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Abstract²7KLV SDSHU LQYHVWLJDWHV IHDVLELOLW\ RI D FXUUHQW VRXUFH
FRQYHUWHU �&6&� IRU EDWWHU\ HQHUJ\ VWRUDJH DSSOLFDWLRQV� $Q
LQKHUHQW IHDWXUH RI WKH FRQYHUWHU LV ERRVWLQJ RI WKH '&�OLQN
YROWDJH� :H GLVFXVV WKH FRQYHUWHU RSHUDWLRQ SULQFLSOH DQG FKRLFH
RI FLUFXLW SDUDPHWHUV ZLWK HIIHFWV RQ V\VWHP SHUIRUPDQFH� $
PRGHO WKDW LQFOXGHV VZLWFKLQJ KDUPRQLFV LV GHULYHG WR SUHGLFW
DFFXUDWH EHKDYLRU RI YDULRXV YROWDJHV DQG FXUUHQWV� 8VLQJ WKH
PRGHO� WKH SHUIRUPDQFH RI WKH &6& LV LQYHVWLJDWHG IRU D UDQJH RI
SUDFWLFDO RSHUDWLQJ FRQGLWLRQV� $ FRQWURO VFKHPH IRU UHJXODWLQJ
ORDG FXUUHQW DQG '&�OLQN YROWDJH LV SURSRVHG� 7KH YDOLGLW\ RI
ERWK WKH PRGHO DQG FRQWURO VFKHPH LV VKRZQ XVLQJ VLPXODWLRQ
UHVXOWV RI D � N: V\VWHP�
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2YHU WKH ODVW FRXSOH RI GHFDGHV� VHYHUDO FRQYHUWHU WRSRORJLHV
DQG FRQWURO VFKHPHV KDYH EHFRPH SRSXODU IRU YDULRXV ORZ
WR KLJK SRZHU DSSOLFDWLRQV� LQFOXGLQJ EDWWHU\ HQHUJ\ VWRUDJH
V\VWHPV� DQG PLFURJULGV >�@±>�@� 6HYHUDO YROWDJH VRXUFH FRQ�
YHUWHUV �96&V� DV OLVWHG LQ >�@±>��@ KDYH EHHQ GHYHORSHG IRU
EDWWHU\ VWRUDJH V\VWHPV DQG FDQ EH FRQ¿JXUHG DV VLQJOH�VWDJH
RU WZR�VWDJH V\VWHPV� (DFK FRQ¿JXUDWLRQ KDV LWV RZQ DGYDQ�
WDJHV DQG GLVDGYDQWDJHV� $ V\VWHPDWLF UHYLHZ DOUHDG\ H[LVWV LQ
WKH OLWHUDWXUH DQG� KHQFH� WKHVH FRQ¿JXUDWLRQV DUH QRW IXUWKHU
GLVFXVVHG� &XUUHQW VRXUFH FRQYHUWHUV �&6&V� KDYH HPHUJHG
LQ SDUDOOHO WR 96&V >��@±>��@� &6&V KDYH UHFHQWO\ EHFRPH
SRSXODU IRU ERWK SKRWRYROWDLF DQG HQHUJ\ VWRUDJH DSSOLFDWLRQV�
EHFDXVH RI D ORZ LQSXW FXUUHQW ULSSOH� GLUHFW FRQWURO RI WKH LQSXW
FXUUHQW DQG ÀH[LELOLW\ LQ FRQQHFWLQJ PXOWLSOH SRZHU VRXUFHV
>��@�
7KLV SDSHU LQYHVWLJDWHV WKH SHUIRUPDQFH RI D &6& VKRZQ

LQ )LJ� � IRU EDWWHU\ HQHUJ\ VWRUDJH DSSOLFDWLRQV� ,W VKRXOG EH
QRWHG WKDW VRPH ZRUN RQ VLPLODU FRQYHUWHU WRSRORJLHV KDV EHHQ
SUHVHQWHG SUHYLRXVO\ >��@� >��@� EXW WKLV SDSHU GLIIHUV IURP WKH
H[LVWLQJ ZRUN LQ D QXPEHU RI ZD\V� ,Q SDUWLFXODU� D GHWDLOHG
PRGHO RI WKH &6& LV SUHVHQWHG WR JLYH DQ DFFXUDWH LQVLJKW
LQWR WKH EHKDYLRXU RI WKH FRQYHUWHU� ,Q FRPSDULVRQ WR H[LVWLQJ
PRGHOV� ZKLFK DUH EDVHG RQ WKH GXW\ F\FOH DQG SKDVH VKLIW RI
WKH VZLWFKHV� WKH SURSRVHG PRGHO DFFRXQWV IRU WKH KDUPRQLFV
RI WKH VZLWFKLQJ VLJQDOV� )XUWKHUPRUH� WKH SUHVHQWDWLRQ RI WKH
FRQWURO VFKHPH LV JHQHUDOLVHG� PDNLQJ WKH FRQYHUWHU VXLWDEOH

%� 5LDU LV ZLWK WKH GHSDUWPHQW RI (OHFWULFDO DQG &RPSXWHU (QJLQHHULQJ�
8WDK 6WDWH 8QLYHUVLW\� 86$ �EDOMLW�ULDU#LHHH�RUJ�� '� +RZH\ DQG '� 5RJHUV
DUH ZLWK WKH 'HSDUWPHQW RI (QJLQHHULQJ 6FLHQFH� 8QLYHUVLW\ RI 2[IRUG� 8�.�
�GDYLG�KRZH\#HQJ�R[�DF�XN DQG GDQ�URJHUV#HQJ�R[�DF�XN��� '� 7KULPDZLWK�
DQD LV ZLWK WKH 'HSDUWPHQW RI (OHFWULFDO DQG &RPSXWHU (QJLQHHULQJ� 7KH
8QLYHUVLW\ RI $XFNODQG� 1HZ =HDODQG �G�WKULPDZLWKDQD#DXFNODQG�DF�Q]�� DQG
5� =DQH LV ZLWK WKH GHSDUWPHQW RI (OHFWULFDO DQG &RPSXWHU (QJLQHHULQJ� 8WDK
6WDWH 8QLYHUVLW\� 86$ �UHJDQ�]DQH#XVX�HGX��
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)LJ� �� 6FKHPDWLF RI D ELGLUHFWLRQDO FXUUHQW VRXUFH FRQYHUWHU�

IRU YDULRXV DSSOLFDWLRQV� VXFK DV KLJK IUHTXHQF\ PRWRU GULYHV
DQG GXDO DFWLYH EULGJH �'$%� EDVHG FRQYHUWHUV�
7KH &6& DOORZV ERRVWLQJ RI WKH VXSSO\ YROWDJH� VLQ� WR

D KLJKHU '&�OLQN YROWDJH� v'&� DQG WKHQ FUHDWLRQ RI D KLJK
IUHTXHQF\ $& RXWSXW YROWDJH� vR� $ GHWDLOHG DQDO\VLV RI WKH
VFKHPH VKRZLQJ KRZ WKH SHUIRUPDQFH RI WKH FRQYHUWHU LV
DIIHFWHG E\ WKH LQFUHDVHG YROWDJH LV SUHVHQWHG� :LWK WKLV
VFKHPH� WKH '&�OLQN YROWDJH DQG DV D UHVXOW WKH PD[LPXP
RXWSXW YROWDJH LQFUHDVHV� EXW WKH RXWSXW SRZHU RI WKH FRQYHUWHU
GRHV QRW LQFUHDVH DERYH LWV QRPLQDO YDOXH DQG WKLV LV VKRZQ
XVLQJ DQDO\WLFDO VROXWLRQV�

,,� %,',5(&7,21$/ &855(17 6285&( &219(57(5

7KH VHWXS RI WKH VLQJOH�SKDVH ELGLUHFWLRQDO &6& XQGHU
FRQVLGHUDWLRQ LV VKRZQ LQ )LJ� �� +HUH� D ERRVW LQGXFWRU�
LE� LV FRQQHFWHG LQ EHWZHHQ D '& YROWDJH VRXUFH� VLQ� DQG
PLGSRLQW RI VZLWFKHV Sr7 DQG Sr%� r ∈ {a, b}� (DFK SKDVH�OHJ
KDV LWV RZQ LQGXFWRU DQG WKLV LQWHUOHDYLQJ RI WZR LQGXFWRUV
PLQLPLVHV ULSSOH LQ WKH VXSSO\ FXUUHQW� ,QVWHDG RI XVLQJ D
VLQJOH LQGXFWRU� WKH LQWHUOHDYLQJ ORZHUV WKH FXUUHQW ÀRZLQJ
WKURXJK WKH VZLWFKHV DQG WKXV UHGXFHV FXUUHQW UDWLQJV RI WKH
VZLWFKHV� ,Q HDFK SKDVH�OHJ� VZLWFK SDLU Sr7 DQG Sr%� DQG
LQGXFWRU LE IRUP D ELGLUHFWLRQDO FRQYHUWHU� ZKHUH WKH KLJKHU
YROWDJH DSSHDUV DFURVV WKH '&�OLQN FDSDFLWRU� C� $OO WKH IRXU
VZLWFKHV DQG WKH FDSDFLWRU IRUP D IXOO�EULGJH FRQYHUWHU WKDW LV
FRQQHFWHG WR D ORDG FRPSULVLQJ D UHVLVWRU� R� DQG DQ LQGXFWRU�
L� 7KH RSHUDWLRQ SULQFLSOH RI WKH FRQYHUWHU LV JLYHQ LQ WKH
IROORZLQJ SDUDJUDSKV�
7KH QRUPDOL]HG YROWDJH UHIHUHQFHV RI WKH WRS DQG ERWWRP

VZLWFKHV FDQ EH GH¿QHG DV

ur7 =
1

2
(1 +mr), r ∈ {a, b} ��D�

�
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ur% =
1

2
(1 −mr), r ∈ {a, b}, ��E�

ZKHUH mr LV WKH UHIHUHQFH RI WKH YROWDJH DW QRGH r� ,W LV FOHDU
IURP ��� WKDW WKH DYHUDJH GXW\ F\FOH RI ERWK WKH VZLWFKHV LV
0.5� 8VLQJ SULQFLSOHV RI D ERRVW FRQYHUWHU� WKH DYHUDJH '&�OLQN
YROWDJH� WKHUHIRUH� LV WZLFH WKDW RI WKH VXSSO\ YROWDJH� 7KH '&�
OLQN YROWDJH� v'&� KRZHYHU FDQ EH FKDQJHG E\ PDQLSXODWLQJ
WKH DYHUDJH GXW\ F\FOH RI HDFK VZLWFK� 7KHUHIRUH� DQ RIIVHW
WHUP� k ∈ [−1, 1]� LV DGGHG WR WKH YROWDJH UHIHUHQFH RI QRGHV
$ DQG %� DV JLYHQ EHORZ�

ma =
40
π

∞
∑

n=1

(−1)n−1

2n− 1
cos((2n− 1)ωt) + k ��D�

mb =
40
π

∞
∑

n=1

(−1)n−1

2n− 1
cos((2n− 1)ωt− (2n− 1)θ) + k,

��E�

ZKHUH 0 ∈ [0, 1]� DQG θ LV WKH SKDVH VKLIW EHWZHHQ WKH QRGHV�
7KH PRGXODWLRQ LQGH[� 0� GH¿QHV WKH PD[LPXP RXWSXW YROWDJH
RI WKH FRQYHUWHU� vR� ,W VKRXOG EH QRWHG WKDW WKH UDQJH RI WKH UHI�
HUHQFH YDOXHV� ma DQG mb� LV >��� �@� RWKHUZLVH� WKH FRQYHUWHU
HQWHUV D QRQOLQHDU RYHUPRGXODWLRQ PRGH� ZKLFK LV NQRZQ
WR JHQHUDWH ORZ�RUGHU KDUPRQLFV� )XUWKHUPRUH� WKH FRQYHUWHU
FDQQRW SURGXFH WKH H[SHFWHG YROWDJH LI WKH UHIHUHQFH YDOXHV
DUH RXWVLGH WKH UDQJH� 7KHUHIRUH� WKH PD[LPXP PRGXODWLRQ
LQGH[� 0� RI WKH FRQYHUWHU LV OLPLWHG WR 0 = 1 − |k|� 7KH
DERYH UHIHUHQFHV FDQ HDVLO\ EH DGDSWHG IRU RWKHU PRGXODWLRQ
VWUDWHJLHV� VXFK DV 3:0� E\ GURSSLQJ WKH 4

π
WHUP DQG XVLQJ

RQO\ D IXQGDPHQWDO WHUP� L�H� IRU n = 1� LQ ����
7KH DYHUDJH GXW\ F\FOH RI WKH ERWWRP VZLWFK� ZKLFK GH�

WHUPLQHV WKH '&�OLQN YROWDJH� FDQ EH REWDLQHG E\ WDNLQJ DQ
DYHUDJH RI LWV UHIHUHQFH� ua%� 7KH DYHUDJH YDOXH LQ SKDVH a�
IRU H[DPSOH� LV JLYHQ E\

ua% =
1− k

2
. ���

7KH DYHUDJH LQSXW YROWDJH� VLQ� DQG DYHUDJH '&�OLQN YROWDJH�
V'&� FDQ EH UHODWHG WR WKH DYHUDJH GXW\ F\FOH� ua%� E\

1− k

2
= 1−

VLQ
V'&

, ���

ZKLFK JLYHV WKH UHODWLRQVKLS EHWZHHQ WKH YROWDJHV DQG WKH
RIIVHW WHUP

V'& =
2VLQ
1 + k

, k ∈ [−1, 1]. ���

,W LV DSSDUHQW IURP ��� WKDW WKH ORZHU OLPLW RI WKH '&�OLQN
YROWDJH LV HTXDO WR WKH LQSXW YROWDJH ZKHQ k = 1� 7KH YROWDJH
ERRVW UDWLR RU UDWLR RI WKH '&�OLQN WR LQSXW YROWDJH LV SORWWHG
LQ )LJ� � IRU D UDQJH RI k YDOXHV� )RU D JLYHQ LQSXW YROWDJH�
WKH '&�OLQN YROWDJH LQFUHDVHV DV WKH YDOXH RI k GHFUHDVHV� ,Q
DQ DFWXDO V\VWHP� KRZHYHU� WKH XSSHU OLPLW RI WKH YROWDJH LV
GH¿QHG E\ YDULRXV ORVVHV LQ WKH FLUFXLW�
7KLV WRSRORJ\ KDV WZR GHJUHHV RI IUHHGRP IRU FRQWUROOLQJ

WKH RXWSXW YROWDJH� )LUVWO\� WKH RXWSXW YROWDJH FDQ EH FRQWUROOHG
GLUHFWO\ E\ WKH RIIVHW WHUP� k� ZKLOH NHHSLQJ 0 DW LWV PD[LPXP
DOORZHG YDOXH RI 1− |k|� 6HFRQGO\� IRU D JLYHQ k� WKH YROWDJH
FDQ EH FRQWUROOHG E\ DGMXVWLQJ 0 < (1− |k|)�
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,W FDQ EH HVWDEOLVKHG XVLQJ QHWZRUN DQDO\VLV WKDW WKHUH DUH
WKUHH LQGHSHQGHQW FXUUHQWV LQ WKH WRSRORJ\� 7KHUHIRUH� WKH ORDG
FXUUHQW� iR� DQG ERRVW LQGXFWRU FXUUHQWV� i1 DQG i2� DUH FKRVHQ WR
EH LQGHSHQGHQW VWDWH YDULDEOHV� ZKLFK FDQ EH UHODWHG DV IROORZV�

LE
di1
dt

= −REi1 + VLQ − ua7v'& ���

LE
di2
dt

= −REi2 + VLQ − ub7v'& ���

L
diR
dt

= −Ri� + ua7v'& − ub7v'& ���

ZKHUH RE PRGHOV WKH ORVVHV RI WKH ERRVW LQGXFWRUV� 7KH VWDWH
HTXDWLRQ RI WKH FDSDFLWRU YROWDJH LV

C
dv'&
dt

= −
v'&
RF

+ ua7(i1 − i�) + ub7(i2 + i�) ���

ZKHUH RF PRGHOV WKH SDUDVLWLF ORVVHV RI WKH '&�OLQN FDSDFLWRU�
C� 7KH PRGHO RI WKH FRQYHUWHU LV SUHVHQWHG LQ )LJ� �� :LWK
WKLV PRGHO� WKH VZLWFK SDLUV DUH UHSODFHG HLWKHU E\ FRQWUROODEOH
YROWDJH RU FXUUHQW VRXUFHV� 7KH FRQWURO LQSXW WR WKH VRXUFHV LV
WKH UHIHUHQFH VLJQDO RI WKH VZLWFKHV� ua7 DQG ub7�
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)LJ� �� 0RGHO RI WKH ELGLUHFWLRQDO FXUUHQW VRXUFH FRQYHUWHU�
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%\ LJQRULQJ RE� WKH GLIIHUHQWLDO HTXDWLRQV FDQ EH VROYHG WR
JLYH WKH IROORZLQJ H[SUHVVLRQV�

i1 = ,1 −
20V'&
πωLE

∞
∑

n=1

(−1)n−1

(2n− 1)2
sin((2n− 1)ωt) ����

i2 = ,2 −
20V'&
πωLE

∞
∑

n=1

(−1)n−1

(2n− 1)2
sin

(

(2n− 1)ωt

− (2n− 1)θ

)

����

io =−
40V'&

π

∞
∑

n=1

(−1)n−1

(2n− 1)

sin((2n− 1) θ2 )
√

R2 + ((2n− 1)ωL, )2

× sin
(

(2n− 1)ωt− (2n− 1)
θ

2
+ φ2n−1

)

����

ZKHUH ,1 DQG ,2 DUH WKH DYHUDJH YDOXHV RI WKH ERRVW LQGXFWRU
FXUUHQWV� DQG φ2n−1 = tan−1(− (2n−1)ωL

R
)� 7KH YDULDWLRQV

RI WKH '&�OLQN YROWDJH DUH LJQRUHG ZKLOH GHULYLQJ WKH DERYH
H[SUHVVLRQV� EHFDXVH VXFK YDULDWLRQV DUH UHODWLYHO\ VPDOO ZLWK
DQ DSSURSULDWH VHOHFWLRQ RI WKH FDSDFLWDQFH C�
,W LV FOHDU IURP ���� DQG ���� WKDW WKH FXUUHQW WKURXJK WKH

ERRVW LQGXFWRUV KDV ERWK '& DQG $& FRPSRQHQWV� 7KH $&
FRPSRQHQWV KDYH WKH VDPH IUHTXHQF\ DV WKDW RI WKH RXWSXW
FXUUHQW� 7KH PDJQLWXGH RI WKH $& FRPSRQHQWV FDQ EH UHGXFHG
E\ LQFUHDVLQJ WKH LQGXFWDQFH� ZKLFK LQFUHDVHV WKH IRRWSULQW RI
WKH FRQYHUWHU� $OWHUQDWLYHO\� WKLV FDQ EH UHGXFHG E\ LQFUHDVLQJ
WKH IUHTXHQF\ RI WKH RXWSXW FXUUHQW�
%HFDXVH RI WKH VTXDUHG WHUP� (2n−1)2� LQ WKH GRPLQDWRU RI

���� DQG ����� WKH PDJQLWXGH RI WKH KLJKHU RUGHU FRPSRQHQWV
LV VLJQL¿FDQWO\ VPDOOHU WKDQ WKDW RI WKH IXQGDPHQWDO FRPSR�
QHQW� 7KHUHIRUH� WKH IXQGDPHQWDO FRPSRQHQW FDQ EH XVHG IRU
VHOHFWLQJ DQ LQGXFWDQFH YDOXH� 7KH SHDN�SHDN DPSOLWXGH RI WKH
IXQGDPHQWDO FXUUHQW FRPSRQHQW FDQ EH OLPLWHG WR D UDWLR x RI
WKH '& FXUUHQW DQG WKHVH TXDQWLWLHV FDQ EH UHODWHG DV

x,1
2

=
20V'&
πωLE

, ����

DQG IURP ZKLFK LQGXFWDQFH YDOXH FDQ EH GHULYHG DIWHU VXEVWL�
WXWLQJ ��� LQ ���� DV LE = 1−|k|

1+k
8VLQ

πωx,1 . )RU D FRQYHUWHU ZLWK
V\PPHWULFDO FRPSRQHQW YDOXHV� ERWK ,1 DQG ,2 DUH HTXDO� DQG
KHQFH DQ HTXLYDOHQW VHULHV UHVLVWDQFH RI WKH FRQYHUWHU DV VHHQ
E\ WKH '& VRXUFH LV RHTX = VLQ/(,1+,2) = VLQ/2,1� 7KHUHIRUH�
WKH LQGXFWDQFH FDQ DOVR EH ZULWWHQ LQ WHUPV RI RHTX DV

LE =
1− |k|
1 + k

16RHTX

πωx
. ����

7KH DERYH HTXDWLRQ LV XVHG WR FDOFXODWH LQGXFWDQFH YDOXHV
IRU YDULRXV IUHTXHQF\ DQG k YDOXHV� DQG UHVXOWV DUH SUHVHQWHG
LQ )LJ� �� 7KH LQGXFWDQFH YDOXHV DUH GHWHUPLQHG IRU x  
��� DQG UHSUHVHQWHG DV D SHUFHQWDJH RI WKH RHTX� ,W LV FOHDU
IURP ���� DQG )LJ� � WKDW LQGXFWDQFH UHGXFHV DV WKH IUHTXHQF\
LQFUHDVHV� :LWK WKH JLYHQ IUHTXHQF\� WKH LQGXFWDQFH GHFUHDVHV
E\ LQFUHDVLQJ WKH YDOXH RI k� 7KH UHGXFWLRQ LQ WKH LQGXFWDQFH
YDOXH RYHU k YDOXHV LV RQO\ REVHUYHG ZKHQ k > 0� EHFDXVH WKH
PRGXODWLRQ LQGH[ LV UHVWULFWHG WR 1−|k|� $W KLJKHU IUHTXHQFLHV�
WKH ZHLJKWLQJ RI WKH WHUPV UHODWHG WR k LV VLJQL¿FDQWO\ VPDOOHU
WKDQ WKDW RI WKH DQJXODU IUHTXHQF\� ω� DQG� WKHUHIRUH� IXUWKHU
UHGXFWLRQ LQ WKH LQGXFWDQFH YDOXHV LV PLQLPDO RYHU k YDOXHV�

�� ���� � ��� �
�

�

��

��

��

��

��

��

,Q
GX
FW
DQ
FH

��
RI

R
HT
X�

I  �� +]
I  ��� +]
I  � N+]

2IIHVW WHUP �k�

)LJ� �� %RRVW LQGXFWDQFH IRU D UDQJH RI IUHTXHQF\ DQG RIIVHW WHUP YDOXHV�

7KH '& FRPSRQHQW RI WKH LQGXFWRU FXUUHQW LV LQ SURSRUWLRQ
WR WKH DYHUDJH RXWSXW SRZHU� 3R� DQG LV JLYHQ E\

,1 = ,2=
3R
2VLQ

. ����

7KH RXWSXW SRZHU� PR� RI WKH FRQYHUWHU LV JLYHQ E\ PR = vRiR
DQG IRU vR = V'&(ma −mb)� PR LV

PR = V'&(ma −mb)iR. ����

6XEVWLWXWLQJ ���� ��� DQG ���� LQ ����� WKH IROORZLQJ H[SUHVVLRQ
LV GHULYHG

PR = 64
(1− |k|)2

(1 + k)2
V 2
LQ√

R2 + ω2L2
sin2(

θ

2
)

(

cos(φ1)

− cos(2ωt− θ − φ1)

)

. ����

1RWH WKDW ���� LV GHULYHG XVLQJ WKH IXQGDPHQWDO FRPSRQHQW
RI WKH ORDG FXUUHQW L�H� IRU n = 1� $V H[SHFWHG ZLWK WKH VLQJOH
SKDVH FRQYHUWHU DQG DOVR HYLGHQW IURP ����� WKH RXWSXW SRZHU
KDV ERWK '& DQG VHFRQG KDUPRQLF TXDQWLWLHV� 7KH RXWSXW
SRZHU LV DOVR D IXQFWLRQ RI WKH RIIVHW WHUP� k� 7KH UDWLR RI
RXWSXW WR QRPLQDO SRZHU RU SRZHU JDLQ UDWLR LV GH¿QHG DV
(1−|k|)2

(1+k)2 DQG SORWWHG LQ )LJ� �� 8QOLNH WKH '&�OLQN YROWDJH� WKH
SRZHU GRHV QRW LQFUHDVH DERYH LWV QRPLQDO YDOXH� Po,QRP�
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7KH FXUUHQW VXSSOLHG E\ WKH '& YROWDJH VRXUFH LV REWDLQHG
E\ DGGLQJ ���� DQG ���� DV

iLQ = ,1 + ,2 −
40V'&
πωLE

∞
∑

n=1

(−1)n−1

(2n− 1)2
cos

(

(2n− 1)
θ

2

)

× sin
(

(2n− 1)ωt− (2n− 1)
θ

2

)

. ����

,W LV HYLGHQW IURP ���� WKDW WKH ULSSOH RI WKH VRXUFH FXUUHQW LV
PLQLPDO IRU θ = ±π� 7KH VZLWFK FXUUHQWV DUH JLYHQ E\

ia7 = −(i1 − iR)ua7 ���D�
ia% = (i1 − iR)ua% ���E�
ib7 = −(i2 + iR)ub7 ���F�
ib% = (i2 + iR)ub%, ���G�

8VLQJ D IXQGDPHQWDO FRPSRQHQW RI WKH ORDG FXUUHQW DQG
VXEVWLWXWLQJ ���� � ���� LQ ���� DQ H[SUHVVLRQ IRU WKH FDSDFLWRU
YROWDJH LV GHULYHG �����

,9� &21752/ 6&+(0(

$ YDULDQW RI WKH FRQWURO VFKHPH FRPPRQO\ XVHG IRU '$%V
LV SURSRVHG� ZKHUH GXW\ F\FOH LV PRGL¿HG WR FRQWURO ERWK WKH
'&�OLQN YROWDJH DQG WKH ORDG FXUUHQW� $ EORFN GLDJUDP RI WKH
VFKHPH LV VKRZQ LQ )LJ� �� 2QH RI WKH SULPDU\ REMHFWLYHV RI
WKH VFKHPH LV WR PDLQWDLQ 506 PDJQLWXGH RI WKH ORDG FXUUHQW�
$ SURSRUWLRQDO�LQWHJUDO �3,� FRPSHQVDWRU LV XVHG WR HYDOXDWH
θ� ZKHUH WKH HUURU EHWZHHQ WKH 506 ORDG FXUUHQW� ,R� DQG LWV
UHIHUHQFH YDOXH� ,UHI� LV WKH LQSXW WR WKH FRPSHQVDWRU�
$ WULDQJOH ZDYH JHQHUDWRU JHQHUDWHV WKH DQJOH ωt ∈

[0, 360◦] DW D IUHTXHQF\ RI 20 N+]� DQG WKH VLQH RI WKH DQJOH
LV XVHG WR GHWHUPLQH WKH SRVLWLYH DQG QHJDWLYH KDOYHV RI WKH
ORDG FXUUHQW ZDYHIRUP� 7KH VLQH YDOXHV LQ HDFK SKDVH�OHJ DUH
WKHQ PXOWLSOLHG ZLWK 0 DQG DGGHG WR k� 7KLV PDQLSXODWHG VLQH
YDOXH ZKHQ JUHDWHU WKDQ RU HTXDO WR ]HUR JLYHV WKH WXUQ�RQ
GXUDWLRQ RI WKH WRS VZLWFK� Sr7, r ∈ {a, b}�
7KH YDOXH RI k LV JLYHQ E\ DQRWKHU 3, FRPSHQVDWRU� ZKLFK

LV XVHG WR PDLQWDLQ DYHUDJH '&�OLQN YROWDJH� V'& DURXQG LWV
UHIHUHQFH YDOXH� V'&�UHI� %HFDXVH WKH PDQLSXODWHG VLQH YDOXH LV
FRPSDUHG WR ]HUR� WKH UDQJH RI k LV OLPLWHG WR [−0.5 0.5]� 7KH
VZLWFKHV ZLOO HLWKHU UHPDLQ WXUQHG�RQ RU �RII LI k LV RXWVLGH WKLV
UDQJH� ,W VKRXOG EH QRWHG WKDW WKLV OLPLWDWLRQ FDQ EH RYHUFRPH
E\ HPSOR\LQJ D 3:0 VWUDWHJ\� ZKHUH UHIHUHQFHV DUH FRPSDUHG
WR FDUULHU ZDYHIRUPV FRYHULQJ WKH HQWLUH UDQJH RI [−1 1]�
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1− |k|
θ

)LJ� �� %ORFN GLDJUDP RI WKH FRQWURO VFKHPH�

9� 6,08/$7,216

7KH SURSRVHG FRQWURO VFKHPH DV ZHOO DV WKH PDWKHPDWLFDO
PRGHO DUH YDOLGDWHG XVLQJ VLPXODWLRQV RI � N: &6&� DV VKRZQ
LQ )LJ� �� 7KH SDUDPHWHUV IRU WKH FRQYHUWHU DUH JLYHQ LQ 7DEOH
,� )RU VLPXODWLRQV� WKH FRQWURO VFKHPH LV LPSOHPHQWHG LQ
0DWODE�6,08/,1. VRIWZDUH� 7KH YDOXH RI WKH k DQG θ LV VHW WR
� DQG π� UHVSHFWLYHO\� :LWK WKLV YDOXH RI k� WKH YROWDJH DFURVV
WKH '&�OLQN FDSDFLWRU LV WZLFH RI WKDW WKH VXSSO\ YROWDJH� 7KH
ZDYHIRUPV WKDW DUH SURGXFHG XVLQJ WKH SURSRVHG PDWKHPDWLFDO
PRGHO LQFOXGH WKH ¿UVW ��� KDUPRQLFV�

7$%/( ,
5$7,1*6 $1' 3$5$0(7(56 2) 7+( &219(57(5 86(' ,1 6,08/$7,216�

Ratings and parameters
3RZHU RXWSXW PR � N:
6XSSO\ YROWDJH VLQ �� 9
%RRVW LQGXFWDQFH LE ��� µ+
'&�OLQN FDSDFLWDQFH C ��� µ)
/RDG LQGXFWDQFH L �� µ+
/RDG UHVLVWDQFH R � Ω

5DWHG IUHTXHQF\ frat �� N+]

)LJ� � VKRZV WKH ZDYHIRUPV RI WKH ERRVW LQGXFWRU FXUUHQWV
RYHU �� µV �RQH IXQGDPHQWDO SHULRG�� %RWK WKH PRGHOOHG
DQG VLPXODWHG ZDYHIRUPV DUH VLPLODU LQ YDOXH DQG VKDSH�
GHPRQVWUDWLQJ WKDW WKH PRGHO LV DEOH WR DFFXUDWHO\ GHVFULEH
ORZ WR KLJK RUGHU KDUPRQLFV RI WKH FXUUHQWV� 7KH ZDYHIRUP RI
WKH ORDG FXUUHQW LV VKRZQ LQ )LJ� �� $JDLQ� WKH WZR FXUYHV DUH
YHU\ VLPLODU LQ VKDSH DQG YDOXH� ZLWK WKH RQO\ VOLJKW GLIIHUHQFH
RFFXUULQJ QHDU WKH SHDN RI WKH FXUUHQW�
7KH ZDYHIRUP RI WKH '&�OLQN YROWDJH IRU RQH IXQGDPHQWDO

SHULRG LV VKRZQ LQ )LJ� �� 6LQFH ���� GRHV QRW DFFRXQW
IRU KLJKHU RUGHU KDUPRQLFV� WKHUH LV D QRWLFHDEOH GLIIHUHQFH
EHWZHHQ PRGHO DQG VLPXODWLRQ� +RZHYHU� VLQFH WKH SHDN�SHDN
DPSOLWXGH RI WKH YROWDJH LV DURXQG ���� RI WKH DYHUDJH YDOXH
WKLV GLIIHUHQFH KDV D PLQLPDO LPSDFW RQ DYHUDJH '& OLQN
YROWDJH�
7KH 506 YDOXH RI WKH ORDG FXUUHQW� ,R� IRU D UDQJH RI θ

YDOXHV LV VKRZQ LQ )LJ� ��� ZKHUH WKH FXUUHQW ZDYHIRUP LV
V\PPHWULFDO DURXQG θ = 0◦� 7KH 506 FXUUHQWV RI WKH WRS�
,a7� DQG ERWWRP� ,a%� VZLWFKHV RI SKDVH�OHJ a DUH DOVR SORWWHG
LQ )LJ� ��� &XUUHQW WKURXJK WKH ERWWRP VZLWFK LV KLJKHU WKDQ
WKDW RI WKH WRS VZLWFK RYHU WKH UDQJH RI θ YDOXHV FRQVLGHUHG�
7KLV XQHYHQ GLVWULEXWLRQ RI FXUUHQW DPRQJ WKH VZLWFKHV LV GXH
WR WKH '& FXUUHQW UHTXLUHG IRU ERRVWLQJ WKH '&�OLQN YROWDJH�
7KH ORDG FXUUHQW DQG� DV D UHVXOW� '& YDOXH RI WKH VXSSO\
RU ERRVW LQGXFWRU FXUUHQW LQFUHDVHV ZLWK WKH PDJQLWXGH RI
θ� &RQVHTXHQWO\� WKH XQHTXDO FXUUHQW GLVWULEXWLRQ DPRQJ WKH
VZLWFKHV LQFUHDVHV ZLWK WKH PDJQLWXGH RI θ� )XUWKHUPRUH� WKLV
DOVR UHVXOWV LQ XQHYHQ GLVWULEXWLRQ RI VZLWFK SRZHU ORVVHV� 7KH
FXUUHQW WKURXJK ERWK WKH VZLWFKHV RI SKDVH�OHJ a LV PDUJLQDOO\
VLPLODU ZKHQ θ ∈ [−70◦ 10◦]� DQG VLPLODUO\ WKH FXUUHQW WKURXJK
WKH VZLWFKHV RI SKDVH�OHJ b� DOWKRXJK QRW VKRZQ� LV VDPH ZKHQ
θ ∈ [−10◦ 70◦]�
)LJ� �� VKRZV WKH DYHUDJH YDOXH RI WKH VXSSO\ FXUUHQW ����

IRU D UDQJH RI θ YDOXHV� ZKHUH WKH FXUUHQW VKRZV D VLPLODU WUHQG
WR WKDW RI WKH ORDG FXUUHQW VKRZQ LQ )LJ� ��� 7KH PDJQLWXGH RI
WKH ULSSOH FXUUHQW LV DOVR SORWWHG IRU D UDQJH RI FRQVLGHUHG

�
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v'& = V'& −
402V'&
Cπ2ω

sin(2ωt− θ + φ1)
√
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θ

2
) +

4,0
Cπω

sin(2ωt−
θ

2
) cos(

θ

2
) +
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)LJ� �� %RRVW LQGXFWRU FXUUHQWV ZLWK VLPXODWLRQV �VROLG OLQHV� DQG PRGHO
�GDVKHG OLQHV��
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)LJ� �� /RDG FXUUHQW ZLWK VLPXODWLRQV �VROLG OLQH� DQG PRGHO �GDVKHG OLQH��

SRLQWV� $V GHVFULEHG LQ VHFWLRQ ,,, WKDW WKH ULSSOH FXUUHQW
LQFUHDVHV DV θ DSSURDFKHV ]HUR LQ ����� ZKHUH LWV SHDN YDOXH LV
OLPLWHG E\ WKH UHDFWDQFH DQG UHVLVWDQFH RI WKH ERRVW LQGXFWRUV�
$OWKRXJK WKH DYHUDJH YDOXH RI WKH FXUUHQW LV ]HUR ZLWK θ = 0◦�
WKH LQFUHDVHG ULSSOH FDQ KDYH GHWULPHQWDO HIIHFWV RQ WKH EDWWHU\�
LI XVHG DV D YROWDJH VRXUFH� 7KLV ULSSOH FDQ EH UHGXFHG E\
LQFUHDVLQJ WKH ERRVW LQGXFWDQFH� ZKLFK LQFUHDVHV WKH IRRWSULQW
RI WKH FRQYHUWHU� RU E\ WKH UHVLVWDQFH� ZKLFK FDQ FRPSURPLVH
WKH HI¿FLHQF\� 7KHUHIRUH� WKH FRQYHUWHU VKRXOG EH RSHUDWHG
XVLQJ D θ YDOXH FORVH WR ±180◦� $OWHUQDWLYHO\� WKH ULSSOH FDQ EH
UHGXFHG E\ LQFUHDVLQJ WKH RSHUDWLQJ IUHTXHQF\ RI WKH FRQYHUWHU�
6LPXODWLRQV DUH DOVR FDUULHG RXW IRU D FRQYHQWLRQDO WRSRORJ\

ZLWKRXW ERRVW LQGXFWRUV DQG ZKHUH '&�OLQN FDSDFLWRU LV UH�
SODFHG ZLWK D YROWDJH VRXUFH� 7KH FRQWURO VFKHPH DV GHVFULEHG
IRU WKH &6& LV DOVR XVHG IRU WKH FRQYHQWLRQDO WRSRORJ\� ,W
VKRXOG EH QRWHG WKDW WKH '&�OLQN YROWDJH LV ��� 9� DOORZLQJ
GLUHFW FRPSDULVRQ EHWZHHQ ERWK WKH WRSRORJLHV�
7KH 506 FXUUHQW RI WRS DQG ERWWRP VZLWFKHV LQ SKDVH�OHJ

a DQG ORDG FXUUHQW LV VKRZQ LQ )LJ� ��� 7KH FXUUHQWV WKURXJK
WKH VZLWFKHV RI SKDVH�OHJ b DUH LGHQWLFDO WR WKDW RI SKDVH�OHJ
a DQG DUH QRW VKRZQ LQ WKH ¿JXUH� ,Q FRPSDULVRQ WR )LJ� ���
WKH VZLWFKHV RI WKH FRQYHQWLRQDO WRSRORJ\ FDUU\ OHVV FXUUHQW�
)XUWKHUPRUH� FXUUHQWV DUH HYHQO\ GLVWULEXWHG RYHU WKH UDQJH RI
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)LJ� �� '&�OLQN YROWDJH ZLWK VLPXODWLRQV �VROLG OLQH� DQG PRGHO �GDVKHG OLQH��
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)LJ� ��� 506 ORDG DQG VZLWFK FXUUHQWV LQ SKDVH�OHJ a IRU D UDQJH RI θ YDOXHV�

SKDVH GHOD\V� EHFDXVH RI WKH DEVHQFH RI '& FXUUHQW WKDW LV
UHTXLUHG ZLWK WKH SURSRVHG &6&�
7KH DYHUDJH DQG ULSSOH FXUUHQW VXSSOLHG E\ WKH '&�OLQN LV

VKRZQ LQ )LJ� ��� ,Q FRPSDULVRQ WR WKH &6&� WKH ULSSOH FXUUHQW
LV VLJQL¿FDQWO\ KLJKHU ZKHQ FRQYHUWHU VXSSOLHV IXOO SRZHU L�H�
ZLWK θ = ±180◦� ,I D EDWWHU\ LV FRQQHFWHG GLUHFWO\ DFURVV WKH
'&�OLQN� WKHQ LW KDV WR VXSSO\ WKLV ULSSOH FXUUHQW� +RZHYHU�
WKH FXUUHQW ULSSOH LV VLJQL¿FDQWO\ ORZHU ZLWK WKH &6&�
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)LJ� ��� '& VXSSO\ FXUUHQW� DYHUDJH �VROLG OLQH� DQG PDJQLWXGH RI WKH ULSSOH
FXUUHQW �GDVKHG OLQH� IRU D UDQJH RI θ YDOXHV�
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)LJ� ��� 506 ORDG DQG VZLWFK FXUUHQWV LQ SKDVH�OHJ a IRU D FRQYHQWLRQDO
WRSRORJ\�
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3KDVH VKLIW �θ◦�
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)LJ� ��� '& VXSSO\ FXUUHQW� DYHUDJH �VROLG OLQH� DQG PDJQLWXGH RI WKH ULSSOH
FXUUHQW �GDVKHG OLQH� IRU D FRQYHQWLRQDO WRSRORJ\�

9,� 3266,%/( $33/,&$7,216 2) 7+( &6&
7KLV FXUUHQW VRXUFH FRQYHUWHU LV VXLWDEOH IRU '$% FRQYHUWHUV

WKDW DUH FRQQHFWHG WR EDWWHULHV� ZKHUH EDWWHU\ YROWDJH GURSV
ZLWK WKH VWDWH RI FKDUJH RI D EDWWHU\� :LWK DQ DSSURSULDWH
FRQWURO VFKHPH� WKH '&�OLQN YROWDJH� DQG DV D UHVXOW� WKH RXWSXW
YROWDJH RI WKH FRQYHUWHU FDQ EH UHJXODWHG IRU D YDU\LQJ EDWWHU\
YROWDJH�
$QRWKHU IHDWXUH RI WKH WRSRORJ\ LV WKDW WKH PD[LPXP RXWSXW

YROWDJH RI WKH FRQYHUWHU FDQ EH LQFUHDVHG ZKLOH NHHSLQJ WKH
PRGXODWLRQ LQGH[ LQ WKH OLQHDU RSHUDWLQJ UDQJH� 7KH FRQYHUWHU�
WKHUHIRUH� GRHV QRW HQWHU WKH QRQOLQHDU RYHUPRGXODWLRQ UDQJH�
DQG LQ WKH FDVH RI D 3:0 VWUDWHJ\ WKH QXPEHU RI SXOVH
WUDQVLWLRQV LQ WKH RXWSXW YROWDJH DUH QRW DIIHFWHG� 7KLV IHDWXUH
PDNHV WKH FRQYHUWHU VXLWDEOH IRU KLJK IUHTXHQF\ PRWRU GULYHV�

9,,� &21&/86,216

$ JHQHUDOLVHG PDWKHPDWLFDO PRGHO LV GHULYHG WR DFFXUDWHO\
SUHGLFW WKH EHKDYLRXU RI D FXUUHQW VRXUFH FRQYHUWHU� 7KH
DFFXUDF\ RI WKH PRGHO LV LPSURYHG E\ LQFOXGLQJ KDUPRQLFV
RI VZLWFK LQSXWV DV ZHOO DV FLUFXLW SDUDPHWHUV� ,W KDV EHHQ
VKRZQ WKDW HDFK SKDVH�OHJ RI WKH FRQYHUWHU FDQ EH PRGHOOHG
DV D FRQWUROODEOH YROWDJH VRXUFH� ZKLFK LV D IXQFWLRQ RI WKH
'&�OLQN YROWDJH DQG VZLWFK LQSXWV� 'HWDLOHG DQDO\VLV RI WKH
FRQYHUWHU VKRZV WKDW WKH '&�OLQN YROWDJH FDQ EH LQFUHDVHG E\
DGGLQJ DQ RIIVHW WR WKH YROWDJH UHIHUHQFH RI HDFK SKDVH OHJ�
'HVLJQ JXLGHOLQHV IRU VHOHFWLQJ WKH FLUFXLW SDUDPHWHUV DUH JLYHQ
WR DFKLHYH DSSURSULDWH SHUIRUPDQFH RI WKH FRQYHUWHU� 6LPXODWHG
UHVXOWV IRU D ��N: FRQYHUWHU GHPRQVWUDWH WKH IHDVLELOLW\ RI WKH

PRGHO� ZKLFK LV WKHQ XVHG WR HVWLPDWH FXUUHQW UDWLQJ RI WKH
VZLWFKHV IRU D UDQJH RI RSHUDWLQJ FRQGLWLRQV�

5()(5(1&(6

>�@ %� 6LQJK� %� 1� 6LQJK� $� &KDQGUD� .� $O�+DGGDG� $� 3DQGH\� DQG
'� 3� .RWKDUL� ³$ UHYLHZ RI VLQJOH�SKDVH LPSURYHG SRZHU TXDOLW\ DF�GF
FRQYHUWHUV�́ IEEE Transactions on Industrial Electronics� YRO� ��� QR� ��
SS� ���±���� �����

>�@ -� 5RGULJXH]� /� )UDQTXHOR� 6� .RXUR� -� /HRQ� 5� 3RUWLOOR� 0� 3UDWV�
DQG 0� 3HUH]� ³0XOWLOHYHO FRQYHUWHUV� $Q HQDEOLQJ WHFKQRORJ\ IRU KLJK�
SRZHU DSSOLFDWLRQV�́ Proceedings of the IEEE� YRO� ��� QR� ��� SS� ����
±����� 1RY� �����

>�@ -� 0� &DUUDVFR� /� *� )UDQTXHOR� -� 7� %LDODVLHZLF]� (� *DOYDQ� 5� &� 3�
*XLVDGR� 0� $� 0� 3UDWV� -� ,� /HRQ� DQG 1� 0RUHQR�$OIRQVR� ³3RZHU�
(OHFWURQLF 6\VWHPV IRU WKH *ULG ,QWHJUDWLRQ RI 5HQHZDEOH (QHUJ\
6RXUFHV� $ 6XUYH\�́ IEEE Transactions on Industrial Electronics�
YRO� ��� QR� �� SS� ����±����� -XQ �����

>�@ 0� %HXHUPDQQ� :� )LVFKHU� 3� .DOEÀHLVFK� 0� +LOVFKHU� DQG %� %ORFKHU�
³0RGXODU /RDG &RPPXWDWHG ,QYHUWHUV � $ 3URYHQ &RQFHSW IRU +LJK
3RZHU $SSOLFDWLRQV�́ LQ Proc. IEEE Industry Applications Society An-
nual Meeting� 2FW� ����� SS� �±��

>�@ $� .KDOLJK DQG =� /L� ³%DWWHU\� 8OWUDFDSDFLWRU� )XHO &HOO� DQG +\EULG
(QHUJ\ 6WRUDJH 6\VWHPV IRU (OHFWULF� +\EULG (OHFWULF� )XHO &HOO� DQG
3OXJ�,Q +\EULG (OHFWULF 9HKLFOHV� 6WDWH RI WKH $UW�́ IEEE Transactions
on Vehicular Technology� YRO� ��� QR� �� SS� ����±����� -XO �����

>�@ -� 5RFDEHUW� $� /XQD� )� %ODDEMHUJ� DQG 3� 5RGULJXH]� ³&RQWURO RI 3RZHU
&RQYHUWHUV LQ $& 0LFURJULGV�́ IEEE Transactions on Power Electronics�
YRO� ��� QR� ��� SS� ����±����� 1RY �����

>�@ %� 5LDU� DQG 8� 0DGDZDOD� ³'HFRXSOHG FRQWURO RI 0RGXODU 0XOWLOHYHO
&RQYHUWHUV XVLQJ 9ROWDJH &RUUHFWLQJ 0RGXOHV�́ IEEE Transactions on
Power Electronics� YRO� ��� QR� �� SS� ���±���� )HE� �����

>�@ %� 5LDU� -� /HH� $� 7RVL� 6� 'XQFDQ� 0� 2VERUQH DQG '� +RZH\�
³(QHUJ\ PDQDJHPHQW RI D PLFURJULG� &RPSHQVDWLQJ IRU WKH GLIIHUHQFH
EHWZHHQ WKH UHDO DQG SUHGLFWHG RXWSXW SRZHU RI SKRWRYROWDLFV�́ 0D\
����� SS� �±�� ,((( �WK ,QWHUQDWLRQDO 6\PSRVLXP RQ 3RZHU (OHFWURQLFV
IRU 'LVWULEXWHG *HQHUDWLRQ 6\VWHPV�

>�@ 6� 3RQQDOXUL� *� 2� /LQKRIHU� -� .� 6WHLQNH� DQG 3� .� 6WHLPHU� ³&RP�
SDULVRQ RI VLQJOH DQG WZR VWDJH WRSRORJLHV IRU LQWHUIDFH RI %(66 RU IXHO
FHOO V\VWHP XVLQJ WKH $%% VWDQGDUG SRZHU HOHFWURQLFV EXLOGLQJ EORFNV�́
����� HXURSHDQ &RQIHUHQFH RQ 3RZHU (OHFWURQLFV DQG $SSOLFDWLRQV�

>��@ 0� -DQJ� 0� &LRERWDUX� DQG 9� *� $JHOLGLV� ³$ VLQJOH�VWDJH WKUHH�SKDVH
IXHO FHOO V\VWHP EDVHG RQ D ERRVW LQYHUWHU ZLWK D EDWWHU\ EDFN�XS XQLW�́
)HE� ����� SS� ����±����� ���� 7ZHQW\�6HYHQWK $QQXDO ,((( $SSOLHG
3RZHU (OHFWURQLFV &RQIHUHQFH DQG ([SRVLWLRQ �$3(&��

>��@ '� 'RQJ� ,� &YHWNRYLF� '� %RUR\HYLFK� :� =KDQJ� 5� :DQJ� DQG
3� 0DWWDYHOOL� ³*ULG�,QWHUIDFH %LGLUHFWLRQDO &RQYHUWHU IRU 5HVLGHQWLDO '&
'LVWULEXWLRQ 6\VWHPV3DUW 2QH� +LJK�'HQVLW\ 7ZR�6WDJH 7RSRORJ\�́ LQ
IEEE Transactions on Power Electronics� YRO� ��� QR� �� $SU� ����� SS�
����±�����

>��@ <� 6XK� -� .� 6WHLQNH� DQG 3� .� 6WHLPHU� ³(I¿FLHQF\ &RPSDULVRQ RI
9ROWDJH�6RXUFH DQG &XUUHQW�6RXUFH 'ULYH 6\VWHPV IRU 0HGLXP�9ROWDJH
$SSOLFDWLRQV�́ IEEE Transactions on Industrial Electronics� YRO� ���
QR� �� SS� ����±����� 2FW� �����

>��@ )� *DR� &� /LDQJ� 3� &� /RK� DQG )� %ODDEMHUJ� ³%XFN±%RRVW &XUUHQW�
6RXUFH ,QYHUWHUV :LWK 'LRGH�,QGXFWRU 1HWZRUN�́ IEEE Transactions on
Industry Applications� YRO� ��� QR� �� SS� ���±���� 0DU� �����

>��@ <� 6KL� /� /LX� +� /L� DQG <� ;XH� ³$ VLQJOH�SKDVH JULG�FRQQHFWHG 39
FRQYHUWHU ZLWK PLQLPDO '&�OLQN FDSDFLWRU DQG ORZ�IUHTXHQF\ ULSSOH�IUHH
PD[LPXP SRZHU SRLQW WUDFNLQJ�́ LQ IEEE Energy Conversion Congress
and Exposition� 6HSW� ����� SS� ����±�����

>��@ =� 'LQJ� &� <DQJ� =� =KDQJ� &� :DQJ� DQG 6� ;LH� ³$ 1RYHO 6RIW�
6ZLWFKLQJ 0XOWLSRUW %LGLUHFWLRQDO '& � '& &RQYHUWHU IRU +\EULG (QHUJ\
6WRUDJH 6\VWHP�́ IEEE Transactions on Power Electronics� YRO� ���
QR� �� SS� ����±����� $SU� �����

>��@ =� :DQJ DQG +� /L� ³$Q LQWHJUDWHG WKUHH�SRUW ELGLUHFWLRQDO '& �
'& FRQYHUWHU IRU 39 DSSOLFDWLRQ RQ D '& GLVWULEXWLRQ V\VWHP�́ IEEE
Transactions on Power Electronics� YRO� ��� QR� ��� SS� ����±����� 2FW�
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