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6SDUN ,JQLWLRQ (QJLQH

-XOLD %XFNODQG� )RUG 0RWRU &RPSDQ\� 'HDUERUQ� 0, �

-� :� *UL]]OH� 8QLYHUVLW\ RI 0LFKLJDQ� $QQ $UERU� 0, �

$EVWUDFW

,GOH VSHHG FRQWURO LV LQYHVWLJDWHG IRU D GLUHFW LQMHF�
WLRQ� VSDUN LJQLWLRQ� OHDQ EXUQ HQJLQH� 7KH FRQWUROOHU
LV GHVLJQHG WR UHJXODWH HQJLQH VSHHG� DLU�IXHO UDWLR� H[�
KDXVW JDV UHFLUFXODWLRQ DQG VSDUN WR GHVLUHG VHW�SRLQWV�
ZKHQHYHU DOO VHW�SRLQW REMHFWLYHV DUH VLPXOWDQHRXVO\
DFKLHYDEOH� 6SHHG FRQWURO EHFRPHV WKH SULPDU\ REMHF�
WLYH ZKHQ V\VWHP FRQVWUDLQWV SURKLELW WKH VLPXOWDQHRXV
DFKLHYHPHQW RI DOO JRDOV� 1RYHO IHDWXUHV LQFOXGH WKH XVH
RI IXHO DV WKH SULPDU\ IDVW WRUTXH DFWXDWRU� LQVWHDG RI
VSDUN� DQG HOHFWURQLF WKURWWOH DV D VHFRQGDU\ DFWXDWRU
IRU WRUTXH�

� ,QWURGXFWLRQ

,Q UHFHQW \HDUV� PDQ\ UHVHDUFK DQG GHYHORSPHQW
DFWLYLWLHV KDYH IRFXVHG RQ DFKLHYLQJ IXHO HFRQRP\ LP�
SURYHPHQWV LQ VSDUN LJQLWLRQ HQJLQHV WKURXJK UHGXFHG
SXPSLQJ ORVVHV >�� �� ��� �� �@� 2QH VXFK WHFKQRORJ\
LV WKH GLUHFW LQMHFWLRQ VWUDWLnHG FKDUJH �',6&� JDVR�
OLQH HQJLQH� ,WV UHFHQW LQWURGXFWLRQ LQWR WKH -DSDQHVH
DQG (XURSHDQ PDUNHWV PD\ H[WHQG WR 1RUWK $PHULFD
LQ UHVSRQVH WR LQFUHDVHG HQYLURQPHQWDO SUHVVXUHV DQG
KLJKHU FXVWRPHU H[SHFWDWLRQV IRU IXHO HFRQRP\ DQG SHU�
IRUPDQFH� &DSDEOH RI RSHUDWLQJ DW DLU�IXHO UDWLRV RI ����
WR ����� WKH ',6& HQJLQH KDV SRWHQWLDO IRU VLJQLnFDQW
EHQHnWV LQ IXHO HFRQRP\ DQG &2� HPLVVLRQV� 6LQFH
WKH LPSURYHPHQWV DUH WKH UHVXOW RI UHGXFHG SXPSLQJ
ORVVHV GXULQJ OHDQ RSHUDWLRQ� WKH IXHO HFRQRP\ EHQHnW
LV VXEVWDQWLDO DW ORZ HQJLQH VSHHGV DQG WRUTXHV� LQFOXG�
LQJ W\SLFDO LGOH VSHHG FRQGLWLRQV� 7KXV VSHHG FRQWURO
GXULQJ XOWUD OHDQ RSHUDWLRQ LV DQ LPSRUWDQW HOHPHQW RI
HpFLHQW ',6& HQJLQH RSHUDWLRQ�

�-� %XFNODQG LV ZLWK WKH 3RZHUWUDLQ &RQWURO 6\VWHPV 'HSDUW�
PHQW� )RUG 5HVHDUFK /DERUDWRU\� ���� 9LOODJH 5RDG� 32 %R[
����� 'HDUERUQ� 0, ����������� (PDLO� MEXFNODQ#IRUG�FRP

�-�:� *UL]]OH LV ZLWK WKH &RQWURO 6\VWHPV /DERUDWRU\� (OHF�
WULFDO (QJLQHHULQJ DQG &RPSXWHU 6FLHQFH 'HSDUWPHQW� 8QLYHU�
VLW\ RI 0LFKLJDQ� $QQ $UERU� 0, ����������� (PDLO� JUL]�
]OH#XPLFK�HGX� +LV ZRUN ZDV VXSSRUWHG LQ SDUW E\ 16) *UDQW
(&6���������

7KLV SDSHU DGGUHVVHV WKH SUREOHP RI VSHHG FRQ�
WURO IRU D OHDQ EXUQ HQJLQH HTXLSSHG ZLWK DQ HOHFWURQLF
WKURWWOH� ,Q WKLV FRQWH[W� VSHHG FRQWURO LQFOXGHV HQJLQH
VSHHG UHJXODWLRQ DQG GLVWXUEDQFH UHMHFWLRQ WDVNV GXU�
LQJ LGOH RSHUDWLRQ >�� ��� ��@� 7KH FKDUDFWHULVWLFV RI
OHDQ EXUQ HQJLQHV DUH YHU\ GLmHUHQW IURP FRQYHQWLRQDO
VWRLFKLRPHWULF HQJLQHV� FUHDWLQJ QHZ RSSRUWXQLWLHV IRU
LPSURYHG VSHHG FRQWURO� ,Q SDUWLFXODU� DLU�IXHO UDWLR LV
QRW FRQVWUDLQHG WR D n[HG YDOXH GXH WR HPLVVLRQV FRQ�
VLGHUDWLRQV DQG LV IUHH WR YDU\ RYHU D IDLUO\ ZLGH UDQJH�
7KHUHIRUH� IXHO PD\ EH XVHG DV WKH SULPDU\ IDVW WRUTXH
DFWXDWRU LQVWHDG RI VSDUN� 6SDUN FDQ WKHQ EH VHW IRU
PD[LPXP EUDNH WRUTXH �0%7� WR HQKDQFH IXHO HFRQ�
RP\� 7KH HOHFWURQLF WKURWWOH EHFRPHV D VHFRQGDU\ DFWX�
DWRU IRU WRUTXH� DQG LV XVHG ZKHQ IXHO PXVW EH OLPLWHG
GXH WR DLU�IXHO UDWLR FRQVWUDLQWV JRYHUQHG E\ FRPEXV�
WLRQ VWDELOLW\ RU VRRW IRUPDWLRQ�

7KLV SDSHU DQDO\]HV D VLPSOLnHG YHUVLRQ RI WKH
VSHHG FRQWURO SUREOHP� ,WV SXUSRVH LV WR IRFXV RQ WKH
LQWHUDFWLRQV RI WKURWWOH DQG IXHO DV WRUTXH DFWXDWRUV� WKH
LPSDFW RI VDWXUDWLRQ RQ WKH FRQWUROOHU GHVLJQ� DQG WKH
LQWHUSOD\ RI VSHHG FRQWURO DQG IXHO HFRQRP\ DV SHUIRU�
PDQFH REMHFWLYHV� 7KH IROORZLQJ DVVXPSWLRQV ZLOO EH
PDGH�

$�� 6SDUN LV VHW WR DFKLHYH 0%7�

$�� 7KH UDQJH RI DOORZDEOH DLU�IXHO UDWLRV LV FRQWLQX�
RXV� YDU\LQJ IURP D PLQLPXP RI VWRLFKLRPHWU\ WR
D PD[LPXP RI �����

$�� 7KH FKDQJHV LQ WKH LQWDNH PDQLIROG G\QDPLFV GXH
WR WHPSHUDWXUH YDULDWLRQV FDQ EH KDQGOHG WKURXJK
JDLQ VFKHGXOLQJ DQG UREXVW FRQWURO GHVLJQ� DQG
WKXV D QRPLQDOO\ FRQVWDQW WHPSHUDWXUH PD\ EH
DVVXPHG�

$�� 7KHUH LV D n[HG SRLQW LQ WKH F\FOH DW ZKLFK IXHO
LQMHFWLRQ TXDQWLW\ LV GHWHUPLQHG� 7KXV� HYHQ
WKRXJK EHVW IXHO LQMHFWLRQ WLPLQJ ZLOO QDWXUDOO\
YDU\ DV D IXQFWLRQ RI HQJLQH FRQGLWLRQV� WKH FRP�
ELQHG FRPSXWDWLRQ GHOD\ DQG IXHO LQMHFWLRQ GHOD\
LV FRQVWDQW LQ WHUPV RI FUDQN DQJOH�



7KH FRQWUROOHU LV GHVLJQHG WR UHJXODWH HQJLQH VSHHG
DQG DFKLHYH GHVLUHG HQJLQH VHW�SRLQWV ZKHQHYHU DOO RE�
MHFWLYHV DUH IHDVLEOH� :KHQ DLU�IXHO UDWLR OLPLWV SURKLELW
WKH FRQWURO RI WRUTXH YLD IXHO� WKH FRQWUROOHU SHUIRUPV
VSHHG UHJXODWLRQ YLD WKH WKURWWOH� PDLQWDLQV WKH DLU�IXHO
UDWLR ZLWKLQ DOORZHG OLPLWV� DQG KROGV WKH LQWDNH PDQL�
IROG EXUQHG JDV IUDFWLRQ DW D GHVLUHG YDOXH� &RQWUROOHU
H[HFXWLRQ ZLOO EH GHPRQVWUDWHG ZLWK VLPXODWLRQ UHVXOWV
XVLQJ D QRQOLQHDU PRGHO�

� /HDQ %XUQ (QJLQH 0RGHO

7KH HQJLQH DQDO\]HG LV ���/ ZLWK IRXU F\OLQGHUV�
7KH HQJLQH PRGHO HPSOR\HG KHUH LV REWDLQHG E\ H[WUDS�
RODWLQJ WKH VWUDWLnHG FKDUJH PRGH RI WKH ',6& PRGHO
RI >�@ WR WKH IXOO �FRQWLQXRXV� UDQJH RI DOORZHG DLU�IXHO
UDWLRV� $VVXPSWLRQ $� LV YHU\ QDWXUDO IRU IXHO HFRQ�
RP\ UHDVRQV DQG VLPSOLnHV WKH WRUTXH H[SUHVVLRQV� $V�
VXPSWLRQ $� PHDQV WKDW� IRU D ',6& HQJLQH� WKH UH�
VXOWV SUHVHQWHG KHUH QHHG WR EH VXSSOHPHQWHG WR KDQGOH
WKH GLVDOORZHG UDQJH RI DLU�IXHO UDWLRV� W\SLFDOO\ ���� WR
����� ZKHUH VWDEOH FRPEXVWLRQ LV QRW DFKLHYDEOH� 6XFK
D GHDG�]RQH LV NQRZQ WR IXUWKHU FRPSOLFDWH WKH FRQWURO
GHVLJQ� $VVXPSWLRQ $� VLPSOLnHV WKH UHSUHVHQWDWLRQ RI
WKH LQWDNH PDQLIROG G\QDPLFV DQG LV VWUDLJKWIRUZDUG WR
UHPRYH� $VVXPSWLRQ $� LV UHDVRQDEOH IURP WKH SHU�
VSHFWLYH RI UHDO�WLPH FRGH H[HFXWLRQ�

:LWK WKHVH DVVXPSWLRQV� WKH DLU�FKDUJH� H[KDXVW
JDV UHFLUFXODWLRQ �(*5� DQG WRUTXH DVSHFWV RI WKH HQ�
JLQH DUH PRGHOHG DV >�@
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ZKHUH 3L LV WKH LQWDNH PDQLIROG SUHVVXUH� 5 LV WKH LGHDO
JDV FRQVWDQW� 7L LV WKH LQWDNH PDQLIROG WHPSHUDWXUH� 9
LV WKH LQWDNH PDQLIROG YROXPH� : LV D PDVV oRZ UDWH�
ZLWK VXEVFULSWV WK� HJU DQG F\O UHSUHVHQWLQJ SULPDU\
WKURWWOH� (*5 DQG LQ�F\OLQGHU� UHVSHFWLYHO\� PEJ LV WKH
PDVV RI EXUQHG JDV LQ WKH LQWDNH PDQLIROG� )L DQG )H
DUH WKH EXUQHG JDV IUDFWLRQV RI WKH LQWDNH DQG H[KDXVW
PDQLIROGV� UHVSHFWLYHO\� 1 LV HQJLQH VSHHG� -H LV HQJLQH
LQHUWLD DQG 7 LV WRUTXH� ZLWK VXEVFULSWV L� IULF DQG ORDG
UHSUHVHQWLQJ WKH LQGLFDWHG� FRPELQHG PHFKDQLFDO IULF�
WLRQ DQG SXPSLQJ ORVV� DQG ORDG WRUTXHV� UHVSHFWLYHO\�
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ZKHUH :I GHQRWHV IXHO oRZ UDWH DQG PL FRUUHVSRQGV WR
WKH PDVV RI JDV LQ WKH LQWDNH PDQLIROG� 7KH SDUDPHWHUV
m� n� D� DQG D� DUH FRHpFLHQWV REWDLQHG YLD UHJUHVVLRQ
RI HQJLQH PDSSLQJ GDWD�
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ZKHUH 6  ����� LV WKH VWRLFKLRPHWULF DLU�IXHO UDWLR�
7KH H[SUHVVLRQV IRU )H DQG UH DUH YDOLG DV ORQJ DV UH w
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7KH PDVV DLU oRZ UDWH WKURXJK WKH SULPDU\ WKURWWOH
YDOYH�:WK� DQG WKH PDVV H[KDXVW JDV oRZ UDWH WKURXJK
WKH (*5 YDOYH� :HJU� DUH PRGHOHG ZLWK VWDQGDUG RUL�
nFH oRZ HTXDWLRQV >�@ DQG DQ\ WKURWWOH G\QDPLFV KDYH
EHHQ LJQRUHG� +HUH� LW LV IXUWKHU DVVXPHG WKDW WKH
SULPDU\ WKURWWOH KDV EHHQ IHHGEDFN OLQHDUL]HG YLD SUH�
FRPSHQVDWLRQ DQG KHQFH FDQ EH UHSUHVHQWHG E\ D PRGHO
RI WKH IRUP
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SULPDU\ WKURWWOH DQG $WK���� LV WKH WKURWWOH DUHD FRU�
UHVSRQGLQJ WR IXOO\ RSHQ WKURWWOH� 0RGHOLQJ HUURUV ZLOO



UHVXOW LQ ��� EHLQJ RQO\ DSSUR[LPDWHO\ WUXH� +RZHYHU�
VXFK HUURUV VKRXOG EH ZHOO ZLWKLQ WKH JDLQ PDUJLQV RI
DQ\ RI WKH FRQWUROOHUV SURSRVHG KHUH� 0RUHRYHU� WKH SUH�
FRPSHQVDWRU FRXOG EH DGDSWHG RQ WKH EDVLV RI DYDLODEOH
PHDVXUHPHQWV >�@�

(*5 oRZ LV PRGHOHG ZLWK D VWDQGDUG RULnFH HTXD�
WLRQ�
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ZKHUH $HJU LV WKH (*5 YDOYH DUHD� VWHSV LV WKH QXPEHU
RI FRXQWV IRU SRVLWLRQLQJ WKH VWHSSHU PRWRU FRQWUROOLQJ
WKH YDOYH� 3H LV WKH H[KDXVW PDQLIROG SUHVVXUH DQG 7HJU
LV WKH WHPSHUDWXUH RI WKH UHFLUFXODWHG H[KDXVW JDV�

� ,GOH 6SHHG &RQWURO LQ WKH $EVHQFH RI

$LU�)XHO 5DWLR %RXQGV

7KLV VHFWLRQ ORRNV DW LGOH VSHHG FRQWURO ZKHQ IXHO
LV WKH SULPDU\ DFWXDWRU� 7KLV LV WKH FDVH DV ORQJ DV
DGHTXDWH WRUTXH FDQ EH JHQHUDWHG ZLWK DLU�IXHO UDWLRV
EHWZHHQ VWRLFKLRPHWU\ DQG ���� �$VVXPSWLRQ $��� 6HF�
WLRQ � VWXGLHV WKH VLWXDWLRQ ZKHQ DLU�IXHO UDWLR FRQ�
VWUDLQWV LPSRVH OLPLWV RQ IXHO oRZ� LQ ZKLFK FDVH WKH
WKURWWOH PXVW EH UH�DVVLJQHG IRU VSHHG FRQWURO�

��� 6SHHG FRQWURO EDVHG RQ IXHO

6XSSRVH IRU WKH PRPHQW WKDW EUDNH WRUTXH� 7E�W� � 
7L�W� � 7IULF�W�� FDQ EH GLUHFWO\ FRQWUROOHG� 7KHQ WKH
VSHHG FRQWURO SUREOHP DPRXQWV WR GHVLJQLQJ D FRQ�
WUROOHU IRU WKH V\VWHP
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7 GHO
IULF ZLOO EH VPDOO DV ORQJ DV WKH FORVHG�ORRS V\VWHP
V
EDQGZLGWK LV OHVV WKDQ � G� ZKLFK JLYHV D ERXQG RI
DSSUR[LPDWHO\ �� UDG�VHF� 1HJOHFWLQJ IRU QRZ VDWXUD�
WLRQ� WKH WHUP 7 GHO

IULF� DV ZHOO DV DVVXPLQJ WKDW WKH ORDG
WRUTXH LV XQNQRZQ� EXW FRQVWDQW� UHVXOWV LQ D VWDQGDUG
OLQHDU FRQWURO SUREOHP� ,Q RUGHU WR DFKLHYH ]HUR VWHDG\
VWDWH HUURU IRU FRQVWDQW HQJLQH VSHHG FRPPDQGV� D 3,'�
FRQWUROOHU LV DSSURSULDWH� 8VLQJ FODVVLFDO IUHTXHQF\ GR�
PDLQ GHVLJQ WHFKQLTXHV UHVXOWV LQ WKH FRQWUROOHU
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7KH %RGH SORW RI ��� FDVFDGHG ZLWK ��� LV VKRZQ

LQ )LJXUH �� )RU WKH SXUSRVHV RI FRPSXWLQJ WKH %RGH
SORW� WKH WLPH GHOD\ LQ ��� ZDV DSSUR[LPDWHG E\ D nUVW

RUGHU 3DGuH DSSUR[LPDWLRQ� 7KH FRQWUROOHU \LHOGV D JDLQ
FURVVRYHU IUHTXHQF\ RI � UDG�VHF� D JDLQ PDUJLQ RI ��
G% DQG D SKDVH PDUJLQ RI �� GHJUHHV� 7KH FRQWUROOHU
LV YDOLG IRU DQ\ VSHHG�WRUTXH SRLQW RI WKH HQJLQH
V RS�
HUDWLRQ� 7KH FORVHG�ORRS EDQGZLGWK LV GLFWDWHG E\ WKH
WLPH�GHOD\� G�
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)LJXUH �� 7KH %RGH SORW RI ��� FDVFDGHG ZLWK ����

2I FRXUVH� EUDNH WRUTXH LV QRW GLUHFWO\ FRQWUROODEOH�
,Q RUGHU WR REWDLQ DQ LPSOHPHQWDEOH FRQWUROOHU� WKH FRQ�
WURO VLJQDO ��� LV nUVW UHODWHG WR LQGLFDWHG WRUTXH YLD

7 IXHO
L �W� � &��V��1GHV b1��W�b 7I �W�� ����

DQG WKHQ WR FRPPDQGHG IXHO oRZ E\

:I �W�  
7 IXHO
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7KH FRQWUROOHU ���� FDQ EH DSSOLHG DV ORQJ DV WKH

DLU�IXHO UDWLR VWD\V ZLWKLQ DOORZDEOH ERXQGV� VXFK DV
VWRLFKLRPHWU\ WR ����� )RU WKH PRPHQW� WKLV LV DVVXPHG
WR EH WKH FDVH� DQG DWWHQWLRQ LV QRZ WXUQHG WR KRZ WR
FRQWURO WKH SULPDU\ WKURWWOH DQG (*5 YDOYH LQ RUGHU WR
PDLQWDLQ GHVLUHG VHW�SRLQWV RI DLU�IXHO UDWLR DQG EXUQHG
JDV IUDFWLRQ� 7KLV ZLOO DOORZ LQWHUPHGLDWH VSHHG FRQWURO
VLPXODWLRQV WR EH FRQVWUXFWHG� 7KHQ� WKH FDVH RI WKH
IXHO FRQWUROOHU ���� UHVXOWLQJ LQ DQ DLU�IXHO UDWLR WKDW LV
RXWVLGH RI WKH DOORZHG ERXQGV ZLOO EH DGGUHVVHG�

��� $FKLHYLQJ (*5 DQG DLU�IXHO UDWLR VHW�SRLQWV

6SHHG FRQWURO PXVW EH LQWHJUDWHG LQWR D VXSHUYLVRU\
FRQWUROOHU� ZKLFK IRU JLYHQ VSHHG DQG ORDG WRUTXH FRQ�
GLWLRQV� LV FKDUJHG ZLWK GHWHUPLQLQJ WKH RSWLPDO VSDUN�
(*5 DQG DLU�IXHO UDWLR VHWWLQJV IRU IXHO HFRQRP\ DQG
HPLVVLRQV >�@� 6LQFH WKH FXUUHQW VSHHG FRQWURO DQDO\�
VLV DVVXPHV 0%7 VSDUN� WKH UHPDLQLQJ YDULDEOHV WR EH



FRQWUROOHG DUH (*5 DQG DLU�IXHO UDWLR� �$OWHUQDWHO\� LQ�
WDNH PDQLIROG SUHVVXUH FRXOG EH VHOHFWHG DV WKH FRQWURO
YDULDEOH LQVWHDG RI DLU�IXHO UDWLR�� 6LQFH IXHO LV EHLQJ
XVHG WR UHJXODWH HQJLQH VSHHG� WKDW OHDYHV WKURWWOH DV
WKH DFWXDWRU IRU DLU�IXHO UDWLR�

7KH UHFLUFXODWHG H[KDXVW JDV RI D OHDQ EXUQ HQJLQH
FRQWDLQV DLU DV ZHOO DV EXUQHG JDV� )RU WKLV UHDVRQ� LW
LV FRQYHQLHQW WR WKLQN RI :WK �:HJU DV :DLU �:EJ �
ZKHUH :EJ  )H:HJU LV WKH PDVV oRZ UDWH RI UHFLUFX�
ODWHG EXUQHG JDV DQG :DLU  :WK���b)H�:HJU LV WKH
FRPELQHG PDVV oRZ UDWH RI DLU IURP WKH WKURWWOH DQG
UHFLUFXODWHG H[KDXVW JDV� 2QFH WKH (*5 oRZ UDWH KDV
EHHQ VHW� WKH SULPDU\ WKURWWOH FRPPDQG LV WKHQ GHWHU�
PLQHG E\ : GHV

WK  : GHV
DLU b �� b )H�:HJU� ZKHUH : GHV

DLU

LV WKH GHVLUHG PDVV DLU oRZ UDWH� 2I FRXUVH� WKHUH ZLOO
EH LQHYLWDEOH LQDFFXUDFLHV LQ WKH HVWLPDWLRQ RI:HJU DQG
)H� DQG KHQFH LQ WKH GHWHUPLQDWLRQ RI:

GHV
WK � 7KLV PXVW

EH FRPSHQVDWHG IRU E\ UREXVWQHVV RI WKH FRQWURO GHVLJQ�
(*5 FRQWURO LV W\SLFDOO\ LPSOHPHQWHG LQ D IHHGIRU�

ZDUG �RSHQ�ORRS� PDQQHU� DQG WKLV DSSURDFK ZDV IRO�
ORZHG KHUH DV ZHOO� 7KH H[KDXVW PDQLIROG ZDV DVVXPHG
WR EH QRPLQDOO\ DW ��� .3D DQG ��� .� %DVHG RQ WKHVH
QRPLQDO YDOXHV� WKH PHWKRG JLYHQ LQ >�@ ZDV XVHG WR
PDLQWDLQ WKH LQWDNH PDQLIROG EXUQHG JDV IUDFWLRQ DW
D GHVLUHG OHYHO� +HUH� WKH VHW�SRLQW ZDV FKRVHQ WR EH
)L  ����

,Q RUGHU WR VLPSOLI\ YHKLFOH FDOLEUDWLRQ� LW LV GHVLU�
DEOH WKDW WKH WKURWWOH WR DLU�IXHO UDWLR FRQWUROOHU EH DV
LQGHSHQGHQW DV SRVVLEOH RI WKH IXHO WR VSHHG FRQWUROOHU�
ZKHQHYHU WKH VSHHG GLVWXUEDQFHV FDQ EH KDQGOHG E\ IXHO
oRZ UDWH DGMXVWPHQWV DORQH� )RU WKHVH WZR FRQWUROOHUV
WR EH ?LQGHSHQGHQW�� D JRRG UXOH RI WKXPE LV WR NHHS
WKH EDQGZLGWKV RI WKHLU UHVSHFWLYH FORVHG�ORRS V\VWHPV
D GHFDGH RU VR DSDUW� 6LQFH WKH IXHO WR VSHHG FRQWURO
ORRS KDV D EDQGZLGWK RI � UDG�VHF� LW IROORZV WKDW WKH
EDQGZLGWK RI WKH WKURWWOH WR DLU�IXHO UDWLR ORRS VKRXOG
EH XSSHU ERXQGHG E\ ��� WR � UDG�VHF� ,W WXUQV RXW WKDW
WKH ORQJ GHOD\ LQ WKH PHDVXUHPHQW RI UH HVVHQWLDOO\ LP�
SRVHV WKDW WKH EDQGZLGWK RI WKH WKURWWOH WR DLU�IXHO UDWLR
IHHGEDFN ORRS EH QR IDVWHU WKDQ RQH UDGLDQ SHU VHFRQG
LQ DQ\ FDVH�

$VVXPLQJ WKDW H[KDXVW DLU�IXHO UDWLR FDQ EH PHD�
VXUHG DFFXUDWHO\ XQGHU XOWUD OHDQ FRQGLWLRQV� ��� FDQ
EH XVHG WR REWDLQ DQ HTXLYDOHQW F\OLQGHU PDVV oRZ UDWH
HVWLPDWH E\
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UH��
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7KLV FDQ EH XVHG WR UHSODFH WKH DLU�IXHO UDWLR FRQWURO
SUREOHP ZLWK RQH RI GHVLJQLQJ D VHW�SRLQW FRQWUROOHU IRU
WKH V\VWHP
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,  �� 7KH DVVRFLDWHG %RGH ORRS
JDLQ LV VKRZQ LQ )LJXUH ��
5HPDUN� 7KH DGYDQWDJH RI ZRUNLQJ ZLWK ���� LQVWHDG
RI �UGHVH b UH��W� LV WKDW ���� DXWRPDWLFDOO\ VFKHGXOHV
WKH FRQWUROOHU JDLQV DV D IXQFWLRQ RI HQJLQH RSHUDWLQJ
SRLQWV� $OVR� LQ SUDFWLFH� RQH PD\ QRW ZLVK WR UHO\ RQ
PHDVXUHG UH VLQFH LW PD\ EH TXLWH LQDFFXUDWH DW YHU\
OHDQ DLU�IXHO UDWLRV� 8VLQJ ����� WKH FRQWUROOHU FDQ EH
LPSOHPHQWHG RQ WKH EDVLV RI HVWLPDWHG TXDQWLWLHV� +HUH�
WKH FRQWUROOHU ���� ZDV LPSOHPHQWHG DV
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ZKHUH A)L DQG A:F\O ZHUH HVWLPDWHG YLD DQ REVHUYHU�
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)LJXUH �� %RGH SORWV IRU WKH FDVFDGH RI WKH FRQWUROOHU ����
ZLWK WKH V\VWHP �����

��� ,QWHUPHGLDWH VLPXODWLRQV

)LJXUH � VKRZV WKH UHVSRQVH RI WKH FORVHG�ORRS V\V�
WHP WR D VWHS LQ HQJLQH ORDG �DFFHVVRU\� WRUTXH RI ��
1P� ,W LV VHHQ WKDW ZLWKRXW DQ\ IHHGIRUZDUG LQIRUPD�
WLRQ RQ WKH ORDG VWHS� WKH VSHHG GURRSV WR DSSUR[L�
PDWHO\ ��� 530 IURP WKH DVVXPHG VHW�SRLQW RI ���
530� 7KH UDSLG WRUTXH UHVSRQVH LV REWDLQHG E\ GH�
FUHDVLQJ WKH DLU�IXHO UDWLR WR ���� IURP WKH DVVXPHG RS�
WLPDO YDOXH RI ���� DW D ORDG WRUTXH RI �� 1P� 7KH
WKURWWOH WR DLU�IXHO UDWLR FRQWUROOHU WKHQ PRYHV WKH DLU�
IXHO UDWLR EDFN WR WKH DVVXPHG RSWLPDO SRVLWLRQ� 7KLV



ZDV SRVVLEOH EHFDXVH WKH ORDG ZDV VXpFLHQWO\ VPDOO WKDW
WKH FRPPDQGHG DLU�IXHO UDWLR FRXOG EH DFKLHYHG ZLWK
WKH PDQLIROG SUHVVXUH OHVV WKDQ DWPRVSKHULF�
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)LJXUH �� 7RUTXH VWHS IURP �� 1P WR �� 1P DSSOLHG DW
WLPH �� VHFRQGV� (*5 VHW�SRLQW RI )L  ���
DQG $)5 VHW�SRLQW RI �����

� 6SHHG &RQWURO LQ WKH 3UHVHQFH RI $LU�)XHO

5DWLR %RXQGV

,Q UHVSRQVH WR D VXpFLHQWO\ ODUJH DGGHG ORDG
WRUTXH� WKH FRQWUROOHU ���� ZLOO FRPPDQG D YDOXH RI
IXHO WKDW ZLOO UHVXOW LQ DQ DLU�IXHO UDWLR WKDW H[FHHGV
D GHVLUHG ORZHU ERXQG� 5�� VD\ VWRLFKLRPHWU\� $OVR� LQ
UHVSRQVH WR WKH UHPRYDO RI D VXpFLHQWO\ ODUJH ORDG� LW
ZLOO FRPPDQG D YDOXH RI IXHO UHVXOWLQJ LQ DQ DLU�IXHO UD�
WLR WKDW LV KLJKHU WKDQ DQ DOORZDEOH XSSHU ERXQG� 5��
VD\ WKH OHDQ OLPLW� ,Q HLWKHU FDVH� WKH IXHO oRZ UDWH� DV
DQ DFWXDWRU� LV HmHFWLYHO\ VDWXUDWHG� ,I VSHHG FRQWURO
LV RI KLJKHU SULRULW\ WKDQ VHW�SRLQW RSWLPDOLW\� DV LV WKH
FDVH IRU LGOH VSHHG FRQWURO� WKHQ WKH WKURWWOH PXVW EH
UH�DVVLJQHG IRU VSHHG FRQWURO� 7KLV VHFWLRQ GHYHORSV D
WKURWWOH FRQWUROOHU WR EH XVHG IRU VSHHG UHJXODWLRQ ZKHQ
WKH IXHO VDWXUDWHV�

��� '\QDPLF HmHFWV RI (*5

6LQFH WKH LGOH VSHHG FRQWURO ORRS QHHGV WR EH DV
UHVSRQVLYH WR ORDG GLVWXUEDQFHV DV SRVVLEOH� WKH FRQ�
WUROOHU GHVLJQ QHHGV WR PD[LPL]H EDQGZLGWK� VXEMHFW WR
SUHVHUYLQJ UREXVWQHVV WR PRGHO XQFHUWDLQW\� $W DQ DLU�
IXHO UDWLR RI ����� DFKLHYLQJ D EXUQHG JDV IUDFWLRQ RI
��� LQ WKH LQWDNH PDQLIROG UHTXLUHV DERXW WZR DQG KDOI
WLPHV PRUH UHFLUFXODWHG H[KDXVW JDV WKDQ ZKHQ WKH DLU�
IXHO UDWLR LV DW VWRLFKLRPHWU\� +HQFH� D NH\ HOHPHQW
LQ XQGHUVWDQGLQJ WKH V\VWHP G\QDPLFV IURP WKURWWOH WR

HQJLQH VSHHG LV WKH HmHFW RI (*5 RQ WKH LQWDNH PDQLIROG
�RU DLU FKDUJH� G\QDPLFV�

/LQHDUL]LQJ WKH RULnFH oRZ HTXDWLRQ IRU WKH (*5
YDOYH DERXW D QRPLQDO RSHUDWLQJ SRLQW UHVXOWV LQ

:HJU { E��VWHSV� � E��VWHSV�3L ����

ZKHUH VWHSV UHSUHVHQWV (*5 YDOYH SRVLWLRQ� ZKLFK LV
PHDVXUHG LQ VWHSV� ,W LV LPSRUWDQW WR XQGHUVWDQG KRZ
WKH FRHpFLHQWV E� DQG E� YDU\ ZLWK HQJLQH RSHUDWLQJ
FRQGLWLRQ� 7KH YDOXH RI E� LV RI SDUWLFXODU LQWHUHVW EH�
FDXVH LW ZLOO GLUHFWO\ DmHFW V\VWHP G\QDPLFV� $VVXPLQJ
3L LV OLPLWHG

� WR �� N3D� WKH PLQLPXP YDOXH RI E� RFFXUV
ZKHQ WKH YDOYH LV ZLGH RSHQ� \LHOGLQJ E� PLQ  b����
7KH PD[LPXP YDOXH RFFXUV ZKHQ WKH (*5 YDOYH LV
FORVHG RU oRZ LV FKRNHG� \LHOGLQJ E� PD[  ��

*LYHQ WKLV UHSUHVHQWDWLRQ RI :HJU DQG WKH H[SUHV�
VLRQ IRU :F\O IURP ���� D EORFN GLDJUDP RI WKH LQWDNH
PDQLIROG G\QDPLFV FDQ EH FRQVWUXFWHG DQG LV LOOXVWUDWHG
LQ )LJXUH �� 7KH GHOD\ HOHPHQW� HbGHV� UHSUHVHQWV DQ
HVWLPDWHG WLPH UHTXLUHG IRU WKH PDVV oRZ UDWH RI UH�
FLUFXODWHG H[KDXVW JDV WR UHVSRQG WR FKDQJHV LQ LQWDNH
PDQLIROG SUHVVXUH� 7KH SODQW PRGHO QHHGHG IRU FRQ�
WURO GHYHORSPHQW LV JLYHQ E\ WKH WUDQVIHU IXQFWLRQ IURP
:WK WR:F\O� 8VLQJ D nUVW RUGHU 3DGuH DSSUR[LPDWLRQ WR
UHSUHVHQW WKH WLPH GHOD\� WKLV WUDQVIHU IXQFWLRQ LV JLYHQ
E\

:F\O�V�  
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����
7KXV WKH PRGHO SDUDPHWHUV E� DQG n DmHFW WKH QDWXUDO
IUHTXHQF\ DQG GDPSLQJ RI WKH V\VWHP� 7KH UDQJH RI
YDOXHV RI E� DQG n DUH VXFK WKDW WKH V\VWHP LV DOZD\V
FULWLFDOO\ GDPSHG� &RQVHTXHQWO\� YDULDWLRQ LQ WKHVH SD�
UDPHWHUV ZLOO SULPDULO\ DmHFW WKH EDQGZLGWK RI WKH V\V�
WHP� 7KLV LV LOOXVWUDWHG ZLWK %RGH SORWV RI ����� VKRZQ
LQ )LJXUH �� 3ORWV DUH VKRZQ IRU HDFK FRPELQDWLRQ RI
PLQLPXP DQG PD[LPXP SDUDPHWHU YDOXHV� $OO UHDOLV�
WLF SODQWV ZLOO IDOO ZLWKLQ WKHVH ERXQGDULHV� 7KHUHIRUH�
WKH FRQWUROOHUV GHYHORSHG WR DFWXDWH WKH WKURWWOH PXVW
EH UREXVW WR PRGHO XQFHUWDLQW\ ZLWKLQ WKHVH ERXQGV�

��� 7KURWWOH�EDVHG FRQWURO RI VSHHG

/HW >5�� 5�@ EH WKH DOORZHG UDQJH RI DLU�IXHO UD�
WLRV� $VVXPH WKDW :I KDV EHHQ OLPLWHG WR PHHW WKH

DLU�IXHO UDWLR ERXQGV� VR WKDW :I  
��b)L�:F\O

5M
� ZKHUH

M � I�� �J� 7KHQ WRUTXH LV GHWHUPLQHG E\ DLU oRZ� 2Q
WKLV EDVLV� WKH LQGLFDWHG WRUTXH FDQ EH UH�ZULWWHQ DV

7L  �D��1� � D��1� 5M���b )L�:F\O ����

�(*5 oRZ UDWH JRHV WR ]HUR DV LQWDNH PDQLIROG SUHVVXUH DS�
SURDFKHV H[KDXVW PDQLIROG SUHVVXUH� 6LQFH ��� LV QRW GLmHUHQ�
WLDEOH DW 3L  3H� OLQHDU DQDO\VLV EUHDNV GRZQ DW WKDW SRLQW�
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)LJXUH �� %RGH SORWV RI ,QWDNH 0DQLIROG 6\VWHP ZLWK
PRGHO SDUDPHWHU YDULDWLRQV GXH WR (*5�

DQG VROYHG IRU :F\O LQ RUGHU WR REWDLQ WKH GHVLUHG PDVV
oRZ UDWH RI DLU RXW RI WKH LQWDNH PDQLIROG DV D IXQFWLRQ
RI GHVLUHG LQGLFDWHG WRUTXH� 7KH TXHVWLRQ DW KDQG FDQ
EH YLHZHG DV RQH RI GHWHUPLQLQJ D SURSHU FRQWUROOHU IRU
WKH WKURWWOH VR WKDW WKLV LV DFKLHYHG�

)LJXUH � GHSLFWV WKH FRQWUROOHU DUFKLWHFWXUH HP�
SOR\HG IRU UHJXODWLQJ VSHHG YLD WKH WKURWWOH ZKHQ IXHO
LV VDWXUDWHG EDVHG RQ DLU�IXHO UDWLR FRQVWUDLQWV� 7KH
VWUXFWXUH RI WKH FRQWUROOHU LV KLJKO\ VXJJHVWLYH RI DQ
LQQHU�RXWHU ORRS GHVLJQ IURP FODVVLFDO FRQWURO� 7KLV
VWUXFWXUH DOORZV WKURWWOH�EDVHG VSHHG FRQWURO WR EH LQ�
WHJUDWHG ZLWK WKH IXHO�EDVHG VSHHG FRQWUROOHU� ���� ����
DQG ����� ZLWK FRQVLGHUDEOH HDVH� DV ZLOO EH VHHQ�

/LQHDU WLPH�LQYDULDQW FRPSHQVDWRUV &��V� DQG
&��V� ZHUH GHVLJQHG RQ WKH EDVLV RI FODVVLFDO IUHTXHQF\
GRPDLQ GHVLJQ UXOHV� )LJXUH � GLVSOD\V WKH ORRS JDLQ
IURP VSHHG HUURU� 1GHVb1 � WR 1 IRU WKH FRPSHQVDWRUV

&��V�  
����V� ��

����V� �
&��V� ����

&��V�  ����� ����

1RWH WKDW &��V� LV IDFWRUHG LQWR WKH IXHO 3, FRQWUROOHU

RI ����� FDVFDGHG ZLWK D OHDG WHUP� 7KH '& JDLQ RI
WKH OHDG WHUP KDV EHHQ GHOLEHUDWHO\ VHW WR ��� DQG WKH
RYHUDOO ORRS JDLQ DGMXVWHG ZLWK &��V�� 7KH SXUSRVH RI
WKH OHDG WHUP LV WR FRPSHQVDWH IRU WKH SKDVH ODJ GXH
WR WKH PDQLIROG nOOLQJ G\QDPLFV� 7KH IRUP ���� PDNHV
LW QDWXUDO WR WDNH WKH RXWSXW RI WKH IXHO�EDVHG VSHHG

FRQWUROOHU DQG SDVV LW WKURXJK WKH OHDG WHUP ����V���
����V��

LQ RUGHU WR FRPSXWH WKH FRPPDQGHG LQGLFDWHG WRUTXH
IRU WKH WKURWWOH�EDVHG VSHHG FRQWUROOHU� )URP WKLV� LW LV
FOHDU WKDW WKHUH LV RQO\ RQH LQWHJUDWRU WKDW ZLOO KDYH WR
EH SURWHFWHG E\ DQWL�ZLQGXS ORJLF�
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)LJXUH �� %RGH SORWV IRU WKH WKURWWOH EDVHG VSHHG FRQWURO
FDVFDGHG ZLWK WKH HQJLQH PRGHO IRU WKH WZR H[�
WUHPHV RI PRGHO YDULDWLRQV GXH WR (*5�

7KH VSHHG�WKURWWOH FRQWUROOHU VKRXOG RQO\ EH DFWLYH
ZKHQ WKH VSHHG�IXHO FRQWUROOHU UHVXOWV LQ VDWXUDWLRQ RI
WKH IXHO DFWXDWRU� 7KLV LV FRQYHQLHQWO\ DFKLHYHG LQ WKH
IROORZLQJ PDQQHU� 'HnQH

AUF�W� � 
��b )L�Wb G��:F\O�Wb G�

:I �Wb G�
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ZKLFK LV WKH FXUUHQW �HVWLPDWHG� LQ�F\OLQGHU DLU�IXHO UD�
WLR� 'HnQH
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ZLOO EH DV\PSWRWLFDOO\ ]HUR ZKHQ WKH HVWLPDWHG LQ�
F\OLQGHU DLU�IXHO UDWLR LV VWULFWO\ ZLWKLQ WKH DOORZDEOH
ERXQGV JLYHQ E\ 5� DQG 5�� DQG ZLOO LPSOHPHQW WKH
VSHHG�WKURWWOH FRQWUROOHU RWKHUZLVH� ,QGHHG� IURP ����
DQG ����� DQG ���������� LW IROORZV WKDW DV ORQJ DV WKH

'&�JDLQ RI &��V�
&��V�

HTXDOV RQH� WKHQ

OLP
W��

�: 7L
F\O
b:F\O��W�  � ����

XQGHU VWHDG\ VWDWH FRQGLWLRQV� 5HFDOO WKDW� E\ GHVLJQ�
&��V�
&��V�

 ����V���
����V��

KDV D '&�JDLQ RI XQLW\�

��� ,QWURGXFLQJ QRQOLQHDULWLHV DQG ORJLF WR GHDO

ZLWK VDWXUDWLRQ

6HYHUDO PRUH LVVXHV PXVW EH DGGUHVVHG EHIRUH WKH
FRPSHQVDWRUV ���� ����� ���� DQG ���� FDQ EH LQWHJUDWHG
LQWR D IXQFWLRQDO VSHHG FRQWUROOHU� (DFK LVVXH LV D GLUHFW
RU LQGLUHFW FRQVHTXHQFH RI VDWXUDWLRQ�
,VVXH��� 7KH HQJLQH SURGXFHV OLPLWHG LQGLFDWHG WRUTXH�
ZKHUHDV ��� DQG ���� LPSOLFLWO\ DVVXPH WKDW 7L LV QRW
ERXQGHG IURP DERYH RU EHORZ� :KHQ WKH HQJLQH LV SUR�
GXFLQJ LWV PD[LPXP RU PLQLPXP WRUTXH� DQWL�ZLQGXS
ORJLF PXVW EH SODFHG DURXQG WKH LQWHJUDWRU LQ ����
,VVXH��� 7KH RYHUDOO VSHHG FRQWUROOHU PXVW GHDO ZLWK
DW OHDVW WZR PRGHV RI RSHUDWLRQ� ,Q WKH nUVW PRGH� ERWK
IXHO DQG WKURWWOH DUH XQVDWXUDWHG� DQG FRQVHTXHQWO\�
ERWK VSHHG DQG RSWLPDO VHW�SRLQW REMHFWLYHV FDQ EH SXU�
VXHG E\ WKH FRQWUROOHU� ,Q WKLV PRGH� LW LV VWLOO SRVVL�
EOH WKDW WKH SODQQHG VHW�SRLQW FDQQRW EH DFKLHYHG GXH
WR WKH PDQLIROG SUHVVXUH UHDFKLQJ LWV PD[LPXP� $QWL�
ZLQGXS ORJLF LV WKXV QHFHVVDU\ DURXQG WKH LQWHJUDWRU RI
����� ,Q WKH VHFRQG PRGH� IXHO LV VDWXUDWHG� DQG RQO\
WKH VSHHG REMHFWLYH FDQ EH SXUVXHG� 7KH WUDQVLWLRQ
EHWZHHQ WKHVH WZR PRGHV PXVW EH DGGUHVVHG� 7KLV LQ�
FOXGHV ZKHQ WR DFWLYDWH WKH LQWHJUDWRU LQ ���� DQG ZKHQ
WR GH�DFWLYDWH LW�
,VVXH��� 6LQFH LQGLFDWHG WRUTXH LV QRQ�QHJDWLYH� WKH
UHPRYDO RI D ODUJH ORDG FDQ UHVXOW LQ VLJQLnFDQW VSHHG
CoDUH
� IROORZHG E\ VSHHG XQGHUVKRRW� XQOHVV D CGDVKSRW

W\SH RI DFWLRQ LV LQFRUSRUDWHG LQWR WKH FRQWUROOHU�

7KH PRGLnFDWLRQV WR WKH EDVLF FRQWUROOHU DUH LOOXV�
WUDWHG LQ )LJXUH �� 'HWDLOV RI WKH LPSOHPHQWDWLRQV DUH
QRW SURYLGHG GXH WR OLPLWHG VSDFH�

��� ,OOXVWUDWLYH VLPXODWLRQ

)LJXUH � GHSLFWV WKH FRQFHUWHG DFWLRQ RI WKH FRQ�
WUROOHUV ���� ����� ���� DQG ���� ZKHQ D �� 1P ORDG LV
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)LJXUH �� 6FKHPDWLF UHSUHVHQWDWLRQ RI WKH PRGLnFDWLRQV
WR WKH EDVLF VSHHG FRQWUROOHU�

VXGGHQO\ DSSOLHG WR WKH V\VWHP� ZLWK QR IHHGIRUZDUG
DFWLRQ� ,W LV UHPDUNDEOH WKDW WKH FORVHG�ORRS V\VWHP
FDQ GHDO ZLWK VXFK D ODUJH GLVWXUEDQFH ZLWK QR IHHGIRU�
ZDUG FRQWURO DQG RQO\ UHVXOW LQ D VSHHG GURRS RI ���
530� 7KH HmHFWV RI WKH VXGGHQ UHPRYDO RI WKH ORDG DUH
VRPHZKDW PRUH GUDPDWLF� UHVXOWLQJ LQ D VSHHG oDUH RI
��� 530� 7KH FRQWUROOHU XVHV UDSLG HQJLQH EUDNLQJ WR
EULQJ WKH VSHHG EDFN WR ZLWKLQ �� RI WKH QRPLQDO ���
530 VHW�SRLQW LQ DERXW � VHFRQGV� 1RWH WKDW DW WKLV
RSHUDWLQJ FRQGLWLRQ� WKH WKURWWOH LV HmHFWLYHO\ VDWXUDWHG
VLQFH WKH LQWDNH PDQLIROG SUHVVXUH LV QHDU DWPRVSKHULF�
&RQVHTXHQWO\� WKH V\VWHP FDQQRW DFKLHYH WKH $)5 VHW�
SRLQW RI ���� ZLWK )L  ����
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)LJXUH �� 7RUTXH VWHS IURP �� 1P WR �� 1P DSSOLHG
DW WLPH �� VHFRQGV DQG UHPRYHG DW �� VHFRQGV�
(*5 VHW�SRLQW RI )L  ��� DQG $)5 VHW�SRLQW
RI �����



��� ([WHQVLRQ WR FUXLVH FRQWURO

:LWK WKH DGGLWLRQ RI D YHKLFOH PRGHO� WKH FRQWURO
LGHDV SUHVHQWHG DERYH FDQ EH DSSOLHG WR FUXLVH FRQWURO
DV ZHOO� )LJXUH �� LOOXVWUDWHV WKH UHVSRQVH RI WKH FRQWURO
V\VWHP WR D VWHS LQ FRPPDQGHG VSHHG VHW�SRLQW IURP
��� 530 WR ���� 530 DW WLPH �� VHFRQGV� DQG EDFN WR
��� 530 DW WLPH �� VHFRQGV� 7KH ORDG ZDV KHOG FRQ�
VWDQW DW �� 1P� 7KH RQO\ FKDQJH LQ WKH FRQWURO VFKHPH
LV WKH DGGLWLRQ RI D VSHHG FRPPDQG SUH�nOWHU� ZKLFK
DOORZV VSHHG HUURUV GXH WR VSHHG VHW�SRLQW FRPPDQG
FKDQJHV WR EH WUHDWHG GLmHUHQWO\ WKDQ VSHHG HUURUV GXH
WR ORDG GLVWXUEDQFHV� 1RWH WKDW WKHUH LV QR RYHUVKRRW
RU XQGHUVKRRW� HYHQ DW WKLV OLJKW ORDG� 7KH ODFN RI RYHU�
VKRRW RQ D VWHS LQFUHDVH LQ VSHHG LV ODUJHO\ GXH WR WKH
WZR�GHJUHH RI IUHHGRP FRQWURO GHVLJQ� 7KH ODFN RI XQ�
GHUVKRRW LV SULPDULO\ GXH WR WKH MXGLFLRXV UHJXODWLRQ RI
LQWDNH PDQLIROG SUHVVXUH E\ WKH GDVKSRW PRGH�

15 20 25 30 35 40 45 50
5

10

15

Lo
ad

 C
m

d 
(N

−
m

)

15 20 25 30 35 40 45 50
600

800

1000

1200

1400

1600

1800

2000

2200

E
ng

in
e 

S
pe

ed
 (

R
P

M
)

)LJXUH ��� 6SHHG VWHS XS WR ���� 530 DQG EDFN GRZQ
WR ��� 530� DW �� 1P ORDG�

5HIHUHQFHV

>�@ 0� 6� $VKKDE� $� *� 6WHIDQRSRXORX� -� $� &RRN�
DQG 0� /HYLQ� &DPOHVV HQJLQH FRQWURO IRU UREXVW XQ�
WKURWWOHG RSHUDWLRQ� 6$( 3DSHU� ��������� �����

>�@ $� &� (OURG DQG 0�7� 1HOVRQ� 'HYHORSPHQW RI D
YDULDEOH YDOYH WLPLQJ HQJLQH WR HOLPLQDWH WKH SXPSLQJ
ORVVHV DVVRFLDWHG ZLWK WKURWWOHG RSHUDWLRQ� 6$( 3DSHU�
��������� �����

>�@ -� %� +H\ZRRG� ,QWHUQDO &RPEXVWLRQ (QJLQH�
0F*UDZ�+LOO� �����

>�@ 'HYRU +URYDW DQG -LQJ 6XQ� 0RGHOV DQG FRQWURO
PHWKRGRORJLHV IRU ,& HQJLQH LGOH VSHHG FRQWURO GHVLJQ�
&RQWURO (QJLQHHULQJ 3UDFWLFH� ���������^����� �����

>�@ -� .DQJ DQG -�:� *UL]]OH� 1RQOLQHDU FRQWURO IRU
MRLQW DLU DQG IXHO PDQDJHPHQW LQ D 6, HQJLQH� ,Q 3URF�

$PHU� &RQWU� &RQI�� 6DQ 'LHJR� �����

>�@ -�0� .DQJ� ,� .ROPDQRYVN\� DQG -�:� *UL]]OH�
$SSUR[LPDWH G\QDPLF SURJUDPPLQJ VROXWLRQV IRU OHDQ
EXUQ HQJLQH DIWHUWUHDWPHQW� ,Q ,((( &RQIHUHQFH RQ

'HFLVLRQ DQG &RQWURO� 3KRHQL[� $=� �����

>�@ ,� .ROPDQRYVN\� -� 6XQ� 0� 'UX]KLQLQD� DQG
0� YDQ 1LHXZVWDGW� &KDUJH FRQWURO IRU GLUHFW LQMHFWLRQ
VSDUN LJQLWLRQ HQJLQHV ZLWK (*5� ,Q 3URFHHGLQJV RI WKH
$PHULFDQ &RQWURO &RQIHUHQFH� &KLFDJR� ,/� �����

>�@ 7� *� /HRQH� (� -� &KULVWHQVRQ� DQG 5� $� 6WHLQ�
&RPSDULVRQ RI YDULDEOH FDPVKDIW WLPLQJ VWUDWHJLHV DW
SDUW ORDG� 6$( 3DSHU� ��������� �����

>�@ -� 6XQ� ,� .ROPDQRYVN\� '� %UHKRE� -�$� &RRN�
-� %XFNODQG� DQG 0� +DJKJRRLH� 0RGHOLQJ DQG FRQWURO
RI JDVROLQH GLUHFW LQMHFWLRQ VWUDWLnHG FKDUJH �',6&� HQ�
JLQHV� ,Q ,QWHUQDWLRQDO &RQIHUHQFH RQ &RQWURO $SSOLFD�

WLRQV� �����

>��@ 2� 9RJHO� .� 5RXVVRSRXORV� /� *X]]HOOD� DQG
-� &]HNDM� 9DULDEOH YDOYH WLPLQJ LPSOHPHQWHG ZLWK
D VHFRQGDU\ YDOYH RQ D IRXU F\OLQGHU 6, HQJLQH� ����

9DULDEOH 9DOYH $FWXDWLRQ DQG 3RZHU %RRVW 6$( 6SHFLDO

3XEOLFDWLRQV� ���������������^��� )HEUXDU\ �����

>��@ <DQ :DQJ� $QQD 6WHSKDQRSRXORX� DQG 0LNH
/HYLQ� ,GOH VSHHG FRQWURO� DQ ROG SUREOHP LQ D QHZ HQ�
JLQH GHVLJQ� ,Q 3URF� $PHU� &RQWU� &RQI�� 6DQ 'LHJR�
SDJHV ����^����� �����

>��@ 6� <XUNRYLFK DQG 0� 6LPSVRQ� &RPSDUDWLYH DQDO�
\VLV IRU LGOH VSHHG FRQWURO� D FUDQN�DQJOH GRPDLQ YLHZ�
SRLQW� ,Q 3URF� $PHU� &RQWU� &RQI�� 1HZ 0H[LFR� SDJHV
���^���� -XQH �����


