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7KLV SDSHU GHVFULEHV PRGHO�EDVHG� DFWLYH FRQWURO RI
DQ DIWHUWUHDWPHQW V\VWHP IRU D VSDUN LJQLWLRQ HQJLQH
HTXLSSHG ZLWK D WKUHH�ZD\ FDWDO\VW �7:&� DQG SUH�
DQG SRVW�7:& R[\JHQ VHQVRUV� $ FRQWUROOHU LV GHVLJQHG
WR PDQDJH WKH R[\JHQ VWRUDJH OHYHO LQ WKH 7:& LQ RUGHU
WR PD[LPL]H WKH VLPXOWDQHRXV FRQYHUVLRQ HpFLHQFLHV RI
R[LGHV RI QLWURJHQ� 12[� XQEXUQHG K\GURFDUERQV� +&�
DQG FDUERQ PRQR[LGH� &2� /LQHDU H[KDXVW JDV R[\JHQ
VHQVRUV �8(*2V� DUH XVHG WR PHDVXUH SUH� DQG SRVW�
FDWDO\VW $ ) � 7KH SUH�FDWDO\VW $ ) PHDVXUHPHQW LV
DVVXPHG WR EH ELDVHG LQ DGGLWLRQ WR EHLQJ FRUUXSWHG
E\ ]HUR�PHDQ QRLVH� ZKLOH WKH SRVW�FDWDO\VW PHDVXUH�
PHQW LV DVVXPHG WR EH RQO\ FRUUXSWHG E\ ]HUR�PHDQ
QRLVH� $ VHULHV FRQWUROOHU FRQnJXUDWLRQ LV DGRSWHG� 7KH
XSVWUHDP FRQWUROOHU SURYLGHV UHODWLYHO\ UDSLG UHVSRQVH
WR GLVWXUEDQFHV RQ WKH EDVLV RI WKH SUH�FDWDO\VW PHD�
VXUHPHQW� ZKLOH WKH GRZQVWUHDP FRQWUROOHU XVHV DQ H[�
WHQGHG .DOPDQ nOWHU �REVHUYHU� WR HVWLPDWH WKH UHODWLYH
R[\JHQ OHYHO RI WKH 7:& RQ WKH EDVLV RI WKH SUH� DQG
SRVW�FDWDO\VW $ ) PHDVXUHPHQWV� 7KH HVWLPDWHG YDOXH
RI R[\JHQ VWRUDJH LV WKHQ XVHG WR UHJXODWH WKH UHODWLYH
R[\JHQ OHYHO RI WKH 7:& WR ���� 7KH SHUIRUPDQFH DQG
UREXVWQHVV RI WKH SURSRVHG FRQWURO V\VWHP LQ WKH IDFH
RI QRLVH DQG PRGHO XQFHUWDLQW\ DUH HYDOXDWHG WKURXJK
H[WHQVLYH VLPXODWLRQV�

� ,QWURGXFWLRQ

&RQYHQWLRQDO DXWRPRWLYH JDVROLQH HQJLQHV HPSOR\ D
WKUHH�ZD\ FDWDO\WLF FRQYHUWHU WR R[LGL]H +& DQG &2
HPLVVLRQV� DQG UHGXFH 12[� 7UDGLWLRQDOO\� WKH FRQ�
WURO HPSKDVLV KDV EHHQ RQ $ ) IHHGEDFN XVLQJ DQ H[�
KDXVW JDV R[\JHQ �(*2� VHQVRU ORFDWHG LQ WKH H[KDXVW
PDQLIROG XSVWUHDP RI WKH 7:& WR PDLQWDLQ WKH $ )
QHDU VWRLFKLRPHWU\ DQG DFKLHYH KLJK VLPXOWDQHRXV FRQ�
YHUVLRQ HpFLHQFLHV� 5HFHQW UHTXLUHPHQWV IRU RQERDUG
GLDJQRVWLFV �2%'� KDYH OHG WR WKH SODFHPHQW RI DQ DG�
GLWLRQDO (*2 VHQVRU GRZQVWUHDP RI WKH 7:&� 7KLV

�*LRYDQQL )LHQJR LV ZLWK WKH &RPSXWHU DQG 6\VWHP (QJL�
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VHFRQGDU\ VHQVRU LV RIWHQ XVHG WR WULP WKH FRQWURO DF�
WLRQ RI WKH SULPDU\ VHQVRU� 7KH FDWDO\VW G\QDPLFV�
KRZHYHU� DUH QRW W\SLFDOO\ FRQVLGHUHG LQ WKH GHVLJQ RI
WKH FRQWURO V\VWHP� ZKHWKHU XVLQJ RQH RU ERWK VHQVRUV�
7KH JRDO RI WKLV SDSHU LV WR GHYHORS VWHDG\�VWDWH� DF�
WLYH FRQWURO RI WKH DIWHUWUHDWPHQW V\VWHP XVLQJ WKH SUH�
DQG SRVW�FDWDO\VW R[\JHQ VHQVRUV WR LPSURYH ERWK SHU�
IRUPDQFH DQG UREXVWQHVV� ,Q WKLV FRQWH[W� VWHDG\�VWDWH
UHIHUV WR FRQGLWLRQV RI FRQVWDQW HQJLQH VSHHG DQG DLU
oRZ UDWH�

)LJXUH � LOOXVWUDWHV WKH V\VWHP WR EH FRQWUROOHG� 7KH
XSVWUHDP DQG WKH GRZQVWUHDP R[\JHQ VHQVRUV DUH XQL�
YHUVDO� RU OLQHDU (*2 �8(*2� VHQVRUV� 6HFWLRQ � GH�
VFULEHV WKH PRGHOV RI WKH LQWHUQDO FRPEXVWLRQ HQJLQH
�,&(� DQG WKH (*2 VHQVRUV� 7KH 7:& PRGHO LV GH�
VFULEHG LQ >�@� IRU RWKHU PRGHOV� VHH >�� ��@� 6XEVHTXHQW
VHFWLRQV GHVFULEH FRQWUROOHU GHVLJQ DQG LQYHVWLJDWH UR�
EXVWQHVV IRU WKH V\VWHP�

7KH ZRUN PRVW VLPLODU WR WKLV SDSHU LV >�@� 2Q WKH EDVLV
RI D OLPLWHG LQWHJUDWRU PRGHO RI WKH 7:&� DQ R[\JHQ
VWRUDJH HVWLPDWRU ZDV GHVLJQHG DQG VXEVHTXHQWO\ XVHG
LQ D 3,�EDVHG DGDSWLYH IHHGEDFN FRQWURO VWUDWHJ\� 7KH
FRQWURO V\VWHP HmHFWLYHO\ UHJXODWHG WKH R[\JHQ VWRUDJH
OHYHO RI WKH FDWDO\VW WR D OLPLW F\FOH DERXW WKH KDOI�IXOO
SRLQW� 7KH OLPLW F\FOH� KRZHYHU� KDG UDWKHU ODUJH DP�
SOLWXGH LQ WKH IHHGJDV $�)� ZKLFK OHDGV WR GULYHDELOLW\
SUREOHPV� 2QH RI WKH JRDOV RI WKH SUHVHQW ZRUN LV WR
XVH D PRUH DGYDQFHG FRQWUROOHU GHVLJQ VFKHPH WR PLQL�
PL]H WKH DPSOLWXGH RI DQ\ OLPLW F\FOHV� ,Q DGGLWLRQ� WKH
SUHVHQW ZRUN GLUHFWO\ DGGUHVVHV WKH QRQ�HTXLOLEULXP HI�
IHFWV LQ WKH H[KDXVW JDV ZKLFK FDQ UHVXOW LQ D ELDV HUURU
LQ WKH DLU�IXHO UDWLR VHQVRU XSVWUHDP RI WKH FDWDO\VW�

)LJXUH �� (QJLQH DQG &DWDO\VW�

� 0RGHO

��� ,QWHUQDO &RPEXVWLRQ (QJLQH

,Q VWHDG\�VWDWH� WKH ,&( $ ) VXEV\VWHPPD\ EH VLPSO\
PRGHOHG DV WKH VSHHG GHSHQGHQW LQGXFWLRQ�WR�H[KDXVW



VWURNH GHOD\ RI WKH IRXU�VWURNH F\FOH FDVFDGHG ZLWK
WUDQVSRUW GHOD\V LQ WKH H[KDXVW V\VWHP IURP WKH H[�
KDXVW YDOYH WR WKH XSVWUHDP (*2 VHQVRU� IURP WKH
(*2 VHQVRU WR WKH FDWDO\VW� WKH FDWDO\VW GHOD\ DQG
D GHOD\ IURP WKH FDWDO\VW WR WKH GRZQVWUHDP VHQVRU�
)RU WKH SDUWLFXODU V\VWHP PRGHOHG KHUH� WKH WUDQVSRUW
GHOD\ WR WKH nUVW VHQVRU LV OXPSHG ZLWK WKH VSHHG�
GHSHQGHQW HQJLQH GHOD\� WKH FDWDO\VW GHOD\ LV OXPSHG
ZLWK WKH WUDQVSRUW GHOD\ DIWHU WKH nUVW (*2� DQG WKH
GHOD\ IURP WKH FDWDO\VW WR WKH GRZQVWUHDP (*2 LV FRQ�
VLGHUHG QHJOLJLEOH� )RU D IRXU�F\OLQGHU HQJLQH VDPSOHG
DW DQ HYHQW LQWHUYDO �LQGXFWLRQ�FRPSUHVVLRQ�H[SDQVLRQ�
H[KDXVW� RI ��� FUDQNVKDIW GHJUHHV� WKH VDPSOH WLPH� GW�
DW ���� USP LV ���� VHF DQG WKH HQJLQH GHOD\ LV ���� VHF�
7KH OXPSHG GHOD\ WR WKH XSVWUHDP VHQVRU �HQJLQH SOXV
WUDQVSRUW� LV � GW RU ���� VHF� 7KH OXPSHG FDWDO\VW
DQG WUDQVSRUW GHOD\ DIWHU WKH VHQVRU LV ���� VHF�

��� $LU�)XHO 5DWLR 6HQVRU

$V VKRZQ LQ )LJXUH �� WKH HQJLQH LV HTXLSSHG ZLWK WZR
8(*2 VHQVRUV WR PHDVXUH WKH TXDQWLW\ RI R[\JHQ LQ
WKH H[KDXVW JDV DW WKH IHHGJDV DQG DW WKH WDLOSLSH�
7KHVH VHQVRUV SURYLGH DQ DFWXDO PHDVXUHPHQW RI WKH
R[\JHQ FRQWHQW LQ WKH H[KDXVW� ,PSRUWDQWO\� IHHGJDV
DQG WDLOSLSH $ ) PHDVXUHPHQWV DUH DmHFWHG E\ GLI�
IHUHQW W\SHV RI LQDFFXUDF\� 8SVWUHDP RI WKH FDWDO\VW�
QRQ�HTXLOLEULXP HmHFWV LQ WKH H[KDXVW JDV UHVXOW LQ D
ELDV HUURU LQ WKH VHQVRU >��� �� ��� �� �@� 7KLV ELDV LV
GXH LQ SDUW WR LQFRPSOHWH FDWDO\VLV RI &2 RQ WKH VHQVRU
VXEVWUDWH DQG LQ OHVVHU SDUW WR 12[� DQ DGGLWLRQDO FRQ�
IRXQGLQJ IDFWRU LV WKH ODUJH GLVFUHSDQF\ LQ WKH GLmXVLRQ
UDWH RI +� ZLWK UHVSHFW WR RWKHU VSHFLHV SUHVHQW LQ WKH
H[KDXVW JDV� $VVXPLQJ WKHUPRG\QDPLF HTXLOLEULXP LQ
WKH H[KDXVW JDV DIWHU WKH FDWDO\VW� WKH PHDVXUHPHQW
GLVWXUEDQFH DW WKH WDLOSLSH $ ) VHQVRU LV FRQVLGHUHG
WR EH ]HUR PHDQ ZKLWH QRLVH� )LQDOO\� WKH OLQHDU VHQVRU
LV PRGHOHG DV D nUVW RUGHU V\VWHP ZLWK XQLW JDLQ DQG
WLPH FRQVWDQW ~X HTXDO WR ��� PV� DV UHSUHVHQWHG LQ WKH
WUDQVIHU IXQFWLRQ
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ZKHUH wX LV WKH PHDVXUHG YDULDEOH DQG w LV WKH DFWXDO
$�) LQ WKH IHHGJDV RU LQ WKH WDLOSLSH�

� &RQWURO

,Q WKLV VHFWLRQ� D IHHGEDFN FRQWUROOHU LV GHVLJQHG KDY�
LQJ WZR REMHFWLYHV� nUVW� WR VLPXOWDQHRXVO\ PD[LPL]H
WKH FRQYHUVLRQ HpFLHQFLHV RI +&� &2 DQG 12[� DQG
VHFRQG� WR REWDLQ VWHDG\�VWDWH DLU�IXHO FRQWURO ZKLFK LV
UREXVW ZLWK UHVSHFW WR GLVWXUEDQFHV� EXW ZKLFK PLQL�
PL]HV H[FXUVLRQV DURXQG VWRLFKLRPHWU\� 7KH VWDQGDUG
IHHGIRUZDUG FRQWURO DFWLRQ EDVHG RQ PHDVXUHG RU HVWL�
PDWHG PDVV DLU oRZ UDWH LV QRW GLVFXVVHG >�� �@�

7KH FRQWUROOHU LV IRUPHG E\ WZR EORFNV FRQQHFWHG LQ VH�

ULHV �VHH )LJXUH ��� 7KH nUVW EORFN� WKH )RUH &RQWUROOHU�
IHHGV EDFN WKH RXWSXW RI WKH nUVW VHQVRU DQG WKH VHF�
RQG EORFN� WKH $IW &RQWUROOHU� IHHGV EDFN WKH PHDVXUH�
PHQWV IURP WKH nUVW DQG VHFRQG VHQVRUV� 7KH IRUH FRQ�
WUROOHU LV D 3, ZLWK DQWL�ZLQGXS� LW UHVSRQGV UHODWLYHO\
TXLFNO\ WR $ ) GLVWXUEDQFHV� 7KH DIW FRQWUROOHU FRQ�
VLVWV RI WZR SULQFLSDO SDUWV� D %LDV (VWLPDWRU WKDW SUR�
FHVVHV ERWK SUH� DQG SRVW�7:& 8(*2 PHDVXUHPHQWV
WR HVWLPDWH WKH SHUVLVWHQW ELDV LQ WKH SUH�7:& 8(*2
VHQVRU� DQG DQ H[WHQGHG .DOPDQ nOWHU WR HVWLPDWH WKH
VWRUHG R[\JHQ OHYHO RI WKH 7:&� 7KH REMHFWLYH RI WKH
DIW�FRQWUROOHU LV WR PDLQWDLQ WKH UHODWLYH R[\JHQ VWRUDJH
OHYHO RI WKH 7:& DW ���� LW DFWV RQ D VORZHU WLPH VFDOH
FRPPHQVXUDWH ZLWK WKH ORQJHU PHDVXUHPHQW GHOD\ LQ
WKH VHFRQG VHQVRU�

)LJXUH �� )RUH�$IW &RQWUROOHU � 6HULHV &RQnJXUDWLRQ�

��� 3, &RQWUROOHU

7KH GHVLJQ RI WKH 3, FRQWUROOHU LV EDVHG RQ WKH PRGHO�
3 �V�  Hb���� V� &ODVVLFDO GHVLJQ UXOHV ZHUH XVHG WR
VHOHFW WKH JDLQV VR DV WR WUDGH Rm VSHHG RI UHVSRQVH
ZLWK JDLQ DQG SKDVH PDUJLQV� 6LQFH W\SLFDOO\ D OLPLWHU
LV SODFHG RQ WKH RXWSXW RI WKH FRQWUROOHU� DQWL�ZLQGXS
LV XVHG WR WXUQ Rm WKH LQWHJUDO DFWLRQ DV VRRQ DV WKH
DFWXDWRU VDWXUDWHV� ZKLFK UHGXFHV ERWK RYHUVKRRW DQG
FRQWURO HmRUW LQ WKH IHHGEDFN V\VWHP� 7KH EDVH UHIHU�
HQFH VLJQDO IRU WKH IRUH 3, FRQWUROOHU LV VWRLFKLRPHWU\�
7KLV ZLOO EH PRGLnHG E\ WKH DIW FRQWUROOHU LQ YLHZ RI
LWV REMHFWLYH WR UHJXODWH WKH UHODWLYH R[\JHQ OHYHO RI WKH
FDWDO\VW�

��� %LDV (VWLPDWRU

7KH EDVLF LGHD RI WKH ELDV HVWLPDWRU LV WKDW WKH DYHUDJH
$ ) LQ WKH IHHGJDV DQG WDLOSLSH VKRXOG EH WKH VDPH
LI WKH IHHGJDV VLJQDO UHPDLQV FRQVWDQW IRU D VXpFLHQWO\
ORQJ SHULRG RI WLPH� 7KDW LV� LI w)* LV FRQVWDQW DW D OHDQ
YDOXH� w73 ZLOO UHDFK WKH VDPH YDOXH ZKHQ WKH FDWDO\VW
LV FRPSOHWHO\ nOOHG ZLWK R[\JHQ� &RQYHUVHO\� LI w)*
LV ULFK� w73 DQG w)* ZLOO EH HTXDO DIWHU WKH FDWDO\VW
KDV EHHQ HQWLUHO\ GHSOHWHG RI R[\JHQ� $W VWRLFKLRPH�
WU\� w73 HTXDOV w)*� LQGHSHQGHQWO\ RI WKH R[\JHQ VWDWH
RI WKH FDWDO\VW� 7R HQDEOH D FRPSDULVRQ EHWZHHQ WKH
RXWSXW RI WKH WZR VHQVRUV� WKH IHHGJDV VLJQDO VKRXOG
EH FRQVWDQW IRU D WLPH VXpFLHQW WR nOO DQ HPSW\ FDWD�



O\VW ZLWK R[\JHQ RU� FRQYHUVHO\� WR GHSOHWH D nOOHG RQH�
+HQFH� LQ VWHDG\�VWDWH� GLmHUHQFHV LQ WKH DYHUDJHG YDO�
XHV RI WKH WZR PHDVXUHPHQWV DUH GXH WR WKH ELDV LQ
WKH XSVWUHDP VHQVRU� 7R DVVXUH VWHDG\�VWDWH RSHUDWLRQ�
WKH HVWLPDWLRQ RI WKH ELDV LV XSGDWHG RQO\ LI WKH DYHU�
DJH PHDVXUHPHQW RI WKH IHHGJDV $ ) UHPDLQV DOPRVW
FRQVWDQW IRU VRPH WLPH� c VHFRQGV� 7KH RXWSXW RI WKH
ELDV HVWLPDWRU LV VXEWUDFWHG IURP WKH RXWSXW RI WKH XS�
VWUHDP 8(*2 VHQVRU EHIRUH LW LV XVHG E\ DQ\ RI WKH
FRQWUROOHUV�

��� .DOPDQ )LOWHU

7KLV VHFWLRQ VXPPDUL]HV WKH GHVLJQ RI D VWHDG\�VWDWH�
H[WHQGHG .DOPDQ nOWHU WR HVWLPDWH WKH R[\JHQ VWRUDJH
OHYHO RI WKH FDWDO\VW� 7KH V\VWHP WR EH REVHUYHG LV
FRPSRVHG RI WKH LQWHUQDO FRPEXVWLRQ HQJLQH LQ VHULHV
ZLWK WKH FDWDO\WLF FRQYHUWHU� )RU WKH HQJLQH� GHOD\V DUH
PRGHOHG DV D nUVW RUGHU 3DGuH DSSUR[LPDWLRQV� 7KH WZR
VHULHV GHOD\V� RQH RI ���� VHF DQG WKH RWKHU RI ���� VHF�
DUH UHSUHVHQWHG E\ WKH IROORZLQJ VWDWH�VSDFH V\VWHPV�
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ZKHUH w� WKH DLU�IXHO UDWLR LQ WKH F\OLQGHUV� LV WKH VXP RI
WKH $ ) UHTXHVWHG E\ WKH IRUH�FRQWUROOHU� wFRQ� DQG WKH
FRPELQHG XQFHUWDLQW\ RI WKH DLU�FKDUJH HVWLPDWH DQG
WKH IXHO LQMHFWRUV� wDF�

w  wFRQ � wDF� ���

w( LV WKH $�) UDWLR DIWHU WKH nUVW GHOD\ �FRUUHVSRQGLQJ
WR WKH HQJLQH GHOD\ SOXV WKH H[KDXVW PDQLIROG GHOD\��
DQG LV WKH LQSXW WR WKH VHQVRU� w)* LV WKH IHHGJDV $ ) �
ZKLFK LV WKH LQSXW WR WKH 7:&� [� DQG [� DUH WKH
VWDWHV UHVSHFWLYHO\ RI WKH VWDWH�YDULDEOH UHSUHVHQWDWLRQ
RI WKH nUVW DQG WKH VHFRQG GHOD\V �UHFDOO WKDW WKH VHFRQG
GHOD\ LV WKH WUDQVSRUW GHOD\ EHWZHHQ WKH VHQVRU DQG
WKH FDWDO\VW�� 7KH RYHUDOO V\VWHP WR EH REVHUYHG LV D
VL[WK RUGHU QRQOLQHDU V\VWHP GHVFULEHG E\ WKH IROORZLQJ
HTXDWLRQV�
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ZKHUH |�w)*�d� LV GHVFULEHG LQ >�@� 7KH V\VWHP KDV RQH
LQSXW� wFRQ� WKDW LV WKH FRQWURO VLJQDO FRPLQJ IURP WKH
IRUH�FRQWUROOHU� WKUHH QRQ�PHDVXUHG RXWSXWV� w(� w)*
DQG w73 � DQG WZR PHDVXUHG RXWSXWV� wX� DQG wX� � WKH
PHDVXUHG RXWSXWV DUH FRUUXSWHG E\ ZKLWH QRLVH� 7KH
VWDWHV DUH [� DQG [� FRPLQJ IURP WKH 3DGuH DSSUR[LPD�
WLRQV� WKH DFWXDWRU XQFHUWDLQW\ wDF� WKH RXWSXW RI WKH
WZR VHQVRUV wX� DQG wX� � DQG WKH UHODWLYH R[\JHQ OHYHO
d�

:LWK WKH VWDWH YDULDEOH wDF� WKH .DOPDQ nOWHU DWWHPSWV
WR HVWLPDWH WKH XQFHUWDLQW\ RI WKH LQMHFWRUV WR SURYLGH
WKH GHVLUHG TXDQWLW\ RI IXHO� 6LQFH WKH HQJLQH LV RSHU�
DWLQJ LQ VWHDG\�VWDWH� WKH XQFHUWDLQW\ LV DVVXPHG WR EH
FRQVWDQW RU VORZO\ YDU\LQJ DQG� FRQVHTXHQWO\� KDV ]HUR
GHULYDWLYH� ,W LV QRW SRVVLEOH WR GLVWLQJXLVK WKH ELDV
RI WKH XSVWUHDP 8(*2 VHQVRU IURP WKH XQFHUWDLQW\ RI
WKH HQJLQH XVLQJ RQO\ WKH PHDVXUHPHQW IURP WKH XS�
VWUHDP VHQVRU� 7R REYLDWH WKLV SUREOHP� WKH .DOPDQ
nOWHU XVHV WKH RXWSXW RI WKH XSVWUHDP VHQVRU FRUUHFWHG
E\ WKH ELDV HVWLPDWRU� +HQFH� WKH UHPDLQLQJ HVWLPD�
WLRQ HUURU RI WKH ELDV LV LQFOXGHG LQ WKH HVWLPDWLRQ RI
WKH HQJLQH XQFHUWDLQW\�
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OBSERVABLE 

)LJXUH �� w73 DV D IXQFWLRQ RI w)* IRU GLmHUHQW YDOXHV RI

WKH UHODWLYH R[\JHQ OHYHO d�

7KH PDMRU FKDOOHQJH LQ GHVLJQLQJ WKH HVWLPDWRU LV WKDW
WKH 7:& LV QRW XQLIRUPO\ REVHUYDEOH� 7KLV LV LOOXV�
WUDWHG LQ )LJXUH � ZKLFK VKRZV WKH LQVWDQWDQHRXV UHOD�
WLRQVKLS EHWZHHQ WDLOSLSH YHUVXV IHHGJDV DLU�IXHO UDWLR
IRU GLmHUHQW OHYHOV RI R[\JHQ VWRUDJH LQ WKH FDWDO\VW� ,Q
SDUWLFXODU� XQGHU ULFK FRQGLWLRQV� WKH 7:& LV DOPRVW
XQREVHUYDEOH ZKHQ WKH UHODWLYH R[\JHQ OHYHO LV JUHDWHU
WKDQ ���� XQGHU OHDQ FRQGLWLRQV� WKH UHODWLYH R[\JHQ
OHYHO PXVW EH ODUJHU WKDQ ��� WR EH VWURQJO\ REVHUY�
DEOH IURP WKH DYDLODEOH VLJQDOV� 7KXV� ZKHQ WKH R[\JHQ
VWRUDJH OHYHO� d� LV UHJXODWHG LQ WKH GHVLUHG UDQJH� LW LV
SUDFWLFDOO\ LPSRVVLEOH WR REVHUYH LW EDVHG RQ WKH GRZQ�
VWUHDP 8(*2 VLJQDO� &RQVHTXHQWO\� WKH .DOPDQ nO�
WHU JDLQ EHWZHHQ WKH 7:& DQG WKH VHFRQG 8(*2 ZDV



FRPSXWHG IRU WKH REVHUYDEOH DQG ZHDNO\ REVHUYDEOH RS�
HUDWLQJ UHJLPHV XVLQJ GLmHUHQW ZHLJKWV LQ WKH DOJHEUDLF
5LFFDWL HTXDWLRQ�

7KH nOWHU GHVLJQ LV FRPSOHWHG E\ OLQHDUL]LQJ WKH PRGHO
WR REWDLQ �$�&� DV D IXQFWLRQ RI WKH VWDWHV DQG FRP�
SXWLQJ D VWHDG\�VWDWH .DOPDQ JDLQ YLD WKH DOJHEUDLF
5LFFDWL HTXDWLRQ

�  3H$
7 � $3H b 3H&5b�&73H �4 ���

.H  3H&5b�� ���

7KH ZHLJKWV 4 DQG 5 RQ WKH VWDWHV DQG RXWSXWV� UH�
VSHFWLYHO\� ZHUH VHOHFWHG WR HPSKDVL]H WKH PRGHO LQ WKH
UHJLRQ ZKHUH LW LV SRRUO\ REVHUYDEOH DQG WKH RXWSXWV
LQ WKH UHJLRQ ZKHUH LW LV VWURQJO\ REVHUYDEOH� ,Q WRWDO�
WKH .DOPDQ JDLQ .H ZDV HYDOXDWHG IRU WKH OLQHDUL]HG
V\VWHP DW �� �d�w)*� RSHUDWLQJ SRLQWV DQG VWRUHG LQ
D ORRN�XS WDEOH� 7KH ORRN�XS WDEOH ZDV WKHQ LQWHUSR�
ODWHG RYHU WKH HVWLPDWHG WUDMHFWRU\ LQ RUGHU WR UHGXFH
WKH FRPSXWDWLRQDO EXUGHQ�

'HnQLQJ WKH GLmHUHQFH EHWZHHQ WKH PHDVXUHG �wXL� DQG

WKH HVWLPDWHG �AwXL� YDULDEOHV DV

HUUH  
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AwX�
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WKH HTXDWLRQV RI WKH H[WHQGHG .DOPDQ REVHUYHU DUH WKH
IROORZLQJ��!!!!!!!!!!!!!!!!!!�
!!!!!!!!!!!!!!!!!!�
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Aw)*  ����A[� b >������A[� b �wFRQ � AwDF�@ ����

Aw73  Aw)* b |�Aw)*� Ad�d �Aw)* b �� ����

��� $IW�&RQWUROOHU

7KH DIW�FRQWUROOHU FRQVLVWV RI SURSRUWLRQDO FRQWURO RQ
WKH GLmHUHQFH EHWZHHQ WKH HVWLPDWHG R[\JHQ VWRUDJH
OHYHO DQG LWV GHVLUHG YDOXH� KHUH� WDNHQ WR EH ����

wDIW  .� Adb ����� ����

7KH RXWSXW RI WKLV FRQWUROOHU LV XVHG WR DGMXVW WKH UHIHU�
HQFH JRLQJ LQWR WKH XSVWUHDP 3, FRQWUROOHU� 2WKHU FRQ�
WUROOHU GHVLJQ PHWKRGV �VXFK DV /4*� DQG FRQWUROOHU
FRQnJXUDWLRQV �VXFK DV LQQHU�RXWHU� ZHUH DOVR LQYHVWL�
JDWHG EXW DUH QRW UHSRUWHG KHUH IRU ODFN RI VSDFH�

� 6LPXODWLRQ 5HVXOWV

)RU WKH FDWDO\VW PRGHO� WKH VWHDG\�VWDWH FRQYHUVLRQ HI�
nFLHQFLHV DW VWRLFKLRPHWU\ ZHUH DVVXPHG WR EH +& 
����� 12[ ����� DQG &2 ����� 7KH JRDO LV WR
DFKLHYH WKHVH YDOXHV LQ WKH IDFH RI VLJQLnFDQW PHDVXUH�
PHQW XQFHUWDLQW\ LQ WKH XSVWUHDP 8(*2 VHQVRU DQG
VLJQLnFDQW HUURU LQ WKH HVWLPDWHG DLU�FKDUJH DQG�RU IXHO
LQMHFWLRQ TXDQWLW\� ,QMHFWRU DQG DLU�FKDUJH HVWLPDWLRQ
XQFHUWDLQW\ KDV EHHQ VLPXODWHG E\ VXPPLQJ WKH VLJ�
QDO VKRZQ LQ )LJXUH � ZLWK WKH RXWSXW RI WKH 3, FRQ�
WUROOHU� $ ELDV HTXDO WR b��� $ ) LV DVVXPHG IRU WKH
XSVWUHDP 8(*2� :KLWH QRLVH GLVWXUEDQFHV WDNLQJ YDO�
XHV EHWZHHQ h���� RI VWRLFKLRPHWU\ DUH DSSOLHG WR WKH
8(*2 VHQVRUV�
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)LJXUH �� &RPELQHG LQMHFWRU DQG DLU FKDUJH XQFHUWDLQW\

LQ XQLWV RI QRUPDOL]HG $ ) �

6LPXODWLRQ UHVXOWV DUH VKRZQ LQ )LJXUHV � � �� 7KH
FRQWUROOHU VKRZV H[FHOOHQW SHUIRUPDQFH� (YHQ LQ WKH
SUHVHQFH RI YHU\ VLJQLnFDQW XQFHUWDLQW\� WKH WDLOSLSH
$ ) LV UHJXODWHG YHU\ FORVHO\ WR VWRLFKLRPHWU\� DQG YHU\
QHDUO\ DFKLHYHV WKH PD[LPDO SRVVLEOH DYHUDJH VLPXOWD�
QHRXV FRQYHUVLRQ HpFLHQFLHV RI WKH WKUHH PDLQ SROOX�
WDQWV� 0RUHRYHU� WKH YDULDQFH RI WKH IHHGJDV $ ) LV
VPDOO �VHH )LJXUH ��� LQGLFDWLQJ WKDW WKHUH VKRXOG EH
QR GULYHDELOLW\ SUREOHPV GXH WR WKH DFWLRQV RI WKH FRQ�
WUROOHU� 7KH UHPDLQLQJ nJXUHV VKRZ VLPXODWHG DQG HV�
WLPDWHG R[\JHQ VWRUDJH OHYHO� DQG WKH DFWXDO DQG HVWL�
PDWHG ELDV OHYHO�

� 5REXVWQHVV $QDO\VLV

7KLV VHFWLRQ DGGUHVVHV WKH UREXVWQHVV RI WKH FRQWUROOHU�
)RU WKLV SXUSRVH� ZKLOH KROGLQJ DOO YDOXHV LQ WKH FRQ�
WUROOHU n[HG� WKH ELDV� PHDVXUHPHQW QRLVH DQG LQMHF�
WRU XQFHUWDLQW\ GLVWXUEDQFHV ZHUH LQFUHDVHG� DQG WKH
R[\JHQ VWRUDJH FDSDFLW\ RI WKH FDWDO\VW DQG WKH HQJLQH
WLPH GHOD\V ZHUH PRGLnHG� 7R IXUWKHU HYDOXDWH UREXVW�
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)LJXUH �� 5HODWLYH R[\JHQ OHYHO� d� DQG XSVWUHDP 8(*2

VHQVRU ELDV� 7KH WKLQ OLQHV DUH WKH DFWXDO YDOXHV DQG WKH

EROG OLQHV DUH WKH HVWLPDWHG YDOXHV�

QHVV WR PRGHO XQFHUWDLQW\� D FRPSOHWHO\ GLmHUHQW 7:&
UHSUHVHQWDWLRQ �GHVFULEHG LQ >�@� IURP WKDW XVHG LQ WKH
FRQWUROOHU ZDV LQVHUWHG LQ WKH VLPXODWLRQ PRGHO DQG WKH
SRVLWLRQ RI WKH VHFRQG $ ) VHQVRU ZDV FKDQJHG E\ LQ�
VHUWLQJ D GHOD\ HTXDO WR ���� VHF EHWZHHQ WKH 7:&
DQG WKLV VHQVRU� )RU FRQFLVHQHVV RI SUHVHQWDWLRQ� WKH
UHVXOWV RI WKH VLPXODWLRQV DUH WDEXODWHG ZLWK UHVSHFW WR
WKH FRQYHUVLRQ HpFLHQFLHV IRU 12[� +&� DQG &2� DQG
WKH PHDQ DQG VWDQGDUG GHYLDWLRQV RI WKH WDLOSLSH DQG
IHHGJDV DLU�IXHO UDWLRV� )RU D EDVHOLQH� WKH nUVW FROXPQ
RI 7DEOH � FRQWDLQV WKH SHUIRUPDQFH PHWULFV IRU WKH
FRQWUROOHU VXEMHFWHG WR WKH VWDQGDUG GLVWXUEDQFHV DQG
XQFHUWDLQWLHV RI 6HFWLRQ �� ELDV HTXDO WR b��� $�) DW
VWRLFKLRPHWU\� ZKLWH QRLVH VHQVRU GLVWXUEDQFH EHWZHHQ
h���� RI VWRLFKLRPHWU\� DQG LQMHFWRU XQFHUWDLQW\ DV LO�
OXVWUDWHG LQ )LJXUH �� 7KH WLPH GHOD\V DQG WKH R[\JHQ
VWRUDJH FDSDFLW\ RI WKH FDWDO\VW DUH n[HG WR YDOXHV RI
6HFWLRQ � DQG >�@� UHVSHFWLYHO\�

0 50 100 150 200 250 300 350 400

−0.08

−0.06

−0.04

−0.02

0

0.02

0.04

0.06

0.08

0.1

0.12

Time (sec)

E
ng

in
e 

U
nc

er
ta

in
ty

 (
no

rm
al

iz
ed

 A
/F

)

)LJXUH �� &RPELQHG LQMHFWRU DQG DLU FKDUJH XQFHUWDLQW\�

LQ XQLWV RI QRUPDOL]HG $ ) � WKDW LV XVHG LQ RQH SDUW RI WKH

UREXVWQHVV DQDO\VLV�

,Q WKH UREXVWQHVV LQYHVWLJDWLRQ� WKH YDULRXV SHUWXU�
EDWLRQV DUH nUVW DSSOLHG VHSDUDWHO\� 7KH VHFRQG FRO�
XPQ RI 7DEOH � VKRZV WKH VLPXODWLRQ UHVXOWV IRU ELDV
HTXDO WR b��� $ ) � ZKLWH QRLVH VHQVRU GLVWXUEDQFH EH�
WZHHQ h�� RI VWRLFKLRPHWU\� DQG LQMHFWRU XQFHUWDLQW\
DV VKRZQ LQ )LJXUH �� 7KH UHVXOWV LQ WKH WKLUG FROXPQ
DUH REWDLQHG XVLQJ WKH VWDQGDUG GLVWXUEDQFHV HQXPHU�
DWHG LQ WKH SUHYLRXV SDUDJUDSK� EXW GHFUHDVLQJ E\ ���
WKH R[\JHQ VWRUDJH FDSDFLW\� WKHUHE\ VLPXODWLQJ WKH DJ�
LQJ RI WKH FDWDO\VW�

7KH SHUIRUPDQFH RI WKH V\VWHP ZKHQ WKH HQJLQH GHOD\V
DQG WKH VHQVRU SODFHPHQW DUH FKDQJHG LV LOOXVWUDWHG LQ
WKH IRXUWK FROXPQ RI 7DEOH �� 7KH nIWK FROXPQ UHSRUWV
UHVXOWV ZKHQ WKH PRGLnHG FDWDO\VW G\QDPLFV DUH VXE�
VWLWXWHG� )LQDOO\� WKH ODVW FROXPQ SURYLGHV WKH UHVXOWV
ZKHQ DOO RI WKH FKDQJHV DUH DSSOLHG VLPXOWDQHRXVO\�
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w)* PHDQ ����� ����� ����� ����� ����� �����
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w73 VWG� GHY� ���H�� ���H�� ���H�� ���H�� ���H�� ���H��

7DEOH �� 5REXVWQHVV DQDO\VLV FRPSDULQJ WKH EDVH�OLQH UHVXOWV RI 6HFWLRQ � WR VXFFHVVLYH FKDQJHV LQ WKH GLVWXUEDQFH DQG QRLVH

OHYHOV� R[\JHQ VWRUDJH FDSDFLW\ RI WKH FDWDO\VW� WLPH GHOD\V LQ WKH PRGHO� FKRLFH RI FDWDO\VW R[\JHQ VWRUDJH PRGHO� DQG� nQDOO\�

LPSRVLQJ DOO RI WKH XQFHUWDLQWLHV DW RQFH�

� &RQFOXVLRQV

7KH FRQWUROOHU VKRZV JRRG SHUIRUPDQFH DQG FRQVLGHU�
DEOH UREXVWQHVV WR FKDQJHV LQ V\VWHP SDUDPHWHUV� 7KLV
GHVLJQ KDV DOVR EHHQ WHVWHG RQ GLmHUHQW FDWDO\VW FRQnJ�
XUDWLRQV� LQFOXGLQJ D VHULHV RI WZR 7:&V �FORVH�FRXSOHG
SOXV XQGHU�ERG\ 7:&� DQG D <�FRQnJXUDWLRQ �WZR
FORVH�FRXSOHG DQG RQH XQGHU�ERG\ 7:&�� 7KH UHVXOWV
REWDLQHG LQ WKHVH FRQnJXUDWLRQV VKRZ VLPLODU LPSURYH�
PHQWV LQ SHUIRUPDQFH DQG UREXVWQHVV�

$FNQRZOHGJPHQWV

-�:� *UL]]OH JUDWHIXOO\ DFNQRZOHGJHV IXQGLQJ XQGHU D
)RUG 0RWRU &RPSDQ\ 853 WLWOHG $FWLYH &RQWURO RI $I�
WHUWUHDWPHQW IRU ,PSURYHG (PLVVLRQV DQG )XHO (FRQ�

RP\�

5HIHUHQFHV

>�@ (�3� %UDQGW DQG <� :DQJ DQG -�:� *UL]]OH� ?'\�
QDPLF 0RGHOLQJ RI D 7KUHH�:D\ &DWDO\VW IRU 6, (Q�
JLQH ([KDXVW (PLVVLRQ &RQWURO�� ,((( 7UDQVDFWLRQV

RQ &RQWURO 6\VWHP 7HFKQRORJ\� YRO� �� 1R� �� 6HSWHP�
EHU �����

>�@ $� '� &ROYLQ DQG -� :� %XWOHU DQG -� (� $Q�
GHUVRQ� ?&DWDO\WLF (mHFWV RQ =U2� 2[\JHQ 6HQVRUV
([SRVHG WR 1RQ�(TXLOLEULXP *DV 0L[WXUHV�� -� (OHF�

WURDQDO� &KHP�� QXPEHU ���� �����

>�@ -�$� &RRN� -�:� *UL]]OH DQG -� 6XQ� ?$XWRPRWLYH
(QJLQH &RQWURO�� 7KH &RQWURO +DQGERRN� &5& 3UHVV�
:� /HYLQH� (G�� ����� SS� ����������

>�@ &� &XVVHQRW DQG 0� %DVVHYLOOH DQG )� $LPDUG�
?0RQLWRULQJ WKH 9HKLFOH (PLVVLRQ 6\VWHP &RPSR�
QHQWV�� ,)$& ��WK 7ULHQQLDO :RUOG &RQJUHVV� -XQH
�����

>�@ *� )LHQJR� /� *OLHOPR DQG 6� 6DQWLQL� ?2Q %RDUG
'LDJQRVLV IRU 7KUHH�:D\ &DWDO\WLF &RQYHUWHUV�� ,QWHU�
QDWLRQDO -RXUQDO RI 5REXVW DQG 1RQOLQHDU &RQWURO� 9RO�
��� 1R� ��� 6HSWHPEHU� ����� SS� ����������

>�@ (� 6KDIDL DQG &� 5RGXQHU DQG +�3� *HHULQJ� ?,Q�
GLUHFW $GDSWLYH &RQWURO RI D 7KUHH�ZD\ &DWDO\VW�� 6$(
SDSHU ������� )HEUXDU\ �����

>�@ +� -� *HUPDQQ� &� +� 2QGHU DQG +� 3� *HHULQJ�
?)DVW *DV &RQFHQWUDWLRQ 0HDVXUHPHQWV IRU 0RGHO 9DO�
LGDWLRQ RI &DWDO\WLF &RQYHUWHUV�� 6$( SDSHU �������
)HEUXDU\ �����

>�@ +� *HUPDQQ� 6� 7DJOLDIHUUL DQG +� 3� *HHU�
LQJ� ?'LmHUHQFHV LQ 3UH� DQG 3RVW�&RQYHUWHU /DPEGD
6HQVRU &KDUDFWHULVWLFV�� 6$( SDSHU ������� )HEUXDU\
�����

>�@ -�:� *UL]]OH� -�$� &RRN DQG :�3� 0LODP� ?,P�
SURYHG &\OLQGHU $LU &KDUJH (VWLPDWLRQ IRU 7UDQVLHQW
$LU )XHO 5DWLR &RQWURO�� ���� $PHULFDQ &RQWURO &RQ�

IHUHQFH� %DOWLPRUH� -XQH �����

>��@ '� 5� +DPEXUJ� -� $� &RRN� :� -� .DLVHU DQG (�
0� /RJRWKHWLV� ?$Q (QJLQH�'\QDPRPHWHU 6WXG\ RI WKH
$�) &RPSDWLELOLW\ %HWZHHQ D 7KUHH�ZD\ &DWDO\VW DQG
DQ ([KDXVW *DV 2[\JHQ 6HQVRU�� 6$( SDSHU �������
-XQH �����
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&DWDO\WLF &RQYHUWHUV�� 6$( SDSHU ������� )HEUXDU\
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>��@ 0� $� 6KXOPDQ DQG '� 5� +DPEXUJ� ?1RQ�LGHDO
3URSHUWLHV RI =U2� DQG 7L2� ([KDXVW *DV 2[\JHQ 6HQ�
VRUV�� 6$( SDSHU ������� )HEUXDU\ �����


