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Motion Control of Flexible Mechanical Systems

Using Predictive & Neural Controller
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ABSTRACT

Joint flexibilities and frictional uncertainties are known to be a major cause of performance degration in
motion control systems. This paper investigates the modeling and compensation of these undesired effects.
A hybrid controller, which consists of a predictive controller and a neural network controller, is designed
to overcome these undesired effects. Also learning scheme for friction uncertainies, which don’t interfere
with feedback controller dynamics, is discussed. Through simulation works with two inetia—torsional
spring system having Coulomb friction, the effectiveness of the proposed hybrid controller was tested.
The proposed predictive & neural network hybrid controller shows better performance over one when only

predictive controller used.

Key Words :
friction uncertainty (O} S & AIM)

1. A2

HESE diFE 7)A A2be 1579 2%y
Abolel 714 AMUAE wrEy Wa D QA8 A
T A T8 AYRE st n Yo 59 Agn
7 M B, g4, vk wEgd] o] ogate] 7
Tl mEAM A Arge &5 P dHye
qetgeh. ozl @t olfrE % Aojr)= FA
71 T AT Hojup T8 AgRo) o
Hd T8t B84 8y A% Ay 3
AEEE EHoz 7)&9 PIAY7] 94 FSLQG
(Frequency Shaped LQG)4], 7I&d<:[5] S<& o
&3 Aloj7] HAI} o) Fo] Az g}

& AN E EF Aol Aaggo &A=
A3 AP BAEr] Y Yurstg o= Ao )
(Generailized Predictive ControD[1,2] 2 217 A
°]719) EjtAo)7|E M A}

50719 A5 T HH Ao YA o
&8t & @Al 93 A FH ANe IRy
N 2dov, €8 AT Aoj7)e vHy A
F(mapping) 5 H o2 vldFe H&4dn A2

predictive control(l & X o), neural network control{(AlZ3 gt H o), torsional flexiblity (Z5ErA)

A8l FYe wa,

2. A2 oAzl

. \ Z DT X
o D, sonscss YO cummioe
Fig.l1 Two-inertia system model
9Ade a8 £FAo) ANxde agidg go] o-
HY EY 2ZYAz wdyggeld 5 v}

Ji 614 by 0,4 K 6,~ 0.m) =—cpgn(6)

FAEDNH o2 FASHH en P
2 (0= A, (D+B,d8) + N,(9 @)
() = C,x,(8) 3

—-538-—



0 0 1 0
0 0 0 1
A=l 7 u O
bk _k o, _b
5 i Ji

. .

Bp=[0071— ()],,c,,=[0100]7

NO=[0 0 —cnsen(b) —cran(d)]’
(D=1 0 0, 6 6]
ulgabs. FA & @ A(Ho] g Fate ZHdE
g 8LH AL E O o)
Gs)=CysI-A,)'B, @
a3 ADE g EUY-e o]l &35ty oAb Azt
gz wadsin 435 Aojr] dA=E AT
CARIMA (Controlled Auto-Regressive and
Moving-Average) 2 7A&W 23 Zr}h

_ B! 1
y(t)'_ A(q—l) A(q—-l)A E(t) (5)

o) Alo] Aj2ge uhakAg A Ajzgdo]n AojH
Aojthado] dAER ¢ HWA AEAI Aot

u(t—1) +

3. 0= Moiz| MAH
2.1 d&7] 44

-gA dE2E dAsr] 98 g 2e
Diophantine 54 c2¥%8 Es FE 7@
1=E{(q HAd+a "Fa™") )
714 E9t Efg HE Foi AudAd 4%
TFzE ol ojaM fAdsiA AedoiA = oot
AB)el Efq HE WHdl Fatd oLy o
EAAv(t+ )= E;BMft+i—1) + E;£(t+7) (7
A@BNA  EA4E g 9&4e derh
y(i+7) = E;BAu(t+i—1)+ Fiy(D + E;&(t+5) 8
G,=E;B2tx A9sia  nldie) €2 A% &
o}.

v(t+ ) = Gdu(t+i— 1)+ F;{ D+ E;&(t+7) 9
At+DE A X & F d&e s ERE 742
W+ )9 FEEole Aoy vhdt 2

A+ 1) =1G,—gpldu() + Fiy(¥)
At+2)=al Gy —q” ' gn — gal 4l D) + Foy(1)

- 539 -

H,—1 ~(H,-1)
i+ H) =q 7 [Gy—a EH, H-1""

— g goldu() + Fy ()
22 di& Aol yA
A% AoE 9lel e 2e A e T5
A& 18t

H.
J(Hu, HyH)= 2y [St+)—ult+)1 (jp)
Vil

+ le[d u(t+i— 1))

du(t+i— D=0, j>H, (11

4714 H,, H, H, pt 32 4% 99, H
A2 4, Ao Ao 4, Aol AFANE 2z o

ehict.

gH g vy Pz o) 29 ges o,
y=Gu+f (12)
y=[ ¥t+1), ¥t+2), ..., e+ H)YT

u=[ du(t), du(t+1), ..., du(t+H.—D]"

f=[ At+ 1), At+2), ..., At+ HYIT
g8 G= Aol H,xH, ¢ shazrgdolt

£ 0 0
£ £ 0
G= : : ; (13)
Pl &
gH.,—l gH:,—Z - gH;—HK

ags wg o ol Ao

w=[u(t+1), w(t+2),, ut+ H)]"

A0 7Ndge s Zol tA & F U

]1= E{](HmpryHc)} (14)
= E{(y-wTN(y—w+o "

Jiol e HAAge Aloj-F WEd Pz T

Rt

1=(G"G+poD)'GT(w—1) (15)
ue] A AHA o] A Ao 4o] Hrt

WD=u(t—1)+ & (w—f) (16)
3714 g'= (GTG+pDTIGTY A WA olr},

4. MHY Hoi7|

nhd BRA4e SR da e te By
Agsel ANSol go. 1AE F o PHe
2o WEw o5 Aga: Aotk I off



@ A2 Pde A A2 gIEe FANNA
g ool daiM RgEl Hm Axo) BAPAL
sl Bk A4 gel AgHAR Y AdrlE
welo] swbg % wpd waslolth mpEgel A7
@ FUES AR dF sbsavw 1w 2o
2718 AR WHEF de Asdd 48Ho
24 2ss Pde Astn Yk 4714 HEY
o d5e 98 FHY 45U FA4Y SEF AE
@u o|q4q W=y Hzs FASHA HAoh 23
A e Bdsoln AW WEE Holy| AE
d 248 $EU #3E SE9 Age ARy ¥
AE o3l 71E AP AgsA A A~
Wl HeHE P NEFHE H2E FAGA 5
3 oAA4 Fudd | uuee ¢ 5 Ak we
N B AT E A nhd mde) 432 9
e &5 A5E APz s AFWE AEE
dch. AFFe) ¥+ A FEE ol o] waY
#49 vhAYe eA-gAH FuPF W F4
sqck & AFolN Heste 43P Aerle )
EEHE Ao7le) B A He Az
g nhEg A7 98 Aol 9He LA
el e 2o 7z BHHo.

Physical Plant

Gp
From Feedback H T Actutal Friction
Controfler \
—— : j,:
t 1
+
Gpm

* Identified Model

NNet

T

W

-
Desired Velocity

Fig. 2 Scheme for the friction learning

9 v, VYo TSI P

v,=Glr—rd=G,r— G, (17)
Vo= Goml 7= 71 = GomT— Gom T, (18)
AT G, G AA A28 A Fe F
2 AEH T 71E9 Aag el o opxl
3 % d(Identified model)e Zt7H UEHAY, 7=
ARG Aojzlel & = A2"EYd EAS=
2% &S JEtdd

T G= Gl ¥ T E ZTh

€= ,— Y= Gyl t;— 1] (19

ARAE ¢;—0 A W, H—r & elnldoh wy
5% md Q3o S8 HEso)R AAFE Ax
9o AP HHFS ¢ 5 Atk AP )R e
Wd g BE ohieh Axguel EAstE BHA
HE Do) HEY F AL Andh S¥HlA
A4F A7l dFe v BAVI% e AYE
Sasts MEEAds Aol712A d=w Aozl
A 5A )71 GA 19 35 gol 2olA ek

HE 71E9 AP Aozl F9% +
Fe FA ¥ AFG A7) AAdA 1y
g HAdY FEH 2dYg HA g2 e

& Bk AdE 7HA A o
5 Fx 43 % 2

Akl B Alojrlg 45 &3] 9 53
AEE AN A2 s BFE £=0.05Nm/rad,
Jw=J= 0.0004Nms?/rad, b,= b,,=0.0015 Nms/rad,
cm=c0.052 33 WEHALE 0.005 secE AT}
53 dZAo] o]&g HEsto FES LA
=% A FAANAY dEAolrls e AW
g 7HAx g3 AAg dAUFe Aol F43%
EAolty, M Aojdd H A= dwHoez pry
29 zgrg w24 AFEY ol FJ=w Aol
EE A" A7t s=ygdg 9ozl 7H
A7 9 AL AY 43 99 H,9 dAolrh
H,9) A%AQ Z77t 34 £& A5 HALA
= %7 dfolth 2345 A9 go] H,=4dd
B H,=10¢ @ HFE Z4ATS & F AA
BF oR7he] AJZF X FE Holx it}

2y vk 183 AE W o 5A ) )T Ao
M Y6T} ol viAEd] o A FEL
25 A e, vRYS 24 fE AT A
o718 2929t e FTEE FEFAIAR  EH{A

o Ay
o o

hu

— 540 —



S

e gen 2e a9TH 2ol A9% 3%
& % gtk

$% Nzde) AF i wdRe
6. 4B

2 Qdpoae AAAEe sHAER a4
g aAE b BRA4E n@ste F=9 407
2 g Aojr|E FEEYE Ao7|2AM NPT
Aol712 g EF Aoyl HARAL, °lF
o-A A zdle] Agste] G&A T ES A
o (1) dZAel7|E Agsd, AE AFE Ee
Z k. 2) A7AF A7 E AMgEt wEIS
Baagn WEERE AojriEAMe) des FAst
oA W= zlojr]e) FASH Fx2E A X

sty 722 AASET Q) Ad AAY/A=
f‘é} Aol 7)= & Ao} e ARG EF AN
& Boh ¢ 99 % 452 24

EJ}EI‘F

HoEs

1. D. W. Clarke and C. Mohtadi, "Generalized Predictive
Control, Part LII”, Automatica, Vol.23, No.2, ppl37-1
60, 1987

2. R. Soeterboek, "Predictive Control, A Unified Appr-

oach”, Prentice Hall, 1992
. Armstrong-Hélouvry, B., "Control of Machines with
Friction”, Kluwer Academic Press, 1991

4 Li Yi and M. Tomizuka, "Robust Motion Control of
Mechanical Systems with Compliance”, Proceedings
of CDC, pp2462-2467, 1996

5. J. H. Tavlor and Jin Lu, "Robust Nonliear Control
System Svnthesis Method for Electro-Mechanical Po-
inting Systems with Flexible Modes”, Proceedings of
ACC, pp 536-540, 1993

o

i
g h
§ oo !
3
Q10 ’
+— ——
0 2 8 8 10
Time(sec)
50
% 0.0
[ L
-6.0 v . T
o 2 10
Tlmc(soc)

Fig. 4 Performance of the predictive control
without friction(He=4, Hp=4, p=0.1)
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Fig. 5 Performance of the predictive control
without friction(He=4, Hp=10. p=0.1)
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Fig. 6 Performance of predictive control
with friction(Hc~4, Hp-10, p=0.1)
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Fig.7 Performance of predictive+NN Control
with friction(Hc=4, Hp=10, p=0.1)



