
HAL Id: hal-00021292
https://hal.science/hal-00021292

Submitted on 20 Mar 2006

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Annulation d’un signal périodique à travers une fonction
de transfert périodique

Pierre Granjon, Christine Serviere, Albert Foggia

To cite this version:
Pierre Granjon, Christine Serviere, Albert Foggia. Annulation d’un signal périodique à travers une
fonction de transfert périodique. 17ème Colloque sur le traitement du signal et des images (GRETSI
99), 1999, Vannes, France. http://hdl.handle.net/2042/12999. �hal-00021292�

https://hal.science/hal-00021292
https://hal.archives-ouvertes.fr


���������	��

����� ������� ��������������� �!���"����#"��$ % 
��&�('�$ �)�*����$,+-����./

����� ��$

��)�0����+1$ �2
3��� �&�������	#���$

46587:9;9;7/< =?>A@CB�DE@GFIHKJMLN9;58OQPR58SN7UTKVN=XWEY[Z-=\VKF]H-^
_8`K7:9RP!aMDGbEbEYc>Cd

F�eCfQg?H-h24ji�kMgN^lJnm2i2gpo�q�r�s
tvu�wyx 58SN7)zNSN58{�7:9|OR5}P x 589R7�H�~n4����-HNs�r���q��/g x 58S	P
� x 9RPR58S tC� �2� 9;7�O�H-�N9 x S-�:7

dIeCkM�UH-h!��i�Jnm2i2gpo�o��]�
tvu�wyx 58SN7)zNSN58{�7:9|OR5}P x 589R7�H�~n4����-HNs�r���q��/g x 58S	P
� x 9RPR58S tC� �2� 9;7�O�H-�N9 x S-�:7
�\�]�����v�j�����N�]�-�����-�	�-���G�������	�n�����j� �¢¡v�?�	�¢£?�X�-�j�;������¤?�¢���N���v�N�	�E���X���v�M�¥���

���]¦-����£M�¥�v�����K�]���v�	�]�n�¥�]�?���]�]�n�|�������n�§�	�

¨ ©	ªX«G¬­©&®°¯n±X²�³\´�µ¥±�´v±X³�±X¶�³\²	¶�·¹¸»º;¼¥½	±]¾�·G¾�·¹¿|±�¸»´v·|¶	³¥À�¼¥Á}±�¶)À:¿;¼¥ÁÃÂ¢·Ä¾�·;³\Â�ÁÃÅ�µQÀ:¼¥ÁÃ±X¶�³C¾-Æ ²	¶�·G¸ÇÀ�¿Q½	ÁÃ¶�·G³§È�¶	¿Q½�µ¥±�¶	·XÉ\ÊG·|¿|Á]µ¥·|Â]Á}·;¶]¼\ËnÀ�¶�¶]²	ÌÃ·;µ
²	¶�³�ÁÃÍX¶	À�Ì6´	ºRµ¥Á}±]¾�Á}Î]²�· Ë ¼�µQÀ�Â¢·;µ¥³)²�¶	·ÇÏc±�¶	¿;¼¥ÁÃ±X¶�¾�·Ç¼�µQÀ�¶�³§Ïc·;µ�¼)Ì}ÁÃ¶�º�À�ÁÐµ¥· ¶�±X¶�ÑÒ³§¼QÀ�¼¥Á}±�¶	¶	À�ÁÐµ¥·U´�º;µ¥ÁÃ±]¾�Á}ÎI²	·XÉ�¯M±X²�³&·;Ó�´�µ¥ÁÃ¸»±�¶	³&ÌÃ·|³&¿|±I·;Ô»¿|ÁÃ·|¶I¼¥³
¾�·/Õ	±X²�µ¥ÁÃ·;µÇ¾�²�³�ÁÃÍX¶	À�ÌM¾�·Ö¿|±X¸»¸ÇÀ:¶�¾�·X×A´�µ¥º�À:ÌØÀ:Å	ÌÃ·|¸»·|¶I¼&¸»±X¶I¼�µ¥º/´�º;µ¥ÁÃ±]¾�Á}ÎI²	·XÉ�ÊG·;³)¿|±I·;Ô»¿;Á}·;¶]¼¥³»¿;±X¶]Â¢·;µ¥Í�·|¶I¼)Â¢·;µ¥³)¾�·|³)Â�À�ÌÃ·|²�µ¥³)±X´�¼¥ÁÃ¸ÇÀ�ÌÃ·|³
³§¼QÀ:¼¥ÁÃ±X¶�¶�À:ÁÃµ¥·;³|×K¸ÇÀ:Ì}Í:µ¥º!Ì}ÀÖ¶	±X¶�ÑÒ³§¼QÀ:¼¥ÁÃ±X¶�¶�À:µ¥ÁÐ¼¥º&¾�² ¼�µQÀ�¶�³§Ïc·;µ�¼�É
ÙM¶(À�ÌÃÍX±:µ¥ÁÃ¼¥½�¸»·)¾�²yÍ�µQÀX¾�ÁÃ·|¶I¼�·|³§¼�·|¶�³�²	ÁÐ¼¥·2´�µ¥±X´v±�³�º)·;¼M¼¥·|³§¼¥º&³�²�µ�¾�·;³Ú³�ÁÃÍX¶�À:²�Ó
¾�·ÚÂ]ÁÃÅ�µQÀ�¼¥ÁÃ±X¶1É

Û(Ü ª�Ý:ÞIßNà�Ý�®âá°·Ö´�µ¥±X´v±�³�·UÀ:¶�À:¿;¼¥ÁÃÂ¢·Ö¿|±X¶I¼�µ¥±XÌG¸»·;¼¥½	±]¾°±:Ïj³§È�¶�¿R½�µ¥±X¶�±X²	³2¸ÇÀ�¿Q½	ÁÃ¶�·ÖÂ]ÁÃÅ�µQÀ�¼¥ÁÃ±X¶	³|É(ãÒ¼&¿|±�¸»·|³!¼¥±y¿|À�¶	¿;·|ÌÄÀy´v·;µ¥ÁÃ±]¾�ÁÃ¿U³�ÁÃÍ�¶�À�Ì
¼¥½�µ¥±�²	ÍX½)À
´v·Rµ¥Á}±]¾�ÁÃ¿�À�ÌÃÌÐÈ)¼¥ÁÃ¸»·;ÑÒÂXÀ�µ�È�Á}¶�ÍM¼�µQÀ:¶	³§Ïc·RµGÏc²�¶	¿;¼¥ÁÃ±�¶1É?á°·j·RÓ�´�µ¥·|³�³C¼¥½	·6ÁÃ¶	´	²�¼A³�Á}Í�¶�À:ÌvÕ	±X²�µ¥ÁÃ·;µG¿;±I·;Ô»¿|ÁÃ·|¶I¼¥³|×Iä	µ¥³§¼E³�½	±�å6¶»´v·;µ¥ÁÃ±]¾�Á}¿�ÉAæ¹½	·;È
¿|±X¶]Â¢·Rµ¥ÍX·6¼¥±!³§¼QÀ�¼¥Á}±�¶�À�µ�ÈÇÂXÀ:Ì}²�·|³|×]ÁÃ¶/³�´�ÁÐ¼¥·n±�Ï-¼¥½	·6¼¥ÁÃ¸»·;ÑÒÂXÀ�µ�È�Á}¶�ÍÚ¼�µQÀ�¶�³§Ïc·;µ¹Ï8²	¶�¿;¼¥ÁÃ±X¶1ÉAçèÍ:µQÀX¾�ÁÃ·|¶I¼6¾�·|³�¿|·|¶I¼¹À�ÌÃÍX±:µ¥ÁÃ¼¥½�¸âÁÃ³¹¶	·RÓ�¼G¾�·;Â¢·|ÌÃ±X´v·�¾N×�À�¶	¾
ÁÐ¼¥³6µ¥·;³�²	ÌÐ¼¥³6±X¶Uµ¥·�À:Ì1Â]ÁÃÅ�µQÀ�¼¥ÁÃ±X¶ ³�ÁÃÍX¶	À�ÌÃ³MÀ:µ¥·�ÁÃ¶]Â¢·|³§¼¥ÁÃÍ¢À�¼¥·�¾-É

é êKë/ìAí¹îyï ð°ñjìEò�îÇë

e � u 9R58ó�58SN7 t 70�:7�PQP;70ô:PRz t 707�OQP(zNS�õN9 u `N_ �:w 7 t 70� u�w õK7:S1O x]ö
P;5 u S x ��PR58{�7 t 7�O/{�5Ø`N9 x P;5 u S-O t\� z-SN7 wyx �|LN5ØS-7°OR÷�S-�|LN9 u SN7�ø�eA7
õN9;58S-��58õ17/õNL�÷vOQ5cù	zN7/zNPR58_Ø5cOQô/7�OQP&_87 OQzN58{ x S	P/ú2zNSN7 t 7�O&` u `N58SN7�O
OQP x P u 9;5cù�z-7�O t 7y_ xpw x �|LN58SN7�HAû u S-��PR5 u SNS x S	P)7�S x _ØPR7:9;S x PR7:z-9Çü
{�5 t 7�H67XO¥P x _85 w 7�S	PRô:7°õ x 9Uz-S"� u zN9 x S	P/ý�þ ÿ � x�� S t 7p��9;ô:7�9/z-S
�|L x�w õ wyx ó�SNô�P;58ù	zN7 x�tNt 5}P;5 u SNSN7:_ x z �|L x�w õ wyx ó�SNô�P;58ù	zN7&S xIö
P;zN9R7�_ t 7Ç_ x(wyx �|LN58SN7�ø��!S�S u P;7��"_ x õ u OQ5ØPR5 u S x SNó�z-_ x 5Ø9;7»õ x 9
9 x õNõ u 9RP�ü/_ � x	� 7 t 7)_ x ` u `N58SN7�øMJM7»�|L x�w õ ó�ô:S � 9R7)OQz-9�_Ø7»OQP xIö
P u 9GzNSN7Mû u 9|��7�
Gþ ÿ
��� � H�7�P tvu S-�6zNS-7M{�58`N9 x PR5 u SÖORzNõNõ-_Øô w 7�S	P x 589;7
� þ ÿ
��� � ø eA7 `NzvP t 7(_ xpw ô�P;L uvt 7 õN9;ô�OR7:S	P;ô:7 tNx S1OÇ��7:P x 9RPR5c��_87
7XO¥P t\� ô:_ x ` u 9;7:9yz-S�� u zN9 x S	P t 7�� u�w wyx S t 7�ý�þÒÿ � ù�z-5
7:SNó�7:S ö
t 9;7)zNSN7){�5Ø`-9 x PR5 u SpO � u õNõ u O x S	P x z � {	58`N9 x P;5 u S-OnS x P;zN9R7�_Ø_87�O t 7
_ xywyx �|LN58SN7�ø!e x û u S-��PR5 u S t 7ÖPR9 x S-OQû 7:9RP2ó�_ u ` x _87Ç7:S	P;9R7Çý�þÒÿ � 7�P
� þ ÿ
��� � HÄ7 � õ u ORô:7(ü0_ x �G58ó-ø���H x ô:PRô t ô�PR7�9 w 58SNô:7 7�PU{ x _Ø5 t ô�7
tNx S-O����
�jú
� e x 9R7�_ x PR5 u S"_Ø5 x S	P ý|þÒÿ � ü�
Gþ ÿ
��� � 7XO¥PyzNS-7 w uvt zN_ x P;5 u S
t\� x�w õN_Ø5ØPRz t 7»õ x 9�z-SpOR58ó�S x _COQ58S�z-O u�� t-x _���þÒÿ
��� � ú

EþÒÿ
��� ����� �"!�# þ%$&� �
'��(!)# þ+*	,-$/.�02ÿ213$&� �

4 5
6 7098;:=< >�?
@ ý�þ ÿ � A �CB

uED � 7�OQPÖzNSN7 � u S1O¥P x S	PR7�HF$­7XO¥PÖ_87 S u�w `N9;7 t 7 õ x 589R7XO
t 7ÇõHG�_Ø7XO t 7Ç_ xywyx �|L-5ØSN7�H-7:PI. 0 O x û 9;ô�ù	zN7�S-��7 t 7Ç9 u P x]ö
PR5 u SCø JM7yOQ58ó�S x _ t 7 wUuvt z-_ x PR5 u S�õ17�zvPKJ�P;9R7 t ô:PR7:9 w 5ØS-ô
7:S»P;7 w õ-O ö 9;ô:7�_�õ x 9AzNS/� x õNPR7:z-9 x SNó�zN_ x 589;7ÄõN_ x ��ôM7:SÇ` u zvP
t\� x 9R`-9R7)9 u P u 9R5cù	zN7�ø
� eC7èOQ÷vOQP ��w 7 w ô�� x SN5cù	zN7 � u S1O¥P;5}P;zNô õ x 9�_87èO¥P x P u 9p7�OQP
wUuvt ô�_Ø5cORô/õ x 9!z-S�OR÷vO¥P �:w 7Ö_85ØS-ô x 589;7/7:P)OQP x PR5 u SNS x 5Ø9;7 t 7

û u S-��PR5 u S t 7
PR9 x S1O¥û 7�9QPMLyþN. � øMJM72P;9 x S-O¥û 7�9QPM7�OQPnORzNõNõ u ORô
x { u 5Ø9nô�P;ô»õN9Rô x _ x `N_87 w 7�S�PÚ5 t 7:S	PR5 � ô�ø

e x {	58`N9 x P;5 u S&ORzNõNõN_8ô w 7�S�P x 589R7 � þÒÿ
��� � 7:SNó�7:S t 9Rô�7Gõ x 9C_876� u zN9 x S	P
t 7n� u�wUwyx S t 7MO � x	O¥u zNPR7 x _ u 9;O x z � {	58`N9 x P;5 u S-OCS x PRzN9;7:_8_87�O t 7j_ x
wyx �|L-5ØSN7MPKþ ÿ
��� � õ u zN9Gû u 9 w 7:9¹_ x {�5Ø`-9 x PR5 u S»P u P x _Ø7 t z wUu PR7�zN9�ø
h2S x ����ô�_Øô�9 u�wU� PR9;7yõ17�9 w 7:P t\� 7:S w 7XOQz-9R7�9ÖzNSN7 5 wyx ó�7 S u PRô�7
Q þ ÿ
��� � 7�P x õ-õ17�_Øô�7!OR5Øó�S x _ t\� 7:9;9R7�zN9�øGeC7)OQõK7���PR9;7 t 7IP1þÒÿ
��� � 7�OQP
õN9;58S-��58õ x _87 w 7�S�PÄ� u S-OQPR5ØPRzNô t 7Ú9 x 5Ø7XOEORõK7���P;9 x _Ø7XO:H t 7nû 9;ô�ù	zN7�S-��7XO
L x 9 w u SN58ù	zN7XO/ü���7�_Ø_87 t 7 _ x û 9;ô�ù	zN7�S-��7 t 7p9 u P x PR5 u SR���(�§ø"JM7
OR5Øó�S x _17�OQP tvu S-� w uvt ô:_858ORô
õ x 96zNS 7�S-OR7 w `-_Ø7 t 72OQ58S�z-O uE�§t 7�O t 7
û 9;ô�ù	zN7�S-��7XOTSH. 0 A SVUXWYB�ø
eA7�O w ô�P;L uvt 7�O»�:_ x OROR5cù�z-7�O t 7y� u S�P;9�G�_Ø7 x ��PR5Øûn{�5cO x S�P»ü w 5ØS ö

 y(t,   )

m(t,   )α

αe(t,   )ν

non-stationnaire périodique

G(   )i(t)

α

α

 d(t,   )

α x(t,   )

fonction de transfert

�E58ó�z-9R7Z��úÄ� u S-��PR5 u S t 7&PR9 x S-OQû 7:9RP�ó�_ u ` x _Ø7 t zpOR÷�OQP ��w 7�ø
5 w 58OR7:9»_ x õNzN5cORO x S-�:7 t zèOQ58ó�S x _ t\� 7�9R9;7:z-9&7:PÇzvPR58_858O x S	P t 7�O x _ ö
ó u 9;5}P;L w 7�O x�tNx õvP x PR5ØûÒO
P;7 w õ u 9R7�_8O!P;7:_cO&ù	zN7U_87U� � eA�0g[� �vH?s�� H
u S�P t 7�O2õ17�9Qû u 9 wyx S-��7XOÚPR9 � O!_Ø5 w 5}P;ô:7XO
õ u zN9)��7:PQPR7 x õNõ-_Ø5c� x PR5 u S
t z�û x 5}P t 7y_ x S u S ö O¥P x P;5 u SNS x 9;5ØPRô t 7 _ x û u S1��PR5 u S t 7UPR9 x SNû 7:9RP
� ���§ø]\ x S1O �:70õ x õN5Ø7�9�H!��7�P°5ØS1� u S�{�ô:SN587:S	P 7XO¥Pp� u S�P u zN9;SNô�7�S
û x 58O x S	P x ó�589A_ � x _Øó u 9;5}P;L w 76OQzN9G_87�OA� u 7(^ ��587:S	P;O t 7n� u z-9R587:9 t 7j_ x
� u�w wyx S t 7�H¢õN9Rô x _ x `N_87 w 7�S�P w u S	PR9;ô:76õKô:9;5 u�t 58ù	zN7�ø¹JM7�O¹� u 7"^ ö



�:5Ø7�S�P|O6� u S�{�7:9;ó�7�S	PG{�7:9|O t 7�Oj{ x _Ø7�zN9|O u õvP;5 wyx _87�O����������
	����
����������H
�:7)ù	zN5Aõ17�9 w 7�P tC� x PQPRô�S�zN7:9Úû u 9QP;7 w 7:S	P�_Ø7ÇOR58ó�S x _ tC� 7�9R9;7:zN9Xø
\ x S-OC_ x OR7���PR5 u SÇ�vHXzNSN7Äô:PRz t 76PRLNô u 9;58ù	zN76� u S t z-5}PAüÚ_ � 7 � õN9R7XOROR5 u S
t 7 _ x � u�w w x S t 7 u õvP;5 wyx _87�HÄ7:P ü0zNS x _Øó u 9;5}P;L w 7 x�t-x õvP x PR5Øû
OR5 w õN_87Uõ17�9 w 7�PRP x S�P t 7 _ � x PQP;7:58S t 9;7�ø JM7:PQP;7 w ô:PRL uvt 7 7�OQP»7:S ö
ORzN5ØPR7 x õNõN_858ù	zNô�7ÖOQz-9 t 7XO!OR5Øó�S x z � OR÷	S	P;LNô�P;58ù	zN7XO
õNzN5cO&OQzN9 t 7�O
OR5Øó�S x z � 9Rô�7:_cO t 7»{�5Ø`N9 x P;5 u SCH x	� S t 7 O zNó�7:9 t 7ÇO u S°7(^ � x ��5ØPRô�ø

� ��ìEð°ï�� ì�����î»í¹ò�� ð��� ��! "$#�%'&)(�*,+.-/*1032546#7%8%9*,:;2.<>=�?
eA7�ORõ17X��PR9;7 t z OR5Øó�S x _ t 7�õ17�9QP;zN9R` x PR5 u S P1þÒÿ
��� � 7XO¥PpõN9;5ØS-�:5 ö
õ x _Ø7 w 7:S	P)� u S-OQPR5ØPRz-ô t\� L x 9 w u S-58ù	zN7XO t 7U_ x û 9;ô�ù	zN7�S-��7 t 7U9 u�ö
P x PR5 u S .	0/ø»4 u zN9 x PQP;7:58S t 9;7 t 7�O!P x z �0t\� x PQP;ô:S�z x PR5 u S�ô�_Ø7�{	ôXO:H
_ x � u S	PR9;7 ö {	58`N9 x P;5 u S � þÒÿ
��� � tvu 5}P J�PR9;76û u 9QP;7 w 7:S	P¹� u 9;9;ô:_8ô:7 x {�7X�
PKþ ÿ
��� � H�7:P tvu 5ØP tvu S-� x { u 589G7�_Ø_87 x z-OROR5 t 7XOj� u�w õ u O x S	PR7�OÄORõK7�� ö
P;9 x _Ø7XO 7:S SH.	0/ø eC70PR9 x S-OQû 7:9RP LyþN. � ô:P x S	P°_Ø58SNô x 5Ø9;7�7:P°OQP xIö
P;5 u SNS x 589;7�H
7:Pp_ x"wUuvt z-_ x PR5 u S t\� x]w õN_85ØPRz t 7 õ x 9 � þ ÿ
��� � SN7
õN9 u { u ù	z x S�PÇù	zN7 t 7�O t ô�� x _ x ó�7�O)û 9;ô�ù	zN7�S�P;5Ø7�_8O t 7�$/. 0 � 7�9QPA@
A $�U�WCB�B�HÄ_Ø7 OQõK7���PR9;7 t 7(ý�þÒÿ � tvu 5}P x z-O;OQ5M{�ô:9;5 � 7:9Ö�:7�PRPR7(õ-9 u�ö
õN9;58ô�PRô�ø eA7�O�PR9 x S-OQû u 9 w ô:7�O t 7�� u zN9R587:9 t 7�O t 5ED?ô:9;7:S	P|O�OQ58ó ö
S x z �&t zÇOQ÷vOQP �:w 7 t 76� u�w õK7:S-O x P;5 u SÇO u S	P tvu S-�Gû u 9 w ô�7�O t\� zNSN7
O u�w w 7 t 7 t 5cOQPR9;5Ø`NzNPR5 u S-O t 7V\!5Ø9 x � _ u � x _85cOQô�7�O»7�S SH. 0 øp4 x 9
7 � 7 w õN_Ø7�Hvõ u zN9TPKþ ÿ
��� � H u SpõK7:zvP
ôX��9;5Ø9;7GFÖúH0þN. ���JILK�MON7PK�MRQ)P P K ' S þN. 1 SH.	0 � �UTWV$XZY A ��B
x {�7X�3[ T �]\EX^XZX_S þ+.a` .	0 �bS þ+. �cS þN. 1 .	0 �dXZX^X,e�fY �]\gXZXZX P QOh Pji P h XZX^X,e�f

eA7�O!5ØS t 58�:7�O V 7�P f 58S t 5cù	zN7:S	P»9;7�ORõ17X��PR58{�7 w 7:S	P!_87ÖP;9 x S-O;� u S ö
O zNó�zNô&7�PÚ_Ø7)� u S O zNó�z-ô�H�P x S t 58OÚù	zN7 S þ X � 7XO¥PÚ_ x/t 5cOQPR9;5Ø`NzNPR5 u S t 7
\!5Ø9 x ��ø6e x w J w 7»S u P x PR5 u S°zvPR58_Ø5cORô:7Çõ u zN9�_87�O2OQ58ó�S x z � Q þ ÿ
��� �
7:P
ý|þÒÿ � � u S t zN5ØP2ü/_ x t ô � SN5}P;5 u S t 7�O�{�7���PR7:z-9;O k 7:P6l�ø
e x PR9 x S-OQû u 9 w ô:7 t 7&� u z-9R587:9 t z(OQ58ó�S x _ t\� 7:9;9;7:zN967XO¥P A �G5Øó1øM�CBÚúm þ+. ��� H�þN. � `[Lyþ+. � @ \ n þN. �7oqp þN. �re A s�B
u�D o OQ÷ w ` u _85cOQ7M_ � u õNô�9 x PR7�zN9 t 7Ú� u S�{ u _ØzNPR5 u SCøAe x P;9 x S-OQû u 9 w ô�7
t 7 � u zN9;587:9 t z­OR58ó�S x _ t 7 w uvt zN_ x PR5 u S n þ+. � 7�OQPÇû x ��58_Ø7 w 7�S	P
� x _c��zN_8ô:7 ü(õ x 9RPR589 t 7 A �CB�ø/k6S�zvP;5Ø_858O x S	P»_87�O)S u P x P;5 u S-O&5ØS	P;9 u�ö
t z-5}P;7�O tNx S-O A ��B�Hv_ � kMù1ø A s�B t 7:{�5Ø7�S	P x _ u 9;O&ú

m(þN. ��� K�MON�PsK�MRQtP Q K ' S þ+. 1 SF.	0 � �uT V X k A �)B

u�D _ � ô:_8ô w 7:S	P t\� 58S t 5c��7KS t zp{�7���PR7�zN9.ky7�OQPÇú
Q K � P K ` � �"!�# þ%$&� �* LyþNSH. 0 �qvxw�y{z > ' ý K�N z ` w Q y{z > ' ý KGQ z�|

eA7�O
OR5Øó�S x z �°t 7Ç{�58`N9 x PR5 u S�O u S	P!ORzNõNõ u ORô�O J:PR9;7Öüy` x S t 7Ç_85 w/ö
5ØPRô�7�H�7:PjO u S	P x õNõN9 u �|LNô�O¹õ x 9Ä_87:zN9|OC} õN9;7 w 5Ø7�9;O¹L x 9 wUu SN5cù�z-7�O�ø
e x�t 5 w 7:S1OQ5 u S t 7�O {�7���PR7:z-9;O t 7�{�5Ø7�S�P x _ u 9;O *�}~`���HM7:P A �)B
õK7:zvP2O � ô���9;589R7)O u z-OÚ_ x û u 9 w 7 wyx P;9R5c��587:_8_Ø7 úm þN. � �UT V X k �uT V X�\ Y `�� X^��X l e A oEB

x {�7X��� � t 5 x ó \ Lyþ 1.}�. 0 �)XZX^X Lyþ�� �)X^XZX Lyþ�}�. 0 �re
e x�w x PR9;58�:7�� 7�OQP tvu S1� zNSN7 wyx P;9R5c��7 t 5 x ó u S x _87 tNu S	P0_ x
t 5 x ó u S x _Ø7 õN9;58S-��58õ x _87 � u S	PR587:S	PÖ_87 ó x 5ØSè� u�w õN_Ø7 � 7 LyþN. � x z ��,�7�����'� �������,���1�C�x�6�G���r�A�������'�W�x�����1���,�G�������1���¡ ������G¢3��� �G��£.�����G�¤ �
�,¥^¦��1�������1�§�,¢
����£���¢��

û 9;ô�ù	zN7�S-��7XOKSH. 0 x {�7X� S U \ 1.} ��} e ø k6_Ø_87y9;7:õN9;ô�OR7:S	PR7/_ � 7�D?7�P
t 7 � _}P;9 x ó�7 t 7�_ x õ x 9QP;5Ø7�OQP x PR5 u SNS x 5Ø9;7 t z PR9 x S-OQû 7:9RP ó�_ u ` x _ ø
e x»wyx PR9;5c��7 � 9;7:õN9;ô�OR7:S	P;7�_ x»w uvt zN_ x P;5 u S t\� x]w õN_85}P;z t 7!OR58S	z ö
O uE�§tNx _87�H?ù	zN5¹7�OQP&z-S�PR9 x S1O¥û 7�9QP&S u S ö OQP x P;5 u SNS x 5Ø9;7»õN9 u { u ù	z x S	P
t 7XO t ôX� x _ x ó�7�OÖû 9RôXù	zN7:S	PR587:_cO t 7 $�. 0 � 7�9QPA@�ø JM7XO t ô�� x _ x ó�7XO
58S t zN5cOR7:S	P�_ � x õ-õ x 9;5}P;5 u S t 7 P;7:9 w 7�OpS u S S�zN_cO�ORzN9�_Ø7XO�O u z-O ö
t 5 x ó u S x _Ø7XO t ôX� x _8ô:7XO t 7I$�õ x 9!9 x õ-õ u 9QP!ü _ x t 5 x ó u S x _87»õN9;5ØS ö
�:5Øõ x _Ø7 u 9R58ó�58S x _87�øGk6_8_Ø7Ö7�OQP tNu SNSNô�7)õ x 9»ú

� � � �"!�# þ%$&� �*

¨©©©©ª w Q y{z >¬« z QOh�­E®A¯ °6 7
4 5� XZX^X � w N y{z > ±
ø ø ø ø ø ø ø ø ø± w Q y{z > 6 7
4 5� XZX^X � w N y{z >

²Z³³³³´
A �)B� ��� µ�0;26&
-/*,032¶46#·&)0;¸�-

e x õ-zN58O;O x S-�:7 t zpOR58ó�S x _ t\� 7�9R9;7:z-9ÚO � ô���9;5ØP)ú¹Rº �L» N7PQ)P m þ+. � V m þ+. �,¼ . � k V XG» N7PQtP T½X�T V ¼ . X k¹Rº � k V X k A�¾ B
\!72õN_8z-O�H�_87!OR58ó�S x _ t 7!� u�w wyx S t 7 tvu 5ØP w 58SN5 w 5cOQ7�9q¹RºMP u zvPM7�S
x ÷ x S	PMzNS-7!õNz-58O;O x S-��7¡¹�¿ w 58SN5 wyx _Ø7�ø6e x û u S-��P;5 u S t 7)� ujÀ PÚ7�OQP
tvu S-�)�|L u 5cOR5Ø7»ù	z x�t 9 x PR5cù�z-7�H�7�P2O � ôX��9;5}P�7�S°zNPR58_Ø5cO x S	P A�¾ B!úÁ � ¹Rº>`ÃÂt¹�¿ � k V X kÄ`ÅÂ)l V X l A r)B
e x � u S1O¥P x S	PR7¹9;ô:7:_8_87RÂ �H� ô:7Äõ x 9C_ � zvP;5Ø_85cO x PR7:z-9Cõ17�9 w 7:P t 76ù	z x S ö
P;5 � 7�9Ú_ � 5 w õ u 9RP x S-��7 t 7&_ x õNzN5cORO x S-�:7 t z OR5Øó�S x _ t\� 7:S	PR9;ô:7 tNx S-O
_ x û u S1��PR5 u S t 7"� u�À P�ø 46_8z-O�7�_Ø_87­7�OQP05 w õ u 9QP x S	PR7�H»õN_Øz1O�_ x
� u�w wyx S t 7 u õvPR5 wyx _87 x zNSN7 õNz-58O;O x S-��7Uû x 5Ø`N_87�H wyx 5cO»õN_8z-O»_ x
õNz-58O;O x S-��7 t z�OQ58ó�S x _ t\� 7:9;9R7�zN9 x õ-9 � O�� u�w õK7:S-O x P;5 u S�OQ7�9 x 5 w/ö
õ u 9RP x S�P;7�ø �G58S x _87 w 7�S�PXHÖ_ � kMù1ø A oEB t ô � SN58O;O x S	PÆk õ17�9 w 7:P
t\� 7 � õN9;5 w 7�9 Á O u z-OnzNS-7!û u 9 w 7»ù	z x�t 9 x PR5cù�z-7!LN7�9 w 5ØPR587:SNS-7 t 7lnú Á � l V X7Ç��ÈVLX � VUX � XZ� `ÃÂ X�ÉjÊ�X l`¡l V X7Ç{�ËV$X � VLX^Y7Ê ` Ç{�ÈVLX � VUXZYOÊ V X l` YÌV$X^Y A �)B

u�D É 9;7:õ-9RôXOQ7�S�P;7�_ x­wyx P;9R5c��7�5 t 7�S	PR5ØPRô�ø Á x zNS w 58SN5 w z w
ó�_ u ` x _MzNSN5cù�z-7°OR5M_ x�wyx PR9;58�:7 Ç{� V X � V X � X^� `ÅÂ É�Ê 7�OQP
t ô � SN587�õ u OQ5ØPR58{�7 �Ð� �§ø�JM7X��5�7XO¥Py5c��5ÚP u z O¥u z-9;OU{�ô:9;5 � ô°ó�9AÍ���7°üÂ ù	zN5)õ17�zvP3J:PR9;7��|L u 58OR587 x z-O;OR5!ó�9 x S t ù	zN7�S-ô���7XORO x 589;7�ø eA7
õN9;7 w 587:9UPR7�9 w 7 t 7 A �)B/9R7�õN9RôXOQ7�S	PR7°_ x õNzN5cORO x S1��7 t 7 � þÒÿ
��� � H
O u�w w ô:7 x {�7��½Ât¹�¿Rø0eA7 t 7:9;SN587:9ÖPR7:9 w 7 7�OQP/_ x õNz-58O;O x S-��7 t z
OR5Øó�S x _ t 7(õK7:9RPRzN9;` x PR5 u SCø�JM7�O t 7:z � PR7�9 w 7XOÇSN7(O u S	P OQx�wyx 5cO
SNô�ó x PR5ØûÒO:ø&eC7ÇP;7:9 w 7 t z w 58_85Ø7�z09;7:õN9;ô�OR7:S	PR7»_ � 5ØS	PR7�9;� u 9;9Rô�_ x PR5 u S
7�S�P;9R70_Ø7XO(OR5Øó�S x z � � þ ÿ
��� � 7�P PKþ ÿ
��� � ø J � 7�OQP(_Ø7�OQ7�zN_
P;7:9 w 7
õK7:9 w 7�PQP x S	P t 7 w 5ØSN5 w 58OR7:9 Á HN� x 9�� � 7�OQP�_Ø7»OR7:zN_\õ u z-{ x S	P J:PR9;7
SNô�ó x PR5Øû¥ø¹e x SNô��:7�O;OQ5ØPRô tC� zNS-72� u 9R9;ô:_ x P;5 u S wyx	� 5 w x _Ø7�7�S	PR9;7
��7�O
t 7�z � OR58ó�S x z � 7�OQP tvu S1�!`-5Ø7�S°{�ô�9R5 � ô:7�ø� ��Î ÏÆ0;ÐÑÐÑ<>2646#·0C+.-/*1ÐÑ<>Ò,#U#t-8<>Ò,:C03(W*�-/Ó6ÐÑ#
e x { x _87:zN9 u õvPR5 wyx _87 t 7XOj� u 7"^y�:5Ø7�S	P;O t 72� u zN9R587:9 t z(OR5Øó�S x _ t 7
� u�w wyx S t 7al�Ô z : 7�OQP t ô�P;7:9 w 5ØSNô�7»7:S x SNS�zN_ x S	PÚ_87Çó�9 x�t 5Ø7�S	P t 7Á õ x 9�9 x õ-õ u 9QP�üÕl�H-�:7)ù	zN5 tvu SNS-7Uúl Ô z : � 1 Ç � V X � V X � XZ� `ÅÂ É Ê QOh XZ� V X � V X�Y A ��q)B



e � kjùKø A �Xq�B tNu SNSN7 l�Ô z : 7:SÖû u S-��PR5 u S t 7�OGõ x 9 x]w � PR9;7�OAORzNõNõ u ORô�O� u SNS�z-O t zpOR÷vO¥P �:w 7 A ��H � B�HK7�P t 7�O
� u 7(^ ��587:S	P;O t 7Ö� u zN9;5Ø7�9
t 7 P1þÒÿ
��� � øÖ� x _8LN7:zN9;7:z1OQ7 w 7�S	P�HK_Ø7 OQ7�zN_¹OQ58ó�S x _ w 7XOQzN9;ôÖ7XO¥P)_87
OR5Øó�S x _ t\� 7�9R9;7:z-9�ø�^ � S t\� x { u 5Ø9»z-SN7 O u _8zvPR5 u S û u S-��P;5 u S t 7�k-H
zNS x _Øó u 9;5}P;L w 7 t zpó�9 x�t 5Ø7�S	PI�Ðo �C7XO¥P u `vPR7�S	zpüUõ x 9RPR589 t 7 A ��B�úl�� N�h � þ1� 1 *��)Â � l���1 *�� �ËV$X � V$X k�� A �E� B
\ x S-O2_Ø7 tvu�wyx 58SN7»P;7 w õ u 9;7:_ H1_87�O!� u 7(^ ��587:S	P|O t 7Ö� u zN9;587:9�l�Ô z :7�SNó�7�S t 9;7:S	P2zNS�OQ58ó�S x _EõKô:9;5 u�t 58ù	zN7 tvu S	P!_ x õKô:9;5 u�t 7Ö7�OQP»��7:_8_87
t z OQ÷vOQP �:w 7�H�� � 7XO¥PÚü t 589;7 hz��	� OQ7X� u S t 7�O�øGe � kMù1ø A �E�CB�H u�D zNSN7{ x 9;5 x `N_87658S t 5c��ô:7�
N7XO¥P¹{ x _ x `N_87jõ u z-9E_ x õKô:9;5 uvt 7Ú� u zN9 x S	PR7�H tNu 5ØP
tvu S-� J:PR9;7 x õ-õN_Ø5cù	zNô:7ÖzNSN7/û u 5cO
õ x 92õKô:9;5 uvt 7�ø)JM7�PRPR7/ô�ù	z x P;5 u S
õK7:9 w 7�P t 7 t ô�P;7:9 w 5ØSN7�9¹_Ø7XOG� u 7(^ ��587:S	P;O t 7n� u zN9;5Ø7�9 t 7Ú_ x � u�w/ö
wyx S t 7(ü�_ x õKô:9;5 uvt 7(ORzN58{ x S	PR7 l � N�h A 7�P tvu S-� _ x � u�w wyx S t 77�S(P;7 w õ-OÚõ x 9MP;9 x S-OQû u 9 w ô�7 t 7)� u zN9;587:9n5ØS�{�7�9;OR7CBMüUõ x 9RPR589 t 7�O
� x 9 x ��P;ô:9;58OQPR5cù	zN7�On� u SNS�zN7�O t z�OQ÷vOQP �:w 7)7�P t 7�O
� u 7"^ ��587:S	P;O t 7
� u zN9;5Ø7�9 t 7Ä_ � 7�9R9;7:zN9Ok � üÚ_ x õ1ô�9R5 uvt 76� u zN9 x S	PR7�øEeC76OR7:zN_�� x _c��zN_�ü
9;ô x _Ø5cOQ7�9A7XO¥P tvu S1�6zNSN7MPR9 x S1O¥û u 9 w ô:7 t 7Ú� u z-9R587:9Gü!�|L x ù	zN7jõKô:9;5 ö
uvt 7 x	� S t 7 t ô�PR7�9 w 58SN7:9ak���ø ^E{�7X�/z-S0P x z � t 7y� u S�{�7:9;ó�7:S1��7
x õNõN9 u õN9;5Øô�H���7:P x _Øó u 9;5}P;L w 72� u S	{�7:9;ó�7�9 x {�7�9;Oj_ x O u _8zvP;5 u S tvu S ö
SNô�7)õ x 9 A ��q�BMõNz-58O;ù	zN7 Á S � x õ x O t 7 w 5ØSN5 wyx _ u � x z � ø
\ x S-OU_ x OQ7X��PR5 u S�ORzN5Ø{ x S�P;7�HM_Ø7XO/õK7:9Rû u 9 wyx S-�:7�O u `NPR7:S�zN7XO OQzN9
t 7XOpOQ58ó�S x z � OR÷	S	P;LNô�P;58ù	zN7XO 7:P�9Rô�7:_cO t 7�{�58`N9 x PR5 u S O u S	P°7 �	ö
õ u ORô:7XO:ø

� 
 ò�� ð����»ìEò�îÇë��Î ��! ��*,:326<R=.? %��.2;-§Ó��t-/*	� =.#�%
��� �!� � "$#!%'&)( Ý ( #!% ª &)* ª ( ¬�«)+ÒßNÝ ( #!%
eA7�O)OQ5 w z-_ x PR5 u S-O u S	P)ô�P;ôU9;ô x _Ø5cORô:7�O!ü°_ � x 5 t 7 t 7yOQ58ó�S x z � OQ÷�S ö
P;LNô�P;58ù	zN7XO t 5cO;��9;7�P;O�ø¹eC7�OMzNSN5ØPRôXO t z tvu�wyx 5ØSN7
û 9RôXù�z-7:S	PR587:_?O u S	P
tvu S-� t 7XOÚû 9RôXù	zN7:S-�:7�OÚ9;ô t z-5}P;7�O�H1� u�w õN9R5cOR7�OÚ7:S	P;9R7Ä� 7�P h« øneC7�Ot 5gD?ô:9;7:S	PR7XO�{ x 9;5 x `N_Ø7XO t z w uvtv� _87 t 7Ç_ x �G58ó-ø��Ö�|L u 58OR587�O�õ u zN9
�:7�O�OR5 w zN_ x PR5 u S-O�O u S	P�_87�O�ORzN5Ø{ x S�P;7�O)ú
, ( -!% ß.+ &)* ¬ #/& «'+ ßvÝ (0#1%32 e x2wyx �|LN5ØS-7nOR÷�S-�|LN9 u SN7M7�OQPÄORzNõ ö

õ u OQô�7 x { u 5Ø9/zNSN7°õ x 589;7 t 7°õHG�_87�O A $ � �CBÖ7�PZJ�P;9R7 7:S ö
PR9 x 58SNô:7»üU_ x û 9;ô�ù	zN7�S-��7)9;ô t z-5}P;7 . 0 � � ' �j��4Nø

5 ß (0% à # ¬768+ *�9/* Lyþ+. � 2 e x õ x 9RPR587ÇOQP x P;5 u SNS x 5Ø9;7 t z P;9 x S-O ö
û 7:9RP2ó�_ u ` x _\7�OQP w uvt ô:_858ORô:7»õ x 9
zNS � _ØPR9;7Öü 9;ô:õ u S-OR7»5 w/ö
õNzN_cOQ5 u SNS-7:_8_Ø7
58S � S-5Ø7 t\� u 9 t 9R7��Ç7:P tvu S	Pj_Ø7 wUuvt z-_Ø7 t 7
_ x
û u S-��PR5 u S t 7&PR9 x S-OQû 7:9RP�7�OQP
9R7�õN9;ô�OR7:S	PRô)OQz-9�_ x �G5Øó1øj�vø

eA7�OQõK7���PR9;7 t z�OQ58ó�S x _ t 7�õK7:9RPRzN9;` x PR5 u S�� u S-O¥P;5}P;zNô t 7�OR5ØS�z ö
O uE�§t 7�O t 7Uû 9;ô�ù	zN7:S1��7�O w zN_}P;5Øõ-_Ø7XO t 7 . 0 A � ' ��:NHt� ' ��; 7�Pa� ' �<4�B
7:P t 7 `N9;zN5ØP x�tNt 5ØPR5Øû A 9 x õNõ u 9RP OR5Øó�S x _�ü�`N9;zN5}P�=?> t ~ B�HÄ7�OQP
9;7:õN9;ô�OR7:S	P;ôÖ7:S t ô��:5Ø`K7:_cO)ü(_ x �E58ó-ø»� A `&B�øÖeC7XO&õ x 9 x]w J�P;9R7XO t 7
_ � x _Øó u 9;5}P;L w 7&O u S	P �H� ô�O�ü@� � � ' �)7:P�Â � � ' ��4vø

0 0.1 0.2 0.3 0.4 0.5
0

1

2

3

4

5

Fréquence réduite

Mo
du

le 
lin

éa
ire

�E58ó�z-9R7Ç�vúÄ� uvt z-_Ø7 t zpó x 58S°� u�w õN_87 � 7 LyþN. � ø

50 100 150 200
0

50

100

150

200

250

Numéro de période

% 
de

 la
 pu

iss
an

ce
 de

 pe
rtu

rba
tio

n

puissance commande
fonction coût     
puissance erreur  

�G58ó�zN9;7»sNújJ u zN9;`K7�O t\� x õNõ-9R7�S�P;58O;O x ó�7�ø

50 100 150 200 250 300 350
−3

−2

−1

0

1

2

3

4

5

Numéro d’échantillon

Am
pli

tud
e l

iné
air

e

modulation  
perturbation
erreur      

A ��B�C^��������¦<D����G� E,¢Ì�,����F��,�
���,�G�,�

0 0.05 0.1 0.15 0.2
−45

−40

−35

−30

−25

−20

−15

−10

−5

0

Fréquence réduite

Am
pli

tud
e d

B

perturbation
erreur      

AHG B'CZ���,�������,¢R�����0E,¢Ì�,����F��,�����,�G�,�
�G58ó�zN9;7)�-ú6i�ôXOQzN_ØP x P;O x õN9 � OÚ� u S�{�7:9;ó�7:S1��7

��� �!�JI ¨(©�ª�«)+ ÝXßvÝ�ª

eA7&� u�w õ u 9QP;7 w 7:S	PÚ7:Sp� u S	{�7:9;ó�7�S-��7 t 7)_ � x _Øó u 9;5}P;L w 7 t 7&_ � kjùKø
A �E�CBK7XO¥PE7 � õ u OQôÄORzN9C_ x �G5Øó1øEsNH uED _87�OC� u zN9;`K7�O t\� x õNõ-9R7�S�P;58O;O x ó�7
t z OQ÷vOQP �:w 7
O u S	P6P;9 x ��ô:7XO:øY�!Sy{ u 5}PMù	zN7 Á � u S�{�7�9Ró�7Ú{�7:9|OÄzNS-7
{ x _87:z-9 u õvPR5 wyx _87�H67:P ù�z-7 _87�OQ÷vOQP �:w 7p� u�w õK7:S1OQ7 � S x _Ø7 w 7�S	P
;���K t 70_ x õ-zN58O;O x S-�:7 t 7�_ x õ17�9QP;zN9R` x PR5 u SAH wyx 5cO SNôX��7�O;OR5}P;7
zNS-7°� u�w wyx S t 7 tvu S	PU_ x õNzN5cORO x S1��7 7XO¥P * ' 4pû u 58OU��7�_Ø_87 t 7(_ x
õK7:9RPRzN9;` x PR5 u SCø
e x �G5Øó1ø2� 9R7�õN9RôXOQ7�S	PR7Ç_87�O!9RôXOQz-_}P x P;O u `vP;7:S�z-O x õN9 � O!� u S	{�7:9 ö
ó�7:S-�:7�øje x õK7:9RPRz-9R` x PR5 u S A õ u 58S	PR58_Ø_8ô�O B�H1_ � 7:9;9R7�zN9 A _858ó�SN7»õN_87:58SN7 B
7:PE_ x
w uvt zN_ x PR5 u S A PR589;7�P;O BCO u S	PA9;7:õ-9RôXOQ7�S�P;ô:7XO tNx S1OA_87 tvu�wyx 58SN7
P;7 w õ u 9R7�_-ORzN96_ x �G58ó-øG� A x B�ø2\ � x õN9 � O A � B�H�_ u 9;O;ù	zN7Ú_Ø7
OR5Øó�S x _ t 7
w uvt zN_ x P;5 u S 7XO¥P
õN9 u �|LN7 t 7 @:ô�9 u Hv_ x � u�w w x S t 7)ý�þ ÿ � SN7)õK7:zvP
�:9Rô�7:9 x z-�:zNSN7!û u 9|��7I
Eþ ÿ
��� � ORzN9Ú_Ø7)OQP x P u 9XøjJM7���5?7XO¥PÚ`N587:Sp� u S ö
� 9 w ô
õ x 96_ � x _8_8zN9R7 t 7�O t 5ED?ô:9;7:S	P|OjOR5Øó�S x z � øEk6S 7�D?7�PXH�_Ø72OR58ó�S x _
t\� 7:9;9;7:zN9)7�OQPÇù	z x OR5 w 7�S�P)ô:ó x _Äü°_ x õK7:9RPRzN9;` x PR5 u S x zvP u zN9 t 7�O@ u SN7XO uED � þ ÿ
��� � 7�OQP(S�zN_ øâk6S�9R7�{ x S-�|LN7�HM_ u 9|ORù	zN7 � þ ÿ
��� �
7XO¥P25 w õ u 9QP x S	P�H1_ x õ17�9QP;zN9R` x PR5 u S�7XO¥P!`N5Ø7�S x PRPRô:S�zNô�7�ø
e x �E58ó-ø
� A `&B w u S	PR9;7Ö_87 w J w 7 9;ô�ORzN_ØP x P&7:S0û 9RôXù�z-7:S-�:7(ú2_87�O)ORõ17X��P;9R7XO
t 7XO
OR5Øó�S x z �(t 7»õ17�9QP;zN9R` x PR5 u S A õ u 58S	PR58_Ø_8ô�O BÚ7:P t\� 7�9R9;7:z-9 A _Ø58ó�S-7
õN_87:58SN7 B
÷�O u S	P
PR9 x �:ô�O!7:S t ô���58`K7:_cO:ø)e � x _8ó u 9R5ØPRL w 7Ç� u�w õ17�S-OR7
`N587:S(_Ø7XO69 x 587�OjORõK7���P;9 x _Ø7XO t 7!_ x õK7:9RPRz-9R` x PR5 u S A t 5 w 58S�zvPR5 u S t 7
4(ü �^� t ~ B�H w x 58O&��9;ô:7 t 7�O!õ x 9 x OR5ØPR7�O t 7Öõ x 9QP&7�P t\� x zvPR9;7 t 7



�:7�OU9 x 5Ø7XO:ø�JM7���5�7XO¥P t§À�x z ��t ô�� x _ x ó�7XOÇû 9;ô�ù	zN7�S	PR587:_cOy� x z1OQôXO
õ x 9!_ x w uvt zN_ x P;5 u S t\� x]w õN_85}P;z t 7U5ØS	P;9R58S-O � ù	zN7 x z w uvtv� _87 t z
OR÷vO¥P �:w 7�ø

Î ��� ��*,:326<R=.? ( �7#7Ò1%
���JI/� � "$#!%'&)( Ý ( #!% ª &)* ª ( ¬�«)+ÒßNÝ ( #!%
eA7 w J w 7 x _8ó u 9R5ØPRL w 7)7�OQP x õNõN_858ù	zNôÇü t 7XO2OR5Øó�S x z � 9Rô�7:_cO t 5cO ö
�:9Rô:PR5cOQôXO6üÕ�^� �v� @�øÄeC7XO6zNSN5ØPRôXO t z tvu�wyx 58SN7�û 9;ô�ù	zN7�S	PR587:_ t 7:{�5 ö
7�SNSN7:S	P tNu S-� t 7�O
û 9RôXù�z-7:S-�:7�O
9;ô:7�_Ø_87�O27:S � 7:9RP�@�ø
eC7�O&OR5Øó�S x z �
t 7&{�5Ø`-9 x PR5 u S PKþ ÿ
��� � u S�PÚô�P;ô w 7XOQz-9RôXOnORzN9ÚzNSN7 wyx �|LN58SN7)OQ÷�S ö
�|LN9 u S-7 ü $ � �yõ x 589R7XO t 7 õHG�_Ø7XO:HG7:S	P;9 x�� SNô�7 üp_ x û 9RôXù�z-7:S-�:7
. 0 � * : ' > � @�ø�f�_cO u S	P t 7ÇõN_8z-O!ô�P;ô � _ØPR9;ô�O
õ x O;OQ7 ö ` x S t 7 x�� S
t 7n_85 w 5ØPR7:9¹_87:zN9G_ x 9;ó�7:z-9 t 7n` x S t 7j7�S	PR9;7��M7�P * �v� @�øGeA7MOR5Øó�S x _
t 7 wUuvt z-_ x PR5 u SZ��þÒÿ
��� � 7XO¥P6û u zN9;SN5-õ x 96zNS � x õvP;7:zN9 x SNó�z-_ x 5Ø9;7
õN_ x �:ôÇ7:S�` u zvP tC� x 9R`N9;7Ç9 u P u 9;58ù	zN7�ø2eC7/ó x 58S0� u�w õN_87 � 7 LyþN. � H
ù	z x S�P»ü°_Øz-5 HE9R7XO¥P;7UOR5 w zN_8ôUõ x 9)_ x°w J w 7Uû u S1��PR5 u S � u�w õN_Ø7 � 7
ù	zN7ÚõN9;ô��:ô t 7 wUw 7�S�PXøEf�_v7XO¥PÄ5 w õ u 9QP x S	P t 7�S u P;7:9Äù	zN7Ú_Ø7ÚP;9 x S-O ö
û 7�9QP6ó�_ u ` x _ t 7�_ x&wyx �|LN58SN7
OR÷	S1�|LN9 u SN7n7�OQPÄP u z O¥u zN9|O6OR5 w zN_Øô�H]7�P
ù	zN7�OR7:zN_cO _87�O OR5Øó�S x z �"t 7 w uvt zN_ x P;5 u S 7:P t 7�õK7:9RPRzN9;` x P;5 u S
O u S	P(9;ô:7�_8O�ø�eC7XO õ x 9 x�w J:PR9;7�O t 70_ � x _Øó u 9;5}P;L w 70O u S	P �H� ô�O ü
� � � ' �)7�P�Â � � ' �/��ø
���JI/�JI ¨ ©�ª�«)+ ÝXßvÝ�ª
eA7�O ORõ17X��P;9R7XO t 7XO(OR5Øó�S x z � t 7�õK7:9RPRzN9;` x P;5 u S A õ u 58S	PR58_Ø_8ô�O B 7�P
t\� 7:9;9;7:zN9 A _85Øó�SN7&õN_Ø7�5ØS-7CB u `vP;7:S�z-O x õ-9 � OM� u S�{�7�9Ró�7:S-�:72O u S	Pn7 �	ö
õ u ORô�O6ü)_ x �G58ó-øÄovøÄeC7XO6� u zN9R`K7�OjO u S�PÄP;9 x ��ô�7�OÄ7�S t ô��:5Ø`K7:_cO:øÄeA7

1300 1400 1500 1600 1700 1800 1900
−50

−45

−40

−35

−30

−25

−20

−15

−10

−5

0

Fréquence réelle (Hz)

Am
pli

tud
e d

B

perturbation
erreur      

�G58ó�zN9;7Çovú6g�õK7���P;9R7XO t 7XO�OQ58ó�S x z � 9;ô:7�_8On7:S t ~&ø
P;9 x 5}P;7 w 7:S	PM� u�w õ17�S-OR7
58�:5 x z-OROR5 ;���K t 7
_ x õNzN5cO;O x S-��7 t 7
õ17�9 ö
P;zN9R` x PR5 u SAø �!S { u 5ØP)S-7�PQP;7 w 7:S	PÇzNS-7 x PQP;ô:S�z x PR5 u S t 7 �^� t ~
t 7�_ x 9 x 5Ø7ÚõN9;58S-��58õ x _87 t 7�_ x õ17�9QP;zN9R` x PR5 u SAH x _ u 9|O¹ù	zN7 t 7�O69 x 5Ø7XO
õ x 9 x OQ5ØPR7XO
O u S	P!��9;ô:ô�7�O t 7Öõ x 9QP&7�P t\� x zvPR9;7 t 7/��7�_Ø_87 ö ��5 ø&JM7:PQPR7
t 7�9RS-5 � 9R7ÚOQ5 w z-_ x PR5 u SU_ x 58O;OQ7nõN9;ô�O x ó�7:9¹ù�z-7Ú�:7�P x _Øó u 9;5}P;L w 7�HI5 w/ö
õN_ x S	P;ô&ORzN9ÚzNS w 5c��9 u õN9 u ��7XOROR7:zN9XH�õK7:9 w 7�PRPR9 x/t\� u `NPR7:S-5Ø9�OR7:S-OR5 ö
`N_87 w 7�S�P
_87�O w J w 7XOÚõ17�9Qû u 9 wyx S-��7XO�OQzN9�z-SN7 w x �|LN58SN7»9Rô�7:_8_Ø7�ø
e x t 7:9;SN5 � 9;7 u `1OQ7�9R{ x P;5 u S�� u S1��7:9;SN7»zNS0õN9 u `N_ �:w 7 w 58O!7:S0_Øz ö
w 5 � 9;7(õ x 9U_ � kjùKø A � B ú _ � x]w õN_85}P;z t 7 t z�OQ58ó�S x _ t 7 w uvt zN_ xIö
P;5 u SÖ7�OQP¹õN9 u õ u 9QP;5 u SNSN7�_Ø_87Mü �(!)# þ%$/� � øY\ u S-�MOR5�_ � x ����ô�_Øô�9 u�wU� PR9;7
w 7�ORzN9 x S	P�_Ø7ÇOR58ó�S x _ t\� 7:9;9R7�zN9�7�OQP
õN_ x ��ôÇORzN9�_87ÖOQP x P u 9 t 7)P;7:_8_Ø7
O u 9RPR7Uù�z-7 �"!�# þ;$&� �9� �NH?_87yOQ58ó�S x _ � þ ÿ
��� � t 7�{�5Ø7�S�P)S�zN_¹7�P»_ x
� u�w õ17�S-O x PR5 u S07�OQP!5 w õ u O;OR5Ø`N_87�øK\!7 w J w 7�H\_87�O w 7�5Ø_8_87:zN9|O29;ô ö
ORzN_ØP x P|O6O u S	P u `vP;7:S�z-O¹õ u zN9jzNSN7 w uvt zN_ x P;5 u S wyx�� 5 wyx _87�H	� � 7�OQP
ü t 589R7põ u zN9 �"!�# þ%$&� �X��� ��øR\ x S-O _Ø7XOy� x O õN9RôX��ô t 7:S	P;O u�D
u S x �H� ôX$ � ��H)_ x � u�w õK7:S-O x P;5 u S 7XO¥P�5 w õ u OROR5Ø`-_Ø7èõ u zN9
� ����� « 9 t HE7:PÖ_87�O w 7�5Ø_8_Ø7�zN9|O»9RôXOQz-_}P x P;OÖO u S�P u `vP;7:S�z-O»õ u zN9� � � u z ,�9 t øGe x ` u `N58SN7 x _Ø5 w 7:S	PRô�72õ x 9j_ x � u�wUwyx S t 7
ý�þ ÿ �
S � x ó�5}P tvu S-�&õ x O t 7)_ x w J w 7 wyx S-5 � 9R7»ORzN9ÚP u zvP
_Ø7ÇOQP x P u 9�H�7�P
_87�O»õK7:9Rû u 9 wyx S-�:7�O t 7 � u�w õ17�S-O x PR5 u S t ô�õ17�S t 7�S�P t 7y_ x õ u OR5 ö

P;5 u S t 7�_ � x �:�:ô:_8ô:9 u�w � P;9R7 w 7�ORzN9 x S	PU_87�OQ58ó�S x _ t\� 7:9;9R7�zN9�øR�!S
õK7:zvP �:7:õK7:S tNx S	PU7�S	{�5cO x ó�7�9 t 7p� u S	P u zN9;SN7:9U��7°õN9 u `N_ �:w 7(7�S
7 w õ-_ u ÷ x S	Pyõ u zN9 _ x � u�w wyx S t 7pPR9 u 5cO ` u `N5ØS-7�O OQP x P u 9;5cù�z-7�O�H
ORõ x P;5 x _Ø7 w 7:S	P t ô�õNL x OQô�7�O t 7 « �	 9 t ø e x�w ô�PRL u�t 7�õN9;ô�OR7:S ö
P;ô:7)58�:5 tvu 5ØP tvu S-� J:PR9;7)ô�PR7�S t zN7»üUzNSpOQ÷vOQP ��w 7 w zN_}P;5 ö 7:S	P;9Rô�7�O�H
w zN_}P;5 ö O u 9RPR587�O A ��f¥� ��B x�� S t 7nù	z x S�P;5 � 7:9¹_ � 7�D?7�P t 7ÚõN_8z-OR5Ø7�zN9|O
� u�w wyx S t 7XO»OQz-9»õN_Øz1OQ587:zN9|O x ����ô�_Øô�9 x PR7:z-9;O&õN_ x �:ô�O»ORzN9»_ x � x 9 ö
� x O;OQ7»OQP x P u 9;58ù	zN7�ø


 � îÇë ñ ��ð��Aò�îÖë

h2SN7 w ô�P;L uvt 7 t\� x SNS�zN_ x P;5 u S tC� zNSÇOR58ó�S x _Iõ1ô�9R5 uvt 58ù	zN7MünPR9 x {�7:9|O
zNS-7�û u S1��PR5 u S t 7�P;9 x S-O¥û 7�9QP _Ø58SNô x 5Ø9;7�S u S ö O¥P x PR5 u S-S x 589R7põKô:9;5 ö
uvt 5cù	zN7 x tvu S-�°ô:PRô�õN9;ô�OR7:S	PRô�7�ø�e � 7 � õN9;7�O;OR5 u S­PRL-ô u 9;5cù�z-7 t 7
_ x � u�w w x S t 7 u õvPR5 wyx _87 w 58SN5 w 58O x S	P2_ x õNzN5cO;O x S-��7 t z�OR58ó�S x _
t\� 7:9;9;7:zN9 x � u S t zN5ØPÖüp_ � ô�_ x ` u 9 x PR5 u S tC� zNS x _Øó u 9;5}P;L w 7 x�tNx õ ö
P x PR5Øû\OQ5 w õN_Ø7�H]7�P65 w õN_ x S	P x `N_Ø7ÚORzN9ÄzNS w 5c��9 u õ-9 u ��7XOROR7:z-9�øGJM7:PQP;7
w ô�P;L uvt 7 x ô�P;ô x õNõ-_Ø5cù	zNô:7»ü _ x � u�w õK7:S-O x P;5 u S x ��P;5Ø{�7 t 7�OÚ{�5 ö
`N9 x P;5 u S-O t\� zNSN7 wyx �|L-5ØSN7
OR÷�S-�|LN9 u SN7ÚORzN9 t 7XO6OQ58ó�S x z � OR÷�S	PRLNô ö
P;58ù	zN7XO
õNzN5cO!9Rô�7:_cO:øM\ x S-O
_87�O t 7:z � � x O�H ;�� K t 7Ç_ x õNzN5cORO x S-�:7
t 7U_ x õK7:9RPRzN9;` x P;5 u S�7�OQP x SNS�zN_8ô:7�ø�\!7UõN_Øz1O:H u S�õ17�zvP)7�ORõ1ô�9R7�9
� u S	P u zN9RS-7:9y_87�O _85 w 5ØP x PR5 u S-O OQõ x PR5 x _87�O t zN7�O x z�õN9;5ØS1��58õ17 t 7
� u�w õ17�S-O x PR5 u S(7:S(ô:PR7�S tNx S	PÚ_ � ô�P;z t 7&PRL-ô u 9;5cù�z-7!üÇz-S OR÷�OQP ��w 7
��f¥� �/ø

� ��
��ÚíÌ��ë°ñq� �

� �"�)4¹øÖ�&9 x S O¥u SCH J!øÖg�7:9;{�5 � 9R7"7�P­^Çø»� u ó�ó�5 x ø��C	����W���W��������
	�� ���Z���������������^���Z�������
	��W��� � !§�)�"�Õ���$#9���)� �&%��'�(#§��	��)��ø
: ¿ 0 º J u Svû¥øvf�S	PR7�9RS x P�ø�OQz-9n_87�O w ô�P;L uvt 7�O t 7»ORzN9R{�7:58_Ø_ x S1��7
x � u z-O¥P;58ù	zN7XOn7�P
{�5Ø`-9 x P u 589;7�O�øvgv7:SN_858O�HN�N9 x S1��7�H&�&��P�ø �X����rNø

� �	�)4¹ø ^Çønm
7:_cO u S 7�P g?ø )-øjk6_Ø_85 u P�H�*+���������,��	������A	�-6	/.��Z	�!§�0�IH
^�� x�t 7 w 58�&469;7�O;O:H �X���	�vø

� s��)4¹ø ^ÇøNm27:_cO u SCHNg?ø )1ø�k6_8_Ø5 u P�7�P2J!ø i»øv�NzN_8_Ø7�9�H1*+�Z�������2��	�������	�-	3.4�^���Z�������
	��-H1^�� x�t 7 w 58�&469;7�O;O:H �X���	ovø
� �E�)4¹ø-�&9 x S O¥u SCH-J!ø-g�7:9;{�5 � 9R7!7�P
^ÇøN� u ó�ó�5 x H05����)�463�����7�����8�

���9-g�����
	��J�:#9��	�!�;<#u���W�Z���
	=�����Ã���A���/�:.��Z�>.$!§�0�Z���
	��-H�4j9 u �]ø
f�S	P;7:9;S x PXø@? u 9 � OQL u õ u S�m u SN_858SN7 x 9Ug�58ó�S x _ x S t f wyx ó�7
4j9 u ��7XOROR58SNó-Hv^
S	P x _8÷ x HBAEzN9 � 7�÷�HB)�zN5ØS �������-ø

� o	�Çg\ø \/øCg	PR7 x 9;S-O&7�P»~!ø0?�5 t 9 u�C HD*+���$�
�����G�Õ���E;��
��-0�
��	<�������&����F;]H-469R7�S	PR5c��7 ö��2x _Ø_ H ����r�oNø


