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𝑯𝒔

𝑻𝒑

𝑼𝒘
𝑿𝒊

𝑋, 𝑌, 𝑍, 𝑅𝑋, 𝑅𝑌 𝑎𝑛𝑑 𝑅𝑍



 𝑅𝐼

 𝑅𝐶𝑜𝐺

 𝑅ℎ𝑢𝑏

 𝑅𝑡𝑤𝑟𝑡𝑜𝑝



 𝐻𝑠 𝑇𝑝 𝛾 𝜃𝑤𝑎𝑣𝑒

𝜃𝑤𝑎𝑣𝑒 = 0° 𝛾 = 3.3

 𝑈𝑤 𝑇𝐼 𝛼𝑣𝑒𝑟𝑡 𝑠ℎ𝑒𝑎𝑟 𝜃𝑤𝑖𝑛𝑑

𝜃𝑤𝑖𝑛𝑑 = 0° 𝛼𝑣𝑒𝑟𝑡 𝑠ℎ𝑒𝑎𝑟 = 0.0
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𝜽𝒘𝒂𝒗𝒆

 

 

𝑯𝒔,𝑻𝒑𝟓𝟎𝒚𝒆𝒂𝒓𝒔

𝑯𝒔

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

𝜟𝑭 𝜟𝑼 𝒉𝒖𝒃

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

𝑈𝑤 = 18 𝑚/𝑠

𝑈𝑤 = 14 𝑚/𝑠 𝑈𝑤 = 11.4 𝑚/𝑠  

 

 

 

 

 

 

 

 

 



𝑼𝒘

𝑼𝒘 =  𝟏𝟑. 𝟗𝒎. 𝒔 − 𝟏  
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𝝓 = 𝝅𝟒  
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𝑍, 𝑅𝑋 , 𝑅𝑌

𝑋, 𝑌, 𝑅𝑍
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𝐹𝐼 𝑓𝑙𝑒𝑥 𝑏𝑙𝑑 

 

𝑀𝑔𝑦𝑟𝑜

 

𝐹𝐼 𝑓𝑙𝑒𝑥 𝑑𝑟𝑣

 

 

 

 



𝐹𝑥 𝑇ℎ𝑟𝑢𝑠𝑡

Δ𝑇ℎ𝑟𝑢𝑠𝑡
𝑈𝐷𝑦𝑛

𝑈𝐷𝑦𝑛



𝐹𝑥

 

𝑢0(𝑡)

 �̇�𝐹𝑊𝑇

𝐹𝑥

𝐹𝑥(𝑢 = 𝑢0(𝑡)− �̇�𝐹𝑊𝑇) ≈ 𝐹𝑥(𝑢0(𝑡))−𝐵𝑎𝑒𝑟𝑜�̇�𝐹𝑊𝑇

 𝐹𝑥(𝑢0(𝑡))

 𝐵𝑎𝑒𝑟𝑜
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 𝑋, 𝑌, 𝑍, 𝑅𝑋, 𝑅𝑌
𝑅𝑍

 

 𝑇𝑤𝑟 1𝑠𝑡

𝐵𝑙𝑎𝑑𝑒𝑠

 𝑋 & 𝑌

  𝑅𝑌 𝑁𝐹 𝑅𝑌 𝑅𝑋
 𝑊𝐹

 𝑇𝑤𝑟 & 3𝑃 1𝑠𝑡

 > 3𝑃



 

 

 

 𝐻𝑠 = 8.6𝑚 𝑇𝑝 = 13𝑠 𝛾 = 1.9 𝜃𝑤𝑎𝑣𝑒 = 0°

 𝛼𝑣𝑒𝑟𝑡 𝑠ℎ𝑒𝑎𝑟 = 0.14

𝑈𝑤 = 18𝑚. 𝑠
−1 𝑇𝐼 = 14.6% 𝜃𝑤𝑖𝑛𝑑 = 0°



[𝑋, 𝑌]

[𝑍, 𝑅𝑋, 𝑅𝑌]

𝑅𝑍

𝑇𝑤𝑟1𝑠𝑡

𝐷𝑟𝑖𝑣𝑒𝑡𝑟𝑎𝑖𝑛

𝐵𝑙𝑎𝑑𝑒𝑠𝑓𝑙𝑎𝑝 1𝑠𝑡 

𝐵𝑙𝑎𝑑𝑒𝑠𝑒𝑑𝑔𝑒 1𝑠𝑡  

𝐵𝑙𝑎𝑑𝑒𝑠𝑓𝑙𝑎𝑝 2𝑛𝑑  

𝑇𝑤𝑟2𝑛𝑑

 

 

 

 𝑴𝒙

 𝑋, 𝑌, 𝑅𝑌 𝑎𝑛𝑑 𝑅𝑋)

𝑋 𝑌 
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Motions

Rotor Loads
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 𝑀𝑥



𝑴𝒙

𝑀𝑡𝑤𝑟 𝑡𝑜𝑝 𝑥 𝑀 𝐿𝑆𝑆𝑥 

𝑀𝑎𝑒𝑟𝑜 𝑥

𝑀 𝐿𝑆𝑆 𝑥

∑𝑴𝒙 | 𝒓𝒐𝒕𝒐𝒓 = 𝑱𝒓 �̇�𝒓𝒐𝒕

 𝐽𝑟
 Ωrot

 𝑀𝑎𝑒𝑟𝑜 𝑥

 𝑀 𝐿𝑆𝑆𝑟𝑖𝑔𝑖𝑑 𝑥

 𝑀 𝐿𝑆𝑆𝑟𝑖𝑔𝑖𝑑 𝑥  

𝑀𝑎𝑒𝑟𝑜 𝑥    

𝑴 𝑳𝑺𝑺𝒓𝒊𝒈𝒊𝒅 𝒙 = 𝑴𝒂𝒆𝒓𝒐 𝒙 − 𝑱𝒓 �̇�𝒓𝒐𝒕

∑𝑴𝒙 | 𝒔𝒉𝒇𝒕 = 𝑱𝒔𝒉𝒇𝒕 �̇�𝒔𝒉𝒇𝒕

𝐽𝑠ℎ𝑓𝑡
Ω𝐻𝑆𝑆

Ω𝐿𝑆𝑆
𝐽𝑠ℎ𝑓𝑡 ~ 𝐽𝐺𝑒𝑛 ∗ (

Ω𝐻𝑆𝑆

Ω𝐿𝑆𝑆
)
2
 𝐽𝐺𝑒𝑛

𝑀𝑥 | 𝑠ℎ𝑓𝑡

 𝑀 𝐿𝑆𝑆𝑟𝑖𝑔𝑖𝑑 𝑥

 

𝑄𝑔𝑒𝑛 

𝑴 𝑳𝑺𝑺𝒓𝒊𝒈𝒊𝒅 𝒙 = 𝑸𝒈𝒆𝒏 − 𝑱𝑺𝒉𝒇𝒕 �̇�𝒓𝒐𝒕𝒐𝒓 



 

𝑅𝑠ℎ𝑎𝑓𝑡

𝐹𝑠𝑒𝑡 =

(

 
 
 

𝐹𝑎𝑒𝑟𝑜 𝑥
𝐹𝑎𝑒𝑟𝑜 𝑦
𝐹𝑎𝑒𝑟𝑜 𝑧
0

𝑀𝑎𝑒𝑟𝑜 𝑦

𝑀𝑎𝑒𝑟𝑜 𝑧)

 
 
 

+

(

 
 
 

0
0
0

𝑀𝐿𝑆𝑆𝑟𝑖𝑔𝑖𝑑𝑥

0
0 )

 
 
 
+

(

 
 
 

0
0
0
0

𝑀𝑔𝑦𝑟𝑜 𝑦
𝑀𝑔𝑦𝑟𝑜 𝑧)

 
 
 

+

(

 
 
 
 

𝐹𝐼 𝑓𝑙𝑒𝑥 𝑏𝑙𝑑 𝑥
𝐹𝐼 𝑓𝑙𝑒𝑥 𝑏𝑙𝑑 𝑦
𝐹𝐼 𝑓𝑙𝑒𝑥 𝑏𝑙𝑑 𝑧
𝑀𝐼 𝑓𝑙𝑒𝑥 𝑏𝑙𝑑 𝑥

𝑀𝐼 𝑓𝑙𝑒𝑥 𝑏𝑙𝑑 𝑦

𝑀𝐼 𝑓𝑙𝑒𝑥 𝑏𝑙𝑑 𝑧)

 
 
 
 

+

(

 
 
 
 

𝐹𝐼 𝑓𝑙𝑒𝑥 𝑑𝑟𝑣 𝑥
𝐹𝐼 𝑓𝑙𝑒𝑥 𝑑𝑟𝑣 𝑦
𝐹𝐼 𝑓𝑙𝑒𝑥 𝑑𝑟𝑣 𝑧
𝑀𝐼 𝑓𝑙𝑒𝑥 𝑑𝑟𝑣 𝑥

𝑀𝐼 𝑓𝑙𝑒𝑥 𝑑𝑟𝑣 𝑦

𝑀𝐼 𝑓𝑙𝑒𝑥 𝑑𝑟𝑣 𝑧)

 
 
 
 

 

𝑀𝑥 𝑀𝑥

 𝐻𝑠 = 8.6𝑚 ; 𝑇𝑝 = 13𝑠 ;  𝑈𝑤 = 18𝑚. 𝑠
−1; 𝑇𝐼 = 15%

 

 



 

 

𝐹𝑥 𝐹𝑦

 

 

 

o 𝑀𝑥

o 

𝑀𝑦



𝑀𝑧

 

𝐹𝑦

𝑀𝑥 𝐿𝑆𝑆ℎ𝑎𝑓𝑡 

𝑇𝑤𝑟𝑡𝑜𝑝 Ω Ω𝑟𝑜𝑡

 𝑀𝑎𝑒𝑟𝑜 𝑥 − 𝐽𝑟Ω̇𝑟𝑜𝑡  ~𝑀𝐿𝑆𝑆ℎ𝑎𝑓𝑡 𝑥
 𝑀𝐿𝑆𝑆ℎ𝑎𝑓𝑡 𝑥 − 𝐽𝑠ℎ𝑓𝑡Ω̇𝑟𝑜𝑡 ~ 𝑄𝑔𝑒𝑛 ~ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

 𝑀𝐿𝑆𝑆ℎ𝑎𝑓𝑡 𝑥~ 𝑀𝑡𝑤𝑟 𝑡𝑜𝑝

𝑀𝑥



𝑀𝑥

 



 

𝐹𝑡𝑤𝑟 𝑑𝑟𝑎𝑔⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  

𝑈𝑙𝑜𝑐𝑎𝑙⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗

𝑈∞

𝐹𝑡𝑤𝑟 𝑑𝑟𝑎𝑔⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  =
1

2
𝜌𝑎𝑖𝑟

(

  
 

∑𝐶𝐷 𝑡𝑤𝑟(𝑧)𝐷𝑡𝑤𝑟(𝑧)|𝑈(𝑙𝑜𝑐𝑎𝑙 |𝑥)(𝑧)|𝑈(𝑙𝑜𝑐𝑎𝑙 |𝑥)(𝑧)𝛿𝑧
𝑧

∑𝐶𝐷 𝑡𝑤𝑟(𝑧)𝐷𝑡𝑤𝑟(𝑧)|𝑈(𝑙𝑜𝑐𝑎𝑙 |𝑦)(𝑧)|𝑈(𝑙𝑜𝑐𝑎𝑙 |𝑦)(𝑧)𝛿𝑧
𝑧

0 )

  
 

 𝑈𝑙𝑜𝑐𝑎𝑙 |𝑥(𝑧)

 𝑈𝑙𝑜𝑐𝑎𝑙 |𝑦(𝑧)

 𝐶𝐷 𝑡𝑤𝑟(𝑧)

 𝛿𝑧

𝑈𝑙𝑜𝑐𝑎𝑙
𝑈𝑙𝑜𝑐𝑎𝑙  ~𝛼𝑖𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛(𝑈∞ − 𝑋𝑡𝑤𝑟̇ ) 𝛼𝑖𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛

 



 

 𝛼𝑖𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 ~1

𝐹𝑡𝑤𝑟 𝑑𝑟𝑎𝑔 =
1

2
𝜌𝑎𝑖𝑟𝐶𝐷 𝑡𝑤𝑟𝐷𝑡𝑤𝑟ℎ𝑡𝑤𝑟|𝑈∞ − �̇�𝑡𝑤𝑟|(𝑈∞ − �̇�𝑡𝑤𝑟)

𝑈∞ > 𝑋𝑡𝑤𝑟̇

𝐹𝑡𝑤𝑟 𝑑𝑟𝑎𝑔 =
1

2
𝜌𝑎𝑖𝑟𝐶𝐷 𝑡𝑤𝑟𝐷𝑡𝑤𝑟ℎ𝑡𝑤𝑟(𝑈∞

2 −  2�̇�𝑡𝑤𝑟𝑈∞ + �̇�𝑡𝑤𝑟
2
 )

𝑋𝑡𝑤𝑟̇

𝑈∞
<< 1

𝐹𝑡𝑤𝑟 𝑑𝑟𝑎𝑔~
1

2
𝜌𝑎𝑖𝑟𝐶𝐷 𝑡𝑤𝑟𝐷𝑡𝑤𝑟ℎ𝑡𝑤𝑟(𝑈∞

2 − 2�̇�𝑡𝑤𝑟𝑈∞)

 

 

𝐹𝑡𝑤𝑟 𝑑𝑟𝑎𝑔 𝑠𝑡𝑒𝑎𝑑𝑦 ~
1

2
𝜌𝑎𝑖𝑟𝐶𝐷 𝑡𝑤𝑟𝐷𝑡𝑤𝑟ℎ𝑡𝑤𝑟𝑈∞

2

𝐶𝐷 𝑡𝑤𝑟 ~0.65 ; ℎ𝑡𝑤𝑟 = 115.6𝑚;𝐷𝑡𝑤𝑟 = 6.9𝑚; 𝜌𝑎𝑖𝑟 = 1.225 𝑘𝑔.𝑚
−3

 25

 

 



> 20𝑚. 𝑠−1

 

 

 

 

 



 



(𝐻𝑠, 𝑇𝑝, 𝑈ℎ𝑢𝑏)

𝐻𝑠 𝐻𝑠 = 𝐸[𝐻𝑠|𝑈ℎ𝑢𝑏]

 (𝐻𝑠, 𝑇𝑝, 𝑈ℎ𝑢𝑏)

 

11.1√
𝐻𝑠,𝑁𝑆𝑆(𝑈ℎ𝑢𝑏)

𝑔
< 𝑇𝑝 < 14.3√

𝐻𝑠,𝑁𝑆𝑆(𝑈ℎ𝑢𝑏)

𝑔

𝐻𝑠,𝑁𝑆𝑆(𝑈ℎ𝑢𝑏)

𝑈ℎ𝑢𝑏 𝑔



𝑌, 𝑅𝑋  𝑅𝑍

𝑈ℎ𝑢𝑏,   𝑤𝑎𝑣𝑒−𝑖𝑛𝑑𝑢𝑐𝑒𝑑 (𝑡) = �̇�(𝑡) + ℎℎ𝑢𝑏 ∗ 𝑅�̇�(𝑡)

�̇�(𝜔) + ℎℎ𝑢𝑏 ∗ 𝑅�̇�(𝜔)

�̈�(𝜔) + ℎℎ𝑢𝑏 ∗ 𝑅�̈�(𝜔)

Δ𝐹𝑥
𝜕𝐹𝑋

𝜕𝑡

𝑀𝑧

𝜽𝒘𝒂𝒗𝒆



𝑈ℎ𝑢𝑏
𝐻𝑠 𝑈ℎ𝑢𝑏

(𝑯𝒔, 𝑻𝒑)𝟓𝟎𝒚𝒆𝒂𝒓𝒔

𝑯𝒔



 

 

 

 

𝑹𝒀 𝑵𝑭

𝑓𝑙𝑜𝑤

𝑓ℎ𝑖𝑔ℎ

 

𝐹𝑟𝑜𝑡𝑜𝑟 𝑠𝑒𝑡𝑝𝑜𝑖𝑛𝑡

𝜆𝑝𝑜𝑤𝑒𝑟 =
10

5

𝜆𝑝𝑜𝑤𝑒𝑟

𝜆𝑝𝑜𝑤𝑒𝑟

4

3



𝐹𝑥)

𝐹𝑥



 𝐹𝑋

 

 

 

 

𝛼 = 0.14

𝐹𝑥
𝑀𝑧



𝑈𝑤

𝐹𝑥

𝐹𝑦

𝐹𝑧

𝑀𝑥

𝑀𝑦[

𝑀𝑧

 

☆)

(𝐹𝑦, 𝐹𝑧, 𝑀𝑦 𝑀𝑧)

𝐹𝑥

 

𝐹𝑦 𝐹𝑧 𝐹𝑥

𝐹𝑥 𝐹𝑦 𝐹𝑧



𝐹𝑥

𝐹𝑥 𝐹𝑦 𝐹𝑧 𝑀𝑥 𝑀𝑦 𝑀𝑧

 

 

𝜏𝑝𝑢𝑟𝑒𝑑𝑒𝑙𝑎𝑦

𝜏𝑑𝑦𝑛

�̈� =  −2𝜁
1
𝜔0�̇� − 𝜔0

2𝑋 +
𝐹𝑒𝑥𝑡

𝑀

 𝜔0 = √
𝐾

𝑀
 [𝑟𝑎𝑑. 𝑠−1] 𝐾 𝑀

 𝜁1 =
𝐵1

𝐵𝑐
[−]

𝐵𝑐 = 2 ∗ √𝐾𝑀



𝜔𝑛𝑎𝑡 =
√4𝐾𝑀−𝐵2

2𝑀
𝐵

𝐹𝑒𝑥𝑡 𝐹𝑠𝑒𝑡

𝜏𝑎𝑐𝑡 = 𝜏𝑑𝑦𝑛(𝜔𝑛𝑎𝑡) + 𝜏𝑝𝑢𝑟𝑒𝑑𝑒𝑙𝑎𝑦 0 ≤ 𝐺(𝜔𝑛𝑎𝑡) ≤ 1

𝐹𝑒𝑥𝑡  (𝑡) = 𝐺(𝜔𝑛𝑎𝑡)𝐹𝑠𝑒𝑡  (𝑡 − 𝜏𝑎𝑐𝑡)

 

𝐺(𝜔𝑛𝑎𝑡) = 1

 𝜁1 = 0

 𝐹𝑠𝑒𝑡 𝐹0 𝜁𝑎𝑒𝑟𝑜
𝜁𝑎𝑒𝑟𝑜

𝜁𝑎𝑒𝑟𝑜 =
𝐵𝑎𝑒𝑟𝑜

𝐵𝑐
[−]

𝐹𝑠𝑒𝑡(𝑡)

𝑀
=
𝐹0(𝑡)

𝑀
− 2𝜁𝑎𝑒𝑟𝑜𝜔0�̇�(𝑡)

𝐹𝑒𝑥𝑡 (𝑡)

𝐹𝑒𝑥𝑡  (𝑡)

𝑀
=
𝐹0(𝑡)

𝑀
− 2𝜁𝑎𝑒𝑟𝑜𝜔0�̇�(𝑡 − 𝜏𝑎𝑐𝑡)

𝐹0(𝑡) 𝜔𝑛𝑎𝑡

�̈� =  −2𝜁
𝑎𝑒𝑟𝑜

𝜔0�̇�(𝑡 − 𝜏𝑎𝑐𝑡) − 𝜔0
2𝑋

�̇�(𝑡 − 𝜏𝑎𝑐𝑡)

𝜆2 = −2𝜔0𝜆(𝜁𝑎𝑒𝑟𝑜𝑒
−𝜆𝜏𝑎𝑐𝑡) − 𝜔0

2

𝜁𝑟𝑒𝑠𝑢𝑙𝑡𝑖𝑛𝑔 = 𝜁𝑎𝑒𝑟𝑜𝑒
−𝜆𝜏𝑎𝑐𝑡 𝜆

𝜁𝑟𝑒𝑠𝑢𝑙𝑡𝑖𝑛𝑔
𝜁𝑎𝑒𝑟𝑜 𝜏𝑎𝑐𝑡 𝜁𝑎𝑒𝑟𝑜

𝜋

4

𝜋

3
 

2𝜋

5
𝜁𝑎𝑒𝑟𝑜



𝜙 =
𝜋

4
 

𝑓 ∈ [0.3, 0.6, 0.9] Hz

𝑓~0.12 𝑓 ~0.03 

𝝓 =
𝝅

𝟒

 

 

𝑀𝑥 = 0



𝐹𝑥

 

 

 𝐹𝑦 = 0 𝑌𝑁𝑎𝑐̈ , 𝑅𝑋 𝑌

 𝐹𝑧 = 0 𝑍

 𝑀𝑦 = 0 𝑋𝑁𝑎𝑐̈  𝑅𝑌

 𝑀𝑧 = 0 𝑅𝑍, 𝑅𝑋 𝑌





 𝑅𝑋 𝑅𝑌 𝑅𝑍 𝑋𝑁𝑎𝑐̈ 𝑌𝑁𝑎𝑐̈

𝐹𝑦

𝐹𝑧

𝑀𝑦

𝑀𝑧

𝐹𝑧 𝑍



 

𝑓𝑐
𝑖𝑡ℎ 𝐹𝑟𝑜𝑡𝑜𝑟 𝑎𝑐𝑡𝑢𝑎𝑡𝑒𝑑,   𝑖

𝐹𝑟𝑜𝑡𝑜𝑟 𝑠𝑒𝑡𝑝𝑜𝑖𝑛𝑡,   𝑖

𝐹𝑟𝑜𝑡𝑜𝑟 𝑎𝑐𝑡𝑢𝑎𝑡𝑒𝑑,   𝑖(𝑠)

𝐹𝑟𝑜𝑡𝑜𝑟 𝑠𝑒𝑡𝑝𝑜𝑖𝑛𝑡,   𝑖 (𝑠)
=

1

1 +
1

2𝜋𝑓𝑐
𝑠

𝑀𝑥

𝑓𝑐 ∈ [0.14, 0.2, 0.3, 0.5, 1.0] 𝐻𝑧



 



 

  

  

  
  
  

  

  

  

  

  

  

  

  

  
  
  
  
  

  
  
  

  
  
  

  
  
  
  

  



 

𝑋, �̇�

 𝑇𝑠𝑒𝑡
𝐹𝑟𝑜𝑡𝑜𝑟 𝑠𝑒𝑡

 

𝛽

 

𝑇𝑎𝑐𝑡 𝑋, �̇�

 

 

 



 

 

 

 

 

 



𝐶𝑙 𝐶𝑑





𝐶𝑙 𝐶𝑑 



𝐶𝑙 𝐶𝑑

 

 



 

 

 

 



 



 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

𝐹𝑥

𝑈𝑤 = 18𝑚. 𝑠
−1; 𝑇𝐼 = 20% ; 𝛼𝑣𝑒𝑟𝑡 𝑠ℎ𝑒𝑎𝑟 = 0.14 
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𝐹𝑥

𝐹𝑥  

𝐶𝑇
𝑈0

𝐹𝑥(𝑈0) =
1

2
𝜌𝑎𝑖𝑟𝐶𝑇(𝑈0)𝐴𝑟𝑜𝑡𝑜𝑟𝑈0

2

 𝐴𝑟𝑜𝑡𝑜𝑟 𝜌𝑎𝑖𝑟

Δ𝑢

 𝛽𝐵𝑙𝑑 𝑝𝑖𝑡𝑐ℎ 𝐶𝑇(𝑇𝑆𝑅, 𝛽𝑏𝑙𝑎𝑑𝑒) 



 𝐶𝑇

 𝐶𝑇 

𝐶𝑇

Δ𝐹𝑥
∂𝐹𝑥
∂𝑡

𝑈0

(𝑈0, 𝛽0, Ω0, 𝐶𝑇 0)

Δ𝑢 𝐹𝑥(𝑈0 + Δ𝑢)

 𝐹𝑥(𝑈0 + Δ𝑢) ≈
1

2
𝜌𝑎𝑖𝑟𝐶𝑇(𝑈0 + Δ𝑢)𝐴𝑟𝑜𝑡𝑜𝑟(𝑈0 + Δ𝑢)

2 

𝐹𝑥(𝑈0 + Δ𝑢) =  𝐹𝑥(𝑈0) + (
𝜕𝐹

𝜕𝑈
)
𝑈0

Δ𝑢

(
𝜕𝐹

𝜕𝑈
)
𝑈0

𝛽0, Ω0

(
𝜕𝐹

𝜕𝑈
)
𝑈0

=
1

2
𝜌𝑎𝑖𝑟𝐴𝑟𝑜𝑡𝑜𝑟 (𝐶𝑇(𝑈0) ∗ 2𝑈0 + (

𝜕𝐶𝑇
𝜕𝑈

)
𝑈0

𝑈0
2)

(
𝜕𝐶𝑇

𝜕𝑈
)
𝑈0

Δ𝐹𝑥
∂𝐹𝑥
∂𝑡

Δ𝑢

{
 
 

 
 Δ𝐹𝑥 ≈

2 ∗ 𝐹𝑥(𝑈0)

𝑈0
 Δ𝑢

∂𝐹𝑥

∂𝑡
≈
2 ∗ 𝐹𝑥(𝑈0)

𝑈0
∗
𝜕(Δ𝑢)

𝜕𝑡



 Δ𝐹𝑥
�̇�

𝑈0

𝐵𝑎𝑒𝑟𝑜 𝑥~
2∗𝐹𝑥(𝑈0)

𝑈0
 

 

 

𝐹(𝑈0)

11 𝑚. 𝑠−1 𝑈ℎ𝑢𝑏 = 14 𝑚. 𝑠
−1

𝑈ℎ𝑢𝑏 = 18 𝑚. 𝑠
−1



(0.3 𝑚. 𝑠−1)

𝑅𝑌
𝑈ℎ𝑢𝑏 ∈ [11, 14, 18] 𝑚. 𝑠

−1

ΔUℎ𝑢𝑏   −𝑋1̇

Δ𝐹

Δ𝑈 ℎ𝑢𝑏

 

 



𝑇𝑤𝑟

11, 14 

𝜟𝑭 𝜟𝑼 𝒉𝒖𝒃

 

𝐹𝑥



 

 



 

𝑓𝑐𝑜𝑛𝑡𝑟𝑜𝑙

 

𝑓𝑀𝑂𝐶𝐴𝑃 = 200 𝐻𝑧

 𝑓𝑛𝑢𝑚

 

 

 

 

 

 

 



 

 

 

 

𝜋

8

 

 

 

 

o 

o 

o 

o 



 

 

o 

o 

 

 

𝑛

 

𝜎𝑔𝑦𝑟𝑜 [𝑚𝑟𝑎𝑑. 𝑠
−1]

𝜎𝑋 [𝑚𝑚]

𝜎𝑅𝑜𝑡  [𝑚𝑟𝑎𝑑]

𝜎𝑎 [𝑚. 𝑠
−2]

 



 

 

𝑒𝑥⃗⃗⃗⃗ 

𝐹𝑚𝑒𝑎𝑠

𝐹𝑥

𝐹𝑎𝑐𝑡 𝑥 = 𝐹𝑚𝑒𝑎𝑠 𝑥 −𝑚𝑠𝑒𝑒𝑛 × 𝑎𝑥

 𝑚𝑠𝑒𝑒𝑛

 𝑎𝑥

𝑚𝑠𝑒𝑒𝑛 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



𝛽 [%]

𝑇 𝑄

𝑀𝑔𝑦𝑟𝑜

 𝛽 [%]

 𝑇𝑚𝑒𝑎𝑠 [𝑁] 𝑄𝑚𝑒𝑎𝑠[𝑁.𝑚];𝑀𝑔𝑦𝑟𝑜[𝑁.𝑚]



𝐾𝑒, 𝐾𝑡 , 𝐾𝑣 ,

𝑖𝑖𝑑𝑙𝑒 , 𝑅𝑚

𝑚𝑚𝑜𝑡𝑜𝑟

 

 

 

 

𝑚𝐸𝑆𝐶

 𝐽𝑝𝑟𝑜𝑝
𝑚𝑝𝑟𝑜𝑝

 𝐶𝑇 𝑝𝑟𝑜𝑝 𝐶𝑄 𝑝𝑟𝑜𝑝

 𝐷𝑖𝑎𝑚

 

 𝑈𝑐

 𝑖𝑚𝑎𝑥  

 

 

 

𝑇

𝛽

𝛽 𝑇

𝐾 𝜏
𝜕𝑇

𝜕𝑡
 



𝑖𝑚𝑎𝑥 

(𝜔0, 𝑇𝑝𝑟𝑜𝑝 0, 𝑄𝑝𝑟𝑜𝑝 0)

{
 
 
 
 
 
 

 
 
 
 
 
 

𝜏�̇� + 𝑇 = 𝐾𝛽

𝜏~
𝐽𝑝𝑟𝑜𝑝

(
30

𝜋 𝐾𝑣
2𝑅𝑚

+ 2
𝐾𝑡(𝑖0 − 𝑖𝑖𝑑𝑙𝑒)

𝜔0
− 𝑏𝑓)

𝐾~
𝐾𝑡 × 𝑈𝑐 ∗  2𝐶𝑇̅̅ ̅𝜔0

𝑅𝑚 ∗ (
30

𝜋 𝐾𝑣
2𝑅𝑚

+ 2 ∗
𝐾𝑡(𝑖0 − 𝑖𝑖𝑑𝑙𝑒)

𝜔0
– 𝑏𝑓)

[
𝜕𝑇

𝜕𝑡𝑚𝑎𝑥
]
+

=
2𝑇0
𝐽𝑡𝜔0

∗ (𝐾𝑡(𝑖𝑚𝑎𝑥 − 𝑖𝑖𝑑𝑙𝑒) − 𝐶𝑄̅̅ ̅𝜔0
2 − 𝑏𝑓𝜔0)

[
𝜕𝑇

𝜕𝑡𝑚𝑎𝑥
]
−

= −(𝜔0 (
2𝐶𝑇̅̅ ̅𝐾𝑡𝑖𝑖𝑑𝑙𝑒

𝐽𝑡
+ 𝑏𝑓) + 𝐶𝑄̅̅ ̅𝜔0

2)

 
𝐽𝑝𝑟𝑜𝑝

𝐶𝑄̅̅̅̅ 𝑏𝑓

 

𝛽 % 𝑇

𝑄

𝛽

𝑛𝑏𝑙𝑎𝑑𝑒𝑠 ∗ 𝑃

 



 

 

 

𝑒𝑥⃗⃗⃗⃗ , 𝑒𝑦⃗⃗⃗⃗ , 𝑒𝑧⃗⃗  ⃗ 𝑂ℎ𝑢𝑏



 𝑟𝑜𝑡𝑜𝑟 

 𝑝𝑟𝑜𝑝

 𝑎𝑐𝑡 

 𝑠𝑒𝑡

 𝑇

 𝑄

 𝑃𝑇𝑖 𝑥𝑖, 𝑦𝑖  𝑎𝑛𝑑 𝑧𝑖 𝑖

 𝑒𝑇𝑖⃗⃗ ⃗⃗  ⃗ 

𝒏𝒑𝒓𝒐𝒑 𝑛𝑟𝑜𝑡𝑜𝑟 𝑙𝑜𝑎𝑑  (≤ 6)

𝑇𝑝𝑟𝑜𝑝 𝑎𝑐𝑡 = (𝑇1 𝑎𝑐𝑡…𝑇𝑛𝑝𝑟𝑜𝑝 𝑎𝑐𝑡) 𝑛𝑝𝑟𝑜𝑝

𝑇𝑝𝑟𝑜𝑝 𝑠𝑒𝑡 = (𝑇1 𝑠𝑒𝑡…𝑇𝑛𝑝𝑟𝑜𝑝 𝑠𝑒𝑡) 𝑛𝑝𝑟𝑜𝑝

𝑖 𝑇𝑖 𝑄𝑚,𝑖 𝑀𝑔𝑦𝑟𝑜 𝑝𝑟𝑜𝑝 𝑖

𝐹𝑝𝑟𝑜𝑝 𝑎𝑐𝑡 𝐹𝑝𝑟𝑜𝑝 𝑠𝑒𝑡

 

𝑒𝑇𝑖⃗⃗⃗⃗  ⃗ 

𝑇𝑖⃗⃗  = 𝑇𝑖 [

𝑒𝑇𝑖⃗⃗ ⃗⃗  . 𝑒𝑥⃗⃗  ⃗

𝑒𝑇𝑖⃗⃗ ⃗⃗  . 𝑒𝑦⃗⃗⃗⃗ 

𝑒𝑇𝑖⃗⃗ ⃗⃗  . 𝑒𝑧⃗⃗  ⃗

] 𝑒𝑇𝑖⃗⃗ ⃗⃗  ⃗

𝑀𝑝𝑟𝑜𝑝 ,𝑖
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  = [

𝑀𝑝𝑟𝑜𝑝 𝑥 ,𝑖

𝑀𝑝𝑟𝑜𝑝 𝑦,𝑖

𝑀𝑝𝑟𝑜𝑝 𝑧,𝑖

] 𝑖

𝐹𝑝𝑟𝑜𝑝 𝑎𝑐𝑡 = 𝑇𝑝𝑟𝑜𝑝 𝑎𝑐𝑡 𝐹𝑝𝑟𝑜𝑝 𝑠𝑒𝑡 = 𝑇𝑝𝑟𝑜𝑝 𝑠𝑒𝑡

𝐹𝑟𝑜𝑡𝑜𝑟 𝑎𝑐𝑡 𝐹𝑝𝑟𝑜𝑝 𝑎𝑐𝑡 𝐽𝐹

𝐹𝑟𝑜𝑡𝑜𝑟 𝑎𝑐𝑡 = 𝑱𝑭 ∗ 𝐹𝑝𝑟𝑜𝑝 𝑎𝑐𝑡

𝐽𝐹

𝐹𝑝𝑟𝑜𝑝 𝑠𝑒𝑡 𝐹𝑟𝑜𝑡𝑜𝑟 𝑠𝑒𝑡 𝐹𝑝𝑟𝑜𝑝 𝑠𝑒𝑡
𝐹𝑟𝑜𝑡𝑜𝑟 𝑠𝑒𝑡

𝑀𝑇𝑖⃗⃗  ⃗/𝑂ℎ𝑢𝑏
= 𝑂𝑃𝑇𝑖
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ∧ 𝑇𝑖⃗⃗  



 𝑀𝑇𝑖⃗⃗  ⃗/𝑂ℎ𝑢𝑏
= [

𝑥𝑖
𝑦𝑖
𝑧𝑖
] ∧ 𝑇𝑖 [

𝑒𝑇𝑖⃗⃗⃗⃗  ⃗. 𝑒𝑥⃗⃗  ⃗

𝑒𝑇𝑖⃗⃗⃗⃗  ⃗. 𝑒𝑦⃗⃗⃗⃗ 

𝑒𝑇𝑖⃗⃗⃗⃗  ⃗. 𝑒𝑧⃗⃗  ⃗

] = 𝑇𝑖 [

𝑦𝑖𝑒𝑇𝑖⃗⃗⃗⃗  ⃗. 𝑒𝑧⃗⃗  ⃗ − 𝑧𝑖𝑒𝑇𝑖⃗⃗⃗⃗  ⃗. 𝑒𝑦⃗⃗⃗⃗ 

𝑧𝑖𝑒𝑇𝑖⃗⃗⃗⃗  ⃗. 𝑒𝑥⃗⃗  ⃗ − 𝑥𝑖𝑒𝑇𝑖⃗⃗⃗⃗  ⃗. 𝑒𝑧⃗⃗  ⃗

𝑥𝑖𝑒𝑇𝑖⃗⃗⃗⃗  ⃗. 𝑒𝑦⃗⃗⃗⃗ − 𝑦𝑖𝑒𝑇𝑖⃗⃗⃗⃗  ⃗. 𝑒𝑥⃗⃗  ⃗

]

{
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
𝐹𝑝𝑟𝑜𝑝 𝑎𝑐𝑡 𝑥 = 𝑒𝑇1⃗⃗ ⃗⃗  . 𝑒𝑥⃗⃗  ⃗𝑇1 + 𝑒𝑇2⃗⃗ ⃗⃗  . 𝑒𝑥⃗⃗ ⃗⃗  ⃗𝑇2 +⋯+ 𝑒𝑇𝑛𝑝𝑟𝑜𝑝⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  . 𝑒𝑥⃗⃗  ⃗𝑇𝑛𝑝𝑟𝑜𝑝

𝐹𝑝𝑟𝑜𝑝 𝑎𝑐𝑡 𝑦 = ∑ 𝑒𝑇𝑖⃗⃗⃗⃗ . 𝑒𝑦⃗⃗⃗⃗  𝑇𝑖

𝑛𝑝𝑟𝑜𝑝

𝑖=1

𝐹𝑝𝑟𝑜𝑝 𝑎𝑐𝑡 𝑧 = ∑ 𝑒𝑇𝑖⃗⃗⃗⃗ . 𝑒𝑧⃗⃗  ⃗ 𝑇𝑖

𝑛𝑝𝑟𝑜𝑝

𝑖=1

𝑀𝑝𝑟𝑜𝑝 𝑎𝑐𝑡 𝑥 = ∑ (𝑦𝑖𝑒𝑇𝑖⃗⃗⃗⃗ . 𝑒𝑧⃗⃗  ⃗ − 𝑧𝑖𝑒𝑇𝑖⃗⃗⃗⃗ . 𝑒𝑦⃗⃗⃗⃗  )𝑇𝑖

𝑛𝑝𝑟𝑜𝑝

𝑖=1

 

𝑀𝑝𝑟𝑜𝑝 𝑎𝑐𝑡 𝑦 = ∑ (𝑧𝑖𝑒𝑇𝑖⃗⃗⃗⃗ . 𝑒𝑥⃗⃗  ⃗ − 𝑥𝑖𝑒𝑇𝑖⃗⃗⃗⃗ . 𝑒𝑧⃗⃗  ⃗ )𝑇𝑖

𝑛𝑝𝑟𝑜𝑝

𝑖=1

𝑀𝑝𝑟𝑜𝑝 𝑎𝑐𝑡 𝑧 = ∑ (𝑥𝑖𝑒𝑇𝑖⃗⃗⃗⃗ . 𝑒𝑦⃗⃗⃗⃗ − 𝑦𝑖𝑒𝑇𝑖⃗⃗⃗⃗ . 𝑒𝑥⃗⃗  ⃗ )𝑇𝑖

𝑛𝑝𝑟𝑜𝑝

𝑖=1

𝐽𝐹 = 

[
 
 
 
 
 
 
 
 
 

𝑒𝑇1⃗⃗ ⃗⃗  . 𝑒𝑥⃗⃗  ⃗ . . . . . . . . 𝑒𝑇𝑛𝑝𝑟𝑜𝑝
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  . 𝑒𝑥⃗⃗  ⃗

𝑒𝑇1⃗⃗ ⃗⃗  . 𝑒𝑦⃗⃗⃗⃗ . . . . . . . . 𝑒𝑇𝑛𝑝𝑟𝑜𝑝
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  . 𝑒𝑦⃗⃗⃗⃗ 

𝑒𝑇1⃗⃗ ⃗⃗  . 𝑒𝑧⃗⃗  ⃗ . . . . . . . . 𝑒𝑇𝑛𝑝𝑟𝑜𝑝
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  . 𝑒𝑧⃗⃗  ⃗

(𝑦1𝑒𝑇1⃗⃗ ⃗⃗  . 𝑒𝑧⃗⃗  ⃗ − 𝑧1𝑒𝑇1⃗⃗ ⃗⃗  . 𝑒𝑦⃗⃗⃗⃗  ) . . . . . . . . (𝑦𝑛𝑝𝑟𝑜𝑝𝑒𝑇𝑛𝑝𝑟𝑜𝑝⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  . 𝑒𝑧⃗⃗  ⃗ − 𝑧𝑛𝑝𝑟𝑜𝑝𝑒𝑇𝑛𝑝𝑟𝑜𝑝⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  . 𝑒𝑦⃗⃗⃗⃗  )

(𝑧𝑖𝑒𝑇𝑖⃗⃗⃗⃗ . 𝑒𝑥⃗⃗  ⃗ − 𝑥𝑖𝑒𝑇𝑖⃗⃗⃗⃗ . 𝑒𝑧⃗⃗  ⃗ ) . . . . . . . . (𝑧𝑛𝑝𝑟𝑜𝑝𝑒𝑇𝑛𝑝𝑟𝑜𝑝⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  . 𝑒𝑥⃗⃗  ⃗ − 𝑥𝑛𝑝𝑟𝑜𝑝𝑒𝑇𝑛𝑝𝑟𝑜𝑝⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  . 𝑒𝑧⃗⃗  ⃗ )

(𝑥𝑖𝑒𝑇𝑖⃗⃗⃗⃗ . 𝑒𝑦⃗⃗⃗⃗ − 𝑦𝑖𝑒𝑇𝑖⃗⃗⃗⃗ . 𝑒𝑥⃗⃗  ⃗ ) . . . . . . . . (𝑥𝑛𝑝𝑟𝑜𝑝𝑒𝑇𝑛𝑝𝑟𝑜𝑝⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  . 𝑒𝑦⃗⃗⃗⃗ − 𝑦𝑛𝑝𝑟𝑜𝑝𝑒𝑇𝑛𝑝𝑟𝑜𝑝⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  . 𝑒𝑥⃗⃗  ⃗ )]
 
 
 
 
 
 
 
 
 

𝑱𝑭 𝑛𝑝𝑟𝑜𝑝 𝑛𝑟𝑜𝑡𝑜𝑟 𝑙𝑜𝑎𝑑

𝑒𝑇𝑖⃗⃗ ⃗⃗  ⃗ 𝑃𝑇𝑖
𝒏𝒑𝒓𝒐𝒑 ∗ (𝟑 + 𝟑)

𝐽𝐹
𝑛𝑝𝑟𝑜𝑝

𝑛𝑟𝑜𝑡𝑜𝑟 𝑙𝑜𝑎𝑑 

𝐽𝐹



𝐽𝐹

𝑟𝑎𝑛𝑘(𝐽𝐹) ≤ 𝑛𝑟𝑜𝑡𝑜𝑟 𝑙𝑜𝑎𝑑
𝑭𝒑𝒓𝒐𝒑 𝒔𝒆𝒕

{
𝑛𝑝𝑟𝑜𝑝 = 𝑛𝑟𝑜𝑡𝑜𝑟 𝑙𝑜𝑎𝑑

𝑟𝑎𝑛𝑘(𝐽𝐹) = 𝑛𝑟𝑜𝑡𝑜𝑟 𝑙𝑜𝑎𝑑  ⇔ det(𝐽𝐹) ≠ 0 

𝑭𝒑𝒓𝒐𝒑 𝒔𝒆𝒕 = 𝐽𝐹
−1𝑭𝒓𝒐𝒕𝒐𝒓 𝒔𝒆𝒕

𝐽𝐹
−1

{
𝑛𝑝𝑟𝑜𝑝 > 𝑛𝑟𝑜𝑡𝑜𝑟 𝑙𝑜𝑎𝑑

𝑟𝑎𝑛𝑘(𝐽𝐹) ≥ 𝑛𝑟𝑜𝑡𝑜𝑟 𝑙𝑜𝑎𝑑  

𝑭𝒑𝒓𝒐𝒑 𝒔𝒆𝒕

 

{
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
𝐹𝑝𝑟𝑜𝑝 𝑎𝑐𝑡 𝑥 = 𝑒𝑇1⃗⃗⃗⃗⃗⃗ . 𝑒𝑥⃗⃗  ⃗𝑇1 + 𝑒𝑇2⃗⃗⃗⃗⃗⃗ . 𝑒𝑥⃗⃗ ⃗⃗  ⃗𝑇2 +⋯+ 𝑒𝑇𝑛𝑝𝑟𝑜𝑝⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  . 𝑒𝑥⃗⃗  ⃗𝑇𝑛𝑝𝑟𝑜𝑝

𝐹𝑝𝑟𝑜𝑝 𝑎𝑐𝑡 𝑦 = ∑ 𝑒𝑇𝑖⃗⃗⃗⃗  ⃗. 𝑒𝑦⃗⃗⃗⃗  𝑇𝑖

𝑛𝑝𝑟𝑜𝑝

𝑖=1

𝐹𝑝𝑟𝑜𝑝 𝑎𝑐𝑡 𝑧 = ∑ 𝑒𝑇𝑖⃗⃗⃗⃗  ⃗. 𝑒𝑧⃗⃗  ⃗ 𝑇𝑖

𝑛𝑝𝑟𝑜𝑝

𝑖=1

𝑀𝑝𝑟𝑜𝑝 𝑎𝑐𝑡 𝑥 = ∑ (𝑦𝑖𝑒𝑇𝑖⃗⃗⃗⃗  ⃗. 𝑒𝑧⃗⃗  ⃗ − 𝑧𝑖𝑒𝑇𝑖⃗⃗⃗⃗  ⃗. 𝑒𝑦⃗⃗⃗⃗  )𝑇𝑖

𝑛𝑝𝑟𝑜𝑝

𝑖=1

+ ∑ 𝑀𝑝𝑟𝑜𝑝 𝑥 ,𝑖

𝑛𝑝𝑟𝑜𝑝

𝑖=1

 

𝑀𝑝𝑟𝑜𝑝 𝑎𝑐𝑡 𝑦 = ∑ (𝑧𝑖𝑒𝑇𝑖⃗⃗⃗⃗  ⃗. 𝑒𝑥⃗⃗  ⃗ − 𝑥𝑖𝑒𝑇𝑖⃗⃗⃗⃗  ⃗. 𝑒𝑧⃗⃗  ⃗ )𝑇𝑖

𝑛𝑝𝑟𝑜𝑝

𝑖=1

+ ∑ 𝑀𝑝𝑟𝑜𝑝 𝑦 ,𝑖

𝑛𝑝𝑟𝑜𝑝

𝑖=1

𝑀𝑝𝑟𝑜𝑝 𝑎𝑐𝑡 𝑧 = ∑ (𝑥𝑖𝑒𝑇𝑖⃗⃗⃗⃗  ⃗. 𝑒𝑦⃗⃗⃗⃗ − 𝑦𝑖𝑒𝑇𝑖⃗⃗⃗⃗  ⃗. 𝑒𝑥⃗⃗  ⃗ )𝑇𝑖

𝑛𝑝𝑟𝑜𝑝

𝑖=1

+ ∑ 𝑀𝑝𝑟𝑜𝑝 𝑧 ,𝑖

𝑛𝑝𝑟𝑜𝑝

𝑖=1

𝑀𝑝𝑟𝑜𝑝,𝑖 𝑄𝑚,𝑖

𝑀𝑔𝑦𝑟𝑜,𝑖



𝑀𝑔𝑦𝑟𝑜,𝑖 (𝑋𝐹𝑊𝑇̇ , √𝑇) 𝜔𝑚,𝑖

𝑒𝑇𝑖⃗⃗ ⃗⃗  ⃗ 𝜔𝑚,𝑖
𝑅𝑝⃗⃗⃗⃗  ⃗

𝑀𝑔𝑦𝑟𝑜,𝑖⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ = 𝐽𝑝𝑟𝑜𝑝 × 𝜔𝑚,𝑖 × 𝑒𝑇𝑖⃗⃗⃗⃗  ⃗  ∧ 𝑅𝑝⃗⃗ ⃗⃗  

 𝐽𝑝𝑟𝑜𝑝
 𝑅𝑝⃗⃗⃗⃗  ⃗ = (𝑋𝐹𝑊𝑇 4̇ 𝑋𝐹𝑊𝑇 5̇ 𝑋𝐹𝑊𝑇 6̇ )

 

 

𝑅𝑝⃗⃗⃗⃗  ⃗ = (0 𝑋5̇ 0)

𝑀𝑔𝑦𝑟𝑜,𝑖⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ = 𝐽𝑝𝑟𝑜𝑝 × 𝜔𝑚,𝑖 × 𝑋5̇ × (
−𝑒𝑇𝑖⃗⃗⃗⃗  ⃗. 𝑒𝑧⃗⃗  ⃗
0

𝑒𝑇𝑖⃗⃗⃗⃗  ⃗. 𝑒𝑥⃗⃗  ⃗
)

𝐻𝑠 = 5.8𝑚; 𝑇𝑝 = 10.9𝑠; 𝑈ℎ𝑢𝑏 = 18𝑚. 𝑠
−1; 𝑇𝐼 = 17%

𝑒𝑥⃗⃗⃗⃗ 

𝐽𝑝𝑟𝑜𝑝 = 2.9 E − 4 kg.m
2

0.02𝑁.𝑚 𝑀𝑟𝑜𝑡𝑜𝑟 𝑠𝑒𝑡 𝑧 

18𝑁.𝑚 𝑀𝑟𝑜𝑡𝑜𝑟 𝑠𝑒𝑡 𝑧

𝑄𝑚 + 𝑄𝑎𝑒𝑟𝑜 + 𝑄𝑓 = 𝐽𝑝𝑟𝑜𝑝𝜔�̇� 

𝑄𝑓

 𝑄𝑎𝑒𝑟𝑜 ~
𝐶𝑄

𝐶𝑇
× 𝑇

 
𝑑𝑇

𝑑𝑡
𝜔�̇�𝜔𝑚



𝑄𝑚 𝑇
𝑑𝑇

𝑑𝑡
𝑄𝑚~ℒ𝑇𝑡𝑜𝑄𝑚 (𝑇,

𝑑𝑇

𝑑𝑡
)

𝑌 = [𝑇1 … 𝑇𝑛𝑝𝑟𝑜𝑝
𝑑𝑇1

𝑑𝑡
…

𝑑𝑇𝑛𝑝𝑟𝑜𝑝

𝑑𝑡
] 𝑛𝑟𝑜𝑡𝑜𝑟 𝑙𝑜𝑎𝑑𝑠 ×

2𝑛𝑝𝑟𝑜𝑝
𝑑𝑇

𝑑𝑡
 

𝑄𝑚~C(T) × 𝑇

∑ 𝑀𝑝𝑟𝑜𝑝 𝑥 ,𝑖
𝑛𝑝𝑟𝑜𝑝
𝑖=1

∑ 𝑀𝑝𝑟𝑜𝑝 𝑥 ,𝑖

𝑛𝑝𝑟𝑜𝑝

𝑖=1

= ∑ 𝑄𝑚,𝑖𝑒𝑇𝑖⃗⃗⃗⃗  ⃗.𝑒𝑥⃗⃗ ⃗⃗  

𝑛𝑝𝑟𝑜𝑝

𝑖=1

 = ∑ Ci(Ti) Ti 𝑒𝑇𝑖⃗⃗⃗⃗  ⃗.𝑒𝑥⃗⃗ ⃗⃗  

𝑛𝑝𝑟𝑜𝑝

𝑖=1

 

𝐽𝐹 =  

[
 
 
 
 
 
 
 
 

𝑒𝑇1⃗⃗⃗⃗⃗⃗  𝑒𝑥⃗⃗  ⃗ . . 𝑒𝑇𝑛𝑝𝑟𝑜𝑝⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗𝑒𝑥⃗⃗  ⃗

𝑒𝑇1⃗⃗⃗⃗⃗⃗  𝑒𝑦⃗⃗⃗⃗ . . 𝑒𝑇𝑛𝑝𝑟𝑜𝑝⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗𝑒𝑦⃗⃗⃗⃗ 

𝑒𝑇1⃗⃗⃗⃗⃗⃗  𝑒𝑧⃗⃗  ⃗ . . 𝑒𝑇𝑛𝑝𝑟𝑜𝑝⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗𝑒𝑧⃗⃗  ⃗

𝑦1𝑒𝑇1⃗⃗⃗⃗⃗⃗  𝑒𝑧⃗⃗  ⃗ − 𝑧1𝑒𝑇1⃗⃗⃗⃗⃗⃗  𝑒𝑦⃗⃗⃗⃗ + C1T1 𝑒𝑇1⃗⃗⃗⃗⃗⃗  𝑒𝑥⃗⃗  ⃗ . . 𝑦𝑛𝑝𝑟𝑜𝑝𝑒𝑇𝑛𝑝𝑟𝑜𝑝⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗𝑒𝑧⃗⃗  ⃗ − 𝑧𝑛𝑝𝑟𝑜𝑝𝑒𝑇𝑛𝑝𝑟𝑜𝑝⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  𝑒𝑦⃗⃗⃗⃗  +  CnT𝑛 𝑒𝑇𝑛⃗⃗ ⃗⃗ ⃗⃗  𝑒𝑥⃗⃗  ⃗

(𝑧𝑖𝑒𝑇𝑖⃗⃗⃗⃗  ⃗𝑒𝑥⃗⃗  ⃗ − 𝑥𝑖𝑒𝑇𝑖⃗⃗⃗⃗  ⃗𝑒𝑧⃗⃗  ⃗ ) + C1T1 𝑒𝑇1⃗⃗⃗⃗⃗⃗  𝑒𝑦⃗⃗⃗⃗ . . 𝑧𝑛𝑝𝑟𝑜𝑝𝑒𝑇𝑛𝑝𝑟𝑜𝑝⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  𝑒𝑥⃗⃗  ⃗ − 𝑥𝑛𝑝𝑟𝑜𝑝𝑒𝑇𝑛𝑝𝑟𝑜𝑝⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  𝑒𝑧⃗⃗  ⃗ +  CnT𝑛  𝑒𝑇𝑛⃗⃗ ⃗⃗ ⃗⃗  𝑒𝑦⃗⃗⃗⃗ 

(𝑥𝑖𝑒𝑇𝑖⃗⃗⃗⃗  ⃗𝑒𝑦⃗⃗⃗⃗ − 𝑦𝑖𝑒𝑇𝑖⃗⃗⃗⃗  ⃗𝑒𝑥⃗⃗  ⃗ ) + C1T1 𝑒𝑇1⃗⃗⃗⃗⃗⃗  𝑒𝑧⃗⃗  ⃗ . . 𝑥𝑛𝑝𝑟𝑜𝑝𝑒𝑇𝑛𝑝𝑟𝑜𝑝⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  𝑒𝑦⃗⃗⃗⃗ − 𝑦𝑛𝑝𝑟𝑜𝑝𝑒𝑇𝑛𝑝𝑟𝑜𝑝⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  𝑒𝑥⃗⃗  ⃗ +  CnT𝑛  𝑒𝑇𝑛⃗⃗ ⃗⃗ ⃗⃗  𝑒𝑧⃗⃗  ⃗]
 
 
 
 
 
 
 
 

𝐶𝑖

 

 

 

 

𝑛𝑝𝑟𝑜𝑝 ∗ 6

 [𝑇𝑚𝑖𝑛, 𝑇𝑚𝑎𝑥 ]

 



 

 

𝜖𝑡𝑜𝑡𝑎𝑙 = ∑ 𝛼𝑗

𝑛𝑟𝑜𝑡𝑜𝑟 𝑙𝑜𝑎𝑑

𝑗=1

𝜖(𝐹𝑟𝑜𝑡𝑜𝑟 𝑗)

 𝛼𝑗

∀𝑗 ∈ [1 − 𝑛𝑟𝑜𝑡𝑜𝑟 𝑙𝑜𝑎𝑑], 𝛼𝑗 = 1/𝑛𝑟𝑜𝑡𝑜𝑟 𝑙𝑜𝑎𝑑
 𝜖

𝜖(𝐹𝑟𝑜𝑡𝑜𝑟 𝑗) =  ‖𝐹𝑟𝑜𝑡𝑜𝑟 𝑠𝑒𝑡 𝑗 − 𝐹𝑟𝑜𝑡𝑜𝑟 𝑎𝑐𝑡 𝑗‖2

𝐹𝑟𝑜𝑡𝑜𝑟 𝑎𝑐𝑡 𝑗

𝜕𝐹𝑠𝑒𝑡𝑝𝑜𝑖𝑛𝑡

𝜕𝑡

|𝐹𝑠𝑒𝑡𝑝𝑜𝑖𝑛𝑡𝑠|𝑚𝑎𝑥

 

 

 



 

 

 

 

 

𝑛𝑏𝑙𝑎𝑑𝑒𝑠 𝑃

 

 

 

 

 

 

 



 

 

 

 

 

𝐹𝑟𝑜𝑡𝑜𝑟 𝑥

𝐹𝑝𝑟𝑜𝑝 𝑠𝑒𝑡

𝐹𝑟𝑜𝑡𝑜𝑟 𝑥 𝐹𝑝𝑟𝑜𝑝 𝑠𝑒𝑡 = 𝐹𝑟𝑜𝑡𝑜𝑟 𝑥

 

𝑛𝑟𝑜𝑡𝑜𝑟 𝑙𝑜𝑎𝑑 = 6

det(𝐽𝐹) ≠ 0

𝑒𝑥⃗⃗⃗⃗ , 𝑒𝑦⃗⃗⃗⃗ , 𝑒𝑧⃗⃗  ⃗ 𝑇1 𝑇2 𝑒𝑥⃗⃗⃗⃗ ;  𝑇3 𝑇4 on 𝑒𝑦⃗⃗⃗⃗  ;  𝑇5 and 𝑇6 on  𝑒𝑧⃗⃗  ⃗

 𝐹𝑟𝑜𝑡𝑜𝑟 𝑠𝑒𝑡

𝐹𝑟𝑜𝑡𝑜𝑟 𝑎𝑐𝑡

 

 

 

 



 𝐹𝑥  and 𝑀𝑥 > 0

 𝑀𝑦~ > 0 

 𝐹𝑦 𝐹𝑧

𝑀𝑧

𝐹𝑥   𝑀𝑧 𝐹𝑦  𝑀𝑥 𝐹𝑧 𝑀𝑦

𝐽𝐹 =

[
 
 
 
 
 
1 1 0 0 0 0
0 0 1 −1 0 0
0 0 0 0 1 −1
0 0 −𝑧3 𝑧4 0 0
0 0 0 0 −𝑥5 𝑥6
−𝑦1 −𝑦2 0 0 0 0 ]

 
 
 
 
 

𝑦1, 𝑦2, 𝑧3, 𝑧4, 𝑥5, 𝑥6



 𝐼𝑧𝑧 𝐼𝑧𝑧
 

𝐼𝑧𝑧 𝑅𝑁𝐴 𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟𝑠 = 1.5 ∗ ∑ 𝑚𝑝𝑟𝑜𝑝,𝑖 ∗ √(𝑃𝑇𝑖⃗⃗ ⃗⃗  ⃗. 𝑒𝑥⃗⃗  ⃗)
2
+ (𝑃𝑇𝑖⃗⃗ ⃗⃗  ⃗. 𝑒𝑦⃗⃗⃗⃗ )

2
 

𝑛𝑝𝑟𝑜𝑝

𝑖

𝐼𝑧𝑧 𝑅𝑁𝐴 𝑡𝑎𝑟𝑔𝑒𝑡 =  2.5𝐸 + 7 𝑘𝑔.𝑚
2

(𝐹𝑥 ,𝑀𝑧)

𝑦1 = −𝑦2 = 𝐿 𝐿 

𝑀𝑧 𝑀𝑥 𝐿

𝐹𝑥 𝑀𝑧 𝐹𝑥

𝐼𝑧𝑧 𝑅𝑁𝐴
𝐼𝑧𝑧 𝑅𝑁𝐴 𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟𝑠

𝐼𝑧𝑧 𝑅𝑁𝐴 𝑡𝑎𝑟𝑔𝑒𝑡

𝐿 𝐹𝑥 𝑀𝑧

𝑀𝑧

𝐼𝑧𝑧 𝑅𝑁𝐴

0.5 − 1]𝑚



𝐹𝑥 𝑀𝑧 𝐿

 

 

 

 

𝐹𝑥 ,𝑀𝑧 𝑇1, 𝑇2

𝑀𝑧
𝐹𝑥

𝑀𝑧 𝑀𝑧



 

𝑛𝑟𝑜𝑡𝑜𝑟 𝑙𝑜𝑎𝑑𝑠
𝑛𝑝𝑟𝑜𝑝

𝐹𝑥

 +𝑒𝑥⃗⃗⃗⃗ 

𝐶1
 𝑒𝑥⃗⃗⃗⃗ 

𝑒𝑥⃗⃗⃗⃗ 𝐶2



𝐶2

𝐽𝐹 =  

[
 
 
 
 
 
1 −1 0 0 0 0 −1 1
0 0 1 −1 0 0 0 0
0 0 0 0 1 −1 0 0
0 0 𝐿3 −𝐿4 0 0 0 0
𝑧1 𝑧2 0 0 𝐿5 −𝐿6 𝑧7 𝑧8
−𝑦1 −𝑦2 0 0 0 0 −𝑦7 −𝑦8]

 
 
 
 
 

𝛼 = [100, 5, 1, 6, 3, 5]

𝑒𝑥⃗⃗⃗⃗ 

𝛿 = 45°

𝐹𝑟𝑜𝑡𝑜𝑟 𝑎𝑐𝑡 𝑇𝑝𝑟𝑜𝑝 𝑎𝑐𝑡



 𝐹𝑦 𝑀𝑥

 𝐹𝑥
o 𝐶1

𝑀𝑦 𝑀𝑧

o 𝐶2
𝑒𝑥⃗⃗⃗⃗ 

𝑒𝑥⃗⃗⃗⃗ 

 𝑀𝑦 𝐹𝑧

𝑀𝑦

𝐶1



𝐶2



𝑀𝑦 𝐹𝑥

 

 

 

 



𝐹𝑥



 

  

  

  
  
  
  

  

  

  

  

  

  
  
  
  

  

  
  
  
  
  
  

  
  
  
  
  

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 





 

𝑘𝑔.𝑚2

𝑘𝑔.𝑚2

𝑘𝑔.𝑚2

𝐷𝑀𝑆𝐿

𝐷𝑆𝑃𝐴𝑅

 

 

 



 

 

 

 

 

 

 

 

 

  

 

 



 



 

 



 

 

 

 

 

 

o 

o 

o 

 

 

 

 

 

 

 

 

 



 



 

 

 

 

 

 

 

 

 

 



 

o 

o 

o 

 

 

 

 𝑔

 

 

 

 

 

 

 

 

 



 

 

 𝑔

 

 

200 × 150 × 300 𝑚𝑚

 

 

 

 

 50 × 30 × 5𝑚

 



 

 

 

 

 

 



 

𝜙 = 25𝑚𝑚 𝜖 = 2𝑚𝑚

 

 

 

 

 

 

 [𝐹𝑥 ,𝑀𝑦, 𝑀𝑧]



 [𝐹𝑦, 𝐹𝑧, 𝑀𝑥]

𝐿

𝛽

𝐿 = 0.7𝑚 𝛽 = 120°

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

o 

o 

o 

o 

 

 

𝐹𝑦, 𝑀𝑥 and 𝑀𝑧

 

𝑀𝑦

 

 

𝑀𝑧

 

𝑀𝑥, 𝐹𝑦, 𝐹𝑥  and 𝑀𝑦



𝑅𝑋) 0.05 ± 0.1

𝑅𝑌 −0.35 ± 0.1

𝑅𝑍 0.1 ± 0.1

 

 

 



 

 

 

 

𝑋𝑝ℎ𝑦𝑠 𝑋𝑜𝑏𝑠

𝐻𝑚𝑜𝑡𝑖𝑜𝑛 𝑜.(𝑠)

𝑋𝑝ℎ𝑦𝑠

𝐻𝑚𝑜𝑡𝑖𝑜𝑛 𝑜.(𝑠) =
𝑋𝑜𝑏𝑠(𝑠)

𝑋𝑝ℎ𝑦𝑠(𝑠)



𝜋

8

𝜋

8



 

 

 

 

𝑓𝑐 = 10𝐻𝑧



𝐻𝑠 = 0.113𝑚;𝑇𝑝 = 1.73𝑠 ; 𝑈𝑤 =

18𝑚. 𝑠−1; 𝑇𝐼 = 17%





ℎ ∗ 𝑋5̇ ℎ

𝑋𝑡𝑤𝑟̇





 

 

 

 



 

𝑚𝑠𝑒𝑒𝑛

𝑚𝑠𝑒𝑒𝑛𝑎𝑥  

 

 

 

 

𝑚𝑠𝑒𝑒𝑛

𝑚𝑠𝑒𝑒𝑛 𝜃

𝑔𝑥 = 𝑔 sin(𝜃)

𝑚𝑠𝑒𝑒𝑛 = 2.40 𝑘𝑔



 

 

 

𝐻𝑓𝑜𝑟𝑐𝑒 𝑜.

𝐻𝑓𝑜𝑟𝑐𝑒 𝑜.(𝑠) =
𝐹𝑚𝑒𝑎𝑠 𝑥(𝑠)

𝑚𝑠𝑒𝑒𝑛𝑎𝑥(𝑠)

𝐻𝑓𝑜𝑟𝑐𝑒 𝑜.

 

 

𝑚𝑠𝑒𝑒𝑛 =

2.40 kg

𝑚𝑠𝑒𝑒𝑛 = 2.35kg 𝑚𝑠𝑒𝑒𝑛 =

2.40𝑘𝑔 Δ𝑚𝑠𝑒𝑒𝑛 = 0.05 kg

𝐻𝑓𝑜𝑟𝑐𝑒 𝑜.(𝑠) 



𝐻𝑠 = 9.4𝑚 𝑇𝑝 = 13.8𝑠

𝐹𝑚𝑒𝑎𝑠 𝑥
𝑚𝑠𝑒𝑒𝑛𝑎𝑥

[±0.4𝑁] [±8𝑁]

[± 0.07𝑁]

𝐿𝐹 𝑊𝐹

𝑇𝑤𝑟1 𝐿𝐹 𝑊𝐹

𝑇𝑤𝑟1 𝑊𝐹

𝑇𝑤𝑟1 𝑚 × 𝑎

1 ± 0.002 



 

 

 



 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

𝐹𝑥, 𝑀𝑦 𝑀𝑧

 

 





 

  

  

  

  

  

  

  
  

  
  
  

  
  
  

  

  

  

  
  
  
  

  

  

  

  



 

𝑇𝑠𝑒𝑡  𝛽 𝑇𝑎𝑐𝑡 𝑇𝑚𝑒𝑎𝑠
𝐻𝑓𝑓𝑤𝑑(𝑠) 𝐻𝑎𝑐𝑡(𝑠)

𝐻𝑓𝑜𝑟𝑐𝑒 𝑜.(𝑠) 𝐻𝑃𝐼𝐷(𝑠)



 

𝛽

 

 

 

 

𝑇 

𝛽 

𝛽 =
1

𝐾[𝑇]
∗ 𝑇

𝐾[𝑇]

𝐾[𝑇]

𝛽𝑠𝑡𝑎𝑡𝑖𝑐(𝑡) 𝑇𝑡𝑎𝑟𝑔𝑒𝑡(𝑡) 

𝛽𝑠𝑡𝑎𝑡𝑖𝑐(𝑡) =
1

𝐾[𝑇𝑡𝑎𝑟𝑔𝑒𝑡(𝑡)]
∗ 𝑇𝑡𝑎𝑟𝑔𝑒𝑡(𝑡)

𝐻𝐹𝑓𝑤𝑑

 

 



 

 

 

 

𝐻𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟(𝑠) =
𝐹𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 (𝑠)

𝐹𝑠𝑒𝑡𝑝𝑜𝑖𝑛𝑡(𝑠)

o 

o 

o 

 
𝜕𝐹𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝜕𝑡

 

 

 1𝑠𝑡

𝑇0 [𝑁]

𝐻𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟(𝑠) ≈
𝐾′[𝑇0]

1 + 𝜏[𝑇0]𝑠
e−𝑇𝑑𝑒𝑙𝑎𝑦𝑠

 𝐾′[𝑇0]

 𝜏[𝑇0]

𝑓𝑐[𝑇0] =
1

2𝜋𝜏[𝑇0]

 𝑇𝑑𝑒𝑙𝑎𝑦

 



 

 

 

𝐻𝑠𝑦𝑠𝑡𝑒𝑚(𝑠) =
𝑦

𝑢
𝑢 𝑦

 𝑢

𝑢𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑

𝑢𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑(𝑠) = 𝐻
−1 𝑠𝑦𝑠𝑡𝑒𝑚(𝑠) ∗ 𝑢(𝑠) ∗ 𝐻𝑚(𝑠)

 𝐻−1 𝑠𝑦𝑠𝑡𝑒𝑚(𝑠)

 𝐻𝑚(𝑠)

𝑢 𝑦 

𝐻𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑(𝑠) =  
𝑦

𝑢
=

𝑦

𝑢𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑
∗  𝐻−1 𝑠𝑦𝑠𝑡𝑒𝑚(𝑠) 𝑢(𝑠) 𝐻𝑚(𝑠) =  𝐻𝑚(𝑠) 

𝐻𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑(𝑠)

𝐻𝑚(𝑠)

𝑓𝑐 𝑚 𝜏𝑚

𝑇𝑡𝑎𝑟𝑔𝑒𝑡(𝑠) 𝛽𝑑𝑦𝑛

[𝑇0]

𝛽𝑑𝑦𝑛(𝑠) ≈ 𝑇𝑡𝑎𝑟𝑔𝑒𝑡(𝑠) ∗ 𝐻𝑠𝑦𝑠𝑡𝑒𝑚  
−1(𝑠)𝐻𝑚(𝑠) =

𝑇𝑡𝑎𝑟𝑔𝑒𝑡(𝑠)

𝐾[𝑇0]
 
1 + 𝜏[𝑇0]𝑠

1 + 𝜏𝑚𝑠
 e𝑇𝑑𝑒𝑙𝑎𝑦𝑠

𝑇𝑡𝑎𝑟𝑔𝑒𝑡(𝑠)

𝐾[𝑇0]

e𝑇𝑑𝑒𝑙𝑎𝑦𝑠 𝑇𝑑𝑒𝑙𝑎𝑦

𝑡 + 𝑇𝑑𝑒𝑙𝑎𝑦

𝑇𝑑𝑒𝑙𝑎𝑦



𝛽𝑑𝑦𝑛(𝑡)

𝐻𝑚(𝑠) 𝐵𝑑𝑦𝑛(𝑡) 

𝛽𝑑𝑦𝑛(𝑡) =
1

𝐾[𝑇𝑡𝑎𝑟𝑔𝑒𝑡(𝑡)]
(𝑇𝑡𝑎𝑟𝑔𝑒𝑡(𝑡) + 𝜏[𝑇𝑡𝑎𝑟𝑔𝑒𝑡(𝑡)]

𝑑𝑇𝑡𝑎𝑟𝑔𝑒𝑡(𝑡)

𝑑𝑡
)

𝛽𝑑𝑦𝑛(𝑡) = 𝛽𝑠𝑡𝑎𝑡𝑖𝑐(𝑡) +  
𝜏[𝑇𝑡𝑎𝑟𝑔𝑒𝑡(𝑡)]

𝐾[𝑇𝑡𝑎𝑟𝑔𝑒𝑡(𝑡)]

𝑑𝑇𝑡𝑎𝑟𝑔𝑒𝑡(𝑡)

𝑑𝑡

𝐻𝑓𝑓𝑤𝑑(𝑠)

 





 

 

𝑖𝑚𝑎𝑥 > 150𝐴 

𝑖𝑚𝑎𝑥 > 150𝐴

𝑖𝑚𝑎𝑥~70𝐴

 

𝐹𝑥 𝑀𝑥
𝐹𝑦 𝐹𝑦

𝑀𝑥
𝐹𝑥 𝐹𝑦

𝐹𝑥



 

𝑈𝑏1

𝑈𝑏2



 

 



𝐶𝑇



 

 

𝐻

𝐹𝑥

[0.05 − 6]𝐻𝑧





 



𝑇𝑑𝑒𝑙𝑎𝑦



𝜏+ 𝜏−
𝑇𝑑𝑒𝑙𝑎𝑦

𝑇0

𝜏+ [𝑚𝑠]

𝜏− [𝑚𝑠]

𝜏 𝑇𝑑𝑒𝑙𝑎𝑦

 



 



 

𝐻𝑠 = 8.6𝑚; 𝑇𝑝 = 13𝑠; 𝛾 = 1; 

∶ Mean wind speed 𝑈𝑤 = 18 𝑚. 𝑠
−1, 𝑇𝐼 = 18%;

𝛼𝑠ℎ𝑒𝑎𝑟 = 0.14



 

𝐻𝑚(𝑠)

𝐹𝑥

𝜏𝑚 = 10𝑚𝑠

𝑇𝑚 𝑇𝑚 ~𝜏𝑚~10𝑚𝑠

 



 

 

 

𝑈𝑤  [𝑚/𝑠] 𝑇𝐼 [%] 𝐻𝑠  [𝑚] 𝑇𝑝 [𝑠]

𝑈𝑤 = [11.4, 14, 18]𝑚. 𝑠
−1

 

 

 



 

𝜋

2

 

 





𝑈𝑤 = 18 𝑚/𝑠

𝑈𝑤 = 14 𝑚/𝑠 𝑈𝑤 = 11.4 𝑚/𝑠

 

 



𝜖

𝜖 =
𝑛𝑜𝑟𝑚(𝐹𝑟𝑒𝑓 − 𝐹𝑎𝑐𝑡 )

𝑛𝑜𝑟𝑚(𝐹𝑟𝑒𝑓)

 𝐹𝑟𝑒𝑓 𝐹𝑎𝑐𝑡

 𝑛𝑜𝑟𝑚

𝑛𝑜𝑟𝑚(𝑥) =
1

𝑁
(∑ 𝑥𝑖

2𝑁
𝑖=1 )

𝑈𝑤18 < 𝑈𝑤14 < 𝑈𝑤11

𝜖 [%] 𝜖 [%]

 

 

 

 



±0.5 deg 𝐹𝑎𝑐𝑡 𝑦

 

𝑓𝑐 = 5𝐻𝑧

 

𝑇𝑑𝑒𝑙𝑎𝑦~20𝑚𝑠



 

𝑓𝑐 = 5𝐻𝑧



 

 

 

 

 

 

 𝐹𝑥 ,𝑀𝑦 𝑀𝑧



 

𝐹𝑥 ,𝑀𝑦 and 𝑀𝑧

𝐹𝑠𝑒𝑡 𝑥 and 𝑀𝑎𝑐𝑡 𝑦

𝑀𝑧

𝑀𝑦

𝐹𝑥
𝑀𝑦



 

𝐹𝑥 , 𝑀𝑦 𝑎𝑛𝑑 𝑀𝑧

𝑈𝑤  [𝑚/𝑠] 𝑇𝐼 [%] 𝐻𝑠  [𝑚] 𝑇𝑝 [𝑠]

𝑀𝑦 𝑀𝑧

𝐹𝑥



𝑀𝑦 𝑀𝑧 𝐹𝑥

𝐹𝑥 ,𝑀𝑦, 𝑀𝑧

𝐹𝑥
𝐹𝑥 𝑀𝑦 𝑀𝑧



𝐹𝑥 ,𝑀𝑦 and 𝑀𝑧 

 



 

 

 

 

 



 

  

  

  

  

  

  

  

  

  

  



 

 

 

 

 

 

 

 

 

 

𝐻𝑠 = 5.8𝑚; 𝑇𝑝 = 10.9𝑠; 𝑈𝑤 = 18𝑚. 𝑠
−1; 𝑇𝐼 =



17%

𝑅𝑌

 

 

 

 

 

 



 

𝛾 = 3.3

𝛼𝑠ℎ𝑒𝑎𝑟 = 0.14

𝐻𝑠[𝑚] 𝑇𝑝[𝑠] 𝑈𝑤[𝑚. 𝑠
−1] 𝑇𝐼[%]

𝑈ℎ𝑢𝑏 = 11.4 𝑚. 𝑠
−1

 

 

𝑅𝑌 𝑁𝐹

𝐻𝑠 = 6𝑚; 𝑇𝑝 = 10𝑠;𝑈𝑤 = 14 𝑚/𝑠



 

𝐻𝑠[𝑚] 𝑇𝑝[𝑠] 𝑈𝑤[𝑚. 𝑠
−1] 𝑇𝐼[%]



 

 

 

 

 

 

 

o 

o 

o 



𝑼𝒘 𝑼𝒘 =

 𝟏𝟑. 𝟗𝒎. 𝒔−𝟏

𝐻𝑠 = 2.6𝑚

𝐻𝑠 = 7.7𝑚





𝐹𝑥

 

 

 

 

 𝑓𝑐 𝑓𝑐 1 = 0.16𝐻𝑧 𝑓𝑐 2 = 0.08𝐻𝑧

 Δ𝑡 Δ𝑡 1 = 0.32𝑠 Δ𝑡 2 = 0.76𝑠



𝑅𝑌

 

 

 𝑓𝑐 1 𝑓𝑐 2 𝑓𝑐 1 𝑓𝑐 2
 Δ𝑡 1 Δ𝑡 2 Δ𝑡 1 Δ𝑡 2

𝐻𝑠[𝑚] 𝑇𝑝[𝑠] 𝑈𝑤[𝑚. 𝑠
−1] 𝑇𝐼[%]

Δ𝑡 2

 

 

𝑈𝑤 = 11.4 𝑚/𝑠

𝑓𝑐 1 𝑓𝑐 2

𝑓𝑐 2

𝑓𝑐 2



𝜋/4

𝜎𝑅𝑌 𝑑𝑦𝑛𝑉𝑆𝑠𝑡𝑎𝑡 =
𝜎𝑅𝑌 𝑑𝑦𝑛

𝜎𝑅𝑌 𝑠𝑡𝑎𝑡
𝜎𝑅𝑌 𝑑𝑦𝑛 𝜎𝑅𝑌 𝑠𝑡𝑎𝑡



𝜎𝑅𝑌 𝑑𝑦𝑛

 

 𝜎𝑅𝑌 𝑑𝑦𝑛

𝑓𝑐 2(= 0.08𝐻𝑧)

𝑓𝑐 2 



 

 

 

 

 

 

 



 

𝑈𝑤 = 11.4 𝑚/𝑠

𝑈𝑤 = 18 𝑚/𝑠

𝑈𝑤 = 11.4 𝑚/𝑠

 

o 

o 

 

o 

o 

o 

 

𝑈𝑤 = 18.0 𝑚/𝑠

 

o 

o 

 

o 

 



𝑈𝑤 = 11.4 𝑚. 𝑠
−1 



 𝑅𝑌
 

 

Δ𝑈ℎ𝑢𝑏 Δ𝐹

Δ𝐹𝑥(𝑈ℎ𝑢𝑏) ≈ 𝐹𝑒𝑥 |𝑢(𝑢0(𝑡)) − 𝐵𝑎𝑒𝑟𝑜�̇�ℎ𝑢𝑏 − 𝐴𝑎𝑒𝑟𝑜�̈�ℎ𝑢𝑏 − 𝐾𝑎𝑒𝑟𝑜𝑋ℎ𝑢𝑏

 Δ𝐹𝑥(𝑈ℎ𝑢𝑏)

 𝐵𝑎𝑒𝑟𝑜
 𝐴𝑎𝑒𝑟𝑜 𝐾𝑎𝑒𝑟𝑜
 𝐹𝑒𝑥 |𝑢(𝑢0(𝑡))

𝑢0(𝑡)



𝒖𝒘 = 𝟏𝟖. 𝟎 𝐦. 𝐬
−𝟏

 

 

𝐹𝑒𝑥 |𝑢

𝑅𝑌 𝑁𝐹

 

 



𝑹𝒀

𝒖𝒘 = 𝟏𝟏. 𝟒 𝒎/𝒔

 

 

𝑅𝑌 𝑁𝐹

 

 



𝑹𝒀

 

 

 

 

 



𝐻𝑠[𝑚] 𝑇𝑝[𝑠] 𝑈𝑤[𝑚. 𝑠
−1] 𝑇𝐼[%]

𝑈𝑤 = 13.9 𝑚/𝑠



𝑹𝒀

 

o 

o 

o 

o 

 𝑅𝑌
o 

o 

o 

𝑈𝑤 = 11.4 𝑚/𝑠 𝑈𝑤 = 17.9 𝑚/𝑠

𝑈𝑤 = 13.9 𝑚/𝑠 𝑈𝑤 = 11.4 𝑈𝑤 =

17.9 𝑚/𝑠

𝑅𝑌



 

 

o 

o 

o 

o 



 

o 

o 





 

  

  

  

  

  

  
  
  

  
  
  

  
  
  

  



 

 

 

 

 

 

 

 

 

 

 

 

 𝐹𝑥
 

 



 

 

 

 

𝑅𝑒 =
𝐴2𝜔

𝜈

𝜔 𝜈

𝐾𝐶 =
2𝜋𝐴

𝐷
𝐷

𝑅𝑒 𝐾𝐶

𝐴

0.5 < 𝐾𝐶 < 3



𝑅𝑒
𝑅𝑒 = 3𝐸 + 5

 

 

 

 

 

1E+3

1E+4

1E+5

1E+6

1E+7

1E+8

0 1 2 3

R
e 

KC 

Reynolds versus Keulegan-Carpenters numbers  

WF FS

Surge NF FS

Pitch NF FS

WF MS

Surge NF MS

Pitch NF MS



 

 

 



 

 

 

o 

o 

o 

o 

 

 

 

 

 

 

o 

o 



o 

 

 

 𝐹𝑥 𝐹𝑥 𝑀𝑥
𝑀𝑧 𝑀𝑦 𝑀𝑧

𝑀𝑧

 

 

 

 

𝐶𝑑 𝑎𝑥 = 5 𝐶𝑑 𝑛 = 0.3 𝐶𝑑 𝑎𝑥
𝐶𝑑 𝑛

𝐶𝑑 𝑛 = 0.5

𝐵𝑑𝑟𝑎𝑔 𝑞𝑢𝑎𝑑(5,5) = 1𝐸 + 10
𝑁.𝑚

[𝑟𝑎𝑑.𝑠−1]2
 

𝐵𝑑𝑟𝑎𝑔 𝑞𝑢𝑎𝑑(4,4) = 1𝐸 + 10
𝑁.𝑚

[𝑟𝑎𝑑.𝑠−1]2



 𝑅𝑊1 𝐻 = 1.9𝑚 𝑇 = 8.0𝑠

 𝑅𝑊2 𝐻 = 3.4𝑚 𝑇 = 11.0𝑠

𝜁[%]

𝐻 𝑇



𝐹𝑑𝑟𝑎𝑔 =
1

2
𝜌𝐶𝐷𝐴 𝑈𝑟𝑒𝑙|𝑈𝑟𝑒𝑙|

 𝜌

 𝐶𝐷
 

 𝑈𝑟𝑒𝑙

 

 

𝐹𝑑𝑟𝑎𝑔 =
1

2
𝜌𝐶𝐷 𝑊𝐹𝐴 (𝑈𝑤𝑎𝑣𝑒 − 𝑋𝑊𝐹̇ )|𝑈𝑤𝑎𝑣𝑒 − 𝑋𝑊𝐹̇ | +  

1

2
𝜌𝐶𝐷 𝐿𝐹𝐴 𝑋𝐿𝐹̇ |𝑋𝐿𝐹̇ |

𝑈𝑤𝑎𝑣𝑒 𝑋𝑊𝐹̇ 𝑋𝐿𝐹̇

𝐶𝐷 𝑊𝐹



𝐶𝐷 𝐿𝐹

𝐹𝑑𝑟𝑎𝑔 =
1

2
𝜌𝐶𝐷𝐴 (𝑈𝑤𝑎𝑣𝑒 − 𝑋𝑊𝐹̇ − 𝑋𝐿𝐹̇ )|𝑈𝑤𝑎𝑣𝑒 − 𝑋𝑊𝐹̇ − 𝑋𝐿𝐹̇ |

𝑈𝑤𝑎𝑣𝑒 ≫ 𝑋𝐿𝐹̇  

𝐹𝑑𝑟𝑎𝑔~
1

2
𝜌𝐶𝐷𝐴 ((𝑈𝑤𝑎𝑣𝑒 − 𝑋𝑊𝐹̇ )|𝑈𝑤𝑎𝑣𝑒 − 𝑋𝑊𝐹̇ | + 2|𝑈𝑤𝑎𝑣𝑒 − 𝑋𝑊𝐹̇ |𝑋𝐿𝐹̇ +𝑂 (𝑋𝐿𝐹̇

2
)) 

𝑋𝐿𝐹̇  

|𝑈𝑤𝑎𝑣𝑒 − 𝑋𝑊𝐹̇ |

 

 

 𝐶𝑑 𝑛 𝑓𝑙𝑜𝑎𝑡𝑒𝑟 = 0.3

 𝐶𝑑 𝑎𝑥 𝑓𝑙𝑜𝑎𝑡𝑒𝑟 = 5

 𝐵𝑑𝑟𝑎𝑔 𝑞𝑢𝑎𝑑(5,5) = 𝐵𝑑𝑟𝑎𝑔 𝑞𝑢𝑎𝑑(4,4) = 1𝐸 + 10
𝑁.𝑚

[𝑟𝑎𝑑.𝑠−1]2
 

 𝐶𝑑 𝑛 𝑚𝑜𝑜𝑟𝑖𝑛𝑔𝑠 = 2.4



𝐶𝑑 𝑛 𝑓𝑙𝑜𝑎𝑡𝑒𝑟 

𝐶𝑑 𝑛~0.6 𝐶𝑑 𝑛 ∈ [0.5 −

1.5]

 

𝜖 =
𝐻

𝜆
𝐻 𝜆

𝜖 = 2% 𝐻 ≤  4𝑚





𝑈𝑤 = 12 𝑚. 𝑠
−1

𝐹𝑥 𝑀𝑦

𝐼𝑦𝑦

𝐵(5,5)

𝑇 > 9𝑠)



 

 

 

 

𝐻𝑠[𝑚] 𝑇𝑝[𝑠] 𝑈𝑤[𝑚. 𝑠
−1] 𝑇𝐼[%]

 



 

 

 

o 

o 



 

 

 

 



 

 

 𝑓𝑐 1 = 0.16𝐻𝑧

 𝑓𝑐 2 = 0.08𝐻𝑧

 

𝐹𝑥 𝑀𝑥

 𝐹𝑥  & 𝑀𝑥
 



𝑅𝑌
𝐹𝑥  & 𝑀𝑥

𝑀𝑦

𝜎𝑠𝑢𝑟𝑔𝑒[𝑚] 𝜎𝑠𝑤𝑎𝑦[𝑚] 𝜎ℎ𝑒𝑎𝑣𝑒[𝑚] 𝜎𝑟𝑜𝑙𝑙[𝑑𝑒𝑔] 𝜎𝑝𝑖𝑡𝑐ℎ[𝑑𝑒𝑔] 𝜎𝑦𝑎𝑤[𝑑𝑒𝑔]

2.56 0.19 0.30 0.18 2.29 0.48 

𝐹𝑥 & 𝑀𝑥 2.20 0.62 0.32 0.52 1.80 1.33 

17 -69 -5 -64 27.3 -64 

𝐻𝑠 = 5.8𝑚 𝐹𝑧



𝐹𝑥  & 𝑀𝑥

𝐹𝑦 𝑀𝑧 𝑀𝑥

𝐹𝑦

𝐹𝑥 𝑀𝑦 𝑀𝑧

𝐹𝑦 𝑀𝑥



 



 

  

  

  
  
  

  

  

  

  

  
  
  

  

  

  

  

  

 

 



 

 

 

 

 

𝐹𝑥

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

𝑀𝑧 𝑀𝑦

 

 



 

 

 

 

 

 

 𝐹𝑥 , 𝑀𝑦 𝑀𝑧

 𝑀𝑥
𝐹𝑦

 

 



𝑛𝑝𝑟𝑜𝑝 ∗ (3 + 3)

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

𝐹𝑥 ,𝑀𝑦 𝑎𝑛𝑑 𝑀𝑧

 

 

 



 





 













 







 

 

 

 

 

 

 

 



 

 

 𝐻𝑠 = 6𝑚; 𝑇𝑝 = 10𝑠;𝑈𝑤 = 12𝑚. 𝑠
−1;

𝐹𝑥



𝑭𝒙



 

  

  

  

 

𝛿(𝑡) 𝑥(𝑡) 

𝑛

𝛿(𝑡) =
1

𝑛
ln (

𝑥(𝑡)

𝑥(𝑡 + 𝑛𝑇)
)

𝑥(𝑡) 𝑥(𝑡 +  𝑛𝑇)

𝑛 𝑛

𝛿 𝜁(𝑡)~
𝛿(𝑡)

2𝜋

𝜁(𝑡) =
1

√1 + (
2𝜋
𝛿(𝑡)

)
2

 

 

𝜁 < 𝑜(1)

𝑇𝑟𝑒𝑠𝑝(𝑡) = 𝑇0√1 − 𝜁
2(𝑡)



 

𝐻(𝑠) =
𝑦(𝑠)

𝑢(𝑠)
𝑠 = 𝑗𝜔

𝑥/𝑎 𝑥

𝑎

𝑎 

√𝑠

𝑓

𝑓

 𝑆𝑐𝑐(𝑓)

 𝑆𝑚𝑚(𝑓) 𝑚

 𝑆𝑚𝑐(𝑓)

 C(f)

C(f) = (
Smc
2

Scc  Smm
)

1/2

C(f) > [0.7 − 0.8] 𝐻𝑚𝑐

Hmc(f) = (
Smm
Scc

)

1
2
exp ( i arg Smc) 



 

  

  

  

  

  

  

 

 

 

 

 

o 

o 

𝑇𝑝𝑟𝑜𝑝 = 𝐶𝑇̅̅ ̅𝜔𝑝𝑟𝑜𝑝
2 𝑄𝑝𝑟𝑜𝑝 = 𝐶𝑄̅̅̅̅ 𝜔𝑝𝑟𝑜𝑝

2

𝐶𝑇̅̅ ̅ 𝐶𝑄̅̅̅̅ 𝐶𝑇̅̅ ̅ =
1

2
𝜌𝑎𝑖𝑟𝐶𝑇𝐴𝑝𝑟𝑜𝑝 

 𝐶𝑄̅̅̅̅ =
1

2
𝜌𝑎𝑖𝑟𝐶𝑄𝐴𝑝𝑟𝑜𝑝 𝐴𝑝𝑟𝑜𝑝

 (𝜔0, 𝑇𝑝𝑟𝑜𝑝 0, 𝑄𝑝𝑟𝑜𝑝 0)



 𝐿

 

 

𝑇

𝛽

 

{

𝐽𝑡𝜔�̇� = 𝐾𝑡(𝑖 − 𝑖𝑖𝑑𝑙𝑒) − 𝑏𝑓𝜔𝑚 − 𝐶𝑄̅̅ ̅𝜔𝑝𝑟𝑜𝑝
2

𝑖 =
𝑢 − 𝐾𝑒𝜔𝑚

𝑅𝑚

 𝐽𝑡 𝐽𝑡 = 𝐽𝑚 + 𝐽𝑝𝑟𝑜𝑝 × 𝑟
2

 𝐾𝑒 , 𝐾𝑡 , 𝑅𝑚
 𝑏𝑓 𝑄𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = −𝑏𝑓 𝜔𝑚

 𝑖 𝑢

𝐽𝑡𝜔�̇� + (𝑏𝑓 +
𝐾𝑡𝐾𝑒
𝑅𝑚

)𝜔𝑚 + 𝐶𝑄̅̅ ̅
𝜔𝑚
2

𝑟2
 =

𝐾𝑡
𝑅𝑚

𝑢

𝑇

𝛽

 𝛽 𝑢 = 𝛽 × 𝑈𝑐 𝑈𝑐
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Titre :  Modélisation expérimentale d’une éolienne flottante par une approche « software-in-the-

loop » 

Mots clés : Eolien flottant, modélisation, numérique, expérimental, approche hybride temps-réel, 

aérodynamique du rotor. 

Résumé :  Les outils de calcul actuels pour la 
modélisation numérique multi-physique (vent, 
vagues, courant, etc.) d’une éolienne flottante 
ont besoin de validations par des campagnes 
expérimentales. L’objectif de ce travail est le 
développement et la validation d’un dispositif 
expérimental dédié aux essais en bassin à houle 
d’une éolienne flottante, en se concentrant sur la 
représentation des efforts du vent. Pour cela, 
une approche hybride combinant modélisations 
physique et numérique est développée, appelée 
“software-in-the-loop” (SIL). Le développement 
des différentes briques composant un système 
SIL inclut (i) la sélection et le développement du 
modèle numérique  

(ii) le dimensionnement du système de 
reproduction des efforts (actionneurs) et (iii) la 
définition de l’environnement temps-réel pour 
l’intégration du modèle numérique, le contrôle 
des actionneurs, et l’acquisition des grandeurs 
mesurables.  
Pour caractériser et identifier les performances 
du système SIL, des méthodologies dédiées 
sont développées. Des bancs d’essais 
spécifiques sont construits, et des essais en 
bassin d’une éolienne flottante sont réalisés. 
Ces essais en bassins sont ensuite comparés à 
des simulations couplées aéro-hydro-servo-
structure pour investiguer les hypothèses du 
modèle d’efforts hydrodynamiques. 

 

Title :  Experimental modelling of a floating wind turbine using a « software-in-the-loop » approach 

Keywords :  Floating wind turbine, modelling, numerical, experimental, real-time hybrid method, 

rotor aerodynamics. 

Abstract :  Actual calculation tools for the multi-

physical numerical modeling (wind, waves, 
current, etc.) of a floating wind turbine need 
validation through experimental campaigns. The 
objective of this work is the development and 
validation of an experimental apparatus 
dedicated to floating wind turbines wave tank 
testing, focusing on the representation of wind 
turbine forces. A hybrid approach combining 
physical and numerical modeling is developed, 
called “software-in-the-loop” (SIL). The 
development of the different subsystems of an 
SIL system includes (i) the selection and 
development of the numerical model  
 

(ii) the design of the force reproduction system 
(actuators) and (iii) the definition of the real-
time environment for the integration of the 
numerical model, the control of actuators, and 
the data acquisition. 
To characterize and identify the performances 
of the SIL system, dedicated methodologies 
are developed. Specific test benches are built, 
and wave tank tests of a floating wind turbine 
are carried out. These wave tank tests are then 
compared to coupled aero-hydro-servo-
structure simulations to investigate the 
hypotheses of the hydrodynamic force model. 
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