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Robust Multi-Axis Synchronization Control
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Abstract : In this paper, a robust cross-coupled control algorithm based on position control loop is
proposed to control multi-DOF (degree of freedom) machinery to modify the positional control command,
through positional response and position control command. In order to achieve the goal , a positional
synchronous error model is necessary to evaluate the positional synchronous error of the multi-DOF
machinery. Then, a cross-coupled controller is further designed to improve the positional synchronous
error. Finally, a robust cross-coupled control algorithm using H-infinity algorithm is used to control the
multi-DOF system to modify the positional control command through the positional synchronous error.
A 4-DOF machinery driven by the motor and measured by rotary encoder, is used in expeiments to
evaluate the synchronous performance of the proposed H-infinity robust cross-coupled controller.

RAEER © sl  REpiEs]  BERE

Keywords : Robust control, Synchronization control, High precision manufacturing

LZEhES EB RS T o F—EEES Ve EREES

{B15 E FES  5 90E E EL ER 8
Ao ZERET  SPERAREORER o syps . e EE s R S A

il

Hil

FEFERRES EB S - BEMET - HURFHC g EEREESRBBE ALY FEE
KISEEEA SR BB LR (11-3] - 8 ERE SRS - Tk RAE £ T

20184E5 H 59



SE R EERS TS

REEL SR MSAHAE RAVERE - BEN EIEHEER
WEE 2 B - [F20 3R A e s RN TR
TR EMEZEMTALE  EEFR AN THE
TP RE Z firht - EABEIRAVIAS - i
FAHPE - HRNAFERESESHEREZILHEX
RERBGIN > 2500 [S]20 12 I Lk Ry el i R 2 —
RHE -

ERTNNE Ny ACPEEELTHES - N @ Y Gy
Ry ¢ Rl R P i 2R R B ik =X [F] 20 P I 28 A
(4] ; &= E D e 28R I Ry A U204 - It
ZfEh EA— T T, o MHEMEY S SR
CRedEh o PEIESE TR IR LR A
FCaR{EHh A2 R il > [FF R frefilan < o £1E
RET R AR REHE LSS EH - (HE
RS ERRA G CHEREAERE B
B AR R PR 2 M RE B gH —E Z R - 2
B ARG BB GG 2 PERI 2k & % E2
Pegh >~ Pedlan < 0 T EH R ATA 2 2 fH
T/ ME BT B SR EZ R/ ME - RILE B SRS
YA RE 5071 B il B AR 8 B R 2 1y = P BRI N &
& o HATRERR 2 Ef s A a2
heE > H& @ #HRN (FANUC) AU AE ] [5]
PE'9F (Siemens) AYFTHAE / BEFEFERIES [6] 0 A HE
(L <8 SR & [F20 P2 2 THAE © Koren [7] $2HH
B EPER S 2 AR B R 2 i [F) 20 P 2 TR
TEHE T 2RAIASE - S Xl & P f e 2= 2k i Tt
SRl T FIEEAE - #EMEY NI TiRERaR 2 [8]-
[12] - pE4h » WAFFEITCEE Goald e - 2
TR 7% ) E0L 308 I VA7 1) S AR T 20 A ) A 5
2 [EAERE [13]-[16] ©

H A LA fa] Ak 12 1 A2 s A5 =X K B B mT PAGy
R=rE i EHERN - R -
BEAEAE R FERER LR B - e TR E
PEIRAE A &R [E YRR 2 AT R e (H
T RS X G PEH B B e T R AR T B H AR
2 Rt R R B B SR TR (E - 4
VAN A B AR F AR B A X &[5 5 El 25
2K e BT AR o AR — A

60 A4 4221

sef X iR 2D 2

P BRI R 2 58 (A X & R 2] - 2
BAUEFRDRE > EMELEIEGS  REHES
SRR L EEHERE T -

AS{E ] H-infinity 58 @A PZEHEEAGS 55
SRR GRS ER > 2 E AT R R 2 EhE kT
& [F20 f 2 FAVENREER 2 - IRIR S R D A E
B FEA AL BN Y [F)20 s 2 (R A &K PR el (8 25
BEGHERE  EMERDHE - OGRS
PEHIE8 A A LS wh Ay E B FIRE > RS
s Y i A2 ARV AL B b — (18 1 S A AR A T i
SZEIE > HERERE R ESSFE D Ay ERE
BiE DA UCHEC - B 5RO OB G [EG T
5 WO R=EEEE

1 B B HhERD R A -

2. @GO RE EPERES - ME S EG<S -
3.H-infinity 58{# =3 H & R EREEDE -
SRR ERE

AL Z (L BRI 3R Ry Sl S Rl Z (LB [
ERFEL BRI R R EREA B SHA
B EVFE(E HUBERE R - 8 B Y (i B B

P (P, e R") BRI B HE ¢ HKIFEH
i £

il

gur
j=i

=lg & .. ¢] eR (1)
= Pave _Pai i= 132’-'-”1 (2)

&
gi
tih P, Rl EEREY T

1 n
Foe =7 2 F,

3)
RIS i TR T
8=(Pa-t).t_Pa (4)

= (4) b ) Zfu B EHERERE
Z FEFEREHARR (%
e=(P-1):1=F,
=(t-1")-P,-P,
=(t-1" -)P, (5)
=CP,



Hrp
1-n 1 1
n n n
cll ch A Cl/t
c . c 1 1-n 1
21 22 2 - -
C=| " A S n n (6)
Cy Cp o Cp 1 1—n
n n n

EHXZ C R EF R - R EA R RS

g~ [ ER 7 o R (6) AT LA (7) - HAR
PR ILIE 2R rank(C)=n—1 » B L3R

IR TR n—1 (ERR SRR R AT 22 Rl A2 2 2
HAE -

(N

HHI B R ZE R C YRR R /B L B HERE R 40

= (@8)
lll 112 l](n—l)
LoL Ut ha  hs h
21 22 N 2(n-1) .
Y S . S " . 4
- 31 N N
) : : ’/‘ r ...... r
(n=1)1 (n-1)2 (n—1).
lnl an ln(nfl)
= Lnx(n—l) : R(nfl)xn
Fip
1 j=i+l
_J_ P 8
= 1 j=1 (8)
0 others
ly = ¢y

MR DL e - B 3 [E] 20 2R 2 e 122
AN > 0= 9) Pt > FIRE S (1S € A -
Q0 B AT 5 s s/ > PR B8 0 R R R AR ]
WAEHIE o
&, =RP, )

W 1 SR R F R AL - B
fir B [FD R AR HEE - A FEIRYFEP oK

Jojejodaayuy

S B B RREN R i HéE
X2 4
.--’(
t
&
R’ Xi
B 1 —E=E R iR
TEAS R S SN 2R 6 Y[R 2D sR 22 A > &8 H [E]

A AT > (BRI FE AR 2 [R5 12
IR ERES I R B 28 > TR R n
Bl 2 2 [RO TR IIZR A -

R XGRS IEFIREE
B 2 S SR R S B A - o

\|

P, FotEEERFrEAZ X el Y #iir Bay < - 1
P, EL P, RIS Ry X Bk Y il BiRAR (&
BUIE) - WEREDR 6, £y fon Pl e, &8

\

SH G ERIES 2 1% ﬁﬁ%ﬁ”x&%ﬁf’ﬂﬂgiﬂhﬂﬁ
TTH#ET A > (RS S EEB AR - (R KPR

Cross-Coupling
Controller Ce

i 2 XX AAERG IR

2018 4E5 H

61



BREN X AT H R

sl 2 il =) 25 1

P P Pd + Pm Pa
d M ; ——M?j— M s
v \ 4
R L R
y
gpro C B gprc
(@) (b)
3 SREBIAGEN : () /AR 0) WEK
£ 1 SRR
S T
[ cmd cmd : Pcmd ]T %%EMEEB’P}% /%\
=[P, B, - mf P, Li=len SIS IR (B
a=[m ﬂ-~-&T P, i=ln Sl ke
M R
R [E12k 2 2 A S
L [E13% 2 2 A
2 CHEEHIE) - FRIE L (10) Bist (13) 2 FEWe » AR 1] 25

RGN BES) 24 oA 3() Fr
Hepe,, REMAGRMERNIFEFRERE -
BEE AR 1 Fm -

RIEE P DAHE L [R5 3R 7 By

ng():R.})a:R-(M.I)d) (10)
AR S 1R 2 EhEB) 24 25 RE A 30) Ao
PR EH 2 2 T B S E(E IS E a2k
BERN LN ED AR > E A — (AL B Y E RS A
FHEIE S E S - NIMEERNUESS

P =P -LCe¢

¢ pre

(1n

FIEE RE e R DU [E)28 2z a0 =X (12) B2 = (13)
F

P, =(I+MLC.R)"-M-P,
¢,,=R-P,=R-(I+MLC.R)"-M-P,

(12)
(13)

62 R AF 42

T (I+MLCR)" REIERNERAE - K T a%s

A X G R R g - Y (7+ MLCR)!
T R4 Inversion Lemma 15 2@ H & AV 45 40T
:Et\; b

(I+MLC.RY'=I-M-(I+LC.R-M)"-LC.R  (14)

Rz (10) B3 (14) 77 [EIF (13) > FTAGHE & i LA
BRIVFEID RGN T

&, =[I-R-M-(I+LCR-M)"-LC]-¢,, (15
= 15 ey I-R-M-(I+LC.R-M)"-LC, &
H—K Inversion lemma $EH& 1] 15

I-R-M-(I+LCR-M)"-LC, =(I+RMLC.,)" (16)

i (16) 7m0 (15) - 2L REVAE S AT
e RAVERD SRR G0 T =

&, =UI+P-C)'¢,, =S¢, (17)



Hrh
P=RML (18)
S=({I+P-C)" (19)

BEHERHY S PR R AR PV R e B > TR
fi 2118 4 -

£ pro+ £ pre

\i
\/

C.(9) P(s)

[ 4 AR SIRAES IR ARSI SE

H-infinity 38BN 2 XBE RS EHER
A
FHIAZE AR & [0 SRR R R T iy P(s) &
FHEE N2 S8 MBS AR - B4
AR —Z A B (MIMO) £ - RIL 4R
2 PR SR IE A A 2 IR - A ph i 4 TR
B (R BB A 2 R T AT - A —
H-infinify S #EH1A AR FILRRI2 » 2R
AR BLESRRE 1 2 214 - FERY Heinfinity 2 H1RER
Pt RIRE - A LU e
() TEEVAREBSREIEI T - (KRR 2 1
TRIE LA EIRIIS TR -

L G(s)

it
£ + i

_—E P(S) IWs(s)I 3
|

prc

CC'(S) -

(@

FE R EERS TS

(2) (S e SO ME BN SRS - B

YEHERR, -

(3) T 280 A S 2 -

KA Heinfinity 2SR T AR B
RERSRE | AR WAB S I S B
B 5(a) > 3 W, B B S S(s) - 1 FLETE £
GRS e B BB B ) BAES
OB T AR EL B PR R - 7, 2 3t E
WEZEREE G-D PSRRI R
i A 5 B SRR R Y B ) AEBI AT
H-infinity #6235 > Z40 2% 0T i (L MM 5(b) -

B 5(6) ESE AR S E RIS C,(s) A
S TR RN Y W, 2 S5 e H
52 o0 —norm (SRR RIS © B Heinfinity
e+ B S() BT w A R R A AT R
LOHA L B R S A TS > w IR
KIS OES AR ¢, y BEACHE -
B A AR IS S R &0 u BRI
PbIERIE - BRI A PRI 2E R B E AR 0 2
VEREHSHE - FETBERASURIME -

BEH LFT 81 Pl 2. w b 2 ePTaT i -
i B e S R R R T3t o o FLiA A
St C () (R AR LML -

min||F,(G,C,) (20)

o

TRIZHE 5(a) - FefM o] DUHES A 41 B 28 52 P2 A8 AR

External W 4 Performance

inputs = Augmented

signals
»| Plant G(s)
C.ontrol Measured
signals variables
Cc (S) -
(b)

8 5 H-infinity RIS © (2) R XASTERFEHIS H-infinity $2E5023 2 BIFE - (b) BRI -

20184E5 H 63



SE R EERS TS

PeEan =

[Gl Gu} W, -wp 1)
=l 0o wp

G, Gy I _p

= 21) FRAR (20) ATHESS -

E«iC)z{ W +P(s)C)" } (22)

W, P(s)C,-(I+P(s)C,)"

A H f & B 5% 5T 2 9% il 25 0 25 B 2 4 T e
o0 —norm f/IMbZ ZERYIT

(23)

m

§ < 0< <
T—7 _}/min—y

” B 3
Forp S 81 ST R BUE (1 7] 2 RESE g w, B2 W,
DIFIEAO e 23) R - £t S=(I+PC)" F&
SEEHUT S > T H B R BRI R S L
FIEREMEREZ 20K T(s) = P(s)C, - (I + P(s)C,) "
R R O BEEUS o T H Ay R = A
AR RR i SE AT R 8 Horp o, EEY
FET B RN B R TOE A HEE M 2 B K a RAEW
D

o TRye)
O-_[VV}(jw)]ZO{P(ja)) 1} Yo

24

Encoder

Target PCI Bus

sl 2 il =) 25 1

R 2 ARAGSBENER

, EEER]  EENCB

7 (10°N-m-s*) 10*N-m-s

1 5.92 2.37
4.85 0.85

5 5.34 2.49
4.45 0.84
4.95 4.45

3 4.05 1.48

4 190.21 8.51
175.11 2.88

A7 EBZREAE 6() FTr - 243 A 4
&=l > 57 Al ks X Wil ~ Y @il ~ Z §ili DU Wi o
S IE 2SR > ASCPTER 2 2 dh s (i = R
BUAZEREWE 6(b) Fow o &8 24 fE Hl 1% > AfE
AR 240 % il T R EAPH e BA0R 2 Ak -

B T ErE IR ARt 2 e EEE
M RARGZHEERE W, i e AR E DR ST
(AR S - RESE R W, S TE = R E D
= PN > RESEE S w, B W, s&stan =t (25) B
= (26) Fow > HARREE] 5y A0 7 B4R LR 4R -

205 41
_ 77200

W =—=9
! s+0.1 (25)

I 6 ORI © (a) EHEIRAEIE - (b) HEDRIRREE

64 R AF 421




FE R EERS TS

S
12.5

S
8(——+1
(200 )

W, =
(20)

Fo T AR Z Y i 2 st s 42
HHEE Z MERE - ASOHR B I 8(a) ATm 2 iz
EaNIRELE 8(b) Ao 2 AH E B4 AR (F Ry AN E B
teE U EE 2 1 Ba < A et RA BRI #SE -
P HEAZ W Z (T E S > P, HEW i fiZ
frEZE » Al Sh 2 T E DR e, ZETEITA
7 (27) > H MATLAB $REGHEIT S SR - fREEA
FIRFE I E R 322 45 AN 9(a) For

Velocity(mm/sec)

-100

0 5 10 15 20 25 30
Time(sec)

[ 8 RGHHBATG : () LB - () EEFR

Singular Values
50 . . i
"""" < IW
N ——Robustness Spec. 1/W3
40 N
N\
\
N
—~ 30 i R
g N
@ N
3 20
S .
0 \
8 \
g \
72 .
N
N
\
10 .
N
\\
20 > L i
10 102 10 10° 10! 102 103
Frequency (Hz)
[ 7 R&IRERE 7, 52 W, KSE
250
200 |
3
€150
=4
i)
'g 100 -
o
50
0 - L . .
0 5 10 15 20 25 30 35
Time(sec)
(.06 (memneeemmmmepeneeemmnesseapaneeanne e st e eann e en e e enneeenn e e gneneeeenne e geeenns
o,
o 001 Y-axis
E X-axis pocinn
20,02 frommemmee e e S O
Wy U - M {
* 0 1 ; H— -mww-"_ frervmret
A 4
= ) D S
#.0.02 : ;
2 Zaxi$ | i i a
10.04 We-axis _____
huaun :
0 5 10 15 20 25 30
(a)
0.06 , —
g 004 X:axis Y-axis e 'W ------
bl : oo
e -0 £ : T
5_0.04 Z-axis m Weaxls.ii !
-0.06 ;
0 5 10 15 20 25 30
850 (£5)
(h)

i 9 REZRIZArBFP3RE
(@) BBHER - () ERER

0.015
|
0.01 Wik
= Z-axis b iu' [
50005 ll/ ,|‘/ ) |] ”
o | i i 1
o0
=
3 -0.005 Lo ! Noroennerd
o TR
E=] | i
-0.01 Xoax \
Y-axis |
-0.015 i
0 5 10 15 20 25 30
(a)
0015 .
i W-axis Y—axis\.; |
3 0.01 Zeaxis s {
W 0005 L G : 4
#* 4
) 0 :
= i
= 0.005 . ?
0.01 : ! LAl L
X-axis E
-0.015
0 5 10 15 20 25 30
BRI ()

(b)

& 10 FP &2 ArE R
() BEHER - 0 ERER

201845 A 65




BREN X AT H R

2B Il A B G 4 1 [E Bl B4t
LR ”?%HUZHDH?#“%#UH 9(b) °

@7

cmd i

T4 AR ST > H-infinity 58 (8= E 24
HEEUREITE > HAE M ER L By < BEG
FETHEERNG > &8 MATLAB S5 B R
SAZEUHE 10(a) Fr ¢ &8 HRER RUE T &M 2 [F24
SAFEAE A 10(b) Fom - fREE LA ERIELESER -
KL [F) 0 PERIES LT RO HI 1R - Sl 2 [0 3R
ZUREERED AT S ERAFESE RS
BOET I EERERBIBR 3 Fon - B ¢,
FRylRffE i 2[R0 3R - B RERELD (28) 20 P4y
ARZEA (29) FEL TR (30) 5K -

Ep = deei |) (28)
Mean == Z(e ) (29)
Ers = Z (e (30)

i F 36.62mm/sec ~ 73.24 mm/sec B 109.86
mmny/sec {F 5y I THESS TR S8 - [F20 Al KER 72
43 B By 0.0276mm ~ 0.0464 mm B2 0.0655 mm ;
[E] 25 /i1 R 2= 43 B By 0.0184mm ~ 0.0308mm £
0.0396mm ; [EF A HREZESH] R 0.0195mm

*3 Eﬂ*}‘ﬁﬁ&ﬁiﬁﬁtﬁ&ﬁ
PEdilas  MERETEIE HLEZR (mm/sec)
3662 7324 109.86
E 00276 0.0464  0.0655
(mm)
FREH (fn%"“j’ 00184  0.0308  0.0396
(Er;% 0.0195 00349  0.0482
Hinfinty (fn%”) 0.0154 00149  0.0166
Mean
R fEZC[E] () 0.0045  0.0041  0.0039
sppresy
DHERIES E g 0.0049  0.0045  0.0046
(mm)

66 A 421

sl 2 il =) 25 1

0.0349mm i 0.0482mm ° [E] 55 1% &% JE 20 75 1 JE 15
BHEC G » H o RERA2 7 71 £ 0.0154mm ~0.0149
mm 1 0.0166 mm ; 357455 51 B 0.0045mm -
0.0041 mm £1 0.0039 mm ; 3 75 fR 2% 7 43 B &
0.0049mm ~ 0.0045 mm F4 0.0046 mm °

BOBA SR 2 [F 0 PEdE F A T
# 36.62mm/sec ~ 73.24 mm/sec B 109.86 mm/
sec 1F Ry I T AHESS I » % RERZE 7 Bl o] PAcE
44.2% ~ 67.89% &‘ii 74.66% ;5 V3R o7 Al AT AR
3 75.54% ~ 86.69% B 90.15% 5 ¥ J5 #R 4 75 43 1]
LA EE 74.87% ~ 87.11% Bl 90.46% H15% 4

R 4 AP RIS ER

HELER (mm/sec)
M- B e fE
i oy

67.89%
86.69%
87.11%

36.62
44.2%

75.54%
74.87%

109.86
74.66%

90.15%
90.46%

E Max (mm)

E Mean (mm)

E'gyss (mm)

ERUEFEBREBER AXiEZ
H-infinity 58 {3 [F] 25 2 85 70 2 i E IR £ 40
ZEVERE - VR R o BBA TR L %
o 520 R AR A > AR 25 T DA ERIS 2% il [ 28
PERZ 280 - T HARSE A F R RIS T iR
BV ATt B LA S 1 2 B 200 - BRI &
S BOE TG REAEGEAN 22
H-infinity 5@ {={E02E 125

fiEiam

AR — I %l 2 H-infinity 258 585
TED RS o W0 B R 25 e SRR o B =8
oy o Rl Ry (1) BILZEE D B (2) 3%
ST AU G R P25 8L (3)H-infinity SR
MG EPEHE AR - HH BRI HE
EiRE T HER EH%&EE%#%E@%%
Ef%ﬁ@éﬁﬁ?ﬁ%ﬁ@ FBEE SR G 2 H#E

c RS MG 1R Z ZERIES A R BB IR Es
SR skt HUSAH e dli 5 (e [ 20 2 il 25
e

W dﬁﬁt



R oy - AL —UEEB K S
1T E 5 - &HASIFTiE Z H-infinity 2 % 5% 2 54
EFERVRETERR - BB R R
MEE D 44% DL b~ P B ERS R v DA
75% PAE ~ SUTARALE R 3 22 w] DA 74% LA
o DU E#dRFER Heinfinity 255 U fEE
BRI 2 Hh IR D 28 2 (L B SR RE SR (A
B2 -

s

RN IE SRR T ER D A IR AE] (HE4RTE
104-EC-17-A-05-14-0006) 19 37 £§ » AT E5 DL
NEFIEST » FREEE R 2 & -

SN

[17 Y. Xiao and K. Y. Zhu, “Optimal Synchronization
Control of High-Precision Motion Systems,”
IEEE Trans. Ind. Electron., vol. 53, no. 4, pp.
1160-1169, 2006.

[2] H. Chuxiong Y. Bin, and W. Qingfeng,
“Coordinated Adaptive Robust Contouring
Controller Design for an Industrial Biaxial
Precision Gantry,” IEEE/ASME Transactions on
Mechatronics, vol. 15, no. 5, pp. 728-735, 2010.

[3] L. Faa-Jeng and S. Po-Hung, “Robust Fuzzy
Neural Network Sliding-Mode Control for Two-
Axis Motion Control System,” /EEE Trans. Ind.
Electron., vol. 53, no. 4, pp. 1209-1225, 2006.

[4] R. D. Lorenz and P. B. Schmidt, “Synchronized
motion control for process automation,”
in Industry Applications Society Annual
Meeting,1989, pp. 1693-1698.

[5] FANUC, “Parameter Manual of a-series AC
Servo Motor,” 1994,

[6] SIEMENS, “840D/FM-NC Description of
functions, special Functions (Part 3),” 1999.

[71 Y. Koren, “Cross-Coupled Biaxial Computer
Control for Manufacturing Systems,” Journal of
Dynamic Systems, Measurement, and Control,
vol. 102, no. 4, pp. 265-272, 1980.

[8] K.-H. Su and M.-Y. Cheng, “Contouring accuracy

FE R EERS TS

improvement using cross-coupled control and
position error compensator,” International
Journal of Machine Tools and Manufacture, vol.
48, no. 12-13, pp. 1444-1453, 2008.

[9] S. Dong and T. Ming Chau, “A Synchronization
Approach for the Minimization of Contouring
Errors of CNC Machine Tools,” IEEE
Transactions on Automation Science and
Engineering, vol. 6, no. 4, pp. 720-729, 2009.h

[10] K. L. Barton and A. G. Alleyne, “A Cross-
Coupled Iterative Learning Control Design for
Precision Motion Control,” /IEEE Transactions
on Control Systems Technology, vol. 16, no. 6,
pp. 1218-1231, 2008.

[11] B. Chu, S. Kim, D. Hong et al., “Optimal Cross-
Coupled Synchronizing Control of Dual-Drive
Gantry System for a SMD Assembly Machine,”
JSME International Journal Series C Mechanical
Systems, Machine Elements and Manufacturing,
vol. 47, no. 3, pp. 939-945, 2004.

[12] D. Sun, “Position synchronization of multiple
motion axes with adaptive coupling control,”
Automatica, vol. 39, no. 6, pp. 997-1005, 2003.

[13] S.-K. Jeong and S.-S. You, “Precise position
synchronous control of multi-axis servo system,”
Mechatronics, vol. 18, no. 3, pp. 129-140, 2008.

[14] S.-K. Jeong and S.-S. You, “Precise position
synchronous control of multi-axis servo system,”
Mechatronics, vol. 18, no. 3, pp. 129-140, 2008.

[15] I. Burul, F. Kolonic, and J. Matusko, “The
control system design of a gantry crane based on
H-infinity control theory,” in 2010 Proceedings
of the 33rd International Convention,2010, pp.
183-188.

[16] T. Chek-Sing, T. Kok-Kiong, and L. Ser-
Yong, “Dynamic Geometric Compensation for
Gantry Stage Using Iterative Learning Control,”
IEEE Transactions on Instrumentation and
Measurement, vol. 57, no. 2, pp. 413-419, 2008.

[17] Y. Xiao, K. Zhu, and H. C. Liaw, “Generalized
synchronization control of multi-axis motion
systems,” Control Engineering Practice, vol. 13,
no. 7, pp. 809-819, 2005.

201855 H 67



