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𝜇𝑚

 

 

• 



• 

• 



• 

• 



• 



 

≤

≤

≤

≤

≤

≤



 

[𝜇𝑚]

[𝜇𝑚]

 



1.6 ∙ 10−4

1.5 ∙ 10−4



 

6.6 ∙ 10−6

 

 





 



1.07 ∙ 10−4

 



[10−6𝑘𝑔𝑚2]

[10−6𝑘𝑔𝑚2]

 



3.2 ∙ 10−4

 



 



±

 



 



 

 





 



 



 

 



 



±



 



• 

• 





 

7.5 ∗ 10−3𝑚 

45 ∗ 10−3𝑚

7.5 ∗ 10−3𝑚 45 ∗

10−3𝑚 21 ∗
10−3𝑚

𝑠

• 


2∗10

2 222
𝑉



• ∗

10−4𝑠

• 
2∗10 𝑉

300∗10−3 𝑚
=

200

3

𝑉

𝑚

 







10 𝑉

8000
𝑚

𝑠

=
10 𝑉

8000 
2 𝑟𝑎𝑑

60   𝑠

= 0.0119
𝑉
𝑟𝑎𝑑

𝑠



 

 

• 
• 



𝐻(𝑠) =
𝜎2

𝑠2 + 2𝜁𝜎𝑠 + 𝜎2

 𝜎 𝜁

𝜁≥

𝜎

𝜎







 



𝑥𝑝



𝐴(𝑥) = {
1,        𝑠𝑒 0 ≤ (𝑥 +

𝐿

2
)𝑚𝑜𝑑𝑥𝑝 ≤

𝑥𝑝

2

0,           𝑠𝑒 
𝑥𝑝

2
≤ (𝑥 +

𝐿

2
)𝑚𝑜𝑑𝑥𝑝 ≤ 𝑥𝑝

𝐵(𝑥) = {
1,        𝑠𝑒 0 ≤ (𝑥 +

𝐿

2
−
𝑥𝑝

4
)𝑚𝑜𝑑𝑥𝑝 ≤

𝑥𝑝

2

0,           𝑠𝑒 
𝑥𝑝

2
≤ (𝑥 +

𝐿

2
−
𝑥𝑝

4
)𝑚𝑜𝑑𝑥𝑝 ≤ 𝑥𝑝

𝑍(𝑥) = {
1,        𝑠𝑒 (𝑥 +

𝐿

2
) = 𝐿 𝑜 (𝑥 +

𝐿

2
) = 0

0, 𝑎𝑙𝑡𝑟𝑖𝑚𝑒𝑛𝑡𝑖                                    

𝑥𝑝

𝑥𝑝

4

 𝑁 =
𝐿

𝑥𝑝

𝑥 = 𝑥𝑝 ( ∑ 𝑁𝑖 − ∑ 𝑁𝑗

𝐹𝑊2𝐵𝑊

𝑗

𝐵𝑊2𝐹𝑊

𝑖

) = 𝑥𝑝𝑁



→ →

→ →

→ →

→ →

→ →

ε

ε



𝑣𝑓 =
∆𝑁𝑥𝑝
𝑇𝑠4

𝜀𝑓 =
𝑥𝑝

𝑣𝑓4𝑇𝑠

𝑣𝑝 =
𝑥𝑝

𝑛𝑇ℎ𝑓2



𝜀𝑝 =
𝑣𝑝2𝑇ℎ𝑓

𝑥𝑝



 

 



• 
• 
• 





𝑚𝑜𝑑𝑢𝑙𝑎𝑛𝑡𝑒𝑁 =
𝑚𝑜𝑑𝑢𝑙𝑎𝑛𝑡𝑒

max(𝑚𝑜𝑑𝑢𝑙𝑎𝑛𝑡𝑒)

𝑞1 = {
1       𝑠𝑒 𝑚𝑜𝑑𝑢𝑙𝑎𝑛𝑡𝑒𝑁 ≥ 𝑝𝑜𝑟𝑡𝑎𝑛𝑡𝑒
0       𝑎𝑙𝑡𝑟𝑖𝑚𝑒𝑛𝑡𝑖 

𝑞2 = {
1        𝑠𝑒 − 𝑚𝑜𝑑𝑢𝑙𝑎𝑛𝑡𝑒𝑁 ≥ 𝑝𝑜𝑟𝑡𝑎𝑛𝑡𝑒
0        𝑎𝑙𝑡𝑟𝑖𝑚𝑒𝑛𝑡𝑖 

𝑚𝑜𝑑𝑢𝑙𝑎𝑛𝑡𝑒𝑁 𝑞 𝑞

𝑉∗



𝑉𝑎 = 𝑅𝑎𝑖 + 𝐿𝑎
𝑑𝑖

𝑑𝑡
+ 𝐾𝑒𝜔𝑚

𝐶𝑚 = 𝐾𝑚 𝑖

𝑉𝑎 𝑅𝑎 

𝑖 𝐿𝑎  𝐾𝑒

𝜔𝑚 𝐶𝑚

𝐾𝑚

𝑅𝑚 = 𝑅𝑎 𝐻𝑚 = 𝐿𝑎



𝜏𝑤
𝜕𝑇𝑤
𝜕𝑡

= 𝑅𝑡ℎ (𝑅𝑚𝑖
2 − ℎ𝐴(𝑇𝑤 − 𝑇𝑟𝑖𝑓) − 𝜀𝜎𝐴(𝑇𝑤

4 − 𝑇𝑟𝑖𝑓
4))

 𝜏𝑤[𝑠]

𝑅𝑡ℎ[𝐾/𝑊] ℎ [
𝑊

𝑚2𝐾
]

𝑇𝑟𝑖𝑓[𝐾]

𝜀

𝜎 [
𝑊

𝑚2𝐾4
]



𝐶𝑚
′ = 𝐶𝑚 𝜂𝑚𝑟 𝑑𝑖𝑟

𝐶𝑚
′ =

𝐶𝑚
𝜂𝑚𝑟 𝑟𝑒𝑣



𝐾𝑒



𝐾𝑚



𝑅𝑡ℎ
𝑇𝑟𝑖𝑓

𝜏𝑤

𝜀

𝜎

𝐻𝑖

𝜏𝑖

𝜏ℎ𝑎𝑙𝑙

𝜂𝑚𝑟 𝑑𝑖𝑟

𝜂𝑚𝑟 𝑟𝑒𝑣

 

𝑃𝑟𝑖𝑐ℎ𝑖𝑒𝑠𝑡𝑎 = 𝐶

𝐶 = 𝑇𝑚 = 𝑇𝑚 (𝑀𝐷𝐸+𝐵𝐿𝐷𝐶)𝑏𝑚𝜔𝑚





𝜏 =
𝜔𝑚
𝜔𝑟𝑒𝑑

𝐶𝑟𝑒𝑑 = 𝐶𝑚𝜏

𝜔𝑟𝑒𝑑 𝐶𝑟𝑒𝑑  𝜔𝑚
𝐶𝑚 𝜏



 

𝐶𝑎𝑡𝑡 = 𝐶𝑎𝑠(1 + 𝑚𝑓𝑒
−|𝜔𝑟𝑒𝑑|)

𝐶𝑎𝑠 [𝑁𝑚]  𝑚𝑓

𝐶𝑏𝑎) 𝜔𝑟𝑒𝑑

𝐶𝑎𝑠
𝑚𝑓

𝐶𝑏𝑎



𝑏𝑚 = 
𝑀0 −𝑀𝑛 

𝜔𝑛𝑜𝑚
 [
𝑁𝑚

𝑟𝑎𝑑
𝑠

]

𝐶𝑣𝑖𝑠𝑐𝑜𝑠𝑎 = 𝑏𝑚𝜔𝑚

𝑀0 𝑁𝑚 𝑀𝑛 𝑁𝑚 𝜔𝑛𝑜𝑚  [
𝑟𝑎𝑑

𝑠
]



𝐶𝑡𝑟𝑎𝑠𝑚𝑒𝑠𝑠𝑎 = 𝐶𝑎𝑡𝑡𝑖𝑣𝑎 − 𝐶𝑎𝑡𝑡𝑟𝑖𝑡𝑜

𝐶𝑎𝑡𝑡𝑟𝑖𝑡𝑜 = {
𝐶𝑎𝑡𝑡𝑖𝑣𝑎 ,        �̇� = 0    𝐶𝑎𝑡𝑡𝑖𝑣𝑎 < 𝐶𝑠𝑡𝑎𝑡𝑖𝑐𝑎
𝑓(𝑢),           �̇� ≠ 0                                    

�̇� 𝑠𝑡𝑎𝑡𝑖𝑐𝑎







 

(𝜃𝑠) �̇�𝑠) 

(𝜃𝑟𝑒𝑑 ,  𝜔𝑟𝑒𝑑)

𝜃𝑑 = 𝜃𝑟𝑒𝑑 − 𝜃𝑠

�̇�𝑑 = 𝜔𝑟𝑒𝑑 − �̇�𝑠



 

α

ϑ

ϑ ϑ

- ϑ ϑ ϑ �̇�𝑑 �̇� �̇�

- ϑ ϑ ϑ

- ϑ ϑ ϑ

ϑ𝑏 𝑡 ≤𝛼



𝑘𝑒𝑏𝑟 = 𝑘𝑇𝐸 =
1

1
𝑘𝑅
+
2
𝑘𝐺
+

1
𝑘𝑇𝑀

= 4.46 ∙ 103
𝑁𝑚

𝑟𝑎𝑑

𝑘𝑅 𝑘𝐺
𝑘𝑇𝑀

α

 α

𝑇 = 𝑘(𝜃𝑑 − 𝜃𝑑0) + 𝑐�̇�𝑑

 
𝜃𝑑

𝛼 𝛼



 𝜃𝑑 𝛼
 bebr 

2
  

{
𝑇 = 0                                                                     𝑠𝑒  𝑘(𝜃𝑑 − 𝛼) + 𝑐�̇�𝑑 ≤ 0

𝑇 = min{𝑘(𝜃𝑑 − 𝛼), 𝑐�̇�𝑑} + 𝑘(𝜃𝑑 − 𝛼)         𝑠𝑒 𝑘(𝜃𝑑 − 𝛼) + 𝑐�̇�𝑑 > 0

 𝜃𝑑 𝛼



{
𝑇 = 0                                                                     𝑠𝑒  𝑘(𝜃𝑑 + 𝛼) + 𝑐�̇�𝑑 ≥ 0

𝑇 = max{𝑘(𝜃𝑑 + 𝛼), 𝑐�̇�𝑑} + 𝑘(𝜃𝑑 + 𝛼)         𝑠𝑒 𝑘(𝜃𝑑 + 𝛼) + 𝑐�̇�𝑑 < 0



 



 





 

• 
• 

• 
• 



• 
• 

𝛽



𝛽 = arctan (tan(𝛽0) +
𝛿

𝑟0 cos(𝛽0)
)

𝛽 𝛽0
𝛿

𝑟0

𝑟𝐴 𝑟𝐵  

𝑐𝑜𝑠𝛽0 =
𝑟𝐵 − 𝑟𝐴
𝑟0

𝑟0 = 2𝑅 − 𝑑

𝛽0
′



𝑚

𝑇𝐹𝑆
𝐼𝑠𝜃�̈�)

𝑇𝑚  −  𝐼𝑠𝜃�̈�  −  𝑇𝐹𝑆 + 𝐹𝑡𝑇𝑂𝑇𝑏 = 0

𝐹𝑡𝑇𝑂𝑇𝑏

𝑧𝑒𝑓𝑓



𝑍𝑡𝑜𝑡 = ⌊
2𝜋𝑟𝑚𝑛𝑡
cos(𝛼) 2𝑟𝑏

⌋

𝑟𝑚   𝑛𝑡

𝑟𝑏

𝑏 = 𝑟𝑚 − 𝑟𝑏 cos(𝛽)

𝐹𝑎 =  𝑃 𝑠𝑒𝑛𝛽 𝑐𝑜𝑠𝛼
𝐹𝑡 =  𝑃  𝑠𝑒𝑛𝛽 𝑠𝑒𝑛𝛼
𝐹𝑟 =  𝑃 𝑐𝑜𝑠𝛼

• 
• 

• 

• 𝛽

• 

• 



𝑃 =
 𝐹𝑎 𝑇𝑂𝑇𝑧𝑒𝑓𝑓

𝑠𝑒𝑛𝛽 𝑐𝑜𝑠𝛼
 

 

𝑇𝑚  −  𝐼𝑠𝜃�̈�  −  𝑇𝐹𝑆 + 𝐹𝑡𝑇𝑂𝑇(𝑟𝑚 − 𝑟𝑏 cos(𝛽)) = 0

 𝐹𝑎 𝑇𝑂𝑇  + 𝑀𝑠𝑥�̈�  +  𝑐𝐴𝐸𝑥�̇�  +  𝑘𝐴𝐸𝑥𝑠  =  0

𝑀𝑠 𝑘𝐴𝐸 𝑐𝐴𝐸

𝑘𝐴𝐸

1

𝑘𝐴𝐸
=

1

𝑘𝑏𝑒𝑎𝑟𝑖𝑛𝑔
+

1

𝑘𝑠ℎ𝑎𝑓𝑡

𝑘𝑏𝑒𝑎𝑟𝑖𝑛𝑔 ≅ 432
𝑁

𝜇𝑚
= 4,3 108

𝑁

𝑚

𝑘𝑠ℎ𝑎𝑓𝑡 = 
𝐴𝐸𝑠
𝑙𝑥

=
𝜋𝑑𝑟

4𝐸𝑠
4 𝑙𝑥

=
𝑘𝑠𝑐
𝑙𝑥

𝑑𝑟 𝑙𝑥 𝐸𝑠



𝑘𝐴𝐸 =
𝑘𝑏𝑒𝑎𝑟𝑖𝑛𝑔𝑘𝑠𝑐

𝑙𝑥𝑘𝑏𝑒𝑎𝑟𝑖𝑛𝑔 + 𝑘𝑠𝑐

𝑐𝐴𝐸 = 2𝜉√𝑘𝐴𝐸  𝑀𝑠

𝜉 𝑀𝑠

𝐶𝑎𝑡𝑡 = (𝐶𝑐 𝑠𝑐𝑟𝑒𝑤(1 + 𝑠𝑓𝑒
−|𝜔𝑠|)) + 𝑐𝑠𝜔𝑠 

𝐶𝑐 𝑠𝑐𝑟𝑒𝑤  [𝑁𝑚]  𝑠𝑓

𝐶𝑏𝑎 𝑠𝑐𝑟𝑒𝑤) 𝜔𝑠
𝑐𝑠

𝐶𝑐 𝑠𝑐𝑟𝑒𝑤
𝑠𝑓

𝐶𝑏𝑎 𝑠𝑐𝑟𝑒𝑤

𝑐𝑠



 

�̈�



𝑏 = 𝑟𝑚 + 𝑟𝑏 cos(𝛽)

𝑇𝑁𝐶  −  𝐼𝑁𝜃�̈�  −   𝐹𝑡𝑇𝑂𝑇(𝑟𝑚 + 𝑟𝑏 cos(𝛽)) = 0

 𝐹𝑎 𝑇𝑂𝑇  ± 𝐹𝑃𝑅  −  𝐹𝐹𝑁  −  𝑀𝑠𝑥�̈�  −  𝐹𝑒𝑥𝑡  =  0

 𝐹𝑎 𝑇𝑂𝑇 𝐹𝑃𝑅
𝐹𝐹𝑁

𝐹𝑒𝑥𝑡

𝑥𝑆𝐸 = 𝑥𝑁𝐸 + 
𝑏𝑚𝑎𝑥
2
 



𝑐 = {
−, 𝑐𝑜𝑛𝑡𝑎𝑡𝑡𝑜 𝑝𝑜𝑠𝑡𝑒𝑟𝑖𝑜𝑟𝑒      𝑠𝑒 𝛽 < 0
+, 𝑐𝑜𝑛𝑡𝑎𝑡𝑡𝑜 𝑎𝑛𝑡𝑒𝑟𝑖𝑜𝑟𝑒        𝑠𝑒 𝛽 > 0

 𝛽 

𝛽

𝑥𝑆𝐸 = 𝑥𝑆  −  𝜃𝑆  
𝑝

2𝜋

𝑥𝑁𝐸 = 𝑥𝑁  −  𝜃𝑁  
𝑝

2𝜋

𝛿 = 𝑥𝑆𝐸 − 𝑥𝑁𝐸

∆𝑥 =  𝛿 cos(𝛼)

∆̇𝑥 = �̇� cos(𝛼)








𝐼𝑥
𝑒 

𝐼𝑦
 

𝐼𝐼𝑥
𝑒 

𝐼𝐼𝑦

∑𝜌

𝐹𝑝

∑𝜌 = 
𝐼𝑥
+ 

𝐼𝑦
+ 

𝐼𝐼𝑥
+ 

𝐼𝐼𝑦

𝐹𝑝 = −
√𝑅𝐼

2 + 𝑅𝐼𝐼
2 + 2𝑅𝐼𝑅𝐼𝐼𝑐𝑜𝑠2𝜔

∑𝜌

𝑅𝐼 = 
𝐼𝑥
− 

𝐼𝑦
𝑅𝐼𝐼 = 

𝐼𝐼𝑥
− 

𝐼𝐼𝑦

𝐴 =
∑𝜌

4
(1 + 𝐹𝑝)       𝐵 =

∑𝜌

4
(1 − 𝐹𝑝)



1

𝐸∗
=
1 − 𝜈𝐼

2

𝐸𝐼
+
1 − 𝜈𝐼𝐼

2

𝐸𝐼𝐼



 𝐹𝑝

𝛿 = 𝛿∗ (
3𝑘ℎ
2𝐸∗

)
2 3⁄ (𝐴 + 𝐵)1 3⁄

2

𝛿∗  𝑘ℎ

𝜎 =
3

2

𝑘ℎ
𝜋𝑎𝑏

𝑘𝐶𝑂𝑁𝑇𝐴𝐶𝑇 = 𝑘ℎ = [
25 2⁄ 𝐸∗

3(𝛿∗)3 2⁄ (𝐴 + 𝐵)1 2⁄
] 𝛿3 2⁄

𝑐𝐶𝑂𝑁𝑇𝐴𝐶𝑇 = (𝑀𝑛2𝑘𝐶𝑂𝑁𝑇𝐴𝐶𝑇)
1
2⁄  ∆̇𝑥

(𝑀𝑛2)

𝑀𝑛1 𝑀𝑛2



𝑏𝑙𝑎𝑚𝑎𝑥 =  𝐺𝐴 cos(𝛼) sin(𝛽0)

𝛽0

 𝑏𝑙𝑎𝑚𝑎𝑥  

𝑃 = 𝑘ℎ∆𝑥
3
2⁄ + √𝑘ℎ𝑀𝑛2∆�̇�  =  𝑘𝐶𝑂𝑁𝑇𝐴𝐶𝑇 ∆𝑥

3
2⁄  +  𝑐𝐶𝑂𝑁𝑇𝐴𝐶𝑇 ∆�̇�

𝑘ℎ 𝑀𝑛2



 
∆𝑥

𝑏𝑙𝑎𝑚𝑎𝑥 𝑏𝑙𝑎𝑚𝑎𝑥

 ∆𝑥
𝑏𝑙𝑎𝑚𝑎𝑥  

2
  

∆𝑥 −
𝑏𝑙𝑎𝑚𝑎𝑥  

2



𝑃 = 𝑘ℎ (∆𝑥 −
𝑏𝑙𝑎𝑚𝑎𝑥   

2
)

3
2⁄

+ √𝑘ℎ𝑀𝑛2∆�̇�  =  𝑘𝐶𝑂𝑁𝑇𝐴𝐶𝑇 (∆𝑥 −
𝑏𝑙𝑎𝑚𝑎𝑥   

2
)

3
2⁄

+ 𝑐𝐶𝑂𝑁𝑇𝐴𝐶𝑇 ∆�̇�



 ∆𝑥
𝑏𝑙𝑎𝑚𝑎𝑥  

2

∆𝑥 −
𝑏𝑙𝑎𝑚𝑎𝑥  

2



𝑃 = − 𝑘ℎ (∆𝑥 −
𝑏𝑙𝑎𝑚𝑎𝑥   

2
)

3
2⁄

+ √𝑘ℎ𝑀𝑛2∆�̇�  =  − 𝑘𝐶𝑂𝑁𝑇𝐴𝐶𝑇 (∆𝑥 −
𝑏𝑙𝑎𝑚𝑎𝑥   

2
)

3
2⁄

+ 𝑐𝐶𝑂𝑁𝑇𝐴𝐶𝑇 ∆�̇�



𝐹𝑎𝑡𝑡 = (𝐹𝑏𝑎 𝑛𝑢𝑡1(1 + 𝑛1𝑓𝑒
−|�̇�𝑛|)) + 𝑐𝑠𝜔𝑠 

𝐹𝑏𝑎 𝑛𝑢𝑡1[𝑁] 𝑛1𝑓

𝐹𝑐 𝑛𝑢𝑡1) �̇�𝑛
𝑐𝑛

𝐹𝑏𝑎 𝑛𝑢𝑡1
𝑛1𝑓

𝐹𝑐 𝑛𝑢𝑡1

𝑐𝑛

𝐹𝑏𝑎 𝑛𝑢𝑡2

𝐹𝑐 𝑛𝑢𝑡2
𝑛2𝑓



 

• 
• 





- 
- 
- 
- 

- 



𝑘𝑖

1

𝑘𝑆𝑃𝑅
=∑

1

𝑘𝑖

𝑛

𝑖=1



𝑥𝑛
𝑥𝑛1 𝑖𝑛𝑖𝑡 𝑥𝑛 𝑂𝐹𝐹𝑆𝐸𝑇 

 

𝑥𝑛2 – 𝑥𝑛 𝑂𝐹𝐹𝑆𝐸𝑇 > 𝑥𝑛1

 

𝑥𝑛2 –  𝑥𝑛 𝑂𝐹𝐹𝑆𝐸𝑇 > 𝑥𝑛1

𝐹𝑝 = 𝐹𝑝0  −  𝑘𝑃𝑅 𝑒𝑞 (𝑥𝑛2  −  𝑥𝑛 𝑂𝐹𝐹𝑆𝐸𝑇  −  𝑥𝑛1) −  𝑐𝑃𝑅 𝑒𝑞 (�̇�𝑛2  −  �̇�𝑛1)

𝑘𝑃𝑅 𝑒𝑞 =
𝑘𝑃𝑅  𝑘𝑆𝑃𝑅
𝑘𝑃𝑅 + 𝑘𝑆𝑃𝑅



𝐹𝑝0 = 𝑘𝑃𝑅 𝑒𝑞𝐺𝐴

𝑘𝑃𝑅 𝑘𝑆𝑃𝑅

2.5
107𝑁

𝑚
. 



𝐹𝑛𝑙𝑜𝑟)

𝐻(𝑠) =
1

1
𝜎𝑓
𝑠 + 1

𝜎𝑓 

(𝐹𝑛𝑙𝑜𝑟 = 1000𝑁)





 

𝑇𝑚𝑎𝑥)

𝑘𝐹𝐶 = 

𝑇𝑚𝑎𝑥

(
𝑝
2𝜋
)
+ 𝑃𝑠𝐴𝑐𝑦𝑙

𝑑𝑥𝑚𝑎𝑥

𝑐𝐹𝐶 = 2𝑐𝑠𝑖𝐹𝐶√𝑘𝐹𝐶𝑀𝑛1

𝑝 𝑃𝑠 𝐴𝑐𝑦𝑙

𝑑𝑐𝑦𝑙 𝐷𝑐𝑦𝑙 𝑑𝑥𝑚𝑎𝑥

𝑐𝑠𝑖𝐹𝐶
𝑀𝑛1

𝑇𝑚𝑎𝑥

𝑝

𝑃𝑠
𝐴𝑐𝑦𝑙

𝑑𝑐𝑦𝑙

𝐷𝑐𝑦𝑙

𝑑𝑥𝑚𝑎𝑥

𝑘𝐹𝐶

𝑐𝑠𝑖𝐹𝐶

𝑀𝑛1

𝑐𝐹𝐶

𝑓𝑤𝑙𝑖𝑚 𝑏𝑤𝑙𝑖𝑚

 𝑥𝑛1



{
Fc = 0                                                                                                      𝑠𝑒 kFC(xn1 −  fwlim) + cFCẋn1 ≤ 0

Fc = min{kFC(xn1 −  fwlim), cFCẋn1} + kFC(xn1 −  fwlim)        𝑠𝑒 kFC(xn1 −  fwlim) + cFCẋn1 > 0

 𝑥𝑛1 𝑏𝑤𝑙𝑖𝑚

{
Fc = 0                                                                                                      𝑠𝑒 kFC(xn1 −  fwlim) + cFCẋn1 ≤ 0

Fc = − min{kFC(xn1 −  fwlim), cFCẋn1} + kFC(xn1 −  fwlim)   𝑠𝑒 kFC(xn1 −  fwlim) + cFCẋn1 > 0



 𝑥𝑛1 𝑏𝑤𝑙𝑖𝑚 𝑓𝑤𝑙𝑖𝑚

 

𝑥𝑛1, �̇�𝑛1 𝑥𝑟𝑜𝑑 , �̇�𝑟𝑜𝑑



𝐹 = 𝑘𝑒𝑓(𝑥𝑛1 − 𝑥𝑟𝑜𝑑) + 𝑐𝑒𝑓(�̇�𝑛1 − �̇�𝑟𝑜𝑑)

𝑘𝑒𝑓 =  8.3 10
7 𝑁

𝑚

𝑐𝑒𝑓 = 4.39 103
𝑁𝑠

𝑚



𝐹𝑛𝑒𝑓 = 25𝑘𝑁)

 





𝐺 =

{
  
 

  
 

𝑐𝑣𝜌0𝑝𝑢𝑝√1 − (

𝑝𝑑𝑜𝑤𝑛
𝑝𝑢𝑝

− 𝑏

1 − 𝑏
)

2

    𝑠𝑒 
𝑝𝑑𝑜𝑤𝑛
𝑝𝑢𝑝

≥ 𝑑𝑃𝑐𝑟𝑖𝑡

𝑐𝑣𝜌0𝑝𝑢𝑝                                            𝑠𝑒 
𝑝𝑑𝑜𝑤𝑛
𝑝𝑢𝑝

< 𝑑𝑃𝑐𝑟𝑖𝑡

𝑐𝑣 = 𝑘𝑣𝑥𝑣 [
𝑚3

𝑠  𝑃𝑎
]

𝑘𝑣 [
𝑚2

𝑠 𝑃𝑎
] 𝑥𝑣[𝑚] 𝜌0 [

𝑘𝑔

𝑚3]

𝑝𝑢𝑝[𝑃𝑎] 𝑝𝑑𝑜𝑤𝑛[𝑃𝑎]

𝑏 = (
𝑝𝑑𝑜𝑤𝑛

𝑝𝑢𝑝
)
𝑐𝑟𝑖𝑡

= 𝑑𝑃𝑐𝑟𝑖𝑡[−]

𝐺𝐼𝑁)

𝐺𝑂𝑈𝑇) 

𝜌)

∑𝐺𝐼𝑁 −∑𝐺𝑂𝑈𝑇 =
𝑑(𝜌𝑉)

𝑑𝑡
= 𝜌

𝑑𝑉

𝑑𝑡
+ 𝑉

𝑑𝜌

𝑑𝑡

𝑝

𝜌𝑛
= 𝑐𝑜𝑠𝑡

𝑝

𝜌𝑛
=
𝑝𝑖
𝜌𝑖
𝑛

𝜌

𝑑𝜌

𝑑𝑡
=
𝜌𝑖
𝑛𝑝𝑖

(
𝑝

𝑝𝑖
)

1
𝑛
−1 𝑑𝑝

𝑑𝑡

𝑝

𝜌
= 𝑅𝑇



𝑑𝜌

𝑑𝑡
=

1

𝑛𝑅𝑇𝑖
(
𝑝

𝑝𝑖
)

1
𝑛
−1 𝑑𝑝

𝑑𝑡

𝑑𝑉

𝑑𝑡
= 𝐴

𝑑𝑥

𝑑𝑡

𝑉 = 𝐴(𝑥𝑜 ± 𝑥)

𝐺1 =
𝐴1(𝑥𝑜 + 𝑥)

𝑛𝑅𝑇1𝑖
(
𝑝1
𝑝1𝑖
)

1
𝑛
−1 𝑑𝑝1

𝑑𝑡
+
𝑝1𝑖𝐴1
𝑅𝑇1𝑖

(
𝑝1
𝑝1𝑖
)

1
𝑛 𝑑𝑥

𝑑𝑡

𝐺2 =
𝐴2(𝑥𝑜 − 𝑥)

𝑛𝑅𝑇2𝑖
(
𝑝2
𝑝2𝑖
)

1
𝑛
−1 𝑑𝑝2

𝑑𝑡
−
𝑝2𝑖𝐴2
𝑅𝑇2𝑖

(
𝑝2
𝑝2𝑖
)

1
𝑛 𝑑𝑥

𝑑𝑡

𝑑𝑝1
𝑑𝑡

=
𝐺1𝑛𝑅𝑇1𝑖

𝐴1(𝑥𝑜 + 𝑥) (
𝑝1
𝑝1𝑖
)

1
𝑛
−1
−

𝑝1𝑛

(𝑥𝑜 + 𝑥)

𝑑𝑥

𝑑𝑡

𝑑𝑝2
𝑑𝑡

=
𝐺2𝑛𝑅𝑇2𝑖

𝐴2(𝑥𝑜 − 𝑥) (
𝑝2
𝑝2𝑖
)

1
𝑛
−1
+

𝑝2𝑛

(𝑥𝑜 − 𝑥)

𝑑𝑥

𝑑𝑡

𝑐�̇�)

𝑚�̈�)

𝑝1𝐴1 − 𝑝2𝐴2 −  𝑐�̇� − 𝑚�̈� − 𝐹𝑎𝑡𝑡 = 𝐹𝑒𝑥𝑡

𝐹𝑎𝑡𝑡 = 𝐹𝑎𝑠(1 + 𝑚𝑓𝑒
−|𝜔𝑟𝑜𝑑|)

𝐹𝑎𝑠 = 𝐹𝑝 = (𝑝1𝐴1 − 𝑝2𝐴2) ∙ 𝜇 [𝑁] 𝜇[−]

 𝑚𝑓

𝜔𝑟𝑜𝑑 �̇�



𝜇

𝑚𝑓

𝑐

𝑚

𝐴1

𝐴2

𝑘𝑣

𝑐𝑣







𝑝𝑠 = 6 ∙ 10
5𝑃𝑎

𝑓(𝑠) =
1

𝜏𝑠 + 1
𝜏 =

1

2𝜋∙1000
[𝑠]

𝑝𝑠
𝑝𝑏)

(𝑝1) 

𝑠𝑖𝑔𝑛(𝐺) = tanh (𝑝𝑏 − 𝑝1)

{
𝑝𝑈𝑆 = 𝑝𝑢𝑝 = 𝑝1  𝑒  𝑝𝐷𝑆 = 𝑝𝑑𝑜𝑤𝑛 = 𝑝𝑏      𝑠𝑒 𝑝1 ≥ 𝑝𝑏
𝑝𝑈𝑆 = 𝑝𝑢𝑝 = 𝑝𝑏   𝑒  𝑝𝐷𝑆 = 𝑝𝑑𝑜𝑤𝑛 = 𝑝1     𝑠𝑒 𝑝1 < 𝑝𝑏





𝑔(𝑠) =
1

𝜏1𝑠 + 1

𝜏1 =
1

2𝜋∙10000
[𝑠]





𝑝𝑠

𝑝2

𝑇𝑝
1−𝑛
𝑛 = 𝑐𝑜𝑠𝑡.    ⇒     

𝑑𝑇

𝑇
= −

𝑑𝑝

𝑝

1 − 𝑛

𝑛



𝑝𝑠 2⁄

 



 



 

(𝑝𝑠)

(𝑝𝑡)

𝑝𝑠





𝐺 =

{
 
 
 
 
 

 
 
 
 
 
𝑐𝑣𝜌0𝑝𝐴                                            𝑠𝑒 0 < 𝑝𝐵 ≤ 𝑏 𝑝𝐴

𝑐𝑣𝜌0𝑝𝐴√1 − (

𝑝𝐵
𝑝𝐴
− 𝑏

1 − 𝑏
)

2

         𝑠𝑒 𝑏 𝑝𝐴 < 𝑝𝐵 ≤  𝑝𝐴

−𝑐𝑣𝜌0𝑝𝐵√1 − (

𝑝𝐴
𝑝𝐵
− 𝑏

1 − 𝑏
)

2

        𝑠𝑒 𝑝𝐴 < 𝑝𝐵 ≤
𝑝𝐴
𝑏

−𝑐𝑣𝜌0𝑝𝐵                                                      𝑠𝑒 𝑝𝐵 >
𝑝𝐴
𝑏

𝑐𝑣 [
𝑚3

𝑠  𝑃𝑎
] 𝜌0 = 1.2754 [

𝑘𝑔

𝑚3]

𝑏 = (
𝑝𝐵

𝑝𝐴
)
𝑐𝑟𝑖𝑡

[−]



𝑉𝑟𝑖𝑓



𝑝2 𝑖𝑛𝑖𝑡 = 𝑝1 𝑖𝑛𝑖𝑡
𝐴𝑎𝑐𝑡1
𝐴𝑎𝑐𝑡2

𝑝𝑠

𝑝𝑐ℎ1

𝑝𝑐ℎ2

𝐷𝑐𝑦𝑙

𝑑𝑐𝑦𝑙

𝐴𝑎𝑐𝑡1

𝐴𝑎𝑐𝑡2









𝐾 =
𝑞𝑛𝑁𝜌

𝜌𝑝𝑆√1 − (

𝑝𝑁
𝑝𝑆
− 𝑏

1 − 𝑏
)

2

 

𝑞𝑛𝑁 [
𝑙

𝑚𝑖𝑛
]

∆𝑝 = 𝑝𝑚𝑜𝑛𝑡𝑒 − 𝑝𝑣𝑎𝑙𝑙𝑒 = 1 𝑏𝑎𝑟

𝜌 [
𝑘𝑔

𝑚3]

𝑝𝑆[𝑃𝑎] 𝑝𝑆 = 𝑝𝑚𝑜𝑛𝑡𝑒 = 6 10
5𝑃𝑎 𝑝𝑁

𝑝𝑁 = 𝑝𝑣𝑎𝑙𝑙𝑒 = 5 105𝑃𝑎





𝑘𝐹𝐶 = 
𝑃𝑠𝐴𝑐𝑦𝑙

𝑑𝑥𝑚𝑎𝑥

𝑐𝐹𝐶 = 2𝑐𝑠𝑖𝐹𝐶√𝑘𝐹𝐶𝑀𝑐𝑦𝑙

𝑃𝑠 𝐴𝑐𝑦𝑙 𝑑𝑥𝑚𝑎𝑥

𝑠𝑡𝑟𝑜𝑘𝑒𝑐𝑦𝑙 𝑐𝑠𝑖𝐹𝐶

𝑀𝑐𝑦𝑙

𝑃𝑠
𝐴𝑐𝑦𝑙

𝑑𝑥𝑚𝑎𝑥

𝑘𝐹𝐶
𝑠𝑡𝑟𝑜𝑘𝑒𝑐𝑦𝑙

𝑐𝑠𝑖𝐹𝐶
𝑀𝑐𝑦𝑙

𝑐𝐹𝐶



 

𝑞𝑛𝑁  [
𝑙

𝑚𝑖𝑛
]

∆𝑝 = 𝑝𝑚𝑜𝑛𝑡𝑒 − 𝑝𝑣𝑎𝑙𝑙𝑒 = 1 𝑏𝑎𝑟

𝐺

𝑝𝑚𝑜𝑛𝑡𝑒
[
𝑘𝑔 𝑠⁄

𝑏𝑎𝑟
]





𝑄[𝑘𝑔/𝑠] = 𝑄𝑚𝑎𝑥[𝑘𝑔/𝑠] ∙ 𝑐𝑣[%]



 

𝑘𝑃

𝑘𝐼



𝑃𝐼𝐷(𝑠) = 𝑘𝑃 +
𝑘𝐼
𝑠
= 𝑘𝑃 (1 +

1

𝑇𝐼𝑠
)

𝑇𝐼 =
𝑘𝑃

𝑘𝐼
 [𝑠]

𝑘𝑃 𝑘𝐼





𝑘𝑃
𝑘𝐼

𝑘𝑃





𝑘𝑃

𝑘𝑃 ≅



𝒌𝑷 𝒌𝑰

 

 

𝑘𝑃

𝑘𝐼

𝑘𝐷

𝑝𝑠𝑒𝑡

𝑝𝑠











 



𝑘𝑃

𝑘𝐼

𝑘𝐷

𝑝𝑠𝑒𝑡

𝑝𝑠

�̇�𝑑𝑖𝑠𝑡













 

�̇� = 𝐴𝑠𝑖𝑛(𝜔𝑡)

𝑥 = −
𝐴
𝜔
cos (𝜔𝑡)

𝜔 = 2𝜋𝑓

𝑓

𝑘𝑃

𝑘𝐼

𝑘𝐷

𝑝𝑠𝑒𝑡

𝑝𝑠

𝐴

𝑓











 

𝑘𝑓𝑓) 



𝑦(𝑠)

𝑑(𝑠)
=
𝑝𝑑 − 𝑝 ∙ 𝑘𝑓𝑓

1 + 𝑃𝐼𝐷 ∙ 𝑝

𝑘𝑓𝑓

𝑝𝑑 − 𝑝 ∙ 𝑘𝑓𝑓 = 0 ⇒ 𝑘𝑓𝑓 =
𝑝𝑑
𝑝

𝐺𝑓𝑓(𝑠) = 𝑘𝑓𝑓
1 + 𝜏1𝑠

1 + 𝜏2𝑠

𝜏1 =
1

2𝜋𝑓1
𝜏2 =

1

2𝜋𝑓2
𝜏1 > 𝜏2

 





 

𝑘𝑃

𝑘𝐼

𝑘𝐷

𝑝𝑠𝑒𝑡

𝑝𝑠

𝜏1

𝜏2

𝑘𝑓𝑓

�̇�𝑑𝑖𝑠𝑡













 

𝑘𝑓𝑓

𝑘𝑃

𝑘𝐼

𝑘𝐷

𝑝𝑠𝑒𝑡

𝑝𝑠

𝜏1

𝜏2

𝑘𝑓𝑓

𝐴

𝑓











 

𝑒. 𝑟.% =
∆

𝐹𝑠𝑒𝑡
∙ 100

∆= 𝑚𝑎𝑥{|∆1|, |∆2|}



∆1 ∆2

𝒑𝒊𝒏 𝑭𝒔𝒆𝒕 ∆𝟏 ∆𝟐 ∆ 𝒆. 𝒓.%



𝑝𝑖𝑛 𝐹𝑠𝑒𝑡 ∆1 ∆2 ∆ 𝑒. 𝑟.%

 

𝜏𝑠𝑎𝑚𝑝𝑙 =
1
𝑓𝑠𝑎𝑚𝑝𝑙
⁄ =

1
62.5kHz⁄ = 16s









 



 

𝐺(𝑠) =
𝐵(𝑠)

𝐴(𝑠)
=
𝑏𝑚𝑠

𝑚 + 𝑏𝑚−1𝑠
𝑚−1 +⋯+ 𝑏1𝑠 + 𝑏0

𝑎𝑛𝑠
𝑛 + 𝑎𝑛−1𝑠

𝑛−1 +⋯+ 𝑎1𝑠 + 𝑎0
= 𝑘

(𝑠 − 𝑧1) ∙ (𝑠 − 𝑧2) ∙ … ∙ (𝑠 − 𝑧𝑚)

(𝑠 − 𝑝1) ∙ (𝑠 − 𝑝2) ∙ … ∙ (𝑠 − 𝑝𝑛)
= 𝑘

∏ (𝑠 − 𝑧𝑖)
𝑚
𝑖=1

∏ (𝑠 − 𝑝𝑗)
𝑛
𝑗=1

𝑧𝑖
𝑝𝑗

𝑘 = 𝑏𝑚 𝑎𝑛⁄

𝐺(𝑠) = 𝑘
𝑠𝜇 ∏ (1 + 𝜏𝑖𝑠)

𝑚1
𝑖=1 ∏ (1 +

2𝛿𝑧𝑖
𝜔𝑛𝑧𝑖

𝑠 +
𝑠2

𝜔𝑛𝑧𝑖
2) 

𝑚2
𝑖=1

𝑠𝜈∏ (1 + 𝜏𝑗𝑠)
𝑛1
𝑗=1 ∏ (1 +

2𝛿𝑧𝑗
𝜔𝑛𝑧𝑗

𝑠 +
𝑠2

𝜔𝑛𝑧𝑗
2)

𝑛2
𝑗=1

 

 

→

























• 

• 









• 

• 

 



𝒌𝑷 𝒌𝑰

 







𝒌𝒇𝒇 𝝉𝟏 𝝉𝟐

𝒌𝒇𝒇 𝝉𝟏 𝝉𝟐





 

𝑝𝑐
′

𝑝𝑐



𝑝𝑠 𝑝𝑐
′

𝑝𝑐
′

𝑝𝑐
′

𝑝𝑐
′





𝑉𝑟𝑖𝑓 = 𝑅𝑖 + 𝐿
𝑑𝑖

𝑑𝑡

𝑘𝑠𝑠

𝐹𝑠𝑠 = 𝑘𝑠𝑠𝑖

𝐹𝑠𝑠
𝐹𝑃

𝐹𝑑



𝑥𝑣

𝐹𝑠𝑠 − 𝑝𝑐1
′ 𝐴𝑟 − 𝑐𝑥�̇� − [(𝑘1 + 𝑘2)𝑥𝑣 + 𝐹0] − (𝑚1 +𝑚2)𝑥�̈� = 0

𝑥𝑣

𝐹𝑠𝑠 − 𝑝𝑐1
′ 𝐴𝑟 − 𝑐𝑥�̇� − [𝑘1𝑥𝑣 + 𝐹0] − 𝑚1𝑥𝑣̈ = 0

𝑥𝑣

𝑝𝑐1
′



𝑘𝑝

𝑘𝑠𝑠

𝑉𝑚𝑎𝑥

𝐿

𝑅 

𝑚1

𝑚2

𝑘1

𝑘2

𝐴𝑟

𝑘𝑣





 

𝐺𝑚𝑖𝑛 = 𝐴𝑥�̇�

�̇�

𝜌 

�̇�

𝜌

𝐺𝑚𝑖𝑛

𝐺𝑚𝑖𝑛

 



𝜏 =
𝑡

3



 

1 √2 = 0.707⁄





• 
𝑴𝒅𝑩

• √2

𝑴𝒅𝑩 − 𝟑𝒅𝑩

• 

• 𝝎𝒕 = 𝟐𝝅 𝒇𝒕



𝒇𝒕 𝝎𝒕

 



𝑒(𝑡) = 𝑦(𝑡) − 𝑟(𝑡)



∆ 𝒆. 𝒓.%





∆ 𝒆. 𝒓.%



∆𝟏 ∆𝟐 ∆ 𝒆. 𝒓.%

 



𝒇𝒕 𝒆. 𝒓.% 𝒆. 𝒓.% 𝒆. 𝒓.%



0

1

2

3

4

5

6

7

8

9
t [s*1e-1]

ft [Hz]

e.r. statico [% *1e-1]e.r. (d: step) [% *1e2]

e.r. (d: syn) [% *1e1]

Confronto prestazioni valvole MPYE

A

B

C

D

E

0,0

0,2

0,4

0,6

0,8

1,0

t*

f*

err*err step*

err syn*

Confronto prestazioni adimensionalizzate valvole MPYE

B

C

D

E



 



𝒌𝑷 𝒌𝑰 𝒌𝒇𝒇 𝝉𝟏 𝝉𝟐



𝒇𝒕 𝒆. 𝒓.% 𝒆. 𝒓.% 𝒆. 𝒓.%





• 𝑚𝑚 𝑠

• 
• 
• 𝑘𝑁

• 

• 
• 

 



𝑥(𝑡) = 𝑋𝑠𝑖𝑛(𝜔𝑡)

ω

𝑦(𝑡) = 𝑌(𝜔)𝑠𝑖𝑛(𝜔𝑡 + 𝜑(𝜔)) 

 

𝜔

ω ω

ω ϕ ω

 

𝐹(𝜔) =
𝑌(𝜔)

𝑋
𝑒𝑗𝜑(𝜔) =

𝑌(𝜔)

𝑋
(cos(𝜑(𝜔)) + 𝑗𝑠𝑖𝑛(𝜑(𝜔))) 

 

|𝐹(𝜔)| =
𝑌(𝜔)

𝑋

∢ 𝐹(𝜔) = 𝜑(𝜔)

𝑦(𝑡) = |𝐹(𝜔)|𝑋𝑠𝑖𝑛(𝜔𝑡 + ∢ 𝐹(𝜔))

𝐺(𝑠) =
𝑌(𝑠)

𝑋(𝑠)

𝐹(𝜔) = 𝐺(𝑠)|𝑠=𝑗𝜔 = 𝐺(𝑗𝜔)

|𝐹(𝜔)| = |𝐺(𝑗𝜔)|

∢ 𝐹(𝜔) = ∢ 𝐺(𝑗𝜔)

𝑦(𝑡) = |𝐺(𝑗𝜔)|𝑋𝑠𝑖𝑛(𝜔𝑡 + ∢ 𝐺(𝑗𝜔)) 



𝐺(𝑗𝜔) 𝜔 

𝐺(𝑗𝜔) = |𝐺(𝑗𝜔)|𝑒𝑗∢ 𝐺(𝑗𝜔)

𝐺(𝑗𝜔) = 𝑅𝑒{𝐺(𝑗𝜔)} + 𝑗 𝐼𝑚𝑚{𝐺(𝑗𝜔)}

 

𝜔

𝜔 𝜔

𝜔

𝐺(𝑗𝜔) 𝐺(𝑗𝜔)

𝐺(𝑗𝜔) 𝐺(𝑗𝜔)

|𝐺(𝑗𝜔)| |𝐺(𝑗𝜔)|

|𝐺(𝑗𝜔)| |𝐺(𝑗𝜔)|

𝐺(𝑗𝜔)

𝐺(𝑗𝜔)



• 𝑮(𝒋𝝎) = 𝑲 

𝜔

|𝐾|



• 𝑮(𝒋𝝎) = (𝒋𝝎)−𝝁



 



• 𝑮(𝒋𝝎) = (𝟏 + 𝒋𝝎𝑻)−𝟏/ 𝑮(𝒋𝝎) = (𝟏 + 𝒋𝝎𝑻)

𝜔𝐵 =
1

𝑇
|𝐺(𝑗𝜔)|

𝜔 ≪ 𝜔𝐵 𝜔 ≫ 𝜔𝐵  𝜔𝐵
𝜔 ≪ 𝜔𝐵

𝜔𝐵 𝜔 ≫ 𝜔𝐵 𝜔𝐵
𝜔𝐵 𝜔𝐵 𝜔𝐵

𝜔𝐵



𝜔 = 𝜔𝐵
𝜔 ≪ 𝜔𝐵 𝐺(𝑗𝜔)) = 0° 𝜔 ≫ 𝜔𝐵 𝐺(𝑗𝜔)) = −90°

𝜔 = 𝜔𝐵 𝐺(𝑗𝜔)) = −45°

𝜔𝑎 =
𝜔𝐵

4.81
𝜔𝑏 = 4.81 𝜔𝐵

• 𝑮(𝒋𝝎) = (𝟏 −
𝝎𝟐

𝝎𝒏
𝟐 + 𝒋

𝟐𝜹

𝝎𝒏
𝝎)

−𝟏

/𝑮(𝒋𝝎) = (𝟏 −
𝝎𝟐

𝝎𝒏
𝟐 + 𝒋

𝟐𝜹

𝝎𝒏
𝝎) 𝟎 ≤ 𝜹 < 𝟏

𝜔𝑛 |𝐺(𝑗𝜔)|

𝜔 ≪ 𝜔𝑛 𝜔 ≫ 𝜔𝑛  𝜔𝑛

𝜔𝑛
𝜔 ≪ 𝜔𝑛 𝐺(𝑗𝜔)) = 0° 𝜔 ≫ 𝜔𝑛 𝐺(𝑗𝜔)) = −180° 𝜔 = 𝜔𝑛

𝐺(𝑗𝜔)) = −90°

𝜔𝑎 =
𝜔𝑛

4.81𝛿
𝜔𝑏 = 4.81

𝛿  𝜔𝑛





|𝐺(𝑗𝜔)| =
1

√(1 −
𝜔2

𝜔𝑛
2)
2

+ (
2𝛿
𝜔𝑛
𝜔)

2

arg( 𝐺(𝑗𝜔)) = (−

2𝛿
𝜔𝑛

𝜔

1 −
𝜔2

𝜔𝑛
2

)

𝜔 = 𝜔𝑛
1

2𝛿


𝜔𝑃

𝜔𝑃 = 𝜔𝑛√1 − 2𝛿
2

𝑀𝑃 = |𝐺(𝑗𝜔𝑃)| =
1

2𝛿√1 − 𝛿2

0 ≤ 𝛿 <
√2

2
𝛿 = 0

𝜔𝑃 = 𝜔𝑛 𝑀𝑃 → ∞ 𝛿 ≥
√2

2

𝛿 =
√2

2
 ) 𝛿 = 1)

 



𝐺𝑂𝐿 =
𝑌(𝑠)

𝑈(𝑆)
= 𝐺(𝑠)

𝐺𝐶𝐿 =
𝑌(𝑠)

𝑅(𝑆)
=

𝐺(𝑠)

1 + 𝐺(𝑠)𝐻(𝑠)

𝑊 =
𝑌(𝑠)

𝐷1(𝑆)
=

1

1 + 𝐺(𝑠)𝐻(𝑠)

 



1 + 𝐾𝐺(𝑠)𝐻(𝑠) = 0

𝐺(𝑠)𝐻(𝑠) ≠ −1

|𝐺(𝑠)𝐻(𝑠)| < 1

arg(𝐺(𝑠)𝐻(𝑠)) < 180°

• 𝜔𝑐  
|𝐺(𝑠)𝐻(𝑠)| = 1 𝑜𝑝𝑝𝑢𝑟𝑒 |𝐺(𝑠)𝐻(𝑠)|𝑑𝐵 = 0

• 𝑴𝒇 𝜔𝑐
𝑀𝑓 = 180° − arg (|𝐺(𝑠)𝐻(𝑠)|𝑠=𝑗𝜔𝑐)

• 𝜔𝑓

arg (|𝐺(𝑠)𝐻(𝑠)|𝑠=𝑗𝜔𝑓) = −180°

• 𝑴𝒂: 

𝜔𝑓 𝑀𝑎 = −20𝑙𝑜𝑔10|𝐺(𝑠)𝐻(𝑠)|𝑠=𝑗𝜔𝑓



 

 

𝐻𝑧

1bar 

𝐻𝑧





|𝐹| |𝐹𝑠𝑒𝑡|⁄ [𝑑𝐵] = 20 𝑙𝑜𝑔10  |𝐹| |𝐹𝑠𝑒𝑡|⁄ [−]















𝝎𝒄 𝑴𝒇 𝝎𝒇 𝑴𝒂

 

𝐻𝑧











𝜔′

𝒇𝒄𝒓𝒊𝒕𝒊𝒄𝒂 𝝎𝒄𝒓𝒊𝒕𝒊𝒄𝒂 𝒇′ 𝝎′









𝒇∗ 𝝎∗

𝑓′ =

 



 



 





 



 



𝐻𝑧

𝑓′
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