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ABSTRAKT

There  is  a  presentation  of  mathematical  forms (polar, algebraic  and  parametric)  of
the  curves of  constant  excitation  of  synchronous  generators  with  bulging  poles (hydroge-
nerators)  and  some  of  their  graphic  presentations. Their  characteristic  points  are  base  for
making  operating  maps  of  generators.

Key words :��excitation, curve  of constant  excitation, curve  of  state  stability, limits  of  opera-
tion, operating  diagram (map).
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H��]HPHQR��YR�SUHGYLG��]DVLWXYDZHWR��QD��PDJQHWQRWR��NROR�NRH�^WR��RVREHQR��GRD_D

�GR� � L]UD]� � ]D� QDSRQL� SRJROHPL� � RG
QRPLQDOQLRW�
$SVROXWQLWH��YUHGQRVWL��QD�YHNWRUL�
WH��VH��]DGDGHQL��VR��VOHGQLYH��L]UD]L�
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UHDNWDQVD��QD��JHQHUDWRURW��D��9  H  ID]QLRW���QDSRQ��=DHGQR��VR��4� �]D��UD]JOHGXYD�
QLRW� �JHQHUDWRU� �WLH� � VH� �NRQVWDQWQL��(OHNWURPRWRUQDWD� � VLOD�( ^WR� � MD�LQGXFLUD
YR]EXGQLRW�IOXNV� �]DUDGL��SURWHNXYDZHWR��QD� �YR]EXGQDWD� �VWUXMD� �QL]� �URWRUVNDWD
QDPRWND��H��QDSRQRW��^WR��VH�GRELYD�QD��L]OH]RW��RG��JHQHUDWRURW��NRJD��WRM��UDERWL
YR�SUD]HQ��óG��%LGHM`L��(��H�SUDYRSURSRUFLRQDOQD��VR���YR]EXGQDWD��VWUXMD���YR��SRQD�
WDPR^QLRW��WHNVW��`H�MD�YLNDPH��YR]EXGD�

�� 0$7(0$7,A., 2%/,&, 1$ .5,9,7( 1$ .2167$171$ 92=%8'$ ,

1,91, .216758.&,,

2G��VOLND��� �PRCHPH� �GD� � ]DEHOHCLPH� �GHND� � VR� �SURPHQD� �QD� �DJRORW� �θ �SUL
NRQVWDQWQD��YUHGQRVW�QD� �N��KRGRJUDPRW��QD� �YHNWRURW� CT =

&

ρ �VH� �GYLCL��SR� �LVWDWD
NULYD��SR�NRMD��VH�GYLCH^H��WRaNDWD��7 �QD��VOLND���1R��RG�������VH��JOHGD��GHND��N� �H
SUDYRSURSRUFLRQDOQR��VR��YR]EXGDWD�( �SD��NULYLWH��SUL��UD]OLaQD��QR��NRQVWDQWQD
YR]EXGD���QD��JHQHUDWRULWH��VR��LVSDNQDWL��SRORYL��SUHWVWDYXYDDW��3DVNDORY�SROCDY�
6R� � ]DPHQD� �QD� � ���� � YR� � ���� � `H� � JR� GRELHPH� � NRQHaQLRW� � DOJHEDUVNL� �L]UD]� � QD� � ]D�
YLVQRVWD� �SRPH_X� �DNWLYQDWD� �L� �UHDNWLYQDWD� �PR`QRVW� �QD� �JHQHUDWRURW��SUL� �NRQV�
WDQWHQ��YR]EXGHQ��QDSRQ�
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*RUQLRW��L]UD]��SUHWVWDYXYD��DOJHEDUVND�UDYHQND��RG��aHWYUW��UHG��L��RaLJOHGQR��H��GH�
ND�QHM]LQLWH�NULYL��VH��VLPHWULaQL��YR��RGQRV��QD��4��RVNDWD��=D��JHQHUDWRUVNL�UHCLP
RG��LQWHUHV��H��VDPR��RQRM��GHO��RG��NULYLWH��]D��NRM��^WR��DNWLYQDWD��PR`QRVW��LPD��SR�
]LWLYQL��YUHGQRVWL�

.RULVWHM`L��MD��VOLND�����L��SUHWKRGQR��XVYRHQLWH��R]QDNL���`H��MD��GRELHPH��DJROQD�
WD��NDUDNWHULVWLND�� )(θPP = ��]D��DNWLYQRWR

��������������������������������������������������������� )2sin(sin θθ ⋅+⋅= akP ����������������������������������������������������

RGQRVQR��]D��UHDNWLYQRWR��RSWRYDUXYDZH� )(θQQ =

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

�SUL��9 FRQVW. �L��( FRQVW. 1D��RYRM��QDaLQ���SRNDCDYPH��GHND��������L��������VH��SDUDPH�
WDUVNL��UDYHQNL��QD��NULYDWD��������NDGH�^WR��θ���VH�MDYXYD��NDNR��SDUDPHWDU�

(GQD��JUDILaND��NRQVWUXNFLMD��QD��NULYDWD��QD��NRQVWDQWQD��YR]EXGD��SURL]OH�
JXYD��RG��VDPDWD��GHILQLFLMD�QD�3DVNDORYLRW��SROCDY��L��H��RaLJOHGQD��RG���VOLND���
=D��HGHQ���JHQHUDWRU��VR��NRQNUHWQL��YUHGQRVWL��]D��D��4� ��L��N���VH��FUWD��NUXCQLFD��VR
UDGLXV��D��L��RG��SRODUQLRW��SRaHWRN�2� �VH��LVFUWXYD��SROXSUDYD��SRG��DJRO��θ �YR�RGQRV
QD��SRODUQDWD��RVND��2G��SUHVHaQDWD��WRaND��QD��NUXCQLFDWD��VR��SROXSUDYDWD��VH��QD�
QHVXYD��RWVHaND��VR��GROCLQD��N��YU]��SROXSUDYDWD��SUL��^WR��N��VRRGYHWVWYXYD��QD��QR�
PLQDOQDWD��YR]EXGD��(��1D��WRM��QDaLQ��VPH��RSUHGHOLOH��HGQD��WRaND��RG��NULYDWD�2YDD
SRVWDSND��VH��SRYWRUXYD��]D��SRJROHP��EURM��QD��SROXSUDYL��]D��UD]OLaQL��YUHGQRVWL��QD
DJRORW�θ�����θ<1800).

0
2coscos QdkQ +⋅+⋅= θθ



6O��� .RQVWUXNFLMD QD NULYDWD VR SRPR^ 6O���.RQVWUXNFLMD QD NULYDWD VR SRPR^

SRPR^ QD SRODUHQ GLMDJUDP ρ=ρ(θ) DJROQLWH NDUDNWHULVWLNL 3�θ� L 4�θ)

6R��SRYU]XYDZH��QD��WRaNLWH�7��VH��GRELYD��NULYDWD��]D�NRQVWDQWQD���QRPLQDOQD���YR]�
EXGD��=D��GUXJL��YUHGQRVWL��QD��N, RGQRVQR��]D��GUXJL��YUHGQRVWL��QD�(, �SRVWDSNDWD��VH
SRYWRUXYD��SD��`H��VH��GRELMDW�GUXJL��NULYL���^WR��RGJRYDUDDW��QD��GUXJL��YR]EXGQL��QD�
SRQL�9RRELaDHQR��H��GUXJLWH��YUHGQRVWL��QD�(��GD��VH��GRELYDDW��VR�PQRCHZH��QD��QR�
PLQDOQDWD��YR]EXGD�VR��QHNRM��SRJRGHQ��IDNWRU��QD�SURSRUFLRQDOQRVW��QD��SU����������
L��W�Q��3RWRD��QD��UDVWRMDQLH��4�  RG��SRODUQLRW��SRaHWRN��VH��QDQHVXYD��SUDYRDJROHQ
NRRUGLQDWHQ��VLVWHP��234��VR��^WR�H��RYR]PRCHQR�GD��VH��VOHGL��YLVWLQVNDWD��]DYLV�
QRVW��SRPH_X��DNWLYQDWD��L��UHDNWLYQDWD�PR`QRVW�

'UXJD��JUDILaND��NRQVWUXNFLMD��H��PRCQD��DNR��VH��LVNRULVWL��SDUDPHWDUVNLRW
REOLN��QD��NULYDWD��NRM��^WR��EH^H��]DGDGHQ��VR�������L��������6H��LVFUWXYDDW���DJROQLWH
NDUDNWHULVWLNL�� )(θPP = �L�� )(θQQ = �]D��RGUHGHQD�YUHGQRVW��QD��N��L��VH��QDR_D��SUHVHaQD�
WD��WRaND��7���]D��QHNRM��DJRO��θ���NDNR��^WR��H��SULNDCDQR��QD��VOLND���
6R��L]ERU��QD��SRYH`H��YUHGQRVWL��]D��DJRORW��θ��`H��VH��GRELMDW��WRaNLWH��^WR��MD��GHIL�
QLUDDW��NULYDWD��QD��NRQVWDQWQD��YR]EXGD��^WR��MD��EDUDYPH�=D��GUXJD��YUHGQRVW��QD��N
SRVWDSNDWD��VH��SRYWRUXYD�QD��VOLaHQ��QDaLQ�

�� .$5$.7(5,67,A1, 72A., 1$ .5,9,7( , 32*216.,

2*5$1,A89$:$

9R��RGQRV��QD�SUDYRDJROQLRW��NRRUGLQDWHQ��VLVWHP��234��PRCH��GD��VH��YRRaDW
QHNRONX�NDUDNWHULVWLaQL��WRaNL��QD�NULYDWD�QD�NRQVWDQWQD�YR]EXGD�

7RaNDWD� � QD� � PDNVLPDOQR� � LQGXNWLYQR� � UHDNWLYQR� � RSWHUHWXYDZH� �4PD[� � NRH
^WR��PRCH��JHQHUDWRURW��GD��JR��SURL]YHGH��H��HGQD��RG��NDUDNWHULVWLaQLWH��WRaNL��QD
NULYLWH��QD��NRQVWDQWQD��YR]EXGD��7DD��VH��GRELYD��NRJD��DNWLYQDWD��PR`QRVW��H��UDYQD
QD��QXOD��W�H���WDD��H��HGQD��RG��QXOLWH��QD��IXQNFLMDWD��������L��L]QHVXYD

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

'UXJLWH� �QXOL� �QHPDDW� �IL]LaNR�]QDaHZH��.RJD� � YR]EXGDWD� �LPD� �QRPLQDOQD� � YUHG�
QRVW��WRJD^��������SRSULPD��PDNVLPDOQD��PRCQD��YUHGQRVW�
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'UXJD��NDUDNWHULVWLaQD��WRaND��QD��NULYDWD� ������H� �QHM]LQLRW��PDNVLPXP��6R
L]QDR_DZH��QD��SUYLRW��L]YRG��QD��������L��QHJRYR��L]HGQDaXYDZH��VR��QXOD���PRCH�GD��VH
SRNDCH��GHND��PDNVLPXPRW��QD��NULYDWD��VH��GRELYD�]D

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

NDGH��^WR��N��L��G��VH�L]UD]LWH��RG�������2YDD��H��NULWLaQD��YUHGQRVW��QD��DJRORW��θ����]D�
WRD� �^WR��VR� �QHJRYRWR��SRQDWDPR^QR��]JROHPXYDZH�� �RGQRVQR� �VR� �]JROHPXYDZH� �QD
GRYHGHQDWD��PHKDQLaND��PR`QRVW��QD��RVRYLQDWD��QD��JHQHUDWRURW��YRGD�SDUD�JRULYR�L
VO����HOHNWULaQLRW��SURWLYPRPHQW��QH��H��YR��VRVWRMED��GD��GUCL��UDPQRWHCD��QD��SR�
JRQVNLRW��REUWHQ��PRPHQW��L��JHQHUDWRURW��LVSD_D��RG��VLQKURQL]DP��6R��]DPHQD��QD
������YR��������L��������`H��MD�GRELHPH��WRaNDWD���QD��VWDWLaNDWD��VWDELOQRVW��QD�UDERWDWD
QD�JHQHUDWRURW��SUL��RSUHGHOHQD�YR]EXGD��W�H��N��]D��DNWLYQDWD��PR`QRVW

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

L��VRRGYHWQDWD��UHDNWLYQD

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

,]UD]LWH�������L�������VH��SDUDPHWDUVNL��UDYHQNL��QD�NULYDWD��^WR��MD��SUHWVWD�
YXYD��WHRUHWVNDWD��JUDQLFD��QD��VWDWLaND��VWDELOQRVW��QD�JHQHUDWRURW��NDGH��^WR��N��VH
MDYXYD� �NDNR� �SDUDPHWDU�� �9R� �EOL]LQDWD� �QD� �RYDD� JUDQLFD� � YVX^QRVW� � JHQHUDWRURW
SUDNWLaQR��QH��PRCH�GD�UDERWL��]DWRD��^WR��L��SUL��QDMPDOR��]JROHPXYDZH��QD��RSWRYD�
UXYDZHWR��QD��JHQHUDWRURW��WRM�`H��LVSDGQH��RG��VLQKURQL]DP���=DWRD��SRVWRL���L��SUDN�
WLaQD��JUDQLFD��QD��VWDELOQRVW���NRMD��VH��RSUHGHOXYD��QD��WRM��QDaLQ��^WR��YUHGQRVWLWH
RG��PDNVLPDOQDWD��DNWLYQD��PR`QRVW��VH��QDPDOXYDDW��]D�������RG��QRPLQDOQDWD��PR`�
QRVW�6Q� � �L� � ]D� �WLH� �YUHGQRVWL� � VH� �L]QDR_DDW� � VRRGYHWQLWH� �WRaNL� �YU]� �NULYLWH�QD
NRQVWDQWQD��YR]EXGD�1D��WRM��QDaLQ��VH��REH]EHGXYD��SRGREUD��VLJXUQRVW��YR��UDERWDWD
QD�JHQHUDWRURW�

9R��WHNRW�QD��VWDFLRQDUQLRW��UHCLP��QD��UDERWD��QD��HGHQ��VLQKURQ��JHQHUDWRU
UHDOQR��SRVWRMDW��RGUHGHQL��RJUDQLaXYDZD��NRL��^WR��JR��GHILQLUDDW��QHJRYLRW��QRU�
PDOHQ��SRJRQ�

(GQR�RJUDQLaXYDZH� �YH`H� � VSRPQDYPH��D� �WRD� �EH^H� �JUDQLFDWD� �QD� � VWDWLaND
VWDELOQRVW��WHRUHWVND��RGQRVQR��SUDNWLaQD��RSUHGHOHQD��VR��NULYDWD����������2YD��RJ�
UDQLaXYDZH��GRD_D��GR��L]UD]��VDPR��]D��QHUHJXOLUDQ�RGQRVQR��UDaQR��UHJXOLUDQ��UH�
CLP��=D��UHJXOLUDQ��UHCLP��DYWRPDWVNLRW�UHJXODWRU�QD��QDSRQRW��YQHVXYD��GRSROQL�
WHOQR��RJUDQLaXYDZH���OLPLWHUL��]D^WLWD��RG��QHVWDQRN��QD��YR]EXGD��L���VO����VR��NRH
^WR��H��RQHYR]PRCHQR��GD��VH�L]YU^L��QHGR]YROHQR�SULEOLCXYDZH��NRQ��NULYDWD��QD
VWDWLaND��VWDELOQRVW�

'UXJR��RJUDQLaXYDZH��SURL]OHJXYD��RG�PDNVLPDOQDWD��YUHGQRVW��QD��YR]EXGQDWD
VWUXMD�]D��NRMD��^WR��H��GLPHQ]LRQLUDQD��URWRUVNDWD��QDPRWND�7DD�YUHGQRVW��JHQHUD�
WRURW��MD��SULPD��SUL��QRPLQDOQD��YR]EXGD��RGQRVQR��SUL��QRPLQDOQR��RSWRYDUXYDZH�
1R�SRNUDM��PDNVLPDOQDWD��QRPLQDOQD���YUHGQRVW�QD�YR]EXGDWD�SRVWRL��L��PLQLPDOQD
YUHGQRVW�QD��YR]EXGDWD��^WR��H��OLPLWLUDQD��RG��WHKQLaNLWH��PRCQRVWL��QD�UDaQLRW
UHJXODWRU��=D��LVWRVPHUQLWH��JHQHUDWRUL���VR��VDPRYR]EXGXYDZH���NRL��^WR��VOXCDW
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NDNR��L]YRUL���]D��YR]EXGQD��VWUXMD��WRD��H��PLQLPDOQLRW��QDSRQ��SUL��NRM�^WR��H��YR]�
PRCQR��GD��RWSRaQH��VDPRYR]EXGXYDZHWR�NRM^WR�RELaQR��L]QHVXYD��RNROX������GR����
RG��QRPLQDOQDWD��YR]EXGD�>WR��]QDaL��NULYLWH��QD� �NRQVWDQWQD��YR]EXGD� �]D�( (Q L
( ���(Q RJUDQLaXYDDW��GHO��RG��SRJRQVNLRW��UHCLP�

6WDWRUVNDWD��QDPRWND��L��VLVWHPRW��]D��ODGHZH��VH��GLPHQ]LRQLUDQL��]D��QRPL�
QDOQD�VWUXMD��QD�RSWHUHWXYDZH�=D��SRJROHPL��VWUXL��GRD_D��GR��QHGR]YROHQL��SUHJUH�
YDZD��QD��QDPRWNDWD��$NR��SUHWSRVWDYLPH��GHND��ID]QLRW��QDSRQ��QD��NOHPLWH��RG�JH�
QHUDWRURW��H��LVW��VR��QRPLQDOQLRW��ID]HQ��QDSRQ��WRJD^��JUDQLFDWD��QD��SUHJUHYDZH�
WR��QD�VWDWRUVNDWD��QDPRWND��H��RSUHGHOHQD��VR��NUXCQLFDWD

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

NDGH��^WR��6Q 9Q,Q  H��UDGLXVRW��QD��NUXCQLFDWD�
2JUDQLaXYDZH��SRVWRL��L��]DUDGL��RJUDQLaHQDWD��PHKDQLaND��PR`QRVW��^WR��MD

SUHGDYD��WXUELQDWD�YU]��JHQHUDWRURW��7DD��VH��L]ELUD��WDND��^WR��SUL��QHM]LQD��PDNVL�
PDOQD��PR`QRVW��DNWLYQDWD��PR`QRVW��QD��HGQD��ID]D��QD��JHQHUDWRURW��GD��ELGH��QRPL�
QDOQD��RGQRVQR

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

'RNRONX��H��SUHGYLGHQ��L��WHKQLaNL��PLQLPXP��QD��UDERWD��QD��JHQHUDWRURW��WRJD^��VR

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

H��]DGDGHQR��SRVOHGQRWR��RJUDQLaXYDZH��QD��UDERWQLRW��UHCLP��QD��JHQHUDWRURW�
$NR��JL��SUHWVWDYLPH��VLWH��RJUDQLaXYDZD��^WR��JL��VSRPQDYPH��VR��QLYQLWH�GL�

MDJUDPL��YR��]DHGQLaNL��3�4 NRRUGLQDWHQ��VLVWHP��WRJD^��`H��MD��GRELHPH�W�Q��SRJRQVND
NDUWD��QD��JHQHUDWRURW��NRMD��^WR��MD��GHILQLUD��REODVWD��QD��GYLCHZH��QD��YUYRW��QD
YHNWRURW�S

&

�YR��VWDFLRQDUHQ��UHCLP��QD��UDERWD��QD��JHQHUDWRURW��VOLND���

�� 35(0,1��92�5(/$7,91,��(',1,&,���35,0(5��1$��.5,9,��1$
.2167$171$��92=%8'$

AHVWR��SDWL��PQRJX��HOHNWULaQL��JROHPLQL���QDSRQ���VWUXMD���PR`QRVW��L��GU����YR
WHRULMDWD��L��YR�SUDNVDWD�VH��L]UD]XYDDW��SUHNX��QLYQLWH��UHODWLYQL���HGLQLFL��9VX^�
QRVW��UHODWLYQLWH�HGLQLFL��SUHWVWDYXYDDW��RGQRV��SRPH_X��VDPDWD��JROHPLQD�L��QHNRMD
ED]QD��JROHPLQD�9R��HOHNURHQHUJHWLNDWD��RELaQR��]D�ED]QD�JROHPLQD�VH�]HPD�QHM]LQD�
WD��QRPLQDOQD�YUHGQRVW��5HODWLYQLWH��HGLQLFL��VH�EH]GLPHQ]LRQDOQL��L��SR��YUHGQRVW
VH�EOLVNL��GR��HGLQLFD��2G��WDD��SULaLQD��VH�PQRJX��SRJRGQL��]D��NRPSMXWHUVND��REUD�
ERWND��L�SULND]���9R�QD^LRY�VOXaDM��`H��LPDPH�
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�9R��JRUQLWH��L]UD]L��,Q  H�QRPLQDOQDWD��VWUXMD�^WR��PLQXYD��QL]��ID]QDWD�QD�
PRWND��GRGHND��VR��9Q   H�]DGDGHQ��QRPLQDOQLRW��ID]HQ� QDSRQ��QD��PUHCDWD��%LGHM`L
L]UD]LWH��������L��������VH��RGQHVXYDDW��]D��HGQD��ID]D���SUL��SUHPLQ��YR�UHODWLYQL��HGL�

nnnnnn SIVP ϕϕ coscos ⋅=⋅=

minPP =

222
nSQP =+



QLFL��WLH�WUHED�GD��VH�SRGHODW�VR�6Q 9Q,Q��.RULVWHM`L��JL���������WRJD^�������L�������`H
SRVWDQDW�

������������������������������������������������� )2sin(sin θθ ⋅+⋅= ∗∗∗ akP ��������������������������������������������������������
RGQRVQR
���������������������������������������������� 0

2coscos QdkQ +⋅+⋅= ∗∗∗ θθ ��������������������������������������������������

NDGH��^WR��N��L��D��IRUPDOQR��JL��LPDDW��LVWLWH��REOLFL��NDNR��YR�������QR�JROHPLQLWH
JL��LPDDW��QLYQLWH��UHODWLYQL��YUHGQRVWL��2G��SRVOHGQLYH��GYD��L]UD]L��SURL]OHJXYD
GHND��L]UD]LWH�������������IRUPDOQR��YDCDW�L��]D��VOXaDM��NRJD��VH��UDERWL��VR�UHODWLY�
QL��HGLQLFL��2G��WLH��SULaLQL��YR��SRQDWDPR^QLRW��WHNVW��NRJD��`H�VH��SRYLNXYDPH��QD
3��RGQRVQR�4��VHNRJD^��`H��UDERWLPH�YR��UHODWLYQL��HGLQLFL��SD��R]QDNDWD����QHPD��GD
MD�SL^XYDPH�]DUDGL��XSURVWXYDZH��QD��VDPLRW��WHNVW�

9R��WDEHODWD����VH��GDGHQL��SRGDWRFL��YR��UHODWLYQL��HGLQLFL��]D��JHQHUDWRULWH
RG��QHNRL��KLGURHOHNWUDQL��RG��HOHNWURHQHUJHWVNLRW��VLVWHP��QD��0DNHGRQLMD�$NR��]D
ED]QL��JROHPLQL��JL��]HPHPH�QRPLQDOQLRW��QDSRQ��L��QRPLQDOQDWD��PR`QRVW��YU]��RV�
QRYD��QD�����`H�JL��GRELHPH�SRGDWRFLWH��YR��UHODWLYQL���HGLQLFL��^WR��VH��GDGHQL��YR
WDEHOD���

7DEHOD �� 2VQRYQL SRGDWRFL ]D NRQVWUXNFLMD QD NULYLWH QD NRQVWDQWQD YR]EXGD

+LGUR�
HOHNWUDQD *HQHUDWRU cosϕn Xd[r.e.] Xq[r.e.] a[r.e.] k[r.e.] Q0[r.e.]

*ORERaLFD A,B 0,8 1,22 0,66 0,348 1,611 -1,515
>SLOMH A,B,C 0,9 1,175 0,828 0,178 1,561 -1,208
9UXWRN A,B 0,9 1,39 0,95 0,167 1,454 -1,053
�����m C,D 0,9 1,30 0,72 0,31 1,479 -1,389
9UEHQ A,B 0,8 1,54 0,75 0,342 1,46 -1,333

6R��SRPR^��QD��SRGDWRFLWH��RG��WDEHODWD�����NRULVWHM`L��JL��PDWHPDWLaNLWH��L]UD]L
^WR� � JL� �L]QHVRYPH�� �PRCH� �QD� � JUDILaNL� �QDaLQ� � LOL� � VR� � SRPR^� �QD� �SHUVRQDOHQ
NRPSMXWHU��GD��VH��SULNDCDW��QH�VDPR��NULYLWH��QD��NRQVWDQWQD��YR]EXGD��WXNX��L��SR�
JRQVNLWH��NDUWL��QD��VLQKURQLWH��JHQHUDWRUL��VR��LVWDNQDWL��SRORYL�

1D��VOLND����VH��SULNDCDQL��NULYLWH��QD�NRQVWDQWQD��YR]EXGD��VR��RJUDQLaXYD�
ZDWD��YR��SRJRQRW��]D��JHQHUDWRULWH��YR��+(&�*ORERaLFD��2G��VOLNDWD��PRCH��GD��VH
]DEHOHCL��GHND��]D��RYLH��JHQHUDWRUL��WHRUHWVNDWD��NULYD��QD��VWDWLaND��VWDELOQRVW
YRRS^WR��QH��JR��VHaH��SURVWRURW��]DIDWHQ��VR��NUXJRW��VR��UDGLXV��6Q���QR��SUDNWLaQD�
WD��NULYD��JR��VHaH��YR��HGHQ��QHJRY��GHO��=D��QHNRL��JHQHUHWRUL��RYD��]DVHNXYDZH��PRCH
GD��ELGH��X^WH��SR]DQDaDMQR���]D��JROHPL��YUHGQRVWL��QD�;T���QR��L��VNRUR��EH]DQDaDMQR
LOL��GD��QH��JR��VHaH���]D��PQRJX��PDOL��YUHGQRVWL�QD�;T���

�� =$./8A2.

.ULYLWH��QD��NRQVWDQWQD��YR]EXGD�MD��SULNDCXYDDW��Y]DHPQDWD��]DYLVQRVW��SRPH_X
DNWLYQDWD��L��UHDNWLYQDWD��HQHUJLMD��QD��VLQKURQLRW��JHQHUDWRU��NRJD��YR]EXGDWD��VH
RGUCXYD��NRQVWDQWQD��]D�QHM]LQL��UD]OLaQL��YUHGQRVWL��6R��QLYQD��SRPR^���PRCH��GD
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Q[r.e.]

P[r.e.]

�

Pn

�

�

Sn

Pst- SUDNWLaQDPst- WHRUHWVND

6OLND �� .ULYL QD NRQVWDQWQD YR]EXGD QD VLQKURQLWH JHQHUDWRUL YR +(& m*ORERaLFDn VR SRJRQVNLWH

RJUDQLaXYDZD ]D cosϕn=0.8 , Xd=1.32[r.e.]  i  Xq=0.66[r.e]



VH��GRELMDW��L��NULYLWH��QD�VWDWLaND��VWDELOQRVW��WHRUHWVND��L��SUDNWLaQD���QD��UDER�
WDWD��QD��JHQHUDWRURW�

9U]��RVQRYD��QD��L]EUDQLRW��PDWDPDWLaNL��REOLN��QD��NULYLWH���SRODUHQ���DOJH�
EDUVNL��LOL� �SDUDPHWDUVNL��SULNDCXYDZHWR�QD�QLYQLWH� �GLMDJUDPL� �PRCH� �GD� �ELGH
aLVWR��JHRPHWULVNR��LOL��VR��SRPR^��QD��SRJRGHQ��SURJUDP��MathCAD,EXCEL��QD��SHU�
VRQDOHQ��NRPSMXWHU�

7LH��VH��RVQRYD��]D��GRELYDZH�QD��W�Q��SRJRQVNL�NDUWL��QD��JHQHUDWRULWH�NRJD��VH
]HPDW��SUHGYLG��L��GUXJLWH��RJDQLaXYDZD��^WR��SURL]OHJXYDDW��RG�SRJRQRW��3RVHGXYD�
ZHWR��QD��WDNYLWH��GLMDJUDPL��RG��VWUDQD��QD��SRJRQVNDWD��HNLSD��RG��HOHNWUDQDWD��H�NR�
ULVQR��]DWRD��^WR��WLH��VH��HGHQ��YLG��YRGLa��]D��SULNDCXYDZH��QD��DNWLYQLRW�L��UHDN�
WLYQLRW��L]OH]��QD��JHQHUDWRURW��]D��SRYH`H��HNVSORDWDFLRQL��XVORYL�

/,7(5$785$�

[1]��V. Devidé: Riješeni zadaci iz više  matematike 2,Školska knjiga,Zagreb, 1973
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9R WUXGRY H L]ORCHQ PHWRG ]D LVSLWXYDZH QD L]RODFLMDWD PH_X QDYLYNLWH QD YR]EXGQDWD
QDPRWND QD WXUERJHQHUDWRU VR LPSXOVQL QDSRQL� GRELHQL VR SRPR^ QD LPSXOVHQ JHQHUDWRU L
VQLPHQL VR GLJLWDOHQ PHPRULVNL RVFLORVNRS� 3ULNDCDQL VH UH]XOWDWLWH RG NRQNUHWQR

LVSLWXYDZH L RSL^DQL VH SUHGQRVWLWH QD RYRM PHWRG�

TURN TO TURN INSULATION TESTS OF A TURBOGENERATOR
EXCITATION WINDING WITH IMPULSE VOLTAGES

ABSTRACT

This paper presents a method of turn to turn insulation tests of a turbogenerator excitation winding
with impulse voltages. Impulse voltages are produced by a impulse generator and they are recorded using
digital storage oscilloscope. Some practical test records are presented, as well as the advantage of this mehod
is described.

./8A1, =%2529,� 7XUERJHQHUDWRU� YR]EXGQD QDPRWND� L]RODFLMD PH_X QDYLYNL�
LPSXOVQL LVSLWXYDZD� GLJLWDOHQ PHPRULVNL RVFLORVNRS�

KEY WORDS: Turbogenerator, excitation winding, turn to turn insulation, impulse tests, digital
storage oscilloscope.
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6R SURJUDPDWD ]D VOHGHZH L XWYUGXYDZH QD SRJRQVNDWD VRVWRMED QD WXUERJHQHUDWRULWH
]D YUHPH QD SODQLUDQLWH SUHJOHGL L UHPRQWL VH RSIDWHQL L LVSLWXYDZDWD QD L]RODFLRQLWH
VLVWHPL QD VWDWRUVNDWD L URWRUVNDWD � YR]EXGQD QDPRWND�

,VSUDYQDWD SRJRQVND VRVWRMED QD URWRURW D RVREHQR QD L]RODFLRQLRW VLVWHP QD
YR]EXGQDWD QDPRWND H RG JROHPR ]QDaHZH ]D GRYHUOLYDWD UDERWD QD VLQKURQLRW JHQHUDWRU�

9LVRNLWH QRPLQDOQL QDSRQL L VRYUHPHQLWH WLULVWRUVNL YR]EXGQL VLVWHPL� NRL^WR VH

SULPHQXYDDW SUL WXUERJHQHUDWRULWH ]D JROHPL PR`QRVWL� NDNR L L]UD]HQLWH� HOHNWULaQL�
WHUPLaNL L PHKDQLaNL QDSUHJDZD YR WHNRW QD HNVSORDWDFLMDWD� YU] L]RODFLRQLRW VLVWHP QD
YR]EXGQDWD QDPRWND� SRVWDYXYDDW JROHPL EDUDZD�

,DNR VRYUHPHQLWH L]RODFLRQL PDWHULMDOL PQRJX GREUR SRGQHVXYDDW� HOHNWULaQL�
WHUPLaNL L PHKDQLaNL QDSUHJDZD� YR WHNRW QD HNVSORDWDFLMDWD QD VLQKURQLRW JHQHUDWRU PRCH
GD VH VOXaDW R^WHWXYDZD QD L]RODFLMDWD QD YR]EXGQDWD QDPRWND VSUHPD WHORWR LOL PH_X

QDYLYNLWH� 3UYRWR R^WHWXYDZH VH UHJLVWULUD NDNR ]HPHQVSRM� 6R RYD R^WHWXYDZH PRCH GD
SURGROCL JHQHUDWRURW GD UDERWL VH GR QDUHGQLRW SODQLUDQ UHPRQW� DNR YR PH_XYUHPH QH VH
VOXaL X^WH HGQR WDNYR R^WHWXYDZH L SRUDGL WRD JHQHUDWRURW ELGH LVNOXaHQ RG SRJRQ� 9WRULRW

YLG QD R^WHWXYDZH QH VH VLJQDOL]LUD WXNX YR ]DYLVQRVW RG JROHPLQDWD QD R^WHWXYDZHWR PRCH
GD VH PDQLIHVWLUD VR� SURPHQD QD YR]EXGQLRW PDJQHWHQ QDSRQ� ]JROHPHQR ORNDOQR ]DJUHYDZH
QD PHVWRWR QD R^WHWXYDZHWR� NDNR L VR ]JROHPHQL YLEUDFLL ��WHUPLaNL GHEDODQV��� SRUDGL
^WR PRCH GD VH LVNOXaL JHQHUDWRURW RG UDERWD�

1DMaHVWR R^WHWXYDZDWD QD L]RODFLMDWD PH_X QDYLYNLWH QDVWDQXYDDW YR aHOQLWH YUVNL QD
YR]EXGQDWD QDPRWND� ^WR VH QDR_DDW SRG ]D^WLWQLWH NDSL�

9R VHNRM VOXaDM L GYDWD YLGD QD R^WHWXYDZD QD L]RODFLRQLRW VLVWHP QD YR]EXGQDWD

QDPRWND QH VH SRCHOQL L MD QDPDOXYDDW GRYHUOLYDWD UDERWD L YUHPHWR QD SRJRQVNDWD
LVNRULVWHQRVW QD VLQKURQLRW JHQHUDWRU�

2G RYLH SULaLQL ]D XWYUGXYDZH QD VRVWRMEDWD QD L]RODFLRQLRW VLVWHP QD YR]EXGQDWD

QDPRWND� D RVREHQR QD L]RODFLMDWD PH_X QDYLYNLWH� VH SRVYHWXYD RVREHQR YQLPDQLH L VH YU^DW
UD]OLaQL LVSLWXYDZD�

=D VOHGHZH QD VRVWRMEDWD QD L]RODFLRQLRW VLVWHP QD YR]EXGQDWD QDPRWND� ]D YUHPH QD

SODQLUDQLWH SUHJOHGL L UHPRQWL� VH SUHSRUDaXYDDW L YRRELaDHQR VH YU^DW VOHGQLYH
LVSLWXYDZD L PHUHZD� PHUHZH QD RPVNLRW RWSRU� PHUHZH QD RWSRURW QD L]RODFLMDWD L
LPSHGDQVDWD QD YR]EXGQDWD QDPRWND SUL UD]OLaQL YUHGQRVWL QD VWUXMDWD� 0HUHZDWD PRCH GD VH

YU^DW SUL PLUXYDZH QD URWRURW YR PRQWDCQD LOL GHPRQWDCQD VRVWRMED L SUL YUWHZH QD
URWRURW QD VLQKURQLRW JHQHUDWRU�

,VSLWXYDZHWR QD VRVWRMEDWD QD L]RODFLMDWD PH_X QDYLYNLWH QD YR]EXGQDWD QDPRWND VR

PHUHZH QD LPSHGDQVDWD QD QDPRWNDWD� aHVWR SDWL QH GDYD ]DGRYROLWHOQL UH]XOWDWL� 6R RYD
LVSLWXYDZH PRCH GD VH RWNULH JUH^ND YR L]RODFLMDWD PH_X QDYLYNLWH� GRNRONX VR
R^WHWXYDZHWR VH RSIDWHQL SRJROHP EURM QD QDYLYNL� 3R]QDWR H RG SUDNWLNDWD GHND

LPSHGDQVDWD QD YR]EXGQDWD QDPRWND L SUL LVSUDYQD L]RODFLMD PH_X QDYLYNLWH ]DYLVL RG
EU]LQDWD QD YUWHZH QD URWRURW� NDNR L RG JROHPLQDWD QD VWUXMDWD VR NRH VH YU^L PHUHZHWR�
2YRM PHWRG QH H GRYHUOLY L QH GDYD ]DGRYROLWHOQL UH]XOWDWL DNR R^WHWXYDZHWR QD L]RODFLMDWD

PH_X QDYLYNLWH H RSIDWHQR VR PDO EURM QD QDYLYNL� D LVWR WDND QH PRCH GD VH ORFLUD PHVWRWR
QD R^WHWXYDZH�

9R RYRM UHIHUDW H L]ORCHQ VRYUHPHQ PHWRG ]D XWYUGXYDZH QD VRVWRMEDWD QD L]RODFLMDWD

PH_X QDYLYNLWH QD YR]EXGQDWD QDPRWND� VR LPSXOVQL QDSRQL GRYHGHQL RG LPSXOVHQ JHQHUDWRU D
PHUHQL L RVFLORJUDILUDQL VR GLJLWDOHQ PHPRULVNL RVFLORVNRS� NDNR GRSROQXYDZH QD
NODVLaQLWH PHWRGL� D VH VR FHO ]D SRWRaQD SURFHQND QD VRVWRMEDWD QD L]RODFLRQLRW VLVWHP�
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,VSLWXYDZHWR QD L]RODFLMDWD PH`X QDYLYNLWH QD YR]EXGQDWD QDPRWND QD WXUERJHQH�
UDWRURW� GHQHV aHVWR VH RVWYDUXYD VR PHUHZH QD RG]LYRW RG LPSXOVHQ QDSRQ SULNOXaHQ PH_X
HGHQ RG OL]JDaNLWH SUVWHQL L WHORWR QD URWRURW�

1D 6O�� H GDGHQD ^HPDWD ]D
L]YHGXYDZH RYD LVSLWXYDZHZH� 6LJQDORW
RG LPSXOVQLRW JHQHUDWRU VH SULNOXaXYD

PH_X WHORWR QD URWRURW L HGHQ RG

OL]JDaNLWH SUVWHQL F1 L F2 QD YR]EXGQDWD

QDPRWND� 'YRNDQDOQLRW GLJLWDOHQ RVFLOR�
VNRS VR SRPR^ QD GYH VRQGL H SULNOXaHQ
QD GYDWD OL]JDaNL SUVWHQL� 2G LPSXOVQLRW

JHQHUDWRU VH GRELYDDW LPSXOVQL QDSRQL VR

DPSOLWXGD RG RNROX 100V� YUHPH QD SRUDVW
RG 1.2µs L YUHPH QD SDG RG 100µs�
)UHNYHQFLMDWD QD LPSXOVQLWH QDSRQL H

50Hz�
3UL RYD PHUHZH YR]EXGQDWD

QDPRWND SRVWDYHQD YR NDQDOLWH QD URWRURW ]DHGQR VR SULGX^QDWD QDPRWND� SUHWVWDYXYD
EUDQRYRG VR VRRGYHWQD EUDQRYD LPHGDQVD� 9OH]RW QD RYRM EUDQRYRG H PH_X SUYLRW OL]JDaNL

SUVWHQ F1 L WHORWR QD URWRURW� D L]OH]RW H PH_X YWRULRW OL]JDaNL SUVWHQ L WHORWR QD URWRURW�

6R RVFLORVNRS VH PHUDW REOLFLWH QD YOH]QLRW L L]OH]QLRW QDSRQVNL LPSXOV RG EUDQRYRGRW�
'RELHQLWH RVFLORJUDPL VH ]DSL^XYDDW VR VRRGYHWHQ SL^XYDa�

2SUHGHOXYDZHWR QD VRVWRMEDWD QD L]RODFLMDWD PH_X QDYLYNLWH QD YR]EXGQDWD QDPRWND L

RWNULYDZHWR QD HYHQWXDOQR SULVXWQD NXVD YUVND PH_X QDYLYNLWH� VH YU^L VR YL]XHOQD VSRUHGED
QD RVFLORJUDPLWH QD QDSRQLWH NRL VH VQLPHQL VR RVFLORVNRSRW L SL^XYDaRW�

3UHGQRVWD QD RYRM PHWRG H YR QHJRYDWD SUDNWLaQD SULPHQD L YR HGQRVWDYQRWR WRONXYDZH

QD GRELHQLWH UH]XOWDWL� 7RM PRCH GD VH SULPHQXYD YR PRQWLUDQD L GHPRQWLUDQD VRVWRMED QD
URWRURW NDNR L SUL YUWHZH L PLUXYDZH QD URWRURW� =D UD]OLND RG PHWRGLWH VSRPHQDWL YR
YRYHGRW� NRL SUHWVWYXYDDW NODVLaQL PHWRGL SUHGYLGHQL VR PH_XQDURGQL SURSLVL ]D

GLMDJQRVWLFLUDZH QD VRVWRMEDWD� RGQRVQR ]D RSUHGHOXYDZH QD NXVD YUVND PH_X QDYLYNLH QD
YR]EXGQDWD QDPRWND QD WXUERJHQHUDWRURW� RYRM PHWRG H VRYUHPHQ L VH SRaHVWR VH NRULVWL ]D
RYDD FHO NDNR RG VWUDQD QD SURL]YRGLWHOLWH� WDND L RG VWUDQD QD NRULVQLFLWH QD VLQKURQLWH

JHQHUDWRUL�

�� $1$/,=$1$ '2%,(1,7( 5(=8/7$7,

6R LPSXOVHQ PHWRG H LVSLWXYDQD L]RODFLMDWD PH_X QDYLYNLWH QD YR]EXGQDWD QDPRWND QD

WXUERJHQHUDWRURW YR 7(�2VORPHM�� .LaHYR� 'RELHQLWH UH]XOWDWL VH SULNDCDQL YR 3ULORJ�
1D RVFLORJUDPRW � H SULNDCDQ REOLNRW QD LPSXOVQLRW QDSRQ RG LPSXOVQLRW JHQHUDWRU

YR SUD]HQ RG�

1D RVFLORJUDPRW � H SULNDCDQ REOLNRW QD YOH]QLRW L L]OH]QLRW LPSXOVHQ QDSRQ RG

YR]EXGQDWD QDPRWND QD WXUERJHQHUDWRURW� 3UL WRD NDNR YOH] VH NRULVWL OL]JDaNLRW SUVWHQ F1�

1D RVFLORJUDPRW � H SULNDCDQ REOLNRW QD L]OH]QLRW L YOH]QLRW LPSXOVHQ QDSRQ RG

YR]EXGQDWD QDPRWND QD WXUERJHQHUDWRURW NRJD NDNR YOH] VH NRULVWL OL]JDaNLRW SUVWHQ F2�
1D RVFLORJUDPRW � H SULNDCDQ LVWLRW RVFLORJUDP NDNR L RVFLORJUDPRW � VDPR VR

SRPDOR YUHPHQVNR PHULOR�
1D RVFLORJUDPRW � H SULNDCDQ REOLNRW QD YOH]QLRW LPSXOVHQ QDSRQ QD OL]JDaNLRW

SUVWHQ F2� NDJD OL]JDaNLRW SUVWHQ F1 H NUDWNRVSRHQ VR WHORWR QD URWRURW�

/L]JDaNL
SUVWHQL

,PSXOVHQ
JHQHUDWRU

F1 F2

Y1

Y2

5RWRU

9R]EXGQD

QDPRWND
3ULQWHU

2VFLORVNRS

6O�� >HPD QD PHUHZH QD L]RODFLMDWD VR
LPSXOVHQ QDSRQ



1D RVFLORJUDPRW � VH SULNDCDQL EUDQRYLWH REOLFL QD YR]EXGDWD SUYR GRYHGHQD QD

OL]JDaNLRW SUVWHQ F1� D SRWRD GRYHGHQD QD OL]JDaNLR SUVWHQ F2� SUL RWYRUHQ YRG�
2G RYLH RVFLORJUDPL VH JOHGD GHND QHPD U]OLND YR EUDQRYDWD LPSHGDQVD QD YR]EXGQDWD

QDPRWND QD WXUERJHQHUDWRURW PHUHQD RG GYHWH VWUDQL� 7RD XNDCXYD GHND QHPD SULVXWQD NXVD

YUVND PH_X QDYLYNLWH QD YR]EXGQDWD QDPRWND� (YHQWXDOQR NXVD YUVND PRCH GD LPD QD VUHGLQD
RG QDPRWNDWD� NRJD VH GRELYDDW LVWL REOLFL QD EUDQRYLWH� ^WR H QHRaHNXYDQR GD VH VOXaL�

9U] RVQRYD QD DQDOL]DWD QD UH]XOWDWLWH RG LVSLWXYDZDWD L PHUHZDWD PRCH GD VH

]DNOXaL GHND YR]EXGQDWD QDPRWND H YR LVSUDYQD SRJRQVND VRVWRMED ^WR VH RGQHVXYD QD
QHM]LQLWH HOHNWULaQL NDUDNWHULVWLNL�

=D FHORVQR XWYUGXYDZH QD SRJRQVNDWD VRVWRMED QD URWRURW QD WXUERJHQHUDWRURW�

SRWUHEQR H GD VH L]YU^L L LVSLWXYDZH QD ]D^WLWQLWH NDSL VR XOWUD]YXaQD L SHQHWUDQVND
GHIHNWRVNRSLMD� NDNR L SURYHUND QD VRVWRMEDWD QD GUXJLWH PD^LQVNL GHORYL� YHQWLODFLRQLWH
NDQDOL� NDQDOVNLWH NOLQRYL L GUXJR�

�� =$./8A2.

,VSLWXYDZHWR QD L]RODFLMDWD PH_X QDYLYLNLWH QD YR]EXGQDWD QDPRWND QD WXUERJHQHUD�
WRURW VR PHWRGRW QD LPSXOVQL QDSRQL� JL SUR^LUXYD VR]QDQLMDWD ]D VRVWRMEDWD QD VDPDWD

L]RODFLMD� 'REUD VWUDQD QD RYRM PHWRG H ^WR WRM QH H GHVWUXNWLYHQ� 7RM RYR]PRCXYD GHWHNFLMD
QD RVODEHQD L]RODFLMD X^WH SUL QHM]LQRWR SRMDYXYDZH NDNR SRVOHGLFD RG OR^DWD L]UDERWND�
SRUDGL PHKDQLaNL QDSUHJDZD SUL UDERWDWD L SRUDGL VWDUHHZH QD LVWDWD�

2YRM PHWRG PRCH GD VH SULPHQXYD NRJD URWRURW H PRQWLUDQ LOL GHPRQWLUDQ L NRJD
URWRURW PLUXYD LOL VH YUWL�

1D^LWH LVNXVWYD XNDCXYDDW GHND WUHED GD VH NRULVWL SRJROHPD DPSOLWXGD QD

LPSXOVQLRW QDSRQ ]D LVSLWXYDZH DNR VH VDND GD VH GHWHNWLUDDW RVODEHQLWH PHVWD YR
L]RODFLMDWD� =D YDNYL LVSLWXYDZD VH SURL]YHGXYDDW SRVHEHQL XUHGL ]D LPSXOVQR LVSLWXYDZH QD

L]RODFLMDWD PH_X QDYLYNLWH VR QDSRQ RG QHNRONX kV [2, 3]�
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turbogeneratora, XIX Savetovanje elektroenergeti~ara Jugoslavije, Bled,
1989, 151-158.

[2] Srb N. Primjena Baker ure|aja za ispitivawe izolacije namota, Kon~ar-
Institut za elektrotehniku.

[3] “Winding test instruments ST203E” Baker Instrument GmbH, Germany.
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2VF�� 2EOLN QD LPSXOVHQ QDSRQ YR SUD]HQ RG

2VF�� 9R]EXGHQ LPSXOVHQ QDSRQ QD SUVWHQRW F1 L RG]LY QD SUVWHQRW

F2 SUL RWYRUHQ YRG



2VF�� 9R]EXGHQ LPSXOVHQ QDSRQ QD SUVWHQRW F2 L RG]LY QD SUVWHQRW

F1 SUL RWYRUHQ YRG

2VF�� 9R]EXGHQ LPSXOVHQ QDSRQ QD SUVWHQRW F2 L RG]LY QD SUVWHQRW

F1 SUL RWYRUHQ YRG



2VF�� 9R]EXGHQ LPSXOVHQ QDSRQ QD SUVWHQRW F2 SUL NXVRVYU]DQ SUVWHQ F1

2VF�� 9R]EXGHQ LPSXOVHQ QDSRQ QD SUVWHQRW F1 L YR]EXGHQ LPSXOVHQ QDSRQ QD SUVWHQRW

F2� SUL RWYRUHQ YRG
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7UXGRW�RSID`D�QXPHULaND�SUHVPHWND�QD�HOHNWURPDJQHWQLWH�NDUDNWHULVWLNL
QD�6LQKURQ�0RWRU�VR�,VSDNQDWL�0DVLYQL�3RORYL�YR�URWRURW��60,03���YU]�ED]D
QD� RSUHGHOXYDZH� QD� UDVSUHGHOEDWD� QD� WULGLPHQ]LRQDOQRWR� PDJQHWQR� SROH�
7RaQRVWD� VR� NRMD� `H� ELGDW� RSUHGHOHQL� HOHNWURPDJQHWQLWH� JROHPLQL� YR� JROHPD
PHUND� ]DYLVL� RG� SUHFL]QRVWD� YR� SUHVPHWXYDZHWR� QD� GLVWULEXFLMDWD� QD
HOHNWURPDJQHWQRWR�SROH�YR�PRWRURW��0HWRGRW�QD�.RQHaQL�(OHPHQWL�YR��D�H�PQRJX
HILNDVHQ�]D�SUHFL]QR�RSUHGHOXYDZH�QD�GLVWULEXFLMDWD�QD�HOHNWURPDJQHWQRWR�SROH�
.RULVWHMNL�GLVNUHWL]DFLMD�QD�WULGLPHQ]LRQDOQLRW�GRPHQ�QD�60,03��YNOXaXYDMNL
JL�JUDQLaQLWH�GHORYL�NDGH�VH�UDVSUHGHOHQL�aHOQLWH�YUVNL��VR�SRPR^�QD�PHWRGDWD�QD
NRQHaQL� HOHPHQWL� H� RSUHGHGHOHQ� PDJQHWQLRW� YHNWRU� SRWHQFLMDO� L� QHJRYDWD
UDVSUHGHOED�YR�VLWH� MD]OL�RG��D-GRPHQRW.�5H]XOWDWLWH�VH�LVNRULVWHQL�LVWR�WDND�]D
RSUHGHOXYDZH�QD�SDUDPHWULWH�QD�PRWRURW�

.OXaQL�]ERURYL�
0HWRGD� QD� .RQHaQL� (OHPHQWL�� 6LQKURQ� 0RWRU�� ,VSDNQDWL� 0DVLYQL� 3RORYL�
(OHNWURPDJQHWQL�NDUDNWHULVWLNL��3DUDPHWUL�

ABSTRACT:

This paper deals with a numerical computation of electromagnetical characteristics of a
Solid Salient Poles Synchronous Motor on the basis of three dimensional magnetic field
solutions. The accuracy with which the electromagnetic quantities are computed in a great rate is
dependent on the precision of calculations of electromagnetic field distribution in the motor. The
3D Finite Element Method is very efficient for an accurate electromagnetic field solution. Using a
discretization of a three dimensional domain of an electrical motor, including the end-regions
where the windings overhangs are distributed, by means of  finite element method the magnetic



vector potential and its distribution in the 3D-domain is determined. The results of the field
computations, after they are used for calculations of the parameters, also.
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7UDGLFLRQDOQRWR�SURHNWLUDZH�QD�HOHNWULaQLWH�PRWRUL�VH�ED]LUD�QD�DQDOL]D
QD� YUWOLYLWH� PDJQHWQL� SROLZD� L� QD� DQDOLWLaNL� PHWRGL�� 7DNYLWH� PRGHOL� EDUDDW
GRVWD� HNVSHULPHQWLUDZD� L� NRULVWDW� PQRJX� HPSLULVNL� UDYHQNL�� D� GRELHQLWH
UH]XOWDWL� QH� VH� QDMSUHFL]QL�� 'HQHV�� SURHNWLUDZHWR� VH� ]DVQLYD� QD� QXPHULaND
DQDOL]D� QD� PDJQHWQRWR� SROH� VR� SULPHQD� QD� DOJRULWDP� ]D� QHOLQHDUHQD� LWHUDWLYQD
SUHVPHWND� QD� UDVSUHGHOEDWD� QD� PDJQHWQRWR� SROH� YR� WURGLPHQ]LRQDOHQ� GRPHQ� QD
PD^LQDWD�SR�PHWRGRW�QD�NRQHaQL�HOHPHQWL��6R�WRD�VH�GRELYD�JROHPD�SUHFL]QRVW�SUL
GL]DMQLUDZHWR� QD� QRYLWH� JHQHUDFLL� QD� HOHNWULaQL� PRWRUL� L� QLYQLWH
HOHNWURPDJQHWQL�L�PHKDQLaNL�NDUDNWHULVWLNL��3UL�SUHVPHWXYDZDWD�YR�RYDM�WUXG�VH
NRULVWL�SURJUDPVNL�SDNHW�FEM-3D�
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 0DJQHWQRWR�SROH�YR�GRPHQRW�QD�HOHNWULaQLWH�PD^LQL�H�GHILQLUDQR�VR

 VLVWHPRW�Maxwell�RYL�UDYHQNL��$QDOL]DWD�QD�NYD]LVWDFLRQDUQRWR�PDJQHWQR�SROH�YR
HOHNWULaQLWH�XUHGL�PQRJX�VH�SRHGQRVWDYXYD�VR�YRYHGXYDZH�QD�SRPR^QDWD�JROHPLQD
QD� PDJQHWQLRW� YHNWRU� SRWHQFLMDO� A, NRM� JR� ]DGRYROXYD� XVORYRW� 0=Adiv �� ]D

HGQR]QDaQR�RSUHGHOXYDZH�QD�IXQNFLMDWD��D�NRM�LVWRYUHPHQR�H�SRYU]DQ�VR�YHNWRURW
QD� PDJQHWQDWD� LQGXNFLMD� SUHNX� UDYHQNDWD AB rot= .� 6HJD�� PDJQHWQRWR� SROH� H
RSL^DQR�VR�SDUFLMDOQDWD�GLIHUHQFLMDOQD�UDYHQND�

 

 ( ) ( )( ) JAB =rotrot ν  (1)
 
 NDGH�H�
 

 ( )Bυ ��PDJQHWQD�SURYRGQRVW�QD�PDWHULMDORW�NRMD�MD�]HPD�YR�SUHGYLG�ODPHOLUDQRVWD�QD

 VWDWRUVNRWR�PDJQHWQR�NROR�
 -���������YROXPHQVND�JXVWLQD�QD�VWUXMDWD�
 
 5D]YLHQLRW� REOLN� QD� RYDD� UDYHQND� YR� SUDYRDJROQLRW� NRRUGLQDWHQ� VLVWHP
�x,y,z��� H� RG� WLSRW� QD� Poisson-RYDWD� UDYHQND�� 9R� GRPHQLWH� NDGH� ^WR� YROXPHQVNDWD
JXVWLQD�QD�VWUXMDWD�H�HGQDNYD�QD����UDYHQNDWD�(1)�SUHPLQXYD�YR�Laplace-ova.
 'HILQLUDZHWR�QD�YUHGQRVWD�QD�PDJQHWQLRW�YHNWRU�SRWHQFLMDO�YR�VHNRM�MD]RO
RG� NRQHaQLWH� HOHPHQWL� QD� PRWRURW�� RYR]PRCXYD� GD� VH� RSUHGHOL� YHNWRURW� QD
PDJQHWQDWD�LQGXNFLMD�YR�VHNRM�NRQHaHQ�HOHPHQW�RG�PRWRURW�
 =D�HGQR]QDaQRVWD�YR�UH^DYDZHWR�QD�JRUQDWD�UDYHQND��WUHED�GD�VH�GHILQLUDDW
L�GRSROQLWHOQL�JUDQLaQL�XVORYL�L�WRD�
 n� *UDQLaQL� XVORYL� RG� SUY� WLS��Dirichlet-RYL� XVORYL�� SUL� NRL� QD� JUDQLaQDWD
SRYU^LQD� NRMD� JR� RJUDQLaXYD� UD]JOHGXYDQLRW� GRPHQ�� VH� ]DGDYD� YUHGQRVWD� QD
PDJQHWQLRW�YHNWRU�SRWHQFLMDO�A= const.
 o *UDQLaQL� XVORYL� RG� YWRU� WLS� Neumann-RYL� XVORYL�� NRL� QD� JUDQLFLWH� QD
UD]JOHGXYDQLRW� GRPHQ� JL� GHILQLUDDW� YUHGQRVWLWH� QD� GHULYDFLMDWD� �L]YRGRW�� QD
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 0DJQHWQLWH�NROD�QD�VWDWRURW�L�URWRURW��JHRPHWULVNL�VH�DSURNVLPLUDDW�VR
 RGUHGHQ�EURM�QD�QRVHaNL� �SLORW��PDNURHOHPHQWL�� YR� REOLN�QD� aHWLULVWUDQD�NULYD
SUL]PD�� 6HNRM� RG� WLH� PDNURHOHPHQWL� H� GHILQLUDQ� VR� NRRUGLQDWLWH� QD� GYDHVHWH
WHPLZD� YR� RGQRV� QD� ORNDOHQ� SUDYRDJROHQ� NRRUGLQDWHQ� VLVWHP� VPHVWHQ� YR� HGQR� RG
WHPLZDWD� QD� PDNURHOHPHQWRW�� D� ORNDOQLRW� NRRUGLQDWHQ� VLVWHP� H� GHILQLUDQ� VR
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]D� RSUHGHOHQ� DJRO� YR� RGQRV� QD� JOREDOQLRW� SUDYRDJROHQ� NRRUGLQDWHQ� VLVWHP� �� VH
GRELYD�YNXSQLRW�GRPHQ�QD�PRWRURW�]D�HGHQ�VORM�YR�DNVLMDOHQ�SUDYHF��SR�GROCLQDWD
QD� z�RVNDWD�� 0RWRURW� NRM� H� WHPD� QD� VH� RSVHUYDFLMDD� YR� RYDM� WUXG�� H� RSUHGHOHQ� VR
SRPR^�QD����SLORW�PDNURHOHPHQWL�YR�HGHQ�DNVLMDOHQ�VORM��3RWRD��PDNURHOHPHQWLWH
DYWRPDWVNL� VH� GHODW� QD� WULDJROQL� SUL]PDWLaQL� NRQHaQL� HOHPHQWL�� &HORNXSQDWD
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NRQHaQL� HOHPHQWL�� ����� MD]OL� YR� SHWW� DNVLMDOQL� VORHYL� SR� GROCLQDWD� QD� z�RVNDWD�
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 � JXVWLQD� QD� QD� VWUXMDWD� YR� VWDWRUVNLWH� NDQDOL�� GHILQLUDQD� RG� VWUXMDWD� QD
RSWRYDUXYDZH�YR�WURID]QDWD�VWDWRUVND�QDPRWND��%LGHMNL�GLPHQ]LLWH�QD�NRQHaQLWH
HOHPHQWL� YR� NDQDOLWH� VH� PDOL�� JXVWLQDWD� QD� VWUXMDWD� H� HGQDNYD� ]D� VHNRM� NRQHaHQ
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GRGDWQL� SRWSURJUDPL� VH� RSUHGHOXYDDW� SRaHQLWH� YUHGQRVWL� QD� PDJQHWQLWH
NDUDNWHULVWLNL� QD� PDWHULMDORW� QD� VHNRM� RG� NRQHaQLWH� HOHPHQWL�� 7LH� VH� SRaHWQL
YUHGQRVWL� ]D� SUYDWD� LWHUDFLMD�� .UDMQLWH� YUHGQRVWL� QD� PDJQHWQLWH� UHOXNWDFLL� VH
GRELYDDW�VR�QHOLQHDUQD�LWHUDWLYQD�SRVWDSND�L�WRD��SRVOH����WDWD�LWHUDFLMD�
 'LVWULEXFLMDWD� QD� PDJQHWQRWR� SROH� VR� SRVHEQL� SURJUDPL� RG� SURJUDPVNLRW
SDNHW� FEM-3D VH� SUHVPHWXYD� ]D� UD]OLaQL� RSWRYDUXYDZD� YR� VWDWRUVNDWD� QDPRWND�
UD]OLaQL� RSWRYDUXYDZD� YR� URWRUVNDWD� QDPRWND� L� UD]OLaQL� DJROQL� SRORCEL� QD
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∆A. 3RWRD�VR SRVHEHQ�SURJUDP�RG�SURJUDPVNLRW�SDNHW�FEM-3D,� VH�SUDYL�JUDILaND
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2GUHGXYDZHWR� QD� GLPHQ]LLWH� QD� QDPRWNLWH� SUHGVWDYXYD� ]QDaDMQD� HWDSD� SUL
SUHVPHWND� QD� QRYLWH� HOHNWULaQL� PD^LQL� L� SUL� UHNRQVWUXNFLMD� QD� LVWLWH�� 6R
RSUHGHOXYDZH� QD� GLPHQ]LLWH� QD� QDPRWNLWH� VH� RSUHGHOXYD� SRWUHEDWD� RG
HOHNWURL]RODFLRQHQ�PDWHULMDO��HOHNWULaQLRW�RWSRU�QD�QDPRWNDWD�NDNR�L�SRHGLQLWH
IXQNFLRQDOQL� NDUWDNWHULVWLNL� QD� HOHNWULaQLWH� PD^LQL�� 9R� RYRM� UHIHUDW
SULNDCDQL� VH� SUHWHCQR� RVQRYQLWH� UHODFLL� L� SURSLVL� ]D� SUHVPHWXYDZH� QD
GLPHQ]LLWH� QD� GYRVORMQL� UDVSUHGHOHQL� QDPRWNL� QD� YLVRNRQDSRQVNLWH� DVLQKURQL
PRWRUL��NDNR�L�QLYQDWD�L]UDERWND�

ABSTRACT

Determination of dimensions of the spools is important stage in calculation and
reconstruction of the electrical machines. Necessities of insulating materials, the electrical
resistance of spools and some funcional characteristics of electrical machines, can be defined with
those dimensions.

This exposition conserns the basic relations and recepts for calculation of dimensions of
two-layer-spools, contained in statics of high-voltage motors and their manufacturing.
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(OHNWULaQLWH� PD^LQL� ]D� QDL]PHQLaQD� VWUXMD� L� YLVRNL� QDSRQL� YRJODYQR� VH
PD^LQL�VR�JROHPL�PRCQRVWL��=DUDGL�JROHPLQDWD�QD�QRPLQDOQLRW�QDSRQ��QD�VWUXMDWD
QL]�QDPRWNDWD�NDNR�L�UHCLPRW�QD�UDERWD�QD�RYLH�PD^LQL�SRWUHEQR�H�GD�VH�SRVYHWL
SRVHEQR�YQLPDQLH�SUL�SUHVPHWXYDZHWR�L�L]YU^XYDZHWR�QD�SRRGGHOQLWH�RSHUDFLL�]D
QLYQRWR�SURL]YRGVWYR�LOL�UHSURGXNFLMD�QD�LVWLWH�

.DM�VWDWRULWH�QD�PD^LQLWH�]D�QDL]PHQLaQD�VWUXMD�L�PR`QRVW�SRJROHPD�RG����
kW L� QDSRQL� SRYLVRNL� RG� ���� V� VH� NRULVWDW� SURYRGQLFL� VR� SUDYRDJROHQ� SUHVHN�



3UDYRDJROQLWH�SURYRGQLFL�WUHED�]ELHQR�GD�QDOHJQDW�HGHQ�YU]�GUXJ�SR�FHODWD�QLYQD
GROCLQD� L� YR� NDQDORW� GD� JR� ]DY]HPDW� SUHGKRGQR� RSUHGHOHQRWR� PHVWR�� =DWRD
VHNFLLWH�VR�SUDYRDJROHQ�SURYRGQLN�VH�SRVWDYXYDDW�VDPR�YR�NDQDOL�VR�SUDYRDJROHQ
SUHVHN��6HNFLLWH�X^WH�SUHG�VWDYDZHWR�YR�NDQDOLWH�WUHED�GD�MD�GRELMDW�SRWUHEQDWD
IRUPD� L� VYLWNXYDZD� QD� IURQWDOQLWH� GHORYL�� SD� ]DWRD� SURFHVRW� ]D� L]UDERWND� L
SUHVPHWND�QD�LVWLWH�H� VORCHQ�YR�RGQRV�QD�QDPRWNLWH� VR�NUXCHQ�SUHVHN��6HNFLLWH
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3UL� XWYUGXYDZH� QD� SUHVHNRW� QD� SURYRGQLFLWH� ]D� QDPRWNL� VH� SRD_D� RG
YUHGQRVWD� QD� VWUXMDWD� Ia� QL]� LVWLWH�� 3UHVHNRW� VH� RSUHGHOXYD� NDNR� ]D� QHL]RORUDQ
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SUHJOHG� QD� GLPHQ]LLWH� QD� ]DHGQLaNDWD� L]RODFLMD� QD� VHNFLMDWD� L� GLPHQ]LLWH� QD
NDQDORW��3RYU^LQDWD�QD�SUHVHNRW�QD�SURYRGQLNRW�VH�SUHVPHWXYD�SR�UHODFLMDWD�
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R1 ��UDGLXV��QD��GROQLRW��GHO��QD��VHNFLMDWD��RSUHGHOHQ��RG��YLVLQDWD�QD�L]RODFLMDWD�QD
�������GQRWR�QD�NDQDORW
R2 ��UDGLXV�QD��JRUQLRW�GHO�QD�VHNFLMDWD��RSUHGHOHQ��RG��YLVLQDWD�QD�L]RODFLMDWD�PH_X
�������GYDWD�VORHYL
R ���UDGLXV�QD�VUHGLQDWD�QD�NDQDORW
α���DJRO�RG�FHQWDURW�QD�VWDWRURW�DGHNYDWHQ�QD�RWYRUHQRVWD�QD�VHNFLMDWD

9R� UHODFLMDWD� ����� VR� Di� VH� R]QDaHQL� YQDWUH^QLRW� GLMDPHWDU� QD� SDNHWRW
OLPRYL�QD�VWDWRURW�L�Z�H�EURMRW�QD�NDQDOL�

�����'LPHQ]LL�QD�JODYDWD�QD�VHNFLMDWD

=D�GYRVORMQL�QDPRWNL�VH�SRVWDSXYD�UD]OLaQR�SUL�SRVWDYXYDZHWR�QD�QDPRWNLWH
YR�VWDWRU�LOL�URWRU��NDNR�L�YR�]DYLVQRVW�RG�WLSRW�QD�QDPRWNLWH��9R�VOXaDM�QD�WYUGL
QDPRWNL�SRVWDYHQL�YR�VWDWRU�VSUHPD�VO���L�VO����GLPHQ]LLWH�QD�JODYDWD�QD�VHNFLLWH
VH�SUHVPHWXYD�QD�VOHGQLRW�QDaLQ�

��UDVWRMDQLH�∆�PH_X�GYH�VHNFLL�NDNR�L��a0 VH�GDGHQL�YR�WDEHOD�III.
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7DEHOD�IV

αo k1 k2 k3 αo k1 k2 k3

30 1.15 0.94 0.58 38 1.27 0.84 0.49
31 1.17 0.93 0.47 39 1.29 0.83 0.48
32 1.18 0.92 0.56 40 1.31 0.82 0.47
33 1.19 0.91 0.54 41 1.33 0.80 0.46
34 1.21 0.90 0.53 42 1.35 0.79 0.45
35 1.22 0.89 0.52 43 1.37 0.77 0.44
36 1.24 0.87 0.51 44 1.39 0.75 0.43
37 1.25 0.85 0.50 45 1.41 0.74 0.41
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HOHNWULaQLWH�PD^LQL��,]YU^XYDZHWR�QD�RSHUDFLLWH�QHRSKRGQL�]D�RYDD�FHO�]DYLVL
RG� WLSRW� QD� QDPRWNLWH�� NRQVWUXNFLMDWD� QD� LVWLWH�� SUHVHNRW� QD� SURYRGQLFLWH� L
NRULVWHQDWD�L]RODFLMD�

2VQRYQL�ID]L�QD�WHKQRORJLMDWD�YR�SURFHVRW�QD�L]UDERWND�QD�VHNFLLWH�VH�
��IRUPLUDZH�QD�VHNFLLWH�VSRUHG�SRWUHEQLWH�GLPHQ]LL
��L]ROLUDZH�QD�VHNFLLWH
��LPSUHJQLUDZH�QD�VHNFLLWH
��NRQWUROD�QD�NYDOLWHWRW�QD�VHNFLLWH
3UHG�GD�VH�RGL�QD�L]UDERWND�QD�VHNFLLWH�SRWUHEQR�H�GD�VH�RSUHGHOL�WLSRW�QD
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9R�SUDNVDWD�QD�QDPRWXYDZH�QD�HO��PD^LQL��YR�IXQNFLMD�RG�EURMRW�QD�VHNFLL

NRL�WUHED�GD�VH�UHDOL]LUDDW�VH�SULEHJQXYD�NRQ�^DEORQL�aLL�GLPHQ]LL�VH�ILNVQL��]D
L]UDERWND� QD� JROHP� EURM� VHNFLL�� L� ^DEORQL� NRL� VH� UHJXOLUDDW� �]D� L]UDERWND� QD
VHNFLL� VR� UD]QL� GLPHQ]LL� LOL� PDO� EURM� QD� VHNFLL� VR� UD]QL� GLPHQ]LL�� QDURaQR� YR
UDERWLOQLFL�]D�UHSDUDFLMD��

=D�SRVWLJQXYDZH�QD�SUDYLOQD�IRUPD�QD�VHNFLLWH�VH�SULEHJQXYD�NRQ�QDSUDYL
VR� NRL� VH� YU^L� NRPSOHWQR� ]DWHJDZH� L� LVWRYUHPHQR� SUDYLOQR� RQGXOLUDZH� QD
VHNFLMDWD�

=D� RYDD� FHO� VH� NRULVWDW� SQHYPDWVNL� PD^LQL�� NRL� GDYDDW� VLJXUQRVW� L
HGQRVWDYQRVW� SUL� L]UDERWNDWD� QD� VHNFLLWH�� 9DND� L]UDERWHQLWH� VHNFLL� QHPDDW
GRYROQD�PHKDQLaND�FYUVWLQD��=DWRD�VH�YU^L�L]ROLUDZH�QD�FHODWD�VHNFLMD�NDNR�HGQR
WHOR� YR� RGQRV� QD� MDGURWR�� 6OHGQD� RSHUDFLMD� H� SUHVLUDZH� QD� DNWLYQLWH� GHORYL� QD
VHNFLLWH�VR�SRPR^�QD�VSHFLMDOQL�XUHGL�SUL�^WR�VH�]DJUHYDDW���aDVD�QD�WHPSHUDWXUD
RG� ���R� �� ���R� �YR� VOXaDM� QD� L]RODFLMD� RG� PLNDQLW�� LOL� ���min.� QD� ���R� �� 3RVOH� RYD
VHNFLLWH�VH�PHKDQLaNL�SRFYUVWL�VR�^WR�H�QDPDOHQD�PRCQRVWD�RG�QLYQR�R^WHWXYDZH
SUL�SURFHVRW�QD�QDPRWXYDZH�
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QLY��YR�VRJODVQRVW�VR�^HPDWD�QD�HOHNWULaQDWD�PD^LQD��3UHG�QLYQRWR�LPSUHJQLUDZH
VH� YU^L� QDSRQVNR� LVSLWXYDZH� QD� L]RODFLMDWD� QD� QDPRWNLWH� SUHPD� MDGURWR� L
PRQRID]QR��2YLH�LVSLWXYDZD�VH�YU^DW�VRJODVQR�SURSL^DQLWH�QRUPL�]D�LVSLWXYDZH
QD�L]GUCOLYRVWD�QD�L]RODFLMDWD�QD�YLVRNRQDSRQVNLWH�HOHNWULaQL�PD^LQL�
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,]YU^XYDZHWR� QD� RSHUDFLLWH� SRYU]DQL� VR� QDPRWXYDZHWR� QD� HOHNWULaQLWH
PD^LQL� ]DYLVL� YR� JROHPD� PHUD� RG� RSUHGHOXYDZHWR� QD� GLPHQ]LLWH� QD� QDPRWNLWH�
=DWRD� H�SRWUHEQR�SUHFL]QR� GD� VH� L]YU^L�SUHVPHWNDWD� QD� GLPHQ]LLWH� QD� VHNFLLWH�
GRGHND�SUL�UHNRQVWUXNFLMD�QD�HOHNWULaQLWH�PD^LQL�SRWUHEQR�H�^WR�SRWRaQR�GD�VH
VQLPDDW�SRVWRHaNLWH�QDPRWNL�
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(OHNWURPRWRUQLWH�SRJRQL� VR� DVLQKURQL�NDIH]QL�PRWRUL� VH� QDM]DVWDSHQL� YR
LQGXVWULMDWD��%U]LRW�UD]YRM�QD�HQHUJHWVNDWD�HOHNWURQLND�L�WHKQLNLWH�]D�DYWRPDWVND
UHJXODFLMD� QD� EU]LQDWD� RYR]PRCXYDDW� SRJRQLWH� VR� DVLQKURQL� NDIH]QL� PRWRUL� VH
SRYH`H� GD� JR� RVYRMXYDDW� L� SD]DURW� QD� UHJXOLUDQL� HOHNWURPRWRUQL� SRJRQL�
6RYUHPHQLWH� HOHNWURPRWUQL� SRJRQL� VR� YHNWRUVND� UHJXODFLMD� QD� EU]LQDWD� L
GLUHNWQD� UHJXODFLMD� QD� PRPHQWRW� EDUDDW� WRaQR� SR]QDYDZH� QD� SDUDPHWULWH� QD
DVLQKURQLRW�PRWRU�

2SUHGHOXYDZHWR� QD� SDUDPHWULWH� PRCH� GD� VH� QDSUDYL� HNVSHULPHQWDOQR�� VR
PRGHOLUDZH�QD�PRWRURW�SUHNX�NDWDOR^NL�SRGDWRFL�L�SUHNX�SULPHQD�QD�PHWRGLWH�QD
LGHQWLILNDFLMD��0RGHOLUDZHWR�SUHNX�NDWDOR^NL�SRGDWRFL�VH�NRULVWL�GD�VH�GRELMDW
WLSVNL� YUHGQRVWL� QD� SDUDPHWULWH�� NRL� SRWRD� SR� SRWUHED� VR� PHWRGLWH� ]D
LGHQWLILNDFLMD�QD�SDUDPHWUL�VH�XWRaQXYDDW�

9R� RYRM� WUXG� H� GDGHQ� PRGHO� QD� DVLQKURQ� NDIH]HQ� PRWRU� NRM� RYR]PRCXYD
RWSRUQRVWLWH� L� LQGXNWLYQRVWLWH� QD� PRWRURW� GD� VH� SUHVPHWDDW� SUHNX� NDWDOR^NL
SRGDWRFL��9R�PRGHORW�SDUDPHWULWH�QD�PRWRURW�VH�IXQNFLL�]DYLVQL�RG�SURPHQDWD�QD
EU]LQDWD� L� VWUXMDWD�� 5D]YLHQLRW� PRGHO� H� LVNRULVWHQ� ]D� RSUHGHOXYDZH� QD
SDUDPHWULWH�QD�DVLQKURQ�NDIH]HQ�PRWRU�VR�PR`QRVW�RG�����kW�SURL]YRG�QD��6(9(5�
��-XJRVODYLMD�

3UHVPHWDQLWH�RWSRUQRVWL�L�LQGXNWLYQRVWL�L�]DNRQLWH�QD�QLYQDWD�SURPHQD�VH
YNOXaHQL�YR�GLQDPLaNL�PRGHO�QD�DVLQKURQ�PRWRU��=D�YHULILNDFLMD�QD�SUHGORCHQLWH
PRGHOL� VLPXODFLRQLWH� UH]XOWDWL� ]D� SX^WDZH� QD� PRWRURW� VR� SUHNORSND� \YH]GD�
WULDJROQLN� VH� VSRUHGHQL� VR� L]PHUHQLWH� ]D� SRJRQ� QD� SXPSD� VR� ���� kW� DVLQKURQ
NDIH]HQ�PRWRU�YR��7RSOLILNDFLMD����6NRSMH�

ABSTRACT

Squirrel cage induction motor (SCIM) drives are the most
implemented in the industry. The fast development of power
electronics and speed control techniques allow SCIM drives to
take over speed control market. The modern vector control and
direct torque drives need exact induction motor parameters.



The parameter estimation can be done experimentally, with
SCIM modeling using catalogue data and with parameter
identification methods. Modeling via catalogue data is used for
estimation of typical motor parameters, which can be accurated
with parameter identification methods.

In this paper, the developed model of SCIM can be used for
motor resistances and inductances estimation. In this model motor
parameters are variable depending on rotor speed and currents.
The developed model is used for the parameter estimation of 132
kW induction motor produced by "SEVER" - Yugoslavia

The estimated resistances and inductances values and the
laws of their change are implemented in the arbitrary reference
frame model of SCIM. For the method verification, the simulation
results for star-delta start up of SCIM are compared with
measured ones for pump drive in the "Toplifikacija" - Skopje. The
simulated and measured values are also very close.

./8A1,�=%2529,�� (OHNWURPRWRUHQ� SRJRQ�� PRGHO� QD� DVLQKURQ� NDIH]HQ� PRWRU�
NDWDOR^NL�SRGDWRFL��GLQDPLaNL�PRGHO��RSUHGHOXYDZH�QD�SDUDPHWUL

1.  929('

$VLQKURQLWH� NDIH]QL� PRWRUL� �$.0�� VH� NRULVWDW� YR� HOHNWURPRWRUQLWH
SRJRQL� NDGH� H� SRWUHEQD� SULPHQD� QD� HGQRVWDYQD� L� UREXVWQD� PD^LQD�� =DWRD�
DVLQKURQLWH� SUHWVWDYXYDDW� SRYH`H� RG� ��� �� RG� VLWH� LQVWDOLUDQL� QDL]PHQLaQL
SRJRQL�� VR� PR`QRVW� RG� QHNRONX� YDWL� GR� SUHNX� ��� MW�� 9R� SRVOHGQR� YUHPH�� NDNR
UH]XODWDW� QD� UD]YRM� QD� HQHUJHWVNDWD� HOHNWURQLND� � L� QD� VLVWHPLWH� ]D� XSUDYXYDZH�
$.0�VH�SRaHVWR�JL�]DPHQXYDDW�L�HGQRQDVRaQLWH�UHJXOLUDQL�SRJRQL�

.DM� UHJXOLUDQLWH� SRJRQL� VR� $.0� L� PLNURNRQWUROHUVNL�ED]LUDQLWH
]D^WLWQL�UHOHL� H� SRWUHEHQ� GREDU� GLQDPLaNL�PRGHO�QD� SRJRQRW��=DWRD� H� SRWUHEQR
SR]QDYDZH�QD�SDUDPHWULWH�QD�PRWRURW��ELGHM`L�RG�WRaQRVWD�QD�SDUDPHWULWH�]DYLVL�L
WRaQRVWD�QD�PRGHORW�

(GHQ�RG�QDMJROHPLWH�SUREOHPL�]D�ELOR�NRM�PRGHO�QD�$.0�H�RSUHGHOXYDZHWR
QD� DNWLYQLWH� L� UHDNWLYQLWH� RWSRUQRVWL� QD� VWDWRURW�� URWRURW� L� PDJQHWQRWR� NROR�
0HWRGLWH� ]D� RSUHGHOXYDZH� QD� SDUDPHWULWH� QD� $.0� ED]LUDQL� QD� NDWDOR^NL
SRGDWRFL� VH� QDMSRJRGQL� NDM� JROHPLWH�$.0�� ELGHM`L� HNVSHULPHQWDOQLWH� PHWRGL� ]D
RSUHGHOXYDZH�QD�SDUDPHWULWH�EDUDDW�VNDSD�HNVSHULPHQWDOQD�RSUHPD�L�SR]QDYDZH�QD
JHRPHWULVNLWH�GLPHQ]LL�QD�VWDWRUVNLWH�L�URWRUVNLWH�NDQDOL�L�SURYRGQLFL�

2VQRYQDWD� WHRULMD� QD� SURL]YROQD� UHIHUHQWQD� RVND� RYR]PRCXYD� DQDOL]D� QD
GLQDPLaNRWR� RGQHVXYDZH� QD� $.0�� QR� HIHNWLWH� QD� SRWLVNXYDZH� QD� VWUXMDWD� YR
URWRURW��]DVLWXYDZH�QD�PDJQHWQRWR�NROR�L�WQ��QH�VH�YNOXaHQL�YR�PRGHORW��=DWRD��SUL
SULPHQD� QD� RYDD� WHRULMD� ]D� JROHPL� $.0� WUHED� RYLH� HIHNWL� GD� VH� YNOXaDW� YR
PRGHORW�� 9R� RYRM� WUXG� `H� ELGH� SUHWVWDYHQ� GLQDPLaNL� PRGHO� QD� PRWRURW� YR� NRM� VH
YNOXaHQL� RYLH� HIHNWL�� D� NRM� H� ED]LUDQ� QD� RSUHGHOHQLWH� SDUDPHWUL� VR� SULPHQD� QD
NDWDOR^NL�SRGDWRFL�



0RGHORW� H� SURYHUHQ� SUHNX� PHUHZD� L]YHGHQL� QD� ���� kW� SRJRQ� QD� SXPSD� VR
$.0�� 0HUHQLWH� L� VLPXOLUDQLWH� NDUDNWHULVWLNL� SRNDCXYDDW� PQRJX� GREUR
VRYSD_DZH�

�� 02'(/�1$�02725�%$=,5$1�1$�.$7$/2>.,�32'$72&,

9R� VHNRM� NDWDORJ� VH� GDGHQL� VOHGQLWH� SRGDWRFL� ]D�$.0�� QRPLQDOQD�PR`QRVW

Pn�� QRPLQDOQD� VWUXMD I n�� QRPLQDOHQ� IDNWRU� QD� PR`QRVW cos ϕn�� QRPLQDOHQ

NRHILFLHQW�QD�SROH]QR� GHMVWYR�  ηn�� VWUXMD� I p� L�PRPHQW�Mp� QD� NXVD� YUVND�� NULWLaHQ
PRPHQW� Mk� L� VSRM� QD� QDPRWNLWH�� 3UL� RSUHGHOXYDZHWR� QD� SDUDPHWULWH� YR
SUH]HQWLUDQLRW�PRGHO�VH�NRULVWDW�VDPR�RYLH�SRGDWRFL�

���� 2VQRYL�QD�PRGHORW

$NWLYQLWH� L� UHDNWLYQLWH� RWSRUQRVWL� QD� VWDWRURW�� URWRURW� L� PDJQHWQRWR
NROR� PRCDW� GD� VH� RSUHGHODW� VR� SRPR^� QD� NDWDOR^NL� SRGDWRFL�� 3RVWRMDW� SRYH`H
PHWRGL� ]D� RSUHGHOXYDZH�QD� SDUDPHWULWH�QD�$.0�SUHNX�NDWDOR^NL� SRGDWRFL�� SUL
^WR� H� QXCQR� SR]QDYDZH� QD� QRPLQDOQLWH� SRGDWRFL� NDNR� L� SRGDWRFLWH� ]D� VWUXMD� L
PRPHQW� QD� NXVD� YUVND� L� NULWLaQLRW� PRPHQW�� 2VQRYQDWD� LGHD� H� VR� SULPHQD� QD
HNYLYDOHQWQDWD� ^HPD� QD� DVLQKURQ� PRWRU� ]D� VWDFLRQDUHQ� UHCLP� QD� UDERWD� GD� VH
RSUHGHODW� SDUDPHWULWH� L� WRD� WDND� GD� SUHVPHWDQLWH� NDUDNWHULVWLNL� QD� PRWRURW
ELGDW�^WR�H�PRCQR�SREOL]X�GR�SR]QDWLWH�NDWDOR^NL�SRGDWRFL�

.RULVWHQDWD� HNYLYDOHQWQD�^HPD� PRUD� GD� RGJRYDUD� QD� UHDOQLWH� VRVWRMEL� YR
PRWRURW�� SD� ]DWRD� YR� QHD� PRUDDW� GD� VH� YNOXaDW� L� HIHNWLWH� NDNR� ]DVLWXYDZH� QD
PDJQHWQRWR�NROR��SRWLVNXYDZH�QD�VWUXMDWD�YR�URWRUVNLWH�SURYRGQLFL�L�WQ��6HNRM�RG
RYLH� HIHNWL� PRCH� GD� VH� YNOXaL� YR� PRGHORW� VR� SULPHQD� QD� SRVHEHQ� NRUHNFLRQHQ
IDNWRU� NRM� `H� JR� SUHVWVWDYXYD� YOLMDQLHWR� QD� HIHNWRW�� (NYLYDOHQWQDWD� ^HPD� ]D
VHNRMD�ID]D�H�SULNDCDQD�QD�6OLND���

σfe X1feR1 X1σ X2c σk X2kσNξ X2N σz X2z

R2ri/s R2c/s ρR2fe/s

Xm
U1

6OLND�� (NYLYDOHQWQD�^HPD�QD�HGQD�ID]D�QD�DVLQKURQ�PRWRU�VR�SUHWVWDYXYDZH�QD
VLWH�HIHNWL�YU]�DNWLYQLWH�L�UHDNWLYQLWH�RWSRUQRVWL

=QDaHZHWR� QD� SRHGLQLWH� RWSRUQRVWL� L� NRHILFLHQWL� QD� 6OLND� �� H�� Xm� H

LQGXNWLYQD�RWSRUQRVW� QD�PDJQHWL]LUDZH��R1�H�RWSRUQRVW� QD� VWDWRURW��X1σ� H� GHO� RG
VWDWRUVNDWD�LQGXNWLYQD�RWSRUQRVW�QD�UDVWXUDZH��NRMD�QH�]DYLVL�RG�]DVLWXYDZHWR�QD
PDJQHWQRWR� NROR� �JR� SUHWVWDYXYD� UDVWXUQLRW� IOXNV� YR� YR]GXKRW��� X1fe� H� GHO� RG
VWDWRUVNDWD� LQGXNWLYQD� RWSRUQRVW� QD� UDVWXUDZH�� NRMD� ]DYLVL� RG� ]DVLWXYDZHWR� QD



PDJQHWQRWR� NROR� �JR� SUHWVWDYXYD� UDVWXUQLRW� IOXNV� YR� PDJQHWQRWR� NROR�� VR

NRHILFLHQW� � QD� QDPDOXYDZH� QD� LQGXNWLYQRVWDσfe�� X2c H� GHO� RG� LQGXNWLYQDWD
RWSRUQRVW� QD� UDVWXUDZH� QD� URWRURW�� NRM� QH� ]DYLVL� QLWX� RG�IUHNYHQFLMDWD� QLWX� RG
]DVLWXYDZHWR��X2N� H� GHO� RG� LQGXNWLYQDWD� RWSRUQRVW� QD� UDVWXUDZH� QD� URWRURW�� NRM

]DYLVL�RG�]DVLWXYDZHWR�QD�PDJQHWQRWR�NROR�L�RG�VNLQ�HIHNWRW�VR�NRHILFLHQWL�σN�L

ξ��X2k�H�GHO�RG�LQGXNWLYQDWD�RWSRUQRVW�QD�UDVWXUDZH�YR�]DELWH�QD�URWRURW�NRM�]DYLVL

RG� ]DVLWXYDZHWR� VR� NRHILFLHQW� � QD� QDPDOXYDZH� QD� LQGXNWLYQRVWD σk��X2z H� GHO� RG
LQGXNWLYQDWD� RWSRUQRVW� QD� UDVWXUDZH� QD� URWRURW� NRM� ]DYLVL� RG� ]DVLWXYDZHWR� VR

NRHILFLHQW�QD�QDPDOXYDZH�σz, R2r �H�RWSRUQRVW�QD�NUDWNRVSRMQLRW�SUVWHQ�QD�URWRURW�
R2fe H� GHO� RG� RWSRUQRVWD� QD� URWRUVNLWH� VWDSRYL�� NRM� VH� QDR_D� YR� PDJQHWQRWR� NROR

�]DYLVL�RG�IUHNYHQFLMDWD��VR�NRHILFLHQW�ρ, R2c�H�GHO�RG�RWSRUQRVWD�QD�URWRUVNLWH
VWDSRYL�� NRM� QH� VH� QDR_D� YR� PDJQHWQRWR� NROR� �QH� ]DYLVL� RG� IUHNYHQFLMDWD��� s� H
OL]JDZH�

9R� HNYLYDOHQWQDWD�^HPD� QH� H� ]HPHQR� YR� SUHGYLG� YOLMDQLHWR� QD� ]DJXELWH� YR
PDJQHWQRWR�NROR��ELGHM`L�WLH�VH�UHODWLYQR�PDOL��D�RYDD�SUHWSRVWDYND�YQHVXYD�PQRJX
PDOD�JUH^ND�YR�QDWDPR^QLWH�SUHVPHWNL���9NXSQLWH�LQGXNWLYQRVWL�L�RWSRUQRVWL�`H
ELGDW�

fefeLLL 111 σσ += ���

zzNNkkc LLLLL 22222 σξσσ +++= ���

rfec RRRR 2222 ++= ρ ���

=D�CDO� VR� YDNYDWD�^HPD�QH� H�PRCQR�RSUHGHOXYDZH�QD� VLWH� NRHILFLHQWL�QD
LQGXNWLYQRVWLWH��SD�]DWRD�VLWH�NRHILFLHQWL�WUHED�GD�VH�]DPHQDW�VDPR�VR�HGHQ�

σσσσσ ==== zkNfe ���

6R�RYD�VH�SUDYL�RSUHGHOHQD�JUH^ND��QR�WDD�QH�H�PQRJX�JROHPD��ELGHM`L�L�RQDND
YR� SUHVPHWNLWH� VH� NRULVWDW� VDPR� YNXSQLWH� YUHGQRVWL� QD� RWSRUQRVWLWH� L
LQGXNWLYQRVWLWH�

.RJD� $.0� UDERWL� VR� VWDFLRQDUQD� EU]LQD� EOLVND� GR� QRPLQDOQDWD�� WRJD^
QDYHGHQLWH�HIHNWL�QH�VH�L]UD]HQL��SD�YUHGQRVWLWH�QD�NRHILFLHQWLWH�`H�ELGDW�

1====== ξρσσσσ ξ zNfe ���

,PDM`L� MD� YR� SUHGYLG� UDYHQNDWD� ���� SDUDPHWULWH� QD� PRWRURW� PRCDW� GD� VH
RSUHGHODW�YR�GYD�aHNRUD�

− 3UYR� VR� XSRWUHED� QD� QRPLQDOQLWH� SRGDWRFL� PRCDW� GD� VH� RSUHGHODW
LQGXNWLYQRVWLWH�L�RWSRUQRVWLWH�YR�QRPLQDOHQ�UHCLP�QD�UDERWD�

− $� SRWRD� SUHNX� SRGDWRFLWH� RG� NXVD� YUVND� L� NULWLaHQ� PRPHQW� VH� RSUHGHOXYDDW
VRRGYHWQLWH�NRHILFLHQWL�L�NDUDNWHULVWLNLWH�QD�PRWRURW�]D�SURL]YROQD�EU]LQD�

2VQRYQLWH��RULHQWDFLRQL�YUHGQRVWL�QD�RWSRUQRVWLWH�VH�RSUHGHOXYDDW�VDPR�VR
SULPHQD�QD�HGQRVWDYQL�UDYHQNL�NRL�VH�ED]LUDDW�QD�IL]LaNLWH�]DNRQL�NRL�YODGHDW�YR
PRWRURW�LOL�SDN�VH�UH]XOWDW�QD�LVNXVWYRWR�YR�SULPHQD�QD�$.0�

.RUHNFLMDWD�QD�YDND�SUHVPHWDQLWH�YUHGQRVWL�PRCH�GD�VH�L]YU^L�VR�SULPHQD
QD� UD]OLaQL� PDWHPDWLaNL� PHWRGL�� 9R� RYRM� VOXaDM� H� NRULVWHQD� PHWRGDWD� QD
VHQ]LWLYQD�DQDOL]D�

���� 3ULPHQD�QD�PHWRGDWD�QD�VHQ]LWLYQD�DQDOL]D

1HOLQHDUQRWR� RGQHVXYDZH� QD� DVLQKURQLWH� PD^LQL� L� VORCHQDWD� PH_XVHEQD
]DYLVQRVW� QD� SDUDPHWULWH� JR� SUDYDW� PQRJX� WH^NR� GRELYDZHWR� QD� WRaQL� L
HGQRYUHPHQR�SULIDWOLYL�UDYHQNL��VR�NRL�HGQRYUHPHQR�`H�VH�GRELMDW�WRaQL�SRGDWRFL



]D�SDUDPHWULWH�QD�HNLYDOHQWQRWR�NROR�L�WRaQL�NDUDNWHULVWLNL�QD�PD^LQDWD��7RD�
]DHGQR�VR�SRHGQRVWDYXYDZDWD�NRL�VH�QDSUDYHQL�SUL�SUHVPHWXYDZHWR�QD�SDUDPHWULWH
GRYHGXYD�GR�WRD�GD�QH�PRCDW�GD�VH�SRVWLJQDW�UHDOQLWH�NDUDNWHULVWLNL�QD�PD^LQDWD�
=DWRD� H� SRWUHEQD� QLYQD� NRUHNFLMD� � L� WRD� ]HPDM`L� MD� YR� SUHGYLG� QHOLQHDUQRVWD� QD
PRWRURW�L�]DYLVQRVWLWH�NRL�QH�VH�YQHVHQL�YR�UDYHQNLWH�

.RUHNFLMDWD� QD� SDUDPHWULWH�� ]D� GD� H� GRELMDW� SRWRaQL� NDUDNWHULVWLNL� QD
PD^LQDWD�� PRCH� GD� VH� L]YU^L� VR� SRYH`H� NRUHNFLRQL� IDNWRUL� SULPHQHWL� RG
PHWRGDWD�QD�VHQ]LWLYQD�DQDOL]D��VR�]HPDZH�YR�SUHGYLG�QD�VHNRM�SDUDPHWDU�QD�NRORWR�

2VHWOLYRVWD� QD� SURPHQOLYDWD�Y� YR� ]DYLVQRVW� RG� SDUDPHWDURW�β� SUHWVWDYXYD
SDUFLMDOHQ�L]YRG�QD�Y�SR�β��9UHGQRVWLWH�VR�NRL�VH�]DSRaQXYD�VHQ]LWLYQDWD�DQDOL]D
VH�RQLH�YHNH�SUHWKRGQR�GRELHQL��5DYHQNDWD�VR�NRMD�VH�RSL^XYD�VHQ]LWLYQRVWD�QD�Y�RG
β�H�GDGHQD�VR�UDYHQNDWD�

Y

Y
Y

β
∂β
∂δ β −=, �6�

9R�QD^LRW�VOXaDM�VR�Y� VH�SUHWVWDYHQL��Mn, In, cosϕn, nn, ηn, Mk, Ip�L�Mp��6R�β VH
SUHWVWDYHQL�SDUDPHWULWH��R1, R2, X1, X2, Xm, R2k, X1k L X2k,�

3RHGLQHaQLWH�VHQ]LWLYQL�UDYHQNL�VH�PQRJX�VORCHQL�L�WH^NL�]D�SUHVPHWND�
6R� NRULVWHZH� QD� SRVOHGQLWH� UDVSRORCLYL� YUHGQRVWL� QD� SDUDPHWULWH�� VH

SUHVPHWXYDDW� IDNWRULWH� QD� VHQ]LWLYQRVW�� D� SRWRD� VH� SUHVPHWXYD� IDNWRURW� QD
NRUHNFLMD��1D�SULPHU��IDNWRURW�QD�NRUHNFLMD�QD�R1  PRCH�GD�VH�SUHVPHWD�VSRUHG�
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NDGH� VR� YWRULRW� LQGHNV� d� L� p� VH� R]QDaHQL� GDGHQLWH� L� SUHVPHWDQLWH� YUHGQRVWL� QD
SRHGLQLWH�SURPHQOLYL�

6R� YDND� SUHVPHWDQLWH� NRUHNFLRQLWH� IDNWRUL� VH� YU^L� NRUHNFLMD� QD
SUHVPHWDQLWH�YUHGQRVWL�QD�SDUDPHWULWH��1D�SULPHU��QRYDWD�YUHGQRVW�QD�R1�`H�ELGH�

( )
1

1,1,1 rrsn KorFRR += ���

NDGH�VR�YWRULWH�LQGHNVL�n L�s VH�R]QDaHQL�QRYDWD�L�VWDUDWD�YUHGQRVW��6R�Fr�H�R]QDaHQ
WHCLQVNLRW�IDNWRU� NRM� YR� SRaHWRNRW� QD� SUHVPHWNLWH� LPD� PDOD� YUHGQRVW�� SD� NDNR
SURFHVRW�NRQYHUJLUD�PX�VH�]JROHPXYD�YUHGQRVWD�

1.3.  3ULPHU�]D�RSUHGHOXYDZH�QD�SDUDPHWUL�QD�DVLQKURQ�PRWRU

6R� SULNDCDQLRW� PRGHO� QD� $.0� H� L]UDERWHQD� NRPSMXWHUVND� SURJUDPD� ]D
SUHVPHWND�QD�SDUDPWHULWH� VR�SURJUDPVNLRW� SDNHW�MATLAB�� 6R�QHJR� VH� SUHVPHWDQL
SDUDPHWULWH�QD�$.0�WLS�ZK 315 M-4, SURL]YRG�QD��6(9(5��- -XJRVODYLMD�NRM�VH
NRULVWL�]D�SRJRQ�QD�SXPSD��0RWRURW�JL�LPD�VOHGQLWH�NDWDOR^NL�SRGDWRFL�

Pn=132 kW; U n=380V; I n= 255 A; n n=1485 min -1 ; ηn=0,93; cos

ϕn=0,85; I p = 6,5 I n; M p= 2,6 M n; M k=2,6 M n; f=50 Hz; VSRM� QD

QDPRWNLWH�YR�∆.
3UHVPHWNLWH� VH� YU^HQL� VH� GRGHND� UD]OLNDWD� PH_X� SUHVPHWDQLWH� L

NDWDOR^NLWH�SRGDWRFL�QH�H�SRPDOD�RG�����]D�VLWH�NDWDOR^NL�SRGDWRFL�
9R�WDEHOD�I VH�SULNDCDQL�SUHVPHWDQLWH�YUHGQRVWL�]D�GDGHQLRW�PRWRU�

7DEHOD I 3UHVPHWDQL�YUHGQRVWL�QD�SDUDPHWULWH�QD�PRWRU��6(9(5�������kW

R1 X1 R2 X2 Xm X1p R2p X2p



3UHVPHWDQL
YUHGQRVWL

[Ω]
0,0276 0,2214 0,0280 0,4294 6,9418 0,1886 0,1316 0,1782

D� E�
6OLND���0HKDQLaND��D��L�HOHNWURPHKDQLaND��E��NDUDNWHULVWLND

6R� SUHVPHWDQLWH� SDUDPHWUL� VH� RSUHGHOHQL� PHKDQLaNDWD� L
HOHNWURPHKDQLaNDWD�NDUDNWHULVWLND�SULNDCDQL�QD�6OLND���D�L�E�VRRGYHWQR�

�� ',1$0,A.,�02'(/�1$�$6,1+521�.$)(=(1�02725

.ODVLaQLWH�QDaLQL�]D�DQDOL]D�QD�$.0�VR�^HPDWD�SULNDCDQD�YR�SUHWKRGQRWR
SRJODYMH�QH�VH�SRJRGQL�]D�DQDOL]D�QD�GLQDPLaNRWR�RGQHVXYDZH�QD�$.0��=D�WDD�FHO�VH
NRULVWL�PRGHUQDWD�WHRULMD�QD�SURL]YROQD�UHIHUHQWQD�RVND��SRVHEQR�SUL�UHJXODFLMD
QD�EU]LQDWD�LOL�SDN�]D�]D^WLWD�QD�HOHNWURPRWURQLWH�SRJRQL�

%LGHM`L�DQDOL]DWD�QD�WULID]QLRW�VLVWHP�YR�RS^W�VOXaDM�VH�YU^L�VR�VORCHQL
GLIHUHQFLMDOQL� UDYHQNL�� NRL� SUDNWLaQR� VH� QHXSRWUHEOLYL�� SRYH`HID]QLRW� VLVWHP
VH� WUDQVIRUPLUD� YR� GYRID]HQ� VLVWHP� VR� UHIHUHQWQD� RVND� NRMD� VH� GYLCL� VR
SURL]YROQD�EU]LQD�

3UL�RYDD�WUDQVIRUPDFLMD�NRRUGLQDWQLRW�VLVWHP�YRRELaDHQR�VH�YU]XYD�]D�

− VWDWRURW��QHSRGYLCHQ�H�
− URWRURW��VH�GYLCL�VR�EU]LQD�QD�URWRURW��L
− PDJQHWQRWR�SROH��VH�GYLCL�VR�VLQKURQD�EU]LQD��

5DYHQNLWH�VR�NRL�VH�GHILQLUD�PRWRURW�]D�SURL]YROQD�UHIHUHQWQD�RVND�VH�
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� 9R� UDYHQNDWD ���� R]QDNLWH� VH�� p = d/dt, X ss =X1+XM, X rr =X2+XM, ωr  H
DJROQD�EU]LQD�QD�URWRURW, ωb H�DJROQD�EU]LQD�QD�UHIHUHQWQDWD�RVND, i ds , i qs ,



i dr , i qr VH� VWDWRUVNLWH� L� URWRUVNLWH� VWUXL� SR�  d L q RVNLWH� u ds, u qs VH

VWDWRUVNLWH�QDSRQL�SR�d L�q RVNDWD�L� 2
m

'
rrss XXXD −= .

=D� GD� VH� RSL^H� HOHNWURPRWRUQLRW� SRJRQ� YR� GDGHQLRW� VLVWHP� QD� UDYHQNL� H
SRWUHEQR�GD�VH�GRGDGDW�L�UDYHQNLWH�NRL�JR�RSL^XYDDW�GYLCHZHWR�

pθr � �ωr ����

-�pωr   �0
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NDGH�
J �H�PRPHQHW�QD�LQHUFLMD�QD�YUWOLYLWH�PDVL, M s �H�VWDWLaNLRW�PRPHQW�L�Mm�H

PRPHQWRW�QD�PRWRURW GHILQLUDQ�VR�UDYHQNDWD�

( )'
21

'
2122

3
qddqmm iiiiL

P
T −











= ����

�$NR�WRYDURW�H�VR�FHQWULIXJDOQD�NDUDNWHULVWLND��UDYHQNDWD�]D�Ms H�
2ωkTl = ����

(NYLYDOHQWQDWD� ^HPD� QD� $.0� YR� GYRNYDGUDQWHQ� VLVWHP� H� SULNDCDQD� QD
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9R� RVQRYQLRW� PRGHO� SULNDCDQ� VR� SUHWKRGQLWH� UDYHQNL�� HIHNWLWH� QD
]DVLWXYDZH� QD� PDJQHWQRWR� NROR�� SURPHQD� QD� URWRUVNLWH� SDUDPHWUL� SRUDGL� VNLQ
HIHNW�L�WQ�VH�]DQHPDUHQL��1LYQRWR�YOLMDQLH�PRCH�GD�VH�YNOXaL�YR�PRGHORW�QD�GYD
QDaLQL�

− 6R�GRGDYDZH�QD�GRSROQLWHHOQL�VWDWRUVNL�L�URWRUVNL�RWSRUQRVWL�]D�VHNRM�HIHNW�
aLMD�SURPHQD�H�GDGHQD�VR�RSUHGHOHQ�PDWHPDWLaNL�]DNRQ��QDMaHVWR�PQRJX�VORCHQ�L
]D�aLMD�SULPHQD�H�SRWUHEQR�SR]QDYDZH�QD�RSUHGHOHQL�JHRPHWULVNL�GLPHQ]LL��L��

− 6R� XSRWUHED� QD� SUHVPHWDQL� �SURPHQOLYL�� SDUDPHWUL� VR� QHNRMD� RG� PHWRGLWH� ]D
RSUHGHOXYDZH�QD�SDUDPHWUL�

9R� UD]YLHQLRW� PRGHO� VH� NRULVWL� YWRULRW� SULVWDS�� =D� VHNRM� aHNRU� QD
SUHVPHWNL�� YR� ]DYLVQRVW� RG� VWUXMDWD� L� OL]JDZHWR� VH� SUHVPHWXYDDW� VRGYHWQLWH
VWDWRUVNL�L�URWRUVNL�RWSRUQRVWL�



���� 5H]XOWDWL�RG�GLQDPLaNDWD�QDOL]D�VR�SURPHQOLYL�SDUDPHWUL�RSUHGHOHQL�SUHNX
NDWDOR^NL�SRGDWRFL

3UHVPHWDQLWH� SURPHQOLYL� RWSRUQRVWL� NRL� VH� GDGHQL� YR� GHORW� �� VH
LVNRULVWHQL� NDNR� � YOH]QL� SRGDWRFL� ]D� UD]YLHQDWD� NRPSMXWHUVND� SURJUDPD� ]D
GLQDPLaND�DQDOL]D�QD�$.0��3URJUDPDWD�H�UD]YLHQD�YR�SURJUDPVNLRW�SDNHW�MATLAB�
6LVWHPRW�QD�GLIHUHQFLMDOQL�UDYHQNL�VH�UH^DYD�VR�SULPHQD�QD�PHWRGDWD�5XQJH�.XWD
RG�SHWWL�UHG�

.RULVWHQLRW�$.0�VH�NRULVWL�]D�SRJRQ�QD�FHQWULIXJDOQD�SXPSD�]D�YRGD�NDM
NRMD�SURWRNRW�VH�UHJXOLUD�NODVLaQR�VR�YHQWLOL�

3X^WDZHWR� QD� PRWRURW� VH� YU^L� VR� SUHNORSND� \YH]GD�WULDJROQLN�� SUL� ^WR
SUHNORSXYDZHWR�QDVWDQXYD�VHGXP�VHNXQGL�SR�YNOXaXYDZHWR�YR�\YH]GD�

3UHVPHWNLWH� VH� YU^HQL� ]D� VOHGQLWH� XVORYL� QD� UDERWD�� 3XPSDWD� UDERWL� VR
]DWYRUHQ�YHQWLO��SUL�^WR�SUHGDGHQDWD�PR`QRVW�QD�RVNDWD�QD�PRWRURW�H������kW��3RG
LVWLWH�XVORYL�VH�YU^HQL�L�VRRGYHWQLWH�PHUHZD��,VWR�WDND�H�SUHWSRVWDYHQD�LGHDOQD
FHQWULIXJDOQD�NDUDNWHULVWLND��Ms=kn 2) �

3RG� GDGHQLWH� XVORYL� VH� SUHVPHWDQL� NDUDNWHULVWLNLWH� QD� SX^WDZH� QD
SRJRQRW��1D�6OLND���H�SULNDCDQD�SURPHQDWD�QD�VWUXMDWD�QD�PRWRURW�SUL�SX^WDZH�
2G� QHD� VH� JOHGD� SULaLQDWD� ]D� SULPHQD� QD� RYRM� QDaLQ� QD� SX^WDZH�� ELGHM`L� VH
QDPDOXYD� SRaHWQDWD� VWUXMD�� QR� VHSDN� SRVWRL� NXVRWUDHQ� VWUXHQ� XGDU� SUL
SUHNORSXYDZHWR�
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3UHVPHWDQLWH� SURPHQL� QD� PRPHQWRW� QD� PRWRURW� L� QD� EU]LQDWD� ]D� YUHPH� QD
SX^WDZHWR� VH� SULNDCDQL� QD� 6OLND� �� L� 6OLND� �� VRRGYHWQR�� 2G� QLY� VH� JOHGD
QHGRVWDWRNRW�QD�RYRM�QDaLQ�QD�SX^WDZH��PDO�SRaHWHQ�PRPHQW�L�]JROHPHQR�OL]JDZH
�VR�WRD�L�]DJUHYDZH��NRJD�PRWRURW�UDERWL�YR�\YH]GD�
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=D� GD� VH� L]YU^L� SURYHUND� QD� SUHGORCHQLRW� PRGHO�� GDOL� WRM� RGJRYDUD� QD
VWYDUQRVWD� L]PHUHQD� H� SURPHQDWD� QD� VWUXMDWD� ]D� YUHPH� QD� SX^WDZHWR�� ELGHM`L� VR
UDVSRORCOLYDWD�RSUHPD�HGLQVWYHQR�WRD�PHUHZH�EH^H�PRCQR�
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6OLND���3URPHQD�QD�EU]LQDWD�SUL�SX^WDZH�VR�SUHNORSND�\YH]GD�WULDJROQLN

0HUHZDWD� VH� L]YU^HQL� VR� FLUKE SCOPEMETER 105�� 7RD� H� SUHQRVHQ
GLJLWDOHQ�RVFLORVNRS�VR�IUHNYHQFLMD�RG�100 MHz.

6WUXMDWD�H�PHUHQD�VR�VWUXMQD�NOH^WD�WLS FLUKE  600 ��,]PHUHQDWD�OLQLVND
VWUXMD�YR�METER PRG�]D�YUHPH�QD�SX^WDZHWR�H�SULNDCDQD�QD�6OLND��.

6OLND���,]PHUHQDWD�OLQLVND�VWUXMD�SUL�SX^WDZH�VR�SUHNORSND�\YH]GD�WULDJROQLN

2aLJOHGQR�H�GHND�SURPHQDWD�QD�PHUHQDWD�L�SUHVPHWDQDWD�VWUXMD�VH�VR�LVW�WHN�
0DNVLPDOQLWH�YUHGQRVWL�YR�GYDWD�VOXaDMD� VH�UD]OLaQL�� ��ELGHM`L�SCOPEMETER ���
LPD�PDOR� YUHPH� QD� VHPSOLUDZH� YR METER PRG� RG� HGQD� VWUDQD�� D� RG� GUXJD� VWUDQD
GLVSOHMRW� H� VR� OR^D� UH]ROXFLMD� �PLQLPDOHQ� PRCHQ� SULND]� H� �� PLQ�� =JROHPHQLRW
SULND]�QD�SURPHQDWD�QD�VWUXMDWD�H�GDGHQD�QD�6OLND��.



6OLND���=JROHPHQ�SULND]�QD�L]PHUHQDWD�VWUXMD

,]PHUHQDWD� VWDFLRQDUQD� VWUXMD� QD� PRWRURW� YR� WULDJROQLN� L]QHVXYD� ���� $�
3UHVPHWDQDWD� VWDFLRQDUQD� VWUXMD� H� ���� $�� ^WR� GDYD� JUH^ND� RG� -4.2 %. ,� RYD
SRNDCXYD� GHND� SULPHQHWLRW�PRGHO� ]D� RSUHGHOXYDZH� QD� SDUDPHWULWH� QD�PRWRURW� L
SULPHQHWLRW�GLQDPLaNL�PRGHO�VH�PQRJX�EOLVNL�VR�UHDOQRVWD

3.  =$./8A2.

$VLQKURQLWH� NDIH]QL� PRWRUL� XaHVWYXYDDW� VR� SRYH`H� RG� 85 % � RG� VLWH
LQVWDOLUDQL�QDL]PHQLaQL�SRJRQL��%U]LRW�UD]YRM�QD�HQHUJHWVNDWD�HOHNWURQLND�L�QD
VLVWHPLWH� ]D� DYWRPDWVND� UHJXODFLMD� SULGRQHVXYDDW� ]D� RVYRMXYDZH� QD� GHORW� RG
SD]DURW�NDGH�H�SRWUHEQD�UHJXODFLMD�QD�EU]LQDWD�

2SUHGHOXYDZHWR� QD� VLWH� SRWUHEQL� RWSRUQRVWL� ]D� SULPHQD� YR� UHJXOLUDQLWH
SRJRQL� PRCH� GD� VH� QDSUDYL� QD� SRYH`H� QDaLQL�� 1DMSRJRGHQ� QDaLQ�� SRVHEQR� NDM
JROHPLWH� DVLQKURQL� NDIH]QL� PRWRUL� H� XSRWUHEDWD� QD� NDWDOR^NLWH� SRGDWRFL�
ELGHM`L� NRULVQLFLWH� UDVSRODJDDW� VDPR� VR� QLY�� RG� HGQD� VWUDQD� L� QHPD� SRWUHED� RG
VNDSD�HNVSHULPHQWDOQD�RSUHPD�RG�GUXJD�

9R�RYRM�WUXG�H�SULNDCDQ�HGHQ�PRGHO�SRJRGHQ�]D�SUHVPHWND�QD�SDUDPHWULWH�QD
$.0� SUHNX� NDWDOR^NL� SRGDWRFL� L� VRRGYHWQLWH� GRELHQL� UH]XOWDWL� ]D� PRWRU� VR
PR`QRVW�RG�����kW�

6R� SUHVPHWDQLWH� SDUDPHWUL� H� UD]YLHQ� VRRGYHWHQ� GLQDPLaNL� PRGHO� QD
SRJRQRW�� .DNR� GRND]� ]D� NRUHNWQRVWD� QD� PRGHOLWH� SUHVPHWDQLWH� YUHGQRVWL� QD
VWDWRUVNDWD� VWUXMD� SUL� SX^WDZH� VR� SUHNORSND� \YH]GD�WULDJROQLN� VH� VSRUHGHQL� VR
L]PHUHQLWH� YUHGQRVWL�� 3UHVPHWDQLWH� L� PHUHQLWH� YUHGQRVWL� GDYDDW� PQRJX� EOLVNL
YUHGQRVWL�^WR�VDPR�MD�SRWYUGXYD�NRUHNWQRVWD�YR�SULVWDSRW�
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9R�WUXGRW�H�GDGHQ�UHYLMDOHQ�SULND]��QD�UHJXODFLRQLWH�VLVWHPL�VR�DVLQKURQL
PRWRUL�� QLYQLRW� GLQDPL�NL� UD]YRM�� VHJD^QDWD� VRVWRMED�� L� LGQLWH� WUHQGRYL� YR
UHJXODFLMDWD� QD� HOHNWURPRWRUQLWH� SRJRQL�� ,VWR� WDND� VH� GLVNXWLUDQL� RVQRYQLWH
NDUDNWHULVWLNL�� SHUIRUPDQVL� L� UD]OL�QLWH� SRGUD�MD� QD� SULPHQD� � QD� SRHGLQLWH
UHJXODFLRQL�NRQFHSWL�

9R� LGQLQD� VH� R�HNXYD� VH� SRPDVRYQD� SULPHQD� QD� VDPRDGDSWLUD�NLWH
UHJXODFLRQL� VLVWHPL�� VLVWHPL� QD� UHIHUHQWQR� DGDSWLYQR� XSUDYXYDZH�� HNVSHUWQLWH
VLVWHPL��QD�XSUDYXYDZH�ED]LUDQL�QD�ID]L�ORJLNDWD�L�QHYURQVNLWH�PUHCL��VNRUR�YR
VLWH�WLSRYL�QD�YHNWRUVNL�XSUDYXYDQL�HOHNWURPRWRUQL�SRJRQL�

ABSTRACT

This paper gives a comprehensive review of  historical development of induction motor
based control systems: their dynamic evaluation, present state, development and future trends in
controlling of ASD (adjustable speed drives). Basic characteristics, performances and different
application fields of  particular induction motor based control concept are discussed.

It is expected the application of self-tuning controllers, model reference adaptive control
systems, fuzzy and artificial neural network based controllers to have a dominant role in the
future in all types of vector controlled drives.

���929('

6HJD^QDWD� WHQGHQFLMD� QD� EU]� UD]YRM� YR� SRGUDaMHWR� QD� HQHUJHWVNDWD
HOHNWURQLND� L� � PRGHUQLWH� YLVRNR� LQWHJULUDQL� HOHNWURQLaNL� HOHPHQWL� ]D
REUDERWND�QD�VLJQDOLWH��RYR]PRCXYDDW�VH�SRYH`H�SRJRQVNL�VRVWRMEL�YR�LQGXVWULMDWD
GD� VH� UH^DYDDW� VR� SULPHQD� QD� PD^LQLWH� QD� QDL]PHQLaQD� VWUXMD�� 7XND�� SUHG� � VH�
]QDaDMQR�PHVWR�]D]HPDDW�DVLQKURQLWH�PRWRUL��RVREHQR�L]YHGELWH�VR�NDIH]HQ�URWRU�

>LURNLRW�SXEOLFLWHW�NRM�YR�SRVOHGQLYH�QHNRONX�JRGLQL�JR�LPDDW�YHNWRUVNL
UHJXOLUDQLWH�HOHNWURPRWRUQL�SRJRQL� �PRCH�GD�GRYHGH�GR�SRJUH^HQ�]DNOXaRN�GHND
YR� VYHWRW� GHQHV� JROHP� SURFHQW� RG� LVNRULVWOLYLWH� HOHNWURPRWRUQL� SRJRQL� VH
UHJXOLUDQL�(03��6YHWVNLWH�VWDWLVWLNL�SRNDCXYDDW�GHND�QSU��YR�9HOLND�%ULWDQLMD
YR� ����� JRGLQD� VDPR� ��� � RG� PRWRULWH� LPDDW� SULGUXCHQ� UHJXODFLRQHQ� XUHG� D� YR



SRGUDaMHWR�SRG��kW��WRM�SURFHQW�H�X^WH�SRPDO�L�L]QHVXYD�����6SRUHG�GUXJL�VYHWVNL
VWDWLVWLaNL�SRND]DWHOL�SR]QDWR�H�GHND�����RG�FHORNXSQDWD�HQHUJLMD�NRMD�MD�WUR^DW
HOHNWURPRWRUQLWH�SRJRQL�RWSD_D�QD�PR`QRVWL�SRG���kW��6SRUHG�RYD��DNR�FHQLWH�QD
IUHNYHQWQLWH�� RGQRVQR� YHNWRUVNL� ED]LUDQLWH� UHJXODFLRQL� XUHGL� SRaQDW
]QDaLWHOQR�GD�RSD_DDW��D�UHJXODFLRQLWH�SHUIRPDQVL�L�PRCQRVWL�LP�VH�]JROHPXYDDW�
WRJD^� UHDOQR� H� YR� EOLVND� LGQLQD� GD� VH� RaHNXYD� QLYQD� VH� SRPDVRYQD� SULPHQD�
6LJXUQR� GHND� � QDPDOXYDZHWR� � QD� FHQDWD� QD� UHJXODFLRQLRW� XUHG� EL� SUHWVWDYXYDOR
]QDaLWHOQD� GRELYND� YR� RGQRV� QD� FHQDWD� QD� PRWRURW�� RVREHQR� DNR� VH� SRVWLJQH� L
]QDaLWHOQR� ^WHGHZH� QD� HQHUJLMD�� QDPDOXYDZH� QD� GUXJLWH� GRGDWQL� WUR^RFL�� SD
VOHGRYDWHOQR� YUHPHWR� QD� YUD`DZH� QD� YORCHQLWH� VUHGVWYD� ]D� UHJXODFLRQLRW� XUHG
PRCH�GD�VH�QDPDOL�QD�VDPR�QHNRONX�JRGLQL�

8^WH� YR� SRaHWRNRW� QD� ����� JRGLQD�� HGQD� RG� QDMJROHPLWH� VYHWVNL� ILUPL� YR
REODVWD� QD� HOHNWURLQGXVWULMDWD� �� � SIEMENS�� ]DSRaQXYD� VR� PQRJX� LQWHQ]LYQL
WHRUHWVNL� L� SURWRWLSQL� LVWUDCXYDZD� ]D� SULPHQD� QD� LQYHUWRUVNL� QDSRMXYDQ
DVLQKURQ�PRWRU��YR�NRQVWUXNFLMD�QD�HOHNWULaQR�YR]LOR��6H�SUDYDW�RELGL�]D�SULPHQD
QD�VSHFLILaQD�YDULMDQWD�QD�GLUHNWQD�YHNWRUVND�UHJXODFLMD�QD�IOXNVRW�L�PRPHQWRW�

9RGHaNLWH� LQCHQHUL� RG� NRUSRUDFLMDWD� HITACHI � YHUXYDDW� GHND� YR� QDMVNRUD
LGQLQD�`H� VH�RWYRUL� JROHP�SD]DU� � ]D�UHJXOLUDQL�(03�VR�ODQVLUDZHWR�QD� QLYQDWD
QRYD�VHULMD�QD�SUHWYRUXYDaL�RG�VDPR�QHNRONX�GHVHWLFL�IXQWL��7DNYLWH�UHJXODWRUL
`H� ELGDW� WRONX� HIWLQL� ^WR� `H� VH� YJUDGXYDDW� YR� VNRUR� VLWH� GRPD^QL� DSDUDWL� ]D
^LURND� SRWUR^XYDaND�� 6R� WRD� VH� SUHGYLGXYD� GHND� RYLH� PRGXODUQL� LQYHUWRUL� ]D
PR`QRVWL� QDG� 100W� WRWDOQR� `H� JR� UHYROXFLRQL]LUDDW� XSUDYXYDZHWR� VR� PRWRULWH�
1HVRPQHQR�GHND�RYDD�WHKQLND�`H�GRYHGH�GR�]QDaLWHOQL�SUHGQRVWL��QR�LVWR�WDND�SUL
QVRRGYHWQL�UH^HQLMD�� �WDD�PRCH�GD�JR�]JROHPL�L�SRWHQFLMDOQLRW�SUREOHP�QD�OR^R
KDUPRQLaQR� YOLMDQLH� QD� PUHCDWD� �L]REOLaXYDZH� QD� QDSRQRW�� GRSROQLWHOQD
UHDNWLYQD� HQHUJLMD� L� VO���� 7DND� � SURSLVLWH� ]D� HOHNWURPDJQHWQD� SRGQRVOLYRVW
�Electromagnetic Compatibility�� `H� PRUD� GD� ELGDW� SRVWURJL�� NDNR� EL� VH� QDPDOLOH
SUREOHPLWH�VR�NYDOLWHWRW�QD�QDSRQRW�

1R�VHSDN�VH�aLQL�GHND�SR]QDWDWD�VYHWVND�ILUPD�ABB�H�RWLGHQD�QDMGDOHNX��9R
ORQGRQVNLRW�PX]HM�QD�QDXND�L� WHKQLND�SUL�NUDMRW�QD� ����� JRGLQD��SUHWVWDYQLFL�QD
ABB�YR�JODYQL�FUWL� MD�SULNDCXYDDW�WHRULMDWD�QD�GLUHNWQDWD�YHNWRUVND�UHJXODFLMD
QD� PRPHQWRW� L� IOXNVRW� QD� DVLQKURQ� PRWRU� VR� NDIH]HQ� URWRU�� QR� EH]� SURWRWLSHQ
PRGHO� ]D� GHPRQVWUDFLMD�� � ,VWDNQXYDDW� GHND� GLUHNWQDWD� UHJXODFLMD� QD� PRPHQWRW
SUHVWDYXYD� QDMUDGLNDOQR� GRVWLJQXYDZH� YR� REODVWD� QD� YHNWRUVNDWD� UHJXODFLMD� YR
SRVOHGQLYH�GHVHW�JRGLQL��3UHWVWDYHQDWD�WHKQLND�H�UH]XOWDW�QD�UD]YRMQLRW�SURJUDP
]DSRaQDW� YR� )LQVND� ����� JRG�� YR� NRM� ELOH� XNOXaHQL� SRYH`H� RG� ���� LQCHQHUL� QD
JRGLQD� [19]�� 6HSDN� SUYLRW� SURL]YRG� QD� SUHREUD]XYDa� QD� IUHNYHQFLMD� L� QDSRQ
ED]LUDQ� QD� GLUHNWQDWD� YHNWRUVND� UHJXODFLMD� QD� PRPHQWRW� L�IOXNVRW�� VH� MDYXYD� YR
VHSWHPYUL������JRGLQD� [19], [21]��9R�ILUPDWD�ABB WYUGDW�GHND�SUHREUD]XYDaLWH� VR
GLUHNWQD�UHJXODFLMD�QD�PRPHQWRW�`H�PRCDW�GD� �]DPHQDW�����RG�SULPHQDWD�QD�VLWH
HOHNWURPRWRUQL� SRJRQL� YR� LQGXVWULMDWD�� 6SRUHG� SRGDWRFLWH� QD� ABB
SUHREUD]XYDaLWH� VR� GLUHNWQD� UHJXODFLMD� QD� PRPHQWRW� `H� VH� SULPHQXYDDW� � ]D
UHJXOLUDQL�HOHNWURPRWRUQL�SRJRQL�YR�GLMDSD]RQ�QD�PR`QRVWL�RG�QHNRONX�NLORYDWL
GR� QHNRONX� PHJDYDWL�� L� `H� SUHVWDYXYDDW� HGLQVWYHQD� ED]D� ]D� VLWH� LGQL� ABB-
HOHNWURPRWRUQL�SRJRQL�



���9(.7256.,�6,67(0,

1D� VO��� SULNDCDQD� H� SULQFLSLHOQD� EORNRYVND� VWUXNWXUD� QD� HGHQ� VLVWHP� ]D
YHNWRUVND�UHJXODFLMD��5HJXODFLRQLRW�VLVWHP�SULQFLSLHOQR�VH�GHOL�YR�WUL�FHOLQL�
(GQD� RG� QLY� JR� SUHWVWDYXYD� REMHNWRW� QD� UHJXODFLMD�� RGQRVQR� GLQDPLaNLRW
QHOLQHDUHQ�L�PXOWLYDULMDELOHQ�PDWHPDWLaNL�PRGHO�QD�DVLQKURQLRW�PRWRU��9WRUDWD
FHOLQD� H� LQYHUWRURW�� RGQRVQR� QHJRYLRW� GLVNUHWHQ� PDWHPDWLaNL� PRGHO� VR
YDULMDELOQD�VWUXNWXUD��L�WUHWDWD�FHOLQD�MD�SUHWVWDYXYD�DSP��Digital Signal Processor�
NRM�WUHED�GD�MD�YU^L�IXQNFLMDWD�QD�FHORNXSQD�UHJXODFLMD�QD�]DWYRUHQLRW�VLVWHP�QD
UHJXODFLMD�� 9R� QHJR� VH� LPSOHPHQWLUDDW� XSUDYXYDaNLWH� DOJRULWPL�� DNYL]LFLMDWD� L
HVWLPDFLMDWD� QD� YDOLGQLWH� SRGDWRFL�� WUDQVIRUPDFLMD� QD� NRRUGLQDWLWH�� NDNR� L
DOJRULWPLWH�QD�VLQWH]D�QD�UHJXODFLRQLWH�NROD�

6O����3ULQFLSLHOQD�EORNRYVND�VWUXNWXUD�6O���0HKDQLaNLWH�NDUDNWHULVWLNL�QD�$0

9R� SRVOHGQR� YUHPH� YR� SRGUDaMHWR� � QD� XSUDYXYDZH� VR� $0� � VH� SRYH`H� L
SRLQWHQ]LYQR� VH� YU^L� ]DPHQD� QD� VNDODUQDWD� U/f� UHJXODFLMD� VR� YHNWRUVNDWD
UHJXODFLMD� NRMD� RVLJXUXYD� SRYLVRNL� GLQDPLaNL� SHUIRPDQVL� QD� SRJRQRW�� 1D� VO��

GDGHQL� VH� PHKDQLaNLWH� NDUDNWHULVWLNL� QD� DVLQKURQ� PRWRU�� � RG� ILUPDWD� esco
�NRRUSRUDFLMD�QD�Eugen Schmidt�L�Hitachi)���GRELHQL�SUL�YHNWRUVND��L�U/f ��UHJXODFLMD
NDNR�LOXVWUDFLMD�QD�SUHGQRVWLWH�QD�PHWRGRW�QD� YHNWRUVND�UHJXODFLMD�RVREHQR�SUL
PDOL� EU]LQL�� 3RYH`HWR� VYHWVNL� SURL]YRGLWHOL� QD� YDNYD� RSUHPD� NDNR� JODYQL
QHGRVWDWRFL�QD�U/f �� LOL� VNDODUQDWD�UHJXODFLMD� JL�LVWDNQXYDDW�RJUDQLaXYDZDWD� VR
GLQDPLNDWD�QD� RG]LYLWH� �NDUDNWHULVWLNLWH� LP� YDULUDDW� VR� SURPHQD� QD� UDERWQLRW
UHCLP��� VR� HNVWUHPQR� PDOLRW� EURM� QD� YUWHCL� NDNR� L� VR� PRCQRVWD� ]D� YLVRND
GLQDPLND�QD�UHJXODFLMD�QD�PRPHQWRW��.DNR�JODYQL�SULaLQL�]D�RYLH�QHGRVWDWRFL�QD
U/f �UHJXODFLMDWD� VHNDNR� VH� QHOLQHDUQLRW� PRGHO� QD� DVLQKURQDWD� PD^LQD� L
SULGUXCQLRW�HIHNW�QD�VSUHJD�PH_X�d-�L�q-�RVNLWH�QD�PD^LQDWD�

6SRUHG� WRD�� YHNWRUVNDWD� UHJXODFLMD� H� PHWRG� ]D� GLQDPLaND� UHJXODFLMD� QD
EU]LQDWD� L� PRPHQWRW� QD� DVLQKURQLRW� PRWRU� SUHNX� SRVWRMDQD� UHJXODFLMD� QD
LQWHQ]LWHWRW� L� DJRORW� QD� SURVWRUQLWH� YHNWRUL� QD� HOHNWURPDJQHWQLWH� YHOLaLQL�
(GQD� RG� QDMYDCQLWH� SULGRELYNL� QD� RYDD� UHJXODFLMD� H� ^WHGHZHWR� QD� HQHUJLMD�
ELGHM`L�YHNWRUVNDWD�UHJXODFLMD�RYR]PRCXYD�GLQDPLaND�UHJXODFLMD�QD�IDNWRURW�QD
PR`QRVW��6SRUHG�WRD�YSH�DWOLYD�H� �RS^WDWD�WHQGHQFLMD�QD�YLVRNRUD]YLHQLWH�]HPML
YR� VYHWRW� � GD� MD� SULIDWDW� YHNWRUVNDWD� UHJXODFLMD� NDNR� XQLYHU]DOHQ� PHWRG� SUL
UHJXOLUDZH�QD�QDL]PHQLaQLWH�HOHNWURPRWRUQL�SRJRQL�



9R�RVQRYD�VH�UD]OLNXYDDW�GYH�WHKQLNL�QD�YHNWRUVNR�XSUDYXYDZH��GLUHNWQD�L
LQGLUHNWQD� PHWRGD�� ,QGLUHNWQDWD� PHWRGD� JR� SRO]XYD� PDWHPDWLaNLRW� PRGHO� QD
DVLQKURQLRW� PRWRU�� RGQRVQR� ]D� UHJXODFLMD� RULHQWLUDQD� QD� URWRUVNLRW� IOXNV� MD
NRULVWL� VRRGYHWQDWD� UHODFLMD� ]D� OL]JDZHWR L� H� PQRJX� ]DYLVQD� RG� SURPHQDWD� QD
SDUDPHWULWH� QD�PD^LQDWD�� 'LUHNWQDWD� PHWRGD� VH� ED]LUD� QD� GLUHNWQR� PHUHZH� LOL
HVWLPDFLMD�QD�SURVWRUQLWH�YHNWRUL�QD�VWDWRUVNLRW�LOL�URWRUVNLRW�IOXNV�

2VQRYQD��]DHGQLaND�NDUDNWHULVWLND�QD�VLWH�SULVWDSL�NRQ�UD]OLaQLWH�WLSRYL
QD� YHNWRUVND� UHJXODFLMD� SUHWVWDYXYD� GLQDPLaNDWD� HNYLYDOHQWQD� ^HPD� QD
DVLQKURQDWD�PD^LQD� � VR�aLMD�SRPR^�VH� YU^L�WUDQVIRUPLUDZH�LOL�SULEOLCXYDZH
QD� GLQDPLaNDWD� QHOLQHDUQD� VWUXNWXUD� QD� DVLQKURQLRW� PRWRU� GR� PRGHORW� QD
HGQRQDVRaHQ� PRWRU� VR� QH]DYLVQD� YR]EXGD�� .DNR� UH]XOWDW� VH� GRELYD� PRCQRVWD� ]D
aHWLULNYDGUDQWHQ�UHCLP�QD�UDERWD�QD�DVLQKURQLRW�PRWRU�VR�EU]�RG]LY�L�GLQDPLND
QD�PRPHQWRW��NDNR�L�GREUL�SHUIRUPDQVL�QD�SRJRQRW�GR�EU]LQL�QXOD�

6R�FHO�GD�VH�REH]EHGL�^WR�H�PRCQR�SRGREUD�GLQDPLND�QD�FHORNXSQLRW�VLVWHP
YR�^LURN� GLMDSD]RQ� QD� EU]LQD� L� RSWRYDUXYDZH� GRVHJD� SUDNWLaQD� SULPHQD� QDR_DDW
GYD�GLQDPLaNL��PRGHOD�QD�DVLQKURQLRW�PRWRU�YR�]DYLVQRVW�RG�WRD�GDOL�UHJXODFLMDWD
H�RULHQWLUDQD�QD�YHNWRULWH�QD�VWDWRUVNDWD�VWUXMD�L�URWRUVNLRW�IOXNV�LOL�SDN�QD
YHNWRULWH�QD� VWDWRUVNLRW� L� URWRUVNLRW�IOXNV��6LVWHPRW� QD� YHNWRUVND� UHJXODFLMD
NRM� H� RULHQWLUDQ� QD� YHNWRURW� QD� URWRUVNLRW� IOXNV� � QDPHQHW� H� � SUHWHCQR� ]D
HOHNWURPRWRUQL� SRJRQL� YR� YOHaQL� DSOLNDFLL� L� SRNDCXYD� UHODWLYQR� YLVRND
VHQ]LELOQRVW� VR� YDULMDELOQRVWD� QD� SDUDPHWULWH� QD� PD^LQDWD�� 6LVWHPRW� QD
YHNWRUVNDWD� UHJXODFLMD� QD� DVLQKURQLRW� PRWRU� YR� VWDWRUVNL� NRRUGLQDWHQ� VLVWHP
RULHQWLUDQ�QD�YHNWRURW�QD�VWDWRUVNLRW�IOXNV�L�SUHNLQXYDaNLRW�UHCLP�QD�UDERWD
QD� LQYHUWRURW� QDPHQHW� H� VNRUR� LVNOXaLYR� ]D� VHUYR� DSOLNDFLL�� (GQRVWDYQRVWD�
UREXVQRVWD�L�GRYHUOLYRVWD�QD�RYRM�UHODWLYQR�SRQRY�UHJXODFLRQHQ�SULVWDS�RWYRUDDW
^LURNL� SHUVSHNWLYL� L� QRYL� PRCQRVWL� YR� YHNWRUVNDWD� UHJXODFLMD� QD� VHUYR
VLVWHPLWH�VR�DVLQKURQL�PRWRUL�

����,QGLUHNWQL�VLVWHPL�]D�YHNWRUVND�UHJXODFLMD

,QGLUHNWQLWH�PHWRGL�QD� YHNWRUVND�UHJXODFLMD� VR� RULHQWDFLMD� QD� SROHWR� QH
YU^DW�HVWLPDFLMD�LOL�PHUHZH�QD�SURVWRUQLRW�YHNWRU�QD�URWRUVNLRW�IOXNV��WXNX�MD
NRULVWDW� UHODFLMDWD� ]D� OL]JDZHWR� ]D� SUHVPHWND� QD� L]OH]QLWH� VLJQDOL� QD
SURVWRUQLRW� YHNWRU� QD� VWDWRUVNDWD� VWXMDWD� �SUL� YHNWRUVND� UHJXODFLMD� VR� VWUXHQ
LQYHUWRU���RGQRVQR�L]OH]QLWH�VLJQDOL�QD�SURVWRUQLRW�YHNWRU�QD�VWDWRUVNLRW�QDSRQ
�SUL� YHNWRUVND� UHJXODFLMD� VR� QDSRQVNL� LQYHUWRU��� =D� GD� VH� QDPDOL� ]DYLVQRVWD� QD
SDUDPHWULWH� QD� PD^LQDWD� RG� ]DJUHYDZHWR� LOL� SDN� ]DVLWXYDZHWR� VH� NRULVWDW
L]YHGEL�YR�UD]OLaLWL�NRRUGLQDWQL�VLVWHPL��,VWR�WDND�VH�UD]YLHQL�EURMQL�^HPL�]D
DGDSWDFLMD� QD� SDUDPHWULWH�� .DNR� WHKQLNL� NRL� VH� XSRWUHEXYDDW� SR]QDWL� VH
VDPRDGDSWLUDaNLWH�UHJXODFLRQL�VLVWHPL��(selftuning systems STS)��VLVWHPL�QD�UREXVQR
XSUDYXYDZH�� VLVWHPL� QD� UHIHUHQWQR� DGDSWLYQR� XSUDYXYDZH� (model reference adaptive
control MRAC)�LWQ��1D�VO���SULNDCDQD�H�SULQFLSLHOQD�^HPD�QD�VLVWHP�]D�LQGLUHNWQD
YHNWRUVND� UHJXODFLMD�� 6OLaQL� YDULMDQWL� QD� � LQGLUHNWQL� ^HPL� ]D� YHNWRUVND
UHJXODFLMD�VH�DQDOL]LUDQL�RG� Flugel, Zägelein�L�Hasse [11], [13]�
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�����'LUHNWQL�VLVWHPL�]D�YHNWRUVND�UHJXODFLMD

=D� UD]OLND� RG� LQGLUHNWQLWH� VLVWHPL� QD� YHNWRUVND� UHJXODFLMD� GLUHNWQLRW
VLVWHP� �VO���� VH� ED]LUD� QD� PHUHZH�� DNYL]LFLMD� L� �LOL�� HVWLPDFLMD� QD� SURVWRUQLRW
YHNWRU� QD� URWRUVNLRW� IOXNV�� � =D� GD� VH� L]EHJQDW� SUREOHPLWH� VR� DNYL]LFLMD� QD
URWRUVNLRW�IOXNV��RS^WD�WHQGHQFLMD�YR�SRQRYR�YUHPH�H�GD�VH�QDSX^WL�SULVWDSRW��QD
PHUHZH�QD�IOXNVRW� VR�SRPR^�QD�GRSROQLWHOQR�YJUDGHQL�QDPRWNL�LOL�SDN�+DORYL
VRQGL� D� GD� VH� YU^L� SULID`DZH� QD� IOXNVRW� VR� SRPR^� QD� VRRGYHWQR� ]D� WDD� FHO
DGDSWLUDQL� PDWHPDWLaNL� PRGHOL� [13]�� 0HUHZHWR� QD� URWRUVNLRW� IOXNV� JL� LPD� YR
JODYQR� WLH� QHGRVWDWRFL� ^WR� H� VYU]DQR� VR� JXEHZH� QD� HGQRVWDYQRVWD� QD� PD^LQDWD
SRUDGL� YJUDGXYDZH� QD� VRRGYHWQL� PHUQL� HOHPHQWL� YR� WHNRW� QD� NRQVWUXNFLMD� QD
PD^LQDWD� L� VR� GRGDWQL� WUR^RFL� ]D� SULGUXCQD� RSUHPD� ]D� REUDERWND� QD� PHUQLWH
VLJQDOL�[10], [11],�VR�^WR�VH�]JROHPXYD�FHQDWD�L�VH�QDPDOXYD�SRWUHEDWD�]D�SULPHQD�QD
YDNYL�UHJXOLUDQL�SRJRQL��$NYL]LFLMDWD�QD�URWRUVNLRW�IOXNV�VR�SRPR^�QD�PRGHOL
JR�LPD�QHGRVWDWRNRW�YU]DQ�VR�aXYVWYLWHOQRVWD�QD�SDUDPHWULWH�RG�]DJUHYDZHWR��^WR
H� YR� WHVQD� YUVND� VR� SRJRQVNDWD� VRVWRMED� QD� PRWRURW�� 9R� WDD� VPLVOD� YU^HQL� VH
GROJRWUDMQL�LVWUDCXYDZD�L�UD]UDERWHQL�VH�SRYH`H�PRGHOL�YR�UD]OLaQL�NRRUGLQDWQL
VLVWHPL�]D�DNYL]LFLMD�QD�URWRUVNLRW�IOXNV��NDNR�L�NYDOLWDWLYQR���NYDQWLWDWLYQDWD
RFHQND� L� NRPSHQ]DFLMD� QD� JUH^NDWD� ]DUDGL� WHPSHUDWXUQDWD� L� PDJQHWQDWD
SURPHQOLYRVW�QD�SDUDPHWULWH�

�����6LVWHPL�]D�GLUHNWQD�UHJXODFLMD�QD�PRPHQWRW

6RJODVQR� VR� SRWUHELWH� ]D� VH� SRJROHPD� DYWRPDWL]DFLMD� QD� SURL]YRGQLWH
SURFHVL� VHUYR� VLVWHPLWH� SRJRQXYDQL� YR� QDMaHVW� VOXaDM� RG� DVLQKURQL� PRWRUL
VWDQXYDDW� VH� SRYH`H� QHRSKRGQL� ]D� UD]OLaQL� DSOLNDFLL� NDNR� YR� SRGUDaMHWR� QD
URERWLNDWD�WDND�L�YR�SRGUDaMHWR�QD�QXPHULaNL�NRQWUROLUDQLWH�PD^LQL�DODWNL��9R
SRVOHGQLYH�JRGLQL��RVREHQR�YR�YLVRNR�UD]YLHQLWH�LQGXVWULVNL�]HPML��VH�]DEHOHCXYD
PQRJX�LQWHQ]LYHQ�UD]YRM�QD�UD]OLaQL�NRQFHSWL�QD�UHJXODFLMD�QD�$0�VR�RULHQWDFLMD
QD� SROHWR� �Field-oriented control��� VR� ^WR� YR� UHJXODFLRQD� VPLVOD� VH� RYR]PRCXYD
SULEOLCXYDZH� QD� DVLQKURQLRW� PRPHQW� GR� HGQRQDVRaQLRW� PRWRU�� =D� UD]OLND� RG
UHJXODFLRQLRW� VLVWHP� NRM� H� RULHQWLUDQ� QD� SURVWRUQLRW� YHNWRU� QD� URWRUVNLRW
IOXNV�� QD� � GLQDPLaNLRW� PRGHO� YR d-q NRRUGLQDWHQ� VLVWHP� QD� $0� L� QD� LPSXOVQR
^LURaLQVNDWD� PRGXODFLMD� QD� QDSRQVNLRW� LQYHUWRU�� D� SULWRD� NRULVWL� OLQHDUQD
UHJXODFLRQD�WHKQLND�L�OLQHDUQL�UHJXODWRUL�� VLVWHPLWH� ]D� GLUHNWQD�UHJXODFLMD� QD
PRPHQWRW� (Direct torque control systems)� LPDDW� SRLQDNRY� NRQFHSW� QD� YHNWRUVND



UHJXODFLMD��2YLH�VLVWHPL�VH�ED]LUDDW��QD�SURVWRUQLRW�YHNWRU�QD�VWDWRUVNLRW�IOXNV�
QD� PRGHORW� QD� DVLQKURQLRW� PRWRU� YR� VWDFLRQDUHQ� � NRRUGLQDWHQ� VLVWHP� L� QD
SURVWRUQR�YHNWRUVNDWD�PRGXODFLMD�QD�LQYHUWRURW�[7], [8], [9], [18], [19], [20].�3ULWRD
RYRM�NRQFHSW�NRULVWL�L�QHOLQHDUQL�UHJXODFLRQL�WHKQLNL�L�QHOLQHDUQL�UHJXODWRUL�

2ULHQWDFLMDWD�QD�UHJXODFLRQLRW�VLVWHP�QD�SURVWRUQLRW�YHNWRU� �]QDaLWHOQR
MD�QDPDOXYD�]DYLVQRVWD�QD�UHJXODFLRQDWD�VWUXNWXUD�RG�WHPSHUDWXUQLWH�YDULMDFLL�QD
SDUDPHWULWH� QD� HNYLYDOHQWQDWD� ^HPD� QD� DVLQKURQLRW� PRWRU�� =D� UD]OLND� RG
UHJXODFLRQLWH� VLVWHPL� QD� DVLQKURQ� PRWRU� VR� RULHQWDFLMD� QD� SROHWR� YR� NRL
SUHFL]QRVWD� QD� HVWLPDFLMDWD� QD� SURVWRUQLRW� YHNWRU� QD� URWRUVNLRW� IOXNV� � H� YR
GLUHNWQD� ]DYLVQRVW� VR� SDUDPHWULWH� QD� PRWRURW� NRL� MD� RSUHGHOXYDDW� URWRUVNDWD
YUHPHQVND� NRQVWDQWD�� YR� RYRM� NRQFHSW� QD� YHNWRUVND� UHJXODFLMD� [20], [21],� QHPD
SRWUHED�RG�DNYL]LFLMD�QD�SURVWRUQLRW�YHNWRU�QD�URWRUVNLRW�IOXNV���2ULHQWDFLMDWD
QD� UHJXODFLRQDWD� VWUXNWXUD� QD� � PRGHORW� QD� DVLQKURQLRW� PRWRU� YR� VWDFLRQDUHQ
NRRUGLQDWHQ�VLVWHP�MD�L]EHJQXYD�SRWUHEDWD�RG�WUDQVIRUPDFLMD�QD�NRRUGLQDWLWH�QD
SURVWRUQLWH� YHNWRUL� QD� PD^LQDWD� NRL� YOHJXYDDW� YR� DQDOL]DWD� L� VLQWH]DWD� QD
UHJXODFLRQLWH�NUXJRYL�[20]�

3URVWRUQR� YHNWRUVNDWD� PRGXODFLMD� RYR]PRCXYD� PDNVLPDOQR� LVNRULVWXYDZH
QD�GLQDPLNDWD�QD�LQYHUWRURW��OHVQR�L�HGQRVWDYQR�RSWLPL]LUDZH�QD�IUHNYHQFLMDWD
QD�YNO��LVNO��SR�RGQRV�QD�NYDOLWHWRW�QD�EDUDQLRW�RG]LY�QD�UHJXOLUDQLWH�JROHPLQL
�IOXNV�� EU]LQD�� PRPHQW� L� VO���� VR� ^WR� LVWRYUHPHQR� VH� QDPDOXYDDW� ]DJXELWH� QD
YNO��LVNO�� QD� LQYHUWRURW�� ]DJXELWH� RG� YL^LWH� KDUPRQLaQL� aOHQRYL� QD� QDSRQRW� L
VWUXMDWD� QD� QDSRMXYDZH� QD� PD^LQDWD� NDNR� L� EXaDYDWD�� $VLQKURQLRW� PRWRU� H
QHOLQHDUHQ� VLVWHP� RG� YLVRN� UHG� L� ]D� QHJRYD� YHNWRUVND� UHJXODFLMD� VR� SRPR^� QD
OLQHDUQL� WHKQLNL� L� UHJXODWRUL� QHRSKRGQD� H� SULPHQDWD� QD� NRPSOLFLUDQL
PDWHPDWLaNL� PRGHOL�� 6SRUHG� WRD�� SRUDGL� NRPSOHNVQRVWD� QD� QHOLQHDUQLWH
GLIHUHQFLMDOQL� UDYHQNL�� NRL� JR� RSL^XYDDW� GLQDPLaNLRW� PRGHO� QD� DVLQKURQLRW
PRWRU�� SURFHVLUDZHWR� QD� VLJQDOLWH� QD� UHJXODFLRQLRW� VLVWHP�� VH� XVORCQXYD�� 2G
GUXJD� VWUDQD� HQHUJHWVNLRW� LQYHUWRU� SUHVWDYXYD� LVWR� WDND� QHOLQHDUHQ� HOHPHQW�
ELGHM`L�H�VRVWDYHQ�RG����^HVW��HQHUJHWVNL�SUHNLQXYDaL���VNORSNL����NRL�VH�LVWR�WDND
QHOLQHDUQL� HOHPHQWL�� ,QYHUWRURW� MD� PHQXYD� VYRMDWD� GLQDPLaND� VWUXNWXUD� YR
]DYLVQRVW� RG� WRD� NRMD� VNORSND� H� YNOXaHQD� RGQRVQR� LVNOXaHQD�� SD�PRCH� GD� VH� NDCH
GHND�LQYHUWRURW�H�QHOLQHDUHQ�HOHPHQW�VR�SURPHQOLYD�VWUXNWXUD��3RUDGL�VHWR�RYD�H
SULURGQR��L�ORJLaQR���GD�VH�XSRWUHEL�QHOLQHDUHQ�UHJXODFLVNL�NRQFHSW�L�QHOLQHDUQL
UHJXODWRUL� ]D� GLUHNWQD� UHJXODFLMD� QD� LQYHUWRUVNL� QDSRMXYDQL� DVLQKURQL� PRWRUL
[20], [24], [25], [26].

���321$7$02>(1�5$=92-

3RMDYDWD� QD� HQHUJHWVNLWH� WLULVWRUL� QD� SD]DURW� YR� ����� WH� JR� REHOHCXYDDW
SRaHWRNRW�QD�W�Q�UHYROXFLMD�YR�LQGXVWULVNDWD�HOHNWURQLND��,QWHQ]LYQLRW�UD]YRM�YR
SRVOHGQLYH� JRGLQL� QD� SROXSURYRGQLaNLWH� HOHPHQWL� �MOS-FET� WUDQ]LVWRUL� IGBT,
GTO� WLULVWRUL�� MOS� WLULVWRUL��� YR� SRGUDaMHWR� QD� HQHUJHWVNDWD� HOHNWURQLND
RYR]PRCXYDDW�NRQVWUXNFLMD�QD�VH�SRPR`QL�L�SRHIWLQL�LQYHUWRUL��3R]QDWR�H� GHND
SHUIRUPDQVLWH� QD� SROXSURYRGQLaNLWH� HOHPHQWLYR� GREUD� PHUD� MD� RSUHGHOXYDDW
JROHPLQDWD��WHCLQDWD�L��FHQDWD�QD�UHJXOLUDQLRW�HOHNWURPRWRUHQ�SRJRQ�

2G�GUXJD�VWUDQD�RYDD�WHQGHQFLMD�QD�EU]�UD]YRM�YR�SRGUDaMHWR�QD�HQHUJHWVNDWD
HOHNWURQLND� H� IRUVLUDQD� RG� PRGHUQLWH� YLVRNR� LQWHJULUDQL� HOHNWURQLaNL
HOHPHQWL� ]D� REUDERWND� QD� VLJQDOLWH�� =D� LPSOHPHQWDFLMD� QD� XSUDYXYDaNLWH
DOJRULWPL� YR� UHDOQR� YUHPH� QDMaHVWR� VH� NRULVWDW� PR`QLWH� VLJQDO� SURFHVRUL�� TMS



320C25DSP��TMS 320C30DSP, TMS 32010DSP, �TMS 320E14DSP LOL�  AT&T  DSP32C.
3RUDGL�IDNWRW�GHND�NRPSOHNVQRWR�SURFHVLUDZH�QD�VLJQDOLWH�YR�QDMaHVW� VOXaDM� VH
UHDOL]LUD�VR�UHODWLYQR�EDYQD�SURJUDPVND�SRGU^ND��D�GD�VH�SRVWLJQH�]DEU]XYDZH�QD
LVWRWR�� � YR� LGQLQD� VH� SRYH`H� � `H� VH� UD]YLYDDW� L� SULPHQXYDDW� VSHFLILaQL
YLVRNRLQWHJULUDQL�ASIC (application specific integrated circuit)� aLSRYL�� ]D� UHDOL]DFLMD
QD� ,>0� �PWM)� PRGXODFLMD�� WUDQVIRUPDFLMDWD� QD� NRRUGLQDWL� L� GUXJL� VORCHQL
IXQNFLL�� 9R� LGQLQD� GXUL� VH� RaHNXYD� L� FHORNXSQDWD� UHJXODFLMD� VR� HQHUJHWVNDWD
HOHNWURQLND�GD�VH�ED]LUD�QD�HGHQ�HGLQVWYHQ�KLEULGHQ�GLJLWDOHQ ASIC�aLS�

,VWR� WDND� VH� RaHNXYD� GD� SURGROCL� WUHQGRW� QD� LVWUDCXYDZH� QRYL� ^HPL� ]D
DGDSWDFLMD�QD�SDUDPHWULWH�QD�PD^LQDWD��.DNR�WHKQLNL�NRL�VH�XSRWUHEXYDDW�SR]QDWL
VH� VDPRDGDSWLUDaNLWH� UHJXODFLRQL� VLVWHPL� � (selftuning systems STS)�� VLVWHPL� QD
UREXVQR� XSUDYXYDZH�� VLVWHPL� QD� UHIHUHQWQR� DGDSWLYQR� XSUDYXYDZH� (MRAC). 9R
LGQLQD� VH� RaHNXYD� X^WH� SRJROHPD� ]DVWDSHQRVW� QD� GLJLWDOQDWD� WHKQLND�� RGQRVQR
PLNURSURFHVRUVNR� ED]LUDQLWH� XSUDYXYDaNL� VLVWHPL�� ,VWR� WDND� QHPLQRYHQ� H
]DEU]DQLRW�SRUDVW�QD�SULPHQD�QD�UD]OLaQLWH�DGDSWLYQL�PHWRGL�NDNR�VLVWHPLWH� VR
SURPHQOLYD�VWUXNWXUD�(variable structure system VSS)��VDPRDGDSWLUDaNL�VLVWHPL�(STS)�
PRGHOL� QD� UREXVQR� XSUDYXYDZH�� PRGHOL� QD� UHIHUHQWQR� DGDSWLYQR� XSUDYXYDZH
(MRAC)��D�YR�EOLVND�LGQLQD�PDVRYQD�SULPHQD�QD�HNVSHUWQLWH�VLVWHPL�QD�XSUDYXYDZH
(expert system)�ED]LUDQL�QD fuzzy�ORJLNDWD��QD�JHQHWVNLWH�DOJRULWPL�(genetic algoritham)
L�QD�YH^WDaNLWH�QHYURQVNL�PUHCL�(artifical neural network ANN).

5HJXODFLMDWD� ED]LUDQD� QD� fuzzy� ORJLNDWD� SREXGXYD� VH� SRJROHP� LQWHUHV� YR
SRVOHGQLYH� QHNRONX� JRGLQL� RVREHQR� YR� -DSRQLMD�� *HUPDQLMD�� 6$'�� 7DD� H� PQRJX
SREOLVND� GR� aRYHaNRWR� SULURGQR� UD]PLVOXYDZH� L� MD]LN� RWNRONX� WUDGLFLRQDOQLWH
UHJXODFLRQL� WHKQLNL� [28]. Fuzzy� ORJLNDWD� RYR]PRCXYD� � HIHNWLYQD� REUDERWND� L
SUHWVWDYD� QD� QHHJ]DNWQDWD� SULURGD� QD� UHDOQLRW� VYHW�� Fuzzy� ORJLaNLWH� ED]LUDQL
UHJXODFLRQL� VLVWHPL� RYR]PRCXYDDW� HGQRVWDYQD�� EU]D� L� HILNDVQD� NRQYHU]LMD� QD
OLQJYLVWLaNDWD�UHJXODFLRQD�VWUDWHJLMD��ED]LUDQD�QD�HNVSHUWQRWR�]QDHZH�L�QDXND�YR
VWUDWHJLMD�QD�DYWRPDWVNR�XSUDYXYDZH��,VNXVWYRWR�SRNDCDOR�GHND�fuzzy�UHJXODFLMDWD
PRCH� GD� RVWYDUL� SRGREUL� UH]XOWDWL� VSRUHGHQR� VR� NODVLaQDWD� UHJXODFLMD� RVREHQR
NRJD� VH� SULPHQXYD� QD� VLVWHPL� � ]D� XSUDYXYDZH� YR� NRL� REMHNWRW� QD� XSUDYXYDZH� H
RSL^DQ�VR�NRPSOHNVHQ�L�WHCRN�PDWHPDWLaNL�DSDUDW�LOL�SDN�YRRS^WR�QH�H�PRCHQ
QHJRY�HJ]DNWHQ�PDWHPDWLaNL�SULND]��6WUXNWXUDWD�QD�HGHQ��fuzzy�ORJLaNL�NRQWUROHU
H�GDGHQD�QD�VO���
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2G�VO���VOHGL�GHND�Iuzzy�ORJLaNL�NRQWUROHU�JL�VRGUCL�VOHGQLYH�WUL�JODYQL
EORND�

)X]LILNDFLMDWD�(Fuzzification)�SUHWVWDYXYD�SULGUXCXYDZH�QD�VHW�RG�ORJLaNL
WHUPLQL��YDULMDEOL��]D�RSL^XYDZH�QD�HJ]DNWQLWH�VRVWRMEL�QD�YOH]QLWH�SURPHQOLYL�
6R� RYRM� YOH]� VH� YU^L� RERS^WXYDZH�� RGQRVQR� VH� GDYD� ORJLaNR� WRONXYDZH� ]D
YHOLaLQDWD� RGQRVQR� VRVWRMEDWD� QD� YOH]QLWH� SURPHQOLYL�� =D� WDD� FHO� VH� NRULVWDW
PDWHPDWLaNL� RSHUDWRUL� ED]LUDQL� QD� OLQJYLVWLaNDWD� ORJLND�� L� QL]D� GUXJL
LVNXVWYHQL�SUDYLOD��L�VH�L]YU^XYDDW�VOHGQLYH�]DGDaL�
��3ULGUXCXYDZH�QD�VRRGYHWQD�OLQJYLVWLaND�YDULMDEOD�QD�VHNRMD�YOH]QD�
SURPHQOLYD�
��2SUHGHOXYDZH�QD�SULGUXCQLWH�IXQNFLL�
��2WaLWXYDZH�QD�SULGUXCQLRW�NRHILFLHQW�
)D]L� LQIHUHQFLMD ( Fuzzy Inference)� SUHVWDYXYD� SRVWDSND� QD� REUDERWXYDZH� QD
SRLPLWH�QD�ED]D�QD�VOHGQLYH�SUDYLOD�YR�VOXaDM�QD�HGQD�YOH]QD�SURPHQOLYD�
IF  ��3UHPLVD�������THEN������5H^HQLH���
LOL�YR�VOXaDM�QD�SRYH`H�YOH]D�
IF  ��3UHPLVD���� �AND /OR /GAMMA � ��3UHPLVD����AND /OR /GAMMA � ��3UHPLVD���

AND /OR /GAMMA ���3UHPLVD�������� THEN���5H^HQLH�
6R�RYRM�EORN�VH�L]YU^XYDDW�VOHGQLYH�]DGDaL�
��3RVWDYXYDZH�SUDYLOD�]D�REUDERWND�QDMaHVWR�ED]LUDQL�QD�LVNXVWYR�
��,]ERU�QD�RSHUDWRU�]D�AND / OR�L�GUXJL�IXQNFLL�YR�VOXaDM�QD�SRYH`H�SURPHQOLYL�
��3UHVPHWND�QD��QD�SULGUXCQLRW�RHILFLHQW��RG�UH]XOWDWRW���XSRWUHED�QD�Min
RSHUWRU��Max�RSHUDWRU��Product�RSHUDWRU�Gamma�RSHUDWRU�L�VO���
'HIX]LILNDFLMD� (Defuzzification)� SUHVWDYXYD� SRVWDSND� ]D� SUHWYRUXYDZH� QD� HGQD
QHMDVQD� IX]LILFLUDQD� VRVWRMED� YR� NRQNUHWQL� EURMNL� L� YUHGQRVWL� L� JL� L]YU^XYD
VOHGQLYH�]DGDaL�
�� 3RVWDYXYDZH� QD� PHWRGD� ]D� GHIX]LILNDFLMD�� .DNR� QDM]DVWDSHQL� YR� SUDNVD� VH
PHWRGLWH��VUHGHQ�PDNVLPXP��Mean of Maximum)�L����FHQWDU�QD�JUDYLWDFLMD�( Center  of
Gravity),
��2WaLWXYDZH�QD�UH]XOWDWLWH�

5HJXODFLMDWD� ED]LUDQD� QD�YH^WDaNLWH� QHYURQVNLWH�PUHCL� (Artifical Neural
Network ANN)  QDMJROHPD� SULPHQD� QDR_D� SUL� LGHQWLILNDFLMD� L� UHJXODFLMD� QD
QHOLQHDUQL� VLVWHPL�� 9H^WDaNLWH� QHYURQVNL� PUHCL� SUHWVWDYXYDDW� � QHOLQHDUQD
DGDSWLYQD� GLQDPLaND� VWUXNWXUD�� NRMD� YR� VHEH� VRGUCL� YLVRNR� LQWHUDNWLYQL
SURFHVLUDaNL� HOHPHQWL� QDUHaHQL� QHYURQL�� 1LYQDWD� VWUXNWXUD� H� ED]LUDQD� QD
QHYURELROR^NDWD� VWUXNWXUD� QD� aRYHaNLRW� � PR]RN�� 9H`H� SRVWRMDW� L� VH� UD]YLYDDW
SRYH`H� PRGHOL� QD� QHYURQVNL� PUHCL� QR� QLYQDWD� RVQRYQD� NDUDNWHULVWLND� � H
VSRVREQRVWD� ]D� REXaXYDZH� L� DGDSWDFLMD� ^WR� JL� SUDYL� LGHDOQL� ]D� SULPHQD� YR
VLVWHPLWH� ]D� DYWRPDWVNR� DGDSWLYQR� XSUDYXYDZH�� 5HJXODWRURW� ED]LUDQ� QD
YH^WDaNLWH�QHYURQVNL�PUHCL�PRCH�XVSH^QR�GD� VH�SULPHQL�GXUL�L� YR� VOXaDL�NRJD
SDUDPHWULWH� QD� PRWRURW� L� WRYDURW� VH� QHSR]QDWL�� =D� WDD� FHO� QHYURQVNLWH� PUHCL
SUYR� MD� LGHQWLILNXYDDW� QHSR]QDWDWD� GLQDPLND� QD� VLVWHPRW�� D� SRWRD� YDND
WUHQLUDQDWD�QHYURQVND�PUHCD�PRCH�GD�VH�NRPELQLUD�VR�UHIHUHQWHQ�PRGHO�NDNR�EL
VH� SRVWLJQDOD� EDUDQDWD� WRaQRVW� QD� UHJXODFLMD�� =D� GD� VH� SRVWLJQH� SRSUHFL]QD
LGHQWLILNDFLMD� QD� VLVWHPRW�� ANN� VH� SRVWDYXYD� SDUDOHOQR� VR� QHSR]QDWLRW
UHJXOLUDQ�VLVWHP��SULPHU�PRWRU��WRYDU���1DMSULPHQXYDQD�PHWRGD�]D�QDJRGXYDZH�QD
WHCLQVNLWH�IDNWRUL��QD�$11��H�WQ��Backpropagation�SRVWDSND��1D�VO���SULNDCDQD�H
SULQFLSLHOQD�^HPD�QD�PI�UHJXODWRU�UHDOL]LUDQ�VR�ANN�VR�WUL�UDPQLQL�YOH]QD�(input
layer)�� VNULHQD� � (hidden layer) L� L]OH]QD� (output layer)�� � QD� ED]D� QD� Backpropagation



SRVWDSND�� (GQD� QHYURQVND� PUHCD� VH� VRVWRL� RG� MD]OL� QHYURQL� (neuron)� PH_XVHEH
SRYU]DQL� SUHNX� YUVNL� GHILQLUDQL� VR� WQ�� WHCLQVNL� IDNWRUL� �weighting factors)� L
RUJDQL]LUDQL�YR�SRYH`H�UDPQLQL�(Layers) L�JL�LPD�VOHGQLYH�NDUDNWHULVWLNL�
��1HYURQRW�PRCH�GD�LPD�GYH�VRVWRMEL�QD�PLUXYDZH�L�QD�YR]EXGD�
��1HYURQRW�PRCH�GD�SRVHGXYD�SRYH`H�YOH]D�L�VDPR�HGHQ�L]OH]�
��,]OH]RW�RG�QHYUHQRW�VH�SRYU]XYD�VR�GUXJL�QHYURQL�LOL�VR�QDGYRUH^QLRW�VLVWHP�
��1HYURQRW�SUHPLQXYD�YR�VRVWRMED�QD�YR]EXGD�NRJD�GRYROHQ�EURM�RG�QHJRYLWH�YOH]RYL
SUHNX�WHCLQVNLWH�IDNWRUL�VH�SREXGHQL�RGQRVQR�DNWLYLUDQL�

���=$./8A2.�,�3(563(.7,9,

,GQLWH�WUHQGRYL��YR�REODVWD�QD�HQHUJHWVNLWH�SUHREUD]XYDaL��`H�VH�RGYLYDDW
QD�SROHWR�QD�NRQVWUXNFLMD�QD�LQWHOHJHQWL�PRGXOL� (smart power modules)�NRL�YR�VHEH
`H� YNOXaXYDDW� ]D^WLWD�� YJUDGHQL� GUDMYHUL�� VLJQDOL]DFLMD� � L� � HYHQWXDOQR� QLYQR
YJUDGXYDZH� YR� UDPNLWH� QD� PRWRU� VR� SRPDOL� PR`QRVWL� VR� ^WR� EL� VH� GRELO� W�Q
HOHNWURQLaNL� PRWRU� � (electronic motor).� 'RPLQDQWQL� SROXSURYRGQLaNL� YHQWLOL� � `H
ELGDW�IGBT �WUDQVLVWRUL��L��MCT �WLULVWRUL��,VWR�WDND�VH�RaHNXYD�NRQWLQXLWHW�YR
SRWUDJDWD� SR� QRYL� PDWHULMDOL� NRL� `H� MD� NRPELQLUDDW� WHUPLaNDWD� SURYRGQRVW�
HOHNWULaQDWD�L]RODFLMD�L�PHKDQLaNDWD�FYUVWLQD�

9R� REODVWD� QD� XSUDYXYDZHWR� VH� RaHNXYD� SURGROCXYDZH� L� LQWHQ]LYLUDZH� QD
SULPHQDWD� QD� UD]OLaQLWH� DGDSWLYQL� PHWRGL� NDNR� VLVWHPLWH� VR� SURPHQOLYD
VWUXNWXUD� (variable structure system VSS)�� VDPRDGDSWLUDaNL� VLVWHPL� (selftuning systems
STS)��PRGHOL�QD�UREXVQR�XSUDYXYDZH��PRGHOL�QD�UHIHUHQWQR�DGDSWLYQR�XSUDYXYDZH
(model reference adaptive control MRAC)�� HNVSHUWQLWH� VLVWHPL� QD� XSUDYXYDZH (expert
system)�ED]LUDQL�QD fuzzy�ORJLNDWD��QD�JHQHWVNLWH�DOJRULWPL�(genetic algoritham)�L�QD
YH^WDaNLWH� QHYURQVNL� PUHCL� (artifical neural network ANN). 9R� WDD� VPLVOD� WXND� H
GDGHQ� SUHJOHG� QD� QHNRL� RVQRYQL� NDUDNWHULVWLNL� L� PRCQRVWL� QD UHJXODFLRQL
VLVWHPL� ED]LUDQD� QD� YH^WDaNLWH� QHYURQVNLWH� PUHCL� (Artifical Neural Network
ANN), NDNR�L�HGHQ�RSLVHQ�^HPDWVNL�EORN�GLMDJUDP�QD�HGHQ�VLVWHP�VR� fuzzy�ORJLaNL
NRQWUROHU��9R�LGQLQD�VH�RaHNXYD�SRJROHP�L]ERU�QD�DSP�VRIWYHUVNL�DODWNL��VR�^WR
]QDaLWHOQR� `H� VH� ]JROHPL� SULPHQDWD� QD� DSP� � YHNWRUVNL� NRQWUROLUDQL
HOHNWURPRWRUQL�SRJRQL��9R�5��0DNHGRQLMD�� VR� ]D]GUDYXYDZH�QD� VWRSDQVWYRWR�� L� VR
QRYL� LQYHVWLFLRQL� YORCXYDZD� YR� LQGXVWULMDWD�� SULURGQR� H� GD� VH� RaHNXYD
SRLQWHQ]LYQR� VOHGHZH� QD� PRGHUQLWH� VYHWVNL� WRNRYL� YR� LQGXVWULMDWD�� D� WRD� ]QDaL
LQWHQ]LYLUDZH�QD�SULPHQDWD�QD�YHNWRUVNL�UHJXOLUDQLWH�HOHNWURPRWRUQL�SRJRQL�
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(OHNWURPRWRUQLWH�SRJRQL�VH�QDMJROHPL�SRWUR^XYDaL�QD�UHDNWLYQD�PR`QRVW

YR� LQGXVWULMDWD�� 3RWUHEDWD� RG� UHDNWLYQD� PR`QRVW� SULGRQHVXYD� ]D� SROR^R
LVNRULVWXYDZH�QD�HQHUJHWVNLRW�VLVWHP��D�VR�WRD�L�GR�SRVNDSXYDZH�QD�HOHNWULaQDWD
HQHUJLMD�� 9R� WUXGRW� H� QDSUDYHQD� DQDOL]D� QD� QDM]QDaDMQLWH� SRWUR^XYDaL� QD
UHDNWLYQD� HQHUJLMD�� 2G� DQDOL]DWD� QD� SRWUR^XYDaLWH� QD� UHDNWLYQD� PR`QRVW� VH
L]YHGHQL� L�PRCQRVWLWH� ]D� SRGREUXYDZH� QD�IDNWRURW� QD�PR`QRVW��$QDOL]LUDQL� VH
PRCQRVWLWH� ]D� SRGREUXYDZH� QD�IDNWRURW� QD� PR`QRVW� EH]� NRPSHQ]LUDaNL� XUHGL� L
QDMaHVWR�NRULVWHQLWH�NRPSHQ]LUDaNL�XUHGL�

ABSTRACT
Electric drives are the greatest reactive power consumers in

the industry. Needs of reactive power reduce power system
efficiency and increase costs for electrical energy. In this
paper the analysis of the most important reactive power consumers
is made. From the analysis of the reactive power consumers the
power factor improvement possibilities are developed. The power
factor improvement possibilities without VAr compensator and the
most frequently used VAr compensator are analysed.

�� 929('

(OHNWURPRWRULWH�� HQHUJHWVNLWH� SUHREUD]XYDaL�� HOHNWULaQLWH� YRGRYL� RG� PUHCDWD�
WUDQVIRUPDWRULWH�L�GUXJL�SRWUR^XYDaL�LPDDW�SRWUHED�RG�UHDNWLYQD�PR`QRVW��NRMD
PRCH� GD� MD� ]HPDDW� RG� PUHCDWD� LOL� RG� NRQGHQ]DWRUVNL� EDWHULL� ]D� NRPSHQ]DFLMD�
5HCLPRW�QD�UHDNWLYQLWH�RSWRYDUXYDZD� YR� ]QDaLWHOQD�PHUD� YOLMDH� YU]� NYDOLWHWRW
QD� QDSRQRW�� ]DJXELWH� QD� PR`QRVW� L� HQHUJLMD�� SD� VSRUHG� WRD� L� QD� FHQDWD� QD
HOHNWULaQDWD�HQHUJLMD�

6R� NRPSHQ]DFLMDWD� VH� RYR]PRCXYD� UDVWRYDUXYDZH� QD� JHQHUDWRULWH�
WUDQVIRUPDWRULWH� L� YRGRYLWH�� RGQRVQR� ]QDaLWHOQR� VH� QDPDOXYDDW� WUR^RFLWH� ]D
HOHNWULaQD� HQHUJLMD�� (OHNWURVWRSDQVWYRWR� PRUD� GD� QDR_D� VWLPXODWLYQL� PHUNL� ]D
SRWUR^XYDaLWH�QD�UHDNWLYQD�PR`QRVW��6SRUHG�GHQHV�YDCHaNLRW�WDULIHQ�SUDYLOQLN

SRWUR^XYDaLWH� MD� SOD`DDW� SRWUR^HQDWD� UHDNWLYQD� HQHUJLMD� VDPR� DNR�cos ϕ������



9R�UD]YLHQLWH� ]HPML� JUDQLaQLRW�IDNWRU�QD�PR`QRVW� VH� ]JROHPXYD�QD� cos ϕ  �����
3UHNXPHUQDWD� NRPSHQ]DFLMD� JL� ]JROHPXYD� WUR^RFLWH�� SUHGL]YLNXYD� GRSROQLWHOQR
NDSDFLWLYQR�RSWRYDUXYDZH�QD�YRGRYLWH�L�QHVDNDQL�]JROHPXYDZD�QD�QDSRQRW�

$VLQKURQLWH� PRWRUL� SUHWVWDYXYDDW� QDMJROHPL� SRWUR^XYDaL� QD� UHDNWLYQD
PR`QRVW. (QHUJHWVNLWH� SUHREUD]XYDaL�� NRL� VWDQXYDDW� VH� SRSULVXWQL� NDM
QDL]PHQLaQLWH� UHJXOLUDQL� HOHNWURPRWRUQL� SRJRQL�� LVWR� WDND� VWDQXYDDW� VH
SR]QDaDMQL�SRWUR^XYDaL�QD�UHDNWLYQD�PR`QRVW. 7UDQVIRUPDWRULWH�NRL�VH�SULVXWQL
L� NDM� QHUHJXOLUDQLWH� L� NDM� UHJXOLUDQLWH� HOHNWURPRWRUQL� SRJRQL� VR� SRJROHPL
PR`QRVWL��LVWR�WDND�LPDDW�ELWQR�XaHVWYR��YR�SRWUR^XYDaNDWD�QD�UHDNWLYQD�PR`QRVW�
=DWRD�YR�HOHNWURPRWRUQLWH�SRJRQL�VR�DVLQKURQL�PRWRUL�PRUD�GD�VH�YRGL�VPHWND�]D
NRPSHQ]DFLMDWD� QD� UHDNWLYQD� PR`QRVW�� $NR� VH� UDERWL� ]D� UHJXOLUDQ� SRJRQ� VR
SULPHQD� QD� HOHNWURQVNL� HQHUJHWVNL� SUHREUD]XYDa� WUHED� X^WH� GD� VH� ]HPH� SUHGYLG
SULVXVWYRWR�QD�YL^L�KDUPRQLFL��RGQRVQR�NRQGHQ]DWRUVNDWD�EDWHULMD�H�VRVWDYHQ�GHO
QD�ILOWHURW�VR�NRM�WUHED�GD�VH�HOLPLQLUDDW�QHNRL�RG�KDUPRQLFLWH�

1DMGREUR�H�IDNWRURW�QD�PR`QRVW�GD�VH�SRGREUL�SULURGQR��EH]�NRPSHQ]LUDaNL
XUHGL��0H_XWRD�� RYD� JODYQR� VH� SRVWLJQXYD� YR�ID]DWD� QD� SURHNWLUDZH� VR� SUDYLOHQ
L]ERU�QD�HOHNWURPRWRURW�L�UHCLPRW�QD�UDERWD�QD�SRJRQRW�

.RPSHQ]LUDaNLWH�XUHGL�YR�HOHNWURPRWRUQLWH�SRJRQL�PRCH�GD�VH�SRGHODW�QD
VWDWLaNL� L� GLQDPLaNL�� 6WDWLaNL� NRPSHQ]LUDaNL� XUHGL� VH� HQHUJHWVNLWH
NRQGHQ]DWRUL�� UHDNWRUL� L� WLULVWRUVNL� XSUDYXYDQL� NRQGHQ]DWRUL� L� UHDNWRUL�� NRL
X^WH� VH� QDUHNXYDDW� VWDWLaNL� L]YRUL� QD� UHDNWLYQD� PR`QRVW�� 'LQDPLaNL
NRPSHQ]LUDaNL� XUHGL� VH� VLQKURQLWH� PD^LQL�� NRPSHQ]LUDaNL� SUHNLQXYDaNL
SUHREUD]XYDaL� L� GU�� 'HQHV� QDMaHVWR� XSRWUHEXYDQL� NRPSHQ]LUDaNL� XUHGL� YR
HOHNWURPRWRUQLWH� SRJRQL� VH� NRQGHQ]DWRUVNLWH� EDWHULL� L� VLQKURQLWH� PRWRUL�� 6H
SRaHVWR�VH�SULPHQXYDDW�L�WLULVWRUVNLWH�NRPSHQ]LUDaNLWH�XUHGL�

.DM� VRYUHPHQLWH� UHJXOLUDQL� HOHNWURPRWRUQL� SRJRQL� SRSUDYNDWD� QD
IDNWRURW� QD� PR`QRVW� PRUD� GD� VH� UD]JOHGXYD� ]DHGQR� VR� HOLPLQLUDZHWR� QD� YL^LWH
KDUPRQLFL�� =D� UH^DYDZH� QD� QDYHGHQLWH� SUD^DZD� QHRSKRGQR� H� GD� VH� VR]GDGDW
VWLPXODWLYQL�SURSLVL��SUL�^WR�JODYQR�YOLMDQLH�LPD�WDULIQLRW�SUDYLOQLN�

�� 3275(%,�2'�5($.7,91$�02@1267�92�(03

9R�HOHNWURHQHUJHWVNLRW�VLVWHP�H�QHRSKRGQR�GD�VH�YQHVXYD�UHDNWLYQD�PR`QRVW
SUHNX� UD]QL� NRPSHQ]LUDaNL� XUHGL�� .DNR� NULWHULXP� ]D� SULVXVWYRWR� QD

NRPSHQ]LUDaNL� XUHGL� YR� ((6� VH� ]HPD� IDNWRURW� ν� NRM� SUHWVWDYXYD� RGQRV� QD
LQVWDOLUDQDWD� NRPSHQ]LUDaND� PR`QRVW� L� PDNVLPDOQDWD� DNWLYQD� PR`QRVW� QD
SRWUR^XYDaRW��1D�SU��� YR� -DSRQLMD� RYRM�IDNWRU�L]QHVXYD� ��kVAr/kW, YR�6$'� ���
kVAr/kW, YR� ELY^LRW� 6665� ���� kVAr/kW �]D� ����� JRGLQD��� D� YR� %XJDULMD� ����
kVAr/kW, [2].

7DEHOD��I �3RWUR^XYDaL�QD�DNWLYQD�L�UHDNWLYQD�PR`QRVW�YR�LQGXVWULMDWD
9LG�QD�SRWUR^XYDaRW P % Q %

$VLQKURQL�PRWRUL �� ��
6LQKURQL�PRWRUL �� �
(QHUJHWVNL�SUHREUD]XYDaL �� ��
(OHNWURWHUPLVNL�XUHGL �� �
8VOXCQL�GHMQRVWL � �
6RSVWYHQL�SRWUHEL�]D�FHQWUDODWD � �



=DJXEL�YR�HOHNWULaQDWD�PUHCD � ��

=D� DQDOL]D� QD� SRWUHELWH� QD� UHDNWLYQD� PR`QRVW� YR� LQGXVWULVNLWH
SUHWSULMDWLMD� WUHED� GD� VH� UDVSRODJD� VR� UH]XOWDWL� RG� PHUHZD� SUL� PDNVLPDOQR
RSWRYDUXYDZH�]D�QDMRSWRYDUHQ�GQHYHQ�GLMDJUDP�YR�]LPVNL�SHULRG��9R�WDEHODWD� I H
GDGHQR�XaHVWYRWR�QD�SRWUR^XYDaLWH�QD�DNWLYQD�L�UHDNWLYQD�PR`QRVW�VSRUHG�[3].

��� 3RWUHEL�QD�UHDNWLYQD�HQHUJLMD�YR�SRJRQLWH�VR�DVLQKURQL�PRWRUL

(OHNWURPRWRUQLWH� SRJRQL� VH� QDMJROHPL� SRWUR^XYDaL� L� QD� DNWLYQD� L� QD
UHDNWLYQD�PR`QRVW��5DERWDWD�QD�HOHNWULaQLWH�PD^LQL�]D�QDL]PHQLaQD�VWUXMD��NRMD
VH�]DVQLYD�YU]�SULQFLSRW�QD�HOHNWURPDJQHWVND�LQGXNFLMD��VH�RVWYDUXYD�VR�SURFHVRW
QD�QHSUHNLQDWD�SURPHQD�QD�PDJQHWQLRW�IOXNV�YR�QLYQLWH�PDJQHWQL�NROD�L�UDVWXUQL
SROLZD�� =DWRD� PR`QRVWD� NRMD� LP� H� SRWUHEQD� PRUD� GD� VRGUCL� L� LQGXNWLYQD
NRPSRQHQWD�QL, QHRSKRGQD�]D�VR]GDYDZH�QD�PDJQHWQLWH�SROLZD�

5HDNWLYQDWD� PR`QRVW� NRMD� LP� H� SRWUHEQD� QD� WULID]QLWH� DVLQKURQL� PRWRUL
PRCH�GD�VH�RSUHGHOL�RG�HNYLYDOHQWQDWD�^HPD�SUHWVWDYHQD�QD�VOLND���D�

D� E�
6OLND����(NYLYDOHQWQD�^HPD��D��L�UDERWQL�NDUDNWHULVWLNL��E��QD�DVLQKURQ�PRWRU

5HDNWLYQDWD�PR`QRVW�QD�NXVD�YUVND�Qr �UDVWH�SURSRUFLRQDOQR�VR�NYDGUDWRW�QD
RSWRYDUXYDZHWR�� D� QD� SUD]HQ� RG� Q0 QH� ]DYLVL� RG� RSWRYDUXYDZHWR�� 2ELaQR� SUL
QRPLQDOQR�RSWRYDUXYDZH�Q0 L�Qr  VH�HGQDNYL��NDNR�^WR�H�SULNDCDQR�QD�VOLND���E�

)DNWRURW�QD�PR`QRVW�cos ϕ YR�IXQNFLMD�RG�DNWLYQDWD�PR`QRVW�Pam L]QHVXYD�
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^WR� H� SULNDCDQR� L� QD� VOLND� ��E��3UL� QDPDOXYDZH� QD� DNWLYQRWR� RSWRYDUXYDZH� QD
DVLQKURQLRW� PRWRU� VH� QDPDOXYD� L� QHJRYDWD� UHDNWLYQD� PR`QRVW�� QR� IDNWRURW� QD
PR`QRVW� VH�QDPDOXYD�PQRJX�SREU]R�L�SUL�SUD]HQ� �kt =0) � LPD�PQRJX�PDOD�YUHGQRVW�
7UHED� GD� VH� ]DEHOHCL� GHND� RYGH� QDVHNDGH� VWDQXYD� ]ERU� ]D� RVQRYQLRW� IDNWRU� QD
PR`QRVW��EH]�]HPDZH�YR�SUHGYLG�QD�YL^LWH�KDUPRQLFL�

��� 3RWUHEL�QD�UHDNWLYQD�HQHUJLMD�NDM�WUDQVIRUPDWRULWH

5HDNWLYQDWD�PR`QRVW�SRWUHEQD�]D�WULID]QLWH�HQHUJHWVNL�WUDQVIRUPDWRUL�VH
UDVSUHGHOXYD� ]D�PDJQHWL]LUDZH� QD�PDJQHWQRWR� NROR� QD� WUDQVIRUPDWRURW�Q0 L� QD
VR]GDYDZH� QD� UDVWXUQLWH� SROLZD� Qr . .DNR� ^WR� H� SR]QDWR�� SUHVPHWNDWD� QD� RYLH
NRPSRQHQWL�VH�L]YHGXYD�SR�LVWLWH�UDYHQNL�NDNR�]D�DVLQKURQLRW�PRWRU��1R��SRUDGL
RWVXVWYRWR� QD� YR]GX^HQ� ]MDM� NDM� WUDQVIRUPDWRURW�� QHJRYDWD� PR`QRVW� QD
PDJQHWL]LUDZH�L]QHVXYD�Q0=2-5% RG�QRPLQDOQDWD�PR`QRVW�QD�WUDQVIRUPDWRURW�

6R�]JROHPXYDZH�RSWRYDUXYDZHWR�]D�����VH�]JROHPXYD�L�cos ϕ ]D�����������
=D�WULQDPRWDMQL�WUDQVIRUPDWRUL�YNXSQLWH�]DJXEL�VH�SUHVPHWXYDDW�]HPDM`L�JL

YR�SUHGYLG�uk L�Nt  SRVHEQR�]D�VHNRMD�QDPRWND��3RWUHELWH�RG�UHDNWLYQD�PR`QRVW�NDM



WUDQVIRUPDWRULWH� H� QHNRONX� SDWL� SRPDOD� RWNRONX� NDM� DVLQKURQLWH� PRWRUL�� QR
YNXSQLWH�SRWUHEL�YR�VLVWHPRW�VH�SULEOLCQR�LVWL� �����L����� � VSRUHG�7�I ���7RD�H
XVORYHQR�VR�EURMRW�QD�WUDQVIRUPDFLL�QD�QDSRQRW�YR�VLVWHPRW�NRM�L]QHVXYD�����L�LPD
WHQGHQFLMD� GD� SRUDVQH� QD� ����� =DWRD� YNXSQDWD� PR`QRVW� QD� WUDQVIRUPDWRULWH� H� ]D
QHNRONX�SDWL�SRJROHPD�RWNRONX�QD�DVLQKURQLWH�PRWRUL�

��� 3RWUHEL�QD�UHDNWLYQD�HQHUJLMD�NDM�SROXSURYRGQLaNL�HQHUJHWVNL�SUHREUD]XYDaL

3RWUHELWH� ]D� UHDNWLYQD� PR`QRVW� NDM� SROXSURYRGQLaNLWH� HQHUJHWVNL
SUHREUD]XYDaL� SURL]OHJXYDDW� RG� GYH� SULaLQL�� SULURGQLRW� NRPXWDFLRQHQ� SURFHV
SRPH_X� YHQWLOLWH� L� YH^WDaNRWR� ]DGUCXYDZH� QD� SURYHGXYDZH� QD� YHQWLORW�� 2YD
SUHGL]YLNXYD�SRPHVWXYDZH�QD�VWUXMDWD�YR�RGQRV�QD�QDSRQRW�YR�NRODWD�QD�YHQWLOLWH�
VR� ^WR� VH� QDPDOXYD� IDNWRURW� QD� PR`QRVW� YR� PUHCDWD� RG� NRMD� VH� QDSRMXYDDW
SUHREUD]XYDaLWH� L� VH� ]JROHPXYDDW� SRWUHELWH� ]D� UHDNWLYQD� PR`QRVW�� 1DYHGHQLWH
SUREOHPL�VH�SRL]UD]HQL�NDM�SUHREUD]XYDaLWH�VR�LPSXOVQR�^LURaLQVNR�XSUDYXYDZH
YR�VSRUHGED�VR�SUHREUD]XYDaLWH�VR�ID]QR�XSUDYXYDZH�

3UL�UDERWDWD�QD�WULID]HQ�QDVRaXYDa��SUHPLQRW�QD�VWUXMDWD�RG�HGQD�ID]D�NRQ
GUXJDWD�ID]DWD�QH�VH�VOXaXYD�YR�PRPHQWRW�NRJD�VH�HGQDNYL�QDSRQLWH��WXNX�]D�WRD�H

SRWUHEQR�QHNRH�YUHPH�QD�NRPXWDFLMD��NRH�]DYLVL�RG�DJRORW�QD�NRPXWDFLMD�γ��3RUDGL
SURFHVRW�QD�NRPXWDFLMD�GRD_D�GR�GRFQHZH�QD�VWUXMDWD�YR�RGQRV�QD�QDSRQ��VR�^WR�VH
RSUHGHOXYD� L� SRWUHEDWD� RG� UHDNWLYQD� PR`QRVW�� $JRORW� QD� NRPXWDFLMD� ]DYLVL� RG
LQGXNWLYQLRW�RWSRU�QD�NRORWR.

.DM� XSUDYXYDQLWH� YHQWLOL� VH� YRYHGXYD� ]DGU^ND� QD� YNXaXYDZH� VR� FHO� GD� VH
QDPDOL�YUHGQRVWD�QD�LVSUDYHQLRW�QDSRQ��3UL�WRD�VH�MDYXYD�SRPHVWXYDZH�QD�DQRGQDWD

VWUXMD� YR� RGQRV� QD� SURPHQDWD� QD� QDSRQRW� ]D� DJRO� QD� SDOHZH� QD� WLULVWRULWH� α�
$JRORW�QD�L]PHVWXYDZH�QD�VWUXMDWD�SR�ID]D��VUHGQLRW�LPSXOV�QD�VWUXMDWD��YR�RGQRV
QD�DPSOLWXGDWD�QD�QDSRQRW��]DYLVL�RG�DJRORW�QD�SDOHZH�L�DJRORW�QD�NRPXWDFLMD��1D

VO�� �� H� SULNDCDQD� SURPHQDWD� QD� cos ϕ YR� ]DYLVQRVW� RG� DJOLWH� QD� SDOHZH�  L
NRPXWDFLMD�

D� E�
6OLND����3URPHQD�QD�cos ϕ YR�]DYLVQRVW�RG�DJOLWH�QD�SDOHZH�α L�NRPXWDFLMD�γ�

'RSROQLWHOQR� YOR^XYDZH� QD� IDNWRURW� QD� PR`QRVW� SUHGL]YLNXYD� L� IDNWRW
GHND�VR�LVSUDYXYDZHWR�VWUXMDWD�MD�JXEL�VYRMDWD�VLQXVRLGDOQD�IRUPD��^WR�]QDaL�GHND
VH�MDYXYDDW�YL^L�KDUPRQLFL�
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3RGREUXYDZH�QD�IDNWRURW�QD�PR`QRVW�EH]�XUHGL�]D�NRPSHQ]DFLMD�PRCH�GD�VH
UHDOL]LUD�QD�VOHGQLWH�QDaLQL�



���6R�SUDYLOHQ�L]ERU�QD�HOHNWULaQDWD�PUHCD�SUL�QHM]LQRWR�SURHNWLUDZH��VR
]HPDZH� YR� SUHGYLG� QD� UHCLPRW� QD� UDERWQLWH� PD^LQL�� 1D� SULPHU�� IDNWRURW� QD
PR`QRVW�]DYLVL�RG�SUDYLOQLRW�L]ERU�QD�PR`QRVWD��EU]LQDWD�QD�YUWHZH�L�GLPHQ]LLWH
QD�HOHNWURPRWRULWH��RG�SUDYLOQLRW�L]ERU�QD�WUDQVIRUPDWRULWH�L�W�Q�

��� 3RGUHGXYDZDZH� QD� WHKQROR^NLRW� SURFHV� YR� SRJOHG� QD� SRGREUXYDZH� QD
HQHUJHWVNLRW�UHCLP�QD�PUHCDWD��.DNR�UH]XOWDW�QD�WRD�VH�SRVWLJQXYD�SRUDPQXYDZH
QD� WRYDUQLRW� JUDILN�� SRGREUXYDZH� QD� IDNWRURW� QD� PR`QRVW�� SRGREUR
LVNRULVWXYDZH�QD�PUHCDWD�L�QDPDOXYDZH�QD�]DJXELWH�

���.RULVWHZH�QD� VLQKURQL�PRWRUL�QDPHVWR�DVLQKURQL� VR� LVWD�PR`QRVW�� NRJD
WHKQROR^NLRW� SURFHV� WRD� JR� GR]YROXYD� L� H� HNRQRPVNL� RSUDYGDQR�� 6LQKURQLWH

PRWRUL�PRCDW�GD�UDERWDW�VR�cos ϕ=1�LOL�VR�NDSDFLWLYHQ�cos ϕ��VR�^WR�VH�QDPDOXYD
SRWUHEDWD�RG�UHDNWLYQD�PR`QRVW�

���=DPHQD� QD� SRPDONX� RSWRYDUHQLWH� PRWRUL� VR� PRWRUL� VR� SRPDOD� PR`QRVW�
9UHGQRVWD� QD� cos ϕ� ]DYLVL� RG� RSWRYDUXYDZHWR� P�� 3UL� SUD]HQ� RG�� IDNWRURW� � QD
PR`QRVW�H������������GRGHND�SUL�QRPLQDOQR�RSWRYDUXYDZH�VH�GYLCL�SRPH_X�����L�����

3UL�QDPDOXYDZH�QD�RSWRYDUXYDZHWR�cos ϕ�VH�YOR^XYD��GRGHND�UHDNWLYQDWD�PR`QRVW
PDONX� VH�PHQXYD��9R� SUDNVDWD� DVLQKURQLWH� PRWRUL� UDERWDW� VR� PR`QRVW� SRPDOD� RG
QRPLQDOQDWD��SD�L�IDNWRURW�QD�PR`QRVW�YR�IDEULNLWH�H�PDO�

9R� SUDNVDWD� VH� SRNDCXYD� GHND�� ]D�P ≤ 0,45 P n  ]DPHQDWD� QD� PRWRURW� VR

SRPDO�H�FHOLVKRGQD��P ≥ 0,70 P n  ]DPHQDWD�QH�H�RSUDYGDQD��D�DNR 0,45 P n < �P <
0,70 P n VH�SRWUHEQL�GRSROQLWHOQL�SUHVPHWNL�]D��UHQWDELOQRVWD�QD�]DPHQDWD�

���1DPDOXYDZH�QD�QDSRQRW��6R�QDPDOXYDZH�QD�GRYHGHQLRW�QDSRQ�VH�]JROHPXYD
IDNWRURW�QD�PR`QRVW�QD�PRWRURW��QR�WRD�SUHGL]YLNXYD�L�QDPDOXYDZH�QD�PRPHQWRW
QD� PRWRURW� �Mm=cU2) �� 3RUDGL� WRD� QDPDOXYDZHWR� QD� QDSRQRW� PRCH� GD� VH� SULPHQL
VDPR�NDM�SRGRSWRYDUHQL�PRWRUL��NRL�LPDDW�WDNRY�LQWHUYDO�YR�UDERWQLRW�FLNOXV�

1DPDOXYDZHWR� QD� QDSRQRW� PRCH� GD� VH� L]YHGH� QD� SRYH`H� QDaLQL�� .RJD
RSWRYDUXYDZHWR�QD�PRWRURW�H���������Pn, �FHOLVKRGQR�H�SUHYNOXaXYDZH�QD�QDPRWNDWD
RG�WULDJROQLN�YR�\YH]GD��9R�VOXaDL�NRJD�YR�WHKQROR^NLRW�SURFHV�PRWRULWH�UDERWDW
VR� QDPDOHQD� PR`QRVW�� PRCQD� H� XSRWUHED� QD� VSHFLMDOQL� DVLQKURQL� PRWRUL� VR
VWDWRUVND�QDPRWND�L]YHGHQD�VR�SRYH`H�RWFHSL�LOL�QDSRMYDZH�VR�SURPHQOLY�QDSRQ�VR
HQHUJHWVNL�SUHREUD]XYDaL�

���2JUDQLaXYDZH�QD�UDERWD�YR�SUD]HQ�RG�QD�DVLQKURQLWH�PRWRUL���)DNWRURW�QD
PR`QRVW�QD�DVLQKURQLWH�PRWRUL�YR�SUD]HQ�RG�VH�GYLCL�RG������GR�������^WR�XVORYXYD
]QDaLWHOQR�RSWRYDUXYDZH�QD�PUHCDWD�VR�UHDNWLYQD�PR`QRVW��.RJD�PRWRURW�UDERWL
YR�SUD]HQ�RG�SRGROJR�RG����s �H�SUHSRUDaOLYR�LVNOXaXYDZH�QD�SRJRQRW�

���.YDOLWHWQR�SUHPRWXYDZH�QD�PRWRULWH��=JROHPXYDZHWR�QD�YR]GX^QLRW�]MDM
QD�DVLQKURQLWH�PRWRUL�H�SURVOHGHQR�VR�]JROHPXYDZH�QD�VWUXMDWD�QD�PDJQHWL]LUDZH

�VWUXMDWD�QD�SUD]HQ�RG���VR�^WR�VH�QDPDOXYD�cos ϕ. =JROHPXYDZHWR�QD�YR]GX^QLRW�]MDM
VH�GROCL�QD� ]JROHPHQL�YLEUDFLL�� WULHZH�QD�URWRURW�L� VWDWRURW�SRUDGL�R^WHWHQL
OHCL^WD��QHNYDOLWHWHQ�PHKDQLaNL�UHPRQW�L�WQ��=D�GD�VH�L]EHJQH�]JROHPXYDZHWR�QD
YR]GX^QLRW� ]MDM� WUHED� GD� VH� VOHGDW� YLEUDFLLWH�� GD� VH� YU^L� SUDYRYUHPHQR
EDODQVLUDZH� QD� URWRURW�� GD� VH� NRULVWDW� NYDOLWHWQL� OHCL^WD� NRL� UHGRYQR� `H� VH
RGUCXYDDW�L�WQ��3UL�SUHPRWXYDZH�QD�PRWRURW�QH�WUHED�GD� VH� GR]YROL�QDPDOXYDZH

�SURPHQD��QD�EURMRW�QD�QDYLYNLWH��ELGHM`L�L�WRD�YRGL�NRQ�YOR^XYDZH�QD�cos ϕ�
��� 1DPDOXYDZH� QD� SRWUR^HQDWD� UHDNWLYQD� HQHUJLMD� QD� WUDQVIRUPDWRULWH

PRCH�GD�VH�L]YHGH�VR�LVNOXaXYDZH�QD�QHRSWRYDUHQLWH�WUDQVIRUPDWRUL�L�VR�]DPHQD
QD�SRGRSWRYDUHQLWH�WUDQVIRUPDWRUL��=DPHQDWD�QD�WUDQVIRUPDWRULWH�H�FHOLVKRGQD
YR� VOXaDM� NRJD� IDNWRURW� QD� RSWRYDUXYDZH� H� SRPDO� RG� ����� GRGHND� ]D� RVWDQDWLWH



VOXaDL�H�SRWUHEQD�GRSROQLWHOQD�WHKQLaNR�HNRQRPVND�SUHVPHWND�QD�RSUDYGDQRVWD�QD
]DIDWRW�
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��� 6LQKURQL�PD^LQL

3UL�NRPSHQ]DFLMD�QD�UHDNWLYQD�PR`QRVW�YR�HOHNWURPRWRUQLWH�SRJRQL�PRCQD
H�SULPHQD�QD�WUL�YLGD�VLQKURQL�PD^LQL��VLQKURQL�NRPSHQ]DWRUL��VLQKURQL�PRWRUL
L�VLQKURQL�JHQHUDWRUL�

3ULPHQDWD�QD�VLQKURQLWH�PD^LQL�]D�NRPSHQ]DFLMD�QD�UHDNWLYQDWD�PR`QRVW�H
PRCQD�� ELGHM`L� VR� ]JROHPXYDZH� QD� YR]EXGQDWD� VWUXMD� VLQKURQDWD� PD^LQD� PRCH� GD
SURL]YHGXYD�UHDNWLYQD�HQHUJLMD�NRMD�PRCH�NRQWLQXLUDQR�GD�VH�PHQXYD�

�6LQKURQLWH� NRPSHQ]DWRUL� VH� SUHGYLGHQL� ]D� UDERWD� EH]� RSWRYDUXYDZH� QD
RVRYLQDWD�� D� VH� NRULVWDW� LVNOXaLYR� NDNR� XUHGL� ]D� NRPSHQ]DFLMD� QD� UHDNWLYQD
HQHUJLMD��1LYQDWD�SULPHQD�H�RJUDQLaHQD�VR��UHODWLYQR�YLVRNDWD�FHQD��D�YRRELaHQR
VH�SULPHQXYDDW�RG�VWUDQD�QD�HOHNWURVWRSDQVWR�

3ULPHQDWD� QD� VLQKURQLWH� JHQHUDWRUL� NDNR� XUHGL� ]D� NRPSHQ]DFLMD� H
RJUDQLaHQD�VDPR�QD�ILUPLWH�NRL�LPDDW�VRSVWYHQ�JHQHUDWRU�QD�HOHNWULaQD�HQHUJLMD�

1DMaHVWR� ]D� NRPSHQ]DFLMD� QD� UHDNWLYQDWD� HQHUJLMD� VH� NRULVWDW
HOHNWURPRWRUQLWH� SRJRQL� VR� VLQKURQL� PRWRUL�� 7RD� H� XVORYHQR� VR� WRD� ^WR
SURL]YRGVWYRWR� QD� UHDNWLYQD� HQHUJLMD� SUHWVWDYXYD� QXVSURGXNW� SUL� L]YU^XYDZHWR
QD�RVQRYQD� ]DGDaD�� �&HQDWD�QD� VLQKURQLRW�PRWRU�H� XVORYHQD� VR� QHJRYDWD� SULYLGQD
PR`QRVW�� WDND� GD� ]JROHPXYDZHWR� QD� NRPSHQ]DFLRQLWH� VYRMVWYD� QD� PRWRURW� H
XVORYHQR� VR� ]JROHPXYDZH� QD� FHQDWD�� QR� GRELYNLWH� VH� PQRJX� SRJROHPL� YR� RGQRV� QD

VDPDWD�FHQD��1D�SULPHU��DNR�VH�L]EHUH�VLQKURQ�PRWRU�VR�cos ϕn ����cap., QDPHVWR

VR�cos ϕn ��FHQDWD�QD�PRWRURW�VH�]JROHPXYD�]D�RNROX�������QR��]DWRD�SDN�GRELYNDWD
QD�UHDNWLYQD�HQHUJLMD�L]QHVXYD�����RG�Pn�

��� �.RQGHQ]DWRUVNL�EDWHULL

1DMUDVSURVWUDQHWL� XUHGL� ]D� NRPSHQ]DFLMD� QD� UHDNWLYQDWD� HQHUJLMD� VH
NRQGHQ]DWRULWH�� 3RSXODUQRVWD� QD� NRQGHQ]DWRUVNLWH� EDWHULL� NDNR� XUHGL� ]D

SRGREUXYDZH� QD�cosϕ� VH� GROCL� QD� QLYQLWH� SUHGQRVWL�� PDOL� VSHFLILaQL� ]DJXEL� QD
PR`QRVW��RG�������GR��������kW/kVAr); OHVQD�L�SURVWD�HNVSORDWDFLMD��OHVQD�L�HYWLQD
PRQWDCD��PDOL�SRaHWQL�WUR^RFL�]D�SRVWDYXYDZH�L�LQVWDOLUDZH�L�WQ�

1HGRVWDWRFL�QD� NRQGHQ]DWRULWH� VH�� PDOD� WUDMQRVW� SUL� UDERWD� VR� QRPLQDOHQ
QDSRQ�� D� SUL� UDERWD� VR� ]JROHPHQ� QDSRQ� WUDMQRVWD� VH� QDPDOXYD�� VH� YNOXaXYDDW� YR
VWHSHQL� �QHPD� NRQWLQXLUDQD� UHJXODFLMD�� SUL� RSD_DZH� QD� QDSRQRW� UHDNWLYQDWD
PR`QRVWD�QD�NRQGHQ]DWRURW�]QDaLWHOQR�VH�QDPDOXYD��Qk=CU2) L�WQ�.

1DaLQRW� QD� SRYU]XYDZH� QD� NRQGHQ]DWRULWH� YR� EDWHULL� VH� RSUHGHOXYD� RG
QLYQLRW� YLG�� QDPHQDWD�� QDSRQRW� L� PR`QRVWD�� 1LVNRQDSRQVNLWH� NRQGHQ]DWRUVNL
EDWHULL� YRRELaDHQR� VH� L]YHGXYDDW� NDNR� WULID]QL�� D� VH� SRYU]XYDDW� VHNRJD^
SDUDOHOQR�� .RQGHQ]DWRUVNLWH� EDWHULL� ]D� YLVRN� QDSRQ� RELaQR� VH� VRVWDYHQL� RG
HGQRID]QL�NRQGHQ]DWRUL�NRL�VH�SRYU]XYDDW�WULID]QR��9R�VHNRMD�ID]D�QD�EDWHULMDWD
HGQRID]QLWH�NRQGHQ]DWRUL�VH�VRHGLQHWL�VHULVNL��SDUDOHOQR�LOL�PH^DQR�

5HDNWLYQDWD�PR`QRVW�QD�NRQGHQ]DWRU�LOL�EDWHULMD�SR�ID]D�VH�RSUHGHOXYD�SR
IRUPXODWD�

[kVAr]32
k 10UCQ −⋅⋅⋅ω= �



=JROHPXYDZHWR� QD� QDSRQRW� L� IUHNYHQFLMDWD� L� SRVWRHZHWR� QD� YL^L
KDUPRQLFL�JR�]JROHPXYDDW�L�RSWRYDUXYDZHWR�QD�NRQGHQ]DWRULWH��W�H
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NDGH� ν H�UHGRW�QD�YL^LRW�KDUPRQLN��Uν�H�HIHNWLYQD�YUHGQRVW�QD�ν���WLRW�KDUPRQLN
QD� QDSRQRW�� Um� L� f1� VH� HIHNWLYQD� YUHGQRVW� QD� PDNVLPDOQLRW� PUHCHQ� QDSRQ� L
QHJRYDWD�IUHNYHQFLMD��Un�L�fn���QRPLQDOHQ�QDSRQ�L�IUHNYHQFLMD�QD�NRQGHQ]DWRURW�

=DJXELWH�QD�HQHUJLMD�YR�NRQGHQ]DWRULWH�]DYLVDW�RG��]DJXELWH�YR�GLHOHNWULNRW
L�]DJXEL�YR�VWUXMQR�SURYRGQLWH�GHORYL�

=DJXELWH�QD�NRQGHQ]DWRURW�VH�RSL^XYDDW�VR�tg�δ�W�H��RG�RGQRVRW�QD�DNWLYQDWD�L
UHDNWLYQD� NRPSRQHQWD� QD� VWUXMDWD�� =D� NRQGHQ]DWRULWH� VR� KDUWLHQR�PDVOHQD

L]RODFLMD�L�VR�QDSRQ�U�≤�����V, �tgδ�H�SRPDO�RG��������SUL�f ���Hz��D�]D�NRQGHQ]DWRUL
QDG������V, �tgδ�H�SRPDO�RG�������

.RQGHQ]DWRUVNLWH� EDWHULL� VH� NRULVWDW� ]D� SRHGLQHaQD�� JUXSQD� � L� FHQWUDOQD
NRPSHQ]DFLMD�

3UL� LQGLYXGDOQDWD� NRPSHQ]DFLMD� NRQGHQ]DWRULWH� VH� SRVWDYXYDDW� YHGQD^� GR
SRWUR^XYDaRW� L� LVNOXaLYR� VH� QDPHQHWL� ]D� NRPSHQ]DFLMD� QD� QHJRYDWD� UHDNWLYQD
HQHUJLMD��7LH� VH� YNOXaXYDDW� L� LVNOXaXYDDW� � LVWRYUHPHQR� VR� SRWUR^XYDaRW�� SRUDGL
^WR� QLYQRWR� LVNRULVWXYDZH� H� PDOR�� QR� QDPDOXYDZHWR� QD� ]DJXELWH� QD� HQHUJLMD� H
PQRJX�SRJROHPR�YR�VSRUHGED�QD�GUXJLWH�GYD�QDaLQL��,QGLYLGXDOQDWD�NRPSHQ]DFLMD

SRVHEQR�H�SRJRGQD�]D�SRJROHPL�SRWUR^XYDaL�VR�PDO�cos ϕ,�NRL�VH�NRULVWDW�SRGROJR
YUHPH��QD�SULPHU�JROHPL�DVLQKURQL�PRWRUL��

3UL� JUXSQDWD� NRPSHQ]DFLMD� NRQGHQ]DWRUVNLWH� EDWHULL� VH� SRVWDYXYDDW� YR
QLVNRQDSRQVNLWH� UD]YRGQL� RUPDQL�� 6HNRMD� EDWHULMD� MD� NRPSHQ]LUD� UHDNWLYQDWD
PR`QRVW� QD� JUXSD� SRWUR^XYDaL�� 3RUDGL� RYD� RYRM� QDaLQ� QD� NRPSHQ]DFLMD� VSRUHG
VYRLWH�NDUDNWHULVWLNL�H�YR�VUHGLQD�SRPH_X�GUXJLWH�UH^HQLMD�

3UL� FHQWUDOQD� NRPSHQ]DFLMD� NRQGHQ]DWRULWH� VH� SRVWDYXYDDW� QD� HGQR� PHVWR�
QD�SULPHU�JODYQDWD�WUDIRVWDQLFD��,VNRULVWXYDZHWR�QD�NRQGHQ]DWRUVNLWH�EDWHULL
H�JROHPR��SRUDGL�^WR�VH�SRVWLJQXYD�SRWUHEQLRW�IDNWRU�QD�PR`QRVW�VR�]QDaLWHOQR
SRPDONX� NRQGHQ]DWRUVNL� EDWHULL�� YR� VSRUHGED� VR� SRHGLQHaQDWD� L� JUXSQDWD
NRPSHQ]DFLMD�� =DJXELWH� QD� HQHUJLMD� YR� UD]YRGQDWD� PUHCD� QD� SUHWSULMDWLHWR� QH� VH
QDPDOXYDDW��^WR�H�L�QDMJROHPDWD�PDQD�QD�RYRM�QDaLQ�QD�NRPSHQ]DFLMD�

=QDaL�� ]D� GD� VH� GRQHVH� RGOXND� NDNYD� NRPSHQ]DFLMD� `H� VH� SULPHQL� WUHED
SUHWKRGQR�GD�VH�QDSUDYL�GREUD�WHKQLaNR�HNRQRPVND�DQDOL]D�YR�NRMD�SRNUDM�FHQDWD�QD
NRQGHQ]DWRULWH�`H�VH�RSIDWDW�L�WUR^RFLWH�SRUDGL�]DJXEL�QD�HQHUJLMD�YR�UD]YRGRW�

��� 6WDWLaNL�SUHREUD]XYDaL

6R� UD]YRMRW� QD� HQHUJHWVNDWD� HOHNWURQLND� ]D� NRPSHQ]DFMD� QD� UHDNWLYQDWD
HQHUJLMD� VH� SRaHVWR� VH� NRULVWDDW� W�Q�� VWDWLaNL� VLVWHPL� ]D� NRPSHQ]DFLMD� QD
UHDNWLYQDWD�HQHUJLMD.  7LH�RYR]PRCXYDDW�NRQWLQXLUDQD�UHJXODFLMD�QD�IDNWRURW
QD� PR`QRVW� VR�^WR� WRM� PRCH� GD� VH� RGUCXYD� QD� VDNDQDWD� YUHGQRVW�� D� SRUDGL� PQRJX
EU]RWR� UHDJLUDZH� SRVHEQR� VH� SRJRGQL� ]D� NRPSHQ]DFLMD� QD� UHDNWLYQL� WRYDUL� VR
SURPHQOLY�IDNWRU�QD�PR`QRVW�NDR�HOHNWURODaQL�SHaNL��POLQRYL�L�WQ�

6SRUHG�QDaLQRW�QD�UDERWD�PRCDW�GD� VH�SRGHODW�QD�� WLULVWRUVNL�XSUDYXYDQL
LQGXNWLYLWHWL�� WLULVWRUVNL� SUHNLQXYDQL� NRQGHQ]DWRUL� L� SUHNLQXYDaNL
SUHREUD]XYDaL�VR�PLQLPDOQD�DNXPXOLUDQD�HQHUJLMD�



����� 7LULVWRUVNL�XSUDYXYDQL�LQGXNWLYLWHWL

7LULVWRUVNL� XSUDYXYDQLWH� LQGXNWLYLWHWL� �78,�� VH� RGQHVXYDDW� NDNR
SURPHQOLYD�LQGXNWLYQRVW��NRMD�PRCH�GD�VH�PHQXYD�PQRJX�EU]R��%LGHM`L�YR�VLVWHPRW
NDGH� LPD� HOHNWURPRWRUQL� SRJRQL� PRCH� GD� VH� MDYL� SRWUHED� RG� LQGXNWLYQD� L
NDSDFLWLYQD�UHDNWLYQD�PR`QRVW��WRD�PRCH�GD�VH�SRVWLJQH�VR�SDUDOHOQR�SRYU]XYDZH
QD�NRQGHQ]DWRUVNL�EDWHULL�VR�78,�

D�

E�

Y�

6OLND���7LULVWRUVNL�XSUDYXYDQ�LQGXNWLYLWHW�L�EUDQRYL�IRUPL�]D�UD]OLaL�α

1D� VOLND� ��D� H� SULNDCDQD� SULQFLSLHOQD� ^HPD� QD� HGQD� ID]D� RG� 78,�� 3RG
SUHWSRVWDYND� GHND� DNWLYQLRW� RWSRU� H� ]DQHPDUOLYR� PDO�� YR� VWDFLRQDUHQ� UHCLP
VWUXMDWD�QL]��LQGXNWLYLWHWRW�PRCH�GD�VH�VPHWD�GHND�]DYLVL�RG�DJRORW�QD�SDOHZH�QD

WLULVWRULWH� α�� 3UL� DJRO� QD� SDOHZH� ��α<90°� �VOLND� ��E�� QH� SRVWRL� PRCQRVW� ]D
UHJXODFLMD� QD� VWUXMDWD�� D� DNR�α� VH� ]JROHPL� QDG� ��° VWUXMDWD� QL]� LQGXNWLYLWHWRW� VH
QDPDOXYD� �VOLND� ��Y��� VR� ^WR� `H� VH� ]JROHPL� L� HIHNWLYQDWD� YUHGQRVW� QD

LQGXNWLYQRVWD�� =D� α!��°� VWUXMDWD� QH� H� VR� VLQXVQD� IRUPD�� SD� SRNUDM� RVQRYQLRW
KDUPRQLN�QD�VWUXMDWD�SRVWRMDW�L�YL^L�KDUPRQLFL��VR�DPSOLWXGD�NRMD�]DYLVL�RG�α��=D
GD�VH�SRQL^WL�YOLMDQLHWR�QD�KDUPRQLFLWH�VR�UHG�3n ��YRRELaDHQR�H�WULID]QLWH�78,
GD� VH� YU]XYDDW� YR� WULDJROQLN�� 3HWLRW� L� VHGPLRW� KDUPRQLN� VH� SRQL^WXYDDW� VR
SULPHQD� QD� VHULVNL� SRYU]DQ� ILOWHU�� 3RYLVRNLWH� KDUPRQLFL� VH� SRQL^WXYDDW� VR
SRPR^�QD�NRQGHQ]DWRUVNL�EDWHULL�

����� 7LULVWRUVNL�SUHNLQXYDQL�NRQGHQ]DWRUL��73.�

2VQRYQDWD�WRSRORJLMD�QD�RYLH�HOHPHQWL�]D�NRUHNFLMD�QD�IDNWRURW�QD�PR`QRVW
VH�VRVWRL�RG�NRQGHQ]DWRUL�NRL�VH�SULNOXaHQL�QD�PUHCD�SUHNX�DQWLSDUDOHOQD�YUVND
QD� WLULVWRUL�� =D� UD]OLND� RG� 78,� VR� 73.� QH� H� PRCQD� NRQWLQXLUDQD� SURPHQD� QD
NDSDFLWHWRW� QD� NRQGHQ]DWRULWH�� WXNX� VDPR� QLYQR� YNOXaXYDZH� LOL� LVNOXaXYDZH�
9NOXaXYDZHWR� VH� YU^L� � YR� PRPHQW� NRJD� QDSRQRW� QD� NRQGHQ]DWRULWH� H� HGQDNRY� VR
PUHCQLRW��]D�GD�VH�L]EHJQH�SRMDYD�QD�XGDUQL�VWUXL��6R�VDPLRW�SURFHV�QD�YNOXaXYDZH
L�LVNOXaXYDZH�H�RYR]PRCHQD�NRQWUROD�QD�YNOXaXYDZHWR�QD�NRQGHQ]DWRURW�]D�VHNRMD
SROXSHULRGD� QD� QDSRQRW�� � 9R� VHULMD� QD� NRQGHQ]DWRULWH� YRRELaDHQR� VH� YNOXaXYDDW
LQGXNWLYLWHWL� NRL� VOXCDW� ]D� RJUDQLaXYDZH� QD� VWUXMDWD� QL]� NRQGHQ]DWRULWH�� 6R
XSRWUHED�QD�SRYH`H�SRPDOL�73.�VH�RYR]PRCXYD�NRQWUROD�QD�UHDNWLYQDWD�HQHUJLMD
YR�PDOL�GLVNUHWQL�aHNRUL�

����� 3UHNLQXYDaNL�SUHREUD]XYDaL�VR�PLQLPDOQD�DNXPXOLUDQD�HQHUJLMD��330$(�

3UHWKRGQLWH� SUHREUD]XYDaL� ]D� UHJXODFLMD� QD� IDNWRURW� QD� PR`QRVW� YR� VHEH
VRGUCDW� UHODWLYQR� JROHPL� LQGXNWLYLWHWL� L� NRQGHQ]DWRUL� �JROHPD� DNXPXOLUDQD
HQHUJLMD�� VR� NRL� VH� YU^L� NRQWUROD� QD� IDNWRURW� QD� PR`QRVW�� QR� WLH� VHSDN� QH



RYR]PRCXYDDW� � PRPHQWDOQD� NRQWUROD� QD� IDNWRURW� QD� PR`QRVW� SRUDGL� QLYQDWD
JROHPD�LQHUWQRVW�

PUHCD

3UHV�
PHWND
QD

cosϕ

8SUDYXYDaNL
VLJQDOL

5HJ� QD
UHCLP
QD
UDERWD

6OLND����3UHNLQXYDaNL�SUHREUD]XYDaL�VR�PLQLPDOQD�DNXPXOLUDQD�HQHUJLMD
=D�GD�VH�QDGPLQH�RYRM�QHGRVWDWRN�VH�NRULVWDW�330$(�VR�WRSRORJLMD�NDNR�QD

VOLND����9R�SULNDCDQLRW�SUREUD]XYDa�PRCH�GD�VH�NRQWUROLUD�QDL]PHQLaQDWD�VWUXMD
L�WRD�QH�VDPR�SR�DPSOLWXGD�WXNX�L�SR�ID]D��WDD�GD�SUHGQDaL�LOL�GRFQL��YR�RGQRV�QD
QDL]PHQLaQLRW� QDSRQ�� 'RGHND� SUHGDGHQDWD� LOL� SULPHQDWD� HQHUJLMD� RG
SUHREUD]XYDaRW� H� QXOD�� QHPD� SRWUHED� RG� SRVWRHZH� QD� HQHUJLMD� YR� HGQRQDVRaQRWR
NROR�� =DWRD� YR� YDNYLRW� SURHEUD]XYDa� � QHPD� SRWUHED� RG� JROHPL� NRQGHQ]DWRUL�� D
HGQRQDVRaQLRW�QDSRQ�VH�UHJXOLUD�VR�SUHREUD]XYDa�VR�SURPHQOLY�UHCLP�QD�UDERWD�
VR� ^WR� VH� RYR]PRCXYD� GD� VH� NRQWUROLUD� QDSRQRW� QD� NRQGHQ]DWRURW�� D� VR� WRD� L
IDNWRURW�QD�PR`QRVW�

��� )LOWUL�]D�SRQL^WXYDZH�QD�YL^L�KDUPRQLFL

9R� VRYUHPHQLWH� UHJXOLUDQL� HOHNWURPRWRUQL� SRJRQL� QHPLQRYQR� VH
SULPHQXYDDW� HQHUJHWVNL� SROXSURYRGQLaNL� SUHREUD]XYDaL�� 7LH� VH� JHQHUDWRUL� QD
YL^L� KDUPRQLFL�NRL� YOLMDDW� QD� LVSUDYQDWD� UDERWDWD� QD�PUHCDWD�L� NYDOLWHWRW� QD
QDSRQRW�� $NR� XVORYLWH� YR� PUHCDWD� VH� SRJRGQL�� D� VH� NRULVWDW� NRQGHQ]DWRUVNL

EDWHULL� ]D� SRGREUXYDZH� QD� cos ϕ�� YL^LWH� KDUPRQLFL� PRCH� GD� SUHGL]YLNDDW
UH]RQDQWQL� � SRMDYL� YR�PUHCDWD�� 5H]RQDQVDWD� GRYHGXYD� GR� UHDJLUDZH� QD� ]D^WLWDWD
LOL��GR�R^WHWXYDZH�QD�NRQGHQ]DWRUVNLWH�EDWHULL�SRUDGL�SUHJROHPL�VWUXL�

1DMaHVWR� ]D� QDPDOXYDZH� QD� YL^LWH� KDUPRQLFL� VH� SULPHQXYDDW� SDVLYQL� L
DNWLYQL� ILOWUL�� 9R� RVQRYD� ILOWULWH� ]D� YL^L� KDUPRQLFL� VH� VRVWRMDW� RG� VHULVND
YUVND� QD� LQGXNWLYLWHWL� L� NRQGHQ]DWRUL� VR� WRaQR� RSUHGHOHQD� UH]RQDQWQD
IUHNYHQFLMD� �NUDWQLN� RG� RVQRYQDWD��� $NR� H� SRWUHEQD� ILOWUDFLMD� QD� SRYH`H
KDUPRQLFL�� PRUD� GD� SRVWRMDW� ILOWUL� ]D� VHNRM� KDUPRQLN� SRVHEQR�� D� ]D� WRD� NRL
KDUPRQLFL� `H� VH� ILOWULUDDW� ]DYLVL� RG� QLYQLRW� VSHNWDU�� QR� L� RG� RGQRVRW� QD
PR`QRVWD�QD�NRQGHQ]DWRULWH�QD�ILOWHURW�L�PR`QRVWD�QD�NXVD�YUVND�QD�PUHCDWD��.DM
DNWLYQLWH�ILOWUL�H�VH�SRSULVDWQD�SULPHQD�QD�XUHGL�RG�HQHUJHWVNDWD�HOHNWURQLND�

)LOWULWH� QDMaHVWR� VH� SRYU]XYDDW� SDUDOHOQR� QD� PUHCDWD�� QR� SRVWRMDW� L
VHULVNL�LOL�VHULVNR�SDUDOHOQL�ILOWUL��,GHDOQLRW�SDUDOHOHQ�ILOWHU�GHOXYD�QD�WRM
QDaLQ�^WR�VR]GDYD�NXVD�YUVND�QD�UH]RQDQWQLRW�KDUPRQLN�L�QDSROQR�JR�SRQL^WXYD�
%LGHM`L�YR�ILOWULWH�VH�NRULVWDW�HOHPHQWL�NRL�VH�XSRWUHEXYDDW�L�]D�NRPSHQ]DFLMD
QD� UHDNWLYQD� PR`QRVW�� YR� SUDNVDWD� VH� L]YHGXYDDW� VNORSRYL� NRL� VH� SR]QDWL� NDNR
XUHGL�]D�NRPSHQ]DFLMD�L�ILOWUDFLMD�[7], [9], [4]�

3UL�L]ERURW�QD�XUHGRW�]D�NRPSHQ]DFLMD�L�ILOWUDFLMD�PRUD�GD�VH�YQLPDYD�QD
QHJRYR� SUDYLOQR� GLPHQ]LRQLUDZH�� ELGHM`L� YR� VSURWLYQR� QDPHVWR� GD� VH� QDPDOL
YOLMDQLHWR�QD�KDUPRQLFLWH�PRCH�GD�VH�VOXaL�GD�VH�]JROHPL�



�� =$./8A2.

3RWUHELWH�RG�UHDNWLYQD�HQHUJLMD�YR�HOHNWURPRWRUQLWH�SRJRQL�VH�HYLGHQWQL�
3UHNXPHUQDWD� SRWUR^XYDaND� QD� UHDNWLYQD� HQHUJLMD� SUHGL]YLNXYD� GRSROQLWHOQL
WUR^RFL� QD� NRULVWHQDWD� HOHNWULaQD� HQHUJLMD�� 6SRUHG� YDCHaNLRW� WDULIHQ

SUDYLOQLN� FHQDWD� QD� �� kVArh � �DNR�cos ϕ<0,95�� VH� QDSODWXYD� VR� FHQD� NRMD� L]QHVXYD
���� RG� FHQDWD� �� kWh. � =DUDGL� NRQNXUHQWQRVW� QD� VYRLWH� SURL]YRGL� LQGXVWULVNLWH
SUHWSULMDWLMD��PRUDDW�GD�YRGDW�VPHWND�]D�RYRM�IDNW��9R�RYRM�WUXG�GDGHQ�H�SUHJOHG�QD
SRWUR^XYDaLWH�QD�UHDNWLYQD�HQHUJLMD�L�PRCQLWH�QDaLQL�]D�NRUHNFLMD�QD��IDNWRURW
QD�PR`QRVW�

3UHGORCHQL� VH� L� DQDOL]LUDQL� UH^HQLMD� NRL� RYR]PRCXYDDW� VR� PLQLPDOQL
LQYHVWLFLL�L�LQWHUYHQFLL�YR�SRJRQRW�GD�VH�SRGREUL�IDNWRURW�QD�PR`QRVW�

,VWR�WDND�H�GDGHQ�SUHJOHG�QD�XUHGLWH�]D�NRPSHQ]DFLMD�QD�UHDNWLYQD�PR`QRVW��
NODVLaQL� VR� SULPHQD� QD� VLQKURQL� PRWRUL� L� HQHUJHWVNL� NRQGHQ]DWRUL� L
QDMVRYUHPHQL�WUHQGRYL�YR�RYD�SRGUDaMH��ED]LUDQL�QD�HQHUJHWVNDWD�HOHNWURQLND��.DM
UHJXOLUDQLWH� QDL]PHQLaQL� (03�� SUD^DZDWD� ]D� NRPSHQ]DFLMD� QD� UHDNWLYQDWD
PR`QRVW�L�SRQL^WXYDZH�QD�YL^LWH�KDUPRQLFL�PRUD�GD�VH�UD]JOHGXYDDW�]DHGQR�

(OHNWURWHKQLaNLRW�IDNXOWHW�RG�6NRSMH�YR�UDPNLWH�QD�]DHGQLaNLRW�HYURSVNL
SURHNW���5D]YRM�QD�NXUVHYL�RG�HQHUJHWVNDWD�HOHNWURQLND��RVWYDUXYD�VRUDERWND�L�VR
3ROLWHKQLaNLRW� XQLYHU]LWH� RG� 0DGULG�� =D� YDCQRVWD� QD� RYD� SUD^DZH� H� SRWYUGD
GHND�YR�QDVWDYQLWH�SODQRYL�QD�WRM�XQLYHU]LWHW�LPD�SRVHEHQ�SUHGPHW�]D�SRSUDYND�QD
IDNWRURW� QD� PR`QRVW�� D� YR� GUXJL� SUHGPHWL� RG� HQHUJHWVNDWD� HOHNWURQLND� QDMaHVWR
SRSUDYNDWD�QD�IDNWRURW�QD�PR`QRVW�H�RGGHOQR�SRJODYMH�

�� /,7(5$785$

 >�@ 7�� 3HWNRYVNL�� 1DaLQL� ]D� NRPSHQ]DFLMD� QD� UHDNWLYQD� PR`QRVW� YR
HOHNWURPRWRUQLWH�SRJRQL��GLSORPVND�UDERWD��(7)�������

 >�@ 1�� ,�� 9DVLOHY�� 6�� 7�� 6LGHURY�� (OHNWURVQDEGMDYDQH� QD� SURPL^OHQL
SUHGSULMDWLMD��7HKQLND��6RILMD�������

 >�@ 9�6��,YDQRY��9��,��6RNRORY�� 5HCLPL�SRWUHEOHQLMD� L� NDaHVWYR� HOHNWURHQHUJLL
VLVWHP� HOHNWURVQDECHQLMD� SURPL^OHQLK� SUHGSULMDWLM�� (QHUJRDWRPL]GDW�
0RVNYD�������

 >�@ 7DULIHQ�VLVWHP�]D�SURGDCED�QD�HOHNWULaQD�HQHUJLMD��6OXCEHQ�YHVQLN�QD�650
EU���������������

 >�@ H. Ali Kojori, S. B. Dewan, J. Douglas Lavers, A large scale
PWM solid state synchronous condenser, IEEE Trans. on IAS,
vol. 28, No.2, pp. 41-49, 1992.

 >�@ L. Moran, Ph. D. Ziogas, G. Joos, A solid state high
performance reactive power compenzator, IEEE Trans. on IAS,
vol. 29, No.5, pp. 969-978, 1993.

 >�@ D. Andrews, M. T. Bishop, J. F. Witte, Harmonic measurements,
analysis and power factor correction in a modern steel
manufacturing facility, IEEE Trans. on IAS, vol. 32, No.3, pp.
617-624, 1996.

 >�@ N. Mohan, T. Underland, W. P. Robbins, Power Electronics:
coverters, application and design, John Wiley&Sons, New York,
1989.



 >�@ M.M. Cameron, Trends in power factor correction with harmonic
filtering, IEEE Trans. on IAS, vol. 29, No.1, pp. 144-152,
1993.


	stk11
	R11-1
	R11-2
	R11-3
	R11-4
	R11-5
	R11-6
	R11-7

