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
such as g tou p e Q robe machi ned
sur f aces of tﬁéebe\%%lpgqg{meﬂgg ﬁ]rﬂiaﬁl‘ﬁh eﬁ?gajag%ﬁ{)gaoqeﬂt"& tHEY RARFFHE ccHain 5
t ool hol di ng machmbdldenmdmaw:assutcstlmmcwracbdopaﬁlﬁam,ﬂgnglggpb@ga@ugﬁaﬁyst em
to determ ne 214 ece di npensions. However, if the centerline o
the probe do€s" not I\%\D cPé%C(?vgltamteFFés \%‘é?’? bﬁP%d’é‘?aéu’@én‘ﬂséﬁg imppsuak gsuges uoh adsi on
as it noves ahfitigmeters Ratibr gu §3a¥16'othérh$‘rgh pr{:}?g IJrh&gt a@%ﬁ%@ e

0

the true dianeter, but a non- dianetrical rd o
difference bePiBuH saployed bhilthm?@hlr@n@eaatom@md drmpmmorrcdlb)c ﬁz&l dnd/sr by

referredot o hgpgiwigs Mg Eﬂ%c&?& &hod lﬁfl rtﬁétc%l %q?xtt;l;ococgq}o%. : owevg these

chord error wthin accepta mts,
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

-1



travel of the probe's centerline needs to be set to a specifig @Ol affﬁ ce
and frequently -1 31 May 2004 nonitored to nmaintain the toler 1n a8y I's can
be a difficult and tinme consum ng task. One approach for automating the
nmoni toring aspect is described in U S. Patent No. 5,373,222 issued

Decenb 13,..1994 R.. David t .al ... Thi tent d I b
et hodol ogy FBPbRaTgm@RuhE ae: HEs Fua kB alEEs cubfaie FkeOfe  ne
di spl acement agjfroach 6 AR tHRAhohiRking hspéet is H60AbLdR VO Hatdat R6E5,973,222

centerline axis of rotation. However, once the crossover error is

det er ni ned, ispeedpPegrankerpkd, nl 997 tor By Blavid Hgmmeaile piasl. (Thivpatentdesstibss a
adj usted so gy ithin tolerance.,TqQ. M nimze
measur enent %@@hg‘ggé foég%%@g':e(’?lgét@%o%é §Iy\§ﬁ?g§?ors o Rl lgﬁ‘l’tﬂl? gﬁﬁa‘éﬂ%@% gffld

frequent evikeyssthesnsatiaiod traddl fEdnTEIN ®ofd Pieteritinteline Thk of ERaN EHwapaci al
vigilance and skjll in setting, and consunes mai ntenance _and machi ne tine.

Accor di ngl y, 9195dhe crossoyererger i sletesminstinthe perbes rahat frevel plignaeninhen sabe ng
f b h : tend t | ' ; .
or probe chord QLT Mindbip o %%? tHO cr(ésgmré:frgrrﬁq% %1?19%%%(?2@%%{&?

BRI EF SUMVARY OF THE™I NVE According to an aspect o
i nventi on, amesuteotnbfaccwaypnss atueniy tossoperobrors hotighte tol@andenaml fireginhe

tool including,a.rotar nber for su ting a work piece and a _probe
havi ng a pat T‘l‘g{ﬂﬂnf’qsa%‘ﬁy? TPSmBRts, A ERgL ‘tgﬁg[thﬁ%fq%lﬂﬁes REFBT Visglagpe ad %‘t‘lgh‘% of .
using said psahy ifd dRAMsMARaRRSCIGHadiRBier of said work piece;
determ ning said machine tool's crossover error; and conmputing an act ual

di aneter of said work piece fromsaid observed dianeter and said crossover
error. According to an@ther.aspect of.the presgnt invention, met.h of
conpensating for pr obe‘ggﬁo(fflﬂlgiﬁr gti’erfnlsa ag:(‘}gﬁ(gtéf ﬁu??gﬁﬁogalo?ya%BWtabBﬁ?%d
machi ne  t ootonypefisakitly it probe ¥hérd drrdr 100 ﬁtﬂi‘@;fuﬁ%&équeﬁt prébeaddyustimener for
supporting a work piece and having an axis of rotation, a probe noveable

along said X and Z axes, and a
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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processor, is provided, the nethod conprising the steps of ng Mn%ﬁﬁid
probe along said X-axis to nmeasure an observed di aneter S

pi ece; storing said observed dianeter in said processor; -2 31 May 2004
determ ning said machine tool's crossover error; storing said observed
dianeter in said processor; and conputing an actual dianmeter of said work
pi ece fromsaid observed dianeter and said crossover error. The present
invention and its advafit@aLsin® YAd maBSnPlob® cradsbvibelbr;0ecome  apparent upon
reading the follow ng detailed description and the appended clains wth
reference to the acconterng sagl abserwehdiemeBRINERIAIESSROPNGON OF THE DRAW NGS

poi nted out and di st i PPy EEGE S (ERuCCh A itk RGp spiEotserid
speci fi cat i ofiamdiBeand seideRdsk®Rr edasiwever, may be best understood by reference

to the follow ng description taken in conjunction wth the acconpanying
drawi ng figures in which: 31 MAY 2004 Figure 1 is a side view of a vertical

g e Ehaur @ Pad Froent RcHlcRndlins 2aBlc8 kot A8 FioP bre A 868 021

turning | athe show ng 'a di aneter neasure ure I'S a perspec

view of a daappmenguptm\/klemﬁnglﬁﬂd'oikﬁwﬂngﬁeﬁﬂe@éésbnﬁtmma&ﬁrthe appenfediclanghwitls a
top view of tPe rota y tabl e having, two datum ng devices nounted thereon.
Figure 5is r&‘?‘@ﬁe V\P‘ES’PH‘PW?%@%WWgﬁabI e rotated 1 80 degrees with

respect to the view in Figure 4.

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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10 Fijgure 6 is a side view of the rotary table show ng the nonparallelism
of the table's axis of rotation with respect to the Z-coordinate axis.

Figure 7 is a top view of a machi ned work pi ece show ng the3 &;e%‘rr%ﬁ@%
rel ati onships used to cal cul ate an actual dianmeter. DETAILED DESCRI P OF

THE | NVENTI ON Referring to the drawi ngs wherein identical reference

nuneral s denote 15 the Eigoe Elsensy el bF @weAREt ikl Mald OUS Vviews, Figure
1 shows a conputer numerically controlled (CNC) nachine tool 10 in the form

of a' vertical turning I@t he. .The lathe 10 operates on a coordinate axis
system having an X-axi s Li8teahisye o wewqi tbe rotary tebiecnfitbel vhdicak umiag llathand

a Z-axis orienhgdi dinfRter YneallfedBpown in Figure 1, the X-axis extends in
and out of the pl aﬂngga[of t he ggpe?. 0 The lathe 10 includes a base 12 to

which a vertical colum 14 is attached. Arotary table 16 is supported on
the base 12 for rotati orFiglswd isa psepeaiveiviev ofx idstuofing dtvddd nsed I8 therfiesent
provi des 4 he g @h for work pieces (not shown in Figure 1) to be

machi ned.  The Tathe 10 has a carrier 20 to which a ram 22 is nounted. The
carrier 20 is sildably nounted above the rotary table 16 to one or nore
vertical rails 25 24 thdtigaee isauop eitwoor thbeotay tabie hhding HhdSdatidifg GBviceEr
20 can be rm\\%g i r&tbcally, -3 31 MAY 2004 along the Z-axis, towards or
away from a %ngffe 8r3811‘anped to the rotary table 16. The ram 22 is
slidably mounted to the carrier 20 for |inear novenent back-and-forth

al ong the X-axis. The n@ifide i09ltop v%opﬁwﬁwrmﬁﬁ%ﬁwwoi&g%%g%% 1)
an

controls the nmovenent of the. carrier 20 and ram 22. The carrier ram
22 do not hav&sPECtigiheday iR Kigtfity in the Y-axis direction. The vertical
turning lathe 10 is being used herein as an exanple to facilitate

di scl osuee of 'the presemigryati b viERURIRL rokel 10U S BTSN LS

met hod of the Fresentllnyentlon is not limte 0o ver arning
| ndeed, the pF tisdakle’s ayis of raationswith pispeciite thetZoceordindie axix i ety of rotary
wor k pi ece machi ne tools.

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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10 The ram 22 is adapted to receive various cutting tools, measuring

devi ces and probes used in the machi ning process. The lathe 10 as shown in
Figure 1 has a sensing probe 26 inserted in the ram 22. 2% A&h ¥ 2004r obe
that is suitable for use as the probe 26 is a conventional touch trigger
type of displacenent probe, although other types of probes could be used
as well. 15 uhngghwﬁcﬂwmltmrdanr appy Gipm averk pivce chnipad @6 tiedrdtay @abldiger am

22, and a wo totherot table 16, centered with
respect to thglﬁ egéerﬁt% %Fg‘ﬁ‘?@& uT§ tethe ?%?refdlé’ lingar mevrerent backmidkiosthece,
i s caused to abhgltie Xelxdl T michidd ol PONC pibéGbbri (ﬁot@%\%ﬂ 11'1 Pdurd beco‘m}{)i&
piece to perfqgrma turni nglpoperatlon At  sone point erdtion,

becomnes necesg'%frWOY%n%é’§ eCarign 2R ard oan 2. (The capidk 202c(mdmam:b2 dd‘uotjimvlehl s,
the tool sis rgRlegesk egggmhéhﬁ tﬂé?bﬁlgcﬁrecﬁbg“re 2 schematically shows _how
|

the dianeter of a cylihdri wor k lece 28 mounted on the table 16 is
nmeasured. The probe 26 is noved along the X- axis until it contacts the
work piece 28 at a poi nfTha verfical hirnisig lsthdel @ h;eineamg usethBerednéaad exathplkhe

probe 26 agai e (K e 28 tri pr obe send a_si gnal
to the 25 CN prhot%:%sds}%@osgbé) Igﬁ’(? RIROg ‘g%néo'bo Flr d* %ﬁ%‘ﬁ‘ﬁpeﬂoﬁé thetotied i n
the CNC proceastitod iGhe plegeqtrintsitidf it fof maed%\/%?&lbdlt ﬁ%’ﬁaﬁf‘e& Whdedad | e
opposite side of the work piece 28 at a point B on the axi s. The X-axis

position of .P&PFHt “B’eflgo%lssaépg?ﬁhl‘é@qWlf{eWénemf@tﬂﬁfc‘é@MG@Uﬂaﬁhﬁ@ IeNg
processor 30 then uses the two stored position values to determne the

observedodi amet er of theheik P 6£4d haws, 31
MAY 2004 2, the probe's path of travipﬁe%:fg\rl%@y @%"‘% IS c%q%e%g#%%gpﬁé

inthe Y dir e@qviess and perhes n@eddarth@mcmlr@precexs Thmmtheom/arshowa ix Bipgid | ons

ot ocoes- { nducell hasse PR RRend it 2a. SR be o piRbefratie isblscoe

pat h of travebse( 4héeheXpmbe )6 &nd doheexﬁ&imhletdmnemggérs 8 dfsdik dﬂ@&%@@ pobihe

crossover err use of crossover error, the probe 26 does not
crossover theqm@BﬁBEB&CTH@e%&f%m 7S Goy{des vssde8%&l. (¢ is nmoved along its path

of travel. Thus, the
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.



observed di aneter neasured by the probe 26 is not indicative of the work
piece's true dianeter, but instead is equal to a non-diagetri ?@h@{d
| ength of the work piece 28. The difference between the gﬁuéﬂ; a and
the non-dianetrical chord length is 10 referred to herein as the "probe
chord error." The present invention provides for automatic conpensation of

probe chord & therprobitie pathroft tratebRlopl thbeX-%i8CAA Debsmb SFREE £ ik NE diB&ion
crossover err é&?{ﬁ’ré the .lathe 10. The c¢rossover error is determ ned using

two datuning Lenwsrling axip18, dygdo yariqus eomditions Resknasi geoRierinab di3tortionsone
preferred enbegyBR! frod NE1ed ' ' i enber having a

pl anar referenceﬁgl{%r face 36@%%& dﬁg%g%hfﬁfgéhga;l :ﬂgierq’rgl‘feémgﬂgg?@ﬁ?’f%ce
36 i s orient edetneen theaprphe'spath of travéldtheaX alxisg land chet deaterlingiis UglisTalowadss Of
the pin nbe no hown . n Figure 3, the second datum ng device
34 is sulr:)ggt anltil}ea %/SQ?%E%OF'C e%?‘gatqqé;r?s'ls? CHREUHE REPYGAR oes a9t prossonsk thet

i s al so a pincergertiae anisvofeptatiqd aBass it 6 ehevedealshs iRCHtB &l IvaEd THIET #aN-
20 As shown in _Fi lé\trcﬁ 4, the first damm ng device 32 is installed on one
side of the rBP%F‘ge Hpelermeasyrrg Rynihe puelendf igaekindicating o theauork piden's tmk| ed
on the opposiitagetdr Mt Ghst A: i ng dir.ect

nmount ed on thea1 r(_)trary IIlsa‘lballags %@?Alﬁ%éggg%%%ggae@p%n@ 03'3%" g’ﬁ&c%‘ﬁ‘feoié{

al t er nat i vel y The diffefenagchdtyecemthentreel diamdtbreatditicendibdiainretrédadtchend leagtatigh! e

refer engg nenpe?‘%rﬁesd;cét}w%%%%{}%erﬁéléaggﬂﬁi ece, 28 or a fixture for holding the

work piece 28. ev i*Mg™ devi ces 32 and 34 are situated
so that both reference surfaces 36 intersect both the X- axis and a |ine 38

which is parallel to thEhXpsses ianehtiont govided Sort Aoy 86hpéiRaon 6f Sobe
rotati on 18. The Iineai,hdi st ance, in the Y direction between the |ine 38

and the X- axiROT €Ph, The i Sepoot e PEOSES Bvierdetsrmge, thyisgossevesieant or the
surfaces 36 ofatHeNB. f THe brodddeBor&ieR URtb A J&gf’@%ﬁ%%ﬁcegﬁg%ﬁ 34

arranged at angles of 0, and Oz, respectively, h™respect
to the X-axi soneppefdidibisyshopstin Bigyrees. Oln amel peferaede embodiinenty 46 ddimgringes

al t houghssomegyald ANEQ Jis rr%ln{b%}lvﬁgving 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,



Wth the datum ng devices 32 and 34 so positioned, the probe 26 is noved
along the X-axis until it contacts the reference surface 36 of the first

datum ng 5 device 32. The probe 26 captures this strike i tN @@[}(f
which value is stored in the CNC processor 30. The probgs’isis M%{eyn noved
into contact with the reference surface 36 of the second datum ng device

34, and the cowitbapspedi toghsXr-ate PaFérkbloNbotE anpledBednd B, LS r
30 as x2. The r tarh/ table 16 iis then rotated %80 (’jegre’ES sqo tog{soc?%gée%
dat uni ng devi c#Eogh spre yariagce ispllogtsdosi t e si des of the centerline axis 18,
10 as shown in Figure 5. The reference surfaces 36 of the two datum ng

devices 32 and 34 are aggipuar by VM ri/ke positian of the _second
dat uni ng device 34 bei ng,_. st or e%gﬁﬁngwgb%%r%ée%ss& %l%fke%xéhealﬁfﬂg?ﬁ 1s
strike positi onowtd alpeg therXaxidamtihit sgntacte tiecre fedéhcb & lifaceSI O6 Bille ifistidad

processor <30 ca W the f.our strike ition values stored, the CNC

processor530 ?(gerwlﬁ(c g’a 2Cuhltrg gmﬁﬁggsctapﬁ"ﬁeé tﬁﬁsﬁﬁ)‘(ﬂjfeoﬂosétb?”e%h which valugyis steyed in

di stance bet wethe CHE mbedsker T0SiTheqishe f0MeR aaHvdAORiS ic%a&&w%tﬁ%é ?Qflef'egc]:@'
n e secon

Specifically, the first spread, Si is equal to x, - x2, a

spread S2 is estﬁ‘ﬂtgf’e B@OE@G.SB‘X%‘% dpfuning devige 3¢ ans the comespondingfstikerppsitionris ace
36 of the fir skoddinfHeNCGHEN atfd 10t ¢ &, qand t Lef erence
surface 36 of the second qg)t%d%gsﬁ)é%ggg%f'cgﬂéﬁéry%lgelgg%@eg(wtﬁ{éﬁéﬁ d%%"&%se
the ref erence souhdtdbedats@ing devineg B2dndB4 hredth oppopite sideoft the cétanting apidd gnot

di cul t ¥ . di st d. | X direction exist
Dt reon 0 af UG Fllud 58 réleRhEl§80Ck Ahoh g a0 shinimigs demicsndd sod. -
di rection exi Ssarbapaiemoted] With @e stille HoilisE oP HeNecdtt daﬁ\iﬂlﬂ{g d&&gtﬁ%ﬁﬁ%g y
o

is rotated 180 d(gg{;ees as, shown in Figure 5 the sane distance
di rection exi St¥e J@eﬁNCpB‘ioﬁ?SSQf, 30,98 *s tanil the skt positionaofitheHirss dateming

di stance d2 i Qget-fag 3% plidLGhs | poy . and strike.point
x3. Further m)rg t he tvmgepolileg?g%é eﬁd@%@%%ﬁ}é‘f gWe?%‘ tlgﬁ f?‘HeSt%edP?sétb on
by a distance value gorade tie ENE predeser 30k caloulate the Sirike pdsition dgreadidiien thidhe

second taple | L . S2 + d, + d2.. Because. line 38 [ntersects_the
axis of %t at id@s%%é ,b%B’F]etcaé‘ n e é‘Pﬁﬁ@QS‘@Wsiﬁ%ﬁ ‘?‘?é’g(?(?ﬁé‘f)ﬁr?g t w‘h’ﬁ’el & abpresifiglly s
rotated. Thus thd first sprkatb¥Wisteqadl to xP- 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:



4 1 MAY 2004 Sl-dl -d2 = S2+d, +d2 , and therefore S1-32=2(d, +d2). From
the geonetrical relationships shown in Figures 4 and 5, it, |s knovvﬁ bﬂat

d, =y tan(90 - B,) and d2 =y tan(90 - B2) . 5 Substltutld"l 0

rel ati onships into the above equation and solving for y gives: SI-S2 Y _ -
2(tan(90--0,)+tan(90--02}) where y is equal to the crossover error. Wen O,
and 02 are both equal to 45 dgq;r_%es., 1 Si rrpllfled t o:
S1-S2 Y _ - 4 10 In addition to beldng gfgf?g rgir%dﬁﬂ& %?ams S
possible that the centerline axis of rotation 18 could be not paraIIeI to
the Z-axis as shown in FigureS6- SZSuQGal,nﬁmaral |l el ismnmeans that the
crossover error wll vary as a function the Z- axis position. To

determ ne the ¢rossover error in such situations, the slope of the axis of
rotation nust HOTHBE SFampisgal refatienships shewade Higuirdsshad Hyt id&hewnithitng t he 15
crossover error at two know Z-axis positions z, and z2. That is, the above
descri bed process is perfornpd Xi |t|on term' ne the
correspondi ng crossover errg? y?}tag(géagg %ggt z- 3]3}?2(9{} séja on z2 to
determ ne the correspondi ng crossover error y2. The slope is thus defined
as the chénge Substitating tiess alatfoneliip® intél thel b6 0k Qc}hahbﬁand?&?}% fbr"&% 5:Z-axis
posi tion. Expressed in equation form the slope SL is: 2 -Y1l z2
-Z, It is next necessary to determne the intercept crossover error, i.e.,
the crossover error at the zgra 7-axi sShoS?tion. The intercept crossover
error yo can be -7 1 MAY 200 ~  2(tan(90 -4, )+ tan(90 - 8, ))

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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determ ned using one of the neasured crossover error values and the

calcul ated slope as follows: Yo =Yi -z,SL. Once the sl opegSL! and the

i ntercept crossover error ya are known, the crossover errors |5 2@0 |ven
Z-axis position n can be determ ned using the equation: Y. = yo +z

f oregoi ng provides one preferred nethod of quickly determning the
crossover er r odeterhfigédeusiiceond GRIBY ﬁieastﬁ%ﬁ‘%fosl‘d\@t“@rrﬁrp\pi QAR OLa1ERLE E”oE' ng
crossover error that could be used in the probe chor corrpensaatlon sth

of the 10 pres®iPliPWention. For instance, the above-nentioned U.S. Patent
No. 5,373,222 discloses another nethod of determ ning crossover error
using a single datum ng dewﬁ But TE.Be two datum ng devi ce net hodol ogy
descri bed above has the advan %g provi di ng capability of verifying
that the table 16 is rotated preC| sely 180 degrees. This is acconplished by
det ermi ni ng t henéd 1P sfopé SE3mA tH@iﬂiéRé}ﬁ cr%éo&@\éh%? 32re MR HnB lor SRR %ab le
position. As used herein, the drop of aumng ®vice reTersct the™

di rect i ond di st#@8E SeR ey posétianey caebesdeemiihel ywirg the equatiod: t he  poi nt
where the X-axis intersects with the outer edge of the rotary table 16.
Thus, as seen in Figure 4, the drgpslsi or the first and second datum ng
devices 32 and 34 in the fll"g"[ vabl & {505ition are D1 and D2,

respectively. And as seen in Figure 5, the drops for 20 the first and
second dat um ng devi ces (o) a8 o 1] . and
D3, respectively. The X-]ggali?%oygt? Ig)r‘{gdegf()ﬁtgﬁe ta%cfglegltfta e&idd% %Et%d%fngct ed
by the probe th casgover ¢rred i erm@recmwpmc@&mm'e@m @momesenf detganmaing -

tabl e 16 provi re ace in that it, does_not
exhibit a chancg‘.%%‘d‘?& egl%?stﬁﬁgb élﬁr%cit Hrg ftﬁ ord gompengation schamg Qﬁq’
Thus, ifl@he gwesenf utvbﬁtlctntvo Rk qﬁaami i aBével@bmidned © QY Fatent MR, SUM30d2ot he
t wo drops aftey rotati o é D2 = D3 + D4), then it is assured
that the tabl i%s%é‘é?f F'&ﬁ@& of deteEaning) eoswNer sEer ughE« sinalecdatenmger
error has beemedf%&esm e dwo WAL dViEORRABHOBRY dlBrBOl Ve Rl b aavihilR 2"

t he observed work piece dianeter mneasured
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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-8 31 MAY 2004 to determ ne the actual dianmeter of the work pi ece 28. The

calculation is explained referring to Figure 7 which shows WZ@Q
28, the observed dianeter D,, (i.e., the chord |length bet and

B as descri bed above in reference to Figure 2) and the actual dianeter
Because point Ais |located on the circunference of the 5 work piece, a I|ne
ext endi ng bet wedatermmedhe aetnhl diemater of 18 umrk pmcmlzs ATiefcaleamtibhés exgtiided

di f h he Y
i reotion i stonEan0 RSy Pictisbodr silubek pists oF, i nbearrad Shoear Dadioe
ro, which is thatfor@lengheb@Wsa ¥sidisdh an®hels d@@cnlﬁﬁfabﬂ*@e fh treféilgi{CStt& F%@

Thus, applying the Pythagorean Theorem gives:
Do+4y2. In i néflaﬁ%%gctwr{efh@n@tnreDeeﬁ@eausprp@max&ss bpauemoatthomrmanfemca of tepe

cquat fon by, "Tsigy 558 Bxichdfg kvt b BRI i B BT pBn! Bocted B «

position of neewalr mdmstr of rthe Awork q;uebelBeeksadh@wa int Flgut‘er'ﬁ)sﬁle\t@dmﬁu e It
the Z-axis po%ttlon f neas determ ned w_th

t he
equat i on: SYPIIStRRCE Y’dYVﬁ’gEy‘s t%%%""é%’t"ﬁ’é?”ﬂ‘i’éﬁgtt@? CB‘?rdth}é‘“Mcr Rvigeheise 28
can be 20 dqamrm fed obgepiad BRanRese DY edetha e tight %d@?@wfm 5, la%s%%h]? Obe
SOI’

26 and the calgﬁiated crossover error. By programmngthe

to make this agefieal Thepremigivesat he 10 is capabl e of automatic
conpensation for probe chord error. The automatic probe chord error
conpensafy on of the present |mveni+ n1£inizes machi ne eval uati ons and
adj ustments and pernmits a Iarger° Sbe 5 th tol erance. 25 I nproved
measuring accuracy i s achieved and nmintai ned substantially independently

D, =D} +4y* .

In instances where the centerline axis of rotation 18 has a slope SL

relative-to the Z-axis, the actual diameter D, can be given by the equation:

D, =yD? +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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of the probe's alignment. Al so, the initial probe set up tine is reduced.
-9 31 MAY 2004 Wil e specific enbodinents of the present ighdeht] e
been described, it will be apparent to those skilled in gﬂg ﬁ&%?T%Q§¥
various nodifications thereto can be nade w thout departing fromthe
spirit and scope of the invention as defined in the appended clains. 31
May 2004 CLAIMS: 1. A nithled spdcifto rgpendahémy dfothep prlggntChRetie ke | bkeal
machi ne tool incl.udjn rotary nmenmher for supporting a work piece and a
probe havi ng gesﬁlaﬁ‘ﬁi’ d?wt?lll 5’\9&@"‘%’% to%ﬁég‘lléaﬁﬁrth% Pﬁg‘g%%‘éafsquépfﬁ‘o@ﬁpaan
sai d probe t OthERAS BirEh@ MadB SAFNGRE dEh RS BbmOhe S rﬂa\‘iﬂrskoﬁ St in tish s ng
sai d machine tool's crossover error; and conputing an actua glane er of
sai d work pie@ﬁhwﬂéhﬂ§é@ﬁﬂﬁhdékd@@- di aneter and said crossover error. 2.
The nethod of claim1, wherein said actual dianmeter is conputed using the
equation: Da= Do+4yz where Da is said actual dianeter, Do is said observed
dianeter and y is said crossover error. 3. The nethod of claim1l or 2,
wherein said step of determining said machine tool's crossover error
conprises: installing a first datum ng device having a reference surface on
one side of said rotary nenber and a second daturning device having a
reference surface on another side of said rotary nenber ; probing said

ref erence surface of said first datum ng device and said reference surface
of said second datum ng device to neasure a first spread between said
reference
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surfaces along said probe's path of travel; rotating said rotagymaprbes 180
degrees; then probing said reference surface of said first datum ng device
and said reference surface of said second danm ng device to neasure a
second spread between said reference surfaces along said probe path of
travel ; and dmdMS:ng said 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 2G04 5. hado ' [ hord.error. i.n a
conput er nu?reri céLI\ I%em?gnt ro@%gﬁgﬁ%{ﬁ%&@%@lﬁ i fic rg@?%acﬁx,n%\};o%lnlaclzdmg a
coor di nat e axelry membeafyr suppotiarz 4 erorls pierdndngpwbebikngagath ahdadBvhag an
axis of rotati a _probe veabl e along said X and Z axes, and a
processor, tﬁ%%“f%‘ﬁmé S¥RiPtt he steps of moving said probe al ong said

X-axis to _rreasureugﬁgggﬁgﬁmo%%&te% eﬁ@t@lﬁimﬁ’é@ér'ﬁfgiiﬁ 'kﬁfeg{'i ng said
observed dianmeter in'said processor; eterm ning said machi he tool's
crossover error; deteoninimng seidimachbedoals drodscvertrenr; amd sai d processor; and

conputing an actual_dianeter o ai.d rk piece fromsaid observed dianeter
and said crossover%ogjrplugipg & a?ﬁlﬁn‘ée‘?’l’i’ﬁmgero?i)éf“éli ok Rifes digm sy ‘géﬁfﬁ%ﬂ

di aneter is Qomtdradd sied B@ssovBeer@guat i on: Da Dp +4y2 where D. is said
actual dianeter, Do is said observed dianmeter and y is said crossover

error. 7. The nethod of claim5 or 6, wherein said step of determning said
machine t OO|2. S CH@RSHYEL4 %@rc?gimcﬁr%flér%&séaid 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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installing a first datum ng device on one side of said rotary sewmzgr2008ai d
first datum ng device having a reference surface arranged to intersect
said X-axis; installing a second datum ng device on another side of said
rotary nenber, said second datum ng device having a reference surface
arranged to ihtersécmethod Xf aodmspensptiopi figr gavble r ef@dere@rsit fac@nuteai d

first datum ng devigce and.said reference surface of said second datum ng
device to maalgﬂ?eél_cﬁﬁ HE 0119@9’%5&51“5&?&6‘&#“3’9&}% Y ety &rfoardingty ¥ Ao
sai d X-axis; mt@bbr S@ipdriing $voRPpiedfad dh a3 arP 28 68504 tion, & feo%%'rrﬁ‘cgrglﬁlg%d

rotary menber 180 degrees; then priobing said Teference surfa
first datum rionespidd aadd azgs,and e ercesson thameéthod cafipisingihs stepnsf: dat umi ng

device to neasure econd spread be en said reference syrfaces al qong
said X-axis; -12 3‘%"1?@% Si@d’ﬁ%‘? %PP%@E‘I&??BX@&%BWGS‘%PB&@S?W diapretsr gt gaid or -
and conput i ngwedipiecgy ossover error fromsaid first and second spreads. 8.

The method of claim7, wherein said reference surfaces are both arranged at
a 45 degree angl etofngsajdobseved digmstsr i sxidnepesssod, The nethod of any one of

clains 5 to 8, fur&e'f@?ﬁﬁrﬁﬂwdﬁqia t%Blesrcrﬂ')sni n crossover error val ues at
Hd g 387%

two different Z-axi's posi and” using “€Pbssover error values to
determ ne a sl ope stdrirpahid dhs¢rseddiametefin said grédesdorv@dt 0 said Z-axis. 10. The
met hod of any one of claims 5 to 9, wherein said actual dianmeter is

conput ed usi ng t hefORPTEARE 3R actial diamwter of waidwapkariecerfiom saidagbsersied diameter

di aneter, Do gngssakbRs@Reeiypd dianeter and ymis said crossover error at
the Z-axis position of neasurenent. 11. The nethod of claim 10, wherein
said crossover error at the Z-axis position of nmneasurenment is determ ned

using the equat | °"he 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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. Y. =Yo+zn, SL where Y. is said error at the Z-axis position of 3ftbdayuoesent,
yo is the crossover error at the zero Z-axis position, zA is the Z-axis
position of neasurement, 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

clainms. PROBE CHORD.E ENSATI ON, ABSTRACT THE DI SCL@URE !DI’ obe
chord error conpen%tg?l?%ﬁ?d%e%ffﬁganFqﬂdﬁmﬁ"éﬁé% tool (10) including a

rotary menber (16) cénq;uﬁﬁgaa@h%kme&ﬂwﬁ%npéaﬁpﬁsﬂéﬁ)sf&ﬂg sgregdsf)be. (26)
having a path of travel. The conpensation is acconplished by using the
probe (26) to nmneasure an observed dianeter of the work piece (28) and then

det I ni ng the cr r Jerd or. t.he .machi ng t ool 0). The, observed
diearen;{n er a%d %Ehe cr o‘f:fs%\oé@&? Oféfain?}r ’ﬂfgr?lﬂéﬁglfg%&c“t‘% Sﬂé’lﬂﬁ%taée Q‘HB aFensedpt gce' s
actual di anet4d degtdeengleywithGesHeerts adill XJaxiQr any probe chord error. Figure 3.

9. The method of any one of claims 5 to 8, further comprising determining
crossover error values at two different Z-axis positions and using said crossover error

values to determine a slope of said axis of rotation relative to said Z-axis.

10.  The method of any one of claims 5 to 9, wherein said actual diameter is

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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