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Abstract: With the rapid development of micro/nano manipulations and high-performance digital systems, the control
technique of ultra high precision mechatronics becomes one of the core technologies in many emerging industrial applica-
tions such as data storage systems, high resolution imaging systems, semiconductor equipment, etc. From the perspective
of micro/nano manipulations, this paper first describes the design and analysis methods for ultra high precision mecha-
tronics; and then, discusses major challenges in controlling these systems, which includes the robust control for higher
order unmodeled dynamics and hysteresis nonlinearity, anti-windup compensation for the actuator saturations, composite
hierarchical anti-disturbance control for multiple disturbance cancelations/rejections, as well as the internal-model-based
high precision tracking control. Finally, a novel direct writing vacuum evaporation system is introduced, which represents
the important application of nano manipulations to precision instruments and equipment.

Key words: ultra high precision mechatronics; nano manipulation; robust control; anti-disturbance control; internal-
model based control
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(X-1 £Daì!1» £Daì!>N £Da
ì�)¢�æ8 £&E,±/¤4��"��XÚ,
|^k?��"���{¢y�°�ö�.
¢y�°�pÑXÚ�B�?°Ý½ ��l�

�,Ø
éÅ�(���¦±	,é��nØ�JÑ

Ãõ]Ô[8]. duB�ö�XÚ�R5Å�kOu
��Å>�NzXÚ,äk;.��.Ø(½5Úp
��ï�Ä�A5,Ó�du�1Å�1§k�,¿�
Ø>>bì����5´¢A5ÊH�3,�éB�
ö�²��pÑ���{éJ¦^yk���{�

�¢y. ��?�Ú�Ñ�´,B�ºÝ�pÑ��
I��Ñ�a	ÜZ6�5�$ÄØ�,ù¦��é
õ
E,Z6����{c�­�.±B�ö�²�
��L��°�pÑXÚ�ï����,®¤���
+�±Y�ïÄ9:��.©z[9–10]òB�ö�²
�£ã���3�5XÚcGé�´¢��5�!

�XÚ,Ïd�±�OÄu´¢_�.�c"Ö�
ì[11–12]�Ø´¢��5. ©z[13–14]ò´¢���
5¯Kw��(½5½Z6¯K,ò�°�pÑXÚ
{z���5XÚ,Ï
�±|^H∞��[15–16]!°

�g·A��[17]!�
��[18]�k?�"���{

?n´¢��5¯K,�Oi@ª����ì[19]!g

·AÄ�¡��ì[20]���ì½|�ÚÖ�ì[21]^

u)û�1ì�Ú¯K,Ó���A^¤Ù�|Z6
���{[22–23]. l$Ä����Ý�Ä�Bö�¯
K,�±©�p°Ý�½ ��Ú;,�l��ü�
a. �éE,;,�p°Ý�l��¯K,�±3y
kS���nØ�Ä:þ,Ú\#.S���(�Ú
	½���{[24],?�ÚJpXÚ��l°Ý.

�©±B�ö�²��~,l�O!��9ÙA
^3��¡,é�°�pÑXÚ?1
�[�ã. lÅ
�(�XÃ,(Ük��©Û�{,�Ñ
����
B�ö�²���O¢~. Ó��â�°�pÑXÚ
�Å>ÍÜA5,�Ñ
�°�pÑXÚï�9E£
��{. ¿?
�é�°�pÑXÚ�3�XÚ�.
Ø(½59p��ï�Ä�A5,±9Ø>>b°Ä
ì�5�´¢��5Ú�Ú��5¯K,�O
Äu
·Ü(¯Ý`z�H∞��ì±9|�ÚÖ�ì,k
��Ø´¢��5�A,fz�Úy�éXÚ5U�
K�.,	{ü0�
EÜ©�|Z6nØ3B�ö
��¡�A^,±9�éE,;,�l�#.¿éS
���(�,��°�pÑXÚ�p5U½ Ú�l
Jø
nØÄ:. ��,�©±¡�þfõUì��
����ªý��uXÚ�~,{�0�
B�ö�
3°�¤ì��¥�M#5A^.

2 ���°°°���pppÑÑÑXXXÚÚÚ���OOO(Design of ultra high
precision mechatronics)
�!±B�ö�²��~,lÅ�(��O��

ÝÑu,{�0��°�pÑXÚ��O9©Û�{.
ã1(a)¤«��O���B�ö�²��(�9�n
«¿ã,¤�O���B�ö�²�±ÏLR5	ó
	�3�å�R5Å��ÌN,dü��pR�Ù�
�Ø>>b°Äì��°Ä,¿æ^p5U��1»
º(©EÇ5 nm)�� £Daì¢�æ8ö�²�
 £&E¿�"���ì^uXÚ��°�pÑ�

�.

2.1 RRR555ÅÅÅ������OOO(Compliant mechanism design)
B�ö�²�±R5	ó�$ÄB,��á��

�5C/¢y���$Ä,Ïd�fN�.[6]2�A

^uR5Å���O�©Û.�fN�.´�«fN
O�{,òÏLR5	ó	��R5\���	�3
�å�f5\,¿3'!?\��Û=���[R5
	ó-|C/�Uå,ÏL�fN�.,�R5Å�
Úf5Å��m�å��xù,Ïd�±/�f5Å
�¤Ù�nØÚ©Û�{5�OR5Å�. Xã1(b)
¤«�Äu�fN�.���B�ö�²��(�

�nã,�O���ö���dõ�Õá�$Äó�
p¿é�¤�L�åÅ�,/ÏuR5	ó��5C
/¢y��$Ä�D4,3�y��ö��$Ä°Ý
ÚO(5�Ó�,O�
XÚ�fÝ.

(a) (�«¿ã (b) (��nã

ã 1 ��B�ö�²�

Fig. 1 Two dimensional nano-stage

�$Äó�âõU�ØÓ,�±©� £��Å
�Ú��Å�. Ø>>b°Äì�,©EÇp!�A
�Ý¯,�Ù3NÈ����¹eÑÑ £k�,�
¢y�1§�$Ä��,B�ö�²��O¥Ï~I
� £��Å�,~^� £��Å�km\Å�!
xªÅ��. Äum\�n���Å�(�{ü,f
ÝÐ,õ�'p,�5ÝÐ,Ïd�©¥�O���B
�ö��æ^m\��Å�. �¢y��B�ö��
3XÚYü���þ�$Ä)Í,�O�R5Å�3
ü�$Ä��þþæ^EÜ²1o\Å�����

Å�(Xã2¤«),dü�é¡©Ù3$Ä²�üý�
²1o>/Å�¿é�¤. é¡Ù��²1o>/Å
�,��
$Ä²�3R�$Ä��þM) £��
),)û
ÍÜ £¯K,Jp
(���Ú$Ä°
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Ý,Ó���oØ>>b°ÄìØ¬ÏÉ�}�å9
�Ý�1Ö
��.

ã 2 EÜ²14\��Å�

Fig. 2 Compound parallel four-bar mechanism

2.2 kkk������©©©ÛÛÛ(Finite element analysis (FEA))
��y�O���B�ö���5U,æ^k�

�©Û^�ANSYSé�O�R5Å�?1k���
ý©Û.Äk,|^^�SolidWorkséR5Å�?1
n�ï�,,��\�ANSYS?1(�©Û9��
©Û.�JpO�°Ý,æ^ANSYS^�Jø�n�
8!:ü�(solid 185)é�O�R5Å�?1gd�
�y©,�ã3. á�ÀJ�¾Ü7AL7075--T6,Ù�
5�þ�71 GPa,Ñt'�0.33,�Ý�2810 kg/m3.

ã 3 R5Å�k���.

Fig. 3 Finite element model of the complaint mechanism

2.2.1 ···���©©©ÛÛÛ(Static analysis)
�Ä���B�ö�²��¢Só�^�,3ï

á�k���.þ�>.^�,��8��½��3
����þ�gdÝ.,��\1Ö,J�¦),©Û
�O�R5Å��·�5U,©Û(JXã4¤«. �
�3X��þ�\700 Nå�,R5Å�3X9Y�

�þ�C/�¹©OXã4(a)Úã4(b)¤«,©Û(
JL²,ö�²�3X��þ� £�213 µm,
3
Y��þ�ÍÜ £�5.24 µm,ÍÜØ�32.5%�
m. �X , Yü���þÓ��\700 Nå�,R5Å
��C/(J9Aå©Û©OXã4(c)Úã4(d)¤«.
ã4(d)¤«�Aå©Û(JL²,R5Å��)��
�Aå´390 MPa,�u¤^á�AL7075--T6�¯Ñ
4��455 MPa,�S�Xê�1.17. nÜã4¤«�

·�©Û(J��,�O���B�ö�²�3nØ
þ�¢y213 µm× 213 µm�$Ä��,�Ø¬u)
á���.

ã 4 ·�©Û(J

Fig. 4 Static analysis results

2.2.2 ������©©©ÛÛÛ(Model analysis )
��©ÛÌ�^u(½�O�R5Å���kª

Ç9�.,©Û(�3,�´ÉK��ªÇ��S�
����Ä�A5,Ó���©Û�´Ù¦ÄåÆ©
Û�å:. �O�R5Å��c6���©Û(JX
ã5¤«,L1�Ñ
����éA��kªÇ.ã5¤
«���©Û(JL²,R5Å�311, 2���©
Ou)÷X9Y���²ÄC/,¿�duR5Å�
(��é¡5,cü���éA��kªÇ�C,©
O�763.23 HzÚ770.87 Hz. R5Å�313���
�u)7 z¶�Û=C/,ÙéA��kªÇ�
1344.5 Hz,���11��kªÇ912��kªÇ
�ü�. R5Å�314��kªÇ(3027.9 Hz)?7
3�,(�u)÷Z¶�²ÄC/. R5Å�315�
�kªÇ4962.6 Hz916��kªÇ4979.8 Hz?7
3�,(�ò©Ou)÷X¶9Y¶�Û=C/.

ã 5 ��©Û(J

Fig. 5 Modal analysis results
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L 1 ����ªÇ�
Table 1 Frequency values of modal analysis

�� 1� 2� 3� 4� 5� 6�

ªÇ / Hz 763.23 770.87 1344.5 3027.9 4962.6 4979.8

3 ���°°°���pppÑÑÑXXXÚÚÚ���������(Control of ultra
high precision mechatronics)
�Bö�pÑXÚÏÙ�OÚA^�AÏ5,é

��nØ�JÑ
Ãõ]Ô.�
k�ïÄ�Bö�
XÚ��a��¯K,©O±�°�pÑXÚ�~^
�1Å�Ñ�>Å(voice coil motor, VCM)ÚØ>>
b(piezoelectric ceramic transducer, PZT)� ° Ä,�
OÚ¢y
X–YVgdÝ�°�pÑ²�(�ã6).
Ù¥ã6(a)æ^{IH2WTechúi�VCM��°Ä
Å�,¿�3X , Yü�R�$Ä��þÙ�©EÇ�

20 nm�1»�� �Daì,���{ÏL¯�¤
.^�3¢��ýXÚþ¢y. ã6(b)´±Ø>>b
�°Ä,¿^>»s\óEâ\óÑR5Å��Å�
B�ö�²�. T��B�ö�²�dü��pR�
Ù��Ø>>b°Äì(ûðNoliacúi)��°Ä,
¿�âØ>>b°Äìp�°!p°Ý�A5�¦,
�O
p5U�>Ø��ì^u°ÄØ>>b°Ä

ì. ü�©EÇ�5 nm���1»�� £DaìÙ
�3B�ö�²��XÚYü�$Ä��þ,¢�æ
8ö�²�÷ü���$Ä� £&E�"���

ì. ¿æ^¢��ýXÚdSPACE--R1103¢y¯��
��.¢��y.

(a) �B²�¢�C�(Ñ�>Å°Ä)

(b) �B²�¢�C�(Ø>>b°Ä)
ã 6 ���Bö�²�¢�C�

Fig. 6 Two dimensional micro/nano manipulator setup

3.1 BBB���ööö���²²²���ïïï���(Modeling of the designed
Nano-stage)
�!£ãB�ö�²��5Ü©9´¢��5Ü

©�ï��E£,¿�Ñ^u��ì�O�D4¼ê.
du�O���B�ö�²�3XÚY��þ��é

¡,��!�0���B�ö�²�X��þ�ï�.

3.1.1 ���555{{{zzz���...���EEE£££(Simplified linear
model and identification)

ã6(b)¤«�B�ö�²�¢�C���Å>Í
ÜXÚ,Ù�5{z�.�)Ø>>b°Ä��>´
�.�dØ>>b°Äì9R5Å��¤�Å��

.,Xã7¤«. Å�(��¡,R5Å���R5	
ó��5C/ó�,Ïd��R5Å��±{z��
��þ–��–{ZXÚ,Ù���þ!fÝ9{Z~
ê©O^mx, kx9cxL«,äNëêO�©z[7, 25];
Ø>>b°Äì3��L§¥LyÑ�5,Ïd�{
z����þ–��–{ZXÚ,Ù���þ!fÝ9
{Z~ê©O^mp, kp9cpL«. >´(��¡,Ø
>>b>Ø��ì{z���{|�R���ì,�
�Xê^kampL«;Ø>>b°Äì3>´þ�±w
���N5K1,Ù��>N�C.

ã 7 B�ö�²�Å>ÍÜ�.
Fig. 7 Electromechanical coupling model of

the nano-manipulator

�âÄ�¿Å>6½Æ!Úî$Ä½Æ±9Ø>

>b�Ø>�A,�±��



RC
dvpzt(t)

dt
+ vpzt(t) = kampu(t),

mxẍo+cxẋo+kxxo+mpẍi+cpẋi+kpxi =Fpzt,

Fpzt =
kpks

kp + ks

ndvpzt(t) := Nvpzt(t),

(1)

Ù¥: vpzt(t)�\3Ø>>b°Äìþ�ó�>Ø,
u(t)�\3>Ø��ìþ���>Ø, xi9xo©OL

«R5Å��Ñ\ÚÑÑ £, n�Ø>>b¡¡ê,
Fpzt�>>b�ÑÑå, d�Ø>~ê, ks�Ø>>b

°Äì�5K1���fÝ.

½ÂX(s), U(s)ÚVpzt(s)©OL«B�ö�²�
ÑÑ £xo(t),��>Øu(t)9Ø>>bó�>
Øvpzt(t)�.Ê.dC�,½ÂAa = xo/xiL«R5

Å�¥ £��Å����'.¿��B�ö�²�
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ÃK1�,R5Å�=�Ø>>b��5K1,=
ks = kx. dþã�§|�±��B�ö�²�3Eª
��X���ÄåÆ�.:

Gx(s) :=
Xo(s)
U(s)

=
Xo(s)
Vpzt(s)

Vpzt(s)
U(s)

=

Nkamp

(RCs + 1)(ms2 + cs + k)
, (2)

Ù¥:

m = mx +
mp

Aa

, c = cx +
cp

Aa

, k = kx +
kp

Aa

©OL«��B�ö�²�3X��þ����þ,
��{Z~ê9��fÝ.

dª(2)�,B�ö�²����3�XÚ,Ù�.
ëê�±¢�êâE£��. ±�u×ª&Ò��B
�ö�²��-y&Ò,æ^¢�DFT�{��XÚ
�ªÇ�Aêâ,?�Ú©Û����.ëê,¿�
ÑXÚ�D4¼ê:

G(s) =
b0

s3 + a2s2 + a1s + a0

=

2.612× 106

s3 + 8057s2 + 9.476× 106s + 7.068× 1010
.

(3)

�âE£���XÚ3��.(ª(3)),ã8�Ñ

E£���m�XÚ�ªÇ�A(¢�)Ú¢�ê
â(J�)�é',(JL²¤ïá�XÚ3��.ª
(3)U
k�/£ãB�ö�²��Ä�A5.

ã 8 m�ªÇ�A

Fig. 8 Open-loop frequency responses

I��Ñ�´,ã8¥(JL²XÚ�1��kª
Ç3450 Hz�m,$u12.2.2�!¥k��©Û�(
J,Ù�Ï3uANSYS?1��©Û�¤¦^�k
���.=�R5Å���.,vk�ÄØ>>b°
Äì!°Ä>´±9Daì�éXÚ�K�,Ó�,�
n��>.^�!Ø>>b°Äì3C����n�

�>Úý;å±9Ø>>b´¢��5A5��


Ï��é¢�(J�3�½�K�.

3.1.2 ´́́¢¢¢������555£££ããã(Hysteresis nonlinearity )
Ø>>b�Ñ\&ÒÚÑÑ £�3�«E,�

ÛÜ�;.´¢��5'X,=Ø>>b�c���
ÑÑ £þØ=�ûu�c���Ñ\>Ø,
��
�6u{¤Ñ\[26]. ´¢��5´Ø>>bá���
«�kA5,Ã{�ØÚ;�,�k�)ûØ>>b
°Ä��°�pÑXÚ¥�´¢��5��,IS	
ïÄöïá
Nõ´¢�.5£ãØ>>b�´¢

A5,Ì��.kPreisach�.[27], Prandtl-Ishlinskii
(PI)�.[28], Bouc-Wen�.[16, 29]�. Ù¥, Preisach�
.±Ù�é{ü�(�,¤�8c�É'5�´¢�
.,�!�æ^Preisach�.5£ãB�ö�²��
´¢A5. ÙêÆL�ª�

y(t) =
w w

α>β
ω(α, β)γ̂αβ[u(t)]dαdβ, (4)

Ù¥: y(t)L«XÚ�ÑÑ £, ω(α, β)�Preisach´
¢�f��­¼ê, γ̂αβ[u(t)]«Preisach´¢�f�
ÑÑ, u(t)�Ñ\>Ø.�âÑ\&Òu(t)�Cz,´
¢�f�ÑÑ��0½+1. αÚβ©OL«Preisach´
¢�f�þe��K�,�÷vα > β.

5¿�Preisach´¢�fγ̂αβ[u(t)]���K�
é(α, β)�m�3��éA'X,duV­È©O�
'�E,,¢SA^¥õ|^¢�êâ,æ^ê�O
��{ïáPreisach´¢�.,ÙAÛ£ãXã9¤«,
½Âβ0L«Ñ\>Ø����, α1L«Ñ\>Ø��

��,ò>Ø�������n�©,K����X
��A���K�é(αi, βj) (i = 1, 2, · · · , n; j =
0, 1, · · · , n− 1). éAã9(a)¥,½Âyαi

L«Ñ\>

Øu(t)l��>Øβ0þ,�>Ø�αi��ÑÑ £,
yαiβj

L«Ñ\>Øu(t)l��>Ø�β0þ,�>Ø

�αi�2ü�>Ø�βj��ÑÑ £. ©z[27, 30],
þãPreisach´¢�.��lÑL�ª�

y(t)=





n−1∑
k=1

[yαkβk
− yαkβk−1 ] + yu(t)− yu(t)βn−1 ,

u̇ > 0,
n−1∑
k=1

[yαkβk
−yαkβk−1 ]+yαnu(t)− yαnβn−1 ,

u̇ < 0.

(5)

Ïd,ÏL¢���ã9(b)¥�!:éA�ÑÑ
 £�,|^�5��{��{[Ü��Ù{?¿:
�ÑÑ £�,2�âþãPreisach´¢�.lÑL
�ª(5),=���?¿>ØÑ\S�éA� £Ñ
Ñ.|^�ï�B�ö�²�¢�C�(Xã6(b)¤
«),æ^CÌ��n�Å&Ò��Ñ\&Ò,d¢�
êâ�����´¢­�ÚÏLþã�{ïá�

Preisach´¢�.Xã10¤«,(JL²|^��{
ïá�Preisach�.U
O(£ã�O�B�ö�²
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��´¢��5A5.

ã 9 Preisach�.AÛ£ã

Fig. 9 Geometry description of Preisach model

ã 10 ´¢­�

Fig. 10 Hysteresis curve

3.2 ´́́¢¢¢������555������(Hysteresis nonlinearity con-
trol)
Xc¤ã,Ø>>b°Äì�k�õ�N��!�

1w´¢­��B�ö�²�����5
ã��

]Ô,�d,IS	ÆöÒ´¢��5��mÐ
�
þ�ïÄó�.8c,´¢��5���{Ì�©�
üa: �´Äu´¢_�.�c"Ö��{[11–12],Ä
kïá°(£ãØ>>b´¢��5�´¢�.,,
�ÏLê��{½ö)Û{�E´¢_�.,2�O
Äu´¢_�.�c"��ì�Ø´¢��5�K

�.�du´¢��5�E,5,Ã{���Ñ´¢
�.�)Û_,õæ^ê�_�.CqL«,Ï
´
¢Ö��k�5é�§Ýþ�6uE£�.ëê�

Ñ\&Ò,¿�´¢_�.c"Ö���{Äum�
XÚ,ï�Ø�î­K�XÚ5U[13]. �´4��"
��[14–18],ù«�{ÃI�E´¢_�.,ò´¢�
�5��k.Z6,���O�"��ì?�´¢�
�5�5� �Ø�.

Ó´¢_�.c"Ö���{�',4��"�
���{3´¢��5��þ�äk°�5. Ó��
Ä�XÚ�3��.Ø(½5!p��ï�Ä�A5

9	.Z6,�!�O�EH∞°���ì ((�X
ã11¤«)?1´¢��5��.b�∆G(s)£ãX
Ú�3��.Ø(½59p��ï�Ä�A5,Ïd,

¢S��é�P (s)L«�

P (s) = G(s) + ∆G(s) = G(s)(1 + ∆(s)), (6)

Ù¥∆(s)L«¦Ø(½5.

ã 11 H∞��µã

Fig. 11 Block diagram of H∞ control structure

Xã12¤«,æ^·Ü(¯Ý`z[31]��{�O

`zH∞��ì,±÷vXÚé°�5U��¦. ½Â
S(s)ÚT (s)L«XÚ�(¯Ý¼êÚÖ(¯Ý¼ê,
=

S(s) =
1

1 + G(s)C(s)
, (7)

T (s) =
G(s)C(s)

1 + G(s)C(s)
. (8)

�O8I�

inf
Cstab.P

∥∥∥∥∥

[
W1(s)S(s)
W2(s)T (s)

]∥∥∥∥∥
∞

. (9)

`zH∞5U�Iγ,���`5U�Iγopt9�A�

H∞��ìCopt(s),=

γopt =∥∥∥∥∥

[
W1(s)(1 + G(s)Copt(s))−1

W2(s)(G(s)Copt(s))(1+G(s)Copt(s))−1

]∥∥∥∥∥
∞

,

(10)

Ù¥W1(s)9W2(s)©OL«XÚ5U�¼êÚØ(
½�¼ê.

ã 12 H∞·Ü(¯Ý��(�ã

Fig. 12 Structure of mixed sensitivity control

�â13.1.1�!ïá�B�ö�²��3�{z
�.(ª(3)),ÀJÜ·��¼êW1(s)9W2(s),�â
ª(9)–(10)�Ñ��O8I9`z�{,¦)Ñ`z
�H∞��ì. |^¢��ýXÚ(dSPACE--R1103)
9�ï�B�ö�²�¢�C�(ã6(b)¤«),ÏL
¢�é�O�H∞��ì´¢��5��5U\±�
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y,ã13�Ñ
²LH∞����½·-�¢SÑÑ
(J�'X­�,é'ã9�Ñ�m�´¢­�,´¢
­���mYd7.5 µm~��50 nm. ¢�(JL²
�O�H∞U
k��Ø´¢��5�A,¦�B�
ö�²�Ñ\�ÑÑCq�5z.

ã 13 ´¢��5��¢�(J

Fig. 13 Experimental results of hysteresis nonlinearity control

3.3 |||���ÚÚÚÖÖÖ���(Anti-windup compensation)
�Ú��5´Ø>>b°Äì�,��kA5,

äkØ1wA5,ØU?1�5z?n[19],é�°�
pÑ��XÚJÑé��]Ô.eXÚ�O�Ø�Ä
�Ú,¬����ì�ÑÑ���é��Ñ\Ø��,
�"���!���^,$���4�XÚØ­½.
eü$��ìOÃ,£;�Úy�u),K��ì�
�Nþ�¿©|^,¦�XÚ�ACú,�Çü$,5
Ueü.

�Ú��5��XÚ�O��©�üa: �´�
��O�{[19–20, 32],=3��ì�O���ò�Ú�
�5�Ä?�,�O¦�4�­½���ì;�´Ö
�ì�O{[21, 33],=k�Ñ�Ú��5�O÷vXÚ
5U���ì,,��O·��Ö�ìfz�Ú�K
�.duÖ�ì�O{¥��ì�Ö�ì�O�pÕ
á,Ï
�±|^�«¤Ù���nØ�O��XÚ,
3¢S��ó§¥��
2��A^. �©¥�Ú�
�5��=æ^Ö�ì�O{,3þ��!�O�
H∞��ì�Ä:þ,�O|�ÚÖ�ì.

�!�O�|�ÚÖ�ìæ^Weston-Postleth-
waite(�[21],Xã14¤«. ��Úy�u)�,��
ì�ÑÑ���é��Ñ\Ø2��,
|Z6Ö�
ìæ^�Ú�!�Ñ\u��Ú�!�ÑÑũ���û

��Ñ\,fz�Úy�éXÚ�K�.ÏLµã{
zÚêÆO�,ã14¤«�|�ÚÖ�(�����
ã15¤«�(�. dã15��,����XÚ�±©
�3Ü©: I¡XÚ!��5�´9Z6ÈÅì. ��
Úy�vku)�,��5�´9Z6ÈÅìØå�
^,XÚ5U�ûuI¡XÚ,=d13.2!�O�
H∞��ì�5Uû½. 
��Úy�u)�,��5
�´9Z6ÈÅìó�,ÓI¡XÚ�åû½XÚ5

U.d�O�|�ÚÖ�(��)ÍA5,3I¡X
Ú­½��¹e,����5XÚ�­½¯K=C�
��5�´�­½¯K,
XÚ3�Úu)��5U
Ì��ûuZ6ÈÅì[34]. Ïd,3®)ûH∞��
ì�O�Ä:þ,|�ÚÖ�ì��O=C�¦)Ü
·�M . 
M(s)��OØI��Äþã­½9�Ú
�XÚ5U��¡	,�I÷vM(∞) = I ,l
�
y3k«��"î��K,�Ødup��ï�Ä�
A5E¤�K�.

ã 14 |�ÚÖ�(�ã

Fig. 14 Anti-windup compensation structure

ã 15 |�ÚÖ�(���ã
Fig. 15 Equivalent representation of anti-windup

compensation structure

XJÀJM = I ,K�O�|�ÚÖ�ì=C�
S���(�[35],l
�y��5�´�­½5,Ó
�XÚ3�Ú��5Udïá�XÚ{z�.

G(s)û½. ��G(s)¥�3P~�ú�4:�,ò¬
ò�XÚ3�Ú(å��¡E�m,4�/K�XÚ
5U.ë�©z[21],òM(s)��G(s)���mp�
©)Ïf,=G = NM−1. �G(s)­½�, M(s)V­
½,�G(s)�4:Ø¬Ñy3Z6ÈÅìG(s)M(s)
¥. Ïd, M(s)�±3Eª�¥|^"4:����
{����,�yM(s)�4:�lJ¶,�yZ6È
Åì¯�Âñ. =

M(s) =

n∏
i=1

(s− pG
i )

n∏
i=1

(s− pM
i )

, (11)

Ù¥: pG
i ÚpM

i ©OL«GÚM�1i�4:, nL«G

4:��ê.
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Ó�|^ã6(b)¤«�B�ö�²�¢�C�,
±�u&Òr(t) = 25sin(10πt) + 25(µm)��ë�
Ñ\,¢y(JXã16¤«. (JL²�,du�Ú
��5��3,XÚÃ{���l�u&Ò,�é'
k|�ÚÖ�ìÚvk|�ÚÖ�ì�¢S�l­

���,�|�ÚÖ�ì�k�~�XÚ3�Ú�¹
e��lØ�,���Ú(å�U�×�/UYO(
�lë�&Ò,Ù�Ú(å��¡E�m�u5 ms,
��uÃ�ÚÖ�ì�¡E�m40 ms,k��y

�O�|�ÚÖ�ì�5U.

ã 16 |�ÚÖ�¢�(J
Fig. 16 Experimental results of anti-windup

compensation

3.4 õõõ


|||ZZZ666������(Multiple disturbance control)
3B�ºÝ?1�°���,Ù°Ý��ypÝ

�6uXÚé�«Z6��ØÚ³�Uå. ¯¢þ,
3÷*��¥��ÑK��«Z6,3�*ºÝÑC
��~wÍ.Daì�3B�ºÝ�Ø��~²w,
�«&ÒNnÚ��Å��5�Z6Ø�?�Ú\

ì
ù�¯K�5�K�.XÚ	Ü�¸�5�K�
Ú�«�ÄZ6,�ÑéXÚ�°ÝK�wÍ.

�é�Bö�XÚ¡��õ
E,Z6,�©Ú
\©�EÜ|Z6���(�(ë�©z[22]),ÙÌ
�g�´éuäk	XÚ�.�Z6&Òæ^�O

Z6*ÿì\±�Ø,
éu�êk.�2ÂZ6&
ÒKæ^H∞���{\±³�,¿3O2XÚ�¿
Âþ¢yé­½5Ú��5U�`z. �©?�Ú�
±ò�Bö�XÚ��«Z6©�üa,�´�êk
.�Z6&Òd1(t),�)XÚ´¢��5��ï�Ä
����Z6!	Ü�¸Z6±9Daì!°Äì�

�ÅD(�;,�a´äk	XÚ�.�Z6&Ò
d0(t),X±ÏZ6Ú�Ä�.

ë�d¢����B�ö�²��{z�.

(ª(3)),¿Ó��Ä�þã¤J��üaZ6d0(t)Ú
d1(t)(�ã17),K��é��ÄåÆ�§�L«�
...
xo + a2ẍo + a1ẋo + a0xo =b0(u + d0(t) + d1(t)).

(12)

½ÂG�Cþ:

x1(t) = xo, x2(t) = ẋo, x3(t) = ẍo,

K�§(12)�±�¤

ẋ(t) = Ax(t) + Buu(t) + Bvd0(t) + Bed1(t),

(13)

Ù¥:

x(t) = (x1(t), x2(t), x3(t))T,

A =




0 1 0

0 0 1

−a0−a1−a0


 , Bu = Be = Bv =




0

0

b0


 .

�âþãXÚ�G��mL�ª,�±¦�äk
	XÚ�.�Z6&Òd0(t)�Z6*ÿìXe:

ż(t) = −LBv(z + Lx(t))− L(Ax(t) + Buu),

d̄0(t) = z + Lx(t), (14)

Ù¥L=���O�Z6*ÿìOÃ.

ã 17 ©�EÜ|Z6��(�
Fig. 17 Block diagram of composite hierarchical

anti-disturbance control

�ÄG��"��,KO2�4�XÚ�L��{
ẋc(t) = Acxc(t) + Bcd(t),

y = Ccxc(t),
(15)

Ù¥:

xc(t) =

(
x(t)

e(t)

)
, d(t) =

(
ḋ0(t)

d1(t)

)
,

e(t) = d0(t)− d̄0(t),

Ac =

(
A + BuK Bv

0 −LBv

)
,

Bc =

(
0 Be

I −LBe

)
, Cc =

(
C1

C2

)T

,

Ù¥K=���O�G��"��ìOÃ.

éuO2�4�XÚ(ª(15)),XJγ > 0,��3
Ý
Q1 > 0, P2 > 0,eÝ
MÚN¦��5Ý
Ø

�ª(16)¤á,KO2�4�XÚì?­½,�÷
vH∞5U‖y‖2 < γ‖d(t)‖2,l
?�Ú�¦�G�
�"��ìOÃK = MQ−1

1 9Z6*ÿìOÃL =
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P−1
2 N (ë�©z[36]).



Φ Q1C
T
1 0 Be Bv

? −γI 0 0 C2

? ? −γI 0 P2

? ? ? −γI −BT
e NT

? ? ? ? Φ1




< 0, (16)

Ù¥: Φ = AQ1 + BuM, Φ1 = −NBv.

òþãEÜ©�|Z6���(�^uã6(b)¤
«�B�ö�²�¢�C�,¢�(JXã18–19¤
«. ã18�Ñ
Z6*ÿìéZ6d0�*ÿ(J. d0

���Z6,3¢�¥À�
Ì��0.01 V,ªÇ�
10 Hz�±Ï>Ø&Ò.dã��Ù*ÿØ��u2%,
L²Z6*ÿì5*ÿ5UûÐ.Ó�,ã19�Ñ

�)d0Úd1üaZ6�4�XÚ�ÄåÆ�A,dã
��4�XÚ3EÜ©�|Z6��(�e�­�

Ø�=�8 nm,��uü�H∞G��"��ì�­
�Ø�. I��Ñ�´,¢�¥d15gu¢SXÚ�

��5��Z6Ú¢�L§¥��a�ÅZ6. þã
¢�(Jk��y
EÜ©�|Z6��(��°

�593Z6³��¡�k�5Ú`�5.

ã 18 Z6*ÿì*ÿ(J

Fig. 18 Experimental results of the disturbance observer

ã 19 4�XÚÄåÆ�A

Fig. 19 Time response of the closed loop system

�é�°�pÑXÚ�EÜ©�|Z6���{

9ÙäNA^�¢�©Û,�±ë�©z[37]. I��
Ñ�´,�Bö�XÚ�Z6³�¯KÏÙ°Ý��
��¦ÚXÚ�.���5A5
äké��]Ô.
Ø
�©0��|Z6���{�	,Ù¦|Z6
���{,XZ6*ÿì(disturbance observer based
controller, DOBC)Úg|6��ì(active disturbance
rejection controller, ADRC)�{�Ñ��
�\�ï
Ä.3©z[38]¥,B�ö�XÚ�´¢��5Ü©�
�Ä��5�.�Z6,?
�O�5*ÜG�*ÿ
ì(extended state observer, ESO),^ADRC��O�
{�Ð¢y
p°Ý�|Z6��.�°�pÑXÚ
�½ Ú|Z6����
�5�õ�'5.

3.5 ppp°°°ÝÝÝ���lllnnnØØØ(High precision tracking con-
trol theory)
�°�pÑXÚ��+�¥��aØ%¯K´p

°Ý;,�l. ®k�þ�ïÄó�Ý\��'nØ
�Ãõ�¡. Ù¥��­��ïÄ��´ÄuS��
n(internal model principle, IMP)��l��ì�O.
S��n´)ûì?�l(½Z6�Ø)¯K�Ä:.
�,é�5�ØCXÚ�l±Ï&Ò�¯K®²�

�
�÷)û. ,
,3�þó�A^¥,�lÄu 
�(�� £½=�)Cz½Cªë�&Ò�¯KE,
´m�5¯K.Ï�3��þI�)û�CXÚ�S
����O,
3nØþ�CS���ì��O��
����)û. ,��¡,éu�A��CO2X
Ú(��XÚÚ�CS�ü�)�°�	½ì��O,
�"y¡�¢SA^��O�{. ¡�Tm�5¯K,
CÏ3©z[24, 39]¥JÑ
ÄuI/O£ãÚG��m
£ã��CS���O�{,�T¯K�)ûJø

�^XÚ��1�g´.

ã20�÷Tg´,CÏ¤JÑ��«#L�¿é
�CS�(��°��l��ì[40].

�©¤'%��l¯K�d±e/ªL«. ��
XÚ�XeüÑ\üÑÑ��5�ØCXÚ:




ẋp = Apxp + Bpu,

y = Cpxp,

e = y + r,

(17)

Ù¥: XÚG�xp ∈ Rn,��Ñ\u ∈ R,�lØ�
e ∈ R. ��l�ë�&Òdeã�C	XÚ�):{

ẇ = S(t)w,

r = Q(t)w,
(18)

Ù¥	XÚG�w ∈ Rρ.

	XÚ(18)�)�;,éutÚ−tÑ´Lyapunov
¿Âe­½�;¿�(Q(·), S(·))´���*ÿ�(uni-
formly observable); (Ap, Bp, Cp)´����*ÿ�.
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ã 20 ¿é�CS��l��µã

Fig. 20 Block diagram of time-varying internal model based controller structure

dë�©z[40],ÏL¦)�A�Sylvester�ê
�§,¿¦S�ü�1���XÚ�.(17)�I/O'
X��,��OÑ�CS�ü�. 5¿�,±þ�O
�{¢y
é��a�5�CXÚ�XÚE\��

O,��OL§Ø�9?Û�©�§�¦).

��CS�ü��O�¤�,�l¯KB=z
��CO2XÚ (ã20¤«)�	½¯K.5¿,�
&Òw´¢��ÿ�,yk(J¥Ï~æ^�5ë
C(linear parameter-varying, LPV)��Eâ,ÏL¦
)�X��5Ý
Ø�ª(linear matrix inequalities,
LMIs)5¼�°�	½ì[41–42]. 
d^�3�ó�
¥Ø·^,Ï�	XÚ�Ð©G���. d©z[40]
�,�A��CO2XÚ�=��Xe/ª:




ẋ1 = A11(t)x1 + A12xb + B1ust,

ẋb = A21(t)x1 + A22xb + B2ust,

y = x1.

(19)

5¿�,þãXÚ��ê�max(n, ρ). �O2XÚ
��êmax(n, ρ) + n− 1�',¤�	½��CX
Ú��ê²wü$,Ïd�AO�þòwÍü$.
ù�´ù«¿é��ì(��éu���Gé(�

���`³.

éuþã�CXÚ,��OXe�ü�*ÿì:



˙̂z = (A22 −HA12)ẑ + (B2 −HB1)ust+

((A22 −HA12)H + A21 −HA11(t))y,

x̂b = ẑ + Hy,

(20)

5¿�,du(A22, A12)�AÏ/ª,ÑÑOÃ(out-
put injection gain)H�±�O��ØC,Ïd��
�B
�'�O�,
��*ÿìØä�±þ5�.

�
Bu�C	½ì��O,±eòXÚ�½

�äkXe5�:

bbb��� 1 ¤�	½��CXÚ´ÄuëêσC

z�,�|σ̇| 6 δ.

ÏL¦)±eÝ
Ø�ª5¼�	½ì�CO

ÃK(σ):

X(σ)(A(σ) + B(σ)K(σ)) + (A(σ) +

B(σ)K(σ)) ′X(σ) + δ
∂X(σ)

∂σ
< 0. (21)

ÏLÀJ

Y (σ) = X−1(σ),

K̄(σ) = K(σ)X−1(σ),

òþª=��Xe��5L�,l
�±?1¦).

A(σ)Y (σ) + B(σ)K̄(σ) + Y (σ)A ′(σ) +

K̄ ′(σ)B ′(σ)− δ
∂Y (σ)

∂σ
< 0. (22)

3¢Sï�L§¥,êÆ�.�¢SXÚ�m
o�3Ø�,l
��XÚ�3Ø(½5. �é;
,�l°Ý��¦�5�p,ù
Ø(½5³7¬
K�XÚ��l5U.éuT¯K,�©ò�.Ø
(½w�´	ÜZ6(Xã21¤«),=

d = ∆y, |∆| 6 δd,

ÑÑØ�C�e = Cpx + d. l
,°�	½ì��
O8I�

min
K(t)stab.(8)

γ{‖e‖2 6 γ‖d‖2}. (23)

ã 21 �.Ø(½£ã

Fig. 21 Plant model uncertainties
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�A�Ý
Ø�ªkXe/ª:


? 0 Y ′(σ)C ′

0 −γI I

CY (σ) I −γI


 < 0, (24)

Ù¥

? = A(σ)Y (σ) + B(σ)K̄(σ) + Y (σ)A ′(σ) +

K̄ ′(σ)B ′(σ)− δ
∂Y

∂σ
.

d©z[40]�,eLMI(24)k),B�¼�äk5U
�Iγ�°�	½ì.

òã20¤ã����{A^uX–Y°�pÑX

Ú�¢���,¢�(JXã22¤«.

(a) �;,�l

(b) !/;,�l
ã 22 �l5U¢�(J

Fig. 22 Experimental results of tracking performance

ã22(a)�Ñ
XÚ�l�;,(½Ì�Cª&
ÒªÇCzÇ�ω(t) = ω0 + ω̇t, ω0 = 6π, ωmax =
80π, ω̇ = 2π)�¢�(J,dã22��,XÚ�l5
UûÐ,�lØ��5.64µm. ¿�Xã22(b)¤«�
ûÐ�!/;,�l5UL²¤JÑ�Äu�CS

��n����{���±¢yCÌ�CªÇ&Ò

�p°Ý;,�l��.��¡�¢��yÚ©Û,
�±ë�©z[43]. Ó�,T°��l���{3
X–Y°�pÑ²�XÚ�¤õA^�B�ö��

�p�!p°Ý!E,;,�lJø
­��nØ

Ä:.

�!?Ø�¡�E,�C&Ò�p°Ý�l�

{,du�Ì¤�vkÐm�é13.1!¤£ã�B
�ö�XÚ�äN)�L§. ù��{�äNA^
�±ë�Ú©z[43],T©z�[?Ø
E,ë�
&Ò�£ã,B�ö�XÚ�E£,�ï�Ä�Ú
Z6Ü©�þz±9���{�lÑz¢y,¿J
ø
��¡�¢�(JÚ©Û.

4 ���BBBööö���333°°°���¤¤¤ììì������¥¥¥���AAA^̂̂(Appli-
cation of micro/nano manipulation in preci-
sion instruments and equipments)
�Xé�*+��&¢ÚïÄ�Øä�\,�

°�pÑXÚ®ÅÚ¤��'#,1��Ø%E

â,¿2�A^u1�Å[44]!�fåw�º[45]�°

�¤ì��¥. �!±¡�þfõUì�����
ªý��uXÚ�~,{�0�B�ö�3°�¤
ì��¥�M#5A^.

y�þfN�Eâ�B�!&E!U
!á��

õ«�ÆEâJø
­��nØÄ:,¿k"¤�
íÄ#��Eâ�·�­�åþ. p°Ý!p¬
�!äkE,ÿÀ(��þfõUì����,´
þfN�+�ïÄÚA^�¤õ��. þfõUì
���ÏÙ3B�ºÝ�\ó�¦,é���¦4
p. ý��uXÚ´þfõUì���¥�Ì�¤
ìC�,Ù�n´òqá\9�u,2�È��\
ó��.L¡/¤A½ºÝ���,l
�¤þf
õUì����Ä�I�.duyk�ý�Û�E
âÃ{��¢yE,(��þfõUì����,
8cÙÌ6�{´|^ý�Û�Eâ/g�0DÚ

�>f\óó²[46–47],�ù«EâóSE,,�ì
�3\óL§¥´É�/óS,�0�À/,î­
K�ïÄ�O(5[48].


�!0����ªý��uXÚ,Xã23¤
«,±�°�pÑ��Eâ�Ø%,M#5/UC
Û��ª,��r��È�qá/Ö�03�½�
 �,(¹/?1õ«@�Ú�����E,�m
É�(�. 3�±yký��uXÚ�>fåu)
C�!ý�XÚ±9�Û¿(�ØC�Ä:þ,U
C�¬¿��n!(�ÚõU,Ú\B�ö�²�
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ã 23 ��ªý��uXÚ«¿ã
Fig. 23 The schematic of direct writing vacuum evapo-

ration system
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