
'\QDPLF &RQWURO RI D 6, (QJLQH
ZLWK 9DULDEOH ,QWDNH 9DOYH 7LPLQJ

-XQ�0R .DQJ DQG -� :� *UL]]OH

$EVWUDFW

(QJLQHV HTXLSSHG ZLWK D PHDQV WR DFWXDWH DLU oRZ DW WKH LQWDNH YDOYH FDQ DFKLHYH VXSHULRU IXHO HFRQRP\ SHUIRUPDQFH LQ VWHDG\
VWDWH� 7KLV SDSHU VKRZV KRZ PRGHUQ QRQOLQHDU GHVLJQ WHFKQLTXHV FDQ EH XVHG WR FRQWURO VXFK DQ HQJLQH RYHU D ZLGH UDQJH RI G\QDPLF
FRQGLWLRQV� 7KH SUREOHP LV FKDOOHQJLQJ GXH WR WKH QRQOLQHDULWLHV DQG GHOD\V LQKHUHQW LQ WKH HQJLQH PRGHO� DQG WKH FRQVWUDLQW RQ
WKH DLU oRZ DFWXDWRU� 7KH FRQWUROOHU LV GHVLJQHG RQ WKH EDVLV RI D PHDQ�YDOXH PRGHO� ZKLFK LV GHULYHG IURP D GHWDLOHG LQWDNH VWURNH
PRGHO� 7KH FRQWURO VROXWLRQ KDV WZR QRYHO IHDWXUHV� )LUVWO\� D UHFRYHU\ VFKHPH IRU LQWHJUDWRU ZLQG�XS GXH WR LQSXW FRQVWUDLQWV LV
GLUHFWO\ LQWHJUDWHG LQWR WKH QRQOLQHDU FRQWURO GHVLJQ� 7KH VHFRQG QRYHO IHDWXUH LV WKDW WKH FRQWURO /\DSXQRY IXQFWLRQ PHWKRGRORJ\
LV DSSOLHG WR D GLVFUHWH�WLPH PRGHO� 7KH SHUIRUPDQFH RI WKH FRQWUROOHU LV HYDOXDWHG DQG FRPSDUHG ZLWK D FRQYHQWLRQDOO\ FRQWUROOHG
HQJLQH WKURXJK VLPXODWLRQ RQ WKH GHWDLOHG HQJLQH PRGHO�

.H\ZRUGV

'LVFUHWH�WLPH QRQOLQHDU &RQWURO� 9DULDEOH LQWDNH YDOYH� &RQWURO /\DSXQRY IXQFWLRQ�

,� ,QWURGXFWLRQ

,
1 WKH GHVLJQ RI DQ HQJLQH FRQWUROOHU� RQH PXVW RSWLPL]H DQG PDNH WUDGHRmV EHWZHHQ IXHO HFRQRP\� GULYDELOLW\ �WRUTXH
PDQDJHPHQW� DQG HPLVVLRQV� 6LQFH DQ DXWRPRELOH PXVW PHHW VWULQJHQW IHGHUDO HPLVVLRQV UHJXODWLRQV LQ RUGHU WR EH

VROG� HPLVVLRQV FRQWURO RIWHQ LV WKH PRVW LPSRUWDQW IDFWRU� 7KH FXVWRPHU� KRZHYHU� ZLOO FRQVLGHU IXHO HFRQRP\ DQG WRUTXH
UHVSRQVH LQ PDNLQJ D VHOHFWLRQ�
7KH WKUHH ZD\ FDWDO\WLF FRQYHUWHU LV WKH FXUUHQW WHFKQRORJ\ IRU PHHWLQJ HPLVVLRQV UHJXODWLRQV� :KHQ RSHUDWHG QHDU WKH
VWRLFKLRPHWULF SRLQW� HPLVVLRQ FRQYHUVLRQ HpFLHQFLHV RI �� � IRU K\GURFDUERQV� FDUERQ PRQR[LGH DQG R[LGHV RI QLWURJHQ
FDQ EH DFKLHYHG� +RZHYHU� DV VHHQ LQ )LJXUH �� GHYLDWLRQV RI h��� DLU�IXHO UDWLR �$ ) � ZLOO FDXVH WKH FRQYHUVLRQ HpFLHQF\
RI DW OHDVW RQH RI WKH HPLVVLRQ FRPSRQHQWV WR GUDVWLFDOO\ GHFUHDVH� 7KXV DQ LPSRUWDQW FRQWURO REMHFWLYH LV WR PDLQWDLQ
WKH DLU�IXHO UDWLR QHDU VWRLFKLRPHWU\�
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)LJ� �� 6WHDG\ VWDWH FRQYHUVLRQ HpFLHQF\ RI 7:&�

,Q D VWDQGDUG VSDUN LJQLWLRQ HQJLQH� WKH SULPDU\ DFWXDWRU LV WKH IXHO LQMHFWRU� ZKLFK LV W\SLFDOO\ ORFDWHG DW WKH LQWDNH
SRUW� 7KH PDVV oRZ UDWH RI DLU HQWHULQJ WKH LQWDNH PDQLIROG LV PHDVXUHG ZLWK D KRW ZLUH DQHPRPHWHU� DQG WKH IXHO
LQMHFWHG LQWR WKH HQJLQH LV DGMXVWHG WR DFKLHYH D VWRLFKLRPHWULF PL[WXUH� WKLV LV FOHDUO\ D IHHGIRUZDUG FRQWURO DFWLRQ� ,Q

-XQ�0R .DQJ LV D 3K�'� FDQGLGDWH LQ (OHFWULFDO (QJLQHHULQJ DQG &RPSXWHU 6FLHQFH 'HSDUWPHQW� 8QLYHUVLW\ RI 0LFKLJDQ� (PDLO�
MXQPR#HHFV�XPLFK�HGX�
-� :� *UL]]OH LV ZLWK WKH &RQWURO 6\VWHPV /DERUDWRU\� (OHFWULFDO (QJLQHHULQJ DQG &RPSXWHU 6FLHQFH 'HSDUWPHQW� 8QLYHUVLW\ RI 0LFKLJDQ�

$QQ $UERU� 0, �����������7HO� ��������������� )$;� ��������������� (PDLO� JUL]]OH#XPLFK�HGX�

�
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RUGHU WR FRPSHQVDWH IRU LQHYLWDEOH HUURUV LQ DLU�IXHO UDWLR� WKH DLU�IXHO UDWLR LV PHDVXUHG LQ WKH H[KDXVW VWUHDP ZLWK DQ
H[KDXVW JDV R[\JHQ �(*2� VHQVRU� DQG D 3, IHHGEDFN FRQWURO ORRS LV WKHQ XVHG WR DFKLHYH ]HUR VWHDG\ VWDWH HUURU IRU
FRQVWDQW WKURWWOH SRVLWLRQ DQG HQJLQH VSHHG�
([WHQVLYH UHVHDUFK KDV EHHQ GRQH WR LPSURYH $ ) FRQWURO SHUIRUPDQFH RI WKH V\VWHP� 3DUW RI WKLV UHVHDUFK KDV IRFXVHG
RQ DFFXUDWH HVWLPDWLRQ RI WUDQVLHQW DLU oRZ� WKHUHE\ LPSURYLQJ WKH DFFXUDF\ RI WKH IHHGIRUZDUG FRQWUROOHU� $QRWKHU
SRVVLELOLW\ LV WR FRQWURO WKH DLU oRZ LQWR WKH LQWDNH PDQLIROG ZLWK DQ HOHFWURQLF WKURWWOH >�@� >�@� RU WKH DLU oRZ LQWR WKH
F\OLQGHUV� 7KLV ODWWHU DFWXDWLRQ FDQ EH DFKLHYHG E\ DGMXVWLQJ WKH FDP WLPLQJ RI WKH LQWDNH YDOYHV >�@� E\ LPSOHPHQWLQJ
LQGHSHQGHQW HOHFWUR�K\GUDXOLFDOO\ FRQWUROOHG LQWDNH YDOYHV >�@� E\ VHFRQGDU\ �RU SRUW� WKURWWOHV >�@� RU E\ XVLQJ VHFRQGDU\
YDOYHV LQ VHULHV ZLWK FRQYHQWLRQDO LQWDNH YDOYHV >�@� 7KH FRPPRQ HOHPHQW RI WKHVH DFWXDWRUV LV WKDW WKH\ DOORZ FRQWURO
RI WKH DLU oRZ LQWR WKH F\OLQGHUV E\ DGMXVWLQJ WKH HmHFWLYH DUHD RI WKH LQWDNH YDOYHV� 7KUHH RI WKHVH PHWKRGV� QDPHO\
YDULDEOH LQWDNH FDP WLPLQJ� YDULDEOH LQWDNH YDOYH FRQWURO� DQG VHULHV VHFRQGDU\ YDOYHV FDQ DOVR EH XVHG WR LPSURYH IXHO
HFRQRP\� 7KLV LV EHFDXVH� E\ FRQWUROOLQJ WKH EUHDWKLQJ SURFHVV RI WKH HQJLQH� LW LV SRVVLEOH WR UDLVH WKH DYHUDJH PDQLIROG
SUHVVXUH� DQG WKHUHE\ UHGXFH SXPSLQJ ORVVHV LQ WKH HQJLQH >�@� >�@�
7KH ORFDO DVSHFWV RI MRLQW DLU DQG IXHO FRQWURO KDYH EHHQ VWXGLHG LQ >�@ E\ GHVLJQLQJ D OLQHDU FRQWUROOHU EDVHG DURXQG D
VSHFLnF RSHUDWLQJ SRLQW� 7KH WRUTXH �GULYDELOLW\� DQG $ ) UHVSRQVHV ZHUH VXSHULRU RU HTXDO WR WKDW RI D FRQYHQWLRQDO
HQJLQH �ZLWK IXHO 3, FRQWURO� IRU VPDOO VWHS FKDQJHV LQ WKH SULPDU\ WKURWWOH SRVLWLRQ� 7KH PDMRU SUREOHP HQFRXQWHUHG
ZLWK WKH OLQHDU DQDO\VLV ZDV WKDW WKH UHVXOWLQJ FORVHG�ORRS V\VWHP ZHQW XQVWDEOH IRU ODUJH FKDQJHV LQ WKH SULPDU\ WKURWWOH
SRVLWLRQ� 7KLV FDQ EH WUDFHG WR WZR FDXVHV� WKH QRQOLQHDULWLHV LQ WKH HQJLQH PRGHO DQG VDWXUDWLRQ LQ WKH DLU oRZ
DFWXDWRU�
7KLV SDSHU ZLOO DWWHPSW WR DGGUHVV WKHVH LVVXHV E\ GHYHORSLQJ D PRUH JOREDO FRQWURO VWUDWHJ\� 7KLV GHVLJQ KDV WZR
QRYHO IHDWXUHV� )LUVWO\� DQ LQWHJUDWRU DQWL�ZLQG�XS VFKHPH LV GLUHFWO\ LQWHJUDWHG LQWR WKH QRQOLQHDU FRQWURO GHVLJQ� 7KH
EDVLF LGHD LV WR LQMHFW DQ H[WUD UHIHUHQFH VLJQDO WR VWDELOL]H WKH LQWHJUDWRU ZKHQHYHU WKH FRQWURO LQSXWV VDWXUDWH� WKHUHE\
DYRLGLQJ LQWHJUDWRU ZLQG�XS� 7KH VHFRQG QRYHO IHDWXUH LV WKH DSSOLFDWLRQ RI WKH FRQWURO /\DSXQRY �FOI� PHWKRGRORJ\ WR
D GLVFUHWH�WLPH PRGHO >�@�
$Q RYHUYLHZ RI WKH HQJLQH PRGHO XVHG LQ WKLV VWXG\ LV SUHVHQWHG LQ WKH QH[W VHFWLRQ� &RQWURO REMHFWLYHV DUH VXPPDUL]HG
LQ 6HFWLRQ ,,,� 7KH QRQOLQHDU FRQWURO GHVLJQ LV FDUULHG RXW LQ 6HFWLRQ ,9� $ SHUIRUPDQFH DQDO\VLV YLD VLPXODWLRQ LV
SUHVHQWHG LQ 6HFWLRQ 9� 7KH FRQWUROOHU GHVLJQ ZLOO EH SHUIRUPHG RQ D PHDQ�YDOXH PRGHO� ZKHUHDV LWV SHUIRUPDQFH ZLOO
EH HYDOXDWHG YLD VLPXODWLRQ RQ D PRUH GHWDLOHG PRGHO ZKLFK FDSWXUHV WKH DLU oRZ G\QDPLFV GXULQJ DQ LQWDNH HYHQW�

,,� (QJLQH 0RGHO

$� %UHDWKLQJ SURFHVV PRGHO IRU XQ�DFWXDWHG DLU oRZ

7KH LQWDNH PDQLIROG UHSUHVHQWDWLRQ FRQVLGHUHG KHUH IROORZV >�@� ,W LV D FRQWLQXRXV� QRQOLQHDU� ��� /� ��F\OLQGHU PRGHO�
7KH LQWDNH EUHDWKLQJ SURFHVV RI WKH FRQYHQWLRQDO HQJLQH� EDVHG XSRQ WKH LGHDO JDV ODZ DQG WKH FRQVHUYDWLRQ RI PDVV��
FDQ EH GHVFULEHG E\
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ZKHUH� SP LV WKH LQWDNH PDQLIROG SUHVVXUH �3DVFDO� DQG SFL LV WKH SUHVVXUH �3DVFDO� LQ WKH L
WK F\OLQGHU� BP� DQG BPFL DUH

WKH PDVV DLU oRZ UDWH �.J�V� LQWR WKH PDQLIROG DQG WKDW SXPSHG RXW RI WKH PDQLIROG LQWR WKH LWK F\OLQGHU� UHVSHFWLYHO\�
9P DQG 9FL DUH WKH YROXPH �P

�� RI WKH LQWDNH PDQLIROG DQG WKDW RI WKH LWK F\OLQGHU� 5 LV WKH VSHFLnF JDV FRQVWDQW
�-�.J.�� DQG 7P LV WKH PDQLIROG WHPSHUDWXUH �.�� 7KH LWK F\OLQGHU YROXPH YDULHV DV D IXQFWLRQ RI FUDQN�DQJOH�
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ZKHUH 9G LV WKH PD[LPXP F\OLQGHU GLVSODFHG YROXPH �P��� 9FO LV WKH F\OLQGHU FOHDUDQFH YROXPH �P
��� t LV FUDQN�DQJOH

LQ GHJUHHV� DQG 1 LV WKH HQJLQH VSHHG LQ 530� 7KH TXDQWLW\ SFL LQ ��� LV SHULRGLFDOO\ LQLWLDOL]HG WR WKH H[KDXVW SUHVVXUH
���� .3D� DW WKH LWK LQWDNH YDOYH RSHQ WLPLQJ �,9 2�� 7KH PDVV DLU oRZ LQWR WKH PDQLIROG� BP�� LV DSSUR[LPDWHG DV
D IXQFWLRQ RI XSVWUHDP SUHVVXUH �SR� DQG WKH GRZQVWUHDP SUHVVXUH� ZKLFK LV PDQLIROG SUHVVXUH� 8SVWUHDP SUHVVXUH LV

�6HH $SSHQGL[ IRU VSHFLnF SDUDPHWHU YDOXHV XVHG LQ WKH VWXG\�
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)LJ� �� &RPSDULVRQ EHWZHHQ DYHUDJHG PDVV DLU oRZ UDWH BPFL DQG WKH BPF IURP UHJUHVVLRQ PRGHO�

DVVXPHG WR EH DWPRVSKHULF �L�H�� SR ��� .3D��
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ZKHUH $���� LV WKH HmHFWLYH DUHD �P
�� RI WKURWWOH ERG\� DV D IXQFWLRQ RI SULPDU\ WKURWWOH DQJOH ��� LQ GHJUHHV� 7KH PDVV

DLU oRZ LQWR WKH LWK F\OLQGHU� BPFL � LV H[SUHVVHG DV

BPFL  $Y�/YL�G�SFL � SP�� ���

ZKHUH $Y LV WKH HmHFWLYH DUHD �P
�� RI DQ LQWDNH YDOYH� ZKLFK LV PRGHOHG DV D OLQHDU IXQFWLRQ RI YDOYH OLIW �PP�� /YL �

$Y�/YL�  m/YL � ���

7KH VFDOH IDFWRU m LV LGHQWLnHG DV ������ LQ >�@ IRU WKH H[SHULPHQWDO HQJLQH XQGHU FRQVLGHUDWLRQ�
7KH YDOYH OLIW PRWLRQ LV FKDUDFWHUL]HG E\ RSHQ WLPLQJ �,9 2�� PD[LPXP OLIW �,9 /�� DQG RSHQ GXUDWLRQ �,9 '�� )RU D
FRQYHQWLRQDO HQJLQH� WKH YDOYH OLIW LV D VLQXVRLGDO IXQFWLRQ RI WKHVH SDUDPHWHUV DQG FUDQN�DQJOH GXULQJ DQ LQWDNH HYHQW
>�@�

/YL�t�  ,9 / c VLQ�
t
���

,9 '
�t b ���Lb ��b ,9 2�

u
� ����

,Q WKLV VWXG\� WKH YDOYH VSHFLnFDWLRQV LQ >�@ DUH XVHG� ,9 2  b�p� ,9 /  ���PP� DQG ,9 '  ���p�

%� 0HDQ�YDOXHG EUHDWKLQJ SURFHVV PRGHO

7KH DERYH PRGHO GHVFULEHV WKH HYROXWLRQ RI WKH YDULRXV SUHVVXUHV DQG PDVV oRZ UDWHV RI WKH EUHDWKLQJ SURFHVV ZLWKLQ
DQ HQJLQH HYHQW� ,Q JHQHUDO� IRU FRQWURO GHVLJQ SXUSRVHV� LW LV SUHIHUDEOH WR DGRSW D SKHQRPHQRORJLFDO� PHDQ�YDOXHG
PRGHO E\ DYHUDJLQJ SUHVVXUHV DQG PDVV oRZ UDWHV RYHU DQ HQJLQH HYHQW >�@� >�@� 7KLV W\SLFDOO\ UHVXOWV LQ D VLPSOHU PRGHO
DQG RQH ZKHUH WKH WLPH VFDOHV DUH EHWWHU DGDSWHG WR WKRVH RI WKH DFWXDWLRQ SURFHVVHV� )RU WKHVH UHDVRQV� WKH PDVV DLU
oRZ UDWH LQWR WKH F\OLQGHU� ���� LV nUVW DYHUDJHG EDVHG RQ VLPXODWLRQ UHVXOWV� DQG WKHQ� YLD UHJUHVVLRQ� UHSUHVHQWHG DV D
IXQFWLRQ RI PDQLIROG SUHVVXUH �3DVFDO� DQG HQJLQH VSHHG 1 �530� DV

BPF�SP�1�  b������d ��b� � ������d ��b�SP b ������d ��b�1 � ������d ��b�1SP� ����

)RU YDOLGDWLRQ� )LJXUH � FRPSDUHV WKH DYHUDJHG PDVV DLU oRZ UDWH BPFL ZLWK FRQVWDQW PDQLIROG SUHVVXUH DQG HQJLQH VSHHG
DJDLQVW WKH UHJUHVVLRQ PRGHO �����



� ,((( 75$16$&7,216 21 &21752/ 6<67(06 7(&+12/2*<� 92/� ;;� 12� <� 0217+ ����

IVD

IVO

IVL

θ

)LJ� �� 3URnOH RI K\GUDXOLFDOO\ DFWXDWHG YDOYH�

&� &\OLQGHU DLU FKDUJH FRQWURO

7R DFFRXQW IRU DLU oRZ DFWXDWLRQ� WKH PDVV oRZ UDWH LQWR WKH F\OLQGHU LV PRGLnHG DV IROORZV�

BPD  n BPF� ����

ZKHUH n UHSUHVHQWV WKH QRUPDOL]HG OLQHDU VFDOH IDFWRU RI PDVV DLU oRZ UDWH� DQG LV OLPLWHG EHWZHHQ� ��� DQG �� 7KLV
UHVXOWV LQ WKH PHDQ�YDOXH EUHDWKLQJ SURFHVV PRGHO�
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'HSHQGLQJ RQ WKH DLU FKDUJH DFWXDWLRQ VFKHPH XVHG� PRUH RU OHVV PDQLSXODWLRQ PD\ EH QHFHVVDU\ WR SXW WKH PRGHO LQ
WKLV IRUP� 7KLV ZLOO EH GLVFXVVHG VKRUWO\� +RZHYHU� HDFK VFKHPH KDV WKH TXDOLWDWLYH IHDWXUH RI EHLQJ DEOH WR LQFUHDVH RU
GHFUHDVH WKH DLU DGPLWWHG LQWR WKH F\OLQGHU� RYHU D FHUWDLQ UDQJH�
2Q D SUDFWLFDO EDVLV� WKH FKRLFH RI WKH SDUWLFXODU DLU FKDUJH DFWXDWLRQ VFKHPH ZLOO EH EDVHG RQ PDQ\ IDFWRUV� )RU H[DPSOH�
LQ YLHZ RI IXHO HFRQRP\� FRQWURO RI WKH F\OLQGHU DLU FKDUJH YLD LQWDNH YDOYH RSHQ WLPLQJ RU LQWDNH YDOYH RSHQ GXUDWLRQ
UHGXFHV SXPSLQJ ORVVHV E\ DOORZLQJ LQFUHDVHG LQWDNH SRUW SUHVVXUH� ZKLFK LV HVVHQWLDOO\ HTXLYDOHQW WR LQWDNH PDQLIROG
SUHVVXUH >�@� 2Q WKH RWKHU KDQG� VHFRQGDU\ WKURWWOHV FKRNH WKH DLU oRZ DW WKH LQWDNH SRUWV� WKHUHE\ GHFUHDVLQJ WKH LQWDNH
SRUW SUHVVXUH� ZKLFK UHVXOWV LQ LQFUHDVHG SXPSLQJ ORVVHV >��@� 2WKHU LVVXHV VXFK DV UHOLDELOLW\ DQG FRVW PXVW DOVR EH
FRQVLGHUHG� )URP WKH FRQWURO SRLQW RI YLHZ WDNHQ LQ WKLV SDSHU� WKH SULPDU\ GLmHUHQFH EHWZHHQ WKH YDULRXV VFKHPHV OLHV
LQ WKH VSHHG RI UHVSRQVH RI WKH DVVRFLDWHG DFWXDWRU G\QDPLFV� 7KH DQDO\VLV FDUULHG RXW LQ WKLV SDSHU LV YDOLG IRU DQ\
DFWXDWLRQ VFKHPH WKDW FDQ EH PRGHOHG E\ ���� ZLWK DQ DFWXDWRU UHVSRQVH WKDW LV HVVHQWLDOO\ LQVWDQWDQHRXV ZLWK UHVSHFW
WR WKH WLPH GXUDWLRQ RI DQ HQJLQH HYHQW� )RU GHnQLWHQHVV� WKLV SDSHU DVVXPHV D K\GUDXOLFDOO\ DFWXDWHG FDP� ZKRVH YDOYH
PRWLRQ SURnOH LV GHSLFWHG LQ )LJXUH ��
7KH NH\ FRQFHSW LV WR FRQWURO WKH DLU oRZ E\ LQGHSHQGHQWO\ DGMXVWLQJ WKUHH SDUDPHWHUV ,9 2� ,9 /� DQG ,9 ' RI WKH
LQWDNH YDOYH PRWLRQ� 7KH F\OLQGHU DLU FKDUJH� PDL �.J�� LV WKHQ GHWHUPLQHG DV D IXQFWLRQ RI WKHVH SDUDPHWHUV YLD
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= ,9 2�,9 '

,9 2

$Y �/YL�,9 /� t�� G�SFL � SP�
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1
Gt ����

)RU VLPSOLFLW\ LQ WKLV VWXG\� ,9 2 DQG ,9 / DUH n[HG DW WRS GHDG FHQWHU DQG � PP UHVSHFWLYHO\� OHDYLQJ ,9 ' DV WKH
XQLTXH FRQWURO SDUDPHWHU� $V DQ H[DPSOH� )LJXUH � VKRZV D W\SLFDO PDVV DLU oRZ UDWH FXUYH DV D IXQFWLRQ RI ,9 '� ZLWK
UHVSHFW WR FUDQN�DQJOH� 7KHQ ,9 'n � ZKLFK LV GHnQHG WR EH WKH LQWDNH YDOYH RSHQ WLPLQJ ZKLFK DSSUR[LPDWHO\ DFKLHYHV
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= ,9 2�,9 'n

,9 2

$Y �/YL�t�� G�SFL � SP�
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1
Gt { n BPF7� ����

ZKHUH 7 LV WKH WLPH WDNHQ IRU WKH SLVWRQ WR WUDYHO IURP WRS GHDG FHQWHU �7'&� WR ERWWRP GHDG FHQWHU �%'&�� FDQ EH
GHWHUPLQHG WKURXJK VLPXODWLRQ� DQG PDSSHG DV D IXQFWLRQ RI HQJLQH VSHHG DQG LQWDNH PDQLIROG SUHVVXUH�

'� 0HDQ�YDOXH IHHGJDV DQG WRUTXH PRGHO

7KH GLVFUHWH�HYHQW QDWXUH RI WKH FRPEXVWLRQ SURFHVV LQWURGXFHV WUDQVSRUW GHOD\V� ZKLFK DUH GHSHQGHQW RQ HQJLQH VSHHG�
7KLV PRWLYDWHV GLVFUHWL]LQJ WKH RYHUDOO PRGHO V\QFKURQRXVO\ ZLWK HQJLQH HYHQWV >��@� >��@� 7KDW LV� WKH LQGHSHQGHQW
YDULDEOH LV WUDQVIRUPHG IURP WLPH WR FUDQN�DQJOH� DQG WKH PRGHO LV WKHQ GLVFUHWL]HG DW D FRQVWDQW UDWH LQ WKH FUDQN�DQJOH
GRPDLQ� +HUH� WKH PRGHO LV GLVFUHWL]HG ZLWK SHULRG { UDGLDQV LQ FUDQN�DQJOH� ZKLFK FRUUHVSRQGV WR RQH HQJLQH HYHQW

�7KH ORZHU ERXQG RI n VKRXOG EH GHWHUPLQHG WR DYRLG PLVnUH RZLQJ WR ODFN RI R[\JHQ LQ WKH PL[WXUH�
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)LJ� �� 0DVV DLU oRZ UDWH LQWR F\OLQGHU DV D IXQFWLRQ RI ,9 ' DW FRQVWDQW HQJLQH VSHHG ���� 530 DQG LQWDNH PDQLIROG SUHVVXUH �� .3D�
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)LJ� �� )HHGJDV DQG WRUTXH PRGHO�

�HODSVHG WLPH RI UHYROXWLRQ IRU WKH LQWDNH VWURNH� IRU H[DPSOH�� 7KLV SURFHGXUH LQWURGXFHV VSHHG GHSHQGHQW WHUPV LQ WKH
G\QDPLFV� EXW LW SHUPLWV VWDQGDUG VWDELOLW\ DQDO\VLV WR EH DSSOLHG�
7KH FDOFXODWLRQ GHOD\ LQ WKH LQMHFWLRQ RI IXHO DQG WKH WUDQVSRUW GHOD\V DUH LQFOXGHG LQ WKH PRGHO� 7KH G\QDPLFV RI WKH
(*2 VHQVRU LV PRGHOHG E\ D nUVW RUGHU GLmHUHQFH HTXDWLRQ� LQ WKH WLPH GRPDLQ� LWV WLPH FRQVWDQW LV ���� VHF�
7KH VWHDG\ VWDWH HQJLQH EUDNH WRUTXH LV DmHFWHG E\ PDQ\ SDUDPHWHUV VXFK DV LJQLWLRQ GHOD\� (*5 DQG VR RQ� 7KH JHQHUDO
UHODWLRQV EHWZHHQ WKHVH SDUDPHWHUV DQG EUDNH WRUTXH DUH GHULYHG IURP H[SHULPHQWDO GDWD DQG FXUYH nWWLQJ PHWKRGV�
8QIRUWXQDWHO\� D WRUTXH PRGHO IRU WKH HQJLQH LQ FRQVLGHUDWLRQ >�@ LV QRW DYDLODEOH DW WKLV PRPHQW� DQG IRU WKLV UHDVRQ�
WKDW RI >�@ LV DGRSWHG LQ WKH PRGHO�

7E  b����� � ������d ���PD � ������$ ) �b �����$ ) �
� � ����}V b ������}

�
V � ������1

b����������1� � ��������1}V � ����d ��
�}VPD b ����d ��

�}�VPD � ����}VPH ����

ZKHUH

PD � PDVV DLU FKDUJH �.J�LQWDNH HYHQW�
$ ) � DLU�IXHO UDWLR
1 � HQJLQH VSHHG �530�
PH � (*5 �J�LQWDNH HYHQW�
}V � GHJUHHV RI VSDUN DGYDQFH EHIRUH WRS GHDG FHQWHU�

)RU VLPSOLFLW\� LW LV DVVXPHG WKDW WKHUH LV QR (*5 �L�H�� PH �� DQG LJQLWLRQ GHOD\ �}V� LV VHW WR ��
p� 7KH DERYH PRGHO ZDV

LGHQWLnHG >�@ DW DLU�IXHO UDWLRV EHWZHHQ ���� DQG ����� HQJLQH VSHHGV EHWZHHQ ��� 530 DQG ���� 530� LQWDNH PDQLIROG
SUHVVXUHV EHWZHHQ �� DQG ��� .3D� DQG WRUTXH IURP �� WR ��� 1P�
7KH FRPSOHWH EORFN GLDJUDP RI WKH IHHGJDV DQG WRUTXH PRGHO LV VKRZQ LQ )LJXUH �� DQG WKDW RI WKH RYHUDOO HQJLQH PRGHO
LV VKRZQ LQ )LJXUH ��
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)LJ� �� 7KH EORFN GLDJUDP RI RYHUDOO HQJLQH PRGHO�

,,,� &RQWURO 3UREOHP 'HVFULSWLRQ

7KH PDMRU REMHFWLYHV RI WKH FRQWURO GHVLJQ DUH�

�� H[SORLW WKH DLU oRZ DFWXDWLRQ FDSDELOLW\ WR DFKLHYH KLJKHU PDQLIROG SUHVVXUH� WKHUHE\ UHGXFLQJ SXPSLQJ ORVVHV DQG
LPSURYLQJ IXHO HFRQRP\�

�� DFKLHYH D WRUTXH UHVSRQVH WKDW LV DV VLPLODU DV SRVVLEOH WR D FRQYHQWLRQDO HQJLQH VR WKDW WKHUH LV QR SHUFHSWLEOH ORVV
LQ GULYDELOLW\�

�� PLQLPL]H DLU�IXHO UDWLR H[FXUVLRQV IURP VWRLFKLRPHWU\ WR PD[LPL]H WKH VLPXOWDQHRXV FRQYHUVLRQ HpFLHQF\ RI WKH
FDWDO\VW� WKHUHE\ PLQLPL]LQJ RYHUDOO HPLVVLRQV�

7KH FRQWURO LQSXWV DUH HmHFWLYH YDOYH DUHD IDFWRU� n� DQG �DPRXQW RI� IXHO LQMHFWLRQ� )F� ,W LV DVVXPHG WKDW WKH DLU�IXHO
UDWLR LV PHDVXUHG E\ D OLQHDU (*2 VHQVRU SODFHG LQ WKH H[KDXVW VWUHDP� MXVW DKHDG RI WKH FDWDO\VW� ,Q DGGLWLRQ� LW LV
DVVXPHG WKDW VRPH PHDQV RI PHDVXULQJ WRUTXH LV DYDLODEOH�
$V VWDWHG� WKH SUREOHP KDV WZR�LQSXWV� WZR�PHDVXUHG RXWSXWV DQG WKUHH SHUIRUPDQFH REMHFWLYHV� 7KLV LPEDODQFH LV
WUHDWHG E\ ?VTXDULQJ GRZQ� WKH SHUIRUPDQFH REMHFWLYHV� $W VWRLFKLRPHWU\� WRUTXH GHSHQGV SULPDULO\ RQ PDVV DLU oRZ�
$W ORZ SULPDU\ WKURWWOH DQJOH� D VWDWLF PDVV DLU oRZ PRGHO LV FRQVWUXFWHG VR DV WR FORVHO\ PDWFK WKH VWHDG\ VWDWH WRUTXH
RI WKH MRLQW�DLU�DQG�IXHO�FRQWUROOHG HQJLQH WR WKDW RI WKH FRQYHQWLRQDO HQJLQH� ZKLOH PDLQWDLQLQJ WKH LQWDNH PDQLIROG
SUHVVXUH JUHDWHU WKDQ �� .3D� LQ VWHDG\ VWDWH� 7KLV DOVR JXDUDQWHHV FRQWURO DXWKRULW\ RYHU F\OLQGHU PDVV DLU oRZ UDWH >�@�
VHH )LJXUH �� ,Q WKLV UHJLPH� WKH SDUDPHWHU n LV QHDU ��� WR ���� $W KLJK SULPDU\ WKURWWOH DQJOHV� WKH PDQLIROG SUHVVXUH
LV DOUHDG\ KLJK LQ D FRQYHQWLRQDO HQJLQH� DQG KHQFH� WKH VWDWLF PDVV DLU oRZ PRGHO LV VLPSO\ GHVLJQHG WR FORVHO\ PDWFK
WKH VWHDG\ VWDWH WRUTXH RI WKH FRQYHQWLRQDO HQJLQH� 7KH VWDWLF PDVV DLU oRZ PRGHO� DQG KHQFH WKH VWDWLF WRUTXH PRGHO
DV ZHOO� LV D IXQFWLRQ RI WKH SULPDU\ WKURWWOH DQJOH DQG HQJLQH VSHHG�

0 20 40 60 80 100
0

5

10

15

20

25

M
as

s 
ai

r 
flo

w
 (

g/
s)

Intake manifold pressure (kPa)

mφ 
. 

 m
a
  ( β = 1)

 m
a
  ( β = 0.8)

 m
a
  ( β = 0.5)

 m
a
  ( β = 0.1)

. 

. 

. 
. 

)LJ� �� 6WHDG\ VWDWH PDVV DLU oRZ UDWH FRUUHVSRQGLQJ WR WKH VFDOH IDFWRU n DW D SULPDU\ WKURWWOH DQJOH RI ��p� DQG DQ HQJLQH VSHHG RI ����
530�

7KH FRQWURO SUREOHP LV QRZ GHnQHG DV LQ )LJXUH �� WKH REMHFWLYH LV WR GHVLJQ D FRQWUROOHU WKDW DFKLHYHV ]HUR VWHDG\
VWDWH HUURU LQ FRPPDQGHG WRUTXH DQG VWRLFKLRPHWULF DLU�IXHO UDWLR IRU FRQVWDQW SULPDU\ WKURWWOH SRVLWLRQ� ZKLOH DYRLGLQJ
LQWHJUDWRU ZLQG�XS� 7KH FRPPDQGHG WRUTXH LV WDNHQ WR EH D ORZ SDVV nOWHUHG YHUVLRQ RI WKH VWDWLF WRUTXH PRGHO� 7KH
WLPH FRQVWDQW RI D nUVW�RUGHU ORZ�SDVV nOWHU� ~U� LV WR EH GHWHUPLQHG WR WUDGH Rm GULYDELOLW\ �VSHHG RI WRUTXH UHVSRQVH�
ZLWK HPLVVLRQV �GHYLDWLRQV LQ DLU�IXHO UDWLR IURP VWRLFKLRPHWU\��
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)LJ� �� (TXLYDOHQW IHHGJDV DQG WRUTXH PRGHO�

,9� 1RQOLQHDU )HHGEDFN &RQWURO 'HVLJQ

7KLV VHFWLRQ IROORZV D UHFHQW DSSURDFK WR WKH GHVLJQ RI QRQOLQHDU FRQWUROOHUV� QDPHO\ FRQWURO /\DSXQRY IXQFWLRQV
�FOI�� ,Q SDUWLFXODU� D +DPPHUVWHLQ�OLNH HTXLYDOHQW PRGHO RI WKH IHHGJDV DQG WRUTXH PRGHO LV LQWURGXFHG DQG D QRQOLQHDU
IHHGEDFN FRQWUROOHU LV GHYHORSHG EDVHG RQ D SRVLWLYH VHPL�GHnQLWH FOI� 7KLV DOORZV D V\VWHPDWLF GHVLJQ SURFHGXUH IRU D
VWDWH IHHGEDFN FRQWUROOHU� DQG DQ REVHUYHU IRU LPSOHPHQWLQJ WKH VWDWH IHHGEDFN FRQWUROOHU� )LUVW� D VLPSOH VWDWH IHHGEDFN
FRQWUROOHU LV GHVLJQHG EDVHG RQ WKH LQWDNH PDQLIROG G\QDPLFV SOXV WKH QRQOLQHDU SRUWLRQ RI WKH +DPPHUVWHLQ�OLNH PRGHO�
DQG WKHQ WKH FRQWUROOHU LV H[WHQGHG WR LQFOXGH WKH OLQHDU VXEV\VWHP� )LQDOO\� DQ DV\PSWRWLF REVHUYHU LV GHVLJQHG� DQG
VWDELOLW\ RI WKH UHVXOWLQJ FORVHG�ORRS V\VWHP LV GLVFXVVHG�
2QH RI WKH QRYHOWLHV LQ WKLV ZRUN LV WKH XVH RI FRQWURO /\DSXQRY IXQFWLRQV RQ D GLVFUHWH�WLPH V\VWHP PRGHO� 0RVW RI WKH
ZRUN LQ WKLV DUHD KDV IRFXVHG RQ FRQWLQXRXV�WLPH PRGHOV�

$� 6WDWH IHHGEDFN FRQWURO

7KH IHHGJDV DQG WRUTXH PRGHO RI )LJXUH � LQFOXGHV GHOD\V DQG QRQOLQHDULWLHV �DLU�IXHO GLYLVLRQ DQG WRUTXH JHQHUDWLRQ��
,Q WKH VHQVH RI LQSXW�RXWSXW HTXLYDOHQFH� LW FDQ EH UHDUUDQJHG WR DQ HTXLYDOHQW +DPPHUVWHLQ PRGHO ZLWK D GHOD\HG LQSXW�
DV VKRZQ LQ )LJXUH �� 7KH IHHGJDV DQG WRUTXH PRGHO LV WKHQ D GHOD\ SOXV D VWDWLF QRQOLQHDULW\ IROORZHG E\ D GHFRXSOHG
OLQHDU VXEV\VWHP�
7R n[ WKH PDLQ LGHDV RI WKH FOI GHVLJQ� D FRQWUROOHU LV nUVW GHVLJQHG IRU DQ HQJLQH PRGHO FRQVLVWLQJ RI WKH LQWDNH PDQLIROG
G\QDPLFV IROORZHG E\ WKH LQMHFWLRQ GHOD\ DQG VWDWLF QRQOLQHDULW\ RI WKH IHHGJDV DQG WRUTXH PRGHO �WKH OLQHDU VXEV\VWHP
ZLOO EH LQLWLDOO\ LJQRUHG�� 7KH FRQWURO VLJQDOV DUH HmHFWLYH YDOYH DUHD IDFWRU� n� DQG r� ZKLFK LV WKH LQYHUVH �DPRXQW RI� IXHO
oRZ UDWH �V�.J�� 7R DLG LQ WKH IHHGEDFN GHVLJQ� WKH WRUTXH JHQHUDWLRQ HTXDWLRQ ���� LV OLQHDUL]HG DURXQG VWRLFKLRPHWU\�
6LQFH n LV OLPLWHG E\ ��� DQG �� DQG WKH IXHO LQMHFWLRQ UDWH LV SUDFWLFDOO\ FRQVWUDLQHG �IURP ���� J�V WR �� J�V�� GLVFUHWH
VWDWH HTXDWLRQV DUH JLYHQ E\

SP�N � ��  SP�N� �
57P
9P

7 � BP��SP�N�� 1�b VDW
�
����n� BPF�SP�N��1�� ����D�
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����n�b �����7[��N� BPF�SP�N�� 1�VDW

�
����n�b$ )V�

���1� ����F�

$ ) �N�  7[��N� BPF�SP�N�� 1�VDW
�
����n� ����G�

ZKHUH

[� � GHOD\HG IXHO LQMHFWLRQ
7 � LQWDNH HYHQW GXUDWLRQ� ��

1
�VHF�� 1 LQ 530

$ )V � VWRLFKLRPHWULF DLU�IXHO UDWLR
��1�  b����� � �������1 b ����������1�

VDWDE �X�  
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D � LI X w D
X � LI E � X � D
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)LJXUH �� VKRZV WKDW WKH DSSUR[LPDWLRQ HUURU EHWZHHQ ���� DQG WKH OLQHDUL]HG WRUTXH LV OHVV WKDQ � 1P IRU DLU IXHO UDWLRV
EHWZHHQ ���� DQG ����� ZKHUH WKH WRUTXH PRGHO ZDV LGHQWLnHG LQ >�@�
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)LJ� ��� 7RUTXH GHYLDWLRQ IURP QRPLQDO WRUTXH JLYHQ PDVV DLU FKDUJH DQG HQJLQH VSHHG�

'XH WR WKH FRQVWUDLQWV RQ WKH LQSXWV� DQ LQWHJUDWRU DQWL�ZLQG�XS VFKHPH QHHGV WR EH LQWHJUDWHG LQWR WKH FRQWUROOHU GHVLJQ�
7KH NH\ LGHD XVHG KHUH LV WR DFWLYHO\ DGMXVW WKH UHIHUHQFH VLJQDOV LQ RUGHU WR VWDELOL]H WKH LQWHJUDWRUV� 7KH GLmHUHQFH
HTXDWLRQV RI WKH LQWHJUDWRUV DUH PRGLnHG WR LQFOXGH UHIHUHQFH DGMXVWPHQW DV IROORZV�

T��N � ��  T��N� � 7 �7E�N�b U b U��N��

 T��N� � 7 �������d ���7 BPF�SP�N��1�VDW
�
����n�

b�����7[��N� BPF�SP�N�� 1�VDW
�
����n�b$ )V� � ��1�b U b U��N�� ����

T��N � ��  T��N� � 7 �$ ) �N�b$ )V b U��N��

 T��N� � 7 �7[��N� BPF�SP� 1�VDW�����n�b$ )V b U��N�� ����

ZKHUH

U � UHIHUHQFH WRUTXH �1P�� DV D IXQFWLRQ RI SULPDU\ WKURWWOH DQJOH ��� DQG HQJLQH VSHHG �1�
U�� U� � UHIHUHQFH VLJQDO DGMXVWPHQWV WKDW DUH WR EH GHWHUPLQHG�

6LQFH T��N � �� DQG T��N � �� KDYH FRPPRQ WHUPV� LW LV QDWXUDO WR FKRRVH D FDQGLGDWH /\DSXQRY IXQFWLRQ DV

9/�  9 ��  �T� � ����T��
� ����

VR WKDW WKHVH WZR VWDWHV DUH ERXQGHG UHODWLYH WR RQH DQRWKHU� WKDW LV� LI RQH RI WKHP LV ERXQGHG� WKHQ VR LV WKH RWKHU� ,Q
WKH QH[W VWHS� DQRWKHU FDQGLGDWH /\DSXQRY IXQFWLRQ ZLWK SDUDPHWHU � LV FKRVHQ WR IRUFH RQH RI WKH LQWHJUDWRU VWDWHV� T��
WR EH ERXQGHG UHODWLYH WR WKH VWDWH [��

9/�  9 ��  ��T� � [��
� ����
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7KXV� EHFDXVH SP LV DOZD\V ERXQGHG� LI LW FDQ ODWHU EH SURYHQ WKDW DQ\ RQH RI [�� T� RU T� LV ERXQGHG� WKHQ DOO RI WKH
VWDWHV DUH ERXQGHG�
$ FRPSRVLWH� TXDGUDWLF� SRVLWLYH VHPL�GHnQLWH /\DSXQRY IXQFWLRQ LV WKHQ JLYHQ E\

9/�[�  9/��[� � 9/��[�  9 �� �[� � 9 �� �[� w �� ZKHUH [  �SP� [�� T�� T��� ����

7KH GLmHUHQFH HTXDWLRQ FDQ EH FRPSXWHG WR EH

c9/�[�N��  �9 �� �[�N � ���b 9 �� �[�N��� � �9
�
� �[�N � ���b 9 �� �[�N���

 �9��[�N � ���b 9��[�N����9��[�N � ��� � 9��[�N���

��9��[�N � ���b 9��[�N����9��[�N � ��� � 9��[�N��� ����

ZKHUH

9��[�N � ���b 9��[�N��  7 �������d ���7 BPF�SP�N�� 1�VDW
�
����n�b ����U��N�

���1�b U b U��N�� ����

9��[�N � ���b 9��[�N��  �7 �7[��N� BPF�SP�N�� 1�VDW
�
����n�b$ )V b U��N��

�
�

7
VDW��������r�b [��N�� ����

7KH FRQWURO VLJQDOV DUH GHVLJQHG DV

n�[�  
�

������d ���7 BPF�SP� 1�
�b��1� � U b

F�
7
9��[�� ����

r�[�  b�7 ��7[� BPF�SP� 1�VDW�����n�[��b$ )V� � 7 �[� b F�9��[��� ����

VR WKDW

9��[�N � ���b 9��[�N��  bF�9��[�N�� ����

9��[�N � ���b 9��[�N��  bF�9��[�N��� ����

:LWK � � F� � � DQG � � F� � �� WKLV DFKLHYHV c9/�[� QHJDWLYH VHPL�GHnQLWH LI WKH FRQWURO VLJQDOV DUH ZLWKLQ WKH
FRQVWUDLQWV�

c9/�[�  bF���b F��9
�
� �[�b F���b F��9

�
� �[� � �� ����

,I WKH FRQWURO VLJQDOV H[FHHG WKHLU FRQVWUDLQWV� U� DQG U� EHFRPH DFWLYH DQG DUH GHVLJQHG DV

U�  ������d ���7 BPF�SP� 1�VDW�����n�b ����U� � ��1�b U �
F�
7
9��[� ����

U�  7[� BPF�SP� 1�VDW�����n�b$ )V �
�

�7
�
�

7
VDW��������r�b [� � F�9��[��� ����

VR WKDW ���� LV FRQVLVWHQWO\ SUHVHUYHG UHJDUGOHVV RI WKH LQSXW FRQVWUDLQWV� 1RWH WKDW LI WKH FRQWURO VLJQDOV VDWLVI\ WKHLU
FRQVWUDLQWV� U� DQG U� DUH ]HUR DQG GR QRW DmHFW WKH LQWHJUDWRUV� 7KH JRDO QRZ LV WR XQGHUVWDQG ZKDW ���� LPSOLHV DERXW
WKH VWDELOLW\ RI WKH FORVHG�ORRS V\VWHP� :KHQ c9/ s �� 9� s 9� s � IURP ���� DQG WKH FRQWURO VLJQDOV EHFRPH

nc9/ �  
�

������d ���7 BPF�SP� 1�
�b��1� � U� ����

rc9/ �  ��b �7 � BPF�SP� 1�VDW�����nc9/ ���7[� � �7 �$ )V� ����

7KHQ� JLYHQ FRQVWDQW SULPDU\ WKURWWOH DQJOH DQG FRQVWDQW HQJLQH VSHHG� WKH GLVFUHWL]HG� PHDQ�YDOXH EUHDWKLQJ G\QDPLFV
���� LV DV\PSWRWLFDOO\ VWDEOH LQ WKH VHQVH RI /\DSXQRY ZLWK FRQWURO VLJQDO ���� LI WKH VDPSOLQJ UDWH LV VXpFLHQWO\ IDVW�
7R VKRZ WKLV� PDVV DLU oRZ UDWH BP� DQG VDW

�
����nc9/ ��d BPF DUH VKRZQ LQ )LJXUH ��� DORQJ ZLWK WKH HTXLOLEULXP LQWDNH

PDQLIROG SUHVVXUH� GHQRWHG DV SV� 7KH GLVFUHWH EUHDWKLQJ G\QDPLFV FDQ EH H[SUHVVHG DV

SH�N � ��  SH�N� �
57P
9P

7 � BP��SH�N� � SV�b VDW
�
����nc9/ �� BPF�SH�N� � SV��

 SH�N� � I�SH�N��� ����
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)LJ� ��� 0DVV DLU oRZ UDWH DW D SULPDU\ WKURWWOH DQJOH RI ��p� DQG DQ HQJLQH VSHHG RI ���� 530�

ZKHUH SH�N�  SP�N�b SV� $ FDQGLGDWH SRVLWLYH GHnQLWH /\DSXQRY IXQFWLRQ IRU SH LV

9S�SH�  S�H ! �� ����

ZKRVH GLmHUHQFH HTXDWLRQ LV

c9S�SH�N��  �SH�N � ��b SH�N���SH�N � �� � SH�N��  I�SH�N����SH � I�SH�N���� ����

6LQFH I�SH� LV D VWDWLF QRQOLQHDULW\ O\LQJ LQ WKH VHFRQG DQG IRXUWK TXDGUDQWV� DQG M�SHM ! MI�SH�M LI WKH VDPSOLQJ UDWH
LV VXpFLHQWO\ IDVW�� LW FDQ EH VKRZQ WKDW �SH � I�SH� OLHV LQ WKH nUVW DQG WKLUG TXDGUDQWV� 7KXV c9S�SH� LV QHJDWLYH
GHnQLWH� ZKLFK SURYHV DV\PSWRWLF VWDELOLW\ RI SP LQ WKH VHQVH RI /\DSXQRY�
:LWK FRQWURO VLJQDOV ���� DQG ����� WKH VWDWH [� HYROYHV DV�

[��N � ��  
�

7
VDW����������b �7 � BPF�SP�N�� 1�VDW

�
����nc9/ ���7[��N� � �7 �$ )V�� ����

7KH SDUDPHWHU � LV QRZ FKRVHQ VR WKDW nn�b �7 � BPF�SP� 1�VDW�����nc9/ ��
nn � �� ����

LQ RUGHU WKDW [� EH DV\PSWRWLFDOO\ VWDEOH LQ WKH VHQVH RI /\DSXQRY� 6LQFH 9� s 9� s � LQ WKH PDQLIROG:  I[Mc9/�[�  
�J� ���� DQG ���� LPSO\ DV\PSWRWLF VWDELOLW\ LQ WKH VHQVH RI /\DSXQRY RI WKH LQWHJUDWRU VWDWHV� 7KHQ E\ >�@� WKH FORVHG�
ORRS V\VWHP LV VWDEOH LQ WKH VHQVH RI /\DSXQRY� VLQFH LW LV DV\PSWRWLFDOO\ VWDEOH LQ WKH PDQLIROG =  I[M9/�[�  �J�
ZKLFK LV HTXDO WR : � 7KLV DOVR SURYHV DV\PSWRWLF VWDELOLW\ VLQFH DOO VWDWHV DUH ERXQGHG DQG DSSURDFK : E\ /D6DOOH
V
7KHRUHP >��@�
5HPDUN� WKH DLU�IXHO UDWLR LV NHSW WR VWRLFKLRPHWU\ LQ VWHDG\ VWDWH DV ORQJ DV WKH IXHO UHTXLUHG IRU VWRLFKLRPHWU\ LV
ZLWKLQ WKH DOORZHG FRQVWUDLQWV�
7KH DERYH LGHD FDQ EH HDVLO\ H[WHQGHG WR WKH IXOO RUGHU PRGHO� 7KH FRPSOHWH VWDWH HTXDWLRQV RI WKH IHHGJDV DQG WRUTXH
PRGHO VKRZQ LQ )LJXUH � DUH JLYHQ E\

SP�N � ��  SP�N� �
57P
9P

7 � BP��SP�N�� 1�b VDW
�
����n� BPF�SP�N��1�� ����D�

[��N � ��  
�

7
VDW��������r� ����E�

[��N � ��  7[��N� BPF�SP�N�� 1�VDW
�
����n� ����F�

[��N � ��  [��N� ����G�

[��N � ��  [��N� ����H�

[��N � ��  [��N� ����I�

�7KH VDPSOLQJ SHULRG XVHG KHUH RI RQH UHYROXWLRQ RI WKH FUDQNVKDIW FDQ EH HDVLO\ GHFUHDVHG� LI QHFHVVDU\ >��@�
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[��N � ��  ������d ���7 BPF�SP�N�� 1�VDW
�
����n�b �����7[��N� BPF�SP�N�� 1�VDW

�
����n�b$ )V�

���1� ����K�

[��N � ��  [��N�� ����L�

7E�N�  [��N� ����M�

$ ) �N�  [��N�� ����N�

T��N � ��  T��N� � 7 �7E�N�b U b U��N�� ����O�

T��N � ��  T��N� � 7 �$ ) �N�b$ )V b U��N��� ����P�

ZKHUH ~V LV WKH WLPH FRQVWDQW RI WKH (*2 VHQVRU� $V D QH[W VWHS� 9/� DQG 9/� LQ ���� DQG ���� DUH VLPSO\ H[WHQGHG
DQG UHSODFHG ZLWK

9/�  9 ��  �T� � �����T� � 7 �[� � [� � [� � [�� � ~V[�� � 7 �[� � [���
� ����

9/�  9 ��  ���T� � 7 �[� � [� � [� � [�� � ~V[�� � [��
�� ����

7KHQ ZLWK WKH SRVLWLYH VHPL�GHnQLWH /\DSXQRY IXQFWLRQ

9/�[�  9/��[� � 9/��[�  9 �� �[� � 9 �� �[� w �� ZKHUH [  �SP� [�� � � � � [�� T�� T��� ����

GLmHUHQFH HTXDWLRQV ����� ���� DQG ���� DUH SUHVHUYHG� DQG DFFRUGLQJO\� WKH VDPH DUJXPHQW FDQ EH UHSHDWHG WR VKRZ
DV\PSWRWLF VWDELOLW\ RI SP DQG [� LQ WKH PDQLIROG :  I[Mc9/�[�  �J� ZKLFK LV HTXDO WR =  I[M9/�[�  �J� ,W
IROORZV WKHUHIRUH WKDW V��N� DQG V��N�� GHnQHG LQ )LJXUH �� ERWK FRQYHUJH WR FRQVWDQWV� 6LQFH WKH OLQHDU VXEV\VWHP RI
WKH PRGHO LQ )LJXUH � LV DV\PSWRWLFDOO\ VWDEOH� WKLV JXDUDQWHHV WKDW [��N�� � � � � [��N� FRQYHUJH WR FRQVWDQWV� +HQFH� E\
���� DQG ����� WKH LQWHJUDWRU VWDWHV FRQYHUJH DV ZHOO� 7KXV WKH V\VWHP LV DV\PSWRWLFDOO\ VWDEOH LQ WKH PDQLIROG =� DQG
WKLV SURYHV VWDELOLW\ LQ WKH VHQVH RI /\SDXQRY RI WKH FORVHG�ORRS V\VWHP E\ >�@� 7KLV WKHQ SURYHV DV\PSWRWLF VWDELOLW\ LQ
WKH VHQVH RI /\DSXQRY RI WKH FORVHG�ORRS V\VWHP VLQFH DOO WKH VWDWHV DUH ERXQGHG DQG DSSURDFK : E\ /D6DOOH
V 7KHRUHP
>��@�

%� 2EVHUYHU EDVHG IHHGEDFN LPSOHPHQWDWLRQ

6LQFH QRW DOO RI WKH VWDWHV DUH GLUHFWO\ PHDVXUDEOH� DQ REVHUYHU LV UHTXLUHG LQ RUGHU WR LPSOHPHQW WKH IHHGEDFN RI 6HFWLRQ
,9�$� ,W LV DVVXPHG WKDW LQWDNH PDQLIROG SUHVVXUH LV PHDVXUHG E\ D 0$3 VHQVRU� 6LQFH [� LV VLPSO\ D FRPSXWDWLRQ
GHOD\ DQG LV NQRZQ� D .DOPDQ nOWHU LV GHVLJQHG IRU WKH OLQHDU VXEV\VWHP RI )LJXUH �� 7KH nOWHU JDLQ� /� LV FKRVHQ WR
DFKLHYH DQ DV\PSWRWLFDOO\ VWDEOH HUURU G\QDPLFV

[H�N � ��  �$b /&�[H�N�� ����

ZKHUH [H  [ b A[� 7KHQ IRU DQ\ SRVLWLYH GHnQLWH PDWUL[ 0 � WKHUH H[LVWV D XQLTXH SRVLWLYH GHnQLWH PDWUL[ 4 >��@ VXFK
WKDW

�$b /&�74�$b /&�b4  b0� ����

)RU WKH REVHUYHU�EDVHG FRQWUROOHU� ���� DQG ���� DUH QRZ UHSODFHG ZLWK

9/�  9 ��  �T� � �����T� � 7 �A[� � A[� � A[� � A[�� � ~VA[�� � 7 �A[� � A[���
� ����

9/�  9 ��  ���T� � 7 �A[� � A[� � A[� � A[�� � ~VA[�� � [��
�� ����

,Q RUGHU WR DQDO\]H WKH FORVHG�ORRS VWDELOLW\ SURSHUWLHV� D FDQGLGDWH SRVLWLYH VHPL�GHnQLWH /\DSXQRY IXQFWLRQ LV FKRVHQ
DV

9H�[�  [7H 4[H w �� ZKHUH [  �SP� [�� � � � � [�� T�� T�� A[�� � � � � A[��� ����

VR WKDW WKH GLmHUHQFH HTXDWLRQ� c9H�[�N��� LV QHJDWLYH VHPL�GHnQLWH�

c9H�[�N��  9H�[�N � ���b 9H�[�N��  [7H �N � ��4[H�N � ��b [7H �N�4[H�N�

 [7H �N���$b /&�74�$b /&�b4�[H�N�  b[7H �N�0[H�N� � �� ����

,Q WKH PDQLIROG =H  I[M9H�[�  �J� WKH FORVHG�ORRS V\VWHP LV DV\PSWRWLFDOO\ VWDEOH LQ WKH VHQVH RI /\DSXQRY� DV SURYHQ
LQ WKH SUHYLRXV VXEVHFWLRQ� 7KLV SURYHV VWDELOLW\ DURXQG HTXLOLEULD E\ >�@� 7KHQ E\ /D6DOOH
V 7KHRUHP >��@� WKH VWDWHV
DSSURDFK WKH ODUJHVW SRVLWLYHO\ LQYDULDQW VHW FRQWDLQHG LQ :H  I[Mc9H�[�  �J� 6LQFH :H  =H IURP ���� DQG ����� LW
IROORZV WKDW WKH FORVHG�ORRS V\VWHP LV DV\PSWRWLFDOO\ VWDEOH LQ WKH VHQVH RI /\DSXQRY�
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9� 3HUIRUPDQFH $QDO\VLV

$� 3DUDPHWHU GHVLJQ

7KLV VXEVHFWLRQ SUHVHQWV D ZD\ WR VHOHFW WKH SDUDPHWHUV �� F� DQG F�� ,Q WKH QRPLQDO FDVH� WKDW LV� LI WKH HmHFWLYH
YDOYH DUHD n LV ZHOO ZLWKLQ LWV FRQVWUDLQW� WKH FRQGLWLRQ ���� EHFRPHV

nn�b �7 � BPF�SP� 1� c nc9/ ��
nn  nnnn�b �7

b��1� � U

������d ���

nnnn � �� ����

DQG� VLQFH WKH VWDWLF UHIHUHQFH WRUTXH U LV D IXQFWLRQ RI SULPDU\ WKURWWOH DQJOH DQG HQJLQH VSHHG� � LV VFKHGXOHG DV

�b ����1�7
b��1� � U���1�

������d ���
 ���� ����

LQ RUGHU WR PDLQWDLQ FRQGLWLRQ ����� 7KLV ZLOO DOORZ D FRQVLVWHQW IXHO FRQYHUJHQFH UDWH RYHU WKH YDULRXV RSHUDWLQJ SRLQWV
ZKHQ c9 LV FORVH WR ]HUR� $V D QH[W VWHS� F� DQG F� DUH GHVLJQHG WR VKDSH WKH VHQVLWLYLW\ IXQFWLRQ RI WKH V\VWHP
V
OLQHDUL]DWLRQ DERXW HTXLOLEULD� )RU WKLV SXUSRVH� WKH HQJLQH PRGHO DQG WKH REVHUYHU�EDVHG FRQWUROOHU DUH OLQHDUL]HG DW D
QRPLQDO RSHUDWLQJ SRLQW� DQG F� DQG F� DUH WXQHG WR PLQLPL]H WKH FRVW

-  
Q;

N �

HZ�}�6N�b��� ����

ZKHUH� }�6N� LV WKH PD[LPXP VLQJXODU YDOXH RI WKH LQSXW VHQVLWLYLW\ IXQFWLRQ� VDPSOHG DW GLVFUHWH SRLQWV EHWZHHQ � DQG
RQH�KDOI RI WKH 1\TXLVW IUHTXHQF\ � {

7
�� Q LV WKH QXPEHU RI VDPSOH SRLQWV� DQG Z LV D ZHLJKW ZKLFK ZDV FKRVHQ WR EH ���

,Q WKLV ZD\� WKH VHQVLWLYLW\ IXQFWLRQ LV VKDSHG WR EH EHORZ � RYHU WKH VSHFLnHG IUHTXHQF\ UDQJH� ZKLOH WKH FORVHG�ORRS
EDQGZLGWK LQFUHDVHV DV PXFK DV SRVVLEOH�
$V DQ H[DPSOH� DW D FRQVWDQW HQJLQH VSHHG RI ���� 530� SULPDU\ WKURWWOH DQJOH HTXDO WR ��p DQG HmHFWLYH YDOYH DUHD
IDFWRU HTXDO WR ���� F� DQG F� ZHUH WXQHG WR ���� DQG ����� UHVSHFWLYHO\� )LJXUH �� VKRZV WKH PD[LPXP VLQJXODU YDOXHV
RI WKH VHQVLWLYLW\ IXQFWLRQ DW GLmHUHQW SULPDU\ WKURWWOH DQJOHV WKDW DUH REWDLQHG ZLWK WKLV PHWKRG� ,W LV VHHQ WKDW WKH
VHQVLWLYLW\ IXQFWLRQV DUH QHDUO\ EHORZ �� EXW GHJUDGH DV PDQLIROG SUHVVXUH GHFUHDVHV� 7KLV LV EHFDXVH WKH DLU FKDUJH
DFWXDWRU EHJLQV WR ORVH DXWKRULW\ RYHU WKH DLU oRZ DV PDQLIROG SUHVVXUH GHFUHDVHV WR �� .3D >�@� >�@�
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)LJ� ��� 6LQJXODU YDOXHV RI LQSXW VHQVLWLYLW\ IXQFWLRQV DW HQJLQH VSHHG ���� 530� 0$) UHSUHVHQWV PDVV DLU oRZ UDWH LQWR WKH F\OLQGHU�

%� 6LPXODWLRQV

7KH SHUIRUPDQFH RI WKH FRQWUROOHU GHVLJQHG DERYH ZDV nUVW HYDOXDWHG WKURXJK WKH PHDQ�YDOXH PRGHO� 7KH WLPH
FRQVWDQW� ~U� RI WKH WRUTXH UHIHUHQFH PRGHO ZDV VHW WR ����� 7KH VWRLFKLRPHWULF DLU�IXHO UDWLR� $ )V� LV VHW WR ����� DQG
WKH HQJLQH VSHHG ZDV KHOG FRQVWDQW DW ���� 530� 7KH WRUTXH DQG $ ) UHVSRQVHV ZHUH FRPSDUHG WR WKH FRQYHQWLRQDO
HQJLQH� ZLWK IXHO PDQDJHG E\ D VWDQGDUG IHHGIRUZDUG SOXV 3, FRQWUROOHU� 7KH IHHGIRUZDUG VLJQDO ZDV JHQHUDWHG LQ WKH
XVXDO ZD\� DQG WKH 3, JDLQ ZDV FKRVHQ VR WKDW $ ) H[FXUVLRQV DUH PLQLPL]HG� 7KH UHVXOWV� GLVSOD\HG LQ )LJXUH ���
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)LJ� ��� 6LPXODWLRQ UHVXOWV ZLWK PHDQ�YDOXH PRGHO DW FRQVWDQW HQJLQH VSHHG ���� 530� 6ROLG OLQH UHSUHVHQWV HQJLQH ZLWK MRLQW DLU DQG IXHO
FRQWURO DQG WKH GDVKHG OLQH WKH FRQYHQWLRQDO HQJLQH ZLWK D IHHGIRUZDUG SOXV 3, FRQWUROOHU�

VKRZ WKDW WKH HQJLQH ZLWK MRLQW DLU DQG IXHO FRQWURO DFKLHYHV VLPLODU WRUTXH UHVSRQVH WR WKH FRQYHQWLRQDO HQJLQH� $W �
VHFRQGV� D ����p VWHS FKDQJH ZDV JLYHQ DW D SULPDU\ WKURWWOH DQJOH ����p� DQG LW LV VHHQ WKDW WKH HmHFWLYH YDOYH DUHD
VORZO\ LQFUHDVHV WR VPRRWK WKH DLU oRZ FKDQJH FDXVHG E\ WKH GULYHU� UHVXOWLQJ LQ VXSHULRU $ ) SHUIRUPDQFH RYHU WKH
FRQYHQWLRQDO HQJLQH� $W � DQG �� VHFRQGV� �����p DQG b��p VWHS FKDQJHV ZHUH JLYHQ� :LWK WKH WKURWWOH VWHS LQFUHDVH�
WKH HmHFWLYH YDOYH DUHD IDFWRU UHDFKHV LWV PD[LPXP FRQVWUDLQHG YDOXH� ,Q HDFK FDVH� IRU WKH HQJLQH ZLWK MRLQW DLU DQG IXHO
FRQWURO� WKH $ ) UHVSRQVH KDV D IDVWHU FRQYHUJHQFH UDWH WR VWRLFKLRPHWU\ WKDQ WKDW RI WKH FRQYHQWLRQDO HQJLQH� +RZHYHU�
WKHUH LV D VOLJKWO\ ODUJHU XQGHUVKRRW DW WLS�RXW� )LJXUH �� DOVR GLVSOD\V WKH LQWDNH PDQLIROG SUHVVXUH� 7KH SRVVLELOLW\ RI
FRQWUROOLQJ WKH F\OLQGHU DLU FKDUJH SURFHVV KDV UHVXOWHG LQ WKH DELOLW\ WR PDLQWDLQ D KLJKHU PDQLIROG SUHVVXUH WKDQ WKDW RI
WKH FRQYHQWLRQDO HQJLQH� \LHOGLQJ D SRWHQWLDO UHGXFWLRQ RI SXPSLQJ ORVVHV DW ORZ SULPDU\ WKURWWOH DQJOHV� $V GLVFXVVHG
SUHYLRXVO\� WKLV SRWHQWLDO ZRXOG EH UHDOL]HG LI WKH DFWXDWLRQ ZHUH LPSOHPHQWHG ZLWK YDULDEOH YDOYH WLPLQJ RU KHLJKW�
VHFRQGDU\ YDOYHV� RU YLD YDULDEOH FDP WLPLQJ� EXW ZRXOG QRW EH UHDOL]HG LQ WKH FDVH RI VHFRQGDU\ WKURWWOHV� 7KH VWHDG\
VWDWH WRUTXH YDOXH LV DSSUR[LPDWHO\ HTXDO WR WKDW RI WKH FRQYHQWLRQDO HQJLQH� HYHQ DW KLJKHU LQWDNH PDQLIROG SUHVVXUH�
EHFDXVH PDVV DLU oRZ LQWR WKH F\OLQGHUV VDWXUDWHV DW LQWDNH PDQLIROG SUHVVXUHV ORZHU WKDQ DURXQG �� .3D�
,Q WKH VHFRQG VLPXODWLRQ� VKRZQ LQ )LJXUH ��� WKH SHUIRUPDQFH RI WKH FRQWUROOHU ZDV HYDOXDWHG RQ WKH PRUH GHWDLOHG
LQWDNH VWURNH PRGHO LQ 6HFWLRQ ,,� ,Q DGGLWLRQ� WKH IXHO SXGGOH G\QDPLFV GHYHORSHG LQ >��@ LV LQFOXGHG LQ WKH IXHO SDWK
DIWHU WKH LQMHFWLRQ GHOD\� DQG WKH HQJLQH VSHHG ZDV DOORZHG WR YDU\ WKURXJK D URWDWLRQDO G\QDPLFV PRGHO� ,QVWHDG RI D
0$3 VHQVRU� D 0$) VHQVRU LV XVHG WR PHDVXUH WKH PDVV DLU oRZ UDWH LQWR WKURWWOH ERG\� DQG WKH DOJRULWKP LQ >��@ LV
HPSOR\HG WR HVWLPDWH WKH LQWDNH PDQLIROG SUHVVXUH� VHH $SSHQGL[ $ IRU GHWDLOV� ,Q WKLV VLPXODWLRQ� WKH SK\VLFDO YDULDEOH
,9 ' LV SORWWHG LQVWHDG RI WKH YLUWXDO FRQWURO YDULDEOH� n� WKH HmHFWLYH YDOYH DUHD IDFWRU� n� H[FHHGV WKH FRQVWUDLQW IURP
��� WR ��� VHFRQGV� ,W LV VHHQ WKDW WKH FRQWUROOHU DFKLHYHV D WRUTXH UHVSRQVH VLPLODU WR WKDW RI WKH FRQYHQWLRQDO HQJLQH�
EXW VXSHULRU $ ) SHUIRUPDQFH DQG KLJKHU LQWDNH PDQLIROG SUHVVXUH�

9,� &RQFOXVLRQV

,Q WKLV SDSHU� D GLVFUHWH�WLPH� QRQOLQHDU FRQWUROOHU ZDV GHYHORSHG IRU MRLQW DLU DQG IXHO PDQDJHPHQW LQ D 6, HQJLQH
ZLWK YDULDEOH YDOYH WLPLQJ� $ PHDQ�YDOXH PRGHO ZDV GHULYHG IURP D GHWDLOHG LQWDNH VWURNH PRGHO� DQG XVHG IRU WKH
FRQWURO GHVLJQ� 7KH FRQWURO ODZ ZDV EDVHG RQ D FRQFHSWXDOO\ VLPSOH FRQWURO /\DSXQRY IXQFWLRQ� DQG LQFOXGHV D UHFRYHU\
VFKHPH IRU LQWHJUDWRU DQWL�ZLQG�XS� 7KH SHUIRUPDQFH RI WKH FORVHG�ORRS V\VWHP ZDV HYDOXDWHG YLD VLPXODWLRQ RQ WKH
GHWDLOHG LQWDNH VWURNH PRGHO� ,W ZDV VHHQ WKDW MRLQW DLU DQG IXHO PDQDJHPHQW LQ D 6, HQJLQH KDV WKH SRWHQWLDO WR DFKLHYH
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)LJ� ��� 6LPXODWLRQ UHVXOWV ZLWK WKH GHWDLOHG LQWDNH VWURNH PRGHO� IXHO SXGGOH G\QDPLFV DQG YDU\LQJ HQJLQH VSHHG� 6ROLG OLQH UHSUHVHQWV
HQJLQH ZLWK MRLQW DLU DQG IXHO FRQWURO DQG WKH GDVKHG OLQH WKH FRQYHQWLRQDO HQJLQH ZLWK D IHHGIRUZDUG SOXV 3, FRQWUROOHU� 1RWH WKDW WKH
YDULDWLRQ LQ PDQLIROG SUHVVXUH GXULQJ DQ LQWDNH HYHQW LV FDSWXUHG LQ WKLV VLPXODWLRQ�

D IDVWHU $ ) FRQYHUJHQFH UDWH WR VWRLFKLRPHWU\ DQG ORZHU SXPSLQJ ORVVHV WKDQ D FRQYHQWLRQDOO\ FRQWUROOHG HQJLQH� ZLWK
D WRUTXH UHVSRQVH WKDW LV VLPLODU WR WKDW RI D FRQYHQWLRQDOO\ FRQWUROOHG HQJLQH� 7KLV LPSOLHV WKDW LPSURYHG IXHO HFRQRP\
DQG HPLVVLRQV SHUIRUPDQFH FDQ EH REWDLQHG WKURXJK MRLQW DLU DQG IXHO FRQWURO ZLWKRXW ORVLQJ GULYDELOLW\�

$FNQRZOHGJPHQWV

7KH DXWKRUV WKDQN -� &RRN RI )RUG 0RWRU &RPSDQ\ IRU KHOSIXO GLVFXVVLRQV� 7KH ZRUN ZDV VXSSRUWHG E\ DQ 16)
*2$/, JUDQW� (&6��������� ZLWK PDWFKLQJ IXQGV IURP )RUG 0RWRU &RPSDQ\�

$SSHQGL[ $� ,QWDNH PDQLIROG SUHVVXUH HVWLPDWH YLD 0$) VHQVRU

7KH DOJRULWKP LQ >��@� ZKLFK HVWLPDWHV WKH LQWDNH PDQLIROG SUHVVXUH IURP GLUHFW PHDVXUHPHQW RI BP� IURP WKH 0$)
VHQVRU �KRW�ZLUH DQHPRPHWHU�� LV EULHo\ VXPPDUL]HG KHUH� 7KH VHQVRU G\QDPLFV LV DSSUR[LPDWHG DV D nUVW RUGHU ODJ
ZLWK WLPH FRQVWDQW ~P � ���� VHF��

P�N � ��  ��b
7

~P
�P�N� �

7

~P
BP��SP�N�� 1�� �,�

ZKHUH P UHSUHVHQWV WKH VHQVRU
V RXWSXW �LQ .J�V�� 7KH HVWLPDWH RI LQWDNH PDQLIROG SUHVVXUH� ASP� LV

ASP�N � ��  ASP�N� �
57P
9P

7 � BP��SP�N�� 1�b VDW
�
����n� BPF�ASP�N�� 1��

 ASP�N� �
57P
9P

7 �
~P
7

P�N � ��b �
~P
7

b ��P�N�b VDW�����n� BPF�ASP�N�� 1��� �,,�

7R UHPRYH WKH P�N � �� WHUP� D QHZ YDULDEOH � LV GHnQHG DV

��N�  ASP�N�b
57P
9P

~PP�N�� �,,,�

7KLV \LHOGV

��N � ��  ��N� �
57P
9P

7 �P�N�b VDW�����n� BPF�ASP�N�� 1�� �,9�
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ASP�N�  ��N� �
57P
9P

~PP�N�� �9�

$SSHQGL[ %� 1RPHQFODWXUH

W � WLPH �VHF�
t � FUDQN�DQJOH �GHJUHHV�
5 � VSHFLnF JDV FRQVWDQW � ��� -�.J.�
7P � LQWDNH PDQLIROG WHPSHUDWXUH � ��� .�
9P � YROXPH RI LQWDNH PDQLIROG � ����� P��
9G � F\OLQGHU GLVSODFHPHQW YROXPH � �d ��b� P��
9FO � F\OLQGHU FOHDUDQFH YROXPH � �d ��b� P��
SR � DWPRVSKHULF SUHVVXUH ���� .3D�
SP � LQWDNH PDQLIROG SUHVVXUH �3DVFDO�
SFL � SUHVVXUH LQ LWK F\OLQGHU �3DVFDO�
9FL � YROXPH RI LWK F\OLQGHU �P��
BPFL � PDVV DLU oRZ UDWH LQWR LWK F\OLQGHU �.J�V�
1 � HQJLQH VSHHG �530�
� � SULPDU\ WKURWWOH DQJOH �GHJUHHV�
BP� � PDVV DLU oRZ UDWH LQWR LQWDNH PDQLIROG �.J�V�
$� � HmHFWLYH DUHD RI WKURWWOH ERG\ �P��
$Y � HmHFWLYH DUHD RI LQWDNH YDOYH �P��
/YL � LQWDNH YDOYH OLIW RI LWK F\OLQGHU �PP�
,9 2 � LQWDNH YDOYH RSHQ WLPLQJ �GHJUHHV�
,9 / � LQWDNH YDOYH OLIW �PP�
,9 ' � LQWDNH YDOYH RSHQ GXUDWLRQ �GHJUHHV�
BPF � PDVV DLU oRZ UDWH LQWR F\OLQGHU RI FRQYHQWLRQDO HQJLQH �.J�V�
BPD � PDVV DLU oRZ UDWH LQWR F\OLQGHU RI DLU oRZ DFWXDWHG HQJLQH �.J�V�
)F � IXHO LQMHFWLRQ UDWH �.J�V�
n � HmHFWLYH DUHD IDFWRU RI LQWDNH YDOYH
r � LQYHUWHG IXHO LQMHFWLRQ UDWH �V�.J�� �

)F

7 � WLPH WDNHQ IRU LQWDNH HYHQW �VHF�
~U � WLPH FRQVWDQW RI UHIHUHQFH WRUTXH � ���� VHF�
~V � WLPH FRQVWDQW RI (*2 VHQVRU � ���� VHF�
~P � WLPH FRQVWDQW RI 0$) VHQVRU � ���� VHF�
$ ) � DLU�IXHO UDWLR
$ )V � VWRLFKLRPHWULF DLU�IXHO UDWLR
7E � EUHDN WRUTXH �1P�
U � UHIHUHQFH WRUTXH �1P�
�� F�� F� � FRQWURO SDUDPHWHUV
6N � VDPSOHG VHQVLWLYLW\ IXQFWLRQ

5HIHUHQFHV

>�@ $� /� (PWDJH� 3� $� /DZVRQ� 0� $� 3DVVPRUH� *� *� /XFDV� DQG 3� /� $GFRFN� ?7KH GHYHORSPHQW RI DQ DXWRPRWLYH GULYH�E\�ZLUH WKURWWOH
V\VWHP DV D UHVHDUFK WRRO�� 6$( 3DSHU� � QR� ������� �����

>�@ 3LHUUH %LGDQ� 6HUJH %RYHULH� DQG 9LQFHQW &KDXPHUOLDF� ?1RQOLQHDU FRQWURO RI D VSDUN�LJQLWLRQ HQJLQH�� ,((( 7UDQVDFWLRQV RQ &RQWURO
6\VWHPV 7HFKQRORJ\� YRO� �� QR� �� SS� �^��� 0DUFK �����

>�@ $� *� 6WHIDQRSRXORX� 0RGHOLQJ DQG &RQWURO RI $GYDQFHG 7HFKQRORJ\ (QJLQHV� 3K' WKHVLV� 8QLYHUVLW\ RI 0LFKLJDQ� �����
>�@ 0� 6� $VKKDE� $� *� 6WHIDQRSRXORX� -� $� &RRN� DQG 0� /HYLQ� ?&DPOHVV HQJLQH FRQWURO IRU UREXVW XQWKURWWOHG RSHUDWLRQ�� 6$( 3DSHU�
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>�@ $� *� 6WHIDQRSRXORX� -� $� &RRN� -� :� *UL]]OH� DQG -� 6� )UHXGHQEXUJ� ?-RLQW DLU�IXHO UDWLR DQG WRUTXH UHJXODWLRQ XVLQJ VHFRQGDU\

F\OLQGHU DLU oRZ DFWXDWRUV�� $60( -RXUQDO RI '\QDPLFV 6\VWHPV� 0HDVXUHPHQW� DQG &RQWURO WR DSSHDU �VHH DOVR $� *� 6WHIDQRSRXORX�
-� :� *UL]]OH DQG -� 6� )UHXGHQEXUJ� (QJLQH DLU�IXHO UDWLR DQG WRUTXH FRQWURO XVLQJ VHFRQGDU\ WKURWWOHV� 3URF� ,((( &RQI� 'HFLVLRQ
DQG &RQWURO� 2UODQGR� SDJHV ���������� ������

>�@ 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� YRO� ����� QR� ������� SS� ��^��� )HEUXDU\ �����

>�@ -� :� *UL]]OH DQG -XQ�0R .DQJ� ?'LVFUHWH�WLPH FRQWURO GHVLJQ ZLWK SRVLWLYH VHPL�GHnQLWH /\DSXQRY IXQFWLRQV�� 6XEPLWWHG WR 6\VWHP
	 &RQWURO /HWWHUV� �����

>�@ 0� 6� $VKKDE� $� *� 6WHIDQRSRXORX� -� $� &RRN� DQG 0� %� /HYLQ� ?&RQWURO�RULHQWHG PRGHO IRU FDPOHVV LQWDNH SURFHVV �SDUW L��� WR
DSSHDU $60( -RXUQDO RI '\QDPLF 6\VWHPV� 0HDVXUHPHQW� DQG &RQWURO�

>�@ 3� 5� &URVVOH\ DQG -� $� &RRN� ?$ QRQOLQHDU PRGHO IRU GULYHWUDLQ V\VWHP GHYHORSPHQW�� LQ ,(( &RQIHUHQFH C&RQWURO ��
� (GLQEXUJK�
8�.� 0DUFK ����� YRO� �� SS� ���^���� ,(( &RQIHUHQFH 3XEOLFDWLRQ ����

>��@ -� %� +H\ZRRG� ,QWHUQDO &RPEXVWLRQ (QJLQH� 0F*UDZ�+LOO� �����
>��@ -� $� &RRN DQG %� .� 3RZHOO� ?'LVFUHWH VLPSOLnHG H[WHUQDO OLQHDUL]DWLRQ DQG DQDO\WLFDO FRPSDULVRQ RI ,& HQJLQH IDPLOLHV�� LQ 3URF�

$PHU� &RQWU� &RQI�� 0LQQHDSROLV� -XQH ����� SS� ���^����
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>��@ 6� <XUNRYLFK DQG 0� 6LPSVRQ� ?&RPSDUDWLYH DQDO\VLV IRU LGOH VSHHG FRQWURO� $ FUDQN�DQJOH GRPDLQ YLHZSRLQW�� LQ 3URF� $PHU� &RQWU�
&RQI�� 1HZ 0H[LFR� -XQH ����� SS� ���^����

>��@ -� :� *UL]]OH� -� $� &RRN� DQG :� 3� 0LODP� ?,PSURYHG F\OLQGHU DLU FKDUJH HVWLPDWLRQ IRU WUDQVLHQW DLU IXHO UDWLR FRQWURO�� LQ ����
$PHULFDQ &RQWURO &RQIHUHQFH� -XQH ����� YRO� �� SS� ����^�����

>��@ 9� /DNVKPLNDQWKDP DQG '� 7ULJLDQWH� 7KHRU\ RI 'LmHUHQFH (TXDWLRQV� 1XPHULFDO 0HWKRGV DQG $SSOLFDWLRQV� $FDGHPLF 3UHVV� �����
>��@ :� -� 5XJK� /LQHDU 6\VWHP 7KHRU\� �QG HGLWLRQ� 3UHQWLFH�+DOO� �����
>��@ &� )� $TXLQR� ?7UDQVLHQW $�) FRQWURO FKDUDFWHULVWLFV RI WKH � OLWHU FHQWUDO LQMHFWLRQ HQJLQH�� 6$( 3DSHU� � QR� ������� �����


