ IURP �� KLJK�OLIW SURSV
RQ DQG D QRW VLJQLILFDQW RQH IRU IHZHU� DQ DOPRVW OLQHDU QHJDWLYH VORSH UHODWLRQ FDQ EH IRXQG
EHWZHHQ WKH WRWDO WDNH�RII ILHOG OHQJWK DQG WKH QXPEHU RI KLJK OLIW SURSV �GXH WR WKH WRWDO WKUXVW
GHFUHDVH DV WKH QXPEHU RI HOHFWULF HQJLQHV LQFUHDVHV� VKRZQ LQ SXEOLFDWLRQV >��@ IRU WKH HQJLQHV
FRQVLGHUHG��

&$' UHSUHVHQWDWLRQV RI DOO FRQVLGHUHG FRQILJXUDWLRQV ZDV GHYHORSHG XVLQJ &$7,$ Y�� DQG 2SHQ�
963� IRU UHVXOW YLVXDOLVDWLRQ DQG WR SURYLGH DFFXUDWH PHDVXUHV IRU WKH PHQWLRQHG FDOFXODWLRQV�

'\QDPLF PRGHOV RI WKH WZR VWXG\ FDVHV ZHUH GHYHORSHG IURP WKH PRGHOV· GDWD SUHVHQWHG RQ
6HFWLRQV ����� DQG ������ 7KH XVHG SDUDPHWHUV LPSDFW WKH GHYHORSHG FRQWUROOHUV· SHUIRUPDQFH�
PDNLQJ WKHLU FRUUHFW HVWLPDWLRQ DQG YDOLGDWLRQ UHOHYDQW� :LWK WKH DGRSWHG RSWLPLVDWLRQ PHWKRG�
RORJ\ DOO HPSLULFDO PHWKRGV DUH DSSUR[LPDWLRQV� WKDW LV� DOO WKH SDUDPHWHUV DUH HVWLPDWHG DQG
WKHLU UHOLDELOLW\ OHYHO LV XQFHUWDLQ� $OVR� WKH GHYHORSHG G\QDPLF PRGHO LWVHOI IRU WKH '(3 FDVH
KDV LWV OLPLWDWLRQV� IRU H[DPSOH WKH UROO GXH WR \DZ LQGXFHG E\ WKH G\QDPLF SUHVVXUH YDULDWLRQ
DORQJ WKH ZLQJ·V VHFWLRQV LV YHU\ URXJKO\ HVWLPDWHG�

�&$7,$ Y�� 'DVVDXOW 6\VWqPHV 6�$�
�2SHQ963� 1$6$ JRY
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$OWKRXJK WKHUH DUH DOUHDG\ SOHQW\ RI UHVHDUFKHV GHPRQVWUDWLQJ GLIIHUHQW SURSXOVLRQ�EDVHG FRQ�
WURO DSSURDFKHV� IXUWKHU LQYHVWLJDWLRQ RQ WKH YDULRXV DHURG\QDPLF GLIIHUHQWLDO�WKUXVW FRQWULEX�
WLRQV DQG UHODWLRQV LV QHHGHG VLQFH WKHRUHWLFDO LQVLJKW LQWR WKH FUHDWLRQ RI G\QDPLF PRGHOV IRU
'(3 DLUFUDIW LV VWLOO YHU\ VFDUFH LQ OLWHUDWXUH�

*LYHQ WKH LPSRUWDQFH RI FHUWDLQ NH\ V\VWHP SURSHUWLHV UHPDLQLQJ DOPRVW XQFKDQJHG ZKHQ VXE�
MHFWHG WR GLVWXUEDQFHV LQ DLUFUDIW FRQWURO V\VWHPV� HQVXULQJ WKH FRQWUROOHU·V UREXVWQHVV ZDV DQ
HVVHQWLDO SUHUHTXLVLWH IRU WKLV ZRUN VLQFH LW ZDV LQWHQGHG WR REWDLQ D FRQWUROOHU WKDW PHHWV GHVLJQ
VSHFLILFDWLRQV XQGHU QRUPDO V\VWHP RSHUDWLQJ FRQGLWLRQV DQG HQVXUHV VDWLVIDFWRU\ SHUIRUPDQFH
LQ WKH SUHVHQFH RI GLVWXUEDQFHV� $V VR� WKH JDLQ IRU DQ LQR DQG DQH∞ FRQWUROOHUV ZDV GHVLJQHG
DQG WKHLU UHVSRQVH WR DQ DWPRVSKHULF GLVWXUEDQFH FRPSDUHG IRU FDVH ,� LQ RUGHU WR DQVZHU WR
´:KLFK JDLQ GHVLJQ LV PRUH VXLWDEOH LQ WHUPV RI UREXVWQHVV IRU WKLV VWXG\� LQR RU H∞"µ� 7KLV
FRPSDULVRQ SURYHG WKH H∞ FRQWUROOHU UREXVWQHVV DQG YDOLGDWHG WKH FRQWUROOHU VHOHFWLRQ� VHW�
WOLQJ LQ WKH GHVLUHG YDOXHV LQ VOLJKWO\ OHVV WLPH WKDQ WKH LQR FRQWUROOHU DQG ZLWK D ORZHU SHDN
RYHUVKRRW WKDQ IRU WKH LQR FRQWUROOHU�

)RU FDVH ,,� WKH SUHYLRXVO\ YDOLGDWHG H∞ JDLQ GHVLJQ ZDV FRPSXWHG DQG WKH K\EULG�FRQWUROOHU
VSHFLILFDWLRQV DV ZHOO DV WKH FRUUHVSRQGLQJ K\EULG VWUXFWXUH �ZLWK D VWDQGDORQH SURSXOVLRQ FRQ�
WURO RSHUDWLRQ PRGH DV ZHOO DV D FRQYHQWLRQDO PRGH� ZHUH HVWDEOLVKHG� FRYHULQJ ´+RZ ZLOO WKH
SURSXOVLRQ FRQWUROOHU EH VWUXFWXUHG"µ�

$V H[SHFWHG� ILQGLQJ WKH DGHTXDWH ZHLJKWLQJ PDWUL[HV R DQG Q PDGH WKH FRPSXWLQJ RI ERWK
RSWLPDO FRQWUROOHUV· JDLQ GHVLJQ GLIILFXOW DQG PD\ HYHQ OLPLW LWV XWLOLVDWLRQ� DV GHYHORSLQJ DQ
HIILFLHQW DQG DGHTXDWH VWUDWHJ\ IRU FRPSXWLQJ WKHP UHTXLUHV D PRUH SURIRXQG SK\VLFDO XQGHU�
VWDQGLQJ RI WKH FRQWUROOHG V\VWHP� 7KH ZHLJKWLQJ PDWUL[HV SURYHG WRR FRPSOH[ WR FRPSXWH
WKURXJK /XR HW DO�·V PHWKRG>��@ IRU 7[7 PDWUL[HV DQG %U\VRQ·V PHWKRG>��@ ZDV XVHG LQVWHDG DQG
VKRZHG JRRG UHVXOWV� $QRWKHU FKDOOHQJH UHJDUGLQJ WKH JDLQ GHVLJQ ZDV ILQGLQJ WKH SURSHU +∞ ε

DQG γ SDUDPHWHUV� 7KH DGRSWHG PHWKRGRORJ\ LQYROYHG UDQGRPO\ DVVLJQLQJ ε DQG HVWLPDWLQJ WKH
PDJQLWXGH RI WKH γ SDUDPHWHU DFFRUGLQJO\� EXW XVLQJ WUDQVIRUPDWLRQ PDWUL[HV LQ WKH IUHTXHQF\
GRPDLQ WR VFDOH WKHVH SDUDPHWHUV PLJKW KDYH PDGH LWV FRPSXWDWLRQ HDVLHU DQG IXUWKHU RSWLPDO�

2YHUDOO� LW ZDV SRVVLEOH WR DQVZHU WKH TXHVWLRQV SURSRVHG IRU WKLV WKHVLV� DQG LW SURYHG WR EH LQ�
GHHG SRVVLEOH WR UREXVWO\ FRQWURO WKH VWXGLHG DLUFUDIW WKURXJK LWV GLVWULEXWHG SURSXOVLRQ V\VWHP
ZLWK QR OLPLWDWLRQV IRU WKH VLPXODWHG FDVHV� 7KH GHYHORSHG '(3 FORVHG�ORRS FRQWURO GHPRQ�
VWUDWHG DQG DQDO\VHG LV FRQVLGHUHG WR EH DSSURSULDWH IRU VLPLODU YHKLFOHV RI WKH VDPH VL]H DQG
FODVV DQG ZDV SURYHQ WR EH DSSURSULDWHO\ FKRVHQ� DV LW SURYHG LWV UREXVWQHVV LQ WKH IDFH RI GLV�
WXUEDQFHV� ZKLFK ZDV WKH VHW JRDO IRU WKH UHTXLUHPHQWV� 7KLV H[SODLQV ´:KDW LV WKH JHQHULF
UHOHYDQFH RI WKH PRGHO XVHG"µ DQG ´:DV WKDW PRGHO DSSURSULDWHO\ FKRVHQ"µ�

)RU WKH FRRUGLQDWHG WXUQ VLPXODWLRQ LW ZDV SRVVLEOH WR FRPSDUH WKH DLUFUDIW·V UHVSRQVH WR GLI�
IHUHQW WXUQ UDWHV DQG DQDO\VH WKH FRQWURO DFWXDWLRQ IRU WKH GLVWULEXWHG SURSXOVLRQ PRGH DQG
WKH FRQYHQWLRQDO PRGH� ,Q WKH VLPXODWLRQV� WKH DLUFUDIW·V GLVWULEXWHG SURSXOVLRQ UHSODFHG XS
WR DURXQG 12.5 GHJUHHV RI UXGGHU DQG VKRZHG FDSDFLW\ IRU PRUH� ([WHQGHG VLPXODWLRQV ZHUH
PDGH EXW� VLQFH WKLV W\SH RI DLUFUDIW ZRQ·W JR EH\RQG WKH VLPXODWHG WXUQ UDWHV� RWKHU VFHQDU�
LRV DQG HQYHORSH SRLQWV QHHG WR EH DQDO\VHG LQ RUGHU WR DOORZ XQGHUVWDQGLQJ WKH OLPLWDWLRQV RI
WKLV IRUP RI FRQWURO� QDPHO\ DW WDNH RII� EHVW FOLPE DQG ILQDO ODQGLQJ SKDVHV� ZKLFK DUH WKH
IOLJKW FRQGLWLRQV OLPLWLQJ WKH PDUJLQ IRU \DZ PRPHQW JHQHUDWLRQ GXH WR WKH ORZ RU KLJK SRZHU
E\ WKHP GHPDQGHG� WKLV DQVZHUV WKH TXHVWLRQ ´&DQ WKH VWDQGDORQH SURSXOVLRQ PRGH KDQGOH D
FRRUGLQDWHG WXUQ" 7R ZKDW H[WHQW"µ�

$V WR ´&DQ WKH VWDQGDORQH SURSXOVLRQ PRGH KDQGOH HQJLQH IDLOXUHV" 7R ZKDW H[WHQW"µ� IRU WKH
HQJLQH RXW VLPXODWLRQ LW LV FOHDU WKDW WKH DLUFUDIW FDQ UHDGMXVW LWV WKUXVW GLVWULEXWLRQ RQ LWV RZQ
WR FRPSHQVDWH WKH UHVSHFWLYH WKUXVW ORVV ZLWKRXW DQ\ FRQWUROOHU JDLQ DGMXVWPHQW�PRGLILFDWLRQ�

���



LI QR UHVWULFWLRQV DUH LPSRVHG RQ WKH WKURWWOH VHWWLQJ� 7R FODULI\ WKH TXHVWLRQ ´:KLFK FRQWURO
DXWKRULW\ OLPLWDWLRQV DUH LPSOLHG LQ WKH VWDQGDORQH SURSXOVLRQ PRGH"µ� VLPXODWLRQV SURYHG WKDW
ERWK IRU D FRRUGLQDWHG WXUQ DQG DW VWUDLJKW OHYHO IOLJKW WKHUH DUH QR OLPLWDWLRQV RQ WKH GLUHFWLRQDO
FRQWURO FDSDELOLWLHV RI WKLV PRGH� HYHQ ZLWK WKH FULWLFDO HQJLQH RXW� 7KH HQJLQH·V G\QDPLFV PRGHO
GHYHORSHG LQ WKLV ZRUN KDV OLPLWDWLRQV EXW RYHUDOO VHHPV WR EH DSSURSULDWH DQG ZHOO UHSUHVHQW
WKH HIIHFWV RI WKH HQJLQH·V GLIIHUHQWLDO WKUXVW RQ WKH DLUFUDIW�
$V SURYHQ GXULQJ VLPXODWLRQV� LQFOXGLQJ LQ WKH HQJLQH RXW FDVH� ZLWK GLVWULEXWHG SURSXOVLRQ DV D
IRUP RI DLUFUDIW FRQWURO� WKH UXGGHU GHIOHFWLRQ�HQYHORSH GLPLQLVKHG �KDYLQJ EHHQ QXOO IRU SHU�
IRUPLQJ FRRUGLQDWHG WXUQV ZKLOH PDLQWDLQLQJ IOLJKW VSHHG DQG DOWLWXGH�� JUDQWLQJ PRUH URRP IRU
D VXE�VHTXHQWLDO HPSHQQDJH UHGXFWLRQ� ORZHULQJ WKH PD[LPXP UXGGHU GHIOHFWLRQ WR EHOORZ WKH
HVWDEOLVKHG 24 GHJUHHV� $OVR� DV WKH DELOLW\ WR RYHUFRPH WKH IDLOHG HQJLQH DGYHUVH \DZ ZLWKRXW
H[FHHGLQJ WKH DYDLODEOH SRZHU DQG ZKLOH XVLQJ D δthn = 0.53 WKURWWOH VHWWLQJ IRU FUXLVH DQG UH�
GXFLQJ WDNH�RII ILHOG OHQJWK ZKHQ FRPSDULQJ WR WKH RULJLQDO 7HFQDP FRQILJXUDWLRQ� FRXOG PHDQ
WKDW WKH HQJLQHV DUH RYHUSRZHUHG DQG ORZHU SRZHU HQJLQHV FRXOG EH XVHG LQVWHDG� VDFULILFLQJ RI
FRXUVH WKH WZR SUHYLRXVO\ PHQWLRQHG YDULDEOHV �UHGXFLQJ DYDLODEOH SRZHU DW FUXLVH DQG LQFUHDV�
LQJ WDNH�RII ILHOG OHQJWK�� UHLQIRUFLQJ WKDW WKH YHUWLFDO HPSHQQDJH FRXOG EH IXUWKHU UHGXFHG RU
HYHQ ERWK� GHSHQGLQJ RQ WKH GHVLUHG SURMHFW UHTXLUHPHQWV� 8QGRXEWHGO\� D FDXWLRXV DQDO\VLV RI
RWKHU VFHQDULRV DQG HQYHORSH SRLQWV LV QHHGHG� DV ZHOO DV D WUDGH�RII DQDO\VLV SULRULWLVLQJ HDFK
RI WKH GHVLJQ UHTXLUHPHQWV WR XQGHUVWDQG WKH PRVW EHQHILFLDO VROXWLRQ�
7KXV� WKH VLPXODWLRQV DOORZ FRQFOXGLQJ WKDW D IXOO\ RSHUDWLRQDO FRQWUROOHU ZDV GHVLJQHG� DQVZHU�
LQJ WKH ILUVW TXHVWLRQ WKLV ZRUN KDV SURSRVHG DQVZHULQJ WR EDVHG RQ WKH REWDLQHG UHVXOWV DQG WKH
DSSOLHG RSWLPLVDWLRQ DOORZHG WR SDUWLDOO\ DQVZHU WKH VHFRQG TXHVWLRQ� FRPSOHWHG E\ WKH VDPH
VLPXODWLRQV· UHVXOWV� ZKLFK FDQ EH IXUWKHU LQYHVWLJDWHG LQ RUGHU WR JHQHUDOLVH WKH LPSURYHPHQWV
WR RWKHU DLUFUDIW W\SHV DQG FODVVHV�

,Q VXPPDU\� WKLV ZRUN DOORZHG VKLQLQJ D OLJKW RQ WKH GLVWULEXWHG HOHFWULF SURSXOVLRQ WHFKQRORJ\
SRWHQWLDO DV D FRQWURO DFWXDWRU� DGGUHVVLQJ WKH LVVXH RI ODWHUDO�GLUHFWLRQDO PRWLRQ FRQWURO E\
GHVLJQLQJ D K\EULG UREXVW UROO�\DZ FRQWUROOHU ZKLFK LV DEOH WR GHDO ZLWK D VWDQGDORQH SURSXOVLRQ
FRQWURO RSHUDWLRQ PRGH DV ZHOO DV D FRQYHQWLRQDO PRGH� FRPELQLQJ� LI QHHGHG� ERWK SURSXOVLRQ
FRQWURO DQG FRQWURO�VXUIDFH RSHUDWLRQ� 6LQFH WKH '(3 WHFKQRORJ\ KDV ]HUR RSHUDWLRQ HPLVVLRQV�
D VWHS WRZDUGV UHGXFLQJ RXU HQYLURQPHQWDO IRRWSULQW ZDV WDNHQ LQ D WLPH ZKHUH WKH QHHG IRU
HQYLURQPHQWDOO\ UHVSRQVLEOH VROXWLRQV LQ DLUFUDIW WHFKQRORJ\ LV DQ LQGLVSXWDEOH FRQFHUQ� 7KHVH
QHZ GHYHORSPHQWV RSHQ FRXQWOHVV RSSRUWXQLWLHV IRU QHZ UHVHDUFK RQ WKH WRSLF� HQKDQFLQJ WKH
YLVLRQ RI D EHWWHU WRPRUURZ DQG VXVWDLQDEOH DYLDWLRQ� E\ ERRVWLQJ WKH HPHUJHQFH RI QHZ DQG
PRUH IOH[LEOH GHVLJQV DQG PDNLQJ XVH RI QRYHO DSSURDFKHV DQG WHFKQRORJ\�

+HQFH� WKH DQVZHUV WR WKH DIRUHPHQWLRQHG TXHVWLRQV FDQ EH IXUWKHU V\QWKHVLVHG DV IROORZV�

�� +RZ WR UREXVWO\ FRQWURO DQ DLUFUDIW WKURXJK LWV GLVWULEXWHG HOHFWULF SURSXOVLRQ V\VWHP"

7R UHFDS� WKH VROXWLRQ LGHQWLILHG LQ WKLV ZRUN FRQVLVWV LQ HQDEOLQJ WKH GLVWULEXWHG HOHFWULF SURSXO�
VLRQ DLUFUDIW WR DGG PRUH WKUXVW LQ RQH VLGH WKDQ WKH RWKHU� LQ RUGHU WR WXUQ WKH DLUFUDIW WRZDUGV
WKH VLGH ZLWK WKH OHDVW WKUXVW SRZHU� E\ LQGLYLGXDOO\ FRQWUROOLQJ LWV WKURWWOH LQSXWV� $ UREXVW
FRQWUROOHU ZLWK LQGHSHQGHQW WKURWWOH VHWWLQJV� RQH IRU HDFK HOHFWULF SURSHOOHU� ZDV GHVLJQHG E\
DSSO\LQJ H∞ FRQWURO WKHRU\ JDLQV DQG PRGHOOLQJ D K\EULG FRQWURO VWUXFWXUH� ZKLFK LQFOXGHV D
VWDQGDORQH SURSXOVLRQ PRGH DV ZHOO DV D FRQYHQWLRQDO PRGH WKDW� LI QHHGHG� PD\ EH FRPELQHG�

���



�� +RZ WR XVH WKLV FDSDELOLW\ WR LQWURGXFH LPSURYHPHQWV LQ DQ DLUFUDIW·V GHVLJQ"

,Q EULHI� FRQVLGHULQJ WKH HQJLQH·V WKUXVW IRU IOLJKW FRQWURO DOORZV D UHGXFWLRQ RI WKH IOLJKW FRQWURO
VXUIDFHV DQG VXEVHTXHQWO\ SRWHQWLDWLQJ WDLO VL]H LPSURYHPHQWV� ([DPLQLQJ WKH YHUWLFDO HPSHQ�
QDJH·V PRGLILFDWLRQV LPSDFWV RQ ZHLJKW� LQHUWLD PRPHQWV DQG SURGXFWV� GUDJ� WDNH�RII SHUIRU�
PDQFH DQG FRQWURO DQG VWDELOLW\ GHULYDWLYHV VHYHUDO UHODWLRQV ZHUH HVWDEOLVKHG� QDPHO\ WKDW WKH
KLJKHU WKH QXPEHU RI KLJK�OLIW SURSV� WKH ELJJHU WKH HPSHQQDJH DUHD UHGXFWLRQ� DGGLQJ PRUH
HQJLQHV LV RQO\ LQFUHDVLQJO\ EHQHILFLDO XS WR D FHUWDLQ SRLQW� WKH PRUH KLJK�OLIW SURSV� WKH JUHDWHU
SDUDVLWH GUDJ UHGXFWLRQ� WKH IHZHU WKH HOHFWULF HQJLQHV �DW FXUUHQW VWDWH RI DUW >��@�� WKH VKRUWHU
WKH WRWDO WDNH�RII ILHOG OHQJWK�

��� 3XEOLVKHG ZRUN

´+\EULG /DWHUDO�'LUHFWLRQDO 5REXVW )OLJKW &RQWURO ZLWK 3URSXOVLYH 6\VWHPVµ RUDO SUHVHQWDWLRQ
DW WKH ,QWHUQDWLRQDO &RQIHUHQFH RQ $HURVSDFH 6\VWHPV DQG $YLRQLFV �,&$6$ ������ WR EH KHOG
LQ /LVERQ� 3RUWXJDO VFKHGXOHG IRU 2FWREHU ��th���st� ���� DQG UHVFKHGXOHG IRU )HEUXDU\ �th�
�th�¬�����

��� )XWXUH ZRUN

,W LV WKLV DXWKRU·V RSLQLRQ WKDW LQWHUHVWLQJ IXWXUH ZRUN GLUHFWLYHV FRXOG EH WR EXLOG XS RQ WKLV
UHVHDUFK·V ILQGLQJV� H[SDQGLQJ ERWK WKH UHVHDUFK DQG XVHG WKHRU\� KLJKOLJKWLQJ�

� *HQHUDOLVH WKH LQIOXHQFH RI WKH QXPEHU RI HQJLQHV DQG WKH W\SH RI HQJLQH �HOHFWULF� RQ WKH
DGYDQWDJHV RI WKH GHYHORSHG FRQWURO PHWKRG DQG JUDGH�HYDOXDWH WKH LQWHUHVW RI LWV XVH�

� &RPSXWH WKH LQIOXHQFH RI HDFK DSSUR[LPDWLRQ PDGH DQG SUHPLVH DVVXPHG RQ WKH DFKLHYHG
FRQWURO LQ RUGHU WR DOORZ D JHQHUDOLVDWLRQ RI WKH GHYHORSHG G\QDPLF PRGHO�

� ([DPLQH KRZ WR DFKLHYH WKH UHTXLUHG OHYHO RI VDIHW\ DQG KRZ WR DGDSW FHUWLILFDWLRQ UXOHV
IRU GLVWULEXWHG HOHFWULF SURSXOVLRQ DLUFUDIW�

� 8QGHUVWDQG KRZ WKH FRQWURO PDQHXYHUDELOLW\ GHSHQGV RQ WKH QXPEHU RI HQJLQHV� E\ VLPX�
ODWLQJ WKH G\QDPLF PRGHOV RI WKH RWKHU GHYHORSHG FRQILJXUDWLRQV�

� 'HYHORS D ORQJLWXGLQDO G\QDPLFV PRGHO DQG FRXSOH ERWK PRWLRQV�

� $VVHVV WKH QRQ OLQHDU G\QDPLF EHKDYLRXU RI WKH GHVLJQHG FRQWUROOHUV RQ WKH VWXGLHG DLUFUDIW
�&DVH , DQG &DVH ,,��

� ([WHQG WKH VLPXODWHG IOLJKW VFHQDULRV WR RWKHU SRLQWV RI WKH HQYHORSH� LQ RUGHU WR JHQHUDOLVH
WKH UHVXOWV DQG LGHQWLI\ WKH FRQWURO OLPLWDWLRQV� SDUWLFXODUO\ DW WDNH RII� EHVW FOLPE DQG ILQDO
ODQGLQJ� ZKLFK DUH WKH IOLJKW FRQGLWLRQV OLPLWLQJ WKH PDUJLQ IRU \DZ PRPHQW JHQHUDWLRQ
GXH WR WKH ORZ RU KLJK SRZHU E\ WKHP GHPDQGHG�

� $SSURDFK WKH GLVWULEXWHG HOHFWULF SURSXOVLRQ FRQWURO SUREOHP IRUPXODWHG LQ WKLV ZRUN IURP
D IDLO VDIH HOHFWULFDO V\VWHP DUFKLWHFWXUH SRLQW RI YLHZ� DFFRXQWLQJ IRU WKH UHTXLUHG UHGXQ�
GDQF\� UHOLDELOLW\ DQG PDLQWDLQDELOLW\�

� ,QFRUSRUDWH WKH XVH RI SURSXOVLRQ FRQWURO LQ D PXOWL�GLVFLSOLQDU\ GHVLJQ RSWLPLVDWLRQ �0'2�
DLUFUDIW GHVLJQ PHWKRGRORJ\�

���



���



%LEOLRJUDSK\

>�@ '� 0FOHDQ� $XWRPDWLF IOLJKW FRQWURO V\VWHPV� 3UHQWLFH +DOO 1HZ <RUN� ����� YRO� ��� [YLL�
�� ��

>�@ ´3KRWR FUHGLW� :LOOLDP VFKHFN� KLVWRU\QHW�µ KWWSV���ZZZ�KLVWRU\QHW�FRP�
ODZUHQFH�VSHUU\�DXWRSLORW�LQYHQWRU�DQG�DYLDWLRQ�LQQRYDWRU�KWP� DFFHVVHG� ��������
��� [YLL� ��

>�@ '� -HQNLQV� 7� /DQGLV� DQG -� 0LOOHU� $PHULFDQ ;�YHKLFOHV� $Q ,QYHQWRU\� ;�� WR ;���� VHU�
0RQRJUDSKV LQ DHURVSDFH KLVWRU\� 1DWLRQDO $HURQDXWLFV DQG 6SDFH $GPLQLVWUDWLRQ� 2IILFH
RI ([WHUQDO 5HODWLRQV� ����� [YLL� ��� ��

>�@ ´3KRWR FUHGLW� 1$6$�GU\GHQ IOLJKW UHVHDUFK FHQWHU�µ KWWSV���ZZZ�GIUF�QDVD�JRY�*DOOHU\�
3KRWR�3&$�+70/�(&�����������KWPO� DFFHVVHG� ����������� [YLL� ��

>�@ ´3KRWR FUHGLW� 1$6$�GU\GHQ IOLJKW UHVHDUFK FHQWHU�µ KWWSV���ZZZ�QDVD�JRY�VLWHV�
GHIDXOW�ILOHV�LPDJHV�������PDLQB(&����������BIXOO�MSJ� DFFHVVHG� ����������� [YLL� ��

>�@ ´3KRWR FUHGLW� 1$6$ LOOXVWUDWLRQ�µ KWWSV���ZZZ�QDVD�JRY�VLWHV�GHIDXOW�ILOHV�WKXPEQDLOV�
LPDJH�SFDBURWDWLRQ�MSJ� DFFHVVHG� ����������� [YLL� ��

>�@ ´3KRWR FUHGLW� 1$6$ LOOXVWUDWLRQ�µ KWWSV���ZZZ�QDVD�JRY�VLWHV�GHIDXOW�ILOHV�WKXPEQDLOV�
LPDJH�SFDBWXUQLQJ�MSJ� DFFHVVHG� ����������� [YLL� ��

>�@ ´3KRWR FUHGLW� 1$6$�JOHQQ IOLJKW UHVHDUFK FHQWHU�µ KWWSV���QWUV�QDVD�JRY�DUFKLYH�QDVD�
FDVL�QWUV�QDVD�JRY�������������SGI� DFFHVVHG� ����������� [YLL� ��

>�@ ´3KRWR FUHGLW� 1$6$�JOHQQ UHVHDUFK FHQWHU�µ KWWSV���ZZZ�QDVD�JRY�FRQWHQW�
K\EULG�ZLQJ�ERG\�JRHV�K\EULG� DFFHVVHG� ����������� [YLL� ��

>��@ ´3KRWR FUHGLW� 1$6$�JOHQQ UHVHDUFK FHQWHU�µ KWWSV���ZZZ�QDVD�JRY�IHDWXUH�
DYLDWLRQ�UHQDLVVDQFH�QDVD�DGYDQFHV�FRQFHSWV�IRU�QH[W�JHQ�DLUFUDIW� DFFHVVHG� �����
������ [YLL� ��

>��@ ´3KRWR FUHGLW� 1$6$�JOHQQ UHVHDUFK FHQWHU�µ KWWSV���ZZZ��JUF�QDVD�JRY�DHURQDXWLFV�
KHS�DLUSODQH�FRQFHSWV�� DFFHVVHG� ����������� [YLL� ��

>��@ ´3KRWR FUHGLW� $XURUD IOLJKW VFLHQFHV PDQDVVDV� YLUJLQLD� XVD�µ KWWSV���HYWRO�QHZV�
DLUFUDIW�DXURUD�IOLJKW�VFLHQFHV�� DFFHVVHG� ����������� [YLL� ��

>��@ ´3KRWR FUHGLW� /LOLXP� PXQLFK� JHUPDQ\�µ KWWSV���OLOLXP�FRP�QHZVURRP� DFFHVVHG� �����
������ [YLL� ��

>��@ ´3KRWR FUHGLW� /LOLXP� PXQLFK� JHUPDQ\�µ KWWSV���OLOLXP�FRP�WKH�MHW� DFFHVVHG� ��������
��� [YLL� ��

>��@ ´3KRWR FUHGLW� 1$6$ ODQJOH\ UHVHDUFK FHQWHU�µ KWWSV���ZZZ�DGYDQFHGDLUFUDIWFRPSDQ\�
FRP�JUHDVHG�OLJKWQLQJ�� DFFHVVHG� ����������� [YLL� ��

>��@ ´3KRWR FUHGLW� -RE\ DYLDWLRQ� VDQWD FUX]� FDOLIRUQLD�µ KWWSV���YWRO�RUJ�ILOHV�GPILOH�
��-RE\6�0RRUH��SGI� DFFHVVHG� ����������� [YLL� ��
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>��@ ´3KRWR FUHGLW� $LUEXV� OHLGHQ� QHWKHUODQGV�µ KWWSV���ZZZ�DLUEXV�FRP�QHZVURRP�
VWRULHV�YDKDQD�PDUNV�D�PDMRU�PLOHVWRQH�ZLWK�VXFFHVVIXO�IXOO�WUDQVLWLRQ�IOLJKW�KWPO� DF�
FHVVHG� ����������� [YLL� ��

>��@ ´3KRWR FUHGLW� 1$6$ JUDSKLF � 1$6$ ODQJOH\�DGYDQFHG FRQFHSWV ODE� DPD� LQF�µ KWWSV���
QWUV�QDVD�JRY�DUFKLYH�QDVD�FDVL�QWUV�QDVD�JRY�������������SGI� DFFHVVHG� �����������
[YLL� ��

>��@ ´3KRWR FUHGLW� 1$6$�JOHQQ UHVHDUFK FHQWHU�µ [YLL� ��� ��

>��@ 3� 9HFFKLD� )� 1LFRORVL� DQG $� 'H 0DUFR� ´6WDELOLW\� IO\LQJ TXDOLWLHV DQG ORQJLWXGLQDO SD�
UDPHWHU HVWLPDWLRQ RI D WZLQ�HQJLQH FV��� FHUWLIHG OLJKW DLUFUDIW�µ $HURVSDFH 6FLHQFH DQG
7HFKQRORJ\� YRO� ��� SS� ���²���� �� ����� [YLL� ��� ��� ��� ��� ��� ��� ��� ��

>��@ '� 5D\PHU� $LUFUDIW 'HVLJQ� $ &RQFHSWXDO $SSURDFK� 6L[WK (GLWLRQ� �� ����� [YLL� [L[� ���
��� ��� ��

>��@ &RRSHU DQG +DUSHU� ´7KH XVH RI SLORW UDWLQJ LQ WKH HYDOXDWLRQ RI DLUFUDIW KDQGOLQJ TXDOLWLHV�µ
-RXUQDO RI *HRGHV\� ����� [YLL� [L[� ��� ��

>��@ 0� 9� &RRN� )OLJKW '\QDPLFV 3ULQFLSOHV� %XWWHUZRUWK�+HLQHPDQQ� ����� [YLLL� ��� ��

>��@ )� :� %XUFKDP -U� &� *� )XOOHUWRQ� DQG 7� $� 0DLQH� ´0DQXDO PDQLSXODWLRQ RI HQJLQH WKURW�
WOHV IRU HPHUJHQF\ IOLJKW FRQWURO�µ ����� [L[� �� ��

>��@ 5� 1HOVRQ� $LUSODQH 6WDELOLW\ DQG $XWRPDWLF &RQWURO� :&%�0F*UDZ +LOO 1HZ <RUN� �����
YRO� �� [L[� ��

>��@ *� '� 3DGILHOG DQG %� /DZUHQFH� ´7KH ELUWK RI IOLJKW FRQWURO� $Q HQJLQHHULQJ DQDO\VLV RI
WKH ZULJKW EURWKHUV· ���� JOLGHU�µ 7KH $HURQDXWLFDO -RXUQDO ������� YRO� ���� QR� ����� SS�
���²���� ����� �

>��@ $� (� %U\VRQ� ´1HZ FRQFHSWV LQ FRQWURO WKHRU\� ��������� �GU\GHQ OHFWXUHVKLS LQ UHVHDUFK��µ
-RXUQDO RI *XLGDQFH &RQWURO DQG '\QDPLFV� YRO� �� �� ����� �

>��@ %� /� 6WHYHQV� )� /� /HZLV� DQG (� 1� -RKQVRQ� $LUFUDIW FRQWURO DQG VLPXODWLRQ� G\QDPLFV�
FRQWUROV GHVLJQ� DQG DXWRQRPRXV V\VWHPV� -RKQ :LOH\ 	 6RQV� ����� �� ��� ��� ��
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