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Tama diplomitydon tehty LUT-yliopiston hitsausekniikan laboratoriolleosana EREA-
projektia (Energyefficient systems based on renewable energy for Arctic conditigks).
projektin tavoitteista on kehittaa ratkaisuja, joiidsaukseriaatu ja tuottavuus kevyiden
rakenteiden valmistuksess@idaanvarmistaa.Optiset anturit, jdila on keskeinen rooli
mukautuvien ja alykkaiden robottihitsausjarjestelmien kehittamisessaesonerkki
tallaisesta ratkaisusta.

Tybss@perehdytaaoptisten antureidemahdollisuuksiin ja rajoitteisiinobottihitsauksessa
Tyypilliset sekakehittyvat optiet anturmenetelmata niiden sovelluskohteegsitellaén
kirjallisuuskatsauksessatsauksen perusteel@tistenantureideravullavoidaanparantaa
robottiaseman joustavuutta, seké varmistaa hitsad&agmmyodsmuuttuvissa olosuhteissa

Tyon  keskeinen tarkoitus on optisen laseranturijarjestelman  kayttéonotto
hitsauslaboratorion monirobottiasemasSavoitteena on kehittaéd menetelmat joilla
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itsessaan toimii jasen tarkkuuson riittava hyvan laadun varmistamiseksiValokaaren
aiheuttamat hairiot kuitenkin joht merkittaviin seurantavirheisiin hitsauksen aikana,
joten jatkokehitysta tarvitaan luotettavan railonseurannan toteuttamidedskeisena
tuloksenatydssad annetaan kehitysehdotukfagerantumenetelmienkaytettavyydenja
luotettavuudermparantamiseksi.
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Thi s mast eonéfar thdWTasivessityd Eboratory of welding technologs a
part of project EFREA (Energgfficient systems based on renewable energy for Arctic
conditions) One of the goals dheproject is to develop solutions that ensure the quality and
productivity in welding manufacturig of lightweight structures An example of such
solution is optical sensing, which is a key technology in the developmediaptable and
intelligentroboticwelding systera

This thesis gives an overview on the possibilities and restrictions of utilizing optical sensors
in robotic welding.The typical ana&mergingoptical sensingnethodsand their applications

are presenteth a literature review. Based on the reviesptical sensors can increase the
flexibility of a robot system, and ensure high weld quality under varying circumstance

Main purpose ofhisthesis is to implment a laser sensor system in the rmaltiot welding
cell of thewelding laboratoryThe aim is todevelop methods for utilizing théaser sensor
for different tasksf the welding celland toinvestigatethe accuracyand usabilityof the
developednethods.

The experimental sectiopresentsnethods fowtilizing the laser sensor for sedmding,
seamtracking and workpiece positioning in jigless weldingrunctionality of the seam
finding and seam tracking methodssverified with practicalexperimentsThe workpiece
positioning methodvasnot testedn practice but the requiredobotprogramswerecreated
andits functionsweresimulated.The experiments showed thegam finding with the laser
sensor providesuperior accuracyn comparison tahe conentional touch sensing method.
Accuracy of the seam tracking method was proven to be sufficient for ensuring high weld
guality. However disturbances caused by arc lidggdl to significant tracking erroduring
welding, sofurther development is needed in order to realize religdéden trackingAs a
key result, @velopment proposalsifanproving theusabilityand reliabilityof theproposed
laser sensor methodse given
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1 INTRODUCTION

Thi s mas tiselanéfer LUTDreisM esr si t y 6 s wealpattiofENj CBCa bor a
projectEFREA Energyefficient systems based on renewable energy for Acoticlitions).

The projectaims among other thinggp developsolutions whichensurethe quality and
productivity inwelding manufacturing aightweight structures foextreme temperatures

With regard tathis topic,in this thesighe possibilities and restrictions wofilizing optical

sensingn a multirobot welding cell are examined and tested in practice.

Thisthesisiglsoa f urt her stwudy for Lund (2019) ma
robot welding cell for jigless weldirg,n which the concept ofjigless welding was
examined and developeth jigless welding, welding assemblies are carried out without
workpiecefixturing by usingan additional robaio handle the workpieceghe concept was
tested in LUT wali-tbbhotwglding aeh whicla ¢owsisty @ a welding

robot, amaterialhandlingrobotand a workpiece positioneln his thesis, Lund (2019, pp.

761 80) recognized the neddr machine visionn the system, as it could be used rfobot

path correction and for ensuring the aemyrof workpiece positioning. Laser triangulation

was proposed to be the most suitable machine vision method for this purpose, and in this

study, a laser triangulatiebasedsensor system iategrated to the cell.

1.1 Background

The welding industry halseen shifting from using manual labor to automated systems for
decades due to harshness of welding work, ladkitied weldersandincreasedlemands

on productivity and qualityRobotic welding is already widely adopted in high volume
production, wher¢he variety of welding tasks is Iguand robots can be operatedéach
andplayback mode with limited adaptability However, in order to efficiently utilize
welding robotsn lower production volumes and in more challenging applications, the robot
systen musthave the ability t@adapt tahevarying circumstances and taskgis drives the
industry to develop solutions which minimize the time and resourcegequired for
programming, setips and weld preparati@and which ensurde weld quality during he
process Recent developmesnin enabling technologies such aptical sensorsartificial

intelligence (Al), modelling and simulation, digitalization and internet of things (loT) has



brought new possibilities tmove towards these goals, atmdrealizeincreasingly more
adaptable and flexible robotic welding systefif&out et al. R19, pp. 1213; Wang et al.
2020, pp. 378374)

The needor sensors in robotic welding is apparemecausedhere is always differences
between the preprogrammed robot path and the gcinallocationand geometrylue to
factors such asinaccurate prefarication, workpiece positioning and heat distortions.
Advantage®f using optical sensingave been widely acknowledgex the method can be
used formeasuring various geometries and features from the welding assemtlyhe
measurement data can biized in e.g.adaptiveprocess controljuality assmance robot
guidance, seam finding and seam trackiBg. far, optical sensors have not reached
widespreadadoptionin industry due to the complexity and practical issues they add to the
system, and more conventional sensing metlawdsisually used forthe essential tasks.
Neverthelesptical sensorplay a key role ithe development of advanced robotic welding
sydems, as theyprovide crucialmeasurementatathat cannot be obtained witbther
sensors(Rout et al. 2019, pp. 126; Kah et al. 2015, pp.ib)

1.2 The research problem and objectives

Many studies in the field abbotic weldingfocus on developing solutiomslated tooptical
sensors, such asachine vision algorithms for seamcognitionor methods for intelligent
welding process controbut the resulteftenremain on theoretical level. On the contrary,
robotsuppliergprovide optical sensor systeras aturnkey solutioralongsiderobotstatiors.
However, when a modern optical sensointegrated to amlder generation robot station,
practical restrictions and compatibility issueften occur, but studies of such technical
integration areare.The research problem in this studyhat the laser sensor system that is
being implemented does not have builtfeatures for robotic welding tasks, and it is not
fully compatible with the robot cordller. Therefore,t is challenging to utilize the laser

sensor to its full potential in the mutbbot welding cell.

Theaimof this studyis torealizethe possibilities of a laser vision sensothaLUT welding
| abor at onobotdwelding adll. fThis includesdevelopment of the methods and
programroutinesfor seam tracking, seam findiragnd handling robot guidance by utilizing

the laser sensorhe following research questions are sejuale the focusf this study:
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What are the possibilities and restrictions of usipticalsensors in robotic welding?
{1 For what tasks and hothe laser sensocanbe utilizedin the multi-robotwelding

cell?

1 Is the accuracy dhelaser sensor methods sufficigatensurénigh weld quéty?

The firstresearch question is answeltwdcondicting aliterature review on the topic. To
find answers to the latter research questions, features of the laser senkeramut system
areinvestigatedthe laser sensomethods aremplementedand practical experiments are

carried out.

1.3 Research methods

The literature revievof this thesisntroducesthe principles and future outlook of robotic
welding and preents the typical and emergingoptical sensing methods andetr
applicationsin robotic welding cellsFinally, the possibilities and restrictions of optical
sensor utilization are discussed based on the literature findihgseviewis done on the

basis of peereviewed studies, technical documentations and commeamiates Studies

were searched with keywords sudlseam fiioabo:
Avi @iaded robotic wel difihgéer Aithowdhbageael a vsi
sensor o,weflfdlienxgi bd eel | 0, A Mmy-toligiwe $ i we!| dieh § @,
gui ded ,r ofbrmad lcisaoed vi isn toelol Tihgreferdncesweete delectayl O .
based on their relevancy to the topic, with emphasitheratest publicationgpreferably
published after year 201®ther sources such assystem suppliergre usedto provide

examplef optical sensor utilization in industrial applications.

The experimental sectiodeals with thdlaser sensommplementabn in the multi-robot
welding cel] whichconsists of a welding robot, a handling robot with magnetic grigmer
a servecontrolledworkpiece positionefechnicaldocumentations such aser manuals are
utilizedin investigating the system configuratj@nd inimplementatiorof the laser sensor
methodsfor seam finding, seam tracking and handling robot guidaAts® the robot
manufacturer's technical support is consult€de acuracyand functionality ofseam
finding and seam tracking with the laser senswerified with practical experiment¥isual
quality of the resulting welds is inspectedh aweld quality assurance softwasased on

laser scanningand the weld quality level is determined in accordance with standard 1SO
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5817 The possibility of using the laser senBmrhandling robot guidance in jigless welding

is not tested in practice, but the method is developed with the hekirotition sétware.

1.4 Scopeand limitations

The focus of the study isn lasersensor systems, robogas metal arc welding (GMAW)
andoptical sensing solutionshich can be utilized in the jigless mutobot welding cell.
The principles antuture outlookof roboticwelding, and otheopticalsensing methods than

lasertriangulation based sesors are only briefly introduced in the literature review.

In the experimental section, the developed methods and achievedappiytdirectlyonly

to the LUTwel di ng | ab-ooba welddngy celtand hespecific laser sensor
system Moreover, the sensor functions were tested wibifts of structural steel plates
with surface in delivery condition, so the results mayb®walidfor other joint typs or
highly reflective materials, such as aluminum or machined surfaces. Functionality of the
laser sensor methodsagaluated mainlypased on accuracy, and the effect of seam tracking
to the weld quality is inspected only visually. Practical restrictidiise developechethods

are discussed in more detail in chapter 6.

1.5 Contribution

The literature reviewrovides a overviewon how optical sensors can be utilizednodern
robotic welding cellsand whatare the emerging tecblogies of the fieldTo sunmarize
the literature findings, &ble of the reviewed studiasdindustrialuse caseis compiled It
can be used asraference focomparingthe accuracyandapplicability of differentoptical

sensingnethodsn robotic welding.

Experimental section of this thesis sets a basis for further development of the LUT welding
| abor at erobgtaeadingaell irntterms of optical sensmitization. Practicaimethods

for usingthelasersensor forseam finding and seam tracyiaredevelopedand testedin
addition,a new method for usig a search functiorfor handling roboguidancein jigless
weldingis proposedThese methodsanbeappliedin robotic welding cellby Yaskawaand

with differenttype oflaser triangulation sensoiss akeyresult accuracy of theleveloped

laser sensor methodsdeterminedandproposals for further development are given.
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2 PRINCIPLES AND FUTURE OUTLOOK OF ROBOTIC GAS METAL ARC
WELDING

Arc welding is one of thenost typical applications for industrial robat©ver the past
decadeswelding robots have becomacreasinglymore commonas the systems have
become more capable and affordable for small and medium sizsoresets. The motivation
for robotizing weldingn generals to increas@roductivityandto decrease production casts
Also betterand especially moreonsistentveld quality can be achievethen compared to
manual weldingas the human factor removedfrom the processand robots are able to
work tirelessly with high precision(Pires et al. 2005, pp. 1Z3) The following subchapters

introduceghe principles and emerging technologiethia field ofrobotic welding.

2.1 Robotic weldingsystem

Configuration of a typical arc weldingbot systems presented in figure 1t is based on
anindustrial robot withsix-degreesof-freedom(6-DOF), whichrefers to thability to move
and rotate the robabol along three perpendiculabordinateaxes.The system isoperated
througha robot controlley which controlsthe motionsof the robot and external axeand
communicates witlother devices such agelding power source argensors(Lin & Luo

2015, pp. 24042439)

oF Lol SR
| fg ‘

Figure 1. Components cdtypical welding robot systeni. teach pendant 2obot controller

10
o
"

3. welding powersource 4shielding gas cylinder.&ir compressor.évire feeder 7robot
8. collision detector9. torch 10 wire spoolll. wire drum 12 workpiecepositioner 13 &
14. station for torch cleaning anabot tool calibration(Lin & Luo 2015, p. 2429)
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At its simplest, a robotic welding celanconsist of atationaryrobot anda welding fixture

This solution carbe suitable for small workpiecdsut usually more reachabilitis needed

in order to approach the jositin the desired welding position amdol angle.More
reachabilitycan be realized by mounting the robot on a transporter, and by using a workpiece
positioner with degrees of freedorAccording to Lin & Luo (2015, pp. 2412420
mountingthe robot on #&ransportegenerallymakes the system more flexibnd as a result

the arc time and productivity increas€gpending on the required working aretfedent

robot transporter options ali@ear track, ganyr and columnin figure 2 can be seen an
example of a welding robot attached to a thares gantry, making it podse to weld at two
separate workstationd.in & Luo 2015, pp. 2418422)

Figure 2. Welding robotstation consisting of a threaxis gantry and two workpiece
positioners(Bell 2020)

A robotic workpiece positionas an externadxiswhich can becontrolledin a coordinated
manner with the welding robothe main function of a workpiece positioner isofter the
workpiece at optimal orientation for the robot, in terms of desired welding position and
accessibility of the joinfNumerous workpiece positioner solutions have been developed for
handlingproducts of differenshapeand size andsome example odels are presented in
figure 3.(Lin & Luo 2015, pp. 241@424)
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Tilt-Rotate Double-Ended Skyhook Double-Ended Tilting Headstock

Drop Center Tiit-Rotate - Low Profile Skyhook - Large Capacity

Figure 3. Workpiece positioner solutions @ekawa 2020, p. 21)

Robotic welding cells are uswually andthd or ed
optimaluse oftransportersworkpiece positionerand other devices such as sensaust be

carefully consideredn the systemdesign(Lin & Luo 2015, p. 2424)However, robot
manufacturerdiave brought compact and modular-tbfé-shelf type welding cells to the
markets Such systems includal the necessary solutionsonsidering safetyworkpiece
positioning andcompatibility, so they can beimplementedin production fast and
effortlessly.In figure4 can be seen aaxampleof amodularweldingcell, which isconsists

of three welding robotswo- sided workpiece positionand safety devicegYaskawa 2020,

pp. 61 10)

P . ol

Figure 4. A compact and modulanulti-robot welding cell(Yaskawa 2020, p. 10)



15

2.2 Multi-robot welding cells and jigless welding

In a multirobot welding celltwo or more 6DOF industrial robos operatein a coordinated
and synchronoushanner.The cellmay consistsolely ofwelding robotsasshown in figure
4,butalsomaterial handling robots cé utilized A handling robot capick the workpieces
and place thernmto workpiece positioneror alternativelyit canhold theentireworkpiece
during weldirg, andthusprovideoptimalaccessibility anavelding positions for the welding
robot. If the handling robot hokl the workpiece during welding, the workpiecesirioe
eitheralready tack weldedr the robotholds the entire welthg fixture. (Lin & Luo 2015,
pp. 224i 2426; Twminen 2016, pp. 37879)

Multi-robot solutions are being developedneeetthe growing demand famore flexible
automatedvelding systemsand one example aluch solutions jigless welding. Generally,
awelded product requires a tailored jig,iags necessary to hold the workpieces in place
during welding and to prevent heat distortioH®wever,the costs related to their design,
manufacturing andhstallationis limiting thesuitability of robotic weding for low volume

T high variation productiorilherefore, efforts have been made to realize fully jigless robotic
welding cells where a handling robditrings components to the welding assembly one by
oneand holds them ipositionduring tack weldingLund 2019) According toBejlegaard

et al. (2018, p.306), compared to traditional methods jigless welding could provide
improved flexibility without sacrificing productivity, as well as reduoceahufacturing costs
andchangeover times betwediiferentproduct typeskigure5 shows an examplayoutof

a multi-robot welding cell for jigless weldingBejlegaard et al. 2018, pp. 3(&EL1)
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Figure 5. A model of jigless wlding cel] consistingof a gantry mounted welding robot

and two trackmounted handling robots. (Bejlegaard et al. 2018, p. 309)

According to Bdegaardet al.(2018, p 309 and Lund et al. (22D, pp. 302303, the main
challenges in jigless welding aensuring the accuracy of workpiece positionizagd
compensatinghe distortionscaused byeat inputThese challenges could be overcome by
developing methods for predicting the heat distortions and for estimating the optimal
welding sequence, and by i#ihg optical sensor measurements and feedbaokrol for
workpiece handling (Lund 2019, pp.i@). Studies by Tuominen (2016, pp. 3B37) and
Lund et al. (2020pp. 3®i 308) proposethatthe heat distortions in jigless weldirpuld be
compensatedby positioning the componesisg, that the desired produdimensionsare
achieved after weldingnd coolingOtherconsiderabléssues regarding jigless weldinglls

are tight tolerance requirementsersatility of the handling robot grippemcreased
programming workloadnd high initial investmer({Bejlegaardet al.2018, pp308 309).

2.3 Intelligentwelding

Development of intelligent welding systems (IWSaisentral research topic in the welding
auomation field.Intelligent welding can be defined as solutiowkich utilize advanced
technologies such as Al and machine vision to replee@eed ohuman operations in the
welding processA fully intelligent welding system would be able to sensatrepredict

make decisionand adaptike manual weldeduring weldingtasks According to Wang et

al. (2020, p. 379), IWS applications are being developed for various purposes before, during
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and after welding, such asbot program generatigrnsimulations, task sequencing, path
optimization, processionitoring, process contrahd quality inspection§WWang et al. 2020,
pp. 373 379)

One characteristic IWS application is adaptive process control, \ehétke based system
controls the weldinggarameterand optimizes the processreattime based on sensor data
andpre-trainedknowledge bankThe input data for the control system can be obtained with
different types of sensors, which measweg. the process parameteremperature®r
certaingeometries from the groove, weld paolweld bead.Intelligent welding process
control systems have been developed based on several differesgppkbachessuch as
neural networks, fuzzy logic and machine learriiM@ng et al. 2020, p. 38Fenttila et al.
(2019) proposed an artificial neuradtwvork (ANN) basecparameter control method for
ensuring thequality and penetratiom multi-pass weldingln the study, dasersensomwas
used to povide geometrical data of the root gap width, root face height and tack weld
location Based on the data, the control system optimized the webdotgssy adjusting
wire feed rate and arc voltage during welding in order tuexe the desired outcome.
(Penttila et al. 2019, pp. 3363385)

2.4 Digitized weldirg production

Digitalisation of welding production is part o& larger trendo digitize manufacturing
industries in generalwhich is commonly referred as Industr@.4industry 4.0 combines
concepts such as industrial I0T, cypfrysical systemsbig data anatloud computingo
interconnect theystems, machines amformationthroughoutthggr oduct 6s. val u
In termsof welding productionthe vision isthat the design, manufacturing and quality
control daa couldbe stored and processedaicloud-baseddigital environment, including
e.g. CAD drawings, simulation modelsvelding procedure specifications (WR)ocess
parameterandscanning results afelded structur® Among other thingshis would enable
to link the achieved weld quality to the used manufactymogedures and parameteaad
this information could be then utilized frther product design, production planning,
process optimizatiorand quality predictionsAn example of the information flow in
digitized welding production is presented in figét€Reisgen et al. 2019, pp. 1121131,
Wang et al. 2020, p. 381)
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In digitized welding productiothe product informatiorsuch as plate thknessjoint type,
material process parametegeometry of the final product ameeld quality can be collected
to dabbaseswhich can be utilized idifferentknowledge based method®ang et al2020,
pp. 381382) Lund et al. (2020) proposed a knowledgesed method for estimating
welding distortionsn a simulation softwargor jigless weldingapplicationsIn the method,
the position oamulti-r obot wel ding cel |l 6s handling
expected distortions based on a knowledge database. The databasgsof welding
distortion data for different plate thicknesses aeth types measured with a lasscanner
(Lund et al. 2020, pp. 30208)

2.5 Simulation and offlineprogramming

So far,theconventionaimethod to program a welding robot has been onpnegramming

in teachandplayback modewherethe desireghath istaught to the robot by using a manual
teach pendantHowever, offline programming withsimulation software is becoming
increasingly more popular, in which the program is created basis am8Bls of the robot
station and workpiec&he man advantage obffline- programmings that the production
is uninterrupted during programming worksulting inincreased productivityKah et al.
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2015, pp3i 4) Simulationsoftware ananodels of robotic welding cellsave also other roles
in digitized welding produadn than program generation, such as functioning as a digital
twin (DT), which can be used f&.g monitoring and operating thghysical systernand for

testing new methods amuoceduresn virtual reality(Ratava et al. 2019, pp. 4%04)

According to Larkin et al. (207 p. 8), costs related to programming is a limiting factor in
the viability of robotic welding for small production volumé&sebasic online and offline
programming methods share some drawbacks, as they are time consunditige outcome

is highly dependent on operator skifllso, programs created with a simulation software
mustbe oftenmanually calibrated whethey are exported to the robot statiorherefore,
development has been made to enable more automated ahkk flgwgram generation for
welding robotsLarkin at al. (2017, pp. 488) created an automated offliqogramming
method,thatwas able to define the weld paths and plan the robot trajectory based on 3D
CAD model of the workpiecaVhen theprogram is gported to the robot station, tfieal

calibrationcouldbe donewithin the robot prograrby utilizing an opticalsensor.

Nowadays, some partly automated offlipeogramming solutions aedreadycommercially
available and efforts are being madeo utilize more advancedtechnologiesin robot
programming.According to Wang et al. (202@. 383),AIln the future, more integrad
intelligent programming methods are expected as more accurate sensor/vision technologies,
3D CAD/PLM software, and intelligent algorithnase developed, blurring the boundary

between online and offline programmiag.
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3 UTILIZATION OF OPTICAL SENSORSIN ROBOTIC WELDING CELLS

In general, optical sensors in robotic gas metal arc welding are used to extract geometrical
data fromdifferent details of thewelding assembly, such asorkpiece location and
orientation,or dimersionsof theweld groove, weld pool and weld bedkthis data can then

be utilized in different feedback control, proceggimization, quality inspectioand robot
guidance applicationgRout et al. 2019, pp. 137) This chaptediscusses theptical sensor
utilization for seam finding, seam tracking and jigless welding applicatidms focus is on

| aser triangul ation sensors, which are con

applications fomlternative optical sensing methods also presented.

3.1 Optical sensing methodsr robotguidance

Opticalsensing methodsan beclassified intasubgroups of active vision and passive vision
In active vision, a known pattern of light is projected todbgct and captured in image,
andthe 3D measuremerdatacan beobtainedwith different methods based @&ng.light
travel time deformation of the light pattewor trigonometric calculations$n passive vision
only a camera is needed, and the desired feaareesecognized directly from the image
with machine visioralgorithms butmulti-camera techniquese required for obtaininte

depth information(Pérez et al. 2016, ppi B)

Both active and passive vision include multiple techniques, and the teobsithatare
typically appliedin robot applications can be seen in table 1. The suitability of different
optical sensing techniques fepecificrobot applications depends dhe requirements for
sensor accuracy, size, range and processing spéssj. the disturbances causéy the
weldingprocess and environment must be considesath agxternal lightsbrightness and
impurities. Compared to active visigrpassive vision techniques have slower processing
time due to more complex image processing algorithms, and they are more prone to errors
in industrialenvironmentHowever, theysuit well forapplications where tha@rcumstance
remainconstantprocessig delays are acceptapéad the camereanbestatic duringmage

capture (Pérez et al. 2016, pp. [119)
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Different active vision methods haviheir own advantages in certain applicatidng,laser
triangulation and structured light methods are the most suitable for robot guadanmieject
recognitionapplications which demand high accurdeystructured light method, the object

IS measured from distance with a static camera and singlerespiuhereas in laser
triangulation the object is measured with continuous scanning motion from closer distance.
Light coding and time of flightToF) are rather inaccurate methods for robot guidance and
path calibratiortasks but they ar&commonlyusedin e.g.mobile- and collaborativeobot
applicationgo detect objects angeople in their working area tvoid collisions(Pérez et

al. 2016, pp. 1420)

Table 1.0Optical sensing methods in robot applicatiofRerez et al2016, pp. 519; Rout
et al.2019, p.34)

Method Principle Advantages Disadvantages
Active vision
Time of flight Light travel | Compacthot affected by Inaccurate
time ambient light

Light coding | Deformation of| High rangecan be in | Inaccurateaffected by

light pattern motion duringcapture sun light
Laser Trigonometry Compact, robust, 3D measurement
triangulation accuratecommonly requires scanning
used reattime motion, short range

Structured light| Trigonometry | Accurate highrange 3D | Large sensosize static

data with asinglecapture during capture
Passive vision
2D vision Single camera Compact, cheap Error sensitive depth
commonly used datacannot be obtaine

Stereo visior& | Multi-camera | Accurate,commonly Staticduring capturg
photogrammetry usedhigh range and | slow processing time

field of view error sensitive
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3.2 Laser triangulation

According to Rout et al(2019, p.33i 35), laser triangulation is by far the most common
optical sensingnethodutilizedin roboticGMAW. Lasertriangulationsensor@arecompact,
reliable and accurat@andthe technologyhas proven itselin many industrial applications
(Pérez et al. 2016, p. 1Moreover the method isversatilefor awide range of taskand
applicationsin robotic welding,and many different joint types, materials and plate

thicknesses can be measured witfRibut et al. 2019, pp. 335).

Laser triangulation sensor consists of a laser diodeaatemera based on either CCD
(ChargeCoupledDevice) or CMOS (Complementary Metal Oxide Semiconductor) sensor.
Principle of the methodandan example of a typical sensor configuration is presented in
figure 7. The laser diode projects laser lightthe measured surfgoghich is captured by
the canera from a certain angl@he laselight pattern is typically a single stripbyt also
other shapes such as circle, trianglenultiple stripes can be usethe desired featuyéor
examplegrooveshape gap sizeor intersection point of two platesan be recogned and
measured based on tHeformedlaser line shapéA single measurementrovides 2D line
geometrydataof thewidth and depth, and as the sensor or objextes theindividuallines
form a 3D profie. In addition tothe camera and laser diodaser sensors typically have
optical filters and protective glass in front of the optics to reducastheescaused by
external lights, dust and spattgidou et al. 2020pp. 17581759 Lin & Luo 2015, p. 235

Collecting
Lens

Jlaser
Laser Stripe/plané
Stripe

. N/

PartA PartB

weldmen

Figure 7. Principle of laser tiangulation method (o & Luo 2015, p 2436 and typical
sensosstructure(Hou et al. 2Q0, p.1758.
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As only the laser light projectiors used forrecognizing and measuring the objeittis
important toextract the lineshapeaccurately from the imagDisturbances such as arc light,
smoke, spatters and reflectiocguse noise and discontinuities to the image, which can lead
toinaccurate and unreliable measuremehiss can béackledby filtering all external lights

and redundant noise from the pictwith imageprocessing methodéfter this, the image

can be further processet that thedetailsare clearly visible, andthe laser line can be
extracted from the image using different pattern recognition algorithmesexample ahis

type ofimage processingrocedurdor can be seen in figu& (Muhammad et al. 2017, pp.
129 136; Gu et al2013, pp 452 454)

(a) Original image (b) Median filtering  (c) Thresholding

(d)Denoising (e)Thinning (f) Curve fitting

Figure 8. Laser sensor image processing procedure fgroove.(Gu et al. 2013, p. 8

After the laser line Isape is extracted from the imadbhe groove shape islentified by
extracting the feature pointse. theend andintersectionpointsof thelines. The feature
points of some typical joint typeare shown in figure 9As the distance and midpoints
betweendifferentfeature points can be calculated, it is possible to track and measure all the
essentiatlimensons, e.g. groove widtliepth, weld bead shape or gap s{g#&uhammad et

al. 2017, p. 136142) Commercial laser sensor systems have these image proeessing
feature recognition algorithms buihto the softwargso the end user mwyst activate the

desired features to be measured.
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Figure 9. Feature points ofypical joint types(Muhammad et al. 2017, p. 137)

The laser sensoaccuracyis dependenon various factorsuch ascamera resolutioand
quality of the lasebeamand optics,and the theoretical accuracgan be as low afew
microns Howevertypically laser sensors haaecuracyn rangeof 0.01-0.1 nmin practical
applications which is still well sufficientto ensure high welduality, whenthe sensor is
used forseam tracking and parametamtrol applications (Penttila et al. 202Qp. 414
415 Rout et al. 2019p. 28i 34). The measuring rangend field of viewvaries a lot with
differentlasersensor types, but thmaximummeasuringdistance is typically between 50
and400mm, andthemaxmum scanning width betwee20 and 150 mm(Muhammad et al.
2017, pp. 128129; Micro-Epsilon 2021, p. 18)

3.3 Optical sensor applications in robotic welding

In the following subchaptershe possibilities and restrictions optical sensors iseam
finding and seam trackiraye discussed, and they are compared to the conventional methods
used for these purposeslso, someindustrial caseexamples on how optical sensors are
being utilized in flexible robotic welding systems are presenither considerable
applicatiors for optical sensors in robotic welding are weld pool observaadaptive
process controljuality assurance and visuaspection of welds, but they are not addressed

in this review.
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3.3.1Seam findig methods

In robotic weldingthe preprogrammed robot path must be adjusted in accordancehaith
actual seam locatiatue tothe cumulativenaccuraciesaused byrefabricationassembly
deformationsand workpiece positioning.he seantocation and orientation can be detected
before welding, which is called seam finding, or dgrwelding, which is called seam
tracking. Seam finding technique lacks the r#iale control, so heat distortions during
welding might still lead to incorrect torch positidmyt it suits well for short welds. Seam
finding can also be combined with seam tracking, in which case only the starting point must
be detected before weldin@eng ¢ al. 2AL7, p.1; Kah et al. 2015pp.1-6)

The conventional methddr seam finding is touch sensing, either witblding wire tip or

gas nozzleln the methodconstantvoltageis supplied to the wire or the nozzbnd as it
touches the workpiecand the current flowshe robotstops and the position coordinates
are savedwith the touch sensing featumifferent types of search functions for detecting
edges, planepointsandcorners can be createdthin the robot controllein aseam finding
program reference points where the surfaaeeassumed to be found are given to the search
function, andthen thesearching iglonein the required direction®8ased on theearches

the shift amount between tpea-programmed path and the actual seam is calcutaiedhe
program is corrected.he principleof 2D search functiofor a lap joint is presented figure
10as an exampléGao et al. 201,5p. 43 46; Yaskawa2017,pp. 11 14)

Figure 10. Principle of 2D sam finding of a lap joint. (Yaskawa 2017 112)
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Seam finding witltouch sensing is sufficient for many robotic welding applications,igas
cheap, simple and does not require bulky sensor near thelorebyer, the method gow,

not suitable forll joint types and plate thicknessesd inconveniences such as beetd

wire and detection delagause limitations to its accuradys can be seefnom the figurell,

the samesearch functioprinciplecan be used withD laserpointsensoyin which case the
sensor gives an input sign& the robot controllewhen it detects the surface at a
predetermined distancesing lasepointsensor instead @buch sensing enables faster and
more accurate seam finding proced@a&he needo cut thewire after welding isemoved,
andthe searls motions can be done with higher speed from longer distanc®n the
downside anexternal sensamustbe attachedo the robot, but the accessibility issues can
be minimized byusing a compadaser point sensovhichcanbeat t ached t o t
wrist, as infigure 11 Also, implementatiorof alaser point sensan an existing robatystem

is effortless,since the same control signals and program routines can be used as with touch
sensing(Rout et al. 2021, p.;3RobotWax 2018 Yaskawa2016, pp.11i 16)

Robot Position1

Robot Position 2

Robot Position 1

| | | g

Figure 11. Search motions withouch sensing and with 1D laser point sensor. (Yaskawa
2016, p. 13)

As the regularsearch functionare not suitable for all joint typesdcomplex weld paths
require multiple searcheslifferent visionrbased methods for seam finding have been

developedTypical solutions use laser triangulation sensorsléectingand measuring the
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seamocation ard for calibrating thevelding start and engointsaccordingly Usingalaser
sensoenablesto locate the seam withsingle scamather thanwvith multiple search motios

and dsothe groove dimensions can be measwhadng the sea finding procedureThere

are sore la®r sensor solutionsommercially availableéhat are specifically designed for
seam findingand one example is presented in figliPe Such sensdnasalong scanning
distancesoitcan be attachedo t he robot 6s wri st farther
sensor, so it does not afféheaccessibility to the joirdis much(Kah et al. 2015, pghi 10;

Rout et al. 2021, pAi 2)

Figure 12. Laser sensdior sesamfinding. (ServeRobot 2014)

Seam finding with laser triangulation sensor is suitable for ogttypes, but according
to Zeng et al. (2017, p. Inarrow butt jointscannot bedetectedeliably with the existing
solutions As it isillustrated in figue 13, if the gap is small enough, there is no discontinuity

in thecaptured laser line shapadthe jointis notdetected.

Camera Camera

Structured light Structured light

Captured image Captured image

- "

>

/
/ Narrow butt /"

90¥¢ Workpiece joint / Workpiece

Figure 13. Theissueof detecting narrow bultt joints. (Zeng et 2017, p. 3)

f
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Zeng et al(2017) solved this problem lmpmbining two different ision techniques ione
sensorThe sensor conssof an industrial camera led light source and arossline laser
light source The different light sources are projectiedthe surface alternateland the
camera captures imagasring both periodsThe ledlight sourceprovidesuniform lightning
to thesurface,and as the groove does not refldat light back, the jointan bedetected
from the captured 2D imag®hile the laser light is on, the depth informatioroigained
with crossline laser triangulation methodhesemeasuremes arethen merged, and the 3D
geometry dataf the seanpathis achievedReported accuracy die method is 0.05 mm,

and theprinciple is shown in figure 14 step by stépeng et al. 2017, pf3i 13)
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Figure 14. Seam finding of narrow butt joint with duattionoptical sensor.a) Control
signal of the sensdight sourced) Received 2D imagduringuniform lightningc) Cross
line laser measuremento receive thedepth information d)Combined 3D position

coordinates of the seaifZeng et al. 2017, ppi42)
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Many studies aim toeplacetraditional seam finding methodsy using different vision
techniqueso recognizeand localisehe whole weld seam path before weldihgis datacan
then be utilized for robot program calibration, or even for fully aodbed program
generationYang et al(2020 createchmethodfor automaic seam extraan androbot path
planning based ostructured light sensofhe sensor consists afdigital light processing
(DLP) projectorand twoCMOS camerg andits 3D reconstruction principls shown in
figure 15. Scanningof the workpiece results im3D point cloud of which the seam path is
recognized and therobot path planned by using point clowgmentation and feature
extraction algorithmsFinally, the pose of the weld torch égtermined ¥ calculating the
normal vectors of the weld patin. practical experiments thmaximumpositionerrorof the
torchwas 1.9 mm andthe algorithm running tire was4.7 secondsAccording to Yang et
al. (2020, p10), his could be sufficienfor industrial applicationd seam trackings used

during welding

Disparity

Projector =~ Workpiece Point cloud

||:||k |
mﬂﬂﬂ.ﬂﬂﬂl/%

Patterns Stereo

Figure 15. 3D reconstruction of aurved butt jointvith structured lighsensor (Yang et al.
2020, p4)

Kim et al. (2021, pp. 9703 9705 proposed anovel method forrecognizing and measuring
the weld path using@ 3D vision sensqrwhich combine£D colour image and structured
light method tabtain the depth informatioim the method, the workpiece is measured from
different directions and the weld seam is detdctem the single 3D imageJhen the
obtainednformation is mergewith point cloud registration techniqteform the complete
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weld paths.Although multiple image captures are needdde view direction can be
arbitrary, so the workpiece does not have to diea specific position or orientation.
According to Kim et al. (202Xp. 9716 9717, the method is suitable foutt-, T-, andlap
joints, and multiplseamsan be extracted with the same measuremastshown in figure
16. However, the reported average eirppath lengths wa3.4 mm, sseantracking would
be needed to achievaccetable quality in most application&im et al. 2021 pp. 9704
9717)

A

Figure 16. Different types ofweld paths extractedsing a3D vision sensor(Kim et al.
2021, p9716)

In the stidy by Yang et al. (2020)the structured light sensor is operated bywied&ling
robot, and in the study by Kim et al. (2021) it is not statbére the 3D vision sensor is
attached toHowever,such sensorareoftenlarge and thus cumbersonte use if thg are
attached to a welding robot, which limits thepplicability. Dimensionsof the structured
light sensor uselly Yang et al. (2020are shown in figurd7 as an example. Therefoie
could be best to mount this type of 3D area setsdire stationary above the workpiece
positioner or in case of mukirobot welding cell, it could be operated with a separate

handling robot.

7 .

Figure 17. Structured lighsensoiconfiguration and dimensiongrang et al. 2020, [8)
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3.3.2 Seamtrackingmethods

Accordingto Rout et al. (2020, @.2i 13),using sensor technology for seam trackinofien
essential forensuringhigh weld qualityin automated robotic weldin Various types of
sensordavebeenappliedfor seam trackingpurposesand theycan be divided to contact
and nonrcontact sensors as shown in figa& However,other seam tracking methods than
arcsensorsand visionbased sensorsave notbeenwidely adopted in industry(Rout et al.
2019, pp. 1B14)

Non-contact

type

Contact type

; ¥ Y v v
Torch Ultrasonic Electm: Infrared
sensing sensor m:ei':::_lc sensing
A

Figure 18. Sensor typethat have been utilized in seam tracking. (Rout et al. 2019, p. 14)

Laser
assisted
vision sensor

Tactile seam
tracking

Vision
sensor

( Arc sensing

Themost conventional method for seam tracking is arc sensing, also ttebedhthe-arc
sensing In the methodthe robot moveghetorch along the seam with a weaving motion,
which caussvariationto thearc length andhusto the current and voltageBased on this
variation, he tracking algorithnealculateghe @ntetine of theseamand corrects the robot
positionby giving avoltagesignal to theobot controller Thisis a simple cheapand robust
method,and there is no need to attach additional equipntenthe robot.Although arc
sensing is the defaudiolution for seam trackingshen it can be usedt has somé&nown
drawbacks and restriction®r example(Kah et al. 2015, pp.i®; Rout et al. 2019, p. 34)
1 Torch weavings not suitabldor all weld types and processes
1 The methodtannotbe usedeliably for thin sheetgless than 3 mm).
1 Tracking can be done onBfter the arc isgnited, so the starting point cannot be
detected.
1 Jerking motiorandtracking erromight occurwhen there arsudderchanges irthe
weld path.

1 Geometric dataf thejoint cannot be obtained
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Due to the shortcomings throughthe-arc sensingglifferent optical seam tracking methods
have been develogand arecommercially availableMajority of the optical seam tracking
solutions utilize laser triangulation sensodfeature point recognitiomethodfor detecting
theseamwhich waspreviouslypresented in chapt8rl.1 Many studieghat deal with this
topic propose differentmage processing algorithms afegdbackcontrol methodshut the
general principl®f seam tracking with a laser sensausgsially the same, and itpsesented
in figure19. The seam tracking algorithoalculaes the deviation between ttabot position
and thedetected searocation and the deviatiors converted ta correctivesignalwhich
is fed to the robot controllerSince the sensor moves ahezfdthe welding torch, the
corrective motion of the robaan bedelayed fothe corresponding timgRout et al. 2019,
pp.20i 29; Lei et al. 2020, pp22i 25)

Image processing )
© ) ' N (= o for finding our
Calibration of laser = Auto-finding of |, Tonase acaitisition ( featu.re points on
vision sensor weld start point g seiadd projected laser

« y € y € y, e 4

(" )

a ;
Corrective signal Checking of torch

by the seam — position deviation
or weld seam

\__position details )

a 4

Ending of weld ==  Robot controller

tracking algorithm

. J A

Figure 19. Principle of seam tracking witlaser sensofRout et al. 2019, p. 22)

Typical configuration and data flow in robotic welding system with a laser seam tracking
sensor is presented in figuz6. The lasessensor sends the ramagedata to the computer,
which runs the image processinigature recognition and seam tracking algorithiigen
thedigital data is converted to analogueltage signalvhichis fed to the robot controller
Thevoltage signals always given in certain range, for example +10 V, and it determines
the direction andnhagnitude of theobo® s ¢ o mpotierc(Zou et @l2018, pp. 182188)

In addition smart sensor solutions with embedded control units are available, in which case

anexternal computer is only needed for running the user intefifadeet al. 2015, (8).
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Figure 20. Typical configuration of lservision sensorbasedseam tracking system. (Zou
et al. 2018, p. 183)

Althoughseantracking withalaser sensor igquite widelyadoptedn the welding industry

a lot of researctvork is beingdoneto improve thgerformance and usability of the method.
Zou et al. (2018) aimed tmake the tracking as reine as possiblé&y minimizing the
distance between tHaser stripeand the weld pool. Usually treensomeasures the seam
about 50to 100 mm ahead of the torclwvhich might lead to tracking erroig some
situations such ason curvedweld paths.However when the distances smaller the arc
light, smoke and spatteicausanoredisturbances to the imagequisition which can lead
to trackingfailure. The proposed method utilizedlaser sensor with thrdmesinstead of
one, which increasetie reliability of feature point extraction from theisy imageand the
distance between the weld pool ahe tracking point could be lowered to 15 mnThe
method was verified witlwelding eperiments for curwe butt and lap joints, and the
average tracking error was 0.32 mithe sensotocation and the outcome efelding a

curvedbutt jointcan be seen in figure 2Zou et al. 2018, pp. 18292)
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Figure 21. Seam trackingvith threeline laser to minimize the distance betwésgtracking
point andtorch (Zou et al. 2018, p. 18291)

Whereasconventionakeam tracking methadare based otorrectingthe initial weld path

that is toughtn advance, Hou et al. (2020) proposeaeachingfree methodbased onmeal

time pathplanningandlaser sensingn the method, theobot patimust only be programmed

so that the laser sensor detects the seam irlitsdf view. The laser sensor is calibrated in
relation to the tool center point (TCP), so as it measures the seam, the correct TCP position
for weldingcan be determineand the robot path can be planned in-teaé. The method

is enabledwith digital control instead of analogue control, and the system schematic is
presented in figur@2. (Hou et al. 2020, pp. 175%769)
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Figure 22. Schematic ofdigitally controlled welding system faeattime path planning.
(Hou et al. 2020, p. 1758)



35

According to Hou et al. (2020, p. 173/758), the information processing center (IPC)
communicates with the laser sensor and the robot controller, and it is sehteethem via
ethernet. The IPC receives the feature point position data from the sensor, converts it to the
world coordinate and givesnew target point for the rohdtlow chart of the reaime path
planning algorithm is presented in figure 23eretheletterP stands for the detected point
and T for the target poinSincethe sensor travels in front of the torch, thetected points

are saved angiven to the robot as target poitg following thefirst-in-first-out principle.

Also theidentification of thewelding start and engbointshasbeentaken into accountso

that the arc on and arc ofbmmands are executedhenthe robot stops in the corresponding
points The method was testéy welding straight Vgroove and fillet welds andmparing
theachievedrajectories to taught weld paths, resulting in maximum tracking error of 0.21
mm. (Hou et al. 2020, pp. 176b/74)
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Figure 23. Flow chart ofthereattime path planning algorithm. (Hou et al. 2020,170)

An alternative optical sensing method for seam tracking is based on a passive vision sensor,
i.e. a CMOS or CCD camera withoatseparate light sourcén the method, the camera
captures the welding process directly, which results in a 2D imageasistiown in figure

24, and the tracking is based on the deviation between the weld pool centerpoint and weld
seam centerline. Optical filtera/hich let only light of a certain wavelength throygire

used in front of the camera to remove the arc ligige from the image. This enables to
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extract the weld pool and weld seam geometries by ubffeyentimage processing and
edge detection technigsie(Xu et al. 2017pp. 18 22; Lei et al.2020, ppl7i 27)
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Figure 24. Welding process image afhich theweld pool and weld seam featurase

recognizedn passive vision trackingX( et al. 2017, p. 22)

Xu et al. (2017developed gpassive vian sensounit, software and contralgorithm for
seam trackig. The sensor unit consisted of two CCD camevrils a dimmer glassa 660
nm narrowbandgassfilter and a protectiveglass in front of the opticend the sensor was
attached to therist of the robot, ashownin figure 25.The proposedhethod is suitable for
different type of butt jointdyutalso forfillet welds, which aretypically challenging to track
with apassive visiorsensorAccuracy of the method was testeih straightjoints, and the
reattime caability was verified by moving the workpiecandomlyduring welding The
maximum tracking error was 0.21 mm &iatic workpiece, and 0.45 mimcase of moving
workpiece.(Xu et al. 2017, pp. 129)
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Figure 25. Seamtrackingwith apassive vision sensor. (Xu et al. 201719)

According to Xu et al. (2017, p8}, the main benefits of passive vision senswethat the
equipment is cheap, and the tracking is truly-teaé since it is based on the weld pool
position in relation to the groove. However, the method is more error sensitive and not as
versatile when compared to laser sendihgreover,usingpassie visionfor controlling the

torch heightis challengingbecausen order to receive the depth information the welding
process must be captured with two cameras from different angles. This makes time syste
more complex and cumbersome as the sensor sizeases anthe image processing
requires more computing power. Therefore, the use of passive wstmodis highly
situational, and it is natsuallyproposed as a universadlutionfor seam tracking(Rout et

al. 2019, pp. 1820; Lei et al. 2020, pA.2i 19)

Based on theeviewedstudies, lasetriangulationsensorprovidethebest features for seam
tracking among optical sensing methodss they are accuratad reliablein production
environment It is also seen as a significant merit that ldser sensodatacan be used
simultaneouslyfor adaptive process contrahd seam trackingnd the sensor can be used
for a variety ofothertasks On the other handhassive vision sensoare economicaind
provide reaitime tracking,so they may be morsuitablesolution in some applications.
However optical sensors in generdlve some drawbacksthat limit their usability in
industrial applicationssuch agKah et al., 2015, pp.i'®; Rout et al.2019, pp. 2034).

1 Technical integration dhesensor system can be complex.

1 The sensor must be attacheetar theweld torch, whichcausesrestrictionsto

accessibility.
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1 Onerobotaxisis lockedduring seam tracking, as the sensor must travel in &bnt
the torch.
1 Disturbancesluring weldingcaused byhearclight, spatters, smoke and reflections

canlead totracking errors.

3.3.3Case examples of optical sensor utilization in industrial application

This chapters presents some examples on how optical semsoiseusedin advanced
robotic welding systemsso far,optical sensorbavebeenadopted mostly in high volume
productionin e.g. seam trackgor parameter control applicatiotesensure the we quality

in varying circumstance$iowever it has become increasingly more populanse them to
increase the flexibilityof the robotic system without sacrificing high level of automation.
Characteristic use cas@as high production volume sfmilar weldedproductswherethe
use of optical sensorsnablesto do modifications to theproduct with no need to +e
configurate the manufacturing systephis type of optical sensor solutions could be utilized
also in development of flexibland jigles multirobot welding cells for small batch

production.

Tavares et al. (2019jtilized optical sensors development of a serautomaticrobotcell

for beam attehmentwelding, which functions with humarobot collaboration principle.

The system configation and operation steps can be seen in figar&wo different vision
systems are utilized in the system, SAR (spatial augmented reality) hardivate is
locatedin the gantry and a laser seam finding sensdrich is attached to the robdthe

SAR hardware includes an industrial camera and aflange green laser project@nd it

is used for calibrating the beagosition in relation tahe CAD model After calibration, an
assistive laser light is projectdd the beamto visualize the correct position for the
attachments, which are théackwelded by manual weldeFinally, thetack welded beam
attachments are welded by the robot, which first uses its laser sensor for seam finding and

path calibration(Tavares et al. 2019, pfi 11)
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'SAR hardWare |

IPN 300 beam
origin in its §
| associated CAD §

Figure 26. a) Beam weldingsystemconfigurationb) Assistive &ser projection for manual
tack welding c)Seam finding witha laser sensor djinal welding (Tavares et al. 2019, pp.
4i 8)

Robotic systems for beam attachment welding are also commercially avasadbkeirnkey
solution. Austrian company Zeman provides fully automatialti-robot welding cellsfor
beamattachment assemblwhich arecapable ofvelding different type®f components$o
the common structural beam profileSheir welding cellsolutions consists of gantry
mounted welding robetequipped withlasersensaos, and track-mounted handling robst
with magnetiogrippes. As can be seefiom figure 2, the welding cell functions with the
jigless weldingprinciple, and the procedureegs as followgZeman 2021)
1. Themain beam iglamped by thevorkpiecepositioner.
2. Workpiecesto be attached arplaced randomly on a conveyor, where theg ar
measured with ataticlaser scannanountedabove the convey.
3. The scanning result is compared to 8i2 mode] and basean thatthe handling
robotis able to grip the workpieces accuratehdin correct orientation.
4. The welding robomeasuresghelocationfor the attachmenwith its laser sensor.
5. Based on the measuremethie handling robot posities the workpiecand holds it
in placeduring tack welding.
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6. The weldingrobot finds theseamwith its laser sensaandstarts tackvelding.

7. After all attachments are tae#t the welding roboproceeds tdinal welding.

Figure 27. Jigless welding of &am attachments’he red arrow shows the laser sensor

location (Zeman 2021)

Tuominen 2016 presented aovelconcept of a measuremeaitied welding cell (MAWC)
for the automotive industry. Thrurpose of MAWC igo replace the dedicated welding lines
in manufacturing of car body and chassis componeitts flexible multirobot welding
cells. TheMAWC consists ofa weldingrobot andtwo handling robots witradaptive and
interchangeablgrippers.The concept uses photogrammetric ma#timera technique foine
measurements, and thus the whole welding cell is surrounded with cameras from different
directions.The photogrammetric measurements are used to guide the harofiotgin
workpiece positioningcalibrate the weld path andeasure the fingbroduct dimensions.
The layout design of MAWC is presented in fig@& and its operation principle for one
cycle is the following Tuominen2016 p. 371 383)

1. Handling robots grip components from the conveyor and position them 4in pre

programmed location.
2. Cameras measuregitomponent positions.
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Handling robots corrects their position based on the measurement.
Cameras measure the component positions.

Welding robot adjusts its path and performs the welding operation.

S

Cameras measure the final dimensions of the product.

era frameé
Camera

—

Welding robot —

Handling robots holster

Grippef
holster

Figure 28. Layout design of MAWC for automotive industry. (Tuomirzdig p. 374)

A Finlandbasedwelding automatiorcompany Pemamegrovidesvision assistedobot
welding portals fowelding different type of panels sghipbuildingindustry.Their solutions
are based on larged&kis gantriesvith one or more welding robstandthey utilize vision
based methibfor robot program generatioRrior to the welding, the panels are scanned
with a 3D visioncamerawhich is located in the gantgbovethe robot, and the scanning
result is exported to an offlingprogramming softwareBased ornthe scanningthe weld
paths areleterminedandtheroba programis createdn the softwareThus,the workpieces

do not have to be in a predetermined position inrtteb ot 6 s wdhe knalmp@th ar e ¢
calibration is donéy touch sensing and throughe-arc seam trackinlgy default This type

of a welding prtal solution for micro panel welding is shown in fig@&as an example
where the camera location is marked wtie red arrow, and the green andaualizesthe

field of view of a single scaiifPemamek 2021)
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Figure 29. A vision assisted elding portal for micro panel welding in shipbuilding industry.
Thecamera location is marked with the red arrow, and the greewiatedizesits field of

view. (Pemamek 2021)

3.4 Summaryof thereviewed studies

Based on theeview, laser triangulation is the primary vision method utilized in robotic
welding applications, and most tasks in mubibot welding cells can be covered with
different variations of laser sensors. 3D camera systemsatlypbased on structured light
method, seems to be an interesting emerging technologsefon recognitionprogram
geneationand robot guidance. Passive vision systems can be utilized in certaateedd
tasks, but they do not provide the same Bgity and reliabilityas active vision methods

Findings of the reviewed studies and case examples are summarized in table 2. It should be
noted that the reported accuracies arensmiessarily amparable with each other, due to
differenttesting methods and circumstanckss also mentioned that whetlee sensor is
mountel to in the systemas it has a critical effect on the usabibfithe sensor in industrial
applicationsconsidering accessibilitgnd reachabilityimitations
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Table 2. Summarization of the reviewed studies and case examples.

welding

Author Application Vision method Sensorlocation /
Accuracy / Else
Zeng et| Seam finding of narrow buj Combined 2D vision an( Close to torch /
al. (2017) | joints crossline laser sensor | 0.05 mm
Yang et| Seam recognitiomnd weld| Structured light senstRob ot & s
al. (2020) | path extraction based on 3 with two cameras 1.9 mm
point cloud
Kim et al.| Recogniton and path 3D vision camerabased Not specified
(2021) extraction of multiple seam on 2D color image an¢ 3.4 mm
with singleimagecapturs | structured light method
Zou et al.l| Seam trackingbased or 3-stripe laser senso| Close to torch
(2018) corrective analogue signal measurement point clog 0.32 mm
to theweld pool(15 mm)
Hou et al.| Seam tracking based ¢ Laser triangulation sens¢ Close to torch
(2020) reaktime path planning 021 mm
Xu et al.| Seam tracking based ¢ Passivevisionsensor |[Robot &s
(2019 weld pool imaging 045mm
Tavares e{ Semiautomatic kam| Laser sensor for seay Robot 0s
al. (2019) | attachmentwelding based finding, SAR hardware] SAR cameraapart
on augmented reality an for part calibration and from the robot
humanrobotcollaboration | assistivdight projection
Zeman Fully automatic bean Laser sensor, used faRobot 6s/
(2021) attachment welding with workpiece  positioning Part scanning with
jigless welding principle | and seanfinding separatesensor
Tuominen| Vision- aided welding cel| Multi-camera systen Multiple cameras
(20196 for flexible car body ang based ophotogrammetry surrounding the
chassis manufacturing welding cell
Pemamek| Vision- based robot| 3D vision camera In gantry above
(2021) programming for panel the robot
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4 LASER SENSORINTEGRATION TO THE MULTI -ROBOT WELDING CELL

This chapter presentbe practical method$or implementingthe laser senson the LUT

wel di ng | a b-coboawelingycéll3he cantralprablemis thatthe lasersensor
system that is beinigtegrateddoesnot have builin features forobotic welding tasksand

the measurement data cannottbensferredigitally to the robot controllerTherefore, all

the same functions that laser sensors provide in modern robotic welding systems cannot be
realized.The following subchapters presertk® system configuration of the muaftbot

welding cell, ad the operatingprinciple of he developednethods for seam finding, seam
tracking and handling robot guidand-inally, practicaltestsare conducted to investigate

the accuracy and to verify the usabilitysglamfinding and-tracking with the laser sear.

4.1 System spetication of themulti-robot welding cell
The LUT wel di nlg-roboawelding aell ishrownin §gureBO. It is develgped
to becapablefor jigless weldingso that thenandling robobrings parts tde tack welded
one by oneo the workpiece positionef.he celllayoutis based on Yaskawa Motoman
robots, and the system configuration is the following:
1 Weldingroba (EA190(N)
0 Mounted on a floor track
0 Laser sensor attached to the weld torch
1 Handling robo{ES165N)
0 Mounted on a floor track
o Custommade magnetic gripper
Skyhook type workpiece positiondMT1-1000 S2X
Two NX100 robot controllers (paired)
Laserline triangulation sensdiMicro-Epsilon Scaoontrol 2%60-50)
GMAW power sourcéKemppiA7)

= =2 =42 A4 -

External omputer
0 Laser sensor software (Scancontrol Configuration Tod)s 6.
o Communicationinterfacefor robot controlle(MATLAB & MotoNIS)

o Weldingmanagement software (Kemppi Weldeye)
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Figure 30. Multi-robot welding cell 6the LUT welding laboratory.

Information flowin the welding cellis presented in figure 3T'he system is based on two
NX100 controllers, but they are paired so that the communication is carriby @iy one

of them NX100 is an older generatioabot controller, introduced in year 2004. It supports
digital /0 (input/output) sigals which furction with on/off principle, and eight input
channels fomonitoring analogignals in voltage range of +10 Measurement data of the
laser sensor is transferred via ethernet to an external computer with the laser sensor software
where thaneasured features and output settings are deterniihedlata ishentransferred

to the robot controller through a sensor output unit, which has terminals for both digital and
analog control signal§.he computeis also connected to the welding powenree andhe

robot controller via etherneThe KemppiWeldeye welding management software records
the welding parameters and enaltiegully control the power sourceith the computer.
Communication interface between the computer bt controller isimplementedin
MATLAB programming environment by utilizing MotoNIS communication tool, and it was
developedn mast er 6 s t hesi sltchnybe kibadafprexamplEr gving 0 ) .
instructions tahe robot station and feeadingthe robot position and laser sensor data.
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Computer

Scancontrol MATLAB | | Kemppi
configuration tools| | MotoNIS | | WeldEye

|
Sensor
Ethernet outputunit | pepe oot Ethernet

| |
/ Analog Digital I
| |

Welding power
Laser sensor Robot controller |—— &P
source
~
Mechanical connection
Welding robot Handling robot

Figure 31. Information flow of he multirobot welding cell.

The integrated laser senssiMicro-Epsilon Scancontrol 29680, which isbased oraser
line triangulation method.It is a smart sensor, which means that the praiialyzirg is
done within the sensor unithe sensor isuitable for a variety of industriasheasurement
tasks e.g. quality control anprocess parameter optimizatidtowever |t is notspecifically
designedor robotic welding applicationg able 3 shows theaelevanttechnical data of the
sensorMore detailed dimensiors the sensounit and its measuring rangan be seen in
appendix .

Table3. Technical déa of Micro-EpsilonScarcontrol 296050. (Micro-Epsilon 2021p. 1§

Outer dimensionsf the sensor 96x85x33 mm
Start of measuring rangminimum distance) 65mm
Middle of measuring range (nominal distance) 95 mm

End of measuring range éximum distance) 125 mm
Width of scanningange(depens on the distance) 401 60 mm
Points per profile (resolution ofaxis) 1280
Reference resolution afaxis(depth) 0.004 mm
Maximum profile frequency 2000 Hz
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The sensor is attached to thelding robotwith a 3D printedbracketas shown in figur82.
The sensor iBcatedso,that when the welding wirgp (TCP) is @ optimalwelding position
andthetorch angle is zerdhe sensor measwthe seam at a distance of 95 mahich is

in the middle ofits measuringange.ln welding directionthe measured point is 100 mm
ahead of the torci.o reduce disturbancehere isalsoan additional cover plate undire

sensothatprevents direct line of sight to theeld poolandarc.

Figure 32. Sensor rounting to he torchand the location aiheasurement point.

The laser sensor software Scancontrol configuration too&1 by Micro-Epsilon. The
software habuilt-in programs for measurirdifferent type of featurs, such as points, gaps
anglesand surfacesThe existing programsanbe combined to achieve the desired result
and output and he measurement resuite. what the sensor sees and what features are
detected|s visualized in lte softwareThe sensor system hagveraldigital and analog
output ports, and the settings and logiecachport can bemodified freely Also, various
sensor settingand parametersan be adjustedpr example camera exposure tinfigme

ratg region of interest ancesultfiltering. In figure 33 is a screenshot of theain mem,
where can be seen the program selectottandifferentabsof the software(Micro-Epsilon

2020 pp. 617)
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Figure 33. Main menuand program selectoof the Scancontrol configuration toels

software.

4.2 Implementation of the laser sensor functions

The NX100 robotcontroller desnot enable tautilize the laser sensaneasurement data
directly as a correction valu®r adjusting the robot patfThere is also no way to calibrate
therelation between the TCP and tleatures that the laser sensor is measufihgs, the
communication between the sensor and the robot must be done byhgssagnecontrol
signals and program routinegs with touch sensing and throughe-arc seam tracking.
Principle of the developed methods fseam finding,seam trackingand handling robot

guidanceare presented in the following subchapters.

The robot programs aredone by online programming with manual teach pendant. The
programming languagis calledii | NF OR Mo , used innoostrobiotscontrollers by
Yaskawa A single line ofthe programmindanguageconsists ofan instruction for the

desired operatignand of additional datawhich specifiese.g. thespeed or time of the
operation.The INFORM language includes various instructisiisch are used for creating

the robot pathand for controlling the proced/O andpositionvariablesAlso mathematical

and | ogical operations, such as AADDoO, AAl

As an example for the basic instruction, tadblexplains thestructure of a simple welding
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program, in which seam finding and seaacking functions are utilized. (Yaskawa 2017,
pp. 8 14)

Table 4.Thestructureof a simple welding prograwith INFORMprogramming language.

Row Instruction Explanation

0001 | MOVJ VJ=100.0 Jointmove instruction100% joint speed
0002 | REFP 3 Setsreference poin8 for search function
0003 | REFP 4 Sets reference poidtfor search function
0004 | CALL JOB: 1DSRCH Call for a subprograno conduct 1D search
0005| MOVL V=50.0 Linear motiontowardsarc-on point 50 mm/s speed
0006 | TIMER T=2.00 2 second timer beforeelding starts

0007 | ARCON Arc on

008 | ACORON Seam tracking on

0009| MOVL V=7.0 Linear motion 7 mm/s speeduring welding
0010 ARCOF Arc off

0011 | ACOROF Seam tracking off

0012 | TIMER T=1.00 1 second timer beferdeparture

0013 | MOVL V=100 Departure with linear motior},00mm/s speed
0014 | END

4.2.1 Principleof seam inding programs

Due to thdimitations set by the controlleream finding with the laser sengemperformed

with thesamesearch functiomprinciple that wapresented itheliterature review irchapter

3.3.1.In the methodsearches are performéat each direction in which the correction is to

be madeand thesearch resultsan be combined to a single correction vallds method

is typically used with toch sensing or 1D laser point sensor, but although now it is carried
out with the laser line scanner, different surfaces must be measured separately instead of
scanning the joint. Thus, the laser sensor is basically used as a one dimatisianaé

sensor, which triggers an output signal when it detects the surface at a predeteatmimed
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Principle of the laser senséor search functiorand output settings in the sensor software
can be seen in figui@t. Digital output port 3 isised for thigourpose which corresponds to
direct input port 3 in the robot controlléFhe selectedprogram measures the maximum
valuein z- axis i.e. closestdetectedlistanceto theobject.Coordinate system of the laser
sensor is reversed, so thaxs value incgases as the sensor moves closer to the obfest.
digital outputsignal turns ofOK, when thez- axisvalue exceed80 mm which corresponds
to 130 mm distance from the objethe minimum limit value is set at 200 mpwhich is
outsideofths ensor 6s measuring range, so vVvale out
is over60 mm.Thesesettings can be modified in different waysgich can be beneficial in
some seam finding tasks. For example |tigéc for the output signal can be invertedthe
signal can be set to remain anonlycertain value rangéliowever, tlese settings and the

same output porvereused in albresentegearchprograms.

Digital output signal on when:

Actual distance < 130 mm :
Sensor < : >] Object
Sensor z-axis value > 60 mm
bl
Signal name: [Program 6: Maximum Z Counter settings...
Current value Invert Logical link
Min: |200 \
— Value 1: |Program 6: Maximum Z e 59.940 O o
Max: E None hd
| Port3 Program 6: Maximum Z 59.940 O

Port 3 Program 6: Maximum Z 60.354
Figure 34. Principle and sttings of thadigital output port Theoutputsignal turnnas the

sensor moves closer to the objestd maximum zaxis valueexceeds 60 mm.

Based orthe search function principlegam finding programs for differeptirposes cahe
constructed. However, the controller has alreaxigtingtouch sensingrograms provided
by YaskawaThese programean be utilizedalsowith the laser sensor simply by changing
theinput port that the seardlnction checks.There aremany program variationsnostly
for lap- andT-joints, but the programs that angplementediuringthis workare alD search
program and a 3D seam finding program farrectingthe cornerpoint of a T-joint.
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The structure of the 1D search program barseen in appendix, Where the function of
each instruction igxplained.The program calculates the deviation between the detected
point and a presetreference pointat which the surface is assumed to be detedibd.
calculation is done by using pten variablesthatcontainthe position coordinates and tool
angles in theselectedccoordinate systenAll other seam finding programs follow the same
principle asthe 1D search progranonly difference is thatnore searching motions and
position variable calculations are involvdde 3D seam finding program fatetecting the
startingpoint from aT-joint can be seen iappendix Il Figure 35 showsan example of
position variable datafterthe 3D seam findingorogram is executedhe position variable
includesthe shift valudor corrective motionn each direction (X, Y, Z)Tool rotatiorangles

(Rx, Ry, Rz) are set to zero, as only the positiothefobotis being corrected.

Ry | 0.00

Rz | 0.00

Figure 35. Shift value in position variable PO06 afexecuted3D seam finding program.

Picture taken frontherobotteach pendant.

The instructions that aresed to construcseam finding programs are presented and
explained in tabl®. The purpose of most of theimto operate and modify different forms

of position variablesThe dataflows inside aseam finding program as followsirst, he
controller saves the reference mioas a system variable, which stores the robot position in
pulse data formSystemvariables cannot be utilized directly in robot programs, but they can

be saved as a user var i abthepulsevdata banlfeGdaver®d 1 n
to a desed coordinatesystermwi t h A CNV R T.®Duringhsearckiuncton, therabot

moves towards the reference poumttil the directinput port turns orand the robot stops.

At this point,the current position of the robat savedand converted to a pitisn variable

The desiredshift value can be calculated with the different position variatdessingle
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variableby usi ng A S UB ductians Binalfy AHe Desulting pasition variable is
runwi t h ASFTONO i n sdonreationtta thee mobat patliyaskawa 2014hpe.
30i 42)

Table 5. Instructionsised inthe searchprograms.(Yaskawa 204; Yaskawa 201)7

Instruction and example Explanation
REFP REFP2 Reference point for search function. REpRseis saved
SREFP | SREFP4 as aspecific system variable basedtbe type and numbe
(e.g.REFP2 -> $PX012, SREFP4 -> $PX(R4)

GETS GETS PXO001 Saves system variable as a user variable. PX is a po
$PX02A4 variable group which include position déba all robots in
GETS PXO006 the control group. (e.g. PX001 include PO01 and EXO
$PX0M Used for saving reference points and searching result

CNVRT | CNVRT PX001| Converts positin variable groupfrom pulse data t(
PX001 MTF cartesian data idesired coordinate system (MTF=mag

tool coordinate, BF=base coordinate).

SRCH SMOVL PO0O01| Linear searching motion towar@901 (REFPuntil input
V=5.0 SRCHj signal is on, then stops the robdedrmat: MOVL<Position
RIN#(3)=ON variable> V=<speed> SRCH RIN#(Direct IN po
T=0.30 DIS=60 | number)=<StatusON/OFF> T=<delay time for input

check> DIS=#ax. arching distance in mm>

SETE SETE P003 (4) ( Sets data tposition variableUsedto clear the tool angles
SETE P003 (5) ( Format:SETE <Position variable> (Axiso,) <Value>
SETE P003 (6) ( 1=X, 2=Y, 3=Z, 4=Rx, 5=Ry, 6=Rz

SUB SUB PO® P001 | Subtracts position variable PO01 from BOO

ADD ADD P0G P001| Adds position variable PO01 to F®0

SFTON | SSFTON PO® | Shifts the robot patbhased on value in POQ&arting from

the next move instruction.

SFTOF | SFTOF Ends the active shift operation
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The seam finding programs are constructed so, that they do not need to be modified in
creation of new welding programs. The suitable seadirfg program is called in the main

job, and the searching paths are determimigl reference points which are set before the

call instruction.Setting ofthe reference points depends on the used program. For example,
1D search program requires only tvedarence points, whereas 8Dter corneseam finding
programrequires severn addition the form of reference points differs based on the used
control group.The welding programs arggically created as a coordinated program with
robot group R1+S1 (wding robot + workpiece positioner), soordinated seam finding
programs are usedsoin this work.Motion instructions in coordinated programs must be
synchronized, so the reference points are

Principleof setting the reference poim$the 3D seam finding prograrfor outer orner of
a T-joint is presented in figur86. There are seven reference geinvhich are used to
determinethe trajectory for the searchingotionsfor threedifferent surfaces, in thisase
the web, flange anddgeof theweb. The searsing motions must be doradong the axes of
theactivecoordinate systenand preferably perpendicular to the searched suffheeseam
finding program iconstructedo, that the reference points are executed in ondkér linear
movemend, but the robot goes through REFP 1 between each searching rootwoid

@

collisions.

REFP 3
REFPV' REFP 4
REFP 5

Figure 36. Example of setting ferencepointsof the3D seam finding progranthe ed dot
is thewelding starting pointo be corrected.
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4.2.2 Principleof seam trackingvith the laser sensor

Seam trackings implemated by the analoguecontrol method which was introduceth
chapter 3.3.2n the methodthelaser sensor measurespecific feature point from theint

thatis being trackedThe measurement datadsnvertedo analogsignal which indicates

the deviationand its direction froma presettarget valueThe signal is fed tohe robot
controller as continuous voltage, which is then used by the seam tracking function to correct
the initial weld path Principle of the seam tracking function ihat when there is no
deviation from the target value, the output voltage is zeroybhah the voltage indicates a

deviation, the robot makes a correction to the opposite direction.

The measuringprogramand output settingkor seam trackingnust be configuratedased

on the seam typdn Scancontroconfiguration tools software, a combined signtdol is
used for determining the trackézhturefrom the seamThe point corresponds t@lues for

X- and Z axes (width and depthyvhich are used for the analog outpiibe output
coordinate values carelmodified separately, for exampéa offset for the tracking point
can be set by adding a congtaand the direction of the corrective signal can be cliibge
negating theutputvalue Beforeconvertingthe measurement data to a voltage signal, it can
be filteredfor example with median filter to reduce thiect of measurement errors.

Measuring profiles for different joint typeshdsituationscan be creatednd savedn the
software. This is recommeable,because for example pulling or pushing torch aafjects

to the distance at which the sensor measures the sedifierenttrackingparametersust

be usedProfiles could becreated for example fanulti-pass weldingin which casehe
offset featurecanbe used to aim the trackingpint at the toe of previous weld beadfith

the readymademeasurement profiles for different situations, only the active program for
the analog output channel milte changewvhen needed.

Figure ¥ shaws thesensor softwareettings that are used for tracking a fillet jols can

be seen from the result visualisation, the program detects the intersection point between the
two platesln this casethe output values are negategtausehe sensor trave backwards
relative to its own coordinate systefRar butt joins, otherwise same settings can be waed

with fillet joint, buta measuring program for detecting thelpointof a gap is selected.
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Figure 37. Visualisationand settings of the measurement progfantracking a fillet joint.

The analog output port settinfig seam trackingre presented in tab% Output port 1 is
used for Xaxis, and output port 2 for -Axs. Therobot controllermonitors voltage signals
in range of+10V, so it isalso setas thevoltage range fothe sensor output past The
measurement range determinesdbrversiorresolution fronmillimetresto voltage asthe
measurement range values correspond directly to the voltagevange This resolution
does not have a direct effect to tt@rective motion of the robot, becawseeparatenm/V
conversion resolution is sah the robot controller.Therefore, limit values of the
measurement range are set so, thatnalogoutputsignal isactiveas long as the seam is
in the field of view of the sensofhe determinativgparameteis the middle point of the
measurement range, because it corresponds to \Whih is the targetvoltage during
tracking.Hence, the measurement range muditectedbased on the measured ahd Z
axis values when the torch is at the optimal welding positiothis casejf pushing or
pulling torch angle isot used,the target vale for Zaxis is-95 mm, which is also the
nominal measuring distance for the sen&an. lateral direction, the target value is X=0,
which keeps théorchin the middle of the seam.
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Table5. Analog output port settings in the sensor software for seam tracking.

Analog output port Voltage |Measurement range [mm] Resolution
range [V] | Min. | Mid. | Max. | [mm/V]
Port 1(X- axis, lateral correction +10 -65 0 65 6.5
Port 2(Z- axis, depthcorrection) +10 -160 -95 -30 6.5

Theanalog output port ftom the sensdeads to input channel 2 of the robot controller, and
correspondinglythe output port 2 leads to input chant®IThe input channelspecifiesthe
directionin which the correction takes place in robot tool frame coordindtes.sensor
output statugor each channes displayed in the robot controller as shown in figuBe/As
well as from the sensor software, an offset gdtr each channel can be seth&he dead
zone parametatefines the minimum voltage valaewhich seam trackingnctionbecomes
active.(Yaskawa 2005, pp. 145)

| OFFSET i
01 | 0000 GEEE i [0.000] | ANO

02 | 0000 :: [_0000] [ 0000 i AN1
03 : 0000 i [_0000 [ 0000 @ AN2
04 : 0000 : [_o0o00] [ 0000 i AN3
05 i 0000 : [_0o000 [ 0000 AN4
06 : 0000 :i [_oooo] [ 0000 ;i ANS

DA

Figure 38. Display ofsensor output statdisr each channehithe robot controller. Input

voltage2. Constant offset value 3. Dead zahdnputport. (Yaskawa2005, p. 45)

Various parameteis the seam tracking function can be changed within the robot controller.
Themost important parameterthe resolution for the corrective motiomhich determines
that how much the robahoves inmillimetresper voltage unitlt can beset separatglfor

each input channelnother significant parameter ise maximum correction speethere

are no specific parameter settintpst must be usedo make the tracking functionahl
because the trackingnction should always keepe centerlineof the pathat the correct

position.However, the parameters affecthiow stableand smooth theobot motions are
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during welding and howthe trackingworks e.g. when tack welds arerossed or
measurement erroocur. Improperparameters can lead ittaccuracyjerkingmotionand
even collisionsThe parameters thateused in the seam tracking teséé be seen in chapter
4.3.2.

4.2.3 Ensuring theaccuracy of workpiece positioninig jigless welding

The concept of jigless welding was introducedchapter 2.2. The concept has been
previously studiedand tested in theUT welding laboratory, but withoubptical sensor
technology.One recognizegroblemhas been t@ensure the accuracy and repeatabuity
workpiece positioningvhen the handling robot brings new components to the asserhily.
variation caused by e.g. inaccurate part manufacturing or incorrect picking position can be
so significant, that good weld qualignd sufficient dimensional accurg of the final
productcannot be achievedlso, when offline programming is usedt is necessary to
adaptto the differences between the simulation maahel the actual robot statidforthese
reasonsone of the aims in this study was to investigate how the laser sensor coskflbe u

for handling robot guidance in jigless welding.

Workpiece positioning with the laser sensor was ingtlemented in practigebut the
required robot programs were crahté Delfoi Robotics 4.2simulation software and an
existing model of the mukliobot welding cell wasitilized in the preliminary planning of

the procedureFigure 39 shows the simulationodelduring jigless welding of a -joint,

where the base plateaeady placed on to magnetic workpiece positioner, and the handling
robot holds the vertical plate during tack welding. The simulation was used to visualize how
therobotprograms should be constructed and how the laser sensor could be opetased in

example case.
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Figure 39. Simulation model of the muttiobot welding cell during jigless welding a T-

joint.

The major restrictionto use the sensor jigless welding isthat thelasersensor output
signalscannot baised directlyto control the handling robdbr example during movement
This is becausg¢he two NX100 robot controllers are pairegt masterglave principle,
controller of thewelding robot being the masteit conductghe 1/O communicationrhe
remaining option is to use the weldirmpot toperform similar search programsiaseam

finding, and to use the resulting position varialiteguide the handling robot.

Principle ofthis method isas follows The handling robot brings the workpiece tspecific
distancefrom its correct positiorand holds it in plagewhile the welding robot performs
search functions with its laser sensor in each direction to be corrében the achieved

shift values are @l in the handling robot program to corréet final positioning motion

which isoriginally programmed tplacethe workpiece to its nominal positiofihe required
searchesannot be done with the existing seam finding programs, so two different modified
search programare createdfor this purposeOne for correcting the distance between the
workpiece to be positioned and the stationary workpiece, and one for correcting the other
two directionsThey follow the same search function principle and progsutture as the

seam finding programs presented in chapter 4ghd also theame output settings in the

laser senor software can be used.
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The positioningorograms arereatedn the base coordinate systesn,the position variable
dataapplies to both robots in the same waye program structure of the 2D position
correction progranwith explanationgan be seen in appendix IVhe progransaves the
shift valuein to position variable POO8Inlike in seanfinding programsSFTON instruction

for the variable is not ran in thle@archprogramsinceit would apply to the welding robot,
but later in the handling robot prografive reference points must be set in the main job
whenthe 2D correction program islted, and an example of setting them is shown in figure
40. REFP lisastandby poinat a suitable distance from REFP 2 and@he program corrects
theworkpiece position parallel to the search directisimswn in the figure.

Figure 40. Setting of the reference points for the 2D correction program.

The distance betweehe stationary workpiece and the workpiece to be positiaadtie
most cruciakto confirm,becausepositioning erors indepthdirectionwould lead to either
collisionor too large gap between the pa#ts the distance can vary digancorrect position

of either of the workpiecesghe location of bothof them should be measureggor this
purpose, &earch programas createdvhich performstwo searches in opposite directson
along one axisThe program structure with explanatsoors shown in appendix Vlhe
program mainly follows the sanstructure as the presented 2D correction programit but
results in 1D correction valués the search motion for the workpiece to be positioned is
done in opposite direction to the final positioning motion, the position varaldelation
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is reversed to get thehift value incorrect direction.The program saves thdistance

correction valuen position variable P006.

The principle of setting the reference pointsnain jobbeforecalling the distance correction
program is presented in figudd. Distance between the platesthe simulation is 100 mm
but it can beanythingas long as theris space to perform the searchéee reference points
can be sein different waysand directionslepending on therelded productbut the search
motionsmust always be done along one of the base coordinesesaxiREFP 2 and 3 must
be used foithe phte held by the handling robofhe reference points 2 and 4 could in
principlebe combined to be the same starting point for both seafdbesver,this could
lead to challengem performingthe searchmotionswith correct tool angles, as it should
remainconstanturing searchig, so separatgarting points make the program more flexible
to use Moreover this way théaseplate searclban take placturther awayfrom thevertical
plateif needed.

REEFTe —— == I

Figure 41. Setting of theeference points for the distance correction program.

Examples of executing the search motitorghe presented workpiece positioning methods
are presented in figud2. Measuringange of the laser sensor is visualized in the simulation.
The simulation model haa different sensor adapter than the one used in practical tests, but
thesearchingrincipleremainghe sameThese tool angles are not the only opsitlcarry

out the search motionbut theymust always be planned,sthat the sensor detects the
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surface consistentithe same wagven if the workpiece position changes. Thus, the sensor
orientation and the detected point that activates the digital tosigrnal must be carefully

considered.

Figure 42. Simulated search motiomgr workpiece positioning ifigless welding. Pictures

A and B are fo2D position correctiorand C and D are for distance correction.

Theseworkpiece positioning progranesain be used in different situations, as long as the final
positioning movement is done parallel to one of the axésedfasecoordinateln terms of
programming routines, theorkpiece positioning programs can be called in the maithpb

same way as seam finding prografer they are executedhe search results are saved in
position variables P@and PO08which canbe operated imandling robot programs. For
example, they can be merged to a swhlgl e p
then includes the shift value @aong X, Y- and Z axes.Finally, theresulting variable can

be run with A StémaRa\the cdarrecton to thesfinal piaiting motion.
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4.3 Testing of the lasemresisor functions

Practicalexperimentavere performedto verify the functionality and accuracy thfe seam
finding and seam tracking methodse workpiece positioningnethodwas not tested in
practice due to schedulirmgnstraints, but a tesbuld be performed based on the presented
programs

4.3.1 Experimental setup for theam finding test

Testing of the seam finding metha carried out with the 3D seam finding progrémn
detecting thecorner point of ar-joint. This program was selectdagcause it is the most
complexto performamong differenpptions, so the achievedcuracy resultshould apply
also for the other seafinding programs. The program structure can be seen in appendix IlI

and thesettings used with the laser sensochapter 4.2.1

Aim of the seam finding tesvasto investigatethe relative and absolute accuracy of the
corrective motio. Thiswasdone by repeatinthe same progranfor a static workpiecéo
find out the variationof the correction valuse The programwasrepeated for 30 times to
ensure the reliability of the result§he correctiondata was collected frorthe resulting
position varable POOGftereveryrepetition

The experimental setup and tbearchmotions for each surfaaan be seen in figure 43.
The workpiece i T-joint which isclamped to th@ositionerso, thatthe plates are aligned
along the coordinate axe$ the robot systenMaterial of the workpiece iS355structural

stee| with laser cut edges arstlirface in delivery conditiorin the test program, the robot
performs the search motions in trger shown in the picture, and the point to be corrected
is programmed at the corner of the joidpeed of the searching motieas 5 mm/sBecause

the workpiece is not deviated from its original position in the test, the correction value is

expected to be close to zero for each axis.
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SREFP 2 / e, B [SREFP 6

Figure 43. Searchmotions ofthe test program.

The reference points 3,5 and 7, which are set in the initial program to define where the
surface should be found, must be set as accurately as possible. This is becarsectien

value is calculated based on the difference between the reference point and the detected
point, so also the reference points afthet absolute accuracy of theethod As previously
mentionedthe laser sensactivates the digital output signa@henthe maximum Zaxis

value in its coordinate systeis:160 mm or moreThus reference points 3 andabe setq,

that thevalue isas close as possible to 60 mis does not apply fahe search motion
towards reference point, because the sensor approaches the surface with diffecént
angk. The sensor approachime vertical plate sthat it is already dse enough ithedepth
direction but there is wthing in its field of view until the edge of the plateappears
Therefore the reference point 7 is set Hwatthe output signal is just about to activate from

the first detected pixels from the plate edge.

The surface detecting principle and timitial sensor valuefor each search motion can be
seen in tablé. Also the directbn of each search in the robot coordinate system is mentioned.
As can be seen, the difference betweertdahgetvalue(60 mm)andactualreference point
value is less than tenth of a millimetior X and Z axesTheoretically, this diffenece is ale

the expected correction valaéer the searfinding program isxecuted
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Table 6 Direction of the search motions in robot coordmaystem and the surface detection

principle.

Search Direction | Surface detection princide and initial sensor value
SREFP 23 | X-axis Maximum Z value of the sensor 58.6im at SREFP 3
SREFP 45 | Z-axis Maximum Z value of the sensor 59.97 mm at SREFP 5
SREFP 67 | Y-axis First pixels to appear in the sensor's field of vedl\BREFP 7

After the30 repetitions for thaccuracytest were madehe functionality of the seam finding
program was tested visuallyhe workpiece was deviated from its original position in each
direction (x-y-z) by placing 3 mm plates between the workpiece jandThen tle seam
finding program was ruanceto confirmthat it results inthecorrect welding start point with

sufficient accuracy.

4.3.2 Experimental setup for the seam tracking test

The functionality of seam tracking was tested by trackingj@nk in differentsituations

andby analyzingthe robot position and laser sensor a@atang thetraveled path The robot
position data during tracking was gathered wite MATLAB program which
communicates with the robot controller through MotoNIS. The laser sensor raw data was
gathered with the monitoring tool of Scancontrol configuration t@afware.The test was
repeatedwice foridenticalworkpiecesSamemeasuringorogram and analog output settings

are useds presented ithechapter 4.2.2.

The testworkpieces are symmetricaland straightT-joints madeof 500x1®Mx8mm steel
plates They aretack welded from one side with no air gapne plate material is S355
structural stealith machined edges and surfagedelivery conditionFigure44 showghe
test setu@nd the robot position at the start and end of the pai workpiece is clamped
to thepositioner along thexes ofthe base coordinate system of tei@tion. The robot is
programmed tanove along the joint witlsonstant tool angle and linear motiana speed
of 7 mm/s At the startpointthetorchis at the corner of the joint, aratl thefinal pointthe
laser line isat the end of thevorkpiece so the path is 400 mm lorgincethe distance

between laser line andeldingwire tip is100mm.
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Figure 44. Test setup forlte seam tracking tests. Directiohcoordinate axes fdyoththe

robot and the sensor are marked wiith arrowsX = red, Y = greenZ = blue.

The initial path was programmed sloat the weldingvire tip wasoptimally at the center of
the joint, and the sensor detected the intersection painbatinates X=0, Z=9%t both the
start and end point$hus, thaobot positioncoordinates of the initial path also corresponds
to the position of the fillet join The initial path was calibrated foboth workpieces
separatelybut it was not modifiedetweenthe differenttestruns The program was run
and therobot positiondata was plotted in four different occasions:

Initial path without tracking

Initial workpiece position with tracking

Deviated workpiece position with tracking

P WD

Deviated workpiece position with tracking and welding.

In thetests theseam was first tracked in the original workpiece postiosee, if theéracked

path follows thenitial linear pathThen, the workpiece was deviat@dng the Xaxis of the
robotcoordinate systerny placing a 3 mm thick steel plate betweenwloekpiece and g,
andthe tracking was repeatéal verify that the robot adjustsipath accordinglyt must be

noted that the actual deviation was egactly3 mm, but this has no effeon the results.
Finally, the deviated workpiece was welded to investigate how the arc light and other
disturbances affect the tracking, and if the tracking is accurate enough to dcpieweld
quality. Directionof the deviationand the relationf the torch in the starting position to the

different workpiece positions presented in figure 45.
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Figure 45. Initial and deviated wrkpiece positionandtorch in the starting position.

The sameprocedurewas performed and the same parametensere used for bothtest
workpiecesonly exception being that for the secondrkpiecethe number of sequential
measurements for median filtering was increased from 3 téHesignificant parameters

for the laser senspseam tracking function and welding are compiled in téble

Table7. Parameters used in the seam tracking tests.

Parameter Value

Sensor parameters

Profile frequency 100Hz

Exposurdime 0.50ms

Median filtersize 3 for first, 15 for seconavorkpiece
Analog output resolution 6.5 mm/V

Tracking function parameters

Voltagei correctionresolution 2mm/V
Dead zone 0.01V
Maximum correction speed 3 mm/s

Welding parameters

Wire feed rate 11 m/min
Travel speed 7 mm/s
Torch angle 45° [ perpendicular

Wire stickout length 18 mm
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5 RESULTS AND ANALYSIS

Results ofthe tests are presenteohd analgedin this chapterThe seam finding test data
was fed toanExcel spreadsheet, whettee key statistic§or accuracywerecalculatedThe

robot position and laser sensor datreprocessed and plotted with MATLAB.

5.1 Results of the seam finding test

Figure 4 shows thecorrection \alues for each axig the seam finding test sethe test
program wagonstructd so, hat thetargetcorrection value for each axis wasrq and the
accuracy of the preet reference points wa$.06 mm. With this accuracy of the test
arrangemenigshe resulting absolute accuracy of the method is £0.3However, relative
accuracy of the method is higher, as the correction values for each axis separately are roughly
in range of 0.1 mm. As can be seen,Xhaxis valuesreclose to zero on averagehereas
Y- and Zaxis values aratover0.2 mmdistance from the targdn principle, the Yand Z
axes could bealibrated based on this result, by setting the reference pafithe seam
finding program to an equivalent distance from the nominal wahieh triggers the output
signal.However, more testinm different circumstancesould be needed tensurghat the

magnitude and direction of the eramealwaysthe same.
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Figure 46. Correction valudor each axisn theseam finding test set of 30 repetitions.
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Statistics orthe correction value variation for each axis are shown in the8ablesoretical
accuracy of the laser sensodigim, so the results are roundedniendredth of a millimetre.
The maximum error frommean, range and standard deviaiiogicateshigh repeatability
and precisionBasedon this result an absolute accuracy of £0.1 mm wouldréalisticto
achieve, if the Y and Z axean becalibrated asccuratelyas X-axis.

Table8. Variation of the correction valugfor each axs based on test set of 30 repetitions.

Axis | Minimum | Maximum Mean Maximum Range Standard
value value [mm] error from [mm] deviation
[mm] [mm] mean[mm] [mm]
X 10.04 0.09 0.03 0.07 0.13 0.03
10.27 i0.17 10.22 0.06 0.10 0.3
z 0.18 0.33 0.26 0.09 0.15 0.03

After the repeatability test, the workpiece was deviated from its original position in three
directionsto confirm that theseam finding prograrworks as it shouldThe resulis shown

in figure 47. As a reference for the dimensions, the welding wire is 1 mm tAgk.can be
seen thecorrectionwas successful, and teelding wire is at the welding start powvith
sufficient accuracyit can bestatedthatthis seam findingnethod cold be used in practical
applicationseven if the shift values for Y and Z axes are not calibrated more precisely.

ﬂx_ Sa JXZ-""@—_;‘_; g ;' ;__;. F v :.- i
Figure 47. Welding wire position aftetheseam finding progran©On the left, the workpiece

is in itsoriginal position, and on the riglihe workpiece is deviated in three directions.
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5.2 Results of the seam tracking tests

The seam trackingestresults @ presented for both workpieces sepelsatThe results
include graphs ofthe robot tool path (TCP coordinatesandthe laser sensor datduring
different test runsWhenreadingthe graphs, ishould be noted that tleordinate systems
of the sensor and robare not parallelas was illustrated in figure 4Zhe X-axis of the
lasersensorcorrespondgo width and Zaxisto depth, whereas-#éxis of the robot coordinate
system is parallel to the bottom plate, andxzsis parallel to thevertical plate.Therefore,
a deviation measured by the sensoeitter X- or Z- axis direction causes aorrective
motionwhich reflects to both Xand Z coordinates of the rolbdvioreover,positionof the
TCP (welding wire tip)in relation to the joint is determined by these two coordinates.

The robot position graphaclude the coordinatalataof the faur different test runs. First,
the initial path without tracking, then the initial workpiece position with trackimgp the
deviated workpiece position with tracking, and finally the deviated workpiece position with
tracking and weldingeach test run tsthe same starting poisincethe robot program was
not modified between the runs, and it is scaled to zero in the giEipigraphs show that
the position coordinates of the initial patho not remain at zerthroughout the pathIn
addition, for either of the test workpiettee actual deviation is not 3 mm, and the deviated
position is not exactly parallel to the initial position, i.e. the deviation is not conftase
factorsare caused by inaccuracy of the sup,andthey ae insignificant to the reliability

of the results, becauglee functionality of seamtrackingcan bedetermined by comparing
the different test run paths to each other.

5.2.1Test workpiecel

The robot Xaxis coordinate during theacking test for workpiec# is presentedh figure
48, where the test runs are indicated with different line coldthis.green and violet line
showthat tracking in the initial workpiece position follows the initial robot etlexpected
and \ariation in the robot positiowas only some tenths of a millimetfhered lineshows
that when the workpiece was deviated along-axis, the tracking funcbn started
immediately tocorrect the torchpositionfartherfrom thejoint, andit wasfully corrected
after the robot had advanced 10 mm from the starting.p&ftetr the correctiontracking of
the straight joint was as accurataraghe initial workpiece positiofor the rest of the path.

However, the blue line shows thaduring welding thetracking becomesemarkably
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inaccurateas it should follow the red linghatindicatesthe gtimal welding path.For the

first 10 mm the position is being corrected to the right directibnt therthe tracking error
occurs which takes the torch too close to the workpiand causes eontinuousweaving

motion in range of 1 mmAt worst, thetracking error is4.5 mm and the torch isnostly

closer to the workpiece than it would have been with the initial da8pite the deation.

2 —
—Initial path —Tracking, initial workpiece position —Tracking, deviated workpiece —Tracking & welding, deviated workpiece
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Figure 48. Robot X-axis position coordinate, test workpiece 1.

Figure A shows the Zaxis position coordinate for workpiece Where thesametracking
errorduring weldingcan be seenrhe workpiece was deviated only iraXis direction, so
the Zaxis coordinates of the optimal path are the same for the initial and deviatgdegse
positions.The maximum erroin this direction is 4 mm, and the torch is on average 3 mm
too close to théaseplatealong the whole patiAs the torch is too close to the vertical plate
due to the Xaxis error, and too close to the base platetdtiee Zaxis erroroughlyfor the
same amountt can be concludetthat the welding wirstaysmoderately at the center of the
fillet joint, but the wire stickout length is decreasrastically.Decrease of the stickout
length is equivalent tthe hypotenuse of the errdresetiwo directions, so thevire stickout
during weldinghas beembout5 mm shorter than the 18 mm nominal stickout lenghis
has an effect to the welding parametansl weld qualityandmoreoverthe gas nozzle has

been tavelingquite close to thevorkpiece,causingarisk of collision.
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Figure 49. Robot Zaxisposition coordinatetest workpiece 1.

Reason for th&racking errorcan be found from the laser sendata.Thetwo test runswith
the deviated workpiece position amvestigatedo see theeffect of welding to the sensor
measuremest The robot position data indicated that the tracking works moderately in

lateral direction (sensor-&xis), but not in depth directiqsensor Zaxis).

The laser sensor-&xis datafor workpiece lis shownin figure 5Q The red line shows the
tracking data without weldingin which casethe tracking functionedaccurately and
flawlessly. At the start, the sensoeasurs a deviation from the target value (zerbgsed
onwhich the robotorrectdts path After the correctionthe sensor mesarements staglose

to thetarget value, as every n@erovalueleads to aorrection that keeps the robot in the
optimal path of course considering the dead zgeéin the seam tracking functiddn this
scaleanymeasurement errors during trackimgy cannot be detecteHowever as the blue
line shows, during wding thereare continuous measurement errors in range of £1Q0 mm
Themeanis neverthelesslose tozero as it should be, and the errors are evenly distributed
to both directionsThis meanshattherobotis fedwith too high correction valuesdternately

in opposite directiog) causing the robot to move alg the correct patbn averagebut with

a constant weaving motioAs can be seen, sommeeasurement erroegeup to-65 mm
which is the preset limit value of the analog output pofhey occuy because the sensor
gives the limit value of the measurement raagean output, when it does ragtect the
intersection point of the-joint at all. This isan unexpected feature, probably causedrby
incorrect settingin the laser sensor software, ahdhould be changed in further uge.
addition, notethat this datahas beerfiltered with a median filter of three sequential

measurements, so the amount of measurement errors in the rawndathisgher.
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Figure 50. Laser sensoX-axis data during trackindest workpiece 1, median filter 3.

The laser sensor-axis datafor workpiece 1 can be seen in figure 3he red line shows

that the trackingwithout welding functioned optimally also in depthdirection. On the
contrary, the datduring welding showshe reasonto the major tracking erroifhe large
measurement errors up to the limit of the measurement range occur for the same reason as
for X-axis.However for Z-axisthere are more significant errors, amgasurements are not
evenly distributed around the target valt5 mm / red line)Thelarge measurement errors
areweightedso, that the sensor detects phiat furtherawaythan it actually isTherefore,
themagnitude of/oltage signalsvhich corrects the path clos#re jointis higher tharto the

oppositedirection causing the robot to travel constantly too close.
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Figure 51. Laser sensor-&xis data during trackindest workpiece 1, median filter 3.



73

5.2.2 Test workpiec&

Since the results foest workpiece 1 showdHat mediarof threesequentiameasurements
was not enough tblter out theobviousmeasurement errors, median filter of 15 was used
for the second & workpieceDue toincreasediltering, the rateat which voltagesignals
arefed to theseam tracking functiodecreasefrom 5/mmto 1/mm based on htravel

speecand sensord6s measuring frequency

Figure 52shows the robot >axis coordinate for the test workpiece Rrst, it should be
noted that the actual deviation for this workpiece was five to six millimetres instead of three,
so the scale of the graph is larg&gain, without weldingthe tracking worked optimally

but thetracking error during weldinglid not disappeaOn average he error between

weld pathand the optimal path (red line) is 3 mhlowever,the maximum error is over 5

mm, because the amplitude of the weaving motion is higher than for workpidteslis

likely caused byhe increased filtering, as theeasurement valuesemore stable, and the

individual correction signal affect the robot position ddongerperiod oftime.

— Initial path — Tracking, initial workpiece position ——Tracking, deviated workpiece —Tracking & welding, deviated workpiece

X-axis coordinate [mm]
I I -
\

L L L L | | L L L | | L |
25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400
Distance traveled in welding direction [mm)]

o

Figure 52. Robot X-axis position coordinate, test workpiece 2.

The robot Zaxis position coordinate for workpiece 2 can be seen in figurik Si3owsthat
the tracking erroduring weldingis on averag® mm, and thusot equal to the error in-X
axis. This means, thahe centerlineof tracking in lateral directioms not exactly in the
middle of the joint, and the wire drected slightly more towards the vertical pldtewever,
thecentral problents still the same as for workpiece 1, that isttheking in depth direction
takesthe torch too close to the joitor workpiece2, the wire stickout length was on average
4 mm shortethan it should (18 mmyyhich isslightly betterthanwith workpiece 1put the

position variatiorthroughout the weldg pathwas higher.
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Figure 53. RobotZ-axis position coordinate, test workpiece 2.

The sensor data is agahown for the two test runs with the deviated workpiece position.
The effect of increased filtering to the laser seXsaxisdatacan beseen in figure 54Nith
this scale it can be well seen, htive sensor valueduring tracking onlyemainaccurately
near zeo with a stable wave motioriror the data during weldinghe large measurement
errors are filtered off, and the valuestay in range of 8 mmHowever,still obvious
measurement erroget through the filteringasthe robot position did not vary enough to
explain thespikesof several millimetresThe measurement errotegether with the less
frequentcorrection signalslead to the high variation in the robot positibhmoughout the
path When compared to the apial tracking dataijt can be seen that the mean is slightly
overthe target value during welding. This explains the finding from the positionttata,
the lateral trackinglid not direct the wirat the center of the joirn average.

— Sensor X-axis data during tracking & welding —Sensor X-axis data during tracking only

||
J M

|

Sensor measurement X-axis [mm]
uOhbbNIsoaNnWAO~N®

B2 T T T S S S S S S 1

0 50 100 300

) 150 . 200 . 250 350 400
Distance traveled in welding direction [mm)]

Figure 54. Laser sensor »axis data during trackingest workpiece 2median filter 15
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Figure 55 shows the sensotaXis data for workpiece 2. Thargest errors are now filtered
off, and the measurement values stay in range of 20Hmever,the samephenomenon
thatcauses theepthtracking errorcan be seeaswith testworkpiece 1, jusbn a smaller
scale.The sensor alternately detects the joint being too dlmees under the red line),
which iscorrect,but then the measurements errors occur to the opposite direciaes
over the red line)As the errordiave a bigger deviation to the target value than the correct
measurements, they result in higleerrection signal voltageand the robot positions

constantly incorrect.

82 Sensor Z-axis data during tracking & welding —Sensor Z-axis data during tracking only
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Figure 55. Laser sensor-axis data during trackindest workpiece 2, median filter 15.

Based on the results with increased median filtering, it is clear that any additional filtering
in the sensor softwardoes not solve the tracking error, because the measurement errors
cover so significant percentage of the raw datese tests proved that the seam tracking
methoditself workscorrectly and with high accuracyhe trackingfunction corrected the
robot tool path according to the deviated workpiece position, and the variation in the robot
tool positionwasvery low. By investigating the laser sens@and robot position datan a
smaller scaleit was observed that the robot giion stayed in range of 0.2 mm during
tracking a straight jointHowever, the disturbances caused by welding led to significant
measurement errors, which made the tracking unreliable and inaccurate. The laser-sensor X
axis measurement errors caused ubralied weaving/jerking motion in lateral direction,

but the traveled path was close to optimal on average. farsZthe welding caused more

significant measurement errors, and they occurred mainly in one direction, which caused the
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torch to travel toelose to the joinfThe root causes of the measurement errors are discussed,

and development proposals are given in chapter 6.2.2.

5.2.3Visual quality of the welds

Resulting veld quality of theseam traking tess was inspected visuallgndfigure 56shows
aclose up of both test workpiece$o significant differenceould be observed between the
two test runsThe tracking errom depth directiorreflected tathe welding parameters, as
the current increased and voltage decreased to due to the shorter wire tgthuThe
average current and voltage were 353 A and 27.5 V for workpiece 1, and 340 A&xd 27
for workpiece 2 which is not a normal ratio, considering that the wire feed rate was 11
m/min. This had an effect to the weld shaps,can be seen from the figubeth welds are
quite convexandthe transitionis not smoothThe nonlinearity of the fusion line is likely
caused by the uncontrolled axeng/jerking motion during weldingdowever otherwise the
welds arequitesymmetrical and uniform, which indicates thatweddingwire was directed

to the jointmoderately in lateral direction.

Figure 56. Visual quality of theweldsof testworkpieces 1 and 2.

The welds were also scanned with the laser seasdrthe visual quality was assessed with

a Winteria weld quality assurance software. The software analyses the weld quality based
on thelaser scanningand estimates thguality level in accordance witl desiredstandard.
Based on th&Vinteriainspection, bothveldswerelevel C in accordance with standd®iO
5817.The welds are not acceptedijigality level B due to excessive convexity and woall

weld toe angd, but e.g.excessive unequétg length or undercutserenot detected.The

excessive convexity of thgeldsis well seerin figure 57, which shows the weld profibé
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test workpiece 1 at a certgooint The figure also shows hotlie software visualizes the
results of the quality inspectiohhe desiredveld quality feature can be selected for detailed
view, which showsthe dimensions andxactlocationsof the defects. In the figure, the
selectedmperfection for detailed vievg weld toe radiuswvhich wasn range of 0.20.8 mm

for both workpieceqWinteria 2021)

Inspection Detailed View

Wiold oo Radius [mm] s POSTPROCESS CROP SCANNER DATA EDIT START/STOP

Figure 57. Visualization ofthe inspection results in Winteriaveld quality assurance

software.
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6 DISCUSSION

This chapter discusses thedingsof this thesisFirst, themain observationsf the literature
review are summarized’henthe succas of the laser sensor implementatisncritically
evaluatedfrom the aspect ofisability andapplicability. Furthermore the esults ofthe

practical tests areomparedo other studieand development proposals are given.

6.1 Literaturefindings

Literature review in this thesis was rather genena it covered a lot of different topids.
chapter twowhich discussedhe future otlook of robotic welding, was found that different
types ofoptical sensors are involved imarious advancedrobotic welding applications.
Besides of the conventional use @aselated to robot guidance, thean be usedor
collectingmeasurement dafeom e.g.groove geometry, weld shapeeld pool,distortions
defectsand workpiece dimensionslhis measurement datan be utilized in ghications
such as adaptawvelding robot programmingnd weld quality assuranddoreover all this

data could be managed in a digitized welding production environment, where the design
information, manufacting parameters and quality data could be linked and traced
throughout theroductionchain andthenagainutilized in the design of new products and
manufacturing procedureéll in all, it is apparent that optical sensing is one of the key

technologiesn enabling of thentelligent and flexiblevelding systems of the future.

Based on the closer viesn opticalsensing methoda chapter 3laser triangulatiosensors
arethe mossuitablefor robotic weldingasksdue to theireliability, accuracy andersatility

for a wide range of taskdaser sensors have been proven to be beneficial in various
industrial applicationsand it is the default option whautilization of optical sensors is
consideredAnother promising technolodyr robot guidance i8D camera systems, based
on either structured light or passive mugéimera methodsl'her advantages that the
camera system can be attached apart from the robot, and the field cbviensa large ara
when compared to laser line scann&fany reviewed studies addressed this topic aloyt
studies on practicahtegrationof a3D camera systemo a robotic welding statiowere not
found.However, the presented case examples showed how they canzeel inilindustrial

applications already with the existirigchnology The 3D camera systems also enable
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interesting new applications, such as automated weld path recognition and robot program

generation, which will certainly evolve in years to come.

6.2 Applicability of thelaser sensamethodsanddiscussion of the test results

During practicalimplementation of the lassensor functions, first became cleathat full
potential of the laser sensor cannot be realized in the-roblit welding cell, because the
robot controller does not support fully digital sensor integratidns set some major
restrictions, as theensor measurement data cannot be dirediliged in guidance of the
robot, and the relation between the sensitata and robot tool cannot be calibrated.
Neverthelessmethods for utilizing the laser sensor in seam finding, seam tracking and
workpiece positioningwere proposed, of whickseam fimling and seam tracking were
implementedaind testedh practice The next subchapters discuss the restriction and possible

improvements of each method in more detail.

Utilization ofthis type of laser sensor functiansndustrial applications is often alenging

due to practicatonstraintsEven if the method itselforks flawlesslyfactors such as sensor

size mounting maintenanceachieved benefisnd complexityf operatinghe systenmust

be consideredA simple example is the sendocation, astiis obvious that seam tracking
sensors near the torch cannot be used when high level of flexibiligquired,because
accessibility to the jointgfers drasticallyln this thesis, the sensor was mounteithéorobot

with a bracket designed for seam tracking, which restricts the freedom of moyamnt

e.g. welding of inner corners becomes basically impossHsvever, usability of the
proposed seam finding and workpiece positioning methodklbe improwed by mounting

t he sensor hi gher Alsb mne soluiton could he devekwpingvani st .
interchangeable sensor mounting system, so that the robot can pick up the sensor and use it
only when needed.

6.2.1 Seam finding

Seam findingvas implemented by utilizing the conventional search fungirarciple, but
instead of touch sensing, the laser segsasthe direct input signdbr the function.This
is a simpleand reliablanethod and it is widely used imdustry to adapt to theariationin
workpiece positionUsingthe laser sensoover touch sensingrovides better usabilitygs

the searches can be done withher speednd from longer distance. Howeube usability
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IS not optimalas a separate search motiorraguired in eeh direction to be corrected.
Programming of the search motions is time consunaind there is not always enough space
to perform them. Focomparison, with modern robot controlldhat enable fully digital
sensor integration, the seam finding can be done simply by scanning the joineguthed
points, which is obviously much faster and more flexible method.

Since in search function method the sensor is used only to signal vehsurtace is at a
specific distanceusing this type of a laser line scanner does not add any value when
compared t@1D laser point sensor, whigould beamore compact option for this purpose.

In fact, the usabilityf theseam findingnethodcould beimproved bychanging thdield of

view in thelasersensorsoftwareso, that it would be practically a laser point senddris
would give moe freedom to perform the search motiavith different tool anglesin the
seam finding tesighe search motions were performed with perpendicular tool angle in
relation to the searched surfadmit this is not mandatory as long as the sensor detects

consistently the same point from the workggigeven ifits orientation varies.

Practical implenentation ofseam finding with the laser sensarcceeded wellAbsolute
accuracy of the methodas+0.3 mm which isalreadysufficientfor ensuringhigh weld

quality, and it can be calibrated to be even more prestisgethe repeatability is so high

The accuracy is also in the same range as the accuracies of the laser sensor methods in the
reviewed studies, which were summarized in tabBaged on previouseam finding tests
conducted in the LUT welding laboratotielaser sensor providesiperior accuracy when
compared to touch sensing wittetwelding wireThetestof this thesishowed thastandard

deviaton of seam findingvith the laser sensis 0.03mmwh er eas i n bachel ¢
Paananen (2020, p. 3thereportedstandard dviationwith touch sensings 0.16 mm.The

results are comparable, becabséh experimentserecarried out with the same robot and

with similartesting procedures

6.2.2 Seam tracking

Seam tracking with theaser sensor wamplemented with analog controdethod which
setslimitationsto its usability in some situation¥he method isbestsuitable for straight
welds and it can be used for all different joint types. Also different torch angles cemebe

but for this purpse new measurement profil@sd analog port settings should be created
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the sensor softwarélowever, problems occifrthe weld path is curvatur@his isbecause

the tracking is reaime and it is solely based on the serdaiginstead of the torcposition,

and the sensor measures the seam 100 mm ahead of th@ aighf the weld patbhanges
significantly during the 100 mmdistance it leads taa correspondingositional error of the
torch.For the same reason, endings of weld paths are an issue, as the torch should still move
towards the end pointvhile the sensor no longer detects the jdtrrhight be possible to set

a delayfor the tracking functiorno take accounthis differencebutthen in turnthe sensor

would measure the seaponstantlyfrom an incorrect position which would lead to
unnecessary correctis. A more viable optia would beto reverse the sensor mourgiso

that thesensomeasures the seam closer to the torch

The practical tests verified thdig proposed seam tracking metheaoh ke utilized in the
multi-robot welding cell.Tracking without weldingwas highly accurate, and worked
flawlessly also when the wkpiece was deviated from itsriginal position forseveral
millimeters.During tracking of a straight jointariation in the robot position was ordyfew

tenths of a millimeterAccording to Penttilét al.(2020, p. 414415),in order to produce a

fillet weld that meets the requiremefits level B in gandard ISO 581 ositional error of

the torch should be less than 1 mm. Therefore, if the same level of accuracy can be realized
during welding, thgresentedesam tracking method can ensure high weld guahen if

thereis significantvariation in the workpiece position.

However, due to the disturbance caused by weldéaligble trackingcould notbe achievd,

as the sensor raw data consisted mostly of measurement &ows.cause for the
measurement errors is the bright light frima arc, which prevents the sensor from detecting
the laser line shape and the feature poaftthe jointwith sufficient accuracy, or even
completely According to Rout et al. (2019, p. 2@he arc light disturbance can be reduced
by using optical filteing, and many studies propose bandpass filters for this purpomse
solution was also used in the study by Zou et al. (201184) with good result® bandpass
filter transmis light only in a certain wavelength range, so it must be selected based on
laser light wavelength-or the Scancontrol 29680 sensor, wavelength of the lage658
nm, so a bandpass filter with equivalent central wavelength shemlovemajority of the

measuremerdgrrors andolve the tracking error during welding.
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Opticalfilters are commonlysed inseam tracking sensors, butthe implemented laser
sensor is nospecificallydesigned for weldingpplicationsit does not have such filters by
default Severity of the tradng error was not noticed in preliminary testing, because the
robot pathandlaser sensor data was not recorded until the final telgtlgsurement errors
during welding were expected dteethe lack of optical filtang, but only toan extent that

the erorswould not pass the median filtering, and thug/tiweuld not affect the tracking
accuracy. Alspa cover plate was used to block the direct line of sight between the sensor
and the weld pool, which waexpectedto be a sufficient precaution to reduce the
disturbanceHowever the use of optical filtering seems esseritiadrder to realize reliable
tracking Practical integration of optical filtering could be done by designing a new sensor

bracket that hasa sbt for thebandpass filter between the protective glassth@densor

Besides arc light, also other factman cause measurement erransthe sensgrsuch as
spatters and reflections, bilie median filtering removes this type of occasional eresrs
long asmajority of the raw data isorrect Also, thetestsshowedthat when the sensor did
not detect the joint at alt gave the limit value of the measurement range as an output, which
led to large measurement erroreus,the sensosettings should be changed so, ih#te
feature point is not detected, the output is the target value of tratrkithgs way, erroreous

measurements do not convert to a correction signal even if they pass through filtering.

Effect of the tracking error to the weld quality wasther small as thewelds were
symmetrical and uniformThis is becausehe lateral tracking error appearedonly asa
weaving motionof the torch which in itself donot necessarilycauseimperfections
contrarily it may be beneficial. The major problem waghe torch travellingconstantlytoo
close to the joint due to the tracking error in depth directiubich led to excessive convexity
of the weld. However, also other factors contribute to the weld shsypeh as torch angyl
e.g.a pushing torch angle woulldhve been resulted in lessnvex weldsDespite thesrrors
weld qualitylevel C was achieved in accordance watandardSO 5817 based on theisual

inspection with Winteria quality assurance software
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6.2.3Workpiece positionig in jigless welding

A mehod for ensuring the accuracy of workpiggesitioning in jigless weldingvas
developed by utilizing the same seafahction principle as with seam findingTherefore

the sameracticalrestrictionsapply to it and correspondingly the same level of accuracy
can be expected’he method was not tested in practice, butrdguiredprogramswere

created

Correction of the workpiece position is carried out with two different search programs, one
for correcting tle distance of the final positioning motion, and onecfarectng the other

two directions These programs couid principle bemerged into a single search program,
butit would be more cumbersome to u$ke method is suitable for correctitigghandlirg

robot position prior to the finglositioning motion but the tool angles cannot bdjusted
Therefore, collisions may occur if the handling robot picks the workpiezesaingangle
becauselistance between the stationary plate and the plate tosiimped can be measured

at one point onlyln addition,the search motiomsust be performed aloritbemain axes of

the robot coordinate systenso the workpiece orientation must be consideried

programming.

Due to the mentioneshortcomings, usability of the search function principtenvorkpiece
positioning isnot optimalJ so further research is needéday relevant studies regarding
specificallythis topic were not found. However, a lot of studies have been made on utilizing
optical sensors for handling robot guidance in gackiplace taskswhich could potentially

be applied for the muHiobot welding cell as wellFor example, if théhandling robot
positionis alreadyadjustedn the workpiece picking phase, it could dreaugh for ensuring
sufficient accuracy ofpositioning, and thus thdimensions ofthe welding assembly.
However, the integration of new sensor technolmgythis purpose might turn out to be
impossible due to the limitatiorset by theobot controller, cosidering that direct guidance

of the handling robot could not be realized with the laser sensor either.
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7 CONCLUSIONS

The purpose of this study was to implemalaser sensamystem mn themulti-robot welding
cellof LUTUni ver si t yabmatoryead td gathey information abootodernoptical
sensor solutionm robotic weldirg. Three research questions were set to direct the focus of

the stug, which are answereoelow.

To answetthe firstresearch question Wh at  possailitieshaled restrictions of using
optical s ensor s, an aextensive literaturecreviemewasl comdgctea on the
topic. Based on the reviewptical sensors are mainly used to adjhstrobot position and
process parameteto the inevithle variationin the position orientationand geometryf
thejoint. Therefore, the use of optical sensors can ensure better weld quality and improve
flexibility of the robot system, and correspondingly it enables to set less strict requirements
for the pecision of prefabrication and weld preparatiobptical sensors caalsobe used

to gathemprocesdevel data, which can be utilized not only in process optimization, but also
throughout the whole production chain of welded structukssfor restrictiors, practical
challengs such asccessibilityissues due to sensor locatias well as error sensibility
during weldinglimits the usabilityof optical sensordin addition, mplementation of an
optical sensor increas complexity of the systerandaddsanother source of error to the

processso itis not always sensibla relationto the achieved benefits.

The second researcjfuestionwasfiFor what tasks and how the laser sensor can be utilized

in the multirobot welding cell®, which refers tdhepracticalimplementation ofaser sensor
functions. Three maintaskswere defined: seam finding, seam tracking and workpiece
positioning in jigless weldingDifferent optionsfor utilizing the sensr in these taskwere
investigated based on literatutser manualand consul tation of the
technical supportt was found out that compatibility issulestween the robot controller and

the sensor system limits the possibilities of skasolintegraion significantly. Despite the
restrictions, methods for using the laser sensor in seam finding, seam tracking and workpiece

positioningwasproposed.
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Thethird research questidits the accuracy of the laser sensor methods sufficient to ensure
high weld quality® was answered by carrying out practical teStse test resultsvere
compared tdindings ofsimilar studiesandthe visual quality of the weldsasinspected in
accordance witlstandard ISO 581 Based on the tests, the seam findimgthodis reliable

and the accuracy is sufficient for ensuring high weld qudltity further development is

needed in order tmake the seam tracking method functioeaddsoduring welding.

As a conclusion, the laser sensgstemcan be utilizedor the desired taskin the multt
robot welding cell, but not in an optimal manner due to the limitations set by the old

generation robot controller.

7.1 Key results
The results of this thesis are both qualitative and quantitative, as new information was
compiled practical methods were proposed, and accuracy and functionality of the developed
methodswveredeterminedyy experimentsThe key results are as follows:
1 Summarization of the literaturéndings in table 4, which includes the different
optical sensing methods and their accuracieaiiousrobotic welding applications.
1 Developednethods for usinglasersensoisystemfor seam finding, seam tracking
and workpiece positioninig jigless welding
1 For seam finding with the laser sensargasolute accuracy &0.3 mm and standard
deviation of 0.03 mneould be determined.
1 Theoretical acuracy of the seam tracking method was proven to be sufficient for
ensuring high weld qualityoutan optical filter should be integrated to the sensor in

order to realizeeliable seam tracking during welding.

Thethesissets a basis fdurther developmentf the optical sensor methods in the LUT
universityd s pAnabot tvalding cellThe develope methods caalsobe applied directly in
welding robot systemby Yaskawa. Generally, the results can be utilized in desigrfing
robotic welding cellsin evaluation opros and cons of optical sensor methods in different
applicationsand in integratiorof an optical sensor system irdo older generation robot
system.The reported accuracie$ the laser sensor methocsn be used as a refererice
similar studiesbutit should be noted that they araily valid only for thesystemunder

investigationin thedescribed conditiongnd for noareflective materials
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7.2 Reliability of the study

Objectivity of the literature review was ensuredd®ectingseveraland differenttype of
referencen the same topicsn total, the references of thwork consisted of22 peer
reviewed articles3 books,14 technicalor commercial documentationand 3 thesesThe
collected information isip to date, since majority of the cited articles are published after

year 2015andmany of them during pasivo years.

Validity of thedeveloped methods wasnfirmed wit practical experimentsloweverthe
workpiece positioning method was not teswmthe created search programs involve a risk
of principle erroy andthey should bearefully reviewed befortesting.

The seam finding test was repeated for 30 times to ensure the statistical reliability of the
results Reliability of the seam tracking test consist of various factors. The testing procedure
includedfour test runs indifferent occasionsand the same procedure was repeated twice.
Functionality and accuracy of tiheethodwas evaluated based mwbot position coordinates

and laser sensatataduringtracking A single test run was 400 mm long, atwhsisted of
approximatelyl 600 data pointsf the robot positiomlata,and6000 data pointsf the sensor
measurement datao the sample size wkasge The results of the tesigere consistengnd
thedetected errorand other phenomerauld beexplained byboththe robot position and
thesensor dat Furthermorethe reasomand solution tahe tracking errowas identified by

comparing theestresults tahe findings ofother studie®nthe same topic.

7.3 Key development proposals and topics for further research

Although the robot controller satsome insurmountable restrictioims unlockingthe full
potential of the laser sensor systenore development could be made to better utthze
sensotin the multirobot welding cellThe key development proposals are as follows:

1 Making the seam trackingnethodfunctionableduring welding by integating an
optical filter in front of the senspandby optimizingthe sensor settings in case of
measurement errors.

1 Designing of new sensor brackbattakes the opticdllter integration into account
It could alsoreverse the sensoo teduce the disince between the torch atite

measuring pointso thesignificanceof the tracking delay issue decreases.
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1 Creation of measurement profiles and output settings tesehsor software for
tracking different types of joints with different torahgles. These profiles could be
saved systematically to a library to increase the usabilitiyecfeam tracking

1 Testing the effect of different parameters to the accuracy of seam finding and seam
tracking, e.gthe searching speed in seam finding cobdsignificantly increased,
as it has a direct effect to productivity.

1 Testing theusability of all the proposethser sensor methodsjigless welding

1 Investigating the possibilitiesf other NX100 sensor functions. For examge,
search function basexh analog control methorhight be apossibleoption for the

presented seam finding and handling robot guidance methods

Topics for further research that emerged from the literature review are listed below:

1 The possibilities and restrictions aftilizing 3D camera technology based on
structured light methodhia multi-robot welding cell.

1 A study of the features and differences of modezommercially available laser
sensor systems for robotic welding, alsonsidering their compatibility with
different robot manufacturers in terms of sensor integration.

1 A research of optical sensor utilization for handling robot guidance irguidiplace

tasks, and the applicability of similaolutionsfor the jigless wiling concept.
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8 SUMMARY

This thesisvasdone for the welding laboratory of LUT University apart of ENI CBC
project EFREA (Energegfficient systems based on renewable energy for Arctic conditions).
Oneof thegoalsof theprojectis to developsolutionsthatensureghequality andproductivity
in welding manufacturingof lightweight structuresandthis thesisaimedto contributeto

this goalby investigatingthe possibilitiesof optical sensingn roboticwelding.

Thethesisgaveanoverviewonthe possibilitiesandrestrictionsof optical sensouutilization
in differentrobotic welding applicationswhich were studiedon the basisof literatureand
industrial caseexamples.Basedon the review, optical sensorshave a key role in the
developmenbf increasinglymore flexible and adaptableobotic welding systemswhich
are capableof ensuringthe weld quality in varying circumstanced.asertriangulationwas
foundoutto bethetypicalandmostsuitableopticalsensingnethodfor roboticwelding but
alsoothermethoddasedne.g.3D cameraechnologyarebeingdevelopedTherestrictions
are mainly related to various practical issuesencounteredwvhen an optical sensoris

integratedo aweldingrobot, suchasrestrictedaccessibilitydueto sensotocation.

The main purposeof the thesiswasto implementa lasersensorsystemin the multi-robot

wel ding cell of LUT Un Practicalanethogsofar utizag tbei n g
laser sensor for seam finding, seam trackingwarkpiecepositioning in jigless welding

were pesented in chaptér However,compatibility issuesbetwea the sensorsystemand

the robot controller limited the possibilitiesof the integration so the developedmethods

havesomedrawbacksn termsof usability, which werediscussedn chapter6.

Practicalexperimentsvere carriedout to investigatethe accuracyandfunctionality of the
seamfinding and seamtracking methods.Seamfinding with the lasersensorfunctioned
optimally, andit showedsuperioraccuracywhencomparedo conventionakouchsensing
method.Theoretical accuracgf the seam tracking method was proven to be sufficient for
ensuring high weld quality. However, arc light disturbance during welding caused
measurement errovghichled toasignificanttracking errorAs a key development proposal,

an optical filter shold be integratedb the sensor to solve the tracking exaring welding
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Appendix |

Dimensions andechnical dataf the Scancontrol 29680 sensor (Micreepsilon 2021)
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3 & : oo Ll
attachment point R attachment point - 96 @.78)
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8575 (3.38) 89 (3.50)
79 (3.11)
75.5 (2.97)
0
60 (2.36)
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MR = Measuring range (=197
SMR = St.art of measu.rlng range gﬁo g @,éﬁf
MMR =Mid of measuring range o T  oon
EMR = End of measuring range T g ‘”Eﬁ
Model scanCONTROL 29xx-10/BL 29xx-25 29xx-50 29xx-100
Start of measuring range 52.5 mm 53.5 mm 70 mm 190 mm
Mid of measuring range 56.5 mm 66 mm 95 mm 240 mm
—
E M iring End of measuring range 60.5 mm 78.5 mm 120 mm 290 mm
'g range Height of measuring range 8 mm 25 mm 50 mm 100 mm
E Extended start of measuring range - 53 mm 65 mm 125 mm
E Extended end of measuring range - 79 mm 125 mm 390 mm
N
Linearity ' 2 sigma +0.17 % FSO +0.10 % FSO
Reference resolution 22 1 um 2 um 4 ym 12 ym
Start of measuring range 9.4 mm 23.4 mm 42 mm 83.1 mm
3 Mid of measuring range 10 mm 25 mm 50 mm 100 mm
S Measuring -
2 range End of measuring range 10.7 mm 29.1 mm 58 mm 120.8 mm
2 Extended start of measuring range - 23.2 mm 40 mm 58.5 mm
E Extended end of measuring range - 29.3 mm 60 mm 143.5 mm
Resolution X-axis 1280 points/profile
Profile Standard Up to 300 Hz
frequency Highspeed Up to 2000 HZ




Appendix Il

Program structure arfdnctioning pringple of 1D searchprogram with laser sensor

AilDLSRCHO

program structur e:

ROW |Instruction Explanation

0000 NOP

0001 |SSFTOF Turns off any previous shift instructions

0002 |GETS PX000 $PX023 Saves SREFP 3 from system variable SPX023 in to position variable group PX000

0003 |GETS PX001 $PX024 Saves SREFP 4 from system variable $PX024 in to position variable group PX001

0004 |CNVRT PX000 PX000 MTF Converts position variable group (PX000 & PX001) into specific coordinate system

0005 |CNVRT PX001 PX001 MTF MTF=master tool frame in case of synchronized motion seam finding programs

0006 |SUB P0O06 PO06 Subtracts position variable PO06 from itself to clear the data

0007 |SMOVL PO0O0 V=60.0 PL=0 Instruction to move to the reference point SREFP 3 (PO00) with linear motion
+MOVJ EX000 and 60 mm/s speed. (MQOVJ EX000 for the workpiece positioner)

0008 |SMOVL POO1 V=5.0 SRCH RIN#(3)=ON  [Search instruction towards the SREFP 4, sets searching speed (V), input port no.
T=0.30 DIS=60 (RIN 3 for laser), input status (on/off), delay time (T) and searching distance (DIS)

0009 |GETS BOOO $B002 Saves $B002 as B0O0O. SB002 specifies if the searching was succesful or not

0010 |JUMP *HUTI IF BOOO=0 If BOOO=0, nothing was detected. JUMP to row 0020 to cancel the program

0011 |GETS PX006 $PX000 Saves the searching result (SPX00=current pulse) into position variable group PX006

0012 |CNVRT PX006 PX006 MTF Converts PX006 (which includes PO06) to MTF coordinate system

0013 |SUB P006 P0OO1 Subtracts P001 (SREFP 4) from position variable P006 (detected point)

0014 |SETE P006 (4) 0 Sets the tool rotation angles of the position variable to zero along all three axes

0015 |SETE P0O06 (5) 0 4=x, 5= x, 6=x. P0O06 now includes the deviation between reference point and

0016 |SETE P0O06 (6) 0 detected point along the search motion axis. (e.g. x=0, y= 0, z=3,5mm)

0017 |SMOVL PO0O0 V=60.0 PL=0 Instruction to move back to the reference point SREFP 3 (P0O00) with linear motion
+MOVIJ EX000 and 60 mm/s speed.

0018 |SSFTON PO06 Instruction to shift the robot's path according to the calculated deviation in PO06

0019 |RET Return to the main program

0020 |*HUTI JUMP instruction from row 0010 leads here if nothing was detected

0021 |SUB P0O06 POO6 Clears the position variable PO06

0022 PAUSE Pauses the seam finding program

0023 SMOVL P000 V=60.0 PL=0
+MOVJ EX000 Move instruction back to SREFP 3

0024 RET Return to the main program

0025 END

A simple example ofcalling the searchfunction in a mairob:

NOP

SREFP 3
SREFP 4

CALL JOB: IDLSRCH

MOVL V=20.0

END

Reference point for starting the searching motion

Reference poirat whichthe surface is assumed to be detected
Call for the searcfunction subprogram

Point that is being corrected by thearchprogram



0041
0042
0043
0045
0046

0047
0048

Appendix Il

3D Seam finding program fdr-joint whichwas used in the seam findibegt.
(Job nam&1H4LASR)

NOP

‘KOORDINCIDUN LIIKKEN HAKU
‘HAKUPISTEET SREFP- MUODOSSA
‘ULKONURKAN 3D HAKU
‘KAYTA HAKUUN ROBOTIN
‘OMIA AKSELEITA

S5FTOF

GETS PX0D00 5PX021

GETS PX0D0O1 5PX022

GETS PX0D02 5PX023

GETS PX0D03 5PX024

GETS PX0D04 SPX025

GETS PX0D05 SPX026

GETS PX00O7 SPX027
CNVRT PX000 PX000 MTF
CNVRT PX001 PX001 MTF
CNVRT PX002 PX002 MTF
CNVRT PX003 PX003 MTF
CNVRT PX004 PX004 MTF
CNVRT PX005 PX005 MTF
CNVRT PX00T7 PX00T MTF
SUB POOG POODG

SUB POO8 POODB

S5UB POO9 PODS

SUB PO10 PO10

001 SMOVL POOO V=300

00z

003

003

006

007

+MOV] EXDD
SMOVL POD1 V=30.0 PL=0
+MOV) EX001

0049
0050
0051
0052
0053

0054

0055

0056

0057
0058
0059
0060
0061
0062
0063
0064
0065
0066
D067
D068
0063

0070

0071

0072
0073

SMOVL POO2 V=10.0 SRCH RIN#(3}=0N T=0.30 DIS=40 0074

+MOV] EX002

GETS BDOO $B002

JUMP *HUTI IF BOOO=0
GETS PX0D08 SPX00
CNVRT PX0O0B PX008 MTF
SUB POO8 PODZ

ADD PO0O1 PODB

ADD PO0O PODB

ADD PO0O3 PODB

ADD PO0O4 PODB

SMOVL POD1 V=30.0
+MOV] EX001

SMOVL PODO V=30.0
+MOV) EX000

SMOVL PO03 v=30.0 PL=0
+MOV] EX003

0075
0o0ve
0077

0078
0079
0080
0081
D082
D0B3
00E4

0092

D0B&
D087

SMOVL PO04 W=10.0 SRCH RIN#(3)=0ON T=0.30 DIS=40 0088

+MOV) EX004

GETS BDOO SBOO2

JUMP *HUTI2 IF BOOO=0
GETS PX009 SPX000
CNVRT PX009 PX009 MTF
SUB POO9 POD4

ADD PO0O3 POODS

D039
0050
0091

0092

0093
D094

008

009

010

011

012

013

014

013

016

017

018

019

ADD PDO3 POOS
ADD POOD POOS
ADD POOS POOS
ADD POO7 POOS
SMOVL PO03 V=30.0
+MOV] EXD003
SMOVL PO0OD W=30.0
+MOV] EXD00
SMOVL PO05 W=30.0 PL=0
+MOV] EXD05
SMOVL POO7 v=10.0 SRH RIN#(3)=0N T=0.30 DI5=40
+MOV] EX007

GETS BODD SBOOZ2
JUMP *HUTI3 IF BODO=0
GETS PX010 SPX000
CNVRT PX010 PX010 MTF
SUB PO10 POO7Y

SET POD6 POOE

SUE PDO9 POOB

ADD POOG POOS
ADD POOG& PO10
SETE POOG (4) 0
SETE POOG (5) 0
SETE POOG (6) O
SMOVL PO05 W=30.0
+MOV] EXD05
SMOVL PO0D V=30.0
+MOV] EXDD
SSFTON POOG

RET

*HUTI1

‘Mo contact

SUB POD6 PDODG
PAUSE

SMOVL POO1 v=30.0
+MOV] EXD01
SMOVL POOO ¥=30.0
RET

*HUTIZ2

‘No contact

SUB POD6 PDODG
PAUSE

SMOVL POO3 W=30.0
+MOV] EXD03
SMOVL PO0D V=30.0
+MOV] EXD00

RET

*HUTIZ

‘No contact

SUB POD6 PDODG
PAUSE

SMOVL POO3 W=30.0
+MOV] EXD03
SMOVL PO0D V=30.0
+MOV] EXD00

RET

END



Appendix IV

2D correction program for workpiece positioning

Operating principleexplained abovégure 40

ROW |Instruction Explanation
0000 |NOP
0001 [SSFTOF Turns of previous shift operations
0002 |GETS PX001 $PX011 Reference points 1-5 are saved as position variable (REFP1 -> P0O01 etc.)
0003 |GETS PX002 $PX012 Data transfer steps: SPX01x stores the pulse data of REFP x
0004 |GETS PX003 SPX013 GETS saves the system variable in to position variable group PX00x
0005 |GETS PX004 $PX014 PX00x includes POOx
0006 |GETS PX005 $PX015
0007 |CNVRT PX001 PX001 BF The position variable is converted from pulse data to the desired
0008 |CNVRT PX002 PX002 BF coordinate system
0009 |CNVRT PX003 PX003 BF BF=Base coordinate, applies the same way for both robots
0010 |CNVRT PX004 PX004 BF
0011 |CNVRT PX005 PX005 BF
0012 |SUB P0O8 PO08 Clears the position variables used for saving the search results
0013 |SUB P0O0S PO0O9
0014 |MOVL P0O01 V=60.0 Move to REFP 1 (standby point)
0015 [MOVL P002 V=60.0 Move to REFP 2 (starting point of first search)
MOVL P003 V=5.0 SRCH
0016 |RIN#(3)=ON T=0.30 DIS=60 |Search motion towards REFP 3 until RIN#{3)=0ON (laser sensor digital output)
0017 |GETS BO0O $B002 Checks if the search was succesful
0018 [JUMP *MISS IF BOO0=0 If not, jumps to row 38 to cancel the program
0019 |GETS PX008 SPX000 Saves the search result (robot's current position) to position variable PO08
0020 |CNVRT PX008 PX008 BF Converts PO08 to base coordinate system (BF)
0021 [SUB P0O08 P0O03 Subtracts REFP 3 from the search result to obtain the first shift value in PO08
0022 |[MOVL P002 V=60.0 Move back to REFP 2
0023 |MOVL P001 V=60.0 Move back to REFP 1
0024 |MOVL P0O04 V=60.0 Move to REFP 4 (starting point of second search)
MOVL PO05 V=5.0 SRCH
0025 |RIN#(3)=ON T=0.30 DIS=60 |Search motion towards REFP 5 until RIN#{3)=ON (laser sensor digital output)
0026 |GETS BOOO $B002 Checks if the search was succesful
0027 [JUMP *MISS IF BOO0=0 If not, jumps to row 38 to cancel the program




