
ENERGYPLUS MODEL-BASED PREDICTIVE CONTROL (EPMPC) BY USING 
MATLAB/SIMULINK AND MLE+ 
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&XUUHQW�PRGHO�EDVHG�EXLOGLQJ�FRQWURO� UHVHDUFK�RIWHQ�
XVHV� ILUVW�SULQFLSOH� RU� OLQHDU� LGHQWLILFDWLRQ� EDVHG�
EXLOGLQJ� DQG� V\VWHP�PRGHO�� 7KH� GHWDLOHG� KLJK�RUGHU�
(QHUJ\3OXV� PRGHO� KDV� UDUHO\� EHHQ� XVHG� GXH� WR� WKH�
GDWD� LQWHURSHUDELOLW\� LVVXH� DQG� LWV� ³EODFN�ER[´�
SURSHUWLHV�� 7KLV� SDSHU� SURSRVHV� DQ� (QHUJ\3OXV�
0RGHO�EDVHG�3UHGLFWLYH�&RQWURO��(303&��V\VWHP�WR�
FRQWURO� WKH� XQGHU� IORRU� DLU� GLVWULEXWLRQ� V\VWHP� LQ� D�
PXOWL�]RQH� RSHQ� RIILFH�� 7KH� H[KDXVWLYH� VHDUFK�
RSWLPL]DWLRQ� DOJRULWKP� LV� XWLOL]HG� LQ� WKH�
0DWODE�6LPXOLQN� HQYLURQPHQW� YLD� 0/(�� FR�
VLPXODWLRQ� WRRO�� &RPSDULQJ� WR� WKH� EDVHOLQH� FRQWURO�
V\VWHP�� E\� XVLQJ� (303&�� WKH� +9$&� HQHUJ\�
FRQVXPSWLRQ� FDQ� EH� UHGXFHG� E\� ������ ZKLOH�
PDLQWDLQLQJ� WKH� RFFXSDQW� 3UHGLFWHG� 0HDQ� 9RWH�
�309���

,1752'8&7,21�
5HVHDUFK�VKRZV�PRUH� WKDQ�����RI�RIILFH�EXLOGLQJ¶V�
OLIH�F\FOH� HQHUJ\� LV� RSHUDWLQJ� HQHUJ\� �&ROH� DQG�
.HUQDQ� ������� ,Q� WKH� 86�� DERXW� ���� RI� WKH� RIILFH�
EXLOGLQJ¶V�RSHUDWLQJ�HQHUJ\� LV�FRQVXPHG�E\�KHDWLQJ��
YHQWLODWLRQ�� DQG� DLU� FRQGLWLRQLQJ� �+9$&��� &RQWURO�
VWUDWHJ\� LV� D� PDMRU� IDFWRU� WKDW� LQIOXHQFHV� EXLOGLQJ�
+9$&�RSHUDWLQJ�HQHUJ\�XVDJH��
2YHU�WKH�SDVW�����GHFDGHV��WKHUH�DUH�QXPHURXV�VWXGLHV�
RQ� PRGHO�EDVHG� �RU� VLPXODWLRQ�EDVHG�� EXLOGLQJ�
FRQWURO� WKHRULHV� DQG� DSSOLFDWLRQV�� WKDQNV� WR� WKH� QHZ�
GHYHORSPHQW� RI� FRQWURO� WHFKQRORJ\� DQG� VLPXODWLRQ�
WRROV��3DUWLFXODUO\�� WKH� UHVHDUFK�RQ�0RGHO�3UHGLFWLYH�
&RQWURO� �03&�� �*DUFLD��3UHWW� DQG�0RUDUL������� LV�D�
NH\�IRFXV��
$PRQJ� WKH�03&�VWXGLHV�� ILUVW�SULQFLSOH�EDVHG� OLQHDU�
PRGHOV�DUH�ZLGHO\�XVHG��7KH�HDUO\�VWXGLHV�IRFXVHG�RQ�
FRQWUROOLQJ� +9$&� V\VWHP� DW� WKH� FRPSRQHQW� OHYHO��
�:DQJ� DQG� -LQ� ������ GHYHORSHG� DQ� DGDSWLYH� 03&�
FRQWUROOHU� IRU� YDULDEOH� DLU� YROXPH� �9$9�� V\VWHP��
6LPSOLILHG�ILUVW�SULQFLSOH�EDVHG�PRGHOV�RI�WKH�VLQJOH�
]RQH� EXLOGLQJ� DQG� 9$9� V\VWHP� FRPSRQHQWV� ZHUH�
FUHDWHG�� 6LPLODUO\�� �<XDQ� DQG� 5RQDOG� ������� �'RQJ�
�������0RRQ�DQG�.LP���������0RURVDQ��HW�DO���������
�*\DOLVWUDV� ������� �&DVWLOOD�� HW� DO�� ������� �'DXP��
+DOGL� DQG� 0RUHO� ������� �+D]\XN�� *KLDXV� DQG�

3HQKRXHW� ������ �6WXU]HQHJJHU�� HW� DO�� ������ KDYH�
GHYHORSHG�03&� V\VWHPV� WR� FRQWURO� YDULRXV�EXLOGLQJ�
V\VWHPV� WR� PLQLPL]H� HQHUJ\� FRQVXPSWLRQ� DQG�
PDLQWDLQ� LQGRRU� VHWSRLQW� XVLQJ� ILUVW� SULQFLSOH�EDVHG�
PRGHOV���
6HYHUDO�03&�VWXGLHV�XVHG�OLQHDU�LGHQWLILHG�PRGHOV�WR�
RSWLPL]H�WKH�EXLOGLQJ�DQG�V\VWHP�³EODFN�ER[´�PRGHO��
LQFOXGLQJ��)UHLUH��HW�DO���������.RORNRWVD��HW�DO��������
�3DULV�� HW� DO�� ������ DQG� �3ULYDUD�� HW� DO�� ������� 7KH�
UHDO�WLPH� H[SHULPHQWDO� DQG�RU� VLPXODWLRQ� GDWD� ZHUH�
FROOHFWHG�WR�LGHQWLI\�WKH�OLQHDU�PRGHO�SDUDPHWHUV��
0RVW� RI� WKH� VWXGLHV� DERYH� VXJJHVW� WKDW� 03&� LV� DQ�
HIIHFWLYH� PHWKRG� WR� LPSURYH� EXLOGLQJ� V\VWHP�
SHUIRUPDQFH��+RZHYHU��VHYHUDO�SUDFWLFDO�SUREOHPV�RI�
WKH� WZR�PRGHO� W\SHV� DUH� VHOGRP�GLVFXVVHG�� ����)LUVW�
SULQFLSOH�EDVHG� PRGHOV� DUH� VXLWDEOH� IRU� VLQJOH� ]RQH�
DQG�VLPSOH�JHRPHWU\�EXLOGLQJV��EXW�DUH�GLIILFXOW�WR�EH�
DSSOLHG� WR� UHDO� EXLOGLQJV�� ZKLFK� W\SLFDOO\� KDYH�
PXOWLSOH� ]RQHV� DQG� LUUHJXODU� JHRPHWULF� VKDSHV�� ����
7KH� OLQHDU� LGHQWLILHG�PRGHOV� RIWHQ� UHTXLUH� SOHQW\� RI�
VHQVRU�GDWD� ERWK� DW� WKH� V\VWHP�FRPSRQHQW� OHYHO� DQG�
LQ� WKH� LQGRRU� HQYLURQPHQW�� ZKLFK� FDQ� KDYH� KLJK�
WHPSRUDO� DQG� ILQDQFLDO� FRVW�� ����'HYHORSLQJ� WKH� WZR�
PRGHOV� UHTXLUHV� KLJK�OHYHO� PDWKHPDWLFDO� VNLOOV��
ZKLFK�PD\�QRW�EH�D�YLDEOH�VROXWLRQ�IRU�GDLO\�EXLOGLQJ�
RSHUDWLRQ��
%XLOGLQJ� HQHUJ\� PRGHOLQJ� WRROV� FDQ� SURYLGH� D�
IHDVLEOH�VROXWLRQ�IRU�WKH�03&�UHVHDUFK��)RU�LQVWDQFH��
(QHUJ\3OXV� LV� D� ZHOO�GHYHORSHG�� YDOLGDWHG�� DQG�
FRQVWDQWO\� XSGDWHG� WRRO�� ,W� KDV� KLJK�RUGHU� GHWDLOHG�
EXLOGLQJ� JHRPHWU\� DQG� V\VWHP� PRGHOLQJ� FDSDELOLW\��
7KURXJKRXW� WKH� EXLOGLQJ� OLIH�F\FOH�� LI� WKH� V\VWHP� LV�
FKDQJHG��LW�LV�PXFK�HDVLHU�IRU�SUDFWLWLRQHUV�WR�XSGDWH�
WKH�(QHUJ\3OXV�PRGHO�WKDQ�WR�XSGDWH�D�ILUVW�SULQFLSOH�
EDVHG�RU�OLQHDU�LGHQWLILHG�PRGHO��+RZHYHU��FXUUHQWO\��
WZR�GLIILFXOWLHV�RI�XVLQJ�(QHUJ\3OXV�PRGHO�SUHYHQW�LW�
WR�EH�ZLGHO\�XWLOL]HG�LQ�WKH�03&�UHVHDUFK��)LUVW���GDWD�
LQWHURSHUDELOLW\� DQG� WLPH� V\QFKURQL]DWLRQ� EHWZHHQ�
(QHUJ\3OXV� DQG� RWKHU� FRQWURO� V\VWHP� GHYHORSPHQW�
WRROV�FDQ�EH�DQ�LVVXH��6HFRQG��WKH�³EODFN�ER[´�PRGHO�
RSWLPL]DWLRQ�FDQ�EH�FKDOOHQJLQJ�WR�LPSOHPHQW���
7KH� GLIILFXOWLHV� PLJKW� EH� WKH� UHDVRQV� ZK\� FXUUHQW�
03&� VWXGLHV� XVLQJ� VLPXODWLRQ� WRROV� XVH� VLPSOLILHG�
OLQHDU�V\VWHP�PRGHOV�IRU�RSWLPL]DWLRQ�SXUSRVH�DW�WKH�
VDPH� WLPH�� �<DKLDRXL�� HW� DO�� ������SURSRVHG� D�03&�
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FRQWUROOHU�XVLQJ�(63�U�PRGHO�WR�SURGXFH�SODQW�PRGHO��
7KH� VLPSOLILHG� V\VWHP�PRGHO� DQG� FRQWURO� ODZV�ZHUH�
LPSOHPHQWHG� LQ� 0DWODE�6LPXOLQN�� �0D\�2VWHQGRUS��
HW� DO�� ������ GHYHORSHG� DQ�03&� FRQWURO� V\VWHP� WKDW�
ZDV� EXLOW� LQ� WKH�0DWODE� HQYLURQPHQW� DQG� FRQQHFWHG�
WR� (QHUJ\3OXV� E\� ZULWLQJ� DQG� UHDGLQJ� WKH� WH[W� ILOH��
7KH� FRQWURO� UXOHV� ZHUH� JHQHUDWHG� E\� RSWLPL]LQJ� WKH�
ZLQGRZ� RSHQLQJ� VFKHGXOHV� WR� VDYH� HQHUJ\�� �%HUQDO��
HW�DO��������LQWURGXFHG�D�FRQWURO�V\VWHP�WKDW�FDQ�OLQN�
(QHUJ\3OXV� PRGHO� ZLWK� 0DWODE�6LPXOLQN�
HQYLURQPHQW� YLD� 0/(��� 7KH� ILUVW� SULQFLSOH�EDVHG�
V\VWHP� PRGHO� ZDV� RSWLPL]HG� LQ� 0DWODE�6LPXOLQN�
HQYLURQPHQW� DQG� WKH� FRQWURO� SHUIRUPDQFH� ZDV�
VLPXODWHG�LQ�(QHUJ\3OXV���
2WKHU� H[LVWLQJ� PRGHO�EDVHG� 03&� VWXGLHV� XVLQJ�
VLPXODWLRQ�WRROV�FRPELQHG�RWKHU�RSWLPL]DWLRQ�WRROV�WR�
VROYH� ³EODFN�ER[´� RSWLPL]DWLRQ�� 7KH� 03&� V\VWHP�
SURSRVHG�E\� �&RIIH\��HW� DO��������DQG� �.XPPHUW�� HW�
DO�� ������ XWLOL]HG� 7516<6� IRU� SODQW� PRGHOLQJ� DQG�
*HQ2SW�IRU�RSWLPL]DWLRQ���
,Q� WKLV�SDSHU��DQ�(QHUJ\3OXV�PRGHO�EDVHG�SUHGLFWLYH�
FRQWURO�V\VWHP��(303&��LV�GHYHORSHG�ZLWKRXW�XVLQJ�
WKH� VLPSOLILHG� V\VWHP� PRGHO� DQG� WKH� RSWLPL]DWLRQ�
WRRO��7KH�(QHUJ\3OXV�PRGHO� LV�GLUHFWO\� FR�VLPXODWHG�
DQG� RSWLPL]HG� ZLWK� WKH� FRQWURO� ODZ� LQ� WKH�
0DWODE�6LPXOLQN� HQYLURQPHQW� YLD� 0/(��� 7KH�
H[KDXVWLYH� VHDUFK� DOJRULWKP� LV� LPSOHPHQWHG� LQ�
0DWODE�DV�WKH�EODFN�ER[�RSWLPL]DWLRQ�PHWKRG���$Q�DLU�
KDQGOHU�XQLW��$+8��RI�WKH�XQGHU�IORRU�DLU�GLVWULEXWLRQ�
�8)$'�� V\VWHP� LV� FRQWUROOHG� LQ� D� PXOWL�]RQH� RSHQ�
RIILFH� VSDFH��7KH� V\VWHP� LV� VLPXODWHG� LQ� WZR�ZHHNV�
XVLQJ� 70<�� ZHDWKHU� ILOH�� $� EDVHOLQH� ORJLF� FRQWURO�
V\VWHP�LV�VLPXODWHG�ZLWK� WKH�VDPH�DVVXPSWLRQV��7KH�
HQHUJ\� DQG�PXOWL�]RQH� DYHUDJH� SUHGLFWHG�PHDQ� YRWH�
�309��RI� WKH� WZR�V\VWHPV�DUH�FRPSDUHG��7KH�UHVXOW�
VXJJHVWV� WKDW� WKH�(303&�FDQ� UHGXFH�+9$&�HQHUJ\�
FRQVXPSWLRQ� E\� ������ ZKLOH� PDLQWDLQLQJ� WKH�
RFFXSDQW�309�ZLWKLQ�WKH��������������UDQJH��

0(7+2'�
Building and systems modeling 
$� QHZO\� FRQVWUXFWHG� WZR� VWRULHV� RIILFH� EXLOGLQJ� ��
&HQWHU� IRU� 6XVWDLQDEOH� /DQGVFDSHV� �� LQ� WKH� FLW\� RI�
3LWWVEXUJK�� 3HQQV\OYDQLD� 86$� LV� PRGHOHG�� 7KH�
EXLOGLQJ�LV�HTXLSSHG�ZLWK�D�FHQWUDO�$+8�ZLWK�JURXQG�
VRXUFH�KHDW�SXPS�DV�WKH�FRROLQJ�DQG�KHDWLQJ�VRXUFH��
7KH� 8)$'� LV� XVHG� IRU� WKH� RSHQ� RIILFH�� FRQIHUHQFH�
URRPV�DQG�RWKHU�RFFXSLHG� VSDFHV��7KH�FHLOLQJ�EDVHG�
DLU� GLVWULEXWLRQ� V\VWHP� LV� XVHG� IRU� VHUYLFH� VSDFHV��
VXFK� DV� UHVWURRPV�� PHFKDQLFDO� URRPV�� DQG� VWRUDJH�
URRPV��
7KH�$6+5$(����������� EDVHOLQH� DQG� GHVLJQ� SKDVH�
ZKROH� EXLOGLQJ� PRGHOV� DUH� FUHDWHG� XVLQJ�
'HVLJQ%XLOGHU� DQG� (QHUJ\3OXV� SURJUDP� XQGHU� WKH�
³'HVLJQ�%XLOG�2SHUDWH� (QHUJ\� ,QIRUPDWLRQ�
0RGHOLQJ� �'%2�(,0�´� LQIUDVWUXFWXUH� �=KDR�� HW� DO��
�������7KH�NH\�RI� WKH�'%2�(,0�LQIUDVWUXFWXUH� LV� WR�
XVH� WKH� GHWDLOHG� GHVLJQ� SKDVH� HQHUJ\� PRGHO�
WKURXJKRXW�WKH�HQWLUH�EXLOGLQJ�OLIH�F\FOH�E\�YDOLGDWLQJ�

DQG�DGDSWLQJ�PRGHO�DVVXPSWLRQV�GXULQJ�FRQVWUXFWLRQ��
FRPPLVVLRQLQJ�DQG�RSHUDWLRQ�SHULRGV��7KHUHIRUH��WKH�
PRGHO� LV� H[SHFWHG� WR� EH� ³DFFXUDWH´� DQG� HDV\�WR�XVH�
IRU�PRGHO�EDVHG�EXLOGLQJ�FRQWURO�V\VWHPV�LQ�WKH�GDLO\�
RSHUDWLRQ� WR� RSWLPL]H� HQHUJ\� DQG� FRPIRUW�� ,Q� WKLV�
SDSHU�� WKH�GHVLJQ�SKDVH�PRGHO�LV�DSSOLHG�LQ�ERWK�WKH�
EDVHOLQH�DQG�WKH�(303&�FRQWURO��)LJXUH����D��DQG��E��
LOOXVWUDWH�WKH�ZKROH�EXLOGLQJ�DQG�WKH�ILUVW�IORRU�PRGHO�
YLHZ�LQ�WKH�'HVLJQ%XLOGHU�SURJUDP��UHVSHFWLYHO\���
7KH� GHVLJQ� SKDVH� PRGHO� UHVXOW� LQGLFDWHV� WKDW�
FRPSDULQJ� WR� WKH� $6+5$(� ���������� EDVHOLQH��
FRROLQJ�DQG�KHDWLQJ�SHDN� ORDG� LV� UHGXFHG�E\��������
DQG�DQQXDO�HQHUJ\�FRQVXPSWLRQ�LV�UHGXFHG�E\��������
7KH�DQQXDO�HQHUJ\�XVH� LQWHQVLW\� �(8,��RI� WKH�GHVLJQ�
FDVH�PRGHO�LV�����N:K�P���0RUH�LQIRUPDWLRQ�RQ�WKH�
PRGHOLQJ� DVVXPSWLRQV� DQG� UHVXOWV� FDQ� EH� IRXQG� LQ�
�=KDR��HW�DO���������2QH�FDQ�FRQFOXGH�WKDW�WKH�GHVLJQ�
FDVH�+9$&�V\VWHP�LV�HIILFLHQW�ZLWK�QRUPDO�RSHUDWLRQ�
VFKHGXOHV�� 6R� LW� LV� ZRUWKZKLOH� WR� H[SORUH� DGYDQFHG�
FRQWURO� VWUDWHJLHV� IRU� WKLV� HIILFLHQW� V\VWHP� WR� IXUWKHU�
UHGXFH�WKH�+9$&�RSHUDWLRQ�HQHUJ\���

�

�
)LJXUH� ��0RGHO� YLHZ� LQ� WKH�'HVLJQ%XLOGHU�SURJUDP�
�D��ZKROH�EXLOGLQJ�YLHZ��E���VW�IORRU�]RQLQJ�YLHZ��
�

)LJXUH���VKRZV�WKH�PRGHO¶V�+9$&�GLDJUDP��DV�ZHOO�
DV� WKH� FRQWURO� DQG� VHQVLQJ� SRLQWV�� )RXU� W\SHV� RI�
FRQWURO�DQG�VHQVLQJ�SRLQWV�DUH�VKRZQ�RQ�WKH�GLDJUDP��
³$7´� UHSUHVHQWV� WKH� DLU� WHPSHUDWXUH� FRQWURO� SRLQWV�
ZLWK� FRQWURO� ODZV� LPSOHPHQWHG� LQ� 0DWODE�� ³5+´� LV�
FRQWUROOHG� E\� WKH� UHODWLYH� KXPLGLW\� VHWSRLQW� RI� WKH�
GHVLFFDQW� GHKXPLGLILFDWLRQ� V\VWHP� LQ� (QHUJ\3OXV��
ZKLFK�LV�������IRU�RFFXSLHG�KRXUV��³)5´�UHSUHVHQWV�
WKH�DLU�IORZ�UDWH�RI�WKH�RXWGRRU�DLU��WKH�UHWXUQ�DLU��DQG�
LWV� E\SDVV��� DQG� WKH� VXSSO\� DLU��ZKLFK� DUH� FRQWUROOHG�
LQ�WKH�(QHUJ\3OXV�EDVHG�RQ�WKH�WHPSHUDWXUH�VHWSRLQWV�

2SHQ�RIILFH�]RQHV�

D�

E�
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³$7´�� ³���´� UHSUHVHQWV� WKH� ELQDU\� FRQWURO� VLJQDO� IRU�
WKH�DYDLODELOLW\�RI�WKH�FRROLQJ�DQG�KHDWLQJ�FRLOV��³=+´�
DQG�³57´�UHSUHVHQW�WKH�UHODWLYH�KXPLGLW\�DQG�UDGLDQW�
WHPSHUDWXUH� PHDVXUHPHQWV� LQ� HDFK� GLIIHUHQW� RSHQ�
RIILFH�]RQH��DV�VKRZQ�LQ�)LJXUH����E���$OO�WKH�SRLQWV�
VKRZQ� RQ� WKH� GLDJUDP� DUH� PHDVXUHG� LQ� (QHUJ\3OXV�
XVLQJ�V\VWHP�QRGH�RXWSXW�IXQFWLRQ��

�
)LJXUH���+9$&�GLDJUDP�DQG�FRQWURO�VHQVLQJ�SRLQWV�

Baseline control 
7KH� JRDO� RI� WKH� EDVHOLQH� FRQWURO� LV� WR� VHW� XS� D�
IUDPHZRUN� XVLQJ� 0DWODE�6LPXOLQN� DQG� (QHUJ\3OXV�
FR�VLPXODWLRQ� WR� SHUIRUP� PXOWL�]RQH� 309� FRQWURO�
DQG� REWDLQ� WKH� HQHUJ\� DQG� WKHUPDO� FRPIRUW�
SHUIRUPDQFH�RI�WKH�ORJLF�FRQWURO�V\VWHP��7KH�0/(��
�YHUVLRQ� ��� LV� XVHG� DV� WKH� GDWD� H[FKDQJHU� EHWZHHQ�
0DWODE�6LPXOLQN�DQG�(QHUJ\3OXV��1JKLHP���������

7DEOH���
$VVXPSWLRQV�IRU�WKH�EDVHOLQH�DQG�(303&�FRQWUROV�

 BASELINE EPMPC 

=R
QH
�F
RQ
WUR
O� :HHNGD\V�

�����������
309�FRQWURO��>���������@���
7HPSHUDWXUH�FRQWURO��>������@��&��

:HHNHQGV�	�
ZHHNGD\V�
�����������

309�FRQWURO��>�����@��
7HPSHUDWXUH�FRQWURO��>������@��&��

&RPIRUW�
DVVXPSWLRQV�

PHW� ������DLU�VSHHG� �������P�V�
VXPPHU�FOR� ������ZLQWHU�FOR� �����

:HDWKHU�DQG�
VFKHGXOHV�

70<���GHVLJQ�
FDVH�RFFXSDQF\��
OLJKWLQJ��DQG�
HTXLSPHQW�
VFKHGXOHV��

�FVY�ILOHV�ZLWK�
WKH�VDPH�
LQIRUPDWLRQ�DV�
WKH�%DVHOLQH¶V�

$V�VKRZQ�LQ�)LJXUH����E���WKH���RSHQ�RIILFH�]RQHV�DUH�
WKH�309�FRQWURO� VSDFHV��2WKHU� ]RQHV� DUH� FRQWUROOHG�
E\� FRQYHQWLRQDO� WHPSHUDWXUH� VHWSRLQWV�� 7DEOH� �� OLVWV�
WKH� VHWSRLQWV�� FRPIRUW�� ZHDWKHU� DQG� VFKHGXOH�
DVVXPSWLRQV���
)LJXUH� �� VKRZV� WKH� EDVHOLQH� FRQWURO� LPSOHPHQWDWLRQ�
VFKHPD��7ZR�ORRS�FDVFDGH�FRQWURO�LV�LPSOHPHQWHG�LQ�
WKH� FR�VLPXODWLRQ� HQYLURQPHQW�� $W� WKH� FHQWUDO� OHYHO��
WKH� $+8� VHWSRLQW� LV� FRQWUROOHG� E\� ERWK� RXWGRRU� DLU�
WHPSHUDWXUH�DQG�DYHUDJH�]RQH�309�IHHGEDFN��$W�WKH�
]RQH� OHYHO�� DLU� IORZ� UDWH� LV� FRQWUROOHG� E\� DGMXVWLQJ�

IORRU�EDVHG�GLIIXVHU¶V�GDPSHU�SRVLWLRQ�LQ�(QHUJ\3OXV�
E\� WKH� WHPSHUDWXUH� VHWSRLQW� FDOFXODWHG� LQ�
0DWODE�6LPXOLQN�� (DFK� ]RQH� FDQ� KDYH� GLIIHUHQW�
WHPSHUDWXUH� VHWSRLQWV� EDVHG� RQ� LWV� 309�� 7KH� DLU�
WHPSHUDWXUH�� UHODWLYH� KXPLGLW\� DQG� UDGLDQW�
WHPSHUDWXUH�DUH�FDOFXODWHG�LQ�(QHUJ\3OXV�DW�HDFK�VWHS���

EnergyPlus model 
(Building and 

system high-order 
models)

Multi-zone 
temperature 
setpoint logic 

control

Central supply air 
temperature 
setpoint logic 

control
Supply air temperature setpoint

Multi-zone air temperature setpoint

Multi-zone occupancy schedule

Multi-zone air temperature, relative humidity, and radiant temperature Multi-zone PMV 
value calculation

Weather information (from standard weather file)

Matlab/Simulink MLE+ EnergyPlus

�
)LJXUH���%DVHOLQH�FRQWURO�LPSOHPHQWDWLRQ�VFKHPD�

EPMPC problem description 
7KH�REMHFWLYH�RI�WKH�(303&�LV�WR�PDLQWDLQ�WKH�VDPH�
FRPIRUW� FULWHULD� DV� WKH�EDVHOLQH� DQG� WR�PLQLPL]H� WKH�
+9$&�HQHUJ\�FRQVXPSWLRQ�E\�RSWLPL]LQJ� WKH�$+8�
VXSSO\�DLU�WHPSHUDWXUH��7KH�REMHFWLYH�IXQFWLRQ�FDQ�EH�
GHVFULEHG�DV��
��������� �[� �P LQ �� F([�W)� � K([�W)� � I([�W)� � S�[�W���������

VXEMHFW�WR��

|� 09|  �    �   ��� ���IRFF(W)  �   �
�   �� �����RWKHU� LVH

���������������������

 TC(t)  ∈  (14,  18)��������������������������
TH(t)  ∈  (24,  32)��������������������������

AH*AC  =  0�                                                    ����

TS(t)∈
14, 20 , AC=1
24, 32 , AC=0

��������������������

 tmode(t)  ≥  3600�������������������������
ZKHUH��
𝑡��WLPH��V���
𝑥��WKH�RSWLPL]HG�VXSSO\�DLU�WHPSHUDWXUH�VHWSRLQW����&���
𝐽(𝑡)��WRWDO�+9$&�V\VWHP�SRZHU�DW�WLPH�𝑡���N:��
𝑄 (𝑡)��SRZHU�RI�WKH�FRROLQJ�V\VWHP�DW�WLPH�𝑡���N:���
𝑄 (𝑡)��SRZHU�RI�WKH�KHDWLQJ�V\VWHP�DW�WLPH�𝑡���N:���
𝑄 (𝑡)��SRZHU�RI�WKH�VXSSO\�DLU�IDQ�DW�WLPH�𝑡���N:���
𝑄 (𝑡)��SRZHU�RI�WKH�ZDWHU�SXPSV�DW�WLPH�𝑡���N:���
𝑓 (𝑡)��RFFXSDQF\�VWDWXV�DW�WLPH�𝑡���N:���
𝑇 (𝑡),�FRROLQJ�FRLO�DLU�RXWOHW�WHPSHUDWXUH�VHWSRLQW�DW�
WLPH�𝑡����&���
𝑇 (𝑡),�KHDWLQJ�FRLO�DLU�RXWOHW�WHPSHUDWXUH�VHWSRLQW�DW�
WLPH�𝑡����&���
𝐴 ��DYDLODELOLW\�RI�KHDWLQJ�FRLO����������
𝐴 ��DYDLODELOLW\�RI�FRROLQJ�FRLO����������
𝑡 (𝑡)��FRROLQJ�KHDWLQJ�PRGH�OHQJWK�DW�WLPH�𝑡���V���
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EnergyPlus model 
(Building and 

system high-order 
models)

Multi-zone 
temperature 

setpoints logic 
control

Supply air 
temperature 

setpoint 
optimization

Optimized supply air temperature setpoint

Multi-zone temperature setpoint

Multi-zone air temperature, relative humidity, and radiant temperature Multi-zone PMV 
value calculation

PMV valuesA
ve

ra
ge

 P
M

V
 v

al
ue

Weather 
information

Occupancy 
schedules

Lighting 
schedules

Equipment 
schedules

 Receding horizon

Optimization and control steps

Weather and schedules information

HVAC power demand

Real simulation time

Data Input layer                                                   Control layer                                Data exchange layer              Simulation layer              Data Input layer                                                   Control layer                                Data exchange layer              Simulation layer              

On-site weather 
station

Indoor sensors 
network

Building Automation System

  Data inputs                         Matlab/Simulink                MLE+      EnergyPlus

Control system 
interface

Occupant thermal 
comfort feedback

�
)LJXUH���(303&�FRQWURO�LPSOHPHQWDWLRQ�VFKHPD�

EPMPC optimization 
7KH� H[KDXVWLYH� VHDUFK� DOJRULWKP� �RU� %UXWH�IRUFH�
DOJRULWKP��LV�FKRVHQ�WR�VROYH�WKH�SUREOHP��)LUVW�LW�LV�D�
³WHVW�DQG�JHQHUDWH´� DOJRULWKP�� � KLFK� � RUNV� IRU� WKH�
³EODFN�ER[´�VLPXODWLRQ�EDVHG�RSWLPL]DWLRQ��.ROGD��HW�
DO�� ������� 6HFRQG�� WKH� DOJRULWKP� LV� VXLWDEOH� IRU� WKH�
SUREOHP� WKDW� KDV� ³UHDVRQDEOH´� FRPSXWDWLRQ� WLPH�
�6LQKD��������7KH�(303&�RSWLPL]DWLRQ�SUREOHP�KDV�
PXOWLSOH�FRQVWUDLQWV�ZKLFK�UHVXOWV�LQ�D�FRPSDUDWLYHO\�
VPDOO� VHDUFK� VSDFH�� )RU� H[DPSOH�� LQ� FRROLQJ� PRGH��
WKH� VHDUFK� VSDFH� IRU� WKH� FRROLQJ� FRLO� LV� IURP� ��� WR�
����&��$QG�IRU�SUDFWLFDO�UHDVRQV������&�GLIIHUHQFH�LV�
D�UHDVRQDEOH�GLVFUHWH�LQWHUYDO��7KHUHIRUH��WKH�QXPEHU�
RI� VHDUFK� VWHSV� LV� �� IRU� KRXUO\� FRQWURO�� $QG� WKH�
RSWLPL]DWLRQ� VLPXODWLRQ� SHULRG� LV� ��� KRXUV� LQ�
DFFRUGDQFH� ZLWK� WKH� (QHUJ\3OXV� UXQ� WLPH�� 7KH�
H[KDXVWLYH� VHDUFK� WLPH� LV� IHDVLEOH� IRU� UHDO�WLPH�
VLPXODWLRQ��
(TXDWLRQV�RI�������LQGLFDWH�WKH�RSWLPL]DWLRQ�SUREOHP�
KDV� ELQDU\� SDUDPHWHUV�� ZKLFK� QHHGV� WR� EH� VHSDUDWHG�
LQWR� WZR� PRGHV�� FRROLQJ� PRGH� DQG� KHDWLQJ� PRGH��
7KH�WKUHVKROG�LV�RXWGRRU�GU\�EXOE�WHPSHUDWXUH���
7KH� FRQVWUDLQWV� DUH� KDQGOHG� E\� HTXDWLRQ� ���� WR�
JXDUDQWHH� WKH� WKHUPDO� FRPIRUW� SHUIRUPDQFH� LV�
SULRULWL]HG�ZKHQ�WKH�FRQVWUDLQWV�DUH�QRW�PHW���

  
  J=min  ( fpower(x,  t) ),                    if  Eq.(2)  is  satisfied
J=min(|fPMV(x,  t)|) ,                                        otherwise

�� � ����

EPMPC implementation 
)LJXUH���VKRZV�WKH�(303&�FRQWURO�LPSOHPHQWDWLRQ�
VFKHPD��,Q�WKH�GDWD�LQSXW�OD\HU��ZHDWKHU��RFFXSDQF\��
OLJKWLQJ��DQG�HTXLSPHQW�LQIRUPDWLRQ�LV�FRQWDLQHG�LQ�
LQGHSHQGHQW��FVY�ILOHV��7KH�GDWD�LV�VHQW�WR�WKH�
³UHFHGLQJ�KRUL]RQ´�PRGXOH�LQ�0DWODE�DQG�WKHQ�WR�
(QHUJ\� OXV�XVLQJ�WKH�³([WHUQDO�,QWHUIDFH���$FWXDWRU´�

IXQFWLRQ�WR�RYHUULGH�WKH�RULJLQDO�FRQILJXUDWLRQ�LQ�WKH�
(QHUJ\3OXV�PRGHO��3DQJ��HW�DO����������

�
�)LJXUH���(303&�UHFHGLQJ�KRUL]RQ�PHFKDQLVP�

,W� LV� HVVHQWLDO� DQG�EHQHILFLDO� WR�RYHUULGH� WKH�ZHDWKHU�
DQG� VFKHGXOH� GDWD�� )LUVW�� WKH� (303&� QHHGV� WR�
SHUIRUP�RSWLPL]DWLRQ� LQ�(QHUJ\3OXV��ZKLFK�ZLOO� XVH�
WKH� VDPH� GD\� ZHDWKHU� DQG� VFKHGXOH� LQIRUPDWLRQ�
PXOWLSOH�WLPHV�WR�FDOFXODWH�RQH�FRQWURO�VWHS��)LJXUH���
LOOXVWUDWHV� WKH� FRQFHSW� RI� ³UHFHGLQJ� KRUL]RQ´� IRU�
(303&��)RU�HDFK�FRQWURO�KRXU�RI�D�UHDO�GD\��PXOWLSOH�
VWHSV� RI� VLPXODWLRQ� QHHG� WR� EH� FRPSOHWHG� XVLQJ� WKH�
VDPH� ZHDWKHU� DQG� VFKHGXOH� LQIRUPDWLRQ� EXW� LQ�
GLIIHUHQW�(QHUJ\3OXV� VLPXODWLRQ� GD\V��$W� WKH� HQG� RI�
HDFK� VLPXODWLRQ� F\FOH�� WKH� RSWLPL]DWLRQ� DOJRULWKP��
VHDUFKHV� IRU� WKH� RSWLPL]HG� FRQWURO� VHWSRLQW� DQG�
SRWHQWLDOO\�FDQ�VHQG�WKHP�WR�WKH�EXLOGLQJ�DXWRPDWLRQ�
V\VWHP��%$6��LQWHUIDFH�WR�SHUIRUP�UHDO�FRQWURO�LQ�WKH�
EXLOGLQJ��DV�LOOXVWUDWHG�LQ�)LJXUH����7KH�%$6�PRGXOHV�
DUH�LQWURGXFHG�EXW�QRW�LPSOHPHQWHG�LQ�WKLV�SDSHU��

6HFRQG�� XVLQJ� VHSDUDWH� GDWD� LQSXWV� WR� RYHUULGH� WKH�
ZHDWKHU� DQG� VFKHGXOH� LQIRUPDWLRQ� FDQ� IDFLOLWDWH� WKH�
UHDO�WLPH�FRQWURO�LQ�UHDO�EXLOGLQJ�RSHUDWLRQ��7KH�GDWD�
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ILOHV� LQ� ³FVY´�RU� ³GDW´� IRUPDW� FDQ�EH� HDVLO\� XSGDWHG�
ZLWK� UHDO�WLPH� LQIRUPDWLRQ� E\� OLQNLQJ� ZLWK� LQGRRU�
VHQVRUV� QHWZRUN� DQG� RQ�VLWH� ZHDWKHU� VWDWLRQ� YLD� WKH�
%$6��DV�VKRZQ�LQ�)LJXUH����

7KH� ³VXSSO\� DLU� WHPSHUDWXUH� VHWSRLQW� RSWLPL]DWLRQ´�
PRGXOH� FDQ� FDOFXODWH� WKH� RSWLPL]HG� VXSSO\� DLU�
WHPSHUDWXUH�VHWSRLQW�DW�HDFK�FRQWURO�VWHS��7KH�³PXOWL�
]RQH� WHPSHUDWXUH�VHWSRLQW� ORJLF�FRQWURO´�DQG�³PXOWL�
]RQH� � 09�YDOXH� FDOFXODWLRQ´�PRGXOHV� DUH� WKH� VDPH�
DV�WKH�RQHV�LQ�WKH�EDVHOLQH�FRQWURO��

7KH� ³GDWH� H[FKDQJH� OD\HU´� SHUIRUPV� GDWD�
FRPPXQLFDWLRQ� DQG� WLPH� V\QFKURQL]DWLRQ� IXQFWLRQV��
,Q� WKH� ³VLPXODWLRQ� OD\HU´�� WKH� LQSXWV� RI� WKH�
(QHUJ\3OXV� PRGHO� DUH� $+8� \HW�WR�EH�RSWLPL]HG�
VHWSRLQWV�� ZHDWKHU� DQG� VFKHGXOH� LQIRUPDWLRQ�� DQG�
PXOWL�]RQH� VHWSRLQWV�� 7KH� RXWSXWV� DUH� WKH� +9$&�
SRZHU��PXOWL�]RQH�DLU�WHPSHUDWXUH��UHODWLYH�KXPLGLW\��
DQG� UDGLDQW� WHPSHUDWXUH�� DV� ZHOO� DV� WKH� UHDO�
VLPXODWLRQ�WLPH�WR�EH�XVHG�LQ�WKH�³FRQWURO�OD\HU´���

5(68/76�$1'�',6&866,21�
Winter results 
)LJXUH� �� VKRZV� WKH� VXSSO\� DLU� WHPSHUDWXUH�� RXWGRRU�
DLU�WHPSHUDWXUH��DQG�VXSSO\�DLU�PDVV�IORZ�UDWH�RI�WKH�
EDVHOLQH�DQG�WKH�(303&�LQ�RQH�W\SLFDO�ZLQWHU�ZHHN��
7KH� (303&� FDQ�PDLQWDLQ� DQ� DYHUDJH� ORZHU� VXSSO\�
DLU�WHPSHUDWXUH�DQG�VXSSO\�DLU�PDVV�IORZ�UDWH�WKDQ�WKH�
EDVHOLQH��LQ�WKH�KHDWLQJ�PRGH�EHIRUH��DP�������DQG�D�
KLJKHU� VXSSO\� DLU� WHPSHUDWXUH� LQ� WKH� FRROLQJ� PRGH�
DIWHU��DP��������,W� LV�FRPPRQ�WKDW�LQ�ZLQWHU��GXH�WR�
RFFXSDQF\�� HTXLSPHQW�� DQG� RWKHU� LQWHUQDO� ORDGV�� WKH�
RIILFH�EXLOGLQJ¶V�FRROLQJ�ORDG�FDQ�H[FHHG�LWV�KHDWLQJ�
ORDG�ZKHQ�WKH�RXWGRRU�WHPSHUDWXUH�ULVHV���
)LJXUH� �� LOOXVWUDWHV� WKH� (303&� +9$&� SRZHU�
FRPSDULVRQ� EHWZHHQ� WKH� EDVHOLQH� DQG� (303&��'XH�
WR� D� ORZHU� KHDWLQJ� VXSSO\� DLU� WHPSHUDWXUH�� D� KLJKHU�
FRROLQJ�VXSSO\�DLU�WHPSHUDWXUH��DQG�ORZHU�IDQ�VSHHG��
WKH� HQHUJ\� FRQVXPSWLRQ� UHGXFWLRQ� LV� ������� DV�
VKRZQ�LQ�7DEOH����7KH�HQHUJ\�VDYLQJ�LV�FDOFXODWHG�E\�
XVLQJ�70<��W\SLFDO�ZLQWHU�ZHDWKHU�ILOH���

�
)LJXUH���RXWGRRU�WHPSHUDWXUH�DQG�FRQWURO�YDULDEOHV�RI�WKH�EDVHOLQH�DQG�(303&�UHVXOWV�LQ�ZLQWHU�

�
)LJXUH���HQHUJ\�SHUIRUPDQFH�RI�WKH�EDVHOLQH�DQG�(303&�UHVXOWV�LQ�ZLQWHU�

�
)LJXUH���WKHUPDO�FRPIRUW�SHUIRUPDQFH�RI�WKH�EDVHOLQH�DQG�UHVXOWV�(303&�LQ�ZLQWHU�

�
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7DEOH���
2QH�ZHHN�+9$&�HQHUJ\�FRQVXPSWLRQ�FRPSDULVRQ�

 
Baseline 
energy 
(kWh) 

EPMPC 
energy 
(kWh) 

Energy 
savings 

��ZHHN�VLPXODWLRQ�LQ�ZLQWHU� ������� ������� ������
��ZHHN�VLPXODWLRQ�LQ�VXPPHU� ������� ������� �����

7RWDO� ������� ������� ������
)LJXUH��� VKRZV� WKH� DYHUDJH� ]RQH�309�FRPSDULVRQ��
,Q�WKH�ILUVW�����KHDWLQJ�GD\V��WKH�309�LV�FORVH�WR�WKH�
ORZHU� VHWSRLQW�� DQG� LQ� WKH� ODVW� �� RFFXSLHG� FRROLQJ�
GD\V�� WKH� 309� LV� FORVH� WR� WKH� XSSHU� VHWSRLQW�� 7KH�
(303&� SXVKHV� WKH� 309� FORVH� WR� WKH� VHWSRLQW�
ERXQGDU\�WR�PLQLPL]H�HQHUJ\��

�
)LJXUH���309�GLVWULEXWLRQ�LQ�XQRFFXSLHG�KRXUV�

�
)LJXUH����309�GLVWULEXWLRQ�LQ�RFFXSLHG�KRXUV�

�

,Q� )LJXUH� ��� WKH�ZLQWHU�PHGLDQ�309� LQ� XQRFFXSLHG�
KRXUV�LV� �������ZLWK�D� ORZHU�TXDUWLOH�RI� ������DQG�DQ�
XSSHU� TXDUWLOH� RI� ������� IRU� WKH� (303&�� DQG� ������
�ZLWK�D�ORZHU�TXDUWLOH�RI� ������DQG�DQ�XSSHU�TXDUWLOH�
RI��������IRU�WKH�EDVHOLQH��UHVSHFWLYHO\���7KH�(303&�
PDNHV�PDMRULW\� RI� WKH� XQRFFXSLHG� 309� ORZHU� WKDQ�
WKH�EDVHOLQH�EXW�VWLOO�ZLWKLQ�WKH�VHWSRLQW�UDQJH���
,Q� )LJXUH� ���� WKH� ZLQWHU� PHGLDQ� 309� LQ� RFFXSLHG�
KRXUV�LV� �������ZLWK�D� ORZHU�TXDUWLOH�RI� ������DQG�DQ�
XSSHU� TXDUWLOH� RI� ������ IRU� WKH� (303&�� DQG� ������
�ZLWK�D�ORZHU�TXDUWLOH�RI� ������DQG�DQ�XSSHU�TXDUWLOH�
RI� ������� IRU� WKH� EDVHOLQH�� UHVSHFWLYHO\�� � $QG� WKH�
309� RI� WKH� (303&� KDV� IHZHU� ORZ� YDOXH� RXWOLHUV��
)LJXUH� ��� LPSOLHV� WKH� (303&� KDV� EHWWHU� DELOLW\� WR�
PDLQWDLQ�309�VHWSRLQWV�LQ�ZLQWHU�RFFXSLHG�KRXUV����

Summer results  
6XSSO\�DLU� WHPSHUDWXUH��RXWGRRU�DLU� WHPSHUDWXUH��DQG�
VXSSO\� DLU� PDVV� IORZ� UDWH� RI� WKH� EDVHOLQH� DQG� WKH�
(303&�DUH�VKRZQ�LQ�)LJXUH�����8QOLNH�WKH�EDVHOLQH��
WKH�(303&�YDULHV�WKH�VXSSO\�DLU�WHPSHUDWXUH�VHWSRLQW�
PRUH�RIWHQ��$QG� LQ�JHQHUDO�� WKH� VXSSO\�DLU� IORZ�UDWH�
RI� WKH� (303&� LV� ORZHU� WKDQ� WKDW� RI� WKH� EDVHOLQH��
ZKLFK� LPSOLHV� WKH� HQHUJ\� FRQVXPSWLRQ� GHFUHDVH� LQ�
WKH�VXSSO\�IDQ�SRZHU���

)LJXUH� ��� VKRZV� WKH� KRXUO\� SRZHU� FRQVXPSWLRQ�
SURILOH�RI�WKH�WZR�V\VWHPV��$OWKRXJK�LW�LV�GLIILFXOW�WR�
VHH� D� JHQHUDO� SDWWHUQ� RI� HQHUJ\� VDYLQJV� IURP� WKH�
JUDSK�� WKH� FXPXODWLYH� HQHUJ\� VDYLQJV� GXULQJ� RQH�
VXPPHU�ZHHN�LV������DV�VKRZQ�LQ�7DEOH����
7KH� 309� YDOXH� RI� WKH� WZR� V\VWHPV� LV� VKRZQ� LQ�
)LJXUH� ���� 6LPLODU� WR� WKH� ZLQWHU� UHVXOWV�� WKH� 309�
YDOXH� LV� SXVKHG� WRZDUGV� WKH� XSSHU� ERXQGDU\� GXULQJ�
ERWK� WKH� RFFXSLHG� DQG� XQRFFXSLHG� KRXUV�� )LJXUH� ��
DQG����JLYH�D�FOHDUHU�SLFWXUH�RQ�WKH�309�GLVWULEXWLRQ��
,Q�WKH�XQRFFXSLHG�KRXUV��WKH�(303&�PHGLDQ�309�LV�
������ �ZLWK� D� ORZHU� TXDUWLOH� RI� ������ DQG� DQ� XSSHU�
TXDUWLOH�RI���������WKH�EDVHOLQH�PHGLDQ�309�LV� ������
�ZLWK�D�ORZHU�TXDUWLOH�RI�������DQG�DQ�XSSHU�TXDUWLOH�
RI� �������� 6LPLODUO\�� LQ� WKH� RFFXSLHG� KRXUV�� WKH�
(303&�PHGLDQ�309�LV������ �ZLWK�D� ORZHU�TXDUWLOH�
RI� ����� DQG� DQ� XSSHU� TXDUWLOH� RI� ������� WKH� EDVHOLQH�
PHGLDQ�309�LV�������ZLWK�D� ORZHU�TXDUWLOH�RI� ������
DQG� DQ� XSSHU� TXDUWLOH� RI� ������� 7KH� (303&� KDV�
KLJKHU�DYHUDJH�309�IRU�HQHUJ\�VDYLQJ�SXUSRVH��

Discussion 
7KH� UHVXOWV� VXJJHVW� WKDW� WKH� (303&� FDQ� UHGXFH� WKH�
+9$&� HQHUJ\� FRQVXPSWLRQ� DQG� PDLQWDLQ� WKH�
RFFXSDQW� WKHUPDO� FRPIRUW� ZLWKLQ� ������ ������ 309�
UDQJH�� +RZHYHU�� SRWHQWLDOO\�� (303&� FDQ� EH�
LPSURYHG�LQ�WKH�IROORZLQJ�DVSHFWV��
)LUVW�� WKH� RSWLPL]DWLRQ� LQ� WKH� (303&� LV� SHUIRUPHG�
EDVHG� RQ� �� KRXU� FRQWURO� VWHS�� DQG� WKH� VLPXODWLRQ� LV�
SHUIRUPHG�LQ����KRXUV��,W�LV�H[SHFWHG�WKDW�WKH�HQHUJ\�
DQG� WKHUPDO� FRPIRUW� SHUIRUPDQFH� FDQ� EH� EHWWHU� LI�
PXOWLSOH�FRQWURO�VWHSV�DUH�RSWLPL]HG�DW�HDFK�WLPH�VWHS��
7KH�XQGHUVKRRW�RQ������� LQ� )LJXUH��� DQG�RYHUVKRRW�
RQ� ������ LQ� )LJXUH� ��� PLJKW� EH� DYRLGHG� ZKHQ� WKH�
RSWLPL]DWLRQ�KRUL]RQ�LV�ORQJHU��+RZHYHU��WKLV�IXUWKHU�
GHYHORSPHQW� ZLOO� LQFUHDVH� WKH� FRPSXWDWLRQ� WLPH�
VLJQLILFDQWO\��
6HFRQG�� WKH�PRGHO�XVHG� LQ� WKH�EDVHOLQH�DQG�(303&�
LV� WKH�GHVLJQ� VWDJH�PRGHO� RI� WKH�'%2�(,0�VFKHPD��
7KH� RFFXSDQF\�� OLJKWLQJ� DQG� HTXLSPHQW� VFKHGXOHV�
KDYH�QRW� EHHQ� FDOLEUDWHG��7KH�PRGHO�ZLOO� EH� IXUWKHU�
YDOLGDWHG�ZKHQ�WKH�EXLOGLQJ�LV�LQ�QRUPDO�RSHUDWLRQ��
7KLUG�� WKH� UHDO� RFFXSDQW� EHKDYLRU� KDV� QRW� EHHQ�
FRQVLGHUHG�\HW��)XWXUH�ZRUN�ZLOO�IRFXV�RQ�FRPELQLQJ�
RFFXSDQW� SUHVHQFH� PRGHO� DQG� RFFXSDQW� WKHUPDO�
FRPIRUW�IHHGEDFN�GDWD�LQWR�WKH�(303&���
)RUWK��SDVVLYH�VWUDWHJLHV�KDYH�QRW�EHHQ�FRQVLGHUHG�LQ�
WKLV� VWXG\�� 1DWXUDO� YHQWLODWLRQ� FDQ� EH� PRGHOHG� LQ�
(303&� DQG� SRWHQWLDO� HQHUJ\� VDYLQJV� FDQ� EH�
H[SHFWHG�GXULQJ�PLOG�ZHDWKHU�FRQGLWLRQV��

&21&/86,21�
$Q� (QHUJ\3OXV� 0RGHO� EDVHG� 3UHGLFWLYH� &RQWURO�
V\VWHP� LV� GHYHORSHG� E\� XVLQJ�0DWODE�6LPXOLQN� DQG�
0/(�� FR�VLPXODWLRQ� WRRO�� � ,Q� WZR� ZHHNV� RI� ZLQWHU�
DQG� VXPPHU� VLPXODWLRQ� XVLQJ� 70<�� ZHDWKHU� ILOH��
FRPSDULQJ�WR�WKH�EDVHOLQH�ORJLF�FRQWURO��ZKLFK�LV�DOVR�
LPSOHPHQWHG� XVLQJ� WKH� VDPH� FR�VLPXODWLRQ� PHWKRG��
WKH� (303&� FDQ� VDYH� +9$&� RSHUDWLRQ� HQHUJ\� E\�
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������� 7KH� RFFXSDQW� 309� YDOXH� LV� DV� JRRG� DV� WKH�
EDVHOLQH�LI�QRW�EHWWHU���
7KH�EHQHILWV�RI�XVLQJ�WKH�(QHUJ\3OXV�PRGHO�RYHU�WKH�
VLPSOLILHG� ILUVW� SULQFLSOH� RU� LGHQWLILHG� OLQHDU� PRGHO�
LQFOXGH�� ���� LW� FDQ� PRGHO� FRPSOH[� EXLOGLQJV� DQG�

V\VWHPV������LW�FDQ�EH�FRQWLQXRXVO\�XSGDWHG�ZLWK�OLWWOH�
FRVW�DQG�HIIRUW������LW�UHTXLUHV�OHVV�PDWKHPDWLFV�VNLOOV�
WR� PDQDJH� LQ� GDLO\� RSHUDWLRQ� RQFH� WKH� V\VWHP� KDV�
EHHQ�GHYHORSHG���

�
)LJXUH����RXWGRRU�WHPSHUDWXUH�DQG�FRQWURO�YDULDEOHV�RI�WKH�EDVHOLQH�DQG�(303&�LQ�VXPPHU�

�
)LJXUH����HQHUJ\�SHUIRUPDQFH�RI�WKH�EDVHOLQH�DQG�(303&�LQ�VXPPHU�

�
)LJXUH����WKHUPDO�FRPIRUW�SHUIRUPDQFH�RI�WKH�EDVHOLQH�DQG�(303&�LQ�VXPPHU�

�

$&.12:/('*(0(17�
7KH� DXWKRUV� ZRXOG� OLNH� WR� DFNQRZOHGJH� 1DWLRQDO�
6FLHQFH� )RXQGDWLRQ�(PHUJLQJ�)URQWLHUV� LQ�5HVHDUFK�
DQG� ,QQRYDWLRQ� �16)�()5,�� IRU� IXQGLQJ� WKH� VWXG\�
�$ZDUG��� ���������� DQG� WKH� PDQDJHPHQW� WHDP� RI�
3KLSSV�&RQVHUYDWRU\�IRU�WKHLU�FRQWLQXRXV�VXSSRUW�IRU�
WKH�UHVHDUFK���

5()(5(1&(6�
%HUQDO�� :LOO\�� 0DGKXU� %HKO�� 7UXRQJ� 1JKLHP�� DQG�

5DKXO� 0DQJKDUDP�� �0/(��� $� 7RRO� IRU�
,QWHJUDWHG� 'HVLJQ� DQG� 'HSOR\PHQW� RI�
(QHUJ\� (IILFLHQW� %XLOGLQJ� &RQWUROV��� �WK�
$&0� :RUNVKRS� 2Q� (PEHGGHG� 6HQVLQJ�
6\VWHPV�)RU�(QHUJ\�(IILFLHQF\�,Q�%XLOGLQJV��
�%XLOG6\V�
�����7RURQWR��������

&DVWLOOD�� 0��� -�� '�� $OYDUH]�� 0�� %HUHQJXHO�� )��
5RGULJXH]��-��/��*X]PDQ��DQG�0��3HUH]���$�
FRPSDULVRQ� RI� WKHUPDO� FRPIRUW� SUHGLFWLYH�
FRQWURO�VWUDWHJLHV���(QHUJ\�DQG�%XLOGLQJV����
�������������������

&RIIH\�� %ULDQ�� )DULERU]� +DJKLJKDW�� (GZDUG�
0RURIVN\�� DQG� (GZDUG� .XWURZVNL�� �$�
VRIWZDUH� IUDPHZRUN� IRU� PRGHO� SUHGLFWLYH�
FRQWURO�ZLWK�*HQ2SW���(QHUJ\�DQG�%XLOGLQJV�
����������������������

&ROH��5D\PRQG�-��� DQG�3DXO�&��.HUQDQ�� �/LIH�&\FOH�
(QHUJ\� 8VH� LQ� 2IILFH� %XLOGLQJV��� %XLOGLQJ�
DQG�(QYLURQPHQW�����QR���������������������

'DXP��'DYLG��)UHGHULF�+DOGL��DQG�1LFRODV�0RUHO���$�
SHUVRQDOL]HG�PHDVXUH�RI�WKHUPDO�FRPIRUW�IRU�
EXLOGLQJ� FRQWUROV��� %XLOGLQJ� DQG�
(QYLURQPHQW������������������
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'RQJ�� %LQJ�� ,QWHJUDWHG� %XLOGLQJ� +HDWLQJ�� &RROLQJ�
DQG�9HQWLODWLRQ�&RQWURO��3K'�'LVVHUWDWLRQ���
3LWWVEXUJK�� &DUQHJLH� 0HOORQ� 8QLYHUVLW\��
������

)UHLUH�� 5REHUWR� =��� *XVWDYR� +�&�� 2OLYHLUD�� DQG�
1DWKDQ�0HQGHV�� �3UHGLFWLYH� FRQWUROOHUV� IRU�
WKHUPDO� FRPIRUW� RSWLPL]DWLRQ� DQG� HQHUJ\�
VDYLQJV��� (QHUJ\� DQG� %XLOGLQJV�� ������
�����������

*DUFLD�� &DUORV� (��� 'DYLG� 0�� 3UHWW�� DQG� 0DQIUHG�
0RUDUL�� �0RGHO� 3UHGLFWLYH� &RQWURO�� 7KHRU\�
DQG� 3UDFWLFH� �� D� 6XUYH\��� ,QWHUQDWLRQDO�
)HGHUDWLRQ� RI� $XWRPDWLF� &RQWURO� ���� QR�� ��
�����������������

*\DOLVWUDV�� 'LPLWULRV�� 8VH� RI� :HDWKHU� DQG�
2FFXSDQF\� )RUHFDVWV� IRU�2SWLPDO� %XLOGLQJ�
&OLPDWH� &RQWURO� �2SWL&RQWURO��� =XULFK��
VZLVVHOHFWULF�UHVHDUFK��������

+D]\XN��,RQ��&KULVWLDQ�*KLDXV��DQG�'DYLG�3HQKRXHW��
�2SWLPDO� WHPSHUDWXUH� FRQWURO� RI�
LQWHUPLWWHQWO\�KHDWHG�EXLOGLQJV�XVLQJ�0RGHO�
3UHGLFWLYH� &RQWURO�� 3DUW� ,� �� %XLOGLQJ�
PRGHOLQJ��� %XLOGLQJ� DQG� (QYLURQPHQW� ���
�����������������

.ROGD�� 7DPDUD� *��� 5REHUW� 0LFKDHO� /HZLV�� DQG�
9LUJLQLD� 7RUF]RQ�� �2SWLPL]DWLRQ� E\� GLUHFW�
VHDUFK�� QHZ� SHUVSHFWLYHV� RQ� VRPH� FODVVLFDO�
DQG�PRGHUQ�PHWKRGV���6RFLHW\�IRU�,QGXVWULDO�
DQG�$SSOLHG�0DWKHPDWLFV� ���� QR�� �� ��������
���������

.RORNRWVD��'���$��3RXOLH]RV��*��6WDYUDNDNLV�� DQG�&��
/D]RV�� �3UHGLFWLYH� FRQWURO� WHFKQLTXHV� IRU�
HQHUJ\� DQG� LQGRRU� HQYLURQPHQWDO� TXDOLW\�
PDQDJHPHQW� LQ� EXLOGLQJV��� %XLOGLQJ� DQG�
(QYLURQPHQW�����������������������

.XPPHUW��0LFKDHO��0DULH�$QGUHH�/HGXF�� DQG�$ODLQ�
0RUHDX�� �8VLQJ� 03&� WR� UHGXFH� WKH� SHDN�
GHPDQG� DVVRFLDWHG� ZLWK� HOHFWULF� KHDWLQJ���
0RGHO� SUHGLFWLYH� FRQWURO� LQ� EXLOGLQJV�
ZRUNVKRS��0RQWUHDO��&$��,%36$��������

/DP�� .KHH� 3RK�� -LH� =KDR�� DQG� 5RQJSHQJ� =KDQJ��
�6\VWHP� ,QWHJUDWLRQ� IRU� ,QWHURSHUDEOH� 'DWD�
0RGHOV� RI� %XLOGLQJ� 6FDOH� (FRV\VWHP��� ,Q�
$QDO\WLFV� IRU� %XLOGLQJ�6FDOH� (FRV\VWHPV�
�%66(�� ±� 8�6�� ±� &KLQD� 5HVHDUFK�
3HUVSHFWLYHV�� ��������� 1HZ� <RUN�� %HJHOO�
+RXVH��������

0D\�2VWHQGRUS��3HWHU��*UHJRU�3��+HQ]H��&KDUOHV�'��
&RUELQ�� %DODML� 5DMDJRSDODQ�� DQG� &OHPHQV�
)HOVPDQQ�� �0RGHO�SUHGLFWLYH� FRQWURO� RI�
PL[HG�PRGH�EXLOGLQJV�ZLWK�UXOH�H[WUDFWLRQ���
%XLOGLQJ� DQG� (QYLURQPHQW� ��� �������� ����
�����

0RRQ�� -LQ� :RR�� DQG� -RQJ�-LQ� .LP�� �$11�EDVHG�
WKHUPDO� FRQWURO� PRGHOV� IRU� UHVLGHQWLDO�
EXLOGLQJV��� %XLOGLQJ� DQG� (QYLURQPHQW� ���
�������������������

0RURVDQ�� 3HWUX�'DQLHO�� 5RPDLQ� %RXUGDLV�� 'LGLHU�
'XPXU�� DQG� -HDQ� %XLVVRQ�� �%XLOGLQJ�
WHPSHUDWXUH� UHJXODWLRQ� XVLQJ� D� GLVWULEXWHG�
PRGHO� SUHGLFWLYH� FRQWURO��� (QHUJ\� DQG�
%XLOGLQJV�����������������������

1JKLHP�� 7UXRQJ� ;�� 0/(��� D� 0DWODE�(QHUJ\3OXV�
&R�VLPXODWLRQ� ,QWHUIDFH�� $SULO� ���� ������
KWWS���ZZZ�VHDV�XSHQQ�HGX�aQJKLHP�POHSOX
V�KWPO��DFFHVVHG�)HEXDU\�����������

3DQJ��;LXIHQJ��3UDMHVK�%KDWWDFKDU\D��=KHQJ�2
1HLOO��
3KLOLS� +DYHV�� 0LFKDHO� :HWWHU�� DQG� 7UHYRU�
%DLOH\�� �5HDO�WLPH� EXLOGLQJ� HQHUJ\�
VLPXODWLRQ� XVLQJ� (QHUJ\3OXV� DQG� WKH�
%XLOGLQJ� &RQWUROV� 9LUWXDO� 7HVW� %HG���
3URFHHGLQJV� RI� %XLOGLQJ� 6LPXODWLRQ� ������
6\GQH\��,%36$�������������������

3DULV�� %HQMDPLQ�� -XOLHQ� (\QDUG�� 6WHSKDQH� *ULHX��
7KLHUU\� 7DOEHUW�� DQG� 0RQLJXH� 3ROLW��
�+HDWLQJ� FRQWURO� VFKHPHV� IRU� HQHUJ\�
PDQDJHPHQW� LQ� EXLOGLQJV��� (QHUJ\� DQG�
%XLOGLQJV�����������������������

3ULYDUD�� 6DPXHO�� -DQ� 6LURN\�� /XNDV� )HUNO�� DQG� -LUL�
&LJOHU�� �0RGHO� SUHGLFWLYH� FRQWURO� RI� D�
EXLOGLQJ� KHDWLQJ� V\VWHP�� WKH� ILUVW�
H[SHULHQFH��� (QHUJ\� DQG� %XLOGLQJV� ���
�����������������

6LQKD��6DXUDEK���([KDXVWLYH�VHDUFK���,QWURGXFWLRQ�WR�
%LRLQIRUPDWLFV�� ������
KWWS���YHGD�FV�XLXF�HGX�FRXUVHV�ID���FV����V
FKHGXOH�KWPO��

6WXU]HQHJJHU��'���'��*\DOLVWUDV��0��0RUDUL��DQG�5R\�
6�� 6PLWK�� �6HPL�$XWRPDWHG� 0RGXODU�
0RGHOLQJ�RI�%XLOGLQJV�IRU�0RGHO�3UHGLFWLYH�
&RQWURO��� %XLOG6\V� ����� �� :RUNVKRS� RI�
$&0�6HQ6\V�&RQIHUHQFH��1HZ�<RUN��������
��������

:DQJ�� 6KHQJZHL�� DQG� ;LQTLDR� -LQ�� �0RGHO�EDVHG�
RSWLPDO� FRQWURO� RI� 9$9� DLU�FRQGLWLRQLQJ�
V\VWHP� XVLQJ� JHQHWLF� DOJRULWKP��� %XLOGLQJ�
DQG�(QYLURQPHQW���������������������

<DKLDRXL�� $��� -�� +HQVHQ�� /�� 6RHWKRXW�� DQG� $�+�&��
3DDVVHQ�� �0RGHO� EDVHG� RSWLPDO� FRQWURO� IRU�
LQWHJUDWHG� EXLOGLQJ� V\VWHPV��� 3URFHHGLQJV�
RI� WKH� �WK� ,QWHUQDWLRQDO� 3RVWJUDGXDWH�
5HVHDUFK� &RQIHUHQFH� LQ� WKH� %XLOW� DQG�
+XPDQ� (QYLURQPHQW�� 'HOIW�� 1HWKHUODQGV��
8QLYHUVLW\�RI�6DOIRUG�����������������

<XDQ�� 6KXL�� DQG� 3HUH]� 5RQDOG�� �0XOWLSOH�]RQH�
YHQWLODWLRQ� DQG� WHPSHUDWXUH� FRQWURO� RI� D�
VLQJOH�GXFW� 9$9� V\VWHP� XVLQJ� PRGHO�
SUHGLFWLYH� FRQWURO��� (QHUJ\� DQG� %XLOGLQJV�
����������������������

=KDR�� -LH��.KHH� 3RK�/DP��2PHU� 7��.DUDJX]HO�� DQG�
6DPLUD� $KPDGL�� �'HVLJQ�%XLOG�2SHUDWH�
(QHUJ\� ,QIRUPDWLRQ� 0RGHOLQJ� �'%2�(,0��
IRU� *UHHQ� %XLOGLQJV�� &DVH� 6WXG\� RI� D� 1HW�
=HUR� (QHUJ\�%XLOGLQJ���3URFHHGLQJV� RI� WKH�
�VW�,%36$�$VLD�FRQIHUHQFH��6KDQJKDL��������
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