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,GOH 6SHHG &RQWURO RI D 'LUHFW ,QMHFWLRQ 6SDUN

,JQLWLRQ 6WUDWLnHG &KDUJH (QJLQH

-� :� *UL]]OHe\� -XOLD %XFNODQG] DQG -LQJ 6XQ]

\&RQWURO 6\VWHPV /DERUDWRU\� (OHFWULFDO (QJLQHHULQJ DQG &RPSXWHU 6FLHQFH 'HSDUWPHQW� 8QLYHUVLW\ RI
0LFKLJDQ� $QQ $UERU� 0, ����������� 7HO� ��������������� )$;� ��������������� JUL]]OH#XPLFK�HGX�
]3RZHUWUDLQ &RQWURO 6\VWHPV 'HSDUWPHQW� )RUG 5HVHDUFK /DERUDWRU\� ���� 9LOODJH 5RDG� 32 %R[ �����

'HDUERUQ� 0, ����������� MEXFNODQ#IRUG�FRP� MVXQ#IRUG�FRP

6XPPDU\

,GOH VSHHG FRQWURO LV LQYHVWLJDWHG IRU D GLUHFW LQMHFWLRQ� VSDUN LJQLWLRQ� VWUDWLnHG FKDUJH �',6&�

HQJLQH HTXLSSHG ZLWK DQ HOHFWURQLF WKURWWOH� 6XFK HQJLQHV FDQ EH RSHUDWHG LQ PXOWLSOH FRPEXVWLRQ

PRGHV� :KHQ RSHUDWLQJ LQ VWUDWLnHG FKDUJH FRPEXVWLRQ PRGH� WKH\ DUH YHU\ GLmHUHQW IURP FRQYHQWLRQDO

VWRLFKLRPHWULF HQJLQHV� FUHDWLQJ QHZ RSSRUWXQLWLHV IRU LPSURYHG VSHHG FRQWURO� :LWK FXUUHQW DIWHU�

WUHDWPHQW WHFKQRORJ\� VLPXOWDQHRXV KLJK IXHO HFRQRP\ DQG HPLVVLRQV FRQYHUVLRQ HpFLHQF\ FDQQRW EH

DFKLHYHG E\ RSHUDWLQJ WKH HQJLQH LQ D VWHDG\ VWDWH PDQQHU� LW PXVW EH F\FOHG EHWZHHQ UXQQLQJ XOWUD�

OHDQ �IRU IXHO HFRQRP\� DQG ULFK �WR VHUYLFH WKH DIWHU�WUHDWPHQW V\VWHP�� $Q LGOH VSHHG FRQWURO V\VWHP

LV GHVLJQHG WR PHHW WKH FRQVLGHUDEOH IHHGEDFN FRQWURO GHPDQGV UHTXLUHG E\ WKHVH QHZ HQJLQHV�

.H\ ZRUGV� +\EULG PRGHO� GHFHQWUDOL]HG FRQWURO� JDLQ VFKHGXOLQJ� VZLWFKLQJ FRQWURO

,� ,QWURGXFWLRQ

,Q UHFHQW \HDUV� PDQ\ UHVHDUFK DQG GHYHORSPHQW DFWLYLWLHV KDYH IRFXVHG RQ DFKLHYLQJ IXHO HFRQRP\

LPSURYHPHQWV LQ VSDUN LJQLWLRQ HQJLQHV WKURXJK UHGXFHG SXPSLQJ ORVVHV >�@� >�@� >�@� >�@� >�@� 2QH VXFK

WHFKQRORJ\ LV WKH GLUHFW LQMHFWLRQ VWUDWLnHG FKDUJH �',6&� JDVROLQH 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 SHUIRUPDQFH� ,Q WKLV

W\SH RI HQJLQH� IXHO LV LQMHFWHG GLUHFWO\ LQWR WKH FRPEXVWLRQ FKDPEHU GXULQJ WKH LQWDNH VWURNH WR IRUP D

KRPRJHQHRXV PL[WXUH� RU GXULQJ WKH FRPSUHVVLRQ VWURNH WR IRUP D YHU\ KHWHURJHQRXV PL[WXUH UHIHUUHG

WR DV D VWUDWLnHG FKDUJH� RU ERWK� :LWK VWUDWLnHG FKDUJH� WKH HQJLQH FDQ RSHUDWH DW RYHUDOO DLU�IXHO

UDWLRV XS WR ���� RU KLJKHU�� WKHUHE\ UHGXFLQJ SXPSLQJ ORVVHV DQG LQFUHDVLQJ WKHUPDO HpFLHQF\� :LWK

LWV VRSKLVWLFDWHG FRPEXVWLRQ FKDPEHU DQG IXHOLQJ V\VWHP� DQG LQ FRPELQDWLRQ ZLWK DQ DGYDQFHG H[KDXVW

DIWHU�WUHDWPHQW V\VWHP� D ',6& HQJLQH KDV WKH SRWHQWLDO RI LPSURYLQJ IXHO HFRQRP\ DQG &2� HPLVVLRQV

DW DQ DFFHSWDEOH FRVW�

e &RUUHVSRQGHQFH WR 3URI� -HVV\ *UL]]OH� &RQWURO 6\VWHPV /DERUDWRU\� (OHFWULFDO (QJLQHHULQJ DQG &RPSXWHU 6FL�
HQFH 'HSDUWPHQW� 8QLYHUVLW\ RI 0LFKLJDQ� $QQ $UERU� 0, ����������� 7HO� ��������������� )$;� ��������������� JUL]�
]OH#XPLFK�HGX�
�7KH VKDSH RI WKH SLVWRQ LV GHVLJQHG WR HQKDQFH DLU PRWLRQ �VZLUO RU WXPEOH�� 7KH DLU PRWLRQ� LQ FRPELQDWLRQ ZLWK

SURSHU IXHO LQMHFWLRQ WLPLQJ� SHUPLWV WKH FUHDWLRQ RI D FRQFHQWUDWHG� LJQLWDEOH PL[WXUH DURXQG WKH VSDUN SOXJ >�@�
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7KH LPSOHPHQWDWLRQ RI ',6& WHFKQRORJLHV� KRZHYHU� UHOLHV FULWLFDOO\ RQ WKH GHYHORSPHQW RI WKH FRQWURO

V\VWHP WR GHOLYHU WKH H[SHFWHG EHQHnWV� )RU D ',6& HQJLQH� WKH WDVN RI PDLQWDLQLQJ RSWLPDO IXHO

HFRQRP\ RSHUDWLQJ FRQGLWLRQV ZKLOH VDWLVI\LQJ HPLVVLRQ DQG GULYHDELOLW\ FRQVWUDLQWV RYHU D ZLGH UDQJH

RI HQJLQH VSHHG DQG ORDG FRQGLWLRQV LV VLJQLnFDQWO\ PRUH FRPSOLFDWHG WKDQ WKDW IRU FRQYHQWLRQDO SRUW�

IXHO LQMHFWHG �3),� HQJLQHV� 7KH IROORZLQJ VSHFLDO IHDWXUHV DVVRFLDWHG ZLWK ',6& HQJLQHV LPSRVH PDMRU

FKDOOHQJHV IRU FRQWURO V\VWHP GHYHORSPHQW�

q &XUUHQW ',6& HQJLQHV FDQ RSHUDWH LQ PXOWLSOH FRPEXVWLRQ PRGHV� FKDUDFWHUL]HG E\ FKDUJH FRPSRVL�

WLRQ� RU HTXLYDOHQWO\� WLPH RI LQMHFWLRQ�� KRPRJHQHRXV �HDUO\ LQMHFWLRQ�� VWUDWLnHG �ODWH LQMHFWLRQ�� DQG

HYHQ PXOWLSOH LQMHFWLRQ� %HFDXVH RI VLJQLnFDQW GLmHUHQFHV LQ WRUTXH DQG HPLVVLRQ FKDUDFWHULVWLFV� D GLV�

WLQFW FRQWURO VWUDWHJ\ LV UHTXLUHG WR RSWLPL]H WKH HQJLQH RSHUDWLRQ LQ HDFK PRGH� $ FRQWURO V\VWHP KDV

WR GHWHUPLQH G\QDPLFDOO\ QRW RQO\ LQ ZKLFK PRGH WKH HQJLQH VKRXOG EH UXQQLQJ DFFRUGLQJ WR HQJLQH

DQG DIWHU�WUHDWPHQW GHYLFH RSHUDWLQJ FRQGLWLRQV DQG GULYHU
V LQSXW� EXW DOVR HmHFWLYHO\ PDQDJH VPRRWK

WUDQVLWLRQV IURP RQH PRGH WR DQRWKHU�

q $ ',6& HQJLQH KDV PRUH FRQWURO LQSXWV WKDQ D FRQYHQWLRQDO 3), HQJLQH� %HVLGHV WKH VWDQGDUG

DFWXDWRUV VXFK DV WKURWWOH� IXHO� VSDUN� DQG H[KDXVW JDV UHFLUFXODWLRQ �(*5�� DGGLWLRQDO LQSXWV� VXFK

DV IXHO LQMHFWLRQ WLPLQJ DQG IXHO V\VWHP SUHVVXUH� KDYH VLJQLnFDQW HmHFWV RQ ',6& HQJLQH SHUIRUPDQFH�

XQOLNH 3), HQJLQHV� ZKHUH WKH HmHFWV DUH UHODWLYHO\ PLQRU� )ORZ FRQWURO GHYLFHV� VXFK DV D VZLUO FRQWURO

YDOYH �6&9�� DUH DOVR QHFHVVDU\ IRU SURSHU PL[LQJ DQG FKDUJH IRUPDWLRQ� )XUWKHUPRUH� RWKHU DGYDQFHG

DFWXDWRUV� VXFK DV YDULDEOH FDP WLPLQJ �9&7�� FRQWLQXRXVO\ YDULDEOH WUDQVPLVVLRQ �&97� DQG ERRVWLQJ

GHYLFHV VXFK DV D YDULDEOH JHRPHWU\ WXUERFKDUJHU �9*7� KDYH EHHQ FRQVLGHUHG IRU ',6& DSSOLFDWLRQV WR

UHDOL]H WKH IXOO EHQHnWV RI OHDQ RSHUDWLRQ� :KLOH WKHVH QHZ DFWXDWRUV ZLOO HQKDQFH WKH RYHUDOO V\VWHP
V

FDSDELOLW\ WR GHOLYHU JRRG IXHO HFRQRP\ DQG HPLVVLRQV� WKH\ KDYH JUHDWO\ LQFUHDVHG V\VWHP FRPSOH[LW\

WKHUHE\ QHFHVVLWDWLQJ D V\VWHP HQJLQHHULQJ DSSURDFK WR HmHFWLYHO\ PDQDJH WKLV PXOWL�REMHFWLYH� PXOWL�

YDULDEOH SUREOHP�

q $ ',6& HQJLQH UHTXLUHV D VSHFLDO H[KDXVW DIWHU�WUHDWPHQW V\VWHP WR PHHW HPLVVLRQ UHJXODWLRQV� $W

OHDQ DLU�IXHO UDWLRV� WKH XELTXLWRXV WKUHH�ZD\ FDWDO\VW �7:&� FDQ HmHFWLYHO\ FRQYHUW &2 DQG +& LQ

WKH H[KDXVW JDV WR &2� DQG +�2� 7KH FXUUHQW 12[ UHPRYDO WHFKQLTXH LV WR SODFH DQ DGGLWLRQDO

7:&� UHIHUUHG WR DV D OHDQ 12[ WUDS �/17�� DIWHU WKH H[LVWLQJ 7:& LQ WKH H[KDXVW V\VWHP� 6LQFH

DQ /17 RQO\ WUDSV 12[� LW PXVW EH SHULRGLFDOO\ SXUJHG WR PDLQWDLQ LWV OHYHO RI FRQYHUVLRQ HpFLHQF\�

%\ SHULRGLFDOO\ RSHUDWLQJ WKH HQJLQH DW D ULFK FRQGLWLRQ �LQ KRPRJHQHRXV PRGH�� WKH WUDSSHG 12[ LV

SXUJHG DQG FRQYHUWHG WR 1� E\ UHGXFWDQWV VXFK DV &2� +& DQG +� >�@� >�@� >�@� 7KH GXUDWLRQ DQG

IUHTXHQF\ RI WKH SXUJH FRQGLWLRQ �ULFK RSHUDWLRQ RI WKH HQJLQH�� DQG REYLRXVO\ WKH FRQWURO VWUDWHJ\ IRU

SXUJLQJ WKH /17 VKRXOG EH ZHOO RSWLPL]HG WR DFKLHYH KLJK IXHO HFRQRP\ DQG ORZ 12[ HPLVVLRQV� )RU

H[DPSOH� IRU D ',6& HQJLQH UXQQLQJ LQ VWUDWLnHG PRGH� WKH /17 LV W\SLFDOO\ SXUJHG E\ RSHUDWLQJ WKH

�$V QRWHG HDUOLHU� FKDUJH FRPSRVLWLRQ GHSHQGV GLUHFWO\ RQ IXHO LQMHFWLRQ WLPLQJ�



*5,==/(� %8&./$1' $1' 681� ,6& )25 ',6& �

HQJLQH VOLJKWO\ ULFK RI VWRLFKLRPHWU\ IRU DSSUR[LPDWHO\ ��� VHFRQGV HYHU\ �� VHFRQGV� 7KLV SXUJH F\FOH�

LI QRW SURSHUO\ PDQDJHG� FDQ FUHDWH DQ XQGHVLUDEOH WRUTXH GLVWXUEDQFH DQG GULYHDELOLW\ SUREOHPV� 7KH

/17 VHUYLFH UHTXLUHPHQW LV RQH RI WKH PDMRU FKDOOHQJHV LQ GHYHORSLQJ D KLJK SHUIRUPDQFH UREXVW FRQWURO

V\VWHP�

7KLV SDSHU DGGUHVVHV WKH SUREOHP RI LGOH VSHHG FRQWURO >��@� >��@� >��@� >��@� >��@ IRU D ',6& HQJLQH

HTXLSSHG ZLWK DQ HOHFWURQLF WKURWWOH� $V QRWHG DERYH� ZKHQ RSHUDWLQJ ZLWK OHDQ FRPEXVWLRQ� ',6&

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

FRQVLGHUDWLRQV DQG LV IUHH WR YDU\ RYHU D IDLUO\ ZLGH UDQJH� &RQVHTXHQWO\� IXHO PD\ EH XVHG DV WKH

SULPDU\ IDVW WRUTXH DFWXDWRU LQVWHDG RI VSDUN� 6SDUN FDQ WKHQ EH VHW WR DFKLHYH EHVW IXHO HFRQRP\ DQG

HPLVVLRQV� 7KLV LV YHU\ VLPLODU WR WKH GLHVHO LGOH VSHHG FRQWURO SUREOHP� ZKHUH IXHO LV WKH NH\ FRQWURO

DFWXDWRU IRU VSHHG UHJXODWLRQ� 2Q WKH RWKHU KDQG� D NH\ SRLQW ZLWK D ',6& HQJLQH DQG /17�EDVHG DIWHU�

WUHDWPHQW V\VWHP LV WKDW VLPXOWDQHRXV KLJK IXHO HFRQRP\ DQG HPLVVLRQV FRQYHUVLRQ HpFLHQF\ FDQQRW

EH DFKLHYHG E\ RSHUDWLQJ WKH HQJLQH LQ D VWHDG\ VWDWH PDQQHU� ,W PXVW EH FRQWLQXRXVO\ F\FOHG EHWZHHQ

OHDQ FRPEXVWLRQ DQG WKH ULFK SXUJH FRQGLWLRQ >��@� 7KLV SODFHV FRQVLGHUDEOH GHPDQGV RQ WKH LGOH VSHHG

FRQWURO V\VWHP DQG VHWV WKH SUREOHP DSDUW IURP FRQYHQWLRQDO GLHVHO LGOH VSHHG FRQWURO�

'XH WR WKH FRPSOH[ LQWHUDFWLRQV RI WKH ',6& HQJLQH�DIWHU�WUHDWPHQW V\VWHP� D KLHUDUFKLFDO FRQWURO

DUFKLWHFWXUH LV DVVXPHG� +HUH� D VXSHUYLVRU\ HQJLQH FRQWUROOHU GHWHUPLQHV WKH FRPEXVWLRQ PRGH DQG

WKH FRUUHVSRQGLQJ IXHO LQMHFWLRQ WLPLQJ� DV ZHOO DV WKH GHVLUHG VHW�SRLQWV IRU DLU�IXHO UDWLR� LQWDNH EXUQHG

JDV IUDFWLRQ� HQJLQH LGOH VSHHG� HWF�� WKDW PHHW WKH GULYHU
V GHPDQG DQG UHVXOW LQ WKH EHVW FRPSURPLVH

EHWZHHQ IXHO HFRQRP\ DQG HPLVVLRQV� $OO RWKHU FRQWURO IHDWXUHV� LQFOXGLQJ LGOH VSHHG FRQWURO� VWULYH WR

PHHW WKH GHPDQGV VHW IRUWK E\ WKH VXSHUYLVRU\ FRQWUROOHU� )RU WKH ZRUN SUHVHQWHG KHUH� LW LV DVVXPHG

WKDW WKH VXSHUYLVRU\ FRQWUROOHU KDV EHHQ SUHYLRXVO\ GHVLJQHG DQG DOO QHFHVVDU\ FRPPDQGV IURP WKH

HQJLQH FRQWURO VXSHUYLVRU� LQFOXGLQJ GHVLUHG VHW�SRLQWV� DUH NQRZQ�

7KH SDSHU LV RUJDQL]HG DV IROORZV� 6HFWLRQ ,, SUHVHQWV WKH K\EULG PRGHO RI D ',6& HQJLQH GHYHORSHG LQ

>��@ DQG VSHFLDOL]HV LW IRU DQ H[SHULPHQWDO ��� /� WKUHH F\OLQGHU� HQJLQH� 6HFWLRQ ,,, VXPPDUL]HV WKH LGOH

VSHHG FRQWURO REMHFWLYHV IRU WKH HQJLQH� DQG PRWLYDWHV WZR GLmHUHQW FRQWUROOHU WRSRORJLHV WR PHHW WKHVH

REMHFWLYHV� D VSHHG�GRPLQDQW WRSRORJ\ WR FRQWURO WKH HQJLQH GXULQJ OHDQ RSHUDWLRQ ZKHQ DLU�IXHO UDWLR LV

UHODWLYHO\ XQFRQVWUDLQHG� DQG DQ DLU�IXHO UDWLR�GRPLQDQW WRSRORJ\ ZKHQ DLU�IXHO UDWLR PXVW EH SUHFLVHO\

FRQWUROOHG WR D VHW�SRLQW� 7KH FRQWUROOHU GHVLJQV IRU WKHVH WZR WRSRORJLHV DUH GHYHORSHG LQ 6HFWLRQV ,9

DQG 9� UHVSHFWLYHO\� 6LPXODWLRQV GHPRQVWUDWLQJ WKH DELOLW\ RI WKH GHVLJQHG FRQWUROOHUV WR UHMHFW ORDG

WRUTXH GLVWXUEDQFHV LQ ERWK VWUDWLnHG DQG KRPRJHQHRXV FRPEXVWLRQ PRGHV DUH DOVR SURYLGHG� 6HFWLRQ

9, GHPRQVWUDWHV WKH UDSLG FRPSOHWLRQ RI D SXUJH F\FOH ZKLOH LGOLQJ� HYHQ XQGHU FRQVLGHUDEOH ORDG WRUTXH

GLVWXUEDQFHV�

7KH PRGHO DQG FRQWURO GHVLJQ ZLOO EH SUHVHQWHG LQ WKH FRQWLQXRXV�WLPH GRPDLQ� :HOO NQRZQ UHVXOWV
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FDQ EH XVHG WR GLVFUHWL]H WKH UHVXOWLQJ FRQWUROOHUV V\QFKURQRXVO\ ZLWK HQJLQH FUDQN�DQJOH IRU LPSOHPHQ�

WDWLRQ >��@� >��@� >��@�

,,� /HDQ %XUQ (QJLQH 0RGHO DQG 6HQVRUV

7KLV VHFWLRQ GHVFULEHV WKH PDWKHPDWLFDO PRGHO RI WKH HQJLQH XQGHU VWXG\ DQG WKH DVVXPHG VHQVRU

SDFNDJH� 7KH PRGHO
V VWUXFWXUH LV EDVHG GLUHFWO\ RQ WKH ',6& HQJLQH PRGHO RI >��@� DQG UHoHFWV WKH

PXOWL�PRGH RU K\EULG QDWXUH RI WKH V\VWHP� 7KH PRGHO
V SDUDPHWHUV FRUUHVSRQG WR DQ H[SHULPHQWDO

��� /� WKUHH F\OLQGHU� HQJLQH� 7R VLPSOLI\ WKH GHYHORSPHQW� WKH IROORZLQJ DVVXPSWLRQV ZLOO EH PDGH�

$�� )RU ERWK KRPRJHQRXV DQG VWUDWLnHG FRPEXVWLRQ PRGHV� VSDUN DQG IXHO LQMHFWLRQ WLPLQJV DUH VHW WR

DFKLHYH EHVW IXHO HFRQRP\�

$�� 7KH UDQJH RI DOORZDEOH DLU�IXHO UDWLRV YDULHV FRQWLQXRXVO\ IURP D PLQLPXP RI ���� WR D PD[LPXP

RI ����� +RPRJHQRXV FRPEXVWLRQ LV SRVVLEOH IURP ���� WR ���� DQG VWUDWLnHG FRPEXVWLRQ LV SRVVLEOH

IURP ���� WR �����

$�� 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�

$�� )XHO LQMHFWLRQ TXDQWLW\ LV GHWHUPLQHG E\ WKH FRQWUROOHU DW D n[HG SRLQW LQ WKH FRPEXVWLRQ F\FOH�

7KXV� HYHQ WKRXJK EHVW IXHO LQMHFWLRQ WLPLQJ ZLOO QDWXUDOO\ YDU\ DV D IXQFWLRQ RI HQJLQH FRQGLWLRQV� WKH

GHOD\ LQ WRUTXH SURGXFWLRQ GXH WR FRPELQHG FRPSXWDWLRQ GHOD\ DQG IXHO LQMHFWLRQ GHOD\ LV FRQVWDQW LQ

WHUPV RI FUDQN DQJOH�

$�� 2WKHU FRQWURO LVVXHV VXFK DV IXHO UDLO SUHVVXUH� VZLUO FRQWURO YDOYHV� PRGHO YDULDELOLW\� HWF� DUH

LJQRUHG�

$VVXPSWLRQ $� LV YHU\ QDWXUDO IRU IXHO HFRQRP\ UHDVRQV DQG VLPSOLnHV WKH WRUTXH H[SUHVVLRQV XVHG LQ

WKH PRGHO� 7KH IUDPHZRUN SURSRVHG LQ WKLV SDSHU� KRZHYHU� FDQ EH HDVLO\ H[WHQGHG WR LQFOXGH VSDUN

DQG LQMHFWLRQ WLPLQJV DV DFWLYH FRQWURO YDULDEOHV� LI QHFHVVDU\ IRU HPLVVLRQV FRQVLGHUDWLRQV� $VVXPSWLRQ

$� PHDQV WKDW� IRU VRPH ',6& HQJLQHV� WKH UHVXOWV SUHVHQWHG KHUH PD\ QHHG WR EH VXSSOHPHQWHG WR

KDQGOH D GLVDOORZHG UDQJH RI DLU�IXHO UDWLRV� W\SLFDOO\ EHWZHHQ WKH KRPRJHQHRXV DQG VWUDWLnHG UHJLPHV�

ZKHUH VWDEOH FRPEXVWLRQ ZLWKRXW H[FHVVLYH VRRW IRUPDWLRQ LV QRW DFKLHYDEOH LQ HLWKHU FRPEXVWLRQ PRGH�

$VVXPSWLRQ $� VLPSOLnHV WKH UHSUHVHQWDWLRQ RI WKH LQWDNH PDQLIROG G\QDPLFV DQG LV VWUDLJKWIRUZDUG WR

UHPRYH� $VVXPSWLRQ $� LV UHDVRQDEOH IURP WKH SHUVSHFWLYH RI UHDO�WLPH FRGH H[HFXWLRQ� $VVXPSWLRQ $�

QDUURZV WKH VFRSH RI WKH SUREOHP IRU WKLV ZRUN� 7KH UHVXOWV SUHVHQWHG KHUH PD\ QHHG WR EH VXSSOHPHQWHG

WR DFFRXQW IRU WKHVH LVVXHV SULRU WR LPSOHPHQWDWLRQ LQ D SURGXFWLRQ YHKLFOH� )RU H[DPSOH� WKH IXHO UDLO

SUHVVXUH VHW�SRLQW PXVW EH VFKHGXOHG DSSURSULDWHO\ VXFK WKDW WKH LQMHFWRU FKDUDFWHULVWLFV DUH OLQHDU DW

ORZ ORDG� LGOH FRQGLWLRQV�
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$� (QJLQH 0RGHO

:LWK WKHVH DVVXPSWLRQV� WKH DLU�FKDUJH� H[KDXVW JDV UHFLUFXODWLRQ �(*5� DQG WRUTXH DVSHFWV RI WKH

HQJLQH DUH PRGHOHG DV >��@
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ZKHUH 3L LV WKH LQWDNH PDQLIROG SUHVVXUH �N3D�� 5 LV WKH LGHDO JDV FRQVWDQW� 7L LV WKH LQWDNH PDQLIROG

WHPSHUDWXUH �.�� 9 LV WKH LQWDNH PDQLIROG YROXPH �/�� : LV D PDVV oRZ UDWH �J�V�� ZLWK VXEVFULSWV WK�

HJU DQG F\O UHSUHVHQWLQJ HOHFWURQLF WKURWWOH� (*5 DQG LQWR�F\OLQGHU� UHVSHFWLYHO\� PEJ LV WKH PDVV RI

EXUQHG JDV LQ WKH LQWDNH PDQLIROG �J�� )L DQG )H DUH WKH EXUQHG JDV IUDFWLRQV RI WKH LQWDNH DQG H[KDXVW

PDQLIROGV� UHVSHFWLYHO\� 1 LV HQJLQH VSHHG �USP�� -H LV HQJLQH LQHUWLD �1PV
�� DQG 7 LV WRUTXH �1P��

ZLWK VXEVFULSWV L� IULF DQG ORDG UHSUHVHQWLQJ WKH LQGLFDWHG� FRPELQHG PHFKDQLFDO IULFWLRQ DQG SXPSLQJ

ORVV� DQG ORDG WRUTXHV� UHVSHFWLYHO\� G UHSUHVHQWV WKH FRPELQHG FRPSXWDWLRQ DQG FRPEXVWLRQ GHOD\� �V�

GLVFXVVHG ZLWK $VVXPSWLRQ $�� ZKLFK IRU WKLV ZRUN FRUUHVSRQGV WR RQH HQJLQH UHYROXWLRQ�

7KHVH HTXDWLRQV DUH FRPSOHWHG E\ WKH IROORZLQJ H[SUHVVLRQV�
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7IULF  I�3L� 1�
)L  

PEJ

PL

PL  9
57L

3L
G  ��

1

-H  ����
57L
9

 ��

���

ZKHUH :I GHQRWHV IXHO oRZ UDWH �J�V� DQG PL FRUUHVSRQGV WR WKH PDVV RI JDV LQ WKH LQWDNH PDQLIROG

�J�� 7KH YDULRXV IXQFWLRQV LQ WKH PRGHO DUH GHWHUPLQHG E\ UHJUHVVLRQ RI HQJLQH PDSSLQJ GDWD� )LJXUH

� GHSLFWV WKH F\OLQGHU PDVV oRZ� )LJXUHV � DQG � GHSLFW WKH IXQFWLRQV IRU LQGLFDWHG WRUTXH� 6LQFH WKH

LQGLFDWHG WRUTXH GHSHQGV VWURQJO\ RQ WKH FRPEXVWLRQ PRGH� WKHUH DUH WZR YDOXHV IRU HDFK RI D� DQG

D�� ZLWK WKH VXSHUVFULSWV 6 DQG + GLmHUHQWLDWLQJ WKH VWUDWLnHG DQG KRPRJHQHRXV FRPEXVWLRQ PRGHV�

)LJXUH � GHSLFWV WKH IULFWLRQ WRUTXH�

7KH PDVV DLU oRZ UDWH WKURXJK WKH HOHFWURQLF WKURWWOH YDOYH� :WK� DQG WKH PDVV H[KDXVW JDV oRZ UDWH

WKURXJK WKH (*5 YDOYH� :HJU� DUH PRGHOHG ZLWK VWDQGDUG RULnFH oRZ HTXDWLRQV >�@ DQG DQ\ DFWXDWRU

G\QDPLFV KDYH EHHQ LJQRUHG� +HUH� LW LV IXUWKHU DVVXPHG WKDW ERWK WKH HOHFWURQLF WKURWWOH DQG WKH (*5

YDOYH KDYH EHHQ IHHGEDFN OLQHDUL]HG YLD SUH�FRPSHQVDWLRQ DQG KHQFH FDQ EH UHSUHVHQWHG E\ D PRGHO RI

�G LQFOXGHV WKH WLPH EHWZHHQ LQGXFWLRQ DQG WRUTXH SURGXFWLRQ� LQFOXGLQJ FRPSXWDWLRQDO GHOD\� ,W LV LQFOXGHG LQ ���
UDWKHU WKDQ ��� IRU PDWKHPDWLFDO FRQYHQLHQFH�
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WKH IRUP

:DFW  VDW
D
E�:

GHV
DFW�  

�!�
!�

D : GHV
DFW � D

: GHV
DFW � � : GHV

DFW � E
E : GHV

DFW w E
���

ZKHUH

D  �

E  
$PD[
DFW 3�S
7�

��[�

3�  

�
3DPE WKURWWOH
3H (*5 YDOYH

7�  

�
7DPE WKURWWOH
7HJU (*5 YDOYH

��[�  

�
����d ��� LI [ � ����
����d ���S�[������ b [������� LI [ ! ����

[  
3L
3�

�

:DFW �J�V� FRUUHVSRQGV WR WKH oRZ WKURXJK WKH DSSURSULDWH DFWXDWRU� :WK RU :HJU� :
GHV
DFW �J�V� LV WKH

GHVLUHG PDVV oRZ UDWH WKURXJK WKH DFWXDWRU DQG $PD[
DFW �P�� LV WKH HmHFWLYH oRZ DUHD FRUUHVSRQGLQJ WR

D IXOO\ RSHQ YDOYH� 3DPE �N3D� DQG 7DPE �
R.� FRUUHVSRQG WR WKH SUHVVXUH DQG WHPSHUDWXUH DW DPELHQW

FRQGLWLRQV UHVSHFWLYHO\� 3H �N3D� LV WKH H[KDXVW PDQLIROG SUHVVXUH DQG 7HJU �
R.� LV WKH WHPSHUDWXUH

RI WKH UHFLUFXODWHG H[KDXVW JDV� 0RGHOLQJ HUURUV ZLOO UHVXOW LQ ��� EHLQJ RQO\ DSSUR[LPDWHO\ WUXH�

6XFK HUURUV KRZHYHU� VKRXOG EH ZHOO ZLWKLQ WKH JDLQ PDUJLQV RI DQ\ RI WKH FRQWUROOHUV SURSRVHG KHUH�

0RUHRYHU� WKH SUH�FRPSHQVDWRUV FRXOG EH DGDSWHG RQ WKH EDVLV RI DYDLODEOH PHDVXUHPHQWV >��@�

7KH DLU�IXHO UDWLR LQ WKH F\OLQGHU LV JLYHQ E\

UF  
��b )L�:F\O

:I

� ���

,Q DGGLWLRQ� WKH DLU�IXHO UDWLR DQG EXUQHG JDV IUDFWLRQ RI WKH H[KDXVW FDQ EH FRPSXWHG WR EH

UH  
)L:F\O

UV
UV��

� ��b )L�:F\O

)L:F\O
�

UV��
�:I

���

)H  
UV � �

UH � �
� ���

ZKHUH UV  ����� LV WKH VWRLFKLRPHWULF DLU�IXHO UDWLR� 7KH H[SUHVVLRQV IRU )H DQG UH DUH YDOLG DV ORQJ

DV UH w UV� :KHQ (*5 LV GLVDEOHG� )L  � DQG WKH H[SUHVVLRQ IRU UH LV YDOLG IRU DOO DLU�IXHO UDWLRV�

7KHVH FRQGLWLRQV DUH DFFHSWDEOH VLQFH� W\SLFDOO\� QR (*5 LV XVHG ZKHQ WKH HQJLQH LV RSHUDWHG ULFK RI

VWRLFKLRPHWU\�
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%� 0HDVXUHPHQWV

,W LV DVVXPHG WKDW PDQLIROG SUHVVXUH� 3L �N3D�� HQJLQH VSHHG� 1 �USP�� DQG H[KDXVW DLU�IXHO UDWLR�

UH� DUH PHDVXUHG DQG WKDW WKH PDVV DLU�oRZ WKURXJK WKH HOHFWURQLF WKURWWOH LV QRW PHDVXUHG� 0DQLIROG

SUHVVXUH VHQVRUV KDYH YHU\ KLJK EDQGZLGWK >��@� >��@ DQG WKXV DQ\ VHQVRU G\QDPLFV FDQ EH LJQRUHG��

$ GHOD\ HTXDO WR RQH WKLUG HQJLQH UHYROXWLRQ� G �� ZLOO EH LQFOXGHG WR UHSUHVHQW D UHDVRQDEOH VDPSOH

UDWH� (QJLQH VSHHG LV FRPSXWHG GLUHFWO\ IURP FUDQN VKDIW SRVLWLRQ DQG D GHOD\ RI G � LV DOVR DVVXPHG�

7KH H[KDXVW DLU�IXHO UDWLR LV DVVXPHG WR EH PHDVXUHG ZLWK D OLQHDU VHQVRU >��@� >��@ SODFHG LPPHGLDWHO\

DIWHU WKH H[KDXVW PDQLIROG DQG EHIRUH WKH HPLVVLRQV DIWHU�WUHDWPHQW V\VWHP� 7KH WRWDO GHOD\ IURP WKH

LQGXFWLRQ HYHQW WR WKH H[KDXVW UHDFKLQJ WKH VHQVRU LV DVVXPHG WR EH �G� )RU VLPSOLFLW\� WHPSHUDWXUH

GHSHQGHQW DVSHFWV RI WKH DLU�IXHO UDWLR VHQVRU DUH QHJOHFWHG DQG WKH VHQVRU LV DVVXPHG WR IXQFWLRQ

DFFXUDWHO\� HYHQ LQ YHU\ OHDQ FRQGLWLRQV� 7KH VHQVRU
V WLPH FRQVWDQW LV DVVXPHG WR EH ��� PV�

,Q VXPPDU\�

3PHDV
L �W�  3L�Wb G

�
�

1PHDV�W�  1�Wb G

�
� ���

UPHDV
H �W�  

�

����V� �
UH�W�� ZKHUH

UH�W�  
)L�Wb �G�:F\O�Wb �G� UV

UV��
� ��b )L�Wb �G��:F\O�Wb �G�

)L�Wb �G�:F\O�Wb �G� �
UV��

�:I �Wb �G�
�

&� &\OLQGHU 0DVV�oRZ 5DWH DQG %XUQHG *DV )UDFWLRQ (VWLPDWHV

6LQFH HQJLQH VSHHG DQG PDQLIROG SUHVVXUH DUH GLUHFWO\ PHDVXUHG� WKH VR�FDOOHG ?VSHHG�GHQVLW\� PHWKRG

>��@ FDQ EH XVHG WR HVWLPDWH F\OLQGHU PDVV oRZ UDWH�

A:F\O  m�1PHDV� � n�1PHDV�3PHDV
L � ���

7KH EXUQHG JDV IUDFWLRQ LQ WKH LQWDNH PDQLIROG LV HVWLPDWHG YLD

BAPEJ  A)H A:HJU b A)L A:F\O ���

A)L  
57

9

APEJ

3PHDV
L

�

ZKHUH

A)H  
UV � �

UPHDV
H � �

����

A:HJU  
$HJU

A3HT
A7HJU

�

�
3PHDV
L

A3H

�
�

�&\OLQGHU�WR�F\OLQGHU SXOVDWLRQV DUH QRUPDOO\ UHPRYHG E\ DYHUDJLQJ RYHU RQH HQJLQH HYHQW�
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+HUH� WKH H[KDXVW PDQLIROG FRQGLWLRQV DUH DVVXPHG FRQVWDQW ZLWK A3H  ��� N3D DQG A7HJU  ��� .� ,Q

SUDFWLFH� PRUH FRPSOH[ PRGHOV RI H[KDXVW PDQLIROG SUHVVXUH DQG (*5 WHPSHUDWXUH PD\ EH QHFHVVDU\� ,W

LV DOVR SRVVLEOH WR LPSOHPHQW HVWLPDWLRQ PHWKRGV IRU EXUQHG JDV IUDFWLRQ WKDW GR QRW UHTXLUH NQRZOHGJH

RI H[KDXVW FRQGLWLRQV >��@�

,,,� &RQWURO 2EMHFWLYHV DQG &RQWUROOHU 7RSRORJ\

7KH RYHUDOO FRQWURO REMHFWLYH LV WR LGOH WKH HQJLQH LQ WKH SUHVHQFH RI ORDG GLVWXUEDQFHV ZKLOH PD[L�

PL]LQJ IXHO HFRQRP\ DQG PLQLPL]LQJ WDLOSLSH HPLVVLRQV� )RU D OHDQ EXUQ HQJLQH HTXLSSHG ZLWK D WKUHH

ZD\ FDWDO\VW �7:&� DQG D OHDQ 12[ WUDS �/17�� WKLV FDQ UHVXOW LQ WKH HQJLQH DQG HPLVVLRQ V\VWHP

KDYLQJ IRXU GLVWLQFW RSHUDWLQJ SROLFLHV�

3��� ,I WKH HQJLQH DQG DIWHU�WUHDWPHQW V\VWHP DUH VXpFLHQWO\ ZDUPHG�XS� IXHO HFRQRP\ LV HQKDQFHG

E\ RSHUDWLQJ WKH HQJLQH OHDQ RI VWRLFKLRPHWU\� $W ORZ ORDGV� VWUDWLnHG FRPEXVWLRQ FDQ EH XVHG� +HUH�

DW ORDGV W\SLFDO IRU LGOH� D WDUJHW DLU�IXHO UDWLR RI ���� ZLOO EH XVHG�

3��� $W KLJKHU ORDGV� VWUDWLnHG FRPEXVWLRQ PD\ QRW EH DFKLHYDEOH GXH WR DLU�oRZ FRQVWUDLQWV� EXW OHDQ�

KRPRJHQRXV FRPEXVWLRQ PD\ VWLOO EH GHVLUDEOH� 'XULQJ OHDQ RSHUDWLRQ� WKH 7:& HpFLHQWO\ UHPRYHV

+& DQG &2 IURP WKH HQJLQH
V IHHGJDV� DQG DV ORQJ DV WKH FDWDO\WLF VXUIDFHV RI WKH /17 DUH QRW

VDWXUDWHG� WKH /17 ZLOO HpFLHQWO\ UHPRYH 12[�

3��� $V WKH /17
V HpFLHQF\ GURSV� LWV FDSDFLW\ PXVW EH UHJHQHUDWHG E\ SXUJLQJ WKH WUDSSHG 12[

ZLWK UHGXFWDQWV VXFK DV &2� +& DQG +� WKDW DUH QDWXUDOO\ SURGXFHG GXULQJ ULFK FRPEXVWLRQ� +HUH�

D WDUJHW DLU�IXHO UDWLR RI ���� ZLOO EH XVHG IRU SXUJLQJ WKH /17�

3��� )LQDOO\� WKH HQJLQH FRXOG EH RSHUDWHG DW VWRLFKLRPHWU\ �QRPLQDOO\� DQ DLU�IXHO UDWLR RI ���������

ZKHUH WKH 7:& LV GHVLJQHG WR DFKLHYH DQ RSWLPDO WUDGH�Rm LQ VLPXOWDQHRXVO\ UHPRYLQJ +&� &2 DQG

12[ IURP WKH HQJLQH
V IHHGJDV� 7KLV RSHUDWLQJ SROLF\ PD\ EH UHTXLUHG� IRU H[DPSOH� ZKHQ WKH WHP�

SHUDWXUH RI WKH /17 LV QRW ZLWKLQ LWV HpFLHQW RSHUDWLQJ UDQJH�

)RU HDVH RI LPSOHPHQWDWLRQ DQG RQ�YHKLFOH FDOLEUDWLRQ� 6,62 FRQWURO VWUDWHJLHV ZLOO EH GHVLJQHG� UDWKHU

WKDQ D PXOWL�YDULDEOH FRQWUROOHU >��@� +HQFH� D VLQJOH DFWXDWRU PXVW EH DVVRFLDWHG ZLWK HDFK ORZ�OHYHO

FRQWURO REMHFWLYH� 7KH FKRLFH RI HQJLQH RSHUDWLQJ SROLF\� GHWHUPLQHV KRZ ORZHU�OHYHO FRQWUROOHUV VKRXOG

PDQDJH WKH RYHUDOO FRQWURO REMHFWLYHV RI EHVW IXHO HFRQRP\� ORZHVW HPLVVLRQV DQG VSHHG UHJXODWLRQ LQ

WKH SUHVHQFH RI ORDG GLVWXUEDQFHV� ,Q 3�� DQG 3��� DLU�IXHO UDWLR FDQ EH DOORZHG WR YDU\ ZLWKLQ D

UHODWLYHO\ ZLGH UDQJH� (QJLQH VSHHG FRQWURO FDQ EH JLYHQ KLJKHVW SULRULW\� DQG WKXV DVVLJQHG WR WKH

IDVWHVW DFWXDWRU� IXHO� $LU�IXHO UDWLR LV WKHQ UHJXODWHG YLD WKH WKURWWOH WR WKH VHW�SRLQW FRPPDQGHG E\

WKH VXSHUYLVRU\ FRQWUROOHU WR DFKLHYH EHVW HPLVVLRQ FRQVWUDLQHG IXHO HFRQRP\� ,Q 3�� DQG 3��� DLU�IXHO

UDWLR PXVW EH KHOG YHU\ QHDU WKH FRPPDQGHG VHW�SRLQW� HYHQ DW WKH H[SHQVH RI LQFUHDVHG GHYLDWLRQV LQ

HQJLQH VSHHG IURP LWV VHW�SRLQW� 7KH IDVWHU DFWXDWRU� IXHO� LV DVVLJQHG WR DLU�IXHO UDWLR FRQWURO DQG VSHHG

�$V GLVFXVVHG LQ WKH ,QWURGXFWLRQ� WKH FKRLFH RI RSHUDWLQJ SROLF\ ZLOO EH PDGH E\ D VXSHUYLVRU\ FRQWUROOHU� WKH GHVLJQ RI
ZKLFK LV QRW DGGUHVVHG LQ WKLV SDSHU�
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LV UHJXODWHG YLD WKURWWOH�

7KLV UHVXOWV LQ WZR GLVWLQFW FRQWUROOHU WRSRORJLHV� DV VKRZQ LQ )LJXUH �� ZKLFK ZLOO EH WHUPHG WKH VSHHG�

GRPLQDQW DQG WKH DLU�IXHO UDWLR GRPLQDQW WRSRORJLHV� UHVSHFWLYHO\� $V VWDWHG HDUOLHU� WKH VXSHUYLVRU\

FRQWUROOHU ZLOO GHWHUPLQH WKH GHVLUHG FRPEXVWLRQ PRGH DV SDUW RI WKH HQJLQH RSHUDWLQJ SROLF\� ,Q

SULQFLSOH KRZHYHU� HLWKHU FRQWUROOHU WRSRORJ\ FRXOG UHTXHVW WKDW WKH VXSHUYLVRU\ FRQWUROOHU FRPPDQG

WKH HQJLQH WR RSHUDWH LQ HLWKHU KRPRJHQHRXV RU VWUDWLnHG FRPEXVWLRQ PRGH� +HUH WKH VSHHG GRPLQDQW

WRSRORJ\ LV JLYHQ DXWKRULW\ WR UHTXHVW D FKDQJH LQ FRPEXVWLRQ PRGH GXULQJ WUDQVLHQWV� LI QHFHVVDU\ WR

PHHW WKH KLJKHVW SULRULW\ REMHFWLYH RI VSHHG FRQWURO� 7KXV WKH VSHHG GRPLQDQW WRSRORJ\ LV GHVLJQHG

WR RSHUDWH LQ ERWK FRPEXVWLRQ PRGHV� :KHQ FRQVLGHULQJ WKH DLU�IXHO UDWLR�GRPLQDQW WRSRORJ\� QR

GHYLDWLRQ LQ FRPEXVWLRQ PRGH LV DOORZHG GXH WR WKH VWULFW UHTXLUHPHQW WR PDLQWDLQ DLU�IXHO UDWLR DW

WKH FRPPDQGHG VHW�SRLQW� 7KXV WKH DLU�IXHO UDWLR GRPLQDQW WRSRORJ\ LV GHVLJQHG WR RSHUDWH RQO\ LQ

KRPRJHQHRXV FRPEXVWLRQ PRGH� 7KH FRQWURO V\VWHP GHVLJQ ZLOO LQFOXGH LQGLYLGXDO 6,62�FRQWUROOHUV IRU

WKHVH WZR WRSRORJLHV� DV ZHOO DV ORJLF IRU PRGH WUDQVLWLRQV�

,9� 6SHHG�'RPLQDQW &RQWUROOHU 7RSRORJ\

7KLV VHFWLRQ FRQVLGHUV LGOH VSHHG FRQWURO ZKHQ IXHO LV VHOHFWHG DV WKH SULPDU\ DFWXDWRU WR DmHFW

WRUTXH� +HUH� DLU�IXHO UDWLR LV IUHH WR UDQJH IURP WKH ULFK OLPLW RI KRPRJHQHRXV FRPEXVWLRQ WR WKH OHDQ

OLPLW RI VWUDWLnHG FRPEXVWLRQ DQG WKH FRPEXVWLRQ PRGH FDQ YDU\ EHWZHHQ VWUDWLnHG DQG KRPRJHQHRXV

DV QHHGHG WR PHHW WKH VSHHG FRQWURO REMHFWLYH� 7KH FRQWURO ODZ GHYHORSPHQW LV EDVHG RQ >��@�

$� ,QLWLDO VSHHG FRQWURO GHVLJQ

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 FRQWUROOHU IRU WKH V\VWHP

B1�W�  ��

{-H
�7E�Wb G� � 7 GHO

IULF�W�b 7ORDG�W��

1PHDV�W�  1�Wb G
�
��

����

ZKHUH 7 GHO
IULF�W� � �7IULF�W�b7IULF�WbG��� 7KH IROORZLQJ DVVXPSWLRQV DUH PDGH WR IRUPXODWH D VWDQGDUG

OLQHDU FRQWURO SUREOHP�

q 7KH WHUP 7 GHO
IULF FDQ EH QHJOHFWHG� 7KLV WHUP� 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 DW LGOH FRQGLWLRQV�

q 6DWXUDWLRQ LVVXHV ZLOO EH DGGUHVVHG VHSDUDWHO\ DQG DUH QHJOHFWHG IRU QRZ�

q 7KH ORDG WRUTXH LV XQNQRZQ� EXW FRQVWDQW�

q 7KH GHOD\V LQ ���� DUH UHSUHVHQWHG E\ D nUVW RUGHU 3DGuH DSSUR[LPDWLRQ�

�7KLV LV QRW WKH VDPH DV QHJOHFWLQJ 7IULF� WKRXJK RQH FRXOG QHJOHFW IULFWLRQ DQG DOORZ WKH LQWHJUDWRU VWDWH RI WKH FRQWUROOHU
���� WR DFFRXQW IRU LW VLQFH IULFWLRQ HVVHQWLDOO\ DFWV DV D ELDV WHUP�
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,Q RUGHU WR DFKLHYH ]HUR VWHDG\ VWDWH HUURU IRU FRQVWDQW HQJLQH VSHHG FRPPDQGV� D 3,'�FRQWUROOHU LV

DSSURSULDWH� 8VLQJ FODVVLFDO IUHTXHQF\ GRPDLQ GHVLJQ WHFKQLTXHV UHVXOWV LQ WKH FRQWUROOHU

7E�W�  &��V��1
GHV b1PHDV��W� ����

 

t
.S �

.,

V
�

.'V

���V� �

u
�1GHV b1PHDV��W��

ZLWK .3  ������� .,  ������ DQG .'  ������� 5REXVWQHVV WR GLVWXUEDQFHV� SODQW XQFHUWDLQW\

DQG PHDVXUHPHQW QRLVH ZDV DGGUHVVHG LQ WKLV DQG DOO VXEVHTXHQW GHVLJQV ZLWK FDUHIXO DWWHQWLRQ WR WKH

VHQVLWLYLW\ DQG FRPSOLPHQWDU\ VHQVLWLYLW\ IXQFWLRQV LQ WKH IUHTXHQF\ UDQJH RI LQWHUHVW�

7KH %RGH SORW RI ���� FDVFDGHG ZLWK ���� LV VKRZQ LQ )LJXUH �� 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 RSHUDWLRQ� 7KH FORVHG�ORRS EDQGZLGWK LV OLPLWHG E\

WKH WLPH�GHOD\� ZKLFK LV WKH VXP RI WKH PHDVXUHPHQW DQG FRPEXVWLRQ GHOD\V��

2I FRXUVH� EUDNH WRUTXH LV QRW GLUHFWO\ FRQWUROODEOH� ,Q RUGHU WR REWDLQ DQ LPSOHPHQWDEOH FRQWUROOHU�

WKH FRQWURO VLJQDO ���� LV nUVW UHODWHG WR LQGLFDWHG WRUTXH YLD

7 IXHO
L �W� � &��V��1

GHV b1PHDV��W�b A7IULF�W�� ����

DQG WKHQ WR FRPPDQGHG IXHO oRZ E\ WKH UHODWLRQVKLS IRU LQGLFDWHG WRUTXH

:I �W�  
7 IXHO
L �W�b D��1

PHDV�W����b A)L�W�� A:F\O�W�

D��1PHDV�W��
� ����

+HUH IULFWLRQ WRUTXH LV HVWLPDWHG EDVHG RQ WKH PRGHO JLYHQ LQ ���� XVLQJ PHDVXUHPHQWV RI LQWDNH PDQLIROG

SUHVVXUH DQG HQJLQH VSHHG� &RPSDUHG WR WKH VWDQGDUG IXHO�EDVHG 3,' FRQWUROOHU W\SLFDOO\ XVHG IRU GLHVHO

DSSOLFDWLRQV >��@� WKH DGYDQWDJH RI WKH SURSRVHG DOJRULWKP LV WKDW LW SURYLGHV JDLQ DXWR�VFDOLQJ WKURXJK

WKH HQJLQH WRUTXH PRGHO YLD ���� DQG �����

6LQFH FRPEXVWLRQ PRGH LV DOORZHG WR YDU\ ZLWK WKLV FRQWUROOHU WRSRORJ\� D FKRLFH KDV WR EH PDGH

EHWZHHQ KRPRJHQHRXV RU VWUDWLnHG FRPEXVWLRQ� DV WKLV ZLOO GHWHUPLQH WKH FRHpFLHQWV XVHG LQ �����

ID+� � D+� J RU ID6� � D6� J� ,Q WKLV ZRUN� ���� LV nUVW VROYHG DVVXPLQJ KRPRJHQHRXV FRPEXVWLRQ DQG WKH
UHVXOWLQJ LQ�F\OLQGHU DLU�IXHO UDWLR� UF� LV HVWLPDWHG� ,I UF LV OHVV WKDQ WKH ORZHU ERXQG RQ DLU�IXHO

UDWLR� LQ WKLV FDVH ����� WKHQ :I LV UHFDOFXODWHG VXFK WKDW UF HTXDOV WKH ORZHU ERXQG DQG D UHTXHVW

IRU KRPRJHQHRXV FRPEXVWLRQ LV VXEPLWWHG WR WKH VXSHUYLVRU� ,I UF LV ZLWKLQ DOORZDEOH ERXQGV IRU

KRPRJHQHRXV FRPEXVWLRQ� ���� � UF � ����� WKHQ KRPRJHQHRXV FRPEXVWLRQ LV UHTXHVWHG ZLWK QR FKDQJH
WR :I � ,I UF LV WRR OHDQ IRU KRPRJHQHRXV FRPEXVWLRQ� UF ! �� � �� WKHQ VWUDWLnHG FRPEXVWLRQ LV

UHTXHVWHG�� ���� LV UHFRPSXWHG XVLQJ ID6� � D6� J DQG WKH UHVXOWLQJ UF LV HVWLPDWHG� ,I QHFHVVDU\� :I LV

�,Q D VWDQGDUG 3), HQJLQH ZLWK VSDUN DV WKH DFWXDWRU� WKH WLPH GHOD\ ZRXOG EH DERXW KDOI DV PXFK� 6SDUN� KRZHYHU�
KDV D OLPLWHG UDQJH RI DFWXDWLRQ DXWKRULW\ DQG FDQ RQO\ EH XVHG DV D VHFRQGDU\ FRQWURO DFWXDWRU� 7KH WKURWWOH PXVW EH
WKH SULPDU\ FRQWURO DFWXDWRU DQG DV D UHVXOW� WKH LQWDNH PDQLIROG G\QDPLFV LQWURGXFH DGGLWLRQDO SHUIRUPDQFH OLPLWDWLRQV�
�$OWKRXJK QR FKDWWHULQJ EHWZHHQ PRGHV ZDV REVHUYHG KHUH� WKLV FRXOG RFFXU LQ SUDFWLFH� ,Q WKLV FDVH� D IRUP RI K\VWHUHVLV

ZRXOG EH DGGHG WR WKH VZLWFKLQJ ORJLF� $OVR� D VZLWFK EHWZHHQ PRGHV QRUPDOO\ UHTXLUHV D VWHS FKDQJH LQ IXHO WR DFKLHYH D
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VDWXUDWHG WR HQIRUFH WKH XSSHU RU ORZHU ERXQG IRU UF ZLWK VWUDWLnHG FRPEXVWLRQ� ���� � UF � �����
7KH FRQWUROOHU ���� FDQ EH DSSOLHG DV ORQJ DV WKH DLU�IXHO UDWLR VWD\V ZLWKLQ DOORZDEOH ERXQGV� VXFK

DV ���� WR ����� )RU WKH PRPHQW� WKLV LV DVVXPHG WR EH WKH FDVH� DQG DWWHQWLRQ LV QRZ WXUQHG WR KRZ WR

FRQWURO WKH HOHFWURQLF WKURWWOH DQG (*5 YDOYH LQ RUGHU WR PDLQWDLQ GHVLUHG VHW�SRLQWV IRU 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 VDWXUDWLRQ RI :I GXH WR DLU�IXHO UDWLR ERXQGV� DV

GLVFXVVHG DERYH� ZLOO EH DGGUHVVHG�

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

$V GLVFXVVHG LQ WKH ,QWURGXFWLRQ� VSHHG FRQWURO PXVW EH LQWHJUDWHG LQWR D VXSHUYLVRU\ FRQWUROOHU�

ZKLFK IRU JLYHQ VSHHG DQG ORDG WRUTXH FRQGLWLRQV� LV FKDUJHG ZLWK GHWHUPLQLQJ WKH RSWLPDO VSDUN DQG

IXHO LQMHFWLRQ WLPLQJV� EXUQHG JDV IUDFWLRQ DQG DLU�IXHO UDWLR VHWWLQJV IRU IXHO HFRQRP\ DQG HPLVVLRQV >��@�

6LQFH WKH FXUUHQW VSHHG FRQWURO DQDO\VLV DVVXPHV EHVW VSDUN DQG IXHO LQMHFWLRQ WLPLQJ� WKH UHPDLQLQJ

YDULDEOHV WR EH FRQWUROOHG DUH (*5 DQG DLU�IXHO UDWLR� $OWHUQDWDWLYHO\� LQWDNH PDQLIROG SUHVVXUH RU

F\OLQGHU PDVV oRZ UDWH 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�

%�� 6WDWLF DVSHFWV RI (*5

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

UHFLUFXODWHG 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 HOHFWURQLF WKURWWOH

FRPPDQG LV WKHQ GHWHUPLQHG 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 IHHGIRUZDUG �RSHQ�ORRS� PDQQHU� DQG WKLV DSSURDFK ZDV

IROORZHG KHUH DV ZHOO� 7KH H[KDXVW PDQLIROG ZDV DVVXPHG WR EH QRPLQDOO\ DW ��� N3D DQG ��� .� %DVHG

RQ WKHVH QRPLQDO YDOXHV� WKH PHWKRG JLYHQ LQ >��@ ZDV XVHG WR PDLQWDLQ WKH LQWDNH PDQLIROG EXUQHG

JDV IUDFWLRQ DW D GHVLUHG OHYHO� VXFK DV )L  ����

%�� '\QDPLF HmHFWV RI (*5

$W DQ DLU�IXHO UDWLR RI ����� DFKLHYLQJ D EXUQHG JDV IUDFWLRQ RI ��� LQ WKH LQWDNH PDQLIROG UHTXLUHV

PRUH WKDQ WZLFH DV PXFK UHFLUFXODWHG H[KDXVW JDV DV ZKHQ WKH DLU�IXHO UDWLR LV DW VWRLFKLRPHWU\� +HQFH�

D NH\ HOHPHQW LQ XQGHUVWDQGLQJ WKH V\VWHP G\QDPLFV IURP WKURWWOH WR F\OLQGHU PDVV oRZ LV WKH HmHFW

JLYHQ YDOXH RI WRUTXH GXH WR WKH GLmHUHQW LQGLFDWHG WRUTXH PDSV DVVRFLDWHG ZLWK WKH KRPRJHQHRXV DQG VWUDWLnHG PRGHV�
7KLV GRHV QRW DmHFW WKH G\QDPLFV RI WKH FRQWUROOHUV LQ DQ\ ZD\�
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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 UHJXODWHG E\ D VWHSSHU PRWRU� ,W LV LPSRUWDQW WR

XQGHUVWDQG KRZ WKH FRHpFLHQWV E� DQG E� YDU\ ZLWK HQJLQH RSHUDWLQJ FRQGLWLRQ� 7KH YDOXH RI E� LV RI

SDUWLFXODU LQWHUHVW EHFDXVH LW ZLOO GLUHFWO\ DmHFW WKH LQWDNH PDQLIROG 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[SUHVVLRQ IRU:F\O IURP ���� D EORFN GLDJUDP RI WKH LQWDNH

PDQLIROG G\QDPLFV FDQ EH FRQVWUXFWHG DQG LV LOOXVWUDWHG LQ )LJXUH �� 7KH SODQW PRGHO QHHGHG IRU

FRQWURO GHYHORSPHQW LV JLYHQ E\ WKH WUDQVIHU IXQFWLRQ IURP :WK WR :F\O� &RQVLGHULQJ RQO\ VPDOO VLJQDO

DQDO\VLV DQG WKXV QHJOHFWLQJ WKH LQoXHQFH RI m DQG E�� GHnQH

.9 � 
57L
9

WKHQ

:F\O�V�  
.9 n

V�.9 �n b E��
:WK�V� ����

7KXV WKH PRGHO SDUDPHWHUV E� DQG n GLUHFWO\ DmHFW WKH '&�JDLQ DQG WKH SROH� 7KLV LV LOOXVWUDWHG ZLWK

%RGH SORWV RI ����� VKRZQ LQ )LJXUH �� 3ORWV DUH VKRZQ IRU HDFK FRPELQDWLRQ RI PLQLPXP DQG PD[LPXP

SDUDPHWHU YDOXHV� 7KHUHIRUH� WKH FRQWUROOHUV GHYHORSHG WR DFWXDWH WKH WKURWWOH PXVW EH UREXVW WR DW

OHDVW WKLV DPRXQW RI PRGHO XQFHUWDLQW\�

%�� $LU�IXHO UDWLR FRQWURO

$VVXPLQJ WKDW H[KDXVW DLU�IXHO UDWLR FDQ EH PHDVXUHG DFFXUDWHO\ XQGHU YHU\ OHDQ FRQGLWLRQV� ��� FDQ

EH XVHG WR REWDLQ DQ HVWLPDWH RI WKH oRZ UDWH LQWR WKH F\OLQGHU E\

A:F\O�W�  
:I �Wb �G�

�b A)L�W�
UPHDV
H �W���
UV��

UPHDV
H �W�� ����

7KLV FDQ EH XVHG WR UHSODFH WKH DLU�IXHO UDWLR FRQWURO SUREOHP ZLWK RQH RI GHVLJQLQJ D VHW�SRLQW FRQWUROOHU

IRU WKH V\VWHP

B3L  
57L
9
�:WK �:HJU b:F\O� ����

\  ��b )L�:F\O�Wb �G�

�(*5 oRZ UDWH JRHV WR ]HUR DV LQWDNH PDQLIROG SUHVVXUH DSSURDFKHV H[KDXVW PDQLIROG SUHVVXUH� 6LQFH WKH RULnFH oRZ
HTXDWLRQ LV QRW GLmHUHQWLDEOH DW 3L  3H� OLQHDU DQDO\VLV EUHDNV GRZQ QHDU WKLV SRLQW�
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&ODVVLFDO GHVLJQ UXOHV OHDG WR WKH 3, FRQWUROOHU

:WK�W�  �.
�
3 �

.�
,

V
��\GHV�W�b \�W��� ����

ZLWK .�
3  ����� .

�
,  � DQG \GHV HTXDO WR ���� ZLWK UPHDV

H VXEVWLWXWHG E\ UGHVH � 7KH DVVRFLDWHG %RGH

ORRS JDLQ LV VKRZQ LQ )LJXUH �� 7KH FRQWUROOHU ���� ZDV VOLJKWO\ VLPSOLnHG DQG LPSOHPHQWHG RQ WKH

',6& HQJLQH DV

:WK�W�  �.
�
3 �

.�
,

V
�

�
# �

�b A)L�W�
UPHDV
H �W���
UV��

�
$:I �Wb �G�

r
UGHVH �W�b UPHDV

H �W�
s
� ����

5HPDUN� $Q DGYDQWDJH RI ZRUNLQJ ZLWK ���� LQVWHDG RI �UGHVH b UPHDV
H ��W� DORQH LV WKDW WKH WHUP

:I �Wb �G�

�b A)L�W�
UPHDV
H �W���
UV��

����

LQFOXGHV:I � ZKLFK DXWRPDWLFDOO\ VFKHGXOHV WKH FRQWUROOHU JDLQV DV D IXQFWLRQ RI HQJLQH RSHUDWLQJ SRLQWV�

,I RQH GLG QRW ZLVK WR UHO\ RQ PHDVXUHG UH� FRQWURO FRXOG EH GRQH RQ WKH EDVLV RI HVWLPDWHG LQ�F\OLQGHU

DLU�IXHO UDWLR LQVWHDG RI PHDVXUHG H[KDXVW DLU�IXHO UDWLR�

'XH WR WKH ORQJ WLPH GHOD\ LQ WKH DLU�IXHO UDWLR ORRS� WKH FRQWUROOHU ���� ZLOO UHVSRQG VORZO\ WR D

FKDQJH LQ FRPPDQGHG VHW�SRLQW� 'XULQJ D FRPPDQGHG SXUJH KRZHYHU� IXHO HFRQRP\ LV HQKDQFHG E\

PDNLQJ WKH WUDQVLWLRQ WR D ULFK DLU�IXHO UDWLR DV TXLFNO\ DV SRVVLEOH� )RU WKLV UHDVRQ� GXULQJ D FRPPDQGHG

WUDQVLWLRQ IURP OHDQ WR ULFK RSHUDWLRQ� ���� LV UHSODFHG ZLWK��

:WK�W�  
:I �W�

�b A)L�W�
c UGHVH � ����

&� ,QWHUPHGLDWH VLPXODWLRQV

)LJXUH �� VKRZV WKH UHVSRQVH RI WKH FORVHG�ORRS V\VWHP WR D VWHS LQ HQJLQH ORDG WRUTXH�� IURP ��

1P WR �� 1P DW WLPH �� VHFRQGV� ,W LV VHHQ WKDW ZLWKRXW DQ\ IHHGIRUZDUG LQIRUPDWLRQ RQ WKH ORDG

VWHS� WKH VSHHG GURRSV E\ DSSUR[LPDWHO\ ��� USP IURP WKH DVVXPHG VHW�SRLQW RI ��� USP� 5DSLG

WRUTXH UHVSRQVH�� LV REWDLQHG E\ GHFUHDVLQJ WKH DLU�IXHO UDWLR WR ���� IURP WKH GHVLUHG VHW�SRLQW YDOXH RI

����� 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 ZLWKRXW DFWXDWRU� DLU�IXHO UDWLR RU PDQLIROG SUHVVXUH VDWXUDWLRQ� 7KH DVVRFLDWHG

DFWXDWRU UHVSRQVHV DUH VKRZQ LQ )LJXUH ��� 'XH WR VSDFH FRQVWUDLQWV� WKHVH ZLOO QRW EH GLVSOD\HG IRU

RWKHU RSHUDWLQJ FRQGLWLRQV�

��6ZLWFKLQJ IURP ���� WR ���� SURYLGHV D IDVWHU UHVSRQVH WKDQ XVLQJ D IHHGIRUZDUG SOXV IHHGEDFN FRQnJXUDWLRQ� 7KH
PHWKRG XVHG IRU VZLWFKLQJ LV H[SODLQHG LQ 6HFWLRQ 9,�
��7KLV FRPPRQ IRUP RI GLVWXUEDQFH LV W\SLFDOO\ LQWURGXFHG E\ DFFHVVRU\ ORDGV� 3RVVLEOH DFFHVVRULHV LQFOXGH DLU FRQGL�

WLRQHU� DOWHUQDWRU� SRZHU VWHHULQJ� HWF�
��1RWH WKDW DW ��� USP� WKH FRPELQHG FRPEXVWLRQ DQG PHDVXUHPHQW GHOD\ LV DSSUR[LPDWHO\ ���� V� DQG WKXV ZLWK DQ

HQJLQH LQHUWLD RI ����� �1PV��� D �� 1P ORDG LQFUHDVH DQG ZLOO UHVXOW LQ D VSHHG GURS RI DSSUR[LPDWHO\ �� USP EHIRUH WKH
HQJLQH WRUTXH FDQ SRVVLEO\ UHVSRQG�
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'� $GGUHVVLQJ DLU�IXHO UDWLR ERXQGV

,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\ ����� $OVR� LQ UHVSRQVH

WR WKH UHPRYDO RI D VXpFLHQWO\ ODUJH ORDG� LW ZLOO FRPPDQG D YDOXH RI IXHO UHVXOWLQJ LQ DQ DLU�IXHO UDWLR

WKDW LV KLJKHU WKDQ DQ DOORZDEOH XSSHU ERXQG� 5�� VD\ WKH OHDQ OLPLW� ,Q HLWKHU FDVH� WKH IXHO oRZ UDWH

LV HmHFWLYHO\ VDWXUDWHG� 6LQFH VSHHG FRQWURO LV RI KLJKHU SULRULW\ WKDQ DLU�IXHO UDWLR VHW�SRLQW RSWLPDOLW\�

WKH WKURWWOH PXVW EH UH�DVVLJQHG IRU VSHHG FRQWURO� 7KLV VXEVHFWLRQ GHYHORSV D WKURWWOH FRQWUROOHU WR EH

XVHG IRU VSHHG UHJXODWLRQ ZKHQ WKH IXHO VDWXUDWHV�

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

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

5M
� ZKHUH

5M  I
5� ZKHQ DLU�IXHO UDWLR HTXDOV WKH ULFK OLPLW
5� ZKHQ DLU�IXHO UDWLR HTXDOV WKH OHDQ OLPLW�

����

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 ����

DQG VROYHG IRU :F\O LQ RUGHU WR REWDLQ WKH GHVLUHG PDVV oRZ UDWH 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 HPSOR\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 LQWHJUDWHG 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� 1GHV b 1PHDV� WR 1PHDV IRU

WKH FRPSHQVDWRUV

&��V�  
�����V� ��

����V� �
����

&��V�  ����� ����

IRU WKH H[WUHPHV RI PRGHO YDULDWLRQ GXH WR (*5� 7KH FRQWUROOHU GHVLJQ LV UREXVW WR WKH LQFOXVLRQ RI

(*5 DQG UHVXOWV LQ D PLQLPXP JDLQ PDUJLQ RI �� G% DQG SKDVH PDUJLQ RI �� GHJUHHV ZKHQ (*5 LV

YDULHG DV LQ )LJXUH �� 7KH '& JDLQ RI WKH OHDG WHUP� &��V�� 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 LQWDNH PDQLIROG nOOLQJ G\QDPLFV� 7KH RXWSXW RI WKH IXHO�EDVHG VSHHG FRQWUROOHU FDQ
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EH SDVVHG WKURXJK WKH OHDG WHUP &��V� LQ RUGHU WR FRPSXWH WKH FRPPDQGHG LQGLFDWHG WRUTXH IRU WKH

WKURWWOH�EDVHG VSHHG FRQWUROOHU�

7 WK
L �W� � &��V�

r
&��V��1

GHV b1��W�b A7IULF�W�
s
� ����

)URP WKLV� LW LV FOHDU WKDW RQO\ WKH LQWHJUDWRU LQ &��V� ZLOO KDYH WR EH SURWHFWHG E\ DQWL�ZLQGXS ORJLF�

7KH VSHHG�WKURWWOH FRQWUROOHU VKRXOG RQO\ EH DFWLYH ZKHQ WKH VSHHG�IXHO FRQWUROOHU UHVXOWV LQ HmHFWLYH

VDWXUDWLRQ RI WKH IXHO� 7KH FRQWURO DUFKLWHFWXUH KDV EHHQ GHVLJQHG WR HQIRUFH WKLV UHTXLUHPHQW� 7R VHH

WKLV� GHnQH

AUF�W� � 
��b A)L�W�� A:F\O�W�

:I �W�
� ����

ZKLFK LV WKH FXUUHQW �HVWLPDWHG� LQ�F\OLQGHU DLU�IXHO UDWLR� $OVR� GHnQH

5�W� � 

�!�
!�

5� AUF�W� � 5�

AUF�W� 5� � AUF�W� � 5�

5� AUF�W� w 5�

� ����

DQG

: 7L
DLU  

7 WK
L

D� � D� 5
� ����

7KHQ E\ FRQVWUXFWLRQ� VLQFH &��V� LV %,%2 VWDEOH DQG KDV XQLW\ '&�JDLQ� LI 5�W�  AUF�W��

OLP
W��

�: 7L
DLU b ��b

A)L� A:F\O��W�  � ����

XQGHU VWHDG\ VWDWH FRQGLWLRQV �UHFDOO WKDW� E\ GHVLJQ� &��V� KDV D '&�JDLQ RI XQLW\�� 7KXV

: 7L
WK  &��V��:

7L
DLU b ��b

A)L� A:F\O� ����

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�

(� $GGLWLRQDO 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 SURGXFLQJ 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 SXUVXHG E\ WKH FRQWUROOHU� ,Q WKLV PRGH� LW LV VWLOO SRVVLEOH WKDW WKH SODQQHG VHW�SRLQW FDQQRW

EH DFKLHYHG GXH WR WKH PDQLIROG SUHVVXUH UHDFKLQJ LWV PD[LPXP� $QWL�ZLQGXS ORJLF LV WKXV QHFHVVDU\
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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 LQFOXGHV 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 LOOXVWUDWHG LQ )LJXUH ��� 'HWDLOV RI WKH LPSOHPHQWDWLRQV�

DOWKRXJK QRQWULYLDO� DUH VWUDLJKWIRUZDUG DQG DUH RQO\ EULHo\ VXPPDUL]HG KHUH� 7R GHDO ZLWK ,VVXH���

WKH LQWHJUDWRU RQ WKH VSHHG HUURU LQ ���� LV GHDFWLYDWHG ZKHQ WKH FRPPDQGHG LQGLFDWHG WRUTXH H[FHHGV

XSSHU RU ORZHU ERXQGV WR SUHYHQW ZLQG�XS DVVRFLDWHG ZLWK WKH IXHO DFWXDWRU� ,Q ,VVXH��� WKH LQWHJUDWRU

RQ DLU�IXHO UDWLR HUURU LQ ���� LV GHDFWLYDWHG ZKHQ HLWKHU PDQLIROG SUHVVXUH RU WKURWWOH SRVLWLRQ H[FHHG

XSSHU RU ORZHU ERXQGV WR SUHYHQW ZLQG�XS DVVRFLDWHG ZLWK WKH WKURWWOH� 7R DGGUHVV ,VVXH��� GXULQJ WLS�

RXW� WKH LQWHJUDWRU LQ ���� LV FRPPDQGHG WR DFKLHYH D PDQLIROG SUHVVXUH VHW�SRLQW� WKH YDOXH RI ZKLFK LV

VHOHFWHG RQ WKH EDVLV RI HVWLPDWHG ORDG WRUTXH� 7KH JRDO LV WR LQLWLDOO\ UHGXFH PDQLIROG SUHVVXUH LQ RUGHU

WR SURYLGH VLJQLnFDQW IULFWLRQ WRUTXH IRU HQJLQH EUDNLQJ� DQG WKHQ WR UHFHQWHU WKH PDQLIROG SUHVVXUH DW

D SRLQW ZKHUH WKH IXHO FRQWUROOHU LV XQVDWXUDWHG DQG KHQFH FDSDEOH RI FRQWUROOLQJ WKH HQJLQH WR DFKLHYH

WKH VSHHG VHW�SRLQW�

)� ,OOXVWUDWLYH VLPXODWLRQV

)LJXUH �� GHSLFWV WKH FRQFHUWHG DFWLRQ RI WKH FRQWUROOHUV ����� ����� ���� DQG ���� ZKHQ WKH ORDG

WRUTXH LV VWHSSHG IURP �� 1P WR �� 1P DW WLPH �� VHFRQGV DQG EDFN WR �� 1P DW �� VHFRQGV� WKH (*5

VHW�SRLQW LV )L  ��� DQG WKH H[KDXVW DLU�IXHO UDWLR VHW�SRLQW LV ����� 7KH VXGGHQ UHPRYDO RI WKH ORDG

UHVXOWV 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 OHVV WKDQ � VHFRQG� )LJXUH �� LOOXVWUDWHV D VLPLODU

VLWXDWLRQ H[FHSW WKH ORDG LV VWHSSHG IURP �� 1P WR �� 1P DQG EDFN WR �� 1P� 1RWH WKDW DW D �� 1P

ORDG� WKH WKURWWOH LV HmHFWLYHO\ VDWXUDWHG VLQFH WKH LQWDNH PDQLIROG SUHVVXUH KDV EHHQ OLPLWHG WR �� N3D�

&RQVHTXHQWO\� WKH V\VWHP FDQQRW DFKLHYH WKH H[KDXVW DLU�IXHO UDWLR VHW�SRLQW RI ���� ZLWK )L  ����

9� $LU�)XHO 5DWLR�'RPLQDQW &RQWUROOHU 7RSRORJ\

7KH FRQWURO WRSRORJ\ PRVW FRPPRQO\ DVVRFLDWHG ZLWK LGOH VSHHG FRQWURO IRU VWRLFKLRPHWULF HQJLQHV

KDV IXHO DVVLJQHG WR DLU�IXHO UDWLR UHJXODWLRQ DQG WKURWWOH� SRVVLEO\ DVVLVWHG E\ VSDUN WLPLQJ� DVVLJQHG

WR VSHHG UHJXODWLRQ� (*5 LV W\SLFDOO\ GLVDEOHG WR PDLQWDLQ VWDEOH KRPRJHQHRXV FRPEXVWLRQ DW LGOH

FRQGLWLRQV� 7KH FRQWURO ODZ GHYHORSPHQW IRU WKLV WRSRORJ\ LV VWDQGDUG >��@� >��@� FRQVHTXHQWO\� WKH

GHYHORSPHQW ZLOO EH EULHI�
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$� $LU�IXHO UDWLR FRQWURO

$LU�IXHO UDWLR FRQWURO LV DFFRPSOLVKHG ZLWK D FRPELQDWLRQ RI IHHGIRUZDUG DQG IHHGEDFN FRQWURO RI IXHO

>��@� >��@� 7KH IHHGIRUZDUG WHUP LV JLYHQ E\ GLYLGLQJ WKH HVWLPDWHG F\OLQGHU DLU oRZ E\ WKH FRPPDQGHG

LQ�F\OLQGHU DLU�IXHO UDWLR� 7KH IHHGEDFN WHUP LV D 3,�FRQWUROOHU DSSOLHG WR WKH H[KDXVW DLU�IXHO UDWLR

HUURU� 7KXV�

:I �W�  
A:F\O�W���b A)L�W��

UGHVF

� �.S �
.L

V
��UGHVH b UPHDV

H �W��� ����

7KH FRQWUROOHU JDLQV DUH GHWHUPLQHG E\ OLQHDUL]LQJ WKH PRGHO DERXW D QRPLQDO VSHHG RI ��� USP�

�� 1P ORDG� QR (*5 DQG VWRLFKLRPHWULF DLU�IXHO UDWLR� DQG DSSO\LQJ FODVVLFDO GHVLJQ WHFKQLTXHV� 7KLV

UHVXOWV LQ WKH JDLQV .S  b����� DQG .L  b������� ZKLFK \LHOG D EDQGZLGWK RI DSSUR[LPDWHO\ ���

UDGLDQV� D JDLQ PDUJLQ RI �� G% DQG D SKDVH PDUJLQ RI ��R� 7KH EDQGZLGWK RI WKH IHHGEDFN ORRS LV

OLPLWHG E\ WKH ODUJH WLPH GHOD\ LQ WKH DLU�IXHO UDWLR SDWK�

%� 6SHHG FRQWURO

6SHHG FRQWURO LV DFFRPSOLVKHG ZLWK IHHGEDFN FRQWURO RI PDVV DLU oRZ WKURXJK WKH HOHFWURQLF WKURWWOH

��� &RQWURO ODZ GHYHORSPHQW IRU WKLV WRSRORJ\ LV ZHOO GRFXPHQWHG LQ WKH OLWHUDWXUH >��@� >��@� 7KH nUVW

VWHS LV WR OLQHDUL]H WKH PRGHO DERXW D QRPLQDO VSHHG� ORDG� DQG DLU�IXHO UDWLR� ZLWK QR (*5� 7KLV \LHOGV

WKH WUDQVIHU IXQFWLRQ

1�V�

:WK�V�
 

�
V9

57Ln�1GHV�
� �

�
D��1

GHV� �
D��1

GHV�

UGHVF

�
��b )L�

��

{-HV
Hb

�

�
GV� ����

$ 3, SOXV OHDG FRPSHQVDWRU DFWLQJ RQ WKH VSHHG HUURU ZRXOG WKHQ EH GHVLJQHG�

+HUH� LQ YLHZ RI DLGLQJ WKH WUDQVLWLRQ SURFHVV EHWZHHQ WKH VSHHG�GRPLQDQW DQG DLU�IXHO UDWLR�GRPLQDQW

FRQWURO WRSRORJLHV� WKH DERYH DSSURDFK ZLOO EH VOLJKWO\ PRGLnHG� 6LPLODU WR WKH DSSURDFK WDNHQ ZLWK WKH

VSHHG�GRPLQDQW WRSRORJ\� DVVXPH WKDW WRUTXH� 7 WK
L � FDQ EH GLUHFWO\ FRQWUROOHG� UHVXOWLQJ LQ WKH WUDQVIHU

IXQFWLRQ

1�V�

7 WK
L �V�

 

�
# �

9
57Ln�1GHV�

V� �

�
$ ��b )L�

��

{-HV
Hb

�

�
GV� ����

&ODVVLFDO WHFKQLTXHV ZHUH XVHG WR GHVLJQ WKH FRQWUROOHU

&3,'�OHDG�V��1
GHV b1PHDV�W��  &��V�&��V��1

GHV b1PHDV�W��� ����

ZKHUH &� ZDV GHVLJQHG LQ 6HFWLRQ ,9 DQG &� LV JLYHQ E\

&��V�  ����
�V� �����

����V� �
� ����

��2Q DQ HQJLQH HTXLSSHG ZLWK D VWDQGDUG PDQXDO WKURWWOH� WKH DLU oRZ ZRXOG EH YDULHG E\ WKH DLU E\�SDVV YDOYH� ZKLFK
LV D W\SH RI HOHFWURQLF WKURWWOH LQ SDUDOOHO ZLWK WKH PDQXDO WKURWWOH YDOYH�
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WKH UHVXOWLQJ PLQLPXP JDLQ DQG SKDVH PDUJLQV DUH ��� G% DQG �� GHJUHHV� UHVSHFWLYHO\� HYHQ LI (*5

ZHUH WR EH XVHG� 7KH FRQWUROOHU FDQ WKHQ EH LPSOHPHQWHG RQ WKH ',6& HQJLQH YLD

:WK�W�  
�

D��1GHV� � D��1GHV�
UGHVF

&3,'�OHDG�V��1
GHV b1PHDV�W��� ����

RU� E\ VROYLQJ WKH LQGLFDWHG WRUTXH HTXDWLRQ� YLD

:WK�W�  
r
&3,'�OHDG�V��1

GHV b1PHDV�W��b D��1
GHV�:I �W�

s �

D��1GHV�
� ����

7KH ODWWHU IRUPXODWLRQ� ZKLFK LV VLPLODU WR WKH VSHHG FRQWURO PHWKRGRORJ\ RI 6HFWLRQ ,9�$� LV XVHG KHUH�

&� ,QWHUPHGLDWH VLPXODWLRQ

)LJXUH �� LV DQDORJRXV WR )LJXUH ��� H[FHSW KHUH WKH DLU�IXHO UDWLR�GRPLQDQW WRSRORJ\ LV XVHG� 7KH

QRPLQDO VHW�SRLQWV DUH ��� USP� VWRLFKLRPHWULF DLU�IXHO UDWLR DQG QR (*5� 7KH ORDG WRUTXH LV VWHSSHG

IURP �� 1P WR �� 1P DW WLPH �� VHFRQGV� UHVXOWLQJ LQ D VSHHG GURRS RI ��� USP� DQG WKHQ EDFN WR �� 1P

DW �� VHFRQGV� UHVXOWLQJ LQ D VSHHG oDUH RI ��� USP� 7KH FRUUHVSRQGLQJ YDOXHV IRU WKH VSHHG�GRPLQDQW

FRQWUROOHU WRSRORJ\ ZHUH ��� USP DQG ��� USP� UHVSHFWLYHO\� 7KH PD[LPXP PHDVXUHG H[KDXVW DLU�IXHO

UDWLR GHYLDWLRQ LV ���� ZKLOH WKH PRGHOHG LQ�F\OLQGHU DLU�IXHO UDWLR GHYLDWLRQ LV ����

9,� 3XWWLQJ LW DOO WRJHWKHU

7KH HQJLQH PRGHO DQG FRQWUROOHU DUH LPSOHPHQWHG LQ 0$7/$%�6LPXOLQN Uo� $Q HOHPHQWDU\ VXSHU�

YLVRU LV HPSOR\HG WR GHFLGH WKH VHW�SRLQWV IRU HQJLQH LGOH VSHHG� DLU�IXHO UDWLR DQG LQWDNH EXUQHG JDV

IUDFWLRQ� 7KH VXSHUYLVRU
V GHIDXOW REMHFWLYH LV WR LGOH DW ��� USP� ZLWK DQ H[KDXVW DLU�IXHO UDWLR RI ����

DQG )L  ���� UHVXOWLQJ LQ WKH XVH RI WKH VSHHG�GRPLQDQW FRQWURO WRSRORJ\� $IWHU D SHULRG RI OHDQ�LGOH�

WKH VXSHUYLVRU PXVW SXUJH WKH 12[ WUDS� 7KH REMHFWLYH WKHQ LV WR WUDQVLWLRQ UDSLGO\ WR DQ DLU�IXHO

UDWLR�� RI ���� DQG )L  ���� 7KLV LV DFFRPSOLVKHG ZLWK D VWHS FKDQJH RI WKH DLU�IXHO UDWLR DQG EXUQHG

JDV IUDFWLRQ VHW�SRLQWV�� WR ������ DQG ���� UHVSHFWLYHO\� ,QLWLDOO\� WKH LGOH VSHHG FRQWURO PDLQWDLQV WKH

VSHHG�GRPLQDQW WRSRORJ\ LQ VWUDWLnHG PRGH� 7KH VSHHG�GRPLQDQW WRSRORJ\ UHTXHVWV D FKDQJH WR KR�

PRJHQHRXV FRPEXVWLRQ PRGH ZKHQ WKH LQ�F\OLQGHU DLU�IXHO UDWLR EHFRPHV OHVV WKDQ RU HTXDO WR ���� DQG

)L LV VPDOO� :KHQ WKH HVWLPDWHG LQ�F\OLQGHU DLU�IXHO UDWLR DWWDLQV ����� WKH VXSHUYLVRU WUDQVLWLRQV WR

WKH DLU�IXHO UDWLR�GRPLQDQW WRSRORJ\ ZLWK VHW�SRLQWV ��� USP� ���� DQG ���� 7KLV WRSRORJ\ LV QHFHVVDU\

EHFDXVH RSWLPDO SXUJLQJ UHTXLUHV WKDW WKH DLU�IXHO UDWLR VHW�SRLQW EH DFFXUDWHO\ PDLQWDLQHG� HYHQ GXULQJ

D ORDG GLVWXUEDQFH� $IWHU WZR VHFRQGV RI ULFK LGOH� WKH 12[ SXUJH LV WHUPLQDWHG� 7KH VXSHUYLVRU UHWXUQV

WKH LGOH VSHHG FRQWUROOHU WR WKH VSHHG�GRPLQDQW FRQWURO WRSRORJ\� ZKLFK LQLWLDOO\ UHTXHVWV KRPRJHQRXV

FRPEXVWLRQ� 7KH VHW�SRLQW IRU H[KDXVW DLU�IXHO UDWLR LV VWHSSHG XS WR ����� KHOG IRU � VHFRQG� DQG WKHQ

��:LWK QR (*5� WKH LQ�F\OLQGHU DQG H[KDXVW DLU�IXHO UDWLRV DUH LGHQWLFDO LQ VWHDG\ VWDWH�
��6LQFH DLU�IXHO UDWLR ZLOO DV\PSWRWLFDOO\ DSSURDFK WKH VHW�SRLQW� DQ DLU�IXHO UDWLR RI ������ LV FRPPDQGHG WR DVVXUH WKDW

DQ DLU�IXHO UDWLR FURVVLQJ ZLOO RFFXU DW ���� LQ D VPDOO� nQLWH DPRXQW RI WLPH�
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UDPSHG XS WR ���� DW D UDWH RI � DLU�IXHO UDWLRV SHU VHFRQG DW WKH GLUHFWLRQ RI WKH VXSHUYLVRU� 2QFH FRQ�

GLWLRQV VXLWDEOH IRU VWUDWLnHG FRPEXVWLRQ DUH DFKLHYHG� UF JUHDWHU WKDQ �� � �� WKH FRPPDQGHG EXUQHG

JDV IUDFWLRQ LV VWHSSHG XS WR ��� DQG D UHTXHVW IRU VWUDWLnHG FRPEXVWLRQ LV LVVXHG�

,Q RUGHU WR DVVXUH D EXPSOHVV WUDQVIHU EHWZHHQ WKH WZR FRQWUROOHU WRSRORJLHV DQG WR VWDELOL]H WKH

FRQWUROOHU WKDW LV QRW VZLWFKHG LQWR WKH FORVHG�ORRS� WKH PHWKRG RI >��@� SDJH ���� ZDV XVHG� 7KLV

FKRLFH ZDV PDGH RQ WKH EDVLV RI LWV HDVH RI LPSOHPHQWDWLRQ LQ 0$7/$%�6LPXOLQN Uo� ,Q SUDFWLFH� WKH

FRQWUROOHU QRW LQ WKH ORRS PD\ QRW EH H[HFXWHG� ZKHQ VZLWFKHG LQWR WKH ORRS� LWV VWDWH ZRXOG WKHQ EH

UH�LQLWLDOL]HG WR PLQLPL]H MXPSV LQ WKH DFWXDWRU YDOXHV RU FRPPDQGHG LQGLFDWHG WRUTXH�

)LJXUH �� VKRZV WKH UHVXOWV RI LQLWLDWLQJ D SXUJH DW WLPH �� VHFRQGV XQGHU D QRPLQDO FRQVWDQW ORDG

RI �� 1P� (*5 VHW�SRLQW RI )L  ��� DQG H[KDXVW DLU�IXHO UDWLR VHW�SRLQW RI ����� 7KH WUDQVLWLRQ IURP

DQ LQ�F\OLQGHU DLU�IXHO UDWLR RI ���� WR ULFK RI VWRLFKLRPHWU\ LV DFFRPSOLVKHG LQ ��� VHFRQGV� 7KH DLU�IXHO

UDWLR LV KHOG DW ���� IRU � VHFRQGV� DQG WKHQ WUDQVLWLRQHG EDFN WR WKH QRPLQDO VHW�SRLQW� 7KH WUDQVLWLRQ

IURP DQ LQ�F\OLQGHU DLU�IXHO UDWLR RI ���� WR JUHDWHU WKDQ ���� LV DFFRPSOLVKHG LQ DSSUR[LPDWHO\ RQH

VHFRQG��� :KLOH WKH DLU�IXHO UDWLR LV PDNLQJ WKHVH WUDQVLWLRQV� WKH PD[LPXP VSHHG GHYLDWLRQ LV �� USP�

)LJXUH �� VKRZV D VLPLODU VLWXDWLRQ ZLWK WKH H[FHSWLRQ WKDW D VWHS FKDQJH LQ ORDG IURP �� 1P WR �� 1P

RFFXUV DW WLPH �� VHFRQGV� ZKLFK FRLQFLGHV ZLWK WKH EHJLQQLQJ RI WKH SXUJH RI WKH /17� 7KH (*5 DQG

QRPLQDO DLU�IXHO UDWLR VHW�SRLQWV DUH DV EHIRUH� 7KH PD[LPXP GHYLDWLRQ LQ VSHHG LV ��� USP� ZKLFK OLHV

EHWZHHQ WKH PD[LPXP VSHHG GHYLDWLRQ UHVXOWLQJ IURP D �� 1P ORDG GLVWXUEDQFH LQ WKH VSHHG�GRPLQDQW

DQG DLU�IXHO UDWLR�GRPLQDQW WRSRORJLHV ZKHQ D SXUJH LV QRW WDNLQJ SODFH� ,Q WHUPV RI WKH NH\ SDUDPHWHUV

IRU WKH SXUJLQJ SURFHVV� WKH DLU�IXHO UDWLR DQG (*5 UHVSRQVHV DUH YLUWXDOO\ LGHQWLFDO WR WKH FDVH RI QR

ORDG GLVWXUEDQFH�

9,,� &RQFOXVLRQ DQG 6XJJHVWLRQV IRU )XWXUH :RUN

7KLV SDSHU KDV GHYHORSHG DQ LGOH VSHHG FRQWUROOHU IRU D ',6& HQJLQH� )RU LPSOHPHQWDWLRQ UHDVRQV�

LQGLYLGXDO VXEV\VWHP FRQWUROOHUV ZHUH EDVHG RQ 6,62 GHVLJQ PHWKRGRORJ\� 7ZR FRQWUROOHU WRSRORJLHV

ZHUH QHHGHG LQ RUGHU WR IXOO\ H[SORLW WKH PXOWLSOH FRPEXVWLRQV PRGHV �VWUDWLnHG DQG KRPRJHQHRXV�

DQG REMHFWLYHV �OHDQ LGOH� VWRLFKLRPHWU\ DQG SXUJH� RI WKH HQJLQH� :KHQ LQWHJUDWHG WRJHWKHU ZLWK D

VXSHUYLVRU� WKH FRQWUROOHUV ZHUH DEOH WR WUDQVLWLRQ IURP OHDQ LGOH WR SXUJH LQ OHVV WKDQ RQH VHFRQG� DQG

EDFN WR OHDQ LGOH LQ D IHZ VHFRQGV� ZKLOH UHMHFWLQJ D ORDG GLVWXUEDQFH RI h �� 1P ZLWK D PD[LPXP

HQJLQH VSHHG GHYLDWLRQ RI ��� USP�

,Q GHYHORSLQJ WKH FRQWUROOHU� D QXPEHU RI VLPSOLI\LQJ DVVXPSWLRQV KDYH EHHQ PDGH� ,W ZRXOG EH

LQWHUHVWLQJ WR D GHYHORS D FRQWURO GHVLJQ WKDW H[SORLWHG WKH UHGXFHG IXHO LQMHFWLRQ WLPH GHOD\ LQ WKH

VWUDWLnHG PRGH� ,Q SDUWLFXODU� ZKHQ D GHFLVLRQ WR XVH VWUDWLnHG FRPEXVWLRQ KDV EHHQ PDGH DW RQH

UHYROXWLRQ SULRU WR VSDUN LJQLWLRQ� WKH DPRXQW RI IXHO WR EH LQMHFWHG FRXOG EH UH�FRPSXWHG DW RQH KDOI

��7KH LQFUHDVH LQ HQJLQH�RXW HPLVVLRQV WKDW PD\ UHVXOW IURP DLU�IXHO UDWLR WUDQVLHQWV GXULQJ PRGH WUDQVLWLRQV DUH HmHF�
WLYHO\ KDQGOHG E\ WKH DIWHU�WUHDWPHQW V\VWHP�
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UHYROXWLRQ SULRU WR VSDUN LJQLWLRQ� UHGXFLQJ WKH GHOD\ WR G �� ,W ZRXOG DOVR EH YHU\ LQWHUHVWLQJ WR

XQGHUVWDQG KRZ PXFK WKH RYHUDOO SHUIRUPDQFH RI WKH FRQWUROOHU FRXOG EH LPSURYHG WKURXJK D IXOO\

0,02 GHVLJQ PHWKRGRORJ\ >��@� 7KLV ZRXOG SULPDULO\ EHQHnW WKH VWUDWLnHG FRPEXVWLRQ PRGH�

9,,,� $FNQRZOHGJHPHQWV

7KH DXWKRUV H[SUHVV WKHLU VLQFHUH WKDQNV WR -Hm &RRN IURP )RUG 0RWRU &RPSDQ\ DQG -LP )UHXGHQ�

EHUJ DW WKH 8QLYHUVLW\ RI 0LFKLJDQ IRU PDQ\ YDOXDEOH GLVFXVVLRQV DQG WR -Hm .RQFVRO DQG %LOO 'XFKHQH�

DOVR RI )RUG 0RWRU &RPSDQ\� IRU WKH PDQ\ KRXUV RI G\QDPRPHWHU ZRUN UHTXLUHG WR SURGXFH WKH GDWD

XVHG IRU HQJLQH PRGHO GHYHORSPHQW� 3URIHVVRU *UL]]OH
V ZRUN ZDV VXSSRUWHG LQ SDUW E\ 16) *UDQW

,,6�������� DQG LQ SDUW E\ )RUG 0RWRU &RPSDQ\�

5HIHUHQFHV

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

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

>�@ 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\ �����

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

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

&RQI�� 6DQ 'LHJR� �����
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'� 9RLJWO�DQGHU� (YDOXDWLRQ RI 12[ VWRUDJH FDWDO\VW DV DQ HmHFWLYH V\VWHP IRU 12[ UHPRYDO IURP WKH H[KDXVW JDV RI
OHDQ�EXUQ JDVROLQH HQJLQHV� 6$( 3DSHU� ��������� �����
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>��@ *� &� *RRGZLQ� 6� )� *UDHEH� DQG 0� (� 6DOJDGR� &RQWURO 6\VWHP 'HVLJQ� 3UHQWLFH +DOO� �����

Uo 0$7/$% DQG 6LPXOLQN DUH UHJLVWHUHG WUDGHPDUNV RI 7KH 0DWKZRUNV� ,QF�



�� ,19,7(' 3$3(5 )25 ,17� -� 52%� 	 121�/,1 &21752/� -2+1 :,/(<

,;� )LJXUHV

10 20 30 40 50 60 70 80 90 100
0

1

2

3

4

5

6

Pi   (kPa)

W
cy

l  (
no

rm
al

iz
ed

 u
ni

ts
)

N = 500

N = 1000

N = 1500

N = 2000

)LJ� �� 5HSUHVHQWDWLRQ RI UHJUHVVHG :F\O DV D IXQFWLRQ RI LQWDNH PDQLIROG SUHVVXUH� 3L� �N3D� IRU YDULRXV HQJLQH
VSHHGV� 1 � �USP�� 7KH SORW KDV EHHQ VFDOHG VR WKDW :F\O  � DW 1  ���� DQG 3L  ���



*5,==/(� %8&./$1' $1' 681� ,6& )25 ',6& ��

600 800 1000 1200 1400 1600 1800 2000
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

N (rpm)

a 0(N
) 

 (
no

rm
al

iz
ed

 u
ni

ts
)

a
0
S

a
0
H

)LJ� �� 5HSUHVHQWDWLRQ RI WKH UHJUHVVHG KRPRJH�
QHRXV LQGLFDWHG WRUTXH IXQFWLRQV� D+

�
DQG D6

�
� DV

D IXQFWLRQ RI HQJLQH VSHHG� 1 � �USP�� 7KH SORW
KDV EHHQ VFDOHG VR WKDW D+

�
 � DW 1  �����

600 800 1000 1200 1400 1600 1800 2000
0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

N (rpm)

a 1(N
) 

 (
no

rm
al

iz
ed

 u
ni

ts
)

a
1
S

a
1
H

)LJ� �� 5HSUHVHQWDWLRQ RI WKH UHJUHVVHG VWUDWLnHG LQ�
GLFDWHG WRUTXH IXQFWLRQV� D+

�
DQG D6

�
� DV D IXQF�

WLRQ RI HQJLQH VSHHG� 1 � �USP�� 7KH SORW KDV
EHHQ VFDOHG VR WKDW D+

�
 � DW 1  �����



�� ,19,7(' 3$3(5 )25 ,17� -� 52%� 	 121�/,1 &21752/� -2+1 :,/(<

20 30 40 50 60 70 80 90 100
1.25

1.2

1.15

1.1

1.05

1

0.95

0.9

0.85

0.8

Pi   (kPa)

T
fr

ic
  (

no
rm

al
iz

ed
 u

ni
ts

)
N = 500

N = 1000

N = 1500

N = 2000

)LJ� �� 5HSUHVHQWDWLRQ RI WKH UHJUHVVHG IULFWLRQ WRUTXH DV D IXQFWLRQ RI LQWDNH PDQLIROG SUHVVXUH� 3L� �N3D� IRU
YDULRXV HQJLQH VSHHGV� 1 � �USP�� 7KH SORW KDV EHHQ VFDOHG VR WKDW 7IULF  b� DW 1  ���� DQG 3L  ���



*5,==/(� %8&./$1' $1' 681� ,6& )25 ',6& ��

Cont. 2

Cont. 1

Engine

NN

(A/F) (A/F) des

des
Fuel

Throttle

Cont. 2

Cont. 1

Engine
NN

(A/F) (A/F) des

des

Fuel

Throttle

(A) (B)
)LJ� �� &RQWUROOHU 7RSRORJLHV� LQ �$�� VSHHG UHJXODWLRQ LV WKH GRPLQDQW FRQWURO REMHFWLYH� VR LW LV DVVRFLDWHG ZLWK

WKH IDVWHU DFWXDWRU� IXHO� ZKLOH LQ �%�� DLU�IXHO UDWLR �$�)� UHJXODWLRQ LV WKH GRPLQDQW FRQWURO REMHFWLYH� VR LW
LV WKHQ DVVRFLDWHG ZLWK WKH IDVWHU DFWXDWRU� IXHO�



�� ,19,7(' 3$3(5 )25 ,17� -� 52%� 	 121�/,1 &21752/� -2+1 :,/(<

10
−1

10
0

10
1

10
2

−20

0

20

40

60

M
ag

ni
tu

de
 (

db
)

10
−1

10
0

10
1

10
2

−400

−350

−300

−250

−200

−150

−100

P
ha

se
 (

de
g)

Frequency (rad/sec)

)LJ� �� 7KH %RGH SORW RI ���� FDVFDGHG ZLWK �����



*5,==/(� %8&./$1' $1' 681� ,6& )25 ',6& ��

RTi
V

β
-

1
s

b1

Wth Wcyl

Wegr

bo

α

Pi

+

+

+

+
+

)LJ� �� %ORFN GLDJUDP RI LQWDNH PDQLIROG V\VWHP ZLWK (*5�



�� ,19,7(' 3$3(5 )25 ,17� -� 52%� 	 121�/,1 &21752/� -2+1 :,/(<

10
−1

10
0

10
1

10
2

−35

−30

−25

−20

−15

−10

−5

0

M
ag

ni
tu

de
 (

db
)

10
−1

10
0

10
1

10
2

−100

−80

−60

−40

−20

0

Frequency (rad/sec)

P
ha

se
 (

de
g)

β
min

, b
1min

β
min

, b
1max

β
max

, b
1min

β
max

, b
1max

)LJ� �� %RGH SORWV RI LQWDNH PDQLIROG V\VWHP ZLWK PRGHO SDUDPHWHU YDULDWLRQV GXH WR (*5�



*5,==/(� %8&./$1' $1' 681� ,6& )25 ',6& ��

10
−1

10
0

10
1

10
2

−100

−80

−60

−40

−20

0

20

M
ag

ni
tu

de
 (

db
)

10
−1

10
0

10
1

10
2

−700

−600

−500

−400

−300

−200

−100

0

P
ha

se
 (

de
g)

Frequency (rad/sec)

)LJ� �� %RGH SORWV IRU WKH FDVFDGH RI WKH FRQWUROOHU ���� ZLWK WKH V\VWHP �����



�� ,19,7(' 3$3(5 )25 ,17� -� 52%� 	 121�/,1 &21752/� -2+1 :,/(<

14 16 18 20 22

640

660

680

700

720

740

760

N
 (

rp
m

)

14 16 18 20 22
20

25

30

35

r e

Time (s)
14 16 18 20 22

0.08

0.09

0.1

0.11

0.12

F
i

Time (s)

14 16 18 20 22
50

60

70

80

90

100

P
i (

kP
a)

)LJ� ��� 7RUTXH VWHS IURP �� 1P WR �� 1P DSSOLHG DW WLPH �� VHFRQGV� (*5 VHW�SRLQW RI )L  ��� DQG DLU�IXHO
UDWLR VHW�SRLQW RI �����



*5,==/(� %8&./$1' $1' 681� ,6& )25 ',6& ��

13 14 15 16 17 18 19 20 21 22 23

4

6

8

10

T
hr

ot
tle

 (
de

g)

13 14 15 16 17 18 19 20 21 22 23

0.1

0.12

0.14

0.16

F
ue

l (
g/

s)

13 14 15 16 17 18 19 20 21 22 23

20

25

30

35

40

r c

Time (s)

)LJ� ��� $FWXDWRUV DQG LQ�F\OLQGHU DLU�IXHO UDWLR IRU WRUTXH VWHS IURP �� 1P WR �� 1P DSSOLHG DW WLPH �� VHFRQGV�
(*5 VHW�SRLQW RI )L  ��� DQG DLU�IXHO UDWLR VHW�SRLQW RI �����



�� ,19,7(' 3$3(5 )25 ,17� -� 52%� 	 121�/,1 &21752/� -2+1 :,/(<

1
a a0 1+ C2

load

NN des

- -
C 0

meas

C 1 1-Fi
^W

th

Ti
+W

air

Ti
T th

i

-

Tfric

+T fuel
i

^

+ cylWKvβ

s Kv(β−b )1+ e

e

J s

-   s
4_
3

a a
R

0 1

j

+

R
j

+
+

b0

s Kv(β−b )1+

+
+

α

s Kvb1-

)LJ� ��� 6SHHG FRQWUROOHU DUFKLWHFWXUH ZKHQ IXHO LV VDWXUDWHG DQG WKURWWOH LV WKH SULPDU\ DFWXDWRU�



*5,==/(� %8&./$1' $1' 681� ,6& )25 ',6& ��

10
−1

10
0

10
1

10
2

−50

0

50

M
ag

ni
tu

de
 (

db
)

10
−1

10
0

10
1

10
2

−400

−300

−200

−100

0

Frequency (rad/sec)

P
ha

se
 (

de
g)

β
min

, b
1min

β
min

, b
1max

β
max

, b
1min

β
max

, b
1max

)LJ� ��� %RGH SORWV IRU WKH WKURWWOH EDVHG VSHHG FRQWURO FDVFDGHG ZLWK WKH HQJLQH PRGHO IRU WKH H[WUHPHV RI
PRGHO YDULDWLRQV GXH WR (*5�



�� ,19,7(' 3$3(5 )25 ,17� -� 52%� 	 121�/,1 &21752/� -2+1 :,/(<

N

N des

KI

KP

1
s

Limiter
- -

Ti   -  a0(1-Fi)Wcyl

a1
Limiter

W
f

R1 R2

a0 + a1 / R
1

C
W

th

Ti

(1-Fi)Wcyl

T min
i T maxTfric

i

Anti-windup Logic

-

KD s

C1 2

meas

C0

++

+

^ ^

^ ^

T fuel
i

fuel

T th
i

W
air

Ti

^

)LJ� ��� 6FKHPDWLF UHSUHVHQWDWLRQ RI WKH PRGLnFDWLRQV WR WKH EDVLF VSHHG FRQWUROOHU�



*5,==/(� %8&./$1' $1' 681� ,6& )25 ',6& ��

15 20 25 30 35 40 45
600

650

700

750

800

850

900

N
 (

rp
m

)

15 20 25 30 35 40 45

15

20

25

30

35

40

r e

Time (s)
15 20 25 30 35 40 45

0.08

0.09

0.1

0.11

0.12

0.13

0.14

0.15

F
i

Time (s)

15 20 25 30 35 40 45
50

60

70

80

90

100

P
i (

kP
a)

)LJ� ��� 7RUTXH VWHS IURP �� 1P WR �� 1P DSSOLHG DW WLPH �� VHFRQGV DQG EDFN WR �� 1P DW �� VHFRQGV� (*5
VHW�SRLQW RI )L  ��� DQG DLU�IXHO UDWLR VHW�SRLQW RI �����



�� ,19,7(' 3$3(5 )25 ,17� -� 52%� 	 121�/,1 &21752/� -2+1 :,/(<

20 25 30 35 40 45

650

700

750

800

850

900

N
 (

rp
m

)

20 25 30 35 40 45
20

22

24

26

28

30

32

r e

Time (s)
20 25 30 35 40 45

0.085

0.09

0.095

0.1

0.105

0.11

0.115

0.12

F
i

Time (s)

20 25 30 35 40 45

65

70

75

80

85

90

95

100

P
i (

kP
a)

)LJ� ��� 7RUTXH VWHS IURP �� 1P WR �� 1P DSSOLHG DW WLPH �� VHFRQGV DQG EDFN WR �� 1P DW �� VHFRQGV� (*5
VHW�SRLQW RI )L  ��� DQG DLU�IXHO UDWLR VHW�SRLQW RI �����



*5,==/(� %8&./$1' $1' 681� ,6& )25 ',6& ��

15 20 25 30 35 40 45

600

650

700

750

800

850

900

N
 (

rp
m

)

15 20 25 30 35 40 45

14.2

14.4

14.6

14.8

15

15.2

r e

Time (s)
15 20 25 30 35 40 45

14.2

14.4

14.6

14.8

15

15.2

r c

Time (s)

15 20 25 30 35 40 45
35

40

45

50

55

P
i (

kP
a)

m
ea

s

)LJ� ��� 7RUTXH VWHS IURP �� 1P WR �� 1P DSSOLHG DW WLPH �� VHFRQGV DQG EDFN WR �� 1P DW �� VHFRQGV� (*5
VHW�SRLQW RI )L  ��� DQG DLU�IXHO UDWLR VHW�SRLQW RI ������� �VWRLFKLRPHWU\��



�� ,19,7(' 3$3(5 )25 ,17� -� 52%� 	 121�/,1 &21752/� -2+1 :,/(<

15 20 25 30 35
700

720

740

760

780

800

N
 (

rp
m

)

15 20 25 30 35

15

20

25

30

35

40

r e

Time (s)
15 20 25 30 35

0

0.02

0.04

0.06

0.08

0.1

0.12

F
i

Time (s)

15 20 25 30 35
30

40

50

60

70

80

P
i (

kP
a)

)LJ� ��� 3XUJH RI WKH /17� (*5 VHW�SRLQW RI )L  ��� DQG QRPLQDO DLU�IXHO UDWLR VHW�SRLQW RI ����� ,Q�F\OLQGHU
DLU�IXHO UDWLR DFKLHYHG ���� LQ RQH VHFRQG�



*5,==/(� %8&./$1' $1' 681� ,6& )25 ',6& ��

15 20 25 30 35
600

650

700

750

800

N
 (

rp
m

)

15 20 25 30 35

15

20

25

30

35

40

r e

Time (s)
15 20 25 30 35

0

0.02

0.04

0.06

0.08

0.1

0.12

F
i

Time (s)

15 20 25 30 35
40

50

60

70

80

90

100

P
i (

kP
a)

)LJ� ��� 6WHS ORDG FKDQJH IURP �� 1P WR �� 1P DW WLPH �� VHFRQGV� WKH EHJLQQLQJ RI WKH SXUJH RI WKH /17�
(*5 VHW�SRLQW RI )L  ��� DQG QRPLQDO DLU�IXHO UDWLR VHW�SRLQW RI �����


