METHOD OF TOLERANCE- BASED TRAJECTORY PLANNI NG AND CONTROL BACKGROUND
OF THE I NVENTION Field of the Invention 100011 The'present invention
relates to navigation of a path by a nmoving object; and, nore
particularly, to notion control systens for conputer- control | abl e
machi ne tools. Description of the Related Art [0002] Automation has
resulted in the devel opnent of notion controllers capable of
signaling actuator devices to effect notion in |inkages along a
desired trajectory while perform ng useful work. Mtion controllers
permt increased speed and precision in performng a given task over
manual operation. Robots and automated manufacturing equipnent are
exanpl es of _a fGMIOf the products that utilize notion contr

t echnol ogy. Mt GEPRAA hgLE Eqéds BRI RAJEGHDEY BleaYRING s”rfé'aC@NTROL
speci fying the desired tr@A@ﬂf@’RblﬁD@)FG?ﬁEﬂﬁtV ﬁf |l ine/arc

segnents, aI Ong Wlth the destrea vefocrty of a tool aI ong each
segnent . emgfont he tool is often kept constant al ong each

segnent or p nments. o | ex. t es becausg. vel ocity
opti i zat | Jﬁﬁ‘ﬂf Hﬁeng& TR SR e G P O 5 0Rg i

consumi ng. nhd20ORticdtirsy, thmbBeEcontiol fFEtaas BiMcbRphtel EoMbBRANY MadlAeodls.

f undanent al_ under st andi ng of the trade-off between velocity and

accuracy. \Description of theBelated ARt 5t hi gher velocities it becomes nore
difficult éﬁﬁozg hefRiiioR 'hassﬁéﬁht%ﬂﬂlﬁ e AlRYopHiint &‘i‘mﬂ%ﬁ cBﬁt?ol&F@daﬁEﬁl@Bﬁ/
Thus, trajecto programmers nust nmeke a‘trade-o bet ween t
velocity amtgnalhm gotvator dedees dd efifast motioraindingages elodg 8 desindd traplont whi}e

These deci 1S .ar e fte r odr.a i ence
Toeort e e Bt focfl Vo R6h ARebiSs RERHIRTEEL] SRt R LRSS B0, |
execut ed amperforfaeing apidei taeldo\te@ nraﬁﬁhl eperhthfn \Raibofs lahd(autﬂmste@ triafufactudiey €
an undesirabl.e devi ati on fr the quI red ctor is ob erve

Thus, progfaMREFY %?W’(Blcsf’ Pragpcty ?Fl E° Beuen "él!i‘trf’ EO(SVy,
and t her ef Gkgyrh@irgURdsk Ubvigds id &&n@édnﬁﬁsh%y@éﬁlﬁiﬂgﬁhé erﬁ&'ﬁaﬁ&&ly as

vel ocity al onH the trajectory. [0 Mot i on contr syst ens ‘for
manuf act ur iasgllestion phline/arc sfementsy @@Wﬂﬂdﬂ'@ desired welapitt ofra tRer?@Tf!E@a‘Fh _
Controller

Cont o 1 e SedCo T AASTBE o TR Ry IR Bk QB bEfup of
CNCs may beegnsants ofttcompler trajgbtoriesrhetause uelpeity aptjmizaten alosg Cih:ha)gllit atthes
grinders and £ conput.i ng devi ces adapted for the

.mlls.
real -time 88}??%981‘%%‘%‘%8?%’@“88 ugjmgﬁ\ nunerical controller receives a

set of | fodwbubpstjﬁmumm “nlb@gogfugﬁ fggauﬂedtérynﬁ@egd fudarirental uﬁdaga:miﬁg@ﬁ e
typically expressed in a standar M c ., or.a close, .
derivative ﬂ@f“ﬁdﬁﬁg heﬁﬁ'ﬁ’fﬂé@’@c‘ﬁé&@d‘c@ﬁa@r tIHéP”eflllfg"Wﬁ'@F ?fa\’ﬂglﬁh‘é‘f?ocmcs 1t

Standar ds Gegank &amﬁc(uhtfr@the&o&tﬂaﬁsﬁ{eﬁ%rsw'oﬁshel it thdj@ory. Thus,
Associ ation (EI A) RS-274-D, using codes identified by Ietters such as

G M or Firajeplerscpydgremensts mest makeg tradecaff bitweeicthe m:lﬁgty@aérthﬁ pregigion of
control oy o, o ﬁ%d@?ﬁ%‘cﬁg&fbgfﬁf ger%?sgotn]sa;lém%ten'ﬁg&ﬁ'oﬁ control | er

converts the co 0 a seri signal’'s whic control
not ors at t prigether's@xpaizheamadtreslt iwid mratmeg:rcﬁ gnanmntgj ocesd wherein thxo|

al ong the programred trgj ncontr |1 er oeratlng
o b1 ng RaHPRGS peecnlsd o6 e ot edttedfie oo G o8 siatos e

coor di nat e yARaRad ASridiRe Fonthe SHMVE hajeét%g BBserv@d MRS frogfammers

manuf acturing equi prent which utilize a for notion control. A

t hr ee- axi s c@Kxol feldeviggomizernitheedenized trajdstony) and dheeelorethyoquality ofthermetipn,

and a tabl e novab V. n the X, Y plane. Mtors
cont rol ?}’ laﬁﬂ%ﬁ%g Ié’e]loﬁl?%ﬂ%ng)l‘k%ﬁé 34"’&1 rections and notion of
tool in theooddpi Megibh osntrod Sistllsi fonmmifRturing tehapmen often réferréd fordst esi an

coordi nate system_Positional_ sensors agencoders or scales, @ypl cally)
provi de fe&aBwuter Nuaerenl Captralless (60Ws), iaBempiito megingige thewelopity efgmetion ¢ o

control while minimizing the deviation from the desired trajectory. CNCs may be used
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[ 0006] The deviation of the actual tool trajectory fromthe desired
trajectory or tool path is referred to as "machini-ng error." The
machi ni ng error may be conputed as the di stance between the

i nst ant aneous tool position and the desired trajectory as specified
by the tool path. CNC tol erance is defined as the anpunt of the
permtted machining error while machining. Mtion controllers are
expect ed t ctorcaiintlananufpotuding equipmérit s@kiG@s lathesy @rinders atidhenilisa PN@s arg err or

d d f agt i, ncl udi t f .of he noti.
cont ol I or STHPAEHE Sr it autelor BE ealrB fo Rl FERETHF orle (PR y
duri ng nachidhirler rbd2ivg§ Bt AF codell xatctions dhbfops a‘ﬁai‘t{prd’g‘?zﬁﬂ! Part propfder
machi ning errors. [0007] Known part progranms do not explicitly

address CNGre bipigelln eepressedias: staprerd (el cnde leagiagepapalase derpative of this

pr ogr anmer . : ess

t hese i ssuelgﬁgl{zg&%(g{éﬁ?%qé g%ﬁ%@ém%gﬁﬁggﬁﬁ%r%%@eégéghLgfsglbr}g)gﬁﬁom CNC
pr ogr ami ncElkctrupica dedistres Aksoamtién (EIRPRI2F4D), using codes édentifiedby letdrs on
controllers s r{. t otiqn of, constraini,ng nbtion so that a C
Coler ance. SyRRRPaUs b T ol deind araumice o Brichoie SReatrss posfro.
control syshgi®n infiied Maivkgnre 6B fi TiRMmufRfiédl Behtioletioal &S HASRIEs tRoN
tolerance, is disclosed in U S. Patent No. 6, 242,6880, which is

i ncor por at egripierfelestrigp! sigrals whigleconiipl metorsittgched ten maphipg wekgffesting the
significant st f, . l%%in f ion control, refinenents
are needed Tﬁﬁcgfo é?eretegi #(ﬁ%%@%gee regttrélg@{o I'le still operating within
t he tol er an0803]i n tetioBtiMiait dperatikia fiNigiirachine {s@DO 8fanffleofC¥E€ent

i nvention | i es. spoot hi ng,to _any traject.or not i ve hody. For
ol ot rthes EiRER RO R iR Aibisdin iEehifl RV AR b endibles of
traj eglt ory :ﬁ?xﬁw:rﬁi@h te'qaﬁﬁmbmdyhh_icl'lsmﬁfze aLNC ﬁﬁ!fit:lo;ﬁbﬁ c@ftrom.lr.qjtmeé-hkie é:NC
regardl ess of  whether the vehicle or_ projecti travel s by | an ea
or air. In Bilkingmeghine haspheaderhieat ¢ bl ISWQWSFI@E&@@%V@W?W‘WQ*%%O
be applied & iﬁﬁic@?}Y bﬁﬁe.ﬁﬁ%ﬂ;‘i@éoﬁﬁ@lfm@tiog%@tﬁ@?ﬂhb Bfthé Roindblaéi?&ti&%l dnhie

CNC tol erance specified by the progranmmer and the_programmed tool
path, defi rrnwgamq{éommwﬂéuammm shing e exthoganal dadh siam Capaginate e

pr ogr ammed j.e . -l i i kot i -
Peedback. 1A EhEFofhal Fabrs (RSBl iles BBy ekl Rl rioatpe s
of notion tpositiomof tht el pdthiréspedt tdlthe icadridmate fsysiem ofithe intd B ncbiye.a e d
path so th he requested CNC tol erance cC be. achi eyed. .[ 00

Fol or ance RLGaES A ear spesdiiis g0 i FareLiar 18 0Rbed BoHs ne
tol erance taapbdifiedVEHiR BN fotdradd) CTHEREAt-dlien e nifidsB udRIpares tHe current tool
effectively allows the CNC rgigrarmer_ to,pr%%rama part by using the
maxi mum  orPoREgn “ﬁ*ﬁ%lilfrﬁj’ﬁ?lﬁffgﬁo radh. pYeing tisfeedback, thsrcontreliey gsnegaiss: i ng
condition, & ' b kit and
R S b T i R
snoot hi ng tdesiraddbelgpathi ar trARCIoras dlaselyraa possitd¢ whide s tovl miones alongthejispl
trajectory,_ fol .exam o C I | ec: i L fvi

NC 1 e sogaani SRR R O HOTERIG oA AR wbd BB ML A (gt
data i nto aided myehiningr@iAdMedystelng a gi ven tol erance. Data snoot hi ng

R e e
relatively Bk beréidvia by "RachiafO&or." THR Rachifte Gfor SRR Qbﬁ?umxs e

dependent on the specified tolerance. This technology has the benefit
of achi evi ristanee beteen the djstantapegus tehpositierr anddhedsisited trajeciertyas apeciied

better feedrate cpntro i r.OVe ur f,ace fi.ni.sh. 012 n.
advant age. o @O HRLE dNC ot S HEitaed ah 1P ol ok psatiod Plasine
traj ect ori ggropwhil®hachighpsMolbn E&lﬁroﬂ&@faid&péq%ﬂ to mviit€ingR6d bicidhaCNEC
the tool paths are_snoot her, therebMermttl ng hi gher feedrates and

provi di ng doiswnererTheumachining estor densndiornanpnycleeorsigduding the eerfergiansraid



[0014] One option in a non-TBC Lookahead algorithmis to calculate a
speed limt upon each instance of the notion distance being found
insufficient to achi eve-a desired speed change. Such cal cul ation of
the speed imt may involve a | arge anount of conputation. Repeatedly
perform ng the cal cul ati on may be undesirabl e because of the

processing nme _and resource |red e add|t| e | pokahead
al gorithmo 1°Br°%‘§tfé)il€ )l qe%ﬁte I favqrype é‘iaéﬁq@&’ ‘HHEept as

a netric of m%é}ﬁﬁiﬁ | W@éd%ﬁt 11@:&11\4{%'1 € QHeH
efficient. EOOlS]gUInnIr% ke tﬁfeghg | assi Sﬂ?ﬂpr optorta:\f%nal ifnﬁ{tgleegﬂr&al and

Derivative [000T) Kppropartprogiams BB@otexplicitly hddresy Cm\E’étqlnwute o;asuase The
control technj,ques non int-t cle
control wt % r aei t8t():lt %{?QOQM ﬁ%m ase&fﬁsgp}ugt Se@%ﬁ&?@? 0 alt% ﬁ&y

i ncl ude | god{ddﬂ@s &Iesd/\ibﬁfeﬁdhﬁéﬂ:pﬂdlei‘ﬁke tambt Be(?xpﬂessk&hﬁ_iggc mmwxoCNtnel
programed trajectory an a accordin : conti nua
processes nﬁfeﬁgaﬁ’émfl% gYABES: W‘Jé‘ri“mgﬁ‘i He-121 18R OWIFW&’H@%’Q?QF%IFﬁ'i%d
trajectory ﬁﬁ?m‘f pRWogEOES é?ﬂ}lst?auﬁﬁgmoﬁ&r 5o tﬁé’c%@ﬁ"l ¢ idlbBicet sBec1ﬁcat10n 1 js met.

i nst ant aneous $yiﬁl ssue a control $i that 1s responsive t
i nst ant aneol¢40 cMQierﬂgcedlam In¢tm1F§0n\[r®1@I$$€}m,l including amﬂ@démtsettmg

t echnol ogy £ @g(gas lePangf élscloseﬁgéﬂégégat%@%o %ﬁ%ggo,ﬁv}lﬁ is

control |l ed along ory an ar
wi t hout pol iylgﬁrpoxateﬁmepeimmt refefiencd N@hilk shis pdbent tdp&iser[tﬁy sigaifeaiterp daelaido
foll ow an ar dtr ector rather than a tr

é y.for rregepg‘y a ..
series of Birate IBORPESATRREcde tnarred imprayeeedriss vhije
use of arCeﬂlntdpafaﬁﬁg%ﬂlﬁ‘ﬁh@ﬂ,qhﬁ@ggﬁh@t ed vectors in real tinme instead

of segnment-based trajectories, TBC control may elimnate the
conversion of arc traj ect or Wéﬂ@ﬂﬂﬁappr oxi mati on of

the arc, af“ 9] res%%‘ﬁ 3Ei§1<rf%1%a?1:%§§rh5tjtﬁﬂ tponjéggry%f GtinApEpNt S

the elinin e reauc par progra
si ze and thﬁ)r@kmnpla,ahc puesent mbmiqnnqussapplgadneqmnmthdhettwmyef gny

TBC mot i on REPIFICGub R pidld o GOAE RS LR oy

comands f r@ejetdle rhadkehaad] sedieir. aﬁd speificriiplenftatation, \the pﬁé@etneﬁilvérmon
track the contaur trabﬁtory Thﬁ BC notion control js qc:ilffer

f r om non- TEESH#EQ brrapplisd togdivshthe afe otip CNL maghipgitorbbas
tracki ng cagfetfke sgebiffeh biPmedrd drahiat: £ d fro REAWIER] pﬁt‘ﬂoé&im:@lﬁe above

mentioned and ot her features and objects of this invention, and the

manner of anmmnmr@lownblnfeemtq atigacicirpintalong ﬂwm@@gr@nmeéﬁejepﬂq@ ihient i on
Itself wllpgy ?m?t?&lt tﬁéxﬁ@?fe%’ba&? iSlsed ot m {)&ipﬁ € rdeBlat oMb @g%w actual

descr|pt|on of an é HVent | on en i n conj
wi th the adcajperpanyf mgtwh tmvlmngth,e pokitdoredeviatipt Gbe) mﬁdgalrmogrammedpathew

chart of o odi t t ol erance,based control nethod of the
present i :}Eﬂt%qu%%aﬁﬁéfﬂﬁﬁﬁchcén Sk di agram of one

embodi ment [001( TRl&ERR BasEECArof 0T C)Olechtides Thteddubah®h@F@AYT CNC |

i nvention. [00 1] Figures 3a-c are diagrans Illustrating the naélgpl ng

of di f f er erfflefareiofherrogmmpias o MAHNRBIRVITPRIGPn gt dfec
space. CNC programmer to program a part by using the maximum, or near maximum,

permissible feedrates for a given cutting condition, i.e. cutter, speed, depth of cut,
material conditions and so forth, and specify a desired CNC Tolerance.

[0011] The data smoothing technology in TBC control may include examining a target
trajectory, for example a programmed NC tool trajectory identifying NC line segments
which can be smoothed, and converting these NC line data into arcs while maintaining a

given tolerance. Data smoothing may include converting point-to-point linear moves
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[0022] Figure 4a is a plot of programdata points, illustrating a

met hod of data conpressi.on according to one enbodi ment of the present
I nvention. [0023] Figure 4b is a plot of program-data points,
illustrating a nethod of data conpression according to another

enbodi nent of the present invention. [0024] Figure 5a is a graphical
representation of Level O data snoothing. [0025] Figure 5b is a

graphi cal r eph g 3&eale 2 Bnfantl gbntia s @uﬁ%ﬁ&@é@ﬂleﬁiﬂgg%h vﬁﬂﬂﬁéfaﬁv@l?

is a graphical representatioh of Level data snoot hi ng
Figure 5d i small guraptmeo&angeepl"mmﬂaof snogifing weebe depdadeat @n’d;otspncufyd

[ 0028] Flgu 5e | raghi ¢ epre Jon of

oot hi ng. - 103G AnE FeRRBEL Ry i BReRFET B bR Short ¥ TajefioR Shoother

i |1 ust rati ngelacifg bd@iravion Setiectédige dadteol pad Mpfove@ stk AngADOL hi ng
according to an enbodi ment of the present invention. [0030] Figure 7

is a perspel@Uigh Gnagvasfagy Oﬁwstpre@wtw‘@gﬁlwém i PRRYides dnprpyed saiscienies g
a method of caglUshider the ARV &SI, leBr EFHE,Qh@ﬁG a%s%eé p?(ﬁﬂer

enbodi ment of the present 1 nvention. I gure s a
i 11 ustrati ntheoabe psnmplnaﬂugbnefeedrb'@damprDdegamddbm sgrfagee 08 ﬂmwﬂ(rp@ce

I th 3
) Pustrac i g6, REERERnedERRloR) in T Eheces FoK PG ke Buffe Yookt ng
al gorithm oalgbhe;nﬁrleamg the y@sibmm of §&9sidlvatidng oveeshbBtings taderfhd@tbreaching,
illustratin ot her st ne errbodl nment qf a doubl e arc
snoot hi ng aaysf 2pd P?qﬁéurggcs ORPFERIQAS. orighsadmay Fngure gngughy

plot of thegisaake %%&@ér&t&‘ oV §dceldutd fré‘fﬁ on:?&p%@d {oSAn6iheL AWhéh tﬁé lén%ﬁl ofa

S-Curve. [0035] Figure 12a is another t he tool velocrty
ver sus ti memotibs ecermshiis r@@twtely shert gnd @t@a'augé foralarge speed change, the

lookahead algorithm may calculate and limit the speed of that motion segment according
to some motion profile, such as an S-curve speed profile. Because lookahead is usually
performed in real time and includes recursive modification of previously processed
motion commands, the high efficiency of the algorithm may result in reduction of the
CPU load and an improvement in machine performance. The recursive modification of
motions may involve only logic and addition. Moreover, the algorithm may have the
advantage of requiring fewer iterations of modifying previous commands. The algorithm
may have a further advantage of improved run times which increases the system speed or
throughput.

[0014] One opticn in a non-TBC Lookahead algorithm is to calculate a speed limit
upon each instance of the motion distance being found insufficient to achieve a desired
speed change. Such calculation of the speed limit may involve a large amount of
computation. Repeatedly performing the calculation may be undesirable because of the
processing time and resources required. The additive lookahead algorithm of the present
invention may use a stop distance concept as a metric of speed limitation, which may be
very computationally efficient.

f0015] Unlike the classical Proportional, Integral and Derivative (PID) approach, the
TBC approach may use predictive control techniques, which replaces non-TBC point-to-
point fixed cycle control with trajectory and velocity based motion control. TBC may

include looking at where the cutter tool is in relation to the programmed trajectory and
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[0036] Figure 12b is a diagramindicating how di stances are rel ated
to the plot of Figure 32a. [0037] Figure 13 is a diagramillustrating
the concept of stop distance. [0038] Figure 14 is yet another plot of
the tool velocity versus tinme for both additive and non-additive

| ookahead al gorithnms. [0039] Figure 15 is a flow chart of one

enbodi nent of an additive | ookahead al gorithm of the present

i nvention. JdpMiag abdogdifigly. 16130&01@1@&1%61[;:0%@@@@11@& toa fosRidROfEédvREK albg 2
non- TBC noti gn contr ol arran enment 0041] ure 17 is. a block

di agram of WHB therasesrpmmsd tresﬁcawméwlp%w@am@bmmmgmm of the
present invgghi 0&1?%34 Ednﬂ‘dfﬁﬁrﬂagtﬂaﬁs?&g&ﬁ%ﬁ% 6’64 qffstaqﬁ&%@ iurﬁ%ge

TBC noti on cont rangenent o I gure Fi gure
plot ill ust¢<mﬂ1tm95t he cal cul ation of the stopper pI ane nor rral

the.cal oul a00MY o ERanSRssseRnabarahlbRaly dhiet Grenvgp Brlomhihien
[ 0045] Fi gugchtrdlled Moy Piralbctdry s ismaddeRg ab b @rc@DpatOWitBOR Folydn
analysi s. approximation. That is, the tool may be commanded to follow an arced trajectory rather
than a trajectory formed by a series of linear segments that approximate a curved
trajectory. By use of arced trajectories and associated vectors in real time instead of
segment-based trajectories, TBC control may eliminate the conversion of arc trajectories
into a straight-line approximation of the arc, allowing for the direct precision machining
of arc segments, the elimination of the chord error, the reduction of part program size
and the elimination of the processing required to convert complex trajectories into their
polynomial approximations.
[0017] The TBC motion kernel of the present invention may take the motion
commands from the lookahead queue and control the servo system to track the contour
trajectory. The TBC motion control is different from non-TBC motion control in that it
is a closed-loop contour tracking control. .
BRIEF DESCRIPTION OF THE DRAWINGS

[0018] The above mentioned and other features and objects of this invention, and the

manner of attaining them, will become more apparent and the invention itself will be
better understood by reference to the following description of an embodiment of the
invention taken in conjunction with the accompanying drawings, wherein:

[0019] Figure 1 is.a flow chart of one embodiment of a tolerance based control method
of the present invention.

[0020] Figure 2 is a block diagram of one embodiment of a tolerance based control
system of the present invention.

[0021] Figures 3a-c are diagrams illustrating the mapping of different tolerance values
to different regions of machining space.

[0022] Figure 4a is a plot of program data points, illustrating a method of data

compression according to one embodiment of the present invention.



[0046] Figure 22a is a first plot illustrating arc notion geonetry
anal ysis. [0047] Figure 22b is a second plot illustrating arc notion
geonetry analysis. [0048] - Figure 23 is a flow chart "illustrating
operation of one enbodi nent of a TBC S-Curve Controller. [0049]
Figure 24 is a block diagramillustrating one enbodi nent of a TBC
control arrangenent of the present invention [0050] Figure 25 is a

oresent | o Esh o R P RBl S B AR i, B R AR o r or
[0051] Corr esmpeshicitict@ing enantiehanbedines Jf 0digata isentigspondi ng

parts throu%&ut the several views. Although the draw nag@represent
embodi ment s (1924} hBiggreeadnt eraphiea rensesentation of Lowel dfatagmoofing.

necessarily C i @a{@%@é d in order
to better i F%gfrg{ggm?r% S%E%P%Fér} r%ﬁgég%géle%@{ﬁvﬁaentl on. :

exenpl i fi ca{t0d6] sEigusfic ihegmphical rdpesstntati@sofdevel i2odath sweothing. t he

i nvention, | eform,.and such exenpl.ficatians,are nqgt to be
const rued aldbp?ﬁi Fﬁ%@t“ﬂ%& 5"@8%855?PI?919 ta{‘ %tﬁt Vglg*q SRRP ner .
DESCRI PTI ON[¢028]T HEi g i85S NS graphiENTépedNebiadéPdf 1Ro1N datd Windo@iad. 0 t he
drawi ngs and gartl cularly to Figure 1, there_is shown one enbodi nent

of a tol er af¥é%bakiguredont pist ofirp e datropodts. dliipstrptingsamethpdolssler g data

i ncluding t (HpezTelet- X - ) Al f e based
controller gﬁn{%ﬁgd&r esentﬁ“%e\l?gﬁ?}ngﬁb %e@?&ﬁ%ﬁxﬁ{&%@ " 8ﬁtg%‘%? efi ned
by the part [4980]gr Eigure\Ris k gerspestivovicwof k plot of program ditagwiis éldlistrating a
enbodi nent reﬁﬁ%e? Foua Parti cultar case ofct en(%ﬂ(r)gge O(iil%\elr?t%tf- an,

deal i ng wi t B¢ OHEEHE ROV D " SR VR ma§’/ e génerally
applied to prsinefmvb@isnng vari ous notion control situations as one of

skill in the art would rec j ze, such as robotic control, vehicular
control, pr ﬁloégt i f’g"”@@rﬁ?Bﬁ’?m&ﬁ%ﬁWé"‘? FtR%9£°‘{eGH‘}?9fln?eﬁt %foaquuglp G ep
102, the coghsdthinghlgh8®ai MeRe Redeht ilddiioh OM the part program The
part program may I nclude data specifying the di nensions, shape, and

ot her physi B4B2]c hBigurstdds p plot Hlnstating pothenstepmf ongermkodimend of a dentiigarc

machi ned. | a1 ra . ocessing step 104 i ncl udes
cal cul ati ngg}g&gfggé ?ﬂgan@go{ﬁ%eg@h&g%&%@gé? ates that the nachine tool
shoul d f ol | 833]n Bigorerl Otiva plovitlusteating getpacthensitdpifionaembédinentel g deitde t
period of tinme and. wthi. dig@nsi on?l t ol erance constraints. As the
part is nnc?ﬁcﬁ'éla?tgﬁﬁ §o1! BB U8 ng the actual position of

the machi ne[0084) Figukd9eds 4 plofofhedblidiovity ¥8dud nielaisoeefemed to as the S-
conpensation step 106 to nodify servo commands to redirect the

machi ne t oofuEve: conpensate for, i.e., correct, both predictive or
repeatabl e fosex Srigid 122 RAABMEY pINITEBERRRI P vESistine, hlRo HrdGb Yakhn
machi ne tool path as conpared t'o the commanded tool path. In a final
step 108, tH&unsdified servo conmand is transnmitted to the servo
anplifier f Ser. t4:ng. t he. | t kod of
Figure 1 isﬁ’ﬁ% d%lg{(]:}P ﬁg{é?yﬁ r?)l%lgr? ddé(}tﬁgp P%dis%%%sf%ér)%?&g%i tg(li)\& tdr'q’&e‘to | ow
di agram of Figgmer3@a2. | n general., steps 102 and 104 correspond to the

Queue Managgr . Jask of Figure 2, .and steps 106 and 108 correspond to
the Run Sys@gﬁ?_-ﬁTaé‘ﬁ“ISfl?’ _‘bﬂf?@a‘?}ﬁ%ﬁ%&‘li CEJIFCSEfrogﬁWH%WF%Vi de the

| ocat i ons Ofp0g8)s Crighi 1094 Pk Encdiker pltR obthe ftaut Qelotityt Wisud fide. forttivgh Addtive
Nunerical Control may interpol ate between these discrete points to

t her eby def dndanon-addisive kngkaheag algemthinsor t ool path fornmed of conti guous
lines and a .herel n sarc b-ndi t
of o ot r ol o100 TS HCFAR: e ok Sba et o NN N £8KBefu AR
Queue Managefithd pekenpimopitivaesses the part program notion data with
four consecutive operations that transformif intq hig ual [ty

noti on dat aluﬂéqlor%‘g\t‘fﬁﬁﬁﬁbl%}%@%ﬁm ROGKBEQHIBENtof a netf, B&dﬁ?“‘m control
oper ati ons ﬁ{a%gérﬁélﬁ.r ance understanding within Tol erance Queue 202,




[ 0056] The Queue Manager may preprocess NC notion commands such as
positioning (GO0, line (001), arc (002, 003), and an NC tol erance
command E used for the tol erance based control. Use of the TBC
technology is consistent with existing or | egacy CNC part prograns.
This technol ogy allows the operator to specify NC tol erance commands
along with the existing NC commands for execution. By inserting a new
NC toleran nﬁﬁﬂﬂ i:t D . ©X] St . he
CNC progra r4 i)(gan spel\(?ii 1%5b@f;??lggéjﬁl[&feﬂlge%%é%gﬁggggygs@ég%%s. of

[ 0057] The bitarigementaiftte presantinvkmtispeci fy a region and a tol erance

val ue to be ied to that regjon. along wt conmmand

Gent i 11 cat GAZ, Eigute i thatier logk afmamcns kot o n el e agment of
code: E tol piggle 3! Zzl Xx2 Yy2 Zz2 |id [0058] An E code requests
that a three-di nensional rectangul ar region defined by the

coor di nat es (M3} hBigdied§dnaplot Blusteatiog thel calcplation pfthe steipger plang pormap) | x|
<x2, yl<y2, i{'élcﬁagforqﬁlegno?i jon-zero NC tol erance value of tol. This
specific toflerance cormand ‘may be identified by an integer value id.
[0059] It i [0 sFighwe 20ds a plot illuptrating tteadiealation dfthe steppey plahapgrinal

tol erance regigns,. One point may belong to a nunber of active NC

t ol erance rg’g‘?cgﬂ’éforaf“dﬁg B-One enbodi nent of tol erance regi ons having
di fferent vaiougs ?i@dre@\l%é?lapillﬁlﬂréﬁﬂgliﬁ@ﬁbﬁ@r[ gdotnelry ai@{diat ed in
Figures 3a-c, Figure 3a illustrating a first case, and Figure 3b

i | l'ustrati nff046is eBignig 22a i fisigplotilivsetiegare fmogengenmatiyenallysiaf f i ci ency,

a |line nove I\ i (TRt i mH .oor e

poi nt, poi n[dﬁgy], bﬁggfg\eézg%égg&@e}?&m%en p%é%\iﬁ%Hﬁgg‘zﬁ? pl: ﬂ%\gﬁf In the
case of an HW48]( Frigure@33g) flowchartillpstratidg spaationpdiont emb@lime of a FBCG8-€
added bet wegn ag:] a{@ starting point ti and an end point t5. The

| owest of tHE"FOI°B P‘F(f‘es of the five points defines the tol erance of
the arc, asjooasi CEiged 2a)s i blecledivyghinGustiaiihg herBnibodilnent & a TBC cbrtrolt 5} .
[0062] After the tol erance understandi ng operation, the elenments to
be taken fr¥FAtEEREHhthe PEgseRdnVERBOLNd sent to Conpressi on Queue 204

are: positiposso ﬁg&g%%ﬁa blobi@a GRS INY &3 é&%&ﬁﬁeﬁ%ﬁaﬁ'aﬁ%ﬁ%&hlgemof

attached, arc commands wth required tolerance attached, a
pr ogr am endthe presem dnvepdoo®T variable-gain fedheelpeantrel efinoopdrearer.on wit hin

Compr o551 OnygQ*cG0paldify BEAALMLARLE i ERTBESRIRtg s TROVIRAL e

pr ogr ans, are shor I'ne noves esu or ‘surface
finish on tsesepphviews.| Althamgh desirdbliegd opresmbembodiments of the present ivention,

lines into longer. lines, which may inprove the part quality. The data
compr essi ortbeHEvIREGHE THpSTERERFP R Har T rRNE: e ooyt o
conbi ned i npGett@B@strate M8 Sxplaif Ghd gieseflifih FenEONPTREEMPlIARAIGA bt @t RN
perform such data conpression if it is possible to do so. In a data

conpr essi oniliBgEitsEnsMbpHimeat oftheiavention ig ope frm, andoiueh eremplifiptioppargr e
el i-m nat ed @i, B construed as limiting the scope of the invention in any manner.
DESCRIPTION OF THE PRESENT INVENTION

[0052] Referring now to the drawings and particularly to Figure 1, there is shown one

embodiment of a tolerance based control method 100 of the present invention, including
the performance of the major functions of a tolerance based controller of the present
invention as it machines the part defined by the part program. While the controller of
this disclosed embodiment relates to a particular case of the present invention, dealing
with CNC machine controls, the invention may be generally applied to bodies having
various motion confrol situations as one of skill in the art would recognize, such as

robotic control, vehicular control, projectile coﬁtrol, and the like,
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new line is formed frompoint Po to point P3. Tol erance boundaries or
constraints on the tool path are indicated by dashed |ines 402, 404.
Tol erance boundaries 402, 404 may be snaller by an order of magnitude
t han user-defined nunerical control tolerances by E code. [0064] A

i ne conmand is a point-to-point nove. Conbining short |ine noves
into a |l onger one may include determining a starting point and an end

poi nt anong target poi equence for a n | i.ne ve and

renovi ng al {OtoSﬁe ﬁﬁg@ﬁ.ﬁe& @?e 5%‘?’&’["@?”7?‘%"35895&%#88} f PREPYREE cEhe
repl ace thep grogh@ithay infladé@HLspeOiliNg iht dERsIBIoRS BRHPe] MADtRT PhyiRial

I ncl udi ng tﬁe tolerance condition, i.e., the distance from each of

t he renpvedchseaciristiesof theeparion " workdiqes” inibemaghined); Ingsneral, a rajetery
[0065] To d ' ks al |y
cxar ned | oA BRI iRusRidlonaties SARRRRET AR ipd oS BRLLE | Y
det er mi ne winethiertoal shexitl fgvnin osden td prothee dtkdmd within b eclatoelyrshes pertod of
gueue, or et he tession shoul d be rforped on on he points
That ar e pr BO8AR YRR IGA P ERbSoRtre. A1 T AL & PRARE B0 of
Figure 4b, RsEB4GR sjcddyinp Gichefaldsitibh of he nABKn® BoliR \uSedih agashictive and
found to neet the conpression criteria, and that it is bein .
det er m ned TARGQRERFOLfEMPpensationsien] O tanodify serve éomﬁéncl?é?rfﬂd%@i%bﬂf"@ﬂbé\?e,
or whet her r | | p2
and p3. | ThePrgeoapeRBeTioLt oD Bty Ob Rk bR Sapl dandphr o
1p4- pQ <0. Ofoni-repéatableegtor@in thoachmBmaciiae molpath £ domphet vetbn codMandgieds:
and 90 degrees., Test, 3. ol =.pl.tol = p2.tol = tol .= p4.tol.
That 15, et e dem ik 1R mosfed oo sproftiznt RoraauBiten i e Fom t he
tol erance tanpliier f@sbe iiacihbgngige prtidhewbRr di stances frompl, p2 and
P Soome 5P Bl ehihod @kt T ion oS oA s Sl ek e
conpr essi onf&i@grand &f Hif\Re 2D QY &t steh£F02%na 104 BSitespétdi 18 ieAGueub hen p3
is added to the sSnoothing queue and pl and p2 are discarded’in

conpr essi onMamgse Faskaf Figure  pedstepsgiPe and 1 ¢8ampiespopdl rotha RanSzpiem Tesleof
conbi ned i ng. e . ! .

snoot hi ng 8% P%’?T (;l?f g %% E{/ogga?@ﬁ@« Prlorl‘f1 ed © atl§ba|§W3r] %gét%\#ﬁggg z?‘rgl{gﬂsﬁlgflacr? [ Orfl‘ g
a gi ven t ol the patend HiedNwatrizalsOmtdo hinay intayol#d betneaythesesliscrete peihts to n

smoot her ve gr%{)}' define a desired trajectory or tool path formed of contiguous lines and arcs. As

used herein, the term "arc" may indicate a segment of a circle. That is, the arc may have
a constant radius.

[0055] The Queue Manager Task preprocesses the part program motion data with four
consecutive operations that transform it into high quality motion data before the Run
System Task executes it. The four operations are tolerance understanding within
Tolerance Queue 202, data compression within Compression Queue 204, data smoothing
within Smoothing Queue 206, and additive lockahead within Lookahead Queue 208,
The Queue Manager may perform the corresponding data processing on each queue and
move the data flow through the consecutive queues in a pipeline manner.

[0056] The Queue Manager may preprocess NC motion commands such as positioning
{G00), line (GO1), arc (G02, G03), and an NC tolerance command E used for the
tolerance based control. Use of the TBC technology is consistent with existing or legacy
CNC part programs. This technology allows the operator to specify NC tolerance

commands along with the existing NC commands for execution. By inserting a new NC
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and accel eration, better control of feedrates, inproved surface
finish, and full utilization of the TBC technol ogy. [0068] Figures
5a-e illustrate level 0, level 1, level 2, level -3, and |l evel 4
snoot hi ng, respectively: level 0, including no snoothing and
produci ng a cut polygon; level 1, in which arcs replace lines, and
arcs may not be connected to each other in nost cases; level 2, in

whi ch arcs | ace lines,.arcs are ¢ cted to each ot , and arcs
e ot ¢ arSEREE AR iR e R RN S but ProgBn e N e
arcs repl acqunlspéres. diférest GNE telRe ehRetaing. each other, and arcs are
tangential to each other; and |level 4 (a snoothing | evel that may be

provi ded byl00pd pFhedd@tolerageeromends spacifita eaionmad a falgpureaalup fele  arcs
are connect ; I c d
arc ourvat B saREdedb Bboy flf 3 pRhfahAIARRIkdn ARRECA RCWlorarBEl
of snoot hi ngymihdard i§ defaled s ap Bedder y, al ways passes through the data
points. In Figure_5d I d_rl nter and radius of the arc
defined. by the popntog_%d,eﬂz%}r?ﬁ’?%g#g%dﬁ‘& and r2 are the center and
radius of tfessyr casleichierqssithe aRigtdlitmeRdiondd FctifgulRfregibh Yefindd \b3itke ©
of an arc is defined as the inverse of the radi usé&;Jr . Thus, in the
> &

level 3 exaffgrdinags ofithn tiagonal comees (kbiydi #heng (12ary s Y EREn g2y om
he tvo ar (it ko NCBIGRP I BALY R BB foiBidll SotiiANgRaTSE TeCn

level s in tidentsfied bg at eeget halualalt a points are adjusted (within the

specified t ance) to .achi eve adyal vature ch es. This

265 ust rmont  OPSIndE Baesbip orbiud B 3005 e frtinerti ipmpneciboasscdinnn Que
the mul ti - apdig nfdy HeRiAEitd'8 nluBber VEhdtve BIEt folofdhctl fdgitths CNC nachi nes)
because the adjustnents are veri;a smal | (tgpl,cal_l | ess than 0.0005
inch) and al0@6Qi (Pneprabodiseent pf teleranse eeione Bavipm@iorentryatuey andievsrlapping e
adj ust ed t 0, RGRHBUEs ATREMEY indHEME] I4LE mﬁu@ﬁﬂgﬁh?& c4sB8nd Figure 3b
trajectory approaches being elTiptical.” Gradual change of curvature
al ong t he tilnjtetinga yeorng cdsa.cFor pusposesaficomputaisonal efficicp©07 life move may bé

a tool alon C..rI ' r .red.tq., . | I
For e i rouR By MRt el DRl SR lofl SptBoihed 17 goREREI SRRl
machi nes, tpuigs pdaekplray be provided by the notors. Sudden and
relatively e changes in the centripetal .forces.(as the notion
noves from @ﬁ ar[Ert}ico"%f% &8s Figs 7Y £ayidis ?Iﬁ’é‘ﬁgﬁv&%%@g,&d‘
whi ch nmay bgndehah @R ¥ing Poiht e af®Siiéridipatht 83 rTiRA6wés: 6f B toldrbéz bf the
Figure 5e illustrates m nor adjustnents to the positions of points pO
to p4 as comsholys dedinehibe tolerande; of these jag indiated &Y dhvsmation: telguni Bl
The m nor atgjntgs@r@?‘ts may result in the points defining a trajectory
ac

t hat appro es befng elliptical. An elliptical trajectory may be
i deal or op00§l Adter shestelerancowyemtanding opsration, the clamentstto be takbmfrgms

cont i nuousl.y.. Ho er wJlar n_adj.ust.nen hat ..1.s. al| owed w,thin
The scope ololrReRAFhs PR 48 AR RIRR 20k gL plstu Bt ilnall
poi nts nay liigtcomaiandd with fealiredoleamcehttdchsk aichmmabdiewiltljegsiradenlegance
[0073] In one enbodi nrent of the present invention, instead of

opti m zi ng AREed AGLRepras é'f%‘,%mém ub-optimal solution is enployed

such that t/0@63]" ah §eh@ WmpRedibitGeridh Yvithid CothfressiinAGucae 209 MRSRfehA
being elliptical. Defining the trajectory as a series of circular

arcs may halata is pemprdssadit lgeanyfpartgoegramsy thereare short line moves that resultin a

) st ment 900k piECE B 5 AP b Ehhdoliofa bl b e Rl s

traj ectory lbygealihdssivhich nidyémpRivetis paitighality.t mh@daamc@?regsim op@rafiérsmay e
i nstead adj usted such that tE‘emtraj ectgéa,is defined by a series of
t

circul ar ardempiesthethentiod linsheandre cpmbinghinte lopesrlingh .an%ﬁ?@ﬁiﬂa In one
embodi ment ’coh'lﬂ?esgfeﬁ bﬁ’é?atfo%%&pﬂerfoﬁn e d%gec'ahﬁygeséian &ifd 90&';?0?&0'0‘3%8: Ina

data compression operation illustrated in Figure 4a, points Py and P; are eliminated and a
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[ 0075] Data snoothing may include three phases or operations, nanely
preparing for snoothing, adjusting for snoothing, and snoothi ng using
a double arc algorithm In a first operation of a snoothing method of
the present invention, line data is identified for snobothing. It is
not always feasible to convert NC line data into arcs while

mai ntai ning a given toIerance as with, for exanple, connected |ines
with sharp angles is sonetinmes not desirable to snoboth NC |ine

cat &t od BEPGR %%ﬁ??ﬁé@ﬁeﬁﬁw%ﬁé o EeF Sor S LR R eh e

exam nes t vl ghthGrdiabichied 8y dadhad liskRmORf404nTolehict bA\rdSQGMBN] 404 iyl teh
neet the conditions for snoothi na] A Prepare f or_  Snoot hi ng [ 0076]
g

During t he sppHebysperdariobmagrifude thanaissrolpanednugsticpsontal telﬁences by E
sequenti al | ysexan ned in the snoothing queue. The |ine segnents,

whi ch can be Snoot hed, are determ ned and the target points of all

t hese | i ned0d6ey b\elmea@ganhxﬂssﬁpmetolﬁpamg moe. Combsmmgodhbitiigé moy@0ixid]a | n

Fi gure 6, tlhree oi nts %8 are joined by an.arc. In o
erbod ment JORSRTER e o diniERe A sEuinePey AL BRGE AT FEEF
of line Segﬁﬁ%e RERe f@r@névhﬁn&h&vé%@lﬁ%rﬁ&m?ﬁlﬁth@ itbrodea€Epdigs.| Thd iy,

shortest di stance bet ween the m dpoint of Tine sgtgment pl p2 and the
arc pOplp2 longenfingneventaa remlacefilee Qlﬁ sleast lasi mees onlydt someionditiphs areragt, be

rerked, 0 ROyl 90 00 0098 ERAL RS Gl SALAL'S

Max{d1, d2} ﬂﬁﬁxeﬁﬂﬁlﬁlsmﬂixndl'@aéntbkranbath dI and d2 are | ess than some

predeterm n t such as P05 inch,Test, 3: The angle 9> 145
fegr ces. | ofd3ie T RSP ERETEPHEHAT SATITBReS oY hoeauavaly

condi ti 0”5 C%Hiré%%n@ ue 204 FoRPiet opérxteﬁé’ar@%edl%@ d&@h‘ﬁﬁé’wﬁ&her a next
snoot hi ng. B. Adjust for Snmoothing [0078] In a second operation, |ine

data i s adpoist gwulddre asdedbiorihaepmpressionaewrd ovyhetharicompreasion Swulsdet he
curvature ﬁ@&?ﬂ-ﬂgg oﬁ% n@’ ﬁsaQ Sifi s%ﬁf&sﬂr%% ﬁnﬁ%éé?qxﬂp‘??s%%ﬁﬁﬁ&&dl Yhe?

sequence o0 nsi na poi nt's curvature at a given
poi nt on siistraticnsf\Fegures 4eassume tHlstpeims ps @l 2 andipd hber dlregdploden tfeundAo

m nor change of the position,of e 0i poi nt, o its.nei

o s et ohe i oR N i end et Fiscamergiyningd whetrroint oy Shad b9
possi bl e t gddEadd the oprddsish firR SordfheRk Béfprabsidil Aol ®e Gbr¥&imell @h@hRNCE
such that the curvature changes on the three-di mensi onal curve

r epr esent edoibis ROnBL.madind ipdd Thofovr sompressigheritesianeaychbe aphlodydal | er t he

curvature g rve, the snoother the curve may be. [0079]
Fi gure 7 |?P§2t’ ﬁ% p%g an eﬂgodi ment of the present invention for

adj usting [fest@: quﬂstﬁanngbrﬁlsbtmngl -IhiegleenandPodegreeny be adj ust ed
relative t her, t the rvatureadto repare
for arc fi &F?E{%gpo%t}\o otﬂgt P%E{l L s @lhl‘hagﬁ Wﬁlf‘gﬂ CEEC B %tbe n
copl anar, @ésgnk@eréRH pbiddiroRakstoldiamRyebidoi nts POP1P3 and POP2P3,
respectivel A line of .intersection of the planes of arcs 612, 614

i s desi gnatied 467k PerRendiiar distadieesHrem pLin2 andep fetie bipe aPrd g Jes han the

desi gnat edsﬁe%xﬁe@'?&leﬁaﬁ@e center of a circle defined by arc 614 is
designated cl . A projection of point cEl on the plane of arc 614 is
desi gnat ed [Q:Mﬁht lithe am’vatfoursestsearﬁs Baﬁleﬁ@ éhen@%tlsafnﬂsd tohthe agphpiossidn qukeue.

points pl ?ﬂge g‘oove %o@%e@sear}g hgt%la?sﬁed then ;% Blaﬁﬁ'ed to the smoothing queue and pl
and p2 are discarded in compression. Essentially, three segments (pOpl, plp2 and p2p3)
are combined into one segment (p0p3).
L DATA SMOOQTHING

[0067] Data smoothing operations convert NC line data into arcs while maintaining a

given tolerance. The data smoothing may advantageously result in smoother velocity
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of arc 614. Simlarly, a projection of point p2 on the plane of arc
612 is designated point g2. That is, a line that extends through both
of points p2 and q2 is perpendicular to the plane of arc 612. The

cl osest point on arc 614 to point pl is designated sl; and the

cl psest point on arc 612 to point p2 is designated s2. [00801
Generally, a point is adjusted if both that point and an adj acent
poi nt have been marked for snoothing. A point may be marked for

snoot hi ng idndiaccedenationf bedtsr enmtrnl efffecdmates;, mprevedeutiscednishoandi full atilizagion en
above, i. and plp2 are lines; Max{dl, d2} < 0.0005 inch;
and angl e dgﬂf9§&ag%$%$¥g In the exanple shown in Fi gure 7, point m

may be adj ]8068]) lffiglﬁes haasillpgare: 18w b?ﬂvél(l[le&é‘fQQIehtlfBgaﬁlldvﬁﬂtshﬁbt}ﬁ}{g,
both of p0 and p2 has been narked for  snoat hing. Point
adj ust ed, rPSP&%ﬂV&M leval & Mg luding-ng spoothing ar@@&qdélpma.a CB&E‘%}‘&Wn’(jV?lrlom pl

to sl. Si mddgeﬁ éﬁ-c#&?la@é hrE%’t a&ﬂé*cggrfa?%’tjﬁé ‘Hﬁécftedpcg el mggt;cgfeg, for

snoot hing a elt and p3 has been nmar

snoot hi ng. 18l At mp@uqhmycstreplamtj linss, ed:,s aref coatectid|to e@ﬂl@ﬁi@rmdad:jsua@tnm nt -

vector v2 tengll n(g ac% g}g to . sS2. Oléérll A@%ﬁr t he. adj.ust nent s

associ at ed WGHEERAAL JEEAcR PILIR oSt ases; feyel . dn Which ares Fqblace Ungs, f’IﬁS are

subsequent oadmmeart@edca o5, Qad afcgdre\fmﬂghntﬁﬂ GSeatipbied aiixyletrélet @eMmbothig of
and p4. That adj ust ments nmay

four point poi nts, p
be nade ba %‘@5 thebmaxbe arpzsldai?x ﬁeawawmeﬂte@ i W o8 ORIACE IS, S A

defined by jBaiddied tPbachRheRREtsRft tadgiftiAdb Lth TR, aRE AeRRRvallRYs hafel Nue
indefinitely with cal cul ati ons based upon subsequent sets of four

poi nts al or@aduhléy t Indgvet 0-grspnoothigs the oniput efsgeiothinge thtfinahizajeciorsalveyst
of a poi nt ' 5 RO H:AMALNGAL ABMRL TN HEF B o BLASBANIS e

upon whet hér "one adj ace pai nt's I's unmar
snoot hi ng. akMbdefinpdby the pbmtd nﬂ, pI w@maw@h:mt aie the eniter auechidaiks ef the arc
after or befﬁre an. unmar k rked

ot e an JeeLanS PO e: e Sirentgt g recs ddiRel bs e Heee of on
of the mar edraBRk Mr %mniusbﬁa 186 1evelt Pekalipl i guk 19, iR reltivay la&é'tﬂ'adlus

adj ustnent vector. That is, the marked _point may be noved hal
al ong t he &HptesdioEnrl tg&eslts ina C@mfawb@gly kerge cuf\fﬁ‘@“‘{oﬁ‘l@g? b?ﬁwsw tbﬁ
poi nt may scalculated as p = p+0.5*v. That is, the point is m)ved

wi th a coef ICI ent or factor of 0.5. Otherwise, if a marked point
| i es bet wed®0aNo Lovdidris dréﬂet@atjfrgmthﬂcshertsmenthmgée\p&ssmthmn@fthathl@cmﬁ nt

is adjusted t 'ce ithy a.coeffici X] I 19
o each of PP FEal QRS SR @mr T ntle BRE SR chaet

di recti on s adhgtmdnydethetiath peinads méptmtné m@phmtwhmudbbeﬁmhmﬁﬁiaxist h

the adjusted poi nt beln the sec our point,s used in the

cal cul at i oREMPPIREEF 5‘?@ tﬁﬁngi‘i‘%(ggg #‘l‘“?sr)ng %{eotﬁ é(H‘]"HﬁTtﬁﬁ’i‘?tWW he

direction @ﬂﬁl] BERANIES tRin 6.00053R0H) SATERD WwithBCd Specilisd Rlr@ice] ned Wi th

t he adjuste oint being the third of the four points. [0083] To

better ill J@Q"?’h dhe n@ntémdqeﬁémteéio qohigve gradyal clugaRIreinRes Faqi that the
scenari 0s ikesYeligWLipfibg. %ﬂﬁ‘cﬁﬂél O bf cliatultdil e b
adj ust msnt?llr}sae ﬁgigp&%an stai)n ngg'(jll st ment dh éésuc& 3 8%%@ niteﬁtbry
om tted fomayifaqlitatimotionrvdntedse of illustr at i on. Case 1. Condition:
pO is not d r is marked for othin S hot
v ked T or TRHID: Mdhign SRR LT poabars P ¢ EreeoRierfiR hieoiipbaLioRee”
mar kteﬁ PO @irectd toward e cafir s R Are VIR thd GASSEITNC mashify, Kesifot @ may be
snoot hi n
J provided by the motors. Sudden and relatively large changes in the centripetal forces (as

the motion moves from one arc to the next} may resuit in larger overshoots, which may

be detrimental to the resulting surface finish.

[0072] Figure Se illustrates minor adjustments to the positions of points p@ to p4 as

compared to their earlier positions as shown in Figure 5d. The minor adjustments may
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Case 2: Condition: pO0 is not marked for snoothing; pl and p2 are

mar ked for snoothing; p3 is not marked for snoothing. Result: pl =
pl+0. 5*v1; p2=p2+0.5*v2. -Case 3: Condition: pO0 is not marked for
snoot hing; pl, p2 and p3 are nmarked for snoothing; p4 is not marked
for smoothing. Result pl = pl+0.5*v1; p2=p2+0.1877*v2+0.1877v2'; p3 =
p3+0. 5*v3, wherein vi and v2 are calculated from points pOplp2p3, and
v2' and v3 are cal culated from points plp2p3p4. Case 4. Condition: pO
i s not mar kereshloin therpaintsidefiningb trajp@orypiiat apgptogpcheabengwelliptirdl. f A elliptical
snmoot hing. Result: pl =.p140.5*v1: p2=p2+0.1877*v2+0). 1877v2' . p3 =
5340, 18775y FCctery Ry be el PEoRHng biEARse, Hong i lpse, Hhe PUEHRNAR GHATESS nt o
pPOp1p2p3, V2cordifbowsly. Fdwevar, Bol ?ér%fhria{dﬁ!ﬁrmlt Habis Rl OwEBRHhin BRGCYR ofitife

cal cul ated from poi nts, p2p3p4p5. Doubl e Arc Snoothing [0084] 1n a
third oper at inyentionspaytdspeny upsn therteleranesd Thys.te points nisy actactrally &k on dam

The third Op@lﬁgéeia?t@ fﬂ@)édjiu L.{de converting the lines into arcs, which
are nutually t ngenlf to~“each other, while nmaintaining a given

tol erance. T3}t hinroaie emboditientrof nigypresent indmtisn Gusendiofibptymizing ks agvature

conseeuti ve L 21 getypo) T ieceaeed L by Sccond Sestglion o
circular arcs as opposed to being elliptical. Defining the trajectory as a series of circular
arcs may have the advantage of reducing the computational/mathematical complexity of
calculating the point adjustments. Thus, even if it is possible to achieve an elliptical
trajectory by adjusting the points within tolerances, the points are instead adjusted such
that the trajectory is defined by a series of circular arcs in one embodiment of the present
invention.
[0074] In one embodiment, the motion confrol is implemented in a 200 usec loop, i.e.,
the motion control is updated every 200 usec. Thus, there is a need for computations to
be performed efficiently such that the computations may be performed every 200 usec.
Due to limitations in thé speed of a processor which may perform several other
operations in addition to motion control, using a trajectory defined by a series of circular
arcs (gradual changes in curvature) rather than an elliptical trajectory (continuous change
of curvature) may be helpful.
[0075] Data smoothing may include three phases or operations, namely preparing for
smoothing, adjusting for smoothing, and smoothing using a double arc algorithm. Ina
first operation of a smoothing method of the preseht invention, line data is identified for
smoothing. It is not always feasible to convert NC line data into arcs while maintaining
a given tolerance, as with, for example, connected lines with sharp angles. Itis
sometimes not desirable to smooth NC line data, for example, long line moves. Certain
conditions may need to be satisfied before raw line data can be smoothed. The first
operation examines the original line data identifying the line segments, which meet the
conditions for smoothing,

A, Prepare for Smoothing

-12-



[ 0085] The double arc algorithm causes the final snoothed trajectory
to pass through all the target points of ‘the Iine segnents to be
snoot hed. Thus, the tol eérance requirenents will be well satisfied.

[ 008] The doubl e arc al gorithm may performtwo functions

simul taneously in a pipeline manner. First, the algorithm may
determ ne a tangent vector at each target point of a line segnent to
be snmoot hed, Second, the algorithm may generate double arcs to

repl ace t hel®07¢le Ruiiedhe frst epepatioanalijineanpve tgetphintare pegemiplly PRamipe .
, b
pi, be ConsﬁaCtHéé llhh%&uetu@r gﬁéz%r%os'e%éntfl\%?&% ﬁé ﬁﬁg‘ﬁﬁﬁg“‘%*x %lrn?n(‘f%ﬁd;

operation in snoothin ueue rst
fol | owi ng stheesget pbitswif all esd lias may b2 tagged aggmdothigd of Yndﬂgmot}ﬁng”.

calculate a ir .tan t vec o t1+ u 8) at. poi nt based
on the posi Fﬁlgﬂ @ﬂ:‘%ﬁ’ eBPO‘nB B%ﬁ’% e‘Il%e HF- EP H'ibgén ent,
pi +1 and pldaataﬂts%fdmmb BorkCdistR¥R bérwderpd thidpbiht bﬁﬁﬁ&eéﬂ&ﬁ%bl Xrﬁﬁh@ﬁmt 0
the arc at point pH _If none of pi, pm pf+2 i s tagged "snoot hi ng"

do not hi ng PUpd E%@ﬁé a distapge d2 is e shaxtest fistangsdeavesn dpgnidpoigref ling segmmt e
function w e S

target poi r#éj %&%%ﬁoﬁg%e‘gﬁeﬁgﬁg I?eo be” snmo &S’Pﬁ%g H@no&[eld a %E&ktcg
t3, t4, fs,for srnoothﬁigﬁ"thafm@ewing\me mxﬂltrmyodxmwrmfm sadfiedd as "desired
t angent vecto u tion changes of these vectors are
gradual , whic b@ﬁlgpéérﬁ?gtpﬂgé ﬁ‘@ Scurvature changes in the snoot hed
trajectory. [MS@]Mﬂv{al aerendobsineh! Dhat 1R YoRAN hRd B2 hitdest Alah Q¥NBJ

st eps: I f Pl P1+1 and pm are marked for snoot hi ng and the

cor r espondi B¥ @WW@G“%@@H@%@&%?@%, tin and t1+2 have been
cal cul at ed fof["csp? ‘THeldn 89 %S?eggfggsu%hﬁt e trﬁrea@l'eﬁniﬁéd angle. )

t hree-di nensi onal arcs™ al |
If the above three conditions are not met, then point pl may not be marked for

'I

smoothing.

B. Adjust for Smoething

[0078] In asecond operation, line data is adjusted for smoothing, The second
operation may reduce the curvature changes on a three-dimensional curve represented by
a sequence of three-dimensional points. The local curvature at a given point on such a
curve is mainly determined by neighboring points. A minor change of the position of the
given point or of its neighboring points may significantly change the local curvature. |
Thus, it is possible to modify the positions of points within the given tolerance such that
the curvature changes on the three-dimensional curve represented by the modified points
will be reduced. The smaller the curvature changes on the curve, the smoother the curve
may be.

[0079] Figure 7 illustrates an embodiment of the present invention for adjusting line
moves for smoothing. The line moves may be adjusted relative to each other to control
the path curvature and to prepare for arc fitting. Two construction arcs 612, 614, which
are not coplanar, are located that pass through points PoPP3 and PoP2P3, respectively: A
line of intersection of the planes of arcs 612, 614 is designated 616. The center of a
circle defined by arc 612 is designated ¢2; and the center of a circle defined by arc 614 is
designated ¢1. A projection of point pl on the plane of arc 614 is designated point q1.
That is, a line that extends through both of points pl and q! is perpendicular to the plane

13-



au starts at point pi and is tangent to the tangent vector ti an is
tangent to au at a point pl+l between pi and P1+2 al2 starts at

point pm ends at point pl+2, and is tangent to the tangent vector

ti +2. Check the shortest distance (d) between pmand the cl osest

arc. If the distance is within a given tolerance, the double arcs are
val i d. | f the double arcs between pi and pl+2 are invalid, then
create a pair of three-dinensional arcs an and an between pi and pl+l
such t hat : of ara 6¢4.abimilagly, qmspieetiqn of ppiat pkon haglane of e 6%18@&%9@@ point

vector ti f'nTtla% lst %nﬂg g'fat é}{?en%g' ﬂg‘éuggﬁe %091118 l%eatn egpet%ﬁlcu@.go {Re!

starts at 80|n ang ngeht

vector til blanReﬁrﬁaﬁli Hﬂxeaibmﬁ poinepis ar 6 1 4 B @i ipd 1sjdysighae@ﬁlqand)mbween

pH., and pllosest ;luoqgtro%aasrg 6i2 tg%mznt p2 is designated s2.
[0080] Generally, a point is adjusted if both that point and an adjacent point have been
marked for smoothing. A point may be marked for smoothing if it satisfies each of the
three tests or conditions given above, i.e., both pOpl and p1p2 are lines; Max{di,d2} <
0.0005 inch; and angle 6 > 145 degrees. In the example shown in Figure 7, point pl may
be adjusted if p1 has been marked for smoothing and either or both of p0 and p2 has
been marked for smoothing. Point pl may be adjusted, if at all, along an adjustment

- vector vl extending from pl to s1. Similarly, point p2 may be adjusted if p2 has been

marked for smoothing and either or both of pl and p3 has been marked for smoothing.
Point p2 may be adjusted, if at all, along an adjustment vector v2 extending from p2 to
s2.
[0081] After the adjustments associated with arcs 612 and 614, the process continues
with subsequent adjustments associated with arcs formed by the next set of four points,
i.e., points pl, p2, p3 and p4. That is, adjustments may be made based upon an arc
defined by points pl, p2 and p4 and an arc defined by points pl, p3 and p4. The
adjustment process may continue indefinitely with calculations based upon subsequent
sets of four points along the trajectory.
[0082] The magnitude of the adjustment of a point's position along an adjustment
vector may be dependent upon whether one of the two adjacent points is unmarked for
smoothing. More particularly, if a marked point lies immediately after or before an
unmarked point, i.e., the marked point lies between an unmarked point and another
marked point, then the position of the marked point may be adjusted by half the length of
the adjustment vector. That is, the marked point may be moved half way along the
adjustment vector. In equation form, the position of the point may be calculated as p=
pt0.5%v. That is, the point is moved with a coefficient or factor of 0.5. Otherwise, if a
marked point lies between two other marked points, then the position of the point is
adjusted twice with a coefficient or factor of approximately 0.19 in each of the two
adjustments. In the first adjustment, the direction and magnitude of the adjustment

vector is determined with the adjusted point being the second of the four points used in
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Repeat the above steps [0089] The operation of the second function
in the enbodi ment described above is illustrated in Figures 9 and 10.
In Figure 9, p0, pl and p2 are marked for snpothing. A pair of

t hree-di nensional arcs al and a2 are created such that arc al starts
at point p0O and is tangent to tangent vector tQ arc al is tangent to
arc a2 at a point p' between p0O and p2; and arc a2 starts at point

p', ends athenalcntana%» Iuagtﬂceusn Faa&entrntte stt}ﬁ)dtagﬁtgﬁﬂkht YiRdiRbtidtand ' @

d| stance d between pl and the cCloser arc two arcs IS within
a gi ven or mogeitisle of theradiistmsintyegioe & detammined mathdloe dsljustedrpoint king the thizd

are valid. 3@19?% t) on the other hand, the double arcs al and a2

are inval |8 {D]tfe distance d is not within the given tol erance,

t hen anot h@osa}m To béttdr hihv@&atd tHEeantbodinednt 6f Kig. 73 Sartdid adidistilehQy¢emarib®)rear e
created sucé res éyﬁm nt gg and is tangent to_tangent
vector to; tﬁtfg‘ii‘ﬁ‘f to yerlythatahefotabadjstment is legsthapoaradinstoagy
pl; and ar ﬁnt?t‘ls&h% D 90@ inPR i ¥miked f&@ﬁlﬁplﬁhyw&ge ot 1lluﬁﬁﬁoﬁs tangent

to the tangent vector ti. The above steps may then be replicated in
order to c%@@tle yet another pair of t hr ee- di nensi onal arcs (not

shown) bet t. I 2. or.all of arcs az,. a3 and a4
may be ci r?ﬁﬁéalpga p;s@n&m egcgﬁr ng ‘ég’gﬁ éssm?fgﬁd ﬁ’é%"%‘@ﬁf@sé‘ﬂt
respect i vemagk@d usor sindoire. Wth t he doubl e arc snoot hing thus

conpl eted petween points and p2, the above-described second
functi on ngﬁ*‘"!;‘gﬁfi@g%“aﬁle‘an TcﬁdJaPﬂE et It'q#@ep%ttt Pk i ngj apstadsuen though
traj ect oryijtid mérked RRisfbSthg,. P3 and p4. Further, the second function
may be repeated for each subsequent set of t hr ee poi nts al ong the
traj ect oryCaged992] The above-described doubl e arc snoothing

enbodi nent Cas

mar ked forcé%g?r[t?’%se&,&s%ﬁ&g?%ow t% Hﬁ@\ﬁ’g?ﬁ 41%1;8%: 6‘%"#1“’%3?‘ nst?lgo %Eg’g’?q?
and p3, pI notpﬁ“armﬂcfopﬁnmﬂangrar ked for snoothing. Tangential vectors tO

and ti be de Lv m defined by pO, pl, p2, and

tangent i aI R@%’&B g%lq Bﬁd’gﬁ? W-fromthe arc defined by pl, p2,
p3. The fothRw: ng five steps nmay be taken |. Double arcs, i.e., arc
al frompO to P and arc a2 fromp' whi ch aretangentlal at
poi nt p nafowE %ﬁ@@%&@k&éﬁ?«%oﬂw pf,cyflam 9p3 agpgnarkedifer prRoethigar 4 9.
2. The shoft@staftes t@FREGoMELWeEN pl and the closer of the two double
arcs may then be checked. 1f the distances in the x, and z

di r ect i onsResult: pesglthaty lapdrmdded 87yl 472 apicep3 3awhgeigod2and

i nch, then C |l e
arcs al ai ﬁg c%r&g%e%gfgh %mﬁ% H@ﬂg%lgjzgﬁiﬁa\r‘é@sb? Eim'lﬂtfﬁd argug%#gr at ed
bet ween poprpt2p3;m) and pl and based upon tangent vectors tO tl. The
two arcs aé ar}lg a2 may be tangential at point p“. 4. There may be a
tol erance €k for the double arcs. A distance d in Figure 10 is the

short est dcaﬁwpb@;mmmmtsnﬁoﬁmd 8 p2i mﬁvﬁm@imaﬂce@@érmemmg
points p0O and . If distance d | ess than a predetermn

di stance, Bemh: alr ol by 1; P2t Ilt%W*tf%Jé) Hauwt dJ3aT E%+0a1397é{n‘63+84133?‘@
val id. Ot NGrut56 ahfl v El%tc%ttﬁteﬂ fﬁ)‘h?émﬁtg p@%ﬁﬁéﬁl 27 VYR Lol datt

define the trajectory ween poi nt I ne exten

bet ween popaitts pi2pdpd) apd v3' 1:50aldiadﬁmbﬁrompeqmstﬂpap@54 to generate doubl e
arcs between pI and ﬂ)oub?gimdsmgotﬂltangent vectors tl and t2.

[0084] In a third operation, smoothing is performed using a double arc algorithm. The
third operation may include converting the lines into arcs, which are mutually tangent to
each other, while maintaining a given tolerance. This third operation may include

sequentially checking consecutive line target points processed in the second operation in

Smoothing Queue 206 and performing the conversion of lines to arcs.
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1. ADDI Tl VE LOOKAHEAD [0093] In an additive | ookahead operation

Wi t hi n Lookahead Queue 208, it is ensured that there is enough

di stance to accelerate.or decelerate between all velocity changes in
the program data. This has advantages in that the nmachi ne bunpi ng and
dwel | marks nmay be reduced, and the surface finish in machining may
be i nmproved. For each programmed nove, a stop distance is conputed
that defines the distance required to decelerate the axes to zero

vel ocity ad@®#di dde denble agalgeritwmeaussshe anl smeothed traigciory seipase thaaugh
S-Cu b j ' | oci t
orof 116 (varanciabfepdiie 6L Aht ARhTy 6F Mhddibalthly, Be pREME 0711 ¥,
i ke an " Srequistentd will bawsl satisfital. |1 i ne. The stop di stance may be

det er m ned he., | rr of:. a)..the maxi.num mave .vel ocity detern ned

o e e 0L, e A0l 2 AP Hibm HAAPaTEATH: T JUioR SRS B o

move vel oCigipelih®mahdte. Piddtth€ blb¥athi BayFl@li@mifienashdlit $b@r TG BEs PSR! -
I N

[0094] The addjtive | ookahead function nmay include searchin

Lookahead ®fadiae sgmentlp bpsmeetheds Sgsendythst FfaB 2arrate dowhlelarcs to
determnin L i dj st.ance. for_the I .
accel erate eeceItdé}v"rel:I'ﬁeesg r%’ﬁgelr%lb?@&lrégﬁe%niéé#ﬁ??’gjﬁ’ @%ﬁ%d%@e&gn%g% ve

( 039 t5]h The Irliw—: g p?atshthﬁatyi adesediby :&i&emd:)mpem&m I 'n'ltsh?o(ﬂjm;gmdhfz;]&m c;a

an e vel.ocity. e proper. velocity.may be cal culated fromthe stop
di stance a etftﬁ%f@cgi’ﬂ'g'gy %fgo_”a’itg%f?élgé’&‘gi%pﬁnre detail bel ow. (0096]
The additive i opkahpadr @ilz]ngfagéé?lmsH%Mthfr%%@afcﬁla{&%@sﬁéiﬁﬁng%ﬁt {deforEBXi mum

velocities allowed for fferent part geonetries. tolerance/ arc
radi us/ vel oci t y (Kigie &) afdpinh pi+-blaseq orf B pesiiians ol pgios @ PFhand pisl. L hadliyree

provi de the maxi all o e Lhies for S: I i
or curvatures \AP%{@ f’}pr'ér e%ﬁzfgﬂeﬂg%%g&%%&lz?@nﬂﬁsgm %“%“gg |r§§ g.%ce
and stopper [008@i]atfitiet mddi ti ve | ookahead al gorithmintroduces the

concepts of Stoﬁﬁ di stgnce and.st opper. %’tn.e ,stog1 gllstance of a notion
command wit h homi 108 Ok Rickiraltia 13484%, uPRhig o 88Wingy poi nt speed vo
may be defined ggrdaiei i stance traveled froma target point (Figure
12b) to the point at which a full stop can be achieved according to
the S-curve spe&dpgatbtirbavestepsi| | ustrated by the shaded area in

Fi gure 12a. p Whi . VLT I I i for hQn
Commnd. - mig0R7EP A8 aoa bt vt 4t HhonbRE ST b BhalR e BBt 8,
nomi Ral f eedpattpeini ofa}miirm(sa%ﬁcﬁts)to&»e}‘suiobthsd,dmmd dshg t§t3ﬁtp,p(§j;rt6, ac.c;g,r. di gg
to the 8-cyrve, it passes e actyal target point at fhe desirgd en
poi nt - speed b gineetabp Pranibe eificet (hap SRt RRETBEYesLory Hhecase i igction
bet ween t hghdiRed6rithdde vedord Bl dritRiab BRI hrthet HASEtheshe url firetAM RN

feedrate |,/ of a notjion command is determ ned, there exists a
one- t 0- one tigesHisiotgd BalesieBh t he stop di stance and the end point speed

vo, assum a ,52& J I3 Lxed, i.e., the
maxi mum acwstgra:rlll%%&gn%dﬁl}{&et}/(ﬁllg ?ﬁo%ﬁéfkgowg%g%ggassuned her ei n,
unl ess ot her w s wtpat el pib et mished f6r smootbing and the eonrespbndiegldesired

Therefore, the stop.distance h a direct correspondence,to the end
poi Nt Speed:  anfURT PO byt SHELk-alRCE PPER GO DR BrIdod B {hes SalF
may be accordi ngbyir bithfidlinterd@ingl A9 hndapduchitk®: versa. The additive
| ookahead al gorithm may use the stop distance as a netric of end

poi nt speed, whPchi&latsakPoiK®: aidgs tangenita the agabivpwierdt | onal | y
efficient, as discussed bel ow _ 10099) The stopper may be used in an
S-curve control rera"tlsotaﬁ%célfgr?ﬂa?t %?P%*‘}Fﬁ‘fﬁeflg'.a%ﬁﬁé’z S-curve control | er
may aimat the $tQpR@ks kiR, RhdAdt pait AS! &t is taAEGRto mew.%ent‘&eaor
5-curve controller my generate a speed profile in which the

controll ed tool pdsses the
e Check the shortest distance (d) between p;+1 and the closest arc. If the distance is

within a given tolerance, the double arcs are valid.
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actual target point at the same point in tine at which the tool
reaches the desired sl owdown speed. B. Speed limtations of notion
commands [00100] In the additive | ookahead al gorjthm each notion
command may have four speed lintations: specified feedrate, nachine
al l owabl e speed, path velocity Iimt and joint velocity limt. The
specified feedrate may be defined as the desired feedrate val ue given
by the upper-1level notion planning. The nachine all owabl e speed is a
machi ne | i m t at ilthednultitercs perereen mmntl plgpenidsalintheh erchia agai b thode-t he
machi ne and | aws,of physics. The path velocity limit is alimt for
arc notion. The db‘&?’??&(?éf%ﬁaé’f";}?ﬂg?mﬁ%{ypi&% BHFUeh ke arc radius and
t ol erance specifj cafd . ] tol erance are,
the larger the nax%%%&paégﬁﬁtvﬁé%%??aﬁpﬁ%@%ité@q%gcﬁ#nt velocity
limt may be defs nadissmgentspmpat alpoint p' tletwdehe; grdippg of two consecutive
moti on commands. The joint velocity Ijmt my depend on the angle

bet ween the two *mofi aéﬁ?}“’{wn%%/té’P%Eieh tameenite the tangeid veeiphion
the tol erancega he j oint
speed limt val %p?%@%ﬁ%%ﬁps?ﬁ%nﬁ%@a é‘?{eied\r/cgtb:e%{)ejﬁg 'g'g%]d f%ori thm

t he nom nal feednataeiby®he | owest val ue anong the specified
feedrate, the hi ne al | owabl e speed and the path velocity limt.
For exanple, 'f ROREALHSAPYSHPSt eedrate is higher than the machine

al lovabl e gpegq and ohhratifrdihe/RbaR thictioh M fhe elBSailRAKREEREAd AARNG t hm
woul d force the feedrate to sl ow down to the snaller val ue of the
machi ne al |1Bu#tsted in Bigures §and 1 H elndligure 9.ai0op] and p2 arg marked dxrGaijcothing. A
sl omdown f r . j f '

the i of nt VATl s PinielifioR Bt i B Sty GRERER Yo ERER0 o
noti on commtadgan tb tahgenihesctor M) hircer i< angmnth. arBel atageirtt pebeneosenp@land p2;

feedrate is _the | | est .one apong .t speci.fied feedrate, the

rmohi ne. al PBIAE2 "BEa ELPoE R D Ae ! s ADLFLSPErT I e HRERYSHAT Fayf o
occur duri nigstéhce dibeRbn PDandiRe Slogiential afitheaRoachidps wilin@ghh ot N a next
noti on segment uch that the feedrate for the current notion segnent

may be |es é’r?q?&ﬁ‘%i‘ﬁ@ tolesancsathen the denblegres alynda e YaiBkahead al gori t hm
may use t hgoﬁ?ﬂ]“ Reon ARG R AANOMR dbERdLRE EPaEd)azCﬁ% %?1%1?& el A8 dr‘s%a?lge dis

di st ance. Val id stop distance condition [00103] Thé Tbokahea

al gori t hm maywehisdhegiveérdoleranee, dientanetber Hautofduee-dimsniioml axgsed arsiad

| ocation a f .. i-Cl,.ent ow .

ool to be CRurg) MR sucriundiie Sl bRafld B it REe BB R {edfr
the | ocati ady.arcldd is tamgewtitd aror4 ava/pdiet p" befwert pllaridop laandard whbthds stpojnt

di stance copdi tion"

and may be PoePHEd OH%MP L’g’ﬁrﬁ?ﬁ%%{/tg l%tlfhtg’ﬂﬁafgﬂ'%i?\é ?lll)'ﬁ’%l(%?‘%gsg?pgl OH“E“}HQ
replicated in order to create yet another pair of three-dimensional arcs (not shown)
between points pl and p2. Any or all of arcs al, a2, a3 and a4 may be circular arcs, and
each of the arcs may have a different, respective radius.
[0091] With the double arc smoothing thus completed between points p0, pl and p2,
the above-described second function may be repeated for the next three points along the
trajectory, i.e., points p2, p3 and p4. Further, the second function may be repeated for
each subsequent set of three points along the trajectory.
[0092] The above-described double arc smoothing embodiment is directed to the case
in which p0, pl and p2 are each marked for smoothing. Assume now that, of the four
points p0, p1, p2 and p3, p1, p2 and p3 are marked for smoothing. Tangential vectors t0
and t1 may be derived from the arc defined by p0, p1, p2, and tangential vector t2 may
be derived from the arc defined by pl, p2, p3. The following five steps may be taken:
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where ds and / represent the stop distance and the length of a notion
segnent, respectively, and subscripts i and 1+1 represent the index
of notion conmands. In the diagramof Figure 13, notion conmand cnd i

has an end point at p_i, stopper point at stopper_i, and stop
distance ds_i. If the stop distance of cnd_i does not exceed the sum
of the length and stop distance of cnd_(i+1), or if the stopper i is

in front of the st i +1 tisf th I t
di stance conditi rﬁg%?fé%}ezr‘ﬁéab PF‘(P@FB&“SP&?@#%&“E&EB f‘i"%&‘%&ﬁ
al s0 be expl ai NagndeRAROBIRIp' n@ybageﬂe{&éaq&&at@dp@xo 34 180 (R Figuled),

ds, - cfrl1ll Because the stop distance ds_i ) correspond to
the feedrate at % h'Bweshdrtq;deﬁttanqs hietvegen pbamctmech@bnof EmdwpldeuHIQMs mep at
the end point p |+1 |ve n (2)

i ndi cates that tHe se)ecg HD F etﬁgglﬁtmlce% 1 ?f.% re‘étﬁ%régaﬁeel?%s%an

accommodat e a spredtidmingd distntd, Sishtak €. obe@ﬁm,ttﬁeme theblpatad] ndia2 tafe

the feedrate at ‘}@g point p_(i +1) C. Additive Lookahead vs.

Non- addi ti ve Loo¥dhead [00105] A difference between a TBC additive
| ool cahead al gorj, tI?fHe%IBle@aRQQL%ijdzta‘ré’ﬁv&lﬁphﬁﬂ%@@bl@&%& Adanai 3¢ t hat
the additive | ookahead al gorit enerates an S-curve targeting the
st opper and usesgeoerhipd pefmieeropoints g0 sndplk and bosediupan tankent ypeterd tG,41. The

reduced froml)/ Q. 4Q i e non-additive

| ookahead generatf"t(e)alécr? %%%%%aiﬁ%%ﬁéen?&a?h%l a‘?t ual target point and
the speed is reducCHgrd maybedtolepan¢oclaick forehd doubRRtarqsoiAndistahddQilid Flgure 10
Figure 14 shows a coggarl 0N bit ween the adg ﬁl ve and on addi tive

S-curve speed pri he|shortep} distance batwegn peipt g agd p IB?rf”ft?}d“t‘g) ehyeenPofriEp0

target point in éﬂ@ﬁ:'ﬂ B ddthrlc€ 3 is Eﬁvﬁé{ﬁiprcdd?erﬁlﬂﬁd@%nhé \éacrﬁasmoosmchhe
sl owmdown occurs between time rimand tinme troco, while in the

non-addi ti ve s- dhwée dwbée Froairohed seculid B8rmesn lﬁthwéowle ares arendat me
t","to. Thus, f j

Ionger di stance th @g& Eiidﬁ, tlt\g%ﬁé%ééﬁ?’\ygﬂ?gﬁﬁg&aérdo ]itlﬂee{/%tegﬁlqga
same reduction |h¢t\@q¢e«pdmt§pﬂmndplio vo. [00107] In the add| tive

| ookahead proce s tra tar nges ffect the
previ ousl y- pr oc Qe%gfﬁ?ﬁ% a%eﬁerp ?@u ﬁ@%g%gﬁ%%g%s& éi[dl
the | ookahead qumgenmdtoasma@cptzdl stance is calculated for the new,

comand, all the comrands in the queue which have already been
processed nH MBE t he previously-cal cul ated stop

di stances f 1@3953; qg%n%@&lﬂ?ﬂ@&dﬁéﬁﬁoﬂe&ugﬁwﬁﬁ%c%ﬁa}%d ORtue 10801 f8hhsiilen

a new comran is recelived and processed, it has a paih | engt h
| i, and a thatdhereissmavghedistance to aueelersiriirdeselerato briasemall selowiyi changesin

perform theyf ol LoW fig, PR b @HoEs thhat the machine bumping and dwell marks

may be reduced, and the surface finish in machining may be improved. For each

programmed move, a stop distance is computed that defines the distance required to
decelerate the axes to zero velocity according to S-curve acceleration. It is referred to as
S-Curve because the acceleration/deceleration part of the velocity profile (velocity
plotted versus time) illustrated in Figure 11 looks like an “S” instead of a straight line.
The stop distance may be determined by the lower of: a) the maximum move velocity
determined by the angle between the current and next moves; and b) the maximum move
velocity for the path curvature determined by the machine model.

[0094] The additive lookahead function may include searching in Lookahead Queue

208 for velocity and distance information and determining whether there is enough
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Check command cndi i to see if it neets the "valid stop distance

condition", i.e., if ds_0-1) is equal to or less than the sumof | _i
and ds_i. [|If command crndi _f does not neet the "valid stop distance
condition", i.e., ds 1)-is greater than the sumof | _i and ds_i, then
repl ace the stop distance ds Ji-1) for command cndi., with the sum of
| i and ds_i. If conmmand cndw neets the "valid stop di stance
condition", i.e., ds (i-1) is equal to or less than the sumof Li and

ds_i, then disiance fosphegpachinede aepslegite/decelerste propaskyrftbne mel mptioregpmmennd itey
unchanged, tﬁé‘dﬁjxl he update operation is conplete. [If (i-1) is equal
to 0, the up At e operation is conplete. i-- (decrenent the val ue of
i) and repqen9st h@hadedyemathematical AL ESTon Bhwrei the sepdiistan¢e ahdbk akleds.

function isg_sequentially reviewn ackward the conmapds previously
processed isfrkeﬂﬂf@ewé%ﬁa@w%&éwa%é 3{0%% &Rp ﬁ@taweand\}E? $t§'p“§‘feo%9

di stance copdidb®imorddSaiiBdgly Ng the stop distance of the commands,
t he updating operation nay stop after the first conmand that neets

the "valid[¢8%p dheedditee lookatibad algorithng nfay meqire Baowledee aftthesmaxinmmnd

he "vyal . | Si. it " th di f. .t hi
comand may S Hloffie il aRen AR AR, A bIE TR BUTANES L " he
"val i d st omayitetbaicfer hdnglirposenTte @bl nidypreoddethe daxipasy hituvableorelokitiget |,

and still et, the."valid stop di stapnce._condition,” and none of the
previ ous o o d&fgmmﬁ ocram@h%&ﬂ%[de%q%]tolmnwema@mwve

| ookahead (Figupe 15§sopQUntinded@disipper sStep, i.e., the step of
calculating the stop diStance ds_I, nay require a |lot of conputation,
and may be?fw’/}:uﬂh@ adilithee lapkehend; Aigosithraintduges fhe cppgeptsodsionidistanemanday
be needed %gyer??ﬁgst%ggﬁs%géﬁfﬂr{ﬁéﬂo%oﬁ&m%n@Hﬁ‘na& RSB YFiDEre%a)

need to repe
and end point speed vo may be defined as the distance traveled from a target point

(Figure 12b) to the point at which a full 'stop can be achieved according to the S-curve
speed profile, as illustrated by the shaded area in Figure 12a. Stopper, which is a virtual
target point for a motion command, may be selected such that if the system reduces
speed from nominal feedrate v; and comes to a full stop at the stopper according to the S-
curve, it passes the actual target point at the desired end point speed vg. The stop
distance may be defined as the distance between the target point and the stopper.

[0098] Once the nominal feedrate v; of a motion command is determined, there exists a
one-to-one mapping between the stop distance and the end point speed v, assuming that
the S-curve speed profile is fixed, i.e., the maximum acceleration and jerk are fixed. It
may be assumed herein, unless otherwise stated, that the S-curve profile is fixed.
Therefore, the stop distance has a direct correspondence to the end point speed; and if the
stop distance is given, the end point speed may be accordingly uniquely determined, and
vice versa. The additive lookahead algorithm may use the stop distance as a metric of
end point speed, which allows the algorithm to be computationally efficient, as discussed
below.

[0099] The stopper may be used in an S-curve controller to design a motion profile.
The S-curve controller may aim at the stopper instead of at an actual target point. The S-

curve controller may generate a speed profile in which the controlled tool passes the
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actual target point at the same point in time at which the tool reaches the desired
slowdown speed.

B. Speed limitations of motion commands

[60100] In the additive lookahead algorithm, each motion command may have four
speed limitations: specified fegdrate, machine allowable speed, path velocity limit and
joint velocity limit. The specified feedrate may be defined as the desired feedrate value
given by the upper-level motion planning. The machine allowable speed is a machine
limitation on the speed, and depends on the hardware of the machine and laws of
physics. The path velocity limit is a limit for arc motion. The path velocity limit may
depend on the arc radius and tolerance specification. The larger the arc radius and
tolerance are, the larger the maximum path velocity limit is. The joint velocity limit may
be defined as a speed limit at the joint of two consecutive motion commands. The joint
velocity limit may depend on the angle between the two motions and the tolerance
specification. The larger the tolerance and the smaller the angle are, the larger the joint
speed limit value is.
[00101] In the additive lookahead algorithm, the nominal feedrate is the lowest value
among the specified feedrate, the machine allowable speed and the path velocity limit.
For example, if the specified feedrate is higher than the machine allowable speed and the
path velocity limit, the lookahead algorithm would force the feedrate to slow down to the
smaller value of the machine allowable speed and the path velocity limit.
[00102] The slowdown feedrate at the end point of a motion command may depend on
the joint velocity limit as well as the nominal feedrate of that motion command and the
next motion command. Because the nominal feedrate is the smallest one among the
specified feedrate, the machine allowable speed and the path velocity limit, slowdown
may occur during a current motion segment and speedup may occur in a next motion
segment, such that the feedrate for the current motion segment may be less than the
nominal value. The additive lookahead algorithm may use the nominal and slowdown
feedrates to calculate the stop distance,

C. Yalid stop distance condition

[00103] The lockahead algorithm may ensure that the distance between the tool and

some location ahead of the tool is sufficient to allow the speed of the tool to be changed

to a desired level by the time the tool arrives at the location. This condition may be
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referred fo as a “valid stop distance condition” with regard to the additive lookahead
algorithm and may be defined mathematically by equation (1):
() ds, <l

: Sl +ds,,

where ds and / represent the stop distance and the length of a motion segment,
respectively, and subscripts i and i+1 represent the index of motion commands. In the
diagram of Figure 13, motion command cmd_j has an end point at p_i, stopper point at
stopper_i, and stop distance ds_i. Ifthe stop distance of cmd_i does not exceed the sum
of the length and stop distance of cmd_(i+1), or if the stopper i is in front of the
stopper_(i+1), then cmd _1i satisfies the valid stop distance condition.

[00104] The valid stop distance condition can also be explained in another way as
illustrated by equation (2):

2) ds, —ds,

i+] = li+l
Because the stop distance ds_i and ds_{i+1) correspond to the feedrate at the end point
p_i of motion cmd i and the feedrate at the end point p_(i+1) of motion cmd_(i+1)
respectively, equation (2) indicates that the segment length 1 (i+1) is long enough to
accommodate a speed slowdown from the feedrate at the point p_i to the feedrate at the
point p_(i+1).

C. Additive Lookahead vs. Non-additive Lookahead
[00105] A difference between a TBC additive lookahead algorithm and a non-additive
lookahead algorithm is that the additive lookahead algorithm generates an S-curve

targeting the stopper and uses only part of the S-curve so that the speed is reduced from

v to vy at the target point. The non-additive lookahead generate an S-curve targeting the
actual target point and the speed is reduced from v; to v at the target point.

[00106]) Figure 14 shows a comparison between the additive and non-additive S-curve
speed profile. The speed is reduced from v; to vg at the target point in both profiles.
However, in the additive S-curve, the slowdown occurs between time £y and titne f5c,
while in the non-additive S-curve, the slowdown occurs between time £ and time fmo.
Thus, the non-additive S-curve requires a longer time and a longer distance than the
additive S-curve in order to achieve the same reduction in speed from v; to vp.

[00107] In the additive lookahead process, the continuous trajectory changes may
affect the previously-processed commands. Each time a new command is added to the

lookahead queue and a stop distance is calculated for the new command, all the
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J6J v general, the additive | ookahead al gorithm nay be nore

efficient than the non-additive | ookahead al gorithm due to the
addi ti ve | ookahead al gorithm having only one heavy |load step which is
outside the recursive loop and is only perforned once. The additive

| ookahead al gorithm al so needs | ess distance to reduce a sane anount
of speed, as shown in Figure 14, which neans fewer previous notion

commands need,hQ.hf iﬁ'}h lqhbvhidd Bave %ﬁ%&%& %Jb%]r?v-%\ﬁe(igfﬁ géeﬁlggme

kernel nodul e may performthe tolerance Ion-contr
control the psvicusly-aslsdetedstop distantesgordthesarohinasds meaditociecapdatder wowt | on

kernel provi redictive and true arc noti.on, wherejpn.a line or an
arc is the bﬂ@igﬂtr Bt B?"&}“IWFP?‘?‘*U 3 1S3BF7EVEE g Rpcss Sy ttaga Hﬂ(‘géﬂ"&hgn’g
the programegl 4 &ép gisthade)ds_iC The additintdobi@heAioAl MR Ry dr bR ihe Wi wing

encountered. [00113] The predictive TB C notion control nay be based
on a differ eF€PsfEEMENIm t hat recogni zes line/arc data (no

pre-conputed inte it . dir Y . S al,on
Phe |1l arc 1 ra) s eomfifaP b 38 s@cieeBing %eBlRRERISFe ARG
peri od of 2001. t si€ds_(F Dris eguahtplog Jess thas tieaairodl_iany ds @ad t he position
f eedback, may cog&are th cgrrent position with the commanded . i
trajectory (a I Cﬁ‘imléﬂéa'?’ iy dogsprt pagpt thet aalid siep distgnsergongitiophd.c., ds_(i-
trajectory that ig; i t e L BOR.
Thi s point may beldePaa A i RFSEL i 0, BeniGHlackhe 85 dRESLL 420
di fference bet weelor ¢dvemershamdi- with thesumpdd jimhdds_ and t he ideal current

position may be fined as_the instantaneoys random positi,on error. of
tol erance error. ﬁ8mf“ﬁﬁaa?mdah8‘86‘§ %n‘ﬁ%ﬁ] QR idstare 8‘5:99.%}0 1 4% a5 T)ts
referred to sinplequsisotoidess fiRaithd Qfin of I 9and d§Mythérethe hapwadistank @SGELheor

deviation of the actual current position fromthe linelfarc
trajectory. [00118"™838 TB C tol erance error is the vector difference

bet ween the act uglyd; Pmb§ RimaAPeichhad and tﬁehlﬁdﬁtg%ﬁérat?df{iﬁ eaﬁmeCzesa.si tion

whi ch may be dynamically calculated in real tine. In a TBC control

system the i deallf Gk ieequalgo i the gpdategpetrdion & wuipkted every control

Vor cover, i n a"ToC CORTEH UERBUE B! BAS BRI H 11 erent axes

may be handl @g1099orwhéhah€hdditive lookahead function is sequentially reviewing backward the
commands previously processed in the Lookahead Queue 208, checking the “valid stop
distance condition,” and updating the stop distance of the commands, the updating
operation may stop after the first command that meets the “valid stop distance condition”
is found. Because this command meets the “valid stop distance condition,” the stop
distance of this command may remain unchanged. Further, because this command meets
the “valid stop distance condition,” all the commands previous to it met, and still meet,
the “valid stop distance condition,” and none of the previous commands may need to
change.
[00110] Inthe additive lookahead (Figure 15), only the third step, i.e., the step of
calculating the stop distance ds_i, may require a lot of computation, and may be
calculated as shown in equation (3). This caiculation may be needed only once for every

motion command, and there may be no need to repeat it.
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[ 001151 The TBC predictive notion control, at every control cycle,
may performthe follow ng steps: Calculate the three-dinensional
tangential velocity at-the ideal current position of the trajectory
according to S-Curve Calculate the instantaneous tangential and
centripetal acceleration forces and their predictive conpensate
vectors Calculate the instantaneous random position error Determ ne
a t hree-di nmensi onal{ random corre tive velocity Conbine the
tangential velocity, the predl ctli iAe ‘conpensat e vec{,ogk ,and the random
corrective vel ocjty together @&nd i/spue the resultarft gelocity to push
t he axes al@ng &5t r aj_ect ory [00136] The TBE notion kernel of the
present invention may \t,akle Q:I(el—mg]];o Xgmvgnds from the Lookahead

mt

Queue 208 and cont r{dl JH& Serv ttladk t h¥ Ty our
trajectory. The TBC rmtlon ontrol is different from non-TBC notion

control in[o0¥at] i in geherdl, Geadaiivé RRRaHRAMA] &ﬁmhrrﬁagl%enﬁor@@a&lpﬁthnmﬁuy
conpari son between non- TBC notion control and C notion control

provi ded beffisignt hanghenppaddigve loakabsed algprithmydye tq the addtverlppkabgady der

to track a ‘@r}ﬁﬂ
control sys%éé?lnﬂﬁ]agd con“gg%lehetﬁﬁn BQcF@te e&gic%@?%dr? atﬁe %gﬂglgg trldag’r@h iz
axes and i enbrgedbated dnbe 'Nab\éldﬁtmiaohahead algonthnmmllebds lessriistaricatch axi s

may have its, own tinme ba fer a tor use f.eedback
oo f eedt of PSR R TR G PFL FPRE SRR omiel BFat by brevios

i ndependenipgtion kelgmbhnds nekd 0dRGhbdlddS tracks its reference trajectory
perfectly, _the resultln t hr ee- di nensi onal contour woul d al so be
perfectly A5 | oMQUIQN KERNERe exi stence of di sturbances, shown in
Figure 16, (@iq2) O8R! hbforferR ﬁmdmehfa?%rf%%m&aﬁc% AR Bffol
achi evabl e 'and there may be tracking errors between the actual axis
not i ons andnd mmemﬁr@éthemaqtmwpmetsd withgregran jin¢send areat ii‘benmptmrokemel

m nimze t [ 0

Coor di nat i S A0s8 SIS e ot R6Ch L0l bt A ERRHE B 1
tracked wi mhmuThd(mwbhgappushara angs albugg the bmgmmal tefiectddy, cofragtagtfor y in
ot her axes i s. . For @; gl% even if the trajectory in one axis neets

a large redpestionyay SREPURISEY- behind its reference trajectory,

there may j'lgﬁ)laﬂ arkepdictive ’Eﬁ@ﬁléu&ﬁ&)rﬂ%?ﬁﬁi bd baRbEsd @ﬂﬂﬂ@ﬁen@xfneélﬁﬂmﬂxt her
two axes. e result’ is that even though the trajectqry

tracked pefabeecpgpizes fing/ags dat (@%E‘etcﬁF’@Bteﬁ%E%‘POI?‘F@ B?éfttﬁ)aﬂnd é&ﬁﬁtlymusl@qs at
is achieve e@é’s Abig the ARYARLGjLHAM AR ey RbREARGGe GANLIPHEY have a period

signi ficant
of 200 usec, for example), the control may read the position feedback, may compare the

current position with the commanded trajectory (a line or an arc), and may determine a
point on the trajectory that is the point closest to the actual current position. This point
may be defined as the ideal current position. The difference between the actual current
position and the ideal current position may be defined as the instantaneous random
position error or tolerance error. The instantaneous random position error, also referred
to simply as the "position error," may be thought of as the deviation of the actual current
position from the line/arc trajectory.

[00114] The TBC tolerance error is the vector difference between the actual current
position and the ideal current position which may be dynamically calculated in real time.
In a TBC control system, the ideal current position may be calculated every control
cycle, and the tolerance error may be directly corrected by TBC. Moreover, ina TBC

system, the tolerance errors for different axes may be handled coordinately.
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[00118] The notion control systemillustrated in Figure 16 nay be
time determnistic. That is, the x/y/z axis notion trajectories my
be tine based and the entire system's runtinme may be accurately
determ ned beforehand. F x, F .y and F_z may indicate feedforward
controllers for each of the three axes; and C x, Cy and C z may

i ndi cate feedback controllers for each of the three axes. B. TBC
Motion Control Structure [00119] TBC notion control does not involve
deconposi ng08113)r he dBGpradictalmativntcontrolj at every borem] cyulks pewg gerform the

ti me-based fgﬁl s.trajectories. Rather, TBC notion control may conpare
the actual 'CORPBESBYsition with a reference contour and determine a
control signal 1Ak ) g : 1 s
notion control ?}ﬂ%%aﬁg ?ﬁ:gﬁ&?aﬁ%ég%&fé&e{o%@a}]gggﬁg{ “Jlmgfltgﬂr%gﬂt{sgﬁgf e
vectors. | n conttheasajectomny acdeedingteTBCurvet i on control structure shown in
Figure 16, sign re.,scalars. 012 The TBC nptiqn congrol
structure of gi g}fi%’?aﬁthﬁévtaé‘{?ﬂ?‘ﬁ’%%ﬁﬁ%hﬂ%ﬁgwegg@ﬁégéﬁoﬁoﬁs and

f eedf orward conttké predibveconipensatetveaisi Ng may be cl osed-1oop, and
true arc notion may be possible. That is, the tool may be conmmanded
to fol l ow an &r dsérulatethe instntanequs raadomipgpitian eefj ect ory forned by a

series of |inear, segrment.s that approxipate an.arced.trajectory. TBC
moti on control n%e?/en%b e_ "gre 1 %exﬁg)ﬁ%lrr délg'g%olrrgf: W§nv§%ﬁg¥/ be capabl e of
on-the-fly feedGinthimtthe shg@ifibbveldctP IR predicti @Vdinpesafd vetlorsmahi® such
as every 200 usec,, the controller may read the actual .contour

posi tion feedbadidoprersstvervglocitiogethersgd pssneihe resultant kdogityrta pashdthe
contour, and fi %e%nﬁ}tﬂ@tr&jb&&?ﬁ point on the reference contour to

t he actual position. I's point is defined as the ideal current
posi tion (I[@M16] THEe BRI metidnkernehef thapreseribinyéntion riayriekei thavabtitnt ocks:

f eedf or war f I I C34oQN/, tJlo S

1 ust r at edoraEep i dCodkitead oubucio s PRSI BB SBTIIRN R kg
control cychatout ftdectant Thé TBC nimioncahieal iedifferehicfrahe aon-F8 Crmdtionrcohsied
on the |ICE, gl_i'agcl.udi n E}CCE| erati oSq. and v«il city i.n hoth nor nd
tangenti al Efﬁ%ﬂgﬁ%ﬁ' QL ORI FafEIng santzols BR e to
convert t hepsiRsicoRol HRd TBT héton cBntYd liPsibbidedRSw Ol signal . A runtine
feedrate adjuster may al so be added to adjust the feedrate (vel ocity)

for tolerance céntrolNe don C c control ler may al so
cal cul ate s 7] AGKLQG BRAO Pitrdd-GRLRIAA (Bhloud BehelBROF BrvBhrional confrol
directions 'at every cycle. The error in the nor irection Is the

di st ance f rspsterh mmyalecanapose thettres-dimeasivhal nontourtihte X/TH, axes aud intdnpolate

t ol erance [ r_con r_error.. Th rror | h ngenti al

i rect on 18 Bho 2 meiRl sRitreBelido ime Boctladt may b B BE ApiRtpeftaaeterense
be h} nd. Be m}bﬁﬁmﬁ ael may imlfeﬁbﬁdkranﬂ&edﬁﬁ\ivbrgmomﬁ(ﬂ m% tr:ﬁk itsfmems?at@? y
performance, ,the TBC cqntrolle i nclu two different fee C
control | er SFHGOTY TR i%ﬁxs%#ww 1S FdeTaRfe Wt%ﬂvgﬁﬁmh%
tracking errés%ltﬁg't&%&d%éﬁ@ibﬁﬂ'c&?ﬁoﬁ%t dl@&ls&bélﬁlﬁffectrllﬂ' fsBowkd, CBud Githd | ON

and backl ash cornpensation may further inprove the accuracy of the
machi ne to@KIStGPGO!fMﬁMA@CQ%ﬁ%GW@@ Kigur$: 14, 1sad medelingeriens pasfectoarkinglis an

advant age Gk ohBLR:hRtnF BBk Rly UeSkife GhOS Bleapfhe ShabGY e The

cl osed- | oop "contour I'ng contr nmay Ccoofr ree axes
and m ni m mticheawlmefeoince gajeaorics-Ghere xaaybean attémpthe minimtieshdrascking

| arge resisting farce and | ags behind its.reference jrajector t he
ot her two SREETCAE HS BN BU RV ke FOTHS AT B iR U5k 567 LTSt t he
actual cont@uiokpbe QYR aﬁi@ﬁna% B¢ RERBE RitRAN kA ing bR BaribBWHAPIE SAtekTHRE!
may al so enable true arc notion because the centripéetal accel eration

may be consiajbetorsiniather nxesds rifar ekamijleGyasif tBduiactey ihenedaisimasts aatgeon
t h trol l e d . th t t he | d :
o 02 SR e Y R RS e o ) My

the preset trajectories of the other two axes. The result is that even though the trajectory
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| . Motion Command Pre-Anal ysis [00126] Before executing any notion
command, the TBC notion kernel may | oad the conmand and anal yze the
geonetry. The stopper plane normal (SPN) direction and stopper
position nay be calculated in the pre-analysis and nay be used
through the entire executing period until this notion command is
finished. For a line notion, the SPN may be cal cul ated as i ndi cated
by equation (6) and shown i gure 19, which illustrates the |ine

F
noti on geo nﬁ%@beﬁagkeg,pg;fycgty&ortlxm of fhthregpayes-the aqtwpd cortpurithat isashigved
oo, e SRR 641 Sy et on (1) an
|

shown in Fi ustrates ar n geonetry
pr e- anal ysi Oﬂlﬂﬂpr@heﬂlﬁbhm(mnﬁsl dystemtithatratad in Kipure d 6 ingity be eitdealetephinidoie.

are PLane nguBL LRt 00 AN Cookands, L md URef SIHEL ot n?l O
runtime may be accurately determined beforehand. F x, F y and F 2z may indicate
feedforward controllers for each of the three axes; and C_x, C_y and C_z may indicate
feedback controllers for each of the three axes.

B. TBC Motion Control Structure

[00119] TBC motion control does not involve decomposing a three-dimensional

contour into three independent time-based axis trajectories. Rather, TBC motion controf
'may compare the actual contour position with a reference contour and determine a
control signal to minimize the contour error. One embodiment of TBC motion control
structure is shown in Figure 17, where all signals are vectors. In contrast, in the non-
TBC motion control structure shown in Figure 16, signals are scalars.

[00120] The TBC motion control structure of Figure 17 may employ contour-based
feedback plus feedforward control. The contour tracking may be closed-loop, and true
arc motion may be possible. That is, the tool may be commanded to follow an arced
trajectory rather than a trajectory formed by a series of linear segments that approximate
an arced trajectory. TBC motion control may not be time deterministic, and may be
capable of on-the-fly feedrate adjustments.

[00121] At every controi cycle, such as every 200 usec, the controller may read the
actual contour position feedback, compare the actual position with the reference contour,
and find out the closest point on the reference contour to the actual position. This point
is defined as the ideal current position (ICP). The controller may include three
functional blocks: feedforward, feedback and stick friction/backlash compensation as
illustrated in Figure 18 and described below.

[00122] At every control cycle, the controller may calculate the desired motion based
on the ICP (including acceleration and velocity in both normal and tangential directions),
and may include a feedforward controller to convert the desired motion into a velocity
control signal. A runtime feedrate adjuster may also be added to adjust the feedrate

(velocity) for tolerance control purposes.
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[ 00128] The stopper position Psi may be cal cul ated as indicated by
equation (8) for both line and arc notions. (8) Ps, = - ds, SPN,
2.Real -time Geonetry Analysis [00129] At each control cycle, the TBC
notion kernel may read the actual contour (tool) position feedback
Pt! and conpare the actual position with the reference contour to
find the ideal current position (I1CP), contour/tol erance error (en)
and the distance to the stopper (distance to go, d). [00130] For a

| i ne noti of012BE Feoeomtolerimaysisowalcnlatertherackingkerrovtin bhthi okmaltandt es

line notion ge .anal SIS ma be al cul ated. .as. i cat ed by
equat i ons f‘gé‘% 'ﬁﬁg&(% ns gt )’erﬁbﬁ?dﬂﬁ Tifgﬁthreé’ﬁoum ‘15‘ fangsg; )

d SPN \Ahemmhséerﬁa chstolil R sitidn & the TOE bl‘ét ﬂ&ftomﬁéecﬁmﬁoafmd@@h@f The
Thus, if A = [Xxa zal, and B = [xb, yb, zb], then 44 B> = xa*xb +

yasyb + zaeser inphey pdentipldineeiism i definef attie prvountet path lepgthithetthal6F legson
of the i

st opper pl a%}éﬁ% oggcg{]&qg%’wgll ?gd(?tnjll agyr?teh@aﬁ{ab%ﬁ tgﬂj“% g&% f\égﬁii“%é etfr?%)?%(f:ed
as the di stemodlermaeinelydeguadiffernt feediacingintrobiérs Rir/thd:isninnhirnnﬂhmgaﬂl‘dl

di rection. 0013 For rc tion, becau t he act.u nto

ool post i FEISHRS KIS EER JiF Frbing B0 R YeRRY et e THTFRy be
first proj aedtRd afdbakladiecdtigenidtRn ayFortheR mHOvE@t W? of &8 mAHIsat ed
i n equation ﬁll) and as shown in Figures 22a-b, which are

illustratit®lof arc notion geonetry analysis. (11) PR =(Ptl-C)- <
P11- G, AWIE‘HA‘PNS compared with the non-TBC motion control, an advantage of the TBC

motion control is the closed-loop structure. The closed-loop contour tracking control
may coordinate the three axes and minimize the contour error. For example, if the x-axis
has a large resisting force and lags behind its reference trajectory, the other two axes
could slow down to match the x-axis motion so that the actual contour follows the
reference contour. The TBC motion kernel may also enable true arc motion because the
centripetal acceleration may be considered in the control.
[00125] Because the desired motion at each control cycle is based on the contour, the
ICP, and the current system condition, such as the tolerance error, the system may no
longer be time deterministic. On-the-fly feedrate adjustment may be possible. When the
contour/tolerance error is below the specified value, the system feedrate may be
increased. Conversely, when the contour/tolerance error exceeds the specified value, the
feedrate may be reduced such that the error is also reduced. In other words, the system
may maximize the feedrate while maintaining the contour/tolerance error within a
specified range for optimal system runtime or throughput,

C. TBC Geomeiry Analysis

1. Motion Command Pre-Analysis

[00126] Before executing any motion command, the TBC motion kernel may load the
command and analyze the geometry. The stopper plane normal (SPN) direction and
stopper position may be calculated in the pre-analysis and may be used through the entire
executing period until this motion command is finished. For a line motion, the SPN may
be calculated as indicated by equation (6) and shown in Figure 19, which illustrates the

line motion geometry pre-analysis:
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Equation (11) may be interpreted asbeing equal to the unit arc pl ane
normal direction vector APN being nmultiplied by a difference between
vector (Ptl-C) and the vector <Ptl-C, APN>. [001321 The vector
Ptlis the projection of (Ptl-C) on the arc plane. Once the vector
is found on the arc plane, then ICP, the unit tangential and radial
direction vectors dt and dr, and contour/tolerance error ea (also
referred to as the norPrr&lPerror) may be determined as indicated in

equatlons( )=_P(‘1‘ﬁrand (15). (12) dr - PRI1iP "1 (13) ICP =C
+ R dr (14) dt dr >J'AP l15) e"= Ptl- ICP

[60127] For an arc motion, the SPN may be calculated as indicated by equation (7) and
shown in Figure 20, which illustrates arc motion geometry pre-analysis, where APN
stands for the unit direction vector of the arc plane normal direction, and C stands for the
center of the arc.

F.- Ci

ARl

{00128] The stopper position Psi may be calculated as indicated by equation (8) for

(7)  SPN,=-APNx

both line and arc motions.
(8)  Ps,=F—ds,-SPN,

2 Real-time Geometry Analysis
[00129] At each control cycle, the TBC motion kernel may read the actual contour
(tool) position feedback Ptl and compare the actual position with the reference contour to
find the ideal current position (ICP), contour/tolerance error (¢,) and the distance to the
stopper (distance to_go, d).
{00130] For a line motion, the geometry is shown in Figure 21, which illustrates line
motjon geometry analysis, and may be calculated as indicated by equations (9) and (10).
) d=<Pd-Psi, SPN>
(10) e, =(Pt—Psiy—d -SPN
wherein <4,B> is the inner product of vector 4 and vector B. Thus, if 4 = [xa, ya, za],
and B =[xb, yb, zb], then <4,B> = xa*xb + ya*yb + za*zb. Pt is the tool position, Psi is
the stopper position of the i motion segment, and SP¥ is the unit direction vector of
stopper plane normal (SPN) direction. Equation (9) may be interpreted as the distance d
being equal to the length of Prl-Psi in the SPN direction.
f00131] For an arc motion, because the actual contour or tool position may not be on
the arc plane, the tool position may be first projected onto the arc plane, as may be
calculated as indicated in equation (11) and as shown in Figures 22a-b, which are
illustrative of arc motion geometry analysis.
(1) P'U=(Pil-Ciy-<Pt-Ci, APN>-APN
Equation (11} may be interpreted as P'tl being equal to the unit arc plane normal
direction vector APN being multiplied by a difference between vector (Pt}-Ci) and the
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1001331 In order to calculate the distance to_go, i.e., the path

|l ength fromICP to the stopper, the arc |l ength between |ICP and target
point Pi may first be calculated. Any arc that is nore than 180
degrees may be cut into two arcs. The di stance_to_go may be

cal cul ated by use of the follow ng three equations (16), (17) and
(18). The neani ngs of the variables of equations (16), (17) and (18)
may be discerned wwth reference to Figures 22a-b. 1 (16) 1 = -2I1Pi
(17) (18)‘@ﬁDQém%Cd§ﬂWD'TBC S—Curve Controller [001341 S-Curve

accel erati neth oft ens
and snoot hgﬂmt%%g IETH %?Fs r?}g@lsbeﬁ &l(g@%{jr%‘ s %ﬁa@gc %ﬁv?%g
accel er at i @l ikfomidosrethe ane plﬂﬁa,sthen]]GP the unittptmihl ol radial’ dhreClidny Rctors dt
because the cel erat Iqxj]/ decel erat i OQ?] rt of the vel (fCI ty profile is
S- shaped | e dnandrons eolpranqecserone(atep Eetested ip puthy apral ejod mswibee
usual ly ha const ant

accel erati ?ﬁéﬁiéﬁlg? gggl&ﬁ%e%i&%{’%@% pg?\q?g)f Iag)géadd@g)l ncr easi ng

decel erat i E&P c%nst &W deceleration; and decreasing decel erati on.

[ 001361 No BC mpqqlcontrol systens may use the S-Curve to
generate reference’trajectories, i.e., scheduled position, velocity,
accel er ati gm)andcge: ©n- R-the S- Curve is time-based and i npl enent ed
outside the control_ I|o (real-time portion). At each control cycle,
based on tKt)di ¥ a#EeAf®' the TBC S-Curve controller may cal cul ate
t he desire eI%0|%W J@%,acceleration al ong the reference contour
traj ectory he B rve controller nmay be distance-based and

i npl ement eQoA33P nS@llerith BRMO GRMWstantd 80 B! £E] thy &HYen chﬁJlfGﬁf‘bttﬁéj
fromthe instantaneous path distance at ever contro cle. This
mechani sm §gpperethie ez leneth baswerni ICY apd tanget peintiPumat firsthe wa%dlatﬂdy Aaly ate
support so e dra

adj ust nment [ﬁ%ﬁt Qﬁt!rglilﬂealigﬁ fggg%géﬁag%g%nt lﬂﬁ)etw(g%ntjé1 s;ﬁr}% IS{aS% %’.—tgﬁgﬁgs] A
fl ow chart cafulateé by oieoafi thﬁoﬂowihgduaeédmetﬂomf(l@p@ﬂh&ndd%ﬂmﬁ nefaniagd &C

Flag 15 cnbtesients ABaRi s AT Py o BoaptEd hprdic it
or "decelepgin." lithe status is decelerate, operatl on proceeds to

step 4512. On the ot her hand, if the current status is "accel erate",
t he stop_dighange lnequ is calculated in step 4504. The

st op_di sta:g%g rgquzl”?gdy?ﬁe be defined as the m ni mum di stance t hat
the tool would travel cording to the S-curve before the system
could bring hea;%g{—t@%ja stop. The stop distance may be a fiuiction
of current speed and eleration. In step 4506, if the given

di stance_to d" reater than the stop_distance required "dO,’
whi ch neanémghad*t:%aﬂtg‘éafe to continue to nove forward, then
operation pr oceﬁds t'?BétseEF%J@ogéﬁ kgl cul ate the desi red accel eration
and velocity. Ch rstance_to_go "d" is less than the
st op_di st afﬂﬂéSﬂeq&{}uw acmratlmprchdm -linkar asyederetionmgthodthateeftens

o decel or ARSI GuatBoS BIREHOBe rRe Spe aRhE g RE, o o
enough for aécb&r&)bﬁf&i%ﬂldrﬁtldﬁrpﬁm &Gi6 estetradigo bo"'3-Oarvet b@amlthe‘s- Curve

(with preset paxjmum jerk and accel eratio maxi erk y be
modi fi ed .ﬁcceleéazswa@i erponpatt of e velp §F3éﬂﬁ°gi9é§ SHBEPe e&eeﬁa‘é[m

di stances, upﬂat ) C%'e%\o&%y%gﬁl& L?éillxthgs %E@ﬁﬁas&h%éeagi{lgve phase

may al so b In ste 12 may be considered the
core of theccslefaninn;ecmtmtal:lctlaﬁtlomcdmreasu@actcdetahen catrspeedt imysHiam

st atus and th rltlc t]antces é cul at ed bef orehand, the S-Curve
hase’ Gootfealrgiontion o e RN et R et R oo ned 1 st op
4512. Becayme3sé]heNsn-EBCURotioaRbhited] [sQfterfidhitgy 158 the€SICubelt® ]gerfe?éft@rd!&!i!ndée

taken to ensure that the controller does not run out of data. Wen
trajectories, i.e., scheduled position, velocity, acceleration and so on. The S-Curve is

time-based and implemented outside the control loop (real-time portion). At each
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E. TBC Feed Forward Control | . Feed Forward Signals and Gains [00138]
Feed forward nmay be based on the ideal current position (I1CP). The

calculation of the three feed forward parts, i.e., nornal
accel eration FFan, tangential velocity FFvt, and tangenti al
acceleration FFat, is shown in Figure 24, which illustrates velocity

and acceleration feedforward. In Figure 24, "d" represents the

di stance t oxo@foIdtRi BYREH il MEULRRAE YTBhE YBRREU L SontRMEr Aby &itaté!the
represent unit tangential and radial/hornmal direction vectors,

r espect i vel 4esigdoGIR Y 2! Weelowtionrionpihe eeferddBLontayr wgetirye ThhBC S-

ot ance isoliul b AR S ShoShtry s ST e
accel er at i orela@itgmalyibaealdfifed frodn theinsinthndgols paah Bigtahdreat $idry corivgepdd. al

direction vector dt, 4608 to pr.oduce the tangential acceleration
vector at 4EH¥HmeehRRIsFIRRY P ' elpsith SrEAcFUMyaHone g et alshwipport some
tangenti al RRGRlSERlIEudlas bRiR-By fRMaledd B inthd iRt 'd\é"g:i 6L, b3
acceptabl e by the ‘Z'IeeFVO system 0014f] The MBdified Laglace bl ock
4612 may esandsimgle stdpe current vel ocity, conpare the current velocity

with |ast \ Lty qg’nﬁnd n d pr.edi gti.ve comnpen I Qn At o
the S curve[6 b/%c/ cﬁ@o tofs %qgﬁ%QTgodjggggé%W@oggﬁgogﬁ@B% E@é’gﬁi%
error. The $Quoperstictidr ehoal inyFiQeeDRNL a ikt stapl 4503, thdBagiBichecked to see
tangenti al eigi rection vector dt 4608 and becones the tangenti al

vel oci ty veatigrupent gysiem staus s, accelerpte é’érl"s“g‘*@&f’éet'é the,ptaws isiscelempisei t y

control corgmRAfsn pdtecs fof AY45¢2NBR IR Aer MBYd, IAhOGRRBHsARY ist"BRelerate”,
velocity vector. A feed forward gain 1 at 4616 results In a signal

FFvt and. mehe gpmidistange Irequahiseprisulptsd iresten 4304e Thastep) distarice_ipQord TayThe
centri pet aly a6agl 6 3d rﬂﬂu’rﬂﬁm AWREBIBmY tH?toﬁ%SMh ﬁ%@éi' fa?éér&i ﬁétoﬁgé §uLAk
nmoti on physics, 1.e., an =Ihe centripetal accel'eration nay be

di rect ed t dvefordthielsestan couRl bimnthe toohtuch saqyp CHlictstopalistarive mag de alfinvtionaf

direction. The sa f eed forwar ai atf, as applied . to the.

e meont Vo chiguareant Asteleiials i eH g8 i ihe SoRARtAnRS 6, 3ol s ercater

Zg cel ;ar at i Qhan thé Soft distdric@ REie@ A0, Olvhich gHeads thftatls safe RdhitiA® thesdeat e
juster

( pﬁ))rward, then operation proceeds to step 4512 to calculate the desired acceleration and
velocity. Otherwise, if the distance to_go "d" is less than the stop_distance required
"d0," which means the system must brake immediately, then brake information is
calculated and the flag is set to decelerate in step 4508. Because the distance _to_go "d"
is not enough for the system to brake according to the original S-Curve (with preset
maximum jerk and acceleration), maximum jerk may be modified in step 4510 so that
the system does not overshoot. Two distances, d1 and d3, which may be used to detect
the S-Curve phase, may also be updated in step 4510. Step 4512 may be considered the
core of the S-Curve controller. According to the current system status and the critical
distances calculated beforehand, the S-Curve phase, desired velocity and acceleration
may be determined in step 4512. Because the S-Curve controller runs in real time, care
may be taken to ensure that the controller does not run out of data. When the total
moving distance of the motion commands at the queue becomes too short, the system
may need to slowdown to prevent data starvation. In step 4516, on-the-fly feedrate
adjustment and user override is applied.

E. TBC Feed Forward Control
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[00143] The runtime or "on-the-fly" feedrate adjuster is a feature of
TBC notion control. The TBC noti on kernel may not have any
predeterm ned reference trajectories, and desired notion may be
determ ned inside the control |eop at every control cycle based on
the current systemcondition. Thus, the runtinme feedrate adjuster may
be possi bl e. [ 00144] The runtime feedrate adjuster may conpare the
position/tolerance error to the specified error tolerance. |If the
position error is bidger FeahForenrdSignalt oskGuios t he specified error

t ol er ance, unt i f eedr at e. adj, ust.er. sl ow do e.feedrate
to inprove [W@@L. ﬁ%edra%%arrggﬁ%bqastchgnmeﬂﬁegfﬁgﬁa?pqsﬂ‘%@ﬂgr ¢ is
smal | er t haglcultich 6fthe {hek fe¢dDBANArd partshEe. SiveBbI dobderh@EFRACEngentif
runtine feedrate_adjuster may increase the feedrate to inprove the

syst em t hr d6igaiUFFvicgnddangeptjal agqgleration Kfatos shown indgeuregd, which iNgsteatgse d

if the posiyj L Siti SREEL,f.l gk t he

speed of ”fglo? &ﬁdﬂ%&elﬁ%ﬂ%ﬁ%ﬁé’gg}s\ﬁd.i }?ﬁ? ‘Iéé %gs?t llreg%s%n?ér%% aiFfsglﬁ:’aebo ®the

speci fi ed ebtaired folethagesnetiy analysigcad idbind dr represest withogienehtnd t 0 not

i ncrease the i1:_1f:edra}td%eeven if the co‘ntlour error is very small, but to
t

. f
retain t he “adiglnopaldfecibistop e nesiely,  educe the feedrate as

appropri at gauﬂs@p 18 % jurddeoniroériage4 fmag ccaiv et disemt € ind @eulie e desired
constrai ned optim zation mechanism That is, under the constraint of

t he cont ourvFlogitey artacceleralien afhot vand agse sqalar glong thydraleotay.r unt i ne
feedrate agj r Eﬁﬂ ! : %ﬁ%% I f‘n“é]ﬁ’%'i!ég 1system
t hr oughput qMFi%Q CTlg%éécg aclgghcggﬂllgtf%édlg. rng?&lﬁ?l%g%?ée ac '?(ljar%trol

wi t h Vari aldirect@aivactpi7dt 4608 toapdurh ¢hertangential ecoclsrationlyeaior at 4610. The feed
contour/t olfg

The. ourr entoP o bt pry B bRl BB 0T R b b Y Pt

control nmawhichdsecptable betliedervoBestatse this is a three-di mensional
error, the coardipate iLon of .the ree axes together my be
needed t o é@lﬁéﬁt e M%?ﬁ%é@&me blegk 4&?231%&%@%&6 ug?rstyalpﬁévng?m?_
when addi t ignatrertiRocity WithNat {Q6dlybmbhdlan@add a B8R tivednpeRstibiffo | N
the trajectories and in the calculations. Thus, where three

di mensi ons therS-pHrerclesizcommand yite Faduer the tapgenfinkirasking ¢ger. cbhebel ow, it
isto beu i j I, S : i

mal - o o Ao pse yeiRaty ol kT IO e GRUBIY oRRRL) A B ket
nore t han thd beomxethe t4r@luikl Veldetyi veckordtdédi4.aBenarse the shrfd systemcteakes the
bet ween the . TBC and lthe nﬁ(}ﬁ-TB ontrol is thq%: th‘i r}.on-TB cont rtol
typical Iy JEeERELERTommangs.fe TheL farvsrsian maybenerded farhe gelpeity vector.
traj ect ory Al faédforRird @ain g A6 D6lRBi1tsax b Sighal IFFOT¥hd nycbnabls )l oh&néle & be
three axes w thout any know edge of the contour/tol erance error. The
TBC not i onabféﬁﬁqﬂéﬁl,ev“rln contrast, may directly address the

three- di me gm@ﬂa' TROGRhRIelal M BANEE P46 18 may HeaRE b by RSifchRPmBfiod he
tool may be sensed al ong each of three axeg. A t hree-di nensi onal

position epfAfcshes %@%ﬂﬁ&&éﬁ&hpe&mcﬁmﬂo@@@ e dira9dd bRaRasdaref the

three axes and a desir position of the too in each of the three

axes may 1 pgmehad Sg;!o%ﬂé ﬁf & dfal/{n!?ﬁﬁ‘a‘? ARl BBA ST A RO folv?id B4ih Rlaff as
si gnal dependent upon the cal cul ated three-di nensional position error
may be pr odppdied to thkéangprtiadi acealdragion tiay be appdiad &f cantvert thgalormal pcdsieration

control |l ed. depen t _upan.th hr ee- di nensi onal position error
si gnal . As“g%gé?lgg%dmﬂ%&@f%?ﬁaﬁﬁﬂ' illustrated herein with various
exanpl es, three-di nensi ongdnpRSFiciRie R0fusteS(yey be cal cul ated by use

of vector nathematics. ) . .
[00143] The runtime or "on-the-fly" feedrate adjuster is a feature of TBC motion

control. The TBC motion kernel may not have any predetermined reference trajectories,
and desired motion may be determined inside the control loop at every control cycle
based on the current system condition. Thus, the runtime feedrate adjuster may be

possible.
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1001481 As is clear fromthe above description, TBC control may -
enabl e notion along one axis to affect notion control along the other

two axes in real tinme, i.e., there nay be intercoupling between the
motion control of the different axes. [001491 As shown in Figure 25,
which illustrates the variabl e-gain feedback control of normal error,

the TBC notion control may use a vari abl e-gain feedback control to
address the normal error. The error may be calculated in the real

ti me geomnet {Y14djalBheirantingoRedrate gdingeriagy. comparsabe positioaddisranke error to the

controller . rQvide s m.skabi Li ty..and ,redu he .notnal .
orror . 100150900 ey et S e MGGt WriBRR clefrofE, 13 Bt Bhepisia
tangenti al etfdradlerapcenthd rintaiediae adjasiaimpsiow dowethe feqdeakioighprdvae
faster the system noves, ttg%%tharger i} he gain that is needed to

r

correct thed UE3PY 000 U ethertagd il e grTgnls Amalies dhapind rgtifogietase taae
nor mal - err Ofe BRYiME tAGLAKSHE duntime feedrate adjustér maANSERE iR febdrhRto
Feedback Contriol [00151] At each control “cycle,” the TBC nmay generate
a tangent i dimpvasedis syptenthroughput. Thenerallyethe apded of the tadh enay e drengaised if the

| oci d |t he.ref :
i oy DBSCORr e eoR e ReBnRY BunyBereith ek SesFR T BP T ¥
cont our . Thiecicadentht pbsitiun @for IBdhotethe epaciTRd eftér folteanbat hid RRULER, infoam

the ideal current positi.,on (I%P) to the current target point. A

f eedback cdtodiment, tepotipeease federdeaty gjenribipe FRHONTETORS VERNRAN: Pufito
error. retain the abiflty tPeftfe? R MasCHaMICE HRISROAS sssapg;og}i%. Two Feedback
Controls [00152] The TBC feedback control may include two parts:
tangenti al [@0145] {lbedwuioe feesinte adjugterdnaydrerredonsiraingd optimidetiok mechanisol. .

| nst ead of 4reatl . a | . f eedhack
controller s’f’hrzrlgg’ 'E)ngg f)%hg\??lifﬁ%nféf;tﬂ% %I%e{l?/rt(gi?rggce%}rtoﬁ%g#@ r?ysip %‘éﬁ%darcaﬁge’%
control | er rankfinefesdiag adjuses pag tdaxiEniznbe Gedialicto tavkiewraptifral syltefr r St
reason for the different treatnment of the two errors is that the
normal err "Hﬁkjpuﬁe nore inportant than the tangential error in terns

of tracking accy acy TdFrsddbha@c€ottrsli Sh quality, and thus nore
wei ght may be placed on the normal error. A second reason for the

different treatnent d&f th&otmy ErerdreedbackGeatrol wigh ¥arighle Ggit &@n nay
o Tt ! .
tor 6 1 npor (0N pirhs 8Ol bdPy, RRofGRbRRKE: bR DORMBIE 0t Buiils.

may be usedidtaice fioeathe ogranotoobpositivd td thegefiatenad coatougmaad TBRenodmnhtrol
error | oop nmay have, hi gher, bandwi.dt h or faster nam,C response. .
Loosel y spdBRiTguoedhj? erele BrGaYSt i S ﬂé@reﬁ‘o-@%aan%ﬂeroﬂm?f otion

error than JraRapRt ks i8Rk mapBe nédded fOdonRbt iE M TH eridPihal 8lsb BE HOEEr six-
faster than the tangential error. G TBC Stick Friction and Backl ash

Conpensat i cimpwinekyhenpddifiopaljaxes; incthe fampd yotatinnal axes arasingladedyndhe

i nfluence : . i é%ﬂ:tuf ' BN

effect, t h%%%ﬁgt&? doiﬁ%egr ne a%rrrﬁsyTﬁg g’qgﬁcgm‘{g%%ioﬁgﬁi %%e%ﬁp%gg;%% or.
Thi s conpensfatred torimyhetxbiscnssiapeley] ivik énbeamdarsiosd ghabthg discussmnrivequally

di ti , .. I it int. Th ti

prof i1 ¢ magPRobied HEREATERR Fa R bHiuBRe Pore SR RS TTRRG s B more
not ch bei ngh# thievakdéson of the velocity and the | ocal curvature of the

trajectory.
) y [00147] As indicated above, a difference between the TBC and the non-TBC control is

that the non-TBC control typically decomposes the three-dimensional reference contour
trajectory into three independent axis motions, and controls the three axes without any
knowledge of the contour/tolerance error. The TBC motion control, in contrast, may
directly address the three-dimensional contour/tolerance error. The actual position of the
tool may be sensed along each of three axes. A three-dimensional position error between

the actual position of the tool in each of the three axes and a desired position of the tool
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[ 00154] Leadscrews may be used in machine tools as a nechani cal
transm ssion to convert rotary notion into |inear notion. The

i naccuracy of the ball screw and bacldash may need to be conpensat ed.
The position values used by the notion kernel may be all | eadscrew
and backl ash conpensated according to the | eadscrew mappi ng tabl es.

[ 00155] The conpensation bl ock may determ ne the current noving
direction, which nmay be needed for |ooking up the | eadscrew mappi ng

t abl e t o i ripleashefithe theed oxgsandyshekheamlvulated; ¥ ibreeslimpeitmal position Erer
conpensati on bl ock al C te.for the stick friction. R T]3C
Controlsi o SesuER viln TR B RURRRS dsibnsior R i ooy e e,
be the sumTHe spbd dn@REdikativRbLkhe Bl Ry betdhidlled ddpendeaeeidache Gapt r ol
signal and the stick friction conpensation signal. Before sending the

control si gHaensienal prsitiop cyer signad-efv deserehedivensing rechilluptintedereig with
converters @Qﬁ@&mﬁfegtﬁ%}dﬁﬂeﬂg{oﬁﬁ?g&iﬁ& SHofs &gﬂﬂg&ﬁaﬂé}?@'b# BseDf Yoddor
overl oadi ng the machine. The protection procedure nay I nclude two

st eps, i nclmahengptims.first step of limting the control signal changing

rate. The syste recej ve the vel ggi mrand, , and .1 he
control o1 JRBTBL AR GETTont S Sealf deatfalien A onbS Y SnabfE HotlonSlong
accel er at i ahedrie @l &¥cat mofion AntrBlAGHE theethér-tvaaxe if el tidlk] i), (heY mad ke

t he accel eration/ deceleration jnto account, it is still possible that

the over al |inteauplae betvisan thepagfionieanitd of B d%f&%qnta:eﬁé: to other reasons,
such as t.rgtﬁiﬁz@g AS'shd¥m i‘n“-lﬁ&ﬂé‘%&‘;wlﬁél?ﬁlﬂ&ﬁ%@‘El?esvaﬁgﬁlh-gﬁinffééd%élp&ntrol of
conpensation, and so on. Inorder to avol d exceedi n§ the servo system
capaci ty amgrhdrernrsntiet TBGototion cortivbmey nieraptarighlgizain feddhagecontrotonay be
limted. Th s, 1if the ditference hetween. t,he.current and previ ous
cont ol comaieinahrmelendt hF LEaey Ve AR ROE e Yl e B0elY BELRE
limted so 4002(Figdre 18). T4 greenrReditcls adntioliéraTh @by proeidt bystan stabilin] HQ157]
A second ste(i) of the protection procedure may be to Iimt the control
signal . Bot'™f Yop theapm 8% he servo system may be capabl e of receiving
only limt gdoﬁ@pt TRE va1aBTASair TWPME niY beQ fonclBr bt BRRHa! vélécntyhsgd

current control” command exceeds thi S threshold, then steps may be
taken to sawounaltaeceldnaionuLoesely speaking thedasterahaisysiomt thevesgthe kwger dergaimol

i nput. [00 M nbodi ment of ,a_net-ho f fraj.ector QN
control - of T ToPasaah B0t Biine e BrOE it oy e GUE A et

Fl owchar t s nenflal pagemaybdcodfectehe TBC Kernel Flowcharts of the attached
Appendi x |I. [00159] While_this invent] 02 hﬁ\s befef descri bed as havi ng
an exenpl ary desi gn, %t he HesBif! Brrfdicedtss faYrefe further nodified
Wit hin the [ggdsh] t ARBSRL T6RRSE cPlle, iR BRO R p0ReMie a tahBbiRiafPAbdifAohMhnt S
therefore intended to cover any varjations, uses, or adaptations of

t he i nvent il injegratipni of $hefangential vplorifieeopmands may aroduee T pefitipupnithe 1.

A et hod of [ : QG | Lt ak b : j tion
commands proci e opis Sk od G 20frcnElanfly PO B L terlln BT 2
al ong a tr apstotuorFhe tangentiatlenngy hdyebestefipsl asfthe paftolength fipratht ddelkl aineaid
gueue incl udi, ural it f ti.on ,compands,  the pl it

ot on compat ] s e et otk ARG R AP A ke Ihrmmg
stop di st anpgdicé e tdngentlal £gér, N0t i on command, the first stop distance
bei ng a distance between a first target point and a first virtual

poi nt beyond the firdt taPietensBynemiclespangesof deebre FredbpenCedfafand
to the pl ungdq i RG j ?gﬂ@q%gn ;
calculatin edalngc(gfrl\%ﬁ%{:g%ag?égt ancgﬁ?%'pn%lﬁ%tgg ond tlﬁgig%r;fﬁ%dr%?k t he
second st opontrd kaheemabérng feedbackicanita. hestoad efitreating dertwoteanorpehe poierr
and a second yirtu oi,nt beyond the seco target point; uUsing a
comput | ng. e Abeees At sontoNEF Gey B PV S i Feh Sttt B | on
conmand by chaeiiiel Mirdshifg B&ésﬁ%c_ti% B8R ¥ thd RRCRroRASL dref Reabdierod B AMbral OP

di stance; and providing the first notion command to the notion
treatment of the two errors is that the normal error may be more important than the

tangential error in terms of tracking accuracy and surface finish quality, and thus more

-32-



2. The nethod of claim1l1l, wherein the step of nodifying a velocity
limtation, includes the steps of: calculating a sumof a length of a
noti on segnent associated with the second notion conmand and the
second stop distance; and conparing the first stop distance to the
sum 3. The nethod of claim2, wherein the first stop distance is

reduced if the first stop djstance exceeds the su 4. . The met hod of
Clai m 3, wYEHE ey he placelon B BT eol chcpend reegR Y the B! TeEeR oy
5. The met hpdwRf erforeis Mat the fsetvb Bekent REP hivel 1gitddPRwet, 8RG 1t Aay bRAEdiRABlca
third notion command to the | ook-ahead queue;, calculating a third
stop di st arte#sedbepewerte do moreHmppeant things i1hHs. éwerdidiseent teadback

det erm ni ng,j | ' | S

ot on comsaniPREnRAERA 88 flethRGS, R RREHEL bt ik olBaRaRENSy

t her eby nodrdphanghighsrciandwitdth drifmster dynamic t@porishelswelgngealkivig, more servo
command. 6. A rretFod f conputin velg%%li | tations, of noiion
segnent s hPOPREMRHPT BERINCATTE IPERRGHOE EntigLerEpTiARd dhe pprmgherror

control | er i rpeFRUREERistePthaRtHe dhielaPBPord traj ectory, the notion
segnents including a first point "having a first velocity and a target

poi nt having a Gar geIBgStick Kryctionand Backlash 6omoensatiop usi ng a
. ; = ; - . .
having an dOUHSSE) Ihe fERHHOS Rile b Ui EinARKEOS 48 kiBh P

t he traj ectloreprrecichestiek fitdtien effectithp TBGimaticntketnisbmby ussta stiek frickiby, t he

target point with t target velocity, and the virtual point with the
oot Dol Bombsaiog| it FmRes e g Whag b e gan it Toatitah

vel ocity angtedtitl, £d./aebosy 8b&6 WbMcitySpddite he EorhpidBatiol Prdfaé SRy hiwl Dfotdhy -
7. The method of claim®6, wherein the end velocity is zero. 8. The
net hod of @haenvigh thatheieht andiwidthiof heaotclrbpings fupction efithg aclpeitnand the
profile. T E[EEIE . I m6, wherein the body passes through a
plurality 3calpé(}§¥ |or§gﬁeg‘%{c&g}g}lﬁ the first point and the target point
and t he tr d¢ESHpr Leddasrews may beiesed premdchizd toels hoa medwhicplosansmgsionto t he

LTI A NI T e el T

bet ween t hendyakegdio He@otiiperdamdd.t The posttiodaklupobdall by the motion kernel may be all
leadscrew and backlash compensated according to the leadscrew mapping tables.
[00155) The compensation block may determine the current moving direction, which
may be needed for looking up the leadscrew mapping table to implement
leadscrew/backlash position compensation. The compensation block may also
compensate for the stick friction.

H. TBC Control Signal Protection

[00156] The TBC motion control signal may be the sum of the feed forward control
signal, the feedback control signal and the stick friction compensation signal. Before
sending the control signal to the servo system through digital-to-analog converters
(DACs), protection procedure may be performed to avoid overloading the machine. The
protection procedure may include two steps, including a first step of limiting the control
signal changing rate. The servo system may receive the velocity command, and the
control signal change rate may correspond to acceleration/deceleration. Although the S-
Curve controller may take the acceleration/deceleration into account, it is still possible

that the overall control signal may change too fast due to other reasons, such as tracking.
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11. The method of claim®6, wherein the notion segnents further
include a third point having a third velocity. 12. The net hod of
claim 11, further including the steps of determ ning a second virtual
poi nt having a second end velocity, the second virtual point being
determ ned such that the trajectory includes the target point with
the target velocity, the third point with the third velocity, and the
second virtual point with the second end velocity. 13. The nethod of

claim 12, tnisrife@ibatk)distigbdiges) itk FHi@ivn cofpehtton)am d®na I bidst todivsidance
bet ween the target point and the virtual point, determ ning a second

p : |
di st ance betkeding theservasYEmeapasityand formostimetepny thecazirol signalichangsd
determ nin . Lk St edi St i i.Cl 1
change fro%t%l\ﬁ? Pﬁxgﬁt@(ﬁe %aglgt ?méﬁf‘ ‘?ﬁg ib?tgﬁ%%{e%kﬁ ‘%}g a{“ﬁg@ts%{rggée%ﬁm
vel ocity atommendsaxcpets pthireshold, thel curiidnecomahiraidnaf bedimsiteathsh Zhat teer ei n

the first distance is rmne be sufficient to permt the
change froﬁ\ﬁl%FFé‘C‘?}Srsgwrgatagglcttgregloi{he. first point to the target

vel ocity afoousn tAseRhdBep bf the broideBoh proddduet BAPRCS linfit the SSntid) §igna
equal to the sumof the second distance and a length fromthe target

poi nt to t Bethtth PACGysdiee servpsystamanayeeisapabltofaecgivingianly limedeantiof t he

first distapce.l . i d a

| ength f ro% T %éﬂp?g?%@?&%%?% {L{)&Gﬁlﬁté%?ﬁaler% %Ag?%rﬁﬁ??ﬂ%n%}(fés’%&&ﬁs Is;mce

i s det er m thegthold, then stegsuhdy i taleh té eatyretenhd cuttent cohvigemiiandtd the fir st
velocity at the first Iooi nt to the target velocity at the target

poi nt.  16MPFMMHEANTSHIEYL ¢| ai m 15, wherein if the first distance is
greater thppisdle oavemtodihié SELABR0E bSEHRGEY RidtioR coRRUbIKE pREHALhe

target point to the third point, the first distance is reduced to a
di stance siaventiondnshows ippages 4-1610f therdi{g Elopichartsiand pages 415 afdboEBEy at
the first i | t the target point. 17. The
met hod of g%glglﬁrl]:[&%(;ﬁaaﬁg?g%%ﬁécpgfhgﬁ%nﬁ&sl? di stance is greater than the
sum of t he[08&5%]ndWiilsthasnoentionhas Heemddsbritfedashsving areexgmplagodesign thet he
third point, the first distance is.Jteduced,to.be ual .t he .sum

18 The. el B cifoRmae faRer aiofitie BB PuEend ke s it Ao fR,
CNC machi nehis agflicatidifis BREIOE ifténded & $ovEr anly WalidiRhs, uses, biCidagtatiis cFtiRp
of : providing notion conrands to the notion controller for

control | i nigventionusiBgits gencel PEYCIRES-t he body al ong the trajectory, the
providing step including the steps of conparing at |least two of a
specified velocity; a machine allowable velocity; and a path velocity
limt; and setting the current velocity to a value not exceeding the
| owest of the at |east two of the specified velocity; the machine

all owabl e velocity; and the path velocity limt.
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20. The nethod of claim 19, wherein the current velocity at the
target point does not exceed a joint velocity limt. 21. A method of
conputing velocity Iimtations for novenent of a body along a contour
having a plurality of segnments, including the steps of sequentially
storing in a queue a stop distance and a | ength associated with each
segnent, the stop distance being a distance between a target point
and a virgﬁaL E@int.b@yond the target point; and if a current stop
di stance WO&GRFAMH Hith a current segment is greater than a sumof a
subsequent stop di stance and a subsequent |ength associated with a
subsequent: As@gihes pf campring yelpgitalivbsngs foeig Megliveofimptioa coppandsr r ent
stop di stmﬁ@ée%gwanotm qopBolarie eavde gookjeqtitd movhalpnga Pricefprys inspiding
di st ance thestops cit prvisings laokehed quengneduding a pbsdity hEmotien eguaindsahe he
current gstlwpliginamios cpinusinds incndieph firgmyitinasmowindt catbulkting a fine stop
current shgaertfor the Arst iod omredrhmand) thediiral stopPdistafiaertiehgra distadca demgei he
step of rfesuasevslin aat adicitngrah pbificieyend the $ira pargétSomCrlding al sesgmdt han
or equal rhétich BusREUYE He phulifof totibe PordinGhdI1E EheABEk-ahdal G2,
associ at edicMatig a s&déha @Y Akans & HTRIM seddid hSTHAGoREnAAYhE tQBndktsp ance
in the quglshckhah 'a%ii@z{d%@i)@t'bve&hQ&cbﬂ&ta?éé??&ﬁyﬁﬂta SEHd BAhI fBi‘ﬁP’Qé}‘BQd
the recu rgﬁé Yebya GRREKSIAG usihe R o4t % QB b é‘vélB%@ é%ﬁ 1B %6: thoat

e

s less than, oo qAial i@y BRI Ohrel 86> SRR RLAGE b8! ength
associ at g StXHCE?, an%%?oﬁ&??ﬁ %%Lﬁr@ttmgt?o%rg%ﬂlmandlto tlfe mecljtion controller.n ’

2. The method of claim 1, wherein the step of modifying a velocity limitation, includes
the steps of: calculating a sum of a length of a motion segment associated with the second
motion command and the second stop distance; and comparing the first stop distance to
the sum.

3. The method of claim 2, wherein the first stop distance is reduced if the first stop
distance exceeds the sum.

4. The method of claim 3, wherein the first stop distance is reduced to equal the sum.

5. The method of claim 1, further comprising the steps of: adding a third motion
command to the look-ahead queue; calculating a third stop distance associated with the
third motion command; and determining if the second stop distance associated with the
second motion command should be reduced based on the third stop distance, thereby
modifying a velocity limitation for the second motion command.

6. A method of computing velocity limitations of motion segments having corresponding
motion commands used by a motion controller for movement of a body along a
trajectory, the motion segments including a first point having a first velocity and a target
point having a target velocity, including the step of using a computing device to
determine a virtual point beyond the target point having an end velocity, the virtual point
being determined such that the trajectory includes the first point with the first velocity,
the target point with the target velocity, and the virtual point with the end velocity,
wherein the target velocity is greater than the end velocity and the first velocity is greater
than the target velocity.

7. The method of claim 6, wherein the end velocity i1s zero.
8. The method of claim 6, wherein the trajectory is an S-curve velocity profile.

9. The method of claim 6, wherein the body passes through a plurality of positions
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between the first point and the target point and the trajectory has a unique speed value for
each position of the body from the first point to the target point.

10. The method of claim 6, further including the step of determining a first distance
between the target point and the virtual point.

11. The method of claim 6, wherein the motion segments further include a third point
having a third velocity.

12. The method of claim 11, further including the steps of determining a second virtual
point having a second end velocity, the second virtual point being determined such that
the trajectory includes the target point with the target velocity, the third point with the
third velocity, and the second virtual point with the second end velocity.

13. The method of claim 12, further including the steps of determining a first distance
between the target point and the virtual point, determining a second distance between the
third point and the second virtual point, and determining whether the first distance is
sufficient to permit a change from the first velocity at the first point to the target velocity
at the target point.

14, The method of claim 13, wherein the first distance is determined to be sufficient to
permit the change from the first velocity at the first point to the target velocity at the
target point if the first distance is less than or equal to the sum of the second distance and
a length from the target point to the third point.

15. The method of claim 13, wherein if the first distance is greater than the sum of the
second distance and a length from the target point to the third point, the first distance is
determined to be insufficient to permit the change from the first velocity at the first point
to the target velocity at the target point.

16. The method of claim 15, wherein if the first distance is greater than the sum of the
second distance and a length from the target point to the third point, the first distance is
reduced to a distance sufficient to permit the change from the first velocity at the first
point to the target velocity at the target point.

17. The method of claim 16, wherein if the first distance is greater than the sum of the
second distance and a length from the target point to the third point, the first distance is
reduced to be equal to the sum.

18. The method of claim 6, wherein the body is a cutting head of a CNC machine.

19. The method of claim 6, further including the step of: providing motion commands to
the motion controller for controlling a current velocity of the body along the trajectory,
the providing step including the steps of comparing at least two of a specified velocity; a
machine allowable velocity; and a path velocity limit; and setting the current velocity to a
value not exceeding the lowest of the at least two of the specified velocity; the machine
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allowable velocity; and the path velocity limit.

20. The method of claim 19, wherein the current velocity at the target point does not
exceed a joint velocity limit.

21. A method of computing velocity limitations for movement of a body along a contour
having a plurality of segments, including the steps of sequentially storing in a queue a
stop distance and a length associated with each segment, the stop distance being a
distance between a target point and a virtual point beyond the target point; and if a
current stop distance associated with a current segment is greater than a sum of a
subsequent stop distance and a subsequent length associated with a subsequent segment,
then using a computing device to set the current stop distance equal to the sum and to
verify that a prior stop distance associated with a prior segment is less than or equal to the
current stop distance plus a current length associated with the current segment.

22. The method of claim 21, further including the step of recursively checking whether
each stop distance is less than or equal to a subsequent sum of a stop distance and a
length associated with a subsequent segment and reducing any stop distance in the queue
that is greater than the subsequent sum; and stopping the recursively checking step upon
encountering a stop distance that is less than or equal to the sum of the stop distance and
the length associated with the subsequent segment.
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