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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.
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Fig. 1 Two dimensional nano-stage
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Fig. 3 Finite element model of the complaint mechanism
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Fig. 4 Static analysis results
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Fig. 5 Modal analysis results



10 #

FIMSSE: R E ARG S N 1341

A1 BMBRESMEME

Table 1 Frequency values of modal analysis
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#iZ /Hz 763.23 770.87 1344.5 3027.9 4962.6 4979.8
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high precision mechatronics)
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Fig. 6 Two dimensional micro/nano manipulator setup
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Fig. 7 Electromechanical coupling model of

the nano-manipulator
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Fig. 10 Hysteresis curve

3.2 IBHIEL PRI HI (Hysteresis nonlinearity con-
trol)
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Fig. 11 Block diagram of Heo control structure
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Fig. 12 Structure of mixed sensitivity control
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Fig. 13 Experimental results of hysteresis nonlinearity control
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Ho $ZE IS IR . T ARG R AR, Rt
M S TR A AR, RIARFR RS YE R G

BE. BT I HTRA A2 5 4 (T R RS 1, ZEARAR R
SEERIHOLT, BRI RS IRUE H AR N
ARLAE IR FIACE IR R, T AR SEAE AN A A i O PR RE
TR T THRUEBA. Bk, 75 S H 725
BT AUEEA_E, PTRAAMR SRR A SR &
ERIM. T M (s) BT BR T 25 e _E IR AR e KA
I R GNERESSE J7 T A, B/ M (00) = I, NTTHR
UEFESEX IR A M IE I, T BR B T =i R AR B2

IS R .
d/
AN
IS Yy

Bl 14 PUREMELE R

Fig. 14 Anti-windup compensation structure
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Fig. 15 Equivalent representation of anti-windup

compensation structure
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G(s)PRE. (HAG(s) PAFAERIRBNG KR R, K=
ERKRGAEMF G W E R I TR, AR R 52
YEfRE. % CHR[21], B M (s)BUNG (s) FI— NAE B R
SRR, BIG = NM 1 4G (s)FERF, M (s) X
€, HG(s) IR mAS HIAETHRIEE ARG (s) M (s)
. PRIk, M (s) P ATE RS A A s e B 7
RHEBAR R, PRUEM (s) HR ROZ B RER, DRUET-H00E
BRSPS Bl

3

[1(s —pf)
M(s)=2"A— (11)
1;[1(8 -
Horb: pSHIpM A BIFRRGR M i MRS, nRRG
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5] F FH B 6(0) BT 7S I 9K 5 °F & LR 32
DLE %45 B (t) = 25sin(107t) + 25(pm)fEH B %
BN, LIS R E 16 7. 45 SRR BAR T
LRI, RA LTI IELE S, EXT T
B HUBRAAME S A A UL RM2 35 1) 55 B BRER
LERT A, APTHURIAME S AT RN RGNS I
FIIBRER RS, H M4 ST A SR Ak ST
RERS AR S, HAMURI 45 5 B Pk & INF] /N T°5 ms,
378 /T JTE MR 58 4 S 15140 ms, 5 20K E T
WP AME A P e

HrHAIR / um

_‘l 1 1 1 1 1 1 1 1 1
00 02 04 06 0.8 1.0 1.2 14 1.6 1.8 2.0

t/s
— HEMaME Az ---3%E5

K 16 FUAFMESEREE R
Fig. 16 Experimental results of anti-windup

compensation

34 ZPEHITIEEH (Multiple disturbance control)
TEGK R BE AT B RE  , HORS BE RO PRAIE /= B
WM T RGN & Fh TR TE BR A S0 HI 5 . F5E |,
T 7 WA Tl P e 2 e ) R, FERSOVE R BT A
RIEE BE. AR RSB AEGOR RERRZEIER I 2,
B E S BB LA R TR ZE S — 2
J#) T3 — 1) B SR R . RSB R
FIEMIRBITHE, A RAE R E R B2

EXT RN ERIE R A IR 2 IR E 2T, A305]
AN EE AT IR HIS & ok 22), HE
ERMEN T REAI RGN TIE 5 KA R
THEREIAS 0 LAVE B, o TYages S p) X
5 SR H S5 E M LA, FEET RENE
NSRS RS AN I Re AL, A SCidE—P ]
DL BRI R A SR TR0 PR, — R E
FTIE S, (1), BIERGIRHARL SR EE)
BIERTI SNSRI TR AR RS IRBhAR
BEMLEE S 1 —REBRFIARAEB N TIMES
do (t), W JE B HAIHRSh .

225 W SEI AR B 9K 7 & 1 TRl AL B Y
(RQ3)), FFENFER|_EIRFFEBIFIP T Hd, (¢) R
dy () ILE17), MR G030 115 R /R R
Ty + oo + a136 + agxo="bo(u + do(t) + di(t)).

(12)

IS RS iR R S 5 N H 1345
T SCIRSA
x1(t) = Ty, xo(t) = &0, z3(t) = Zo,
MTTFE(12) ] IS R
z(t) = Ax(t) + Buu(t) + B,dy(t) + Bed: (1),
(13)
Hr:

2(t) = (21 (t), 2a2(t), 23(1)) ",

0O 1 O 0
A=l 0 0 1 |,B.=B.=B,=|0].
—Ggp —a1 —Aap bo

s LR R GRS RIA, TUREG AR
SNRGAERII TR T do (¢) TP R4 T

#(t) = —LB,(z + Lxz(t)) — L(Ax(t) + Byu),
do(t) = z + La(t), (14)
Horp LED AR T PO IS G 25

B 17 BREEEPUT IR

Fig. 17 Block diagram of composite hierarchical

anti-disturbance control

75 BRI I A, WG PRI R GEHIER A
{Jvc(t) = A.x.(t) + Bd(t),

15
Y= Con(t), ()

3
gl

AR )
B. = , Ce = ;
I-LB, C,
Hor KRB RS RS I 25 25 .

XFTIE AR RS (E(15)), Wiy > 0, BAFLE
EFEQ, > 0, Py > 0, #5545 M FI N 43 e R BEA
& 6L, MY T 1) I R G dtAe e, B
RHHEBE|yll2 < v[|d(t)]]2, NTTHE— AT SKIPIRES
RIS K = MQ, ' KT MM AR L =
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Py ' N (Z WLICHR [36)).
b Q:CY 0 B. B,
* —"}/I 0 0 CQ

* *x —I 0 P, <0, (16)
x x x —I —BINT
* % * % b,

H: ¢ = AQ, + B,M, #; = —NB,.

¥ ERE G4BTI H T E6(b) i
NIRRT & SRR R, SLIR S R & 18-19T
7. BEI8LE H T FHUOWMI A8 X T Hud, il 45 2R d
S HITFR, RS IR EC T TR AEH0.01 V, SE K
10 Hz A BRI A5 5. o B A AR 2= /N T2 %,
RO T-HEAL I A3 MU 1 e R &7 R, E19Z5 T
BFEdo M d, BRTIH AR RGN B ) 2w Y, K
AR RRER G0 BT HEH S0 T RS
RZ AR 8 nm, 1T/ T HAHCRES RBHE 28 AR
DRE TERHBRE, LBHd kB TEBFREN
et TP LR FE P ) 2R TR, Big
SRERAREAET E &0 B TIEHSHNE
B AT Th A S A

0.015

— dE ——d, PN TS
00101 #1881 s 8 : x )
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0.000 $-4f bbb g 3 b LA LR L LLE S
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Fig. 18 Experimental results of the disturbance observer

5 X107
1 — H % | --- H 3 %-+DOBC
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g | 0 "
=1
74 - — 1 1 1 1 =
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5 1
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B 19 FFRRGEEN S50

Fig. 19 Time response of the closed loop system

BEXhE R AR R G R &2 ZHT T PRI

KBRS SR04, TLASHE IR [37]. 72
H R, TR BRI R GE TP i) DS RS BT 1) 67
ZIBR MR GRS E R R T R 1R KBk
Br T AR A AR BT ST E 2 A0, HAbh i T3k
R4 7 ¥, T3 WL 2% (disturbance observer based
controller, DOBC)F1 H Hi #5125 (active disturbance
rejection controller, ADRC) /7 £ #1527 IR N BT
5. TESCHR 381, KERE RG R R ARG M /4
2 8 A e MRS AL B TR, JETT Bt Ze e TR I
25 (extended state observer, ESO), FIADRCHI % 11 J7
PSS T moRE TR, B AR RS
BN AT TR AT B T kiR 2 1.

3.5 XS EEERERBE IR (High precision tracking con-

trol theory)

R R 5 1) ik 2R G4 T U ) — SR A% [ R 1
FEEPULIREE. OF KEMNTIR T/EBRAZIFHCH
g2 7. Hh—ANEER T R T R
P (internal model principle, IMP) ] BR 7 44 1 2% B2 1T
PR Jir B AR e o R BER (BR TP 25 ) T 8 PR A
BARXT LM A KRG IR IE S R B D &s
BT [FEE . SR, FERER TN, BRERFE 07
B (HLN BB M) B WBRISZAE 5 SR
SEFFIRE AR, RO FEA T b 75 AR RN AR RGN
R, MRS b IR Y AR I3 R S E R
13 B SEREAR Y. 53— J7 T, X T AH B B I AR R T R
G (B2 R GEFN I AR P A5 B T0) ) B B B AR ) T,
L THT 1) SR N A5 v THI RO i)
I HESTHR (24, 391 PR i T 2 T VORR FIRA 3R]
IR BN AR LR T TV, R AR Rt T
— RGN ATAT I R

1200 W12 S8, S BT 3R ) — FhoBr B i) I 1Bk
B 725 A A 5 PR e R s i 2 140

AT 2RO BRI v AT fl AR TE iR R, B3R
RGN BN H e MR AR R 4

t, = Ay, + Byu,
{ y = Chzp, (17)
e=y+r,
H: RERSESz, € R, BHlfAu € R, REZRE
e € R. ZIREENZ %G5 H T RN R G 4
w = S(t)w,
HAp b RGREw € Re.

A R G (18)77 A I B X Tt 1 — 5 /& Lyapunov
BXFRRER; FH(Q(), S()) &80 M 1 (uni-
formly observable); (A, By, C,, ) & R 4% H AT M.

(18)
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________________________________________

B RG

w=S(H)w
r=Q(tyw

___________________________________________

U i i‘p = Apxp +Bpu

. ! y=Cpxp
E= o)+ Pat) ()| = |S=Pr(O)G+ Pi(tyul |!
Uim=12(8)E+Da(t)(~ws)| u, |wr=T1(8)E i

LIRS

______________________________________________________

Xst= (pst(t)xst+ %t(t)e
’Llezrsl(t)xsl"l‘Dst(t)e

BUES

B 20 FRIBCHT 2R AR 4% HUHE

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

FH 2% SCHk [40], 38 SR AEAH Y 1 Sylvester U2
TR, AR T 53R REHRET (170K
R, TRt AR AR T, R, DL RS
THESEIL T X —RBEHEN T RE R RGR AN
T, Hvd A RARAI 5 7 R KA.

I AR N B TR SE RS, R R i) AL
KA ST R G (E200 ) BEE ML EE R, 4
5 wRSE N nT I, A 45 R i w R &S
A% (linear parameter-varying, LPV)# i3 AR, 3tk
fift— R HN L MR FEASE S (linear matrix inequalities,
LMIs)RIRF & Fe e 254142 M & -EAR TAE
NG, BAAN RGERIPIAERAS RSN, B SCHR [40]
A0, AR AR R G T o i R B

i1 = A (t)xr + Arpay + Brugg,
Iy, = Ay (t)r1 + Ay, + Bau, (19)

Yy = T1.
FED, ERAZMME Amax(n, p). S5 RE
FIF $imax(n, p) +n — VA, FrEEE R4 R
AN G 2 SN S VAT = A R E 3 L i
TX AP IR A8 S5 A AR T~ — e B B 45 44
S CPN N
YT ERINAERYE, AT R L2
2= (Agg — HA2)% + (By — HBy )ug+
((A22 — HA12)H + A1 — HA(1))y,
Tp =2+ Hy,
(20)
FRF], HT (A, Aro) FIRFRTE R, H 38 25 (out-
put injection gain) H A] A% T & I ANAR, PR it K K
D78 THSCHIVHE, T2k ss A=A LB
H 7T E SR RO, LR RS R E

A RA UL
Rig1 PrEFERNNZERERIETSHAR

i), Blo| < 6.
T3 SR A LA RE AN A ORIRAT AR e 5% AR
K (o):
X(0)(A(o) + B(o)K (o)) + (A(o) +

B(o)K(0))'X(0) + 5‘”;")

< 0. (21)

Y(0) = X"\(0),
K(o) = K(0)X (o),
A LSBT (e AeIs, NTTTAT AT SRAR.

A(0)Y (o) + B(o)K (o) + Y (o)A’ (o) +
K'(0)B'(0) — 581;((:) < 0. (22)
FESERR S R, Bp B 5 SRR R G2 ]
BAFERE, NTTREREAFEATENE. X3
R R B R PR SRR Ry, IX AN 2 b
RS BRERTERE. X T 0], A SCRAERLA
HREFERIMNTTIRAE21F7R), B
d= Aya |A| < 5(17

R ZER Re = Cox + d. I, BFEE R
THHERA

. < . 2
K(t?sﬂtlaré.(g)AY{”eH2 vlla} =

d
U A,,B,,C,) ) H e

W%
F 21 AU E R

Fig. 21 Plant model uncertainties
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FHR R REREANSE XA R B
* 0 Y'(o)C'
0 —~r I <0, (24)
CY(o) I I
Hrp
x= A(0)Y (o) + B(o)K (o) + Y (o)A (0) +
K'(0)B'(0) — 5%.
HISCRR [401%0, FLMIQ4) A R, 7] /15 R PR
Tetry B EUE S
K ER20PTR IR EN A T X -Y KRR R
GeHSEmHER], LA RN E 22 .
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Fig. 22 Experimental results of tracking performance

E22(a)%5 T RS ER R [ EU 2 (e IR AR AR A
SR NERW() = wo + Wt, wy = 67T, Wmax =
80m, w = 2m)MISEER A5 IR, HHIEI22 W 4N, R
At RAF, BREFRZ A5.64pum. 3T HnE22(0) iR
RIFHIZE T RT R M RE R A T4 HE TR Y

R B 1 v 56 4 v] ASE AR IR (E AR5 5
AR TR FE B BR R P2 1. B A T ) S IG UE AT 34T,
T LAS 2 SR [43). R, 1% 8B BR BR 42 ) VA
X-YREE AR RE & R RIINH A K 8 6
MR Rk BB ERER TRt T B R
BER:.

AR I [ R AR AR5 5 R e B ER R B
%, BT R R BRBCE FEITEH RS 55 3. 11 Frifiik i
KEFER G BRI RE. X — S AR N
LS53R [43], ZSCRREAR I8 T 24 2%
5T IR, K ERIE R G RIPER, REBRZ A
YB3 B A DA S 32 ) SR 0 B e SE B, 4
BT S A R SE R A RN AT
4 PRANBREAERE R AR B IR (Appli-

cation of micro/nano manipulation in preci-

sion instruments and equipments)

B 25 0 SO USRI R AN ST AN TR,
X8 ] ik R 48 238 25 A AR OB AT ML A% O 8
A, IR TR 1T ) B 155k
A . AT LU B TR R HE
REZBERKRGAB, 6 EZ N AARRIEAERGF N
ARV TP IR .

WARBE T IREREARNGK . F R BEIR. PPRIEE
LR M T EE MBS LA, JFEE A
HEB B — AR E M EE DB SR &
Ji. BRI SRR T DR AR il %, 2
BRSO N ] R Th 2 A BT DRe
A2 PR A GROK RUBE R N 225K, 3 e 25k
. BB RR RGO R T I RE a2 A 22
T, R B R HEAT I e, B UTAR 214N
LA SRR THT T B 8 RUBE RS, AT S 1
DhRess - hl & MEATE. b TIA SRR
RICHEHHE LR ARG R T DR aF 1 %,
HAUH 2R RN RS PR ROR “I53E” 154¢
I LT AR EX MR AR TP E 5, B
HAEM TR 523 “ TFEARmR” Vs, &
ST AR I 1481,

MAF AN EERE SR KRG, WE230
71, LRG3 ] AR 42 SRR D R, BT 2 222
PR 3, BRI ETIR LM “BE 7 fE1RE 1)
R, RiEHHAT 2 MBS MH 2% T R B 223 (A]
FRGH. FERFFIA X R RGN TR
PE . LFRG UL EEE AR EG b, 5
ARt = R B GE A FITIRE, TIAGUKRERIE T 6
AR AHEREALAE , 30 IR — L ol B SRS FEA R (il



510 9

FIMSSE: R E ARG S N 1349

o B RO AR A, FEAR S T BE SR B 7 PR B
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Fig. 23 The schematic of direct writing vacuum evapo-
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