








  

  

  

  

  

  

 

 

  

 

 

 

  

 

 

  

  

  

  

 

 

 

  

  

 



 

  

  

  

  

  

  

  

 

 



 

𝑎

𝑎𝑏𝑜𝑜𝑠𝑡

𝑏

𝑐𝑜𝑛𝑒𝑝𝑎𝑐𝑘

𝑐𝑝𝑐

𝑐𝑝𝑡

𝑐𝑡

𝑑

𝑑𝑓𝑝𝑎𝑑

𝑑𝑓𝑝𝑐𝑝𝑙𝑎𝑡𝑒

𝑑𝑓𝑝𝑙𝑎𝑡𝑒

𝑑𝑜𝑛𝑒𝑝𝑎𝑐𝑘

𝑔(𝑣)

ℎ𝑎

ℎ𝑐,𝑎𝑑𝑖

ℎ𝑒

𝑘

𝑚

𝑚𝑎

�̇�𝑎𝑡

�̇�𝑎𝑡,0

�̇�𝑐

�̇�𝑐,𝑐𝑜𝑟

𝑚𝑐𝑟

𝑚𝑒

𝑚𝑓

�̇�𝑓

�̇�𝑓𝑓

�̇�𝑓𝑖



𝑚𝑓𝑝𝑙𝑎𝑡𝑒 

�̇�𝑓𝑣

𝑚𝑙𝑒𝑎𝑘

𝑚𝑝𝑖𝑠𝑡

�̇�𝑡

𝑚𝑣𝑖𝑏𝑒

𝑛

𝑛𝑒𝑛𝑔

𝑛𝑡𝑐,𝑐𝑜𝑟

𝑝

𝑝𝑎𝑚𝑏

𝑝𝑐𝑦𝑙,0

𝑝𝑐𝑦𝑙,𝑙𝑝(𝜑)

𝑝𝑚𝑎𝑛

𝑝𝑚𝑒

𝑝𝑚𝑖

𝑝𝑚𝑟

𝑝𝑟

𝑝1

𝑝2

𝑝3

𝑝4

𝑟𝑐𝑠

𝑠𝑖

𝑠𝑝𝑖𝑠𝑡

𝑠𝑡𝑜𝑡

𝑡

𝑡𝑓𝑝𝑎𝑑

𝑡𝑓𝑝𝑐𝑝𝑙𝑎𝑡𝑒

𝑡𝑓𝑝𝑙𝑎𝑡𝑒

𝑡𝑡𝑜𝑡

𝑣𝑑

𝑣



𝑣𝑠

𝑤

𝑥𝑎

𝑥𝑏𝑟

𝑥𝑒

𝑥𝑓𝑝𝑐𝑝𝑙𝑎𝑡𝑒

�̇�𝑓𝑝𝑐𝑝𝑙𝑎𝑡𝑒

𝑥𝑓𝑝𝑙𝑎𝑡𝑒

�̇�𝑓𝑝𝑙𝑎𝑡𝑒

�̈�𝑓𝑝𝑙𝑎𝑡𝑒

𝑦

𝑧

𝐴𝑏𝑜𝑟𝑒

𝐴𝑓𝑝𝑎𝑑

𝐴𝑓𝑝𝑐𝑝𝑙𝑎𝑡𝑒

𝐴𝑓𝑝𝑙𝑎𝑡𝑒

𝐴𝑡

𝐶

𝐶1

𝐷𝑣

𝐸𝑓𝑝𝑎𝑑

𝐸𝑓𝑝𝑐𝑝𝑙𝑎𝑡𝑒

𝐸𝑓𝑝𝑙𝑎𝑡𝑒

𝐹𝐷(𝑣)

𝐹𝑁

𝐹𝑅

𝐹𝑅𝑖

𝐹𝑒𝑥𝑡

𝐹𝑔,𝑙𝑝(𝜑)

𝐹𝑖𝑛

𝐹𝑚

𝐹𝑜𝑢𝑡



𝐹𝑝𝑖𝑠𝑡

𝐹𝑟

𝐹𝑡

𝐹𝑣

𝐻𝑢 

𝐼

𝐼𝑒𝑛𝑔

𝐼𝑙𝑜𝑎𝑑

𝐽𝑡𝑐

𝑀𝑏𝑎𝑠𝑖𝑐

𝑀𝑐

𝑀𝑒𝑛𝑔

𝑀𝑒𝑛𝑔,𝑖

𝑀𝑓

𝑀𝑔,𝑐𝑜𝑚𝑏

𝑀𝑔,𝑙𝑝

𝑀𝑚

𝑀𝑝𝑖𝑠𝑡

𝑀𝑟

𝑀𝑡

𝑀𝑡𝑐

𝑀𝑡𝑐,𝑑𝑒𝑙

𝑃𝑏

𝑃𝑐

𝑃𝑓

𝑃𝑝

𝑃𝑡,𝑎𝑑𝑖

𝑅

𝑇

𝑇𝑎𝑚𝑏

𝑇𝑐𝑜𝑛𝑠𝑡

𝑇𝑚𝑎𝑛

𝑇𝑡𝑐



𝑇1
∗

𝑇2
∗

𝑇3
∗

𝑈

𝑄𝐵

𝑄𝐵𝑡𝑜𝑡

𝑄𝑊

𝑉

𝑉𝑐𝑦𝑙,0

𝑉𝑐𝑦𝑙,𝜑

𝑉𝑑

𝑉𝑚𝑎𝑛

𝑋

𝜂𝑐,𝑖𝑠

𝜂𝑖

𝜂𝑚

𝜂𝑡,𝑖𝑠

𝜂𝑣𝑜𝑙

𝜆𝑐𝑟

𝛼

𝛼𝐺

𝛼0

𝛽1(𝛼)

𝛽2(𝑝𝑚𝑎𝑛)

𝜅

𝜅𝑐

𝜅𝑐

𝜇

𝜇𝑆

𝜌0

𝜌1

𝜎0

𝜎1(𝑣)



𝜏𝑑

𝜏𝑓𝑓

𝜑

𝜔𝑡𝑐
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�̇�𝑚𝑎𝑛 = −
𝑛𝑒𝑛𝑔  𝑉𝑑

120 𝑉𝑚𝑎𝑛
 𝜂𝑣𝑜𝑙 𝑝𝑚𝑎𝑛 +

𝑅 𝑇𝑚𝑎𝑛
𝑉𝑚𝑎𝑛

 �̇�𝑎𝑡(𝛼, 𝑝𝑚𝑎𝑛)

Vd Vman Tman pman

nEng ηvol

R

�̇�𝑎𝑡(𝛼, 𝑝𝑚𝑎𝑛) = 𝑐𝑡  𝐴𝑡  
𝑝𝑎𝑚𝑏  √𝜅′

√𝑅 𝑇𝑎𝑚𝑏
 𝛽1(𝛼) 𝛽2(𝑝𝑚𝑎𝑛) + �̇�𝑎𝑡0

At Tamb pamb 

ṁat0 κ

𝜅′ =
2 𝜅

𝜅 − 1

𝛽1(𝛼) = 1 − cos(𝛼 − 𝛼0)

 α

 α0  



𝛽2(𝑝𝑚𝑎𝑛) =

{
 
 

 
 √𝑝𝑟

2
𝜅 − 𝑝𝑟

𝜅+𝜅
𝜅                   , 𝑖𝑓 𝑝𝑟 ≥ (

2

𝜅 + 1
)

𝜅
𝜅−1

√(
1

𝜅′
) (

2

𝜅 + 1
)

𝜅+1
𝜅−1

       , 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                

pman  pamb pr

Ct

�̇�𝑓 = �̇�𝑓𝑣 + �̇�𝑓𝑓

�̇�𝑓𝑣 = (1 − 𝑋) �̇�𝑓𝑖

�̇�𝑓𝑓 = (
1

𝜏𝑓𝑓
) (−�̇�𝑓𝑓 + 𝑋 �̇�𝑓𝑖)

τ

X

�̇� = −
(𝑃𝑓 + 𝑃𝑝 + 𝑃𝑏)

(𝐼 𝑛)
+
�̇�𝑓 𝐻𝑢 𝜂𝑖  (𝑡 − 𝜏𝑑)

(𝐼 𝑛)

Pb

Pf Pp

Hu

ηi

𝐼 =
(
2 𝜋
60
)
2

1000
 (𝐼𝑒𝑛𝑔 + 𝐼𝑙𝑜𝑎𝑑)

Ieng Iload

τd

Pf Pp X ηi



 

φ



𝑑𝑚

𝑑𝜑
=
𝑑𝑚𝑒

𝑑𝜑
−
𝑑𝑚𝑎

𝑑𝜑
−
𝑑𝑚𝑙𝑒𝑎𝑘

𝑑𝜑
+
𝑑𝑚𝑓

𝑑𝜑

me ma mleak

mf

φ

−
𝑝𝑑𝑉𝑐𝑦𝑙,𝜑

𝑑𝜑
+
𝑑𝑄𝐵
𝑑𝜑

−
𝑑𝑄𝑊
𝑑𝜑

+
𝑑𝑚𝑒

𝑑𝜑
 ℎ𝑒 −

𝑑𝑚𝑎

𝑑𝜑
 ℎ𝑎 −

𝑑𝑚𝑙𝑒𝑎𝑘

𝑑𝜑
 ℎ𝑎 =

𝑑𝑈

𝑑𝜑

p Vcyl,φ

-∫pdV

QB

dQB/dφ 

QW dQB/dφ  

dQW/dφ 

he ha

dU/dφ

𝑝 𝑉 = 𝑚 𝑅 𝑇

φ

𝑝 
𝑑𝑉

𝑑𝜑
+ 𝑉 

𝑑𝑝

𝑑𝜑
= 𝑚 𝑅 

𝑑𝑇

𝑑𝜑
+ 𝑚 𝑇 

𝑑𝑅

𝑑𝜑
+ 𝑅 𝑇 

𝑑𝑚

𝑑𝜑



𝛼𝐺 = 130 ∗ 𝑑−0,2 𝑝0,8 𝑇−0,53 (𝐶1 𝑤)
0,8

d p T

C1

w

𝑥𝑏𝑟 =
𝑄𝐵
𝑄𝐵𝑡𝑜𝑡

= 1 − 𝑒
[𝐶∗(

𝑡
𝑡𝑡𝑜𝑡

)
𝑚𝑣𝑖𝑏𝑒+1

]
𝜑 ∈ [360°, 540°]

mvibe

ttot

QB/QBtot t ttot C

 



𝑎𝑏𝑜𝑜𝑠𝑡 =
𝜌1
𝜌0

ρ1

ρ0  

 

𝑇𝑐𝑜𝑛𝑠𝑡  𝑥�̇� + 𝑥𝑎 = 𝑥𝑒



 

𝑃𝑐 = �̇�𝑐  
𝑐𝑝𝑐 𝑇1

∗ 

𝜂𝑐,𝑖𝑠
 ((

𝑝2
𝑝1
)

𝜅𝑐−1
𝜅𝑐

− 1)

∆ℎ𝑐,𝑎𝑑𝑖 = 𝑐𝑝𝑐  ( 𝑇2
∗ −  𝑇1

∗)

ṁc

T2* p2 T1*

p1

κc cpc

𝜂𝑐,𝑖𝑠 =
(
𝑝2
𝑝1
)

𝜅𝑐−1
𝜅𝑐 − 1

𝑐𝑝𝑐  (
 𝑇2

∗

 𝑇1
∗ − 1)

p2/p1 

ηc,is 

ṁc,cor 

ntc,cor

𝑃𝑡,𝑎𝑑𝑖 = �̇�𝑡  𝑐𝑝𝑡  𝑇3
∗ 𝜂𝑡,𝑖𝑠  (1 − (

𝑝4
𝑝3
)

𝜅𝑡−1
𝜅𝑡
)

ṁt, p4

T3* p3

κt cpt



𝐽𝑡𝑐  
𝑑𝜔𝑡𝑐
𝑑𝑡

= 𝑀𝑡 −𝑀𝑐 −𝑀𝑓

Jtc ωtc

Mt Mc

Mf 

 

𝐹𝑅 = 𝐹𝑁 𝜇





𝐹𝑅 = {

𝐹𝑒𝑥𝑡                               , 𝑓𝑜𝑟 |𝑣| ≤ 𝐷𝑣 ˄ |𝐹𝑒𝑥𝑡| < 𝜇𝑠 𝐹𝑁
𝜇𝑠 𝐹𝑁 𝑠𝑖𝑔𝑛(𝐹𝑒𝑥𝑡)      , 𝑓𝑜𝑟 𝑣 = 0 ˄ |𝐹𝑒𝑥𝑡| ≥ 𝜇𝑠 𝐹𝑁       

𝐹𝐷(𝑣)                          , 𝑒𝑙𝑠𝑒                                               

Dv FR

Fext µS

FN FD(v)

Dv



𝑑𝑧

𝑑𝑡
= 𝑣 −

|𝑣|

𝑔(𝑣)
 𝑧

𝑔(𝑣) =
1

𝜎0
 (𝐹𝑐 + (𝐹𝑠 − 𝐹𝑐)𝑒

−(
𝑣
𝑣𝑠
)
2

)

𝐹𝑟 = 𝜎0 𝑧 + 𝜎1(𝑣) 
𝑑𝑧

𝑑𝑡
+ 𝐹𝑣 𝑣

𝜎1(𝑣) = 𝜎1 𝑒
−(

𝑣
𝑣𝑑
)
2

σ0 σ1(v)

FC FS

µC µS FN FV



z

dz/dt



 

 

 

 

 

 

 



 

 

𝜑

𝜑 𝜑



 

 

 

 

𝑠𝑝𝑖𝑠𝑡 = 𝑟 (1 +
1

𝜆𝑐𝑟
− cos(𝜑) −

1

𝜆𝑐𝑟
 √1 − 𝜆𝑐𝑟

2  sin(𝜑)2)

 s̈pist

Fm

𝐹𝑚 = (𝑚𝑝𝑖𝑠𝑡 +𝑚𝑐𝑟) �̈�𝑝𝑖𝑠𝑡(𝜑)

mpist

mcr

𝑠𝑝𝑖𝑠𝑡 ≈ (1 +
𝜆𝑐𝑟
4
− cos(𝜑) −

𝜆𝑐𝑟
4
 cos(2 𝜑))

�̈�𝑝𝑖𝑠𝑡 ≈ 𝑟𝑐𝑠  𝜔
2 (cos(𝜑) + 𝜆𝑐𝑟  cos(2 𝜑))



(2 φ)

(φ) 



 



 

 

 

 

 

 

𝜑

𝜑



𝑝𝑐𝑦𝑙,𝑙𝑝(𝜑) = (
𝑉𝑐𝑦𝑙,0

𝑉𝑐𝑦𝑙,𝜑
)

𝑛

 𝑝𝑐𝑦𝑙,0 𝜑 ∈ [180°, 540°]

𝑝𝑐𝑦𝑙,𝑙𝑝(𝜑) = 𝑝𝑐𝑦𝑙,0 𝜑 ∈ [0°, 180°], [ 540°, 720°]

pcyl,0 Vcyl,0

Vcyl,𝜑

pcyl,lp(𝜑)

n=1,32-1,33

𝐹𝑔,𝑙𝑝(𝜑) = 𝑝𝑐𝑦𝑙,𝑙𝑝 𝐴𝑏𝑜𝑟𝑒 𝜑 ∈ [180°, 540°]

Abore





 

𝑀𝑔,𝑐𝑜𝑚𝑏(𝜑) = 𝑎 𝜑′
2 𝑒(−𝑏𝜑′) 𝜑 ∈ [360°, 540°]

𝜑′ = 𝜑 − 360°

𝜑max

Mg,lp

Mm

𝑀𝑏𝑎𝑠𝑖𝑐 = 𝑀𝑔,𝑙𝑝 −𝑀𝑚

1

720°
∫ 𝑀𝑔,𝑐𝑜𝑚𝑏(𝜑) 𝑑𝜑
720°

0°

= �̅�𝑒𝑛𝑔,𝑖



�̅�𝑏𝑎𝑠𝑖𝑐 = 0

𝑑

𝑑𝜑′
 𝑀𝑔,𝑐𝑜𝑚𝑏(𝜑)│𝜑′ = 𝜑𝑚𝑎𝑥

= 0 

𝑎 =
4 ∗ 720° ∗ �̅�𝑒𝑛𝑔,𝑖

(𝜑𝑚𝑎𝑥
′ )3

 

𝑏 =
2

𝜑𝑚𝑎𝑥
′

M̅eng,i 𝜑max

𝜑max=12°

𝜑max=15°





 

𝑝𝑚𝑟 = 𝑝𝑚𝑖 − 𝑝𝑚𝑒  

𝑝𝑚𝑒 = 𝑝𝑚𝑖𝜂𝑚 𝜂𝑚 = 0,85…0,90 

𝑀𝑟 =
𝑝𝑚𝑟  𝑉𝑑
4 𝜋

 

pmi pme

ηm

𝑝𝑚𝑟
𝑝𝑚𝑟,𝑓𝑢𝑙𝑙_𝑙𝑜𝑎𝑑

=
2

3
∗

𝑛

𝑛𝑓𝑢𝑙𝑙𝑙𝑜𝑎𝑑
+
1

3
∗

𝑝𝑚𝑒
𝑝𝑚𝑒,𝑓𝑢𝑙𝑙_𝑙𝑜𝑎𝑑

 

 

𝐹𝑡(𝜑) = 𝐹𝑝𝑖𝑠𝑡(𝜑)

(

 sin(𝜑) +
𝜆𝑐𝑟  sin(2𝜑)

2√1 − 𝜆𝑐𝑟
2  sin(𝜑)2)

 

𝑀𝑝𝑖𝑠𝑡(𝜑) = 𝐹𝑡(𝜑)𝑟𝑐𝑠  



𝑀𝑒𝑛𝑔 = 𝑀𝑔,𝑐𝑜𝑚𝑏 +𝑀𝑔,𝑙𝑝 −𝑀𝑚 −𝑀𝑟

pcyl,0

pcyl,0





 



𝑦 = 𝑘 cos (𝜋
𝑠𝑖
𝑠𝑡𝑜𝑡

) + 𝑑

y k d

si stot



 



 





 

𝑇𝑡𝑐  �̇�𝑡𝑐,𝑑𝑒𝑙 +  𝑀𝑡𝑐,𝑑𝑒𝑙 = 𝑀𝑡𝑐

Ttc Mtc

Mtc,del



1,5s 2,1s

20Nm 2000 n/min

2s

 Ttc

0,4s 3s



Ttc

0,45s



Ttc



 



 

 



 



𝑐𝑜𝑛𝑒𝑝𝑎𝑐𝑘 =
1

𝑡𝑓𝑝𝑙𝑎𝑡𝑒
2

𝐸𝑓𝑝𝑙𝑎𝑡𝑒  𝐴𝑓𝑝𝑙𝑎𝑡𝑒
+

𝑡𝑓𝑝𝑎𝑑
𝐸𝑓𝑝𝑎𝑑  𝐴𝑓𝑝𝑎𝑑

+

𝑡𝑓𝑝𝑐𝑝𝑙𝑎𝑡𝑒
2

𝐸𝑓𝑝𝑐𝑝𝑙𝑎𝑡𝑒  𝐴𝑓𝑝𝑐𝑝𝑙𝑎𝑡𝑒

𝑑𝑜𝑛𝑒𝑝𝑎𝑐𝑘 =
1

2
𝑑𝑓𝑝𝑙𝑎𝑡𝑒

+
1

𝑑𝑓𝑝𝑎𝑑
+

2
𝑑𝑓𝑝𝑐𝑝𝑙𝑎𝑡𝑒



𝑚𝑓𝑝𝑙𝑎𝑡𝑒  �̈�𝑓𝑝𝑙𝑎𝑡𝑒 = 𝐹𝑖𝑛 − 𝐹𝑜𝑢𝑡 − 𝐹𝑅

𝐹𝑖𝑛 = (𝑥𝑓𝑝𝑙𝑎𝑡𝑒,𝑖 − 𝑥𝑓𝑝𝑐𝑝𝑙𝑎𝑡𝑒,𝑖) 𝑐𝑜𝑛𝑒𝑝𝑎𝑐𝑘

+ (�̇�𝑓𝑝𝑙𝑎𝑡𝑒,𝑖 − �̇�𝑓𝑝𝑐𝑝𝑙𝑎𝑡𝑒,𝑖) 𝑑𝑜𝑛𝑒𝑝𝑎𝑐𝑘

𝐹𝑜𝑢𝑡 = (𝑥𝑓𝑝𝑐𝑝𝑙𝑎𝑡𝑒,𝑖 − 𝑥𝑓𝑝𝑙𝑎𝑡𝑒,𝑖+1) 𝑐𝑜𝑛𝑒𝑝𝑎𝑐𝑘

+ (�̇�𝑓𝑝𝑐𝑝𝑙𝑎𝑡𝑒,𝑖 − �̇�𝑓𝑝𝑙𝑎𝑡𝑒,𝑖+1) 𝑑𝑜𝑛𝑒𝑝𝑎𝑐𝑘

FV



ẍ1





 



 

 

 



 



 















 



 



 

 

 

 



https://www.plm.automation.siemens.com/global/en/


https://ch.mathworks.com/?s_tid=gn_logo


 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 


