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Neuro-controller for a XY positioning table
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Abstract

This paper presents control designs using neural networks (NN) for a XY positioning table. The proposed
neuro—controller is composed of an outer PD tracking loop for stabilization of the fast flexible-mode dynamics and an
NN inner loop used to compensate for the system nonlinearities. A tuning algorithm is given for the NN weights, so
that the NN compensation scheme becomes adaptive, guaranteeing small tracking errors and bounded weight
estimates. Formal nonlinear stability proofs are given to show that the tracking error is small. The proposed
neuro—controller is implemented and tested on an IBM PC-based XY positioning table, and is applicable to many
precision XY tables. The algorithm, simulation, and experimental results are described. The experimental results are
shown to be superior to those of conventional control.

Key words : Neural Network, XY positioning table, Neuro—controller, System nonlinearity, Tracking error bound.

.M E Howaos QAEI 9tk olE £W Narendra <

Parthasarathy [7]% H]A3 Al2glo] Aloje} A¥el A

7)1, 23 U EdelE, XY 9XEe] L% 7 o A9 AES el Lightbody ¢ Irwin 8]
A AAE 24 Aolg Baw v} [123] o] Axge] ST viA Ao Aol dPAerIer DS 8
Ao H=E, vk e Toll oJa Astech ?o], Hm EE ARESte] BY 33 ASAlo Ve Aldeith R
= n|E W] Aoj= A A28 AAe of Kawato 5 [9]2 AGA)7]ek eat A% S5 A7 3]

_?L

f

gk 91X, = kil
34—;—5111]%‘: olth, WA FErlo] HRAA A w2 ZRAC HEste] 7E AP A7) Brp ddE 4
Elo] BAEge AsE Mg Ader ojges wrp  ANE LHEIATH Lewis S[10] & 2RA I P F
B M8 FIle] o3 BAZ Z7] 93 o] 7HH Alojdgre] A Aol AN AEE Aepias wxsdirh Cui 9
AAH T} 156 Lee 9 Tomizuka [4]= AR 9% A Shin [11]& tg 23] A4S AHgste] Alojef =4
289) A4 mAA07)E ALsArt o F Alojs fg ¢ e AL
& Ao]71%Wo] Srinivasan # Kulkarniol <3 #|A1= S} B EROAE XY Holze] A4 Aol/ e Asta
5. A< nAY A Aoj7|M Aol et Anpe dx o9 WA Ayl AA AATE oA, HAdg v
= ATH6]. BALS o8 AAE Iy Al~d kR s oe u]g R
o] uAE A xde] Aoj7)E AAE W 2apsty w (PD) FAACZIR o] Fojint A0 WAl BAe
9o olgste] Aojrlg s s1Ee] sk we) o BPE AL AAH9 Fbound)S AF S Sl
o3 HAE A|~ES thRs AAAo] W] ojejr XY fAEo]E At A Alo)71E o dd R A

L

;

H
obe] &8 w3 9t} o= AAFZu AH o] o FEEM ALE HAY AT 7 A= ?'é}v% =0
Sl W kA, wAd Pl sk, Buste) g BIHE Kol slolt:

45 7oAl oA HAdd AlA"S Alojshe A=

Mo

HEdx 20034 112 14

etz olx} : 2004 4% 192l XY 912 HeolE2 b5 AR Alz=glo] Hatg )7
2tAle] 2 B o= SZ e 2T EHEE ZER TAHY 4 £ MR Sy4eR FEHr [12]
(R05-2003-000-11047-0) X[ @22 A= AS. XY ®loj&o] M=ot Aol 1y 19 2tk

375



=l
Rl

A
ﬁ

l_
l
Dl"'l
1o
ol
rir

=X| 2004, Vol. 14, No. 3

= 29 7bsshal, g(p = fAAel, o=
obd, e Hadd v, e v
=5 ootk ezl A5 1o o
7t wdE whEe (13, 14] &

- —ay )
T y=0ysgn(q;) +ae !

2 zddrh 9714 apyo otk 7 owAl HAMY 84
e~ sgn(q) o Bele & glh o A48 =9
2o uY 2ApEA old @ wAd 548 sstel Ao

7% AHE FPsalne Heel A i,

-

il \[[X-axis

Gy —= 1 q,
| S|
@&k [T 1] [1] g
s h K - Js+B ||| s] ’
Tf
Y-axis —
\
(b)
a2l 1. XY HolE (a) M= (b) A+%

Fig. 1. XY positioning table (a) layout and (b) control
structure.

3. XY Holg2 MZEY

o] oAz XY HolEe FH a9} U %
e AR gAe 719 AANA S BolFEh Al EM X?
%) toluyg2E thA] 21

Ja+By+ T+ T,~=T (3)

otk Pekz NEE ¢, AW, FH ORI o=g,—q,

376

r= e+ N\e (4)

ojth. o714 Av FeA AAWFolth. HEE FAHA
A7t FAEE  o(pe FAbound) = 3L, A(4)=
Al 2Hlo] =t}
WAL PEskn ()4 olgste] Alzalel thoupu s
= ogEE FH04% & 5 o
B

A)=JCq 4+ N e)+ B(qg s+0e)+ T, (6)
7F Bk WE , B 23 BE AZMIEE f.) ARA
Q97 3, o]ZHW :[e e Xy o] T8 A

9/] LHE] I ‘:}' 6]'/\ f(x) 1_ —I—‘E‘ Q%Q e gj\'ILf %TE
A ez agsta vk A(6)olA 7, B & AR YA
= 5o 9P WA e,

7 o) Z2AA017)E e

Tj=Ty+Tp=Kyr;+Tp 2 N

=1,
7 A o7 1, o FAAlAL AP K o
ojth. AAARl Aloj7r 2= 2 2004 Holxith

aler AX

q]d :[qjd qjd]T qi :[qj qi]T J =12
a8l 2. AlRFgE XY Hlo] 59 27 g A7)
Fig. 2. Proposed neuro-control structure of XY
positioning table.

(M= Bl visiste] Atetd 52 QA tholupu =

Jfr;:— (Ky+B)ri+ F+ T j=1,2 (®)

1% qeel FHAf=f,- 1, = Folxink
490 BFA 2ol o3 FEHE 23

2 A g

olt. A71M o( . )= BT, v,m% PN F3F
APl THE Al w, = TAESOlA o]



" 3 AAZRY Gz
Fig. 3. Structure of the NN.

57 T
W:[Wl,l,wm, ot ,w1,4] ’

0(+)=[04(+),05(+),05(+), = = = ,0,()]7,
o(-)=o0(-) °li, AL V=[v,]" °lth 19

To= Wol Vi, j=1,2 (10)

F=who(V'x) +e 11)
vE 42 7HA w7 o o)Al #elaL, e
= AR xR 7108Rs Aol A e, ol o8 #
Hr} [15, 16]. 714 oAl AAE 7MEAE A e
2 fA "va 788tk S \WK Wy, [V K V0l
|- || © =&(norm)oltt. shetuE F4Qat=

W= w-W, V=

G=0—0=0(VTx)—o( V') (13)

ot F7t5 £¥S HlUe] F5(Taylor series)® H7l5HH
o(Viy=o( Vo +o( V'x) Vix+o( Ve 14

oV @714 6(DH=-4U2 | elm o(.) = 1A G5

o] Foltk 714 G=o( Ty & Aeleu
o= V')V x+0( V'0)=0 V'x+0( V%
(15)

bk 4 ADS AW G5 FAE A 20

To= Wol Vix), j=1,2 (16)
oli, WV E oM AEA wsty o @4 4
o shpokuelsd ols) aldn
7o Azg AN (D3 (16)4L Aejgelown 4
e |

T=K+ Wo( V'x) (17)

XY Hlol22| Az TH o

Ji=— (K, + By + W o (V) — Wo(Va) +e+ T, (18)
oItk W'o & shzkaku
Jr=—(K,+Br+ Wo— Wo+tet+tT, 19
otk W5 & Hehd
Jr=—(K,+Br+ Wo+ W+ W
otk Gol Uld HYe] #4E UYHA FH oA WAL

Jr=—(K,#+Br+ Wo+Wo Vx+6+e+ T, (21

o]aL
6= W o Vik+ Wol V' % (22)
ojty, FA o} WA Aol A 5= A 5,0 el
AEdh = js|<syolth A QDS ARy s =g 7
Zol o3k 02} ¢ I} A Ao SoleE oY 7 o 1}
& 5 oA oo #EE B 4 gtk v
FE A 2" FAYGS PPATN7] skl FAAE H
ARA sk A3 = st dades o vk
o Al FHexke] Wl @ gt
Al 1 712287t fAlolaL A3 om AT Al=gld
A, FAAE ADR &3 AT HER AAFAE
W= or (23)
V= 0T (24)

Syt+ey+T
_NT=NT "4
A< K+ B (25)
E 7Hxith
W 1 A tholyul 2~ (8)9] ol F(Lyapunov

function) & A <|stH
L=t p+ LW WL VY. 2
7F Ha, A (2605 vEshd
L=Trr+5 7+ Wi+ V'V 27)
olt}. whebA (21)4& wiglshd
L=—(K+Byri+ 5 I

+ WICW+onN+td VA VHar W)+ r(6+e+T))

(28)

7b frh o710 W=— W ol sxYaEs (23)-(24),
78 | Jl=0 & Wds

L=—(K,#+Br*+Irl(6+e+T,) (29)

L <—(KA4Bri+|rl(6y+ey+1,) (30)

=—IrIl(K;+BId—(Ey+ey+1y]

377



il
Ral
A
Ral
olr
>
>
il
1o
o
rir

=X| 2004, Vol. 14, No. 3

7h A oA #E Fo] gold A= Fo] Hrk ol
245 wFs] S8l AN Lol AGDS Wt
| oA e Fol

(31

Sofai Aelo] webd, eA7k B ee% gurh

29 34 oAb FAFTHAY), ot A@EeIN 247
o 4 2k fAES oJnla,
Syt+en+T

|7|§LN—¢(K/+B) (32)

EER

g

)

2
2.
N

N
]

N
R
_>.,‘ -

).

a1
L

O
e
o}L 10

N O_>L &
1-' o

L

N
_O‘E
i
ut
fo
)
)
R

Oy + &y +74
K;+B
O3 4. FH2.2k2] He
Fig. 4. Bound on tracking error.

4. AlE8old H AE

AFE AlEHolAn A¥dor XY HeolE AAW Ao
719 fraAds A (17l. Aol B3 2= 17 59
Bz} 9AHo| B YEL XZ Yo g8} XY ¢
CRE Frolt}. 717} RE= e

ol = D o
ArAI7e] s HYPHom AojHrh Bl e HE
o] AZstn Ho|Eo] & 4 9A 3tal IBM PCE A/D
<} D/AEE%‘J]E 3 XY 94 Heolb& A 5 Al

MA7F A2 IBM PC
At} Aotd duE S

2 486DX-66 mlo|ABR TR
=, %‘%3% 100Hz MEY v 2
XY 9% Hol&e dvEE X&F Y& 474
Ji= 0.00143[ kg m?] and B,= 0.945[N- m]
J2=0.00135[kg - m?land B,= 0.927[N - m] (33)

olth XY 914 dolEe] o] 75 WHE 5[ cmolth
WA, XY A8l PD Ao}/ olgake] AlEo]
A g sk Aws

2 0<<1
q 1.D=1{2cos ﬂl‘z;ll 1<t<5h
2 5<t{6

378

SERVO MOTOR

d
CONTROL o
SIGNAL /ENCODER
/_\{[] N X-axisl
AMPLIFIER v
axis|
g/cﬁN COUNTER\—%;UT
: SIGNA j‘ PLOTTER
INTERFACE COMPUTER REF.
CARD IBM PC GENERATOR
a7 5 AEAA
Fig. 5. Experimental setup.
2 0<t<1
424D ={ 26in 210 5 1<t<5
2 5< {6
(34)
ojth. XZFell s w2« (=0.06 %+ o ;=0.01,
a,=3.0 °la Yo talA a (=0.062, a ;=0.011

a,=3.0 & 3} o|AES HAAR XY A EHo|EelA
Ast7] fal AP es S49 gholth 21 6(a)f] A=
(Dol wAdE wpeel] oel] 5ol Astde = 5 ek
upeba] vy ek Z3E ®BAAS] AaiA A7 Al
o] g3tk XY 914 Hlol&e] G 7]l o7t At
a8 6@ A% (DellA B vy 2+ So A4= 1
d 6b)elA & = Slvk AF dade a9 Tl Bz
A9 F AEYolAd At frAkekE & ¢ Jloh o= Al
Wol A AESH Lol PD Ao 71 Et 7jA =
w2 Holeth
ofefjel o] WP ol rojdy B AHS FE

ol o

32 rﬂ

2.4 0<<1

q.,D= {ZCOS[i(jz;]‘l]-&—%[cos 9 1 1<<5
2.4 5< K6

0 0<<1

a20D= [ZSin[ﬂ@;uH 2 [sin M= s
0 5< 6

(35)

29 89 Aele WAE o) drhe nejEth 1WA
7} gl PD Alof7]9] A4 whaE gy wlie] dsh= 7
Eohs Aol7h ASs & oAUtk EARE Aok o
AEE d8lE= AEE A9 7trto] FAsIn=E o= Aty
wrol WAy FahE HANEES ofulRth Alcke A
Alo17]e] Aik= ¢ o} IE ANe 2H owﬂ FA%} 4
o4 PD Alo]7]Htt 2174 A017] Wo] -Fafrhal g
1HE'J 2= 011;]_.



Y-axis[cm]

XY Hlol22| Az TH o

3 3
2 21
1 1t
3
2
0 o 0
bad
4
-1 > -1
-
) 21
-3 R . . . . -3 . . R . .
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
X-axis[cm] X-axis[em]
(a
3 I ) ) ] 1
2
1}
E
L
_U) 0 —
x
e
x 1Lk
2k
_3 1 1 1 1 1
0 100 200 300 400 500 600
Time
3 T 1 ] T I
€
S,
(2]
=
o
>.
-3 1 1 1 1 1
0 100 200 300 400 500 600
Time
(b)

O 6. AlEHIA-Y, (a) A%, (b) A, (B4 71245, 1) PD A7, i) A3 EA 7))
Fig. 6. Simulation results for the circle (a) locus and (b) trajectory.
(dotted line: desired, i) PD controller, ii) neuro-controller)

379



HX F X sAl2=Es ==X 2004, Vol. 14, No. 3

X-axis{cm]
o
L]

3 3
2t 2t
1} 11
€ E
9, L,
o 0 « 0
x x
@ G
> 1 > Al
-2 21
-3 — N N N -3 . . . . .
-3 -2 -1 0 1 2 -3 -2 -1 0 1 2
X-axis[cm] (a) X-axis[cm]
3 1 T J L] 1
2

2k
-3 1 1 1 1 )
0 100 200 300 400 500 600
Time
3

Y -axis[cm]

-3 1 1

1 1 1

0 100 200

(b

300 400 500 600
Time

O 7. AEES-4, (@ AE (b)) AF. (FA: 7128, 1) PD A7), i) A7 Ao17])
Fig. 7. Experimental results for the circle (a) locus and (b) trajectory.
(dotted line: desired, 1) PD controller, ii) neuro—controller)

380



XY Hlol22| Az TH o

Y -axis{cm]

Y-axis[cm]
[=]

2|

-3

Y-axis[cm]

-2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
X-axis[cm] X-axis[cm]

(@)

X-axis[cm]

0 100 200 300 400 500 600

0 100 200 300 400 500 600

8. APAH-APH ¥, (a) A= (b) AA. (FA: 71E%, 1) PD A7l i) AAgA 7))
Fig. 8. Experimental results for the modified circle (a) locus and (b) trajectory.
(dotted line: desired, i) PD controller, ii) neuro-controller)

381



HX F X sAl2=Es ==X 2004, Vol. 14, No. 3

XY HolE2o Hdg
A stk A gAe] 7= A
3

oX,
M
f
ox
o

uol—
LERECERRL:
FEEREEL I
2He edele
. maE Y e A}

o

o

oX >
g
N o

o F-?~
o o

5 Lot

< M

20 foy 0 o

kur

=)

o
a

—_—
i
)
o,
FD{I
_E‘
it
0%
).
>
)
N,

o\ ol ot HT o ont

2
oo
2
rO
2
2
N
N
- ol
ol
s

fr
i)
oy
>
oo Y,
RO
ul
to
O o
X,
=

1>
SR

>,

to
24
o
o=
do
i
-4
ofr
ok,
2
=
o oy
4
m
>
il
é bl
[e3
o

olN
of L&
ol
Lo

, X2
o
2L

AL o flo T 32 ot I

f
2
o
o,
o
il
Ho
ﬁ
f
ox
N
ey
J
o
N
N
or r&
oX, o wH
o
¢

21029

[1] J. O. Jang and P. G. Lee, “Neuro-fuzzy control for
DC motor friction compensation,” in Proc. IEEE
Conf. Decision Contr., Sydney, Australia, Dec.
2000, pp. 3550-3555.

[2] J. O. Jang, P. G. Lee, S. B. Park, and I. S. Ahn,
“Backlash compensation of systems using fuzzy
logic,” in Proc. 2001 Amer. Contr. Conf,
Arlington, VA, 24-27 June, 2001, pp.4788-4789.

[3] J. O. Jang, “A deadzone compensator of a DC
motor system using fuzzy logic control,” IEEE
Trans. Syst.,, Man, Cybernet. C, vol. 31, no. 1, pp.
42-48, 2001.

[4] H. S. Lee and M. Tomizuka, “Robust motion
controller design for high-accuracy positioning
systems,” IEEE Trans. Ind. Electron., vol. 43, no.
1, pp. 48-55, 1996.

[5] K. Srinivasan and P. K. Kulkarni, “Cross coupled
control of biaxial feed drive servomechanisms,”
ASME J. Dynamic Syst. Measur. Contr., vol. 112,
pp. 225-232, 1990.

[6] W. Li and X. Cheng,
control of  positioning
experiment,” IEEE Trans.
vol. 2, pp. 265-270, 1994.

[7] K. S. Narendra, and K. Parthasarathy,
“Identification and control of dynamical systems
using neural networks,” IEEE Trans. Neural
Networks, vol. 1, no. 1, pp. 4-27, 1990.

[8] G. Lightbody and G. W. Irwin, “Direct neural
model reference adaptive control,” IEE
Proc.—Control Theory and Applications, vol. 142,
pp. 31-43, 1995.

[9] M. Kawato, Y. Uno, M. Isobe, and R. Suzuki, “A
hierarchical model for voluntary movement and its
application to robotics,” IEEE Contr. Syst. Mag.,
vol. 8, no. 4, pp. 8-15, 1988.

“Adaptive high—precision
tables—Theory and
Contr. Syst. Technol.,

382

[10] F. L. Lewis, A. Yesildirek, and K. Liu,
“Multilayer neural net robot controller with
guaranteed tracking performance, IEEE Trans.

Neural networks,” vol. 7, no. 2, pp. 388-399,

March 1996.
[11] X. Cui and K. G. Shin, “Direct control and
coordination using neural networks,” IEEE

Trans. Systems, Man, and Cybernetics, vol. 23,
pp. 686-697, 1993.

S. Goto, M. Nakamura, and N. Kyura, “Accurate
contour control of mechatronic servo systems
using Gaussian networks,” IEEE Trans. Ind.
Electron., vol. 43, no. 4, pp. 469-476, 1996.

C. Canudas, P. Noel, A. Aubin, and B. Brogliato,

“Adaptive  friction compensation in robot
manipulators: Low velocities,” Int. J. Robot Res.
vol. 10, no. 3, pp. 189-199. 1991.

B. Friedland and Y. Park, “On adaptive friction
compensation,” IEEE Trans. Automat. Contr., vol.
37, no. 10, pp. 1069-1612, 1992.

J. O. Jang and G. J. Jeon, “A parallel
neuro—controller for DC motors containing
nonlinear friction,”  Neurocomputing, vol. 30, no.
1-4, pp. 233-248, 2000.

D. E. Rumelhart, G. E. Hinton, and G. E.
Williams, “Learning internal representations by
error propagation,” In Rumelhart D. E, &
McClelland J.L., Parallel Distributed Processing,
vol. 1 pp.318-362. Cambridge, MA, USA: MIT
Press, 1986.

[17] J. O. Jang “Deadzone compensation of a XY
positioning table using fuzzy logic,”  Submitted
to IEEE Trans. IE, 2003.

[12]

[13]

[14]

[15]

[16]

S PN A

ZE2(Jun Oh Jang)

1983 : AE st Azt £

19929 : & tiEhd AA}

19984 : & thghd HhA}

1999 ~ &) g gt HFEHE | T) o] FEE g



