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h is found rhar thc back-sidc weld wltth in GTAW can bc srfficicntly rcpresentd by thc topsidc evcrage
dcprcssion &prh- ThrrC it is fcasiblc b conml thc full pencuadon srrc (the back-Tdc w_cld width) bascd on thc
mcrsurecnt lrd conuol of ttrc opsidc parancbrs. In ordcr to unlstr€ thc op,si& wcld gmric prnmcters
on-line, a real-ric imagc pocessing Echniquc is proposd fr thc wcl&sripc imges. An adaptive gediaivc
decoupling conuollcr is d-vclopcd. Expaimcns undcr a varicty of variablc wclding cottditions havc bccn
conduLrcd-o vcrify the cffcctivcncss of tlic dcvctopcd vision-bascd opsi& fulI pcnctration control echniquc.

lntroduction

Rcscarchers havc orducrcd sodics to find fcasiblc
approachas to control 0rc weld penctration for eithcr full
pcnctration or partial pcncnation instarcc* utilizing a opsidc
scnsor. Bascd upon the conccpt of using wcld @ mtion fq
pool geornctry scnsing [2J, mrch rcscarch has bccn Frfcmd
tF7]. Howsrrcr, Hadt tt and Sscnsen [4] havc shonm drat it
is not practical to detect the pool sbapc in partid pcrrctradon
using thc concept of pool oscillation thmugh analysis and
cxpcrimcnts. Alrc, it wrs dcrmnsuatcd by Tam and Hadt [61
that in thc circumstancc of full pcnctration dlc uniquc
idcntification of thc pool shapc is unrcliabb if no odrcr
corrclating data is availablc. Thc reflcction ulrasoud rrcthod
wss utilizcd to nrqasurc tbe sia of thc starionary wcld pool by
[Iardt and Kstz t8]. Similarly, ultmsonic rEasurecnts of thc
weld pool wcre pcrfornrd at thc ldaho Nuional Enginecring
I-aboraory [9121. In a rtccnt leport, str cffst to disciminarc
anpnt diffcrcnt gcomerics of welds was prrcscntcd [l21. This
rcpon irdicatcd a rmrc rcalistic ooncoritacting $nsor-bascd
systcrn was undcr invcstigarion. Studics havc bccn conductod in
infrarcd scnsing of wclds as wcll [3,141. Rcccntly, Chcn and
Chin urilizcd an infrared scnsing Echniquc o casure thc
welding tcmperarure distribution [l4l. Rclationships wcrr
obtaincd between thc bead width as wcll rs thc dcpth of joint
penctnrion with raspcct o the chanctcristics of ttrc mpcrature
p'rofilcs. Howcvcr, whilc vrrisblc crlrcnB wtrc uscd o producc
thc variation in pcneration, all orhcr cxpcriunul vuiabhs wcre
hcld constanr As wc know, if wclding conditims can bc
prwiscly controllc4 an opcn-loop cootrol Ery podncc
satisfrctory wcld pencratior utilizing cxpcriroully &tcrminod
psnmctcrs. A cloccd-loop wcld pcnctration conuol tppcars to
ovcrcooE thc disturbanes cncountcred in wclding onditions
&om this standpoint, rcluionships obtgincd brscd o r widcr
varicty of cxpaimntal corditims, rvhich cmulstc ttrc disturbercc
in practical wclding, will bc pocsiblyncc eppropriaa.

Thc ruthas obccrvcd 6at a skillcd hunan wclda can Stain
adcquac informadon on the full percration $arc by vicwing thc
cnd region of thc wcld pml. tf tbc cxpcricrrcc of ilrc slcillod
firrrneq wcldcr can bc extrace4 tbc infcoation o thc frrll
parctruion strlc can pobebly be obtafurcd 6ilizing a mchinc
vision app'roach. Bascd on this @nct?q r topvision conuol
$r:rrcgy for full pcnetration is prescnrcd forGTAW.

Too-vision Cgrlool hinciplc

Thc prescntcd opvision conrol is principally shown in Fig.l
where thc pcnctration fccdbrck infonation is rncasncd though
a gcornctric modcl, an iroage p'roccsring unit and e 3D vision
scnsor. Thc 3D scnsor acquhs thc imagcs of dp wet4 whilc thc
imagc processing unit proccsscs thc imagcs o calculatc thc top
side geomric paramctcrs of thc rc14 The gcocric modcl
dcscribcs thc relationship bctwccn thc back-sidc wcld width
(which rcprcscnts thc full pcncuatior satc) and 6c topsidc
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gconrtric paramcrcn of rhc wcld- Accoding to thc sct poinr of
thc full pcnctrarion stae and thc ncasurcd full pcrrctratirin srrc,
thc..gnuol sigral is Foduccd by rhc conuolicr o adjus rhd
wclding paranrlcrs.

Mruir
V: Torh tnvd ralocity
i : Wdding cunent
l: Arc lcngrlr
RT$,i&C'coflFry

, Fig.l Full.pcnctraim tqside visior-bascd depivc contsol piriple

Geoq{ric Pcscriotion E[gg wdC GrWg Scction

A cross scction of full panctrarion r*tld is shown in Fis.Z
whcrc {,,-L. uc straight lincs, urd c, ard c, ur fcurod duc o fu
dcgessiolr. In gcncr�al dtc top,si& Ccerc**on &pth fi, 6c mp-
si& weld widfi D, rhs back-si& dcpression dcplth ,t, rnd tfrc
hct-sidc wcld wid& b, arc uscd b dccribc thc cross scction
gcmrcnically.

[.ct ns ingoduce a new gcorErric pannctcr, calld rhc
1v.GC1g9 dcprcssion &pqL The ropsidc wcragc Ocpression dcp&
t is dcfinod as t=S/D. Tbc back-ddc avcngc-dcprcssion @h- {
can bc dcfiDad similaly. By h rlc back-si& *cld width can bc
sufficiartly rcprcscntcd in a simple lincrr modcl (rhc dcreil can bc
found latcrin this papcr).

In thc following soction wc nrn o thc msurcrrns of dre
opsirk gcmcrdc psamtcn.

Fig.2 Cross scction of r full panetration weld
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Sensins Svsan

Thc prirciplc of thc 3D visiqr scnsinq sysm is
sclrcorricelly rhown by Fig.3- In oris rcasini s6rco. rt c
$nrcnrc&[gtt plrnc is Fodrrcd ud projecrcO 

-on6 
tc-wcfa

$rfg by Ens of r cylin&ical lcns whc' f,c lichs ohnc is
projuoO ggb fu wcld bca4 a lascr sdpc forms"-ttlis tascr
sfipc is cdihrrcd so Es ro bc vcrtic.l b dtc'rcld Ucaa lt-cu Uc
$cn rhat drc lr'cr stripc-is {* s"t gf hc in&$ocrcd points of trrc
seld surfrcc rnd rhc Ught qbr- Thu, the shspc hicmtdon;f
&c croes sdoo of thc u/cfi hrs bem iocrudcd in rtrls trscr:snioc
wbich.can bc rcqufud bescd rrpon rhc proccssing of drc *f+
$Dpc rrnete o $c xy imep plalrc (Oa this planc,.r_ans and
;l.slin urcspuU ro dre inn*ccsc and vddcat- dt "cd;(
:g:uy$y) Ih" mein rchnical drb ddrc scnsing syur ii
linod inTrb|c l.

V --.r-

Fig3 Strucurcd-lighr 3D vision scnsing Fincipb

Table I Scnsor tcchnical data

Computcr 80286+80287

Imrgc Intcrfacc 8 bit, 512 X 5la 30 framcs per sccond

l:scr sourcc Nd:YAG, 1.06 FnL 0.l-33w

Optical Filtcr wavclargth: 10579 A o
half widttr band: 123 A

Re€!-tigrc hooessing g! tlF Wcld-sairc Imascs

Fig.4 sho*t somc tlryical wcld-scipc inagcs whcrc a ltre-Nc
hscr iE cnpbpd for off-tinc rEasurEcn$ lnd r Nd:YAG lascr
fc on-lfurc nranlrcorcns. In gcncraf tbc following five stcps arc
ncccssary lo rcguirc tb udd gmctdc Fr.mc&rs frortr thc
urld-stripe imagcs: 1) Imegc filtcdng a noise supprcssion; 2) A
grcyJevcl ino binrry imagp ootwcrdon; 3) Mcdid rxis of thc
lescr suipc exrrrcdon, i.e-,lasr sripc thinning;4) f.canrrc points
of tlp ndid rxis rccognitioq 5) lltcld gcocuic psrurrtcss
compuanim bosod on drc mcdirl rxis ed ttp fcature points. Thc
aborrc poacdurcs 8tr dconsuming lbus, wc pttcscntcd a
rcal-drrrc imqgc prccassing lc&nhuc bcscd oo or image
fcanncs, folbwing l) Adaptivs dl'rtamb mcdid rxis cxmction;
2) Unbiescd fcaurrc points rccognfuioa; 3) lVcU gmtric
Fnm+css oquntioru Wc now first discuss ttE rnodid txis
cxtitcuoG

Itr ordff lo solvc drc conf,ia bctrrcca thc cmpuutiond sPcod
rrd thc window siza r d''nrnic thinning proccdurc (DTP) is
prcposd brscd upon thc assrrmgfun 6+ thc lescr suipc is
ion-unuous. Ttrc csscncc of tttis procodtttc is to bcgin thc scarch
fa tbc Eaxinun grcyscale point (tbc sa of tr{tictt dong.r-aris is
sclcecd b bs tre madilt rx$ of thc ltscr luipe) from rn initid
point wtrbh is cloac to thc mrximuo gtcyulc Pornt: Acconding
io thc assrrptbn qr thc curtinuity, thc vcrticrl ocdinatc of this
initid point cra be sclcred o bc ttc vtrricd oadinetc of thc
ttcighbafury Drinun g,cfcab poira which is rcdily milablc.
Thus, if thc rsnmption oo thc cuuinuity of rhc lefu *ripc is
ulrc, no mrc meximum gcyscalc points ac lqtcd ovcr a largc
nng3 Gxccpt drc first one fornd in crch tnc iDagl" Thc
coaplutiooel tic will bc sigrificrntlyrrduccd

If thccontinuity assrryrim is rrua, thc efqrentiooGd DTP
will dunys functlm Fopcsly. Ho*vrrcr, during mnl welding
the mtinuity of tb lexr suipe crn nor bc gurnntcod. In rtis
casc, thc DTP yilt no wort popaly. In ordcr to wcrm thc
influcne of tbc disoontinuity upon 6c thinning" e modifiod
d)'mnb thinning dgori6nc'. tbc deptivc dyninic thinning
dgcithm (ADTAF is proposod"

Thc deptirrc dynanic rhinning dguithn firsr dctcrmincs if
tryitr)l (whiti ir rclcrod by trc DTP) is ur tl? lascr srripc. If

f(r) is rcgpdcd to bcon orc lsscr sripc, (rylG)) is acccprcd as a
point of the l8scr stripe utd is dcrocd by (:,yoft)). Ohcrvisc,
thc scarch fq G,yJ.r)) is cxtcndcd o r lrrge area Somc
resrlting rrcdid alrcs cur bs found in Fig.5.

Expaiuurs revcrl drc ADTA to bc rcbust io thc various
distrbanccs cncountcrpd dudng rcunl *rlding. Also, this
dgcithm can bc furplccnrcd sfficiartly fas so as ro bg
regardod rs rcal-tirnc fa our parriculrr control purposc.
Examinatiqu show thrr tlrc compundord drr is guannrcad to
bc lcss dten &)rnillisccoods on orncxpcritrstnl sct-up.

Wc nos'discuss how o cognize 6c fcenre points bascd
upon thc cxrared rrdial txis. Thc modid exis crnvc consists of
threc pars: tuo suright lLrcs rnd r cutw. Thc qnrc correspords
to thc urcld dcprcsioo rnd drc rwo snight lincs corrcspond o thc
unnolur prrt of dre *uld Thcsc ttnee puts rrc dividod by t*o
points, cetld thc fcanrc points of rhc mdid rxis In qdcr to
oorDputc thc weld gcomcric frarcErs romtcly, rhc fcanrc
poiils must bc rccognizcd unbirscdly. llowcvcr, duc ro thc
disturbanccs from the uc light 8rd thc ndirdon of wcldpool, it is
vcry difrictlt o obain en idcal ncdid rxis of rhc lascr sripc.
Furthcnrorc, in many calcs, thc fcrnnc poinrs may nor bc
apparcnt sincc thc dcgroc of thc weld dcprassion is srnall. As a
re$dq u unbirscd rccognition dgqi&n is dcvclopcd-

Assunr e mcdial axis rs shown in Fig.6. orn intcnrion is to
dctcrminc dtc hdizontsl coodin$cs of drc fcrrue poinrs (a.yo(a))
and (tyo(b)), (Lc. a ud t). tn thc following discussion, only a
is consirtsed sfurcc, can bc rccognizod in thc sarrc nunncr.

v

ln ord&orcin thc disnnbrnccs drc n thc uc ligbt rnd drr
to drc rdietioa fro,rn tbc hot mcul l Danow bend filtcr is
cqloycd- Thc utld-stripc imagc is roquirad by tlrc carncra ard
thca convcrtcd ino e diginl Ercyscals mauix by mcans of e real-
ticimrge inrcrfecc.

Albouth rhc urrow band qticd fihcr can rcjcct trxtst cncrgs/
of 6c uc li$t rnd dre hot radiation, thc disaubanes duc o tbc
Jc ligh rDd tbc hot rrdiation cxist in thc imagc. Howcrcr, thc
disrrce, bcnrcca thc crd of thc weldpol ard thc lascr stripc can
na bc o lrge duc o tbc poblcm of control dclay. Wc sclcctcd
6c disrre bct*rccrr thc clcctrodc ad thc lescr stipc o be
Zh ($d Sun bclind thc ad of the wcldpol)-

(e) He-Ne lssstripc O) YAG:Ndlascrsripc

Transactions of NAMRUSME

Fig.4 T;pical *rld-suipc iraages



(e) mcdial aris and fcanrc poiot3

(b) modcllod mdial axis

Fig5 Proacssing of thc t)?icll irn'gcs

fu,f, ltlcdid rris rnd its felurc poinu

Suppooe the aquuion of thc straight line on the ldt-hand sidc
of a is:

/o*+**+€., xsa ( l )

Wetd width: b'<'
,;P

I t t*x
Avcragc Ocercssion Dcpth: =7;;|

Expcrimns havc shown thar our rcal-tim poccssing
dgorithm dcvclopcd in this scction furctims wcll duing rtual
welding whcre variou noiscs somctim rre FEscoL Fig5
illugrrtcs sorrc rcsula of thc cxtrirctcd modirl axi$ 6c fcarurt
poina rd thc modellcd mdid axis (l' g and rJ. Th€ tool tirc
fa thc image sanpling the image prycting and tbc weld
gaoffik computrtion is lcss than 2fl) rnilliscoodt on orrr
cxpcrirortal sct-up.

To'sidc Suocnrision PanmeFtq

Expcrirors havc bcen conductcd bosod upon cxpaircnal
dcsign and ba$d upon cmulation of possiblc variuio in wctding
condition in ordcr o in$rrc thc validity of dtc ttstlting
retuiostrip [61. Using off-linc trcrsrrcsros of topsidc
peraffis wifi tlrc cwsponaing back-sirtc weld width, a
srstistic model:

,$5.81+4.95i (6)
can be obtaincd by mns of dre leasr squtcs and thc F-cs (O.ffi
oqrfttm bvcl), whcrc thc yariur of thc qnr is
O.ZllptretQStz tmi],. Tlrc *cuncyof &isrclerimshipclr bc
shown tln$gh conrpuison bctwcen thc casrcd tr rnd thc
oodcl-oqutod D, rs vcll (Fg-7). Thir rwcrb trltr crn bc
srffrcicntly rpcscntcd by j,tst fr. Thug 6c opsitb avT?gc
dc,scsrbn dcpth may bc choscn as t[G rysrlc $Fvlsoo
osia@crs of-rlre fuII pcrrctrubn sura llmrurcr' tbc uiform'rop-gAc 

wcld widrh D-should bc, in tcocrlt oboincd duing
ecuat *cHin6 Accordingly, both 6c pgsidc - 8tt-cr.�agc
dcfiGssioo Oadn f urd rhc-torsidc utcld wllth D shiltld bG
coitoUcA nicrcfqe, lr as wcll is a cc cbs o bc thc tog'si<le
supcvisi{m paramrcrs of drc frrll pcncmtirn sqa{tbc focdbrck
inicmerio" oe thc parctration con-trol sysm) during 6c sntd
mrmL

(4)

(t

Thc curve on thc right-h8trd sidc of a in a vicinity of a can bc
approximatcd by a llrcrr cquadon:

yo=4+d, rre., x>a Ql
wherc e,-.rV(0d) is 6c Gcussian whitc noisc represanting thc
crrorof thc mcdill rxircxtrrctioru

Supposc ,i is Oc traiznul cqslmtc of e poinr on thc
Eodirl ixis on thc lcft-hsnd sidc of a GEo,)- We esimrrc (|o. q)

urd (dr-4) by tbc lcrst squrres Ecdto$ bascd oo thc pont I
6-iili'-i, 0=rZ-.J'0 Erd (bi,y{a+iD g-r,L...i{),
rrspcctivcly.'Accordtng 

to thg msrimum pirrciptc of thc slopc diffcrcncc
[t, tbc following o is ap ErbipqS cstirna of c:

6, .*,.*r(4(aH,(;)) 
(3)

ThuT en unbiescd r*ogltidoo dgqithm fc feannc Pobts can be
ohimd. Thc rc$ltisi rtguittrn cosrs about 12 nillisconds
Thcrc,ftre, orrr rmgddm 

-rlgorirhm 
fc ttrc fcanre poina is of

rcel-tirc rs well fcourProblcct
Tbc thcc perts of thc-ncdisl axis are thcn fiuod to t lincar' I

qudrrric, rnd'e lim oodcl utiliang thc lcast squsrcs gcfid'
rbpctivay, ptogrcsing from lcft o rigltt on tbc-imagc. Supposc
rbi resulting moocrs-arc ,,(r) (*4), ct0.,rt @<4) ard

t 8) 6>Jir, respctivcly- The point of inrerscction of l, ard ct is

(o', y,) ; thc point d intcnccdon of c, and I is (D',))- Dcnotc

thc stnight linc connccting (d', t;) and (D', y) s lr. Thcn, wc

cen cqtoy thc folloving cqutions to computc thc rrcld
gGofrctri.t peracgs of intcrcst:
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Fig.? Conparison bctwccn rhc values of rncasurpd ard modct-cunpurcd bock *cld width

Fig.8 Adaptive conuol qrutcln

edapS.w Ptrdigi,lp Conuol hincide

Tbc ontrol systcsr is showl in Fig.t. lVc firs nodEl tbc fitlt
pcnctradon pro6s (FPP) which is tlrc conuoUcd proccss for thc
congol architocturc dcvcloprncnt

Fig.9 shows e top view of wcldpool rcglon at a sro,rrcnt. Wc
treve rcloctcd thc disuncc frm z, to 4 b bc 20 miltimetcrs.
Alro, al s' bth h ard b arc crractcd by poccssing fte wcld
irnrgc illunrinaad by thc lascr strif. Supposc the vicw shown in
Fig.9 is obuincd ar rhc F sampling insent- At this insrant, thc
hscr stripe lics u 4 (tcc Fig.9). Lct us dcfinc l) fic wcld widtb
end dre dcpressiur at z, by ,t(t) tttd D(t), rcspccrively; 2) thc
urcHing cunrnt and arc lcngth al this ins8nt curcsponding to
thc rrc-positioned u zo (scc Fig.9), ry (t) atd t(t), ttspoctively.
Wc scba lvlA nrodcls as thc rnodcl structurc of thc FPP:

[ + r .

| rc>a,,*f a,, 0)''(r-4,-t[4 {,ilt(ka v-it,'..&)
l F t F l
l r . 4 C t )

f rc>a,*!,a,ait4,1lxlto,wt*-4-ltrat1>
l' ;t Fl

whcsc z.t is drc bsckshift opcramt e,(&) and ar(&) ars indcpcrdcnt
whia noisc caqucnecs, Mr(i=l2i=12) uG subordprs rrd
d, (i=l L kl r) 8rc subdclays

In qdcr to idcndry nodcl (7), cxpcrirncns havc bccn
oorductcd urdcr a variety of wclding corrditions. Using
cxpcrirncnal detr obcaLpd ia a singlc erpcrircnL an idividual
rnodcl cr" bc obtaincd By mns of drc satisticrl uralysis of dl
thc cxpcrigcnul datq a gcncrd modcl is rcquircd
h (kph1ly6 ro= {.3&45 (t- I 6 I ){0.036{ ri(t-$ I )+

0.01 gl ri(t-9-2)+ 0.0214 dt-g-3F0.ffiEl i(&-94)+
O.ffirs (t-9-s)+ 0.03 lt (*.9-6)+0.02m t(t-9-7)+
0.906 (*-9-8)+ 0.0 l49 t(t-9- I 0)+0.0 I 20 (t-9- I I )+
{0.0221 (t-9-12)+ 0.0175 i(k+-rz)+
o.$n (t-9-13)+q(&) (Ea)

b' (kp5gf6u4. l 7 (h 17)+038tE (r- 1 r 1 )+

ol8l9 i(t-lt2)+ 0.t6m (t-r5.3F
0. 1632 i(t-15-4)+ 0.0564 (t- l5-5)+
02155 i(t-15-6Xq(t) (Sb)

*elding ditcction

FiggTo,pvbw of thcrpld Pool region

Transactions of NAMRI/SME
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wtrcre brc(b;) is thc nrcan of D,o (DJ in all rtrc individual modcls,
Nrd rhc varianccs of e, and g arc 1.20d pio|trrd9.1932 pinf,
respectivcly.

Sinc€ practicat disrurbanccs of welding conditions arc
diffictlt !o trparirt',r, 6c best a priori dcscription of
charactcristics of thc FPP is givcn by thc gcncral Eoda As rhc
wclding proccss procccds thc influcnccs of disturbanccs of
wclding conditions upon thc wclding psocass wilt bccomc
app8rcnt. Although the wclding condition can mr bc casuod o
&idc which t)"ical modcl should bc usc4 rhc modcl can bc
modificd bascd on thc obccrvation of thc cffcct thar thc wcHing
conditions havc upon thc proccss. It is important, thcrcfq€, to
obtain e bcttcr modilicd modcl ftom rhc initial a prior mrdeL
Howcver, duc to slrortcr durarion of wclding, it is diffrcult to
idcntify all thc pararnetcrs in (7) on-line. Ttrus, wc p'rcscnt rhe
follorving modcl structur€ (calld rhc rcal-tirnc nodcl).follo;ving

othcr approaches [17] which arcmpt to cstimarc rhc dclavs usins
opcrating daa and to bc corirplcx and lack rodrstncsi
Mortoycr, unlcss spccial precautibns are ukcn [l7l. polc-
placcmcnt and LQG sclf-runcr are scnsitive o rhc ovcresfrmirtion
of the modcl ordcr duc io rhc plcluto canccltuions in thc
idcntificd lrodel. Howevcr, rtlc gcncnlizcd prcdbtivc control
(GPC) prrcscnad blAarkc cr at has bccn shoui o Uc capaUtc of
cffcctivc control of a plant simutancously with-vrriabti deJay,
variablc ord6 and ndnminimum-phasc ir rcll as opcn-
unsap{c Fopcrries. This algorithra soenxs o be tirc r

loop
thc Epti

wherc \ a"d \ are thc socallcd gain modification coeffrcicnts"
During actual wclding, \ aod ti will bc idcntincd on-linc. Thus,
this rcal-timc modcl thc gcncral characrcristic
(dcscribcd \y n' urd b) 6 t\b which are encounrcrcd during
actuel welding.

Bascd upon thc discussion in thc lrst scction ud somc
invcstigation_ [6], it cur bc shown rhat trc full pcocradon
proccss (FPP) is a nonmiaimum Srasc planr wirlr hith and
veriablc modcl 6ders, large !d vdabla &lays rnd iariablc
modcl p8r"mctcrs. Duc o tbc short wclding duntion, crly fcw
kcy paranctcrs can bc idcntifid on-linc instcad of all thc loodcl
pq{?{Dctcrs! odcrs and &lays Thus incxrs ordcrs end dclays
will bc addr,esscd Thus, orvcntionrl adaptivc algoridrms such
as thc gcncralizcd minimum varianccs (GMn or polc-placmnt
will p,nobably fail if applid D our p'mblcm" For cxamplc [17f,
thc GMV pcrforms porly if thc plant &lay varics" cvcn if ir is
robusr with rcspcct to our.ssuncd dl ordcr. Furrhcrnore,

promising fa our probtcm. More infornation on rhc GpC can bc
found in rcfcrcrrcs [7,19J.

- In orn rcs€arch, fq drp{r'e predictivc dccorpling cm6ol
rchm, utili-ing GPC as-drc essctrdel cootol-suircrv. is
proposcd fa &c FPP (scc Fig: l0). Thc conuol sys&e confrrs oC
four csscnrirl prts l) ptant 2) csrinrn; 3) irdirrivc corol
dgorithns; 4) dccoupling clcmcne In Fis:10 &c plrnt is tbc
FPP with rhc wclding curcnr ald arc lengrh rs inputs rd hc

ud *uH widrh rs outpuss" Ttl csdnairr idcatifiat
on-linc thc kcl'prranacrs in thc rttt dnc Eodcl which ircludc
thc basc velucs bF erd, rhc gdn nodification ocfficicns t,
0=12), bescd on 6c inpuUornput drrr rnd fccdt 6c idcodficd
rcsults !o thc @ictivc coaoi algcirhms sd 6c dccouplins
clcnts. On basis of rhc Eodificd modcl krcwlcdcc ( t; rh;
idcntificd D,. d l, ) rnd thc sct-poinc of 6c- planf 6c
prcdiaip coorol algorithm calculap &c gmalizod wclding
cunrnt j rnd gcncnlizcd rrc lcngrh ,, wbich tr inpurs of th-
dccotrpling elcocnts. FrnaIIn in IiS-lO dE dscilpliig ctcrcns
compurc thc wclding currcnt i rnd arc lcngth I, wf,ich-arc rtual
inpus of thc plenr, bosod on ec Eodifid-nodcl tnowledgc and
loth tp gmalized wclding curcnr i and rhc gcncraliid arc
lcngth I

In odcr b &tcrmtrc thc conuolleds parsrElarr, dnutrions
undcr a vsby.of wclding condirions (which rrc eourlarcd by r
yaridy of indivi{turt oarh€dtrtical modcls) havc bccn condrctA{-

nodcl).

{at>0,.+\r'itl
[4rpar+lrairy

(e)

Fi g. I 0 Predictive decoupl in g control princi ple

Expcrirnenrs

As nrntioncd prcviorsly, qrr rcsearch addrcsscs thcprcscntadon and rcalization { 1S".t topli& conroi,ou"Sy
lT,F fo{pcncrration slrr in-full pcnrauon g8s ungsrcn arc
wenlt. As utc tast spgc of rhc whole rcscarch *atq ,hc
cxpcrimns_ are actually-a .garaal oramlnaOon oi-d ,t"
rela,tionship bctvccn rb" toesidc and back-sidc t"cld-cdfii;
psracrcG bascd on whictr-A and D are sclccrcd as tri Dtaidc
flnervision .panmg.rcns of fu firll pcoctradoo "G 

- -,h.

o:r'ctgpoq Uucc rlisrsioal vision scnsr (hardware and
dggndm) by which rhe weH imagc wi6 Lscr sripc is rrr"ir.d
and. ptocescd ro calcularc h .d b ; 3) rhe dcvelopcd cintol
oquipmanq 4) thc oodclling of rbc Fpp, ud t tdder"6p.j
conrol schm.
. EJrpcrirrcnts urdcr r. vqlqy of vrriablc wctding conditions
F-" bccn. gcrforrncd tlql. Tb€sc cxfiift;r 

-t 
;;

daoonsrarcd tbc cxccllcnt pcrformance of rhc ricvcloocd oonnol
sctrc. . Fig.l | 4 l? $iw rbc corrprcO "rp.rirri.o,s irt
vanauc Dcrr transfer circunstancc bctwcca an opcn-looo conuol
strarcgl ard_rhc adaptive prdictivc onuol srircgr'. ti can ue
soen dlrt in Figll, h ard, D. are influcnccd by thc--hcat uandcr
circunstenca llowerr.cr, in Figl2,- this inllrrncc is ovcrcorrc by
thc corrcspondingly chanecd tind r.
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Conclusions

Thc avcragc dcpcssion dcprh is proposcd o bc r gcosEtric
prremtcr of rhc crcs scctio of full peoctrado sslds. A lirrcr
rclationship cxisa bctwr 6c full icrcrradm snrc (6c brck-
q4 ",cld wi.th) snd thc nop,silh .wsep dcpdl
Ilowcvcr, in qdcr b obtain rn unifcn gd4 bod rhc eiidc
evcrage Ocpsrdm dcp& and thc oesidc wctd wirthrrc dlcn es
thc topsi& supcryision pur@3 (qrpus) of our firll
pcosulnoncmuol sylrcm.

A $rum&ligbt 3D visim scosing sysr@ hrs ba
.lsvdopod D casurc tbc mp.side weld gomb prnrcs ia
GTA rcldiry A rcal-iirrp imegc proccstins Echtrllr5 h13 bccn
prcscntcd D &quirc &urlc rcH gmtric &ring
rttul wclding. This tcchniqc d.pcrds oo 

-rso 
rrov€l inage

proa*sing dgcirhms: an daptiva dynamic slgfiithn whict
cxftrcs 6c ndhl axis d rhc lascr sripc, rnil rn unbirscd
algcithm uttich rcognizcs tbc fcanup poins of thc ncdiat rxis"

Bssod Epoo &c inputolgut data pafo of dymmic
cxpcrimcnts, both individual mdcls and thc-gcncnl modcl rre
builr A rEl-tLDc coocol modcl wirh fcwer kcy paramrrs o bc
i&ntifrcd qr.linc is prescntcd fa dre inplcdrenddon of adaptivc
control

ln thc adaptive conuol of 6c FPP (which is yirh simultancous
largcr and variablc odcrs, largcr end variebh dclayq

hg: Set-point of h
bg: Set-point of b

\-'
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nonminimunrphascd prlopcfiy -and shsrcr drndon of prorc),
thc real dmc nrodcl, thc GPg and thc prodictivc dccoupling
algorithm havc playod kcy roles. Thc exccllcnr pcrformancc of

thc dcvelopcd conuol sctrccrc havc bccn dcrnonsuatcd bv
simulation and experinrnt both of which arc wat Dcrftrn A
urdcr various possiblc distrubances in or sMics.

I
I
I
I

i

rml0

(a)

tm50
o)

b
-vrvl/-vLJv - v\n \t

^ '
Y L. i-tl^rl

l(nn)

lflXScc)

bD
t(A)

r20
lm

u0

t0(5cc) 0

0
t(D(Scc)

(A)

120

n0

l'00(Sec)

5

0

5

0

(d)
Z4Wnun)

240rvznn')

Fig.l I Beadon-plarc cxpcrinrnt udcrvErying lrcer mnsfacircunganos 0 df(open bop)
(a) on-linc ropsidc rrcasurcrrcnr O) oonrol signals

(c) back-sidc phorograph (d) ofi-lirc boct.sidc nrcasurcmens

100t0

br

t00

o) r2o (d)

fr&12 Bced'on-platc.cxpcrimcnt rrndcr varying hcd transfcrcircrmsanceg<d(ctosca-loopt
{a) on-linc topsi& mc*urtnrcns (b) cqrrol silnals 

- - - \------ ---r'

(c) back-side plxirognph (d) offJinc bi*_sirtc *oiurcnrcnts

I

I

.-Alr"* n ^ :

i 
"t"'t

J
JM

v Transactions of NAMRI/SME Vofume XX. 1992



{I

BefereJrccq

tll HadL D. E- a al. l9&1. tmprovcnrar of Fudcr Wdding Ttrmrgh
Modclling. Mca$rqncnq ad Rcal-finrc Coouol. tnsndionrt

\- 
Confcrpnce ur WcHlaq Tcchotqy for Exrgr Applicerbor,
Getlinhrg, TN. Msy l9&l

t2l Renwicl. R. J. sd Rthsdsn, R. W. 1993. Erpcriruuel
Inra*igadon of GTA Weld hd Orcillariqs Wddirg &rrul.
Vol.62.No.2

t3l Zekscnllonsc, M. rnd Hudr. D. E 1994. Wdd pml llrpcdsrcc
khntificadoo fc Sia Mcarcrmt sld Codrot Jocnd of
Dprnic Systrnr. Mcesnnocrt and Cctol, Vol.l05, l.foJ,
Scpr

t4l Sorcnsan, C. D. I9tj. Digiral Sign I noeerg rr e Diagnct Tml
fa Gas Tungsar Arc WeHing ptD. Thcsir, MIT Dcpsurcnt of
Mecrisl Scicrrc, Mry

t5l Herdr D. E. 1946. Mcasning WcH p@t Crffi,ery toor hot
DJ/nsnics. Modcliq uld Oonuol of Casing rd Weldin& ASM,
Jan 1986

t6l Tan, A. S. sxt ltrrd D. E" 19E9. Wctd hd Impcdec br hd
Crcuncrry Metgnsac|lg Snimry nd llooSri<nry hob.
Jounrel of Dfrenic SFt D4 Mcrurcnc{ nd Cotro|
Vollll, No.4. pp515-553. Dcc.

Fl XiD. Y. lL rtd &dtrr G"dctr 1990. A Sordy of GTA Wdd hd
Olcills&rL Wddlq Joctl4 VolJD. Not. p298r2931

Itl IIEd, D.E &d l(etr, ,.lr{. 1984. Ulnsoic lrlcsrcarat of wcH
Felrtn&n. Wddi{ Jootld, VoL63, l.Ia9, pZ/3l'.Sls

ter ili."-;*.'i*"ffifffi;ijiff rna{rcs i'�r

Lou. L A- ,ohnsn ,. A., .rd Smlru. IL 8. 1984. Rcel-Trc
Lrlbrsic Sqlsing d Arc Wclding Procc* Procccdiqr. l9S3
Syrpcdun o nrdc*nrtivc Evrhnrln eflfrix nd t{gidr
koocsdq. p9. l3.2a Mdelr Prt Ohio. ASM bmdd

tohnq t. ,t, Cstsu N. lr|.' ed t u L A. lgt& Lltarnl Wrw
nop|8rdd in Tcraprrroe Gfl[cil. Jo$nd dNadtltt fvt
Evrl!.da, Vol.6, lh!, p ta7- 157

Crds, N. M. rd ldrnm, J- A 19E6. ultrrnic Scorhg of WcU
Foof Racuioa. ltddbg.fonrl Yol.67, Itlo.ll, W2jtgfi/r!�

DlrgrrFa, S- Orco, WJI. nd Ofq B.A 1989. tnfrrd Sari5 fc
Adrytiw Alc Cfieol. Wddbg Jourul Yol58, I\b.ll,
p.462s&t
Chco. W. nd Oria' B*t" 1990 Mcitcing ftir tocrlirn U:ig
Infrerld ScdlS Tclnigru. Wcldbl Josd, Vo[6e. No.,t,
pltlrlt5r

SchdHI, R J. 1989. Digiql lmrgc Roccsdng rd furporr Viri[
Johnr'i|ct & Scs.Irc. @22)
zlery, Y.trd. 190. edgirc Tqvidn Fult hncarb cmtr(r il
TIG Wcldilg, ?t-D. DirsaultrU Hrbin Inaiua d Teholo1pr,
C|rinl
Clertc, D.W- Mohr-li, C., 11d Tufrs, P.S- lgf. Crurlizcd
hodiairc Cotd - Put l. Thc Bgic A|griee. Arbll4
volZl"6.lg1l37-l'18
Ktra H. rd Gocrbcts t9El. Digibl nnr -tptw C6d of
Foccsr wilf Urbom Dad TLrc, Artordc1 VoLU. F.U*252
Ch*q D. W. rd Motdfi C. 1989. nopcrUcl d G-c-liad
Plodbirc Cotol Arrandca Vot6. l,br

1r0l

t lu

lt2l

tt3l

0fl

1r6t

0n

lrEl

lt9l

(l4l

\-. Transactions of NAMRVSME 3A Vofume )<X. 1992


