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Conception et optimisation

d’un système hydrolien de rivière
à aile oscillante passive

Résumé

Dans une conjoncture où la production et les grands réseaux de distri-

bution d’énergie sont remis en cause, le potentiel de production

hydroélectrique à l’aide de micro centrales est important et reste encore

peu exploité. Un des concepts novateurs permettant de répondre à cette

problématique est le système hydrolien à aile oscillante passive. Ce dis-

positif de récupération d’énergie, basé sur un biomimétisme inspiré de la

nage d’animaux aquatiques, consiste en une aile décrivant des mouvements

périodiques de tangage et pilonnement, entièrement induits par les interac-

tions fluide-structure. Cette thèse s’est consacrée à l’étude, à la conception et

à l’optimisation d’un tel système hydrolien, illustré dans la figure ci-dessous.
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<latexit sha1_base64="rjMY34uqbN1m35FgyQa5Wf4Zww8=">AAAB6HicbVDLSsNAFL2pr1pfVZduBovgqiTd2GXBjcsW7APaIJPpTTt2MgkzEyGEfoEbF4q49ZPc+TdO2yy09cDA4ZxzmXtPkAiujet+O6Wt7Z3dvfJ+5eDw6PikenrW03GqGHZZLGI1CKhGwSV2DTcCB4lCGgUC+8HsduH3n1BpHst7kyXoR3QiecgZNVbqtB+qNbfuLkE2iVeQGhSw+a/ROGZphNIwQbUeem5i/Jwqw5nAeWWUakwom9EJDi2VNELt58tF5+TKKmMSxso+achS/T2R00jrLApsMqJmqte9hfifN0xN2PRzLpPUoGSrj8JUEBOTxdVkzBUyIzJLKFPc7krYlCrKjO2mYkvw1k/eJL1G3XPrXqdRazWLOspwAZdwDR7cQAvuoA1dYIDwDK/w5jw6L86787GKlpxi5hz+wPn8AaX3jMg=</latexit><latexit sha1_base64="rjMY34uqbN1m35FgyQa5Wf4Zww8=">AAAB6HicbVDLSsNAFL2pr1pfVZduBovgqiTd2GXBjcsW7APaIJPpTTt2MgkzEyGEfoEbF4q49ZPc+TdO2yy09cDA4ZxzmXtPkAiujet+O6Wt7Z3dvfJ+5eDw6PikenrW03GqGHZZLGI1CKhGwSV2DTcCB4lCGgUC+8HsduH3n1BpHst7kyXoR3QiecgZNVbqtB+qNbfuLkE2iVeQGhSw+a/ROGZphNIwQbUeem5i/Jwqw5nAeWWUakwom9EJDi2VNELt58tF5+TKKmMSxso+achS/T2R00jrLApsMqJmqte9hfifN0xN2PRzLpPUoGSrj8JUEBOTxdVkzBUyIzJLKFPc7krYlCrKjO2mYkvw1k/eJL1G3XPrXqdRazWLOspwAZdwDR7cQAvuoA1dYIDwDK/w5jw6L86787GKlpxi5hz+wPn8AaX3jMg=</latexit><latexit sha1_base64="rjMY34uqbN1m35FgyQa5Wf4Zww8=">AAAB6HicbVDLSsNAFL2pr1pfVZduBovgqiTd2GXBjcsW7APaIJPpTTt2MgkzEyGEfoEbF4q49ZPc+TdO2yy09cDA4ZxzmXtPkAiujet+O6Wt7Z3dvfJ+5eDw6PikenrW03GqGHZZLGI1CKhGwSV2DTcCB4lCGgUC+8HsduH3n1BpHst7kyXoR3QiecgZNVbqtB+qNbfuLkE2iVeQGhSw+a/ROGZphNIwQbUeem5i/Jwqw5nAeWWUakwom9EJDi2VNELt58tF5+TKKmMSxso+achS/T2R00jrLApsMqJmqte9hfifN0xN2PRzLpPUoGSrj8JUEBOTxdVkzBUyIzJLKFPc7krYlCrKjO2mYkvw1k/eJL1G3XPrXqdRazWLOspwAZdwDR7cQAvuoA1dYIDwDK/w5jw6L86787GKlpxi5hz+wPn8AaX3jMg=</latexit><latexit sha1_base64="rjMY34uqbN1m35FgyQa5Wf4Zww8=">AAAB6HicbVDLSsNAFL2pr1pfVZduBovgqiTd2GXBjcsW7APaIJPpTTt2MgkzEyGEfoEbF4q49ZPc+TdO2yy09cDA4ZxzmXtPkAiujet+O6Wt7Z3dvfJ+5eDw6PikenrW03GqGHZZLGI1CKhGwSV2DTcCB4lCGgUC+8HsduH3n1BpHst7kyXoR3QiecgZNVbqtB+qNbfuLkE2iVeQGhSw+a/ROGZphNIwQbUeem5i/Jwqw5nAeWWUakwom9EJDi2VNELt58tF5+TKKmMSxso+achS/T2R00jrLApsMqJmqte9hfifN0xN2PRzLpPUoGSrj8JUEBOTxdVkzBUyIzJLKFPc7krYlCrKjO2mYkvw1k/eJL1G3XPrXqdRazWLOspwAZdwDR7cQAvuoA1dYIDwDK/w5jw6L86787GKlpxi5hz+wPn8AaX3jMg=</latexit>

��g
<latexit sha1_base64="IAtTEo7BRnoLAsT5UXqmer7qHYE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF48VTFtoQ9lsJ+3SzSbsbgol9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZS2tnd298r7lYPDo+OT6ulZWyeZYuizRCSqG1KNgkv0DTcCu6lCGocCO+HkfuF3pqg0T+STmaUYxHQkecQZNVbq9KfI8tF8UK25dXcJskm8gtSgQGtQ/eoPE5bFKA0TVOue56YmyKkynAmcV/qZxpSyCR1hz1JJY9RBvjx3Tq6sMiRRomxJQ5bq74mcxlrP4tB2xtSM9bq3EP/zepmJGkHOZZoZlGy1KMoEMQlZ/E6GXCEzYmYJZYrbWwkbU0WZsQlVbAje+subpH1T99y693hbazaKOMpwAZdwDR7cQRMeoAU+MJjAM7zCm5M6L86787FqLTnFzDn8gfP5A5UMj68=</latexit><latexit sha1_base64="IAtTEo7BRnoLAsT5UXqmer7qHYE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF48VTFtoQ9lsJ+3SzSbsbgol9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZS2tnd298r7lYPDo+OT6ulZWyeZYuizRCSqG1KNgkv0DTcCu6lCGocCO+HkfuF3pqg0T+STmaUYxHQkecQZNVbq9KfI8tF8UK25dXcJskm8gtSgQGtQ/eoPE5bFKA0TVOue56YmyKkynAmcV/qZxpSyCR1hz1JJY9RBvjx3Tq6sMiRRomxJQ5bq74mcxlrP4tB2xtSM9bq3EP/zepmJGkHOZZoZlGy1KMoEMQlZ/E6GXCEzYmYJZYrbWwkbU0WZsQlVbAje+subpH1T99y693hbazaKOMpwAZdwDR7cQRMeoAU+MJjAM7zCm5M6L86787FqLTnFzDn8gfP5A5UMj68=</latexit><latexit sha1_base64="IAtTEo7BRnoLAsT5UXqmer7qHYE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF48VTFtoQ9lsJ+3SzSbsbgol9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZS2tnd298r7lYPDo+OT6ulZWyeZYuizRCSqG1KNgkv0DTcCu6lCGocCO+HkfuF3pqg0T+STmaUYxHQkecQZNVbq9KfI8tF8UK25dXcJskm8gtSgQGtQ/eoPE5bFKA0TVOue56YmyKkynAmcV/qZxpSyCR1hz1JJY9RBvjx3Tq6sMiRRomxJQ5bq74mcxlrP4tB2xtSM9bq3EP/zepmJGkHOZZoZlGy1KMoEMQlZ/E6GXCEzYmYJZYrbWwkbU0WZsQlVbAje+subpH1T99y693hbazaKOMpwAZdwDR7cQRMeoAU+MJjAM7zCm5M6L86787FqLTnFzDn8gfP5A5UMj68=</latexit><latexit sha1_base64="IAtTEo7BRnoLAsT5UXqmer7qHYE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF48VTFtoQ9lsJ+3SzSbsbgol9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZS2tnd298r7lYPDo+OT6ulZWyeZYuizRCSqG1KNgkv0DTcCu6lCGocCO+HkfuF3pqg0T+STmaUYxHQkecQZNVbq9KfI8tF8UK25dXcJskm8gtSgQGtQ/eoPE5bFKA0TVOue56YmyKkynAmcV/qZxpSyCR1hz1JJY9RBvjx3Tq6sMiRRomxJQ5bq74mcxlrP4tB2xtSM9bq3EP/zepmJGkHOZZoZlGy1KMoEMQlZ/E6GXCEzYmYJZYrbWwkbU0WZsQlVbAje+subpH1T99y693hbazaKOMpwAZdwDR7cQRMeoAU+MJjAM7zCm5M6L86787FqLTnFzDn8gfP5A5UMj68=</latexit>

ky
<latexit sha1_base64="exEOOx4Kjq6NKsg57GreICsuuRY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF48V7Qe0oWy2k3bpZhN2N0II/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0du53n1BpHstHkyXoR3QsecgZNVZ6mA6zYbXm1t0FyDrxClKDAq1h9WswilkaoTRMUK37npsYP6fKcCZwVhmkGhPKpnSMfUsljVD7+eLUGbmwyoiEsbIlDVmovydyGmmdRYHtjKiZ6FVvLv7n9VMTNvycyyQ1KNlyUZgKYmIy/5uMuEJmRGYJZYrbWwmbUEWZselUbAje6svrpHNV99y6d39dazaKOMpwBudwCR7cQBPuoAVtYDCGZ3iFN0c4L86787FsLTnFzCn8gfP5A2IAjdE=</latexit><latexit sha1_base64="exEOOx4Kjq6NKsg57GreICsuuRY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF48V7Qe0oWy2k3bpZhN2N0II/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0du53n1BpHstHkyXoR3QsecgZNVZ6mA6zYbXm1t0FyDrxClKDAq1h9WswilkaoTRMUK37npsYP6fKcCZwVhmkGhPKpnSMfUsljVD7+eLUGbmwyoiEsbIlDVmovydyGmmdRYHtjKiZ6FVvLv7n9VMTNvycyyQ1KNlyUZgKYmIy/5uMuEJmRGYJZYrbWwmbUEWZselUbAje6svrpHNV99y6d39dazaKOMpwBudwCR7cQBPuoAVtYDCGZ3iFN0c4L86787FsLTnFzCn8gfP5A2IAjdE=</latexit><latexit sha1_base64="exEOOx4Kjq6NKsg57GreICsuuRY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF48V7Qe0oWy2k3bpZhN2N0II/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0du53n1BpHstHkyXoR3QsecgZNVZ6mA6zYbXm1t0FyDrxClKDAq1h9WswilkaoTRMUK37npsYP6fKcCZwVhmkGhPKpnSMfUsljVD7+eLUGbmwyoiEsbIlDVmovydyGmmdRYHtjKiZ6FVvLv7n9VMTNvycyyQ1KNlyUZgKYmIy/5uMuEJmRGYJZYrbWwmbUEWZselUbAje6svrpHNV99y6d39dazaKOMpwBudwCR7cQBPuoAVtYDCGZ3iFN0c4L86787FsLTnFzCn8gfP5A2IAjdE=</latexit><latexit sha1_base64="exEOOx4Kjq6NKsg57GreICsuuRY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF48V7Qe0oWy2k3bpZhN2N0II/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0du53n1BpHstHkyXoR3QsecgZNVZ6mA6zYbXm1t0FyDrxClKDAq1h9WswilkaoTRMUK37npsYP6fKcCZwVhmkGhPKpnSMfUsljVD7+eLUGbmwyoiEsbIlDVmovydyGmmdRYHtjKiZ6FVvLv7n9VMTNvycyyQ1KNlyUZgKYmIy/5uMuEJmRGYJZYrbWwmbUEWZselUbAje6svrpHNV99y6d39dazaKOMpwBudwCR7cQBPuoAVtYDCGZ3iFN0c4L86787FsLTnFzCn8gfP5A2IAjdE=</latexit>

cy
<latexit sha1_base64="BI/2DTMVdyyr6zd8V18SqCj65xE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF48V7Qe0oWy2m3bpZhN2J0II/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUijeRoGS9xLNaRRI3g2mt3O/+8S1EbF6xCzhfkTHSoSCUbTSAxtmw2rNrbsLkHXiFaQGBVrD6tdgFLM04gqZpMb0PTdBP6caBZN8VhmkhieUTemY9y1VNOLGzxenzsiFVUYkjLUthWSh/p7IaWRMFgW2M6I4MaveXPzP66cYNvxcqCRFrthyUZhKgjGZ/01GQnOGMrOEMi3srYRNqKYMbToVG4K3+vI66VzVPbfu3V/Xmo0ijjKcwTlcggc30IQ7aEEbGIzhGV7hzZHOi/PufCxbS04xcwp/4Hz+AFXQjck=</latexit><latexit sha1_base64="BI/2DTMVdyyr6zd8V18SqCj65xE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF48V7Qe0oWy2m3bpZhN2J0II/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUijeRoGS9xLNaRRI3g2mt3O/+8S1EbF6xCzhfkTHSoSCUbTSAxtmw2rNrbsLkHXiFaQGBVrD6tdgFLM04gqZpMb0PTdBP6caBZN8VhmkhieUTemY9y1VNOLGzxenzsiFVUYkjLUthWSh/p7IaWRMFgW2M6I4MaveXPzP66cYNvxcqCRFrthyUZhKgjGZ/01GQnOGMrOEMi3srYRNqKYMbToVG4K3+vI66VzVPbfu3V/Xmo0ijjKcwTlcggc30IQ7aEEbGIzhGV7hzZHOi/PufCxbS04xcwp/4Hz+AFXQjck=</latexit><latexit sha1_base64="BI/2DTMVdyyr6zd8V18SqCj65xE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF48V7Qe0oWy2m3bpZhN2J0II/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUijeRoGS9xLNaRRI3g2mt3O/+8S1EbF6xCzhfkTHSoSCUbTSAxtmw2rNrbsLkHXiFaQGBVrD6tdgFLM04gqZpMb0PTdBP6caBZN8VhmkhieUTemY9y1VNOLGzxenzsiFVUYkjLUthWSh/p7IaWRMFgW2M6I4MaveXPzP66cYNvxcqCRFrthyUZhKgjGZ/01GQnOGMrOEMi3srYRNqKYMbToVG4K3+vI66VzVPbfu3V/Xmo0ijjKcwTlcggc30IQ7aEEbGIzhGV7hzZHOi/PufCxbS04xcwp/4Hz+AFXQjck=</latexit><latexit sha1_base64="BI/2DTMVdyyr6zd8V18SqCj65xE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF48V7Qe0oWy2m3bpZhN2J0II/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUijeRoGS9xLNaRRI3g2mt3O/+8S1EbF6xCzhfkTHSoSCUbTSAxtmw2rNrbsLkHXiFaQGBVrD6tdgFLM04gqZpMb0PTdBP6caBZN8VhmkhieUTemY9y1VNOLGzxenzsiFVUYkjLUthWSh/p7IaWRMFgW2M6I4MaveXPzP66cYNvxcqCRFrthyUZhKgjGZ/01GQnOGMrOEMi3srYRNqKYMbToVG4K3+vI66VzVPbfu3V/Xmo0ijjKcwTlcggc30IQ7aEEbGIzhGV7hzZHOi/PufCxbS04xcwp/4Hz+AFXQjck=</latexit>

U�
<latexit sha1_base64="XO0jXVU7S2YwTBSZs4bLvtQs2sU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF48VTFtoQ9lsN+3SzSbuToRQ+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ9YJ7yIKYjJSLBKFqp6w/6QkWYD6o1t+4uQNaJV5AaFGgNql/9YcKymCtkkhrT89wUgynVKJjks0o/MzylbEJHvGepojE3wXRx74xcWGVIokTbUkgW6u+JKY2NyePQdsYUx2bVm4v/eb0Mo0YwFSrNkCu2XBRlkmBC5s+TodCcocwtoUwLeythY6opQxtRxYbgrb68TtpXdc+te/fXtWajiKMMZ3AOl+DBDTThDlrgAwMJz/AKb86j8+K8Ox/L1pJTzJzCHzifPx6Gj/o=</latexit><latexit sha1_base64="XO0jXVU7S2YwTBSZs4bLvtQs2sU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF48VTFtoQ9lsN+3SzSbuToRQ+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ9YJ7yIKYjJSLBKFqp6w/6QkWYD6o1t+4uQNaJV5AaFGgNql/9YcKymCtkkhrT89wUgynVKJjks0o/MzylbEJHvGepojE3wXRx74xcWGVIokTbUkgW6u+JKY2NyePQdsYUx2bVm4v/eb0Mo0YwFSrNkCu2XBRlkmBC5s+TodCcocwtoUwLeythY6opQxtRxYbgrb68TtpXdc+te/fXtWajiKMMZ3AOl+DBDTThDlrgAwMJz/AKb86j8+K8Ox/L1pJTzJzCHzifPx6Gj/o=</latexit><latexit sha1_base64="XO0jXVU7S2YwTBSZs4bLvtQs2sU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF48VTFtoQ9lsN+3SzSbuToRQ+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ9YJ7yIKYjJSLBKFqp6w/6QkWYD6o1t+4uQNaJV5AaFGgNql/9YcKymCtkkhrT89wUgynVKJjks0o/MzylbEJHvGepojE3wXRx74xcWGVIokTbUkgW6u+JKY2NyePQdsYUx2bVm4v/eb0Mo0YwFSrNkCu2XBRlkmBC5s+TodCcocwtoUwLeythY6opQxtRxYbgrb68TtpXdc+te/fXtWajiKMMZ3AOl+DBDTThDlrgAwMJz/AKb86j8+K8Ox/L1pJTzJzCHzifPx6Gj/o=</latexit><latexit sha1_base64="XO0jXVU7S2YwTBSZs4bLvtQs2sU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF48VTFtoQ9lsN+3SzSbuToRQ+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74ST27nfeeLaiEQ9YJ7yIKYjJSLBKFqp6w/6QkWYD6o1t+4uQNaJV5AaFGgNql/9YcKymCtkkhrT89wUgynVKJjks0o/MzylbEJHvGepojE3wXRx74xcWGVIokTbUkgW6u+JKY2NyePQdsYUx2bVm4v/eb0Mo0YwFSrNkCu2XBRlkmBC5s+TodCcocwtoUwLeythY6opQxtRxYbgrb68TtpXdc+te/fXtWajiKMMZ3AOl+DBDTThDlrgAwMJz/AKb86j8+K8Ox/L1pJTzJzCHzifPx6Gj/o=</latexit>

y(t)
<latexit sha1_base64="FwO2HG2q4Lo/zPvDB3KS9SeLKv0=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lEsMeCF48V7Ae0oWy223bpbhJ2J0II/QtePCji1T/kzX/jps1BWx8MPN6bYWZeEEth0HW/nY3Nre2d3dJeef/g8Oi4cnLaMVGiGW+zSEa6F1DDpQh5GwVK3os1pyqQvBvM7nK/+8S1EVH4iGnMfUUnoRgLRjGX0hpeDStVt+4uQNaJV5AqFGgNK1+DUcQSxUNkkhrT99wY/YxqFEzyeXmQGB5TNqMT3rc0pIobP1vcOieXVhmRcaRthUgW6u+JjCpjUhXYTkVxala9XPzP6yc4bviZCOMEeciWi8aJJBiR/HEyEpozlKkllGlhbyVsSjVlaOMp2xC81ZfXSee67rl17+Gm2mwUcZTgHC6gBh7cQhPuoQVtYDCFZ3iFN0c5L86787Fs3XCKmTP4A+fzB4BOjdY=</latexit><latexit sha1_base64="FwO2HG2q4Lo/zPvDB3KS9SeLKv0=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lEsMeCF48V7Ae0oWy223bpbhJ2J0II/QtePCji1T/kzX/jps1BWx8MPN6bYWZeEEth0HW/nY3Nre2d3dJeef/g8Oi4cnLaMVGiGW+zSEa6F1DDpQh5GwVK3os1pyqQvBvM7nK/+8S1EVH4iGnMfUUnoRgLRjGX0hpeDStVt+4uQNaJV5AqFGgNK1+DUcQSxUNkkhrT99wY/YxqFEzyeXmQGB5TNqMT3rc0pIobP1vcOieXVhmRcaRthUgW6u+JjCpjUhXYTkVxala9XPzP6yc4bviZCOMEeciWi8aJJBiR/HEyEpozlKkllGlhbyVsSjVlaOMp2xC81ZfXSee67rl17+Gm2mwUcZTgHC6gBh7cQhPuoQVtYDCFZ3iFN0c5L86787Fs3XCKmTP4A+fzB4BOjdY=</latexit><latexit sha1_base64="FwO2HG2q4Lo/zPvDB3KS9SeLKv0=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lEsMeCF48V7Ae0oWy223bpbhJ2J0II/QtePCji1T/kzX/jps1BWx8MPN6bYWZeEEth0HW/nY3Nre2d3dJeef/g8Oi4cnLaMVGiGW+zSEa6F1DDpQh5GwVK3os1pyqQvBvM7nK/+8S1EVH4iGnMfUUnoRgLRjGX0hpeDStVt+4uQNaJV5AqFGgNK1+DUcQSxUNkkhrT99wY/YxqFEzyeXmQGB5TNqMT3rc0pIobP1vcOieXVhmRcaRthUgW6u+JjCpjUhXYTkVxala9XPzP6yc4bviZCOMEeciWi8aJJBiR/HEyEpozlKkllGlhbyVsSjVlaOMp2xC81ZfXSee67rl17+Gm2mwUcZTgHC6gBh7cQhPuoQVtYDCFZ3iFN0c5L86787Fs3XCKmTP4A+fzB4BOjdY=</latexit><latexit sha1_base64="FwO2HG2q4Lo/zPvDB3KS9SeLKv0=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lEsMeCF48V7Ae0oWy223bpbhJ2J0II/QtePCji1T/kzX/jps1BWx8MPN6bYWZeEEth0HW/nY3Nre2d3dJeef/g8Oi4cnLaMVGiGW+zSEa6F1DDpQh5GwVK3os1pyqQvBvM7nK/+8S1EVH4iGnMfUUnoRgLRjGX0hpeDStVt+4uQNaJV5AqFGgNK1+DUcQSxUNkkhrT99wY/YxqFEzyeXmQGB5TNqMT3rc0pIobP1vcOieXVhmRcaRthUgW6u+JjCpjUhXYTkVxala9XPzP6yc4bviZCOMEeciWi8aJJBiR/HEyEpozlKkllGlhbyVsSjVlaOMp2xC81ZfXSee67rl17+Gm2mwUcZTgHC6gBh7cQhPuoQVtYDCFZ3iFN0c5L86787Fs3XCKmTP4A+fzB4BOjdY=</latexit>

�(t)
<latexit sha1_base64="vk9YmOkkEH4+1wrAHuGhiPdjmdM=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBahXkoigj0WvHisYD+kDWWznbRLN5uwOxFK6K/w4kERr/4cb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28Sp5tDisYx1N2AGpFDQQoESuokGFgUSOsHkdu53nkAbEasHnCbgR2ykRCg4Qys99nEMyKp4OShX3Jq7AF0nXk4qJEdzUP7qD2OeRqCQS2ZMz3MT9DOmUXAJs1I/NZAwPmEj6FmqWATGzxYHz+iFVYY0jLUthXSh/p7IWGTMNApsZ8RwbFa9ufif10sxrPuZUEmKoPhyUZhKijGdf0+HQgNHObWEcS3srZSPmWYcbUYlG4K3+vI6aV/VPLfm3V9XGvU8jiI5I+ekSjxyQxrkjjRJi3ASkWfySt4c7bw4787HsrXg5DOn5A+czx9CkZAB</latexit><latexit sha1_base64="vk9YmOkkEH4+1wrAHuGhiPdjmdM=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBahXkoigj0WvHisYD+kDWWznbRLN5uwOxFK6K/w4kERr/4cb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28Sp5tDisYx1N2AGpFDQQoESuokGFgUSOsHkdu53nkAbEasHnCbgR2ykRCg4Qys99nEMyKp4OShX3Jq7AF0nXk4qJEdzUP7qD2OeRqCQS2ZMz3MT9DOmUXAJs1I/NZAwPmEj6FmqWATGzxYHz+iFVYY0jLUthXSh/p7IWGTMNApsZ8RwbFa9ufif10sxrPuZUEmKoPhyUZhKijGdf0+HQgNHObWEcS3srZSPmWYcbUYlG4K3+vI6aV/VPLfm3V9XGvU8jiI5I+ekSjxyQxrkjjRJi3ASkWfySt4c7bw4787HsrXg5DOn5A+czx9CkZAB</latexit><latexit sha1_base64="vk9YmOkkEH4+1wrAHuGhiPdjmdM=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBahXkoigj0WvHisYD+kDWWznbRLN5uwOxFK6K/w4kERr/4cb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28Sp5tDisYx1N2AGpFDQQoESuokGFgUSOsHkdu53nkAbEasHnCbgR2ykRCg4Qys99nEMyKp4OShX3Jq7AF0nXk4qJEdzUP7qD2OeRqCQS2ZMz3MT9DOmUXAJs1I/NZAwPmEj6FmqWATGzxYHz+iFVYY0jLUthXSh/p7IWGTMNApsZ8RwbFa9ufif10sxrPuZUEmKoPhyUZhKijGdf0+HQgNHObWEcS3srZSPmWYcbUYlG4K3+vI6aV/VPLfm3V9XGvU8jiI5I+ekSjxyQxrkjjRJi3ASkWfySt4c7bw4787HsrXg5DOn5A+czx9CkZAB</latexit><latexit sha1_base64="vk9YmOkkEH4+1wrAHuGhiPdjmdM=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBahXkoigj0WvHisYD+kDWWznbRLN5uwOxFK6K/w4kERr/4cb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28Sp5tDisYx1N2AGpFDQQoESuokGFgUSOsHkdu53nkAbEasHnCbgR2ykRCg4Qys99nEMyKp4OShX3Jq7AF0nXk4qJEdzUP7qD2OeRqCQS2ZMz3MT9DOmUXAJs1I/NZAwPmEj6FmqWATGzxYHz+iFVYY0jLUthXSh/p7IWGTMNApsZ8RwbFa9ufif10sxrPuZUEmKoPhyUZhKijGdf0+HQgNHObWEcS3srZSPmWYcbUYlG4K3+vI6aV/VPLfm3V9XGvU8jiI5I+ekSjxyQxrkjjRJi3ASkWfySt4c7bw4787HsrXg5DOn5A+czx9CkZAB</latexit>

k�, c�
<latexit sha1_base64="AsUdY95Vt+Ye7J6T6eUtTGXK8RU=">AAAB+3icbZDLSsNAFIYn9VbrLdalm8EiuJCSiGCXBTcuK9gLtCFMpift0MmFmROxhL6KGxeKuPVF3Pk2TtsstPWHgY//nMM58wepFBod59sqbWxube+Udyt7+weHR/ZxtaOTTHFo80QmqhcwDVLE0EaBEnqpAhYFErrB5HZe7z6C0iKJH3CaghexUSxCwRkay7erE3+AY0B2SXlBvl1z6s5CdB3cAmqkUMu3vwbDhGcRxMgl07rvOil6OVMouIRZZZBpSBmfsBH0DcYsAu3li9tn9Nw4QxomyrwY6cL9PZGzSOtpFJjOiOFYr9bm5n+1foZhw8tFnGYIMV8uCjNJMaHzIOhQKOAopwYYV8LcSvmYKcbRxFUxIbirX16HzlXdderu/XWt2SjiKJNTckYuiEtuSJPckRZpE06eyDN5JW/WzHqx3q2PZWvJKmZOyB9Znz+IbpQR</latexit><latexit sha1_base64="AsUdY95Vt+Ye7J6T6eUtTGXK8RU=">AAAB+3icbZDLSsNAFIYn9VbrLdalm8EiuJCSiGCXBTcuK9gLtCFMpift0MmFmROxhL6KGxeKuPVF3Pk2TtsstPWHgY//nMM58wepFBod59sqbWxube+Udyt7+weHR/ZxtaOTTHFo80QmqhcwDVLE0EaBEnqpAhYFErrB5HZe7z6C0iKJH3CaghexUSxCwRkay7erE3+AY0B2SXlBvl1z6s5CdB3cAmqkUMu3vwbDhGcRxMgl07rvOil6OVMouIRZZZBpSBmfsBH0DcYsAu3li9tn9Nw4QxomyrwY6cL9PZGzSOtpFJjOiOFYr9bm5n+1foZhw8tFnGYIMV8uCjNJMaHzIOhQKOAopwYYV8LcSvmYKcbRxFUxIbirX16HzlXdderu/XWt2SjiKJNTckYuiEtuSJPckRZpE06eyDN5JW/WzHqx3q2PZWvJKmZOyB9Znz+IbpQR</latexit><latexit sha1_base64="AsUdY95Vt+Ye7J6T6eUtTGXK8RU=">AAAB+3icbZDLSsNAFIYn9VbrLdalm8EiuJCSiGCXBTcuK9gLtCFMpift0MmFmROxhL6KGxeKuPVF3Pk2TtsstPWHgY//nMM58wepFBod59sqbWxube+Udyt7+weHR/ZxtaOTTHFo80QmqhcwDVLE0EaBEnqpAhYFErrB5HZe7z6C0iKJH3CaghexUSxCwRkay7erE3+AY0B2SXlBvl1z6s5CdB3cAmqkUMu3vwbDhGcRxMgl07rvOil6OVMouIRZZZBpSBmfsBH0DcYsAu3li9tn9Nw4QxomyrwY6cL9PZGzSOtpFJjOiOFYr9bm5n+1foZhw8tFnGYIMV8uCjNJMaHzIOhQKOAopwYYV8LcSvmYKcbRxFUxIbirX16HzlXdderu/XWt2SjiKJNTckYuiEtuSJPckRZpE06eyDN5JW/WzHqx3q2PZWvJKmZOyB9Znz+IbpQR</latexit><latexit sha1_base64="AsUdY95Vt+Ye7J6T6eUtTGXK8RU=">AAAB+3icbZDLSsNAFIYn9VbrLdalm8EiuJCSiGCXBTcuK9gLtCFMpift0MmFmROxhL6KGxeKuPVF3Pk2TtsstPWHgY//nMM58wepFBod59sqbWxube+Udyt7+weHR/ZxtaOTTHFo80QmqhcwDVLE0EaBEnqpAhYFErrB5HZe7z6C0iKJH3CaghexUSxCwRkay7erE3+AY0B2SXlBvl1z6s5CdB3cAmqkUMu3vwbDhGcRxMgl07rvOil6OVMouIRZZZBpSBmfsBH0DcYsAu3li9tn9Nw4QxomyrwY6cL9PZGzSOtpFJjOiOFYr9bm5n+1foZhw8tFnGYIMV8uCjNJMaHzIOhQKOAopwYYV8LcSvmYKcbRxFUxIbirX16HzlXdderu/XWt2SjiKJNTckYuiEtuSJPckRZpE06eyDN5JW/WzHqx3q2PZWvJKmZOyB9Znz+IbpQR</latexit>

c<latexit sha1_base64="k1fihHIuUn37/kFvH8tJvt0GFYc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEaI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epYthmsYhVL6AaBZfYNtwI7CUKaRQI7AbTu4XffUKleSwfzCxBP6JjyUPOqLFSiw3LFbfqLkE2iZeTCuRoDstfg1HM0gilYYJq3ffcxPgZVYYzgfPSINWYUDalY+xbKmmE2s+Wh87JlVVGJIyVLWnIUv09kdFI61kU2M6Imole9xbif14/NWHdz7hMUoOSrRaFqSAmJouvyYgrZEbMLKFMcXsrYROqKDM2m5INwVt/eZN0bqqeW/Vat5VGPY+jCBdwCdfgQQ0acA9NaAMDhGd4hTfn0Xlx3p2PVWvByWfO4Q+czx/DY4zd</latexit><latexit sha1_base64="k1fihHIuUn37/kFvH8tJvt0GFYc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEaI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epYthmsYhVL6AaBZfYNtwI7CUKaRQI7AbTu4XffUKleSwfzCxBP6JjyUPOqLFSiw3LFbfqLkE2iZeTCuRoDstfg1HM0gilYYJq3ffcxPgZVYYzgfPSINWYUDalY+xbKmmE2s+Wh87JlVVGJIyVLWnIUv09kdFI61kU2M6Imole9xbif14/NWHdz7hMUoOSrRaFqSAmJouvyYgrZEbMLKFMcXsrYROqKDM2m5INwVt/eZN0bqqeW/Vat5VGPY+jCBdwCdfgQQ0acA9NaAMDhGd4hTfn0Xlx3p2PVWvByWfO4Q+czx/DY4zd</latexit><latexit sha1_base64="k1fihHIuUn37/kFvH8tJvt0GFYc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEaI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epYthmsYhVL6AaBZfYNtwI7CUKaRQI7AbTu4XffUKleSwfzCxBP6JjyUPOqLFSiw3LFbfqLkE2iZeTCuRoDstfg1HM0gilYYJq3ffcxPgZVYYzgfPSINWYUDalY+xbKmmE2s+Wh87JlVVGJIyVLWnIUv09kdFI61kU2M6Imole9xbif14/NWHdz7hMUoOSrRaFqSAmJouvyYgrZEbMLKFMcXsrYROqKDM2m5INwVt/eZN0bqqeW/Vat5VGPY+jCBdwCdfgQQ0acA9NaAMDhGd4hTfn0Xlx3p2PVWvByWfO4Q+czx/DY4zd</latexit><latexit sha1_base64="k1fihHIuUn37/kFvH8tJvt0GFYc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEaI8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RS2tnd294r7pYPDo+OT8ulZR8epYthmsYhVL6AaBZfYNtwI7CUKaRQI7AbTu4XffUKleSwfzCxBP6JjyUPOqLFSiw3LFbfqLkE2iZeTCuRoDstfg1HM0gilYYJq3ffcxPgZVYYzgfPSINWYUDalY+xbKmmE2s+Wh87JlVVGJIyVLWnIUv09kdFI61kU2M6Imole9xbif14/NWHdz7hMUoOSrRaFqSAmJouvyYgrZEbMLKFMcXsrYROqKDM2m5INwVt/eZN0bqqeW/Vat5VGPY+jCBdwCdfgQQ0acA9NaAMDhGd4hTfn0Xlx3p2PVWvByWfO4Q+czx/DY4zd</latexit>

l �
<latexit sha1_base64="/r2EY4BDb9tYpP911IszUx6wnWo=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4jmAckS5iddJIhsw9neoWw5Ce8eFDEq7/jzb9xkuxBEwsaiqpuuruCRElDrvvtFDY2t7Z3irulvf2Dw6Py8UnLxKkW2BSxinUn4AaVjLBJkhR2Eo08DBS2g8nt3G8/oTYyjh5omqAf8lEkh1JwslJH9Xs0RuL9csWtuguwdeLlpAI5Gv3yV28QizTEiITixnQ9NyE/45qkUDgr9VKDCRcTPsKupREP0fjZ4t4Zu7DKgA1jbSsitlB/T2Q8NGYaBrYz5DQ2q95c/M/rpjSs+ZmMkpQwEstFw1Qxitn8eTaQGgWpqSVcaGlvZWLMNRdkIyrZELzVl9dJ66rquVXv/rpSr+VxFOEMzuESPLiBOtxBA5ogQMEzvMKb8+i8OO/Ox7K14OQzp/AHzucPI8uP/Q==</latexit><latexit sha1_base64="/r2EY4BDb9tYpP911IszUx6wnWo=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4jmAckS5iddJIhsw9neoWw5Ce8eFDEq7/jzb9xkuxBEwsaiqpuuruCRElDrvvtFDY2t7Z3irulvf2Dw6Py8UnLxKkW2BSxinUn4AaVjLBJkhR2Eo08DBS2g8nt3G8/oTYyjh5omqAf8lEkh1JwslJH9Xs0RuL9csWtuguwdeLlpAI5Gv3yV28QizTEiITixnQ9NyE/45qkUDgr9VKDCRcTPsKupREP0fjZ4t4Zu7DKgA1jbSsitlB/T2Q8NGYaBrYz5DQ2q95c/M/rpjSs+ZmMkpQwEstFw1Qxitn8eTaQGgWpqSVcaGlvZWLMNRdkIyrZELzVl9dJ66rquVXv/rpSr+VxFOEMzuESPLiBOtxBA5ogQMEzvMKb8+i8OO/Ox7K14OQzp/AHzucPI8uP/Q==</latexit><latexit sha1_base64="/r2EY4BDb9tYpP911IszUx6wnWo=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4jmAckS5iddJIhsw9neoWw5Ce8eFDEq7/jzb9xkuxBEwsaiqpuuruCRElDrvvtFDY2t7Z3irulvf2Dw6Py8UnLxKkW2BSxinUn4AaVjLBJkhR2Eo08DBS2g8nt3G8/oTYyjh5omqAf8lEkh1JwslJH9Xs0RuL9csWtuguwdeLlpAI5Gv3yV28QizTEiITixnQ9NyE/45qkUDgr9VKDCRcTPsKupREP0fjZ4t4Zu7DKgA1jbSsitlB/T2Q8NGYaBrYz5DQ2q95c/M/rpjSs+ZmMkpQwEstFw1Qxitn8eTaQGgWpqSVcaGlvZWLMNRdkIyrZELzVl9dJ66rquVXv/rpSr+VxFOEMzuESPLiBOtxBA5ogQMEzvMKb8+i8OO/Ox7K14OQzp/AHzucPI8uP/Q==</latexit><latexit sha1_base64="/r2EY4BDb9tYpP911IszUx6wnWo=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4jmAckS5iddJIhsw9neoWw5Ce8eFDEq7/jzb9xkuxBEwsaiqpuuruCRElDrvvtFDY2t7Z3irulvf2Dw6Py8UnLxKkW2BSxinUn4AaVjLBJkhR2Eo08DBS2g8nt3G8/oTYyjh5omqAf8lEkh1JwslJH9Xs0RuL9csWtuguwdeLlpAI5Gv3yV28QizTEiITixnQ9NyE/45qkUDgr9VKDCRcTPsKupREP0fjZ4t4Zu7DKgA1jbSsitlB/T2Q8NGYaBrYz5DQ2q95c/M/rpjSs+ZmMkpQwEstFw1Qxitn8eTaQGgWpqSVcaGlvZWLMNRdkIyrZELzVl9dJ66rquVXv/rpSr+VxFOEMzuESPLiBOtxBA5ogQMEzvMKb8+i8OO/Ox7K14OQzp/AHzucPI8uP/Q==</latexit>

� g
<latexit sha1_base64="aJJeWKSBf2omKVhLEOWe5e0xbrY=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIYJcFNy4r2Ie0Q8lkMm1oHkOSEcrQr3DjQhG3fo47/8a0nYW2HggczjmX3HuilDNjff/bK21sbm3vlHcre/sHh0fV45OOUZkmtE0UV7oXYUM5k7RtmeW0l2qKRcRpN5rczv3uE9WGKflgpykNBR5JljCCrZMeB9xFYzwcDas1v+4vgNZJUJAaFGgNq1+DWJFMUGkJx8b0Az+1YY61ZYTTWWWQGZpiMsEj2ndUYkFNmC8WnqELp8QoUdo9adFC/T2RY2HMVEQuKbAdm1VvLv7n9TObNMKcyTSzVJLlR0nGkVVofj2KmabE8qkjmGjmdkVkjDUm1nVUcSUEqyevk85VPfDrwf11rdko6ijDGZzDJQRwA024gxa0gYCAZ3iFN097L96797GMlrxi5hT+wPv8AbWlkE0=</latexit><latexit sha1_base64="aJJeWKSBf2omKVhLEOWe5e0xbrY=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIYJcFNy4r2Ie0Q8lkMm1oHkOSEcrQr3DjQhG3fo47/8a0nYW2HggczjmX3HuilDNjff/bK21sbm3vlHcre/sHh0fV45OOUZkmtE0UV7oXYUM5k7RtmeW0l2qKRcRpN5rczv3uE9WGKflgpykNBR5JljCCrZMeB9xFYzwcDas1v+4vgNZJUJAaFGgNq1+DWJFMUGkJx8b0Az+1YY61ZYTTWWWQGZpiMsEj2ndUYkFNmC8WnqELp8QoUdo9adFC/T2RY2HMVEQuKbAdm1VvLv7n9TObNMKcyTSzVJLlR0nGkVVofj2KmabE8qkjmGjmdkVkjDUm1nVUcSUEqyevk85VPfDrwf11rdko6ijDGZzDJQRwA024gxa0gYCAZ3iFN097L96797GMlrxi5hT+wPv8AbWlkE0=</latexit><latexit sha1_base64="aJJeWKSBf2omKVhLEOWe5e0xbrY=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIYJcFNy4r2Ie0Q8lkMm1oHkOSEcrQr3DjQhG3fo47/8a0nYW2HggczjmX3HuilDNjff/bK21sbm3vlHcre/sHh0fV45OOUZkmtE0UV7oXYUM5k7RtmeW0l2qKRcRpN5rczv3uE9WGKflgpykNBR5JljCCrZMeB9xFYzwcDas1v+4vgNZJUJAaFGgNq1+DWJFMUGkJx8b0Az+1YY61ZYTTWWWQGZpiMsEj2ndUYkFNmC8WnqELp8QoUdo9adFC/T2RY2HMVEQuKbAdm1VvLv7n9TObNMKcyTSzVJLlR0nGkVVofj2KmabE8qkjmGjmdkVkjDUm1nVUcSUEqyevk85VPfDrwf11rdko6ijDGZzDJQRwA024gxa0gYCAZ3iFN097L96797GMlrxi5hT+wPv8AbWlkE0=</latexit><latexit sha1_base64="aJJeWKSBf2omKVhLEOWe5e0xbrY=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIYJcFNy4r2Ie0Q8lkMm1oHkOSEcrQr3DjQhG3fo47/8a0nYW2HggczjmX3HuilDNjff/bK21sbm3vlHcre/sHh0fV45OOUZkmtE0UV7oXYUM5k7RtmeW0l2qKRcRpN5rczv3uE9WGKflgpykNBR5JljCCrZMeB9xFYzwcDas1v+4vgNZJUJAaFGgNq1+DWJFMUGkJx8b0Az+1YY61ZYTTWWWQGZpiMsEj2ndUYkFNmC8WnqELp8QoUdo9adFC/T2RY2HMVEQuKbAdm1VvLv7n9TObNMKcyTSzVJLlR0nGkVVofj2KmabE8qkjmGjmdkVkjDUm1nVUcSUEqyevk85VPfDrwf11rdko6ijDGZzDJQRwA024gxa0gYCAZ3iFN097L96797GMlrxi5hT+wPv8AbWlkE0=</latexit>
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Figure 1 – Système hydrolien à aile oscillante passive : (a) schéma cinématique

2D et (b) prototype expérimental à l’intérieur d’un canal à surface libre.

Une première étape a consisté en l’implémentation d’un modèle

numérique du système hydrolien, l’objectif étant de reproduire les principaux

phénomènes gouvernant la dynamique du système. Dans ce cadre quelques

hypothèse simplificatrices ont été admises. Il s’agit notamment d’un modèle

2D d’un profil hydrodynamique oscillant au sein d’un écoulement uniforme

non confiné. La turbulence de l’écoulement (Re ⇡ 10
5
) est modélisé dans
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une approche URANS par le modèle Spalart-Allmaras, la couche limite tur-

bulente étant entièrement résolue (y+ < 1). L’algorithme de couplage fluide-

structure est fort et une technique de maillage déformant est utilisée pour

adapter le maillage au mouvement de l’aile.

Le modèle numérique implémenté a été validé sur plusieurs aspects.

Tout d’abord, l’évolution des e↵orts hydrodynamiques sur le profil en fonc-

tion de l’angle d’incidence a été confrontée à des données de référence.

Ensuite, la fréquence du lâcher tourbillonnaire d’un profil en régime de

décrochage statique a été confrontée à la fréquence théorique de Strouhal.

Enfin, une validation en conditions dynamiques de l’aile oscillante passive

a été également mise au point, en se basant sur des résultats numériques

de référence. L’exactitude des résultats du modèle par rapport à un système

hydrolien en conditions réelles n’a – dans un premier temps – pu être vérifiée

à cause de l’absence dans la littérature de données expérimentales sur l’aile

oscillante passive.

Ce manque de données pour une validation complète du modèle, ainsi

que le besoin d’étudier le système hydrolien dans des conditions plus réalistes

ont motivé la conception d’un prototype expérimental. Installé dans le canal

d’eau à surface libre de l’INSA de Strasbourg, le prototype est équipé d’un

système de contrôle permettant le réglage actif de ses paramètres structu-

raux. Cela a permis, par la suite, l’étude paramétrique du système vis-à-vis

de ses composants mécaniques.

Dans un premier temps, une étude du comportement dynamique du

prototype a été réalisée. Les conditions sur l’emplacement de l’axe de tan-

gage et la raideur de tangage pour que la réponse du système soit adaptée

à la récupération d’énergie ont été déterminées. Ensuite, une optimisation

paramétrique des performances énergétiques du système a été menée dans la

zone de réponse adaptée. Une configuration optimale a été identifiée, le pro-

totype expérimental faisant preuve d’un rendement hydraulique de l’ordre

de 30%.

Les résultats du modèle numérique ont enfin pu être confrontés aux

données expérimentales produites par le prototype à aile oscillante. Les

grandeurs moyennées prévues par les simulations numériques étaient en bon

accord avec celles issues des essais expérimentaux. En revanche, les gran-

deurs instantanées divergeaient considérablement. En e↵et, des fortes inter-

actions entre l’aile et la surface libre ont été observées, introduisant dans

l’écoulement des composantes 3D non-négligeables, d’où la di�culté de re-
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produire la dynamique du prototype expérimental par une modélisation

2D. Cela a guidé la réalisation d’un nouveau concept, où les e↵ets 3D

étaient considérablement diminués. Finalement, les simulations numériques

ont montré une très bonne précision dans la modélisation de ce dernier

concept d’aile oscillante passive.

Au terme de cette thèse, il y a lieu de conclure que les résultats obte-

nus permettent d’envisager l’installation d’un système hydrolien à aile os-

cillante passive aux grandes échelles. En e↵et, toutes les études numériques

et expérimentales ont été menées de manière adimensionnelle et permettent

d’envisager sereinement le changement d’échelle. La configuration optimale

identifiée à l’échelle réduite peut ainsi s’étendre naturellement à des condi-

tions hydrauliques réelles.

Mots clefs :

Aile oscillante passive, système hydrolien, interaction fluide-structure, énergie

renouvelable.
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