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𝑹
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𝑹 = 𝑹𝑧 ⋅ 𝑹𝑦 ⋅ 𝑹𝑥
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𝑐 𝑠
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𝜉(𝑋, 𝑌, 𝑡) = ∑ 𝑎𝑖 ⋅ 𝑐𝑖(𝑋, 𝑌, 𝑡)
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• 𝑎𝑖

• 𝜔𝑖 = 2𝜋 𝑇⁄

• 𝑘𝑖 = 2𝜋 𝜆⁄

• 𝜀𝑖 [−𝜋, 𝜋]

• 𝜇𝑤𝑎𝑣𝑒

• 𝑑

• 𝑁𝑤𝑎𝑣𝑒



𝑧ℎ𝑦𝑑 = 𝑍 − 𝑇𝑚𝑒𝑎𝑛 − 𝜉(𝑋, 𝑌, 𝑡) + 𝐾𝐺

𝑇𝑚𝑒𝑎𝑛 𝐾𝐺

𝑆(𝜔)

𝜔𝑖 𝑎𝑖 𝜀𝑖

 

𝑧ℎ𝑦𝑑

𝑧ℎ𝑦𝑑 −𝑑 0 𝑧ℎ𝑦𝑑

𝑧ℎ𝑦𝑑
𝑤 = 𝑑 ⋅

𝑑 + 𝑧ℎ𝑦𝑑

𝑑 + 𝜉(𝑋, 𝑌, 𝑡)
− 𝑑

 

𝐷 1
6⁄

𝐷𝑚𝑖𝑑

𝐻 = 0.25

𝑇 = 𝜋𝐷 𝜆⁄ ≤

0.136



𝑑𝐹ℎ𝑦𝑑

𝑑𝐹ℎ𝑦𝑑

𝑠

𝐹 ℎ𝑦𝑑 = 𝜌𝑤 ⋅ 𝑉 ⋅ (�̇� + 𝐶 𝑎 ∘ (�̇� − �̈�)) +
𝜌𝑤

2
⋅ 𝐶 𝐷 ∘ 𝐴𝐷 ∘ (𝑈 − �̇�) ∘ |𝑈 − �̇�|



• 𝜌𝑤 = 1025

• 𝑉

• 𝑃 �̇� �̈�

• 𝐶 𝐷 𝐶 𝑎

• 𝐴𝐷

• 𝑈

• �̇�

• ∘

𝑈 = [
cos(𝜇𝑐𝑢𝑟)

sin(𝜇𝑐𝑢𝑟)
0

] ⋅ (𝑈𝑐𝑢𝑟,𝑠𝑏 + (𝑈𝑐𝑢𝑟,𝑀𝑆𝐿 − 𝑈𝑐𝑢𝑟,𝑠𝑏) ⋅ (
𝑧ℎ𝑦𝑑

𝑑
+ 1)

𝛼

) + [

𝜉ℎ̇(𝑃, 𝑡) ⋅ cos(𝜇𝑤𝑎𝑣𝑒)

𝜉ℎ̇(𝑃, 𝑡) ⋅ sin(𝜇𝑤𝑎𝑣𝑒)

𝜉�̇�(𝑃, 𝑡)

]

�̇� = [

𝜉ℎ̈(𝑃, 𝑡) ⋅ cos(𝜇𝑤𝑎𝑣𝑒)

𝜉ℎ̈(𝑃, 𝑡) ⋅ sin(𝜇𝑤𝑎𝑣𝑒)

𝜉�̈�(𝑃, 𝑡)

]

𝑈𝑐𝑢𝑟,𝑠𝑏 𝑈𝑐𝑢𝑟,𝑀𝑆𝐿 𝜇𝑐𝑢𝑟

𝜇𝑤𝑎𝑣𝑒 𝛼 =
1

9

 

15°

𝐹𝐵

𝑀𝐵
𝑥 = −𝜌𝑤𝑔(𝑉0 + Δ𝑉) ⋅ (𝐾𝐵𝑣𝑎𝑟 +

𝐼𝑡
𝑉0 + Δ𝑉

(1 +
1

2
tan(𝜂4)

2) − 𝐾𝐺) ⋅ sin(𝜂4)

𝑀𝐵
𝑦

= −𝜌𝑤𝑔(𝑉0 + Δ𝑉) ⋅ (𝐾𝐵𝑣𝑎𝑟 +
𝐼𝑡

𝑉0 + Δ𝑉
(1 +

1

2
tan(𝜂5)

2) − 𝐾𝐺) ⋅ sin(𝜂5)

𝐹𝐵 = 𝜌𝑤𝑔(𝑉0 + Δ𝑉)

• 𝑔

• 𝑉0

• 𝐼𝑡 =
𝜋

64
𝐷𝑚𝑖𝑑,𝑤𝑝

4

𝐷𝑚𝑖𝑑,𝑤𝑝



Δ𝑉 𝐾

𝐾𝐵𝑣𝑎𝑟

Δ𝑉 = 𝐴𝑤𝑝 ⋅ (𝜉(𝜂1, 𝜂2, 𝑡) − 𝜂3)

𝐾𝐵𝑣𝑎𝑟 = (𝑉0 ⋅ 𝐾𝐵0 +
Δ𝑉2

2𝐴𝑤𝑝
) ⋅ (𝑉0 + Δ𝑉)−1

𝐾𝐵0 𝐾

 

 

• 𝑆𝐵 𝑖 = [𝑋𝑆𝐵,𝑖 𝑌𝑆𝐵,𝑖 𝑍𝑆𝐵,𝑖]𝑇

• 𝑃 0,𝑖 = [𝑋0,𝑖 𝑌0,𝑖 𝑍0.𝑖]𝑇

• 𝑃 𝑛𝑒𝑤,𝑖 = [𝑋𝑛𝑒𝑤,𝑖 𝑌𝑛𝑒𝑤,𝑖 𝑍𝑛𝑒𝑤,𝑖]𝑇

𝑠

𝑝 𝑛𝑒𝑤,𝑖

𝑃 𝑛𝑒𝑤,𝑖 = 𝑠 + 𝑝 𝑛𝑒𝑤,𝑖

𝑝 𝑛𝑒𝑤,𝑖



𝑝 𝑛𝑒𝑤,𝑖 = [𝑥𝑛𝑒𝑤,𝑖 𝑦𝑛𝑒𝑤,𝑖 𝑧𝑛𝑒𝑤,𝑖]𝑇 = 𝑹 ⋅ 𝑃 0,𝑖

𝑆𝐵 𝑖 𝑃 0,𝑖

𝐿0,𝑖 = |𝑆𝐵 𝑖 − 𝑃 0,𝑖| = √(𝑋𝑆𝐵,𝑖 − 𝑋0,𝑖)
2
+ (𝑌𝑆𝐵,𝑖 − 𝑌0,𝑖)

2
+ (𝑍𝑆𝐵,𝑖 − 𝑍0.𝑖)

2

𝐿𝑛𝑒𝑤,𝑖 = |𝑆𝐵 𝑖 − 𝑃 𝑛𝑒𝑤,𝑖| = √(𝑋𝑆𝐵,𝑖 − 𝑋𝑛𝑒𝑤,𝑖)
2
+ (𝑌𝑆𝐵,𝑖 − 𝑌𝑛𝑒𝑤,𝑖)

2
+ (𝑍𝑆𝐵,𝑖 − 𝑍𝑛𝑒𝑤,𝑖)

2

 

𝐹 𝑀𝑖
= [𝐹𝑀𝑖

𝑋 𝐹𝑀𝑖

𝑌 𝐹𝑀𝑖

𝑍 ]
𝑇
= (

𝐿𝑛𝑒𝑤,𝑖 − 𝐿0,𝑖

𝐿0,𝑖
⋅ 𝐸𝐴𝑚𝑜𝑜𝑟 +

𝐹𝐵 − 𝑚𝑔

3 ⋅ �̂�𝑖
𝑍 ) ⋅ �̂�𝑖

𝐸𝐴𝑚𝑜𝑜𝑟 �̂�𝑖

𝑃 𝑛𝑒𝑤,𝑖 − 𝑆𝐵 𝑖

�̂�𝑖 = [�̂�𝑖
𝑋 �̂�𝑖

𝑌 �̂�𝑖
𝑍]𝑇 =

𝑃 𝑛𝑒𝑤,𝑖 − 𝑆𝐵 𝑖

𝐿𝑛𝑒𝑤,𝑖



 

 

 

𝑢𝑤,𝑎 𝑢𝑡𝑢𝑟𝑏(𝑡)

𝑢𝑤(𝑡) = 𝑢𝑤,𝑎 + 𝑢𝑡𝑢𝑟𝑏(𝑡)



𝑢𝑡𝑢𝑟𝑏,𝑗

𝑆𝑡𝑢𝑟𝑏(𝜔)

𝑢𝑡𝑢𝑟𝑏(𝑡) = ∑ 𝑢𝑡𝑢𝑟𝑏,𝑗 ⋅ sin(𝜔𝑡𝑢𝑟𝑏,𝑗 ⋅ 𝑡 + 𝜀𝑡𝑢𝑟𝑏)

𝑁𝑡𝑢𝑟𝑏

𝑗=1

𝑢𝑡𝑢𝑟𝑏,𝑗 = √2𝑆𝑡𝑢𝑟𝑏(𝜔𝑗) ⋅ Δ𝜔𝑡𝑢𝑟𝑏

𝜀𝑡𝑢𝑟𝑏 −𝜋 𝜋 Δ𝜔𝑡𝑢𝑟𝑏

𝑧𝑤

�̃�𝑤(𝑧𝑤 , 𝑡) = 𝑢𝑤(𝑡) ⋅ (1 + 5.73 ⋅ 10−2 ⋅ √1 + 0.148 ⋅ |𝑢𝑤(𝑡)| ⋅ ln
𝑧𝑤

𝐻
)

𝑧𝑤 = 𝑍 − 𝑇𝑚𝑒𝑎𝑛 − 𝜉(𝜂1, 𝜂2, 𝑡) + 𝐾𝐺

𝑢𝑤,𝑎



 

𝐹  𝑎𝑒𝑟𝑜 =
1

2
𝜌𝑎 ⋅ 𝐶 𝐷,𝑡 ∘ 𝐴𝑡 ∘ (𝑈 𝑤 − �̇�) ∘ |𝑈 𝑤 − �̇�|

𝑈 𝑤 = [
cos(𝜇𝑤𝑖𝑛𝑑)

sin(𝜇𝑤𝑖𝑛𝑑)
0

] ⋅ �̃�𝑤(𝑧𝑤,, 𝑡)

• 𝜌𝑎 = 1.237kgm−3

• 𝐶 𝐷,𝑡

• 𝐴𝑡

• 𝜇𝑤𝑖𝑛𝑑

𝜇𝑤𝑖𝑛𝑑 = 0°

 

𝑈𝑜𝑢𝑡

𝑈𝑜𝑢𝑡

𝐹 𝑅𝑁𝐴 = {
𝐹 𝑅𝑁𝐴,𝑒𝑥        𝑢𝑤,𝑎 ≥ 𝑈𝑜𝑢𝑡

𝐹 𝑅𝑁𝐴,𝑜𝑝       𝑢𝑤,𝑎 < 𝑈𝑜𝑢𝑡

𝐹 𝑅𝑁𝐴,𝑒𝑥 𝐹 𝑅𝑁𝐴,𝑜𝑝

𝐹 𝑅𝑁𝐴,𝑒𝑥 =
1

2
𝜌𝑎 ⋅ 𝐶𝐷,𝑅𝑁𝐴 ∘ 𝐴𝑅𝑁𝐴 ∘ (𝑈 𝑤,𝑅𝑁𝐴 − �̇� 𝑅𝑁𝐴) ∘ |𝑈 𝑤,𝑅𝑁𝐴 − �̇� 𝑅𝑁𝐴|

𝑈 𝑤,𝑅𝑁𝐴 = [
cos(𝜇𝑤𝑖𝑛𝑑)

sin(𝜇𝑤𝑖𝑛𝑑)
0

] ⋅ �̃�𝑤(𝑧𝑤,𝑅𝑁𝐴, 𝑡)



• 𝐴𝑅𝑁𝐴 = 𝑹 ⋅ [𝐴𝑅𝑁𝐴,𝑒𝑥
𝑋 0 0]

𝑇

• 𝐶𝐷,𝑅𝑁𝐴

• �̇� 𝑅𝑁𝐴

𝐹𝑇

𝐹 𝑅𝑁𝐴,𝑜𝑝 = 𝑹 ⋅ [𝐹 𝑇 0 0]𝑇

𝐹 𝑇 =
1

2
𝜌𝑎 ⋅ 𝐶𝑇 ⋅ 𝐴𝑅𝑁𝐴,𝑜𝑝

𝑋 ⋅ 𝑢𝑅𝑁𝐴
𝑥′ ⋅ |𝑢𝑅𝑁𝐴

𝑥′ |

𝐴𝑅𝑁𝐴,𝑜𝑝
𝑋 =

𝜋

4
𝐷𝑅𝑁𝐴

2 𝐶𝑇

𝑢𝑅𝑁𝐴
𝑥′

𝑢 𝑅𝑁𝐴
′ = [𝑢𝑅𝑁𝐴

𝑥′
𝑢𝑅𝑁𝐴

𝑦′

𝑢𝑅𝑁𝐴
𝑧′

]
𝑇
= 𝑹−1 ⋅ (𝑈 𝑤,𝑅𝑁𝐴 − �̇� 𝑅𝑁𝐴)



 

Ω

𝐼𝑑𝑖𝑠𝑘

𝑀 𝑔𝑦𝑟𝑜
′ = 𝐼𝑑𝑖𝑠𝑘 ⋅ Ω ⋅ [

0
𝜔𝑧′

−𝜔𝑦′
]

𝜔 = [𝜔𝑥′ 𝜔𝑦′ 𝜔𝑧′]T = 𝑹−1 ⋅ [�̇�4 �̇�5 �̇�6]

𝑀 𝑔𝑦𝑟𝑜 = 𝑹 ⋅ 𝑀 𝑔𝑦𝑟𝑜
′



 

 

• 

• 

• 

• 

• 

�̈�(𝑡 = 𝑡𝑖) =
�̇�(𝑡 = 𝑡𝑖+1) − �̇�(𝑡 = 𝑡𝑖)

𝑡𝑖+1 − 𝑡𝑖

𝑖

• 

• 

• 

• 



 

ODE Solver

Geometry 

Discretization

Wave 

Generator

Wind 

Generator

Platform & 

Turbine 

Geometry

Platform & 

Turbine Material

Hydro- and 

aerodynamic 

coefficients

Mooring 

Properties

Environmental 

Conditions
SN-Curve

P

PICs

𝜂 �̇�

Numerical 

Differentiator

�̈�

PEoMs

Motions to Forces𝑉,𝑀

Stress Calculator
  ,
   

Damage Calculator𝐷

Main Script

Postprocessor

Script file

Input data

Minor functions

Major functions

Input variables

Output variables



⋅ + +



𝑹

 

𝐹 ℎ𝑦𝑑,𝑗 = 𝜌𝑤 ⋅ 𝑉𝑗 ⋅ (�̇� 𝑗 + 𝐶 𝑎,𝑗 ∘ (�̇� 𝑗 − �̈� 𝑗)) +
𝜌𝑤

2
⋅ 𝐶 𝐷,𝑗 ∘ [𝑹 ⋅ 𝐴𝑗] ∘ (𝑈 𝑗 − �̇� 𝑗) ∘ |𝑈 𝑗 − �̇� 𝑗|

𝑈 𝑗 = 𝑈|
𝑃 = 𝑃𝑗

�̇� 𝑗 = �̇�|
𝑃 = 𝑃𝑗

𝑉𝑗

𝑗 = 1…3𝑁𝑏𝑜𝑥 + 3

𝐴𝑗

𝑹 ⋅ 𝐴𝑗

{𝐶 𝐷,𝑗, 𝐶𝑎,𝑗}

𝑝𝑗

{𝑃 𝑗 , �̇� 𝑗, �̈� 𝑗}

𝐴𝑘

𝑘 = 1…𝑁𝑡𝑜𝑤𝑒𝑟

𝑹 ⋅ 𝐴𝑘

𝐶 𝐷,𝑘

𝑝𝑘

{𝑃 𝑘 , �̇� 𝑘 , �̈� 𝑘}



𝑓ℎ𝑦𝑑

𝑓ℎ𝑦𝑑 = ∑ [
𝐹 ℎ𝑦𝑑,𝑗

𝑝𝑗 × 𝐹 ℎ𝑦𝑑,𝑗
]

3𝑁𝑏𝑜𝑥+3

𝑗=1

×

𝑓𝑠𝑡𝑎𝑡

𝑓𝑠𝑡𝑎𝑡 = [0 0 𝐹𝐵 − 𝑚𝑔 𝑀𝐵
𝑥 𝑀𝐵

𝑦
0]

𝑇

𝑓𝑚𝑜𝑜𝑟

𝑓𝑚𝑜𝑜𝑟 = −∑[
𝐹 𝑀𝑖

𝑝 𝑛𝑒𝑤,𝑖 × 𝐹 𝑀𝑖

]

𝑁𝑀

𝑖=1

𝑁𝑀 = 3

𝐹 𝑎𝑒𝑟𝑜,𝑘 =
1

2
𝜌𝑎 ⋅ 𝐶 𝐷,𝑘 ∘ [𝑹 ⋅ 𝐴𝑘] ∘ (𝑈 𝑤,𝑘 − �̇�

𝑘
) ∘ |𝑈 𝑤,𝑘 − �̇�

𝑘
|

𝑈 𝑤,𝑘 = 𝑈 𝑤|
𝑃 = 𝑃

𝑘



𝑓𝑡𝑢𝑟𝑏 = [
𝑧𝑒𝑟𝑜𝑠(3,1)

𝑀 𝑔𝑦𝑟𝑜
] + [

𝐹 𝑅𝑁𝐴

𝑝𝑅𝑁𝐴 × 𝐹 𝑅𝑁𝐴
] + ∑ [

𝐹 𝑎𝑒𝑟𝑜,𝑘

𝑝𝑘 × 𝐹 𝑎𝑒𝑟𝑜,𝑘
]

𝑁𝑡𝑜𝑤𝑒𝑟

𝑘=1

𝑝𝑅𝑁𝐴 = [𝑥𝑅𝑁𝐴 𝑦𝑅𝑁𝐴 𝑧𝑅𝑁𝐴]𝑇

 

 

𝜕𝑦

𝜕𝑡
= 𝑓(𝑡, 𝑦)

𝑥

𝑴�̈� + 𝑪�̇� + 𝑲𝑥 = 𝐹(𝑡)

𝑴 𝑪 𝑲

𝐹(𝑡)

𝑡𝑒𝑛𝑑 Δ𝑡 𝑥

𝑞𝑖 = [
𝑥𝑖

�̇�𝑖
]

�̇�𝑖 = [
�̇�𝑖

�̈�𝑖
] = [

�̇�𝑖

𝑴−𝟏 ∗ (−𝑪�̇�𝑖 − 𝑲𝑥𝑖 + 𝐹(𝑡))
] = [

�̇�𝑖

𝑴−𝟏 ∗ 𝐹 𝑟ℎ𝑠(𝑡, 𝑥𝑖, �̇�𝑖)
]

𝑥𝑖 𝑖𝑡ℎ �̇�𝑖

�̈�𝑖



𝑞𝑖 �̇�𝑖 𝑥𝑖 �̇�𝑖

�̈�𝑖 𝑞0

𝑞𝑖

𝑞𝑖

 

𝜺



 



 

 





 

𝑃ℎ,𝑗 = 𝜌𝑔𝑧𝐶𝑜𝐵,𝑗

𝑃𝑣,𝑗 =
𝑔 ⋅ (𝜌𝑉𝑏𝑜𝑥 − 𝑚𝑏𝑜𝑥)

𝐿𝑏𝑜𝑥𝑊𝑏𝑜𝑥

𝑃ℎ,𝑚𝑖𝑑 = 𝜌𝑔𝑧𝐶𝑜𝐵,𝑚𝑖𝑑

𝑃𝑣,𝑚𝑖𝑑 = 𝑔 ⋅
𝜌 ⋅ (𝑉𝑚𝑖𝑑 + 𝑉𝑡𝑟𝑎𝑛𝑠) − (𝑚𝑡𝑜𝑡 − 3𝑚𝑏𝑜𝑥)

1
4𝜋𝐷𝑚𝑖𝑑

2



𝑗 = 1…3

𝑧𝐶𝑜𝐵,𝑗 𝑧𝐶𝑜𝐵,𝑚𝑖𝑑



𝜃

𝑢

Δ𝐹 𝑀𝑇

𝑀𝑇 = Δ𝐹 ⋅ 𝑊𝑏𝑜𝑥

Δ𝐹 =
𝑢

𝐿0
⋅
𝐸𝐴

2

𝑢 = 𝜃 ⋅
𝑊𝑏𝑜𝑥

2



𝐾𝑡

𝜃

𝐾𝑡 =
𝑀𝑇

𝜃
= (

𝑊𝑏𝑜𝑥

2
)
2 𝐸𝐴

𝐿0

• 

sin(𝜃) = 𝜃 𝜃

𝜂4 𝜂5

• 

𝜃

• 

𝐿𝑖(𝑡) = 𝐿0 + Δ𝐿𝑖(𝑡) ≈ 𝐿0

• 

𝑢

𝑢

 



 𝑥𝑥,𝑗 =
𝑁𝑗

𝐴𝑠,𝑏𝑜𝑥
𝑥 +

𝑀𝑧,𝑗 ⋅ 𝑦𝑚𝑎𝑥

𝐼𝑧,𝑏𝑜𝑥
+

𝑀𝑦,𝑗

𝐼𝑦,𝑏𝑜𝑥
⋅
𝐻𝑏𝑜𝑥

2

 𝑦𝑦,𝑗 = 𝑃ℎ,𝑗 ⋅
𝐻𝑏𝑜𝑥𝐿𝑏𝑜𝑥

𝐴𝑠,𝑏𝑜𝑥
𝑦

𝜏𝑥𝑦,𝑗 =
𝑉𝑧,𝑗𝑄𝑧

𝐼𝑧,𝑏𝑜𝑥 ⋅ 𝑡𝑡𝑜𝑝
+

𝑉𝑦,𝑗𝑄𝑦

𝐼𝑦,𝑏𝑜𝑥 ⋅ 𝑡𝑡𝑜𝑝
+

𝑀𝑥,𝑗

2𝐴𝑖𝑛,𝑏𝑜𝑥 ⋅ 𝑡𝑡𝑜𝑝

  ,𝑗 =
 𝑥𝑥,𝑗 +  𝑦𝑦,𝑗

2
+

1

2
√( 𝑥𝑥,𝑗 −  𝑦𝑦,𝑗)

2
+ 4𝜏𝑥𝑦,𝑗

2

   ,𝑗 =
 𝑥𝑥,𝑗 +  𝑦𝑦,𝑗

2
−

1

2
√( 𝑥𝑥,𝑗 −  𝑦𝑦,𝑗)

2
+ 4𝜏𝑥𝑦,𝑗

2

• {𝑁𝑗 , 𝑉𝑦,𝑗, 𝑉𝑧,𝑗, 𝑀𝑥,𝑗, 𝑀𝑦,𝑗   𝑀𝑧,𝑗}

• 𝐴𝑠,𝑏𝑜𝑥
𝑥 𝐴𝑠,𝑏𝑜𝑥

𝑦

• 𝑦𝑚𝑎𝑥

• 𝑄𝑧 𝑄𝑦

• 𝐴𝑖𝑛,𝑏𝑜𝑥

 𝑧𝑧,𝑡 =
𝑁𝑡

𝐴𝑠,𝑡
+

𝑀𝑥,𝑡

𝐼𝑥,𝑡
⋅
𝐷𝑚𝑖𝑑

2
⋅ cos(𝛼) −

𝑀𝑦,𝑡

𝐼𝑦,𝑡
⋅
𝐷𝑚𝑖𝑑

2
⋅ sin(𝛼)

 𝑦𝑦,𝑡 = 𝑃ℎ,𝑚𝑖𝑑 ⋅ (
𝐷𝑚𝑖𝑑

2 + 𝐷𝑚𝑖𝑑,𝑖𝑛
2

𝐷𝑚𝑖𝑑
2 − 𝐷𝑚𝑖𝑑,𝑖𝑛

2 )

𝜏𝑧𝑦,𝑡 =
2 ⋅ 𝑉𝑥,𝑡 ⋅ sin(𝛼)

𝜋𝐷𝑚𝑖𝑑𝑡𝑚𝑖𝑑
+

2 ⋅ 𝑉𝑦,𝑡 ⋅ cos(𝛼)

𝜋𝐷𝑚𝑖𝑑𝑡𝑚𝑖𝑑
+

𝑀𝑧,𝑡

𝐽𝑡
⋅
𝐷𝑚𝑖𝑑

2

  ,𝑡 =
 𝑧𝑧,𝑡 +  𝑦𝑦,𝑡

2
+

1

2
√( 𝑧𝑧,𝑡 −  𝑦𝑦,𝑡)

2
+ 4𝜏𝑧𝑦,𝑡

2



   ,𝑡 =
 𝑧𝑧,𝑡 +  𝑦𝑦,𝑡

2
−

1

2
√( 𝑧𝑧,𝑡 −  𝑦𝑦,𝑡)

2
+ 4𝜏𝑧𝑦,𝑡

2

• {𝑁𝑡 , 𝑉𝑦,𝑡 , 𝑉𝑧,𝑡 , 𝑀𝑥,𝑡 , 𝑀𝑦,𝑡   𝑀𝑧,𝑡}

• 𝐴𝑠,𝑡

• 𝛼

• 𝐷𝑚𝑖𝑑,𝑖𝑛 = 𝐷𝑚𝑖𝑑 − 2𝑡𝑚𝑖𝑑

• 𝐽𝑡

 

𝐷 = ∑
𝑛𝑖

𝑁𝑖

𝑀

𝑖=1

𝑀 𝑛𝑖

𝑆𝑖 𝑁𝑖 𝑆𝑖

𝑁𝑖

𝑚𝑖 𝐶𝑖

𝑆𝑖

𝑁𝑖 =
𝐶𝑖

(�̃�𝑖)
𝑚𝑖

�̃�𝑖 = 𝑆𝑖 ⋅ (𝑡 𝑡𝑟𝑒𝑓⁄ )
𝑘

°

 = 

𝑚𝑖 𝐶𝑖



𝑚𝑖 = {
3,   �̃�𝑖 ≥ 65.8MPa

5,   �̃�𝑖 < 65.8MPa

𝐶𝑖 = {
1011.455,   �̃�𝑖 ≥ 65.8MPa

1015.091,   �̃�𝑖 < 65.8MPa

 

 

 

𝑛𝑖



 

 

 

𝑁𝑏𝑜𝑥 𝑁𝑡𝑜𝑤𝑒𝑟

𝑁𝑏𝑜𝑥 𝑁𝑡𝑜𝑤𝑒𝑟

𝑁𝑏𝑜𝑥 𝑁𝑡𝑜𝑤𝑒𝑟

𝐻𝑠

𝑇𝑝

𝜇𝑤𝑎𝑣𝑒 °

𝑈𝑐𝑢𝑟,𝑤𝑝

𝑈𝑐𝑢𝑟,𝑠𝑏

𝜇𝑐𝑢𝑟 °

𝑢𝑤,𝑎

𝜇𝑤𝑖𝑛𝑑 °



𝑐𝑆,𝑗 =
RMS( 𝑗−1 −  𝑗)

max( 𝑗) − min ( 𝑗)

𝑐𝐷,𝑗 =
|𝐷𝑗−1 − 𝐷𝑗|

𝐷1

 𝑗 𝑗

RMS(𝑥) = √
1

𝑁
∑ |𝑥𝑛|

2𝑁
𝑛=1

 



 



𝜀 =
RMS(𝑥𝑂𝐹 − 𝑥𝑀𝐿)

max(𝑥𝑂𝐹) − min (𝑥𝑂𝐹)

𝑥𝑂𝐹 𝑥𝑀𝐿

• 

• 

• 

• 

𝐻𝑤𝑎𝑣𝑒

𝑇𝑤𝑎𝑣𝑒

𝜇𝑤𝑎𝑣𝑒 30°

𝑈𝑐𝑢𝑟,𝑤𝑝

𝑈𝑐𝑢𝑟,𝑠𝑏

𝜇𝑐𝑢𝑟 °

𝐹𝑇



 



 

 

 



 

 

 

𝐻𝑠

𝑇𝑝

𝜇𝑤𝑎𝑣𝑒 0°

𝑈𝑐𝑢𝑟,𝑤𝑝

𝑈𝑐𝑢𝑟,𝑠𝑏

𝜇𝑐𝑢𝑟 °

𝐹𝑇



𝑢𝑡 =
𝑋𝑡,𝑠𝑒𝑚𝑖 − 𝑋𝑡,𝑟𝑖𝑔𝑖𝑑

cos(𝛼𝑡)

𝑢𝑝 =
𝑍𝑝,𝑓𝑙𝑒𝑥 − 𝑍𝑝,𝑟𝑖𝑔𝑖𝑑

cos(𝛼𝑝)

• 𝑋𝑡,𝑠𝑒𝑚𝑖 𝑋𝑡,𝑟𝑖𝑔𝑖𝑑

• 𝑍𝑝,𝑓𝑙𝑒𝑥 𝑍𝑝,𝑟𝑖𝑔𝑖𝑑

• 𝛼𝑡 𝛼𝑝

𝐿 𝐹0

𝑢𝑏𝑒𝑎𝑚 =
𝐹0𝐿

3

3𝐸𝐼

𝐸𝐼

𝐹0 = 𝐹𝑝𝑟𝑒 3⁄

𝐹0 = 𝐹𝑝𝑟𝑒 3⁄

𝐿

𝐸𝐼𝑒𝑞,𝑡



• 

• 

• 

 

𝜀𝑢

mean(𝑢) 𝑢𝑏𝑒𝑎𝑚

𝑟𝑢 𝑟𝑢 =

𝑢 𝑥𝑟𝑖𝑔𝑖𝑑⁄ )

𝐦𝐞𝐚𝐧(𝒖𝑶𝒓𝒄𝒂𝑭𝒍𝒆𝒙) 𝒖𝒃𝒆𝒂𝒎 𝜺𝒖 𝐦𝐞𝐚𝐧(𝒓𝒖) 𝐦𝐚𝐱(𝒓𝒖)







 

𝐸𝐼

𝜅𝐿2𝐴𝐺
≪ 1

𝜅 𝐿 𝐴

𝐺

𝜅 = 6(1 + 𝜈) ∗
(1 + 𝑚2)2

(7 + 6𝜈)(1 + 𝑚2)2 + (20 + 12𝜈)𝑚2

𝑚 = 𝑟𝑜𝑢𝑡/𝑟𝑖𝑛

𝐸 𝑒𝑞,𝑡

𝜅𝐿2𝐴𝐺
≈ 0.002



𝑓0,𝑂𝑟𝑐𝑎𝐹𝑙𝑒𝑥 = 0.467𝐻𝑧

𝑓0 ≈
1

2𝜋
√

3𝐸𝐼𝑒𝑞,𝑡

(0.2235𝑚𝑡𝑜𝑤𝑒𝑟 + 𝑚𝑅𝑁𝐴)𝐿
3

𝑓0 = 0.458𝐻𝑧

𝑘𝑟

𝜙(0) = 𝑀(0)/𝑘𝑟 𝜙(0) = 0

𝑢𝑏𝑒𝑎𝑚 =
𝐹0𝐿

3

3𝐸𝐼
+

𝐹0𝐿
2

𝑘𝑟

𝑘𝑟

 



 
 

 

 

19𝑡𝑏𝑟𝑎𝑐𝑒 ≤

𝐷𝑏𝑟𝑎𝑐𝑒 ≤ 60𝑡𝑏𝑟𝑎𝑐𝑒



𝑊𝑝𝑙𝑎𝑡𝑓𝑜𝑟𝑚 = √3 ⋅ 𝑅𝑓𝑙𝑜𝑎𝑡𝑒𝑟

𝐷𝑠𝑖𝑑𝑒𝑠 =
1

4.6
⋅ 𝑅𝑓𝑙𝑜𝑎𝑡𝑒𝑟

𝐷𝑖𝑛𝑛𝑒𝑟 = 0.94 ⋅ 𝐷𝑠𝑖𝑑𝑒𝑠

𝐷𝑏𝑟𝑎𝑐𝑒,𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 = 0.80 ⋅ 𝐷𝑏𝑟𝑎𝑐𝑒,𝑝𝑟𝑖𝑚𝑎𝑟𝑦

𝐻𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 =
10

14.1
⋅ 𝐻𝑓𝑙𝑜𝑎𝑡𝑒𝑟

𝐻𝑖𝑛𝑛𝑒𝑟 =
4.1

14.1
⋅ 𝐻𝑓𝑙𝑜𝑎𝑡𝑒𝑟

𝐻𝑠𝑖𝑑𝑒𝑠 =
2.5

4.1
⋅ 𝐻𝑖𝑛𝑛𝑒𝑟

𝑡𝑏𝑟𝑎𝑐𝑒 = 𝐷𝑏𝑟𝑎𝑐𝑒,𝑝𝑟𝑖𝑚𝑎𝑟𝑦 21⁄

𝛼 𝐿0 𝑊𝑇

 

𝑀𝑡𝑜𝑡 = 𝑀𝛻,𝑜𝑝 −
3𝐹𝑝𝑟𝑒 cos(𝛼)

𝑔

𝑀𝑝 = 𝑀𝑡𝑜𝑡 − 𝑀𝑡𝑜𝑤𝑒𝑟 − 𝑀𝑅𝑁𝐴 − 𝑀𝑙𝑖𝑛𝑒𝑠

𝑀𝛻,𝑜𝑝  𝐹𝑝𝑟𝑒

𝑀𝑡𝑜𝑤𝑒𝑟 𝑀𝑅𝑁𝐴 𝑀𝑙𝑖𝑛𝑒𝑠

𝑀𝑡𝑟𝑎𝑛𝑠

𝜌𝑠 = 7850kgm−3 𝑀𝑠𝑡𝑒𝑒𝑙

�̃�𝛻,𝑜𝑝

𝑀𝛻,𝑜𝑝



𝑀𝑠𝑡𝑒𝑒𝑙 = 𝑀𝑝 − 𝑀𝑡𝑟𝑎𝑛𝑠

�̃�𝛻,𝑜𝑝 = 𝑉𝑑𝑖𝑠𝑝|𝐷=𝐷𝑜𝑝
⋅ 𝜌𝑤

𝑉𝑑𝑖𝑠𝑝 𝐷 𝐷𝑜𝑝

 

�̃�𝑝𝑟𝑒

�̃�𝑝 𝑇𝑛,1 𝑇𝑛,3

𝑀𝑡𝑜𝑡

�̃�𝑝𝑟𝑒 = 𝑔
�̃�𝛻,𝑜𝑝 − �̃�𝑝 − 𝑀𝑡𝑜𝑤𝑒𝑟 − 𝑀𝑅𝑁𝐴 − 𝑀𝑙𝑖𝑛𝑒𝑠

3cos (𝛼)

�̃�𝑝 = 𝑉𝑑𝑖𝑠𝑝|𝐷=𝐷𝑙𝑜
⋅ 𝜌𝑤

𝑇𝑛,𝑖 = 2𝜋√
𝑀𝑡𝑜𝑡 + 𝑎𝑖𝑖

𝐶𝑖𝑖

𝐷𝑙𝑜 𝑎𝑖𝑖 𝐶𝑖𝑖

𝐶11 =
𝐹𝑝𝑟𝑒

𝐿0
⋅ (2 + √1 + (

𝑊𝑇

𝑑 − 𝐷𝑜𝑝
)

2

)

𝐶33 =
3𝐸𝐴

𝐿0
+ 𝜌𝑤𝑔𝐴𝑤𝑝

𝑊𝑇

𝑑 𝐴𝑤𝑝 𝐸𝐴 = 2.525 ⋅ 108N xial 

stiffness of the mooring lines (chains).



 

 



 

 

°

°

°

 



≤

≤

≤

≤

≤

 



 

 

 

𝐻𝑠

𝑇𝑝

𝜇𝑤𝑎𝑣𝑒 °

𝑈𝑐𝑢𝑟,𝑤𝑝

𝑈𝑐𝑢𝑟,𝑠𝑏

𝜇𝑐𝑢𝑟 °

𝐹𝑇



 



 
 

 

 

 

 

 



 

𝑝0 = [𝜂1,0 ⋯ 𝜂6,0]𝑇 = mean([𝜂1 𝜂2 𝜂3 𝜂4 𝜂5 𝜂6]𝑇)|𝑡=𝑡𝑠𝑠…𝑡𝑠𝑠+10𝑇𝑝

mean(𝜂𝑗)|𝑡=0…𝑡𝑠𝑠

max(𝜂𝑗) − min(𝜂𝑗)
≤ 0.01, 𝑗 = 1…6

𝑡𝑠𝑠 𝑇𝑝



 

 

Δ𝑉 = 𝐴𝑤𝑝 ⋅ (𝜉(𝜂1,0, 𝜂2,0, 𝑡) − 𝜂3,0)

𝜂1,0 𝜂2,0 𝜂3,0

𝜂1 𝜂2 𝜂3 𝜂1,0 𝜂2,0

𝜂3,0

 

 

• 𝑝 𝑗

• 𝑝𝑛𝑒𝑤,𝑖

• 𝑝 𝑘 𝑝𝑅𝑁𝐴

𝑹



𝑹| 𝜂 = 𝑝0

 

𝑹

 

 

𝑹 �̇� �̈�

≤ 10°

sin(𝛼) ≈ 𝛼

cos (𝛼) ≈ 1

𝛼2 ≈ �̇�2 ≈ �̈�2 ≈ 𝛼 ⋅ �̇� ≈ 𝑎 ⋅ �̈� ≈ �̇� ⋅ �̈� ≈ 0

𝛼

𝑹(𝐿)

𝑹(𝐿)

𝑹(𝐿) = [

1 −𝜂6 𝜂5

𝜂6 1 −𝜂4

−𝜂5 𝜂4 1
]

 

15°

10°



𝑀𝐵
𝑥 = −𝜌𝑤𝑔(𝑉0 + Δ𝑉) ⋅ (𝐾𝐵𝑣𝑎𝑟 +

𝐼𝑡
𝑉0 + Δ𝑉

− 𝐾𝐺) ⋅ 𝜂4

𝑀𝐵
𝑦

= −𝜌𝑤𝑔(𝑉0 + Δ𝑉) ⋅ (𝐾𝐵𝑣𝑎𝑟 +
𝐼𝑡

𝑉0 + Δ𝑉
− 𝐾𝐺) ⋅ 𝜂5

 

 

𝐿𝑛𝑒𝑤,𝑖 �̂�𝑖

𝑃 𝑛𝑒𝑤,𝑖

𝐿𝑛𝑒𝑤,𝑖 �̂�𝑖

𝑲𝑁𝐿

𝐾𝑖𝑗

𝜂𝑗

𝑲𝑁𝐿 (𝜂) =

[
 
 
 
 
 
𝐾11

0
𝐾31

0
𝐾51

0

0
𝐾22

𝐾32

𝐾42

0
𝐾62

0
0

𝐾33

0
0
0

𝐾14

𝐾24

𝐾34

𝐾44

𝐾54

𝐾64

𝐾15

0
𝐾35

0
𝐾55

0

0
0

𝐾36

0
0

𝐾66]
 
 
 
 
 

𝐾𝑖𝑗 =
𝜕𝑓𝑚𝑜𝑜𝑟,𝑖

𝜕𝜂𝑗

𝑓𝑚𝑜𝑜𝑟,𝑖

 

𝑓𝑚𝑜𝑜𝑟
(𝐿)

𝑓𝑚𝑜𝑜𝑟
(𝐿) = 𝑓𝑚𝑜𝑜𝑟|

 𝜂 =𝑝0

+ ∑
𝜕𝑓𝑚𝑜𝑜𝑟

𝜕𝜂𝑗
|
 𝜂 = 𝑝0

⋅ (𝜂𝑗 − 𝜂𝑗,0)

6

𝑗=1



𝑓𝑚𝑜𝑜𝑟
(𝐿)

𝑝0

𝑲𝐿 (𝑝0 = [
0
⋮
0
]) =

[
 
 
 
 
 
8.3 ⋅ 105

0
0
0

2.5 ⋅ 108

0

0
8.3 ⋅ 105

0
2.5 ⋅ 108

0
0

0
0

9.4 ⋅ 107

0
0
0

0
2.5 ⋅ 108

0
1.0 ⋅ 1011

0
0

2.5 ⋅ 108

0
0
0

1.0 ⋅ 1011

0

0
0
0
0
0

4.8 ⋅ 108]
 
 
 
 
 

 

 



(𝑈 𝑒𝑥 − 𝑈 𝑠) ∘ |𝑈 𝑒𝑥 − 𝑈 𝑠| ≈ 𝑈 𝑒𝑥 ∘ |𝑈 𝑒𝑥| − 𝑈 𝑠 ∘ |𝑈 𝑠|

𝑈 𝑒𝑥 𝑈 𝑠

• 

• 

• 

 

�̇�0 = [0 ⋯ 0]𝑇

𝐹 𝑑,ℎ𝑦𝑑
(𝐿) = 𝐹 𝑑,ℎ𝑦𝑑| 𝜂 = 𝑝0

+ ∑
𝜕𝐹 𝑑,ℎ𝑦𝑑

𝜕𝜂𝑗
|
 𝜂 =  𝑝0

⋅ (𝜂𝑗 − 𝜂𝑗,0)

6

𝑗=1

+ ∑
𝜕𝐹 𝑑,ℎ𝑦𝑑

𝜕�̇�𝑗
|
 𝜂 =  𝑝0

⋅ �̇�𝑗

6

𝑗=1

 

𝐹  𝑎𝑒𝑟𝑜
(𝐿) = 𝐹  𝑎𝑒𝑟𝑜| 𝜂 =𝑝0

+ ∑
𝜕𝐹  𝑎𝑒𝑟𝑜

𝜕𝜂𝑗
|
 𝜂 =  𝑝0

⋅ (𝜂𝑗 − 𝜂𝑗,0)

6

𝑗=1

+ ∑
𝜕𝐹  𝑎𝑒𝑟𝑜

𝜕�̇�𝑗
|
 𝜂 =  𝑝0

⋅ �̇�𝑗

6

𝑗=1

𝐹 𝑅𝑁𝐴,𝑒𝑥
(𝐿) = 𝐹 𝑅𝑁𝐴,𝑒𝑥| 𝜂 = 𝑝0

+ ∑
𝜕𝐹 𝑅𝑁𝐴,𝑒𝑥

𝜕𝜂𝑗
|
 𝜂 =  𝑝0

⋅ (𝜂𝑗 − 𝜂𝑗,0)

6

𝑗=1

+ ∑
𝜕𝐹 𝑅𝑁𝐴,𝑒𝑥

𝜕�̇�𝑗
|
 𝜂 =  𝑝0

⋅ �̇�𝑗

6

𝑗=1

𝐹 𝑇
(𝐿) = 𝐹 𝑇| 𝜂 = 𝑝0

+ ∑
𝜕𝐹 𝑇

𝜕𝜂𝑗
|
 𝜂 =  𝑝0

⋅ (𝜂𝑗 − 𝜂𝑗,0)

6

𝑗=1

+ ∑
𝜕𝐹 𝑇

𝜕�̇�𝑗
|
 𝜂 =  𝑝0

⋅ �̇�𝑗

6

𝑗=1



 

∫ 𝐹𝑑 ⋅ 𝑢 𝑑𝑡
𝑇

0

= ∫ 𝐹𝑑
(𝐿)

⋅ 𝑢 𝑑𝑡
𝑇

0

𝐶𝑑
(𝐿)

=
8𝑢𝑎

3𝜋
𝐶𝑑

• 𝐹𝑑 =
1

2
𝜌𝐶𝑑𝐴 ⋅ 𝑢|𝑢| 𝜌

𝐶𝑑 𝐴

• 𝐹𝑑
(𝐿) =

1

2
𝜌𝐶𝑑

(𝐿)𝐴 ⋅ 𝑢

• 𝑢 = 𝑢𝑎 sin(𝜔𝑡) 𝑢𝑎

 

 

 



 

𝑈 𝑠 ∘ |𝑈 𝑠| ≈ 𝑈 𝑠 ∘ ∑
8

3𝜋
⋅
𝑢𝑎,𝑖

𝑁𝑤

𝑁𝑤

𝑖=1

𝑢𝑎,𝑖

𝑁𝑤

𝐹 𝑑,ℎ𝑦𝑑,𝑗
(𝐿) =

𝜌𝑤

2
⋅ 𝐶 𝐷,𝑗 ∘ [𝑹| 𝜂 = 𝑝0

⋅ 𝐴𝑗] ∘ (𝑈 𝑗 ∘ |𝑈 𝑗| − �̇� 𝑗 ∘ ∑
8

3𝜋
⋅

𝑢𝑖

𝑁𝑤𝑎𝑣𝑒𝑠

𝑁𝑤𝑎𝑣𝑒𝑠

𝑖=1

)

𝑈 �̇� 𝑗

𝑢𝑖

𝑢𝑖 =

[
 
 
 
 
 
 
 
 
𝜔𝑖𝑎𝑖 ⋅

cosh (𝑘𝑖 ⋅ (𝑑 + 𝑧ℎ𝑦𝑑,𝑗))

sinh(𝑘𝑖𝑑)

𝜔𝑖𝑎𝑖 ⋅
cosh (𝑘𝑖 ⋅ (𝑑 + 𝑧ℎ𝑦𝑑,𝑗))

sinh(𝑘𝑖𝑑)

𝜔𝑖𝑎𝑖 ⋅
sinh (𝑘𝑖 ⋅ (𝑑 + 𝑧ℎ𝑦𝑑,𝑗))

sinh(𝑘𝑖𝑑) ]
 
 
 
 
 
 
 
 

𝐹  𝑎𝑒𝑟𝑜
(𝐿) =

1

2
𝜌𝑎 ⋅ 𝐶 𝐷,𝑘 ∘ [𝑹|𝜂=𝑝0

⋅ 𝐴𝑘] ∘ (𝑈 𝑤,𝑘 ∘ |𝑈 𝑤,𝑘| − �̇� 𝑘 ⋅ ∑
8

3𝜋
⋅
𝑢𝑡𝑢𝑟𝑏,𝑗

𝑁𝑡𝑢𝑟𝑏

𝑁𝑡𝑢𝑟𝑏

𝑗=

)

1

𝐹  𝑅𝑁𝐴,𝑒𝑥
(𝐿) =

1

2
𝜌𝑎 ⋅ 𝐶𝐷,𝑅𝑁𝐴 ∘ 𝐴 𝑅𝑁𝐴,𝑒𝑥|𝜂=𝑝0

∘ (𝑈 𝑤,𝑅𝑁𝐴 ∘ |𝑈 𝑤,𝑅𝑁𝐴| − �̇� 𝑅𝑁𝐴 ⋅ ∑
8

3𝜋
⋅
𝑢𝑡𝑢𝑟𝑏,𝑗

𝑁𝑡𝑢𝑟𝑏

𝑁𝑡𝑢𝑟𝑏

𝑗=

)

1



𝐹 𝑇
(𝐿)

=
1

2
𝜌𝑎 ⋅ 𝐶𝑇 ⋅ 𝐴𝑅𝑁𝐴,𝑜𝑝

𝑋 ⋅ (𝑈𝑤,𝑅𝑁𝐴
𝑋 ⋅ |𝑈𝑤,𝑅𝑁𝐴

𝑋 | − �̇�𝑅𝑁𝐴
𝑋 ⋅ ∑

8

3𝜋
⋅
𝑢𝑡𝑢𝑟𝑏,𝑗

𝑁𝑡𝑢𝑟𝑏

𝑁𝑡𝑢𝑟𝑏

𝑗=

)

1

𝐴 𝑅𝑁𝐴,𝑒𝑥|𝜂=𝑝0

𝐴 𝑅𝑁𝐴,𝑒𝑥|𝜂=𝑝0
= 𝑹|𝜂=𝑝0

⋅ [𝐴𝑅𝑁𝐴,𝑒𝑥
𝑋 0 0]

𝑇

 

|𝑈| ⋅ 𝑈 ≈ 𝛼 ⋅ std(𝑈) ⋅ 𝑈

𝛼 std(𝑈)

𝑈

std(𝑈) = √
1

𝑡𝑠𝑖𝑚 Δ𝑡⁄ − 1
∑ (𝑈|𝑡=𝑡𝑖 − mean(𝑈))

2
𝑡𝑠𝑖𝑚 Δ𝑡⁄

𝑖=1

𝛼

𝛼

𝛼0 = √8/𝜋



𝑈 𝑠,𝑁𝐿 ∘ |𝑈 𝑠,𝑁𝐿| ≈ 𝛼 ⋅ std(𝑈 𝑠,𝑁𝐿) ∘ 𝑈 𝑠,𝐿 

𝑈 𝑠,𝑁𝐿 𝑈 𝑠,𝐿

𝛼 𝛼0

𝛼

∂

∂𝛼
RMS(𝑈 𝑠,𝑁𝐿 ∘ |𝑈 𝑠,𝑁𝐿| − 𝛼 ⋅ std(𝑈 𝑠,𝑁𝐿) ∘ 𝑈 𝑠,𝐿) = 0

𝛼

𝛼0

𝐹 𝑑,ℎ𝑦𝑑,𝑗
(𝐿) =

𝜌𝑤

2
⋅ 𝐶 𝐷,𝑗 ∘ [𝑹| 𝜂 = 𝑝0

⋅ 𝐴𝑗] ∘ (𝑈 𝑗 ∘ |𝑈 𝑗| − 𝛼0 ⋅ std(�̇� 𝑗) ∘ �̇� 𝑗)

𝐹  𝑎𝑒𝑟𝑜
(𝐿) =

1

2
𝜌𝑎 ⋅ 𝐶 𝐷,𝑘 ∘ [𝑹|𝜂=𝑝0

⋅ 𝐴𝑘] ∘ (𝑈 𝑤,𝑘 ∘ |𝑈 𝑤,𝑘| − 𝛼0 ⋅ std(�̇� 𝑘) ∘ �̇� 𝑘)

𝐹  𝑅𝑁𝐴,𝑒𝑥
(𝐿) =

1

2
𝜌𝑎 ⋅ 𝐶𝐷,𝑅𝑁𝐴 ∘ [𝑹|𝜂=𝑝0

⋅ [𝐴𝑅𝑁𝐴,𝑒𝑥
𝑋 0 0]

𝑇
]

∘ (𝑈 𝑤,𝑅𝑁𝐴 ∘ |𝑈 𝑤,𝑅𝑁𝐴| − 𝛼0 ⋅ std(�̇� 𝑅𝑁𝐴) ∘ �̇� 𝑅𝑁𝐴)

𝐹 𝑇
(𝐿) =

1

2
𝜌𝑎 ⋅ 𝐶𝑇 ⋅ 𝐴𝑅𝑁𝐴,𝑜𝑝

𝑋 ⋅ (𝑈𝑤,𝑅𝑁𝐴
𝑋 ⋅ |𝑈𝑤,𝑅𝑁𝐴

𝑋 | − 𝛼0 ⋅ std(�̇�𝑅𝑁𝐴)
𝑋 ⋅ �̇�𝑅𝑁𝐴)

𝑋



 

 

• 

• 

• 

𝜀𝐶𝑊𝑀 = mean(|1 −
mean(𝑆𝑁𝐿,𝑖

3 )

mean(𝑆𝐿,𝑖
3 )

|) , 𝑖 = {
𝑃1 …𝑃6

𝑇1 …𝑇6

𝜀𝐷 = mean(|1 −
𝐷𝑁𝐿,𝑖

𝐷𝐿,𝑖
|) , 𝑖 = {

𝑃1 …𝑃6

𝑇1 …𝑇6

𝐻𝑠

𝑇𝑝

𝜇𝑤𝑎𝑣𝑒 °

𝑈𝑐𝑢𝑟,𝑤𝑝

𝑈𝑐𝑢𝑟,𝑠𝑏

𝜇𝑐𝑢𝑟 °

𝑢𝑤,𝑎

𝜇𝑤𝑖𝑛𝑑 °



 

𝜀𝐷

 

𝑢𝑎,𝑖

𝜀𝐶𝑊𝑀 𝜀𝐷

𝜺𝑪𝑾𝑴

𝜺𝑫



 

 

°

 

𝐷𝑡𝑜𝑡

𝐷𝑖

𝑇𝑠𝑖𝑚 𝑇𝑙𝑖𝑓𝑒

𝐷𝑡𝑜𝑡 =
𝑇𝑙𝑖𝑓𝑒

𝑇𝑠𝑖𝑚
⋅ ∑𝐷𝑖 ⋅

𝑛𝑠𝑠,𝑖

∑ 𝑛𝑠𝑠,𝑖
𝑁𝑠𝑠
𝑖=1

𝑁𝑠𝑠

𝑖=1

𝑛𝑠𝑠,𝑖 𝑁𝑠𝑠

𝜃𝑝 =
1

2
tan−1 (

2𝜏𝑥𝑦,𝑝

 𝑥𝑥,𝑝 −  𝑦𝑦,𝑝
) , 𝑝 = 𝑃1 …𝑃6

𝜃𝑡 =
1

2
tan−1 (

2𝜏𝑧𝑦,𝑡

 𝑧𝑧,𝑡 −  𝑦𝑦,𝑡
) , 𝑡 = 𝑇1 …𝑇6

°

𝜃99



 

 

 

𝝁𝒘𝒂𝒗𝒆 𝒖𝒘,𝒂 𝝁𝒘𝒊𝒏𝒅 𝑼𝒄𝒖𝒓,𝒘𝒍 𝝁𝒄𝒖𝒓 𝒏𝒔𝒔,𝒊

° ° °

° ° °

° ° °

° ° °

° ° °

° ° °

° ° °

° ° °

° ° °

° ° °

° ° °

° ° °



 

 

°

𝜃99 °





 



 

 

°

 

 

𝑝0

𝑝0

 

°

° °

𝑚𝑖 𝐶𝑖

𝐶𝑖 = {
1011.610, 𝑚𝑖 = 3 𝑎𝑛𝑑 �̃�𝑖 ≥ 74.1MPa

1015.350, 𝑚𝑖 = 5 𝑎𝑛𝑑 �̃�𝑖 < 74.1MPa



𝜃99 ≥ °

𝜃 ≤ ° ° ≤ 𝜃 ≤ °

 

 

 

  ≥ 0, | 𝑥𝑥,𝑝| ≫ | 𝑦𝑦,𝑝| or | 𝑧𝑧,𝑡| ≫ | 𝑦𝑦,𝑡|

   ≤ 0, | 𝑥𝑥,𝑝| ≫ | 𝑦𝑦,𝑝| or | 𝑧𝑧,𝑡| ≫ | 𝑦𝑦,𝑡|



𝜏𝑥𝑦
2 ≤  𝑥𝑥 ⋅  𝑦𝑦

𝜃99 °

𝛼



 

 𝑦𝑦,𝑝  𝑦𝑦,𝑡

 

 𝑒𝑓𝑓(𝑡) = {
  (𝑡),   (𝑡) ≥ |   (𝑡)|

   (𝑡),   (𝑡) < |   (𝑡)|



 

𝜃99 ≥ °

 



 



 



 
 

 

• 

• 

• 

• 

• 

• 



 

 

• 

• 



• 

• 

• 

• 

 



 











 



 



 



𝐶 𝐷,𝑝 [1.2 1.2 0.5]𝑇

𝐶 𝐷,𝑚𝑖𝑑 [1.2 1.2 0.5]𝑇

𝐶 𝑎,𝑝 [1.0 1.0 1.0]𝑇

𝐶 𝑎,𝑚𝑖𝑑 [1.0 1.0 1.0]𝑇

𝐽𝑇𝐿𝑃
[6.17 6.17 5.00]𝑇

⋅ 105

𝐴𝑝𝑜𝑛𝑡𝑜𝑜𝑛
𝑥

𝐴𝑝𝑜𝑛𝑡𝑜𝑜𝑛
𝑦

𝐴𝑝𝑜𝑛𝑡𝑜𝑜𝑛
𝑒𝑛𝑐

𝐼 𝑝𝑜𝑛𝑡𝑜𝑜𝑛 [2.79 0.91 4.72]𝑇

𝐴𝑚𝑖𝑑

𝐼 𝑚𝑖𝑑 [2.90 2.90 5.16]𝑇

𝑘𝑟,𝑝
[4.88 4.88 106]𝑇

⋅ 107



 

ω

ω

𝐴𝑅𝑁𝐴,𝑒𝑥
𝑋

𝐶𝐷,𝑅𝑁𝐴

𝐽𝑅𝑁𝐴
[2.94 5.50 2.94]𝑇

⋅ 104

𝐶 𝐷,𝑡 [1.2 1.2 0]𝑇

𝐽𝑡
[1.58 1.58 0.03]𝑇

⋅ 105

𝑘𝑟,𝑡

[9.74 9.74 106]𝑇

⋅ 107



𝑪𝑻

�̃�𝑤,𝑎

𝐶𝑇 = 2.4546 ⋅ 10−11 ⋅ �̃�𝑤,𝑎
10  −  3.7240 ⋅ 10−9 ⋅ �̃�𝑤,𝑎

9  +  2.3919 ⋅ 10−7 ⋅ �̃�𝑤,𝑎
8  −  8.4456

⋅ 10−6 ⋅ �̃�𝑤,𝑎
7  +  1.7798 ⋅ 10−4 ⋅ �̃�𝑤,𝑎

6  −  0.0023 ⋅ �̃�𝑤,𝑎
5 +  0.0170

⋅ �̃�𝑤,𝑎
4  −  0.068 ⋅ �̃�𝑤,𝑎

3  +  0.1158 ⋅ �̃�𝑤,𝑎
2  −  0.0546 ⋅ �̃�𝑤,𝑎  +  0.9687

�̃�𝑤,𝑎 = 𝑢𝑤,𝑎 ⋅ (1 + 5.73 ⋅ 10−2 ⋅ √1 + 0.148 ⋅ |𝑢𝑤,𝑎| ⋅ ln(𝑧𝑤|𝑍=𝑍𝑅𝑁𝐴
𝐻⁄ ))



𝑪𝑻 𝑪𝑻

𝐶𝐷,𝑅𝑁𝐴

𝐴𝑅𝑁𝐴,𝑒𝑥
𝑋 = ∑𝐿𝑖 ⋅ 𝑡𝑖

17

𝑖=1

+
𝜋

4
𝐷𝑁𝑎𝑐𝑒𝑙𝑙𝑒

2

𝐶𝐷,𝑅𝑁𝐴 =
∑ 𝐿𝑖 ⋅ 𝑡𝑖 ⋅ 𝐶𝐷,𝑖

17
𝑖=1 +

𝜋
4 𝐷𝑁𝑎𝑐𝑒𝑙𝑙𝑒

2 ⋅ 𝐶𝐷,𝑁𝑎𝑐𝑒𝑙𝑙𝑒

𝐴𝑅𝑁𝐴,𝑒𝑥
𝑋

𝐿𝑖 𝑡𝑖 𝐶𝐷,𝑖

𝑖 𝐷𝑁𝑎𝑐𝑒𝑙𝑙𝑒 𝐶𝐷,𝑁𝑎𝑐𝑒𝑙𝑙𝑒



𝑳𝒊 𝒕𝒊 𝑪𝑫,𝒊



 

𝑚𝑚𝑖𝑑

𝑚𝑝 = ∑ 𝑚𝑏𝑜𝑥,𝑖

3𝑁𝑏𝑜𝑥

𝑖=1

+ 𝑚𝑚𝑖𝑑

𝑚𝑏𝑜𝑥,𝑘 =
𝑚𝑏𝑜𝑥

𝑁𝑏𝑜𝑥
, 𝑘 = 1…3𝑁𝑏𝑜𝑥

𝑚𝑡𝑢𝑟𝑏𝑖𝑛𝑒 = ∑ 𝑚𝑡,𝑖

𝑁𝑡𝑜𝑤𝑒𝑟 +5

𝑖=2

𝑚𝑡,𝑖 = {

𝑚𝑚𝑖𝑑 ,                                            𝑖 = 1
𝑎𝑖 ∗ 𝑚𝑡𝑟𝑎𝑛𝑠,                           𝑖 = 2…4
𝑎𝑖 ∗ 𝑚𝑡𝑜𝑤𝑒𝑟 ,        𝑖 = 5…𝑁𝑡𝑜𝑤𝑒𝑟 + 4
𝑚𝑅𝑁𝐴,                          𝑖 = 𝑁𝑡𝑜𝑤𝑒𝑟 + 5

𝑎𝑖 = {

𝑉𝑡𝑟𝑎𝑛𝑠,𝑖

𝑉𝑡𝑟𝑎𝑛𝑠,𝑡𝑜𝑡
,                         𝑖 = 2…4

𝑉𝑡𝑜𝑤𝑒𝑟,𝑖

𝑉𝑡𝑜𝑤𝑒𝑟,𝑡𝑜𝑡
,       𝑖 = 5…𝑁𝑡𝑜𝑤𝑒𝑟 + 4

𝑉𝑡𝑜𝑤𝑒𝑟,𝑖 𝑉𝑡𝑟𝑎𝑛𝑠,𝑖

𝑉𝑡𝑟𝑎𝑛𝑠,𝑖 =
𝜋𝐻𝑡𝑟𝑎𝑛𝑠,𝑖

12
(𝐷𝑡𝑟𝑎𝑛𝑠(𝑧𝑖,𝑏𝑎𝑠𝑒)

2
+ 𝐷𝑡𝑟𝑎𝑛𝑠(𝑧𝑖,𝑏𝑎𝑠𝑒)𝐷𝑡𝑟𝑎𝑛𝑠(𝑧𝑖,𝑡𝑜𝑝) + 𝐷𝑡𝑟𝑎𝑛𝑠(𝑧𝑖,𝑡𝑜𝑝)

2
)



𝑉𝑡𝑜𝑤𝑒𝑟,𝑖 =
𝜋𝐻𝑡𝑜𝑤𝑒𝑟,𝑖

12𝑉𝑡𝑜𝑤𝑒𝑟
(𝐷𝑡𝑜𝑤𝑒𝑟(𝑧𝑖,𝑏𝑎𝑠𝑒)

2
+ 𝐷𝑡𝑜𝑤𝑒𝑟(𝑧𝑖,𝑏𝑎𝑠𝑒)𝐷𝑡𝑜𝑤𝑒𝑟(𝑧𝑖,𝑡𝑜𝑝) + 𝐷𝑡𝑜𝑤𝑒𝑟(𝑧𝑖,𝑡𝑜𝑝)

2
)

𝑉𝑡𝑟𝑎𝑛𝑠,𝑡𝑜𝑡 =
𝜋𝐻𝑡𝑟𝑎𝑛𝑠

12
(𝐷𝑚𝑖𝑑

2 + 𝐷𝑚𝑖𝑑𝐷𝑡𝑟𝑎𝑛𝑠,𝑡𝑜𝑝 + 𝐷𝑡𝑟𝑎𝑛𝑠,𝑡𝑜𝑝
2 )

𝑉𝑡𝑜𝑤𝑒𝑟,𝑡𝑜𝑡 =
𝜋𝐻𝑡𝑜𝑤𝑒𝑟

12
(𝐷𝑡𝑜𝑤𝑒𝑟,𝑏𝑎𝑠𝑒

2 + 𝐷𝑡𝑜𝑤𝑒𝑟,𝑏𝑎𝑠𝑒𝐷𝑡𝑜𝑤𝑒𝑟,𝑡𝑜𝑝 + 𝐷𝑡𝑜𝑤𝑒𝑟,𝑡𝑜𝑝
2 )

𝐷𝑡𝑟𝑎𝑛𝑠(𝑧
′) = 𝐷𝑚𝑖𝑑 −

𝐷𝑚𝑖𝑑 − 𝐷𝑡𝑟𝑎𝑛𝑠,𝑡𝑜𝑝

𝐻𝑡𝑟𝑎𝑛𝑠 
𝑧′

𝐷𝑡𝑜𝑤𝑒𝑟(𝑧
′) = 𝐷𝑡𝑜𝑤𝑒𝑟,𝑏𝑎𝑠𝑒 −

𝐷𝑡𝑜𝑤𝑒𝑟,𝑏𝑎𝑠𝑒 − 𝐷𝑡𝑜𝑤𝑒𝑟,𝑡𝑜𝑝

𝐻𝑡𝑜𝑤𝑒𝑟 + 𝑒𝑣,𝑅𝑁𝐴 
𝑧′

 

𝐽 = 𝐽𝑇𝐿𝑃 + 𝐽𝑅𝑁𝐴 + 𝐽𝑡 + ∑ 𝑚𝑏𝑜𝑥,𝑘 ∗ 𝑟𝑏𝑜𝑥,𝑘

𝑁𝑏𝑜𝑥𝑁𝑙𝑒𝑔

𝑘=1

+ ∑ 𝑚𝑡,𝑖 ∗ 𝑟𝑡,𝑖

𝑁𝑡𝑜𝑤𝑒𝑟+5

𝑖=1

𝑟𝑏𝑜𝑥,𝑘 = [

𝑌𝐶𝑜𝐺,𝑏𝑜𝑥,𝑘
2 + 𝑍𝐶𝑜𝐺,𝑏𝑜𝑥,𝑘

2

𝑋𝐶𝑜𝐺,𝑏𝑜𝑥,𝑘
2 + 𝑍𝐶𝑜𝐺,𝑏𝑜𝑥,𝑘

2

𝑋𝐶𝑜𝐺,𝑏𝑜𝑥,𝑘
2 + 𝑌𝐶𝑜𝐺,𝑏𝑜𝑥,𝑘

2

]

𝑟𝑡,𝑖 = [

𝑌𝐶𝑜𝐺,𝑡,𝑖
2 + 𝑍𝐶𝑜𝐺,𝑡,𝑖

2

𝑋𝐶𝑜𝐺,𝑡,𝑖
2 + 𝑍𝐶𝑜𝐺,𝑡,𝑖

2

𝑋𝐶𝑜𝐺,𝑡,𝑖
2 + 𝑌𝐶𝑜𝐺,𝑡,𝑖

2

]

𝐿𝑙𝑒𝑔,𝑘

𝐿𝑙𝑒𝑔,𝑘 =

{
 

 𝑅𝑝 −
𝐿𝑏𝑜𝑥

2𝑁𝑏𝑜𝑥

,                                                                                       𝑘 = 1, 𝑁𝑏𝑜𝑥 + 1, 2𝑁𝑏𝑜𝑥 + 1

𝐿𝑙𝑒𝑔,𝑘−1 −
𝐿𝑏𝑜𝑥

𝑁𝑏𝑜𝑥

,                     𝑘 = 2…𝑁𝑏𝑜𝑥 , 𝑁𝑏𝑜𝑥 + 2…2𝑁𝑏𝑜𝑥 , 2(𝑁𝑏𝑜𝑥 + 1)…𝑁𝑙𝑒𝑔𝑠𝑁𝑏𝑜𝑥  

𝐿𝑏𝑜𝑥 = 𝑅𝑝 −
𝐷𝑚𝑖𝑑

2



𝐼𝑑𝑖𝑠𝑘 = 𝑁𝑏𝑙𝑎𝑑𝑒𝑠𝐼𝑝,𝑏𝑙𝑎𝑑𝑒

 

𝑃0,1 = [

−𝑅𝑝 2⁄

√3𝑅𝑃 2⁄
−𝐾𝐺 + 𝑒𝑏𝑜𝑡 + 𝑒𝑏𝑜𝑥

]

𝑃0,2 = [

𝑅𝑝

0
−𝐾𝐺 + 𝑒𝑏𝑜𝑡 + 𝑒𝑏𝑜𝑥

]

𝑃0,3 = [

−𝑅𝑝 2⁄

−√3𝑅𝑃 2⁄
−𝐾𝐺 + 𝑒𝑏𝑜𝑡 + 𝑒𝑏𝑜𝑥

]

𝑆𝐵1 = 𝑃0,1 + [

−𝑊𝑇 2⁄

√3𝑊𝑇 2⁄
−𝐻𝑇

]

𝑆𝐵2 = 𝑃0,2 + [

𝑊𝑇

0
−𝐻𝑇

]

𝑆𝐵3 = 𝑃0,3 − [

𝑊𝑇 2⁄

√3𝑊𝑇 2⁄
𝐻𝑇

]

𝐻𝑇 = 𝑑 − 𝑇𝑚𝑒𝑎𝑛 + 𝑒𝑏𝑜𝑡 + 𝑒𝑏𝑜𝑥

𝑊𝑇 = 𝑅𝑆 − 𝑅𝑃



 

𝐶𝑜𝐺𝑏𝑜𝑥,𝑘 = [

𝑋𝐶𝑜𝐺,𝑏𝑜𝑥,𝑘

𝑌𝐶𝑜𝐺,𝑏𝑜𝑥,𝑘

𝑍𝐶𝑜𝐺,𝑏𝑜𝑥,𝑘

] , 𝑘 = 1…𝑁𝑙𝑒𝑔𝑠𝑁𝑏𝑜𝑥

𝑋𝐶𝑜𝐺,𝑏𝑜𝑥,𝑘 =

{
 
 

 
 −

𝐿𝑙𝑒𝑔,𝑘

2
,                                     𝑘 = 1…𝑁𝑏𝑜𝑥

𝐿𝑙𝑒𝑔,𝑘 ,                         𝑘 = 𝑁𝑏𝑜𝑥 + 1…2𝑁𝑏𝑜𝑥

−
𝐿𝑙𝑒𝑔,𝑘

2
,          𝑘 = 2𝑁𝑏𝑜𝑥 + 1…𝑁𝑙𝑒𝑔𝑠𝑁𝑏𝑜𝑥

𝑌𝐶𝑜𝐺,𝑏𝑜𝑥,𝑘 =

{
 
 

 
 √3

2
𝐿𝑙𝑒𝑔,𝑘  ,                                     𝑘 = 1…𝑁𝑏𝑜𝑥

0,                                  𝑘 = 𝑁𝑏𝑜𝑥 + 1…2𝑁𝑏𝑜𝑥

−
√3

2
𝐿𝑙𝑒𝑔,𝑘,         𝑘 = 2𝑁𝑏𝑜𝑥 + 1…𝑁𝑙𝑒𝑔𝑠𝑁𝑏𝑜𝑥

𝑍𝐶𝑜𝐺,𝑏𝑜𝑥,𝑘 = −𝐾𝐺 + 𝑒𝑏𝑜𝑡 +
𝐻𝑏𝑜𝑥

2

𝐶𝑜𝐺𝑡,𝑖 = [

𝑋𝐶𝑜𝐺,𝑡,𝑖

𝑌𝐶𝑜𝐺,𝑡,𝑖

𝑍𝐶𝑜𝐺,𝑡,𝑖

] = {
[0 0 −𝐾𝐺 + 𝐾𝐺𝑡,𝑖]𝑇 ,                  𝑖 = 1…𝑁𝑡𝑜𝑤𝑒𝑟 + 4

[𝑒𝑥,𝑅𝑁𝐴 0 −𝐾𝐺 + 𝐾𝐺𝑡,𝑖]𝑇 ,                𝑖 = 𝑁𝑡𝑜𝑤𝑒𝑟 + 5

𝐻𝑡,𝑖 =

{
 
 

 
 
𝐻𝑚𝑖𝑑,                                                     𝑖 = 1
𝐻𝑡𝑟𝑎𝑛𝑠

3
,                                          𝑖 = 2…4

𝐻𝑡𝑜𝑤𝑒𝑟

𝑁𝑡𝑜𝑤𝑒𝑟
,                       𝑖 = 5…𝑁𝑡𝑜𝑤𝑒𝑟 + 4

0,                                          𝑖 = 𝑁𝑡𝑜𝑤𝑒𝑟 + 5

𝐾𝐺𝑡,𝑖 = {

𝐻𝑚𝑖𝑑

2
,                                                                   𝑖 = 1

𝐾𝐺𝑡,𝑖−1 +
𝐻𝑡,𝑖−1 + 𝐻𝑡,𝑖

2
,             𝑖 = 2…𝑁𝑡𝑜𝑤𝑒𝑟 + 5

 



𝐶𝑜𝐵𝑏𝑜𝑥,𝑘 = 𝐶𝑜𝐺𝑏𝑜𝑥,𝑘

𝐶𝑜𝐵𝑡,1 = [

𝐶𝑜𝐵𝑚𝑖𝑑
𝑥

𝐶𝑜𝐵𝑚𝑖𝑑
𝑧

𝐶𝑜𝐵𝑚𝑖𝑑
𝑧

] = [

0
0

𝑍𝐶𝑜𝐺,𝑡,1

]

𝐶𝑜𝐵𝑡,2 = [

𝐶𝑜𝐵𝑡𝑟𝑎𝑛𝑠
𝑥

𝐶𝑜𝐵𝑡𝑟𝑎𝑛𝑠
𝑦

𝐶𝑜𝐵𝑡𝑟𝑎𝑛𝑠
𝑧

] = [
0
0

−𝐾𝐺 + 𝐻𝑚𝑖𝑑 + 𝐶𝑜𝐵𝑡𝑟𝑎𝑛𝑠(𝑡)
]

𝐶𝑜𝐵𝑡𝑟𝑎𝑛𝑠 =
𝐻𝑡𝑟𝑎𝑛𝑠,𝐵𝑒𝑙𝑜𝑤𝑊𝐿(𝑡)

4

(𝑅𝑏𝑎𝑠𝑒
2 + 3𝑅𝑊𝐿

2 + 2𝑅𝑏𝑎𝑠𝑒𝑅𝑊𝐿)

𝑅𝑏𝑎𝑠𝑒
2 + 𝑅𝑊𝐿

2 + 𝑅𝑏𝑎𝑠𝑒𝑅𝑊𝐿

𝐻𝑡𝑟𝑎𝑛𝑠,𝐵𝑒𝑙𝑜𝑤𝑊𝐿(𝑡) = 𝑇𝑚𝑒𝑎𝑛 + 𝜉(𝜂1, 𝜂2, 𝑡) − 𝜂3 − 𝐻𝑚𝑖𝑑

𝑅𝑊𝐿 =
𝐷𝑡𝑟𝑎𝑛𝑠,𝑊𝐿(𝑡)

2

𝐷𝑡𝑟𝑎𝑛𝑠,𝑊𝐿(𝑡) = 𝐷𝑡𝑟𝑎𝑛𝑠(𝑇𝑚𝑒𝑎𝑛 − 𝐻𝑚𝑖𝑑) +
𝐷𝑚𝑖𝑑 − 𝐷𝑡𝑟𝑎𝑛𝑠,𝑡𝑜𝑝

𝐻𝑡𝑟𝑎𝑛𝑠
∗ (𝜉(𝜂1, 𝜂2, 𝑡) − 𝜂3)

 

[

𝐴𝑏𝑜𝑥,𝑘
𝑥

𝐴𝑏𝑜𝑥,𝑘
𝑦

𝐴𝑏𝑜𝑥,𝑘
𝑧

]

=

{
 
 

 
 [

𝐻𝑏𝑜𝑥𝐿𝑏𝑜𝑥√3

2𝑁𝑏𝑜𝑥

𝐻𝑏𝑜𝑥𝐿𝑏𝑜𝑥

2𝑁𝑏𝑜𝑥

𝑊𝑏𝑜𝑥𝐿𝑏𝑜𝑥

𝑁𝑏𝑜𝑥

]

𝑇

,    𝑘 = 2…𝑁𝑏𝑜𝑥 + 1, 2𝑁𝑏𝑜𝑥 + 2…𝑁𝑙𝑒𝑔𝑠(𝑁𝑏𝑜𝑥 + 1)

[0
𝐻𝑏𝑜𝑥𝐿𝑏𝑜𝑥

𝑁𝑏𝑜𝑥

𝑊𝑏𝑜𝑥𝐿𝑏𝑜𝑥

𝑁𝑏𝑜𝑥
]
𝑇

,                                                           𝑘 =  𝑁𝑏𝑜𝑥 + 1…2𝑁𝑏𝑜𝑥



𝐴𝑚𝑖𝑑,1 = [

𝐷𝑚𝑖𝑑𝐻𝑚𝑖𝑑

𝐷𝑚𝑖𝑑𝐻𝑚𝑖𝑑

𝜋𝐷𝑚𝑖𝑑
2 4⁄

]

𝐴𝑚𝑖𝑑,2 = [

𝐴𝑡𝑟𝑎𝑛𝑠,𝑏𝑒𝑙𝑜𝑤
𝑥

𝐴𝑡𝑟𝑎𝑛𝑠,𝑏𝑒𝑙𝑜𝑤
𝑦

0

]

𝐴𝑡𝑟𝑎𝑛𝑠,𝑏𝑒𝑙𝑜𝑤
𝑥 = 𝐴𝑡𝑟𝑎𝑛𝑠,𝑏𝑒𝑙𝑜𝑤

𝑦
=

(𝐷𝑡𝑟𝑎𝑛𝑠,𝑏𝑎𝑠𝑒 + 𝐷𝑡𝑟𝑎𝑛𝑠,𝑊𝐿)

2
∗ 𝐻𝑡𝑟𝑎𝑛𝑠,𝐵𝑒𝑙𝑜𝑤𝑊𝐿(𝑡)

𝐴𝑤𝑖𝑛𝑑 = {

[𝐴𝑡𝑟𝑎𝑛𝑠,𝑎𝑏𝑜𝑣𝑒
𝑥 𝐴𝑡𝑟𝑎𝑛𝑠,𝑎𝑏𝑜𝑣𝑒

𝑦
0]

𝑇
,                                                  𝑗 = 1

[𝐻𝑡,𝑗+3 ∗ 𝐷𝑡(𝑧𝑡,𝑗) 𝐻𝑡,𝑗+3 ∗ 𝐷𝑡(𝑧𝑡,𝑗) 0]
𝑇
,                𝑗 = 2…𝑁𝑡𝑜𝑤𝑒𝑟

0,                                                                                           𝑗 = 𝑁𝑡𝑜𝑤𝑒𝑟 + 1

𝐴𝑡𝑟𝑎𝑛𝑠,𝑎𝑏𝑜𝑣𝑒
𝑥 = 𝐴𝑡𝑟𝑎𝑛𝑠,𝑎𝑏𝑜𝑣𝑒

𝑦
=

(𝐷𝑡𝑟𝑎𝑛𝑠,𝑊𝐿 + 𝐷𝑡𝑟𝑎𝑛𝑠,𝑡𝑜𝑝)

2
∗ 𝐻𝑡𝑟𝑎𝑛𝑠,𝐴𝑏𝑜𝑣𝑒𝑊𝐿(𝑡)

𝐻𝑡𝑟𝑎𝑛𝑠,𝐴𝑏𝑜𝑣𝑒𝑊𝐿(𝑡) = 𝐻𝑡𝑟𝑎𝑛𝑠 − 𝐻𝑡𝑟𝑎𝑛𝑠,𝐵𝑒𝑙𝑜𝑤𝑊𝐿(𝑡)

𝑧𝑡,𝑗 =
𝐻𝑡𝑜𝑤𝑒𝑟

𝑁𝑡𝑜𝑤𝑒𝑟
∗ (𝑗 − 1.5), 𝑗 = 2…𝑁𝑡𝑜𝑤𝑒𝑟

 



 

𝑆(𝜔)

𝑆(𝜔) = (1 − 0.287 ln 𝛾) ∗ 𝑆𝑃𝑀(𝜔) ∗ 𝛾
exp(−

1
2
(
𝜔−𝜔𝑝

𝜎𝜔𝑝
)
2

)

• 𝛾 = 2

• 𝑆𝑃𝑀(𝜔) =
5

16
𝐻𝑠

2𝜔𝑝
4𝜔−5 𝑒𝑥𝑝 (−

5

4
(

𝜔

𝜔𝑝
)
−4

)

• 𝜔𝑝 = 2𝜋 𝑇𝑝⁄

• 𝐻𝑠

•  = {
0.07 for 𝜔 ≤ 𝜔𝑝

0.09 for 𝜔 ≥ 𝜔𝑝

𝜔𝑖
2 = 𝑔𝑘𝑖 tanh(𝑘𝑖𝑑)

𝑆(𝜔)

[𝜔𝑚𝑖𝑛, 𝜔𝑚𝑎𝑥] Δ𝜔

𝑎𝑖 = √2𝑆(𝜔𝑖)Δ𝜔

Δ𝜔 = (𝜔𝑚𝑎𝑥 − 𝜔𝑚𝑖𝑛) 𝑁𝑤𝑎𝑣𝑒⁄ = 𝜋 𝑇𝑠𝑖𝑚⁄

𝑇𝑠𝑖𝑚



 

𝑆(𝑓) =

320 ∗ (
𝑈𝑊0
𝑈𝑟𝑒𝑓

)
2

∗ (
𝑧

𝑧𝑟𝑒𝑓
)
0.45

(1 + 𝑓𝑛)
5
3𝑛

• 𝑈𝑊0 𝑧𝑟𝑒𝑓

• 𝑧𝑟𝑒𝑓 = 10m

• 

• 𝑈𝑟𝑒𝑓

• 𝑓 = 172 ∗ 𝑓 ∗ (
𝑧

𝑧𝑟𝑒𝑓
)

2

3
∗ (

𝑈𝑊0

𝑈𝑟𝑒𝑓
)
−

3

4

• 𝜔𝑡𝑢𝑟𝑏,𝑚𝑖𝑛 =

2𝜋 ⋅ 0.00167 𝜔𝑡𝑢𝑟𝑏,𝑚𝑎𝑥 = 𝜋

• 

𝜔𝑡𝑢𝑟𝑏,𝑚𝑖𝑛

𝜔𝑡𝑢𝑟𝑏,𝑚𝑎𝑥 Δ𝜔𝑡𝑢𝑟𝑏

Δ𝜔𝑡𝑢𝑟𝑏 = (𝜔𝑡𝑢𝑟𝑏,𝑚𝑎𝑥 − 𝜔𝑡𝑢𝑟𝑏,𝑚𝑖𝑛) 𝑁𝑡𝑢𝑟𝑏⁄ = 𝜋 𝑇𝑠𝑖𝑚⁄

𝑁𝑡𝑢𝑟𝑏 𝑇𝑠𝑖𝑚



 

 

 



 





𝑓𝑂𝐷𝐸

 

𝑡𝑖+1

𝒒𝑖+1 = 𝑓𝑂𝐷𝐸(𝒒𝑖) + 𝑂(Δ𝑡𝜖)

𝜖

𝑡𝑖+1

𝒒𝑖+1 = 𝑓𝑂𝐷𝐸(𝒒𝑖, 𝒒𝑖+1 ) + 𝑂(Δ𝑡𝜖)

 

𝑂(Δ𝑡𝜖)

𝑥(𝑡) 𝑡𝑖

𝑡𝑖+1 = 𝑡𝑖 + Δ𝑡

𝑥(𝑡𝑖+1) = 𝑥(𝑡𝑖) +
𝑡𝑖+1 − 𝑡𝑖

1!
∗
𝜕𝑥

𝜕𝑡
|
𝑡=𝑡𝑖

+ 𝑂(Δ𝑡2)



𝑥(𝑡) 𝑡𝑖+1

𝑥(𝑡) 𝑡𝑖+1

𝑥𝑖+1 = 𝑥𝑖 + Δ𝑡�̇�𝑖 + 𝑂(Δ𝑡2)

�̇�𝑖+1 = �̇�𝑖 + Δ𝑡�̈�𝑖 + 𝑂(Δ𝑡2)

�̈�𝑖 =

𝑚−1(−𝑐�̇�𝑖 − 𝑘𝑥𝑖 + 𝐹(𝑡𝑖))

𝑓𝑂𝐷𝐸(𝒒𝑖) = [
𝑥𝑖 + Δ𝑡�̇�𝑖

�̇�𝑖 + Δ𝑡 ∗ 𝑚−1(−𝑐�̇�𝑖 − 𝑘𝑥𝑖 + 𝐹(𝑡𝑖))
]

𝑡∗

𝐺𝑇𝐸 =
𝑡∗

Δ𝑡
∗ 𝑂(Δ𝑡𝜖)

𝜖𝑔𝑙𝑜𝑏𝑎𝑙 = 𝜖 − 1

 

Δ𝑡 𝜖

 



𝒒𝑖+1 = 𝑓𝑂𝐷𝐸(𝒒𝑖−𝑀+1, 𝒒𝑖−𝑀+2, … , 𝒒𝑖) + 𝑂(Δ𝑡𝜖)  , 𝑓𝑜𝑟 𝑀 = 1,2,3…∞

𝒒𝑖+1 = 𝑓𝑂𝐷𝐸(𝒒𝑖−𝑀+1, 𝒒𝑖−𝑀+2, … , 𝒒𝑖+1) + 𝑂(Δ𝑡𝜖)  , 𝑓𝑜𝑟 𝑀 = 1,2,3…∞

𝑀

𝑡𝑖+1 𝑀 = 1

𝒒𝑖+1 = 𝑓𝑂𝐷𝐸(𝒒𝑖) + 𝑂(Δ𝑡5)



 

𝒒𝑖+1

 

 



 

𝑁1 = ∑ (
√3

2
(𝐹ℎ𝑦𝑑,𝑖

𝑌 + 𝐹𝑖𝑛,𝑖
𝑌 ) −

1

2
(𝐹ℎ𝑦𝑑,𝑖

𝑋 + 𝐹𝑖𝑛,𝑖
𝑋 ))

𝑁𝑏𝑜𝑥
𝑖=1 +

√3

2
𝐹𝑇,1

𝑌 −

1

2
𝐹𝑇,1

𝑋 𝑃ℎ,1𝑊𝑏𝑜𝑥𝐻𝑏𝑜𝑥  

𝑉𝑦,1 = ∑ (
√3

2
(𝐹ℎ𝑦𝑑,𝑖

𝑋 + 𝐹𝑖𝑛,𝑖
𝑋 ) +

1

2
(𝐹ℎ𝑦𝑑,𝑖

𝑌 + 𝐹𝑖𝑛,𝑖
𝑌 ))

𝑁𝑏𝑜𝑥

𝑖=1

+
√3

2
𝐹𝑇,1

𝑋 +
1

2
𝐹𝑇,1

𝑌

𝑉𝑧,1 = ∑ (𝐹ℎ𝑦𝑑,𝑖
𝑍 + 𝐹𝑖𝑛,𝑖

𝑍 )

𝑁𝑏𝑜𝑥

𝑖=1

+ 𝐹𝑇,1
𝑍 + 𝑃𝑣,1𝐿𝑏𝑜𝑥𝑊𝑏𝑜𝑥 

𝑀𝑥,1 = −𝐾𝑡 ⋅ (
1

2
𝜂4 +

√3

2
𝜂5) + 𝑒𝑀 ⋅ (

√3

2
𝐹𝑇,1

𝑋 +
1

2
𝐹𝑇,1

𝑌 )

𝑀𝑦,1 = −(∑ (𝑟𝑖 −
𝐷𝑚𝑖𝑑

2
) ⋅ (𝐹ℎ𝑦𝑑,𝑖

𝑍 + 𝐹𝑖𝑛,𝑖
𝑍 )

𝑁𝑏𝑜𝑥

𝑖=1

+ 𝐹𝑇,1
𝑍 ⋅ 𝐿𝑏𝑜𝑥 +

1

2
𝑃𝑣,1𝐿𝑏𝑜𝑥

2 𝑊𝑏𝑜𝑥)

𝑀𝑧,1 = −(∑ (𝑟𝑖 −
𝐷𝑚𝑖𝑑

2
) ⋅ (

√3

2
(𝐹ℎ𝑦𝑑,𝑖

𝑋 + 𝐹𝑖𝑛,𝑖
𝑋 ) +

1

2
(𝐹ℎ𝑦𝑑,𝑖

𝑌 + 𝐹𝑖𝑛,𝑖
𝑌 ))

𝑁𝑏𝑜𝑥

𝑖=1

+ (
√3

2
𝐹𝑇,1

𝑋 +
1

2
𝐹𝑇,1

𝑌 ) ⋅ 𝐿𝑏𝑜𝑥)

• 𝑖

• 𝑁𝑏𝑜𝑥

• 𝐹 𝑖𝑛,𝑖 𝑖

• 𝑟𝑖

𝑖

• 𝑒𝑀



 

𝑁2 = ∑ (𝐹ℎ𝑦𝑑,𝑖
𝑋 + 𝐹𝑖𝑛,𝑖

𝑋 )

2𝑁𝑏𝑜𝑥

𝑖=𝑁𝑏𝑜𝑥+1

+ 𝐹𝑇,2
𝑋 + 𝑃ℎ,2𝑊𝑏𝑜𝑥𝐻𝑏𝑜𝑥

𝑉𝑦,2 = ∑ (𝐹ℎ𝑦𝑑,𝑖
𝑌 + 𝐹𝑖𝑛,𝑖

𝑌 )

2𝑁𝑏𝑜𝑥

𝑖=𝑁𝑏𝑜𝑥+1

+ 𝐹𝑇,2
𝑌

𝑉𝑧,2 = ∑ (𝐹ℎ𝑦𝑑,𝑖
𝑍 + 𝐹𝑖𝑛,𝑖

𝑍 )

2𝑁𝑏𝑜𝑥

𝑖=𝑁𝑏𝑜𝑥+1

+ 𝐹𝑇,2
𝑍 + 𝑃𝑣,2𝐿𝑏𝑜𝑥𝑊𝑏𝑜𝑥

𝑀𝑥,2 = −𝐾𝑡 ⋅ 𝜂4 + 𝑒𝑀 ⋅ 𝐹𝑇,2
𝑌

𝑀𝑦,2 = −( ∑ (𝑟𝑖 −
𝐷𝑚𝑖𝑑

2
) ⋅ (𝐹ℎ𝑦𝑑,𝑖

𝑍 + 𝐹𝑖𝑛,𝑖
𝑍 )

2𝑁𝑏𝑜𝑥

𝑖=𝑁𝑏𝑜𝑥+1

+ 𝐹𝑇,2
𝑍 ⋅ 𝐿𝑏𝑜𝑥 +

1

2
𝑃𝑣,2𝐿𝑏𝑜𝑥

2 𝑊𝑏𝑜𝑥)

𝑀𝑧,2 = −( ∑ (𝑟𝑖 −
𝐷𝑚𝑖𝑑

2
) ⋅ (𝐹ℎ𝑦𝑑,𝑖

𝑌 + 𝐹𝑖𝑛,𝑖
𝑌 )

2𝑁𝑏𝑜𝑥

𝑖=𝑁𝑏𝑜𝑥+1

+ 𝐹𝑇,2
𝑌 ⋅ 𝐿𝑏𝑜𝑥)

 

𝑁3 = − ∑ (
√3

2
(𝐹ℎ𝑦𝑑,𝑖

𝑌 + 𝐹𝑖𝑛,𝑖
𝑌 ) +

1

2
(𝐹ℎ𝑦𝑑,𝑖

𝑋 + 𝐹𝑖𝑛,𝑖
𝑋 ))

3𝑁𝑏𝑜𝑥

𝑖=2𝑁𝑏𝑜𝑥+1

+
√3

2
𝐹𝑇,3

𝑌 +
1

2
𝐹𝑇,3

𝑋

+ 𝑃ℎ,3𝑊𝑏𝑜𝑥𝐻𝑏𝑜𝑥

𝑉𝑦,3 = ∑ (
1

2
(𝐹ℎ𝑦𝑑,𝑖

𝑌 + 𝐹𝑖𝑛,𝑖
𝑌 ) −

√3

2
(𝐹ℎ𝑦𝑑,𝑖

𝑋 + 𝐹𝑖𝑛,𝑖
𝑋 ))

3𝑁𝑏𝑜𝑥

𝑖=2𝑁𝑏𝑜𝑥+1

+
1

2
𝐹𝑇,3

𝑌 −
√3

2
𝐹𝑇,3

𝑋

𝑉𝑧,3 = ∑ (𝐹ℎ𝑦𝑑,𝑖
𝑍 + 𝐹𝑖𝑛,𝑖

𝑍 )

3𝑁𝑏𝑜𝑥

𝑖=2𝑁𝑏𝑜𝑥+1

+ 𝐹𝑇,3
𝑍 + 𝑃𝑣,3𝐿𝑏𝑜𝑥𝑊𝑏𝑜𝑥

𝑀𝑥,3 = −𝐾𝑡 ⋅ (
1

2
𝜂4 −

√3

2
𝜂5) + 𝑒𝑀 ⋅ (

1

2
𝐹𝑇,3

𝑌 −
√3

2
𝐹𝑇,3

𝑋 )



𝑀𝑦,3 = −( ∑ (𝑟𝑖 −
𝐷𝑚𝑖𝑑

2
) ⋅ (𝐹ℎ𝑦𝑑,𝑖

𝑍 + 𝐹𝑖𝑛,𝑖
𝑍 )

3𝑁𝑏𝑜𝑥

𝑖=2𝑁𝑏𝑜𝑥+1

+ 𝐹𝑇,3
𝑍 ⋅ 𝐿𝑏𝑜𝑥 +

1

2
𝑃𝑣,3𝐿𝑏𝑜𝑥

2 𝑊𝑏𝑜𝑥)

𝑀𝑧,3 = −( ∑ (𝑟𝑖 −
𝐷𝑚𝑖𝑑

2
) ⋅ (

1

2
(𝐹ℎ𝑦𝑑,𝑖

𝑌 + 𝐹𝑖𝑛,𝑖
𝑌 ) −

√3

2
(𝐹ℎ𝑦𝑑,𝑖

𝑋 + 𝐹𝑖𝑛,𝑖
𝑋 ))

3𝑁𝑏𝑜𝑥

𝑖=2𝑁𝑏𝑜𝑥+1

+ (
1

2
𝐹𝑇,3

𝑌 −
√3

2
𝐹𝑇,3

𝑋 ) ⋅ 𝐿𝑏𝑜𝑥)

 

𝑁𝑡 = ∑ (𝐹𝑎𝑒𝑟𝑜,𝑖
𝑍 + 𝐹𝑖𝑛,𝑖

𝑍 )

𝑁𝑡𝑜𝑤𝑒𝑟

𝑖=1

+ 𝐹ℎ𝑦𝑑,𝑡𝑟𝑎𝑛𝑠
𝑍 + 𝐹𝑖𝑛,𝑡𝑟𝑎𝑛𝑠

𝑍 + 𝐹𝑖𝑛,𝑅𝑁𝐴
𝑍 + 𝐹𝑅𝑁𝐴

𝑍 + 𝑃𝑣,𝑚𝑖𝑑

⋅
1

4
𝜋𝐷𝑚𝑖𝑑

2

𝑉𝑥,𝑡 = ∑ (𝐹𝑎𝑒𝑟𝑜,𝑖
𝑋 + 𝐹𝑖𝑛,𝑖

𝑋 )

𝑁𝑡𝑜𝑤𝑒𝑟

𝑖=1

+ 𝐹ℎ𝑦𝑑,𝑡𝑟𝑎𝑛𝑠
𝑋 + 𝐹𝑖𝑛,𝑡𝑟𝑎𝑛𝑠

𝑋 + 𝐹𝑖𝑛,𝑅𝑁𝐴
𝑋 + 𝐹𝑅𝑁𝐴

𝑋

𝑉𝑦,𝑡 = ∑ (𝐹𝑎𝑒𝑟𝑜,𝑖
𝑌 + 𝐹𝑖𝑛,𝑖

𝑌 )

𝑁𝑡𝑜𝑤𝑒𝑟

𝑖=1

+ 𝐹ℎ𝑦𝑑,𝑡𝑟𝑎𝑛𝑠
𝑌 + 𝐹𝑖𝑛,𝑡𝑟𝑎𝑛𝑠

𝑌 + 𝐹𝑖𝑛,𝑅𝑁𝐴
𝑌 + 𝐹𝑅𝑁𝐴

𝑌

𝑀𝑥,𝑡 = ∑ −(𝑍𝐶𝑜𝐺,𝑖 + 𝐾𝐺 + 𝐻𝑚𝑖𝑑) ⋅ (𝐹𝑎𝑒𝑟𝑜,𝑖
𝑌 + 𝐹𝑖𝑛,𝑖

𝑌 )

𝑁𝑡𝑜𝑤𝑒𝑟

𝑖=1

− (𝑍𝐶𝑜𝐵,𝑡𝑟𝑎𝑛𝑠 + 𝐾𝐺 + 𝐻𝑚𝑖𝑑) ⋅ 𝐹ℎ𝑦𝑑,𝑡𝑟𝑎𝑛𝑠
𝑌

− (𝑍𝐶𝑜𝐺,𝑡𝑟𝑎𝑛𝑠 + 𝐾𝐺 + 𝐻𝑚𝑖𝑑) ⋅ 𝐹𝑖𝑛,𝑡𝑟𝑎𝑛𝑠
𝑌

− (𝑍𝐶𝑜𝐺,𝑅𝑁𝐴 + 𝐾𝐺 + 𝐻𝑚𝑖𝑑) ⋅ (𝐹𝑖𝑛,𝑅𝑁𝐴
𝑌 + 𝐹𝑅𝑁𝐴

𝑌 )

𝑀𝑦,𝑡 = ∑ (𝑍𝐶𝑜𝐺,𝑖 + 𝐾𝐺 + 𝐻𝑚𝑖𝑑) ⋅ (𝐹𝑎𝑒𝑟𝑜,𝑖
𝑋 + 𝐹𝑖𝑛,𝑖

𝑋 )

𝑁𝑡𝑜𝑤𝑒𝑟

𝑖=1

+ (𝑍𝐶𝑜𝐵,𝑡𝑟𝑎𝑛𝑠 + 𝐾𝐺 + 𝐻𝑚𝑖𝑑) ⋅ 𝐹ℎ𝑦𝑑,𝑡𝑟𝑎𝑛𝑠
𝑋

+ (𝑍𝐶𝑜𝐺,𝑡𝑟𝑎𝑛𝑠 + 𝐾𝐺 + 𝐻𝑚𝑖𝑑) ⋅ 𝐹𝑖𝑛,𝑡𝑟𝑎𝑛𝑠
𝑋

+ (𝑍𝐶𝑜𝐺,𝑅𝑁𝐴 + 𝐾𝐺 + 𝐻𝑚𝑖𝑑) ⋅ (𝐹𝑖𝑛,𝑅𝑁𝐴
𝑋 + 𝐹𝑅𝑁𝐴

𝑋 ) − 𝑒𝑥,𝑅𝑁𝐴

⋅ (𝐹𝑖𝑛,𝑅𝑁𝐴
𝑍 + 𝐹𝑅𝑁𝐴

𝑍 ) + 𝑀𝑔𝑦𝑟𝑜
𝑌

𝑀𝑧,𝑡 = 𝑀𝑔𝑦𝑟𝑜
𝑍

• 𝑖

• 𝑁𝑡𝑜𝑤𝑒𝑟



• 𝐹 𝑖𝑛,𝑅𝑁𝐴 𝐹 𝑖𝑛,𝑡𝑟𝑎𝑛𝑠

• 𝑉𝑡𝑟𝑎𝑛𝑠 𝑚𝑡𝑟𝑎𝑛𝑠

• 𝑚𝑡𝑢𝑟𝑏𝑖𝑛𝑒

• 𝐻𝑚𝑖𝑑

• 𝑒𝑥,𝑅𝑁𝐴

 

 𝑥,𝑗 =
𝑁𝑗

𝐴𝑠,𝑏𝑜𝑥
𝑥 +

𝑀𝑧,𝑗 ⋅ 𝑦𝑚𝑎𝑥

𝐼𝑧,𝑏𝑜𝑥
+

𝑀𝑦,𝑗

𝐼𝑦,𝑏𝑜𝑥
⋅
𝐻𝑏𝑜𝑥

2

 𝑦,𝑗 = 𝑃ℎ,𝑗 ⋅
𝐻𝑏𝑜𝑥𝐿𝑏𝑜𝑥

𝐴𝑠,𝑏𝑜𝑥
𝑦

𝜏𝑥𝑦,𝑗 =
𝑉𝑧,𝑗𝑄𝑧

𝐼𝑧,𝑏𝑜𝑥 ⋅ 𝑡𝑡𝑜𝑝
+

𝑉𝑦,𝑗𝑄𝑦

𝐼𝑦,𝑏𝑜𝑥 ⋅ 𝑡𝑡𝑜𝑝
+

𝑀𝑥,𝑗

2𝐴𝑖𝑛,𝑏𝑜𝑥 ⋅ 𝑡𝑡𝑜𝑝

𝑦𝑚𝑎𝑥 = {
0,           𝐻𝑜𝑡𝑠𝑝𝑜𝑡𝑠 {P1,i, P2,i, P3,i}

 
𝑊𝑏𝑜𝑥

2
,     𝐻𝑜𝑡𝑠𝑝𝑜𝑡𝑠 {P1,ii, P2,ii, P3,ii}

𝑄𝑧 = 𝐴𝑉𝑧 ⋅
𝐻𝑏𝑜𝑥 − 𝑡𝑡𝑜𝑝

2

𝑄𝑦 = 𝐴𝑉𝑦 ⋅
𝑊𝑏𝑜𝑥 − 𝑡𝑠𝑖𝑑𝑒

2

𝐴𝑉𝑧 = {
0,                           𝐻𝑜𝑡𝑠𝑝𝑜𝑡𝑠 {P1,i, P2,i, P3,i}

  
1

2
𝑊𝑏𝑜𝑥𝑡𝑡𝑜𝑝, 𝐻𝑜𝑡𝑠𝑝𝑜𝑡𝑠 {P1,ii, P2,ii, P3,ii}

𝐴𝑉𝑦 =

{
 
 

 
  𝐻𝑏𝑜𝑥 ⋅ 𝑡𝑠𝑖𝑑𝑒 + (

𝑊𝑏𝑜𝑥
2 −

3
2 ⋅ 𝑡𝑠𝑖𝑑𝑒) ⋅ 𝑡𝑡𝑜𝑝

2
, 𝐻𝑜𝑡𝑠𝑝𝑜𝑡𝑠 {P1,i, P2,i, P3,i}

   
𝐻𝑏𝑜𝑥 ⋅ 𝑡𝑠𝑖𝑑𝑒

2
,                                                            𝐻𝑜𝑡𝑠𝑝𝑜𝑡𝑠 {P1,ii, P2,ii, P3,ii}



 𝑧,𝑡 =
𝑁𝑡

𝐴𝑠,𝑡
+

𝑀𝑥,𝑡

𝐼𝑥,𝑡
⋅
𝐷𝑚𝑖𝑑

2
⋅ cos(𝛼) +

𝑀𝑦,𝑡

𝐼𝑦,𝑡
⋅
𝐷𝑚𝑖𝑑

2
⋅ sin(𝛼)

 𝑦,𝑡 = −𝑃ℎ,𝑚𝑖𝑑 ⋅ (
𝐷𝑚𝑖𝑑

2 + 𝐷𝑚𝑖𝑑,𝑖𝑛
2

𝐷𝑚𝑖𝑑
2 − 𝐷𝑚𝑖𝑑,𝑖𝑛

2 )

𝜏𝑧𝑦,𝑡 =
2 ⋅ 𝑉𝑥,𝑡 ⋅ sin(𝛼)

𝜋𝐷𝑚𝑖𝑑𝑡𝑚𝑖𝑑
+

2 ⋅ 𝑉𝑦,𝑡 ⋅ cos(𝛼)

𝜋𝐷𝑚𝑖𝑑𝑡𝑚𝑖𝑑
+

𝑀𝑧,𝑡

𝐽𝑡
⋅
𝐷𝑚𝑖𝑑

2

𝛼

𝛼

 



 



 



 



 



 

 



 

𝑠

𝐼𝑝(𝑠) =
𝜋

4
((

𝐷𝑜𝑢𝑡(𝑠)

2
)

4

− (
𝐷𝑖𝑛(𝑠)

2
)

4

)

𝑠

𝐼𝑧𝑧,𝑓𝑖𝑡(𝑠) =  10.765 −  0.0005𝑠3  +  0.0359𝑠2  −  0.9447𝑠



𝑑2

𝑑𝑠2 (𝐸𝐼𝑧𝑧,𝑓𝑖𝑡(𝑠)
𝑑2𝑤

𝑑𝑠2 ) = 𝑞(𝑠)

𝑉(𝑠) = −∫𝑞(𝑠)𝑑𝑠 + 𝐶1

𝑀(𝑠) = ∫𝑉(𝑠)𝑑𝑠 + 𝐶2

𝜙(𝑠) =
1

𝐸𝐼𝑧𝑧,𝑓𝑖𝑡(𝑠)
∫𝑀(𝑠) 𝑑𝑠 + 𝐶3

𝑤(𝑠) = −∫𝜙(𝑠) 𝑑𝑠 + 𝐶4

𝑞(𝑠) = 0

𝑤(0) = 𝜙(0) = 𝑀(𝐿𝑡𝑜𝑤𝑒𝑟) = 0

𝑉(𝐿𝑡𝑜𝑤𝑒𝑟) = 𝐹0

𝑤𝑚𝑎𝑥 = 𝑤(𝐿𝑡𝑜𝑤𝑒𝑟) = −∫
𝐹0

𝐸𝐼𝑧𝑧,𝑓𝑖𝑡(𝑠)
(
𝑠2

2
− 𝑠)𝑑𝑠

𝐿𝑡𝑜𝑤𝑒𝑟

0

𝐸𝐼𝑒𝑞,𝑡 = 3.645 ∗ 1011𝑁𝑚2

 



 



 

59.1

21.5

𝛼 21.4 °

 

𝛻𝑙𝑒𝑔,𝑚𝑎𝑥

𝛻𝑙𝑒𝑔,𝑜𝑝

𝛻𝑚𝑖𝑑

KG

KB

�̃�𝑝  



 

21.4 °



 







 

𝜂
1

𝜂
2

𝜂
3

𝜂
4

𝜂
5

𝜂
6

 



 

 

𝜂1 CoG(0)

𝜂2 CoG(0)

Heave 𝜂3 CoG(0)

Roll 𝜂4 CoG(0)

Pitch 𝜂5 CoG(0)

𝜂6 CoG(0)

𝑋𝑃,𝑖 𝑋𝑆,𝑖, 𝑋𝑃,𝑖,𝑛𝑒𝑤

𝑌𝑃,𝑖, 𝑌𝑆,𝑖, 𝑌𝑃,𝑖.𝑛𝑒𝑤 

𝑍𝑃,𝑖, 𝑍𝑆,𝑖, 𝑍𝑃,𝑖.𝑛𝑒𝑤 
CoG(0) 

CoG(0) 

𝑎𝑥,𝑃,𝑖, 𝑎𝑦,𝑃,𝑖, 

𝑎𝑧,𝑃,𝑖, 𝑋𝐶𝑜𝐵,𝑖, 

𝑌𝐶𝑜𝐵,𝑖, 𝑍𝐶𝑜𝐵,𝑖 
CoG(t) 

CoG(0) 

Δ𝑋𝑖, Δ𝑌𝑖, Δ𝑍𝑖  𝑃𝑖(0) 
CoG(0) 

Tendon angle at 

 
𝛼𝑖 𝑃𝑖(𝑡)

Tendon Force 𝐹𝑇,𝑖 𝑃𝑖(𝑡)

 
𝑧𝐶𝑜𝐵,𝑖 

MSL 
+ 𝜉3(𝑥𝑖, 𝑦𝑖 , 𝑡)

𝜇𝑤𝑎𝑣𝑒, 𝜇𝑤𝑖𝑛𝑑, 
𝜇𝑐𝑢𝑟, 𝜇𝑅𝑁𝐴 

CoG(0)  

𝑋𝐾𝐵𝑖

′ , 𝑌𝐾𝐵𝑖

′ , 𝑍𝐾𝐵𝑖

′  CoG(t) 
CoG(0)

𝑋ℎ𝑢𝑏
′ , 𝑌ℎ𝑢𝑏

′ , 𝑍ℎ𝑢𝑏
′  CoG(t) 

CoG(0)

𝑚𝑝 = 𝑚𝑝𝑙𝑎𝑡𝑓𝑜𝑟𝑚 +
𝐿𝑡𝑜𝑤𝑒𝑟 − 𝑍𝑡

𝐿𝑡𝑜𝑤𝑒𝑟
∗ 𝑚𝑡𝑜𝑤𝑒𝑟

𝑚𝑅𝑁𝐴 = 𝑚𝑟𝑜𝑡𝑜𝑟𝑠 + 𝑚ℎ𝑢𝑏 +
𝑍𝑡

𝐿𝑡𝑜𝑤𝑒𝑟
∗ 𝑚𝑡𝑜𝑤𝑒𝑟



• 

• 

• 

𝐼5 =
√3

288
𝐴𝑡𝑜𝑝𝑚𝑝

𝐹𝐷,𝑝
𝑥 + 𝐹𝑤

𝑥 + 𝐹𝑎𝑑𝑑
𝑥 + 𝐹𝑖𝑛,𝑡

𝑥 − ∑𝐹𝑇𝑖
∗ Η𝑖

𝑥 = �̈�1𝑚𝑡𝑜𝑡

𝐹𝐷,𝑝
𝑦

+ 𝐹𝑤
𝑦
+ 𝐹𝑎𝑑𝑑

𝑦
+ 𝐹𝑖𝑛,𝑡

𝑦
− ∑𝐹𝑇𝑖

∗ Η𝑖
𝑦

= �̈�2𝑚𝑡𝑜𝑡

𝐹𝐵 + 𝐹𝐵,𝑣𝑎𝑟
𝑧 + 𝐹𝐷,𝑝

𝑧 + 𝐹𝑎𝑑𝑑
𝑧 + 𝐹𝑖𝑛,𝑡

𝑧 − ∑𝐹𝑇𝑖
∗ Η𝑖

𝑧 = �̈�3𝑚𝑡𝑜𝑡

−𝑀𝑠
𝑦𝑧

+ 𝑀ℎ𝑦𝑑
𝑦𝑧

+ 𝑀ℎ𝑢𝑏
𝑦𝑧

− ∑𝐹𝑇,𝑖 ∗ Η𝑖
𝑧 ∗ 𝑎𝑦,𝑃,𝑖 + ∑𝐹𝑇,𝑖 ∗ Η𝑖

𝑦
∗ 𝑎𝑧,𝑃,𝑖 = �̈�4𝐼4,𝑝

−𝑀𝑠
𝑥𝑧 + 𝑀ℎ𝑦𝑑

𝑥𝑧 + 𝑀ℎ𝑢𝑏
𝑥𝑧 − ∑𝐹𝑇,𝑖 ∗ Η𝑖

𝑧 ∗ 𝑎𝑥,𝑃,𝑖 + ∑𝐹𝑇,𝑖 ∗ Η𝑖
𝑥 ∗ 𝑎𝑧,𝑃,𝑖 = �̈�5𝐼5,𝑝

𝑀ℎ𝑦𝑑
𝑥𝑦

+ 𝑀ℎ𝑢𝑏
𝑥𝑦

− ∑𝐹𝑇,𝑖 ∗ Η𝑖
𝑦
∗ 𝑎𝑥,𝑃,𝑖 + ∑𝐹𝑇,𝑖 ∗ Η𝑖

𝑥 ∗ 𝑎𝑦,𝑃,𝑖 = �̈�6𝐼6,𝑝

𝑃1 𝑃2 𝑃3

𝑆1 𝑆2 𝑆3

𝐻𝑇 = 𝑑 − 𝑇𝑚𝑒𝑎𝑛

𝑊𝑇 =
𝑅𝑃 ∗ 𝐻𝑇

𝑍ℎ𝑢𝑏 + 𝑧𝑐𝑟𝑜𝑠𝑠 + 𝑇𝑚𝑒𝑎𝑛

𝑌𝑃 = [

𝑌𝑃,1

𝑌𝑃,2

𝑌𝑃,3

] = 𝑊𝑝𝑙𝑎𝑡𝑓𝑜𝑟𝑚 [
0.5
0

−0.5
]

𝑍𝑃 = [

𝑍𝑃,1

𝑍𝑃,2

𝑍𝑃,3

] = −𝐾𝐺 [
1
1
1
]

𝑌𝑆 = [

𝑌𝑆,1
𝑌𝑆,2
𝑌𝑆,3

] = 𝑌𝑃 +
𝑊𝑇

2
[
√3
0

−√3

]



𝑍𝑆 = [

𝑍𝑆,1

𝑍𝑆,1

𝑍𝑆,1

] = 𝑍𝑃 − 𝐻𝑇

𝑋𝑃 = [

𝑋𝑃,1

𝑋𝑃,2

𝑋𝑃,3

] = 𝑅𝑝 [
−0.5
1

−0.5
]

𝑋𝑆 = [

𝑋𝑆,1

𝑋𝑆,2

𝑋𝑆,3

] = 𝑋𝑃 + 𝑊𝑇 [
−0.5
1

−0.5
]

𝐿0,𝑖 = √(𝑋𝑆,𝑖 − 𝑋𝑃,𝑖)
2
+ (𝑌𝑆,𝑖 − 𝑌𝑃,𝑖)

2
+ (𝑍𝑆,𝑖 − 𝑍𝑃.𝑖)

2

𝑍𝑡,0 = 𝑧ℎ𝑢𝑏,𝑊𝐿 + 𝑇𝑚𝑒𝑎𝑛 − 𝐾𝐺

𝐴𝑤𝑝 = (
𝜋

4
1.552)

𝑅𝑡𝑜𝑡(𝜂6, 𝜂5, 𝜂4) = 𝑹

𝑃𝑖
′ = [

𝑋𝑖′

𝑌𝑖′

𝑍𝑖′

] = 𝑹 ∗ [

𝑋𝑃,𝑖

𝑌𝑃,𝑖

𝑍𝑃,𝑖

]

�̇�𝑖
′ = �̇� ∗ [

𝑋𝑃,𝑖

𝑌𝑃,𝑖

𝑍𝑃,𝑖

]

�̈�𝑖
′ = �̈� ∗ [

𝑋𝑃,𝑖

𝑌𝑃,𝑖

𝑍𝑃,𝑖

]

[

𝑎𝑥,𝑃,𝑖

𝑎𝑦,𝑃,𝑖

𝑎𝑧,𝑃,𝑖

] = 𝑃𝑖
′

𝐶𝑜𝐵𝑃,𝑖
𝑟𝑜𝑡 = [

𝑋𝐶𝑜𝐵,𝑖

𝑌𝐶𝑜𝐵,𝑖

𝑍𝐶𝑜𝐵,𝑖

] = 𝑹 ∗ [

𝑋𝑃,𝑖

𝑌𝑃,𝑖

𝑍𝑃,𝑖 + 𝐾𝐵𝑖

]

𝑃ℎ𝑢𝑏
′ = [

𝑋ℎ𝑢𝑏
′

𝑌ℎ𝑢𝑏
′

𝑍ℎ𝑢𝑏
′

] = 𝑹 ∗ [

0
0

𝑍𝑡,0

]

�̇�ℎ𝑢𝑏
′ = �̇� ∗ [

0
0

𝑍𝑡,0

]

�̈�ℎ𝑢𝑏
′ = �̈� ∗ [

0
0

𝑍𝑡,0

]



𝑃𝑛𝑒𝑤 = [

𝑋𝑃,𝑖,𝑛𝑒𝑤

𝑌𝑃,𝑖,𝑛𝑒𝑤

𝑍𝑃,𝑖,𝑛𝑒𝑤

] = [

𝜂1

𝜂2

𝜂3

] + 𝑃𝑖
′

Δ𝑃 = [

Δ𝑋𝑃,𝑖

Δ𝑌𝑃,𝑖

Δ𝑍𝑃,𝑖

] = [

𝑋𝑃,𝑖,𝑛𝑒𝑤

𝑌𝑃,𝑖,𝑛𝑒𝑤

𝑍𝑃,𝑖,𝑛𝑒𝑤

] − [

𝑋𝑃,𝑖

𝑌𝑃,𝑖

𝑍𝑃,𝑖

]

Δ�̇� = [

�̇�1

�̇�2

�̇�3

] + �̇�𝑖
′

Δ�̈� = [

�̈�1

�̈�2

�̈�3

] + �̈�𝑖
′

𝐿𝑛𝑒𝑤,𝑖 = √(𝑋𝑆,𝑖 − 𝑋𝑃,𝑖,𝑛𝑒𝑤)
2
+ (𝑌𝑆,𝑖 − 𝑌𝑃,𝑖,𝑛𝑒𝑤)

2
+ (𝑍𝑆,𝑖 − 𝑍𝑃.𝑖,𝑛𝑒𝑤)

2

[

Η𝑖
𝑥

Η𝑖
𝑦

Η𝑖
𝑧

] =
1

𝐿𝑛𝑒𝑤
[

𝑋𝑃,𝑖,𝑛𝑒𝑤 − 𝑋𝑆,𝑖

𝑌𝑃,𝑖,𝑛𝑒𝑤 − 𝑌𝑆,𝑖
𝑍𝑃,𝑖,𝑛𝑒𝑤 − 𝑍𝑆,𝑖

]

𝛼𝑖 = tan−1

(

 
√(𝑋𝑆,𝑖 − 𝑋𝑃,𝑖,𝑛𝑒𝑤)

2
+ (𝑌𝑆,𝑖 − 𝑌𝑃,𝑖,𝑛𝑒𝑤)

2

𝑍𝑃.𝑖,𝑛𝑒𝑤 − 𝑍𝑆,𝑖

)

 

𝑍 = 𝑍𝑖 − 𝑇𝑚𝑒𝑎𝑛 − 𝜉(𝑋𝑖 , 𝑌𝑖, 𝑡) + 𝐾𝐺

[𝑋𝑖 𝑌𝑖 𝑍𝑖]
𝑇 = 𝑹 ∗ [0 0 𝑧𝑖]

𝑇 + [𝜂1 𝜂2 𝜂3]𝑇

𝐹𝑤 =
1

2
𝜌𝑎 (𝑈ℎ𝑢𝑏 ∘ |𝑈ℎ𝑢𝑏| ∘ 𝐴𝑤𝑖𝑛𝑑 ∗ 𝐶𝐷,ℎ𝑢𝑏 + 𝑈𝑡𝑜𝑤𝑒𝑟 ∘ |𝑈𝑡𝑜𝑤𝑒𝑟|

∗ (𝑍ℎ𝑢𝑏
′ + 𝜂3 − 𝜉𝑣(0,0, 𝑡)) ∗ 𝐷𝑡𝑜𝑤𝑒𝑟,𝑎𝑣𝑔 ∗ 𝐶𝐷,𝑡𝑜𝑤𝑒𝑟)

𝑃𝑅𝑁𝐴 = [

𝑥𝑅𝑁𝐴

𝑦𝑅𝑁𝐴

𝑧𝑅𝑁𝐴

] = 𝑹 ∗ [
𝐷𝑅𝑁𝐴/2

0
𝐷𝑅𝑁𝐴/2 

]

𝐴𝑤𝑖𝑛𝑑 = [

𝐴𝑤𝑖𝑛𝑑
𝑥

𝐴𝑤𝑖𝑛𝑑
𝑦

𝐴𝑤𝑖𝑛𝑑
𝑧

] = {
𝜋 [

𝑥𝑅𝑁𝐴 ∗ 𝑧𝑅𝑁𝐴

𝑦𝑅𝑁𝐴 ∗ 𝑧𝑅𝑁𝐴

𝑥𝑅𝑁𝐴 ∗ 𝑦𝑅𝑁𝐴

] ,            𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠

𝑹 ∗ 3𝐴𝑏𝑙𝑎𝑑𝑒 ,                    𝑒𝑥𝑡𝑟𝑒𝑚𝑒 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠



𝑈ℎ𝑢𝑏 = [

𝑈ℎ𝑢𝑏
𝑥

𝑈ℎ𝑢𝑏
𝑦

𝑈ℎ𝑢𝑏
𝑧

] = [
𝑐𝑜𝑠(𝜇𝑤𝑖𝑛𝑑)

𝑠𝑖𝑛(𝜇𝑤𝑖𝑛𝑑)
0

]𝑈𝑤𝑖𝑛𝑑(𝑍𝑡) − [
�̇�1

�̇�2

0
] + [

�̇�ℎ𝑢𝑏
′

�̇�ℎ𝑢𝑏
′

0

]

𝑈𝑡𝑜𝑤𝑒𝑟 = [

𝑈𝑡𝑜𝑤𝑒𝑟
𝑥

𝑈𝑡𝑜𝑤𝑒𝑟
𝑦

𝑈𝑡𝑜𝑤𝑒𝑟
𝑧

] = [
𝑐𝑜𝑠(𝜇𝑤𝑖𝑛𝑑)

𝑠𝑖𝑛(𝜇𝑤𝑖𝑛𝑑)
0

]𝑈𝑤𝑖𝑛𝑑 (
𝑍𝑡

2
) − [

�̇�1

�̇�2

0
] +

𝑍𝑡

2
∗ [

𝑐𝑜𝑠 (𝜂5)�̇�5

𝑐𝑜𝑠 (𝜂4)�̇�4

0

]

 

𝐹𝐷,𝑝,𝑖 =
1

2
𝜌𝑤 ∗ 𝑈ℎ𝑦𝑑,𝑖 ∘ |𝑈ℎ𝑦𝑑,𝑖| ∘ 𝑹 [

𝐴𝐷,𝑖
𝑥

𝐴𝐷,𝑖
𝑦

𝐴𝐷,𝑖
𝑧

] ∘ [

𝐶𝐷,𝑝𝑙𝑎𝑡𝑓𝑜𝑟𝑚
𝑥

𝐶𝐷,𝑝𝑙𝑎𝑡𝑓𝑜𝑟𝑚
𝑦

𝐶𝐷,𝑝𝑙𝑎𝑡𝑓𝑜𝑟𝑚
𝑧

]

𝐹𝐷,𝑝 = [

𝐹𝐷,𝑝
𝑥

𝐹𝐷,𝑝
𝑦

𝐹𝐷,𝑝
𝑧

] = ∑𝐹𝐷,𝑝,𝑖

𝑁

𝑖=1

𝑈ℎ𝑦𝑑,𝑖 = [

𝑈ℎ𝑦𝑑,𝑖
𝑥

𝑈ℎ𝑦𝑑,𝑖
𝑦

𝑈ℎ𝑦𝑑,𝑖
𝑧

] = [
𝑐𝑜𝑠(𝜇𝑐𝑢𝑟)

𝑠𝑖𝑛(𝜇𝑐𝑢𝑟)
0

]𝑈𝑐𝑢𝑟(𝑧𝑖) + [
𝑐𝑜𝑠(𝜇𝑤𝑎𝑣𝑒)

𝑠𝑖𝑛(𝜇𝑤𝑎𝑣𝑒)
1

] ∘ [

�̇�ℎ(𝑋𝑖′, 𝑌𝑖′, 𝑍𝑖′, 𝑡)

�̇�ℎ(𝑋𝑖′, 𝑌𝑖′, 𝑍𝑖′, 𝑡)

�̇�𝑣(𝑋𝑖′, 𝑌𝑖′, 𝑍𝑖′, 𝑡)

] − [

𝛥�̇�𝑖

𝛥�̇�𝑖
𝛥�̇�𝑖

]

 

𝐹𝑖𝑛𝑡 = [

𝐹𝑖𝑛,𝑡
𝑥

𝐹𝑖𝑛,𝑡
𝑦

𝐹𝑖𝑛,𝑡
𝑧

] = 𝐹𝑔𝑦𝑟𝑜 + 𝑚ℎ𝑢𝑏�̈�ℎ𝑢𝑏
′

𝐹𝑎𝑑𝑑 = [

𝐹𝑎𝑑𝑑
𝑥

𝐹𝑎𝑑𝑑
𝑦

𝐹𝑎𝑑𝑑 
𝑧

] = ∑𝐹𝑎𝑑𝑑,𝑖

𝑁

𝑖=1

𝐹𝑎𝑑𝑑,𝑖 = [
𝑐𝑜𝑠(𝜇𝑤𝑎𝑣𝑒)

𝑠𝑖𝑛(𝜇𝑤𝑎𝑣𝑒)
1

] ∘ [

(𝑎11,𝑖 + 𝑚𝑑𝑖𝑠𝑝,𝑖)

(𝑎22,𝑖 + 𝑚𝑑𝑖𝑠𝑝,𝑖)

(𝑎33,𝑖 + 𝑚𝑑𝑖𝑠𝑝,𝑖)

] ∘ [

�̈�ℎ(𝑋𝑖′, 𝑌𝑖′, 𝑍𝑖′, 𝑡)

�̈�ℎ(𝑋𝑖′, 𝑌𝑖′, 𝑍𝑖′, 𝑡)

�̈�𝑣(𝑋𝑖′, 𝑌𝑖′, 𝑍𝑖′, 𝑡)

] − [

𝑎11,𝑖

𝑎22,𝑖

𝑎33,𝑖

] ∘ 𝛥�̈�

[

𝑎11,𝑖

𝑎22,𝑖

𝑎33,𝑖

] = [

𝐶𝑎11

𝐶𝑎22

𝐶𝑎33

] ∗ 𝑚𝑑𝑖𝑠𝑝,𝑖

 



𝐹𝐵 = 𝑔 ∗ (𝑚𝑑𝑖𝑠𝑝 − 𝑚𝑡𝑜𝑡)

𝐹𝑇𝑖
=

𝐿𝑛𝑒𝑤 − 𝐿0

𝐿0
∗ 𝐸𝐴𝑐ℎ𝑎𝑖𝑛 +

𝐹𝐵 + 𝐹𝐵,𝑣𝑎𝑟
𝑧

3 ∗ 𝛨𝑖
𝑧

𝐹𝐵,𝑣𝑎𝑟
𝑧 = 𝜌𝑤𝑔𝛥𝑉

𝛥𝑉 = 𝐴𝑤𝑝 ∗ (𝜉3(0,0, 𝑡) − 𝜂3)

𝐾𝐵(𝑡) =

𝑉𝑠𝑢𝑏𝐾𝐵0 +
𝛥𝑉2

2𝐴𝑤𝑝

𝑉𝑠𝑢𝑏 + 𝛥𝑉

𝑀𝑠 = [

𝑀𝑠
𝑦𝑧

𝑀𝑠
𝑥𝑧

𝑀𝑠
𝑥𝑦

] = 𝜌𝑤𝑔(𝑉𝑠𝑢𝑏 + 𝛥𝑉) ∗

[
 
 
 
 𝐾𝐵(𝑡) +

𝐼𝑡
𝛻0

(1 +
1

2
𝑡𝑎𝑛(𝜂4)

2) − 𝐾𝐺

𝐾𝐵(𝑡) +
𝐼𝑡
𝛻0

(1 +
1

2
𝑡𝑎𝑛(𝜂5)

2) − 𝐾𝐺

0 ]
 
 
 
 

∘ [
𝑠𝑖𝑛(𝜂4)

𝑠𝑖𝑛(𝜂5)
0

]

𝑀ℎ𝑢𝑏
𝑦𝑧

= −𝑍𝑡
𝑟𝑜𝑡𝑎𝑡𝑒𝑑(𝑡) ∗ (𝐹𝑖𝑛,𝑡

𝑦
+ 𝐹𝑤

𝑦
) + 𝑌𝑡

𝑟𝑜𝑡𝑎𝑡𝑒𝑑(𝑡) ∗ 𝐹𝑖𝑛,𝑡
𝑧

𝑀ℎ𝑢𝑏
𝑥𝑧 = −𝑍𝑡

𝑟𝑜𝑡𝑎𝑡𝑒𝑑(𝑡) ∗ (𝐹𝑖𝑛,𝑡
𝑥 + 𝐹𝑤

𝑥) + 𝑋𝑡
𝑟𝑜𝑡𝑎𝑡𝑒𝑑(𝑡) ∗ 𝐹𝑖𝑛,𝑡

𝑧

𝑀ℎ𝑢𝑏
𝑧 = −𝑌𝑡

𝑟𝑜𝑡𝑎𝑡𝑒𝑑(𝑡) ∗ (𝐹𝑖𝑛,𝑡
𝑥 + 𝐹𝑤

𝑥) + 𝑋𝑡
𝑟𝑜𝑡𝑎𝑡𝑒𝑑(𝑡) ∗ (𝐹𝑖𝑛,𝑡

𝑦
+ 𝐹𝑤

𝑦
)

 
𝑀ℎ𝑦𝑑 = [

𝑀ℎ𝑦𝑑
𝑦𝑧

𝑀ℎ𝑦𝑑
𝑥𝑧

𝑀ℎ𝑦𝑑
𝑥𝑦

] = ∑[

−𝑍𝐶𝑜𝐵,𝑖(𝐹𝐷,𝑝,𝑖
𝑦

+ 𝐹𝑎𝑑𝑑,𝑖
𝑦

) + 𝑌𝐶𝑜𝐵,𝑖(𝐹𝐷,𝑝,𝑖
𝑧 + 𝐹𝑎𝑑𝑑,𝑖

𝑧 )

−𝑍𝐶𝑜𝐵,𝑖 (𝐹𝐷,𝑝,𝑖
𝑥 + 𝐹𝑎𝑑𝑑,𝑖

𝑥 ) + 𝑋𝐶𝑜𝐵,𝑖(𝐹𝐷,𝑝,𝑖
𝑧 + 𝐹𝑎𝑑𝑑,𝑖

𝑧 )

−𝑌𝐶𝑜𝐵,𝑖(𝐹𝐷,𝑃,𝑖
𝑥 + 𝐹𝑎𝑑𝑑,𝑖

𝑥 ) + 𝑋𝐶𝑜𝐵,𝑖(𝐹𝐷,𝑃,𝑖
𝑦

+ 𝐹𝑎𝑑𝑑,𝑖
𝑦

)

]

𝑁

𝑖=1

 

𝜉𝑎 = 𝐶𝐷,𝑖 = 𝐶𝑎,𝑖𝑖 = 0

𝑛1 ≪ 1 𝜂3 =

𝜂5 = 0

�̈�1𝑚𝑡𝑜𝑡 = −∑𝐹𝑇𝑖
∗ sin(𝛼𝑖)

3

𝑖=1

≈ −𝑔(𝜌𝑤∇0 − 𝑚𝑑𝑟𝑦) ⋅
𝜂1

𝐿𝑚



𝐶11 =
−�̈�1𝑚𝑡𝑜𝑡

𝜂1
=

𝑔(𝜌𝑤∇0 − 𝑚𝑑𝑟𝑦)

𝐿𝑚

𝑇0,𝜂1
= 2𝜋√

𝑚𝑡𝑜𝑡

𝐶11
= 2𝜋√

𝑚𝑡𝑜𝑡𝐿𝑚

𝑔(𝜌𝑤∇0 − 𝑚𝑑𝑟𝑦)

𝜂1 < 0.17𝐿𝑚

𝑛3 ≪ 1 𝜂1 =

𝜂5 = 0

�̈�3𝑚𝑡𝑜𝑡 = −𝜌𝑤𝑔𝐴𝑤𝑝𝜂3 − ∑
Δ𝐿𝑖

𝐿𝑚
∗ 𝐸𝐴 ∗ cos(𝛼𝑖)

3

𝑖=1

≈ −𝜌𝑤𝑔𝐴𝑤𝑝𝜂3 − 3
𝜂3

𝐿𝑚
𝐸𝐴

𝐶33 =
−�̈�3𝑚𝑡𝑜𝑡

𝜂3
=

3𝐸𝐴

𝐿𝑚
+ 𝜌𝑤𝑔𝐴𝑤𝑝

𝑇0,𝜂3
= 2𝜋√

𝑚𝑡𝑜𝑡

𝐶33
= 2𝜋

√

𝑚𝑡𝑜𝑡

3𝐸𝐴
𝐿𝑚

+ 𝜌𝑤𝑔𝐴𝑤𝑝

 



 



 



 

𝑝0 = [1.434 −0.010 −0.015 0 0.004 0]𝑇



 







 

𝑁𝑠𝑠 = 12

𝐷𝑖 ∝ 𝑆𝑖
3

𝐷𝑖 𝑆𝑖

𝑆𝑖 ∝ 𝐹𝑤𝑎𝑣𝑒,𝑖

𝐹𝑤𝑎𝑣𝑒,𝑖

𝐻𝑤𝑎𝑣𝑒 𝑇𝑤𝑎𝑣𝑒

𝑈𝑤𝑎𝑣𝑒 �̇�𝑤𝑎𝑣𝑒

𝐷𝑖

𝐹𝑤𝑎𝑣𝑒 ∝ {
𝑈𝑤𝑎𝑣𝑒

2 ∝ (𝐻𝑤𝑎𝑣𝑒 𝑇𝑤𝑎𝑣𝑒⁄ )2,     

�̇�𝑤𝑎𝑣𝑒 ∝ 𝐻𝑤𝑎𝑣𝑒/𝑇𝑤𝑎𝑣𝑒
2 ,           

𝐷𝑖 ∝ {
(𝐻𝑠,𝑖 𝑇𝑝,𝑖⁄ )

6
,     

(𝐻𝑠,𝑖 𝑇𝑝,𝑖
2⁄ )

3
,     

𝐻𝑠,𝑖 𝑇𝑝,𝑖

𝐷𝑖 ⋅ 𝑛𝑠𝑠,𝑖



 

Tp [s]

Hs [m] From 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

From To 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

0 0.5 2.61E-09 5.45E-10 1.58E-10 2.62E-10 2.71E-10 2.38E-10 9.27E-11 6.01E-11 2.1E-11 4.81E-12 1.52E-12 8.11E-13 1.58E-13 6.79E-15 3.34E-14 0 0 0 0 0 0

0.5 1 8.05E-08 2.01E-07 5.08E-08 2.87E-08 6.32E-08 5.19E-08 2.42E-08 1.29E-08 5.18E-09 1.74E-09 6.24E-10 2.18E-10 9.47E-11 2.99E-11 2.16E-11 5.82E-12 2.15E-12 1.55E-12 3.75E-13 2.85E-13 1.1E-13

1 1.5 0 1.18E-07 3.38E-07 1.49E-07 1.64E-07 1.79E-07 1.07E-07 7.63E-08 3.56E-08 1.15E-08 4.87E-09 1.52E-09 5.71E-10 2.48E-10 2.08E-10 4.15E-11 1.9E-11 7.39E-12 6.94E-13 3.96E-13 1.02E-13

1.5 2 0 0 5.94E-08 2.11E-07 1.84E-07 2.2E-07 1.52E-07 1.52E-07 8.12E-08 2.83E-08 1.3E-08 4.76E-09 1.71E-09 4.5E-10 3.55E-10 8.09E-11 3.16E-11 1.33E-11 4.28E-12 1.09E-12 0

2 2.5 0 0 0 5.7E-08 1.03E-07 2.03E-07 2.02E-07 1.78E-07 1.27E-07 5.18E-08 2.48E-08 9.79E-09 4.22E-09 1.28E-09 7.83E-10 1.74E-10 8.72E-11 1.88E-11 2.02E-12 0 0

2.5 3 0 0 0 4.84E-09 2.36E-08 1.37E-07 1.87E-07 1.99E-07 1.4E-07 6.53E-08 3.44E-08 1.52E-08 4.67E-09 1.17E-09 1.01E-09 2.46E-10 9.62E-11 1.23E-11 0 0 0

3 3.5 0 0 0 0 3.38E-09 2.95E-08 1.21E-07 1.97E-07 1.46E-07 7.35E-08 4.39E-08 1.7E-08 6.43E-09 2.03E-09 1.53E-09 2.55E-10 1.59E-10 2.43E-11 0 0 0

3.5 4 0 0 0 0 0 6.13E-09 4.59E-08 1.56E-07 1.39E-07 8.31E-08 3.68E-08 2.02E-08 9.07E-09 2.38E-09 1.51E-09 3E-10 6.73E-11 0 0 0 0

4 4.5 0 0 0 0 0 0 8.24E-09 7.34E-08 1.33E-07 8.67E-08 4.3E-08 2.1E-08 1.18E-08 2.8E-09 1.43E-09 5.04E-10 9.8E-11 0 0 0 0

4.5 5 0 0 0 0 0 0 1.28E-09 2.53E-08 1.09E-07 9.12E-08 4.49E-08 2.16E-08 9.49E-09 3.87E-09 2.36E-09 7.74E-10 4.45E-10 0 0 0 0

5 5.5 0 0 0 0 0 0 0 6.63E-09 4.83E-08 7.25E-08 4.66E-08 1.3E-08 1.14E-08 2.39E-09 3.84E-09 1.11E-09 2.08E-10 5.13E-11 0 0 0

5.5 6 0 0 0 0 0 0 2.27E-09 1.24E-09 1.8E-08 3.67E-08 4.63E-08 1.11E-08 7.82E-09 2.73E-09 2.5E-09 6.24E-10 2.12E-10 0 0 0 0

6 6.5 0 0 0 0 0 0 0 0 5.56E-09 1.24E-08 3.57E-08 1.61E-08 5.25E-09 2.65E-09 8.95E-10 1.07E-10 3.12E-10 0 0 0 0

6.5 7 0 0 0 0 0 0 0 0 0 7.07E-09 1.56E-08 1.13E-08 4.86E-09 1.87E-09 1.41E-09 1.35E-10 3.43E-10 0 0 0 0

7 7.5 0 0 0 0 0 0 0 0 0 2.63E-09 6.07E-09 9.71E-09 5.3E-09 1.49E-09 1.4E-09 8.34E-11 6.08E-11 0 0 0 0

7.5 8 0 0 0 0 0 0 0 0 0 1.07E-09 8.09E-09 1.14E-08 3.24E-09 6.07E-10 0 0 0 0 0 0 0

8 8.5 0 0 0 0 0 0 0 0 0 0 2.44E-09 6.89E-09 2.49E-09 1.22E-09 0 0 0 0 0 0 0

8.5 9 0 0 0 0 0 0 0 0 0 0 0 6.32E-10 4.24E-09 0 6.14E-10 0 0 0 0 0 0

9 9.5 0 0 0 0 0 0 0 0 0 0 0 0 1E-09 6.88E-10 0 0 0 0 0 0 0

9.5 10 0 0 0 0 0 0 0 0 0 0 0 1.75E-09 0 8.06E-10 0 0 0 0 0 0 0

10 10.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3.29E-10 0 0 0 0 0 0

10.5 11 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3.79E-10 0 0 0 0 0 0

11 11.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.3E-09 0 0 0 0 0 0

11.5 12 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.49E-09 0 0 0 0 0 0

12 12.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.68E-09 0 0 0 0 0 0

12.5 13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.9E-09 0 0 0 0 0 0

13 13.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2.13E-09 0 0 0 0 0 0

13.5 14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2.38E-09 0 0 0 0 0 0

14 14.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2.65E-09 0 0 0 0 0 0

14.5 15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2.94E-09 0 0 0 0 0 0

15 15.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3.25E-09 0 0 0 0 0 0

Tp [s]

Hs [m] From 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

From To 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

0 0.5 4.08E-11 8.51E-12 2.48E-12 4.09E-12 4.24E-12 3.71E-12 1.45E-12 9.4E-13 3.29E-13 7.52E-14 2.37E-14 1.27E-14 2.47E-15 1.06E-16 5.22E-16 0 0 0 0 0 0

0.5 1 3.4E-08 8.5E-08 2.14E-08 1.21E-08 2.67E-08 2.19E-08 1.02E-08 5.46E-09 2.19E-09 7.32E-10 2.63E-10 9.19E-11 4E-11 1.26E-11 9.13E-12 2.45E-12 9.09E-13 6.52E-13 1.58E-13 1.2E-13 4.63E-14

1 1.5 0 2.3E-07 6.6E-07 2.9E-07 3.21E-07 3.49E-07 2.1E-07 1.49E-07 6.95E-08 2.24E-08 9.52E-09 2.96E-09 1.11E-09 4.84E-10 4.05E-10 8.1E-11 3.71E-11 1.44E-11 1.36E-12 7.74E-13 1.99E-13

1.5 2 0 0 3.19E-07 1.13E-06 9.87E-07 1.18E-06 8.14E-07 8.13E-07 4.35E-07 1.51E-07 6.99E-08 2.55E-08 9.16E-09 2.41E-09 1.9E-09 4.34E-10 1.7E-10 7.13E-11 2.3E-11 5.83E-12 0

2 2.5 0 0 0 6.49E-07 1.17E-06 2.32E-06 2.3E-06 2.03E-06 1.44E-06 5.9E-07 2.83E-07 1.12E-07 4.81E-08 1.46E-08 8.92E-09 1.99E-09 9.94E-10 2.15E-10 2.3E-11 0 0

2.5 3 0 0 0 1.01E-07 4.9E-07 2.85E-06 3.9E-06 4.13E-06 2.9E-06 1.36E-06 7.15E-07 3.16E-07 9.71E-08 2.43E-08 2.1E-08 5.11E-09 2E-09 2.56E-10 0 0 0

3 3.5 0 0 0 0 1.16E-07 1.01E-06 4.16E-06 6.76E-06 5.01E-06 2.52E-06 1.51E-06 5.84E-07 2.21E-07 6.97E-08 5.25E-08 8.77E-09 5.45E-09 8.36E-10 0 0 0

3.5 4 0 0 0 0 0 3.23E-07 2.42E-06 8.23E-06 7.32E-06 4.38E-06 1.94E-06 1.06E-06 4.78E-07 1.26E-07 7.98E-08 1.58E-08 3.55E-09 0 0 0 0

4 4.5 0 0 0 0 0 0 6.33E-07 5.63E-06 1.02E-05 6.65E-06 3.3E-06 1.61E-06 9.06E-07 2.15E-07 1.1E-07 3.87E-08 7.52E-09 0 0 0 0

4.5 5 0 0 0 0 0 0 1.37E-07 2.71E-06 1.17E-05 9.77E-06 4.81E-06 2.32E-06 1.02E-06 4.14E-07 2.53E-07 8.29E-08 4.76E-08 0 0 0 0

5 5.5 0 0 0 0 0 0 0 9.59E-07 6.99E-06 1.05E-05 6.74E-06 1.88E-06 1.64E-06 3.46E-07 5.56E-07 1.6E-07 3.01E-08 7.42E-09 0 0 0

5.5 6 0 0 0 0 0 0 4.31E-07 2.37E-07 3.43E-06 6.98E-06 8.8E-06 2.11E-06 1.49E-06 5.18E-07 4.75E-07 1.19E-07 4.04E-08 0 0 0 0

6 6.5 0 0 0 0 0 0 0 0 1.36E-06 3.02E-06 8.72E-06 3.94E-06 1.28E-06 6.48E-07 2.18E-07 2.61E-08 7.61E-08 0 0 0 0

6.5 7 0 0 0 0 0 0 0 0 0 2.17E-06 4.8E-06 3.48E-06 1.5E-06 5.76E-07 4.33E-07 4.14E-08 1.06E-07 0 0 0 0

7 7.5 0 0 0 0 0 0 0 0 0 1E-06 2.31E-06 3.7E-06 2.02E-06 5.68E-07 5.32E-07 3.18E-08 2.32E-08 0 0 0 0

7.5 8 0 0 0 0 0 0 0 0 0 4.98E-07 3.77E-06 5.32E-06 1.51E-06 2.83E-07 0 0 0 0 0 0 0

8 8.5 0 0 0 0 0 0 0 0 0 0 1.37E-06 3.87E-06 1.4E-06 6.85E-07 0 0 0 0 0 0 0

8.5 9 0 0 0 0 0 0 0 0 0 0 0 4.24E-07 2.84E-06 0 4.11E-07 0 0 0 0 0 0

9 9.5 0 0 0 0 0 0 0 0 0 0 0 0 7.92E-07 5.45E-07 0 0 0 0 0 0 0

9.5 10 0 0 0 0 0 0 0 0 0 0 0 1.62E-06 0 7.47E-07 0 0 0 0 0 0 0

10 10.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3.54E-07 0 0 0 0 0 0

10.5 11 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4.71E-07 0 0 0 0 0 0

11 11.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.86E-06 0 0 0 0 0 0

11.5 12 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2.41E-06 0 0 0 0 0 0

12 12.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3.1E-06 0 0 0 0 0 0

12.5 13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3.94E-06 0 0 0 0 0 0

13 13.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4.96E-06 0 0 0 0 0 0

13.5 14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6.19E-06 0 0 0 0 0 0

14 14.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7.67E-06 0 0 0 0 0 0

14.5 15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9.43E-06 0 0 0 0 0 0

15 15.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.15E-05 0 0 0 0 0 0



 

Hs [m] Direction w.r.t. N (°)

From To 0 45 90 135 180 225 270 315

0 0.5 23.0% 0.4% 1.1% 0.4% 0.0% 0.0% 53.6% 21.1%

0.5 1 33.9% 0.4% 1.6% 0.4% 0.1% 0.1% 43.0% 20.7%

1 1.5 38.8% 0.3% 1.5% 0.2% 0.0% 0.0% 35.0% 24.1%

1.5 2 38.8% 0.2% 1.1% 0.1% 0.0% 0.0% 28.4% 31.5%

2 2.5 36.6% 0.1% 0.3% 0.0% 0.0% 0.0% 21.1% 41.8%

2.5 3 33.7% 0.1% 0.0% 0.0% 0.0% 0.0% 16.3% 49.8%

3 3.5 30.3% 0.0% 0.0% 0.0% 0.0% 0.0% 10.3% 59.7%

3.5 4 30.0% 0.0% 0.0% 0.0% 0.0% 0.0% 7.9% 61.7%

4 4.5 26.8% 0.0% 0.0% 0.0% 0.0% 0.0% 6.2% 66.5%

4.5 5 21.6% 0.0% 0.0% 0.0% 0.0% 0.0% 3.7% 75.4%

5 5.5 24.7% 0.0% 0.0% 0.0% 0.0% 0.0% 1.2% 74.1%

5.5 6 20.0% 0.0% 0.0% 0.0% 0.0% 0.0% 4.4% 75.6%

6 6.5 29.2% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 66.7%

6.5 7 23.1% 0.0% 0.0% 0.0% 0.0% 0.0% 7.7% 84.6%

7 7.5 25.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 62.5%

7.5 8 25.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 75.0%

8 8.5 33.3% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 66.7%

8.5 9 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 100.0%

9 9.5 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

9.5 10 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 100.0%

10 10.5 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

10.5 11 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

11 11.5 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

11.5 12 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

12 12.5 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

12.5 13 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

13 13.5 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

13.5 14 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

14 14.5 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

14.5 15 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

15 15.5 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

Wind Direction w.r.t. N (°)

Velocity

[m/s] 0 45 90 135 180 225 270 315 All

0 10.2% 6.2% 8.8% 15.2% 11.4% 15.3% 19.4% 13.6% 100.0%

1 10.1% 6.1% 8.7% 15.1% 11.3% 15.2% 19.3% 13.5% 99.0%

2 9.8% 5.9% 8.4% 14.8% 11.1% 14.9% 19.0% 13.2% 97.0%

3 9.2% 5.4% 8.1% 14.4% 10.6% 14.5% 18.7% 12.7% 94.0%

4 8.5% 4.8% 7.6% 13.9% 9.9% 13.9% 18.2% 12.0% 89.0%

5 7.6% 4.0% 7.1% 13.3% 9.2% 13.2% 17.6% 11.1% 83.0%

6 6.7% 3.4% 6.5% 12.4% 8.2% 12.2% 16.8% 10.0% 76.0%

7 5.8% 2.6% 5.8% 11.3% 7.1% 10.9% 15.9% 8.8% 68.0%

8 4.9% 2.0% 5.0% 10.0% 5.9% 9.5% 14.7% 7.5% 59.0%

9 4.1% 1.5% 4.1% 8.6% 4.6% 7.8% 13.3% 6.3% 50.0%

10 3.4% 1.1% 3.2% 7.0% 3.4% 6.2% 11.8% 5.2% 41.0%

11 2.8% 0.8% 2.2% 5.4% 2.4% 5.0% 10.3% 4.4% 33.0%

12 2.2% 0.6% 1.5% 4.2% 1.6% 4.0% 8.9% 3.7% 27.0%

13 1.7% 0.5% 1.0% 3.0% 1.1% 3.2% 7.5% 3.0% 21.0%

14 1.3% 0.4% 0.7% 2.1% 0.8% 2.5% 6.3% 2.4% 16.0%

15 1.1% 0.3% 0.4% 1.4% 0.5% 1.9% 5.0% 1.9% 13.0%

16 0.8% 0.2% 0.3% 1.0% 0.4% 1.4% 4.0% 1.5% 9.0%

17 0.6% 0.1% 0.2% 0.6% 0.2% 1.0% 3.1% 1.2% 7.0%

18 0.4% 0.1% 0.1% 0.4% 0.1% 0.7% 2.5% 0.8% 5.0%

19 0.3% 0.0% 0.1% 0.2% 0.1% 0.5% 1.9% 0.6% 4.0%

20 0.2% 0.0% 0.0% 0.1% 0.1% 0.4% 1.4% 0.5% 3.0%

21 0.2% 0.0% 0.0% 0.1% 0.0% 0.3% 1.0% 0.3% 2.0%

22 0.1% 0.0% 0.0% 0.0% 0.0% 0.2% 0.7% 0.2% 1.0%

23 0.1% 0.0% 0.0% 0.0% 0.0% 0.1% 0.5% 0.2% 1.0%

24 0.1% 0.0% 0.0% 0.0% 0.0% 0.1% 0.3% 0.1% 1.0%

25 0.0% 0.0% 0.0% 0.0% 0.0% 0.1% 0.2% 0.1% 0.0%

26 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.2% 0.0% 0.0%

27 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.1% 0.0% 0.0%

28 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.1% 0.0% 0.0%

29 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

30 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

31 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

32 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

33 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%

Current Direction w.r.t. N (°)

Velocity [m/s] 0 30 60 90 120 150 180 210 240 270 300 330

From To 30 60 90 120 150 180 210 240 270 300 330 360

0 0.1 0.51% 0.49% 0.49% 0.51% 0.47% 0.42% 0.42% 0.43% 0.43% 0.47% 0.50% 0.52%

0.1 0.2 1.08% 1.12% 1.34% 1.47% 1.22% 1.05% 0.98% 0.97% 1.12% 1.38% 1.46% 1.28%

0.2 0.3 1.24% 1.36% 1.72% 2.34% 2.02% 1.45% 1.05% 1.04% 1.59% 2.03% 2.20% 1.71%

0.3 0.4 0.84% 0.97% 2.11% 3.34% 2.54% 1.26% 0.54% 0.58% 1.32% 2.24% 2.45% 1.55%

0.4 0.5 0.38% 0.52% 1.94% 3.75% 2.86% 0.76% 0.29% 0.29% 0.78% 2.00% 2.08% 0.94%

0.5 0.6 0.09% 0.16% 1.22% 3.54% 2.36% 0.49% 0.09% 0.11% 0.39% 1.06% 1.45% 0.40%

0.6 0.7 0.01% 0.04% 0.55% 2.75% 1.93% 0.20% 0.02% 0.02% 0.16% 0.48% 0.76% 0.13%

0.7 0.8 0.00% 0.00% 0.11% 1.61% 1.12% 0.05% 0.00% 0.00% 0.04% 0.14% 0.26% 0.02%

0.8 0.9 0.00% 0.00% 0.04% 0.73% 0.51% 0.01% 0.00% 0.00% 0.01% 0.05% 0.04% 0.00%

0.9 1 0.00% 0.00% 0.01% 0.26% 0.21% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

1 1.1 0.00% 0.00% 0.00% 0.07% 0.07% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

1.1 1.2 0.00% 0.00% 0.00% 0.00% 0.01% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

1.2 1.3 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

1.3 1.4 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

1.4 1.5 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

1.5 1.6 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

1.6 1.7 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

1.7 1.8 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

1.8 1.9 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

1.9 2 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
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