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SRZHU�PDUNHW��DQG�ZLOO�EHFRPH�LQFUHDVLQJO\�PRUH�VR�GXH�WR�WKH�LQFUHVLQJ�FRPPHUFLDOLVDWLRQ

RI�WKH�(XURSHDQ�SRZHU�PDUNHW��$Q�RSWLPL]LQJ�FRQWURO�V\VWHP�IRU�LPSURYLQJ�WKH�ORDG�IROORZLQJ

FDSDELOLW\�RI�SRZHU�SODQW�XQLWV�KDV�WKHUHIRUH�EHHQ�GHYHORSHG��7KH�V\VWHP�LV�LPSOHPHQWHG

DV�D�FRPSOHPHQW��SURGXFLQJ�FRQWURO�VLJQDOV�WR�EH�DGGHG�WR�WKRVH�RI�WKH�H[LVWLQJ�ERLOHU�FRQWURO

V\VWHP��D�FRQFHSW�ZKLFK�KDV�YDULRXV�SUDFWLFDO�DGYDQWDJHV�LQ�WHUPV�RI�LPSOHPHQWDWLRQ�DQG

FRPPLVVLRQLQJ��7KH�RSWLPL]LQJ�FRQWURO�V\VWHP�WDNHV�DFFRXQW�RI�WKH�PXOWLYDULDEOH�DQG�ORDG�GH�

SHQGHQW�QRQOLQHDU�FKDUDFWHULVWLFV�RI�WKH�ERLOHU�SURFHVV��DV�D�VFKHGXOHG�/4*�FRQWUROOHU�ZLWK

IHHGIRUZDUG�DFWLRQ�LV�XWLOL]HG��7KH�/4*�FRQWUROOHU�LPSURYHV�WKH�FRQWURO�RI�FULWLFDO�SURFHVV

YDULDEOHV��PDNLQJ�LW�SRVVLEOH�WR�LQFUHDVH�WKH�ORDG�IROORZLQJ�FDSDELOLW\�RI�D�VSHFLILF�SODQW�

)LHOG�WHVWV�RQ�D�����0:�FRDO�ILUHG�SRZHU�SODQW�XQLW�UHYHDOV�WKDW�WKH�PD[LPXP�DOORZDEOH

ORDG�JUDGLHQW�WKDW�FDQ�EH�LPSRVHG�RQ�WKH�SODQW��FDQ�EH�LQFUHDVHG�IURP���0:�PLQ��WR��

0:�PLQ�

.H\ZRUGV��0XOWLYDULDEOH�FRQWURO��/4*�FRQWURO��IHHGIRUZDUG�FRQWURO��IHHGEDFN�FRQWURO�

VFKHGXOLQJ�DOJRULWKPV��RSWLPL]DWLRQ��SRZHU�VWDWLRQ�FRQWURO��ERLOHUV�

���,1752'8&7,21 VLWXDWLRQ��,Q�WKH�QRW�WRR�GLVWDQW�IXWXUH�'HQPDUN�LV�H[�

,Q�'HQPDUN�GXULQJ�UHFHQW�\HDUV��WKH�QXPEHU�RI�SURGXF� PRVW�OLNHO\�WXUQ�WKH�ORDG�IROORZLQJ�FDSDELOLW\�LQWR�D

WLRQ�XQLWV�VXFK�DV�ZLQG�WXUELQHV�DQG�VPDOO�FRPELQHG FRPPHUFLDO�FRPPRGLW\�

KHDW�DQG�SRZHU�SODQWV�KDV�WDNHQ�D�FOLPE�XSZDUGV��+RZ�

HYHU��WKH�HOHFWULF�SRZHU�SURGXFHG�E\�WKHVH�XQLWV�LV�QRW 7KHVH�LVVXHV�DUH�WKH�UHDVRQV�IRU�GHYHORSLQJ�DQ�RSWLPL]�

DYDLODEOH�IRU�ORDG�FRQWURO�E\�WKH�FHQWUDO�ORDG�GLVSDWFK LQJ�ERLOHU�FRQWURO�V\VWHP��ZLWK�WKH�REMHFWLYH�RI�LPSURY�

FHQWUH��,Q�WKH�ZHVWHUQ�SDUW�RI�'HQPDUN��VXSSOLHG�E\ LQJ�WKH�ORDG�IROORZLQJ�FDSDELOLW\�RI�SRZHU�SODQW�XQLWV�

(/6$0��WKH�UDWLR�EHWZHHQ�WKH�HOHFWULF�SRZHU�SURGXFHG

E\�XQLWV�DYDLODEOH�IRU�WKH�FHQWUDO�ORDG�GLVSDWFK�FHQWUH )RU�WKH�ODVW�������\HDUV��FRQWURO�V\VWHP�PDQXIDFWXUHUV

DQG�XQLWV�WKDW�DUH�QRW�DYDLODEOH�ZDV�DERXW�����LQ������ RI�SRZHU�SODQW�DSSOLFDWLRQV�KDYH�FDUULHG�RXW�H[WHQVLYH

,Q������WKLV�UDWLR�KDG�GHFUHDVHG�WR������DQG�D�IXUWKHU GHYHORSPHQWV��WKXV�W\SLFDOO\�FRQWULEXWLQJ�WR�DQ�LPSURY�

GHFUHDVH�LV�H[SHFWHG�LQ�WKH�IXWXUH��7KLV�PHDQV�WKDW� HG�ORDG�IROORZLQJ�FDSDELOLW\�IRU�UHFHQW�SRZHU�SODQW

IRU�LQVWDQFH�LQ�WKH�FDVH�RI�IRUFHG�SRZHU�SODQW�RXWDJHV XQLWV�RI�DERXW����PLQ�����RI�IXOO�ORDG�SRZHU�SURGXF�

RU�VLJQLILFDQW�FKDQJHV�LQ�ZLQG�WXUELQH�SURGXFWLRQ��WKHUH WLRQ��RI�FRDO�ILUHG�XQLWV��DQG�DERXW����PLQ��IRU�RLO�

LV�DQ�LQFUHDVHG�GHPDQG�RQ�WKH�ORDG�IROORZLQJ�FDSDELOLW\ DQG�JDV�ILUHG�XQLWV��ZKHUHDV�WKH�UDWHV�RI�SRZHU�SODQW

RI�WKH�RWKHU�XQLWV� XQLWV�IURP�WKH�����V�DUH�VRPHZKDW�ORZHU��7KH�QHZHU

5HFHQWO\��'HQPDUN
V�QHLJKERXULQJ�FRXQWULHV·�HOHFWULFLW\ WKHLU�KHLJKHU�HIILFLHQF\��ZKHUHDV�WKH�ROGHU�RQHV�ZLOO

VHFWRUV�LQ�1RUZD\��6ZHGHQ��)LQODQG�DQG�*UHDW�%ULWDLQ RIWHQ�EH�OHIW�WR�KDQGOH�WKH�ORDG�IROORZLQJ�GHPDQG�7KLV

KDYH�JRQH�IURP�D�PRQRSRO\�VHWWLQJ�WR�DQ�RSHQ�PDUNHW H[SODLQV�WKH�QHHG�WR�DGGUHVV�WKH�SUREOHP�RI�LPSURYLQJ

SHFWHG�WR�XQGHUJR�WKH�VDPH�GHYHORSPHQW��ZKLFK�ZLOO

XQLWV�ZLOO�PRVWO\�EH�RSHUDWHG�DW�IXOO�ORDG�EHFDXVH�RI
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)LJ���� 2QFH�WKURXJK�ERLOHU��WXUELQHV�DQG�DGMRLQ�

LQJ�FRPSRQHQWV�DW�696��

WKH�ORDG�IROORZLQJ�FDSDELOLW\�RI�WKH�ROGHU�SRZHU�SODQW

XQLWV�

7KH�ERLOHU�ZLOO�RIWHQ�SRVH�D�OLPLW�RQ�WKH�ORDG�IROORZLQJ

FDSDELOLW\�LQ�D�IRVVLO�ILUHG�SRZHU�SODQW�EHFDXVH���FRP�

SDUHG�WR�WKH�WXUELQH�DQG�JHQHUDWRU�V\VWHP���LW�H[KLELWV

VORZ�G\QDPLFV��7KH�ERLOHU�LWVHOI�LV�FKDUDFWHUL]HG�DV

EHLQJ�PXOWLYDULDEOH��VLQFH�PRVW�RI�WKH�LQSXWV�LQWHUDFW

ZLWK�PRVW�RI�WKH�RXWSXWV��DQG�DV�EHLQJ�QRQOLQHDU��IRU

LQVWDQFH�LQ�WKH�VHQVH�WKDW�WKH�G\QDPLFV�DUH�LQIOXHQFHG

E\�WKH�DFWXDO�RSHUDWLQJ�SRLQW�

7UDGLWLRQDOO\��D�ERLOHU�FRQWURO�V\VWHP�LV�EDVHG�RQ�D

QXPEHU�RI�6,62��VLQJOH�LQSXW��VLQJOH�RXWSXW��FRQWURO

ORRSV��XWLOL]LQJ�WUDGLWLRQDO�JDLQ�VFKHGXOLQJ�WHFKQLTXHV

LQ�RUGHU�WR�FRSH�ZLWK�WKH�QRQOLQHDU�G\QDPLFV��'HVLJQLQJ

DQG�WXQLQJ�WKH�6,62�FRQWURO�ORRSV�RI�D�PXOWLYDULDEOH

SURFHVV�ZLOO�RIWHQ�EH�WHGLRXV�WDVNV��VLQFH�WKH�FRQWURO

ORRSV�LQWHUDFW�ZLWK�RQH�DQRWKHU��OHDGLQJ�WR�D�VXERSWLPDO

UHVXOW��0XOWLYDULDEOH�QRQOLQHDU�FRQWURO�RIIHUV�D�ZD\

RI�UHDFKLQJ�WKH�JRDO�UHIHUUHG�WR�DERYH�

7KLV�SDSHU�GLVFXVVHV�KRZ�WR�GHVLJQ�D�FRQWURO�V\VWHP WKH�VWHDP�WHPSHUDWXUH�EHIRUH�DWWHPSHUDWRU���LV�IHHGEDFN

WKDW�LV�DEOH�WR�LPSURYH�WKH�ORDG�IROORZLQJ�FDSDELOW\ FRQWUROOHG�E\�WKH�IHHGZDWHU�SXPSV��7KH�OLYH�VWHDP

RI�ROGHU�SRZHU�SODQW�XQLWV�E\�WDNLQJ�DFFRXQW�IRU�WKH SUHVVXUH�LV�LQ�WKH�ERLOHU�IROORZLQJ�WXUELQH�RSHUDWLRQDO

FKDUDFWHULVWLFV�PHQWLRQHG�DERYH��,Q�RUGHU�WR�FRSH�ZLWK PRGH�IHHGEDFN�FRQWUROOHG�E\�WKH�ILULQJ�UDWH��DQG�ZLWK

WKH� PXOWLYDULDELOLW\�� DQ� /4*� FRQWUROOHU� �/LQHDU WKH�HOHFWULFDO�RXWSXW�IHHGEDFN�FRQWUROOHG�E\�WKH�WXUELQH

4XDGUDWLF�*DXVVLDQ��ZDV�FKRVHQ��7R�WDNH��DFFRXQW�RI JRYHUQRU��)XUWKHUPRUH��WKHUH�LV�D�GHFRXSOLQJ�IURP

WKH�QRQOLQHDU�G\QDPLFV��WKH�/4*�FRQWUROOHU�ZDV�VFKH� WKH�VWHDP�SUHVVXUH�WR�WKH�IHHGZDWHU�SXPSV��OHWWLQJ�WKH

GXOHG�DFFRUGLQJ�WR�WKH�ERLOHU�ORDG�GHPDQG��)XUWKHU IHHGZDWHU�SXPSV�KHOS�UHWDLQ�WKH�PDLQ�VWHDP�SUHVVXUH�

IHHGIRUZDUG�DFWLRQ�IURP�WKH�ERLOHU�ORDG�GHPDQG�ZDV 7KH�VXSHUKHDWHU�VWHDP�WHPSHUDWXUH�FRQWURO�LV�D�PRGHO�

LQFOXGHG�LQ�WKH�/4*�FRQWUROOHU��VLQFH�LW�ZDV�GHVLUHG EDVHG�FRQFHSW��)HHGIRUZDUG�FRPSHQVDWLRQ�LV�SUHVHQW

WR�UHGXFH�WKH�GLVWXUEDQFHV�WR�WKLV�GHPDQG� IURP�WKH�ERLOHU�ORDG�GHPDQG�WR�WKH�IHHGZDWHU�DQG�IXHO

,PSRUWDQW�ZRUN�LQ�WKLV�ILHOG�KDV�EHHQ�UHSRUWHG�E\�1DND�

PXUD�HW�DO����������ZKHUH�DQ�DSSURDFK�RI�XVLQJ�PXOWL� )RU�WKH�SXUSRVH�RI�IDFLOLWDWLQJ�WKH�GHYHORSPHQW�RI�WKH

YDULDEOH�FRQWURO�WHFKQLTXHV�WR�LPSURYH�WKH�ORDG�IROORZ� RSWLPL]LQJ�FRQWURO�V\VWHP��D�G\QDPLF�VLPXODWLRQ�PRGHO

LQJ�FDSDELOLW\�RI�D�SRZHU�SODQW�XQLW�KDV�EHHQ�GHPRQ� KDV�EHHQ�GHYHORSHG��7KH�G\QDPLF�VLPXODWLRQ�PRGHO

VWUDWHG��,Q��%RUVL�HW�DO���������GHFRXSOLQJ�FRQWURO�KDV RI�WKH�UHOHYDQW�SDUW�RI�696���696��6LPXODWRU���VKRZQ

VXFFHVVIXOO\�EHHQ�XVHG�WR�LPSURYH�WHPSHUDWXUH�SUHVVXUH LQ�)LJ�����KDV�EHHQ�GHYHORSHG�XVLQJ�)UDPDWRPH�7HFK�

LQWHUDFWLRQ�IRU�RQFH�WKURXJK�ERLOHUV��2WKHU�UHODWHG�ZRUN QRORJ\
V�0RGXODU�0RGHOOLQJ�6\VWHP��006����D�VLPXOD�

KDV�EHHQ�WUHDWHG�LQ��3HGHUVHQ�HW�DO���������DQG��1RPXUD WLRQ�WRRO�GHVLJQHG�IRU�WKH�G\QDPLF�VLPXODWLRQ�RI�QXFOHDU

HW�DO��������� DQG�IRVVLO�ILUHG�SRZHU�SODQWV��7KH�QXPHULFDO�VROXWLRQV

���'(9(/230(17�$1'�9$/,'$7,21�2)�$

'<1$0,&�6,08/$7,21�02'(/ 7KH�696��6LPXODWRU�KDV�EHHQ�H[WHQVLYHO\�YDOLGDWHG�

7KH�FRQWURO�FRQFHSW�LV�LQWHQGHG�IRU�D�W\SLFDO�'DQLVK WUROOHUV�LQ�PDQXDO�PRGH���FORVHG�ORRS�YDOLGDWLRQ��FRQ�

����0:�FRDO�ILUHG�SRZHU�SODQW�XQLW�IURP�WKH�����V WUROOHUV�LQ�DXWRPDWLF�PRGH��DQG�WKURXJK�FRPSDULVRQV

LQ�WKH�(/6$0�DUHD��6.�5%�.9�5.(7�8QLW�� EHWZHHQ� VLPXODWLRQ� UHVXOWV� DQG� DFWXDO� SODQW� GDWD�

�696���LV�D�UHSUHVHQWDWLYH�XQLW�RI�WKLV�NLQG��DQG�ZDV ([DPSOHV�RI�WKH�ODWWHU��ZKHUH�WKH�UHVSRQVHV�RI�WKH�OLYH

WKHUHIRUH�XVHG�DV�D�WHVW�FDVH� VWHDP�SUHVVXUH��S ��DQG�WKH�VWHDP�WHPSHUDWXUH�DW�WKH

7KH�ERLOHU�LV�D�RQFH�WKURXJK�ERLOHU�ZLWK�WKH�KHDWLQJ

VXUIDFHV�DUUDQJHG�DV�LOOXVWUDWHG�LQ�)LJ����

7KH�H[LVWLQJ�ERLOHU�FRQWURO�V\VWHP�LV�GHVLJQHG�VR�WKDW

IORZ��DQG�WR�WKH�WXUELQH�JRYHUQRU�

DUH�IRXQG�XVLQJ�WKH�$GYDQFHG�&RQWLQXRXV�6LPXODWLRQ

/DQJXDJH��$&6/��

LQFOXGLQJ�VWDWLF�YDOLGDWLRQ��RSHQ�ORRS�YDOLGDWLRQ��FRQ�

� ���
RXWOHW�RI�VXSHUKHDWHU��E��7 ��DUH�FRPSDUHG��DUH�VKRZQ� �����
LQ�)LJ����DQG����,Q�WKLV�FRPSDULVRQ��D�VWHS�FKDQJH�LV

DGGHG�WR�WKH�IXHO�IORZ��,W�FDQ�EH�VHHQ�WKDW�WKH�UHVSRQVHV

IURP�WKH�696��6LPXODWRU�UHIOHFW�WKH�SURFHVV�G\QDPLFV

TXLWH�ZHOO��DOWKRXJK�WKH�UHDO�SURFHVV�LV�GLVWXUEHG�E\

PLQRU�RVFLODWLRQV�WKDW�DUH�QRW�SUHVHQW�LQ�WKH�VLPXODWLRQV�
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)LJ���� &RPSDULVRQ�EHWZHHQ�VWHDP�WHPSHUDWXUH

7 � IURP� 696�� DQG� 696�� 6LPXODWRU�
�����
IRU�D�VWHS�LQ�DGGLWLYH�IXHO�IORZ�

)URP�WKH�YDOLGDWLRQV��LW�KDV�EHHQ�FRQFOXGHG�WKDW�WKH

696��6LPXODWRU�UHIOHFWV�WKH�SURFHVV�G\QDPLFV�LQ�D�VDWLV�

IDFWRU\�PDQQHU��VR�WKDW�WKH�LQLWLDO�FRQWURO�FRQFHSW�GH�

YHORSPHQW�FDQ�EH�SHUIRUPHG�RQ�WKH�G\QDPLF�VLPXODWLRQ

PRGHO�

)RU�IXUWKHU�LQIRUPDWLRQ�DERXW�WKH�696��6LPXODWRU�UHIHU

WR��0RUWHQVHQ��������DQG��0RUWHQVHQ�HW�DO����������

���&21752/�675$7(*<

)LUVWO\��WKH�JHQHUDO�FRQWURO�VWUDWHJ\�ZLOO�EH�DGGUHVVHG�

7KHQ�WKH�/4*�FRQWUROOHU�DQG�WKH�H[WHQVLRQ�WR�LQFOXGH

IHHGIRUZDUG�DFWLRQ�LV�GHVFULEHG��)XUWKHU��WKH�VFKHGXOLQJ

RI�WKH�/4*�FRQWUROOHU�LV�DGGUHVVHG��DQG�ILQDOO\��WKH

PRUH�VSHFLILF�FRQWURO�VWUDWHJ\�IRU�696��LV�GLVFXVVHG�

�����*HQHUDO�FRQWURO�VWUDWHJ\

7KH�REMHFWLYH�ZDV�WR�LPSURYH�WKH�ORDG�IROORZLQJ�FDS�

DELOLW\�RI�H[LVWLQJ�SRZHU�SODQW�XQLWV��'XULQJ�IDVW�ORDG

FKDQJHV��WKH�PDMRU�SUREOHP�LV�WR�NHHS�FHUWDLQ�FULWLFDO

YDULDEOHV��H�J���VWHDP�WHPSHUDWXUHV�DQG�VWHDP�SUHVVXUH�

ZLWKLQ�SUHGHILQHG�OLPLWV��DV�WRR�ODUJH�GHYLDWLRQV�ZLOO

VHULRXVO\�DIIHFW�WKH�OLIHWLPH�RI�WKH�FRPSRQHQWV��2QH

ZD\�RI�LPSURYLQJ�WKH�ORDG�IROORZLQJ�FDSDELOLW\�RI

SRZHU�SODQWV�LV�WR�LPSURYH�WKH�FRQWURO�RI�WKHVH�FULWLFDO

YDULDEOHV�

,Q�RUGHU�WR�LQFUHDVH�WKH�UREXVWQHVV�DQG�IDFLOLWDWH�FRP�

PLVVLRQLQJ�DQG�VZLWFKLQJ�EHWZHHQ�DXWRPDWLF�DQG�PDQXDO

PRGHV��WKH�FRQWURO�V\VWHP�KDV�EHHQ�GHVLJQHG�DV�D�FRP�

SOHPHQW�WR�WKH�H[LVWLQJ�ERLOHU�FRQWURO�V\VWHP��)LJ���

VKRZV�KRZ�WKH�RSWLPL]LQJ�/4*�FRQWUROOHU�LV�FRQQHFWHG

WR�WKH�H[LVWLQJ�SURFHVV�

)LJ���� 6FKHGXOHG�/4*�FRQWUROOHU�ZLWK�IHHGIRUZDUG

DFWLRQ�IURP�ORDG�GHPDQG�VLJQDO��DV�D�FRP�

SOHPHQW�WR�DQ�H[LVWLQJ�ERLOHU�FRQWURO�V\VWHP�

,W�FDQ�EH�VHHQ�IURP�WKH�ILJXUH�WKDW�WKH�RSWLPL]LQJ�/4*

FRQWUROOHU�FDOFXODWHV�DQ�DGGLWLYH�FRQWURO�VLJQDO�IURP

WKH�FRQWURO�HUURUV��H��DQG�IURP�WKH�ORDG�GHPDQG��ZKLFK
LV�DGGHG�WR�WKH�FRQWURO�VLJQDO�IURP�WKH�H[LVWLQJ�ERLOHU�

FRQWURO�V\VWHP��7KH�SURFHVV�WR�EH�FRQWUROOHG�E\�WKH

RSWLPL]LQJ�FRQWUROOHU�FRPSULVHV�WKH�ERLOHU�DV�ZHOO�DV

WKH�H[LVWLQJ�ERLOHU�FRQWURO�V\VWHP��7KH�DGGLWLYH�FRQWURO

VLJQDO��X ��FDQ�EH�ZHLJKWHG�EHWZHHQ���DQG��������
�

ZKLFK�IDFLOLWDWHV�FRPPLVVLRQLQJ�DQG�VZLWFKLQJ�EHWZHHQ

WKH�DXWRPDWLF�DQG�PDQXDO�RSHUDWLQJ�PRGHV��:KHQ�WKH

FRQWURO�HUURU�LV���DQG�WKH�ORDG�GHPDQG�LV�FRQVWDQW��WKH

DGGLWLYH�FRQWURO�VLJQDO�LV����EHFDXVH�QR�LQWHJUDO�DFWLRQ
LV�LQFOXGHG�LQ�WKH�RSWLPL]LQJ�FRQWUROOHU��WKLV�LV�QRUPDOO\

SUHVHQW�LQ�WKH�H[LVWLQJ�ERLOHU�FRQWURO�V\VWHP���:KHQ

D�FRQWURO�HUURU�H[LVWV��RU�ZKHQ�D�ORDG�FKDQJH�LV�LPSRVHG

RQ�WKH�ERLOHU��WKH�RSWLPL]LQJ�FRQWUROOHU�ZLOO�EH�DFWLYH�

����/4*�&RQWUROOHU

7KH�SUREOHP�RI�ILQGLQJ�WKH�FRQWURO�ODZ�RI�D�OLQHDU�VWDWH�

VSDFH�V\VWHP��ZKHUH�WKH�VWDWHV�DUH�GLUHFWO\�PHDVXUDEOH�

FDQ�EH�VROYHG�E\�IRUPXODWLQJ�D�SHUIRUPDQFH�LQGH[�WR

EH�PLQLPL]HG��7KLV�LV�GRQH�E\�PHDQV�RI�D�ZHLJKWHG

TXDGUDWLF�IXQFWLRQ�RI�WKH�VWDWHV�DQG�WKH�FRQWURO�VLJQDO�

0LQLPL]LQJ�WKLV�IXQFWLRQ�UHVXOWV�LQ�DQ�RSWLPDO�OLQHDU

FRQWUROOHU�NQRZQ�DV�WKH�/LQHDU�4XDGUDWLF�5HJXODWRU

�/45���:KHQ�VWRFKDVWLF�SHUWXUEDWLRQV�DUH�FRQVLGHUHG�
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WKH�/LQHDU�4XDGUDWLF�*DXVVLDQ�5HJXODWRU��/4*��LV $QRWKHU�DSSURDFK�LV�WR�LGHQWLI\�D�PRGHO�LQ�WKH�GLUHFWO\

REWDLQHG��,Q�WKLV�FDVH�WKH�VWDWHV�PXVW�DOVR�EH�HVWLPDWHG� SDUDPHWHUL]HG�LQQRYDWLRQV�IRUP��ZKHUH�WKH�.DOPDQ

7KH�VWDWH�VSDFH�PRGHO�RI�WKH�V\VWHP�WR�EH�FRQWUROOHG LQ�WKH�V\VWHP�LGHQWLILFDWLRQ�

LV�

ZKHUH�[�LV�WKH�VWDWH�YHFWRU��X�WKH�LQSXW�YHFWRU�DQG�\

WKH�RXWSXW�YHFWRU��7KH�SURFHVV�QRLVH�Z�N��DQG�WKH

PHDVXUHPHQW�QRLVH�Y�N��DUH�DVVXPHG�WR�EH�VHTXHQFHV
RI�LQGHSHQGHQW�UDQGRP�YDULDEOHV�ZLWK�]HUR�PHDQ�YDOXHV

DQG�FRYDULDQFHV�

$FFRUGLQJ�WR�WKH�VHSDUDWLRQ�WKHRUHP��FI���,VHUPDQQ

�������WKH�GHVLJQ�RI�WKH�/4*�FRQWUROOHU�FDQ�EH�GLYLGHG

LQWR�WZR�SDUWV��RQH�FRQFHUQHG�ZLWK�DQ�RSWLPDO�FRQWURO

SUREOHP��DQG�RQH�FRQFHUQHG�ZLWK�DQ�RSWLPDO�ILOWHULQJ

SUREOHP��7KHVH�WZR�LVVXHV�ZLOO�EH�GHVFULEHG�EHORZ�

2SWLPDO�FRQWURO��7KH�SHUIRUPDQFH�LQGH[�LQ�WKH�RSWLPDO
FRQWURO�SUREOHP�LV�GHILQHG�DV�

ZKHUH�4 �ZKLFK�LV�SRVLWLYH�GHILQLWH��DQG�4 �ZKLFKB(C � � � � � � D C
LV�SRVLWLYH�VHPLGHILQLWH��DUH�WKH�ZHLJKW�PDWULFHV�XVHG

IRU�WXQLQJ�WKH�FRQWUROOHU�

7KH�OLQHDU�VWDWH�IHHGEDFN�FRQWUROOHU�JLYHQ�E\�

ZKLFK�PLQLPL]HV�WKH�SHUIRUPDQFH�LQGH[��7KLV�LV�FDO�

FXODWHG�E\��,VHUPDQQ�������

ZKHUH�6� LV�JLYHQ�DV� WKH� VWDWLRQDU\� VROXWLRQ� WR� WKH
GLVFUHWH�5LFFDWL�PDWUL[�HTXDWLRQ�

2SWLPDO�ILOWHULQJ��7KH�RSWLPDO�ILOWHULQJ�SUREOHP�FDQ
EH�VROYHG�XVLQJ�WKH�.DOPDQ�ILOWHU�

ZKHUH�[A�LV�WKH�HVWLPDWHG�VWDWH�DQG�.�WKH�.DOPDQ�JDLQ�

7KH�.DOPDQ�JDLQ�.�FDQ�EH�FDOFXODWHG�DV��6|GHUVWU|P
������

ZKHUH�3�LV�WKH�VWDWLRQDU\�VROXWLRQ�WR�WKH�GLVFUHWH�5LFFDWL
PDWUL[�HTXDWLRQ�

$FFRUGLQJ�WR�WKH�VHSDUDWLRQ�WKHRUHP��WKH�VWDWH�HVWLPDWH

[A�FDQ�EH�XVHG�LQ�WKH�FRQWURO�ODZ�JLYHQ�LQ�HT������

JDLQ�LV�HVWLPDWHG�WRJHWKHU�ZLWK�WKH�PRGHO�SDUDPHWHUV

,W�FDQ�EH�VKRZQ�WKDW�����DQG������DUH�VWDWLVWLFDOO\�HTXLYD�

OHQW�GHVFULSWLRQV��9DQ�2YHUVFKHH�HW�DO����������6LQFH
WKHUH�LV�RIWHQ�QR�DYDLODEOH�NQRZOHGJH�DERXW�WKH�FRYDUL�

DQFHV�LQ�HT�������WKLV�PHWKRG�LV�D�JRRG�DOWHUQDWLYH�

����)HHGIRUZDUG�DFWLRQ�ZLWK�DQ�/4*�FRQWUROOHU

$�VWDWH�VSDFH�PRGHO�RI�WKH�V\VWHP�WR�EH�FRQWUROOHG

LQFOXGLQJ�D�PHDVXUDEOH�GLVWXUEDQFH�G�N���LV�

$�W\SLFDO�GLVWXUEDQFH�VLJQDO�G�N��IRU�WKH�SODQW�FDQ�EH
GHVFULEHG�E\�WKH�DXWRQRPRXV��QR�LQSXWV��VWDWH�VSDFH

PRGHO�

&RPELQLQJ�HT�������DQG�HT��������WKH�IROORZLQJ�H[WHQG�

HG�VWDWH�VSDFH�PRGHO�LV�REWDLQHG�

ZKLFK� LV� RQ� WKH� VWDQGDUG� IRUP� ����� $SSO\LQJ� WKH

FRQWUROOHU�V\QWKHVLV�LQ�HT������DQG�HT������UHVXOWV�LQ

WKH�IROORZLQJ�VWDWH�IHHGEDFN�ODZ�

ZLWK�WKH�VWDWH�HVWLPDWRU�

ZKHUH�[ �N��LV�PHDVXUDEOH�DQG�[A�N��LV�HVWLPDWHG�E\�WKH

FORVHG�ORRS�VWDWH�HVWLPDWRU�

7KH�VWUXFWXUH�RI�WKH�/4*�FRQWUROOHU�ZLWK�LQWHJUDWHG

IHHGIRUZDUG�DFWLRQ�LV�VKRZQ�LQ�)LJ����
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)LJ���� /4*�FRQWUROOHU�ZLWK�LQWHJUDWHG�IHHGIRU�

ZDUG�DFWLRQ�

$�FRQWUROOHU�RI�WKLV�W\SH�LV�FKDUDFWHUL]HG�E\�EHLQJ�UHOD�

WLYHO\�VLPSOH��ZLWK�VLPXOWDQHRXV�WXQLQJ�RI�WKH�IHHGIRU�

ZDUG�SDUW�DQG�WKH�IHHGEDFN�SDUW�

$V�DQ�DOWHUQDWLYH�WR�WKLV��WKH�IHHGIRUZDUG�SDUW�DQG�WKH

IHHGEDFN�SDUW�FDQ�EH�VHSDUDWHG��JLYLQJ�WKH�SRVVLELOLW\

RI�WXQLQJ�WKH�WZR�SDUWV�LQGLYLGXDOO\��DW�WKH�H[SHQVH

RI�D�PRUH�FRPSOH[�VWUXFWXUH�

7KH�IHHGIRUZDUG�FRQWUROOHU�LV�JLYHQ�DV�

ZLWK�

ZKHUH�[ �N��LV�PHDVXUDEOH�DQG�[A �N��LV�HVWLPDWHG�E\
 � � � � M M
WKH�RSHQ�ORRS�VWDWH�HVWLPDWRU�

7KH�IHHGEDFN�FRQWUROOHU�LV�JLYHQ�DV�

ZLWK�WKH�FORVHG�ORRS�VWDWH�HVWLPDWRU�

ZKHUH�X�N� X �N��X �N��M � M M
7KH�VWUXFWXUH�RI�WKH�/4*�FRQWUROOHU�ZLWK�FRRUGLQDWHG

IHHGIRUZDUG�DFWLRQ�LV�VKRZQ�LQ�)LJ����

)LJ���� /4*�FRQWUROOHU�ZLWK� FRRUGLQDWHG� IHHG�

IRUZDUG�DFWLRQ�

����6FKHGXOLQJ�DQ�/4*�FRQWUROOHU

,I�LW�LV�NQRZQ�KRZ�WKH�G\QDPLFV�RI�D�SURFHVV�FKDQJH

ZLWK�WKH�RSHUDWLQJ�FRQGLWLRQV�RI�WKH�SURFHVV��LW�LV�SRV�

VLEOH�WR�FKDQJH�WKH�FRQWUROOHU�SDUDPHWHUV�DFFRUGLQJO\�

NQRZQ�DV�JDLQ�VFKHGXOLQJ��

$�PHDVXUDEOH�SURFHVV�YDULDEOH��ZKLFK�LV�GHVFULSWLYH

RI� WKH� RSHUDWLQJ� FRQGLWLRQ� DQG� XVHG� WR� DGMXVW� WKH

FRQWUROOHU�SDUDPHWHUV��LV�NQRZQ�DV�D�VFKHGXOLQJ�YDULDEOH

"��DQG�LV�LQ�WKLV�FRQWH[W�DVVXPHG�WR�EH�D�VFDODU��$�VHW

- ^" �����" `��FRQWDLQLQJ�P�YDOXHV�RI�WKH�VFKHGXOLQJ� N
YDULDEOH�LV�FKRVHQ�DQG�DUUDQJHG�DFFRUGLQJ�WR��"!"O P
IRU�L!M��)RU�HDFK�YDOXH�RI�"�LQ�WKH�VHW�-�D�OLQHDU�PRGHO
�$��%��&��.��LV�JLYHQ�DQG�IRU�HDFK�PRGHO�WKH�VWDWH

IHHGEDFN�PDWUL[�/�LV�GHVLJQHG�DFFRUGLQJ�WR�HTV�����
DQG�����

7KH�/4*�FRQWUROOHU��$��%��&��.��/��FDQ�EH�VFKHGXOHG
EHWZHHQ�WKH�IUR]HQ�RSHUDWLQJ�SRLQWV�DFFRUGLQJ�WR�OLQHDU

LQWHUSRODWLRQ�

ZKHUH��O� ��������P���

$�GLVDGYDQWDJH�RI�WKLV�PHWKRG�LV�WKDW�QR�VHFXULW\�RI

WKH�SODFHPHQW�RI�WKH�FORVHG�ORRS�SROHV�LV�JLYHQ�EHWZHHQ

WKH�IUR]HQ�RSHUDWLQJ�SRLQWV�LQ�-�

$Q�DOWHUQDWLYH�LV�WR�VFKHGXOH�WKH�FRQWURO�VLJQDOV�GLUHFWO\�

ZKHUH��O� ��������P���



[�N%�� ' $[�N� % %X�N� % % # G�N� % .H�N�

\�N� ' &[�N� % H�N��

−10 −5 0 5 10 15 20 25 30 35 40
−10

−5

0

5

10

Time [Min.]

p sh
3,

er
r [B

ar
]

Load Change from 55 % to 100 % at 4 %/min.

With LQG−Controller   
Without LQG−Controller

−10 −5 0 5 10 15 20 25 30 35 40
−40

−20

0

20

40

Time [s]

T
sh

1b
,e

rr
 [°

C
]

With LQG−Controller   
Without LQG−Controller

−10 −5 0 5 10 15 20 25 30 35 40
−1

−0.5

0

0.5

1

1.5

Time [Min.]

m
fu

el
,a

dd
 [k

g/
s]

Load Change from 55 % to 100 % at 4 %/min.

−10 −5 0 5 10 15 20 25 30 35 40
−5

0

5

10

15

Time [Min.]

m
fw

,a
dd

 [k
g/

s]

����

�����6SHFLILF�FRQWURO�VWUDWHJ\�IRU�WKH�696��XQLW 2XWVLGH�WKH�LQWHUYDO�, �WKH�/4*�FRQWUROOHU�IRU�WKH

/RDG�FKDQJHV�SHUIRUPHG�RQ�696��IURP�����WR�����

DW�D�JUDGLHQW�RI���0:�PLQ���UHJDUGHG�DV�WKH�PD[LPXP )LJ����VKRZV�WKH�UHVSRQVHV�RI�S �DQG�7 ��$

DOORZDEOH��RQO\�SHUIRUPHG�LQ�FULWLFDO�VLWXDWLRQV��UHVXOW UHGXFWLRQ�LQ�WKH�ILUVW�SHDN�RI�7 �RI�DERXW�����ZDV

LQ�VHW�SRLQW�GHYLDWLRQV�RI�DERXW����E&�DQG����E&�RI REWDLQHG��ZKLOH�WKH�VHFRQG�DOPRVW�GLVDSSHDUHG��$�PLQRU

WKH�VWHDP�WHPSHUDWXUH�DW�WKH�RXWOHW�RI�VXSHUKHDWHU��E LPSURYHPHQW�LQ�S �ZDV�REWDLQHG�DV�ZHOO��

�7 ���6HW�SRLQW�GHYLDWLRQV�RI�WKH�RXWOHW�VWHDP�SUHVVXUHQ R�S=T
�S ��DQG�WKH�KLJK�SUHVVXUH�DQG�ORZ�SUHVVXUH�RXWOHW )LJ����VKRZV�WKH�FRUUHVSRQGLQJ�DGGLWLYH�FRQWURO�VLJQDOVQ�R	U
VWHDP�WHPSHUDWXUHV�DUH�ZLWKLQ�DFFHSWDEOH�OLPLWV� LQ�IXHO�DQG�IHHGZDWHU��7KH�DFWLRQ�WDNHQ�E\�WKH�/4*

7KH�GHYLDWLRQV�RI�7 �DUH�FRQVLGHUHG�DV�WKH�OLPLWLQJ WHPSHUDWXUH�EHFRPHV�WRR�KLJK��DGGLWLRQDO�IHHGZDWHUQ R�S(T
IDFWRU�IRU�WKH�ORDG�IROORZLQJ�FDSDELOLW\�RI�WKH�ERLOHU LV�JLYHQ��QRWH�WKDW�WKH�FRQWURO�HUURU�LV�GHILQHG�DV�WKH

DQG�KHQFH�RI�WKH�XQLW�DV�D�ZKROH��,PSURYHPHQW�RI�WKH UHIHUHQFH�YDOXH�PLQXV�WKH�PHDVXUHG�YDOXH���ZKLFK�UH�

FRQWURO�RI�7 �DW�ORDG�FKDQJHV�LV�WKHUHIRUH�H[SHFWHG VXOWV�LQ�ORZHU�VWHDP�WHPSHUDWXUH�DQG�KLJKHU�SUHVVXUH�Q R�S(T
WR�LPSURYH�WKH�ORDG�IROORZLQJ�FDSDELOLW\�RI�WKH�XQLW� 7KH�KLJKHU�SUHVVXUH�LV�FRPSHQVDWHG�IRU�E\�OHVV�IXHO�

,Q�WKH�RSWLPL]LQJ�FRQWURO�V\VWHP��WKH�IROORZLQJ�FRQWURO ZDV�IRXQG�WKDW�WKH�IHHGIRUZDUG�SDUW�RI�WKH�/4*�FRQWURO�

LQSXWV�DUH�XVHG� OHU�LV�LPSRUWDQW�EHFDXVH�RI�WKH�VLJQLILFDQW�ODJ�IURP

� $GGLWLYH�FRQWURO�VLJQDO�WR�IXHO�IORZ��P �
V�W�X�Y[Z \ ]�^�^

� $GGLWLYH�FRQWURO�VLJQDO�WR�IHHGZDWHU�IORZ��P �
V�W=_�\ ]�^�^

7KH�IROORZLQJ�FRQWUROOHG�RXWSXW�YDULDEOHV�DUH�XVHG�

� &RQWURO�HUURU�RQ�RXWOHW�VWHDP�SUHVVXUH��S �Q�R	U \ Y=`�`
� &RQWURO�HUURU�RQ�VWHDP�WHPSHUDWXUH�DIWHU�VXSHUKHDWHU

�E��7 �Q�R	S�T \ Y[`�`
� (YDSRUDWRU�WHPSHUDWXUH��7 �

Y�a=]

)HHGIRUZDUG�DQG�VFKHGXOLQJ�DUH�LQWURGXFHG�IURP�WKH

ERLOHU�ORDG�GHPDQG�3 ��b

7KH�GHVLJQ�JRDO�LV�KHQFH��GXULQJ�ORDG�FKDQJHV��WR�GH�

FUHDVH�WKH�GHYLDWLRQV�LQ�7 �ZLWKRXW�GHJUDGLQJ�WKHQ R�S(T \ Y[` `
FRQWURO�RI�S �Q�R	U \ Y[`�`

���'(6,*1�$1'�7(67�2)�7+(�/4*

&21752//(5�21�7+(�696��6,08/$725�

(LJKWK�RUGHU�OLQHDU�VWDWH�VSDFH�PRGHOV�RI�WKH�IRUP�

IRU�WKH�RSHUDWLQJ�SRLQWV�-  ^����0:������0:�����Q c d X
0:` ^�������������`�ZHUH�HVWLPDWHG�IURP�696�
6LPXODWRU�GDWD�XVLQJ�WKH�1�6,'��VXEVSDFH�V\VWHP�LGHQ�

WLILFDWLRQ�PHWKRG��FI���9DQ�2YHUVFKHH�HW�DO��������
DQG��0DWK:RUNV�������

$Q�/4*�FRQWUROOHU�ZLWK�LQWHJUDWHG�IHHGIRUZDUG�DFWLRQ

ZDV�GHVLJQHG�IRU�HDFK�RSHUDWLQJ�SRLQW�LQ�- ��7KH�VWDWHQ�c d X
IHHGEDFN�LV�FDOFXODWHG�IURP�WKH�FRQWUROODEOH�SDUW�RI

HT��������UHZULWWHQ�WR�WKH�IRUP�RI�HT��������ZLWK�G�N�
JLYHQ�DV�D�VWHS�GLVWXUEDQFH��DQG�KHQFH�ZLWK�WKH�VWDWH

IHHGEDFN�PDWUL[�RI�WKH�IRUP�������7KH�/4*�FRQWUROOHU

IRU�3 0,  >��������@�LV�REWDLQHG�E\�VFKHGXOLQJb Q
c d X
WKH�/4*�FRQWUROOHUV�GHVLJQHG�IRU�WKH�RSHUDWLQJ�SRLQWV

3 �EHORQJLQJ�WR�WKH�VHW�- �DFFRUGLQJ�WR�HT�������b � � � � � Q�c d X

Q�c d X
FORVHVW�" �LV�XVHG�

Z

Q�R	U \ Y=`�` � � Q�R	S�T \ Y[`�`
Q R�S[Q Z \ Y
` `

Q�R	U \eY=`�`

FRQWUROOHU�FDQ�EH�H[SODLQHG�DV�IROORZV��VLQFH�WKH�VWHDP

ZKLFK�DOVR�UHVXOWV�LQ�D�ORZHU�VWHDP�WHPSHUDWXUH��,W

WKH�FRQWURO�LQSXWV�WR�7 �Q�R	S�T

)LJ���� /RDG� FKDQJH� IURP� ���� ORDG� WR� ����� DW

���PLQ��5HVSRQVH�IRU�S �DQG�7 �Q�R	U \ Y=`�` � � f R	S \ Y=`�`

)LJ���� /RDG� FKDQJH� IURP� ���� ORDG� WR� ����� DW

���PLQ��$GGLWLYH�FRQWURO�VLJQDOV�

���'(6,*1�$1'�7(67�2)�7+(�/4*�&21�

752//(5�21�7+(�696��81,7�
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%DVHG�RQ�WKH�SURPLVLQJ�UHVXOWV�REWDLQHG�RQ�WKH�696��

6LPXODWRU�XVLQJ�DQ�/4*�FRQWUROOHU�ZLWK�LQWHJUDWHG

IHHGIRUZDUG�DFWLRQ��WKLV�FRQWUROOHU�W\SH�LV�WKH�EDVLV

IRU�WKH�WHVW�RQ�WKH�UHDO�SODQW�

����/4*�FRQWUROOHU�ZLWK�LQWHJUDWHG�IHHGIRUZDUG�DFWLRQ

6LPLODU�WR�WKH�696��VLPXODWRU�FDVH��� �RUGHU�PRGHOV
g h

RI�WKH�IRUP������DUH�HVWLPDWHG�IRU�WKH�RSHUDWLQJ�SRLQWV

LQ�-  ^����0:������0:������0:������0:` i	j	i�k
^��������������������������`��- �LV�FKRVHQ�LQi�j�i�k
RUGHU�QRW�WR�FRLQFLGH�ZLWK�VWDUWLQJ�VWRSSLQJ�RI�WKH�FRDO

PLOOV��DQG�WR�WDNH�DFFRXQW�RI�WKH�FKDUDFWHULVWLFV�RI�WKH

PRGLILHG�VOLGLQJ�SUHVVXUH�RSHUDWLRQ��/4*�FRQWUROOHUV

ZLWK�LQWHJUDWHG�IHHGIRUZDUG�DFWLRQ�DUH�GHVLJQHG�DV�GH�

VFULEHG�LQ�6HFWLRQ����

)URP�WKH�WHVWLQJ�RI�WKHVH�FRQWUROOHUV�LQ�WKHLU�UHVSHFWLYH

ORDG�SRLQWV��L�H��QR�VFKHGXOLQJ�LV�SHUIRUPHG��WKH�IROORZ�

LQJ�FRQFOXVLRQ�FDQ�EH�GUDZQ��WKH�LQWHJUDWHG�GHVLJQ

LV�QRW�DSSURSULDWH��VLQFH�WKH�OLPLWDWLRQ�RQ�WKH�EDQGZLGWK

LQ�WKH�IHHGEDFN�ORRS��IRU�VWDELOLW\�UHDVRQV��DOVR�OLPLWV

WKH�SHUIRUPDQFH�RI�WKH�IHHGIRUZDUG�SDUW��

,Q�SUDFWLFH�LW�LV�WKHUHIRUH�QRW�SRVVLEOH�WR�REWDLQ�WKH

VDPH�UHVXOWV�DV�RQ�WKH�696��VLPXODWRU��7R�RYHUFRPH

WKLV�OLPLWDWLRQ��WKH�/4*�FRQWUROOHU�ZLWK�FRRUGLQDWHG

IHHGIRUZDUG�DFWLRQ�GHVFULEHG�LQ�6HFWLRQ�����KDV�EHHQ

GHYHORSHG�

����/4*�FRQWUROOHU�ZLWK�FRRUGLQDWHG�IHHGIRUZDUG�DFWLRQ

7KH�/4*�FRQWUROOHU�ZLWK�FRRUGLQDWHG�IHHGIRUZDUG

DFWLRQ�RYHUFRPHV�WKH�SUREOHPV�GHVFULEHG�DERYH��VLQFH

LW� DOORZV� VHSDUDWH� WXQLQJ� RI� WKH� IHHGIRUZDUG� DQG

IHHGEDFN�SDUWV�RI�WKH�FRQWUROOHU�

)HHGIRUZDUG�SDUW

)HHGIRUZDUG�FRQWUROOHUV�RI�WKH�IRUP������DUH�GHVLJQHG

IRU�HDFK�RSHUDWLQJ�SRLQW�LQ�- ��DQG�ZKHUH�WKH�RSHQ�i	j	i�k
ORRS�REVHUYHU�LV�JLYHQ�E\�HT�������

7KH�VHQVLWLYLW\�IXQFWLRQ�IURP�WKH�ORDG�GLVWXUEDQFH�3b
WR�WKH�RXWSXWV�S �DQG�7 �LV�VKRZQ�LQ�)LJ����IRUQ R�U \ Y[` ` � � Q R�S(T \ Y�` `
WKH�����0:�RSHUDWLQJ�SRLQW��7KLV�SORW�UHYHDOV�WKDW

WKH�LPSDFW�RI�WKH�ORDG�FKDQJH�RQ�S �DQG�7 �LVQ R�U \ Y�` ` � � Q�R	S�T \ Y[`�`
VLJQLILFDQWO\�UHGXFHG�

)LJ���� 6HQVLWLYLWLHV�IURP�3 �WR�S �DQG�7 �IRUb � � Q R�U \ Y[` ` � � Q R�S(T \ Y[` `
WKH�����0:�RSHUDWLQJ�SRLQW�

)LJ�����VKRZV�WKH�UHVSRQVHV�IRU�D�ORDG�FKDQJH�IURP

����0:�WR�����0:�DW�D�JUDGLHQW�RI���0:�PLQ��IRU

WKH�WZR�FDVHV�ZLWK�DQG�ZLWKRXW�WKH�/4�IHHGIRUZDUG

FRQWUROOHU�DFWLYH��)LJ�����VKRZV�WKH�FRUUHVSRQGLQJ

DGGLWLYH�FRQWURO�VLJQDOV�

)LJ����� &RPSDULVRQ�EHWZHHQ�S �DQG�7 �IRUQ R�U \ Y�` ` � � Q R�S(T \ Y�`�`
WKH�WZR�FDVHV��ZLWK�DQG�ZLWKRXW�/4�IHHG�

IRUZDUG�FRQWURO�DW�D�ORDG�FKDQJH�IURP����

0:�WR�����0:�

)LJ����� $GGLWLYH�FRQWURO�VLJQDOV�
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Load change from 110 MW to 130 MW at 4 MW/min.
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Load change from 110 MW to 130 MW at 4 MW/min.

0 5 10 15 20 25
−5

0

5

10

m
fw

,a
dd

,ff
 [k

g/
s]

Time [Min.]

0 10 20 30 40 50 60 70
−4

−2

0

2

4

p sh
3,

er
r [B

ar
]

Time [Min.]

Load changes between 170 MW to 200 MW at 8 MW/min.
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7KH�ILHOG�WHVW�UHVXOWV�UHYHDO�WKDW�DQ�LPSURYHPHQW�FORVH ,W�FDQ�EH�VHHQ�WKDW�VLPLODU�UHVXOWV�DUH�REWDLQHG�LQ�WKH

WR�WKDW�FDOFXODWHG�WKHRUHWLFDOO\�DQG�JLYHQ�LQ�)LJ����LV FRQWURO�RI�7 ��ZKLOH�WKH�FRQWURO�RI�S �LV�DV�LQ

REWDLQHG��7KH�DFWLRQ�RI�WKH�/4�IHHGIRUZDUG�FRQWUROOHU WKH�VWDWXV�TXR�

FDQ�EH�LQWHUSUHWHG�DV�IROORZV��WKH�GHFUHDVH�LQ�VWHDP

WHPSHUDWXUH��QRWH�WKDW�WKH�FRQWURO�HUURU�LV�GHILQHG�DV 7KH�/4�IHHGIRUZDUG�FRQWUROOHU�IRU�3 0,  >����0:�
WKH�UHIHUHQFH�YDOXH�PLQXV�WKH�PHDVXUHG�YDOXH��LV�FRP� ����0:@�LV�REWDLQHG�E\�VFKHGXOLQJ�WKH�RSHUDWLQJ�SRLQW
SHQVDWHG�IRU�E\�LQFUHDVLQJ�WKH�IXHO�UDWH�DQG�GHFUHDVLQJ VSHFLILF�/4�IHHGIRUZDUG�FRQWUROOHUV�GHVLJQHG�IRU�WKH

WKH�IHHGZDWHU�UDWH��ZKLFK�ERWK�UHVXOW�LQ�DQ�LQFUHDVHG RSHUDWLQJ�SRLQWV�3 �EHORQJLQJ�WR�WKH�VHW�- �DFFRUGLQJ

VWHDP�WHPSHUDWXUH��7KHVH�WZR�DFWLRQV�KDYH�D�PXWXDOO\ WR�HT��������6FKHGXOLQJ�DFFRUGLQJ�WR�HT�������UHVXOWHG

RSSRVLWH�LPSDFW�RQ�WKH�VWHDP�SUHVVXUH��ZKLFK�DOWRJHWKHU LQ�DQ�XQVWDEOH�/4�IHHGIRUZDUG�FRQWUROOHU�IRU�FHUWDLQ

UHVXOWV�LQ�D�UHGXFHG�VWHDP�SUHVVXUH�GHYLDWLRQ� LQWHUYDOV�RI�3 ��GXH�WR�WKH�ODFN�RI�FRQWURO�RI�WKH�/4

6LPLODU� LPSURYHPHQWV� KDYH� EHHQ� REWDLQHG� IRU� DOO RI�WKH�WZR�VFKHGXOLQJ�PHWKRGV��UHIHU�WR�0RUWHQVHQ�
RSHUDWLQJ�SRLQWV�LQ�- ��)RU�WKH�����0:�RSHUDWLQJ -�+��������i	j	i�k
SRLQW�WKH�LPSURYHPHQWV�VKRZQ�LQ�)LJ�����KDYH�EHHQ

REWDLQHG�E\�WKH�DGGLWLYH�FRQWURO�VLJQDOV�VKRZQ�LQ�)LJ� ,PSURYHG�FRQWURO�RI�WKH�FULWLFDO�SURFHVV�YDULDEOH�GXULQJ

����,Q�WKLV�FRPSDULVRQ��IRXU�LGHQWLFDO�ORDG�FKDQJHV ORDG�FKDQJHV�UHVXOWV�LQ�WKH�SRVVLELOLW\�RI�LQFUHDVLQJ

KDYH�EHHQ�SHUIRUPHG��WZR�ZLWK�DQG�WZR�ZLWKRXW�/4 WKH�PD[LPXP�DOORZDEOH�ORDG�JUDGLHQW�ZLWKRXW�VWUHVVLQJ

IHHGIRUZDUG��LQ�RUGHU�WR�LQGLFDWH�WKH�FRQVLVWHQF\�RI WKH�SODQW�IXUWKHU��3UDFWLFDO�H[SHULPHQWV�KDYH�H[DPLQHG

WKH�REWDLQHG�UHVXOWV� WKH�H[WHQW�WR�ZKLFK�WKH�/4�IHHGIRUZDUG�FRQWUROOHU�UH�

)LJ����� &RPSDULVRQV� EHWZHHQ� S � DQG� 7Q�R	U \ Y[`�` � � Q�R�S�T \ Y=`�`
IRU�WKH�WZR�FDVHV��ZLWK�DQG�ZLWKRXW�IHHG�

IRUZDUG� FRQWURO�� DW� D� ORDG� FKDQJH� IURP

����0:�WR�����0:�

)LJ����� $GGLWLYH�FRQWURO�VLJQDOV�

Q R�S(T \ Y[` ` � � � � � Q�R	U \ Y=`�`

b i�j�i�k

b � � � � � i�j�i�k

b
IHHGIRUZDUG�FRQWUROOHU�SROHV��)RU�D�IXUWKHU�GLVFXVVLRQ

VXOWV�LQ�DQ�LPSURYHG�ORDG�IROORZLQJ�FDSDELOLW\��7KH

FULWHULRQ�IRU�GHWHUPLQLQJ�WKH�QHZ�DOORZDEOH�PD[LPXP

ORDG�JUDGLHQW�KDV�EHHQ�WKDW�GHYLDWLRQV�LQ�7 �PD\Q�R	S�T \ Y[`�`
QRW�LQFUHDVH��HLWKHU�LQ�DPSOLWXGH�RU�LQ�JUDGLHQW��DQG

WKH�JUDGLHQW�RI�7 �PD\�QRW�H[FHHG��E&�PLQ��
Y[a[]

)LJ�����WR����VKRZ�WKH�UHVSRQVHV�LQ�WKH�PDLQ�YDULDEOHV

IRU�ORDG�FKDQJHV�EHWZHHQ�����0:�DQG�����0:�DW

��0:�PLQ��7KH�GHYLDWLRQV�LQ�7 ��7 �DQG�SQ R�S(T \ Y�` ` � Y�a=]
� � Q�R	U \ Y=`�`

DUH�NHSW�ZLWKLQ�DFFHSWDEOH�OLPLWV��JLYLQJ�WKH�SRVVLELOLW\

RI�SHUIRUPLQJ�VKRUWHU���0:�PLQ��ORDG�FKDQJHV�LQ�WKH

GDLO\�RSHUDWLRQ��,W�FDQ��KRZHYHU��DOVR�EH�VHHQ�WKDW�WKH

FRQWURO�RI�7 �LV�GHJUDGHG�ZLWK�UHVSHFW�WR�WKH���Q�R	S�T \ Y[`�`
0:����0:�PLQ��ORDG�FKDQJHV��'HYLDWLRQV�LQ�7 Q R�S(T \ Y�` `
DUH�NHSW�WR�D�PLQLPXP�LQVLGH�WKH�ILUVW����PLQ����DIWHU

ZKLFK�DQ�LQFUHDVH�GHFUHDVH�FDQ�EH�REVHUYHG��7KLV

SKHQRPHQRQ�LV�FRQQHFWHG�WR�D�FKDQJH�LQ�WKH�G\QDPLFV

RI�WKH�7 �GXULQJ�IDVWHU�ORDG�FKDQJHV�FDXVHG�E\�WKHQ R�S(T \ Y�` `
H[LVWLQJ�ERLOHU�FRQWURO�V\VWHP��,W�LV�H[SHFWHG�WKDW�WKH

IHHGEDFN�SDUW�ZLOO�UHGXFH�WKLV�GLVWXUEDQFH�

)LJ����� 5HVSRQVH� RI� S � DQG� 7 � IRU� WZRQ�R	U \ Y=`�` � � Q�R	S�T \ Y[`�`
ORDG�FKDQJHV�EHWZHHQ�����0:�DQG����

0:�DW���0:�PLQ�
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Load changes between 170 MW to 200 MW at 8 MW/min.
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Load changes between 170 MW to 200 MW at 8 MW/min.
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)LJ����� (YDSRUDWRU�VWHDP�WHPSHUDWXUH��7 ��DQG
Y[a[]

ERLOHU� ORDG� GHPDQG�� 3 �� IRU� WZR� ORDGb
FKDQJHV�EHWZHHQ�����0:�DQG�����0:�DW

��0:�PLQ�

)LJ����� $GGLWLYH� FRQWURO� VLJQDOV� IRU� WZR� ORDG

FKDQJHV�EHWZHHQ�����0:�DQG�����0:�DW

��0:�PLQ�

)HHGEDFN�SDUW

7KH�SXUSRVH�RI�WKH�IHHGEDFN�SDUW�RI�WKH�/4*�FRQWUROOHU

ZLWK�FRRUGLQDWHG�IHHGIRUZDUG�DFWLRQ��LV�GHILQHG�DV�D

JHQHUDO�LPSURYHPHQW�RI�WKH�VWDELOLW\�RI�WKH�ERLOHU��DQG

VSHFLILFDOO\�WR�UHGXFH�WKH�LPSDFW�RI�VWDUWLQJ�VWRSSLQJ

WKH�FRDO�PLOOV�RQ�WKH�FRQWUROOHG�YDULDEOHV�VLQFH�WKLV

HYHQW�RFFXUV�GXULQJ�ORDG�FKDQJHV��6WDUWLQJ�VWRSSLQJ

RI�FRDO�PLOOV�LQWURGXFHV�VLJQLILFDQW�WUDQVLHQW�GLVWXUEDQFHV

LQ�WKH�IXUQDFH��LQ�WKH�IRUP�RI�D�WHPSRUDU\�FKDQJH�LQ

FRDO�DQG�FRPEXVWLRQ�DLU�IORZ��ZKLFK�DIIHFW�VWHDP�WHPSH�

UDWXUHV�DQG�WKH�VWHDP�SUHVVXUH��,W�LV�LQWHQGHG��E\�GH�

VLJQLQJ�WKH�/4*�FRQWUROOHU�JLYHQ�E\�HTV�������DQG������

WR�UHMHFW�GLVWXUEDQFHV�HQWHULQJ�IURP�WKH�IXUQDFH��/4*

FRQWUROOHUV�IRU�D�VLQJOH�ORDG�SRLQW�KDYH�EHHQ�WXQHG�DQG

WHVWHG��DQG�KDYH�EHHQ�IRXQG�WR�UHGXFH�WKH�PHQWLRQHG

GLVWXUEDQFH�E\�DERXW������)XUWKHU�UHVHDUFK�LV�FXUUHQWO\

EHLQJ�SHUIRUPHG�LQ�RUGHU�WR�LPSURYH�WKH�SHUIRUPDQFH

RI�WKH�IHHGEDFN�SDUW��ZKLFK�LV�H[SHFWHG�WR�LQFUHDVH

WKH�ORDG�IROORZLQJ�FDSDELOLW\�EH\RQG�ZKDW�KDV�DOUHDG\

EHHQ�REWDLQHG�E\�WKH�/4�IHHGIRUZDUG�SDUW�

���&21&/86,21

)RU�WKH�SXUSRVH�RI�LPSURYLQJ�WKH�ORDG�IROORZLQJ�FDSDEL�

OLW\�RI�H[LVWLQJ�SRZHU�SODQW�XQLWV��D�FRQWURO�FRQFHSW

EDVHG�RQ�D�VFKHGXOHG�/4*�FRQWUROOHU�ZLWK�FRRUGLQDWHG

IHHGIRUZDUG�IURP�WKH�ERLOHU�ORDG�GHPDQG�KDV�EHHQ

GHYHORSHG�DQG�WHVWHG��7KH�FRQFHSW�KDV�EHHQ�GHVLJQHG

DV�D�FRPSOHPHQW�WR�WKH�H[LVWLQJ�ERLOHU�FRQWURO�V\VWHP�

LQ�RUGHU�WR�JLYH�SULRULW\�WR�UREXVWQHVV�DQG�WR�IDFLOLWDWH

FRPPLVVLRQLQJ��7KLV�PHDQV�WKDW�QR�FKDQJHV�DUH�PDGH

WR�WKH�H[LVWLQJ�ERLOHU�FRQWURO�V\VWHP�DQG�WKDW�LW�LV�DOZD\V

DFWLYH�

$FFRUGLQJ�WR�WKH�UHDO�SODQW�UHVXOWV��VLJQLILFDQW�LPSURYH�

PHQWV�LQ�WKH�FRQWURO�RI�FULWLFDO�SURFHVV�YDULDEOHV�DUH

REWDLQHG�GXULQJ�ORDG�FKDQJHV��5HDO�SODQW�H[SHULPHQWV

UHYHDO�WKDW�WKH�PD[LPXP�DOORZDEOH�ORDG�JUDGLHQW�FDQ

EH�LQFUHDVHG�IURP���0:�PLQ��WR���0:�PLQ��ZLWKRXW

IXUWKHU�SODQW�VWUHVV��

'XH�WR�WKH�XQLYHUVDO�QDWXUH�RI�WKH�FRQFHSW��D�VLPLODU

V\VWHP�FRXOG�EH�DSSOLHG�WR�RWKHU�SRZHU�SODQW�XQLWV�WR

WKH�EHQHILW�RI�WKH�FRPSHWLWLYHQHVV�DQG�UHOLDELOLW\�LQ

D�IXWXUH��OLEHUDOLVHG�HOHFWULFLW\�PDUNHW�

$&.12:/('*(0(176

7KH�DXWKRUV�ZRXOG�OLNH�WR�H[SUHVV�WKHLU�JUDWLWXGH�WR

WKH�VWDII�DW�6.�5%�.9�5.(7�IRU�WKHLU�FRRSHUDWLRQ

DQG�SRVLWLYH�DWWLWXGH�H[KLELWHG�ZKHQ�GLIIHUHQW�WHVWV�RQ

WKH�SODQW�ZHUH�FDUULHG�RXW�

5()(5(1&(6

%RUVL��/��*��.DOOLQD��(QWNRSSOXQJVUHJHOXQJ���(QWZLFN�

OXQJ�XQG�(USUREXQJ�HLQHV�QHXHQ�5HJHONRQ]HSWV

I�U�.UDIWZHUNVEO|FNH��9*%�.UDIWZHUNVWHFKQLN����
9ROXPH���������

)UDPDWRPH�7HFKQRORJLHV��/\QFKEXUJ� �9D���86$�

0RGXODU�0RGHOLQJ�6\VWHP��006��5HOHDVH����-XQH

�����

,VHUPDQQ��5���'LJLWDO�&RQWURO�6\VWHPV��9ROXPH���DQG
���6SULQJHU�9HUODJ�������,6%1���������������

7KH�0DWK:RUNV�,QF�����������6\VWHP�,GHQWLILFDWLRQ
7RROER[�8VHU·V�*XLGH�

0RUWHQVHQ��-�+�����������&RQWURO�6WUDWHJ\�IRU�,PSURYH�
PHQW�RI�/RDG�)ROORZLQJ�&DSDELOLWLHV�RI�3RZHU�3ODQW
8QLWV��3K�'��WKHVLV��(/6$0352-(.7��,Q�'DQLVK�

0RUWHQVHQ��-�+���7��0¡OEDN��0�%��&RPPLVVR��7�6�

3HGHUVHQ��'HYHORSPHQW�RI�DQ�2SWLPL]LQJ�&RQWURO

&RQFHSW�IRU�)RVVLO�)LUHG�%RLOHUV�8VLQJ�D�6LPXODWLRQ

0RGHO��3URFHHGLQJV�RI� WKH������,QWHUQDWLRQDO
)RVVLO�6LPXODWRU�DQG�7UDLQLQJ�0HHWLQJ��6&6�

1DNDPXUD��+���<��7R\RWD��0��.XVKLKDVKL��0��8FKLGD�

2SWLPDO�&RQWURO�RI�7KHUPDO�3RZHU�3ODQWV��-RXUQDO
RI�'\QDPLF�6\VWHPV��0HDVXUHPHQW��DQG�&RQWURO�
9RO�����������



1RPXUD��0���<��6DWR��$GDSWLYH�2SWLPDO�&RQWURO�RI

6WHDP�7HPSHUDWXUHV�IRU�7KHUPDO�3RZHU�3ODQWV�

3URFHHGLQJV� ,(((�$60(� ����� -RLQW� 3RZHU
*HQHUDWLRQ�&RQIHUHQFH�

9DQ�2YHUVFKHH��3�9���%�'��0RRU��1�6,'��6XEVSDFH

$OJRULWKPV�IRU�WKH�,GHQWLILFDWLRQ�RI�&RPELQHG

'HWHUPLQLVWLF�6WRFKDVWLF�6\VWHPV��$XWRPDWLFD�
9RO�����1R���������

2YHUVFKHH��3�9���%�'��0RRU��6XEVSDFH�,GHQWLILFDWLRQ

IRU�/LQHDU�6\VWHPV��.OXZHU�$FDGHPLF�3XEOLVKHUV

�����

3HGHUVHQ��7�6���7��+DQVHQ��0��+DQJVWUXS��3URFHVV�

2SWLPL]LQJ�0XOWLYDULDEOH� &RQWURO� RI� D� %RLOHU

6\VWHP��8.$&&� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ
&21752/����

6|GHUVWU|P�� 7��'LVFUHWH�WLPH� 6WRFKDVWLF� 6\VWHPV�
(VWLPDWLRQ�	�&RQWURO��3UHQWLFH�+DOO�������,6%1
��������������


