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𝑋 𝑢   𝑥

𝑌 𝑣   𝑦

    𝑍 𝑤   𝑧

      𝐾 𝑝  𝜙

      𝑀 𝑞 𝜃

   𝑁 𝑟 𝜓

𝝉 +  𝝉𝒄𝒖𝒓𝒓 =  𝑴�̇� + 𝑪(𝝂)𝝂 + 𝑫(𝝂) + 𝒈(𝜼)                        

 

�̇� = 𝑱(𝜼)𝝂               (2) 

 

     𝑴 = 𝑴𝑹𝑩 + 𝑴𝑨

𝑪 = 𝑪𝑹𝑩 + 𝑪𝑨

𝑫

𝒈

𝑱

𝝉 =

[𝛿𝑇 ,   𝛿𝐸,   𝑛] 𝛿𝑇 𝛿𝐸

𝑛

𝝉 𝝉𝒄𝒖𝒓𝒓

 

 

𝑣 𝑝 𝑟 𝜙

[
�̇�
�̇�
�̇�
] = [

𝑐𝑜𝑠 (𝜓)𝑐𝑜𝑠 (𝜃) 𝑐𝑜𝑠 (𝜓)𝑠𝑖𝑛 (𝜃) 0

−𝑠𝑖𝑛 (𝜃) 𝑐𝑜𝑠 (𝜃) 0

0 0 1

] [

𝑢
𝑤
𝑞
]

𝑢 =

𝑢(0) = constant

[
𝑚 − 𝑍�̇� 0

0 𝐼𝑦𝑦 − 𝑀�̇�
] [

�̇�
�̇�
] + [

0
𝑊𝐵𝐺𝑧𝑠𝑖𝑛𝜃

] +

[
−𝑍𝑤 −(𝑚 − 𝑋�̇�)𝑢

(𝑍�̇� − 𝑋�̇�)𝑢 −𝑀𝑞
] [

𝑤
𝑞] = [

𝜏𝑍

𝜏𝑀
]                           

�̇� = 𝑤 = 0 𝜃

sin(𝜃) = 𝜃

(𝐼𝑦𝑦 − 𝑀�̇�)�̈� + 𝑊𝐵𝐺𝑧𝜃 − 𝑀𝑞�̇� = 𝜏𝑀                                   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

  

 

 

 

  

 

 

 

 

  



[
𝜏𝑍

𝜏𝑀
] = [

𝑘3

−𝑘3𝐼𝑦𝑦
] 𝛿𝐸 = [

𝑏3

𝑏5
] 𝛿𝐸

𝛿𝐸 𝜃

𝜃(𝑠)

𝛿𝐸(𝑠)
=

𝑏5

(𝐼𝑦𝑦−𝑀�̇�)𝑠2−𝑀𝑞𝑠+𝑊𝐵𝐺𝑧

𝜃

𝑧

𝑧(𝑠)

𝜃(𝑠)
=

−𝑢0

𝑠

[

�̇�𝐿𝐹

�̇�𝐿𝐹

𝑞𝐿𝐹̇

] = [
0 −𝑢0 0
0 0 1
0 𝑏1 𝑐1

] [

𝑧𝐿𝐹

𝜃𝐿𝐹

𝑞𝐿𝐹

] + [
0
0
𝑑1

] 𝛿𝐸

𝑏1 =
−𝑊𝐵𝐺𝑧

𝐼𝑦𝑦−𝑀�̇�
;          𝑐1 =

𝑀𝑞

𝐼𝑦𝑦−𝑀�̇�
;         𝑑1 =

𝑏5

𝐼𝑦𝑦−𝑀�̇�

𝑏5 𝐴𝑐𝑡𝑢𝑎𝑡𝑜𝑟 𝑔𝑎𝑖𝑛 1273.56 
𝑁𝑚

𝑟𝑎𝑑

𝐼𝑦𝑦 𝑀𝑜𝑚𝑒𝑛𝑡 𝑜𝑓 𝑖𝑛𝑒𝑟𝑡𝑖𝑎 21010.4 𝑘𝑔𝑚2

𝑀𝑞     𝐿𝑖𝑛𝑒𝑎𝑟 𝑑𝑟𝑎𝑔 9096.9 
𝑁𝑚

𝑟𝑎𝑑/𝑠𝑒𝑐

𝑀�̇�       𝐴𝑑𝑑𝑒𝑑 𝑚𝑎𝑠𝑠 15572 𝑘𝑔𝑚2

𝑊𝐵𝐺𝑧       𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝐺𝐶 𝑎𝑛𝑑 𝐵𝐶 [0, 0, 0.22]𝑇𝑚

𝛿𝐸    𝑇𝑎𝑖𝑙 𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑧𝑒𝑟 𝑑𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑛𝑔𝑙𝑒 + −⁄ 300

𝑥

𝐴 𝜆 𝑇 = 2𝜋

𝜔

𝜂𝑤 = 𝐴 cos (𝑘𝑥 − 𝜔𝑡)

𝑘 = 2𝜋
𝜆⁄ 𝜔2 = 𝑔𝑘 tanh (𝑘𝑑)

𝜆 > 20𝑑

𝑆(𝜔0)

𝐻𝑠 𝑇

 

  

 



𝐻𝑠 𝑇

𝑆(𝜔) = 155
𝐻𝑠

2

𝑇4𝜔5 exp (
−944

𝑇4𝜔4)𝛾
𝑌

𝛾

Y = exp [−(
0.191𝜔𝑇−1

√2𝜚
)2]

0.7 ≤ 𝜚 ≤ 0.9

𝑆𝑧(𝜔, 𝑧) = [
cosh (𝑘(𝜔)(ℎ−𝑧))

cosh (𝑘(𝜔)ℎ)
]
2

𝑆(𝜔)

 

 

𝑦(𝑠)

𝑦(𝑠) = 𝐻(𝑠)𝑤𝑤(𝑠)

𝑤𝑤(𝑠)

𝑃𝑤(𝑤𝑤) 𝐻(𝑠)

𝐻(𝑠) =
𝐾𝑤𝑠

𝑠2+2𝜁𝜔0𝑠+𝜔0
2

𝐾𝑤 = 2 𝜁𝜔0𝜎𝜔

𝜔0

𝜁 𝜎𝜔

𝑧𝑊𝐹

�̈�𝑊𝐹 + 2𝜁𝜔0�̇�𝑊𝐹+𝜔0
2𝑧𝑊𝐹 = 𝐾𝑤�̇�𝜔

∫ 𝑧𝑊𝐹 𝜉 𝑊𝐹

𝜉̇ = 𝑧𝑊𝐹

�̇�𝑊𝐹 = −2𝜁𝜔0𝑧𝑊𝐹− 𝜔0
2𝜉 + 𝐾𝑤𝑤𝜔

[
𝜉̇

�̇�𝑊𝐹
] = [

0 1
− 𝜔0

2 −2𝜁𝜔0
] [

𝜉
𝑧𝑊𝐹

] + [
0
𝐾𝑤

] 𝑤𝜔

 

   

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



𝐿𝐹

𝐿𝐹 𝑊𝐹

�̂�𝐿𝐹
̇ = −𝑢0�̂�𝐿𝐹 + 𝐾1�̃�

�̂�𝐿𝐹
̇ = �̂�𝐿𝐹 + 𝐾2�̃�

�̂�𝐿𝐹
̇ = 𝑏1�̂�𝐿𝐹 + 𝑐1�̂�𝐿𝐹 + 𝑑1𝛿𝐸 + 𝐾3�̃�

𝜉 
̇ = �̂�𝑊𝐹 + 𝐾4�̃�

�̂�𝑊𝐹
̇ = −2𝜁𝜔0�̂�𝑊𝐹− 𝜔0

2𝜉 + 𝐾𝑤𝑤𝜔 + 𝐾5�̃�

𝑧 �̂�𝐿𝐹 �̂�𝐿𝐹 �̂�𝐿𝐹

𝜉 �̂�𝑊𝐹 �̃� = 𝑧 −

�̂�𝐿𝐹 − �̂�𝑊𝐹 𝑲𝒊(𝑖 = 1…5)

[
 
 
 
 
 
�̂�𝐿𝐹

̇

�̂�𝐿𝐹
̇

�̂�𝐿𝐹
̇

𝜉 
̇

�̂�𝑊𝐹
̇ ]
 
 
 
 
 

=

[
 
 
 
 
0
0
0
0
0

−𝑢0

0
𝑏1

0
0

0
1
𝑐1

0
0

0
0
0
0

−𝜔0
2

0
0
0
1

−2𝜁𝜔0]
 
 
 
 

[
 
 
 
 
 
�̂�𝐿𝐹

�̂�𝐿𝐹

�̂�𝐿𝐹

𝜉
�̂�𝑊𝐹]

 
 
 
 
 

+

[
 
 
 
 
0
0
𝑑1

0
0 ]

 
 
 
 

𝛿𝐸 +

[
 
 
 
 
0
0
0
0
𝐾𝑤]

 
 
 
 

𝑤𝜔 +

[
 
 
 
 
𝐾1

𝐾2

𝐾3

𝐾4

𝐾5]
 
 
 
 

�̃�

�̂� = [1 0 0 0 1][�̂�𝐿𝐹 �̂�𝐿𝐹 �̂�𝐿𝐹 𝜉 �̂�𝑊𝐹]𝑇

Δ𝑣𝑎𝑟 = 𝑣𝑎𝑟 − 𝑣𝑎�̂�

[
 
 
 
 
 
Δ�̇�𝐿𝐹

Δ�̇�𝐿𝐹

Δ�̇�𝐿𝐹

Δ𝜉̇

Δ�̇�𝑊𝐹]
 
 
 
 
 

= 𝑴

[
 
 
 
 
Δ𝑧𝐿𝐹

Δ𝜃𝐿𝐹

Δ𝑞𝐿𝐹

Δ𝜉
Δ𝑧𝑊𝐹]

 
 
 
 

𝑴 =

[
 
 
 
 

−𝐾1 −𝑢0 0 0 −𝐾1

−𝐾2 0 1 0 −𝐾2

−𝐾3 𝑏1 𝑐1 0 −𝐾3

−𝐾4 0 0 0 1 − 𝐾4

−𝐾5 0 0 −𝜔0
2 −2𝜁𝜔0 − 𝐾5]

 
 
 
 

|𝒔𝑰 − 𝑴|

∏ (𝑠 − 𝑝𝑖)
5
𝑖=1 = |𝒔𝑰 − 𝑴|

𝑝𝑖(𝑖 = 1… 5)

𝑝1 𝑝2

𝑝3

𝑝4 𝑝5

𝑝4 𝑝5

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

  

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

             

            

            

  

 

 

  

 

 

  



𝜔0 = 1.01 𝑟𝑎𝑑/𝑠𝑒𝑐

0 − 1 (𝐶𝑎𝑙𝑚)                 0 − 0.1 − −

2 (𝑆𝑚𝑜𝑜𝑡ℎ)                 0.1 − 0.5 3.3 − 12.8

3 (𝑆𝑙𝑖𝑔ℎ𝑡)                 0.5 − 1.25 5.0 − 14.8

𝛽 = 00

𝑢 = 1.9 𝑚/𝑠𝑒𝑐 𝜔0

𝜔𝑒 = 1.2 𝑟𝑎𝑑/𝑠𝑒𝑐

𝑝1 = −10−3 𝑝2 = 𝑝3 =

−0.2 𝑝4 = 𝑝5 = −3

𝑲 = [1.239 0.0969 −0.0085 −8.6326 4.7113]𝑇

𝐾𝑝 =

1 𝐾𝑑 = 2

𝐾𝑝 = 0.02

𝜁 = 0.1 𝜎𝜔

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
 

 

 

 

  

 

  

 

 

 

  
 

 

 
 

        

 

 

 

 

 

 



 
 

 

 

 
 

 

 

𝐼𝑦𝑦 𝑀�̇�

𝟎. 𝟕𝑰𝒚𝒚 𝟎. 𝟕𝑴�̇� 𝟏. 𝟑𝑰𝒚𝒚 𝟏. 𝟑𝑴�̇�
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𝑊𝑖𝑡ℎ𝑜𝑢𝑡 
𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑟

0.304 − 0.890 0.051 − 0.284

𝑊𝑖𝑡ℎ 
𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑟

0.302 − 0.487 0.003 − 0.092
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