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A Development of Accuracy Diagnostic System 2-Dimensional Circular
Interpolation of Machining centers
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ABSTRACT

The paper describes and alternative method based on a new idea to measure the circular
movement of machining centers. ISO has employed three testing methods for the acceptance
tests of machine tools; the first is a rotating one-dimensional probe method, the second
is a two-dimensional probe and a master circular ring, and the third is a kinematic ball
bar. The last two methods were proposed and introduced by W. Knapp and J. B. Bryan,
respectively, The newly developed method is superior to above two methods; the rotating
angle can be detected and the rotating radius is variable. Circular movement errors of machining
centers were investigated by the analysis of data measured by R-6 method. Following
observations are obtained 1) The errors which depend on positions, i. e., periodical errors
by the pitch of ball screws, errors by compensation of backlash and errors by perpendicularity
of X and Y-axis, were analyzed. 2) The errors which depend on NC control system, i.
e., errors by the unbalance of position-loop-gains, errors by velocity-loop-gains and errors
by feed speeds, were quantiatively analyzed. 3) The method of extracting error information,
which uses moving technique of averaging angle and fourier's analysis data measured by
the R-6 method, was proposed.

Key Words : Circular movement, machining center, one-dimensional probe, two-dimensional probe,
R-6 method, rotating angle, ball screws, backlash, perpendicularity, position-loop-
gain, velocity-loop-gain, technique of averaging angle
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Fig. 1o Uehdth o] 23R B2 HRZLE &
A&7l 48 Rotary encoder (MEH-30-2500,
MICROTECH LABARATORY INC., Table )& A
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Table 1. Specification of rotary encoder

Power DC b5v

Detection method incremental
Output pulse 2500 (pulse/rotation)
Output phase A B, Z

Output signal form short wave

Phase difference 90°245°

Table 2. Specification of eddy current type gap

Sensor.
Measurement range 0-2000 pm
Output t5v (5Smv/um) 2500
Resolution 0. 5¢m

Frequency range

DC 20KHz-2dB
character

Power DC t12v, *40mA

274 e o4 Housingd) BAZd My T
7K1 Qe ArmE& IASET, FZo Bz
TargetE& Arm& Fo AUdch o] Armo] 9shA
Target= Radial'§Fo27t o]F7bsdltt. 18ln Arm
o TRY AYAY) A Radialdge) weg 23
Fiiz

HAAZREQ NFE= Amplifiers] 9JsiA ZZ5 o]
Rotary encoder2%tE Z¥d Pulsed} FAlo] 12Bit
A/D converter (ADM-5198 BPC, MICRO
SCIENCE, Table 3) & 384 C-omputers} &g
o Computere] &g Data: @4YFE Laser
printerd] SHEFZ Jehdo)

R-049 Hu 54& 0~150mmy u¥H < Y9z
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Adg 4 9y, WA= HFEY0)y) 2o 1FH
LS TP AFZYE Jhsditt. &Y DBBYolY
CTdAME 7142 71% B-utton® 2378A] Button
& FAY £F2LE FEE A A8 &F] /AHE
Zo) Hl&l R-0YMNE Rotary encoder® AHEs}7]
£ 71419 71% Button® FE& AR FA =
FHLE ZFo| MAHR EFHNARAE €AY 4=
2 Datag Sampling® F §lo] 14 ol$AdE %
g R8s 2RV AdE Rk

Téble 3. Specification of A/D converter

input impedence 100MQ
above

2-channel

standard input range
thv

Maximum sampling
speed 285KHz

Analog input

Digital code

12 bit binary

Buffer memory | Each channel 64K,
static RAM

Clock speed 4MHz

Power +5v, 0.9A

Trigger TTL(capacity of free
trigger)

2.1 R-6Y Z£F79 HYUZ

Fig. 19 Jehd RAANY YA A Test-bare
Spindle chucke] maldle 8, HAY PR
He 32 ¥ Armg] o AiHe FRLE FHEH
Atk 089 Z FEo] oFA AL "AE JtE
AR '

1) &34 9%

R-0¥ 3AAAAN e ZHHE 454, A
458 Z2AF AT 0.9 pm ok HYAE o] &
A 249 AFAAL] FhAQ MAE HFEsty,
o] AYEE JUE YIRNFUR TG B E
B 3PUEd 2L Y] Y EEHY A
EE 383 34 3R g0 dgu. FYEE ¥z
& 29 Test-bare YE (0.9 p#m)= DBBYEY
79 AQEd 7idde FRFYE (0.5 ¢m) Edt
Fae ¥ 4 AT, F5F4 < Angular ball
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Fig.1 Schematic diagram of measuring instrumet
of R-8 method
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(2) Test-bargt Arm & Atol9] 779 4%

Test~bar®] Arm ARH< Arme] T3] Afoldf
o] EAsitizis ASERNFUE 234 dejgez
& Test-bare &9 HEE HEMM AmmE AN
7) 2] 1 9FE FAE 7} ok 2 AR
£ CW, CCWY ¥9% 23L& Jsp) d&q ol
2E Ae, o TAHTE ESANAARAY 247} A7
3, ¥ FA=E 7149 AFY 4P 9a Test-bar
7t Arm o2 RE Eold Mg 44 8 + sled,
o] ZH¥d aFd AF WA e BAHE
Fig. 2¢] vebd ZAAFH HAAY] 23z} 4 L Test
-bar9] 71E1dtEQ) YHLERE T 7 Aok G,
GHFY WA AL olBHY g Adse AL
LYsP) Wi, or1MEe A7) MicrometerE AHEF
A4 oA nEdh
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Center of rotation

Center of test-ber i .
Measuring surface

R

d=distance between- test—bar gnd arm

Fig.2 Error of measurement of distance between
test-bar and arm

Fig.200A %9 ZFA%= Arm £} Test-bars}
o 73 d=0.08mm, A7] Micrometd 23z w3
rn=1.5mm, Test-bar9] ¥3 ry=19.225mmeojct}, o
714 3A%4 R=22mmE 38 Arme AFAOE
FH 332 AR Ag L&

L(x) = (x2 + [R-{(r1+rz)2-x2}1/2]2)1/2
{1)

B Usd & 20 49 QA 236 oF w9
A9 §323 De

D = L(x1) - L(xz2) (x1 > x2) (2)

2 JehAdck x1 ¥ xzol 33 ge tgste R
o3 A9 ag ¢ 7 Ut

HOAAY HAYAE Targetd & F4d 33 4
APy Az 4 (1) (2 2R B 333 2
Ae

in = L(0.04) - L(0) ~ 0.7 /m (3)

o2 g a8y 459 HwgAE A8He B
AME £08 Armg 2AFL W I W3 WYY
A= 0.5 pmojglth

(3) Armd] FAAYE

(1993.64)

Arme) AAYEE ArmE AP shaftd HHR
Ure] &%t a8iAM shaft @ Test-barg AR
Y=g $AAI717] 93] Angular ball bearing (Table
4 & AQsld 249 A AYxg FHARG
(Fig.3). 249 g3 FYE oy PHoE 24

Fig.3. Section of measuring instrument of R-6
method

ol Housing ¥ Test-bar& YT 247}9] Table
ol E2¥ 1 shaftgdel AYE 2%7)9 probed &
%AA Housing ¥ Test-barg 3AAA shaft 2
F& 3390 2 AAE Housing ¥ F229 747}
9 HFLAE 0.5 pm, 1.2 oYt wWEA B
374719 shaft®] 2% oI§ #EE HUE 1.7 m
ojct.

wetA, o R-0 33719 FUE P:=
P= (&AW AYUK)+ (Test-bar%} ArmAloje] z13)

+ (Shafte] AYUE)

=0.9+0.5+1.7=3.1 um
oj}. o] g2 DBBYY FHHUL] Hls|A FAo)x]
o 7P o] YR NHE AAHe o 239 2%

g

Table 4. Specification of angualr ball baering (#7002)

Inner dia. Outer dia. Height Dynamic load Static load
(mm) (mm) (mm) (KN) (KN)
15 32 9 5.80 3.15
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2.2 &3 Dataxi2| WS CSo ZCh
(1) Computero]l d&H Datad & Ng& A€l
t, Ng HuUge Rotary encoderd a5l
o3 ZAE
ujg] FHEL AYAE VLR
yogko g Wi
(3) N7R9] Datas} 1 B9 A5 MZE DataZ
Lis=8
N7l¢] DataZ EE} FourierAl&E 438 BAR
& oo
27 ARE 2ABE Yeich  ojd nHAg
data ARo] EAISPIA% 71894 R& HiA
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2ol Ado.
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@ Datag 449

(4)

(5

Gn =

*n (n=1,2,3,....N)

@

N

>

3. HERURE 22 He

R-0d] 93)A] dojR EAARNE 489§
Adsly) YalMe, HA AYLZREY 2FAE A
RE @t R-0HdA Q3xt 23 819 3¢
AANE Work tabledAF4A FF7) FH%E 2+
AAT duEs IREL XA AL E7bESL
a#@iA Computers] YBE dataZ¥E 129 Fourier
A4S 225, 999 datad)A sz dHoz HAS
B ofgdl o o2 WY& Aedth

sgAzRe 239 W r(Pddx W rfe
Fourierg4¢] 93

r(8) = Ao + A1sin@ + Azsin28

+ ————- + Ansin n@ + Bicos@
+ Bzcos28 + -----+ Bapcos n@
(5)
(& 6 499 4g JHozY IFAY AEE &
) -
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o471A,

Ao = (1/72%) L7 r(0) do
At = (171 ]:7 r(@) sin@ d@
Bi = (ivmy 7 r(8) cos@ do
A2 = (1) [P r(0) sin2g d@
Bz = (1/7%) f:i r(8) cos2@ d@
An = (1/%) :" r(8) sinnf d@
Bu = (ivmy [ r(8) cos n8 dG

2 Jeld 4 gtk Computerd] YE e datal
£3o] oz n/f9 o]y data® HEOE oE
31 o] FFE e Utk

Ao =

tlo R

n
¥ rx
k=1

(177 )(r1sin@1+r2sin@2+----- +

= (1/n)

Ay

rasin n@)(2x /n)

n
(2/n) ¥ rx sin G«
k=1

(1/x) (ricos@+recos @a+=-=--

By

+racos @a)(2x /n)

n
{(2/n) X rx cosf«x
k=1n
n
(2/n) T rx sin28«
k=1

Az

il

n
(2/n) ¥ rx cos289«

oo
~
"

- (2/n) T rx sin nOx

k=1

. n

(2/n) ¥ rx sin n@x

k=1 :
2 el £ 9tk o7 Ak datad) 7]
3, A;, B12 BANE Ay Brx 24 HE, 183
An, Bng n4t HELS Jeldth g4 HAEAE
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<
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(1/2%)(2Z/n)(r1+r2+ __________ +ra)



F=HY A A10d AM2E  (1993.69)

Pm = rm - A1sin@n - Bicos @ (6)
2 Ueid & ok w39 BEg L BANAE Y8
datag emolet 3h&H
€m =rm - Ap - A1sinBn - BicosfOn
(7)
L2 v ¢ 95

/ ldeal circular path

Actual circular path -Y

Fig.4 Coordinate system and error vector in
measurement of R-6 method

Fig. 4olA Work table®] 23343 Z%7] 4 Po=
YgAsty, 224 71EY AL
Po (XoYo)=(0, 0)

o2 gt oA NCY xZAE Pi(x, Yy, 2%
ua$ RESH PitagorasFdle] Q&M Ohgd o
o

RZ2 = X2 + Y2 (8)
a3y AAes 33N R dAsA ga o4 A
Re] Eghgcoh aeiA A Work tableo] & A
Py 2ZREY Error Vector C (Cx, Cy)E 31
Pitagoras Azjo] 23

(R+ AR )2 = (X1 +Cx )2+ (Y
+ Cy )2 (9)

gk 4@ 49 Y5 Fue Wism, 2
A9 252 wasmE A

1
AR ‘-'—R- { Cx X1 + CyYy ) (10)
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4.1.1 Ball Screw 9 Pitch o 9% F7)8 0oz
Y%9 Ball Screwd dI¢h& *3A H¥ Fig.5(a)
Y F7134 a7} dehded, o] F713 249 ol
48 g3 g AF YZo Ball screwd pitch
pimm)d] 93} ARHE AL alkm) 9 F7)1HQY L3
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acos ( + dx ) 7t 91‘:]'1 L d|
P

(Px= HAA})

23} vectore

2xY
C=1{0, acos { - ®x ), 0)
p
E g9 oRE 410 thyshd
2xY
AR = asin@ cos { - &x )
(11)

E ¥4 97IA ¢=08 34
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(b) & ol |ZHFAAYL AL} o o]FHFA
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by = ( aj-2 + aj-1 + ai *+ ai+|
+aj+2 )/ 5 (12)

Fig.5(b) oA &3} 7lEqle] 48 Aoz dF
slu 71egHe APLERE Y& #4448 18d 2
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# 2 chattering o 2sjAl Ball Screw & Pitchel
Age ux ojgEe AUt Az 44 F A
t F1E A9 AE 9 Fre ol$&EI} FME

o= ¥ FeteRs Y

+TY
“ WL%
Y + i_+x

Circularity
18.67am

=71 division =5 um
(o) Averaging degree of movement Q7

+Y

« ] tdivision=5xm
» Y
(b) Averaging degree of movement  3°

Fig.5 Effect of chatting of mechanical coupling
of Y axis
(R=150mm, F=1000mm/min)
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Fig. 6 Results of Fourier's analysis

4.1.2 Backlash $ Backiash 273
YZo) Backlash’7} a pm ERs}=
Y&o) ois) ByPe=
AX2%3 A7 A7ln
E -a/2vtd 923

28 A7a"
A% @ BSlE a2t
wgos o2s9e A9
A7 Agnh maAd o

o] tEiA BRZog Azt Aok & dEA
digdo] AStE o]2u CW, CCW gHFAdl diaiA
Aol FArol ek o)A L Ball Screws} Servo
motorzte] AU Coupling®e] 7te] s 42
t}. Backlash7} AZ &M Aol Systeme] ola) EA3t
= Backlash 37177} th. Backlash 2A9 9%
YA Backlashdhe Qo7 AP ¢HEoE
A7} A7) 402 ¥ Fig 7o) 48§ Machining
Centerd]] Backlash 332 3¢ 359 23234
£ Jehigith agdAAE KPS A9 gxstn
Atk SRS YA oj$&Re) JEHA Hete RAE
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Va 1107 am \

- 1 division 10am
{a) Identification of stlck motion and backiash

+Y

Circularity

vector C=1(0, *a/2) 2 gtt. ©1RA& A7) dYst LR RN/
Ll
AR = ¢ a/2 cos@ (13)
2 "y @, 35E AW gde (), U 499 =Y 1 division 10zm
= +)o]|:}_ (b) Backlash compensation 10um
Y&o) Backlash LA7F 9l& &3AAE Fig. 79
Vepith. Backlash #F& a@3 2o H=nh Fig. 7 Effect of backlash compensation
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41.3 X-Y 2379 AA=ex
AZE 219 olg42 Fig.8d vehd A XY Y
Fo] XZo] isjA CCW Wgog m4d Z c(um/
mm) g FAA Atz BZE £ Yo oy v
o) wEtA A7l X4 23 Cxe
Cx=Y- -Tan(c) xc-Y (" c«0)
(14)

o] A}, Cy=00}7] W& 23 Vector: clcy, 0)
E E0 oRAE A9 7124 (104 didsid

1
AR=— (cY- - X) (15)
. R

4(12)ol X=R cosf, Y=R sinf< tjsid
AR = ¢ R sinBcos @

c
= —— sin 28

(2, & cwyyol &)  (16)

2 A% oA} Foldth 4(l6) 22¥H ¢ 4 %
%ol BT oA o|F4Ed 423A g3, Fig.§
AY 323 939 e LcRolY. ©IH B3 B
%9 2g P&, Z 45, 1357, 225, 315 YW
27 Data®t U9 193 JAELAE T 4 Uk

’
|
4Rz +

C=(CxC

E-x v 4R
Cx=cY £ \¢c
Cy=0 g
-X

ARy

Y 8
10 t /+X
\ AR
~Y

Fig.8 Coordinate system for
perpendicularity

evaluation

Fig. 92 AA2 AZE A& 742 20#m/150mm S}
40m/150mmE FRAE B+ 53 A4 3™
A g F AR AZE L} E4E FEH 93y
a7t Axe A& g5 Ao
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oW, cow ¢

Circularity
o » 28,96, 3247 am

i -y 1 division 10am
() Perpendicularity 20um/150mm

Cw, CCW

Circularity
18.90,49.11 sm
\

1 division 104m

(b) Perpendicularity 40«m/150mm

Fig.§ Effect of perpendicularity to actual circular
path
(R=150mm, F=500mm/min)

4.2 Ho{ System0f SES= 2F
4.2.1 Position loop-gain®] B oJ&si= o4
X213 Y 429 93X loop-gaind Ksx, KsyE

HE A5-2 HZshd, oju YA LA AW
2 Dx, Dye ©2¥ zo
V
: Vx Dy = y (17)
Ksx Ksy
wekd, 24 Vectors
— Vx Vy
- - - ) (18)
¢ ( Ksx Ksy
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2 Folxn. &, Vx, Vye 274 o4k F9 X,
Y& AEol F'(mm/sec) =F(mm/min) /600.2 Y3 X
7+ o4

(19)

Vy = +F'cos@ (20)

o2 g g 9%Fo] CCW %, ol#sl CW ¥ge
Z FARE Afold. 4(18), (19, (20)& 71E4
(1009 tdaka

Vx = - ( £F’'sin@ )

i

-{+Fsin@
AR =———-—)-c058 i +Fcos @
Ksx Ksy
=+ X sin2 @
(E}, e = Ksy - Ksx
st x KSY
#A) loop-gain®) EYX BE (21)

1 division =100 um
R = 150mm
(Ksx,Ksy ) = (40se&,30sec’)

Fig. 10 Effect of feed speeds

sin@
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o] . Fig. 103y 45 Wgo= F2& 712 g9
goh. 3AYYe] viHdE FEFH "Fo] sy
Fig. 112 93] loop-gain YA ol$L&E99] BA
g delith YR} o)F&Ed HlEEA Fvlsln
%= AL ¢ F 4 Fig.1l 94 ¢ F e AL
Ksx <Ksy & ¢> 0 9} CWE& Yo dslA &2
28 ZAAA Y1, Ksx <Ksy & >0 duf CWe
Y& dsiN $508 FAA Yot 45 PFOoR Q.
A el go) Fr4E adE AL ¢ £ U0

Circuliority
1502, 1481 1m

T,
Circularity
768, 750m N

)
-

(b) (KsKs)=(40sec™!, 30sec™!)

1 division=504m

Fig. 11 Effect of position-loop-gain
(R=150mm, F=500mm/min)

4.2.2 Servo §€A|del 4% wRPRL
Machining Center & °]$4EE& Z7}A17]M servo
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4(22) 2HE WRA FL olFEEY 259 vl
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$459 wATAYSe] FAE Jehdd. Fig 132 4
A loop-gaind} uHAFAYS FAE epdn.

f =500 mm/min
/F 2000 mm,/min
"< F=4000 mm/mm
/ F = 8000 mm/min

1 division=20xm

—Y F= 5K, 2000, 400,8000 mm/min
Circularity 84,13.1,256,636 sm

Fig. 12 Effect of feed speeds
(R=150mm)

+Y7
Position~loop—gain (sec') L
(. ,K.)=(10,10)
(K:,K:):(ZU,ZO)
(Ka Koy = (30,30)
(Kn K!) (40 40)

1 division= 10«
F= 2000 mm/min
R=150mm

Circularity 51.12,21.04,14.39, 1181 am

Fig. 13 Effect of position-loop-gain
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4.2.3 Velocity loop-gaind] 9§ 3

Position loop-gaino] Y& AoAsts Aol dhsiA
Velocity loop-gain® £5& Aojgch wals Ve-
locity loop-gaing& ASAZAY A7)& Stick motion
59 Servo motor8) 294 9L mALh Fig. 14
oA Velocity loop-gaing %o]¥ stick motion®]
ZolA servo motord @Al Folxle A& A%k
o ER gy AFE Folzoh

1 division=10u4m

=Y
(K Ko) =(5,8)
Fig. 14 Effect of unbalance of velocity-loop-gain
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2Q o)M= Machining Centerd]A )24 4y
2 Q3RAYR A% FATIAY FFLUEE
Ast7] Y8l R-0golele MEE ZAAAE 7wsid
I FEAS ZAEUR, © R-0gd gsiA QoA
273 Datag 845l Machining Centerd] 224891
2R 2 29 g&n 2L FES AAT
1) MZ 7gdt 2332 Rotary encoderE A3}
7] W AL A& 3FE 4+ Atk
R-69¢] s Ao}zl &3 Datag o|FH LA
e P o)83ld A9 HHE FE3= ¥
HE AAg.
Yxje) g&sh= 235 % Ball Screwe] Pitchol
% F718Ql 94, Backlash®Xd) g 21,
25719 AZx Ad g S HMFPL
oAl &% 2AE Fol $Xloop-gaing] EY
Ao hg 23, <£Eloop-gaine] A 24, o
F450) g 23E AFHOER FHAYUD.
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