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• 

• 

• 

• 

• 

𝑃𝑣 

𝑃𝑣 =
1

2
𝜌𝜋𝑅2𝑉𝑣

3                                                        (2.1) 



𝜌 = the air density [𝑘𝑔/𝑚3] 

R = the radius of WT rotor [m] 

Vv = velocity of the air [m/sec] 

𝑃𝑡 =
1

2
𝜌𝜋𝑅2𝑉𝑣

3𝐶𝑝                                                      (2.2) 

λ

𝜆 =
𝑅𝛺𝑡

𝑉𝑣
                                                              (2.3) 

𝛺𝑡



 



 

 

 



1.

2.

3.

4.

.

 

 



• 

• 

• 



 

• 

• 



(𝑃𝑠
∗) (𝑇𝑒𝑚

∗ ) (𝑄𝑠
∗)

(𝑉𝑏𝑢𝑠) (𝑄𝑔
∗ )  

 



• 

β

• 

𝑆𝑎𝑏𝑐_𝑟 𝑆𝑎𝑏𝑐_𝑔



.



. 
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• 
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• 

 



 

 



 

≈ μ



 

 

(
𝑛

2
)𝑙𝑜𝑔2(𝑛)





 

• 

• 



• 

 

• 

• 

• 



 



 



𝑖2̅ β 𝑣1̅̅ ̅

𝛼1

χ

𝜃𝑟 𝜇 − (𝛽2 − 𝜒) 𝜃𝑟



𝑥̂

𝜀

𝜀 𝜀

   

 



𝑓𝑐𝑢𝑟𝑟𝑒𝑛𝑡
𝑘 = |𝑘𝑝

𝑛𝑟

10
± 𝑓𝑠|                                               (2.4) 

𝑛𝑟 =
10

𝑘×𝑝
(𝑓𝑐𝑢𝑟𝑟𝑒𝑛𝑡

𝑘 − 𝑓𝑠)                                            (2.5) 



 





 



 



 

 



 



 

• 



• 

• 

 

 





 



θ

ω

θ

𝑒𝑟𝑟𝑜𝑟 = 𝑠𝑖𝑛𝜃𝑖𝑐𝑜𝑠𝜃𝑜 − 𝑐𝑜𝑠𝜃𝑖𝑠𝑖𝑛𝜃𝑜 = sin(𝜃𝑖 − 𝜃𝑜)                         (3.1) 

𝜃𝑖 − 𝜃𝑜 ≈ 0, sin(𝜃𝑖 − 𝜃𝑜) ≈ 0



sin(𝜃𝑖 − 𝜃𝑜) = 𝜃𝑖 − 𝜃𝑜

𝜔𝑛 ζ

𝜃𝑜(𝑠)

𝜃𝑖(𝑠)
=

(𝐾𝑝+
𝐾𝑠
𝑠

)×(
1

𝑠
)

1+(𝐾𝑝+
𝐾𝑠
𝑠

)×(
1

𝑠
)

≈
𝐾𝑖

𝑠2+𝑠𝐾𝑝+𝐾𝑖
                                                 (3.2) 

 





𝐼𝑟̅

𝐼𝑟̅

𝑑∗ −

𝑞 ∗

𝑞𝑠𝑒𝑟𝑣𝑜

𝐼𝑟̅ 



𝜃𝑠𝑚

θ θ

𝐼𝑟̅ 𝑑∗ 𝐼𝑟𝑑
̅̅ ̅̅ 𝐼𝑟𝑞

̅̅ ̅̅

𝑑∗ 

𝜃𝑠𝑚 = 𝜃𝑖 + 𝜃𝑠𝑙𝑖𝑝 −
𝜋

2

𝐼𝑟̅

𝜃𝑠𝑚



𝑉𝑒𝑥𝑐

𝜃𝑠𝑚 𝜃𝑐𝑜𝑛𝑣 

𝜃𝑠𝑚 𝜃𝑠𝑚 =  𝜃𝑖 + 𝜃𝑠𝑙𝑖𝑝 −
𝜋

2

𝑉𝑠𝑖𝑛 = 𝑔𝑉𝑒𝑥𝑐sin (𝜃𝑐𝑜𝑛𝑣(t))sin (𝜔𝑐t)                                           (3.3) 

𝑉𝑐𝑜𝑠 = 𝑔𝑉𝑒𝑥𝑐 cos(𝜃𝑐𝑜𝑛𝑣(t)) sin(𝜔𝑐t)                                          (3.4) 

𝜔𝑐



𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒 𝑠𝑐𝑎𝑙𝑖𝑛𝑔 =
|𝐼𝑟

∗|

𝑟𝑎𝑡𝑒𝑑 𝑟𝑜𝑡𝑜𝑟 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 
=

|𝐼𝑟
∗|

56𝐴
                            (3.5) 



 

 



𝜃

𝜃

 𝜃



𝜋

𝜋



 



θ

θ 𝜃𝑠𝑚 = 𝜃𝑖 +

𝜃𝑠𝑙𝑖𝑝 −
𝜋

2

𝐼𝑟̅ 𝜃𝑖  𝑖𝑑𝑟
∗

𝑖𝑞𝑟
∗

|𝐼𝑟̅| = √𝑖𝑑𝑟
∗ 2 + 𝑖𝑞𝑟

∗ 2                                                       (3.6) 

𝑝ℎ𝑎𝑠𝑒 𝑎𝑛𝑔𝑙𝑒 =  tan−1 𝑖𝑞𝑟
∗

𝑖𝑑𝑟
∗                                                 (3.7) 

θ

𝑖𝑑𝑟
∗

𝑖𝑞𝑟
∗



𝐼𝑑𝑟
∗ = 15.47𝐴 𝐼𝑞𝑟

∗ = 3.42𝐴

𝐼𝑑𝑟 𝐼𝑞𝑟



 

 

 



𝑖𝑑𝑟
∗ 𝑖𝑞𝑟

∗

𝑖𝑑𝑟
∗ 𝑖𝑞𝑟

∗

|𝐼𝑟̅|

𝜃𝑖) |𝐼𝑟̅| 

𝑖𝑑𝑟
∗ 𝑖𝑞𝑟

∗



 

𝐼𝑑𝑟
∗ 𝐼𝑞𝑟

∗

𝑃𝑠 = −𝑉𝑔̂
𝐿𝑚

𝐿𝑠
𝑖𝑞𝑟                                                           (3.8) 

𝑄𝑆 =
𝑉𝑔̂

2

𝜔𝑠𝐿𝑠
− 𝑉𝑔̂

𝐿𝑚

𝐿𝑠
𝑖𝑑𝑟                                                     (3.9) 



𝐼𝑞𝑟
∗ 𝐼𝑑𝑟

∗

𝑃𝑠
∗ 𝑄𝑠

∗ 𝑖𝑞𝑟
∗ 𝑖𝑑𝑟

∗

𝐼𝑞𝑟
∗ 𝐼𝑑𝑟

∗

𝐼𝑑𝑟
∗ 𝐼𝑞𝑟

∗





𝑃𝑠
∗

𝑄𝑠
∗

𝑃∗

𝐼𝑞𝑟
∗ 𝐼𝑑𝑟

∗



 

 



 

 



 

 

[𝑉] = [𝑅][𝐼] +
𝑑[𝜓]

𝑑𝑡
                                                         (4.1) 

[𝜓] = [𝐿][𝐼]                                                               (4.2) 

𝑇𝑒 − 𝑇𝑙𝑜𝑎𝑑 = 𝐽
𝑑𝜔𝑚𝑒𝑐ℎ

𝑑𝑡
                                                      (4.3) 



𝑑𝜃𝑚𝑒𝑐ℎ

𝑑𝑡
= 𝜔𝑚𝑒𝑐ℎ                                                          (4.4) 

𝑇𝑒 =
1

2
[𝐼]𝑇 𝑑[𝐿]

𝑑𝑡
[𝐼]                                                        (4.5) 

[𝑉] = [𝑉]

[𝐼]

[𝜓] =

[𝑅]

𝑇𝑒  

𝑇𝑙𝑜𝑎𝑑

𝜔𝑚𝑒𝑐ℎ =

𝜃𝑚𝑒𝑐ℎ

[
𝑉𝑠

𝑉𝑟
] = [

[𝑅𝑠] 0

0 [𝑅𝑟]] [
[𝐼𝑠]

[𝐼𝑟]
] +

𝑑

𝑑𝑡
[
[𝜓𝑠]

[𝜓𝑟]
]                                            (4.6) 

[
[𝜓𝑠]

[𝜓𝑟]
] = [

[𝐿𝑠𝑠] [𝐿𝑠𝑟]

[𝐿𝑟𝑠] [𝐿𝑟𝑟]
] [

[𝐼𝑠]

[𝐼𝑟]
]                                                  (4.7) 



• 

• 

• 

𝐿𝐴𝐵 =
𝑤𝜋𝑑𝜇0

𝑔
∑

𝐶𝐴
𝑘̅̅ ̅̅

𝐶𝐵
𝑘̅̅ ̅̇̅

𝑘2
𝑣=+∞
𝑣=−∞                                                   (4.8) 



𝜇0

𝐶𝐴
𝑘̅̅̅̅

𝐶𝐵
𝑘̅̅̅̇̅

𝐶𝐴
𝑘̅̅̅̅

𝐶𝑛
𝑘̅̅̅̅ = −𝑗

2𝑁𝑛

𝜋𝑑
𝑘𝑏𝑣𝑘𝑝𝑣𝑒𝑗𝑘𝑦𝑛                                                (4.9) 

𝑘𝑏𝑣

𝑘𝑝𝑣

𝑦𝑛

Commented [YW1]: 



𝐿𝐶𝐷 =
𝑤𝜋𝑑𝜇0

𝑔
∑

𝐶𝐴
𝑘̅̅ ̅̅

𝐶𝐵
𝑘̅̅ ̅̇̅

𝑘2
𝑒−𝑗𝑘𝛽(𝑡)𝑣=+∞

𝑣=−∞                                    (4.10) 

𝛽(𝑡)

 

Commented [YW2]: 



.

                    [𝜓] = ∫ [𝑉] − [𝑅][𝐼]𝑑𝑡
𝑡

0
                                                  (4.11) 

                                [I] =
[𝜓]

[𝐿]
                                                                   (4.12) 



 



ω(𝑟𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑠 𝑚𝑖𝑛𝑢𝑡𝑒⁄ ) = ω(𝑟𝑎𝑑𝑠 second ) × 60/2𝜋       ⁄               (4.13) 

 





 

𝐼𝑑𝑠𝐿𝑠 + 𝐼𝑑𝑟𝐿𝑚 = 𝛹𝑠                                                 (4.14) 

𝐼𝑞𝑠𝐿𝑠 + 𝐼𝑞𝑟𝐿𝑚 = 0                                                   (4.15) 

𝐼𝑑𝑠 𝐼𝑞𝑠

𝐼𝑑𝑟 𝐼𝑞𝑟 𝐿𝑠

𝐿𝑚



𝐼𝑑𝑠 =
𝛹𝑠

𝐿𝑠
−

𝐿𝑚

𝐿𝑠
𝐼𝑑𝑟                                                   (4.16) 

                            𝐼𝑞𝑠 = −
𝐿𝑚

𝐿𝑠
𝐼𝑞𝑟                                                       (4.17) 

𝑉𝑔̂

𝑉𝑑𝑠 = 0                                                           (4.18) 

                               𝑉𝑞𝑠 = 𝑉𝑔̂ ≈ 𝜔𝑒𝛹𝑠                                                    (4.19) 

𝜔𝑒 𝜔𝑒 = 2𝜋𝑓𝑒) 𝑓𝑒

𝑉𝑑𝑠 𝑉𝑞𝑠

𝑃𝑠 = (𝑉𝑑𝑠𝐼𝑑𝑠 + 𝑉𝑞𝑠𝐼𝑞𝑠) = 𝑉𝑞𝑠𝐼𝑞𝑠                                              (4.20) 

𝑄𝑠 = (𝑉𝑞𝑠𝐼𝑑𝑠 − 𝑉𝑑𝑠𝐼𝑞𝑠) = 𝑉𝑞𝑠𝐼𝑑𝑠                                              (4.21) 

𝑃𝑠 = −𝑉𝑔̂
𝐿𝑚

𝐿𝑠
𝐼𝑞𝑟                                                   (4.22) 

𝑄𝑆 =
𝑉𝑔̂

2

𝜔𝑒𝐿𝑠
− 𝑉𝑔̂

𝐿𝑚

𝐿𝑠
𝐼𝑑𝑟                                              (4.23) 

𝐼𝑞𝑟 𝐼𝑑𝑟



 

𝜃𝑣

𝛼

𝑉𝛼𝛽



α β

𝑉𝛼 𝑉𝛽

𝜃𝑣

𝜋

2

2𝜋

1

20000
𝑠

 



𝑃𝑠
∗ = −𝑉𝑔̂

𝐿𝑚

𝐿𝑠
𝐼𝑞𝑟

∗                                                      (4.24) 

𝑄𝑆
∗ =

𝑉𝑔̂
2

𝜔𝑒𝐿𝑠
− 𝑉𝑔̂

𝐿𝑚

𝐿𝑠
𝐼𝑑𝑟

∗                                                 (4.25) 



1
𝑠

2𝜋×5
+1

 

𝑉𝑑𝑟
∗ = 𝑅𝑟𝑖𝑑𝑟 + 𝜎𝐿𝑟

𝑑

𝑑𝑡
𝐼𝑑𝑟 − 𝜔𝑟𝜎𝐿𝑟𝐼𝑞𝑟                                     (4.26) 

𝑉𝑞𝑟
∗ = 𝑅𝑟𝐼𝑞𝑟 + 𝜎𝐿𝑟

𝑑

𝑑𝑡
𝐼𝑞𝑟 + 𝜔𝑟𝜎𝐿𝑟𝐼𝑑𝑟 + 𝜔𝑟

𝐿𝑚

𝐿𝑠
𝛹𝑠                         (4.27) 

𝜔𝑟

σ𝐿𝑟

 (𝐿𝑟 −
𝐿𝑚

2

𝐿𝑠
)





 



𝜋

2

  

 

 



 

 

𝑖𝑠𝑎𝑏𝑐(𝑡) = ∑ 𝐼𝑠𝑀
𝑘 cos ([1 ± 6𝑘(1 − 𝑠)]𝜔𝑒𝑡 + 𝛾𝑠)𝑘                       (4.28) 

𝑖𝑠𝑀
𝑘  𝑘𝑡ℎ



𝛾𝑠

𝑓𝐶𝑠

𝑓𝐶𝑠 = |1 ± 6𝑘(1 − 𝑠)|𝑓𝑒                                           (4.29) 

𝑖𝑟𝑎𝑏𝑐(𝑡) = ∑ 𝐼𝑟𝑀
𝑘 cos ([𝑠 ± 6𝑘(1 − 𝑠)]𝜔𝑒𝑡 + 𝛾𝑟)𝑘                        (4.30) 

𝑖𝑟𝑀
𝑘 𝑘𝑡ℎ 𝛾𝑟

𝑓𝐶𝑟

𝑓𝐶𝑟 = |𝑠 ± 6𝑘(1 − 𝑠)|𝑓𝑒                                         (4.31) 

𝑝(𝑡) =
3

2
∑ 𝑉𝑠𝑀𝐼𝑠𝑀

𝑘 cos ([±6𝑘(1 − 𝑠)]𝜔𝑒𝑡 + 𝛾𝑠)𝑘                         (4.32) 

𝑞(𝑡) =
3

2
∑ 𝑉𝑠𝑀𝐼𝑠𝑀

𝑘 sin ([±6𝑘(1 − 𝑠)]𝜔𝑒𝑡 + 𝛾𝑠)𝑘                         (4.33) 

𝑉𝑠𝑀

𝑓𝐶𝑝𝑜𝑤𝑒𝑟𝑠 = |6𝑘(1 − 𝑠)|𝑓𝑒                                       (4.34) 

𝑖𝑟𝑑(𝑡) =
3

2
∑ 𝐼𝑟𝑀

𝑘 cos ([±6𝑘(1 − 𝑠)]𝜔𝑒𝑡 + 𝛾𝑟)𝑘                        (4.35) 



𝑖𝑟𝑞(𝑡) =
3

2
∑ 𝐼𝑟𝑀

𝑘 sin ([±6𝑘(1 − 𝑠)]𝜔𝑒𝑡 + 𝛾𝑟)𝑘                        (4.36) 

𝑓𝐶𝑑𝑞𝑟 = |6𝑘(1 − 𝑠)|𝑓𝑒                                       (4.37) 

𝑓𝑆𝐹𝑂𝐶 = |6𝑘(1 − 𝑠)|𝑓𝑒                                       (4.38) 

 

 

 



• 

𝑓𝐶𝑠)

𝑓𝐶𝑟)

𝑓𝑆𝐹𝑂𝐶)

𝑓𝐶𝑠 𝑓𝐶𝑟 𝑓𝑆𝐹𝑂𝐶



 

 

 

 



 



• 

𝑓𝐶𝑠 𝑓𝐶𝑟 𝑓𝑆𝐹𝑂𝐶

 

 

 



 

  

  



 

𝑓𝑆𝐹𝑂𝐶 = |6𝑘(1 − 𝑠)|𝑓𝑒                                           (4.39) 

𝑠𝑦𝑛𝑐ℎ𝑟𝑜𝑛𝑜𝑢𝑠 𝑠𝑝𝑒𝑒𝑑 =
60×𝑓𝑒

𝑝𝑜𝑙𝑒 𝑝𝑎𝑖𝑟𝑠
=

60×50𝐻𝑧

2
= 1500𝑟𝑝𝑚               (4.40) 

𝜔𝑚

𝜔𝑒 =
1500×𝐹

6𝑘×50
=

5𝐹

𝑘
                                                 (4.41) 





 

 



 

 





 

 





𝐴 = |2𝑔 ± 6𝑘(1 − 𝑠)|𝑓𝑠                                                  (5.1) 













𝐴 = |(1 ± 2𝑔) ± 6𝑘(1 − 𝑠)|𝑓𝑠                                             (5.2) 



 





 

 

 

 



 



 

 

 

 



 

 

 

 





 

 

 

 





 

 

 



 

 

 

 



 

 



𝑓 = (𝑘𝑜 + 𝛿)/𝑁 𝛿

−
1

2
× 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 < 𝛿 <

1

2
× 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦

𝛿

δ

𝛿

𝜃1, 𝜃2, 𝜃3 

𝑓𝑑 = 𝛿𝑑 × frequency resolution, 𝜃1 = 𝑓𝐶2 − 𝑓𝑑 , 𝜃2 =

𝑓𝐶2, 𝜃3 = 𝑓𝐶2 + 𝑓𝑑 𝜃2



𝑓𝐶2

(𝜃1, 𝑃1), (𝜃2, 𝑃2) (𝜃3, 𝑃3)

𝐴𝜃2 + 𝐵𝜃 + 𝐶

(
𝐴
𝐵
𝐶

) = (

𝜃1
2 𝜃1 1

𝜃2
2 𝜃2 1

𝜃3
2 𝜃3 1

)

−1

(

𝑃1

𝑃2

𝑃3

) 

𝐴 =
𝜃3(𝑃2−𝑃1)+𝜃2(𝑃1−𝑃3)+𝜃1(𝑃3−𝑃2)

(𝜃1−𝜃2)(𝜃1−𝜃3)(𝜃2−𝜃3)
                                   (5.3) 

𝐵 =
𝜃3

2(𝑃1−𝑃2)+𝜃2
2(𝑃3−𝑃1)+𝜃1

2(𝑃2−𝑃3)

(𝜃1−𝜃2)(𝜃1−𝜃3)(𝜃2−𝜃3)
                                   (5.4) 

𝐶 =
𝜃2𝜃3(𝜃2−𝜃3)𝑃1+𝜃3𝜃1(𝜃3−𝜃1)𝑃2+𝜃1𝜃2(𝜃1−𝜃2)𝑃3

(𝜃1−𝜃2)(𝜃1−𝜃3)(𝜃2−𝜃3)
                           (5.5) 

𝜃𝑣𝑒𝑟 = −
𝐵

2𝐴
                                                          (5.6) 

                                                                          =
1

2

𝜃3
2(𝑃1−𝑃2)+𝜃2

2(𝑃3−𝑃1)+𝜃1
2(𝑃2−𝑃2)

𝜃3(𝑃1−𝑃2)+𝜃2(𝑃3−𝑃1)+𝜃1(𝑃2−𝑃3)
 



𝑓𝑑

𝑓𝐶2

𝜔𝑒 =
5𝑓𝐶2

2



𝑓𝑑

𝑓𝑑 × 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑖𝑜𝑛 𝑠𝑝𝑒𝑒𝑑

± 𝑓𝑑 

𝑓𝑑 0.15 × 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛



 

 



 



 



 



 









 



 







 



 

𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =  
𝑓𝑠𝑎𝑚𝑝𝑙𝑒

𝑛𝑤
                                          (5.7) 

𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =  
𝑓𝑠𝑎𝑚𝑝𝑙𝑒

𝑛𝑤
×

𝑛𝑤

𝑛𝑠
                                     (5.8) 

𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =  
𝑓𝑠𝑎𝑚𝑝𝑙𝑒

𝑛𝑠
                                                 (5.9) 









 





≥

 









 



 



 

 





 



𝑥̂ （

𝑦̂ β

𝛾1 𝑥̂ ([0,0,1]

𝑥1̂ cos 𝛾1 , sin 𝛾1, 0])

𝑦̂ 𝑥2̂ 𝛾2

𝑥2̂ 𝑦̂ 𝑥̂

𝑥2̂ 𝑥̂ [−𝑐𝑜𝑠𝛽𝑠𝑖𝑛𝛾2, 𝑐𝑜𝑠𝛾2, 𝑠𝑖𝑛𝛽𝑠𝑖𝑛𝛾2]

𝑥1̂ 𝑥2̂

𝑥1̂ 𝑥2̂

𝛾1 𝛾2

𝛾2 = 𝑡𝑎𝑛−1(
1

𝑐𝑜𝑠𝛽
𝑡𝑎𝑛𝛾1)                                                    (6.1) 



𝛽 𝜃𝑚

𝜃𝑙 𝜃𝑘

𝜔𝑙  𝜔𝑘 𝑇𝑙

𝑇𝑘 𝐽𝑚 𝐽𝑙

𝐾𝑎

𝜃𝑙 𝜃𝑘

β

𝜃𝑘 = 𝑡𝑎𝑛−1(
1

𝑐𝑜𝑠𝛽
𝑡𝑎𝑛𝜃𝑙)                                                     (6.2) 

𝜔𝑘 =
1

1+(
1

𝑐𝑜𝑠𝛽
𝑡𝑎𝑛𝜃𝑙)

2 ∙
1

𝑐𝑜𝑠𝛽
∙  

1

𝑐𝑜𝑠2𝜃𝑙
∙ 𝜔𝑙                                         (6.3) 

𝜔𝑘 =
𝑐𝑜𝑠𝛽

1−(𝑠𝑖𝑛𝛽)2(𝑐𝑜𝑠𝜃𝑙)2
𝜔𝑙                                                (6.4) 

𝜔𝑙

𝜔𝑘
=

1−(𝑠𝑖𝑛𝛽)2(𝑐𝑜𝑠𝜃𝑙)2

𝑐𝑜𝑠𝛽
=

1+cos2 𝛽

2𝑐𝑜𝑠𝛽
+

1−cos2 𝛽

2𝑐𝑜𝑠𝛽
cos(2𝜃𝑙) = 𝐾1 + 𝐾2cos (2𝜃𝑙)     (6.5) 



𝜃𝑙 π

ω π

 

 



𝑓𝑆𝐹𝑂𝐶

𝑓𝐶𝑠 𝑓𝐶𝑟

2fr 

|6𝑘(1 − 𝑠)|𝑓𝑒 |1 ± 6𝑘(1 − 𝑠)|𝑓𝑒 |𝑠 ± 6𝑘(1 − 𝑠)|𝑓𝑒 

|6𝑘(1 − 𝑠)|𝑓𝑒

± 2𝑓𝑟 

|1 ± 6𝑘(1 − 𝑠)|𝑓𝑒

± 2𝑓𝑟 

|𝑠 ± 6𝑘(1 − 𝑠)|𝑓𝑒

± 2𝑓𝑟 



 

|6𝑘(1 − 𝑠)|𝑓𝑒

(2 ×
1380 𝑟𝑝𝑚

60
= 46𝐻𝑧)

 



|𝑠 ± 6𝑘(1 − 𝑠)|𝑓𝑒









|6𝑘(1 − 𝑠)|𝑓𝑒



 

 



𝑛𝑓𝑟
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𝜔𝑘 𝜔𝑙

𝜔𝑘 =
𝑐𝑜𝑠𝛽

1−(𝑠𝑖𝑛𝛽)2(𝑐𝑜𝑠𝜃𝑙)2
𝜔𝑙                                                    (7.1) 

𝑇𝑘𝜔𝑘 = 𝑇𝑙𝜔𝑙                                                              (7.2) 

         𝑇𝑘 =
1−(𝑠𝑖𝑛𝛽)2(𝑐𝑜𝑠𝜃𝑙)2

𝑐𝑜𝑠𝛽
𝑇𝑙                                                       (7.3) 

𝑇𝑘 = (
1

𝑐𝑜𝑠𝛽
−

𝑠𝑖𝑛2 𝛽

2𝑐𝑜𝑠𝛽
−

𝑠𝑖𝑛2 𝛽

2𝑐𝑜𝑠𝛽
𝑐𝑜𝑠2𝜃𝑙) 𝑇𝑙                                      (7.4) 

𝜃𝑙  = 2𝜋𝑓𝑟𝑡, 𝑓𝑟 

(𝑓𝑟 =  𝜔𝑟/2𝜋

2𝑓𝑟



 

𝑓𝑟

2𝑓𝑟

𝑓𝑟 2𝑓𝑟

𝑓𝑟 𝑓𝑟 𝑓𝑟  𝑓𝑟

|M2𝑓𝑟 /M𝑓𝑟| ,

 



≈ μ

λ

𝜆𝛣 = 2 Ʌ 𝑛𝑒𝑓𝑓                                                                  (7.5) 

Ʌ 𝑛𝑒𝑓𝑓

𝜆𝛣 𝛥𝜀

  𝛥𝜆𝛣 =  2 (𝛬
𝑑𝑛𝑒𝑓𝑓

𝑑𝜀
+  𝑛𝑒𝑓𝑓

𝑑𝛬

𝑑𝜀
) 𝛥𝜀                                                 (7.6) 

λ ≈



 



 

 



 



𝛽 ℎ1 ℎ2

ℎ1 = 475𝑚𝑚 ∙ sin 𝛽

ℎ2 = (315 + 475)𝑚𝑚 ∙ 𝑠𝑖𝑛𝛽

 



 



𝑓𝑟

𝑓𝑟𝑘  =  𝑘 × 𝑛𝑟  / 60 𝑛𝑟

𝑓𝑟𝑘

𝑓𝑟𝑘



 

 

 

 

 



 

𝑓𝑟 2𝑓𝑟 

28
× 10−5

11
× 10−5

13
× 10−5

7.3
× 10−5

7.1
× 10−5

27
× 10−5

10
× 10−5

2.3
× 10−5

3.4
× 10−5

4.2
× 10−5

3.4
× 10−5

9.7
× 10−5

9.6
× 10−5

8.9
× 10−5

8.0
× 10−5

1.5
× 10−5

3.0
× 10−5

2.1
× 10−5

𝑓𝑟 2𝑓𝑟

𝑓𝑟

2𝑓𝑟

2𝑓𝑟



𝑚

1° 3°

 







 

𝑓𝑟 2𝑓𝑟

≈ ℃ ≈ ℃

𝑓𝑟 2𝑓𝑟



𝑓𝑟 2𝑓𝑟
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Commented [YW3]: 

































 



𝑀𝑎𝑟𝑒𝑙𝑙𝑖 𝑀𝑜𝑡𝑜𝑟𝑖 𝐸4𝐹 225𝑀4

30𝑘𝑊

1470 𝑟𝑝𝑚

3 𝑞

2 𝑝

120𝑉𝑟𝑚𝑠

50𝐻𝑧 𝑓𝑠

59 𝐴𝑟𝑚𝑠

56𝐴𝑟𝑚𝑠

56 𝑁𝑠

42 𝑁𝑟

1.33

            Star 

                                      Star 

                            0.09Ω/𝑝ℎ𝑎𝑠𝑒 𝑅𝑠

0.066Ω/𝑝ℎ𝑎𝑠𝑒 𝑅𝑟 

0.911 × 10−3𝐻/𝑝ℎ𝑎𝑠𝑒 𝐿𝜎𝑠 

0.459 × 10−3𝐻/𝑝ℎ𝑎𝑠𝑒 𝐿𝜎𝑟 

44.6 × 10−3𝐻/𝑝ℎ𝑎𝑠𝑒 𝐿𝑚 

0.4 𝐽/𝑘𝑔𝑚2  

                                      48  

                                      36  

                                220 mm 𝑤 

                                3.6 mm 𝑏𝑠 

                                  3 mm 𝑏𝑟 

                              0.63 mm 𝑔𝑎 

                              214 mm 𝑑𝑠𝑖  

                              325 mm 𝑑𝑟𝑜 

                               80 mm 𝑑𝑟𝑖  



𝑑 

                                 7 𝑁𝑠 

                               14 𝑁𝑟  

Fully-pitched in slots: 1-13  

Fully-pitched in slots: 1-12, 2-11, 3-9  

Double layer, lap  

Single layer, concentric  

Series/parallel  

Parallel  

Rotor slots are skewed by one stator 
slot pitch 

 







𝑃𝑆𝑆 𝑃𝑆𝑅

𝑃𝑆𝑆 =
𝜋𝑑

48
 

𝑃𝑆𝑅 =
𝜋𝑑

36
 

d = 𝑑𝑠𝑖 − 𝑔 

𝑃𝑆𝑆 𝑃𝑆𝑅

𝑑𝑠𝑖

 stator and rotor winding parameters

12 × 𝑃𝑆𝑆 12 × 𝑃𝑆𝑆

𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

12 × 𝑃𝑆𝑆

2 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

12 × 𝑃𝑆𝑆

3 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

12 × 𝑃𝑆𝑆

12 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

13 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

14 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

15 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

12 × 𝑃𝑆𝑆

12 × 𝑃𝑆𝑆

12 × 𝑃𝑆𝑆

12 × 𝑃𝑆𝑆

24 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

12 × 𝑃𝑆𝑆

12 × 𝑃𝑆𝑆



25 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

26 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

27 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

12 × 𝑃𝑆𝑆

12 × 𝑃𝑆𝑆

36 × 𝑃𝑆𝑆

2

𝑃𝑆𝑆 +
36 × 𝑃𝑆𝑆

2

2 × 𝑃𝑆𝑆 +
36 × 𝑃𝑆𝑆

2

3 × 𝑃𝑆𝑆 +
36 × 𝑃𝑆𝑆

2

36 × 𝑃𝑆𝑆

36 × 𝑃𝑆𝑆

36 × 𝑃𝑆𝑆

36 × 𝑃𝑆𝑆

4 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

5 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

6 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

12 × 𝑃𝑆𝑆

12 × 𝑃𝑆𝑆

12 × 𝑃𝑆𝑆

7 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

12 × 𝑃𝑆𝑆

16 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

17 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

18 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

19 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

12 × 𝑃𝑆𝑆

12 × 𝑃𝑆𝑆

12 × 𝑃𝑆𝑆

12 × 𝑃𝑆𝑆

28 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

29 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

30 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

31 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

12 × 𝑃𝑆𝑆

12 × 𝑃𝑆𝑆

12 × 𝑃𝑆𝑆

12 × 𝑃𝑆𝑆

4 × 𝑃𝑆𝑆 +
36 × 𝑃𝑆𝑆

2

5 × 𝑃𝑆𝑆 +
36 × 𝑃𝑆𝑆

2

6 × 𝑃𝑆𝑆 +
36 × 𝑃𝑆𝑆

2

7 × 𝑃𝑆𝑆 +
36 × 𝑃𝑆𝑆

2

36 × 𝑃𝑆𝑆

36 × 𝑃𝑆𝑆

36 × 𝑃𝑆𝑆

36 × 𝑃𝑆𝑆

8 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

9 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

12 × 𝑃𝑆𝑆

12 × 𝑃𝑆𝑆

12 × 𝑃𝑆𝑆

12 × 𝑃𝑆𝑆



10 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

11 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

20 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

21 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

22 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

23 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

12 × 𝑃𝑆𝑆

12 × 𝑃𝑆𝑆

12 × 𝑃𝑆𝑆

12 × 𝑃𝑆𝑆

32 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

33 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

34 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

35 × 𝑃𝑆𝑆 +
12 × 𝑃𝑆𝑆

2

12 × 𝑃𝑆𝑆

12 × 𝑃𝑆𝑆

12 × 𝑃𝑆𝑆

12 × 𝑃𝑆𝑆

8 × 𝑃𝑆𝑆 +
36 × 𝑃𝑆𝑆

2

9 × 𝑃𝑆𝑆 +
36 × 𝑃𝑆𝑆

2

10 × 𝑃𝑆𝑆 +
36 × 𝑃𝑆𝑆

2

11 × 𝑃𝑆𝑆 +
36 × 𝑃𝑆𝑆

2

36 × 𝑃𝑆𝑆

36 × 𝑃𝑆𝑆

36 × 𝑃𝑆𝑆

36 × 𝑃𝑆𝑆

11 × 𝑃𝑆𝑅

2

𝑃𝑆𝑅 +
9 × 𝑃𝑆𝑅

2

2 × 𝑃𝑆𝑅 +
7 × 𝑃𝑆𝑅

2

11 × 𝑃𝑆𝑅

9 × 𝑃𝑆𝑅

7 × 𝑃𝑆𝑅

18 × 𝑃𝑆𝑅 +
11 × 𝑃𝑆𝑅

2

19 × 𝑃𝑆𝑅 +
9 × 𝑃𝑆𝑅

2

20 × 𝑃𝑆𝑅 +
7 × 𝑃𝑆𝑅

2

11 × 𝑃𝑆𝑅

9 × 𝑃𝑆𝑅

7 × 𝑃𝑆𝑅

6 × 𝑃𝑆𝑅 +
11 × 𝑃𝑆𝑅

2

7 × 𝑃𝑆𝑅 +
9 × 𝑃𝑆𝑅

2

8 × 𝑃𝑆𝑅 +
7 × 𝑃𝑆𝑅

2

11 × 𝑃𝑆𝑅

9 × 𝑃𝑆𝑅

7 × 𝑃𝑆𝑅

24 × 𝑃𝑆𝑅 +
11 × 𝑃𝑆𝑅

2

25 × 𝑃𝑆𝑅 +
9 × 𝑃𝑆𝑅

2

11 × 𝑃𝑆𝑅

9 × 𝑃𝑆𝑅

7 × 𝑃𝑆𝑅



26 × 𝑃𝑆𝑅 +
7 × 𝑃𝑆𝑅

2

12 × 𝑃𝑆𝑅 +
11 × 𝑃𝑆𝑅

2

13 × 𝑃𝑆𝑅 +
9 × 𝑃𝑆𝑅

2

14 × 𝑃𝑆𝑅 +
7 × 𝑃𝑆𝑅

2

11 × 𝑃𝑆𝑅

9 × 𝑃𝑆𝑅

7 × 𝑃𝑆𝑅

5 × 𝑃𝑆𝑅 +
25 × 𝑃𝑆𝑅

2

4 × 𝑃𝑆𝑅 +
27 × 𝑃𝑆𝑅

2

3 × 𝑃𝑆𝑅 +
29 × 𝑃𝑆𝑅

2

25 × 𝑃𝑆𝑅

27 × 𝑃𝑆𝑅

29 × 𝑃𝑆𝑅

K225M

41 kW

480V

95A

342V

1.75A



𝐕𝐚𝐥𝐮𝐞

M75R

4 Quad

40 HP

75A

480V

8A 

1750 rpm 

10V, ±5% 10mA 



𝐕𝐚𝐥𝐮𝐞

LA 55
− P/SP1
50 Arms

0 … ± 100Arms

0 … 335Ω

25 mArms 

1: 2000 

±5%) ±12 … 15Vdc 

𝐕𝐚𝐥𝐮𝐞

LV 25
− 200

200 Vrms

0 … ± 300Vrms

10 mArms 

0 … 246Ω

25 mArms 

200V: 25mA 

±5%) ±12 … 15Vdc 

𝐕𝐚𝐥𝐮𝐞

LV 25
− 600

600 Vrms

0 … ± 900Vrms

10 mArms 

30 … 320Ω

25 mArms 

600V: 25mA 

±5%) ±12 … 15Vdc 



 𝐕𝐚𝐥𝐮𝐞 
GSC RSC 

UNIDRIVE SP 4401 UNIDRIVE SP 4401

45kW 45kW 

Regen Servo 

set to 3kHz set to 6kHz 

96 Arms 96 Arms 

76 Arms 76 Arms 

700 Vdc 700 Vdc 



𝐕𝐚𝐥𝐮𝐞

DS 1103PPC

PPC750GX

 



𝐕𝐚𝐥𝐮𝐞

5 Vdc

 



𝑉𝑠𝑎𝑏𝑐(𝑡) = 𝑉𝑠𝑀cos (𝜔𝑠𝑡 + 𝜙𝑣𝑠)

𝐼𝑠𝑎𝑏𝑐(𝑡) = ∑ 𝐼𝑠𝑀
𝑘 cos ([1 ∓ 6𝑘(1 − 𝑠)]𝜔𝑠𝑡 + 𝜙𝐼𝑠)𝑘

𝑉𝑟𝑎𝑏𝑐(𝑡) = ∑ 𝑉𝑟𝑀
𝑘 cos ([𝑠 ∓ 6𝑘(1 − 𝑠)]𝜔𝑠𝑡 + 𝜙𝑉𝑟)𝑘

𝐼𝑟𝑎𝑏𝑐(𝑡) = ∑ 𝐼𝑟𝑀
𝑘 cos ([𝑠 ∓ 6𝑘(1 − 𝑠)]𝜔𝑠𝑡 + 𝜙𝐼𝑟)𝑘

𝑉𝑠𝑀 𝑉𝑠𝑎𝑏𝑐 𝐼𝑠𝑀 

 𝐼𝑠𝑎𝑏𝑐 𝑉𝑠𝑀 𝑉𝑟𝑎𝑏𝑐 𝐼𝑟𝑀

𝐼𝑟𝑎𝑏𝑐 , 𝜔𝑠 𝜙

𝜙𝑣𝑠 𝜙𝐼𝑠 𝜙𝑉𝑟

𝜙𝐼𝑟 𝑘 𝑘𝑡ℎ



𝑃𝑠(𝑡) = 𝑉𝑠𝑎𝐼𝑠𝑎 + 𝑉𝑠𝑏𝐼𝑠𝑏 + 𝑉𝑠𝑐𝐼𝑠𝑐

𝑄𝑠(𝑡) =
1

√3
[(𝑉𝑠𝑏 − 𝑉𝑠𝑐)𝐼𝑠𝑎 + (𝑉𝑠𝑐 − 𝑉𝑠𝑎)𝐼𝑠𝑏 + (𝑉𝑠𝑎 − 𝑉𝑠𝑏)𝐼𝑠𝑐]

𝑃𝑠(𝑡) =
3

2
∑ 𝑉𝑠𝑀𝐼𝑠𝑀

𝑘 cos([6𝑘(1 − 𝑠)]𝜔𝑠𝑡)𝑘

𝑄(𝑡) =
3

2
∑ 𝑉𝑠𝑀𝐼𝑠𝑀

𝑘 sin([6𝑘(1 − 𝑠)]𝜔𝑠𝑡)𝑘

𝐼𝑟𝑑(𝑡) = √
3

2
∑ 𝐼𝑟𝑀

𝑘 cos ([6𝑘(1 − 𝑠)]𝜔𝑠𝑡)𝑘

𝐼𝑟𝑞(𝑡) = √
3

2
∑ 𝐼𝑟𝑀

𝑘 sin ([6𝑘(1 − 𝑠)]𝜔𝑠𝑡)𝑘



𝑁𝑛

𝑐𝑛(𝑦)



𝑏

𝑐𝑛(𝑦)

• 𝛼𝑛 

• 𝑦𝑛

𝑐𝑛(𝑦)

𝑐𝑛(𝑦) = ∑ 𝐶𝑛
𝑘̅̅̅̅

𝑣=+∞

𝑣=−∞

𝑒−𝑗𝑘𝑦                                                   (B. 11) 



𝑘 =
2𝜋

𝜆𝑣
=

2𝜋
𝜋𝑑

𝑣

=
2𝑣

𝑑
                                            (B.12) 

λ

𝐶𝑛
𝑘̅̅̅̅

𝐶𝑛
𝑘̅̅̅̅ =

1

𝜋𝑑 ∫ 𝑐𝑛(𝑦)𝑒𝑗𝑘𝑦𝑑𝑦
𝜋𝑑

0
                                      (B.13) 

𝑐𝑛(𝑦)

𝑐𝑛(𝑦) = {

𝑁𝑛

𝑏
       𝑓𝑜𝑟          𝑦𝑛 −

𝛼𝑛

2
−

𝑏

2
≤ 𝑦 ≤  𝑦𝑛 −

𝛼𝑛

2
+

𝑏

2
−𝑁𝑛

𝑏
       𝑓𝑜𝑟          𝑦𝑛 +

𝛼𝑛

2
−

𝑏

2
≤ 𝑦 ≤  𝑦𝑛 +

𝛼𝑛

2
+

𝑏

2

           (B.14) 

𝐶𝑛
𝑘̅̅̅̅

𝐶𝑛
𝑘̅̅̅̅ = −𝑗

2𝑁𝑛

𝜋𝑑
𝑘𝑏𝑣𝑘𝑝𝑣𝑒𝑗𝑘𝑦𝑛                                          (B. 15) 

𝑘𝑝𝑣 𝑘𝑏𝑣

𝑘𝑏𝑣 =
𝑠𝑖𝑛 (

𝑘𝑏

2
)

𝑘𝑏

2

                                                 (B.16) 

𝑘𝑝𝑣 = sin (
𝑘𝛼𝑛

2
)                                               (B.17) 

𝐶𝑛
−𝑘̅̅ ̅̅ ̅ = 𝐶𝑛

𝑘̅̅̅̇̅                                                      (B.18) 



𝐶𝑛
𝑘̅̅̅̇̅ 𝐶𝑛

𝑘̅̅̅̅

 



 

 

 



 [27]

𝐶𝑠𝑎(𝑦) = 𝑐1(𝑦) + 𝑐2(𝑦) + ⋯ + 𝑐4(𝑦) = ∑ 𝐶𝑠𝑎
𝑘̅̅ ̅̅ 𝑒−𝑗𝑘𝑦𝑣=+∞

𝑣=−∞              (B.19) 

𝐶𝑠𝑎
𝑘̅̅ ̅̅

𝑐1...4(𝑦)

𝐶𝑠𝑎(𝑦) = ∑ 𝐶1
𝑘̅̅̅̅

𝑣=+∞

𝑣=−∞

𝑒−𝑗𝑘𝑦 + ∑ 𝐶2
𝑘̅̅̅̅

𝑣=+∞

𝑣=−∞

𝑒−𝑗𝑘𝑦 + ⋯ + ∑ 𝐶4
𝑘̅̅̅̅

𝑣=+∞

𝑣=−∞

𝑒−𝑗𝑘𝑦 

= ∑ (𝐶1
𝑘̅̅̅̅𝑣=+∞

𝑣=−∞ + 𝐶2
𝑘̅̅̅̅ + 𝐶3

𝑘̅̅̅̅ + 𝐶4
𝑘̅̅̅̅ ) 𝑒−𝑗𝑘𝑦                                      (B.20) 

𝐶𝑠𝑎
𝑘̅̅ ̅̅ =𝐶1

𝑘̅̅̅̅ + 𝐶2
𝑘̅̅̅̅ + 𝐶3

𝑘̅̅̅̅ + 𝐶4
𝑘̅̅̅̅                                                (B.21) 

𝑐𝑠𝑎(𝑦) = ∑ 𝐶𝑠𝑎
𝑘̅̅ ̅̅𝑣=+∞

𝑣=−∞ 𝑒−𝑗𝑘𝑦                                            (B.22) 





𝐾𝑠𝑣 =
sin (𝜈𝑃

𝛾

2
)

𝜈𝑃
𝛾

2

                                                       (B.23) 



ν γ

𝑀𝐴𝐵 =
𝑤𝜋𝑑𝜇0

𝑔
∑ 𝐾𝑠𝜈

𝐶𝐴
𝑘̅̅ ̅̅

𝐶𝐵
𝑘̅̅ ̅̇̅

𝑘2
𝑒−𝑗𝑘𝛽(𝑡)𝑣=+∞

𝑣=−∞                                (B.24) 

𝐾𝐶𝑅 =
𝜏𝑅

𝜏𝑅−𝜎𝑅𝑤𝑅
                                               (B.25) 

𝐾𝐶𝑆 =
𝜏𝑆

𝜏𝑆−𝜎𝑆𝑤𝑆
                                                (B.26) 

𝜏𝑅 𝜏𝑆

σ σ

𝜎𝑅 =
2

𝜋
(arctan (

𝜏𝑅

2𝑔
) −

𝑔

𝑤𝑅
ln (1 + (

𝑤𝑅

2𝑔
)

2

)                          (B.27) 

𝜎𝑆 =
2

𝜋
(arctan (

𝜏𝑆

2𝑔
) −

𝑔

𝑤𝑆
ln (1 + (

𝑤𝑠

2𝑔
)

2

)                           (B.28) 

𝐾𝐶 = 𝐾𝐶𝑅𝐾𝐶𝑆 ≈ 1.27                                         (B.29) 

𝑔𝑒𝑓𝑓 = 𝑔𝐾𝐶                                                 (B.30) 



𝐾𝑠 =
(𝑁𝐼)𝑡𝑜𝑡𝑎𝑙

(𝑁𝐼)𝑔𝑎𝑝
=

(𝑁𝐼)𝑔𝑎𝑝 + (𝑁𝐼)𝑡𝑠 + (𝑁𝐼)𝑡𝑟 + (𝑁𝐼)𝑐𝑠 + (𝑁𝐼)𝑐𝑟

(𝑁𝐼)𝑔𝑎𝑝
         (𝐵. 31) 

𝜓𝑚 =
𝑉1

4.443𝐾𝑃𝐾𝑑𝑁𝑠𝑡𝑓
                                           (B.32) 

𝐾𝑃 = 𝑠𝑖𝑛
𝑦

𝜏

𝜋

2
                                                  (B.33) 

𝐾𝑑 =
𝑠𝑖𝑛

𝑚

𝑧

𝜋

2

𝑚𝑠𝑖𝑛
1

𝑧

𝜋

2

                                                   (B.34) 

τ

𝐴𝑔𝑎𝑝 =
𝜋𝑑𝑠𝑖

2𝑃
𝑙                                                  (B.35) 



𝜋

2
 [27].

𝐵𝑔𝑚 =
𝜓𝑚

𝐴𝑔𝑎𝑝

𝜋

2
                                                  (𝐵. 36) 

(𝑁𝐼)𝑔𝑎𝑝 =
𝐵𝑔𝑚𝑔𝑒𝑓𝑓

𝜇0
                                           (B.37) 

μ

Ats =
(𝑑𝑠𝑖+𝐷𝑆)𝜋−𝑁𝑆𝑤𝑠

2𝑃
𝑙 × 0.95                                    (B.38) 

Atr =
(𝑑𝑟𝑜+𝐷𝑟)𝜋−𝑁𝑅𝑤𝑟

2𝑃
𝑙 × 0.95                                    (B.39) 

(𝑁𝐼)𝑡𝑠 = 𝐻𝑡𝑠𝑚𝐷𝑆                                            (B.40) 



(𝑁𝐼)𝑡𝑟 = 𝐻𝑡𝑟𝑚𝐷𝑟                                           (B.41) 

𝐷𝑆𝐶 =
𝑑𝑠𝑜−(𝑑𝑠𝑖+2𝐷𝑆)

2
                                            (B.42) 

𝐷𝑅𝐶 =
𝑑𝑟𝑜−(𝑑𝑟𝑖+2𝐷𝑅)

2
                                            (B.43) 

𝐴𝐶𝑆 = 𝐷𝑆𝐶𝑙 × 0.95                                            (B.44) 

𝐴𝐶𝑅 = 𝐷𝑅𝐶𝑙 × 0.95                                            (B.45) 

(𝑁𝐼)𝑐𝑠 = 𝐻𝑐𝑠𝑚𝑙𝑠                                              (B.46) 

(𝑁𝐼)𝑐𝑟 = 𝐻𝑐𝑟𝑚𝑙𝑟                                              (B.47) 

𝑙𝑠 =
(𝑑𝑠𝑜−𝐷𝑆𝐶)𝜋

2𝑃
+

𝜋𝐷𝑆𝐶

4
                                         (B.48) 

𝑙𝑟 =
(𝑑𝑟𝑖−𝐷𝑅𝐶)𝜋

2𝑃
+

𝜋𝐷𝑅𝐶

4
                                         (B.49) 

𝐾𝑠 =
(𝑁𝐼)𝑔𝑎𝑝+(𝑁𝐼)𝑡𝑠+(𝑁𝐼)𝑡𝑟+(𝑁𝐼)𝑐𝑠+(𝑁𝐼)𝑐𝑟

(𝑁𝐼)𝑔𝑎𝑝
  ≈ 1.1



𝑀𝐴𝐵 =
𝑤𝜋𝑑𝜇0

𝑔
∑

𝐶𝐴
𝑘̅̅̅̅ 𝐶𝐵

𝑘̅̅̅̇̅

𝑘2

𝑣=+∞

𝑣=−∞

                                            (𝐵. 51) 

μ

𝐶𝐴
𝑘̅̅̅̅

𝐶𝐵
𝑘̅̅̅̇̅



𝑀𝐴𝐵 =
𝑤𝜋𝑑𝜇0

𝑔
∑

𝐶𝐴
𝑘̅̅ ̅̅

𝐶𝐵
𝑘̅̅ ̅̇̅

𝑘2
𝑒−𝑗𝑘𝛽(𝑡)𝑣=+∞

𝑣=−∞                             (B.52) 

β ：

𝛽(𝑡) = 𝑟𝐴𝐺𝜃(𝑡) = 𝑟𝐴𝐺𝜔𝑡𝑡                                    (B.53) 

θ ω



 










