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,ݎ)ሺ௞ሻܣ� ,ߙ ሺ௞ሻ൯ߠ = −ͳݎ ߙ�ሺ௞ሻܯ�
,ݎ)ሺ௞ሻܣ� ,ߙ ሺ௞ሻ൯ߠ = Ͳ

 ܺ଴ሺ௞ሻ ଴ܻሺ௞ሻ ௡ሺ௞ሻܥ ௡ሺ௞ሻܦ ௡ሺ௞ሻܭ ௡ሺ௞ሻܧ ܽ௡ሺ௞ሻ ܾ௡ሺ௞ሻ
,ݎሺ௞ሻሺܣ ሻߙ = ܺ଴ሺ௞ሻ + ଴ܻሺ௞ሻ ln ( (ெሺ௞ሻܴݎ

௡ሺ௞ሻܥ)∑+ ( ெሺ௞ሻ)௡ܴݎ + ௡ሺ௞ሻܦ ቆ ௠ሺ௞ሻቇ−௡ܴݎ + ܽ௡ሺ௞ሻ)ே
௡≥ଵ �osሺ݊. ሻߙ

௡ሺ௞ሻܭ)∑+ ( ெሺ௞ሻ)௡ܴݎ + ௡ሺ௞ሻܧ ቆ ௠ሺ௞ሻቇ−௡ܴݎ + ܾ௡ሺ௞ሻ)ே
௡≥ଵ sinሺ݊. ሻߙ

{  
  ܽ௡ሺ௞ሻ = −݊. ௡ሺ௞ ሻܯሺ௞ሻ݌ sin(݊. .݊−ሺ௞ሻ൯ߠ ሺ௞ሻ²݌ ܴ௔௩ሺ௞ሻܾ௡ሺ௞ሻ = −݊. ௡ሺ௞ ሻܯሺ௞ሻ݌ �os(݊. .݊−ሺ௞ሻ൯ߠ ሺ௞ሻ²݌ ܴ௔௩ሺ௞ሻ
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{  
   
   
ݎ�ሺூሻܣ�   ⌋௥=ோ೘ሺ�ሻ = Ͳ�ܣሺூூூ,௤ሻ�ߙ ⌋ఈ=ఈ೜ = Ͳ�ܣሺூூூ,௤ሻ�ߙ ⌋ఈ=ఈ೜+ఉ = Ͳ�ܣሺ௏ሻ�ݎ ⌋௥=ோ�ሺ�ሻ = Ͳ

஼ܰூ ொܰ ܳܰ
஼ܰூ = ͳʹܰ + (ʹ ொܰ + ʹ൯ܳ

 ஼ܰூ

{ 
ݎ�ሺ௞ሻܣ�  ⌋௥=ோ�ሺೖሻ = ݎ�ሺ௞+ଵሻܣ� ⌋௥=ோ೘ሺೖ+భሻܣሺ௞ሻ⌋௥=ோ�ሺೖሻ = ሺ௞+ଵሻ⌋௥=ோ೘ሺೖ+భሻܣ

஼ܰூ[८]ே��∗ே�� [�]ே��∗ଵ[९]ே��∗ଵ
[८]ே��∗ே�� . [�]ே��∗ଵ = [९]ே��∗ଵ

[८]ே��∗ே��  [८]ே��∗ே��
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௥ሺ௞ሻܤ ఈሺ௞ሻܤ

{ 
௥ሺ௞ሻܤ  = ͳݎ ఈሺ௞ሻܤߙ�ሺ௞ሻܣ� = ݎ�ሺ௞ሻܣ�−
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{  
   
   
ߙ�ሺ௑ሻܣ�   |௥=ோ೘ሺ�ሻ = ߙ�ሺூሻܣ� |௥=ோ೘ሺ�ሻͳµሺ௑ሻ ⋅ ݎ�ሺ௑ሻܣ� |௥=ோ೘ሺ�ሻ = ͳµሺூሻ ⋅ ݎ�ሺூሻܣ� |௥=ோ೘ሺ�ሻ�ܣሺ௏ሻ�ߙ |௥=ோ�ሺ�ሻ = ߙ�ሺ௏ூሻܣ� |௥=ோ�ሺ�ሻͳµሺ௏ሻ ⋅ ݎ�ሺ௏ሻܣ� |௥=ோ�ሺ�ሻ = ͳµሺ௏ூሻ ⋅ ݎ�ሺ௏ூሻܣ� |௥=ோ�ሺ�ሻ

{ ሺ௑ሻ|௥=ோ೘ሺ�ሻܣ = Ͳܣሺ௏ூሻ|௥=ோ�ሺ��ሻ = Ͳ

஼ܰூ  
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஼ܰூ = ʹͲܰ + (ʹ ொܰ + ʹ൯ܳ



  Chapitre II : page 58 

 

௙௖ܰܥ  ሺ ʹ. ௅௉ே݌  , ܳሻ ʹ. ௜௡௧ܳ݌
௙ܥ = ʹ. ௅௉ே݌ . ܳ௖ܰ  ሺ ʹ. , ௅௉ே݌ ܳሻ = ͳ

͵ ∗ ு௉ே݌

ܼ௜,௝
 ݅ = ͳ
 ݅ = ʹ
 ݆ = ,ܣ ,ܤ ܥ ܦ

 ொܰ = ு௉ே݌/ܰ = ͷ
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௅௉ே݌/ߨʹ .ሺͷ/ߨʹ ு௉ேሻ݌
{ ଵ,஺൯ܼ) ݉݅ܦ = ͻͶͶͶ²݉݅ܦ (ܼଶ,஺൯ = ͳͶͷ͵ʹ²

 ʹ݌/ߨ௅௉ே ு௉ே݌/ߨʹ
 ʹߨ/ሺ͵. ௅௉ேሻ݌ .ሺͷ/ߨʹ ு௉ேሻ݌
  ʹߨ/ሺ͵. ܳ + ௅௉ேሻ݌ .ሺͷ/ߨʹ ܳ − ு௉ேሻ݌
  ʹߨ/ሺܳ − ͵. ு௉ேሻ݌ ሺܳ/ߨʹ  + ͵. ௅௉ேሻ݌

ଵ,஻൯ܼ) ݉݅ܦ} = ʹͳͲͲ²݉݅ܦ (ܼଶ,஻൯ = ʹʹͻʹ²
 ʹ݌/ߨ௅௉ே ு௉ே݌/ߨʹ
 ͵. ௅௉ே݌ . ߨʹ ͷ. ு௉ே݌ . ߨʹ

ଵ,஼൯ܼ) ݉݅ܦ} = ͳͻͲͺ²݉݅ܦ (ܼଶ,஼൯ = ͳͻ͹ʹ²
ଵ,஽൯ܼ) ݉݅ܦ} = ͳͺ͵͸²݉݅ܦ (ܼଶ,஽൯ = ͳͺͷʹ² ܼ௜,௝

௥ሺ௞ሻܤ ∗ ఈሺ௞ሻܤ
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௥ሺ௞ሻܤ ∗ ఈሺ௞ሻܤ

ܶሺ௞ሻ .ܮ = ܴ௔௩ሺ௞ሻଶµ଴ ∑∫ ,௥ሺ௞ሻ(ܴ௔௩ሺ௞ሻܤ .൯ߙ ,ఈሺ௞ሻ(ܴ௔௩ሺ௞ሻܤ �ଶߙ݀ ൯ߙ
଴௡≥ଵ

௥ሺ௞ሻܤ ∗ ఈሺ௞ሻܤ
௥ሺ௞ሻܤ  ∗ ఈሺ௞ሻܤ

Internal ring fundamental 
(amplitude equal to 1) 

External ring fundamental 
(amplitude equal to 1) 
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ொܰܰ
 ௥ܶ௘௙ሺூ௏ሻ  ொܰ = ு௉ே݌/ܰ = ͳͲ
ݎݑ݁ݎݎܧ = | ௥ܶ௘௙ሺூ௏ሻ − ܶሺூ௏ሻ ቀ ொܰ , ு௉ே݌ܰ , ݅ቁ ௥ܶ௘௙ሺூ௏ሻ |

ܰ  ொܰܰ  ொܰܰ  ொܰ = ʹ
 ொܰ

ܰ ொܰ
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 ொܰ = ͷ ܰ
 ொܰ = ͷ ܰ/݌ு௉ே = ͵

ܰ ொܰ = ͷ
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ு௉ே݌/ܰ = ͳͲ
ொܰ = ͳͲܰ/݌ு௉ே = ͵
ொܰ = ͷ
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 ொܰ =ͷ ு௉ே݌/ܰ  = ͵

ொܰ = ͳͲ ு௉ே݌/ܰ = ͳͲ

X [ m ] 

Y
 [

 m
 ]
 

0 0.2 0.4 0.6 0.8 1 1.2 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

1.8 

1.8 

1.6 

1.4 

1.2 

1 

0.2 

0.4 

0.6 

0.8 

Norme de l’induction : | B | [ T ] 

X [ m ] 

Y
 [

 m
 ]
 

0 0.2 0.4 0.6 0.8 1 1.2 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

1.8 

0.06 
Ecarts [ T ] 

0.05 

0.04 

0.03 

0.02 

0.01 
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ொܰ = ͳͲ ு௉ே݌/ܰ = ͳͲ

 ொܰ = ு௉ே݌/ܰ = ͳͲ

ொܰ =  ͳͲ ு௉ே݌/ܰ = ͳͲ

 

݅ = ͳ 

ܷ݅,݆ 

݆ = ͳ 

 ݆,݅,ߙ� ߙܲ ݎܲ
 ݆,i,ݎ�

݆ ߙܲ = ܰ 

݅ = ܰ 

 ݎܲ
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{ 
௝ݎ  = ܴ௠ሺூூூሻ + ሺ݆ − Ͳ.ͷሻ ܴெሺூூூሻ − ܴ௠ሺூூூሻܰߙ௜ = ௤ߙ − ሺ݅ − Ͳ.ͷሻ ߚܰ

{  
  
  �௥ = ሺூூூሻߤ ܴ௔௩ሺூூூሻ ʹͳߚܰ . ܴெሺூூூሻ − ܴ௠ሺூூூሻܰ ܮ = ʹ. ሺூூூሻߤ ܴ௔௩ሺூூூሻ. ெሺூூூሻܴߚ − ܴ௠ሺூூூሻ ܮ
�ఈ = ሺூூூሻߤ ܴெሺூூூሻ − ܴ௠ሺூூூሻܰͳʹ . ܴ௔௩ሺூூூሻ ߚܰ ܮ = ʹ. ሺூூூሻߤ ܴெሺூூூሻ − ܴ௠ሺூூூሻܴ௔௩ሺூூூሻ. ߚ ܮ

�௥,௜,௝  �ఈ,௜,௝

�௥,௜,௝ �ఈ,௜,௝

{  
  �௥,௜,௝ = ௜ݎ௥ሺ௞ሻሺܤ∫ , ௜ሻߙ . ݀ܵ௥,௜,௝ = ሺ௞ሻܣ) ௜ݎ) , ௜ߙ + ߚʹܰ ) − ሺ௞ሻܣ ௜ݎ) , ௜ߙ − ߚʹܰ )) ܮ
�ఈ,௜,௝ = ௜ݎఈሺ௞ሻሺܤ∫ , ௜ሻߙ . ݀ܵఈ,௜,௝ = ቌܣሺ௞ሻ ቆݎ௜ + ܴெሺூூூሻ − ܴ௠ሺூூூሻʹܰ , ௜ቇߙ − ሺ௞ሻܣ ቆݎ௜ − ܴெሺூூூሻ − ܴ௠ሺூூூሻʹܰ , ܮ௜ቇቍߙ

( ௜ܷ,௝ − ௜ܷ−ଵ,௝൯ʹ�ఈ + ( ௜ܷ,௝ − ௜ܷ,௝−ଵ൯ʹ�௥ + ( ௜ܷ,௝ − ௜ܷ+ଵ,௝൯ʹ�ఈ + ( ௜ܷ,௝ − ௜ܷ,௝+ଵ൯ʹ�௥ = Ͳ
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{( ௜ܷ,௝ − ௜ܷ−ଵ,௝൯ʹ. �ఈ = �ఈ,௜,௝  ⃪ ݅ = ͳ( ௜ܷ,௝ − ௜ܷ+ଵ,௝൯ʹ. �ఈ = �ఈ,௜,௝  ⃪ ݅ = ܰ
{( ௜ܷ,௝ − ௜ܷ,௝−ଵ൯ʹ. �௥ = �௥,௜,௝  ⃪ ݆ = ͳ( ௜ܷ,௝ − ௜ܷ,௝+ଵ൯ʹ. �௥ = �௥,௜,௝  ⃪ ݆ = ܰ

[�]ே∗ே,ே∗ே[ܷ]ே∗ே,ଵ[�]ே∗ே,ଵ
[�]ே∗ே,ே∗ே ∗ [ܷ]ே∗ே,ଵ = [�]ே∗ே,ଵ [ܲ]ே∗ே,ே∗ே ௜ܷ,௝ܤ௥,௜,௝ ఈ,௜,௝ܤ

{   
  
௥,௜,௝ܤ    = ͳܵ௥,௜,௝ ቀ( ௜ܷ,௝ − ௜ܷ,௝−ଵ൯ʹ. �௥ + ( ௜ܷ,௝+ଵ − ௜ܷ,௝൯ʹ. �௥ቁܤఈ,௜,௝ = ͳܵఈ,௜,௝ ቀ( ௜ܷ,௝ − ௜ܷ−ଵ,௝൯ʹ. �ఈ + ( ௜ܷ+ଵ,௝ − ௜ܷ,௝൯ʹ. �ఈቁܵ௥,௜,௝ = ௜ݎ ߚܰ ఈ,௜,௝ܵܮ = ܴ௠௔௫ሺூூூሻ − ܴ௠௜௡ሺூூூሻܰ ܮ
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݅ ݅
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݅ ݅
ሻ݅,ܫሺܯሻܴ݅,ܫܫሺܯሻܴ݅,ܫܫܫሺܯሻܴ݅,ܸܫሺܯܴ

ܴሺܸ݉ܫ,݅ሻܴሺ݉ܫܫܫ,݅ሻܴሺ݉ܫܫ,݅ሻ
ܴሺ݉ܫ,݅ሻ

ݍ = ͳ ߚ

݅ ݅

݅



  Chapitre II : page 70 

݅ ݅

݅ ݅

{  
  
   
ሺூ,௜ሻ|௥=ோ೘ሺ�,�ሻܣ  = Ͳ�ܣሺூ௏,௤,௜ሻ�ߙ ⌋ఈ=ఈ೜ = Ͳ�ܣሺூ௏,௤,௜ሻ�ߙ ⌋ఈ=ఈ೜+ఉ = Ͳ�ܣሺூ௏,௤,௜ሻ�ߙ ⌋௥=ோ�ሺ��ሻ = Ͳ

஼ܰூொܰ  ݅ ܳ ܰ
஼ܰூ = ʹͲܰ + ܳ(Ͷ + ʹ ொܰ൯

஼ܰூ ஼ܰூ
ʹͲܰ + ܳ(ʹ + ʹ ொܰ൯ 

 ߚ

,ܸܫ ,ݍ ݅ 

ߙ�ሻ݅,ݍ,ܸܫሺܣ� ߚ+ݍߙ=ߙ⌊ = Ͳ 

ߙ�ሻ݅,ݍ,ܸܫሺܣ� ݍߙ=ߙ⌊ = Ͳ 

ߙ�ሻ݅,ݍ,ܸܫሺܣ� ሻܸܫሺܯܴ=ݎ⌊ = Ͳ 
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ݍ �௅௉ேሺ௤ሻݍ �ு௉ேሺ௤ሻ

ݍ
௅௉ேܮ ு௉ேܮ

�௅௉ேሺ௤ሻ = ௅௉ேܮ ∫ ఈሺூ௏,௤,௅௉ேሻ|ఈ=ఈ೜+�ோ�ሺ��ሻܤ
ோ೘ሺ��ሻ ݎ݀ + ௅௉ேܮ ∫ ௥ሺூூூ,௅௉ேሻ|௥=ோ೘ሺ��ሻఈ೜+భܤ

ఈ೜+� ܴ௠ሺூ௏ሻ݀ߙ
௅௉ேܮ+ ∫ ோ೘ሺ��ሻݎఈሺூ௏,௤+ଵ,௅௉ேሻ|ఈ=ఈ೜+భ݀ܤ

ோ�ሺ��ሻ
�ு௉ேሺ௤ሻ = ு௉ேܮ ∫ ఈሺூ௏,௤,ு௉ேሻ|ఈ=ఈ೜+�ோ�ሺ��ሻܤ

ோ೘ሺ��ሻ ݎ݀ + ு௉ேܮ ∫ ௥ሺூூூ,ு௉ேሻ|௥=ோ೘ሺ��ሻఈ೜+భܤ
ఈ೜+� ܴ௠ሺூ௏ሻ݀ߙ

௅௉ேܮ+ ∫ ோ೘ሺ��ሻݎఈሺூ௏,௤+ଵ,௅௉ேሻ|ఈ=ఈ೜+భ݀ܤ
ோ�ሺ��ሻ

�௅௉ேሺ௤ሻ = −�ு௉ேሺ௤ሻ

 ܰܲܮ�

ሺݍሻ = .ܰܲܮܮ ∫ ሻܸܫሺܴ݉ݎͳ݀+ݍߙ=ߙ|ͳ,ͳሻ+ݍ,ܸܫሺߙܤ
ሻܸܫሺܯܴ  

 ܰܲܮ�

ሺݍሻ = .ܰܲܮܮ ∫ ͳ+ݍߙሻܸܫሺܴ݉=ݎ|ͳሻ,ܫܫܫሺݎܤ
ߚ+ݍߙ ܴሺܸ݉ܫሻ݀ߙ 

 ܰܲܮ�

ሺݍሻ = .ܰܲܮܮ ∫ ሻܸܫሺܯܴߚ+ݍߙ=ߙ|ͳሻ,ݍ,ܸܫሺߙܤ
ܴሺܸ݉ܫሻ  ݎ݀

�௅௉ேሺ௤ሻ = �௅௉ே 

ሺ௤ሻ + �௅௉ே 

ሺ௤ሻ + �௅௉ே 

ሺ௤ሻ
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ʹܳ [८]ே��∗ே�� [�]ே��∗ଵ[९]ே��∗ଵ
[८]ே��∗ே�� . [�]ே��∗ଵ = [९]ே��∗ଵ

 [८]ே��∗ே��
[८]ே��∗ே��
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(a) 

(b) 

(c) 
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Norme de l’induction [T] 
2.0 

1.8 

1.6 

1.0 

1.4 

1.2 

0.8 

0.6 

0.4 

0.2 

 ܰܲܮ

 ܰܲܪ

α α

α α
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ܶሺூூூ,௜ሻ ௜ܮ = . ܴ௔௩ሺ௞,௜ሻଶµ଴ ∑∫ ,௥ሺூூூ,௜ሻ(ܴ௔௩ሺ௞,௜ሻܤ .൯ߙ ,ఈሺூூூ,௜ሻ(ܴ௔௩ሺ௞,௜ሻܤ �ଶߙ݀ ൯ߙ
଴௡≥ଵ

௅௉ே/�௅௉ேܮ ௅௉ேܮ �௅௉ே
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௅௉ேܮ  = ு௉ேܮ ௅௉ே/�௅௉ேܮ , ௅௉ே/�௅௉ேܮ = ͳ ܮ௅௉ே/�௅௉ே > ʹ

௅௉ே/�௅௉ேܮ ௅௉ேܮ = ு௉ேܮ
 

 ௥ܶ௘௙ሺூூூ,ு௉ேሻ  ொܰ = ு௉ே݌/ܰ = ͳͲ ொܰ ݅ ܰ  ௥ܶ௘௙ሺூூூ,ு௉ேሻ ܰ  ொܰ
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ݎݑ݁ݎݎܧ = | ௥ܶ௘௙ሺூூூ,ு௉ேሻ − ܶሺூூூ,ு௉ேሻ( ொܰ , ܰ൯௥ܶ௘௙ሺூூூ,ு௉ேሻ |  

ܰ ொܰ

ܰ  ொܰ  ொܰ = Ͷ ு௉ே݌/ܰ  = ͵
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ߙ ሺ௞ሻ�ሺ௞ሻߠ
ሺ௞ሻܣ� + ͳݎ ߙ�ሺ௞ሻܯ� =µሺ௞ሻ. �. �ሺ௞ሻ ቆ�ܣሺ௞ሻ�ߠሺ௞ሻ + ߙ�ሺ௞ሻܣ� ቇ  

 ሺ௞ሻܬ

,ݎ)ሺ௞ሻܬ ,ߙ ሺ௞ሻ൯ߠ = �. �ሺ௞ሻ ቆ�ܣሺ௞ሻ�ߠሺ௞ሻ + ߙ�ሺ௞ሻܣ� ቇ + ଴ሺ௞ሻܬ
ሺ௞ሻܣ

 ଴ሺ௞ሻܬ 
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଴ሺ௞ሻܬ = − ͳܵ௉ெሺ௞ሻ ∫  ோ�ሺೖሻ 
௥=ோ೘ሺೖሻ ∫  �ሺೖሻ+ �௣ሺೖሻ 

ఈ=�ሺೖሻ �. �ሺ௞ሻ ቆ�ܣሺ௞ሻ�ߠሺ௞ሻ + ߙ�ሺ௞ሻܣ� ቇ .ݎ  .ݎ݀ ݀

 ாܲௗௗ௬ሺ௞ሻ
ாܲௗௗ௬ሺ௞ሻ = ߨʹ௭ܮ ∫ ͳ�  ଶ�

�=଴ ∫ ቀ(ܬሺ௞ሻ൯ଶ݀ߙ݀ ݎቁ 
ௌು�ሺೖሻ

ߠ݀
< ாܲௗௗ௬ሺ௞ሻ >௣ܰ௢௦ሺ௞ሻ̂ߠሺ௞ሻ

݇ < ாܲௗௗ௬ሺ௞ሻ >

{  
   
 < ாܲௗௗ௬ሺ௞ሻ >= ܮ

௣ܰ௢௦ሺ௞ሻ . �  ∑  ே೛೚ೞ
௜=଴ ∫  ோ�ሺೖሻ 

௥=ோ೘ሺೖሻ ∫  ��ሺೖሻ+ �௣ሺೖሻ 
ఈ=��ሺೖሻ

ቀܬሺ௞ሻ(ݎ, ,ߙ ሺ௞ሻ൯ቁଶߠ .ݎ .ݎ݀ ߙ݀
௜ሺ௞ሻߠ = ݅. ሺ௞ሻ௣ܰ௢௦ሺ௞ሻߠ̂

௜ܭ ݅ = ݅ܰܲܮ = ܰܲܪ ௜�௜ܭ ௅௉ேܭ = ͵ ு௉ேܭ = ʹ �௜

{  
  �௅௉ே = .ʹ௔௩ሺ௞ሻܴߨʹ ௅௉ே�ு௉ே݌ = .ʹ௔௩ሺ௞ሻܴߨʹ ு௉ே݌

௅௉ேܭ = ͵ ு௉ேܭ =ʹ
ܰܲܮ݈ =  ܰܲܮܭܰܲܮ�

 ܰܲܮ�

 ܰܲܪ�

ܰܲܪܭܰܲܪ� =  ܰܲܪ݈
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ߙ ∈ ,ሺ௞ሻߠ] ሺ௞ሻߠ + �௜ܭ௜]

 

ܨ = ͷͷ ݖܪ
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ܨ

{  
  �௅௉ே/଴ = Ͳ → ܨ = ு௉ே݌| . �ு௉ே/଴|ʹߨ = |ܳ. �ொ/଴|ʹߨ�ொ/଴ = Ͳ → ܨ = ௅௉ே݌| . �௅௉ே/଴|ʹߨ = ு௉ே݌| . �ு௉ே/଴|ʹߨ�ு௉ே/଴ = Ͳ → ܨ = ௅௉ே݌| . �௅௉ே/଴|ʹߨ = |ܳ. �ொ/଴|ʹߨ

ுܰ௉ே ௅ܰ௉ே
ுܶ௉ே ௅ܶ௉ே ுܶ௉ே = ௅ܶ௉ே = ͳͶͶͲ

ுܰ௉ே ௅ܰ௉ே
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{ 
ሺ௏ሻߠ�  ுܶ௉ேߨʹ = . ுܰ௉ேܩ௠௔௚௡ . ሺ௏ሻߠ� = ௅ܶ௉ேߨʹ . ௅ܰ௉ே

ܰ௠௔௜௟௟௘௦ ሺ௞ሻܵெሺ௞ሻܬ
< ாܲௗௗ௬ ிாெሺ௞ሻ >= .ሺ௞ሻܺ݌ʹ � ∑  ௑

௫=ଵ ∑  ே೘��೗೗�ೞ
௡=ଵ ܵெሺ௞ሻሺݔ, ݊ሻ. ,ݔሺ௞ሻሺܬ ݊ሻ²

ܨ

௟௜௠ ܨ
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ܨ

{  
௟௜௠ ܨ   = minሺܨ ௉ெ ௅௉ே , ௉ெ ௅௉ே ܨ௉ெ ு௉ேሻ ܨ = Ͷµ. �. ߨ ௉ெ ு௉ே ܨଶ(௅௉ே�௅௉ேܭ) = Ͷµ. �. ߨ ଶ(ு௉ே�ு௉ேܭ)

 

,௥ሺ௞ሻܤ ఈሺ௞ሻܤ ௥ሺ௞ሻܤ  ఈሺ௞ሻܤ
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ఈሺ௞ሻܤ௥ሺ௞ሻܤ

{   
௜௥௢௡ ொܨ    = ௅௉ே݌ . �௅௉ே/଴ʹߨ = ு௉ே݌ . �ு௉ே/଴ʹܨߨ௜௥௢௡ ௅௉ே = ௜௥௢௡ ொܨ ௅௉ே݌ܳ = ௜௥௢௡ ொܨ ௜௥௢௡ ு௉ேܨ௅௉ே݌ܳ = ௜௥௢௡ ொܨ ு௉ே݌ܳ = ௜௥௢௡ ொܨ ு௉ே݌ܳ ,௥ሺ௞ሻܤ ௜௥௢௡ ௜ܨ ఈሺ௞ሻܤ

௥ሺ௞ሻܤ ఈሺ௞ሻሻܤ 
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௥ሺ௞ሻܤ ఈሺ௞ሻܤ
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௥ሺ௞ሻܤ ఈሺ௞ሻܤ

 

,௥ሺ௞ሻܤ ఈሺ௞ሻܤ ⊥ܤ ⫽ܤ  ⊥ܤ ⫽ܤ

Ax�s ܤ௥  

Ax�s ܤఈ  

Ax�s ܤ⊥  
Ax�s ܤ⫽  

�ሺݐሻ ܤ ߦ⫽ ሺݐሻ ܤ⊥ ሺݐሻ 
ԡܤሺݐሻԡ 
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,௝ݎሺܤ‖ ,௜ߙ ‖ሻߠ
௝ݎ)ܤ‖ , ௜ߙ , ‖൯ߠ = √ቀܤ௥(ݎ௝ , ௜ߙ + ൯ߠ − ௝ݎ)௥ ௠௢௬ܤ , ௜൯ቁଶߙ + ቀܤఈ(ݎ௝ , ௜ߙ + ൯ߠ − ௝ݎ)ఈ ௠௢௬ܤ , ௜൯ቁߙ ,௝ݎ² ௜,௝ߦ∗௜,௝ߠ௜ߙ

௜,௝ߦ = ݊ܽݐܿݎܽ ቆܤ௥ሺߠ௜,௝∗ ሻܤఈሺߠ௜,௝∗ ሻቇܤ ݐ݁ ⫽ܤ⊥�௜,௝ሺߠሻ
௝ݎ)⫽ܤ} , ௜ߙ , ൯ߠ = ௝ݎሺܤ‖ , ௜ߙ , .‖ሻߠ �os(�௜,௝ሺߠሻ൯ݎ)⊥ܤ௝ , ௜ߙ , ൯ߠ = ௝ݎሺܤ‖ , ,௜ߙ .‖ሻߠ sin(�௜,௝ሺߠሻ൯
�௜,௝ሺߠሻ = ݊ܽݐܿݎܽ ቆܤ௥ሺݎ௝ , ௜ߙ + ௝ݎఈሺܤሻߠ , ௜ߙ + ሻቇߠ − ௜,௝ߦ

௜ܲ௥௢௡ሺ௞ሻ݇ℎ ݇௘ ݇௘௫݇ℎ ݇௘ ݇௘௫ߛ ௜௥௢௡ ௜ܨ

௜ܲ௥௢௡ሺ௞ሻ ௝ݎ) , ௜൯ߙ = ݇ℎ. ௜௥௢௡ ௜ܨ . ቆ(Δܤ⊥ʹ )ఊ + (Δܤ⫽ʹ )ఊቇ
+݇௘ ͳܶ ∫  ் 

௧=଴ ݐ݀⊥ܤ݀)) )ଶ + ቆ݀ݐ݀⫽ܤ ቇଶ)݀ݐ + ݇௘௫ ͳܶ ∫  ் 
௧=଴ ݐ݀⊥ܤ݀)) )ଶ + ቆ݀ݐ݀⫽ܤ ቇଶ)ଷ/ସ ݐ݀
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ு௉ேሺ௞ሻߠ̂
௣ܰ௢௦ሺ௞ሻ

ு௉ேሺ௞ሻߠ̂
ு௉ேሺ௞ሻߠ̂

{   
ு௉ேሺ௑ሻߠ̂    = ு௉ே݌ߨʹ . ு௉ேሺூூூሻߠ̂ ௅௉ே݌ܳ = ு௉ேሺ௏ூሻߠு௉ே̂݌ߨʹ = ߨܳʹ

ሺ௏ሻߠ̂

ு௉ேሺூሻߠ̂ = ு௉ேሺ௏ሻߠ̂ = ௅௉ே݌ߨ
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ሺ௏ሻߠ̂
ு௉ேሺ௞ሻߠ̂

௣ܰ௢௦ሺ௞ሻ ௥ܲ௘௙ሺ௞ሻ ௣ܰ௢௦ሺ௞ሻ = ͳͷͲ  ொܰ = ு௉ே݌/ܰ = ͳͲ
 ொܰ = ͷܰ/݌ு௉ே = ͵

ሺ௞ሻݎݑ݁ݎݎܧ = | ௥ܲ௘௙ሺ௞ሻ − ாܲௗௗ௬/௜௥௢௡ሺ௞ሻ ( ௣ܰ௢௦൯  ௥ܲ௘௙ሺ௞ሻ |

௣ܰ௢௦ሺ௞ሻ ொܰ = ͷ ு௉ே݌/ܰ = ͵



  Chapitre II : page 91 

{ 
 ௣ܰ௢௦ሺூሻ = ௣ܰ௢௦ሺ௏ሻ = ͶͲ ௣ܰ௢௦ሺூூூሻ = ͷͲ௣ܰ௢௦ሺ௏ூሻ = ͳͲ

 

 

௠௔௚௡ܩ = ͵,ʹͷ
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ܳܮ = ͳͲͲ ݉݉ 

ܦ ∅ = ͳͷͲ,ͷ ݉݉ 
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 ܶሺூூூ,ு௉ேሻ ܶሺூூூ,௅௉ேሻ�
 ܤ௔௩ሺ௤ሻ
 

ு௉ேߠ ௅௉ேߠ
� = ு௉ே݌ . ு௉ேߠ + ௅௉ே݌ . ௅௉ேߠ

ሻݍሺݒܽܤ �௅௉ேሺ௤ሻܵொܤ௔௩ሺ௤ሻ = |�௅௉ேሺ௤ሻ . ܵொ| = |�ு௉ேሺ௤ሻ . ܵொ|
ܷሺܳݍሻ

ܷሺܳݍሻ �ு௉ேሺ௤ሻ ௦ܰ௣௜௥௘
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ܷொሺ௤ሻ = ௦ܰ௣௜௥௘ ݀ �ு௉ேሺ௤ሻ݀ݐ = ௦ܰ௣௜௥௘ . ሶு௉ேߠ � �ு௉ேሺ௤ሻ� ߠு௉ே

 ௦ܰ௣௜௥௘ = ͳ͸
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 
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 
 
 
 
 
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 

 

 
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 
 
 
 
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௥ሺூ௏,௜ሻ⌋௥=ோ�ሺ��ሻܤ = Ͳܤ௭ሺ௞ሻ⌋௭��೟ೝé೘�೟éೞ = Ͳ

sinሺ�ሻsinሺ�ሻ
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�  � = Ͳ° � = ͵Ͳ° � =͸Ͳ°
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௅௉ேܮ �௅௉ே > ͳ

௅௉ே݌ >ͳͷ ௅௉ேܮ �௅௉ே



  Chapitre II : page 105 



Tables des matières : page 106 

 

 

  ................................................................................................................................ 107 

  ... 108 

  ....... 108 

  ........... 112 

 ................................. 118 

  .......................... 123 

  ............... 128 

  .................................................................... 133 

  ........................................................................ 133 

  ............... 135 

  ............................................................. 140 

  ................................................................ 141 

 

 .............................................................................................. 145 

  ...................................................................... 146 

  ......................................................... 151 

  ............................................................... 155 

  ................................................................... 157 

  .................................................................................................................................... 159 



  Chapitre III : page 107 

 

 

 

 

 
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 

 
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 

 

 
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 
 
 

 
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 

 

 ܨ௥ ௜ ௧ ௜ܨ
 ܨ௖ ௜  
 ܨ௉ ௜
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௖ ௜ܨ௉ ௜ܨ௧ ௜ܨ௥ ௜ܨ

�̿ሺ௞ሻ ఈሺ௞ሻܤ௥ሺ௞ሻܤ
�̿ሺ௞ሻሺݎ, ሻߙ = ቌ�௥௥ሺ௞ሻ �௥ఈሺ௞ሻ Ͳ�௥ఈሺ௞ሻ �ఈఈሺ௞ሻ ͲͲ Ͳ Ͳቍ = ͳµ଴ ൮ܤ௥ሺ௞ሻ

ଶ/ʹ − ʹ/ఈሺ௞ሻଶܤ .௥ሺ௞ሻܤ ఈሺ௞ሻܤ Ͳܤ௥ሺ௞ሻ. ఈሺ௞ሻܤ ʹ/ఈሺ௞ሻଶܤ − ʹ/௥ሺ௞ሻଶܤ ͲͲ Ͳ Ͳ)

௧ ௜ܨ௥ ௜ܨ ݇ = ܫܫ ݇ = ܸܫ

{  
௥ ௜ܨ    = ݁௡⃗⃗⃗⃗  .∯�௞̿̿̿̿  . ݁௡⃗⃗⃗⃗ . ݀ܵ = ݁௥⃗⃗  ⃗ . ∫  ௅௭=଴ ∫  ଶ�

ఈ=଴ �ሺ௞ሻ̿̿ ̿̿ ̿ . ݁௥⃗⃗  ⃗. .ݎ .ߙ݀ ݖ݀ = ∫  ௅௭=଴ ∫  ଶ�
ఈ=଴ �௥௥ሺ௞ሻ. .ݎ .ߙ݀ ݖ݀

௧ ௜ܨ  = ݁௡⃗⃗⃗⃗  .∯�௞̿̿̿̿  . ݁௧⃗⃗  ⃗. ݀ܵ = ݁ఈ⃗⃗⃗⃗  . ∫  ௅௭=଴ ∫  ଶ�
ఈ=଴ �ሺ௞ሻ̿̿ ̿̿ ̿ . ݁௥⃗⃗  ⃗. .ݎ .ߙ݀ ݖ݀ = ∫  ௅௭=଴ ∫  ଶ�

ఈ=଴ �௥ఈሺ௞ሻ. .ݎ .ߙ݀ ݖ݀
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௥ ொሺ௤ሻܨ = ݁௡⃗⃗⃗⃗  .∯ �̿ሺ௞,௤ሻ . ݁௥⃗⃗  ⃗. ݀ܵ
= ݁௥⃗⃗  ⃗ . ∫  ௅௭=଴ ∫  ఈ೜+భ

ఈ=ఈ೜+ఉ �̿ሺூ௏ሻ(ܴெሺூூூሻ, .൯ߙ ݁௥⃗⃗  ⃗. ܴெሺூூூሻ. .ߙ݀ ݖ݀
− ݁௥⃗⃗  ⃗ . ∫  ௅௭=଴ ∫  ఈ೜+భ

ఈ=ఈ೜+ఉ �̿ሺூூሻ (ܴ௠ሺூூூሻ, .൯ߙ ݁௥⃗⃗  ⃗. ܴ௠ሺூூூሻ. .ߙ݀ ݖ݀
+ ݁ఈ⃗⃗⃗⃗  . ∫  ௅௭=଴ ∫  ோ�ሺ���ሻ

௥=ோ೘ሺ���ሻ �̿ሺூூூ,௤ሻ(ݎ, ௤ߙ + .൯ߚ ݁௥⃗⃗  ⃗. .ݎ݀ ݖ݀
− ݁ఈ⃗⃗⃗⃗  . ∫  ௅௭=଴ ∫  ோ�ሺ���ሻ

௥=ோ೘ሺ���ሻ �̿ሺூூூ,௤+ଵሻ(ݎ, .௤+ଵ൯ߙ ݁௥⃗⃗  ⃗. .ݎ݀ ݖ݀

 ݎݎ�

 ݎݎ�

 ߙݎ�

ͳ+ݍߙ

ሻܫܫܫሺܯܴ

ܴሺ݉ܫܫܫሻ ݍߙ ߙݎ� + ߚ

ሻܸܫሺݎݎ�

ͳሻ+ݍ,ܫܫܫሺߙߙ�
ሻܫܫሺݎݎ�

ሻܸܫሺߙݎ�

ͳሻ+ݍ,ܫܫܫሺߙݎ�ሻܫܫሺߙݎ�
ሻݍ,ܫܫܫሺߙݎ�

ݍߙ + ͳ+ݍߙߚ

ሻܫܫܫሺܯܴ

ܴሺ݉ܫܫܫሻ
ሻݍ,ܫܫܫሺߙߙ�
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௥ ொሺ௤ሻܨ ௧ ொሺ௤ሻܨ ݍ
௧ ொሺ௤ሻܨ = ݁௡⃗⃗⃗⃗  .∯�ሺ௞,௤ሻ̿̿ ̿̿ ̿̿ ̿ . ݁ఈ⃗⃗⃗⃗ . ݀ܵ

= ݁௥⃗⃗  ⃗ . ∫  ௅௭=଴ ∫  ఈ೜+భ
ఈ=ఈ೜+ఉ �̿ሺூ௏ሻ(ܴெሺூூூሻ, .൯ߙ ݁ఈ⃗⃗⃗⃗ . ܴெሺூூூሻ. .ߙ݀ ݖ݀

− ݁௥⃗⃗  ⃗ . ∫  ௅௭=଴ ∫  ఈ೜+భ
ఈ=ఈ೜+ఉ �̿ሺூூሻ (ܴ௠ሺூூூሻ, .൯ߙ ݁ఈ⃗⃗⃗⃗ . ܴ௠ሺூூூሻ. .ߙ݀ ݖ݀

− ݁ఈ⃗⃗⃗⃗  . ∫  ௅௭=଴ ∫  ோ�ሺ���ሻ
௥=ோ೘ሺ���ሻ �̿ሺூூூ,௤ሻ(ݎ, ௤ߙ + .൯ߚ ݁ఈ⃗⃗⃗⃗ . .ݎ݀ ݖ݀

+ ݁ఈ⃗⃗⃗⃗  . ∫  ௅௭=଴ ∫  ோ�ሺ���ሻ
௥=ோ೘ሺ���ሻ �̿ሺூூூ,௤+ଵሻ(ݎ, .௤+ଵ൯ߙ ݁ఈ⃗⃗⃗⃗ . .ݎ݀ ݖ݀

(a) (b) 
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௖ ௜ܨ = .ሶ௜ଶߠ ∫  ௜ߩ
௏� . .ݎ ݀ ௜ܸ

(a) (b) 
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�௏ெ ௠௔௫ , ݎ ߥ௥ ௠௔௫ݑ ݐ ௜௡௧݌ܧ ௘௫௧݌

 ݐܴ݊݅
 ݐݔܴ݁ 

 Ͳ  ݎ  ݖ 
 ݐ݊݅݌

 

 ݐݔ݁݌
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{   
  
   �௏ெ ௠௔௫ = ଶܣ√ + ௥ ௠௔௫ݑଶ/ܴ௜௡௧ସܤ͵ = ͳ − ܧߥ .ܣ ܴ௘௫௧ + ͳ + ܧߥ . ܣ௘௫௧ܴܤ = ௜௡௧݌ . ܴ௜௡௧ଶ − ௘௫௧݌ . ܴ௘௫௧ଶܴ௘௫௧ଶ − ܴ௜௡௧ଶܤ = ௜௡௧݌ − ௘௫௧ܴ௘௫௧ଶ݌ − ܴ௜௡௧ଶ ܴ௜௡௧ଶ. ܴ௘௫௧ଶ ௖ ௜ܨ௥ ௜ܨ ௜௡௧݌௖ ௜ܴ௘௫௧ܨ ௥ ௜ܨ௘௫௧݌ ௖ ௜ܨ
௖ ௜ܨ = ʹ͵ .ߩ .ሶ௜ଶߠ .ߨ ௘௫௧ଷܴ)ܮ − ܴ௜௡௧ଷ ൯

௜݌ = ௥ ௜ܨ + .ߨʹ௖ ௜ܨ ܴ௜ . ܮ

௜௡௧݌} = ௔௧௠݌ + .ߨʹ௖ ொܨ ܴ௜௡௧ . ܮ − .ߨʹ௥ ு௉ேܨ ܴ௜௡௧ . ௘௫௧݌ܮ = ௔௧௠݌
{ ௜௡௧݌ = ௘௫௧݌௔௧௠݌ = ௔௧௠݌ − ௖ ௅௉ேܨ + .ߨʹ௥ ௅௉ேܨ ܴ௘௫௧ . ܮ

ܨ
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ܴ௘௫௧ = ͵ ݉ ܨ = ͳͲܰܯ

ʹ/ܮ  = Ͳ.ͷ ݉
ܮ = ͳ ݉

 ݐܴ݊݅
 ݐݔܴ݁ 

 Ͳ  ݎ  ݖ 
 ݐ݊݅݌

 

 ݐݔ݁݌
 

 ݐ݊݅݌
 

 ݐݔ݁݌
 ܮ 

ቄ�࢘ = ૙ �� = ૙ 
 

ቄ�࢘ = ૙ �� = ૙ 
 ቄ�࢘ = ૙ �� = ૙ 

 

ቄ�࢘ = ૙ �� = ૙ 
 

 ݐܴ݊݅
 

 ݐݔܴ݁
 

 Ͳ  ݎ  ݖ
 ݐ݊݅݌

 

 ݐݔ݁݌
 

 ݐ݊݅݌
 

 ݐݔ݁݌
 ʹ/ܮ 

ቄ�࢘ = ૙ �� = ૙ 
 

ቄ�࢘ = ૙ �� = ૙ 
 �� = ૙  

�� = ૙  
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ܨ = ͳͲܰܯ ܴ௘௫௧ = ͵ ݉

௉ ௜ܨ
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௉ ௜ܨ ௜ݖ௉ ௜ܨ ௜݅ܦ ଵܥ ଶܥ ݎଷܥ ܧ ߥ
ሻݎ௜ሺݖ = ௜ܦߨ௉ ௜ͺܨ ሻݎଶሺlnሺݎ − ͳሻ + ଵͶܥ ଶݎ + ଶܥ lnሺݎሻ + ଷܥ

௜ܦ = .ܧ ݁ଷͳʹሺͳ − ଶሻߥ ݎ௜ݖ = ܴ௜௡௧ ݖ = ʹ/ܮ

{  
  �௏ெሺݎ, ሻݖ = √�௥௥ଶ + �ఈఈଶ − �௥௥ . �ఈఈ�௥௥ሺݎ, ሻݖ = .ܧ− ͳݖ − ²ߥ ቆ�ଶݖ௜�²ݎ + ݎߥ ݎ�௜ݖ� ቇ�ఈఈሺݎ, ሻݖ = .ܧ− ͳݖ − ଶߥ ቆͳݎ ݎ�௜ݖ� + ߥ �ଶݖ௜�²ݎ ቇ

௜ݖ௥ ௜ܯ
ሻݎ௥ ௜ሺܯ = ௜ܦ− ቆ�ଶݖ௜�²ݎ + ݎߥ ݎ�௜ݖ� ቇ= ௜ܦ− ( ௜ܦߨ௉ ௜ͺܨ (ሺͳ + ʹሻߥ lnሺݎሻ + ͳ − ൯ߥ + ʹଵܥ ሺͳ + ሻߥ − ଶݎଶܥ ሺͳ − (ሻߥ

ଵܥ ଶܥ ଷܥ
{ ݎ௜ሺݖ = ܴ௜௡௧ሻ = Ͳܯ௥ ௜ሺݎ = ܴ௜௡௧ሻ = Ͳܯ௥ ௜ሺݎ = ܴ௘௫௧ሻ = Ͳ ௜ݖ

௠௔௫ݖ ܴ௘௫௧

 ݐܴ݊݅
 

 ݐݔܴ݁
 

 Ͳ  ݖ  ݎ

 ݅ ܲܨ ݅ ܲܨ ݁
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{   
ଵܥ    ܴ௜௡௧ଶͶ + ଶܥ lnሺܴ௜௡௧ሻ + ଷܥ = − ௜ܦߨ௉ ௜ͺܨ ܴ௜௡௧ଶሺlnሺܴ௜௡௧ሻ − ͳሻܥଵʹ ሺͳ + ሻߥ − ଶܴ௜௡௧ଶܥ ሺͳ − ሻߥ = − ௜ܦߨ௉ ௜ͺܨ (ሺͳ + ʹሻߥ lnሺܴ௜௡௧ሻ + ͳ − ʹଵܥ൯ߥ ሺͳ + ሻߥ − ଶܴ௘௫௧ଶܥ ሺͳ − ሻߥ = − ௜ܦߨ௉ ௜ͺܨ (ሺͳ + ʹሻߥ lnሺܴ௘௫௧ሻ + ͳ − ൯ߥ

௜ ௠௔௫ሺܴ௘௫௧ሻݖ = ௜ܦߨ௉ ௜ͺܨ ܴ௘௫௧ଶሺlnሺܴ௘௫௧ሻ − ͳሻ + ଵͶܥ ܴ௘௫௧ଶ + ଶܥ lnሺܴ௘௫௧ሻ + ଷܥ

ܴ௜௡௧ = Ͳ,ʹ ܴ݉௘௫௧ = ͵ 

ܴ௜௡௧ = Ͳ,ʹ ݉ ܴ௘௫௧ = ͵ ݉
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௥ ொሺ௤ሻܨ ௧ ொሺ௤ሻܳܨ ݍ ͳ ൑ ݍ ൑ ܳ

Ͷܳ ௜ܵሺ௤ሻ ݅ = ͳ…Ͷ Ͷܳ ʹܳ ʹܳʹܳ ʹܳ
ͺܳʹܳ ʹܳ

Ͷܳ

. 
. 

 ௤+ଵߙ
௤+ଵߙ +  ߚʹ

௤ߙ +  ߚʹ

௤ߙ +  ߚ

௤ߙ +  ߚʹ͵

ܵ௤ 
௤ܲ 

  ݔ

  ݕ

ௌ,௤⃗⃗⃗⃗⃗⃗ݔ ௌ,௤⃗⃗⃗⃗⃗⃗ݕ ⃗   ⃗ 
௉,௤⃗⃗ݔ ⃗⃗ ⃗⃗ ௧ ொሺ௤ሻ⃗⃗⃗⃗ܨ ⃗  ⃗⃗⃗⃗ 

௥ ொሺ௤ሻ⃗⃗⃗⃗ܨ  ⃗⃗⃗⃗ 
 

. ܵ௤+ଵ ݕ௉,௤⃗⃗ ⃗⃗ ⃗⃗  ⃗ 

ܵଵሺ௤ሻ 
ܵଷሺ௤ሻ 

௧ ொሺ௤ሻ⃗⃗⃗⃗ܨ . ⃗⃗⃗⃗ 
௥ ொሺ௤ሻ⃗⃗⃗⃗ܨ  ⃗⃗⃗⃗ 

 

݇௫ሺ௤ሻ ݇௬ሺ௤ሻ 

ܵସሺ௤ሻ 

ܵଶሺ௤ሻ ଶܻሺ௤ሻ⃗⃗ ⃗⃗ ⃗⃗  ⃗
 

ଵܺሺ௤ሻ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ 
 

ܵଵሺ௤+ଵሻ 
ܵଷሺ௤+ଵሻ 

݇௫ሺ௤+ଵሻ ݇௬ሺ௤+ଵሻ ܵଶሺ௤+ଵሻ 

ܵସሺ௤+ଵሻ 

ܵସሺ௤−ଵሻ 
ଷܻሺ௤ሻ⃗⃗ ⃗⃗ ⃗⃗  ⃗

 ܺଷሺ௤ሻ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ 
 

ସܻሺ௤ሻ⃗⃗ ⃗⃗ ⃗⃗  ⃗
 ܺସሺ௤ሻ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ 

 

ଷܻሺ௤+ଵሻ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  
 ܺଷሺ௤+ଵሻ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗
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{ ௫ܶሺ௤ሻ⃗⃗ ⃗⃗ ⃗⃗  ⃗ = ݇௫ሺ௤ሻ. .ሺ௤ሻݔ ௌ,௤⃗⃗ݔ ⃗⃗ ⃗⃗  
௬ܶሺ௤ሻ⃗⃗ ⃗⃗ ⃗⃗  ⃗ = ݇௬ሺ௤ሻ. .ሺ௤ሻݕ ௌ,௤⃗⃗ݕ ⃗⃗ ⃗⃗  
ቄ ଵܺሺ௤ሻ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗    ,   ଶܻሺ௤ሻ⃗⃗ ⃗⃗ ⃗⃗  ⃗

ቄܺଷሺ௤ሻ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗     ,   ଷܻሺ௤ሻ⃗⃗ ⃗⃗ ⃗⃗  ⃗   ,   ܺସሺ௤ሻ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗     ,   ସܻሺ௤ሻ⃗⃗ ⃗⃗ ⃗⃗  ⃗
ͺܳͺܳ

ʹܳ ܵଵሺ௤ሻ ܵଶሺ௤ሻʹܳ
{ ଶܻሺ௤ሻ = ௬ܶሺ௤ሻଵܺሺ௤ሻ = ௫ܶሺ௤ሻܵଷሺ௤ሻ  ܵସሺ௤ሻ͸ܳ ݉௉ሺ௤ሻݍ ݉஻ሺ௤ሻ ݍ

{  
  
  ܺସሺ௤ሻ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  + ସܻሺ௤ሻ⃗⃗ ⃗⃗ ⃗⃗  ⃗ + ܺଷሺ௤+ଵሻ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  + ଷܻሺ௤+ଵሻ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  + ௥ ொሺ௤ሻ⃗⃗ܨ ⃗⃗ ⃗⃗  ⃗ + ௧ ொሺ௤ሻ⃗⃗ܨ ⃗⃗ ⃗⃗  ⃗ + ݉௉ሺ௤ሻ.  ݃ = Ͳ⃗ ܺସሺ௤ሻ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  + ସܻሺ௤ሻ⃗⃗ ⃗⃗ ⃗⃗  ⃗ + ܺଷሺ௤ሻ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  + ଷܻሺ௤ሻ⃗⃗ ⃗⃗ ⃗⃗  ⃗ + ௫ܶሺ௤ሻ⃗⃗ ⃗⃗ ⃗⃗  ⃗ + ௬ܶሺ௤ሻ⃗⃗ ⃗⃗ ⃗⃗  ⃗ + ݉஻ሺ௤ሻ.  ݃ = Ͳ⃗ ܵ௤+ଵܵ௤⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗^ (ܺସሺ௤ሻ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  + ସܻሺ௤ሻ⃗⃗ ⃗⃗ ⃗⃗  ⃗) + ܵ௤+ଵ ௤ܲ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗^ ௥ ொሺ௤ሻ⃗⃗ܨ) ⃗⃗ ⃗⃗  ⃗ + ௧ ொሺ௤ሻ⃗⃗ܨ ⃗⃗ ⃗⃗  ⃗ + ݉௉ሺ௤ሻ.  ݃) = Ͳ⃗ ܵ௤ܵ௤+ଵ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗^ (ܺଷሺ௤+ଵሻ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  + ଷܻሺ௤+ଵሻ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ) + ܵ௤ ௤ܲ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ^ ௥ ொሺ௤ሻ⃗⃗ܨ) ⃗⃗ ⃗⃗  ⃗ + ௧ ொሺ௤ሻ⃗⃗ܨ ⃗⃗ ⃗⃗  ⃗ + ݉௉ሺ௤ሻ.  ݃) = Ͳ⃗ [८]଺ொ,଺ொ[९]଺ொ,ଵ[�]଺ொ,ଵ ͸ܳ ͸ܳ[८]଺ொ,଺ொ

[८]଺ொ,଺ொ. [�]଺ொ,ଵ = [९]଺ொ,ଵ
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ொܶ ሶ௅௉ேߠ
ொܶ = ௅௉ே݌ߨʹ . ሶ௅௉ேߠ

ሺ௤ሻݔ ሺ௤ሻݕ
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{  
  �௭௭ሺ௤ሻሺݔ, ,ݕ Ͳሻ = ௫ܶሺ௤ሻ. .ͺܮ ܫீ ௬ ݔ − ௬ܶሺ௤ሻ. .ͺܮ ܫீ ௫ ܫீݕ ௫ = ܫீ ௬ = ସͶܴߨ

�௫௭ሺ௤ሻ ≪ �௭௭ሺ௤ሻ �௬௭ሺ௤ሻ ≪ �௭௭ሺ௤ሻ �௏ெሺ௤ሻ�௭௭ሺ௤ሻ�௏ெ ௠௔௫ሺ௤ሻ ߠ
 

ሺ௤ሻ�௏ெ ௠௔௫ሺ௤ሻ

{  
  ‖ܶሺ௤ሻ‖ = √ ௫ܶሺ௤ሻଶ + ௬ܶሺ௤ሻଶ�௏ெ ௠௔௫ሺ௤ሻ = ‖ܶሺ௤ሻ‖. .ܮ ܴͺ. ܫீ ௬ ߠ

 

ሺ௤ሻ
�௏ெ ௠௔௫ሺ௤ሻ

�௏ெ ௠௔௫ሺ௤ሻ�௏ெ ௠௔௫ሺ௤ሻ ͹Ͳ ܽܲܯ < �௏ெ ௠௔௫ሺ௤ሻ < ʹʹͲ ܽܲܯΔ�௭௭�௭௭ሺ௤ሻ

⃗⃗ݍ,ݏݔ ⃗⃗  ܱ ݍ,ݏ ݖ ⃗ 

⃗⃗ݍ,ݏݔ ⃗⃗  ⃗ 
⃗⃗ݍ,ݏݕ ⃗⃗  ⃗ 

ሻ⃗⃗ݍሺݔܶ ⃗⃗ ⃗⃗  
 

ሻ⃗⃗ݍሺݕܶ ⃗⃗ ⃗⃗  
 ܮ 

ܴ 

ሻ⃗⃗ݍሺݔܶ ⃗⃗ ⃗⃗  
 

ሻ⃗⃗ݍሺݕܶ ⃗⃗ ⃗⃗  
 

ܶ
 

ሺݍሻ⃗⃗ ⃗⃗ ⃗⃗  
 

ߠ
 

ሺݍሻ
 



  Chapitre III : page 128 

ߠ
 

ሺ௤ሻ�௏ெ ௠௔௫ሺ௤ሻ

Δ�௭௭ Δ�௭௭

�௭௭ሺ௤ሻ
 

,ሻሺܴݍሺܯܸ� Ͳሻ�ܸܯሺݍሻሺͲ, ܴሻ ,ʹሻ(ܴ/ξݍሺܯܸ� ܴ/ξʹ൯
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௥ ௜ܨ ௧ ௜ܨ ௉ ௜ܨ௖ ௜ܨ

௖ ௜ܨ௉ ௜ܨ௧ ௜ܨ௥ ௜ܨ

ܳ ݎܨ} = −ሺܰܲܪ ݎܨ + ܳ ݐܨሻܰܲܮ ݎܨ = −ሺܰܲܪ ݐܨ + ሻܰܲܮ ݐܨ
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 
 
 

 
 
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 ௜ܲ,௝ሺ௞ሻ
 

 

 ܴ௧ℎ ௥ ௜ሺ௞ሻ ܴ௧ℎ ௔ ௜ሺ௞ሻ  ሺ௞ሻߣ
 
 

ሺ௞ሻܫܬ ܫ
ܫ = ∑ ሺ௞ሻ௏ூܫ

௞=௑
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௠ܥሺ௞ሻߣ ௠ℎሺ௞ሻݍ

ሺ݇ = ሻܫܸ

ሺ݇ = ܺሻ

ሺ݇ = ܸሻ

ሺ݇ = ሻܫ

ሺ݇ = ሻܫܫܫ
ሺ݇ = ሻܸܫ

ሺ݇ = ሻܫܫ

ଵܲ,ଵሺ௏ூሻ
ூܲሺ��ሻ,ଵሺ௏ூሻ

ଵܲ,ଵሺ௑ሻ

ଵܲ,ଵሺூூூሻ
ூܲሺ���ሻ,ଵሺூூூሻ

ଵܲ,௃ሺ௏ூሻ
ூܲሺ��ሻ,௃ሺ௏ூሻ

ଵܲ,௃ሺ௑ሻ
ூܲሺ�ሻ,௃ሺ௑ሻ

ଵܲ,௃ሺூூூሻ
ூܲሺ���ሻ,௃ሺூூூሻ

ܴ௧ℎ ௔ ௜ሺ௏ூሻ ܴ௧ℎ ௔ ௜ ሺ௏ூሻ

ܴ௧ℎ ௔ ௜ሺ௑ሻ ܴ௧ℎ ௔ ௜ሺ௑ሻ
ܴ௧ℎ ௥ ௜ሺ௑ሻ

ܴ௧ℎ ௥ ௜ሺூூሻ ܴ௧ℎ ௥ ௜ሺூூሻ

ܴ௧ℎ ௥ ௜ሺூ௏ሻ ܴ௧ℎ ௥ ௜ሺூ௏ሻ

௜ܶ=ଵ,௝=ଵሺ௑ሻ ௜ܶ=ଵ,௝=௃ሺ௑ሻ

௥ܶ௘௙

௥ܶ௘௙

ܴ௧ℎ ௥ ௜ሺ௑ሻ

ܴ௧ℎ ௔ ௜ሺூூሻܴ௧ℎ ௔ ௜ሺூூሻ

ܴ௧ℎ ௔ ௜ሺூ௏ሻܴ௧ℎ ௔ ௜ሺூ௏ሻ

ܴ௧ℎ ௥ ௜ሺ௏ூሻܴ௧ℎ ௥ ௜ሺ௏ூሻ

ூܲሺ�ሻ,ଵሺ௑ሻ

ܴ௘௫௧

ܴ௜௡௧
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{  
  ܴ௧ℎ ௔ ௜ሺ௞ሻ = ሺ௞ሻߣܬ/ܮ ∙ ߨ ∙ (ܴெ ௜ଶ −  ܴ௠ ௜ଶ൯ܴ௧ℎ ௥ ௜ሺ௞ሻ = ݈݊ሺܴெ ௜/ܴ௠ ௜ሻߣሺ௞ሻ. ∙ ߨʹ ܬ/ܮ

{ 
 ܴ௧ℎ ௔ ௜ሺ௞ሻ = ͳܥ௠. .௠ݍ ௧ℎ ௥ ௜ሺ௞ሻܴܬ = ͳℎሺ௞ሻ ∙ ߨʹ ∙ ܴ௜ ∙ ܬ/ܮ

ℎሺ௞ሻ
ܸሺ௞ሻ ௩ܰ ܳ௩Ʉ

{  
  ܸሺூூሻ = Ʉ. ௩ܰ . ܳ௩ .ߨ  ቀܴெሺ௞ሻଶ − ܴ௠ሺ௞ሻଶቁܸሺூ௏ሻ = ሺͳ − Ʉሻ. ௩ܰ . ܳ௩ ߨ. ቀܴெሺ௞ሻଶ − ܴ௠ሺ௞ሻଶቁܴ௘ሺ௞ሻܸሺ௞ሻ ௖௜௡ߥℎሺ௞ሻܦ
{ ܴ௘ሺ௞ሻ = ܸሺ௞ሻ. ℎሺ௞ሻܦ௖௜௡ߥℎሺ௞ሻܦ = ʹ(ܴெሺ௞ሻ − ܴ௠ሺ௞ሻ൯ ሺ௞ሻ௥ܲݑܰ ௥ܲ = Ͳ,͹

{ 
ሺ௞ሻݑܰ  = Ͳ,Ͳʹ͵. ܴ௘ሺ௞ሻ଴,଼. ௥ܲଵ/ଷ. (ܴெሺ௞ሻܴ௠ሺ௞ሻ)଴,ଵସ   si  ܴ௘ሺ௞ሻ > ʹͲͲͲܰݑሺ௞ሻ = ͺ,ʹͶ  si  ܴ௘ሺ௞ሻ < ʹͲͲͲℎሺ௞ሻܰݑሺ௞ሻ ሺ௞ሻߣℎሺ௞ሻܦ

ℎሺ௞ሻ = .ሺ௞ሻݑܰ ℎሺ௞ሻܦሺ௞ሻߣ
௜ܶ,௝ሺ௞ሻ௜ܲ,௝ሺ௞ሻ
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௜ܶ,௝ሺ௞ሻ − ௜ܶ−ଵ,௝ሺ௞ሻܴ௧ℎ ௥,௜ሺ௞ሻ + ܴ௧ℎ ௥,௜−ଵሺ௞ሻ + ௜ܶ,௝ሺ௞ሻ − ௜ܶ+ଵ,௝ሺ௞ሻܴ௧ℎ ௥,௜ሺ௞ሻ + ܴ௧ℎ ௥,௜+ଵሺ௞ሻ + ௜ܶ,௝ሺ௞ሻ − ௜ܶ,௝−ଵሺ௞ሻʹ. ܴ௧ℎ ௔,௜ሺ௞ሻ + ௜ܶ,௝ሺ௞ሻ − ௜ܶ,௝+ଵሺ௞ሻʹ. ܴ௧ℎ ௔,௜ሺ௞ሻ = ௜ܲ,௝ሺ௞ሻ
௜ܲ,௝ሺ௞ሻாܲௗௗ௬ሺ௞ሻ ௜ܲ௥௢௡ሺ௞ሻ

{  
  ௜ܲ,௝ሺ௞ሻ = ௜ܲ௥௢௡ሺ௞ሻܫሺ௞ሻ. ܬ       si  ݇ = ܺ, ܫܸ and ܫܫܫ

௜ܲ,௝ሺ௞ሻ = ாܲௗௗ௬ሺ௞ሻܫሺ௞ሻ. ܬ       si  ݇ = ܸ and ܫ
݅ = ͳ ݅ = ܫ ݆ = ͳ ௥ܶ௘௙

{   
  
   ௜ܶ,௝ሺ௞ሻ − ௜ܶ−ଵ,௝ሺ௞ሻܴ௧ℎ ௥,௜ሺ௞ሻ + ܴ௧ℎ ௥,௜−ଵሺ௞ሻ = Ͳ      i� ݅ = ͳ

௜ܶ,௝ሺ௞ሻ − ௜ܶ+ଵ,௝ሺ௞ሻܴ௧ℎ ௥,௜ሺ௞ሻ + ܴ௧ℎ ௥,௜+ଵሺ௞ሻ = Ͳ      i� ݅ = ܫ
௜ܶ,௝ሺ௞ሻ − ௜ܶ,௝−ଵሺ௞ሻʹ. ܴ௧ℎ ௔,௜ሺ௞ሻ = ௜ܶ,௝ሺ௞ሻ − ௥ܶ௘௙ܴ௧ℎ ௔,௜ሺ௞ሻ    i� ݆ = ͳ

݆ = ܬ
݆ = ܬ

݆ = ܬ + ͳ ݆ = ܬʹ ௥ܶ௘௙݆ = ܬʹ
[८]ூ∗ଶ௃,   ூ∗ଶ௃[�]ூ∗ଶ௃,ଵ [९]ூ∗ଶ௃,ଵ

[८]ூ∗ଶ௃,   ூ∗ଶ௃. [�]ூ∗ଶ௃,ଵ = [९]ூ∗ଶ௃,ଵ [८]ூ∗ଶ௃,   ூ∗ଶ௃ ௜ܶ,௝ሺ௞ሻ�ܶ
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�ܶ = ௜ܶ,௝ሺ௞ሻ − ௥ܶ௘௙

௖௜௡ܴ௘ሺூூሻܴ௘ሺூ௏ሻܸሺூூሻܸሺூ௏ሻߥ௠ܲ௥௥ܶ௘௙ܥሺூூ,   ூ௏ሻߣሺூ,   ௏ሻߣሺ௑,   ூூூ,   ௏ூሻߣሺூூ,   ூ௏ሻܳ௩ܰ௩Ʉܫሺூ,   ௏ሻܫሺ௑,   ூூூ,   ௏ூሻܫܫܬ
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� mܶax௥௘௙ � ௠ܶ௔௫(ܫሺ௞ሻ, ሺூூሻܫ ൯ܬ = ሺூ௏ሻܫ = ͳ
ݎݑ݁ݎݎܧ = |� ௠ܶ௔௫ ௥௘௙ − � ௠ܶ௔௫(ܫሺ௞ሻ, �൯ܬ mܶax ௥௘௙ |

ሺ௞ሻܫܬ

Élévation de temperature [°C] 

ܴ௜௡௧ 

Élévation de temperature [°C] 

ܴ௜௡௧ 

ܴ௘௫௧ 

ܴ௘௫௧ 
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ܬ ሺ௞ሻܫ

ܬ = ͳͲܫሺ௞ሻ = ͸ ሺூூሻܫ = ሺூ௏ሻܫ = ͳ ሺ௑ሻܫ = ሺூሻܫ = ሺூூሻܫ = ሺ௏ሻܫ = ሺ௏ூሻܫ =͸ ܬ = ͳͷ � ௠ܶ௔௫

 

௠ܶ௔௫ሺ௑,   ூሻ ௠ܶ௔௫ሺ௏,   ௏ூሻ Ʉ௩ܰ . ܳ௩ ௥ܶ௘௙ =͸Ͳ°ܥ
 ௩ܰ ܳ௩Ʉ
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Ʉ
௠ܶ௔௫ሺ௑,ூሻ ௠ܶ௔௫ሺ௏,௏ூሻ Ʉ ௩ܰ . ܳ௩௥ܶ௘௙ = ͸Ͳ°ܥ Ʉ

ɄɄ ௩ܰ . ܳ௩
௠ܶ௔௫

௩ܰ . ܳ௩
 �݌௜௡
 �݌௥௘௚
 �݌௢௨௧
 �݌௖

௖݌�

 ௢௨௧݌� ௜௡݌� ௥௘௚݌�
 ௖య݌�

 ௖మ݌� ௖భ݌�



  Chapitre III : page 143 

௧௢௧݌�
௧௢௧݌� = ͳ.ʹ ∗ ௜௡݌�) + ௥௘௚݌� + ௢௨௧൯݌�

௜௡ߦ ௢௨௧ߦ ௥௘௚ߣ
{ ݊݅݌� = ݊݅ߦ ͳ ʹ ݐݑ݋݌�ʹሺ௞ሻܸ.ߩ. = ݐݑ݋ߦ ͳ ʹ ʹሺ௞ሻܸ.ߩ.
௥௘௚݌� = .௥௘௚ߣ ℎܦܮ . ͳ ʹ . ሺ݇ሻଶܸ.ߩ

ܵଵ ܵ଴ߦ௜௡ ௢௨௧ߦ
௜௡ߦ ௢௨௧ܵ଴/ܵଵߦ

ܴ௘ሺ௞ሻ = ͳͲସ ܴ௘ሺ௞ሻ = ͵ͷͲͲ ௜௡ሺͳߦ − ܵ଴/ ଵܵሻ ߦ௢௨௧ ሺͳ − ሺܵ଴/ ଵܵሻ²ሻܵ଴/ ଵܵ ௜௡ߦ ௢௨௧ߦ ܵ଴/ܵଵ
ܵ଴/ܵଵ = Ͳ.ͳߦ௜௡ߦ௢௨௧
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௜௡ߦ ௢௨௧ܴ݁ߦ ܵ଴/ ଵܵ = Ͳ.ͳ
௥௘௚ܴ݁ߣ௥௘௚ߣ

ͶͲͲ < ܴ௘ሺ௞ሻ ൑ ʹͲͲͲ ͶͲͲͲ < ܴ௘ሺ௞ሻ ൑ ͳͲହܴ௘ሺ௞ሻ > ͳͲହ

{  
   
    
݃݁ݎߣ  = ͸ͶͶͲͲ       si  ܴ௘ሺ௞ሻ ൑ ͶͲͲ݃݁ݎߣ = ͸Ͷܴ௘ሺ௞ሻ        si  ͶͲͲ < ܴ௘ሺ௞ሻ ൑ ʹͲͲͲ݃݁ݎߣ = ͺ,ͻʹ͸. ͳͲ−ଵ଴. ܴ௘ሺ௞ሻଶ − ͳ,Ͷ͸͵. ͳͲ−଺. ܴ݁ + ͵,ͳ͵͸. ͳͲ−ଶ    si  ʹͲͲͲ < ܴ௘ሺ௞ሻ ൑ ͶͲͲͲ݃݁ݎߣ = Ͳ,͵ͳ͸Ͷܴ௘ሺ௞ሻ଴,ଶହ        si  ͶͲͲͲ < ܴ௘ሺ௞ሻ ൑ ͳͲହ݃݁ݎߣ = Ͳ,͵ͳ͸ͶͳͲହ଴,ଶହ         si   ܴ௘ሺ௞ሻ > ͳͲହ

௩ܲ௘௡௧௜௟௜௧௜௢௡
௩ܲ௘௡௧௜௟௔௧௜௢௡ = ௩ܰ ∗ ܳ௩ ∗ ݐ݋ݐ݌� 
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௧௢௧݌�௢௨௧݌�௥௘௚݌�௜௡݌�
௩ܲ௘௡௧௜௟௔௧௜௢௡

 

 
 

௧௢௪௘௥ܨ
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ெܶ ௠௔௫ ௥ܶ௔௧௘ௗ ݇௦௜௭௜௡௚
݇௦௜௭௜௡௚  =  ெܶ ௠௔௫௥ܶ௔௧௘ௗ 

 

ெܶ ௜ ݅ ு௉ே݌ ௅௉ே݌ܭ ܳ�
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௙ܥ
{ ெܶ ௅௉ேሺ�ሻ = .ܭ  ௅௉ே݌ . ሺ�ሻெܶ ொሺ�ሻ݊݅ݏ = .ܳ.ܭ  ሺ�ሻெܶ ு௉ேሺ�ሻ݊݅ݏ = .ܭ  ு௉ே݌ . �ሺ�ሻ݊݅ݏ = ௅௉ே݌ . ௅௉ேߠ − ܳ. ொߠ + ு௉ே݌ . ு௉ேߠ

்ܶ ெܶ ௟ெܶ ℎܶீ ௟ܶ௢௦௦ ௜ܬ௟ ℎܬ

{  
௟ܬ   . ௟ሷߠ = ்ܶ − ெܶ ௟ሺߠ௟ , ℎሻߠ −∑ ௟ܶ௢௦௦ ௜(ߠ௟ሶ , ℎሶߠ ൯ଷ

௜=ଵܬℎ. ℎሷߠ  = ெܶ ℎሺߠ௟ , ℎሻߠ − ܶீ −∑ ௟ܶ௢௦௦ ௜଺
௜=ସ ௟ሶߠ) , ℎሶߠ ൯

௟ܬ ்ܬℎܬ ெ ௟ܬ }ீܬெ ℎܬ ௟ܬ = ்ܬ + ℎܬெ ௟ܬ = ெ ℎܬ + ீܬ

ʹ ݏݏ݋݈ܶ
݈ ܯܬ ℎ ܯܬ

ͳ ݏݏ݋ͷ݈ܶ ݏݏ݋݈ܶ
ܶܬ ܩܬ

͸ ݏݏ݋݈ܶ
ℎ ܯܶ − Ͷ ݏݏ݋݈ܶ
݈ ܯܶ + ͵ ݏݏ݋݈ܶ ܶܶܩܶ
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 ܬெ ௟ = ொܬ ெ ℎܬ = ௅௉ேܬ  ெܶ ௟ = ெܶ ொ ெܶ ℎ = ெܶ ௅௉ே ௟ߠ = ொߠ ℎߠ = ௅௉ேߠ � = ௟݌ . ௟ߠ + ℎ݌ . ℎߠ
 ܬெ ௟ = ு௉ேܬ ெ ℎܬ = ௅௉ேܬ  ெܶ ௟ = ெܶ ு௉ே ெܶ ℎ = ெܶ ௅௉ே ௟ߠ = ு௉ேߠ ℎߠ = ௅௉ேߠ � ௟݌= . ௟ߠ − ℎ݌ . ℎߠ

௠௔௚௡ܩ
{ ெܶ ௟ = ெܶ ௠௔௫ . ሺ�ሻ݊݅ݏ

ெܶ ℎ  = ெܶ ௠௔௫ܩ௠௔௚௡ ሺ�ሻ݊݅ݏ

 ௟ܶ௢௦௦ ଷ௟ܶ௢௦௦ ସ 

 ௟ܶ௢௦௦ ଵ ௟ܶ௢௦௦ ଶ௟ܶ௢௦௦ ହ௟ܶ௢௦௦ ଺

௟ܦ ℎܦ
{ ௟ܶ௢௦௦ ଵ(ߠ௟ሶ ൯ + ௟ܶ௢௦௦ ଶ(ߠ௟ሶ ൯ + ௟ܶ௢௦௦ ଷ(ߠ௟ሶ ൯ = ௟ܦ . ℎሶߠ)௟ሶ௟ܶ௢௦௦ ସߠ ൯ + ௟ܶ௢௦௦ ହ(ߠℎሶ ൯ + ௟ܶ௢௦௦ ଺(ߠℎሶ ൯ = ℎܦ . ℎሶߠ
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{ ௟ܬ . ௟ሷߠ = ்ܶ − ெܶ ௠௔௫ . ሺ�ሻ݊݅ݏ − ௟ܦ . .ℎܬ௟ሶߠ ℎሷߠ  = + ெܶ ௠௔௫ܩ௠ ሺ�ሻ݊݅ݏ − ܶீ − ℎܦ . ℎሶߠ

��଴ �଴
ሺ�ሻ݊݅ݏ = ሺ�଴ሻ݊݅ݏ + .ሺ�଴ሻݏ݋ܿ ሺ݌௟ ߠ௟ + ℎ݌ ℎߠ  − �଴ሻ݊݅ݏሺ�ሻ = ሺ�଴ሻ݊݅ݏ + .ሺ�଴ሻݏ݋ܿ ሺ݌௟ ߠ௟ − ℎ݌ ℎߠ  − �଴ሻ

௟ܬ) ͲͲ (ℎܬ . ቆߠ௟ሷߠℎሷ ቇ + ௟ܦ) ͲͲ (ℎܦ . ቆߠ௟ሶߠℎሶ ቇ
+ቌ ெܶ ௠௔௫ . ௟݌ . ሺ�଴ሻݏ݋ܿ ெܶ ௠௔௫ . ℎ݌ . −ሺ�଴ሻݏ݋ܿ ெܶ ௠௔௫ . ௟݌ . ௠ܩሺ�଴ሻݏ݋ܿ − ெܶ ௠௔௫ . ℎ݌ . ௠ܩሺ�଴ሻݏ݋ܿ ቍ . (ℎߠ௟ߠ)

=ቌ ்ܶ − ெܶ ௠௔௫[݊݅ݏሺ�଴ሻ − �଴ ௠ܩሺ�଴ሻெܶ ௠௔௫ݏ݋ܿ ሺ�଴ሻ݊݅ݏ] − �଴ [ሺ�଴ሻݏ݋ܿ − ெܶ ீቍ

ℎܬ
.ℎܦ ℎሶߠ

݈ܬ
ℎ ܯܶ
݈ ܯܶ ܶܶܩܶ .݈ܦ ሶ݈ߠ
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ሺ�଴ሻݏ݋ܿ > Ͳ ʹ/ߨ− < �଴ < ʹ/ߨ
௟ߠ ℎ݁+௝⍵௧ߠ

{ ௟ߠ  ሺtሻ = �௟ሺ⍵ሻ݁+௝⍵௧ߠℎ ሺtሻ = �ℎሺ⍵ሻ݁+௝⍵௧
ቌ ெܶ ௠௔௫ . ௟݌ . ሺ�଴ሻݏ݋ܿ − ௟ܬ . ⍵² ெܶ ௠௔௫ . ℎ݌ . −ሺ�଴ሻݏ݋ܿ ெܶ ௠௔௫ . ௟݌ . ௠ܩሺ�଴ሻݏ݋ܿ − ெܶ ௠௔௫ . ℎ݌ . ௠ܩሺ�଴ሻݏ݋ܿ − ℎܬ . ⍵²ቍ . (�௟�ℎ) = (ͲͲ)

⍵଴ ௠ ଵ ଵܸ⍵଴ ௠ ଶ ଶܸ
{⍵଴ ௠ ଵ = Ͳଵܸ  = ( ͳܩ௠)

{   
   ⍵଴ ௠ ଶሺ�ሻ = √ ெܶ ௠௔௫ . �osሺ�଴ሻܬ௟ . .ℎܬ |௠ܩ| ሺܬℎ. ௟݌ . |௠ܩ| + ௟ܬ . ℎሻ݌

ଶܸ  = ቌ ͳ− .ℎܬ௟ܬ ௠ቍ⍵଴ ௠ ଶܩ
௟ሶߠ ℎሶߠ ⍵଴ ௠ ଵ⍵଴ ௠ ଵ

଴ ௠ ଶሺ�ሻܨ = ⍵଴ ௠ ଶሺ�ሻʹߨ
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� = ʹ/ߨ  ଴ ௠ ଶܨ
�଴ ௠ ଶܨ

�଴ ௠ ଶܨ

௧௢௪௘௥ ௥௔௧௘ௗܨ  
௧௢௪௘௥ ௥௔௧௘ௗܨ  = ͵. �் ௥௔௧௘ௗʹߨ

 

0 10 20 30 40 50 60 70 80 90 

Angle de charge � [ ° ] 

0 

0.2 

0.4 

0.6 

0.8 

1 

F
ré

qu
en

ce
 [ 

H
z 

] 

Fréquence parasite numérique F 
0 m 2 

Fréquence parasite analytique F 
0 m 2 



  Chapitre III : page 152 

௜ܶ௡ ௢ܶ௨௧

{  
ெ ௟ܬ   . ௟ሷߠ = ௜ܶ௡ − ெܶ ௠௔௫ . ሺ�ሻ݊݅ݏ − ெ ௟ܦ . .ெ ℎܬ௟ሶߠ ℎሷߠ  = ெܶ ௠௔௫ܩ௠ ሺ�ሻ݊݅ݏ − ௢ܶ௨௧ − .ெ ℎܦ ெ ௟ܦℎሶߠ . ௟ሶߠ = ௟ܶ௢௦௦ ଶ(ߠ௟ሶ ൯ + ௟ܶ௢௦௦ ଷ(ߠ௟ሶ , ℎሶߠ ൯ܦெ ℎ. ℎሶߠ = ௟ܶ௢௦௦ ସ(ߠ௟ሶ , ℎሶߠ ൯ + ௟ܶ௢௦௦ ହ(ߠℎሶ ൯

଴ ௠ ଶሺ�ሻܨ = √ ெܶ ௠௔௫ . �osሺ�଴ሻܬெ ௟ . ெ ℎܬ . |௠ܩ| ሺܬெ ℎ. ௟݌ . |௠ܩ| + ெ ௟ܬ . ℎሻ݌

ʹ/ߨ
ʹ/ߨ

்ܬ ெ ௟ܬ ெ ℎܬ ீܬ
ܶீ

௜ܶ௡ ௜ܶ௡ ௢ܶ௨௧ ௢ܶ௨௧ ௟ܶ௢௦௦ ଺௟ܶ௢௦௦ ହெܶ ℎ − ௟ܶ௢௦௦ ସ௟ܶ௢௦௦ ଶ௟ܶ௢௦௦ ଵ்ܶ
ெܶ ௟ + ௟ܶ௢௦௦ ଷ

 ௟ � ெܶ ௟ ெܶ ℎ ௢ܶ௨௧ߠ

 ℎߠ
௟ሶߠ  ௜ܶ௡ ெܶ ௠௔௫ ݌௟ 

 ெ ℎܦ ℎ݌
 ெ ℎܬ

−ͳܩ௠ 

ͳs 
ͳs ͳܬெ ௟ . ݏ +  ெ ௟ sinሺ�ሻܦ

d�/dt 
ℎሶߠ  
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�ெܶ ௟

ʹ/ߨ �ெܶ ௟

 
 ߨ/ʹ
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௜ܶ௡
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௜ܶ௡ሺݐሻ ௔ܶ௩ � ௗܶ௜௦௧ܨௗ௜௦௧
௜ܶ௡ሺݐሻ  = ெܶ ௠௔௫  ( ௔ܶ௩ெܶ ௠௔௫ + � ௗܶ௜௦௧ெܶ ௠௔௫ .ߨʹሺ݊݅ݏ ௗ௜௦௧ܨ . (ሻݐ

 ௔ܶ௩ ௗ௜௦௧ܨܶ� �ܶ ௔ܶ௩ܨௗ௜௦௧ �ܶ௔ܶ௩ ௗ௜௦௧ ௔ܶ௩ܨܶ�ௗ௜௦௧ܨ

 ଴ ௠ ଶܨ
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{ͳͲ. ெܶ ௠௔௫ͳͲͲ ൑ ௔ܶ௩ ൑ ͻͲ. ெܶ ௠௔௫ͳͲͲ ͺ.͸ ݖܪ ൒ ଴ ௠ ଶܨ ൒ ͷ.ͷ ݖܪ
 ௔ܶ௩ ௗ௜௦௧ܨܶ�

݇௦௜௭௜௡௚
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ௐܸ
௥ܸ௔௧௘ௗ = ͳʹ ݉ /ݏ

 

 

 

 
 

ܸܹ ܸܹ 

ܸ ܹ 

ሶ݈ߠ ܹܸ ሶ݈ߠ
ℎሶߠ ℎሶߠ  ℎሶܶܶߠ

ܶܶ 

ߠ ܩܶ ܩܶ

ߠ ܲ  ݂݁ݎ

 ݂݁ݎܲ

ܷ݀ 

ܷ݀ 

 ݍܷ ݍܷ

݅݀ 

 ݍ݅

 ݍ݅

݅݀ 
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݇௦௜௭௜௡௚
݇௦௜௭௜௡௚ ெܶ ௠௔௫௥ܶ௔௧௘ௗெܶ ௠௔௫ ௥ܶ௔௧௘ௗ ݇௦௜௭௜௡௚

ͳ+݅ ݃݊݅ݖ݅ݏ݇ = ݅ ݃݊݅ݖ݅ݏ݇ + ʹ%

ݐ݌݋ ݃݊݅ݖ݅ݏ݇ = ݅ ݃݊݅ݖ݅ݏ݇

݇ ݇Ͳ = ͳͲͲ%
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݇௦௜௭௜௡௚
ெܶ ௟ ெܶ ℎ

݇௦௜௭௜௡௚

݇௦௜௭௜௡௚ = ͳͳͶ%
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݇௦௜௭௜௡௚݇௦௜௭௜௡௚ = ͳͳͶ%
݇௦௜௭௜௡௚ = ͳͳͶ%ܨ଴ ௠ ଶ ௧௢௪௘௥ ௥௔௧௘ௗܨ ௧௢௪௘௥ܨ  = Ͳ.͹ ݖܪ

݇௦௜௭௜௡௚݇௦௜௭௜௡௚
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݇௦௜௭௜௡௚



Tables des matières : page 161 

 

 

 

  ................................................................................................................................ 162 

  ...................................................................... 163 

  ............................................................................. 163 

  ..................................................................................................................................... 165 

 ......................................................................................................... 166 

  ................................................................. 166 

  ......................................................... 169 

  .................................................................................................... 171 

  ................................................................. 171 

  ......................................................... 174 

  ..................................................................................................... 176 

  ....................................................................................................... 176 

  ......................................................... 177 

  ...................................................... 179 

  ............................................................................................................... 180 

  .................................................................................................................................... 184 



  Chapitre IV: page 162 

 

 

 
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 
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௥ܶ௔௧௘ௗ
௥ܶ௔௧௘ௗ = Ͷ,͸ ݉ܰܯ

ܦ
ܦ = ͸ ݉
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ௌ௉ߩ
௘�ߥ  

௉ெµߩ
�
ߛ௙௘௥µ݇ℎ݇௘݇௘௫ߩ

                                                
1 
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௠௜௡ݓ௠௔௫ܭ ௠௜௡ݓ = ͳͲ ݉݉
௠௔௫ܭ = ⌊ .ߨʹ ܴ௠ሺ௏ሻʹ. ௘௫௧݌ . ⌊௠௜௡ݓ    a���  ݊݅݉ݓ = ͳͲ ݉݉ 

ு௉ேܭ  ௅௉ேܭ ௠௔௫ܭ ு௉ேܭ ௅௉ேܭ
{ ு௉ேܭ = ௅௉ேܭ௠௔௫ܭ = ௅௉ே݌ு௉ே݌⌋ + ͳ⌋ . ௠௔௫ܭ

݇௦௜௭௜௡௚ ݇௦௜௭௜௡௚  = ெܶ ௠௔௫/ ௥ܶ௔௧௘ௗ ݇௦௜௭௜௡௚ = ͳͳͶ%݇௦௜௭௜௡௚ெܶ ௠௔௫ � = ʹ/ߨ
ெܶ ௠௔௫ = ͷ,ʹͷ ݉ܰܯ
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 ܯ௠௔௚௡
 ܯ௠௘௖ℎ ܱܾ݆ଵ ܱܾ݆ଶ

{ܱܾ݆ଵ = ெ௔௚௡ ு௉ேܯ ெ௔௚௡ ௅௉ேܯ+ ெ௔௚௡ ொܱܾ݆ଶܯ+ = ெ௘௖ℎ ு௉ேܯ ெ௘௖ℎ ௅௉ேܯ+ ெ௘௖ℎ ொܯ+

 

 

௠௔௚௡ܩ
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ு௉ே݌௅௉ே݌  ܳ
{ܳ = ௅௉ே݌ . ௠௔௚௡ܩ + ͳ݌ு௉ே = ܳ − ௅௉ே݌

௨ܶ௡௜௧௔௜௥௘ܮெܶ ௠௔௫
ܮ = �ሺ݁ݎ݅ܽݐ݅݊ݑܶݔܽ݉ ܯܶ = ሻʹ/ߨ

ܳ ܴ௔௩ሺூூூሻ ݁ሺூூூሻ
݁ሺூூூሻ = ͳ.Ͳͷߨ. ሻܳܫܫܫሺݒܴܽ ு௉ேߜ ௅௉ேߜ 

௅௉ேߜ  = ு௉ேߜ 

݁ሺܺሻ ݁ሺܫሻ 
݁ሺܸሻ ݁ሺܸܫሻ ܰܲܪߜ 

 ܰܲܮ݌ߨ
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 [ܺ௞்௬௣௘ ூ]଺

݁ሺ௑ሻ݁ሺூሻ݁ሺ௏ሻ݁ሺ௏ூሻߜ௅௉ே  ௅௉ே݌ு௉ேߜ =

௘௫௧ ஻௉ ݁ሺூூூሻܦ

ܶܰܲܪ ݁ݑݍݏ݈݂ܽ݁
 

ܩܰܲܪ ݁ݑݍݏ݈݂ܽ݁
 ܰܲܮ ݁ݐ݆݊ܽ݁ 

 

 ܳ ݁ݑݍݏ݈݂ܽ݁
 

݁ܿℎ݁݉݅ܰܲܪ ݁ݏ 
 ܰܲܮ ܾ݁ݑݐ݁ 

 ܲܤ ݐ݊݅ܦ 
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= ܲܤ ݐݔ݁ܦ ݁ሺܫܫܫሻ
 ܲܤ ݐ݊݅ܦ

 [ ௞்ܻ ௬௣௘ ூ]଻

݁௧௨௕௘ ௅௉ே ݁௖ℎ௘௠௜௦௘ ு௉ே 

௝݁௔௡௧௘ ௅௉ே 

௙݁௟௔௦௤௨௘ ொ 

௙݁௟௔௦௤௨௘ ு௉ேீ
௙݁௟௔௦௤௨௘ ு௉ே்  ܲܤ ݐݔ݁ܦ ܲܤ ݐݔ݁ܦ  ܲܤ ݐ݊݅ܦ 

 

௅௉ே݌௠௔௚௡ܩ ு௉ே݌ ܳ

 ܰܲܪߜ ܰܲܮ݌ߨ

݁ሺܫܫܫሻ 
݁ሺܰܲܪ,ܫሻ ݁ሺܰܲܪ,ܫܫሻ ݁ሺܰܲܮ,ܫሻ 

݁ሺܰܲܮ,ܫܫሻ 
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ு௉ே݌} = ௅௉ே݌ . ௠௔௚௡ܩ + ͳܳ = ு௉ே݌ + ௅௉ே݌
௨ܶ௡௜௧௔௜௥௘ ߜ௅௉ே ு௉ேߜ  ௅௉ேߜ  = ு௉ே [ܺ௞்௬௣௘ ூ௏]଻ߜ 

݁ሺூ,௅௉ேሻ݁ሺூூ,௅௉ேሻ݁ሺூூூሻ݁ሺூ,ு௉ேሻ݁ሺூூ,ு௉ேሻߜ௅௉ே  ௅௉ே݌ு௉ேߜ =

ܶܳ ݁ݑݍݏ݈݂ܽ݁
 

ܩܳ ݁ݑݍݏ݈݂ܽ݁
 

 ܰܲܪ ݁ݐ݆݊ܽ݁
 

 ܰܲܮ ݁ݐ݆݊ܽ݁
 

݁ܿℎ݁݉݅݁ݏ ܳ 
 

 ܰܲܪ ܾ݁ݑݐ݁
 ݁
 ܰܲܮ ܾ݁ݑݐ
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[ ௞்ܻ ௬௣௘ ூ௏]଻

݁௧௨௕௘ ு௉ே ݁௧௨௕௘ ௅௉ே ݁௖ℎ௘௠௜௦௘ ொ 

௝݁௔௡௧௘ ு௉ே 

௝݁௔௡௧௘ ௅௉ே 

௙݁௟௔௦௤௨௘ ொீ
௙݁௟௔௦௤௨௘ ொ்  

 

 

max௞்௬௣௘ ூܤ
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max௞்௬௣௘ ூܤ
max(ܤmax௅௉ே்௬௣௘ ூ , maxொ்௬௣௘ ூܤ , maxு௉ே்௬௣௘ ூܤ ൯ < ͳ,ͷ ܶ

 ݁௧௨௕௘ ௅௉ே 

 ௝݁௔௡௧௘ ௅௉ே 

  ܦ௜௡௧ ஻௉ 

 ௙݁௟௔௦௤௨௘ ொ 

 ݁௖ℎ௘௠௜௦௘ ு௉ே 

 ௙݁௟௔௦௤௨௘ ு௉ேீ
 

  ௙݁௟௔௦௤௨௘ ு௉ே்
�௏ெ ௞்௬௣௘ ூ�௘

max(�௏ெ ௞்௬௣௘ ூ൯ < �݁

X [ m ] 

Y
 [

 m
 ]
 

0 0.2 0.4 0.6 0.8 1 1.2 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

1.8 

1.8 

1.6 

1.4 

1.2 

1 

0.2 

0.4 

0.6 

0.8 

| B | [ T ] 
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{  
  
   
 �௏ெ ௧௨௕௘ ௅௉ே்௬௣௘ ூ < �௘�௏ெ ௝௔௡௧௘ ௅௉ே்௬௣௘ ூ < �௘�௏ெ ஻௉்௬௣௘ ூ < �௘�௏ெ ௙௟௔௦௤௨௘ ொ்௬௣௘ ூ < �௘�௏ெ ௖ℎ௘௠௜௦௘ ு௉ே்௬௣௘ ூ < �௘�௏ெ ௙௟௔௦௤௨௘ ீ ு௉ே்௬௣௘ ூ < �௘�௏ெ ௙௟௔௦௤௨௘ ் ு௉ே்௬௣௘ ூ < �௘

௅௉ேߜ ܮ

{  
  
   
௥ ௠௔௫ ௧௨௕௘ ௅௉ே்௬௣௘ ூݑ  < Ͳ,ͳ ∗ ௠௔௫ ௝௔௡௧௘ ௅௉ே்௬௣௘ ூݖ௅௉ேߜ < Ͳ,Ͳʹ ∗ ௬௣௘ ூሺ௤ሻ்ݔܮ < Ͳ,ͳ ∗ ௠௔௫ ௙௟௔௦௤௨௘ ொ்௬௣௘ ூݖ௅௉ேߜ < Ͳ,Ͳʹ ∗ ௥ ௠௔௫ ௖ℎ௘௠௜௦௘ ு௉ே்௬௣௘ ூݑܮ < Ͳ,ͳ ∗ ௠௔௫ ௙௟௔௦௤௨௘ ீ ு௉ே்௬௣௘ ூݖு௉ேߜ < Ͳ,Ͳʹ ∗ ௠௔௫ ௙௟௔௦௤௨௘ ் ு௉ே்௬௣௘ ூݖܮ < Ͳ,Ͳʹ ∗ ௠௔௫ ௜்௬௣௘ ூݖܮ ௥ ௠௔௫ ௜்௬௣௘ ூݑ ௬௣௘ ூሺ௤ሻ்ݔ

max(ݑ௥ ௠௔௫ ௧௨௕௘ ௅௉ே்௬௣௘ ூ , ௬௣௘ ூሺ௤ሻ்ݔ , ௥ ௠௔௫ ௖ℎ௘௠௜௦௘ ு௉ே்௬௣௘ ூݑ ൯ < Ͳ,ͳ ∗ ௠௔௫ ௝௔௡௧௘ ௅௉ே்௬௣௘ ூݖ)௅௉ேmaxߜ , ௠௔௫ ௙௟௔௦௤௨௘ ொ்௬௣௘ ூݖ , ௠௔௫ ௙௟௔௦௤௨௘ ீ ு௉ே்௬௣௘ ூݖ , ௠௔௫ ௙௟௔௦௤௨௘ ் ு௉ே்௬௣௘ ூݖ ൯ < Ͳ,Ͳʹ ∗ ܮ
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௩ܰ ܳ௩௩ܰ . ܳ௩ = ͳͲ ݉ଷ/ݏ � ௠ܶ௔௫்௬௣௘ ூ
Ʉ = Ͳ,ͷ்ܶ݉ܽݔ௬௣௘ ூ(ܰݒ. ݒܳ = ͳͲ ݉ଷ,Ʉ = Ͳ,ͷ൯ < ͶͲ °ܥ

௞்ܥ] ௬௣௘ ூ]ହ
 

max௞்௬௣௘ ூ௏ܤ

�௅௉ேሺ௤ሻ
௔௩ ்௬௣௘ ூ௏ሺ௤ሻܤ ௔௩ ்௬௣௘ ூ௏ሺ௤ሻܤݍ

max(ܤmax௅௉ே்௬௣௘ ூ௏ , ௔௩ ்௬௣௘ ூ௏ሺ௤ሻܤ , maxு௉ே்௬௣௘ ூ௏ܤ ൯ < ͳ,ͷ ܶ

 ݁௧௨௕௘ ௅௉ே 

 ௝݁௔௡௧௘ ௅௉ே 
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 ݁௧௨௕௘ ு௉ே 

 ௝݁௔௡௧௘ ு௉ே 

 ݁௖ℎ௘௠௜௦௘ொ 

 ௙݁௟௔௦௤௨௘ ொீ
 

  ௙݁௟௔௦௤௨௘ ொ்
�௏ெ ௞்௬௣௘ ூ௏�௘max(�௏ெ ௞்௬௣௘ ூ௏൯ < �௘

{  
   
    
ܸܫ ݁݌ݕܶܰܲܮ ܾ݁ݑݐ ܯܸ�  < ܸܫ ݁݌ݕܶܰܲܮ ݁ݐ݆݊ܽ ܯܸ�݁� < ܸܫ ݁݌ݕܶܰܲܪ ܾ݁ݑݐ ܯܸ�݁� < ܸܫ ݁݌ݕܶܰܲܪ ݁ݐ݆݊ܽ ܯܸ�݁� < ܸܫ ݁݌ݕܶܳ ݁ݏℎ݁݉݅ܿ ܯܸ�݁� < ܸܫ ݁݌ݕܶܳ ܩ ݁ݑݍݏ݈݂ܽ ܯܸ�݁� < ܸܫ ݁݌ݕܶܳ ܶ ݁ݑݍݏ݈݂ܽ ܯܸ�݁� < �݁

௅௉ேߜ

{  
  
   
௥ ௠௔௫ ௧௨௕௘ ௅௉ே்௬௣௘ ூ௏ݑ  < Ͳ,ͳ ∗ ௠௔௫ ௝௔௡௧௘ ௅௉ே்௬௣௘ ூ௏ݖ௅௉ேߜ < Ͳ,Ͳʹ ∗ ௥ ௠௔௫ ௧௨௕௘ ு௉ே்௬௣௘ ூ௏ݑ௅௉ேܮ < Ͳ,ͳ ∗ ௠௔௫ ௝௔௡௧௘ ௅௉ே்௬௣௘ ூ௏ݖு௉ேߜ < Ͳ,Ͳʹ ∗ ௥ ௠௔௫ ௖ℎ௘௠௜௦௘ ு௉ே்௬௣௘ ூ௏ݑு௉ேܮ < Ͳ,ͳ ∗ ௠௔௫ ௙௟௔௦௤௨௘ ீ ொ்௬௣௘ ூ௏ݖு௉ேߜ < Ͳ,Ͳʹ ∗ ሺܮ௅௉ே + ௠௔௫ ௙௟௔௦௤௨௘ ் ொ்௬௣௘ ூ௏ݖு௉ேሻܮ < Ͳ,Ͳʹ ∗ ሺܮ௅௉ே + ு௉ேሻܮ

௠௔௫ ௜்௬௣௘ ூ௏ݖ ௥ ௠௔௫ ௜்௬௣௘ ூ௏ݑ

max(ݑ௥ ௠௔௫ ௧௨௕௘ ௅௉ே்௬௣௘ ூ , ௬௣௘ ூሺ௤ሻ்ݔ , ௥ ௠௔௫ ௖ℎ௘௠௜௦௘ ு௉ே்௬௣௘ ூݑ ൯ < Ͳ,ͳ ∗ ௅௉ேߜ
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max(ݖ௠௔௫ ௝௔௡௧௘ ௅௉ே்௬௣௘ ூ , ௠௔௫ ௙௟௔௦௤௨௘ ொ்௬௣௘ ூݖ , ௠௔௫ ௙௟௔௦௤௨௘ ீ ு௉ே்௬௣௘ ூݖ , ௠௔௫ ௙௟௔௦௤௨௘ ் ு௉ே்௬௣௘ ூݖ ൯ < Ͳ,Ͳʹ ∗ ܮ

௞்ܥ] ௬௣௘ ூ௏]ସ
 

ܱܾ݆ଵ ܱܾ݆ଶ[ܺ௞்௬௣௘ ூ]଺ [ ௞்ܻ ௬௣௘ ூ]଻ ௞்ܥ] ௬௣௘ ூ]ହܱܾ݆ଵ ܱܾ݆ଶ[ܺ௞்௬௣௘ ூ௏]଻ [ ௞்ܻ ௬௣௘ ூ௏]଻ ௞்ܥ] ௬௣௘ ூ௏]ସ
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[ܺ௞்௬௣௘ ூ]଺
ܮఈሺ௞ሻܤ௥ሺ௞ሻܤ}

௥ ௅௉ேܨ ௥ ு௉ேܨ

݁௧௨௕௘ ௅௉ே௢௣௧ 

௝݁௔௡௧௘ ௅௉ே௢௣௧ ௙݁௟௔௦௤௨௘ ொ௢௣௧ ௙݁௟௔௦௤௨௘ ு௉ேீ ௢௣௧

� ௠ܶ௔௫்௬௣௘ ூ

{ ாܲௗௗ௬ሺ௞ሻ
ூܲ௥௢௡ሺ௞ሻ

௧ ொሺ௤ሻܨ௥ ொሺ௤ሻܨ}

max(ܤmax௞்௬௣௘ ூ൯

݁௖ℎ௘௠௜௦௘ ு௉ே௢௣௧ ܦ௜௡௧ ஻௉௢௣௧ 

[ܺ௞்௬௣௘ ூ]଺
{ ܱܾ ଵ݆ܱܾ݆ଶ[ܥ௞் ௬௣௘ ூ]ହ

{  
  max(ݑ௥ ௠௔௫ ௞்௬௣௘ ூ ൯ ,max(ݖ௠௔௫ ௞்௬௣௘ ூ൯max(�௏ெ ௞்௬௣௘ ூ൯[ ௞்ܻ ௬௣௘ ூ ቀ[ܺ௞்௬௣௘ ூ]଺ቁ௢௣௧]଻
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[ܺ௞்௬௣௘ ூ]଺ [ ௞்ܻ ௬௣௘ ூ]଻[ܺ௞்௬௣௘ ூ , ௞்ܻ ௬௣௘ ூ]ଵଷ [ܺ௞்௬௣௘ ூ]଺[ ௞்ܻ ௬௣௘ ூ]଻ܱܾ݆ଶܱܾ݆ଶ
 [ ௞்ܻ ௬௣௘ ூ]଻
 
 ܱܾ݆ଶ

௝݁௔௡௧௘ ௅௉ே ௙݁௟௔௦௤௨௘ ொ ௙݁௟௔௦௤௨௘ ு௉ேீ
௙݁௟௔௦௤௨௘ ு௉ே்

 ௝݁௔௡௧௘ ௅௉ே ௙݁௟௔௦௤௨௘ ொ ௙݁௟௔௦௤௨௘ ு௉ேீ
௙݁௟௔௦௤௨௘ ு௉ே்

ܱܾ݆ଶ

[ܺ௞்௬௣௘ ூ]଺

[ܺ௞்௬௣௘ ூ]଺ [ ௞்ܻ ௬௣௘ ூ]଻
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[ ௞்ܻ ௬௣௘ ூ]଻

 

[ܺ௞்௬௣௘ ூ௏]଻ [ ௞்ܻ ௬௣௘ ூ௏]଻[ܺ௞்௬௣௘ ூ௏]଻ [ ௞்ܻ ௬௣௘ ூ௏]଻ܱܾ݆ଶ ܱܾ݆ଶ

[ܺ௞்௬௣௘ ூ]଺
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௠௔௚௡ܩ ௠௔௚௡ܩ ∈ {ʹ, Ͷ, ͸, ͺ}

[ܺ௞்௬௣௘ ூ௏]଻
ܮఈሺ௞ሻܤ௥ሺ௞ሻܤ}

௥ ௅௉ேܨ ௥ ு௉ேܨ

݁௧௨௕௘ ௅௉ே௢௣௧ 

௝݁௔௡௧௘ ௅௉ே௢௣௧ ௙݁௟௔௦௤௨௘ ொீ ௢௣௧ 
 ݁௝௔௡௧௘ ு௉ே௢௣௧

max(ܤmax௞்௬௣௘ ூ௏൯

 ݁௧௨௕௘ ு௉ே௢௣௧ 

[ܺ௞்௬௣௘ ூ௏]଻
{ ܱܾ ଵ݆ܱܾ݆ଶ[ܥ௞் ௬௣௘ ூ௏]ସ

{  
  max(ݑ௥ ௠௔௫ ௞்௬௣௘ ூ ൯,max(ݖ௠௔௫ ௞்௬௣௘ ூ൯max(�௏ெ ௞்௬௣௘ ூ൯[ ௞்ܻ ௬௣௘ ூ௏ ቀ[ܺ௞் ௬௣௘ ூ௏]଻ቁ௢௣௧]଻

௥ ொܨ

݁௖ℎ௘௠௜௦௘ ொ௢௣௧ 
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|௠௔௚௡ܩ| |௠௔௚௡ܩ| ∈ {ʹ, Ͷ, ͸, ͺ}
ܱܾ݆ଶ ௠௘௖ℎܯ ܱܾ݆ଵܯ௠௔௚௡ܩ௠௔௚௡

௠௔௚௡ܩ
௠௔௚௡ܩ = ʹ ௠௔௚௡ܩ = Ͷ ௠௔௚௡ܩ = ௅௉ே݌ʹ = ு௉ே݌ |௠௔௚௡ܩ| = ʹ |௠௔௚௡ܩ| = ͸
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௠௔௚௡ܩ௠௔௚௡ܯ

ு௉ேܮ ௠௔௚௡ܩ௠௔௚௡ܯ

ு௉ேܮ

௠௔௚௡ܯ ௠௘௖ℎܯ+ ௠௔௚௡ܯ
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௠௔௚௡ܯ ௠௘௖ℎܯ+ ௠௔௚௡ܩ௠௔௚௡ܯ
 = ௠௔௚௡൯௠௜௡ܯ) + ቀܯ௠௘௖ℎ(ܯ௠௔௚௡൯௠௜௡ቁ௠௜௡

 = ௠௔௚௡ܯ) ௠௘௖ℎ൯௠௜௡ܯ+
௠௔௚௡ܩ

 ௠௔௚௡ܩ


௠௔௚௡ܯ ு௉ேߜ௠௘௖ℎܯ+ = ௠௔௚௡ܩ௅௉ேߜ

  

 

 

 

 
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௠௔௚௡ܯ ௠௘௖ℎܯ+ ு௉ேߜ = ௠௔௚௡ܩ௅௉ேߜ

 



  Chapitre IV: page 185 

௠௔௚௡ܩ = Ͷ ܩ௠௔௚௡ = ͸

௠௔௚௡ܩ
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,ݎሺூሻሺܣ ሻߙ = ௡ሺூሻܥ)∑ (( ݎܴ
ெሺூሻ)௡ + (ܴ௠ሺூሻܴெሺூሻ)

௡ ቆ ݎܴ
௠ሺூሻቇ−௡) + ܽ௡ሺூሻ)ே

௡≥ଵ �osሺ݊. ሻߙ
௡ሺூሻܭ)∑+ (( ݎܴ

ெሺூሻ)௡ + (ܴ௠ሺூሻܴெሺூሻ)
௡ ቆ ݎܴ

௠ሺூሻቇ−௡) + ܾ௡ሺூሻ)ே
௡≥ଵ sinሺ݊. ሻߙ

,ݎሺூூሻሺܣ ሻߙ = ௡ሺூூሻܥ)∑ ( ெሺூூሻ)௡ܴݎ + ௡ሺூூሻܦ ቆ ௠ሺூூሻቇ−௡)ேܴݎ
௡≥ଵ �osሺ݊. ሻߙ

௡ሺூூሻܭ)∑+ ( ெሺூூሻ)௡ܴݎ + ௡ሺூூሻܧ ቆ ௠ሺூூሻቇ−௡)ேܴݎ
௡≥ଵ sinሺ݊. ሻߙ

ሻܫሺܯሻܴܫܫሺܯሻܴܫܫܫሺܯሻܴܸܫሺܯሺܸሻܴܯܴ

ܴሺܸ݉ሻܴሺܸ݉ܫሻܴሺ݉ܫܫܫሻܴሺ݉ܫܫሻܴሺ݉ܫሻ

ሻܫሺܸܯܴ
ሺܺሻܯܴ

ܴሺܸ݉ܫሻ

ܴሺ݉ܺሻ
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,ݎሺூூூ,௤ሻሺܣ ሻߙ = ܺ଴ሺூூூ,௤ሻ + ଴ܻሺூூூ,௤ሻ ln ( (ெሺூூூሻܴݎ
 +∑ቌܥ௞ሺூூூ,௤ሻ ( ெሺூூூሻ)௞ܴݎ

�ఉ + ௞ሺூூூ,௤ሻܦ ( ௞ሺூூூሻ)−௞ܴݎ
�ఉቍேೂ

௞≥ଵ �os (݇ ߚߨ ߙ) + ߚʹ + ʹ. .ݍ ܳߨ ))
,ݎሺூ௏ሻሺܣ ሻߙ = ௡ሺூ௏ሻܥ)∑ ( ெሺூ௏ሻ)௡ܴݎ + ௡ሺூ௏ሻܦ ቆ ௠ሺூ௏ሻቇ−௡)ேܴݎ

௡≥ଵ �osሺ݊. ሻߙ
௡ሺூ௏ሻܭ)∑+ ( ெሺூ௏ሻ)௡ܴݎ + ௡ሺூ௏ሻܧ ቆ ௠ሺூ௏ሻቇ−௡)ேܴݎ
௡≥ଵ sinሺ݊. ሻߙ

,ݎሺ௏ሻሺܣ ሻߙ ௡ሺ௏ሻܥ)∑= (( ெሺ௏ሻ)௡ܴݎ + (ܴெሺ௏ሻܴ௠ሺ௏ሻ)௡ ቆ (௠ሺ௏ሻቇ−௡ܴݎ + ܽ௡ሺ௏ሻ)ே
௡≥ଵ �osሺ݊. ሻߙ

௡ሺ௏ሻܭ)∑+ (( ெሺ௏ሻ)௡ܴݎ + (ܴெሺ௏ሻܴ௠ሺ௏ሻ)௡ ቆ (௠ሺ௏ሻቇ−௡ܴݎ + ܾ௡ሺ௏ሻ)ே
௡≥ଵ sinሺ݊. ሻߙ

 

௡ሺூሻ⌋௥=ோ�ሺ�ሻܣ = ௡ሺூூሻ⌋௥=ோ೘ሺ��ሻܣ

{  
   
   
   
   
.௡ሺூሻܥ   ଵ,ଵ,௡ߣ − ଵ,ଶ,௡ߣ௡ሺூூሻܥ − ଵ,ଷ,௡ߣ௡ሺூூሻܦ = −ܽ௡ሺூሻܭ௡ሺூሻ. ϒଵ,ଵ,௡ − ௡ሺூூሻϒଵ,ଶ,௡ܭ − ௡ሺூூሻϒଵ,ଷ,௡ܧ = −ܾ௡ሺூሻߣଵ,ଵ,௡ = ቌͳ + (ܴ௠ሺூሻܴெሺூሻ)ଶ௡ቍߣଵ,ଶ,௡ = (ܴ௠ሺூூሻܴெሺூூሻ)௡ߣଵ,ଷ,௡ = ͳϒଵ,ଵ,௡ = ቌͳ + (ܴ௠ሺூሻܴெሺூሻ)ଶ௡ቍϒଵ,ଶ,௡ = (ܴ௠ሺூூሻܴெሺூூሻ)௡ϒଵ,ଷ,௡ = ͳ
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ݎ�௡ሺூሻܣ� ⌋௥=ோ�ሺ�ሻ = ݎ�௡ሺூூሻܣ� ⌋௥=ோ೘ሺ��ሻ

{  
   
   
   
   
ଶ,ଵ,௡ߣ௡ሺூሻܥ   − ଶ,ଶ,௡ߣ௡ሺூூሻܥ + ଶ,ଷ,௡ߣ௡ሺூூሻܦ = Ͳܭ௡ሺூሻϒଶ,ଵ,௡ − ௡ሺூூሻϒଶ,ଶ,௡ܭ + ௡ሺூூሻϒଶ,ଷ,௡ܧ = Ͳߣଶ,ଵ,௡ = ቌͳ − (ܴ௠ሺூሻܴெሺூሻ)ଶ௡ቍߣଶ,ଶ,௡ = (ܴ௠ሺூூሻܴெሺூூሻ)௡ߣଶ,ଷ,௡ = ͳϒଶ,ଵ,௡ = ቌͳ − (ܴ௠ሺூሻܴெሺூሻ)ଶ௡ቍϒଶ,ଶ,௡ = (ܴ௠ሺூூሻܴெሺூூሻ)௡ϒଶ,ଷ,௡ = ͳ

ܿሺ݇, ݊, ሻݍ ,ሺ݇ݏ ݊, ሻݍ
ݎ�௡ሺூூሻܣ� |ோ�ሺ��ሻ = {

ݎ�௞ሺூூூ,௤ሻܣ� |ோ೘ሺ���ሻ si ߙ ∈ ;௤ߙ] ௤ߙ + Ͳ  sinon[ߚ
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{  
   
   
   
   
  
   
   
   
   
   
ଶ,ଵ,௡ߦ௡ሺூூሻܥ  − ଶ,ଶ,௡ߦ௡ሺூூሻܦ −∑ ଴ܻሺூூூ,௤ሻߦଶ,ଷ,௤,௡ொ

௤=ଵ ଶ,ସ,௡,௤,௞ேೂߦ௞ሺூூூ,௤ሻܥ∑∑−
௞=ଵ

ொ
௤=ଵ ଶ,ହ,௡,௤,௞ேೂߦ௞ሺூூூ,௤ሻܦ∑∑+

௞=ଵ
ொ
௤=ଵ = Ͳ

ଶ,ଵ,௡ߜ௡ሺூூሻܭ − ଶ,ଶ,௡ߜ௡ሺூூሻܧ −∑ ଴ܻሺூூூ,௤ሻߜଶ,ଷ,௤,௡ொ
௤=ଵ ଶ,ସ,௡,௤,௞ேೂߜ௞ሺூூூ,௤ሻܥ∑∑−

௞=ଵ
ொ
௤=ଵ ଶ,ହ,௡,௤,௞ேೂߜ௞ሺூூூ,௤ሻܦ∑∑+

௞=ଵ
ொ
௤=ଵ = Ͳߦଶ,ଵ,௡ = ଶ,ଶ,௡ߦ݊ = ݊ ቆܴெሺூூሻܴ௠ሺூூሻቇ−௡ߦଶ,ଷ,௤,௡ = ͳߨ [sinሺ݊ߙሻ݊ ]ఈ೜ఈ೜+ఉ

ଶ,ସ,௡,௤,௞ߦ = ߚ݇ ቆܴ௠ሺூூூሻܴெሺூூூሻቇ
௞�ఉ ,ሺ݇ݏ ݊, ሻݍ

ଶ,ହ,௡,௤,௞ߦ = ߚ݇ ,ሺ݇ݏ ݊, ଶ,ଵ,௡ߜሻݍ = ଶ,ଶ,௡ߜ݊ = ݊ ቆܴெሺூூሻܴ௠ሺூூሻቇ−௡ߜଶ,ଷ,௤,௡ = ͳߨ [− �osሺ݊ߙሻ݊ ]ఈ೜ఈ೜+ఉ
ଶ,ସ,௡,௤,௞ߜ = ߚ݇ ቆܴ௠ሺூூூሻܴெሺூூூሻቇ

௞�ఉ ܿሺ݇, ݊, ሻݍ
ଶ,ହ,௡,௤,௞ߜ = ߚ݇ ܿሺ݇, ݊, ሻݍ

{  
  ܿሺ݇, ݊, ሻݍ = ݊. ሺ−ͳሻ௞)²ߚ �os(݊. ሺߙ௤ + ሻ൯ߚ − �os(݊. ²ߨ௤൯൯݇²ߙ − ,ሺ݇ݏ²ߚ²݊ ݊, ሻݍ = −݊. ሺ−ͳሻ௞)²ߚ sin(݊. ሺߙ௤ + ሻ൯ߚ − sin(݊. ²ߨ௤൯൯݇²ߙ − ²ߚ²݊

௞ሺூூூ,௤ሻ⌋௥=ோ೘ሺ���,೜ሻܣ} = ௞ሺூூூ,௤ሻ⌋௥=ோ�ሺ���,೜ሻܣሺூூሻ⌋௥=ோ�ሺ��ሻܣ = ሺூ௏ሻ⌋௥=ோ೘ሺ��ሻܣ

{  
   
   
  ܺ଴ሺூூூ,௤ሻߣଷ,ଵ,௤ + ଴ܻሺூூூ,௤ሻߣଷ,ଶ ௡ሺூூሻேܥ∑−

௡=ଵ ଷ,ଷ,௡,௤ߣ ௡ሺூூሻேܦ∑−
௡=ଵ ଷ,ସ,௡,௤ߣ ௡ሺூூሻேܭ∑−

௡=ଵ ଷ,ହ,௡,௤ߣ ௡ሺூூሻேܧ∑−
௡=ଵ ଷ,଺,௡,௤ߣ = Ͳ

ܺ଴ሺூூூ,௤ሻϒଷ,ଵ ௡ሺூ௏ሻேܥ∑−
௡=ଵ ϒଷ,ଶ,௡,௤ ௡ሺூ௏ሻேܦ∑−

௡=ଵ ϒଷ,ଷ,௡,௤ ௡ሺூ௏ሻேܭ∑−
௡=ଵ ϒଷ,ସ,௡,௤ ௡ሺூ௏ሻேܧ∑−

௡=ଵ ϒଷ,ହ,௡,௤ = Ͳ
ଷ,ଵ,௞ߦ௞ሺூூூ,௤ሻܥ + ଷ,ଶ,௞ߦ௞ሺூூூ,௤ሻܦ −∑  ே

௡=ଵ ଷ,ଷ,௡ߦ௡ሺூூሻܥ −∑  ே
௡=ଵ ଷ,ସ,௡ߦ௡ሺூூሻܦ −∑  ே

௡=ଵ ଷ,ହ,௡ߦ௡ሺூூሻܭ −∑  ே
௡=ଵ ଷ,଺,௡ߦ௡ሺூூሻܧ = Ͳܥ௞ሺூூூ,௤ሻߜଷ,ଵ,௞ + ଷ,ଶ,௞ߜ௞ሺூூூ,௤ሻܦ −∑  ே

௡=ଵ ଷ,ଷ,௡ߜ௡ሺூ௏ሻܥ −∑  ே
௡=ଵ ଷ,ସ,௡ߜ௡ሺூ௏ሻܦ −∑  ே

௡=ଵ ଷ,ହ,௡ߜ௡ሺூ௏ሻܭ −∑  ே
௡=ଵ ଷ,଺,௡ߜ௡ሺூ௏ሻܧ = Ͳ
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{  
   
   
   
   
ଷ,ଵߣ   = ͳߣଷ,ଶ = ln(ܴ௠ሺூூூሻܴெሺூூூሻ)ߣଷ,ଷ,௡,௤ = ͳߚ [sinሺ݊ߙሻ݊ ]ఈ೜ఈ೜+ఉߣଷ,ସ,௡,௤ = ͳߚ (ܴெሺூூሻܴ௠ሺூூሻ)−௡ [sinሺ݊ߙሻ݊ ]ఈ೜ఈ೜+ఉߣଷ,ହ,௡,௤ = ͳߚ [− �osሺ݊ߙሻ݊ ]ఈ೜ఈ೜+ఉߣଷ,଺,௡,௤ = ͳߚ (ܴெሺூூሻܴ௠ሺூூሻ)−௡ [− �osሺ݊ߙሻ݊ ]ఈ೜ఈ೜+ఉ {

   
   
   
   

ϒଷ,ଵ,௡ = ͳϒଷ,ଶ,௡,௤ = ͳߚ (ܴ௠ሺூ௏ሻܴெሺூ௏ሻ)௡ [sinሺ݊ߙሻ݊ ]ఈ೜ఈ೜+ఉϒଷ,ଷ,௡,௤ = ͳߚ [sinሺ݊ߙሻ݊ ]ఈ೜ఈ೜+ఉϒଷ,ସ,௡,௤ = ͳߚ (ܴ௠ሺூ௏ሻܴெሺூ௏ሻ)௡ [− �osሺ݊ߙሻ݊ ]ఈ೜ఈ೜+ఉϒଷ,ହ,௡,௤ = ͳߚ [− �osሺ݊ߙሻ݊ ]ఈ೜ఈ೜+ఉ

{  
   
  
   
   
ଷ,ଵ,௞ߦ  = (ܴ௠ሺூூூሻܴெሺூூூሻ)௞

�ఉ
ଷ,ଶ,௞ߦ = ͳߦଷ,ଷ,௡,௤,௞ = ߚʹ ଷ,ସ,௡,௤,௞ߦ௡,௞,௤ݏ = ߚʹ (ܴெሺூூሻܴ௠ሺூூሻ)−௡ ଷ,ହ,௡,௤,௞ߦ௡,௞,௤ݏ = ߚʹ ܿ௡,௞,௤ߦଷ,଺,௡,௤,௞ = ߚʹ (ܴெሺூூሻܴ௠ሺூூሻ)−௡ ܿ௡,௞,௤ {  

   
  
   
   
ଷ,ଵ,௞ߜ  = ͳ

ଷ,ଶ,௞ߜ = (ܴெሺூூூሻܴ௠ሺூூூሻ)−௞
�ఉ

ଷ,ଷ,௡,௤,௞ߜ = ߚʹ (ܴ௠ሺூ௏ሻܴெሺூ௏ሻ)௡ ଷ,ସ,௡,௤,௞ߜ௡,௞,௤ݏ = ߚʹ ଷ,ହ,௡,௤,௞ߜ௡,௞,௤ݏ = ߚʹ (ܴ௠ሺூ௏ሻܴெሺூ௏ሻ)௡ ܿ௡,௞,௤ߜଷ,଺,௡,௤,௞ = ߚʹ ܿ௡,௞,௤

ݎ�௡ሺூ௏ሻܣ� |ோ೘ሺ��ሻ = ݎ�௞ሺூூூ,௤ሻܣ�} |ோ�ሺ���ሻ si ߙ ∈ ;௤ߙ] ௤ߙ + Ͳ  sinon[ߚ
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{  
   
   
   
   
  
   
   
   
   
   
ସ,ଵ,௡ߦ௡ሺூ௏ሻܥ  − ସ,ଶ,௡ߦ௡ሺூ௏ሻܦ −∑ ଴ܻIII,qߦସ,ଷ,௡ொ

௤=ଵ −∑∑ ேೂ
௞=ଵ ସ,ସ,௡,௤ߦ௞ሺூூூ,௤ሻܥ

ொ
௤=ଵ +∑∑ ேೂ

௞=ଵ ସ,ହ,௡,௤ߦ௞ሺூூூ,௤ሻܦ
ொ
௤=ଵ = Ͳ

ସ,ଵ,௡ߜ௡ሺூ௏ሻܭ − ସ,ଶ,௡ߜ௡ሺூ௏ሻܧ −∑ ଴ܻIII,qߜସ,ଷ,௡ொ
௤=ଵ −∑∑ ேೂ

௞=ଵ ସ,ସ,௡,௤ߜ௞ሺூூூ,௤ሻܥ
ொ
௤=ଵ +∑∑ ேೂ

௞=ଵ ସ,ହ,௡,௤ߜ௞ሺூூூ,௤ሻܦ
ொ
௤=ଵ = Ͳ

ସ,ଵ,௡ߦ = ݊ ቆܴ௠ሺூ௏ሻܴெሺூ௏ሻቇ௡ߦସ,ଶ,௡ = ସ,ଷ,௡,௤ߦ݊ = ͳߨ [sinሺ݊ߙሻ݊ ]ఈ೜ఈ೜+ఉߦସ,ସ,௡,௤ = ߚ݇ ,ሺ݇ݏ ݊, ሻݍ
ସ,ହ,௡,௤ߦ = ߚ݇ ቆܴெሺூூூሻܴ௠ሺூூூሻቇ−௞

�ఉ ,ሺ݇ݏ ݊, ሻݍ
ସ,ଵ,௡ߜ = ݊ ቆܴ௠ሺூ௏ሻܴெሺூ௏ሻቇ௡ߜସ,ଶ,௡ = ସ,ଷ,௡,௤ߜ݊ = ͳߨ [− �osሺ݊ߙሻ݊ ]ఈ೜ఈ೜+ఉߜସ,ସ,௡,௤ = ߚ݇ ܿሺ݇, ݊, ሻݍ

ସ,ହ,௡,௤ߜ = ߚ݇ ܴெሺூூூሻܴ௠ሺூூூሻ−௞
�ఉ ܿሺ݇, ݊, ሻݍ

ݎ�௡ሺூ௏ሻܣ� ⌋௥=ோ�ሺ��ሻ = ௡ܣ�
ሺ௏ሻ�ݎ ⌋௥=ோ೘ሺ�ሻ

{  
   
   
   
   
ସ,ଵ,௡ߣ௡ሺூ௏ሻܥ   − ସ,ଶ,௡ߣ௡ሺூ௏ሻܦ − ସ,ଷ,௡ߣ௡ሺ௏ሻܥ = Ͳܭ௡ሺூ௏ሻϒସ,ଵ,௡ − ௡ሺூ௏ሻϒସ,ଶ,௡ܧ − ௡ሺ௏ሻϒସ,ଷ,௡ܭ = Ͳߣସ,ଵ,௡ = ͳߣସ,ଶ,௡ = (ܴெሺூ௏ሻܴ௠ሺூ௏ሻ)−௡ߣସ,ଷ,௡ = (ܴ௠ሺ௏ሻܴெሺ௏ሻ)௡ − (ܴெሺ௏ሻܴ௠ሺ௏ሻ)௡ϒସ,ଵ,௡ = ͳϒସ,ଶ,௡ = (ܴெሺூ௏ሻܴ௠ሺூ௏ሻ)−௡ϒସ,ଷ,௡ = (ܴ௠ሺ௏ሻܴெሺ௏ሻ)௡ − (ܴெሺ௏ሻܴ௠ሺ௏ሻ)௡
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௡ሺூ௏ሻ⌋௥=ோ�ሺ��ሻܣ = ௡ሺ௏ሻ⌋௥=ோ೘ሺ�ሻܣ

{  
   
   
   
   
ହ,ଵ,௡ߣ௡ሺ௏ሻܥ   − ହ,ଶ,௡ߣ௡ሺூ௏ሻܥ − ହ,ଷ,௡ߣ௡ሺூ௏ሻܦ = −ܽ௡ሺ௏ሻܭ௡ሺ௏ሻϒହ,ଵ,௡ − ௡ሺூ௏ሻϒହ,ଶ,௡ܭ − ௡ሺூ௏ሻϒହ,ଷ,௡ܧ = −ܾ௡ሺ௏ሻߣହ,ଵ,௡ = (ܴ௠ሺ௏ሻܴெሺ௏ሻ)௡ + (ܴெሺ௏ሻܴ௠ሺ௏ሻ)௡ߣହ,ଶ,௡ = ͳߣହ,ଷ,௡ = (ܴ௠ሺூ௏ሻܴெሺூ௏ሻ)௡ϒହ,ଵ,௡ = (ܴ௠ሺ௏ሻܴெሺ௏ሻ)௡ + (ܴெሺ௏ሻܴ௠ሺ௏ሻ)௡ϒହ,ଶ,௡ = ͳϒହ,ଷ,௡ = (ܴ௠ሺூ௏ሻܴெሺூ௏ሻ)௡
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( 
   
   
   
   
   
�૚,૚,࢔ ૙ −�૚,૛,࢔ −�૚,૜,࢔ ૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙�૛,૚,࢔ ૙ −�૛,૛,࢔ �૛,૜,࢔ ૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙૙ ϒ૚,૚,࢔ ૙ ૙ −ϒ૚,૛,࢔ −ϒ૚,૜,࢔ ૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙૙ ϒ૛,૚,࢔ ૙ ૙ −ϒ૛,૛,࢔ ϒ૛,૜,࢔ ૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙૙ ૙ −�૜,૜,ࢗ,࢔ −�૜,૝,ࢗ,࢔ −�૜,૞,ࢗ,࢔ −�૜,૟,ࢗ,࢔ �૜,૚ �૜,૛ ૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙૙ ૙ −�૜,૜,࢔ −�૜,૝,࢔ −�૜,૞,࢔ −�૜,૟,࢔ ૙ ૙ �૜,૚,ࢗ,࢔ �૜,૛,ࢗ,࢔ ૙ ૙ ૙ ૙ ૙ ૙૙ ૙ �૛,૚,࢔ −�૛,૛,࢔ ૙ ૙ ૙ −�૛,૜,࢔,ࢗ −�૛,૝,ࢗ,࢔ �૛,૞,ࢗ,࢔ ૙ ૙ ૙ ૙ ૙ ૙૙ ૙ ૙ ૙ �૛,૚,࢔ −�૛,૛,࢔ ૙ −�૛,૜,࢔,ࢗ −�૛,૝,ࢗ,࢔ �૛,૞,ࢗ,࢔ ૙ ૙ ૙ ૙ ૙ ૙૙ ૙ ૙ ૙ ૙ ૙ ૙ −�૝,૜,࢔,ࢗ −�૝,૝,ࢗ,࢔ �૝,૞,ࢗ,࢔ �૝,૚,࢔ −�૝,૛,࢔ ૙ ૙ ૙ ૙૙ ૙ ૙ ૙ ૙ ૙ ૙ −�૝,૜,࢔,ࢗ −�૝,૝,ࢗ,࢔ �૝,૞,ࢗ,࢔ ૙ ૙ �૝,૚,࢔ −�૝,૛,࢔ ૙ ૙૙ ૙ ૙ ૙ ૙ ૙ ϒ૜,૚ ૙ ૙ ૙ −ϒ૜,૛,ࢗ,࢔ −ϒ૜,૜,ࢗ,࢔ −ϒ૜,૝,ࢗ,࢔ −ϒ૜,૞,ࢗ,࢔ ૙ ૙૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙ �૜,૚,ࢗ,࢔ �૜,૛,ࢗ,࢔ −�૜,૜,࢔ −�૜,૝,࢔ −�૜,૞,࢔ −�૜,૟,࢔ ૙ ૙૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙ �૝,૚,࢔ −�૝,૛,࢔ ૙ ૙ −�૝,૜,࢔ ૙૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙ −�૞,૛,࢔ −�૞,૜,࢔ ૙ ૙ �૞,૚,࢔ ૙૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙ ϒ૝,૚,࢔ −ϒ૝,૛,࢔ ૙ −ϒ૝,૜,࢔૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙ ૙ −ϒ૞,૛,࢔ −ϒ૞,૜,࢔ ૙ ϒ૞,૚,࢔ ) 

   
   
   
   
   

( 
   
   
   
   
   
   
ሺ�ሻ࢔�ሺ�ሻ࢔࡯ሺ��ሻ࢔ࡱሺ��ሻ࢔�ሺ��ሻ࢔ࡰሺ��ሻ࢔࡯ሻࢗ,���ሺ�ࡰሻࢗ,���ሺ�࡯ሻࢗ,���૙ሺࢅሻࢗ,���૙ሺࢄሺ��ሻ࢔ࡱሺ��ሻ࢔�ሺ��ሻ࢔ࡰሺ��ሻ࢔࡯ሺ�ሻ࢔�ሺ�ሻ࢔࡯   ) 

   
   
   
   
   
   
  

=

( 
   
   
   
   
࢔ࢇ−  

ሺ�ሻ૙−࢔࢈ሺ�ሻ૙૙૙૙૙૙૙૙૙૙−࢔ࢇሺ�ሻ૙−࢔࢈ሺ�ሻ) 
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,ݎሺ௑ሻሺܣ ሻߙ = ∑ቌܥ௡ሺ௑ሻ (( ெሺ௑ሻ)௡ܴݎ + (ܴ௠ሺ௑ሻܴெሺ௑ሻ)
௡ ቆ ௠ሺ௑ሻቇ−௡)ቍேܴݎ

௡≥ଵ �osሺ݊. ሻߙ
+∑ቌܭ௡ሺூሻ (( ݎܴ

ெሺூሻ)௡ + (ܴ௠ሺூሻܴெሺூሻ)
௡ ቆ ݎܴ

௠ሺூሻቇ−௡)ቍே
௡≥ଵ sinሺ݊. ሻߙ

,ݎሺூሻሺܣ ሻߙ = ௡ሺூሻܥ)∑ ( ݎܴ
ெሺூሻ)௡ + ௡ሺூሻܦ ቆ ௠ሺூሻቇ−௡ݎܴ + ܽ௡ሺூሻ)ே

௡≥ଵ �osሺ݊. ሻߙ
௡ሺூሻܭ)∑+ ( ݎܴ

ெሺூሻ)௡ + ௡ሺூሻܧ ቆ ݎܴ
௠ሺூሻቇ−௡ + ܾ௡ሺூሻ)ே

௡≥ଵ sinሺ݊. ሻߙ
,ݎሺ௏ሻሺܣ ሻߙ ௡ሺ௏ሻܥ)∑= ( ெሺ௏ሻ)௡ܴݎ + ௡ሺ௏ሻܦ ቆ ௠ሺ௏ሻቇ−௡ܴݎ + ܽ௡ሺ௏ሻ)ே

௡≥ଵ �osሺ݊. ሻߙ
௡ሺ௏ሻܭ)∑+ ( ெሺூ௏ሻ)௡ܴݎ + ௡ሺ௏ሻܧ ቆ ௠ሺ௏ሻቇ−௡ܴݎ + ܾ௡ሺ௏ሻ)ே
௡≥ଵ sinሺ݊. ሻߙ

,ݎሺ௏ூሻሺܣ ሻߙ = ∑ቌܥ௡ሺ௏ூሻ (( ெሺ௏ூሻ)௡ܴݎ + (ܴெሺ௏ூሻܴ௠ሺ௏ூሻ)௡ ቆ ௠ሺ௏ூሻቇ−௡)ቍேܴݎ
௡≥ଵ �osሺ݊. ሻߙ

+∑ቌܭ௡ሺ௏ூሻ (( ெሺ௏ூሻ)௡ܴݎ + (ܴெሺ௏ூሻܴ௠ሺ௏ூሻ)௡ ቆ ௠ሺ௏ூሻቇ−௡)ቍேܴݎ
௡≥ଵ sinሺ݊. ሻߙ
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{  
ߙ�ሺ௑ሻܣ�   ⌋௥=ோ�ሺ�ሻ = ߙ�ሺூሻܣ� ⌋௥=ோ೘ሺ�ሻͳµሺ௑ሻ ⋅ ݎ�ሺ௑ሻܣ� ⌋௥=ோ�ሺ�ሻ = ͳµሺூሻ ⋅ ݎ�ሺூሻܣ� ⌋௥=ோ೘ሺ�ሻ

{  
   
   
   
   
   
   
   
   
   
   
ଵ,ଵ,௡ߣ௡ሺ௑ሻܥ   − ଵ,ଶ,௡ߣ௡ሺூሻܥ − ଵ,ଷ,௡ߣ௡ሺூሻܦ = ܽ௡ሺூሻܭ௡ሺ௑ሻ ଵܻ,ଵ,௡ − ௡ሺூሻܭ ଵܻ,ଶ,௡ − ௡ሺூሻܧ ଵܻ,ଷ,௡ = ܾ௡ሺூሻܥ௡ሺ௑ሻߝଵ,ଵ,௡ − ଵ,ଶ,௡ߝ௡ሺூሻܥ + ଵ,ଷ,௡ߝ௡ሺூሻܦ = Ͳܭ௡ሺ௑ሻߟଵ,ଵ,௡ − ଵ,ଶ,௡ߟ௡ሺூሻܭ + ଵ,ଷ,௡ߟ௡ሺூሻܧ = Ͳߣଵ,ଵ,௡ = ͳ − (ܴ௠ሺ௑ሻܴெሺ௑ሻ)ଶ௡ߣଵ,ଶ,௡ = (ܴ௠ሺூሻܴெሺூሻ)௡ߣଵ,ଷ,௡ = ͳ

ଵܻ,ଵ,௡ = ͳ − (ܴ௠ሺ௑ሻܴெሺ௑ሻ)ଶ௡
ଵܻ,ଶ,௡ = (ܴ௠ሺூሻܴெሺூሻ)௡ଵܻ,ଷ,௡ = ͳߝଵ,ଵ,௡ = [ͳ + (ܴ௠ሺ௑ሻܴெሺ௑ሻ)ଶ௡] ∙ µሺூሻµሺ௑ሻ
ଵ,ଶ,௡ߝ = (ܴ௠ሺூሻܴெሺூሻ)௡ߝଵ,ଷ,௡ = ͳߟଵ,ଵ,௡ = [ͳ + (ܴ௠ሺ௑ሻܴெሺ௑ሻ)ଶ௡] ∙ µሺூሻµሺ௑ሻ
ଵ,ଶ,௡ߟ = (ܴ௠ሺூሻܴெሺூሻ)௡ߟଵ,ଷ,௡ = ͳ



  Annexe B : page 207 

{  
௡ሺூሻ⌋௥=ோ�ሺ�ሻܣ   = ݎ�௡ሺூሻܣ�௡ሺூூሻ⌋௥=ோ೘ሺ��ሻܣ ⌋௥=ோ�ሺ�ሻ = ௡ܣ�

ሺூூሻ�ݎ ⌋௥=ோ೘ሺ��ሻ

{  
   
   
   
   
   
  
   
   
   
   
   
   
ଶ,ଵ,௡ߣ௡ሺூሻܥ  + ଶ,ଶ,௡ߣ௡ሺூሻܦ − ଶ,ଷ,௡ߣ௡ሺூூሻܥ − ଶ,ସ,௡ߣ௡ሺூூሻܦ = −ܽ௡ሺூሻܭ௡ሺூሻ ଶܻ,ଵ,௡ + ௡ሺூሻܧ ଶܻ,ଶ,௡ − ௡ሺூூሻܭ ଶܻ,ଷ,௡ − ௡ሺூூሻܧ ଶܻ,ସ,௡ = −ܾ௡ሺூሻܥ௡ሺூሻߝଶ,ଵ,௡ − ଶ,ଶ,௡ߝ௡ሺூሻܦ − ଶ,ଷ,௡ߝ௡ሺூூሻܥ + ଶ,ସ,௡ߝ௡ሺூூሻܦ = Ͳܭ௡ሺூሻߟଶ,ଵ,௡ − ଶ,ଶ,௡ߟ௡ሺூሻܧ − ଶ,ଷ,௡ߟ௡ሺூூሻܭ + ଶ,ସ,௡ߟ௡ሺூூሻܧ = Ͳߣଶ,ଵ,௡ = ͳߣଶ,ଶ,௡ = (ܴெሺூሻܴ௠ሺூሻ)−௡ߣଶ,ଷ,௡ = (ܴ௠ሺூூሻܴெሺூூሻ)௡ߣଶ,ସ,௡ = ͳଶܻ,ଵ,௡ = ͳ

ଶܻ,ଶ,௡ = (ܴெሺூሻܴ௠ሺூሻ)−௡
ଶܻ,ଷ,௡ = (ܴ௠ሺூூሻܴெሺூூሻ)௡ଶܻ,ସ,௡ = ͳߝଶ,ଵ,௡ = ͳߝଶ,ଶ,௡ = (ܴெሺூሻܴ௠ሺூሻ)−௡ߝଶ,ଷ,௡ = (ܴ௠ሺூூሻܴெሺூூሻ)௡ߝଶ,ସ,௡ = ͳߟଶ,ଵ,௡ = ͳߟଶ,ଶ,௡ = (ܴெሺூሻܴ௠ሺூሻ)−௡ߟଶ,ଷ,௡ = (ܴ௠ሺூூሻܴெሺூூሻ)௡ߟଶ,ସ,௡ = ͳ
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{  
௡ሺூ௏ሻ⌋௥=ோ�ሺ��ሻܣ   = ݎ�௡ሺூ௏ሻܣ�௡ሺ௏ሻ⌋௥=ோ೘ሺ�ሻܣ ⌋௥=ோ�ሺ��ሻ = ݎ�௡ሺ௏ሻܣ� ⌋௥=ோ೘ሺ�ሻ

{  
   
   
   
   
   
  
   
   
   
   
   
   
ସ,ଵ,௡ߣ௡ሺ௏ሻܥ  + ସ,ଶ,௡ߣ௡ሺ௏ሻܦ − ସ,ଷ,௡ߣ௡ሺூ௏ሻܥ − ସ,ସ,௡ߣ௡ሺூ௏ሻܦ = −ܽ௡ሺ௏ሻܭ௡ሺ௏ሻ ସܻ,ଵ,௡ + ௡ሺ௏ሻܧ ସܻ,ଶ,௡ − ௡ሺூ௏ሻܭ ସܻ,ଷ,௡ − ௡ሺூ௏ሻܧ ସܻ,ସ,௡ = −ܾ௡ሺ௏ሻܥ௡ሺ௏ሻߝସ,ଵ,௡ − ସ,ଶ,௡ߝ௡ሺ௏ሻܦ − ସ,ଷ,௡ߝ௡ሺூ௏ሻܥ + ସ,ସ,௡ߝ௡ሺூ௏ሻܦ = Ͳܭ௡ሺ௏ሻߟସ,ଵ,௡ − ସ,ଶ,௡ߟ௡ሺ௏ሻܧ − ସ,ଷ,௡ߟ௡ሺூ௏ሻܭ + ସ,ସ,௡ߟ௡ሺூ௏ሻܧ = Ͳߣସ,ଵ,௡ = (ܴ௠ሺ௏ሻܴெሺ௏ሻ)௡ߣସ,ଶ,௡ = ͳߣସ,ଷ,௡ = ͳߣସ,ସ,௡ = (ܴெሺூ௏ሻܴ௠ሺூ௏ሻ)−௡

ସܻ,ଵ,௡ = (ܴ௠ሺ௏ሻܴெሺ௏ሻ)௡ସܻ,ଶ,௡ = ͳସܻ,ଷ,௡ = ͳ
ସܻ,ସ,௡ = (ܴெሺூ௏ሻܴ௠ሺூ௏ሻ)−௡ߝସ,ଵ,௡ = (ܴ௠ሺ௏ሻܴெሺ௏ሻ)௡ߝସ,ଶ,௡ = ͳߝସ,ଷ,௡ = ͳߝସ,ସ,௡ = (ܴெሺூ௏ሻܴ௠ሺூ௏ሻ)−௡ߟସ,ଵ,௡ = (ܴ௠ሺ௏ሻܴெሺ௏ሻ)௡ߟସ,ଶ,௡ = ͳߟସ,ଷ,௡ = ͳߟସ,ସ,௡ = (ܴெሺூ௏ሻܴ௠ሺூ௏ሻ)−௡
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{  
ߙ�ሺ௏ሻܣ�   ⌋௥=ோ�ሺ�ሻ = ߙ�ሺ௏ூሻܣ� ⌋௥=ோ೘ሺ��ሻͳµሺ௏ሻ ⋅ ݎ�ሺ௏ሻܣ� ⌋௥=ோ�ሺ�ሻ = ͳµሺ௏ூሻ ⋅ ݎ�ሺ௏ூሻܣ� ⌋௥=ோ೘ሺ��ሻ

{  
   
   
   
   
   
   
   
   
   
   
ହ,ଵ,௡ߣ௡ሺ௏ூሻܦ   − ହ,ଶ,௡ߣ௡ሺ௏ሻܥ − ହ,ଷ,௡ߣ௡ሺ௏ሻܦ = ܽ௡ሺ௏ሻܧ௡ሺ௏ூሻ ହܻ,ଵ,௡ − ௡ሺ௏ܭ ହܻ,ଶ,௡ − ௡ሺ௏ሻܧ ହܻ,ଷ,௡ = ܾ௡ሺ௏ሻܦ௡ሺ௏ூሻߝହ,ଵ,௡ + ହ,ଶ,௡ߝ௡ሺ௏ሻܥ − ହ,ଷ,௡ߝ௡ሺ௏ሻܦ = Ͳܧ௡ሺ௏ூሻߟହ,ଵ,௡ + ହ,ଶ,௡ߟ௡ሺ௏ሻܭ − ହ,ଷ,௡ߟ௡ሺ௏ሻܧ = Ͳߣହ,ଵ,௡ = ͳ − (ܴெሺ௏ூሻܴ௠ሺ௏ூሻ)−ଶ௡ߣହ,ଶ,௡ = ͳߣହ,ଷ,௡ = (ܴெሺ௏ሻܴ௠ሺ௏ሻ)−௡

ହܻ,ଵ,௡ = ͳ − (ܴெሺ௏ூሻܴ௠ሺ௏ூሻ)−ଶ௡ହܻ,ଶ,௡ = ͳ
ହܻ,ଷ,௡ = (ܴெሺ௏ሻܴ௠ሺ௏ሻ)−௡ߝହ,ଵ,௡ = [ͳ + (ܴெሺ௏ூሻܴ௠ሺ௏ூሻ)−ଶ௡] ∙ µሺ௏ሻµሺ௏ூሻߝହ,ଶ,௡ = ͳߝହ,ଷ,௡ = (ܴெሺ௏ሻܴ௠ሺ௏ሻ)−௡ߟହ,ଵ,௡ = [ͳ + (ܴெሺ௏ூሻܴ௠ሺ௏ூሻ)−ଶ௡] ∙ µሺ௏ሻµሺ௏ூሻߟହ,ଶ,௡ = ͳߟହ,ଷ,௡ = (ܴெሺ௏ሻܴ௠ሺ௏ሻ)−௡
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ʹሺ�ఈ + �௥ሻ −ʹ. �௥ Ͳ −ʹ.�ఈ Ͳ Ͳ Ͳ Ͳ Ͳ−ʹ.�௥ ʹሺ�ఈ + ʹ�௥ሻ −ʹ. �௥ Ͳ −ʹ.�ఈ Ͳ Ͳ Ͳ ͲͲ −ʹ.�௥ ʹሺ�ఈ + �௥ሻ Ͳ Ͳ −ʹ.�ఈ Ͳ Ͳ Ͳ−ʹ.�ఈ Ͳ Ͳ ʹሺʹ�ఈ +�௥ሻ −ʹ. �௥ Ͳ −ʹ.�ఈ Ͳ ͲͲ −ʹ.�ఈ Ͳ −ʹ.�௥ Ͷሺ�ఈ + �௥ሻ −ʹ. �௥ Ͳ −ʹ.�ఈ ͲͲ Ͳ −ʹ.�ఈ Ͳ −ʹ.�௥ ʹሺʹ�ఈ +�௥ሻ Ͳ Ͳ −ʹ.�ఈͲ Ͳ Ͳ −ʹ.�ఈ Ͳ Ͳ ʹሺ�ఈ + �௥ሻ −ʹ. �௥ ͲͲ Ͳ Ͳ Ͳ −ʹ.�ఈ Ͳ −ʹ.�௥ ʹሺ�ఈ + ʹ�௥ሻ −ʹ. �௥Ͳ Ͳ Ͳ Ͳ Ͳ −ʹ.�ఈ Ͳ −ʹ.�௥ ʹሺ�ఈ + �௥ሻ) 

   
   

( 
   
   

ଵܷ,ଵଵܷ,ଶଵܷ,ଷܷଶ,ଵܷଶ,ଶܷଶ,ଷܷଷ,ଵܷଷ,ଶܷଷ,ଷ) 
   
   =

( 
   
   
−�ఈ,௜,௝ − �௥,௜,௝−�ఈ,௜,௝−�ఈ,௜,௝ − �௥,௜,௝−�௥,௜,௝Ͳ−�௥,௜,௝−�ఈ,௜,௝ − �௥,௜,௝−�ఈ,௜,௝−�ఈ,௜,௝ − �௥,௜,௝) 

   
   



  Annexe C : page 211 

 

 

,ݎሺ௞,௜ሻሺܣ ሻߙ = ܺ଴ሺ௞,௜ሻ + ଴ܻሺ௞,௜ሻ ln ( (ெሺ௞,௜ሻܴݎ
௡ሺ௞,௜ሻܥ)∑+ ( ெሺ௞,௜ሻ)௡ܴݎ + ௡ሺ௞ሻܦ ቆ ௠ሺ௞,௜ሻቇ−௡ܴݎ + ܽ௡ሺ௞,௜ሻ)ே
௡≥ଵ �osሺ݊. ሻߙ

௡ሺ௞,௜ሻܭ)∑+ ( ெሺ௞,௜ሻ)௡ܴݎ + ௡ሺ௞,௜ሻܧ ቆ ௠ሺ௞,௜ሻቇ−௡ܴݎ + ܾ௡ሺ௞,௜ሻ)ே
௡≥ଵ sinሺ݊. ሻߙ

{  
  ܽ௡ሺ௞,௜ሻ = −݊. ௡ሺ௞,௜ሻܯሺ௞,௜ሻ݌ sin(݊. .݊−ሺ௞,௜ሻ൯ߠ ሺ௞,௜ሻ²݌ ܴ௔௩ሺ௞,௜ሻܾ௡ሺ௞,௜ሻ = −݊. ௡ሺ௞,௜ሻܯሺ௞,௜ሻ݌ �os(݊. .݊−ሺ௞,௜ሻ൯ߠ ሺ௞,௜ሻ²݌ ܴ௔௩ሺ௞,௜ሻ

,ܫ ,ܫܫ݅ ݅ ,ܫܫܫ ,ܸܫ݅ ,ݍ ݅

ሻ݅,ܫሺܯሻܴ݅,ܫܫሺܯሻܴ݅,ܫܫܫሺܯሻܴ݅,ܸܫሺܯܴ

ܴሺܸ݉ܫ,݅ሻܴሺ݉ܫܫܫ,݅ሻܴሺ݉ܫܫ,݅ሻ
ܴሺ݉ܫ,݅ሻ

ݍ = ͳ ߚ

݅ ݅

݅
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,ݎሺூ,௜ሻሺܣ ሻߙ =∑൮ܥ௡ሺூ,௜ሻ ቌ( ெሺூ,௜ሻ)௡ܴݎ − (ܴ௠ሺூ,௜ሻܴெሺூ,௜ሻ)௡ ቆ ௠ሺூ,௜ሻቇܴݎ
−௡ቍ)ே

௡≥ଵ �osሺ݊. ሻߙ
+∑൮ܭ௡ሺூ,௜ሻ ቌ( ெሺூ,௜ሻ)௡ܴݎ − (ܴ௠ሺூ,௜ሻܴெሺூ,௜ሻ)௡ ቆ ௠ሺூ,௜ሻቇܴݎ

−௡ቍ)ே
௡≥ଵ sinሺ݊. ሻߙ

,ݎሺூூ,௜ሻሺܣ ሻߙ ௡ሺூூ,௜ሻܥ)∑= ( ெሺூூ,௜ሻ)௡ܴݎ + ௡ሺூூ,௜ሻܦ ቆ ௠ሺூூ,௜ሻቇ−௡ܴݎ + ܽ௡ሺூூ,௜ሻ)ே
௡≥ଵ �osሺ݊. ሻߙ

௡ሺூூ,௜ሻܭ)∑+ ( ெሺூூ,௜ሻ)௡ܴݎ + ௡ሺூூ,௜ሻܧ ቆ ௠ሺூூ,௜ሻቇ−௡ܴݎ + ܾ௡ሺூூ,௜ሻ)ே
௡≥ଵ sinሺ݊. ሻߙ

,ݎሺூூூ,௜ሻሺܣ ሻߙ = ௡ሺூூூ,௜ሻܥ)∑ ( ெሺூூூ,௜ሻ)௡ܴݎ + ௡ሺூூூ,௜ሻܦ ቆ ௠ሺூூூ,௜ሻቇ−௡)ேܴݎ
௡≥ଵ �osሺ݊. ሻߙ

௡ሺூூூ,௜ሻܭ)∑+ ( ெሺூூூ,௜ሻ)௡ܴݎ + ௡ሺூூூ,௜ሻܧ ቆ ௠ሺூூூ,௜ሻቇ−௡)ேܴݎ
௡≥ଵ sinሺ݊. ሻߙ

,ݎሺூ௏,௤,௜ሻሺܣ ሻߙ = ܺ଴ሺூ௏,௤,௜ሻ + ଴ܻሺூ௏,௤,௜ሻ ln ( (ெሺூ௏ሻܴݎ
 )௞ሺூ௏,௤,௜ሻܥ∑+ 

 ( ெሺூ௏ሻ)௞ܴݎ
�ఉ − (ܴெሺூ௏ሻܴ௠ሺூ௏ሻ)௞

�ఉ ቆ ௠ሺூ௏ሻቇܴݎ
−௞�ఉ

) 
 ேೂ

௞≥ଵ �os (݇ ߚߨ ߙ) + ߚʹ + ʹ. .ݍ ܳߨ ))
 

{  
ߙ�ሺூ,௜ሻܣ�   ⌋௥=ோ�ሺ�,�ሻ = ߙ�ሺூூ,௜ሻܣ� ⌋௥=ோ೘ሺ��,�ሻͳµூ ⋅ ݎ�ሺூ,௜ሻܣ� ⌋௥=ோ�ሺ�,�ሻ = ͳµூூ ⋅ ݎ�ሺூூ,௜ሻܣ� ⌋௥=ோ೘ሺ��,�ሻ

௡ሺூ,௜ሻܥ ቌͳ + (ܴ௠ሺூ,௜ሻܴெሺூ,௜ሻ)ଶ௡ቍµூூµூ − ௡ሺூூ,௜ሻܥ (ܴ௠ሺூூ,௜ሻܴெሺூூ,௜ሻ)௡ + ௡ሺூூ,௜ሻܦ = Ͳ
௡ሺூ,௜ሻܭ ቌͳ + (ܴ௠ሺூ,௜ሻܴெሺூ,௜ሻ)ଶ௡ቍµூூµூ − ௡ሺூூ,௜ሻܭ (ܴ௠ሺூூ,௜ሻܴெሺூூ,௜ሻ)௡ + ௡ሺூூ,௜ሻܧ = Ͳ
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ߙ�ሺூ,௜ሻܣ� ⌋௥=ோ�ሺ�,�ሻ = ߙ�ሺூூ,௜ሻܣ� ⌋௥=ோ೘ሺ��,�ሻܥ௡ሺூ,௜ሻ ቌͳ − (ܴ௠ሺூ,௜ሻܴெሺூ,௜ሻ)ଶ௡ቍ − ௡ሺூூ,௜ሻܥ (ܴ௠ሺூூ,௜ሻܴெሺூூ,௜ሻ)௡ − ௡ሺூூ,௜ሻܦ = ܽ௡ሺூூ,௜ሻ
௡ሺூ,௜ሻܭ ቌͳ − (ܴ௠ሺூ,௜ሻܴெሺூ,௜ሻ)ଶ௡ቍ − ௡ሺூூ,௜ሻܭ (ܴ௠ሺூூ,௜ሻܴெሺூூ,௜ሻ)௡ − ௡ሺூூ,௜ሻܧ = ܾ௡ሺூூ,௜ሻ

ሺூூ,௜ሻ⌋௥=ோ�ሺ��,�ሻܣ = ௡ሺூூ,௜ሻܥሺூூூ,௜ሻ⌋௥=ோ೘ሺ���,�ሻܣ + ௡ሺூூ,௜ሻܦ (ܴெሺூூ,௜ሻܴ௠ሺூூ,௜ሻ)−௡ − ௡ሺூூூ,௜ሻܥ (ܴ௠ሺூூூ,௜ሻܴெሺூூூ,௜ሻ)௡ − ௡ሺூூூ,௜ሻܦ = −ܽ௡ሺூூ,௜ሻ
௡ሺூூ,௜ሻܭ + ௡ሺூூ,௜ሻܧ (ܴெሺூூ,௜ሻܴ௠ሺூூ,௜ሻ)−௡ − ௡ሺூூூ,௜ሻܭ (ܴ௠ሺூூூ,௜ሻܴெሺூூூ,௜ሻ)௡ − ௡ሺூூூ,௜ሻܧ = −ܾ௡ሺூூ,௜ሻ

ݎ�ሺூூ,௜ሻܣ� ⌋௥=ோ�ሺ��,�ሻ = ݎ�ሺூூூ,௜ሻܣ� ⌋௥=ோ೘ሺ���,�ሻ
௡ሺூூ,௜ሻܥ − ௡ሺூூ,௜ሻܦ (ܴெሺூூ,௜ሻܴ௠ሺூூ,௜ሻ)−௡ − ௡ሺூூூ,௜ሻܥ (ܴ௠ሺூூூ,௜ሻܴெሺூூூ,௜ሻ)௡ + ௡ሺூூூ,௜ሻܦ = Ͳ
௡ሺூூ,௜ሻܭ − ௡ሺூூ,௜ሻܧ (ܴெሺூூ,௜ሻܴ௠ሺூூ,௜ሻ)−௡ − ௡ሺூூூ,௜ሻܥ (ܴ௠ሺூூூ,௜ሻܴெሺூூூ,௜ሻ)௡ + ௡ሺூூூ,௜ሻܦ = Ͳ

ܿ௡,௠,௤ ௡,௠,௤ݏ
ݎ�ሺூூூ,௜ሻܣ� ⌋௥=ோ�ሺ���,�ሻ = {

ݎ�ሺூ௏,௤,௜ሻܣ� ⌋௥=ோ�ሺ���,�ሻ ∀ Ƚ ∈ [Ƚq; Ƚq + Ⱦ]Ͳ  �ls�wh���
௡ሺூூூ,௜ሻ݊ܥ − ௡ሺூூூ,௜ሻ݊ܦ (ܴெሺூூூ,௜ሻܴ௠ሺூூூ,௜ሻ)−௡ −∑∑ ߚ݇ ௠ሺூ௏,௤,௜ሻܥ ቌ(ܴ௠ሺூ௏ሻܴெሺூ௏ሻ)௠

�ఉ − (ܴெሺூ௏ሻܴ௠ሺூ௏ሻ)௠
�ఉቍ ௡,௠,௤ேೂݏ

௠=ଵ
ொ
௤=ଵ

−ͳߨ∑ ଴ܻሺூ௏,௤,௜ሻ [sinሺ݊ߙሻ݊ ]ఈ೜ఈ೜+ఉ
ொ
௤=ଵ = Ͳ
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௡ሺூூூ,௜ሻ݊ܭ − ௡ሺூூூ,௜ሻ݊ܧ (ܴெሺூூூ,௜ሻܴ௠ሺூூூ,௜ሻ)−௡ − ͳߨ∑ ଴ܻሺூ௏,௤,௜ሻ [sinሺ݊ߙሻ݊ ]ఈ೜ఈ೜+ఉ
ொ
௤=ଵ
−∑∑ ߚ݇ ௠ሺூ௏,௤,௜ሻܥ ቌ(ܴ௠ሺூ௏ሻܴெሺூ௏ሻ)௠

�ఉ − (ܴெሺூ௏ሻܴ௠ሺூ௏ሻ)௠
�ఉቍ ܿ௡,௠,௤ேೂ

௠=ଵ
ொ
௤=ଵ = Ͳ

ܿ௡,௠,௤ = ݊. ሺ−ͳሻ௠)²ߚ �os(݊. ሺߙ௤ + ሻ൯ߚ − �os(݊. ²ߨ௤൯൯݉²ߙ − ²ߚ²݊
௡,௠,௤ݏ = −݊. ሺ−ͳሻ௠)²ߚ sin(݊. ሺߙ௤ + ሻ൯ߚ − sin(݊. ²ߨ௤൯൯݉²ߙ − ²ߚ²݊

ሺூ௏,௤,௜ሻ|ோ೘ሺ��ሻܣ = ሺூூூ,௜ሻ|ோ೘ሺ��ሻܣ
ܺ଴ሺூ௏,௤,௜ሻ + ଴ܻሺூ௏,௤,௜ሻ ݈݊ (ܴ௠ሺூ௏ሻܴெሺூ௏ሻ) −∑ܥ௡ሺூூூ,௜ሻே

௡=ଵ
ͳߚ [sinሺ݊. ሻ݊ߙ ]ఈ೜ఈ೜+ఉ

௡ሺூூூ,௜ሻேܦ∑−
௡=ଵ

ͳߚ (ܴெሺூூூ,௜ሻܴ௠ሺூூூ,௜ሻ)−௡ [sinሺ݊. ሻ݊ߙ ]ఈ೜ఈ೜+ఉ ௡ሺூூூ,௜ሻேܭ∑−
௡=ଵ

ͳߚ [− �osሺ݊. ሻ݊ߙ ]ఈ೜ఈ೜+ఉ
௡ሺூூூ,௜ሻேܧ∑−
௡=ଵ

ͳߚ (ܴெሺூூூ,௜ሻܴ௠ሺூூூ,௜ሻ)−௡ [− �osሺ݊. ሻ݊ߙ ]ఈ೜ఈ೜+ఉ = Ͳ
௠ሺூ௏,௤,௜ሻܥ ቌ(ܴ௠ሺூ௏ሻܴெሺூ௏ሻ)௠

�ఉ − (ܴெሺூ௏ሻܴ௠ሺூ௏ሻ)௠
�ఉቍ ௡ሺூூூ,௜ሻܥ∑− ߚʹ ௡,௠,௤ேݏ

௡=ଵ
௡ሺூூூ,௜ሻܦ∑− ߚʹ (ܴெሺூூூ,௜ሻܴ௠ሺூூூ,௜ሻ)−௡ ௡,௠,௤ேݏ
௡=ଵ ௡ሺூூூ,௜ሻܭ∑− ߚʹ ܿ௡,௠,௤ே

௡=ଵ ௡ሺூூூ,௜ሻܧ∑− ߚʹ (ܴெሺூூூ,௜ሻܴ௠ሺூூூ,௜ሻ)−௡ ܿ௡,௠,௤ே
௡=ଵ = Ͳ
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.௭ ଵܮ ܺ଴ሺூ௏,௤+ଵ,ଵሻ − .௭ ଵܮ ܺ଴ሺூ௏,௤,ଵሻ ௭ ଶܮ∑− ௡ሺூூூ,ଶሻܥ) + ௡ሺூூூ,ଶሻܦ (ܴெሺூூூ,ଶሻܴ௠ሺூூூ,ଶሻ)−௡)ே
௡=ଵ [�osሺ݊ߙሻ]ఈ೜+�ఈ೜+భ

௭ ଶܮ∑− ௡ሺூூூ,ଶሻܭ) + ௡ሺூூூ,ଶሻܧ (ܴெሺூூூ,ଶሻܴ௠ሺூூூ,ଶሻ)−௡)ே
௡=ଵ [sinሺ݊ߙሻ]ఈ೜+�ఈ೜+భ − .௭ ଶܮ ଴ܻሺூ௏,௤,ଶሻ ݈݊ (ܴ௠ሺூ௏ሻܴெሺூ௏ሻ)− ∑  ேೂ

௠=ଵ .௭ ଶܮ ௠ሺூ௏,௤,ଶሻቌ(ܴ௠ሺூ௏ሻܴெሺூ௏ሻ)௠ܥ
�ఉ − (ܴெሺூ௏ሻܴ௠ሺூ௏ሻ)௠

�ఉቍ ሺ−ͳሻ௠ − .௭ ଶܮ ଴ܻሺூ௏,௤+ଵ,ଶሻ ݈݊ (ܴ௠ሺூ௏ሻܴெሺூ௏ሻ)
− ∑  ேೂ
௠=ଵ .௭ ଶܮ ௠ሺூ௏,௤+ଵ,ଶሻቌ(ܴ௠ሺூ௏ሻܴெሺூ௏ሻ)௠ܥ

�ఉ − (ܴெሺூ௏ሻܴ௠ሺூ௏ሻ)௠
�ఉቍ = Ͳ

.௭ ଶܮ ܺ଴ሺூ௏,௤+ଵ,ଵሻ − .௭ ଶܮ ܺ଴ሺூ௏,௤,ଵሻ ௭ ଵܮ∑− ௡ሺூூூ,ଵሻܥ) + ௡ሺூூூ,ଵሻܦ (ܴெሺூூூ,ଵሻܴ௠ሺூூூ,ଵሻ)−௡)ே
௡=ଵ [�osሺ݊ߙሻ]ఈ೜+�ఈ೜+భ

௭ ଵܮ∑− ௡ሺூூூ,ଵሻܭ) + ௡ሺூூூ,ଵሻܧ (ܴெሺூூூ,ଵሻܴ௠ሺூூூ,ଵሻ)−௡)ே
௡=ଵ [sinሺ݊ߙሻ]ఈ೜+�ఈ೜+భ − .௭ ଵܮ ଴ܻሺூ௏,௤,ଵሻ ݈݊ (ܴ௠ሺூ௏ሻܴெሺூ௏ሻ)− ∑  ேೂ

௠=ଵ .௭ ଵܮ ௠ሺூ௏,௤,ଵሻቌ(ܴ௠ሺூ௏ሻܴெሺூ௏ሻ)௠ܥ
�ఉ − (ܴெሺூ௏ሻܴ௠ሺூ௏ሻ)௠

�ఉቍ ሺ−ͳሻ௠ − .௭ ଵܮ ଴ܻሺூ௏,௤+ଵ,ଵሻ ݈݊ (ܴ௠ሺூ௏ሻܴெሺூ௏ሻ)
− ∑  ேೂ
௠=ଵ .௭ ଵܮ ௠ሺூ௏,௤+ଵ,ଵሻቌ(ܴ௠ሺூ௏ሻܴெሺூ௏ሻ)௠ܥ

�ఉ − (ܴெሺூ௏ሻܴ௠ሺூ௏ሻ)௠
�ఉቍ = Ͳ



  Annexe D : page 216 

 

 

ு௉ே݌௅௉ே݌
݁ሺூሻ݁ሺ௏ሻ݁ሺூூூሻ݁ሺ௑ሻ݁ሺ௏ூሻߜ௅௉ேߜு௉ே

µሺூሻ − µሺ௏ሻµሺூூூሻ ∞µሺ௑ሻ − µሺ௏ூሻ ∞µሺ௑ሻ − µሺ௏ூሻ
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ு௉ே݌௅௉ே݌
݁ሺூሻ݁ሺ௏ሻ݁ሺூூூሻ݁ሺ௑ሻ݁ሺ௏ூሻߜ௅௉ேߜு௉ே
 ெ ℎܬ ெ ௟ܬ ெ ℎܦ ெ ௟ܦ

௥ܲ௔௧௘ௗ௥ܰ௔௧௘ௗ௥ܶ௔௧௘ௗ ்ܬܴ
ܴ௦  ீܬ௠�ீ݌௦ܮ�
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௅௉ே݌ ு௉ே݌ / 
௅௉ே�௅௉ேµሺூூூூሻܮு௉ேߜ / ௅௉ேߜு௉ே݁ሺூூ,௅௉ேሻ݁ሺூூ,௅௉ேሻ݁ሺூூூሻ݁ሺூ,௅௉ேሻ݁ሺூ,ு௉ேሻܮ / ௅௉ேܮ ∞µሺூூሻµሺூሻ

 

௅௉ே݌ ு௉ே݌
ு௉ே݁ሺூூ,௅௉ேሻ݁ሺூூ,௅௉ேሻ݁ሺூூூሻ݁ሺூ,௅௉ேሻ݁ሺூ,ு௉ேሻߜ/௅௉ேߜ௭ ଶܮ௭ ଵܮ
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௅௉ே݌ ு௉ே݌
ு௉ேߜ/௅௉ேߜሺூሻ݁ሺ௏ሻ݁ሺூூூሻ݁ሺ௑ሻ݁ሺ௏ூሻ݁ܮ
�µ݇ℎ݇௘݇௘௫ߛ



  Annexe D : page 220 

 

௅௉ே݌ ு௉ே݌
ு௉ேூܲ௥௢௡ሺ௑ሻߜ/௅௉ேߜሺூሻ݁ሺ௏ሻ݁ሺூூூሻ݁ሺ௑ሻ݁ሺ௏ூሻ݁ܮ
ாܲௗௗ௬ሺூሻ
ூܲ௥௢௡ሺூூூሻ
ாܲௗௗ௬ሺ௏ሻ
ூܲ௥௢௡ሺ௏ூሻ
�µ݇ℎ݇௘݇௘௫ߛ
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௅௉ே݌ ு௉ே݌
௠௔௚௡ܩ
௅௉ேܮ௠௔௚௡ܩ ு௉ேܭ / ௅௉ேܭு௉ேߜ/௅௉ேߜொ݁ሺூሻ݁ሺ௏ሻ݁ሺூூூሻ݁ሺ௑ሻ݁ሺ௏ூሻܮு௉ேܮ
௦ܰ௣௜௥௘
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ௌ்ߣ ௐܸ�் ௣ܥ௟ሶߠ ௌ்ߣ ߠ

{  
,௣ሺɅܥ   ௌሻ்ߣ = Ͳ.ʹʹ (ͳͳ͸ߚ − Ͳ.Ͷߠ − ͷ) ݁−ଵଶ.ହఉ

ߚ  = ͳͳ்ߣௌ + Ͳ.Ͳͺߠ − Ͳ.Ͳ͵ͷߠଷ + ͳܶௐ
்ܶ

ௐܶ = ͳʹ ,௣ሺɅܥ .ௌሻ்ߣ ɏ. Ɏ. Rଶ ௐܸଷߠ௟ሶ
௧௢௪௘௥ܨ ଴ ௠ ଶܶௐܨ ்ܶ

ܸܹ ܸܹ 
ܸ ܹ 

ሶ݈ߠ ܹܸ ሶ݈ߠ
ℎሶߠ ℎሶߠ  ℎሶܶܶߠ

ܶܶ 

ߠ ܩܶ ܩܶ
ߠ

ܲ  ݂݁ݎ

 ݂݁ݎܲ

ܷ݀ 

ܷ݀ 

 ݍܷ ݍܷ

݅݀ 

 ݍ݅

 ݍ݅

݅݀ 
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்ܶ = ௐܶ ቀͳ + Ͳ.ͳͳ(sin(͵ߠ௟ሶ ൯ − ͳ൯ + Ͳ.Ͳͳ(sin(͸ߠ௟ሶ ൯ − ͳ൯ + Ͳ.Ͳ͵(sin(ͻߠ௟ሶ ൯ − ͳ൯ቁ

ௐܸ ௥ܸ௔௧௘ௗ ଴ߠ ,଴ሺɅߠ ௌሻ்ߣ ௣ܥ ,௣ሺɅܥ ଴ߠௌሻ்ߣ = Ͳ ଴ߣ = ͸,͵ʹ ௐܸ < ௥ܸ௔௧௘ௗ

ௌ்ߣ௣ܥ ߠ
ௐܸ ௥ܸ௔௧௘ௗ ௣ܥߠ ௌ்ߣ ߠ

,ߠ௣ሺܥ ௌሻ்ߣ =  ௥ܲ௔௧௘ௗͳʹ . ɏ. Ɏ. Rଶ ௐܸଷ
ௌ்ߣ = .଴ߣ ௥ܸ௔௧௘ௗௐܸ

்ܶ ௜ܶ௡ ܶீ ௢ܶ௨௧
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ܴ௦ ௦ܮ ݅ௗ ݀ ݅௤ݍ ܷௗ ݀ ௤ܷݍ ீ݌ �௠
{ ܴ௦. ݅ௗሺݐሻ + ௦ܮ ݀݅ௗሺݐሻ݀ݐ = . ௦ܮ ீ݌ . ℎሶߠ ሺݐሻ. ݅௤ሺݐሻ − ܷௗሺݐሻܴ௦. ݅௤ሺݐሻ + ௦ܮ ݀݅௤ሺݐሻ݀ݐ = ீ݌ . ℎሶߠ ሺݐሻ. �௠ − ௦ܮ  . ℎሶߠ . ݅ௗሺݐሻ − ܷ௤ሺݐሻܶீீ݌ �௠ ݅௤

ܶீ ሺݐሻ = ͵ʹ �௠. ீ݌ . ݅௤ሺݐሻ

 � ௟ߠ

ெܶ ௟ ெܶ ℎ 

 ℎߠ

௟ሶߠ  ்ܶ ெܶ ௠௔௫ ݌௟ 
 ℎ݌

−ͳܩ௠ 

ͳs 
ͳs ͳܬெ ௟ . ݏ +  ெ ௟ sinሺ�ሻܦ

ℎሶߠ  ͳܬெ ℎ . ݏ + ீܶ ெ ℎܦ  

ℎሶߠ  
ܷ௤ 

ܷௗ 
 ீ݌

�௠ ܶீ  

݅௤ 

݅ௗ 
͵ʹ�௠.  ீ݌

 ௦ܮ
 ௦ܮ

ͳܮ௦. ݏ + ܴ௦ 

ͳܮ௦. ݏ + ܴ௦ 
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ܷௗ ௤ܷ ଵܲܫଵ

 ݅௤∗ଶܲ ଶܫ
{ ଵܲ = −Ͳ.Ͳ͸         ܫଵ = −͵.ͷଶܲ = −ͷ         ܫଶ = −Ͳ.Ͳͳ͵ͺ ℎ∗ሶௐܸߠ ௥ܸ௔௧௘ௗ ℎ∗ሶௐܸߠ ௥ܸ௔௧௘ௗ ℎ∗ሶߠ

ℎ∗ሶߠ = .଴ߣ  ௐܸ . ீ݌ . ௠ܴܩ
ℎ∗ሶߠ = .ௌ்ߣ  ௥ܸ௔௧௘ௗ . ீ݌ . ௠ܴܩ

ℎሶߠ  
ܷ௤ 

ܷௗ 
݅௤ ݅ௗ 

ௐܸ ߠℎሶ ∗ 
݅ௗ∗  

݅௤∗ 
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