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Populärvetenskaplig Sammanfattning

Nyckelord: Automation, optiska givare, bildbehandling, lasersvetsning

Lasersvetsning av metaller innebär att man med hjälp av laserljus med hög
effekt sammanfogar olika delar av en komponent. Laserljuset fokuseras till en
liten punkt där det blir så varmt så att metallen smälter och på så sätt samman-
fogas delarna. Det område där de två komponenterna som skall sammanfogas
möter varandra kallas för fog. Det är mycket viktigt att laserljuset träffar på rätt
plats i relation till fogen annars kan det uppstå defekter i svetsen som gör den
mindre hållbar.

I denna avhandling utvärderas tre olika metoder för att säkerställa att laser-
ljuset alltid träffar på rätt plats, detta kallas för fogföljning. Den första metoden
bygger på att man använder en optisk givare som kallas fotodiod för att mäta
den mängd laserljus som reflekteras tillbaka från metallen. Genom att utföra
olika svetsexperiment har det visat sig att man kan relatera den mängd laserljus
som reflekteras med hur man placerar sitt laserljus i förhållande till fogen. Den
andra metoden som har utvärderats är att använda en kamera som tar bilder av
området runt fogen under pågående svetsning. Med hjälp av bildbehandling har
det visat sig att det är möjligt mäta hur laserljuset är placerat i förhållande till
fogen. Den tredje metoden som har utvärderats är att använda en optisk givare
som kallads spektrometer. När man smälter metallen med hjälp av laserljuset
bildas det ett ångmoln ovanför den smälta metallen. Man kan med hjälp av
spektrometern sedan mäta temperaturen i detta ångmoln. Det har visat sig i de
svetsförsök som genomförts att temperaturen i detta ångmoln kan relateras till
hur man har placerat laserljuset i förhållande till fogen.

Resultaten från detta arbete visar att dessa tre metoder kan användas för
att mäta hur väl man har placerat sitt laserljus i förhållande till fogen. Denna
information kan sedan användas för att styra placeringen av laserljuset, för att
på så sätt se till att det alltid är placerat i rätt position så att defekter i svetsen
kan undvikas.
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Abstract

Title: Optical detection of joint position in zero gap laser beam welding
Language: English
Keywords: Laser beam welding, Optical sensors, Joint tracking

This thesis presents an experimental study on how to track zero gaps be-
tween metal sheets to be joined by laser beam butt welding. Automated laser
beam welding is gaining interest due to its ability to produce narrow and deep
welds giving limited heat input and therefore less distortions compared to other
processes, such as arc-welding. The automated laser beam welding process is
however sensitive to how the high power laser is positioned with regards to the
joint position. Deviations from the joint position may occur due to inaccuracies
of the welding robot and fixturing, changes in joint geometry, process induced
distortions, etc. Welding with an offset from the joint position can result in
lack of sidewall fusion, a serious defect that is hard to detect. This work devel-
ops and evaluates three monitoring systems to be used during welding in order
to be able to later control the laser beam spot position. (i) A monitoring system
is developed for three different photodiodes, one for the visual spectrum of the
process emissions, one for the infrared spectrum, and one for the reflected high
power laser light. The correlation between the signals from the photodiodes
and the welding position relative to the joint is analysed using a change detec-
tion algorithm. In this way an indication of a path deviation is given. (ii) A
visual camera with matching illumination and optical filters is integrated into
the laser beam welding tool in order to obtain images of the area in front of
the melt pool. This gives a relatively clear view of the joint position even dur-
ing intense spectral disturbances emitted from the process, and by applying an
image processing algorithm and a model based filtering method the joint posi-
tion is estimated with an accuracy of 0.1 mm. (iii) By monitoring the spectral
emissions from the laser induced plasma plume using a high speed and high res-
olution spectrometer, the plasma electron temperature can be estimated from
the intensities of two selected spectral lines and this is correlated to the welding
position and can be used for finding the joint position.
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Chapter 1

Introduction

This thesis considers problems and solutions for increased quality in laser beam
welding (LBW) production cells. The focus of this work is on industrial solu-
tions to be used in-process, during the LBW process. This introductory Chap-
ter gives a brief introduction to the addressed problems. More details, including
references to work from other researchers, are presented in Chapter 2.

1.1 Problem description

Monitoring and control of the robotised LBW process is necessary when dis-
turbances are present during the welding process. Disturbances may occur due
to inaccuracies in fixturing, changes in joint geometry, inaccuracies in robot
movements and in geometrical tolerances, heat induced distortions, instabil-
ities in shielding gas flow, etc. The issue of monitoring and controlling the
LBW process has been addressed by several researchers but even though show-
ing promising results, the industrial implementations are so far limited. One
reason might be the harsh environment in the welding area requiring robust
sensors that are insensitive to emissions (heat, light, spatter, fumes, sound, etc.)
from the LBW process. Also, it might be needed to integrate the sensors into
the LBW tools in order not to add restrictions in the usability of the tool for
industrial applications due to e.g. lack of physical space. In this work, these
issues are addressed by investigating how optical sensors, that can be integrated
into the LBW tool, can be used for monitoring and control of the LBW process.

The main issue addressed in this work is how the focused processing laser
beam spot is positioned with regards to the joint position in technical zero gap
(gap < 0.1 mm) butt joint configurations, commonly denoted joint (or seam)
tracking. In situations when the fit between the parts to be welded together
are very tight and there is no misalignment between the parts, commercially
available systems might fail to find the joint position. Even a small deviation of
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CHAPTER 1. INTRODUCTION

the laser beam spot position from the joint can cause lack of sidewall fusion in
the resulting weld, see Figure 2.5. This is a serious issue and hard to find using
non-destructive testing. In this work three different optical sensors, photodi-
odes, visual camera and spectrometer, are investigated for their ability to detect
welding with an offset between laser beam spot and joint position in zero gap
butt joint configurations.

Chapter 2 gives an introduction to LBW and a more detailed description of
the issue of finding the joint position with regards to the processing laser beam
spot. A survey of optical sensors for monitoring of LBW and descriptions of the
selected sensors are also given. Chapter 3 describes the experiments conducted
for the three different sensors and the results are described and discussed. The
monitoring system developed during this work and the methods for signal pro-
cessing are also described. Finally the appended papers are commented and the
contributions are highlighted.

1.2 Research question

The main research question for this work is:
How to increase robustness in optical in situ detection of joint position

in zero gap laser beam welding?

The approach has been to start with a survey of existing solutions found
in literature, and some of these are chosen for their suitability in an industrial
setting. The chosen optical sensor systems have been further developed in order
to obtain the desired robustness.

A literature survey, presented in paper A, is conducted in order to investi-
gate how monitoring of different welding disturbances and features in the LBW
process can be detected using optical sensors. Paper B presents an investigation
where four different sensors, laser line sensor, visual camera, IR camera and
inductive probe, are evaluated for their ability to measure joint position, joint
gap size and misalignment in zero gap butt joints. Paper C evaluates if a visual
camera can be used to detect the joint position during LBW of zero gap butt
joints. Paper D evaluates if a combination of visual camera and spectrometer
can increase the robustness in detecting the joint position in LBW of zero gap
butt joints.

1.3 Scope and limitations

The issue of joint tracking in zero gap butt joint configurations is in this work
addressed by investigating three different optical sensor systems, photodiodes,

2



1.3. SCOPE AND LIMITATIONS

visual camera and spectrometer. These sensors are selected on the basis that
they are robust, industrially applicable and possible to be seamlessly integrated
into the LBW tool. Except from the investigation in Paper B, when four dif-
ferent sensors are considered (visual camera, laser line scanner, IR camera and
inductive probe), no other sensor is covered in this work. It is assumed, and also
confirmed in Paper B, that commercial systems using laser line triangulation are
not able to track the joint position during zero gap, and zero misalignment butt
joint welding.

Welding experiments are conducted using an 6-axis industrial robot as LBW
tool manipulator and the process used is autogenous keyhole welding. Experi-
ments are performed using a 1070 nm fibre laser, using optics which gives a laser
spot of 1.12 mm in diameter. The material used in all welding experiments is
4 mm thick sheets of stainless steel (ss316) and argon is used as shielding gas.
This process and material is considered representative, after discussions with
industrial parters connected to this work.

The issue of measuring the offset between the laser beam spot position and
the joint position is in this thesis referred to as joint tracking, even if the position
of the laser beam spot is not yet controlled. Paper D uses joint tracing instead
of joint tracking to indicate that the position is only measured, not controlled.
Zero gap is used in this thesis to define a gap smaller than 0.1 mm. In some
literature, by other researchers, this is also called narrow gap or micro gap.

3
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Chapter 2

Background

An introduction to the LBW process, the optical sensor systems considered in
this work and the issue of joint tracking is covered in this chapter.

2.1 Laser beam welding

The advantages of LBW compared to TIG/Plasma welding is that narrow welds
with less heat induced deformation can be achieved. Also, it is possible to weld
at higher speeds in thin material. The disadvantage is that LBW requires more
accurate fixuring, tighter fit up tolerances and the investment cost is higher.
Compared to MIG/MAG, LBW gives higher welding speed, less heat input giv-
ing less deformations, higher precision and there is in general no need of filler
material. The main disadvantage is also here the high investment cost.

2.1.1 Laser principle

A laser consists of three basic components: active medium, pumping source
and optical resonator [1]. Figure 2.1 illustrates the components of the laser.
The active medium provides a way to amplify light, the pumping source excites
the active medium to the amplifying state and the optical resonator (the two
parallel mirrors) provides optical feedback. Depending on the type of laser,
different active media are used, it may be materials in the solid, liquid, gas or
plasma phase. Commonly used media are ruby, Nd:YAG, Nd:glass, He-Ne,
CO2, argon and nitrogen.

A pumping source is some type of energy source, common sources are flash
lamps, lasers, electrons (DC, RF, or pulsed gas discharge), chemical reactions,
ion beams and X-ray sources. The output power of the laser is proportional to
the power of the pumping source and the amount of active medium.

The optical resonator consists of two parallel mirrors, one totally reflected
and one partially transmitting, allowing the light generated from the active

5



CHAPTER 2. BACKGROUND

medium to be reflected back and forth through the medium. The light in the ex-
cited resonator is amplified several times, and only a part of it is released through
the partially transmitting mirror. The optical resonator also makes the laser
light monochromatic and unidirectional.

Figure 2.1: Basic components of a laser source.

The most common lasers used for material processing can be divided in two
main parts; gas lasers and solid state lasers [1]. Among gas lasers, carbon diox-
ide (CO2) lasers are the most common. Here the active medium consists of a
gas mixture of CO2 (10 %), He (80 %) and N2 (10 %) and the pumping source
is based on electrical discharge. The two most common solid state lasers are
Nd:YAG and fibre lasers. In Nd:YAG lasers the active medium is Nd doped
YAG rod and the pumping source is either a flash lamp or laser diodes. In fi-
bre lasers the active medium is doped plastic or glass fibres that are pumped
by diode lasers. A fibre laser, with 1070 nm wavelength, is used in all welding
experiments conducted in this work.

The main properties of laser light that influence LBW are wavelength, mode,
beam diameter [1]. Different lasers produce laser light of different wavelengths,
and this affects the amount of energy absorbed by the material. The mode of
the laser beam represents the energy distribution and hence how the energy is
supplied to the material. The beam diameter also affects how the laser power is
distributed, and hence how the energy is concentrated.

2.1.2 The laser beam welding process

Electromagnetic radiation (e.g. laser light) that hits a surface will be reflected,
absorbed and transmitted [1]. For opaque materials, such as metals, there is no
transmission, hence reflectivity = 1 - absorptivity. Absorption of the process
laser light in metals is dependent on the wavelength of the laser light, the tem-
perature of the metal, presence of surface films, angle of incidence and also ma-
terial and surface roughness. Absorptivity of the surface is increased at shorter
wavelengths and also when the temperature of the metal rises. Surface films,
such as surface oxide, can increase the absorptivity acting as an antireflection

6



2.1. LASER BEAM WELDING

coating on the surface. Absorption depends on the angle of incidence of the
laser beam and at a certain angle of incidence the absorptivity peaks, this an-
gle is called the Brewster angle. The surface roughness of the material has a
large effect on the absorption, higher roughness increases the absorption. Ta-
ble 2.1 shows the absorptivity of several pure metals for two welding processes,
1.06 µm (fibre laser used in this work) and 10.06 µm (CO2 laser) [2]. As can be
seen in the table, more energy is absorbed with shorter wavelengths.

Table 2.1: Absorptivity of different metals at 1.06 µm and 10.06 µm at room
temperature. The values give the portion of energy that is absorbed.

Metal Absorptivity - 1.06 µm Absorptivity - 10.06 µm
Al 0.06 0.02
Cu 0.05 0.015
Fe 0.1 0.03
Ni 0.15 0.05
Ti 0.26 0.08
Zn 0.16 0.03
Carbon steel 0.09 0.03
Stainless steel 0.31 0.09

The energy from a laser is in the form of a beam of electromagnetic radi-
ation [1]. This beam is shaped by optical elements, delivering fibre, lenses or
mirrors, to form a small spot on the work piece. The size (diameter) of the spot
in fibre optic system (dF ) is dependent on the core diameter of the fibre deliv-
ering the process laser (dc ), the focal length of the collimating lens ( fc ) and the
focal length of the focusing lens ( fF ), such that dF = dc fF / fc . The optical path
of such a processing laser is shown in Figure 2.2.

Two different modes of LBW exist, conduction welding and keyhole weld-
ing [1]. During conduction welding the focused laser beam spot heats up the
material to its melting temperature creating a melt pool, but the power density
is not large enough to cause boiling of the metal. When the power density is
increased the material starts evaporating and the laser beam then drills a hole
into the material, this hole is called keyhole (shown in Figure 2.2). This hole is
then stabilized by the pressure from the generated vapour. In a stable keyhole,
almost all the energy in the beam will be absorbed due to the beam entering into
the hole and reflecting inside it before it is able to escape. The amount of en-
ergy supplied to the work piece (heat input), is in LBW defined by H I = Pi/v,
where Pi is the power absorbed by the material and v is the travel speed.

7



CHAPTER 2. BACKGROUND

Figure 2.2: Optical path of the processing laser.

2.1.3 Process parameters

The main process parameters for LBW are related to characteristics of the pro-
cess laser beam, laser tool motion, shielding gas and material properties [1].
Beam properties include laser power, whether the laser is pulsed or continuous,
the size and mode (characteristics of the energy distribution) of the laser spot
and wavelength of the laser. The motion properties consist of welding speed,
focal position, joint geometry and gap tolerance. Regarding shielding gas, the
gas composition, design of the gas supply system and gas pressure and velocity
affect the welding result. Also important is material composition and the sur-
face condition of the material to weld. Disturbances in the LBW process can
cause weld imperfections or weld defects, where imperfection is any deviation
from the ideal weld and defect is an unacceptable imperfection [3].

The laser power density is affected by laser power (and also temporal pulse
shape during pulsed LBW), laser spot size and beam quality. Together with the
welding speed it controls the amount of energy added (heat input) and hence
the weld depth and width. The issues in the resulting weld that may be caused
by laser power density are lack of penetration or the opposite, excessive pene-
tration (root dropout). The position of the focal point and also the shielding
gas influences weld penetration depth. The wavelength is of most importance
in CO2 LBW, here the laser light can partly be absorbed by the plasma above
the keyhole decreasing the laser power and therefore also the penetration depth.
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2.2. OPTICAL SENSORS FOR MONITORING THE LASER BEAM WELDING PROCESS

The main issues depending on material properties are crack sensitivity, poros-
ity, heat effected zone (HAZ) embrittlement and poor absorption of the radia-
tion. Cracking occurs due to shrinkage stress building up before the weld has
fully solidified and can be reduced by using high pulse rate, adding a filler or
using preheat. Porosity is common in material subjected to volatilisation and
could be controlled by the gas shielding system or by controlling the pulse rate
or spot size. In butt joints the gap between the parts must be small enough to
ensure that the laser beam does not pass through the joint. On the other hand,
when it is very narrow the problem of finding the joint occurs.

2.1.4 Laser beam welding system

An industrial LBW system basically consists of the following parts:

• Laser source

• Main control system

• Electrical system

• Cooling system

• Beam delivery system

• Gas system

• Work station

Laser optic tool

Manipulator for laser optic tool

Fixture

Ventilation

Safety system

There are three main principles for motion in a laser system; movement of
laser source and optics, movement of work piece and movement of laser beam.
In the welding experiments conducted in this work a six axes industrial robot
is used for laser tool manipulation, here the laser tool is attached to the robot
giving a movable laser and optics. Figure 2.3 shows an image from the laser
welding cell used in this work.

2.2 Optical sensors for monitoring the laser beam weld-

ing process

This section presents a summary of a literature survey of optical sensor systems
for monitoring of LBW. An introduction to joint tracking is also presented as

9



CHAPTER 2. BACKGROUND

Figure 2.3: Image from the LBW cell used during the experiments conducted in this work.

well as details regarding the selected sensors for this work; photodiodes, visual
camera and spectrometer.

2.2.1 Sensor survey

The issue of finding relevant sensors for different weld defects or features is
described in this section. The details of the survey are presented in paper A.

The aim of the survey is to evaluate optical sensor systems to be integrated in
a LBW system. Relevant literature is evaluated to find sensors detecting features
or weld defect applicable to the process. The features and defects considered
here are; gap and misalignment between the parts in the work piece, thickness
of the work piece, joint position with regards to the high power laser beam spot,
focal point of the high power laser, weld depth, pore formation, spatter from
the process and surface defects and geometry of the resulting weld. The sample
rate of each sensor is also considered in order to evaluate its applicability with
regards to time constants in the dynamical physical process. A summary of the
survey is presented in Figure 2.4. If shown in literature that a certain feature or
weld imperfection can be measured or estimated by a sensor, it is marked in the
matrix by a X. C means that it is confirmed in this work and FP in the matrix
means, the sensor is not able to measure the actual weld penetration depth, only
if there is full penetration or not.

Based on this literature survey and also discussion with industrial partners
the issue of finding the joint position (joint tracking), is selected as the main
focus for this work. For butt joint configurations with very narrow gaps, i.e.
< 0.1 mm, no industrially applicable solution has to the author’s knowledge
yet been presented.

10



2.2. OPTICAL SENSORS FOR MONITORING THE LASER BEAM WELDING PROCESS
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Visual camera 1 kHz C C X FP X X

Laser line sensor 1 kHz C C X X FP X X X

Laser ultrasound 100 Hz X X X X

Infrared camera 1 kHz C X FP X X

Photodiode 150 kHz C FP

Inline coherent imagining 30 kHz X X

Confocal sensor 70 kHz X X

Spectrometer 10 kHz C X

Figure 2.4: Different sensors and what feature or defects they are able to detect. C means
applicable according to results from this work. X means applicable according to literature

and FP means only for full penetration.

2.2.2 Joint tracking

LBW enables narrow and deep welds with a limited HAZ, which in turn min-
imises the thermal distortion of the welded components. One disadvantage of
using LBW is its sensitivity to deviations in positioning the high power laser
spot with respect to the joint position. Welding with an offset between laser
beam spot and joint position could result in lack of sidewall fusion. Figure 2.5
shows a cross section of a weld from a welding experiment when welding with
on offset of 1 mm from the actual joint.

Lack of sidewall fusion

Figure 2.5: Cross section from a welding experiment welding with an offset of 1 mm
between the laser beam spot and the joint. Lack of sidewall fusion is clearly visible on the

left side of the waist.
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CHAPTER 2. BACKGROUND

Lack of sidewall fusion is a serious defect giving a weak weld and it is not
visible either on the top side or the root side of the work piece. This defect is
also hard to detect using non-destructive testing, such as ultra sound, since when
the fit between the parts are very tight, a very flat void will appear in the lack
of sidewall fusion area. Inaccuracies in fixturing, tolerances in the LBW tool
manipulator (e.g. robot), heat induced distortion of the welded components
etc. create deviations from the nominal weld path. Therefore there is a need to
control the laser beam spot position during welding to make sure it is always
within a specified distance from the actual joint position.

Joint tracking is traditionally conducted using a visual camera and projected
structured light, i.e. a laser triangulation method is used to get a distance profile
over the joint of the parts to be welded. Several commercial systems are avail-
able that use this method, examples can be found in [4] [5] [6]. Even though
this method works well for most joint configurations they might not be robust
enough for zero gap butt welding. With machined parts, when tolerances for
gap and misalignment between the parts are close to zero, these systems might
fail. These systems may also be sensitive to surface scratches that could be in-
terpreted as the actual joint and in this way mislead the tracking system. They
may also be disturbed by tack welds hiding the joint. Figure 2.6 shows a typical
case where it is difficult to distinguish between the joint and the scratches.

Joint

Scratch

Figure 2.6: Image from the visual camera showing the joint and several scratches.

The issue of joint tracking for zero gap butt welding has been addressed by
several researchers using different sensor solutions. In [7], the basic concept for
joint tracking is described and a multi sensor system is presented for measur-
ing the joint position and also the relative displacement between the LBW tool
and the work piece. A CCD camera is used for tracking zero joint gaps in [8],
however the application in this case is arc welding. In [9] a texture based algo-
rithm is proposed that finds the joint position in images captured by a CMOS
camera. Although showing promising results, it might not be suitable for real
time applications due to the algorithm being very time consuming. Also there
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is a need for teaching the different textures for every test case, which might be a
problem due to variations in texture of the material (e.g. due to oxidation) and
also variations in light conditions due to disturbances from the process. In [10]
a method to find the joint position for zero joint gaps is presented based on a
combination of 2D feature extraction and 3D measurement. Good results are
shown for 0.1 mm gaps, but results for smaller gaps, where existing systems fail,
are not presented. An infrared camera placed off axis is used in [11] to capture
images of the melt pool. By analysing these images, the joint is tracked with
promising results. It might however not be possible to integrate this type of
camera in the LBW tool for a real industrial application due to space limitation
just because it is placed in an off-axis configuration. In [12] a magneto-optical
sensor is used to detect joint gaps smaller than 0.1 mm. The method is showing
promising results but requires an electromagnet to be integrated on the back
side of the work piece. In an industrial application, when welding complex
parts this might not be possible. Although showing promising results none of
the referred systems prove to be a robust or flexible enough industrial solution
for joint tracking of zero gap butt joints in general, especially for LBW of com-
plex geometries with limited space, which requires the sensor to be seamlessly
integrated into the LBW tool.

In this work, three different optical sensors, photodiodes, visual camera and
spectrometer are evaluated for their ability to detect offsets between the laser
beam spot and the joint position that could potentially result in lack of sidewall
fusion.

2.2.3 Photodiodes

A photodiode has a transparent window allowing light to strike a PN semicon-
ductor junction. It works in reverse bias and the reverse current is proportional
to the incident light intensity [13]. Hence, it is possible to use a photodiode to
monitor the amount of emitted light from the LBW process by measuring its
reverse current. Several different types of photodiodes exist, each sensitive in a
certain wavelength range [14]. The types used in this work are silicon, respon-
sive in the spectral range from 320 to 1100 nm, and indium gallium arsenide
(InGaAs), responsive to wavelengths from 800 to 1700 nm. By placing optical
filters, such as bandpass filters, in front of the sensor it is possible to further
limit the spectral range reaching the photodiode. A common approach is to
monitor the heat radiation from the melt pool by a sensor for the infrared (IR)
spectrum, one sensor for the reflected laser beam light, and one for the visible
(VIS) spectrum where the majority of the radiations from the vapour plume is
emitted [15]. However it has been shown that the infrared radiations from the
vapour plume is also picked up by the sensor looking at the melt pool, therefore
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it has been recommended to subtract the vapour plume signal from the signal
from the melt pool [16].

There are several commercial monitoring systems available using photodi-
odes, e.g. [6] [17]. These systems use a template, acquired during conditions
when a good weld is produced, to set threshold values for the signals and then
use a pass or fail system based on this threshold. This requires several good
welds to be produced and used as a template for each specific welding case, which
might be a problem in low volume production.

Many researchers have addressed the issue of finding correlations between
the LBW process and the spectral emissions from the process using photodi-
odes. Norman [18] investigated the relationship between welding defects and
signals from the photodiode signals and developed a mathematical model for
numerical simulations. Eriksson [15] [16], Olsson [19] and Kaplan [20] eval-
uated monitoring by use of photodiodes using a commercial system from Pre-
citec. Kawahito [21] developed a feedback control system for full-penetration
welding using two photodiodes. Keuster [22] evaluated photodiodes and a mi-
crophone for monitoring of laser cutting of thick plates. Molino [23] developed
a FPGA implementation for time-frequency analysis algorithms during photo-
diode monitoring. Baik [24] developed a technique for monitoring focus and
power variations by chromatic filtering. Park [25] investigated and found a rela-
tionship between bead shape and the signals from the photodiodes. Postma [26]
developed a feedback controller to maintain full penetration during welding of
mild steel sheets. Rodil [27] presented two different approaches to defect de-
tection, one based on the power spectrum of a photodiode-generated signal and
the defects. The second approach is based on the plasma electron temperature,
which is correlated to the presence of defects. Bagger and Olsen [28] use a pho-
todiode to monitor the emissions of gas, spatter and particles on the root side of
the sheet during CO2 LBW. Sibillano [29]monitored the plasma plume during
CO2 LBW using a single silicon photodiode and analysed the fluctuations of
the plasma plume with the assumption that it is directly correlated to melt pool
and keyhole instabilities. Stritt [30]monitored laser radiation reflections from
a disk laser process using a photodiode coaxial to the process laser, and applied
a method to analyse both the keyhole formation and closure within one single
experiment. Travis [31] used sensor fusion to monitor hybrid welding (laser-
arc welding), two photodiodes mounted non-coaxially monitored the optical
emissions from the process. Zhang [32] monitored the optical emissions from
underwater Nd:YAG LBW. Colombo [33] introduced TOCM (Through Op-
tical Combiner Monitoring), in this approach the photodiodes are integrated
into the fibre laser source by directly observing through the optical combiner.
Bardin [34] implemented a closed loop control system for full penetration weld-
ing using photodiodes and a visual camera.
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Several researchers have applied various methods to interpret the photodi-
ode signals. You [35] showed that using a low-cost sensor with simple structure
as well as integrating feed-forward neural network (FNN) and support vector
machine (SVM) based on wavelet packet decomposition principle components
analysis (WPD-PCA), effective estimation and classification on welding status
and defects could be realized. Mirapeix [36] used principal component analysis
(PCA) and an artificial neural network (ANN) for automatic weld defect detec-
tion and classification in arc welding. Park [37] developed a fuzzy rule base and
fuzzy membership functions in a LBW quality evaluation system, using a fuzzy
pattern recognition algorithm. Although methods for categorisation, such as
ANN, can be powerful they require training of the algorithm with data from a
lot of successful and unsuccessful welds.

Analysis of reflected laser light with regards to welding disturbances have
also been addressed by several researchers. In [15] it was shown that the amount
of reflected laser light is fairly constant in stable welding conditions, but when
the process gets unstable the signal starts to fluctuate. Pulsed welding of Inconel
showed an increased variance of the reflected light for bad welds. Reflected light
from the keyhole is in [38] used as an indicator of weld quality. It is shown that
the reflected laser light is decreased as the weld depth increases and also that pore
formation can be detected in the peaks of the reflected light. In [39] two new
techniques are presented for monitoring reflected laser light during LBW. In one
case the variance of the peak values of the signal is used as a measure of stability
and in a second case the temporal shape of the power distribution of individual
reflected pulses is used to evaluate the quality of the weld. Monitoring of LBW
of zink-coated steel using photodiodes is presented in [19], here the difficulty
of analysing the raw data from the photodiodes is addressed and a method of
analysing data in a 3D cloud is suggested. It is shown that the variance of re-
flected laser light is larger during unstable welding conditions. In [30] reflected
laser light is monitored to investigate the threshold between conduction and
keyhole welding. Variations of the back-reflected light is used to distinguish be-
tween the two states and huge variations in back-reflections were shown during
conduction welding due to the reflections from the surface of the melt pool. In
this work the correlation between reflected laser light from the process and the
offset between the focused processing laser and the joint position is evaluated.
This has to the author’s knowledge not yet been addressed in the literature.

2.2.4 Visual camera

The main components of a digital visual camera is the image sensor, a matrix of
photo detectors, and the optics used to focus the incoming light onto the image
sensor. The image sensor of a visual camera is sensitive to the visible spectrum,
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that is the spectrum detectable by the human eye [40]. However while the
human eye is sensitive to wavelengths from 380 to 780 nm, the image sensor
of a visual camera can be sensitive to wavelengths from approximately 300 to
1000 nm. By placing optical filters in front of the image sensor, it is possible
to limit the spectral range of the light reaching the sensor. Applying external
illumination at a selected wavelength and matched optical filters can suppress
disturbances and enhance features in the image from the visual camera.

There are mainly two kinds of image sensors available for the visual spec-
tra, CCD (charge-coupled device) and CMOS (complementary metal-oxide-
semiconductor) [40]. Both types consist of a matrix of photo detectors, usually
photodiodes. In a CCD sensor, the charge of each photo detector is transported
sequentially to a readout register and is then charge converted and amplified
in a common unit. However in a CMOS sensor, each row can be selected di-
rectly for readout allowing random access, and each photo detector has its own
amplifier. The random access possibility of CMOS sensors provides a means
to define an area of interest (AOI), allowing higher frame rates (the number of
frames per second the visual camera can deliver) when the area is decreased. The
response of the image sensor is normally linear with regards to the intensity of
the incoming light, however in applications such as weld process monitoring it
is desirable to obtain images with very large range of intensity differences (high
dynamic range). To obtain the geometrical features surrounding the keyhole
and melt pool in the presence of the high intensity process light, a non-linear
grey value response is required. This can be achieved by a logarithmic response
of the image sensor [41].

Monitoring the LBW process using visual a camera has been conducted by
several researchers. In [42], a CCD camera is used to find the joint by monitor-
ing the weld pool in pulsed Nd:YAG LBW. In [43], coaxial monitoring of the
keyhole is conducted using a CCD camera. A high-speed camera is used in [44]
to monitor the vapour plume in CO2 LBW. It is there used as a measure of the
alignment of the laser in welding of T-joints. In [45], a CCD camera is used
to track defect formation in laser and laser-arc welding. A smart-camera based
on a CMOS sensor is used in [46] to perform joint tracking in LBW. A high
speed CMOS camera is used in [47] to monitor the laser induced plasma in an
industrial welding application. In [48] two visual cameras are used to perform
three-dimensional tracking of spatters in LBW. In [49] a visual camera is used to
monitor full penetration welding in keyhole LBW. Full penetration is there de-
tected by applying a full penetration hole detection algorithm. A CMOS cam-
era together with a green laser illumination is used in [50] to obtain images of
the weld pool and an edge detection algorithm is proposed to extract the bound-
ary of the weld pool. Cameras in combination with one or several laser lines
to obtain geometrical features is presented in [51], [52] and [53]. High speed
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cameras are often used to monitor the LBW process in order to obtain better
understanding of the process, examples can be found in [20], [54], [55], [56]
and [57]. They are however not suitable for real-time control applications due
to the large amount of data that needs to be processed. A CMOS camera, LED
illumination and matching optical filters are used in this work to obtain images
of the area in front of the melt pool. Analysis of those images is then conducted
in order to track the joint position during LBW.

2.2.5 Spectrometer

A spectrometer is a device capable of measuring the intensity of one or more
spectral ranges from the incoming light [58]. The output from the spectrometer
is a signal, showing the intensity for each measured wavelength. The main com-
ponents of the spectrometer is normally an entrance slit, a diffraction grating
and a photo detector. Depending on the configuration of those components,
different spectral ranges and optical resolutions can be achieved.

The use of spectrometers in monitoring of LBW has been addressed by sev-
eral researchers. A correlation between weld quality and the LBW plasma tem-
perature is presented in [59]. Here the plasma electron temperature is calculated
by measuring spectral lines emitted from the LBW plasma using a spectrome-
ter. In [60] the welding plasma emission is monitored by a spectrometer and
it is shown, by correlation analysis, that the dynamics of the plume is related
to the stability of the process. Analysis of the optical spectrum with regards to
weld defects are presented in [61] and [62]. In [63] it is shown that the plasma
electron temperature is correlated to the penetration depth in LBW keyhole
welding, and in [64] a closed loop control system based on this result is pre-
sented. The laser power is controlled in real-time depending on measurements
of the plasma electron temperature in order to control the penetration depth.
In [57] the effect of zinc coating i LBW is analysed by monitoring the process
using a spectrometer. Here the correlation between the plasma electron tem-
perature and defects within the weld seam is analysed. In [65], a CO2 LBW
process is monitored using a spectrometer and the plasma electron temperature
is calculated in order to study the temperature field of the plasma plume and the
keyhole plasma. In [55] the correlation between the spectral signals, acquired
by a spectrometer, and pore formation during LBW of a AZ31B magnesium
alloy is analysed. In this work, the plasma electron temperature is estimated
from spectral lines emitted from the LBW process. The plasma electron tem-
perature is then correlated to how the laser beam spot is position with regards
to the joint position.
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Chapter 3

Experimental work and proposed
solutions

This Chapter presents the experimental work together with the proposed solu-
tions for the problems addressed within this work. The results from the exper-
iments are also presented and discussed.

3.1 Experimental work

The welding and monitoring system used in the experiments are described in
this Section. Figure 3.1 shows the experimental setup used during the welding
experiments and Figure 3.2 shows the laser tool setup.

Shielding gas

SpectrometerVisual camera

Collimator
LED illumination

Measurement PC

Welding direction

IPG fiber laser

Laser beam

LBW tool

Photo sensors

Figure 3.1: Setup used in welding experiments.
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LED

Sheilding gas tubeSuction tube

Figure 3.2: LBW tool used in experiments.

3.1.1 Welding system

An industrial robot (ABB IRB4400) is used for manipulation of the LBW tool
that is shown in Figure 3.1. The main features of this robot is shown in Ta-
ble 3.1. During the experiments, the tool centre point (TCP) is continuously
recorded from the robot control system and is synchronised with the signals
from the sensors. This information is later used as a position reference when
evaluating the performance of the proposed system.

Table 3.1: Specification for industrial robot used in this work, ABB IRB 4400.

Number of axes 6

Payload 60 kg

Position repeatability 0.19 mm

Path repeatability at 1.6 m/s 0.56 mm

ABB IRB 4400

Welding experiments are preformed using a 1070 nm IPG Ytterbium Fiber
Laser (YLR-6000-S, 6 kW) together with a LBW tool from Permanova Laser
System AB. The optical fibre used for delivery of the processing laser is 0.6 µm
in diameter. The processing laser light is collimated in a collimating lens with
160 mm focal length before it is focused using a 300 mm focal length lens. This
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setup gives a laser beam spot diameter of 1.12 mm and a Rayleigh length of
13.7 mm [1]. A laser beam spot diameter of 1.12 mm is relatively large and it
results in a rather wide weld, which makes the process less sensitive for inaccu-
racies in LBW tool manipulation, i.e. the TCP position, and therefore makes
it suitable for robotised LBW. The large Rayleigh length obtained by this setup
makes the process relatively insensitive to changes in focal position.

The LBW tool is equipped with sensor inlets, where optical sensors can be
connected, all arranged coaxial to the processing laser through the optics and a
semi-transparent mirror. In this way it is possible to monitor the process coaxial
to the processing laser and sensors can be seamlessly integrated in the system.
The integration of optical sensors in the LBW tool is described in Section 3.1.2.

All welding experiments are conduced on 4 mm thick stainless steel (ss316)
sheet metal parts, 300x40 mm in size. Welding is performed in a butt joint
configuration. Argon gas is used for shielding in all experiments, and is supplied
through a tube as shown in Figure 3.1. Argon is also supplied in front of the
focusing lens to protect the lens from spatter. The vapour plume is evacuated
from the close area of the welding keyhole by the use of a tube to suck away the
vapour to improve weld quality and the visibility for the optical sensors. If not
otherwise stated the welding parameters are experimentally derived to produce
a visibly good weld.

3.1.2 Monitoring system

The LBW tool is equipped with three sensor inlets for coaxial monitoring. One
is used for a visual camera and two are used for fibre coupled photodiodes. A
spectrometer is monitoring the process via a fibre coupled collimator, placed in
an off-axis configuration. Two LED lamps are also placed in an off-axis config-
uration directed towards the position where the processing laser interacts with
the work piece. Figure 3.3 shows a schematic overview of the LBW tool and
the monitoring devises.

Triggering system

I order to get all data from the different sensors synchronised in time all sensors
and also the LED illumination, used for the camera system, are synchronously
triggered. The signal, from the trigger module, is also recorded by the measure-
ment PC together with the robot TCP from the robot control system. In this
fashion all sensor signals are synchronised in time and also with regards to the
robot TCP.
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Figure 3.3: Schematic overview of the sensors integrated into the LBW tool.

Camera and illumination

The visual camera, PhotonFocus DR1-D1312(IE)-200, is integrated into the
LBW tool as shown in Figure 3.3. This visual camera has a high dynamic range
(120 dB) sensor, which makes it suitable for weld process monitoring. The high
dynamic range is in this camera achieved by a logarithmic compression of high
light intensities inside the pixel. When there is high contrasts in the image,
compression of the upper grey level region can be achieved by this technology
called LinLog R© [66].

By analysing the spectral emissions from the process (modelled as a Planck
curve at 3000 K (vaporisation temperature)), transmittance of the LBW tool op-
tics and the sensitivity of the CMOS sensor a suitable spectral range is selected
for the visual camera. The area centred around 450 nm, as shown in Figure 3.4,
is selected due to minimal spectral disturbances from the process while still ob-
taining good sensitivity of the CMOS sensor and good transmittance of the
LBW tool optics. To achieve this an optical band pass filter with centre wave-
length at 450 nm and full width at half max (FWHM) of 10 nm is used in front
of the visual camera.

In order to obtain good image information during welding, it is important
to add external light in the field of view of the visual camera at the spectral range
selected for monitoring. By triggering the LEDs and only activate them during
the exposure time of the visual camera (approximately 500 µs) it is possible
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Figure 3.4: The spectral range for the visual camera is shown in yellow. The red curve
represents the process emissions (black body radiation at 3000K), the black curve is the
transmittance of the optics and the blue curve is the sensitivity of the CMOS sensor.

to run more current through the LED. In this manner it is possible to obtain
higher light intensity while the average power is still the same as for continuous
illumination. By selecting LED illumination, at a wavelength of 450 nm, and
matching optical bandpass filter and by triggering the LED illumination, it is
shown that good image information can be obtained even during harsh welding
conditions.

The full size of the camera sensor is 1312 x 1082 pixels, it is however possible
to reduce the size in the camera settings. In order to reduce the processing time
of the image analysis algorithm, the size is reduced to 544 x 300 pixels. By
calibration the resolution on the work piece surface is estimated as 30 x 30 µm
per pixel. The obtained field of view of the visual camera is then approximately
16 x 9 mm. Figure 3.5 shows an example of an image obtained from the visual
camera together with pixel information.

Photodiodes

In previous works by other researchers, e.g. [19], it is shown that monitoring
the reflected laser light, thermal radiation from the welding zone and the higher
temperature radiation from vapour plume above the weld pool can indicate dis-

23



CHAPTER 3. EXPERIMENTAL WORK AND PROPOSED SOLUTIONS

x [pixels]

y 
[p

ix
el

s]

100 200 300 400 500

50

100

150

200

250

300

Figure 3.5: Example image obtained from the visual camera with the image coordinate
system indicated.

turbances in the LBW process. Monitoring of these electromagnetic emissions
can be conducted using photodiodes. The thermal radiation from the welding
zone is in the infrared spectrum at wavelengths above 1100 nm. Higher temper-
atures, representing the vapour plume above the welding zone are in the visible
spectrum, at wavelengths below 600 nm. The reflected laser light is at the same
wavelength as the processing laser, 1070 nm for the fibre laser used in this work.

The selected photodiodes are integrated coaxially into the LBW tool, as
shown in Figure 3.3, to monitor the optical emissions from the process. Three
fibre coupled photo detectors are used, here called VIS sensor, Reflection sensor
and IR sensor. Each of them cover different spectral ranges limited by optical
filters. A silicon sensor is used for the visual spectra, it has a spectral range from
340 to 1100 nm. A short pass filter with cut-off wavelength at 600 nm and a hot-
mirror blocking wavelengths between 700 and 1100 nm are placed in front of
the sensor to limit the bandwidth at 600 nm. The Reflection sensor uses an
InGaAs amplified detector. A band pass filter, 1075 nm +/- 50 nm is placed in
front of this sensor. The IR sensor, looking at a spectral range between 1200-
1800 nm, uses an InGaAs amplified detector. This sensor has a spectral range
from 800 to 1800 nm, a long pass filter with cut-off wavelength at 1100 nm
and a hotmirror blocking wavelengths between 750 and 1200 nm are placed in
front of the sensor. The IR sensor is connected to one of the inlets of the LBW
tool via a 400 µm fibre cable, the Reflection sensor and the VIS sensor are con-
nected to one of the other inlets using a 400 µm bifurcated fibre bundle with
two fibres. In addition a silicon photo detector, called Power sensor, is mounted
behind the dichroic mirror to monitor incoming processing laser light from the
laser source. Figure 3.6 illustrates the spectral ranges (in yellow) monitored by
the different photodiodes. Also shown in the figure is the transmittance of the
LBW tool optics (black curve) and the spectral emissions from the process (red
curve).

24



3.1. EXPERIMENTAL WORK

200 400 600 800 1000 1200 1400 1600
0

0.2

0.4

0.6

0.8

1

1.2

VIS Reflection IR

λ nm

no
rm

al
iz

ed
 u

ni
ts

 

 
Process disturbance
Optics transmittance

Figure 3.6: Spectral ranges for the photodiodes.

Figure 3.7 shows the setup of the photodiode monitoring system. The type
of photodiodes used is transimpedance amplified photo detectors with adjustable
gain [14]. The gain of the sensor influences the bandwidth, higher amplifica-
tion gives less bandwidth, but keeping an amplification level of 40 dB or less
assures a bandwidth for the sensor of> 200 kHz. The photo detectors are con-
nected via coaxial cables to a unit containing a 4th order active low pass filter
with a cut-off frequency at 120 kHz (-3 dB) and a voltage amplifier. The filter is
used to prevent aliasing and the amplifier is used since the output signals from
the photo detectors are relatively low. Amplification factor is adjusted to get
a signal level of 0-10 V, which matches the input range of the A/D converter.
The output signal from the filter/amplifier unit is connected to an analog input
module with a 10 V input range and 16-bit resolution. A Labview application,
running on a PC using Windows, saves the measured data to a log file. This
data is later analysed off-line using Matlab.

To capture the dynamic behaviour of the LBW process using photodiodes,
it is important to sample signals from them fast enough. In previous research,
described in [20], it is indicated that the commercial systems using photodiodes
may not sample fast enough to capture the process dynamics. Therefore it is in-
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Figure 3.7: Setup of the photodiode monitoring system.

teresting to investigate the bandwidth of the signals acquired from the system.
The photodiode monitoring system presented in this work has a sample rate of
1 MHz, synchronously for each channel, and the bandwidth is 120 kHz. By ap-
plying a discrete Fourier transform (DFT), it is possible to study the frequency
content of the signals.

The signal from the VIS sensor proved to contain higher frequency com-
ponents than the other sensors, hence it was used for evaluating the frequency
content of the monitored signals. Figure 3.8a shows the analysed signal from
the VIS sensor, and Figure 3.8b shows the same signal zoomed in. An analysis
of the spectral content of the signal indicate that a bandwidth of 30 kHz would
be sufficient to capture the peaks found in the signal from the VIS sensor, hence
this bandwidth should be sufficient to capture all interesting information from
the monitored signals. Since the DFT showed that a bandwidth of 30 kHz for
the system is sufficient, the signals are decimated by a factor of ten before anal-
ysed in Matlab.

(a) (b)

Figure 3.8: High frequency peaks in the signal from the VIS sensor. (a) Signal from VIS
sensor. (b) Signal from VIS sensor, zoomed in.
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Spectrometer

Light emitted from the welding zone is collected through a collimator and
passed to a spectrometer via an optical fibre. The collimator is placed in an off-
axis configuration, at a distance from the work piece of approximately 30 cm, as
shown in Figure 3.3. The collimator is directed to the interaction point of the
processing laser and the work piece. The type of spectrometer used is USB200+
from Ocean Optics [67], custom configured to fit this application. It has a
2048 pixel CCD detector array and a 10 µm entrance slit giving a optical reso-
lution of 0.07 nm. The spectrometer is configured to monitor a spectral range
between 400-530 nm.

3.1.3 Experiments

The details regarding LBW experiments are presented in this Section. All weld-
ing experiments are conducted in order to evaluate the different sensors ability
to find the joint position in zero gap butt joint configurations.

In all welding cases the material used is stainless steel (ss316) sheet metal in
a butt joint configuration. The processing laser is pulsed in all experiments.
The parts are clamped and tack welded before the experiments, like shown in
Figure 3.9, in order to get a tight fit between the parts and minimise distortion
during welding. The nominal path is always a 280 mm long straight line.

In the test case for the photodiodes the robot is programmed to start welding
in the joint and then deviate from the joint position in four steps, in each step
the distance from the joint position is increased by 0.4 mm.

Two different test cases are defined to evaluate the visual camera system.
In the first test case the robot is programmed to start welding in the joint and
then deviate from the joint position in four steps, in each step the distance from
the joint position is increased by 0.3 mm. In the second test the robot starts at
a position 1.2 mm away from the joint and is then moved first in two steps
towards the joint and then in two more steps back away from the joint, giving
the offsets 1.2 mm, 0.6 mm, 0 mm, 0.6 mm and 1.2 mm.

Two different test cases are defined for evaluation the visual camera and spec-
troscopic system. In the fist case the robot is programmed to start welding in
the joint, then it is moved stepwise 1.2 mm away from the joint and then back
to the joint, this is repeated four times. In the second test the robot is also pro-
grammed to start welding in the joint, then it starts slowly moving out from
the joint until the offset from the joint is 5 mm. In this position the robot is
programmed to move slowly towards the joint until it is reached and then it
continues in the joint until the end of the weld.
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Figure 3.9: Parts are clamped and tack welded before conducting the welding experiments.

3.2 Signal processing

The signal processing techniques developed/used to analyse the sensor data
from the experiments are described in this Section. The first technique pre-
sented is used for analysing the photodiode signals from experiments applying
welding with an offset from the joint. The second is developed to trace the
joint position with regards to the laser beam spot from image data captured by
the visual camera. The last signal processing technique is used to estimate the
electron temperature from spectrometer data.

3.2.1 Signal processing of the photodiode signals

The signal processing technique presented in this Section is used to evaluate
the possibility to detect situations when welding is performed with an offset
from joint position by analysing the reflected laser light from the process. The
photodiode system used to acquire the reflected laser light is described in Sec-
tion 3.1.2.

The absorptivity of laser light depends on the absorption coefficient of the
material to be welded and also on a number of parameters including tempera-
ture and the surface characteristics of the parts to be welded [2]. Laser light that
is not absorbed by the material is reflected in various directions, for instance
back into the LBW tool. The algorithm presented here is based on the assump-
tion that the amount of back reflected laser light is increased when the process
gets unstable. This assumption is based on results from other researchers, as dis-
cussed in Section 2.2.3. Hence, the main task is to investigate if the instability
can be detected from the reflection photodiode signal.

By observation of the raw unfiltered data from the Reflection sensor it can
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be seen that the characteristics of the signal changes when the offset between
the laser spot and the joint position changes. This is illustrated in Figure 3.10,
showing the raw unfiltered data from the Reflection sensor during two differ-
ent welding experiments, one with no offset from the joint position and one
with an increasing offset from the joint position (0, 0.4, 0.8, 1.2, 1.6 mm). With
no offset the peaks are approximately evenly distributed over time, but when a
change in offset occurs the behaviour of the signal characteristics changes over
time. In both cases an increased amount of light can be observed in the start-up
of the weld, hence this period must be ignored to prevent false error detection.
To detect a change in the signal it is not possible to just set a threshold or toler-
ance band for the signal, since the amplitude of the peaks in the signal is com-
parable in size between the two tests. This would lead to constant false error
detections, or no detection at all, depending on the settings for the threshold or
tolerance band. It is clear that an algorithm for detecting the change needs to
be implemented.
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Figure 3.10: Monitored signal from the Reflection sensor. (a) During welding according to
the nominal path. (b) Offset from nominal path is changed in five steps;

0, 0.4, 0.8, 1.2, 1.6 mm

The signal from the Reflection sensor holds information both from the di-
rect processing laser light and the reflected laser light, this is due to the fact that
some of the incoming laser light will be reflected directly on this sensor. Before
any change detection algorithm is applied the direct light, monitored by the
Power sensor, of the signal is removed by subtracting a scaled version of it from
the signal from the Reflection sensor. The result of this operation is shown in
Figure 3.11.

The approach selected for detecting changes in the resulting signal is by us-
ing a cumulative sum (CUSUM) Recursive Least Squares (RLS) algorithm [68].
It combines an adaptive filter (RLS) with the CUSUM test. The algorithm ba-
sically consists of three steps; filtering, distance measure and a stopping rule.

It is assumed that the measurements yk , at each time sample k, consist of a
deterministic component, θk , and a white noise component, εk , according to:
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Figure 3.11: Removal of the direct signal from the reflected light signal. (a) Raw data
from the Reflection sensor (black curve) and Power sensor (red curve) (b) Power sensor

signal has been subtracted from the Reflection sensor signal

yk = θk + εk . To estimate the deterministic component, θ̂k , of the measured
signal a RLS algorithm is used according to

θ̂k = λθ̂k−1+(1−λ)yk = θ̂k−1+(1−λ)εk (3.1)

where λ is defined as the forgetting factor added for adaptivity of the filter
and the prediction error, εk , is defined by

εk = yk − θ̂k−1 (3.2)

A stopping rule is defined to give an alarm when the value exceeds a certain
threshold. As input to the stopping rule, a distance measure sk , is defined by
sk = ε

2
k . The motivation for this distance measure is that the offset from the

joint results in an increased variance in the signal. The CUSUM algorithm sums
up its input, the distance measure sk , and forms a test statistics gk . An alarm is
then triggered when gk exceeds a threshold defined byβ. The definition of the
CUSUM test is

gk = max(gk−1+ sk − v, 0)
Alarm if gk >β

After alarm, reset gk = 0 and θ̂k = yk

(3.3)

A drift parameter v is added to prevent false alarms due to positive drifts in
the test statistics. The parameters β and v need to be tuned in a way that no
false alarms are given when no offset is present and also to give as fast detection
as possible when an offset does occur. The alarms are used to indicate that a
change in the signal has occurred that is related to changes in the process, in
this case it will be tuned to be related to when welding with a certain offset
from the joint position.
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3.2.2 Signal processing of the visual camera images sequences

This Section describes the signal processing that is applied on the images cap-
tured from the visual camera during LBW. The algorithm developed for estimat-
ing the joint position with regards to the laser beam spot is divided into four
basic steps, shown in Figure 3.12. Each of these steps are described in detail in
the following, with a summarising flow chart in the end of this section.

Vision

algorithm
Gating

Data

association
Model based

Filter

Figure 3.12: The different steps in the joint tracking algorithm.

Vision algorithm

In the vision algorithm step, the aim is to extract the joint position from the
image and also calculate the distance between the joint position and the laser
beam spot centre. Figure 3.13 shows an example image from the visual camera
during a welding experiment. The joint is here clearly visible in the image,
but nearby scratches are also visible that could be interpreted as the joint. The
processing laser beam spot centre will always be in the same position in the
image since the visual camera uses the same optical path, hence this position
can be determined beforehand. The laser beam spot centre will be located in
the saturated part of the image, showing the keyhole. This part of the image
will always be saturated due to the intense light emitted from the keyhole.
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Figure 3.13: Image showing joint position, keyhole and a scratch.

The image from the visual camera needs to be scaled in order to correlate
the image pixels to the surface of the work piece. Two different coordinate
systems are defined, one for the work piece (work object coordinate system)

31



CHAPTER 3. EXPERIMENTAL WORK AND PROPOSED SOLUTIONS

and one for the camera image, image coordinate system. Figure 3.14 illustrates
how these two coordinate systems are correlated. The image from the visual
camera consists of 544 x 300 pixels, and in the specific geometrical setup used
in this work, each pixel represents 30 x 30 µm on the work piece surface.

Work piece

Work piece

Work object coordinate system

0

Image coordinate system

x

y

0

Y

X

Figure 3.14: The correlation between work object and image coordinate systems.

As can be seen in the image from the visual camera, the joint appears as a
dark line in the image. This is due to that no or less light is reflected in the
small space between the work pieces. A misalignment between the work pieces
could cause a shadowing that enhances this feature. It has been shown in the
experiments presented in Paper B that this dark line can be detected by the
visual camera even when the fit between the work pieces are very tight and the
misalignment is close to zero. The aim of the vision algorithm is to robustly
detect the dark line representing the joint and measure the orthogonal distance
to the joint, which in the image is in the y-direction, from the laser beam spot
centre.

The approach chosen to identify the line representing the joint is by using
a Standard Hough Transform (SHT) [69], which is a relativity fast way to find
straight lines in a binary image. Since only the area in front of the melt pool
in the image is of interest, image processing time can be reduced by applying
a region of interest (ROI) as shown as the white rectangle in Figure 3.15. A
limitation in the visual camera prevents this from being done before the image is
sent from the camera. The smallest image possible to get from the visual camera
has a width of 544 pixels. Besides from reducing processing time, a smaller area
reduces the number of possible error detections from e.g. scratches. Figure 3.15
shows one example where a scratch above the ROI is not considered since it is
outside the ROI.

The surface structure of the work piece and scratches near the joint will
result in false detections in the SHT of lines that are not the joint. To reduce
false detections due to the surface structure, a median filter is applied to the
image before applying the SHT [70]. A median filter is suitable in this situation
since it reduces noise, while still preserving edges.
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Figure 3.15: Image showing ROI (white rectangle)

The input to the SHT is a binary image, preferably only consisting of the
edge pixels of the line representing the joint. Hence the binarysation of the
image is very important in order to get good results from the SHT. Several
methods exist including simple thresholding and different types edge detec-
tors [40]. Thresholding works good when the illumination is constant over
time but when it is changing, as in this case due to disturbances from the welding
process, it is not robust enough. This is because the adoption of the threshold
value to the changed illumination has to be very accurate. An edge extraction
method is a more robust method since it not only depends on a simple thresh-
old value but uses a gradient vector to determine the position of the edge [40].
Among the different edge detector methods available, the Canny edge detec-
tor [71] is considered the most robust due to its low error rate, ability to locate
the true edges and only giving a single edge point response to each edge [72].
The Canny method is selected for this work, it finds the edges by the maxima
of the gradient magnitude of a Gaussian smoothed image. It uses two different
thresholds to detect both strong and weak edges, this makes the method suit-
able for this work since the strength of the edges varies a lot between different
images due to disturbances from the process and varying joint geometries.

Lines are in the SHT represented by the distance from the origin in the
image coordinate system, r , and the angle between the horizontal axis and the
normal from the origin to the line, v, according to

r = x cos v + y sin v (3.4)

This is illustrated in Figure 3.16 where the line is shown in red and the dis-
tance r and angle v are shown.

The SHT is capable of finding lines in the image of any direction, however
searching all possible directions are computationally expensive, hence limiting
the possible angles to search for is beneficial. Since the orientation of the LBW
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Figure 3.16: Line representation in SHT.

tool, and therefore also the visual camera, is the same with respect to the welding
direction the joint will always appear as a straight horizontal line in the image.
Due to this it is possible to limit the possible angles of the lines in the SHT
and therefore also reduce the processing time for the algorithm. This will also
reduce findings of lines that are not the joint (e.g. scratches) if they have an
angle in the image that does not correspond to the joint. In SHT it is assumed
that every edge pixel from binary image could be part of a line represented by
the definition in Equation 3.4. A matrix accumulator is then used, of size two
representing the unknown parameters r and v. Finding the maximum values
in this matrix gives the most significant lines in the image represented by the
parameters r and v. From those it is then possible to find the lines in the image.

Since the image from the visual camera is perturbed with noise from the
process, might have scratches near the joint and also have varying surface char-
acteristics, it is not always the case that the most significant line found in the
image represents the joint. Only searching for the most significant line will
result in a relatively large amount of images where a line not representing the
joint is found. The approach selected to avoid this problem is to extract the
three most significant lines from the SHT, and later select the most probable
based on previous knowledge of the joint position. Figure 3.17 shows an ex-
ample where three lines are found in the image, one of the lines represents the
actual joint.

By projecting the lines found by the SHT towards the x-position of the cen-
tre point of the laser beam spot, measurement of the joint position can be found
on the same vertical axis as the laser beam spot. These three measurements are
shown as red circles in Figure 3.17. There are two main advantages by doing
this, first the measurement will not be in front of the laser spot but at the same
position as the laser beam spot in the welding direction, second the measured
position can only vary in one direction (y-direction) which makes the problem
one dimensional and therefore fast and efficient in the following steps of the
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Figure 3.17: Image showing detected lines (in green) and their projection on the x-axis of
the laser beam spot centre (red circles). The blue star is the estimated laser beam spot centre.

algorithm. This will result in three possible measurement represented by three
different y-positions, defined by the setΩk = {y1

m k , y2
m k , y3

m k} for each time step
k.

Gating of measurements

The next step is gating, meaning removal of unlikely measurements. From the
previous step, three different possible measurements are given. By evaluating
the maximum motion of the laser beam spot possible between two consecutive
images from the visual camera, a threshold can be defined to limit how far away
from the previous estimated joint position the measurement can be. Measure-
ments further away from this threshold are simply considered unlikely to be a
measurement of the joint and are therefore removed. It may be the case that
none of the measurements are within the threshold, e.g. due to noisy images,
resulting in an empty set of measurements, Ωk ∈ ;. The output from the gating
step is then zero to three possible measurements.

Data association

After gating the most probable measurement is selected, this is done in a data
association step. Here the task is to associate the most likely measurement left
from the gating step to the estimated joint position based on previous measure-
ments. If no measurement is left from the gating step, this step is not executed.
The most probable measurement is selected as the measurement with the small-
est distance from the previously estimated joint position. The output from this
step is a single measurement, ym k , representing the most likely measurement of
the joint position from the vision algorithm.
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Model based filter

Due to noisy images, from process disturbances, scratches on the work piece
surface etc. the measured position, ym k , from the previous steps must be fil-
tered. It may also be the case that a tack weld is covering the joint making it
impossible to obtain any information regarding the joint position, as shown in
Figure 3.18. A Kalman filter [73] is used to handle those issues, it provides fil-
tering of the noisy measurements and also a mean to estimate the joint position
even when no measurement is available. The Kalman filter combines informa-
tion from measurements and a system model. For tracing a position different
motion models can be used; constant position, constant velocity or constant
acceleration [73]. The position in the image to be traced is assumed to be in the
same position as in the previous as long as the laser beam spot is not moving
away from the joint. Since this is the normal case, a constant position model
can be used which gives a simple and fast implementation.
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Figure 3.18: Image showing when a tack weld is covering the joint prohibits updates of the
joint position from the line detection.

The constant position motion model assumes the next estimated position
to be the same as the current position. To allow for motion between images, a
noise component is added, the state noise. The motion model is described by

ξk+1 = ξk +T wk

yk = ξk + vk
(3.5)

where ξk is the scalar state vector representing the joint position. wk and vk
are the state and measurement noise respectively, k is the sample number and
T is the sampling time. It is assumed that the state and measurement noise are
independent zero mean random variables with a normal distribution.
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The equations for the Kalman filter are defined by a measurement update
equation and a time update (prediction) equation. The updated state estimate
and the updated state covariance are for each sampling instant:

ξ̂k|k = ξk|k−1+ Pk|k−1(Pk|k−1+Rk)
−1(ym,k − ξk|k−1)

Pk|k = Pk|k−1− Pk|k−1(Pk|k−1+Rk)
−1Pk|k−1

(3.6)

where ξ̂k is the mean value and Pk the covariance of the new normally dis-
tributed random variable based on the measurement ym,k . Rk is the estimated
variance of the measurement. The time update (prediction) equation is

ξ̂k+1|k = ξ̂k|k

Pk+1|k = Pk|k−1+Q
(3.7)

In the case when a measurement is obtained from the data association step
(that is ym k exists) the estimated variance of the measurement, R0 is set to a
value based on a number of measurements from a reference weld when welding
without any offset from the joint position. R0 is calculated as

R0 =
1

n− 1

n
∑

i=1

(ym,i − ȳm)
2 (3.8)

where the estimated mean value is

ȳm =
1
n

n
∑

i=1

ym,i (3.9)

In the other case, when no measurement is left from the gating step, the
measurement variance is set to a very large value in order to make the Kalman
filter only base the estimated position on the model.

Rk =
¨

R0 if ym kexists
106 otherwise

(3.10)

Inaccuracies in fixturing, robot movement and process induced distortions
give rise to state noise in the model. The variance of the state noise, Q, is diffi-
cult to derive from data. However an estimate of the state noise variance can be
done by calculating the maximum movement of the robot based on the robot
speed and the frame rate of the visual camera. This gives a good start value for
Q when tuning the algorithm.

The output from this final step of the signal processing algorithm is the
distance between the estimated position, ye , and the current position of the laser
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beam spot centre, yr . This value should be used in a future control algorithm
to correct the path of the laser beam spot by moving the manipulator towards
the joint position.

Flow chart for the steps

To summarise, these steps are illustrated in Figure 3.19.

Vision
Algorithm

{Ωk :
|y i

m k | ≤ ytr}
not likely

a joint
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ym k =

min |ye k−1 −Ωi
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Figure 3.19: Flow chart of the algorithm.
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3.2.3 Signal processing of the spectrometer signal

It has been shown that the plasma electron temperature can be used to character-
ize weld quality in LBW applications [59]. The issue addressed here is whether
welding with an offset between the joint position and the laser beam spot could
be detected by monitoring the plasma electron temperature.

Figure 3.20 shows a spectrum obtained during fibre LBW of stainless steel.
Apart from the continuous background contribution, describing the thermal
emission from the weld pool and hot vapours from the key hole, several dis-
crete emission lines are shown. These spectral lines originate from emission of
excited atomic and ionic species from the laser induced plasma plume.
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Figure 3.20: Spectra acquired during fibre LBW of stainless steel

The spectral lines shown in Figure 3.20 are analysed by comparing wave-
length and relative intensity to the NIST atomic database [74]. The spectral
resolution of the spectrometer used is 0.07 nm, and more than 200 lines are
identified. The majority of the lines belongs to the excited atomic elements
Fe(I), Cr(I) and Mn(I), since these are the fundamental chemical elements in the
material used. For each line, the transition probability (Amn) and energies of the
upper (Em) and lower (En) levels of the radiative decay are retrieved from the
NIST database. By using those parameters it is possible to calculate the plasma
electron temperature (Te ). This temperature is an indirect estimation based on
the assumption that the laser induced welding plasma is optically thin and in a
local thermal equilibrium [75].

The intensity (Imn) of a generic plasma optical emission line (λmn) associated
with the transition from electronic level m to n is related to the energy of the
emitted photons (hc/λmn (where h is the Planck constant and c is the speed of
light in vacuum)), the transition probability (Amn), and the population of the
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excited state Nm according to [59]

Imn =NmAmn
hc
λmn

(3.11)

Nm is given by the Boltzmann distribution (assuming local thermal equilib-
rium)

Nm =
N
Z

gme−
Em
kTe (3.12)

where N is the total density of the states, gm is the statistical weight of the
energy level, Z is the partition function and k is the Boltzmann’s constant.
Combining Equation 3.11 and 3.12 and applying the natural logarithm operator
gives the following relation

ln(
Imnλmn

Amn gm

) = ln(
N hc

Z
)−

Em

kTe

(3.13)

By selecting several emission lines belonging to the same chemical element
from the spectrum and plotting the left hand side of Equation 3.13 against their
corresponding upper energy level (Em) it is possible to estimate Te from the
slope of the linear fit. This method is called the Boltzmann-plot method and
gives a relatively good estimation of the plasma electron temperature as long as
the selected lines are unambiguously identified, free from self-absorption and
not convoluted with other adjacent lines.

The plasma electron temperature is calculated using the Boltzmann-plot
method by selecting a number of Fe(I) emission lines from the spectrum. The
lines are selected from their intensity with regards to the background level,
choosing the ones with highest intensity, and also by only selecting lines with
relativity high transition probability (Amn). Figure 3.21 shows an example where
7 Fe(I) emission lines are used to create a Boltzmann plot.

The Boltzmann-plot method might not be possible to use for on-line mon-
itoring due to the calculations requiring too much computing time. To over-
come this a simpler and faster method to calculate Te can be used where only
two emission lines are considered:

Te =
Em(2)− Em(1)

k ln( I (1)A(2)gm(2)λ(1)
I (2)A(1)gm(1)λ(2)

)
(3.14)

where (1) and (2) represent the two emission lines. Even if this method
might not be as accurate as the Boltzmann-plot method, it is possible to use on-
line and the exact temperature is in this work not required, rather it is the change
in temperature related to changes in the LBW process that is interesting. For
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Figure 3.21: Boltzmann Plot obtained by a set of 7 Fe(I) lines measured from the spectrum
shown in Figure 3.20.

the plasma electron temperature estimations presented in this work the lines
Fe(I) 473.28 nm and Fe(I) 461.24 nm are used. Table 3.2 shows the data related
to this emission lines.

Table 3.2: Spectroscopic parameters of the selected Fe(I) emission lines used for the electron
temperature calculation.

λ (nm) Amn (s−1) Em (c m−1) gm
473.36 3.41 E+04 33096 9
461.32 2.50 E+06 48221 3
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3.3 Results

The results from experiments introduced in Section 3.1.3 is presented here. Re-
sults are from three main parts of the experimental work:

• Experiments to evaluate the photodiode system’s ability to detect welding
with an offset from the joint.

• Experiments to evaluate the visual camera system’s ability to detect weld-
ing with an offset from the joint.

• Experiments to evaluate the spectroscopic system’s ability to detect weld-
ing with an offset from the joint.

The results of each of these experiments are described in the following.

3.3.1 Photodiodes

Results from monitoring the spectral emissions from the LBW process using
photodiodes are presented in this Section. It is here shown that it is possible
to detect deviations of the laser beam spot position with regards to the joint
position by monitoring the reflected light from the processing laser by the Re-
flection sensor. This has to the author’s knowledge not yet been shown in the
literature and is therefore analysed more in detail.

Figure 3.22 shows the results of two different welding cases, one when weld-
ing in the joint and one where the offset from the joint is changed in four steps
starting from zero (0, 0.4, 0.8, 1.2 and 1.6 mm). The figure shows both the raw
signal from the sensor (a and b), and also the signal after applying a low pass
filter with cut off frequency at 10 Hz (c and d), to show the trend of the signal.
By observing the filtered signal from the Reflection sensor, it can be seen that
the signal changes when the offset of the laser beam spot with regards to the
joint is changed. A small change in the signal can be observed at 0.8 mm offset,
but is not clearly changed until the offset is 1.6 mm.

Applying the change detection algorithm proposed in Section 3.2.1 gives
a more robust detection of the change in signal value than by using a simple
threshold value on the raw or filtered signal. By applying a drift parameter (v)
of 0.03 (experimentally derived), the test statistics (gk ) shown in Figure 3.23 is
obtained for the two different test cases. Here there is no threshold (β) applied,
this is conducted in order to find a suitable level for the threshold, it needs to
be large enough not to set an alarm in the case when welding in the joint.

As can be seen in Figure 3.23, when welding in the joint the test statistics
has a approximate max value of 500. Setting a threshold value (β) at 600 assures
that no error detections are obtained when welding in the joint. The result
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Figure 3.22: Signal from Reflection sensor during two different welding cases. (a) Welding
in the joint, raw signal from the sensor is shown. (b) Welding with different offsets (0, 0.4,
0.8, 1.2, 1.6), raw signal from sensor is shown. (c) Welding in the joint, raw signal from

sensor is shown. (d) Welding with different offsets (0, 0.4, 0.8, 1.2, 1.6), filtered signal from
sensor is shown.
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Figure 3.23: Result from test statistics using the cumulative sum (CUSUM) Recursive
Least Squares (RLS) algorithm. (a) Result from welding in the joint. (b) Result from

welding with an offset according to Figure 3.22d.

of complete algorithm, with a threshold β = 600, applied on the data from
welding with an offset is shown in Figure 3.24. The first alarm from the change
detection algorithm is obtained when welding with an offset of 1.2 mm from
the joint. This is however late, a defect in the weld is then already present.
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Figure 3.24: Test statistics from welding with different offsets, 0, 0.4, 0.8, 1.2 and 1.6 mm
from the joint. The red circle indicates the first alarm, at 1.2 mm offset, from the

algorithm, when the threshold of 600 is reached.

3.3.2 Visual camera

The performance of the vision tracking system is evaluated by several welding
cases. The results from these tests are also shown in paper C. In each test case
the robot is programmed to follow a predefined path, different between the test
cases. The robot position is continuously recorded during the test and is used
to evaluate the performance of the system. This is performed by calculating
the difference between the recorded value, yr and the estimated value, ye of the
joint tracking algorithm (estimated error = yr − ye ).

The performance of the tracing system is comparable between the different
test cases. As long as the robot is moving in the joint position, or relatively
slowly away from the joint position, the error in the estimate is below 0.1 mm.
Figure 3.25 shows the results from a welding experiment when the robot is
programmed to start welding in the joint (Figure 3.25a) and then moving out
from the joint as shown in Figure 3.25c. In both cases the estimated error is
below 0.1 mm.
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Figure 3.25: Results from welding experiment showing robot position and estimated joint
position from the joint tracing algorithm. (a) Result when welding in the joint. (b) Error
when welding in the joint. (c) Result moving out of the joint. (d) Error moving out of the

joint.

There are mainly two situations when the tracing system fails to estimate
the joint position with an error below 0.1 mm; when a tack weld is covering
the joint and during rapid movement away from the joint. When a tack weld
is covering the joint, as can be seen in Figure 3.18, it not possible for the visual
camera system to obtain any information regarding the joint position. In this
situation the estimate from the algorithm is the same as from the previous im-
age and the correct estimate can not be obtained until the tack weld is passed.
This situation is clearly shown in Figure 3.26a, after approximately 90 mm a
tack weld appears during the movement out from the joint. The algorithm
assumes the same position as last time instant since no image information is
available and the error increases over time. When moving rapidly away from
the joint, as shown in Figure 3.26c, the error will increase. This is due to the
delay introduced by the filtering of the signal.
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Figure 3.26: Results from welding experiment showing robot position and estimated joint
position from the joint tracing algorithm during two difficult situations. (a) A tack weld
appears after approximately 90 mm. (b) The error increases when a tack weld is reached.

(c) Rapid movement away from the joint position. (d) Error during rapid movement
away from the joint.

3.3.3 Spectrometer

The performance of the spectroscopic system is evaluated by several welding
cases where the robot is programmed to move in different patterns; in the joint,
away from the joint and towards the joint. The results from these tests are
also shown in paper D. Spectroscopic monitoring is conducted using the set-
up presented in Section 3.1.2 and the plasma electron temperature is obtained
according Section 3.2.3. The aim is to find a correlation between the plasma
electron temperature and how the laser beam spot is positioned with regards to
the joint position.

Experiments show that the spectroscopic system is able to detect the laser
beam spot position with regards to the joint position by calculating the plasma
electron temperature, offsets from the joint position is detected as a change in
the plasma electron temperature signal. Experiments include welding in the
joint position, rapid movements away from the joint, slow movements away
from the joint and movement away from the joint in the presence of a tack
weld.

As seen in Figure 3.27 there is a clear change in the plasma electron tem-
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perature signal between welding in the joint and with an offset from the joint.
The signal is also not sensitive the presence of tack welds, a situation where the
visual camera system fails to detect the joint position.
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Figure 3.27: The upper figure shows the plasma electron temperature, and the lower shows
the robot position. The robot is moved in steps away from the joint, which is located at

offset zero.

In the case of slow movement of the laser beam spot away from the joint the
change in plasma electron temperature is not obvious. As seen in Figure 3.28
there is no clear change in the signal when the laser beam spot starts to move
away from the joint, and when the laser beam spot again reaches the joint only
a small change in the signal can be observed.
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Figure 3.28: The upper figure shows the plasma electron temperature, and the lower show
the robot position. The vertical axis shows the position on the work piece in both figures.
The robot is moved in a ramp away from the joint, which is located at offset zero, and

then back to the joint position.

3.4 Discussion

The results from experimental work presented in Section 3.3 are discussed in
this Section.

3.4.1 Photodiodes

The use of photodiodes to monitor the LBW process has been addressed by
many researchers and there are also commercial systems available. This is de-
scribed in more detail in Section 2.2.3. It is clear from theses results, and also
confirmed in this work, that the signals from the photodiodes hold informa-
tion regarding the LBW process. The main challenge is to interpret the signals
in an robust way and to find algorithms that can clearly indicate disturbances
in the process that can cause weld defects. The commercially available systems
using photodiodes use a simple approach where an upper and lower threshold
value is selected and when the signal value is outside the threshold, an alarm is
set. The problem here is to find the values for the threshold to be able to find
disturbances that may cause weld defects while not giving false error detections.

Experiment when welding work pieces in a narrow butt joint configuration
showed that the Reflection sensor is able to detect changes in offset between the
laser beam spot and the joint position. It is shown that a change in the signal
could be observed when the offset between the laser beam spot and the joint
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position is 1.2 mm. This is however considered to be too late to be used in
an control application, since a weld defect has already occurred. Hence more
work needs to be done on finding a suitable method to analyse the changes
in the signal in order to investigate the possibility to earlier detect the change.
It can however be used as an indication to stop welding so that the problem
not become worse. The results from the IR sensor and the VIS sensor is not
considered in this work.

3.4.2 Visual camera

To robustly trace the joint position using a visual camera it is crucial to obtain
good image information from the camera, that clearly shows the joint, even dur-
ing the harsh process disturbances that occur during welding. By investigating
the most suitable spectral range with regards to LBW tool optics transmission,
process disturbances and camera sensor sensitivity, the image information can
be improved. Using external LED illumination and matching optical filter at
the selected spectral range enables good image information also during LBW.
To obtain good images it is important to add high intensity illumination at
the selected spectral range. When this is achieved, the exposure time of the
visual camera can be minimised to avoid disturbances from the process while
still obtaining good image information due to the added illumination. By syn-
chronously triggering the visual camera and illumination, higher light intensity
can be achieved by running more current through the LED during the short pe-
riod of the exposure time. Since this period is relatively short, typically less than
500 µs, the LED will not be damaged due to the average power being within
the specification.

By applying the algorithm presented in Section 3.2.2, experiments showed
that during welding in the joint or when moving slowly away from the joint
the joint position can be estimated with an error below 0.1 mm. During the
experiments, a laser beam spot of diameter 1.12 mm was used. To avoid defects
the resulting weld, the maximum offset from the joint should not be more than
the radius of the laser beam spot, in this case 0.56 mm. This indicates promis-
ing results, however more experiments using complex geometries of the work
pieces and different materials are needed to further investigate the robustness
of the system.

There are two known situations where the vision system fails to estimate the
joint position with an error less than 0.1 mm. The first is when moving rapidly
away from the joint. In this case the filter used in the algorithm will introduce
a delay in the estimated position, hence the error will be relatively large during
this movement. The second situation is when a tack weld is covering the joint
position and it is therefore not possible to retrieve and information regarding
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the joint position until it is passed. As long as the laser beam spot is not moved
away from the joint in this situation, this is handled well by the filter. However
if the laser beam spot moves away from the joint when the joint is covered by a
tack weld, the vision system will fail to detect it and a defect may occur in the
resulting weld. This indicates the need for a second sensor that is able to detect
deviations from the joint position even when a tack weld is covering the joint.

3.4.3 Spectrometer

The results from welding experiments using a visual camera for tracing the joint
position indicated the need for a second sensor, insensitive to tack welds cover-
ing the joint.

Experimental results from monitoring the LBW process using a spectrome-
ter shows that it is possible to relate the plasma electron temperature to the laser
beam spot is position with regards to the joint. It also shows that this method
is insensitive to tack welds covering the joint, which is a problem when using a
vision system for joint tracing. This results indicate that a sensor fusion strat-
egy including data from the vision system and the spectrometer system could
increase the robustness of a joint tracing system.
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Conclusion and contributions

This Chapter summaries the contributions that answer the research question:
How to increase robustness in optical in situ detection of joint position in zero gap
laser beam welding?

Due to disturbances that appear in the robotised LBW process there is a need
to monitor the process using sensor systems. The main question addressed in
this work is how data can be captured in-process in order to control LBW, and
the aim is to produce welds with better quality.

The first issue refers to how non-intrusive sensors can be used to detect dis-
turbances. This is addressed by a survey of relevant literature regarding sensors
used for monitoring the LBW process. The contribution from this work is a
matrix showing what sensors that are able to detect a certain weld defect. This
matrix is the base for the further work presented in this thesis.

An experimental study is conducted within this work in order to evaluate
four different sensor systems (visual camera, laser line scanner, IR camera and
inductive probe) regarding there ability to measure joint position, gap width
and misalignment between work pieces in a zero gap butt joint configurations.
The main contribution in this work is the evaluation of the visual camera and
the laser line scanner with regards to finding the joint position. It is shown that
the laser line scanner fails to detect the joint position when the gap between the
work pieces is < 0.1 mm (zero gaps) and there is no misalignment. It is also
shown that the visual camera is able to detect gaps < 0.1 mm, however it is not
able to detect misalignments between the work pieces.

A monitoring system, using photodiodes, is developed within the scope of
this work. Results from experiments during LBW using this monitoring sys-
tem together with a change detection algorithm shows that it is able to detect
disturbances in the LBW process related to positioning of the laser beam spot.
The main contribution is the finding, not yet described in the literature, show-
ing that the signal from a photodiode (the Reflection sensor) can be used to
detect situations when the laser beam spot is moved away from the joint posi-
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tion during LBW. However, another approach to analyse the signals from the
photodiodes may be necessary since the detection using this method is not in
the current state fast enough.

A monitoring system, using a visual camera, is developed within the scope
of this work. The monitoring system is based on a visual camera, LED illumi-
nation and optical filters integrated into the LBW tool. An algorithm that can
successfully track the joint position during welding is presented. Experiments
show that the visual camera system is able to track the joint position with a
maximum error of 0.1 mm when welding in the joint or when moving rela-
tively slowly away from the joint. Two main issues still remain for this system.
In case of rapid movements away from the joint, the error will increase above
0.1 mm during the movement and when a tack weld is covering the joint it is
not possible for the system to find the joint.

A dual sensor system, consisting of both a visual camera and a spectrome-
ter is presented that synchronously monitor the LBW process during welding
of zero gap (<0.1 mm) butt joints. The main contribution here is the results
from monitoring the plasma electron temperature during LBW of zero gap butt
joints. It is found that the plasma electron temperature can be related to how
the laser beam spot is positioned with regards to the joint and can therefore be
used in joint tracking application. It is also found that this method is not sen-
sitive to tack welds covering the joint. Therefore a combination of vision and
spectrometer system is suggested in order in improve the robustness of a joint
tracing system.
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Future work

The change detection algorithm, used for analysing the photodiode signals, is
able to detect deviations of the welding position. The indication from the algo-
rithm is however late, a defect is already present in the weld at the time when
indication is triggered. Other signal processing methods should be considered
in order to give faster detection, including methods for analysing the frequency
content of the signals. The signals from the IR sensor and the VIS sensor should
also be considered. Also more experiments needs to be conducted, on different
materials, in order to evaluate the robustness of the system.

The joint tracking algorithm applied on the images from the visual camera
should be further improved. Now it only handles straight welds, it needs to
handle more complex geometries. It also needs to be more robust against vari-
ations in the surface structure of the work piece, e.g. scratches. Now the joint
position is estimated, but the welding position is not controlled in a closed loop.
Hence a method to control the welding position needs to be developed. To do
this, there is a need for a real-time implementation of the joint tracking algo-
rithm and also a feed back control algorithm. More experiments on parts of
different material and with more complex geometries should also be conducted
in order to evaluate the robustness of the system.

The work so far is focused on butt joints with narrow gaps that are welded
without any filler material. Future work will include measurement of the joint
gap size and control of the feed rate of the filler wire in order to accept varying
joint gaps. Different optical sensors will be evaluated for their ability to mea-
sure the gap size in real-time during LBW. A real-time control algorithm needs
also to be developed for the wire feeder, this must be based on experiments for
evaluating the correlation between gap width and filler wire speed for different
materials and thicknesses.
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Chapter 7

Summary of Appended Papers

Paper A
Optical Methods for in-process monitoring of laser beam welding
This paper addresses the issue of evaluating non-intrusive sensors to be used for
monitoring the LBW process. This is achieved by conducting a literature sur-
vey of suitable sensors to be used for detecting features or disturbances in the
process. The focus of this study is on non-contact sensors that can be seamlessly
integrated into the LBW tool. The systems investigated are visual camera, in-
frared camera, laser line scanner, photodiodes, spectroscopy, confocal sensors,
white light interferometry and laser ultrasonic. The result of this work is a ma-
trix showing how the selected sensors can be used for monitoring of the LBW
process.

Paper B
Evaluation of non-contact methods for joint tracking in a laser beam welding ap-
plication
In this paper, four different sensor systems are evaluated regarding there ability
to measure joint position, gap width and misalignment between work pieces in
a zero gap butt joint configuration. The sensor systems evaluated are laser line
scanner, visual camera, infrared camera and inductive probe. Gap and misalign-
ment is adjusted using a micro positioning system in steps of 50 µm, starting
from zero. Experiments are in this work, unlike the other papers, conducted
without welding. The result shows that all sensors were able to find the joint
position for non-zero gaps and none of the sensors failed to find the joint with a
misalignment between the work pieces. For non-zero gaps, all sensors are able
to measure the gap with, but the misalignment could only be measured by the
inductive probe and the laser line scanner. The laser line scanner was not able
to measure or find the gap if it was < 0.1 mm.
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Paper C
Joint tracking in zero gap laser beam welding using a vision sensor
A visual camera system and a joint tracking algorithm is developed and pre-
sented in this paper. The aim is to be able to track the joint position for butt
joints when the gap between the work pieces are close to zero (<0.1 mm). By
integrating a visual camera, LED illumination and matching optical filters it
is shown that good image information of the area in front of the weld pool
can be obtained even during harsh welding conditions. Applying an algorithm
combining image processing and a model based filter shows that it is possible
to estimate the joint position with an error below 0.1 mm when welding in
the joint or moving relatively slowly away from the joint. Two known issues
remain, during rapid movement of the laser beam spot away from the joint,
the error will increase above 0.1 mm. This is due to delays in the estimate in-
troduced by the filter. Also, when a tack weld is covering the joint, it is not
possible to obtain any information regarding the joint position from the image
data until the tack weld is passed. The rapid movements away from the parts
are not likely to occur in a real industrial application. However, if movement
away from the joint occurs during the presence of a tack weld, this may not be
detected and could result in a defect in the resulting weld.

Paper D
Vision and spectroscopic sensing for joint tracing in narrow gap laser butt welding
In this paper the visual camera based tracking system presented in Paper C is ex-
tended to also include a spectrometer. The aim is to investigate if a dual sensor
approach could increase the robustness of the monitoring system. By using the
data from the spectrometer, the plasma electron temperature is calculated. It is
investigated whether changes in the plasma electron temperature can be related
to how the laser beam spot is positioned with regards to the joint. Welding ex-
periments on work pieces in a butt joint configuration with gap close to zero
shows that this relationship exists. Also, it is shown that this method is insensi-
tive to tack welds covering the joint, a situation where the visual camera system
fails to find the joint. The result from this work indicates that a dual sensor sys-
tem, using both visual camera and spectrometer, could increase the robustness
of a joint tracking system.

64



 
Vitae 
 
 

Morgan Nilsen was born in Trollhättan, Sweden in 1973. He studied Electrical 
Engineering at University West from 1996 to 1999 and continued his studies at 
De Montfort University in Leicester, England where he received his master’s 
degree in Mechatronics. After 11 years in the industry he started to work as 
Research engineer at University West and in 2014 he started his PhD-studies in 
laser weld automation. 

 
 
 
 
 

Fredrik Sikström received his PhD in electrical engineering from the 
Chalmers University of Technology, Sweden in 2010. Since 2011 he is 
employed as associate professor at the University West, Sweden.  
His research activities are focused on the study of in-process monitoring and 
control of laser and arc welding as well as laser additive manufacturing. He has 
published 13 publications indexed by ISI or SCOPUS. 

 
 

 
Anna-Karin Christiansson received her PhD degree at Chalmers University 
of Technology in Gothenburg, Sweden, 2003. She has since then been devoted 
to research regarding sensors and control of welding processes, mainly laser 
welding, and especially laser based additive manufacturing using wire as 
additive. She has led the research group in welding automation at University 
West since 2003, where she holds a position as associated professor in 
production technology. 
 
 
 

 
Antonio Ancona received his Degree (cum laude) and PhD in Physics from 
the University of Bari in 1997 and 2002, respectively. After two-year 
experience as Post-Doctoral Research Assistant, he joined CNR where he 
currently holds the position of Senior Research Technologist. Since 2015 he 
is employed as part-time Professor in Production Technology at the University 
West Sweden.  
His research activities are focused on the study of high-power laser welding 
and laser ablation with ultrashort pulses as well as on the development of real-
time process sensors. He has published more than 100 publications of which 
69 indexed by ISI or SCOPUS. 

 







ISBN 978-91-87531-50-7 (Printed)

Licentiate Thesis
Production Technology
2017 No. 15

Optical detection of joint position 
in zero gap laser beam welding
Morgan Nilsen

O
PTICAL DETECTIO

N
 O

F JO
IN

T PO
SITIO

N
 IN

 ZERO
 G

AP LASER BEAM
 W

ELDIN
G

M
ORGAN NILSEN

2017 NO. 15

ISBN 978-91-87531-49-1 (Electronic)


	GBG_104285_HV_Morgan_Nilsen_omslag_p1_fram
	Tom sida

	GBG_104285_HV_Morgan_Nilsen_inlaga_170202_p1-146
	GBG_104285_HV_Morgan_Nilsen_omslag_p1_bak
	Tom sida



 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: cut bottom edge by 155.91 points
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
     0
     0
     No
     651
     320
     None
     Up
     0.0000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     Smaller
     155.9055
     Bottom
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     30
     29
     30
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: cut left edge by 63.78 points
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
     0
     0
     No
     651
     320
     None
     Up
     0.0000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     Smaller
     63.7795
     Left
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     30
     29
     30
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: cut right edge by 63.78 points
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
     0
     0
     No
     651
     320
     None
     Up
     0.0000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     Smaller
     63.7795
     Right
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     30
     29
     30
      

   1
  

    
   HistoryItem_V1
   StepAndRepeat
        
     Trim unused space from sheets: no
     Allow pages to be scaled: no
     Margins and crop marks: none
     Sheet size: 6.496 x 9.528 inches / 165.0 x 242.0 mm
     Sheet orientation: best fit
     Layout: rows 1 down, columns 1 across
     Align: centre
      

        
     0.0000
     10.0000
     20.0000
     0
     Corners
     0.3000
     ToFit
     0
     0
     1
     1
     0.7000
     0
     0 
     0
     0.0000
     0
            
       D:20160921142241
       685.9843
       S5
       Blank
       467.7165
          

     Best
     629
     273
     0.0000
     C
     0
            
      
       PDDoc
          

     0.0000
     0
     2
     0
     0
     0 
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

   1
  

 HistoryList_V1
 qi2base




 
 
    
   HistoryItem_V1
   StepAndRepeat
        
     Trim unused space from sheets: no
     Allow pages to be scaled: yes
     Margins and crop marks: none
     Sheet size: 6.496 x 9.528 inches / 165.0 x 242.0 mm
     Sheet orientation: best fit
     Scale by 70.00 %
     Align: centre
      

        
     0.0000
     7.0866
     20.0001
     0
     Corners
     0.2999
     ToFit
     0
     0
     1
     1
     0.7000
     0
     0 
     1
     0.0000
     0
            
       D:20170201094510
       685.9843
       S5
       Blank
       467.7165
          

     Best
     337
     227
    
    
     0.0000
     C
     0
            
       CurrentAVDoc
          

     0.0000
     0
     2
     0
     1
     0 
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

   1
  

 HistoryList_V1
 qi2base




 
 
    
   HistoryItem_V1
   StepAndRepeat
        
     Trim unused space from sheets: no
     Allow pages to be scaled: yes
     Margins and crop marks: none
     Sheet size: 6.496 x 9.528 inches / 165.0 x 242.0 mm
     Sheet orientation: best fit
     Scale by 70.00 %
     Align: centre
      

        
     0.0000
     7.0866
     20.0001
     0
     Corners
     0.2999
     ToFit
     0
     0
     1
     1
     0.7000
     0
     0 
     1
     0.0000
     0
            
       D:20170202131250
       685.9843
       S5
       Blank
       467.7165
          

     Best
     337
     227
     0.0000
     C
     0
            
       CurrentAVDoc
          

     0.0000
     0
     2
     0
     1
     0 
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

   1
  

    
   HistoryItem_V1
   PageSizes
        
     Action: Make all pages the same size
     Scale: Scale width and height equally
     Rotate: Clockwise if needed
     Size: 6.496 x 9.528 inches / 165.0 x 242.0 mm
      

        
     0
            
       D:20160905152841
       685.9843
       S5
       Blank
       467.7165
          

     Tall
     1
     0
     627
     254
    
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     CCW
     Uniform
            
                
         AllDoc
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     82
     146
     145
     146
      

   1
  

 HistoryList_V1
 qi2base




 
 
    
   HistoryItem_V1
   StepAndRepeat
        
     Trim unused space from sheets: no
     Allow pages to be scaled: yes
     Margins and crop marks: none
     Sheet size: 6.496 x 9.528 inches / 165.0 x 242.0 mm
     Sheet orientation: best fit
     Scale by 70.00 %
     Align: centre
      

        
     0.0000
     7.0866
     20.0001
     0
     Corners
     0.2999
     ToFit
     0
     0
     1
     1
     0.7000
     0
     0 
     1
     0.0000
     0
            
       D:20170201094353
       685.9843
       S5
       Blank
       467.7165
          

     Best
     337
     227
    
    
     0.0000
     C
     0
            
       CurrentAVDoc
          

     0.0000
     0
     2
     0
     1
     0 
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

   1
  

 HistoryList_V1
 qi2base




 
 
    
   HistoryItem_V1
   StepAndRepeat
        
     Trim unused space from sheets: no
     Allow pages to be scaled: yes
     Margins and crop marks: none
     Sheet size: 6.496 x 9.528 inches / 165.0 x 242.0 mm
     Sheet orientation: best fit
     Scale by 70.00 %
     Align: centre
      

        
     0.0000
     7.0866
     20.0001
     0
     Corners
     0.2999
     ToFit
     0
     0
     1
     1
     0.7000
     0
     0 
     1
     0.0000
     0
            
       D:20170201094227
       685.9843
       S5
       Blank
       467.7165
          

     Best
     337
     227
    
    
     0.0000
     C
     0
            
       CurrentAVDoc
          

     0.0000
     0
     2
     0
     1
     0 
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

   1
  

 HistoryList_V1
 qi2base





