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前    言 

学习是人类的基本智能行为之一. 让控制器本身具有某种智能, 使得它在控

制过程中能不断地完善自己, 以使控制效果越来越好, 这种具有学习能力的控制

器一直是控制工程师们追求的目标. 自 Arimoto 在 1984 年针对机器人系统的特

点, 模拟人类学习技能过程, 开创性地提出迭代学习控制的概念及其基本的研究

方法以来, 迭代学习控制一直是控制的研究热点之一, 受到国内外控制界的广泛

重视, 并正逐渐发展成为智能控制领域的重要分支之一. 

迭代学习控制的适用对象是诸如工业机器人那样的具有重复运动性质的被

控系统, 它的目标是实现有限区间上的完全跟踪任务. 迭代学习控制采用“在重

复中学习”的学习策略, 具有记忆和修正机制. 它通过对被控系统进行控制尝试, 

以输出轨迹与给定轨迹的偏差修正不理想的控制信号, 以产生新的控制信号使得

系统的跟踪性能得以提高. 迭代学习控制的研究, 对具有较强的非线性耦合、较

高的位置重复精度、难以建模和高精度轨迹跟踪控制要求的动力学系统有着非常

重要的意义.  

迭代学习控制理论与应用研究 20 年来受到了国内外控制界的普遍重视, 人

们针对不同类型的对象, 提出了形式多样的迭代学习控制律, 并在一定的前提假

设条件下, 利用各种数学工具, 分析得到了迭代学习控制的收敛性条件. Moore

教授于 1993 年出版了迭代学习控制方面的第一本专著之后, 又于 1998 年再次撰

写论文, 详细评述和归纳了截止到 1997 年的迭代学习控制研究的进展. 目前   

国内外都有着多个迭代学习控制的研究小组, 近十几年来, 每届CDC(IEEE 

Conference on Decision and Control)、ACC(American Control Conference)和

IFAC(International Federation of Automatic Control)等控制方面的大会都设有

迭代学习控制的专题小组. 国际著名的控制类杂志“International Journal of 

Control”在 2000 年出版了迭代学习控制的专辑, 介绍了一些新的研究成果. 这些

都说明了迭代学习控制研究的意义和活跃性, 同时也表明了迭代学习控制的理论

还不能认为已经完善.  

近年来, 对迭代学习控制的研究, 无论是方法上, 还是在所适应的系统类型
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及应用场合上都又有了新的发展, 如基于向量图分析的几何方法、基于小波的逼

近方法以及滞后广义系统、分布参数系统、退化系统、非最小相位系统等复杂受

控对象. 目前, 国内外所出版的专著中还没能反映出与这些有关的新方法及相应

的新成果, 鉴于此, 作者感到十分有必要撰写一本参考书, 向读者介绍有关的基

本理论和近年来的新方法和新成果. 但是, 由于迭代学习控制理论与应用的范围

很广, 作者在本书中只能以介绍自身的研究小组近年来的相关研究成果为主线, 

穿插介绍国内外的发展情况, 尤其在迭代学习控制的应用上, 书中也给出了较多

的介绍. 由于作者的水平和研究范围有限, 书中缺点和不足在所难免, 作者真诚

地欢迎读者批评指正.  

作者要特别地感谢指引我们走向迭代学习控制研究的启蒙老师——中国科

学院数学与系统科学研究院的郭雷院士, 他以对迭代学习控制理论及技术的重要

性的敏锐意识, 指导作者开展了有关的研究工作, 并为作者的前期研究提供了良

好的学术环境. 同时也要感谢作者的导师刘永清教授, 是他一直鼓励和培养我们

在这方面进行研究, 他为我们的进步和成长费尽了心血. 本书中作者的成果分别

获得了国家自然科学基金(60274006)、教育部跨世纪优秀人才基金(教技函

[2002]48 号)、国家杰出青年科学基金(60325310)及广东省自然科学创新团队研究

项目(04205783)的资助. 这些对本书的形成奠定了坚实的基础. 作者对他们表示

衷心的感谢.  

 
                                                作  者 

2004 年 11 月于华南理工大学 
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k
À è ®7#�N�O7� m7n737m�P�Q�R76 �7�7#7t7ku7v7+�*�+7í7Í % Í

[0, T ]
�7#7t7k7u7v

yd (t). S M k
À è ®7í7�7�7#7m7n7p7q+

ek (t) = yd (t)− yk (t), T �7�7�7�7�7�7#7�7�7�7y�U7' üWV�X #�Y7Â���E7+
uk+1(t) = L (uk(t), ek(t)) . (1.1.2)

â
k Z D�w
[�í���i�Z ek (t)

§
[0, T ]

��y
\ Z D�o�� T ú��
>����,���,���,<]
^ #�6 ]
^ ��%�&�<������������"!$û�ã�ä�#�%�&��B_�|,�������`'� �< ]`^#7���7�7�7�7�7���7|7e�a7¶7Ý�9�:76
�7�7�7�7�7�7#�b7��c7E7i�d

1.1.1 e E76X§7e�a7¶7ÝV!X�X�7��D7y7À è ®7#Ä�#����
f�'�(�§���y�À è ® ±
g Ê
h
3� �Ô�T�ö���:�'�(�§���y�À è ®"!$§
3 7Ô7T7ö�i Ä7#7�7��R�j�P�j�k7�7�Hl7Ä�m7�7��R�i §�n��7�7�7í7�Ho7��j�k7�V!
SKnK�K��RK6R'K(K�KöK�R�K�7�K�7�K�7ÔKP7'�p7ÝK#�(�q7ä7]KD7ø��7#�r�s7�K�7Ô
P����
t
u�(
v
w�À è ®�# e |�í�Í
x���#
(
q�3�â�À è ®,#�â
v�í`y
z
v�í,Íx7#�(�q76

{
1.1.1 |H}H~H�H�H�H�H�H���§7�7�7#7�7�7�7�7�7� �7� !X��y�U ° <���+�D�>��7���������70

•
�7��w7À è ®7í7Í7Í��7<7|�$7#��W+7Í��7�B�

t ∈ [0, T ]
i

•
�7�7#7t7k7u7v ° <�����*�+�� GW� #�i
•
�7�7#7¯������7ã7ò7�B��w7À è ®�v7���7�7#7¯���N�O

xk (0)
a7Ò7��i

•
�7�7# é O ± �7§�w7À è ®V!W���7��Q�i
•
�7��w7À è ®7#7m7n

yk (t)
'���i

•
j7§��7y7#7E7ð7�7�

ud (t)
/7T7�7�7#�N�O737m7n7+7t7k7#�N�O

xd (t)
37m

n
yd (t).ûKÊKyKz��K�����KÐK�K�K#������KÒ7ÓK�R�7Þ��7DKä�8K�7�K'��K�¼�����K<7y

z7÷7ø�27#��7�����769���7#7<7�9e�a7�B 7] é O7�7�7�����7'��7#����7�#�7¬7�
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|�í
¦�¢���T��
§
¨�r�s
6���4�5�#�ä
8���8��
z�(
©
8
/�����m�n�û
ª�c�t�k
mKnK#K�K�Km�PK�Ky��KEK#Kä�8K6¼�7Þ��7DK§�« N�¬ ^�9�:�DK�¼�K�7�7�K�7�KÔ7P�7� L y7��­7�7�7�7��®�­

{uk},
� ]�^ D7y7z7'7e f #7�7��(�)

u∗ (t),
�

u∗ (t)<7i�D7û�¯7%7&7#�°
min
u(t)
‖yd (t)− y (t)‖ , (1.1.3)

ÑV!
y (t)
<7�7�7#7m7n76

yKzK;�±K#K�K�K�K�K�K�KÔKP7�R��²K¶�³K§�wKÀ7�K��
KÝ7DK�7�KÊ7�R��/KT7�
�7#7m7n7p7q�Q�´7�#µ�o7ä7|�1�¶7# ]�^ ç �7(��B�7Ô7P7#7e7Ý7�76#·�¸7�9�7�7��K�K�KÔKPK# ]�^ �K¶KÐK{�¹7#Kt7k7uKv7wKÓ7�Ri7Z�*7nKy7zKÄ7#Kt7k7uKv7�R�7�
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�7�7�7�7�7#7¶7Ý����7���7Á7#�°�ÿ7O7P � §7���7#�M7Ë��7F�>76�

1.2.1
-����7Õ7�7× è7é u7v7�7�

[38],
Ñ�E�9�d7i�d

1.2.1 e E7�
	��7+
l,
-�����R�?�L7+

m1, m2, T Ñ é O7O7 7'���E7+
U(t) = J(θ)θ̈ + H(θ, θ̇) + G(θ) (1.2.1)

{
1.2.1 ��
������������ {

C7¬7'7Ý��7^�Q��������
D
Ã7�7�7�7­7®7u��74757�7�76

�
1.2.2 � ���7�7�7��Ñ�E�9�d7i�d 1.2.2.� ?7O7 7+



























ẋ1 = x2,

ẋ2 =

g sin x1 −
mwl

mw + mp

sin x1 cos
(

x1x
2
2

)

−
1

mw + mp

u cosx1

3

4
l−

mwl

mw + mp

cos2 x1

,
(1.2.2)

ÑV!
{

x1 = ϕ,

x2 = ϕ̇.

� ���7�7�7#7g7h7<�n��7�7� u,
§7y7í7Í % Í7� � ���7#���+7���7�B� ϕ =

0, ϕ̇ = 0.
C7¬7'7Ý����

D
Ã7�7�7�7�7�7T7ö�°�ÿ76



1.3 ¢H£��� �!�"�#H¡�$&% · 5 ·

{
1.2.2 '�(�)���� {

*K¬K(�¸K� �K�K�K�K�K��µK§K�Kê,+,-�3K�K#7ÕKëKì
[26]
Ö ^K�KÕ,.

[27]
Ö ��3

/IÕ
[39]
Ö10,2,3,4,5

[40] 617 ú,8,9,: +,- [41] 61;,<,=,>@?BA,C,D,E,;�< [42] 6FHGHIHJHKHLHM
[43] 6�N LHOP/RQHS�THUHVHWHX [44] 6�YHZH[H\H]H^H;H<H_H` LM

[45] 6ba,c,d,e,f,g [46] 6bh,i,j,k /Bl,m f,g [47,48] n,o,p@?Bq,r,s,t,A,u,v,wx
y�z�{�|�}�L�M A�~���u�v�������������������������A�E�� 8 f���������w

1.3 �������������������
z,{,|,},L,M E,�, ,¡�A@¢B£,¤�¥,¦ |,},§�¨ A�©,ª�«�¬,­�®,«�6 |,}�¯ ¬ |} f�g�A�° 8�±�²�³�´ 6 |�}�µ�K 6 |�}�L�M ;�<�A�¶�·�«�6 z�{,|�}�L�M A�¸�¹º ¨
( »�¼ 6�½ ¼ 6�¾�¿�f�g�À�Á�Â�f�g�6 2-D ¸�¹ º ¨ ) 6�Ã�Ä�Å�o�p�À z�{�|}�L�M A�u�v�n�n��ÇÆ�È�~��É¢
£�Ê�Ë�Ì�Í�Î�Ï�A�wÇÐ�Ñ�Ò,Ó�Ô��ÇÕ º�Ö A� �¡�×Ø�Ù�Ú�Û�Ü�Ý A�Þ�ß�w
1.3.1 à�á�â�ã�ä�å�æ�ç�è�é�ê�ç|H}H§H¨ AH©HªH«HËHëHì zH{H|H}HLHM iHíHîH�HAHïHðHñHòH��óHëHìHôHr |}�õ�ö A�÷�ø�� L�M f�g�ù�ú�d�Â�wÇû�� y�|�}�L�M f�g�Æ�ü,�Çý�ý�©�ª�Ë,þ�q�ÿ

����� A,���,q,� |,} ;,<,­�®�����Å,�
	,i�ë,ì Ø ��A L�M�����
 ��������� AL�M wÇ­�®�Ë�� |�}�L�M � ï�ð�A Ý�� � Û ö�|�� Ð�ò 4�� A |�}�¯ A���½��Çï y
��L ���,A��,�����,��� 4 Ù ­�®,A�����w Ð,­�®�«,ì��,?! ,��v�A ö�| =�°�" Ý
q,¦$#�%,¸,ù,n ´ 6 Lyapunov E,�,6 2-D E,�,6 §�& E,�,n,w Arimoto Ð � Ã,ò 4
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PID - |�}�L�M�¯ ½���ý�.���/�«�f�g�Ð D - |�}�¯ � A�©�ª�«�¬�­�®�����0 Ùì��
�!1�2�A Ú�Û |�� ����3�f�g ( 4 /�«�¾�¿�f�g�6
Á�Â�f�g�6
¸�5�6 ö f�g�67 � f�g98�À�Ì�u�A�:�1�f�g�n ) 0 Ù Ì�u�A� �¡����É?!;�<� �¡ 4 /�«�f�g�A�Ë
Hauser[49] ¬�=!>�n [50]. ?�@ [49] A L�M f�g�B 7 ��; � ��C�A 4 /�«�f�g�¦

{

ẋ(t) = f (x (t) , t) + B (x (t) , t) u(t),

y(t) = g (x (t) , t),
(1.3.1)

Ø � Ù D - |�}�¯ ­�®�A�D�¸�����w ?�@ [50] � 4 Ù ��E 4 /�«�f�g�¦
{

ẋ(t) = f(x, t) + B(t)u(t),

y(t) = g(x, t) + D(t)u(t)
(1.3.2)

Ð�F�G�¬�H�G P - |�}�¯ � ©�ª�¬�­�®�A�����wô�1�� Padieu n [51] u�v H∞

º ¨ ¸�¹�/�«�½�ù�I�f�g z�{�|�}�L�M A�­�®
«��)� 4 Ù z�{�|�}�L�M�§�¨ ­�®�A�D�¸�����w Owens[52] .���/�«�½�ù�I�f�g�¸¹ ÙKJ ÷KLKMKN |H}H¯ AH­H®H«Hw Ishihara n [53] ï y fHgHAKOKPKQHu ²KR |H}¯ � ìS� Ù�T 4�U�V�W,z,{�X A�Y�Z�[�^,«�\,w Park n [54] ò 4�] u |,},L,M �^� 4Ù � 
 ¸�¹ §�¨ ­�®�«�A º ¨ ¦ ²�R ��_�ª�` ö �Ró�a�f�g�6�b ( c�d U�V � L�MU�V n ) q�Î��9e�;�ì��!f�` ö�W�z�{�X A�Y�Z�g�^�«�\�ì�� §�¨ A�­�®�«�w Qun [55,56] ï y Lyapunov h�i ¨ ¸,¹ Ù 5�j � z,{,|,},L,M f,g,A,­,®,«,w Arimoton [57∼59] ï y Y�k�¸�¹�ì�� Ù�l «�Î�m 5Kj �H69n�oKp�q 5�j � zH{H|�}HL�M A
��r�q�s�«�¬�­�®�«�w�� y LTI Á�Â�½�t�f�g�� Geng n [60] 8 2-D f�g�g���u�vzH{H|H}HLHMKW ½Kt X ¬ WHzH{KXKwKx ºzy AHîK{H�9� 4 Ù 8K|K}K~K�K�HAH­H®
����w � y ¾�¿ 4 /�«�f�g�������� [61] ò 4 Ù ��C�«�A z�{�|�}�L�M º ¨ ��� 4Ù

PID - |�}�L�M�§�¨ A�­�®��K����f º ¨K� 8K�HÑ�� �K� /Hw9�K���Hn [62] �
� Ù :K1 4 /H«HÁHÂHfHgHA zH{H|H}HLHM oHpH�9 K�HA zH{H|H}HLHMH§H¨ ùHýH­®���Æ�È���ë�ì Ù ����������Ð�e�� ����� A ������� w

� �K� n [63∼65] �H� Ù ¾H¿ 4 /H«HfHgH¬HÁHÂ 4 /H«HfHgKFKHKG P - ¬ PI

- z,{,|,},L,M o,p,A�­�®�������3���� 4 A������ ����� F�G P - ¬ PI - z,{|,},L,M o,p,A,­,®,«,� � � v�2 ��� H�G P - ¬ PI - z,{,|,},L,M o,p,A,­�®«�w E��� �¡�¬���� ± ß F ���
¦�F�H�G P - ¬ PI - z�{�|�}�L�M�|�}�¯ A�­�®
����a� �u�v,A c�d º <�A,° 8�³,´ Y�Î,w��� �¡�n [66,67] �,� Ù ��E�/,«,Á,Â�f
gH¬ 4 /H«HÁHÂHfHgHA cKd �K� LHM oHpH�9eH; A  K¢K£HA |H}HLHM oHpK¤K¥ �
� x �K¦K§ {K¨HfHgHAK©KªK«K¬K­H©HªH«HoHpH�9® ØHÙ �HfHgHEK¯ cKd �K� A ±ß�w Wang[68] ¬�������n [69] ����� Ù Á�Â 4 /�«�f�g�A�­�®�«�o�p�w

����� n [70] ° õ A z { | } L M º ¨ u v y :�1 7 � f g A c�d ��� L M�± �
� 4 Ù���� L M A | } § ¨ �9² � § ¨ A ­ ®�« À c�d ��� A � i « � � Ù � � w
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1.3.2 ¾�¿�À�Á�Â
îHv zH{H|H}HLHMKÃKÄ �KÅ LHMKj ½H�9�KÆ Ý eH; ÜKÇKÈ 0K® Ø AKp L �K�

A U�V�É�U�V�Ê�ö�Ë�Ì w Ð�~ 
�L�M�Ã�Ä ?
� z�{�|�}�Í Ý�Î � Ã�Ä�Ï�F�Ä�� Ã�Ä
Ï�Ð,Ã,Ä c�d É Ã,Ä T 4 w Ó�Ñ� �q�A,­�®,«�ìS�
Ê Ý�� Ã�Ä����,Ë�Ì��,A���«�ÒzH{H|H}HLHM EH�P?�AHÃHÄK�K�HoHpK� h ËH�H�KÓ � AÔ�Õ�×ÖK�HwØ� ñzÙRò 4 AzH{H|H}HLHMH§H¨KÚ Û ö ÝK� �HL fHgKÛ õ îH�H½HAHÃHÄ cKd ÐK�K� �KÜ �HuHAÃ�Ä c9d ± �9Ý�Þ�ß�Ã�Ä�����¦

xk (0) = xd (0) , k = 0, 1, 2, · · · (1.3.3)

à f,g,A,Ã,Ä c�d ù�Ð���� ��Ü ± � Æ�Ð���� ��Ü A � ��s�á�â ¼ ¢
½,��e��ã ~�E�o�p�ä ± ��|�}HL�M AH¶�·H«Ho�pH �¡@w Heinzinger n [71] =!å�æ
��Ã�Å
çKV oHpKa |H} AH©HªH«K0 Ù  H¡H�9²K� 4 Ù zH{H|H}HLHMH§H¨ ©HªH«HA ± �H�
û�ù�i�ë�ì�­�®�w Arimoto[72] ����è�� 4 Ù à Ã�Ä c�d ç�V ù Ú ½�� |�}�L�M ­® y ��� ��Ü � ��â ¼ � û,��ù�i,ë�ì,­�®����,Å�� È à Ã�Ä c�d A ç�V ; Ú ½��|H} ;H<H�HúHqK; Ú A UKV �9éHÆH� LHM ùHi �K� �K� �KÜ w Lee n [73] .H�H¾
¿�/�«�f�g ��¸ w�
�ê�ë ��� Ù °�q 4�ì Ã�Ä ç�V A D - ¬ PD - z�{�|�}�L�MoHpH¦9Û õHzH{ AHÃHÄ cKd aK�K� �KÜ �HuHAHÃHÄ cKd ù×�H��ûHÃHÄ UKV ëKí ù
I���Ý xk (0)−xd (0) = x0;

Û õ�z�{ A�Ã�Ä U�V Ë�I�¥�A�w ± ß����
� °�q�ù�I�Ã
Ä UKV A zH{H|H}HLHM fHgHAH«K\ � y °HqKI9¥HÃHÄ UKV A zH{H|H}HLHM fHgHw
î �ðïHn [74] �H� Ù °HqHÃHÄ çKV A 4 /H«HfHgHA PD - zH{H|H}HLHM ½KÐ 4 �Ð D - |�}�¯ 0�v � � 4 /�«�f�g�A z�{ T 4 ú ­�® y �Kñ�q ��Ü ��ó�aK��� T4 �KÜKò ÐK�KóHª çKV ��ÆHÐ PD - |H}H¯ 0Hv � AKñKq �KÜ �z�R�9eH;HÐ |H}¯ ?�÷Hø Ù P -Kô � � qKõKöH^K÷H~ 
KçKV w��K�KèKöH��ÃHÄ T 4 ÞKßKøHÑKùKúÜ�Ç ½,� � ë,ì,f,g z,{ T 4�U�V A���r�­,®�«�w ó�û�ü Ù�ý q ?�@ ?
�9Û�� õ�z{  ÝK� AK�KrH«HÃHÄK�K�Hw9éKþH�9ÿHvH~ 
H|H}H¯K� qKõ×ö�� M Ã Ä çKV A��
Q�w Park n [75] ��� Ù /�«�f�g�¬���E 4 /�«�f�g�°�q�Ã�Ä c�d U�V A z�{�|�}L�M o�p�� ± ß����
�ÇÃ�Ä c�d U�V A���Q � e�; |�} ÷�L�A���×�2 L,M w������n [76] ��� Ù x n

x�� { j  �	�{�A n
x Î�m 5�j ��f�g�A ��� L�M o�pH�9eH;

I�
 A ÌHuHfHgK¤K¥ ����� fHgH��
K1K.H� ��� fHgH�H�K�KÅHw9f ? A º ¨����Ù
Kawamara n [77] Ð |H} ;H<P? ÝK� Û õH|H} ÊHkH;HÌK�HAHÃHÄHÅHAKq M � Î

Æ�� V Ù Kawamara
º ¨�� 8�u�v�� “

|�} ;�<É? ò Ð�Ã d U�V ” A�� � w �����n [78] � 4 Ù � � Ã,Ä c�d � A z,{�|�},L�M �
e�;,��f,g�A L�M T�� ¬�Ã�Ä c�d
��½ |�} ¦

uk+1 (t) = uk (t) + Lėk (t) , k = 0, 1, 2, · · · , (1.3.4)

xk+1 (0) = xk (0) + BLek (0) , k = 0, 1, 2, · · · (1.3.5)
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2,ÿ ý f,g,A,��¬ ��� w�f º ¨ Ð |,} F�Ä,½��,Ã�Ä c�d Y Ý�� ��Ý�ù�Æ Ý ����Ð
Û õ�� GH;H<P?RfHgHAHÃHÄ cKd ¬K�K� �K�K�KÜ AHÃHÄ c9d ÊHÌHnH� ÐK�HªH< K±�� 8�«�Ò�� � Ã,Ä c�d � |�}�L,M f�g,A ��� o�p�w Chen n [79] .,��/,«,f,g
¬ 4 /�«�f�g��Õ��v ?�@ [78] ?�Ì���A L�M���� � ��� Ù z�{�|�}�L�M o�p�� Ø �Ù���� U�V A���r,q�s,«,� È ��� U�V A�s���a,f�g,A�ù��,ª ô ¬���{ ô q�Î,� Æ
a�Ã�Ä U9V Y�Î�w

1.3.3 ����ç�Á�Â
xRyHzH{H|H}HLHM EH�HAHò��HqHr��H`HAH=H<H�H�H�9éKþH�H��� � �HýHýHÐ

Y� ��K�K� � �H�H­H®H«HoHpHËHù í AH�9�HuH�H� ò ÐHÕ 
  ��HA ê ³K� fHg A
��� «,i,w�� x ÿ � î,�,A z�{,|�}�L,M f,g � Ù�ò Ð�Ã,Ä ç�!�" �
� É Û É ÷ ò
Ð c�d ��{�#%$�b�&�'�# T�� ��{�n�Õ 
  ���wÇ¶�·�«�o�p���� ò Ð�Õ 
  ���½ z{�|�}�L�M f�g�A ��� «�i�wÇ°�(�ö�)���� x�z�{�|�}�L�M f,g�Ë�¶�·,A��ÇË�Ð�f
g�Ð,Õ 
 q�s� ��,A���Q � � � z�{ ��Ü i�­�®������ ��Ü A�â ¼ ¢+*1Æ à ~,�� � ��� ½,� z,{ ��Ü ú,­,®������ ��Ü w x þ�,�2 z�{,|�},L�M f,g�A,¶�·�«,o�p
Ë.-B©,ª,«,o,p�/ 7�0 �,�,A,o�p,w Î �ÇñSÙ!® Ø A,¶�·,« ± ß�2�,,� q,� |,}�¯
0�v � A�f�g�Ë�¶�·�A��Çû�����ÿ ò Ð���� |�}�¯ �ÇÐ� ���A���Q � �Çf�g,A z�{
��Ü a���� ��Ü A ç�V ù�Ë,q�s�A,w21�3�� Heinzinger[80] ��� Ù x Ã,Ä ç�V R Þ,fg z�{ d�Â�A�1 & wz,{,|,},L,M ¶,·,«,o,p � < x Arimoto n [81] ò��,� È,Ð�1�2,A ?�4 ? 0 Ù5 � A,�,�,� ~,�,�,�,ï,ð ± 8�/,«�¥ � ñ,ò,w Heinzinger [80] 6�ÿ,v�/,«�¥�7�8,�
°�9 5 � öK.H��:�;�<Ké & A D - |H}H¯ ¸H¹ Ù 4 /H«HfHg {f (x) , B (x) , g (x)}A�¶�·�«�� ? ?!����� Ù w�
  ���¦�Ã d ç�! ¬ c�d ��{�w�� ± ß�Ð���¦ à Ã d ç! ¬ c�d ��{�q�s�½�� L�M�U�V ud − uk, c�d U�V xd − xk

8�À T � U�V ek
ø�Ñ

q�s,��Ý xB§,¨ ���,A ������Ü ú�­�®������ ��Ü A ��x â ¼ ¢
��²�È�f�â ¼ A Ú
áHËHÎ yKwK
  �� ± sHAH¾H¿K` ö * à  ��Hù ò Ð ÉK��=�� ½H�9fKâ ¼ ü KK� ì
( Ý §H¨ ­H® ). Saab n [82] >�
H�H�H~ 
 :�;�<Ké & A D - |H}H¯ � Ø � Ù ��?A ± ß�* �� ���¤�¥�¦ Ã d ç�! # c�d ��{�#@$�b�&�'�8�À���� ��Ü I�{�w �����n [83] A z,{,|,},L,M º ¨ v y ��E 4 /,«�¸�5�6 ö f�g�A ��� L�M�± �1¸�A�® ØÙ f�g � / y L2 (Ω) B t�¬ W1,2 (Ω) B tÉ? ��� ��������A ± ß�w9 ���A z�{�|},§,¨�C�D Ù �,­,®,« Ý�E�F y E�¯ T�� ud (x, t) ~��,ù��,ª,A����,� È,�,f,g�A
4 /�« Ý�� ��Ë�ª�«�A�Æ�ù�Ë�ª�b�A�� Î Æ�� Ø L�M °�q�s�G�A�¶�·�«�i�w

Arimoto n [57,58] �H� n ÎKm�H j �HAK{K¨ |�I�J ��ÐH�K{ d º�K ÷HøK�H�L�M ����A�ï�N ± �9e�OHÐ P - |�}�¯QPSR ��;�<�é & ��ìz� Ù :�;�<�é &�T P

- |�}�¯�T ¶�·�«�w�� P ��� Ù�¦ 
  ���¦�Ã d ç�! # c�d ��{�¬�$�b�&�'�w)���
��n [76,84] ¬ Wang[85,86] �K�Kè A zH{H|H}HLHM v y ò J nKoKpKq�H j ��#�UH«
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Î�m�H j�V�T ��� «�W�X
Saab[87] AK?K@ [57]

T ¶H·H« ± ßKB 7 � 4 /H«�Y�Z {f (x) , B (x) , C}. [ ±ß�Ð���¦ à Ã d ç�! # c�d �K{�¬�$Kb�&�\�]�sH½�^�:�;�<Ké &�T P -�_�`�a�bc�d�e�f�c�d�g�h
ud−uk

#ji�k g�h xd− xk l�m�n�o g�h ek p�q ]�r�sjt�u�vw�x�y�z�{ s2Y�Z n�o�p�q�|�}�~�������� X2����� [88] � Chien[89] ������������������������ p������ ��Y�Z {f (x, t) , B (x, t) , g (x, t)}, l P ��a�b������ s��
o�� ��������� ������ �¡ s�¢Q£ _�`�a�b c�d�¤ ]�¥�¦ � ������X

Xu � [90,91] � Doh � [92] §�¨�©�ª�«�¬ ��­�®Q¯S��� � _�`�a�b c�d � �����X
1.3.4 °�±�²�³�´�µ¶ ~ _�`�a�b c�d p�·�¸�¹ ��º�» � ��¼�½�¾�¿ e a�b c�d�À�Á�Â�Ã�Ä |�}

~�����Å�Æ ¶�Ç�È�É a�Ê ® ��Ë�Ì�Í�Î�Æ Gu[93] Ï o�p v Ë�Ð g�h�Ñ�Ò ��Ó b�� ÆÔ�Õ  �¡�Ö £ |�} À�Á�×�Ø ��ÆÚÙ�Û�Ü Ó b���Ý�Þ ��ß�à Ì�á�Æ2â�â�ã ½ p v�ä�å� Ì�á�Æ�æ Ç�È�ç�è�é ~�p�� ��ê c�¶�ë�ì Togai[94] � o�� Ó b�í�î Ì�á�Æ ¾�ïð á�ñóò�ô - õ�ö�÷ á ��ø�ù á�ÆóÙ�ú�û�¹ ¨QüSý�þ�k À�Á�ÿ�� �� �� ����� {��
Ü	� í	
	� Æ�ú ¼	�	
 � é	�	� Ó b c�d �	�	� � ì�Â Ë ��Ó Ê ½ ¨ Ó b��	� º» Æ l�� f � � Ã ��Ó b |�} Ø�ð�ì�� ª�� À�ÿ�� ß�à�Ó b�Ý�Þ���� ��� � §������� |�} ����� ÆÚÙ��� Ô�Õ ¯"!�#���$�%���&(' ÆÚl�) e���*�+���� Ó b c�d �

�, � [95]. ����� [96] � ��� � ��� ��-�. ��� Ó b c�d Ó b Ø�ð � u�v æ	/�Æ0 l�1�2 P � Ó�3 ����� ® ��4�5 ���	6 Æ � o�� ���� �¡ ì �87:9 ü $ ¢ �	;< # Æ º�» ��� Ó�3�= d�> á � Ã�Ø |�} � � p���Ü�l�?�@ v Ì�á�A
B ñ�C�DFE�GIH�J¶ ~�� � { È�K�L %�M�N Æ Togai[97] Ï o Ó�3 �

ui+1 (k) = ui (k) + Gei (k + 1) , (1.3.6)

O ¯
G � À ?�P���Q î�R�S�T � ��U

J =
1

2
eT

i (k + 1) ei (k + 1) . (1.3.7)

¬ é Newton-Raphson á�Æ�V
G = −

‖ei (k + 1)‖
2

‖BT ei (k + 1)‖
2 BT , (1.3.8)

O ¯
B � i�k Ì Á ¯I= d�W ��M ��X�Y Æ�ú { G � { K � ì¬ é Gauss-Newton á 
 f

G = −
(

BT B
)−1

BT . (1.3.9)
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 f

G = −KBT . (1.3.10)

Amann[98]
����� R�S�T � ½

Jk+1 =
N
∑

t=1

eT
k+1(t)Q(t)ek+1(t) +

N−1
∑

t=1

[uk+1(t)− uk(t)]T R(t) [uk+1(t)− uk(t)],

(1.3.11)O ¯ ×	a X	Y Q (t) � R (t)
½ ¶	b	c	U � Æ ek (t) = r (t) − yk (t) , yk (t) = y0 +

Guk (t) , G
½

Toeplitz X�Y

G =















CB 0 · · · 0

CAB CB · · · 0
...

...
. . .

...

CAN−1B CAN−2B · · · CB















(1.3.12)

d
k+1 e ��� {�� � í = d Æ 
�f�g ?�P�Ì Á A

1

2

∂Jk+1

∂uk+1
= −GT Qek+1 + R (uk+1 − uk) = 0 (1.3.13)

f � ì æ Ç Æ d k+1 e ��� {�� � í = d �
uk+1 = uk + R−1GT Qek+1, k = 0, 1, 2, · · · (1.3.14)

Pandit � [99] � �	� Ó	3	= d Ì�á ¬ é ~	h�o	i�Æ ��� ����� � å º�»kj ¢£ Æ ¬ é í�î ��� Ó�3�= d Ì�á�Æ 
 l Ï�ø h�o�l�m � l�n ��o n ì
Phan � [100] § ��� ��p�~�q e�R�S � � í Ó�3 � Ar ñksItFE�GIH�J
��u � 1�2 PID

Ó�3�= d Æ ¨ d k+1 e ��� t
{�v l�w uk+1 (t)

{ Æ j ã�xé � g�h � = d n � p e�y�z Æ�ú�{ Ó�3 � p�� 
 ¢�| �
uk+1 = h (uk (t) , ek (t) , t) , (1.3.15)

b�} � p�~ Ó�3 � ì
� � Ï�ø Ó�3 � � |�} Ø�ð Æ�p�{ Ó Ê�� é�������� ��� ��� ø ~ Ó�3 � Æ

uk+1 = h (uk (t) , uk−1 (t) , · · · , uk−N+1 (t) , ek (t) , ek−1 (t) , · · · ek−N+1 (t) , t) , (1.3.16)

b�} � N ~ Ó�3 � ì ¨ ¤�� ����{ p���� 2∼3 ~�� � è�� Æ�~ ����ø�� > n ���� n §������ Ý ×�ì
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����� � [101] Ï o ø ~ Ó�3 � A
uk =

p
∑

i=1

(αiuk−i + hi ∗ ek−i) (1.3.17)

O ¯
αi � u�� Æ ���

p
∑

i=1

αi = 1, hi ∗ ek−i ����� ì
Bien � [102]

��� � ø ~ Ó�3 � A
uk+1 (t) = P1uk (t) + · · ·+ PNuk−N+1 (t) + Q1ek (t) + · · ·+ QNek−N+1 (t) , (1.3.18)

O ¯
Pi,Qi,i = 1, 2, · · · , N ��Ý�Þ X�Y Æ �

N
∑

i=1

pi = I .

��  x [103]
��� � ø ~ Ó�3 � A

uk+1 (t) = uka (t) + ukb (t) , (1.3.19)

} ¯
uka(t) = Γ(t)uk(t) + D(t)ek(t), k = 1, 2, · · · , (1.3.20)

ukb (t) =















0, k = 1, 2, · · · , N,
N
∑

i=1

Γi (t) uk−i (t) , k = N + 1, N + 2, · · ·,
(1.3.21)

O ¯
Γ(t),Γi(t),D(t) � Ó�3 X�Y Æ �

N
∑

i=1

Γ i (t) = I − Γ (t).

¡ ñ�¢�£�¤F¥I¦�§FE�GIH�J
� � ×�Ø Ó�3 > á � |�} Ø�ð Æ Heinzinger[71],Wang[86],Chien[89] ¨�©�ª�«�¬ �­�®Q¯ Æ ¶ Ó�3 > á�¨�©���ª�«�æ�¬ ì
Heinzinger[71] ¨�«�¬ �����Q¯ Æ Ï o���­�ª�«�æ�¬ � D � Ó�3 � A

ui+1(t) = (1− r)ui(t) + ru0(t) + L (yi(t), t) [ẏd(t)− ẏi(t)] , (1.3.22)

} ¯
0 6 r < 1

½ ª�«�æ�¬�Æ u0(t)
½�Ó�3�=�®���¯�° n�± ìt Ó�3 � ¯+� u0(t)

è t ß � { Æ ¯�°�² c�W ru0(t) 
 l�³�´ ��� ��� ��µ�¶ð�· þ Æ ��¸�
 l ×�Ã�����Ø�ð�ì
Wang[86] ¨ ��� i�¹ � M�N���Ó�3�=�®�{ Æ � o�� ¾ ? > á�A
{

mk+1(t) = (1− β)mk(t) + βm0(t) + L̂2 (zk(t)) (żd(t)− żk(t)) ,

fk+1(t) = (1− β)fk(t) + βf0(t) + L̂1 (zk(t)) (λd(t)− λk(t)) ,
(1.3.23)
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0 6 β < 1
½ ª�«�æ�¬�Æ m0(t)

½�¯�°�º þ =�® Æ ¸ f0(t)
½�¯�° Î =�® ì

Chien[89] ¨ ��� ��� � M�N�� ��� n�o�»�¼ � ��{ Æ Ï o�� ¾ ? > á�A
ui(t) = (1− β)ui−1(t) + K (yd(t)− yi(t)) , (1.3.24)

} ¯
0 < β < 1,K

½ p�· È�½�¾ ¿�¿�À�� c�U X�Y ì
Arimoto � [57,58] Ï o���­�ª�«�æ�¬ � P � Ó�3 � A

uk+1(t) = (1− α)uk(t) + αu0(t) + Φ [yd(t)− yk(t)] , (1.3.25)

} ¯
α > 0 � ª�«�æ�¬ ì��  x � [104] R o�Æ�l � @�Á�­�ª�«�æ�¬ � �	� Ó	3 > á j ��¨ È��	Â�Ã Æ0 � o���p�{ «�¬ ��Ä © > á ìÅ ñ�Æ�Ç�È�É�Ê�Ë�§�Ì�Í�H�J�	  x � [105∼107] x é � Ó � � @ ¿ ��� Ì�á�Æ�Î ¶ p������ � M	N f � �

@�Á�Ï 7Ð9 > á�Ñ�Ò È�Ó � ��� Ó�3�=�® Ã�Ø�> á
uk+1 = uk + L

(

ek − α (1− exp (−β ‖ek‖))
(Lek−1)

T
Lek

‖Lek−1‖
2 ek−1

)

, t ∈ [0, T ], (1.3.26)

} ¯
(α, β) ∈ (0, 1)× [0, +∞) ��
�Ô�Õ u�� ì

uk+1 = uk + h (a− exp (−b ‖ek‖)) (uk − uk−1) + Lek, t ∈ [0, T ], (1.3.27)

} ¯
a ∈ (0, 1) , h ∈ (0, 1) , b > 0 ��
�Ô�Õ u�� ì

uk+1 = uk + Lek − α
(

1− e−β‖ek‖
) uT

k Lek

uT
k uk

uk, t ∈ [0, T ], (1.3.28)

} ¯
(α, β) ∈ (0, 1)× [0, +∞) ��
�Ô�Õ u�� ì
¸	� ¶ l � > á j © , �	Ö	× � |�} ����� Æ Ô�Õ  �¡ � ����ú	{ > á � ÜØ ��� í	Ù � ì ú v p�~	@ ¿ ��� �	Ú Ì�á � �	� Ó	3	=	®�� ©�p�Ð $�Û 1	Ü��

p � Ú���º�»�Ý�Þ Æ Ï�ß � Ú���º�»�à�á ìÇ�â Æ Ü º�» ¢.£ [108,109], ¨�ã {�ä�å�?�æ�2 Ó�3 ¤ Ü(ç"1�2 Ó�3 Ã�f Ë ��Ó3 Ø�ð Æ�æ�2 > á È â 
 l�è�é x þ Æ�ê�ë�ì ¯�° Å ¨ Q�íFîIï þ ì

1.4 ðòñòóòôòõ÷öùøûúûü
d p�ý�þ�ÿ�� ��� Ó�3�=�® � ����º�»���� ñ º�»�� i l�m ��¨ � � � ì����

þ�ÿ���	�
 u ý ��� ¹
��� ì
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d q�ý ¶���� M�N ( � � � Æ ��� � � )
� ��� Ó�3�=�® © , ������± � Ò�� ���� Æ Î ¶�È�Ó � ��� Ó�3�=�® > á (

¾ A PID � ��� Ó�3�=�® > á�Æ ¤ Ü�Ò���|
} � �	� Ó	3 > á�Æ�p�~	Q	ï��� � �	� Ó	3	=	® Æ ¤ Ü ¯ ° g�h � �	� Ó	3 >
á�Æ {�! ��� � M�N�� ��" ��� Ó�3�=�® ), � o 0 Ö�× �.£ � ��� Ó�3�=�® |�} ���� ìd�# ý ¶�L %�M�N ( � � � Æ���� � � )

� ��� Ó�3�=�® © , � ��� Æ�Î ¶	�� Ó�3�=�®���Ó�3 Ø�ð � � Æ�¸�$	þ	ÿ�� ø ~ �	� Ó�3	=�® > á�Æ l P � 1�2 Ó3 ����� �	± Ä ��� �	-	. Ó	3 Ø�ð � æ	/�Æ�% � � Ï�ø � � Ó	3	= ® |�} Ø ð��Ý�Þ ì Ç�â Æ ��� ��p�~ 2-D
M�N�������Ó�3 > á�Æ p�~�? #�& X�Y ������Ó�3> á�Æ�p�~�Ë e g�h ��Ó�3 > á�Æ�p�~ > ¬�' ������Ó�3 > á ìd�( ý ¶ ��)���� M�N�� ��� Ó�3�=	® � � © , � ��� Æ�l P � 1�2 Ó�3 �

��� þ�ÿ�� 7 S »�¼ � q�~ Ó�3 > á�Æ � o���|�} ��� Æ Ö�× �Q£ ��* � > á � |
} � ì ��� � È	�	U M	N�� �	� Ó	3	=	® � ��� � M	N »	¼ =	®�� �	� Ó	3	=	®> á ìd�+ ý	Î ¶ p	Á�, î M	N 7:S »	¼ ��Ó	3	=	® � � © , ��% � Æ�ú	Á M	N È��� 7 9 ¶���� Ó�3�=�® *�¹ f � p�� � |�} ��� ì ¨ ú v ä�å Â ?�Æ ��u ��Ó�3=�® Ì�á�- ��.�/ Æ ¶�Ç Ï o���p v Ú���0 � Ì�á —— 1 ¨�2�3�Ì�á ì � À ���
p�· «�¬ ~�* � M�N�4 U ¸�1 ¨ � 2�3 S , � ¨ ����� À�Á ¯ Ó {�0 � o Ó�3�=�®
T ��5�6 {uk(t)}, l�7	Ñ�8 ¶ * � ��� 7:S � »	¼�Æ�ê ��� ��ú v Ì�á � 
 � �� � ì 	�ý�9�: ½ Î ¶ � � M�N������ Æ2Ù } 0 � Ì�á 
�; 	 o .�/ Ä ¬ é � «�¬� ��� � M�N � ìd�< ý ��� � !�=�����M�N�� ��� Ó�3�=�® � � Æ ¶ � U ��!�=�����M�N Æ þ
ÿ�� ��� Ó�3�=�® > á ��0 � Ì�á�Æ 0�¶�> á�© , ��Ö�× � |�} ����� ì ) 7 9��> Æ�?�~ !�=�����M�N�� ��� Ó�3�=�® � ���� �¡ � É Æ�	�ý � �@��Ò�A � ® Ê � �¡ ì
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2.1 � �
�������������

( �������� �!�����" ) "�#�$�%�&�'�(�)�*�+�,�-�.� �/�0
"21232465 �2728 "2#2$2%2&2'2(292: ( ;2< PID =>#2$2%2&2'2(292:246?2@2/2A2BC "D#D$D%D&D9D:D4FEDGDH2IDJ2KD"2#D$2%2&D'2(D4L?D@2MDN2ODP2"2#>$D%2&29D:24QSR !S�S� �S� "STSUS#S$S%S&S'S( ), VSWS#S$S%S&S'S(SB C "SXSYSZS[S\S"S]
3�^`_ba

2.2 PID cedefegihkjmlonmp
Arimoto q [1] r�s�t�u +���� Q�v��������

{

ẋ (t) = A (t)x (t) +B (t)u (t) ,

y (t) = C (t)x (t)
(2.2.1)

" D =�%�&�w�<
uk+1 (t) = uk (t) + Γėk (t) ,

x`y
Γ z�{�|�}�~�����4 ek (t) = yd (t)− yk (t) z ����� k ��%�&�"�O�P�4 yd (t)

z������ u a>9�:�"�B C X�Y�z ‖I − C (t)B (t) Γ‖ < 1. � Γ ������4>%�& ��� "��� ���� �B C������ E ������� ����a�z�+�����B C��2� 4���� ��� ����4����� %�&�w y }��������>"� S|�¡Sa>¢S£�4 � D =�#�$�%�&�9�:�"�E�¤ � 4>¥S¦ u§ + P = [2∼12] ¨ PI = [13∼15] ¨ PD = [16∼18] #�$�%�&�9�:�©�Z�ª�«�9S:�"S¬­
[19∼25]. ®�¯�°�±�²�³�´�µ�¶�·�¸ PID =�#�$�%�&�9�:�"�¹�º�»�¼�4 PID %�&

w�z
uk+1 (t) = uk (t) +

(

Γ
d

dt
+ L+ Ψ

∫

dt

)

ek (t) , (2.2.2)

¼ y Γ, L, Ψ z�%�&�}�~�����4 x B C X�Y�z ‖I − C (t)B (t) Γ (t)‖ 6 ρ̄ < 1. 9�:y "�O�P�½�¾�¿ ­ ek (t) À�z�Á�Â�#�$�%�&�'�(�4Ã;�Ä�¿ ­ ek+1 (t) Å�À�z�Æ�Â�#
$�%�&�'�(�a
z�+�1�3�9�:�#�$�%�&�9�:�"�B C ��4 s�t�u ;�Ç�¥�È�"�É�|���²�a
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� G n Ú`ÛbÜ W = (w1, w2, · · · , wn)

T ,
x É�|���²�z

‖W‖ =

√

√

√

√

n
∑

i=1

w2
i , (2.2.3)

Ý ¥ � ¬�" n× n ��� A "�É�|�z
‖A‖ =

√

λmax(ATA), (2.2.4)

x`y
λmax(·) Þ�ß�à�á�¹�â�ã�aä | f < [0, T ]→ Rn " λ É�|�z

‖f‖λ = sup
06t6T

{

‖f(t)‖ e−λt
}

. (2.2.5)

å�æ
2.2.1 ç`èb¼ (2.2.1)  �¼ (2.2.2) é�ê�" ����ë�ì ;�Ç�X�Y�<

1) ‖I − C (t)B (t) Γ (t)‖ 6 ρ̄ < 1 í
2) xk (0) = x0(k = 1, 2, 3, · · ·), y0 (0) = yd (0), ÅS� k → ∞

Q 4>@ yk (t) →

yd (t),∀t ∈ [0, T ].î�ï èb¼ (2.2.1) Z�X�Y 2) ��ð
yk+1 (0) = Cxk+1 (0) = Cxk (0) = yk (0) .

¢�£�4 ek (0) = 0 (k = 0, 1, 2, · · ·). G�¸ � k + 1 ��"�� u O�P�z
ek+1 (t) = ek (t)−

∫ t

0

C (t)Φ (t, τ )B (τ) (uk+1 (τ)− uk (τ)) dτ

= ek (t)−

∫ t

0

C (t)Φ (t, τ)B (τ)

[

Γ (τ) + L (τ) ek (τ) + Ψ (τ)

∫ τ

0

ek (δ) dδ

]

dτ.

(2.2.6)ñ�­�ò�ó�ô�ò�õ ¼
∫ t

0

G (t, τ) ėk (τ) dτ = G (t, τ ) ek (τ)|
t

0 −

∫ t

0

∂

∂τ
G (t, τ ) ek (τ) dτ

= C (t)B (t) Γ (t) ek (t)−

∫ t

0

∂

∂τ
G (t, τ ) ek (τ) dτ . (2.2.7)

ö ¼ (2.2.7) $�.�¼ (2.2.6), Å�@
ek+1 (t) = [I − C (t)B (t) Γ (t)] ek (t) +

∫ t

0

∂

∂τ
G (t, τ) ek (τ) dτ

−

∫ t

0

C (t)Φ (t, τ )B (τ)L (τ) ek (τ) dτ

−

∫ t

0

∫ τ

0

C (t)Φ (t, τ)B (τ) Ψ (τ) ek (σ) dσdτ. (2.2.8)
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ö ¼ (2.2.8) ÿ�����É�|
‖ek+1 (t)‖ 6 ‖I − C (t)B (t) Γ (t)‖ ‖ek (t)‖+

∫ t

0

∥

∥

∥

∥

∂

∂τ
G (t, τ )

∥

∥

∥

∥

‖ek (τ)‖ dτ

+

∫ t

0

‖C (t) Φ (t, τ)B (τ)L (τ)‖ ‖ek (τ)‖ dτ

+

∫ t

0

∫ τ

0

C (t) ‖Φ (t, τ)B (τ) Ψ (τ)‖ ‖ek (σ)‖ dσdτ

6 ‖I − C (t)B (t) Γ (t)‖ ‖ek (t)‖

+

∫ t

0

b1 ‖ek (τ)‖ dτ +

∫ t

0

∫ τ

0

b2 ‖ek (σ)‖ dσdτ, (2.2.9)

¼ y

b1 = max

{

sup
t,τ∈[0,T ]

∥

∥

∂
∂τ
G (t, τ)

∥

∥ , sup
t,τ∈[0,T ]

‖C (t) Φ (t, τ)B (τ)L (τ)‖

}

,

b2 = sup
t,τ∈[0,T ]

‖C (t) Φ (t, τ )B (τ) Ψ (τ)‖ .

ö ¼ (2.2.9) ÿ�� 8�� e−λt,λ > 0, ���
‖ek+1‖λ 6 ρ̃ ‖ek.‖λ . (2.2.10)

¼ y ρ̃ = ρ̄ + b1
1− e−λT

λ
+ b2

(

1− e−λT

λ

)2

. èÃXSY 1) ðS4 �Sì�� áS" λ �S¿��
ρ̃ < 1. ¢�£ lim

k→∞
‖ek‖λ = 0. Å�����]���^�a

2.3 �
	
�
�

����odmfog h nop
��� #S$S%S&S'S(S]S3S ��S:S@S+S,Sá����S4�� ���S"�������� �� �! U�"# U�"�$�%�" 7�ì 4'&���Þ § � ©�Ç�(�)���0�4 x ¯�<×%>&�'�( 7 B C 4 Ý�*�+ �

� ����, ��- P [26∼28] í x�. <>%�&�'�(�/�0 7 ¸�/�A Ý�1 ¸�A ó B C [28∼31] íx�2 < %�&�'�(�/�0�3�4�G�´�5�³�6�798bð�4:��;�< � ¸�=�ð�" ud(t) "�¯�>�½�¾
[28,30,32∼35] í x@? < %2&2'2(@/@02"2B C ��3@4�G�!2��� ä |�" Lipschitz {2|24 Ý
�2{2|2¯2°2³@A 1 ¸2�2��X2Y�4 Ý 7 ¸��2Ü�X�Y [36∼38] í x@B < ;@C@D ò2ñ2­ '�(��� s ��'�(�E�F�"�G�@�½�¾�4>©�Z ! >�½�¾ ñ�­�H %�&�'�(�/�0�B C "�È � a
® � êS�SðS4 � #S$S%S&S'S(S]S3S"S-S.���� ¸�I ��J ¶S0�� Ý @�KSãS"�LM 4 µ2@@N2G2'2(2]23 y ! ¯�O@�`Ûb"@���2 x ¥�¬�E � ]�3�"@P�Q� @R��2a ��ST ¸�5 � ! ¯�U M V�W�+�V�¶ ��! ��0�)�*�"�W�X���"�Y�Z [22,24].
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��! ¯ S 4�V�¶�&���5 � © � " 7�ì )�*�+����S4�[�/�\S)�O�" λ(ξ) É�|�4ö '�(���. uk(t)  ��� � u yk(t) Z�z�¯�)���] (uk(t), yk(t)) ³�����4�D ò�ñ�­

+ �S� ©��S'S(�E�FS"S½S¾Sa>® Ý�^ �S+S#S$S%S&S'S(S9S:S"S/SASB C �SZS]�_
" � � �2�@` Ä24 Ý@a �2� B C X�Y�"2��; § �2)�*2+ ò@b 4 t�u +�?�]2"�c@d�ef a

2.3.1 g�h�i�j æk�l ;�Ç�»�¼�"�!���� ���
{

ẋ(t) = f(x, u, t),

y(t) = C(x, t) +B(t)u(t)
(2.3.1)

Z�M�N�X�Y
x(0) = x0, (2.3.2)x y

x ∈ Rn, u ∈ Rm, y ∈ Rl, B ∈ Rm×l. f
H

C ¸S¥S¬SÚS|S" ÛÃÜ ä |S4 a ·S¸
Lipschiz

��� "�4�m
‖f(x1, u1, t)− f(x2, u2, t)‖ 6 Lf (‖x1 − x2‖+ ‖u1 − u2‖) , (2.3.3)

‖C(x1, t)− C(x2, t)‖ 6 LC ‖x1 − x2‖ , (2.3.4)x`y
Lf , LC

7 ¸�?�]�ð�n�"�ax U M z2< � t �2" � ��� u yd(t), �@o@p2�2.2'2( uk(t), ¿@�2µ@G � ¬2" �� � u yk(t)
�

t ∈ [0, T ]
��ë�ì

ek(t) = yk(t)− yd(t)→ 0, k →∞ (2.3.5)

a ��.�'�( uk(t) ��q�r�%�&�����a� ��0�"�1�3 y 4�V�¶ ö ­�s ;�Ç�É�| H \�]�<ä | gk < [0, T ]→ Rn " (λ, ξ) É�|�z
‖gk‖λ(ξ) = sup

06t6T

{(

‖gk(t)‖ e
−λt
)

ξk
}

.

j æ 2.3.1 c (v, ρ) ∈ (0, 1)2,
a aρN

1−ρ ∈ (0, 1), Å ��t ±S"�uS{S| b, c, � �
(ξ, η) ∈ Ω ¿�� (vξ, f(ξ, η)) ∈ (0, 1)2,

x`y
Ω = {(x, y) |x > 1, y > 0},

f(x, y) =
(ρx)

N

1− ρx

[

xN+1 (a+ cy) + bxy
]

,

î�ï ¢�z ν ∈ (0, 1), Å�� � ξ1 > 1, ¿�� � ξ ∈ (1, ξ1), @ νξ ∈ (0, 1). v�w�±
f(1, 0) =

aρN

1− ρ
∈ (0, 1) (2.3.6)




