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‐ ‐



𝐸𝑔

𝐿0

𝐿

‐ ‐

 

𝒅∗  = argmin[𝐶(𝒅): 𝑔𝑗(𝒅) ≤ 0 , ℎ𝑘(𝒅) = 0 ;   𝒅 ∈ 𝑆]

𝑗 = 1,… , 𝑛𝑔 𝑘 = 1,… , 𝑛ℎ

𝑛𝑔  𝑛ℎ 𝑆 =  { 𝑑𝑖
𝑚𝑖𝑛 ≤ 𝑑𝑖 ≤ 𝑑𝑖

𝑚𝑎𝑥 , 𝑖 = 1,… , 𝑛}

𝑑𝑖 𝑛

𝒅

𝐸𝑔 =
1

2
(
𝐿2

𝐿0
2 − 1)



 

𝐿𝑣𝑙𝑐𝑜𝑛𝑒𝑐𝑡



 

(𝑁𝑥
𝑢, 𝑁𝑦

𝑢) = (5,5)

𝑛𝑒

𝑛𝑒 = ∑𝑏𝑖

𝑚

𝑖=1

𝑏𝑖 𝜖 {0,1} 𝑏𝑖 = 1 𝑏𝑖 = 0 

𝑛𝑒 ≤ 𝑚 𝑚

𝑏𝑖

 



𝒙 

𝒗𝑖 𝒑𝑏𝑒𝑠𝑡,𝑖
𝑘

𝒈𝑏𝑒𝑠𝑡

𝑝 e 𝑔 

𝑟~ 𝑈(0,1)

𝒗𝒊
𝑘+1 =  𝜔 𝒗𝑖

𝑘  +  𝑐𝑝 𝑟𝑝 (𝒑𝑏𝑒𝑠𝑡,𝑖
𝑘 − 𝒙𝑖

𝑘)  + 𝑐𝑔 𝑟𝑔 (𝒈𝑏𝑒𝑠𝑡 − 𝒙𝑖
𝑘)



𝜔, 𝑐𝑔 e 𝑐𝑝

𝒙𝑖
𝑘+1 = 𝒙𝑖

𝑘 + 𝒗𝑖
𝑘+1



𝒏𝒑

𝝎𝟎

𝒄𝟏 = 𝒄𝒑

𝒄𝟐 = 𝒄𝒈

𝒄𝟑 5 10−3

𝒗𝒎𝒂𝒙

𝒗𝒓𝒂𝒏𝒅

 

𝒅∗ = 𝑎𝑟𝑔min [𝐶𝑖𝑛𝑖𝑐𝑖𝑎𝑙(𝒅): 𝒅 ∈ 𝑺, 𝑃𝑓 ≤  𝑃𝑓𝑎𝑑𝑚𝑖𝑠𝑠í𝑣𝑒𝑙
]

𝑆 =  { 𝑑𝑖
𝑚𝑖𝑛 ≤ 𝑑𝑖 ≤ 𝑑𝑖

𝑚𝑎𝑥 , 𝑖 = 1,… , 𝑛}

𝑑𝑖 𝑛 𝐶𝑖𝑛𝑖𝑐𝑖𝑎𝑙

 𝑃𝑓𝑎𝑑𝑚𝑖𝑠𝑠í𝑣𝑒𝑙



 

𝒅∗ = 𝑎𝑟𝑔𝑚𝑖𝑛[𝐶𝐸𝑇(𝒅): 𝒅 ∈ 𝑆]

 𝑆 =  { 𝑑𝑖
𝑚𝑖𝑛 ≤ 𝑑𝑖 ≤ 𝑑𝑖

𝑚𝑎𝑥 , 𝑖 = 1,… , 𝑛}

𝑑𝑖 ., 𝒅𝑚𝑖𝑛 𝒅𝑚𝑎𝑥 

𝑛

𝐶𝐸𝑇



 

𝐶𝑖 𝐶𝐸𝐹

𝐶𝐸𝑇(𝒅, 𝒁, 𝑿) = 𝐶𝑖 + ∑𝐸(𝐶𝐸𝐹)

𝑁𝑓

𝑖=1

𝐸( ) 𝑁𝑓

𝒅

𝑿 𝐶𝐸𝑇



𝒁 𝒅

𝑿

 𝑐𝑢

𝐶𝐶𝑖
(𝒅, 𝒁) = 𝑐𝑢𝐴𝑖 𝐿𝑖

𝐶𝑖 = 𝐶𝐶(𝒅, 𝒁) = 𝑐𝑢 ∑𝐴𝑖  𝐿𝑖

𝑚

𝑖=1

𝐶𝑅𝐸𝐹 = 𝐶𝐶0

𝐶𝐸𝐹

𝑛

𝐶𝐸𝐹𝑛 = 𝐶𝑓𝑛
 𝑃𝑓𝑛

𝐶𝑓



𝛼

𝐶𝑓 =  𝛼 𝐶𝑅𝐸𝐹

𝛼 = 1

𝛼 = 5 𝛼 = 10

𝑔ℎ

𝐶𝑓𝑢
 = {

       𝐶𝑅𝐸𝐹 → 𝑐𝑜𝑙𝑎𝑝𝑠𝑜 𝑝𝑟𝑜𝑔𝑟𝑒𝑠𝑠𝑖𝑣𝑜
 10 𝐶𝑅𝐸𝐹 → 𝑐𝑜𝑙𝑎𝑝𝑠𝑜 𝑑𝑖𝑟𝑒𝑡𝑜             

  

𝐶𝐸𝑇(𝒅, 𝒁, 𝑿) = 𝐶𝑐 +  ∑𝐶𝑓𝑗
 𝑃𝑓𝑗

ℎ

𝑗=1

+ 𝐶𝑓𝑢
  𝑃𝑐𝑜𝑙𝑎𝑝𝑠𝑜 





 



 

𝑔𝑖
𝑗(𝒅, 𝒁, 𝑿)

𝑔𝑖
𝑗(𝒅, 𝒁, 𝑿)

𝑔𝑖
𝑗(𝒅, 𝒁, 𝑿)



𝐿𝑒 𝐿𝑖)

𝜆 𝑘

𝑔𝑖
𝑐𝑜𝑚𝑝(𝒅, 𝒁, 𝑿) =  −𝜎𝑦𝑖

 𝐴𝑖(𝒅, 𝒁) + 𝑁𝑖(𝒅, 𝒁, 𝑿)

𝑔𝑖
𝑡𝑟𝑎çã𝑜

(𝒅, 𝒁, 𝑿) =  𝜎𝑦𝑖
 𝐴𝑖(𝒅, 𝒁) − 𝑁𝑖(𝒅, 𝒁, 𝑿)

𝜎𝑖
𝑐𝑟 = 

𝜋2 𝐸 𝐴

𝜆2
  onde 𝜆 =

𝐿

𝑘
 , 𝑘 =  √

𝐼

𝐴



𝑖

𝐼 =
1

4
𝐴

𝑖

𝐿𝑖 , 𝐸𝑖 , 𝐴𝑖

𝑖

𝐴𝑖
𝐿 𝑖

𝜎𝑖
𝑐𝑟 = −

𝜋2 𝐸𝑖 𝐴𝑖

4 𝐿𝑖
2   , 𝑖 = 1,… ,𝑚

𝑔𝑖
𝑓𝑙𝑎𝑚𝑏

= {

𝜎𝑦𝑖

𝜎𝑖
𝑐𝑟 − 1 ≤ 0    𝑠𝑒 𝐴𝑖 > 𝐴𝑖

𝐿

1                               𝑠𝑒 𝐴𝑖 = 𝐴𝑖
𝐿

 

𝑔𝑖𝑛𝑠𝑡𝑎𝑏 = 𝑃𝑙𝑖𝑚𝑖𝑡 − 𝑃



𝑃𝑙𝑖𝑚𝑖𝑡

 

𝑃𝑓



 

𝑃
𝑓𝑖

𝑗

𝑃𝑓 = 𝑃[𝑔𝑖
𝑗(𝒅, 𝒁, 𝑿) ≤ 𝟎]



 

𝐼[𝒙𝑖] = 0 𝒙 ∉ 𝐷𝑓

𝐼[𝒙𝑖] = 1 𝑥 ∈ 𝐷𝑓

𝑃𝑓 �̂�𝑓

�̂�𝑓 =
1

𝑛𝑠
∑ 𝐼[𝒙𝑖]

𝑛𝑠

𝑖=1 

=
𝑛𝑓

𝑛𝑠

𝑛𝑓 𝐼[𝒙𝑖] = 1 𝑃𝑓

𝑛𝑠

 

𝐸2

{𝑔𝑖 ≤ 0}

{ℎ𝑖 ≤ 0} 𝐸2

 



𝑃𝑠𝑦𝑠 = ∑(𝑃[{ℎ𝑖 ≤ 0}] 𝑃 [ ⋃ {𝑔𝑖 ≤ 0}

𝑚

𝑗=1,𝑗≠𝑖

])

𝑚

𝑖=1

𝑃𝑠𝑦𝑠 = 𝑃 [ ⋃ {𝑔𝑗 ≤ 0}

𝑚−ℎ𝑔

𝑗=1

]

ℎ𝑔 𝑃𝑓 𝑃𝑠𝑦𝑠)

ℎ𝑔

 



 

𝑃𝑓



𝑃[𝑭𝑖] 𝐸𝑖 𝑛

𝑭

𝑃[𝑭𝑗|𝑭𝑖] 

𝐴 ≈ 0 10−10

𝑃[𝑭𝑘|𝑭𝑖,𝑗  ]

𝑐𝑖

𝐸𝑖 .

𝑃𝑐𝑜𝑙𝑎𝑝𝑠𝑜

𝑃[𝑐𝑖] =  ∑𝑃[𝑭𝑖] ∙  𝑃[𝑭𝑗|𝑭𝑖] ∙

𝑚

𝑖=1
𝑗≠𝑖

𝑃

[
 
 
 
 
 

⋃(𝑭𝑘|𝑭𝑖,𝑗)

𝑚

𝑘=1
𝑘≠𝑖
𝑘≠𝑗 ]

 
 
 
 
 

𝑃𝑐𝑜𝑙𝑎𝑝𝑠𝑜 =  ∑∑𝑃[𝑭𝑖] ⋅ 𝑃[𝑭𝑗|𝑭𝑖] ⋅

(

 
 
 
 

∑ 𝑃[�̅�𝑚]

𝑛

𝑚=1
𝑚≠𝑖
𝑚≠𝑗

− ∑ ∑ 𝑃[�̅�𝑚|�̅�𝑘] ⋅ 𝑃[�̅�𝑘]

𝑚−1

𝑘=1
𝑘≠𝑖
𝑘≠𝑗

𝑘<𝑚

𝑛

𝑚=2
𝑚≠𝑖
𝑚≠𝑗

)

 
 
 
 𝑛

𝑗=1
𝑗≠𝑖

𝑛

𝑖=1



𝑃[𝑭𝑖]

𝐸𝑖

𝑐𝑖 𝐸𝑖

𝑃[𝑐𝑖]

𝐶𝑉𝐶𝑖 = 𝐶𝑉𝑖 ∙ 𝐶𝐼𝐶𝑖

𝐶𝑉𝑖 = (
𝑃[𝑭𝑖] 

∑ 𝑃[𝑭𝑖]
𝑚
𝑖=1

)

𝐶𝐼𝐶𝑖 = ( 
𝑃[𝑐𝑖]

max𝑃[𝑐𝑖] 
)





 

𝛽) 𝑃𝑓 𝛽

𝑃𝑓

  𝑃𝑓 =  Φ(−𝛽) = 1 − Φ(𝛽) = 1 − ∫
1

√2𝜋

𝛽

−∞

exp [
𝑧2

2
] 𝑑𝑧 =   ∫

1

√2𝜋

−𝛽

−∞

exp [
−𝑧2

2
]𝑑𝑧

𝛽 𝑃𝑓 ≅ 10−3 𝑃𝑓

𝑃𝑓 > 0.5

𝛽

104



𝜷𝒄𝒐𝒎𝒑𝟐
𝜷𝒕𝒓𝒂çã𝒐𝟏

𝜷𝐟𝐥𝐚𝐦𝐛𝟐
𝜷𝐬𝐧𝐚𝐩

𝛽

𝛽𝑐𝑜𝑚𝑝2
𝛽𝑡𝑟𝑎çã𝑜1

𝛽flamb2
𝛽snap

𝛽

 



 

𝐼𝐹

𝑺

𝑺 = {𝑋�̅�, 𝑍�̅�} ∈ (𝑿, 𝒁) | 𝐼𝐹[ 𝑔(𝑋�̅�, 𝑍�̅�)] = 0}  , 𝑖 = 1,… , 𝑛𝑠

𝑛𝑠 > 𝑛𝑎 (𝑛𝑎

(𝑛𝑠

𝜇𝑍 =

[𝑑1𝑗, 𝑑2𝑗, … , 𝑑𝑛𝑧𝑗]
𝑇

𝑊𝑗 = {∏𝑃𝐷𝐹(𝑿𝑖, 𝜇𝑋𝑖
, 𝜎𝑋𝑖

)

𝑛𝑥

𝑖=1

} . {∏𝑃𝐷𝐹(𝒁𝒌, 𝑑𝑋𝑘
, 𝜎𝑘)

𝑛𝑧

𝑘=1

}

𝑃𝑓

𝑃𝑓𝑗
=

∑ 𝐼𝐹(𝑖)𝑤𝑗(𝑖)
𝑛𝑎
𝑖=1

∑ 𝑤𝑗(𝑖)
𝑛𝑎
𝑖=1

{𝑺} 𝑃𝑓 ≤ 𝑃𝑓𝑎𝑙𝑣𝑜

𝑹 = {𝑋�̅�, 𝑍�̅�} ∈ {𝑺} | 𝑃𝑟[ 𝑔(𝑋�̅�, 𝑍�̅�) < 0] ≤ 𝑃𝑓𝑎𝑙𝑣𝑜
 }  , 𝑖 = 1,… , 𝑛𝑠

{𝑹}

𝑃𝑓



𝑃𝑓𝑎𝑙𝑣𝑜

. 

 

𝜷 𝛽

𝛽

 

𝛽

𝜖 𝛽

𝜀 = 2 Φ𝐶𝐷𝐹

𝜖 = Φ𝐶𝐷𝐹(−(𝛽 + 𝜀))



𝛽

𝑤𝑖

𝑘

𝑃𝑓

𝑃𝑓

𝑘

𝑤𝑟/𝑤𝑡 𝑃𝑓



𝑃𝑓 𝑤𝑟
𝑘/𝑤𝑡 𝑅𝑓

𝑘  𝑒; 𝑐) 𝑃𝑓
𝑘 .

𝑃𝑓

 𝜷

𝛽𝑎𝑙𝑣𝑜

𝛽𝑎𝑙𝑣𝑜 

𝜷

𝛽,

𝛽

𝛽

𝑅𝑓
𝑘

𝛽𝑎𝑙𝑣𝑜 𝑅𝑓
𝑘 𝑤𝑟𝑘

/𝑤𝑡

1VA

2VAs

4VAs

6VAs



𝑍1: 𝑁~(0,1; 0,01) e 𝑍2: 𝑁~(0,1; 0,01)

𝑤𝑟𝑖/𝑤𝑡𝑜𝑡𝑎𝑙

𝑘 𝑅𝑓
𝑘

𝑘 = 𝑛𝑆

𝛽𝑎𝑙𝑣𝑜

𝛽𝑎𝑙𝑣𝑜

𝑃𝑓

𝑃𝑓𝑎𝑙𝑣𝑜

𝑃𝑓 𝑃𝑓𝑎𝑙𝑣𝑜

 

𝑃𝑓





𝑃𝑓

 

𝛽𝑎𝑙𝑣𝑜

𝑃𝑓





 

𝑃𝑓



 

𝐶𝑉𝐶𝑖 𝐶𝑉𝐶𝑖

𝑃[𝑐𝑖]

𝑃[𝑭𝑖]

𝐶𝑉𝐶𝑖 = 𝐶𝑉𝑖 ∙ 𝐶𝐼𝐶𝑖 = (
𝑃[𝐹𝑖] 

∑ 𝑃[𝐹𝑖]
𝑛
𝑖=1

)( 
𝑃[𝑐𝑖]

max[𝑃[𝑐𝑖]
)

𝐶𝑉𝐶𝑖 =  𝐶𝑉𝐶𝑗    𝑝𝑎𝑟𝑎 
𝑖 = 1,… ,𝑚 
𝑗 = 1,… ,𝑚

     

∑𝐶𝑉𝐶𝑖

𝑚

𝑖=1

= 1

𝐶𝑉𝐶𝑖 = 1
𝑚⁄                 𝑖 = 1,… ,𝑚



𝐶𝑉𝐶𝑖 > 1/𝑚

𝐶𝑉𝐶𝑖

𝐶𝑉𝐶𝑖

 

 

𝛼𝑖0

𝑑𝑖0

∇𝑓(𝑑𝑖0) =  ∑
𝜕𝑓

𝜕𝑑𝑖

𝑖

ê𝑖

𝛼𝑖𝑜 = −∇𝑓(𝑑𝑖0)



𝛼𝑖0 𝑡 𝛼𝑖0 𝑑𝑘

𝑡

𝛼𝑖0

ℎ

ℎ

𝑑𝑘 = 𝑑𝑖0 + 𝑡 𝛼𝑖0

𝑡 = 𝑎𝑟𝑔min
𝑡∗≥0

𝑓(𝑑𝑘 + 𝑡∗𝛼𝑖0)

𝑓′(𝑥) =
𝑓(𝑥 + ℎ) − 𝑓(𝑥)

ℎ
+ 𝑜(ℎ)



 

𝑃𝑐𝑜𝑙𝑎𝑝𝑠𝑜

∇CVC

∇CVC

∇𝑓

𝐶𝐸𝑇(𝑨, 𝒀, 𝑿) = 𝐶𝑐         +       ∑𝐶𝑓𝑗
 𝑃𝑓𝑗

ℎ

𝑗=1

      +        𝐶𝑓𝑢
  𝑃𝑐𝑜𝑙𝑎𝑝𝑠𝑜

∇𝑓(𝑑𝑘)

∇̂CVC(𝑑𝑘)



𝑝 = 1/𝑚

≥ 3

𝑝 𝑝 𝑚.

𝐶𝑉𝐶𝑖 − 𝑝 > 0    𝐸𝑙𝑒𝑚𝑒𝑛𝑡𝑜 𝑣𝑢𝑙𝑛𝑒𝑟á𝑣𝑒𝑙

𝐶𝑉𝐶𝑖 − 𝑝 < 0    𝐸𝑙𝑒𝑚𝑒𝑛𝑡𝑜 𝑟𝑒𝑑𝑢𝑛𝑑𝑎𝑛𝑡𝑒



𝐶𝑉𝐶𝑖

𝐶𝑉𝐶𝐸𝐶

𝐶𝑉𝐶𝐸𝐶

0.0 0.2 0.4 0.6 0.8 1.0

CVCEC alto

CVCEC baixo

0.0 0.2 0.4 0.6 0.8 1.0

m 50

m 3

Vulnerável
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CVC



• +

• −

𝑪𝑽𝑪 − 𝑝)

𝐶𝑉𝐶𝐸𝐶

𝐶𝑉𝐶𝐸𝐶

�̂�𝐶𝑉𝐶 𝐶𝑉𝐶𝐸𝐶

(�̂�𝐶𝑉𝐶)𝑖 = −(𝐶𝑉𝐶𝑖 − 𝑝)                  𝑖 = 1,… ,𝑚

(�̂�𝐶𝑉𝐶)
𝑖
=

𝐶𝑉𝐶𝑖 − 𝑝

min
𝑗

(𝐶𝑉𝐶𝑗 − 𝑝) 
    𝑝𝑎𝑟𝑎 

𝑖 = 1,… ,𝑚 
𝑗 = 1,… ,𝑚



𝐶𝑉𝐶𝑖=1,𝑚 = 1/𝑚

(�̂�𝐶𝑉𝐶)
𝑖

𝑃𝑓

+ (1 − 𝑚) −

𝛼𝑘

𝛼𝑖0

𝛼𝑘 𝑑𝐴

𝑡𝑘 = 1, (𝐶𝑉𝐶𝑖 < 𝑝) 𝑑𝐴 < 0

𝐶𝑉𝐶𝑖 𝑝

𝑑𝐴 > 0

𝑆𝑒 𝑚𝑎𝑥
𝑖

𝐶𝑉𝐶𝑖 = 1/𝑚 →   (�̂�𝐶𝑉𝐶)
𝑖=1,𝑚

= 1

𝛼𝑖0 = −∇̂𝐶𝑉𝐶



−∇𝐶𝑉𝐶  

𝑍0 = { 0.1105 10−1 , 0.4203 10−1, 0.3422  }𝑚−2  → 𝐶𝐸𝑇 = 800.07

𝐶𝑉𝐶 = {0.4984, 0.5016, 0 } →  ∇̂𝐶𝑉𝐶= {−0.4952,−0.5047,1}

𝑍1 = 𝑍0 + 𝑡 (−∇̂𝐶𝑉𝐶)

𝑍1 = {0.1127 , 0.1456, 0.1369}𝑚−2

→ 𝐶𝐸𝑇 = 516.19 

𝑍1

𝐶𝑉𝐶 = {0,1,0} →  ∇̂𝐶𝑉𝐶𝑖=1,𝑚
= {1,−2,1} →  𝑍2 = 𝑍1 + 𝑡 (−∇̂𝐶𝑉𝐶)

𝑍2 = {0.06904 , 0.2330 ,0.09318}𝑚−2
→ 𝐶𝐸𝑇 = 57.589

𝐶𝑉𝐶𝑖 𝐶𝑉𝐶𝑖 < 𝑝

∇̂𝐶𝑉𝐶= 1 𝛼𝑖0 = − 1 𝑡

𝐶𝑉𝐶𝑖=1,𝑚 = 0.33 →  ∇̂𝐶𝑉𝐶𝑖=1,𝑚
= 1 → 𝑍3 = 𝑍2 + 𝑡 (−1)

𝑍3 = {0.001 , 0.09321 ,0.001}𝑚−2
→ 𝐶𝐸𝑇 =  6.8264



∇̂𝐶𝑉𝐶𝑖=1,𝑚
= 1

𝑡0

𝑡0 𝑡 𝛼𝑖0

𝑡 𝛼𝑖0

𝑑𝑖
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𝑖
𝑑𝑖
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𝑖
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|
 



𝑡
𝑠𝑢𝑝
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𝑖
 𝑖
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𝑡𝑜𝑙𝑑

𝑡
𝑖𝑛𝑓

𝑚

𝑑𝑘+1 𝑑𝑘 𝑡𝑜𝑙𝑑

𝑡
𝑠𝑢𝑝

< min
𝑖=1,𝑚

|
𝑑𝑘𝑖 − 𝑑𝑚𝑖𝑛

𝑙𝑎𝑡
𝑖

𝛼𝑖0𝑖

|

𝑡
𝑖𝑛𝑓

> max
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( 
𝑡𝑜𝑙𝑑
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)

𝑆𝑒 max
𝑖=1,𝑚

 |𝑑𝑘𝑖 − 𝑑𝑖𝑜 𝑖
| ≤  𝑡𝑜𝑙𝑑   → 𝐸𝑋𝐼𝑇 → 𝑖𝑜 = 𝑖𝑜 + 1



 

 



𝑃𝑓

 



𝛼𝑐𝑜𝑚𝑝 = 5

𝛼𝑡𝑟𝑎çã𝑜 = 20

𝛼𝑓𝑙𝑎𝑚𝑏 = 𝛼𝑖𝑛𝑠𝑡𝑎𝑏 = 10.

{𝜎, 𝐸} {𝑉} {𝑑1, 𝑑2, 𝑑3}

𝜎 745 106 0.1

𝐸 205 109 0.05

𝑉 −1 106 0.2

𝑑1 0.1 0.1

𝑑2 0.1 0.1

𝑑3 0.1 0.1



𝑃𝑓

𝐶𝑅𝐸𝐹

𝜌

𝜌

𝜌

𝜌



𝜌 = 0.05
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𝝆 = 𝟎. 𝟓 𝝆 = 𝟎. 𝟗

𝐶𝐸𝑇𝑚𝑖𝑛 (10−3) 3.4173 3.2106 3.743

2.87 2.65 2.87

𝐶𝐸𝑇𝑚𝑖𝑛 (10−3) 3.1923 3.2814 3.5452

2.51 2.87 2.87
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