31 NAY 2004 PROBE CHORD ERROR COVPENSATI ON BACKGROUND OF THE | NVENTI ON Thi s
|nvent|on rel ates generally to CNC machi ne tools and nore m to
aut omat ed error conpensation in such machi nes. Rotary work ﬁ{e Aléé 3:‘5
tool s, such as horizontal |athes and vertical turning |athes, are comonly
used to machi ne and produce parts in an efficient and 5 repeatabl e manner.

| n machi ning such part s, PROBECHORENERROBSCOMPENSATERRYr € certain machi ned
di mrensions to assure the accuracy of the part's dinmensions. Traditionally,
turned work piece dianeters have been nmeasured using nmanual gauges such as

m croneters, %ﬁ, es of bridge gauges. These gauges
are nmanual | y@%ﬁ% yﬁﬁmmﬁgﬂ%& ator and are positioned by feel
and/ or by 10 observation of an indicator to establish the on center

condi tion. However, theskhis limentbn opkedt beHasalBr & tqm@ ﬁ@@ﬁhgnt&gs #ae?%pest Iy

gauges and are (ﬁgﬂﬂ@; on %f I ndi vi dual operator's skill Teve
serves to |inmi¥H [ ABiomptaskerrar corpRERpFatian ibwich mashings.i ves up the cost of
producing the parts. Furthernore, all such manual operations are prone to

i ntroducing errors into Roky Wtk phicB ShaRhiE 8561, sih J&hcﬁ*%hﬂ%ﬁ%%%nﬂ §161561Cks

i mproved approaches to machi ne gauglng have bBeen so Foach

i s known as " &WnHEdAthse a5 semmenty wed tourdvhine mdthdtg:cqmnlsoy&n&fﬁaeﬁmnd
h b hi ned
Sueh 25 oL g5y AL ESET B 1SBRES (SRERS

surfaces of the work piece e 1S

t ool hol di ng m&chmdl ﬂanmd)na $@assurcs thexicsuraey op i par@ dift@ntieRe DeEkIRMa Y St €M
ece di nsi.ons.  However, if the centerli ne 'of

to determ ne arl
the probe do\él"s not I\%\D cPé%C(?vgltamteFFés \%‘é?’? bﬁP%d’é‘?aéu’@én‘ﬂséﬁg imppsuak gsuges uoh adsi on
as it noves ahfif@meters weatibr piu §3ahﬁﬂ|othérh£§rghot3? bHPQ l'fh&gt a@%ﬁ%@e

the true dianeter, but a non- dianetrical rd o
difference bePiBuH saployed bmthm@hlr@nqpeaator and are POSIthHed bY feel and/or by

10 observation of an indicator to establish the on center condition. However, these
manual operations are time consuming, use costly gauges and are dependent on the
individual operator's skill level. This serves to limit the capacity of the machine tool
and drives up the cost of producing the parts. Furthermore, all such manual

operations are prone to introducing errors into the machining process.

15 To avoid these drawbacks, improved approaches to machine gauging
have been sought. One such approach is knowh as "on machine probing." On
machine probing employs a sensor, such as a touch trigger typle displacerﬁent probe,
to probe machined surfaces of the work piece. The probe is mounted into the
machine tool's tool holding structure and uses its axis and positioning feedback

20 system to determine various work piece dimensions. However, if the centerline of the
probe does not crossover the work piece's centerline axis of rotation as it moves along
its path of travel, then the probing will not measure the true diameter, but a non-
diametrical chord of the work piece. The difference between the true diameter and a

non-diametrical chord is referred to herein as the "probe chord error."

25 To contain the probe chord error within acceptable limits, the path of

travel of the probe's centerline needs to be set to a specific tolerance and frequently
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non-di anetrical chord is referred to herein as the "probe cho %p r8@ " 25
To contain the probe chord error within acceptable limts, R ?
travel of the probe's centerline needs to be set to a speC|f|c tolerance
and frequently -1 31 May 2004 nonitored to naintain the tol erance. This can

be a difficult_ an I Me_CO for automat i,ng t he
noni tori ng agﬁ%%f g‘?é‘ﬂ@%@‘]"ﬁr}ﬁ%g}lﬁr%‘cﬁa@"s Oﬂi’é’ﬁ‘tcr e ‘g Eﬁgdg
Decenber 13, agkfdSth st dﬁton%ﬁF theliROATRELE aiectdl desthbad iR, §rﬁatéﬁe§16r 5 b¢§ 280

met hodol ogy for rapidly evaluating the probe's crossover error, T.é t he

di spl acenent isged Deenphespled, 519|Qét1ﬁ B Davyl, Hlemmesln ethal. \ﬁwppﬁeet:éessnbes a

centerline {he crossover,err

ot er i ned, - HeofiobPRBkuSRy oL RUR e pRBEE dodfv el Q1T b un® Siliheiey of
adj usted so ﬂ)bqtrolid'BEpaIBi 0$ sravel rfr@r iy wiosk etdV fentepligy &€ of rot@idn, FoWeter,
measur enent acc;Lacy | oss due to crossover error, a_tight tolerance and

frequent evalHdRe GTP8SOYRHCERY] s Setrningd othe N@l?&lﬁagho trged ak@qnmﬁé@s ipbei al
vi gi | ance an aﬁﬁ] I t u :;'rqﬁm [ﬁ? tinme.
Accordingly,ﬂa eﬂg ?gﬂ%gﬁggdﬂlg#hgqﬂ%§ﬂﬂ% %ﬁﬁautonatlca%%§ conpensa ?ng
for probe choegusment attmdcydbss duot tor epssiover Eirerg ue tighip toddyance dands firgudng .

BRI EF SUM\/ARY THE ON Accordj n 0 an aspect, of the present .

i nventi on, ?ﬂdl\lv‘g%@%é‘fq FF@“’F%E %P%B@“E%?Rfcﬁfﬂﬁ langs” apd ng‘m]i“he

t ool incl udi gwu-% M@M@ﬁ&eﬁaﬂ&e artRRBHeitiAgk, @ work piece and a probe
havi ng a path travel, is provided, the nmethod conprising the steps of.

using said probe to neasure an observed di aneter of said work piece;
determ ni ng sai d nmachi ossover . and conput.i ng an a0 ual
di aneter of said work %Eg%§“¥¥%n1‘gfdm 8b§8?£€%rd?awgﬁﬁﬁp8hd 8?@“8? sover

error. compensating for probe chord error that does not require frequent probe adjustments.

BRIEF SUMMARY OF THE INVENTION

According fo an aspect of the present invention, a method of
compensating for probe chord error in a machine tool includiﬁg a rotary member for
supporting a work piece and a probe having a path of travel, is provided, the method
comprising the steps of:

using said probe to measure an observed diameter of said work piece;

determining said machine tool's crossover error; and

computing an actual diameter of said work piece from said

observed diameter and said crossover error.

According to another aspect of the present invention, a method of
compensating for probe chord error in a computer numerically controlled machine
tool including X, Y and Z coordinate axes, a rotary member for supporting a work
piece and having an axis of rotation, a probe moveable along said X and Z axes, and a
processor, is provided, the method comprising the steps of:

moving said probe along said X-axis to measure an observed diameter
of said work piece;

storing said observed diameter in said processor;
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Accordi ng to another aspect of the present invention, a net ho:g ﬁ’(fﬁl
conpensating for probe chord error in a conputer nunerically biay 6PP4q
machine tool including X, Y and Z coordi nate axes, a rotary mnenber for
supporting a work piece and having an axis of rotation, a probe noveabl e
along said X and Z axes, and a processor, is provided, the method
conprising the steps of: noving said probe along said X-axis to nmeasure an
observed di aneter of mgﬁ@hﬁ%egbw&ggoﬁi&ﬁbserved di ameter in
said processor; -2 31 May 2004 determ ning said machine tool's crossover
error; storing said offezngssill ehiserved dinmeter Biesiaidl poeesessand; and conputing an
actual dianeter of said work piec rom sai d. observed. dianeter, and said
crossover error. The p?ogg%ﬁ?gi%%ﬁﬁgﬁmﬁﬁar ?@%ﬁl‘ga‘(%ﬁtpé“ﬁs %éfudt‘ﬂ?e'ﬁ??or
art will becdigBeteBpidanidtkossPRPerr@adi ng the foll owi ng detail ed description
and the appended clainms with reference to the acconpanying draw ngs. BRI EF
DESCRI PTI ON OF THE DRAW NGS The subject matter which is regarded as the

invention is particul i . LSkl |, ai i-n.the

conel uding part of e ipenft BEAH ARt bR E g SBDRE il iehBne oo
under st ood bypparheugmaeading thedoll®ling\letailedldariptidn Al the apmndedcla@my widict i on
with the accogpanying drawi ng figures in which: 31 MAY 2004 Figure 1 is a
si de view ofregfif’é?fq aPCOWPADAR aVHES- Figure 2 is a top view of the rotary

table of the vertical turning |athe show ng a di aneter measurenent.

BRIEF DESCRIPTION OF THE DRAWINGS

The subject matter which is regarded as the invention is particularly
pointed out and distinctly claimed in the concluding part of the specification. The
invention, however, may be best understood by reference to the following description

taken in conjunction with the accompanying drawing figures in which:
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Figure 3 is a perspective view of a datum ng device used in the present 5

I nvention. Figure 4 is a top viewof the rotary table having tw datum ng
devi ces nounted thereon. Figure 5is a top view of the rotay ¥ M&)A)Yez[][]g
rotated 1 80 degrees with respect to the view. in Figure 4. 10 Figure IS
a side view of the rotary table show ng the nonparallelism of the table's
axis of rotation with reFigastl isQ sidtevidw ©PRNeitRAL B FaheFi gure 7 is a top
vi ew of a nmachi ned work piece showing the geonetrical relationships used
to calculate an actual dji.anmeter. DETAILED DESCRI PTI ON OF THE | NVENTI ON
Referring to the draw ng&8Wset & & targeaY ddhe retrmr teblecofitherwertica] tioring dathd 5
the sane el emapb§iddy GUARRY ndabifetalid OUS views, Figure 1 shows a conputer
nunerically controlled (CNC) machine tool 10 in the formof a' verti cal
turning lathe. The lathe 10 operates on a coordi nate axis system having an
X-axis and an Y-axis diFigeeidois aperspactin vieor of adatatring andceauséd di tte prédeant ed
vertical ly. Ay shewn in Figure 1, the X-axis extends in and out of the

pl ane of the paper. 20 The lathe 10 includes a base 12 to which a verti cal
colum 14 is attached. A rotary table 16 is supported on the base 12 for
rotation about a cent er |Higwre 4aixiagopliemodfahe estad/Bable hapingtivdaRinidias APREY t
for work pi éc;aﬁ(ﬂn%t shown in Figure 1) to be nmachined. The | athe 10 has a
carrier 20 to ¢ Qeﬁﬁg?n 22 is mounted. The <carrier 20 is sildably
nount ed above the rotary table 16 to one or nore vertical rails 25 24 that

are mounted on the col urBigud.5 Tasep Whsy 6akid ﬁftar?rotaﬁl%rkobﬁed“gg@%egt%é :vﬁéxl Ly,
e c

-3 31 MAY 2004 al ong the Z-axis, towards or away froma work pie anped
to the rotary '¢SREFO the view in Figure 4,
10 Figure 6 is a side view of the rotary table showing the nonparallelism

of the table's axis of rotation with respect to the Z-coordinate axis.

Figure 7 is a top view of a machined work piece showing the

geometrical relationships used to calculate an actual diameter.
DETAILED DESCRIPTION OF THE INVENTION

Referring to the drawings wherein identical reference numerals denote

15 the same elements throughout the various views, Figure 1 shows a computer
numerically controlled (CNC) machine tool 10 in the form of a vertical turning lathe.

The lathe 10 operates on a coordinate axis system having an X-axis and an Y-axis
direction oriented horizontally and a Z-axis oriented vertically. As shown in Figure 1,

the X-axis extends in and out of the plane of the paper.

20 The lathe 10 includes a base 12 to which a vertical column 14 is
attached. A rotary table 16 is supported on the base 12 for rotation about a centerline
axis of rotation 18 and provides the support for work pieces (not shown in Figure 1)
to be machined. The lathe 10 has a carrier 20 to which a ram 22 is mounted. The
carrier 20 is sildably mounted above the rotary table 16 to one or more vertical rails

25 24 that are mounted on the column 14. Thus, the carrier 20 can be moved vertically,
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The ram 22 is slidably nounted to the carrier 20 for |inear novenent
back-and-forth along the X-axis. The machine tool's CNC processor (not
shown in Figure 1) controls the novenment of the carrier 1a MjAYaE@@Q The
carrier 20 and ram 22 do not have 5 novenent capability in the Y-axis
direction. The vertical turning lathe 10 is being used herein as an exanple
to facilitateloagdht gsurise tovardher pweyp émin & moekbieon clabipe e the iotars bl d6be

ted that th t t | ted t t |
Corning Tat hedeTRhaZas ey pRugBA the el fos g mevamest badloand-foeth
variety of rouny thoXkxy. €0 HRHMIBoIOPONE r@@ésgd}‘inétgsﬁb\%ﬁ ih Flﬁg@g&ﬂn{)

receive varioys cutting tools, nmeasuring devices and probes
machi ni ng pr oﬂ?s@o"em"él oA thfecargern20 apdvwn 23. Fibgparier 20read rams2hdo ngt lpzmabe

26 insertsed i fovBRchBhAAl ‘?héY ‘Elr&;lgﬁ)e that is suitable for wuse as
the probe 26 1s a conventi onal tou ri'gger type of displacement probe,

al t hough ot her types of IF')erbeS could be used as well. 15 During machi ning,
an appropriate tool is i'heeettwdl turnimgt lather Himis2Bsingimsed Berelr s pi @R&mpls to

cl anped onto t centere r espect centerline
e 18, The PARIGR RtohE R el rrat iptRlint et el dhthadh b Roisihes the
relative to tiethodasithe pheselt ihgention @8l nbNliitbd & \A@iﬁlsamhﬁﬁﬁg fatheRETHAH) Me
turning operation. At some pQint in the operation, it becomes necessary to

measure a di nBRSTNYSAtion S %F‘kablez@ pivideaarisy of gotan workimecetmasthinegoolepl aced
with the probe 26. Figure 2 schematically shows how the dianeter of a

cylindrijgal work piecergd (imuss gd aﬂébt&!"% e 611% H:E'ﬁépé”t@as,zég uﬁﬁgbe

26 is noved along the X- axis until It contacts t
poi nt A on a ¥gviess agl peobep vsadon. thel’h@clmomgalrocesmehmlatlmrl@lm sthangrgsl'l‘e 1 he

wor k ece 2 r send.a he, 25 CN
proc eglsor Bh%ndd%afgam 5 pggrt%dq Smeanté%gﬁyBe Q% Brodg thaf 1y ﬁ‘étaé}ﬂ(for
processor 30useT.’ﬁe ther plobe 205 issa tdvanedtivned tdush OrigE 8ok Of &1@;;2&&%&1@ RRSte €

side of the e 28 a 0|n B on the X-axis. The X-axis position
of .point B :A@ f‘lgfi‘) g‘FBF}'@BS ?{PFPH% conld be 5sed as well,

15 During machining, an appropriate tool is inserted into the ram 22, and
a work piece is clamped onto the rotary table 16, centered with respect to the
centerline axis 18. The table 16, and hence the work piece, is caused to rotate relative
to the tool, which is moved into the work piece to perform a turning operation. At
some point in the operation, it becomes necessary to measure a dimension of the work

20 piece. To do this, the tool is replaced with the probe 26.

Figure 2 schematically shows how the diameter of a cylindrical work

piece 28 mounted on the table 16 is measured. The probe 26 is moved along the X-

axis until it contacts the work piece 28 at a point A on a first side thereof. The contact

of the probe 26 against the work piece 28 triggers the probe 26 to send a signal to the

25 CNC processor 30, and the X-axis position of point A is stored in the CNC processor
30. The probe 26 is then moved into contact with the opposite side of the work piece

28 at a point B on the X-axis. The X-axis position of point B is also stored in the

CNC processor 30. The CNC processor 30 then uses the two stored position values to

determine the observed diameter of the work piece 28. However, as shown in Figure

4.



CNC processor 30. The CNC processor 30 then uses the two stored position
values to determ ne the observed di aneter of the work p| \P‘j& Eﬁ ver,
as shown in Figure -4 31 MAY 2004 2, the probe's path of r1a Ya t he
X-axis can becone offset in the Y direction fromthe centerline axis 18,
due to various conditions such as geonetrical distortions resulting from

sel f-i nduced &nthepprobe's pauhrmfum@l hmg thd De-aXis tiah ¥t &AE offset MYEE Y Mirection
bet ween t he probe of tr %éhe X-axis) and the centerline axis 18

S

i s known as 5 fHoHe h@rdgg@ {neraxisy rdue YATRuS @mdttms senhess grometrical Histoptiaise 26
d t t n ved al on

oes not cros $&\ﬁﬁfng i‘?&n s@ﬁ’ﬂﬁ(ﬂcleﬂ r&‘ﬁd sg’flnd’u%@h%ﬁ 'lil-ﬂe gsddlfﬁetl{)ﬂ gi 6c-06 g

its path of travel ob serve diranmeter
is not indi cabﬁwe@thetmgb@bp&h oif aaeéls(tlterlﬂezxxsdlaadﬁﬂieerenteblme 408 1 8 admbsynagual

to a non-di a Len f the work piece 28, The difference
bet ween tsﬁe {T?%Je gl a‘r’rée%[]e g{cﬁl B%c’%hgg ﬁ&ﬁ"saﬁ’%ﬂor hf’ PEQRSr4$ 198 Joh clogsoverthe
referred to heerﬁerﬂmasaxtshef fquatidie 18 her g 1§|'xﬁ&fed" aldhe iRT RIRTYE kVSENTIAR the

c conpensatjon of probe chord error. The first step

provi des for

of the pr ocesQ r@ﬁ%@?@i‘ﬁ?%ﬁ% @Pd%%‘%f’v%ﬁr ISéWF idiqative phthe werkipisce's trughe

crossover err nd 34 e of

which is shomgrallﬂﬁ& &dgﬁﬁgé%ﬁqgﬁ@r@@g&e erre g?d/rrfgﬁ?@ (.{ HQW?&J%;

device 32 is 3h9|dnff¢remﬂ9eipetwgm ﬂ'g: tmtpldmmtelr micbnlmmm-ﬂianfe&mﬁl 3hoidole is
Agl

thereon The ere 36 i,s oriented vertically so as to
be par ailel t{')&%lﬁilh IOhSFeé“ ?n%ro ﬁ%‘%ﬁfmfhe pi n member. Al though not shown
in Figure 3, the second dat um ng device 34 is substantially identical to

the first datumi ng devi The BRsémt 1hhﬁttlohtprovﬁc§lfﬁ0atﬁotﬁttﬁb Bﬁﬂpﬁfsaﬁﬁvbﬂ"ﬂroﬁe
planar refer entboe surfagﬁ §6 forne ther eon, shown in Figure 4, the
first damm ng°hfl¢cpar-33he frgt ﬁgePaq the PERFeEE tosqeéf‘éméﬁc thy crossevar wrrop firetha 6,

and the seconps@argr Tge &%&do@@r Mot B de éd%n%‘tv%h&atu@ﬁr‘%oééxﬁ&s $hdfd%fs, the

table 16. Al though shown as beij n directly nou
one of which is shown m igure 3. In one preferred embodiment, the datuming

15 device 32 is a pin member having a planar reference surface 36 formed thereon. The
planar reference surface 36 is oriented vertically so as to be parallel to the
longitudinal axis of the pin member. Although not shown in Figure 3, the second
datuming device 34 is substantially identical to the first datuming device 32 in that it

is also a pin member having a planar reference surface 36 formed thereon.

20 As shown in Figure 4, the first datuming device 32 is installed on one
~ side of the rotary table 16, and the second datuming device 34 is installed on the
opposite side of the table 16. Although shown as being directly mounted on the

rotary table 16, the datuming devices 32 and 34 could alternatively Be indirectly
mounted to the table 16 via another rotatable reference member such as the work

25 piece 28 or a fixture for holding the work piece 28. In any event, the datuming
devices 32 and 34 are situated so that both reference surfaces 36 intersect both the X-

axis and a line 38 which is parallel to the X-axis and intersects the centerline axis of
rotation 18. The linear distance, y, in the Y direction between the line 38 and the X-

axis is thus equal to the crossover error. The reference surfaces 36 of the first and

30 second datuming devices 32 and 34 are arranged at angles of 6, and 0,, respectively,



rotary table 16, the datum ng devices 32 and 34 could alternatively be
indirectly nounted to the table 16 via another rotatable reference nmenber

such as the work 25 piece 28 or a fixture for holding th r Q@@ll-28 In
any event, the datum ng devices 32 and 34 are situated g%vxp N('ﬂiepﬁboth

reference surfaces 36 intersect both the X- axis and a line 38 which is

paral l el to thwith-respiest @ritle Xnixs.s PefEabIRELSR ALEIS BNEn @Yl SreWqual QAL 8.
The |inear distgnce in.the Y direct Pon bet %een’ t he |§rr?e qé% %nﬁt{lﬁ%@eé—

axis is thus e “ghég@ﬁéa@4%§§o§)@iwe€rror. The reference surfaces 36 of the
first and 30 second damm ng devices 32 and 34 are arranged at angles of O,

and Oz, respectively, -5¢3h MAY ' ta 40 the.X-axis. .
Preferably, both angles 0, and 6%912?5\/&5%%8{ g?%?l§§4dse°gp%sé onegy theprghe 26rs
variance is alovedalowg the X-anisaatiliriconfacte ticae fer@e andadB 66F th@ﬁ&étidﬁfhﬂﬂn%t he

probe 26 ks o} th -axis until it contacts the reference surface
36 of thesfi rg%\{/géa%t%ﬂm "%‘%e 3‘%8??&81’ S ISR OPSIBAL asp tithich vaineissitered dn
position as x,theWiNChproedstor 366 Jherobd i tHeRGn&GNG PEPEEIRT ﬁﬂ'thgr?@fe%gge
is then noved w&ggpgg%taq%t wth the reference surface 36 o¥v t he secon

dat umi ng devi ¢¥ IR JaBupBE drrige St andethp eetrespending strikequositionris t he
CNC processor . I | ted 1 ees Sso
that the dat urﬁ%% eagle%ccelg@%ééaenﬁg§2tag?§eg%@i§5%gtstlgﬁg Iéﬁ%ﬁlgn%ta&aé‘g@%g@ﬁf i ne
axis 18, 10 asoshaihe datuming devicss 3Thed Béhar@ncposite §ideess 186 coftelling akMa g,

datum n evi ¢ 2.and. 34 _are again proped, w the strike position of
t he secg%](g data‘l%%h%émé%\%}%lée %‘4[@%?%5’6“ ‘{)Wgﬁeﬁ %ng{:]&‘e@ﬁ@ dappping dsvicgn3hand 3
and the strike4pesiaphiaprebed] Wethfthe Stikelabifbhof HRAEGRL Mﬂ{g&gﬁ&%%%

alu ,

the CNC processor 30 as x4, Wth the four strike position es stor
the CNC procesEFd 3 the,ANCaprogesser 39 198 xsanfithe sisiket pasitionpefthesfingi detuminghe

15 di stance belowRen!isiibidn PRSENCIS 20l hhe ¢ abl e
16. Specificall ﬁ‘@ the first s?)reag i ée‘“’té%{;% gﬁcg“' E%Eh t)bif}("gn%nlf%goszté%nd
spread S2 is e@ugb stogedy the CNG . processor 30 can calculate the strike position spreads (i.e., the

15 distance between the strike positions) for each position of the table 16. Specifically,

the first spread S1 is equal to x, - x,, and the second spread S2 is equal to x, - x,.

The line 38 intersects the reference surface 36 of the first datuming

device 32 at a first point C, and the reference surface 36 of the second datuming

_ device 34 at a second point C,. Because the reference surfaces 36 are angled with

20 respect to the X-axis and not perpendicular thereto, a linear. distance d, in the X
direction exists between point C, and strike point x,, and a linear distance d, in the X
direction exists between point C, and strike point x,. After the table 16 is rotated 180
degrees as shown in Figure 5, the same distance d, in the X direction exists between

point C, and strike point x,, and the same distance d, in the X direction exists between

25 point C, and strike point x,.

Furthermore, the two points C, and C, are separated in the X direction
by a distance C. In the first table position, C = S1 - d, - d, and in the second table
position C = 82 + d, + d,. Because line 38 intersects the axis of rotation 18, the

distance C remains constant as the table 16 is rotated. Thus, it is known that:



The | ine 38 intersects the reference surface 36 of the first datum ng
device 32 at a first point C, and the reference surface 36, gf Me ﬁﬁﬁ@
datunming device 34 at a second point C2. Because the refer ¥y es 36
are angled with 20 respect to the X-axis and not perpendicular thereto, a
linear. distance d, in the X direction exists between point C, and strike
poi nt x" and a Ilnear di stancgld%; L_lyt.hgz)gd dig e%d?@e gg%csts bet ween poi nt
C2 and strike point x2. After the 'taBl e 16 i's rotat degrees as shown
|n Figure 5, the sane distance d, in the X direction exists between point
C, and strike point x4, and tle- mrmz@bi, ?:CE d2 in the X direction exists
between 25 point C. and strike point x3. Furthernore, the two points C
and C2 are separated in the X direction by a distance C. In the first
tabl e positi on o8 the geometgical refatiopships showndn Eiguorsdt anal, ét is oswhitler C = S2 +
d, + d2. Because line 38 intersects the axis of rotation 18, the distance
C remai ns constant as the table t Thus known that: -6 4
1 MAY 2004 Sl-dl -d2 = S2+d, Eblzquf"IIl )graggore ydqa @ fe +d2). Fromthe
geonetrical rel ationships shovvn in Fi gures 4 and 5, it is knovvn that: d, =
y tan(90 5 B, )Substitudfg thege tedat{ddhips Bidd the a@o&l@@.ﬁhbh@hd@alhﬁﬁ?&y%' onshi ps
into the above equation and solving for y gives: Sl-
2(tan(90--0,)+tan(90--02}) where y is equal to the crossover error. Wen 0,
and 02 are both equal to 45 degrees, _tHk~€4uation can be sinplified to:
S1-S2 Y _ - 4 2(tan(90 ~ 6, )+ tan(90 - 4, ))

where y is equal to the crossover error. When 6, and 6, are both equal to 45 degrees,

the equation can be simplified to:

_S1-52
.

10 In addition to being offset from the Z-axis, it is possible that the
centerling axis of rotation 18 could be not parallel to the Z-axis as shown in Figure 6.
Such nonparallelism means that the crossover error will vary as a function of the Z-
axis position. To determine the crossover error in such situations, the slope of the
axis of rotation must be determined. This can be accomplished by determining the
15 crossover error at two know Z-axis positions z, and z,. That is, the above described
process is performed at Z-axis position z, to determine the corresponding crossover
error y, and again at Z-axis position 2, to determine the corresponding crossover error
Y. The slope is thus defined as the change in the crossover error divided by the

change in the Z-axis position. Expressed in equation form, the slope SL is:

20 sp=22" y‘.

It is next necessary to determine the intercept crossover error, i.e., the

crossover error at the zero Z-axis position. The intercept crossover error y, can be
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10 In"addition to being offset fromthe Z-axis, it is possible that the
centerline axis of rotation 18 could be not parallel to th rZ{ axrs as shown
in Figure 6. Such nonparallelismnmeans that the crossover@ 2{?@ ary
as a function of the Z- axis position. To determ ne the crossover e

such situations, the slope of the axis of rotation nust be determ ned.

This can be aC@@dfmhnahmhgTWndjﬁttﬁé MdAbiEd ERRsoker & dlrrscr | lgr% danﬁrtﬁé)fial&ﬁatEmanow

Z-axis positions z, and z2. That is, the above rocess

per f ormed at Zasafﬁ?lgwfmsrtron z, to det erni ne t he correspondr ng crossover
error y, and again at Z-axis position z2 to determ ne the correspondi ng
crossover error y2. The sl opg LS t_hungefi ned as the change in the
crossover error divided by th °_c}fﬁanzg In the Z-axis position. Expressed in
equation form the slope SL is: 20 SL = Y2 -Y1 z2 -Z, It is next necessary

to deter m ne tOfcd Mk SIBEBL MRS AHELeR tXsover efror tﬁ% mS&BS&lQ‘é?c{g,s&feggqo

the zero Z-axis position. The intercept crossover Yo For yo’ can

200 deter?n ne Bt @BY Biyen Heaxis pasitioni eanubedttomuseionsing the equatical ues and t he
calcul ated slope as follows: Yo =Yi -z,SL. Once the slope SL and the

i ntercept crossover error ya are kno the crossover error 5 at any given
Z-axi s posrtlon n can be detefm H’@%%@"{'ng the equation: Y. = yo +z.SL. The
f oregoi ng provi des one preferred nmethod of quickly determ' ning the

crossover error. There ang, fohQRtShroviic %ﬁe ipﬁg\(qccﬁ g}e 1(9{1 gggegﬁ? ni ng

crossover error that could be used int at ron o

of the 10 predbacrasperenterion. Thsre am;tlmms:r torﬂeraamwa- ap;m)aohaedf detSrmiRiigent

No. 5,373,222 qrossover error that could be used in the probe chord compensation scheme of the

10 present invention. For instance, the above-mentioned U.S. Patent No. 5,373,222
discloses another method of determining crossover error using a single datuming
device. But the two datuming device methodology described above has the advantage

of providing capability of verifying that the table 16 is rotated precisely 180 degrees.

This is accomplished by determining the drop for each datuming

I5 device 32 and 34 at each table position. As used herein, the drop of a datuming

device refers to the X direction distance between the device's strike position and the

point where the X-axis intersects with the outer edge of the rotary table 16. Thus, as

seen in Figure 4, the drops for the first and second datuming devices 32 and 34 in the

first table position are D1 and D2, respectively. And as seen in Figure 5, the drops for

20 the first and second datuming devices 32 and 34 in the second table position are D4

and D3, respectively. The X-axis positions of the table outer edge are detected by the

probe 26 and stored in the CNC processor 30. The outer edge of table 16 provides a

non-sensitive reference surface in that it does not exhibit a changing X-axis

displacement while the table 16 is rotated. Thus, if the sum of the two drops before

25 rotation equals the sum of the two drops after rotation (i.e., D1 + D2 = D3 + D4), then
it is assured that the table has been rotated precisely 180 degrees.

Once the crossover error has been determined, the CNC processor 30

is able use this value and the observed work piece diameter measured by the probe 26
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di scl'oses anot her nethod of determ ning crossover error using a single
datum ng device. But the two datum ng devi ce net hodol ogy dg@jrw gﬁ@%e
has the advantage, of providing capability of verifying th .
is rotated precisely 180 degrees. This is acconplished by determ ning the
drop for each datumng 15 device 32 and 34 at each table position. As used
herein, the drtegetsfminedhe atrmmlgdldmviecef theef woek piecd P& Xheicaralation idegilanesd

ot er sect o w THECE GBI duBBlishpHe BowarpielbrS e obwuas gt Do fisn
Figure 4, the th etvsd it Bwbid m@mdaﬁ&mdiegaiﬁemaﬂsvéﬂﬁwe &ncddo @%@m”é) in

the first table 03|t|on are 1 and D2, respectively. And as see
Figure 5, the 28f ddsagtep! dametpeDy.| B@@ataﬁmoyégbomloaacdmnge divunfeser8e ofitite 34

in the segond 0 ectl

posi ti on?of t (ﬁp ?%Peéghéggteggﬁg ar e EldtPQ%Fmaﬁ z\xﬁ’e ¥%ngn§6\ %e?ﬁ;le%lﬂlﬁ ed
in the CNC pr @G@slsmduﬁcr of hhe mtdrbrpltﬁﬂgm Ofﬁxstﬁlbiwﬁ 1116F1@ﬁ&VT’ dip:e r@dlus I, the ¥
non-sensitive refereélce surfag it does not exhjbit a ch agram
X-axis displ SHEHR, ATy 1 W wpdﬁlﬂée ’@S?Oé’e‘? g egd the ghord; mdivp &, Ibfs t he
two drops bef oaf @5 theObbidrad s D)edsfi® of nbhe a1 OPR,safy hglgl oft i on
(i.e., D1 + D2 D3 + D4), then it I's assured that the table een

r ot at ed preci ?&l?g&%@l@hwgéﬁw%ce t he crossover error has been

determ ned, the CNC processor 30 is able use this value and the observed
work piege di anmeter neasured lay t 'E progg 26 -8 31 MAY 2004 to determ ne
the actual diameter of the wltk pl de 3 The cal culation is expl ained
referring to Figure 7 which shows the work piece 28, the observed di aneter
D,, (i.e., the chord length bet\geep—-pﬁg—nts A and B as described above in
reference to Figure 2) and thhe= ddtaiPYdi anet er Da. Because point Ais

|l ocated on the circunference of the 5 work piece, a I|ne ext endi ng between

the centerline axis 18 Qi nt de t he act r.adi ra Qf the
work piece 28. As <hownTt Hm%nﬁflsr gﬁ?’e ﬁé’cPE?&‘n"I?sa’P%O tr?lt@t“}n 18%has 2 slope ST
relative to the Z- -axis, the actual diameter D, can be given by the equation:
D, =\/Dj +4y *
15 where y,, is the crossover error at the Z-axis position of measurement, z,. As

discussed above, the crossover error at the Z-axis position of measurement z,, can be

determined with the equation:
Y =¥y +2,5L

Accordingly, the actual diameter of the work piece 28 can be

20 determined from the observed diameter as measured by the probe 26 and the
calculated crossover error. By programming the CNC processor 30 to make this
calculation, the lathe 10 is capable of automatic compensation for probe chord error.

The automatic probe chord error compensation of the present invention minimizes
machine evaluations and adjustments and permits a larger probe path tolerance.

25 Improved measuring accuracy is achieved and maintained substantially independently

of the probe's alignment. Also, the initial probe set up time is reduced.
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direction distance y, which is the crossover error, and the chord radius
ro, which is half of -the observed dianeter Do, define a rBQhMAf g@%e.
Thus, applying the Pythagorean Theoremgives: 10 a2 = 02 ™=y n =
Do+4y2. In instances where the centerline axis of rotation 18 has a sl ope
SL relative. to the Z-axis, the actual dianeter D. can be given by the
equation: D,, = Do+4y, nWihilk epeeific yembodimerthefcthes pryedt RiveftiordthalBebegnaxi s
position of asu %pe?%r éﬁl As dis usseg%ﬁgqve t he crossover error at
the zZ-axis po ‘?SW% » df Wik be AppatshE to, those skilled dn the aerthathkariqyst modifisations
equation: Ym th¥atd el bAGRAE Gritiuy I § niece 28
can be 20- determ ned froﬁﬁ?he Oggﬁgggﬁﬁﬁﬁﬂﬁgggﬁﬁgéﬁﬁg éﬁéggw§§6 t@hgﬁobe
26 and the cafiEfinedinteappendsdstaimsr or . By programm ng the CNC processor 30
to make this calculation, the lathe 10 is capable of automatic
conpensation for probe chord error. The automatic probe chord error
conpensation of the present invention mnimzes mnachine evaluations and
adjustnments and permts a |larger probe path tolerance. 25 |Inproved
measuring accuracy is achieved and mai ntai ned substantially independently
of the probe's alignnent. Also, the initial probe set up tinme is reduced.
-9 31 MAY 2004 While specific enbodinents of the present invention have
been described, it will be apparent to those skilled in the art that
various nodifications thereto can be nade w thout departing fromthe
spirit and scope of the invention as
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defined in the appended claims. 31 May 2004 CLAIMS: 1. A nethaogh Bhy 2004
conpensating for probe chord error in a machine tool including a rotary
menber for supporting a work piece and a probe having a path of travel, the
nmet hod conprising the steps of: using said probe to neasure an observed

di aneter of dJdiAMEbrk piece; determning said machine tool's crossover
error; and conmputing an actual dianmeter of said work piece fromsaid
observed diameter and said crossover error. 2. The method of claim1,

wherei n saidqjactu H@mﬂq?
where Da is gald g%tua |ane %&@%Hﬁgﬂg&%ﬁg ggﬁ&%gqﬁﬁkﬁgQgﬂlgﬁaﬁb
sai d cr ossoveptaremeaber Jor §[ippoﬂmghmdfo®]t pidcaiamdla piobe havihigaglath 613&@615&&@ of

determ ni ng sai Chl ne 0 crossover error conprises: installing a
first datum A Egnﬁgﬁﬁﬁﬁsﬂmﬁgference surface on one side of said

rotary menber and uging G BIACUA DR HVHsES el Bl LEASIERER. U f ace on

another side of said rotary nenber ; probing sal Fencer SUrf ace of
said first datum N]gtedemingéadmdamedoclebmsmem@;mﬂace of said second

datum ng device tq _neasure a f ad g en ald refereng surfaces
al ong sai d probe's %OB%’P gt 4 r‘aﬁ dlp&e%r g H"Olr tRiFSe FEABetald gibsers et ees;
t hen probi ngdﬁ@idhrhﬁd%@&@@s@w&@ee of said f| rst datum ng device and said
ref erence surface of said second danm ng device to neasure a second spread

bet ween
2. The method of claim 1, wherein said actual diameter is computed using the

equation:
D, =+/D? +4y

where D, is said actual diameter, Dy is said observed diameter and y is said crossover

€ITOr,

3. The method of claim 1 or 2, wherein said step of determining said machine
tool's crossover error compiises:

installing a first datuming device having a reference surface on one side of said
rotary member and a second datuming device having a reference surface on another side
of said rotary member ;

probing said reference surface of said first datuming device and said reference
surface of said second datuming device to measure a first spread between said reference
surfaces along said probe's path of travel;

rotating said rotary member 180 degrees;

then probing said reference surface of said first datuming device and said
reference surface of said second datuming device to measure a second spread between
said reference surfaces along said probe path of travel; and

computing said crossover error from said first and second spreads.

4. The method of claim 3, wherein said reference surfaces are both arranged at a 45

degree angle with respect to said probe path of travel.
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said reference surfaces along said probe path of travel; and cBiMayiaog4sai d
crossover error fromsaid first and second spreads. 4. The nethod of claim
3, wherein said reference surfaces are both arranged at a 45 degree angle
with respect to said probe path of travel. -11 31 May 2004 5. A nethod of
conpensating $.or pAoiestbbdr df evanperisatiagcfopytrebe churdr icerakr| jh cpndoniuterd
machi ne tool including X, ..Y.and, Z coqrdi n tefxes, a_rotary nmnenber for
supporting a %?ﬁ%‘cgj?%g%“%?ﬁad maaFhing 1 Welndings Xy ¥t and; B rpoorlingte Bresnavioiasy e
along sai d X @eibé RXSSppodtith ABIOFIESSAd hadviy SPLIOH: AR & bfihe LIS eTEPS

of noving said probe along said X-axis to measure an observe rametéer of
said work pidenssait Zandd axss,and b perovesdr, dcamethed comprisigihp stepasfsor ;

determ ni ng said I ne_t.00l; s .cross r error; storing sai.d observed

di aneter in said p%ég"e’%é%lfi;l’f%edﬂ(?%rﬁ?}g?sﬁ‘a’“éﬁ" IeSHIP 280k digpeteq of sqidr k
pi ece from sawetk@ixeer ved di aneter and said crossover error. 6. The nethod
of claim5, wherein said actual diameter is conputed using the equation:
Da Dp +4y2 where Dtoring saigobservedidipmgieninsaishpro®@esars sai d observed di anet er
and y is said cro : ) S h hod of claim5 or 6, wherein said
step of deternini ?i(ge sald %aé(ﬁ#%%ﬂh?%gﬁcgg%%%i%r error conprises:
installing a firststatatguaiddseesd diemetr Bneidsiré@saf; &di d rotary nmenber, said

first datum ng device having a reference surface arranged to intersect
said X-axis: computing an actual diameter of said work piece from said observed diameter

C

and said crossover error.

6. The method of claim 5, wherein said actual diameter is computed using
the equation:
where D, is said actual diameter, Dy is said observed diameter and y is said crossover

€rror,

7. The method of claim 5 or 6, wherein said step of determining said machine
tool's crossover error comprises: .

installing a first datuming device on one side of said rotary member, said first
datuming device having a reference surface arranged to intersect said X-axis;

installing a second datuming device on another side of said rotary member, said
second datuming device having a reference surface arranged to intersect said X-axis;

- probing said reference surface of said first datuming device and

said reference surface of said second datuming device to measure a first spread between
said reference surfaces along said X-axis;

storing said first spread in said processor;

rotating said rotary member 180 degrees;

then probing said reference surface of said first datuming device
and said reference surface of said second datuming device to measure a second spread

between said reference surfaces along said X-axis;
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installing a second datum ng device on another side of said ro8aMaysagher,
said second datum ng device having a reference surface arranged to
intersect said X-axis; probing said reference surface of said first
datum ng device and said reference surface of said second datum ng device
to measure a first spread between said reference surfaces along said
X-axis; storing sa%d.firs spread i.n sald processpr; rotating said rotary
menber 180 degr ees’ Vet ‘%@WﬁEN?QPH“P POFE®eair f ace of said first

dat uni ng devi ce an&nﬁﬂﬁﬂg&@&@o@%éf&h@ﬁﬁsaﬁfﬁé@mséc%ﬁgglgreﬁiﬂUm ng device
to measure a second spread between said reference surfaces along said
X-axis; -12 31 May 2004 storing said second spread in said processor; and

conmputing saig cr 0 rror .from.sai.d fi.rst and second spreads. 8. The
net hod of cl ag'm 7%@&1@?@10? 055#%%&“&%?’@8”96? BEE SE&%"%&(%&%{?%%@Q aht a
45 degree angiedegrdelinple aiGEspeet t6 84id Xmaxi s 9. The nethod of any one of

clains 5 to 8, further conprising determ ning crossover error val ues at
two different Z-axis positions and using said crossover error values to

setermine 5 200 o, SN Se g b UZOH, ST, Wik % ™
conmput ed usi rrgossbeermmgtvhknas atavodierent ZyaxisZpobihe ab¥ ubifig SAd Gr&6bwlerror
observe

di aneter, Do i saig }%@di aneter and ymis_said crossover error
the Z-axis po‘éailﬁsé?l rrming & gloprehsaid exis of ptatipn telative fo sAidZaKis0, wher ei n
said crossover error at the Z-axis position of neasurenent is determ ned
usi ng the equation:
10 The method of any one of claims 5 to 9, wherein said actual diameter is

at

computed using the equation:

D, =D? +4y ?
where D, is said actual diameter, Dy is said observed diameter and ¥m 1S said crossover error

at the Z-axis position of measurement.
11. The method of claim 10, wherein said crossover error at the Z-axis position of
measurement is determined using the equation:

V=Y T Z mSL

where yn, is said error at the Z-axis position of measurement, Vo is the crossover error at
the zero Z-axis position, z, is the Z-axis position of measurement, and SL is said slope of

said axis of rotation relative to said Z-~axis.

12. " An apparatus for compensating probe chord error operable in accordance with

the method of any one of the preceding claims.
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. Y. .=Yo+zn, SL where Y. is said error at the Z-axis positio {rf as ment ,
yo is the crossover error at the zero Z-axis position, ZA% s}\ﬁ\ééﬁ IS
position of nmeasurenent, and SL is said slope of said axis of rotation
relative to said Z-axis. 12. An apparatus for conpensating probe chord
error operable in accordance with the nethod of any one of the preceding
cl aims. PROBE CHORD ERRCROBEVPERBITERROIBSCRMEENBATION DI SCLOSURE Probe
chord error conpensation is provided in a machine tool (10) including a
rotary nenber (16) for supporting a work piece (28) and a probe (26)

havi ng a path jion is acconplished by using the
KBRS OF ﬁ"olﬁl-:s PISRERRURE

probe (26) to neasure an erve ter of the work piece (28) and then
determ ning the crossover error of the machine tool (10). The observed
di ameter and the crossovBwbeahoot eape compensatsar it provitedinea tiwehitertoop(EDe' s

actual di amet elrn’clutdpnegrae ?éltarycr%ggl%gg ?lté) W: fsn?prpo?t?l}/g g rvx%%% p?eré%raS)e;rrx Et'proF | eg 56% 3
having a path of travel. The compensation is accomplished by using the probe (26) to
measure an observed diameter of the work piece (28) and then determining the

5 crossover error of the machine tool {10). The observed diameter and the crossover
error are then used to compute the work piece's actual diameter, thereby

compensating for any probe chord error.

Figure 3.
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