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3UHQRVQD� IXQNFLMD� PHKDQLaNRJ� SRGVLVWHPD�� X]� PRPHQW� NDR� XOD]QX� L

SR]LFLMX� NDR� L]OD]QX� YHOLaLQX�� GUXJRJ� MH� UHGD�� ,]� UD]ORJD� L]QHWLK� X� SUHWKRGQRP

SRJODYOMX�� JXELFL� XVOHG� IULNFLMH� L� YHQWLODFLMH� VH� PRJX� ]DQHPDULWL�� SD� PHKDQLaNL

SRGVLVWHP� SRJRQD�� X� SHWOML� UHJXODWRUD� SR]LFLMH�� SUHGVWDYOMD� GYRVWUXNL� LQWHJUDWRU�

6WUXNWXUD�UHJXODWRUD�PRUD��L]�UD]ORJD�VWDELOQRVWL��VDGUCDWL�GLIHUHQFLMDOQR�GHMVWYR�SR

SR]LFLML�� $VWDWL]DP� SUHQRVQH� IXQNFLMH� VD� XOD]D� QD� L]OD]� MH� REH]EH_HQ� SULURGRP

VDPRJ� SURFHVD� �LQWHJUDFLMRP� X� RNYLUX� REMHNWD� XSUDYOMDQMD��� 1D� RVQRYX� RYRJD�

LQWHJUDOQR�GHMVWYR�QLMH�QHRSKRGQR��SD�VH�VWUXNWXUD�SR]LFLRQRJ�UHJXODWRUD�RGUH_XMH

NDR� SURSRUFLRQDOQR−GLIHUHQFLMDOQD�� 5HJXODWRU� L� REMHNDW� VX� SULND]DQL� EORN

GLMDJUDPRP� QD� VOLFL� ������ ,]� LVWLK� UD]ORJD� NDR� L� NRG� EU]LQVNRJ� UHJXODWRUD� [���]�
GLIHUHQFLMDOQR� GHMVWYR� MH� L]PH^WHQR� X� NROR� ORNDOQH� SRYUDWQH� VSUHJH�� 3UHQRVQD

IXQNFLMD� REMHNWD� X� ]−GRPHQX� GDWD� MH� L]UD]RP� ������ 3UL� RGUH_LYDQMX� SUHQRVQH

IXQNFLMH� X]HW� MH� X� RE]LU� QDaLQ� PHUHQMD� EU]LQH� L� SR]LFLMH�� NDR� L� NDUDNWHULVWLNH

YHNWRUVNL� NRQWUROLVDQRJ� DVLQKURQRJ� PRWRUD� NDR� L]YU^QRJ� RUJDQD�� 3UL� VYLP

L]YR_HQMLPD�RSHUL^H�VH�VD�QRUPDOL]RYDQLP�YHOLaLQDPD��2VQRYH�]D�QRUPDOL]DFLMX�VX

GDWH�X�SRJODYOMX�����-HGQDaLQH�PHKDQLaNRJ�SRGVLVWHPD�VX��
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1D� RVQRYX� L]UD]D� ]D� VWDFLRQDUQX� YUHGQRVW� SR]LFLMH�� PRCH� VH� ]DNOMXaLWL� GD� X

RGVXVWYX�PRPHQWD�RSWHUH`HQMD�QHPD�JUH^NH�VWDFLRQDUQRJ�VWDQMD��3RMDYD�PRPHQWD

RSWHUH`HQMD�SURX]URNXMH�SR]LFLRQX�JUH^NX�NRMD� MH�REUQXWR� VUD]PHUQD�NRHILFLMHQWX

SURSRUFLRQDOQRJ� SRMDaDQMD�� 5HFLSURaQD� YUHGQRVW� .S� ]DSUDYR� SUHGVWDYOMD� NUXWRVW�

3UL� RGUH_LYDQMX� SDUDPHWDUD� UHJXODWRUD�� WUHED� LPDWL� X� YLGX� GD� YH`H� YUHGQRVWL

SURSRUFLRQDOQRJ� SRMDaDQMD� UH]XOWXMX� YH`RP� NUXWR^`X�� RGQRVQR� PDQMLP

RGVWXSDQMLPD�SR]LFLMH�XVOHG�PRPHQWD�RSWHUH`HQMD��.DUDNWHULVWLaQL�SROLQRP�VLVWHPD

GDW�MH�MHGQDNR^`X������

6OLND�������6WUXNWXUD�UHJXODWRUD�SR]LFLMH�
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.DR� NULWHULMXP� ]D� L]ERU� SDUDPHWDUD� VH� XVYDMD� ]DKWHY� ]D� RG]LYRP� EH]


SUHEDaDMD�X]�PDNVLPDOQX�PRJX`X�YUHGQRVW� SDUDPHWUD�.

S�� 3ROLQRP� ����� MH� LVWRJ
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S�NRMD�GDMH�UHDOQH

NRUHQH�SROLQRPD�L�QMRM�RGJRYDUDMX`D�YUHGQRVW�.
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LVWH� NDR� L� X� L]UD]X� ������ X� SRJODYOMX� ����� 1D� RVQRYX� RYLK� NRHILFLMHQDWD�� SHULRGH

RGDELUDQMD� L� PHKDQLaNH� YUHPHQVNH� NRQVWDQWH� SRJRQD�� RGUH_XMX� VH� NRHILFLMHQWL

SURSRUFLRQDOQRJ�L�LQWHJUDOQRJ�GHMVWYD�UHJXODWRUD��MHGQDNRVWL�������
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5DG� SR]LFLRQRJ� UHJXODWRUD� VD� RYDNR� SRGH^HQLP� SDUDPHWULPD� VLPXOLUDQ� MH� QD

GLJLWDOQRP� UDaXQDUX�� 5H]XOWDWL� VLPXODFLMH� VX� SULND]DQL� QD� VOLNDPD� ����� L� �����

7DODVQL�REOLFL�QD�VOLFL������SUHGVWDYOMDMX�RG]LY�VLVWHPD�QD�PDOH�SRUHPH`DMH��*RUQML

WDODVQL�REOLN�SUHGVWDYOMD�PRPHQW��VUHGQML�WUDJ�EU]LQX�D�GRQMD�GYD�WUDJD�UHIHUHQWQX

L� DNWXHOQX� SR]LFLMX�� 6LPXOLUDQ� MH� YUHPHQVNL� SHULRG� RG� ��� PV�� X� RNYLUX� NRJD

UHIHUHQWQD�SR]LFLMD�LPD�VNRN�RG���S�X���aHWYUWLQX�REUWDMD���1D�VOLFL������SULND]DQ�MH

RG]LY�QD�YHOLNL�SRUHPH`DM��SRUHPH`DM�SUL�NRPH�VH�DNWLYLUD�OLPLWHU�PRPHQWD�L�VLVWHP

SUHVWDMH� GD� EXGH� OLQHDUDQ��� 2G]LY� MH� RVFLODWRUDQ� L� SRUHG� DSHULRGLaQRJ� NDUDNWHUD

SRORYD� VSUHJQXWRJ� SUHQRVD�� 3UREOHP� VH� QH�PRCH� UH^LWL� SULPHQRP� LQNUHPHQWDOQH

IRUPH�]DNRQD�XSUDYOMDQMD��NDR�^WR�MH�WR�ELR�VOXaDM�VD�UHJXODWRURP�EU]LQH��5HJXODWRU

SR]LFLMH� MH�� ]D� UD]OLNX� RG� EU]LQVNRJ�� SURSRUFLRQDOQR−GLIHUHQFLMDOQL� L� QH� VDGUCL
PHPRULMX�X�YLGX� LQWHJUDWRUD��SD�GR�RVFLODFLMD�SUL�YHOLNLP�SRUHPH`DMLPD�QH�GROD]L

]ERJ�DNXPXODFLMH�JUH^NH�X�LQWHJUDWRUX�UHJXODWRUD��YH`�]ERJ�RJUDQLaHQRJ�PRPHWQD

NRaHQMD� L�QHEODJRYUHPHQRJ�]DXVWDYOMDQMD� SUL� GRVWL]DQMX�NRPDQGRYDQH�SR]LFLMH��8

RGVXVWYX� RJUDQLaHQMD� PRPHQWD�� RG]LY� EL� ELR� GHILQLVDQ� SRORYLPD� VSUHJQXWRJ

SUHQRVD� SUL� VYLP� YUHGQRVWLPD� XOD]QRJ� SRUHPH`DMD�� 7DGD� WUDMDQMH� SUHOD]QRJ

SURFHVD�QH�EL�]DYLVLOR�RG�YHOLaLQH�SRUHPH`DMD��GRN�EL�DPSOLWXGH�EU]LQH�L�PRPHQWD

ELOH� OLQHDUQR� VUD]PHUQH�SRUHPH`DMX��.RG� UHDOQRJ� SRJRQD�� UDVSRORCLYL�PRPHQW� MH

RJUDQLaHQ�VWUXMQLP�NDSDFLWHWRP�SUHWYDUDaD��L�]D�HNVSHULPHQWDOQL�SURWRWLS�MHGQDN�MH

GYRVWUXNRM� YUHGQRVWL� QRPLQDOQRJ� PRPHQWD�� -HGQD� RG� SRVOHGLFD� RJUDQLaHQRJ
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PRPHQWD� MH� ]DYLVQRVW� YUHPHQD� GRVWL]DQMD� NRPDQGRYDQH� SR]LFLMH� RG� SRaHWQH

JUH^NH��'UXJD�SRVOHGLFD� MH�SUHEDaDM� L�RVFLODWRUDQ�RG]LY�SURX]URNRYDQ�RJUDQLaHQLP

PRPHQWRP�NRaHQMD�L�QHEODJRYUHPHQLP�]DXVWDYOMDQMHP�
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3UREOHP� VH�PRCH� UH^LWL� RJUDQLaHQMHP� EU]LQH� X� ]DYLVQRVWL� RG� SR]LFLRQH

JUH^NH�� 8NROLNR� VH� EU]LQD� SULEOLCDYDQMD� NRPDQGRYDQRM� YUHGQRVWL� SR]LFLMH

EODJRYUHPHQR� VPDQML�� PRJX`H� MH� HOLPLQLVDWL� SUHEDaDM� L� RVFLODFLMH�� 3RWUHEQR� MH

XWYUGLWL� ]DYLVQRVW� PDNVLPDOQH� GR]YROMHQH� EU]LQH� RG� SR]LFLRQH� JUH^NH� L� SURQD`L

QDaLQ� GD� VH� RYR� RJUDQLaHQMH� SULPHQL�� 3UL� UDGX� VD� NRQVWDQWQLP� �OLPLWLUDQLP�

PRPHQWRP�� SURPHQH� EU]LQH� L� SR]LFLMH� GDWH� VX� MHGQDNRVWLPD� ����� L� �����

(OLPLQDFLMRP�QH]DYLVQH�SURPHQOMLYH� W�� GRELMD� VH� ]DYLVQRVW� EU]LQH� L� SR]LFLMH� ������

2JUDQLaHQMH�PRPHQWD�REHOHCHQR�MH�VD�7PD[�
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-HGQDaLQH� ����� L� ����� RSLVXMX� EU]LQX� L� SR]LFLMX� SUL� ]DOHWDQMX� VD� NRQVWDQWQLP

PRPHQWRP�7PD[�L�SRaHWQLP�YUHGQRVWLPD�ω�L�θ�MHGQDNLP�QXOL��,VWL�L]UD]L��X]�VPHQX
W
 WHQG−W��RSLVXMX�NRaHQMH�VD�NRQVWDQWQLP�PRPHQWRP�7PD[�L�NUDMQMLP�YUHGQRVWLPD
ω�WHQG� ��L�θ�WHQG� ���-HGQDNRVW�������GDMH�PDNVLPDOQX�YUHGQRVW�EU]LQH�SUL�NRMRM�
X]� RJUDQLaHQ� NRaLRQL�PRPHQW�� QH`H� GR`L� GR� SUHEDaDMD�� 6DGD� WUHED� QD`L� QDaLQ� ]D

SULPHQX�RJUDQLaHQMD�EU]LQH���������X�VOXaDMX�3'�UHJXODWRUD�SR]LFLMH��SULND]DQRJ�QD

VOLFL������

'HR�SUHXUH_HQRJ�EORN�GLMDJUDPD�VD�VOLNH������GDW�MH�QD�VOLFL������

�7�SHULRGD�RGDELUDQMD�

�7PD[�PDNVLPDOQL�PRPHQW�

7P -⋅ωQ � 7Q�

6OLND�������$OWHUQDWLYQR�SULND]LYDQMH�3'�UHJXODWRUD�SR]LFLMH�
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3UHPD� VOLFL� ������ SURSRUFLRQDOQR� GLIHUHQFLMDOQL� UHJXODWRU�PRCHPR� SRVPDWUDWL� NDR

UHJXODWRU� EU]LQH� VD� SURSRUFLRQDOQLP� GHMVWYRP� SR� EU]LQL� .G� L� UHIHUHQWQRP

YUHGQR^`X�EU]LQH�ω
  .S � .G ⋅ ∆θ��2JUDQLaHQMH�������PRCH�VH�SULPHQLWL�QD�VLJQDO
ω
�� 8PHVWR� EORND� OLQHDUQRJ� SRMDaDQMD� .S � .G �� WUHED� XYHVWL� QHOLQHDUQL� EORN� NRML

VLJQDO�ω
�RGUH_XMH�QD�RVQRYX�SR]LFLRQH�JUH^NH�∆θ�L�MHGQDNRVWL��������1D�RYDM�QDaLQ
VH�� ]DSUDYR� �� QH� YU^L� RJUDQLaHQMH� EU]LQH� ω� YH`� UHIHUHQWQH� YUHGQRVWL� EU]LQH� ω


HNYLYDOHQWQRJ�SURSRUFLRQDOQRJ�UHJXODWRUD�EU]LQH��,PDMX`L�X�YLGX�SULEOLCQX�SURFHQX

RGVWXSDQMD�∆ω ≅ � � .G��RJUDQLaHQMH�������VH�PRCH�PRGLILNRYDWL�

( )ω θ θmax max∆ ∆=
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2
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T
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d

d
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=DPHQRP�SRMDaDYDaD�SR]LFLRQH�JUH^NH��SRMDaDQMD�.S � .G� ��VD�QHOLQHDUQLP�EORNRP

aLMD� MH� SUHQRVQD� IXQNFLMD� ������� SRUHPHWLR� EL� VH� UDG� UHJXODWRUD� X� REODVWL� PDOLK

SRUHPH`DMD�� 3DUFLMDOQL� L]YRG� IXQNFLMH� ������ X� RNROLQL� QXOH� LPD� YUHGQRVW� NRMD� WHCL

EHVNRQDaQRVWL��^WR�]QDaL�GD�EL�SRMDaDQMH�X�RNROLQL�QXOWH�SR]LFLRQH�JUH^NH�ELOR� MDNR

YHOLNR��0RCH� VH� RaHNLYDWL� GD� EL� SRVOHGLFD� ELR� QHVWDELODQ� UDG� L� RVFLODFLMH� SR]LFLRQH

JUH^NH�RNR�QXOH��=DWR�MH�SRMDaDYDa�JUH^NH�∆θ�L]YHGHQ�WDNR�GD�MH�IXQNFLMD�ω
�∆θ���X
RNROLQL� QXOH�� SUDYD� OLQLMD� VD� QDJLERP� .S � .G�� GD� EL� VH� SRVWLJDR� RG]LY� ]D� PDOH

SRUHPH`DMH� LGHQWLaDQ�RG]LYX�VLVWHPD�VD� OLQHDUQLP�3'�UHJXODWRURP��QD� VOLFL� ������

/LQHDUQL�GHR�NDUDNWHULVWLNH�ω
�∆θ��SURVWLUH�VH�X�SR]LWLYQRP� L�QHJDWLYQRP�SUDYFX
GR� SUHVHND� VD� NULYRP� ������� =D� QHJDWLYQH� YUHGQRVWL�∆θ�� MHGQDaLQD� ������ SRYH]XMH
−∆θ��.RQDaQL�REOLN�UHJXODWRUD�SR]LFLMH�GDW�MH�VOLNRP������L�L]UD]RP��������8NROLNR�VH
UHIHUHQWQD� SR]LFLMD� PHQMD� X� VNRNRYLPD� PDQMLP� RG� ∆θ ≅ � S�X�� �RG� aHWYUWLQH
REUWDMD��� UDG� UHJXODWRUD� VH� RGYLMD� X� OLQHDUQRP� GHOX� NDUDNWHULVWLNH�ω
 I �∆θ��� SD
QHPD�QLNDNYH�UD]OLNH�X�RG]LYX�RYRJ�UHJXODWRUD�L� OLQHDUQRJ�3'�UHJXODWRUD�QD�VOLFL

������ 5D]OLNH� VH� XRaDYDMX� X� RG]LYX� QD� YHOLNH� XOD]QH� SRUHPH`DMH�� 2G]LY

PRGLILNRYDQRJ�VLVWHPD�QD�VNRN�UHIHUHQWQH�SR]LFLMH�RG���� S�X���≅ ����REUWDMD��GDW
MH�QD�VOLFL������

6OLND�������0RGLILNRYDQL�3'�SR]LFLRQL�UHJXODWRU�SULODJR_HQ�UDGX�X�XVORYLPD

RJUDQLaHQRJ�PRPHQWD�
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( )limiter brzine : f ∆θ ω
max max . .= = 1 p u ������

*RUQML�WUDJ�QD�VOLFL������SUHGVWDYOMD�SRJRQVNL�PRPHQW��VUHGQML�EU]LQX�D�GRQMD�GYD

UHIHUHQWQX�L�DNWXHOQX�SR]LFLMX��3RUHG�EORND�QHOLQHDUQRJ�SRMDaDQMD� ���������XYHGHQ

MH� L� OLPLW� EU]LQH� ��������� 9LGL� VH� GD� VX� HOLPLQLVDQL� SUHEDaDM� L� RVFLODFLMH� SR]LFLMH� L

EU]LQH��0RWRU�QDMSUH�XEU]DYD��NRULVWH`L�VH�PDNVLPDOQLP�UDVSRORCLYLP�PRPHQWRP�

1DNRQ� WRJD� �� GRVWLCH� PDNVLPDOQX� GR]YROMHQX� EU]LQX�� 2YD� EU]LQD� VH� RGUCDYD� GR

SULODVND�NRPDQGRYDQRM�SR]LFLML��0RWRU�]DWLP�NRaL��NRULVWH`L�PDNVLPDOQL�UDVSRORCLYL

PRPHQW�� L� EODJRYUHPHQR� VH�� EH]� SUHEDaDMD�� ]DXVWDYOMD�� 2YDNDY� RG]LY� JDUDQWXMH
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