
��
�
�
�
�
� �6,08/$&,Ï1�',1È0,&$�'(�81�02725�'(�5(/8&7$1&,$�$&&,21$'2�325�&21087$&,Ï1��05$&��'(�%$-2�&216802�'(�(1(5*Ë$�(/e&75,&$�

�
�

�
�
�
� 7��������(��������6��������,��������6�

48(��3$5$��2%7(1(5��(/��7Ë78/2��'(��

,1*(1,(52�(/e&75,&2�(/(&75Ï1,&2�
3����5����(����6����(����1����7����$�

�

-25*(�$/%(572�526$6�)/25(6�

',5(&725�'(�7(6,6��,1*��$57852�025$/(6�&2//$17(6�

�

81,9(56,'$'�1$&,21$/�$87Ï120$�'(�0e;,&2�

)$&8/7$'�'(�,1*(1,(5Ë$�

�

�

0p[LFR��'�)�� �����



 

UNAM – Dirección General de Bibliotecas 

Tesis Digitales 

Restricciones de uso 
  

DERECHOS RESERVADOS © 

PROHIBIDA SU REPRODUCCIÓN TOTAL O PARCIAL 
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(VWH� WUDEDMR� IXH� UHDOL]DGR� XWLOL]DQGR� OD� KHUUDPLHQWD� GH� SURJUDPDFLyQ� 0$7/$%� FRQ�
VLPXODFLyQ� HQ� 6,08/,1.� � SDUD� GHWHUPLQDU� SDUiPHWURV� � FRPR� LQGXFWDQFLD� SURSLD� GH�
IDVH��FRUULHQWH�GH�IDVH��\�WRUTXH�GH�IDVH�SDUD�FDUDFWHUL]DU�D�XQ�PRWRU�GH�UHOXFWDQFLD����
SRORV�HQ�HVWDWRU�\���SRORV�HQ�HO�URWRU���
�
&RQ�EDVH�HQ�OD�WHRUtD�JHQHUDO�\�EiVLFD�GH�PiTXLQDV�HOpFWULFDV�URWDWLYDV��VH�SODQWHD�HO�
HVWXGLR� GH� ORV� PRWRUHV� GH� UHOXFWDQFLD� DFFLRQDGRV� SRU� FRQPXWDFLyQ�� FRQ� HOOR� VH�
GHWHUPLQy� ODV� HFXDFLRQHV� GLIHUHQFLDOHV� JHQHUDOHV� SURSLDV� GHO� FLUFXLWR� HOpFWULFR�� TXH�
SHUPLWHQ�HVWXGLDU�GLUHFWDPHQWH�ODV�UHVSXHVWDV�WHPSRUDOHV��
(O�SUHVHQWH�WUDEDMR�PXHVWUD�OD�VLPXODFLyQ�GHO�PRWRU�GH�UHOXFWDQFLD�FRQ�FDUDFWHUtVWLFDV�
OLQHDOHV�D�SDUWLU�GHO�PRGHOR�HVWDEOHFLGR�\�FRQVLGHUD�HO�RPLWLU�DOJXQRV�SDUiPHWURV�FRPR�
HV�HO�FDVR�GH�OD�LQGXFWDQFLD�PXWXD�HQWUH�IDVHV��DGHPiV�GH�FRQVLGHUDU�OLQHDO�HO�IOXMR�HQ�
HO� HQWUHKLHUUR� GH� OD� PiTXLQD�� SHUR� VLHPSUH� WRPDQGR� HQ� FXHQWD� ORV� SDUiPHWURV�
IXQGDPHQWDOHV� FRPR� HV� HO� FDVR� GH� OD� UHVLVWHQFLD� GH� IDVH�� LQHUFLD�� YROWDMH� GH�
DOLPHQWDFLyQ�� HQWUH� RWURV�� TXH� FRPR� KHPRV� YLVWR� QRV� EULQGD� DSUR[LPDFLRQHV� PX\�
EXHQDV�TXH�HVSHUiEDPRV�HQ�XQ�SULQFLSLR�GH�OD�UHDOL]DFLyQ�GHO�WHPD��
(Q�HVWH�FDVR�VH�XWLOL]y�FRQ�HO�SURJUDPD�0$7/$%�YHU�����\�6,08/,1.�YHU������HO�FXDO�
HQ� OD� IDFXOWDG� GH� LQJHQLHUtD� KD� SUREDGR� VHU� SLH]D� IXQGDPHQWDO� SDUD� HO� GHVDUUROOR� \�
DQiOLVLV�GH�VLVWHPDV�GLQiPLFRV��
/RV�SURJUDPDV�XWLOL]DGRV�SDUD� OD�VLPXODFLyQ�VH�HQFXHQWUDQ�GHELGDPHQWH�FRPHQWDGRV�
SDUD�VX�IiFLO�FRPSUHQVLyQ��DGHPiV�GHO�GLDJUDPD�GH�EORTXHV�GH�OD�VLPXODFLyQ�TXH�QRV�
EULQGD�XQD�LGHD�JHQHUDO�\�VHQFLOOD�GH�VX�IXQFLRQDPLHQWR��
�
6L�ELHQ�HO�PRWLYR�RULJLQDO�GH�HVWH�GHVDUUROOR�IXH�HO�GH�GLVSRQHU�GH�XQD�KHUUDPLHQWD�SDUD�
ILQHV� GLGiFWLFRV�� VX� SRWHQFLDOLGDG� OR� KDFH� SHUIHFWDPHQWH� DSOLFDEOH� SDUD� VLVWHPDV�
SURGXFWLYRV�\�GH�GLVHxR��GRQGH�QR�VH�MXVWLILFDUtD�HO�HPSOHR�GH�SURJUDPDV�FRPHUFLDOHV�
GH� PXFKD� PD\RU� HQYHUJDGXUD�� TXH� UHFDUJDUtDQ� FRQVLGHUDEOHPHQWH� HO� DVSHFWR�
HFRQyPLFR�GHO�HVWXGLR�GHO�WHPD��
�
�
�
�
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8QD�GH�ODV�SULQFLSDOHV�YHQWDMDV�TXH�SUHVHQWD�HO�PRWRU�GH�UHOXFWDQFLD��HV�VX�EDMR�FRVWR�
GH� FRQVWUXFFLyQ�� GHELGR� D� VX� HVWUXFWXUD� VLPSOH�� OD� FXDO� FRQVWD� GH� GHYDQDGRV�
VRODPHQWH�HQ�HO�HVWDWRU��DGHPiV�GH�VHU�XQD�PiTXLQD�HOpFWULFD�PX\�FRQILDEOH��GHELGR�D�
TXH� FDGD� IDVH� GHO� PRWRU� VH� HQFXHQWUD� ItVLFD�� HOpFWULFD� \� PDJQpWLFDPHQWH�
LQGHSHQGLHQWH��(VWR�QRV�OOHYD��D�SHQVDU�TXH�VL�DOJXQD�IDVH�GHO�PRWRU�OOHJDVH�D�IDOODU��OD�
PiTXLQD� QR� GHMDUi� GH� IXQFLRQDU� �SHUR� VX� UHQGLPLHQWR� GLVPLQXLUtD��� HVWR� HV� PX\�
LPSRUWDQWH�\�DWUDFWLYR�SDUD�VLVWHPDV�TXH�QHFHVLWDQ�XQD�DOWD�FRQILDELOLGDG�HQ�HO�SURFHVR�
TXH�HIHFW~DQ��
�
&RPR�VH�FRPHWD�HQ�XQ�SULQFLSLR�� VH�REWXYR� ODV� UHVSXHVWDV� WHPSRUDOHV�GHO�PRWRU�GH�
UHOXFWDQFLD� FRQPXWDGD�� TXH� FDUDFWHUL]DQ� D� GLFKR� PRWRU�� ODV� UHVSXHVWDV� REWHQLGDV�
HVWiQ� HQ� XQ� UDQJR� GH� YDORUHV� UHDOHV�� DGHPiV� IXHURQ� VRPHWLGRV� D� GLYHUVDV�
FRPSDUDFLRQHV� FRQ� RWURV� PRGHORV� GH� VLPXODFLyQ�� \� HO� UHVXOWDGR� IXH� XQD� VLPLOLWXG�
DVRPEURVD��HVWR�WRPDQGR�HQ�FXHQWD�TXH�QRVRWURV�UHDOL]DPRV�XQD�VLPXODFLyQ�FRQ�XQ�
PRGHOR� OLQHDO�� \� ODV� GHPiV� VLPXODFLRQHV� WRPDQ� HQ� FXHQWD� XQD� VHULH� GH� SDUiPHWURV�
PDV�FRPSOHWD�\�FRPSOHMD����
�
$O� WHQHU� ODV� UHVSXHVWDV� WHPSRUDOHV�GHO�PRWRU�GH� UHOXFWDQFLD�� SXGLPRV�FDUDFWHUL]DU�DO�
PRGHOR�GHO�PRWRU�VLPXODGR��FRQ�OR�DQWHULRU�SXGLPRV�FRPSDUDU�HVWH�PRWRU�FRQ�RWURV�GH�
WHFQRORJtDV�GLYHUVDV�� VLPLODUHV�FDUDFWHUtVWLFDV� \�PLVPDV�GLPHQVLRQHV�� UHVXOWDQGR�VHU�
ORV� PRWRUHV� GH� UHOXFWDQFLD� DFFLRQDGRV� SRU� FRQPXWDFLyQ� XQD� PiTXLQD� HOpFWULFD�
DWUDFWLYD�SRU�HO�DKRUUR�GH�HQHUJtD�HOpFWULFD�TXH�SUHVHQWD��
ORV�UHVXOWDGRV�PiV�LPSRUWDQWHV�REWHQLGRV�VRQ��
�
9� $KRUUR�GH�HQHUJtD�HOpFWULFD�GHO������EDViQGRVH�HQ�FRQVXPRV�SURPHGLRV��
9� $KRUUR�HFRQyPLFR�HQ� OD�FRQVWUXFFLyQ�GH�HVWRV�PRWRUHV�GHO� � ����FRQ� UHVSHFWR�D�

RWUDV�WHFQRORJtDV�XWLOL]DGDV�DFWXDOPHQWH��
�
(V� LPSRUWDQWH�PHQFLRQDU�TXH�HO�SULPHU�SDVR�HQ�HO�HVWXGLR�GH�PRWRUHV�GH�UHOXFWDQFLD�
FRQPXWDGD�HVWD�GDGR��HVSHUR�TXH�HQ�XQ�IXWXUR�QR�PX\�OHMDQR��HVWXGLDQWHV�\�JUXSRV�GH�
LQYHVWLJDFLyQ��GHVDUUROOHQ�WHPDV�EDVDGRV�HQ�HVWH�WUDEDMR�R�UHODFLRQDGRV�FRQ�HVWH��
6DEHPRV�TXH�HO�HVWXGLR�GH�ORV�PRWRUHV�GH�UHOXFWDQFLD�FRQPXWDGD�HV�PX\�DPSOLR��HQ�
HO�iUHD�GH�FRQWURO�SULQFLSDOPHQWH��\�HVSHUR�TXH�HVWH�WHPD�VHD�HO�FDPLQR�SDUD�DEULU�XQ�
HVSDFLR�HQ�ODV�IXWXUDV�OtQHDV�GH�LQYHVWLJDFLyQ��
�
�
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� 5RVDV�)ORUHV�-RUJH�$OEHUWR�\�0RUDOHV�&ROODQWHV�$UWXUR�
)DFXOWDG�GH�,QJHQLHUtD��8QLYHUVLGDG�1DFLRQDO�$XWyQRPD�GH�0p[LFR��&LXGDG�8QLYHUVLWDULD��$SDUWDGR�3RVWDO��������&R\RDFiQ�

�������0p[LFR�'��)��7HO���������������y�����GLUHFFLyQ�GH�H�PDLO��FR\DQWHV#VHUYLGRU�XQDP�P[��MURVDV��#\DKRR�FRP
�

5(680(1��
(O� SUHVHQWH� WUDEDMR� PXHVWUD� OD� VLPXODFLyQ� GHO�
PRWRU�GH�UHOXFWDQFLD�DFFLRQDGR�SRU�FRQPXWDFLyQ�
�05$&�� ��� SRORV� HQ� HVWDWRU� \� �� SRORV� HQ� HO�
URWRU��FRQ� FDUDFWHUtVWLFDV� OLQHDOHV�� TXH� QRV�
D\XGDUi�D�GHWHUPLQDU�HO�DKRUUR�GH�HQHUJtD�TXH�
HVWH�WLSR�GH�WHFQRORJtD�QRV�EULQGD��
(VWH� WUDEDMR� IXH� UHDOL]DGR� XWLOL]DQGR� OD�
KHUUDPLHQWD� GH� SURJUDPDFLyQ� 0$7/$%� FRQ�
VLPXODFLyQ�HQ�6,08/,1.��
'RQGH�ORV�SULQFLSDOHV�UHVXOWDGRV�VRQ��
9� $KRUUR� GH� HQHUJtD� HOpFWULFD� GHO� �����

EDViQGRVH� HQ� FRQVXPRV� SURPHGLRV� GH�
PRWRUHV�FRPHUFLDOHV�

9� $KRUUR� HFRQyPLFR� HQ� OD� FRQVWUXFFLyQ� GH�
HVWRV�PRWRUHV�GHO������FRQ�UHVSHFWR�D�RWUDV�
WHFQRORJtDV�XWLOL]DGDV�DFWXDOPHQWH��

�
,1752'8&&,21��
/RV�LQJHQLHURV�GHVWLQDGRV�HQ�HO�iUHD�GH�GLVHxR�
GH�PRWRUHV�HOpFWULFRV��KDQ�HVWDGR�EXVFDQGR�SRU�
XQ� ODUJR� WLHPSR� XQD� VROXFLyQ� D� PXFKRV�
SUREOHPDV� HQ� VX� FDPSR�� TXH� LQIOX\H�
GLUHFWDPHQWH� HQ� TXH� ODV� VROXFLRQHV� VHDQ�
IXQGDPHQWDOPHQWH� D� EDMR� FRVWR�� UHDOL]DEOH��
YHUViWLOHV�HQ�DSOLFDFLRQHV��FRQ�DOWD�FRQILDELOLGDG�
HQ�VX�XVR�\�FRQ�EDMR�UXLGR��
/D� VROXFLyQ�� TXH� HVWH� WLSR� GH� GLVHxDGRUHV� KD�
HQFRQWUDGR�HQ�VX�E~VTXHGD�GH�YDULRV�DxRV��
�
�
�
�
�

�
�
HV�YROWHDU� OD�PLUDGD�D� OD� WHFQRORJtD�GH�PRWRUHV�
GH� UHOXFWDQFLD� DFFLRQDGRV� SRU� FRQPXWDFLyQ�
�05$&��� HO� FXDO� QRV� EULQGD� XQD� VROXFLyQ�
DGHFXDGD�\�MXVWD�D�FLHUWDV�QHFHVLGDGHV��
/RV� PRWRUHV� GH� UHOXFWDQFLD� DFFLRQDGR� SRU�
FRQPXWDFLyQ� �05$&�� y� �650�� � SRU� VXV� VLJODV�
HQ�LQJOHV���6ZLWFKHG�5HOXFWDQFH�0RWRU��VRQ�XQD�
GLYLVLyQ�GH�PiTXLQDV�TXH�HQ�~OWLPRV�DxRV��KDQ�
FUHFLGR� GH� SRSXODULGDG� H� LQWHUpV�� GHELGR� D� OD�
DXVHQFLD�GH�GHYDQDGRV�R� LPDQHV�SHUPDQHQWHV�
HQ�HO�URWRU�� OR�FXDO� LQIOX\H�HQ�ORV�EDMRV�FRVWRV�\�
FRQILDELOLGDG�TXH�HVWDV�PiTXLQDV�QRV�EULQGDQ��
�
&$5$&7(5,67,&$6��
(Q� XQ� PRWRU� GH� UHOXFWDQFLD� DFFLRQDGR� SRU�
FRQPXWDFLyQ��~QLFDPHQWH�H[LVWHQ�ERELQDV�HQ�HO�
HVWDWRU��PLHQWUDV�TXH�HO�URWRU�HVWi�KHFKR�GH�XQD�
PDVD� PHWiOLFD� VLQ� QLQJ~Q� FRQGXFWRU� R� LPiQ�
SHUPDQHQWH��
(O� IXQFLRQDPLHQWR� GHO� PRWRU� GH� UHOXFWDQFLD�
DFFLRQDGR� SRU� FRQPXWDFLyQ�� HV� PX\� VLPSOH� DO�
LJXDO� TXH� VX� HVWUXFWXUD�� HVWR� VH� EDVD� HQ� OD�
JHQHUDFLyQ� \� FRQPXWDFLyQ� GH� FDPSRV�
PDJQpWLFRV� TXH� VH� OOHYD� D� FDER� HQ� ORV�
ERELQDGRV� GH� ORV� SRORV� GHO� HVWDWRU� TXH� HV� OD�
SDUWH�ILMD�GH�OD�PiTXLQD��
6L� VH� DOLPHQWDVH� XQD� IDVH� GHO� PRWRU� FRQ� XQD�
FRUULHQWH� TXH� SURGX]FD� XQ� FDPSR� PDJQpWLFR��
TXH� D� VX� YH]�� SURGX]FD� XQ� SDU� TXH� WLHQGD� D�
DOLQHDU�D� ORV�SRORV�GHO� URWRU� TXH�VH�HQFXHQWUHQ�
PiV� FHUFDQRV�� HVWR� FRQ� HO� ILQ� GH� SRGHU� KDFHU�
PtQLPD�OD�UHOXFWDQFLD�HQWUH�DPERV��HQ�HVWH�FDVR��
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VL� XQD� IDVH� VH� HQFXHQWUD� DOLQHDGD�� SRU�
FRQVLJXLHQWH� OD� VLJXLHQWH� IDVH� HVWDUi�
GHVDOLQHDGD��
6L�VH�SUHVHQWD�XQD�H[FLWDFLyQ�HQ� ORV�ERELQDGRV�
GHO�URWRU�VHFXHQFLDO�HQWUH�IDVHV��HQ�IXQFLyQ�GH�OD�
SRVLFLyQ� GHO� URWRU�� VH� JHQHUDUi� XQD� SURGXFFLyQ�
FRQWLQXD�GH�JLUR�\�SDU��
(O�VHQWLGR�GH�JLUR��HV�GHWHUPLQDGR�WRWDOPHQWH�HQ�
HO�VHQWLGR�GH�OD�VHFXHQFLD�HQ�TXH�HV�DOLPHQWDGR�
ODV�ERELQDV�GHO�URWRU��

�
������),*85$����9,67$�'(�81�05$&��
&XDQGR� HVWH� WLSR� GH� WHFQRORJtD� HV� FRPSDUDGD�
FRQ�PDTXLQDV�&$�\�&'��PXHVWUD�HVWDV�YHQWDMDV��
��� (V�PX\�EDUDWD�HQ�VX�FRQVWUXFFLyQ��DGHPiV�

GH�VHU�PX\�FRQILDEOH�HQ�VX�IXQFLRQDPLHQWR��
HVWR� GHELGR� D� TXH� FDGD� IDVH� HVWi�
ItVLFDPHQWH�� PDJQpWLFD� \� HOpFWULFDPHQWH�
LQGHSHQGLHQWH�GH�ODV�RWUDV�IDVHV�GHO�HVWDWRU�
GH�OD�PiTXLQD��

��� 3XHGH� DOFDQ]DU� DOWDV� YHORFLGDGHV��
FRQVHFXHQWH�D�VX�EDMR�PRPHQWR�GH� LQHUFLD�
HVWR�GHELGR�D�TXH�QR�FRQWLHQH�FRQGXFWRUHV�
R�LPDQHV�HQ�HO�URWRU��

0LHQWUDV��HO�05$&�WLHQH�DOJXQDV�OLPLWDFLRQHV��
��� /D� PiTXLQD� GHEH� VHU� DOLPHQWDGD� VLHPSUH�

SRU� FRQPXWDFLyQ� \� SRU� HOOR� QR� SXHGH� VHU�
FRORFDGD�R�LQVWDODGD�HQ�XQ�EXV�GH�&'�y�XQD�
OtQHD�GH�$&��

��� 'HELGR� D� TXH� HVWH� WLSR� GH�PiTXLQD� HV�
GH� SRORV� VDOLHQWHV�� SUHVHQWD� QR� OLQHDOLGDGHV�

PDJQpWLFDV�� OR� FXDO� FRPSOLFD� HO� DQiOLVLV� \� VX�
FRQWURO��
�
(&8$&,21(6�(/(&7520$*1(7,&$6��
�
(O� YROWDMH� LQVWDQWiQHR� GH� ODV� WHUPLQDOHV� GH� ORV�
GHYDQDGRV� GH� XQD� IDVH� GHO� 05$&�� HVWD�
UHODFLRQDGR�FRQ�HO� IOXMR�SURGXFLGR�HQ�HVWRV��SRU�
OD�OH\�GH�)DUDGD\��FRPR�VH�PHQFLRQD�
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(Q� GRQGH� �9� HV� OD� WHUPLQDO� GH� YROWDMH�� L� HV� OD�
FRUULHQWH�GH�IDVH��5P�HV�OD�UHVLVWHQFLD�GHO�PRWRU�
\�φ�HV�HO�IOXMR�PDJQpWLFR�GHO�GHYDQDGR��
3HUR� FRPR� OD� FRQVWUXFFLyQ� GHO� PRWRU� HV� GH�
SRORV� VDOLHQWHV� �WDQWR� HO� URWRU� FRPR�HO� HVWDWRU���
DGHPiV�GH�ORV�HIHFWRV�GH�VDWXUDFLyQ�PDJQpWLFD��
HQ�JHQHUDO��HO� IOXMR�PDJQpWLFR�HQ� ODV� � IDVHV�GHO�
05$&�YDULD�HQ� IXQFLyQ�GH� OD�SRVLFLyQ�GHO� URWRU�
�θ���\�OD�FRUULHQWH�GHO�PRWRU�GH�OD�HFXDFLyQ���HV�
FRPSOHPHQWDGD�FRPR�VLJXH��
�
���������������������������������������������������������������������������

GRQGH� L∂

∂φ � HVWD� GHILQLGR� FRPR� /�θ�L�� OD�

LQGXFWDQFLD�LQVWDQWiQHD����
θ

φ
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∂ ����HV�.E��θ�L��TXH�
HV�OD�)(0�LQVWDQWiQHD��

(&8$&,21�*(1(5$/�'(�3$5�
�
/D�HFXDFLyQ�DQWHULRU�����PXHVWUD�OD�WUDQVIHUHQFLD�
GH�HQHUJtD�HOpFWULFD�D�FDPSRV�PDJQpWLFRV�SDUD�
HO� 05$&�� (Q� HVWH� SXQWR� GHVDUUROODUHPRV� OD�
HFXDFLyQ� TXH� GHVFULEH� OD� FRQYHUVLyQ� GH� OD�
HQHUJtD�GH�ORV�FDPSRV�HQ�HQHUJtD�PHFiQLFD��
6L� QRVRWURV� PXOWLSOLFDPRV� FDGD� ODGR� GH� OD�
HFXDFLyQ�����SRU�OD�FRUULHQWH�HOpFWULFD�L���



REWHQHPRV� OD� H[SUHVLyQ� GH� OD� SRWHQFLD�
LQVWDQWiQHD�HQ�XQ�05$&��
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/D�SDUWH�L]TXLHUGD�GH�OD�HFXDFLyQ�����UHSUHVHQWD�
OD� SRWHQFLD� HOpFWULFD� LQVWDQWiQHD� SURSRUFLRQDGD�
SRU� HO� 05$&�� (O� SULPHU� WHUPLQR� HQ� OD� SDUWH�
GHUHFKD� GH� OD� HFXDFLyQ� ���� UHSUHVHQWD� ODV�
SHUGLGDV�RKPLFDV�HQ�ORV�GHYDQDGRV�GHO�05$&��
HO� VLJXLHQWH� WHUPLQR� UHSUHVHQWD� OD� VXPD� GH� OD�
VDOLGD�GH�OD�SRWHQFLD�PHFiQLFD�GHO�05$&�\�WRGD�
OD� SRWHQFLD� HV� JXDUGDGD� HQ� ORV� FDPSRV�
PDJQpWLFRV��\�VH�SXHGH�UHSUHVHQWDU�DVt��
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'RQGH� HO� WpUPLQR� � � GW
G:P � � � � � � HV� OD� SRWHQFLD�

PHFiQLFD� LQVWDQWiQHD�� \� � GW
G: I � HV� OD�SRWHQFLD�

LQVWDQWiQHD��TXH�HV�DOPDFHQDGD�HQ�ORV�FDPSRV�
PDJQpWLFRV��&RPR�SRWHQFLD�HV�GHILQLGD�FRPR�OD�
UD]yQ� GH� FDPELR� GH� OD� HQHUJtD� HQ� IXQFLyQ� GHO�
WLHPSR��
3RU�OR�TXH�:P�HV�OD�HQHUJtD�PHFiQLFD�\�:I� � �HV�
OD�HQHUJtD�GH�ORV�FDPSRV�PDJQpWLFRV��
&RQRFLHQGR� OD� SRWHQFLD� PHFiQLFD�� SRGUHPRV�
QRVRWURV�HVFULELU�D�HVWD�FRPR�HO�SURGXFWR�GH�SDU�
\�YHORFLGDG�FRPR�VLJXH��
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G:P θ
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GRQGH� 7�� HV� HO� SDU�� \� � GW
Gθ

ω = � � � � HV� OD�
YHORFLGDG�URWDFLRQDO�GHO�URWRU�R�IOHFKD��
$KRUD�ELHQ��VL�VXVWLWXLPRV�OD�HFXDFLyQ�Q~PHUR���
HQ�OD�HFXDFLyQ�Q~PHUR���VH�REWLHQH��
�
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�
UHVROYLHQGR� OD� HFXDFLyQ� DQWHULRU� ����� SDUD�
REWHQHU�OD�HFXDFLyQ�GH�OD�SURGXFFLyQ�GH�SDU��
�
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02'(/2�87,/,=$'2�3$5$�/$�6,08/$&,Ï1��
/RV� SDUiPHWURV� XVDGRV� SDUD� OD� VLPXODFLyQ�
EDVDGD�HQ�0$7/$%�6,08/,1.��IXHURQ�WRPDGRV�
GHO� DQiOLVLV� REWHQLGR� HQ� >�@�� HO� VH� GHVFULEH� D�
FRQWLQXDFLyQ���

�����
VU

V 11 −Π=θ � � ��������

'RQGH�1U�\�1V�VRQ�HO�Q~PHUR�GH�SRORV�GHO�URWRU�
\�HVWDWRU�UHVSHFWLYDPHQWH��
8Q�IDFWRU�LPSRUWDQWH�TXH�VH�GHEH�GHWHUPLQDU�HV�
HO� DUFR�GHO�HVWDWRU� \�HO� URWRU��TXH�HQ�HVWH�FDVR�
VRQ� LJXDOHV�βU βV��(VWRV�SDUiPHWURV�VH�SXHGHQ�
REVHUYDU�HQ�OD�VLJXLHQWH�ILJXUD��

�
$5&26�'(�52725�<�(67$725�'(�81�

05$&�����
FRQ�UHVSHFWR�D�ODV�ILJXUDV�DQWHULRUHV�VH�REWLHQH�
OD�VLJXLHQWH�UHODFLyQ��
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&RPR�VH�LQGLFD�HQ�ODV�DQWHULRUHV�ILJXUDV��HO�
iQJXOR�δ�FRUUHVSRQGH�DO�GHVSOD]DPLHQWR�GH�XQD�
IDVH�FRQ�UHVSHFWR�D�RWUD�\�HVWD�GHWHUPLQDGD�SRU��

�����
VU 11 −Π=δ � � �������

&RQ�HVWRV�SDUiPHWURV�� \� VDELHQGR�TXH�VH�HVWD�
KDFLHQGR� � XQ� DQiOLVLV� HQ� UpJLPHQ� OLQHDO�� OD�
UHODFLyQ�TXH�HO�IOXMR�WLHQH�HV��

ψ /�θ�,�� ���������
/D� VLPSOLILFDFLyQ� HQ� HFXDFLyQ� SRU� OLQHDOL]DFLyQ�
QRV�SURSRUFLRQD�OD�HFXDFLyQ�GH�SDU�VLJXLHQWH��
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\� SDUD� SRGHU� UHSUHVHQWDU� ODV� HFXDFLRQHV�
PHFiQLFDV� GHO�05$&�� SRGHPRV� UHSUHVHQWDU� OD�
VLJXLHQWH�LJXDOGDG��

ω
ω I7O7GW
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HQ�GRQGH�7O�UHSUHVHQWD�HO�SDU�GH�FDUJD��\�I�HV�HO�
FRHILFLHQWH� GH� IULFFLyQ�� \� ω� HV� OD� YHORFLGDG�
DQJXODU�GHO�URWRU��
�
3$5È0(7526�'(/�02725�6,08/$'2��
/RV�SDUiPHWURV�FRQVLGHUDGRV�SDUD�OD�VLPXODFLyQ�
VRQ�� 1~PHURV� GH� SRORV� GHO� HVWDWRU� 1U ���
1~PHURV�GH�SRORV�HQ�HO� URWRU�1V ���SDUiPHWURV�
GH�OD�LQGXFWDQFLD��/PLQ �����>+@��/PD[ ����>+@��
UHVLVWHQFLD� GH� IDVH� GHO� HVWDWRU�� U ���Ω��
PRPHQWR�GH�LQHUFLD��- �����NJP���
�
(648(0$�'(�6,08/$&,Ï1��
$�FRQWLQXDFLyQ�VH�SUHVHQWD�HO�HVTXHPD�JHQHUDO�
GH� OD� VLPXODFLyQ� UHDOL]DGD� DO� 05$&�� HVWH�

HVTXHPD� VH� UHILHUH� D� OD� VLPXODFLyQ� HQ�
6,08/,1.��FRQ�VXV� OODPDGDV�GH�SURJUDPDV�HQ�
0$7/$%�� /RV� EORTXHV� SUHVHQWDGRV� GDQ� XQD�
SHUVSHFWLYD� EiVLFD� \� JHQHUDO� GH� OD� IRUPD� HQ�
FRPR�RSHUD�HO�SURJUDPD��
�
�
�
�
�
�
�
�
�
�
�

(648(0$�'(�6,08/$&,21�6,08/,1.�
0$7/$%�

5(68/7$'26�'(�6,08/$&,Ï1��
$TXt� VH� SUHVHQWD� ORV� UHVXOWDGRV� PiV�
UHSUHVHQWDWLYRV�GHULYDGRV�GH�OD�VLPXODFLyQ��
$��,1'8&7$1&,$��

�
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&216802�'(�(1(5*Ë$��
8Q� SXQWR� LPSRUWDQWH� GHQWUR� GHO� HVWXGLR� GH� ORV�
PRWRUHV� HOpFWULFRV�� HV� HO� SRGHU� VDEHU� HO�
FRQVXPR�GH�HQHUJtD�HOpFWULFD�TXH�HVWRV�WLHQHQ��
FRPR�VH�SUHVHQWD�PiV�DGHODQWH��VH�UHDOL]D�XQD�
FRPSDUDFLyQ� HQWUH� ORV� PRWRUHV� HOpFWULFRV� PiV�
FRPXQHV� FRQ� UHVSHFWR� DO� 05$&� VLPXODGR��
FRPR� VH� SRGUi� FRPSUHQGHU�� OD� FRPSDUDFLyQ�
HQWUH�PRWRUHV�HV�PX\�GLItFLO��HVWR�GHELGR�D�TXH�
H[LVWH� XQD� GLIHUHQFLD� LPSRUWDQWH� HQWUH�
WHFQRORJtDV�\�IRUPDV�GH�IXQFLRQDPLHQWR��SHUR�OD�
LGHD�SULQFLSDO�GH�HVWH�SXQWR�HV�SRGHU�YLVXDOL]DU�
HQ� IRUPD� JHQHUDO� HO� FRPSRUWDPLHQWR� GH�
FRQVXPR� HQHUJpWLFR� HQWUH� GLYHUVRV� HTXLSRV� GH�
VLPLODUHV� FDUDFWHUtVWLFDV�� HQ� HVWH� FDVR� VH� EDVD�
SULQFLSDOPHQWH�HQ�OD�SRWHQFLD�GH�ORV�PRWRUHV��
�

�
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&21&/86,21(6��
'HELGR�D�OD�VLPSOLFLGDG�ItVLFD�GH�OD�PiTXLQD��HO�
PRPHQWR� GH� LQHUFLD� GH� URWRU�� SUHVHQWD� XQD�
GLVPLQXFLyQ� GHO� ���� FRQ� UHVSHFWR� D� RWURV�
PRWRUHV� GH� WHFQRORJtDV� FRQYHQFLRQDOHV� GH�
VLPLODUHV�FDUDFWHUtVWLFDV�\�GLPHQVLRQHV��
$KRUUR� HQ� OD� FRQVWUXFFLyQ� GH� ORV� PRWRUHV� GH�
UHOXFWDQFLD� DFFLRQDGRV� SRU� FRQPXWDFLyQ�
�05$&�� GHO� RUGHQ� GHO� ���� FRQ� UHVSHFWR� D�
RWUDV� WHFQRORJtDV� FRQYHQFLRQDOHV� IXQFLRQDQGR�
DFWXDOPHQWH��
$KRUUR�HQ�HO�FRQVXPR�GH�HQHUJtD�HOpFWULFD�GHO�
���� HQ� FRQVXPRV� SURPHGLRV� FRQ� UHVSHFWR� D�
WHFQRORJtDV� GH� PRWRUHV� FRQYHQFLRQDOHV�
XWLOL]DGRV�DFWXDOPHQWH��
(O� DKRUUR� GH� HQHUJtD� HOpFWULFD� DQWHULRUPHQWH�
PHQFLRQDGR�� HV� XQD� VHxDO� LPSRUWDQWH� SDUD�
YROWHDU� OD� PLUDGD� D� HVWH� WLSR� GH� WHFQRORJtD�� \�
EULQGDU�OD�RSRUWXQLGDG�GH�SRGHUVH�GHVDUUROODU�\�
GHPRVWUDU�VXV�EHQHILFLRV��
&RPR� VH� SXHGH� REVHUYDU� ORV� PRWRUHV� GH�
UHOXFWDQFLD� DFFLRQDGRV� SRU� FRQPXWDFLyQ�
�05$&��VRQ�KR\�XQD�UHDOLGDG�\�DFWXDOPHQWH�HV�
XQD� RSFLyQ� � TXH� UHVSRQGH� D� OD� QHFHVLGDG� GH�
DKRUUDU� \� XVDU� HILFLHQWHPHQWH� OD� HQHUJtD�
HOpFWULFD�� FRQ� HO� ILQ� SULPRUGLDO� GH� DEDWLU�

HPLVLRQHV� FRQWDPLQDQWHV� D� OD� DWPyVIHUD� \�
SRGHU� SURORQJDU� OD� YLGD� GH� ORV� UHFXUVRV� QR�
UHQRYDEOHV��
%,%/,2*5$)Ë$�
�>�@� -�1DVFLPHQWR�� /�� 5ROLP�� 3�� +HLGULFK� HW� DO��
�'HVLJQ� DQG� VLPXODWLRQ� DVSHFWV� RI� D� VZLWFKHG�
UHOXFWDQFH� GULYH��� 3URF�� RI� ��� %UD]LOLDQ� 3RZHU�
&RQIHUHQFH��&2%(3�����
�>�@�3�2��5DVPXVVHQ��*��$QGHUVHQ��/��+HOOH��-�.��
3HGHUVHQ�� )�� %ODDEMHUJ�� �6ZLWFKHG� UHOXFWDQFH�
0RWRUV� GULYHV��� ,(((� 7UDQVDFWLRQ� RQ� ,QGXVWU\�
$SSOLFDWLRQV�� ����� �$/%25*� XQLYHUVLW\��
'HQPDUN��
>�@� 1RUPD� 2ILFLDO� 0H[LFDQD� 120�����6('(�
������ ,QVWDODFLRQHV�(OpFWULFDV� �XWLOL]DFLyQ���'LDULR�
2ILFLDO�GH�OD�)HGHUDFLyQ�����GH�DEULO�GH�������
-25*(�$/%(572�526$6�)/25(6��(JUHVDGR�GH�
OD� FDUUHUD� GH� ,QJHQLHUR� (OpFWULFR�(OHFWUyQLFR� GH� OD�
)DFXOWDG� GH� ,QJHQLHUtD�81$0��$FWXDOPHQWH� HVWXGLD�
PDHVWUtD�HQ�HO�iUHD�GH�(QHUJtD�HQ�'(3),�81$0��
$57852� 025$/(6� &2//$17(6�� (V� ,QJ��
0HFiQLFR� (OHFWULFLVWD� GH� OD� )DFXOWDG� GH� ,QJHQLHUtD�
81$0�� SURIHVRU� WLWXODU� GH� FDUUHUD� ),� 81$0� HQ� HO�
iUHD� GH� ,QJ�� (OpFWULFD� GH� SRWHQFLD�� $FWXDOPHQWH� HV�
MHIH�GHO�GHSDUWDPHQWR�GH� ,QJ��(OpFWULFD�GH�3RWHQFLD�
GH�OD�),�81$0��

7,32�'(�$/,0(17$&,21�
����� ���	��
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�
&RPSUREDU� TXH� ORV� 0RWRUHV� GH� 5HOXFWDQFLD� $FFLRQDGRV� SRU�
&RQPXWDFLyQ� �05$&�� VRQ� GH� EDMR� FRQVXPR� GH� HQHUJtD� HOpFWULFD�� D�
SDUWLU�GH�VX�FDUDFWHUL]DFLyQ�EDVDGD�HQ�XQ�PRGHOR�GH�VLPXODFLyQ�GLJLWDO��
�
�
�
2EMHWLYRV�3DUWLFXODUHV��
�
�
9� &RQRFHU� ODV� FDUDFWHUtVWLFDV� ItVLFDV� \� PDWHPiWLFDV� GHO� PRWRU� GH� UHOXFWDQFLD� SDUD�

FRQRFHU�ODV�YHQWDMDV�\�GHVYHQWDMDV�TXH�QRV�SXHGH�RIUHFHU��
�
9� 5HDOL]DU� XQR� GH� ORV� SULPHURV� HVWXGLRV� VREUH� PRWRUHV� GH� UHOXFWDQFLD� EDVDGR� HQ�

SURJUDPDFLyQ�HQ�0$7/$%�6,08/,1.��
�
9� &RQRFHU� ODV� UHVSXHVWDV� WHPSRUDOHV� GHULYDGDV� GH� OD� VLPXODFLyQ� GLQiPLFD� EDVDGD� HQ�

0$7/$%�6,08/,1.�� FRPR�HV� HO� FDVR� GH� OD� FRUULHQWH�� LQGXFWDQFLD� \� WRUTXH� GH� IDVH��
DGHPiV�GH�OD�YHORFLGDG�\�HO�YRWDMH�GH�DOLPHQWDFLyQ�GHO�PRWRU��

�
9� &RQRFHU� HO� DKRUUR� GH� HQHUJtD� TXH� ORV� PRWRUHV� GH� UHOXFWDQFLD� WLHQHQ� VREUH� RWUDV�

WHFQRORJtDV�GH�FDUDFWHUtVWLFDV�VLPLODUHV�GH�LJXDOHV�GLPHQVLRQHV��
�
9� 3UHVHQWDU�HQ�IRUPD�GLGiFWLFD�WRGRV�ORV�FRQRFLPLHQWRV�SUHVHQWDGRV��HVWR�FRQ�HO�ILQ�GH�

WHQHU�XQD�IiFLO�FRPSUHQVLyQ�SRU�SDUWH�GH�OD�JHQWH�TXH�FRQVXOWH�HVWD�REUD��
(VWD� IRUPD�GLGiFWLFD�� VHUi�HQ�EDVH�D�XQ�&'�520�TXH�FRQWLHQH� OD�SURJUDPDFLyQ�HQ�
0$7/$%� \� OD� VLPXODFLyQ� KHFKD� HQ� 6,08/,1.�� DGHPiV� GH� SURJUDPDV� KHFKRV� SRU�
LQYHVWLJDGRUHV�GHGLFDGRV�DO�iUHD�GH�HVWXGLR�GH�ORV�PRWRUHV�GH�UHOXFWDQFLD��VH�DQH[DQ�
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�
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DGHPiV� PDQXDOHV� GH� 0$7/$%�6,08/,1.� TXH� D\XGDUDQ� D� FRPSUHQGHU� PHMRU� OR�
UHDOL]DGR�HQ�HVWH�WUDEDMR�GH�WHVLV��
�

9� &RQRFHU� ORV� DYDQFHV� TXH� ORV� PRWRUHV� GH� UHOXFWDQFLD� WLHQH� KDVWD� OD� IHFKD� \� SRGHU�
VDEHU�R�LQIHULU��HO�LPSDFWR�TXH�HVWRV�PRWRUHV�QRV�EULQGDUiQ�HQ�XQ�WLHPSR�QR�PX\�ODUJR��

�

9� $SHUWXUD�\�FRQRFLPLHQWR�GH�IXWXUDV�OtQHDV�GH�LQYHVWLJDFLyQ��TXH�DSRUWHQ�\�VLUYDQ�SDUD�
IRUPDU�XQ�FDPLQR�ILUPH�HQ�HO�GHVDUUROOR�\�HVWXGLR�GH�ORV�PRWRUHV�GH�UHOXFWDQFLD��

�
�
�
�
�
+,327(6,6��
�

9� /RV�PRWRUHV�GH� UHOXFWDQFLD�DFFLRQDGRV�SRU�FRQPXWDFLyQ�VRQ�PiTXLQDV�HOpFWULFDV�GH�
EDMR�FRQVXPR�HQHUJpWLFR��

9� /RV�PRWRUHV�GH�UHOXFWDQFLD�DFFLRQDGRV�SRU�FRQPXWDFLyQ�VRQ�PiTXLQDV�HOpFWULFDV�TXH�
SUHVHQWDQ� XQD� DWUDFWLYD� HILFLHQFLD� FRQ� UHVSHFWR� D� RWUDV� WHFQRORJtDV� XWLOL]DGDV�
DFWXDOPHQWH��

9� /RV�PRWRUHV�GH�UHOXFWDQFLD�DFFLRQDGRV�SRU�FRQPXWDFLyQ�SUHVHQWDQ�XQD�VHQFLOOD�IRUPD�
GH�FRQVWUXFFLyQ�TXH�UHGXQGD�HQ�XQ�EDMR�FRVWR�WDQWR�FRQVWUXFWLYR�FRPR�RSHUDWLYR��

9� (VWD� GLYLVLyQ� GH� PiTXLQDV� HOpFWULFDV� VH� HQFXHQWUD� DFWXDOPHQWH� HQ� GHVDUUROOR� HQ�
QXHVWUR�SDtV��DGHPiV�GH�RWURV�FHQWURV�GH�GHVDUUROOR�H�LQYHVWLJDFLyQ�LQWHUQDFLRQDOHV��

�
�
�
�
�
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�
(Q� HVWH� FDStWXOR�� KDUHPRV� UHIHUHQFLD� D� OD� XELFDFLyQ� TXH� ORV� PRWRUHV� GH� UHOXFWDQFLD�
DFFLRQDGRV� SRU� FRQPXWDFLyQ� �05$&�� WLHQHQ� GHQWUR� GH� ODV� PiTXLQDV� HOpFWULFDV�� (Q� OD�
SULPHUD�VHFFLyQ�KDEODUHPRV�GH�FRQFHSWRV�EiVLFRV�GH�PRWRUHV�HOpFWULFRV��FRPR�HV�HO�FDVR�
GH�XQD�EUHYH�UHVHxD�KLVWyULFD��FODVLILFDFLyQ�\�XVR�GH� ORV�PRWRUHV�HOpFWULFRV��KDVWD�SRGHU�
OOHJDU� D� XELFDU� D� ORV� 05$&�V� GHQWUR� GH� ODV� PiTXLQDV� HOpFWULFDV�� HVWR� SHUPLWLHQGR�
FRPSUHQGHU�ODV�FDUDFWHUtVWLFDV�IXQGDPHQWDOHV�TXH�QRV�SXHGHQ�EULQGDU��
�
�
����02725(6�(/e&75,&26��
�
/RV�PRWRUHV�HOpFWULFRV�HIHFW~DQ�OD�WUDQVIRUPDFLyQ�GH�OD�HQHUJtD�HOpFWULFD�UHFLELGD�GH�OD�UHG�
HQ� HQHUJtD� PHFiQLFD� HQ� VX� HMH�� SRU� LQWHUPHGLR� GH� ODV� LQWHUDFFLRQHV� HOHFWURPDJQpWLFDV�
HQWUH�ORV�GHYDQDGRV�R�ORV�PDWHULDOHV�PDJQpWLFRV�GHO�URWRU�\�HO�HVWDWRU�GHO�PRWRU��
(Q�JHQHUDO�HO� UHQGLPLHQWR�GH� OD� WUDQVIRUPDFLyQ�HV�PX\�DOWR�FRPSDUDWLYDPHQWH�FRQ�RWURV�
GLVSRVLWLYRV� FRQYHUWLGRUHV� GH� HQHUJtD�� 6LQ� HPEDUJR�� KD\� YDULDV� UD]RQHV� TXH� LQGXFHQ� D�
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SUHVWDU� DWHQFLyQ� D� OD� XWLOL]DFLyQ� UDFLRQDO� GH� OD� HQHUJtD� HQ� HO� HPSOHR� GH� ORV� PRWRUHV�
HOpFWULFRV��
8QR� GH� HOORV� HV� HO� UHQGLPLHQWR� GHO� PRWRU� HOpFWULFR�� TXH� HVWD� OLJDGR� DO� HPSOHR� GH� XQD�
HQHUJtD�GH�FDOLGDG�H[FHSFLRQDO��
2WUR�SXQWR�HV�OD�JUDQ�GLIXVLyQ�GHO�XVR�GH�ORV�PRWRUHV�HOpFWULFRV��HQWUH�RWUDV�UD]RQHV�SRU�
VX� DOWR� UHQGLPLHQWR�� HFRQRPtD�� FRPRGLGDG� GH� HPSOHR� \� OLPSLH]D�� OR� FXDO� HV� XQD� SLH]D�
IXQGDPHQWDO�GH�ORV�SURFHVRV�SURGXFWLYRV�DFWXDOHV��
&RPR�XQ�GDWR�PX\� LPSRUWDQWH�VH�SXHGH�HVWLPDU�TXH�HO�����GH� OD�HQHUJtD�HOpFWULFD� �VH�
FRQVXPH�HQ�ORV�PRWRUHV�HOpFWULFRV���
�
�
����/26�02725(6�(/e&75,&26�(1�/$�+,6725,$��
�
3DUD� XELFDU� ORV� PRWRUHV� HQ� OD� KLVWRULD� WHQHPRV� LQHYLWDEOHPHQWH� TXH� UHPRQWDUQRV� DO�
GHVFXEULPLHQWR�\�GHVDUUROOR�GH�IHQyPHQRV�PDJQpWLFRV�\�HOpFWULFRV�EiVLFRV��(O�IHQyPHQR�
GHO� PDJQHWLVPR� VH� FRQRFH� GHVGH� WLHPSRV� DQWLJXRV�� ODV� SULPHUDV� REVHUYDFLRQHV� GH�
IHQyPHQRV�PDJQpWLFRV�IXHURQ�KHFKDV�HQ�OD�FLXGDG�GH�$VLD�PHQRU�OODPDGD�0DJQHVLD��
�
/D� SLHGUD� LPiQ� R�PDJQHWLWD�� XQ� y[LGR� GH� KLHUUR� TXH� WLHQH� OD� SURSLHGDG� GH� DWUDHU� ORV�
REMHWRV�GH�KLHUUR��\D�HUD�FRQRFLGD�SRU�ORV�JULHJRV��ORV�URPDQRV�\�ORV�FKLQRV��&XDQGR�VH�
SDVD�XQD�SLHGUD�LPiQ�SRU�XQ�SHGD]R�GH�KLHUUR��pVWH�DGTXLHUH�D�VX�YH]�OD�FDSDFLGDG�GH�
DWUDHU�RWURV�SHGD]RV�GH�KLHUUR��/RV�LPDQHV�DVt�SURGXFLGRV�HVWiQ�µSRODUL]DGRV¶��HV�GHFLU��
FDGD�XQR�GH�HOORV� WLHQH�GRV� SDUWHV� R� H[WUHPRV� OODPDGRV�SRORV� QRUWH� \� VXU�� /RV�SRORV�
LJXDOHV�VH�UHSHOHQ��\�ORV�SRORV�RSXHVWRV�VH�DWUDHQ��
7DOHV�GH�0LOHWR�� VHLV� VLJORV�DQWHV�GH�&ULVWR�� REVHUYy�TXH�XQD�EDUUD�GH�DPEDU� IURWDGD�
DWUDtD�SHTXHxDV�SDUWtFXODV�GH�PDWHULD��
/D�EU~MXOD�VH�HPSH]y�D�XWLOL]DU�HQ�2FFLGHQWH�FRPR�LQVWUXPHQWR�GH�QDYHJDFLyQ�DOUHGHGRU�
GHO������G�&�
:LOOLDP�*LOEHUW�SXEOLFy�VX�OLEUR��'H�PDJQHWH�HQ�������*LOEHUW�DSOLFy�PpWRGRV�FLHQWtILFRV�DO�
HVWXGLR�GH�OD�HOHFWULFLGDG�\�HO�PDJQHWLVPR��
�
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&KDUOHV� GH� &RXORPE�� HQ� ����� LQYHQWy� OD� EDODQ]D� GH� WRUVLyQ� SDUD� PHGLU� OD� IXHU]D� GH�
DWUDFFLyQ�PDJQpWLFD�\�HOpFWULFD��&RQ�HVWH� LQYHQWR��&RXORPE�SXGR�HVWDEOHFHU�HO�SULQFLSLR��
FRQRFLGR�DKRUD�FRPR�OH\�GH�&RXORPE��TXH�ULJH�OD�LQWHUDFFLyQ�HQWUH�ODV�FDUJDV�HOpFWULFDV��
�
+DFLD� ����� HV� GHVDUUROODGD� OD� OODPDGD� SLOD� GH�9ROWD�� SUHFXUVRUD� GH� OD� EDWHUtD� HOpFWULFD��
TXH� SURGXFtD� XQ� IOXMR� HVWDEOH� GH� HOHFWULFLGDG�� \� KDFH� DVt� VX� DSDULFLyQ� HQ� OD� KLVWRULD� OD�
FRUULHQWH�HOpFWULFD��XQR�GH�ORV�IHQyPHQRV�ItVLFRV�TXH�PiV�KDQ�UHYROXFLRQDGR�DO�PXQGR��
�
/D�SULPHUD�5HYROXFLyQ� ,QGXVWULDO� WXYR� OXJDU�HQ�HO�5HLQR�8QLGR�D� ILQDOHV�GHO�VLJOR�;9,,,�
DSUR[LPDGDPHQWH�HQ�ORV�DxRV�SRVWHULRUHV�D�������VXSXVR�XQD�SURIXQGD�WUDQVIRUPDFLyQ�
HQ�OD�HFRQRPtD�\�VRFLHGDG�EULWiQLFDV��/RV�FDPELRV�PiV�LQPHGLDWRV�VH�SURGXMHURQ�HQ�ORV�
SURFHVRV�GH�SURGXFFLyQ��TXp��FyPR�\�GyQGH�VH�SURGXFtD��(O� WUDEDMR�VH� WUDVODGy�GH� OD�
IDEULFDFLyQ�GH�SURGXFWRV�SULPDULRV�D�OD�GH�ELHQHV�PDQXIDFWXUDGRV�\�VHUYLFLRV��(O�Q~PHUR�
GH� SURGXFWRV�PDQXIDFWXUDGRV� FUHFLy� GH� IRUPD� HVSHFWDFXODU� JUDFLDV� DO� DXPHQWR� GH� OD�
HILFDFLD� WpFQLFD�� $Vt�� OD� 5HYROXFLyQ� ,QGXVWULDO� WXYR� FRPR� FRQVHFXHQFLD� XQD� PD\RU�
XUEDQL]DFLyQ� \�� SRU� WDQWR�� SURFHVRV� PLJUDWRULRV� GHVGH� ODV� ]RQDV� UXUDOHV� D� ODV� ]RQDV�
XUEDQDV��
6H� SXHGH� DILUPDU� TXH� ORV� FDPELRV� PiV� LPSRUWDQWHV� DIHFWDURQ� D� OD� RUJDQL]DFLyQ� GHO�
SURFHVR� SURGXFWLYR�� /DV� IiEULFDV� DXPHQWDURQ� HQ� WDPDxR� \� PRGLILFDURQ� VX� HVWUXFWXUD�
RUJDQL]DWLYD��HV�GHFLU��VH�VXVWLWX\R�HO�WUDEDMR�DUWHVDQDO�SRU�SURGXFFLyQ�HQ�VHULH�GRQGH�VH�
XWLOL]DQ�PDTXLQDV��PRWRUHV��SDUD�OD�UHDOL]DFLyQ�GH�HVWRV��
�
(VWD� HWDSD� KDFH� XQ� JLUR� WRWDO� HQ� OD� SHUFHSFLyQ� \� GHVDUUROOR� GH� PDTXLQDV� SDUD� OD�
SURGXFFLyQ�� (V� DTXt� GRQGH� ORV� PRWRUHV� HOpFWULFRV� WRPDQ� XQ� FDPLQR� VHULDPHQWH�
SURPHWHGRU�KDFLD�XQ�IXWXUR�PX\�FHUFDQR��
�
+DQV�&KULVWLDQ�2HUVWHG��GHPRVWUy� OD�H[LVWHQFLD�GH�XQ�FDPSR�PDJQpWLFR�HQ� WRUQR�D�XQD�
FRUULHQWH�HOpFWULFD��
(Q� ����� GHVFXEULy� TXH� XQD� DJXMD� LPDQWDGD� VH� GHVYtD� FRORFiQGRVH� HQ� GLUHFFLyQ�
SHUSHQGLFXODU� D� XQ� FRQGXFWRU� SRU� HO� TXH� FLUFXOD� XQD� FRUULHQWH� HOpFWULFD�� LQLFLDQGR� DVt� HO�
HVWXGLR�GHO�HOHFWURPDJQHWLVPR��
�
�
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$QGUp� 0DULH� $PSqUH� (Q� ����� IXH� HO� SULPHUR� HQ� GHPRVWUDU� TXH� GRV� FRQGXFWRUHV�
SDUDOHORV�SRU�ORV�TXH�FLUFXOD�XQD�FRUULHQWH�HQ�HO�PLVPR�VHQWLGR��VH�DWUDHQ�HO�XQR�DO�RWUR��
PLHQWUDV�TXH�VL�ORV�VHQWLGRV�GH�OD�FRUULHQWH�VRQ�RSXHVWRV��VH�UHSHOHQ��
�
(Q�������HO�FLHQWtILFR�EULWiQLFR�0LFKDHO�)DUDGD\�GHVFXEULy�TXH�HO�PRYLPLHQWR�GH�XQ�LPiQ�
HQ� ODV�SUR[LPLGDGHV�GH�XQ�FDEOH� LQGXFH�HQ�pVWH�XQD�FRUULHQWH�HOpFWULFD��HVWH�HIHFWR�HUD�
LQYHUVR�DO�KDOODGR�SRU�2HUVWHG��$Vt��2HUVWHG�GHPRVWUy�TXH�XQD�FRUULHQWH�HOpFWULFD�FUHD�XQ�
FDPSR� PDJQpWLFR�� PLHQWUDV� TXH� )DUDGD\� GHPRVWUy� TXH� SXHGH� HPSOHDUVH� XQ� FDPSR�
PDJQpWLFR�SDUD�FUHDU�XQD�FRUULHQWH�HOpFWULFD�
�
+HQU\� H[SHULPHQWy� \� SHUIHFFLRQy� HO� HOHFWURLPiQ�� LQYHQWDGR� HQ� ����� SRU� HO� EULWiQLFR�
:LOOLDP� 6WXUJHRQ�� +DFLD� ����� KDEtD� GHVDUUROODGR� HOHFWURLPDQHV� FRQ� JUDQ� IXHU]D� GH�
VXVWHQWDFLyQ�\�HILFDFLD�\�HVHQFLDOPHQWH�LJXDOHV�TXH�ORV�XWLOL]DGRV�PiV�WDUGH�HQ�PRWRUHV�
HOpFWULFRV��(Q������LGHy�\�FRQVWUX\y�XQR�GH�ORV�SULPHURV�PRWRUHV�HOpFWULFRV��
�
(Q� EDVH� D� OR� DQWHULRU�� VH� SXHGH� GHFLU� TXH� HO� PRWRU� HOpFWULFR�� HVWDED� OLVWR� SDUD� VX�
GHVDUUROOR��
2WUR�SXQWR�PX\�LPSRUWDQWH�HQ�OD�VLWXDFLyQ�KLVWyULFD�GH�ORV�PRWRUHV�HV�OD�LOXPLQDFLyQ��TXH�
JUDFLDV� D� VX� FUHFLPLHQWR� D\XGR�DO� SURQWR� GHVDUUROOR� GH� OD� WHFQRORJtD�GH� ODV�PiTXLQDV�
HOpFWULFDV��
$SUR[LPDGDPHQWH�D�SDUWLU�GH������IXHURQ�SDWHQWDGDV�YDULDV�OiPSDUDV�LQFDQGHVFHQWHV��
DXQTXH�QLQJXQD�WXYR�p[LWR�FRPHUFLDO�KDVWD�TXH�HO�LQYHQWRU�HVWDGRXQLGHQVH�7KRPDV�$OYD�
(GLVRQ�ODQ]DUD�VX�OiPSDUD�GH�ILODPHQWR�GH�FDUERQR�HQ������
(VWRV� GRV� � GHVFXEULPLHQWRV�� WUDVIRUPDU� HQHUJtD� PHFiQLFD� �GRQGH� OD� KXELHUD�� HQ�
HOHFWULFLGDG� \� OXHJR�� WUDQVIRUPDU� HQ� RWUR� VLWLR� OD� HQHUJtD� HOpFWULFD� WUDQVSRUWDGD� D� OD�
YHORFLGDG�GH�DUUDVWUH�GH� OD� FRUULHQWH�HOpFWULFD�SRU� XQ� FDEOH�HQ�HQHUJtD�PHFiQLFD� �FRQ�
PRWRUHV�R�DSDUDWRV�HOpFWULFRV���IXH�HO�DFRQWHFLPLHQWR�PiV�QRWDEOH�HQ�OD�HQHUJpWLFD�GH�OD�
pSRFD��
/D� LGHD� GH� VXPLQLVWUDUOD� VLPXOWiQHDPHQWH� \� FRRUGLQDGDPHQWH� D� XQ� FLHUWR� Q~PHUR� GH�
FOLHQWHV� LPSXOVy� OD� FUHDFLyQ� GH� XQ�SODQ� SDUD� HO� DEDVWHFLPLHQWR� � GHVGH� XQ� VLVWHPD�GH�
JHQHUDFLyQ�FRP~Q���
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*HRUJH� /DQH�)R[� HQ� ,QJODWHUUD� \� 7KRPDV�$OYD�(GLVRQ� HQ�((�88�� SURSXVLHURQ� SODQHV�
SDUD� HO� GHVDUUROOR� GH� HVWD� LGHD��'H� HVWD�PDQHUD�� FDVL� VLPXOWiQHDPHQWH� HQ� /RQGUHV� \�
1XHYD�&RUN��VH�SXVLHURQ�HQ�VHUYLFLR�HQ������ODV�FHQWUDOHV�WpUPLFDV�GH�+ROERUQ�\�GH�OD�
FDOOH�3HUDO��GDQGR�XQ�VXPLQLVWUR�TXH�HUD�EDVWDQWH�OLPLWDGR�HQ�H[WHQVLyQ��
$XQTXH� HVWRV� VLVWHPDV� MXJDURQ� XQ� URO� LPSRUWDQWH� HQ� HO� FRPLHQ]R� GHO� GHVDUUROOR� GHO�
VHUYLFLR� HOpFWULFR�� SURQWR� VH� KLFLHURQ� HYLGHQWHV� ODV� OLPLWDFLRQHV� WpFQLFDV� \� HFRQyPLFDV�
GHO� WUDQVSRUWH� D� PHGLD� \� JUDQ� GLVWDQFLD�� TXH� SDUD� � OD� FRUULHQWH� FRQWLQXD� SDUHFtDQ�
LPSRVLEOHV�GH�HYLWDU��
3DUDOHODPHQWH�DO�GHVDUUROOR�FRPHUFLDO�GH�OD�FRUULHQWH�FRQWLQXD��HQ������*DXODUG�\�*LEDV�
HQ�,QJODWHUUD�SDWHQWDURQ�XQ�VLVWHPD�GH�GLVWULEXFLyQ�HQ�FRUULHQWH�DOWHUQD��%DVDGR�HQ�HVWD�
SDWHQWH�� VH� SHUIHFFLRQy� HO� WUDQVIRUPDGRU�� SLHGUD� IXQGDPHQWDO� GH� OD� XWLOL]DFLyQ� GH� OD�
FRUULHQWH�DOWHUQD��
�
/DV� � LQQXPHUDEOHV� YHQWDMDV� LQGXVWULDOHV� GH� OD� HQHUJtD� HOpFWULFD� KLFLHURQ� LQVWDODU�
UiSLGDPHQWH�PD\RUHV�FHQWUDOHV�HOpFWULFDV�SULYDGDV��HVWDEOHFLGDV�SRU� IiEULFDV�JUDQGHV���
FRQ�HVWR�VH�LPSXOVy�GH�PDQHUD�LPSRUWDQWH�HO�XVR�GH�PiTXLQDV�HOpFWULFDV�TXH�KR\�HQ�GtD�
UHSUHVHQWDQ�XQD�EDVH�LPSRUWDQWH�HQ�HO�GHVDUUROOR�\�ELHQHVWDU�GHO�VHU�KXPDQR��
�
�
����� 7,32� '(� &255,(17(� '(� $/,0(17$&,Ï1� 3$5$� /26� 02725(6�
(/e&75,&26�
�
(V�HVWH�SXQWR�WUDWDUHPRV�ODV�GRV�IXHQWHV�SULQFLSDOHV�GH�DOLPHQWDFLyQ�GH�HQHUJtD�HOpFWULFD��
TXH�VRQ�OD�HQHUJtD�HOpFWULFD�DOWHUQD��\�OD�HQHUJtD�HOpFWULFD�FRQWLQXD��
$�FRQWLQXDFLyQ�PRVWUDPRV�DOJXQRV�IXQGDPHQWRV�GH�HVWDV�IRUPDV�GH�HQHUJtD�TXH�VHUYLUiQ�
GH�EDVH�SDUD�VX�FRPSUHQVLyQ��
�
������)81'$0(1726�'(�&255,(17(�$/7(51$��
�
(O� VXPLQLVWUR� GH� HQHUJtD� HOpFWULFD� HQ� ODV� UHGHV� GH� FRQVXPLGRUHV� WLHQH� OXJDU� PHGLDQWH�
FRUULHQWH�DOWHUQD�\D�TXH�ORV�QLYHOHV�GH�XQD�WHQVLyQ�DOWHUQD�SXHGHQ�VHU�FDPELDGRV��FDVL�VLQ�
SpUGLGDV��HQ�ORV�WUDQVIRUPDGRUHV��
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6H�GLVWLQJXHQ�FRUULHQWHV�DOWHUQDV�PRQRIiVLFDV�\�WULIiVLFDV��/D�PRQRIiVLFD�VH�FRPSRQH�GH�
XQD� VROD� FRUULHQWH� DOWHUQD�� OD� WULIiVLFD� GH� WUHV� FRUULHQWHV� DOWHUQDV�� VHSDUDGDV� �����
HOpFWULFRV�FDGD�XQD��
�
(Q�OD�SURGXFFLyQ�GH�WHQVLyQ�SRU�LQGXFFLyQ��HQ�HO�FDVR�GH�FRUULHQWH�DOWHUQD��VH�REWLHQH�HQ�
EDVH�D�XQ�JHQHUDGRU�VtQFURQR��TXH�D�FRQWLQXDFLyQ�VH�SUHVHQWD�HQ�OD�ILJXUD������

�
),*85$�����)81'$0(172�'(�81�*(1(5$'25�'(�&255,(17(�$/7(51$��

�
2EWHQLHQGRVH�XQD�IRUPD�GH�RQGD�VLJXLHQWH��
�
� >9@�
�
�
�
�
� � � � � � � � 7,(032�
�
�
�
� � ��������3(5,2'2� � � � � �
�



���&$3,78/2��� � $17(&('(17(6�

��

�

�
&RQ�XQ�JLUR�XQLIRUPH�GH�OD�HVSLUD�HQ�XQ�FDPSR�PDJQpWLFR��KRPRJpQHR��DSDUHFH�HQ�HOOD�
XQD�WHQVLyQ�HQ�IRUPD�VHQRLGDO�LQGXFLGD��FRPR�VH�SXHGH�REVHUYDU�HQ�OD�ILJXUD�DQWHULRU��
(Q�HO�JLUR�XQLIRUPH�GH�OD�HVSLUD��HVWD�WHQVLyQ�LQGXFLGD�QR�VyOR�PRGLILFD�VX�GLUHFFLyQ�VLQR�
WDPELpQ�VX�PDJQLWXG��&RQ�HO�PRYLPLHQWR�JLUDWRULR�VH�DOWHUD�HO� IOXMR�PDJQpWLFR�TXH�SDVD�
SRU�OD�HVSLUD��
8QD� RVFLODFLyQ� FRPSOHWD� VH� GHQRPLQD� SHULRGR� �7��� /D� GXUDFLyQ� GHO� SHULRGR� VH�PLGH� HQ�
VHJXQGRV��
(O�Q~PHUR�GH�SHULRGRV�SRU�VHJXQGR�VH�GHQRPLQD�IUHFXHQFLD�I��/D�XQLGDG�GH�IUHFXHQFLD�HV�
HO�+HUW]��VtPEROR�+]���
/D�IUHFXHQFLD�HV�WDQWR�PD\RU��FXDQWR�PHQRU�HV�OD�GXUDFLyQ�GHO�SHULRGR��/D�IUHFXHQFLD�HV�
OD�LQYHUVD�GH�OD�GXUDFLyQ�GHO�SHULRGR��
�

7I �
= �

�
������)81'$0(1726�'(�&255,(17(�&217,18$��
�
(O� JHQHUDGRU� GH� FRUULHQWH� FRQWLQXD�� R� GtQDPR�� HV� XQD� PiTXLQD� HOpFWULFD� TXH� SHUPLWH�
REWHQHU�HQ�VXV�WHUPLQDOHV�XQD�FRUULHQWH�TXH�WLHQGH�D�WHQHU�XQ�YDORU�FRQVWDQWH��
(Q�OD�ILJXUD������VH�PXHVWUD�HO�HVTXHPD�GH�XQ�JHQHUDGRU�GH�FRUULHQWH�FRQWLQXD��
�

�
),*85$�����9,67$�'(�81�*(1(5$'25�'(�&255,(17(�&217,18$��
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�
&RPR�VH�SXHGH�REVHUYDU��XQD�PRGLILFDFLyQ�HQ�ORV�DQLOORV�\�HVFRELOODV�GHO�DOWHUQDGRU�GH�OD�
ILJXUD�����QRV�SHUPLWH�REWHQHU�XQ�JHQHUDGRU�GH�FRUULHQWH�FRQWLQXD��(O�FDPELR�FRQVLVWH�HQ�
HOLPLQDU�XQR�GH�ORV�GRV�DQLOORV�\�VHFFLRQDU�HQ�GRV�SDUWHV�LJXDOHV�HO�UHVWDQWH��FDGD�VHFFLyQ�
GHEH�KDFHU�FRQWDFWR�FRQ�XQD�HVFRELOOD��
'H�HVWD� IRUPD�VH�HYLWDQ� ORV� VHPLFLFORV�QHJDWLYRV�REWHQLGRV�HQ�HO� DOWHUQDGRU� \� OD� IXHU]D�
HOHFWURPRWUL]�LQGXFLGD�VHUi�GH�FRUULHQWH�FRQWLQXD�FRPR�VH�SXHGH�REVHUYDU�HQ�OD�VLJXLHQWH�
ILJXUD��
�
�
��������������>9@�
�
�
�
�
�
� � � � � � 7,(032�
�
�
(Q�EDVH�D�HVWDV�GRV�SULQFLSDOHV�IXHQWHV�GH�DOLPHQWDFLyQ�SRGUHPRV�GDU�XQD�FODVLILFDFLyQ�
GH� ORV� PRWRUHV� HOpFWULFRV�� HVWR� FRQ� HO� ILQ� GH� SRGHU� XELFDU� D� ORV�05$&� GHQWUR� GH� ODV�
PiTXLQDV�HOpFWULFDV��
�
�
�
����&/$6,),&$&,Ï1�'(�/26�02725(6�(/e&75,&26�
�
�
/D�FODVLILFDFLyQ�GH�ORV��PRWRUHV�HOpFWULFRV�SRU�WLSR��VH�SODVPD�HQ�HO�VLJXLHQWH�FXDGUR��HQ�
IRUPD�UHSUHVHQWDWLYD�HQ�VXV�FDWHJRUtDV���HVWH�VH�KD�HIHFWXDGR�GH�DFXHUGR�FRQ�HO�FULWHULR�
FOiVLFR��DXQTXH�H[WHUQR�DO�PRWRU��TXH�HV� OD�FODVH�GH� WHQVLyQ�R�FRUULHQWH�SULQFLSDO�TXH� OH�
DOLPHQWD��
�
�
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� � � � � � ��������������������(;&,7$&,Ï1�,1'(3(1',(17(�
�
��� ������������� &255,(17(�&217,18$�
� � � � � � � � � � ������������6KXQW�

� � � ����������������$872(;&,7$'26������������6HULH�
� � � � � � � � � � �����������&RPSRXQG�
�
� � � � � �
02725(6� � � � � � ������6,1&52126�������������
(/(&75,&26����� �&255,(17(�$/7(51$� � � � ���5RWRU�GHYDQDGR�
� � � � � � � ������$6,1&52126�
� � � � � � � � � � ���-DXOD�GH�DUGLOOD��
�
� � � � � � � �����81,9(56$/�
� ����������������� 27526�02725(6� �
� � � � � � �����������������05$&��
�
/D�GLYHUVLGDG�GH� WLSRV�GH�PRWRUHV�HOpFWULFRV�TXH�VH�KDFH�SDWHQWH�HQ�HO�FXDGUR�DQWHULRU��
HVWi�MXVWLILFDGD�SULQFLSDOPHQWH�HQ�IXQFLyQ�GH�WUHV�FRQGLFLRQHV��HO�GHVDUUROOR�KLVWyULFR�GH�OD�
FLHQFLD� \� OD� WHFQRORJtD� GH� OD� HOpFWULFD�HOHFWUyQLFD�� UD]RQHV� HFRQyPLFDV� \� ILQDOPHQWH� OD�
GLYHUVLGDG�GH�ODV�H[LJHQFLDV�UHTXHULGDV�D�ORV�PRWRUHV�HOpFWULFRV��WDQWR�D�QLYHO�GH�SRWHQFLD�
FRPR�D�OD�GLIHUHQWH�FRPSOHMLGDG�GH�ODV�DSOLFDFLRQHV�
/RV� PRWRUHV� HOpFWULFRV� VRQ� PiTXLQDV� XWLOL]DGDV� HQ� WUDQVIRUPDU� HQHUJtD� HOpFWULFD� HQ�
PHFiQLFD��6RQ�ORV�PRWRUHV�XWLOL]DGRV�HQ�OD�LQGXVWULD��SXHV�FRPELQDQ�ODV�YHQWDMDV�GHO�XVR�
GH� OD� HQHUJtD� HOpFWULFD� �EDMR�� FRVWR�� IDFLOLGDG�GH� WUDQVSRUWH�� OLPSLH]D� \� VLPSOLFLGDG�GH� OD�
SXHVWD� HQ� PDUFKD�� HWF�� FRQ� XQD� FRQVWUXFFLyQ� UHODWLYDPHQWH� VLPSOH�� FRVWR� UHGXFLGR� \�
EXHQD�DGDSWDFLyQ�D�ORV�PDV�GLYHUVRV�WLSRV�GH�FDUJD���
'H�DFXHUGR�D� OD� IXHQWH�GH� WHQVLyQ�TXH�DOLPHQWH�DO�PRWRU��SRGHPRV� UHDOL]DU� OD�VLJXLHQWH�
FODVLILFDFLyQ���

•� 0RWRUHV�GH�FRUULHQWH�GLUHFWD��'&��
•� 0RWRUHV�GH�FRUULHQWH�DOWHUQD��$&��
•� 2WURV�PRWRUHV�
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$�FRQWLQXDFLyQ�VH�PHQFLRQD�HQ� IRUPD�EUHYH�HO�SULQFLSLR�GH� IXQFLRQDPLHQWR�GH�FDGD�XQD�
GH�ODV�FDWHJRUtDV�GHVFULWDV�FRQ�DQWHULRULGDG��
�
0RWRUHV�GH�&RUULHQWH�'LUHFWD��'&��
6H� XWLOL]DQ� HQ� FDVRV� HQ� ORV� TXH� HV� GH� LPSRUWDQFLD� HO� SRGHU� UHJXODU� FRQWLQXDPHQWH� OD�
YHORFLGDG�GHO� HMH� \� HQ� DTXHOORV� FDVRV�HQ� ORV�TXH� VH�QHFHVLWD�GH�XQ� WRTXH�GH�DUUDQTXH�
HOHYDGR��
$GHPiV�� XWLOL]DQ� HQ� DTXHOORV� FDVRV� HQ� ORV� TXH� HV� LPSUHVFLQGLEOH� XWLOL]DU� FRUULHQWH�
FRQWLQXD��FRPR�HV�HO�FDVR�GH�WUHQHV�\�DXWRPyYLOHV�HOpFWULFRV��PRWRUHV�SDUD�XWLOL]DU�HQ�HO�
DUUDQTXH�\�HQ�ORV�FRQWUROHV�GH�DXWRPyYLOHV��PRWRUHV�DFFLRQDGRV�D�SLODV�R�EDWHUtDV��HWF��
3DUD�IXQFLRQDU��HO�PRWRU�GH�FRUULHQWH�FRQWLQXD�R�GLUHFWD�SUHFLVD�GH�GRV�FLUFXLWRV�HOpFWULFRV�
GLVWLQWRV��HO�FLUFXLWR�GH�FDPSR�PDJQpWLFR�\�HO�FLUFXLWR�GH�OD�DUPDGXUD��
(O�FDPSR��EiVLFDPHQWH�XQ� LPiQ�R�XQ�HOHFWURLPiQ��SHUPLWH� OD� WUDQVIRUPDFLyQ�GH�HQHUJtD�
HOpFWULFD� UHFLELGD� SRU� OD� DUPDGXUD� HQ� HQHUJtD�PHFiQLFD� HQWUHJDGD� D� WUDYpV� GHO� HMH�� /D�
HQHUJtD�HOpFWULFD�TXH�UHFLEH�HO�FDPSR�VH�FRQWUROD�HQ�VX�PD\RUtD�HQ�OD�UHVLVWHQFLD�H[WHUQD�
FRQ� OD� FXDO� VH� UHJXOD� OD� FRUULHQWH� GHO� FDPSR� PDJQpWLFR�� (V� GHFLU� QLQJXQD� SDUWH� GH� OD�
HQHUJtD�HOpFWULFD�UHFLELGD�SRU�HO�FLUFXLWR�GHO�FDPSR��HV�WUDQVIRUPDGD�HQ�HQHUJtD�PHFiQLFD���

�
),*85$�����9,67$�'(�81�3(48(f2�02725�'(�&2555,(17(�&217,18$��

/D�DUPDGXUD�FRQVLVWH�HQ�XQ�JUXSR�GH�ERELQDGRV�DORMDGRV�HQ�HO� URWRU�\�HQ�XQ� LQJHQLRVR�
GLVSRVLWLYR�GHQRPLQDGR�FROHFWRU�PHGLDQWH�HO�FXDO�VH�UHFLEH�FRUULHQWH�FRQWLQXD�GHVGH�XQD�
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IXHQWH� H[WHULRU� \� VH� FRQYLHUWH� OD� FRUUHVSRQGLHQWH� HQHUJtD� HOpFWULFD�HQ� HQHUJtD�PHFiQLFD�
TXH�VH�HQWUHJD�D�WUDYpV�GHO�HMH�GHO�PRWRU��
�
0RWRUHV�GH�&RUULHQWH�$OWHUQD��$&��
%DMR� HO� WtWXOR� GH�PRWRUHV� GH� FRUULHQWH� DOWHUQD� SRGHPRV� UHXQLU� D� ORV� VLJXLHQWHV� WLSRV� GH�
PRWRU��

•� 0RWRU�6tQFURQR�
•� (O�0RWRU�$VtQFURQR�R�GH�,QGXFFLyQ�

�
(O�0RWRU�6tQFURQR�
(VWH� PRWRU� WLHQH� OD� FDUDFWHUtVWLFD� GH� TXH� VX� YHORFLGDG� GH� JLUR� HV� GLUHFWDPHQWH�
SURSRUFLRQDO�D�OD�IUHFXHQFLD�GH�OD�UHG�GH�FRUULHQWH�DOWHUQD�TXH�OR�DOLPHQWD��3RU�HMHPSOR�VL�
OD�IXHQWH�HV�GH���+]��VL�HO�PRWRU�HV�GH�GRV�SRORV��JLUD�D������530��VL�HV�GH�FXDWUR�SRORV�
JLUD�D������530�\�DVt�VXFHVLYDPHQWH��(VWH�PRWRU�R�JLUD�D� OD�YHORFLGDG�FRQVWDQWH�GDGD�
SRU�OD�IXHQWH�R��VL�OD�FDUJD�HV�H[FHVLYD��VH�GHWLHQH��
(O� PRWRU� VtQFURQR� HV� XWLOL]DGR� HQ� DTXHOORV� FDVRV� HQ� TXH� ORV� TXH� VH� GHVHD� YHORFLGDG�
FRQVWDQWH�� (Q� QXHVWUR� PHGLR� VXV� DSOLFDFLRQHV� VRQ� YDULDGDV� \� FDVL� VLHPSUH� HVWiQ� HQ�
UHODFLyQ� FRQ� VLVWHPDV� GH� UHJXODFLyQ� \� FRQWURO� PDV� QR� FRQ� OD� WUDQVPLVLyQ� GH� SRWHQFLDV�
HOHYDGDV��
$�SHVDU�GH�VX�XVR�UHGXFLGR�FRPR�PRWRU��OD�PDTXLQD�VtQFURQLFD�HV�OD�PDV�XWLOL]DGD�HQ�OD�
JHQHUDFLyQ� GH� HQHUJtD� HOpFWULFD�� 3RU� HMHPSOR�� HQ� 0p[LFR�� WRGDV� ODV� FHQWUDOHV�
KLGURHOpFWULFDV�\�WHUPRHOpFWULFDV�JHQHUDQ�HQHUJtD�HOpFWULFD�FRQ�JHQHUDGRUHV�VtQFURQRV��
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�
),*85$�����9,67$�'(�81�02725�6,1&5212��

(O�0RWRU�$VLQFUyQLFR�R�GH�,QGXFFLyQ�
6L�VH�UHDOL]DUD�D�QLYHO�LQGXVWULDO�XQD�HQFXHVWD�GH�FRQVXPR�GH�OD�HQHUJtD�HOpFWULFD�XWLOL]DGD�
HQ�DOLPHQWDU�PRWRUHV��VH�YHUtD�TXH�FDVL� OD� WRWDOLGDG�GHO�FRQVXPR�HVWDUtD�GHGLFDGR�D� ORV�
PRWRUHV�DVtQFURQLFRV��
(VWRV� PRWRUHV� WLHQHQ� OD� SHFXOLDULGDG� GH� TXH� QR� SUHFLVDQ� GH� XQ� FDPSR� PDJQpWLFR�
DOLPHQWDGR�FRQ�FRUULHQWH�FRQWLQXD�FRPR�HQ�ORV�FDVRV�GHO�PRWRU�GH�FRUULHQWH�GLUHFWD�R�GHO�
PRWRU�VtQFURQLFR��
8QD�IXHQWH�GH�FRUULHQWH�DOWHUQD��WULIiVLFD�R�PRQRIiVLFD��DOLPHQWD�D�XQ�HVWDWRU��/D�FRUULHQWH�
HQ� ODV� ERELQDV� GHO� HVWDWRU� LQGXFH� FRUULHQWH� DOWHUQD� HQ� HO� FLUFXLWR� HOpFWULFR� GHO� URWRU� �GH�
PDQHUD�DOJR�VLPLODU�D�XQ�WUDQVIRUPDGRU��\�HO�URWRU�HV�REOLJDGR�D�JLUDU��
'H�DFXHUGR�D�OD�IRUPD�GH�FRQVWUXFFLyQ�GHO�URWRU��ORV�PRWRUHV�DVtQFURQLFRV�VH�FODVLILFDQ�HQ��
0RWRU�$VLQFUyQLFR�GH�5RWRU�%RELQDGR�
0RWRU�$VLQFUyQLFR�WLSR�-DXOD�GH�$UGLOOD�
�
0RWRU�$VLQFUyQLFR�GH�5RWRU�%RELQDGR�
6H�XWLOL]D�HQ�DTXHOORV�FDVRV�HQ�ORV�TXH�OD�WUDQVPLVLyQ�GH�SRWHQFLD�HV�GHPDVLDGR�HOHYDGD�
�D�SDUWLU�GH�����N:��\�HV�QHFHVDULR�UHGXFLU�ODV�FRUULHQWHV�GH�DUUDQTXH��7DPELpQ�VH�XWLOL]D�
HQ�DTXHOORV�FDVRV�HQ�ORV�TXH�VH�GHVHD�UHJXODU�OD�YHORFLGDG�GHO�HMH��
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6X�FDUDFWHUtVWLFD�SULQFLSDO�HV�TXH�HO�URWRU�VH�DORMD�XQ�FRQMXQWR�GH�ERELQDV�TXH�DGHPiV�VH�
SXHGHQ�FRQHFWDU�DO�H[WHULRU�D�WUDYpV�GH�DQLOORV�UR]DQWHV��&RORFDQGR�UHVLVWHQFLDV�YDULDEOHV�
HQ�VHULH�D�ORV�ERELQDGRV�GHO�URWRU�VH�FRQVLJXH�VXDYL]DU�ODV�FRUULHQWHV�GH�DUUDQTXH��'H�OD�
PLVPD� PDQHUD�� JUDFLDV� D� XQ� FRQMXQWR� GH� UHVLVWHQFLDV� FRQHFWDGDV� D� ORV� ERELQDGRV� GHO�
URWRU��VH�FRQVLJXH�UHJXODU�OD�YHORFLGDG�GHO�HMH��
0RWRU�$VLQFUyQLFR�WLSR�-DXOD�GH�$UGLOOD�
)LQDOPHQWH�DTXt�OOHJDPRV�DO�PRWRU�HOpFWULFR�SRU�H[FHOHQFLD��(V�HO�PRWRU�UHODWLYDPHQWH�PiV�
EDUDWR��HILFLHQWH��FRPSDFWR�\�GH�IiFLO�FRQVWUXFFLyQ�\�PDQWHQLPLHQWR��

�
),*85$�����9,67$�'(�81�02725�7,32�-$8/$�'(�$5',//$�

6LHPSUH� TXH� VHD� QHFHVDULR� XWLOL]DU� XQ�PRWRU� HOpFWULFR�� VH� GHEH� SURFXUDU� VHOHFFLRQDU� XQ�
PRWRU�DVtQFURQLFR�WLSR�MDXOD�GH�DUGLOOD�\�VL�HV�WULIiVLFR�PHMRU��
3RU�RWUR�ODGR��OD�~QLFD�UD]yQ�SDUD�XWLOL]DU�XQ�PRWRU�PRQRIiVLFR�WLSR�MDXOD�GH�DUGLOOD�HQ�OXJDU�
GH�XQR�WULIiVLFR�VHUi�SRUTXH�OD�IXHQWH�GH�WHQVLyQ�D�XWLOL]DU�VHD�WDPELpQ�PRQRIiVLFD��(VWR�
VXFHGH�HQ�DSOLFDFLRQHV�GH�EDMD�SRWHQFLD��(V�SRFR�FRP~Q�HQFRQWUDU�PRWRUHV�PRQRIiVLFRV�
GH�PiV�GH���>N:@��
/D�GLIHUHQFLD�FRQ�HO�PRWRU�GH�URWRU�ERELQDGR�FRQVLVWH�HQ�TXH�HO�URWRU�HVWD�IRUPDGR�SRU�XQ�
JUXSR�GH�EDUUDV�GH�DOXPLQLR�R�GH�FREUH�HQ�IRUPDV�VLPLODU�DO�GH�XQD�MDXOD�GH�DUGLOOD��
�
�
�
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�
2WURV�0RWRUHV�
+HPRV�PHQFLRQDGR�ORV�PRWRUHV�HOpFWULFRV�GH�PD\RU�XVR�HQ�QXHVWUR�PHGLR��([LVWHQ�RWURV�
TXH�VRQ�XWLOL]DGRV�HQ�FDVRV�HVSHFLDOL]DGRV�R�GRPpVWLFRV��(QWUH�HOORV�FRQYLHQH�GHVWDFDU�
ORV�VLJXLHQWHV��
(O�PRWRU�XQLYHUVDO�
(O�05$&�
�
0RWRU�XQLYHUVDO��
7LHQH�OD�IRUPD�GH�XQ�PRWRU�GH�FRUULHQWH�FRQWLQXD�HQ�FRQH[LyQ�VHULH��/D�SULQFLSDO�GLIHUHQFLD�
HV� TXH� HV� GLVHxDGR� SDUD� IXQFLRQDU� FRQ� FRUULHQWH� DOWHUQD�� 6H� XWLOL]D� HQ� ORV� WDODGURV��
DVSLUDGRUDV�� OLFXDGRUDV�� OXVWUDGRUDV��HWF�� VX�HILFLHQFLD�HV�EDMD� �GH�RUGHQ�GHO�������SHUR�
FRPR� VH� XWLOL]DQ� HQ� PDTXLQDV� GH� SHTXHxD� SRWHQFLD� HVWD� LQHILFLHQFLD� QR� VH� FRQVLGHUD�
LPSRUWDQWH��
�
0RWRU�GH�UHOXFWDQFLD�DFFLRQDGR�SRU�FRQPXWDFLyQ��05$&��
%iVLFDPHQWH�FRQVLVWH�HQ�XQ�PRWRU�FRQ�ERELQDV�HQ�HO�HVWDWRU��TXH�DO�VHU�HQHUJL]DGDV�FRQ�
FRUULHQWH�FRQWLQXD�GH�DFXHUGR�D�XQD�VHFXHQFLD��RULJLQD�HO�DYDQFH�GHO�HMH��(VWRV�PRWRUHV�
VRQ� KR\� HQ� GtD� LGHDOL]DGRV� SDUD� OD� XWLOL]DFLyQ� HQ� VLVWHPDV� GLUHFWDPHQWH� SURGXFWLYRV��
JUDFLDV�D�ORV�DYDQFHV�TXH�OD�HOHFWUyQLFD�GH�SRWHQFLD��QRV�EULQGD�KR\�HQ�GtD��
�
�
�
�
�
�
�

),*85$�����9,67$�'(�81�02725�'(�05$&��
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�
����8626�'(�/26�02725(6�(/e&75,&26�
(O�XVR�GH�PRWRUHV�HOpFWULFRV�VH�OOHYD�D�FDER�SULQFLSDOPHQWH�D�QLYHO�LQGXVWULDO��FRQ�EDVH�HQ�
HVWR��SRGUHPRV�UHIHUHQFLDU� ORV�GDWRV�REWHQLGRV�HQ� >��@� �TXH�QRV�EULQGD�XQD� LQIRUPDFLyQ�
HVTXHPiWLFD�� FRPR� HV� HO� FDVR� GH� DSOLFDFLyQ�� SRWHQFLD� \� WLSR� GH�PRWRUHV� TXH� VH� XWLOL]D�
SDUD�GLFKD�DFWLYLGDG��HVWR�VH�PXHVWUD�HQ�WDEOD���TXH�D�FRQWLQXDFLyQ�VH�SUHVHQWD��

7$%/$�1R��8626�'(�/26�02725(6�(/e&75,&26�(1�/$�,1'8675,$�
� � &255,(17(�&217,18$� &255,(17(�

$/7(51$�
0212)$6,&$�

&255,(17(�$/7(51$�75,)$6,&$�

7,32�-$8/$�'(�$5',//$�� 327(1&,$� 6+81
7�

6(5,(� &203281'� �

1250$/� 237,0,=$'2�

52725�
'(9$1$'2�

6Ë1&5212�

$*,7$'25(6� ������&3� ;� ��� ��� ;� ;� ��� ;� ���
02/,126� '(�
+,/26�

�������&3� ;� ��� ;� ��� ��� ;� ;� ;�
0(=&/$'25(6� ��������&3� ��� ��� ��� ��� ;� ��� ��� ;�
%$7,'25$6� ��������&3� ��� ��� ��� ��� ��� ;� ;� ;�
'(60(18=$'2
5$6�

�����&3� ��� ��� ��� ��� ��� ;� ;� ;�
&2035(625(6� ��������&3� ��� ��� ;� ;� ��� ;� ;� ;�
%$1'$6�
75$163257$'2
5$6�

������&3� ;� ��� ;� ;� ��� ;� ;� ���

*58$6� <�
0217$&$5*$6�

������&3� ;� ;� ;� ��� ��� ��� ��� ���
75,785$'25$6� ������&3� ��� ��� ;� ��� ��� ��� ;� ;�
(;75$&725(6� ������&3� ��� ��� ;� ��� ��� ;� ;� ���
9(17,/$'25(6� ����&3� ;� ��� ��� ;� ;� ��� ��� ;�
%20%$6�
&(175,)8*$6�

�����&3� ;� ��� ��� ;� ;� ��� ��� ;�
;��YDORU�UHSRUWDGRV�\�XWLOL]DGR��
�����YDORU�QR�UHSRUWDGR��
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6RQ�PXFKRV�ORV�IDFWRUHV�TXH�GHEHQ�WHQHUVH�HQ�FXHQWD�DO�HOHJLU�XQ�PRWRU��/D�VROXFLyQ�SRU�
OR�JHQHUDO�QR�HV�~QLFD��SXGLHQGR�H[LVWLU�GLYHUVDV�RSLQLRQHV� UHVSHFWR�DO� FXDO�HV�HO�PRWRU�
DGHFXDGR��6LQ�HPEDUJR��SXHGH�UHVXPLUVH�TXH�HO�PRWRU�DSURSLDGR�HV�DTXHO�TXH�VH�DMXVWD�
D�ORV�UHTXHULPLHQWRV�WpFQLFRV�VROLFLWDGRV�FRQ�XQ�FRVWR�PtQLPR��(VWH�~OWLPR�UHTXLVLWR�QR�HV�
IDFWRU�GLItFLO�GH�FDOFXODU��'HEHQ�LQFOXLUVH��QR�VROR�HO�FRVWR�GH�DGTXLVLFLyQ��VLQR�WDPELpQ�ORV�
JDVWRV� GH� RSHUDFLyQ�� (O� FRVWR� GH� DGTXLVLFLyQ� LQFOX\H� OD� SURYLVLyQ� GH� FXDOTXLHUD� GH� ORV�
HTXLSRV�GH�DOLPHQWDFLyQ�\�FRQWURO�QHFHVDULRV�SDUD�KDFHU�IXQFLRQDU�DO�PRWRU��
/RV� JDVWRV� GH� RSHUDFLyQ� LQFOX\HQ� DVLPLVPR� ORV� JDVWR� SRU� OD� HQHUJtD� FRQVXPLGD� HQ� ORV�
FLUFXLWRV�GH�OD�PDTXLQD�\�HQ�VX�FRQWURO��
/RV� JDVWRV� GH� LQVWDODFLyQ� WDPELpQ� SXHGHQ� VHU� GHFLVLYRV�� 3RU� HMHPSOR�� VH� QHFHVLWDQ�
FLPHQWDFLRQHV�HVSHFLDOHV�SDUD�ORV�HTXLSRV�GH�PRWRUHV��
$OJXQRV�PRWRUHV�VH�H[FOX\HQ�GH�XQD�DSOLFDFLyQ�GHWHUPLQDGD�GHELGR�D�TXH�HO�DPELHQWH�GH�
WUDEDMR�HV�KRVWLO��WDO�FRPR�ODV�FRQGLFLRQHV�GH�HOHYDGD�WHPSHUDWXUD����HOHYDGD�YHORFLGDG�R�
GHELGR�D�OD�SUHVHQFLD�GH�OtTXLGRV�R�DPELHQWHV�FRUURVLYRV��
3RU� OR� TXH� KR\� HQ� GtD� H[LVWHQ� H[LJHQFLDV� PD\RUHV� SDUD� YROWHDU� OD� PLUDGD� D� GLIHUHQWHV�
YDULHGDGHV�GH�PRWRUHV�HOpFWULFRV��HQ�HVWH�FDVR�KDEODUHPRV�GH�ORV�05$&�TXH�EULQGD�VLQ�
GXGD� DOJXQD� � FDUDFWHUtVWLFDV� HVSHFLDOHV� H� LPSRUWDQWHV� TXH� FRPR� VH� FRPHQWDUi� PiV�
DGHODQWH�GHEHQ�VHU�WRPDGDV�HQ�FXHQWD��SDUD�TXH�HQ�XQ�IXWXUR�SXHGDQ�VHU�LPSOHPHQWDGRV��
�
�
�
�
�
�
�
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�
(Q� HVWH� FDStWXOR� VH� KDFH� UHIHUHQFLD� GH� ODV� SURSLHGDGHV� TXH� HO� 05$&� SUHVHQWD�� (Q� OD�
SULPHUD�VHFFLyQ�VH� OOHYD�D�FDER�XQD� UHYLVLyQ�GH� OD� IRUPD�GH�RSHUDFLyQ�\�FDUDFWHUtVWLFDV�
TXH�HVWH�WLSR�GH�PRWRU�QRV�EULQGD��DGHPiV�GH�PRVWUDU�ODV�SDUWHV�FRQVWLWXWLYDV�GHO�PLVPR��
(Q�OD�VLJXLHQWH�VHFFLyQ�VH�PXHVWUD�XQD�UHYLVLyQ�GH�HVWXGLRV�GH�VLPXODFLyQ�GH�ORV�05$&�
TXH�VH�KDQ�UHDOL]DGR�HQ�GLYHUVRV�FHQWURV�GH�LQYHVWLJDFLyQ��HVWH�SXQWR�EULQGDUi�OD�LGHD�GH�
HO�GHVDUUROOR�TXH�HVWH�WLSR�GH�PiTXLQDV�KDQ�YHQLGR�GHVDUUROODQGR�GHVGH�KDFH�WLHPSR��
�
����35,1&,3,2�'(�23(5$&,Ï1�'(�/26�05$&��
�
/RV�PRWRUHV�GH�5HOXFWDQFLD�$FFLRQDGRV�SRU�&RQPXWDFLyQ�05$&�y�650��VLJODV�D�SDUWLU�
GH� VX� QRPEUH� HQ� LQJOpV� 6ZLWFKHG� 5HOXFWDQWH� 0RWRU�� VRQ� XQD� GLYLVLyQ� GH� PiTXLQDV�
HOpFWULFDV�TXH�KR\�HQ�GtD�KDQ�FUHFLGR�GH�SRSXODULGDG�D�VX� WLSR�GH� IXQFLRQDPLHQWR��SDUD�
SRGHU�LGHQWLILFDU�FRQ�PD\RU�SUHFLVLyQ�OD�IRUPD�HQ�TXH�HVWRV�PRWRUHV�UHDOL]DQ�OD�FRQYHUVLyQ�
GH�OD�HQHUJtD�HOpFWULFD�HQ�HQHUJtD�PHFiQLFD��HV�D�SDUWLU�GH�OD�FODVLILFDFLyQ�VLJXLHQWH��
�
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•� 0iTXLQDV�TXH�WUDQVIRUPDQ�OD�HQHUJtD�HOHFWURPDJQpWLFDPHQWH��

(Q�HVWD�FDWHJRUtD��HO�PRYLPLHQWR�GH�OD�PiTXLQD�VH�SURGXFH�GHELGR�D�OD� LQWHUDFFLyQ�GH���
FDPSRV�PDJQpWLFRV��XQR�GH�HOORV�HV�JHQHUDGR�HQ�HO�HVWDWRU�\�HO�RWUR�HQ�HO�URWRU��&XDQGR�
HVWRV���FDPSRV�PDJQpWLFRV�HVWiQ�DFRSODGRV�PXWXDPHQWH��H[LVWH�XQ�SDU�HOHFWURPDJQpWLFR�
HQWUH�DPERV��HO�FXDO�WLHQGH�D�OOHYDUORV�D�DOLQHDUVH��
(Q�HVWD�FODVLILFDFLyQ�GH�PiTXLQDV��VH�UHTXLHUH�GH�GHYDQDGRV�HQ�HO�URWRU�\�HQ�HO�HVWDWRU�\�
DGHPiV� TXH� VHDQ� H[FLWDGRV� VLPXOWiQHDPHQWH�� FRPR� HMHPSOR� GH� HVWRV� PRWRUHV�
HQFRQWUDPRV��ORV�PRWRUHV�GH�LQGXFFLyQ��VtQFURQRV�\�GH�&�'��
(VWRV�PRWRUHV� GLILHUHQ�HQWUH� Vt� HQ� VX� JHRPHWUtD� \� HQ� FRPR� VRQ�JHQHUDGRV� ORV� FDPSRV�
PDJQpWLFRV� DFWXDQWHV�� HV� GHFLU�� VL� VRQ� XWLOL]DGRV� LPDQHV� SHUPDQHQWHV� R� FRUULHQWHV�
LQGXFLGDV��
�
�

•� 0iTXLQDV�TXH�WUDQVIRUPDQ�OD�HQHUJtD�SRU�UHOXFWDQFLD�YDULDEOH��
�
(VWD�FRQYHUVLyQ�GH�HQHUJtD�HV�HO�UHVXOWDGR�GH�OD�UHOXFWDQFLD�YDULDEOH�HQ�HO�HQWUHKLHUUR�GHO�
URWRU�\�HO�HVWDWRU��
&XDQGR�XQ�GHYDQDGR�GHO�HVWDWRU�HV�HQHUJL]DGR�VH�SURGXFH�XQ�SDU�UHOXFWLYR��GHELGR�D� OD�
WHQGHQFLD�SDUD�TXH�HO� URWRU� VH�PXHYD�GH�SRVLFLyQ��GH� WDO�PDQHUD�TXH�VH�SURGX]FD�XQD�
PtQLPD�UHOXFWDQFLD��HQ�HO�FDPSR�PDJQpWLFR�JHQHUDGR�HQ�HO�HVWDWRU��
(VWD�IRUPD�GH�SURGXFFLyQ�GH�HQHUJtD�PHFiQLFD��HV�DQiORJD�DO�SDU�GH�DOLQHDPLHQWR�TXH�VH�
REVHUYD�HQ�GRV�LPDQHV�SRODUL]DGRV�RSXHVWDPHQWH���
(O�05$&�HVWD�GHQWUR�GH�HVWD�FDWHJRUtD�GH�PiTXLQDV�HOpFWULFDV��
2EVHUYDQGR�OD�FODVLILFDFLyQ�DQWHULRU��HO�05$&��OD�RSHUDFLyQ�EiVLFD�GH�IXQFLRQDPLHQWR�VH�
IXQGDPHQWD�HQ� OD� UHOXFWDQFLD��(O�FRQFHSWR� UHOXFWDQFLD�FRUUHVSRQGH�FRQ� OD� UHVLVWHQFLD�GH�
IOXMR� GH� FDPSR� PDJQpWLFR�� OD� FXDO� RSRQH� GLFKR� URWRU� DO� FDPSR� HOHFWURPDJQpWLFR�� /D�
UHOXFWDQFLD� � HQ� XQ� FLUFXLWR� PDJQpWLFR� HV� XQ� HTXLYDOHQWH� D� OD� UHVLVWHQFLD� HQ� XQ� FLUFXLWR�
HOpFWULFR��
�
/RV�05$&��QR�SHUWHQHFHQ�D�ODV�PiTXLQDV�VtQFURQDV��GHELGR�TXH�OD�GLUHFFLyQ�\�YHORFLGDG�
HQ�HO�JLUR�GHO�URWRU�QR�HV�LJXDO�D�OD�URWDFLyQ�GHO�IOXMR�GHO�HVWDWRU��(V�GHFLU��HO�URWRU�JLUD�HQ�
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GLUHFFLyQ�FRQWUDULD�DO�IOXMR��HVWR�VXFHGH�VL�HO�Q~PHUR�GH�SRORV�HQ�HO�URWRU�HV�PHQRU�TXH�HO�
Q~PHUR�GH�SRORV�HQ�HO�HVWDWRU��
�
�
�����)81&,21$0,(172�'(�/26�05$&��
�
(O�IXQFLRQDPLHQWR�GHO�PRWRU�GH�UHOXFWDQFLD�DFFLRQDGR�SRU�FRQPXWDFLyQ��HV�PX\�VLPSOH�DO�
LJXDO� TXH� VX� HVWUXFWXUD�� HVWR� VH� EDVD� HQ� OD� JHQHUDFLyQ� \� FRQPXWDFLyQ� GH� FDPSRV�
PDJQpWLFRV�TXH�VH�OOHYD�D�FDER�HQ�ORV�ERELQDGRV�GH�ORV�SRORV�GHO�HVWDWRU�TXH�HV�OD�SDUWH�
ILMD�GH�OD�PiTXLQD��
6L�VH�DOLPHQWDVH�XQD�IDVH�GHO�PRWRU�FRQ�XQD�FRUULHQWH�TXH�SURGX]FD�XQ�FDPSR�PDJQpWLFR��
TXH�D�VX�YH]��SURGX]FD�XQ�SDU�TXH�WLHQGD�D�DOLQHDU�D�ORV�SRORV�GHO�URWRU�TXH�VH�HQFXHQWUHQ�
PiV�FHUFDQRV��HVWR�FRQ�HO�ILQ�GH�SRGHU�KDFHU�PtQLPD�OD�UHOXFWDQFLD�HQWUH�DPERV��HQ�HVWH�
FDVR� VL� XQD� IDVH� VH� HQFXHQWUD� DOLQHDGD�� SRU� FRQVLJXLHQWH� OD� VLJXLHQWH� IDVH� HVWDUi�
GHVDOLQHDGD��
6L� VH� SUHVHQWD� XQD� H[FLWDFLyQ� HQ� ORV� ERELQDGRV� GHO� HVWDWRU� VHFXHQFLDO� HQWUH� IDVHV�� HQ�
IXQFLyQ�GH�OD�SRVLFLyQ�GHO�URWRU��VH�JHQHUDUi�XQD�SURGXFFLyQ�FRQWLQXD�GH�JLUR�\�SDU��
(O� VHQWLGR� GH� JLUR�� HV� GHWHUPLQDGR� WRWDOPHQWH� HQ� HO� VHQWLGR� GH� OD� VHFXHQFLD� HQ� TXH� VH�
DOLPHQWD�D�ODV�ERELQDV�GHO�HVWDWRU��
�
$�FRQWLQXDFLyQ�VH�PXHVWUD�OD�ILJXUD�����TXH�HMHPSOLILFD�OR�GHVFULWR�DQWHULRUPHQWH��HQ�HVWH�
FDVR�VH�PXHVWUD�XQ�05$&��φ��FRQ�XQD�JHRPHWUtD�GH����SRORV�HQ�HO�HVWDWRU�\����SRORV�HQ�
HO�URWRU��TXH�PXHVWUD�FODUDPHQWH�HO�GHVDFRSODPLHQWR�PHQFLRQDGR�\�OD�IRUPD�HQ�FRPR�VH�
DOLQHDUtD� HO� URWRU� HQ� SUHVHQFLD� GHO� FDPSR� PDJQpWLFR� TXH� HV� FRQPXWDGR� HQ� OD� SDUWH�
HVWiWLFD�GHO�PRWRU�
�
�
�
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�
&RPR�VH�PHQFLRQy�DQWHULRUPHQWH��XQD�GH�ODV�FDUDFWHUtVWLFDV�TXH�VRQ�SULPRUGLDOHV�GH�HVWH�
PRWRU��GHELGR�D�VX�FRQVWUXFFLyQ�\�GLVHxR��HV�HO�GHVDFRSODPLHQWR��&DGD�XQD�GH�ODV�IDVHV�
HQ�HO�HVWDWRU�HVWiQ�GHVDFRSODGDV�HQ�IRUPD�ItVLFD��DGHPiV�GH�HOpFWULFD�\�PDJQpWLFD��
�
(VWDV� SURSLHGDGHV� TXH� SUHVHQWD� RIUHFH� LQGXGDEOHPHQWH� JUDQGHV� YHQWDMDV�� HQWUH� ODV�
FXDOHV�HVWiQ�TXH�HVWH�WLSR�GH�PiTXLQDV�SXHGH�VHJXLU�RSHUDQGR�D~Q�VL�XQD�GH�VXV�IDVHV�
HV� GDxDGD�� HVWR� SRU� VXSXHVWR� DIHFWDUi� D� VX� GHVHPSHxR� HO� FXDO� QR� VHUi� HO�PLVPR� TXH��
FXDQGR�OD�PiTXLQD�WUDEDMDUi�FRQ�VXV�IDVHV�FRPSOHWDV�\�QRUPDOHV��OR�FXDO�QRV�LQGLFD�TXH�
HVWH�WLSR�GH�PiTXLQDV�VRQ�PX\�FRQILDEOHV�\�VHJXUDV��
8Q�SXQWR�LPSRUWDQWH�SDUD�VX�IXQFLRQDPLHQWR�HV�HO�WLSR�GH�IXHQWH�GH�DOLPHQWDFLyQ�HOpFWULFD�
SDUD� HVWRV�PRWRUHV�� FRQ� FDUDFWHUtVWLFDV�PX\� HVSHFLDOHV�� FRQ� XQ� SULQFLSLR� GH� RSHUDFLyQ�
EDVDGD�HQ�OD�FRQPXWDFLyQ�GH�HQHUJtD�HOpFWULFD�REWHQLGD�GH�OD�UHG�GH�GLVWULEXFLyQ��

�
),*85$������&257(�75$169(56$/�'(�81�05$&�
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�
����&$5$&7(5Ë67,&$6�'(�/26�05$&��
(Q�HVWD�VHFFLyQ�VH�PXHVWUDQ� ODV�PiV� LPSRUWDQWHV�FDUDFWHUtVWLFDV�TXH� ORV�05$&�
SUHVHQWDQ� HQ� VXV� GLYHUVDV� HWDSDV� GH� DQiOLVLV�� GLVHxR�� FRQVWUXFFLyQ�� RSHUDFLyQ� \�
FRQWURO�� WDO� HV� HO� FDVR� GH� ODV� FXUYDV� SDU�YHORFLGDG� TXH� QRV� EULQGDQ� XQD� YLVLyQ�
JHQHUDO� GH� OD� IRUPD� HQ� FRPR� HVWD� GLYLVLyQ� GH� PiTXLQDV� HOpFWULFDV� SXHGHQ� VHU�
RSHUDGDV�� DGHPiV�GH� OD� JHRPHWUtD�TXH�HVWRV�PRWRUHV�SUHVHQWDQ�� HVWH�SXQWR�HV�
SULPRUGLDO� SDUD� OD� FRQVWUXFFLyQ� \� OyJLFDPHQWH� HO� GLVHxR� GH� ORV� PLVPRV� HO� FXDO�
GHSHQGHUi� IXHUWHPHQWH� SDUD� XQ� EXHQ� GHVHPSHxR�� )LQDOPHQWH� VH� SUHVHQWD� HO�
FRQFHSWR� GH� OD� IXHQWH� GH� DOLPHQWDFLyQ� TXH� DFRPSDxD� D� ORV�05$&�� TXH� HV� XQD�
SLH]D�IXQGDPHQWDO�WDQWR�SDUD�VX�GLVHxR��RSHUDFLyQ��\�FRQWURO�GH�ORV�PLVPRV��
�
�
������&$5$&7(5Ë67,&$6�3$5�9(/2&,'$'��
�
/D�RSHUDFLyQ�SDU�YHORFLGDG�HV�XQ�SXQWR�SULPRUGLDO�GH�ORV�05$&��GHELGR�D�TXH�HVWD�FXUYD�
QRV�SUHVHQWD�XQD�LGHD�SULPRUGLDO�GH�OD�IRUPD�HQ�FRPR�WUDEDMD�HVWH�WLSR�GH�PRWRUHV��HVWD�
LQIRUPDFLyQ�HVWD�EDVDGD�HQ�HO�DUWLFXOR�>�@�\�OD�ILJXUD�����UHSUHVHQWD�HVWD�FDUDFWHUtVWLFD��
(VWD�LQIRUPDFLyQ�HVWD�EDVDGD�HQ�H[SHULHQFLDV�SUHYLDV��ODV�FXDOHV�FRQOOHYDQ�D�XQD�VHULH�GH�
FXUYDV�R�IDPLOLDV�GH�FXUYDV�TXH�VH�FRQVWUX\HQ�HQ�EDVH�D�HVWD�H[SHULHQFLD��
&RPR�VH�PHQFLRQD�HQ�HVWH�DUWtFXOR�OD�FXUYD�ILQDO�REWHQLGD�VH�SXHGH�GLYLGLU�HQ�WUHV�]RQDV�
OD� FXDOHV� VHUiQ� H[SOLFDGDV� SRVWHULRUPHQWH�� 'HQWUR� GH� HVWH� DUWLFXOR� VH� PHQFLRQD� ORV�
VLJXLHQWH�³(O�05$&�SXHGH�VHU�VROLFLWDGR�HQ�SULQFLSLR�FRQ�SDUHV�GH�FDUJDV�GH�GRV�R� WUHV�
YHFHV�VXSHULRUHV�DO�SDU�GH�FDUJD�QRPLQDO��HQ�UHJLPHQHV�WUDQVLWRULRV�SDUD�WRGR�HO�LQWHUYDOR�
GH�YHORFLGDGHV´��
&RQ�EDVH�HQ�OR�DQWHULRU�SRGUHPRV�PDV�DGHODQWH�REWHQHU�OD�FXUYD�GHO�05$&�TXH�QRVRWURV�
SURSRQHPRV�HQ�OD�VLPXODFLyQ��
�
�
�
�
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� � � 5(*,0(1�3(50$1(17(�
�
� � � 3$5�&2167$17(�
�
� � � � � � � � ����� �������7α

ω

� �

� � � � � �� � � �������������������������7α� �
�

ω
�

������������������327(1&,$�&2167$17(�
�
� � � � � � � 3$5�9$5,$%/(�
�
�������������������������������������������������������������������������������������������������������9(/2&,'$'�

),*85$�����&859$�3$5�9(/2&,'$'�'(/�05$&��
�
�
�
���������)8(17(�&21087$'$�'(�$/,0(17$&,Ï1��
�
/D�QHFHVLGDG�GH�XQ� FRQPXWDGRU�HOHFWUyQLFR�SDUD� OOHYDU� D� FDER� OD�DOLPHQWDFLyQ�GH� FDGD�
XQD�GH�ODV�IDVHV�WDPELpQ�SXHGH�FRQVLGHUDUVH�FRPR�XQD�SURSLHGDG�ItVLFD�GH�OD�PiTXLQD��
�
(VWD�QHFHVLGDG�HV�XQD�GHULYDFLyQ�GH�OD�FRQVWUXFFLyQ�PLVPD�GH�OD�PiTXLQD��TXH�GHELGR�D�
VX�GHVDFRSODPLHQWR�GH�FDGD�XQD�GH�ODV�IDVHV�GHEH�VHU�DOLPHQWDGD�HQ�IRUPD�LQGLYLGXDO��QR�
SRU�WHQVLRQHV�GH�&'�QL�&$��VL�QR�SRU�XQD�WHQVLyQ�TXH�GHEH�VHU�FRQPXWDGD�\�TXH�GHSHQGH�
WRWDOPHQWH�GH�OD�SRVLFLyQ�GHO�URWRU��
�
(O� GLVHxR� GHO� FRQPXWDGRU� HOHFWUyQLFR� FRPR� VH� PHQFLRQD� DQWHULRUPHQWH� HV� XQD� SLH]D�
IXQGDPHQWDO�SDUD�HO�FRQWURO�GHO�05$&�\D�TXH�JUDQ�SDUWH�GHO�EXHQ�GHVHPSHxR�TXH�WHQJD�
HO�PRWRU�VHUi�GHELGR�D�OD�IRUPD�HQ�FRPR�WUDEDMH�HO�FRQPXWDGRU��
�
3DUD�SRGHU�JHQHUDU�ODV�VHxDOHV�FRQPXWDGDV�GH�HVWRV�PRWRUHV�HV�PX\�LPSRUWDQWH�REWHQHU�
OD�LQIRUPDFLyQ�GH�OD�SRVLFLyQ�TXH�WLHQH�HO�URWRU��OR�FXDO�VH�SXHGH�ORJUDU�HQ�IRUPD�ItVLFD�FRQ�

3
$
5�
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OD� LPSOHPHQWDFLyQ� GH� XQ� VHQVRU� GH� SRVLFLyQ� R� HQ� VX� GHIHFWR� RSWDU� SRU� XQD� WpFQLFD� GH�
HVWLPDFLyQ�GHO�PLVPR�FRPR�VH�PXHVWUD�HQ�GLYHUVRV�HVWXGLRV�>��@�TXH�VX�SULQFLSDO�REMHWLYR�
HV�GH�FRQRFHU�HO�YDORU�GH�SRVLFLyQ�GHO�URWRU�VLQ�QHFHVLGDG�GH�FRQWDU�FRQ�DOJ~Q�GLVSRVLWLYR�
ItVLFR�TXH�UHDOLFH�HVWD�WDUHD��
�
(Q� OD� OLWHUDWXUD� FLHQWtILFD� TXH� VH� UHYLVy� SDUD� HVWH� GRFXPHQWR�� KHPRV� REVHUYDGR� XQD�
GLYLVLyQ�GH�WUDEDMRV�TXH�VH�HQIRFDQ�D�OD�FRQPXWDFLyQ�HQ�ORV�05$&�>�@��\�TXH�FDGD�XQR�GH�
HOOR�SURSRQHQ�XQD�HVWUDWHJLD�SURSLD�SDUD�SRGHU�UHVROYHU�HVH�SUREOHPD��
�
(Q� OD� ILJXUD� ���� VH� SXHGH� DSUHFLDU� XQR� GH� ORV� HVTXHPDV� HOHFWUyQLFRV� TXH� PiV�
FRP~QPHQWH� VRQ� XWLOL]DGRV� SDUD� OD� FRQPXWDFLyQ�� HQ� HVWH� FDVR� VH� PXHVWUD� XQD� IXHQWH�
FRQPXWD�SDUD�XQ�05$&�WULIiVLFR����SRORV�HQ�HO�HVWDWRU���FRPR�VH�SRGUi�REVHUYDU�VROR�VH�
SUHVHQWD�OD�LGHD�SULQFLSDO�GHO�IXQFLRQDPLHQWR�TXH�HVWH�GLVSRVLWLYR�WLHQH�SRU�ILQ��

�
),*85$�����&21087$'25�(/(&75Ï1,&2�3$5$�81�05$&��φ�

�
�
6L�VH�REVHUYD�HO�FLUFXLWR��VH�SXHGH�REVHUYDU�TXH�ORV�LQWHUUXSWRUHV�VH�GHEHQ�DEULU�\�FHUUDU�
FRQ�HO�ILQ�GH�SRGHU�REWHQHU�ODV�FXUYDV�GHVHDGDV�GH�FRUULHQWHV�GHO�HVWDWRU��
�
/D�VHFXHQFLD�GH�GLVSDUR�GH�ORV�LQWHUUXSWRUHV�HV�GHWHUPLQDGD�SURSLDPHQWH�SRU�XQD�OH\�GH�
FRQPXWDFLyQ�� HQ� OD� UHYLVLyQ� ELEOLRJUiILFD� DQWHV� PHQFLRQDGD�� VH� UHSRUWDQ� HVWXGLRV�
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GHWDOODGRV�TXH�KDQ�DELHUWR�XQ�FDPLQR�SDUD�HO�GHVDUUROOR�GH�HVWH� WLSR�GH�FRPSRQHQWHV�\�
OH\HV�GH�FRQPXWDFLyQ��
�
&DEH�GHVWDFDU�TXH�HO�GLVHxR�GH�OD�IXHQWH�GH�FRQPXWDFLyQ�HV�SURSLD�SDUD�FDGD�XQR�GH�ORV�
05$&��HVWR�GHELGR�D�TXH�H[LVWH�XQD�JDPD�PX\�DPSOLD�HQ�JHRPHWUtDV�GH�FRQVWUXFFLyQ�GH�
HVWRV�PRWRUHV��
�
�
��������*(20(75Ë$�'(�/26�05$&��
/RV� 05$&�� VRQ� GLVHxDGRV� GH� GLVWLQWDV� IRUPDV�� HQ� OD� ILJXUD� ���� VH� PXHVWUD� OD�
FRQILJXUDFLyQ�GH�GLIHUHQWHV�WLSRV�\�GLVHxRV��

),*85$�����*(20(75,$�'(�/26�05$&�
�

��IDVHV��
��SRORV�HQ�HVWDWRU���SRORV�HQ�URWRU�

��IDVHV��
��SRORV�HQ�HVWDWRU���SRORV�HQ�URWRU�

��IDVHV��
��SRORV�HQ�HVWDWRU���SRORV�HQ�URWRU�

��IDVHV��
���SRORV�HQ�HVWDWRU���SRORV�HQ�URWRU�
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&RPR�VH�PXHVWUD�HQ� OD� ILJXUD������VH�REVHUYDQ�PRWRUHV�GH���D��� IDVHV�� ORV�FXDOHV�VRQ�
GLVHxRV� TXH� LQYHVWLJDGRUHV� UHDOL]DQ� SDUD� SRGHU� VDEHU� FXDO� GH� WRGRV� HOORV� HV� HO� PiV�
RSWLPR�GHSHQGLHQGR�GH�VXV�FDUDFWHUtVWLFDV�SURSLDV��
&RPR� VH�SXHGH�REVHUYDU� FODUDPHQWH�� ORV� SRORV� GHO� URWRU� QR� GHEHQ�VHU� HVWULFWDPHQWH� OD�
PLWDG�GH�ORV�SRORV�GHO�HVWDWRU��OR�FXDO�QRV�EULQGD�XQD�SRVLELOLGDG�PX\�DPSOLD�GH�GLVHxRV��
&DEH� GHVWDFDU� TXH� ORV� PDWHULDOHV� FRQ� TXH� VH� FRQVWUX\H� ORV� 05$&� VRQ� XQD� SDUWH�
VXPDPHQWH�LPSRUWDQWH�SDUD�HO�EXHQ�GHVDUUROOR�WHFQROyJLFR�GH�HVWRV�PRWRUHV��
�
�
������6(&&,21�(6758&785$/�'(�/26�05$&��
�
(VWH� SXQWR� HV� WUDWDGR� \� FRPHQWDGR� HQ� EDVH� D� ORV� HVWXGLRV� UHDOL]DGRV� SRU� OD� FRPSDxtD�
(0(5621� 027256� OD� FXDO� HQ� EDVH� D� OD� H[SHULHQFLD� HQ� LQYHVWLJDFLyQ� KD� ORJUDGR�
GHVDUUROODU� XQ� FRQMXQWR� GH� UHFRPHQGDFLRQHV� TXH� GHEHPRV� WRPDU� HQ� FXHQWD�� (VWDV�
UHFRPHQGDFLRQHV�HVWiQ�WRPDGDV�HQ�EDVH�DO�DUWLFXOR�>�@��HO�FXDO�PHQFLRQD�D�GHWDOOH�OR�TXH�
VH�HVFULEH�D�FRQWLQXDFLyQ��
�
�
����������'(9$1$'26�'(/�(67$725�
�
(O� GHVDUUROOR� OOHYDGR� D� FDER� SRU� (0(5621� HQ� EDVH� DO� GHVDUUROOR� GH� IDEULFDFLyQ� GH�
GHYDQDGRV�SDUD�HO�HVWDWRU�GH�ORV�05$&��KDQ�FRQGXFLGR�D�FRQFOXLU�TXH�HVWRV�GHYDQDGRV�
QR�UHTXLHUHQ�GH�DOJXQD�IRUPD�HVSHFLDO�GH�PDQXIDFWXUD��
�
(Q�OD�ILJXUD�����VH�SXHGH�REVHUYDU�OD�IRUPD�HQ�FRPR�VH�HQFXHQWUD�ORV�GHYDQDGRV�GH�ORV�
PRWRUHV��
�
(VWD� HPSUHVD� UHSRUWD� TXH� FRPR� ORV� GHYDQDGRV� VH� IDEULFDQ� FRQ� WpFQLFDV� FRPXQHV�� HV�
SRVLEOH�IDEULFDUORV�PX\�IiFLOPHQWH��XQ�SXQWR�PX\�LPSRUWDQWH�HQ�ORV�UHVXOWDGRV�UHSRUWDGRV��
FRQGXFHQ�D�XQ�ORJUR�PiV�SDUD�HO�GHVDUUROOR�GH�ORV�05$&��HV�TXH�FRPR�ORV�GHYDQDGRV�GHO�
HVWDWRU��HVWiQ�PRQWDGRV�VREUH�HO�SROR�VDOLHQWH�GHO�HVWDWRU��HV� IiFLOPHQWH� LQWHUFDPELDEOH��
HQ�FDVR�GH�XQ�GDxR�GHO�GHYDQDGR��6ROR�KDEUtD�TXH�GHVPRQWDUOR�H�LQWHUFDPELDUOR�SRU�XQ�
GHYDQDGR�VLPLODU�GH�ODV��PLVPDV�FDUDFWHUtVWLFDV�\�HO�SUREOHPD�HVWDUi�VROXFLRQDGR��
�
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/D�HPSUHVD�(0(5621�UHSRUWD�HQ�VX�HVWXGLR�TXH��KD� ORJUDGR�HO�GHVDUUROOR�GH�PRQWDGR�
GH�GHYDQDGRV�GHO�HVWDWRU�HQ�XQ������HQ�EDVH�D�XQD�WpFQLFD�TXH�HOORV�GHQRPLQDQ�FRPR�
LQVHUFLyQ�GH�HVSLUDV��HO�FXDO�UHFRPLHQGDQ�FRPR�HO�PpWRGR�PiV�ySWLPR��
�
�
&RPR� VH� FRPHQWR� DQWHULRUPHQWH�� ORV� 05$&� QR� QHFHVLWDQ� GH� PDWHULDOHV� GH� HVSHFLDO�
PDQXIDFWXUD�SDUD�VX�FRQVWUXFFLyQ��SHUR� OD�HPSUHVD�(0(5621��HVWD�GHVDUUROODQGR�XQD�
GLYLVLyQ� GH� FRQVWUXFFLyQ� GH� 05$&� FRQ� PDWHULDOHV� PDJQpWLFRV� GH� PD\RU� FDOLGDG� TXH�
OyJLFDPHQWH� KDFH�DXPHQWDU� HO� FRVWR� GHO�PRWRU�� HVWD� SRVLELOLGDG�HVWD� HQ� GHVDUUROOR� SDUD�
SRGHU�PHMRUDU�OD�HILFLHQFLD�GHO�PRWRU��TXH�HV�XQD�SRVLELOLGDG�TXH�VH�HQFXHQWUD�HQ�HVWXGLR��
�

�
�

),*85$�����'(9$1$'26�'(�/26�05$&��
�
�������/$0,1$&,21�'(/�52725��
�
3DUD� OD�FRQVWUXFFLyQ�GHO� URWRU�GHO�05$&��HV� OyJLFR�SHQVDU�TXH�GHEH�VHU� ODPLQDGR�SDUD�
HYLWDU�ODV�SpUGLGDV�SRU�HO�HIHFWR�GH�ODV�FRUULHQWHV�SDUiVLWDV��
/D�HPSUHVD�(0(5621�UHDOL]D�OD�IDEULFDFLyQ�GH�URWRUHV�GH�ORV�05$&��HQ�EDVH�D�WpFQLFDV�
GH�ODPLQDFLyQ�VHPHMDQWHV�D�ODV�XWLOL]DGDV�HQ�ORV�WUDQVIRUPDGRUHV�HOpFWULFRV��
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(VWDV�WpFQLFDV�QRV�KDFHQ�SHQVDU�TXH�OD�IDEULFDFLyQ�GH�URWRUHV�GH�HVWRV�PRWRUHV�VH�SXHGH�
UHDOL]DU�FRQ�DSDUDWRV�\D�H[LVWHQWHV��QR�FRQ�DSDUDWRV�HVSHFLDOHV��OR�FXDO�LQGLFD�OD�VHQFLOOH]�
GH�OD�PiTXLQD��
$�FRQWLQXDFLyQ�VH�PXHVWUD�OD�ILJXUD������HQ�OD�FXDO�VH�SXHGH�REVHUYDU�OD�IRUPD�TXH�WLHQH�HO�
URWRU�GH�HVWRV�PRWRUHV��

�
),*85$�����52725�'(�81�05$&��

�
���������(175(+,(552��
/RV�PRWRUHV�TXH�VH�HQFXHQWUDQ�HQ�GLVHxR�\�SURWRWLSRV�GH�(0(5621��HQ�HO�iUHD�GH� ORV�
05$&�� QRV� SXHGHQ� UHSRUWDU� TXH� GXUDQWH� OD� IDEULFDFLyQ� VH� SUHVWD� XQ� SULQFLSDO� FXLGDGR�
VREUH�ODV�PHGLGDV�GH�ODV�SLH]DV�TXH�FRQIRUPDQ�HO�PRWRU��HVWR�GD�SLH�SDUD�OD�PHGLGD�GHO�
HQWUHKLHUUR� IRUPDGR�HQWUH� ORV�SRORV�GHO� URWRU� \�HO� HVWDWRU�� HV� LPSRUWDQWH�TXH�VH� UHDOLFHQ�
FRQ�PHGLGDV�TXH�UHSUHVHQWHQ�OD�PHQRU�YDULDQ]D�SRVLEOH��
(Q� ORV� UHSRUWHV� REWHQLGRV� SRU� (0(5621��PHQFLRQD� TXH� HO� YDORU� WtSLFR� GHO� HQWUHKLHUUR�
GHVDUUROODGR� SDUD� VXV�PRWRUHV� QR� GHEH� H[FHGHU� HO� ����GHO� YDORU� QRPLQDO�� GDGR� TXH� VL�
HVWR�VXFHGLHUD�H[LVWLUtD�XQ�GHVEDODQFHR�ItVLFR�VHYHUR�TXH�PDV�DGHODQWH�FRPHQWDUHPRV��
(0(5621�UHFRPLHQGD�TXH�ORV�YDORUHV�ySWLPRV�GH�YDULDQ]D�GHO�HQWUHKLHUUR�VHD�GH������D�
������FRQ�OR�FXDO�HOORV�KDQ�UHFRPHQGDGR�TXH�HO�YDORU�GH������HQ�VX�YDULDQ]D�SDUD�XQ�EXHQ�
GHVHPSHxR� GHO� PRWRU� \� DVt� SRGHU� HYLWDU� XQ� GHVEDODQFHR� ItVLFR� TXH� D� FRQWLQXDFLyQ�
FRPHQWDUHPRV��
�
�
�
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�������%$/$1&(2�'(/�52725��
&RPR� VDEHPRV� ORV� GHYDQDGRV� GHO� HVWDWRU� WLHQHQ� VXPLQLVWUR� HOpFWULFR� \� PDJQpWLFR�� OD�
SULQFLSDO� FDXVD� GH� GHVEDODQFHR� HQ� ORV� PRWRUHV� HOpFWULFRV� HV� OD� QR� XQLIRUPLGDG� GH�
GLVWULEXFLyQ�GHO�URWRU��
$GHPiV� ORV� FRMLQHWHV� \� VRSRUWHV� FRQWULEX\HQ� DO� GHVEDODQFHR� \� SRU� FRQVHFXHQFLD� D� OD�
YLEUDFLyQ��
(Q�OD�SUiFWLFD�HO�FRVWR�GH�EDODQFHDU�XVXDOPHQWH�HV�EDMR��SHUR�FRPR�VLHPSUH�FRUUHPRV�HO�
ULHVJR�GH�LQWURGXFLU�GHVEDODQFHRV�SRU�ORV�DSR\RV�GHO�URWRU��TXH�SXHGHQ�VHU�IDEULFDGRV�FRQ�
HVSHFLDO�FXLGDGR�\�HO�FRVWR�QR�HV�PX\�HOHYDGR��
(0(5621�KD�HVWXGLDGR�D�ORV�05$&�HQ�VX�FRPSRUWDPLHQWR��HQ�SUXHEDV�GH�ODERUDWRULR�\�
XQD� GH� ODV� SULQFLSDOHV� FRQFOXVLRQHV� TXH� UHSRUWDQ�� HV� PHQFLRQDU� TXH� SDUD� PRWRUHV�
PHQRUHV�GH��������U�S�P��HO�HIHFWR�GH�GHVEDODQFHR�QR�HV�PX\�FUtWLFR�\�SRU�HOOR�SDUD�HVWH�
WLSR�GH�PRWRUHV�HV�UDUR�TXH�H[LVWDQ�SUREOHPDV�SRU�HVWH�PRWLYR��
3DUD� PRWRUHV� GH� PD\RU� YHORFLGDG�� WHQGUtDPRV� TXH� DQDOL]DU� PiV� GHWHQLGDPHQWH� ODV�
FRQGLFLRQHV�GH�RSHUDFLyQ�GHO�PLVPR�\�SRQHU�PD\RU�pQIDVLV�D�ODV�SLH]DV�TXH�LQYROXFUD�HO�
EDODQFHR�GHO�PRWRU��
6REUH� HVWH� WHPD� VH� UHDOL]DQ� HVWXGLRV� VREUH� HO� UXLGR� TXH� ORV� 05$&� GHVDUUROODQ�� XQD�
PXHVWUD�ILUPH�GH�OR�FRPHQWDGR��HVWD�PRVWUDGR�HQ�HO�VLJXLHQWH�SURJUDPD�TXH�HQ�VX�YHUVLyQ�
GHPR� �ILJXUD� ���� \� ������ PXHVWUD� HO� GHVDUUROOR� GH� XQ� SURJUDPD� TXH� VLPXOD� HO� UXLGR�
SURGXFLGR� SRU� HO�PRWRU� D� GLVWLQWDV� YHORFLGDGHV�� SRVWHULRUPHQWH� VH�PXHVWUD� HO� GLDJUDPD�
XWLOL]DGR�SDUD�HVWH�ILQ��
&RPR�VH�SRGUi�REVHUYDU�PiV�DGHODQWH��OD�IRUPD�GHO�PRGHOR�HV�PX\�VLPLODU�DO�GHVDUUROODGR�
SDUD�OD�VLPXODFLyQ�GH�HVWH�WUDEDMR��
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&RQ�WRGD�HVWD� LQIRUPDFLyQ��SRGHPRV�FRPHQWDU� ORV�GLVWLQWRV�DYDQFHV�TXH� ORV�05$&�KDQ�
WHQLGR�KDVWD�OD�IHFKD��
�
�����&21752/�(1�/26�05$&�
�
(Q� XQD� UHYLVLyQ� GH� OD� OLWHUDWXUD� XWLOL]DGD� SDUD� HVWH� WUDEDMR�� SRGHPRV� FRQFOXLU�� TXH� OD�
OLPLWDFLyQ� PiV� FRP~Q� SURYLHQH� GH� XQD� GH� ODV� FDUDFWHUtVWLFDV� PiV� LPSRUWDQWHV� GH� HVWD�
PiTXLQD�� OD� QR� OLQHDOLGDG� TXH� SUHVHQWD� HO� HQWUHKLHUUR� HQ� HO� IOXMR� PDJQpWLFR� TXH� OR�
DWUDYLHVD��DGHPiV�HVWR�DXQDGR�D�TXH�OD�FRQPXWDFLyQ�GHEH�VHU�OOHYDGD�D�FDER�HQ�EDVH�D�
OD�PHGLFLyQ�GH�OD�SRVLFLyQ�GHO�URWRU��KDFH�HVWD�WDUHD�DXQ�PiV�FRPSOHMD��
�
/D� PD\RUtD� GH� ORV� UHVXOWDGRV� TXH� VH� UHSRUWDQ� FRQVLGHUDQ� XQD� UHODFLyQ� OLQHDO� HQWUH� ORV�
HQODFHV�GH�IOXMR�\�ODV�FRUULHQWHV�GH�ORV�GHYDQDGRV�GHO�HVWDWRU�HQ�HO�FLUFXLWR�PDJQpWLFR��OR�
FXDO�SHUPLWH�GLVHxDU�XQ�PRGHOR�GH�FRQWURO�VHQFLOOR��TXH�D�SRVWUH�VH�KD�YDOLGDGR�FRPR�XQ�
PRGHOR�FRQILDEOH��
�
(Q� HO�PLVPR� VHQWLGR�� HO� FRQWURODGRU� GHEH� GLVHxDUVH� WRPDQGR� HQ� FXHQWD� OD� HVWUDWHJLD� R�
IRUPD� HQ� TXH� VH� UHDOL]DUi� OD� FRQPXWDFLyQ�� GDGR� TXH� HO�PRWRU� GHEH� VHU� HOpFWULFDPHQWH�
FRQPXWDGR�SDUD�XQD�FRUULHQWH�GH�RSHUDFLyQ��HO�FXDO�JRELHUQD�HO�WLSR�GH�FRQPXWDFLyQ��
3DUD� HO� GLVHxR� GH� ORV� FRQWUROHV� GH� ORV� 05$&�� JHQHUDOPHQWH� VH� VXSRQH� XQD� VHULH� GH�
IDFWRUHV�TXH�VRQ��

•� /DV�~QLFDV�YDULDEOHV�TXH� VH�HQFXHQWUDQ�GLVSRQLEOHV�SDU� SRGHU�KDFHU�PHGLFLRQHV�
VRQ�ODV�FRUULHQWHV�GHO�HVWDWRU��OD�SRVLFLyQ�GHO�URWRU�\�OD�YHORFLGDG�SURSLD�GHO�PRWRU��

•� (O�PRPHQWR�GH�LQHUFLD�HV�FRQRFLGR�
•� /RV� SDUiPHWURV� GHO�PRWRU� VRQ� FRPSOHWDPHQWH� FRQRFLGRV� �UHVLVWHQFLD�� LQGXFWDQFLD��

HWF���
•� /DV� ~QLFDV� HQWUDGDV� GH� FRQWURO� VRQ� ODV� WHQVLRQHV� FRQPXWDGRV� TXH� DOLPHQWDQ� HO�

HVWDWRU��
%DMR�HVWRV�SDUiPHWURV�VH�EDVDQ�ORV�JUXSRV�GH�WUDEDMR�SDUD�SRGHU�REWHQHU�HO�FRQWURODGRU�
DGHFXDGR�SDUD�HO�05$&��
�
�
�
�
�
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/RV� 05$&� VRQ� XQD� WHFQRORJtD� TXH� WLHQH� DPSOLDV� H[SHFWDWLYDV� HQ� HO� iUHD� GH� PRWRUHV�
HOpFWULFRV� GH� LQRYDFLyQ�� VLQ� GXGD� WLHQHQ� PXFKDV� FDUDFWHUtVWLFDV� TXH� OR� KDFHQ� DWUDFWLYR�
SDUD�SRGHUVH�LQYROXFUDU�HQ�GLVWLQWDV�GLYLVLRQHV�GH�HVWXGLR�TXH�DFWXDOPHQWH�VRQ�H[SORUDGRV�
SRU� YDULDGRV� JUXSRV� GH� LQYHVWLJDFLyQ� DOUHGHGRU� GHO�PXQGR� \� HQ� HVSHFLDO� D� LPSRUWDQWHV�
HPSUHVDV�GHGLFDGDV�D�OD�FRPHUFLDOL]DU�PRWRUHV�HOpFWULFRV�SRU�YDULDV�GpFDGDV��
3DUD�VLWXDU�ODV�FDUDFWHUtVWLFDV�DWUDFWLYDV�GH�HVWRV�PRWRUHV�D�FRQWLQXDFLyQ�VH�PXHVWUDQ�ODV�
PiV�LPSRUWDQWHV�YHQWDMDV�\�DOJXQDV�GHVYHQWDMDV�TXH�ORV��05$&�SUHVHQWDQ��
�
������9(17$-$6�
/D� FRQVWUXFFLyQ� GH� ORV� 05$&�� � HV� XQD� GH� ODV� PiV� VHQFLOODV�� ÒQLFDPHQWH� HO� HVWDWRU�
FRQWLHQH� GHYDQDGRV�� ORV� FXDOHV� VRQ� PRQWDGRV� VREUH� ORV� SRORV� GH� FDGD� IDVH�� GH� WDO�
PDQHUD�TXH�DO�VHU�FRQPXWDGRV��VH�IRUPHQ�SRORV�DSXHVWRV��
(O� URWRU� QR� FRQWLHQH� QLQJ~Q� GHYDQDGR�� QL� LPiQ� SHUPDQHQWH�� (VWH� VROR� FRQVLVWH� HQ� XQD�
PDVD�PHWiOLFD�ODPLQDGD�PRQWDGD�VREUH�XQ�VRSRUWH��/R�PHQFLRQDGR�DQWHULRUPHQWH��VREUH�
OD� VLPSOLFLGDG� HQ� OD� FRQVWUXFFLyQ� GH� OD� PiTXLQD� QRV� OOHYD� D� REVHUYDU� TXH� HO� FRVWR�
GLVPLQX\H�IXHUWHPHQWH��FRPR�VH�PXHVWUD�HQ�OD�),*85$������
�

� � �����),*85$�����32/26�'(/�52725�'(�81�05$&��
�
�
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6RQ�PiTXLQDV�PX\�FRQILDEOHV�GDGR�TXH�FDGD�IDVH�GH�OD�PiTXLQD�HV�LQGHSHQGLHQWH�WDQWR�
HQ� IRUPD� ItVLFD�� HOpFWULFD� \�PDJQpWLFD�� HQWUH� IDVHV�� TXH�KDFH�TXH� VL� XQD� IDVH� OOHJDVH�D�
IDOODU��HVWR�QR� LPSHGLUtD�TXH� OD�PiTXLQD�VLJXLHUD� WUDEDMDQGR�� OR�FXDO�QRV� LQGLFD�TXH�HVWD�
PiTXLQD�HV�PX\�FRQILDEOHV�HQ�FXDQWR�D�VX�RSHUDFLyQ�\�IXQFLRQDPLHQWR��
$GHPiV� D� OD� LQH[LVWHQFLD� GH� FRQGXFWRUHV� HQ� HO� URWRU�� HVWH� WLSR� GH� PiTXLQDV� SXHGH�
DOFDQ]DU�YHORFLGDGHV�FRQVLGHUDEOHPHQWH�DOWDV��DXQDGR�DO� WLSR�GH�FRQYHUVLyQ�GH�HQHUJtD��
VH�SXHGH�REVHUYDU�TXH�HO�05$&�SXHGH�JHQHUDU�DOWDV�SRWHQFLDV��FRPSDUDGDV�FRQ�PRWRUHV�
GH�ODV�PLVPDV�GLPHQVLRQHV��
�
2WUD� YHQWDMD� JUDFLDV� D� VX� HVWUXFWXUD� VLPSOH�� HV� OD� GH� SRGHU� RSHUDU� FRQWLQXDPHQWH� HQ�
FRQGLFLRQHV�H[WUHPDV��HQ�GRQGH�OD�WHPSHUDWXUD��KXPHGDG�\�RWURV�DJHQWHV�QDWXUDOHV�VRQ�
OLPLWDQWHV�SDUD�OD�XWLOL]DFLyQ�GH�PRWRUHV�HOpFWULFRV��
2WUD�YHQWDMD�PX\�QRWRULD�HV�TXH�HO��05$&�SRVHH�XQ�PRPHQWR�GH�LQHUFLD�PX\�SHTXHxR��
GHELGR� D� OD� DXVHQFLD� GH�PDVD� HQ� ORV� KXHFRV� HQWUH� ORV� GLHQWHV� GHO�PRWRU�� (O� URWRU� HVWi�
FRPSXHVWR� ~QLFDPHQWH� SRU� HO� HMH� HQ� IRUPD� GHQWDGD�� HQ� EDVH� D� HVWXGLRV� SUHYLRV� TXH�
LQYHVWLJDGRUHV� UHDOL]DQ� VREUH� HO� WHPD� VH� SXHGH� REVHUYDU� FODUDPHQWH� TXH� HO� 05$&�
DYHQWDMD� FODUDPHQWH� D� ORV� PRWRUHV� HOpFWULFRV� FRQYHQFLRQDOHV� DO� SXQWR� GH� PLQLPL]DU� HO�
PRPHQWR� GH� LQHUFLD� GHO� PRWRU� DO� ���� FRQ� UHVSHFWR� FRQ� RWURV� PRWRUHV� GH� ODV� PLVPDV�
GLPHQVLRQHV��
�
(Q�OD�ILJXUD������VH�PXHVWUD�OD�ILJXUD�GH�XQ�05$&��φ��GRQGH�SRVHH���SRORV�HQ�HO�HVWDWRU�\�
��SRORV�HQ�HO�URWRU��TXH�HV�OD�JHRPHWUtD�TXH�PD\RU�JHQWH�HQ�HO�iUHD�GH�HVWXGLR�GH�HVWRV�
PRWRUHV�UHFRPLHQGDQ��

������(6758&785$�'(�81�05$&�&21���32/26�(1�(/�(67$725�<���32/26�(1�(/�
52725��

�
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�
$OJXQDV�OLPLWDFLRQHV�TXH�SURGXFH�OD�VLPSOLFLGDG�PHFiQLFD�GH�OD�PiTXLQD���VH�PXHVWUDQ�HQ�
HO�DQiOLVLV�\�HO�FRQWURO�SURSLR�GH�HVWDV�PiTXLQDV��
8QD�GHVYHQWDMD�TXH�VH�SUHVHQWD�HQ�ORV�05$&�HV�HO�KHFKR�TXH�SDUD�SRGHUORV�LPSOHPHQWDU�
HQ�HO� FDPSR�SURGXFWLYR��QR�VH�SXHGH�DOLPHQWDU�GLUHFWDPHQWH�GHVGH�XQD� OtQHD�GH�&'�QL�
XQD�OtQHD�GH�$&��GHELGR�D�TXH�GHEH�GH�VHU�FRQPXWDGR�HOHFWUyQLFDPHQWH��
�
(VWH�SUREOHPD�KD�VLGR� VROXFLRQDGR�SDUFLDOPHQWH�JUDFLDV�DO� DYDQFH�HQ� OD�HOHFWUyQLFD�GH�
SRWHQFLD�� OD� FXDO� QRV� EULQGD� OD� SRVLELOLGDG� GH� SRGHU� FRQWURODU� JUDQGHV� FDQWLGDGHV� GH�
SRWHQFLD�D�FRVWRV�FDGD�YH]�PiV�HFRQyPLFRV��
2WUD�GHVYHQWDMD�TXH�SUHVHQWD�HV�OD�TXH�HO�HVWDWRU�\�HO�URWRU�VRQ�GH�SRORV�VDOLHQWHV��SDUD�OD�
UHDOL]DFLyQ� GHO� SDU� UHOXFWLYR�� KDFH� TXH� HVWD� PiTXLQD� WHQJD� FDUDFWHUtVWLFDV� PDJQpWLFDV�
VHDQ�IXHUWHPHQWH�QR�OLQHDOHV��
�
�
����$9$1&(6�7(&12/2*,&26�(1�/26�05$&�
�
3RGUHPRV�PHQFLRQDU�TXH�ORV�05$&�VH�HQFXHQWUD�KR\�HQ�GtD�HQ�XQ�SURFHVR�GH�HVWXGLR�H�
LQYHVWLJDFLyQ�� HVWH� WLSR� GH� PRWRUHV� FRPR� KHPRV� PHQFLRQDGR� DQWHULRUPHQWH�� HVWiQ�
JDQDQGR�SRSXODULGDG��GHELGR�D� ODV�FDUDFWHUtVWLFDV� ItVLFDV�SURSLDV�TXH�HO�PRWRU�SUHVHQWD��
DGHPiV�GH�SRGHU�FRQWDU�KR\�HQ�GtD�FRQ�DYDQFHV�HQ�HO�iUHD�GH�OD�HOHFWUyQLFD�GH�SRWHQFLD��
�
(VWR�KDFH�D� ORV�05$&�FRPR�XQ� IXHUWH� FDQGLGDWR�SDUD�RFXSDU�XQ� OXJDU�HQ�DSOLFDFLRQHV�
TXH�DVt�VH�UHTXLHUDQ��
+R\�HQ�GtD�HO�GHVDUUROOR�ItVLFR�GH�HVWRV�PRWRUHV�HV�PX\�OLPLWDGR��HQ�OD�UHYLVLyQ�UHDOL]DGD��
SRGUHPRV�HQFRQWUDU�LQVWLWXWRV�TXH�KDQ�GHVDUUROODGR�ItVLFDPHQWH�HVWH�WLSR�GH�PRWRUHV��HVWH�
HV�HO� FDVR�GH� ³7KH�(OHNWURWHFKQLVFKH� ,QVWLWXWR�RI� WKH�8QLYHUVLW\�.DUOVUXKH´�HQ�$OHPDQLD��
TXH�KD�GHVDUUROODGR�XQ�SURWRWLSR�GH�����N:�D������U�S�P��\�HV�LPSRUWDQWH�GHVWDFDU�TXH�HO�
PRGHOR�GHVDUUROODGR�HV�XQ�SURWRWLSR�TXH� VH�HQFXHQWUD�DFWXDOPHQWH�HQ�HVWXGLR�� DGHPiV�
³,QVWLWXWH�RI�(QHUJ\�7HFQRORJ\�RI�7KH�$DOERUJ�8QLYHUVLW\´�HQ�'LQDPDUFD��WLHQH�XQD�GLYLVLyQ�
GH�HVWXGLRV�VREUH�05$&�FRQ�XQ�SURWRWLSR�GH����:�\������U�S�P��
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�
(VWD�HV�XQD�SHTXHxD�PXHVWUD�SRGHPRV�REVHUYDU�ORV�JUDQGHV�DYDQFHV�TXH�HVWRV�PRWRUHV�
VH�WLHQHQ�GHVDUUROODGRV�HQ�IRUPD�ItVLFD��HV� LPSRUWDQWH�PHQFLRQDU�TXH�H[LVWHQ�XQ�YDULDGR�
QXPHUR�GH�SHUVRQDV�TXH�KR\�HQ�GtD�HVWiQ�WUDEDMDQGR�VREUH�LQYHVWLJDFLyQ�HQ�HVWD�iUHD��
�
6REUH�HO�iUHD�GH�FRQWURODGRUHV�GH�ORV�05$&�SRGHPRV�HQFRQWUDU�D�XQD�HPSUHVD�OtGHU�GH�
FRPSRQHQWHV� HOHFWUyQLFRV� FRPR� HV� HO� FDVR� GH� 7(;$6� ,167580(176�� OD� FXDO� KD�
UHDOL]DGR�XQD�JUDQ� VHULH� GH� LQYHVWLJDFLRQHV�KDVWD� OOHJDU� D�PRVWUDU� XQ� FLUFXLWR� LQWHJUDGR�
TXH� VLUYH� SDUD� ODV� IXQFLRQHV� GH� FRQWURO� GH� HVWRV� PRWRUHV�� HO� PRGHOR� GHO� FLUFXLWR� HV� HO�
706���)����� FDEH� GHVWDFDU� TXH� H[LVWHQ� XQ� YDULDGR� JUXSR� GH� LQYHVWLJDFLyQ� TXH�
GHVDUUROODQ� WpFQLFDV� GH� FRQWURO� GH� ORV� 05$&� D� QLYHO� GH� LQYHVWLJDFLyQ�� SHUR� QRVRWURV�
WRPDPRV�FRPR�EDVH�D�OD�HPSUHVD�7(;$6��SRU�OD�UHSUHVHQWDWLYLGDG�TXH�HVH�PLFURFLUFXLWR�
SUHVHQWD�\�FRQ�HO�KHFKR�TXH�VH�SUHVHQWD�FRPR�XQ�FLUFXLWR�H[LVWHQWH�\�FRPHUFLDO��
�
6REUH� OD� IDEULFDFLyQ� GH� ORV� 05$&�� H[LVWHQ� XQD� YDULHGDG� GH� HPSUHVDV� GH� PRWRUHV�
HOpFWULFRV� TXH� GHVDUUROODQ� HVWXGLRV� VREUH� HVWRV� PRWRUHV�� &RPR� VH� KD� FRPHQWDGR�
DFWXDOPHQWH� HV� GLItFLO� SRGHU� HQFRQWUDU� XQ� 05$&� HQ� IRUPD� FRPHUFLDO�� \D� TXH� VROR� VH�
SUHVHQWD�FRPR� LQYHVWLJDFLyQ�\�SURWRWLSRV��SHUR�KHPRV�HQFRQWUDGR�XQ�VLVWHPD�FRPHUFLDO�
TXH� FRQWLHQH� XQ�05$&� HQ� VX�PHFDQLVPR�� HVWH� HV� HO� FDVR� GH� OD� HPSUHVD� (0(5621�
027256� TXH� EULQGD� FRQMXQWDPHQWH� FRQ� OD� HPSUHVD� GH� OtQHD� EODQFD� 0$<7$*�� XQD�
ODYDGRUD� GH� URSD�� OD� FXDO� HV� DFFLRQDGD� SRU� XQ� 05$&�� OD� ODYDGRUD� VH� FRQRFH� FRQ� HO�
PRGHOR�GH�1(3781(��DFWXDOPHQWH�VH�FRPHUFLDOL]D�HQ�8�6�$��\�VH�HVSHUD�TXH�D� ILQDOHV�
GH�HVWH�DxR�VH�LQWURGX]FD�D�0p[LFR��
�
&RPR� VH� YH� ORV� 05$&� VH� HQFXHQWUDQ� \D� SRVWUDGRV� VREUH� VLVWHPDV� SURGXFWLYRV��
DFWXDOPHQWH�HQ�DSDUDWRV�HOHFWURGRPpVWLFRV��SHUR�HVWR�QRV�KDFH�SHQVDU�TXH�HQ�XQ�IXWXUR�
YHUHPRV� D� HVWH� WLSR� GH� PiTXLQDV� HOpFWULFDV� HQ� VLVWHPDV� SURGXFWLYRV� D� QLYHO� LQGXVWULDO�
GLYHUVLILFDQGR�DVt�VXV�XVRV��
�

$O�HVWDU�VLWXDGRV�HQ�XQD�HWDSD�GH�LQYHVWLJDFLyQ�\�GHVDUUROOR��HV�HYLGHQWH�TXH�VX�RSHUDFLyQ�
TXHGD� GHVFULWD� \� UHJLGD� SRU� XQ�PRGHOR�PDWHPiWLFR�� TXH� HQ� OD�PD\RUtD� GH� ORV� WUDEDMRV�
SXEOLFDGRV�WLHQHQ�RUtJHQHV�\�FDUDFWHUtVWLFDV�GLIHUHQWHV��
�
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6L�ELHQ�HV�FLHUWR�TXH�ORV�05$&�PXHVWUDQ�PXFKDV�YHQWDMDV�SDUD�HO�XVR�HQ�PXFKDV�iUHDV��
HO� GHVFULELU� VX� IXQFLRQDPLHQWR� HQ� RSHUDFLyQ� GH� XQD� IRUPD� FODUD� \� VHQFLOOD� D� WUDYpV� GH�
PRGHORV� PDWHPiWLFRV�� QRV� SHUPLWLUi� FRQRFHU� PHMRU� ODV� FDUDFWHUtVWLFDV� GH� UHVSXHVWD� \�
FRPSRUWDPLHQWR�TXH�ORV�05$&�QRV�SRGUi�EULQGDU�EDMR�FLHUWDV�FRQGLFLRQHV�H[LVWHQWHV��
�
$�SDUWLU�GH�OR�DQWHULRU��HO�VLJXLHQWH�FDSLWXOR�PXHVWUD�ODV�FDUDFWHUtVWLFDV�GHO�PRGHOR�JHQHUDO�
TXH�ULJH�DO�PRWRU�VHJ~Q�OD�PD\RUtD�GH�WUDEDMRV�UHSRUWDGRV�HQ�HO�iUHD��
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�
(Q�HVWH�FDStWXOR��VH�PXHVWUD�HO�PRGHOR�PDWHPiWLFR�TXH�JRELHUQD�HO�IXQFLRQDPLHQWR�GH�ORV�
05$&��

&RPR�VH�KD�FRPHQWDGR�DQWHULRUPHQWH��ORV�05$&�VRQ�XQD�GLYLVLyQ�GH�PiTXLQDV�HOpFWULFDV�
TXH�HQ�VX�FRQVWUXFFLyQ� ItVLFD�SUHVHQWDQ�XQD�JUDQ�VLPSOLFLGDG�\�HFRQRPtD��GHELGR�D�VXV�
SURSLHGDGHV� \� FDUDFWHUtVWLFDV� TXH� SUHVHQWD�� (VWR� QRV� KDFH� SHQVDU� TXH� HO� PRGHOR�
PDWHPiWLFR�TXH�ULJH�D�HVWH�WLSR�GH�PiTXLQDV�HV�VHQFLOOR��SRU�OR�FRQWUDUtR��VX�GHVDUUROOR�HV�
HODERUDGR�\�GHEHPRV�SRQHU�HVSHFLDO�DWHQFLyQ�D� OD�REWHQFLyQ�GHO�PLVPR��SDUD�WHQHU�XQD�
YLVLyQ�SUHFLVD�GHO�IXQFLRQDPLHQWR�TXH�ORV�05$&�QRV�EULQGDQ��

(Q� OD�SULPHUD�SDUWH�VH�PXHVWUD�HO�PRGHOR�PDWHPiWLFR�JHQHUDO�TXH�ULJHQ�D� ORV�05$&��\�
SRVWHULRUPHQWH�PRVWUDPRV�HO�PRGHOR�PDWHPiWLFR�VLPSOLILFDGR�XWLOL]DGR�SDUD�OD�VLPXODFLyQ��
HO�FXDO�XWLOL]DUHPRV�SDUD�HO�GHVDUUROOR�GH�OD�VLPXODFLyQ��
�
�
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�
(Q� ODV� FLHQFLDV� GH� LQJHQLHUtD�� HO� SURSyVLWR� GH� XQD� JUDQ� SDUWH� GH� OD� LQYHVWLJDFLyQ� HV�
FRPSUHQGHU� ODV� IXQFLRQHV� GH� VLVWHPDV� ~WLOHV� SDUD� HO� VHU� KXPDQR�� &RQ� HVWH� SURSyVLWR��
VXUJHQ� SUREOHPDV� UHODFLRQDGRV� FRQ� OD� H[LVWHQFLD� GH� WpFQLFDV� GH� LQYHVWLJDFLyQ� TXH�
UHVXOWDQ�LQDGHFXDGDV�SRU�OD�H[LVWHQFLD�GHO�VLVWHPD�R�TXH�D~Q�FXDQGR�SXHGHQ�VHU�XVDGDV�
VX�GHVDUUROOR�HV�OLPLWDGR��

7DPELpQ� VXUJHQ� REVWiFXORV� FXDQGR� H[LVWH� XQ� LQVXILFLHQWH� FRQRFLPLHQWR� GH� ODV� WpFQLFDV�
H[SHULPHQWDOHV�HQ�XVR��R�FRQ�OD�LQH[LVWHQFLD�GH�HOODV��

3RU�PXFKR�WLHPSR�� ORV�PRGHORV�PDWHPiWLFRV�IXHURQ�LJQRUDGRV�SRUTXH�QR�HUDQ�YLVLEOHV�\�
SDUHFtDQ� HVWDU� UHPRWDPHQWH� DOHMDGRV� GH� OD� UHDOLGDG�� $FWXDOPHQWH�� VH� DFHSWD� TXH� ODV�
VXSRVLFLRQHV� \� DSUHFLDFLRQHV� TXH� VXE\DFHQ� HQ� HO� PRGHOR� WHyULFR� UHVSHFWR� DO� VLVWHPD�
HOpFWULFR�PRGHODGR�SXHGHQ� UHVXOWDU� VLPLODUHV� D� ODV� TXH� VH� SUHVHQWDQ�HQ�RWURV�PRGHORV��
0iV� D~Q�� ORV� PRGHORV� WHyULFRV� SHUPLWHQ� UiSLGDV� PRGLILFDFLRQHV� \� VH� SXHGHQ� HYDOXDU�
PXFKDV�FRPELQDFLRQHV�GH�HYHQWRV�H�LQWHUUHODFLRQHV�HQWUH�HVWUXFWXUDV��

(O� DGYHQLPLHQWR� GH� ODV� FRPSXWDGRUDV� \� VX� YHUWLJLQRVR� GHVDUUROOR� KD� LPSXOVDGR� HO�
PRGHODMH� PDWHPiWLFR� \� OD� VLPXODFLyQ� FRPSXWDFLRQDO� �0$7/$%�6,08/,1.��� SXHVWR� TXH�
SUiFWLFDPHQWH� WRGR� OR� TXH� SXHGH� VHU� FRQFHELGR� SXHGH� VHU�PRGHODGR�� \� DGHPiV� HQ� XQ�
FRUWR�SHUtRGR�GH�WLHPSR��3RU�HVWR��HO�FDPSR�GHO�PRGHODMH�\�OD�VLPXODFLyQ��HV�DFWXDOPHQWH�
XQD�SDUWH�LQVHSDUDEOH�\�SRU�GHPiV�LPSRUWDQWH��GH�ODV�FLHQFLDV�GH�LQJHQLHUtD��6LQ�HPEDUJR��
HO� LQYHVWLJDGRU�GHEH� WHQHU� VLHPSUH�SUHVHQWH�TXH�HO�PRGHOR�PDWHPiWLFR��D�SHVDU�GH�VHU�
YiOLGR��QR�HV�H[DFWDPHQWH�LJXDO�D�OD�UHDOLGDG�\�QR�SXHGH�VXSODQWDUOD��
/RV� PRGHORV� FXEUHQ� GHVGH� FRQFHSWRV� H� KLSyWHVLV� H[SUHVDGRV� HQ� IRUPD� JUiILFD� R�
GHVFULSWLYD�KDVWD�IRUPXODFLRQHV�PDWHPiWLFDV�FRPSOHMDV�GHO�FRPSRUWDPLHQWR�GLQiPLFR�GH�
ORV� VLVWHPDV� ItVLFRV�� FRQVWUXFFLRQHV� ItVLFR�DQDOyJLFDV� �HOpFWULFDV� \�R� PHFiQLFDV�� \� ODV�
VLPXODFLRQHV�FRPSXWDFLRQDOHV��(QWUH� ORV�REMHWLYRV�GH� OD�FRQVWUXFFLyQ�GH�PRGHORV�GH� ORV�
VLVWHPDV�HOpFWULFRV�HVWiQ���

•� $OFDQ]DU�XQD�PHMRU�FRPSUHQVLyQ�GH�GLFKRV�VLVWHPDV���

•� /D�IRUPXODFLyQ�FXDQWLWDWLYD�\�FXDOLWDWLYD�GH�ORV�IHQyPHQRV�\��
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� ��

•� /D�SUHGLFFLyQ�GHO�FRPSRUWDPLHQWR�GHO�VLVWHPD�VREUH�OD�EDVH�GH�SRFRV�SDUiPHWURV���

�

/D�DGHFXDGD�VHOHFFLyQ�GH�VXSRVLFLRQHV�VLPSOLILFDGRUDV�UHSUHVHQWD�XQR�GH�ORV�SXQWRV�PiV�
FUtWLFRV�GHO�PRGHODMH�\�UHTXLHUH�XQD�DGHFXDGD�FRPSUHQVLyQ�GH�ORV�IHQyPHQRV�ItVLFRV�SDUD�
SRGHU� GHWHUPLQDU� VL� GLFKDV� VXSRVLFLRQHV� QR� GLVWRUVLRQDQ� ORV� UHVXOWDGRV� GHO� PRGHODMH��
&RPR� VH� GLMR� DQWHV�� OD� YDOLGDFLyQ� �FRPSDUDFLyQ� GH� ORV� UHVXOWDGRV� REWHQLGRV� FRQ� XQ�
PRGHOR� FRQ� DTXHOORV� REWHQLGRV� FRQ� HO� VLVWHPD� ItVLFR� UHDO�� FXDQGR� VH� VRPHWHQ� D� ODV�
PLVPDV�HQWUDGDV�� VL�HO� VLVWHPD�QR�VH�KD�GHVDUUROODGR� ItVLFDPHQWH�KDVWD�HO�PRPHQWR�� OD�
YDOLGDFLyQ� VH� UHDOL]D� HQ� EDVH� D� OD� FRPSDUDFLyQ� \� GLVFXVLyQ� GH� UHVXOWDGRV� FRQ� RWURV�
PRGHORV� \� VLVWHPDV� VLPLODUHV�� FRQVWLWX\H� OD� SUXHED� GHFLVLYD� SDUD� GHFLGLU� VREUH� OR�
DGHFXDGR�R�QR�GH�XQ�PRGHOR���
�
�

������5(48,6,726�'(�81�02'(/2�0$7(0È7,&2�

&RQ�HVWDV� LGHDV�HQ�PHQWH��XQ�PRGHOR�GHEH�FXPSOLU�FRQ�GLYHUVRV�UHTXLVLWRV��(QWUH�HOORV��
ORV�VLJXLHQWHV�FRQVWLWX\HQ�ORV�PiV�LPSRUWDQWHV���

��� 'HEH�VHU� ItVLFDPHQWH� UHDOL]DEOH� \� VH�GHEH�FRQVWUXLU� HQ� WpUPLQRV�GH�SDUiPHWURV�TXH�
VRQ�VLJQLILFDWLYRV�\�PHGLEOHV�HQ�HO�VLVWHPD�ItVLFR��

��� �7LHQH� TXH� LQFOXLU� WRGD� OD� LQIRUPDFLyQ� GLVSRQLEOH� TXH� VHD� SHUWLQHQWH�� UHVSHFWR� DO�
VLVWHPD�ItVLFR�TXH�YD�D�VHU�PRGHODGR��$TXHOODV�VXSRVLFLRQHV�TXH�HQWUDQ�HQ�FRQIOLFWR�
FRQ�ORV�GDWRV�H[LVWHQWHV�GHEHQ�VHU�HYDOXDGRV�\�MXVWLILFDGRV�FRQ�XQ�FXLGDGR�HVSHFLDO��

��� 'HEH�VHU�VLPSOH��SRUTXH�GH�HVD�PDQHUD�HV�PDV�IiFLO�HYDOXDU�WDQWR�VX�FRPSRUWDPLHQWR�
FRPR�XQ�WRGR��DVt�FRPR�WDPELpQ� OD� LQIOXHQFLD�GH� ORV�FRPSRQHQWHV� LQGLYLGXDOHV�HQ� OD�
GLIHUHQFLD�TXH�VH�SUHVHQWD�HQWUH�ODV�VDOLGDV�GHO�PRGHOR�\�GHO�VLVWHPD�ItVLFR�JHQHUDO��

��� (V�SUHIHULEOH��DXQTXH�QR�VLHPSUH�SRVLEOH��FRQVWUXLU�HO�PRGHOR�GH�WDO�IRUPD�TXH�SHUPLWD�
DOWHUDFLRQHV�HQ�ODV�VXSRVLFLRQHV�\�SDUiPHWURV�GHO�VLVWHPD�VLQ�XQ�HVIXHU]R�H[FHVLYR��(O�
PRGHOR�GHEH�VHU�PiV�VLPSOH�GH�PDQLSXODU�TXH�HO�PLVPR�VLVWHPD�ItVLFR��
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� ��

��� 'HEH� VHUYLU� FRPR� XQD� JXtD� SDUD� HO� LQYHVWLJDGRU� H[SHULPHQWDO�� VXJHULU� FLHUWRV�
H[SHULPHQWRV�\�H[FOXLU�OD�QHFHVLGDG�GH�RWURV��

��� 'HEHUtD� WHQHU� SRGHU� SUHGLFWLYR�� HV� GHFLU�� GHEH� VHUYLU� FRPR� IXQGDPHQWR� SDUD�
H[WUDSRODFLRQHV��ELHQ�VHD�GHQWUR�GHO� UDQJR�GH� ORV� UHVXOWDGRV�REVHUYDGRV��R� WDPELpQ�
SDUD�GHWHUPLQDU�SURSLHGDGHV�PiV�JHQHUDOHV�GHO�VLVWHPD�UHDO��

��� 'HEH�VHU�XQ�VXVWLWXWR�VXILFLHQWHPHQWH�YiOLGR�GHO�VLVWHPD�UHDO�TXH�SHUPLWD�UHDOL]DU�FRQ�
pO� H[SHULPHQWRV� ILFWLFLRV� TXH� VH� DVHPHMHQ� D� H[SHULPHQWRV� UHDOHV�� \� TXH� LQFOXVR�
SHUPLWD�UHDOL]DU�H[SHULPHQWRV�LUUHDOL]DEOHV�HQ�HO�VLVWHPD�YHUGDGHUR��

�
&RQ� OR�DQWHULRU� WHQHPRV� WRGDV� ODV�EDVHV�SDUD�SRGHU� IRUPDU�XQ�PRGHOR�PDWHPiWLFR�TXH�
GHVFULED�HO�IXQFLRQDPLHQWR�GH�ORV�05$&��
�
�
�����02'(/2�0$7(0$7,&2�*(1(5$/�'(�/26�05$&��
�
(O� PRGHOR� JHQHUDO� TXH� GHVFULEH� HO� IXQFLRQDPLHQWR� GH� ORV� 05$&�� VH� GHVFULEH� D�
FRQWLQXDFLyQ�� HVWH�PRGHOR�HVWD�EDVDGR�HQ�HVWXGLRV�SUHYLRV� UHDOL]DGRV� >�@�� HQ�GRQGH�VH�
GHWHUPLQDQ� ORV� SDUiPHWURV� SULQFLSDOHV� TXH� FDUDFWHUL]DQ� D� ORV� 05$&�� FRPR� VH� SRGUi�
REVHUYDU�� VH� SUHVHQWD� XQ� HVWXGLR� GHWDOODGR� GH� OD� WHPiWLFD� XWLOL]DGD� SDUD� REWHQHU� ODV�
HFXDFLRQHV�TXH�GHVFULEHQ�OD�IXQFLyQ�\�FRPSRUWDPLHQWR�GH�HVWRV�PRWRUHV��
�
�
������(&8$&,21(6�(/(&7520$*1(7,&$6��
�
$XQTXH�HO�05$&�SDUHFH� WHQHU�XQD�RSHUDFLyQ�VLPSOH�� UHTXLHUH�XQ�HVWXGLR�PX\� IRUPDO� \�
FRPSOHWR�HQ�HO�iUHD�GH�PRGHODGR�PDWHPiWLFR��
(O� YROWDMH� LQVWDQWiQHR�GH� ODV� WHUPLQDOHV�GH� ORV�GHYDQDGRV�GH�XQD� IDVH�GHO�05$&��HVWD�
UHODFLRQDGR�FRQ�HO�IOXMR�SURGXFLGR�HQ�HVWRV��SRU�OD�OH\�GH�)DUDGD\��FRPR�VH�PHQFLRQD�
�

GW
GL59 P
φ

+= �� � � � � � ����
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� ��

GW
G

GW
GL

LL59 P
θ

θ

φφ

∂

∂
+

∂

∂
+=

�
(Q�GRQGH� �9�HV� OD� WHUPLQDO�GH�YROWDMH�� L�HV� OD�FRUULHQWH�GH� IDVH��5P�HV� OD� UHVLVWHQFLD�GHO�
PRWRU�\�φ�HV�HO�IOXMR�PDJQpWLFR�GHO�GHYDQDGR��
3HUR�FRPR�OD�FRQVWUXFFLyQ�GHO�PRWRU�HV�GH�SRORV�VDOLHQWHV��WDQWR�HO�URWRU�FRPR�HO�HVWDWRU���
DGHPiV� GH� ORV� HIHFWRV� GH� VDWXUDFLyQ� PDJQpWLFD�� HQ� JHQHUDO�� HO� IOXMR� PDJQpWLFR� HQ� ODV��
IDVHV�GHO�05$&�YDULD�HQ�IXQFLyQ�GH�OD�SRVLFLyQ�GHO�URWRU��θ���\�OD�FRUULHQWH�GHO�PRWRU�GH�OD�
HFXDFLyQ���HV�FRPSOHPHQWDGD�FRPR�VLJXH��
�

����������������������������������������������������������������������������������������������������������������������������
�

GRQGH������ L∂

∂φ �HVWD�GHILQLGR�FRPR�/�θ�L��OD�LQGXFWDQFLD�LQVWDQWiQHD����
θ

φ

∂

∂ ����HV�.E��θ�L��TXH�

HV�OD�)(0�LQVWDQWiQHD��
�
�
�������(&8$&,21�*(1(5$/�'(�3$5�
�
/D� HFXDFLyQ� DQWHULRU� ���� PXHVWUD� OD� WUDQVIHUHQFLD� GH� HQHUJtD� HOpFWULFD� D� FDPSRV�
PDJQpWLFRV� SDUD� HO�05$&�� (Q� HVWH� SXQWR� GHVDUUROODUHPRV� OD� HFXDFLyQ� TXH� GHVFULEH� OD�
FRQYHUVLyQ�GH�OD�HQHUJtD�GH�ORV�FDPSRV�HQ�HQHUJtD�PHFiQLFD��
6L� QRVRWURV� PXOWLSOLFDPRV� FDGD� ODGR� GH� OD� HFXDFLyQ� ���� SRU� OD� FRUULHQWH� HOpFWULFD� L��
REWHQHPRV�OD�H[SUHVLyQ�GH�OD�SRWHQFLD�LQVWDQWiQHD�HQ�XQ�05$&��
�

GW
GL5L9L P
φ

+= � � � � � � � ����

�
/D� SDUWH� L]TXLHUGD� GH� OD� HFXDFLyQ� ���� UHSUHVHQWD� OD� SRWHQFLD� HOpFWULFD� LQVWDQWiQHD�
GHPDQGDGD� SRU� HO� 05$&�� (O� SULPHU� WHUPLQR� HQ� OD� SDUWH� GHUHFKD� GH� OD� HFXDFLyQ� ����
UHSUHVHQWD� ODV� SHUGLGDV� RKPLFDV� HQ� ORV� GHYDQDGRV� GHO� 05$&�� HO� VLJXLHQWH� WHUPLQR�
UHSUHVHQWD�OD�VXPD�GH�OD�VDOLGD�GH�OD�SRWHQFLD�PHFiQLFD�GHO�05$&�\�WRGD�OD�SRWHQFLD�HV�
JXDUGDGD�HQ�ORV�FDPSRV�PDJQpWLFRV��\�VH�SXHGH�UHSUHVHQWDU�DVt��
�
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� ��

GW
G:I

GW
G:P

GW
GL +=
φ � � � � � � �����

�
�

'RQGH�HO�WpUPLQR��� GW
G:P ������HV�OD�SRWHQFLD�PHFiQLFD�LQVWDQWiQHD��\�� GW

G: I �HV�OD�SRWHQFLD�

LQVWDQWiQHD��TXH�HV�DOPDFHQDGD�HQ� ORV�FDPSRV�PDJQpWLFRV��&RPR�SRWHQFLD�HV�GHILQLGD�
FRPR�OD�UD]yQ�GH�FDPELR�GH�OD�HQHUJtD�HQ�IXQFLyQ�GHO�WLHPSR��
3RU�OR�TXH�:P�HV�OD�HQHUJtD�PHFiQLFD�\�:I���HV�OD�HQHUJtD�GH�ORV�FDPSRV�PDJQpWLFRV��
�
&RQRFLHQGR�OD�SRWHQFLD�PHFiQLFD��SRGUHPRV�QRVRWURV�HVFULELU�D�HVWD�FRPR�HO�SURGXFWR�GH�
SDU�\�YHORFLGDG�FRPR�VLJXH��
�

GW
G77GW

G:P θ
ω == � � � � � � �����

�
�

GRQGH�7��HV�HO�SDU��\�� GW
Gθ

ω = ����HV�OD�YHORFLGDG�URWDFLRQDO�GHO�URWRU�R�IOHFKD��

$KRUD�ELHQ��VL�VXVWLWXLPRV�OD�HFXDFLyQ�Q~PHUR���HQ�OD�HFXDFLyQ�Q~PHUR���VH�REWLHQH��
�

GW
G:I

GW
G7GW

GL +=
θφ � � � � � � ����

�
UHVROYLHQGR�OD�HFXDFLyQ�DQWHULRU������SDUD�REWHQHU�OD�HFXDFLyQ�GH�OD�SURGXFFLyQ�GH�SDU��
�

θ

φθ

θ

φ
φθφθ G

G:I
G
GL7 ��������� −= � � � � � ����

�
\�FRPR�HO�IOXMR�HV�FRQVWDQWH��OD�HFXDFLyQ�����VH�VLPSOLILFD��
�

θ∂

∂
−=

:I7 � � � � � � � ����

�
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� ��

&RPR� VH� REVHUYD� DQWHULRUPHQWH�� OD� H[SUHVLyQ� GH� SDU� VH� H[SUHVD� HQ� IXQFLyQ� GH� IOXMR�
PDJQpWLFR��SHUR�HQ�RFDVLRQHV�HV�GHVHDEOH�TXH�HVWD�H[SUHVLyQ�VHD�H[SUHVDGD�HQ�IXQFLyQ��
GH� FRUULHQWHV� HQ� YH]� GH� IOXMRV�� SRU� HOOR� HV� FRP~Q� TXH� VH� H[SUHVH� HQ� IXQFLyQ� GH� FR�
HQHUJtD��:F�HQ�YH]�GH�HQHUJtD��
3DUD� SRGHU� FRPSUHQGHU� HO� FRQFHSWR� GH� FR�HQHUJtD�� KD\� TXH� DQDOL]DU� OD� ILJXUD� ���� � TXH�
UHSUHVHQWD��OD�HQHUJtD�GH�FDPSR�PDJQpWLFR��

3DUD�XQ�FRQVWDQWH�iQJXOR�GH�URWRU��WHQHPRV� �=GW
Gθ ���FRQ�HVWD�FRQVLGHUDFLyQ��LQWHJUDPRV�

OD��HFXDFLyQ�����\�QRV�PXHVWUD�OD�HQHUJtD�GH�ORV�FDPSRV�PDJQpWLFRV��FRPR�VH�H[SUHVD�HQ�
OD�VLJXLHQWH�HFXDFLyQ��
�

∫=

φ

φφθ
�

��� GL: I � � � � � � �����

�
/D�LQWHUSUHWDFLyQ�JUiILFD�VH�PXHVWUD�D�FRQWLQXDFLyQ��
�
��������������������������������:I��HQHUJtD�GH�FDPSR�DOPDFHQDGD�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
),*85$�����,17(535(7$&,Ï1�*5$),&$�'(�/$�(1(5*Ë$�'(�&$032�0$*1(7,&2�
�

φ�
�
)�
/
8�
-�
2��
�
0
$
*
1
(�
7�
,�
&
2�

SDUD�XQ�iQJXOR�θ��ODV�FXUYDV�
GH�PDJQHWL]DFLyQ�VH�GHILQHQ�
FRPR�OD�FRUULHQWH�HQ�IXQFLyQ�
GHO�IOXMR�
�
L L�θ�φ��

� � � � L� &RUULHQWH�
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� ��

�
�
$KRUD�VH�FRQVLGHUD�OD�ILJXUD�����WHQHPRV��
�
� � � � :F��FR�HQHUJtD�GH�FDPSR�DOPDFHQDGD�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

),*85$�����,17(535(7$&,Ï1�*5$),&$�'(�/$�&2�(1(5*Ë$�'(�&$032�
0$*1(7,&2��

�
�
3DUD�XQ�iQJXOR�ILMR�θ��REVHUYDPRV�TXH�OD�FXUYD�GH�PDJQHWL]DFLyQ��HO�IOXMR�HV�XQD�IXQFLyQ�
GH�OD�FRUULHQWH��HQ�YH]�GH�TXH�OD�FRUULHQWH�VH�GHILQH�FRPR�IXQFLyQ�GHO�IOXMR��3RU�OR�TXH�FRQ�
HO�iUHD�EDMR�OD�FXUYD�VH�REWLHQH��
�

∫=

L
GLL:F

�
���θφ � � � � � � ������

�
(VWR�VH�GHILQH�FRPR�OD�FR�HQHUJtD�GHO�FDPSR�PDJQpWLFR��
�

φ�
�
)�
/
8�
-�
2��
�
0
$
*
1
(�
7�
,�
&
2�

� � � � L� &RUULHQWH�

SDUD�XQ�iQJXOR�θ��ODV�FXUYDV�
GH�PDJQHWL]DFLyQ�VH�GHILQHQ�
FRPR�OD�IOXMR�HQ�IXQFLyQ�GHO�
FRUULHQWH�
�
φ φ��θ�L��
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� ��

�
'H� ODV� ILJXUDV����� \������ VH�SXHGH�REVHUYDU�TXH�HO� iUHD�TXH�GHVFULEH� � OD�HQHUJtD� \� FR�
HQHUJtD�GH�FDPSR��SXHGH�ELHQ�GHVFULELUVH�FRQ�OD�VLJXLHQWH�UHODFLyQ��
�

φL:I:F =+ ��� � � � � ����������
�
6L�QRVRWURV�GLIHUHQFLDPRV�FDGD��SDUWH�GH�OD�HFXDFLyQ�DQWHULRU�SRGUHPRV�REWHQHU��
�

φφ LGGLG:IG:F +=+ ����������� � � � ������
�
6L� UHVROYHPRV� OD� GLIHUHQFLDO� GH� HQHUJtD� GH� FDPSR� HQ� OD� HFXDFLyQ� DQWHULRU� ����� \� VH�
VXEVWLWX\H�HQ�OD�HFXDFLyQ�����REWHQGUHPRV��
�

θ

θφφφ

G
LG:FLGGLLG7 ����� −+−

= � � � � � �����

�
3DUD�VLPSOLILFDU�� OD�HFXDFLyQ�JHQHUDO�GH�SDU��HFXDFLyQ�������VH�VXHOH�VLPSOLILFDU�YDOXDQGR�
SDUD�FRUULHQWHV�FRQVWDQWHV��
6L�GLIHUHQFLDPRV�OD�HFXDFLyQ�GH�FR�HQHUJtD�VH�WRUQD�HQ�WpUPLQRV�GH�GLIHUHQFLDOHV�SDUFLDOHV�
FRPR�VLJXH��
�

GLL
:FG:FLG:F
∂

∂
+

∂

∂
= θ

θ
θ ��� � � � � ��������

�
&RQ� ODV� HFXDFLRQHV� DQWHULRUHV� ����� \� ������ VH� VLPSOLILFD� IXHUWHPHQWH� VL� VH� FRQVLGHUD� OD�
FRUULHQWH�FRQVWDQWH��
�

θ∂

∂
=

:F7 ���HV�VL�L�HV�FRQVWDQWH� � � � ��������

�
�
�
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� ��

�
��������6,03/,),&$&,21�'(�/$�(&8$&,21�'(�3$5��
&RPR�VH�SXHGH�REVHUYDU�DQWHULRUPHQWH��HQ�HO�GHVDUUROOR�PDWHPiWLFR�VH�REWLHQH�HO�PRGHOR�
TXH� ULJH� DO� SDU� TXH� SURGXFH� HO� 05$&�� SHUR� FDEH� UHVDOWDU� TXH� SDUD� SRGHU� KDFHU� HVWD�
UHODFLyQ�PiV�VHQFLOOD�SRGHPRV�SURSRQHU��
/D�UHODFLyQ�HQWUH�HO�IOXMR�\�OD�FRUULHQWH�HVWD�GDGR�SRU��

L/ ⋅= ��θφ � � � � � � ��������

&RPR� OD� LQGXFWDQFLD� GHO� PRWRU� VROR� YDULD� HQ� IXQFLyQ� GHO� iQJXOR� GHO� URWRU�� 6H� SXHGH�
VXVWLWXLU� OD� HFXDFLyQ� DQWHULRU� HQ� OD� HFXDFLyQ� ������ FRQ� HVWR� \� HYDOXDQGR� OD� LQWHJUDO� VH�
REWLHQH��

���
�

θ/L:F = �� � � � � ��������

(VWD� HFXDFLyQ� VH� SXHGH� VXVWLWXLU� HQ� OD� HFXDFLyQ� ����� FRQ� OR� TXH� REWHQGUHPRV� XQD�
HFXDFLyQ�VLPSOLILFDGD�\�VHQFLOOD�TXH�QRV�EULQGD�HO�SDU�GHO�05$&��
�

θG
G/L7 �

�
= � � � � � � �������

����02'(/2�87,/,=$'2�3$5$�/$�6,08/$&,Ï1�
�
(O�PRGHOR�TXH�D�FRQWLQXDFLyQ�VH�PXHVWUD��HVWD�EDVDGR�HQ�HVWXGLRV�UHDOL]DGRV�HQ�>�@��TXH�
VH�EDVDQ�HQ�KDFHU�XQ�HVWXGLR�GH� ORV�SDUiPHWURV�GHO�05$&�HQ� IRUPD� OLQHDO�� OD�SULQFLSDO�
FDUDFWHUtVWLFD� TXH� VH� SUHVHQWD� HV� KDFHU� XQ� DQiOLVLV� WRPDGR� HQ� FXHQWD� TXH� ORV� IOXMRV�
PDJQpWLFRV� TXH� VH� SUHVHQWDQ� HQ� HO� HQWUHKLHUUR� VH� UHDOL]DQ� HQ� IRUPD� OLQHDO�� QR� H[LVWHQ�
YDULDFLRQHV�LPSRUWDQWHV�GXUDQWH�HO�IXQFLRQDPLHQWR�GHO�PRWRU��
�
������02'(/2�6,03/,),&$'2�'(/�05$&��
�
(O�HVWXGLR�TXH�VH�UHDOL]y�HQ� >�@�VH�REWLHQHQ� ORV�SDUiPHWURV�QHFHVDULRV�TXH�VH�XWLOL]DUiQ�
PiV�DGHODQWH�SDUD�OD�VLPXODFLyQ��
%DViQGRQRV�HQ�OD�ILJXUD������TXH�QRV�PXHVWUD�OD�IRUPD�GH�OD� LQGXFWDFLD�GH�FDGD�XQD�GH�
ODV�IDVHV�GHO�05$&��GRQGH�SRGUHPRV�GHWHUPLQDU�ORV�VLJXLHQWHV�SDUiPHWURV��
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),*85$�����,1'8&7$1&,$�'(�&$'$�)$6(�'(�81�05$&�����

�����
VU

V 11 −Π=θ � � � � � ���������

'RQGH�1U�\�1V�VRQ�HO�Q~PHUR�GH�SRORV�GHO�URWRU�\�HVWDWRU�UHVSHFWLYDPHQWH��
8Q�IDFWRU�LPSRUWDQWH�TXH�VH�GHEH�GHWHUPLQDU�HV�HO�DUFR�GHO�HVWDWRU�\�HO�URWRU��TXH�HQ�HVWH�
FDVR�VRQ�LJXDOHV�βU βV��(VWRV�SDUiPHWURV�VH�SXHGHQ�REVHUYDU�HQ�OD�ILJXUD������

),*85$������$5&26�'(�52725�<�(67$725�'(�81�05$&�����
�
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FRQ�UHVSHFWR�D�ODV�ILJXUDV�DQWHULRUHV�VH�REWLHQH�OD�VLJXLHQWH�UHODFLyQ��
�

�� U
U

[ 1 βθ −
Π

= � � � � � ��������

U
\ 1

Π
=θ � � � � � � ������

&RPR�VH� LQGLFD�HQ� ODV�DQWHULRUHV� ILJXUDV��HO�iQJXOR�δ�FRUUHVSRQGH�DO�GHVSOD]DPLHQWR�GH�
XQD�IDVH�FRQ�UHVSHFWR�D�RWUD�\�HVWD�GHWHUPLQDGD�SRU��

�����
VU 11 −Π=δ � � � � � �������

&RQ�HVWRV�SDUiPHWURV��\�VDELHQGR�TXH�VH�HVWD�KDFLHQGR��XQ�DQiOLVLV�HQ�UpJLPHQ�OLQHDO��OD�
UHODFLyQ�TXH�HO�IOXMR�WLHQH�HV��

ψ /�θ�,� � � � � ���������
�

4XH�FRPR�VH�PHQFLRQy�OD�FR�HQHUJtD�HVWD�GDGD�SRU��
����

� ,/: θ= ����� � � � ������������

GH�GRQGH�UHVXOWD�TXH�OD�HFXDFLyQ�TXH�UHSUHVHQWD�HO�SDU�HV��

θG
G/L7 �

�
= � � � � � � �������

\�SDUD�SRGHU� UHSUHVHQWDU� ODV�HFXDFLRQHV�PHFiQLFDV�GHO�05$&��SRGHPRV� UHSUHVHQWDU� OD�
VLJXLHQWH�LJXDOGDG��

ω
ω I7O7GW
G- −−= � � � � �������������������

\�

ω
θ

=GW
G � � � � ��������������������������

HQ�GRQGH�7O�UHSUHVHQWD�HO�SDU�GH�FDUJD��\�I�HV�HO�FRHILFLHQWH�GH�IULFFLyQ��\�ω�HV�OD�YHORFLGDG�
DQJXODU�GHO�URWRU��
�
�
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�
�
�
&$3,78/2�����
�
�
�
6,08/$&,21�'(/�05$&��
�
�
�
(Q�HVWH�FDStWXOR�VH�PRVWUDUi�OD�IRUPD�HQ�TXH�VH�KD�UHDOL]DGR�ODV�VLPXODFLRQHV�EDVDGDV�HQ�
0$7/$%�6,08/,1.��
(Q�OD�SULPHUD�VHFFLyQ�VH�KDFH�PHQFLyQ�D�ORV�IXQGDPHQWRV�TXH�GHEH�OOHYDU�WRGD�
VLPXODFLyQ�TXH�VH�OOHYD��D�FDER�SRU�FRPSXWDGRUD��SRVWHULRUPHQWH�VH�KDFH�XQD�UHYLVLyQ�\�
DQiOLVLV�GH�ORV�WUDEDMRV�TXH�VH�KDQ�GHVDUUROODGR�HQ�EDVH�D�OD�VLPXODFLyQ�GH�ORV�05$&��
(Q�OD�VLJXLHQWH�VHFFLyQ�VH�KDFH�UHIHUHQFLD�GHO�SDTXHWH�GH�VLPXODFLyQ�XWLOL]DGR�HQ�HVWH�
WUDEDMR��TXH�HV�0$7/$%�HQ�VX�YHUVLyQ�����\�6,08/,1.�HQ�VX�YHUVLyQ������VH�KDFH�
UHIHUHQFLD�GH�VXV�RUtJHQHV�\�DOJXQDV�IRUPDV�HQ�FRPR�WUDEDMD�HO�SURJUDPD��DGHPiV�GH�
PHQFLRQDU�ORV�DOFDQFHV�TXH�HO�PLVPR�QRV�EULQGD��
(Q�OD�WHUFHUD�SDUWH�VH�KDFH�PHQFLyQ�GH�OD�IRUPD�HQ�FRPR�VH�XWLOL]y�HO�SURJUDPD�GH�
VLPXODFLyQ�SDUD�SRGHU�GHVDUUROODU�\�REWHQHU�ORV�UHVXOWDGRV��
�
�



���&$3,78/2��� � 6,08/$&,21�'(/�05$&�

� ��

�
����6,08/$&,21�'(�02725(6�(/e&75,&26��
�
8QD�GH�ODV�PiV�LPSRUWDQWHV�\�SRGHURVDV�KHUUDPLHQWDV�SDUD�DQDOL]DU�HO�GLVHxR�\�RSHUDFLyQ�
GH�VLVWHPDV�GH�SURFHVRV�FRPSOHMRV��HV�OD�VLPXODFLyQ��$XQTXH�OD�VROXFLyQ�DO�SUREOHPD�
QXQFD�HV�H[DFWD��ODV�DSUR[LPDFLRQHV�TXH�VH�REWLHQHQ�VRQ�EDVWDQWH�EXHQDV���
3RU�OR�DQWHULRU�KR\�HQ�GtD�OD�VLPXODFLyQ�HV�XQD�YLQFXODFLyQ�GH�VXPD�LPSRUWDQFLD�HQWUH�ORV�
PRGHORV�UHDOHV�\�ORV�PRGHORV�TXH�H[LVWHQ�D~Q�HQ�GHVDUUROOR��

$�FRQWLQXDFLyQ�VH�SUHVHQWD�ORV�IXQGDPHQWRV�EiVLFRV�TXH�GHVFULEHQ�\�GHILQHQ�D�OD�
VLPXODFLyQ��HQ�HO�iUHD�GH�ORV�PRWRUHV�HOpFWULFRV��

�

������'(),1,&,Ï1�'(�6,08/$&,Ï1��
6LPXODFLyQ�HV�HO�SURFHVR�GH�GLVHxDU�XQ�PRGHOR�GH�XQ�VLVWHPD�ItVLFR�UHDO��HO�FXDO�VLUYH�
SDUD�GLULJLU�ORV�H[SHULPHQWRV�\�GHVDUUROORV��FRQ�HO�SURSyVLWR�GH�HQWHQGHU�HO�
FRPSRUWDPLHQWR�GHO�VLVWHPD�\�SURSRQHU�YDULDV�HVWUDWHJLDV�SDUD�UHDOL]DU�OD�RSHUDFLyQ�GH�
HVWD��

3RU�VLVWHPD�ItVLFR�UHDO��VH�UHILHUH�D�OD�UHSUHVHQWDFLyQ�GH�XQ�FRQMXQWR�GH�SDUWHV�R�
HOHPHQWRV�SURSLRV�DO�VLVWHPD�HQ�HVWXGLR��HQ�HVWH�FDVR�HO�WpUPLQR��UHDO��VH�XVD�HQ�HO�
VHQWLGR�GH���H[LVWHQFLD�R�FDSD]�GH�VHU�SXHVWR�HQ�H[LVWHQFLD���HVWR�TXLHUH�GHFLU�TXH�HO�
VLVWHPD�QR�QHFHVDULDPHQWH�WLHQH�TXH�VHU�UHDO��SXHGH�VHU�GHVDUUROODGR���

�

������(/�32548(�'(�/$�6,08/$&,Ï1��
(O�SULQFLSLR�UDFLRQDO�SDUD�XVDU�OD�VLPXODFLyQ�HQ�FXDOTXLHU�iUHD�GHO�FRQRFLPLHQWR�HV�OD�
E~VTXHGD�GHO�KRPEUH�SRU�DGTXLULU�FRQRFLPLHQWRV�UHIHUHQWHV�D�OD�SUHGLFFLyQ�GHO�IXWXUR��R�OD�
H[SOLFDFLyQ�OyJLFD�GH�XQ�IHQyPHQR��

(O�LQLFLR�GHO�HVWXGLR�GH�XQ�IHQyPHQR�R�VLVWHPD�ItVLFR�VH�EDVD�HQ�HO�0pWRGR�&LHQWtILFR�HO�
FXDO�FRQVWD�GH�FXDWUR�SDVRV��

�
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•� 2EVHUYDFLyQ�GHO�VLVWHPD�ItVLFR�HQ�HVWXGLR���

•� )RUPXODFLyQ�GH�KLSyWHVLV�ODV�FXDOHV�GHEHUtDQ�H[SOLFDU�HO�FRPSRUWDPLHQWR�GHO�
VLVWHPD���

•� 2EWHQHU�XQD�WHRUtD�TXH�H[SOLTXH�HO�FRPSRUWDPLHQWR�GHO�VLVWHPD��XWLOL]DQGR�XQD�
GHGXFFLyQ�OyJLFD�R�PiV�ULJXURVDPHQWH�XQ�PRGHOR�PDWHPiWLFR���

•� ([SHULPHQWDFLyQ�SDUD�SUREDU�OD�YDOLGH]�GH�OD�WHRUtD�SURSXHVWD���

3HUR�HQ�RFDVLRQHV�HV�PX\�GLItFLO�XWLOL]DU�HVWH�PpWRGR�HQ�DOJXQRV�VLVWHPDV�SDUWLFXODUHV��
HQWRQFHV�OD�VLPXODFLyQ�DSDUHFH�FRPR�XQD�DOWHUQDWLYD�PX\�HILFLHQWH��

�
�
������&20321(17(6�'(�81$�6,08/$&,Ï1�325�&20387$'25$��
$QWHV�GH�GLVHxDU�XQD�VLPXODFLyQ�SRU�FRPSXWDGRUD�HV�GHFLVLYR�WHQHU�SUHVHQWHV�ORV�
VLJXLHQWHV�FRPSRQHQWHV��

•� /RV�REMHWLYRV�R�GDWRV�GH�VDOLGD�GHO�HVWXGLR�GH�VLPXODFLyQ�TXH�WLHQHQ�OD�IRUPD�GH�XQ�
YDORU�QXPpULFR�HVSHFtILFR���

•� /RV�GDWRV�GH�HQWUDGD�R�YDORUHV�QXPpULFRV�QHFHVDULRV�SDUD�GHWHUPLQDU�ODV�VDOLGDV�
GH�OD�VLPXODFLyQ��

�(VWRV�SXHGHQ�VHU���

��� &RQGLFLRQHV�LQLFLDOHV��YDORUHV�TXH�H[SUHVDQ�HO�HVWDGR�GHO�VLVWHPD�DO�SULQFLSLR�GH�
XQD�VLPXODFLyQ���

��� 'DWRV�GHWHUPLQtVWLFRV��YDORUHV�FRQRFLGRV�QHFHVDULRV�SDUD�FDOFXODU�ODV�VDOLGDV�GH�OD�
VLPXODFLyQ��UHSUHVHQWDQ�OD�FDUDFWHUL]DFLyQ�GHO�VLVWHPD�\�HQ�QXHVWUR�FDVR�VH�
SUHVHQWDQ�FRPR�UHVXOWDGR�GH�H[SHULHQFLDV�SUHYLDV���

��� 'DWRV�SUREDELOtVWLFRV��PDJQLWXGHV�QXPpULFDV�FX\RV�YDORUHV�VRQ�LQFLHUWRV�SHUR�
QHFHVDULRV�SDUD�REWHQHU�ODV�VDOLGDV�GH�OD�VLPXODFLyQ���

�
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�

������',6(f2�'(�/$�6,08/$&,Ï1�325�&20387$'25$��
�

•� *HQHUDFLyQ�GH�Q~PHURV�DOHDWRULRV��VH�REWLHQHQ�ODV�HQWUDGDV�SUREDELOtVWLFDV�SDUD�HO�
PRGHOR�JHQHUDQGR�Q~PHURV�DOHDWRULRV�GH�DFXHUGR�D�ODV�GLVWULEXFLRQHV�FRQRFLGDV�
DVRFLDGDV���

•� &RQWDELOLGDG��VH�GLVHxD�XQ�PpWRGR�VLVWHPiWLFR�SDUD�DOPDFHQDU�\�SURFHVDU�WRGRV�
ORV�YDORUHV�GH�HQWUDGD�\�SDUD�UHDOL]DU�ORV�FiOFXORV�QHFHVDULRV�SDUD�REWHQHU�ORV�
YDORUHV�GH�VDOLGD���

•� ,PSOHPHQWDFLyQ�GHO�PRGHOR�HQ�HO�FRPSXWDGRU��+D\�TXH�GHILQLU�TXH�OHQJXDMH�
XWLOL]DU��SDUD�SURFHVDUOR�HQ�HO�FRPSXWDGRU�\�REWHQHU�ORV�UHVXOWDGRV�GHVHDGRV���

•� 9DOLGDFLyQ��$�WUDYpV�GH�HVWD�HWDSD�HV�SRVLEOH�GHWDOODU�GHILFLHQFLDV�HQ�OD�
IRUPXODFLyQ�GHO�PRGHOR�D�HQ�ORV�GDWRV�TXH�OR�DOLPHQWDQ���

�
/DV�IRUPDV�PiV�FRPXQHV�GH�YDOLGDU�XQ�PRGHOR�VRQ��

��� /D�RSLQLyQ�GH�ORV�H[SHUWRV���

��� /D�H[DFWLWXG�FRQ�TXH�VH�SUHFLVHQ�ORV�GDWRV�KLVWyULFRV���

��� /D�H[DFWLWXG�HQ�OD�SUHGLFFLyQ�GHO�IXWXUR���

��� 8WLOL]DU�GDWRV�TXH�KDFHQ�IDOODU�DO�VLVWHPD�UHDO���

��� /D�DFHSFLyQ�\�FRQILDQ]D�HQ�HO�PRGHOR�GH�OD�SHUVRQD�TXH�KDUi�XVR�GH�ORV�
UHVXOWDGRV�REWHQLGRV�FRQ�HO�VLVWHPD���

��� ,QWHUSUHWDFLyQ��,QWHUSUHWDU�ORV�GDWRV�TXH�DUURMD�OD�VLPXODFLyQ�\�KDFHU�XVR�GH�HOORV�
SDUD�WRPDU�GHFLVLRQHV���

��� �'RFXPHQWDFLyQ��+DFHU�HO�PDQXDO�WpFQLFR�\�HO�PDQXDO�GH�XVXDULR�SDUD�HO�VLVWHPD�
GH�VLPXODFLyQ�D�XWLOL]DUVH���

�
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�������9(17$-$6�<�'(69(17$-$6�'(�/$�6,08/$&,Ï1��

•� 9HQWDMDV��3RGHPRV�DSOLFDU�OD�VLPXODFLyQ�VLQR�H[LVWH�XQD�IRUPXODFLyQ�PDWHPiWLFD�
GHO�SUREOHPD��6H�DSOLFD�FXDQGR�ORV�SURFHGLPLHQWRV�PDWHPiWLFRV�VRQ�PX\�
FRPSOHMRV��6H�DSOLFD�FXDQGR�QR�H[LVWH�HO�HOHPHQWR�ItVLFDPHQWH��D~Q�VH�HQFXHQWUD�
HQ�XQ�SURFHVR�GH�HVWXGLR���&XDQGR�VH�GHVHD�KDFHU�H[SHULPHQWRV�SRU�XQ�FLHUWR�
SHULRGR�GH�WLHPSR�SDU�SDUD�REVHUYDU�HO�FRPSRUWDPLHQWR�GHO�VLVWHPD��&XDQGR�VH�
UHTXLHUD�TXH�HO�SURFHVR�VHD�HQ�PHQRV�WLHPSR��6H�DSOLFD�D�OD�HGXFDFLyQ�\�HO�
HQWUHQDPLHQWR�

•� 'HVYHQWDMDV��(QWUH�HVWDV�WHQHPRV�TXH��XQ�EXHQ�PRGHOR�UHTXLHUH�PXFKR�WLHPSR�\�
HQ�RFDVLRQHV�PX\�FRPSOHMR��3XHGH�UHIOHMDU�FRQ�SUHFLVLyQ�XQD�VLWXDFLyQ�GHO�PXQGR�
UHDO��FXDQGR�HQ�YHUGDG�QR�OR�KDFH��/D�VLPXODFLyQ�HV�LPSUHFLVD��\�QR�VH�SXGH�PHGLU�
HO�JUDGR�GH�HUURU��*HQHUDOPHQWH�ORV�UHVXOWDGRV�VRQ�QXPpULFRV�\�SXHGHQ�VHU�
LPSUHFLVRV�SRU�DOJXQDV�FLIUDV�GHFLPDOHV�TXH�FRQ�HO�WLHPSR�VH�FRQYLHUWHQ�HQ�XQDV�
FLIUDV�PX\�VLJQLILFDWLYDV�DO�REWHQHUVH�HO�HUURU���

�
����5(9,6,21�%,%/,2*5È),&$�'(�6,08/$&,Ï1�(1�/26�05$&�
�

(O�EHQHILFLR�TXH�XQR�WLHQH�FRQ�HO�DQiOLVLV�\�VLPXODFLyQ�GH�XQ�VLVWHPD�HQ�IRUPD�LQWHJUDO��HV�
LPSRUWDQWH�KR\�HQ�GtD�SDUD�OD�YDOLGDFLyQ�GHO�PLVPR��DGHPiV��GH�TXH�VLUYH�FRPR�EDVH�SDUD�
HO�GLVHxR�\�VX�UHDOL]DFLyQ�HQ�IRUPD�H[SHULPHQWDO��
�
(VWXGLRV�UHIHUHQWHV�D�OD�VLPXODFLyQ�HQ�IRUPD�GLQiPLFD�GH�ORV�05$&��VH�KDQ�HODERUDGR�HQ�
SURJUDPDV� FRPR�HV� HO� FDVR� GH� OHQJXDMH�&� \� )RUWUDQ�� SRU� RWUD� SDUWH� VH� KDQ� EDVDGR� HQ�
HVWRV�HVWXGLRV�\�KHPRV�HQFRQWUDGR�VLPXODFLRQHV�HQ�OHQJXDMH�$&6/����������RWUR�WLSR�GH�
VLPXODFLRQHV�VH�KDQ�UHDOL]DGR�HQ�HO�FDVR�GH�OHQJXDMH�'HOSKL����������
3RU�RWUR�ODGR��PX\�SRFD�JHQWH�HVWXGLD�ORV�05$&��HQ�XQ�LGLRPD�GH�SURJUDPDFLyQ�EDVDGR�
HQ�OHQJXDMHV�R�SURJUDPDV�FRPR��6SLFH��6LPXOLQN�0DWODE�0DWUL[�7XWVLP��9LVVLP�\�0DWKFDG��
6H�KDQ�UHDOL]DGR�ODV�SULPHUDV�VLPXODFLRQHV�JUDFLDV�DO�SURJUDPD�GH�VLPXODFLyQ�6SLFH������
'HVJUDFLDGDPHQWH�� OD� WpFQLFD�TXH�VH�XWLOL]D�DTXt�QR�HV�PX\�DSURSLDGD��GHELGR�D�TXH�HO�
SURJUDPD�6SLFH��VH�DGDSWD�VREUH�WRGR�D�VLPXODFLRQHV�GH�FLUFXLWRV�HOpFWULFRV�������
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(Q� HVWD� XOWLPD� GpFDGD�� H[LVWHQ� SURJUHVRV�PX\� LPSRUWDQWHV�� HQ� UHODFLyQ� DO� DPELHQWH� GH�
VLPXODFLyQ� GH� 0$7/$%�6,08/,.�� HO� FXDO� SHUPLWH� XQ� GHVDUUROOR� GH� DPELHQWHV� GH�
SURJUDPDFLyQ�IOH[LEOH�GLULJLGR�D�ODV�PDTXLQDV�HOpFWULFDV��
�
(Q�HVWH�WUDEDMR�VREUH�05$&�VH�KDFH�XQ�HVWXGLR�HQ�EDVH�D�OD�SURJUDPDFLyQ�HQ�0$7/$%��
\�XQD�VLPXODFLyQ�HQ�6,08/,.��
/D� SULQFLSDO� PRWLYDFLyQ� TXH� LPSXOVD� HVWH� WUDEDMR�� HV� SRGHU� PRVWUDU� OD� GLYHUVLGDG� GH�
PDTXLQDV�HOpFWULFDV�TXH�VH�SXHGHQ�XWLOL]DU�SDUD�GLVWLQWRV�FDPSRV�GH� WUDEDMR��HVSHUDQGR�
TXH�DOXPQRV�GHO�iUHD�GH�LQJHQLHUtD�VH�LQWHUHVHQ�SRU�HO�WHPD�SDUD�TXH�HQ�XQ�WLHPSR�FRUWR��
VH�SXHGD�DEULU�XQD�OtQHD�GH�LQYHVWLJDFLyQ�PiV�IRUPDO�VREUH�HVWH�WLSR�GH�PRWRUHV��
<�TXH�SRGDPRV�FRPSHWLU�GLUHFWDPHQWH�FRQ�ORV�GRV�R�WUHV�JUXSRV�GH�LQYHVWLJDFLyQ�OOHYDQ�OD�
SXQWD�HQ�LQRYDFLRQHV��
6H� TXH� HO� FDPLQR� HV� ODUJR� \� GLItFLO�� SHUR� FRQ� EXHQRV� FLPLHQWRV� HQ� HO� WHPD�� OD� JUDQ�
HGXFDFLyQ� GH� FDOLGDG� \� HO� HPSHxR� GH� QRVRWURV� FRPR� HVWXGLDQWHV�� SRGUHPRV� KDFHU�
LQYHVWLJDFLyQ�GH�PX\�DOWR�QLYHO�FRPR�HO�PXQGR�GH�KR\�HQ�GtD�H[LJH��
�
�
�����6,08/$'25�87,/,=$'2�(1�(67(�75$%$-2��0$7+/$%�6,08/,1.��
�

(O�VLPXODGRU�HPSOHDGR�SDUD�HVWH�WUDEDMR�HV�0$7/$%�YHU�����\�6,08/,1.�YHU�����ORV�
FXDOHV�FRPR�VH�PHQFLRQy�DQWHULRUPHQWH��UHSUHVHQWD�XQ�VRIWZDUH�PX\�XWLOL]DGR�HQ�iUHDV�
GH�HQVHxDQ]D�GH�LQJHQLHUtD��DGHPiV�GH�PRVWUDU�XQD�VLPSOLFLGDG�HQ�VX�HVWUXFWXUD�GH�
SURJUDPDFLyQ�OR�FXDO�QRV�EULQGD�OD�YHQWDMD�GH�SRGHU�KDFHU�HVWD�VLPXODFLyQ�HQ�XQD�IRUPD�
GH�IiFLO�FRPSUHQVLyQ�SDUD�HO�SXEOLFR�TXH�FRQVXOWH�HVWD�REUD��
$�FRQWLQXDFLyQ�VH�PXHVWUD�XQD�LQWURGXFFLyQ�GHO�VLPXODGRU��0$7/$%�6,08/,1.���HO�FXDO�
QRV�D\XGDUi�D�FRPSUHQGHU�ORV�RUtJHQHV�\�IRUPDV�HQ�FRPR�WUDEDMD�HVWH�OHQJXDMH�GH�
SURJUDPDFLyQ��
�
�
�
�
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�
������0$7/$%�
�
(O� QRPEUH� GH� 0$7/$%� SURYLHQH� GH� OD�
FRQWUDFFLyQ� GH� ORV� WpUPLQRV� 0$7UL[�
/$%RUDWRU\� \� IXH� LQLFLDOPHQWH� FRQFHELGR�
SDUD� IDFLOLWDU� HO� DFFHVR� D� ODV� OLEUHUtDV�
/,13$&.� \� (,63$&.�� ODV� FXDOHV�
UHSUHVHQWDQ�KR\�HQ�GtD�GRV�GH�ODV�OLEUHUtDV�
PiV� LPSRUWDQWHV�HQ�FRPSXWDFLyQ�\�FiOFXOR�
PDWULFLDO��
�
0DWODE�IXH�RULJLQDOPHQWH�GHVDUUROODGR�HQ�OHQJXDMH�)2575$1�SDUD�VHU�XVDGR�HQ�
FRPSXWDGRUDV�PDLQIUDPH��)XH�HO�UHVXOWDGR�GH�ORV�SUR\HFWRV�/LQSDFN�\�(LVSDFN�
GHVDUUROODGRV�HQ�HO�$UJRQQH�1DWLRQDO�/DERUDWRU\��6X�QRPEUH�SURYLHQH�GH�0DWUL[�
/DERUDWRU\��$O�SDVDU�GH�ORV�DxRV�IXH�FRPSOHPHQWDGR�\�UHLPSOHPHQWDGR�HQ�OHQJXDMH�&��
$FWXDOPHQWH�OD�OLFHQFLD�GH�0DWODE�HV�SURSLHGDG�GH�0DWK:RUNV�,QF���
�
0$7/$%�HV�XQ�HQWRUQR�GH�FRPSXWDFLyQ�\�GHVDUUROOR�GH�DSOLFDFLRQHV�WRWDOPHQWH�LQWHJUDGR�
RULHQWDGR� SDUD� OOHYDU� D� FDER� SUR\HFWRV� HQ� GRQGH� VH� HQFXHQWUHQ� LPSOLFDGRV� HOHYDGRV�
FiOFXORV�PDWHPiWLFRV�\� OD�YLVXDOL]DFLyQ�JUiILFD�GH� ORV�PLVPRV��0$7/$%� LQWHJUD�DQiOLVLV�
QXPpULFR�� FiOFXOR� PDWULFLDO�� SURFHVDPLHQWR� GH� VHxDOHV� \� YLVXDOL]DFLyQ� JUiILFD� HQ� XQ�
HQWRUQR�FRPSOHWR�GRQGH�ORV�SUREOHPDV�\�VXV�VROXFLRQHV�VRQ�H[SUHVDGRV�GHO�PLVPR�PRGR�
HQ�TXH� VH� HVFULELUtDQ� WUDGLFLRQDOPHQWH�� VLQ� QHFHVLGDG�GH�KDFHU� XVR�GH� OD� SURJUDPDFLyQ�
WUDGLFLRQDO��
�
0$7/$%�JR]D�HQ�OD�DFWXDOLGDG�GH�XQ�DOWR�QLYHO�GH�LPSODQWDFLyQ�HQ�HVFXHODV�\�FHQWURV�
XQLYHUVLWDULRV��DVt�FRPR�HQ�GHSDUWDPHQWRV�GH�LQYHVWLJDFLyQ�\�GHVDUUROOR�GH�PXFKDV�
FRPSDxtDV�LQGXVWULDOHV�QDFLRQDOHV�H�LQWHUQDFLRQDOHV��(Q�HQWRUQRV�XQLYHUVLWDULRV��SRU�
HMHPSOR��0$7/$%�VH�KD�FRQYHUWLGR�HQ�XQD�KHUUDPLHQWD�EiVLFD��WDQWR�SDUD�ORV�
SURIHVLRQDOHV�H�LQYHVWLJDGRUHV�GH�FHQWURV�GRFHQWHV��FRPR�XQD�LPSRUWDQWH�KHUUDPLHQWD�
SDUD�OD�LPSDUWLFLyQ�GH�FXUVRV�XQLYHUVLWDULRV��WDOHV�FRPR�VLVWHPDV�H�LQJHQLHUtD�GH�FRQWURO��
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iOJHEUD�OLQHDO��SURFHVR�GLJLWDO�GH�LPDJHQ��VHxDO��HWF��(Q�HO�PXQGR�LQGXVWULDO��0$7/$%�HVWi�
VLHQGR�XWLOL]DGR�FRPR�KHUUDPLHQWD�GH�LQYHVWLJDFLyQ�SDUD�OD�UHVROXFLyQ�GH�FRPSOHMRV�
SUREOHPDV�SODQWHDGRV�HQ�OD�UHDOL]DFLyQ�\�DSOLFDFLyQ�GH�PRGHORV�PDWHPiWLFRV�HQ�
LQJHQLHUtD��/RV�XVRV�PiV�FDUDFWHUtVWLFRV�GH�OD�KHUUDPLHQWD�ORV�HQFRQWUDPRV�HQ�iUHDV�GH�
FRPSXWDFLyQ�\�FiOFXOR�QXPpULFR�WUDGLFLRQDO��SURWRWLSDMH�DOJRUtWPLFR��WHRUtD�GH�FRQWURO�
DXWRPiWLFR��HVWDGtVWLFD��DQiOLVLV�GH�VHULHV�WHPSRUDOHV�SDUD�HO�SURFHVR�GLJLWDO�GH�VHxDO��
�
0$7/$%�GLVSRQH�WDPELpQ�HQ�OD�DFWXDOLGDG�GH�XQ�DPSOLR�DEDQLFR�GH�SURJUDPDV�GH�DSR\R�
HVSHFLDOL]DGRV��GHQRPLQDGRV�7RROER[HV��TXH�H[WLHQGHQ�VLJQLILFDWLYDPHQWH�HO�Q~PHUR�GH�
IXQFLRQHV�LQFRUSRUDGDV�HQ�HO�SURJUDPD�SULQFLSDO��(VWRV�7RROER[HV�FXEUHQ�HQ�OD�DFWXDOLGDG�
SUiFWLFDPHQWH�FDVL�WRGDV�ODV�iUHDV�SULQFLSDOHV�HQ�HO�PXQGR�GH�OD�LQJHQLHUtD�\�OD�
VLPXODFLyQ��GHVWDFDQGR�HQWUH�HOORV�HO�
WRROER[
�GH�SURFHVR�GH�LPiJHQHV��VHxDO��FRQWURO�
UREXVWR��HVWDGtVWLFD��DQiOLVLV�ILQDQFLHUR��PDWHPiWLFDV�VLPEyOLFDV��UHGHV�QHXURQDOHV��OyJLFD�
GLIXVD��LGHQWLILFDFLyQ�GH�VLVWHPDV��VLPXODFLyQ�GH�VLVWHPDV�GLQiPLFRV��HWF��

$GHPiV�WDPELpQ�VH�GLVSRQH�GHO�SURJUDPD�6LPXOLQN�TXH�HV�XQ�HQWRUQR�JUiILFR�LQWHUDFWLYR�
FRQ�HO�TXH�VH�SXHGH�DQDOL]DU��KDFHU�VX�PRGHOR�\�VLPXODU�OD�GLQiPLFD�GH�VLVWHPDV�QR�
OLQHDOHV��
�
�
������6,08/,1.�
�
6LPXOLQN�HV�XQD�KHUUDPLHQWD�SDUD�HO�PRGHODGR�FRPSXWDFLRQDO��DQiOLVLV�\�VLPXODFLyQ�GH�
XQD�DPSOLD�YDULHGDG�GH�VLVWHPDV�ItVLFRV�\�PDWHPiWLFRV��LQFOXVLYH�DTXHOORV�FRQ�HOHPHQWRV�
QR�OLQHDOHV�\�DTXHOORV�TXH�KDFHQ�XVR�GH�WLHPSRV�FRQWLQXRV�\�GLVFUHWRV��&RPR�XQD�
H[WHQVLyQ�GH�0DWODE��6LPXOLQN�DGLFLRQD�PXFKDV�FDUDFWHUtVWLFDV�HVSHFtILFDV�D�ORV�VLVWHPDV�
GLQiPLFRV��PLHQWUDV�FRQVHUYD�WRGD�OD�IXQFLRQDOLGDG�GH�SURSyVLWR�JHQHUDO�GH�0DWODE��$Vt�
6LPXOLQN�QR�HV�FRPSOHWDPHQWH�XQ�SURJUDPD�VHSDUDGR�GH�0DWODE��VLQR�XQ�DQH[R�D�pO��(O�
DPELHQWH�GH�0DWODE�HVWi�VLHPSUH�GLVSRQLEOH�PLHQWUDV�VH�HMHFXWD�XQD�VLPXODFLyQ�HQ�
6LPXOLQN��
�
6LPXOLQN�WLHQH�GRV�IDVHV�GH�XVR��OD�GHILQLFLyQ�GHO�PRGHOR�\�OD�VLPXODFLyQ�GHO�PRGHOR��/D�
GHILQLFLyQ�GHO�PRGHOR�VLJQLILFD�FRQVWUXLU�HO�PRGHOR�D�SDUWLU�GH�HOHPHQWRV�EiVLFRV�
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FRQVWUXLGRV�SUHYLDPHQWH��WDO�FRPR��LQWHJUDGRUHV��EORTXHV�GH�JDQDQFLD�R�VHUYRPRWRUHV��
3DUD�HO�DQiOLVLV�GHO�PRGHOR�GHEH�FRQWDUVH�FRQ�OD�VLPXODFLyQ��OLQHDOL]DFLyQ�\�GHWHUPLQDU�ODV�
FDUDFWHUtVWLFDV�GHO�PRGHOR�SUHYLDPHQWH�GHILQLGR��

�3DUD�VLPSOLILFDU�OD�GHILQLFLyQ�GHO�PRGHOR�6LPXOLQN�XVD�GLIHUHQWHV�FODVHV�GH�YHQWDQDV�
OODPDGDV�YHQWDQDV�GH�GLDJUDPDV�GH�EORTXHV��(Q�HVWDV�YHQWDQDV�VH�SXHGH�FUHDU�\�HGLWDU�
XQ�PRGHOR�JUiILFDPHQWH�XVDQGR�HO�PRXVH��6LPXOLQN�XVD�XQ�DPELHQWH�JUiILFR�OR�TXH�KDFH�
VHQFLOOR�OD�FUHDFLyQ�GH�ORV�PRGHORV�GH�VLVWHPDV��
�
'HVSXpV�GH�GHILQLU�XQ�PRGHOR�HVWH�SXHGH�VHU�HMHFXWDGR�VHOHFFLRQDQGR�XQD�RSFLyQ�GHVGH�
ORV�PHQ~V�GH�6LPXOLQN�R�HQWUDQGR�FRPDQGRV�GHVGH�OD�OtQHD�GH�FRPDQGRV�GH�0DWODE��
�
6LPXOLQN�SXHGH�VLPXODU�FXDOTXLHU�VLVWHPD�TXH�SXHGD�VHU�GHILQLGR�SRU�HFXDFLRQHV�
GLIHUHQFLDOHV�FRQWLQXDV�\�HFXDFLRQHV�GH�GLIHUHQFLDV�GLVFUHWDV��(VWR�VLJQLILFD�TXH�VH�SXHGH�
PRGHODU�VLVWHPDV�FRQWLQXRV�HQ�HO�WLHPSR��GLVFUHWRV�HQ�HO�WLHPSR�R�VLVWHPDV�KtEULGRV��
�
6LPXOLQN�XVD�GLDJUDPDV�GH�EORTXHV�SDUD�UHSUHVHQWDU�VLVWHPDV�GLQiPLFRV��0HGLDQWH�XQD�
LQWHUIDFH�JUiILFD�FRQ�HO�XVXDULR�VH�SXHGHQ�DUUDVWUDU�ORV�FRPSRQHQWHV�GHVGH�XQD�OLEUHUtD�GH�
EORTXHV�H[LVWHQWHV�\�OXHJR�LQWHUFRQHFWDUORV�PHGLDQWH�FRQHFWRUHV�\�DODPEUHV��/D�YHQWDQD�
SULQFLSDO�GH�6LPXOLQN�VH�DFWLYD�HVFULELHQGR�6LPXOLQN�HQ�OD�OtQHD�GH�FRPDQGRV�GH�0DWODE��\�
VH�PXHVWUDQ�HQ�OD�ILJXUD������

�
� � � ),*85$�����/,%5(5,$6�'(�6,08/,1.��
�
�
����6,08/$&,Ï1�(1�0$7/$%�±�6,08/,1.�
(VWH�WUDEDMR�GHVFULEH�XQD�VLPXODFLyQ�EDVDGR�HQ�HO�DPELHQWH�GH�VLPXODFLyQ�0$7/$%�
6,08/,1.��SDUD�VLPXODU�XQ�05$&�FRQ���SRORV�HQ�HO�HVWRU�\���SRORV�HQ�HO�URWRU��

�
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�
7RGDV�ODV�VLPXODFLRQHV�VH�HQFXHQWUDQ�FRPSOHWDPHQWH�GRFXPHQWDGDV�HQ�HO�WUDEDMR�D�
WUDYpV�GH�GLDJUDPDV�GH�EORTXHV��IXQFLRQHV�\�SDUiPHWURV�HVSHFLDOHV�GH�0$7/$%�SDUD�XQ�
IiFLO�GHVDUUROOR�GHO�PRGHOR��
&RPR�GH�KD�FRPHQWDGR�DQWHULRUPHQWH��ODV�SULQFLSDOHV�YHQWDMDV�TXH�SUHVHQWD�HVWH�
VLPXODGRU�\�HQ�HVSHFLDO�HQ�HO�GHVDUUROOR�GHO�PRGHOR�GHO�05$&�HV��

•� /D�JDQDQFLD�GH�WLHPSR�SDUD�HO�GHVDUUROOR�\�HVWXGLR�GH�OD�VLPXODFLyQ��
•� /D�RSFLyQ�GH�YDULDV�WpFQLFDV�GH�UHVROXFLyQ�QXPpULFD�
•� &RPR�HO�SURJUDPD�FRQWLHQH�OLEUHUtDV�HVSHFLDOL]DGDV��KDFH�PiV�VHQFLOOR�LQWHJUDU�HO�

HVWXGLR�GHO�PRWRU�FRQ�iUHDV�GH�OyJLFD�GLIXVD��SURFHVDPLHQWR�GH�VHxDOHV��HWF��
�
$�FRQWLQXDFLyQ�VH�PXHVWUD�OD�IRUPD�GH�SURJUDPDFLyQ�OOHYDGD�D�FDER�SDUD�OD�VLPXODFLyQ��
HQ�GRQGH�VH�SUHVHQWD�HQ�IRUPD�GHVJORVDGD��
�
�
�������352*5$0$&,Ï1�(1�0$7/$%�
�
/D�SURJUDPDFLyQ�HQ�0$7/$%��IXH�OOHYDGD�D�FDER��HQ�EDVH�D�XQ�JUXSR�GH�OLVWDGRV�GH�
SURJUDPDV��TXH�WLHQH�SRU�ILQ�GHVDUUROODU�XQD�IXQFLyQ�HVSHFLDO�GHQWUR�GH�OD�VLPXODFLyQ�
JOREDO��HVWH�JUXSR�GH�SURJUDPDV�FRQVWD�GH���SDUWHV��ODV�FXDOHV�VH�PHQFLRQDQ�D�
FRQWLQXDFLyQ��
�

��� SULQFLSDO��(VWH�SURJUDPD�FRPR�VX�QRPEUH�OR�PHQFLRQD��HV�HO�DOPD�GH�OD�
VLPXODFLyQ��GDGR�TXH�HQ�HO�VH�FDUJDQ�ORV�YDORUHV�FDUDFWHUtVWLFRV�GHO�PRWRU�DGHPiV�
HVWH�SURJUDPD�EULQGD�OD�LQIRUPDFLyQ�LQLFLDO�SDUD�HO�GHVDUUROOR�GH�OD�VLPXODFLyQ��(O�
QRPEUH�GHO�SURJUDPD�HV�³LQLFLR�P´�\�VX�GHVDUUROOR�\�FRPHQWDULRV�VH�HQFXHQWUDQ�HQ�
ORV�UHVXOWDGRV�REWHQLGRV�GHO�WUDEDMR��

��� &RQPXWDFLyQ��(VWH�SURJUDPD�SHUPLWH�UHDOL]DU�HQ�IRUPD�FRUUHFWD�OD�FRQPXWDFLyQ�
TXH�DOLPHQWD�DO�05$&��HVWR�HV�SHUPLWH�GHWHUPLQDU�HO�PRPHQWR�GH�HQFHQGLGR�\�
DSDJDGR�GH�OD�IDVH�GHO�HVWDWRU��θRQ�\�θRII��OR�FXDO�VLUYH�SDUD�FRQWURODU�HO�
IXQFLRQDPLHQWR�JHQHUDO�GH�PRWRU��HO�OLVWDGR�GHO�SURJUDPD�³FRQPXWDFLyQ�P´��VH�
PXHVWUD�PiV�DGHODQWH�\�VH�HQFXHQWUD�GHWDOODGDPHQWH�FRPHQWDGR�SDUD�VX�
FRPSUHQVLyQ��
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��� ,QGXFWDQFLD��GHWHUPLQD�OD�FRUULHQWH�\�OD�LQGXFWDQFLD�GH�IDVH�GHO�05$&��HQ�IXQFLyQ�
GH�OD�SRVLFLyQ�GHO�URWRU��θ��\�GHO�IOXMR�GH�IDVH��ψ��HVWH�SURJUDPD�VH�GHWHUPLQD�
³LQGXFWDQFLD�P´�\�VH�FRPHQWD�D�GHWDOOH�HQ�ORV�UHVXOWDGRV�GH�VLPXODFLyQ�REWHQLGRV��

��� SDU��(VWH�SURJUDPD�UHDOL]D�HO�FDOFXOR�GHO�SDU�SURGXFLGR�SRU�HO�PRWRU��HVWR�FRQ�
FiOFXORV�UHDOL]DGRV�HQ�EDVH�D�OD�SRVLFLyQ�GHO�URWRU��θ��\�HO�YDORU�GH�FRUULHQWH�,�GH�ODV�
IDVHV�GHO�HVWDWRU��HVWH�SURJUDPD�VH�GHQRPLQD�³SDU�P´��HQ�ORV�UHVXOWDGRV�VH�
PXHVWUD�\�FRPHWD�HO�OLVWDGR�GHO�SURJUDPD��

��� SLH��(VWH�PRGXOR�QRV�D\XGD�D�DVHJXUDU�TXH�OD�SRVLFLyQ�GHO�URWRU�WHQJD�XQD�
SHULRGLFLGDG�GH��Π��\�UHJUHVDU�D�FHUR��SDUD�TXH�HQ�OD�VLPXODFLyQ�WHQJD�UHVXOWDGRV�
FRUUHFWRV��HVWH�SURJUDPD�VH�GHQRPLQD�³SLH�P´��\�VX�OLVWDGR�\�FRPHQWDULRV�VH�
HQFXHQWUDQ�HQ�ORV�UHVXOWDGRV�GH�OD�VLPXODFLyQ�REWHQLGDV��

�
�
������6LPXODFLyQ�EDVDGD�HQ�6LPXOLQN��
�
/D�VLPXODFLyQ�EDVDGD�HV�6,08/,1.��IXH�OOHYDGD�FDER�HQ�IRUPD�HVWUXFWXUDGD��HVWR�FRQ�
D\XGD�GH�ORV�SURJUDPDV�UHDOL]DGRV�SUHYLDPHQWH�HQ�0$7/$%��FRPR�VH�FRPHQWy�
DQWHULRUPHQWH�6,08/,1.�RSHUD�HQ�IRUPD��GH�EORTXH��OR�FXDO�KDFH�PiV�IiFLO�\�GLGiFWLFD�OD�
VROXFLyQ�GH�OD�VLPXODFLyQ��
/D�IRUPD�GH�FRPSUHQGHU�OD�IRUPD�GH�RSHUDFLyQ�GH�6,08/,1.��HV�VHQFLOOD��HVWR�VROR�FRQ�
REVHUYDU�HO�GLDJUDPD�GH�EORTXHV�XWLOL]DGR�SDUD�OD�VLPXODFLyQ��FDGD�EORTXH�HVWD�
GHELGDPHQWH�QRPEUDGR�\�OLJDGR�FRQ�OD�SURJUDPDFLyQ�GH�0$7/$%��DGHPiV�DFRQGLFLRQDQ�
ODV�HQWUDGDV�FRQ�HO�ILQ�GH�SRGHU�FRPSUHQGHU�\�VHJXLU�WDQWR�ODV�HQWUDGDV�FRPR�VDOLGDV�GH�
FDGD�EORTXH�GH�VLPXODFLyQ��
�
/D�IRUPD�JHQHUDO�GH�VROXFLyQ�SDUD�HVWH�WUDEDMR��VH�PXHVWUD�PiV�DGHODQWH�HQ�GHWDOOH�HQ�OD�
VHFFLyQ�GH�UHVXOWDGRV�REWHQLGRV���
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�
&$3,78/2���
�
�
�
�
5(68/7$'26�'(�6,08/$&,21��
�
�
�
(Q�HVWH�FDStWXOR�PRVWUDUHPRV�ORV�UHVXOWDGRV�REWHQLGRV�HQ�ODV�VLPXODFLRQHV�UHDOL]DGDV��SDUD�
HYDOXDU�OD�FDUDFWHUL]DFLyQ�GHO�PRWRU�SURSXHVWR��&RPR�VH�KDFH�PHQFLyQ�DQWHULRUPHQWH��VROR�
VH� WUDEDMD�FRQ�XQ�PRGHOR�VLPSOLILFDGR�SDUD� ILQHV�SUiFWLFRV��(Q� OD�SULPHUD�VHFFLyQ�VH�KDFH�
UHIHUHQFLD� D� ORV� SDUiPHWURV� XWLOL]DGRV� HQ� HO� PRWRU� \� DO� VRIWZDUH� FRQ� HO� TXH� VH� UHDOL]R� OD�
VLPXODFLyQ��
3RVWHULRUPHQWH�� HQ� ODV� VLJXLHQWHV� VHFFLRQHV�� VH� PXHVWUD� ORV� UHVXOWDGRV� REWHQLGRV� HQ� OD�
VLPXODFLyQ��FRPR�HV�HO�FDVR�GH�FRUULHQWH��YROWDMH�� LQGXFWDQFLD�\�SDU�GH� IDVH�DGHPiV�GH� OD�
YHORFLGDG�GHO�PRWRU��
&DGD�XQD�GH�HVWDV�VHFFLRQHV�FRQWLHQH�ORV�FRPHQWDULRV�\�DQiOLVLV�TXH�D\XGDQ�D�FRPSUHQGHU�
PHMRU�ORV�UHVXOWDGRV��
/D� VLJXLHQWH� SDUWH�� SUHVHQWD� OD� FDUDFWHUL]DFLyQ� GHO� PRWRU� TXH� DQDOL]DPRV�� PRVWUDQGR�
DOJXQDV� GH� ODV� FDUDFWHUtVWLFDV� GHVFULWDV� DQWHULRUPHQWH� \� FRPSDUDGDV� FRQ�PRWRUHV� GH� VXV�
PLVPDV�GLPHQVLRQHV�HQ�GLIHUHQWHV�FDWHJRUtDV��
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�
����3$5$0(7526�'(/�05$&�
�
(O�GHVHPSHxR�GH� OD�FDUDFWHUL]DFLyQ�GHO�PRWRU�05$&� IXH� UHDOL]DGR�PHGLDQWH�VLPXODFLRQHV�
GLJLWDOHV��3DUD�UHDOL]DUODV��VH�XWLOL]y�HO�PRGHOR�OLQHDO�GHO�PRWRU�FRQ�ILQHV�GH�VLPSOLFLGDG��
/RV�SDUiPHWURV�FRQVLGHUDGRV�SDUD� OD� VLPXODFLyQ�VRQ��1~PHURV�GH�SRORV�GHO�HVWDWRU�1U ���
1~PHURV�GH�SRORV�HQ�HO�URWRU�1V ���SDUiPHWURV�GH�OD�LQGXFWDQFLD��/PLQ �����>+@��/PD[ ����
>+@��UHVLVWHQFLD�GH�IDVH�GHO�HVWDWRU��U ���Ω��PRPHQWR�GH�LQHUFLD��- �����NJP���
(VWRV� YDORUHV� SXHGHQ� HQ� DOJ~Q� FDVR� HVSHFLDO� WRPDU� RWURV� YDORUHV� SDUD� UHDOL]DU� HVWXGLRV�
HVSHFtILFRV��
(O�VRIWZDUH�GH�VLPXODFLyQ�TXH�VH�XWLOL]y�SDUD� UHDOL]DU� ODV�VLPXODFLRQHV� IXH�0$7/$%�HQ�VX�
YHUVLyQ� ���� \� 6,08/,1.�� HQ� VX� YHUVLyQ� ����� (O� VLPXODGRU� 0$7/$%�6,08/,1.� HV� XQ�
SURJUDPD� PX\� ~WLO� SDUD� UHVROYHU� QXPpULFDPHQWH� HFXDFLRQHV� GLIHUHQFLDOHV� TXH� SXHGH� VHU�
XVDGR�SDUD�VLPXODU�VLVWHPDV�GLQiPLFRV�TXH�HVWpQ�FRPSXHVWRV�GH�YDULRV�VXEVLVWHPDV�FRPR�
D�FRQWLQXDFLyQ�VH�REVHUYDUi��
�
�
����/,67$'26�3$5$�/$�6,08/$&,21�(1�0$7/$%�
�
$�FRQWLQXDFLyQ�VH�SUHVHQWD�ORV�GLIHUHQWHV�OLVWDGRV�TXH�IXHURQ�XWLOL]DGRV�SDUD�OD�VLPXODFLyQ�
GLQiPLFD�GHO�PRWRU�GH�UHOXFWDQFLD�DFFLRQDGR�SRU�FRQPXWDFLyQ��FRPR�VH�SRGUi�REVHUYDU��
FDGD�EORTXH�TXH�IXH�XWLOL]DGR��PXHVWUD�VXV�UHVSHFWLYRV�FRPHQWDULRV�SDUD�TXH�VHD�GLGiFWLFR��
�
�
������/,67$'2�3$5$�(/�352*5$0$�'(�,1,&,2��
�
��� LQLFLR�P����(VWH�SURJUDPD�HQ�0$7/$%��QRV�SHUPLWH�FDUJDU�ORV�YDORUHV�FDUDFWHUtVWLFRV�GHO�

PRWRU�GH�UHOXFWDQFLD�DFFLRQDGR�SRU�FRQPXWDFLyQ�TXH�GHVHDPRV�VLPXODU��FRPR�VH�SXHGH�
REVHUYDU�HQ�ORV�FRPHQWDULRV��

������$�FRQWLQXDFLyQ�VH�SUHVHQWD�HO�OLVWDGR��
�
�
�
�
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�
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'/ $83��
�
�
������/,67$'2�3$5$�(/�352*5$0$�'(�&21087$&,Ï1��
�
����FRQPXWDFLyQ�P��HVWH�SURJUDPD�GH�0$7/$%�QRV�SHUPLWH�DVHJXUDU�OD�FRQPXWDFLyQ�HQ�HO�
iQJXOR�TXH�QRVRWURV�QHFHVLWDPRV��HQ�HVWH�FDVR�VH�QRPEUD�XQ�iQJXOR�GH�HQFHQGLGR�θRQ�\�HO�
iQJXOR�GH�DSDJDGR�θRII��ORV�FRPHQWDULRV�VH�HQFXHQWUDQ�GHVFULWRV�HQ�HO�PLVPR�SURJUDPD�TXH�
D�FRQWLQXDFLyQ�VH�SUHVHQWD��
���
�
����������������������������������������������������
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IXQFWLRQ�9D I�7(�����(Q�HVWD�IXQFLyQ�GH�0$7/$%�VH�WLHQH�OD�RSRUWXQLGDG�GH�SRGHU�FDUJDU�
���������������������HO�YHFWRU�GH�HQWUDGD��YROWDMH�\�DQJXOR��
�
( 7(
�������������(�HV�DKRUD�HO�YHFWRU�FROXPQD�GH�HQWUDGD��
H (���������������(O�SULPHU�WHUPLQR�UHSUHVHQWD�OD�HQWUDGD�GH�YROWDMH�
WHWD (������������(O�VHJXQGR�WHUPLQR�QRV�UHSUHVHQWD�OD�HQWUDGD�GHO�DQJXOR�GHO�URWRU�
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�����6,08/$&,Ï1�(1�6,08/,1.�
�
$�FRQWLQXDFLyQ�VH�SUHVHQWD�HO�HVTXHPD�GH�VLPXODFLyQ�EDVDGR�HQ�6,08/,1.�YHU������OR�TXH�
VH�SXHGH�DSUHFLDU�D�SULPHUD�YLVWD��HV�TXH�VH�WUDWD�GH�XQ�VLVWHPD�GH�EORTXHV�VLVWHPDWL]DGR��
HO�FXDO�EULQGD�OD�LGHD�VHQFLOOD�GH�IXQFLRQDPLHQWR��FRPR�VH�REVHUYD�DOJXQRV�EORTXHV�VRQ�
IXQFLRQHV�TXH�OOHYDQ�LPSOtFLWD�XQD�IXQFLyQ�GH�0$7/$%��HQ�HVWH�FDVR�VH�WUDWD�GH�OD�OODPDGD�
GH�XQ�SURJUDPD�R�OLVWD�GH�SURJUDPDFLyQ��LQLFLR�P�FRQPXWDFLyQ�P�LQGXFWDQFLD�P�SDU�P��
SLH�P��ORV�FXDOHV�VRQ�SLH]DV�IXQGDPHQWDOHV�SDUD�HO�GHVDUUROOR�GH�OD�VLPXODFLyQ�GLQiPLFD�GHO�
PRWRU�GH�UHOXFWDQFLD�DFFLRQDGR�SRU�FRQPXWDFLyQ��
6H�REVHUYD�FODUDPHQWH�ODV�UXWDV�OyJLFDV�GH�VLPXODFLyQ��FRQ�OR�FXDO�SRGHPRV�VHJXLU�SDVR�D�
SDVR�HO�GHVDUUROOR�\�VLPXODFLyQ�GHO�PRWRU��
$GHPiV�FDEH�UHVDOWDU�TXH�OD�VLPXODFLyQ�VH�UHDOL]D�HQ�IRUPD�PRQRIiVLFD��FRQ�ORV�UHVXOWDGRV�
REWHQLGRV�SRGUHPRV�LQIHULU�ORV�UHVXOWDGRV�SDUD�XQD�VLPXODFLyQ�WULIiVLFD��SHUR�HO�REMHWLYR�
SULPRUGLDO�GH�HVWH�WUDEDMR��HV�GH�FDUDFWHUL]DU�HO�PRWRU��SRU�OR�TXH�FRQ�OD�VLPXODFLyQ�
PRQRIiVLFD�QRV�GD�OD�VROXFLyQ�SDUD�SRGHU�REWHQHU�ORV�SDUiPHWURV�SULPRUGLDOHV�TXH�QRV�
D\XGHQ�D�UHDOL]DU�QXHVWUR�REMHWLYR��
&RQ�HVWH�PRGHOR�GH�VLPXODFLyQ�PRQRIiVLFD�REWHQHPRV�OD�FRUULHQWH��LQGXFWDQFLD��WHQVLyQ�
DSOLFDGD�D�OD�IDVH��SDU��YHORFLGDG�GHO�URWRU��
&DGD�UHVSXHVWD�REWHQLGD�GH�ORV�SDUiPHWURV�REWHQLGRV�VH�GLVFXWH�HQ�OD�VHFFLyQ�GH�
UHVXOWDGRV�\�FRQFOXVLRQHV��
�
/D�ILJXUD������UHSUHVHQWD�HO�HVTXHPD�GH�VLPXODFLyQ�HQ�EDVH�DO�SURJUDPD�6,08/,1.�YHU�������
TXH�D�FRQWLQXDFLyQ�VH�SUHVHQWD��
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$�FRQWLQXDFLyQ�PRVWUDPRV� ORV�FRPHQWDULRV�\�DQRWDFLRQHV�TXH�VH�UHDOL]DQ�HQ� OD�VLPXODFLyQ�
HQ�6,08/,1.��HVWR�FRQ�HO�ILQ�GH�SRGHU�FRPSUHQGHU�OD�IRUPD�HQ�FRPR�WUDEDMD�HO�VLPXODGRU��
(VWDV�DQRWDFLRQHV�VH�SUHVHQWDQ�HQ�OD�ILJXUD�����TXH�D�FRQWLQXDFLyQ�DSDUHFH��
�
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����5(68/$'26�'(�6,08/$&,Ï1��
$�FRQWLQXDFLyQ�VH�PXHVWUD�ORV�UHVXOWDGRV�REWHQLGRV�HQ�OD�VLPXODFLyQ��VH�SUHVHQWDQ�JUiILFDV�
FRPR� HV� HO� FDVR� GH� OD� FRUULHQWH�� LQGXFWDQFLD�� WHQVLyQ� GH� DOLPHQWDFLyQ�� SDU�� YHORFLGDG� GHO�
PRWRU��
&RPR�VH�SXHGH�REVHUYDU� ORV�UHVXOWDGRV�VH�SUHVHQWDQ�HQ� WLHPSR�UHDO��HVWR�HV�� ODV�JUiILFDV�
REWHQLGDV�VRQ�WRPDGDV�HQ�HO�RVFLORVFRSLR�TXH�LQFOX\H�HQ�HO�SURJUDPD�GH�6,08/,1.��
&RPR�VH�SRGUi�REVHUYDU�� ORV� UHVXOWDGRV�REWHQLGRV�HQ�HO�SURJUDPD�6,08/,1.��FDUHFHQ�GH�
XQD�IOH[LELOLGDG�HQ�VX�SUHVHQWDFLyQ��HVWR�HV�TXH�OD�URWXODFLyQ�GH�OD�JUiILFD��HMHV�FRRUGHQDGRV��
GLVHxR��IRUPD�\�FRORUHV��SUHVHQWDQ�XQD�OLPLWDFLyQ�SDUD�SRGHU�SUHVHQWDU�ORV�UHVXOWDGRV��
(VSHUDPRV�TXH�HVWH�SURJUDPD�DYDQFH�HQ� OD� IRUPD�GH�SUHVHQWDFLyQ�GH� UHVXOWDGRV�� VLHQGR�
PiV�DPLVWRVD�\�DWUDFWLYD�SDUD�OD�JHQWH�TXH�ODERUD�HQ�HVWD�iUHD��
�
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�
/D�ILJXUD�����TXH�D�FRQWLQXDFLyQ�VH�PXHVWUD��HV�OD�FXUYD�GH�LQGXFWDQFLD�GH�IDVH�GHO�PRWRU�GH�
UHOXFWDQFLD� DFFLRQDGR� SRU� FRQPXWDFLyQ�� TXH� VH� REWXYR� HQ� OD� VLPXODFLyQ�� HVWR� FRQ� ORV�
SDUiPHWURV�GHVFULWRV�DQWHULRUPHQWH��
&RPR� VH� PHQFLRQy� DQWHULRUPHQWH�� ORV� UHVXOWDGRV� REWHQLGRV� QR� SUHVHQWDQ� XQD� JUDQ�
GLYHUVLGDG�HQ�XWLOHUtDV�GH�SUHVHQWDFLyQ��
&DEH�PHQFLRQDU�TXH�HQ�ODV�JUiILFDV�REWHQLGDV�ODV�XQLGDGHV�GHO�HMH��;��VRQ�VHJXQGRV�>V@�\�
HQ�HO�HMH��<��+HQU\�>+@��
�

�
),*85$�����,1'8&7$1&,$�'(�)$6(�

�
�
&RPR� SRGHPRV� REVHUYDU�� OD� JUiILFD� TXH� REWHQHPRV� WLHQH� YDORUHV� TXH� HVSHUiEDPRV�
�/PLQ ����� >+@� \� /PD[ ���� >+@�� HVWR�� � HV� TXH� SRU� HVWH� SXQWR�� QRV� EULQGD� OD� LGHD� TXH� OD�
JUiILFD�REWHQLGD�FRQWLHQH�YDORUHV�UHDOHV��
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(O� UHVXOWDGR�REWHQLGR�� IXH�GHELGDPHQWH�FRPSDUDGR�� FRQ� ORV� UHVXOWDGRV�REWHQLGRV�HQ�RWUDV�
VLPXODFLRQHV��
/R� VRUSUHQGHQWH�� IXH� YHU� TXH� OD� JUiILFD� REWHQLGD� FRLQFLGH� FRUUHFWDPHQWH� FRQ� UHVXOWDGRV�
REWHQLGRV�GH�RWURV�WUDEDMRV��HVWR�WRPDQGR�HQ�FXHQWD�TXH�DOJXQDV�VLPXODFLRQHV�VRQ�KHFKDV�
WRPDQGR�HQ�FXHQWD��HO�PRGHOR�PDWHPiWLFR�JHQHUDO��TXH�WRPD�HQ�FXHQWD�WRGDV�ODV�YDULDEOHV�
GHVFULWDV��
$QWH� WRGR�� HV� LPSRUWDQWH� FRPSUHQGHU� ORV� UHVXOWDGRV� REWHQLGRV�� HVWR� SDUD� VHU� FDSDFHV� GH�
FRPSUHQGHU�OD�VLWXDFLyQ�ItVLFD�GHO�HYHQWR�HQ�HVWXGLR��
�
$�FRQWLQXDFLyQ�VH�PXHVWUD�HQ�OD�ILJXUD�����XQ�DFHUFDPLHQWR�GH�OD�JUiILFD�DQWHULRU��HVWR�SDUD�
SRGHU�REVHUYDU�\�YLVXDOL]DU�PHMRU�ORV�UHVXOWDGRV��
&RPR�VH�SRGUi�DSUHFLDU��OD�JUiILFD�VH�SXHGH�GLYLGLU�HQ���]RQDV�GH�RSHUDFLyQ��TXH�VRQ�XQDV�
GH�ODV�SDUWHV�PiV�LPSRUWDQWHV�GH�HVWH�HVWXGLR�ODV�FXDOHV�VRQ��
�

�
),*85$�����$&(5&$0,(172�'(�/$�*5È),&$�����

�����������������=21$��� � � � � � � �� ����=21$���
&RPR� VH� REVHUYD� HQ� OD� ILJXUD� ����� H[LVWHQ� �� ]RQDV� GH� RSHUDFLyQ�� D� FRQWLQXDFLyQ�
GHVFULELUHPRV�FDGD�XQD�GH�HVWDV�]RQDV��
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•� =RQD����(Q�HVWD�]RQD�VH� OOHYD�D�FDER�HO�HQFHQGLGR�GHO�FRQPXWDGRU��HVWR�SDUD� OOHYDU�D�
FDER�OD�DOLQHDFLyQ�GHO�SROR�GHO�URWRU�\�HVWDWRU��HVWH�SURFHVR�VH�SRGUi�YHU�PiV�DGHODQWH��

•� =RQD� ��� (VWD� ]RQD� UHSUHVHQWD� HO�PRPHQWR� HQ� TXH� HPSLH]D� HO� GHVDOLQHDPLHQWR� GH� ORV�
SRORV�GHO�URWRU�\�HVWDWRU��XQD�YH]�TXH�HO�SURFHVR�GH�OD�]RQD���KD�VLGR�FRPSOHWDGR��

�
/D� ILJXUD� ����� QRV� D\XGDUi� D� YLQFXODU� PHMRU� OD� JUiILFD� REWHQLGD� DQWHULRUPHQWH�� FRQ� OD�
VLWXDFLyQ�UHDO�GHO�PRWRU�05$&��
�
�
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�
�
�
�
�

),*85$�����,1'8&7$1&,$�(1�/26�05$&�
�
������7(16,Ï1�'(�$/,0(17$&,21��
�
/D�ILJXUD�����IXH�REWHQLGD�HQ�OD�VLPXODFLyQ�\�QRV�HQWUHJD�OD�IRUPD�GH�OD�VHxDO�GH�WHQVLyQ�TXH�
VH�DOLPHQWD�DO�05$&��
&RPR�VH�SXHGH�REVHUYDU��OD�VHxDO�GH�WHQVLyQ�TXH�SURSRQHPRV��HV�XQD�VHxDO�SDUWLFXODU�SDUD�
HO�FRQPXWDGRU�TXH�HOHJLPRV��HVWR�TXLHUH�GHFLU��TXH�SDUD�RWURV�PRGHOR�GH�FRQPXWDGRUHV�OD�
VHxDO�GH�SXHGHQ�YDULDU�GH�IRUPD�R�VHQWLGR�GH�DOLPHQWDFLyQ��
�
$QWHV�GH�SUHVHQWDU�OD�JUiILFD�UHVXOWDQWH��HV�LPSRWHQWH�PHQFLRQDU�TXH�HQ�HO�HMH��;��VH�PDQHMD�
VHJXQGRV��>V@�\�HQ�HO�HMH��<��VH�PDQHMD�YROWV�>9@�
�
�
�
�
�

�
,1'8&7$1&,$�

326,&,21�'(�52725�
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�
W ��>V@��LQLFLR�GH�OD�FRQPXWDFLyQ���������������W ����>V@�HV�HO�WHUPLQR�GH�OD�FRQPXWDFLyQ�
�
�
&RQ�OD�JUiILFD�DQWHULRU��REVHUYDPRV�TXH�HQ�HO�WLHPSR�W ���OD�FRQPXWDFLyQ�HPSLH]D�D�OOHYDUVH�
D�FDER��PLHQWUD�TXH�HQ�HO�WLHPSR�W ����V��OD�FRQPXWDFLyQ�OOHJD�D�VX�ILQ�HQ�HVD�IDVH��
/D�FRQPXWDFLyQ�HPSLH]D�FXDQGR�HO�SROR�GHO�URWRU�\�HVWDWRU�VH�HQFXHQWUDQ�GHVDOLQHDGRV��\�OD�
FRQPXWDFLyQ� WHUPLQD� FXDQGR� HO� SROR� GHO� URWRU� \� HVWDWRU� VH� HQFXHQWUDQ� DOLQHDGRV�
QXHYDPHQWH��
�
�
������&255,(17(�
�
/D�FRUULHQWH��HV�XQR�GH�ORV�SDUiPHWURV�SULPRUGLDOHV��TXH�VH�EXVFDQ�HQ�OD�VLPXODFLyQ��
$�FRQWLQXDFLyQ�VH�PXHVWUD�OD�ILJXUD�����REWHQLGD�SDUD�OD�FRUULHQWH��/RV�UHVXOWDGRV�REWHQLGRV�
IXHURQ�GLVFXWLGRV�\�FRPSDUDGRV�FRQ�RWURV�UHVXOWDGRV�KHFKRV�SRU�GLYHUVRV�WUDEDMRV��
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�
&RPR� VH� SXHGH� YHU� OD� IRUPD� GH� OD� RQGD� UHVXOWDQWH�� SUHVHQWD� DOJXQDV� DOWHUDFLRQHV�� HVWR�
GHELGR�D�OD�IRUPD�HQ�FRPR�HO�05$&�RSHUD��/D�VHxDO�UHVXOWDQWH�GLIHUHQFLD�PXFKR�GH�OD�VHxDO�
LGHDO�TXH�VH�HVSHUDED��FXDGUDGD���
/RV�HMHV�TXH�OD�JUiILFD�SUHVHQWDQ�WLHQH�HQ�HO�HMH��;��WLHPSR�HQ�VHJXQGRV�>V@�\�HQ�HO�HMH��<��
SUHVHQWD�DPSHUHV�>$@�
�
�

�
),*85$�����&255,(17(�'(�)$6(�'(/�05$&��

�
�
�
/D�ILJXUD�����TXH�D�FRQWLQXDFLyQ�VH�SUHVHQWD��HV�XQD�DFHUFDPLHQWR�SDUD�PHMRU�DSUHFLDFLyQ�
GH�OD�ILJXUD�����
�
�
�
�
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�
�����������������������=21$�������������������������������=21$��������������������������������������������������=21$���
�
&RUULHQWH�FXDQGR�HO�FRQPXWDGRU����3XQWR�HQ�GRQGH�WHUPLQD�������&RUULHQWH��XQ�WLHPSR�GHVSXpV�
6H�HQFXHQWUD�HQFHQGLGR���������������������OD�FRQPXWDFLyQ������������������TXH�HO�FRQPXWDGRU�VH�DSDJy�
�
&RPR� VH� SXHGH� YHU�� OD� IRUPD� GH� OD� FRUULHQWH� REWHQLGD�� GXUDQWH� HO� IXQFLRQDPLHQWR� GHO�
FRQPXWDGRU��SUHVHQWD�XQD� IRUPD�GLVWLQWD�D� OD� WHyULFD� �FXDGUDGD���(VWR� LQIOX\H� IXHUWHPHQWH��
HQ�HO�GLVHxR�GHO�FRQWURO�TXH�VH�GHVDUUROOD�SDUD�HVWH�WLSR�GH�PRWRUHV��
�
&RPR� VH� REVHUYD� HQ� OD� ]RQD� ��� VH� SUHVHQWD� HO� DSDJDGR� GHO� FRQPXWDGRU�� \� FRPR�
HVSHUDEDPRV��VH�SUHVHQWD�XQ�FDPELR�QRWRULR�HQ�OD�WUD\HFWRULD�GH�OD�JUiILFD��
(Q� OD�]RQD����HO�FRQPXWDGRU�VH�HQFXHQWUD�DSDJDGR��\�FRPR�VH�REVHUYD�H[LVWH�XQ� IOXMR�GH�
FRUULHQWH�D~Q�SRU�ODV�HVSLUDV�GHO�URWRU��TXH�LQIOXLUi�IXHUWHPHQWH�HQ�HO�GHVDUUROOR�GHO�SDU��HVWH�
SXQWR�VHUi�WUDWDGR�SRVWHULRUPHQWH��
(Q� OD� ]RQD���HV�XQ�SXQWR�GH� LQWHUpV�SURIXQGR��SRU�HO� KHFKR�GH�GHVDUUROODU�XQ�FRQWURO� TXH�
WRPH�HQ�FXHQWD�HVWD�FDUDFWHUtVWLFD�SDUWLFXODU�GHO�05$&��
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8Q�YDORU�LPSRUWDQWH�REWHQLGR�HQ�OD�VLPXODFLyQ��HV�HO�YDORU�SLFR�GH�OD�FRUULHQWH�TXH�VH�REWLHQH�
\�HQ�HVWH�FDVR�UHVXOWD�VHU�GH������>$@��GDGR�ODV�FDUDFWHUtVWLFDV�SURSLDV�GHO�PRWRU�VLPXODGR��
�
������3$5�
$�FRQWLQXDFLyQ�PRVWUDUHPRV�OD�ILJXUD�����REWHQLGD�SDUD�HO�SDU�GHO�05$&�VLPXODGR�
(VWD�FXUYD�HVWD�GHWHUPLQDGD�SRU�ODV�HFXDFLRQHV�GH�PRWRU�GHWHUPLQDGDV�DQWHULRUPHQWH�\�TXH�
VH�HQFXHQWUDQ�OLVWDGDV�HQ�ORV�SURJUDPDV�GH�0$7/$%��
/D�FXUYD�REWHQLGD� IXH�VRPHWLGD�D�FRPSDUDFLyQ�FRQ�RWURV� WLSRV�GH�VLPXODGRUHV�� UHVXOWDQGR�
VHU�SDUHFLGD�HQ�OD�IRUPD�REWHQLGD��
/RV�SDUiPHWURV�GHVFULWRV�SRU�OD�JUiILFD��HQ�HO�HMH��;��UHSUHVHQWD�WLHPSR�>V@��\�HQ�HO�HMH��<��VH�
SUHVHQWD�1HZWRQ�PHWUR�>1P@�

�
),*85$�����3$5�2%7(1,'2�'(/�05$&�

�
$�FRQWLQXDFLyQ�VH�PXHVWUD�XQ�DFHUFDPLHQWR�GH�OD�FXUYD�DQWHULRU�TXH�VH�SXHGH�DSUHFLDU�HQ�HO�
ILJXUD�������
�
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���������������������=21$��������������������������=21$����������������������������������������=21$���
�
(QWUDGD�HQ�IXQFLRQDPLHQWR�����������������0RPHQWR�GH�DSDJDGR���������������7LHPSR�GHVSXpV�
'HO�FRQPXWDGRU������������������������������������GHO�FRQPXWDGRU��������������������������GHO�DSDJDGR��
�
&RPR� VH�SXHGH�REVHUYDUHQ� OD� ]RQD���� HV� HO�PRPHQWR� HQ� TXH� VH� HQFXHQWUD� HQFHQGLGR� HO�
FRQPXWDGRU��\�OD�IRUPD�GH�RQGD�HV�XQ�SRFR�GLVWRUVLRQDGD�GH�OD�IRUPD�WHyULFD�R�HVSHUDGD��
(Q�OD�]RQD���HV�HO�PRPHQWR�HQ�TXH�VH�SUHVHQWD�HO�DSDJDGR�GHO�FRQPXWDGRU��\�WDO�FRPR�VH�
HVSHUDED�� VH� SUHVHQWD� XQ� FDPELR� LPSRUWDQWH� HQ� OD� WHQGHQFLD� GH� OD� FXUYD� TXH� GHVFULEH� HO�
FRPSRUWDPLHQWR�GHO�SDU��
/D� ]RQD� �� HV� SRVLEOHPHQWH� OD� PiV� LPSRUWDQWH� GH� HVWH� SXQWR�� GDGR� TXH� FRPR� VH� SXHGH�
REVHUYDU�� VH� SUHVHQWD� XQ� SDU� HQ� VHQWLGR� FRQWUDULR�� XQ� WLHPSR� GHVSXpV� GH� VHU� DSDJDGR� HO�
FRQPXWDGRU��HVWR�LQIOX\H�IXHUWHPHQWH�HQ�HO�GHVDUUROOR�\�IXQFLRQDPLHQWR�GHO�05$&��GDGR�TXH�
HVWR�KDFH�TXH�HO�PRWRU�XQD�YH]�DSDJDGR�OD�IDVH�TXH�OR�DOLPHQWH��HO�URWRU� WLHQGH�D�JLUDU�HQ�
VHQWLGR�FRQWUDULR�DO�JLUR�QDWXUDO�GH�IXQFLRQDPLHQWR��HVWR�GHELGR�D� OD�SUHVHQFLD�GH�FRUULHQWH�
HQ�ORV�GHYDQDGRV�GHO�HVWDWRU��XQ�WLHPSR�GHVSXpV�GH�VHU�DSDJDGR�HO�FRQPXWDGRU��
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(VWH� ]RQD� HV� XQ� SXQWR� GH� UHOHYDQWH� LPSRUWDQFLD� SDUD� VHU� GHVDUUROODGD� SRU� HO� FRQWURODGRU��
GDGR�TXH�HVWH�FRPSRUWDPLHQWR�KDFH�TXH�HO�05$&�EDMH�VX�UHQGLPLHQWR�\�RSHUDFLyQ��
�
������9(/2&,'$'�
�
$�FRQWLQXDFLyQ�VH�PXHVWUD�HQ�OD�ILJXUD������HO�UHVXOWDGR�GH�OD�VLPXODFLyQ�SDUD�OD�YHORFLGDG�
TXH�HO�05$&��SUHVHQWD��
&RPR� VH� SRGUi� REVHUYDU�� OD� FXUYD� HV� FDUDFWHUtVWLFD� GHO� PRWRU� TXH� VH� KD� VLPXODGR�� HVWR�
TXLHUH�GHFLU�TXH�HVWD�GHWHUPLQDGD�HQ�EDVH�D�ORV�GDWRV�FDUJDGRV�SUHYLDPHQWH��
/D� FXUYD� TXH� D� FRQWLQXDFLyQ� VH� SUHVHQWD�� IXH� GLVFXWLGD� \� FRPSDUDGD� HQ� GHWDOOH� FRQ� ODV�
FXUYDV� REWHQLGD� HQ� RWUDV� VLPXODFLRQHV�� GDQGR� FRPR� UHVXOWDGR� YDORUHV� FRLQFLGHQWHV� \�
VHPHMDQWHV��WDO�FRPR�VH�HVSHUDED��
(Q�HO�HMH��;��VH�SUHVHQWD�VHJXQGRV�>V@��\�HQ�HO�HMH��<��VH�SUHVHQWD�5DGLDQHV�VHJXQGR�>UDG�V@�
�

�
),*85$������9(/2&,'$'�'(/�05$&��

$�FRQWLQXDFLyQ�VH�PXHVWUD�HQ�OD�ILJXUD������XQ�DFHUFDPLHQWR�GH�OD�FXUYD�DQWHULRU��
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� � �����=21$�� � � � =21$�������������������������=21$���
6H�SUHVHQWD�HO�FRPLHQ]R�� �����6H�SUHVHQWD�HO�DSDJDGR�������8Q�WLHPSR�GHVSXpV�GH�DSDJDGR�
GH�OD�FRQPXWDFLyQ� � � GHO�FRQPXWDGRU���������������������GHO�FRQPXWDGRU��
�
/D� ]RQD� �� UHSUHVHQWD� HO� WLHPSR� HQ� TXH� HO� FRQPXWDGRU� VH� HQFLHQGH� \� VH� HPSLH]D� HO�
IXQFLRQDPLHQWR�GHO�PRWRU��FRPR�VH�REVHUYD�OD�IRUPD�HQ�FRPR�VH�FRPSRUWD�OD�YHORFLGDG�TXH�
GHVDUUROOR�HO�PRWRU�HQ�IXQFLyQ�GHO�WLHPSR��
/D� ]RQD� �� UHSUHVHQWD� HO� PRPHQWR� HQ� TXH� VH� DSDJD� HO� FRQPXWDGRU�� \� FRPR� VH� SXHGH�
REVHUYDU�H[LVWH�XQD�YDULDFLyQ�HQ� OD� WHQGHQFLD�TXH� OD�FXUYD�SUHVHQWD�� OR�PiV� LPSRUWDQWH�HV�
REVHUYDU�TXH�ORV�HIHFWRV�GH�OD�FRUULHQWH�LQIOX\HQ�HQ�HO�GHVDUUROOR�GH�OD�YHORFLGDG�GHO�PRWRU��
HVWR� HVWD� PRVWUDGR� HQ� OD� IRUPD� HQ� FRPR� YDUtD� OD� YHORFLGDG� HQ� HO� PRPHQWR� HQ� TXH� HV�
DSDJDGR�HO�FRQPXWDGRU��]RQD����\�HVWR�GHWHUPLQD�FODUDPHQWH�HQ�HO�GHVDUUROOR�GHO�PRWRU��
(VWD� IRUPD�GH� FRPSRUWDPLHQWR�HV�XQ� UHIOHMR�GH� OR� VXFHGLGR� FRQ� OD� FRUULHQWH� \�SDU� TXH� VH�
FRPHQWy�DQWHULRUPHQWH��
�
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/R�PiV�LPSRUWDQWH�TXH�VH�SXHGH�REWHQHU�GH�OD�FXUYD�DQWHULRU��HV�SRGHU�YHU�TXH�HO�PRWRU�TXH�
VH� GHWHUPLQy� FRQ� ODV� FDUDFWHUtVWLFDV� SURSXHVWDV� SXHGH� GHVDUUROODU� XQD� YHORFLGDG� GH� ����
>UDG�VHJ@�� TXH�HV�XQ�SXQWR� LPSRUWDQWH�HQ�HO�GHVDUUROOR�GH� OD� FDUDFWHUL]DFLyQ�GHO�05$&�HQ�
HVWXGLR��
�
����&$5$&7(5,=$&,Ï1�'(/�05$&�
�
(Q�HVWD�VHFFLyQ��VH�UHDOL]D� OD�FDUDFWHUL]DFLyQ�GHO�05$&�TXH�VH�HVWi�HVWXGLDQGR��HVWR�FRQ�
D\XGD� GH� ORV� SDUiPHWURV� GHWHUPLQDGRV� DQWHV� GH� OD� VLPXODFLyQ�� DGHPiV� GH� ORV� UHVXOWDGRV�
REWHQLGRV�GH�OD�VLPXODFLyQ��$�FRQWLQXDFLyQ�VH�KDFH�XQD�FRPSDUDFLyQ�GH�ODV�FDUDFWHUtVWLFDV�
TXH�ORV�05$&�SUHVHQWDQ�HQ�FRPSDUDFLyQ�FRQ�PRWRUHV�GH�ODV�PLVPDV�GLPHQVLRQHV��SHUR�GH�
GLIHUHQWHV�WLSRV��FDWHJRUtDV���
�
������2%7(1&,Ï1�'(�/$�327(1&,$�'(/�05$&��
�
&RQ�ORV�YDORUHV�REWHQLGRV�SRGUHPRV�LQIHULU�ORV�YDORUHV�FDUDFWHUtVWLFRV�SURSLRV�GHO�05$&�TXH�
VLPXODPRV��
3ULPHUR�REWHQGUHPRV�OD�SRWHQFLD�GHO�05$&��
8WLOL]DUHPRV�OD�IRUPXOD�TXH�SURSRUFLRQD�OD�SRWHQFLD�HQ�HO�HMH�GH�FDGD�PRWRU��
�

�������� VUDGP1:$773 ωτ= �
&RQ�ORV�YDORUHV�REWHQLGRV�HQ�OD�VLPXODFLyQ�REWHQHPRV��

�������������� VUDGP1:$773 = �
&RQ�OR�TXH�REWHQHPRV�3 �������>:@�

�
4XH�UHSUHVHQWD�3 ����>N:@��

�
7DPELpQ�SRGHPRV�UHSUHVHQWDU�OD�SRWHQFLD�GHO�PRWRU�HQ�+3��FDEDOORV�GH�SRWHQFLD���FRPR�VH�
PXHVWUD�D�FRQWLQXDFLyQ��
�

6DEHPRV�TXH���+3 �������>:@�
&RQ�OR�DQWHULRU�WHQHPRV�

3 ����>N:@ ������+3��
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&RQ�ORV�GDWRV�DQWHULRUHV�SRGUHPRV�FRQVWUXLU�OD�VLJXLHQWH�WDEOD�GH�FDUDFWHUL]DFLyQ��
�

7$%/$�1R���&$5$&(75,=$&,Ï1�'(/�05$&�6,08/$'2�
3$5$0(752� 9$/25� 81,'$'(6�

180(52�'(�)$6(6�(1�(/�
(67$725�

�� �����������

180(52�'(�)$6(6�(1�(/�
52725�

�� �����������

0$;,0$�,1'8&7$1&,$� ���� >+@�
0,1,0$�,1'8&7$1&,$� ����� >+@�

92/7$-(�'(�$/,0(17$&,Ï1� ���� >9@�
&255,(17(�'(�)$6(� ����� >$@�

9(/2&,'$'� �����
����

>U�S�P@�
>UDG�V@�

3$5� ���� >1�P@�
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PRPHQWR�GH� LQHUFLD�SHTXHxR��HVWR�HV�GHELGR�D�TXH�HO� URWRU�HVWD�KHFKR�GH�XQD�VROD�SLH]D�
PHWiOLFD�TXH�WLHQH�DXVHQFLD�GH�PDVD�HQ�ORV�KXHFRV�GH�ORV�GLHQWHV�GHO�URWRU��
&RQ� OR� DQWHULRU� VH� SXHGH� REVHUYDU� TXH� HO� URWRU� HVWi� KHFKR� ~QLFDPHQWH� SRU� HO� HMH� \� XQ�
FRQMXQWR�GH�FKDSDV�R�SRORV�VDOLHQWHV���QR�SRVHH�QLQJ~Q�ERELQDGR�HQ�HVWD�SDUWH���
(Q� OD� VLJXLHQWH� WDEOD� �� SRGUHPRV� REVHUYDU� OD� FRPSDUDFLyQ� GH� PRPHQWRV� GH� LQHUFLD� GH�
GLVWLQWRV�PRWRUHV� HOpFWULFRV� GH� SURSRUFLRQHV� VHPHMDQWHV�� (Q� HVWH� FDVR� KDEODUHPRV� GH� XQ�
PRWRU� DVLQFURQR� QRUPDO�� XQ� PRWRU� DVLQFURQR� RSWLPL]DGR� \� QXHVWUR� PRWRU� GH� UHOXFWDQFLD�
DFFLRQDGR�SRU�FRQPXWDFLyQ��
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(Q� OD� ILJXUD� ����� VH� UHSUHVHQWD� HO� Pi[LPR� SDU� PRWRU� SHUPLWLGR� HQ� UpJLPHQ� SHUPDQHQWH��
UHIHULGR�UHVSHFWR�DO�PRPHQWR�GH�LQHUFLD�HQ�XQ�LQWHUYDOR�GH�UHYROXFLRQHV�GHVGH���KDVWD������
U�S�P��
(O� PRWRU� GH� UHOXFWDQFLD� DFFLRQDGR� SRU� FRQPXWDFLyQ� VH� SUHVHQWD� FRQ� ORV� SDUiPHWURV�
LQLFLDOPHQWH�GHVWLQDGRV�SDUD�OD�VLPXODFLyQ��
6L� QRV� EDVDPRV� HQ� OD� FXUYD� FDUDFWHUtVWLFD� SDU�YHORFLGDG� DQWHULRUPHQWH� GHVFULWD� SRGUHPRV�
FRQVWUXLU�OD�FXUYD�SURSLD�GHO�PRWRU�05$&�VLPXODGR��
/DV�OtQHDV�FDUDFWHUtVWLFDV�\�ORV�YDORUHV�GH�ORV�PRWRUHV�DVtQFURQRV�KDQ�VLGR�WRPDGRV�GH�ODV�
KRMDV� GH� GDWRV� >�@� \� >�@� SURSRUFLRQDGRV� YtD� H�PDLO� SRU� JUXSRV� GH� LQYHVWLJDFLyQ� GH� ORV�
IDEULFDQWHV��(O�YROXPHQ��GLPHQVLRQHV�H[WHUQDV�\�HO� WDPDxR�GHO� URWRU�VRQ�HQ�VXV�GLIHUHQWHV�
FDUDFWHUtVWLFDV�VHPHMDQWHV��
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8Q� SXQWR� LPSRUWDQWH� GHQWUR� GHO� HVWXGLR� GH� ORV� PRWRUHV� HOpFWULFRV�� HV� HO� SRGHU� VDEHU� HO�
FRQVXPR�GH�HQHUJtD�HOpFWULFD�TXH�HVWRV�WLHQHQ��FRPR�VH�SUHVHQWD�PiV�DGHODQWH��VH�UHDOL]D�
XQD� FRPSDUDFLyQ� HQWUH� ORV� PRWRUHV� HOpFWULFRV� PiV� FRPXQHV� FRQ� UHVSHFWR� DO� 05$&�
VLPXODGR�� FRPR� VH� SRGUi� FRPSUHQGHU�� OD� FRPSDUDFLyQ� HQWUH� PRWRUHV� HV�PX\� GLItFLO�� HVWR�
GHELGR�D�TXH�H[LVWH�XQD�GLIHUHQFLD�LPSRUWDQWH�HQWUH�WHFQRORJtDV�\�IRUPDV�GH�IXQFLRQDPLHQWR��
SHUR�OD�LGHD�SULQFLSDO�GH�HVWH�SXQWR�HV�SRGHU�YLVXDOL]DU�HQ�IRUPD�JHQHUDO�HO�FRPSRUWDPLHQWR�
GH�FRQVXPR�HQHUJpWLFR�HQWUH�GLYHUVRV�HTXLSRV�GH�VLPLODUHV�FDUDFWHUtVWLFDV��HQ�HVWH�FDVR�VH�
EDVD�SULQFLSDOPHQWH�HQ�OD�SRWHQFLD�GH�ORV�PRWRUHV��
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HQ�OD�WDEOD�\�TXH�VH�SUHVHQWD�HQ�OD�ILJXUD�������
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3DUD�REWHQHU�HVWD�FRPSDUDFLyQ�VH�XWLOL]y� ODV� WDULIDV�TXH�&)(��QRV�EULQGD�HQ�VXV�VHUYLFLRV��
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&RPR�VH�REVHUYD�HO�DKRUUR�TXH�VH�REWLHQH�FRQ�HO�XVR�GH�05$&��HV�VLJQLILFDWLYR��FHUFD�GH�
��������DxR�\���������DxR�GHSHQGLHQGR�GHO� WLSR�GH�PRWRU�D�XWLOL]DU�� HO� FXDO� ORV�KDFH�XQD�
KHUUDPLHQWD�LQWHUHVDQWH�SDUD�SRGHU�DKRUUDU�HQHUJtD�HOpFWULFD��
,QYHVWLJDQGR� PiV� VREUH� OD� LPSOHPHQWDFLyQ� GH� ORV� 05$&� HQ� ORV� VLVWHPDV� GLUHFWDPHQWH�
SURGXFWLYRV��FRPR�VH�KD�PHQFLRQDGR�DQWHULRUPHQWH��ODV�ODYDGRUDV�1(3781(�GH�0$<7$*�
PRGHOR�0$+����� �� SUHVHQWDQ� XQ� DKRUUR� VLJQLILFDWLYR� GH� HQHUJtD� HOpFWULFD�� HVWR� GHELGR� HQ�
PD\RU�PHGLGD�DO�PRWRU�05$&�DFWXDQWH��
(O�DKRUUR�TXH�SUHVHQWDQ�HV�FRQVLGHUDEOH��SRU�OR�DQWHULRU�HQ�ORV�HVWiQGDUHV�SDUD�HO�DKRUUR�GH�
HQHUJtD� GHO� JRELHUQR�GH� ORV�(VWDGRV�8QLGRV� GH�$PpULFD�� SUHVHQWD� D� HO�PRGHOR�0$+�����
FRPR�XQR�GH�ORV�TXH�PiV�DKRUUD�HQ�VX�FDWHJRUtD��
$�FRQWLQXDFLyQ�HQ�OD�ILJXUD�������VH�SUHVHQWD�OD�KRMD�GH�HVSHFLILFDFLyQ�GH�DKRUUR�GH�HQHUJtD�
TXH�VH�REWXYR�JUDFLDV�DO�GHSDUWDPHQWR�GH�FRPHUFLDOL]DFLyQ�GH� OD�HPSUHVD�0$<7$*��HVWR�
YtD�H�PDLO��
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&RPR� VDEHPRV� ORV� HVWiQGDUHV� PHQFLRQDGRV� DQWHULRUPHQWH�� SUHVHQWDQ� XQD� VHULH� GH�
QRUPDOL]DFLRQHV�D�VHJXLU��HVWR�SDUD�HO�FDVR�GH�HO�JRELHUQR�GH�ORV�(8$��
3DUD� HO� FDVR� GH� 0p[LFR� VXSRQHPRV� TXH� OD� QRUPDOL]DFLyQ� GHEH� GH� VHU� VLQ� JUDQGHV�
YDULDFLRQHV�� \� HVWR� HVWD� UHSUHVHQWDGR� SRU� OD� 1250$� 2ILFLDO� 0H[LFDQD� 120�����(1(5�
����� � >��@��(ILFLHQFLD�HQHUJpWLFD�GH� ODYDGRUDV�GH� URSD�HOHFWURGRPHVWLFDV��/tPLWHV��PpWRGR�
GH�SUXHED�\�HWLTXHWDGR��TXH�VH�SUHVHQWD�FRPR�PDWHULDO�DQH[R�D�HVWH�WUDEDMR��
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&RQ�OD�FRPSDUDFLyQ�DQWHULRUPHQWH�KHFKD��QRV�PXHVWUD�OD�YHQWDMD�TXH�� ORV�05$&�SUHVHQWD�
FRQ�UHVSHFWR�D�PRWRUHV�GH�VLPLODUHV�FDUDFWHUtVWLFDV��HVWR�QRV�OOHYD�D�SHQVDU�HQ�OR�VLJXLHQWH�
¢/RV�05$&�VRQ�LJXDOPHQWH�HFRQyPLFRV�HQ�VX�IDEULFDFLyQ"��
(Q�SULPHUD�LQVWDQFLD�QRV�EULQFD�D�OD�YLVWD�SHQVDU�TXH�Vt��SHUR�FRQ�OD�VLJXLHQWH�FRPSDUDFLyQ�
GDUi�XQD�UHVSXHVWD�FRQYLQFHQWH�D��OD�SUHJXQWD�KHFKD��
/D� LQYHVWLJDFLyQ� TXH� VH� UHDOL]y�� VH� EDVy� SULQFLSDOPHQWH�� HQ� OD� FRQVXOWD� GH� SUHFLRV� GH�
PRWRUHV�HOpFWULFRV�PRQRIiVLFRV�WDQWR�GH�&$��FRPR�GH�&'��ORV�GDWRV�REWHQLGRV�VRQ�SDUD�XVR�
GH� PHQXGHR� H[FOXVLYDPHQWH�� \� VH� UHDOL]y� FRQ� ODV� SULQFLSDOHV� GLVWULEXLGRUDV� GH� HTXLSR� \�
PRWRUHV�HOpFWULFRV�\�UHVXOWDGRV�REWHQLGRV�VH�SUHVHQWDQ�HQ�OD�WDEOD���
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&RPR�VH�SXHGH�REVHUYDU��HO�FRVWR�GHO�05$&�HV�PHQRU�DO�PRWRU�GH�FRUULHQWH�FRQWLQXD��SHUR�
HV�PiV�FDUR�TXH�HO�PRWRU�GH�FRUULHQWH�DOWHUQD��HVWR�QRV�KDFH�SHQVDU�¢5HDOPHQWH�ORV�05$&�
WLHQH�XQ�PD\RU�FRVWR"��FRQ�OD�LQIRUPDFLyQ�DQWHULRUPHQWH�PRVWUDGD��QRV�KDUtD�SHQVDU�TXH�Vt��
SHUR� KD\� TXH� UHVDOWDU�� TXH� OD� HPSUHVD� TXH� ORV� IDEULFD� �(0(5621��� LQFOX\H� XQ� YDORU�
DJUHJDGR�HVWR�GHELGR�DO�GHVDUUROOR�GH�WHFQRORJtD�TXH�KDQ�GHVDUUROODGR�FRQ�ORV�05$&��
3DUD�SRGHU�HMHPSOLILFDU�OR�DQWHULRU��SRQGUHPRV�FRPR�HMHPSOR�DSDUDWRV�HOHFWUyQLFRV�DFWXDOHV��
WDO�HV�HO�FDVR�GH�ORV�WHOHYLVRUHV�GH�SDQWDOOD�SODQD��DO�SULQFLSLR�HQ�VX�LQWURGXFFLyQ��ORV�SUHFLRV�
HUDQ�VXPDPHQWH�HOHYDGRV�SDUD�ORV�FRQVXPLGRUHV�ILQDOHV��FRQ�HO�WLHPSR�\�OD�FRPSHWHQFLD�ORV�
SUHFLRV� VH� KDQ� LGR� EDMDQGR� FRQVLGHUDEOHPHQWH� SDUD� VX� DGTXLVLFLyQ�� WDO� HV� HO� FDVR� GH� ORV�
05$&��TXH�VH�REVHUYD�TXH�HO�SUHFLR�HV�HOHYDGR�SHUR�FRQ�HO�WLHPSR�HVSHUDPRV�TXH�HO�FRVWR�
EDMH��
�
������(67,0$&,21�'(�0$18)$&785$��
�
&RQ� OR� GHVFULWR� DQWHULRUPHQWH�� VH� UHDOL]y� XQD� VHQFLOOD� HVWLPDFLyQ� GH� PDQXIDFWXUD� GH� XQ�
05$&�GH�FDUDFWHUtVWLFDV�VLPLODUHV�DO�GHVFULWR�HQ�OD�VLPXODFLyQ��
/D� LQYHVWLJDFLyQ�VH� OOHYR�D�FDER�SHQVDQGR�HQ� OXJDUHV�TXH�VLUYLHUDQ�SDUD�HVWH� ILQ��FRPR�HO�
FDVR�GH�FDVDV�GH�HPERELQDGRV�GH�PRWRUHV�HOpFWULFRV��KHUUHUtD��VHPL�HVSHFLDOL]DGD���
/RV� GDWRV�PHQFLRQDGRV� HQ� OD� WDEOD� ��� SXHGHQ� UHSUHVHQWDU� DPSOLDV� YDULDFLRQHV�� GHELGR� DO�
GLVHxR�\�WDOOHU�GH�IDEULFDFLyQ��
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SUHFLR�SURSRUFLRQDGR�SRU�WDOOHU�GH�HPERELQDGRV�GH�PRWRUHV�DO�VXU�GH�OD�FLXGDG�GH�0p[LFR�


SUHFLR�SURSRUFLRQDGR�SRU�XQ�WDOOHU�GH�KHUUHUtD�DO�VXU�GH�OD�FLXGDG�GH�0p[LFR��
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�
&RPR�VH�SXHGH�REVHUYDU��OD�HODERUDFLyQ�DUWHVDQDO�GH�XQ�05$&�HV�PX\�HFRQyPLFD�\�YLDEOH�
SDUD�SRGHU�HPSH]DU�D�GHVDUUROODU�DOJ~Q�WLSR�GH�LQYHVWLJDFLyQ�HQ�QXHVWUR�SDtV��
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�
(Q�OD�DFWXDOLGDG�QR�VH�GLVSRQH�GH�XQ�HVWXGLR�SURIXQGR�HQ�QXHVWUR�SDtV�VREUH�HO�
WHPD�GH�ORV�0RWRUHV�GH�5HOXFWDQFLD�DFFLRQDGRV�SRU�&RQPXWDFLyQ��05$&���SRU�
OR� TXH� HVWH� WUDEDMR� GH� WHVLV� DSRUWD� XQ� HVWXGLR� SDUFLDO� D� SDUWLU� GH� WUDEDMRV�
SUHYLRV�� H[SHULHQFLDV� DGHPiV� GH� RSLQLRQHV� TXH� LQYHVWLJDGRUHV� \� JUXSRV�
FRUSRUDWLYRV�LQWHUQDFLRQDOHV�HVSHFLDOL]DGRV�HQ�HO�UDPR�QRV�SXGLHURQ�EULQGDU��
�
(O� HVWXGLR�GH� ORV�0RWRUHV�GH� UHOXFWDQFLD�DFFLRQDGR�SRU� FRQPXWDFLyQ� �05$&��
TXH� VH� OOHYR� D� DFDER� HQ� EDVH� D� XQD� VLPXODFLyQ� GLJLWDO� HVWUXFWXUDGD� HQ� HO�
OHQJXDMH� GH� SURJUDPDFLyQ� 0DWODE� \� VLPXODGR� FRQ� 6LPXOLQN�� QRV� EULQGD� OD�
LQIRUPDFLyQ�FRQ�OD�FXDO�SRGHPRV�FRQFOXLU�OR�VLJXLHQWH��
�
'HELGR�D� OD� VLPSOLFLGDG� ItVLFD�GH� OD�PiTXLQD��HO�PRPHQWR�GH� LQHUFLD�GH� URWRU��
SUHVHQWD�XQD�GLVPLQXFLyQ�GHO�����FRQ�UHVSHFWR�D�RWURV�PRWRUHV�GH�WHFQRORJtDV�
FRQYHQFLRQDOHV�GH�VLPLODUHV�FDUDFWHUtVWLFDV�\�GLPHQVLRQHV��
&RPR� VH� SXHGH� FRQFOXLU� HO� PRWRU� GH� UHOXFWDQFLD� DFFLRQDGR� SRU� FRQPXWDFLyQ�
�05$&��SUHVHQWD�XQ�SHTXHxR�PRPHQWR�GH�LQHUFLD��HVWR�GHELGR�D�TXH�HO�URWRU�
HVWD� KHFKR� GH� XQD� VROD� SLH]D� PHWiOLFD� TXH� WLHQH� DXVHQFLD� GH� PDVD� HQ� ORV�
KXHFRV�GHO�URWRU��
(VWR� UHSHUFXWLUi� GLUHFWDPHQWH� HQ� HO� FRVWR� GH� IDEULFDFLyQ� TXH� HV� XQ� SXQWR� GH�
VXPD�LPSRUWDQFLD�HQ�OD�VHOHFFLyQ�GH�XQ�PRWRU��
�
$KRUUR�HQ�HO� FRQVXPR�GH�HQHUJtD�HOpFWULFD�GHO� ����HQ� FRQVXPRV�SURPHGLRV�
FRQ�UHVSHFWR�D�WHFQRORJtDV�GH�PRWRUHV�FRQYHQFLRQDOHV�XWLOL]DGRV�DFWXDOPHQWH��
(O� DKRUUR� GH� HQHUJtD� HOpFWULFD� DQWHULRUPHQWH� PHQFLRQDGR�� HV� XQD� VHxDO�
LPSRUWDQWH� SDUD� YROWHDU� OD� PLUDGD� D� HVWH� WLSR� GH� WHFQRORJtD�� \� EULQGDU� OD�
RSRUWXQLGDG�GH�SRGHUVH�GHVDUUROODU�\�GHPRVWUDU�VXV�EHQHILFLRV��
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�
$KRUUR� HQ� OD� FRQVWUXFFLyQ� GH� ORV� PRWRUHV� GH� UHOXFWDQFLD� DFFLRQDGRV� SRU�
FRQPXWDFLyQ� �05$&�� GHO� RUGHQ� GHO� ���� FRQ� UHVSHFWR� D� RWUDV� WHFQRORJtDV�
FRQYHQFLRQDOHV�IXQFLRQDQGR�DFWXDOPHQWH��
�
&RQ� OD� LQIRUPDFLyQ�DQWHULRU�REWHQHPRV�XQ�SDQRUDPD�FRPSOHWR�GH� ODV�YLUWXGHV�
TXH�ORV�05$&�QRV�SXHGHQ�EULQGDU��\�FRPR�VH�SXHGH�REVHUYDU��VXV�EHQHILFLRV�
VRQ�SRWHQFLDOPHQWH�~WLOHV�SDUD�HO�GHVDUUROOR�\�HFRQRPtD�GH�FXDOTXLHU�SURFHVR�
HQ�GRQGH�VHDQ�UHTXHULGRV��
�
,QYHVWLJDQGR� VREUH� HVWH� SXQWR�� SXGLPRV� HQFRQWUDU� TXH� HQ� HO� VHFWRU� LQGXVWULDO�
�SURGXFWLYR�FRPHUFLDO��H[LVWH�DFWXDOPHQWH�HO�GHVDUUROOR�SRU�SDUWH�GH�OD�HPSUHVD�
(0(5621� GHO� �05$&��� HVWR� HQ� HVWXGLRV� H� LPSOHPHQWDFLRQHV� D� SURGXFWRV�
HOHFWURGRPpVWLFRV�� WDO� HV� HO� FDVR� GH� OD� ODYDGRUD� GH� URSD� PDUFD� 0$<7$*�
PRGHOR�0$+�������
�
&RPR� VH� SXHGH� REVHUYDU� ORV� PRWRUHV� GH� UHOXFWDQFLD� DFFLRQDGRV� SRU�
FRQPXWDFLyQ��05$&��VRQ�KR\�XQD�UHDOLGDG�\�DFWXDOPHQWH�HV�XQD�RSFLyQ��TXH�
UHVSRQGH�D�OD�QHFHVLGDG�GH�DKRUUDU�\�XVDU�HILFLHQWHPHQWH�OD�HQHUJtD�HOpFWULFD��
FRQ�HO�ILQ�SULPRUGLDO�GH�DEDWLU�HPLVLRQHV�FRQWDPLQDQWHV�D�OD�DWPyVIHUD�\�SRGHU�
SURORQJDU�OD�YLGD�GH�ORV�UHFXUVRV�QR�UHQRYDEOHV��
�
�
(Q�OD�VHFFLyQ�GH�UHFRPHQGDFLRQHV��SRGUHPRV�PHQFLRQDU�ODV�VLJXLHQWHV��
�
6H� UHFRPLHQGD�XQ�HVWXGLR�GHWDOODGR�VREUH� ORV�VLVWHPDV�GH�FRQWURO�TXH�VLUYDQ�
SDUD�ORV�05$&�GDGR�TXH�HVWH�WHPD�HV�DFWXDOPHQWH�OD�PD\RU�OLPLWDQWH�SDUD�HO�
GHVDUUROOR�GH�HVWD�GLYLVLyQ�GH�PiTXLQDV�HOpFWULFDV��
�
(VSHUDPRV�TXH�FRQ� ORV� UHVXOWDGRV�REWHQLGRV�HQ�HVWH� WUDEDMR�GH� WHVLV�DEUD� OD�
SXHUWD�SDUD�TXH�JHQWH�R�JUXSRV�GH�LQYHVWLJDFLyQ�GH�0p[LFR��HVSHFLDOPHQWH�OD��
�
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�
81$0��VH�LQWHUHVHQ�SRU�HO�HVWXGLR�\�GHVDUUROOR�GH�HVWD�QDFLHQWH�\�SURPHWHGRUD�
WHFQRORJtD��
�
�
6H� UHFRPLHQGD� OD� FRQVWUXFFLyQ� ItVLFD� GH� XQ� 05$&�� SDUD� FRPSDUDU� ORV�
UHVXOWDGRV��GHO�PRGHOR�ItVLFR�FRQWUD�ORV�UHVXOWDGRV�REWHQLGRV�HQ�HVWH�WUDEDMR�GH�
WHVLV� \� DVt� SRGHU� PHMRU� FRPSUHQGHU� ODV� ERQGDGHV� \� UHVWULFFLRQHV�� TXH� HVWD�
GLYLVLyQ�GH�PiTXLQDV�HOpFWULFDV�SUHVHQWD��
�
�
�
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�
>�@� %XFNOH\� *HRUJH�:�� � �6ZLWFKHG� 5HOXFWDQFH� 0RWRU��� (PHUVRQ� (OHFWULF� &R�� 6W�� /RXLV��
0LVVRXUL������
�
>�@�&DWiORJR��7UDFFLyQ�HOpFWULFD��6LHPHQV�$*��
�
>�@� &�5�� (OOLRW�� -�0�� 6WHSKHQVRQ� HW� 0�/�� 0F&OHOODQG�� �$GYDQFHV� LQ� VZLWFKHG� UHOXFWDQFH�
GULYH�V\VWHPV�G\QDPLF�VLPXODWLRQ���3URF�RI�(3(��������9RO���
�
>�@�&KDSPDQ��6WHSKHQ�-���0iTXLQDV�(OpFWULFDV��0F*UDZ�+LOO��6HJXQGD�(GLFLyQ��&RORPELD�
������
�
>�@�'L5HQ]R�0LFKDHO�7���7H[DV�,QVWUXPHQWV�����6ZLWFKHG�5HOXFWDQFH�0RWRU��&RQWURO���%DVLF�
2SHUDWLRQ�DQG�([DPSOH�8VLQJ�WKH�706���)�����635$���$��)HEUHUR�������
�
>�@�'XEURYVN\��+LOGD���7HFQRORJtD�GH�OD�HOHFWULFLGDG���&XUVR�ODWLQRDPHULFDQR�GH�SRVJUDGR�
HQ�HFRQRPtD��6DQ�&DUORV�GH�%DULORFKH��$UJHQWLQD�������
�
>�@� )UDQFHVFKLQL� *��� 3LUDQL� 6��� 5LQDOGL� 0��� 7DVVRQL� &��� �63,&(� DVVLVWHG� VLPXODWLRQ� RI�
FRQWUROOHG�HOHFWULF�GULYHV��DQ�DSOLFDWLRQ�WR�VZLWFKHG�UHOXFWDQFH�GULYHV���,(((�7UDQVDFWLRQ�RQ�
,QGXVWU\�$SSOLFDWLRQV��9RO��,$������1R�����1RY�'LF������
�
>�@�+RMD�GH�GDWRV��0RWRUHV�HOpFWULFRV��HQ�WUDFFLyQ�HOpFWULFD��(OEWDOZHUN�*PE+��
�
>�@�-�1DVFLPHQWR��/��5ROLP��3��+HLGULFK�HW�DO���'HVLJQ�DQG�VLPXODWLRQ�DVSHFWV�RI�D�VZLWFKHG�
UHOXFWDQFH�GULYH���3URF��RI����%UD]LOLDQ�3RZHU�&RQIHUHQFH��&2%(3�����
�
>��@� 0$18$/� 0$7/$%�� � YHU� ���� ����� �� ����� E\� 7KH� 0DWK:RUNV�� ,QF��
KWWS���ZZZ�PDWKZRUNV�FRP�
�
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>��@�0$18$/�6,08/,1.�'\QDPLF�6\VWHP�6LPXODWLRQ�IRU�0$7/$%��YHU�����������������
E\�7KH�0DWK:RUNV��,QF��KWWS���ZZZ�PDWKZRUNV�FRP�
�
>��@�1RUPD�2ILFLDO�0H[LFDQD�120�����6('(������� ,QVWDODFLRQHV�(OpFWULFDV� �XWLOL]DFLyQ���
'LDULR�2ILFLDO�GH�OD�)HGHUDFLyQ�����GH�DEULO�GH�������
�
>��@�1250$�2ILFLDO�0H[LFDQD�120�����(1(5�������(ILFLHQFLD�HQHUJpWLFD�GH� ODYDGRUDV�
GH� URSD�HOHFWURGRPpVWLFDV��/tPLWHV��PpWRGR�GH�SUXHED�\�HWLTXHWDGR��'LDULR�2ILFLDO�GH� OD�
)HGHUDFLyQ�HO����GH�VHSWLHPEUH�\����GH�RFWXEUH�GH�������UHVSHFWLYDPHQWH��
�
>��@�2�,FKLQRNXWD��7��2QGD��0��.LPXUD��7��:DWDQDEH��7��<DQDGD�DQG�+�-��*XR���$QDO\VLV�
RI� '\QDPLF� &KDUDFWHULVWLFV� RI� 6ZLWFKHG� 5HOXFWDQFH� 0RWRUV� %DVHG� RQ� 63,&(��� ,(((�
7UDQVDFWLRQV�RQ�0DJQHWLFV��9RO�����1R��������
�
>��@� 3�2�� 5DVPXVVHQ�� *�� $QGHUVHQ�� /�� +HOOH�� -�.�� 3HGHUVHQ�� )�� %ODDEMHUJ�� �6ZLWFKHG�
UHOXFWDQFH� 0RWRUV� GULYHV��� ,(((� 7UDQVDFWLRQ� RQ� ,QGXVWU\� $SSOLFDWLRQV�� ����� �$/%25*�
XQLYHUVLW\��'HQPDUN��
�
>��@� 6NYDUHQLQD�� :DV\QF]XN�� .UDXVH�� �6LPXODWLRQ� RI� D� 6ZLWFKHG� 5HOXFWDQFH�
*HQHUDWRU�0RUH�(OHFWULF�$LUFUDI�3RZHU�V\VWHP����3URF��RI������,(&(&��SDSHU�������
�
>��@�6WHSKHQ�-��)HGLJDQ��3K�'��DQG�&KDUOHV�3��&ROH��$�9DULDEOH�6SHHG�6HQVRUOHVV�'ULYH�
6\VWHP�IRU�6ZLWFKHG�5HOXFWDQFH�0RWRUV��7H[DV�,QVWUXPHQWV635$������2FWREHU������
�
>��@� 7pFQLFDV� GH� &RQVHUYDFLyQ� (QHUJpWLFD� HQ� OD� ,QGXVWULD�� �)XQGDPHQWRV� \� DKRUUR� HQ�
RSHUDFLRQHV���0LQLVWHULR�GH�,QGXVWULD�\�(QHUJtD��0DGULG�(VSDxD������
�
>��@�:ROII�-��6SDWK��+���6ZLWFKHG�UHOXFWDQFH�PRWRU�ZLWK����VWDWRU�SROHV�DQG����URWRU�WHHWK����
3URFHHGLQJ�RI�WKH��WK�(XURSHDQ�&RQIHUHQFH�RQ�3RZHU�(OHFWURQLFV�DQG�$SSOLFDWLRQV��9RO���
�����
�
>��@�;��5DGXQ���6ZLWFKHG�5HOXFWDQFH�6WVUWHU�*HQHUDWRU�0RGHOLQJ�5HVXOWV��� �3URF��RI�6$(�
$HURVSDFH�$WODQWLF�&RQIHUHQFH��������SDSHU��������
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6,08/$&,Ï1�'(�6,67(0$6�',1È0,&26�&21�0$7/$%�<�
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,1752'8&&,21��
�
0DWODE�HV�DO�PLVPR�WLHPSR�XQ�HQWRUQR�\�XQ�OHQJXDMH�GH�SURJUDPDFLyQ�TXH�MXQWR�D�
6LPXOLQN�UHSUHVHQWD�XQD�KHUUDPLHQWD�HOHPHQWDO�SDUD�HO�GHVDUUROOR�GH�XQD�VLPXODFLyQ�
GLQiPLFD��(VWH�DSHQGLFH�WLHQH�SRU�REMHWLYR�SULQFLSDO�LQWURGXFLU�DO�PRGHODGR�\�VLPXODFLyQ�GH�
VLVWHPDV�GLQiPLFRV�HPSOHDQGR�0DWODE�\�6LPXOLQN��
,QLFLDOPHQWH�VH�GHVDUUROODUi�OD�IRUPD�GH�WUDEDMR�GH�0DWODE�\�FRQVHFXHQWHPHQWH�OD�IRUPD�
HQ�FRPR�6LPXOLQN�UHDOL]D�VX�VLPXODFLyQ��



$3(1',&(�,�

� ���

3DUD�HO�FDVR�GH�0DWODE��SRGHPRV�IiFLOPHQWH�FUHDU�QXHVWUDV�SURSLDV�IXQFLRQHV�\�
SURJUDPDV�HVSHFLDOHV���FRQRFLGRV�FRPR�DUFKLYRV�0���HQ�FyGLJR�0DWODE��/RV�SRGHPRV�
DJUXSDU�HQ�7RROER[��FROHFFLyQ�HVSHFLDOL]DGD�GH�DUFKLYRV�0�SDUD�WUDEDMDU�HQ�FODVHV�
SDUWLFXODUHV�GH�SUREOHPDV��
/D�PDQHUD�PiV�IiFLO�GH�YLVXDOL]DU�0DWODE�HV�SHQVDU�HQ�pO�FRPR�HQ�XQD�FDOFXODGRUD�
WRWDOPHQWH�HTXLSDGD��DXQTXH��HQ�UHDOLGDG��RIUHFH�PXFKDV�PiV�FDUDFWHUtVWLFDV�\�HV�PXFKR�
PiV�YHUViWLO�TXH�FXDOTXLHU�FDOFXODGRUD��0DWODE�HV�XQD�KHUUDPLHQWD�SDUD�KDFHU�FiOFXORV�
PDWHPiWLFRV��(V�XQD�SODWDIRUPD�GH�GHVDUUROOR�GH�DSOLFDFLRQHV��GRQGH�FRQMXQWRV�GH�
KHUUDPLHQWDV�LQWHOLJHQWHV�FRPR�HV�HO�FDVR�GH�6LPXOLQN��QRV�D\XGD�SDUD�OD�UHVROXFLyQ�GH�
SUREOHPDV�HQ�iUHDV�GH�DSOLFDFLyQ�HVSHFtILFD�
�
(QWUH�ODV�GLYHUVDV�XWLOLGDGHV�TXH�0$7/$%�SUHVHQWD��VH�HQFXHQWUDQ��

9� &iOFXOR�PDWULFLDO�\�$OJHEUD�OLQHDO��
9� 3ROLQRPLRV�H�LQWHUSRODFLyQ��
9� 5HJUHVLyQ��
9� $MXVWH�GH�IXQFLRQHV��
9� (FXDFLRQHV�GLIHUHQFLDOHV�RUGLQDULDV��
9� ,QWHJUDFLyQ��
9� )XQFLRQHV��
9� *UiILFRV�EL�\�WULGLPHQVLRQDOHV��

�
0$7(0$7,&$�87,/,=$'$�325�0$7/$%���
$TXt�VH�PXHVWUD�HO�HQWRUQR�GH�WUDEDMR�FRQ�HO�FXDO�0DWODE�RSHUD��
�
9(&725(6�
3DUD�FUHDU�XQ�YHFWRU�ILOD�VH�XWLOL]DQ�FRUFKHWHV�GHQWUR�GH�ORV�FXDOHV�ORV�HOHPHQWRV�
GHEHQ�HVWDU�VHSDUDGRV�SRU�HVSDFLRV�R�FRPDV��

D� �>�����������������@�
0DWODE�UHWRUQD��

D� �
������������������

1RWD�GH�XWLOLGDG��VL�VH�GHVHD�TXH�OD�YDULDEOH�FUHDGD�QR�VH�PXHVWUH�HQ�SDQWDOOD��VH�
GHEH�HMHFXWDU�HO�FRPDQGR�FRQ�XQ���ILQDO��

D� �>�����������������@��



$3(1',&(�,�

� ���

�
0$75,&(6�
/D�FUHDFLyQ�GH�PDWULFHV�HQ�0DWODE�HV�VLPLODU�D�OD�GH�YHFWRUHV��GH�KHFKR�HVWRV�VRQ�
XQ�FDVR�SDUWLFXODU�GH�PDWULFHV���VyOR�TXH�FDGD�ILOD�GH�HOHPHQWRV�GHEH�VHSDUDUVH�FRQ�
XQ���R�UHWXUQ��

%� �>����������������������������@�
%� �
��������������
���������������
�����������
%� �>���������
��������
����������@�
%� �
��������
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�
0DWODE�QR�WLHQH�HQ�FXHQWD�ORV�HVSDFLRV��
(O�SXQWR�\�FRPD�DO�ILQDO�GH�OD�OtQHD�OH�GLFH�D�0DWODE�TXH�HYDO~H�OD�OtQHD��SHUR�TXH�QR�QRV�
GLJD�OD�UHVSXHVWD��
6L�OD�VHQWHQFLD�HV�GHPDVLDGR�ODUJD�SDUD�TXH�TXHSD�HQ�XQD�OtQHD��XQD�HOLSVLV�FRQVLVWHQWH�
HQ�WUHV�SXQWRV��������VHJXLGR�SRU�(QWHU�LQGLFD�TXH�OD�VHQWHQFLD�FRQWLQ~D�HQ�OD�OtQHD�
VLJXLHQWH��
�
2SHUDFLRQHV�FRQ�PDWULFHV�
0$7/$%�SXHGH�RSHUDU�FRQ�PDWULFHV�SRU�PHGLR�GH�RSHUDGRUHV�\�SRU�PHGLR�GH�
IXQFLRQHV��6H�KDQ�YLVWR�\D�ORV�RSHUDGRUHV�VXPD������SURGXFWR��
��\�WUDVSXHVWD��
���DVt�
FRPR�OD�IXQFLyQ�LQYHUWLU�LQY�����
/RV�RSHUDGRUHV�PDWULFLDOHV�GH�0$7/$%�VRQ�ORV�VLJXLHQWHV��

��DGLFLyQ�R�VXPD�
±�VXVWUDFFLyQ�R�UHVWD�

�PXOWLSOLFDFLyQ�

�WUDVSXHVWD�
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A�SRWHQFLDFLyQ�
?�GLYLVLyQ�L]TXLHUGD�
��GLYLVLyQ�GHUHFKD�
�
�SURGXFWR�HOHPHQWR�D�HOHPHQWR�
���\��?�GLYLVLyQ�HOHPHQWR�D�HOHPHQWR�
�A�HOHYDU�D�XQD�SRWHQFLD�HOHPHQWR�D�HOHPHQWR�

�
(VWRV�RSHUDGRUHV�VH�DSOLFDQ�WDPELpQ�D�ODV�YDULDEOHV�R�YDORUHV�HVFDODUHV��DXQTXH�FRQ�
DOJXQDV�GLIHUHQFLDV�
�
0DWODE�RIUHFH�ODV�VLJXLHQWHV�RSHUDFLRQHV�EiVLFDV�SDUD�HOHPHQWRV�HVFDODUHV��

�
�
275$6�&$5$&7(5,67,&$6���
�
$�
�HV�OD�WUDQVSXHVWD�GH�OD�PDWUL]�$��/D�WUDQVSXHVWD�FRPSOHMD�FRQMXJDGD�GH�OD�PDWUL]�
$�VH�HVFULEH�FRPR�$
��
G HLJ�$��GHYXHOYH�ORV�YDORUHV�SURSLRV�DVRFLDGRV�FRQ�OD�PDWUL]�FXDGUDGD�$�FRPR�XQ�

YHFWRU�FROXPQD��
>9�'@ HLJ�$��GHYXHOYH�ORV�YHFWRUHV�SURSLRV�HQ�OD�PDWUL]�9�\�ORV�YDORUHV�SURSLRV�

FRPR�ORV�HOHPHQWRV�GLDJRQDOHV�HQ�OD�PDWUL]�'��
>/�8@ OX�$��FDOFXOD�OD�IDFWRUL]DFLyQ�/8�GH�OD�PDWUL]�FXDGUDGD�$��
>4�5@ TU�$��FDOFXOD�OD�IDFWRUL]DFLyQ�45�GH�OD�PDWUL]�$��
>8�6�9@ VYG�$��FDOFXOD�OD�GHVFRPSRVLFLyQ�HQ�YDORUHV�VLQJXODUHV�GH�OD�PDWUL]�$��
UDQN�$��GHYXHOYH�HO�UDQJR�GH�OD�PDWUL]�$��
FRQG�$��GHYXHOYH�HO�Q~PHUR�GH�FRQGLFLyQ�GH�OD�PDWUL]�$��
QRUP�$��FDOFXOD�OD�QRUPD�GH�OD�PDWUL]�$��$GPLWH�HO�FiOFXOR�GH�QRUPD����QRUPD����
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QRUPD�)�\�QRUPD��
SRO\�$��HQFXHQWUD�HO�SROLQRPLR�FDUDFWHUtVWLFR�DVRFLDGR�FRQ�OD�PDWUL]�FXDGUDGD�$��
SRO\YDOP�Y�$��HYDO~D�HO�SROLQRPLR�FDUDFWHUtVWLFR�Y�XVDQGR�OD�PDWUL]�FXDGUDGD�$��
�
�
(/�(63$&,2�'(�75$%$-2�'(�0$7/$%��
3DUD�FRPSUREDU�HO�YDORU�GH�XQD�YDULDEOH��KD\�TXH�SUHJXQWDU�D�0DWODE�SRU�HOOR�
LQWURGXFLHQGR�VX�QRPEUH�D�FRQWLQXDFLyQ�GHO�LQGLFDWLYR�GH�SHWLFLyQ�GH�RUGHQ��
3DUD�REWHQHU�XQD�OLVWD�GH�ODV�YDULDEOHV�XVDPRV�OD�RUGHQ��ZKR��
3DUD�UHFRUGDU�yUGHQHV�SUHYLDV��XVDPRV�ODV�WHFODV�GH�FXUVRU�GHO�WHFODGR��
�
$/0$&(1$5�<�5(&83(5$5�'$726���
0DWODE�SXHGH�JXDUGDU�\�FDUJDU�GDWRV�GH�ORV�DUFKLYRV�GHO�FRPSXWDGRU��(Q�HO�PHQ~�)LOH��
OD�RSFLyQ�6DYH�:RUNVSDFH�DV����JXDUGD�WRGDV�ODV�YDULDEOHV�DFWXDOHV��\�/RDG�
:RUNVSDFH����FDUJD�YDULDEOHV�GH�XQ�HVSDFLR�GH�WUDEDMR�JXDUGDGR�SUHYLDPHQWH��
�
$&(5&$�'(�/$6�9$5,$%/(6���
�
3RU�GHIHFWR��0DWODE�DOPDFHQD�UHVXOWDGRV�HQ�OD�YDULDEOH�DQV��
/DV�YDULDEOHV�VRQ�VHQVLEOHV�D�ODV�PD\~VFXODV�\�SXHGHQ�FRQWHQHU�KDVWD����FDUDFWHUHV��
'HEHQ�FRPHQ]DU�FRQ�XQD�OHWUD��
0DWODE�WLHQH�DOJXQDV�YDULDEOHV�HVSHFLDOHV��
�

�
�
�
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)81&,21(6�0$7(0$7,&$6�&2081(6���
$�FRQWLQXDFLyQ�VH�PXHVWUD�XQD�WDEOD�FRQ�ODV�IXQFLRQHV�PDWHPiWLFDV�HQ�0DWODE��
�

�
�
0DWODE�VyOR�RSHUD�HQ�UDGLDQHV��
�
180(526�&203/(-26���
0DWODE�VLJXH�HO�FRQYHQLR�XVXDO��GRQGH�XQ�Q~PHUR�FRPSOHMR�VH�HVFULEH�FRPR�D�EL��/D�
WHUPLQRORJtD�FRQ�ORV�GRV�FDUDFWHUHV�L�\�M�VyOR�IXQFLRQD�FRQ�Q~PHURV�VLPSOHV��QR�FRQ�
H[SUHVLRQHV��
/DV�RSHUDFLRQHV�PDWHPiWLFDV�VREUH�Q~PHURV�FRPSOHMRV�VH�HVFULEHQ�GH�OD�PLVPD�IRUPD�
TXH�FRQ�Q~PHURV�UHDOHV��
/DV�IXQFLRQHV�UHDO��LPDJ��DEV�\�DQJOH�VRQ�~WLOHV�SDUD�OD�FRQYHUVLyQ�HQWUH�ODV�IRUPDV�SRODU�
\�UHFWDQJXODU��
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�
23(5$&,21(6�5(/$&,21$/(6�<�/Ï*,&$6���
&RPR�HQWUDGDV�D�WRGDV�ODV�H[SUHVLRQHV�UHODFLRQDOHV�\�OyJLFDV��0DWODE�FRQVLGHUD�TXH�
FXDOTXLHU�Q~PHUR�GLVWLQWR�GH�FHUR�HV�YHUGDGHUR��\�HV�IDOVR�VL�HV�LJXDO�D�FHUR��
/D�VDOLGD�SURGXFH���VL�HV�YHUGDGHUR��\���VL�HV�IDOVR��
�
23(5$'25(6�&21',&,21$/(6���
�

�
/D�VDOLGD�GH�ODV�RSHUDFLRQHV�OyJLFDV�VH�SXHGHQ�XWLOL]DU�WDPELpQ�HQ�RSHUDFLRQHV�
PDWHPiWLFDV��
�
23(5$'25(6�/Ï*,&26���
/RV�RSHUDGRUHV�OyJLFRV�SURSRUFLRQDQ�XQ�PHGLR�GH�FRPELQDU�R�QHJDU�H[SUHVLRQHV�
FRQGLFLRQDOHV�
�

�
�
*5$),&$&,21�
�
*UDILFDU�HQ�0DWODE�HV�PX\�VHQFLOOR�\�SUHVHQWD�XQD�YDULHGDG�GH�DOWHUQDWLYDV��(O�FRPDQGR�
TXH�SHUPLWH�³PRVWUDU´�HQ�XQD�ILJXUD�ORV�HOHPHQWRV�GH�XQD�YDULDEOH�HV�SORW��R�VX�YHUVLyQ�
WULGLPHQVLRQDO�SORW����8Q�HMHPSOR�VHQFLOOR�HV��
�
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�

�
WDPELpQ�VH�SXHGHQ�UHDOL]DU�JUDILFDV�SRODUHV�

�
\�JUiILFDV�WULGLPHQFLRQDOHV�FRPR�SRU�HMHPSOR��

�
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�
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�
�
/D�ELEOLRWHFD�GH�6LPXOLQN��
�
6LPXOLQN�SURSRUFLRQD�XQ�HQWRUQR�JUiILFR�DO� XVXDULR�TXH� IDFLOLWD�HQRUPHPHQWH�HO� DQiOLVLV��
GLVHxR� \� VLPXODFLyQ� GH� VLVWHPDV� �GH� FRQWURO�� HOHFWUyQLFRV�� HWF���� DO� LQFOXLU� XQD� VHULH� GH�
UXWLQDV�TXH�UHVXHOYHQ� ORV�FiOFXORV�PDWHPiWLFRV�GH� IRQGR�� MXQWR�FRQ�XQD�VHQFLOOD� LQWHUID]�
SDUD�VX�XVR��
3URSRUFLRQD�XQ�HQWRUQR�GH�XVR�JUiILFR�TXH�SHUPLWH�GLEXMDU�ORV�VLVWHPDV�FRPR�GLDJUDPDV�
GH�EORTXHV�WDO�\�FRPR�VH�KDUtD�VREUH�XQ�SDSHO��
(O�FRQMXQWR�GH�FRPSRQHQWHV� LQFOXLGRV� MXQWR�DO�SURJUDPD�6LPXOLQN�� LQFOX\H�ELEOLRWHFDV�GH�
IXHQWHV�GH�VHxDO��GLVSRVLWLYRV�GH�SUHVHQWDFLyQ�GH�GDWRV��VLVWHPDV� OLQHDOHV�\�QR� OLQHDOHV��
FRQHFWRUHV� \� IXQFLRQHV� PDWHPiWLFDV�� (Q� FDVR� GH� TXH� VHD� QHFHVDULR�� VH� SXHGH� FUHDU�
QXHYRV�EORTXHV�D�PHGLGD�GHO�XVXDULR��
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�
(O� SURJUDPD�6LPXOLQN� VH� LQLFLD�GHVGH�HO� ERWRQ� �6LPXOLQN�/LEUDU\�%URZVHU�� �%LEOLRWHFD�GH�
6LPXOLQN��GH�OD�YHQWDQD�GH�FRPDQGRV�GH�0DWODE��R�GHVGH�OD�OtQHD�GH�FRPDQGRV�PHGLDQWH�
OD�RUGHQ��
�
!!VLPXOLQN�
�
8QD�YH]�LQLFLDGR�HO�SURJUDPD��HO�HQWRUQR�GH�WUDEDMR�TXHGD�GLYLGLGR�HQ�WUHV�SDUWHV��
9� /D� YHQWDQD� GH� FRPDQGRV� GH� 0DWODE� �0DWODE� FRPPDQG� ZLQGRZ��� GHVGH� OD� TXH� VH�

SXHGH�HMHFXWDU� FXDOTXLHU� FRPDQGR�GHO�PLVPR��GDV�YDORUHV�D� YDULDEOHV� \� FRQWURODU� OD�
HMHFXFLyQ�GH�ODV�VLPXODFLRQHV��

�

�
�
9� /D�YHQWDQD�GH� OD�ELEOLRWHFD�GH�6LPXOLQN� �6LPXOLQN�/LEUDU\�%URZVHU���GHVGH� OD�TXH�VH�

VHOHFFLRQDQ�ORV�FRPSRQHQWHV�TXH�VH�YDQ�D�LQVHUWDU�HO�VLVWHPD�D�VLPXODU��
9� /D� R� ODV� YHQWDQDV� GH� ORV�PRGHORV�� HQ� ODV� TXH� VH� UHDOL]DQ� GLEXMRV� GH�PRGHORV� \� VH�

UHDOL]DQ� \� FRQWURODQ� ODV� VLPXODFLRQHV�� (VWDV� YHQWDQDV� DSDUHFHQ� FXDQGR� VH� DEUH� XQ�
PRGHOR�� SDUD� HOOR�� VH� SXHGHQ� XWLOL]DU� ORV� ERWRQHV� GH� OD� YHQWDQD� GH� OD� OLEUHUtD� GH�
6LPXOLQN��

�
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7RGRV� ORV� FRPSRQHQWHV� EiVLFRV� GH� 6LPXOLQN�� VH� SXHGHQ� HQFRQWUDU� HQ� VX� ELEOLRWHFD� GH�
FRPSRQHQWHV�� $� FRQWLQXDFLyQ� VH� GHVFULEH� ORV� FRPSRQHQWHV� EiVLFRV� GH� OD� ELEOLRWHFD� GH�
6LPXOLQN��
�
&RQWLQXRXV�� %ORTXH� TXH� SXHGH� VHU� UHSUHVHQWDGR� FRPR� XQD� IXQFLyQ� FRQWLQXD� GHO�
WLHPSR��
'HULYDWLYH��/D�VDOLGD�GHO�EORTXH�FRUUHVSRQGH�FRQ�OD�GHULYDGD�GH�OD�HQWUDGD��
,QWHJUDWRU�� /D� VDOLGD� GHO� EORTXH� FRUUHVSRQGH� FRQ� OD� LQWHJUDO� GH� OD� HQWUDGD�� /RV�
SDUiPHWURVGHO�EORTXH�SHUPLWHQ�FRQWURODU�HO�YDORU�LQLFLDO�GH�OD�VDOLGD��DVt�FRPR�OD�H[LVWHQFLD�
GH�OtPLWHV�VXSHULRUHV�H�LQIHULRUHV�HQ�OD�VDOLGD��
7UDQVIHU�)FQ��3HUPLWH�H[SUHVDU�XQD�IXQFLyQ�GH�WUDQVIHUHQFLD�PHGLDQWH�VX�H[SUHVLyQ�HQ�OD�
YDULDEOH�FRPSOHMD�V��6XV�SDUiPHWURV�VRQ�ORV�SROLQRPLRV�GHO�QXPHUDGRU�\�GHO�GHQRPLQDGRU�
GH�OD�IXQFLyQ��H[SUHVDGRV�FRQ�YDORUHV�ILOD��
7UDQVSRUW�'HOD\�� /D� VDOLGD� GHO� EORTXH� FRUUHVSRQGH� FRQ� OD� HQWUDGD� GHO�PLVPR� UHWUDVDGD�
XQD�FDQWLGDG�GH�WLHPSR��TXH�VH�ILMD�FRPR�SDUiPHWUR�HQ�HO�EORTXH��
=HUR�SROH�� )XQFLyQ� GH� WUDQVIHUHQFLD� H[SUHVDGD� HQ� IXQFLyQ� GH� JDQDQFLD� HQ� UpJLPHQ�
SHUPDQHQWH��\�OD�YLVXDOL]DFLyQ�GH�ORV�SRORV�\�FHURV�GHO�VLVWHPD��
�
0DWK��%ORTXHV�TXH�UHDOL]DQ�RSHUDFLRQHV�PDWHPiWLFDV�VREUH�ODV�HQWUDGDV��
$EV��&DOFXOD�HO�YDORU�DEVROXWR�GH�VX�HQWUDGD��
*DLQ��$SOLFD�XQD�JDQDQFLD�FRQVWDQWH�D�OD�HQWUDGD��
0DWK�)XQFWLRQ��(VWH�EORTXH�LQFOX\H�OD�PD\RU�SDUWH�GH�ODV�IXQFLRQHV�PDWHPiWLFDV�WtSLFDV��
FRQ�OD�H[FHSFLyQ�GH�ODV�IXQFLRQHV�WULJRQRPpWULFDV��
3URGXFW��&DOFXOD�HO�SURGXFWR�HVFDODU�GH�VXV�HQWUDGDV��8Q�SDUiPHWUR�GHO�EORTXH�SHUPLWH�
UHJXODU�HO�Q~PHUR�GH�HQWUDGDV�GHO�PLVPR��
6LQJ��&DOFXOD�HO�VLJQR�GH�OD�HQWUDGD����LQGLFD�SRVLWLYR�����QHJDWLYR�\���YDORU�QXOR��
6XP��&DOFXOD�OD�VXPD�GH�WRGDV�ODV�HQWUDGDV��\�VL�HVWDV�GHEHQ�VHU� LQYHUWLGDV�DQWHV�GH�OD�
VXPD��(MHPSOR��XQ�YDORU�SDUD�HO�SDUiPHWUR��������LQGLFDUtD�TXH�HO�EORTXH�WLHQH���HQWUDGDV��
\�OD�WHUFHUD�GH�HOODV�GHEH�VHU�LQYHUWLGD�DQWHV�GH�VXPDUVH��
7ULJRQRPHWULF� )XFWLRQ�� (Q� HVWH� EORTXH� VH� LQFOX\HQ� WRGDV� ODV� IXQFLRQHV� WULJRQRPpWULFDV�
WtSLFDV��
�
�
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1ROLQHDU��%ORTXH�QR�OLQHDO��
'HDG�=RQH��,QFOX\H�XQD�]RQD�PXHUWD�HQ�HO�VLVWHPD��FHQWUDGD�HQ�WRUQR�D�FHUR��(O�VLVWHPD�
QR�UHVSRQGH�DQWH�HVWRV�YDORUHV��/D�PDJQLWXG�GH�OD�]RQD�PXHUWD�SXHGH�VHU�PRGLILFDGD��\�
HFKD�DVLPpWULFD�SRU�PHGLR�GH�ORV�SDUiPHWURV�GHO�VLVWHPD��
5HOD\��/D�VDOLGD�SDVD�DO�HVWDGR�RQ ��FXDQGR� OD�HQWUDGD�VXSHUD�XQ�YDORU�XPEUDO��\�D�XQ�
HVWDGR�RII ��FXDQGR�FDH�SRU�GHEDMR�GHO�YDORU�XPEUDO�GLVWLQWR��(O�HVWDGR�LQLFLDO�HV�RII��
6DWXUDWLRQ�� /D� VHxDO� GH� VDOLGD� QR� VHEUHSDVD� XQ� YDORU� XPEUDO�� FRQILJXUDEOH� FRQ� ORV�
SDUiPHWURV�GHO�EORTXH��
6ZLWFK���8QD�HQWUDGD�GHO�VLVWHPD�SHUPLWH�HVFRJHU�FXDO�GH�ODV�HQWUDGDV�VH�SUHVHQWD�HQ�OD�
VDOLGD��
�
6LJQDO�	�6\VWHPV��0DQHMR�GH�VLVWHPDV�\�VHxDOHV��
6XEV\VWHPV�� 3HUPLWH� OD� UHDOL]DFLyQ� GH� VLVWHPDV� MHUiUTXLFRV��$O� DEULU� HO� VXEVLVWHPD�� QRV�
SHUPLWH� LQFOXLU� HQ� VX� LQWHULRU�� QXHYRV� EORTXHV� FRQVWUXFWLYRV�� H� LQFOXVR� DQLGDU� QXHYRV�
VXEVLVWHPDV��
,Q��� 3RU� GHIHFWR� XQ� VXEVLVWHPD� QR� FRQWLHQH� HQWUDGDV�� 3RU� FDGD� HQWUDGD� TXH� VH� GHVHH�
DxDGLU�VH�OH�GHEH�LQFOXLU�XQR�GH�HVWRV�EORTXHV��
2XW�� �3RU� GHIHFWR� XQ� VXEVLVWHPD� QR� FRQWLHQH� VDOLGDV�� SRU� FDGD� HQWUDGD� TXH� VH� GHVHH�
DxDGLU�VH�OH�GHEH�LQFOXLU�XQ�GH�HVWRV�EORTXHV��
0X[��3HUPLWH� OD� LQFOXVLyQ�GH�XQ�FRQMXQWR�GH�VHxDOHV�HQ�XQD�~QLFD� OtQHD�GH� WUDQVPLVLyQ�
�TXH�WUDQVPLWH�GDWRV�YHFWRULDOHV���3DUiPHWURV�Q~PHUR�GH�HQWUDGDV��DGPLWH�WDQWR�HQWUDGDV�
HVFDODUHV�FRPR�YHFWRULDOHV��
'HPX[�� SHUPLWH� OD�GHVFRPSRVLFLyQ�GH� ORV�GDWRV�SXHVWR�HQ� IRUPD�YHFWRULDO�HQ�XQD� OtQHD�
PHGLDQWH�XQ�PXOWLSOH[RU��3DUiPHWURV��Q~PHUR�GH�GH�VDOLGDV��
'DWD�VWRUH�PHPRU\��GHILQH�XQD�YDULDEOH�GHO�HQWRUQR�GH� WUDEDMR�TXH�VH�YD�KD�XVDU�FRPR�
OXJDU�GH�DOPDFHQDPLHQWR�GH�GDWRV�~WLO�SDU�HYLWDU� WHQHU�TXH�KDFHU�FRQH[LRQHV�FRPSOHMDV�
TXH�FRPSOLTXHQ�HO�GLDJUDPD�GH�EORTXHV�TXH�VH�HVWi�XVDQGR��
'DWD�6WRUHV�5HDG��OHH�HO�YDORU�DFWXDO�GH�XQD�YDULDEOH�GH�DOPDFHQDPLHQWR��TXH�GHEH�HVWDU�
SUHYLDPHQWH�GHILQLGD�PHGLDQWH�HO�EORTXH�'DWD�6WRUH�0HPRU\��
'DWD�6WRUH�:ULWH��&DPELD�HO� YDORU�DFWXDO� GH�XQD� YDULDEOH�GH�DOPDFHQDPLHQWR�TXH�GHEH�
HVWDU�SUHYLDPHQWH�GHILQLGD�PHGLDQWH�XQ�EORTXH�'DWD�6WRUH�0HPRU\��
6LQNV��6XPLGHURV�GH�VHxDOHV��
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'LVSOD\��5HSUHVHQWD�QXPpULFDPHQWH�HO�YDORU�GH�XQD�YDULDEOH��
6FRSH��5HSUHVHQWD�JUiILFDPHQWH�OD�HYROXFLyQ�HQ�HO�WLHPSR�GH�XQD�YDULDEOH��
7R�:RUNVSDFH�� *XDUGD� HO� YDORU� GH� OD� VHxDO� GH� XQD� YDULDEOH� GHO� HQWRUQR� GH� WUDEDMR� GHO�
0DWODE��6H�SXHGH�HVFRJHU�HO�QRPEUH�GH�OD�PLVPD��\�OLPLWDU�VX�WDPDxR��
7R�)LOH��*XDUGD�HQ�XQ�ILFKHUL�GH�WLSR���PDW��ORV�GDWRV�GH�OD�VHxDO�GH�HQWUDGD�DO�EORTXH��
6WRS�6LPXODWLRQ��'HWLHQH�OD�VLPXODFLyQ�VL�HO�YDORU�GH�OD�HQWUDGD�HV�GLVWLQWR�GH����
�
6RXUFHV�)XHQWHV�GH�6HxDOHV�
&KLUS�6LJQDO��*HQHUD�XQD�VHxDO�VHQRLGDO��PRGXODGD�HQ�IUHFXHQFLD��HQWUH�XQ�YDORU�LQLFLDO�\�
XQ�YDORU�ILQDO��
&ORFN��WLHPSR�TXH�VH�OHYD�GH�VLPXODFLyQ��
&RQVWDQW��3URSRUFLRQD�XQD�VHxDO�GH�YDORU�FRQVWDQWH��
)URP�:RUNVSDFH��3URSRUFLRQD�XQD�VHFXHQFLD�GH�GDWRV�WRPDGDV�GHO�HQWRUQR�GH�WUDEDMR�GHO�
0DWODE��/D�YDULDEOH�HOHJLGD�GHEH�FRQWHQHU�XQD�PDWUL]�LQGLFDQGR�ORV�YDORUHV�GH�OD�VHxDO��\�
ORV�LQVWDQWHV�HQ�ORV�TXH�OD�VHxDO�WRPD�HVWRV�YDORUHV��
)URP�)LOH��3URSRUFLRQDQ�GDWRV�WRPDGRV�GH�XQ�ILFKHUR���PDW��HQ�HO�TXH�GHEH�HVWDU�HO�YDORU�
GH�OD�YDULDEOH��MXQWR�D�ORV�LQVWDQWHV�GH�WLHPSR�HQ�TXH�WRPD�FDGD�YDORU��
3XOVH�*HQHUDWRU��*HQHUD�XQD�RQGD�FXDGUDGD��GH�OD�TXH�VH�SXHGH�FRQWURODU�OD�DPSOLWXG��HO�
SHULRGR�\�HO�WLHPSR�GH�GXW\��UHODFLyQ�HQWUH�HO�WLHPSR�TXH�OD�RQGD�WRPD�VX�YDORU�Pi[LPR�\�
HO�WLHPSR�HQ�TXH�WRPD�HO�YDORU�PtQLPR���
5DPS��*HQHUD�XQD�VHxDO�GH�WLSR�UDPSD��
5DQGRP�1XPEHU��*HQHUD�Q~PHURV�DOHDWRULRV�GLVWULEXLGRV�VHJ~Q�XQD�IXQFLyQ�QRUPDO��
6LJQDO� *HQHUDWRU�� 6LPXOD� XQ� JHQHUDGRU� GH� VHxDOHV� � HOHFWUyQLFR�� SHUPLWLHQGR� JHQHUDU�
RQGDV�GLHQWHV�GH�VLHUUD��RQGDV�FXDGUDGDV�\�VHQRLGDOHV��
6LQH�:DYH��*HQHUDGRU�GH�RQGDV�VHQRLGDOHV��
6WHS��*HQHUD�XQD�VHxDO�GH�WLSR�HVFDOyQ��
8QLIRUP� 5DQGRP� 1XPEHU�� *HQHUD� Q~PHURV� DOHDWRULRV� GLVWULEXLGRV� VHJ~Q� XQD� IXQFLyQ�
XQLIRUPH��
�
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&UHDFLyQ�GH�XQ�PRGHOR��
3DUD� VLPXODU� XQ� VLVWHPD�� VH� GHEHQ� LQVHUWDU� HQ� ODV� YHQWDQDV� GH� VLPXODFLyQ� ORV� GLVWLQWRV�
FRPSRQHQWHV�FRQ� ORV�TXH�VH�YD�D�FRQVWUXLU�HO�PRGHOR��6(�SXHGHQ�VHJXLU� ORV�VLJXLHQWHV�
SDVRV��
�

��� &UHDU�XQ�QXHYR�PRGHOR��3DUD�DEULU�XQD�YHQWDQD�GH�VLPXODFLyQ�VH�GHEH�SXOVDU�HO�ERWyQ�
�QXHYR�PRGHOR���

��� %XVFDU�XQ�EORTXH��6H�SXHGH�EXVFDU�XQ�EORTXH�H[SDQGLHQGR�HO�iUERO�GH�OD�ELEOLRWHFD�R�
EXVFDQGR�GLUHFWDPHQWH�SRU�VX�QRPEUH�HQ� OD�YHQWDQD�GH�E~VTXHGD��(Q�HVWH�FDVR��VL�
KD\�PiV� GH� XQ� EORTXH� TXH� SXHGD� FRUUHVSRQGHU� D� HVH� QRPEUH�� LUiQ� DSDUHFLHQGR� D�
PHGLGD�TXH�VH�SXOVD�OD�WHFOD��HQWHU���

��� 6LWXDU�XQ�EORTXH��3DUD�VLWXDU�D�XQ�EORTXH��VH�PDQWLHQH�SXOVDGR�HO�ERWyQ�L]TXLHUGR�GHO�
UDWyQ� VREUH� HO� LFRQR� HQ� IRUPD� GH� URPER� TXH� KD\� MXQWR� DO� QRPEUH� GHO� EORTXH� \� VH�
DUUDVWUD�KDFLD�OD�SRVLFLyQ�GHVHDGD�HQ�OD�YHQWDQD�GH�VLPXODFLyQ��

��� &RQHFWDU�EORTXHV��(Q�FDGD�EORTXH��ORV�SXQWRV�GH�VDOLGD�DSDUHFHQ�LQGLFDGRV�PHGLDQWH�
XQD� IOHFKD� VDOLHQWH� GHO� EORTXH� �_!��� PLHQWUDV� TXH� ORV� SXHUWRV� GH� HQWUDGD� GH� FDGD�
EORTXH�VH�LQGLFDQ�FRQ�XQD�IOHFKD�HQWUDQWH�DO�PLVPR��!_���6H�FRQHFWD�OD�HQWUDGD�GH�XQ�
EORTXH�D�OD�VDOLGD�GHO�RWUR��PDQWHQLHQGR�SXOVDGR�HO�ERWyQ�L]TXLHUGR�GHO�UDWyQ�PLHQWUDV�
VH�DUUDVWUD�GHVGH�HO�VtPEROR�GH�HQWUDGD�GH�XQR�GH�ORV�EORTXHV�KDFLD�HO�GH�VDOLGD�GH�
RWUR�R�YLFHYHUVD��

��� &UHDU�XQD�ELIXUFDFLyQ��6L�VH�GHVHD�OOHYDU�OD�VDOLGD�GH�XQ�EORTXH�D�OD�HQWUDGD�GH�PDV�GH�
XQR�VH�QHFHVLWD�FUHDU�XQD�ELIXUFDFLyQ�HQ�OD�FRQH[LyQ��3DUD�KDFHUOR��VH�DUUDVWUD�FRQ�HO�
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UDWyQ�GHVGH�OD�HQWUDGD�GHO�QXHYR�EORTXH�D�FRQHFWDU�KDVWD�OD�OtQHD�GH�OD�FRQH[LyQ�TXH�
VH�YD�D�ELIXUFDU��

��� 0RGLILFDU�ORV�EORTXHV��6H�SXHGHQ�URWDU�R�DSOLFDU�VLPHWUtDV�D�ORV�EORTXHV�XVDGRV��VHJ~Q�
FRQYHQJD� OD� FRORFDFLyQ� GH� HQWUDGDV�VDOLGDV� SDUD� HO� HVTXHPD� TXH� VH� HVWp� UHDOL]DGR�
SXOVDQGR� VREUH� pO� ERWyQ� GHUHFKR� GHO� UDWyQ� \� XWLOL]DQGR� ORV� PHQ~V� GHVSOHJDEOHV� R�
PHGLDQWH� OD�RSFLyQ� �)RUPDU��GHO�PHQ~�SULQFLSDO� ��)RUPDW�)OLS�%ORFN��� �)RUPDW�5RWDWH�
%ORFN���HWF���7DPELpQ�PHGLDQWH�ORV�PHQ~V�R�KDFLHQGR�GREOH�FOLFN�VREUH�HO�EORTXH��VH�
SXHGHQ�PRGLILFDU�VXV�SDUiPHWURV��

��� ,QVHUFLyQ� GH� WH[WRV�� 6H� SXHGH� LQFOXLU� XQ� WH[WR� DFODUDWRULR� R� LQIRUPDWLYR� HQ� FXDOTXLHU�
SDUWH� GH� OD� YHQWDQD�GHO�PRGHOR�� KDFLHQGR�GREOH� FOLFN� HQ� OD� ]RQD� OLEUH� \� HVFULELHQGR�
GLUHFWDPHQWH�HO�WH[WR��

�
7DPELpQ� VH� SXHGHQ� FDPELDU� ORV� QRPEUHV� \� SRVLFLRQHV�GH� ORV� EORTXHV�TXH� VH� HPSOHHQ�
SDUD� OD� VLPXODFLyQ� DQWHV� R� GHVSXpV� GH� FRQHFWDUORV�� $VLPLVPR� ORV� HQODFHV� GH� ODV�
FRQH[LRQHV� SXHGHQ�PRYHUVH� R�PRGLILFDUVH� SDUD� HOLPLQDU� FXDOTXLHU� HOHPHQWR� EDVWD� FRQ�
VHOHFFLRQDUOR�FRQ�XQ�FOLFN�\�HOLPLQDUOR�FRQ�OD�WHFOD��VXS���R��GHOHWH���R�XWLOL]DU�DOJXQRV�GH�
ORV�PHQ~V��
&RQYLHQH�JXDUGDU���)LOH�6DYH�DV���SHULyGLFDPHQWH�HO�PRGHOR��LQFOXVR�DQWHV�GH�WHUPLQDUOR��
SDUD�HYLWDU�SHUGHU�HO�WUDEDMR�UHDOL]DGR��
8Q� HMHPSOR� WULYLDO� LQFOXLUtD� OD� VHOHFFLyQ� GH� GRV� FRPSRQHQWHV��
�6LPXOLQN�6RXUFHV�6LQH:DYH�� \� �VLPXOLQN�/LQNV�6FRSH�� GH� OD� YHQWDQD� �6LPXOLQN� /LEUDU\�
%URZVHU���\�HO�DUUDVWUH�GH� ORV�PLVPRV�KDVWD�OD�YHQWDQD�GH�GLEXMR��(Q�HO�FDVR�GH�QXHVWUR�
HMHPSOR�EiVLFR��SDUD�FRQHFWDU�HO�JHQHUDGRU�GH�VHxDOHV�\�HO�RVFLORVFRSLR��VLPSOHPHQWH�VH�
GHEH� VLWXDU� HO� UDWyQ� VREUH� HO� SXQWR� GH� VDOLGD� GHO� JHQHUDGRU�� SXOVDU� HO� ERWyQ� L]TXLHUGR��
DUUDVWUDU�HO�UDWyQ�KDVWD�HO�SXQWR�GH�HQWUDGD�GHO�RVFLORVFRSLR�\�VROWDU�HO�ERWyQ�GHO�UDWyQ��
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&RQWURO�GH�OD�VLPXODFLyQ�\�YLVXDOL]DFLyQ�GH�UHVXOWDGRV��
�
$QWHV� GH� SRGHU� HMHFXWDU� OD� VLPXODFLyQ�� HV� QHFHVDULR� VHOHFFLRQDU� ORV� SDUiPHWURV�
DSURSLDGRV� SDUD� OD� PLVPD� ����� 'HVGH� HO� PHQ~�� �6LPXODWLRQ�3DUDPHWUHV��� VH� SXHGH�
GHVSOHJDU�XQ�FXDGUR�GH�GLDORJR��HQ�HO�TXH�VH�FRQWURODQ�SDUiPHWURV�GH� OD�VLPXODFLyQ�GH�
HQWUH�ORV�FXDOHV�HO�TXH�VH�PRGLILFD�PiV�KDELWXDOPHQWH�HV�HO�WLHPSR�ILQDO�GH�OD�VLPXODFLyQ��
�2WURV� SDUiPHWURV� DFFHVLEOHV� VRQ� HO� WLHPSR� GH� LQLFLR� GH� OD� VLPXODFLyQ�� HO� PpWRGR�
PDWHPiWLFR� TXH� VH� HPSOHDUi� SDUD� OOHYDUOD� D� FDER�� R� ODV� YDULDEOHV� TXH� VH�
WRPDUiQ�JXDUGDUiQ�GH�HQ�HO�HVSDFLR�GH�WUDEDMR���/D�VLPXODFLyQ�VH�SXHGH�SRQHU�HQ�PDUFKD�
R�GHWHQHU�PHGLDQWH�HO�PHQ~�DQWHULRU�R�ORV�ERWRQHV�GH�OD�YHQWDQD������
�
3DUD�YLVXDOL]DU�ORV�UHVXOWDGRV�GH�OD�PLVPD�VRQ�PX\�~WLOHV�ORV�EORTXHV�TXH�VH�HQFXHQWUDQ�
HQ� HO� JUXSR� �6LQNV�� GH� OD� ELEOLRWHFD� GH�6LPXOLQN��'H� HQWUH� HOORV�� TXL]i� HO�PiV� ~WLO� HV� HO�
EORTXH� �6FRSH�� TXH� VLPXOD� HO� FRPSRUWDPLHQWR� GH� XQ� RVFLORVFRSLR�� 7UDV� UHDOL]DU� XQD�
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VLPXODFLyQ�VH�SXHGHQ�YHU�ORV�UHVXOWDGRV�TXH�KD�UHJLVWUDGR�KDFLHQGR�XQ�GREOH�FOLFN�VREUH�
pO������3DUD�YHU�FRUUHFWDPHQWH�ORV�UHVXOWDGRV�VH�XWLOL]DQ�ORV�FRQWUROHV�GH�]RRP������VLHQGR�
FRQYHQLHQWH� SXOVDU� VLHPSUH� WUDV� XQD� VLPXODFLyQ� HO� ERWyQ� GH� DXWRHVFDOD� �HO� GH� ORV�
ELQRFXODUHV�� SDUD� YHU� HO� WRWDO� GH� ORV� GDWRV� UHJLVWUDGRV�� ORV� RWURV� WUHV� ERWRQHV� GH� ]RRP�
SHUPLWHQ�UHVSHFWLYDPHQWH�DPSOLDU�XQ�iUHD�VHxDODGD�FRQ�DUUDVWUH�GHO�UDWyQ��DPSOLDU�HO�HMH�
�;��GH�OD�PLVPD�PDQHUD�R�DPSOLDU�HO�HMH��<���
�
(O�EORTXH��6FRSH��WLHQH�XQD�VHULH�GH�SURSLHGDGHV�D�ODV�TXH�VH�DFFHGH�D�WUDYpV�GHO�ERWyQ�
FRUUHVSRQGLHQWH�GH�OD�YHQWDQD��6FRSH�������'RV�GH�ODV�PiV�~WLOHV�VRQ�OD�TXH�SHUPLWH�HOHJLU�
HO�Q~PHUR�GH�HQWUDGDV�TXH�VH�GHVHDQ�SDUD�HO�RVFLORVFRSLR������1XPEHU�RI�D[HV���TXH�VHUi�
WDPELpQ� HO� Q~PHUR� GH� JUiILFRV� TXH� UHSUHVHQWDUi�� \� OD� TXH� GHWHUPLQD� VL� HO� RVFLORVFRSLR�
DOPDFHQD�WRGRV�ORV�GDWRV�GH�OD�VLPXODFLyQ�R�VyOR�ORV�~OWLPRV�REWHQLGRV������/LPLWV�URZV�WR�
ODVW���5HVSHFWR�D�HVWH�~OWLPR�FRQWURO��HV�FRQYHQLHQWH�HOLPLQDU�OD�PDUFD��♦��GHO�FXDGULOiWHUR�
EODQFR� SDUD� TXH� HO� RVFLORVFRSLR� PDQWHQJD� WRGRV� ORV� GDWRV� UHJLVWUDGRV� GXUDQWH� OD�
VLPXODFLyQ�FRPSOHWD��
�
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�
6L�VH�GHVHD�YLVXDOL]DU�PiV�GH�XQD�VHxDO�HQ�XQ�RVFLORVFRSLR��H[LVWHQ�GRV�SRVLELOLGDGHV��
$�� $XPHQWDU�HO�Q~PHUR�GH�HQWUDGDV�GHO�RVFLORVFRSLR�FRPR�VH�FRPHQWy�DQWHULRUPHQWH��
%�� %��8WLOL]DU�XQ�EORTXH��0X[��SDUD�TXH�DPEDV�VHxDOHV�DSDUH]FDQ�HQ�HO�PLVPR�JUiILFR��
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This paper gives a comprehensive review of the available indirect rotor position
estimation techniques for switched reluctance motor drives. The sensing schemes are
broadly classified into non-intrusive and active probing methods based on the use of an
energized phase or an idle phase, respectively, for position estimation. The fundamental
principles of the various methods along with their advantages and drawbacks have been
discussed in detail.

I. Introduction

The various positive features of a switched reluctance motor (SRM) drive make it
an attractive alternative to existing dc and ac motors in adjustable speed drives [1,2]. The
SRM drives can also deliver servo-drive performance equivalent to dc brushed motors [3].
The SR motor is simple in construction and can operate at very high speeds. The simple
power electronic converter requirement and the fault tolerance capability are among other
specific advantages of SRM drives. However, the rotor position sensing requirements and
the higher torque ripple compared to other machines are the primary disadvantages of
SRM drives.

The switched reluctance machine is a doubly salient machine with unequal number
of rotor and stator poles.  Windings of diametrically opposite stator poles are connected in
series to form one phase of the machine.  The cross-section diagrams of a 3-phase, 6/4 and
a 4-phase, 8/6 (# of stator poles/# of rotor poles) SRM are shown in Fig. 1.  Numerous
other stator and rotor pole configurations, such as single-phase 2/2, two-phase 4/2, three-
phase 12/8, four-phase 16/12, five-phase 10/8 etc. are possible.

The rotor position information in SRM drives is essential in determining the
switching instants for proper control of speed, torque and torque pulsations.  A shaft
position transducer is usually employed to determine the rotor position.  In inexpensive
systems the rotor position sensor is comprised of a magnetized ring with Hall effect
sensors, or opto-interrupters with slotted disk that produce discrete signals with no
information between the pulses.  In more expensive systems, a large number of pulses per
revolution can be obtained from a resolver or optical encoder.  Alternatively, a large
number of pulses can be obtained by phase-locking a high frequency oscillation to the
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pulses of discrete position sensors.  Systems with such high resolution can work well
down to the zero speed.  However, these sensors add complexity and cost to the system.
Moreover, electromagnetic interference and temperature effects tend to reduce the
reliability of the system.  In order to avoid these difficulties some form of indirect position
sensing scheme is desirable.

II. Methods of Indirect Position Sensing

Several indirect position-sensing methods have been patented and published for
sensorless control of SRM drives. All of these methods use the instantaneous phase
inductance variation information in some way to detect the rotor position indirectly.
Typical flux-angle-current characteristics of an SRM is shown in Fig. 2. The magnetic
material of the motor remains unsaturated for smaller values of current, and the phase

inductance is given by L
i

( )θ
λ

= . The core becomes saturated for higher values of current

, and the constant inductance property at a particular rotor position is lost.
The methods of indirect position sensing can be broadly classified into two

categories: (i) Non-intrusive methods, where position information is obtained from
terminal measurements of voltages and currents and associated computations, and (ii)
intrusive (or active probing) methods, where low-level, high-frequency signals are injected
into an idle phase to determine the position dependent, unsaturated phase inductance
characteristics.

Continuous rotor position information can be obtained from indirect position
sensing schemes by a mapping of inductance, flux or current waveforms to rotor position.
Alternatively, the task can be simplified in less sophisticated algorithms by threshold
comparison of the indirectly measured position information to effectuate commutation.
Phase advancing and retardation is possible by changing the threshold level appropriately.

2.1 Non-intrusive methods
The non-intrusive methods rely on the machine characteristics for estimating the

rotor position. The waveform detection techniques [4], model-based estimator techniques

Flux
Sensing

FM AM/PM

Active Probing Methods

Indirect Position Sensing

Non-Intrusive Methods

Open-Loop
Waveform
Detection

Flux/Current
Method

Mutual Voltage
Method

Observer
Based

Passive
Waveform
Detection

Modulation
Based

AM



3

[5,6], the flux/current method [7] and the mutual voltage method [8] are examples of
methods that fall under this category. The terminal measurements of phase voltage or
mutual voltage and current are used as inputs for an estimator to obtain the rotor position.

2.1.1 Waveform Detection Techniques
Acarnley et al. [4] first suggested monitoring the current waveform to detect the

rotor position in stepping and switched reluctance motors, and applied this technique
successfully to variable reluctance step motors.  The fundamental idea behind this
technique is that the rate of change of current depends on the incremental inductance,
which in turn depends on the rotor position.

The phase voltage equation for an SRM, neglecting the mutual coupling effects, is

v i R
d

dtph ph= +
λ

( )1

The rate of change of current can be derived from above as

di

dt

v i R
d

dt
l

ph ph
=

− −
∂λ
∂θ

θ

( )2

where l
i

=
∂λ
∂

 is the incremental inductance.

Acarnley suggested that if the back-emf and iphR drop can be neglected, then l can
be obtained from Eq. (2), and consequently the rotor position from l. Acarnley proposed
three methods of position sensing, two of which is based on current waveform monitoring
in the active phase. The methods on active phase current monitoring specifically applies to
the current controlled mode of operation of an SRM when the current is increasing and
decreasing at a high frequency due to chopping or PWM. The current rise and fall times
can be derived from Eq. (2) as follows

t
l i

v i R
d

dt

t
l i

i R
d

dt

rise

ph ph

fall

ph

=
− −

=
+

∂
∂λ
∂θ

θ

∂
∂λ
∂θ

θ

A simple commutation scheme could be developed based on trise or tfall reaching a
reference time ∆tref for hysteresis type current controllers. The major problem of
waveform detection techniques is the restriction to low speed applications, since otherwise
the back-emf errors affect the accuracy severely. The control flexibility is also limited due
to the requirement for a fixed average current during chopping. Acarnley suggested
monitoring trise for maximum immunity from back-emf effects. A block diagram based on
monitoring trise is given in Fig. 3.

Panda et al. [9,10,11] in later research demonstrated the detrimental effects of
neglecting back-emf even at low speeds of several hundred rpm during the chopping
mode. In order to compensate for the effects of back-emf, Panda modified the approach of
Acarnley by adaptively changing the  ∆tref   and the dwell angle based on operating speed.
Panda also applied the method for position estimation in the single pulse mode at higher
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speeds, where the initial rate of rise of current was used to find the rotor position at the
beginning of each phase current pulse.

2.1.2 Model Based Estimators
Observer based state estimation provides another method of indirect position sensing for
SRM.  In this method, the dynamics of the motor are modeled in state space and the
mathematical model is run in parallel with the real machine.  The model has the same
inputs as the physical machine and the difference between its outputs and the measured
outputs are used to force the state estimation to converge.

In the case of SRM, terminal measurements of phase currents and voltage are
sufficient to develop the observer.  The phase voltage vph is the input to both the real
motor and the model.  The estimated output current of the machine model is compared
with actual phase current and the error is used to adjust the estimator feedback gain in
order to correct the trajectory of the observer.  The objective is to ensure that the errors
between the modeled motor and the physical motor are minimized.  The position
information comes out of the model as an estimated state parameter.  The block diagram
of the scheme is given in Fig. 4.  The initial results of this method, reported by Lumsdaine
et al. [5], were highly encouraging.  The advantages of this method are that it does not
require additional diagnostic pulse and does not have any inherent speed limitations.
However, the scheme requires substantial real-time computing with a fast and powerful
processor.  The method needs knowledge of load parameters and an accurate machine
model.  Also, the estimator takes time to converge and the performance may be erratic
during the convergence interval.  Stability may become an issue for the overall system.

A second order sliding mode observer was used in [6] to estimate the state
variables ω  and θ using terminal measurements of voltage and current. The estimated
rotor position from the observer is used for electronic commutation of the motor.
Simulation results of the closed-loop controller based on the sliding mode observer
showed excellent convergence characteristics.

2.1.3 Flux/Current Methods
The unique relationship between the flux, angle and current in an SRM at any

instant of time has been shown in Fig. 2. Knowing the phase current and flux, the rotor
position can be estimated using a look-up table of λ -i-θ characteristics. The ambiguity of
two rotor positions for the same values of λ  and i can be resolved by using the
information of whether the SRM is operating in the motoring mode or regenerating mode.

Flux can be obtained using sense coils or alternatively by an open-loop integration
of (vph - iphR) as given below

λ = −∫ ( ( ) ) ( )v i t R dtph ph LLL 3

The current in each phase goes to zero during every cycle. Thus an initial condition of
λ = 0  can be imposed in each cycle eliminating any propagation error due to integration.
The integration method is not difficult for single pulse mode of operation where vph>>iph

R , and the effect of iphR drop is insignificant. However, during chopping the repetitive
transition of the applied voltage between +Vdc and 0 or between ±Vdc , can make the effect
of iphR drop significant. In addition, any change in resistance due to heating or
measurement error in iph will lead to an erroneous estimation of flux and consequently to
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incorrect rotor position. Therefore, the flux/current method is more suitable for high speed
applications operating in the single pulse mode. One has to keep in mind that computation
time becomes critical at higher speeds and the upper limit on operating speed will depend
on the available processor or hardware.

The idea of flux/current method was first proposed by Hedland [12] and a similar
method was later proposed by Lyons et al. [7]. The block diagram of the scheme is given
in Fig. 5. In the proposed scheme, a reference rotor position θ ref is identified by

comparing the estimated flux $λ  with a λ ref
obtained from stored table of λ and iph for a

particular θ ref . The transition at θ ref
triggers a comparator which could be used to

synchronize the phase excitation pulses.  Lyons et al. [7] extended the work by using a
multidimensional table to find λ ref as a function of f(i1,i2,i3,.....,in, θ ref ) to account for

the mutual coupling effects of an n phase motor. The calculation network and the look-up
tables can be implemented using a microcontroller or a dedicated hardware circuitry.
Lyons et al. also proposed a rather complex and difficult to implement scheme using
lumped parameter models. The method models all the mutual coupling effects by position
dependent reluctances [13].

2.1.4 Mutual Voltage Technique
The induced voltage due to interphase coupling in phases adjacent to the active

phase varies as a function of the rotor position in the SRM, particularly in the chopping or
PWM mode. The variation presents another method of indirect method of indirect rotor
position estimation as was presented by Husain et al. [8].

When a phase current is regulated by PWM or hysteresis control, the mutually
induced voltage in an adjacent phase is given by

v
d

dtm
m=

λ

where λ θ θm M i and M= ( ) ( )  is the mutual inductance.
The voltage during the period of applied voltage can be written after simplification

as

v
M

L
V

M

L
i

dL

d
i R

M

L
i

dM

dm ph ph ph ph1 4= − − +
( )

( )

( )

( )

( )

( )
( )

θ
θ

θ
θ θ

ω
θ
θ θ

ω LLL

The voltage during the freewheeling period can be derived as

v
M

L
i

dL

d
i R

M

L
i

dM

dm ph ph ph ph2 5= − − +
( )

( )

( )

( )
( )

θ
θ θ

ω
θ
θ θ

ω LLL

Any one of the adjacent phases can be studied for sensing the mutual voltage. However,
for 8-6, 4-phase SRMs it is advantageous to sense the phase which is in quadrature with
the energized phase. A sample and hold circuit can be used to capture any one of the
mutual voltages vm1 and vm2. The rotor position can be estimated from the calibrated
conversion tables for various currents and speeds.

2.2 Active Probing Methods
In active probing methods, an idle or unexcited phase is injected with high-

frequency diagnostic signals to obtain the phase inductance variation information.
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Methods based on monitoring current waveforms [4,10-11, 14-17], modulation techniques
[18,19] flux sensing techniques [20] are examples of methods belonging to this family. The
simplicity of these methods is a definite advantage, although inherent speed limitation and
generation of negative torque in the sensing phases could be a drawback in some cases.

2.2.1 Passive Detection Techniques
The passive waveform detection techniques are based on the idea that if a voltage

pulse is applied to a non-conducting phase for a short duration of time ∆t, the phase
inductance remains unsaturated, and the current amplitude remains small; hence, speed
voltage effect and phase winding resistance drop can be neglected. The method is
essentially based on the third method proposed by Acarnley et al. [4]. Several researchers
subsequently implemented the scheme with modifications and improvements. For low
current levels, the motor phase voltage equation can be written as

V iR L
di

dt
i

dL

d
= + +( )

( )
( )θ ω

θ
θ

LLL 6

If the voltage is applied for a short period of time, the equation can be approximated as

V L
i

t
L V

i

t
= ⇒ =( ) ( ) ( )θ θ

∆
∆

∆
∆

LLL 7

Either ∆i or ∆t can be kept constant while the other is measured to obtain an estimated
unsaturated phase inductance value. The rotor position can then be estimated from a
mapping of inductance to position as follows

θ = −F L1 8( ) ( )LLL

The main limitation of the passive waveform detection technique is the inetrphase
coupling effects which is particularly severe when the active phase is undergoing high
frequency chopping for current regulation. Eddy currents also affect the accuracy of
position sensing. Dunlop et al. first investigated the effects of mutual coupling in his
implemented scheme of measuring the change in the diagnostic current over a fixed
sampling period [14]. Harris et al. also used a similar technique and addressed the
problems of interphase coupling and eddy current effects in detail [15].

Another drawback of injecting a diagnostic pulse from the main converter is that
their magnitude could be significant, and hence can generate negative torque. Also, since
the pulses are large there will be a long waiting period for the sensing pulse to decay to
negligible levels before the next pulse can be applied. The rotor might move a considerable
distance during that period; therefore, the resolution of sensing will decrease. Again, eddy
currents in the motor prevent the phase from behaving like a linear inductor for the first
few-microseconds after the diagnostic pulse is injected. One must wait these few
microseconds for the effects of eddy currents to die down, and consequently, longer
sensing pulses are required. All these factors  limit the maximum attainable operating
speed with this method of position sensing.

MacMinn et al. also later implemented the waveform detection scheme keeping ∆t
constant and measuring ∆i [16]. Mvungi et al. [17] used a look-up table to compensate for
the mutual coupling effects. His method generated continuously sampled rotor position
rather than detecting a threshold level for phase commutation.
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2.2.2 Modulation Based Techniques
Several alternative sensorless techniques based on the modulation techniques have

been developed in order to eliminate some of the drawbacks mentioned previously for
passive waveform detection techniques. The fundamentals of these schemes, along with
some experimental results, are given in this section.

The modulation encoding techniques of rotor position detection are based on
extracting the periodically varying phase inductance in an encoded form by applying a high
frequency carrier signal.  The signal containing the phase inductance L(θ) information is
assumed to have a much smaller frequency of variation compared to the carrier frequency.
The encoded inductance information is decoded using a suitable demodulation technique.
An external resistance added in series with the phase inductance in these methods to make
the scheme non-sensitive to speed voltage effects.  The added resistance also makes signal
measurements easier, but the associated penalty is the need for additional switches to
isolate the sensing circuit from the power circuit. The block diagram of the modulation
based techniques is given in Fig. 6.

FM Encoder Technique
In the frequency modulation based technique, an FM encoder generates a signal containing
the inductance variation information of the SR motor [18].  A simple L-F converter which
maintains a linear relationship between inductance and time period was used for the
purpose.  The time period, T of the FM signal can be written as,

T K L
f

= =1
1

9LLL( )

where K1  is a proportionality constant and L is the phase inductance.  This signal is then
fed to a microcontroller to digitize the frequency count, which is essentially an encoded
rotor position information.

AM/PM Encoder Technique
The phase modulation (PM) and the amplitude modulation (AM) techniques are

based on the phase and amplitude variations, respectively, of the phase coil current due to
the time varying inductance when a sinusoidal voltage is applied to the phase coil in series
with a resistance R [19].  The current flowing through the circuit in response to the
alternating voltage is a function of the circuit impedance.  Since the coil inductance is
varying periodically, the phase angle between the current and the applied voltage also
varies in a periodic manner.  Fig. 7 shows the input sinusoidal voltage and the current
waveforms i1(t) and i2(t) corresponding to the minimum and maximum phase inductances,
respectively.  Angles φ1 and φ2 are the corresponding phase angles by which the phase
current lags the input voltage.

The PM encoder technique measures the instantaneous phase angle on a
continuous basis, while the AM encoder technique measures the peak current. The
sinusoidal carrier voltage signal is chosen to have a frequency which is much higher than
the frequency of phase inductance variation. The transient variation of the current phase or
amplitude will contain information about the dynamic motor winding inductance.  It can be
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shown that this phase or amplitude variation is a one-to-one function of the inductance
[19].

A Complete Drive System
Mathematical analysis and simulation shows that phase variation is more sensitive

for lower values of inductance, while amplitude variation is more sensitive at higher
inductance values [19].  This readily suggests that a combination of the two methods
would result in a better sensitivity, i.e., a higher change in the decoded inductance function
for the same change in the rotor angle. To achieve this better sensitivity without sacrificing
simplicity, a level crossing detector can be used instead of a zero crossing detector in the
PM encoder circuit to obtain the square wave representation of the phase inductance.  The
level crossing detector is set to a threshold value at VT as shown in Fig. 7.  The phase
angle variation now corresponds to φ φ3 4−  for the same change in phase inductance from
the aligned position to the unaligned position in Fig. 7.

An experimental prototype of a sensorless SRM drive has been developed based
on the modified PM encoder technique. The block diagram of the complete SRM drive
including the different controller segments is shown in Fig. 8.  IGBTs are used as the
power semiconductor devices and are driven by high voltage integrated circuit gate drivers
IR2110. The PM encoder circuit, i.e., the sensing circuit is made of a 5KHz sine wave
generator, a low pass filter and a level crossing detector. The current drive capability of
the sinusoidal input voltage is improved by a power amplifier stage. A 16-bit
microcontroller (Intel 80C196KR) having a clock rate of 16MHz is used to implement the
control algorithm.  The microcontroller is configured to take the decoded phase
modulated signal and generate the gate switching signals for the three phases.  The
microcontroller also generates a fixed frequency PWM signal that regulates the motor
phase currents.

The performance of the indirect position sensing scheme was evaluated on a 5 HP,
three phase SRM with 6 stator poles and 4 rotor poles.  The dc bus voltage was fixed at
40 V and the PWM switching frequency of the converter was set at 22 KHz.  The results
of the experiments are given in this section. Test results presented here are for the SRM
running at 2500 rpm under lightly loaded conditions. The current waveform in phase B is
shown in the oscillograph of Fig. 9.  Note that this is an unregulated current with constant
PWM duty cycle. The maximum sensing current is about 100mA and does not have any
significant effect in the torque production. Each cycle of the motor phase current
waveform consists of three  modes. The phase coil carries the main energization current
for one-third of the period, while in the previous one-third period it carries the diagnostic
sensing current. The phase current is completely non-conducting for the remaining one-
third portion of the cycle, as seen in Fig. 9.

2.2.3 Flux Sensing Techniques
The flux sensing method of [20] is based on applying diagnostic pulses to an idle

phase and integrating the voltage across the phase to obtain the phase flux according to
Eq. (3). The rotor position is then obtained from the motor flux-angle-current
characteristics data.  Either flux or current is kept fixed at desired levels of λ o  or io

during pulsing and the other variable is obtained as a function of the rotor position as
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shown in Fig. 2. The method appears to be highly potential for position estimation at
higher speeds, but an accurate knowledge of phase winding resistance is required for high
resolution position estimation.

III. Conclusions

The existing indirect rotor position sensing techniques have been reviewed
in this paper. It cannot be claimed that one particular method is suitable for all types of
applications. The position sensing techniques depend on a number of factors, such as, the
type of motor, the type of application, the type of converter used and the control strategy.
The passive waveform detection techniques are well suited for low-cost, low-speed
applications, but may not be suitable for high-resolution, high-performance drives. For
high-resolution position sensing, computations become intensive and a signal processor
becomes essential. This increases the cost of position sensing. Observer based methods
and flux/current methods are examples of schemes that could be used for high-resolution
position sensing. These methods are also suitable for position sensing at high-speeds, but
high speed computational requirements tend to increase the cost of these type of indirect
sensors even more.  The need for an inexpensive indirect position sensing technique
suitable for high-speed applications still exists.
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INTRODUCTION

The Switched Reluctance Motor has already been
propagated in many publications of English literature.
However, these general publications do not
scientifically solve the use of this motor type as
variable-speed drive.  Most publications treat parts of
the problems only. Less attention was paid to the
examination and optimization of the overall system -
composed of motor, converter and control.
Uncertainties regarding utilization, torque undulation,
noise generation and selection of converter circuits
lead to today's shadowy exixtence of this motor. Since
the simple construction of the Switched Reluctance
Motor promises production at low cost, the industry
launched occasional enquiries and examinations
regarding the Switched Reluctance Drive.
Nevertheless the drive could not yet find its wide
acceptance, probably due to single, technically
unsolved problems.
The motivation to realize this project at the
Elektrotechnisches Institut of the University of
Karlsruhe is based on the unsolved technical problems,
the robust construction and the favourably-priced
motor.
The paper will describe important findings regarding
the Switched Reluctance Drive as a whole. As an
example we selected a motor with an output of 25 kW
at 1500 revolutions per minute.
Different types of variable-speed electromotors, such
as a.c. and d.c. motors, are widely spread with the
selected technical major parameters. The Switched
Reluctance Drive can therefore quickly and easily be
compared with these drive types.

MOTOR DESIGN

The Elektrotechnisches Institut selected the new
Switched Reluctance Motor with 16 stator poles and
12 rotor teeth. It is a 4-pase-winding machine, the 4
stator poles that are shifted by 90° to each other form
one phase-winding (Figure 1).

rotor tooth

A2

C2

B2

D1
stator pole

C1

A4

cooling-air
duct

D2
A3

shaft bore

B3

C3

D3

A1
B1

B4

D4

C4

phase winding

Figure 1: Schematic cross-section of the Switched 
Reluctance Motor

This design was proposed by author. Compared with
the 3-phase Reluctance Motor, the 4-phase machine
requires the same or even lower number of power
semiconductors.
The four phase-winding poles split the forces up more
evenly around the motor perimeter which reduces the
noise. If only two opposite poles belong to one phase-
winding as for example in the 4-phase-winding 8/6
reluctance motor, the forces do apply on two positions
only. The 4-phase-winding 16/12 reluctance motor
splits the forces up to four poles. Therefore, these are
approximately only half as big as the forces of the 8/6
motor. Also, the 16/12 motor generates less noise than
the 8/6 motor. These findings are proved true by
comparative measurements done with a 15 kW 8/6
motor of the Oulton company.

Trondheim

SWITCHED RELUCTANCE MOTOR
WITH 16 STATOR POLES AND 12 ROTOR TEETH

J. Wolff H. Späth

Elektrotechnisches Institut, Universität Karlsruhe, Germany

Abstract: The Elektrotechnisches Institut of the University Karlsruhe has developed,
optimized and manufactured a Switched Reluctance Drive with power converter and
control engineering according to the latest scientific findings. The motor was constructed
for the rated output of about 25 kW and for industrial applications.
The nominal speed of the test Switched Reluctance Motors is 1500 revolutions per minute.
The drive works in all for quadrants and was designed for applications with highest
demands for dynamics, constant torque, low noise and highest power output.
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The authors of the paper [1] compared a 6/4 motor
with a 12/8 motor and showed that the utilization of
the high-pole machine is better for higher torques
which is due to the flux linkage and the narrow
winding coils. The first causes a higher torque, the
latter a lower thermal resistance from the winding to
the iron.  However, with a bigger number of pole/teeth
the magnetic reversal frequency and iron losses
increase.  According to [1], a lower flux density should
compensate this effect, so that iron losses of both
motors range in the same size. However, the latter
context does not seem to be proved true by our
Switched Reluctance Motor. The iron losses increase
noticeably with higher torque.

TEST DRIVE

The main components of the test drive are the
Switched Reluctance Motor and the power converter.
The voltage-source converter consists of mains and
motor converter. The common supply for the three-
phase-self-commutated mains converter is 400V/50Hz.
The control electronic - including the measurement
and control techniques - is superior to the power
electronic.  Motor and converter can be used for the
four-quadrant-drive. The basic structure is shown in
Figure 2.

mains
converter

load-side
converter

+
L2

L3

L1

400 V
50 Hz

three-
phase
mains

control electronics

SR-Machine
33 kW

1500 r.p.m.
MFR 132.5/3

Figure 2: Basic structure of the
Switched Reluctance Drive

MAINS FRIENDLINESS OF THE SWITCHED
RELUCTANCE DRIVE

The mains converter is a three-phase-self-commutated
IGBT-Converter. The control of the mains current has
been optimized in a way that the drive, in stationary
running with a power factor of about one, receives
energy from or feeds energy into the 3-phase current
mains. This results in a sinusoidal mains current and
in conformity of the phase position between current
and voltage - at long last the mains friendliness of the
drive.
The mains current converter operates in all four
quadrants and allows to implement highly dynamic
drive solutions. For example, if the converter is used
for the main drive of a group of drives, it may

additionally be employed for compensating the
reactive power of the auxillary drives. Figure 3 shows
the current and voltage values for motor operation
with 20 kW and reactive power compensation at the
same time.
For reluctance drives less demanding in terms of
dynamics and mains compatibility, diode bridges with
smoothing and commutating reactors are used as
mains current converters. The reluctance drive can
also be operated with it, in most cases however, as
motor only.
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Figure 3: Pmains  = 24,4 kW, Qmains = -10 kVAr,
cosϕ = 0,925cap, Pmotor = 20 kW,
(measurement)

LOAD-SIDE CONVERTER

For the Switched Reluctance machine the output
current of the converter can be limited to one direction
per phase due to the unipole excitation. The rotor
moves into the magnetic field when the motor is in
operation. This does not depend on the direction of the
magnetic flux density.
With the generator in operation, the rotor moves out of
the field.
Three criteria must be complied with when selecting
the converter circuit:

1. low number and low cost of power semiconductors
2. less current measurements
3. many options for influencing the phase-winding 

current

Criteria 3 contradicts 1 and 2. Less requirements for
power electronic and measurements restrict the options
for current control. When defining the converter
topology, you must compromise to fulfill these
demands.

If a two-quadrant chopper circuit is used for each
phase and if each phase current is measured
separately, many options can be used. The complete
d.c link voltage Ud can be used for switching the
phase-winding current on/off. The current can - for all
phase-windings and at any time - be adjusted to a pre-
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defined desired value. A free-wheeling of the phase-
winding current is possible.

Figure 4: H-Circuit

The so-called H-
Circuit [2] with
connected neutral
point (Figure 4)
allows to control the
single currents
separately. This

circuit only requires one power switch and one diode
per phase thus operating with the lowest number of
semiconductors. To profit from these benefits you must
accept that there is no free-wheeling current and that
only half the d.c. voltage is used. The current can only
be in- or decreased with Ud/2. Like this, motor
winding and current carrying capacity of the power
semiconductors must be dimensioned for Ud/2.  With
regard to the two-quadrant chopper circuit per phase -
provided that the nominal speed of the motor is the
same - the number of turns per phase must be halved
and the cross-section of the wire must be doubled.
Additionally, power modules with doubled current
carrying capacity must be selected. Two or four
measurements are required to measure the phase
currents. Usually, the neutral point is generated by
means of a serial circuit of capacitors at the d.c.
voltage source.  The capacitors of both partial voltage
sources must be loaded in a symmetric way. Like this,
the H-Circuit can be used for all Switched Reluctance
Motors with an even number of phases. It can be used
for machines with two and also with four phases.
This project aims at finding a circuit which has less
restrictions regarding the current control and which
uses the complete d.c. link voltage with a number of
power semiconductors as low as possible. We suggest
the following circuit (Figure 5).
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Figure 5: Circuit of the load-side converter
for the 16/12 Switched Reluctance Motor

The transistors T2 and T5 supply two non-adjoining
phase-windings each. When the machine turns right as
motor, the phases are switched D-A-B-C-D-A. When
turning right, they are switched A-D-C-B-A-D. When
switching from one phase to another, current may flow
in the adjoining phases. The phases A and C
respectively B and D should not conduct current at the

same time, since for example A generates a motoric
and C a generator torque. Both torques are subtracted
from each other, a not desirable status. Like this, the
phases A and C respectively B and D can be supplyed
with one common transistor each without further
restrictions regarding the current control. The currents
can be determined by one common measurement.
Only with very high output powers, the inactive phase
conducts a small amount of residual current. The
measurement errors resulting for the active phase are
corrected in the control.
In comparison with the three-phase induction motor,
the amplitudes of the phase currents are approximately
15% higher. Therefore, the power semiconductors can
be selected with the size of the modules usually used in
power converters of asynchronous motors.
Compared with the H-Circuit, the cost for power
semiconductors from average to higher output powers
are lower. The free-wheeling current can be used to
lower the pulse frequency rate respectively the current
ripple. Since there is no voltage neutral point this
circuit can also be used for very small speeds and for
standstill torques.

CURRENT AND TORQUE CONTROL

For the test drive, the torque control was optimized in
switching mode for high utilization and low torque
ripple with the parameters turn-on angle, current flow
angle and current desired value [3].
The respective angles result from the rotor position.
The turn-on angle determines the beginning of the
current increase.  The difference between beginning
current decrease and beginning current increase is
called current flow angle. The current desired value
forms the amplitude of the current impulse.
Switching mode means that the power is brought to
the final value after the turn-on angle and without
interim pulses.
A two-step controller ist used to keep the phase-
winding current on the final desired value until the
current flow angle has been reached, afterwards it is
switched off again without interim pulses. This
method of controlling the torque can be realized easily,
even without using a digital processor.
The optimal parameters of the torque control were
determined off-line and were afterwards implemented
in the system.
When the output power increases, the current turn-on
angle is continuously pre-drawn while the turn-off
angle changes insignificantly only. The current
amplitude increases linearily to the torque starting at
20 Nm.
This procedure yielded a torque ripple of less than 4%
in the nominal point whithout effects at the speed.

SPEED CONTROL

The control has been optimized to minimize speed
variations. The speed controller is a PI-controller.
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The control parameters were adjusted according to the
symmetric optimum [4]. Torque and current control
are united in the speed control to a delay part of first
order with a small time constant.  The  actual speed is
determined by a position encoder located at the
machine. For this purpose the encoded position is
differenciated and afterwards transmitted to the
setpoint/actual-value comparison via a smoothing
filter. Rapid changes of the desired speed must not be
intruded directly into the setpoint/actual-value
comparison. This requires a ramp-function generator.
It transforms the jump of the desired value into a
suitable ramp for the speed control. The output of the
ramp-function generators increases slowly, reaches the
ramp profile after a short time and drives to the end
value smoothly afterwards.
This function is intruded into the setpoint/actual-value
comparison as desired value. It is remarkable that the
measurement value reaches the final value earlier than
the output of the ramp-function generator does.
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Figure 6: Speed control (measurement)
Mload ≅ 50 Nm,  Jall  = 0,54 kgm2

Figure 6 shows the reversing process from negative to
positive nominal speed with a load torque of approx.
50 Nm and an accellerating torque of approx. 200 Nm.
After the zero crossing of the torque, it rises a little bit,
the brush friction of the d.c. machine that is coupled as
working machine must be overcome.
After this desired value jump of the speed, the
measured speed does not swing over.

POSITION CONTROL

Likewise, the position control of, for example,
workpieces, tools, conveyor baskets etc. belongs to the
applications of electric motors. The measuring result
in Figure 7 proves that Switched Reluctance Motors
with 16 stator poles and 12 rotor teeth are suitable
position drives. After a desired value jump of 1000°,
the motor performs about 2,8 turns and reaches the
desired value without over-swing in one second.
An optimized position controller determines this
transient response. It is superposed on the speed
control circuit  and has a proportional character. It can
be dimensioned according to the usual adjustment
regulations of other drives. The cascade structure was
selected for the complete control circuit which is
composed of current, torque and position control.
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Figure 7: Position control (measurement)
Jall = 0,54 kgm2

UTILIZATION

Altogehter three Switched Reluctance Motors were
measured. Size and measures of these SR Motors are
identical with each other. Only the quality of the used
electric sheet steel and cooling method vary. Used
sheet steel types include a 0,5 mm slightly alloyed
respectively a 0,35 mm and highly alloyed magnetic
sheet steel.
Two motors were built for continuous running duty.
Cooling is obtained using an external blower, which
blows air over the machine (cooling method IC416).
The degree of protection is IP54. The third motor was
built for continuous running duty with cooling method
IC06 and protection degree of IP23. The cooling air
for this motor is additionally blown through the tooth
spaces of the rotor. This allows a better dissipation of
the winding and rotor heat - thus increasing the
maximum admissible continuous power.
The iron losses of switched reluctance motors, unlike
those of asynchronous motors, make up a considerable
portion of the total losses. However, the iron losses
drop heavily as the speed is reduced . This effect is
made use of to increase the rms currents in the pole
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Figure 8: Maximum permissible continuous torque in the speed range from standstill to nominal speed
(thermal/isolation class F, continuous running duty)

windings and obtain a high permissible continuous
torque in the lower speed range. Moreover, operating
the machine at low speeds results in low rotor iron
losses - consequently, the rotor temperature rise
remains low. In asynchronous motors, the stator and
rotor winding losses make up the largest portion of
total losses which remain almost constant from
standstill to rated speed if the torque is assumed to be
constant. This explains why asynchronous motors,
when operated in continuous duty, must not be
subjected to a torque higher than the nominal torque
until the rated speed ist reached. Field weakening
operation begins for all motor types when the rated
speed is exceeded.
In Figure 8, the maximum permissible continuous
torque is shown in the speed range from 0 to 1500
r.p.m. for the use of thermal and isolation class F.
For the used measurement methods with integrated
temperature sensor, the temperature difference
between winding and coolant temperature must not
exceed 110 Kelvin.
The measurements were spot-checked with the
resistance method. The measured temperatures ranged
between 1 and 2 Kelvin below the maximum
permissible value.
In continuous duty, the maximum permissible holding
torque of the SR-Motor MFR 132.5/1 amounts to
145% of the rated torque when the motor is at rest. As
soon as the rotor starts to rotate, however, all pole
windings are subjected to the same thermal loads, and
the continuous torque may be 190% of the rated torque
at low speeds. For dynamic transient processes in the
base speed range, the motors may be subjected to two
to three times the rated torque.

Furthermore Figure 8 shows that using a thinner and
highly alloyed magnetic sheet metal, is not always
useful. Only for higher speeds the reduction of the
eddy-current losses is decisive.
Below 600 r.p.m. the thicker sheet metal offers
advantages: better magnetizability, higher thermal
conductivity, better lamination factor and less
punching works.
At nominal working point, the efficiency of the
switched reluctance motor is that common for a three-
phase induction motor of this performance class. In
lower speed range, however, the efficiency of the
reluctance motor drops insignificantly. With the motor
at nominal torque, the efficiency raises to above 80%
as from 400 r.p.m., and gradually increases further to
approx. 90% until rated speed is reached (Figure 9).
Switched Reluctance Motors basically have a very
efficient operation at partial stress.
The overall power efficiency of the test power
converter is 91 % in the nominal working point.
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Figure 9: Efficiency of the Switched Reluctance 
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Table 1 compares constructive data of the Switched
Reluctance Motor MFR132.5/1 and of the three-phase
induction motor ACHA 132.5.  Construction and
function of both motors with these air gaps is not a
problem. The production costs are the same.

Switched
Reluctance

Machine

Three-phase
Induction
Machine

manufacturer Elbtalwerk Heidenau GmbH
motor type MFR 132.5/1 ACHA 132.5

rated output power 18,5 kW 22 kW
nominal torque 118 Nm 140 Nm
nominal speed 1500 r.p.m 1500 r.p.m.
output at 1000 r.p.m 16 kW 14,7 kW
output at 500 r.p.m 10 kW 7,3 kW

moment of inertia 0,0883 kgm2 0,105 kgm2

lamination stack:
quality V 470-50A
losses at 50 Hz and 1,5 T 4,7 W per kg
sheet thickness 0,5 mm
length of lamination stack 235 mm
outside width of stator ÿ 260 mm
inside diameter of stator ∅ 165 mm
width of air gap 0,3 mm 0,55 mm
shaft bore diameter ∅ 65 mm
weigth befor punching 118,7 kg
weight of stator stack 54,0 kg 56,1 kg
weight of rotor stack 24,2 kg 21,9 kg

windings:
weigth of stator windings 13,3 kg copper 14,2 kg copper
copper fill factor 55,4 % 56,8 %
length of winding overhang 2 x 22 mm 2 x 70 mm
weigth of rotor winding without winding 4,8 kg aluminium

utilization at nominal point:
power/volume ratio 981 W/dm3 868 W/dm3

power/weigth ratio 202 W/kg 227 W/kg

compare conditions:
shaft heigh 132 mm
duty type continuous running duty (S1)
thermal/isolation class F
protection degree IP 54
cooling method IC416
cooling fan power 65 W

Table 1: Comparision of material and utilization

ADVANTAGES - APPLICATIONS

When comparing the data listed in table 1,  some
advantages but also disadvantages become evident.
Advantages of the three-phase induction machine are
the low noise level and an already widely spread
technique with high availability. The reluctance drive
offers a better accelleration and production costs are
lower.
The Switched Reluctance Motor ist characterized by a
high operating safety after the failure of one or several
motor phases. When such a failure occurs, the motor
continues to run under load, and it can be accelerated
or braked. However, the torque and speed fluctuations
occurring are of a measurable magnitute, and the start-
up of the motor is no longer ensured. Despite this

drawback, the driven machine, or process under way,
can be set back into safe state in many applications.
For judging the ratio power per volume respectively
power per mass, the following can be assessed for
1500 r.p.m.:
The active part of the Switched Reluctance Mortor is,
compared with the three-phase induction motor with
the same nominal power, about 10% smaller and 10%
heavier.
If the thin magnetic sheet steel is used for the SR-
Motor, production costs rise, the active part of the SR
Motor becomes 30% smaller and 10% lighter. (For
this assess the magnetic sheet steel and the windings
were considered as active part.) For a speed range of
about 1500 r.p.m. the Switched Reluctance Drive can
offer advantages for certain applications.
Considering the speed range below 1000 r.p.m.  or the
MFR 132.5/3 machine with inner ventilation, the
Switched Reluctance Drive is more suitable for many
applacations compared with other drive types.
At 50 r.p.m the machine with the inner ventilation can
be stressed with a permanent torque of 280 Nm. The
rotor heating is very low, the temperature rise of the
bearing does not exceed 35 K for the overall base
speed of up to 1500 r.p.m.
At 500 r.p.m., the MFR 132.5/1 machine with surface
ventilation has a continuous rating of 10 kW - 37%
more than the comparable three-phase induction
machine.
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Más características
de calidad, interior y 
exteriormente
Cada motor Siemens
es una combinación
de características y
materiales 
cuidadosamente
seleccionados para
proporcionar un 
motor confiable, 
eficiente y durable.
Cada componente es
un ejemplo de 
excelente diseño,
mano de obra 
calificada y valor
agregado... cojinetes
antifricción de alta
capacidad, rotor 
balanceado 
dinámicamente 
bobinado de cobre,
aislamiento superior.

Aseguramiento de
calidad
Además de 
incorporar materiales
de alta calidad, cada
motor Siemens pasa
por más de 100 
distintas inspecciones 
de calidad antes de
salir de nuestra plan-
ta. Para que sea lo 
suficientemente
bueno para ser 
ofrecido a Usted.

La responsabilidad de
nuestra gente
ayuda a poner 
la confiabilidad extra
en los motores
Siemens.

Eficiencia en
operación ahora y
en el futuro cuando
ésta más se 
necesita
Los motores 
Siemens están 
diseñados para ser
resistentes en el 
trabajo y operan tan
eficientemente que
Usted estará 
sorprendido con su
ahorro de energía.
Las diferencias que
Siemens le ofrece le
dan más motor por su
dinero y más 
ahorro a largo plazo.

Apoyo para 
elección del motor
adecuado
Cuando Usted está
seleccionando un
motor, Siemens 
opina que Usted 
debe hablar con 
quien pueda apoyarle
a elegir el
accionamiento
adecuado para el 
trabajo a 
desempeñar.
Nuestros ingenieros
de ventas tienen el
conocimiento y
experiencia para 
ayudarle a resolver
cualquier problema 
de aplicación, diseño
o instalación.

2

Más de un motor...
y más que un motor...
Siemens le da a Usted:
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Motores trifásicos
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Motores trifásicos jaula de ardilla, eficiencia estándar
Construcción horizontal con patas, 60 Hz.
220-230/440-460 V, motores tipo RGZ y RGZSD de armazones 143T al 256T.
220/440 V motores tipo RGZ y RGZSD desde armazón 284T hasta 75HP.
220/440 V motores tipo RGZZSD hasta 75 HP.
440 V ó 460 V motores a partir de 100 HP.

HP

0.5

0.75

1

1.5

2

3

5

7.5

10

15

20

25

RPM

900

1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

Armazón

143T

143T
143T
145T

143T
143T
145T
182T

143T
145T
182T
184T

145T
145T
184T
213T

182T
182T
213T
215T

184T
184T
215T
254T

213T
213T
254T
256T

215T
215T
256T
284T

254T
254T
284T
286T

256T
256T
286T
324T

284TS
284T
324T
326T

Cat. No.

30000834

30000815
30000826
30000900

30000804
30000857
30000890
30000948

30000845
30000879
30000940
30000981

30000868
30000912
30000973
30001024

30000923
30000932
30001013
30001071

30000957
30000965
30001060
30001118

30000991
30001002
30001106
30001165

30001035
30001047
30001153
30005729

30001082
30001094
30007302
30007304

30001129
30001141
30007303
30007313

30007299
30005716
30007310
30007314

Cat. No.

-

-
HSF0091

-

-
HSF0105
HSF0518
HSG1106

HSF0119
HSF0539
HSG1113
HSG1624

HSF0574
HSF0560
HSG1631
HSH2191

HSG1155
HSG1134
HSH2198
HSH2758

HSG1666
HSG1652
HSH2772
HSI3290

HSH2233
HSH2219
HSI3304
HSI3808

HSH2807
HSH2793
HSI3815
HSJ4270

HSI3339
HSI3325
HSJ4277
HSJ4746

HSI3850
HSI3836
HSJ4753
HSK5236

HSJ4550
HSJ4298
HSK5243

*

Tipo RGZZSD
Prueba de Explosión
División 1
CI.1-Grupo D
CI.2-Grupo F&G
Aisl. B - F.S. 1.0
Cat. No.

-

30001648
30001655

-

30001642
30001671
30001690
30002158

30001665
30001683
30000048
30000049

30001677
30001699
30002157
30001727

30002153
30001705
30001722
30002176

30002154
30002156
30001743
30001763

30001711
30001716
30001760
30001777

30001732
30001737
30001774

-

30001752
30001755
HXJ4347

-

30001766
30001769
HXJ4816

HXJ4592
HXJ4354
HXK5313

*

TCCVE
Servicio pesado
A prueba de explosión

Tipo RGZ
TCCVE
Aisl. F - F.S. 1.15

Tipo RGZSD
Servicio pesado
Aisl. F - F.S. 1.15
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Motores trifásicos jaula de ardilla, eficiencia estándar
Construcción horizontal con patas, 60 Hz.
220-230/440-460 V, motores tipo RGZ y RGZSD de armazones 143T al 256T.
220/440 V motores tipo RGZ y RGZSD desde armazón 284T hasta 75HP.
220/440 V motores tipo RGZZSD hasta 75 HP.
440 V ó 460 V motores a partir de 100 HP.

* Favor de consultarnos
• Armazones 284 T y mayores pueden suministrarse con espiga larga o corta: TS indica espiga corta, unicamente para acoplamiento directo.
• Todos los motores de 3600 RPM de 25HP y mayores son adecuados sólo para acoplamiento directo.
• Datos sujetos a cambio sin previo aviso.

HP

30

40

50

60

75

100

RPM

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

Armazón

286TS
286T
326T
364T

324TS
324T
364T
365T

326TS
326T
365T
404T

364TS
364T
404T
405T

365TS
365T
405T
444T

405TS
405T

*
*

Cat.  No.

30007300
30007301
30007311

*

30007306
30007308
30007320

*

30007307
30007309
30007321

*

30007315
30007317

*
*

30007316
30007319

*
*

*
30009067

*
*

Cat.  No.

HSJ5019
HSJ4767
HSK5663

*

HSK5467
HSK5257
HSL6041

*

HSK5845
HSK5677
HSL6398

*

HSL6223
HSL6055
HSM6741

*

HSL6587
HSL6405
HSM6923

*

HSM7147
HSM6937

*
*

Tipo RGZZSD
Prueba de Explosión
División 1
CI.1-Grupo D
CI.2-Grupo F&G
Aisl. B - F.S. 1.0

Cat. No.

HSJ5054
HXJ4823
HXK5712

*

HXK5502
HXK5320
HXL6090

*

HXK5887
HXK5719
HXL6440

*

HXL6258
HXL6097
HXM6776

*

HXL6629
HXL6447
HXM6979

*

HXM7182
HXM7007

*
*

TCCVE
Servicio pesado
A prueba de explosión

Tipo RGZ
TCCVE
Aisl. F - F.S. 1.15

Tipo RGZSD
Servicio pesado
Aisl. F - F.S. 1.15
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Motores trifásicos jaula de ardilla, alta eficiencia

Construcción horizontal con patas, 60 Hz. 220/440 V.

Datos sujetos a cambio sin previo aviso.

HP

1

1.5

2

3

5

7.5

10

15

20

25

30

40

RPM

1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800

Armazón

143T
145T
182T

143T
145T
182T
184T

145T
145T
184T
213T

182T
182T
213T
215T

184T
184T
215T
254T

213T
213T
254T
256T

215T
215T
256T
284T

254T
254T
284T
286T

256T
256T
286T
324T

284TS
284T
324T
326T

286TS
286T
326T
364T

324TS
324T

Cat. No.

30000243
-
-

30000236
30000256

-
-

30000249
30000271

-
-

30000279
30000290

-
-

30000318
30000329

-
-

30000356
30000361

-
-

30000369
30000373

-
-

30000382
30000389

-
-

30000402
30000409

-
-

30009173
30009174

-
-

30009175
30009176

*
*

30009177
30000581

Cat. No.

*
*
*

*
*
*
*

*
*
*
*

*
*
*
*

*
*
*
*

*
*
*
*

*
*
*
*

*
*
*
*

*
*
*
*

*
*
*
*

*
*
*
*

*
*

Tipo RGZZESD
Prueba de Explosión
División 1
CI.1-Grupo D
CI.2-Grupo F&G
Aisl. B - F.S. 1.0
Cat. No.

*
*
*

*
*
*
*

*
*
*
*

*
*
*
*

*
*
*
*

*
*
*
*

*
*
*
*

*
*
*
*

*
*
*
*

*
*
*
*

*
*
*
*

*
*

Alta eficiencia:
TCCVE
Servicio pesado
A prueba de explosión

Tipo RGZE
TCCVE
Aisl. F - F.S. 1.15

Tipo RGZESD
Servicio pesado
Aisl. F - F.S. 1.15
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Motores trifásicos jaula de ardilla, alta eficiencia

Construcción horizontal con patas, 60 Hz. 220/440 V.

* Sobre pedido
- No disponible
Datos sujetos a cambio sin previo aviso.

HP

40

50

60

75

100

125

150

200

250

300

350

400

RPM

1200
900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

3600
1800
1200

3600
1800

Armazón

364T
365T

326TS
326T
365T
404T

364TS
364T
404T
405T

365TS
365T
405T
444T

405TS
405T
444T
445T

444TS
444T
445T
447

445TS
445T
447T
447T

447TS
447T
449T
449T

449TS
449T
449T
S449LS

449TS
449T
S449LS

S449SS
S449LS
S449LS

S449SS
S449LS

Cat. No.

*
*

30009178
30009179
*
*

30009180
30009186
*
*

30009181
30009187
*
*

30009196
30009197

*
*

30014956
30014954

*
*

*
30014953

-
-

*
30014952

-
-

-
-
-
-

-
-
-
-

-
-
-
-

-
-

Cat. No.

*
*

*
*
*
*

*
*
*
*

*
*
*
*

*
*
*
*

*
*
*
*

*
*
*
*

*
*
*
*

*
30014955

*
*

*
*
*
*

*
*
*
*

*
*

Tipo RGZZESD
Prueba de Explosión
División 1
CI.1-Grupo D
CI.2-Grupo F&G
Aisl. B - F.S. 1.0
Cat. No.

*
*

*
*
*
*

*
*
*
*

*
*
*
*

*
*
*
*

*
*
*
*

*
*
*
*

*
*
*
*

*
*
*
*

*
*
*
*

*
*
*
*

*
*

TCCVE
Servicio pesado
A prueba de explosión

Tipo RGZE
TCCVE
Aisl. F - F.S. 1.15

Tipo RGZESD
Servicio pesado
Aisl. F - F.S. 1.15
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Motores trifásicos jaula de ardilla, eficiencia estándar

Construcción horizontal con patas, 60 Hz.
220-230/440-460 V, motores de armazón 143T al 256T.
220/440 V motores desde armazón 284T hasta 75HP.

• Sobre pedido
•• Brinda C dimensión AK = 8.5 pulg.

HP

0.5

0.75

1

1.5

2

3

5

7.5

10

RPM

900

1800
1200

900

3600
1800
1200

900
900

3600
1800
1200
1200

900
900

3600
1800
1200
1200

900

3600
3600
1800
1800
1200

900

3600
3600
1800
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

Armazón     Cat. No.

143TC               *

143TC 30000813
143TC               *
145TC               *

143TC 30000802          
143TC 30000854          
145TC               *
182TC               *
182TCH          *

143TC 30000843
143TC 30000877
182TC               *
182TCH          *
184TC               *
184TCH             *

145TC 30000866 
145TC 30000909
184TC               *
184TCH           *
213TC               *

182TC 30000920 * *
182TCH      30000921
182TC 30000929 * *
182TCH      30000930
213TC               *
215TC               *

184TC 30000954 * *
184TCH      30000955
184TC 30000962 * *
184TCH      30000963
215TC               *
254TC               *

213TC 30000989
213TC 30001000
254TC               *
256TC               *

215TC 30001033
215TC 30001044
256TC               *
284TC               *

Armazón     Cat. No.

-                 -

-                 -
-                 -
-                 -

143JM 30002315 
143JM 30002319

-                 -
-                 -
-                 -

143JM 30002316
143JM 30002320

145JM 30002317
145JM 30002321

-                 -
-                 -
-                 -

182JMY 30002379 * *
182JM 30002381
182JMY 30002436 * *
182JM 30002438

-                 -
-                 -

184JMY 30002382 * *
184JM 30002384
184JMY 30002369 * *
184JM 30002439

-                 -
-                 -

213JM 30002464
213JM 30002459

-                 -
-                 -

215JM 30002465
215JM 30002473

-                 -
-                 -

Armazón     Cat. No.

143TD              *

143TD              *
143TD              *
145TD              *

143TD              *
143TD              *
145TD              *
182TD            *

-                  -

143TD              *
145TD            *
182TD            *

-                  -
184TD            *

-                  -

145TD            *
145TD            *
184TD             *

-                  -
213TD              *

182TD              *
-                  -

182TD              *
-                  -

213TD              *
215TD              *

184TD              *
-                  -

184TD              *
-                  -

215TD              *
254TD              *

213TD              *
213TD              *
254TD              *
256TD              *

215TD              *
215TD              *
256TD              *
256TD              *

Tipo RGZ-Freno
TCCVE
Con freno de disco
Aisl. F - F.S. 1.15

Brida C
Brida D
Espiga JM
Con freno

Tipo RGZ-B/C
TCCVE
Con brida C
Aisl. F - F.S. 1.15

Tipo RGZ-JM
TCCVE
B/C+espiga JM
Aisl. F - F.S. 1.15

Tipo RGZ-B/D
TCCVE
Con brida D
Aisl. F - F.S. 1.15

Armazón     Cat. No.

143T *

143T *
143T *
143T *

143T *
143T *
145T *
182T *

-                 -

143T *
145T *
182T *

-               -
184T *

-                  -

145T *
145T *
184T *

-               -
213T *

182T *
-                  -

182T *
-                 - 

213T *
215T *

184T *
-                 -

184T *
-                       -        

215T *
-                  -

213T *
213T *

-                  -
-                  -

215T *
215T *

-              -
-              -
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Motores trifásicos jaula de ardilla, eficiencia estándar

Construcción horizontal con patas, 60 Hz.
220-230/440-460V, motores de armazón 143T al 256T
220/440V, motores desde armazón 284 T haste 75 HP.

- No disponible
* Sobre pedido
Motores con brida C o D de mayor capacidad, favor consultar
Datos sujetos a cambio sin previo aviso

HP

15

20

25

30

40

50

RPM

3600
1800
1200
900

3600
1800
1200
900

3600
1800
1200
900

3600
1800
1200
900

3600
1800

3600
1800

Armazón              Cat. No.

254 TC 30001080
254 TC 30001092
284 TC *
286 TC *

256 TC 30001127
256 TC 30001139
286 TC *
324 TC *

284 TSC 30007344
284 TC 30007350
324 TS *
326TC *

286 TSC 30007349
286 TC 30007351
326 TC *
364TC *

324 TSC *
324 TC *

326 TSC *
326 TC *

Armazón              Cat. No.

254 JM 30002539
2543 JM 30002563

- -
- -

256 JM 30002540
256 JM 30002584

- -
- -

284JM *
284JM *

- -
- -

286JM *
286JM *

- -
- -

324JM *
324JM *

326JM *
326JM *

Brida C
Brida D
Espiga JM

Tipo RGZ-B/C
TCCVE
Con brida C
Aisl. F - F.S. 1.15

Tipo RGZ-JM
TCCVE
B/C+espiga JM
Aisl. F - F.S. 1.15

Tpo RGZ-B/D
TCCVE
Con brida D
Aisl. F - F.S. 1.15

Armazón              Cat. No.

254 TD *
254 TD *
284 TD *
286 TD *

256 TD *
256 TD *
286 TD *
324 TD *

284 TSD *
284 TD *
324 TD *
326 TD *

286 TSD *
286 TD *
326 TD *
364 TD *

324 TD *
324 TD *

326 TD *
326 TD *
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Motores trifásicos jaula de ardilla

Polos conmutables; un devanado, TCCVE; Aisl. F, F.S. 1.15
Construcción horizontal con patas.
Tensión hasta armazón 365T, 220V ó 440V; mayores, 440V. 60Hz.

1) Aislamiento clase F, F.S. 1.0
*Fabricación sobre pedido

Alta vel.

1
1.5
2
3

5
7.5

10
15

20
25
30
40

50
60
75

100

125
150
200

Arm.

143T
145T
182T
184T

213T
215T
254T
256T

284T
286T
324T
326T

364T
365T
405T
444T

445T
447T
449T

Cat. No.

*
*
*
*

*
*
*
*

*
*
*
*

*
*
*
*

*
*
*

Baja vel.

0.25
0.37
0.50
0.75

1.2
1.9
2.5
3.7

5
6.2
7.5

10

12
15
19
25

31
37
50

RPM

1800/900
1800/900
1800/900
1800/900

1800/900
1800/900
1800/900
1800/900

1800/900
1800/900
1800/900
1800/900

1800/900
1800/900
1800/900
1800/900

1800/900
1800/900
1800/900

Par variable

HP
Alta vel.

1
1.5
2
3

5
7.5

10
15

20
25
30
40

50
60
75

100

125
150
200

Arm.

145T
182T
182T
184T

213T
215T
254T
256T

284T
286T
324T
326T

364T
365T
405T
444T

445T
447T
449T

Cat. No.

*
*
*
*

*
*
*
*

*
*
*
*

*
*
*
*

*
*
*

Baja vel.

0.5
0.75
1
1.5

2.5
3.7
5
7.5

1)

10
12.5
15
20

25
30
37.5
50

62.5
75

100

RPM

1800/900
1800/900
1800/900
1800/900

1800/900
1800/900
1800/900
1800/900

1800/900
1800/900
1800/900
1800/900

1800/900
1800/900
1800/900
1800/900

1800/900
1800/900
1800/900

Par constante

HP

Diagrama de conexiones; dos velocidades, un solo devanado.

Velocidad

Baja

Alta

Línea
L1 L2 L3

T1 T2 T3

T6 T4 T5

Conexión

Y

YY

T4 T5 T6 abiertas

T1 T2 T3 juntas

Velocidad

Baja

Alta

Línea
L1 L2 L3

T1 T2 T3

T6 T4 T5

Conexión

∆
YY

T4 T5 T6 abiertas

T1 T2 T3 juntas
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Motores trifásicos jaula de ardilla

Polos conmutables; dos devanados, TCCVE; Aisl. F, F.S. 1.15
Construcción horizontal con patas.
Tensión hasta armazón 365T, 220V ó 440V; mayores 440V, 60Hz.

HP

3
5
7.5

10

15
20
25
30

40
50
60
75

100
125
150
200

900 RPM

0.75
1.2
1.9
2.5

3.7
5
6.2
7.5

10
13
15
19

25
31
37
50

Arm.

213T
215T
254T
256T

284T
286T
324T
326T

364T
365T
404T
405T

444T
445T
447T
449T

RPM

1800
1800
1800
1800

1800
1800
1800
1800

1800
1800
1800
1800

1800
1800
1800
1800

1200 RPM

1.3
2.2
3.3
4.4

6.7
8.9

11
13

18
22
27
33

44
55
67
88

Par variable

Alta velocidad

Velocidad

Baja

Alta

Línea
L1 L2 L3

T1 T2 T3

T11 T12 T13

Conexión

Y

Y

Abierto

T11 T12 T13

T1 T2 T3

Par variable o par constante

Cat. No.

*
*
*
*

*
*
*
*

*
*
*
*

*
*
*
*

Baja velocidad
HP1)

Diagrama de conexiones; dos velocidades, devanados separados.

HP

3
5
7.5

10

15
20
25
30

40
50
60
75

100
125
150
200

900 RPM

1.5
2.5
3.72)

52)

7.52)

102)

12.5
15

20
25
30
37.5

50
62
75

100

Arm.

213T
215T
254T
256T

284T
286T
324T
326T

364T
365T
404T
405T

444T
445T
447T
449T

RPM

1800
1800
1800
1800

1800
1800
1800
1800

1800
1800
1800
1800

1800
1800
1800
1800

1200 RPM

2
3.3 
52)

6.62)

102)

132)

17
202)

27
332)

40
502)

66
84

100
133

Par constante

Alta velocidad
Cat. No.

*
*
*
*

*
*
*
*

*
*
*
*

*
*
*
*

Baja velocidad
HP1)

1) Sólo una de las velocidades 1200 RPM ó 900 RPM puede ser seleccionada
2) Aislamiento clase F, F.S. 1.0
*Fabricación sobre pedido

Baja velocidad

0.50
0.75
1.0
1.5
2

3
5
7.5
10
15

Alta velocidad

0.75
1.0
1.5
2.0
3

5
7.5
10
15
20

RPM

1800/3600 
1800/3600 
1800/3600
1800/3600 
1800/3600

1800/3600 
1800/3600 
1800/3600
1800/3600 
1800/3600

Armazón

143T
143T
145T
145T
182T

184T
213T
215T
254T
256T

Cat. No.

*
*
*
*
*

*
*
*
*
*

Polos conmutables, conexión Dahlander , 4/2 polos, 220V ó 440V.
Construcción horizontal con patas, TCCVE, 60 Hz.

HP
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Motores trifásicos jaula de ardilla, verticales flecha hueca 
tipo1PM (HSRGZ)

Información General

Normas
Nuestros motores verticales
flecha hueca cumplen con las
normas NMX-J-75 y 
NEMA-MG-1-1993.

Descripción del motor
Este tipo de motores está
destinado a impulsar bombas
que imponen altas cargas de
empuje axial descendente,
como bombas de pozo 
profundo.

Los motores verticales flecha
hueca se pueden utilizar en
interior o intemperie, ya que
por su diseño totalmente 
cerrado TCCVE, los bobinados,
baleros, estator y rotor están
libres de contaminación por
polvo, humedad, basura y
ataque de roedores, lo que
garantiza un funcionamiento
confiable y duradero.

Los motores están provistos
con brida tipo “P” para montaje
al cabezal de la bomba.

La caja de conexiones tiene
espacio suficiente para realizar
las conexiones de cables de
una manera fácil y segura, ya
que se cumple el volúmen
prescrito en la norma  NEMA
MG-1-1987.

Aspecto eléctrico: Motor diseño
NEMA “B”. El rotor es del tipo
jaula de ardilla inyectado con
aluminio de alta calidad.

La tensión nominal de
operación es de 220/440 Volts
a 60 Hz. Para motores hasta
100 HP y 440V, a partir de 
125 HP

Protección
Nuestro motor vertical flecha
hueca posee un trinquete,
mediante el cual se evita un
giro opuesto al normal del
motor que pueda ocurrir por
una conexión eléctrica 
equivocada o porque el agua
que quedó en la columna de la
bomba al pararse el motor,
tienda a recuperar su nivel 
normal y esto pueda ocasionar
que la flecha de la bomba se
destornille.

El trinquete elimina esta 
posibilidad, al caer uno de los
siete pernos alojados en el
ventilador de algún canal de la
tapa balero exterior y así
detener inmediatamente el
motor y evitar el peligroso 
sentido opuesto de giro.

Solamente personal
especializado deberá realizar la
instalación y acoplamiento de la
bomba y motor flecha hueca.

Rodamientos
El sistema de rodamiento lo
componen uno o dos baleros
de contacto angular montados
en el escudo (soporte de carga)
y un balero guía montado en la
brida. Lo anterior permite una
operación suave y silenciosa.

Motores con alto empuje
axial
Si no se especifica en el 
pedido, los motores desde 100
HP hasta 150 HP, se surten de
fábrica con un rodamiento tipo
7322 BG para 3200 kg. de
empuje axial, cuando el
usuario necesite una carga
axial mayor (hasta 5500 kg.) se
instalara un rodamiento adi-
cional del mismo tipo (7322
BG).

“PR” Protección térmica en
rodamiento de carga
Los motores desde armazón
405TP (100HP) están provistos
de fábrica con una protección 
térmica “PR” en los 
rodamientos de carga, el objeto
de esta protección adicional en
toda serie de motores es 
detectar cualquier anomalía
durante el funcionamiento.

Mantenimiento

Está reducido a un mínimo de
trabajos y costos. Para ello
basta seguir las indicaciones
dadas en las placas de 
características y lubricación del
motor, sobre todo lo referente
al tipo de grasa y el período de
reengrase.
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Motores verticales flecha hueca, tipo 1PM

Motores verticales flecha hueca 1PM 
Datos técnicos

1) 1N=0.1020 kgf       1Nm=0.1020 kgfm
Nota: También se pueden surtir motores con mayor número de polos en su armazón correspondiente.

Potencia
CP

No.
polos

RPM en
60 Hz.

Armazón Tipo Cat. No. Conex. Aisl.
clase

F.S. Corriente
nominal Amp.
220 V 440
V

Corriente
de
arranque
en % de 
la 
corriente
nominal

Par
nominal
en Nm

Par de
arranque
en % 
del par 
nominal

Par máx.
en %
del par
nominal

15 
20
25
30
40

50
60
75

100

125
150
200
250

4
4
4
4
4

4
4
4
4

4
4
4
4

1745
1740
1755 
1755
1760

1760
1770
1770
1775

1775
1775
1775
1775

254TP
256TP
284TP
286TP
324TP

326TP
364TP
365TP
405TP

444TP
445TP
447TP
449TP

1PM3 254-4YK30
1PM3 256-4YK30
1PM6 284-4YK30 
1PM6 286-4YK30
1PM6 324-4YK30

1PM6 326-4YK30
1PM6 364-4YK30
1PM6 365-4YK30
1PM6 405-4YK30

IPM0 444-4YP80
IPM0 445-4YP80
IPM0 447-4YP80
IPM0 449-4YP80

30004387
30004388
30004393
30004394
30004568

30004569
30004570
30004571
30004572

30014391
30014392
30014746
30014747

YY/Y
YY/Y
DD/D
DD/D
DD/D

DD/D
DD/D
DD/D
DD/D

D
D
D
D

F
F
F
F
F

F
F
F
F

F
F
F
F

1.15
1.15
1.15
1.15
1.15

1.15
1.15
1.15
1.15

1.15
1.15
1.15
1.15

39
50
64
77 
99

124
148
182
240

-
-
-
-

19.5
25.0
32.0
38.5
49.5

62
74
91
20

-
-
-

620
600
590
590
605

600
610
620
625

-
-
-
-

61
82
101
122
162

202
241
302
401

-
-
-
-

180
180
165
170
165

160 
160 
165
145

-
-
-
-

270
230
210
215
225

220
225
225
220

-
-
-
-
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Motores verticales flecha hueca, tipo 1PM

Dimensiones
Dimensiones generales en mm/pulg. del motor 1PM

34.92
1.375”

34.92
1.375”

34.92
1.375”

34.92
1.375”

47.62
1.875”

47.62
1.875”

47.62
1.875”

47.62
1.875”

50.8
2”

163
6.4”

183
7.2”

67
2.6”

67
2.6”

7.8
3.1”

7.8
3.1”

31
1.2”

31
1.2”

40
1.6”

7
0.275”

7
0.275”

7
0.275”

7
0.275”

7
0.275”

7
0.275”

7
0.275”

7
0.275”

7
0.275”

Tipo Armazón
NEMA

Potencia
CP
4 polos

AJØ AKØ

1PM3

1PM3

1PM6

1PM6

1PM6

1PM6

1PM6

1PM6

1PM6

254TP

256TP

284TP

286TP

324TP

326TP

364TP

365TP

405TP

15

20

25

30

40

50

60

75

100

231.77
9.125”

231.77
9.125”

231.77
9.125”

231.77
9.125”

374.65
14.75”

374.65
14.74”

374.65
14.75”

374.65
14.74”

374.65
14.75”

209.55
8.25”

209.55
8.25”

209.55
8.25”

209.55
8.25”

342.9
13.50”

342.9
13.50”

342.9
13.50”

342.9
13.50”

342.9
13.50”

BB
min

4.83
0.19”

4.83
0.19”

4.83
0.19”

4.83
0.19”

6.35
0.25”

6.35
0.25”

6.35
0.25”

6.35
0.25”

6.35
0.25”

BD
max

254
10”

254
10”

254
10”

254
10”

419.1
16.5”

419.1
16.5”

419.1
16.5”

419.1
16.5”

419.1
16.5”

BFØ

11.18
0.44”

11.18
0.44”

11.18
0.44”

11.18
0.44”

17.53
0.69”

17.53
0.69”

17.53
0.69”

17.53
0.69”

17.53
0.69”

EO

115.6
4.5”

115.6
4.5”

144
5.7”

144
5.7”

105
4.1”

105
4.1”

116
4.6”

116
4.6”

161
6.3”

CD

565
22.25”

608
23.95”

631
24.8”

631
24.8”

723
28.5”

723
28.5”

838
33.0”

838
33.0”

932
36.7”

BV

223.5
8.8”

243.8
9.6”

153
6”

153
6”

178
7”

178
7”

207
8.1”

207
8.1”

216
8.5”

AF

115
4.53”

115
4.53”

209
8.2”

209
8.2”

246
9.7”

246
9.7”

293
11.5”

293
11.5”

293
11.5”

AG

681
26.8”

724
28.5”

775
30.5”

775
30.5”

828
32.6”

828
32.6”

293
11.5”

293
11.5”

293
11.5”

AB

235
9.25”

235
9.25”

284
11.2”

284
11.2”

318
12.5”

318
12.5”

389
15.3”

389
15.3”

434
17”

AC

194
7.64”

194
7.64”

233
9.2”

233
9.2”

259
10.2”

259
10.2”

306
12.1”

306
12.1”

351
13.9”

P

318
12.5”

318
12.5”

359
14.1”

359
14.1”

401
15.8”

401
15.8”

449
17.7”

449
17.7”

502
19.8”

BE

16
0.63”

16
0.63”

16
0.63”

16
0.63”

22
0.87”

22
0.87”

23
0.91”

23
0.91”

24
0.94”

SH HB DA Peso
aprox.
Kg.

135

162

200

214

285

300

415

455

615
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1) Opcional
* También se pueden surtir motores con mayor número de polos en su armazón correspondiente.

Motores verticales flecha hueca, tipo 1 PM

Dimensiones
Dimensiones generales en mm/pulg. del motor 1PM

Tipo

1PM3

1PM3

1PM6

1PM6

1PM6

1PM6

1PM6

1PM6

1PM6

A XB        BY
Caja de conexiones
CH      AAØ CP

Empuje axial máx en kg.
1 balero         2 balero
lado carga      lado carga

Potencia    Copla
CP BZØ
4 polos

Armazón
NEMA

254TP

256TP

284T

286TP

324TP

326TP

364TP

365TP

405TP

15

20

25

30

40

50

60

75

100

57
2.24”

57
2.24”

64
2.52”

64
2.52”

73
2.87”

73
2.87”

73
2.87”

73
2.87”

73
2.87”

34.92
1.375”

34.92
1.375”

34.92
1.375”

34.92
1.375”

44.45
1.750

44.45
1.750

44.45
1.750

44.45
1.750

53.97
2.125

55
2.17”

55
2.17”

55
2.17”

55
2.17”

85
3.35”

85
3.35”

85
3.35”

85
3.35”

85
3.35

142
5.59”

142
5.59”

174
6.8”

174
6.8”

200
7.9”

200
7.9”

234
9.2”

234
9.2”

234
9.2”

1 1/4” -11 1/2 NPT

1 1/4” -11 1/2 NPT

1 1/2” -11 1/2 NPT

1 1/2” -11 1/2 NPT

2”-11 1/2 NPT

2”-11 1/2 NPT

3”-8 NPT

3”-8 NPT

3”-8 NPT

10-32 NF

10-32 NF

10-32 NF

10-32 NF

1/4”-20  NF

1/4”-20  NF

1/4”-20  NF

1/4”-20  NF

1/4”-20  NF

76
2.99”

76
2.99”

93
3.7”

93
3.7”

112
4.4”

112
4.4”

158
6.2”

158
6.2”

158
6.2”

1140

1140

1600

1600

2100

2100

2800

2800

3200

-

-

-

-

-

-

-

-

5500”



Designación de fábrica
1 =  Máquina eléctrica
R =  Máquina asíncrona de C.A. abierta
A =  Motor trifásico, ejecución básica
3 =  Grupo/Familia

Identificación de rodamiento y eje
0 = Baleros de bolas; eje con cuña
2 = Baleros de bolas; eje roscado para bomba

Armazón del motor
5 = NEMA 56

Relaciones de potencia
Ejec. normal
2 = 0.25 CP
3 = 0.33 CP
4 = 0.50 CP
5 = 0.75 CP
6 = 1.00 CP
7 = 1.50 CP
8 = 2.00 CP
0 = 3.00 CP
9 = Especiales

Cantidad de polos
2 = 2 polos
4 = 4 polos

Y = Fabricación nacional

Accesorios
K = Sin accesorios

Tensión
3 = 220V/440V, 60 Hz.
9 = Especiales

La construcción exterior
0 = Sin patas
1 = Con patas (base rígida)
2 = Con base flotante
3 = Brida C, sin patas
4 = Brida C + patas
5 = Brida C + brida bomba integrada
9 = Ejec. especial

Y1 R A 3 5

16

Motores trifásicos armazón 56

Complemento de tipos
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Motores trifásicos armazón 56

Tabla de selección
Motores trifásicos jaula de ardilla a prueba de goteo 220/440 V, 60 Hz, conexión YY/Y, aisl. clase B

* Favor de consultar

0.25
0.33
0.50
0.75

1.0
1.5
2
3

30002007
30002011
30002015
30002019

30002023
30002027
30002031
30002005

1RA3 252-2YK34
1RA3 253-2YK34
1RA3 254-2YK34
1RA3 255-2YK34

1RA3 256-2YK34
1RA3 257-2YK34
1RA3 258-2YK34
1RA3 250-2YK34 

Potencia
CP

Corriente
nominal Amp

220V    440V

Corriente
de
arranque
en % de
la corriente
nominal

Par
nominal
Nm

Par de
arranque
en %
del par
nominal

Par máx
en %
del par
nominal

Factor
de
servicio

Peso
neto
aprox.
Kg

Long.
L

mm

284
284
284
284

304
326
326
346

6.8
7.0
7.4
7.9

8.9
11.5
12.0
14.9

1.5
1.35
1.25
1.25

1.25
1.15
1.15
1.15

550
500
430
420

380
360
320
300

230
250
290
190

200
225
260
290

0.52
0.69
1.04
1.54

2.06
3.08
4.14
6.19

450
470
480
540

570
610
610
650

1.0
1.4
1.9
2.5

3.2
4.4
5.7
8.4

0.5
0.7
0.9
1.3

1.6
2.2
2.9
4.2

Velocidad
nominal
RPM

3440
3425
3410
3470

3465
3470
3440
3450

Catálogo
No.

Tipo

2 polos, base rígida, brida C y flecha roscada (bomba)

0.25
0.33
0.50
0.75

1.0
1.5
2.0

30001990
30001992
30001994
30001996

30001998
30000092
30002002

1RA3 052-2YK31
1RA3 053-2YK31
1RA3 054-2YK31
1RA3 055-2YK31

1RA3 056-2YK31
1RA3 057-2YK31
1RA3 058-2YK31

278
278
278
278

298
320
320

6.8
7.0
7.4
7.9

8.9
11.5
12.0

1.5
1.35
1.25
1.25

1.25
1.15
1.15

550
500
430
420

380
360
320

230
250
290
190

200
225
260

0.52
0.69
1.04
1.54

2.06
3.08
4.14

450
470
480
540

570
610
610

1.0
1.4
1.9
2.5

3.2
4.4
5.7

0.5
0.7
0.9
1.3

1.6
2.2
2.9

3440
3425
3410
3470

3465
3470
3440

2 polos, base rígida, rígida (uso general)

0.25
0.33
0.50
0.75

1.0
1.5
2.0

30001991
30001993
30001995
30001997

30001999
30002001

*

1RA3 052-4YK31
1RA3 053-4YK31
1RA3 054-4YK31
1RA3 055-4YK31

1RA3 056-4YK31
1RA3 057-4YK31
1RA3 058-4YK31

261
278
278
278

298
320
340

6.3
7.7
7.9
8.6

11.0
12.5
15.6

1.35
1.35
1.25
1.25

1.15
1.15
1.15

340
345
320
285

400
350
360

220
200
195
195

330
350
350

1.02
1.36
2.06
3.10

4.1
6.2
8.3

360
410
415
440

570
640
640

1.4
1.6
2.1
3.0

4.2
5.4
7.0

0.7
0.8
1.1
1.5

2.1
2.7
3.5

1740
1750
1730
1730

1730
1720
1715

4 polos, base rígida, rígida (uso general)
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Motores trifásicos armazón 56

Tabla de selección
Motores trifásicos jaula de ardilla a prueba de goteo 220/440 V, 60 Hz, conexión YY/Y, aisl. clase B

L = Ver última columna en la tabla de selección



63.0

75.5
74.0
70.9

74.0
77.5
75.6
74.9

75.0
79.2
78.4
75.5

78.8
80.9
81.5
75.1

80.6
82.9
82.3
78.1

81.4
85.2
84.3
82.3

82.7
87.1
86.9
86.2

85.0
88.2
87.3
87.3

87.1
88.7
87.7
87.3

87.7
89.5
88.8
89.0

88.7
90.6
90.1
88.7

19

Datos sujetos a cambio sin previo aviso

Motores trifásicos

Datos característicos típicos
Eficiencia estándar, totalmente cerrados (TCCVE)
Tipos RGZ, RGZSD y RGZZSD
440V 60 Hz. Diseño NEMA B, 40°C ambiente

Datos sujetos a cambio sin previo aviso

HP

0.5

0.75
0.75
0.75

1
1
1
1

1.5
1.5
1.5
1.5

2
2
2
2

3
3
3
3

5
5
5
5

7.5
7.5
7.5
7.5

10
10
10
10

15
15
15
15

20
20
20
20

25
25
25
25

RPM
asincrona

Eficiencia nominal %
1/2      3/4      plena

carga

Factor de potencia
1/2      3/4      plena

carga

Par 
Nom.    Rotor    Máx
(Nm)     Bloq.

%        %

Conexió
n

Corriente (A)
en      plena  arranque
vacio  carga   

ArmazónRPM
sincrona

900

1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

1.0
1.2
1.3

1.1
1.7
1.4
2.1

1.3
2.1
1.7
2.4

1.7
2.0
2.1
2.1

2.0
2.9
4.0
5.1

3.9
4.6
5.9
6.6

3.6
5.5
6.4
7.8

3.6
6.4

11.5
12.5

3.7
7.1
15
15

9.9
9.9
17
18

143T

143T
143T
145T

143T
143T
145T
182T

143T
145T
182T
184T

145T
145T
184T
213T

182T
182T
213T
215T

184T
184T
215T
254T

213T
213T
254T
256T

215T
215T
256T
284T

254T
254T
284T
286T

256T
256T
286T
324T

284 TS
284 T
324 T
326 T

1.1

1.2
1.6
1.7

1.5
1.6
1.8
2.0

2.0
2.4
2.5
2.6

2.6
3.0
3.1
3.4

4.2
4.2
4.3
4.8 

6.3
6.8
6.9
8.0

10
10
11
12

12
13
14
17 

19
21
23
24

26
27
31
32

31
33
35
41

845

1740
1155
855

3455
1745
1145
855

3460
1730
1140
855

3450
1730
1140
865

3485
1725
1160
865

3475
1715
1155
865

3500
1745
1170
855

3490
1745
1165
875

3515
1755
1170
875

3515
1750
1170
880

3525
1760
1175
880

4.1

7.6
6.6
5.6

8.5
16
16
16

21
21
21
21

26
26
26
26

33
33
33
33

48
48
48
48

66
66
66
66

85
85
85
85

121
121
121
121

152
152
152
152

191
191
191
191

59.0

72.4
69.8
67.8

69.8
73.2
72.4
70.9

69.9
74.8
77.7
75.5

74.5
76.9
79.1
72.0

76.8
82.4
80.0
75.0

78.4
84.2
81.9
79.8

76.2
86.0
85.3
85.1

83.7
87.1
86.1
87.0

85.5
88.2
86.9
85.1

86.5
89.3
88.1
88.2

88.0
90.3
89.4
87.4

0.49

0.59
0.44
0.42

0.78
0.59
0.49
0.45

0.8
0.54
0.59

0.5

0.79
0.58
0.61
0.52

0.72
0.68
0.67
0.55

0.84
0.71
0.65
0.51

0.75
0.68
0.59
0.52

0.86
0.78
0.66
0.51

0.85
0.72
0.57
0.53

0.81
0.73

0.6
0.58

0.8
0.73
0.67
0.54

0.61

0.71
0.54
0.52

0.85
0.71
0.63
0.58

0.9
0.68

0.7
0.64

0.89
0.72
0.71
0.66

0.81
0.79
0.76
0.69

0.9
0.8

0.76
0.65

0.82
0.79
0.71
0.65

0.89
0.83
0.78
0.62

0.88
0.78
0.67
0.64

0.87
0.79
0.69
0.63

0.86
0.79
0.75
0.74

64.0

75.5
74.0
72.0

74.0
78.5
75.5
74.0

77.0
80.0
78.5
75.5

80.0
81.5
80.0
75.5

81.5
81.5
82.5
78.5

82.5
84.0
84.0
82.5

84.0
86.5
86.5
85.5

85.5
86.5
86.5
86.5

87.5
87.5
87.5
87.5

87.5
88.5
88.5
88.5

88.5
89.5
88.5
88.5

0.69

0.81
0.62
0.60

0.88
0.78
0.72
0.66

0.95
0.77
0.75
0.75

0.94
0.80
0.79
0.76

0.86
0.86
0.83
0.78

0.94
0.86
0.84
0.74

0.87
0.84
0.77
0.73

0.92
0.87
0.82
0.67

0.88
0.80
0.73

0.7

0.88
0.82
0.73
0.68

0.88
0.82
0.78
0.68

4.2

3.1
4.8
6.3

2.1
4.1
6.4
8.3

3.1
6.2
9.4

12.5

4.1
8.3

12.5
16.7

6.1
12.4
18.4

25

10.2
20.9
30.8
41.2

15.3
30.8
45.9
62.5

20.4
41.1
61.4
83.0

30.4
61.1

92
123

40.6
81.4
122
164

50
102
152
203

200

260
220
210

300
280
200
185

195
275
170
190

190
270
170
200

190
220
165
155

185
200
160
190

165
195
160
170

160
190
160
140

150
175
155
160

140
170
150
130

135
170
150
150

240

290
250
290

310
300
265
260

275
290
260
250

260
285
245
250

250
280
240
230

240
270
235
250

240
270
225
250

235
260
220
210

235
255
220 
210

230
240
220
210

225
235
205
200

Y

Y
Y
Y

Y
Y
Y
Y

Y
Y
Y
Y

Y
Y
Y
Y

Y
Y
Y
Y

Y
Y
Y
Y

Y
Y
Y
Y

Y
Y
Y
Y

Y
Y

Y
Y
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Datos sujetos a cambio sin previo aviso

HP

30
30
30
30

40
40
40
40

50
50
50
50

60
60
60
60

75
75
75

100
100

RPM
asincrona

Eficiencia nominal %
1/2      3/4      plena

carga

Factor de potencia
1/2      3/4      plena

carga

Par 
Nom.    Rotor    Máx
(Nm)     Bloq.

ConexiónCorriente (A)
en      plena  arranque
vacio  carga   

ArmazónRPM
sincrona

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

3600
1800

11.5
11.5

19
25

16
16
23
26

19
20
28
21

20
31
26
21

23
33
31

24
36

286 TS
286 T
326 T
364 T

324 TS
324 T
364 T
365 T

326 TS
326 T
365 T
404 T

364 TS
364 T
404 T
405 T

365 TS
365 T
405 T

405 TS
405 T

36
38
42
49

49
51
56
66

62
63
71
72

72
77
79
84

89
92
94

117
123

3525
1765
1175
885

3530
1770
1180

885

3530
1770
1180

880

3530
1770
1180

880

3530
1770
1180

3550
1775

228
228
228
228

303
303
303
303

380
380
380
380

455
455
455
455

567
567
567

758
758

88.7
90.7
90.0
87.3

86.5
91.7
89.9
89.0

88.4
92.3
89.7
92.1

90.7
91.1
90.8
92.1

91.3
91.8
92.3

91.7
92.0

0.8
0.77
0.71
0.53

0.83
0.76
0.64
0.57

0.83
0.78
0.64
0.6

0.84
0.76
0.69
0.71

0.85
0.83
0.75

0.82
0.81

0.86
0.83
0.78
0.63

0.88
0.8
0.74
0.63

0.87
0.84
0.74
0.7

0.88
0.82
0.75
0.71

0.89
0.87
0.83

0.86
0.85

89.5
91.0
90.7
88.7

88.4
92.0
90.8
90.5

90.2
92.7
90.5
92.4

91.1
91.7
90.8
92.2

91.6
91.7
92.3

92.5
92.7

89.5
90.2
89.5
88.5

89.5
91.0
90.2
90.2

91.0
91.7
90.2
91.7

91.0
91.7
90.2
91.7

91.7
91.7
91.7

92.4
92.4

0.87
0.86
0.79
0.68

0.89
0.84
0.78
0.66

0.87
0.85
0.78
0.74

0.9
0.84
0.82
0.76

0.9
0.87
0.85

0.91
0.86

61
122
182
243

81
161
241
325

126
202
302
404

120
241
362
485

150
301
453

200
401

135 
170
150
150

130
165
150
130

130
165
150
130

130
150
150
130

120
150
150

115
140

225
235
210
200

220
225
210
200

220
225
210
220

210
220
210
200

210
210
210

210
210
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Motores trifásicos

Datos característicos típicos
Alta eficiencia, totalmente cerrados (TCCVE)
Tipos RGZE, RGZESD, RGZZESD
440V 60 Hz. Diseño NEMA B, 40*C ambiente

Datos sujetos a cambio sin previo aviso

HP

1
1
1
1

1.5
1.5
1.5
1.5

2
2
2
2

3
3
3
3

5
5
5
5

7.5
7.5
7.5
7.5

10
10
10
10

15
15
15
15

20
20
20
20

25
25
25
25

30
30
30
30

Letra
de
código

Eficiencia nominal %
1/2        3/4      plena

carga

Factor de potencia %
1/2      3/4      plena

carga

Par 
Nom.   Rotor    
Ib-pie Bloq.    Máx

%        %

ConexiónCorriente (A)
en      plena  arranque
vacio  carga   

ArmazónRPM
sincrona

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900 

3490
1745
1140
860

3485
1740
1160
855

3495
1735
1160
865

3510
1740
1165
865

3490
1730
1160
865

3515
1750
1170
865

3505
1750
1165
875

3530
1760
1175
875

3525
1755
1175
880

3525
1765
1180
880

3525
1765
1180
885

0.8
1.2
1.4
1.3

0.9
1.5
1.6
1.9

1.2
2.0
2.0
23

1.8
1.9
2.4
3.2

1.9
3.3
3.5
4.3

3.6
4.4
4.7
6.9

4.2
5.6
5.2
9.5

5.2
7.6
10
15

7.7
9.5
13
19

8.4
14
26
23

9.9
16
20
27

143T
143T
145T
182T

143T
145T
182T
184T

145T
145T
184T
213T

182T
182T
213T
215T

184T
184T
215T
254T

213T
213T
254T
256T

215T
215T
256T
284T

254T
254T
284T
286T

256T
256T
286T
324T

284TS
284T
324T
326T

286TS
286T
326T
364T

1.4
1.6
1.9
2.0

2.1
2.3
2.4
2.7

2.6
3.0
3.1
3.5

3.8
4.1
4.2
4.9

6.1
6.8
7.1
7.8

9.2
9.9
10
13

13
14
14
16

18
20
21
24

24
27
27
32

30
30
35
40

36
37
41
49

K
K
J
H

K
K
K
H

K
K
K
H

K
K
K
H

J
J
J
H

H
H
H
H

H
H
G
H

G
G
G
G

G
G
G
G

G
G
G
G

G
G
G
G

12
12
9
8

17
18
17
14

23
22
23
18

33
31
33
27

48
48
48
42

67
67
63
67

85
85
78
85

121
121
121
121

152
152
152
152

191
191
191
191

228
228
228
228

73.7
78.7
76.4
76.6

78.0
80.7
81.6
78.0

79.9
80.7
84.5
80.0

83.8
87.5
85.8
82.5

86.5
87.5
89.0
86.0

87.0
89.0
90.6
87.0

89.0
89.5
91.7
89.4

88.5
91.7
91.0
90.1

88.3
92.1
92.1
90.0

92.0
93.3
92.2
89.2

92.0
93.2
92.6
89.9

77
52
42
42

69
54
50
45

73
52
50
46

75
65
58
48

82
63
59
53

77
66
59
49

80
68
65
50

84
68
57
50

82
67
62
50

80
72
57
50

84
71
58
50

86
66
56
54

79
67
63
58

83
67
63
60

84
76
73
62

89
75
71
66

86
77
72
61

89
79
75
61

98
78
71
60

86
76
73
61

85
82
69
61

89
82
70
62

78.3
81.8
78.8
78.9

82.0
83.5
84.2
80.4

83.2
83.6
86.0
82.0

86.2
88.0
87.6
84.2

87.8
88.2
89.7
87.0

88.0
90.0
90.9
88.0

89.8
90.0
91.5
90.9

90.0
92.1
91.7
91.4

89.9
92.4
92.4
91.2

92.2
93.6
92.7
90.5

92.2
93.6
92.9
91.3

80.0
82.5
80.0
78.5

82.5
84.0
85.5
80.0

84.0
84.0
86.5
82.5

86.5
87.5
87.5
84.0

87.5
87.5
88.5
86.5

88.5
89.5
90.2
87.5

89.5
89.5
90.2
91.0

90.2
91.7
91.0
91.0

90.2
91.7
91.7
91.0

91.7
93.0
92.4
90.2

91.7
93.0
92.4
91.0

90
76
62
63

85
76
71
68

89
77
72
69

90
82
80
71

92
82
78
72

90
93
78
69

87
84
80
69

92
82
77
67

90
80
79
67

88
87
77
68

90
86
78
66

1.5
3.0
4.6
6.1

2.3
4.5
6.8
9.2

3.0
6.1
9.1
12

4.5
9.1
14
18

7.5
15
23
30

11
23
34
46

15
30
45
60

22
45
67
90

30
60
89

119

37
74

111
149

45
89

134
178

280
90

230
220

270
290
280
220

270
290
220
200

230
260
210
190

260
260
210
180

190
210
180
190

190
210
170
150

190
190
160
150

180
190
160
140

160
220
170
150

160
220
170
150

340
320
290
260

320
320
320
270

320
310
300
290

320
300
300
280

320
300
300
260

280
270
250
260

260
270
250
220

260
260
270
220

260
270
250
200

250
280
240
200

250
280
240
200

Y
Y
Y
Y

Y
Y
Y
Y

Y
Y
Y
Y

Y
Y
Y
Y

Y
Y
Y
Y

Y
Y
Y
Y

Y
Y
Y

Y
Y

Y
Y

RPM
asincrona
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Datos sujetos a cambio sin previo aviso.

Motores trifásicos

Datos característicos típicos
Eficiencia estándar, totalmente cerrados (TCCVE)
Tipos RGZE, RGZESD y RGZZESD
440V 60 Hz. Diseño NEMA B, 40*C ambiente

Datos sujetos a cambio sin previo aviso

HP

40
40
40
40

50
50
50
50

60
60
60
60

75
75
75
75

100
100
100
100

125
125
125
125

150
150
150
150

200
200
200
200

250
250
250
250

300
300
300

350
350
350

400
400

Letra
de
código

Eficiencia nominal %
1/2        3/4      plena

carga

Factor de potencia %
1/2      3/4      plena

carga

Par 
Nom.   Rotor    
Ib-pie    Bloq.    Máx

%        %    

ConexiónCorriente (A)
en      plena  arranque
vacio  carga   

Armazón

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

900

3600
1800
1200

3600
1800
1200

3600
1800 

3530
1770
1180
885

3530
1770
1180
885

3565
1775
1185
885

3565
1775
1185
885

3570
1780
1185
885

3575
1785
1185
885

3575
1785
1185
885

3575
1785
1185
885

3575
1785
1185
885

3575
1785
1185

3575
1785
1185

3570
1785

13
16
25
38

16
19
31
29

20
22
27
31

23
28
36
39

20
31
40
50

33
44
46
56

39
47
47
75

42
63
58

106

47
82
78

116

71
115
94

70
120
139

84
144

324TS
324T
364T
365T

326TS
326T
365T
404T

364TS
364T
404T
405T

365TS
365T
405T
444T

405TS
405T
444TS
445T

444TS
444TS
445TS
447T

445TS
445TS
447TS
447T

447TS
447TS
449TS
449T

449TS
449TS
449TS
S449

449TS
449TS
S449

S449S
S449
S449

S449S
S449

47
49
54
66

58
61
69
70

71
74
77
82

89
91
97
98

113
118
122
129

144
150
151
159

171
178
178
194

226
235
236
252

279
294
293
317

338
362
351

386
408
413

437
469

G
G
G
G

G
G
G
G

G
G
G
G

G
G
G
G

G
G
G
G

G
G
G
G

G
G
G
G

G
G
G
G

G
G
G
G

G
G
G

G
G
G

G
G

303
303
303
303

380
380
380
380

455
455
455
455

568
568
568
568

758
758
758
758

949
949
949
949

1134
1134
1134
1134

1516
1516
1516
1516

1908
1908
1908
1908

2300
2300
2300

2666
2666
2666

3032
3232

94.0
94.0
93.6
90.7

94.1
94.1
94.0
92.3

93.8
93.9
94.1
92.3

94.3
94.4
85.8
82.5

94.6
95.0
94.6
94.2

94.0
95.1
94.7
94.1

94.8
95.7
95.4
94.1

94.9
96.0
95.4
94.8

95.3
95.8
95.5
94.5

95.2
95.0
95.5

95.4
95.5
95.2

94.2
95.7

80
77
59
49

82
77
60
64

80
74
70
67

81
74
68
67

90
80
75
70

85
78
77
70

84
80
81
67

88
81
82
71

90
80
82
70

86
76
82

90
79
77

90
79

87
82
71
60

89
84
71
73

86
82
78
76

86
83
77
76

92
85
82
78

89
84
84
79

89
85
86
76

90
86
86
79

92
85
87
78

90
83
87

92
86
84

93
85

94.1
94.2
93.9
92.0

94.2
94.2
94.2
92.4

94.1
94.1
94.5
92.4

94.5
94.6
94.9
93.3

94.7
95.2
94.9
94.5

94.6
95.3
94.9
94.2

95.2
96.0
95.6
94.5

95.2
96.1
95.5
94.9

95.6
96.0
95.5
94.8

95.8
95.5
95.5

95.7
95.9
95.3

95.6
96.0

93.6
93.6
93.6
91.7

93.6
93.6
93.6
91.7

93.6
93.6
94.1
91.7

94.1
94.1
94.5
93.0

94.1
94.5
94.5
94.1

94.5
95.0
94.5
93.6

95.0
95.8
95.0
94.1

95.0
95.8
95.0
94.5

95.4
95.8
95.0
94.5

95.8
95.4
95.0

95.4
95.8
95.0

95.4
95.8

89
76
62
65

91
86
76
76

88
85
81
79

88
85
80
80

92
87
85
81

90
86
86
82

90
86
87
80

91
87
87
82

92
87
88
82

91
85
88

93
88
87

94
87

60
119
178
237

74
148
223
297

89
178
266
356

111
222
332
445

147
295
443
593

184
368
554
742

220
441
665
890

294
588
886

1186

368
735

1108
1483

441
882

1329

515
109

1551

588
1176

150
190
170
150

150
190
170
140

160
160
150
140

160
155
150
135

120
160
140
130

120
160
140
130

120
150
125
130

120
150
125
125

120
140
120
105

100
120
105

80
100
100

80
100

250
240
230
200

250
240
230
200

250
240
200
200

260
240
200
200

200
200
200
200

200
200
200
200

200
200
200
200

200
200
200
200

200
180
200
200

200
200
200

200
200
200

200
200

RPM
sincrona

RPM
asincrona
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Armazón

143TC

145TC

182TC

184TC

182TCH

184TCH

213TC

215TC

254TC

256T

BD

6.5

6.5

9

9

6.5

6.5

9

9

10

10

AJ

5.875

5.875

7.250

7.250

5.875

5.875

7.250

7.250

7.250

7.250

AK

4.5

4.5

8.5

8.5

4.5

4.5

8.5

8.5

8.8

8.5

U

0.875

0.875

1.125

1.125

1.125

1.125

1.375

1.375

1.625

1.625

AH

2.125

2.125

2.625

2.625

2.625

2.625

3.125

3.125

3.750

3.750

BA

2.25

2.25

2.75

2.75

2.75

2.75

3.5

3.5

4.25

4.25

ES

1.41

1.41

1.78

1.78

1.78

1.78

2.41

2.41

2.91

2.91

S

0.188

0.188

0.25

0.25

0.25

0.25

0.312

0.312

0.375

0.375

BF#

4

4

4

4

4

4

4

4

4

4

BF diam.

0.375-16 NC

0.375-16 NC

0.50-13 NC

0.50-13 NC

0.375-16 NC

0.375-16 NC

0.50-13 NC

0.50-13 NC

0.50-13 NC

0.50-13 NC

Motores trifásicos con brida C

Dimensiones motores 1LA3 con brida C
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Motores trifásicos con brida C

Dimensiones

Armazón       BD AJ AK              U AH BA ES               S BF#     BF diam.

284/6TC
284/6TSC
324/6TC
324/6TSC
364/5TC
364/5TSC
404/5TC
404/5TSC
444/5TC
444/5TSC
447TC
447TSC
449TC
449TSC

10.75
10.75
12.75
12.75
12.75
12.75
13.5
13.5

16.62
16.62
16.62
16.62
16.62
16.62

9
9

11
11
11
11
11
11
14
14
14
14
14
14

10.5
10.5
12.5
12.5
12.5
12.5
12.5
12.5

16
16
16
16
16
16

1.875
1.625
2.125
1.875
2.375
1.875
2.875
2.125
3.375
2.375
3.375
2.375
3.375
2.375

4.38
3
5

3.5
5.62
3.5

7
4

8.25
4.5

8.25
4.5

8.25
4.5

4.75
4.75
5.25
5.25
5.88
5.88

6.625
6.625

7.5
7.5
7.5
7.5
7.5
7.5

3.25
1.88
3.88

2
4.25

2
5.62
2.75
6.88

3
6.88

3
6.88

3

0.5
0.38

0.5
0.5

0.625
0.5

0.75
0.5

0.875
0.625
0.875
0.625
0.875
0.625

4
4
4
4
4
4
4
4
4
4
4
4
4
4

0.5-13NC
0.5-13NC
0.625-11NC
0.625-11NC
0.625-11NC
0.625-11NC
0.625-11NC
0.625-11NC
0.625-11NC
0.625-11NC
0.625-11NC
0.625-11NC
0.625-11NC
0.625-11NC
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Motores trifásicos con brida D

Dimensiones

Armazón

143/5TD

182/4TD

213/5TD

254/6TD

284/6TD

284/6TSD

324/6TD

324/6TSD

364/5TD

364/5TSD

404/5TD

404/5TSD

444/5TD

444/5TSD

447TD

447TSD

449TD

449TSD

BD

11

11

11

14

13.88

13.88

17.88

17.88

17.88

17.88

21.88

21.88

21.88

21.88

21.88

21.88

21.88

21.88

AJ

10

10

10

12.5

12.5

12.5

16

16

16

16

20

20

20

20

20

20

20

20

AK

9

9

9

11

11

11

14

14

14

14

18

18

18

18

18

18

18

18

U

.875

1.125

1.375

1.625

1.875

1.625

2.125

1.875

2.375

1.875

2.875

2.125

3.375

2.375

3.375

2.375

3.375

2.375

AH

2.25

2.75

3.38

4

4.62

3.25

5.25

3.75

5.88

3.75

7.25

4.25

8.5

4.75

8.5

4.75

8.5

4.75

BA

2.25**

2.75**

3.5**

4.25**

5.88**

5.88**

6.25**

6.25**

6.75**

6.75**

7.12**

7.12**

8.38**

8.38**

8.38

8.38

8.38

8.38

ES

1.41

1.78

2.41

2.91

3.25

1.88

3.88

2

4.25

2

5.62

2.75

6.88

3

6.88

3

6.88

3

S

.188

.25

.31

.375

.50

.375

.50

.50

.62

.50

.75

.50

.875

.625

.875

.625

.875

.625

BF# •

4

4

4

4

4

4

4

4

4

4

8

8

8

8

8

8

8

8

BF DIA

0.531

0.531

0.531

0.813

0.813

0.813

0.813

0.813

0.813

0.813

0.813

0.813

0.813

0.813

0.813

0.813

0.813

0.813

** Dimension “BA” de 143TD a 445TSD difiere de dimensión NEMA
Todas las dimensiones en pulgadas.
Datos sujetos a cambio sin previo aviso.
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Datos sujetos a cambio sin previo aviso.

Motores trifásicos

Dimensiones

NEMA

143T
145T

182T
184T

213T
215T

254T
256T

284T
286T

284TS
286TS

324T
326T

324TS
326TS

364T
365T

364TS
365TS

404T
405T

404TS
405TS

444T
445T

444TS
445TS

447T
447TS

449T
449TS

S449LS
S449SS

S

.188

.188

.250

.250

.313

.313

.375

.375

.500

.500

.375

.375

.500

.500

.500

.500

.625

.625

.500

.500

.750

.750

.500

.500

.875

.875

.625

.625

.875

.625

.875

.625

.875

.625

S

.188

.188

.250

.250

.313

.313

.375

.375

.500

.500

.375

.375

.500

.500

.500

.500

.625

.625

.500

.500

.750

.750

.500

.500

.875

.875

.625

.625

.875

.625

.875

.625

.875

.625

ES

1.38
1.38

1.75
1.75

2.38
2.38

2.88
2.88

3.25
3.25

1.88
1.88

3.88
3.88

2
2

4.25
4.25

2
2

5.63
5.63

2.75
2.75

6.88
6.88

3
3

6.88
3

6.88
3

7.5
3.5

C

12.2
13.3

14.2
15.2

18.0
19.1

22.3
24.1

28.8
28.8

27.5
27.5

32.0
32.0

30.0
30.0

34.2
34.2

32.1
32.1

39.5
39.5

36.5
36.5

45.6
45.6

41.8
41.8

49.1
45.4

54.1
50.3

63.7
59.8

D

3.50
3.50

4.50
4.50

5.25
5.25

6.25
6.25

7
7

7
7

8
8

8
8

9
9

9
9

10
10

10
10

11
11

11
11

11
11

11
11

11
11

E

2.75
2.75

3.75
3.75

4.25
4.25

5
5

5.50
5.50

5.50
5.50

6.25
6.25

6.25
6.25

7
7

7
7

8
8

8
8

9
9

9
9

9
9

9
9

9
9

2F

4
5

4.50
5.50

5.50
7

8.25
10

9.50
11

9.50
11

10.50
12

10.50
12

11.25
12.25

11.25
12.25

12.25
13.75

12.25
13.75

14.50
16.50

14.50
16.50

20
20

25
25

25
25

BA

2.25
2.25

2.75
2.75

3.50
3.50

4.25
4.25

4.75
4.75

4.75
4.75

5.25
5.25

5.25
5.25

5.88
5.88

5.88
5.88

6.625
6.625

6.625
6.625

7.50
7.50

7.50
7.50

7.50
7.50

7.50
7.50

7.50
7.50

N-W

2.25
2.25

2.75
2.75

3.38
3.38

4
4

4.63
4.63

3.25
3.25

5.25
5.25

3.75
3.75

5.88
5.88

3.75
3.75

7.25
7.25

4.25
4.25

8.50
8.50

4.75
4.75

8.50
4.75

8.50
4.75

9.12
5.25

O

6.93
6.93

8.86
8.86

10.62
1062

12.62
12.62

14.19
14.19

14.19
14.19

15.94
15.94

15.94
15.94

17.81
17.81

17.81
17.81

19.90
19.90

19.90
19.90

21.9
21.9

21.9
21.9

21.9
21.9

21.9
21.9

23.4
23.4

P

7.7
4.7

9.7
9.7

11.2
11.2

13.4
13.4

15.5
15.5

15.5
15.5

17.1
17.1

17.1
17.1

18.5
18.5

18.5
18.5

19.6
19.6

19.6
19.6

21.7
21.7

21.7
21.7

21.8
21.8

21.8
21.8

25.4
25.4

W

.13

.13

.13

.13

.13

.13

.13

.13

.13

.13

.13

.13

.13

.13

.13

.13

.38

.38

.38

.38

.13

.13

.13

.13

.13

.13

.13

.13

.13

.13

.13

.13

.13

.13

AB

6.46
6.46

7.36
7.36

9.02
9.02

9.92
9.92

12.94
12.94

12.94
12.94

15.75
15.75

15.75
15.75

17.69
17.69

17.69
17.69

17.50
17.50

17.50
17.50

19.94
19.94

19.94
19.94

20.12
20.12

20.12
20.12

23.0
23.0

Peso aprox.
en lbs.
RGZ     RGZZ

U

+
-
1
+
-
1
+
-
1
+
-
1
+
-
1
+
-
2
+
-
1
+
-
2
+
-
1
+
-
2
+
-
2
+
-
3
+
-
2
+
-
3
2

3
2

3
2

.875

.0000

.0005

.125

.0000

.0005

.375

.0000

.0005

.625

.000

.001

.875

.000

.001

.625

.000

.001

.125

.000

.001

.875

.000

.001

.375

.000

.001

.875

.000

.001

.875

.000

.001

.125

.000

.001

.375

.000

.001

.375

.000

.001

.375

.375

.375

.375

.625

.625

45
55

85
100

130
162

250
295

380
450

380
450

565
600

565
600

830
850

830
850

1100
1250

1100
1250

1620
1740

1620
1740

2000
2000

2300
2300

3050
3050

65
75

125
130

170
190

290
360

450
525

450
525

660
690

660
690

900
915

900
915

1290
1420

1290
1420

1740
1930

1740
1930

2415
2415

2625
2625

-   
-
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Motores monofásicos



Designación de fábrica
1 =  Máquina eléctrica
R = Máquina asíncrona de C.A. abierta
L = Máquina asíncrona de C.A. cerrada
A = Motor monofásico, ejecución básica
3 = Grupo/Familia

Identificación de balero y eje
0 = Baleros de bolas; eje con cuña
2 = Baleros de bolas; eje roscado para bomba

Armazón del motor
5 = NEMA 56

Relaciones de potencia
Ejec. normal
1 = 0.16 CP
2 = 0.25 CP
3 = 0.33 CP
4 = 0.50 CP
5 = 0.75 CP
6 = 1.0   CP
7 = 1.5   CP
8 = 2.0   CP

Cantidad de polos
2 = 2 polos
4 = 4 polos

Y = Fabricación nacional

Sistema o ejecución de arranque
F = Fase dividida
C = Capacitor de arranque

Tensión
1 = 127 V, 50/60 Hz.*
2 = 127/220 V, 50/60 Hz.*
3 = 127 V, 60 Hz.
4 = 127/220 V, 60 Hz.
5 = 127 V, 50 Hz.*
6 = 115/230 v, 60 Hz.*
9 = Tensión especial*

La construcción exterior
0 = Sin patas
1 = Con patas (base rígida)
2 = Con base flotante
3 = Brida C, sin patas
4 = Brida C + patas
5 = Brida C + brida bomba integrada

Y1 F 3 5

28

* Precios y tiempo de entrega, favor de consultarnos

Motores monofásicos armazón 56

Complemento de tipos
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Motores monofásicos armazón 56

Información general

Normas
El programa de fabricación de
nuestros motores monofásicos
en armazón 56 de inducción
"jaula de ardilla" cumplen con 
lo establecido en la publicación
NEMA MG-1-1993 y 
NMX-J-75-1985.

Datos eléctricos 
Tensión y frecuencia. 
Los motores pueden operarse a
plena carga en redes eléctricas,
en las que a frecuencia nominal
la tension varia + 10% de la
nominal.

Tensiones nominales: 
127 V, 60 Hz. 
220V, 60 Hz.

Potencia
La potencia nominal y el factor
de servicio indicados en las
tablas de selección, son válidos
para servicio contínuo con 
tensión y frecuencia nominales,
una temperatura ambiente de
40°C y una altura de instalación
de hasta 1000 m.s.n.m. ó 33°C
a 2400 m.s.n.m.

Conexión a la red
La tablilla de conexiones es de
fácil acceso y con terminales
claramente identificadas. La
placa de características 
contiene el diagrama de 
conexión.

Protección eléctrica
Todos los motores hasta 0.75
CP tienen un protector térmico
incorporado. Los motores 
desde 1 CP haste 2 CP,
recomendamos protegerlos
mediante guardamotores.

Sistemas de arranque
Fabricamos nuestros motores
para los sistemas de arranque
por capacitor y arranque por
fase dividida. En ambos 
sistemas un microinterruptor
encapsulado a prueba de polvo,
realiza eficientemente la
desconexión del devanado de
arranque.

Datos mecánicos
Tipo de montaje. 
Para las diversas aplicaciones
fabricamos diferentes tipos de
montaje:

•  Con base rígida.
•  Con base flotante.
•  Con base rígida, brida "C" y

flecha roscada.
•  Sin base, brida "C" y flecha

roscada.

Sentido de giro
El sentido de giro normal del
motor es el de las manecillas
del reloj, viendo el motor del
lado de la flecha. Para cambiar
de rotación basta con
intercambiar dos terminales en
la tablilla de conexiones. Los
motores con brida "C" y flecha
roscada se proveen con
rotacion fija.

Posición de montaje
Nuestros motores pueden 
instalarse en posición horizontal
o vertical, con la flecha hacia
arriba o hacia abajo.

Protección mecanica
La forma de protección de los
motores monofásicos en
armazón 56 corresponde a la
designación: "tipo abierto a
prueba de goteo y salpicaduras"

Carcasa y tapas
La carcasa es de lámina de
hierro de alta calidad y las tapas
de aluminio estan diseñadas
para soportar alto esfuerzo
mecánico y proporcionar
soporte rígido al rotor.

Rodamiento
Los motores se suministran
con baleros de bolas con doble
sello, lubricados de por vida.

Enfriamiento
Los motores están provistos de
un ventilador radial de material
termoplástico, el cual enfría al
motor independientemente del
sentido de giro del mismo.

Pintura (color naranja)
La pintura es a base de zinc
para evitar corrosión por 
ambientes húmedos o 
agresivos.

Aplicación del motor con
arranque por fase dividida, 
4 polos
Están diseñados con un 
moderado par de arranque, para
aplicaciones que no requieren
alto par de arranque, tales
como: extractores de aire,
lavadoras y aparatos de aire
acondicionado. Se pueden 
surtir con base rígida o con
base flotante, con rodamientos
de bolas. Cuando se requiere
de una operación silenciosa o

eliminar vibraciones, se
recomienda la aplicación de un
motor de fase dividida con base
flotante.

Motor con arranque por
capacitor, brida “C”; 2 polos
Este tipo de motor está
diseñado con un moderado par
de arranque y baja corriente de
arranque. Las principales
aplicaciones del motor con
brida “C” se encuentran en las
bombas centrífugas y otros

equipos que requieren
acoplamiento directo. Los
motores se suministran con
base fija o sin base y flecha
roscada (sentido de rotación
fijo).

Aplicaciones del motor con
arranque por capacitor de 2 y
4 polos
Este tipo de motor está
diseñado con un alto par de
arranque y baja corriente de
arranque. Para aplicaciones que

requieran arranque con carga,
tales como: compresores de
aire, compresores de 
refrigerante, bombas para
mover líquidos, máquinas, 
herramientas, etc. Se pueden
surtir con base rígida o con
base flotante. Por el tipo de 
aplicación a que estan sujetos,
se suministran con rodamientos
de bola, ya que están 
expuestos a fuertes cargas 
radiales, debido al empleo de
bandas "V" para la transmision
de las máquinas a mover.

Aplicaciones de los motores monofásicos

Aire acondicionado Compresores de aire Bombas para agua
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127/220
127/220
127/220
127/220

127/220
127/220
127/220

7.6/3.0
8.5/3.5
9.9/4.1
12.4/5.3

15.5/6.6
18.5/9.4
21.6/11.0

2.0
2.0
1.8
1.6

1.6
1.2
1.15

8.3/3.9
9.7/4.5
12.4/6.2
14.6/7.1

18.6/9.4
20.4/10.2
24/12

254
254
271
271

291
291
313

0.25
0.33
0.50
0.75

1.0
1.5
2

Motores monofásicos armazón 56

Tabla de selección
Motores monofásicos jaula de ardilla a prueba de goteo; aisl. clase B; 2 polos

** Para doble voltaje en estas capacidades, sobre pedido
Datos sujetos a cambio sin previo aviso

Potencia
CP

Tipo Catálogo
No.

Peso
neto
kg

Velocidad
nominal
r.p.m.

Tensión
nominal
Volt

Corriente
nominal
A

Factor
de
Servicio

Corriente
a F.S.
A

Long.
L
mm

1RF3 052-2YC41
1RF3 053-2YC41
1RF3 054-2YC41
1RF3 055-2YC41

1RF3 056-2YC41
1RF3 057-2YC41
1RF3 058-2YC41

30002034
30002043
30002051
30002059

30002064
30002069
30002071

8.3
8.4
9.7

10.5

11.9
12.8
15.5

3540/3520
3535/3515
3535/3515
3530/3500

3535/3510
3505/3470
3480/3460

Arranque por capacitor, base rígida, con balero (uso general)

127 * *
127 * *
127 * *

127/220
127/220
127/220
127/220

4.5
5.7
7.5

11.6/5.0
12.3/6.0
16.6/8.4
21.6/11.0

1.8
1.7
1.6

1.6
1.4
1.2
1.15

5.4
6.6
9.0

1.35/7.0
14.5/7.5
18.2/9.7
24/12

258
270
270

287
311
311
320

0.25
0.33
0.50

0.75
1.0
1.5
2

1RF3 252-2YC34
1RF3 253-2YC34
1RF3 254-2YC34

1RF3 255-2YC44
1RF3 256-2YC44
1RF3 257-2YC44
1RF3 258-2YC44

30002074
30002078
30002082

30002086
30002088
30002090
30002092

6.7
7.5
8.5

10.3
11.2
13.2
15.5

3540
3530
3540

3550/3530
3535/3515
3520/3500
3480/3460

Arranque por capacitor, base rígida, con balero, brida “C” y flecha roscada (bomba)

127 * *
127 * *
127 * *

127/220
127/220
127/220
127/220

4.5
5.7
7.5

11.6/5.0
12.3/6.0
16.6/8.4
21.6/11.0

1.8
1.7
1.6

1.6
1.4
1.2
1.15

5.4
6.6
9.0

1.35/7.0
14.5/7.5
18.2/9.7
24/12

258
270
270

287
311
311
320

0.25
0.33
0.50

0.75
1.0
1.5
2

1RF3 252-2YC33
1RF3 253-2YC33
1RF3 254-2YC33

1RF3 255-2YC43
1RF3 256-2YC43
1RF3 257-2YC43
1RF3 258-2YC43

*
*
*

*
*
*
*

6.3
7.1
8.1

9.9
10.8
12.8
15.1

3540
3530
3540

3550/3530
3535/3515
3520/3500
3480/3460

Arranque por capacitor, sin base, con balero, brida “C” y flecha roscada (bomba)
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1) Motor con capacitores de arranque y de trabajo
** Para doble voltaje en estas capacidades, sobre pedido

127
127
127

6.0
7.0
9.5

1.35
1.35
1.25

6.3
7.5
10.5

254
271
271

0.25
0.33
0.50

Motores monofásicos armazón 56

Tabla de selección
Motores monofásicos jaula de ardilla a prueba de goteo; aisl. clase B; 4 polos

Potencia
CP

Tipo Catálogo
No.

Peso
neto
kg

Velocidad
nominal
r.p.m.

1RF3 052-4YF31
1RF3 053-4YF31
1RF3 054-4YF31

30002040
30002048
30002056

7.9
9.3
9.8

1760
1740
1755

Tensión
nominal
volt

Corriente
nominal
A

Corriente
F.S.
A

Long.
L
mm

Factor
de
servicio

Arranque por fase dividida, base rígida, con balero

0.25
0.33
0.50

0.75
1.0
1.5 1)

2 1)

1RF3 052-4YC31
1RF3 053-4YC31
1RF3 054-4YC31

1RF3 055-4YC41
1RF3 056-4YC41
1RF3 057-4YB41
1RF3 058-4YB41

30002036
30002045
30002053

30002061
30002066
30003716
30003717

7.4
8.6
9.2

12.6
15.4
14.3
15.4

1760
1755
1745

1735/1720
1745/1720
1740/1720
1730/1710

Arranque por capacitor, base rígida, con balero

127**
127**
127**

127/220
127/220
127/220
127/220 

5.4
6.6
9.5

12.7/5.8
16/7.4
13.8/7.2
18.2/9.6

1.6
1.5
1.3

1.25
1.15
1.15
1.0

6.0
7.4

10.0

14.0/7.0
16.9/8.2
15.2/8.3

-

254
271
271

291
313
313
313
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Motores monofásicos armazón 56

Dimensiones generales

1) Motores de fase dividida, no llevan capacitor
L = Ver última columna de la tabla de selección
2) Motor de 2HP-4 Polos, con capacitores de arranque y trabajo.
* El capacitor está en el interior del escudo lado B, excepto en los motores de 2HP en los que está sobre el motor (altura 221 mm).

Estándar

Brida C, bomba*
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Motores monofásicos TCCVE

Jaula de ardilla, totalmente cerrados, aisl. clase F, F, S, 1.0

30000138
30000139

30000140
30000145

30000142
30000143

30000144
30000141

127/220
127/220

220
220

23.5/13.8
31.2/15.2

21.0
25.3

3

5

Potencia
C.P.

r.p.m. Armazón Armazón Catálogo No.
Horizontal con patas

Catálogo No.
con brida C y patas

AK=4.5”               AK=8.5”

Tensión nominal
V

Corriente nominal
A

3600
1800

3600
1800

1LF3 182-2YK20
1LF3 182-4YK20

1LF3 184-2YK40
1LF3 184-4YK40

182T
182T

184T
184T

30002440
30002444

30002441
30002446

3

5

Potencia
C.P.

Polos

2
4

2
4

Capacitor de arranque
Bote Mf Volt     Ctl.
tamaño

7
7

7
7

590-708
590-708

1000-1200
1000-1200

30009792
30009792

30009807
30009807

140
140

140
140

Capacitor permanente
Bote Mf Volt     Ctl.
tamaño

Dispositivo electrónico de arranque
Tipo Ctl.

5
5

5
5

60
60

100
100

30006238
30006238

30004768
30004768

4-7-41050-19-U01
4-7-41050-19-U01

4-7-41080-15-N01
4-7-41080-15-N01

30004766
30004766

30004764
30004764

250
250

250
250



Con los motores de alta
eficiencia se ha logrado hacer
una conversión efectiva de la
energía eléctrica a energía
mecánica, lo que significa que

los costos de los materiales y
mano de obra requeridos para
la construcción de motores de
alta eficiencia se convierten
en una excelente inversión.

su inversión inicial con la
adquisición de los motores de
alta eficiencia.

Lo anterior se puede observar en
los ejemplos siguientes,
que muestran cuánto dinero
se puede ahorrar y como
puede recuperar rápidamente

Con los motores de alta eficiencia puede ahorrar
dinero en su planta

CT = PI + 0.746*HP*TO*R
E

donde:

CT = Costo total de operación del motor
PI  = Precio inicial del motor
HP = Potencia del motor
TO = Tiempo de operación del motor (vida útil)
R    = Tarifa de la compañia suministradora (4/kWh)
E    = Eficiencia del motor

Ejemplo 1

Motor trifásico de 20 HP, 4 polos, 1800 rpm:

Motor de eficiencia estándar: E=87.5%
Precio del motor estándar: $8,336.00

Motor de alta eficiencia: E=92.4%
Precio del motor alta eficiencia $9,170.00

Para el motor estándar:

Para el motor alta eficiencia:

AHORRO = CT1 - CT2
 = 1,184,884 - 1,123,326 = $ 61,558.00

CT1 = 8336 + 0.746*20*60000*1.15 = 1,184,884.00
0.875

CT2 = 9170 + 0.746*20*60000*1.15 = 1,123,326.00
0.924

Con los motores de alta eficiencia puede recuperar su
inversión rápidamente

AA = 0.746 X  HP X R X TR 1  - 1
E1   E2[ ]

donde:

AA  = Ahorro anual
HP  = Potencia del motor
R    = Tarifa de la compañia suministradora
TR  = Tiempo de operación de trabajo al año (hr/año)
E1  = Eficiencia del motor estándar
E2  = Eficiencia del motor de alta eficiencia

Ejemplo 2

Motor trifásico de 20 HP, 4 POLOS, 1800 rpm.

Motor de eficiencia estándar: E=87.5%
Precio del motor estándar: $8,336.00

Motor de alta eficiencia: E=92.4%
Precio del motor alta eficiencia $9,170.00

Diferencia de costos = $ 834.00

AA = 0.746 X 20 X 1.15 X 4000 X         1      -       1
          0.875       0.924

AA = $ 4,159.51 ahorro anual

Tiempo de recuperación de la inversión inicial = Dif. de costos
    AA

TRI =    834       =  0.20 años
          4,159.50

[ ]

Ventajas:

•Menor costo de operación

•Menores cargos por demanda máxima

•Menores pérdidas en vacío

•Intercambiabilidad

•Conformidad con las normas NEMA

•Empleo de equipo de control normalizado

•Mayor vida útil del aislamiento

•Mayor confiabilidad

•Mayor capacidad de sobrecarga

Aclaraciones técnicas

Alta eficiencia significa rápida recuperación en su inversión
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Datos sujetos a cambio sin previo aviso.

Aclaraciones técnicas

Motores trifásicos a prueba de explosión
Construcción, aplicación y clasificación

Construcción
Esta serie de motores 
trifásicos, tipo 1MJ, a prueba
de explosión, son diseñados y
fabricados en concordancia con
las Normas Nacionales: NMX-J-
283-1981: “Motores eléctricos a
prueba de explosión para 
usarse en lugares que
contengan atmósferas
peligrosas clase I, grupo C,D” y
NMX-J-262-1980 ”Motores
eléctricos a prueba de
explosión para usarse en
lugares que contengan
atmósferas peligrosas clase II,
grupo E,F,G” listados bajo
nuestro file E-120739.

Aplicación
En los procesos de
manufactura, donde se generan
o liberan, polvos, gases y 
vapores inflamables, es
necesario usar motores,
instalaciones, equipos y
dispositivos debidamente
aprobados para lugares
peligrosos; ya que la
concentración de los polvos,
gases y vapores inflamables
presentes en el aire y en
atmósferas confinadas, pueden
producir mezclas explosivas o
encendibles.
Siemens ha desarrollado los
motores a prueba de explosión,
de la división I y para las clases
I y II. La característica intrínseca
de estos motores, es que la
temperatura de cualquier
superficie en operación
expuesta, no exceda la
temperatura de ignición de la
materia presente en el área 
explosiva.
Nuestros motores llevan
dispositivos limitadores de
temperatura (tipo klixon), cuyas
terminales se encuentran
también en la caja de
conexiones.

División I

Clase I:

Grupo C:
Temp. límite de partes expuestas:
180ºC. Código T3A

Grupo D:
Temp. límite de partes expuestas:
280ºC. Código T2A

Clase II:

Grupo E:
Temp. límite de partes expuestas:
200ºC. Código T3

Grupo F:
Temp. límite de partes expuestas:
200ºC. Código T3

Grupo G:
Temp. límite de partes expuestas:
165ºC. Código T3B

Áreas con atmósfera peligrosa permanentemente.

Aquellos que han sido desarrollados para trabajar en
atmósferas en las cuales estén o puedan estar presentes 
gases o vapores inflamables en el aire, en cantidades
suficientes para producir mezclas explosivas o encendibles.

Para atmósferas que contienen acetaldehidos, alcoholes
aleados, etileno, butaldeidos-n, monóxido de carbono,
gases o vapores de equivalente código de temperatura.

Para atmósferas que contienen acetona, alcohol, bencina,
benzoles, butano, gasolina, gas natural propano, o gases
o vapores de equivalente código de temperatura.

Aquellos en los cuales existe peligro a causa de la presencia
de polvo combustible.

Para atmósferas que contienen polvo de metal, como
aluminio, magnesio y sus aleaciones comerciales, o polvos
con equivalente código de temperatura.

Para atmósferas que contienen carbón negro (carbón vegetal),
hulla (carbón mineral), polvo de coque o polvos con equivalente
código de temperatura.

Para atmósferas que contienen harina, almidón (fécula), o
polvos con equivalente código de temperatura.

Clasificación de los motores Siemens a prueba de explosión
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Aclaraciones técnicas

Motores trifásicos a prueba de explosión
Motor a prueba de explosión seccionado

Los componentes principales
han sido cuidadosamente
seleccionados, los cuales están
aprobadas por normas
nacionales e internacionales.
Se pueden resumir de acuerdo
al siguiente desgloce:

UL Underwriters Laboratories Inc. ®

No.

ELECTRIC MOTOR FOR HAZARDOUS LOCATIONS

E120739

OPERATING
TEMP. 165º C
CODE T3B

CLASS I   GROUP D AND
CLASS II  GROUP F AND
CLASS II  GROUP G L

Ventilador plástico, conductivo antiestático.
Grasera lado ventilador.
Tapa balero interior, laberinto en ambos
lados.
Grasera lado accionamiento.
Fundición gris de alta calidad.
Anillo exterior en bronce para motores
clase I-C y clase II-E; clase I-D y clase II-F y
G en neopreno.
Anillo laberinto interior, sólo para motores
clase I-C y clase II-E (ambos lados).
Tornillos de alta resistencia SAE Grado 5.
Longitud y claro diametral restringido según
Norma NMX.
Baleros de bolas iguales (reforzados) ambos
lados, con sellos de lámina.
Compuesto sellador epóxico altamente
resistente en ambientes corrosivos.
Par de apriete (torque) en los tornillos de la
caja de conexión (véase tabla)*.

A
B
C

D
E
F

G

H
I

J

K

L

¡Nunca accione el motor si no
está cerrada la tapa de la caja de
conexión!

NOTA: Antes de apretar la tapa,
limpie las superficies, aplicando
después una ligera película de
vaselina simple.

*Nm = 0.1020 Kgfm

Arm.
140
180

210
250

Nm*
22

38

Tornillo tapa-caja
5/16-18 NC (HEX)

3/8-16 NC (HEX)

Par de apriete recomendado

IMPORTANTE*



37

Aclaraciones técnicas

Motores trifásicos con freno electromagnético
Aplicación y descripción

El motor con freno tiene 
múltiples aplicaciones, ahí
donde se precise un paro
instantáneo de giro en la
máquina impulsada, tales 
como: máquinas, herramientas,
procesos de transporte (bandas
de transportación), etc.
Consiste en un motor con rotor
tipo jaula y un freno 
electromagnético.

Potencia-rpm
1.00  CP - 10 CP2 3600 rpm
0.75  CP - 10 CP4 1800 rpm
0.75  CP - 5   CP6  900  rpm
0.50  CP - 3   CP8  900  rpm

Armazones

143T a 215T

Tensión nominal del motor
220V/440 V, 60Hz

Tensión nominal de 
alimentación del freno
220 V CA, 60 Hz

Conexión del freno
Ver diagrama de conexiones

Funcionamiento del freno
El sistema simplificado del 
freno del disco (ver dibujo) es el
siguiente:
El ventilador (7) transmite el par
del frenado al eje (1) del motor y
el ventilador (7) se fija con una
cuña, pero queda libre en su
movimiento axial. Al conectar el
motor se energiza la bobina (4)
del imán del escudo 
portacojinete (3) con corriente
contínua (rectificación por 
diodos integrados).

Debido a la fuerza magnética 
se atrae la armadura (6) 
venciendo los resortes (5). Con
este movimiento de la 
armadura (6) el ventilador queda
libre de la presión y fricción de
la balata (10).

El ventilador (7) y la flecha (1)
pueden girar en el balero (2). La
armadura (6) con la balata (10)

forman una unidad. La 
armadura (6) se guía sobre 
pernos (9) montados en el 
escudo porta cojinetes (3).  

Ajuste del par de frenado
El par de frenado máximo y el
entrehierro § = 0.3 mm se 
ajustan en fábrica.

Si con el uso normal, pasado el
tiempo, por desgaste de la 
balata (10) es necesario ajustar
el par de frenado, existe la
posibilidad de lograrlo girando 
el anillo roscado (8) hasta
obtener un entrehierro = 0.3mm.

El par de frenado se puede 
disminuir a voluntad, esto se
consigue retirando los resortes
(5). Así retirando la mitad de los
resortes, el par de frenado se
reduce en un 50% aproximada-
mente. Los resortes que 
permanecen en el freno deben
quedar repartidos uniforme-
mente y el entrehierro debe
ajustarse a = 0.3 mm.

Efectue estos trabajos según 
se indica en el instructivo que
viene suministrado con cada
motor 1LC3.

Protección de la bobina (4)
contra sobretensiones
La bobina (4) está protegida
contra sobretensiones 
(producidas por la desconexión
en un circuito de corriente 
contínua) por un varistor.

A
B
C

Freno Para motor
con armazón

143/5
182/4
213/5

Freno tipo

2LM1 020-4N
2LM1 050-6N
2LM1 050-7N

Par de frenado
NM

20
50
50

Potencia de
consumo VA
(220 VCA)

186
288
288

Tiempo de caida
freno ms.

230
260
260

Tiempo de
apertura ms.

90
130
130

Momento de
inercia del freno
Kgm2

0.0035
0.0080
0.0080

Datos técnicos de los frenos tipo 2LM1
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Alimentación a motor y freno
con 220 V, 3Ø, 60Hz

Alimentación a motor con 440V
3Ø, 60 Hz. y freno con 220V. 
1Ø, 60 Hz.

Diagrama de conexión en 
tiempos cortos - 50 ms 
(fig. 1 y 2); para tiempos 
normales de operación (250 
ms, aprox.) eliminar K7,
conectando B con B1 como se
muestra en la fig. 3

Control freno y motor 1Ø, 220V,
60Hz.

Control freno y motor, 1Ø,220 ó
440V, 60Hz.

S2 Conectar freno
S1 Parar freno 
S3 Despegar freno con motor

parado
K1 Contactor del motor 
K7 Contactor auxiliar

Conexión motor 440 V      60 Hz. 

Aclaraciones técnicas

Motores trifásicos con freno electromagnético
Diagrama de conexión

Fig. 1

Fig. 2

Motor Freno

Conexión motor 220 V           60 Hz. 

4

7

5 6

1

B18

2

9

3

L1

L1

L2

L2 L3

B

B2

~

Fig. 3

Motor Freno

7

5 6

1

B1

2

9

3

L1 L2 L3

B

B2

4

8

Fig. 4

Para la protección contra corto circuito de alimentación al freno 
(F4 y F5) y para la protección contra corto circuito del control freno y
motor (F9 y F10) usar fusibles DIAZED tipo 5SB (ver catálogo de
baja tensión).

Freno electromagnético de corriente continua
Los frenos electromagnéticos también pueden ser fabricados para
funcionar con corriente contínua, a una tensión de 24V.
El freno deberá conectarse directamente (L+/L-),
independientemente de la línea de alimentación del motor.
El tiempo normal de caída del freno es de 250 ms. aprox.
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Aclaraciones técnicas

Motores trifásicos de baja tensión
Aclaraciones y bases de proyecto

La línea
Las redes trifásicas de baja 
tensión están formadas por los
tres conductores activos L1, L2

y L3 y pueden ejecutarse con o
sin conductor neutro. Los 
conductores neutros están
unidos al centro de la estrella
del generador o del 
transformador correspondiente
al lado de baja tensión. Dos
conductores activos o uno de
ellos y el neutro constituyen un
sistema de corriente alterna
monofásica.

Tensión de servicio
La tensión existente entre dos
conductores activos (L1, L2, L3)
es la tensión de la línea
(Tensión compuesta o tensión
de la red). La tensión que hay
entre un conductor activo y el
neutro es la tensión simple 
(tensión de fase).

Se da la relación:

UL = 1.73 x U

UL = tensión compuesta 
(tensión de línea) 

U  = tensión simple 
(tensión de fase)

Fig. 1
Conexión de motores 
trifásicos
Los motores trifásico se
conectan a los tres conductores
L1, L2, L3. La tensión nominal 
del motor en la conexión de 
servicio tiene que coincidir con
la tensión compuesta de la red
(tensión de servicio).

Cambio de sentido de giro de
los motores trifásicos
Se consigue invertir el sentido
de giro intercambiando la
conexión de los conductores 
de alimentación.

Conexión de los motores
trifásicos de polos 
conmutables
Los motores de polos 

conmutables en ejecución 
normal se suministran sólo para
conexión directa a cualquiera 
de las velocidades.

El devanado se realiza en
conexión dahlander para dos
velocidades de rotación en
relación 1:2.
Para 1800/3600 rpm, es decir,
4/2 polos ó 900/1800 rpm, es
decir, 8/4 polos.

Fig. 2

Fig. 3

Conexiones de los motores
trifásicos con jaula de ardilla
El diagrama de conexión de la
figura 4 corresponde a motores
1LA3; para motores 1LA6 
considerar la figura 5

Fig. 4

Fig. 5

Puesta a tierra y conexión del
conductor de protección
Las máquinas tienen en la caja
de conexiones un borne para la
conexión del conductor de 
protección. Si se trata de
máquinas de mayor potencia,
para la puesta a tierra se habrá
dispuesto una placa adicional
en la carcasa.

Potencia nominal aparente
La red de baja tensión se 
alimenta directamente con un
generador o por medio de un
transformador conectado a su
vez a la red de alta tensión. La
potencia nominal del generador
o del transformador medida en
kVA tiene que ser, como 
mínimo, igual a la suma de las
potencias aparentes de todos
los motores que, en el caso 
más desfavorable, se 
encuentren simultáneamente 
en servicio.

La potencia nominal aparente
es:

en los motores trifásicos

U x I x 1.73Ps = 1000

en los motores monofásicos 

U x IPs = 
1000

siendo:
Ps = potencia nominal 

aparente en kVA
U  = tensión nominal en V
I = intensidad nominal en A

Caída de tensión y de 
frecuencia
Si se supone constante la 
tensión en la salida del 
transformador o del generador,
la tensión en el motor es 
menor, debido  a la resistencia
óhmica e inductancia de las
líneas intermedias. La diferencia
existente entre ambas 
tensiones es la caída de 
tensión. En el caso de que el
motor tenga que proporcionar la
potencia nominal a la 
frecuencia nominal, la caída
máxima de la tensión aplicada
al motor durante el servicio del
mismo es del 10%. La máxima
variación admisible de 
frecuencia es del 5% de su
valor nominal.

Máquina accionada

Cálculo del par motor
La potencia (kW) o el par motor
de accionamiento  (kgfm) y la
velocidad de rotación (rpm)
durante el servicio nominal de 
la máquina impulsada, tienen
que conocerse con la mayor
exactitud posible. 
La potencia se expresa de la
siguiente forma:

M x nP[kW] =           ó 975

M x nP[HP] =         716

siendo: 
P = potencia en kW o HP
M = par motor en kgfm
n  = velocidad de rotación en rpm

Tratándose de una carga G que
describa un movimiento 
rectilíneo con una velocidad v, 
la potencia es:

P = G x v   1 kW = 102 kgfm/s

siendo:
P = potencia en kgmf/s
G = carga en kgf
v = velocidad en m/s

El par motor equivalente a una
carga sometida a movimiento
rectilíneo es:

G x vM = 9.56         n
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siendo:
M = par motor en kgfm
G = carga en kgf
v = velocidad en m/s
n = velocidad de rotación en rpm

Conversión de potencia en kW 
a potencia en HP y viceversa

Fig. 6

Conversión de los caballos de
vapor del sistema inglés: 
potencia (kW) = 
0.746 x potencia (HP). 
potencia (HP) = 
1.34 x potencia (kW).

Curva caraterística del par
resistente
Para comprobar los procesos
de arranque y de frenado y para
seleccionar los motores con
velocidades de rotación
variables, se necesita conocer
la curva del par resistente de la
máquina impulsada (par de
carga), en dependencia de la
velocidad de rotación dentro de
la zona a considerar. Las formas
básicas representativas de los
pares resistentes quedan 
reproducidas en la figura 7. En
la figura 8 se muestran las 
curvas correspondientes de la
potencia. 

Fig. 7 

Fig. 8

1. Par resistente prácticamente
constante, potencia 
proporcional a la velocidad de
rotación. Se establece por
ejemplo,en mecanismos 
elevadores, bombas de
émbolo y compresores que
impulsen venciendo una 
presión constante, soplantes
de cápsula, laminadores, 
bandas transportadoras, 
molinos sin efecto ventilador,
máquinas herramientas con
fuerza de corte constante.

2. El par resistente crece 
proporcinalmente con la
velocidad de rotación, y la
potencia aumenta 
proporcionalmente con el
cuadrado de la velocidad.
Rige, por ejemplo, para 
calandrias.

3. El par resistente crece 
proporcionalmente con el
cuadrado de la velocidad de
rotación, y la potencia con el
cubo de la velocidad de
rotación. Rige para bombas
centrífugas, ventiladores y
soplantes centrífugos,
máquinas de émbolo que 
alimenten una red de 
tuberías abiertas.

4. El par resistente decrece en
proporción inversa con la
velocidad de rotación, 
permaneciendo constante la
potencia. Solamente se 
considerará este caso para
pocesos de regulación, 
presentándose en los tornos 
y máquinas herramientas 
similares, máquinas 
bobinadoras y 
descortezadoras.

Si la trasmisión se ejecuta por
medio de bandas o de 
engranajes, el par resistente se
referirá a la velociadad de
rotación del motor. 

M2 x n2M1 = n1

siendo: 

M1 = par resistente en el eje del
motor 

M2 = par  resistente en el eje de
la máquina 

n1 = velocidad de rotación del
motor

n2 = velocidad de rotación de la
máquina 

El par resistente en reposo
(momento inicial de arranque)
tiene que conocerse con la
mayor exactitud posible. 

Determinación del momento
de inercia.
Además de la curva par- 
velocidad, para verificación de
los procesos de arranque y 
frenado, es también nesesario
conocer el momento de inercia
de la máquina y del cople en
kgm2 referido a la velocidad de
la flecha del motor.

Los momentos de inercia de
diferentes masas giratorias
montadas sobre un mismo eje
pueden sumarse para obtener
un momento de inercia total.

En forma similar, una masa 
giratoria compleja puede
dividirse en secciones con
momentos de inercia de cálculo
sencillo, los cuales se suman
subsecuentemente para 
obtener el momento de inercia
total.

En el caso de cuerpos 
complejos, especialmente con
máquinas completas de
accionamiento, es mejor 
determinar el momento de 
inercia de la parte giratoria
mediante una prueba de
desaceleración.

Para un cilindro de longitud I
constante y diámetro d, el
momento de inercia es: 

1
J =     m • d2

8

π
con m = p •    d2 I

4

Para un cilindro hueco de 
longitud 1 constante y 
diámetros d y di, el momento 
de inercia es: 

1
J =     m (d2 + di

2)
8

π
con m = p •     (d2 + di

2)
4

J = momento de inercia en 
kgm2

m = masa en kg
p  = densidad en kg/m3

di = diámetro interior en m 
l   = longitud en m

Para referir el momento de 
inercia de un cuerpo giratorio 
de cualquier velocidad al valor
específico de la velocidad del
motor o para referir una masa
de movimientos rectilíneo a un
momento de inercia 
equivalente, se utilizan las 
siguientes ecuaciones:

Jad referido a nmot:

naJad nmot = Jad (       )2

nmot

J total referido al eje del motor :

(ΣJ)n = Jmot + (Jad)n

En el caso de una masa 
sometida a movimiento 
rectilíneo, tales como los
accionamientos de mesas o de
carros, el momento de inercia
equivalente referido al eje del
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motor se calcula de la siguiente
forma :

m      60v
J =       • ( )4π2            n

v
J = 912 •(   )2

n

J = momento de inercia 
(referido a la velocidad del
motor) en kgm2

m = masa en kg
v  = velocidad en m/s
n  = velocidad del motor en rpm

Determinación del momento
de inercia mediante prueba 
de desaceleración
1. Prueba de desaceleración
normal:

9.55 • tb • MBJ = n

J = momento de inercia total,
incluyendo motor, en 
kgm2

tb = tiempo de desaceleración
en s 

MB = par de frenado en Nm
n = diferencia de velocidades

durante el tiempo tb en rpm

J puede determinarse 
fácilmente cuando MB es 
conocido.

2. Prueba de desaceleración
con masa auxiliar conocida.

tbJ = Jaux tb aux-tb

J      = momento de inercia   
externo más inercia del 
motor en kgm2

Jaux = momento de inercia de 
la masa auxiliar en 
kgm2

tb       = tiempo de 
desaceleración sin Jaux

en s
tb aux = tiempo de 

desaceleración con Jaux

en s 

Materiales aislantes y clases
de aislamiento
En las normas, se han 
clasificado los sistemas de 
aislamiento en clases de 
aislamiento, habiéndose fijado
para los mismos las 
correspondientes temperaturas
exactas.

TA = temperatura del medio 
ambiente en ºC

STL = sobretemperatura límite
(calentamiento) en 
grados K (valor medio)

TPM   = temperatura 
permanente máxima en
ºC (para el punto más 
caliente del devanado).

Fig. 9

Sobre temperatura límite en K

La temperatura máxima 
permanentemente admisible de
los diferentes materiales
aislantes se compone, como
queda representado en la figura
anterior, de la temperatura del
medio ambiente, de la
sobretemperatura límite y de 
un suplemento de seguridad.
Este último suplemento se ha
introducido porque, aplicando el
método de medida usual, o
sea, la elevación de la
resistencia del devanado, no se
determina la temperatura en el
punto más caliente, sino que se
mide el valor medio del
calentamiento. Las indicaciones
de potencia de los motores
están basadas en una
temperatura del medio
ambiente de 40 grados para
todas las clases de aislamiento.
Para la clase de aislamiento B,
resulta por ejemplo:

Fig. 10

TA = temperatura del medio
ambiente 40°C

STL = sobretemperatura límite
80 grados

TL =  temperatura límite 120°C
S     = suplemento de

seguridad 10 grados
TPM= temperatura permanente

máxima 130 °C

Las sobretemperaturas límites
de los anillos rozantes rigen
para medida por termómetro,
contrariamente a como sucede
con las sobretemperaturas
límite de los devanados.

Determinación de la potencia
al variar la temperatura del
medio refrigerante o la
altitud de emplazamiento.
La potencia nominal de los
motores indicada en los catálogos
o en la placa de características
rige normalmente partiendo de
las siguientes condiciones:

Temperatura del medio 
ambiente hasta 40°C.
altura de colocación hasta 1000
msnm.

Si por razones propias del
servicio o por haber diseñado
los motores en conformidad
con otras prescripciones
diferentes se modificasen estos
valores, habría que alterar en
general la potencia.

No es necesario reducir la
capacidad nominal, si la
temperatura ambiente baja
según la tabla.

Temperatura de la carcasa
La temperatura de la carcasa no
debe tomarse como criterio
para determinar la calidad del
motor, ni de base para la
temperatura del local. Un motor
que esté exteriormente “frío”
puede representar pérdidas
superiores o tener una
sobretemperatura mayor en los
devanados que otro motor
exteriormente “caliente”. El
método utilizado con frecuencia
antiguamente, para determinar
si el motor estaba
sobrecargado o no, tocando
con la mano la carcasa, es
completamente inadecuado
para motores eléctricos
modernos. El principio
constructivo de unir lo más
posible el paquete del estator a
la carcasa, es decir, de
conseguir la mínima resistencia
de paso del calor, motiva que la
temperatura de la carcasa sea
aproximadamente de la misma
magnitud que la temperatura
del devanado.

Temperatura del local
La elevación de la temperatura
del local depende
exclusivamente de las pérdidas
y no de la temperatura de la
carcasa. 
Además, las máquinas
accionadas frecuentemente
contribuyen al calentamiento
del local en mayor proporción
que los motores.
En todas las máquinas
elevadoras y modificadoras de
materiales se transforma
prácticamente la totalidad de la
potencia de accionamiento.
Estas cantidades de calor
tienen que ser eliminadas por el
aire ambiente en el local de
servicio.

Pares e intensidades
El par que desarrolla un motor
trifásico en su flecha presenta
una magnitud muy variable
entre n = 0 y n = ns. El curso
característico del par respecto a
la velocidad de rotación del
motor trifásico con rotor de
jaula, queda representado en el
diagrama.

Clase de B        F       H
aislamiento

Devanados    80      105    125
aislados
Anillos           80       90    100
rozantes

Temp.        Capacidad Altura    Capacidad
ambiente   admisible s.n.m.    admisible
°C              %             m          % 

30
35
40
45
50
55
60

1000
1500
2000
2500
3000
3500
4000

107
104
100

95
90
83
76

100
98
95
91
87
83
78

Altura Temperatura

s.n.m.      ambiente

m °C

1000
1500
2000
2500
3000
3500
4000

40
38
35
33
30
28
25

41

2
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siendo:
Mm = par del motor
ML = par resistente
Mb = par de aceleración
nn = velocidad nominal de

rotación
Ma = par inicial de arranque
Mk = par máximo
Mn = par nominal
Ms = par mínimo en el

arranque
ns = velocidad de rotación de

sincronismo

El margen comprendido entre
M = 0 y M = Mn es el de

trabajo; entre M = Ma y M = Mk
queda comprendido el margen
de aceleración.

El límite de la capacidad
mecánica de sobrecarga está
constituído por el par máximo.

Los valores correspondientes al
par inicial de arranque; al par
mínimo de arranque y al par
máximo, así como la intensidad
en el arranque para un cierto 
motor, pueden deducirse de los
catálogos correspondientes.
Según las curvas que
representan funciones del par
motor y de la velocidad de
rotación, se pueden trazar en 
caso necesario, con suficiente
exactitud la característica en
función de la velocidad de
rotación y de los pares
motores. Teniendo en cuenta 
estas funciones, el par inicial de
arranque tiene que superar en
una magnitud suficiente el par
resistente inicial de arranque de
la máquina accionada,
encontrándose durante todo el
proceso de arranque el par
motor por encima del par
resistente, hasta llegar a

alcanzar la velocidad de rotación
de servicio.
Por otra parte, el momento de
aceleración no debe ser
excesivamente grande, puesto
que, de lo contrario, los
elementos de transmisión
mecánica y la máquina
accionada pueden sufrir daños.
Un diseño NEMA superior se
utilizará cuando se pretenda
conseguir un par de arranque
elevado.

Para conexión directa

La velocidad nominal de 
rotación del motor se diferencia
de la velocidad de sincronismo
en el deslizamiento nominal sn.

sn = ns - nn 100
ns

siendo:
sn = deslizamiento nominal en %

ns = velocidad de rotación de

sincronismo en rpm
nn = velocidad de rotación

nominal en rpm.

El par nominal se calcula de la
siguiente forma:

Mn = 9.55 x Pn 1000

nn
siendo:
Mn = par motor nominal en Nm

nn = velocidad nominal de

rotación en rpm
Pn = potencia nominal en kW

Determinación del tiempo de
arranque
Partientdo del par medio de
aceleración, se puede
determinar aproximadamente el
tiempo de duración del ciclo de
arranque, desde n = 0 hasta
n = nn, de la siguiente forma

∑J x nnta =  
9.55 x Mbmi

siendo:
ta = tiempo de arranque en s

J      = momento de inercia total
en kgm2

nn = velocidad de rotación de

servicio en rpm
Mbmi = par medio de 

aceleración en Nm

La figura 13 expone un método
sencillo para determinar de una
forma relativamente exacta el
par medio de aceleración.
Gráficamente se obtendrá el
valor medio (por ejemplo,
contando los cuadros sobre un
papel milimétrico) de la
característica del par motor y
del par resistente.

Mm = par motor

ML = par resistente

Mbmi = par medio de
aceleración

nb = velocidad de rotación de

servicio

El momento de inercia total es
igual al momento de inercia del
motor más el correspondiente a
la máquina impulsada y al
acoplamiento o de la polea para
correa (referido a la velocidad
de rotación del motor). Si el
tiempo de arranque así 
determinado fuese superior a
7 s aproximadamente 
tratándose de motores de 3600
rpm y a 10 s en caso de
motores con velocidades de
rotación inferiores, sería preciso
consultar para determinar si el
arranque es admisible
considerando el calentamiento
del motor. Igualmente, será
necesario verificar el cálculo en
el caso de que en pequeños
intervalos se repitan los
arranques. En el caso de que
por ser grande el momento de
impulsión y elevado el par
resistente no se pueda

conseguir un arranque correcto
utilizando un motor con el
diseño NEMA más elevado,
habría que tomar un motor
mayor, el cual, bajo la carga
normal, resultaría mal
aprovechado, o un motor
trifásico con rotor de anillos 
rozantes y un reóstato de
arranque; considerando las
condiciones que para la 
acometida exigen las
compañías distribuidoras de
electricidad, es posible que
resulte necesario recurrir a la
clase de motor últimamente
indicada. Otra de las
posibilidades con que se
cuenta para vencer un arranque
dificil, es el empleo de
embragues de fricción por
fuerza centrífuga, en
combinación con un motor de
rotor de jaula.

Tiempos de arranque de
motores con rotor de jaula
que arrancan en vacío
El diagrama de la figura 14 da a
conocer los tiempos
aproximados de arranque en
vacío (sin contar el momento
de inercia adicional externo) de
motores tetrapolares con rotor
de jaula, provistos de
refrigeración interna y de
refrigeración superficial (valores
medios)

a  = motores con refrigeración
interna APG.

b  = motores con refrigeración
superficial TCCVE.

Los tiempos de arranque en
vacío no deben considerarse
para estudiar los procesos de
arranque en lo que a la
solicitación térmica de los
motores se refiere.

Fig. 11

Fig. 12

Fig. 13

Fig. 14
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Métodos de arranque a
tensión reducida de motores
trifásicos con rotor de jaula
Al arrancar con un arrancador
de voltaje reducido tipo
autotransformador se reduce el
voltaje de bornes a E2 = m x E1.
Con esto la corriente de
arranque recibida por el motor
es Ia

1 = m x Ia, su par de
arranque es Ma

1 = m2 x Ma y la
corriente tomada de la red es

I red = m2 Ia

siendo en este caso:
E1 = Tensión nominal de la red
E2 = Tensión en el secundario

del autotransformador
m = relación de reducción de 

tensión del
autotransformador

Ia = corriente de arranque del
motor en arranque directo

Ia
1 = corriente recibida por el

motor en arranque a
voltaje reducido

Ma = par de arranque del motor
en arranque a voltaje
reducido

I red = corriente tomada de la
red al arranque a voltaje
reducido

Se realizará el arranque en
estrella-delta de motores con
rotor de jaula, cuando se exija
un par motor especialmente
bajo (arranque suave) o cuando
se exija que las intensidades en
el arranque sean reducidas.

Se requiere que el motor trifási-
co esté previsto para conexión
en Y∆.

Frenado e inversión de
marcha
Al frenar, el par de
desaceleración es igual al par
motor más el par resistente.
Tomando un par medio de 
desaceleración, el tiempo de 
frenado de n = nb a n = 0 es
aproximadamente:

J x nb

tB =     9.55 x M vmi

Significando:
tB = tiempo de frenado en s
J = momento de inercia total

en kgm2

nb = velocidad de rotación de
servicio en rpm

Mvmi = par medio de
desaceleración en Nm

La magnitud y el transcurso del
par motor dependen del método
de frenado que se aplique.

Existen los siguientes sistemas
de frenado:

a) frenado mecánico: el motor no
queda sometido a solicitación
alguna. Para más detalles ver
“motores con freno”.

b) Frenado por contracorriente se
consigue conmutando dos
fases de la acometida; al
alcanzar la velocidad de rotación
el valor cero, es preciso
desconectar la acometida, a ser
posible, de forma automática
(aparato de vigilancia de
frenado). El par medio de
frenado del motor es 
generalmente mayor que el par
de arranque en los motores con
rotor de jaula (véase figura 17)

Arranque, frenado e inversión con
motores de rotor de jaula.
Mm = par motor
ML = par resistente

Mb = momento de aceleración
Mv = momento de desaceleración

La generación de calor del
motor equivale al doble o al
triple de la correspondiente al
arranque. Por este motivo, 
cuando los tiempos de frenado 
sean superiores a 3 s, habrá
que consultar para determinar
si es posible realizar el frenado
de esta forma, considerando el
calentamiento del motor.
Igualmente, habrá que verificar
los cálculos cuando se repitan
las operaciones de frenado en
intervalos reducidos.

c) Para establecer el frenado
por corriente continua de
motores con rotor de jaula o
con rotor de anillos rozantes,
es necesario desconectar de
la red el estator y excitar con
corriente continua a tensión
reducida. La curva 
aproximada representativa de
los pares de frenado se 
consigue sustituyendo, en la
curva del par motor, la 
división del eje de las 
abscisas, correspondiente a 
la velocidad de rotación n por 
la velocidad de rotación de 
frenado nB = ns - n
Conexiones usuales para el
frenado por corriente
continua.

Conex.a       b           c            d

Para una misma circulación (el
mismo efecto de frenado), los 
factores de conversión para 
calcular la corriente continua en
las conexiones indicadas están
escalonados de la forma 
siguiente:

Ka:Kb:Kc:Kd: =1.225:1.41:2.12:2.45

La corriente continua de 
frenado para los motores con 
rotor de jaula, se calcula de la
siguiente forma:

siendo:
IBg = corriente continua de 

frenado en A

K = factor de la correspondiente
conexión de frenado (por
ejem. Ka = 1.225 para
conexión a).

IA = valor por fase de la
intensidad de arranque
en A

J = momento de inercia total
del motor y de la 
máquina accionada
referido al eje del motor y
expresado en Kgm2

nn = velocidad de rotación
nominal del motor en r/min.

tB = tiempo de frenado en s
(dada la solicitación
térmica, se admite el 
valor límite tB ≤ 10 s)

Mext = par resistente de la
máquina accionada en Nm

MA = par de arranque en Nm
f = factor f para el torque de

frenado
f = 1.6 para motores hasta

armazón 324

d) Frenado en hipersincronismo
(recuperativo).
Esta clase de frenado resulta
en los motores de polos 
conmutables al conmutar a
baja velocidad de rotación
inferior. El frenado hasta 
llegar al valor cero no se
puede conseguir (véase 
figura 17). El par máximo es
muy superior al que existe
durante la operación de
arranque. El aumento de 
temperatura del motor, con
una relación de 1:2, resulta
igual que al arrancar a la
velocidad de rotación inferior.

Cuando se pasen consultas
sobre los procesos de frenado 
y de inversión de marcha, habrá
que indicar los siguientes datos:
1. Tipo de máquina accionada y

empleo previsto del motor.
2. Potencia demandada y

velocidad nominal de la
máquina accionada.

3. Velocidad proyectada para el 
motor.

4. Par de carga de la máquina
accionada referida a su
velocidad o a la velocidad del
motor.

5. Momento de inercia de la 
máquina accionada con

Fig. 17 J X nn

9.55 x tB

-Mext

f x MA

≤K x I
AIBg=KxIA x

Fig. 18 Fig. 19 Fig. 20 Fig. 21

Fig. 15 Fig. 16

J x nb

9.55 x M vmi
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indicación de la velocidad de
referencia o referido a la
velocidad del motor.

6. Cantidad y tipo de los
procesos de frenado o de
inversión por unidad de
tiempo.

7. Duración de conexión

Si se trata de motores con 
polos conmutables, los 
mencionados datos se 
indicarán para cada velocidad
de rotación.

Regulación de la velocidad 
de rotación
La regulación de la velocidad de
rotación se puede alcanzar de
las siguientes formas: con
motores de polos conmutables,
motores de anillos rozantes,
modificando la frecuencia de 
los motores de rotor de jaula, 
mandando en el circuito de
campo o del inducido en las
máquinas de corriente contínua,
con máquinas trifásicas de
colector y, finalmente, mediante
la conexión de cascada.
La elección del método más
económico se hará 
considerando el margen de 
regulación, el tiempo de
duración del mismo, la 
característica del par resistente
de la máquina accionada y la
tecnología del proceso de
trabajo, así como el balance
energético.
El ajuste escalonado de 
diversas velocidades de 
rotación se consigue con
motores de polos conmutables 
y rotor de jaula, operando
entonces con una relación de 
las velocidades de rotación de
1:2, con un devanado en 
conexión Dahlander.

Elementos mecánicos de
transmisión

Generalidades
La cuidadosa colocación de la
máquina sobre una superficie
exactamente plana y el buen
balanceo de las piezas a montar
en el extremo de la flecha son
condiciones indispensables 
para la marcha uniforme y libre
de trepidaciones. Si la máquina

se atornilla sobre una base que
no sea plana, quedará sujeta a
tensiones internas.
Consecuencia de ello son las
cargas adicionales que gravitan
sobre los rodamientos, lo que a
su vez motiva una marcha 
irregular y perturbaciones en los
rodamientos.

Transmisión por acoplamiento
En la mayoría de las ocasiones,
la máquina motriz y la máquina
accionada están directamente
acopladas entre sí de forma
elástica. Para adosar las
máquinas formando grupos con
otras de émbolo, por ejemplo,
con motores diesel, se
recomienda la utilización de
acoplamientos especiales 
elásticos. Si las máquinas se
acoplan entre sí, habrá que 
alinearlas cuidadosamente. Los
ejes tienen que estar 
exactamente alineados y 
coincidir además sus centros.
Casi todos los tipos de
acoplamiento someten 
circunstancialmente los
rodamientos a esfuerzos 
considerables si no están 
exactamente alineados, dando
origen a una marcha irregular
con emisión de ruido, 
deteriorándose además, en
mayor o menor medida, los 
elementos de transmisión de
acoplamiento. Esto rige 
asimismo para el empleo de
acoplamientos elásticos. Por
regla general, se utilizan
acoplamientos flexibles que
pueden ser rígidos al giro (por
ejemplo, acoplamientos de arco
dentado) o elásticos al giro. Los 
acoplamientos elásticos al giro
forman con las masas que a
través suyo se unen, un 
sistema capaz de oscilar con
una cierta frecuencia propia. Si
se originan choques 
periódicamente, es 
imprescindible observar que la
frecuencia de reproducción de
los choques no coincide con la
frecuencia propia, puesto que
en el caso de establecerse 
resonancia o en las 
proximidades de la frecuencia
de resonancia, el sistema
quedaría sometido a 

oscilaciones de una  amplitud 
excesiva y a esfuerzos 
extraordinarios. Los
acoplamientos más suaves
reducen la frecuencia propia,
elevándola los más rigidos. En
casos especiales se emplean 
asimismo embragues que
acoplan o desacoplan el eje del
motor y el de la máquina, tanto
en estado de reposo como
durante la marcha.

Transmisión por bandas
En el caso de que el
accionamiento se haga por 
bandas, la máquina tiene que
estar montada sobre carriles
tensores o sobre una base
desplazable, con el fin de poder
ajustar la tensión correcta de la
correa y de retensarla cuando
sea preciso. Si la correa se
tensa demasiado, se ponen en
peligro los cojinetes y el eje; 
por el contrario, si la tensión es
demasiado baja, resbala la 
correa.

Dispositivos tensores para el
accionamiento por bandas
trapezoidales
Estos dispositivos se colocarán
de manera tal que la distancia
entre poleas se pueda variar, de
forma que las correas se
puedan colocar sin estar
sometidas a tensión. Las 
correas se tensarán en tal
medida que no tengan flecha y
que no golpeen durante el 
servicio.

Determinación de las poleas
En la mayoría de los catálogos
se hace referencia a las poleas
normales. En el caso de que
éstas no se pudieran utilizar, se
dimensionarán las poleas de tal
manera que no sobrepasen los
valores admisibles de las
fuerzas que actúan sobre el
extremo de la flecha de la
máquina eléctrica. En los
accionamientos por correas, la
fuerza transversal depende de
la tracción de la correa y de la
tensión previa de ésta. Si el
accionamiento se lleva a cabo
por correas planas, la
dimensión debe proyectarse de
tal forma que la polea no roce

con la tapa portacojinetes. Con
vistas al funcionamiento 
correcto de la transmisión, la
anchura de la polea no debe ser
mayor que el doble de la 
longitud del extremo del eje.
Las dimensiones de las poleas
se determinarán de acuerdo
con la potencia a transmitir, la
clase de polea utilizada y la
relación de transmisión que se
pretenda conseguir. Si fuese
preciso, se consultará a la
empresa suministradora de la
correa. Para la polea se puede
calcular aproximadamente de la
siguiente forma:

FT = 2 x 10 7 • P • c
nD

siendo:
FT= fuerza axial en Nm
P = potencia nominal del

motor en kW
n = velocidad de rotación del 

motor en rpm
D = diámetro de la polea a

emplear en mm
c = factor de tensión previa de

la correa; este factor
asciende
aproximadamente a los 
siguientes valores:

c = 2 para correas de cuero
planas, normales , con
rodillo tensor

c = 2.2 para correas
especiales de adhesión y
correas trapezoidales

Cuando la fuerza axial calculada
sea superior a la admisible y
eligiendo otra correa sometida
a otra tensión previa no se
consigna una modificación
esencial, habrá que elegir otra
polea de diámetro superior. El
peso de la polea se sumará a la
fuerza transversal. Al elegir las
poleas, habrá que observar que
la calidad del material quede
comprendido dentro de los
límites admisibles, y que se
pueda transmitir la potencia
bajo una tensión previa normal
de la correa. En la tabla figuran
los diámetros máximos 
admisibles de las poleas de
fundición. Para mayores
diámetros habrá que emplear
poleas de acero.
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La tabla indica al mismo tiempo
aquellos diámetros para los
cuales la velocidad de las 
correas planas de cuero de 
calidad mediana resulta más
favorable. Si se emplean 
correas trapezoidales, la 
velocidad más favorable de la
correa es menor, lo que se 
consigue reduciendo en un 
20% el diámetro. Si se utilizan
correas de adhesión especiales,
por ser mayor la velocidad
admisible de la correa, se
pueden aumentar 
aproximadamente en un 20%
los diámetros que figuran en la
tabla, debiéndose emplear, sin
embargo, poleas de acero. La
distancia entre ejes de las dos
poleas se fijará en concordancia
con las indicaciones del
fabricante de correas y de
poleas. En los lugares que
estén expuestos a peligro de
explosión, solamente podrán 
utilizarse correas en las que sea
imposible que se originen 
cargas electrostáticas.

Accionamiento por engranes
Si la transmisión se realiza
mediante ruedas dentadas,
habrá que observar que los ejes
de las máquinas sean paralelos
entre sí y que sean
exactamente circulares las
marchas del piñon y de la
corona. Los dientes del piñon
no se podrán atascar en
ninguna posición de la corona,
puesto que, de lo contrario, se
someterían los rodamientos a
un trabajo inadmisible, 
motivándose, además, 
vibraciones, trepidaciones y
ruidos molestos. Para

comprobar el buen ajuste, se
coloca entre el piñón y la
corona una tira de papel del
mismo ancho del piñón. Al girar,
se marcan sobre la tira de papel
los puntos en los que el ajuste
es defectuoso. La 
comprobación se extenderá a
todos los dientes de la corona.
Según sea el resultado
conseguido, se alineará
cuidadosamente la máquina y
se repetirá la comprobación
hasta que se haya conseguido
un ajuste uniforme en todos los
dientes.

Montaje de los elementos de
accionamiento
Los acoplamientos, las poleas
para bandas, los piñones y
demás elementos similares
sólo se podrán montar, con
cuidado y lentamente, con el
dispositivo adecuado. Estos
dispositivos se pueden utilizar
generalmente para extraer los
mencionados elementos. Los
golpes deterioran los cojinetes
y por tanto es imprescindible
evitarlos.

Velocidad de
rotación

rpm
3000
2500
2000
1500
1250
1000
750
600
500

Diámetro
máximo admisible
de las poleas de
hierro fundido 
mm
180
200
250
355
400
560
710
900

1000



MICROMASTER, MICROMASTER Vector
y MIDIMASTER Vector:
Los favoritos de la clase estándar

El mercado de la variación
de velocidad:
Las soluciones mecánicas
de variación de velocidad
sobre sistemas industriales,
han sido 
progresivamente sustituidas
por controles 
electrónicos de última ge-
neración sobre motores
eléctricos tradicionales.
Éstos ofrecen soluciones
mucho más simples y
reducen notablemente los
costos del mantenimiento.
Los MICROMASTER / MIDI-
MASTER - sinónimos de
calidad en este tipo de 
tecnología - han sido los
precursores de esta transi-
ción.
Ahora completamos las ca-
racterísticas estándar,
incluyendo de serie el con-
trol vectorial para aplica-
ciones que demanden un
control dinámico mejor.

Tecnología de punta para
todo tipo de aplicaciones
Los convertidores MICRO-
MASTER ofrecen siempre la
mejor solución en todos los
aspectos: la mejor solución
económica, la mejor solución
tecnológica.
Pueden configurarse de

Sencillo de manejar
La puesta en marcha del
MICROMASTER,
MICROMASTER Vector,
MIDIMASTER Vector se ha-
ce todavía más sencilla gra-
cias al "autotuning" . El jue-
go de parámetros permite el
acceso a toda la funcionali-
dad del convertidor. Todos
los convertidores ofrecen un
amplio rango de carac-
terísticas comunes desde la
suavización de rampas, fre-
cuencias fijas, rearranque
automático. Con el nuevo
panel OPM2 podemos inclu-
so configurar dos juegos de
parámetros diferentes del
motor.

Un amplio rango de opcio-
nes
Un amplio rango de opcio-
nes adicionales se ofrecen
para completar las caracte-
rísticas de los convertidores  
MICROMASTER, MICRO-
MASTER Vector  y MIDI-
MASTER Vector.
• Un nuevo panel de control

externo (OPM2) como 
opción para MICROMAS-
TER
y MICROMASTER Vector
y
de serie para toda la gama
MIDIMASTER Vector.
Permite el control como 
maestro de hasta 31 con-
vertidores distintos sobre 
una red de tipos RS485.
Incorpora además un in-
terface a RS232/485 para
la conexión directa 

con un PC estándar 
• Resistencias de 

frenado de distintos
tamaños y potencias.           

• Módulos de frenado 
externo para unidades
MIDIMASTER Vector.

• Módulo PROFIBUS
para comunicaciones 
hasta 12 Mbaud.
Software SIMOVIS
bajo Windows 95/NT.

• Bobinas de salida
• Filtros tipo du/dt.

En cualquier parte 
del mundo
Los convertidores
MICROMASTER, MICRO-
MASTER Vector y MIDI-
MASTER Vector ofrecen un
amplio rango de tensiones y
frecuencias de alimentación,
así como el mejor y más
completo rango de poten-
cias del mercado 
conforme a todos los 
estándares.

Alta fiabilidad
Los convertidores MICRO-
MASTER, MICROMATER
Vector 
y MIDIMASTER Vector mar-
can nuevas pautas en los
estándares de calidad no
sólo en componentes sino
en fabricación, tecnología y 
trabajo humano.
Los convertidores están
totalmente protegidos para
prevenir posibles daños oca-
sionados por las personas o
por las aplicaciones.  

manera muy simple para
resolver cualquier aplicación
desde cadenas de fabri-
cación hasta seguimiento de
la órbita de satélites.

Gracias a la introducción del
nuevo 
SENSORLESS VECTOR
CONTROL, los  MICRO-
MASTER Vector y MIDIMAS-
TER Vector se convierten en
la primera elección para apli-
caciones del tipo elevadores,
empaquetadoras o lavadoras
industriales.

La misma solución para
todas las aplicaciones
Toda la familia  MICROMAS-
TER;  MICROMASTER
Vector, MIDIMASTER Vector
contiene juegos de parámet-
ros idénticos configurables
para cualquier aplicación.

En la mayoría de los casos
los parámetros de fábrica
son más que suficientes,
pero bastan unas sencillas
operaciones para configurar
aplicaciones más complejas.
Estas operaciones se
pueden realizar bien por el
panel de mandos estándar
de todos los equipos, bien a
través del panel opcional
OPM2. Todos los conver-
tidores de Siemens ofrecen

un juego de
parámetros
claramente
definidos, para
resolver fácil-
mente
cualquier apli-
cación.



MICROMASTER, MICROMASTER Vector
y MIDIMASTER Vector:
Fuerza gracias a la comunicación

Abierto al mundo de las comunicaciones
industriales PROFIBUS-DP
Todos los convertidores de estándar de Siemens
se suministran con un interface serie tipo USS.
Este estándar RS485 permite que hasta 31
unidades MICROMASTER, MICROMASTER
Vector, MIDIMASTER Vector y COMBIMASTER
se pueden conectar sobre un bus de comuni-
cación, con el consiguiente
ahorro en los gastos de cableado. Es posible
ademas, controlar todas las unidades desde PC
con nuestro software SIMOVIS.

Compatible
con Windows
El PROFIBUS-DP puede
ser configurado grafica-
mente en sistemas bajo
Windows. Todos los conver-
tidores pueden ser conecta-
dos y posicionados en el
sistema con un simple click
en el ratón.

PROFIBUS-DP
Para sistemas de automati-
zación superior, es posible
incorporar sobre el frontal
de los equipos la tarjeta
OPMP, que permite que
todos los equipos puedan
ser configurados y controla-
dos a través del
PROFIBUS-DP, que se con-
vierte día a día en el están-
dar universal de comuni-
cación industrial. Este sis-
tema ofrece comunicaciones
abiertas entre sistemas para
la transmisión de datos.
PROFIBUS-DP es total-
mente compatible con la
norma DIN 19245 y fun-
ciona con velocidades de
transmisión de hasta 12
Mbaud. Hasta 125 conver-
tidores pueden ser conecta-
dos en un bus al mismo
tiempo.

PROFIBUS
PROCESS FIELD BUS

B U S

P R O F I



Convertidor 
No. de pedido
MICROMASTER
Vector

Anch. x
Alt. x prof.

mm

48

MICROMASTER; MICROMASTER Vector
MIDIMASTER Vector

Técnica con el máximo rendimiento

MM12/2
MM25/2
MM37/2
MM55/2
MM75/2
MM110/2
MM150/2
MM220/2
MM300/2
MM/400/2*

MMV12/2
MMV25/2
MMV37/2
MMV55/2
MMV75/2
MMV110/2
MMV150/2
MMV220/2
MMV300/2
MMV400/2*

73X147X141
73X147X141
73X147X141
73X147X141
73X147X141
149X184X172
149X184X172
185X215X195
185X215X195
185X215X195

0.12
0.25
0.37
0.55
0.75
1.10
1.50
2.20
3.00
4.00

0.75
1.5
2.1
2.6
3.5
4.8
6.6
9.0
11.8
15.9

0.8
1.7
2.3
3.0
3.9
5.5
7.4
10.4
13.6
17.5

1.8/1.1
3.2/1.9
4.6/2.7
6.2/3.6
8.2/4.7
11/6.4
14.4/8.3
20.2/11.7
28.3/16.3
21.1

0.9
0.9
0.9
0.9
0.9
2.4
2.4
4.8
4.8
4.8

6SE9210-7CA40
6SE9211-5CA40
6SE9212-1CA40
6SE9212-8CA40
6SE9213-6CA40
6SE9215-2CA40
6SE9216-8CA40
6SE9221-0CA40
6SE9221-3CA40
6SE9221-8CA40

6SE3210-7CA40
6SE3211-5CA40
6SE3212-1CA40
6SE3212-8CA40
6SE3213-6CA40
6SE3215-2CB40
6SE3216-8CB40
6SE3221-0CC40
6SE3221-3CC40
6SE3221-8CC40

MM37/3
MM55/3
MM75/3
MM110/3
MM150/3
MM220/3
MM300/3
MM/400/3
MM550/3
MM750/3

MMV37/3
MMV55/3
MMV75/3
MMV110/3
MMV150/3
MMV220/3
MMV300/3
MMV400/3
MMV550/3
MMV750/3

1.20
1.60
2.10
3.00
4.00
5.90
7.70
10.20
13.20
17.00

0.37
0.55
0.75
1.1
1.5
2.2
3.0
4.0
5.5
7.5

(1/2)
(3/4)
(1.0)
(1.5)
(2.0)
(3.0)
(4.0)
(5.0)
(7.5)
(10.0)

1.05
1.50
2.00
2.80
3.70
5.20
6.80
9.20
11.80
15.80

0.95
1.30
1.80
2.50
3.30
4.60
6.00
8.10
10.40
13.90

1.06
1.45
1.90
2.70
3.60
5.30
6.90
9.10
11.80
15.20

6SE9211-DA40
6SE9211-4DA40
6SE9212-0DA40
6SE9212-7DA40
6SE9214-0DA40
6SE9215-8DB40
6SE9217-3DB40
6SE9221-0DC40
6SE9221-3DC40
6SE9221-5DC40

6SE3211-1DA40
6SE3211-4DA40
6SE3212-0DA40
6SE3212-7DA40
6SE3214-0DA40
6SE3215-8DB40
6SE3217-3DB40
6SE3221-0DC40
6SE3221-3DC40
6SE3221-5DC40

2.2
2.8
3.7
4.9
5.9
8.8
11.1
13.6
17.1
22.1

73X147X141
73X147X141
73X147X141
73X147X141
73X147X141
149X184X172
149X184X172
185X215X195
185X215X195
185X215X195

MDV 550/2
MDV 750/2
MDV 1100/2
MDV 1500/2
MDV 1850/2
MDV 2200/2
MDV 3000/2
MDV 3700/2
MDV 45002 

7.5
11

-
18.5
22
30
37
45

-

Tipo Tensión 
nominal de
entrada

Intensidad
nominal de 
salida del 
convertidor
"constante"
torque

Intensidad
nominal de
salida del
convertidor
"variable" 
torque

Capacidad de
sobrecarga

Intensidad
permanente
sin capacidad de
sobrecarga

Carga de par
constante
(cintas trans-
portadoras
y hormigoneras,
etc).

Carga "variable
torque"
(ventiladores y
bombas, etc.)

No. de pedido Dimensiones
Anch. x alt. x
prof. (mm)

Peso
Kg

Potencia del motor MIDIMASTER Vector IP21

22
28
42
54
68
80

104
130
154

28
42
-

68
80
95

130
154

-

10
15
-
25
30
40
50
60
-

6SE3222-3CG40
6SE3223-1CG40
6SE3224-2CH40
6SE3225-4CH40
6SE3226-8CJ40
6SE3227-5CJ40
6SE3231-0CK40
6SE3231-3CK40
6SE3231-5CK40

450x275x210
550x275x210
550x275x210
650x275x285
650x275x285
650x275x285
850x420x310
850x420x310
850x420x310

11
14.5
15.5
26.5
27.0
27.5
55.0
55.5
56.5

MDV 750/3 
MDV 1100/3
MDV 1500/3
MDV 1850/3
MDV 2200/3
MDV 3000/3
MDV 3700/3
MDV 4500/3
MDV 5500/2
MDV 7500/3

19 (17)*
26 (21)*
32 (27)*
38 (34)*
45 (40)*
58 (52)*
72 (65)*
84 (77)*
102 (96)*
138 (124)*

23.5 (21)*
30 (27)*
37(34)*
43.5 (40)*
58 (52)*
71 (65)*
84(77)*
102(96)*
138 (124)*
168(156)*

6SE3221-7DG40
6SE3222-4DG40
6SE3223-0DH40
6SE3223-5DH40
6SE3224-2DJ40
6SE3225-5DJ40
6SE3226-8DJ40
6SE3238-4DK40
6SE3231-0DK40
6SE3231-4DK40

450x275x210
450x275x210
550x275x210
550x275x210
650x275x285
650x275x285
650x420x285
850x420x310
850x420x310
850x420x310

11.5
12.0
16.0
17.0
27.5
28.0
28.5
57.0
58.5
60.0

-
11
15
18.5
22
30
37
45
55
75

-
15
20
25
30
40
50
60
75
1001

11
15
18.5
22
30
37
45
55
75
90

15
20
25
30
40
50
60
75
100
120

5.5
7.5
11
15
18.5
22
30
37
45

7.5
10
15
20
25
30
40
50
60

MICROMASTER / MICROMASTER Vector

Monofásico/trifásico 230V + 15% (sin filtro)

Trifásico 400-500V + 10% 400V 500V 400V 500V 

MIDIMASTER Vector

380-500V + 10%, 3PH

MICRO
MASTER

MICRO
MASTER
Vector

Potencia
del motor

kW

Intensidad
de salida
nominal

A

Intensidad
de salida
permanente

A

Convertidor 
No. de pedido
MICROMASTER

Peso

Kg

Intensidad
de entrada 
(Imeff)

A

1.ph/ 3ph.

V A A kW HP kW HP



Sucursales:

Oficinas de Ventas
México:
Poniente 122 No. 579 
Col. Industrial Vallejo
02300 México, D.F.
☎ (015) 5328-21-14 al 17
Fax 5328-20-96

Sucursal Guadalajara:
Camino a la tijera No. 1
Km. 3.5 Carretera
Guadalajara-Morelia
45640 Tlajomulco de
Zúñiga, Jal.
☎ (013) 818-21-97
Fax 818-21-66

Sucursal Monterrey:
Carr. Miguel Alemán Km.
16.5 “C” Parque Industrial
Almacentro 66600
Apodaca, N.L.
☎ (018) 369-36-73 al 86
Fax 369-39-12

Oficinas de ventas

Aguascalientes:
Av. de las Américas
No. 105 Desp. 102
Fracc. Las Américas
20230 Aguascalientes, Ags.
☎ (0149) 16-44-57
Fax 16-22-48

Chihuahua:
Intermedia Bosques de
Yuridia No. 2706 Altos 
Fracc. Sicomoro
31276 Chihuahua, Chih.
☎ (0114) 16-63-97

16-22-10
Fax 37-14-75

Culiacán:
Paseo Niños Héroes 680
Oriente, Col. Centro
80000 Culiacán, Sin.
☎ (0167) 16-08-24

16-10-27
Fax 16-08-71

Gómez Palacio:
Av. Lázaro Cárdenas y
Canatlán s/n
Parque Industrial Lagunero
35070 Gómez Palacio, Dgo.
☎ (0117) 50-09-07 

50-04-32
Fax 50-10-48

Hermosillo:
Blvd. Fco. Eusebio Kino
No. 177 Int 8 Plaza Pitic Col.
5 de Mayo
83150 Hermosillo, Son.
☎ (0162) 15-64-06
Fax 15-63-54

León:
Blvd. Venustiano Carranza
No. 105
Col. San Miguel
37390 León, Gto.
☎ (0147) 12-64-11 y 12
Fax 12-70-65

Puebla:
Privada Topacio 3505
Despacho 401
Col. Residencial Esmeralda
72400 Puebla, Pue.
☎ (0122) 49-40-01

49-40-11
Fax 49-43-01

Mérida:
Calle 34 No. 392
Deptos. 1 y 2 por 39 y 37
Col. Emiliano Zapata Nte.
Plaza Lafayette
97129 Mérida, Yuc.
☎ (0199) 44-04-39 
Fax 44-03-00

Querétaro:
Km. 8 Carr. 45 Libre
Querétaro-Celaya, Fracc.
Industrial Balvanera
76920 Corregidora, Qro.
☎ (0142) 25-05-02 
Fax 25-02-91

Tijuana:
Calle Misión de Loreto
2962-101
Zona Río
22320 Tijuana, B.C.
☎ (0166) 34-11-34 y 34-11-57
Fax 34-63-67

Veracruz:
Av.Tiburón 430-3
Edificio Alida
Fracc. Costa de Oro
94299 Boca del Río, Ver.
☎ (0129) 22-28-44 y 49
Fax 22-28-52

Centroamérica

Costa Rica:
Siemens SA de CV
La Uruca, San José,
Costa Rica
Apartado Postal 10022-1000
S.J.
☎ (506) 287-50-50
Fax 221-50-50

Honduras:
Relectro S. de R.L.
Plaza General San Martín
No. 436 Col. Palmira,
Apartado Postal 1098 
Tegucigalpa, D.C.
☎ (504) 32-40-62

32-40-88
Fax 32-41-11

Nicaragua:
Siemens SA
Carretera Norte Km 6 
Apartado Postal 7, Managua 
☎ (505) 249-11-11

249-15-49
Fax 249-18-49

Panama:
Siemens SA
Apartado Postal 6-8682 
El Dorado 
☎ (507) 287-50-50
Fax 221-50-50

Siemens cerca de Usted:

Guatemala:
Siemens SA
2a Calle 676 Zona 10
Apartado Postal 1959 
Ciudad de Guatemala 
☎ (502) 360-70-80

331-30-80
Fax 334-36-69

334-36-70

El Salvador:
Siemens SA
Calle Siemens No. 43
Parque Industrial Santa
Elena, Antiguo Cuscatlan
Apartado Postal 1626 
San Salvador
☎ (503) 278-33-33
Fax 278-33-34

Centros de fabricación

Fábrica Guadalajara:
Camino a la Tijera No. 1
Km. 3.5 Carretera
Guadalajara-Morelia
45640 Tlajomulco de 
Zúñiga, Jal.
☎ (013) 818-21-00
Fax 818-21-35

Fábrica de Tableros:
Km. 8 Carr. 45 Libre
Querétaro-Celaya, Fracc.
Industrial Balvanera
76920 Villa Corregidora, Qro.
☎ (0142) 25-03-54

25-01-73
25-03-72 

Fax 25-02-91
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WARNING: To reduce the risk of fire, explosion, electric shock, property
damage or injury to persons when using your appliance, follow basic precautions,
including the following:

Read all instructions before using the appliance.

As with any equipment using electricity and having moving parts, there
are potential hazards. To use this appliance safely, the operator should
become familiar with the instructions for operation of the appliance and
always exercise care when using it.

Do not install or store this appliance where it will be exposed to the
weather.

Install and level the clothes washer on a floor that can support the
weight.

This appliance must be properly grounded. Never plug the appliance
cord into a receptacle which is not grounded adequately and in accor-
dance with local and national codes. See installation instructions for
grounding this appliance.

To avoid the possibility of fire or explosion:

Do not wash items that have been previously cleaned in, washed in,
soaked in, or spotted with gasoline, dry-cleaning solvents, other flam-
mable or explosive substances as they give off vapors that could ignite
or explode. Hand wash and line dry any items containing these sub-
stances.

Any material on which you have used a cleaning solvent, or which is
saturated with flammable liquids or solids, should not be placed in the
clothes washer until all traces of these liquids or solids and their
fumes have been removed.

These items include acetone, denatured alcohol, gasoline, kerosene,
some liquid household cleaners, some spot removers, turpentine,
waxes and wax removers.

Do not add gasoline, dry-cleaning solvents, or other flammable or
explosive substances to the wash water. These substances give off
vapors that could ignite or explode.

Under certain conditions, hydrogen gas may be produced in a hot
water system that has not been used for 2 weeks or more.
HYDROGEN GAS IS EXPLOSIVE. If the hot water system has not
been used for such a period, before using a washing machine or com-
bination washer-dryer, turn on all hot water faucets and let the water
flow from each for several minutes. This will release any accumulated
hydrogen gas. As the gas is flammable, do not smoke or use an open
flame during this time.
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Welcome
Welcome and congratulations on your
purchase of a Maytag Neptune® washer!
Your complete satisfaction is very impor-
tant to us. For best results, we suggest
reading this material to help acquaint you
with proper operating and maintenance
procedures.

Should you need assistance in the future,
it is helpful to:

1) Have complete model and serial
number identification of your washer.
This is located on a data plate on the
back of the control panel.

Date of Purchase __________________
Model Number ____________________
Serial Number ____________________

2) IMPORTANT: Keep this guide and
the sales receipt in a safe place for
future reference. Proof of original
purchase date is needed for war-
ranty service.

If you have questions, write us (include
your model, serial number and phone
number) or call:

Maytag Appliances Sales Company
Attn: CAIR® Center
P.O. Box 2370
Cleveland,TN 37320–2370
1-888-462-9824 USA and CANADA
1-800-688-2080 USA TTY 
(for deaf, hearing impaired or speech 
impaired) 
(Mon.–Fri., 8am–8pm Eastern Time)
http://www.maytag.com

For service and warranty informa-
tion, see page 23.

NOTE: In our continuing effort to
improve the quality of our appliances, it
may be necessary to make changes to
the appliance without revising this
guide.
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MPORTANT SAFETY INSTRUCTIONSI

read before operating your washer
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Do not reach into the appliance if the tumbler is moving.

Do not allow children to play on or in the appliance. Close supervision of children is necessary when the appliance
is used near children.

Do not tamper with controls.

Do not repair or replace any part of the appliance  or attempt any servicing unless specifically recommended in pub-
lished user-repair instructions that  you understand and have the skills to carry out.

Unplug power supply cord before attempting to service your clothes washer.

Store laundry aids and other material in a cool, dry place where children cannot reach them.

Do not wash or dry items that are soiled with vegetable or cooking oil.These items may contain some oil after laun-
dering. Due to the remaining oil, the fabric may smoke or catch fire by itself.

Do not use chlorine bleach and ammonia or acids (such as vinegar or rust remover) in the same wash. Hazardous
fumes can form.

Do not machine wash fiberglass materials. Small particles can stick to fabrics washed in following loads and cause skin
irritation.

Before the appliance is removed from service or discarded, remove the door to the washing compartment.

Do not sit on top of the clothes washer.

Inlet hoses are subject to damage and deterioration over time. Check the hoses periodically for bulges, kinks, cuts,
wear or leaks and replace them every five years.

2

SAVE THESE INSTRUCTIONSSAVE THESE INSTRUCTIONS
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TATUS DISPLAYS

After pressing start, this display will show the estimated time remaining in the cycle.

Door Locked – Displays whenever the door of the clothes washer is locked.The door can be unlocked by pressing the
Start/Pause touchpad to stop the washer.

ATER USEW
The amount of water used will vary with each load.The Maytag Neptune® clothes washer uses an adaptive fill valve to provide
the appropriate amount of water for efficient cleaning performance and conservation of water and energy.

ESTIMATED TIME DISPLAY

INDICATOR LIGHTS

PERATING INSTRUCTIONSO

• The tub can be loaded completely full with dry
unfolded clothes. However, do not pack the tub tightly.

• Overloading may reduce washing efficiency and pos-
sibly cause creasing or wrinkling of the load.

• When washing big bulky items or a couple of small
items that do not fill the tub completely, such as a rug
or two sweaters, a few towels should be added for
improved tumbling and spin performance.

• When washing heavily soiled loads, it is very important
to avoid overloading the washer to assure good
cleaning results.

• To load a forgotten item, press the Start/Pause
touchpad, add the item, close the door and press the
Start/Pause touchpad. After a 15 to 30 second
pause, the cycle will resume.

NOTE: To assure that your additional items get clean,
do not wait more than five minutes after the cycle has
started to add the item.

For detailed information on sorting, pretreating stains, etc., see the enclosed Laundering Tips booklet.

LOAD THE CLOTHES WASHER

Special Note: As you use the touchscreen, if you feel you are lost, press Back or Home.

estimated time:
main wash
door locked40

hot wash
cold rinse

normal soil
16 min. wash

cotton/sturdy
fabrics

options

end chime medium
wrinkle free spin
remind chime ON
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ONTROL PANELC

cotton/sturdy

Home

delicate

more cycles

wrinkle free

hand washable

favorite cycles

Touchscreen - An interactive
display that responds with the
touch of a finger.
Note: Exposure of the touch-
screen to direct sunlight is not
recommended.

Favorites - Quick
access to your
named cycles.

Start/Pause - Press this
pad to start a cycle. Once
started, pressing this pad
will stop the washer at any
point in the cycle.

Help - Quick access to Stain
Brain, Before You Call,
Laundering Hints, Operating
Tips, Lock Out and Select
Preferences.

Back - Takes you to the pre-
vious screen.

Home - Takes you imme-
diately to the first screen.

Off - Stops the washer
and the turns off the
display.

Special Note: As you use the touchscreen, if you feel you are lost, press Back or Home.
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Home Screen – Select the
appropriate fabric setting.

Wash/Rinse Temps – Select the
appropriate wash/rinse temperature.

Soil Level/Wash Time – Select the
appropriate soil level/wash time.

Review Screen – This screen
reviews your selections before
starting the washer. You may press
Start/Pause to begin washing or
press a displayed choice to change
previous selections.

Options Screen – The option
choices on the left turn the options
on or off. Some option choices on
the right show an additional screen
with multiple choices. When the
desired selections are made, touch
Continue to see the review screen
once again.

If you are satisfied with the selections,
press the Start/Pause pad to begin the
cycle.

SETTING A WASH CYCLE

If there are no words on the touchscreen, open the door, touch any pad (except off), or touch the screen to
“wake” the controls.

ONTROLS AT A GLANCEC

Step 1Step 1 Step 2Step 2 Step 3Step 3

Step 4Step 4 Step 5Step 5 Step 6Step 6

cotton/sturdy

Home

delicate

more cycles

wrinkle free

hand washable

favorites

hot wash
cold rinse

Wash/Rinse Temperature

warm wash
cold rinse

warm wash
warm rinse

cold wash
cold rinse

heavy soil
24 min. wash

light soil
10 min. wash

normal soil
16 min. wash

extra heavy soil
34 min. wash

quick
5 min. wash

Soil Level/Wash Time

cotton/sturdy
fabrics

Press "Start/Pause" or
change your selections below.

hot wash
cold rinse

normal soil
16 min. wash

options

end chime medium
extra rinse ON

remind chime ON

medium end of 
cycle chime

wrinkle free spin

Options

continue

extra rinse
on  off

pre-soak
on  off

stain cycle
on  off

remind chime
on  off

delay wash
on  off

Special Note: As you use the touchscreen, if you feel you are lost, press Back or Home.
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FAVORITES AT A GLANCE

Favorites allows you to create, name and save up to 24 commonly used wash cycles.

“Blue jeans” and “towels” favorite cycles have been programmed for you. To change these cycles for your prefer-
ences, see Edit a Favorite on page 7.

Touch “Favorites” on the home
screen or the Favorites pad.

CREATE A FAVORITE

Step 1Step 1 Step 3Step 3

Step 4Step 4 Step 5Step 5 Step 6Step 6

blue jeans towels

Favorites

create a favorite edit a favorite

1 of 4

cotton/sturdy

Fabrics

delicates

wrinkle free

hand wash

hot wash
cold rinse

Wash/Rinse Temperature

warm wash
cold rinse

warm wash
warm rinse

cold wash
cold rinse

cotton/sturdy
fabrics

Press "Continue" to name your
favorite or change selections below.

hot wash
cold rinse

normal soil
16 min. wash

options
end chime medium

wrinkle free spin
extra rinse ON

remind chime ON
presoak ON

stain cycle ON

continue

Step 7Step 7

heavy soil
24 min. wash

light soil
10 min. wash

normal soil
16 min. wash

extra heavy soil
34 min. wash

quick
5 min. wash

Soil Level/Wash Time

medium end of 
cycle chime

wrinkle free spin

Options

continue

extra rinse
on  off

pre-soak
on  off

stain cycle
on  off

remind chime
on  off

delay wash
on  off

Name A Favorite Cycle – Touch the corresponding
letter and space combination to spell out your favorite cycle
name, up to 12 characters. Press “Save”. Your new
Favorite Cycle will be displayed on the Favorites page.

a b c d e f g

v w x z & .y

h i j k l m n

o qp

clear space save

r s t u

Step 9Step 9

Fabrics – Select the appropriate
fabric setting.

Wash/Rinse Temps – Select the
appropriate wash/rinse temperature.

Soil Level/Wash Time – Select the
appropriate soil level/wash time.

Review Screen – This screen reviews
your cycle choices, and allows you to
choose Options to further customize
your wash cycle. Press “Options” if
desired, or press “Continue”.

Options Screen – The option choices
on the left turn the options on or off.
Some option choices on the right show
an additional screen with multiple
choices. When the desired selections
are made,touch “Continue” to see the
review screen once again.

Step 8Step 8

cotton/sturdy
fabrics

Press "Continue" to name your
favorite or change selections below.

hot wash
cold rinse

normal soil
16 min. wash

options
end chime medium

wrinkle free spin
extra rinse ON

remind chime ON
presoak ON

stain cycle ON

continue

If satisfied with your selec-
tions, press “Continue” to
name your favorite cycle.

blue jeans towels

Favorites

create a favorite edit a favorite

whites

1 of 4

cotton/sturdy

Home

delicate

more cycles

wrinkle free

hand washable

favorites

Step 2Step 2
Touch “Create a Favorite”.
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Touch “Favorites” on the home screen or the
Favorites pad.

Touch “Edit A Favorite” Touch
the favorite cycle you want to edit.

This allows you to change the settings of any favorite cycle.

Step 1Step 1 Step 2Step 2 Step 3Step 3

Step 4Step 4

cotton/sturdy

Home

delicate

more cycles

wrinkle free

hand washable

favorites

EDIT A FAVORITE

blue jeans towels

Favorites

create a favorite edit a favorite

1 of 4

cotton/sturdy
fabrics

Press "Continue" to name your
favorite or change selections below.

hot wash
cold rinse

normal soil
16 min. wash

options
end chime medium

wrinkle free spin
extra rinse ON

remind chime ON
presoak ON

stain cycle ON

continue

If the current favorite cycle name still applies,
touch “Save”. If you prefer a new name,
type in the new name and touch “Save”.

a b c d e f g

v w x z & .y

h i j k l m n

o qp

clear space save

r s t u

ONTROLS AT A GLANCE CONT.C

The review screen for that specific
cycle will be displayed. Make the appro-
priate changes by touching the area.
Press “Continue”.

Special Note: As you use the touchscreen, if you feel you are lost, press Back or Home.
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MOVE A FAVORITE

Touch “Favorites” on the Home screen or the
Favorites pad.

Touch “Edit a Favorite”.

Step 1Step 1 Step 2Step 2

Step 3Step 3

cotton/sturdy

Home

delicate

more cycles

wrinkle free

hand washable

favorites

blue jeans towels

dress shirts

Favorites

create a
favorite

edit a
favorite

whites

blankets sweaters

1 of 4

1 of 4

whites

blankets sweaters

towels

dress shirts

blue jeans

Select Favorite To Edit

move favorite
to first page

return without
making changes

2 of 4

khakis

Select Favorite To Edit

move favorite
to first page

return without
making changes

Touch the area entitled “Move Favorite to First Page”.
Using the arrow at the top, scroll through the pages until you
get to the favorite you would like to move to the first page.
Touch that favorite cycle.

Step 4Step 4
Now the favorite cycle should appear in the upper left posi-
tion of the touchscreen.The other favorites cycles move back
one position with the sixth favorite cycle moving to the next
page.

khakis

towels

Favorites

return without
making changes

1 of 4

dress shirts

blue jeans

whites blankets

move favorites
to first page

sweaters

Favorites

move favorite
to first page

return without
making changes

2 of 4

Special Note: As you use the touchscreen, if you feel you are lost, press Back or Home.
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The Help feature offers a variety of detailed information including the stain brain, before you call, laundry hints,
operating tips, lock out feature and select preferences.

This section of the user guide will demonstrate how to easily navigate to the main areas of the topics. From there,
you will easily be able to narrow your search for finding laundry information.

USING HELP

STAIN BRAIN

The Stain Brain provides detailed steps to treat over 50 of the most common stains.The Stain Brain also offers the
user the option of all automatically setting the washer cycle for the particular stain.

Touch the Help touchpad. Select “Stain Brain”. Select the letter of the stain you want to remove.

Select the appropriate stain listing. To automatically set the washer to
run the appropriate cycle for the
selected stain, touch “Set Washer
For This Stain”.

Review Screen - This screen reviews the selections
made by the Stain Brain before starting the washer.
Press Start/Pause to begin washing, or press a dis-
played choice to change selections.

Step 1Step 1 Step 2Step 2 Step 3Step 3

Step 4Step 4 Step 5Step 5 Step 6Step 6

stain brain

Help Screen

laundry hints

lock out
feature

before
you call

operating tips

select
preferences

a b c d e f g

v w x zy

h i j k l m n

o qp

unknown

r s t u

Touch first letter of stain

beverages

"B" Stains

butter

baby formula

blood

Baby Formula

1. Use the Pre-Soak option with warm water 
or soak in warm water for 1/2 hour.

2. Launder with appropriate bleach and 
hottest water safe for the fabric and color.

3. Select the Stain Cycle option and Extra 
Heavy wash time.

4. If a greasy-looking stain remains, re-launder.

set washer for this stain

Note: Use the arrows at the top of the letter screen to scroll from letter to letter.

cotton/sturdy
fabrics

Press "Continue" to name your
favorite or change selections below.

hot wash
cold rinse

normal soil
16 min. wash

options
end chime medium

wrinkle free spin
extra rinse ON

remind chime ON
presoak ON

stain cycle ON

continue

ONTROLS AT A GLANCE CONT.C
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Touch the Help touchpad. Select “Before You Call”.

Step 1Step 1 Step 2Step 2 Step 3Step 3

won't fill

Before You Call

won't spin
or drain

To answer questions or request service,
call PriorityOne at 1-888-462-9824

washer stops

won't tumble

is noisy

leaks water

1 of 2

BEFORE YOU CALL

Here you will see headings for common trouble-shooting topics.
Touch one of the displayed areas to see specific information.
Touch the arrows at the top of the screen to move forward or
back through the topics. For more detailed information see
“Before You Call” section pg. 18-19, or call 1-888-462-9824 for
further assistance.

If you would like to see the other topics, press
the Back touchpad to get back to the main
topics.

Step 4Step 4

Is Noisy

• Your Maytag Neptune washer should be 

properly leveled.

• Weak floors can cause vibration and 

walking.

• Be sure the rubber feet are installed on the 

legs.

• Check that the leveling leg lock nuts are tight.

stain brain

Help Screen

laundry hints

lock out
feature

before
you call

operating tips

select
preferences

Special Note: As you use the touchscreen, if you feel you are lost, press Back or Home.
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Touch the Help touchpad. Select “Laundry Hints” from
the Help screen.

Step 1Step 1 Step 2Step 2

Step 4Step 4

stain brain

Help Screen

laundry hints

lock out
feature

before
you call

operating tips

select
preferences

LAUNDERING HINTS

Laundry Hints

water
temperature

dryer hints

washer 
additives

cycles

detergents

washer 
sorting

pre-treating

Step 3Step 3

color-safe 
bleach

Washer Additives

chlorine 
bleach

starch

fabric 
softener

bluing

Color-Safe Bleach

• Color-safe bleach should be added in with 
detergent at the beginning of the cycle for most 
benefit.

• Color-safe bleach can be used on most 
items. It is most effective when used with a 
warm or hot water wash.

Here you will see the available
topics. Touch the topics to see
specific information.

Touch the sub-topic to see specific information. If you would like to see the other topics,
press the Back touchpad to get back to the
main topics.

Step 5Step 5

ONTROLS AT A GLANCE CONT.C

Special Note: As you use the touchscreen, if you feel you are lost, press Back or Home.
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dispeners

Operating Tips

control 
settings

unique 
sounds

control 
panel

washer care

stain brain

Help Screen

laundry hints

lock out
feature

before
you call

operating tips

select
preferences

Touch the Help touchpad. “Operating Tips” provides information on
maximizing the touchscreen controls and use of
your washer.

Step 1Step 1

OPERATING TIPS

To activate lock out
press here

Lock Out Feature

To lock out the controls, touch the area 
below for three seconds.

LOCK OUT FEATURE

Step 2Step 2
Select “Operating Tips” from the Help
Screen.

Step 3Step 3

If you would like to see the other topics,
press the Back touchpad to get back to the
main topics.

Step 4Step 4

stain brain

Help Screen

laundry hints

lock out
feature

before
you call

operating tips

select
preferences

Touch the Help touchpad. The “Lock Out Feature” deactivates the
touchscreen and touchpads. Use this feature for
cleaning the control panel or to prevent
unwanted use of the washer.

Step 1Step 1 Step 2Step 2
Select “Lock Out Feature” from the
Help Screen.

Step 3Step 3

If you would like to see the other topics,
press the Back touchpad to get back to the
main topics.

Step 4Step 4
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Touch the Help touchpad. Select “Select Preferences”. “Select Preferences” allows you to select the volume of
the touchscreen beeps, set the intensity of the screen display, activate the Auto Start and
Energy Saver functions, and change the display language from English to French or Spanish.

Touch “Loud”, “Medium”, “Soft” or
“Off” to set the volume level of the
touchscreen beeps. Touch “Continue”
to accept the selected volume setting.

Step 1Step 1

stain brain

Help Screen

laundry hints

lock out
feature

before
you call

operating tips

select
preferences

This provides audible feedback upon making 
selections on the touch screen.

loud

soft

medium

off

Touch Screen Volume

continue

SELECT PREFERENCES

Depending on the lighting in your home
and other factors, you may want to adjust
the intensity of your touchscreen. Touch
the arrows to lighten or darken the dis-
play. Touch “Continue” when finished.

Use the arrow key to adjust the 
contrast of the viewing screen.

default continue

You have the ability to change the lan-
guage between English, French and
Spanish. You will always see the next
screen in the selected language to make
sure you want to change the language.

Are you sure you would like to change the 

language to French?

English to French
De l'anglais au français

Yes/Oui No/Non

Souhaitez-vous vraiment sélectionner le français?

TOUCHSCREEN VOLUME CHANGE MONITOR CONTRAST CHANGE LANGUAGE

AUTO START ENERGY SAVER

Special Note: As you use the touchscreen, if you feel you are lost, press Back or Home.

Step 2Step 2

Select Preferences

change monitor
contrast

medium touch
screen volume

cambiar al
Español

change language
to English

changer pour
le Français

auto start
on  off

energy saver
on  off

If "Auto Start On" is chosen, the washer will 

automatically start when the cycle is selected.

Once selected, it remains on until "Auto Start 

Off" is selected.

Auto Start

Auto Start
On

Auto Start
Off

This washer is equipped with a heater to 

improve cleaning performance. If "Energy Saver 

On" is selected, the heater is off.

Energy Saver

Energy Saver
On

Energy Saver
Off

ONTROLS AT A GLANCE CONT.C

When “Auto Start on” is chosen, the
washer will automatically start when the
cycle is selected.

Selecting “Energy Saver on” deactivates
the internal water heater. “Energy
Saver off” activates internal water
heating for improved cleaning perfor-
mance.
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EATURESF

Your Maytag Neptune® washer is designed
to use either high efficiency (HE) deter-
gents or regular detergents normally used
with top-loading washers.

• For best cleaning results, use a high efficiency detergent
such as Tide HE or Wisk HE*. High efficiency detergents
contain suds suppressors which reduce or eliminate
suds. When less suds are produced, the load tumbles
more efficiently and cleaning results are maximized.

• When using regular detergent formulated for top-
loading washers, it is important to pay close attention to
the soil level of the load, load size, and water hardness**.
To avoid over-sudsing, reduce the amount of detergent
used with soft water or with small or lightly soiled loads.

1. Pour laundry detergent directly into the detergent com-
partment before starting the clothes washer or as the
washer is filling.

2. If color-safe bleach is to be used, it should be added with
detergent to the detergent compartment for best results.

• When adding color-safe bleach with detergent, it is best if
both laundry products are in the same form; granular or
liquid.
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The automatic dispenser consists of three compartments
which hold 1) liquid or granular detergent and color safe
bleach, 2) liquid chlorine bleach and 3) liquid fabric softener.
All laundry products can be added at once in their respective
dispenser compartments. They will be dispensed at the
appropriate time for most effective cleaning.

After loading the laundry additives into the dispenser, close
the dispenser lid.

* Brand names are trademarks of the respective manufacturers.

** To determine water hardness in your area, contact your local water
utility or State University Extension office in your area.

If using the “PRESOAK” setting, measure 1-1/2
times the amount of detergent.

DETERGENT

AUTOMATIC DISPENSER

DETERGENT COMPARTMENT
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BLEACH COMPARTMENT

(Chlorine Bleach Only)

1. Add chlorine bleach to the bleach compartment DO
NOT exceed the MAX FILL line. The chlorine bleach
compartment will hold 3/4 of a cup.

2. Avoid splashing or over-filling the compartment. Over-
filling the compartment will release the chlorine
bleach into the clothes washer too early.

3. The washer automatically dispenses bleach into the tub
when there are approximately two minutes left in the
wash portion of the cycle.This maximizes the effective-
ness of the bleach.

4. The dispenser automatically dilutes liquid chlorine bleach
before it reaches the wash load.

1. Pour the recommended amount of liquid fabric softener into
the softener compartment. For smaller loads use less than
one cap full.

2. Fabric softener may be diluted with warm water until it
reaches the MAX FILL line on the compartment. Do not
dilute the liquid fabric softener compartment above
the MAX FILL line. If the compartment is filled above
the MAX FILL line, fabric softener will enter the
clothes washer too early.

3. This compartment automatically dilutes and releases liquid
fabric softener at the proper time during the rinse cycle.
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NOTE:

• Never pour undiluted liquid chlorine bleach directly onto the
load or into the tub. It is a powerful chemical and can cause
fabric damage, such as weakening of the fibers or color loss,
if not used properly.

• If you prefer to use color-safe, non-chlorine bleach, add it to
the detergent compartment. Do not pour color-safe
bleach into the bleach compartment.

NOTE:

• Use the softener compartment only for liquid fabric softeners.

• Using the Downy Ball* is not recommended with this washer. It
will not add fabric softener at the appropriate time. Use the dis-
penser on top of the washer.

* Brand names are trademarks of the respective manufacturers.

SOFTENER COMPARTMENT

EATURES CONT.F
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Turn off the water faucets after finishing the day’s 
washing. This will shut off the water supply to the clothes
washer and prevent the unlikely possibility of damage from
escaping water.

Use a soft cloth to wipe up all detergent, bleach or other
spills as they occur.

Clean the following as recommended:

Control Panel – clean with a soft, damp cloth. Do not use
abrasive powders or cleaning pads. Do not spray cleaners
directly on the panel.

Cabinet – clean with soap and water.

Interior – hard water deposits may be removed, if 
needed, using a recommended cleaner labeled clothes washer
safe.

The dispenser may need to be cleaned periodically due to
laundry additive build-up. For easy clean-up of the dispenser,
grasp the removable two-compartment container (for bleach
and softener) as shown in illustration #1.As you begin to lift
the two-compartment container, tilt slightly inward,
according to illustration #2 and remove from the main dis-
penser.

Once the two-compartment container is removed from the
main dispenser, take it to a sink. Follow illustration #3 to
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NOTE: Do not use any cleaning substance but water in the main dispenser. It is possible for cleaning substances to
drain into the tub. If this should happen, set the washer for a rinse and spin cycle to remove any cleaning substance from
the washer before doing a load of laundry.

Step 1Step 1 Step 2Step 2 Step 3Step 3

ARE AND CLEANINGC

CLEANING THE DISPENSER

remove the cap covering the siphon tube for the bleach and
softener. Run warm water and a soft brush or cloth over the
two parts to remove any excess laundry additives.

Clean the main dispenser area using water and a soft cloth.
Once the main dispenser is clean, follow the illustrations in
reverse order to replace the two compartment container to its
original location.
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TORING THE CLOTHES WASHERS

Instructions for replacing the bulb:

1) Unplug or disconnect the clothes washer from the electrical power supply.

2) Open the door.

3) Unscrew the light bulb counter clockwise from the socket.

4) Replace the bulb with a 10 watt candelabra base light bulb and rotate clockwise.

5) Plug in or reconnect clothes washer to the power supply.

Clothes washer door swing direction can be changed using the following procedure:

1) Swing door fully open and support it while removing four hinge screws (which hold hinges to door assembly).

2) Move door to a work surface and transfer four color matched door screws to the opposite side of the door assembly.

3) Remove one screw holding top hinge to cabinet and one screw holding top hinge cover to cabinet (opposite side).

4) Remove hinge and bracket from cabinet by moving them up and down to a position where they are released.

5) Install hinge and bracket in swapped locations and drive screws to attach them securely to the cabinet.

6) Compare top hinge and top bracket to bottom hinge and bottom bracket for correct hinge assembly position.

7) Repeat procedures 4 through 6 for bottom hinge to cabinet and bottom bracket to cabinet.

8) Support door in fully open position on hinge side and drive four screws to securely attach hinges to door assembly.

9) Close door and check to see that clothes washer operates properly.

Washers can be damaged if water is not removed from hoses
and internal components before storage. Prepare the washer
for storage as follows:

•  Select the “COTTON/STURDY” and “QUICK” setting and
add one cup of bleach to the detergent dispenser without
clothes in the tumbler. Run the clothes washer through a
complete cycle.

• Turn the water faucets off and disconnect the inlet hoses.

• Disconnect the clothes washer from the electrical supply and
leave the washer door open to let air circulate inside the tum-
bler.

• If the washer has been stored in below-freezing temperatures,
allow time for the washer to thaw out prior to use.

For information on long-term storage or storage of your washer during extreme cold temperatures,
call Maytag Customer Service toll-free at 1-888-462-9824.

U.S. customers using TTY for deaf, hearing impaired or speech impaired, call 1-800-688-2080.

EPLACING INTERIOR LIGHTR

EVERSING THE CLOTHES WASHER DOORR



• Use Max Extract Spin Speed option.
• Try using a high efficiency detergent to reduce sudsing.
• Load is too small.Very small loads (one or two items) may not spin out completely.

• Make sure door is firmly closed.
• Make sure hose connections are tight.
• Make sure end of drain hose is correctly inserted and secured to drain facility.
• Avoid overloading.
• Use high efficiency detergent to prevent over-sudsing.

• Check fuse or reset circuit breaker.
• Straighten drain hoses. Eliminate kinked hoses. If there is a drain restriction, call for service.
• Close the door and push the START/PAUSE touchpad. For your safety, washer will not tumble or spin

unless the door is closed.
• After pressing the START/PAUSE touchpad, it will take a few moments before the clothes washer

begins to spin.The door must lock before spin can be achieved.
• See “Tub is Completely Full of Suds” below.

• Plug cord into live electrical outlet.
• Check fuse or reset circuit breaker.
• Close door and push the START/PAUSE touchpad to start the clothes washer. For your safety, washer

will not tumble or spin unless door is closed.
• This may be a pause or soak period in the cycle. Wait briefly and it may start.
• Check screens on inlet hoses at the faucets for obstructions. Clean screens periodically.

• Run the clothes washer through another complete cycle using cold water.
• Reduce detergent amount for that specific load size, soil level and water hardness.
• Use high efficiency or low sudsing detergent specially formulated for front load washers.

• Turn both faucets on fully.
• Make sure temperature selection is correct.
• Make sure hoses are connected to correct faucets and inlet connections. Flush water line before

filling washer.
• Check the water heater. It should be set to deliver a minimum 120°F (49°C) hot water at the tap.

Also check water heater capacity and recovery rate.
• Disconnect hoses and clean screens. Hose filter screens may be plugged.
• When warm rinse is selected, only the final rinse will be warm. The first two

rinses will be cold.
• While the washer is filling for cold or warm wash temperatures, both hot and cold 

water will go through the dispenser as the automatic temperature control feature 
checks incoming water temperatures.This is normal and will only happen the first time the washer is
used.
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EFORE YOU CALLB

For problem laundry solutions (i.e. fabric damage, residue, tangling) and special laundry care procedures, see the
enclosed Laundering Tips booklet.

Fills with the
Wrong
Temperature
Water

Tub is Completely 
Full of Suds

Stops

Won’t Spin
or Drain

Leaks Water

Load is Too Wet at
End of Cycle

CONTINUED

CHECK THESE POINTS IF YOUR MAYTAG NEPTUNE® WASHER...



• Be sure the door is tightly closed.
• Plug cord into a live electrical outlet (tub light should illuminate).
• Check fuse or reset circuit breaker.
• Open and close the door, then push the START/PAUSE touchpad.
• Turn both faucets on fully.
• Straighten inlet hoses.
• Disconnect hoses and clean screens. Hose filter screens may be plugged.
• Open and close the door, then push the START/PAUSE touchpad.

• Check fuse or reset circuit breaker.
• Open and close the door and press the START/PAUSE touchpad. For your safety, the clothes washer

will not tumble or spin unless the door is closed.

• Press the START/PAUSE touchpad to stop the washer.
• It may take a few moments for the door lock mechanism to disengage.

• Open the door and wash the lower portion of the gray door seal with a solution of 1 cup chlorine
bleach to 2 cups water.

• Select the following control panel setting: Cotton Sturdy, Hot/Cold, Heavy soil setting.
• Fill the bleach dispenser cup with liquid chlorine bleach and start the washer.
• Pour an additional 1/2 cup bleach into the detergent dispenser as the washer is filling.
• Allow the washer to complete the cycle.
• At the end of the cycle, open the door and dry the gray door seal.

• Clothes washer should be leveled properly as outlined in installation instructions.
• Check the leveling leg lock nuts are tightened.
• Be sure rubber feet are installed on leveling legs.
• Weak floors can cause vibration and walking.
• For information on normal operating sounds, see page 20.
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EFORE YOU CALL CONT.

CHECK THESE POINTS IF YOUR MAYTAG NEPTUNE® WASHER...

B

For further assistance, call Maytag Customer Service toll-free at 1-888-4-MAYTAG (1-888-462-9824).

U.S. customers using TTY for deaf, hearing impaired or speech impaired, call 1-800-688-2080.

Door Locked Shut;
Will Not Open

Freshening
Your Washer

Is Noisy

Won’t Fill

Won’t Tumble
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PERATING SOUNDSO

NORMAL OPERATING SOUNDS OF YOUR MAYTAG NEPTUNE® CLOTHES WASHER

High pitched sound during a spin
cycle.

The motor increases speed to spin the tub to remove moisture from the load.

Detergent is dispensed at the start of the cycle. Bleach is dispensed during final
minutes of wash. Fabric softener is dispensed during the third rinse while the
washer is filling.

The sealed balance ring around the tub contains a liquid and is designed to
make the washer spin smoothly.

The tub rotates one direction followed by a pause.The tub reverses direction
and pauses.This action continues throughout the cycle.

After reaching the maximum spin speed, the machine may reduce spin speed
slightly to create less noise and vibration.

The tumbler will begin to accelerate to speed, then slows back down to redis-
tribute the load more evenly when an unbalanced load occurs.

The Maytag Neptune® clothes washer uses a true adaptive fill and adds more
water during the wash cycle as it is needed.

Water flows through the dispenser to dilute and add bleach or fabric softener
at the appropriate time.This will occur even if bleach and fabric softener are
not used.

Before the washer starts to fill, it will make a series of clicking noises to check
the door lock and do a quick drain.

OR

Flushing water sound coming from
the dispenser area.

Sloshing or gurgling water sound
when washer is off and the tub is
rotated.

“Whirring” or “Sloshing” sound
followed by a pause, repeated
throughout the wash cycle.

Clothes washer maintains a slightly
reduced spin speed after achieving a
higher spin speed.

The spin speed slows down dramati-
cally when it sounds like an out-of-bal-
ance load.

Water is added after the washer
has been tumbling for a while.

Clicking/draining sounds when washer
is started.
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UESTIONS & ANSWERSQ
Q. What’s the best cycle to use if I have stains on my laundry?

A. Select Cotton/Sturdy fabrics and the Heavy soil wash time. Pretreat the stains with a laundry pre-treat product. Refer to the

“Stain Brain” under Help for more information on treating specific stains.

Q. How large of a load can I wash in my Maytag Neptune® washer?

A. The tub can be loaded completely full with dry, unfolded clothes. However, do not pack the tub tightly. If the load is heavily

soiled it is very important not to overload the washer.

Q. At the end of the cycle my load comes out wetter than normal.What causes this?

A. During tumble and spin the washer may have had difficulty getting to a full spin speed because the load was not evenly dis-

tributed.This can occur with small loads, heavy items or a load in which too much detergent was used, causing over-sudsing.

Redistribute the load in the washer, close the door and follow these steps. Touch “More Cycles”, “Spin”, and Start

Pause.

Q. My laundry items seem to be very wrinkled at the end of the cycle. What can I do to correct the problem?

A. Wrinkling is caused by the combination of heat and pressure. Be sure wrinkle free or permanent press fabrics are washed

on the Wrinkle Free cycle, and a cold rinse is used. (See pg. 5 for WASH/RINSE Temperature). DO NOT USE MAX-EXTRACT.

Q. My whites are not as white as I’d like.What can I do?

A. Wash white loads using the Cotton Sturdy fabric selection. Select the hot wash/cold rinse temperature setting and put 3/4

cup of chlorine bleach in the bleach dispenser.The bleach will be dispensed in the final minutes of the wash providing for

optimal whitening. Maytag recommends a hot water wash temperature of 120-140˚ F (49˚- 60˚ C).



22

OTESN

®

®



Full One Year Warranty
For one (1) year from the date of original retail purchase, any part which fails in normal home use will be repaired or
replaced free of charge.
Limited Warranty
After the first year from date of original retail purchase, through the time periods listed below, the parts designated below
which fail in normal home use will be repaired or replaced free of charge for the part itself, with the owner paying all other
costs, including labor, mileage and transportation.
Second Year – All parts.
Third through Fifth – Electronic control.
Third through Tenth – Drive motor.
Third through Lifetime – Stainless steel inner wash basket.
Additional Limited Warranty Against Rust-Through
Should an exterior cabinet, including the top and baseframe, rust through during the one year period starting from the
date of retail purchase, repair or replacement will be made free of charge. After the first, and through the tenth year, repair
or replacement will be made free of charge for the part itself, with the owner paying all other costs, including labor, mileage
and transportation.
Please Note: This full warranty and the limited warranty apply when the washer is located in the United States or
Canada. Washers located elsewhere are covered by the limited warranty only, including parts which fail during the first
two years.
The specific warranties expressed above are the ONLY warranties provided by the manufacturer.This warranty gives you
specific legal rights, and you may also have other rights that vary from state to state.

To Receive Warranty Service
To locate an authorized service company in your area contact the Maytag dealer from whom your appliance was purchased; or call Maytag
Appliances Sales Company, Maytag Customer Assistance at the number listed below. Should you not receive satisfactory warranty ser-
vice, please call or write:

Maytag Appliances Sales Company
Attn: CAIR® Center
P.O. Box 2370
Cleveland,TN 37320-2370
U.S. or Canada (toll-free) 1-888-462-9824
U.S. customers using TTY for deaf, hearing impaired or speech impaired, call 1-800-688-2080.

When contacting Maytag Appliances Sales Company, Maytag Customer Assistance about a service problem, please include the following:
(a) Your name, address and telephone number;
(b) Model number and serial number (found on the back of the control panel) of your appliance;
(c) Name and address of your dealer and the date the appliance was purchased;
(d) A clear description of the problem you are having.
(e) Proof of purchase.

Maytag  •  403 West Fourth Street North  •  P. O. Box 39  •  Newton, Iowa 50208

LOTHES WASHER WARRANTYC

What is not covered by these warranties:
1. Conditions and damages resulting from any of the following:

a. Improper installation, delivery, or maintenance.
b.Any repair, modification, alteration or adjustment not autho-

rized by the manufacturer or an authorized servicer.
c. Misuse, abuse, accidents, or unreasonable use.
d. Incorrect electric current, voltage or supply.
e. Improper setting of any control.

2. Warranties are void if the original serial numbers have been
removed, altered, or cannot be readily determined.

3. Light bulb

4. Products purchased for commercial or industrial use.

5. The cost of service or service call to:
a. Correct installation errors.
b. Instruct the user on proper use of the product.
c.Transport the appliance to the servicer.

6. Consequential or incidental damages sustained by any person
as a result of any breach of these warranties.

Some states do not allow the exclusion or limitation of conse-
quential or incidental damages, so the above exclusion may not
apply.

User’s Guides, service manuals and parts catalogs are available from Maytag Appliances Sales Company, Maytag Customer Assistance.
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Indirect Angle Estimation in Switched Reluctance
Motor Drives Using Fuzzy Logic Based Motor Model

Nesimi Ertugrul, Member, IEEE,and Adrian D. Cheok, Member, IEEE

Abstract—In this paper, a novel rotor position estima-
tion scheme is described that was developed to overcome the
drawbacks of the previous sensorless techniques, which were
proposed for switched reluctance (SR) motor drives. It is based on
fuzzy-logic, and does not require complex mathematical models
or large look up tables. The scheme was implemented by using a
digital signal processor. The real-time experimental results given
in this paper exhibit that the position estimation method proposed
can provide accurate and continual position data over a wide
range of speeds (zero/low/high), and can also function accurately
at different operating conditions (chopping/single pulse mode and
steady state/transient operation).

Index Terms—Fuzzy logic, position sensorless operation,
switched reluctance motor.

I. INTRODUCTION

T HE ACCURATE knowledge of the rotor position is re-
quired for good performance of the switched reluctance

(SR) motor drive. The need for the rotor angle information in
SR motors has been traditionally satisfied by the use of some
form of rotor position sensor. However, in recent years, there
have been extensive research activities to eliminate direct rotor
position sensors, simply by indirectly determining the rotor po-
sition.

A comprehensive review of the existing indirect position de-
tection methods in SR motors was discussed in the reference
[1]. It has been shown in the reference that the indirect position
determination methods can be classified into two major groups:
inserting the low amplitude signals to the motor windings (major
papers in this group include [2]–[4]), and monitoring the actual
motor excitation waveforms (major papers in this group include
[5]–[8], [28]). In [1], observations were also made about the dis-
advantages in the use of direct rotor position sensors.

The expected benefits of the indirect methods are: elimina-
tion of the electrical connections of sensors, reduced size, no
maintenance, insusceptible to the environmental factors, and in-
creased reliability. In addition, the expected features of the indi-
rect methods over the other sensorless schemes should include:
operating at zero speed and higher speed as in the conventional
direct position sensors.

The method explained in this paper is a flux linkage based es-
timation method that uses a fuzzy motor model and estimation
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scheme to determine the position of the rotor over a wide range
of practical operating conditions. As well known, motor drives
are usually electrically noisy environments, and practical mea-
surement systems are normally subject to error and inaccuracy.
Therefore, a major reason for the choice of using a fuzzy logic
based estimation scheme was to satisfy the requirement that the
algorithm is not affected significantly by deviations and error in
the input data. The use of a fuzzy motor model in the estima-
tion algorithm provided robustness and resistance to the effects
of input noise, which is demonstrated in detail in reference [9],
and therefore is not discussed here.

Furthermore, it should be noted that previously developed
model based schemes [10]–[12] use simplified linear motor
models and involve complex mathematical computations, or
require large numerical look-up tables. This makes the previous
schemes practically difficult to implement due to the fact that
the SR motors normally operate under magnetic saturation
and thus can only be accurately described by a nonlinear
model. Moreover, complex mathematical computations are
disadvantageous because of the demand for a fast real-time
processor, which may not be suitable for all motor drives. Other
advantages and applications of fuzzy logic to electric machine
drives has been extensively detailed in [13].

The reference [14] reports the preliminary structure and hard-
ware setup of the indirect position estimator. The paper pre-
sented some initial results to prove the concept, however only
off-line results were presented that were calculated from mea-
sured voltages together with current waveforms derived from
simulation.

This paper develops the scheme further to take into account
the issues that are related to the practical motor drive operating
in real-time and with measured voltages and currents. The hard-
ware details of the DSP based system and the modifications in-
troduced to provide a robust practical motor drive are also ex-
plained. In the following sections of the paper, the principal
sections of the method are shown, implementation details are
highlighted and some typical real-time experimental results are
given to demonstrate the effectiveness of the method.

II. DEVELOPMENT OF AFUZZY LOGIC BASED SR MOTOR

MODEL

To create a fuzzy model of the motor, a training scheme is
used which trains a fuzzy logic model that is based on numer-
ical information about the SR motor. The fuzzy rule base gener-
ated in this section is used by the fuzzy reasoning mechanism to
estimate the rotor position from the input values of current and
flux linkage in the rotor position estimation scheme. The main

0885–8993/00$10.00 © 2000 IEEE
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advantages of developing a fuzzy logic based model of the SR
motor are as follows.

1) No complex mathematical model is required, and thus has
the advantage of relatively simple mathematical calcula-
tions used for rule processing [15], and the memory re-
quirement of the stored fuzzy model is much lower than
that required by the equivalent look-up table [16]. In addi-
tion, the fuzzy motor models allow fast computation and
hence provide cost effective solutions for computation-
ally demanding algorithms in real-time systems.

2) Fuzzy models are universal approximators [17], and
therefore, they can model a nonlinear continuous func-
tion of SR motor.

3) Neural networks can also be used to model the switched
reluctance motor using a mathematical model free ap-
proach [18], but they often have a long learning time, and
do not allow the examining of the internal structure of the
model as with fuzzy logic linguistic rules [19]. Therefore,
fuzzy models are favorable due to the fact that their be-
havior can be explained using linguistic rules, and thus,
they can be easily adjusted by altering the rules [20]. Fur-
thermore, it has been shown that the fastest possible uni-
versal computation scheme corresponds exactly to the op-
erations in fuzzy logic methods using Max–Min compu-
tations [21], which allows faster real-time operation than
is possible with an equivalent neural network model. This
is an important consideration for practical SR drives.

A. Obtaining the Motor Model

To obtain a fuzzy rule based model of the test motor, the
training system derives information from two main sources.

a) The static flux linkage curves of the motor, which provides
important information about the electro-magnetic charac-
teristics of the SR motor phases.

b) The dynamic real-time operating waveforms of the motor,
which can include real-time operating effects, such as
mutual coupling between phases, temperature variations,
eddy currents, and skin effects.

Due to its suitability to practical applications (fast, simple,
and accurate),the table-look-up scheme[15] was used for the
training phase of the rotor position estimation system in order
to derive a fuzzy logic based SR motor model in the form of a
fuzzy rule base.

Furthermore, it should be emphasized here that the fuzzy
model, which was implemented here, is not equivalent to a look
up table with a linear interpolation, and has many advantages
over look up tables: robustness to input noise [22], non linear
model [17], much lower memory storage [16], and triggering
multiple non linear rules for each numeric input (not just one
rule as in a look up table).

Although the fuzzy rule generation techniques are well
known, the rule generation for this specific application is
briefly explained below to emphasize the practical issues.

The motor characteristics are defined as a two input (flux
linkage and current)—one output (rotor angle) function. The
training task involves creating a fuzzy model of this function
from the training data. The training data is defined as a two-input

one-outputinput–output pair(where the word “pair” in this
term refers to the fact that there is a set of input values paired
with a set of output values, and not a pair of two values). Each
point of measured data presented to the training system is given
as

(1)

where
th data pair;

flux linkage;

current;

position.

The training phase to obtain a fuzzy logic based motor model
consists of the following steps.

Step A: Dividing the Input and Output Domains into Fuzzy
Regions: To determine the fuzzy regions, the variable spaces of

(0 to 1 Wb), (0 to 20 A), and (0 to 30 degrees) were divided
into , , and regions respectively, and number of regions
were chosen to be .

Note that the number of sets and all fuzzy sets were chosen
to have the same shape, and thus all the membership functions
were chosen to be isosceles triangular shapes, which were de-
fined after the real-time testing of the algorithm in the real-
system. This choice of sets was found to provide sufficient accu-
racy in this work. Although more regions would provide greater
accuracy in such systems, this also leads to more memory re-
quirement due to the greater number of fuzzy sets and rules.

Each region was then assigned to a fuzzy membership func-
tion. The maximum point of each triangle was chosen to lie at
the center of the fuzzy region and is given a membership value
of 1. The other two vertices were chosen to lie at the centers of
the two neighboring fuzzy regions and at these two points the
membership values were made zero. Each fuzzy set is denoted
by a fuzzy linguistic term ranging from set SM19 to BIG19 (for

), from set SM18 to BIG18 (for ), and from set SM15 to
BIG15 (for ) as shown in Fig. 1. In the figure, is the
membership value in fuzzy set of input flux value
is the membership value in fuzzy setof input current value
, and is the membership value in fuzzy set of input

angle value .
Step B: Generating Fuzzy Rules from Input Data of Flux, Cur-

rent, and Angle:During the training phase, each input–output
data pair, which consists of a crisp numerical value of measured
flux linkage, current, and angle, is used to generate the fuzzy
rules which model the system. To determine a fuzzy rule from
each input–output data pair, the first step is to find the degree
of each data value (flux, current, angle) in every membership
region of its corresponding fuzzy domain. The variable is then
assigned to the region with the maximum degree.

It should be mentioned here that each training data set pro-
duces a corresponding fuzzy rule, which is stored in the fuzzy
rule base. However, it can be seen that with a large amount of
measured training data there will normally be rules produced
by different training data which are identical, and therefore the
number of stored rules does not necessarily correspond to the
number of training data sets. In addition there may be rules
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(a)

(b)

(c)

Fig. 1. Fuzzy domain regions for each variable: (a) flux Linkage, (b) current, and (c) rotor position.

generated by different data sets that are contradictory, and the
method for dealing with this case is explained below.

Step C: Assigning Rule Degrees:When each new rule is gen-
erated from the input–output data pairs, arule degreeor truth is
assigned to that rule, where this rule degree is defined as the
degree of confidence that the rule does in fact correlate to the
function relating flux linkages and current to angle. In the de-
veloped method a degree is assigned which is theproductof the
membership function degree of each variable in it’s respective
region. For example

Rule):If is BIG2 and is BIG5Then is SM6

will have a degree

Degree (Rule)

where
membership degree of current in region BIG2;

membership degree of flux in region BIG5;

membership degree of angle in the region SM6.

The purpose of the above assignment is to choose between
data sets that produce the same antecedents but different conse-
quents. This would arise because when there is a large amount
of measured data, some data pairs will produce rules that have
the same antecedent but a different consequent (due to errors
or noise in the measured data). This would mean that there are
conflicting rules in the system, which are resolved by choosing
the conflicting rule that has the highest degree. This rule is the
one that is placed in the fuzzy rule base.

For example, let us consider two input–output data pairs
and , which produced the rules

Rule : If is BIG2 and is BIG4Then is SM7

Rule : If is BIG2 and is BIG4Then is SM9.

Thus for this example, there would be two rules with the same
precedent but different consequent. If the membership functions
for each of the variables was as follows:

Then the rule will have degree ,
whilst rule will have degree .
Therefore, only the rule with the highest degree () will be
placed into the fuzzy rule base.

Step D: Create the Fuzzy Rule Base:As it can be seen from
Step C, every training data set produces a corresponding fuzzy
rule that is stored in the fuzzy rule base (except if an identical
rule exists on the rule base already, or the generated rule is elimi-
nated due to a lower degree of truth than an existing rule with the
same antecedent but different consequent). Therefore, as each
input-output data pair is processed, and the rules are generated,
a fuzzy rule or knowledge base is in the form of a two dimen-
sional table, which can be looked up by the fuzzy reasoning
mechanism. The current and flux linkage fuzzy sets, which are
the antecedents, are the axes of a two dimensional look-up table,
and the stored table values are the rotor position output sets.

B. Implementation of Training Scheme

A flow-chart showing the logical flow of the training proce-
dure software routine is given in Fig. 2 [23], which is the same
for both phases of training (using the static training data and the
dynamic real time training data). The training algorithm learns
the motor model from the two sets of measured motor data: the
static magnetization curves and the real time dynamic operation
data. After training the system with all the points on the static
flux linkage curves, the rule table is generated.
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Fig. 2. Flow chart for thetraining algorithm.

It was found out that the static flux linkage curves charac-
terize the motor to a good degree. However, the real time oper-
ating effects such as mutual inductances between phases, eddy
currents, temperature effects and skin effects may be significant.
It was found that there are some empty rule areas which cannot
be explained by the rule table obtained as they lie in the region
of flux and current in which the curves lie, and therefore, the
dynamic testing requirement for the rule base determination is
found to be necessary.

To determine the real time operational points of the SR motor
it is important that data is measured during the real-time training
phase include a wide range of operating conditions: transient
and steady state speeds, step changes in load, and chopping and
single pulse mode.

After the real-time running tests, the modifications made to
the rule base from the static data training phase are highlighted
(boxes with black background) in Fig. 3. The empty rule areas
are shown by “XX” in the figure. For example, there is no rule
for the inputs “Current is SMALL16 and Flux is BIG10.”

It should be reported here that the amount of data that is re-
quired to be measured in the dynamic tests and used for training
data cannot be exactly specified. However, it can be said that
the accuracy of the model, up to a point, will increase with an
increase in the data processed during the training phase. This is
important because if data from a wide range ofreal timecon-
ditions is used for training, then the developed motor model
will be able to predict the rotor position more accurately from
the real time measurements of current and flux. Furthermore, it
should be emphasize here that all the measurements in the motor
are done for a single phase of the four-phase SR motor, and as
a result, a single table is produced. Therefore, it can be said that

the model developed here evolve an “averagemodel” by using
the mechanism of maximum degree of truth.

In addition to this, note that fuzzy sets are defined over a
range of values, with the membership function of the fuzzy set
varying for different values in the range. This means that an
input data point with error or noise can still be placed, with lower
membership function, in the same set as a point with no error or
noise (depending on the amplitude of the error). In other words,
by the use of fuzzy sets, input data that is corrupted by noise,
can be accepted into the same set as clean data but with a lesser
degree of truth [24]. The length of range of the membership
function will determine the range of values with noise, which
will be accepted as a part of the fuzzy set. Therefore by the
fuzzification of the input data, small deviations in the input data
do not have significant effect on the output position estimation.

III. I MPLEMENTATION OF THE COMPLETE ROTOR ANGLE

DETECTION SCHEME

A. Position Estimation

A block diagram of the complete position estimation algo-
rithm is shown in Fig. 4. The position estimator essentially op-
erates as follows: While the motor is running, the phase currents
and voltages in each of the four phases are measured and the flux
linkages are estimated by using trapezoidal integration (see the
block A in Fig. 4) as given by

(2)
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Fig. 3. Fuzzy rule bases generated after the real-time test results,S: small,C: center,B: big.

Fig. 4. Block diagram of the fuzzy logic based position estimation scheme.

where
sample number;
sampling period;
winding voltage;
line current;
winding resistor.

Note that when no current flows in a SR motor phase, the ini-
tial flux linkage value at is zero. Therefore, at the end
of each electrical cycle for each phase the flux linkage can be
reset to zero in the integrator. Unlike the other three-phase ac
motor drives, this feature of SR drive flux linkage estimation
provides a means of reducing the effect of flux linkage offset
error [9]. This is because the accumulation of the large errors in
each phase, such as the effects of currents and voltage dc offset,

measurement errors and resistance variation, will not normally
continue for more than one electrical cycle.

It should also be noted here that the maximum integration
error is also proportional to the highest value of the second
derivative of the integrated function [23]. This means that when
trapezoidal integration is applied to the flux linkage estimation,
the maximum error is dependent on the second derivative of the
integrated current and voltage waveforms.

It should be emphasized that, the current and voltage wave-
form are simple functions at high motor speeds (in the single
pulse mode). However due to the commutation seen in the chop-
ping mode, the current and voltage waveforms are more com-
plex and nonlinear. Therefore, for the same conditions, it can be
expected that the error in the integration of flux linkage in the
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chopping mode may be higher than in the single pulse mode (in
which the integration intervals is wider and the second deriva-
tive is lower).

In the above figure, is the flux linkage, 1,2,3 and 4 represent
the phase numbers, andis the rotor angle. , and

indicate “present,” “previous” and “next step” values of the
parameters respectively. The superscript,and the subscripts,

and in the terms indicate the weighted values, the predicted
values and the estimated values respectively.

In the second stage, the block B, the crisp numeric flux
linkage and current values from each phase are then input to the
fuzzy logic rule base (where the fuzzy motor model is located).
These inputs will trigger theIf-Then rules in the rule base,
which have previously been created from the training phase.
Since the crisp values of current and flux linkage will normally
be members of two fuzzy sets, four rules will normally be
triggered per phase measurement. Therefore, composition of
multiple fuzzy rules is required, using theAggregation of Rules
procedure. The aggregate of the fuzzy rules triggered by the
inputs of each phase will produce an output fuzzy set in the
rotor position fuzzy domain. A single crisp numeric value of
estimated rotor position is obtained by using defuzzification. In
this paper, the Max-Product and center average defuzzification
methods are chosen due to the simple calculations of these
methods [15].

It should be noted here that, in practice, drive environments
are electromagnetically noisy, due to the proximity of power
electronic devices, which have high amplitude voltage and cur-
rent switching transient waveforms, with low power computa-
tion circuits. In addition, leakage inductances and coupling ca-
pacitances, which are always finite in such systems, can lead to
noise voltages being induced in measurement circuits. There-
fore, the reliability and robustness of the algorithm was highly
important if it is designed to operate in the practical drive. To
achieve this additional performance enhancement features have
been added so that the sensorless angle estimation algorithm
copes better with measurement errors and inaccuracies found
in real motor drives.

B. Performance Enhancement Features

Fuzzy Optimal Phase Selector:The knowledge based op-
timal phase selector is added (the block C in Fig. 4) to pick the
most desirable phase for estimating angle in order to maximize
accuracy. This sub-system is used because in the SR motor there
may be more than one phase that conducts excitation current
at any instant of time. For example, if three phases were con-
ducting current at a given instant in time, this would normally
consist of two phases being turned on, with one previously ex-
cited phase having a decaying current component. Therefore,
any of these current carrying phases may be used for rotor po-
sition estimation. Theoretically, the same position should be
output by each of the excited phase rotor position estimations.
However in practice, each phase may produce a slightly dif-
ferent estimated angle result.

It is important to note that each phase has rotor angle regions
of optimal sensing. In some rotor angle regions the rotor posi-
tion estimation will be more affected by errors than at other rotor

Fig. 5. Approximate optimal sensing region of the magnetization curves.

angle regions. The reason that each phase will be operating in a
different phase region at any point in time is that at every phys-
ical rotor position, the rotor to stator phase angle will lie in a
different region in each motor phase. Therefore, for implemen-
tation in a practical drive, the estimated rotor position from the
phase in the rotor angle that lies in the optimal region should be
given the most weighting. The optimal sensing region in Fig. 5
can be found from an analysis of the flux linkage curves [25].

Note also that the region shown in Fig. 5 is only approximate,
as it is difficult to exactly define in an exact manner. It can gener-
ally be said from the magnetization curves, that when the angle
is near the unaligned position (ie. forsmallrelative angles) and
the current islow, that the curves are very tightly bunched up.
Therefore under this condition, small errors in the flux linkage
estimation or current measurement will result in large errors in
the position estimate. Additionally, when the angle is close to
alignment (i.e.,large relative angles) the curves are also tightly
bunched up, and therefore a small error in current measurement
can produce large errors in rotor angle. Therefore, the optimal
sensing positions, where the best resolution is offered, is for
mediumangles between alignment and unalignment.

However, the optimal sensing region in fact does not stop
or start abruptly but has a transition region, or in other words
it contains smooth edges. In addition, the termssmall, low,
medium, and large used above to describe the regions, are
linguistic terms. Furthermore it can be seen that the above
descriptions in the previous paragraph describing the optimal
sensing regions were in fact heuristic knowledge based rules.

Thus due to the imprecise regions, the ability to describe them
using linguistic terms, and the availability of heuristic rules, a
fuzzy logic rule base can be employed. Hence, to decide whether
a motor phase measurement is in the optimal sensing region, a
fuzzy rule based optimal phase selector (Block C) is placed after
the fuzzy logic based motor model (Block B) seen in Fig. 4. The
decision block encapsulates the general heuristic rules that were
mentioned above, which describe the optimal sensing regions of
the motor phases.

To perform the weighting of each of the position estimations
from each phase, based on the heuristic rules described above,
the optimal phase selector, uses a two input-single output fuzzy



ERTUGRUL AND CHEOK: INDIRECT ANGLE ESTIMATION IN SWITCHED RELUCTANCE MOTOR DRIVES 1035

Fig. 6. Optimal phase selector domains. [� (i) = fuzzy membership
functions of current.� (�) = fuzzy membership functions of rotor angle.
� (C) = fuzzy membership functions of confidence.]

system. The input fuzzy domain iscurrent andangleand the
output isconfidence. It gives a weighting or confidence value
ranging from zero to 100% of each phase’s rotor position esti-
mate. The membership functions of the input and output fuzzy
domains used in the optimal phase selector are shown below in
Fig. 6.

A fuzzy rule base defines the linguistic rules that are used
by the optimal phase selector. This is shown in the two-dimen-
sional array of rules relating the inputs of current and angle to
the output confidence value in Table I. It can be seen from the
rule table that an example rule in this system is

If current is (S) and angle is (S)

Then confidence is (S) (3)

As it was discussed above, these rules are based on heuristic
knowledge about the optimal sensing regions in the flux linkage
curves. The ability of fuzzy logic to model this heuristic knowl-
edge allows a simple and easy to understand linguistic based
system to be easily developed. This is achieved without the re-
quirement of analytically defining the optimal regions of posi-
tion sensing.

TABLE I
FUZZY RULE BASE FOROPTIMAL DECISION BLOCK (S = SMALL , M =

MEDIUM, L = LARGE, H = HIGH)

Another advantage of using the fuzzy system is that the fuzzy
linguistic rules of the optimal phase selector can remain un-
changedevenwhenadifferentmotor isused.This isbecauseonly
the definitions of the fuzzy membership functions in the input
domains of current and angle are required to be changed if there
is a change in the motor with different optimal phase sensing
regions. For example, the membership function ofLOWcurrent
seen in Fig. 6 could be modified to lie over a different range of the
current domain. However, the fuzzy rule base does not need to be
changed, and this allows the modification of the Optimal Phase
Selector Block for another motor to be easily achieved.

As it was mentioned above, each of the four motor phases
produces an estimated value of position, and each of them will
be given a confidence weighting by the fuzzy phase selector,
based on the estimated position and the phase current. This final
weighted value is based on the weighting or confidence, C, of
each of the rotor position estimates corresponding to which re-
gion the estimated rotor position lies in each phase. In essence,
the optimal phase selector block in Fig. 4 decides the optimum
phase for angle measurements, and gives this phase the greatest
weighting if more than one phase is used in producing a rotor po-
sition estimate. Hence outputs one final weighted
value of .

To determine the final angle value , each estimated
phase angle is multiplied by its respective confidence value
found from the Optimal Phase Selector, and the total is divided
by the addition of all the confidence factors. For example, if
there are two phases that produce an angle estimate, then the
algorithm computes the position by

(4)

where
final angle estimate;
phase angle estimates of phase 1 and phase 2,
respectively;
confidence values of phase 1 and phase 2, respec-
tively.

It should also be noted here that (4) is given only for two
conducting phases. If three, or in some cases, four phases have
some current (for example, trail currents, at high-speed opera-
tions), the equation should be modified to take these operating
conditions into account.
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Fig. 7. Flow-chart of the prediction algorithms in the blocks D and F.

Fuzzy Flux Linkage and Angle Predictors with Fuzzy
Choosers: The flux linkage and rotor angle predictors (the
blocks D and F in Fig. 4) are included in the algorithm. The
purpose of the predictors is to forecast future values of flux
linkage and rotor position during the operation of the sensorless
algorithm. The predictors are implemented using a fuzzy logic
rule based system, with the rules of the fuzzy prediction system
being adapted during run time.

The predictors are used to minimize errors by using a com-
bination of the estimated and predicted rotor position and flux.
To achieve this, a comparison between estimated and predicted
rotor position and flux values are made during each iteration.
Then some combination of these is chosen in order to lessen the
effect of errors.

The problem of predicting the flux linkage and angle in future
steps of time is a problem oftime seriesprediction. It should be
noted that in this fuzzy predictor, both learning and prediction
occurs simultaneously, unlike the previously described training
method. A flow-chart of the prediction algorithm is given in
Fig. 7, where the values of represent either flux linkage
or rotor position.

When a new value of flux linkage or rotor position is
estimated by the integrator or fuzzy model respectively, it is
first passed into the rule learning block in Fig. 7, together
with previous iteration values. For the flux linkage prediction,
the rule learning block creates a new rule and modifies the
rule table, from the new input–output data pair consisting
of the present value and the previous four values

. For the fuzzy
rules of the rotor predictor, however, two output predicted
values, and are created from four previous inputs

. For the flux
prediction and the rotor position prediction, the input–output
data pairs can be written, respectively, as

(5)

(6)

This rule can then modify the fuzzy rule base so that the fuzzy
rules which predict the next values from the previous four values
is continuously adapted with each new measurement.

After the Rule Learning Block in Fig. 7, the prediction routine
is executed, which estimates the next iteration value
(and for the angle prediction), from the values of

, and .
Furthermore, as shown in Fig. 4, the predicted values of rotor

position , and flux linkage are used in conjunction
with the estimated values of flux linkage and rotor posi-
tion . In the ideal case, the predicted and estimated values
should be exactly the same. However, due to errors the values
are not equal. In this case either the predicted values or the es-
timated values may be used, and a decision must be made as
to which value should be chosen. In this system a knowledge
based, heuristic decision maker (Fuzzy Chooser) was imple-
mented, which places a weighting on both the predicted and
estimated values (the blocks E and G in Fig. 4). The decision
blocks of the flux linkage and angle produce a final weighted
value and respectively.

It can be intuitively said that the confidence in predicted
values will behigh understeadyspeeds and conditions. Under
transient speeds and conditions, however, confidence will
be low. In addition, it can be said that the confidence in the
predicted values will behigherfor low acceleration values than
for high acceleration values.

From the above discussion it may seem that some con-
ventional mathematical function relating confidence in the
predicted values to the actual motor acceleration can easily be
defined. However some practical considerations make the use
of a fuzzy system advantageous.

Firstly it can be seen from the above discussion, that high,
low, and steady are linguistic terms that contain a certain amount
of fuzziness. With conventional mathematical logic functions it
is difficult to adequately represent heuristic knowledge directly.
However, fuzzy systems can deal with situations where sharp
distinctions between the boundaries of application of rules do
not occur.

Furthermore, a major advantage of using a fuzzy system is
that it can cope with inherent uncertainty in the input signals.
In this system the input variable is acceleration, which cannot
be directly measured by a mechanical sensor in this application,
because the system is sensorless. Another method is to calcu-
late acceleration from speed values. Successful techniques have
been recently developed to estimate acceleration from measured
speed, such as by using predictive polynomial differentiators or
by model based state observation [27]. However in this case no
direct measurement of position or speed is possible. If the posi-
tion estimates are used instead, the errors in the estimates may
be too high for calculation of acceleration.

Therefore a fuzzy system was developed to relate prediction
confidence to acceleration, which only requires the acceleration
feedback to be accurate enough to determine which predefined
fuzzy domain the acceleration belongs to. Thus only imprecise
knowledge is required about the motors acceleration.

Hence, instead of acceleration, anacceleration factoris used
which gives an approximation of the actual acceleration. As dis-
cussed above, this approximation can be used in this application
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Fig. 8. SR motor drive hardware system developed.

because only therelativeacceleration is important (e.g.,highor
low), and not the actual numeric value. Therefore an accelera-
tion factor is defined as

(7)

Here, is the rotor angle at stepand is the time between
each iteration, and and are constants (each chosen to be 5 in
this application).

The above equation estimates the average speed over the last
six iterations (i.e., over iterationto where is the last es-
timated position value), and compares it to a previous estimated
average speed measured over to ). Other values
of and may be chosen depending on the desired tradeoff
between a longer sampling time of measuring the acceleration
factor (which leads to less noisy values) and the delay in deter-
mining the value from the first measurement .

The difference of these two values provides an estimate of
the relative motor speed transient magnitude. However it was
found out in the practical system that, to lessens the effect of
angle estimate noise on the calculation, the acceleration factor
could be further modified to use the average of the previous 3
estimated acceleration factors, which is given by

(8)

The weighted rotor angle from the estimated and predicted value
is used as an input to the rotor position predictor in Fig. 4,
in order that further predictions are corrected. In addition, the
flux linkage value output from the decision block is used as the
next integration constant for the flux linkage integrator. In this
manner, the corrected values are used to not only correct the
present values of flux linkage and position, but also to correct
future values of flux linkage and position. The effectiveness of
the flux linkage and angle prediction with fuzzy choosers in re-
ducing the effect of impulsive type noise commonly found in
motor drives is detailed below.

IV. I SSUESRELATED TO START-UP, INITIALIZATION AND NEXT

STEP ANGLE

In the method developed, there are some practical applica-
tion points, which apply in all operations in the drive. This in-
cludes issues such as the starting procedure, the initialization of
the fuzzy predictors in each test, and the use of predicted angle
when the fuzzy logic based predictors do not output a predicted
angle due to lack of rules in the learning period. These issues
are explained below.

A. Start-Up Procedure

During the start up of the sensorless motor drive, there are two
problems. Firstly, the position is not known, and therefore, the
controller does not have knowledge of the required initial phase
control strategy. Secondly, if only one phase is used initially,
there will be two solutions to the estimate of rotor position for
each flux linkage and current data pair.

In the initial starting instant, two phases of the motor are ex-
cited using a short pulse of current, to produce two sets of flux
linkage and current pairs. This will produce four possible values
of absolute position (two from each motor phase). Only one
angle estimate of one phase will agree with one angle estimate of
the other phase. This is the actual absolute rotor position. After
this step is performed, the absolute value of rotor position has
been found, and there will be no ambiguity in further measure-
ments. This is because knowledge of the last rotor position, and
the direction of rotation, allows the controller to decide which
of the two possible angles found from a flux linkage and current
pair is in fact the correct position.

B. Initialization of Fuzzy Predictors

The fuzzy predictors of flux linkage and rotor position are
initialized at the beginning of each of the tests. Therefore, in
each of the graphs that are plotted, at time there are zero
rules in the fuzzy prediction rule base and learning begins with
the first iteration. This is performed so that every test shown in
the results section has a fair comparison, regardless of whether
the motor starts at (as in the start up tests) or not (as in
the steady-state speed tests). It should be remembered that, this
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arbitrarily places a learning period at the initial stages of each
test, regardless of the motor operating conditions.

In addition, when the predictors cannot make a predicted
value, due to a lack of developed rules in the learning system,
the output is set to zero. This signifies that no prediction can be
made at that particular iteration (in addition there is a software
flag output implemented in the software to differentiate be-
tween no output, and an actual predicted value of zero degrees).
If no prediction can be made for the current angle and flux
linkage, then it is not of high consequence. However, if no
prediction can be made for the next step angle, then this creates
a problem for the controller, which uses the next step for the
continuous control. Therefore, a backup system is used for the
prediction of the next angle value.

C. Use of Next Step Predicted Angle in Fuzzy Predictor

When the predictors can not make a prediction, the output
is set to zero. However, although the fuzzy predictor of flux
linkage and rotor position is only required for error minimiza-
tion, the next step angle is used by the controller. Therefore,
in the case when the output of the next step angle is zero, the
prediction reverts to a simpler prediction scheme which is inde-
pendent and running in parallel to the predicted value.

The independent next step angle prediction acts essentially
as a backup, and normally is not used by the controller, except
when the predictor cannot make any prediction. This indepen-
dent next step angle predictor performs a linear extrapolation
of the previous two iteration’s angle rotor position values. The
value of the predicted angle can be found from the simple rela-
tion

(9)

where are the predicted angles of the next iter-
ation step, the present iteration step, and the previous iteration
step, respectively, and is the iteration period.

The predicted angle using this method is normalized to one
electrical cycle (60 degrees). The new angles are used for pre-
diction in the next iteration.

V. HARDWARE DETAILS AND REAL-TIME TESTRESULTS

To test the method described in this paper, a switched reluc-
tance motor drive system was designed and constructed with
a controller. The drive consists of several distinct sub systems
as illustrated in Fig. 8: 4-phase IGBT inverter (two switch per
phase type), 8/6 SR motor (4kW, 415V, 9A, 1500 rpm, four
phase), the DSP board, A/D converters, and the interfaces for
signal input and output (currents, voltages, position and gate sig-
nals for IGBT’s).

The controller consists of a high-speed DSP chip
(ADSP-21 020) with on board memory. The DSP performs
the fuzzy logic based rotor position estimation in addition
for providing full control of the motor via the power inverter.
Inputs to the digital signal processor include the current and
the voltage of each phase. To sample four phase voltages
and currents simultaneously, eight A/D converters were used,
and in order to provide greater digital conversion accuracy, a
programmable gain amplifier was utilized to adjust the gain

Fig. 9. Measured current, voltage, estimated flux linkage, predicted flux
linkage of phase A, measured and estimated position, respectively, from the
top, 810 rpm.

of the voltage signal. A shaft encoder was used to provide a
reference for checking the estimated position.
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Fig. 10. Predicted and next step ahead predicted angles (in degrees).

The actual operating effects of the SR motor drive include:
mutual inductance between motor phases, parameter variation
of motor inductances and resistances, asymmetrical inductance
variation in the motor phases, variation in the magnetization
curves in each of the phases, and effects on the motor waveforms
of eddy currents (which can distort the phase current, especially
during current transients).

Therefore, experimental waveforms, which will be affected
by all the above effects, should be used to verify the ability of
the sensorless scheme to operate with a real SR motor. Using the
experimental hardware, a wide range of operating modes and
conditions were applied to the test motor. A few distinct oper-
ating results are presented in this paper: single pulse operation at
steady-state speed, acceleration from zero speed, and zero/slow
speed operation.

1) Single Pulse Mode Operation:In Fig. 9, the test results
are given for the single pulse mode of the motor with a steady-
state speed of 810 rpm. At high speeds, the back emf during pole
overlap will become higher than the dc supply voltage. There-
fore, the current does not reach the chopping mode current level
(but is greater than the rated current) during the phase conduc-
tion period. Note that justification of “high” or “low” speed op-
eration depends upon the machine details. For the motor used in
this paper, low, base and high speeds correspond to the chopping
mode, the changeover speed of 650 rpm and the single pulse
mode, respectively.

It can also be seen in the figure that, in the single pulse mode,
the current waveform is regular and the flux linkage has a simple
profile, a quasitriangular wave-shape. Therefore, it was found
that the fuzzy predictors of flux linkage have a short learning

period with these flux linkage waveforms. This learning period
was less than 200 iterations, corresponding to 46% of one rev-
olution.

The reference position measured by the encoder had an 8-bit
output, which means that 256 discrete positions per revolution
can be measured, which corresponds to discrete
points per electrical cycle. Therefore, in calculating the position
error in the test results, the encoder measurement will normally
have some quantization error, and thus not provide a very ac-
curate reference. Nevertheless, it was taken to be the true rotor
angle when comparisons were made between the estimated and
the measured angle.

The predicted and next step ahead predicted angles for the test
in Fig. 9 is given in Fig. 10. It was found that approximately 240
iterations were needed for the initial learning period. This was
equivalent to 52% of one revolution of the rotor. In comparison
with the flux linkage prediction of this test, it is seen that the
learning period is slightly longer, due to the higher estimation
error of position in comparison to the estimation error of flux
linkage in this test.

2) Chopping Mode Transient Operation:To verify the op-
eration of the method during transient operation, another set
of experimental results is given in Fig. 11 during a transient
start-up from zero speed to 346 rpm. As can be seen in the figure,
the phase A motor current increases during the starting period
and exceeds the rated current of 9A. However, when the motor
approaches to the steady state speed of 346 rpm, the currents
become significantly lower due to the decreased acceleration
torque. This operation presents a more difficult problem for the
position estimation due to following two main reasons.



1040 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 15, NO. 6, NOVEMBER 2000

Fig. 11. Results of the transient start up with hysteresis current control: current, voltage, measured position, estimated position, and position error.

1) Not all the components of the waveforms are captured
by the A/D converter at the specified constant sampling
frequency of 6 kHz.

2) The predictors of flux linkage and rotor position, which
are used to lessen errors in the flux linkage and position
estimation, are not as effective during transient modes of
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Fig. 12. Zero/low speed test.

operation as stated in Section III-A. This is because of the
learning period always required when the motor wave-
forms vary. Therefore, the confidence in the predicted
values will not be as high in the transient mode of op-
eration.

In the transient mode of operation, the average angle error
is somewhat higher. The performance has suffered due to the
higher flux linkage estimation errors, and the trajectory of rotor
position continuously changes in contrast to the linear variation
of the previous steady-state speed tests. However, the estimated
angle follows the measured position closely throughout the test.

3) Zero/Low Speed Operation:In this test the motor is
initially stalled with a high inertial mechanical load that is
thereafter slowly accelerated. The conditions of this test allow
the sensorless position estimation algorithm to be tested for
a number of important conditions. This includes zero speed
operation (seen from ), slow acceleration,
and low speed (seen from onwards).

The plot of the phase current, phase voltage, phase flux
linkage, as well as measured and estimated rotor position, are
shown together for one motor phase in Fig. 12. At
the rotor is stalled, and it can thus be seen that the rotor angle
remains constant. However at the rotor is again

accelerated with a low acceleration rate, and the rotor position
again gradually increases.

It can be seen in the phase current waveforms of Fig. 12 that
there are oscillations in the current hysteresis level even during
zero and low speed. This is due to the bandwidth limitation of
the hysteresis current controller. Furthermore it can be seen that
the flux linkage changes when the rotor begins to accelerate
from zero speed due to the change in incremental inductance
with position.

The estimated angle that is seen in these results can be seen to
always have some error, even though the rotor position is con-
stant. This can be explained by the fact that the current is not
constant but has variations due to the hysteresis control. This
high frequency variation will not be completely captured by
the A/D converters, leading to measurement errors. Furthermore
noise and modeling errors that are always present will lead to the
error seen in the rotor position.

A large amount of other experimental tests were performed on
the motor to vigorously prove the performance and reliability of
the fuzzy logic sensorless rotor position detection scheme under
all conditions. Although two sets of the tests (steady state and
transient) were presented above, Table II is provided to show
the comparison of other distinctive test results, average of the
absolute value of the position errors, maximum errors and cor-
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TABLE II
SUMMARY OF TEST RESULTS ON THEERRORANALYSIS

responding learning periods in each test [22], [23]. When the
quantization error in the measured position is taken into ac-
count, the position error presented in the previous graphs and
in Table II are not high. The operation of the motor has not been
effected due to the small error in the position estimation. How-
ever, it should be emphasize here that the position estimation
error can be reduced further if the sampling frequency and/or
number of fuzzy-regions are increased. In addition to this, it
should be remembered that measured reference position may
also be in error.

A. Effectiveness of Fuzzy Predictors in Practical Drive
Operation

The practical SR motor drive often has the problem of high
amplitude impulsive type noise caused by switching or com-
mutation of high amplitude currents in the inverter circuit. The
commutated current waveforms have short rise and fall times,
and thus contain significant amounts of energy at high frequen-
cies. This radiated energy can be transmitted through parasitic
stray capacitances to the control, interface, and measurement
circuitry.

The characteristic feature of this generated noise is that it
can have high amplitude during the switching of a power de-
vice. However, this noise is only seen during the switching in-
stant. Therefore, the coupled noise in the control and current
and voltage measurement circuits may have high amplitude, but
be transient in nature. This type of high amplitude impulsive
type noise is difficult to suppress efficiently [26]. However, the
fuzzy predictive filters of flux linkage and angle as described
above were developed to successfully lower the effect of impul-
sive noise for the practical operation of the sensorless position
estimation scheme.

In Fig. 13, a demonstration of the fuzzy predictive filter’s ef-
fectiveness is shown. Firstly, these figures show estimated flux
linkage and angle derived from experimentally measured wave-
forms of current and voltage with the motor drive running at
670 rpm. It can be seen in the figures, that high amplitude error

pulses occur in both the estimated flux linkage waveform and
the estimated rotor position waveform.

In Fig. 13(a), the waveform of the flux linkage estimated from
the measured current and voltages are shown, with a triangle rep-
resenting each point where the flux is estimated from the current
and voltage measurements. In the figure, a flux linkage wave-
form with high noise error can also be seen. The estimated flux
linkage waveform with error is input to the flux linkage predictor
instead of the actual estimated flux. It can be seen that the points
with high-level noise have effectively been replaced by predicted
values. It should be noted that if the predictor could not remove
the erroneous value, then due to the operation of integration, all
future values of the estimated flux linkage would carry this error.

Fig. 13(b), the waveforms are shown of the measured encoder
angle and the estimated angle with impulsive type noise (at dif-
ferent test times, but with the same conditions as the flux linkage
test). In the results, a triangular point shows the measured en-
coder positions at each sample time. In this test, the estimated
angle that has been corrupted with high amplitude noise pulses
is input to the angle predictor. It can be seen that the noise in
the estimated angle is effectively removed in the filtered angle
value. The filtered value can thus be used instead of the esti-
mated value to reduce the effect of switching noise.

The results above have shown that when the fuzzy logic based
predictive filters of flux linkage and angle are used, the high
error pulses from sources such as switching noise are effectively
eliminated, which leads to a more robust and stable motor drive
operation.

VI. CONCLUSION

A novel fuzzy logic based rotor position detection technique
is explained and implementation details are given, which
provides an alternative way of measuring the rotor position in
SR motor drives. The experimental tests verified that the new
scheme can successfully and vigorously predict the rotor angle
of the practical SR motor under the real operating conditions.
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Fig. 13. Error elimination ability of fuzzy logic-based predictors: (a) flux linkage and (b) rotor position. The points with arrows highlight the iterations where
the predicted value can be used instead of the estimated angle to lessen the effect of switching noise.

TABLE III
PRINCIPAL IMPROVEMENTS OF THENEW SCHEME OVER THE MOST SOPHISTICATEDMETHODS TODATE: THE MODEL BASED SCHEMES

Since there is no starting difficulty in the motor drive and no
difficulty at zero speed operation, the motor drive can be oper-
ated in four-quadrants. It was shown that in general, the fuzzy
logic based prediction algorithm had a fast learning period of
approximately 200–250 iterations for simpler waveforms, such
as the rotor angle trajectory and the flux linkage in the single

pulse mode. The predictors of flux linkage and angle were
also shown to be effective. The learning period became longer
for highly nonlinear waveforms, such as the flux linkage in
chopping mode.

The position estimator implemented in this research does not
have restrictions seen in other schemes, as it can be used under
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all operating speeds and conditions, including transients, stand-
still, and start-up. It also does not require any external testing
circuitry or test signals.

The tests shown were taken with the A/D converter sampling
frequency limited to 6000 Hz. This demonstrates the ability of
the scheme to work with a relatively long iteration time of 166.7

s. The average processing time of the position estimation rou-
tine is approximately 33 s (the cycle time varies slightly ac-
cording to which particular subroutines are used in the fuzzy
prediction and fuzzy rule processing routines). The processing
time can be further reduced by optimization of code and full
assembly programming. The advantages made available by this
scheme are summarized in Table III.
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Einsatzgebiete

Der Geschaltete Reluktanzantrieb ist grundsätzlich für drehzahlveränderbare
Antriebslösungen und für Positionieraufgaben geeignet. Je nach Ausführung des
Umrichters ist ein Zwei-Quadranten-Betrieb oder der Vier-Quadranten-Betrieb
möglich.

Im Vergleich zu anderen Antrieben zeichnet er sich durch

- überdurchschnittliches Dauerdrehmoment im Grunddrehzahlbereich

- sehr hohes Beschleunigungsvermögen

- geringe Wartung

- großes Haltemoment - auch über lange Zeiträume

- hohe Überlastbarkeit

- geringe Abmessungen

- sehr gute Notlaufeigenschaften nach Ausfall einer oder mehrerer Motorphasen

- ausgezeichneten Wirkungsgrad über einen großen Drehzahlbereich

- Robustheit

- sehr geringe Läufererwärmumg im unteren Drehzahlbereich

aus.

Für Applikationen, bei denen eine oder mehrere dieser Eigenschaften gefordert
werden, lohnt der Einsatz des Geschalteten Reluktanzantriebes.

Aufgrund des ausgewählten und optimierten Querschnittes besitzt der von uns ent-
wickelte Switched-Reluctance-Motor für alle Arbeitspunkte im unteren Drehzahl-
bereich eine unkritische Geräuschemission.

Höchste Drehzahlen: Der Maschinenläufer des Geschalteten Reluktanzmotors trägt
weder eine Wicklung noch Permanentmagnete. Er kann deshalb mit hohen
Radialkräften belastet werden und ist somit für den Betrieb bei großen Drehzahlen
besonders geeignet. Aufgrund der mit der Drehzahl zunehmenden Ummagneti-
sierungsverluste sind für diese Anwendungen eher niederpolige Reluktanzmotoren
geeignet.
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Funktionsprinzip

Das Wirkungsprinzip des „Geschalteten Reluktanzmotors“, der in vielen Veröffent-

lichungen der englischsprachigen Literatur unter dem Namen „Switched-Reluctance-

Motor“ propagiert wurde, ist denkbar einfach: Ein drehbar gelagerter Eisenstab oder

auch die Eisenzähne eines Maschinenläufers richten sich in das durch einen

elektrischen Strom in einem Ständerpol erzeugte Magnetfeld aus. Durch gezieltes

Weiterschalten des Magnetfeldes gerät der Eisenstab oder der Motorläufer in eine

drehende Bewegung. Besitzt dieser Läufer, der auch als Rotor bezeichnet wird,

mehrere Zähne, so ist seine Form mit einem langgestreckten Zahnrad vergleichbar.

Der Begriff „Reluktanz“ steht für den magnetischen Widerstand, den ein solcher

Rotor dem elektromagnetischen Feld entgegensetzt. Erzeugung und Weiter-

schaltung des Magnetfeldes werden von den Polwicklungen im feststehenden Teil

der Maschine und einer dem Motor vorgeschalteten Leistungselektronik über-

nommen. Mit  der Leistungselektronik, welche als Stromrichter bzw. Frequenz-

umrichter bezeichnet wird, können die Drehzahl und das Drehmoment des Switched-

Reluctance-Motors gezielt beeinflußt werden. Geschaltete Reluktanzmotoren lassen

sich von Kleinstmotoren bis hin zu Großantrieben realisieren.

Musterantrieb

Am Elektrotechnischen Institut der Universität Karlsruhe wurden zwei Geschaltete

Reluktanzantriebe mit einer Bemessungsleistung von 18,5 kW bzw. 23,5 kW bei

einer Drehzahl von 1500 U/min entwickelt, optimiert und getestet. Der Umrichter ist

direkt an das Drehstromnetz 400V/50Hz angeschlossen. Einige Meßergebnisse

dieses Musterantriebes sollen in den nachfolgenden Abschnitten beispielhaft die

Leistungsfähigkeit Geschalteter Reluktanzantriebe nachweisen. Den Auftrag über

die Fertigung der Motoren übernahm das Elbtalwerk Heidenau. Auf dem Deckblatt

ist die Wirkungsweise und der prinzipielle Blechschnitt des neu entwickelten

Switched-Reluctance-Motors dargestellt. Dieser Motor besitzt 16 ausgeprägte

Statorpole und 12 Rotorzähne.
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Kleines Trägheitsmoment - große Dynamik

Aufgrund der massefreien Zahnlücken im Außenbereich des Maschinenläufers

besitzt der Switched-Reluctance-Motor ein sehr kleines Trägheitsmoment. Der Rotor

besteht nur aus dem Blechpaket und der Welle. Er trägt weder eine Wicklung noch

Permanentmagnete. Die Tabelle 1 zeigt den Vergleich der Trägheitsmomente eines

Asynchron-Normmotors, einer für hochdynamische Anforderungen optimierten

Drehstrom-Asynchronmaschine und des Geschalteten Reluktanzmotors. Letzterer

liegt gegenüber seinen Mitbewerbern deutlich vorn. Hinsichtlich des

Bemessungspunktes, der Wärmeklasse und der Kühlung verfügen alle drei Motoren

über gleichwertige technische Daten.

Geschalteter
Reluktanzmotor

MFR 132.5

Asynchronmotor
(optimierte Baugröße)

ACHA 132.5

Asynchronmotor
(Normmotor)

Trägheitsmoment 0,0883 kgm2 0,105 kgm2 0,150 kgm2

59 % 70 % 100 %

Tabelle 1: Trägheitsmomente

Wesentlich bessere Ausnutzung bei kleinen Drehzahlen

Anders als bei Asynchronmotoren machen die Eisenverluste der Geschalteten

Reluktanzmotoren einen erheblichen Anteil an den Gesamtverlusten aus. Mit

abnehmender Drehzahl aber sinken die Eisenverluste sehr stark ab. Dieser Effekt

kann zu einer Erhöhung der Effektivströme in den Polwicklungen genutzt werden

und führt damit zu einem hohen zulässigen Dauer-Drehmoment im unteren Dreh-

zahlbereich. Weiterhin entstehen im Betrieb bei kleinen Drehzahlen nur geringe

Eisenverluste im Rotor - die Läufererwärmung bleibt gering. Bei Asynchronmotoren

stellen die Wicklungsverluste im Stator und im Rotor den weitaus größten Anteil an

den Gesamtverlusten dar. Diese bleiben mit einem festen Drehmoment vom Still-

stand bis zur Bemessungsdrehzahl nahezu konstant. Somit erklärt sich, daß

Asynchronmotoren im Dauerbetrieb bis zur Bemessungsdrehzahl nur mit Nenn-
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moment belastet werden dürfen. Oberhalb der Nenndrehzahl beginnt für alle drei

Motoren der Feldschwächbetrieb.

Im Bild 1 wurde das maximal zulässige Dauer-Drehmoment auf das Trägheits-

moment bezogen und im Drehzahlbereich von über 0 bis 1500 U/min bei

Ausnutzung der Wärmeklasse F dargestellt. Bild 1 gibt Auskunft über das

Beschleunigungsvermögen bzw. die Ausnutzung der Maschinen im Dauerbetrieb.

Die beiden Reluktanzmotoren unterscheiden sich lediglich in der Qualität des

verwendeten Elektrobleches. Im Stillstand ist für den Reluktanzmotor (Ausführung

18,5 kW) bei Dauerbetrieb ein maximales Haltemoment von 145% des

Nennmomentes zulässig. Sobald aber der Reluktanzläufer dreht, werden alle

Polwicklungen thermisch gleichmäßig beansprucht, und das Dauer-Drehmoment

darf für kleine Drehzahlen 190% des Nennmomentes betragen. Für dynamische

Übergangsvorgänge im gesamten Grunddrehzahlbereich kann den Motoren grund-

sätzlich das zwei- bis dreifache Bemessungsmoment abverlangt werden.
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Bild 1: Zulässiges Dauer-Drehmoment bezogen auf das Trägheitsmoment
bei Ausnutzung der Wärmeklasse F (Messung)
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Die Kennlinien und Werte der Drehstrom-Asynchronmaschine ACHA 132.5 ist dem

Datenblatt des Herstellers [1] entnommen. Bauvolumen, Baugröße, Außenab-

messungen und Blechpaketlänge des optimierten Asynchronmotors ACHA 132.5

sind mit den Werten des Geschalteten Reluktanzmotors MFR 132.5 identisch.

Wesentlich besserer Wirkungsgrad unterhalb der Nenndrehzahl

Der Wirkungsgrad des Geschalteten Reluktanzmotors liegt im Nennpunkt bei einem

für Drehstrommotoren dieser Leistungsklasse üblichen Wert. Allerdings fällt der

Wirkungsgrad des Reluktanzmotors im unteren Drehzahlbereich nur unwesentlich

ab (Bild 2). Er liegt bei Belastung mit Nennmoment bereits ab 300 U/min über 80%

und steigt bis zur Nenndrehzahl allmählich auf ca. 90% an. Darin liegt ein weiterer

Vorteil dieses Antriebes. Der Geschaltete Reluktanzmotor in der 23,5-kW-

Ausführung erreicht im Bemessungspunkt einen Wirkungsgrad von 91,1%.
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Bild 2: Wirkungsgrad bei Nennmoment und variabler Drehzahl für den 
Geschalteten Reluktanzmotor mit 18,5 kW (Messung)
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Drehzahlgeregelte Antriebslösungen

Die Drehzahlregelung des Geschalteten Reluktanzantriebes wurde nach einem in

der Antriebstechnik üblichen Verfahren entworfen und auf das Ausregeln von

Drehzahlschwankungen optimiert. Ein Hochlaufgeber stellt sicher, daß bei einem

Sollwertsprung der Drehzahl nahezu kein Überschwingen der Istdrehzahl auftritt. Im

Bild 3 ist das Führungsverhalten bei Hochlauf auf Bemessungsdrehzahl dargestellt.

Der Antrieb beschleunigt hierbei mit einem Drehmoment von ca. 170 Nm. Die

Trägheit der bei dieser Messung eingesetzten Arbeitsmaschine beträgt das

Fünffache des Reluktanzmotors. Damit ergibt sich die Hochlaufzeit von 630 ms.
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Bild 3: Hochlauf vom Stillstand auf Bemessungsdrehzahl
Jgesamt= 0,54 kgm2 (Messung)
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In Bild 4 ist das Störverhalten der implementierten Drehzahlregelung durch

Meßergebnisse belegt. Bei einem Lastsprung von 10 Nm auf 110 Nm bleibt die

Drehzahl innerhalb eines Toleranzbandes von 3%. Nach 250 ms erreicht die

Drehzahl wieder ihren stationären Wert von 1000 U/min. Die Steilheit des

Lastmomentenanstieges wurde durch die angekuppelte Gleichstrommaschine

vorgegeben.
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Bild 4: Drehzahlverlauf nach einem Drehmomentanstieg von 100 Nm
Jgesamt= 0,54 kgm2 (Messung)
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Einsatz für Positionieraufgaben

Zu den Antriebsaufgaben von Elektromotoren gehören ebenfalls die Positionierung

z.B. von Werkstücken, Werkzeugen, Maschinenteilen, Förderkörben und vieles

mehr. Der Geschaltete Reluktanzantrieb ist grundsätzlich auch für solche

Applikationen geeignet. Das Bild 5 zeigt das Einschwingverhalten nach einem

Lagesprung von 180°. Der Läufer dreht eine halbe Umdrehung weiter und erreicht

nach ca. 600 ms den geforderten Sollwert. Bei vielen Positionieraufgaben,

insbesondere in Werkzeugmaschinen, ist ein Überschwingen der Endposition

unzulässig. Entsprechend dieser Forderung wurden die Parameter der

Lageregelung gewählt.

Bild 5: Positionsänderung um 180°
Jgesamt= 0,54 kgm2 (Messung)
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Ausgezeichnete Notlaufeigenschaften

Der Geschaltete Reluktanzantrieb zeigt eine hohe Betriebssicherheit bei Ausfall

einer oder mehrerer Motorphasen. Nach Auftreten eines derartigen Fehlers läuft der

Motor auch unter Last weiter, er kann beschleunigt und abgebremst werden (Bild 6).

Allerdings treten meßbare Drehmoment- und Drehzahlschwankungen auf, der Anlauf

des Motors ist nicht mehr gesichert. Trotzdem lassen sich somit in vielen

Anwendungsfällen die Arbeitsmaschine oder der Arbeitsprozeß in einen gefahrlosen

Zustand bringen.

Bild 6: Drehzahländerung mit zwei defekten Motorphasen
MLast= 50 Nm, Jgesamt= 0,54 kgm2 (Messung)

Der Hochlaufgeber verhindert auch hier beim Bremsen der Maschine das direkte

Aufschalten des Drehzahl-Sollwertsprunges auf den Soll-Istwert-Vergleich des

Drehzahlreglers.
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Netzfreundlichkeit des Musterantriebes

Der Netzstromrichter besteht aus einem dreiphasigen Transistor-Stromrichter. Die

Regelung der Netzströme ist so optimiert, daß der Antrieb im stationären Betrieb mit

einem cosϕ=1 und einem Leistungsfaktor von ca. eins Energie aus dem Drehstrom-

netz bezieht oder einspeist. Das bedeutet einen sinusförmigen Netzstrom und die

Übereinstimmung der Phasenlage zwischen Strom und Spannung - letztendlich die

Netzfreundlichkeit des Antriebes.  Bild 7 zeigt Spannung und Strom eines

Außenleiters bei einem Lastwechsel des Reluktanzmotors von ca. 18 kW Genera-

torbetrieb auf 18 kW Motorbetrieb. Mit dem Einsatz dieser Netzstromrichter lassen

sich der Vier-Quadranten-Betrieb und damit hochdynamische Antriebslösungen

realisieren. Wird ein solcher Stromrichter z.B. für den Hauptantrieb einer Anlage

eingesetzt, so kann mit ihm zusätzlich noch Blindleistung der Hilfsantriebe kompen-

siert werden. Für Reluktanzantriebe mit geringeren Anforderungen an Dynamik und

Netzfreundlichkeit werden Diodenbrücken mit Glättungs- und Kommutierungsdrossel

als Netzstromrichter eingesetzt.
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Bild 7: Netzspannung und Netzstrom bei einer Laständerung von

18 kW Generatorbetrieb auf 18 kW Motorbetrieb (Messung)
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SENSORLESS SPEED CONTROL OF A SWITCHED RELUCTANCE MOTOR FOR
INDUSTRIAL APPLICATIONS

J. Wolff R. Rahner H. Späth
Elektrotechnisches Institut, Universität Karlsruhe

Kaiserstraße 12, 76128 Karlsruhe, Germany
Email: wolfju@eti.etec.uni-karlsruhe.de

Abstract: The Elektrotechnische Institut of the
University Karlsruhe has developed, optimised and
manufactured a Switched Reluctance Drive with power
converters and control engineering according to the
latest scientific findings. The motor has been
constructed for the rated output power of 18,5kW at
1500r.p.m. for industrial applications. The common
supply for the voltage-source converter is
3x400V/50Hz. For this application the authors have
developed a method to estimate the rotor position and
the speed without a rotor position encoder. This
method calculates the position of the rotor by using the
flux linkage and the phase currents of the motor.

Keywords: OPTIM, Switched Reluctance Motor,
Sensorless Speed Control, Estimation of  Rotor Position

1. Introduction

The sensorless speed control and the estimation of the
rotor position have already been treated in several
publications. The authors of these publications
preferrably used smaller motors or high-speed drives
for their tests. (e.g. [Brö] 2Nm/1200r.p.m., [Lyo]
34Nm/25.000r.p.m.)
Differing from these publications, this paper will
discuss the sensorless speed control of a motor with a
relatively high rated torque of 118 Nm. Furthermore,
the strength of this Switched Reluctance Motor  must
be seen in a speed range below 1000r.p.m. Within this
range, its efficiency and its dynamic is very high
[Wo1].
This paper treats the operation of a high torque SR-
drive for low-speed applications without a rotor
position encoder.
The results of this test do not provide a complete
solution for the sensorless speed control but they can be
seen as basic idea and as stimulation for following
further tests. The selection of the method, its
restrictions and possibilities will be discussed here.

2. Motor design

The Elektrotechnische Institut selected the Switched
Reluctance Motor with 16 stator poles and 12 rotor
teeth. It is a 4-phase-winding machine, the 4 stator
poles that are shifted by 90° to each other form one
phase-winding (Figure 1).

rotor tooth

A2

C2

B2

D1
stator pole

C1

A4

cooling-air
duct

D2
A3

shaft bore

B3

C3

D3

A1
B1

B4

D4

C4

phase winding

Figure 1: Schematic cross-section of the Switched 
Reluctance Motor

3. Voltage-source converter

The voltage-source converter consists of a mains and a
motor converter. The common supply for the three-
phase-self-commutated mains converter is 400V/50Hz.
The d.c. link voltage Ud is constantly set to 750V.
Figure 2 shows the circuit of the load-side converter.
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Figure 2: Circuit of the load-side converter

The phases A and C respectively B and D should not
conduct current at the same time, since for example A
generates a motor- and C a generator-torque. Both
torques are subtracted from each other, a not desirable
status. Therefore, the phases A and C respectively B
and D can be supplied with one common transistor
without further restrictions regarding the current
control. The currents can be determined by one
common measurement.

4. Flux-current method

The procedure for the sensorless estimation of rotor
position and speed must be suitable for the test drive
with 18,5kW, 118Nm and 1500r.p.m. It definitely has
to use the non-linear model of the Switched Reluctance
Motor. A very good overview of sensorless methods for
determining the rotor position of switched reluctance
motors is given in [Ray]. For the test drive, we selected
the flux-current method.

Before being produced the 16/12 Switched Reluctance
Motor was optimised and calculated with a finite
element method (Figure 3).
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Figure 3: Characteristic of flux linkage depending on
current and rotor angle (calculation)

Figure 3 shows the flux linkage for a rotor position
between -15° and 15°. The value +/- 15° is the aligned
position. Stator pole and rotor tooth are in line, 0° is
the unaligned position. At this position, there is a gap
between the teeth opposite to the stator pole. The motor
has 12 rotor teeth and so this characteristic feature is
repeated for the observed stator pole respectively for the
observed phase 12 times per rotation. Furthermore, the

reference field is symmetrical between 0° to 15° and 0°
to -15°. One rotor rotation corresponds to 360°.
With the known phase current and flux linkage, the
rotor position can be read out of this characteristic.
This is the basic idea of the flux-current method.
The successful use of this method basically depends on
the accuracy of the calculated characteristic. Since the
flux linkage had not been measured for the test motor a
comparison is not possible.
However, the torque depending on the rotor position
and phase current was calculated for the torque control
by means of this characteristic. The following
equations were used:

W di
i

* = ∫ ψ
0

(eq. 1)

m
W

=
δ
δ ϕ

*

(eq. 2)

Figure 4 illustrates the very good correspondence
between calculation and actual measurement results.
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Figure 4: Torque depending on rotor position with
phase current as parameter (comparison of
measurement and calculation)

The various torque testings were performed using a
locked rotor with the phase current as parameter. The
rotor  position was varied. Since the measured torque
corresponded very well to the torque calculated by
means of the flux linkage, we assumed that the
characteristic of the calculated flux linkage would also
correspond to the actual values and would therefore be
suitable for the flux-current method.

In order to be able to read the rotor position out of the
characteristic (figure 3), the flux-linkage needs to be
defined.
The electrical part of the SRM can be described by the
voltage equation of the machine:

( )
u R i

d i

d t
= ⋅ +

ψ ϕ,
(eq. 3)

In this equation u means the phase voltage, R the coil
resistance and ψ the flux linkage.
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To calculate the mechanical rotor position, the current
and the flux linkage must be given. It is not difficult to
define the current since we can use the measurement of
the normal motor-control. It is, however, much more
complicated to define the present flux linkage in the
machine. We calculate the flux by eq. 4, a special form
of the voltage-equation.

ψ = − ⋅∫ ( )u R i dt (eq. 4)

This algorithm has been realised by a small analogue-
circuitry, in discrete technology (Figure 5). Main
component of this hardware application is the
integrator which can be controlled and reset with the
help of a finite state machine.
The gate switch impulses (T1 to T6) for the power
transistors constitute the inputs for the circuit. These
impulses are generated by the current controllers
realised by means of analogue circuits.
The current controllers are two-step controllers,
Further inputs are the current measurement values iA/C

and iB/D.
The three-phase-self-commutated mains converter sets
the d.c. link voltage in steady operation to constant
750V. Even during a higher load change and transient
reactions this voltage remains within a tolerance band
of 730V to 770V [Wo2].  This allows to use the gate
switch impulses of the transistors to determine the

phase voltage u. Due to the circuit of the load-side
converter the phase voltage can  be -750V (i>0), 0V or
+750V.
The phase voltage is determined by means of a logic
using the levels of the gate switch impulses. If the d.c.
link voltage is not stable, the actual measurement value
would additionally have to be considered in this logic.
In the next step, the ohmic voltage drop above the
phase resistance is deducted from the phase voltage. It
is calculated by multiplying the measured current value
with the phase resistance. The phase resistance is
110mΩ given a winding temperature of 20°C. With a
continuous running duty in the rated point, it increases
to approximately 155mΩ. The amplitude of the phase
current is approximately 60A at the rated torque. Like
this, the amplitude of the ohmic voltage drop is
between 6V and 9,3V. Compared to the phase voltage,
this value is very small and could therefore possibly be
neglected. Since the calculation of the ohmic voltage
drop could easily be realised, it was taken into
consideration. The following integrator integrates this
voltage difference up to the flux linkage. The value of
the flux linkage and also the value of the phase current
are transmitted via A/D converters to the digital signal
processor for further processing.
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Figure 5: Realisation and implementation of the flux-current method
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at 30Nm and 400r.p.m. (measurement)

For calculating the flux linkage only two integrators
are needed for four motor phases. Similar to only one
current measurement needed for 2 phases, the flux
linkage of 2 phases can be calculated with one
integrator. The integrator interval for one phase begins
with the rising edge of the phase current and ends with
the current rising edge of the next phase. During one
integration interval the rotor turns by 7,5°. A finite
state machine determines the beginning and the end of
the integration intervals from the switch impulses. At
the end of an interval the output of the integrators is set
back to zero by an electronic switch. It remains zero
until a new integration interval begins.

A part of the characteristic according to figure 3 for the
rotor position from 0° to 15° was saved to the memory
of the DSP (Digital Signal Processor). Due to the
symmetry already described this is sufficient for
defining the angle. We used TMS320C40 from Texas
Instruments as DSP. The sampling time is 120 µs. In
the beginning of each detection cycle the analogue
current controllers receive the new aim values.
Afterwards the actual measurement values of the phase
currents and the values of the flux-linkage are read in.
For the value of the flux linkage and the respective
measurement value of the current, the required pairs of
interpolation points are read out of the characteristic in
the DSP memory. This is used to define the rotor angle
by means of an interpolation.
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Figure 7: Difference between estimated and original
rotorposition at 30Nm and 400r.p.m. (measurement)
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Figure 8: Difference between estimated and original
rotorposition at 120Nm and 400r.p.m. (measurement)

As an example, figures 7 and 8 illustrate the error of
the angle estimation for two operation points of the
switched reluctance motor. The error is the difference
between the estimated rotor position and the values
measured by a rotor position encoder. It ranges between
0,5° and 1,5° (mechanical angle). The evident jumps
allow to allocate the error values to the single
integration intervals. An integration interval
corresponds to a rotor rotation of approximately 7,5°.
At a speed of 400r.p.m. the rotor rotates by 7,5° in
3,12ms.

5. Iron loss

With higher speeds the angle error increased noticeably
towards the end of the 7,5° interval. The estimated
angle is smaller than the actual rotor position.
According to the model shown in figure 9 the measured
phase current is devided into two currents.

R   (n,   )
u

R

Fe
ψ

i

d t
(i-   ,  )d ψ

i Fe

ϕiFe

i Fei -

Figure 9: Substitutional block diagram of a phase under
consideration of iron losses

The first partial current iFe covers the iron losses of the
switched reluctance machine. It flows via the
resistance RFe. Only the second partial current i-iFe
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influences the flux linkage value as magnetising
current. According to the characteristic in figure 3 the
flux linkage is only known with dependency on the
magnetising current and the rotor angle. Therefore, the
measured phase current must be reduced by iFe  for
reading the rotor position out of  the reference field.
For the test drive, iFe was calculated using equation 5:

i const n iFe = ⋅ ⋅ ⋅. ψ 2  (eq. 5)

This estimation allowed to expand the sensorless speed
control to a speed of 1.200r.p.m. The constant was
determined in an experimental way.
In figures 7 and 8 the correction according to equation
5 was already taken into consideration.

6. Angle filter

Despite the good results for the estimation of the rotor
position, single values can vary strongly from the
actual position. There are ranges within the
characteristic of the flux-linkage where smaller
changes of the current or flux cause a bigger change of
the rotor position. Within these ranges, already smaller
measurement inaccuracies cause a relatively big error
in the estimation of the rotor position. Experiments
have shown that the estimation within an angle
ranging from -3° to -7° respectively from 3° to 7°
operates very reliably. For the remaining range the
estimated angle should undergo a plausibility check.
Due to the inertia moment of the motor, the speed
remains almost constant during a sampling time of
120µs. If the angle of the actual sampling instant
which is estimated from the flux linkage deviates from
the previous detection step in inadmissable size, the
new angle is calculated by the previous angle and
product of speed and sampling time.
Within the torque control the estimated angle is
required for defining the switch-on / switch-off times
for the phase currents. Torque and speed control of the
Switched Reluctance Drives are described in [Wo1].
They have also been implemented on the DSP.

7. Speed estimation

It is necessary to determine the actual speed value for
the speed control. This is done by means of the
timewise change of the estimated angle. A timer in the
DSP determines the time period needed for at rotor
revolution of 30°. Within the angle interval of 30° (π/6)
each of the 4 phases is activated once. Beginning and
ending of a phase are defined by the beginning current
increase in phase A. The moving average value above
three of such angle intervals is the actual speed for the
comparison of actual and aim values of the speed
controller (eq. 6).

n
t kk

= ⋅
−=

∑1

2

1

3

6

31

3

π
π /

( )∆
 (eq. 6)

The differential quotient of angle change

n
TA

=
1

2π
ϕ∆

(eq. 7)

and detection period did - even with afterwards
filtering not provide a useable result. For this difference
quotient the fluctuations of the angle estimation are to
strong.

8. Dynamic running

In addition to the stationary running a dynamic
running must also be possible. After a load change the
speed control should quickly reset the actual speed to
the aim value. Furthermore the actual speed should
quickly follow after a change of the aim value. Within
stationary running aim and actual value must
correspond to each other.
Figure 10 shows a load jump from 20Nm to 120Nm at
500r.p.m., produced by a DC-motor, which is coupled
to the Switched Reluctance Motor. The dynamic of the
sensorless speed control is, in this case, relatively good.
After approximately 400ms the actual speed reaches
the aim value again. The use of single speed
measurement with a rotor position encoder did not
provide better results [Spä].
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Figure 10: Load jump from 20Nm to 120Nm at
500r.p.m. sensorless, Jall = 0,54kgm2 (measurment)

Figure 11 shows the speed course after a jump of the
aim value form 400r.p.m. to 1000r.p.m. The sensorless
speed control needs a relatively long period for these
interim processes.
A ramp function generator restricts the aim value
jumps to an admissible ramp before aim and actual
values are compared. When the slope of this ramp
increases noticeably the motor will pull out of
synchronism.



Optimization of Electrical and Electronic Equipments - Brasov 1998Volume 2; Page 462

0

200

400

600

800

1000

0 1 2 3 4 5 6 7

0

100

200

300

400

500
desired
speed

speed [r.p.m.] torque [Nm]

estimated speed

desired torque

time [s]

Figure 11: Speed jump from 400r.p.m. to 1000r.p.m. at
a load of about 100Nm sensorless,  Jall = 0,54kgm2

(measurment)

In stationary running the correspondence of aim and
actual values is widely safeguarded (figures 10, 11).
The reason for the unsteady running of the estimated
speed and also of the desired torque must be seen in the
speed calculation. Only after a rotation of 30° a new
speed value is calculated. During these angle intervals,
the value of the estimated speed remains constant.

9. Conclusion

The flux-current method allowed to realise the
sensorless speed control within a speed range of
200r.p.m. to 1200r.p.m. up to 150Nm for the test drive.
The sensorless control allows load jumps and variable
speeds.
Given the characteristic of the flux linkage, this
procedure can easily be realised.
The operation below 200r.p.m would either call for an
improved voltage integration or for a different method.
A speed higher than 1200r.p.m. requires a more
accurate estimation of the iron loss.
The filtering of the estimated values has to be seen as a
basic problem.
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Symbols
i phase current
i Fe current for the iron losses
i A current of the phase A

(A/B/C/D phase quantities)
J moment of inertia
m phase torque
n motor speed

R winding resistance
R Fe resistance for the iron losses
t time
T A sampling time
u phase voltage
U d d.c. link voltage
W* coenergy
ϕ rotor position (mechanical angle)
ψ flux linkage

converter features
typ IGBT double-way converter

(laboratory converter)
supply connection 3x400V, 50Hz
max. mains load 40kW
mains power factor ≅ 1
d.c. link voltage 750V

motor features
typ MFR 132.5
manufacturer Elbtalwerk Heidenau GmbH
rated output 18,5kW
rated torque 118Nm
rated speed 1500r.p.m.
duty type continuous running (S1)
thermal class F
shaft heigh 132mm
moment of inertia 0,0883kgm2
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Switched Reluctance Motor Control – Basic Operation and
Example Using the TMS320F240

Michael T. DiRenzo Digital Signal Processing Solutions

ABSTRACT

This report describes the basic operation of switched reluctance motors (SRMs) and
demonstrates how a TMS320F240 DSP-based SRM drive from Texas Instruments (TI ) can
be used to achieve a wide variety of control objectives.

The first part of the report offers a detailed review of the operation and characteristics of
SRMs. The advantages and disadvantages of this type of motor are cited.

The second part of the report provides an example application of a four-quadrant, variable
speed SRM drive system using a shaft position sensor. The example has complete hardware
and software details for developing an SRM drive system using the TMS320F240. The SRM
operation is described, along with the theoretical basis for designing the various control
algorithms. The example can be used as a baseline design which can be easily modified to
accommodate a specific application.

This report contains material previously released in the Texas Instruments application report
Developing an SRM Drive System Using the TMS320F240 (literature number SPRA420),
and has been updated for inclusion in the Application Design Kit (ADK) for switched
reluctance motors.
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1 Introduction
Electric machines can be broadly classified into two categories on the basis of how they produce
torque − electromagnetically or by variable reluctance.

In the first category, motion is produced by the interaction of two magnetic fields, one generated
by the stator and the other by the rotor. Two magnetic fields, mutually coupled, produce an
electromagnetic torque tending to bring the fields into alignment. The same phenomenon causes
opposite poles of bar magnets to attract and like poles to repel. The vast majority of motors in
commercial use today operate on this principle. These motors, which include DC and induction
motors, are differentiated based on their geometries and how the magnetic fields are generated.
Some of the familiar ways of generating these fields are through energized windings, with
permanent magnets, and through induced electrical currents.
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In the second category, motion is produced as a result of the variable reluctance in the air gap
between the rotor and the stator. When a stator winding is energized, producing a single
magnetic field, reluctance torque is produced by the tendency of the rotor to move to its
minimum reluctance position. This phenomenon is analogous to the force that attracts iron or
steel to permanent magnets. In those cases, reluctance is minimized when the magnet and
metal come into physical contact. As far as motors that operate on this principle, the switched
reluctance motor (SRM) falls into this class of machines.

In construction, the SRM is the simplest of all electrical machines. Only the stator has windings.
The rotor contains no conductors or permanent magnets. It consists simply of steel laminations
stacked onto a shaft. It is because of this simple mechanical construction that SRMs carry the
promise of low cost, which in turn has motivated a large amount of research on SRMs in the last
decade. The mechanical simplicity of the device, however, comes with some limitations. Like the
brushless DC motor, SRMs can not run directly from a DC bus or an AC line, but must always be
electronically commutated. Also, the saliency of the stator and rotor, necessary for the machine
to produce reluctance torque, causes strong non-linear magnetic characteristics, complicating
the analysis and control of the SRM. Not surprisingly, industry acceptance of SRMs has been
slow. This is due to a combination of perceived difficulties with the SRM, the lack of
commercially available electronics with which to operate them, and the entrenchment of
traditional AC and DC machines in the marketplace. SRMs do, however, offer some advantages
along with potential low cost. For example, they can be very reliable machines since each phase
of the SRM is largely independent physically, magnetically, and electrically from the other motor
phases. Also, because of the lack of conductors or magnets on the rotor, very high speeds can
be achieved, relative to comparable motors.

Disadvantages often cited for the SRM; that they are difficult to control, that they require a shaft
position sensor to operate, they tend to be noisy, and they have more torque ripple than other
types of motors; have generally been overcome through a better understanding of SRM
mechanical design and the development of algorithms that can compensate for these problems.

2 Motor Characteristics

The basic operating principle of the SRM is quite simple; as current is passed through one of the
stator windings, torque is generated by the tendency of the rotor to align with the excited stator
pole. The direction of torque generated is a function of the rotor position with respect to the
energized phase, and is independent of the direction of current flow through the phase winding.
Continuous torque can be produced by intelligently synchronizing each phase’s excitation with
the rotor position.

By varying the number of phases, the number of stator poles, and the number of rotor poles,
many different SRM geometries can be realized. A few examples are shown in Figure 1.
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2-phase,
4 rotor poles/2 stator poles

(b)(a)

4-phase,
8 rotor poles/6 stator poles

3-phase,
6 rotor poles/4 stator poles

(c) (d)

5-phase,
10 rotor poles/8 stator poles

Figure 1. Various SRM Geometries

Note that although true of these examples, the number of phases is not necessarily equal to half
the number of rotor poles.

Generally, increasing the number of SRM phases reduces the torque ripple, but at the expense
of requiring more electronics with which to operate the SRM. At least two phases are required to
guarantee starting, and at least three phases are required to insure the starting direction. The
number of rotor poles and stator poles must also differ to insure starting.

2.1 Torque-Speed Characteristics

The torque-speed operating point of an SRM is essentially programmable, and determined
almost entirely by the control. This is one of the features that makes the SRM an attractive
solution. The envelope of operating possibilities, of course, is limited by physical constraints
such as the supply voltage and the allowable temperature rise of the motor under increasing
load. In general, this envelope is described by Figure 2.
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Figure 2. SRM Torque-Speed Characteristics

Like other motors, torque is limited by maximum allowed current, and speed by the available bus
voltage. With increasing shaft speed, a current limit region persists until the rotor reaches a
speed where the back-EMF of the motor is such that, given the DC bus voltage limitation we can
get no more current in the winding—thus no more torque from the motor. At this point, called the
base speed, and beyond, the shaft output power remains constant, and at it’s maximum. At still
higher speeds, the back-EMF increases and the shaft output power begins to drop. This region
is characterized by the product of torque and the square of speed remaining constant.

2.2 Electromagnetic Equations

Although SR motor operation appears simple, an accurate analysis of the motor’s behavior
requires a formal, and relatively complex, mathematical approach. The instantaneous voltage
across the terminals of a single phase of an SR motor winding is related to the flux linked in the
winding by Faraday’s law,

v � iRm �
d�
dt

where, v is the terminal voltage, i is the phase current, Rm is the motor resistance, and φ is the
flux linked by the winding. Because of the double salient construction of the SR motor (both the
rotor and the stator have salient poles) and because of magnetic saturation effects, in general,
the flux linked in an SRM phase varies as a function of rotor position, θ, and the motor current.
Thus, Equation (1) can be expanded as

v � iRm �
��

�i
di
dt

�
��

��

d�
dt

where, 
��

�i  is defined as L(θ, i ), the instantaneous inductance, 
��

�� is Kb(θ, i ), the instantaneous
back EMF.

(1)

(2)
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2.3 General Torque Equation

Equation (2) governs the transfer of electrical energy to the SRM’s magnetic field. In this section,
the equations which describe the conversion of the field’s energy into mechanical energy are
developed. Multiplying each side of Equation (1) by the electrical current, i, gives an expression
for the instantaneous power in an SRM,

vi � i 2Rm � i
d�
dt

The left-hand side of Equation (3) represents the instantaneous electrical power delivered to the
SRM. The first term in the right-hand side (RHS) of Equation (3) represents the ohmic losses in
the SRM winding. If power is to be conserved, then the second term in the RHS of Equation (3)
must represent the sum of the mechanical power output of the SRM and any power stored in the
magnetic field. Thus,

i
d�
dt

�
dWm

dt
�

dWf

dt

where, 
dWm

dt  is the instantaneous mechanical power, and 
dWf

dt  is the instantaneous power, which
is stored in the magnetic field. Because power, by it’s own definition, is the time rate of change
of energy, Wm is the mechanical energy and Wf  is the magnetic field energy.

It is well known that mechanical power can be written as the product of torque and speed,

dWm

dt
� T� � T

d�
dt

where, T is torque, and � �
d�
dt

  is the rotational velocity of the shaft.

Substitution of Equation (5) into Equation (4) gives,

i
d�
dt

� T
d�
dt

�
dWf

dt

and solving Equation (6) for torque yields the equation,

T (�,�) � i (�,�)
d�
d�

�
dWf (�,�)

d�

and for constant flux, Equation (7) simplifies to,

T � �
�Wf
��

Since it is often desirable to express torque in terms of current rather than flux, it is common to
express torque in terms of co-energy, Wc, instead of energy. To introduce the concept of
co-energy, first consider a graphical interpretation of field energy. For constant shaft angle,
d�
dt

� 0 , integration of Equation (6) shows that the magnetic field energy can be given by the

equation,

Wf � �
�

0

i(�,�) d�

(3)

(4)

(5)

(6)

(7)

(8)

(9)



SPRA420A

7 Switched Reluctance Motor Control – Basic Operation and Example Using the TMS320F240

and graphically by the shaded area in Figure 3.
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Wf , stored field energy

Figure 3. Graphical Interpretation of Magnetic Field Energy

Now, consider Figure 4.
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φ = φ (θ,i )

Wc , stored field co-energy

Figure 4. Graphical Interpretation of Magnetic Field Co-Energy
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For the fixed angle, θ, let the magnetization curve define flux as a function of current, instead of
current defined as a function of flux. The shaded area below the curve,

Wc � �
i

0

�(�, i ) di

is defined as the magnetic field co-energy.

From Figure 3 and Figure 4, we see that the area defining the field energy and co-energy can be
described by the relation,

Wc � Wf � i�

Differentiating both sides of Equation (11) yields

dWc � dWf � �di � id�

Solving for the differential field energy in Equation (12) and substituting back into Equation (7)
gives,

T �
id�� ��di � id�� dWc(�, i )�

d�

For simplification, the general torque equation, Equation (13), is usually simplified for values of
constant current. The differential co-energy can be written in terms of its partial derivatives as,

dWc(�, i ) �
�Wc

��
d��

�Wc

�i
di

From Equation (13) and Equation (14), it is fairly easy to show that under constant current,

T �
�Wc

��
, i constant

2.4 Simplified Torque Equation

Often, SRM analysis proceeds under the assumption that, magnetically, the motor remains
unsaturated during operation. This assumption can be useful for “first cut” control designs or
performance predictions. When magnetic saturation is neglected, the relationship from flux to
current is given by,

� � L(�) � i

and the motor inductance varies only as a function of rotor angle. Substituting Equation (16) into
Equation (10) and evaluating the integral yields,

Wc �
i 2

2
L(�)

and then substituting Equation (17) into Equation (15) gives the familiar simplified relationship
for SRM torque,

T �
i 2

2
dL
d�

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)



SPRA420A

9 Switched Reluctance Motor Control – Basic Operation and Example Using the TMS320F240

3 Control

SRM drives are controlled by synchronizing the energization of the motor phases with the rotor
position. Figure 5 illustrates the basic strategy.

θ

idealized
inductance

ideal
current

current

voltage

Figure 5. Basic Operation of a Current-Controlled SRM – Motoring at Low Speed

As Equation (18) suggests, positive (or motoring) torque is produced when the motor inductance
is rising as the shaft angle is increasing, dL

d�
� 0.

Thus, the desired operation is to have current in the SRM winding during this period of time.
Similarly, a negative (or braking) torque is produced by supplying the SRM winding with current
while dL

d�
� 0.

The exact choice of the turn-on and turn-off angles and the magnitude of the phase current,
determine the ultimate performance of the SRM. The design of commutation angles, sometimes
called firing angles, usually involves the resolution of two conflicting concerns − maximizing the
torque output of the motor or maximizing the efficiency of the motor. In general, efficiency is
optimized by minimizing the dwell angle (the dwell angle is the angle traversed while the phase
conducts), and maximum torque is achieved by maximizing the dwell angle to take advantage of
all potential torque output from a given phase.

A simple and effective commutation scheme is depicted in Figure 6.
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Figure 6. Commutation of a 3-Phase SRM

In the top plot of Figure 6, the dashed line shows the torque that would be generated by phase
A, should constant current flow through the phase winding during an entire electrical cycle of the
SRM. With the idealized current waveforms of the figure, the resulting net torque from the motor
is shown by the solid line. The turn-on and turn-off angles coincide with the region where
maximum torque is obtained for the given amount of phase current.

This commutation sequence tends to optimize efficiency. Here, a dwell angle of 120 electrical
degrees is used, which is the minimum dwell angle that can be used for a three-phase SRM,
without regions of zero torque.

Of interest to note from Figure 6 is that constant current results in non-constant torque. As might
be expected, schemes have been proposed by Husain and Ehsani1, Ilic-Spong, et al2, and
Kjaer, et al3 that attempt to linearize SRM output torque by shaping and controlling the phase
currents through some non-linear function that depends upon the motor characteristics. This
application, although not covered in this report, is well suited for DSP implementation.

Figure 6 illustrates the effect that the choice of commutation angles can have upon the SRM
performance. Equally important is the magnitude of the current that flows in the winding.
Commonly, the phase current is sensed and controlled in a closed-loop manner, and as seen in
the voltage curve of Figure 5, the control is typically implemented using PWM techniques.

1 I. Husain and M. Ehsani, ” Torque Ripple Minimization in Switched Reluctance Motor Drives by
PWM Current Control,” Proc. APEC’94, 1994, pp. 72–77.

2 M. Ilic-Spong, T. J. E. Miller, S. R. MacMinn, and J. S. Thorp, “Instantaneous Torque Control of
Electric Motor Drives,” IEEE Trans. Power Electronics, Vol. 2, pp. 55–61, Jan. 1987.

3 P. C. Kjaer, J. Gribble, and T. J. E. Miller, “High-grade Control of Switched Reluctance Machines,”
IEEE Trans. Industry Electronics, Vol. 33, pp. 1585–1593, Nov. 1997.
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SRM control is often described in terms of ”low-speed” and ”high-speed” regimes. Low-speed
operation is typically characterized by the ability to arbitrarily control the current to any desired
value. Figure 5 illustrates waveforms typical of low-speed SRM operation. As the motor’s speed
increases, it becomes increasingly difficult to regulate the current because of a combination of
the back EMF effects and a reduced amount of time for the commutation interval. Eventually a
speed is reached where the phase conducts (remains on) during the entire commutation
interval. This mode of operation, depicted by Figure 7, is called the single-pulse mode.

idealized
inductance

current

voltage

Figure 7. Single-Pulse Mode – Motoring, High Speed

When this occurs, the motor speed can be increased by increasing the conduction period (a
greater dwell angle) or by advancing the firing angles, or by a combination of both. By adjusting
the turn-on and turn-off angles so that the phase commutation begins sooner, we gain the
advantage of producing current in the winding while the inductance is low, and also of having
additional time to reduce the current in the winding before the rotor reaches the negative torque
region. Control of the firing angles can be accomplished a number of ways, and is based on the
type of position feedback available and the optimization goal of the control, as discussed in
publications by Becerra, et al,4 and Miller.5 When position information is more precisely known,
a more sophisticated approach can be used. One approach is to continuously vary the turn-on
angle with a fixed dwell.

Near turn-on, Equation (2) can be approximated as

v �
��

�i
di
dt

� Lu �
di
dt

4 R. Becerra, M. Ehsani, and T. J. E. Miller, “Commutation of SR Motors,” IEEE Trans. Power
Electronics, Vol. 8, July 1993, pp. 257–262.

5 T. J. E. Miller, “Switched Reluctance Motors and Their Control,” Magna Physics Publishing,
Hillsboro, OH, and Oxford, 1993.

(19)
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Multiplying each side of Equation (19) by the differential, dθ, and solving for dθ, gives,

d� �
Lu � di

v �
d�
dt

and using first order approximations yields an equation for calculating advance angle,

�adv �
Lu � icmd

Vbus
� �

where icmd is the desired phase current and Vbus is the DC bus voltage.

4 Example – SRM Drive with Position Feedback

This section describes an example application of an SRM drive with position feedback. The
SRM is a 3-phase 12/8 machine that is speed and current controlled.

4.1 Hardware Description

4.1.1 SRM Characteristics

The characteristics of the SRM used in this application report are given by Table 1.

Table 1. SRM Parameters

number of phases, m 3

number of stator poles, NS 12

number of rotor poles, NR 8

nominal phase resistance, Rm 8.1 Ω
nominal aligned inductance, La 240 mH

nominal unaligned inductance, Lu 60 mH

phase current (max) 4 A

DC bus voltage, Vbus 170 VDC

4.1.2 Control Hardware

The control hardware used in this application report is the TMS320F240 evaluation module
(EVM).

4.1.3 Position Sensor

Shaft position information is provided using an 8-slot, slotted disk connected to the rotor shaft
and three opto-couplers mounted to the stator housing as shown in Figure 8.

(20)

(21)
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SRM Housing

Opto-couplers

Rotor
Shaft

Slotted Disk

Figure 8. SRM Shaft Position Sensor

The opto-couplers are nominally located 30° apart from each other along the circumference of
the disk. This configuration and geometry produces the output waveforms shown in Figure 9.

Opto #1

Opto #2

Opto #3

(mechanical angle)
(electrical angle)

0 15 30 45
0 120 240 360/0

Figure 9. Opto-Coupler Output Signals vs. Rotor Angle

This configuration generates an opto-coupler edge for every 7.5° of mechanical rotation. For
every 45° of mechanical rotation the signal pattern repeats, corresponding to one electrical cycle
of the SRM, of which there are 8 per shaft revolution.

In this report both mechanical angle and electrical angle are referenced. Mechanical angle is
useful when considering velocity control of the SRM, and electrical angle is convenient when
considering commutation. Electrical angle is related to mechanical angle by the number of rotor
poles, NR. In Figure 9, the angles are arbitrarily defined with respect to some convenient point.
Here, 180° electrical is defined as the aligned position for phase A of the motor. This is easily
verified by energizing phase A and then monitoring the opto-coupler output waveforms on an
oscilloscope to observe that the rotor is at the point where opto-coupler #3 switches state, while
opto-coupler #2 is low and opto-coupler #1 is high. For a 3-phase SRM, phases B and C are
related to the position of phase A by adding 120 and 240 electrical degrees, respectively.
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A fundamentally identical position sensor can be implemented by replacing the opto-couplers
with Hall-effect sensors and embedding permanent magnets within the teeth of the slotted disk.
The opto-couplers are connected to the F240 EVM as shown in Figure 10.

Opto-coupler #x

+5 V

CAPx

IOPx

x = 1,2,3

Figure 10. Opto-Coupler Connections to the TMS320F240 EVM

Here, each opto-coupler output is connected to both a capture input and a digital I/O input. As
will be explained in further detail below, the capture inputs are used once the motor is running,
and the digital I/O inputs are used for estimating initial rotor position and for starting the SRM.

4.1.4 Power Electronics Hardware

The amount of current flowing through the SRM windings is regulated by switching on or off
power devices, such as MOSFETs or IGBTs, which connect each SRM phase to a DC bus. The
power inverter topology is an important issue in SRM control because it largely dictates how the
motor can be controlled.

There are numerous options available, and invariably the decision will come down to trading off
the cost of the driver components against having enough control capability (independent control
of phases, current feedback, etc.) built into the driver. A popular configuration, and the one used
in this application report, uses 2 switches and 2 diodes per phase. This topology is depicted in
Figure 11.



SPRA420A

15 Switched Reluctance Motor Control – Basic Operation and Example Using the TMS320F240

Phase
Winding

Vbus

Figure 11. Two-Switch Per Phase Inverter

Publications by Vukosavic and Stfanovic6 and Miller7 offer several other configurations that
require fewer switches per phase, although with some penalty on control flexibility and
maintaining phase independence. A gate drive IC device, such as the IR2110, is used to turn on
and off the semiconductor switches. In the topology of Figure 11, the low-side switch is usually
held on during a commutation interval, while the top switch is used to implement the control. For
independent current control of each phase, a low-ohm sense resistor is placed between the
source of the low-side n-channel power MOSFET and ground.

A schematic diagram of the inverter used in this application report, including the gate drive
circuit and the connections to the EVM, is given in Figure 12.

6 S. Vukosavic and V. Stfanovic, “SRM Inverter Topologies: A Comparative Evaluation,” IEEE IAS
Annual Meeting Conf. Record, 1990.

7 T. J. E. Miller (ed.), “Switched Reluctance Motor Drives,” Intertec Communications Inc., Ventura
CA, 1988.
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Figure 12. Schematic Diagram of SRM Inverter Using the IR2110 and Connections to the EVM

The diagram shows the components used for a single phase. Each phase uses two IRF740
n-channel power MOSFETs for the switching elements in the output stage. The IRF740 is rated
at 400 VDC, 10 A. The drain to source on resistance of these devices is 0.55 Ω. The
free-wheeling diodes used in the power stage are HFA15TB60s, fast recovery diodes. The
HFA15TB60 has a reverse recovery time of 60 ns, and is rated at 600 VDC, 15 A. Logic is
implemented at the input to the gate drive IC such that the top power MOSFET can be turned on
only when the bottom MOSFET is also on. The reasons for this limitation, and other circuit
details, are discussed more thoroughly in a publication by Clemente and Dubhashi.8

4.2 Software Description

The software described in this application report is written in C and is designed for operating a
3-phase 12/8 SRM in closed loop current control and closed loop speed control. A block diagram
of the algorithms implemented is given in Figure 13.

8 S. Clemente and A. Dubhashi, “HV Floating MOS-Gate Driver IC,” International Rectifier
Application Note AN-978A, International Rectifier, El Segundo, CA, 1990.
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Figure 13. Block Diagram of the SRM Controller

Velocity is estimated by monitoring the elapsed time between opto-coupler edges, which are a
known distance apart. A velocity compensation algorithm determines the torque required to
bring the motor velocity to the commanded value.

A commutation algorithm converts the torque command into a set of phase current commands,
and the current in each phase is individually regulated using a fixed-frequency PWM scheme.
Further details on each of the algorithms are provided in subsequent sections of this report.

4.2.1 Program Structure

Figure 14 shows the structure of the SRM control software for the TMS320F240 DSP.

Start

Initialization Routines:
– DSP Setup
– Event Manager Initialization
– SRM Algorithm Initialization
– Enable Interrupts
– Start Background

Run Routines:

Background:
– Velocity Estimation
– Visual Feedback

Timer ISR:
– Current Control
– Position Estimation
– Commutation
– Velocity Control

Capture ISR:
– Store Capture Data
– Schedule Position msmt Update
– Schedule Velocity msmt Update

Figure 14. TMS320F240 SRM Control Program Structure
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At the highest level, the software consists of initialization routines and run routines. Upon
completion of the necessary initialization, the background task is started. The background is
simply an infinite loop, although when required, lower priority processing including velocity
estimation and a visual feedback routine is executed. The velocity estimation involves
double-precision division arithmetic, thus it is executed in background mode so that the timeline
is not violated. This algorithm is initiated in the capture interrupt service routine. The visual
feedback function simply toggles an LED on the EVM board to provide a signal to the user that
the code is running.

All of the time critical motor control processing is done via interrupt service routines. The timer
ISR is executed at each occurrence of the maskable CPU interrupt INT3. This interrupt
corresponds to the event manager group B interrupts, of which we enable only the timer #3
period interrupt, TPINT3. The frequency, F, at which this routine is executed is specified by
loading the timer 3 period register with the desired value. The SRM control algorithms which are
implemented during the timer ISR are the current control, shaft position estimation,
commutation, and velocity control. As illustrated in Figure 15, only the current control and shaft
position estimation are executed at the frequency, F.
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Figure 15. Processor Timeline Showing Typical Loading and Execution of
SRM Control Algorithms

Because of their lower bandwidth requirements, velocity control and commutation are performed
at a frequency of F/5. Considering the timer ISR as being sliced into fifths with a pattern
repeating every five slices, commutation is run only in the first slice and the velocity loop only in
the second. Current control and position estimation are performed in each slice.
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The capture interrupt service routine is executed at each occurrence of the maskable CPU
interrupt INT4. This CPU interrupt corresponds to the event manager group C interrupts, of
which we enable the three capture event interrupts, CAPINT1–3. This ISR executes
asynchronously to the timers on board the DSP and the frequency of execution is dependent on
the SRM shaft speed according to the equation,

capture ISR frequency (Hz) � shaft speed (rpm) �
360 (deg)

(rev)
�

1
7.5 (deg)

�
1 (min)
60 (sec)

The capture ISR is used to determine which capture interrupt has occurred, read the appropriate
capture FIFO register, and then store the data. Although no algorithm is explicitly executed in
this ISR, flags are set which initiate velocity and position estimation actions. As described above,
the velocity estimate update calculation is performed in the background. The position estimation
algorithm, which executes during the timer ISR, is notified that a new position measurement has
been received.

Table 2 summarizes the processing requirements for each of the major software functions for the
SRM controller.

Table 2. Benchmark Data for the Various SRM Drive Software Modules

S/W Block Module Number of
Cycles

Execution
Time

@ 50 ns

Execution
Frequency

Relative
Time

@ 5 kHz

Velocity Estimation Background 3620 181.0 µs 800 Hz† 29.0 µs

Visual Feedback Background 60 3.0 µs 2 Hz 0.0 µs

Current Control Timer ISR 948 47.4 µs 5000 Hz 47.4 µs

Position Estimation Timer ISR 258 12.9 µs 5000 Hz 12.9 µs

Commutation Timer ISR 1296 64.8 µs 1000 Hz 13.0 µs

Velocity Control Timer ISR 444 22.2 µs 1000 Hz 4.4 µs

Misc. Overhead Timer ISR 140 7.0 µs 5000 Hz 7.0 µs

Capture ISR Capture ISR 500 25.0 µs 800 Hz† 4.0 µs

C Context Switch RTS.LIB 120 6.0 µs 5800 Hz 7.0 µs

Total 124.7 µs
† at a shaft speed of 1000 rpm

The data in Table 2 shows that when the timer ISR frequency, F, is chosen as 5 kHz, that the
overall processor loading is equal to

processor loading �
124.7 �s
200.0 �s

� 62.4% ,

when running the DSP at a 20 MHz clock frequency. The code size is 2456 words and
167 words are required for variable/data storage. Thus, the total memory requirement is less
than 3K words. Complete code listings are given in Appendix A.

It should be noted that this benchmark data was taken with the program and data memory
located off chip, as can be seen in the link.cmd file located in the appendix. A 2× to 3×
improvement in execution can be achieved by moving the .bss and .stack sections of the
firmware to the on-chip B0/B1 area of the DSP and by moving the .text section of the firmware to
the flash memory.

(22)

(23)
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4.2.2 Initialization Routines

A flowchart describing the initialization routines is given in Figure 16.

disable interrupts

reset

DSP setup

disable interrupts

initialize event
manager

initialize
SRM algroithm

parameters

initialize program
control counters

and flags

enable interrupts

start background

Figure 16. Initialization Flowchart

The DSP is configured so that the watchdog timer is disabled. The TMS320F240 EVM has a
10 MHz crystal, which is used in conjunction with the PLL module of the DSP to yield a 20 MHz
CPUCLK.

The event manager initialization configures the timer units, the capture units, the compare units,
and the A/D converters. Also, the CAP1–CAP4 and IOPB0–IOPB3 pins, whose functions are
software programmable, are configured to operate as capture pins and digital output pins,
respectively.
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Each of the timers are programmed to operate in the continuous up count mode. Timer #1
provides the timebase for the fixed-frequency PWM control of the phase current. Timer #2
provides the timebase for the capture events, and timer #3 is used to provide a CPU interrupt at
a fixed rate. The compare units are configured to the PWM mode, where PWMs 1,3, and 5
(used for switching the high-side power MOSFET) are configured as active high.

The SRM algorithm initialization defines the parameters of the position estimation state machine
and sets the initial conditions of the motor, for example, setting the shaft velocity estimate to
zero. Also, during this routine, the logic states of the opto-couplers are read from the digital I/O
pins, and this information used to estimate the rotor position.

Upon initializing several flags and counters which are used for program flow control, the infinite
loop background routine is called, and the normal operation of controlling the SRM drive begins.

See the comments in the code listings found in Appendix A for further information on the
program initialization.

4.2.3 Current Controller

Current is regulated by fixed-frequency PWM signals with varying duty cycles. The
TMS320F240 accomplishes this using compare units and output logic circuits. The compare
units are programmed for PWM mode, to use timer #1 as a time base. The desired output logic
polarity is controlled by the ACTR register. The PWM frequency is specified by loading the
period register of timer #1, T1PER, with a value, P, defined by,

P �
CPUCLK frequency

PWM frequency
� 1

For the F240, the CPUCLK frequency is 20 MHz. The percentage duty cycle for the xth phase is
controlled by loading the appropriate compare register, CMPRx, with an appropriate value
between 0 and P (0 = 0%, P/2 = 50%, P = 100%). A PWM frequency of 20 kHz is used. The
value is significantly higher than the bandwidth of the current loop and also at a frequency which
is inaudible.

The percentage duty cycle command is calculated by the current loop compensation algorithm,
which is designed using linear analysis. The analysis begins with an approximate model of the
current loop, given by Figure 17.

Current Control Algorithm

Loop Gain

icmd
K P

0
1
P

PWM

Vbus

SRM

V i1�Rm

(L�Rm)s � 1

ifb 1 � e�sT

s

ZOH
A/D Converter Feedback 

Gain

1023
0

1023
5

Kfb

Figure 17. Approximate SRM Current Loop Model

(24)
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Using the SRM data of Table 2, and with P = 999, Kfb = 1.17 V/A, the open-loop frequency
response, G(ω), of the SRM current loop, from icmd to ifb , is given in Figure 18 for values of
phase inductance at both the aligned rotor position (L = La) and the unaligned rotor position
(L = Lu).
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Figure 18. Frequency Response Plots for the SRM Current Loop at the Unaligned Position
(Squares) and at the Aligned Position (Circles)

Because of the digital implementation of the current loop, additional phase loss, beyond the 90°
due to the motor pole, is contributed by the sample and hold process and the processing delay
inherent in the loop. These dynamics essentially limit the current loop bandwidth to an open loop
crossover frequency near 370 Hz. The time delay due to the zero-order hold (ZOH) is equal to
��of the sampling period, in this case � of 200 µsec, or 100 µsec. Since the phase loss at any
frequency, ω, due to a pure time delay, τ, is given by the expression,

�loss � ��

using Equation (25), we calculate that the phase loss due to the ZOH sampling at 370 Hz is
equal to

�loss � 2�� 370 � �100 � 10�6� � 0.232 rad � 13.3o

Assuming that the processing delay is equal to 50% of a loop cycle, or another 100 µsec, then
the net effect of digital implementation yields about 26° of phase loss at 370 Hz. When
combined with the 90° due to the motor pole, the phase loss through the loop is approximately
116°, at 370 Hz. If the loop gain, K, is chosen such that the 0 dB point of the open-loop
magnitude occurs at 370 Hz, then the resulting phase margin in the loop will be about 64°. This
amount of phase margin provides a very stable loop design. The DC gain of the loop is given by,

(25)

(26)
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K � Vbus � Kfb � 1023
P � 5 � R

� 5.092 K

which, when written in decibels, is equal to,

DC gain � 14.1 dB � 20 log10(K)

For frequencies where ω > (R/L), the magnitude of the loop response is equal to,

|G(�)| � 14.1 dB � 20 log10(K) � 2 �� �
R�L
�

In Equation (29), letting L = Lu provides the most conservative choice, resulting in a stable
design for all rotor positions. Setting the left-hand side of Equation (29) to 0 dB while ω =
2π(370) rad/s, and solving for K, yields the value of K which ensures the desired open-loop
crossover point for the current loop. In this case K = 2.8.

Often, a PI controller is used. In this example adding an integrator to the control law will not
make much difference in the loop performance, except only at very low speeds, because the
integrator action must be slower than the motor pole to stabilize the loop. In this example using a
3-phase, 12/8 SRM, the motor pole is located near 32 Hz. The SRM operating speed required to
produce the equivalent of 32 Hz commands to the SRM current loops is 240 rpm. Thus, in this
case, only at operating speeds lower than 240 rpm would any integrator action be helpful.

The current loop gain is set using the ILOOP_GAIN constant in the file CONSTANT.H. For this
value, Q3 scaling is used, thus setting ILOOP_GAIN = 22 results in K = 2.75, which is
sufficiently close to the desired value of 2.8, for this application.

4.2.4 Position Estimation

Recall that Figure 9 showed six possible combinations of the opto-coupler output states per
electrical cycle of the SRM. The transitions of the outputs define specific angles. This
information can readily be described by a state machine, such as Figure 19.
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Opto #3 Opto #1

Figure 19. State Transition Diagram for the SRM Position Pickoff

(27)

(28)

(29)
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The state, [ ], is defined by ‘zyx’, where z is the logic state of opto-coupler #3, y of
opto-coupler #2, and x is the state of opto-coupler #1.

Position measurements are made by using this state machine and identifying which opto-coupler
transition occurs, using the DSP’s capture units.

The opto-couplers and slotted disk provide position measurements at six discrete points per
electrical cycle of the SRM. Many commutation schemes, however, require continuous position
information to optimize performance. Thus, to provide a position estimate between
measurements, the equation,

�
^
(k) � �

^
(k � 1) � �^ f (k) � 1

fs

is used, where fs  is the estimation update rate and k represents the time of the most recent
capture edge. Equation (30) is implemented, using double precision arithmetic, as follows:

long dp;   /* delta–position in mechanical angle */
int speed;
int temp;

if (anSRM–>wEst_10xrpm > 0) {
dp = anSRM–>wEst_10xrpm * K_POSITION_EST + anSRM–>dp_remainder;
anSRM–>dp_remainder = dp & 0xffff;
temp = (int) (dp >> 16);
anSRM–>position = anSRM–>position + (temp * NR);

}
else {

speed = –anSRM–>wEst_10xrpm;
dp = speed * K_POSITION_EST + anSRM–>dp_remainder;
anSRM–>dp_remainder = dp & 0xffff;
temp = (int) (dp >> 16);
anSRM–>position = anSRM–>position – (temp * NR);

}

The constant K_POSITION_EST (Q16), compensates for units (shaft velocity is available in the
software as SRM.wEst_10xrpm  with units of rpm × 10) and is calculated according to the equation,

K_POSITION_EST �
1

10
(rpm � 10) �

1 (sec)
fs

�
1 (min)
60 (sec)

�
360o

(rev)
�

65535
360o � 216

for, fs  = 5 kHz, K_POSITION_EST = 1432.

During startup, the digital I/O ports determine the state of the rotor and initial position is
estimated in the mid-range of the state. For example, a reading of [100], (consistent with
Figure 19) yields an initial position estimate of 270 electrical degrees. The capture units provide
subsequent measurements, by recognizing the edges, or state transitions.

4.2.5 Velocity Estimation

The three opto-coupler outputs produce an edge every 7.5° of mechanical rotation, and each
opto-coupler produces an edge every 22.5° mechanical. At each edge, velocity is calculated
according to the equation,

�^ �
��
�t

�
60 � �� � fclk

N

(30)

(31)

(32)
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where, �^  is the velocity estimate (rpm)

�� is the distance between opto-coupler edges (rev)

�t is the time between edges (min)

N is the number of clock counts between edges

fclk  is the clock frequency (Hz)

The time between edges is determined from the capture units. The capture units are
programmed via the CAPCON register to use timer #2 as a time base, and to trigger on both
rising and falling edges. Timer #2 is programmed to count at 1.25 MHz via the T2CON. Although
we trade-off resolution in measuring ∆t, a clock frequency of 1.25 MHz is chosen, versus a
maximum of 20 MHz, so that the 16-bit registers containing the count do not overflow except at
very low speeds. Using a 1.25 MHz clock, the counter overflows only at shaft speeds less than
71.5 rpm, considered very low for our application. So that we can operate (although degraded)
at speeds lower than about 100 rpm, ∆t in Equation (32) is determined by a software counter of
the number of 5 kHz timer interrupts that occur between opto-coupler edges.

It can be shown that when instantaneous velocity is estimated by Equation (32) that the
quantization of a velocity estimate is given by

Q �
d�^

dN
�

�2

60 � �� � fclk

and, Q is the quantization of velocity (rpm). In our design, ∆θ = 1/16 revolution (22.5°
mechanical) and fclk  = 1.25 MHz. Thus, at 1200 rpm, the quantization is 0.31 rpm.

Various filtering can be applied to Equation (32) for smoothing the velocity estimate, depending
upon the application. What has proven useful is a combination of FIR and IIR filtering of the
form:

�^ f (k) � � � �^ f (k � 1) � (1 � �) � �
k

j�(k�5)

�^ ( j)

The FIR filter portion of Equation (34) uses six (from k � 5 to k ) instantaneous velocity
estimates. Because there are six opto-coupler edges per electrical cycle, once per cycle
estimation errors are removed.

(33)

(34)
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The FIR filtering and the determination of the instantaneous velocity estimate is calculated using
double precision as follows:

DWORD a1,a2,a3,a4,a5,a6;
DWORD sum_cnt;
int  inst_velocity;

/*–––––––––––––––––––––––––––––––––––––––––––*/
/*  Obtain instantaneous velocity estimate   */
/*–––––––––––––––––––––––––––––––––––––––––––*/
if (mode == 1) {/* use timer #2 as time base */

/*–––––––––––––––––––––––––––––––––––––––––––––––––––*/
/* FIR filter for removing once per electrical cycle */
/* effects                                           */
/*–––––––––––––––––––––––––––––––––––––––––––––––––––*/
a1 = (DWORD) anSRM–>capture_delta[0][0];
a2 = (DWORD) anSRM–>capture_delta[0][1];
a3 = (DWORD) anSRM–>capture_delta[1][0];
a4 = (DWORD) anSRM–>capture_delta[1][1];
a5 = (DWORD) anSRM–>capture_delta[2][0];
a6 = (DWORD) anSRM–>capture_delta[2][1];
sum_cnt = a1+a2+a3+a4+a5+a6;

/*––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/* apply “velocity = delta_theta/delta_time” algorithm  */
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
sum_cnt = K1_VELOCITY_EST/sum_cnt;
inst_velocity = ((int) sum_cnt) * anSRM–>shaft_direction;

}

else {      /* else, use timer ISR count as time base */

/*––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/* apply “velocity = delta_theta/delta_time” algorithm  */
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
sum_cnt = K2_VELOCITY_EST/anSRM–>delta_count;
inst_velocity = ((int) sum_cnt) * anSRM–>shaft_direction;

}

Here, K1_VELOCITY_EST and K2_VELOCITY_EST are constants which incorporate ∆θ and
units so that the instantaneous velocity estimate has units of (rpm × 10). The constants are
calculated using,

K1_VELOCITY_EST � 6 � 22.5 (deg) �
1.25e6 (cnts)

(sec)
�

1 (rev)
360 (deg)

�
60 (sec)

(min)
� 10

K2_VELOCITY_EST � 1 � 7.5 (deg) �
5000 (cnts)

(sec)
�

1 (rev)
360 (deg)

�
60 (sec)

(min)
� 10

(35)
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The IIR filtering is implemented as:

long filt_velocity;

/*–––––––––––––––––––––––––––––––––––––––––––––––––––*/
/*  IIR filter for smoothing velocity estimate       */
/*–––––––––––––––––––––––––––––––––––––––––––––––––––*/
filt_velocity = (ALPHA * anSRM–>wEst_10xrpm)
+ (ONE_MINUS_ALPHA * inst_velocity);
anSRM–>wEst_10xrpm = (int) (filt_velocity >> 3);

The filter coefficient, α, is chosen equal to 0.875, [ALPHA = 7 (Q3)]. Let α approach zero for a
higher bandwidth velocity estimate (less smoothing, more noise) and let α approach one for
more smoothing, less noise, and lower bandwidth.

4.2.6 Commutation

The commutation strategy ultimately determines the performance of the SRM. Torque-speed
range, machine efficiency, torque ripple, and acoustic noise all depend, to some extent, on the
commutation algorithm. Design of the commutation algorithm must consider requirements in
each of these areas, while trading off cost issues such as the algorithm complexity and the
availability or accuracy of various sensors. For a current controlled SRM, commutation can be
described as the transformation of the desired net motor torque into a set of desired phase
currents. This is described mathematically by the equation,

i j
cmd

� gj (�) � Tcmd

and j = 1,...,m and m is the total number of motor phases. In general, g( ), is a non-linear
function of shaft angle θ, shaft speed ω, the desired torque command Tcmd, the DC bus voltage
Vbus, and the motor instantaneous inductance, L. The most simple choice for g( ) is given by

g(�) ��
	




1,

0,

�ON � � � (�ON � ��)

otherwise

where the dwell angle, δθ, must be at least equal to 360°/m (electrical), to avoid regions of zero
torque production. An example of commutation described by Equation (37) is illustrated by
Figure 6. The turn-on angle, θON, is typically a few degrees beyond the unaligned position of a
phase. Equation (37) is useful for only single-quadrant operation. For four quadrant operation,
Equation (37) must be modified, for example,

g(�, Tcmd ) �
�

�
�

	




1,

1,

0,

��ON � � � (�ON � ��)� &Tcmd � 0

otherwise

�(�ON � �) � � � (�ON � �� ��)� &Tcmd � 0

(36)

(37)

(38)
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where the conduction angles are offset by 180° electrical (π radians) when negative torque is

desired. This allows a phase to conduct during the region where 
dL
d� < 0. An even more flexible

approach, which results in a wider operating range for the SRM, allows the turn-on and dwell
angles to vary. For example, Equation (38) is extended to allow θON and δθ, to be functions of
velocity, desired torque, and the DC bus voltage.

Often, for minimizing torque ripple, the commutation is designed such that two phases conduct
simultaneously and share the job of producing the desired SRM torque. In this case,
Equation (38) is further extended to a function of the form,

g(�, Tcmd ) �







	

�

�

�(�),

�(�),

0,

��ON � � � (�ON � ��)� &Tcmd � 0



�

�

(�ON � �) � �

� � (�ON � �� ��)




�
&Tcmd � 0

otherwise

where ρ(θ) is the sharing function. Sharing functions are not implemented in this application
report, however, further information on the choice of sharing functions can be found in a
publication by Kjaer, et al. 9 Essentially commutation schemes of the form in Equation (39) use
knowledge of the motor characteristics to design a non-linear function, ρ(θ), that produces a
linear output torque.

In this example, the commutation coefficients, g( ), were calculated using Equation (38), where
θON = π/6 + θadv (radians), δθ = π/3 (radians), and the advance angle, θadv, is given by
Equation (21). This yields a single-quadrant, fixed-dwell, variable turn-on commutation
algorithm. This algorithm is implemented as follows:

int phase;
WORD electricalAngle;
WORD angle;
int channel;
long advance;

/*–––––––––––––––––––––––––––*/
/* Advance angle calculation */
/*–––––––––––––––––––––––––––*/
advance = (anSRM–>wEst_10xrpm * anSRM–>desiredTorque);
advance = advance >> 9;

/*–––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/* Offset for advance angle negative torque, if required */
/*–––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
if (anSRM–>desiredTorque > 0) {

electricalAngle = anSRM–>position + (int) advance;
}
else {

electricalAngle = anSRM–>position + PI_16 – (int) advance;
}

9 P. C. Kjaer, J. Gribble, and T. J. E. Miller, pp. 1585–1593.

(39)
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for (phase=0; phase< NUMBER_OF_PHASES; phase++) {

/*––––––––––––––––––––––––––––––*/
/* 120 degree offsets for phase */
/*––––––––––––––––––––––––––––––*/
angle = electricalAngle – phase * TWOPIBYTHREE_16;
/*–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/* turn phase on, if between desired angles and switch       */
/* the mux on the A/D to measure the desired     */
/* phase current                                 */
/*–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
if ( (angle >= (PIBYSIX_16)) && (angle < (FIVEPIBYSIX_16)) ) {
anSRM–>active[phase] = 1;
channel = anSRM–>a2d_chan[phase];
switch_mux(channel,channel+8);
}
else {
anSRM–>active[phase] = 0;
}
}

}

As seen in the code above, the advance angle calculation (which yields an advance angle in
units of bits, 65535 bits = 360 electrical degrees) is computed according to the equation,

�adv (bits) �
icmd (bits) � �^ (rpm � 10)

K
, K � 29

� 512

From Equation (21) and Equation (40), we can show that the calculation for K which includes
Lmin, Vdc, and accounts for units is given by

1
K
� Lu (H) � 1

Vbus (V)
�

(rpm � 10)
10

�
1 (A)

239.4 (bits)

�
1 (min)
60 (sec)

�
360o (m)

(rev)
�

8o (e)
1o (m)

�
65535 (bits)

360o (e)

With Lu and Vbus given by Table 1, K = 776.25. However, the value of 512 was used because
dividing by multiples of 2 is readily accomplished using simple shift instructions. For our
application, this simplification  provided satisfactory results.

4.2.7 Velocity Controller

Speed is regulated in a closed-loop manner by comparing the desired shaft velocity to the
estimated shaft velocity and then compensating the error. We use a PI (proportional plus
integral) control action for the velocity loop compensation, so that the steady-state velocity error
is zero. The PI coefficients are determined using linear analysis.

Figure 20 shows a simplified model of the velocity loop, where the coefficient, γ, having units of
(rad/s)/A, is a non-linear quantity, including the shaft/load inertia and the instantaneous torque
constant of the SRM.

(40)

(41)
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Velocity Loop Algorithm

Kv (s � a)
s

icmd�cmd
K

Vbus

P

V 1�Rm

(L�Rm)s � 1

i �
s

�

ifb 1 � e�sT

s
1023

5
Kfb

�^
�

ln�
T * 1 � e�sT*

s

Current
Loop
Gain

PWM
Gain

SRM

ZOH A/D
Gain

Feedback
Gain

IIR Filter

ZOH
s �

ln�
T *

Figure 20. Simplified Block Diagram of SRM Velocity Loop Using PI Control

In the figure, Kv controls the loop gain and ‘a’ is the radian frequency of the PI zero.

The non-linearity in γ is due to the non-linear torque/current relationship of the SRM where for
non-saturating conditions is given by Equation (18) and, in general, by Equation (15). Thus, the
open-loop gain of the velocity loop will vary, approximately, as current squared. This variation
can be significant over the operating range of the SRM. From 4 A to 1 A, for example, the gain
variation is 16, or 24 dB. Depending on the application, this gain variation may need to be
compensated, with a square root law, for example, to stabilize the loop. In this example, the loop
compensation was design with sufficient margin, at the expense of dynamic response, so that
this variation can be ignored. The IIR filter used for smoothing the velocity estimate, has a
z-transform given by,

H(z) �
(1 � �)z

z � �

and is modeled in the Laplace domain as shown in Figure 20.

Another interesting feature of this speed loop is that although the velocity loop update rate is a
fixed-frequency of 1 kHz, the feedback (provided by the opto-coupler edges) occurs at a variable
rate which is a function of rotor speed and given by,

fsamp (Hz) � 0.8 � (speed in rpm) � 1
T *

This behavior generates a variable time delay in the velocity loop, due to the zero-order hold,
and also makes the dynamics of the IIR filter time-varying.

Using the information in Table 1 and Figure 20, it is possible to obtain the open-loop frequency

response, 
�^

�cmd (see Figure 21) for the velocity loop, independent of γ.

(42)

(43)
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Figure 21. Open-Loop Frequency Response of the SRM Velocity Loop at Several Motor Speeds,
for  a = 0.73 rad/s

The phase loss due to the variable time delay as a function of rotor speed is apparent.

The absolute magnitude as a function of frequency is unknown; however, the shape of the
magnitude and the phase are correct. From Figure 21, clearly the desired open-loop crossover
frequency is in the 1–4 Hz range for this particular loop. By moving the PI zero, a, beyond
0.73 rad/s, the bandwidth can be extended, while trading off stability margins. If the load inertia
and motor torque constant information are known (i.e., γ known), then Kv can be determined
analytically; otherwise, the velocity loop gain is set experimentally.



SPRA420A

32 Switched Reluctance Motor Control – Basic Operation and Example Using the TMS320F240

The PI algorithm is implemented as:

/*–––––––––––––––––––––––––––––*/
/* calculate error signal      */
/*–––––––––––––––––––––––––––––*/
speed_error = anSRM–>wDes_10xrpm – anSRM–>wEst_10xrpm;

/*–––––––––––––––––––––––––––––*/
/* integrate error*/
/*–––––––––––––––––––––––––––––*/
anSRM–>integral_speed_error = anSRM–>integral_speed_error +
(long)speed_error;

/*–––––––––––––––––––––––––––––*/
/* apply integrator limit      */
/*–––––––––––––––––––––––––––––*/
if (anSRM–>integral_speed_error > INTEGRAL_LIMIT) {

anSRM–>integral_speed_error = INTEGRAL_LIMIT;
}
if (anSRM–>integral_speed_error < –INTEGRAL_LIMIT) {

anSRM–>integral_speed_error = –INTEGRAL_LIMIT;
}

/*–––––––––––––––––––––––––––––*/
/* PI filter*/
/*–––––––––––––––––––––––––––––*/
integral_error = (int) ((KI*anSRM–>integral_speed_error) >> 13);
anSRM–>desiredTorque = ((KP*speed_error) >> 1) + integral_error;

This implements a PI compensator, with integrator limits, of the form,

KP �
KI
s �

Kv (s � z)
s ��

�

�

Kp � Kv

KI � Kv � z

Through experimentation, it was determined that Kv = 0.5, provided satisfactory performance. In
the software implementation of the integrator, the multiplication by ∆t is not performed. Thus, this
factor is carried implicitly in KI . For z = 0.73 rad/s and ∆t = 1/1000 sec, KI  = 0.365. This is
approximately implemented by setting KI = 3 (scaled Q13 × 1000) in the file CONSTANT.H.

The integrator limit value is calculated such that the condition is, 
KI � INTEGRAL_LIMIT

212 � 1000.
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Appendix A Software Listings for a TMS320F240-Based SRM Drive With
Position Sensor

This appendix contains the software to implement an SRM drive using a slotted disk type
position sensor for a TMS320F240 DSP.

File Major Modules Description

TYPEDEFS.H header file – data type definitions

C240.H header file – C240 register definitions

CONSTANT.H header file – SRM constant defintions

SRM.H header file – SRM variable declarations

MAIN.C main( )

c_int3( )

c_int4( )

supervisory program

timer ISR

capture ISR

SRM.C Time_Update_Position( )

Msmt_Update_Position( )

Msmt_Update_Velocity( )

Commutation_Algorithm( )

velocityController( )

currentController( )

time update algorithm for position estimation

measurement update algorithm for position
estimation

velocity estimation algorithm

SRM fixed-dwell, variable turn-on commuta-
tion algorithm

shaft velocity loop compensation algorithm

phase current loop compensation algorithm

EVMGR.C modules for event manager initialization and
operating the event manager peripherials

VECTORS.ASM interrupt vectors

LINK.CMD linker command file
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/***********************************************************
*   File: TYPEDEFS.H                                       *
*   TMS320x240 Test Bed Code                               *
*   Texas Instruments, Inc.                                *
*   Copyright (c) 1996 Texas Instruments Inc.              *
*   11/05/96   Version 1.0                                 *
*   Jeff Crankshaw                                         *
***********************************************************/
#ifndef TYPEDEFS_H
#define TYPEDEFS_H

#define FALSE 0
#define TRUE  1

typedef unsigned int WORD; /* 16–bit data */
typedef unsigned long DWORD; /* 32–bit data */
typedef volatile WORD * PORT;

#define STR(x) #x

#define OUTMAC(address,data)  \
 asm(”        LDPK    _”STR(data));  \
 asm(”        OUT     _”STR(data) ”,” STR(address))

#define INMAC(address,data)   \
 asm(”        LDPK    _”STR(data));  \
 asm(”        IN      _”STR(data) ”,” STR(address))

#define Int_Read(addr)         * (int *) (addr)
#define Int_Write(addr,data)   * (int *) (addr) = (data)

#endif /* _TYPEDEFS */

/***********************************************************
*   File: C240.H                                           *
*   TMS320x240 Test Bed Code                               *
*   Texas Instruments, Inc.                                *
*   Copyright (c) 1996 Texas Instruments Inc.              *
*   11/05/96   Version 1.0                                 *
*   Jeff Crankshaw                                         *
*                                                          *
*   TMS320C240 Peripheral Register Addresses               *
*                                                          *
***********************************************************/
#ifndef c240_h
#define c240_h

#include ”typedefs.h”

/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/* definitions of I/O space macros */
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
#define STR(x) #x

#define OUTMAC(address,data)  \
 asm(”        LDPK    _”STR(data));  \
 asm(”        OUT     _”STR(data) ”,” STR(address))

#define INMAC(address,data)   \
 asm(”        LDPK    _”STR(data));  \
 asm(”        IN      _”STR(data) ”,” STR(address))

#define LED_LOC 000ch /* F240 EVM I/O space location for LEDs */
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/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/* definitions of CPU core registers   */
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
#define IMR_REG  (( PORT )0x0004 )
#define IFR_REG  (( PORT )0x0006 )

/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/* External Memory Interface Registers */
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
#define WSGR        0x0ffff
/* Wait State Generator Register */

/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/* System Module Registers */
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
#define SYSCR      (( PORT )0x07018)      /* System Module Control Register */
#define SYSSR (( PORT )0x0701A)      /* System Module Status Register */
#define SYSIVR (( PORT )0x0701E)      /* System Interrupt Vector Register */
#define XINT1_CR    (( PORT )0x07070)      /* Int1 (type A) Control reg */
#define NMI_CR      (( PORT )0x07072)      /* Non maskable Int (type A) Control reg */
#define XINT2_CR (( PORT )0x07078)      /* Int2 (type C) Control reg */
#define XINT3_CR (( PORT )0x0707A)      /* Int3 (type C) Control reg */
#define PDPINT_CR   (( PORT )0x0742C)      /* Power Drive Protection Int cntl reg */

/* System Interrupt Vector Register – Address offsets */
#define PHANTOM_INT_VECTOR    0x00
#define NMI_INT_VECTOR        0x02
#define XINT1_INT_VECTOR      0x01
#define XINT2_INT_VECTOR      0x11
#define XINT3_INT_VECTOR      0x1f
#define SPI_INT_VECTOR        0x05
#define SCI_RX_INT_VECTOR     0x06
#define SCI_TX_INT_VECTOR     0x07
#define RTI_INT_VECTOR        0x10
#define PDP_INT_VECTOR        0x20
#define EV_CMP1_INT_VECTOR    0x21
#define EV_CMP2_INT_VECTOR    0x22
#define EV_CMP3_INT_VECTOR    0x23
#define EV_SCMP1_INT_VECTOR   0x24
#define EV_SCMP2_INT_VECTOR   0x25
#define EV_SCMP3_INT_VECTOR   0x26
#define EV_T1PER_INT_VECTOR   0x27
#define EV_T1CMP_INT_VECTOR   0x28
#define EV_T1UF_INT_VECTOR    0x29
#define EV_T1OF_INT_VECTOR    0x2a
#define EV_T2PER_INT_VECTOR   0x2b
#define EV_T2CMP_INT_VECTOR   0x2c
#define EV_T2UF_INT_VECTOR    0x2d
#define EV_T2OF_INT_VECTOR    0x2e
#define EV_T3PER_INT_VECTOR   0x2f
#define EV_T3CMP_INT_VECTOR   0x30
#define EV_T3UF_INT_VECTOR    0x31
#define EV_T3OF_INT_VECTOR    0x32
#define EV_CAP1_INT_VECTOR    0x33
#define EV_CAP2_INT_VECTOR    0x34
#define EV_CAP3_INT_VECTOR    0x35
#define EV_CAP4_INT_VECTOR    0x36
#define AC2_INT_VECTOR        0x04
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/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/* Digital I/O  Registers */
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
#define OCRA      (( PORT )0x07090) /* Output Control Reg A */
#define OCRB    (( PORT )0x07092) /* Output Control Reg B */
#define PADATDIR    (( PORT )0x07098) /* I/O port A Data & Direction reg. */
#define PBDATDIR    (( PORT )0x0709A) /* I/O port B Data & Direction reg. */
#define PCDATDIR    (( PORT )0x0709C) /* I/O port C Data & Direction reg. */

/*–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/* Watch–Dog(WD) / Real Time Int(RTI) / Phase Lock Loop(PLL) Registers */
/*–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
#define RTICNTR (( PORT )0x07021) /* RTI Counter reg */
#define WDTCNTR     (( PORT )0x07023) /* WD Counter reg  */
#define WDTKEY      (( PORT )0x07025)     /* WD Key reg */
#define RTICR       (( PORT )0x07027)   /* RTI Control reg */
#define WDCR (( PORT )0x07029)   /* WD Control reg */
#define CKCR0       (( PORT )0x0702B) /* PLL control reg 1 */
#define CKCR1       (( PORT )0x0702D)    /* PLL control reg 2 */

/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/* Analog–to–Digital Converter(ADC) registers */
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
#define ADCTRL1 (( PORT )0x07032)    /* ADC Control & Status reg */
#define ADCTRL2 (( PORT )0x07034)    /* ADC Configuration reg */
#define ADCFIFO1 (( PORT )0x07036)   /* ADC Channel 1 Result Data */
#define ADCFIFO2      (( PORT )0x07038)   /* ADC Channel 2 Result Data */

/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/* Serial Peripheral Interface (SPI) Registers */
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
#define SPICCR (( PORT )0x07040)       /* SPI Config Control Reg */
#define SPICTL      (( PORT )0x07041)       /* SPI Operation Control Reg */
#define SPISTS      (( PORT )0x07042)       /* SPI Status Reg */
#define SPIBRR      (( PORT )0x07044)       /* SPI Baud rate control reg */
#define SPIEMU (( PORT )0x07046)       /* SPI Emulation buffer reg */
#define SPIBUF (( PORT )0x07047)       /* SPI Serial Input buffer reg */
#define SPIDAT (( PORT )0x07049)       /* SPI Serial Data reg */
#define SPIPC1      (( PORT )0x0704D)       /* SPI Port control reg1 */
#define SPIPC2      (( PORT )0x0704E)       /* SPI Port control reg2 */
#define SPIPRI      (( PORT )0x0704F)       /* SPI Priority control reg */

/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/* Serial Communications Interface (SCI) Registers        */
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
#define SCICCR      (( PORT )0x07050)       /* SCI Comms Control Reg */
#define SCICTL1 (( PORT )0x07051)       /* SCI Control Reg 1 */
#define SCIHBAUD (( PORT )0x07052)       /* SCI Baud rate control */
#define SCILBAUD (( PORT )0x07053)       /* SCI Baud rate control */
#define SCICTL2 (( PORT )0x07054)       /* SCI Control Reg 2 */
#define SCIRXST     (( PORT )0x07055)       /* SCI Receive status reg */
#define SCIRXEMU (( PORT )0x07056)       /* SCI EMU data buffer */
#define SCIRXBUF (( PORT )0x07057)       /* SCI Receive data buffer */
#define SCITXBUF (( PORT )0x07059)       /* SCI Transmit data buffer */
#define SCIPC1      (( PORT )0x0705D)       /* SCI Port control reg1 */
#define SCIPC2      (( PORT )0x0705E)       /* SCI Port control reg2 */
#define SCIPRI      (( PORT )0x0705F)       /* SCI Priority control reg */
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/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/* Event Manager (EV) Registers                           */
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
#define GPTCON      (( PORT )0x07400)    /* General Timer Controls */
#define T1CNT       (( PORT )0x07401)   /* T1 Counter Register */
#define T1CMP       (( PORT )0x07402) /* T1 Compare Register */
#define T1PER       (( PORT )0x07403)   /* T1 Period Register */
#define T1CON       (( PORT )0x07404)   /* T1 Control Register */
#define T2CNT       (( PORT )0x07405)    /* T2 Counter Register */
#define T2CMP       (( PORT )0x07406)   /* T2 Compare Register */
#define T2PER       (( PORT )0x07407)   /* T2 Period Register */
#define T2CON       (( PORT )0x07408)   /* T2 Control Register */
#define T3CNT       (( PORT )0x07409)   /* T3 Counter Register */
#define T3CMP       (( PORT )0x0740a)   /* T3 Compare Register */
#define T3PER       (( PORT )0x0740b)    /* T3 Period Register */
#define T3CON       (( PORT )0x0740c)   /* T3 Control Register */
#define COMCON      (( PORT )0x07411)   /* Compare Unit Control */
#define ACTR        (( PORT )0x07413)   /* Full Compare Unit Output Action Ctrl */
#define SACTR       (( PORT )0x07414)   /* Simple Comp Unit Output Action Ctrl */
#define DBTCON      (( PORT )0x07415)  /* Dead Band Timer Control */
#define CMPR1       (( PORT )0x07417)  /* Full Compare Channel 1 Threshold */
#define CMPR2       (( PORT )0x07418)  /* Full Compare Channel 2 Threshold */
#define CMPR3       (( PORT )0x07419)  /* Full Compare Channel 3 Threshold */
#define SCMPR1      (( PORT )0x0741a)  /* Simple Comp Channel 1 Threshold */
#define SCMPR2      (( PORT )0x0741b) /* Simple Comp Channel 2 Threshold */
#define SCMPR3      (( PORT )0x0741c) /* Simple Comp Channel 3 Threshold */
#define CAPCON      (( PORT )0x07420) /* Capture Unit Control */
#define CAPFIFO     (( PORT )0x07422) /* FIFO1–4 Status Register */
#define FIFO1       (( PORT )0x07423) /* Capture Channel 1 FIFO Top */
#define FIFO2       (( PORT )0x07424)    /* Capture Channel 2 FIFO Top */
#define FIFO3       (( PORT )0x07425)   /* Capture Channel 3 FIFO Top */
#define FIFO4       (( PORT )0x07426)  /* Capture Channel 4 FIFO Top */
#define IMRA        (( PORT )0x0742c) /* Group A Interrupt Mask Register */
#define IMRB        (( PORT )0x0742d)  /* Group B Interrupt Mask Register */
#define IMRC        (( PORT )0x0742e) /* Group C Interrupt Mask Register */
#define IFRA        (( PORT )0x0742f) /* Group A Interrupt Flag Register */
#define IFRB        (( PORT )0x07430) /* Group B Interrupt Flag Register */
#define IFRC        (( PORT )0x07431)  /* Group C Interrupt Flag Register */
#define IVRA        (( PORT )0x07432) /* Group A Int. Vector Offset Register */
#define IVRB        (( PORT )0x07433) /* Group B Int. Vector Offset Register */
#define IVRC        (( PORT )0x07434) /* Group C Int. Vector Offset Register */

#endif

/*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++*/
/* */
/*File: CONSTANT.H */
/*Target Processor: TMS320F240 */
/*Compiler Version: */
/*Assembler Version: */
/*Created: 10/1/97 */
/* */
/*–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/*  Constants for the SRM control algorithms             */
/*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++*/
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/*––––––––––––––––––––––––––––––––––––––––––––––*/
/* clock frequencies and time related constants */
/*––––––––––––––––––––––––––––––––––––––––––––––*/
#define PWM_FREQ 20000 /* PWM frequency (Hz) */
#define SYSCLK_FREQ 20000000 /* DSP clock frequency (Hz) */
#define CPU_INT_FREQ 5000 /* timer ISR frequency (Hz) */
#define ONE_HALF_SECOND (CPU_INT_FREQ/2)

/*––––––––––––––––––––––––––––––––––– */
/* current loop algorithm constants */
/*––––––––––––––––––––––––––––––––––– */
#define ILOOP_GAIN 22 /* current loop gain: */

/* (Q3: gain = 2.75) */
#define ILIMIT 1023 /* current limit: (1023 bits = */

/*   5 V x 0.855 A/V = 4.273 A) */
#define MAXIMUM_DUTYRATIO 999 /* limit on the PWM duty cycle: */

/*   100 % = */
/*   (SYSCLK_FREQ/PWM_FREQ – 1) */

/*–––––––––––––––––––––––––––––––––––––––––––*/
/* velocity loop algorithm constants */
/*–––––––––––––––––––––––––––––––––––––––––––*/
#define INTEGRAL_LIMIT 2793472 /* integrator limit */
#define KI 3 /* (Q13*1000): Ki = 0.366 */
#define KP 1 /* Q1: Kp = 0.5 */

/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/* position & velocity estimation algorithm constants */
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
#define K_POSITION_EST 1432
#define K1_VELOCITY_EST 281250000
#define K2_VELOCITY_EST 62500
#define ALPHA 7 /* Q3: alpha = 0.875  */
#define ONE_MINUS_ALPHA 1 /* Q3: 1–alpha = 0.125 */

/*–––––––––––––––––––––––––––––––––––––––––––*/
/* motor geometry related */
/*–––––––––––––––––––––––––––––––––––––––––––*/
#define NR 8 /* number of rotor poles */
#define NUMBER_OF_PHASES 3

/*––––––––––––––––––––––––––––––––––––––––––––––––––*/
/* Electrical Angles: 2*pi (rad) = 65535   */
/*––––––––––––––––––––––––––––––––––––––––––––––––––*/
#define PIBYSIX_16 5461
#define PIBYFOUR_16 8192
#define PIBYTHREE_16 10923
#define TWOPIBYTHREE_16 21845
#define THREEPIBYFOUR_16 24576
#define FIVEPIBYSIX_16 27307
#define PI_16 32768
#define FOURPIBYTHREE_16 43690
#define FIVEPIBYTHREE_16 54613
#define TWOPI_16 65535

/*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++*/
/* */
/*File: SRM.H */
/*Target Processor: TMS320F240 */
/*Compiler Version: */
/*Assembler Version: */
/*Created: 10/1/97 */
/* */
/*–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/*  Variable declarations for the SRM control algorithm */
/*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++*/

#include ”constant.h”
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#include ”typedefs.h”

/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/* position estimation state machine data structure */
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
typedef struct {

int state;
WORD position;
int direction;

} state_machine;

/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/* SRM variables data structure:                                                  */
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/*a2d_chan[i] –> sets which A/D pin is used for the ith phase current
/*desiredTorque –> torque command (output of velocity loop)
/*integral_speed_error –> velocity loop integrator for PI compensator
/*iDes[i] –> current command for the ith phase
/*capture_edge[i] –> timer #2 count value at the occurence of
/* the most recent ith capture
/*capture_delta[i][2] –> change in the timer #2 count value between
/* the occurences of the ith capture events.  The two most
/* recent events are stored.
/*delta_count –> change in the software counter of the timer ISR
/* between occurences of any capture event.
/*wEst_10xrpm –> shaft velocity estimate (units of rpm*10)
/* wDes_10xrpm –> desired shaft velocity (units of rpm*10)
/*  active[i] –> flag indicating whether the ith phase is ON (1 = on)
/* iFB[i] –> current feedback measurement for the ith phase
/* dutyRatio[i] –> commanded % duty ratio for the high–side FET of
/* the ith phase
/*position –> shaft position estimate (electrical degrees)
/* scaled: 2*pi (rad) = 65535 bits
/*position_state –> position state of the SRM (defined by opto–couplers)
/*shaft_direction –> direction which the shaft is rotating.
/*trans_lut[7][4] –> the position state machine
/*position_initial_guess[7] –> initial position guess, based on state
/*dp_remainder –> 16–bit remainder used in the position estimation alg
/*last_capture –> the most recent capture to occur
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
typedef struct  {

int a2d_chan[NUMBER_OF_PHASES];
int desiredTorque;
long integral_speed_error;

 WORD iDes[NUMBER_OF_PHASES];
WORD    capture_edge[NUMBER_OF_PHASES];
WORD    capture_delta[NUMBER_OF_PHASES][2];
WORD delta_count;
int     wEst_10xrpm;

 int wDes_10xrpm;
  int active[NUMBER_OF_PHASES];
 WORD iFB[NUMBER_OF_PHASES];
 int dutyRatio[NUMBER_OF_PHASES];

WORD position;
 int position_state;

int shaft_direction;
state_machine trans_lut[7][4];
WORD position_initial_guess[7];
long dp_remainder;
int last_capture;

} anSRM_struct;
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/*–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/*PROTOTYPE DEFINITIONS */
/*–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
void eventmgr_init();
void initializeSRM(anSRM_struct *anSRM);
void Commutation_Algorithm(  anSRM_struct *anSRM);
void Time_Update_Position(anSRM_struct *anSRM);
void velocityController(  anSRM_struct *anSRM);
void currentController(  anSRM_struct *anSRM);
void computePositionAndVelocity(anSRM_struct *anSRM);
void Msmt_Update_Velocity(anSRM_struct *anSRM, int mode);
void Msmt_Update_Position(anSRM_struct *anSRM);
void switch_lowside(int phaseactive);
void switch_mux(int adc1, int adc2);
void disable_interrupts();
void dsp_setup();
void initialize_counters_and_flags();
void enable_interrupts();
void start_background();
void check_for_stall();

/*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
/*
/*File: MAIN.C
/*Target Processor: TMS320F240
/*Compiler Version: 6.6
/*Assembler Version: 6.6
/*Created: 10/31/97
/*
/*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
/* This file is the main program for the control of an SRM drive with a
/*position sensor
/*++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++*/

/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/*INCLUDE FILES */
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
#include ”c240.h”
#include ”srm.h”

/*–––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/*GLOBAL VARIABLE DECLARATIONS                             */
/*–––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
int  count;
int  slice;
int  old_count;
int  Update_Velocity;
int  Toggle_LED;
int  Msmt_Update;
anSRM_struct SRM;
int  LEDvalue;

/*–––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/*MAIN PROGRAM                                           */
/*–––––––––––––––––––––––––––––––––––––––––––––––––––––––*/

void main() {

disable_interrupts();
dsp_setup();
initializeSRM(&SRM);
eventmgr_init();
initialize_counters_and_flags();
enable_interrupts();

start_background();

}



SPRA420A

42  Switched Reluctance Motor Control – Basic Operation and Example Using the TMS320F240

/*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++ */
/*BACKGROUND TASKS  */
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––– */
/*Upon completion of the required initialization, the main
/*program starts the background task.  The background is
/*simply an infinite loop.  Time critical motor control
/*processing is done via interrupt service routines and lower
/*priority processing is done in the background, when they
/*are needed.  Two background operations are defined:
/*
/*1) Update_Velocity – when a capture interrupt occurs,
/* the ISR stores the capture data and then intiates
/* this task.  The velocity update is done in
/* background, because it is doing a floating point
/* division.
/*2) Toggle_LED – this task toggles an LED on the EVM to
/* provide visual feedback to the user that the code
/* is running.  This task is initiated at a fixed
/* rate set by the ONE_HALF_SECOND value.
/*
/*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++ */
void start_background()
{

while (1)
 

{   
    /*––––––––––––––––––––––*/
    /* Velocity update task */
    /*––––––––––––––––––––––*/
    if (Update_Velocity) {

if (Update_Velocity == 1) { /* use capture data */
/*    as time base    */

   Msmt_Update_Velocity(&SRM,1);
}
else {    /* else shaft is rotating too slowly, capture

  /* data may be in error by overflow.
  /* use count of timer ISR’s between captures
  /* as time base.   */

   Msmt_Update_Velocity(&SRM,2);
}
Update_Velocity = 0;

   }

   /*–––––––––––––––––––––––*/
   /* Visual feedback task  */
   /*–––––––––––––––––––––––*/
   if (Toggle_LED) {

LEDvalue = –LEDvalue;
if (LEDvalue == 1) {

asm(” OUT  1, 000ch”);
}
else {

 asm(” OUT  0, 000ch”);
}
Toggle_LED = 0;
SRM.wDes_10xrpm = 6000; /* motor speed command units = (rpm x 10) */

/*    just hard–coded here, but setup     */
/*    another background task to allow */
/*    command from an external input   */

   }

}  /* infinite loop */

}
/*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++*/
/*TIMER ISR    */
/*–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
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/*
/*This interrupt service routine is executed at each
/*occurence of the maskable CPU interrupt INT3.  This CPU
/*interrupt corresponds to the event manager group B interrupts,
/*of which we enable only the timer #3 period interrupt, TPINT3.
/*The frequency, F, at which this routine is executed is specified
/*using the CPU_INT_FREQ parameter.
/*
/*The SRM control algorithms which are implemented during the
/*timer ISR are:
/*
/* 1.  Current control (frequency = F)
/* 2.  Rotor position estimation (frequency = F)
/* 3.  Commutation (frequency = F/5)
/* 4.  Velocity control (frequency = F/5)
/*
/*Additionally, time can be measured (coarsely) by counting
/*the number of executions of this ISR, which runs at a
/*known fixed rate.  This measure of time is used for several
/*reasons, including:
/*
/*– For precaution against over–current, a simple
/*test is made to determine if the rotor has stalled.
/*
/*– Also, the visual feedback task is initiated if the correct
/*amount of time has elapsed.
/*
/*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++*/
void c_int3()
{

*IFR_REG = 0x0004; /* clear interrupt flags */
*IFRB = 0xff;

currentController(&SRM); /* current loop algorithm */
 

if (Msmt_Update) { /* position estimation    */
   Msmt_Update_Position(&SRM); /* if recent capture edge  */
   Msmt_Update = 0; /* use this information */
}
else { /* else, propagate pos est */
   Time_Update_Position(&SRM); /* using algorithm */
}

check_for_stall();

count = count + 1; /* increment count */
slice = slice + 1; /* increment slicer */

if (slice == 1) {
     Commutation_Algorithm(&SRM); /* do commutation in the 1st    */

} /* slice. */
else if (slice == 2) { /* velocity loop algorithm in   */
   velocityController(&SRM); /* the 2nd */
}
else if (slice == 5) {
   slice = 0; /* reset slicer */
}

if (count == ONE_HALF_SECOND) { /* set flag for toggling the    */
   Toggle_LED = 1; /* EVM LED, if time */
   count = 0;
}

}

/*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ */
/*CAPTURE ISR  */
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– */
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/*
/*This interrupt service routine is executed at each
/*occurence of the maskable CPU interrupt INT4.  This CPU
/*interrupt corresponds to the event manager group C interrupts,
/*of which we enable the three capture event interrupts,
/*CAPINT1–3.  This ISR executes asynchronously and the
/*frequency of execution is dependent on the shaft speed
/*of the SRM.
/*
/*The ISR performs the following processing:
/*
/* clear interrupt flags;
/* determine which capture has occured;
/* read the appropriate capture FIFO register;
/* store capture data;
/* set flag for position update using measurement;
/* set flag for initiating velocity estimate
/* update in background;
/* return;
/*
/*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++*/
void c_int4()
{

int groupc_flags;
int capture;
int n;
int delta_count;
WORD edge_time;

*IFR_REG = 0x0008; /* clear CPU interrupt flag */

/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/* determine which capture interrupt occured and read */
/* the appropriate FIFO  */
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
groupc_flags = *IFRC; /* read event manger interrupt */

/* flag register  */

if (groupc_flags & 0x1){ /* capture #1 */
   *IFRC = 0xf9; /* clear flag register */
   capture = 1; /* */
   edge_time = read_fifo(capture); /* read FIFO */

 }
else if (groupc_flags & 0x2) { /* capture #2 */
   *IFRC = 0xfa;
   capture = 2;
   edge_time = read_fifo(capture);
}
else if (groupc_flags & 0x4) { /* capture #3 */
   *IFRC = 0xfc;
   capture = 3;
   edge_time = read_fifo(capture);
}
else { /* not a valid capture */
   *IFRC = 0xff;
   capture = 0;
}

/*–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/* if a valid capture occured, store capture data and set flags */
/* foor position and velocity estimate updates.  The most */
/* recent two time intervals between edges is saved */
/* to allow for some filtering of the velocity estimate. */
/* The number of timer ISR’s which occur between capture */
/* interrupts is also checked.  When this time exceeds a */
/* certain value, then the capture data could be in error  */
/* by an overflow, so the lower resolution delta–time */
/* associated with the ISR count is used in the velocity */
/* estimate calculation. */
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/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– */
if (capture > 0) {

   SRM.last_capture = capture; /* save capture data */
   n = capture–1;
   SRM.capture_delta[n][1] = SRM.capture_delta[n][0];
   SRM.capture_delta[n][0] = edge_time – SRM.capture_edge[n];
   SRM.capture_edge[n] = edge_time;

   Msmt_Update = 1; /* position update flag */

   /*–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
   /* Set flags & select time base for use with velocity update */
   /*–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
   delta_count = count – old_count;
   old_count = count;
   if (delta_count < 0) delta_count = delta_count + ONE_HALF_SECOND;

   if (delta_count > 100) {  /* low shaft speed use */
/* ISR counter */

SRM.delta_count = delta_count;
Update_Velocity = 2;

   }

   else {  /* else, shaft speed ok */
/* use 1.25MHz clk */

SRM.delta_count = delta_count;
Update_Velocity = 1;

   }
}

}

/*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ */
/*UTILITY SUBROUTINES   */
/*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ */

/*******************************************************************/
void disable_interrupts()
{

asm(” SETC INTM”);
}

*****************************************************************/
void dsp_setup() {

int temp;

/*––––––––––––––––––––––––*/
/* Disable watchdog timer */
/*––––––––––––––––––––––––*/
temp = *WDCR;
temp = temp | 0x68;
*WDCR = temp;
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/*––––––––––––––––––––––––––––––––––––––*/
/* initialize PLL module (10 MHz XTAL1) */
/*––––––––––––––––––––––––––––––––––––––*/
*CKCR1 = 0xb1; /* 20MHz CPUCLK = 10MHz crystal */

/*  and 2x PLL mult ratio */
*CKCR0 = 0xc3; /* low–power mode 0, */

/* ACLK enabled, */
/* PLL enabled, */
/* SYSCLK=CPUCLK/2 */

*SYSCR = 0x40c0;

}

/************************************************************************/
void initialize_counters_and_flags() {

count = 0; /* current timer ISR count */
slice = 0; /* ISR slice count */
old_count = 0; /* timer ISR count at last */

/* capture edge */
Toggle_LED = 0; /* flag for visual feedback */

/* background task */
LEDvalue = 1; /* current LED value */
Update_Velocity = 0; /* flag for velocity update */

/* background task */
Msmt_Update = 0; /* flag for mode of position */

/* estimate update */

}

/************************************************************************/
void enable_interrupts() {

*IFR_REG = 0xffff; /* Clear pending interrupts */
*IFRA = 0xffff;
*IFRB = 0xffff;
*IFRC = 0xffff;
*IMR_REG = 0x000c; /* Enable CPU Interrupts: */

/* INT4 & INT3 */
*IMRA = 0x0000; /* Disable all event manager */

/* Group A interrupts */
*IMRB = 0x0010; /* Enable timer 3 period */

/* interrupt */
*IMRC = 0x0007; /* Enable CAP1–CAP3 interrupts*/
asm(” CLRC INTM”); /* Global interrupt enable */

}

/************************************************************************/
void check_for_stall()
{

int delta_count;

/*–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/*  The SRM is assumed to have stalled if the number of timer */
/* ISR’s which are executed exceeds 1000.  At F = 5 kHz */
/* this corresponds to roughly 6 rpm.  If this condition */
/* is detected, the opto–coupler levels are read and the */
/* rotor position is re–initialized */
/*–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
delta_count = count – old_count;
if (delta_count < 0) delta_count = delta_count + ONE_HALF_SECOND;
if (delta_count > 1000) {
   SRM.wEst_10xrpm = 0;
   SRM.position_state = *PBDATDIR & 0x7;

     SRM.position = SRM.position_initial_guess[SRM.position_state];
}
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}

/*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ */
/*  File: SRM.C   */
/*Target Processor: TMS320F240 */
/*Compiler Version: 6.6 */
/*Assembler Version: 6.6 */
/*Created: 10/31/97 */
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– */
/*  This file contains the algorithms for control of anSRM using */
/*a position sensor.  The position sensor consists of a slotted */
/*disk and opto–couplers. */
/*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ */

/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– */
/*INCLUDE FILES */
/*–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– */
#include ”srm.h”
#include ”c240.h”

/*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ */
/*TIME UPDATE OF THE ROTOR POSITION ESTIMATE */
/*–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– */
/*  Between the capture events, which provide a shaft position */
/*measurement, position is estimated according to the equation */
/* */
/* theta(k) = theta(k–1) + w * delta_t; */
/* */
/*where theta = the position measurement (electrical angle) */
/* w = the current shaft velocity estimate */
/* delta_t = the execution frequency of the algorithm */
/* */
/*The arithmetic is performed using double precision. */
/* */
/*input: old position (where 2^16 = 2*pi radians) */
/* w (units of rpm * 10) */
/* K (constant incorporate delta_t and units) */
/* */
/*output: new position (where 2^16 = 2*pi radians) */
/* */
/*pseudo–code: dp = w * K; */
/* position = position + (dp * NR) */
/* */
/*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ */
void Time_Update_Position(anSRM_struct *anSRM)
{
 
 
   long dp; /* delta–position in mechanical angle */
   int speed;
   int temp;

   if (anSRM–>wEst_10xrpm > 0) {
   dp = anSRM–>wEst_10xrpm * K_POSITION_EST + anSRM–>dp_remainder;
   anSRM–>dp_remainder = dp & 0xffff;

temp = (int) (dp >> 16);
   anSRM–>position = anSRM–>position + (temp * NR);
   }
   else {

speed = –anSRM–>wEst_10xrpm;
  dp = speed * K_POSITION_EST + anSRM–>dp_remainder;
   anSRM–>dp_remainder = dp & 0xffff;

temp = (int) (dp >> 16);
   anSRM–>position = anSRM–>position – (temp * NR);
   }

} /* end Time_Update_Position */
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/*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ */
/*MEASUREMENT UPDATE OF THE ROTOR POSITION ESTIMATE */
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– */
/* At a capture interrupt, the rotor is at 1 of 6 positions. */
/* In between interrupts, the pickoff will be at 1 of six states, */
/* defined by the opto–couplers.  The states are defined by [zyx] */
/* where: z = output of opto–coupler #3 */
/* y = output of opto–coupler #2 */
/* x = output of opto–coupler #1 */
/* */
/*State 2: 010 */
/*State 3: 011 */
/*State 1: 001 */
/*State 5: 101 */
/*State 4: 100 */
/*State 6: 110 */
/* */
/*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ */
void Msmt_Update_Position(anSRM_struct *anSRM)
{

   int old_state, new_state;
   int cap;

   /*–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– */
   /* Based on capture and current state, get new state from the */
   /* state–machine look–up table */
   /*–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– */
   cap = anSRM–>last_capture;
   old_state = anSRM–>position_state;
   new_state = anSRM–>trans_lut[old_state][cap].state;

   /*––––––––––––––––––––––––––––––––––––––––––––––––––––*/
   /* If transition is valid, update position and state  */
   /*––––––––––––––––––––––––––––––––––––––––––––––––––––*/
   if (new_state != 0) { /* valid transition, update data */

anSRM–>position = anSRM–>trans_lut[old_state][cap].position;
  anSRM–>shaft_direction = anSRM–>trans_lut[old_state][cap].direction;

anSRM–>position_state = new_state;
   }

   else { /* else, not a valid transition, use opto–coupler */
  /* level & re–initialize position estimate */

anSRM–>position_state = *PBDATDIR & 0x7;

   }
 
}
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/*++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ */
/*VELOCITY ESTIMATION ALGORITHM */
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– */
/* This algorithm estimates the SRM shaft velocity.  It is executed */
/*after each capture interrupt is received.  If the shaft is */
/*moving fast enough, this routine is called with mode = 1 and */
/*the capture data is used.  Otherwise, the # of timer ISRs */
/*which are executed between capture events is used in the */
/*velocity calculation. */
/* */
/*Velocity is calculated according to the equation: */
/* */
/* w = delta_theta / delta_t */
/* */
/*where delta_theta is known: */
/*  (7.5 mech deg between each capture) */
/* (22.5 mech deg between the same capture) */
/*and delta_t is the measured number of clock cycles. */
/* */
/*The algorithm is implemented in double precision and is of */
/*the form: */
/* w = Kx_VELOCITY_EST/count */
/* */
/*where the constant Kx_VELOCITY_ESTIMATE (x=1,2) incorporates */
/*delta_theta and other units so that */
/*w has units of (rpm * 10). */
/* */
/*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ */
void Msmt_Update_Velocity(anSRM_struct *anSRM, int mode)
{
   DWORD a1,a2,a3,a4,a5,a6;
   DWORD sum_cnt;
   int  inst_velocity;
   long filt_velocity;

   /*––––––––––––––––––––––––––––––––––––––––––––––– */
   /*  Obtain instantaneous velocity estimate */
   /*––––––––––––––––––––––––––––––––––––––––––––––– */
   if (mode == 1) { /* use timer #2 as time base */

/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/*  FIR filter for removing once per electrical cycle effects */
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/

   a1 = (DWORD) anSRM–>capture_delta[0][0];
   a2 = (DWORD) anSRM–>capture_delta[0][1];
   a3 = (DWORD) anSRM–>capture_delta[1][0];
   a4 = (DWORD) anSRM–>capture_delta[1][1];
   a5 = (DWORD) anSRM–>capture_delta[2][0];
   a6 = (DWORD) anSRM–>capture_delta[2][1];

sum_cnt = a1+a2+a3+a4+a5+a6;

/*–––––––––––––––––––––––––––––––––––––––––––––––––––*/
/* apply velocity = delta_theta/delta_time algorithm */
/*–––––––––––––––––––––––––––––––––––––––––––––––––––*/
sum_cnt = K1_VELOCITY_EST/sum_cnt;
inst_velocity = ((int) sum_cnt) * anSRM–>shaft_direction;

   }

   else { /* else, use timer ISR count as time base */

/*–––––––––––––––––––––––––––––––––––––––––––––––––––*/
/* apply velocity = delta_theta/delta_time algorithm */
/*–––––––––––––––––––––––––––––––––––––––––––––––––––*/
sum_cnt = K2_VELOCITY_EST/anSRM–>delta_count;

      inst_velocity = ((int) sum_cnt) * anSRM–>shaft_direction;
   }

   /*––––––––––––––––––––––––––––––––––––––––––––––– */
   /*  IIR filter for smoothing velocity estimate */
   /*––––––––––––––––––––––––––––––––––––––––––––––– */
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   filt_velocity = (ALPHA * anSRM–>wEst_10xrpm)
 + (ONE_MINUS_ALPHA * inst_velocity);

   anSRM–>wEst_10xrpm = (int) (filt_velocity >> 3);

} /* end, velocity estimation */

/*++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ */
/*COMMUTATION ALGORITHM */
/*–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– */
/* A four quadrant commutation algorithm, using a fixed–dwell angle */
/* of 120 electrical degrees and a variable turn on angle.  With */
/*a fixed dwell of 120 electrical degrees, only a single phase */
/*is active at any one time.  The advance angle is calculated as */
/*a function of speed and desired current. */
/*++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ */
void Commutation_Algorithm(anSRM_struct *anSRM)
{
   int phase;
   WORD electricalAngle;
   WORD angle;
   int channel;
   long advance;
   int whats_active;
   int desiredCurrent;
   int temp;

   /*–––––––––––––––––––––––––––*/
   /* Advance angle calculation */
   /*–––––––––––––––––––––––––––*/
   advance = (anSRM–>wEst_10xrpm * anSRM–>desiredTorque);
   advance = advance >> 9;

   /*–––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
   /* Offset for advance angle negative torque, if required */
   /*–––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
   if (anSRM–>desiredTorque > 0) {

electricalAngle = anSRM–>position + (int) advance;
desiredCurrent = anSRM–>desiredTorque;

   }
   else {

electricalAngle = anSRM–>position + PI_16 – (int) advance;
desiredCurrent = –anSRM–>desiredTorque;

   }
 
   /*–––––––––––––––––––––––––––––––– */
   /* for each phase do ... */
   /*–––––––––––––––––––––––––––––––– */
   whats_active = 0x0;
   for (phase=0; phase< NUMBER_OF_PHASES; phase++) {

/*––––––––––––––––––––––––––––––*/
/* 120 degree offsets for phase */
/*––––––––––––––––––––––––––––––*/
angle = electricalAngle – phase * TWOPIBYTHREE_16;

/*–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/* turn phase on, if between desired angles and switch    */
/* the mux on the A/D to measure the desired         */
/* phase current    */
/*–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
if ( (angle >= (PIBYSIX_16)) && (angle < (FIVEPIBYSIX_16)) ) {
   anSRM–>active[phase] = 1;
   temp = 0x1 << phase;
   channel = anSRM–>a2d_chan[phase];
   switch_mux(channel,channel+8);
   anSRM–>iDes[phase] = desiredCurrent;
   if (anSRM–>iDes[phase] > ILIMIT) anSRM–>iDes[phase] = ILIMIT;
}
else {
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   anSRM–>active[phase] = 0;
   temp = 0;
   anSRM–>iDes[phase] = 0;
}
whats_active = whats_active | temp;

   }

   /*––––––––––––––––––––––––––––––––––––*/
   /* switch low–side FETs, as required  */
   /*––––––––––––––––––––––––––––––––––––*/
   switch_lowside(whats_active);

}

/*++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ */
/*VELOCITY CONTROL LOOP ALGORITHM */
/*–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– */
/*  The algorithm implements a PI compensator for the velocity */
/*control of the SRM.  The PI filter limits the integrator */
/*to prevent windup */
/* */
/*++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ */
void velocityController(anSRM_struct *anSRM)
{

  int speed_error;
  int integral_error;
 
  /*––––––––––––––––––––––––––––––*/
  /* calculate error signal       */
 /*––––––––––––––––––––––––––––––*/
  speed_error = anSRM–>wDes_10xrpm – anSRM–>wEst_10xrpm;

  /*––––––––––––––––––––––––––––––*/
  /* integrate error              */
  /*––––––––––––––––––––––––––––––*/
  anSRM–>integral_speed_error = anSRM–>integral_speed_error + (long)speed_error;

  /*––––––––––––––––––––––––––––––*/
  /* apply integrator limit       */
  /*––––––––––––––––––––––––––––––*/

if (anSRM–>integral_speed_error > INTEGRAL_LIMIT) {
anSRM–>integral_speed_error = INTEGRAL_LIMIT;

  }
  if (anSRM–>integral_speed_error < –INTEGRAL_LIMIT) {

anSRM–>integral_speed_error = –INTEGRAL_LIMIT;
  }

  /*––––––––––––––––––––––––––––––*/
  /* PI filter                    */
  /*––––––––––––––––––––––––––––––*/
  integral_error = (int) ((KI*anSRM–>integral_speed_error) >> 13);
  anSRM–>desiredTorque = ((KP*speed_error) >> 1) + integral_error;

}   /* end  velocityController */
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/********************************************************** */
/*CURRENT CONTROL LOOP ALGORITHM */
/*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++ */
void currentController(anSRM_struct *anSRM) {

   int phase;
   int ierr;

   for (phase=0; phase < NUMBER_OF_PHASES; phase++) {

/*––––––––––––––––––––––––––––––––––––––––––––––*/
/* for each active phase do ...                 */
/*––––––––––––––––––––––––––––––––––––––––––––––*/
if (anSRM–>active[phase] > 0) {

   /*––––––––––––––––––––*/
   /* read A/D converter */
   /*––––––––––––––––––––*/
   anSRM–>iFB[phase] = read_a2d(1);

   /*–––––––––––––––––––––––––––*/
   /* calculate error signal */
   /*–––––––––––––––––––––––––––*/
   ierr = anSRM–>iDes[phase] – anSRM–>iFB[phase];

   /*–––––––––––––––––––––––––––*/
   /* current loop compensation */
   /*–––––––––––––––––––––––––––*/

      anSRM–>dutyRatio[phase] = ILOOP_GAIN * ierr;
   anSRM–>dutyRatio[phase] = (anSRM–>dutyRatio[phase] >> 3);

   /*––––––––––––––––––*/
   /* limit duty ratio */
   /*––––––––––––––––––*/
   if (anSRM–>dutyRatio[phase] < 0) {

anSRM–>dutyRatio[phase] = 0;
   }
   if (anSRM–>dutyRatio[phase] > MAXIMUM_DUTYRATIO) {

anSRM–>dutyRatio[phase] = MAXIMUM_DUTYRATIO;
   }

}

/*––––––––––––––––––––––––––––––––––––––––––––––*/
/* else, phase is not active                    */
/*––––––––––––––––––––––––––––––––––––––––––––––*/
else {
   anSRM–>iFB[phase] = 0;
   anSRM–>dutyRatio[phase] = 0;
}

   } /* end for loop */

   /*–––––––––––––––––––––––––––––––––––––––*/
   /* output PWM signals to high–side FET’s */
   /*–––––––––––––––––––––––––––––––––––––––*/
   *CMPR1 = anSRM–>dutyRatio[0];
   *CMPR2 = anSRM–>dutyRatio[1];
   *CMPR3 = anSRM–>dutyRatio[2];
 
} /* end currentController */

/****************************************************************** */
/*SRM ALGORITHM INITIALIZATION */
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– */
void initializeSRM(anSRM_struct *anSRM)
{

   int i,j;
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   /*–––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
   /* define mux positions for current feedback of each phase */
   /*–––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
   anSRM–>a2d_chan[0] = 1; /* phase A current on pin ADCIN1 */
   anSRM–>a2d_chan[1] = 2; /* phase B current on pin ADCIN2 */
   anSRM–>a2d_chan[2] = 3; /* phase C current on pin ADCIN3 */
 
   /*–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– */
   /* Define position estimation state machine. */
   /* */
   /* Given current state, i, and capture event, j, with */
   /* every transition (capture event), 3 parameters are defined: */
   /* 1. trans_lut[i][j].state = the new state */
   /* 2. trans_lut[i][j].position = the shaft position */
   /* 3. trans_lut[i][j].direction = the shaft direction */
   /*–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– */
 

/*–––––––––––––––––––––––––––––––––––––––––––––––––––*/
/* fill table with zeros.  zeros will define illegal */
/*   transitions                                     */
/*–––––––––––––––––––––––––––––––––––––––––––––––––––*/

   for (i=0; i<7; i++) {
for (j=0; j<4; j++) {

   anSRM–>trans_lut[i][j].state = 0;
   anSRM–>trans_lut[i][j].position = 0;
   anSRM–>trans_lut[i][j].direction = 0;

}
   }

/*––––––––––––––––––––––––––––––*/
/* ’new–state’ definitions */
/*––––––––––––––––––––––––––––––*/

   anSRM–>trans_lut[1][2].state = 3;
   anSRM–>trans_lut[1][3].state = 5;
   anSRM–>trans_lut[2][1].state = 3;
   anSRM–>trans_lut[2][3].state = 6;
   anSRM–>trans_lut[3][1].state = 2;
   anSRM–>trans_lut[3][2].state = 1;
   anSRM–>trans_lut[4][1].state = 5;
   anSRM–>trans_lut[4][2].state = 6;
   anSRM–>trans_lut[5][1].state = 4;
   anSRM–>trans_lut[5][3].state = 1;
   anSRM–>trans_lut[6][2].state = 4;
   anSRM–>trans_lut[6][3].state = 2;

/*––––––––––––––––––––––––––––––––––––––*/
/* ’shaft direction’ definitions */
/*––––––––––––––––––––––––––––––––––––––*/

   anSRM–>trans_lut[1][2].direction = –1;
   anSRM–>trans_lut[1][3].direction = 1;
   anSRM–>trans_lut[2][1].direction = 1;
   anSRM–>trans_lut[2][3].direction = –1;
   anSRM–>trans_lut[3][1].direction = –1;
   anSRM–>trans_lut[3][2].direction = 1;
   anSRM–>trans_lut[4][1].direction = –1;
   anSRM–>trans_lut[4][2].direction = 1;
   anSRM–>trans_lut[5][1].direction = 1;
   anSRM–>trans_lut[5][3].direction = –1;
   anSRM–>trans_lut[6][2].direction = –1;
   anSRM–>trans_lut[6][3].direction = 1;
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/*––––––––––––––––––––––––––––––––––––––*/
/* ’shaft position’ definitions         */
/*––––––––––––––––––––––––––––––––––––––*/

   anSRM–>trans_lut[1][2].position = TWOPIBYTHREE_16;
  anSRM–>trans_lut[1][3].position = PI_16;
   anSRM–>trans_lut[2][1].position = PIBYTHREE_16;
   anSRM–>trans_lut[2][3].position = 0;
   anSRM–>trans_lut[3][1].position = PIBYTHREE_16;
   anSRM–>trans_lut[3][2].position = TWOPIBYTHREE_16;
   anSRM–>trans_lut[4][1].position = FOURPIBYTHREE_16;
   anSRM–>trans_lut[4][2].position = FIVEPIBYTHREE_16;
   anSRM–>trans_lut[5][1].position = FOURPIBYTHREE_16;
   anSRM–>trans_lut[5][3].position = PI_16;
   anSRM–>trans_lut[6][2].position = FIVEPIBYTHREE_16;
   anSRM–>trans_lut[6][3].position = 0;

   /*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– */
   /*  define initial guesses for each state.  The initial position */
   /*  is assumed at the midpoint of each state */
   /*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– */
   anSRM–>position_initial_guess[1] = TWOPIBYTHREE_16 + PIBYSIX_16;
   anSRM–>position_initial_guess[2] = PIBYSIX_16;
   anSRM–>position_initial_guess[3] = PIBYTHREE_16 + PIBYSIX_16;
   anSRM–>position_initial_guess[4] = FOURPIBYTHREE_16 + PIBYSIX_16;
   anSRM–>position_initial_guess[5] = PI_16 + PIBYSIX_16;
   anSRM–>position_initial_guess[6] = FIVEPIBYTHREE_16 + PIBYSIX_16;

   /*––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
   /* read opto–couplers and get initial position estimate */
   /*––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
   anSRM–>position_state = *PBDATDIR & 0x7;
   anSRM–>position = anSRM–>position_initial_guess[anSRM–>position_state];

   /*–––––––––––––––––––––––––*/
   /* set initial conditions  */
   /*–––––––––––––––––––––––––*/
   for(i = 0; i < NUMBER_OF_PHASES; i++) {

anSRM–>iDes[i] = 0;
    anSRM–>active[i] = 0;
    anSRM–>iFB[i] = 0;

anSRM–>capture_delta[i][0] = 65535;
anSRM–>capture_delta[i][1] = 65535;

   }

   anSRM–>wEst_10xrpm = 0;
   anSRM–>shaft_direction = 0;
   anSRM–>dp_remainder = 0;
   anSRM–>integral_speed_error = 0;
   anSRM–>wDes_10xrpm = 0;

}

/*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
/*
/*File: EVMGR.C
/*Target Processor: TMS320F240
/*Compiler Version: 6.6
/*Assembler Version: 6.6
/*Created: 10/31/97
/*
/*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
/* This file contains the routines for initializing and using the event
/* manager peripherials.
/*++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++*/

/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– */
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/*INCLUDE FILES       */
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– */
#include ”c240.h”
#include ”constant.h”

/*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ */
/*EVENT MANAGER INITIALIZATION       */
/*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ */
/* Through appropriate programming of the event manager control
/*registers, this routine sets up the event manager so that:
/*
/*all timers run in the continuous up count mode
/*timer 1 provides the desired PWM frequency timebase
/*timer 2 counts at 1/16 of the CPUCLK and is used as the time
/* base for capture events.  Prescaling prevents overflow
/* except at only low shaft speeds.
/*timer 3 provides the CPU interrupt
/*A/D conversions are synchronized with timer 3 period occurences
/*compare units are configured to the PWM mode
/*PWMs 1,3, and 5 (used for high–side switching) are active low
/*PWMs 2,4, and 6 (used for low–side switching) are forced hi/low
/*sets up shared pins as capture inputs and digital inputs for
/* interface with the opto–couplers
/*initiates continuous A/D conversions.
/*
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/*   GPTCON Initialization parameters
/* GPTCON = 0x1055
/*
/* xxx1 0000 0101 0101
/*  ___–––__–––_–– __––
/*   |  | |  | | |  | |
/* (15–13) Read–only status bits –––––––––|  | |  | | |  | |
/* (12–11) Start A/D on timer 3 period ––––––| |  | | |  | |
/* (10–9) No timer 2 event starts A/D ––––––––|  | | |  | |
/* (8–7) No timer 1 event starts A/D –––––––––––| | |  | |
/* (6) Enable timer compares –––––––––––––––––––| |  | |
/* (5–4) Timer 3 active low ––––––––––––––––––––––––|  | |
/* (3–2) Timer 2 active low –––––––––––––––––––––––––––| |
/* (1–0) Timer 1 active low –––––––––––––––––––––––––––––|
/*

/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/*   T3CON Initialization parameters
/* T3CON = 0x9040
/*
/* 1001 0000 0100 0000
/*  __––––___ –_–– __–_
/*  |  |   |  || | | ||
/* (15–14) Stop on suspend ––––––––––––––|  |   |  || | | ||
/* (13–11) Continuous up–count mode ––––––––|   |  || | | ||
/* (10–8) Clock prescaler = 1 –––––––––––––––––|  || | | ||
/* (7) Use own TENABLE bit ––––––––––––––––––––|| | | ||
/* (6) Enable timer  –––––––––––––––––––––––––––| | | ||
/* (5–4) Use internal clock source –––––––––––––––––| | ||
/* (3–2) Reload at zero ––––––––––––––––––––––––––––––| ||
/* (1) disable timer compare –––––––––––––––––––––––––||
/* (0) Use own period register ––––––––––––––––––––––––|
/*
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/*   T2CON Initialization parameters
/* T2CON = 0x9440
/*
/* 1001 0100 0100 0000
/*  __––––___ –_–– __–_
/*  |  |   |  || | | ||
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/* (15–14) Stop on suspend ––––––––––––––|  |   |  || | | ||
/* (13–11) Continuous up–count mode ––––––––|   |  || | | ||
/* (10–8) Clock prescaler = 1/16 ––––––––––––––|  || | | ||
/* (7) Use own TENABLE bit ––––––––––––––––––––|| | | ||
/* (6) Enable timer  –––––––––––––––––––––––––––| | | ||
/* (5–4) Use internal clock source –––––––––––––––––| | ||
/* (3–2) Reload at zero ––––––––––––––––––––––––––––––| ||
/* (1) disable timer compare –––––––––––––––––––––––––||
/* (0) Use own period register ––––––––––––––––––––––––|
/*
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/*   T1CON Initialization parameters
/* T1CON = 0x9040
/*
/* 1001 0000 x100 0000
/*  __––––___ –_–– __–_
/*  |  |   |  || | | ||
/* (15–14) Stop on suspend ––––––––––––––|  |   |  || | | ||
/* (13–11) Continuous up–count mode ––––––––|   |  || | | ||
/* (10–8) Clock prescaler = 1 –––––––––––––––––|  || | | ||
/* (7) Reserved on timer 1 ––––––––––––––––––––|| | | ||
/* (6) Enable timer  –––––––––––––––––––––––––––| | | ||
/* (5–4) Use internal clock source –––––––––––––––––| | ||
/* (3–2) Reload at zero ––––––––––––––––––––––––––––––| ||
/* (1) Disable timer compare –––––––––––––––––––––––––||
/* (0) Use own period register ––––––––––––––––––––––––|
/*
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/*   COMCON Initialization parameters
/*
/* COMCON = 0x8207
/*
/* 1000 0010 xxxx x111
/*  _––_ ––_– –__–––_–_
/*  | || | || | | | |||
/* (15) Enable compares ––––––––––––––| || | || | | | |||
/* (14–13) Reload compare at 0 ––––––––––––|| | || | | | |||
/* (12) Disable Space Vector PWM ––––––––| | || | | | |||
/* (11–10) Reload ACTR at 0 ––––––––––––––––––| || | | | |||
/* (9) Enable full compare output pins –––––|| | | | |||
/* (8) Hi–Z simple compare output pins ––––––| | | | |||
/* (7) Simple compare time base –––––––––––––––| | | |||
/* (6–5) Simple compare reload ––––––––––––––––––––| | |||
/* (4–3) Simple compare SACTR reload ––––––––––––––––| |||
/* (2) Compare #3 to PWM mode –––––––––––––––––––––––|||
/* (1) Compare #2 to PWM mode ––––––––––––––––––––––––||
/* (0) Compare #1 to PWM mode –––––––––––––––––––––––––|
/*
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/*   ACTR Initialization parameters
/* ACTR = 0x0111
/*
/* xxxx 0001 0001 0001
/*  ____ ––__ ––__ ––__
/*   |   |  | |  | |  |
/* (15–12) Space vector PWM related ––––––|   |  | |  | |  |
/* (11–10) PWM6 = Force Low ––––––––––––––––––|  | |  | |  |
/* (9–8) PWM5 = Active Low ––––––––––––––––––––| |  | |  |
/* (7–6) PWM4 = Force Low –––––––––––––––––––––––|  | |  |
/* (5–4) PWM3 = Active Low  ––––––––––––––––––––––––| |  |
/* (3–2) PWM2 = Force Low ––––––––––––––––––––––––––––|  |
/* (1–0) PWM1 = Active Low ––––––––––––––––––––––––––––––|
/*
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/*   ADCTRL1 Initialization parameters
/* ADCTRL1 = 0x2c00
/*
/* 0010 110x 0000 0000
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/*  _–_– _–_– _––– ___–
/*  |||| |||| | |   | |
/* (15) Suspend – Soft –––––––––––––––|||| |||| | |   | |
/* (14) Suspend – Free ––––––––––––––––||| |||| | |   | |
/* (13) Start A/D Conversions ––––––––––|| |||| | |   | |
/* (12) Disable Channel 1 –––––––––––––––| |||| | |   | |
/* (11) Enable Channel 2 ––––––––––––––––––|||| | |   | |
/* (10) Continuous conversion  –––––––––––––||| | |   | |
/* (9) Disable interrupt  ––––––––––––––––––|| | |   | |
/* (8) ADC Interrupt flag –––––––––––––––––––| | |   | |
/* (7) Conversion status ––––––––––––––––––––––| |   | |
/* (6–4) ADC1 mux select ––––––––––––––––––––––––––|   | |
/* (3–1) ADC2 mux select ––––––––––––––––––––––––––––––| |
/* (0) Start conversion bit –––––––––––––––––––––––––––|
/*
/*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++*/
void eventmgr_init() {

WORD iperiod;

/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/* Initialize GP timer 3 to provide desired CPU interrupt */
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
iperiod = (SYSCLK_FREQ/CPU_INT_FREQ) – 1;

*GPTCON = 0x1055; /* Setup general–purpose control reg */
*T3PER = iperiod; /* Load timer #2 period register */
*T3CON = 0x9040; /* Initialize timer #3 control register */

/*–––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/* Initialize GP timer 1 to provide a 20 kHz time base for */
/*         fixed frequency PWM generation                  */
/*–––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
iperiod = (SYSCLK_FREQ/PWM_FREQ) – 1;

*T1PER = iperiod; /* Load timer #1 period */
*T1CON = 0x9040; /* Initialize timer #1 control register */

/*–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/* Initialize GP timer 2 to provide time base for clocking   */
/*   capture events                                          */
/*–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
*T2PER = 0xffff; /* Load timer #2 period */
*T2CON = 0x9440; /* Initialize timer #2 control register */

/*–––––––––––––––––––––––––––––––––––––*/
/* Setup Compare units for PWM outputs */
/*–––––––––––––––––––––––––––––––––––––*/
*ACTR = 0x0111; /* Initialize action on output pins */
*DBTCON = 0x0; /* Disable deadband */
*CMPR1 = 0x0; /* Clear period registers */
*CMPR2 = 0x0;
*CMPR3 = 0x0;
*COMCON = 0x0207; /* Setup COMCON w/o enable */
*COMCON = 0x8207; /* Setup COMCON and enable */

/*–––––––––––––––––––*/
/* Setup shared pins */
/* ––––––––––––––––––*/
*OCRA = 0x0; /* pins IOPB0–IOPB7 & IOPA0–IOPA3 to I/O pins */
*OCRB = 0xf1; /* pins are: ADSOC, XF, /BIO, CAP1–CAP4 */
*PBDATDIR = 0xf0f0; /* inputs IOPB0–IOPB3 */

/* outputs IOPB4–IOPB7, set high */

/*–––––––––––––––––––––*/
/* Setup capture units */
/*–––––––––––––––––––––*/
*CAPCON = 0x0; /* reset capture control register */
*CAPFIFO = 0xff; /* Clear FIFO’s */
*CAPCON = 0xb0fc; /* enable #1–3, use Timer2, both edges */
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/*–––––––––––––––––––––*/
/* Setup A/D converter */
/*–––––––––––––––––––––*/
*ADCTRL1 = 0x2c00; /* Initialize A/D control register */
*ADCTRL2 = 0x0403; /* Clear FIFO’s, Pre–scaler = 4 */

}

/**************************************************************/
/*SWITCH A/D INPUT CHANNEL                                    */
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/* Each A/D converter unit has an 8:1 input multiplexer which
/* must be selected to the desired channel, prior to sampling.
/* The channel is selected by manipulating bits
/* of the ADCTRL1 control register
/*
/* inputs: adc1 = desired input channel for A/D #1
/* range: 0–7
/* adc2 = desired input channel for A/D #2
/* range:  8–15
/*outputs: none
/*
/*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++ */
void switch_mux(int adc1, int adc2)
{

WORD ctrl_word;

ctrl_word = 0x2c00; /* mask channel select bits */
ctrl_word = ctrl_word | (adc1 << 4); /* set ADC1 channel bits */
ctrl_word = ctrl_word | ((adc2–8) << 1); /* set ADC2 channel bits */
*ADCTRL1 = ctrl_word;
*ADCTRL2 = 0x0403;

}

/********************************************************** */
/*READ A/D FIFO REGISTER */
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––– */
/* This routine is used to read the sampled A/D data from the
/*appropriate FIFO.  The 10–bit A/D data is stored in the
/*FIFO in bits 15–6.  A right shift of 6, limits the data
/*to the range 0–1023.
/*
/*inputs: a2d_chan = which FIFO to read
/* range: 1–2
/*outputs: inval = A/D data
/* range: 0–1023
/* 0 VDC = 0 bits
/* 5 VDC = 1023 bits
/*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++ */
WORD read_a2d(int a2d_chan)
{

WORD inval;

if (a2d_chan == 1) {
   inval = (*ADCFIFO1 >> 6) & 0x03ff;
}
else if (a2d_chan == 2) {
   inval = (*ADCFIFO2 >> 6) & 0x03ff;
}

return inval;
}

/***********************************************************/
/*SWITCH LOW–SIDE MOSFETS                                  */
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/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––  */
/* The state of the low–side power MOSFETS is controlled by the
/*level on the PWM2, PWM4, and PWM6 output pins, for phases
/*A, B, and C, respectively.  Active high logic is used,
/*but since the low–side switches are used for commutation
/*instead of PWM control, we just use the force–low or
/*force–high action options.
/*
/*inputs: phaseactive = bits 0,1, and 2 control
/* the state of the PWM2, PWM4, and
/* PWM6 output pins, respectively.
/*
/* (ex. phaseactive = 0x5 will force PWM2 &
/* PWM6 high, PWM4 low )
/*outputs: none
/*
/*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++ */
void switch_lowside(int phaseactive)
{

WORD action;

/*––––––––––––––––––––––––––––––––––––––––––––––––––––*/
/* load action register and mask PWM2, PWM4, and PWM6 */
/*   to force low                                     */
/*––––––––––––––––––––––––––––––––––––––––––––––––––––*/
action = *ACTR;
action = action & 0xf333;

/*–––––––––––––––––––––––––––––––––––––––*/
/* Force hi PWM2 if phase0 (A) is active */
/*–––––––––––––––––––––––––––––––––––––––*/
if (phaseactive & 0x1) {
   action = action | 0x000c;
}

/*–––––––––––––––––––––––––––––––––––––––*/
/* Force hi PWM4 if phase1 (B) is active */
/*–––––––––––––––––––––––––––––––––––––––*/
if (phaseactive & 0x2) {
   action = action | 0x00c0;
}

/*–––––––––––––––––––––––––––––––––––––––*/
/* Force hi PWM6 if phase2 (C) is active */
/*–––––––––––––––––––––––––––––––––––––––*/
if (phaseactive & 0x4) {
   action = action | 0x0c00;
}

/*–––––––––––––––––––––––––––––––––––*/
/* Write new word to action register */
/*–––––––––––––––––––––––––––––––––––*/
*ACTR = action;

}
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/********************************************************** */
/*READ CAPTURE FIFO REGISTERS                               */
/*––––––––––––––––––––––––––––––––––––––––––––––––––––––––– */
/* This routine is used to read the data from the capture FIFO
/*registers.
/*
/*inputs: capture = which FIFO to read?
/* range = 1–3
/*outputs fifo_data =
/* range = 0–65535
/*
/*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++ */
WORD read_fifo(int capture)
{

WORD fifo_data;
int fifo_status;

if (capture == 1) {
   do {
      fifo_data = *FIFO1; /* read value */
      fifo_status = *CAPFIFO & 0x0300; /* read status register, mask bits */
   } while (fifo_status != 0);

        }
else if (capture == 2) {
   do {

       fifo_data = *FIFO2; /* read value */
      fifo_status = *CAPFIFO & 0x0c00; /* read status register, mask bits */
   } while (fifo_status != 0);
}
else if (capture == 3) {
   do {

       fifo_data = *FIFO3; /* read value */
      fifo_status = *CAPFIFO & 0x3000; /* read status register, mask bits */
   } while (fifo_status !=0);
}
else {
   fifo_data = 0xffff; /* error, not a valid capture */
}

return fifo_data;
}

*++++++++++++++++++++++++++++++++++++++++++++++++++++++++++*
*                                                          *
* File:              VECTORS.ASM                           *
* Target Processor:  TMS320F240                            *
* Assembler Version: 6.6                                   *
* Created:           10/31/97                              *
*                                                          *
*––––––––––––––––––––––––––––––––––––––––––––––––––––––––––*
*   This file contains the interrupt vectors               *
************************************************************

  .length 58
  .option T
  .option X

*********************************************************** *
*   ILLEGAL INTERRUPT ROUTINE    *
*********************************************************** *;

  .text
  .def   _int_0

_int_0:   B   _int_0     ; ILLEGAL INTERRUPT SPIN
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*********************************************************** *
*   INTERRUPT VECTORS   *
*********************************************************** *

  .sect ”VECTOR”
        .ref   _c_int0

  .ref _c_int3
  .ref _c_int4

        B     _c_int0        ; RESET
  B _int_0 ; INT1
  B _int_0 ; INT2
  B _c_int3 ; INT3
  B _c_int4 ; INT4
  B _int_0 ; INT5
  B _int_0 ; INT6
  B _int_0 ; Reserved
  B _int_0 ;
  B _int_0 ;
  B _int_0   ;
  B _int_0   ;
  B _int_0   ;
  B _int_0   ;
  B _int_0   ;
  B _int_0   ;
  B _int_0   ;
  B _int_0   ; TRAP
  B _int_0   ; NMI
  B _int_0   ;
  B _int_0   ;
  B _int_0   ;

  .end

/* Linker command file for TMS320F240 EVM */

vectors.obj
evmgr.obj
srm.obj

–c /* use ROM autoinitialization model */
–m  main.map
–o  main.out
–l  c:\2xxtools\rts2xx.lib

MEMORY
{
    PAGE 0:  VECTORS:  origin = 0x0000 length = 0x0040 /* EMIF    */
    PAGE 0:  CODE:     origin = 0x0040 length = 0x1FC0  /* EMIF    */
    PAGE 1:  MMRS:     origin = 0x0000 length = 0x0060 /* MMRS    */
             B2:       origin = 0x0060 length = 0x0020 /* DARAM   */

     B0:       origin = 0x0100 length = 0x0100 /* DARAM   */
     B1:       origin = 0x0300 length = 0x0100 /* DARAM   */
     DATA:     origin = 0xa000 length = 0x2000 /* EMIF    */

}

SECTIONS
{
    .VECTOR  > VECTORS PAGE 0
    .text    > CODE    PAGE 0
    .cinit   > CODE    PAGE 0
    .switch  > CODE    PAGE 0
    .mmrs    > MMRS    PAGE 1    /* Memory Mapped Registers */
    .data    > DATA    PAGE 1
    .bss     > DATA    PAGE 1
    .const   > DATA    PAGE 1
    .stack   > DATA    PAGE 1
    .sysmem  > DATA    PAGE 1
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A Variable-Speed Sensorless Drive System
for Switched Reluctance Motors

Stephen J. Fedigan, Ph.D. and Charles P. Cole DSPS Research and Development Center

ABSTRACT

With the advent of high-speed digital signal processors (DSPs) specialized for motion control
applications, it has become possible to control motors without mechanical (speed or  position)
sensors. This is achieved by algorithms that estimate the desired quantities in real time,
based on the electrical signals in the motor windings. Benefits include cost savings and
improved reliability due to reduced component count. This application report presents a
low-cost, sensorless drive system for a switched reluctance motor (SRM) based on the Texas
Instruments TMS320F243 DSP. Detailed descriptions of the hardware configuration, the
sensorless commutation algorithm, its implementation details, and procedures for measuring
motor parameters should enable readers to rapidly duplicate and customize a sensorless
SRM drive system to meet their specific application.
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1 Hardware to Demonstrate Sensorless Control of the Switched
Reluctance Motor Using the Texas Instruments TMS320F243 DSP

This section describes the hardware used to demonstrate the sensorless control of a typical
switched reluctance motor (SRM) drive using the Texas Instruments TMS320F243 digital signal
processor (DSP). Research completed in March of 1998 and documented in the Application
Report titled “Developing an SRM Drive System Using the TMS320F240” (literature number
SPRA420) led to a baseline software algorithm for conventional operation of the SRM drive
using a shaft position sensor. Follow-on research completed in August of 1999 extended the
performance range of a specific SRM without a shaft position sensor using a sensorless control
algorithm. Detailed information on the sensorless software control algorithm can be found in
Section 2. Hardware used in this follow-on research was the 3-phase, 12/8 stator-pole-
configured SRM manufactured by Emerson Electric Company, and the digital motor controller
board designed and manufactured by Spectrum Digital Incorporated (www.spectrumdigital.com),
which utilizes the Texas Instruments TMS320F243 DSP. The hardware and software algorithm
as described are intended to be used primarily for potential customer demonstrations and to
serve as examples of extended performance sensorless control of SRM drive systems.

1.1 Demonstration Goals

The basic goals of this research work were to build upon the baseline software algorithm as
described in the application report referenced above and to extend the performance range of the
SRM drive using sensorless control. Performance parameters (listed in Table 1) of the SRM
drive were set to cover a wide range of potential customer applications such as white goods
(washing machine), compressor pumps, and blower fan applications.

Table 1. Performance Parameters of the Demo SRM Drive System

Speed range 150 to 4500 rpm

Load torque no load to 48 oz-in

Speed regulation 10% over full speed/torque range

In addition to these basic requirements, other goals were to successfully start the SRM from
standstill under a full load torque of 48 oz-in.

1.2 Hardware Description

Hardware used for this demonstration is described in the following sections. A diagram of the
interconnections between the various hardware elements that make up this SRM demonstration
platform is shown in Figure 1.
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Figure 1. Interconnection Diagram for SRM Demo Hardware

1.2.1 Switched Reluctance Motor Characteristics

The characteristics of the switched reluctance motor are shown in Table 2.

Table 2. Switched Reluctance Motor ‡ Characteristics

Number of phases 3

Number of stator poles 12

Number of rotor poles 8

Phase resistance 2.5 ohms

Aligned inductance 52 mH

Unaligned inductance 9.5 mH

Phase current (max) 4 amps
‡ Manufactured by Emerson Electric Company for the Maytag  Neptune  Auto Washer.

Maytag and Neptune are trademarks of Maytag Corporation.
† TIA/EIA  Standard 232-F – October 1997, Interface Between Data Terminal Equipment and Data Circuit-Terminating Equipment Employing

Serial Binary Data Interchange.
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1.2.2 Digital Motor Controller

The board is designed and manufactured by Spectrum Digital Incorporated and utilizes the
Texas Instruments TMS320F243 DSP. This controller board has an ac-to-dc converter that
generates a full-wave-rectified and -filtered 162-volt dc from an ac supply input of 115 vac at
50/60 Hz. With placement of on-board jumpers, the board can be configured in a voltage doubler
mode to generate 320 volts dc if the intended motor application requires the higher voltage. It
also has a three-phase power inverter powered from the 162-volt dc bus. This power inverter
can be configured, with proper placement of jumpers, to drive typical three-phase ac induction
motors, three-phase brushless dc motors, or three-phase SRMs. In the SRM configuration, the
power driver uses the popular and standard two-switches-per-phase topology as shown in
Figure 2.

Phase
Winding

Vbus

Figure 2. SRM Power Driver Topology

Current-sensing resistors are included in each low-side power driver leg with variable gain buffer
amplifiers to output current feedback samples in each phase winding of the motor. In this
example application of the SRM drive system, the gain of these buffer amplifiers has been set to
give a current-sensing scale factor of 1.0 amp/volt. On-board low-voltage power supplies of
+5 volts dc and +15 volts dc are also included so that this board can operate independently from
115 volts ac at 50/60 Hz.

Other features of this controller board are current-sensing resistors on the bus to enable power
factor correction capability. This feature is not used in this example application. Some minor
modifications to the board have been made for this example application and include removal of
the R5 (0.03 ohm) bus current-sensing resistor. Current-sensing resistors R2, R3, and R4 have
also been changed from 0.04 ohm to 0.2 ohm to adjust the current feedback scale factor and
reduce electrical noise sensitivity. A serial communications interface (RS-232) port is also
provided on the board and is used in this example application to introduce input set speed
commands so that the motor speed can be changed on the fly while the motor is running.
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1.2.3 TMS320F243 Evaluation Module

This evaluation module (EVM), based upon the Texas Instruments TMS320F243 digital signal
processor, is designed and manufactured by Spectrum Digital Incorporated. It is an excellent
platform to develop and run software on the ’F24x family of processors and was used
extensively in the development and testing of the software algorithm for the sensorless control of
the SRM drive system in this demonstration hardware. Key features of the TMS320F243 EVM
are:

• 544 words of on-chip data memory

• 28K words of onboard memory

• on-chip FLASH memory

• on-chip UART

• MP7680 four-channel digital-to-analog converter

• 5-volt-only operation

(For additional information, see the Technical Reference on this TMS320F243 EVM published by
Spectrum Digital Incorporated in 1998.)

To operate the demonstration as described in the operational procedures section, the sensorless
control software must be embedded in the TMS320F243 DSP. (For details on embedding the
software in FLASH, please refer to the TMS320F20x/F24x DSP Embedded Flash Memory
Technical Reference, literature number SPRU282.)

1.2.4 Magtrol Dynamometer

The dynamometer used to control load torque on the SRM in this demonstration hardware
platform is manufactured by Magtrol Incorporated. It is a load cell dynamometer (model 705-6)
that features a hysteresis brake for precise torque loading up to a maximum of 50.0 in-lb of
torque and has a maximum speed capability of 10,000 RPM. Power rating for the model 705-6
dynamometer is 300 watts continuous and 1400 watts for less than five minutes. To achieve the
best accuracy capability of 0.25%, attention must be given to the calibration of the unit for zero
offset and scale factor as specified in the user’s manual. The motor shaft is attached to the
dynamometer through a precision aligned flexible coupling that has been custom modified for
this demonstration platform. Alignment of the motor shaft through the flexible coupling is critical
to prevent vibration and mechanical induced noise at higher operation speeds above 2500 RPM.
This type of flexible couplers can be obtained through Magtrol Incorporated.
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1.2.5 Dynamometer Controller

Control of the dynamometer is provided by a Magtrol model 5240 controller that is a
speed-controlled power supply, designed to interface with any type of IBM-compatible computer
using an IEEE-488† general-purpose interface bus (GPIB) instrument controller. The model
5240 controller can be used to control any Magtrol Load Cell Dynamometer. In addition, it can
be set to return torque-speed data to the computer when used with appropriate computer
software. In this demonstration hardware, testing of the SRM performance was accomplished
with an automatic-motor-testing software (M-TEST, version 2.03) provided by Magtrol.

1.3 Operational Procedures

To operate the demonstration, a serial communications link must be established between the
’F243 and the host PC by using a standard RS-232 through-pin serial cable. This cable is
attached to the DB9 connector on the Spectrum Digital board and the COM port on the PC.

WARNING:
Do not use the DB9 connector on the EVM board. This connector is not isolated, and
ignoring this warning could result in hardware damage, injury, or even death.

Commands can be issued through a terminal program such as a Hyperterm, which is included in
the Windows  operating system. To properly configure Hyperterm, the connection speed must
be set at 19,200 baud, with 7 data bits, odd parity, and 1 stop bit, and all flow control must be
disabled.

With the connection established, the demonstration rig can be turned on, using the following
procedure:

1. Power up the PC, load controller, and dynamometer brake.

2. Run the terminal program and the Magtrol M-TEST software.

3. Turn on the dual power supply.

4. Plug in the bus supply line on the Spectrum Digital board.

Once power has been applied to all of the components, the terminal program can be used to
issue the ‘turn on’ command, which is ‘>t’ followed by a carriage return. When the EVM receives
the ‘turn on’ command, the ’F243 injects an alignment current into phase 2. After the shaft has
settled at the aligned position, the ’F243 begins commutating the motor, causing it to spool up in
the counterclockwise direction to its initial target speed of 1000 RPM. At this point, the ’F243 is
ready to receive new commands, which are summarized in Table 3.

Windows is a registered trademark of Microsoft Corporation.
† ANSI/IEEE Standard 488.1 – 1987, IEEE Standard Digital Interface for Programmable Instrumentation.
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Table 3. Description of Commands

Command † Description

>t Turn on drive system

>sxxxx Set new target speed (in RPM)
(0150 ≤ xxxx ≤ 4500)

>b Brake motor and reverse direction

>a Agitate the motor

>c Cut off the drive system
† Each command must be followed by a carriage return.

These commands can set new target speeds, reverse the motor direction, agitate, or cut off the
motor. If the speed command (‘>s’, followed by a four-digit number between 0150 and 4500) is
issued, the motor will ramp up or down at 100 RPM/sec to the new requested target speed,
provided it is between 0150 and 4500 RPM. If a speed is requested above the top speed of
4500 RPM, the new target speed will be set to 4500 RPM. Likewise, if the requested target
speed is below 150 RPM, the new target will be set to 150 RPM. After the ramp is completed,
the software will wait for a settling period of several seconds, and then wait to receive the next
speed command.

If the next command is a brake command (‘>b’), the software will apply passive braking, which is
accomplished by injecting a constant current into phase 2. After the motor slows down and
aligns with phase 2, it will start up in the opposite direction, spool up to the initial target speed of
1000 RPM, and then continue ramping up or down to its former speed. The agitate command is
quite similar to the brake command. When it is issued, the motor simulates the agitation action
of a washing machine, i.e., it repeatedly brakes, aligns, reverses direction, and spools up to
1000 RPM. After repeating this sequence ten times, the software exits the agitation mode, and
waits for a new command.

To turn off the motor, the user can either turn off the bus power or can issue the ‘cut off’
command (‘>c’), which de-energizes all of the motor phases and spinlocks the processor. Once
this command is issued, the user can restart the system by following the procedure outlined
above. (For further details concerning the ramp controller and serial communications, please
refer to Section 2.)

Note: Commands issued while the motor is ramping and settling at a new target speed will be
ignored.
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1.4 Sensorless SRM Performance

Table 4 summarizes the performance of the SRM drive system.

Table 4. Sensorless SRM Performance Summary

Parameter Value/Units

Speed range 150 – 4500 rpm

Load torque 48 oz-in

Speed regulation < 8%

– low-speed < 8%

– mid-range < 1%

– hi-speed < 2%

Start-up load torque 48.0 oz-in

For operating speeds between 1000 and 3500 RPM, regulation is tighter than 1%, within the
design load of 48.0 oz-in. For higher speeds, regulation is more challenging and grows to 3% at
the top speed of 4500 RPM. This happens because the speed measurement resolution
decreases as the speed squared, due to sample rate effects. At the low end, speed regulation is
affected by the reduced frequency of speed updates. This update rate is tied to the shaft speed,
and these updates occur less and less frequently as the speed is decreased. To achieve the
10% performance specification below 400 RPM, the controller enters a special low-speed
operating mode, which doubles the update rate and in turn preserves the bandwidth of the
velocity loop. This keeps the regulation error below 8% at 150 RPM. (For further details
concerning the low-speed operating mode, please refer to Section 2.) With the help of an
open-loop start-up procedure, the motor can also be started reliably under a full load of
48.0 oz-in. This is valuable in pump and compressor applications, where the load is constant
throughout the entire operating speed range.
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2 Control Software for a Sensorless SRM Drive System

This section describes the control software for a sensorless SRM drive system using the
TMS320F243 DSP. The drive system is intended for demonstration purposes and is composed
of a TMS320F243 evaluation module (EVM); a digital motor controller board available from
Spectrum Digital Incorporated; a 3-phase, 12/8 stator-pole-configured 0.40-HP SRM
manufactured by Emerson Electric Company; and a Magtrol 50.0 lb-ft dynamometer and load
controller. (For further details concerning the hardware and performance specifications for this
drive system, refer to Section 1.)

The control software features a flux-based sensorless algorithm for 3-phase SRMs operating on
170 V of bus voltage and up to 4.0 A of phase current. The algorithm is capable of two quadrant
speed control between 150 and 4500 RPM, with better than 8% speed regulation (<1% between
1000 and 3500 RPM), and reliable start-up under a design load of 48.0 oz-in. An RS-232 serial
link permits users to issue commands from a host PC to turn on, cut off, and change motor
speed and the direction of rotation on the fly. This software can be launched via the EVM’s JTAG
port using a XDS510PP  emulator board inline with a SPI 110 optoisolator or the software can
be directly embedded in the EVM’s FLASH memory. (For further details on FLASH
programming, refer to the TMS320F20x/F24x DSP Embedded FLASH Memory Technical
Reference, literature number SPRU282.)

2.1 Overview of the Sensorless SRM Control Software

The software for the sensorless drive system is written primarily in C, with the exception of a few
assembly language subroutines for high-speed computations. The code fits into the
TMS320F243’s 8K of FLASH program memory and the DSP’s internal RAM blocks, and
requires no external memory. It consumes about 6K of program memory and 300 words of data
memory. To execute the code on a TMS320C242 DSP controller, the program storage
requirements can be reduced to less than 4K by replacing the look-up tables used by the
commutation algorithm with polynomial interpolating functions.

As shown in Figure 3, the software is composed of five key modules: an algorithm for sensorless
commutation, an outer loop for velocity control, an inner loop for current control, a serial
command processor, and a ramp controller. The first three of these modules execute in the
foreground. They are called from a timer interrupt service routine (ISR), which is fired every
66.7 µsec (15.0 kHz) by a free-running onboard timer. As shown in the timing diagram of
Figure 3, the commutation controller and current control loop execute every interrupt cycle (at
15.0 kHz), while the velocity loop only executes every sixth interrupt cycle (at 2.5 kHz).

XDS510PP is a trademark of Texas Instruments Incorporated.
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The execution time of each foreground activity shown in the software block diagram is listed in
Table 5.

Table 5. Execution Times of Foreground Activity

Activity Execution Time ( µsec)

Flux Estimator 8.3

Sensorless Commutation 15.5 to 34.8

Current Control Loop 10.6

Velocity Control Loop 11.3

Note that execution time of the sensorless commutation algorithm varies. If the motor needs to
switch phases and perform a velocity update, the run time will be 34.8 µsec; otherwise, the run
time will be 15.5 µsec.

Overall, execution time of the ISR varies from 34.4 µsec to 53.2 µsec, depending on which
activities must execute. On average, the interrupt service routine utilizes 55% of the processing
time, leaving the remaining 45% for the background loop, which includes a serial command
processor and ramp speed controller.

2.2 Sensorless Commutation and Velocity-Update Algorithm

At the core of the sensorless algorithm is the commutation controller, which contains a flux
estimator, flux reference generator, and decision logic. Ideally, the decision logic should
commutate the motor when the rotor and stator poles are nearly in alignment. For this particular
algorithm [1], the flux in the active phase winding is compared with a reference flux, which is a
scaled version of the flux at the aligned pole position. The decision logic commutates the motor
when the flux linkage exceeds the switching or reference flux. To be precise, the motor is
commutated when:

�
^
� �c �a

where �
�

 is an estimate of flux in the active phase winding; �c is a scalar between 0 and 1, which
is analogous to a conduction angle; and �� is the flux at the aligned rotor position. This
commutation condition is shown graphically in Figure 4.

As indicated by condition (1), properly timed commutation depends on an accurate estimate of
the flux in the active phase winding, a knowledge of the magnetization curve at the aligned rotor
position, and a carefully selected firing angle.

(1)
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Figure 4. Graph of Flux Estimate and Flux Threshold vs. Time

2.2.1 Flux Estimator

As shown in the software block diagram of Figure 3, the quantity �
�

 is generated by the flux
estimator block, which calculates flux based on the pulse width modulation (PWM) duty cycle
and the current in the active phase winding. Its principle of operation is the same as a “classical”
flux estimator, which uses the update law

�n�1� �n� vn� in rw

vEMF

to integrate the back EMF in the active phase winding. In Equation (2), vn is the motor terminal
voltage, in  is the coil current, and rw is the winding resistance. However, unlike this classical flux
estimator, which requires terminal voltage and coil current measurements, this modified
estimator only relies on current measurements. Instead of measuring the terminal voltage, it is
approximated using the formula

vn� Vbus dn� vtrans (in)� vdiode (in)

which takes into account the voltage drops across the active devices in the power inverter,
whose topology is shown in Figure 5. In Equation (3), Vbus is the bus voltage; dn , the duty cycle;
vtrans, the voltage drop across the power transistor; and vdiode, the diode voltage drop. Notice
that Equation (3) assumes that the bus voltage is a stiff source, and that the v – i curves of the
power devices are known. Substituting Equation (3) into the original formula, the new update law
becomes

�n�1� �n� Vbus dn� vtrans (in)� vdiode (in)� in rw

vEMF

For simplicity, the drops across the power transistor, diode, and winding resistor are combined
into a single term, called the loss voltage, permitting Equation (4) to be written as

�n�1� �n� Vbus dn� vloss (in) , where vloss (in)� vtrans (in)� vdiode (in)� inrw

vEMF

(2)

(3)

(4)

(5)
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With the “loss” voltage tabulated as a function of current, the update is performed in the software
with two additions, a scalar multiplication, and a single look-up operation. (For more information
on how to construct the voltage loss table, please refer to Section 3.)

Phase
Winding

Vbus

Figure 5. SRM Power Driver Topology

2.2.2 Flux Estimator Implementation

The subroutine update_flux_estimate()  updates the flux estimate based on the duty cycle
applied to the PWM generator and the current measured in the active phase winding. As shown
in Figure 6, the code implements Equation (5) in a straightforward manner, with the exception of
the look-up operation. To perform the look-up operation, an index into the 256-point table is
generated by shifting in , a 10-bit unsigned integer, two places to the right. The address of the
desired table element is formed by adding this index to the table’s base address, and the table is
accessed by invoking the assembly language subroutine long_table_read() . This subroutine
reads the desired table element from FLASH program memory using a table-read operation
(TLBR) and returns the value in a desired data memory address. After completing the table read,
both terms in Equation (5) are added to the previous flux estimate to form the new one, and the
update is stored in the SRM data structure. This update is a scaled version of actual flux linkage
in the winding. To convert it to physical units of V-sec, multiply by the following scale factor:

�
^
�

1000� 15000

anSRM –> fluxEstimate

In Equation (6), the factor of 1000 reflects the fact that the actual volts have been scaled by the
maximum duty cycle count of 1000, and the factor of 15,000 reflects the fact that the time-step of
66.7 µsec has been omitted from the integration.

(6)
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void update_flux_estimate(anSRM_struct *anSRM)
{

int phase;
   long temp1, temp2;
   long dflux;

phase = anSRM–>Active;

/*––––––––––––––––––––––––––––––––––––––––––––––*/
/* update flux linkage estimate */
/*––––––––––––––––––––––––––––––––––––––––––––––*/

  temp1 = (VBUS * anSRM–>dutyRatio[phase]);
long_table_read(VoltTable+(anSRM–>iFB[phase]>>2),&temp2);
dflux = (temp1–temp2);

anSRM–>fluxEstimate[phase] = anSRM–>fluxEstimate[phase] + dflux;

if (anSRM–>fluxEstimate[phase] < 0 ) {
anSRM–>fluxEstimate[phase] = 0;

}
}

Figure 6. Flux Estimator Code

2.2.3 Flux Reference Generator

To check the commutation condition, the decision logic must compare the flux estimate against a
reference flux �� , which is the product of a conduction angle �c and the flux at the aligned rotor
position ��. The conduction angle �c is established by the ramp controller, which varies �c as a
function of operating speed to maximize the motor’s efficiency. The quantity ��, is returned by
the subroutine get_alignedFlux () . This routine looks up what the flux would be at the aligned
rotor position, given the current in  and the active phase winding. As in Section 2.2.2, the
long_table_read()  subroutine must be invoked to retrieve the desired table element from
FLASH memory.

2.2.4 Lockout Window

The decision logic which has been described to this point will time the commutations properly if
the motor has been well characterized and if a low-noise current measurement is available.
However, under certain operating conditions, noise levels in the current signal will rise, and this
may trip the decision logic at the wrong moment. While the integral action of the flux estimator
naturally filters out noise, the flux threshold is more sensitive, since it depends only on the
instantaneous current. At low current levels, present at the beginning of the commutation cycle,
the noise may be sufficient to suddenly drop the switching threshold, and accidentally trip the
commutation logic. This problem is particularly apparent at high load torques and manifests itself
in the form of motor speed oscillations, which are shown in Figure 7.
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Figure 7. Flux Estimate and Threshold at 2500 RPM Under Full Load. The flux threshold comes
perilously close to tripping the commutation logic at the beginning of the commutation cycle.

By enforcing a lockout window, depicted in Figure 8, which prohibits commutation for three
sample periods (200 µsec at 15.0 kHz) at the beginning of the commutation cycle, current noise
is unable to prematurely trip the commutation logic. While improving the noise rejection of the
commutation algorithm, this lockout interval does impose an upper limit on the motor’s
commutation rate, which in turn, limits the motor’s maximum speed to 12,500 RPM.
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Figure 8. Illustration of Sensorless Commutation Algorithm With Lockout Window

2.2.5 Velocity Estimator

To estimate shaft velocity, a software timer counts the number of sample periods between
successive commutations. When a commutation occurs, the instantaneous velocity is evaluated
in RPM using the formula

�^ INST � Kconv ����t
� � Kconv fs ���N � �

37, 500
N

where N is the sample count, Kconv converts rads/sec to RPM, and fs  is the sampling frequency
of 15.0 kHz. Since Equation (7) involves a reciprocal calculation, this formula is implemented as
an assembly language function. This function performs the reciprocal operation using
16 back-to-back conditional subtract instructions (SUBC). As a result, the entire operation only
requires 2.0 µsec.

After the instantaneous velocity is calculated, the estimate is processed by a first-order infinite
impulse response (IIR) filter of the form

�^ FILTn�1
� ��^ FILTn

� (1� �) �^ INST

where � is a number close to 1.0 before it is passed on the velocity loop. This additional filtering
deliberately reduces the velocity loop bandwidth to prevent the velocity loop from acting on noisy
estimates. This filter block also improves operation at high speeds where the instantaneous
velocity can vary significantly from estimate to estimate due to the small number of samples in a
commutation period. By providing the velocity loop with a velocity measurement “averaged” over
many commutation periods, speed oscillations are avoided.

(7)

(8)
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2.2.6 Stall Detector

If the instantaneous shaft velocity drops below 60 RPM after the motor startup has completed, a
stall detector in the decision logic will engage. After the logic detects a stalled condition, it calls a
subroutine which immediately cuts off the motor. This routine sets all PWM generator duty
cycles to zero, switches off the lowside power transistors, zeroes out all of the desired currents,
illuminates all LEDs on the EVM board, and goes into an infinite loop. A processor reset is
required to restart the system. This safety feature prevents the motor from overheating if the
shaft suddenly becomes locked in place.

2.2.7 Low-Speed Operating Mode (<400 RPM)

As the shaft speed is lowered, velocity updates arrive with decreasing frequency, and the
bandwidth of the velocity loop suffers. If the motor is suddenly loaded at a low operating speed
(<400 RPM), the integrator in the velocity loop may not respond before the shaft velocity dips
low enough to trigger the stall detector. To help improve loop bandwidth under these conditions,
at speeds below 400 RPM, the commutation algorithm enters a special low-speed operating
mode. In this mode, the velocity-update rate is doubled, by estimating the velocity twice every
commutation cycle. As shown in Figure 9, this is done by adding a second flux threshold, which
triggers only a velocity update.

�

�tm

t

�c �a

�tc

�c �a

�m �a�m �a

�
�

�
�

Figure 9. Low-Speed Operating Mode With a Second Flux Threshold
for an Additional Velocity Update

As before, this threshold is a scaled version of the aligned rotor flux. Due to the sawtooth shape
of the flux waveform, by setting �m � �c �2, the new velocity update will occur approximately
midway through the commutation. To implement the midway velocity update, a second counter
is used to keep track of the number of samples between successive crossings. These
overlapping measurement intervals permit the update rate to be doubled, and using this
approach, it has been possible to extend the lower speed range from 300 RPM to 150 RPM. As
in the commutation, a lockout interval is enforced to prevent current noise from accidentally
triggering a velocity update at an unintended moment.
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2.2.8 Commutation and Velocity-Update Algorithm Summary

The flowchart in Figure 10 summarizes the entire commutation and velocity-update algorithm.
After the algorithm commutates the motor, it resets the flux estimator, the lockout sample
counter, and the second velocity counter. Every sample period, the ISR calls the sensorless
commutation routine, which increments both velocity counters. If the lockout counter is non-zero,
it is decremented just before exiting the subroutine. However, if the lockout counter has expired,
a commutation can occur, and further tests are performed. If low-speed mode is enabled
(<400 RPM) and the first velocity update has not occurred, the flux estimate is compared
against the first threshold. If the estimate has crossed the threshold, a new instantaneous
velocity is calculated using the value in the first update counter, and a flag is set to indicate that
the first update has occurred. This flag is important, because if it is not used, then the velocity
update will occur every time the ISR is invoked until the commutation cycle ends, each time with
a velocity estimate of 12,500 RPM! Following the first threshold crossing, the algorithm will
check the flux estimate against the second flux threshold. When the second threshold is
crossed, the velocity is updated using the second counter, and the motor is commutated.

When the motor is commutated, the current request for the active winding is zeroed, and the
software advances to the next active phase, based on the direction of rotation. Next, the velocity
loop’s output is assigned to the current request for the next active winding. While this
assignment will be made the next time the velocity loop is executed, it may take up to six sample
periods for this to happen. While a variable delay of one to six sample periods is acceptable at
low operating speeds, this causes problems at high speeds where there is a much smaller
number of samples in a commutation cycle. Finally, the A/D MUX is switched to the next
channel, and the lowside insulated gate bipolar transistor (IGBT) is turned on for the next phase
winding and the lowside IGBT in the previous phase is turned off.
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Figure 10. Commutation and Velocity-Update Flow Diagram
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2.3 Velocity Loop

The velocity loop, which executes at a frequency of 2.50 kHz, employs a discretized
proportional-integral (PI) control law to control motor shaft speed. The proportional term in the
control law damps out speed oscillations and the integral term drives the DC speed errors to
zero. As shown in the block diagram of Figure 11, for safety reasons, a windup limit of 6.25 A in
the positive direction and the same in the negative direction is imposed on the integrator. In
addition, an upper and a lower current command limit are placed on the output of the velocity
loop. The upper limit is imposed for safety reasons and varies with operating speed; the lower
positive limit ensures that there is sufficient amount of current to make commutation decisions.

�cmd

�
^

n

z�1

Ki

Kp

icmdn

Figure 11. Block Diagram of the Velocity Control Loop

2.3.1 Motor Start-up Under Load

When the motor is started under load, the software counters that gauge the time between
commutations can roll over, corrupting the speed estimates, and causing the velocity loop to
command an improper amount of current. When this happens, the motor may experience
start-up hesitation, may start up in the wrong direction, or may even stall altogether. To solve this
problem, the integrator in the velocity loop is given a large initial value, which exceeds the
current command limit. This causes the initial velocity estimates to be neglected and a large
amount of torque to be applied to the motor. In effect, the velocity controller runs open-loop.
When the velocity estimates start to exceed the initial target velocity of 1000 RPM, the integrator
begins “unwinding” at a rate that depends on the difference between the estimated and desired
velocity. As the integrator output decreases, eventually the velocity loop output falls below the
current command limit, and the velocity controller resumes closed-loop operation and regulates
the speed to 1000 RPM.

This initial integrator value should be sufficient to start the motor up reliably under full load, but
should be no larger than necessary. A oversized value will cause too much velocity overshoot,
perhaps more than the application can tolerate, whereas an undersized value may not start the
motor up reliably. In the code, an initial integrator value has been chosen which is sufficient to
start the motor up reliably under a load of 48.0 oz-in. The start-up procedure which has been
described is shown in Figure 12, which graphs the estimated velocity and the command current
versus time for a no-load condition.
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Figure 12. Instantaneous Velocity Estimate and Velocity Loop Output During Start-up

In Figure 12, it is evident that the velocity is overestimated immediately following start-up. This
causes a momentary drop in the integrator output from saturation, but the integrator winds up
again, the velocity controller saturates for approximately the first 0.50 seconds. Shortly after
reaching the initial target velocity, the integrator unwinds enough to bring the velocity controller
out of saturation, and the system resumes closed-loop operation. The velocity loop overshoots
about 30% under no-load conditions, but under the design load of 48.0 oz-in, the overshoot is
less than 10%.

2.4 Current Control Loop

The current control loop, illustrated in Figure 13, which executes at the sampling frequency of
15.0 kHz, employs a proportional control law to realize the current requests which arrive from
the velocity loop.

icmdn

i n

K

i n

d n

Figure 13. Block Diagram of the Current Control Loop
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Every sample period, the current controller reads the latest current sample and calculates the
current error, which is the difference between the measured and requested current. For positive
errors, the controller calculates a duty cycle to the active PWM channel in proportion to the error.
This calculated duty cycle becomes the applied one, provided that the calculated value is below
the current command limit. Otherwise, the assigned duty cycle is the saturation limit. This
saturation limit is set to 50% for start-up, but is relaxed to 90% after the motor reaches its
steady-state operating speed. A 100% duty cycle is never permitted, because the drivers need
time to refresh. For negative errors, the duty cycle is set to zero; this soft-chops the channel, and
the current decays until the error once again becomes positive.

2.5 Ramp Controller

The ramp controller receives speed and direction commands from the serial comms module and
applies the necessary sequence of commands to the commutation controller, velocity loop, and
current loop to achieve the new target speed and direction. It runs in the background as a
software-state machine. After the motor has settled to a new target speed and direction, the
ramp controller enters its wait state. In this state, it continually checks with the serial command
processor to see if a new command has arrived across the RS-232 link.

If a new target speed arrives, the ramp controller shifts into its ramp state, as shown in the state
transition diagram of Figure 14. Depending upon whether the new target speed is above or
below the current operating speed, the ramp controller will either increment or decrement the
current command speed by 1 RPM. As the command speed is increased or decreased, the
conduction angle is adjusted for efficient torque production and the current command limit is also
adjusted. If the command speed falls below 400 RPM, the low-speed operating mode is
activated, which doubles the velocity-update rate. A real-time delay is also inserted, to ensure
specific ramp-up and ramp-down rates of 100 RPM/sec or 50 RPM/sec, respectively. The ramp
controller remains in this state until the command speed has reached the target speed. When
this happens, the controller resets the settle counter and transitions into the settle state. The
purpose of this state is to allow any speed transients to die down before accepting any new
target speeds from the serial command processor. The controller remains in the settle state until
the counter expires, which happens after approximately two seconds. When the counter expires,
the controller returns to the wait state, and awaits a new target speed.
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Figure 14. State Transition Diagram for the Ramp Controller

If the controller receives an agitation command, it resets its agitation counter before moving into
the agitation brake state. Once there, a braking routine is called, disables the velocity loop and
commutation controller. To passively brake the motor, phase 2 of 2 is energized with a constant
current command of 3.0 A. The software delays four seconds while the motor brakes and the
shaft aligns. Next, the phase is de-energized, the motor data structure, various counters and
flags are re-initialized, and a new target speed of 1000 RPM is established and the commutation
direction is reversed. To restart the motor, phase 0 or 1 is energized, depending on the direction
of rotation, the A/D MUX is switched to the appropriate channel, and the commutation and
velocity loops are re-enabled. Once the motor has started in the opposite direction, the agitation
counter is decremented, the settle counter is reset, and the ramp controller enters the agitation
settle state. It remains in this state for about 20 seconds, which allows the motor to settle to its
1000-RPM target speed. After the settle counter expires, the processor repeats until the
agitation counter reaches zero, at which point, the controller transitions to the settle state, and
eventually to the wait state, ready to accept a new serial command.
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2.6 Serial Comms

The serial communications module receives and processes character command strings which
are sent by users across the RS-232 link from the host computer. The serial communications
interface (SCI) on the ’F24X is configured to run at 19,200 baud with 7 data bits, 1 stop bit, and
odd parity. The communications module has five commands in its command set, which are
summarized in Table 6.

Table 6. Serial Communications Module Commands

Command † Description

>t Turn on drive system

>sxxxx Set new target speed (in RPM)
(0150 ≤ xxxx ≤ 4500)

>b Brake motor and reverse direction

>a Agitate the motor

>c Cut off the drive system
† Each command must be followed by a carriage return.

These commands are used to turn on the drive system, set a new target speed, reverse motor
direction, agitate the motor, and cut off the drive. Note that all commands start with a ‘>’ lead-in
character, followed by a command character, and must end with a carriage return, which is not
shown in the command column. The speed command ‘s’ character is followed by four digits and
a carriage return to indicate a new target speed.

The command processor is implemented as a software-state machine, and is invoked only when
the ramp controller is in the wait state. (The exception to this is the ‘turn on’ command, which
must be issued to initiate the motor start-up sequence.) Commands which are issued at other
times, such as when the ramp controller is ramping the motor to a new target speed, are
ignored. When the command processor is called, it checks to see if a character is waiting in the
SCI receive buffer. If a character has arrived, that character is processed; otherwise, the routine
promptly exits and returns control to the ramp controller. The action which is taken depends on
the newly received character and the current state of the command processor.

In its default lead-in state, the command processor waits for a lead-in character. Once a lead-in
character is received, the processor transitions to the command state. In this state, it waits for a
valid command character. If the ‘turn on’ command ‘t’ is received, the command processor waits
for a carriage return, and then sets the ‘turn on’ flag. This begins the motor startup sequence. If
the speed command character ‘s’ is received, the processor waits for four digits, converts these
four characters to a number, and then waits for a carriage return. At this point, the processor
checks to see if the target speed is within bounds. If not, the processor limits the upper speed to
4500 RPM and the lower speed to 150 RPM. Next, the processor notifies the ramp controller
that a new target speed has arrived by setting a flag and then returns to the lead-in state. If the
agitation command ‘a’ is received, the agitation counter is reset, the ramp controller is placed in
the agitation brake state (starting the agitation motion sequence), and the processor returns to
the lead-in state. If the reverse command ‘b’ is received, the processor goes through passive
breaking and alignment, starts the motor in the opposite direction, places the ramp controller in
the ramp state to bring the motor up to its previous speed. This is the same sequence as a
single agitation. If the ‘cut off’ command ‘c’ is received, the processor disables all interrupts, cuts
off the motor in the same manner as the stall detector, and returns to the lead-in state.
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3 Calibration for a Sensorless SRM Drive System

The sensorless algorithm presented in Section 2 depends on an accurate estimation of flux in
the active phase winding. To enhance estimation accuracy, this algorithm includes the voltage
drops across the power devices, which must be obtained as a function of current. The first part
of Section 3 describes a technique for measuring the combined voltage drop across the power
devices and the winding resistance as a function of current using the existing demonstration
hardware. Besides an accurate flux estimate, the algorithm requires a knowledge of the
magnetization curve at the aligned rotor position. The second part of Section 3 documents an
analog flux-measuring circuit used to obtain the aligned magnetization curve to a high degree of
accuracy. With this procedure, users can adapt the sensorless algorithm for SRMs with different
electrical properties.

3.1 Stator Flux Estimation

Besides a knowledge of the magnetization curves at the aligned rotor position, an accurate flux
estimate must be developed by the motor-control software to successfully commutate the motor.
To estimate the flux linkage, the back EMF of the active phase winding is integrated, using the
update law:

�n�1� �n� vn� in rw

vEMF

In Equation (9), vn is the motor terminal voltage, in  is the coil current, and rw is winding
resistance. To reduce the cost of the motor drive system, the terminal voltage is not measured
explicitly. Instead, it is approximated, using the formula

vn� Vbus dn� vtrans (in)� vdiode (in)

where Vbus is the bus voltage; dn , the duty cycle; vtrans, the voltage drop across the power
transistor; and vdiode, the diode voltage drop. Notice that Equation (10) assumes that the bus
voltage is a stiff source, and that the v – i curves of the power devices are known. Substituting
Equation (10) into the original formula, the new update law becomes

�n�1� �n� Vbus dn� vtrans (in)� vdiode (in)� in rw

vEMF

For simplicity, the drops across the power transistor, diode, and winding resistor are combined
into a single term, called the loss voltage, permitting Equation (11) to be written as

�n�1� �n� Vbus dn� vloss (in) , where vloss (in)� vtrans (in)� vdiode (in)� inrw

vEMF

In Equation (12), the update is performed in the software with two additions, a scalar
multiplication, and a single look-up operation.

(9)

(10)

(11)

(12)
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3.2 Measuring the Voltage “Loss” Function

To implement Equation (12), the “loss” voltage is measured as a function of current and a
look-up table is constructed. This is accomplished by applying a fixed duty cycle PWM waveform
to the motor winding. After the transients die down, the flux on the left- and right-hand side of
Equation (12) will be equal, and can be cancelled out, leaving the steady-state equation:

vloss (in) � Vbus dn

A simple program, whose flow diagram is shown in Figure 15, can be written on the ’F243
automate data collection for the look-up table construction. The program begins by setting up
the PWM generator and clearing the index counter. At the start of the program loop, the
compare register is assigned the index value, which generates a fixed PWM duty cycle
corresponding to dn � n�nmax , where nmax is the counter value that corresponds to a 100% duty
cycle. For a ’F243 running at 20.0 MHz with a carrier frequency of 20.0 kHz, nmax = 1000. After
applying the fixed duty cycle, the program waits for several seconds until the current reaches a
steady-state value. When this happens, the current-voltage pair is recorded in an array. Next,
the index is advanced, and if the new index value is less than nfinal, the process is repeated.

Setup PWM Gen.

5s Time Delay

Record (vn,in)

Yes

No

Done

*CMPRx=n

n=0

n++

n=n_final

Figure 15. Flow Chart for Voltage “Loss” Measurement Program

(13)
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To avoid blowing fuses that are located on the digital motor controller board or damaging
components, nfinal must be carefully chosen. To calculate an approximate value for nfinal ,
calculate the “loss” voltage at the maximum current, using the formula:

vloss (imax) � vdiode (imax) � vtrans (imax) � imax rw

From this, calculate the duty cycle needed to generate this “loss” voltage:

nfinal � �vloss(imax)
Vbus

� n max

Using an imax = 4.0 A, a diode drop of 0.70 V, and a voltage drop of 1.1 V across the IGBT, a
winding resistance of 2.5 ohms, a typical bus voltage of 170.0 V, and an nmax = 1000, nfinal ≈ 70.

3.3 Generating a Voltage “Loss” Look-up Table

After the voltage-current data is recorded in the array, it is exported via the XDS510  to the PC,
the data is fitted with a polynomial curve, with voltage as a function of current. To simplify
calculation of the table index, the function is evaluated at the current points

in � imax � n
256
� � n � 0��� 255

Using these points, an index into the 256-point look-up table can be rapidly calculated by
right-shifting the 10-bit current measurement over two places.

3.4 Measuring the Voltage “Loss” Data

Figure 16 shows a loss table constructed exactly in the manner described in the preceding
section. This figure contains two curves, which compare the total v loss against purely ohmic
losses. At low currents, the voltage drops across the diode and the transistor dominate;
whereas, at higher currents, this drop becomes almost a constant 1.8 volts, and the ohmic
losses dominate. As the figure shows, accounting for the active components significantly
improves the accuracy of the flux estimator, particularly at low currents, where the voltage losses
are due primarily to the high dynamic impedance of the diode and the transistor. By including the
power devices, motor commutation is improved considerably under no-load and light-loading
conditions, resulting in more accurate speed regulation.

XDS510 is a trademark of Texas Instruments Incorporated.

(14)

(15)

(16)
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Figure 16. Voltage “Loss” vs. Current for the Emerson Electric SRM and the Spectrum Digital
Motor Control Board

3.5 Flux Measurement Method

In most sensorless commutation methods, it is very desirable to have a full set of SRM
magnetization curves (as in Figure 17) showing typical flux linkage (V-sec) versus phase current
(amps) over the full angular range from unaligned to fully aligned rotor position. These flux
linkage measurements require a precision angle indexer to hold the SRM shaft while making the
measurement of flux linkage versus current flowing through the motor phase winding. This SRM
magnetic model is then used along with an estimate of the flux linked by a phase to determine
rotor position. The commutation algorithm used in the SRM demonstration platform only requires
the flux linkage characteristic at the aligned rotor angle. Since injecting a DC current into the
phase winding causes the rotor poles to align with the stator, no special alignment hardware is
required. After the rotor shaft settles into alignment with the stator, flux data is then taken at this
aligned rotor position using the flux measurement hardware as described in Section 3.5.1.
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Figure 17. SRM Magnetization Curves

3.5.1 Flux Measurement Hardware

Figure 18 shows the schematic of the analog flux measurement hardware used to collect
magnetic data for the SRM used in the demonstration platform. In the SRM, flux linkage in each

phase of the motor can be calculated from the basic equation �
^
�� (V � iR) dt , relating flux

linkage ��^� to voltage across the phase winding and current flow through the winding. Referring

to the schematic, the semiconductor switch (Q1) controls the current through the SRM phase
winding and is driven by a pulse generator at the gate drive input with a pulse width that is
adjusted to allow the current to reach a steady-state level. For the SRM used in this
demonstration platform with an electrical time constant of 20 msec, the pulse width of the gate
drive should be set to approximately 100 msec.
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Figure 18. Analog Flux Measurement Circuit

The voltage level at +Vbus should be adjusted for the maximum current desired for the flux
measurement. Due to limitations in the measurement circuitry, the +Vbus should never be set
greater than about +40 volts dc. Differential instrumentation op amps (U1 and U2) measure the
voltage across the phase winding and the current flow through the winding with a current-
sensing resistor of 1 ohm. The summation amplifier (U3A) subtracts the irw drop from the
voltage across the winding to v – irw form  and the result is then integrated in the reset integrator

(U3B) to form the flux measurement ��^�. Gains shown in the schematic have been set to give

reasonable values within the dynamic range of the circuitry for the SRM used in this
demonstration platform. Other SRMs may require different scaling to give correct results of flux
measurement.

3.5.2 Demo SRM Flux Measurements

Magnetization flux data was collected on the SRM used in the demonstration platform from low
current levels to a maximum current of 4 amps. Figure 19 shows this flux linkage data over this
current range at the aligned rotor position. Note that the curve is very linear to the maximum
current level of 4 amps, indicating no magnetic saturation at these current levels. Also, the slope
of the curve as measured is the inductance of the SRM at the aligned position and indicates an
inductance of about 52 mH. Flux linkage data from measurements of all three phases of the
SRM are shown and indicate excellent balance between the phase windings for this particular
SRM.
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Figure 19. Flux Linkage Curves for Demo Platform SRM

3.5.3 Look-up Table Generation Method

To generate a look-up table from the raw magnetization data, a polynomial curve fit is performed
on the data. For the motor used in the demostration, the magnetization curve is very linear up to
the maximum operating current of 4.0 A, and a first-order curve accurately fits the data.
However, other motors may have magnetization curves which are nonlinear, and a higher-order
polynomial may be needed to capture the “knee” of the curve. After the fitting, the function is
evaluated at the currents

in � imax � n
256
� � n � 0��� 255

These points are chosen to allow an index into the 256-point look-up table to be calculated by
right-shifting the 10-bit current measurement over two places. After generating the look-up table,
it is multiplied by the scaling factor nmaxfs (maximum duty cycle count times the sampling
frequency) to make it compatible with the scaling of the flux estimator. The reasons for this
particular flux scaling are discussed in Section 2.

(17)
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