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&KDSWHU����,QWURGXFWLRQ �

&+$37(5��

,1752'8&7,21

�����%DFNJURXQG�DQG�0RWLYDWLRQ

2QH�RI�WKH�WUHQGV�ZKLFK�KDYH�EHHQ�ZLWQHVVHG�LQ�WKH�SRZHU�HOHFWURQLFV�ILHOG�VLQFH�WKH

HDUO\� ����V� LV� WKH� TXHVW� IRU� FLUFXLW� DQG� UHODWHG� FRQWURO� WHFKQRORJ\� ZKLFK� HQDEOH� HIILFLHQW

SRZHU�FRQYHUVLRQ�WR�EH�DFKLHYHG�ZLWK�DQ�HYHU�VKULQNLQJ�FLUFXLW�VL]H�DQG�OLJKWHU�ZHLJKW��DQG

ZLWK� EHWWHU� SHUIRUPDQFH�� � )RU� H[DPSOH�� WKH� PLJUDWLRQ� IURP� XQFRQWUROOHG� VLQJOH�SKDVH� RU

WKUHH�SKDVH� UHFWLILHU� DQG� WKUHH�SKDVH� VL[�SXOVH� OLQH�FRPPXWDWHG� UHFWLILHU� WR� WKH� KLJK�

IUHTXHQF\� VZLWFKLQJ� UHFWLILHU�KHOSV� WR� UHGXFH� WKH� VL]H�RI� WKH� UHDFWLYH� ILOWHULQJ� FRPSRQHQWV�

VLQXVRLGDOO\�VKDSH�WKH�LQSXW�OLQH�FXUUHQW�ZDYHIRUP�RU�UHDOL]H�SRZHU�IDFWRU�FRUUHFWLRQ��3)&��

DQG� LPSURYH� WKH�G\QDPLF� UHVSRQVH�RI� WKH�FLUFXLW�� �+RZHYHU�� D�KLJKHU� VZLWFKLQJ� IUHTXHQF\

LQHYLWDEO\� LQFUHDVHV� WKH� DVVRFLDWHG� VZLWFKLQJ� ORVVHV�� �8QGHU� WKLV� EDFNJURXQG�� YDULRXV� VRIW�

VZLWFKLQJ� WHFKQLTXHV� KDYH� EHHQ� GHYHORSHG� WR� HIIHFWLYHO\� UHGXFH� WKH� VZLWFKLQJ� ORVVHV� DQG

PDNH�WKH�FLUFXLW�RSHUDEOH�DW�WKH�HYHU�LQFUHDVLQJ�VZLWFKLQJ�IUHTXHQF\�>'��@�>*�@�

0RVW�RI�WKH�SUHVHQW�VRIW�VZLWFKLQJ�WHFKQLTXHV��HVSHFLDOO\�WKRVH�IRU�DF�GF�DQG�RU�GF�

DF� SRZHU� FRQYHUVLRQ�� UHTXLUH� FRQVLGHUDEOH� DX[LOLDU\� FRPPXWDWLRQ� FLUFXLWU\� WR� DFKLHYH� WKH

GHVLUHG� VRIW�VZLWFKLQJ� IXQFWLRQV�� FRXQWHULQJ� WKH� DFKLHYDEOH� EHQHILWV� LQ� PDQ\� FDVHV�

+RZHYHU��WKHUH�GR�H[LVW�VRPH�FLUFXLW�WRSRORJLHV�ZKLFK�FDQ�DFKLHYH�VRIW�VZLWFKLQJ�DW�DOPRVW
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&KDSWHU����,QWURGXFWLRQ �

QR�RU�OLWWOH�H[WUD�FRVW���2QH�ZHOO�NQRZQ�H[DPSOH�LV�WKH�IXOO�EULGJH�SKDVH�VKLIW�FRQWUROOHG�GF�

GF�FRQYHUWHU�ZKHUH�VRIW�VZLWFKLQJ�IRU�WKH�SRZHU�FRPSRQHQWV�LV�UHDOL]HG�ZLWK�WKH�RWKHUZLVH

DGYHUVH� OHDNDJH� LQGXFWDQFH� RI� WKH� LVRODWLRQ� WUDQVIRUPHU� >'��@�>'��@�� � +RZ� WR� WDNH� IXOO

DGYDQWDJH�RI�WKLV�NLQG�RI�DOPRVW�HIIRUWOHVV�VRIW�VZLWFKLQJ�WHFKQLTXHV�LQ�WKH�DF�GF�DQG�GF�DF

SRZHU�FRQYHUVLRQ�UHPDLQV�ODUJHO\�DQ�RSHQ�TXHVWLRQ�

,Q�PDQ\�DF�GF�DQG�RU�GF�DF�DSSOLFDWLRQV��HOHFWULFDO� LVRODWLRQ�EHWZHHQ�WKH� LQSXW�DQG

RXWSXW� LV� QHFHVVDU\�� � ,Q� WKHVH� FDVHV�� D� WZR�VWDJH� SRZHU� FRQYHUVLRQ� VFKHPH� ZKLFK� LV

FRPSRVHG�RI�D�VZLWFKLQJ�UHFWLILHU�DQG�RU�LQYHUWHU��DQG�D�XQLGLUHFWLRQDO�RU�EL�GLUHFWLRQDO�GF�

GF� FRQYHUWHU� LV� RIWHQ� DGRSWHG� >*�@�� � +LJK� FLUFXLW� SHUIRUPDQFH� FDQ� EH� UHDOL]HG� ZLWK� WKLV

VFKHPH�H[FHSW� WKDW� WKH� WUDQVIHUUHG�SRZHU� LV� DOZD\V�SURFHVVHG� WZLFH� DORQJ� WKH�SRZHU� IORZ

SDWK��DQG�WKH�FLUFXLW�HIILFLHQF\�PD\�QRW�EH�RSWLPL]HG���8QGHU�WKLV�FLUFXPVWDQFH��VLQJOH�VWDJH

F\FORFRQYHUWHU�RU�PDWUL[�FRQYHUWHU�W\SH�RI�SRZHU�FRQYHUVLRQ�VFKHPHV�ZDV�SURSRVHG�>>%�@�

>%�@� >%��@�>%��@� >(�@�>(��@�� � +LJK� FRQYHUVLRQ� HIILFLHQF\� DQG� FRPSDFW� FRQVWUXFWLRQ

VWHPPLQJ�IURP�WKH�QRQ�H[LVWHQFH�RI�DQ�LQWHUPHGLDWH�ORZ�SDVV��/3��ILOWHU�FDQ�EH�DWWULEXWHG�WR

WKLV�IDPLO\�RI�FRQYHUWHUV���+RZHYHU��DOPRVW�DOO�RI�WKHP�PDQGDWH�WKH�XVH�RI�WKH�IRXU�TXDGUDQW

VZLWFKHV�ZKLFK�DUH� DOZD\V�FKDOOHQJLQJ� WR� VHFXUHO\�RSHUDWH� DQG� FRQWURO� >$��@�� � ,Q� DGGLWLRQ�

WKHLU�UHOLDELOLW\�VHHPV�FRQVWDQWO\�XQGHU�TXHVWLRQ�

7KH� SXUSRVH� RI� WKH� UHSRUWHG� UHVHDUFK� LQ� WKLV� GLVVHUWDWLRQ� LV� WR� GHYHORS� KLJK�

SHUIRUPDQFH�� UHOLDEOH�� DQG� HIILFLHQW� FLUFXLW�� PRGXODWLRQ� DQG� FRQWURO� WHFKQLTXHV� WR� DFKLHYH

KLJK�SRZHU�� KLJK�IUHTXHQF\� LVRODWHG� DF�GF� DQG� GF�DF� SRZHU� FRQYHUVLRQ� ZLWK� VLQJOH�VWDJH

SRZHU�SURFHVVLQJ���7KH�TXDVL�VLQJOH�VWDJH��466��SRZHU�FRQYHUVLRQ�FRQFHSW�DQG�WKH�UHODWHG

VRIW�VZLWFKLQJ�DQG�FRQWURO�WHFKQLTXHV�DUH�SURSRVHG�WR�DFKLHYH�WKDW�SXUSRVH�
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&KDSWHU����,QWURGXFWLRQ �

�����3UHYLRXV�5HVHDUFKHV

�������6LQJOH�3KDVH�,QYHUWHU�&KDUJHU

%L�GLUHFWLRQDO� LQYHUWHUV�FKDUJHUV� DUH� LQFUHDVLQJO\� XVHG� LQ� OLQH�LQWHUDFWLYH

XQLQWHUUXSWLEOH� SRZHU� V\VWHPV� �836V��� EDWWHU\�EDFNXS� VWDQG�DORQH� LQYHUWHU� V\VWHPV�� DQG

DOWHUQDWLYH�HQHUJ\�V\VWHPV�VXFK�DV�ZLQG�SRZHU�DQG�SKRWRYROWDLF�DSSOLFDWLRQV���7KH�IXQFWLRQV

RI�VXFK�D�EL�GLUHFWLRQDO�LQYHUWHU�FKDUJHU�FDQ�EH�UHDOL]HG�ZLWK�D�EL�GLUHFWLRQDO�GF�GF�FRQYHUWHU

LQ�FDVFDGH�ZLWK�D�IRXU�TXDGUDQW�IXOO�EULGJH�LQYHUWHU�UHFWLILHU�DV�VKRZQ�LQ�)LJ������D����$�KLJK�

IUHTXHQF\� �+)�� WUDQVIRUPHU� OLQN� 7
U
� LV� XVXDOO\� UHTXLUHG� WR� SURYLGH� HOHFWULFDO� LVRODWLRQ� DQG

YROWDJH�PDWFKLQJ�EHWZHHQ� WKH� LQSXW�GF� DQG�RXWSXW� DF� YROWDJHV�� � ,Q� WKLV� NLQG�RI� WZR�VWDJH

VFKHPHV��WKUHH�+)�LQYHUWHUV�UHFWLILHUV�RI�HLWKHU�IXOO�EULGJH��KDOI�EULGJH�RU�SXVK�SXOO�WRSRORJ\

DUH�QHHGHG��DQG� WKH�SRZHU� IORZ� LQ�HLWKHU�GLUHFWLRQ� LV�DOZD\V�SURFHVVHG� WZLFH�� � ,Q�DGGLWLRQ�

H[WUD�GF�OLQN�ILOWHULQJ�FRPSRQHQWV�DUH�DOVR�D�QHFHVVLW\�

VoTr

1:n

HF inverter/
  rectifier I

+ _

Vb HF inverter/
 rectifier III

HF inverter/
 rectifier II

Bi-directional dc/dc converter

�D��7ZR�VWDJH�LQYHUWHU�FKDUJHU�

Tr

1:n

HF inverter/
  rectifier I+ _

Vb VoHF cyclo-
converter

��E���&\FORFRQYHUWHU�EDVHG�VLQJOH�VWDJH�LQYHUWHU�FKDUJHU�

)LJ��������7\SLFDO�EL�GLUHFWLRQDO�LQYHUWHU�FKDUJHU�FLUFXLWV�

,Q� WKH� SDVW� GHFDGH�� VLQJOH�VWDJH�� F\FORFRQYHUWHU�EDVHG� VFKHPHV� DV� VKRZQ� LQ� )LJ�

����E�� KDYH� FRQVWDQWO\� EHHQ� VRXJKW� >(�@�>(��@�� � 7KH� F\FORFRQYHUWHU�EDVHG� EL�GLUHFWLRQDO
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&KDSWHU����,QWURGXFWLRQ �

LQYHUWHU�FKDUJHU�WRSRORJ\�ZDV�ILUVW�LQWURGXFHG�LQ�>(�@�DQG�>(�@��DQG�SDWHQWHG�LQ�>(�@���6LQFH

WKHQ�� GLIIHUHQW� SXOVH�ZLGWK�PRGXODWLRQ� �3:0�� FRQWURO� PHWKRGV� KDYH� EHHQ� GHYHORSHG� WR

HLWKHU� VXSSUHVV� WKH� WUDQVLHQW� YROWDJH� LQ� WKH� F\FORFRQYHUWHU� SDUW�� DFKLHYH� UHOLDEOH� IRXU�

TXDGUDQW� RSHUDWLRQ�� RU� LPSURYH� WKH� G\QDPLF� SHUIRUPDQFH� RI� WKH� FRQYHUWHU�� � 7KH� SKDVH

PRGXODWLRQ�PHWKRG�RULJLQDOO\�SURSRVHG�LQ�>(�@�>(�@�DQG�DOVR�DGRSWHG�LQ�>(��@�>��@�DFKLHYHV

RXWSXW�YROWDJH�UHJXODWLRQ�DQG�SRZHU�IORZ�FRQWURO�E\�VKLIWLQJ�WKH�SKDVH�EHWZHHQ�WKH�LQYHUWHU

DQG� F\FORFRQYHUWHU� RQ� ERWK� VLGHV� RI� WKH� FRQYHUWHU�� �$V� D� UHVXOW�� ELSRODU� YROWDJH� LV� DOZD\V

H[HUWHG�RQ�WKH�RXWSXW�ILOWHU��DQG�LW�OHDGV�WR�KLJK�FLUFXODWLQJ�ORVV�LQVLGH�WKH�FRQYHUWHU�DQG�KLJK

RXWSXW�ULSSOH�� �7KH�SUH�SURJUDPPHG�VLQXVRLGDO�3:0�PHWKRGV�GHYHORSHG� LQ� >(�@�DQG�(�@

QRUPDOO\�UHVXOW�LQ�RQO\�OLPLWHG�G\QDPLF�UHVSRQVH���5HDO�WLPH�3:0�DNLQ�WR�D�GF�GF�FRQYHUWHU

ZDV�SURSRVHG�LQ�>(�@�>(��@��>(��@�>(��@���3RVVLEOH�FRPPXWDWLRQ�PHWKRGV��LQFOXGLQJ�VRXUFH

FRPPXWDWLRQ��DQG�VHOI�FRPPXWDWLRQ��IRUFHG�FRPPXWDWLRQ���ZHUH�GLVFXVVHG�LQ�>(�@�>(�@��DQG

WKH� HIIHFWV� RI� GLIIHUHQW� 3:0� FDUULHUV� RQ� WKH� DFKLHYDEOH� FRPPXWDWLRQ� W\SHV� ZHUH� DOVR

DGGUHVVHG�LQ�>(�@���7KH�FRQYHUWHU�ZDV�H[WHQGHG�WR�WKUHH�SKDVH�DF�RXWSXW�FDVH�LQ�>(��@�>(��@

DQG�WKH�FRUUHVSRQGLQJ�PRGXODWLRQ�VFKHPHV�ZHUH�DOVR�GLVFXVVHG�

7KH�FRQFHUQ�DERXW� UHOLDEOH�EL�GLUHFWLRQDO�RSHUDWLRQ�KDV�EHHQ� ORRPLQJ� ODUJH� IRU� WKH

F\FORFRQYHUWHU�EDVHG� VLQJOH�VWDJH� LQYHUWHUV�FKDUJHUV�� � ,W� VWHPV� IURP� WZR� EDVLF� WRSRORJLFDO

WUDLWV� RI� WKH� FRQYHUWHU�� L�H�� WKH� ODFN� RI� VHOI�SUHVHQW� FXUUHQW� IUHHZKHHOLQJ� SDWKV� LQVLGH� WKH

F\FORFRQYHUWHU�EHFDXVH�DOO�RI�WKH�VZLWFKHV�DUH�EL�GLUHFWLRQDO�DQG�QHHG�FRQWURO�WR�DFWLYDWH�LQ

ERWK�GLUHFWLRQV��DQG�WKH�LQWULQVLF�WUDQVLHQW�YROWDJH�DSSHDULQJ�RQ�WKH�F\FORFRQYHUWHU�VZLWFKHV

GXULQJ� ERRVW�PRGH�RSHUDWLRQ�ZKHQ�SRZHU� LV� WUDQVIHUUHG� IURP� WKH� RXWSXW� �DF� VLGH�� WR� WKH

LQSXW� �GF� VLGH��� �7KH� IRUPHU� FDQ� EH� VROYHG� E\� WKH� DSSOLFDWLRQ� RI� SURSHU� 3:0� VHTXHQFHV

ZKLFK�HQVXUH�WKH�H[LVWHQFH�RI�WKH�RXWSXW�FXUUHQW�IUHHZKHHOLQJ�SDWK�ZLWKRXW�VKRUWHQLQJ�WKH

WUDQVIRUPHU�VHFRQGDU\�ZLQGLQJ���7KH� ODWWHU� LV�DNLQ�WR�DQ\� LVRODWHG�ERRVW�W\SH�RI�FRQYHUWHUV
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&KDSWHU����,QWURGXFWLRQ �

>'�@�>'�@��DQG�KDV�WR�EH�VROYHG�ZLWK�H[WUD�YROWDJH�FODPSLQJ�FLUFXLWU\���,Q�>(�@�DQG�>(��@��D

EL�GLUHFWLRQDO�DFWLYH�FODPS�FLUFXLW�ZDV�SURSRVHG� WR�VROYH� WKH� WUDQVLHQW�YROWDJH�SUREOHP�IRU

VLQJOH�SKDVH� DQG� WKUHH�SKDVH� F\FORFRQYHUWHUV� UHVSHFWLYHO\�� � +RZHYHU�� WKH� FLUFXLW� LV� UDWKHU

FRPSOLFDWHG�DQG�FRVWO\�� IRXU�KLJK�YROWDJH�VZLWFKHV�DQG�IRXU�H[WUD�GLRGHV�QHHG� WR�EH�XVHG�

+LJK�FRQGXFWLRQ�ORVV�LQ�WKH�FODPS�FLUFXLW�LV�DQRWKHU�FRQFHUQ�

�������6RIW�7UDQVLWLRQ�'&�'&�&RQYHUWHUV

���������$FWLYH�&ODPS�7HFKQLTXH

7UDQVLHQW�YROWDJH�H[LVWV� LQ�SRZHU�HOHFWURQLF�FLUFXLWV�� �7R�PDNH�WKHVH�FLUFXLW�RSHUDWH

VHFXUHO\�� � ,W�KDV� WR�EH�HIIHFWLYHO\� FODPSHG�� �$PRQJ� WKH�YROWDJH�FODPS�VFKHPHV�� WKH�DFWLYH

FODPS�FLUFXLW��ZKLFK�ZDV�ILUVW�LQWURGXFHG�LQ�>'�@�>'�@�IRU�VLQJOH�HQGHG�IRUZDUG�DQG�IO\EDFN

FRQYHUWHUV��KDV�WKH�DGYDQWDJHV�RI�VLPSOH�FRQWURO�DQG�VRIW�VZLWFKLQJ�FDSDELOLW\�LQ�VRPH�FDVHV�

$V�D�UHVXOW�RI�WKHVH�IHDWXUHV��LW�KDV�EHHQ�ZLGHO\�XVHG�LQ�VLQJOH�HQGHG�ORZHU�SRZHU�VZLWFKLQJ

SRZHU� VXSSOLHV�� � ,W� KDV� UHFHQWO\� EHHQ� VXFFHVVIXOO\� H[WHQGHG� WR� VROYH� WKH� WUDQVLHQW� YROWDJH

SUREOHP�UHODWHG�WR�WKH�LVRODWHG�EULGJH�W\SH�ERRVW�FRQYHUWHUV�>'�@�>'�@�

$OWKRXJK� VHHPLQJO\� GHYHORSHG� LQGHSHQGHQWO\�� WKH� DFWLYH�FODPS� UHVRQDQW� GF�OLQN

WHFKQLTXH�IRU�KLJK�SRZHU�LQYHUWHU�UHFWLILHU�ILUVW�SURSRVHG�LQ�>&�@�>&�@�VKDUHV�WKH�VDPH�EDVLF

RSHUDWLRQ�SULQFLSOHV�DV�WKH�DFWLYH�FODPS�WHFKQLTXH�GHYHORSHG�LQ�VLQJOH�HQGHG�FRQYHUWHUV�

���������6RIW�7UDQVLWLRQ�7HFKQLTXH

+LVWRULFDOO\�� LW� KDV� EHHQ� NQRZQ� WKDW� UHVRQDQW� FRQYHUWHUV� KDYH� YHU\� ORZ� VZLWFKLQJ

ORVVHV�EHFDXVH�WKH�VZLWFKHV�FDQ�VZLWFK�XQGHU�HLWKHU�]HUR�YROWDJH�VZLWFKLQJ��=96���RU�]HUR�

FXUUHQW�VZLWFK� �=&6��� � 7KH� VKRUWFRPLQJV� RI� WKH� UHVRQDQW� FRQYHUWHUV�� PDLQO\� WKH� KLJK

FRQGXFWLRQ� ORVV�FRQQHFWHG�ZLWK�WKH�KLJK�HQHUJ\�FLUFXODWLRQ� LQ�WKHVH�FLUFXLWV�ZHUH�JUDGXDOO\

UHFRJQL]HG�ODWHU�RQ���>'��@�UHFRUGHG�WKH�WHFKQRORJLFDO�HYROXWLRQ�DORQJ�WKH�OLQH���,W�VHHPV�WKDW
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&KDSWHU����,QWURGXFWLRQ �

WKH�GHYHORSPHQWV�FXOPLQDWH� LQ�WKH�VR�FDOOHG�VRIW�WUDQVLWLRQ� WHFKQLTXHV��ZKLFK�FRPELQH� WKH

PHULWV�RI�ERWK�WKH�ORZ�VZLWFKLQJ�ORVV�DFKLHYDEOH�ZLWK�FRQYHQWLRQDO�UHVRQDQW�FRQYHUWHUV��DQG

WKH� ORZ� FRQGXFWLRQ� ORVV� DQG� GHYLFH� YROWDJH�FXUUHQW� UDWLQJ� RI� WKH� FRQYHQWLRQDO� 3:0

FRQYHUWHUV�

*HQHUDOO\� VSHDNLQJ�� WKH� VRIW�WUDQVLWLRQ� WHFKQLTXH� HQFRPSDVVHV� ]HUR�YROWDJH�

WUDQVLWLRQ��=97��DQG�]HUR�FXUUHQW�VZLWFKLQJ��=&7����+RZHYHU��PRVW�RI�WKH�ZRUN�VR�IDU�KDV

EHHQ� FRQFHQWUDWHG� RQ� =97� >'��@�>'��@� >'��@�>'��@�� PDLQO\� EHFDXVH� RI� LWV� FDSDELOLW\� WR

VXFFHVVIXOO\� DOOHYLDWH� WKH� QRWRULRXV� GLRGH� UHYHUVH� UHFRYHU\� SUREOHP� DQG� UHODWLYHO\� VLPSOH

LPSOHPHQWDWLRQ���7KH�=97�WHFKQLTXH�LQ�GF�GF�FRQYHUWHU�VHWWLQJ�ZDV�ILUVW�SURSRVHG�LQ�>'��@�

>'��@��DQG�WKHUH�ZHUH�DOVR�VRPH�SDUDOOHO�ZRUNV�LQ�WKH�WKUHH�SKDVH�SRZHU�FRQYHUVLRQ�VHWWLQJ

>&��@��$�PRGLILHG� YHUVLRQ�ZDV� SURSRVHG� LQ� >'��@�>'��@�� � ,W� EHORQJV� WR� WKH�PRUH� JHQHUDO

FDWHJRU\�RI�DFWLYH�WXUQ�RQ�VQXEEHU�>'��@��ZKLOH�WKH�=&7�WHFKQLTXH�>'��@�>'��@�EHORQJV�WR

WKH� FDWHJRU\� RI� DFWLYH� WXUQ�RII� VQXEEHU�� ZKLFK� LV� FORVHO\� UHODWHG� WR� WKH� SXOVH�� RU� IRUFHG�

FRPPXWDWLRQ� WHFKQLTXHV� GHYHORSHG� IRU� WK\ULVWRUV�� � 5HFHQWO\�� VRPH� WHFKQLTXHV� ZKLFK� FDQ

VROYH� ERWK� WKH� WXUQ�RQ� DQG� WXUQ�RII� SUREOHPV� ZHUH� UHSRUWHG�� VXFK� DV� WKDW� LQ� >'��@�

&RPSDUDWLYH�VWXG\�ZHUH�UHSRUWHG�LQ�>'��@�DQG�>'��@�IRU�DFWLYH�DQG�SDVVLYH�VQXEEHUV��DQG�LQ

>'��@�IRU�GLIIHUHQW�VRIW�VZLWFKLQJ�VFKHPHV�

���������3KDVH�6KLIW�&RQWUROOHG�=96�DQG�=9=&6�)XOO�%ULGJH�&RQYHUWHU

3KDVH�VKLIW�FRQWUROOHG�=96�IXOO�EULGJH�FRQYHUWHU�ZDV�ILUVW�SURSRVHG�LQGHSHQGHQWO\�LQ

>'��@��>'��@�>'��@��DQG�>'��@�LQ�WKH�HDUO\�����V���6LQFH�WKHQ��LW�KDV�EHFRPH�WKH�PRVW�ZLGHO\

XVHG�FLUFXLW�WRSRORJ\�IRU�LVRODWHG�KLJK�SRZHU�GF�GF�SRZHU�FRQYHUVLRQ���=96�IRU�WKH�SRZHU

VZLWFKHV� LV� DFKLHYHG� DOPRVW� IUHH�� L�H�� ZLWKRXW� DQ\� DGGLWLRQDO� FRPPXWDWLRQ� FRPSRQHQW

FRPSDUHG� LWV� KDUG�VZLWFKLQJ� IXOO�EULGJH� FRXQWHUSDUW�� DOWKRXJK� VRPHWLPHV�� WKH� OHDNDJH
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&KDSWHU����,QWURGXFWLRQ �

LQGXFWDQFH�RI�WKH�WUDQVIRUPHU�LV�LQWHQWLRQDOO\�HQODUJHG�WR�H[SDQG�WKH�=96�UDQJH�IRU�RQH�RI

WKH� WZR� FRQYHUWHU� OHJV�� XVXDOO\� FDOOHG� WKH� ODJJLQJ� OHJ�� � :LWK� WKLV� VFKHPH�� WKH� RWKHUZLVH

KDUPIXO� OHDNDJH�HQHUJ\� LV�VWRUHG� LQ�D�IUHHZKHHOLQJ�SDWK�RQ�WKH�SULPDU\�VLGH�GXULQJ� WKH�RII

GXW\�F\FOH��DQG� LV�XVHG� WR� UHDOL]H�=96� IRU� WKH� ODJJLQJ� OHJ� VZLWFKHV� DW� WKH�EHJLQQLQJ�RI� WKH

QH[W�DFWLYH�GXW\�F\FOH�� �=96�IRU�WKH� OHDGLQJ� OHJ�VZLWFKHV� LV�DFKLHYHG�ZLWK�WKH� ORDG�FXUUHQW�

:LWK�DOO�WKH�DFWLYH�VZLWFKHV�ZRUNLQJ�XQGHU�=96��HYHQ�WKH�VORZ�LQWHUQDO�GLRGH�RI�WKH�KLJK�

YROWDJH�026)(7� FDQ� EH� DGHTXDWHO\� XVHG�� �0DQ\� YDULDWLRQV� RI� WKH� RULJLQDO� VFKHPH� KDYH

VLQFH�EHHQ�SURSRVHG� WR� LPSURYH� WKH� SHUIRUPDQFH� RI� WKH� FLUFXLW�� �2QO\� VRPH�RI� WKHP� DUH

UHIHUUHG�LQ�>'��@�>'��@�

7KH�PDLQ�GLVDGYDQWDJHV�RI�WKH�RULJLQDO�FLUFXLW�LQFOXGHV��KLJK�IUHHZKHHOLQJ�ORVV�RI�WKH

SULPDU\�OHDNDJH�FXUUHQW��OLPLWHG�=96�UDQJH�IRU�WKH�ODJJLQJ�OHJ�VZLWFKHV��GXW\�F\FOH�ORVV�VHHQ

RQ�WKH�VHFRQGDU\�VLGH��DQG�HQHUJ\�IHHGEDFN�WR�WKH�VRXUFH���%HVLGHV��WKH�=96�UDQJH�IRU�WKH

OHDGLQJ� OHJ�VZLWFKHV� LV�XVXDOO\�QRW� D� FRQFHUQ�� VR�FDSDFLWLYH� VQXEEHU�FDQ�EH�XVHG� WR� UHGXFH

WKHLU�WXUQ�RII�ORVV���+RZHYHU��WKH�ODJJLQJ�OHJ�VZLWFKHV�KDYH�WR�WXUQ�RII�WKH�ORDG�FXUUHQW�XQGHU

KDUG�VZLWFKLQJ���7KLV�EHFRPHV�D�SDUWLFXODU�FRQFHUQ�LQ�KLJK�SRZHU�DSSOLFDWLRQV�ZKHUH�,*%7V

ZKLFK�KDYH�UHODWLYHO\�KLJK�WXUQ�RII�ORVV�DUH�IUHTXHQWO\�XVHG�

7KH�FODVV�RI�WKH�VR�FDOOHG�]HUR�YROWDJH��]HUR�FXUUHQW�VZLWFKLQJ��=9=&6��IXOO�EULGJH

FRQYHUWHUV� ZDV� SURSRVHG� WR� DOOHYLDWH� WKH� DERYH� SUREOHPV� UHODWHG� WR� WKH� =96� IXOO�EULGJH

FRQYHUWHUV���5HDOL]LQJ�WKDW�=96�IRU�WKH�ODJJLQJ�OHJ�LV�DQ\ZD\�GLIILFXOW�WR�DFKLHYH��WKH�=9=&6

VFKHPH�WULHV�WR�UHVHW�WKH�SULPDU\�OHDNDJH�FXUUHQW�GXULQJ�WKH�RII�RU�IUHHZKHHOLQJ�GXW\�F\FOH�

:LWK�WKH�OHDNDJH�FXUUHQW�UHVHW�WR�]HUR��WKH�ODJJLQJ�OHJ�VZLWFKHV�FDQ�EH�WXUQHG�RII�XQGHU�=&6�

ZKLOH�=96�IRU�WKH�OHDGLQJ�OHJ�VZLWFKHV�LV�NHSW�LQWDFW�
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&KDSWHU����,QWURGXFWLRQ �

7KH� ILUVW� VXFK� =9=&6� VFKHPH� XVHV� WKH� UHYHUVH� DYDODQFKH� FKDUDFWHULVWLFV� RI� WKH

,*%7V� WR� UHVHW� WKH� OHDNDJH�FXUUHQW� DW� WKH�H[SHQVH�RI�GLVVLSDWLQJ� WKH� OHDNDJH�HQHUJ\� LQ� WKH

DFWLYH� GHYLFHV� >'��@�� � $� VLPSOH� DQG� HIIHFWLYH� =9=&6� VFKHPH� ZDV� LQWURGXFHG� LQ� >'��@�

ZKHUH� RQO\� D� VPDOO� VDWXUDEOH� LQGXFWRU� DQG� D� VKUXQNHQ�EORFNLQJ� FDSDFLWRU� LV� XVHG� LQ� VHULHV

ZLWK� WKH� WUDQVIRUPHU�SULPDU\� WR� UHVHW� WKH� OHDNDJH� FXUUHQW�� �7KH� VFKHPH�KDV� UHFHQWO\� EHHQ

DGRSWHG�LQ�VHYHUDO�W\SLFDO�DSSOLFDWLRQV�>'��@�>'��@�>%�@�>%�@���6RPH�RWKHU�=9=&6�VFKHPHV

XVH� D� WHPSRUDU\� YROWDJH� UHIOHFWHG� IURP� WKH� VHFRQGDU\� VLGH�RI� WKH� WUDQVIRUPHU� WR� UHVHW� WKH

SULPDU\� IUHHZKHHOLQJ� FXUUHQW� >'��@�>'��@� >'��@�>'��@� >'��@�>'��@�� � 7KHVH� VFKHPHV� ZLOO

IXUWKHU�EH�GLVFXVVHG�LQ�&KDSWHU���IRU�SRWHQWLDO�DSSOLFDWLRQV�LQ�LVRODWHG�EXFN�UHFWLILHUV�

�������7KUHH�3KDVH�3)&�5HFWLILHU

���������1RQ�LVRODWHG�%XFN�5HFWLILHU

1RQ�LVRODWHG� WKUHH�SKDVH� EXFN� 3:0� UHFWLILHU�� RU� YROWDJH� VRXUFH� UHFWLILHU� �965��

UHIHUUHG�WR�DV�EXFN�UHFWLILHU�KHUHDIWHU��HYROYHG�GLUHFWO\�IURP�WKH�SKDVH�FRQWUROOHG�UHFWLILHU�WR

REWDLQ� EHWWHU� SRZHU� IDFWRU�� UHGXFH� KDUPRQLF� GLVWRUWLRQ�� UHGXFH� WKH� VL]H� DQG� FRVW� RI� WKH

ILOWHULQJ�FRPSRQHQWV��DQG� LPSURYH� WKH�G\QDPLF� UHVSRQVH�� �&RPSDUHG�ZLWK� WKH�GXDO� WKUHH�

SKDVH� ERRVW� UHFWLILHU�� LW� KDV� � PRUH� EHQLJQ� FRQWURO� FKDUDFWHULVWLFV�� LQKHUHQW� VKRRW�WKURXJK

FDSDELOLW\��DQG�HDV\�VRIW�VWDUW�FDSDELOLW\�� � ,QLWLDO� HIIRUWV�ZHUH�PDGH� WR�XVH� LW� LQ�KLJK�SRZHU�

PHGLXP�YROWDJH� W\SH� RI� DSSOLFDWLRQV�� VXFK� DV� VWDWLF� 9$5� FRPSHQVDWRU� >$��@�� DQG

UHFWLILHU�LQYHUWHU�V\VWHP�ZLWK�D�FXUUHQW�OLQN�>$�@���7KH�UHODWHG�FXUUHQW�VRXUFH�LQYHUWHU��&6,�

QRZ�EHFRPHV�DOPRVW�REVROHWH�EHFDXVH�RI�LWV�SHUIRUPDQFH�OLPLWDWLRQ�>$�@�

7KH� 3:0� FRQWUROOHG� EXFN� UHFWLILHU� DV� VKRZQ� LQ� )LJ�� ���� ZDV� ILUVW� LQWURGXFHG

VHSDUDWHO\� LQ� >$�@�>$�@� DQG� >+�@�� � $� WKUHH�VZLWFK� YHUVLRQ�ZDV� ILUVW� SURSRVHG� LQ� >$�@� DQG

>$��@� WR� UHGXFH� LPSOHPHQWDWLRQ� FRVW�� � ,WV� FXUUHQW�EL�GLUHFWLRQDO� YHUVLRQ�ZDV� LQWURGXFHG� LQ



+,*+�)5(48(1&<�48$6,�6,1*/(�67$*(��466��,62/$7('�$&�'&�$1'�'&�$&�32:(5�&219(56,21

&KDSWHU����,QWURGXFWLRQ �

>$�@�DQG�ZDV� ODWHU� VWXGLHG� LQ� >$��@�>$��@�� �$QRWKHU�FLUFXLW� WRSRORJ\�YDULDWLRQ�ZLWK�QHXWUDO

SRLQW�VZLWFKHG�ZDV�SUHVHQWHG�LQ�>$�@���$QRWKHU�YDULDWLRQ�ZLWK�RQO\�WZR�DFWLYH�VZLWFKHV�ZDV

SURSRVHG�LQ�>$��@���,QSXW�ILOWHU�GHVLJQ�FRQVLGHUDWLRQV�ZHUH�JLYHQ�LQ�>$��@�

'LIIHUHQW�FDUULHU�EDVHG�DQG�DOJRULWKP�EDVHG�3:0�VFKHPHV�KDYH�EHHQ�GHYHORSHG�WR

EHWWHU�FRQWURO�WKH�EXFN�UHFWLILHU�>$�@�>$�@�>$�@�>$�@�>$��@�>$��@�>$��@�>$��@�� �7KH�FXUUHQW

VSDFH� YHFWRU� PRGXODWLRQ� �690�� EDVHG� PRGXODWLRQ� VFKHPH� WRJHWKHU� ZLWK� WKH� PXOWLORRS

FRQWURO� ZDV� SURSRVHG� LQ� LWV� LQIDQW� GD\V� >$�@�� � &DUULHU�EDVHG� VL[�VWHS� 3:0� ZHUH� DOVR

SURSRVHG�ODWHU�>$�@�>$�@���,Q�>$��@�WZR�VDZ�WRRWK�FDUULHUV�ZHUH�XVHG�WR�UHSODFH�WKH�WULDQJXODU

FDUULHUV�WR�V\QFKURQL]H�WKH�VZLWFKLQJ�RI�WKH�UHFWLILHU�OHJV�WR�UHGXFH�WKH�VZLWFKLQJ�ORVV�
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)LJ��������7KUHH�SKDVH�EXFN�UHFWLILHU�

7KH� FRPSHQVDWLRQ� RI� WKH� LQSXW� GLVSODFHPHQW� IDFWRU� VHSDUDWH� FRQWURO� RI� RXWSXW

YROWDJH�ZHUH�ILUVW�DFKLHYHG�LQ�>$��@�DQG�ZHUH�DOVR�WKH�WRSLF�ODWHU�LQ�>$��@�>$��@��>$��@�DQG

>$��@���7KH�VPDOO�VLJQDO�PRGHO�RI�WKH�EXFN�UHFWLILHU�ZHUH�GHULYHG�LQ�G�T�FR�RUGLQDWH�V\VWHP

LQ�>$��@�>$��@���7KH�EHKDYLRU�RI�WKH�FRQYHUWHU�XQGHU�XQEDODQFHG�LQSXW�OLQH�FRQGLWLRQV�DQG

WKH�FRPSHQVDWLRQ�DOJRULWKP�ZHUH�H[WHQVLYHO\�VWXGLHG�>$��@�>$��@�>$��@�

6WDWH� IHHGEDFN�FRQWURO�ZDV�HPSOR\HG� WR�DFKLHYH�EHWWHU� LQSXW� ILOWHU� GDPSLQJ� >$��@�

>$��@� >$��@�� � $Q� LQSXW�RXWSXW� OLQHDUOL]DWLRQ� FRQWURO� ZDV� SURSRVHG� WR� UHPRYH� WKH� QRQ�

OLQHDULW\�RI�WKH�UHFWLILHU�V\VWHP�ZKHQ�XVHG�LQ�UHJHQHUDWLYH�DSSOLFDWLRQV�>$��@�
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&KDSWHU����,QWURGXFWLRQ ��

���������1RQ�,VRODWHG�%RRVW�5HFWLILHU

1RQ�LVRODWHG� WKUHH�SKDVH� ERRVW� UHFWLILHU�� UHIHUUHG� WR� DV� ERRVW� UHFWLILHU� KHUHDIWHU�� DV

VKRZQ�LQ�)LJ�������LV�WKH�FLUFXLW�GXDO�RI�WKH�EXFN�UHFWLILHU�>*�@���,W�LV�DOVR�FDOOHG�FXUUHQW�VRXUFH

UHFWLILHU��&65���DQG�LWV�EDVLF�FLUFXLW�WRSRORJ\�DQG�PRGXODWLRQ�WHFKQLTXH�DUH�H[DFWO\�WKH�VDPH

DV�WKH�ZLGHO\�XVHG�YROWDJH�VRXUFH�LQYHUWHU��96,����7KHUHIRUH��LW�LV�HYHQ�GLIILFXOW�WR�LGHQWLI\�WKH

HDUO\� ZRUN� WR� XVH� 96,V� DQG� ERRVW� UHFWLILHUV� WR� DFKLHYH� 3)&� IXQFWLRQ�� � ,Q� WRGD\
V� ORZHU�

YROWDJH��������9��GF�DF�FRQYHUVLRQ��96,V�DUH�SUHIHUUHG�WR�&6,V�LQ�PRVW�DSSOLFDWLRQV�EHFDXVH

RI�WKH�IROORZLQJ�UHDVRQV�>$��@��WKH�FDSDFLWLYH�GF�VWRUDJH�KDV�D�ORZHU�ZHLJKW��ORZHU�FRVW��DQG

KLJKHU�HIILFLHQF\�WKDQ�WKH�LQGXFWLYH�RQH��96,�PDWFKHV�WKH� LQGXFWLYH�FKDUDFWHULVWLFV�RI�PRVW

DF� ORDGV� ZLWKRXW� XVLQJ� RXWSXW� ILOWHU� FDSDFLWRUV�� DQWL�SDUDOOHO� GLRGHV� H[LVW� LQ� VRPH� DFWLYH

VZLWFKHV�GXH�WR�WKHLU�SK\VLFDO�VWUXFWXUHV�RU�DUH� LQFOXGHG� LQ�WKH�SDFNDJH�� WKHUH�DUH�QR�VHULHV

GLRGHV�ZLWK�WKH�DFWLYH�VZLWFKHV�IRU�96,V��OHDGLQJ�WR�ORZHU�FRQGXFWLRQ�ORVV�
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)LJ��������7KUHH�SKDVH�ERRVW�UHFWLILHU�

(DUO\� ZRUNV� VHHP� WR� DSSHDU� LQ� WKH� PLGGOH� WR� ODWHU� ����V�� ZKHQ� GLIIHUHQW� FXUUHQW

FRQWURO� VFKHPHV� IRU� WKH� ERRVW� UHFWLILHU�� LQFOXGLQJ� K\VWHUHVLV� FRQWURO� DQG� DYHUDJH� FXUUHQW

PRGH�FRQWURO�RU�SURSRUWLRQDO�LQWHJUDO��3,��FRQWURO��ZHUH�SURSRVHG�WR�VKDSH�WKH�LQSXW�FXUUHQW

VLQXVRLGDOO\�DQG�DFKLHYH�XQLW\�RU�FRQWUROODEOH�SRZHU� IDFWRU� >$��@�>$��@� >$��@�>$��@� >$��@�

1XPHURXV� 3:0� DOJRULWKPV� KDYH� EHHQ� GHYHORSHG� WR� FRQWURO� ERWK� WKH� 96,� DQG� ERRVW

UHFWLILHU�>*�@���LW�ZDV�UHDOL]HG�WKDW�WKH�VSDFH�YHFWRU�PRGXODWLRQ��690��RU�LWV�HTXLYDOHQW�VL[�
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&KDSWHU����,QWURGXFWLRQ ��

VWHS�3:0�VFKHPHV�DUH�JHQHUDOO\�DGYDQWDJHRXV�WKDQ� WKH�FDUULHU�EDVHG�PRGXODWLRQ�VFKHPHV

ZLWKRXW�RYHU�PRGXODWLRQ�

8QOLNH� 96,V� WKDW� QRUPDOO\� UHTXLUH� EL�GLUHFWLRQDO� HQHUJ\� IORZ� FDSDELOLW\� DQG� KDYH

ZLWQHVVHG�QR�FKDQJH�IRU�DW�OHDVW�KDOI�RI�D�FHQWXU\�LQ�FLUFXLW�WRSRORJ\��ERRVW�UHFWLILHUV�XVXDOO\

QHHG� WR� ZRUN� RQO\� LQ� XQLGLUHFWLRQDO� SRZHU� IORZ� ZLWK� QHDU� XQLW\� SRZHU� IDFWRU�� � ,Q� WKLV

FLUFXPVWDQFH��WKH�FLUFXLW�WRSRORJ\�FDQ�EH�VLPSOLILHG���6RPH�RI�WKHVH�FLUFXLW�YDULDWLRQV�ZHUH

IRXQG�LQ�>$��@�>$��@�DQG�>$��@���)XUWKHU�VLPSOLILFDWLRQ�RI�WKH�FLUFXLW�OHDGV�WR�WKH�JURXS�RI

WKH� VR�FDOOHG� VLQJOH�VZLWFK� WKUHH�SKDVH� ERRVW� UHFWLILHU� RSHUDWLQJ� LQ� GLVFRQWLQXRXV� PRGH

�'&0�� >$��@�>$��@� >$��@��ZKLFK� WKHRUHWLFDOO\� DEVRUEV�QRQ�VLQXVRLGDO� FXUUHQW� IURP� WKH� DF

PDLQV�

���������0DWUL[�&RQYHUWHU

0DWUL[� FRQYHUWHU�� RU� IRUFH�FRPPXWDWHG� F\FORFRQYHUWHU�� LV� FDSDEOH� RI� FRQYHUWLQJ� D

WKUHH�SKDVH� DF� YROWDJH� WR� DQRWKHU� WKUHH�SKDVH� DF�YROWDJH� RI� DQ\� IUHTXHQF\� GLUHFWO\�

$OWKRXJK� LW� LV� VWLOO� IDU� IURP� ZLGH�VSUHDG� DSSOLFDWLRQV�� XQDEDWHG� DFDGHPLF� LQWHUHVWV� RQ� LW

UHPDLQV���(DUO\�IXQGDPHQWDO�ZRUNV�RQ�PDWUL[�FRQYHUWHU�GDWHG�EDFN�WR�WKH�ODWHU�����V�>$��@�

>$��@�� � 6RPH� HTXLYDOHQW� DOWHUQDWLYH� WRSRORJLHV�ZLWK� YDULHG� SHUIRUPDQFH�ZHUH� SURSRVHG� LQ

>$��@�� � 'LIIHUHQW� PRGXODWLRQ� DQG� LPSOHPHQWDWLRQ� DVSHFWV� ZHUH� UHSRUWHG� LQ� >$��@�>$��@�

7KH�VSDFH�YHFWRU�PRGXODWLRQ�ZDV�LQWURGXFHG�WR�FRQWURO�WKH�PDWUL[�FRQYHUWHU�LQ�>$��@�>$��@�

5LJRURXV�GHULYDWLRQ� RI� WKH�PRGXODWLRQ� DOJRULWKP� WR� DFKLHYH� ERWK� SRZHU� IDFWRU� FRUUHFWLRQ

DQG� LQSXW�GLVSODFHPHQW�FRPSHQVDWLRQ�ZDV�DOVR�JLYHQ�� �7KH�PDWUL[� WKHRU\�ZDV�H[WHQGHG� WR

WKH�JHQHUDO�FDVH�ZLWK�DUELWUDU\�SKDVH�QXPEHUV�LQ�>$��@���,Q�>$��@��D�VPDOO�VLJQDO�PRGHO�RI�WKH

PDWUL[� FRQYHUWHU�ZDV�SUHVHQWHG��ZKLOH� DQ� DQDO\VLV� EDVHG� RQ� WKH�'\DGLF�PDWUL[� WKHRU\�ZDV

SURSRVHG�LQ�>��@�
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&KDSWHU����,QWURGXFWLRQ ��

���������,VRODWHG��0DWUL[��7KUHH�3KDVH�5HFWLILHU

(IIRUWV� KDYH� EHHQ� PDGH� WR� UHDOL]H� LQSXW� 3)&�� RXWSXW� UHJXODWLRQ�� DQG� HOHFWULFDO

LVRODWLRQ� LQ� D� VLQJOH�VWDJH�� � )RU� KLJK�SRZHU� DSSOLFDWLRQV�� V\PPHWULFDO� H[FLWDWLRQ� RI� WKH

LVRODWLRQ�WUDQVIRUPHU�LV�QRUPDOO\�SUHIHUUHG���,Q�WKLV�FDVH��WKH�RXWSXW�RI�WKH�UHFWLILHU�QHHGV�WR

EH�D�KLJK�IUHTXHQF\�DF�YROWDJH�RU�FXUUHQW���7KDW�LV��WKH�SULPDU\�FLUFXLW�RI�WKH�UHFWLILHU�QHHGV

WR�UHDOL]H�WKH�IXQFWLRQ�RI�D�WKUHH�SKDVH�WR�VLQJOH�SKDVH�F\FORFRQYHUWHU�RU�PDWUL[�FRQYHUWHU���

7KH� EXFN�GHULYHG� PDWUL[� UHFWLILHU�� DV� VKRZQ� LQ� )LJ�� ����D��� WRJHWKHU� ZLWK� WKH

DVVRFLDWHG�PRGXODWLRQ�VFKHPHV�ZDV�SURSRVHG�DORQJ�WKH�OLQH�LQ�>%�@�>%�@���,WV�=96�YHUVLRQ�

L�H��WKH�=96�LVRODWHG�EXFN�UHFWLILHU��ZDV�SURSRVHG�LQ�>%�@�>%�@�>+�@���7KH�FLUFXLW�LV�H[DFWO\�WKH

VDPH�DV�VKRZQ�LQ�)LJ������D����+RZHYHU��LW�UHDOL]HV�=96�WXUQ�RQ�IRU�DOO�WKH�SRZHU�GHYLFHV�LQ

WKH� VDPH� ZD\� DV� LQ� WKH� IDPLOLDU� SKDVH�VKLIW� FRQWUROOHG� =96� IXOO�EULGJH� GF�GF� FRQYHUWHU

>'��@�>'��@���)RU�ORZHU�YROWDJH�DQG�ORZHU�SRZHU�DSSOLFDWLRQV�ZKHUH�026)(7V�DUH�XVHG�DV

WKH�VZLWFKLQJ�GHYLFHV�SUHGRPLQDQWO\��WKH�LPSOHPHQWDWLRQ� LV�YHU\�UXJJHG�EHFDXVH�ZLWK�=96

WXUQ�RQ�� WKH� VORZ� LQWHUQDO� GLRGHV� RI� WKH�026)(7V� FDQ� EH� XWLOL]HG� VDIHO\�� � %XW� IRU� KLJK

SRZHU� DSSOLFDWLRQV�ZKHUH� GHYLFHV� VXFK� DV� ,*%7V� DQG�*72V� DUH� RI� SUDFWLFDO� FKRLFHV�� WKH

WXUQ�RII�ORVVHV�RI�WKH�SRZHU�VZLWFKHV�DUH�VWLOO�D�FRQFHUQ�

,W�VKRXOG�EH�PHQWLRQHG�WKDW�LQ�>%�@�D�TXDVL�VLQJOH�VWDJH�YHUVLRQ�RI�WKH�LVRODWHG�PDWUL[

UHFWLILHU� ZDV� VKRZQ� DV� WKH� IXQFWLRQDOO\� HTXLYDOHQW� FLUFXLW� FRQILJXUDWLRQ� RI� WKH� ODWWHU�

+RZHYHU�� WKH� DGYDQWDJHV� RI� WKDW� YHUVLRQ�� VXFK� DV� ORZHU� VZLWFKLQJ� ORVV� DQG� VRIW�VZLWFKLQJ

FDSDELOLW\��ZHUH�QRW�UHFRJQL]HG�

$Q� LQWHUHVWLQJ� LVRODWHG�EXFN�UHFWLILHU��ZKLFK� LQFRUSRUDWHV�RQO\� D� VL[�VZLWFK�FXUUHQW�

XQLGLUHFWLRQDO� EXFN� EULGJH�� ZDV� SUHVHQWHG� LQ� >%�@�� � 7KH� FLUFXLW� LV� UDGLFDOO\� VLPSOH�� DQG� LWV

RSHUDWLRQ� LV� EDVHG� RQ� WKH� WZR�VZLWFK� IRUZDUG� FRQYHUWHU�� � 7KHUHIRUH�� WKH� DFKLHYDEOH
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&KDSWHU����,QWURGXFWLRQ ��

PD[LPXP�GXW\�F\FOH�LV�OLPLWHG���7KLV��FRXSOHG�ZLWK�LWV�DV\PPHWULFDO�WUDQVIRUPHU�H[FLWDWLRQ�

PD\� OLPLW� LWV� XVHIXOQHVV� LQ� KLJK� SRZHU� DSSOLFDWLRQV�� � $Q� LVRODWHG� EXFN�ERRVW� RU� IO\EDFN

UHFWLILHU�DOVR�ZLWK�OLPLWHG�SRZHU�KDQGOLQJ�FDSDELOLW\�ZDV�SURSRVHG�LQ�>$��@�
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�E���,VRODWHG�ERRVW�UHFWLILHU�

)LJ��������7KUHH�SKDVH�LVRODWHG�EXFN��PDWUL[��3:0�UHFWLILHU�

(DUO\� WKLV� \HDU�� D� VLQJOH�VWDJH� LVRODWHG�EXFN� UHFWLILHU� FDOOHG�9LHQQD�5HFWLILHU� ,,,�ZDV

SURSRVHG�LQ�>%��@���,W�ZDV�GHULYHG�IURP�D�WKUHH�VZLWFK�EXFN�EULGJH�LQ�FDVFDGLQJ�ZLWK�D�IXOO�

EULGJH� GF�GF� FRQYHUWHU�� DQG� RQO\� ILYH� DFWLYH� VZLWFKHV� DUH� XVHG� LQ� WKH� ILQDO� LQWHJUDWHG

WRSRORJ\���:LWK�WKH�IXOO�EULGJH�W\SH�RI�VXE�FLUFXLW�WRSRORJ\�HOLPLQDWHG��WKH�FLUFXLW�LV�GLIILFXOW

WR� UHDOL]H� VRIW�VZLWFKLQJ�� DQG� WKH� OHDNDJH� HQHUJ\� WUDSSHG� LQ� WKH� WUDQVIRUPHU� SULPDU\� VLGH

GXULQJ�WKH�DFWLYH�GXW\�F\FOHV�ZLOO�FUHDWH�KLJK� WUDQVLHQW�YROWDJH�DFURVV� WKH�SULPDU\�VZLWFKHV�

%RWK� IDFWRUV� PD\� OLPLW� LWV� SRZHU� KDQGOLQJ� FDSDELOLW\�� � %HVLGHV�� WKH� 3:0� VFKHPH� VHHPV

XQQHFHVVDULO\�FRPSOLFDWHG�
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&KDSWHU����,QWURGXFWLRQ ��

7KH�LVRODWHG�ERRVW�UHFWLILHU�DV�VKRZQ�LQ�)LJ������E���WKH�FLUFXLW�GXDO�RI�WKH�WKUHH�SKDVH

LVRODWHG�EXFN�UHFWLILHU��ZDV�SURSRVHG�LQ�>%��@�>%��@���$�=&6�VFKHPH�IRU�LW�ZDV�JLYHQ�LQ�>+�@�

,WV�VLPSOLILHG�VLQJOH�SKDVH�YHUVLRQ�ZDV�SURSRVHG�LQ�>%�@�>%�@�DQG�>'�@���$�WKUHH�SKDVH�'&0

YHUVLRQ� ZDV� SUHVHQWHG� LQ� >'�@�� � $� QHZ� LQWHJUDWHG� YHUVLRQ� FDOOHG� 9LHQQD� 5HFWLILHU� ,,� ZDV

UHFHQWO\� LQWURGXFHG� LQ� >%��@�� � 7KH� LVRODWHG� ERRVW� UHFWLILHU� LV�� JHQHUDOO\� VSHDNLQJ�� QRW

ZRUWKZKLOH� WR�SXUVXH��HVSHFLDOO\� IRU�KLJKHU�DF�YROWDJH�DSSOLFDWLRQV��EHFDXVH� LW� VXIIHUV� IURP

KLJK�GHYLFH�YROWDJH�UDWLQJ�ZKHQ�WKH�OLQH�VLGH�DQG�RXWSXW�YROWDJH�UDQJHV�DUH�UHODWLYHO\�ODUJH��DV

LV�WKH�FDVH�IRU�W\SLFDO�WHOHFRPPXQLFDWLRQ�DQG�836�DSSOLFDWLRQV�ZKHUH�WKH�RXWSXW� LV�XVXDOO\

FRQQHFWHG�WR�D�EDWWHU\�EDQN�ZLWK�ODUJH�YROWDJH�IOXFWXDWLRQV���7KH�LQHYLWDEOH�WUDQVLHQW�YROWDJH

PDNHV� WKH� VLWXDWLRQ� HYHQ� ZRUVH�� � ,Q� WKH� FDVH� RI� WKH� LVRODWHG� PDWUL[� UHFWLILHU� YHUVLRQ�� D

FRPSOLFDWHG�EL�GLUHFWLRQDO�YROWDJH�FODPS�FLUFXLW�DFURVV� WKH�SULPDU\�ZLQGLQJ� LV�QHFHVVDU\� WR

VHFXUH�WKH�FLUFXLW�RSHUDWLRQ�

�������6RIW�6ZLWFKHG�7KUHH�3KDVH�3)&�5HFWLILHUV

���������6RIW�6ZLWFKHG�%XFN�5HFWLILHU

6R�IDU�RQO\�YHU\�OLPLWHG�VRIW�VZLWFKLQJ�WHFKQLTXHV�DUH�DYDLODEOH�IRU�QRQ�LVRODWHG�EXFN

UHFWLILHUV� >&��@� >+�@�� �7KH�PDLQ� UHDVRQ� IRU� WKDW� LV� WKRXJKW� WR� EH� DWWULEXWHG�PDLQO\� WR� WKH

VSHFLILF�VHULHV�FRQQHFWLRQ�RI�WKH�GLRGH�DQG�WKH�DFWLYH�VZLWFK�LQ�WKHLU�LPSOHPHQWDWLRQ��ZKLFK�

JHQHUDOO\� VSHDNLQJ�� SUHYHQW� WKH� H[HUFLVH� RI� DQDORJ\� RI� WKH� VRIW�VZLWFKLQJ� WHFKQLTXHV

GHYHORSHG�IRU�GF�GF�FRQYHUWHUV�

$� IHZ�VXFFHVVIXO� H[DPSOHV� DUH� WKH� VRIW�VZLWFKLQJ� WHFKQLTXHV� IRU� LVRODWHG�PDWUL[�RU

TXDVL�VLQJOH�VWDJH��466��EXFN�UHFWLILHUV�GHYHORSHG�UHFHQWO\�>%�@�>%�@�>%�@�>+�@��WKDQNV�WR�WKH

LQFRUSRUDWLRQ� RI� WKH� VRIW�VZLWFKLQJ� WHFKQLTXHV� GHYHORSHG� IRU� SKDVH�VKLIW�FRQWUROOHG� IXOO�

EULGJH�GF�GF�FRQYHUWHUV�
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&KDSWHU����,QWURGXFWLRQ ��

$PRQJ� WKH� IHZ� VRIW�VZLWFKLQJ� VFKHPHV� IRU� QRQ�LVRODWHG� EXFN� 3:0� UHFWLILHUV�� D

FRQWUROOHG�UHVRQDQW�WDQN�LV�SODFHG�RQ�WKH�GF�VLGH�LQ�WKH�VFKHPH�SURSRVHG�LQ�>&�@����:LWK�WKH

UHVRQDQW�LQGXFWRU�LQ�WKH�PDLQ�SRZHU�SDWK��WKH�GL�GW�RI�WKH�PDLQ�VZLWFK�FXUUHQWV�GXULQJ�ERWK

WXUQ�RQ� DQG� WXUQ�RII� LV� FRQWUROOHG�� DQG� WKH� UHYHUVH� UHFRYHU\� SUREOHP� RI� WKH� IUHHZKHHOLQJ

GLRGHV�DQG�VZLWFKHV�LV�DOVR�VROYHG���+RZHYHU��WKH\�DUH�DFKLHYHG�ZLWK�WKH�KHDY\�SHQDOW\�WKDW

DOO�WKH�GHYLFHV�LQ�WKH�FLUFXLW�QHHG�WR�VXVWDLQ�DW�OHDVW�WZLFH�WKH�YROWDJH�VHHQ�LQ�WKH�UHJXODU�KDUG�

VZLWFKHG�EXFN�UHFWLILHUV�

6LPLODU�VFKHPHV�SUHVHQWHG�LQ�>+�@�DQG�>&�@�XWLOL]H�DQ�DX[LOLDU\�EUDQFK�FRPSRVHG�RI

DQ� UHVRQDQW� LQGXFWRU� LQ� VHULHV�ZLWK� D� XQLGLUHFWLRQDO� VZLWFK� DOVR� DFURVV� WKH� GF� VLGH�� �=HUR�

YROWDJH�VZLWFKLQJ� �=96�� WXUQ�RQ� LV� DFKLHYHG� E\� UHYHUVLQJ� WKH� QRUPDOO\� SRVLWLYH� RXWSXW

YROWDJH�RI�WKH�EXFN�UHFWLILHU�EULGJH���7KHUHIRUH��LW�SUHYHQWV�WKH�XVH�RI�WKH�H[WUD�IUHHZKHHOLQJ

GLRGH�WR�UHGXFH�WKH�FRQGXFWLRQ�ORVV���$OVR��WKH�UHJXODU�3:0�VHTXHQFH�QHHGV�WR�EH�PRGLILHG

WR� FUHDWH� WKH� QHJDWLYH� RXWSXW� YROWDJH� DQG� H[WUD� WXUQ�RII� ORVVHV� KDSSHQ� LQ� WKH� UHFWLILHU

VZLWFKHV�� � (IIRUWV� ZHUH� PDGH� LQ� >&�@� WR� LPSURYH� WKH� SHUIRUPDQFH�� � %XW� WKH� GUDZEDFNV

PHQWLRQHG� DERYH� UHPDLQ�� � $� VR�FDOOHG� =&7� FRPPXWDWLRQ� FLUFXLW� IRU� EXFN� UHFWLILHUV� ZDV

UHFHQWO\� LQWURGXFHG��EXW� WKH�FRPSOH[LW\�RI� WKH�FLUFXLW� DQG� LWV�RSHUDWLRQ� LV� HYHQ�GLIILFXOW� WR

MXVWLI\�>&�@�

$� UHODWLYHO\�SURPLVLQJ�=97�EXFN� UHFWLILHU�ZDV�SURSRVHG� LQ� >+�@�� � ,Q� WKDW� VFKHPH�

RQH�=97�FHOO� SOXV� VRPH�JXLGLQJ�GLRGHV� FRQQHFWHG� WR� WKH�PLGGOH� SRLQW� RI� WKH� VZLWFK� DQG

GLRGH�FRQQHFWLRQ�LV�XVHG�IRU�HDFK�RI�WKH�XSSHU�DQG�ORZHU�KDOI�RI�WKH�EXFN�UHFWLILHU�EULGJH�

%\�GRLQJ�VR��=96� WXUQ�RQ�FDQ�EH�DFKLHYHG� IRU� WKH�EULGJH� VZLWFKHV��KRZHYHU�� D� WHPSRUDU\

RYHU�YROWDJH�UHVXOWLQJ�IURP�WKH�GLVFKDUJLQJ�RI�WKH�FRPPXWDWLRQ�LQGXFWRU�HQHUJ\�VWLOO�EXLOGV

XS�RQ�WKH�GF�VLGH�VLPSO\�EHFDXVH�WKH�EXFN�UHFWLILHU�LV�FXUUHQW�XQLGLUHFWLRQDO�
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&KDSWHU����,QWURGXFWLRQ ��

,W� FDQ�EH� FRQFOXGHG� WKDW� DOO� WKH� IHZ� VRIW�VZLWFKLQJ� VFKHPHV� IRU� QRQ�LVRODWHG� EXFN

UHFWLILHUV�SUHVHQW�VHYHUH�GUDZEDFNV��DQG�WKHLU�SUDFWLFDO�XVHIXOQHVV�LV�OLPLWHG�

���������6RIW�6ZLWFKHG�%RRVW�5HFWLILHU

,Q� WKH� SDVW� GHFDGH�� QXPHURXV� HIIRUWV� KDYH� EHHQ� GLUHFWHG� WR� WKH� VRIW�VZLWFKLQJ

WHFKQLTXHV�IRU�WKH�WKUHH�SKDVH�ERRVW�UHFWLILHU���7KHUH�DUH�WZR�PDMRU�UHDVRQV�EHKLQG�WKDW��WKDW

LV��LWV�FORVH�UHODWLRQVKLS�ZLWK�WKH�ZLGHO\�XVHG�YROWDJH�VRXUFH�LQYHUWHU�DQG�WKH�KLJK�VZLWFKLQJ

IUHTXHQF\� UHTXLUHPHQW� WR� DFKLHYH� EHWWHU� 3)&�� � $OPRVW� DOO� WKH� VRIW�VZLWFKLQJ� WHFKQLTXHV

GHYHORSHG�IRU�96,V�FDQ�EH�GLUHFWO\�XVHG�IRU�ERRVW�UHFWLILHUV�

7KH� VRIW�VZLWFKLQJ�� PRVWO\� =96�� WHFKQLTXHV� IRU� ERRVW� UHFWLILHUV� DQG� 96,V� FDQ� EH

GLYLGHG� LQWR�WZR�FDWHJRULHV�� �GF�VLGH�VRIW�VZLWFKLQJ�DQG�DF�VLGH�VRIW�VZLWFKLQJ�DFFRUGLQJ� WR

WKH�SRVLWLRQ�RI� WKH�DX[LOLDU\� FRPPXWDWLRQ�QHWZRUN�� �'&�VLGH� VRIW�VZLWFKLQJ� FLUFXLW� FDQ�EH

YLHZHG�DV�D�FRPPRQ�FRPPXWDWLRQ�FLUFXLW�IRU�DOO�WKH�EULGJH�VZLWFKHV�

)RU�ERRVW�UHFWLILHUV�DQG�96,V��WKH�GF�VLGH�LV�D�VWLII�YROWDJH�VRXUFH���7R�DFKLHYH�=96

IRU�WKH�PDLQ�EULGJH�VZLWFKHV��WKH�EULGJH�WHUPLQDO�YROWDJH�KDV�WR�FROODSVH�WR�]HUR�DW� OHDVW�DW

WKH�FRPPXWDWLRQ�RU�VZLWFKLQJ�LQVWDQWV���7KHUHIRUH��D�VHULHV�LPSHGDQFH�KDV�WR�EH�LQVHUWHG�WR

WHPSRUDULO\� GLVHQJDJH� WKH� EULGJH� WHUPLQDOV� IURP� WKH� YROWDJH� VRXUFH�� � 7KLV� LPSHGDQFH� LV

UHDOL]HG�ZLWK�D�UHVRQDQW� LQGXFWRU� LQ�UHVRQDQW�GF�OLQN�FRQYHUWHUV� >&�@�>&��@� >&��>�>&��@DQG

ZLWK�D�GLRGH�RU�D�VZLWFK�LQ�PDQ\�RWKHU�GF�VLGH�VRIW�WUDQVLWLRQ�FRQYHUWHUV�>&��@�>&��@�&��@�

>&��@�

$PRQJ� WKH� GF�VLGH� VRIW�VZLWFKLQJ� VFKHPHV�� WKH� UHVRQDQW� GF�OLQN� �5'&/�� DQG� WKH

VXEVHTXHQW�DFWLYH�FODPS�UHVRQDQW�GF�OLQN� �$&5'&/��FRQYHUWHUV�ZHUH� ILUVW�SURSRVHG� >&�@�

>&��@���7KH�$&5'&/�WHFKQLTXH�UHGXFHV�WKH�GF�OLQN�RU�GHYLFH�YROWDJH�VWUHVV�GRZQ�WR��������

WLPHV� IURP� ���� WLPHV� WKH� GF�VLGH� YROWDJH� ZLWK� WKH� 5'&/� WHFKQLTXH�� � +RZHYHU�� VHYHUDO
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&KDSWHU����,QWURGXFWLRQ ��

VHULRXV�SUREOHPV�XQGHUPLQH�LWV�SUDFWLFDO�YDOXHV�� �)LUVW��WKH�HIIHFWLYH�VZLWFKLQJ�IUHTXHQF\�RI

WKH�5'&/�RU�$&5'&/�FRQYHUWHU�RU�LWV�HTXLYDOHQW�3:0�IUHTXHQF\�LV�ORZ��XVXDOO\�OHVV�WKDQ

�����FRPSDUHG�ZLWK�WKH�DFWXDO�UHVRQDQW�RU�VZLWFKLQJ�IUHTXHQF\���$V�D�UHVXOW��WR�DFKLHYH�WKH

VDPH� TXDOLW\� RI� WKH� DF�VLGH� ZDYHIRUP� DQG� V\VWHP� EDQGZLGWK� DV� LWV� KDUG�VZLWFKHG

FRXQWHUSDUW�� LWV� VZLWFKLQJ� IUHTXHQF\� QHHGV� WR� EH� DW� OHDVW� �� WLPHV� KLJKHU�� � (YHQ� ZLWK� WKH

EHQHILW� RI� ORZHU� VZLWFKLQJ� ORVV� LQ� HDFK� VZLWFKLQJ� DFWLRQ�� WKLV� XVXDOO\� OHDGV� WR� HYHQ�SRRUHU

FRQYHUWHU� HIILFLHQF\� WKDQ� WKH� KDUG�VZLWFKHG� FRQYHUWHU� ZLWK� WKH� VDPH� HIIHFWLYH� VZLWFKLQJ

IUHTXHQF\���6HFRQG��SXOVH�GHQVLW\�PRGXODWLRQ�LV�XVXDOO\�XVHG�WR�FRQWURO�WKHVH�FRQYHUWHUV��DQG

WKLV� LQGXFHV� VXEKDUPRQLFV� RQ� WKH� DF�VLGH�ZDYHIRUPV�� � 7KLUG�� WKH� LQHYLWDEO\� KLJKHU� GHYLFH

YROWDJH�UDWLQJ�LV�D�OLPLWDWLRQ�LQ�FHUWDLQ�DSSOLFDWLRQV�

7R� RYHUFRPH� WKH� DIRUHPHQWLRQHG� SUREOHPV� DVVRFLDWHG� ZLWK� WKH� 5'&/� DQG

$&5'&/� WHFKQLTXHV��K\EULG�SXOVH�GHQVLW\� DQG�SXOVH�ZLGWK�PRGXODWLRQ�ZDV� WULHG� LQ� >&��@

DQG� >&��@�� � 7KH� UHDO� 3:0� VFKHPH� IRU� WKH� $&5'&/� FRQYHUWHU� ZLWK� VOLJKW� PDQLSXODWHG

WRSRORJ\� ZDV� ILUVW� SURSRVHG� LQ� >&��@�� ZKHUH� WKH� HIIHFWLYH� VZLWFKLQJ� IUHTXHQF\� DQG� WKH

UHVRQDQW� IUHTXHQF\� LV�PDGH� WKH� VDPH�� � %DVLFDOO\�� LW� FKDQJHV� WKH� FRQYHUWHU� LQWR� D� UHVRQDQW

WUDQVLWLRQ��RU�=97�W\SH�RI�FRQYHUWHU��VLPLODU�WR�DFWLYH�FODPS�GF�GF�FRQYHUWHUV�� �,W�ZDV�DOVR

UHDOL]HG�LQ�>&��@�WKDW�DV�D�JHQHUDO�UXOH��VSHFLILF�3:0�FRQWURO�VFKHPHV�KDYH�WR�EH�XVHG�IRU

VSHFLILF�FRQYHUWHU�WRSRORJLHV��HVSHFLDOO\�IRU�WKH�VRIW�VZLWFKHG�FRQYHUWHUV�

7R� IXUWKHU� UHGXFH� WKH�GHYLFH�YROWDJH� UDWLQJ�� WKH�SDUDOOHO� UHVRQDQW�GF�OLQN� �35'&/�

WHFKQLTXH�� DOVR� QDPHG� WKH� TXDVL� UHVRQDQW� GF�OLQN� �45'&/�� WHFKQLTXH�� ZDV� SURSRVHG

WKHUHDIWHU�>&��@�>&��@�>&��@�>&��@�>&��@���5HFRJQL]LQJ�WKDW�WKH�UHVRQDQW�FRPSRQHQWV�VKRXOG

QRW�EH�LQYROYHG�LQ�WKH�PDMRU�SRZHU�WUDQVIHU�SURFHVVHV�DQG�VKRXOG�RQO\�IXQFWLRQ�GXULQJ�WKH

VZLWFKLQJ�WUDQVLHQWV��WKH�UHVRQDQW�FRPSRQHQWV�ZHUH�VKLIWHG�WR�D�SDWK�LQ�SDUDOOHO�ZLWK�WKH�GF�

OLQN��DQG�DX[LOLDU\�VZLWFKHV�ZHUH�XVHG�WR�FRQWURO�WKH�UHVRQDQFH�VR�WKDW� LW�ZRXOG�RQO\�RFFXU
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&KDSWHU����,QWURGXFWLRQ ��

GXULQJ�WKH�VKRUW�VZLWFKLQJ�WUDQVLHQWV���,Q�WKLV�ZD\��WKH�EULGJH�GHYLFH�YROWDJH�VWUHVV�LV�UHGXFHG

WR� WKH� ORZHVW� SRVVLEOH� YDOXH��ZKLFK� LV� WKH� GF� VRXUFH� YROWDJH�� � /RWV� RI� WRSRORJ\� YDULDWLRQV

KDYH�EHHQ�SURSRVHG�XQGHU�GLIIHUHQW�QDPHV�VR�IDU���+RZHYHU��DOO�RI�WKHP�XVH�D�VHULHV�VZLWFK�

RU� GLRGH� LQ� WKH� UHFWLILHU� FDVH�� WR� EORFN� WKH� GF�VLGH� YROWDJH� VRXUFH� IURP� WKH� EULGJH�� � 7KLV

LQFXUV�KLJKHU�FRQGXFWLRQ�ORVV�LQ�WKH�FLUFXLW�ZKLFK�KDV�WR�EH�FRPSHQVDWHG�E\�WKH�UHGXFWLRQ�LQ

VZLWFKLQJ�ORVVHV�

$&�VLGH� VRIW�VZLWFKLQJ� WHFKQLTXHV� DUH� UHFHQWO\� XQGHU� LQWHQVLYH� UHVHDUFK� IRU� WKH

UHDVRQ�WKDW�VRIW�WUDQVLWLRQ�FDQ�EH�HDVLO\�DFKLHYHG�ZLWKRXW�DGGLQJ�VHULHV�HOHPHQW�LQ�WKH�PDLQ

SRZHU�SDWK��L�H��ZLWKRXW�LQFUHDVLQJ�WKH�YROWDJH�UDWLQJ�RI�WKH�PDLQ�VZLWFKHV�DQG�ZLWKRXW�H[WUD

FRQGXFWLRQ� ORVV� >&��@�>&��@�� � 7KLV� FDWHJRU\� LQFOXGHV� WKH� DX[LOLDU\� UHVRQDQW� FRPPXWDWLRQ

SROH� �$5&3�� FRQYHUWHU� ILUVW� SURSRVHG� LQ� >&��@�>&��@�� DQG� YDULRXV� =97� >&��@�>&��@� DQG

=&7� >'��@� VFKHPHV�� � 0RVW� RI� WKHVH� VFKHPHV� DUH� DQDORJRXV� WR� WKH� FRUUHVSRQGLQJ� VRIW�

VZLWFKLQJ�VFKHPHV�GHYHORSHG�ILUVW� LQ�GF�GF�FRQYHUWHUV�� �+RZHYHU�� LQ�WKUHH�SKDVH�FRQYHUWHU

FDVH�� WKH� VLWXDWLRQ� LV� FRPSOLFDWHG� E\� WKH� IDFW� WKDW� WKH� LQVWDQWDQHRXV� DF� YROWDJHV�� ZKLFK

FRUUHVSRQG� WR� WKH� GXW\�F\FOH� RI� WKH� VZLWFKHV�� DQG� FXUUHQWV� DUH� FRQVWDQWO\� FKDQJLQJ� DQG

DOWHUQDWLYH�� �6R�WKH�DX[LOLDU\�FRPPXWDWLRQ�FLUFXLWU\�LV�XVXDOO\�QRQ�WULYLDO� LQ�ERWK�FLUFXLW�DQG

FRQWURO� FRPSOH[LW\� DQG� FRVW�� ZKLOH� WKH� HIIHFW� PD\� QRW� EH� DV� FRQVSLFXRXV� DV� LQ� GF�GF

FRQYHUWHUV�

�������&KDUJH�&RQWURO

&KDUJH�FRQWURO�IRU�GF�GF�FRQYHUWHUV�ZDV�ILUVW�SURSRVHG�LQ�WKH�ODWH�����V�>)�@��DERXW

WKH�VDPH�WLPH�ZKHQ�SHDN�FXUUHQW�PRGH�FRQWURO�ZDV�LQWURGXFHG�>)�@�>)�@�DQG�LV�RQH�IRUP�RI

DYHUDJH� FXUUHQW�PRGH� FRQWURO� >)�@� >+�@�� � ,W� IHDWXUHV� D� UHVHWWDEOH� LQWHJUDWRU� WR� FRQWURO� WKH

DYHUDJH� YDOXH� RI� D� SXOVDWLQJ� FLUFXLW� YDULDEOH�� LQ� WKLV� FDVH� WKH� FKDUJH� IORZLQJ� WKURXJK� WKH
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&KDSWHU����,QWURGXFWLRQ ��

VZLWFK�RU�GLRGH��RQ�D�F\FOH�E\�F\FOH�EDVLV��VR�LW�FDQ�DOVR�EH�FDOOHG� LQVWDQWDQHRXV�DYHUDJH�FXUUHQW

FRQWURO�� � 7KH� RULJLQDO� PRWLYDWLRQ� WR� XVH� FKDUJH� FRQWURO� ZDV� WR� LPSURYH� WKH� G\QDPLF

SHUIRUPDQFH�DQG�LQFUHDVH�WKH�QRLVH�LPPXQLW\�LQ�KLJK�SRZHU�DSSOLFDWLRQV�>)�@�UHVXOWLQJ�IURP

WKH� DYHUDJLQJ� HIIHFW� RI� WKH� LQWHJUDWRU�� � 7KH� FRQFHSW� LV� DOVR� IRXQG� LQ� >)�@�� � 'XH� WR� LWV

FDSDELOLW\� WR� FRQWURO� WKH� FKDUJH�RU� DYHUDJH� FXUUHQW�� LW� KDV�EHHQ� VXFFHVVIXOO\� DSSOLHG� WR� WKH

FDVHV� ZKHUH� RWKHU� FXUUHQW�PRGH� FRQWUROV� IDLO� WR� IXQFWLRQ� RU� KDYH� VHYHUH� SHUIRUPDQFH

OLPLWDWLRQV�� VXFK� DV� VLQJOH�SKDVH� EXFN�ERRVW� RU� IO\EDFN� 3)&� FRQYHUWHUV� UXQQLQJ� LQ

FRQWLQXRXV�FXUUHQW�PRGH��&&0��>)�@�>)�@��DQG�PXOWL�UHVRQDQW�GF�GF�FRQYHUWHUV�>+�@���7KH

FRPSOHWH� VPDOO�VLJQDO�PRGHO� DQG� GHVLJQ� JXLGHOLQHV� RI� FKDUJH� FRQWURO� IRU� GF�GF� FRQYHUWHUV

ZHUH� GHULYHG� LQ� >)�@� DQG� >+�@�� DQG� DQ� DOWHUQDWLYH� PRGHO� ZLWK� WKH� FRQFHSW� RI� FKDUJH

FRQWUROOHG�VZLWFK�ZDV�JLYHQ�LQ�>)��@�

6R�IDU�QR�HIIRUW�KDV�EHHQ�UHSRUWHG�WRZDUG�WKH�H[WHQVLRQ�RI�WKH�EDVLF�FKDUJH�FRQWURO

FRQFHSW�WR�WKH�FRQWURO�RI�WKUHH�SKDVH�3)&�UHFWLILHUV�

�����2XWOLQH�RI�WKH�'LVVHUWDWLRQ

7KH�PDLQ�UHVXOWV�DQG�FRQWULEXWLRQV�RI�WKH�GLVVHUWDWLRQ�DUH�RXWOLQHG�DV�IROORZV�

&KDSWHU� ��� � 7KH� JHQHUDO� WRSRORJLFDO� FRQFHSW� RI� TXDVL�VLQJOH�VWDJH� �466�� LVRODWHG

SRZHU�FRQYHUVLRQ�LV�LQWURGXFHG�DQG�GHILQHG�IROORZLQJ�DQ�LOOXVWUDWLYH�H[DPSOH�RI�D�FDVFDGHG

WKUHH�SKDVH�EXFN�UHFWLILHU���7KH�SUHOLPLQDULHV�DQG�VRIW�VZLWFKLQJ�LVVXHV�RI�WKH�EXFN�UHFWLILHU

DUH�DOVR�DGHTXDWHO\�H[SRVHG�WR�IDFLOLWDWH�WKH�GLVFXVVLRQV�LQ�WKH�ODWHU�FKDSWHUV���7KH�IDPLO\�RI

466� SRZHU� FRQYHUWHUV� IHDWXUH� VLQJOH�VWDJH� SRZHU� SURFHVVLQJ� ZLWKRXW� D� GF�OLQN� ORZ�SDVV

ILOWHU��D�XQLGLUHFWLRQDO�SXOVDWLQJ�GF�OLQN�YROWDJH��VRIW�VZLWFKLQJ�FDSDELOLW\�ZLWK�PLQLPDO�H[WUD

FRPPXWDWLRQ�FLUFXLWU\��VLPSOH�3:0�FRQWURO��DQG�KLJK�HIILFLHQF\�DQG�UHOLDELOLW\���6RPH�RWKHU
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&KDSWHU����,QWURGXFWLRQ ��

QRQ�LVRODWHG�466�SRZHU�FRQYHUVLRQ�H[DPSOHV�LQFOXGLQJ�96,�&65��DQG�PDWUL[�FRQYHUWHU�DUH

JLYHQ�

&KDSWHU���� �$�QHZ�VRIW�VZLWFKHG� VLQJOH�SKDVH�TXDVL�VLQJOH�VWDJH� �466��EL�GLUHFWLRQDO

LQYHUWHU�UHFWLILHU��FKDUJHU��WRSRORJ\�LV�GHULYHG�EDVHG�RQ�WKH�466�SRZHU�FRQYHUVLRQ�FRQFHSW

HODERUDWHG� LQ� &KDSWHU� ��� � ,W� LV� IXQFWLRQDOO\� HTXLYDOHQW� WR� WKH� VLQJOH�VWDJH�� F\FORFRQYHUWHU�

EDVHG�WRSRORJ\��\HW�SHUIRUPDQFH�ZLVH��VXSHULRU�WR�WKH�ODWWHU���$�VLPSOH�DFWLYH�YROWDJH�FODPS

EUDQFK� LV� XVHG� WR� FODPS� WKH� RWKHUZLVH� KLJK� WUDQVLHQW� YROWDJH� RQ� WKH� FXUUHQW�IHG� DF� VLGH�

ZKLFK�LV�FDXVHG�E\�WKH�XQDYRLGDEOH�OHDNDJH�LQGXFWDQFH�RI�WKH�WUDQVIRUPHU��DQG�DW�WKH�VDPH

WLPH�� WR� DFKLHYH�=96� IRU� WKH� VZLWFKHV� LQ� WKH� RXWSXW� VLGH� EULGJH�� � 6HDPOHVV� IRXU�TXDGUDQW

RSHUDWLRQ�LQ�WKH�LQYHUWHU�PRGH��DQG�UHFWLILHU�RSHUDWLRQ�ZLWK�XQLW\�SRZHU�IDFWRU�LQ�WKH�FKDUJHU

�UHFWLILHU��PRGH�LV�UHDOL]HG�ZLWK�WKH�SURSRVHG�XQL�SRODU�FHQWHU�DOLJQHG�3:0�VFKHPH���6LQJOH�

VWDJH� SRZHU� FRQYHUVLRQ�� VWDQGDUG� KDOI�EULGJH� FRQQHFWLRQ� RI� GHYLFHV�� VRIW�VZLWFKLQJ� IRU� DOO

WKH� SRZHU� GHYLFHV�� ORZ� FRQGXFWLRQ� ORVV�� VLPSOH� FHQWHU�DOLJQHG� 3:0� FRQWURO�� DQG� KLJK

UHOLDELOLW\�DQG�HIILFLHQF\�DUH�DPRQJ�LWV�VDOLHQW�IHDWXUHV���([SHULPHQWDO�UHVXOWV�RQ�D���N9$�EL�

GLUHFWLRQDO�LQYHUWHU�UHFWLILHU�SURWRW\SH�YDOLGDWH�WKH�UHOLDEOH�RSHUDWLRQ�RI�WKH�FLUFXLW�

7KH�SURSRVHG�EDVLF�466�LQYHUWHU�UHFWLILHU�WRSRORJ\�FDQ�DOVR�EH�H[WHQGHG�WR�LQFOXGH

RWKHU�VLQJOH�SKDVH�WRSRORJLHV��VXFK�DV�WKH�LQYHUWHU�UHFWLILHU�ZLWK�D�IXOO�EULGJH�SULPDU\�FLUFXLW�

DQG�WKH�WKUHH�SKDVH�EL�GLUHFWLRQDO�LQYHUWHU�UHFWLILHU���,Q�WKH�WKUHH�SKDVH�FDVH��D�466�LVRODWHG

WKUHH�SKDVH�=96�ERRVW�UHFWLILHU�FDQ�EH�HDVLO\�REWDLQHG�E\�UHSODFLQJ�WKH�GF�VLGH�VZLWFKHV�ZLWK

GLRGH�UHFWLILHUV�LQ�WKH�EL�GLUHFWLRQDO�WRSRORJ\�

7KH�FLUFXLWV�LQ�WKLV�IDPLO\�DOO�LQYROYH�WKH�LVRODWHG�ERRVW�RSHUDWLRQ�ZKHQ�WKH�SRZHU�LV

HQIRUFHG�WR�IORZ�IURP�WKH�FXUUHQW�IHG�VLGH�WR�WKH�YROWDJH�IHG�VLGH���$OWKRXJK�ZLWK�D�VLPSOH

DFWLYH�YROWDJH�FODPS�EUDQFK��WKH�WUDQVLHQW�YROWDJH�FDQ�EH�HIIHFWLYHO\�VXSSUHVVHG�WKHRUHWLFDOO\�
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&KDSWHU����,QWURGXFWLRQ ��

WKH�YROWDJH�RYHUKHDG�QHFHVVDU\�RQ�WKH�FODPS�FDSDFLWRU��DQG�WKH�WUDQVLHQW�YROWDJH�LQGXFHG�E\

WKH� SDUDVLWLF� LQGXFWDQFH� LQ� WKH� OD\RXW�PD\� OLPLW� WKHLU� DSSOLFDWLRQV� LQ� KLJK�YROWDJH� RII�OLQH

DSSOLFDWLRQV��H�J��LQ�WKH�FDVH�RI�D�����9�WKUHH�SKDVH�DF�VXSSO\�

&KDSWHU���� �$�QHZ�466� LVRODWHG� WKUHH�SKDVH�=9=&6�EXFN�3:0�UHFWLILHU� IRU�KLJK�

SRZHU�RII�OLQH�DSSOLFDWLRQV�LV�SURSRVHG���,W�FRQVLVWV�RI�D�WKUHH�SKDVH�EXFN�EULGJH�VZLWFKLQJ

XQGHU� ]HUR� FXUUHQW� DQG� D� SKDVH�VKLIW�FRQWUROOHG� IXOO�EULGJH� ZLWK� =9=&6�� ZKLOH� QR

LQWHUPHGLDWH�GF�OLQN�LV�LQYROYHG���,QSXW�SRZHU�DQG�GLVSODFHPHQW�IDFWRU�FRQWURO��LQSXW�FXUUHQW

VKDSLQJ�� WLJKW� RXWSXW� YROWDJH� UHJXODWLRQ�� KLJK�IUHTXHQF\� WUDQVIRUPHU� LVRODWLRQ�� DQG� VRIW�

VZLWFKLQJ�IRU�DOO�WKH�SRZHU�GHYLFHV�DUH�UHDOL]HG�LQ�D�XQLILHG�VLQJOH�VWDJH���%HFDXVH�RI�=9=&6

RSHUDWLRQ��LW�FDQ�ZRUN�DW�KLJK�VZLWFKLQJ�IUHTXHQF\�ZKLOH�PDLQWDLQLQJ�UHOLDEOH�RSHUDWLRQ�DQG

DFKLHYLQJ�KLJKHU�HIILFLHQF\�WKDQ�WKDW�ZLWK�VWDQGDUG�WZR�VWDJH�DSSURDFKHV�

7KH� JHQHUDO� WRSRORJLFDO� FRQFHSW� RI� =9=&6� IXOO�EULGJH� GF�GF� FRQYHUWHUV� LV� DOVR

LQWURGXFHG��DQG�SRVVLEOH�LPSOHPHQWDWLRQV�VXPPDUL]HG���7KH�FRQFHSW�LV�WKHQ�H[WHQGHG�WR�WKH

FDVH�RI�466�LVRODWHG�WKUHH�SKDVH�EXFN�3:0�UHFWLILHU�WR�REWDLQ�D�IDPLO\�RI�LVRODWHG�=9=&6

EXFN� UHFWLILHUV�� � 7KH� FLUFXLWV� LQ� WKH� IDPLO\� DOO� IHDWXUH� D� SXOVDWLQJ� GF�OLQN�� K\EULG� =9=&6

RSHUDWLRQ��JOREDO�VRIW�VZLWFKLQJ�FDSDELOLW\��DQG�UHODWLYHO\�VLPSOH�LPSOHPHQWDWLRQ���6LPXODWLRQ

UHVXOWV�YDOLGDWH�WKH�SULQFLSOHV�RI�RSHUDWLRQ�RI�WKHVH�FLUFXLW�WRSRORJLHV�

&KDSWHU�����7KH�FRQFHSW�RI�FKDUJH�FRQWURO��RU�LQVWDQWDQHRXV�DYHUDJH�FXUUHQW�FRQWURO�

RI� WKUHH�SKDVH�EXFN�3:0�UHFWLILHUV� LV� LQWURGXFHG�� � ,W� FRQWUROV� SUHFLVHO\� WKH� DYHUDJH� LQSXW

SKDVH�FXUUHQWV�WR�WUDFN�WKH�LQSXW�SKDVH�YROWDJHV�E\�VHQVLQJ�DQG� LQWHJUDWLQJ�RQO\�WKH�GF�UDLO

FXUUHQW��UHDOL]HV�VL[�VWHS�3:0��DQG�IHDWXUHV�VLPSOH�LPSOHPHQWDWLRQ��IDVW�G\QDPLF�UHVSRQVH�

H[FHOOHQW�QRLVH� LPPXQLW\��DQG� LV�HDV\�WR�UHDOL]H�ZLWK�DQDORJ�FLUFXLWU\�RU�WR� � LQWHJUDWH�� �2QH

SDUWLFXODU�PHULW�RI� WKH�VFKHPH�LV� LWV�FDSDELOLW\� WR�FRUUHFW�DQ\�GXW\�F\FOH�GLVWRUWLRQ� LQFXUUHG
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&KDSWHU����,QWURGXFWLRQ ��

RQ�RQO\�RQH�RI�WKH�WZR�GXW\�F\FOHV�ZKLFK�RIWHQ�KDSSHQV�LQ�WKH�VRIW�VZLWFKHG�EXFN�UHFWLILHU

WRSRORJLHV�EHFDXVH�RI�WKH�LQWHUYHQWLRQ�RI�WKH�VRIW�VZLWFKLQJ�DFWLRQ���$QRWKHU�PHULW�ZLWK�WKLV

VFKHPH�ZKLFK� LV�SUDFWLFDOO\� LPSRUWDQW� LV� WKH�VPRRWK�WUDQVLWLRQ�RI�WKH� LQSXW�FXUUHQWV� LQ� WKH

��R�VHFWRU�ERXQGDULHV�EHFDXVH�WKH�FKDUJH�FRQWUROOHU�LV�DOZD\V�UHVHW�LQ�HYHU\�VZLWFKLQJ�F\FOH�

7KH� FRQFHSW�� LPSOHPHQWDWLRQ�� DQG� GHVLJQ� JXLGHOLQHV� DUH� DGGUHVVHG�� � 6LPXODWLRQ� DQG

SUHOLPLQDU\� H[SHULPHQWDO� UHVXOWV� VKRZ� WKDW� VPRRWK� RSHUDWLRQV� DQG� KLJK� TXDOLW\� VLQXVRLGDO

LQSXW�FXUUHQWV�LQ�WKH�IXOO� OLQH�F\FOH�FDQ�EH�DFKLHYHG���7KH�SURSRVHG�FRQWURO�VFKHPH�FDQ�EH

HDVLO\�H[WHQGHG�WR�UHDOL]H�GLIIHUHQW�3:0�SDWWHUQV��DQG�WR�FRQWURO�YDULRXV�WKUHH�SKDVH�EXFN

UHFWLILHU�EDVHG�V\VWHPV�


