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�����,QWURGXFWLRQ

)RU�KLJK�SRZHU�KLJK�SHUIRUPDQFH� DF�GF� FRQYHUVLRQ�ZKHUH� LVRODWLRQ� RI� WKH� JURXQG

SDWK�LV�UHTXLUHG��WKH�VWDQGDUG�WZR�VWDJH�DSSURDFK�DV�VKRZQ�LQ�)LJ������D��LV�XVXDOO\�DGRSWHG�

7KH�ZKROH�V\VWHP�LV�FRPSRVHG�RI�D�IURQW�HQG�WKUHH�SKDVH�UHFWLILHU�IROORZHG�E\�D�KLJK�SRZHU

GF�GF�FRQYHUWHU���7KH�IURQW�HQG�FRQYHUWHU�FDQ�EH�D�KLJK�IUHTXHQF\�3:0�UHFWLILHU�RI�HLWKHU

EXFN�� RU� ERRVW� W\SH�� DQG� FRUUHVSRQGLQJO\� WKH� LQWHUPHGLDWH� ORZ�SDVV� GF�OLQN� ILOWHU� FDQ� EH

LQGXFWLYH� IRU� WKH� EXFN� UHFWLILHU� FDVH� RU� FDSDFLWLYH� IRU� WKH� ERRVW� UHFWLILHU� FDVH�� � 7KH� KLJK�

SRZHU�GF�GF�FRQYHUWHU�SURYLGHV�KLJK�IUHTXHQF\�LVRODWLRQ��YROWDJH�VFDOLQJ��DQG�IXUWKHU�RXWSXW

UHJXODWLRQ�DQG�LV�XVXDOO\�RI�IXOO�EULGJH��)%��W\SH��W\SLFDOO\�ZLWK�WKH�NQRZQ�SKDVH�VKLIW�3:0

FRQWURO�WR�DFKLHYH�]HUR�YROWDJH�VZLWFKLQJ��=96��>'��@�>'��@��RU�K\EULG�]HUR�YROWDJH��]HUR�

FXUUHQW�VZLWFKLQJ��=9=&6��DV�SURSRVHG�PRUH�UHFHQWO\�>'��@�>'��@��>'��@�>'��@�

,W�KDV�EHHQ�NQRZQ�WKDW�DOO�WKH�IXQFWLRQV�DV�UHDOL]HG�LQ�WKH�WZR�VWDJH�VFKHPH�FDQ�DOVR

EH� DFKLHYHG� LQ� D� VLQJOH�VWDJH� ZLWKRXW� SHUIRUPDQFH� FRPSURPLVH�� DQG� WKH� FLUFXLW� WRSRORJ\

WXUQV�RXW�WR�EH�RI�PDWUL[�W\SH�DV�VKRZQ�LQ�)LJ������D��>%�@�>%�@���$OWKRXJK�WKH�ERRVW�YHUVLRQ

DOVR�H[LVWV� >%��@�>%��@� >+�@�� DV� VKRZQ� LQ�)LJ�� ����E��� LWV� VZLWFKHV� VXIIHU� IURP�KLJK� VWHDG\�

VWDWH�DQG�WUDQVLHQW�YROWDJH�VWUHVV��DV�UHYHDOHG�IURP�WKH�GLVFXVVLRQV�DW�WKH�HQG�RI�WKH�SUHYLRXV
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FKDSWHU�� VR� WKH�EXFN�YHUVLRQ� LV�SUDFWLFDOO\�PRUH�XVHIXO�� � ,Q� WKH� VLQJOH�VWDJH� VFKHPH��SRZHU

QHHGV�WR�EH�SURFHVVHG�RQO\�RQFH��DQG�IRU�WKDW�UHDVRQ��PRUH�HIILFLHQW�SRZHU�FRQYHUVLRQ�FDQ

EH�DFKLHYHG�

   ac
mains

 ZVS/ZVZCS-FB
dc/dc converter Isolated

   dc

   Front-end
 buck or boost
rectifier bridge

dc-link
  filter

�D���&RQYHQWLRQDO�WZR�VWDJH�VFKHPH�

    ac 
mains

     Isolated 
matrix rectifier Isolated

    dc

�E���6LQJOH�VWDJH��PDWUL[�W\SH��VFKHPH�

   ac
mains

     ZVZCS-FB
dc/dc converter Isolated

   dc

   Front-end
        buck 
rectifier bridge

�F���4XDVL�VLQJOH�VWDJH��466��VFKHPH�

)LJ��������+LJK�SRZHU�KLJK�SHUIRUPDQFH�DF�GF�FRQYHUVLRQ�VFKHPHV�

=96�IRU�DOO�WKH�VZLWFKHV�LQ�WKH�PDWUL[�EXFN�UHFWLILHU�FDQ�EH�UHDOL]HG�LQ�D�VLPLODU�ZD\

WR� WKDW� LQ� D� =96�)%� GF�GF� FRQYHUWHU� >%�@�>%�@� >+�@�� � +RZHYHU�� WKH� 3:0� PRGXODWLRQ

DOJRULWKP� IRU� WKH� =96� PDWUL[� EXFN� UHFWLILHU� LV� UHODWLYHO\� FRPSOLFDWHG�� DQG� GLJLWDO� VLJQDO

SURFHVVRU� �'63��EDVHG� GLJLWDO� PRGXODWLRQ� LV� XVXDOO\� XVHG� WR� UHDOL]H� WKH� UHTXLUHG� FHQWHU�

DOLJQHG�VL[�VWHS�3:0�>%�@���)RU�KLJK�SRZHU�DSSOLFDWLRQV�ZKHUH�,*%7V�DUH�QRZ�SUHYDOHQWO\

XVHG��KLJK� WXUQ�RII� ORVV�RI� WKH� V\PPHWULFDOO\�SRVLWLRQHG� VZLWFKHV� LQ� WKH� FRQYHUWHU� LV� VWLOO� D

FRQFHUQ�DOWKRXJK�WKH\�DUH�WXUQHG�RQ�XQGHU�=96���$QRWKHU�FRQFHUQ�LV�WKH�KLJK�IUHHZKHHOLQJ

ORVV�LQ�WKH�SULPDU\�VLGH�DV�DVVRFLDWHG�ZLWK�WKH�=96�)%�GF�GF�FRQYHUWHU�RSHUDWLRQ�
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$� QHZ� TXDVL�VLQJOH�VWDJH� LVRODWHG� WKUHH�SKDVH� ]HUR�YROWDJH�]HUR�FXUUHQW�VZLWFKHG

�=9=&6��EXFN�3:0�UHFWLILHU� VXLWDEOH� IRU� KLJK�SRZHU� RII�OLQH� DSSOLFDWLRQV� LV� SURSRVHG� LQ

WKLV�FKDSWHU>%�@�>%�@�� �,W�FRQVLVWV�RI�D�IURQW�EXFN�UHFWLILHU�EULGJH�DQG�D� IXOO�EULGJH�=9=&6

GF�GF�FRQYHUWHU�LQ�GLUHFW�FDVFDGLQJ��DV��DEVWUDFWO\�VKRZQ�LQ�)LJ������F����:LWK�WKH�DEVHQFH�RI

LQWHUPHGLDWH� GF�OLQN� ILOWHULQJ� FRPSRQHQWV�� DOO� WKH� IHDWXUHV� DWWULEXWHG� WR� WKH� VLQJOH�VWDJH

PDWUL[� UHFWLILHU� DUH� UHWDLQHG�� L�H�� WKH� SRZHU� LV� SURFHVVHG� RQO\� RQFH� IURP� WKH� LQSXW� WR� WKH

RXWSXW�� �0RUHRYHU�� DV� WKH� DQDO\VLV� EHORZ� ZLOO� VKRZ�� VZLWFKLQJ� ORVVHV� DUH� IXUWKHU� UHGXFHG

EHFDXVH�RI�WKH�K\EULG�=9=&6�RSHUDWLRQ���$V�D�UHVXOW��LW�FDQ�UXQ�DW�KLJK�VZLWFKLQJ�IUHTXHQF\

ZKLOH�VWLOO�PDLQWDLQ�KLJK�HIILFLHQF\�

,Q�WKH�UHVW�RI�WKLV�&KDSWHU��WKH�466�LVRODWHG�=9=&6�EXFN�UHFWLILHU�WRSRORJ\�ZLOO�EH

LQWURGXFHG� LQ� 6HFWLRQ� ����� � ,Q� 6HFWLRQ� ����� WKH� RSHUDWLRQ� SULQFLSOHV� RI� WKH� 466� LVRODWHG

=9=&6� EXFN� UHFWLILHU� DUH� SUHVHQWHG�� � ,Q� 6HFWLRQ� ����� WKH� FRQGLWLRQV� WR� DFKLHYH� JOREDO

=9=&6� LQ� D� OLQH� F\FOH� LV� DQDO\]HG�� DQG� YDULRXV� SRZHU� VWDJH� LPSOHPHQWDWLRQ� LVVXHV� DUH

GLVFXVVHG�� 7KH� H[SHULPHQWDO� UHVXOWV� RI� D� �� N:�� ��� N+]� SURWRW\SH� IRU� W\SLFDO

WHOHFRPPXQLFDWLRQ� DSSOLFDWLRQV� DUH� SUHVHQWHG� LQ� 6HFWLRQ� ����� � $� VLPSOLILHG� FLUFXLW� ZLWK

DOWHUQDWLYH�PRGXODWLRQ�VFKHPH�LV�EULHIO\�GLVFXVVHG�LQ�6HFWLRQ������DQG�ILQDOO\�LQ�6HFWLRQ������D

IDPLO\�RI�466� LVRODWHG�=9=&6�EXFN�UHFWLILHUV�DUH�REWDLQHG�EDVHG�RQ� WKH�JHQHUDOL]DWLRQ�RI

WKH�=9=&6�IXOO�EULGJH�FRQYHUWHU�FRQFHSW�

�����466�,VRODWHG�%XFN�=9=&6�5HFWLILHU

�������7RSRORJ\�'HULYDWLRQ�RI�466�,VRODWHG�=9=&6�5HFWLILHU

$�WZR�VWDJH�UHFWLILHU�V\VWHP�LV�VKRZQ�LQ�)LJ������D����,W�FRQVLVWV�RI�D�IURQW�WKUHH�SKDVH

EXFN� UHFWLILHU�ZKLFK� VKDSHV� WKH� WKUHH�SKDVH� LQSXW� FXUUHQW� DQG� UHJXODWHV� WKH� GF� EXV�� DQG� D
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=96�IXOO�EULGJH�GF�GF�FRQYHUWHU���%HFDXVH�ERWK�RI�WKH�WZR�FDVFDGLQJ�VWDJHV�DUH�RI�EXFN�W\SH�

LW� PD\� EH� SRVVLEOH� WR� HOLPLQDWH� WKH� LQWHUPHGLDWH� /&� ILOWHU� WR� REWDLQ� D� 466� LVRODWHG� EXFN

UHFWLILHU� DFFRUGLQJ� WR� WKH� FRQFHSW� RI� 466� SRZHU� FRQYHUVLRQ� GHILQHG� LQ� &KDSWHU� ��� � 7KH

UHVXOWLQJ�WRSRORJ\�LV�LOOXVWUDWHG�LQ�)LJ������E��

Vd

+

-

Ld

n

Df

Va

Vb

Vc Cd
Lk

Cb+

p
Id

�D���7ZR�VWDJH�DF�GF�FRQYHUWHU�V\VWHP�ZLWK�D�IURQW�HQG�EXFN�UHFWLILHU�DQG�D�IXOO�EULGJH�=96�GF�GF�FRQYHUWHU�

Va

Vb

Vc

Lk

Cb+

n

p
Id

�E���&RUUHVSRQGLQJ�466�LVRODWHG�EXFN�UHFWLILHU�

)LJ��������7RSRORJ\�GHULYDWLRQ�RI�466�LVRODWHG�EXFN�UHFWLILHU�

,W� LV� QRWLFHDEOH� WKDW� VRPH� FLUFXLW� SURSHUWLHV� DUH� FKDQJHG� ZLWK� WKH� DERYH� WRSRORJ\

VLPSOLILFDWLRQ�� ,Q� WKH� RULJLQDO� WZR�VWDJH� VFKHPH�� WKH� LQSXW� FXUUHQW� RI� WKH� GF�GF� FRQYHUWHU

VWDJH�RU�WKH�GF�UDLO�FXUUHQW��,G��FDQ�IORZ�LQ�ERWK�GLUHFWLRQV���+RZHYHU��LQ�WKH�466�WRSRORJ\�

WKH�UHYHUVH�SDWK�IRU�WKH�GF�UDLO�FXUUHQW�LV�EORFNHG�E\�WKH�FXUUHQW�XQLGLUHFWLRQDO�EXFN�UHFWLILHU

EULGJH�� � 8QIRUWXQDWHO\�� IURP� WKH� RSHUDWLRQ� SULQFLSOHV� RI� WKH� =96� IXOO�EULGJH� GF�GF

FRQYHUWHUV� >'��@�>'��@�� LW� LV� NQRZQ� WKDW� DW� WKH� HQG� RI� HDFK� KDOI� F\FOH�� WKH� IUHHZKHHOLQJ

OHDNDJH�FXUUHQW�RQ� WKH�SULPDU\�VLGH�RI� WKH� LVRODWLRQ� WUDQVIRUPHU�KDV� WR�EH� IHG�EDFN� WR� WKH
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VRXUFH�� � 7KH� EORFNDJH� RI� WKLV� FXUUHQW� UHYHUVH� SDWK� LQHYLWDEO\� OHDGV� WR� D� WUDQVLHQW� YROWDJH

DSSHDULQJ�DFURVV�S�DQG�Q�

$OVR� QRWLFHG� LV� WKDW� LQ� WKH� =9=&6� IXOO�EULGJH� FRQYHUWHU� SURSRVHG� LQ� >'��@�� WKH

IUHHZKHHOLQJ�SULPDU\�FXUUHQW�LV�UHVHW�WR�DQG�NHSW�DURXQG�]HUR�GXULQJ�WKH�IUHHZKHHOLQJ�RU�RII

GXW\�F\FOH�� �$V�D�UHVXOW�� WKHUH� LV�QR�UHYHUVH�FXUUHQW�IHG�EDFN�WR�WKH�VRXUFH�� �7KHUHIRUH�� WKH

EORFNDJH�RI�WKH�UHYHUVH�FXUUHQW�SDWK�GRHV�QRW�SUHVHQW�DQ\�SUREOHP�LI�D�=9=&6�IXOO�EULGJH

WRSRORJ\�LV�XVHG�WR�UHSODFH�WKH�=96�IXOO�EULGJH�WRSRORJ\�VKRZQ�LQ�)LJ������E����7KH�UHVXOWLQJ

466�LVRODWHG�=9=&6�EXFN�UHFWLILHU�LV�VKRZQ�LQ�)LJ������D���DQG�LWV�KLJK�IUHTXHQF\�RSHUDWLRQ

ZDYHIRUPV�LV�VKRZQ�LQ�)LJ������E���ZKLFK�FRUUHVSRQG�WR�WKH�ILUVW�KDOI�RI�VHFWRU�,�RI�DQ�LQSXW

OLQH�F\FOH�DV�VKRZQ�LQ�)LJ������

7KH�SURSRVHG�UHFWLILHU� UHDOL]HV�� LQ� D�XQLILHG� VLQJOH� VWDJH�� DOO� WKH�FLUFXLW� IXQFWLRQV�DV

ZHUH� DFKLHYHG� E\� WKH� HVWDEOLVKHG� WZR�VWDJH� SRZHU� FRQYHUVLRQ�� ZKLOH� WKHUH� DUH� QR� GF�OLQN

ILOWHULQJ�FRPSRQHQWV�� �,W� LV�DOVR�IXQFWLRQDOO\�HTXLYDOHQW�WR�WKH�PDWUL[�UHFWLILHUV� LQ� >%�@�>%�@�

0RUHRYHU�� LW� SRVVHVVHV� XQLTXH� IHDWXUHV� RI� YHU\� ORZ� VZLWFKLQJ� ORVVHV�� DV� ZLOO� EH� H[SODLQHG

EHORZ�

$V�LQ�WKH�FDVFDGHG�EXFN�UHFWLILHU�GLVFXVVHG�LQ�&KDSWHU����WKH�GXW\�F\FOH�FRQWURO�DQG

RWKHU� FRQWURO� IXQFWLRQV� LQ� WKH�466� LVRODWHG� =9=&6� UHFWLILHU� FDQ� EH� UHDOL]HG� E\� WKH� IXOO�

EULGJH�GF�GF� FRQYHUWHU��ZKLOH� WKH� IURQW� WKUHH�SKDVH� EXFN� EULGJH� RQO\� QHHGV� WR� GR� ORVVOHVV

VZLWFKLQJ�WR�FRQQHFW�WKH�DFWLYH�SKDVHV�WR�WKH�SXOVDWLQJ�GF�OLQN���7KH�=9=&6�IXOO�EULGJH�GF�

GF�FRQYHUWHU�FDQ�EH�FRQWUROOHG�ZLWK�WKH�ZHOO�NQRZQ�SKDVH�VKLIW�3:0�FRQWURO�>'��@�>'��@@�

7KDW�LV��WKH�WXUQ�RQ�RI�WKH�VZLWFKHV�RQ�WKH�ULJKW� OHJ�FRPSRVHG�RI�6��DQG�6�� �UHIHUUHG�WR�DV

ODJJLQJ� OHJ� WKHUHDIWHU�� LV� GHOD\HG� UHODWLYH� WR� WKDW� RQ� WKH� OHIW� OHJ� �OHDGLQJ� OHJ��� � :LWK� WKH

=9=&6�VFKHPH�� WKH� OHDNDJH�FXUUHQW�GXULQJ�RII�WLPH� LV� UHVHW�E\� WKH�YROWDJH�HVWDEOLVKHG�RQ



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

&KDSWHU����466�,VRODWHG�7KUHH�3KDVH�%XFN��=9=&6�5HFWLILHUV ��

WKH�EORFNLQJ�FDSDFLWRU�&E��ZKRVH�YDOXH�LV�LQWHQWLRQDOO\�UHGXFHG��DQG�IXUWKHU�NHSW�DURXQG�]HUR

E\�D�VDWXUDEOH�UHDFWRU�/V���%HFDXVH�RI�WKLV��WKH�ODJJLQJ�OHJ�VZLWFKHV�FDQ�EH�WXUQHG�RII�XQGHU

]HUR�FXUUHQW�� DQG� VORZHU� GHYLFHV� VXFK� DV� ,*%7V� FDQ� EH� FRPIRUWDEO\� XVHG�� � 'HWDLOHG

RSHUDWLRQ�RI�WKH�=9=&6�IXOO�EULGJH�FDQ�EH�IRXQG�LQ�>'��@�

Lk

D5 D8
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A
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S1
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n
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�D���&LUFXLW�GLDJUDP�

Va > 0, Vb < Vc < 0 (-30 < ωt < 0 deg), San = Sbp = Scp = 0

Sap

S1
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t
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Vac
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ZCS lost

��E��+LJK�IUHTXHQF\�ZDYHIRUPV�

)LJ��������466�LVRODWHG�WKUHH�SKDVH�=9=&6�EXFN�3:0�UHFWLILHU�
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Va > 0, Vb < Vc < 0 

0 60 120 180-60-120-180

Va

Vb

Vc0

II IIIIV V VI I

θ = ωt  (deg)

IV

)LJ��������,QSXW�SKDVH�YROWDJHV�

�������466�,VRODWHG�=9=&6�5HFWLILHU�ZLWK�6SOLW�)XOO�%ULGJHV

,Q�WKH�EDVLF�WRSRORJ\�VKRZQ�LQ�)LJ�������=&6�IRU�WKH�ODJJLQJ�VZLWFKHV�LV�GLIILFXOW�WR

DFKLHYH�IRU�VRPH�SRUWLRQV�RI�D� OLQH�F\FOH�ZKHQ� WKH� WZR�FRQVHFXWLYH�GXW\�F\FOHV��G�� DQG�G��

FDQ�EH�UDGLFDOO\�GLIIHUHQW�LQ�PDJQLWXGH�QHDU�WKH���R�VHFWRU�ERXQGDULHV�� �+HQFH�� WKH�YROWDJH

RQ�WKH�VPDOO�EORFNLQJ�FDSDFLWRU��9&E��ZKLFK�LV�XVHG�WR�UHVHW�WKH�SULPDU\�FXUUHQW��FRQWDLQV�D

VWURQJ�VXEKDPRQLF�DW�WZLFH�WKH�VZLWFKLQJ�IUHTXHQF\��RU���7V��DV�LV�FOHDUO\�VHHQ�LQ�)LJ������E��

$V�D�UHVXOW��WKH�SRODULW\�DQG�PDJQLWXGH�RI�9&E�PD\�EH�LQFRUUHFW�IRU�WKH�FXUUHQW�LQ�WKH�OHDNDJH

LQGXFWDQFH�WR�EH�UHVHW��HVSHFLDOO\�DIWHU�UXQQLQJ�YHU\�VPDOO�GXW\�F\FOHV�

7KH�DERYH�SUREOHP�FDQ�EH�VROYHG�E\�VSOLWWLQJ�WKH�IXOO�EULGJH�LQ�WZR��DV�VKRZQ�LQ�)LJ�

�����RQH�RSHUDWLQJ�ZLWK�GXW\�F\FOH�G��DQG�WKH�RWKHU�RQH�ZLWK�G��� �7KH�FRUUHVSRQGLQJ�WLPLQJ

DQG�NH\�FLUFXLW�ZDYHIRUPV�DUH�LOOXVWUDWHG�LQ�)LJ�������DQG�ZLOO�EH�GLVFXVVHG�IXUWKHU�LQ�WKH�QH[W

VHFWLRQ�

,W�FDQ�EH�FRQFOXGHG�IURP�WKH�DQDO\VLV�DERYH�WKDW�WKH�SURSRVHG�466�LVRODWHG�UHFWLILHU

KDV�YHU\�ORZ�VZLWFKLQJ�ORVVHV�EHFDXVH�RI�=&6�RSHUDWLRQ�IRU�DOO�EXW�WKH�OHDGLQJ�OHJ�VZLWFKHV�

ZKLFK�VZLWFK�XQGHU�]HUR�YROWDJH���&RQVHTXHQWO\��LW�LV�VXLWHG�IRU�KLJK�IUHTXHQF\�KLJK�SRZHU

DSSOLFDWLRQV�
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)LJ��������466�LVRODWHG�EXFN�UHFWLILHU�ZLWK�JOREDO�=9=&6�FDSDELOLW\�

�������6XPPDU\�RI�)HDWXUHV

,Q�DGGLWLRQ� WR� WKH�DGYDQWDJHV� DWWULEXWHG� WR� WKH�PDWUL[� UHFWLILHU�� L�H��QR� LQWHUPHGLDWH

GF�OLQN�ILOWHU�DQG�RQH�WLPH�SRZHU�SURFHVVLQJ��WKH�466�LVRODWHG�=9=&6�EXFN�UHFWLILHU�KDV�WKH

IROORZLQJ�GLVWLQFWLYH�DGYDQWDJHV�

D��)URQW�HQG�EXFN�EULGJH�GRHV�QRW�QHHG�WR�VZLWFK�DQ\�FXUUHQW��L�H��LV�FRPSOHWH�=&6�

E��=&6�IRU�WKH�ODJJLQJ�OHJ�VZLWFKHV�LQ�WKH�)%�GF�GF�FRQYHUWHU�LV�DFKLHYHG�E\�SULPDU\

IUHHZKHHOLQJ�FXUUHQW�UHVHWWLQJ�

F��/RZ�SULPDU\�IUHHZKHHOLQJ�ORVV�IRU�WKH�VDPH�UHDVRQ�

G��)DVW�WXUQ�RII�VZLWFKHV�DUH�QHHGHG�RQO\�IRU�WKH�OHDGLQJ�OHJ�VZLWFKHV��ZKLFK�ZRUNV

XQGHU�=96�WXUQ�RQ�

)RU�WKHVH�UHDVRQV�� LW� LV�SURPLVLQJ�WR�EH�XVHG� LQ�KLJK�SRZHU�DF�GF�DSSOLFDWLRQV�ZLWK

LVRODWLRQ�UHTXLUHPHQW��VXFK�DV�EDWWHU\�FKDUJHUV��836V�DQG�WHOHFRPPXQLFDWLRQ�SRZHU�VWDWLRQV�
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&KDSWHU����466�,VRODWHG�7KUHH�3KDVH�%XFN��=9=&6�5HFWLILHUV ��

�����2SHUDWLRQ�3ULQFLSOHV

�������3:0�DQG�7LPLQJ�6HTXHQFH

7KH�3:0�RSHUDWLRQ�IRU�WKH�466�LVRODWHG�=9=&6�EXFN�UHFWLILHU�LV�VLPLODU�WR�WKDW�IRU

WKH�QRQ�LVRODWHG�EXFN� UHFWLILHUV�� � ,Q� WKLV� FDVH�� WKH� DFWLYH�GXW\� F\FOHV��G��DQG�G��� QHHG� WR� EH

EURNHQ� LQWR� WZR� HTXDO� SRUWLRQV�� DQG� DSSOLHG� VHTXHQWLDOO\� WR� HQVXUH� IOX[� EDODQFH� RQ� WKH

LVRODWLRQ�WUDQVIRUPHU��DV�VKRZQ�LQ�WKH�WLPLQJ�GLDJUDP�LQ�)LJ������E��� �&RUUHVSRQGLQJO\�� LW� LV

DGYDQWDJHRXV�WR�EUHDN�WKH�IUHHZKHHOLQJ�GXW\�F\FOH�LQWR�IRXU�HTXDO�SRUWLRQV��HDFK�ZLWK�GR��

>%�@�� �7KLV� LV�HTXLYDOHQW�WR�WKH�3:0�VFKHPH�ZLWK�GLVWULEXWHG�]HUR�GXW\�F\FOH�IRU�WKH�QRQ�

LVRODWHG�EXFN�UHFWLILHU�

Sap
Sbn
Scn

S11,2
S31,2
S21,2
S41,2

Vpn

VA1B1

Vs
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VA2B2
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Vac
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-Vac

Td1

-Vab

Vac

Vab

Vab Vac

Td2
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-Io/n

Io/n

-Io/n

Vab/n Vac/n
t
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Ts/2 Ts/2

T1/2 To/4To/4 T2/2 T1/2 To/4 To/4

)LJ��������+LJK�IUHTXHQF\�ZDYHIRUPV�

:LWK� D� VLQJOH� LVRODWLRQ� WUDQVIRUPHU� LQ� )LJ�� ����D��� WR� H[HUFLVH� EDODQFHG� IOX[� RQ� WKH

WUDQVIRUPHU��KDOI�RI�DQ�DFWLYH�GXW\�F\FOH�� IRU� H[DPSOH�G�����KDV� WR�EH� IROORZHG�E\�DQRWKHU



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

&KDSWHU����466�,VRODWHG�7KUHH�3KDVH�%XFN��=9=&6�5HFWLILHUV ��

KDOI�RI�WKH�VDPH�GXW\��G������%XW�ZLWK�WKH�VSOLW�GXDO�IXOO�EULGJHV�DV�VKRZQ�LQ�)LJ�������PRUH

IUHHGRP�LV�FUHDWHG� IRU� WKH�SDLULQJ�RI� WKH�DFWLYH�GXW\�F\FOHV�ZLWKLQ�D�3:0�VZLWFKLQJ�F\FOH

DQG�GLIIHUHQW�WLPLQJ�VHTXHQFHV�DUH�IHDVLEOH�EHFDXVH�WKH�QHLJKERULQJ�WZR�KDOI�GXW\�F\FOHV�FDQ

QRZ�EH�H[HUWHG�RQ�GLIIHUHQW�EULGJHV�

2QH�RI�VXFK�SRVVLEOH�VHTXHQFHV�LV�LOOXVWUDWHG�LQ�)LJ��������:LWK�WKLV�VHTXHQFH��WKH�KDOI

DFWLYH�GXW\�F\FOHV��G����DQG�G�����DUH�FRQVHFXWLYHO\�DSSOLHG�WR�WKH�DOWHUQDWLYH�EULGJHV��DQG�WKH

WZR� EULGJHV� ZRUN� DOWHUQDWLYHO\�� RU� LQ� WLPH�GLYLVLRQ�� � 7KLV� UHVXOWV� LQ� V\PPHWULFDO� FRQWURO

SXOVLQJ�ZLWKLQ�KDOI�RI�D�VZLWFKLQJ�SHULRG�� L�H��7V����DQG�IDFLOLWDWHV�GLJLWDO� LPSOHPHQWDWLRQ�RI

WKH� WLPLQJ�VHTXHQFH�JHQHUDWLRQ�� �$OVR�� WKH�HIIHFWLYH�RXWSXW� ULSSOH� IUHTXHQF\�DQG� WKH� LQSXW

FXUUHQW�SXOVH�IUHTXHQF\�DUH�GRXEOHG��DV�LV�FOHDU�IURP�WKH�VZLWFKLQJ�ZDYHIRUP�RI�WKH�UHFWLILHG

VHFRQGDU\�YROWDJH��9V��DQG�WKH�SULPDU\�EXV�YROWDJH��9SQ��UHVSHFWLYHO\��LQ�)LJ��������,W�EHFRPHV

SRVVLEOH� IRU� WKH� VDPSOLQJ� IUHTXHQF\� LQ� WKH� FRQWURO� WR�EH� GRXEOHG� DQG� IRU� D�ZLGHU� FRQWURO

EDQGZLGWK�WR�EH�DFKLHYHG���7KLV�LV�HVSHFLDOO\�LPSRUWDQW�ZKHQ�GLJLWDO�FRQWURO�LV�XVHG���,Q�WKDW

FDVH��WKH�VDPSOLQJ�GHOD\�XVXDOO\�GRPLQDWHV�WKH�REWDLQDEOH�PD[LPXP�FRQWURO�EDQGZLGWK�

�������2SHUDWLRQ�ZLWKLQ�D�3:0�3HULRG

7R�VLPSOLI\�WKH�DQDO\VLV��LW�LV�DVVXPHG�LQ�WKH�IROORZLQJ�DQDO\VLV�WKDW�WKH�RXWSXW�FKRNH�

/R��LV�ODUJH��VR�WKDW�WKH�RXWSXW�FXUUHQW�LV�FRQVWDQW��WKH�YROWDJHV�DFURVV�WKH�EORFNLQJ�FDSDFLWRUV�

&E�� DQG� &E��� DUH� ORZ� FRPSDUHG� WR� WKH� UHFWLILHG� LQSXW� YROWDJH��9SQ�� DQG� WKH� PDJQHWL]LQJ

FXUUHQWV�RI�WKH�WUDQVIRUPHUV�DUH�QHJOLJLEOH�FRPSDUHG�WR�WKH�UHIOHFWHG�RXWSXW�FXUUHQW��VR�WKH

SULPDULHV�VHH� WKH�FRQVWDQW� UHIOHFWHG�RXWSXW�FXUUHQW�� �$OO� WKHVH�DVVXPSWLRQV�DUH� UHIOHFWHG� LQ

WKH� VZLWFKLQJ� ZDYHIRUPV� LQ� )LJV�� ����E�� DQG� ����� � 7KH� WLPLQJ� VHTXHQFHV� VKRZQ� DUH� DOO

FRUUHVSRQGLQJ� WR� WKH� LQSXW� YROWDJH� FRPELQDWLRQ� ZLWKLQ� WKH� ILUVW� KDOI� RI� VHFWRU� ,�� ZLWK

θ ω= ∈t ����R���R��
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&KDSWHU����466�,VRODWHG�7KUHH�3KDVH�%XFN��=9=&6�5HFWLILHUV ��

'XULQJ�WKH�ILUVW�G�7V����RU�7���� LQ�)LJ������� WKH�VZLWFKHV�6DS��6EQ��6��� DQG�6��� DUH�RQ�

DQG�WKH�UHFWLILHG�LQSXW�OLQH�YROWDJH�LV�DSSOLHG�WR�WKH�SULPDU\�RI�7U����7KH�PDJQHWL]LQJ�FXUUHQW�

,/P���RI�7U�� DQG� WKH�EORFNLQJ�FDSDFLWRU�YROWDJH��9&E��� DFURVV�&E�� LQFUHDVH� OLQHDUO\� IURP� WKHLU

LQLWLDO�QHJDWLYH�YDOXHV���'XULQJ�WKLV�WLPH��DOO�WKH�VZLWFKHV�LQ�EULGJH���DUH�RII��DQG�WKH�YROWDJH�

9&E��� � DFURVV� LWV� EORFNLQJ� FDSDFLWRU� LV� NHSW� FRQVWDQW�� � 0HDQZKLOH�� WKH� QHJDWLYH� LQLWLDO

PDJQHWL]LQJ�FXUUHQW�RI�7U��� ,/P��� LV� UHVHW� WKURXJK� WKH�DQWLSDUDOOHO�GLRGHV��'��� DQG�'���� �7KH

GRWWHG� OLQH� LQ� WKH� ZDYHIRUP� RI�9$�%�� VKRZV� WKDW� LW� PD\� IOXFWXDWH� DIWHU� WKH� PDJQHWL]LQJ

FXUUHQW� LV� UHVHW�EHFDXVH�RI� WKH�SDUDVLWLF�RVFLOODWLRQ�EHWZHHQ� WKH� OHDNDJH� LQGXFWDQFH��/N��� LQ

VHULHV� ZLWK� WKH� VDWXUDEOH� LQGXFWRU�� /V��� �ZKHQ� LW� LV� GHVDWXUDWHG�� DQG� WKH� PDJQHWL]LQJ

LQGXFWDQFH��/P���DQG�WKH�SDUDVLWLF�FDSDFLWDQFH�DFURVV�QRGHV�$��� DQG�%���PDLQO\� WKH�SDUDVLWLF

FDSDFLWDQFH� RI� WKH� VZLWFKHV�� � %HFDXVH� WKH� EORFNLQJ� FDSDFLWRU� LV� ODUJH� FRPSDUHG� ZLWK� WKH

SDUDVLWLF�FDSDFLWDQFH��9&E��ZLOO�QRW�EH�PRGLILHG�

$W�WKH�HQG�RI�WKH�ILUVW�7�����6���LV�WXUQHG�RII��DQG�WKH�IUHHZKHHOLQJ�SHULRG��G�7V����RU

7R����LV�LQLWLDWHG���7KH�YROWDJH�DW�QRGH�$��LV�ILUVW�GLVFKDUJHG�WR�]HUR�E\�WKH�SULPDU\�FXUUHQW�

DQG� WKH� ORDG� FXUUHQW� VWDUWV� WR� IUHHZKHHO� LQ� WKH� VHFRQGDU\�� �$W� WKH� VDPH� WLPH�� WKH� FXUUHQW

UHPDLQLQJ�LQ�WKH�SULPDU\�OHDNDJH�LQGXFWDQFH��/N��� LV�UHVHW�WR�]HUR�E\�WKH�YROWDJH�HVWDEOLVKHG

RQ� WKH� EORFNLQJ� FDSDFLWRU��&E��� LQ� WKH� VDPH�ZD\� DV� LQ� WKH�=9=&6�GF�GF� FRQYHUWHU� >'��@�

7KH�SULPDU\�FXUUHQW�UHPDLQV�DURXQG�]HUR�GXH�WR�WKH� LQFUHDVHG� LQGXFWDQFH�RI� WKH�VDWXUDEOH

LQGXFWRU�� /V��� � 'XULQJ� WKLV� SHULRG�� WKH� PDJQHWL]LQJ� FXUUHQW� RI� 7U��� ,/P��� DOVR� IUHHZKHHOV

WKURXJK�WKH�VHFRQGDU\�

$W� WKH� HQG�RI� WKH�7R���� 6��� LV� WXUQHG�RII� XQGHU� ]HUR� FXUUHQW�� �7KH�GHOD\� WLPH��7G��

EHWZHHQ�WXUQ�RII�RI�6���DQG�6���LV�7R���PLQXV�WKH�GHDG�WLPHV��7G��WKURXJK�7G��VKRZQ�LQ�)LJ�

����
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&KDSWHU����466�,VRODWHG�7KUHH�3KDVH�%XFN��=9=&6�5HFWLILHUV ��

:LWK�6���LQ�EULGJH���KDYLQJ�DOUHDG\�EHHQ�JDWHG�RQ�VOLJKWO\�EHIRUH�WKH�HQG�RI�WKH�ODVW

7R����WXUQLQJ�RQ�6���DW�WKH�EHJLQQLQJ�RI�G�7V����RU�7�����LQLWLDWHV�WKH�RWKHU�DFWLYH�GXW\�F\FOH�

G��� �7KH�HYHQWV�DUH�VLPLODU� WR�WKDW� LQ�WKH�ILUVW�DFWLYH�GXW\�F\FOH�� �+RZHYHU�� LQ� WKLV�FDVH�� WKH

PDJQHWL]LQJ�FXUUHQW�LQ�7U���,/P���ZLOO�QRW�EH�FRPSOHWHO\�UHVHW�EXW�RQO\�GHFUHDVHG��DV�VKRZQ�LQ

)LJ�������EHFDXVH� d V d Vac ab2 1⋅ < ⋅ ���7KH�ILQDO�YDOXH�GHSHQGV�RQ�WKH�UHODWLYH�OHQJWKV�RI�WKH�WZR

DFWLYH�GXW\�F\FOHV�

7KH� FLUFXLW� RSHUDWLRQ� LQ� WKH� VHFRQG�KDOI� RI� WKH� VZLWFKLQJ� SHULRG�� L�H�� DIWHU�7V���� LV

V\PPHWULFDO�WR�WKH�ILUVW�KDOI��ZLWK�WKH�RWKHU�KDOI�RI�WKH�VZLWFKHV�LQ�WKH�IXOO�EULGJHV�ZRUNLQJ�

$V�VKRZQ�LQ�)LJV������DQG������WZR�GHOD\�WLPHV��7G��DQG�7G���QHHG�WR�EH�LQVHUWHG�LQWR

WKH�LGHDO�SXOVHV�JHQHUDWHG�E\�WKH�3:0�PRGXODWRU��7G��LV��QHHGHG�WR�HQVXUH�WKH�VZLWFKLQJ�RI

WKH�IURQW�EXFN�EULGJH�VZLWFKHV��ZKLOH�7G��LV�XVHG�WR�DFKLHYH�ORVVOHVV�WXUQ�RQ�RI�WKH�IURQW�EXFN

EULGJH���7KHVH�IL[HG�GHOD\V�DUH�HDV\�WR�JHQHUDWH�DQG�FDQ�EH�HDVLO\�FRPSHQVDWHG�E\�H[WHQGLQJ

WKH�WUDLOLQJ�HGJHV�RI�WKH�ODJJLQJ�OHJ�VZLWFK�SXOVHV�

�����,PSOHPHQWDWLRQ�,VVXHV

�������*OREDO�=9=&6�&DSDELOLW\

$V�FDQ�EH�VHHQ�IURP�WKH�DQDO\VLV�DERYH��WKH�=96�RI�WKH�OHDGLQJ�OHJ�VZLWFKHV��6�M�DQG

6�M�� M� ∈� ^��� �`�� LV� VLPLODU� WR� WKDW� LQ� WKH� W\SLFDO� SKDVH�VKLIW�FRQWUROOHG� IXOO�EULGJH� GF�GF

FRQYHUWHU��DQG�WKH�=96�FDQ�EH�DFKLHYHG�HDVLO\� LQ�WKH�ZKROH� OLQH�F\FOH�� �,W�VKRXOG�EH�QRWHG

WKDW�WKHUH�PD\�EH�VRPH�UHVLGXDO�YROWDJH�DFURVV�WKH�OHDGLQJ�OHJ�VZLWFKHV�ZKHQ�WKH\�DUH�WXUQHG

RQ��UHVXOWLQJ�IURP�WKH�SDUDVLWLF�RVFLOODWLRQ�GXULQJ�WKH�GRUPDQW�SHULRG�ZKHQ�WKH�RWKHU�EULGJH

LV�ZRUNLQJ�� �6R�WKHUH� LV�VRPH�FDSDFLWLYH�GLVFKDUJH� ORVV��EXW� WKHUH� LV�QR�WXUQ�RQ� ORVV�GXH� WR

UHYHUVH�UHFRYHU\�RI�WKH�DQWLSDUDOOHO�GLRGH�
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&KDSWHU����466�,VRODWHG�7KUHH�3KDVH�%XFN��=9=&6�5HFWLILHUV ��

7KH�=&6� UDQJH� IRU� WKH� ODJJLQJ� OHJ� VZLWFKHV�� 6�M� DQG� 6�M�� M� ∈� ^��� �`�� LV� RI� FRQFHUQ

EHFDXVH�LW�LV�D�VWURQJ�IXQFWLRQ�RI�WKH�GXW\�F\FOHV��ZKLFK�FKDQJH�GUDVWLFDOO\�ZLWKLQ�HYHU\���R

RI�D�OLQH�F\FOH�

2QH� FRQYHQLHQW� DQG� LOOXVWUDWLYH� ZD\� WR� VWXG\� WKH� =&6� UDQJH� LV� WR� VWXG\� WKH� VWDWH

WUDMHFWRULHV�RI�WKH�UHVRQDQW�FLUFXLW�FRQVLVWLQJ�RI�HDFK�OHDNDJH�LQGXFWDQFH�RI�WKH�WUDQVIRUPHU�

/N��RU�/N��LQ�)LJ�������DQG�HDFK�EORFNLQJ�FDSDFLWRU��&E��RU�&E����&RQVLGHULQJ�WKH�IDFW�WKDW�WKH

VZLWFKLQJ� IUHTXHQF\� LV�PXFK�KLJKHU� WKDQ� WKH� LQSXW� OLQH� IUHTXHQF\�� LW� LV� MXVWLILHG� WR� DVVXPH

WKDW�WKH�VWDWH�WUDMHFWRULHV�RI�WKH�UHVRQDQW�FLUFXLWV�LQ�RQH�VZLWFKLQJ�F\FOH�DUH�FORVHG�FXUYHV���,I

WKH� FXUUHQW� ULSSOH� UHIOHFWHG� IURP� WKH� VHFRQGDU\� DQG� WKH� PDJQHWL]LQJ� FXUUHQWV� DUH� IXUWKHU

DVVXPHG� WR� EH� ORZ�� WKH� WUDMHFWRULHV� RI� WKH� OHDNDJH� �SULPDU\�� FXUUHQWV� DUH� VWUDLJKW� OLQHV� LQ

SDUDOOHO�ZLWK� WKH�EORFNLQJ�FDSDFLWRU�YROWDJH� �9F�� D[LV�� DV� VKRZQ� LQ�)LJ������� �7KH� WUDMHFWRU\

^D��E��F��G��H��I�`�LQ�)LJ������FRUUHVSRQGV�WR�WKH�EULGJH���LQ�)LJ�������ZKLOH�WKH�WUDMHFWRU\�^D��

E��F��G��H��I�`�FRUUHVSRQGV�WR�WKH�EULGJH�����7KH�WRS�SRUWLRQ��,/N�!����UHSUHVHQWV�WKH�ILUVW�KDOI

RI�WKH�VZLWFKLQJ�SHULRG�LQ�)LJ�������ZKLOH�WKH�QHJDWLYH�KDOI�SRUWLRQ�UHSUHVHQWV�WKH�VHFRQG�KDOI�

5HVWULFWLQJ�RXU�GLVFXVVLRQV�WR�WKH�ILUVW�KDOI�F\FOH��GXH�WR�V\PPHWU\��� WKH�WUDMHFWRULHV

^D��E��F��G`�FDQ�EH�GLYLGHG�LQWR�WKUHH�VHJPHQWV���7KH�ILUVW�VHJPHQW�^D��E`�FRUUHVSRQGV�WR�WKH

WXUQ�RQ� RI� WKH� ORZHU� VZLWFK�� 6��� RU� 6���� LQ� WKH� ODJJLQJ� OHJV�� ZKHQ� WKH� VDWXUDEOH� LQGXFWRU

VDWXUDWHV� UDSLGO\� ZKLOH� 9&E� GRHV� QRW� FKDQJH� VLJQLILFDQWO\�� � 7KH� VHFRQG� VHJPHQW� ^E�� F`

FRUUHVSRQGV�WR�WKH�DFWLYH�GXW\�F\FOHV��ZKLOH�WKH�WKLUG�VHJPHQW�^F��G`�UHSUHVHQWV�WKH�OHDNDJH

FXUUHQW�UHVHWWLQJ�VWDJH���2QFH�WKH�FXUUHQW�LV�UHVHW�WR�DURXQG�]HUR��LW�MXVW�VWD\V�DW�G�GXH�WR�WKH

HIIHFWV�RI�WKH�VDWXUDEOH�LQGXFWRU�

)URP� )LJV�� ���� DQG� ����� WKH� EORFNLQJ� FDSDFLWRU� YROWDJH� DQG� WKH� UHVHW� WLPH� RI� WKH

OHDNDJH�LQGXFWRU�FXUUHQW�DQG�FDQ�EH�HDVLO\�GHULYHG���6SHFLILFDOO\��LW�FDQ�EH�VKRZQ�WKDW
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6XSSRVH�/N�� �/N���&E�� �&E���DQG�G��!�G���WKHQ�LW�LV�DSSDUHQW�IURP�������WKDW�WUD���WUE�

7KDW� LV�� WKH� OHDNDJH� FXUUHQW� LQ� WKH� EULGJH� FRQGXFWLQJ� VPDOOHU� GXW\� F\FOH� LV� DOZD\V� PRUH

GLIILFXOW�WR�EH�UHVHW�LI�WZR�EULGJHV�DUH�GHVLJQHG�WR�EH�V\PPHWULFDO�

Vc

ILk

0

Io/n

Vca

VCb1(c)

c2 c1

Vcb

VCb2(c)

b2b1

d2 d1b1a1

e2 e1f2f1

)LJ��������6WDWH�WUDMHFWRULHV�RI�EORFNLQJ�FDSDFLWRU�YROWDJHV�DQG�OHDNDJH�LQGXFWRU�FXUUHQWV�

)URP�������RU�)LJ�������LW�FDQ�EH�VHHQ�WKDW�ZLWK�YHU\�ORZ�GXW\�F\FOH��RI�EULGJH���IRU

WKLV�FDVH���WKH�YROWDJH�RQ�WKH�EORFNLQJ�FDSDFLWRU��9&E���PD\�QRW�UHYHUVH�LWV�SRODULW\��L�H��SRLQW

F�� VWD\V�RQ� WKH� OHIW�KDOI�SODQH�DW� WKH�HQG�RI� WKH�FRUUHVSRQGLQJ�DFWLYH�GXW\�F\FOH�G��� �)URP

�������WKLV�KDSSHQV�ZKHQ�G�7V�����ω 2 ��ZKHUH� ω 2 2 21≡ / L Ck b �� �,Q�WKLV�FDVH��WKH�UHVHW� WLPH

IRU�EULGJH���EHFRPHV
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τ π ωrb sd T= + −( / ) / .1 2 2 2 �����

7KH� ZRUVW� �H[WUHPH�� FDVH� RFFXUV� ZKHQ� G�� DSSURDFKHV� ]HUR�� DV� VKRZQ� LQ� )LJ�� ����

3RLQW�F��RQ�WKH�WUDMHFWRU\�PRYHV�OHIWZDUGV�DQG�EHFRPHV�FRLQFLGHQW�ZLWK�SRLQW�E���VR�WR�UHVHW

WKH�OHDNDJH�FXUUHQW��WKH�WUDMHFWRU\�KDV�WR�WUDYHO�IURP�E��WR�F
·�DQG�ILQDOO\�WR�G����,Q�WKLV�FDVH��LW

FDQ�EH�VKRZQ�WKDW�WKH�ZRUVW�FDVH�UHVHW�WLPH��WUE
P�LV�H[SUHVVHG�DV

τ πr
m

k bL C2 2 21 2= +( / ) . �����

6R�WKH�JOREDO�=&6�FRQGLWLRQ�FDQ�EH�REWDLQHG�IURP�������DV

d T T
m To s s

r
m

ZCS4 4
1

3

2 2= − ≥ +( ) ,τ ∆ � �����

ZKHUH� ∆TZCS �LV�KROG�GRZQ�WLPH�DIWHU�WKH�FXUUHQW�LV�UHVHW�WR�]HUR���)RUPXOD�������VHWV�WKH�OLPLW

WR�WKH�OHDNDJH�LQGXFWDQFH�YDOXH�LQ�D�SUDFWLFDO�GHVLJQ�IRU�UHWDLQLQJ�JOREDO�=&6�RSHUDWLRQ���,W�LV

D�IXQFWLRQ�RI�WKH�GHVLJQHG�PD[LPXP�PRGXODWLRQ�LQGH[��EORFNLQJ�FDSDFLWDQFH��WKH�VZLWFKLQJ

IUHTXHQF\��DQG�WKH�=&6�KROG�GRZQ�WLPH�

ILk

0

Io/n

VCb1(c)

(c2) c’

VCb2

VCb2(c)

VCb1

Vc

c1b2b1

a2a1 d2 d1

)LJ��������([WUHPH�FDVH�VWDWH�WUDMHFWRULHV��L�H��RQH�GXW\�F\FOH�DSSURDFKLQJ�]HUR�

,QVWHDG� RI� XVLQJ� WZR� LGHQWLFDO� RXWSXW� EULGJHV�� RQH� FRXOG� EH� GHVLJQHG� WR� DOZD\V

FRQGXFW�WKH�ODUJH�GXW\�F\FOH��H�J��EULGJH����DQG�WKH�RWKHU�DOZD\V�WR�FRQGXFW�WKH�VPDOOHU�GXW\�
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&KDSWHU����466�,VRODWHG�7KUHH�3KDVH�%XFN��=9=&6�5HFWLILHUV ��

F\FOH��DV�VKRZQ�LQ�)LJ��������,Q�WKLV�FDVH��WKH�EORFNLQJ�FDSDFLWRU�&E��DQG�WKH�WUDQVIRUPHU�7U�

FDQ�EH�GHVLJQHG�WR�EH�VPDOOHU�

-20 -10 0 10 20 30
0

0.2

0.4

0.6

0.8

ωt (deg)    

Bridge 2

Bridge 1

dj
/m

-30

)LJ���������'XW\�F\FOH�DVVLJQPHQW�

�������3RZHU�6WDJH�&RQVLGHUDWLRQV

���������3RZHU�'HYLFHV�IRU�466�,VRODWHG�=9=&6�%XFN�5HFWLILHU

7KH�YROWDJH�UDWLQJ�RI�DOO�WKH�SULPDU\�VZLWFKHV�DUH�WKH�SHDN�LQSXW�OLQH�WR�OLQH�YROWDJH�

D� FOHDU� DGYDQWDJH� RI� EXFN�IHG� WRSRORJLHV�� � 7R� PLQLPL]H� WKH� LQSXW� DQG� RXWSXW� ILOWHULQJ

FRPSRQHQW� VL]H�� YROXPH� DQG� FRVW�� KLJKHU� VZLWFKLQJ� IUHTXHQF\� LV� SUHIHUUHG�� $OWKRXJK� WKH

VZLWFKHV�LQ�WKH�IURQW�EXFN�EULGJH�VZLWFK�DW�WZLFH�WKH�3:0�IUHTXHQF\��L�H���IV��FRPSOHWH�=&6

RSHUDWLRQ� DOORZV� VORZHU� GHYLFHV� VXFK� DV� VORZ� ,*%7V� DQG�*72·V� WR� EH� XVHG�� � 6R� GR� WKH

ODJJLQJ�OHJ� VZLWFKHV�RI� WKH� IXOO�EULGJHV��ZKLFK� VZLWFK� DW� WKH�3:0� IUHTXHQF\� IV�� � 7KH� RQO\

VZLWFKHV�ZKLFK�QHHG�WR�KDUG�WXUQ�RII�WKH�ORDG�FXUUHQW�DQG�VR�QHHG�WR�EH�IDVW�DUH�WKRVH�LQ�WKH

OHDGLQJ� OHJV� RI� WKH� IXOO�EULGJHV�� � =96� RSHUDWLRQ� RI� WKHVH� VZLWFKHV� IDYRUV�� DOWKRXJK� QRW

QHFHVVDULO\��026)(7V�WR�EH�XVHG�XS�WR�WKH�PHGLXP�SRZHU�OHYHO��H�J���������N:���$W�KLJKHU

SRZHU�OHYHO��IDVW�,*%7�PRGXOHV�FDQ�EH�XVHG���$�VPDOO�DQWL�SDUDOOHO�GLRGH�DFURVV�HDFK�EXFN

EULGJH�,*%7�LV�QHHGHG�MXVW�WR�SURWHFW�WKHP�IURP�SRWHQWLDO�WUDQVLHQW�UHYHUVH�YROWDJH�
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&KDSWHU����466�,VRODWHG�7KUHH�3KDVH�%XFN��=9=&6�5HFWLILHUV ��

$V�ZLWK� WKH�GF�GF�=9=&6�IXOO�EULGJH�FRQYHUWHU�� VHYHUH� ULQJLQJ�FDQ�KDSSHQ�RQ� WKH

VHFRQGDU\� UHFWLILHUV� GXULQJ� WKH� UHYHUVH� UHFRYHU\� RI� WKHVH� GLRGHV�� � 0LQLPL]DWLRQ� RI� WKH

WUDQVIRUPHU�OHDNDJH�LQGXFWDQFH�PDNHV�WKLV�SKHQRPHQRQ�PRUH�FRQVSLFXRXV��$�VPDOO�YROWDJH

FODPS�FLUFXLW�DFURVV�HDFK�UHFWLILHU�ZLOO�EH�HIIHFWLYH�WR�VXSSUHVV�LW�

���������$V\PPHWULFDO�%ULGJH�3DUDPHWHUV

,I�WKH�GXW\�F\FOH�DVVLJQPHQW�DV�VKRZQ�LQ�)LJ������LV�DGRSWHG��WKH�SRZHU�KDQGOHG�E\

WKH�WZR�IXOO�EULGJHV�DUH�GLIIHUHQW���6SHFLILFDOO\��WKH�DYHUDJH�FXUUHQW�IORZLQJ�WKURXJK�EULGJH��

FRXQWV�IRU�������RI�WKH�WRWDO�DYHUDJH�FXUUHQW�SURFHVVHG��ZKLOH�WKDW�LQ�EULGJH���LV�RQO\�������

$V�D�UHVXOW��WKH�VZLWFK�FXUUHQW�UDWLQJ�IRU�EULGJH���FDQ�EH�ORZHU�

%HVLGHV��WKH�EORFNLQJ�FDSDFLWRU�DQG�WKH�WUDQVIRUPHU�SDUDPHWHUV�FDQ�DOVR�EH�GHVLJQHG

WR�EH�DV\PPHWULFDO��ZLWK�WKH�PDLQ�DLP�WR�LPSURYH�WKH�=&6�FRQGLWLRQ�RI�EULGJH���

���������0RGXODWLRQ�,QGH[�DQG�,VRODWLRQ�7UDQVIRUPHU

7KH�UHODWLRQVKLS�EHWZHHQ�WKH�LQSXW�SHDN�SKDVH�YROWDJH�9P���WKH�PRGXODWLRQ�LQGH[�P�

WKH�WUDQVIRUPHU�WXUQV�UDWLR�Q�DQG�WKH�RXWSXW�YROWDJH�9R�XQGHU�VWHDG\�VWDWH�RSHUDWLRQ�LV�JLYHQ

LQ�>%�@�>%�@

V m V no m= ⋅3
2 (cos ) ,φ ������

ZKHUH�P∈� ���� ���� DQG� FRVφ� LV� WKH� GLVSODFHPHQW� IDFWRU� EHWZHHQ�SKDVH� YROWDJH� DQG� FXUUHQW�

7KH�PD[LPXP�PRGXODWLRQ�LQGH[�VKRXOG�EH�OLPLWHG�WR�DERXW�����WR�DOORZ�HQRXJK�WLPH�IRU

WKH�SULPDU\�FXUUHQW�WR�UHVHW�LQ�WKH�ZRUVW�FDVH��WKDW�LV��ORZ�LQSXW�OLQH�DQG�IXOO�ORDG���$FFRUGLQJ

WR��������WKH�WUDQVIRUPHU�WXUQV�UDWLR�FDQ�EH�GHFLGHG�HDVLO\�

7R�HDVH�WKH�UHVHW�RI� WKH� OHDNDJH�FXUUHQW�GXULQJ�WKH�IUHH�ZKHHOLQJ�VWDJH�� WKH� OHDNDJH

LQGXFWDQFH� RI� WKH� WUDQVIRUPHUV� QHHGV� WR� EH� NHSW� DV� ORZ� DV� SRVVLEOH�� � $OWKRXJK� ERWK
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WUDQVIRUPHUV�LQ�)LJ����QHHG�WR�KDYH�WKH�VDPH�WXUQV�UDWLR��WKH�DYHUDJH�YROWDJH�VHFRQG�RQ�7U��LV

KLJKHU�WKDQ�WKDW�RQ�7U��DQG�WKH�SHDN�YROWDJH�VHFRQG�RI�7U��LV�WZLFH�WKDW�RI�7U���VR�PRUH�WXUQV

VKRXOG� EH� XVHG� IRU� 7U�� WKDQ� IRU� 7U�� LI� FRUHV� ZLWK� VDPH� FURVV� DUHD� DUH� VHOHFWHG�� � 7KLV

DUUDQJHPHQW� DOVR� KHOSV� WR� UHGXFH� WKH� OHDNDJH� LQGXFWDQFH� RI� 7U��� ZKLFK� LV� LPSRUWDQW

SUDFWLFDOO\�

����������6DWXUDEOH�,QGXFWRU�DQG�%ORFNLQJ�&DSDFLWRU

7KH� FULWHULD� WR� VL]H� WKH� EORFNLQJ� FDSDFLWRU� DUH� VLPLODU� WR� WKDW� LQ� =9=&6� GF�GF

FRQYHUWHUV�� �7KH�PD[LPXP�EORFNLQJ�FDSDFLWRU�YROWDJH� LQ�HDFK�EULGJH� LV� D� IXQFWLRQ�RI� ORDG

FXUUHQW� DQG� PD[LPXP� GXW\�F\FOH�� � )RU� D� GHVLJQHG� PD[LPXP� PRGXODWLRQ� LQGH[�� WKH

PD[LPXP�GXW\�F\FOHV�KDSSHQ�DW� WKH�ERXQGDU\�RI� D���R� VHFWRU� �DV�GHILQHG� LQ�)LJV������ DQG

����� IRU� EULGJH� �� DQG� LQ� WKH�PLGGOH� RI� D� VHFWRU� IRU� EULGJH� ��� � 8VH� RI� D� VPDOOHU� EORFNLQJ

FDSDFLWRU�IRU�EULGJH���LV�IDYRUDEOH�WR�LPSURYH�LWV�FRPPXWDWLRQ�HQYLURQPHQW���+RZHYHU��WKH

SHDN�EORFNLQJ� FDSDFLWRU� YROWDJH� VKRXOG�EH�NHSW� OHVV� WKDQ���� �� �����RI� WKH� FRUUHVSRQGLQJ

LQSXW�YROWDJH�WR�OLPLW�HQHUJ\�FLUFXODWLRQ�DQG�VHFRQGDU\�UHFWLILHU�YROWDJH�

7KH�GHVLJQ�UXOH�IRU�WKH�VDWXUDEOH�LQGXFWRU�LQ�WKH�466�LVRODWHG�=9=&6�EXFN�UHFWLILHU

LV� FRPSOLFDWHG� E\� WKH� IDFW� WKDW� HYHQ� WKRXJK� WKH� YROWDJH�VHFRQG�EORFNLQJ� FDSDELOLW\� RI� WKH

VDWXUDEOH�LQGXFWRU�LV�QRW�HQRXJK�WR�KROG�GRZQ�WKH�SULPDU\�FXUUHQW�GXULQJ�WKH�IUHHZKHHOLQJ

GXW\�F\FOHV�� WKH� FLUFXLW� VWLOO� ZRUNV� ZHOO�� � 7KLV� LV� PDLQO\� DWWULEXWHG� WR� WKH� VSHFLDO� SXOVH

VHTXHQFH�IRU�WKH�FRQYHUWHU���$V�VKRZQ�LQ�WKH�WLPLQJ�GLDJUDP�LQ�)LJ�������ZKHQ�D�EULGJH�LV�LQ

IUHHZKHHOLQJ�PRGH��RQO\�RQH�EULGJH�VZLWFK�LV�RQ���6R�HYHQ�WKRXJK�WKH�VDWXUDEOH�LQGXFWRU�LV

VDWXUDWHG�� DQG� LWV� LQGXFWDQFH� EHFRPHV� YHU\� ORZ�� LW� MXVW� RVFLOODWHV� IRU� D� KDOI� F\FOH� ZLWK� WKH

SDUDVLWLF� FDSDFLWDQFH� DW� WKH� PLGGOH� SRLQW� RI� WKH� EULGJH� OHJ�� ZKLOH� WKH� EORFNLQJ� FDSDFLWRU

YROWDJH�ZLOO�QRW�EH�PRGLILHG�QRWLFHDEO\�
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�����'HVLJQ�([DPSOH�DQG�([SHULPHQWDO�5HVXOWV

�������3URWRW\SH�6SHFLILFDWLRQV�DQG�6HWXS

7R� FRUURERUDWH� WKH� RSHUDWLRQ� DQG� SHUIRUPDQFH� RI� WKH� SURSRVHG� UHFWLILHU�� D� �� N:

SURWRW\SH� LQWHQGHG� IRU� RII�OLQH� WHOHFRPPXQLFDWLRQ� DSSOLFDWLRQV� KDV� EHHQ� GHVLJQHG�� � 7KH

GHVLJQ�LV�EDVHG�RQ�WKH�IROORZLQJ�VSHFLILFDWLRQV�

 • PD[LPXP�RXWSXW�SRZHU�����N:�

 • RXWSXW�YROWDJH���9R� ��������9�

 • LQSXW�UPV�OLQH�YROWDJH���� × ������������9

 • LQSXW�FXUUHQW�7+'�����

7KH�PDLQ�GHVLJQHG�FLUFXLW�SDUDPHWHUV�DQG�VHOHFWHG�GHYLFHV��UHIHUUHG�WR�)LJ�����DUH�

6DS�6FQ��6�M�DQG�6�M���*7��0����72�����,*%7�

'DS�'FQ��'�M�DQG�'�M��'(6,�����$�72�����GLRGH�

6�M�DQG�6�M���$37����/15�72�����026)(7�

'��'���'��'����+)$���0'��&�72����$%�GLRGH�

7U���7U����(����)����������DQG��������UHVSHFWLYHO\�

/V���/V����$OOLHG�6LJQDO�03���� × �����WXUQV�HDFK�

/R���(&����&�� × ������µ+�

&E��������9������µ) × ��SRO\SURS\OHQH�FDSDFLWRU�

&E��������9������µ) × ��SRO\SURS\OHQH�FDSDFLWRU�

7KH� VZLWFKLQJ�SHULRG�7V� LV� VHOHFWHG� WR�EH����µV��ZKLFK� FRUUHVSRQGV� WR� D� VZLWFKLQJ

IUHTXHQF\� RI� ��� N+]� IRU� WKH� VZLWFKHV� LQ� WKH� GXDO� IXOO�EULGJHV�� � 7KH� IURQW�� EXFN� EULGJH�
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GHYLFHV�VZLWFK�DW�RQO\������N+]�RQ�WKH�DYHUDJH���=&6�RSHUDWLRQ�DOORZV�VPDOO�SDFNDJH�,*%7V

WR�EH�XVHG�DV�WKH�IURQW�EULGJH�VZLWFKHV�DQG�WKH�ODJJLQJ�OHJ�VZLWFKHV�RI�WKH�IXOO�EULGJHV��ZKLOH

=96�RSHUDWLRQ�RI�WKH�OHDGLQJ�OHJ�VZLWFKHV�LQ�WKH�IXOO�EULGJH�IDYRUV�026)(7V�DW�WKH�WDUJHWHG

SRZHU�OHYHO���7KH�FRQYHUWHU�LV�FRQWUROOHG�E\�D�IDVW�GLJLWDO�VLJQDO�SURFHVVRU��'63��

%RWK�WUDQVIRUPHUV�DUH�LPSOHPHQWHG�ZLWK�3KLOLSV�(����)��FRUHV��EXW�WKH�QXPEHU�RI

WXUQV�DUH�GLIIHUHQW���)RU�WKH�WUDQVIRUPHU�RI�EULGJH����WKH�WXUQV�UDWLR�LV���������ZKLOH�WKH�RQH

IRU� EULGJH� �� LV� �������� EHFDXVH� WKH�PD[LPXP� YROW�VHFRQG� RI� WKH� ODWWHU� LV� RQO\� KDOI� RI� WKH

IRUPHU���:LWK�WKLV�GHVLJQ��WKH�SHDN�IOX[�GHQVLW\�IRU�WKH�ODWWHU�LV�DERXW������7HVOD��ZKLOH�WKDW

RI�WKH�IRUPHU�LV�DERXW������7HVOD���:LWK�LQWHUOHDYLQJ�RI�WKH�ZLQGLQJV��WKH�VHFRQGDU\�OHDNDJH

LQGXFWDQFH�LV�RQO\�DURXQG�����Q+�IRU�7U��DQG����Q+�IRU�7U��

�������7HVW�5HVXOWV�ZLWK�7ZR�'&�,QSXWV

7HVWV� RI� WKH� SURWRW\SH� DV� WZR� GF�GF� =9=&6� IXOO�EULGJH� FRQYHUWHUV� ZRUNLQJ

DOWHUQDWLYHO\�� WRJHWKHU�ZLWK� WKH�FRUUHVSRQGLQJ�VZLWFKLQJ�RI� WKH� IURQW�EXFN�EULGJH� VZLWFKHV�

FDQ�EH�XVHG�WR�PLPLF�WKH�RSHUDWLRQ�RI�WKH�UHFWLILHU�ZLWK�DF�LQSXWV�SRLQW�E\�SRLQW�

)LJXUH� ����� VKRZV� D� VHW� RI� ZDYHIRUPV� RI� WKH� SULPDU\� OLQN� FXUUHQWV� DQG� YDULRXV

YROWDJHV�RI�EULGJH����ZKLFK�FRQGXFWV�WKH�ELJJHU�GXW\�F\FOH�� �7KH� LQSXW�GF�YROWDJHV�DQG�WKH

GXW\�F\FOHV�FRUUHVSRQG�WR�WKH�RSHUDWLQJ�FRQGLWLRQ�ZKHQ�ZW� ����R�LQ�)LJ�����DQG�PRGXODWLRQ

LQGH[�P� ������

,W� LV�FOHDU�IURP�WKH�ZDYHIRUPV�WKDW�ERWK�SULPDU\�FXUUHQWV�DUH�SURSHUO\�UHVHW�GXULQJ

WKH� IUHHZKHHOLQJ� VWDJH�� � 7KH� WZR� SULPDU\� FXUUHQWV� KDYH� GLIIHUHQW� RQ�VORSHV� EHFDXVH� RI

GLIIHUHQW�DFWLQJ�YROWDJHV��L�H��LQSXW�OLQH�WR�OLQH�YROWDJHV���)LJXUH������D��VKRZV�WKDW�WKH�YROWDJH
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Ip1

Vcb1

5 A/div.

Ip2

25 V/div.

�D���,S���,S���DQG�9&E��

Ip1

VA1

5 A/div.

Ip2

VB1 100 V/div.

�E���,S���,S���9$���DQG�9%��

Ip1

VTr1

5 A/div.

Ip2

100 V/div.

�F���,S���,S���DQG�97U��

)LJ���������7HVW�UHVXOWV�ZLWK�WZR�GF�LQSXWV�FRUUHVSRQGLQJ�WR�ZW� ����R��P� �������9ED� �����9��,E� ����

$��9FD� �����9��,F� ������$��9R� ������9��,R� ���
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RQ� WKH� EORFNLQJ� FDSDFLWRU� KROGV� FRQVWDQW�ZKHQ� WKH� RWKHU� EULGJH� �EULGJH� �� LQ� WKLV� FDVH�� LV

RSHUDWLQJ�� �7KDW� LV� H[DFWO\� WKH� UHVXOW� RI� VHSDUDWLQJ� WKH� WZR� IXOO�EULGJHV�� �)URP� WKH�YROWDJH

ZDYHIRUPV� DW� SRLQWV�$�� DQG�%�� LQ� )LJ�� ��E��� LW� FDQ� EH� VHHQ� WKDW� =96� LV� DFKLHYHG� IRU� WKH

OHDGLQJ�OHJ�VZLWFKHV�FRQQHFWHG�WR�$����$IWHU�WKH�IUHHZKHHOLQJ�VWDJH�IROORZLQJ�WKH�DFWLYDWLRQ

RI�WKH�EULGJH��WKH�SRWHQWLDO�RI�SRLQW�%��SUHVHQWV�DQ�RVFLOODWRU\�VKDSH���7KLV�LV�WKRXJKW�WR�EH

WKH� UHVRQDQFH� EHWZHHQ� WKH� PDJQHWL]LQJ� LQGXFWDQFH� SOXV� WKH� VDWXUDEOH� LQGXFWRU� DQG� WKH

SDUDVLWLF�FDSDFLWDQFH�RI�WKH�ODJJLQJ�OHJ�,*%7V���'XULQJ�WKLV�SURFHVV��WKH�PDJQHWL]LQJ�FXUUHQW

LV� WUDQVIHUUHG� WR� WKH�SULPDU\� VLGH� DQG� LV� SDUWLDOO\� UHVHW�� DV� VKRZQ� LQ� WKH� YROWDJH�ZDYHIRUP

DFURVV�WKH�WUDQVIRUPHU��97U���LQ�)LJ�������F��

)LJXUH������VKRZV�WKH�FLUFXLW�ZDYHIRUPV�ZKHQ�ZW� ��R���,Q�WKLV�FDVH��WKH�GXW\�F\FOHV

DUH�WKH�VDPH�IRU�WKH�WZR�EULGJHV���%XW�EHFDXVH�WKH�YDOXH�RI�WKH�EORFNLQJ�FDSDFLWRU�RI�EULGJH

��LV�GHVLJQHG�WR�EH�KDOI�RI�WKDW�RI�EULGJH���� LWV�YROWDJH� LV�KLJKHU�DQG�WKH�FXUUHQW�,S�� LV�UHVHW

IDVWHU�XQGHU�WKDW�RSHUDWLQJ�FRQGLWLRQ�

Ip1

5 A/div.

Ip2

)LJ���������7HVW�UHVXOWV�ZLWK�WZR�GF�LQSXWV�FRUUHVSRQGLQJ�WR�ZW� ��R��P� �������9ED� �9FD� �����9��9R

 ������9��,R� ���$�

)LJXUH� ����� VKRZV� WKH� RWKHU� H[WUHPH� FDVH�� L�H�� ZW�  � ���R�� ZKHQ� WKH� GXW\�F\FOH� RI

EULGJH� �� VKULQNV� WR� ]HUR�� � ,Q� WKLV� FDVH�� WKH� OHDGLQJ� OHJ� RI� EULGJH� �� GRHV� QRW� UHFHLYH� DQ\
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VZLWFKLQJ�SXOVH��EXW�LWV�ODJJLQJ�OHJ�VZLWFKHV�VWLOO�UHFHLYH�SXOVHV��EHFDXVH�WKH�GXUDWLRQ�RI�WKHP

LV�G������G������$V�D�UHVXOW��ZLWK�WKH�DOWHUQDWLYH�DFWLYDWLRQ�RI�WKH�XSSHU�DQG�ORZHU�VZLWFKHV�

WKH� HQHUJ\� VWRUHG� LQ� WKH� RXWSXW� FDSDFLWDQFH� RI� WKH� OHDGLQJ� OHJ� VZLWFKHV� �026)(7V�

IXQFWLRQV�DV�DQ�DFWLYDWLRQ�VRXUFH��DQG�IXUQLVKHV�WKH�FXUUHQW�ZKLFK�VZLQJV�WKH�SRWHQWLDO�RI�$�

IURP� RQH� UDLO� WR� WKH� RWKHU�� � 7KLV� FXUUHQW� LWVHOI� JHWV� UHVHW� WKHUHDIWHU� E\� WKH� VPDOO� YROWDJH

HVWDEOLVKHG�RQ� WKH�EORFNLQJ�FDSDFLWRU�&E��� VR� WKH� UHVHWWLQJ�VSHHG� LV� VORZ�� �7KLV�FXUUHQW� LV� D

IXQFWLRQ�RI� WKH� LQSXW�YROWDJH�DQG� LV�QRW� UHODWHG� WR� WKH� ORDG�FXUUHQW�� �7KLV�SKHQRPHQRQ� LV

SDUWLFXODU�WR�EULGJH���EHFDXVH�WKH�GXW\�F\FOH�RI�EULGJH���QHYHU�VKULQNV�WR�]HUR�

�������7HVW�5HVXOWV�ZLWK�7KUHH�3KDVH�$&�,QSXWV

7KH�WHVWV�ZLWK�WZR�GF�LQSXWV�HQVXUH�WKDW�WKH�SRZHU�VWDJH�FDQ�UHVSRQG�SURSHUO\�XQGHU

DOO�WKH�LQSXW�OLQH�FRQGLWLRQV���7HVWV�ZLWK�DF�LQSXWV�DUH�XQGHUWDNHQ�ZLWK�WKH�LQFRUSRUDWLRQ�RI

WKH�LQSXW�YROWDJH�VDPSOLQJ�DQG�GLJLWDO�3:0�PRGXODWLRQ�WR�JHQHUDWH�WKH�GXW\�F\FOHV� LQ�UHDO

WLPH�

Ip1

VB2

5 A/div.

Ip2

Vpn

100 V/div.

)LJ���������7HVW�UHVXOWV�ZLWK�WZR�GF�LQSXWV�FRUUHVSRQGLQJ�WR�ZW� ����R��P� �������9ED� �����9��,E� 

�����$��9FD� �����9��,F� ���$��9R� ����9��,R� ���$�
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&KDSWHU����466�,VRODWHG�7KUHH�3KDVH�%XFN��=9=&6�5HFWLILHUV ��

)LJXUH������VKRZV�WKH�PHDVXUHG�SULPDU\�ZDYHIRUPV��L�H��WZR�OLQN�FXUUHQWV��RQH�LQSXW

SKDVH�FXUUHQW�DQG�WKH�UHFWLILHG�SULPDU\�YROWDJH�HQYHORSH�9SQ�ZKHQ�WKH�SRZHU�VWDJH�RSHUDWHV

DURXQG� IXOO� SRZHU�XQGHU�QRPLQDO� LQSXW� OLQH� YROWDJH�� �=RRPHG� LQ�)LJ�� �����D�� DUH� WKH� WZR

SULPDU\� FXUUHQWV� ZLWK� ZW� DSSURDFKLQJ� �R� DV� GHILQHG� HDUOLHU�� � %XW� WKH� WZR� GXW\� F\FOHV� DUH

DSSDUHQWO\� QRW� HTXDO�� � 7KLV� LV� FDXVHG� E\� WKH� SKDVH�VKLIW� LQWURGXFHG� LQ� WKH� LQSXW� YROWDJH

VHQVLQJ�SDWK��DQG�FDQ�EH�HDVLO\�FRUUHFWHG�

Ip1

10 A/div.

Ip2

Ip1, Ip2

250 V/div.

20 A/div.

250 V/div.

20 A/div.Ia

Vpn

Vpn

�D���9R� �����9��,R� �������$��3R� �����N:���]RRPHG�SDUW��ZW�DSSURDFKLQJ��
R�

Ip1

Vpn

10 A/div.

Ip2

250 V/div.

Ip1, Ip2

250 V/div.

20 A/div.

20 A/div.Ia Vpn

�E���9R� �����9��,R� �������$��3R� �����N:���]RRPHG�SDUW��ZW� ����
R�

)LJ���������0HDVXUHG�ZDYHIRUPV�DW�QRPLQDO�LQSXW�OLQH��L�H��9LQ ����9�
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1RWLFHDEOH�LQ�)LJ�������E��LV�DQ�RVFLOODWRU\�FXUUHQW�VKDSH�IRU�,S��ZKHQ�EULGJH���FXUUHQW

LV� UHVHWWLQJ�� RU� LQ� WKH� VHFRQG� IUHHZKHHOLQJ� VWDJH� DIWHU� WKH� DFWLYDWLRQ� RI� EULGJH� ��� � 7KLV� LV

EHFDXVH�DW�WKLV�LQVWDQW��EULGJH���FRQGXFWV�WKH�ELJJHVW�GXW\�F\FOH��VR�WKH�YROWDJH�DFFXPXODWHG

RQ�LWV�EORFNLQJ�FDSDFLWRU�LV�KLJK��DQG�WKLV�YROWDJH�H[HUWV�RQ�WKH�VDWXUDEOH�LQGXFWRU�DQG�PDNHV

LW�VDWXUDWH�DQG�RVFLOODWH�ZLWK�WKH�SDUDVLWLF�FDSDFLWDQFH�RQ�QRGH�%���WKH�FDSDFLWDQFH�RI�QRGH�$�

LV�PXFK� ELJJHU� WKDQ� WKDW� RI�%�� EHFDXVH�026)(7V� DUH� XVHG� IRU� WKH� OHDGLQJ� OHJ��� � %XW� DV

GLVFXVVHG�DERYH��DIWHU�D�KDOI�F\FOH�RI�RVFLOODWLRQ��WKH�VDWXUDEOH�LQGXFWRU�LV�GHVDWXUDWHG�DJDLQ�

VR�WKLV�HIIHFW�LV�FRQVLGHUHG�KDUPOHVV�WR�WKH�FLUFXLW�RSHUDWLRQ�

7KH�PHDVXUHG� HIILFLHQF\� FXUYH� DW�QRPLQDO� LQSXW� OLQH�� L�H��9LQ� �����9�� DQG�RXWSXW

YROWDJH�9R� ����9�LV�VKRZQ�LQ�)LJ���������7KH�LQSXW�SRZHU�LV�PHDVXUHG�EHIRUH�WKH�LQSXW�(0,

ILOWHU���+LJK�HIILFLHQF\�LV�PDLQWDLQHG�IRU�D�ZLGH�ORDG�UDQJH�PDLQO\�EHFDXVH�WKH�=&6�RSHUDWLRQ

RI� DOO� WKH� ,*%7V� LV� DFKLHYHG� LQGHSHQGHQWO\� RI� ORDG� OHYHO�� � 7KH� SHDN� HIILFLHQF\� LV� DERXW

������� � 7KH� PHDVXUHG� HIILFLHQF\� LV� FRQVWDQWO\� KLJKHU� WKDQ� WKH� WZR�VWDJH� VFKHPH� ZLWK� D

WKUHH�SKDVH� ERRVW� UHFWLILHU� ZLWK� GF�VLGH� =97� IROORZHG� E\� D� =9=&6� IXOO�EULGJH� GF�GF

FRQYHUWHU�GHVLJQHG�DFFRUGLQJ�WR�WKH�VDPH�VSHFLILFDWLRQV�>&��@�>'��@�

0 1 2 3 4 5 6
0.82

0.84

0.86

0.88

0.9

Po  (kW)

Efficiency

Upper:  QSS isolated ZVZCS buck rectifier

Lower:  3-phase ZVT boost + ZVZCS dc-dc FB

)LJ���������0HDVXUHG�(IILFLHQF\�DW�QRPLQDO�LQSXW�OLQH�9LQ ����9�)DQG�RXWSXW�YROWDJH�9R� ����9�
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&KDSWHU����466�,VRODWHG�7KUHH�3KDVH�%XFN��=9=&6�5HFWLILHUV ��

�����6LPSOLILHG�466�,VRODWHG�=9=&6�%XFN�5HFWLILHU

7KH� 466� LVRODWHG� =9=&6� EXFN� UHFWLILHU� ZLWK� VSOLW� GF�GF� IXOO�EULGJHV� FDQ� UHDOL]H

JOREDO�=9=&6�RSHUDWLRQ�DQG�DFKLHYH�KLJKHU�HIILFLHQF\�WKDQ�WKH�VWDQGDUG�WZR�VWDJH�VFKHPHV

EHFDXVH� RI� WKH� HOLPLQDWLRQ� RI� WKH� VZLWFKLQJ� ORVVHV� LQ� WKH� IURQW� EXFN� UHFWLILHU� EULGJH�

1HYHUWKHOHVV��WKH�UHTXLUHPHQW�IRU�WZR�GF�GF�EULGJHV�LV�VRPHWLPHV�KLQGHUVRPH�

$QRWKHU� UHODWHG� LVVXH� LV� DFWXDOO\� WKH� GXW\�F\FOH� ORVV� DVVRFLDWHG� ZLWK� WKH� =9=&6

RSHUDWLRQ� >'��@� >%�@�� � 0RUH� VSHFLILFDOO\�� ZKHQ� WKH� DFWLYH� GXW\�F\FOHV� DUH� DFWLYDWHG�� WKH

VDWXUDEOH� LQGXFWRU� QHHGV� ILUVW� EH� GULYHQ� LQWR� VDWXUDWLRQ� E\� FHUWDLQ� YROWDJH�VHFRQG�� DQG

WKHRUHWLFDO�DQDO\VHV�VKRZ�WKDW�WKH�UHGXFWLRQ�LQ�WKH�DFWXDOO\�H[HFXWHG�GXW\�F\FOH�RU�HIIHFWLYH

GXW\�F\FOH�GXH�WR�WKLV�HIIHFW�LV�D�VWURQJ�IXQFWLRQ�RI�WKH�LQSXW�YROWDJH�DQG�ORDG�FXUUHQW���8VLQJ

WZR� GF�GF� EULGJHV�PDNHV� WKH� VLWXDWLRQ� HYHQ�PRUH� FRPSOLFDWHG� WR� FRPSHQVDWH�� DQG� LQSXW

FXUUHQW�GLVWRUWLRQ�LV�LQHYLWDEOH��DV�LV�HYLGHQW�IURP�WKH�H[SHULPHQWDO�ZDYHIRUPV�SUHVHQWHG�LQ

WKH�ODVW�VHFWLRQ�

$V� GLVFXVVHG� DERYH�� WKH� UHDVRQ� WR� XVH� VSOLW� GF�GF� IXOO�EULGJHV� LV� WKH� VXEKDUPRQLF

YROWDJH� RQ� WKH� EORFNLQJ� FDSDFLWRU�� � +RZHYHU�� WKLV� SUREOHP� LV� DOVR� DYRLGHG� LI� WKH� 3:0

SDWWHUQ�ZLWK� FRQFHQWUDWHG� ]HUR� GXW\�F\FOH�� DV� VKRZQ� LQ� )LJ�� ����D��� LV� DGRSWHG�� �:LWK� WKLV

SDWWHUQ�� WKH� ELJJHU� GXW\�F\FOH� LV� DOVR� H[HFXWHG� ILUVW� DQG� WKHQ� WKH� VPDOOHU� RQH� LPPHGLDWHO\

IROORZV���7KH�VDPH�LV�WUXH�IRU�WKH�QH[W�KDOI�F\FOH�ZLWK�WKH�RWKHU�GLDJRQDO�SDLU�RI�VZLWFKHV�LQ

WKH�GF�GF�EULGJH�DV�VKRZQ�LQ�)LJ������D��EHLQJ�DFWLYH�WR�NHHS�WKH�IOX[�RQ�WKH�WUDQVIRUPHU�WR

EH�EDODQFHG�� �$V� D� UHVXOW� RI� WKLV�3:0�SDWWHUQ�� WKH� ILUVW� WXUQ�RII� LQ� D�3:0�F\FOH�� L�H�� WKH

VZLWFKLQJ� IURP� WKH� ELJJHU� GXW\�F\FOH� WR� WKH� VHFRQG� �VPDOOHU�� DFWLYH� GXW\�F\FOH�� QHHGV� WR

KDSSHQ� LQ� WKH� IURQW�EXFN�EULGJH�� �+RZHYHU��DV� LQ� WKH�QRQ�LVRODWHG�EXFN� UHFWLILHU�� WKH� WRWDO
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WXUQ�RII�ORVV�LQFXUUHG�RQ�WKH�VL[�VZLWFKHV�LQ�WKH�EXFN�EULGJH�LV�RQO\�DERXW�����RI�WKH�WRWDO

WXUQ�RII�ORVV�LQ�WKH�FLUFXLW���0RUHRYHU��WKLV�SDUW�RI�WKH�WXUQ�RII�ORVV�LV�VKDUHG�HYHQO\�E\�WKH�VL[

VZLWFKHV�LQ�WKH�IURQW�EXFN�EULGJH���7KH�PDMRULW\�RI�WKH�VZLWFKLQJ�ORVV�VWLOO�WDNHV�SODFH�LQ�WKH

GF�GF�EULGJH��DQG�IDVW�VZLWFKHV�FDQ�EH�XVHG�WR�LPSOHPHQW�WKH�OHDGLQJ�OHJ�VZLWFKHV�LQ�WKH�GF�

GF�EULGJH�

$QRWKHU�DGYDQWDJH�RI�WKLV�3:0�SDWWHUQ� LV� WKDW� WKH�DIRUHPHQWLRQHG�GXW\�F\FOH� ORVV

KDSSHQV� LQ� RQO\� WKH� ILUVW� GXW\�F\FOH� ZKLOH� WKH� VHFRQG� RQH� LV� OHIW� LQWDFW�� � 7KLV� PDNHV� WKH

FRPSHQVDWLRQ� RI� WKH� ORVW� GXW\�F\FOH� HDVLHU� LQ� VRPH� LPSOHPHQWDWLRQ�� H�J�� '63�EDVHG

LPSOHPHQWDWLRQ�

)LJXUH� ����� VKRZV� WKH� H[SHULPHQWDO� ZDYHIRUPV�ZLWK� WKLV� 3:0�SDWWHUQ� XQGHU� WKH

FRQGLWLRQV�RI�9LQ� �����9��9R� ���9��,R� ����$��3R� ������N:�>%�@���7KH�GXW\�F\FOH�ORVV�LV

FRPSHQVDWHG�WKURXJK�WKH�'63�DOJRULWKP�

Ip

Va

Ia

)LJ����������([SHULPHQWDO�UHVXOWV�ZLWK�3:0�SDWWHUQ�ZLWK�FRQFHQWUDWHG�]HUR�GXW\�F\FOH���9LQ� �����9��9R

 ���9��,R� ����$��3R� ������N:�

7KH� LQSXW� SKDVH� FXUUHQW� ZDYHIRUP�� ,D� DV� VKRZQ�� LV� LPSURYHG� FRPSDUHG�ZLWK� WKDW

ZLWK� VSOLW� GF�GF� EULGJHV� DV� VKRZQ� LQ� )LJ�� ������ DQG� WKH� SULPDU\� FXUUHQW� ZKLFK� UHIOHFW� WKH
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RXWSXW� ILOWHU� LQGXFWRU� FXUUHQW� LV� ZHOO� UHSHDWLQJ� IRU� HDFK� ��R� VHFWRU�� � +RZHYHU�� WKH� LQSXW

FXUUHQW�GLVWRUWLRQ�LQ�WKH���R�ERXQGDULHV�LV�VWLOO�DSSDUHQW�

�����([WHQVLRQ�RI�466�,VRODWHG�=9=&6�%XFN�5HFWLILHUV

)URP�WKH�GLVFXVVLRQV�DERYH��LW�LV�NQRZQ�WKDW�LW�LV�WKH�DGRSWHG�=9=&6�VFKHPH�ZKLFK

VHWV� VRPH� OLPLWDWLRQV�RQ� WKH�3:0�VFKHPHV�� �7R� UHDOL]H�FHUWDLQ�3:0�VHTXHQFH�� VSOLW� IXOO�

EULGJHV�DUH�QHFHVVDU\��ZKLFK�LQFUHDVHV�WKH�FLUFXLW�FRPSOH[LW\�DQG�FRVW���$OVR��WKH�GXW\�F\FOH

ORVV� DVVRFLDWHG�ZLWK� WKH� VDWXUDWLRQ� RI� WKH� VDWXUDEOH� LQGXFWRU� DW� WKH� EHJLQQLQJ� RI� DQ� DFWLYH

GXW\� F\FOH� LV� D� VWURQJ� IXQFWLRQ� RI� VHYHUDO� FLUFXLW� RSHUDWLRQ� YDULDEOHV�� H�J�� ORDG� FXUUHQW� DQG

LQSXW� OLQH�YROWDJHV� >'��@�� � ,W� LV�XVXDOO\�QRW� D� FRQFHUQ� LQ�D�=9=&6�GF�GF�FRQYHUWHU�EXW� LQ

WKUHH�SKDVH� UHFWLILHU� FDVH�� LW� FDQ� GLVWRUW� WKH� LQSXW� FXUUHQW�� DQG� LV� UDWKHU� GLIILFXOW� WR

FRPSHQVDWH�

,Q� WKLV� VHFWLRQ�� WKH� JHQHUDO� WRSRORJLFDO� FRQFHSW� RI� =9=&6� IXOO�EULGJH� GF�GF

FRQYHUWHUV� LV� ILUVW� LQWURGXFHG�� DQG� SRVVLEOH� LPSOHPHQWDWLRQV� VXPPDUL]HG�� � 7KH� FRQFHSW� LV

WKHQ�H[WHQGHG� WR� WKH�FDVH�RI�466� LVRODWHG� WKUHH�SKDVH�EXFN� 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� RQ� VHOHFWHG� WRSRORJLHV� YDOLGDWH� WKH� SULQFLSOHV� RI

RSHUDWLRQ�RI�WKHVH�FLUFXLW�WRSRORJLHV�

�������7RSRORJLFDO�&RQFHSW�RI�=9=&6�)XOO�%ULGJH�&RQYHUWHU

)LJXUH������VKRZV�WKH�FLUFXLW�VFKHPDWLF�DQG�RSHUDWLRQ�ZDYHIRUPV�RI�WKH�ZLGHO\�XVHG

=96�)%�GF�GF�FRQYHUWHU�ZLWK�SKDVH�VKLIW�3:0�FRQWURO�� �7KH� VKDGHG�SDUW� FRUUHVSRQGV� WR

WKH�]HUR�GXW\�F\FOH�RU�IUHHZKHHOLQJ�VWDJH�DIWHU�WKH�OHDGLQJ�OHJ�VZLWFK�6��LV�WXUQHG�RII��DQG�WKH
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FXUUHQW�SDWKV�RI�WKH�SULPDU\�DQG�VHFRQGDU\�FXUUHQWV�GXULQJ�WKDW�LQWHUYDO�DUH�DOVR�KLJKOLJKWHG�

$SSDUHQWO\�� WKH� IUHHZKHHOLQJ� SULPDU\� OHDNDJH� FXUUHQW� FRQWULEXWHV� FRQGXFWLRQ� ORVV�� H[WUD

GXW\�F\FOH� ORVV�� DQG� HQHUJ\� IHHGEDFN� WR� WKH� VRXUFH�� �+RZHYHU�� LI� WKH� IUHHZKHHOLQJ� OHDNDJH

FXUUHQW�FDQ�EH�UHVHW�GXULQJ�WKDW�LQWHUYDO��DOO�WKH�WKUHH�GUDZEDFNV�FDQ�EH�RYHUFRPH�RU�DW�OHDVW

DOOHYLDWHG��PRUHRYHU�� WKH� ODJJLQJ� OHJ� VZLWFK�� 6�� LQ� WKLV� FDVH�� FDQ�EH� WXUQHG�RII� XQGHU� ]HUR�

FXUUHQW��DQG�WKH�FLUFXLW�ZRUNV�ZLWK�K\EULG�=9=&6�

Cb Lk+
+_
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)LJ���������=96�)%�GF�GF�FRQYHUWHU�DQG�LWV�RSHUDWLRQ�ZDYHIRUPV�

7R�FRQVLGHU� WKH�FRQFHSW� WR� UHVHW� WKH�SULPDU\� OHDNDJH�FXUUHQW�DQG�DFKLHYH�=9=&6�

WKH�FXUUHQW�SDWK�LQ�WKH�FLUFXLW�LV�UHGUDZQ�LQ�)LJ�������ZLWK�WKH�RXWSXW�ORDGLQJ�UHSUHVHQWHG�E\

D� FXUUHQW� VRXUFH�� � 7KHRUHWLFDOO\�� LQ� RUGHU� WR� UHVHW� WKH� SULPDU\� OHDNDJH� FXUUHQW�� D� YROWDJH

VRXUFH� ZLWK� SRODULW\� RSSRVLQJ� WR� WKH� SULPDU\� FXUUHQW� GLUHFWLRQ� KDV� WR� EH� HQJDJHG� LQ� WKH

SULPDU\� FXUUHQW� SDWK�� WRSRORJLFDOO\�� WKHUH� FDQ� RQO\� EH� WKUHH� VXFK� VRXUFHV� ZKLFK� FDQ
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SRWHQWLDOO\�EH�XVHG��DV�LQGLFDWHG�ZLWK�VKDGHG�FLUFOHV���7KH\�DUH�WKH�YROWDJH�DFURVV�WKH�OHDGLQJ

OHJ� VZLWFK� 6���9V��� WKH� YROWDJH� RQ� WKH� EORFNLQJ� FDSDFLWRU��9&E�� DQG� WKH� YROWDJH� DFURVV� WKH

SULPDU\�RI�WKH�WUDQVIRUPHU��9S�

$FWXDOO\�� WKH� YHU\� ILUVW�=9=&6� VFKHPH�XWLOL]HV� WKH�YROWDJH�RQ�6�� >'��@� WR� DFKLHYH

=&6� IRU� WKH� ODJJLQJ� OHJ� VZLWFKHV�� �1RUPDOO\�9V�� LV� DOPRVW� ]HUR�EHFDXVH�RI� WKH� DQWLSDUDOOHO

GLRGH�RI�6����%XW�LI�WKH�GLRGH�LV�UHPRYHG�DQG�WKH�VZLWFK�LV�LPSOHPHQWHG�ZLWK�,*%7�GHYLFHV�

LW�ZLOO�UHYHUVH�EUHDNGRZQ�DW�DERXW��������9��DQG�WKLV�DYDODQFKH�EUHDNGRZQ�YROWDJH�FDQ�EH

XVHG� WR� UHVHW� WKH� OHDNDJH� FXUUHQW�� 2EYLRXVO\�� WKH� OHDNDJH� HQHUJ\� LV� MXVW� GLVVLSDWHG� LQ� WKH

OHDGLQJ�OHJ�VZLWFKHV�GXULQJ�WKH�UHVHW�SURFHVV��DQG�SHUIRUPDQFH�LPSURYHPHQW�LV�YHU\�OLPLWHG�
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)LJ���������3RVVLEOH�VRXUFHV�WR�UHVHW�WKH�SULPDU\�IUHHZKHHOLQJ�FXUUHQW�

7KH�EORFNLQJ�FDSDFLWRU�&E� LV�XVXDOO\�XVHG� LQ� WKH�EULGJH�W\SH� FLUFXLW� WR�SUHYHQW� IOX[

XQEDODQFH�� DQG� WKH�PDJQLWXGH�RI� WKH�YROWDJH� DFURVV� LW� LV� QHJOLJLEOH� FRPSDUHG� WR� WKH� LQSXW

YROWDJH�� �+RZHYHU�� LI� LW� LV� LQWHQWLRQDOO\� VKUXQNHQ��FRQVLGHUDEOH�YROWDJH�FDQ�EH�DFFXPXODWHG

RQ�LW�GXULQJ�WKH�RQ�WLPH��DQG�WKDW�YROWDJH�FDQ�EH�XVHG� WR� UHVHW� WKH�SULPDU\�FXUUHQW� >'��@�

>'��@�� �7KH�SULPDU\�FXUUHQW�LV�IXUWKHU�NHSW�DURXQG�]HUR�E\�D�VDWXUDEOH� LQGXFWRU�GXULQJ�WKH

UHVW� RI� WKH� IUHHZKHHOLQJ� GXW\�F\FOH�� � 7KLV� VFKHPH� ZDV� DGRSWHG� LQ� WKH�466� EXFN� UHFWLILHU

GLVFXVVHG�HDUOLHU�LQ�WKLV�FKDSWHU�>%�@�>%�@�
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$V�IRU�DV� WKH�SULPDU\�YROWDJH�9S�RI� WKH� WUDQVIRUPHU��QRUPDOO\� LW� LV�]HUR�GXULQJ� WKH

IUHHZKHHOLQJ� LQWHUYDO�ZKHQ�ERWK� WKH�PDJQHWL]LQJ� FXUUHQW� RI� WKH� WUDQVIRUPHU� DQG� WKH� ORDG

FXUUHQW� IUHHZKHHOV� RQ� WKH� VHFRQGDU\� VLGH�� DQG� ERWK� WKH� VHFRQGDU\� DQG� SULPDU\� VLGHV� DUH

VKRUWHG���1HYHUWKHOHVV�� LW� LV�SRVVLEOH�WR�WHPSRUDULO\�HQJDJH�DQ�HTXLYDOHQW�YROWDJH�VRXUFH�RQ

WKH� VHFRQGDU\� VLGH� DW� WKH� EHJLQQLQJ� RI� WKH� IUHHZKHHOLQJ� GXW\�F\FOH� WR� KROG� WKH� VHFRQGDU\

YROWDJH� IRU� D� VKRUW� LQWHUYDO�� DV� VKRZQ� LQ� )LJ�� ����� ZLWK� WKH� GRWWHG� OLQH�� � $V� ORQJ� DV� WKH

VHFRQGDU\� YROWDJH� LV� KHOG� KLJK�� LW� LV� UHIOHFWHG� WR� WKH� SULPDU\� RI� WKH� WUDQVIRUPHU� DQG� WKH

SULPDU\� IUHHZKHHOLQJ� FXUUHQW� FDQ� EH� HDVLO\� UHVHW�� � 'HSHQGLQJ� RQ� WKH� UHDOL]DWLRQ� RI� WKDW

WHPSRUDU\�YROWDJH�VRXUFH�9UV��YDULRXV�GLIIHUHQW�LPSOHPHQWDWLRQV�KDYH�EHHQ�GHULYHG�UHFHQWO\�

�������=9=&6�6FKHPHV�ZLWK�$X[LOLDU\�6HFRQGDU\�6RXUFHV

7KH� IDPLO\� RI� =9=&6�)%� GF�GF� FRQYHUWHUV� ZLWK� DX[LOLDU\� VHFRQGDU\� VRXUFHV� DUH

EULHIO\� UHYLHZHG� LQ� WKLV� VXEVHFWLRQ�� � $OO� WKH� PHPEHUV� LQ� WKH� IDPLO\� XVH� WKH� WHPSRUDU\

HQJDJHPHQW� RI� DQ� DX[LOLDU\� YROWDJH� VRXUFH� UHIOHFWHG� WR� WKH� SULPDU\� RI� WKH� WUDQVIRUPHU� WR

UHVHW� WKH� SULPDU\� IUHHZKHHOLQJ� FXUUHQW�� � 7R� IDFLOLWDWH� WKDW�� WKH� OHDNDJH� LQGXFWDQFH� RI� WKH

WUDQVIRUPHUV� DOZD\V� QHHG� WR� EH� NHSW� DV� ORZ� DV� SRVVLEOH�� � )RU� WKHLU� GHWDLOHG� RSHUDWLRQ

SULQFLSOHV��WKH�RULJLQDO�SXEOLFDWLRQV�VKRXOG�EH�FRQVWDQWO\�UHIHUUHG�

=9=&6�6FKHPH� ZLWK� D� 6HFRQGDU\�$FWLYH� &ODPS� >'��@�� � $V� VKRZQ� LQ� )LJ�� �����D��� WKH

FLUFXLW� LV� WKH� VDPH� DV� WKH�=96�)%� GF�GF� FRQYHUWHU�ZLWK� D� VHFRQGDU\� DFWLYH� FODPS� XVXDOO\

XVHG�WR�VXSSUHVV�WKH�VHYHUH�VHFRQGDU\�ULQJLQJ�� �+RZHYHU��ZLWK�D�VOLJKW�PRGLILFDWLRQ�WR�WKH

GULYLQJ� WLPLQJ�RI� WKH� FODPS� VZLWFK� 6F��=9=&6�RSHUDWLRQ� FDQ� EH� HDVLO\� DFKLHYHG�� �7KDW� LV�

ZLWK�6F� WXUQHG�RQ�DW� WKH� VDPH� WLPH�DV�RU� VOLJKWO\� ODWHU� WKDQ� WKH� WXUQ�RII�RI� WKH� OHDGLQJ� OHJ

VZLWFKHV��WKH�YROWDJH�RQ�WKH�FODPS�FDSDFLWRU�&��ZKLFK�LV�FKDUJHG�WR�WKH�IXOO�UHIOHFWHG�LQSXW

YROWDJH� LQ� VWHDG\�VWDWH�RSHUDWLRQ��ZLOO� EH� VHHQ�RQ� WKH� WUDQVIRUPHU�� DQG� WKH� OHDNDJH� FXUUHQW
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ZLOO�EH�UHVHW�YHU\�IDVW���'XULQJ�WKDW�WLPH��WKH�OHDNDJH�HQHUJ\�LV�WUDQVIHUUHG�WR�WKH�RXWSXW���7KH

WLPLQJ�IRU�6F�FDQ�EH�HDVLO\�GHULYHG�DQG�WKH�RQ�WLPH�RI�6F�VKRXOG�EH�MXVW�HQRXJK�WR�UHVHW�WKH

SULPDU\� OHDNDJH� FXUUHQW� LQ� WKH�ZRUVW� FDVH�� L�H�� ORZ�OLQH� DQG� IXOO� ORDG�� � %HFDXVH� RI� WKH� IDVW

UHVHWWLQJ�� =&6� FDQ� DOZD\V� EH� DFKLHYHG�� � $� VLGH� EHQHILW� RI� WKH� VFKHPH� LV� WKDW� ZKHQ� WKH

FRQYHUWHU� FKDQJHV� IURP� RII� VWDJH� WR� DFWLYH� VWDJH�� WKH� DFWLYH� FODPS� EUDQFK� FDQ� FODPS� WKH

WUDQVLHQW� YROWDJH� DFURVV� WKH� VHFRQGDU\� UHFWLILHU�� DQG� WKH� YROWDJH� UDWLQJ� RI� WKH� GLRGHV� LV

PLQLPL]HG�� �&HUWDLQO\��D� IDVW� VZLWFK� LV�QHHGHG� WR� LPSOHPHQW�6F�EHFDXVH� LW� WXUQV�RII� WKH� IXOO

ORDG�FXUUHQW�XQGHU�KDUG�VZLWFKLQJ�DW�WZLFH�WKH�VZLWFKLQJ�IUHTXHQF\�RI�WKH�EULGJH�VZLWFKHV�

=9=&6�6FKHPH� ZLWK� D� 6HFRQGDU\�5HJHQHUDWLYH� 6QXEEHU� >'��@�>'��@�� �$V� VKRZQ� LQ� )LJ�

�����E��� D� UHJHQHUDWLYH� RU� HQHUJ\� UHFRYHU\� VQXEEHU� DV� SURSRVHG� LQ� >'��@� LV� XVHG� RQ� WKH

VHFRQGDU\� VLGH� LQ� WKLV� VFKHPH�� ,WV� RSHUDWLRQ� SULQFLSOHV� DUH� VLPLODU� WR� WKDW� ZLWK� DQ� DFWLYH

FODPS���7KDW�LV��DW�WKH�WXUQ�RII�RI�WKH�OHDGLQJ�OHJ�VZLWFKHV��WKH�VQXEEHU�FDSDFLWRUV�&��DQG�&�

IXQFWLRQ�DV�WZR�WHPSRUDU\�YROWDJH�VRXUFHV�LQ�SDUDOOHO�WR�KROG�WKH�RWKHUZLVH�IDVW�GHVFHQGLQJ

VHFRQGDU\� YROWDJH� 9V�� DQG� WKH� SULPDU\� IUHHZKHHOLQJ� FXUUHQW� LV� UHVHW� E\� WKLV� YROWDJH�

+RZHYHU�� LQ� WKLV� FDVH�� WKHVH� WHPSRUDU\� VRXUFHV� DUH�QRW� FRQWUROODEOH� �� VR� WKDW� LQ� HYHU\�KDOI

SHULRG�RI�D�3:0�F\FOH��WKH�VQXEEHU�FDSDFLWRU�HQHUJ\�LV�FRPSOHWHO\�GLVFKDUJHG�WR�WKH�RXWSXW�

,Q�WXUQ��GXULQJ�WKH�WUDQVLWLRQ�IURP�RII�VWDJH�WR�DFWLYH�VWDJH�� WKHVH�VRXUFHV�DUH�UHHVWDEOLVKHG

WKURXJK�D�SDWK�IRUPHG�E\�&���/U��'��DQG�&��LQ�D�UHVRQDQW�IDVKLRQ���$V�D�UHVXOW��RYHU�YROWDJH

RQ�WKH�VHFRQGDU\�KDSSHQV���'XH�WR�WKH�UHODWLYHO\�KLJK�LPSHGDQFH�RI�WKH�UHVRQDQW�WDQN��WKH

VQXEEHULQJ�RU�FODPS�HIIHFW�IRU�WKH�VHFRQGDU\�WUDQVLHQW�YROWDJH�LV�DOVR�ORVW��DQG�H[WUD�YROWDJH

FODPS�FLUFXLW� DFURVV� WKH� VHFRQGDU\� UHFWLILHU� LV� QHFHVVDU\� IRU�KLJK� SRZHU� DSSOLFDWLRQV�� �7KH

H[WUD� UHVRQDQW� FXUUHQW� DOVR� IORZV� WKURXJK� WKH� EULGJH� VZLWFKHV� DQG� LQFUHDVHV� WKHLU� SHDN

FXUUHQW�UDWLQJ�



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

&KDSWHU����466�,VRODWHG�7KUHH�3KDVH�%XFN��=9=&6�5HFWLILHUV ���

Lk

+_
Tr

Sc

Cc

Lo

Co

Active clamp

n:1
Rl

S1

S2S3

S4 D1

D2D3

D4

Vin

Vo

Vs

+

-

a

b
Ip

��D��:LWK�D�VHFRQGDU\�DFWLYH�FODPS�

Lk

+_
Tr

Lr

C2D5

C1 D6

D7

Lo

Co

Regenerative snubber

n:1
Rl

S1

S2S3

S4 D1

D2D3

D4

Vin

Vo

Vs

+

-

a

b
Ip

�E���:LWK�D�VHFRQGDU\�UHJHQHUDWLYH�VQXEEHU�

Lk

+_
Tr

Ds

Cs

Lo

Co

Auxiliary source

n:1
Rl

S1

S2S3

S4 D1

D2D3

D4

Vin

Vo

Vs

+

-

a

b
Ip

Ls

�F���:LWK�DQ�DX[LOLDU\�WUDQVIRUPHU�ZLQGLQJ�

Lk

+_
Tr

Lo

Co

Tapped Inductor

n:1
Rl

S1

S2S3

S4 D1

D2D3

D4

Vin

Vo

Vs

+

-

a

b
Ip

Ds

��G���:LWK�D�WDSSLQJ�RQ�WKH�ILOWHU�LQGXFWRU�

)LJ���������=9=&6�VFKHPHV�ZLWK�DX[LOLDU\�VHFRQGDU\�VRXUFHV�



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

&KDSWHU����466�,VRODWHG�7KUHH�3KDVH�%XFN��=9=&6�5HFWLILHUV ���

=9=&6� 6FKHPH� ZLWK� DQ� $X[LOLDU\� 7UDQVIRUPHU� :LQGLQJ� >'��@�� � 7KH� DX[LOLDU\

FRPPXWDWLRQ� VRXUFH� LQ� WKLV� VFKHPH� LV� REWDLQHG� E\� DGGLQJ� D� WHUWLDU\�ZLQGLQJ� RQ� WKH�PDLQ

WUDQVIRUPHU��DV�VKRZQ�LQ�)LJ�������F��ZLWK�LWV�QXPEHU�RI�WXUQV�OHVV�WKDQ�KDOI�RI�WKH�VHFRQGDU\

ZLQGLQJ�� � 7KH� SULPDU\� IUHHZKHHOLQJ� FXUUHQW� LV� UHVHW� LQ� H[DFW� WKH� VDPH� ZD\� DV� LQ� WKH

UHJHQHUDWLYH� VQXEEHU� VFKHPH�� EXW� � E\�PRYLQJ� WKH� VQXEEHU� HQHUJ\� UHSOHQLVKLQJ� SDWK� DZD\

IURP�WKH�PDLQ�SRZHU�IORZ�SDWK��PRUH� IUHHGRP�LV�FUHDWHG� IRU� WKH�VHOHFWLRQ�RI� WKH�VQXXEHU

FDSDFLWRU� YROWDJH�� DQG� IRU� WKH� VHOHFWLRQ� RI� WKH� WLPH� FRQVWDQWV� RI� WKH� UHSOHQLVKLQJ� DQG

GLVFKDUJLQJ��FXUUHQW�UHVHWWLQJ��UHVRQDQW�WDQNV�� �7KH�IRUPHU�FDQ�EH�DFKLHYHG�E\�YDU\LQJ� WKH

QXPEHU�RI�WXUQV�RI�WKH�WHUWLDU\�ZLQGLQJ��WKH�ODWHU�FDQ�EH�DFKLHYHG�E\�DGMXVWLQJ�WKH�PDJQLWXGH

RI�WKH�LQGXFWDQFH�/V��LQFOXGLQJ�WKH�OHDNDJH�LQGXFWDQFH�RI�WKH�WHUWLDU\�ZLQGLQJ��LQ�WKH�HQHUJ\

UHSOHQLVKLQJ� SDWK�� DFFRUGLQJ� WR� WKH� DFWLYH� GXW\�F\FOH� DQG� IUHHZKHHOLQJ� GXW\�F\FOH

UHTXLUHPHQWV���,I�WKH�QXPEHU�RI�WXUQV�RI�WKH�WHUWLDU\�ZLQGLQJ�LV�OHVV�WKDQ�KDOI�RI�WKDW�RI�WKH

VHFRQGDU\�ZLQGLQJ��QR�RYHU�YROWDJH�ZLOO�EH�VHHQ�RQ�WKH�VHFRQGDU\�UHFWLILHU�

=9=&6�6FKHPH�ZLWK�D�7DSSHG�)LOWHU�,QGXFWRU�>'��@�>'��@���,W�KDV�EHHQ�NQRZQ�IRU�PRUH

WKDQ�WZHQW\�\HDUV�WKDW�WDSSHG�LQGXFWRUV�FDQ�EH�XVHG�WR�UHGXFH�UHYHUVH�UHFRYHU\�SUREOHP�LQ

EDVLF�GF�GF�FRQYHUWHUV�DQG�WR�UHVHW�WKH�IUHHZKHHOLQJ�FXUUHQW�LQ�WKH�VHFRQGDU\�ZLQGLQJ�RI�WKH

YROWDJH�IHG�SXVK�SXOO� FRQYHUWHU� >'��@� >+�@�� �:KHQ� DSSOLHG� WR� WKH�)%�GF�GF� FRQYHUWHU�� DV

VKRZQ�LQ�)LJ�������G��� LW�FDQ�DOVR�EH�XVHG�WR�UHVHW�WKH�SULPDU\�IUHHZKHHOLQJ�FXUUHQW�IRU�WKH

VDPH�UHDVRQ���6HYHUDO�DSSDUHQW�GUDZEDFNV�H[LVW�IRU�WKLV�VFKHPH���)LUVW��WKH�=&6�FDSDELOLW\�LV

OLPLWHG��EHFDXVH�WKH�DYDLODEOH�UHVHW�VRXUFH�RQ�WKH�VHFRQGDU\�LV�DOZD\V�D�IUDFWLRQ�RI�WKH�RXWSXW

YROWDJH�9R��ZKLFK�LV�DOZD\V�ORZHU�WKDQ�WKH�UHIOHFWHG�LQSXW�YROWDJH���6HFRQG��7KH�RXWSXW�ILOWHU

LQGXFWRU�FXUUHQW�KDV�MXPSV�GXULQJ�VZLWFKLQJ�WUDQVLWLRQ�VWHPPLQJ�IURP�WKH�DEUXSW�FKDQJH�RI

WKH�PDJQHWL]LQJ� LQGXFWDQFH� RI� WKH� LQGXFWRU�� WKHUHIRUH��PRUH� EXUGHQ� LV� SXW� RQ� WKH� RXWSXW

ILOWHULQJ�FDSDFLWRU���)LQDOO\��EHFDXVH�WKH�VHFRQGDU\�YROWDJH�9V�LV�SRVLWLYH�GXULQJ�IUHHZKHHOLQJ
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LQWHUYDO��WKH�YROWDJH�JDLQ�RI�WKH�FRQYHUWHU�LV�PRGLILHG�DQG�LV�D�QRQOLQHDU�IXQFWLRQ�RI�WKH�GXW\�

F\FOH���)RU�WKHVH�UHDVRQV��LW�LV�VXLWHG�RQO\�IRU�PHGLXP�SRZHU�DSSOLFDWLRQV�

�������$�)DPLO\�RI�466�=9=&6�%XFN�5HFWLILHUV

$�IDPLO\�RI�466� LVRODWHG�=9=&6�EXFN�UHFWLILHUV� FDQ�EH�REWDLQHG�E\� LQFRUSRUDWLQJ

WKH� =9=&6�)%� GF�GF� FRQYHUWHUV� UHYLHZHG� DERYH� LQWR� WKH�466� VFKHPH� DV� VKRZQ� LQ� )LJ�

����F��� � 7KH� UHVXOWLQJ� FRQYHUWHU� WRSRORJLHV� DUH� VKRZQ� LQ� )LJ�� ����� LQ� WKHLU� JHQHULF� IRUP�

&HUWDLQO\��RSHUDWLRQ� LQ� WKH� LVRODWHG� WKUHH�SKDVH�EXFN� UHFWLILHU� VHWWLQJ� LV� FRPSOLFDWHG�E\� WKH

IDFW�WKDW�WZR�GLIIHUHQW�LQSXW�YROWDJHV�DQG�GXW\�F\FOHV�ZLOO�UXQ�VHTXHQWLDOO\�RQ�WKH�VDPH�GF�GF
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)LJ���������$�IDPLO\�RI�LVRODWHG�=9=&6�EXFN�UHFWLILHUV�

%HFDXVH� RI� WKH� ODFN� RI� ILOWHULQJ� FRPSRQHQWV�� WKH� GF�OLQN� YROWDJH� LV� D� SXOVDWLQJ� GF�

ZLWK� LWV� OHYHOV� DOZD\V� EHLQJ� WKH� WZR� UHFWLILHG� LQSXW� OLQH�OLQH� YROWDJHV�� � 7KH� OHDGLQJ� OHJ

VZLWFKHV�6��DQG�6��LQ�WKH�IXOO�EULGJH�VZLWFK�XQGHU�=96�WXUQ�RQ��EXW�QHHG�WR�KDUG�WXUQ�RII�WKH

ORDG� FXUUHQW�� DQG� IRU� WKDW� UHDVRQ�� IDVWHU� VZLWFKHV� VXFK� DV� 026)(7V� RU� IDVW� ,*%7V� DUH

SUHIHUUHG�� �$OWKRXJK� D� IXOO�EULGJH� VHFRQGDU\� UHFWLILHU� LV� VKRZQ� LQ� )LJ�� ������ DOO� WKH� FLUFXLW

PHPEHUV� FDQ� ZRUN� HTXDOO\� ZHOO� ZLWK� D� SXVK�SXOO� VHFRQGDU\� UHFWLILHU� DQG� D� FHQWHU�WDSSHG

WUDQVIRUPHU�
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7KH� VR�FDOOHG� VL[�VWHS�3:0�RU� VSDFH� YHFWRU�PRGXODWLRQ� LV� XVXDOO\� GHVLUDEOH� WR� EH

XVHG� WR� FRQWURO� WKH� IDPLO\� RI� =9=&6� EXFN� UHFWLILHUV� EHFDXVH� WKH� QXPEHU� RI� VZLWFKLQJ

DFWLRQV�FDQ�EH�PLQLPL]HG���'LIIHUHQW�3:0�SDWWHUQV�RU�VHTXHQFHV�FDQ�EH�GHULYHG���6KRZQ�LQ

)LJ�������DUH�WZR�W\SLFDO�RQHV�ZKLFK�FRUUHVSRQG�WR�WKH�LQSXW�OLQH�FRPELQDWLRQ�LQ�WKH�VKDGHG

��R�VHJPHQW�ZLWKLQ�D���R�VHFWRU�RI�WKH�LQSXW�OLQH�F\FOH�LQ�)LJ�������

)LJXUH� �����D�� VKRZV� WKH� IXOO�EULGJH� RXWSXW� YROWDJH� 9$%� JHQHUDWHG� E\� WKH� 3:0

SDWWHUQ�ZLWK�D�FRQFHQWUDWHG�RU�OXPSHG�]HUR��RU�IUHHZKHHOLQJ��GXW\�F\FOH���:LWK�WKLV�SDWWHUQ�

WKH� ODUJH� DFWLYH�GXW\�F\FOH��7����� LV� DOZD\V� IROORZHG�GLUHFWO\� E\� WKH� VPDOO� GXW\�F\FOH��7����

$FWXDOO\�WKH�ILUVW�DQG�VHFRQG�KDOI�RI�WKH�SDWWHUQ�LV�ZHOO�UHSHDWLQJ��DQG�FDUULHU�ZDYH�ZLWK�WZLFH

WKH� FRPSOHWH� SDWWHUQ� IUHTXHQF\� FDQ� EH� XVHG� WR� DFKLHYH� IDVWHU� FRQWURO� SHUIRUPDQFH�� � $V

GLVFXVVHG� LQ� >)��@� >&�@�� WKH� FKDUJH� FRQWURO� FRQFHSW� IRU� WKUHH�SKDVH� EXFN� UHFWLILHUV� FDQ� EH

HDVLO\�H[WHQGHG�WR�JHQHUDWH�WKH�SDWWHUQ�DQG�FRQWURO�WKH�IDPLO\�RI�=9=&6�EXFN�UHFWLILHUV�ZLWK

YHU\�VLPSOH�DQDORJ�DQG�ORJLF�FLUFXLWU\�

,W�VKRXOG�EH�PHQWLRQHG�WKDW�LI�WKH�SDWWHUQ�ZLWK�FRQFHQWUDWHG�]HUR�GXW\�F\FOH�LV�XVHG�

WKH� WXUQ�RII� DIWHU� UXQQLQJ� WKH� ELJJHU� GXW\�F\FOH� KDV� WR� KDSSHQ� LQ� WKH� IURQW� EXFN� EULGJH

VZLWFKHV��DQG�WKH�IHDWXUH�WKDW�WKH�IURQW�EXFN�EULGJH�VZLWFKHV�VZLWFK�XQGHU�FRPSOHWH�=&6�LV

ORVW�� � +RZHYHU�� EHFDXVH� WKH� YROWDJH� WUDQVLWLRQ� DFURVV� WKH� WXUQ�RII� VZLWFK� LV� RQO\� WKH

GLIIHUHQFH�EHWZHHQ�WKH�WZR�LQSXW�OLQH�OLQH�YROWDJHV��9DF���9DE�IRU�WKH�FDVH�VKRZQ�LQ�)LJV������

DQG� �����D��� LW� FDQ� EH� VKRZQ� WKDW� WKH� WXUQ�RII� ORVV� WUDQVIHUUHG� WR� WKH� IURQW� EXFN� EULGJH

DFFRXQWV�IRU�RQO\�DERXW�����RI�WKH�WRWDO�WXUQ�RII�ORVV�LQ�WKH�FRQYHUWHU���)XUWKHU��WKLV�SDUW�RI

WKH�WXUQ�RII�ORVV�LV�HYHQO\�GLVWULEXWHG�LQ�WKH�VL[�VZLWFKHV�LQ�WKH�IURQW�EXFN�EULGJH��WKXV�HDFK

QHHGV�WR�VXVWDLQ�RQO\�������DQG�WKLV�XVXDOO\�GRHV�QRW�SUHVHQW�DQ\�SUREOHP���7KH�PDMRULW\�RI

WKH�WXUQ�RII� ORVV�� L�H��DERXW������VWLOO�KDSSHQV� LQ�WKH� OHDGLQJ� OHJ�VZLWFKHV� LQ� WKH� IXOO�EULGJH

GXULQJ�WKH�WUDQVLWLRQ�IURP�WKH�VHFRQG�RU�VPDOOHU�GXW\�F\FOH�WR�WKH�]HUR�GXW\�F\FOH�
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Va > 0, Vc < Vb < 0 
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�E���&HQWHU�DOLJQHG�3:0��ZLWK�GLVWULEXWHG�]HUR�GXW\�F\FOH��

)LJ���������6L[�VWHS�3:0�SDWWHUQV�

2Q�WKH�RWKHU�KDQG��WKH�FHQWHU�DOLJQHG�3:0�SDWWHUQ�VKRZQ�LQ�)LJ�������E��KDV�HYHQO\

GLVWULEXWHG� ]HUR� GXW\�F\FOHV�� WKH� EULGJH� RXWSXW� YROWDJH�9$%� LV� HVVHQWLDOO\� WKH� VDPH� DV� WKDW

PDQGDWHG� LQ� WKH�VLQJOH�VWDJH�PDWUL[�EXFN�UHFWLILHU� VKRZQ� LQ�)LJ������E��� �:LWK� WKLV�SDWWHUQ�

DOPRVW�DOO�WKH�WXUQ�RII�ORVVHV�KDSSHQ�LQ�WKH�IXOO�EULGJH���7KHUH�LV�QR�V\PPHWU\�H[LVWLQJ�ZLWKLQ

WKH� FRPSOHWH� SDWWHUQ� F\FOH�� � 7KHUHIRUH�� LW� UXOHV� RXW� WKH� SRVVLELOLW\� WR� XVH� VLPSOH� DQDORJ

FDUULHU��RU� FKDUJH�FRQWURO�EDVHG� UHDOL]DWLRQ�� �'LJLWDO� DOJRULWKP�EDVHG�PRGXODWLRQ�KDV� WR�EH
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XVHG���)RU�WKDW�UHDVRQ��WKH�GLVFXVVLRQV�LQ�WKH�UHVW�RI�WKH�SDSHU�ZLOO�EH�FRQFHQWUDWHG�RQ�3:0

ZLWK�OXPSHG�]HUR�GXW\�F\FOH�

,W�VKRXOG�EH�SRLQWHG�RXW�WKDW��IRU�PRVW�RI�WKH�PHPEHUV�LQ�WKH�IDPLO\�RI�466�=9=&6

EXFN� UHFWLILHUV�� DW� OHDVW� RQH�RI� WKH� DFWLYH�GXW\�F\FOHV�ZLOO� EH�PRGLILHG�PRUH� RU� OHVV� E\� WKH

LQWHUYHQWLRQ� RI� WKH� DX[LOLDU\� FRPPXWDWLRQ� DFWLRQ� LI� QRUPDO� DOJRULWKP�� RU� FDUULHU�EDVHG

PRGXODWLRQV� DUH� XVHG�� � 2QH� HOHJDQW� VROXWLRQ� WR� VROYH� WKH� SUREOHP� LV� WR� XVH� WKH� FKDUJH

FRQWURO� FRQFHSW� LQ� >)��@�� ZLWK� ZKLFK� WKH� DFWXDO� LQSXW� SKDVH� FXUUHQWV� DUH� DYHUDJHG

UHVSHFWLYHO\� RQ� D� F\FOH�E\�F\FOH� EDVLV�� DQG� WKH� DYHUDJH� LQSXW� SKDVH� FXUUHQWV� DUH� DFFXUDWHO\

FRQWUROOHG��QR�PDWWHU�ZKDW�NLQG�RI�ZDYHIRUP�VKDSHV�WKH�SKDVH�FXUUHQWV�PD\�WDNH�

�������466�=9=&6�%XFN�5HFWLILHU�ZLWK�D�6HFRQGDU\�$FWLYH�&ODPS

+LJK�IUHTXHQF\�3:0�F\FOH�VLPXODWLRQV�DUH�FRQGXFWHG�IRU�VHOHFWHG�PHPEHUV� LQ�WKH

IDPLO\�WR�YDOLGDWH�WKH�RSHUDWLRQ�SULQFLSOHV�RI�WKH�SURSRVHG�466�=9=&6�EXFN�UHFWLILHUV���7KH

FLUFXLW�SDUDPHWHUV�XVHG�LQ�WKH�VLPXODWLRQ�DUH�OLVWHG�DV�IROORZV�

,QSXW�SKDVH�YROWDJH�9φ� �����9�UPV�

7XUQV�UDWLR�RI�WKH�WUDQVIRUPHU�QS�QV�QV�� �������

3ULPDU\�PDJQHWL]LQJ�LQGXFWDQFH�/P� �����P+�

3ULPDU\�DQG�VHFRQGDU\�/HDNDJH�LQGXFWDQFH�/NS� �����µ+�DQG�/NV� ����Q+�RQ�HDFK

VLGH��UHVSHFWLYHO\�

2XWSXW�YROWDJH�9R� ����9��DQG�RXWSXW�FXUUHQW�,R� �����$�ZLWK�FRQVWDQW�FXUUHQW�VLQN

DVVXPHG�

ωW� ���R�UHIHUUHG�WR�)LJ��������DQG�9DE� �����9�DQG�9DF� �����9�

6ZLWFKLQJ� IUHTXHQF\� IV� � ��� N+]�ZLWK� OXPSHG� ]HUR� GXW\�F\FOH� LQ� )LJ�� �����D��� DQG

FDUULHU�IUHTXHQF\�IF� ��IV�
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)LJXUH� ����� VKRZV� WKH� VLPXODWHG� RSHUDWLRQ� ZDYHIRUPV� IRU� WKH�466� =9=&6� EXFN

UHFWLILHU�ZLWK�D�VHFRQGDU\�DFWLYH�FODPS�XQGHU�QRPLQDO�OLQH�YROWDJH�DQG�IXOO�ORDG��� �,W�FDQ�EH

FOHDUO\�VHHQ�WKDW�WKH�SULPDU\�IUHHZKHHOLQJ�FXUUHQW�LV�UHVHW�YHU\�IDVW��DQG�WKH�FODPS�VZLWFK�6F

)LJ���������6LPXODWLRQ�UHVXOWV�RI�466�=9=&6�EXFN�UHFWLILHU�ZLWK�DQ�DFWLYH�FODPS�

RQO\�QHHGV�WR�EH�RQ�IRU�D�YHU\�VKRUW�LQWHUYDO���7KH�WZR�DFWLYH�GXW\�F\FOHV�DUH�FOHDUO\�VKRZQ

RQ� WKH�ZDYHIRUPV� RI�9$%� DQG� WKH� VHFRQGDU\� YROWDJH�9V�� � 7KH� WUDQVLWLRQ� IURP� WKH� ELJJHU

GXW\�F\FOH�WR�WKH�VPDOOHU�RQH�KDSSHQV�ZKHQ�WKH�IURQW�EXFN�EULGJH�VZLWFK��6FQ�LQ�WKLV�FDVH��LV

WXUQHG�RII��ZKLOH�WKH�WUDQVLWLRQ�IURP�WKH�VHFRQG�DFWLYH�GXW\�F\FOH�WR�WKH�IUHHZKHHOLQJ�VWDJH�LV

DFWLYDWHG�E\�WXUQLQJ�RI�WKH�OHDGLQJ�OHJ�VZLWFKHV��6��DQG�6���LQ�WKH�IXOO�EULGJH���6��DQG�6��VZLWFK

XQGHU�=&6�EHFDXVH�WKH�IUHHZKHHOLQJ�FXUUHQW�KDV�DOUHDG\�EHHQ�UHVHW�DW�WKH�EHJLQQLQJ�RI�WKH

IUHHZKHHOLQJ�VWDJH�
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$V�OLVWHG�DERYH��FHQWHU�WDSSHG�WUDQVIRUPHU�VHFRQGDU\�ZLQGLQJV�DUH�XVHG�� �7R�PDNH

WKH�VHFRQGDU\�FXUUHQW�IUHHZKHHO�VPRRWKO\�DIWHU�WKH�FODPS�VZLWFK�LV�VXGGHQO\�WXUQHG�RII��DQ

H[WUD� IUHHZKHHOLQJ� GLRGH� LV� DGGHG� WR� WKH� RXWSXW� RI� WKH� VHFRQGDU\� UHFWLILHUV�� � 6HFRQGDU\

YROWDJH�LV�ZHOO�FODPSHG�E\�WKH�DFWLYH�FODPS�EUDQFK�

7KH�RSHUDWLRQ�RI�WKH�RWKHU�WRSRORJLHV�LQ�WKH�IDPLO\�DUH�DOVR�YDOLGDWHG�E\�VLPXODWLRQ�

/LPLWHG�E\�VSDFH��WKH�UHVXOWV�DUH�QRW�SUHVHQWHG�KHUH�

�����6XPPDU\

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

DSSOLFDWLRQV� LV� SURSRVHG� LQ�&KDSWHU� ��� � ,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�


