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ẋs
69?925A�OQ69-U/k2°B@O1DV25A�OQEi2

[

1

mss+b

]

Æ�2 Ag2h69?>O1E0-gB@-0/1/1-�:H-0/18TE0OQ6I¹ B@OqS>Rr8<Sm6I25A�-0DT698¶A�8</Q69OQR@/QOQEi2h6I2�R�-0?|/k2 Ag2h69?>O^]
E0-�69?925S>R�8<Sm6I2)B@-0/1/1-�25?>-0-

As

XY8<?>D@O1S>E0-�/1-�R�8<?m6I2h69-Ä25S>S>8<?>p@OQ69-�D@-0/tE08<A�R@/1-0S>S>8
BV25/1/`_ 2h6>694V2h698<?>-\BV25/1/1-UB@4@-u-0/1-=6>69?>8;:525/Q:<8</1-UB@O�B@-0Sm69?92�-MB@O�S>O1D@O1Sm69?927b

Ql =

[

Qsx

Qdx

]

R��-S.�m� T.§\£\�¡� ¢d£\¨W©���£Wª7¢«¤\��¥ ¥ �VUo¨d¥
Ud¢d¥ �&¤\�|�C��¥ ���¡� ¢d£\�
Æ�-\:h25/Q:<8</1-\B@O�S>-0/1-0[0O18<D@-\S>8<D@8°B@O1S>R�8<S>OQ69OQ:COrR@?>8<R�8<?>[0O185DV25/1OrO1DgR�8<?m6I2h6I27fCE0O18T¬.XY8<? ]
D@O1S>E08<D@8u4@DV2u­T4V25DH69OQ6I¹MB@OrR�8<?m6I2h6I2MB@O1?>-=6>6I25A�-0DH69-�R@?>8<R�8<?>[0OQ8<DV25/1-�25/1/k2UE08<?>?>-0DH69-
EGF@-t/1-t25/1O1Aj-0DH6I27b�Æ�_ -0­T4V25[0O18<D@-tEi25?92h6>69-0?>O1Sm69O1Ei2°B@-0/1/1-U:h25/Q:H8</1-U¬5y

Q = KmI
2
√

4P

B@8a:<- 4P = Pl − Psx
8

Pl − Pdx
¬�/k23B@OQÅ¡-0?>-0D@[i2¶B@OqR@?>-0S>S>O18<D@-	25OqEi25R@O

B@-0/1/k2 :525/Q:<8</k23E0O18C¬�/k2¶R@?>-0S>S>O18<D@-�2¶A�8<DT69-�A�-0D@8�/k23R@?>-0S>S>O18<D@- 23:525/1/1-5b
I
¬

/k2�E08<?>?>-0DH69-�EGF@-�25/1O1A�-0DH6I2'O1/�B@OQS9Rr8<S>OQ69OQ:<8	-
Km

4@DV2	E08<Sm6I25DT69-jEi25?92h6>69-0?>O1Sm69O1Ei2



ñ�ò!>Jï&�����C�{�Y�J���C�{�Y� (@�V�*(����Y� �3���Tó��{�W�7�i�a���7�;�r�h�l���q�{�����C�=�;� ñrñ
B@-0/1/k2g:525/Q:<8</k27b°É.DÄRr8<S>S>O1p@O1/1-°A�8CB@-0/1/18�·Wêtë EIF@-jB@-0S>E0?>OQ:<-�O1/�XY4@D@[0O18<DV25A�-0DH698
B@-0/1/k2	:525/Q:<8</k2�¬gO1/1/14@Sm69?92h698�O1D¸voO1e@b�¾7bQwi¿@fZB@8;:H-

Cm
?925R@R@?>-0S>-0DT6I23/k2�Ei25RV25E0OQ6I¹

O1B@?9254@/1O1Ei2�B@O�E08<A�R@?>-0S>S>O18<D@-tB@-0/�S>O1Sm69-0Ag2|B@O�2h6>694V25[0O185D@-5b

[

1− sgn(I)
2

1+ sgn(I)
2

]
′

−Qr

Qv

[

1− sgn(I)
2

1+ sgn(I)
2

]

Pl

R
- ¾

KmI2
√
∆P

?

?

Q

¾ -

¾ -

C−1
m

1
s

6

6

6

[

Pa

Pb

]

- ¾

voO1e<4@?92|¾7bQwi¿@ydL�8CB@-0/1/18j·Wêtë�B@-0/1/1-U:525/Q:<8</1-UB@O�S>-0/1-0[0O18<D@-tB@-0/1/k2°Ag25?>E0Ok27b

ÐgÑ�W ÓÕÔ�æ�Ø®Ú=Ú0Ô�æ�Ø®Ú=Ú=ØX.MátÚ0.°ÔuÚ=Ø ØPæ�Ø®èuÚ=Û�átÖ�Ö�à	áMÖ�Ôt×oÛ�æ�Û
Û0Þ	Þ�ØM��Ö�Ô

·o-0?|Ei25R@O1?>-'O1/WE08<?>?>-=6>6983XY4@D@[0O18<DV25A�-0DH698¶B@-0/qp@/18TE0E08¶B@OqO1D@D@-0Sm698¶¬�D@-0E0-0S>S925?>O18
Ei25R@O1?>D@-�O1/lS>O1e<D@OQ�VEi2h698@b%L�-0DH69?>-	O1/lp@/18CE0E08¶B@OqS>-0/1-0[0O18<D@-�B@-=:H-	S>8</18¶A°4@8;:H-0?>S>O
R�-0?�S>-0/1-0[0O18<DV25?>-M/k2|Ag25?>E0Ok27fC-0S>S>8gB@-=:<-5y

]gB@O1S>O1D@S>-0?>O1?>-M/12|Ag25?>E0Ok2°R@?>-0E0-=B@-0DT69-5z
]gS>O1D@E0?>8<D@O1[0[i25?>-MO1/�R@?>O1Ag25?>OQ8°-0B�O1/�S>-0E08<D@BV25?>O18jB@-0/�Ei25A°p@O18
E08<D�O�DC4@8;:CO�?925R@R�8<?m69O�B@O�Ei25A°p@O18@z
]gO1D@e<?925DV25?>-U/k2|DT4@8;:52jAg25?>E0Ok27z

·o-0?.X{25?>/18jD@-0E0-0S>S9OQ6I2gB@O�4@D¶2h6>694V2h698<?>-5f�B@Oo½j-0/1-=6>69?>8a:h25/Q:H8</1-M-�B@O�4@D S>O1D@E0?>8<D@O1[G]
[i2h698<?>-u25B�25D@-0/1/18|B@O�25?>?>-0Sm698@b



ñ�< ï&�����C�{�{�W���C�q�<���J�������C���a�l���C�q�<�V�¶ðo�Y�
·�-0?°R@?>O1Ag2	E08<S92 S>OlS>R@O1-0eH2 O1/�XY4@D@[0O18<DV25A�-0DH698 B@-0/1/`_ 2h6>694V2h698<?>-�B@OWO1D@D@-0Sm698@f

R�8<O�­T4@-0/1/18jB@-0/�S>O1D@E0?>8<D@O1[0[i2h698<?>-M-tS>4@E0E0-0S>S9OQ:h25A�-0DH69-u­T4@-0/1/18jB@-0/1/1-\:525/Q:<8</1-5b
N�?925A�OQ69-|/k2'S>-0/1-0[0O18<D@-�25p@p@Ok25Aj8':CO1Sm698	EGF@-j¬jR�8<S>S>O1p@O1/1-°-=Å¡-=6>694V25?>-j/18�S>R�8h]

Sm6I25A�-0DT698�EIF@-	O1/qR@O1/1856I2�X{25?>-0p@p�-	O1D*S>-0D@S>8Ä8<?>O1[0[08<DT6I25/1-5fZ69?925A�OQ69-'/`_ O1D@D@-0Sm698�¬
R�8<S>S>O1p@O1/1-M-=Å¡-=6>694V25?>-uO1/�A�8;:CO1A�-0DH698|:<-0?m69O1Ei25/1-5frE=8<S±´�BV2jB@O1S>O1D@S>-0?>O1?>-t-0B O1D@S>-0?>O1?>-
/k2.Ag25?>E0Ok27b�Æ�2\B@O1DV25A�OQEi2�B@-0/1/`_ O1D@D@-0Sm698\¬qR@OYG°E08<A�R@/1-0S>S92\B@OC­T4@-0/1/k2.B@OCS>-0/1-0[0O18<D@-5f
O1D|­T4V25DH698MD@-0/1/k2\R@?>O1Ag2.RV25?m69-®B@-0/1/k2.Ei25A|p@Ok2h6I2.¬qD@-0E0-0S>SI25?>O18MS>R�8<Sm6I25?>-®/`_ O1D@D@-0Sm698
O1D°Rr8<S>O1[0O18<D@-lE0-0DH69?925/1-lR�-0?ZB@O1S>O1D@S>-0?>O1?>-W/1-lAg25?>E0-5f<2h6>69-0D@B@-0?>-®Rr8<O`f5S>-qD@-0E0-0S>S925?>O18@f
/18\S>Rr8<Sm6I25A�-0DT698\B@-0/1/k2�S>-0/1-0[0O18<D@-5zH2\­T4@-0Sm698UR@4@DT698\O1D@S>-0?>O1?>-W/k2.Ag25?>E0Ok2®DC4@8;:52.-=Xk]
XY-=6>694V25D@B@8t25D@EIF@-®/k2\S>O1D@E0?>8<D@O1[0[i25[=O18<D@-5bZ·�-0?�Ei25R@O1?>-lO1/CE08<?>?>-=6>698UXY4@D@[0O18<DV25A�-0DH698
B@-0/ZS>O1Sm69-0Ag2g¬|D@-0E0-0S>S925?>O18'X{25?>-°4@DV2'R@O1E0E08</k2gO1DH69?>8CB@4@[0O18<D@-°25/�XY4@D@[0O18<DV25A�-0DH698
B@-0/1/k2�S>Ei2h698</k2ÄB@-0/.Ei25A°p@O18@b�n±D�voO1e@bd¾7bQwaÀ�¬ ?925R@R@?>-0S>-0DH6I2h698¸4@D@8¸S>EIF@-0Ag2JB@O
R@?>O1D@E0O1R@O18	B@-0/dEi25A°p@O18	O1DÄE04@OdS>O�69?925/k25S>E0Ok2�/k2	?>-=69?>8<Ag2h?9E=Ok27bg,.-0/1/k2�RV25?m69-�D@8<D

I
II

V
IV

III
VI

Albero primario

Albero secondario

Sincronizzatori

voO1e<4@?92|¾7bQwaÀCyd�CEGF@-0Ag2h69O1[0[i25[0O18<D@-MB@-0/�Ei25A°p@O18@b
O1D@B@O1Ei2h6I23S>O�FV2�EIF@- 25/1/`_ 25/Qp�-=?98¶R@?>O1Ag25?>OQ8¶B@-0/®Ei25A°p@O18�¬	E08</1/1-0eH2h698¶O1/qA�85698<?>-
69?925A�OQ69-�/k2tXY?>O1[0O18<D@-5fC25/rS>-0E08<D@BV25?>O18°B@-0/�Ei25A°p@O18uS>8<D@8°E08<D@D@-0S>S>O�O1/VB@OQÅ¡-0?>-0D@[0Ok25/1-
-0B3O1/�?>-0Sm698'B@-0/1/k2|69?925S>A�O1S>S>O18<D@-5blcW25?>Ok25D@B@8�/`_ 25E0E08<R@R@Ok25A�-0DH698jXY?92�O�B@4@-°25/1p�-0?>O
¬�R�8<S>S>O1p@O1/1-M:h25?>Ok25?>-u/k2jAg25?>E0Ok2jO1D@S>-0?>OQ6I27b®n±/�Ei25A|p@O18jE08<D@S>O1B@-0?92h698'¬uB@O�69O1R�8g25B
O1D@e<?925DV25A�-0DH698|E08<Sm6I25DH69-5fVO1/�EIF@-tS>O1e<D@OQ�VEi2°EIF@-t/1-M?>4@8569-MS>4@/�R@?>O1Ag25?>OQ8°-tS>4@/�S>-G]
E08<D@BV25?>O18�S>8<D@8�E08<Sm6I25DH69-0A�-0DT69-|O1D@e<?925DV2h69-uXY?92'/18<?>8@f¡Ag2g?>O1S>4@/Q6I25D@8'S>E08</1/1-0eH2h69-
S>4¸4@D@8 B@-0OWB@4@-'25/1p�-0?>O`b'n±D¸voO1e@b�¾7bQwaÀ	¬�R�8<S>S>O1p@O1/1-|:<-0B@-0?>-'E08<A�-�/k2	nU-g/k2	n>n
Ag25?>E0Ok2jS>8<D@8gXY8</1/1O�S>4@/1/`_ 25/1p�-0?>8�R@?>O1Ag25?>OQ8�-�E08</1/1-0eH2h69-u25/�S>-0E08<D@BV25?>O18@bMëM/1O�25/Q69?>O



ñ�ò!>Jï&�����C�{�Y�J���C�{�Y� (@�V�*(����Y� �3���Tó��{�W�7�i�a���7�;�r�h�l���q�{�����C�=�;� ñ�>
?925R@R�8<?m69Od?>O1S>4@/Q6I25D@8	O1DT:<-0E0-gS>R�-=E04@/k25?>O`foE0O18T¬�S>E08</1/1-0eH2h69O�BV25/dS>-0E08<D@BV25?>O18 -j�VS>S>O
S>4@/�R@?>O1Ag25?>OQ8@b
·�-0?'B@-=69-0?>A�O1DV25?>- /`_ O1D@S>-0?>O1A�-0DH698JB@O.4@DV2¸Ag25?>E0Ok2Ä¬3D@-0E0-0S>S925?>O18%E08</1/1-0eH25?>-

S>8</1O1BV25A�-0DH69-�4@DV2'?>4@856I2�XY8</1/1-�25/1/`_ 2h/Qp�-0?>8gO1D3E04@Oo¬°/1O1p�-0?92�B@Oo?>4@856I25?>-5bu³U4@-0Sm698
E08<A�R@OQ698¸:CO1-0D@-�Sm:<8</Q698*BV25OMS>O1D@E0?>8<D@O1[0[i2h698<?>O`b�,.-0/MEi25A|p@O18%S>8<D@8*R@?>-0S>-0DT69Ou¾
S>O1D@E0?>8<D@O1[0[i2h698<?>O|sYO1D@B@O1Ei2h69O.O1D�:<-0?>B@-�D@-0/1/k2¸voO1e@bl¾7bQwaÀ<xGf®69?925A�OQ69- /k2JS>-0/1-0[0O18<D@-
S>OlS>E0-0e</1O1-�­T4V25/1-gS>O1D@E0?>8<D@O1[0[i2h698<?>-'25p@O1/1O^6I25?>-hf�69?925A�OQ69-j/`_ O1D@D@-0Sm698 S>OlO1D@e<?925DV2	/k2
Ag25?>E0Ok2°S>R�8<Sm6I25D@B@8�O1/�S>O1D@E0?>8<D@O1[0[i2h698<?>-U:<-0?>S>8�B@-0Sm6I?92j8jS>O1D@O1Sm69?927b
n±D�voO1e@b;¾7bQwJ&�¬W?925R@R@?>-0S>-0DH6I2h6I2.4@DV2.S>EIF@-0Ag2h69O1[0[i25[0O18<D@-dB@-0OTB@O1S>R�8<S>OQ69OQ:CO<B@OTOQDC]

D@-0Sm698@bdëM/1O<-0/1-0A�-0DH6IO<XY8<D@BV25A�-0DH6I25/1OHB@-0/TS>O1Sm69-0Ag2.S>8<D@8\/`_ 2h6>694V2h698<?>-5faEGF@-WR@?>-0S>-0DC]

R R PP

Ev2Ev1

Ec2Ec1

voO1e<4@?92|¾7bQwJ&7yd�CEGF@-0Ag2h69O1[0[i25[0O18<D@-MB@-=/1/`_ 2h6>694V2h698<?>-U-tB@-0/1/1-U:h25/Q:H8</1-UB@O�O1D@D@-0Sm698@b
6I2.4@DuXY4@D@[0O18<DV25A�-0DH698\25DV25/18<e<8.25/1/`_ 2h6>694V2h6>8<?>-�B@OTS>-0/1-0[0O18<D@-WAg2�S>8</18\¾.Rr8<S>O1[0O18<D@O
B@OT-0­T4@O1/1O1p@?>OQ8®-q½®-0/1-=6>69?>8;:525/Q:<8</1-�R@?>8<Rr8<?>[0O18<DV25/1O<O1DtR@?>-0S>S>O18<D@-5bon±D°voO1e@b;¾7bQw#'l:H-0DC]
e<8<D@8¶A�85S>69?92h69-g/Q-�¾ R�8<S>O1[0O18<D@OdB@Ol-0­T4@O1/1O1p@?>O18�B@-0/1/`_ 2h6>694V2h698<?>-5b¶�C-'E0OlS>Ol69?>8;:h2
D@-0/1/k2MR�8<S>O1[0O18<D@-�E0-0DH69?925/1-5fH69?925A�OQ69-®O1/@¯V4@S>S>8�B@OrB@-0Sm69?92uE0OrS>OrS>Rr8<Sm6I2�2uS>O1D@O1Sm69?92M-
?>O1S>R�-=6>69OQ:525A�-0DH69-\E08<D	­T4@-0/1/18°B@O�S>O1D@O1Sm69?92°2°B@-0Sm69?92	sYR�8<S>O1[0O18<D@O�½�-t¾HxGz@2°­T4@-0Sm698
R@4@DT698gS>-�S>O�:C4@8</1-t698<?>DV25?>-uO1D�R�8<S>O1[0O18<D@-tE0-0DH69?925/1-u¬�D@-0E0-0S>S925?>O18'E08</1/1-0eH25?>-M-0DC]
69?925A|p@O@OV¯V4@S>S>O`fTE08<S±´ fTR�-0?W/k2MR@?>-0S>-0D@[i2�B@-0Orp@O1E0EIF@O1-0?>O1D@O`f<S>Or?>OQ698<?>DV2MO1DjR�8<S>O1[0O18<D@-
E0-0DT69?925/1-5bZK\/1/`_ OQDT69-0?>D@8tB@-0/1/k2tS>Ei2h698</k2tB@-0/�E025A|p@O18t/`_ 2h6>694V2h698<?>-�B@OrO1D@D@-0Sm698u:52�25B
25e<O1?>-�B@O1?>-=6>6I25A�-0DH69-�S>4@/1/k2	R�8<S>O1[0O18<D@-�B@-0/WS>O1D@E0?>8<D@O1[0[i2h698<?>-j69?925A�OQ69-|4@DV2 S>-0?>O1-
B@O�/1-=:<-t-MXY8<?>EIF@-=6>69-5b



ñr} ï&�����C�{�{�W���C�q�<���J�������C���a�l���C�q�<�V�¶ðo�Y�

1

1 2

2

B

BB

B
A

A

A

A

Xs

voO1e<4@?92�¾7bQw#'Cyd�CEGF@-0Ag2h69O1[0[i25[0O18<D@-\B@-0/1/`_ O1D@D@-0Sm698°O1D'Rr8<S>O1[0O18<D@-UE0-0DH69?925/1-5f7S>O1D@O1Sm69?92
-tB@-0Sm69?927b
É.D@8�S>EIF@-0Ag2�B@O�R@?>O1D@E0O1R@O18	B@-0/dS>O1D@E0?>8<D@O1[0[i2h698<?>-|¬�A�8<Sm69?92h698	O1DJvoO1e@b�¾7bQwJ=

B@8a:<-te</1O�-0/Q-0A�-0DT69O¡XY8<D@BV25A�-0DH6I25/1O¡S>8<D@8@y
]gO1/�Ag25D@O1E0856>698°K�fVS>8</1O1BV25/Q-M25/1/`_ 25/Qp�-0?>8|R@?>O1Ag25?>OQ8@fCEGF@-tR@4���S>E08<?>?>-0?>-
?>O1S>R�-=6>698�2 é O1D	B@O1?>-0[0O18<D@-MRr-0?>R�-0D@B@O1E08</k25?>-t25/1/`_ 25S>S>-5z
]g/`_ 25D@-0/1/18°B@O�25?>?>-0Sm698�í�z
]g4@D�-0/1-0A�-0DH698�¼ºS>8</1O1BV25/Q-M25/1/`_ 25/Qp�-0?>8|R@?>O1Ag2h?9OQ87z
]g4@D�-0/1-0A�-0DH698 é S>8</1O1BV25/Q-M25/1/`_ 25/Qp�-0?>8|S>-0E08<D@BV25?>O187z

Z �H�H� �;��,T� ����� ���C�{�Y� (@�V�*(����Y� ���q�{�����C�=�;�
³U4V25D@B@8\O1/<R@O1/1856I2�25e<O1S>E0-dS>4@/1/1-dRV25/1-=6>69-dRr-0?�-=Å¡-=6>694V25?>-l4@DuEi25A|p@O18�Ag25?>E0Ok27fi:H-0DC]
e<8<D@8 e<-0D@-=?I2a6IOdB@-0OdR@?>85�V/1O�B@OWE08<?>?>-0DH69-gB@-0/�69O1R�8�A�8<Sm69?92h698	O1DJvoO1e@b�¾7bQwJH7f�EIF@-
R�-0?>A�-=6>698<D@8	/18�S>eH2hD@E0O18	B@-0/1/k2'Ag2h?9E=Ok2'R@?>-0E0-0B@-0DH69-�-j/`_ O1D@S>-0?>O1Aj-0DH698�B@OZ­T4@-0/1/k2



ñ�ò!>Jï&�����C�{�Y�J���C�{�Y� (@�V�*(����Y� �3���Tó��{�W�7�i�a���7�;�r�h�l���q�{�����C�=�;� ñ »

Attuatore innesto

Albero primario Albero secondario

A

B

E D

C

Ev1 Ev2

xs [mm]

Ev1 Ev2

voO1e<4@?92|¾7bQwJ=7yW�CEIF@-0Ag2jS>-0A�R@/1OQ�VEi2h698|B@-0/�S>O1D@E0?>8<D@O1[0[i2h698<?>-5b



ñrÊ ï&�����C�{�{�W���C�q�<���J�������C���a�l���C�q�<�V�¶ðo�Y�
DC4@8;:h27b|�CO1E0E08<A�-°/1-�:h25/Q:<8</1-°B@OZO1D@D@-0Sm698�S>8<D@8	R@?>8<Rr8<?>[0O18<DV25/1O�O1D¶R@?>-0S>S>O18<D@-hf�O1D
R@?>O1Ag2�pV2h6>69476I2\S>OCR@4��US>4@R@Rr8<?>?>-qEIF@-qO1/TS>-0e<DV25/1-WB@OCE08<DT69?>8</1/18�S>Ok2\25D@EGF@-l/k2.R@?>-0S ]
S>O18<D@-W25/1/`_ O1DH69-0?>D@8�B@-0/1/Q-dEi25A�-0?>-dB@-0/1/`_ 2h6>694V2h698<?>-5b�,.-0/1/k2qX{25S>-Wn�25e<O1S>E08<D@8.-0DH69?925A|]
p@OZOoS>-0e<DV25/1OoB@OZE08<DH69?>8</1/18¶s{¼�E5w<f�¼�E;½<xGf�E08<D@S>-0e<4@-0DH69-0A�-0DH69-�-0DH69?925A°p@OoOo¯V4@S>S>O`f
O1D%A�8CB@83-0e<4V25/1-5f�E08<S±´.BV2¶?>O1R�8<?m6I25?>-5fZe<?925[0O1-�25/1/k2�e<-08<A�-=69?>Ok2 B@-0/1/`_ 2h6>694V2h698<?>-5f
/`_ -0/1-0A�-0DH698|K O1D	R�8<S>O1[0O185D@-ME0-0DT69?925/1-�sYB@O1S>O1D@D@-0Sm698jAg25?>E0Ok2HxGb

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

200

400

600

800

1000

1200

1400

1600

Tempo [s]

C
or

re
nt

e 
[m

A
]

EC1
EC2vr25S>-tn vr25S>-tn>n

voO1e<4@?92|¾7bQwJH7y�·�?>85�V/18jB@O�E08<?>?>-0DH69-tR�-0?�O1/�E08<DH69?>8</1/18°B@-0/1/1-U:h25/Q:H8</1-UB�_ O1D@D@-0Sm698@b
É.DV2�:<8</Q6I2.EIF@-qO1/HAg25D@O1E0856>698.Kº?925e<e<O14@D@e<-d/k2�RV25?m69-lE0-0DH69?925/1-lB@-0/1/`_ -0/1-0Aj-0DT698

é f@/`_ -0/1-0A�-0DH698N��/18°:COQD@E08</k2|25/1/k2uR�8<S>O1[0O18<D@-\E0-0DT69?925/1-U-0B	4@D@8jB@-0O�B@4@-MS>-0e<DV25/1O`f
-�­T4@O1D@B@OlB@-0Ol¯V4@S>S>O`fZ:52¶23[0-0?>8@fdE085S ´�BV23R�-0?>A�-=6>69-0?>-�/Q83S>R�8<Sm6I25A�-0DH698�B@OlK�f
D@-0/oD@8<Sm69?>8gEi25S>8g:H-0?>S>8'S9OQD@O1Sm6I?927frR�-0?\O1D@S>-0?>O1?>-u/k2�DT4@8;:52gAg25?>E0Ok2 s{vr25S>-�nmnmxGb¡Æ�2
XY8<?>[i2ge<-0D@-0?92h6I2gBV25/�¯V4@S>S>8�?>O1Ag25Sm698g25E0E0-0S>8Äs{¼Z:�wax.Rr-0?>A�-=6>69-�/18gS>eH25D@E0O18'B@O�K
BV25/1/k2	R�8<S>O1[0O18<D@-gE0-0DH69?925/1-5b¶É.DV2�:<8</Q6I2 EIF@-'S>Ol¬�2i:C476983/18 S>eH25D@E0O18@fZKÎ2h?9?>OQ:h2
2�E08<DH6I2h6>698	E08<D�/`_ 25D@-0/1/Q8'B@O�25?>?>-0Sm6I8	í sYS>-0E08<D@BV2	RV25?m69-|B@-0/1/k2'voO1e@b�¾7bQwJ=Hx.-|/18
69?925S>E0O1DV2u2tE08<DT6I2h6>698uE08<Dg/{_ 25/1p�-0?>8tR@?>O1Ag25?>OQ8t¼®bTN�?92u/1-�S>4@R�-=?>�VE=O�í -0B'¼�s{BV2a6G2
/k2�B@OQÅ¡-0?>-0D@[i2JB@O®:<-0/18CE0OQ6I¹Hx°S>O.Sm:CO1/14@R@RV2ÄE=8<S±´M4@DV2JE08<R@R@Ok2�EGF@-�69-0D@B@-32ÄR�8<? ]
6I25?>-'OlB@4@-'-0/1-0A�-0DH69Oq25/1/k2	Sm69-0S>S92¶:<-0/18TE0OQ6I¹%s X{25S>-'B@OlS>O1D@E0?>8<D@O1[0[i25[0O18<D@-;xGb¶N�25/1-



ñ�ò!>Jï&�����C�{�Y�J���C�{�Y� (@�V�*(����Y� �3���Tó��{�W�7�i�a���7�;�r�h�l���q�{�����C�=�;� ñrË
n nmn n>nmn nÂc c cUn
¾7bÇ½;=[& ½CbQw;À;= w<b &7waÀ w<bÇ½;&[H w<b I<¾5¿ I7b =5¿1=

No25pr-0/1/k2j¾7bÇ½CydÃ.25R@Rr8<?m698jB@O�Ei25A°p@O18
c =

ωprim

ωsec

R�-0?�/1-MB@OQ:<-0?>S>-tAg25?>E0-5b
E08<R@R@Ok27fZ8</Q69?>-jEGF@-'?>O1B@4@?>?>-�/k2�B@OQÅ¡-0?>-0D@[i2 B@Od:<-0/18CE0OQ6I¹7f�X{2 ?>4@856I25?>-g/`_ -0/Q-0A�-0DT698
í�?>O1S>R�-=6>698	25BÄK«E08<S±´lBV2�O1A�Rr-0B@O1?>-°/`_ 2i:525D@[i25A�-0DH698�B@O�K�:<-0?>S>8�O1/ZE08<A�R@/1-G6I8
O1D@e<?925DV25A�-0DT698�B@-0/1/k2�Ag25?>E0Ok27b ³U4V25D@B@8JO.B@4@- -0/1-0A�-0DH69O.í -0B�¼«S>8<D@8%25/1/12
Sm69-0S>S92�:<-0/18CE0OQ6I¹7fT/k2tS>4@R�-0?m�VE0O1-Uí S>Or?>Ok25/1/QOQD@-i2tE08<Dg/1-.S>4@R�-0?m�VE0O¡K -0B�¼¸E08<S±´�EIF@-
O1/�Ag25D@O1E0856>698	K R�8<S>S92�E08<DH69O1DC4V25?>-j/k2	S>4V2�E08<?>S92�-0BJO1D@e<?925DV25?>-jOdB@-0DH69OWB@-0e</1O
-0/1-0A�-0DT69O@í�-0Bg¼®f<O1D|A�8TB@8MBV2ME0?>-i25?>-®4@D�E08</Q/1-0eH25A�-0DH698\XY?92M/`_ 25/Qp�-0?>8UR@?>O1Ag25?>OQ8
-g/`_ 25/1pr-0?>8	S>-0E08<D@BV25?>O18@b é 8<A�-�R�-0?u/k2	S>-0/1-0[0O18<D@-5f�/`_ -0/1-0A�-0DH698�A�8<p@O1/Q-|B@-0/1/`_ 2h6m]
694V2h698<?>-5fVE08</1/1-0eH2h698|E085D�O1/�S>O1D@E0?>8<D@O1[0[i2h698<?>-�sY-0/1-0A�-0DT698j?>8<S>S>8�B@-0/1/12jvoO1e@b@¾7bQwJ=HxGf
¬MS>8<e5e<-=6>698j25/1/k2tB@OQÅ¡-0?>-0D@[i2°B@O�XY8<?>[0-Ue<-0D@-0?92h69-UD@-0/1/1-\Ei25A�-0?>-UB@-0Sm69?92°-US>O1D@O1Sm69?927f
S>O�FV2�­T4@O1D@B@O�EIF@-j/k2gXY8<?>[i2�4769O1/Q-°¬

Fu = Fpsx
− Fpdx

B@8;:<-
Fpsx

= PsxAsx

-
Fpdx

= PdxAdx

b é 8<D%O1/WA�85698 B@-0/1/`_ O1D@D@-0Sm6983O1DH69-0?925e<O1S>E08<D@8325D@EGF@-'/`_ -0/1-0A�-0DC]
698\� -�/12�?>-i25[0O18<D@-�:CO1D@E08</k25?>-�B@-0/�E08<DH6I2h6>698�XY?92�/1-	S>4@R�-=?>�VE=O\í -0B�¼�B@-0/1/k2
voO1e@bC¾7bQwJ=7b�Æ�_ -0/1-0A�-0DT698]��e5-0D@-0?92°4@DV2uXY8<?>[i2�sYE04@?m:52°p@/14�v�O1e@bC¾7bÇ½<½<xdEIF@-\69-0D@B@-
2	:CO1D@E08</k25?>-�O1/�Ag25D@O1E0856>698	K O1DÄR�8<S>O1[0O18<D@-jE0-0DT69?925/1-5b	Æ�2�?>-i25[0O18<D@-j:CO1D@E08</k25?>-
¬	XY4@D@[0O18<D@-	B@-0/1/18�S>Rr8<Sm6I25A�-0DH6I8Ä-	B@-0/1/k2¶B@OQÅ¡-0?>-0D@[i2�e<O1?>O`fdO1D7X{2h6>69Oq/k2¶?>-i25[0OQ8<D@-
O1D@O1[0Ok2�25/¡E08<DH6I2h6>698°XY?92°/1-\B@4@-MS>4@R�-0?m�VE0O�-\69-0?>A�O1DV2�­T4V25D@B@8|/k2�B@OQÅ¡-0?>-0D@[i2°XY?92�O
e<O1?>OrB@-0OV:525?>O�-0/1-=A�-0DT69Or¬.4@e<4V25/1-5fCBV2h698�EIF@-U2uB@OQÅ¡-0?>-0D@[i2ue<O1?>O^Iue</1OV-0/1-0A�-0DH69OrK�f
í«-0BÄ¼�B@-0/1/k2'voO1e@b¡¾7bQwJ=g?>O1S>4@/Q6I25D@8�25/1/1OQD@-i2h69O{bMN�25/1-�XY8<?>[i2g:CO1-0D@-°O1D@B@O1Ei2h6I2gE08<D
Fsinc

(

xi,4ω

) b�n±D@8</Q69?>-5f�25/1/18�S>R�8<Sm6I25A�-0DH698�B@-0/1/`_ 2h6>694V2h698<?>-°S>O�8<R@R�8<D@e<8<D@8	e</1O
2h6>69?>OQ69Oo:CO1S>E08<S>8�-|E08<4@/18<A|p@O125D@8@f�O1D@B@O1Ei2h69OoE08<D

Fattriti = bẋi + k sgn(ẋi)
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Fpsx
= PsxAsx

Fpdx
= PdxAdx

Fu = Fpsx
− Fpdx

F = Fu − Fb(xi)− Fsinc
(

xi,4ω

)

− Fattriti

Fattriti = b ẋi + k sgn(ẋi)

Jpω̇p = −Csinc sgn(4ω)− bp ωp

Jsω̇s = Csinc sgn(4ω)− bs ωs

4ω = ωp − ωs

Csinc = Fsinc(xi,∆ω)K4sinc sgn(4ω)
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