
�
$EVWUDFW²,Q� WKLV� SDSHU�� &RPSUHVVHG� $LU� (QHUJ\� 6WRUDJH�

�&$(6�� DV� D� SRSXODU� WHFKQRORJ\� IRU� ZLQG� HQHUJ\� VWRUDJH�� LV�
PDWKHPDWLFDOO\� LQWHJUDWHG�ZLWK�D�K\GUDXOLF�ZLQG�SRZHU� V\VWHP��
+\GUDXOLF� PDFKLQHU\� DV� SULPH�PRYHUV� LV� XWLOL]HG� WR� JDLQ� WKH�
EHQHILW�RI�HOLPLQDWLQJ�FRVWO\�DQG�KHDY\�JHDUER[HV��7KH�JRDO�RI�WKLV�
ZRUN� LV� WR� LPSURYH� WKH� SRZHU� GHOLYHU\� SHUIRUPDQFH� ZKLOH�
PDLQWDLQLQJ�D�VWDEOH�IUHTXHQF\�JHQHUDWLRQ�LQ�D����N:�K\GUDXOLF�
ZLQG� SRZHU� V\VWHP�� 6LPXODWLRQ� UHVXOWV� GHPRQVWUDWH� WKDW� WKH�
LQWHJUDWLRQ� RI� FRPSUHVVHG� DLU� HQHUJ\� VWRUDJH� KDV� LPSURYHG� WKH�
TXDOLW\�RI�SRZHU�GHOLYHU\�VXFK�WKDW�WKH�PD[LPXP�SRZHU�GHPDQG�
FDQ�EH�GHOLYHUHG�ZKLOH�PDLQWDLQLQJ�WKH�IUHTXHQF\�XQGHU�YDULDEOH�
ZLQG�VSHHGV��

,�� ,1752'8&7,21�
LQGHQHUJ\��DV�JUHHQ�DQG�VXVWDLQDEOH��KDV�EHFRPH�RQH�RI�
WKH� PRVW� LPSRUWDQW� UHQHZDEOH� HQHUJ\� WHFKQRORJLHV�� $�

WUDGLWLRQDO�ZLQG�SRZHU�V\VWHP�W\SLFDOO\�FRQVLVWV�RI�D�JHDUER[�
LQVLGH�WKH�ZLQG�WXUELQH�QDFHOOH��WR�WUDQVIHU�IURP�WKH�HQHUJ\�RI�
ZLQG�WR�PHFKDQLFDO�IRUFH�WR�URWDWH�WKH�JHQHUDWRU�>�@��,Q�UHFHQW�
\HDUV��D�K\GUDXOLF�ZLQG�SRZHU�V\VWHP�KDV�EHHQ�GHYHORSHG��LQ�
ZKLFK� WKH� UROH� RI� WKH� FRQYHUVLRQDO� JHDUER[� LV� UHSODFHG� E\� D�
K\GUDXOLF�SXPS�ZKLFK�KDV�PXFK�OHVV�ZHLJKW��7KH�ZLQG�HQHUJ\�
LV�FRQYHUWHG�WR�PHFKDQLFDO�GULYLQJ�IRUFH�RI�D�K\GUDXOLF�PRWRU�
ZKLFK�FRPELQHV�ZLWK�D�JHQHUDWRU�DQG�WRJHWKHU�WKH\�DUH�ORFDWHG�
RQ�JURXQG�OHYHO��'XULQJ�WKH�SRZHU�WUDQVIHU��KLJK�GHQVLW\�IOXLG�
DV� DQ� LQWHUPHGLDWH� PHGLXP� WUDQVIHUV� HQHUJ\� WKURXJK� KLJK�
SUHVVXUH�SLSH�IURP�WKH�ZLQG�WXUELQH�WR�WKH�K\GUDXOLF�PRWRU�>��
�@�� ,Q� WKLV� V\VWHP�� ERWK� WKH� JHQHUDWRU� DQG� WKH� JHDUER[� DUH�
HOLPLQDWHG� IURP� D� WUDGLWLRQDO� QDFHOOH�� 7KHUHIRUH�� WKH� FDSDFLW\�
IDFWRU� FDQ� EH� LQFUHDVHG� DQG� WKLV� QHZ� ZLQG� SRZHU� V\VWHP�
EHQHILWV�ODUJHO\�IURP�UHGXFLQJ�WKH�FRQVWUXFWLRQ��RSHUDWLQJ�DQG�
PDLQWHQDQFH� FRVWV� >���@�� +RZHYHU�� HYHQ� ZLWK� WKH� QHZ�
WHFKQRORJ\�WKH�LQWHUPLWWHQW�EHKDYLRU�RI�WKH�ZLQG�SRZHU�FDQ�EH�
VHQVHG� DW� WKH� ORDG�� (QHUJ\� VWRUDJH� WHFKQLTXHV� DUH� XWLOL]HG� WR�
PLWLJDWH�WKLV�SUREOHP��
&RPSUHVVHG� $LU� (QHUJ\� 6WRUDJH� �&$(6�� KDV� EHHQ� EHLQJ�

GHYHORSHG� DQG� FRXSOHG� ZLWK� ZLQG� SRZHU� V\VWHP� IRU� HQHUJ\�
VWRUDJH�� ,WV� FDSDFLW\� KDV� UHDFKHG� ODUJH� YROXPH� DQG� KDV� EHHQ�
LPSOHPHQWHG� LQ�SUDFWLFDO�DSSOLFDWLRQV� >����@�$� W\SLFDO�&$(6�
XVHG�LQ�D�ZLQG�SRZHU�V\VWHP�LV�WR�VWRUH�WKH�VXUSOXV� HOHFWULFDO�
HQHUJ\�E\�PHDQV�RI�FRPSUHVVHG�DLU� LQVLGH�DQ�DLU� WDQN�GXULQJ�
VWURQJ�ZLQG�SHULRGV��DQG�WR�VXSSO\�HOHFWULFLW\�E\�VHQGLQJ�KLJK�
SUHVVXUH�DLU�WR�D�JDV�WXUELQH�JHQHUDWRU�ZKHQ�WKH�ZLQG�VSHHG�LV�

ORZ� DQG� WKH� SRZHU� GHPDQG� LV� KLJK� >�����@��1RUPDOO\��ZKHQ�
ZLQG�VSHHG�FKDQJHV��WKH�VKDIW�URWDWLRQDO�VSHHG�DQG�LWV�JHQHUDWHG�
SRZHU� DQG� WRUTXH� DOVR� FKDQJH� FRUUHVSRQGLQJO\�� 7KXV�� DV� D�
FRQVHTXHQW��WKH�JHQHUDWRU�IUHTXHQF\�ZKLFK�LV�GHWHUPLQHG�E\�WKH�
VKDIW�VSHHG�GHYLDWHV�IURP�LWV�UHIHUHQFH�����+]�LQ�D�VWDQGDORQH�
RSHUDWLRQ�� :KHQ� FRQQHFWHG� WR� JULG�� WKH� DPRXQW� RI� SRZHU�
LQMHFWHG�WR�WKH�JULG�LV�GHWHUPLQHG�E\�WKH�SRZHU�RI�SULPH�PRYHU��
,I�QR�HQHUJ\�VWRUDJH�RU�EDFNXS�VRXUFH�LV�DYDLODEOH��WR�NHHS�WKH�
JHQHUDWRU�IUHTXHQF\�FRQVWDQW��LQ�D�VWDQGDORQH�PRGH���WKH�ORDG�
GHPDQG�VKRXOG�EH�FRQVWDQWO\�DGMXVWHG��6XFK�V\VWHP� WUDQVIHUV�
WKH� ZLQG� SRZHU� LQWHUPLWWHQF\� GLUHFWO\� WR� WKH� FXVWRPHU� DQG�
WKHUHIRUH�LV�OHVV�GHVLUDEOH��
,Q� WKLV� SDSHU�� D� ���� N:� K\GUDXOLF� ZLQG� SRZHU� V\VWHP� LV�

HTXLSSHG� ZLWK� D� &$(6�� 7KH� RYHUDOO� V\VWHP� RSHUDWLRQ� LV�
PDWKHPDWLFDOO\�PRGHOHG�DQG�LWV�RSHUDWLRQ�DQG�HIIHFWV�RQ�SRZHU�
GHOLYHU\� LPSURYHPHQWV� DUH� VWXGLHG��0DLQ� JRDO� RI� WKH� FRQWURO�
V\VWHP� LV� WR� PDLQWDLQ� ��+]� JHQHUDWRU� IUHTXHQF\� ZKLOH� WKH�
LQWHJUDWHG�K\GUDXOLF�ZLQG�DQG�&$(6�FDQ�GHOLYHU�WKH�SRZHU�RQ�
GHPDQG��'\QDPLFV�RI�&$(6��LQFOXGLQJ�VWDWXV�RI�WKH�PDVV�IORZ�
UDWH�� SUHVVXUH�� FKDUJH� DQG� GLVFKDUJH� SURILOHV� DORQJ� ZLWK�
UHVSHFWLYH�LQSXW�DQG�RXWSXW�SRZHU�DUH�GHPRQVWUDWHG��6LPXODWLRQ�
UHVXOWV�GHPRQVWUDWH�WKH�SRZHU�GHOLYHU\�RI�WKH�LQWHJUDWHG�V\VWHP�
DQG�WKH�IUHTXHQF\�RI�JHQHUDWRUV�XQGHU�YDULDEOH�ZLQG�VSHHG�DQG�
ORDG�GHPDQG��

,,�� +<'5$8/,&�:,1'�32:(5�6<67(0�
:LQG� SRZHU� LV� KDUYHVWHG� XVLQJ� D� KLJK�WRUTXH� ORZ� VSHHG�

WXUELQH�� ,QWHUPLWWHQW� ZLQG� VSHHG� LQWURGXFHV� K\GUDXOLF� IORZ�
IOXFWXDWLRQV�IURP�WKH�SULPH�PRYHU�WKDW�HYHQWXDOO\�FKDQJHV�WKH�
HOHFWULF�SRZHU�IORZ�LQ�WKH�V\VWHP>��@��
6WHDG\� HOHFWULF� SRZHU�JHQHUDWLRQ� UHTXLUHV� D� VWHDG\� IORZ�RI�

SUHVVXUL]HG�K\GUDXOLF�PHGLXP�WR�WKH�SULPDU\�K\GUDXOLF�PRWRU��
3URSRUWLRQDO� YDOYHV� DUH� XVHG� WR� UHJXODWH� DQG� FRQWURO� WKH�
K\GUDXOLF�IORZ�WR�PDQDJH�WKH�HOHFWULF�SRZHU�JHQHUDWLRQ��
:LQG�SRZHU�GULYHV�D� IL[HG�GLVSODFHPHQW�SXPS��7KH�SXPS�

SURYLGHV�IOXLG�XQGHU�D�ZLGH�UDQJH�RI�ZRUNLQJ�SUHVVXUH� LQ� WKH�
V\VWHP��)LJXUH���VKRZV�WKH�RYHUDOO�V\VWHP�FRQILJXUDWLRQ��7KH�
IORZ�LV�SDVVHG�WR�D�YDULDEOH�GLVSODFHPHQW�PRWRU��7KLV�PRWRU�LV�
FRQQHFWHG� GLUHFWO\� WR� WKH� VKDIW� RI� WKH� JHQHUDWRU� DQG� WKH�
FRPSUHVVHG� DLU� HQHUJ\� VWRUDJH� XQLW>��@�� ,Q� UHDOLW\�� WKHUH� DUH�
RWKHU� K\GUDXOLF� FRPSRQHQWV� GHVLJQDWHG� IRU� VDIHW\� OLNH� WKH�
SUHVVXUH�UHOLHI�YDOYH�WKDW�GRHV�QRW�DOORZ�WKH�V\VWHP�SUHVVXUH�WR�

7RUTXH�$VVLVWLQJ�&RPSUHVVHG�$LU�(QHUJ\�
6WRUDJH�+\GUDXOLF�:LQG�'ULYHWUDLQV�
0R\XDQ�&KHQ��6RILD�0��6DQWRV�DQG�$IVKLQ�,]DGLDQ��6HQLRU�0HPEHU��,(((�

(QHUJ\�6\VWHPV�DQG�3RZHU�(OHFWURQLFV�/DERUDWRU\�
3XUGXH�6FKRRO�RI�(QJLQHHULQJ�DQG�7HFKQRORJ\�
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DL]DGLDQ#LXSXL�HGX�

:�

_________________________________________________________________________________
 
This is the author's manuscript of the article published in final edited form as: 
Chen, M., Santos, S. M., & Izadian, A. (2016). Torque-assisting Compressed Air Energy Storage hydraulic wind drivetrains. In 2016 IEEE 
Power and Energy Conference at Illinois (PECI) (pp. 1–5). https://doi.org/10.1109/PECI.2016.7459259

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by IUPUIScholarWorks

https://core.ac.uk/display/81634072?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1109/PECI.2016.7459259


� �

H[FHHG�WKH�SUHVHW�SUHVVXUH�DQG�WKH�FKHFN�YDOYH�ZKLFK�HQVXUHV�
WKH� IORZ�RQO\� LQ� WKH�GHVLUHG�GLUHFWLRQ��+\GUDXOLF�FRPSRQHQWV�
WKDW� DIIHFW� G\QDPLFV� RI� WKH� FLUFXLW� QHHG� WR� EH�PRGHOV�� 7KHVH�
FRPSRQHQWV�DUH�OLVWHG�LQ�WKH�IROORZLQJ��

$�� +\GUDXOLF�3XPS�
$� IL[HG� SRVLWLYH� GLVSODFHPHQW� SXPS� LV� XVHG� WR� IORZ� KLJK�

SUHVVXUH�IOXLG�LQ�WKH�V\VWHP��,Q�D�FRQYHQWLRQDO�K\GUDXOLF�V\VWHP��
D�YDULDEOH�GLVSODFHPHQW�SXPS�LV�PRUH�HIILFLHQW�VLQFH�FRQWURO�RI�
WKH�GLVSODFHPHQW�DOORZV�WKH�DGMXVWPHQW�RI�WKH�IORZ�WR�SUHYHQW�
WKH�H[FHVV�IORZ��6LQFH�DQ�DX[LOLDU\�PRWRU�FDQ�EH�XVHG�WR�FDSWXUH�
WKH�H[FHVV�ZLQG�HQHUJ\��XVLQJ�D�IL[HG�GLVSODFHPHQW�LV�D�VPDUW�
EHFDXVH�LWV�SULFH�DQG�PDLQWHQDQFH�FRVWV�DUH�OHVV�WKDQ�WKRVH�RI�D�
YDULDEOH� GLVSODFHPHQW� SXPS�� (DFK� SXPS� KDV� D� WKHRUHWLFDO�
GLVSODFHPHQW�EXW�EDVHG�RQ�LWV�JHRPHWU\�DQG�ZRUNLQJ�SUHVVXUH��
D�SRUWLRQ�RI�WKH�IORZ�OHDNV�EDFN�WR�WKH�LQOHW�SRUW��7KH�JRYHUQLQJ�
HTXDWLRQ�RI�D�SXPS�IORZ�UDWH�LV�GHVFULEHG�DV�IROORZV�>�����@��
�
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:KHUH�4S� LV� WKH�DFWXDO�GHOLYHUHG�IORZ�UDWH��'S�� SZ DQG�3S�DUH�
WKH� SXPS� GLVSODFHPHQW�� DQJXODU� YHORFLW\� DQG� WKH� GLIIHUHQWLDO�
SUHVVXUH� DFURVV� WKH� SXPS� UHVSHFWLYHO\�� &V� DQG� P DUH� WKH�
VOLSSDJH� FRHIILFLHQW� DQG� DEVROXWH� YLVFRVLW\�� &V� LV� D� FRQVWDQW�
WHUP�SURYLGHG� WKDW� WKH� LQWHUQDO� VWUXFWXUH� RI� D� SXPS�GRHV� QRW�
FKDQJH� >��@��7KHUHIRUH�� ����FDQ�EH�UH�ZULWWHQ�XVLQJ� WKH�SXPS�
VOLSSDJH�FRHIILFLHQW� SV. DV�IROORZV��
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�
7KH�OHDNDJH�LV�XQGHU�LQIOXHQFH�RI�WZR�PHFKDQLVPV��7KH�ILUVW�

PHFKDQLVP�LV� WKH� ODPLQDU�OHDNDJH�GXH�WR�SUHVVXUH�JUDGLHQW�LQ�
WKH�FOHDUDQFH�RI�WKH�SXPS��7KH�VHFRQG�PHFKDQLVP�LV�WKH�IORZ�
ORVV� GXH� WR� FRPSUHVVLRQ� DQG� EDVHG� RQ� WKHVH� PHFKDQLVPV��
GLIIHUHQW� OHDNDJH� PRGHOV� KDYH� EHHQ� LQYHVWLJDWHG� LQ� >��@��
/DPLQDU�OHDNDJH�H[KLELWV�D�OLQHDU�EHKDYLRU�ZKLFK�FDQ�DOVR�EH�
H[SHULPHQWDOO\� SURYHQ� >�����@�� 7KLV� OLQHDU� PRGHO� KDV� EHHQ�
IUHTXHQWO\� XWLOL]HG� LQ� SRZHU� WUDQVPLVVLRQ� >���� ��@�� ZKHUHLQ�
SXPSV� DQG� PRWRUV� URWDWH� FRQWLQXRXVO\� DQG� WKHLU� VSHHGV� DUH�
XVXDOO\�PRGHUDWH�WR�KLJK���

,Q�WUDMHFWRU\�WUDFNLQJ�DSSOLFDWLRQ��WKH�PRWRU¶V�VKDIW�SRVLWLRQ�
DQG�GLUHFWLRQ� DUH� FRQWUROOHG��7KH� OHDNDJH� VSHFLILFDOO\� DW� YHU\�
ORZ� YHORFLW\� FDQ� H[KLELW� QRQOLQHDU� EHKDYLRU� VR� WKDW� PRUH�
DFFXUDWH�OHDNDJH�PRGHO�FDQ�EH�XVHG�>��@�

%�� 9DULDEOH�GLVSODFHPHQW�K\GUDXOLF�PRWRU�
6LQFH�WKH�VKDIW�VSHHG�RI�PRWRU�LV�FRQWUROOHG�E\�LWV�
GLVSODFHPHQW��WKH�PRWRU�FDQ�EH�FRQWUROOHG�WR�GHOLYHU�FRQVWDQW�
URWDWLRQDO�VKDIW�WR�WKH�JHQHUDWRU�DW�DQ\�ZLQG�VSHHG��7KLV�
IHDWXUH�LV�HVSHFLDOO\�LPSRUWDQW�IRU�WKH�SULPDU\�PRWRU�VLQFH�LW�LV�
FRQQHFWHG�WR�D�V\QFKURQRXV�JHQHUDWRU�WKDW�QHHGV�WR�EH�UXQ�DW�
FRQVWDQW�VSHHG��7KH�JRYHUQLQJ�HTXDWLRQ�IRU�WKH�PRWRU�IORZ�LV�

VLPLODU�WR�WKH�SXPS¶V�IORZ�HTXDWLRQ�EXW�ZLWK�WKH�PRWRU�
OHDNDJH�IORZ� PV. DV�WKH�DGGLWLYH�WHUP�>�����@��
�
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ZKHUH�DOO�RI�WHUPV�DUH�VLPLODU�WR�WKRVH�RI�SXPS�IORZ�HTXDWLRQ���
3P� LV� WKH� SUHVVXUH� GLIIHUHQWLDO� DFURVV� WKH� PRWRU�� %HVLGHV� IRU�
PRWRU�� WKH� WRUTXH� HTXDWLRQ� FDQ� EH� ZULWWHQ� EDVHG� RQ� GULYLQJ�
WRUTXH� DQG� EUDNLQJ� WRUTXHV� DSSOLHG� WR� D� K\GUDXOLF� PRWRU��
$GGLWLRQDO�UHVLVWLYH�WHUPV�DUH�QRW�FRQVLGHUHG� LQ�WKH�IROORZLQJ�
IRUPXODWLRQ� >��@�EHFDXVH� WKHLU�YDOXHV�DUH� W\SLFDOO\�PXFK� OHVV�
WKDQ�WKH�YLVFRXV�WHUP�>���������@��
�
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ZKHUH� ,P�� 3P� DQG�'P� DUH� PRWRU� LQHUWLD�� GLIIHUHQWLDO� SUHVVXUH�
DFURVV� WKH� PRWRU� DQG� WKH� PRWRU� GLVSODFHPHQW� UHVSHFWLYHO\��

�Y& P �DQG� /RDG7 �DUH� YLVFRXV� GUDJ� FRHIILFLHQW�� DEVROXWH�
YLVFRVLW\� DQG� ORDG� WRUTXH� DSSOLHG� RQ� WKH� PRWRU� VKDIW�
UHVSHFWLYHO\��$�OXPSHG�FRHIILFLHQW�FDQ�EH�XVHG� WR�UHSODFH� WKH�
WHUPV� WKDW� PXOWLSOLHV� WR� WKH� PRWRU� YHORFLW\� DV� WKH� YLVFRXV�
GDPSLQJ�FRHIILFLHQW�DQG Y Y% & ' P ��

,,,�� &$(6�0$7+(0$7,&$/�02'(/,1*�
$FFRUGLQJ� WR� WKH� &$(6� DQG� ZLQG� SRZHU� FRQILJXUDWLRQ��

GHPRQVWUDWHG�LQ�)LJXUH���� WKH�H[FHVV�PHFKDQLFDO�HQHUJ\�IURP�
WKH�SULPH�PRYHU�LV�FRQYHUWHG�WR�FRPSUHVVHG�DLU�LQ�WKH�WDQN�DQG�
LV�UHOHDVHG�LQ�IRUP�RI�PHFKDQLFDO�WRUTXH�RQ�WKH�JHQHUDWRU�VKDIW��
,Q� JHQHUDO� &$(6� KDV� WKUHH� PRGXOHV�� 7KH� ILUVW� PRGXOH�
UHSUHVHQWV� WKH� FRPSUHVVLRQ� VWDJH�� ZKLFK� FRQYHUWV� WKH� H[FHVV�
SULPH�PRYHU¶V�PHFKDQLFDO�HQHUJ\�WR�WKH�PHFKDQLFDO�HQHUJ\�RI�
FRPSUHVVHG�DLU��7KH�VHFRQG�PRGXOH�LV�WKH�DLU� WDQN�IRU�HQHUJ\�
VWRUDJH��7KH�WKLUG�PRGXOH�UHSUHVHQWV�WKH�H[SDQVLRQ�VWDJH��ZKLFK�
H[WUDFWV� WKH� HQHUJ\� VWRUHG� LQ� WKH� DLU� WR� JHQHUDWHG�PHFKDQLFDO�
WRUTXH� DVVLVWLQJ� WKH� SULPH� PRYHU� LQ� PHHWLQJ� WKH� SRZHU�
GHPDQGHG�IURP�WKH�JHQHUDWRU���
)RU�ERWK�WKH�ILUVW�DQG�WKH�WKLUG�PRGXOHV��KHDW�H[FKDQJHUV�DUH�

XVHG� WR� GHFUHDVH� WKH� DLU� WHPSHUDWXUH� GXULQJ� WKH� FRPSUHVVLRQ�
VWDJH�EHFDXVH�IRU�VDIHW\�SXUSRVH�� WKH�DLU� WDQN�QHHGV�WR�NHHS�D�
UHODWLYHO\�ORZ�DLU�WHPSHUDWXUH�DQG�WHPSHUDWXUH�ULVHV�DIWHU�EHLQJ�
FRPSUHVVHG� E\� WKH� FRPSUHVVRU�� 2Q� WKH� RWKHU� KDQG�� DIWHU�
UHOHDVHG�IURP�WKH�DLU�WDQN��WR�LQFUHDVH�WKH�HIILFLHQF\�RI�SRZHU�
FRQYHUVLRQ�� KHDW� H[FKDQJHUV� DUH� XVHG� WR� LQFUHDVH� WKH� DLU�
WHPSHUDWXUH�EHIRUH�JRLQJ�WKURXJK�HDFK�H[SDQGHU��$V�LOOXVWUDWHG�
LQ� )LJXUH� ��� WKH� K\GUDXOLF� PRWRU�� JHQHUDWRU� DQG� &$(6� DUH�
FRQQHFWHG�WR�WKH�VDPH�VKDIW���



� �

�
)LJ����,QWHJUDWLRQ�RI�K\GUDXOLF�ZLQG�SRZHU�WUDQVIHU�V\VWHP�ZLWK�&$(6���

$�� &RPSUHVVRU�PRGHO�
7R�FRPSUHVV�WKH�DLU�WR�WKH�OHYHO�UHTXLUHG�LQ�WKH�WDQN��D�WZR�

VWDJH� FRPSUHVVRU� ZDV� FRQVLGHUHG�� 7KHUHIRUH�� WKH� V\VWHP�
FRQVLVWV�RI� WZR�DLU�FRPSUHVVRUV�ZLWK�����HIILFLHQF\�DQG� WZR�
KHDW�H[FKDQJHUV�ZLWK�����HIILFLHQF\�LQ�WKH�FRPSUHVVLRQ�VWDJH��
7KH� FRPSUHVVLRQ� UDWLR� RI� WKH� WZR� FRPSUHVVRUV� LV� �� DQG� �����
UHVSHFWLYHO\�� 7KH� WHPSHUDWXUH� RI� WKH� KHDW� H[FKDQJHU� LV� VHW�
WR���.��7KH� DPELHQW� WHPSHUDWXUH� DLU� LV� IHG� WR� WKH� ILUVW� VWDJH�
FRPSUHVVRU�DQG�LV�FRROHG�GRZQ�WKURXJK�D�KHDW�H[FKDQJHU�EHIRUH�
HQWHULQJ� WKH� VHFRQG� VWDJH�� 7KH� DLU� HQWHUV� WKH� VHFRQG� VWDJH�
FRPSUHVVRU�� DIWHU� ZKLFK� WKH� KLJKO\� FRPSUHVVHG� DLU� LV� FRROHG�
GRZQ�DJDLQ�E\�WKH�VHFRQG�KHDW�H[FKDQJHU��
7KH�FRPSUHVVLRQ�SURFHVV�LV�VWRSSHG�RQFH�WKH�SUHVVXUH�LQVLGH�

WKH�DLU�WDQN�UHDFKHV�WKH�PD[LPXP�YDOXH�RI����SVL�������EDU����
7KH�RXWSXW�DLU�WHPSHUDWXUH�RI�FRPSUHVVRU�DQG�KHDW�H[FKDQJHU��
WKH�RXWSXW�DLU�SUHVVXUH�RI�FRPSUHVVRU�DUH�H[SUHVVHG�LQ�HTXDWLRQV�
��������������DQG�����UHVSHFWLYHO\�>�����@��
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ZKHUH�7LQ��F� ����.DQG�7RXW��F��7LQ��+;�DQG�7RXW��+;�DUH�WKH�DLU�
WHPSHUDWXUH�HQWHULQJ�DQG�OHDYLQJ�FRPSUHVVRUV�DQG�WKDW�RI�KHDW�
H[FKDQJHUV�� UHVSHFWLYHO\��ȕF� LV� WKH� FRPSUHVVLRQ� UDWLR� RI� HDFK�
FRPSUHVVRU��Q� LV� WKH�SRO\WURSLF� LQGH[�RI� WKH�FRPSUHVVRU� WUDLQ�
DQG�LV�VHW�DV�����DQG��Q����Q� ���������SLQ��F�DQG�SRXW��F�DUH�WKH�DLU�
SUHVVXUH�HQWHULQJ�DQG�OHDYLQJ�FRPSUHVVRUV��ȘF�DQG�Ș+;�DUH�WKH�
HIILFLHQF\�RI�HDFK�FRPSUHVVRU�DQG�KHDW�H[FKDQJHU��UHVSHFWLYHO\��
7+;�LV�WKH�WHPSHUDWXUH�RI�WKH�KHDW�H[FKDQJHU�IOXLG�DQG�3F�LV�WKH�
HQHUJ\� FRQVXPHG� E\� HDFK� RI� WKH� FRPSUHVVRU�� ሶ݉ ௜௡ �LV� WKH� DLU�
PDVV�IORZ�WKURXJK�FRPSUHVVRUV�DQG�FS� LV� WKH�VSHFLILF�KHDW�DW�
FRQVWDQW�SUHVVXUH��
�

%�� 6WRUDJH�WDQN�PRGHO�
�
7KH�DLU�WDQN�LQ�WKLV�PRGHO�LV�DVVXPHG�WR�EH�DERYH�JURXQG�DQG�

ZLWKRXW�FRPEXVWLRQ�FKDPEHU�ZKLFK�GHSOHWHV�QDWXUDO�JDV�RU�RLO��
$Q�LPSRUWDQW�SDUW�RI�&$(6�LV�VL]LQJ�WKH�HQHUJ\�VWRUDJH�ZKLFK�

LV�EDVHG�RQ�KRZ�PXFK�WRUTXH�LW�KDV�WR�SURYLGH�WR�WKH�JHQHUDWRU¶V�
SULPH� PRYHU�� ,Q� WKLV� PRGHO�� WKH� SUHVVXUH� RI� DWPRVSKHUH� DLU�
HQWHULQJ� WKH� FRPSUHVVRU� LV� �EDU� DQG� WKH� OHDYLQJ� DLU� SUHVVXUH�
IURP�WKH�DLU�WDQN�VHW�DV������EDU��VR�WKH�PD[LPXP�DLU�SUHVVXUH�
LQVLGH�WKH�DLU�WDQN�UHDFKHV ௠ܲ௔௫ ൌ ͳ͵Ǥ͹ͻ�ܾܽݎǤ

�7KH�ORZHU�OLPLW�RI�WKH�DLU�WDQN�SUHVVXUH�LV�VHW�WR��EDU�XQGHU�
ZKLFK�WKH�GLVFKDUJLQJ�PRGH�LV�VWRSSHG��7KH�WHPSHUDWXUH�RI�WKH�
LQ�WDQN� DLU� LV� DERXW� ���.� DIWHU� FRROHG� E\� WKH� VHFRQG� KHDW�
H[FKDQJHU�LQ�WKH�FRPSUHVVLRQ�VWDJH��7R�VL]H�IRU�WKH�DLU�WDQN��WKH�
VWRUDJH�FDSDFLW\�RI�FRPSUHVVHG�DLU�IRU�WKH�JDV�WXUELQHV�WR�H[WUDFW�
IRU� VXSSO\LQJ� WKH� WRUTXH� UHTXLUHG� E\� WKH� SULPH� PRYHU� LV�
GHWHUPLQHG� EDVHG� RQ� WKH� PD[LPXP� DFFXPXODWLYH� SRZHU�
VKRUWDJH� RYHU� D� FRQWLQXRXV� SHULRG� GXULQJ� DQ� RQH�KRXU�
VLPXODWLRQ��E\�XVLQJ�PHDQ�ZLQG�VSHHG�RI����P�V�ZLWK�YDULDQFH�
RI���P�V�� 3RZHU� GHPDQG� ZDV� DOVR� VHW� WR� DW� ���N:� ZLWK�
YDULDQFH�RI����N:��7KH�DYHUDJH�YDOXH�RI�WKH�WKUHH�VLPXODWLRQ�
UHVXOWV� LV� WDNHQ�DV� WKH�RXWSXW�HQHUJ\�RI� WKH�JDV� WXUELQH�ZKLFK�
HTXDOV�WR�����N:K��7KHQ�WKH�VWRUDJH�FDSDFLW\��PDVV�RI�DLU�DQG�
YROXPH�LQVLGH�WKH�DLU�WDQN�DUH�VL]HG�DV�LQ�HTXDWLRQV������������
DQG������UHVSHFWLYHO\�>��@��
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ZKHUH�SPD[�LV�WKH�PD[LPXP�SUHVVXUH�LQVLGH�WKH�DLU�WDQN��6&�LV�
WKH�DLU�WDQN�VWRUDJH�FDSDFLW\��7XUERXW�LV�WKH�JDV�WXUELQH�SRZHU�LQ�
N:K��ȘW�LV�WKH�HIILFLHQF\�RI�HDFK�JDV�WXUELQH��DQG�7LQ��FW��DQG�7RXW�FW�

DUH� LQSXW� DQG� RXWSXW� DLU� WHPSHUDWXUH� WKURXJK� WKH� FRPSUHVVRU�
WUDLQ��7V�LV�WKH�VWRUDJH�DLU�WHPSHUDWXUH�LQVLGH�WKH�WDQN��9�LV�WKH�
WDQN�YROXPH�DQG�5�LV�WKH�DLU�FRQVWDQW��

&�� ([SDQGHU�PRGHO�
7KH� H[SDQVLRQ� VWDJH� RI� WKH� &$(6� LV� FRPSRVHG� RI� WZR�

WXUELQHV��L�H��D�KLJK�SUHVVXUH�WXUELQH��+37��DQG�D�ORZ�SUHVVXUH�
WXUELQH� �/37�� ZLWK� HIILFLHQF\� ERWK� RI� ����� DQG� WZR� KHDW�
H[FKDQJHUV� ZLWK� HIILFLHQF\� ERWK� RI� ����� 7KH� FRPSUHVVLRQ�
UDWLRV� RI� WKH� WXUELQHV� DUH� �� DQG� ����� UHVSHFWLYHO\�� 7KH�
WHPSHUDWXUH�RI�WKH�KHDW�H[FKDQJHU�LV�VHW�WR����.��$IWHU�UHOHDVHG�
IURP� WKH� DLU� WDQN�� WKH� DLU� WHPSHUDWXUH� LV� LQLWLDOO\� LQFUHDVHG��
WKURXJK�WKH�ILUVW�KHDW�H[FKDQJHU��EHIRUH�HQWHULQJ�WKH�+37��7KH�
VDPH�SURFHVV�LV�SHUIRUPHG�IRU�WKH�VHFRQG�KHDW�H[FKDQJHU�DQG�
WKH� /37�� 7KH� H[SDQVLRQ� VWDJH� LV� D� UHYHUVH� SURFHVV� RI� WKH�
FRPSUHVVLRQ�VWDJH�DQG�WKH�DLU�WHPSHUDWXUH�DQG�SUHVVXUH�RXWSXWV�
RI�WKH�HDFK�WXUELQH��WKH�WHPSHUDWXUH�DIWHU�HDFK�KHDW�H[FKDQJHU�
FDQ� EH� FDOFXODWHG� DV� LQ� HTXDWLRQV� ������ ������ ����� DQG� �����
UHVSHFWLYHO\�>�����@��
�
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ZKHUH� ȕW� LV� WKH� FRPSUHVVLRQ� UDWLR� RI� HDFK� WXUELQH�� ȘW� LV� WKH�
HIILFLHQF\�RI�HDFK�WXUELQH�DQG� ሶ݉ ௢௨௧�LV�WKH�DLU�PDVV�IORZ�JRLQJ�
WKURXJK�JDV�WXUELQHV�IURP�WKH�DLU�WDQN��3W�LV�WKH�SRZHU�JHQHUDWHG�
E\�HDFK�JDV�WXUELQH��

,9�� 6,08/$7,21�5(68/76�
7KH�LQWHJUDWHG�ZLQG�SRZHU�V\VWHP�LV�VLPXODWHG�IRU�RQH�KRXU�

RSHUDWLRQ�LQ�ZKLFK�WKH�ZLQG�VSHHG�LV�FKDQJHG�DFFRUGLQJ�WR�ZKDW�
LV� VKRZQ� LQ� )LJXUH� �� DW� PHDQ� RI���P�V� DQG� D� YDULDQFH� RI�
���P�V�)LJXUH�� VKRZV� WKH� SURILOH� RI� WLPH� YDU\LQJ� SRZHU�
GHPDQG� RI� XVHUV� ZLWK� D� PHDQ� RI� ���N:� DQG� D� YDULDQFH� RI�
���N:���

�
)LJ����:LQG�VSHHG�SURILOH�ZLWK�PHDQ�RI����P�VDQG�YDULDQFH�RI����P�V�

�
)LJ����3RZHU�GHPDQG�SURILOH�ZLWK�PHDQ�RI����N:�DQG�YDULDWLRQ�RI����N:�
�
)LJXUH� �� LOOXVWUDWHV� WKH� FRPSDULVRQ� RI� SRZHU� LQVXIILFLHQF\�

ZLWK� DQG�ZLWKRXW� WKH� SUHVHQFH� RI�&$(6�� ,W� FDQ� EH� VHHQ� WKDW�
ZKHQ�ZLQG�VSHHG�LV�ORZ��LW�LV�KDUGO\�SRVVLEOH�IRU�WKH�ZLQG�SRZHU�
V\VWHP�WR�VDWLVI\�WKH�KLJK�SRZHU�GHPDQG�E\�LWVHOI��$OWKRXJK�WKH�
LQLWLDO�DLU�SUHVVXUH�ZDV�VHW� WR�WKH�ORZHVW�SRLQW�RI��EDU�� LW�RQO\�
WDNHV� OHVV� WKDQ� ��� VHFRQG� IRU� &$(6� EHIRUH� LW� VWDUWV� WR� NHHS�
SURYLGLQJ�IXOO�FRPSHQVDWLRQ�IRU�SRZHU�VKRUWDJH�WR�PHHW�SRZHU�
GHPDQG� GXULQJ� WKH� VLPXODWLRQ�� 7KH� VLPXODWLRQ� UHVXOW�
GHPRQVWUDWHV�WKDW�&$(6�ODUJHO\�DVVLVWV�LQ�PLWLJDWLQJ�WKH�SRZHU�
GHPDQG�IOXFWXDWLRQV�XQGHU�VHYHUH�ZLQG�YDULDWLRQV��
�

�
)LJ����&RPSDULVRQ�RI�LQVXIILFLHQW�SRZHU�ZLWK�DQG�ZLWKRXW�WKH�DLG�RI�&$(6�
�
)LJXUH���VKRZV�WKH�WLPH�HYROXWLRQ�RI�DLU�SUHVVXUH�LQVLGH�WKH�

VWRUDJH� WDQN�� ZKLFK� LQGLFDWHG� WKDW� WKH� WDQN� DLU� SUHVVXUH�
G\QDPLFDOO\� IROORZV� WKH� SRZHU� EDODQFH� RI� WKH� V\VWHP�� ,W� LV�
PDLQWDLQHG�ZLWKLQ�OLPLWV�RI��EDU�DQG�������EDU�XQGHU�FKDUJH�DQG�
GLVFKDUJH�PRGHV�RI�&$(6���

)LJ���$LU�SUHVVXUH�LQVLGH�RI�WKH�VWRUDJH�WDQN�
�
7KH�JHQHUDWRU�VSHHG�SURILOH�LV�VKRZQ�LQ�)LJXUH����7KLV�ILJXUH�

LOOXVWUDWHV� WKDW� WKH� URWDWLQJ� VSHHG� RI� WKH� K\GUDXOLF� PRWRU� LV�
PDLQWDLQHG�VWDEOH�DURXQG����USP�ZLWK�WKH�SUHVHQFH�RI�&$(6�
GXULQJ� WKH� VLPXODWLRQ�� UHJDUGOHVV� RI� YDULDEOH�ZLQG� VSHHG� DQG�
SRZHU�FRPPDQGV��7KH�VWDEOH�URWRU�VSHHG�GLUHFWO\�FRQWULEXWHV�WR�
WKH�FRQWLQXRXV�VXSSO\�RI���+]�HOHFWULFLW\�SRZHU�E\�D�IRXU�SROH�
JHQHUDWRU� ZKLFK� LV� FRQQHFWHG� WR� WKH� FRPPRQ� VKDIW� ZLWK� WKH�
K\GUDXOLF�PRWRU��

)LJ����+\GUDXOLF�PRWRU�URWDWLQJ�VSHHG�LQ�USP�GXULQJ�WKH�VLPXODWLRQ�

9�� &21&/86,21�
,Q� WKLV� SDSHU�� &$(6� V\VWHP� KDV� EHHQ� LQWHJUDWHG� ZLWK� D�

K\GUDXOLF� ZLQG� SRZHU� V\VWHP� WR� DVVLVW� LQ� WRUTXH� SURGXFWLRQ�



� �

XQGHU�YDULRXV�ZLQG�VSHHGV�DQG�SRZHU�GHPDQGV��7KH�VLPXODWLRQ�
UHVXOWV� VKRZ� WKDW� &$(6� LV� FDSDEOH� RI� FRPSHQVDWLQJ� IRU�
LQVXIILFLHQW�SRZHU�E\�WUDQVIHUULQJ�FRPSUHVVHG�DLU�HQHUJ\�WR�WKH�
SRZHU� V\VWHP� ZKLOH� NHHSLQJ� WKH� DLU� WDQN� SUHVVXUH� XQGHU� WKH�
RSHUDWLRQ� UDQJH��:LWK� WKH� DLU� WKH� &$(6�� WKH� K\GUDXOLF� ZLQG�
SRZHU�V\VWHP�LV�H[SHFWHG�WR��QRW�RQO\�PHHW�WKH�SRZHU�GHPDQG�
IOXFWXDWLRQV��EXW�DOVR�LW�FDQ�PDLQWDLQ�D�FRQVWDQW�SRZHU�GHOLYHU\�
DW�D�VWDEOH�IUHTXHQF\��
�

5()(5(1&(6�
>�@� $��,]DGLDQ��1��*LUUHQV��3��.KD\\HU��³5HQHZDEOH�(QHUJ\�3ROLFLHV��$�%ULHI�

5HYLHZ�RI�WKH�/DWHVW�8�6��DQG�(�8��3ROLFLHV�´�,(((�,QGXVWULDO�(OHFWURQLFV�
0DJD]LQH��YRO�����LVVXH����6HSWHPEHU�������

>�@� 6��+DP]HKORXLD��$��,]DGLDQ��³1RQOLQHDU�6WDWH�6SDFH�0RGHOLQJ�RI�*HDUOHVV�
:LQG�3RZHU�6\VWHPV�´�,(&21�������SS�������������

>�@� 0��9DH]L�DQG�$�� ,]DGLDQ�� �3LHFHZLVH�$IILQH�6\VWHP� ,GHQWLILFDWLRQ�RI�D�
+\GUDXOLF�:LQG�3RZHU�7UDQVIHU�6\VWHP���&RQWURO�6\VWHPV�7HFKQRORJ\��
,(((�7UDQVDFWLRQV�RQ��$FFHSWHG��������

>�@� 0�� 9DH]L� DQG� $�� ,]DGLDQ�� �0XOWLSOH�0RGHO� $GDSWLYH� (VWLPDWLRQ� RI� D�
+\GUDXOLF� :LQG� 3RZHU� 6\VWHP��� LQ� ,QGXVWULDO� (OHFWURQLFV� 6RFLHW\��
,(&21� �������WK� $QQXDO� &RQIHUHQFH� RI� WKH� ,(((�� 9LHQQD��
$XVWULD�������SS������������

>�@� 6��(ULNVVRQ��+��%HUQKRII��DQG�0��/HLMRQ��³(YDOXDWLRQ�RI�'LIIHUHQW�7XUELQH�
&RQFHSWV�IRU�:LQG�3RZHU�´�5HQHZDEOH�DQG�6XVWDLQDEOH�(QHUJ\�5HYLHZV��
YRO������LVVXH����SS�������������-XQH�������

>�@� $IVKLQ� ,]DGLDQ�� 86� 3DWHQW� ����������� &HQWUDO� ZLQG� WXUELQH� SRZHU�
JHQHUDWLRQ��1RY�������������

>�@� KWWS���ZZZ�FKDSGULYH�FRP�WHFKQRORJ\���PZ�SURMHFW�
>�@� KWWS���ZZZ�PKSV�FRP�HQ�QHZV����������KWPO���
>�@� +�� ,EUDKLP�� $�� ,OLQFD�� DQG� -�� 3HUURQ�� (QHUJ\� 6WRUDJH� 6\VWHPV� ±�

&KDUDFWHULVWLFV� DQG� &RPSDULVRQV�� 5HQHZDEOH� DQG� 6XVWDLQDEOH� (QHUJ\�
5HYLHZV�������������±��������������

>��@� 6��6XFFDU�DQG�5��+��:LOOLDPV��&RPSUHVVHG�$LU�(QHUJ\�6WRUDJH��7KHRU\��
5HVRXUFHV�DQG�$SSOLFDWLRQV�IRU�:LQG�3RZHU��7HFKQLFDO�UHSRUW��3ULQFHWRQ��
1HZ�-HUVH\��$SULO�������

>��@� (�21�� 3UHVHQWDWLRQ� RI� WKH� +XQWRUI� &$(6� 3ODQW�ZZZ�NUDIWZHUN�
ZLOKHOPVKDYHQ�FRP�SDJHV�HN:BGH�+XQWRUI�8HEHUVLFKW�LQGH[�KWP�� ODVW�
UHWULHYHG���'HFHPEHU�������

>��@� 3RZHU� 6RXWK�� 3UHVHQWDWLRQ� RI� WKH� 0F,QWRVK� &$(6� 3ODQW���
ZZZ�SRZHUVRXWK�FRP�PFLQWRVKBSRZHUBSODQW��ODVW�UHWULHYHG���'HFHPEHU�
������

>��@� 0HUULWW��+�(���+\GUDXOLF�FRQWURO�V\VWHPV��������-��:LOH\��
>��@� )LWFK�� (�� DQG� ,�� +RQJ�� +\GUDXOLF� FRPSRQHQW� GHVLJQ� DQG� VHOHFWLRQ��
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(IILFLHQFLHV� IRU� YDULDEOH� K\GUDXOLF� SXPSV� DQG� PRWRUV�� 6ZHGHQ��
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+\GURWHFKQLFDO�&RQVWUXFWLRQ���������������

>��@� )HUQDQGR� 'H� 6DPDQLHJR� 6WHWD�� ³0RGHOLQJ� RI� DQ� $GYDQFHG� $GLDEDWLF�
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