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Real-Time Variable-Feedrate NURBS Surface Interpolator

T. Koo(Mech. Eng. Dept., Dankook Univ.) and S. Jee(Mech. Eng. Dept., Dankook Univ.)

ABSTRACT

This study presents a new type of real-time CNC interpolator that is capable of generating cutter paths for ball-end

milling of NURBS surfaces. The proposed surface interpolator comprises real-time algorithms for cutter-contact (CC) path

scheduling and CC path interpolation. Especially, in this study, a new interpolator module to regulate cutting forces is

developed. This proposed algorithm utilizes variable-feedrate commands according to the curvature of machined surfaces.

The proposed interpolator is evaluated and compared with the conventional method based on constant feedrates through

computer simulation.

Key Words : CNC (3

Bl 4~ A} o), Machine Tool(3 2t 7] A)), Contour Error (% & S’ 2]-) Interpolator (3.3¥7), Material

Removal Rate (8] 2 4+ &), Cutting Force (2 4H8), NURBS (B] & + B-2AE212)
1. A B Ao APdlFe BE, § IFU U EHH
of tigh AF7 By Fdgs)oix g

BAFEH FX A FIZV)ACNC) Hdwoks A B Ao E mingdy, 299 2371 At
Z9 AAEE FAstE A2 d4d T A NURBS(Non-Uniform Rational B-Spline) HH & ©o]-&
ol Ad MujadozA] Y, UBS AT Mz 3l o] HA8 AHe)shar, CCcutter-contact) &
FEE F7be] Vg e g IXsta HaAdE F T4 Z(tool-pathyell tlgh 7]Eo] e EolelE

& 77t AAY AMnE Y3 wHia v F89 AAAH FHe] 3ol we} olbE&EE WA=
Fopolth, nR7E7EA| 1 Hgt AEE e Mz WS Al gch NURBS 2 8% 4 o
A= dAa T2 AAE Xaek FA7]A A4 HAE webr] FHE olFdhad oA, V&Y
o iFEs, nFYrt dpHon, o]& 9l off-line e ZH ol FE FARE WEsta 9}
v 253, A5 2498 5ol #Hd Jrls o} o} E # AV A Ayoen HAAZ AHE

o

Mol aRET) olo] Al 7T Alxw

1% G4 8l ONC Au Aojslel dg A&
A weol slgold gtom, 1 dpom
@ Qe ZeolEEo] AEE i ek

a2y Yukdo g CNC F&A7| A e 93

=

o B o
EI e

S A5 Y Aol ¢ BEGL Welo] WAL ol
gatel BAH, olol BREe A4, YEsh gL
W 2% diw FHolth o] o] g3l ity
AERO WAe doww wug %ol ¢ mEt

i)
fo
ol
ot £ L ot FH

H4S

CE g §9E 6 ZEE AR 8

A& A7 goldx Yl o E 9
He siMsled NFHRE

S
)
ol
L
2

olEletE Mz Walol ANHY
2 AHEolHES CC FPARE
FA7)E 20l P

o]

3T ;Hi;d%

A 71Eel 4A
we} 54 ol
A4 sik o o)
WS AHIA fAN)E

e 7 A%

Aelek. el AEEl Gl Al 557

% @k A AmAow MUY BFUZ
Aol EuzEe] g i & Uk ol

A3 YEte] ¥ QAFolME o|FEHEEE AT
oZzx IFHEo) wHEAAAH(MRR: Material Removal
Rate)2 YA Fxstd ARHog 7439 =t

[ F7el daly da38E A A st A2
+ B9 AXAZE AEZHOIHE AAIFL} oo 7]



get Eds AAYe A FEE + 2
at dhud EAE 28 & Aok AAE 2

# E](ball-end cutter)

8w 3 % Al Y BAEY ARl
Sl 7 RS AFSAT
2. 2 olE{Eaol&

21 2H 7138 g JI3EE 44

7 e Edolge F 72 AFEE T
74 = 2 @ﬁ"“-‘n ArAdAdE FTAZ A2 (tool-
path planning)elth. 5, zF T+ Bl 229l
ZE7LES W A5 FEA I FE JIHE
Holgol ofa] AFdEck 2 Fo)x CL(cutter-
location) AE2¥ FF E:m$ZE(ball-nose)2l FA
BBl AuE FFARE A CC(cutter-
contact) AT ¥ AAHoR FTFYF FHEol FF
e AeE verdch FPAE g FHED
AdgES olfstd AMduEe, T FH9S
J}EeHE wakoln, FFAE T4 (tool-path interval)
whare v}l 8o ¥y ARE olEdty WEE
o) g},
2.2 NURBS 3H =W g

NURBS7} 2t A ojugh gjoje] Hadolny

.jx,’_[dV% pd= Sl-oﬂ 0101}71 NURBS Hr} A8-F 31
7 g AZTA(spliney gltkedl 2tk NURBS
sRe FUe FHskE FAe A" o] shit
o} wi/fHFE AdYEA FAsD ohE shiE A
AP ozH dojzd % otk NURBS FH(©S) %@
& ool Ayat #ol w9 v F o] Ul o
AW Hoz Hejdoh olRe RE R0 9
FHEL ¥8T 5 e Aot
DD WNLOIN @,
S(u, vy =212 )
ZZW N, (DN, ()
i=0 ;=0
23 }Ho /E
FrAE 9 ZTFAR F W] ojM F1
o) ZEL disdg o W v o re] ¥A
g dew O 2o FH T Su,v)
of el TR WHoze FEWHL 2%
Zo] £E £ ook AvHozE WA WHE X
etz FEAR W] A PHa il wt
UAl A elAES u Erel Ol Sl HE

- 372 -

AL ol gstE Aolth vhEslx] wwloz wisi¥
5 v g gz FEVAS FY 5 AUtk
a-Sd
ou
= 2
pu) 3 7's a5 @
Ou Cudu Ou
3. HAlE 71H% ole{E2o0lH
3.1 H & Qe Z20lE
71Z0] AA7E e EolEdE THL B
g oivBE S AolAl shue] didsE 2 AT
i e shel uisEE $88ke] CNCO & A
°9lg wzgtl &, FWHE FASE oiEs 7
shubntg ol &stE FA e Zolele 8ol
38 gl A1)y Zol 2¥d FWE 7+
F EFAZY UE TAH Cw) E FOW, Cw)
o wi/AE uw = AT o) tg FFE Y,
Taylor #3202 offet o] RHY 4 Urt

ol 7143 4} oste] &L W& Fowmz FAHCH
g [
u(t"”)=u(tk)H‘(tk)'T+5u(fk)'T2 (3)
A3 OTE Zefo] el o] @M= o] AL 7HEH)
Awalow Faste] Fig 2 o 2 £58% 4il
25 g o4, gl ol&k ¥ & At AR
Z\Jp_o_.e‘TE-] Ag}\g% UH7H ‘__ra _Ié.% }
ui=a ulflfl +(1-au, @)
a g %)
v,

LTEE 71E olgEE yol vlisl U FeolEdl
A A dex &% ¥, 3ol FE &t
oldlel &4 2oty @) (5)F ol8std the

FTAAN v WARE w9 S BT

olelgt FxE zt= A de ol FHe
B8t 2*7115]” A3y ek AR oz
¥dstal 2o g HFLE B fd3e gE ¢
& 4 9ube= ™, agl: K7 £F NURBS? ol
ghapo] 4o HPH‘:. A 2elo| = M go] golslrt
= Holr},
32 Ol&5 T MH7|

7180 AAlg AAIZE FH A EoHES
CC AR tg ol$4EE Y% 6‘}711 frR A7



FEHO Atk o] $PESL Fwe) aBYRY o
Fol ol FHel el w2} MRRo] Wsts 7]
gl ofoll st AAH A EddstA B
t}. Thsty®= o218 MRR#} 7o) Hale Hay
de) maABAE we uph ow, EFAw A4
#3229 2xol e gy er AFH

@ Buricd Area
d

CC Path

CL Path

0

Too

(3 (b)
Fig. 1 Circular volume removed (shaded regions) by a
tool of radius d on a circutar path of same radius p

B oA AAE 7hEE A FeolE F ol
&% YA 7 (feedrate generator)o XM= FT9 HE
7} 33 28 A4S Tgsi 9 9 olzle] 7t

v OFENES AE HRE JMEA
MRR ©] H9 7tEe] F¢s & @e 7Hd A

| &5 Ao Haat 25

790 Hato] gloja] HatxHo] ztzt trEA €@
th(9 Tgjoz zb 7ol We MRR o) 2EE T
a4 FA Fare] MRR & 7zt 2 =3t
26y ek Ad7IAM, ¥,
CC A28 s HE 71 F3oA e 7 o4

dBorle ol Jf g
N
-~
ku
B q.}( h
by
o,
o
o
2

[ (6)

Fol AAol d % FPWA r & gholm
selel FEWAC @ F57h 8ok of
WA p o3 A ZEWHelI] wRe
Sth %, 3¥le] 2@ A9 (0 758,

=t

XNk

9B A4 (-)715% Ferh

b 2ol A44SR olFHES BHAY FT
bRake olasel g4 HelA Ads
, ol Fig 29 Uehd v} Rk F, AFE 4%

i
S
4]

iz <3
R
o
o

o=

o NEANEL YHAA I

Feedrate Generator

Variable feedrate
generator depending}
on MRR

Feedback Interpolator

~

Variablq
feedratd

Yy — X4 Y04,
101

Simple algorithm H Parametric ﬁmj“
of curve

Fig. 2 Proposed variable-feedrate interpolator

4. HFE A EolH

£ =fdA AAE JHZHCIHE AFEY)
915ted Visual C++8 7I¥he 2 & AFEH AlgdHo

Zaadg F4ste], 3% ONC 2ol
A= AEE o} 83 FA 7hEol da V)& F
JeiZelolei gt 7hiE JAEHEUCIHE vl w3}
th AHFE AlEdo) e 290 dAHELS AA A
283} wAdste AN, £ AlEdolddd
Aol Ay g ool g 8l OpenGL 17
9 golnE ol gt

F

D 3t A oA oA

/ End point pf CL padl

Fig. 3 Planned CC and CL paths of a NURBS surface

Fig. 3 & £ AlEdo]Me] o]£¥ NURBS 39
3 o]l& A= CC L CL BEEF ER Zolr}
FTTFNAL 5 mmE 5 2 scallopd] Folte 0.01
mmZ At BEY Fr)E 001 secE AA
QTh ¥ CC ARE @k FFolE 7E olgH

- 373 -



g2 m/min(33 3 mmvsec) 2.2 A8 o Fig. 3 2|
Sel digk F& A Eellolriet shES el Ey
ol o] olf&n R HMarel ANE ZHZ} Fig 4 9}
Fig. 5ol W astsich Fig. 4 9] ol$4 % 2¢AAR
JejFuolEle FE wWatel upel of

- 2ol

M o
4458 2498 FAe £ Ak FigSv©
A} xnxlt}— i)

da o
taje) ol sl
A8 ol Bate &3t @&
o] &4 IE EfolE
Agspd 7ty ol
Ae&E HoFrh

ulal b
AaEo) Fx

55

Vaiable-Feedrate interpolator
------- Existing Interpolator

45
404
35

g L

25

Feedrate [mm/sec)

0 ; 4 Eli é 10 12
Time {secl
Fig. 4 Comparison of cutter-contacted feedrate of

the existing and proposed interpolators

100
Variable-Feedrate Interpolator
g4 | Existing Interpolator
80 { .........
Z
@ 704
1%
|4
(<}
T S
5 IR U
2 PRC
3 s
40
30 T T T T
00 0t 02 0.3 04

Time {secl

Fi

g. 5 Comparison of cutting force of the existing and
proposed interpolators on the first tool-path

5, dE

2 =Rol i 3 29 ONC 7h3ol o] AAE

#E mey ®Bo FIsa A 5HA E{P" A8l
71Ee] B4 HgkAQ WS gysie FaEo
= Ao wet oleExE ZASE M2 ¥
Beo] AAZ 7hEg SHEHCIHE AT
P Aate] ARo)= WEHEA gon), IW
Aol A 7hAE QB ZolE = AW HE
o] oFe] g = EEF [ didA] #EE

A AlEdolds

°] MRR Ol QMoM] T4 Fdst

=
)

olon_zr'7 };Lo]] HH% o

Ao A Rl vj2g Ve EE ¢& F

Py
Ag &
8 b3

£21 =

& Aoz 7ldigch B oA Aag 7hdg
[o]

UeEAelE o) A Ao} A5
Fol el 2 Qe Eeol

"S

o vl AFesch

MHUEH

M. Shpitalni, Y. Koren, and C. C. Lo, “Real-Time
Cutve Interpolators,” Computer-Aided Design, Vol.
26(11), pp. 832-838, 1994.

C. C. Lo, “CNC Machining Tool Surface
Interpolator for Ball-End Milling of Free-Form
Surfaces,” Internarional Journal of Machine Tools and
Manufacture, Vol. 40, pp. 307-326, 2000.

R. S. Lin, “Real-Time Surface Interpolator for 3D
Parametric Surface Machining on 3-Axis Machine
Tools,” International Journal of Machine Tools and
Manufacture, Vol. 40, pp. 1513-1526, 2000.

R. S. Lin, and Y. Koren, “Efficient Tool-Path
Planning for Machining Free-Form Surfaces,” ASME
Journal of Engineering for Industry, Vol. 118, pp. 20-
28, 1996.

J. J. Chou and D. C. H. Yang, “Command
Generation for Three-Axts CNC Machining,” ASME
Journal of Engineering for Industry, Vol. 113, pp. 305-
310, 1991.

L. Piegl, and W. Tiller, The NURBS Book, Springer,
1995.

I. D. Faux and M. J. Pratt, Computational Geometry
for Design and Manufacture, Ellis Horwood, 1981.

C. C. Lo, “Feedback Interpolators for CNC Machine
Tools,” ASME Journal of Manufacturing Science and
Engineering, Vol. 119, pp. §87-592, 1997.

J. Tlusty and S. Smith, “An Overview of Modeling
ASME
Journal of Engineering for Industry, Vol 113, pp. 111-
169, 1991.

R. T. Farouki et al., “Variable-feedrate CNC Inter-
polators for Constant Material Removal Rates Along
Computer-Aided

and Simulation of the Milling Process,”

Pythagorean-hodograph  Curves,”
Design, Vol. 30(8), pp 631-640, 1998.



