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7KHRUHWLFDOO\��WKH�LQSXW�SKDVH�FXUUHQWV�RI�D�EXFN�UHFWLILHU�FDQ�EH�VKDSHG�VLQXVRLGDOO\

MXVW�E\�WKH�VHQVLQJ�RI�WKH� LQSXW�SKDVH�YROWDJHV�DQG� LWV�DYHUDJH�RXWSXW�YROWDJH� UHJXODWHG�E\

WKH�YROWDJH�PRGH�FRQWURO���+RZHYHU��VRPH�IRUPV�RI�FXUUHQW�PRGH�FRQWURO� LV�VWLOO�SUHIHUUHG

IRU�YDULRXV�UHDVRQV���$V�LQ�GF�GF�FRQYHUWHUV��FXUUHQW�PRGH�FRQWURO�FDQ�DFKLHYH�IDVWHU�V\VWHP

G\QDPLFV�DQG�EHWWHU�V\VWHP�GDPSLQJ���,W�DOVR�IDFLOLWDWHV�WKH�LPSOHPHQWDWLRQ�RI�RYHU�FXUUHQW

SURWHFWLRQ�DQG�PXOWL�FRQYHUWHU�SDUDOOHOLQJ�

$V�GLVFORVHG�LQ�&KDSWHUV���IRU�WKH�QRQ�LVRODWHG�FDVH�DQG�LQ�&KDSWHU���IRU�WKH�LVRODWHG

FDVH��D�SDUWLFXODU�SUREOHP�RI�GXW\�F\FOH�GLVWRUWLRQ�DULVHV�LQ�WKH�VRIW�VZLWFKHG�EXFN�UHFWLILHUV�

,Q�WKHVH�FDVHV��WKH�GXW\�F\FOH�GLVWRUWLRQ�LV�LQFXUUHG�RQ�RQO\�RQH�RI�WKH�WZR�DFWLYH�GXW\�F\FOHV

LQ�D�VZLWFKLQJ�F\FOH�EHFDXVH�RI�WKH�LQWHUYHQWLRQ�RI�WKH�VRIW�VZLWFKLQJ�DFWLRQ���:LWK�WKH�DFWLYH

SKDVHV�URWDWH�ZLWK�WKH���R�VHFWRUV�RI�WKH�LQSXW�YROWDJHV��WKH�GXW\�F\FOH�GLVWRUWLRQ�DOVR�RFFXUV

RQ� GLIIHUHQW� SKDVHV�� DQG� FDXVHV� LQSXW� FXUUHQWV� WR� GHYLDWH� IURP� WKHLU� VLQXVRLGDO� IRUP�

LQFUHDVLQJ� RXWSXW� YROWDJH� ULSSOH� DQG� GHWHULRUDWLQJ� WKH� UHFWLILHU� SHUIRUPDQFH�� � +HQFH�� D

FRQWURO�VFKHPH�ZLWK�WKH�FDSDELOLW\�WR�DFFXUDWHO\�FRQWURO�WKH�DYHUDJH�FXUUHQW�RI�HDFK�SKDVH�LV

QHHGHG�WR�FRXQWHU�WKLV�NLQG�RI�GXW\�F\FOH�GLVWRUWLRQV���7KLV�OHDGV�WR�WKH�WKLQNLQJ�RI�UHVRUWLQJ

WR� WKH� DYHUDJH� FXUUHQW�PRGH� FRQWURO� ZKLFK� LV� ZLGHO\� XVHG� LQ� WKH� FRQWURO� RI� YDULRXV� 3)&

FLUFXLWV�

$V�VKRZQ�LQ�)LJ�������YDULRXV�FXUUHQWV�LQ�WKH�EXFN�UHFWLILHU�DUH�DYDLODEOH�WR�LPSOHPHQW

FXUUHQW�PRGH�FRQWURO���7KH�PRVW�SRSXODU�ZD\�LV�WR�VHQVH�WKH�GF�VLGH�LQGXFWRU�FXUUHQW�,G�WR

LPSOHPHQW�DYHUDJH�FXUUHQW�PRGH�RU�3,�FRQWURO�>$�@�>$��@�>$��@���$Q�DSSDUHQW�VKRUWFRPLQJ

RI�WKLV�VFKHPH�LV�WKDW�RQO\�WKH�DYHUDJH�RXWSXW�ILOWHU�LQGXFWRU�FXUUHQW�LV�FRQWUROOHG��ZKLOH�WKH

LQSXW�SKDVH� FXUUHQWV�PD\� VWLOO� FRQWDLQ� GLVWRUWLRQV� DULVLQJ� IURP�� IRU� H[DPSOH�� WKH� VZLWFKLQJ

IUHTXHQF\� ULSSOH� RI� WKH� LQGXFWRU� FXUUHQW�� � %DVLFDOO\�� WKH� WZR� DFWLYH� GXW\�F\FOHV� DUH� VWLOO

JHQHUDWHG� GLUHFWO\� IURP� D� FRPPRQ� PRGXODWLRQ� LQGH[� ZKLFK� LV� LQ� WXUQ� GHULYHG� IURP� WKH
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FRQWURO� ORRSV�� �7KHUHIRUH�� LW� IDOOV�VKRUW� WR�FRUUHFW� WKH�GLVWRUWLRQV� LQ� WKH�VRIW�VZLWFKHG�EXFN

UHFWLILHUV�

'63�EDVHG�DOJRULWKPV�FDQ�EH�D�ZD\�WR�WDFNOH�WKH�SUREOHP�� �+RZHYHU��FRQVLGHUDEOH

FRQWURO�KDUGZDUH�UHVRXUFHV�DQG�VRIWZDUH�HIIRUWV�DUH�QHFHVVDU\���,W�LV�DOVR�SUDFWLFDOO\�GLIILFXOW

WR�UHILQH�WKH�DOJRULWKP�WR�FRYHU�WKH�ZKROH�RSHUDWLQJ�PDQLIROG�RI�D�SUDFWLFDO�UHFWLILHU�V\VWHP

>%�@�

,W� KDV� EHHQ� NQRZQ� WKDW� FKDUJH� FRQWURO� RU� LQVWDQWDQHRXV� DYHUDJH� FXUUHQW� PRGH� FRQWURO� LV

VXLWDEOH�WR�FRQWURO�WKH�DYHUDJH�YDOXH�RI�D�XQLGLUHFWLRQDO�FXUUHQW�ZLWK�DQ\�VKDSH��HVSHFLDOO\�D

SXOVDWLQJ�FXUUHQW�ZKHUH�RWKHU�FXUUHQW�PRGH�FRQWUROV�HLWKHU�IDLO�RU�EHKDYH�SRRUO\�>)�@�>)��@�

)RU� WKDW� UHDVRQ�� LW� DSSHDUV� DQ� LGHDO� FDQGLGDWH� WR� WKH� SUREOHPV� DVVRFLDWHG� ZLWK� WKH� VRIW�

VZLWFKHG�EXFN�UHFWLILHUV�DQG�LV�DOVR�SRVVLEOH�WR�SURYLGH�D�UDWKHU�JHQHULF�DQG�ORZ�FRVW�FRQWURO

PHDQV�IRU�DQ\�EXFN�RU�EXFN�GHULYHG�UHFWLILHU�V\VWHP���%HFDXVH�WKH�FKDUJHU�FRQWUROOHU�LV�UHVHW

LQ�HYHU\�VZLWFKLQJ�F\FOH��LW�LV�HDV\�WR�JXDUDQWHH�WKH�VPRRWK�WUDQVLWLRQ�EHWZHHQ�WKH���R�VHFWRU

ERXQGDULHV�RI�WKH�LQSXW�SKDVH�YROWDJHV�

,Q� WKLV� FKDSWHU�� WKH� EDVLF� FRQFHSW� RI� WKH� FKDUJH� FRQWURO� IRU� GF�GF� FRQYHUWHUV� LV

H[WHQGHG�WR�WKH�FRQWURO�RI�WKUHH�SKDVH�EXFN�3:0�UHFWLILHUV���7KH�UHVXOWLQJ�VFKHPH�GLUHFWO\

VKDSHV� WKH� LQGLYLGXDO� LQSXW� SKDVH� FXUUHQW� WR� WUDFN� WKH� FRUUHVSRQGLQJ� LQSXW� SKDVH� YROWDJH�

UHDOL]HV�VL[�VWHS�3:0��DQG�LV�YHU\�VLPSOH�WR�LPSOHPHQW�DQG�HDV\�WR�LQWHJUDWH�� �7KH�FRQWURO

VFKHPH�IRU�D�QRQ�LVRODWHG�EXFN�UHFWLILHU�LV�GHYHORSHG�LQ�6HFWLRQ������WKH�LPSOHPHQWDWLRQ�DQG

GHVLJQ� JXLGHOLQHV� DUH� GLVFXVVHG� LQ� 6HFWLRQ� ����� WKH� VLPXODWLRQ� DQG� H[SHULPHQWDO� UHVXOWV� DUH

JLYHQ� LQ� 6HFWLRQ� ����� DQG� 6HFWLRQ� ���� LV� GHYRWHG� WR� WKH� H[WHQVLRQ� RI� WKH� VFKHPH� WR� RWKHU

EXFN�GHULYHG�UHFWLILHU�V\VWHPV�
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�����&RQFHSW�RI�&KDUJH�&RQWURO�RI�7KUHH�3KDVH�3:0�5HFWLILHUV

�������&KDUJH�&RQWURO�RI�GF�GF�&RQYHUWHUV�>)�@�>)�@�>)�@�>)�@

7KH�EDVLF�FRQFHSW�RI�FKDUJH�FRQWURO�IRU�GF�GF�FRQYHUWHUV�LV�LOOXVWUDWHG�LQ�)LJ������IRU

WKH�FDVH�RI�D�VLPSOH�EXFN�FRQYHUWHU���7KH�FKDUJH�FRQWUROOHU�FRQVLVWV�RI�D�UHVHWWDEOH�LQWHJUDWRU�

D�3:0�FORFN�ZKLFK�JLYHV�RXW�D�IL[HG�IUHTXHQF\�VLJQDO��&ON��D�FRPSDUDWRU�&RPS��DQG�D�56

UHJLVWHU�56�LQ�)LJ������E����7KHRUHWLFDOO\��HLWKHU�WKH�VZLWFK�FXUUHQW��,V��RU�WKH�GLRGH�FXUUHQW��,G�

FDQ�EH�VHQVHG�WR�IHHG�WKH�LQWHJUDWLQJ�FDSDFLWRU�&���,I�WKH�VZLWFK�FXUUHQW�LV�VHQVHG��WKH�VZLWFK

LV� WXUQHG�RQ�E\�WKH�3:0�FORFN��DQG�ZKHQ� WKH� LQWHJUDWHG�FKDUJH��&9&W�� UHDFKHV� WKH�SUHVHW

UHIHUHQFH� YDOXH�� ,U�� ZKLFK� LV� XVXDOO\� JLYHQ� RXW� E\� WKH� RXWSXW� YROWDJH� UHJXODWLRQ� ORRS�� WKH

FRPSDUDWRU�RXWSXW�WRJJOHV��WKH�VZLWFK�6�LV�WXUQHG�RII��DQG�WUDLOLQJ�HGJH�3:0�UHVXOWV���$W�WKH

VDPH�WLPH��WKH�LQWHJUDWRU�LV�UHVHW�E\�WKH�UHVHW�VZLWFK�6U��DQG�SUHSDUHG�IRU�RSHUDWLRQ�IRU�WKH

QH[W�F\FOH�DV�VKRZQ�LQ�)LJ������E��DQG��F����,I�WKH�GLRGH�FXUUHQW�LV�XVHG�WR�GULYH�WKH�LQWHJUDWRU�

OHDGLQJ�HGJH�3:0�LV�D�QDWXUDO�FRQVHTXHQFH�

7KH�LQWHJUDWRU�YROWDJH�DW�HQG�RI�WKH�RQ�GXW\�F\FOH�7��LV
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LV� WKH� DYHUDJH� VZLWFK� FXUUHQW� LQ� D�3:0�F\FOH��1� WKH� FXUUHQW� VFDOLQJ� IDFWRU� LQ� WKH� VHQVLQJ

FLUFXLW��4�WKH�FKDUJH�DFFXPXODWHG�RQ�WKH�LQWHJUDWLQJ�FDSDFLWRU�DW�7���DQG�7�WKH�3:0�SHULRG�

,W� LV�FOHDU� IURP�������DQG� ������ WKDW� WKH�DYHUDJH� VZLWFK�FXUUHQW� LQ� D�3:0�SHULRG� LV� H[DFWO\

SURSRUWLRQDO� WR� WKH� FKDUJH� DFFXPXODWHG� RQ� WKH� LQWHJUDWLQJ� FDSDFLWRU� DQG� WKH� UHIHUHQFH

FXUUHQW���&RQVHTXHQWO\��WKH�DYHUDJH�VZLWFK�FXUUHQW�FDQ�EH�SUHFLVHO\�FRQWUROOHG�RQ�D�F\FOH�E\�

F\FOH�EDVLV�
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)RU�WKUHH�SKDVH�EXFN�UHFWLILHUV��WKH�LQSXW�SKDVH�FXUUHQWV�DUH�SXOVDWLQJ���,Q�RUGHU�IRU

WKH�FRQYHUWHU� WR�GUDZ�EDODQFHG�VLQXVRLGDO�FXUUHQWV�IURP�D�EDODQFHG�VHW�RI� VLQXVRLGDO� LQSXW

YROWDJHV��9φ� �>9D��9E��9F@��WKH�DYHUDJH�SKDVH�FXUUHQW� iφ �QHHGV�WR�EH�FRQWUROOHG�VXFK�WKDW
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ZKHUH�9P� LV� WKH� SHDN� YDOXH� RI� WKH� LQSXW� SKDVH� YROWDJH�� $V� D� UHVXOW�� JRRG� RXWSXW� YROWDJH

UHJXODWLRQ�FDQ�EH�DFKLHYHG�ZLWK�D�IDVW�RXWHU�YROWDJH�ORRS�

,W�LV�VXJJHVWHG�LQ�������WKDW�D�VLPSOH�ZD\�WR�VKDSH�WKH�LQSXW�FXUUHQW�YHFWRU� iφ �LV�WR

GLUHFWO\� FRQWURO� LWV� DYHUDJH� YDOXH� WR� WUDFN� LWV� LQSXW� YROWDJH� YHFWRU�9φ�� � 7KLV� REVHUYDWLRQ

LQVLQXDWHV�WKDW�FKDUJH�FRQWURO��ZKLFK� LV�EHVW�VXLWHG�IRU�DYHUDJH�YDOXH�FRQWURO�RI�D�SXOVDWLQJ

YDULDEOH��FDQ�SRWHQWLDOO\�EH�H[WHQGHG�WR�IXUQLVK�WKH�UHTXLUHG�IXQFWLRQV�

7KH� LQSXW�SKDVH� FXUUHQWV�RI� WKH� WKUHH�SKDVH�EXFN� UHFWLILHU� VKRZQ� LQ�)LJ�� ���� DUH� D

FRPELQDWLRQ�RI�LWV�VZLWFK�FXUUHQWV��DV�LV�WKH�GF�VLGH�FXUUHQW�,G���%XW�DW�DQ\�WLPH��RQO\�RQH�SDLU

RI�VZLWFKHV��HDFK�IURP�WKH�XSSHU�DQG�ORZHU�KDOI�RI�WKH�EULGJH�UHVSHFWLYHO\��FDUU\�WKH�FXUUHQW

GUDZQ�IURP�D�SDUWLFXODU�SKDVH���7KLV�OHDGV�WR�WKH�FRQFOXVLRQ�WKDW�LW�LV�SRVVLEOH�WR�VHQVH�RQO\

WKH� GF�VLGH� FXUUHQW� WR� GHFLSKHU� DOO� WKH� VZLWFK� FXUUHQW� LQIRUPDWLRQ� DQG� FRQWURO� WKH

FRUUHVSRQGLQJ�VZLWFKHV�WR�HQIRUFH�WKH�UHTXLUHG�DYHUDJH�FXUUHQWV�

7KH�UHVXOWLQJ�FKDUJH�FRQWURO� VFKHPH�RI� WKUHH�SKDVH�EXFN� UHFWLILHUV�E\� VHQVLQJ�RQO\

WKH�GF�VLGH�FXUUHQW�,G�LV�LOOXVWUDWHG�LQ�)LJ��������,W�LQKHULWV�WKH�EDVLF�IRUP�DQG�HOHPHQWV�RI�WKH

FKDUJH�FRQWUROOHU�IRU�GF�GF�FRQYHUWHUV��EXW�WZR�FXUUHQW�UHIHUHQFHV�DQG�FRUUHVSRQGLQJ�3:0

PRGXODWRUV�DUH�LQFRUSRUDWHG���$FFRUGLQJ�WR�WKH�VL[�VWHS�3:0�SULQFLSOH�IRU�EXFN�UHFWLILHUV�
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LQ�D�3:0�SHULRG��RQO\� WZR�SKDVH�FXUUHQWV�QHHG� WR�EH�FRQWUROOHG� WKURXJK� WZR�DFWLYH�GXW\

F\FOHV��GHQRWHG�DV�7��DQG�7�� LQ�)LJ������E���ZKLOH� WKH�FXUUHQW�RI� WKH�WKLUG�SKDVH� LV�QDWXUDOO\

HQIRUFHG���7R�WDNH�D���R�VHFWRU�RI�DQ�LQSXW�OLQH�F\FOH��ZKHUH�_9D_�!�_9E_�RU�_9F_�DV�VKRZQ

LQ�)LJ������D���DV�DQ�H[DPSOH��RQO\�WKH�ORZHU�VZLWFKHV�RI�SKDVH�E�DQG�F��L�H��6EQ�DQG�6FQ��QHHGV�WR

EH�PRGXODWHG��ZKLOH�6DS�RI�SKDVH�D�FDQ�EH�RQ�DOO�WKH�WLPH���,Q�WKH�VKDGHG���R�VHJPHQW�ZLWK

_9F_�!�_9E_��LI�ERWK�RI�6EQ�DQG�6FQ�DUH�WXUQHG�RQ�E\�WKH�3:0�FORFN�DW�WKH�EHJLQQLQJ�RI�D

3:0�F\FOH�DV�LQ�)LJ������E���6EQ�ZLOO�QRW�DFWXDOO\�FDUU\�FXUUHQW�EHFDXVH�RI�WKH�EORFNDJH�RI�LWV

VHULHV�GLRGH�XQWLO�DW� WKH�HQG�RI�7���ZKHQ� WKH� LQWHJUDWHG�YROWDJH�9&W�UHDFKHV� WKH�FRPSDULQJ

OHYHO�VHW�E\�,U��RQ�&RPS��DQG�SURSRUWLRQDO�WR�_9F_���$W�WKDW�PRPHQW��6FQ�LV�WXUQHG�RII��DQG

6EQ�WDNHV�RYHU�WKH�ORDG�FXUUHQW�WLOO�WKH�HQG�RI�7���ZKHQ�9&W�KLWV�WKH�FRPSDULQJ�OHYHO�VHW�E\�,U��

ZKLFK�LV�SURSRUWLRQDO�WR�_9E���9F_��RU�_9D_��DQG�WKH�LQWHJUDWRU�JHWV�UHVHW�E\�WKH�UHVHW�VLJQDO

6U�IURP�UHJLVWHU�56����$V�D�UHVXOW�
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DQG� I I dt I I Vb T d
Q
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2 11
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ZKHUH�4F�DQG�4E�DUH�WKH�FKDUJHV�DFFXPXODWHG�RQ�WKH�LQWHJUDWLQJ�FDSDFLWRU�GXULQJ�7��DQG�7�

UHVSHFWLYHO\�

,Q�WKH�RWKHU�KDOI�RI�WKH���R�VHFWRU�LQ�GLVFXVVLRQ��ZKHUH�_9E_�!�_9F_��WKH�UHIHUHQFH

,U��ZLOO�EH�GHULYHG�IURP�_9E_�DQG�WKH�ILUVW�GXW\�F\FOH�7��ZLOO�EH�GLUHFWHG�WR�6EQ�DFFRUGLQJO\�

Va > 0, Vc < Vb < 0 
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�D���,QSXW�SKDVH�YROWDJHV�LQ�D���R�VHFWRU�

T2 ToT1
Clk
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int(NId)

T1 > T2

Ic Ib

Qc

Qb

lVcl > lVbl

Scn

Sbn

Ir1    klVc+Vbl∝

Ir2     klVcl    ∝

Sr

Vct =

�E���+LJK�IUHTXHQF\�RSHUDWLRQ�ZDYHIRUPV�

)LJ��������2SHUDWLRQ�SULQFLSOHV�RI�FKDUJH�FRQWURO�RI�EXFN�UHFWLILHUV�
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&KDSWHU����&KDUJH�&RQWURO�RI�7KUHH�3KDVH�%XFN�5HFWLILHUV ���

,W�FDQ�EH�VHHQ�WKDW�EHFDXVH�RI� WKH�H[LVWHQFH�RI�DQ� LQWHJUDWRU� LQ� WKH�FXUUHQW�FRQWURO

ORRS�� WKH� QRLVH� LPPXQLW\� RI� WKH� VFKHPH� LV� H[FHOOHQW�� VR� LW� LV� ZHOO� VXLWHG� IRU� KLJK� SRZHU

DSSOLFDWLRQV�� � $OVR�� WKH� IHDWXUH� WKDW� WKH� FRQWUROOHU� UHVHWV� LQ� HYHU\� 3:0� F\FOH� LV� YHU\

EHQHILFLDO�LQ�RUGHU�WR�DFKLHYH�VPRRWK�WUDQVLWLRQ�EHWZHHQ�WKH���R�VHFWRU�ERXQGDULHV�ZLWKLQ�D

OLQH�F\FOH�

)LJXUH�����VKRZV�WKH�EORFN�GLDJUDP�WR�JHQHUDWH�WKH�FXUUHQW�UHIHUHQFH�VLJQDOV��,U��DQG

,U����7KH�DEVROXWH�YDOXH�RI�WKH�VHQVHG�LQSXW�SKDVH�YROWDJH�9φ�LV�WDNHQ�WKURXJK�WKH�$%6�EORFN�

DQG� WKHQ� IHG� LQWR� WZR�PXOWLSOH[HUV�08;�� DQG�08;��� � 7KH� VHJPHQW� LQIRUPDWLRQ� RI� WKH

LQSXW�SKDVH�YROWDJHV��6HJ��LV�FRPSRVHG�RI�WKH�VLJQV�RI�WKH�LQSXW�SKDVH�DQG�OLQH�YROWDJHV��DQG

LV�XVHG�WR�VHOHFW�WKH�DSSURSULDWH�SKDVHV�WR�JHQHUDWH�WKH�FXUUHQW�UHIHUHQFHV�DFFRUGLQJ�WR�WKH

UXOHV�WKDW

V Med V i a b c

V Max V i a b c
i

i

1

2

= ∈

= ∈

{ , ( , , )},

{ , ( , , )},
�����

ZKHUH�0HG�UHSUHVHQWV�WKH�IXQFWLRQ�WR�WDNH�WKH�PHGLXP�YDOXH�DPRQJ�WKH�WKUHH�UHFWLILHG�SKDVH

YROWDJHV���9��DQG�9��DUH�WKHQ�PXOWLSOLHG�E\�WKH�FRQWURO�YROWDJH�9FRQ��XVXDOO\�IURP�WKH�RXWSXW

YROWDJH�UHJXODWRU�LQ�WKH�FDVH�RI�WKH�UHFWLILHU��WR�REWDLQ�WKH�UHIHUHQFH�FXUUHQWV�

kVb

V1

V2
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klVbl
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klVal

Vcon

MLT2

seg
...
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M
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X
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X
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...
seg

)LJ��������$YHUDJH�SKDVH�FXUUHQW�UHIHUHQFH�JHQHUDWLRQ�



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

&KDSWHU����&KDUJH�&RQWURO�RI�7KUHH�3KDVH�%XFN�5HFWLILHUV ���

�����,PSOHPHQWDWLRQ�DQG�'HVLJQ�*XLGHOLQHV

7KH� SURSRVHG� FKDUJH� FRQWURO� FRQFHSW� IRU� EXFN� UHFWLILHUV� LV� VLPSOH� WR� UHDOL]H�� � ,W

UHTXLUHV�RQO\�RQH�SKDVH�RI�3:0�FORFN��DQG�RQO\�RQH�FXUUHQW�QHHGV�WR�EH�VHQVHG��ZKLOH�QR

FDUULHU� VLJQDOV�� ZKLFK� DUH� QRUPDOO\� D� PDQGDWH� LQ� RWKHU� FDUULHU�EDVHG� 3:0� DQG� FRQWURO

VFKHPHV��DUH�UHTXLUHG���7KH�FRPSOHWH�V\VWHP�EORFN�GLDJUDP�LV�VKRZQ�LQ�)LJ��������%HVLGHV�WKH

FKDUJH�FRQWURO�DQG�UHIHUHQFH�JHQHUDWLRQ�EORFNV�GLVFXVVHG�DERYH��WKH�LQSXW�YROWDJH�LGHQWLILHU

JHQHUDWHV� WKH� ��R� VHJPHQW� DQG� ��R� VHFWRU� VLJQDO�6HJ� IURP� WKH� VHQVHG� LQSXW� YROWDJHV�� �7KH

VLJQDO�LV�XVHG�WR�GULYH�ERWK�WKH�UHIHUHQFH�JHQHUDWLRQ�EORFN�DQG�WKH�3:0�VLJQDO�GLVWULEXWLRQ

ORJLF�EORFN�� �7KH� ODWWHU� FRQYHUWV� DQG� VWHHUV� WKH�EDVLF�3:0� VLJQDOV�7�� DQG�7����7�� WR� WKH

DSSURSULDWH� VZLWFKHV�� � 7KH� RXWSXW� YROWDJH� FRPSHQVDWRU� KDV� WKH� VDPH� IXQFWLRQ� DV� WKDW� LQ

EXFN�UHFWLILHUV�ZLWK�RWKHU�FRQWURO�VFKHPHV��DQG�WKH�RQO\�GLIIHUHQFH�LV�WKDW�WKH�FRPSHQVDWRU

VWUXFWXUH� FDQ� EH� VLPSOHU� DQG� WKH� EDQGZLGWK� FDQ� EH�ZLGHQHG� FRPSDUHG� WR� WKDW� ZLWK� RQO\

YROWDJH�PRGH�FRQWURO�

%HVLGHV� WKH� DSSURSULDWH� VLJQDO� VFDOLQJ�� GHVLJQ� RI� WKH� FKDUJH� FRQWUROOHU� RI� EXFN

UHFWLILHUV� LV� DV� VLPSOH� DV� WKDW� RI� D� GF�GF� FRQYHUWHU�� � 7KH� FULWHULD� WR� VHOHFW� WKH� LQWHJUDWLQJ

FDSDFLWRU� &� LV� WR� HQVXUH� WKH� LQWHJUDWRU� DQG� WKH� 3:0�PRGXODWRU� ZLOO� QRW� VDWXUDWH� XQGHU

VWHDG\�VWDWH�RSHUDWLRQ�ZLWK�ORZ�LQSXW� OLQH�DQG�IXOO� ORDG��RU�IXOO�RXWSXW�SRZHU�� �$VVXPH�WKH

FRQYHUWHU� LV� GHVLJQHG� IRU� D� PD[LPXP� PRGXODWLRQ� LQGH[� P�� LQ� ORZ�OLQH� DQG� IXOO� ORDG

RSHUDWLRQ��DQG�WKH�VZLWFKLQJ�F\FOH�ULSSOH�FXUUHQW�FDQ�EH�QHJOHFWHG��WKHQ�LW�FDQ�EH�VKRZQ�WKDW

WKH�PD[LPXP� YROWDJH� RQ� WKH� LQWHJUDWLQJ� FDSDFLWRU�� Vct
max � KDSSHQV� LQ� WKH�PLGGOH� RI� D� ��R

VHFWRU��L�H��DW�ωW� ��R�IRU�WKH�FDVH�VKRZQ�LQ�)LJ������D���DQG�FDQ�EH�GHULYHG�DV
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&KDSWHU����&KDUJH�&RQWURO�RI�7KUHH�3KDVH�%XFN�5HFWLILHUV ���
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max ���9�

9φ� �����������9��IRU�D�QRPLQDO�LQSXW�RI�����9�ZLWK�YDULDWLRQ���WKHQ�9R� �����9��DQG�&� 
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Vcon
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 30 segment
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Vo
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)LJ��������6\VWHP�EORFN�GLDJUDP�RI�FKDUJH�FRQWUROOHG�EXFN�UHFWLILHUV�
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&KDSWHU����&KDUJH�&RQWURO�RI�7KUHH�3KDVH�%XFN�5HFWLILHUV ���

2QH�VXEWOH�LVVXH�DVVRFLDWHG�ZLWK�FKDUJH�FRQWURO�LV�WKH�VXEKDUPRQLF�RVFLOODWLRQ�ZKLFK

PD\�KDSSHQ� DW� OLJKW� ORDG�ZKHQ� WKH�RXWSXW� ILOWHULQJ� LQGXFWRU� FXUUHQW�� IRU� WKH� FDVH�RI�EXFN

GHULYHG� WRSRORJLHV�� EHFRPHV� GLVFRQWLQXRXV�� RU� LQ� RWKHU� ZRUGV�� WKH� FLUFXLW� UXQV� LQWR

GLVFRQWLQXRXV�PRGH��'&0����%XW�XQOLNH�WKH�FDVH�RI�WKH�VLQJOH�SKDVH�3)&�FLUFXLW��ZKHUH�WKH

FLUFXLW�KDV�WR�UXQ�LQWR�'&0��LQGHSHQGHQW�RI�WKH�ORDG�OHYHO��DURXQG�WKH�]HUR�FURVVLQJ�DUHD�RI

WKH� LQSXW�FXUUHQW� WZLFH�D� OLQH�F\FOH�� ]HUR�FURVVLQJ�RI�SKDVH� FXUUHQWV� LQ� D� WKUHH�SKDVH�EXFN

UHFWLILHU�GRHV�QRW�SUHVHQW�DQ\�SUREOHP�VLPSO\�EHFDXVH�WKH�RXWSXW�LQGXFWRU�FXUUHQW�LV�VWLOO�LQ

&&0�� � :KHQ� WKH� ORDG� EHFRPHV� UHDOO\� OLJKW�� DQG� '&0� LQGXFWRU� FXUUHQW� KDSSHQV�

VXEKDUPRQLF� RVFLOODWLRQ� RI� LQSXW� SKDVH� FXUUHQW�PD\� RFFXU�� � +RZHYHU�� EHFDXVH� WKH� SKDVH

FXUUHQW�DQG�WKH�SRZHU�SURFHVVHG�XQGHU�WKH�FLUFXPVWDQFH�LV�YHU\� ORZ�� LW�KDV�QR�GHWULPHQWDO

HIIHFW�RQ�WKH�FLUFXLW�RSHUDWLRQ��DQG�LV�WROHUDEOH�

,Q� WKH� LVRODWHG� EXFN� UHFWLILHU� FDVH�� WKH� VXEKDUPRQLF� RVFLOODWLRQ� EHFRPHV� DQ� LVVXH

EHFDXVH�LW�PD\�OHDG�WR�WKH�IOX[�XQEDODQFH�RI�WKH�WUDQVIRUPHU���$�VLPSOH�FRUUHFWLYH�PHDVXUH�LV

WR�VXSHUSRVH�D�ILFWLWLRXV�FXUUHQW�UDPS�VLJQDO�RQ�WKH�VHQVHG�GF�UDLO�FXUUHQW�RQO\�ZKHQ�WKH�ORDG

FXUUHQW�LV�ORZHU�WKDQ�FHUWDLQ�OHYHO�DQG�WKH�FLUFXLW�UXQV�LQWR�'&0�

�����6LPXODWLRQ�DQG�3UHOLPLQDU\�7HVW�5HVXOWV

�������6LPXODWLRQ�5HVXOWV

7KH�EXFN�UHFWLILHU�V\VWHP�DV�VKRZQ�LQ�)LJ������ZLWKRXW�WKH�RXWHU�YROWDJH�UHJXODWLRQ

ORRS� LV� VLPXODWHG� LQ� WKH� FLUFXLW� VLPXODWRU� 6$%(5�� � )LJXUH� ���� �D�� WKURXJK� �G�� VKRZV� WKH

VLPXODWLRQ�UHVXOWV�IRU�WKH�FDVH�RI�9φ� �����9��DQG�3R� ���N:���7KH�FORFN�IUHTXHQF\�LV�VHW�WR

���N+]�� �7KH�GF�VLGH�ILOWHULQJ� LQGXFWRU� LV�����µ+��DQG�WKH�RXWSXW�ILOWHU�FDSDFLWRU� LV����µ)

ORDGHG�E\�D���Ω� UHVLVWLYH� ORDG�� �$� WZR�VWDJH�/&� ILOWHU�ZLWK�D�SDUDOOHO�GDPSLQJ�EUDQFK�DQG



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

&KDSWHU����&KDUJH�&RQWURO�RI�7KUHH�3KDVH�%XFN�5HFWLILHUV ���

WRWDO�VKXQW�FDSDFLWRU�RI����µ)��DQG�VHULHV�LQGXFWRU�RI�����µ+�SHU�SKDVH�LV�FRQQHFWHG�DW�WKH

LQSXW�WR�VPRRWK�RXW�WKH�SXOVDWLQJ�SKDVH�FXUUHQW�WKH�UHFWLILHU�GUDZV�

)LJXUH�����D��VKRZV�WKH�VLPXODWHG�SKDVH�FXUUHQW�EHIRUH�WKH�ILOWHU���3KDVH�FXUUHQW�ZLWK

YHU\�ORZ�KDUPRQLF�GLVWRUWLRQ�LV�DFKLHYHG���$OWKRXJK�QRW�QHFHVVDULO\�VR��WKH�FXUUHQW�UHIHUHQFH

RI� WKH� EXFN� UHFWLILHU� LV� GHULYHG� WR� EH� LQ� SKDVH� ZLWK� WKH� SKDVH� YROWDJH�� � $V� D� UHVXOW�� WKH

UHVXOWLQJ� SKDVH� FXUUHQW� LV� OHDGLQJ� WKH� SKDVH� YROWDJH� EHFDXVH� RI� WKH� FDSDFLWLYH� FXUUHQW

FRPSRQHQW�LQ�WKH�ILOWHU�FDSDFLWRUV�

Ia
Va

�D���3KDVH�YROWDJH�DQG�SKDVH�FXUUHQW�EHIRUH�WKH�WZR�VWDJH�ILOWHU�

Ir1

Ir2

60  boundaryo 30  intersectiono

�E���$YHUDJH�SKDVH�FXUUHQW�UHIHUHQFHV�

)LJ��������6LPXODWLRQ�UHVXOWV�
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&KDSWHU����&KDUJH�&RQWURO�RI�7KUHH�3KDVH�%XFN�5HFWLILHUV ���

Ir1

Ir2

Vct

Clk

T1+T2
T1

Vgx

�F���+LJK�IUHTXHQF\�ZDYHIRUPV�LQ�WKH�PLGGOH�RI�D���R�VHFWRU�ZKHQ�WKH�WZR�DFWLYH�GXW\�F\FOHV�DUH�HTXDO���7KH

DUURZ�LQGLFDWHV�WKH�LQWHUVHFWLRQ�LQVWDQW�

Ir1
Ir2

Vct

Clk

T1+T2
T1

Vgx

(d)  +LJK�IUHTXHQF\�ZDYHIRUPV�DW�WKH�ERXQGDU\�RI�D���R�VHFWRU�ZKHQ�RQH�RI�WKH�WZR�DFWLYH�GXW\�F\FOHV�VKULQNV

WR�]HUR���7KH�DUURZ�LQGLFDWHV�WKH�VHFWRU�ERXQGDU\�

)LJ������&RQWLQXHG����6LPXODWLRQ�UHVXOWV�

7KH� WZR� FXUUHQW� UHIHUHQFHV� ,U�� DQG� ,U�� LQ� D� OLQH� F\FOH�ZLWK� IUHTXHQF\� RI� ���+]� DUH

VKRZQ� LQ�)LJ�� ����E��� � ,W� FDQ�EH� VHHQ� WKDW� WKH� WUDQVLWLRQV�EHWZHHQ���R� ERXQGDULHV� DQG���R

LQWHUVHFWLRQV�LQ�WKH�PLGGOH�RI�D�VHFWRU�DUH�DOZD\V�VPRRWK��DQG�WKH�ZDYHIRUPV�DUH�FRQVLVWHQWO\

UHSHDWLQJ� IRU� HYHU\� ��R�� � )LJXUH� ����F�� DQG� �G�� IXUWKHU� VKRZV� WKH� GHWDLOV� GXULQJ� WKHVH

WUDQVLWLRQV�

,Q�)LJ������F���LW�FDQ�EH�FOHDUO\�VHHQ�WKDW�LQ�WKH�PLGGOH�RI�D�VHFWRU�ZKHQ�WKH�WZR�DFWLYH

GXW\�F\FOHV�EHFRPH�HTXDO�� WKH�EDVLF�3:0�VLJQDOV��7�� DQG�7��7���PDLQWDLQ� WKHLU�FRQWLQXLW\�
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EXW�DUH� UHDVVLJQHG� WR� WKH� WZR�PRGXODWLQJ� VZLWFKHV��6EQ� DQG�6FQ� LQ� WKLV� FDVH�� �7KH� WUDQVLWLRQ

EHWZHHQ���R�VHFWRUV�LV�VKRZQ�LQ�)LJ������G��ZKHQ�7��VKULQNV�WR�]HUR��DQG�WKH�RWKHU�GXW\�F\FOH

7�� UHDFKHV� LWV� PD[LPXP�� � $FWLYH� VZLWFKHV� LQ� PRGXODWLRQ� DOVR� FKDQJH�� 7KHUH� DUH� QRW� DQ\

HQRUPLW\�VHHQ�IRU�DQ\�RI�WKH�VLJQDOV�LQ�WKH�FRQWUROOHU�GXULQJ�DOO�WKHVH�WUDQVLWLRQV�

�������3UHOLPLQDU\�([SHULPHQWDO�5HVXOWV

$�SURWRW\SH�RI� WKH�FRPSOHWH�FRQWUROOHU� WRJHWKHU�ZLWK� WKH�SRZHU�VWDJH�DV�VKRZQ� LQ

)LJ�� ���� KDV� EHHQ� GHVLJQHG� DQG� EXLOW� WR� YHULI\� WKH� FRQWURO� VFKHPH�� � 7KH� 3:0� FORFN

IUHTXHQF\�LV����N+]�GHULYHG�IURP�D��������0+]�RVFLOODWRU���$OO�WKH�ORJLF�IXQFWLRQV�FRQWDLQHG

LQ� WKH� ��R� VHJPHQW� LGHQWLILFDWLRQ�� FKDUJH� FRQWUROOHU�� DQG� GLVWULEXWLRQ� ORJLF� EORFNV� DUH

LPSOHPHQWHG�LQ�D�VPDOO�SURJUDPPDEOH�ORJLF�GHYLFH��3/'����7KH�GF�VLGH�FXUUHQW�,G�LV�VHQVHG

ZLWK�D�+DOO�FXUUHQW�VHQVRU�PRGXOH�ZLWK�D�WXUQV�UDWLR�RI�1� ��������

6KRZQ�LQ�)LJ������DUH�WHVW�UHVXOWV�ZLWK�WZR�GF�LQSXWV�WR�PLPLF�WKH�FDVH�FRUUHVSRQGLQJ

WR�RQH�SDUWLFXODU�SRLQW�RI�DQ�DF�LQSXW�OLQH�F\FOH��L�H��ωW� ���R������R�UHIHUUHG�WR�)LJ������D��

,Q�WKLV�FDVH��WKH�HPXODWHG�LQSXW�SKDVH�YROWDJH�9φ� �����9��DQG�DFFRUGLQJO\��9D� ������9��

���DQG�9F� �����9�!�9E� ����9�!�����7KHUHIRUH���WKH�FRUUHVSRQGLQJ�WZR�GF�LQSXW�YROWDJHV

DUH�9FD� �����9��DQG�9ED� �����9��UHIHUUHG�WR�LQ�)LJ���������6ES�DQG�6FS�DUH�PRGXODWLQJ�ZKLOH

6DQ�LV�NHSW�RQ�DOO�WKH�WLPH���7KH�RXWSXW�YROWDJH�LV�����9�DQG�RXWSXW�SRZHU�LV�����N:���,W�FDQ

EH�VHHQ�WKDW�ERWK�PRGXODWLQJ�VZLWFKHV�DUH�WXUQHG�RQ�DW� WKH�VDPH�WLPH�E\�WKH�3:0�FORFN�

EXW�WKH�VPDOO�GXW\�F\FOH�7��GRHV�QRW�DFWXDOO\�VWDUW�XQWLO�WKH�ELJ�RQH��7���HQGV�ZLWK�WKH�WXUQ�RII

RI�6FS��DV�LV�FOHDU�RQ�WKH�ZDYHIRUP�RI�9SQ�
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&KDSWHU����&KDUJH�&RQWURO�RI�7KUHH�3KDVH�%XFN�5HFWLILHUV ���

Scp

Sbp

Vpn

Vcr

)LJ��������3UHOLPLQDU\�H[SHULPHQWDO�UHVXOWV�

�����([WHQVLRQ�DQG�$SSOLFDWLRQV

7KH�FKDUJH�FRQWURO�FRQFHSW�SURSRVHG�LQ�WKLV�SDSHU�LV�DFWXDOO\�JHQHULF�WR�PXOWLSKDVH

EXFN�UHFWLILHUV�� �'LVFXVVHG�WKXV�IDU� LV�RQO\�LWV�VLPSOHVW�IRUP��ZKLFK�FRUUHVSRQGV�WR�VL[�VWHS

3:0�ZLWK�FRQFHQWUDWHG�RU�OXPSHG�IUHHZKHHOLQJ��]HUR��GXW\�F\FOH��L�H��LQ�D�3:0�SHULRG��WKH

WZR�QRQ�]HUR�GXW\�F\FOHV�DUH�DOZD\V�FRQVHFXWLYH��DQG�WKH�]HUR�GXW\�F\FOH�LV�QRW�GLVWULEXWHG�LQ

EHWZHHQ�� �:LWK� D� IHZ� UHYLVLRQV�� WKH� FRQFHSW� FDQ� EH� H[WHQGHG� WR� UHDOL]H� GLIIHUHQW� VL[�VWHS

3:0� VFKHPHV�� VXFK� DV� FHQWHU�DOLJQHG� 3:0�� �0RUHRYHU�� LW� FDQ� DOVR� EH� HDVLO\� DGDSWHG� WR

YDULRXV�WKUHH�SKDVH�EXFN�UHFWLILHU�WRSRORJLHV�

������ � &KDUJH� &RQWURO� RI� 7KUHH�3KDVH� 1RQ�,VRODWHG� %XFN� 5HFWLILHU� ZLWKRXW� D

)UHHZKHHOLQJ�'LRGH

,Q�VRPH�DSSOLFDWLRQV��WKH�H[WUD�GF�VLGH�IUHHZKHHOLQJ�GLRGH�LQ�)LJ������GRHV�QRW�H[LVW�

DV� LV� XVXDOO\� HQFRXQWHUHG� LQ� D� FXUUHQW�OLQNHG� UHFWLILHU�LQYHUWHU� V\VWHP�� � ,Q� WKLV� FDVH�� WKH

IUHHZKHHOLQJ� FXUUHQW� IORZV� WKURXJK� WKH� UHFWLILHU� EULGJH� EUDQFKHV�� DQG� WKH� GF�UDLO� FXUUHQW
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EHFRPHV�FRQWLQXRXV�� �+RZHYHU�� WKH�SKDVH�FXUUHQW� LQIRUPDWLRQ�FDQ� VWLOO�EH�H[WUDFWHG� IURP

WKH�GF�UDLO�FXUUHQW�LQ�WKH�VDPH�ZD\�DV�GLVFXVVHG�DERYH��DQG�WKHRUHWLFDOO\�QR�DQ\�PRGLILFDWLRQ

QHHGV�WR�EH�PDGH�

'XULQJ�WKH�IUHHZKHHOLQJ�SHULRG��WKH�VHQVHG�GF�UDLO�FXUUHQW��ZKLFK�LV�XVXDOO\�D�FXUUHQW

VRXUFH�LQ�QDWXUH��LV�E\�SDVVHG�WR�WKH�UHVHW�VZLWFK��DQG�LV�WKXV�VKRUWHG�WR�JURXQG���7KXV��LW�ZLOO

QRW�LQWHUIHUH�ZLWK�WKH�RSHUDWLRQ�RI�WKH�FKDUJH�FRQWUROOHU���7KH�RQO\�GLIIHUHQFH�LV�WKDW�ZLWKRXW

WKH�IUHHZKHHOLQJ�GLRGH�WKH�UHFWLILHU�EULGJH�LV�XVXDOO\�FRQWUROOHG�WR�EH�QRUPDOO\�RQ��LQVWHDG�RI

QRUPDOO\� RII�� WR� UHGXFH� WKH� FRQGXFWLRQ� ORVV�� VR� WKH� SXOVH� GLVWULEXWLRQ� ORJLF� QHHGV� WR� EH

PRGLILHG�DFFRUGLQJO\�

,Q�WKH�FDVH�RI�VRIW�VZLWFKHG�EXFN�UHFWLILHUV��3:0�VFKHPHV�ZLWK�OXPSHG�]HUR�GXW\�

F\FOH�DUH�SUHIHUUHG�EHFDXVH�WKH�DX[LOLDU\�FRPPXWDWLRQ�FLUFXLW�QHHGV�WR�EH�DFWLYDWHG�RQFH�LQ�D

3:0� SHULRG� WR� DFKLHYH� VRIW�VZLWFKLQJ�� � 8QIRUWXQDWHO\�� WKDW� VRIW�VZLWFKLQJ� HYHQW� XVXDOO\

PRGLILHV�RQH�RI�WKH�WZR�DFWLYH�GXW\�F\FOHV��DQG�FRQWULEXWHV�WR�WKH�GLVWRUWLRQ�RI�LQSXW�SKDVH

FXUUHQWV�� �:LWK� WKH� FKDUJH� FRQWURO� VFKHPH�SURSRVHG� LQ� WKLV� SDSHU�� WKLV� SUREOHP� LV� VROYHG

EHFDXVH� WKH� DYHUDJH� FXUUHQW�RI� HDFK� SKDVH� LV� FRQWUROOHG� LQGLYLGXDOO\�� DQG� WKH� GXW\�F\FOH� LV

LQVWDQWDQHRXVO\�DGMXVWHG�WR�DFKLHYH�WKH�FRPPDQGHG�DYHUDJH�SKDVH�FXUUHQW�

�������&KDUJH�&RQWURO�RI�7KUHH�3KDVH�466�,VRODWHG�%XFN�5HFWLILHU

7KH� IDPLO\� RI� WKUHH�SKDVH� 466� LVRODWHG� EXFN� UHFWLILHUV� >%�@� �� >%�@� LQFRUSRUDWHV� D

IURQW�HQG�VL[�VZLWFK�EXFN�EULGJH�ZLWK�D�IXOO�EULGJH�GF�GF�FRQYHUWHU�ZLWK�SKDVH�VKLIW�FRQWURO

DQG� YDULRXV� ]HUR�YROWDJH�]HUR�FXUUHQW� VZLWFKLQJ� �=9=&6�� VFKHPHV�� ZKLOH� WKH� GF�OLQN

ILOWHULQJ� HOHPHQWV� DUH� HOLPLQDWHG�� )OX[� EDODQFH� RQ� WKH� LVRODWLRQ� WUDQVIRUPHU� LV� DFKLHYHG� E\

GLUHFWLQJ� WKH�3:0�VLJQDOV� WR�HDFK�SDLU�RI� VZLWFKHV� LQ�GLDJRQDO�SRVLWLRQV� LQ� WKH�GF�GF� IXOO�

EULGJH�SDUW�RI�WKH�FRQYHUWHU�IRU�WKH�WZR�FRQVHFXWLYH�3:0�F\FOHV���,Q�WKLV�FDVH��WKH�SXOVDWLQJ
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GF�OLQN� FXUUHQW� FDQ� VWLOO� EH� VHQVHG� WR� LPSOHPHQW� WKH� FKDUJH� FRQWURO� VFKHPH�� � 7KH� RQO\

QHFHVVDU\� UHYLVLRQ� LV� DJDLQ� RQ� WKH� GLVWULEXWLRQ� ORJLF� SDUW�� �$�PRGXODU� WZR� FRXQWHU� FDQ� EH

XVHG�WR�WRJJOH�WKH�3:0�SXOVHV�EHWZHHQ�WKH�WZR�PHQWLRQHG�SDLUV�RI�EULGJH�VZLWFKHV���6LPLODU

WR�WKH�VLWXDWLRQ�RI�VRIW�VZLWFKHG�QRQ�LVRODWHG�EXFN�UHFWLILHUV��RQH�H[WUD�EHQHILW�RI�WKH�IDPLO\

RI�FRQYHUWHUV�ZLWK�FKDUJH�FRQWURO� LV� WKDW� WKH�SRWHQWLDO�GXW\�F\FOH�GLVWRUWLRQ� WR�DW� OHDVW�RQH

LQSXW�SKDVH�EHFDXVH�RI�WKH�=9=&6�RSHUDWLRQ�FDQ�EH�HDVLO\�FRUUHFWHG�

�������&KDUJH�&RQWURO�ZLWK�&HQWHU�$OLJQHG�6L[�6WHS�3:0

7KH� 3:0� VFKHPH� ZKLFK� GLVWULEXWHV� WKH� ]HUR� RU� IUHHZKHHOLQJ� GXW\�F\FOH� HTXDOO\

EHWZHHQ�WKH�WZR�QRQ�]HUR�GXW\�F\FOHV�LV�XVXDOO\�FDOOHG�D�FHQWHU�DOLJQHG�VL[�VWHS�3:0���:LWK

WKLV� 3:0� VFKHPH� WKH� SHDN�WR�SHDN� VZLWFKLQJ� IUHTXHQF\� ULSSOH� FXUUHQW� RQ� WKH� RXWSXW

LQGXFWRU�DQG�WKH�DVVRFLDWHG�ORVVHV�DUH�PLQLPL]HG�>�@���7R�DGDSW�WKH�SURSRVHG�FKDUJH�FRQWURO

FRQFHSW� WR� WKLV� 3:0� VFKHPH�� WZR� SKDVHV� RI� WULDQJXODU� FDUULHUV�ZLWK� ���R� SKDVH� VKLIW� DUH

QHHGHG�

$V�LOOXVWUDWHG�LQ�)LJ������IRU�WKH�H[DPSOH�FRUUHVSRQGLQJ�WR�WKH�FDVH�LQ�)LJ������D���WKH

DEVROXWH�YDOXHV�RI�WKH�VFDOHG�GRZQ�LQSXW�SKDVH�YROWDJHV��N_9E_�DQG�N_9F_�LQ�WKLV�FDVH��DUH

GLUHFWO\�FRPSDUHG�WR�WKH�WULDQJXODU�FDUULHUV��9FU��DQG�9FU���UHVSHFWLYHO\��WR�GHWHUPLQH�WKH�WXUQ�

RQ�LQVWDQW�RI�WKH�PRGXODWLQJ�VZLWFKHV��L�H��6EQ�DQG�6FQ�LQ�WKLV�FDVH���:KHQ�WKH�FDUULHU�LQWHUVHFWV

WKH� FRUUHVSRQGLQJ�SKDVH� YROWDJH� UHIHUHQFH� DQG�EHFRPHV� ORZHU�� WKH�PRGXODWLQJ� VZLWFK� IRU

WKDW�SKDVH�LV�WXUQHG�RQ��DQG�WKH�LQWHJUDWRU�LQ�WKH�FKDUJH�FRQWUROOHU�VWDUWV�WR�LQWHJUDWH���:KHQ

WKH�LQWHJUDWRU�YROWDJH�9&W�UHDFKHV�WKH�DYHUDJH�LQSXW�SKDVH�FXUUHQW�UHIHUHQFH�DV�EHIRUH�IURP

WKH� VHQVHG�SKDVH�YROWDJH� DQG� WKH�RXWSXW� YROWDJH� IHHGEDFN� ORRS�� � WKH� VZLWFK� LV� WXUQHG�RII�

DQG��WKH�FRQWUROOHU��UHVHWV
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T2 To/2T1
Id

int(NId)

T1 > T2

QcQb

lVcl > lVbl

Scn

Sbn

Ir2    klVbl∝

Ir1     klVcl    ∝

Sr

Vct =

klVbl

klVcl    
Vcr

Vcr1 Vcr2

)LJ��������&HQWHU�DOLJQHG�3:0�RI�EXFN�UHFWLILHU�ZLWK�FKDUJH�FRQWURO�

LWVHOI���1H[W��WKH�PRGXODWLQJ�VZLWFK�IRU�WKH�RWKHU�DFWLYH�SKDVH�UHSHDWV�WKH�VDPH�SURFHVV���$V�D

UHVXOW��LQ�D�FDUULHU�F\FOH��WKH�LQWHJUDWRU�LV�DFWLYDWHG�DQG�UHVHW�WZLFH��DQG�WKH�]HUR�GXW\�F\FOH�

7����LV�HTXDOO\�GLVWULEXWHG�LQ�WKH�WZR�QRQ�]HUR�GXW\�F\FOHV��7��DQG�7���ZKLOH�WKH�DYHUDJH�SKDVH

FXUUHQWV�DUH�SUHFLVHO\�FRQWUROOHG�

�����6XPPDU\

7KH�FRQFHSW�RI� FKDUJH�FRQWURO�RI� WKUHH�SKDVH�EXFN�3:0�UHFWLILHUV� LV� SURSRVHG� LQ

WKLV�FKDSWHU���,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\�DQG�LQWHJUDWH�

2QH� SDUWLFXODU� PHULW� RI� WKH� VFKHPH� LV� LWV� FDSDELOLW\� WR� FRUUHFW� DQ\� GXW\�F\FOH

GLVWRUWLRQ� LQFXUUHG� RQ� RQO\� RQH� RI� WKH� WZR� GXW\�F\FOHV� ZKLFK� RIWHQ� KDSSHQV� LQ� WKH� VRIW�
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VZLWFKHG�EXFN�UHFWLILHU� WRSRORJLHV�EHFDXVH�RI� WKH� LQWHUYHQWLRQ�RI� WKH�VRIW�VZLWFKLQJ�DFWLRQ�

$QRWKHU�PHULW�ZLWK� WKLV� VFKHPH� 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�� LQFOXGLQJ� WKH�466� LVRODWHG�=9=&6�EXFN�UHFWLILHUV�SURSRVHG� LQ� WKH

SUHYLRXV�FKDSWHU�


