BERETEN 964E BEFSEWAGELE pp.466~471

b& A2de OxE

& A of

Digital Contouring Control of Multi-axial System
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Abstract

This work is concerned with the development of digital contouring controller for multi-axial servosystems. Digital

optimal  contouring  controller is  proposed

to  coordinate

ecach of the controllers of multiple feed drives and

specificallyimprove the contouring performance. The optimal control formulation includes the contour error explicitly in
the performance index to be minimized. The contouring control is exercised for straight line and circular contours.
Substantial improvement in contouring performance is obtained for a range of contouring conditions. Both steady state
and transient error measures have been considered. The simulation study presented has established the potential of the

proposed controller to improve contouring performance.

1L.A4 8

CNC B&NA, 2RE, 9z A Az ol§5e IC stold]
B, slolol HE H€A 71F7), ZAHY gL tE 24 A
o Al2"olME 7hZolt 24 AN S LHae Y
g 7] HdsiM 2 2o £F5 L ZIFA A3
Aol Yasich ojzid 2L s 71 d AMEHE
Ao 7t 9 3" £FL Fid ¥ydse FHEE
FEHoE zZt Fo] FHslool ¥ TEFAHREZ
By 2A2E FHIEE goza AANHoz HAde
o] o]lRo]ALE ‘e AoiYA(ZYSH Aojutahelrt
wae 1128 dFoolEy & HAYEE iR VAR
Lo Aoz s=glo) AdEel S48 AF 7 Fol F¥H
og vaAog vH-HEAS S g LEF Aoy
2 HggozH 423 EL Aojds vAol shEEtdth
oy 2 &9 olSoluy AAEst e A2¥ mieldelst
U&= 2L A EE AFFTH 33 AP Ee n&A
olg #4% Ayl date Azsh YA Azste FIA
A(ed Xt AA PoBM AP ARAL 24
2 % g Btk e Y SUR Aoltae) v R
ot AN Ao}l g2%ex} Aojualonh

o] Bae £2eAE A Aoy AAAC WAYOEH
olFZo) AMo|7I7t 227 o] L&F Fole WPz Al
248 &A Boh 3ty M AFF viet ol F F
9] BEAo] Yxsha) QAU AAARY 23 Le B Fol
Mg e ool Hedle FoF st 2 Ho HEAE
of o9& WAy WRo 23 Aolvle vy Aojwt
28 FHsA 5o FHARC F&se YA E ZA €

2272 ©E Aade AZAH4dEE FEANI S
Be Af7t o FoATt JEAHe2 EYRH Ao @
Z9 A2 FHANSE vPo=2M AT FHLAE
A & Aoke YL ANz s gy e e
SISO Alzfel 43, $HEY 548 FANE & 2
& ¢mzel gl sty o ol o[
3 A7 Korenle 4522 AAE 13 QY 24
Faetn AANE 23 2 SMAES Tres AUE &

gr{oﬂ_\io;‘,ﬂrmlo

)

-
oy

Hﬂmﬁr
o2 bk

75 HAs) NEIIEE HoAUL HdAstA YHAAE &
Batgnt Bollinger'? $& WS ZA= zolE F3td FHL
g gA Ao 2d o] 7jU7 ZAAR Atz B
Fn FHLAAE A ZaAA F UsES Ed FAC
Doraiswami®! $& My BA7|sh QA3 BAve) 2ARE
HAlg Abgste]l FFHAT W AT AATYH g e
geon nFa A eate] diF A4S R

Tomizuka! $& 713 913 YF(AY A=2)2 v ¥
AL AF 2; Ue ¥ BEE Ao Yol wA(preview
contro)F 2 FHeAE AA F4ANE F UASE BAF
e Agrt F43% Wie Y 59 FHfode AN
(extrapolation)el] €]3] previewe WHE HASFHAYG £33
Tomizuka & Feedforward Alojwt4e] WFo] %3 Zero
Phase Error 23710 o st Ao} wAle) 4 wtEof
(Repetitive Control)ol&''¢ 0§ sold ey Hysin
ol o2& FAZNA AxA T RAA] ol SEIS
24 A2 gIE Folo 9% FHAT gl o 2
Hoz FHAE ZA2AA ITALTE Y & UsE R
c;‘ —’,‘—21\:}‘7] (Bl'

B8 27 AolE Koren'™ o o3 Hzz sidel &
P AA e olF HAALSF e AorHezA
2atA Aol FERE skt [10] 1M E S¥EF Ao
WA g Wt ool 2 &3te] FEAC] dAFA o
£ W &g AY Aoy AA wAPo R 1
Y 4 45E 718 # UAEE APz x4
FHRoE "o Fct
Kulkami & Srinivasan'?"e goo st g ga 712
Hog 7} Zo) nAHoF uldAHAE €Y JeHA
Foll §Feztg waFtezd HEHA LA s FF L
A7 E dASHUL clEL tIFFd AF HrAFFE A
stgen HAsiA Addg s Brixged gt ARHor
Aol NG AAskz] Slal fHE el g A AR el
[14] oM Tomizuka® FHLatel FHLAE FAlo glofif
X o] TPAFIR ot AAHEE FHEAIEH
Aoj71g dAstdon oF AAdE TAIAN HBHPe=
A 7iES wigA Tl g PR @AA FFLAE

rlo o

-466-



A&e HAFATH McNab'™ 5 o] aA 7 o
B gol ML A FHLAE FAl TE
AZAE HAsiA ddgozs zolv]
AAE HEHAo FHAM FRATt o]EL 53] {FI|ARL
T 2AE AMEHsERIFl TEAFIL Aol ziYd
of wat Pl Hxexte velm HEFLAE ARl XF
A7l FEH-FFAT 2 AH Aol $H(A receding time
horizon LQ optimal control approach)® Al&¥ozH
preview Aol§ F§ &#FAAE syt
2 d7odMe A4 4851 Je EZH, X-YHolE ¥
Z7)Ae 2o AR Al Aoirlsh folstAl Bt
o o5 BEAR DAL FANEL £ UAEE FHLH
& wpaste uldAolr)el &g Aojjlyvter
TAE ASAFE olREo FEH-FJAL 7 HA Ao
Hhale] £ otol A e At} 7S HA
ol@A oM 71xe SHEHEZE Aoy Al wds
ZXRxtet FBAE FAo Hte e rhEsA
"} o84 HAAE 499 AR TTERA HEH 7 U=
2 YubEl BHAM Fs7) W EEAE Helol
gt Ao NE M2l HAY Hae gdh BAE ArE
AALE, 4325 5ol HE3H EYF Ao wwdt
o Bogx AHoldFg Hrighcth

2. BAA] A2He T3 wdY

X-Yejol &, 271419 ol TF A 2ol A&(miD
o2 AMgse ZHAA] AlAge AMREgowet FFEEH
aelm B AL HiolE T Zol ZIAH BAE e R
oz FARY B HiMe £xAo] MEHE 2y ¥ s
A pAS YA sl Angzzs £X aoj(semi-closed
loop control)& #AZ sl T3 2d3-& Fggich

Fig.lolM Hie wis} o] A 8o Asle Hxalo A
B o(servopack)S 9@ E=:e] FaE meishe] ui AR
olg AT gelM £EHYPo 2 R AA AL
74 A e olefetgol 2ty el MNPz FHEAC.

Tq
L
J
Vref 1 - 1 \4
b satiam -
T, (1 T;S) o 5
Fig.l PI Velocity Control Loop of Each Axis
w, (27 —a)s+ v,
= 5V, 1
s +28w, s+ w, d oY
of 71 A
|5
., = 7
¢ = ST T
a = L 7y
Jw, Ve

Qe & 4 e vk 2ol wia 2 ARAel 44
T,% T& 3ns) veeln F2ats a2z wa

Ao} oI5 Kol mebd 2aAds el EAolay 14 A
AA olstz 248 ¥ & Ak Al AxdeldE &ms}

AA7E &4 b wgolm 2 AAFE Aoy HA
B27)7F ostn ol2dd Aozl B4

AEY B
27k} QA 2R W ¥ AFAAE BB B
ol 1ANAR o2 SAMBBte AMoj7] HAG Atgwoh

1% K,

GUS=y 0=

3. 324 @ x}(Tracking error) 2
&% 2 x(Contouring error)g A9

<+——— Desired path

Fig.2 Tracking and Contouring Errors
on an Arbitrary Curved Contour

goaE Aol Ao watr) AsME 4% HriA
Sol gueatgol AelYyT YA EYHolor Yok Fig2
t FHeatest B0 £ 9 V1S YAS vean £
Moot AYAZ UA P ANAN P AHE E
sl &3 e & AR 4 MY e H P 4

WA Pehe) zpolc &Be e Al Aksolo} 87|
Ggol TeT L ¥AS Bshel Dapgsiel 2oy Al
ol W et

2HQAME : e=P,—P 3)
2BQAME : £ =P P )
2, P -
chel&ryg @V, = —F V= y :
EEAE Vo= VS T ©
- P+ P
o e R S . -
BERAREHE V= ®
AQ)MERE FHLAMH =P P, +e (7
o] "t} 9x PERE P7A olFdted Hae AE
A2 8l3 AEA £5F ZAHOE U4EH Zol
Ve =3B+ P) @
2 el gFeatuy & oS ol Yehd £ 3
o},
e =e—(P,—P.)=e—V, J¢ )
dte o A7 AL HEE Adsojor 3rE 2(9)
o ZLEL —po) nzg e arm 7o va 4@

-467-



of idsd B 9 ZARE 7Y F UG 234U

A% & 7IA o gk
€, Ve, V—e,V,)
. = = 10
€, -VdelV,—e V)

Aoly) AANNNE & AFYAR FAAFE ehhol
QB REA S THA

4. $ZA o

HEdX Q¢ vhsh gol AYARE FHFE dole
Z2te) R%e 28z Aozt a7HLh A2 H8 5
YHoz AolY A FiglelM BE wsh 2ol +3 okt
2237 Az wABA e Aol o7l WEel 3
oo A Agel Pea gHexe) 2D Aoz A
97 wech gy 2 &9 SYHY 2H 45 e §
o 42 AE Folvlucke AW FHLHE Aoi7) 4A
o WAPoRM FHLAE 2N HE 2TEAY 3
Je=sdolae wee ATHVMNE E& 4 AT 33
23¢ 24Y $7 QA G

2 AAHE olHE L3 A Acire Tz FH-#
AT LQ BAA B belA @Al AAMEE
A A] gk,

4.1 &FAo] A=9

Fig3e t&A2ge f&A0 72& Uehile E84x0]
o} AHAZ Rk (i=xy.2 - - -,9.7F E7](interpolator)
o 9oJs) 2} 2o AFYY, R.(L),2 Bai=D 2z o] X Al
ol uwgAo] BA, Ko 23 sFZE A4t o

ntmacpninloc

Flg.3 Block Diagram of Contouring Controller

Fig3d X S gz2e 48, V. (i=xy2, . q)E
ohgo @AV Hoh

Veilk) =K ei+u; , i=x,9.2,7.,9

an
=K, (Ri(&)—p{A) +ulk)

oAz g 240 AFE viet 2ol 14Y =2dz &
Aztatd AUy VAR 5 vk, 9A ploe 53
BAE Uehie ol ey AAL o Feo) ¥t

plk+1) 1 r(1-e” %) pAR
v k)

=Tl

vl k+1) 0 e

(12)
KT, —c.(1—=e 7'

+ V.i(k)

K. (1=e ™)

AN ¢, K, SEAFZ ztzte) A|ASy, A4 o
S adx T, AEA0E veldd. 2t 58 25 $3tely
a2 A28 Axe] e MY E g 2ol
Aot

1B = [ plR vl plR vl ~ piBv D] T U3

VAR = [ VoD V(B ~ V()T (14)
4 (12),(13),(19)9 s##eatz e 5% AawAAn £9
A AL oga go] & 4 Ut

x,(k+1) = Agx (B + B,V (k)

e (k) = Cp,(k) + CAk) (13)
A7I Ak = [ RLA R.(K) Rk} 7 ojut

42 F8-58A0 7+ LQ HAAS (A Receding
Time Horizon LQ Optimal Control)

2 doMe A dor Sye et dn ¥UgAe
2 2E LQ HAHA Y BHAM &3 4, w(HE T
g Ax A (1D,(13),U4H2 5

Vik) = —Kux,+ Kk + (k) (16)
2 59 o7 K,9 K& wade ol K,z 748
E A2y 499 Yol wh) = [ wlh) uld) - u B’
ol 4 (16)2 A(15)e] Y3t BF3HE o5 +HL
et 29UAygae dech

x (k1) = (A, = BK, XD + BKAR + Bu(k)

e (k) = Cpix (k) + C,(k) a7n

HasE Jland S 4% %7 A
v

J= ¥k4MS, + 2 T @) +uT(DRu(D]  (18)

r=k
oln wE el HA B3} SA Y& AW FHoAs &3
23t Ao YL sHFEsly N& 71A9 vlgE=dd ¥4
(preview length)& Webdich A (17)9) deiutygs a2y
HAL gYstn HHA de)(Principle of optimality)E &
stE HAA ol AF w(kol sl 332 AHE d& 5 Uk
W)= —{ BIH,(k+1)B,+R] ™ B][ H,(k+1)

[ (A, ~BEIx D+B,Kr(l] +Ik+1)] (1w

2} 7hE] 9 A (Riccati equation)
Hyp(D= (A,— B,K,) H,(i+1) (A,—B)K,)
—(A,— B,K,) TH,(i+1) Bl R+B[H,(i+1)B,] 'B;
Huli+1) (A, - B,K,) + C/QC, (20)

-468-



Ho(d= (A,—BKp){ I-H,(i+1)B,[ R+BJH,i+1)B,} "'B]
Ho(i+1)+[ C]QC,+ (A, B,Kr) Hyli+1)

21

[ I-B,I R+BIH,(i+1)B,] 'BJH,(i+1)] B,K.] #D
g AAZD 1 H k+N) = C]SeC, (22)
H,(k+N) = C]SeCprlk+N) (23)

ol AH(LL LT o) =h Ak Aueith N&wel FAA 7
B ae] s Tate (19)40] WdstzzA FHHAYH
URHE 7o

5.2% A=d9 &#%2% Aol

B Aode golA olezer sdd g3 ¢nAF
g mAAo A2d F b g AEEI e 2% Al
Aagol Ayt HHn A9 F oobx AFZEA w8l 7
2o HuAeirle Frixez fEHAUAE FEYo A
Aol gR2HA5e) gAHestE 2 AN AU A=E
=9ste vl #rpgch

51 2% X249 %3 =d

AoletmeZel 4% H/HE AP ZYE 2dEZE CNCH
AgAere] ol 7EAXd FHAHE &FHEMI FH
S(hEM) X-YejolB & ARE3Th 2t %o olFTEAAE
34 ACMEEEH, Smmixiel 8 £23F, Holgz FA43HH
o)4 MBIz olwE Yaskawa &FE A EH(velocity servo
pack)© 2N ohgza widH-HREPDAC HHd 8 &=
o AolE Syt ANHEE 1A 16004 d=
& P43tE ARG o8 o] FojAp WAAZE 4R A
Wil YARUES 2o UYL FYsAL HEREFO
vol EEAPAZEZ AT YHAYL shetd FAF XYF
o) EAlAq 24 ARY FH zde o ok

/e,wi

G(s) = GLs) = Fite.tal (24)
ol& THA] ThE 9 1x ANy U2 43 ST
k.
Gs) = GLs) = sy (25)

28 (hig)f) X-YHIol8& Matsuura MCS10V 33

olAgAErY olETERA FAHE AeBA X-YHY
13 A9y 2Ye o 2o
-~ 1000

Gl = 0= (26)
_ 62

G = -5 @n

52 ANE#H)Ad 43 4 H7t

NH 950 F 7HA Az ds) AHE FHHHA A=
ANl oA, ANl HELA T BHNM §FHANE
zeialx) FE A9 wlm, PFrigoh AEdHeldeM B2
23 £5% m/ming AR R HEATL Zm secLE
stk

Figdse ztzt AMdAZ F2A F F9 oS0 dAse
Aeel YAEA g A EPE APHAF &FANNE
z7lek ALe A FAZPIo|T), oS0 AT ABH(Gain
Match) o451 vhe} o] F7i) Aojya 2% §#eart
whapsta) geth o)Se] YAEA &g wW(Gain Mismatch)
EYzA oA e FAe S2xrt 2Ast &3 Al

ool el AAYULA FARA 22 HASE 4 2
o},

]
50
40
.30
>
20p
10 — reference Input
.... contouring coatrol
- - independent sxis control
0
0 10 20 30 40 “0

x (mm)

Fig.A Straight Line contour Response for Independent Axis
Control and Contouring Control with Gain Match

40
.30
€
E
>
20
10 — relerence input
.- cONtouring control
--independent axis control
0
0 10 20 30 40 50
% (mm)

§

Fig.5 Straight Line Contour Response for Independent Axis
Control and Contouring Control with Gain Mismatch

Fig 67¢ 247 5 %9l oS0l YAY A% Y% Aolw
A3 gAMoL VB ALAE UBIT 51
xoENY AeolE F AT 2T #FeA} e
guoAAolg Foo AUFR chAT kAR T AL BT
2ot 33 ZoAASE ¢ = AUk

200
150}
\\
\\
w
3
100t
>
501
0
0 50 100 160 200
X.axis
—- reference input
- - independent axis control J

Fig6 Circular Contour Response for Independent
Axis Control with Gain Match

-469-



oNel A% sl wst Lol olSel ¥AHWGain

Mismatch)2 2 13td ¥l 7igtAl ¥do] daaixe
200 A& ¢ & 3on FAAOIE Fota ool WS A
AY 5 U+FS B F1
150
2 05
x E
9100
>
0
50 .
g5 \
0 8|
0 50 100 150 200 g \\
X-axs
e N
— reference input \
- - Independent axis control AN
2 N v e e e o e =
Fig.7 Circular Contour Response for Contouring
Control with Gain Match -2 50 20 40 60 80 100 120 140
Time Step
— Large 5.0
-~ Small $.0
200
Fig.10 Contour Error Response for a Different
150+ Weighting Value
N
= Fig.102 4% %7tx$oA 3259 7HFA(S9 Qe
N 100 ol @& &Hexe] WaE uehdth ddEHE el 2ol
7EHE A7 F/hEe oel g2t "ASA Faye ¢
sol # .
6.4 &
O0 50 100 150 200
X.axis & AojAade YuHes HEW 4 Y FFLAA
T reference input of HAg AL Aoy dAE B 2FOAE 4%
- - independent axis control _ N
BRG]l ZTEAIZIL F@AIL TR AN el
Fig.8 Circular Contour Response for Independent oA &FAYAE Fobe FH-FRARL P LQ HAHA
Axis Control with Gain Mismatch oJ(A Receding Time Horizon LQ Optimal Control)e] & <+

AA s

AAR ERA ANl S AMFE 2 UsAze)
200 A2 AgHINE Fie &RFAYSS WA g4
AW e ABeAT ERFAASE A5AIAS

T 2N oAAZY Wl o HAWUSY Ao

150 s HHI =HE 4 US2 AHIAHUG ASATEN @

At e A A (Augmented  state equations)® A" A5

%100- 721 (Modified Performance Index)& A}-&38le &2 2 214
Ng

old] olE R FHEANE TPHPoZH AolAse B A
wEHA FGA7E wYol aFH £ £ drdM &y
50t : B du AojdneFE 3ad 2% FAHA o g3
A Ax AEg Fal aB2A ALy Aojdse #
7Fete Rol Basittn g

0 50 100 150 200
X-axis

B

a &
— reference input T Ed

-- independent axis control i

Fig9 Circular Contour Response for Contouring (1] Kor(fn,\ . .(,omputcr‘ Control of f\('Ianufactunng System”,
Control with Gain Mismatch McGraw Hill Book Company, 1983

[2] Bollinger, J. G., et al, “Digital Controls of Feed Drives
- State of the Art and New Developments™ , Annals of

i [ = Z0] olEo 21 & olg Ao
Fig89L zZ}z} ¥ %9 o|5o] YXA3lx 48 29 the CIRP, vol.29 , 1980

A AlojgAlel e AR 2NANRE Jepdn =Y3

4

S
2 N

-470-



(3] Doraiswami. R, and Gulliver. A, “A Control Strategy for
Computer Control of Machine Exhibiting Precision and
Rapidity”, ASME ]. of Dynamic Systems, Measurement
and Control, vol. 106, Mar. , 1984

[4] Tomizuka, M., et al , “Experimental Evaluation of the
Preview Servoscheme for a Two-axis Positioning
System”, ASME ]. of Dynamic System, Measurement
and Control” vol. 106, 1989

[5]  Tomizuka, M., “Zero Phase Error Tracking Algorithm
for Digital Control” , ASME J. of Dynamic System,
Measurement and Control, vol. 109 March, pp 6568,
1987

[6] Tomizuka, M. Chew, KK, “Digital  Control  of
Repetitive Error In Disk Drive System”, Proc. of ACC,
pp H5490~543 , 1989

(7} Jwu-Sherg Hu, Tomizuka, M. , “Adaptive Asymptotic
Tracking of Repetitive Signals - A Frequency Domain
Approach ", Proc. of ACC. , pp 2621~2627 , 1991

[8]  Tung, ED., Tomizuka, M., Urushisaki, Y., “High Speed
End Mill Boring and Comer Cutting” , Proc. of Acc.
pp 2894 ~2898, 1994

[91 Koren, Y, “Cross-Coupled Biaxial Computer Control
for Manufacturing Systems”, ASME J. of Dynamic
Systems, Mea. and Con. , vol 102 , pp 285~272

[10] Koren, Y. and Lo, C.C., “Variable-Gain Cross-Coupling
Controller for Contouring”, Annals of the CIRP, vol. 40
, pp 371-374, 1991

[11]1o, C. C, and Koren, Y. “Evaluation of Servo-
Controllers for Machine Tools”, ACC/WALL, pp 370~
374, 1992

(121 Kulikami, P.K. and Srinivasan, K, “Optimal
Contouring  Control  of Multi-Axial Feed Drive
Servomechanisms”, ASME ]. of Eng. for Industry, vol.
111 , pp. 140~148 , 1989

{13] Kulkami, PK. and Srinivasan, K., “Cross-Coupled
Control  of Biaxial Feed Drive Servomechanisms”,
ASME ]. of Dyn. sys, Mea. and con. , vol 112 |, pp.
225~232, 1990

[14] Chiu, T. C. and Tomizuka, M., “Coordinated PPosition
Control of Multi-Axis Mechanical Systems”, ASME,
Dynamic Systems and Control, DSC-vol. 55-1, pp. 159
~ 166, 1994

[15] McNab, RT. and Tsao, T.C., “"Multi-Axis Contour
Tracking :© A Receding Time Horizon Linear Quadratic
Optimal Control Approach”, ASME, Dynamic Systems
and Control, DSC-vol. 55-2, pp. 895~902, 1994

-471-



