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Nomenclature

List of symbols

A Absorption coefficient -
c Speed of light (3.0 ×108) [m/s]
CPI Transfer function PI controller -
d Weld penetration depth [mm]
dref Desired welding depth [mm]
Eλb Spectral emissive power [W/m3]
e Error signal [-]
e(k) Unknow noise signal in identification -
f Focal length [m]
fn Natural undamped frequency [Hz]
fs Sample frequency [Hz]
G Transfer function of the process in identified model -
G0, H0 Assumed physical process -
Gp(i) Grey level of individual pixel -
H Transfer function of the noise in identified model -
h Planck’s constant (6.62 ×10−34) [J/s]
I Intensity laser beam [W/m2]
K0 Bessel function of zero order and second kind -
KI Integral controller gain -
KP Proportional controller gain -
k Bolzmann constant (1.38×10−23) [J/K]
n Number of pixels in an image -
P Laser power (general) [W]
PA Absorbed laser power [W]
Pd Demanded laser power [W]
Plim Limit in the laser power for speed optimization [W]
Pm Measured laser power [W]
Pn Nominal laser power [W]
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∆P Actuated variations on laser power [W]
Pl Line source power [W/m]
pg Hydrostatic pressure [N/m2]
ph Hydrodynamic pressure [N/m2]
pv Evaporation pressure [N/m2]
pσ Surface tension pressure component [N/m2]
q−1 Backward shift or delay operator -
qa Absorbed energy flux [W/m2]
qv Energy losses by evaporation [W/m2]
qc Heat conduction [W/m2]
r0 Keyhole radius [m]
Shigh Signal strength just before keyhole penetration occurs -
Slow Signal strength just after keyhole penetration occurs -
SPm Simulated Jurca P signal extracted from CMOS-IR images -
SP Signal from Jurca P sensor -
SPa Signal average of eight Jurca P signals -
SR Signal from Jurca R sensor -
SRa Signal average of eight Jurca R signals -
Sref Reference signal -
SRs Jurca R signal scaled with laser power -
Str Threshold condition -
ST Signal from Jurca T sensor -
STa Signal average of eight Jurca T signals -
SW Signal from Weldwatcher sensor -
t Time [s]
ts Settling time (decay of transients 1% within final value) [s]
T Temperature distribution [K]
Ta Ambient temperature [K]
Tm Melt temperature [K]
Ts Sample time [s]
Tv Vaporazation temperature [K]
u(k) Measured input in identification -
v Welding speed [mm/s]
vd Demanded welding speed [mm/s]
x Coordinate along the welding direction [m]
y Coordinate perpendicular to welding direction [m]
y(k) Measured output in identification -
z Coordinate coaxial with laser beam [m]
zf Focal position [m]
ε(k) Prediction error -
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εsim Simulation error -
θ Parameter set in predictive models -
κ Thermal diffusity [m2/s]
λ Wavelength [m]
λth Thermal conductivity [W/mK]
τ Time constant [s]
σ Surface tension coefficient [N/m]
ζ Damping ratio -

Special symbols

• Average of •
∆• Variation on • around average

Acronyms and abbreviations

2D Two dimensional
CCD Charge Coupled Devices
CMOS Complementary Metal Oxide Semiconductor
CMOS-P CMOS camera set-up sensitive to visible (plume) radiation
CMOS-IR CMOS camera set-up sensitive to IR (melt) radiation
CW Continious Wave
DFT Discrete Fourier Transformation
FOV Field of View
HAZ Heat Affected Zone
IR Infra Red
K-type Fully penetrated weld with fully penetrated keyhole
M-type Fully penetrated weld with partially penetrated keyhole
Nd:YAG Neodimium Yttrium Aluminum Garnet
RBS Random Binary Signal
TMB Tailored Made Blanks
UV Ultra Violet
Weld pool Melt pool including the keyhole
WMS Weighted Mean Square
WOI Window of Interest
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Chapter 1

Introduction

The number of laser welding applications is steadily increasing. An example
taken from the automotive industry is the laser welding of Tailored Made
Blanks (TMB). Tailored Made Blanks consist of several sheets of steel with
different thicknesses and/or different material properties, which are welded.
Together they form a lightweight product that is strong at defined locations.
After welding the product is formed in a press. As the heat affected zone
(HAZ) in a laser weld is very small the influence of the weld on the rest of
the product is limited. Other advantages of laser welding are:

• high welding speeds;

• low and local heat input;

• controllable heat input;

• no tool wear.

A consequence of the local heat input is that the tolerances on the seam
to be welded are tight. Small gaps in the seam can easily result in welding
defects. In TMB the necessary tolerances can be achieved because straight
welds are made in flat plates. However, for products that have been pressed
before welding these tolerances can often not be met. In such cases overlap
configurations are often used. Both weld configurations are dealt with in
this thesis.

With the increasing number of laser welding applications, the demand
for quality control is also growing. In the last 5 to 10 years the emphasis of
research in the field of on-line sensing in laser welding was on on-line fault
detection and recognition. From this research effort several on-line monitor-
ing systems for the welding process have become commercially available.
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CHAPTER 1. INTRODUCTION

In this thesis such systems are applied to control the process directly in
order to prevent welding defects from occurring in the first place.

1.1 Objectives

An important quality requirement for a TMB weld is that the weld com-
pletely penetrates the material (full penetration). In section 3.5.5 it will be
shown that partially penetrated welds lead to failure during forming pro-
cesses. On the other hand in the case of overlap welding, sometimes the
weld should not be fully penetrated but a prescribed weld depth is required.
From these two situations the following objective was formulated:

The development of feedback systems to control the weld depth during
laser beam welding, using on-line measurements of the emissions from the
welding process.

This control system(s) should compensate for disturbances such as laser
power fluctuation, welding speed variations and gas flow irregularities. The
development of an on-line control system includes several steps. Firstly a
correlation between measured emissions (signal) and the weld depth has to
be established. Secondly a dynamic model relating the (measured) output
signal with the (command) input signal should be obtained. And finally
a feedback controller should be designed based on the model dynamics
obtained.

1.2 Outline of the thesis

In chapter 2 several physical phenomena that play a role in the laser weld-
ing process are introduced and discussed. A review of the state of the art
in monitoring and control in laser welding is presented. The typical process
emissions and their applicability for monitoring and control in laser weld-
ing are discussed. In chapter 3 the experimental set-up is presented. The
manipulator systems, the sensors and the camera used in this thesis are
introduced. The material and the process conditions that can be reached
are examined in preliminary experiments. In chapter 4 the steady state re-
sponse of the sensor signals to different welding conditions is described and
compared with coaxial camera recordings. In chapter 5 transient models
of the laser, the welding process and sensors are identified. The know-
ledge about the steady state response and the dynamic response are used

2



1.2. OUTLINE OF THE THESIS

in chapter 6 for the purpose of controller design and tuning. In this chapter
a ‘switching’ controller is also introduced enabling fully penetrated welding
conditions to be maintained with the minimum required laser power and at
the highest possible welding speed. Concluding remarks and recommenda-
tions for future research are given in chapter 7.
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Chapter 2

Introduction to laser welding

In this chapter the laser welding technology and its dominant process pa-
rameters are discussed. The state of the art in monitoring and control of
the laser welding process is introduced in the final sections of this chapter.

2.1 Continuous laser welding

2.1.1 Introduction

In continuous wave (CW) laser welding a focussed laser beam is moved
over a seam. The laser radiation is absorbed and the metal is melted at
the interface. The melt pool solidifies after the laser beam has passed and
the weld is formed. To protect the melt from oxidation, usually an inert
gas is applied around the melt pool. This very simplified description of
laser welding is depicted in figure 2.1. In reality many complicated physical
mechanisms are involved, making it a very complex and not yet fully un-
derstood process. In the following sections some of these mechanisms will
be discussed.

2.1.2 Laser material interaction

An important mechanism in laser beam welding is the interaction of the
laser beam with the material. This interaction mechanism is influenced by
many parameters such as: the laser power P , the intensity distribution I
of this power at the surface, the welding speed v, the material properties,
the protection gas supply and the wavelength of the laser radiation λ. The
latter is constant in this thesis, since only a Nd:YAG (λ =1064 nm) laser is
considered. Two types of continuous laser welding modes will be discussed,

5



CHAPTER 2. INTRODUCTION TO LASER WELDING

Manipulator

Weld

Shielding gas
supply tube

Shielding gas
back side

Laser beam

Work piece

Motion workpiece v

Figure 2.1: Diagram of laser welding process.

conduction welding and keyhole or deep penetration welding. Each mode
is characterized by different laser material interaction phenomena.

Conduction mode welding

This type of welding occurs at relatively low laser beam intensity (I <
1010 W/ m2). The laser energy is absorbed by Fresnel absorption at the
surface of the workpiece and can be described by an absorption coefficient
A, indicating the fraction of absorbed laser power PA = A · P . For steel
at the melting temperature (Tm = 1800 K) the absorption coefficient is of
the order of A = 0.4 for Nd:YAG laser radiation. The rest of the laser
energy is reflected. For metal the laser energy is absorbed in a thin layer
(∼ 40 nm) at the surface of the workpiece where it is converted into heat.
The absorbed energy is transported into the depths of the material by
means of heat conduction and fluid convection, hence the name conduction
mode welding. In conduction mode welding the weld geometry is shallow
and wide, as indicated in figure 2.2, and only low welding speeds can be
achieved (v < 40 mm/s).

Keyhole mode welding

As the intensity of the laser beam is increased (I > 109 W/m2) the molten
metal in the focus of the laser beam starts to evaporate. The recoil pressure
of the vapour pushes the melt aside, creating a capillary filled with hot metal

6



2.1. CONTINUOUS LASER WELDING

I ∼ 108 − 1010 W/m2
I > 1010 W/m2

Conduction mode Keyhole mode

Figure 2.2: Diagram of the laser material interaction phenomena of two
typical welding modes.

gas or plasma. This capillary is known as the keyhole and can extend over
the complete depth of the workpiece. The hot gas escaping from the keyhole
forms a plasma or plume above the workpiece, see figure 2.3. The laser beam
energy is absorbed on the walls of the keyhole. The laser beam is exposed
to the keyhole wall repeatedly due to the reflections down the keyhole, see
figure 2.2. At every reflection a fraction A of the laser energy is absorbed.
Because of this multiple reflections mechanism, keyhole mode welding has a
high total absorption (> 80 %). Furthermore, the gas inside and above the
keyhole absorbs laser radiation by inverse Bremmstrahlung. For Nd:YAG
laser radiation this absorption mechanism is very weak compared with the
Fresnel absorption at the keyhole walls (Dumord et al., 1996; Lacroix et al.,
1996). Due to the keyhole the energy is absorbed throughout the whole
depth of the workpiece. This allows for high welding speeds (10-300 mm/s)
in keyhole or deep penetration welding and results in welds with a high
depth to width ratio and a small heat affected zone (HAZ).

keyhole
keyhole

melt poolmelt pool

longitudinal section top view

seam

plume

weld

Figure 2.3: Diagram of the keyhole and the surrounding melt pool.
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CHAPTER 2. INTRODUCTION TO LASER WELDING

2.1.3 Keyhole formation

Keyhole formation is the basis for many advantages laser welding has and
is important for the final weld quality. The basics of this formation is an
important area of research, but falls outside the scope of this thesis. Simple
models however can give some insight into the basic mechanisms involved.
Many authors have modelled the geometry of a stationary keyhole (Kle-
mens, 1976; Beck et al., 1992; Kroos et al., 1993b; Kaplan, 1994; Dumord
et al., 1996). In such models the equations for the heat balance and the
pressure balance on the keyhole walls are solved, resulting in a steady state
keyhole geometry.

Pressure balance

If we consider the keyhole as a stationary hole surrounded by liquid metal,
a pressure equillibrium on the keyhole walls can be given as:

pv = pσ + ph + pg. (2.1)

In this pressure balance the evaporation pressure pv keeps the keyhole open.
When calculating this evaporation pressure one has to solve the gas dynamic
equations inside a small layer at the ablated surface, the so-called Knudsen
layer (Aden et al., 1990). The surface tension pσ is the counteracting force
trying to close the keyhole, and is a function of the radius of the keyhole
r0 and the surface tension coefficient σ,

pσ =
σ

r0
. (2.2)

The other terms in equation 2.1 are the hydrostatic pressure pg, which is
small for thin plates and the hydrodynamic pressure ph, which is small for
low speeds. Both terms are neglected in most simplified models (Kroos
et al., 1993b).

Heat balance

As well as the pressure balance also an energy balance at the keyhole walls
can be derived. The energy flux absorbed by the keyhole wall qa has to
balance the energy lost through the heat flow into the material qc and
evaporation of the material qv,

qa = qc + qv. (2.3)

8



2.1. CONTINUOUS LASER WELDING

For the absorbed laser radiation energy qa the multiple reflection of the laser
beam down the keyhole should be taken into account (ray-tracing). The
energy transferred from the plasma in and above the keyhole should also
be included, but for Nd:YAG laser welding this effect is small and often
neglected. In many models the energy lost by evaporation is neglected,
leaving only the conduction energy flux at the keyhole walls. When the
convection of the liquid metal is neglected, as is the case in many simplified
analytical models, the heat flow can be determined by Fourier’s law:

qc = −λth∇T (2.4)

where T is the temperature distribution in the workpiece and λth the ther-
mal conductivity. An approximation of the temperature distribution due
to heat conduction is the moving line source solution:

T (x, y) = Ta +
Pl

2πλth
K0(

v

2κ

√
x2 + y2) exp(− v

2κ
x). (2.5)

This solution was first derived by Rosenthal (1946) and is the basis of
many analytical models to estimate the temperature distribution in the
workpiece and also the keyhole geometry. In this equation, Ta is the ambient
temperature of the workpiece, Pl is the line source power per unit length, K0

is a Bessel function of zero order and second kind, κ the thermal diffusity, v
the welding speed in the x-direction and x and y are the coordinates in the
plane of the workpiece with the line source as a centre. Figure 2.4 shows
an example of the temperature field solution for a moving line source. Four
isotherms are shown, with Tm = 1800 K the melt isotherm indicating the
shape of the melt pool and Tv = 2800 K the vapour isotherm for mild
steel, which can be considered as a first simplified estimate of the keyhole
boundary.

Other phenomena

In the previous paragraphs only a first approximation of the keyhole for-
mation is given. The described mechanisms, although the basis of many
models, are not sufficient to predict all observed phenomena of the keyhole
shape and behaviour, especially at higher welding speeds (> 50 mm/s)
(Matsunawa and Semak, 1997; Semak and Matsunawa, 1997). Detailed
elaboration on keyhole formation mechanisms and modelling would exceed
the scope of this thesis. The state of the art in keyhole modelling is given
by Matsunawa and Semak (1997); Semak and Matsunawa (1997); Semak
et al. (1999); Fabbro and Chouf (2000b). From this work the following, for
this thesis relevant, characteristics of the keyhole were found:
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Figure 2.4: Typical isotherm contour plot of the Rosenthal solution for
a line source, with Pl = 6.5·105 W/m, v=50 mm/s, λth = 35 W/mK,
κ =9.75·10−6 m2/s and Ta=273 K.

• The centre of the keyhole opening shifts in the direction of the trans-
lation of the workpiece (behind the centre of the laser beam). This
effect increases with increasing welding speed (Kroos et al., 1993a;
Trappe et al., 1994).

• The keyhole geometry is a function of the depth inside the material.
Influenced by the motion of the heat source the keyhole is bent back-
wards inside the material. This bending of the front keyhole wall is
shown in figure 2.3 and was modelled by Kaplan (1994); Fabbro and
Chouf (2000a).

2.1.4 Melt pool

Around the keyhole a melt pool occurs, as shown in figure 2.5. The solid
metal melts at the front side, flows around both sides of the keyhole and
solidifies at the back. This primary flow is caused by the movement of
the keyhole through the workpiece. Because the liquid is squeezed around
the keyhole the flow velocities can be much higher than the welding speed
(Beck et al., 1990).

In addition to the primary flow there is a secondary flow inside the melt
pool. This is called the Marangoni or thermocapillary flow. The Marangoni
flow is driven by the surface tension gradients in the melt pool. For pure
metals the surface tension usually decreases with temperature. This means
the surface tension is high at the solid-liquid interface and low near the
keyhole wall, causing a lateral flow from the keyhole out towards the solid-
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Figure 2.5: Picture showing the keyhole with the surrounding melt pool.

liquid interface. Furthermore, according to Semak and Matsunawa (1997)
the melt flow is also influenced by the recoil pressure due to the heavy
evaporation on the keyhole walls. The friction of the gas flowing out of the
keyhole causes an upward force on the keyhole walls.

The flow inside the melt pool is very important for the weld charac-
teristics. The flow is complex and there is no analytical expression to
describe this flow. Numerical simulation of the flow involves solving the
Navier-Stokes equations, in combination with the free surface problem of
the keyhole walls.

2.1.5 Transient behaviour of the weld pool

The behaviour of the keyhole and the melt pool is far from steady. Two
types of transient behaviour are distinguished.

First there is an intrinsically time dependent component. Even when
the welding parameters are kept constant the process is unsteady, due to
small disturbances in the material properties and the complex interaction
of the different mechanisms like the laser absorption, the metal evapora-
tion, the varying vapour pressure in the keyhole and the unsteady melt flow
motion (Kurzyna, 1998; Semak et al., 1999). Depending on the material
properties and the welding settings, this unsteady behaviour can lead to
instabilities and welding defects, such as porosities and variation of pene-
tration depth. Kroos et al. (1993a) and later Klein et al. (1996) modelled
the keyhole as a cylindrical hole surrounded by liquid and studied the pos-
sible eigenfrequencies of such a liquid cylinder. Depending on the material,
the welding speed, the laser power and the plate thickness eigenfrequencies
of 1-7 kHz were found. Acoustic measurements, however, have shown that
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frequencies of up to 40 kHz are generated by the keyhole welding process
(Gu and Duley, 1996).

The second type of transient behaviour is the extrinsic type, which is
enforced upon the process by external parameter changes. Knowledge of
this extrinsic transient behaviour of the weld pool is useful for controller
design. Several authors studied this behaviour both numerically and experi-
mentally. Beersiek (2001) used camera recordings of the weld pool to obtain
typical time constants for both the melt pool and keyhole. By modulating
the laser power as a block wave of increasing frequency, it was found that
the width of the keyhole follows the laser power modulation up to 200 Hz.
The melt pool width however, follows the laser power frequency up to ap-
proximately 50 Hz. Typical time constants of 2 to 5 ms for the keyhole
formation were found by Fabbro and Chouf (2000b) for 1 mm thick plates
and 5 kW CO2 laser power. Chen et al. (1991) measured the plasma and
melt pool area with a high speed (1000 frames/s) video camera. The plasma
radiation disappeared within 10 ms after the laser power was switched off,
whereas the melt pool area took more than 40 ms to disappear. In table 2.1
the intrinsic and extrinsic dynamics found in the above stated literature are
summarized.

Intrinsic behaviour
Author(s) method feature typical freq.

Kroos et al. (1993a) model keyhole oscillations 1-7 kHz
Gu and Duley (1996) microphone acoustic emissions 40 kHz

Extrinsic behaviour
Author(s) method feature time scale

Beersiek (2001) camera melt width 20 ms
camera keyhole width 5 ms

Fabbro and model keyhole formation 2-5 ms.
Chouf (2002b)

Chen et al. (1991) camera plasma area 10 ms
camera melt pool area 40 ms

Table 2.1: Typical time constants of keyhole and melt pool transient be-
haviour.

From these time constants it is clear that the keyhole dynamics has a faster
transient behaviour than the melt pool. In chapter 5 the time constants

12
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given above will be reviewed with respect to the measurements obtained in
this thesis.

2.1.6 Process emissions

During laser welding different emissions are generated by the process, such
as optical emissions, acoustic emissions, electric and magnetic fields. These
emissions can be used to monitor certain weld conditions during welding,
as will be discussed in section 2.2. The most important emissions are the
optical and the acoustic emissions.

Optical emissions

The optical radiation emitted by the process originates from two sources.
Firstly the heated and molten material radiates from the surface, mainly
in the infrared (IR) spectral region. This radiation can be described by
Planck’s law for black body radiation (Incropera and DeWitt, 1996):

Eλb =
2πhc2

λ5exp( hc
λkT − 1)

, (2.6)

where Eλb is the spectral emissive power, λ the wavelength, k the Boltz-
mann constant, h the Planck constant, T the surface temperature and c
the speed of light. The maximum of Eλb is found at λmax as described by
the displacement law of Wien:

λmax =
2891 × 10−6 [mK]

T
. (2.7)

For steel with a melting temperature around Tm =1800 K and a boiling
point around Tv =2800 K, the spectral peak of the melt pool radiation
varies between λmax = 1000 nm and 1600 nm, see figure 2.6.

The black body radiation describes the maximum emission possible.
For real surfaces the emission is less. The ratio between radiation emitted
by the real surface and the ideal black body radiation is defined as the
emissivity εn of a surface. The emissivity depends on the wavelength, the
surface temperature, the surface conditions and the type of material.

A second source is the radiation emitted by the plume or plasma in
and above the keyhole. The evaporated metal escaping from the keyhole
radiates at different wavelengths, depending on the degree of ionization
of the plume. The absorption of Nd:YAG radiation by the plume is low
and therefore the temperature and the level of ionization of the plume
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Figure 2.6: Spectral black body emissive power.

is also low (Duley, 1999). According to Mueller et al. (1998), the plume
produced during Nd:YAG laser welding is best described as a hot gas plume
with a dominant thermal radiation component in the visible spectrum (400-
750 nm). Only very weak spectral lines are present. This was also shown
by Fox et al. (1998) and Bijlsma (1999).

Another source of optical radiation is the reflected laser radiation. Vari-
ations in process conditions influence the amount and the direction of the
reflected laser radiation. An example is the decrease in reflected radiation
during the transition from a conduction weld to a keyhole weld, as is dis-
cussed in section 2.1.2. This effect will also be shown by measurements in
section 4.1.1 on page 44.

Acoustic emissions

The acoustic emissions originate from the strong evaporation of the metal,
the keyhole oscillations, the heating and expansion of the plasma, the ther-
mal expansion in the workpiece and the solidification process (Duley, 1999).
The first three are the main contributors to the airborne acoustics, because
of their strong coupling to the ambient gas. Farson et al. (1997) demon-
strated a relationship between the optical emissions from the plume and
the airborne acoustic emissions. The frequency regime of these airborne
emissions can extend to 40 kHz (Gu and Duley, 1996). The solidification
process and the resulting stresses can yield structural sound. In this thesis
the acoustic emissions are not used for process control.
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2.2 Monitoring and control in laser welding

The increasing use of laser welding combined with high demands on quality,
has stimulated research on quality control in laser welding. Therefore, the
research in this area has increased significantly in recent years. Quality
control of a weld consists of three parts:

(i) seam preparation before welding;

(ii) on-line monitoring and control of the welding process;

(iii) inspection of the weld afterwards.

Seam preparation is not addressed in this thesis, although it is impor-
tant for obtaining good quality laser welds. The small laser spot size, typ-
ically of the order of 0.1-0.6 mm and the small weld width requires a good
seam preparation. The seam fit-up, the seam location and good clamping
are essential. Moreover, the seam location may change during welding due
to thermal distortions. In that case on-line seam tracking will be a solution
for good seam alignment (Römer, 2001). Furthermore, seam defects, like
an unbridgeable gap, cannot be corrected on-line and should be prevented
during the preparation.

Inspection of the weld afterwards is the ultimate quality control. De-
structive mechanical testing on welds is still a common method of inspecting
the weld quality. Sometimes, all welds are visually inspected by an oper-
ator. Also visual inspector systems like the Falldorf seam inspector can
be used (Falldorf, 2000). Quality properties of the surface such as lack of
fusion, undercut and underfill can be inspected with such a system. Sev-
eral standards are used as a guideline for quality inspection of a laser weld
(International Standard, 1996; TWB Acceptance Guidelines, 1997; General
Motors Standard, 1992). The quality of the welds produced in this thesis
will be discussed in section 3.5.

The main subject of this thesis is the on-line monitoring and control of
the laser welding process itself. Monitoring the status of the welding process
on-line implies measuring one or more signals emitted by the process, as
discussed in section 2.1.6, and relating these to a certain weld quality or
weld defect. This indirect method is the basis of much research in the
area of monitoring of the laser welding process. In the following section
an overview of the literature on monitoring and control is given, with an
emphasis on the empirical correlation between measured signals and the
penetration depth of the weld.
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Figure 2.7: Diagram showing typical detector positions.

2.2.1 Monitoring optical emissions

There are numerous techniques for measuring the optical radiation and
using it as a (monitoring) signal. Depending on the optical emission(s) to
be observed and the required bandwidth, different detector types, different
spectral ranges, different fields of view and different detector positions can
be applied.

In figure 2.7 three typical detector positions are shown. With a sensor
on the back side of the workpiece, the presence of a melt pool at the bot-
tom of the plate can be detected. In particular, the detection of keyhole
penetration can easily be achieved using this set-up. A drawback is that in
many cases the back side is not accessible.

In the off-axis viewing from above, the viewing angle determines the
amount of plume/plasma emissions that can be detected. Also, melt pool
ejections (spatter) can be detected with off-axis viewing.

In coaxial viewing the radiation is measured along the same path as
the incoming laser beam. An advantage of this approach is that the sen-
sor(s) are integrated in the optics of the laser, resulting in a robust and
reproducible set-up.

A commonly used sensor configuration consists of a photodiode in com-
bination with an optical filter. This results in a fast sensor which is sensitive
to a specific spectral region. The spectral regions that are analyzed mostly
with this kind of sensor set-up are the IR-region and the UV and visible
spectral region. The IR region is related to the surface emissions of the
melt pool and the UV and visible region is related to the plasma/plume
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radiation, respectively. The amplitude of these signals is usually applied
in process monitoring and control, however, the frequency content of the
signals also contains information on the condition of the welding process.
In table 2.2 a non-comprehensive overview is given, which shows typical
qualities and defects of (CW) laser welds that according to the authors can
be monitored with photodiode based sensors. In this thesis two commercial
photodiode based coaxial sensor systems were applied, see section 3.3.

Another method that makes use of the optical emissions for monitoring
is by applying camera imaging techniques. Camera images contain infor-
mation on the two-dimensional spatial distribution of the emitted process
radiation. A disadvantage of camera systems is that they are slower and
more expensive than the photodiode based systems. However, the frame
rates which can be achieved with CCD cameras (Charge Coupled Devices)
and CMOS cameras (Complementary Metal Oxide Semiconductor) are in-
creasing rapidly. In table 2.3 a non-comprehensive overview is given of
camera based applications for monitoring. In section 4.2of this thesis a
coaxial placed CMOS camera was applied to obtain images from the weld
pool.

2.2.2 Monitoring weld depth

Monitoring of the weld depth with photodiode based sensors was reported
by several authors. Sanders et al. (1997) used a coaxially placed IR sen-
sitive sensor. They found a nearly linear relationship between the signal
strength of the sensors and the weld depth during partial penetration laser
welding of thin (<1.5 mm) sheets. In section 4.1.5 this will be validated.
Similar results were found by Beersiek et al. (1997), who as well as the coax-
ially measured infrared radiation also measured the acoustic emissions. By
combining these two emissions the accuracy of the weld depth monitoring
was enhanced.

Lankalapalli (1997) developed a model based weld depth estimator. The
inputs of the model were the laser power, the welding speed and the weld
width. With a thermocouple the temperature on the bottom surface of the
workpiece was measured and compared with the model estimated temper-
ature. In this way an estimate of the weld depth was made.

In the literature discussed earlier the monitoring of the weld depth dur-
ing partial penetration welding was addressed. Monitoring whether the
weld is penetrating through the complete thickness of the plate is another
issue. Measuring the presence of laser radiation at the back side of the work-
piece is an obvious way of detecting penetration of the keyhole (Maischner
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Photodiode based sensors
Author(s) Monitoring of quality and/or defect
Hatwig et al. (1990) and
Jurca et al. (1994)

An IR sensitive sensor with off-axis view-
ing monitors the melt ejection from the weld
pool. This is correlated with the amount of
porosities in the weld.

Chen et al. (1991) Detection of keyhole failure, overheating and
lack of penetration using off-axis viewing in
both UV and IR spectral range.

Müller et al. (1996) Coaxially measured reflected laser radiation
is correlated with the penetration depth and
porosity formation.

Gu and Duley (1997) Measurements in the UV/Visible spectral re-
gion were analyzed for their temporal fre-
quency contents by Fourier analysis. During
full penetration welding a smaller frequency
band was found than during partial penetra-
tion.

Tönshoff et al. (1998a) Lack of joining in overlap welding due to a
gap between the plates can be monitored by
a coaxially placed sensor.

Tsukihara et al. (1998) Reflected laser radiation is measured at 7 dif-
ferent off-axis positions. The signals are cor-
related with penetration depth. Finally coax-
ial viewing is suggested.

Ikeda et al. (1999) Correlation of off-axis and coaxial measure-
ments with penetration depth and full pene-
tration welding detection at a spectral wave-
length of 300 to 680 nm.

Gu and Duley (2000) Measurements in the UV and IR spectral re-
gions were used to monitor the seam gap
width during butt welding.

Table 2.2: Overview of publications on process monitoring using photodiode
based sensors.
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Camera systems as sensors
Author(s) Monitoring quality and/or defect
Peters et al. (1998) CCD camera measurements of reflected

Nd:YAG radiation. The spatial distribution
was used for detecting faults in the penetra-
tion depth. Similar work was carried out by
Müller et al. (1998).

Lhospitalier
et al. (1998) An off-axis IR sensitive CCD camera was

used to obtain a thermal image of the weld
pool surface. Relation with the thermal de-
formations were studied.

Abels et al. (1999) and
Kratzsch et al. (2000)

Plasma radiation was measured coaxially us-
ing a high speed CCD camera. The two-
dimensional spatial intensity distribution al-
lows for monitoring of the weld depth, full
penetration, seam defects and spatter.

Beersiek (1999)
Beersiek (2001)

A coaxial CMOS camera was used to measure
the weld pool emissions. From the spatial
distribution of the emissions, the penetration
depth, focal position errors and clamping de-
fects in overlap welding were recognized. Dif-
ferent regions were analyzed for the different
failures.

Holbert et al. (2000) Off-axis dual CCD camera recordings were
made. Differences between keyhole and con-
duction mode welding could be detected.

Martin et al. (2001) Emissions from known keyhole modelled ge-
ometries were compared with coaxial CCD
camera recordings to estimate the keyhole ge-
ometry.

Table 2.3: Overview of publications on process monitoring using camera systems.
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et al., 1991). However, in most industrial applications the back side of the
workpiece is not accessible. Sanders et al. (1997) showed that the intensity
of a top side sensor signal suddenly decreases when keyhole penetration oc-
curs. Monitoring the penetration of the keyhole in this way will be analyzed
extensively in chapter 4.

2.2.3 State of the art in control of the laser welding process

Although many authors mention the possibility of applying the monitoring
signals for feedback on the welding process, only few applications are known
to the author. Several cases involving weld depth control are discussed
below.

Deinzer et al. (1994) used a temperature measurement (pyrometer) at
the back side of the work-piece in CO2 laser welding. With a PI controller
the authors where able to prevent the weld from penetrating the material,
using the laser power as input to the process.

Dietz et al. (1998) developed a feedback control system based on CCD im-
ages. The penetration depth was controlled by keeping the weld pool length
constant and using the laser power as input. The system was able to control
the penetration depth during an artificially applied laser power disturbance.
However the response time of the system was approximately 1 s, which is
too slow. Faster camera systems are suggested by the authors.

Tönshoff et al. (1998b) demonstrated a feedback control system for CO2

laser welding. The frequency response of the welding process was estimated
and with it a PI controller was designed and tuned. The system was able to
minimize the influences of focal shifts and mechanical defects in the weld.

Dahmen et al. (1999) developed a closed loop control system by using
the average plasma intensity from a CCD image of the keyhole front. Beer-
siek et al. (1997) applied a CCD camera to estimate the penetration depth.
With a controller the weld depth during bead-on-plate laser welding was
maintained. The laser power was used as the input on the laser welding
process.

Bollig et al. (2001) applied a predictive control scheme to control the
penetration depth, using the laser power as input. A neural network with an
external model was trained to predict the necessary laser power, based on
the intensity measurements from a coaxial camera, the desired penetration
depth and the welding trajectory (welding speed).
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2.2.4 Conclusions

The research on monitoring of the laser welding process so far has mainly
been on fault detection and recognition. Coaxial optical sensors are very
suitable sensors for this purpose, because they provide a robust and repro-
ducible set-up. Feedback control in laser welding is still at an early stage
of development.
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Chapter 3

Experimental set-up

In this chapter the experimental set-up as used in this thesis will be de-
scribed. In the final section of this chapter some preliminary experiments
are discussed. In these experiments an optimal focal position is obtained,
the quality of the produced welds are inspected and several process windows
are determined for the FEP04 mild steel used in this thesis.

3.1 Overview

Several experimental set-ups were applied in this thesis. Each set-up con-
sisted of a laser, a manipulator system, several photodiode based sensors to
monitor the welding process, a coaxially placed CMOS camera system and
a data acquisition system. A general overview of a typical set-up is given
in figure 3.1.

3.1.1 Laser source and optics

The welds are produced using a Nd:YAG (λ=1064 nm) laser source with
a maximum power of 2 kW (Haas LASER GmbH, 1998). The laser beam
was guided from the laser source to the workstation by an optical fibre
with a 0.6 mm diameter. At the exit of the fibre the beam is collimated
and subsequently focussed on the workpiece by focussing optics with a focal
length of 100 mm, resulting in a spot diameter of 0.3 mm, see table 3.1.
The focussed beam intensity profile in the focal area has a top-hat shape
(Lange, 2000).

The laser was operated by a laser controller. The laser power was mea-
sured inside the laser source and this signal Pm was available for external
purposes through an analog output. The laser power was regulated through
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Figure 3.1: The experimental set-up with the XY-table as manipulator.

an analog input of the laser. This input signal is denoted as the demanded
laser power Pd. The dynamic relationship between Pd as input and Pm as
output will be identified in section 5.3.2 on page 73.

3.1.2 Manipulation systems

For the movement of the laser beam over the seam two different manipulator
systems were used.

XY-table

Most experiments were carried out on an XY-table developed by Bosman
(1998) which is shown in figure 3.2(left). The workpiece is mounted on the
XY-table and moved relative to the stationary laser beam. The focussing
optics were mounted on an additional axis, which moved in the z -direction
for focal adjustment of the laser beam. The motion of the XY-table was
controlled by a Galil DMC1000 controller.
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Laser Haas 2006D
Wavelength 1064 nm (Nd:YAG)
Power 0-2000 W
Fiber diameter 600 µm
Beam quality 25 mm·mrad

Optics Haas optics
Collimator 200 mm
Focal length 100 mm
Focused beam diameter 300 µm
Intensity distribution top-hat

Table 3.1: Characteristics of laser source and optics

Gantry system

The second manipulator system was a Gantry system which is shown in
figure 3.2 (right). Here the workpiece was stationary and the laser beam
optics and shielding gas supply were manipulated. The focal position was
regulated by the z axis mounted on the y axis of the gantry system. The
motion controller is implemented on a dSPACE platform with an open
control architecture, allowing for real time speed and trajectory control
(Marek, 2002; Schrijver, 2002). With this set-up both the laser power and
the welding speed can be applied as input on the welding process in a
feedback control strategy. Technical details of both systems are given in
table 3.2.

System XY-table Gantry
Stroke 300×200 mm 400×1000 mm
Max. velocity 1 m/s 1 m/s
Max. Acceleration 2.5 m/s2 1 m/s2

Controller Galil dSPACE
DMC1000 ds1103

Table 3.2: Technical specifications of the two manipulation systems
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x
y

Figure 3.2: Photograph of XY-table (left) and Gantry manipulator (right)

3.1.3 Coordinate system

In the description of the welding process a coordinate system (x, y, z) is
used, which is fixed to the laser beam. The workpiece is moved in the
x-direction, the welding direction. The negative z -direction is into the
workpiece with its origin on the surface of the workpiece. The y-direction
is perpendicular to the welding direction.

3.2 Data acquisition and controllers

A dSPACE DS1103 PPC controller board (400 MHz), installed in a Pen-
tium II host PC was used to collect all the required data (DSPACE, 2001).
The signals from the photodiode based sensors discussed in section 3.3, the
x -,y- and z -positions and the measured laser power Pm were all collected
using this dSPACE system. The laser was switched on and off by the Haas
laser controller and the demanded laser power signal Pd (20-2000 kW) was
provided by the dSPACE system, see figure 3.1. The demanded laser power
was synchronized with the movement by applying the x -position as a trig-
ger signal. Also the controllers for the laser welding process, described in
chapter 6, were implemented on the dSPACE controller board.

The dSPACE system acquired data with a sampling frequency of up to
fs=20 kHz. This leads to a Nyquist frequency of 10 kHz, i.e. the maximum
frequency that can be extracted from the measured signals. A second data
acquisition system, Siglab (MTS Systems Corporation, 1999), was also ap-
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plied. The Siglab system was used to measure signals at fs=51 kHz, for
system identification purposes described in section 5.4.2 on page 78. An-
other advantage of the Siglab system is that it contains an anti-aliasing
filter.

3.3 Photodiode based sensors

Two commercial photodiode based sensor systems were applied to monitor
the laser welding process, the Jurca system and the Weldwatcher system.

3.3.1 Jurca monitoring system

The monitoring system from Jurca Optoelectronik GmbH consists of three
sensors, the Jurca P, the Jurca T and the Jurca R sensor (Kogel-Hollacher
et al., 1998; Griebsch et al., 1997; Jurca et al., 1994; Hatwig et al., 1990).
The process radiation is directed onto three photodiodes by one semi-
transparent mirror in the laser focussing optics and three beam splitters
in the Jurca system, see figure 3.3. The field of view (FOV) of the sensors
in this coaxial set-up was approximately 18 mm in diameter around the
centre of the laser spot (Hesemans, 2001). In front of each photodiode a
different optical filter was placed, so that each sensor was sensitive to pro-
cess radiation in a different wavelength band. In this way radiation could
be measured from different origins in the welding process (melt, plume and
reflected laser radiation), as discussed in section 2.1.6.

The Jurca P sensor, with an optical band filter from 400 nm to 600 nm
is sensitive to plume radiation. The Jurca R sensor is sensitive to the re-
flected Nd:YAG laser radiation. This is achieved by an interference filter
with a single transmittance peak at 1064 nm. The Jurca T sensor is sen-
sitive to the thermal (surface) radiation from the melt pool. The spectral
sensitivity of this sensor (filter and photodiode) ranges from 1100 nm to
1800 nm. Characteristics of the spectral responses of the photodiodes and
the transmittances of the filters are given in appendix A.1. The combined
spectral sensitivities of filters and photodiodes are summarized in table 3.3.

The photodiode currents are amplified and converted to an analog signal
and measured by the data acquisition system, see section 3.2.
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Figure 3.3: Diagram of the Jurca housing system (Hesemans, 2001)(left)
and a photograph (right).

3.3.2 Weldwatcher monitoring system

The Weldwatcher monitoring system was developed by the Laser Zen-
trum Hannover (Güttler, 1998) and was made available by 4D Ingenieurge-
sellschaft mbH. The intensity of the process radiation was measured by an
optical sensor inside the housing of the laser source. The process radiation
was transmitted back through the same fibre optics system that was used
for the laser beam delivery, but in the opposite direction, see figure 3.1.
The sensor consisted of a photodiode with an optical filter in front. The
transmittancy of the filter is shown appendix A.2. It transmits at two dis-
tinct wavelengths around 360 nm and 750 nm, making the sensor sensitive
to plume emissions.

The difference with the Jurca P sensor, which is also sensitive to plume
radiation, is that the FOV of this sensor is much smaller. Due to the fibre
optics system, the FOV is approximately 0.3-0.5 mm, which is about the
same as the focussed beam diameter.

The Weldwatcher system includes a PC to monitor and analyze the
sensor signal. For that purpose the current from the photodiode was am-
plified and filtered by an analog low pass filter before it was converted by
an A/D converter inside the monitoring PC. The PC was equipped with
an additional output which makes the Weldwatcher signal SW available for
external purposes.

An advantage of the Weldwatcher system is that it does not introduce
any additional equipment on the laser head optics. This is a particular ad-
vantage in cases where the laser head optics needs to be manipulated, for
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instance on the Gantry manipulator as used in this thesis or in robotized
laser welding. Here the laser head optics often must be manipulated in
confined geometries and a small, light-weight laser focussing head is prefer-
able. Furthermore, less mass on the tip of the robots reduces dynamic path
errors due to acceleration limits and vibrations.

Sensor Signal process radiation spectral sensitivity
Jurca P SP plume emissions 400-600 nm
Jurca T ST melt pool radiation 1100-1800 nm
Jurca R SR reflected Nd:YAG 1064 nm

Weldwatcher SW plume emissions 360 nm & 750 nm

Table 3.3: Spectral response of the monitoring sensors.

3.4 Camera based sensors

Using a camera system, 2D images of radiation from the weld pool were
recorded. The camera system contributed to the understanding of the re-
sponse behaviour of the photodiode based sensors as well as to the under-
standing of the laser welding process in general.

3.4.1 The camera set-up

A Fuga 1000 monochrome CMOS (Complementary Metal Oxide Semicon-
ductor) camera was mounted on the laser head optics for coaxial viewing,
similar to the Jurca sensors in figure 3.3. The camera system contained
one or more optical filters to adjust the spectral sensitivity, a focussing lens
and a CMOS chip as shown in figure 3.4. The optical filters were placed at
an angle to reduce the effect of multiple reflections between the filter and
the lens, as this could lead to undesired reflected secondary images.

Camera resolution

The lens in the camera set-up had a focal length of f=80 mm and the lens
in the laser head optics had a focal length of f=100 mm, which results in
a magnification of 0.8. With the known area and number of pixels on the
chip, see table 3.4, a resolution of 100 pixels/mm was achieved, which was
validated experimentally.
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Figure 3.4: Diagram of the coaxially mounted CMOS camera system.

3.4.2 CMOS technology

An advantage of a CMOS camera with respect to a CCD camera is its
logarithmic response to light. The Fuga 1000 is sensitive to light intensities
across 6 decades without blooming effects. Therefore, images can contain
very high intensity regions next to very low intensity regions. This is an
advantage when observing the laser welding process, since the keyhole area
is very bright whereas the surrounding area may be significantly darker.
The Fuga 1000 camera specifications are given in table 3.4.

Fuga 1000, CMOS camera
Number of pixels 1024 x 1024

Fill factor 70 %
Pixel size 8µm x 8µm

Sensitive chip area 8.2 x 8.2 mm
Spectral sensitivity 400-1000 nm
Pixel readout speed 10-20 MHz
ADC architecture 6 decades - 10 bits

Table 3.4: Specifications Fuga 1000 (C-CAM Technologies, 2002).
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Random pixel access

Opposed to CCD cameras the pixels of a CMOS camera are freely address-
able, which means that any defined set of pixels can be read. Reading only
pixels from a window of interest (WOI) has the advantage that it speeds
up the frame rate considerably. For a full image of 1024 × 1024 pixels a
typical frame rate of 10 Hz could be achieved, whereas for an image with
a WOI of 200 × 200 pixels a typical frame rate of 300 Hz was obtained
(Ridderinkhof, 2002).

Shutter effect

A consequence of image recording with the Fuga 1000 chip is that an image
does not represent a frozen scene. An image is scanned pixel by pixel,
e.g. from left to right and subsequently from top to bottom. The time
from the first scanned pixel in an image to the last depends on the size of
the image and on the scanning rate. This effect is described as a running
shutter. Shutter effects can appear in the images when the recorded process
has typical transient behaviour that is faster than the scanning time of a
complete frame (Wäny, 2001). New CMOS cameras with a so-called stop-
action (shutter) are becoming available and do not have this disadvantage.

3.4.3 Camera calibration

The signal-to-noise ratio of a CMOS camera is low and therefore calibra-
tion of the camera chip is necessary. This calibration has to be carried out
at the light intensities of interest. In this thesis the camera was homoge-
neously illuminated at light intensities which were similar to that of the
welding process and all pixel values were set equal (first order calibration),
to represent a homogeneous intensity.

3.4.4 Interfacing and software

The camera data was captured by a PCI-card installed in a PC. For the
calibration of the camera, the definition of the WOIs, the recording and the
displaying of the images, a software program called Colibrie was written
(Voortman, 2001; Ridderinkhof, 2002). The recorded data was saved in
bit-map images with 8 bit grey level pixel information.

By applying real-time image processing, characteristic values can be
extracted in the form of a signal from any set of pixels inside the WOI.
Such a signal could for example represent the length of the melt pool. The

31



CHAPTER 3. EXPERIMENTAL SET-UP

signals were exported from the camera PC by means of an installed DA-
card and subsequently recorded with the dSPACE system, see figure 3.1.
This real-time processing of an image is applied in section 5.6 to obtain
certain melt pool characteristic dynamics.

3.4.5 Camera spectral sensitivity

Two optical filter combinations were applied in front of the CMOS camera,
to record different types of process emissions.

CMOS-P

With the first filter configuration the camera was made sensitive to the
same spectral wavelengths as the Jurca P sensor. This is denoted as the
CMOS-P camera configuration. Similar to the Jurca P sensor the CMOS-P
camera was sensitive to plume radiation. The set-up consisted of the optical
filter from the Jurca P sensor combined with a Melles Griot interference
filter, which protected the CMOS chip from the Nd:YAG laser radiation.
The combined spectral sensitivity (filter and Fuga1000 chip) is shown in
figure 3.5. In section 4.2 a comparison between the 2D intensity distribution
recorded with the CMOS-P and the response of the Jurca P sensor is made.
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Figure 3.5: The total spectral response (filter+chip) of the two applied camera
set-ups. The maximum sensitivities are scaled to 100%.
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CMOS-IR

With a second filter combination the camera was made sensitive to the
melt pool emissions (thermal surface radiation), which is denoted as the
CMOS-IR camera. The wavelength at which the maximum radiance from
the melt pool can be expected varies from λ=1000 nm to λ =1600 nm,
as discussed in section 2.1.6 on page 13. For wavelengths longer than ap-
proximately 1000 nm the CMOS chip is no longer sensitive. In order to
make the camera sensitive to IR radiation a small-band (20 nm) Fairlight
interference filter, with a peak transmittance at 922 nm was applied. With
this filter the camera sensitivity was as close as possible to the maximum
radiance of the melt pool, the CMOS chip itself was still receptive and the
Nd:YAG radiation was avoided. However, even with this interference fil-
ter the Nd:YAG radiation was not completely suppressed. To suppress the
Nd:YAG radiation further an additional Melles Griot interference filter was
also applied. Experimental studies showed that a small-band filter leads to
better melt pool images compared with a broad band filter. The individual
transmittance and spectral responses are given in appendix A.3.

Camera configuration process radiation spectral sensitivity
CMOS-P plume radiation (Jurca-P) 400-600 nm
CMOS-IR melt pool surface radiation 922 nm ± 10 nm

Table 3.5: Spectral response of the two camera configurations.

3.5 Preliminary experiments

In this section some preliminary parameter studies on the laser weldability
of the used sheet metal material are presented. The optimal focal position
is selected and a quality inspection and qualification of the produced butt
welds is made.

3.5.1 Material

Mild steel FEP04 B sheets with a thickness of 0.7 mm were applied in all
welding experiments. In appendix B the chemical composition of this mate-
rial is given. It is a low strength steel used mainly in Tailored Made Blanks
because of its good formability properties. Butt welds, overlap welds and
bead-on-plate welds were produced in this material, see figure 3.6. During
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bead-on-plate welding there is no seam. This configuration is frequently
used for experimental work because it is well comparable to butt weld-
ing, but does not require laborious seam alignment and any disturbances
introduced by faulty seam fit-ups are excluded. The edges of the plates
used in the butt welds were milled, so a good seam fit-up was obtained.
Furthermore, the material was degreased in acetone prior to welding.

butt weld overlap weldbead-on-plate

Figure 3.6: The three weld types produced .

3.5.2 Shielding gas supply

To protect the melt pool from oxidation an argon environment was applied
around the melt pool. The argon was supplied on the top side through a
copper tube surrounding the weld pool area. The laser beam reaches the
workpiece surface through an opening in this tube, see figure 2.1 on page 6.
The shielding gas supply can have significant influence on the quality of
a weld. Specifications of the gas tubes used in this thesis are given in
appendix C. On the back side of the workpiece argon was supplied through
small openings in the workpiece holder. The gas flow rates from the top
and from the bottom were 17 l/min and 6 l/min respectively and were kept
constant in all experiments.

3.5.3 Focal position

The focal position is defined relative to the workpiece surface and is negative
inside the workpiece. The focal position zf = 0 was determined experimen-
tally before each series of experiments, as explained in appendix D. The
focal position that yields the highest weld depth was obtained experimen-
tally. In figure 3.7 the achieved weld depth at P=400 W and v=40 mm/s
is given as an example. The weld is deepest at focal positions just below
the surface of the workpiece, ranging from zf=-0.1 to zf =-0.3 mm. From
this a focal position of zf = −0.1 mm (inside workpiece) was selected to be
used in the experiments and kept constant in the rest of this thesis, unless
stated otherwise.
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Figure 3.7: Weld depth as a function of the focal position for welds produced at
P=400 W and v=40 mm/s.

3.5.4 Process windows based on full penetration

Full penetration of a weld is an important quality demand for butt welds
in TMBs (General Motors Standard, 1992; TWB Acceptance Guidelines,
1997). According to the ISO 13919-1 standard (International Standard,
1996) a weld is fully penetrated when the weld bead is visible on the bottom
side of the workpiece. However, the visual inspection of the butt welds
produced in the FEP04 material resulted in the definition of two types of
fully penetrated welds, which both comply to the ISO 13919-1 norm for full
penetration.

In figure 3.8 the surface appearance at the bottom side and the cross-
sections of the two weld types are shown. The first type is defined as a
M(elt)-type fully penetrated weld. In this type the weld bead is wide on
the top side and narrow on the bottom side. The melt pool has completely
penetrated the workpiece, but the keyhole has not. In a second fully pene-
trated weld type, the K(eyhole)-type, the keyhole has also penetrated the
workpiece. The K-type has a more symmetric weld geometry. The weld
width on the top side is almost as wide as the width on the bottom side of
the workpiece.

In the process windows in figure 3.9 the parameter area (P and v) where
both M-type as well as K-type of full penetration can be achieved is shown
for bead-on-plate welding. A small difference in the process windows for
K-type and M-type can be observed. Less laser power is required for an
M-type weld at the same welding speed.
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K-type weldM-type weld

K-type weldM-type weld

1 mm

Figure 3.8: Surface appearance of the bottom of the weld and cross-sections of an
M-type and a K-type fully penetrated butt weld.

In figure 3.10 the process windows for both bead-on-plate and butt
welds are shown indicating K-type of full penetration welding conditions.
The influence of the seam can be recognized clearly. At the same welding
speed, less laser power is required to produce a butt weld. This difference is
caused by an improved absorption of the laser power in the seam compared
with the flat surface during bead-on-plate welding.

These process windows are only a first indication of the process settings
with which fully penetrated welds can be obtained. The boundaries of the
windows are not as sharp, as indicated here. Small differences in the process
conditions, like shielding gas flow, focal position, batch of the FEP04, age
of the material (surface oxidation), surface preparation etc. influence the
location of the boundaries.
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Figure 3.9: Process windows for both K-type and M-type fully penetrated bead-
on-plate welds made in FEP04 material.
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Figure 3.10: Process windows for K-type full penetration bead-on-plate and butt
welds made in FEP04 material.
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3.5.5 Quality inspection of the welds

In the previous section the butt welds were only visually inspected for pene-
tration of the weld. The presented process windows were determined on the
basis of these observations. However, as already mentioned in section 2.2
there are general standards by which the quality of the weld can be assessed.
Since the FEP04 material is often used in deep drawing applications, the
welds were subjected to tests that give an indication of their formability
properties. These tests are:

• Visual inspection on full penetration section 3.5.4;

• Microhardness of the welds;

• Tensile strength test;

• Erichsen cupping test.

The tested welds covered a large range of process settings (P and v).
Quality distinctions between K-type and M-type fully penetrated welds
were of particular interest.

Microhardness

The hardness profiles of both K-type and M-type welds are shown in fig-
ure 3.11. Due to rapid cooling rates in laser beam welding the hardness of

Distance from center line [mm]

H
V

0
.3

0
0

M-type
K-type

-1.5 -1 -0.5 0 0.5 1 1.5
100

150

200

250

300

350

Figure 3.11: Hardness profile of both a K-type and an M-type fully pene-
trated weld, measured with a 300 g load.

the welds is high compared with the base material. The base material hard-
ness is approximately 125 HV whereas for all tested welds the maximum
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hardness in the weld varied between 280 HV and 320 HV. This implies the
welds are less ductile compared to the base material. A guideline by the
GM standard (General Motors Standard, 1992) specifies that the hardness
for blanks subjected to forming processes should not exceed twice the base
material hardness, unless otherwise specified. In our case this criterion is
not fully met. However, as all welds tested in this thesis have similar hard-
ness profiles, it is not possible to determine which parameter setting yields
better results on the basis of hardness alone.

Tensile strength tests

The GM standard (General Motors Standard, 1992) specifies that the sam-
ple should not fail in the weld and/or heat affected zone, but in the base
material. In figure 3.12 a typical stress-strain diagram is shown for a K-
type weld. Similar stress-strain relations were found for all fully penetrated
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Figure 3.12: Stress-strain diagram for K-type of fully penetrated weld (P =
1100 W, v=120 mm/s). The photograph shows the bottom side of the sample
failing in the base material.

10 mm

welds (both K-type and M-type) and all failed in the base material. The
welds were hardly deformed at all by the load, due to their high hardness.
This can also be concluded from the photograph of the sample in figure 3.12,
where the width of the sample at the weld has not changed. In table E.1
of appendix E more details can be found on the tensile strength tests.
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Cupping tests

In a cupping or ball punch deformation test a punch is pushed through the
weld sample until it fails. The GM standard as well as the TWB acceptance
guidelines (TWB Acceptance Guidelines, 1997) specify that the samples
should not fail along the weld seam or within the HAZ. All fully penetrated
butt welds met these criteria. Even some partially penetrated welds met the
criteria when the punch was pushed from the non-fusion (bottom) side to
the fusion (top) side. However, from the other side the partially penetrated
welds all failed the test. In figure 3.13 both an acceptable and a failed
cupping test sample are shown.

crackcrack
weldweld

20 mm 20 mm

Figure 3.13: Photographs of two cupping test results, 20 mm ball. An acceptable
result with the crack appearing perpendicular to the weld (left) and a failed result
with the crack along the weld seam (right).

3.5.6 Concluding remarks

From the preliminary weld experiments on the FEP04 material and the
quality inspection tests performed on the butt welds produced the following
conclusions can be drawn:

• The optimal focal position was determined at zf = −0.1 mm and was
used as the focal position throughout the rest of this thesis.

• Two fully penetrated weld types are distinguished in this thesis, see
figure 3.8. An M-type weld where only the melt pool has penetrated
the workpiece and a K-type weld where also the keyhole has com-
pletely penetrated the workpiece.

• Process windows for both bead-on-plate and butt welds were de-
termined indicating the process setting (laser power P and welding
speed v) where fully penetrated welds were obtained.
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• Full penetration is an essential and sufficient quality demand for a
butt weld made in FEP04 material to be used in a deep drawing
application. All fully penetrated welds, either M-type or K-type,
passed the tests as listed on page 38. Only the microhardness of the
welds was slightly too high according to the GM standard.

• The quality tests revealed no difference between an M-type and a K-
type fully penetrated weld. However, the M-type weld geometry leads
to smaller tolerances on the seam, as the weld bead on the bottom is
very small and lack of fusion can occur more easily. Therefore, K-type
welds are to be preferred.
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Chapter 4

Steady state process
behaviour

In this chapter the response of the photodiode based monitoring signals to
different welding conditions and parameter settings is described. Their use-
fulness for feedback control purposes is evaluated. In the last sections of this
chapter some of the interesting features in the sensor response are analyzed
in more detail by means of CMOS camera recordings of the laser welding
process.

4.1 Photodiode based sensor responses

The photodiode based sensors, the Jurca and the Weldwatcher system (sec-
tion 3.3) were primarily developed to detect welding defects on-line (moni-
toring). In this section the responses of these sensors is investigated and
their usefulness for real-time feedback signals is evaluated. The dominant
parameters in the laser welding process are the laser power P , the welding
speed v and the focal position zf discussed in chapter 2. The responses
of the sensors to variations of these three parameters are presented and
discussed. To eliminate the influences of seam irregularities the sensor re-
sponses were investigated mainly in bead-on-plate welding experiments. It
is shown in section 4.1.4 that the sensor responses during butt welding are
very similar.

4.1.1 Influence of the laser power on signal response

In figure 4.1 the responses for all four sensor signals to a ramped laser
power are shown for a welding speed of v = 140 mm/s and a focal position
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of zf = −0.1 mm. The Jurca sensors were not equipped with an analog low
pass filter and therefore show considerable process related noise (intrinsic
dynamics). To visualize the trend of the Jurca signals more clearly, the
signals are also shown after low-pass filtering. For this a digital second-
order low pass filter with a cut-off frequency of 200 Hz was used.

The Jurca R signal SR is a measure for the absolute intensity of coaxially
reflected laser radiation. In the case of a constant reflection coefficient this
signal will be proportional to the laser power. By dividing the Jurca R
signal by the applied laser power an indication of the reflection coefficient
of the welding process can be obtained. The response of this scaled Jurca R
signal,

SRs =
SR

Pd
(4.1)

is shown in figure 4.2. Here Pd is the demanded laser power as discussed in
section 3.1.1 on page 23. This signal offers more insight into the absorption
of laser radiation than the Jurca R signal alone.

Conduction mode regime

Three typical welding modes can be distinguished from the responses of the
sensor signals in figure 4.1 and 4.2. In the first region from P ≈ 140 W to
P ≈ 510 W conduction mode welding occurs. Here, the Weldwatcher and
Jurca signals SW , SP and ST are low and slowly increase with increasing
laser power. The Jurca R SR and scaled Jurca R SRs signals are relatively
high, see also figure 4.2. Due to the absence of a keyhole the absorption
of the Nd:YAG laser radiation is low and the reflected laser radiation is
high. However, during the conduction mode welding the reflection already
starts to decrease. This can be concluded from the decreasing SR and SRs

signals from P ≈ 300 W to P ≈ 510 W. The increasing temperatures in the
melt pool and its increasing size results in a higher absorption and thus a
lower reflection.

Transition from conduction to keyhole mode

The conduction mode welding changes into keyhole mode welding at ap-
proximately P ≈ 510 W. This can be concluded from the appearance of
the weld surface at this point, depicted in figure 4.3. During conduction
mode welding the surface is flat and smooth whereas in keyhole welding the
surface is slightly elevated and rougher, caused by the presence of the key-
hole. The weld depth rapidly increases as can be seen in the cross-sections
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Figure 4.1: All four sensor signals as a functions of the laser power P at
a welding speed of v = 140 mm/s. In the Jurca sensor signals also the
low-pass filtered response is indicated as a white line.
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Figure 4.2: Scaled Jurca R signal, SRs after low pass filtering (cut-off fre-
quency 200 Hz) as a function of the laser power P at a welding speed of
v = 140 mm/s.
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in figure 4.3, where the weld depth is almost doubled during the transition.
In figure 4.1 this transition at P ≈ 510 W coincides with a sudden increase
in the Weldwatcher signal SW . This is probably caused by the increas-
ing vapour volume due to the increased evaporation, however the Jurca P
sensor does not show this sharp increase. Furthermore the Jurca T signal
ST shows a sharp increase in signal strength just before the transition to
keyhole mode welding, and a decrease at the actual transition. These two
effects were, however, not analyzed further, as this transition regime is not
of interest in the rest of this thesis.

Partially penetrated keyhole regime

From P ≈ 510 W to P ≈ 1200 W all sensor signals increase with increasing
laser power. In section 4.1.5 it is shown that in this partially penetrated
keyhole regime the intensities of all the signals are linearly correlated with
the weld depth. The Jurca R signal SR increase is proportional to the
increasing laser power, as the scaled Jurca R SRs signal is almost constant.
The relative reflection of the Nd:YAG laser radiation is apparently constant.
The highest signal strengths in this welding regime correspond to an M-type
penetrated weld, defined in section 3.5.4 on page 35.

Keyhole penetration

At approximately P ≈ 1200 W (v = 140 mm/s) the keyhole fully pen-
etrates the material. This is the transition from an M-type to a K-type
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Figure 4.3: Surface appearance of the weld at the transition from conduc-
tion mode to keyhole mode welding (bottom) and cross-sections of both a
conduction mode weld just before the transition (top left, 500 W) and a
keyhole mode weld directly after the transition (top right, 520 W).

penetrated weld as is defined in section 3.5.4 on page 35. As the keyhole
fully penetrates the material a sharp decrease in all signal strengths is ob-
served in figure 4.1. This abrupt signal change at keyhole penetration is a
well-known phenomenon for thin steel material and is described by several
authors (Sanders et al., 1997; Ikeda et al., 1999). They ascribed it to the
fact that part of the plume can escape at the bottom of the workpiece lead-
ing to a decrease of plume volume escaping at the top and consequently to
a decrease in plume related signals. A more elaborate and different expla-
nation for this transition and the sensor responses is given in section 4.2 of
this chapter.

The transition from a K-type to an M-type weld does not necessary
imply the desired fully penetrated weld quality is lost. An M-type weld is
still considered an acceptable weld quality, as was shown in section 3.5.5 on
page 38. Therefore, the detection of keyhole penetration or the lack of it
can be especially useful for maintaining a fully penetrated weld. The clear
detection of keyhole penetration by the photodiode based sensors is utilized
in a feedback strategy in section 6.4.

Fully penetrated keyhole regime

During full penetrating keyhole welding (K-type) from P = 1200 W to
2000 W the signals SW , SP and ST in figure 4.1 decrease with increasing
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laser power. This is explained by the increasing size of the keyhole opening
at the bottom side of the workpiece. This effect will also be discussed using
the camera recordings in section 4.2.

The SR signal increases because the absolute applied laser power is
increasing. However the scaled Jurca R signal SRs in figure 4.2 shows
the relative reflection is almost constant. This indicates that the relative
reflection remains constant during a K-type weld.

4.1.2 Influence of welding speed on signal response

In figure 4.4 the influence of the welding speed on the Weldwatcher signal
can be seen. The sensor signal is shown as a function of the laser power
at four welding speeds, 40, 80, 120 and 160 mm/s, respectively. The three
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Figure 4.4: Weldwatcher signal SW as a function of laser power P at four
welding speeds, v = 40, 80, 120 and 160 mm/s.

typical welding regions as discussed in the previous section can still be
distinguished. The main effects of the welding speed on the signal strengths
are:

• For lower welding speeds the transition from conduction mode weld-
ing to keyhole mode welding can be monitored more clearly in the
Weldwatcher sensor signal.

• The transition from an M-type to a K-type fully penetrated weld
is detectable as a sharp decrease in signal strength only for welding
speeds above approximately 100 mm/s (Zweers, 2000). For lower
welding speeds no sharp decrease in the signals is observed. Instead,
the signal strength decreases slowly with increasing laser power. An
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explanation for this effect will be given in section 4.2, using camera
images.

• The signal level immediately after the keyhole fully penetrates the
workpiece increases with increasing welding speed. In figure 4.4 this
level is approximately SW ≈ 3.4 for v = 120 mm/s and approximately
SW ≈ 3.8 for v = 160 mm/s. This effect is relevant in this thesis as
will be demonstrated in section 6.3.

The latter two effects are also found for the Jurca P and Jurca T signals.
The Jurca R signal response shows no significant difference for different
welding speeds.

4.1.3 Influence of focal position on signal response

The third parameter which has a significant influence on the response of the
sensor signals is the focal position, zf . The influence of the focal position
on the sensor response is twofold. Firstly, the focal position influences the
welding process itself and thus the response of the sensor signal. Secondly,
because both monitoring systems (Weldwatcher and Jurca) view coaxially
through the focussing optics, a change in focal position also results in a
change in the way the process radiation is imaged on the detectors. These
two effects cannot be separately identified.

To limit the first effect the influence of the focal position was investi-
gated during fully penetrated keyhole welding conditions only. The laser
power and welding speed were selected in such a way that this condition was
guaranteed over a large range of focal positions. In figure 4.5 the responses
of the different sensor signals are shown.

All Jurca signals have a similar response to the changing focal position.
From zf = 0.4 mm (above the surface of the workpiece) to zf = −1.1 mm
(beneath the surface of the workpiece) they show a minimum around zf =
−0.2 mm. The Weldwatcher signal SW shows a different response. It is
more or less constant from zf = 0.4 mm to zf = −0.2 mm and increases as
the focal position is moved deeper into the material.

It is evident that the focal position has a large influence on the signal
strengths. At zf = −0.1 mm, the optimal focal position as selected in sec-
tion 3.5.3, this influence is minimal. By using this as a fixed focal position
the influence of small focal position variations was minimized.
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Figure 4.5: Signal strengths as a function of the focal position, zf , during
K-type penetration welding conditions (P = 1200 W and v = 100 mm/s).

4.1.4 Bead-on-plate versus butt welds

The sensor responses as discussed in the previous paragraphs are based
on bead-on-plate welding experiments. The sensor responses for real butt
welding are similar, as is demonstrated in figure 4.6, where the response of
the Weldwatcher signal is shown for both a bead-on-plate as well as a butt
weld, for identical process settings (P=1000W and v =120 mm/s).

The transitions between the K-type and M-type weld in figure 4.6 are
not deliberately enforced, but are the result of an external disturbance.
Because the process settings are close to the boundary between K-type and
M-type welding conditions the external disturbance is sufficient to force the
process from one condition to the other.

The signal responses in the two weld experiments are similar. The signal
strength for a K-type weld varies around 3.5 and the signal strength for an
M-type weld varies around 5, for both welding types. The difference is that
the butt weld has longer periods of K-type welding than the bead-on-plate
weld. This is due to the fact that less laser power is required to obtain a
K-type weld in butt welding, as already shown in the process windows on
page 37.

The similar response of the sensors for a butt weld and a bead-on-plate
weld supports the experimental investigation of the sensor signals during
bead-on-plate welding. It should however be noted that this similarity is
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Figure 4.6: The response of the Weldwatcher signal during a butt weld
(top) and a bead-on-plate weld (bottom) with identical process settings,
v=120 mm/s and P=1000 W.

only valid as long as there are no seam irregularities which can cause a weld
defect. If there are gaps or other seam irregularities which cause a weld
defect, the sensor signal will respond to this defect and deviate from the
responses as shown in this chapter. A proper and faultless seam fit-up and
alignment was assumed in all butt weld experiments.

4.1.5 Signal versus weld depth

In the previous sections the response of the photodiode based sensors to
variations on different welding parameters was analyzed. To control the
weld depth with these sensor signals it is necessary to correlate the depth
of the weld with the sensor signal strengths. As already indicated in section
2.2.2 on page 17 a linear correlation between optical signals and the weld
depth was expected. In this section an empiric correlation between the
photodiode based sensor signals and the depth of the weld is determined for
overlap welds of two 0.7 mm thick FEP04 sheets. Experiments were carried
out with varying laser power at two welding speeds, v = 50 mm/s and
v = 100 mm/s. The weld depths were measured from cross-sections taken
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at several positions along the welds. The correlation between the weld depth
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Figure 4.7: Correlation between the sensor signals and the weld depth in
overlap welding at a welding speed of v=50 mm/s (left) and v=100 mm/s
(right).

and the different sensor signals are shown in figure 4.7. All the sensors show
a linear correlation with the weld depth. This linear correlation depends
on the welding speed. At a constant weld depth the signals are slightly
higher at a higher welding speed. Although this speed dependence is small
in absolute terms, compared with the total signal increase it is significant
and will be taken into account in section 6.2, where this correlation is used
to control the weld depth in overlap welding.

4.1.6 Conclusions

On the basis of the measured sensor responses it can be concluded that:

• The photodiode based sensors, with the exception of the Jurca R sen-
sor, show a similar overall response to the laser power. Three welding
regimes can be recognized: the conduction mode, the partially pene-
trated keyhole mode and a fully penetrated keyhole mode.

• The previous conclusion together with the fact that the Weldwatcher
sensor solely observes radiation originating from the keyhole area sug-
gests that the Jurca P and Jurca T sensors were also mainly respond-
ing to radiation originating from the keyhole area. This in spite of the
fact that their FOV is much larger. This suggestion will be verified
in the next section.
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• The signals do not uniquely correspond to a certain welding state or
parameter combination. They can therefore only be implemented in
a feedback scheme which operates locally around a certain ’known’
operating point (P, v and zf ).

• During partial penetration overlap welding, the sensor signals are lin-
early correlated with the weld depth as is shown in section 4.1.5. This
empirical relationship is speed dependent and is applied in section 6.2
to control the weld depth.

• The transition from a M-type to an K-type weld can be detected
clearly from the sudden decrease in signal strengths in all photodiode
based sensors, at welding speeds above approximately 100 mm/s. At
lower welding speeds no clear signal decrease was observed.

4.2 CMOS camera response

The photodiode based signals discussed in the previous section represent the
intensity of the weld pool emissions integrated over a certain area within a
certain spectral band. Consequently, the resulting signal contains no spatial
information. With the coaxially mounted CMOS camera 2D images of the
intensity distribution of the weld pool emissions were recorded. This spatial
information was analyzed to understand the response of the photodiode
based sensors and to study the laser welding process in more detail. The
analysis was carried out on images taken with both the CMOS-P and the
CMOS-IR configuration, discussed in section 3.4.

++

1 mm1 mm

(a) (b)

Figure 4.8: (a) Example of a raw image of the weld pool recorded by the
CMOS-IR camera. (b) The corresponding iso-grey contour plot of the image
in (a) for grey level 80,90,...180. The + marks the centre of the laser beam.
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4.2.1 Camera images

Figure 4.8a shows an example of a recorded image. The intensity levels
of the emissions are represented by grey levels, ranging from 0 as black
to 255 as white. For the human eye it is difficult to identify structures in
such an image. Hence, the raw images are post-processed. In figure 4.8b
an example is given. Here, a number of iso-grey contours are computed
and the differences in intensity between them are enhanced. In this way
structures in the weld pool become more visible to the human eye.

4.2.2 CMOS-P camera response

In figures 4.9 and 4.10 a number of images of the weld pool are shown at in-
creasing laser power for two welding speeds, v=80 mm/s and v=120 mm/s).
These images were recorded with the CMOS-P camera.

Shutter effect

The iso-grey contours of these images show a very irregular shape which is
caused by the shutter effect (section 3.4). The scanning time for a single im-
age is approximately 2 ms. The process emissions captured by the CMOS-P
camera include plume radiation. The fluctuations in these emissions are fast
(0-20 kHz) compared with the scanning time. The fast temporal intensity
fluctuations in the emissions result in spatial irregularities in the image.
This effect is especially present in the vertical direction, where the scan
time between two neighbouring pixels is the largest.

The thermal radiation, captured by the CMOS-IR camera, is mainly
emitted by the melt pool and the surrounding hot material. This radia-
tion has a slower fluctuating temporal behaviour. Therefore, the shutter
effect is less visible in these images and the iso-grey contours are smoother.
Compare for instance the CMOS-IR image in figure 4.8 with the CMOS-P
images in figure 4.9.

Comparison between Jurca-P signal and CMOS-P image

An interesting characteristic of the photodiode based sensors is their ability
to detect keyhole penetration at welding speeds above 100 mm/s, when
a sharp signal decrease is observed, see section 4.1. An explanation for
this sharp signal decrease at high welding speeds (v >100 mm/s) and the
absence of this sudden decrease at lower welding speeds (v <100 mm/s),
can be derived from the CMOS-P camera images in figures 4.9 and 4.10.
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+

(a) 400 W, SPm = 0.8 · 107 (b) 500 W, SPm = 1.2 · 107 (c) 600 W, SPm = 1.3 · 107

(d) 700 W, SPm = 1.5 · 107 (e) 800 W, SPm = 1.6 · 107 (f) 900 W, SPm = 1.4 · 107

1 mm

Figure 4.9: CMOS-P contour images of the weld pool for increasing laser
powers at v=80 mm/s. The workpiece moves from right to left, + marks
the centre of the laser beam.

+
1 mm

(a) 500 W, SPm = 0.4 · 107 (b) 700 W, SPm = 1.0 · 107 (c) 900 W, SPm = 1.6 · 107

(d) 1100 W, SPm = 2.4 · 107 (e) 1120 W, SPm = 1.8 · 107 (f) 1300 W, SPm = 1.4 · 107

Figure 4.10: CMOS-P contour images of the weld pool for increasing laser
powers at v=120 mm/s. The workpiece moves from right to left, + marks
the centre of the laser beam.

In the CMOS-P configuration the camera has the same spectral sensitivity
as the Jurca P sensor. This allows for a comparison between the Jurca P
signal SP and the 2D CMOS-P images. An equivalent signal is extracted
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from the CMOS-P images. This quantity is given by

SPm =
n∑

i=1

10
6 · (Gp(i)

256
)

(4.2)

where Gp(i) is the grey level of an individual pixel and n the number of
pixels in the image. The photodiode inside the Jurca P sensor is linearly
sensitive but the CMOS chip is logarithmically sensitive to the light. To
account for this difference the measured intensity in each pixel Gp(i) is
written in the exponent in equation 4.2. The correct scaling is applied as
the CMOS chip is sensitive to 6 decades of light, which are logarithmi-
cally represented by 256 grey levels (8 bits). Another difference is that the
Jurca P signal SP is an integral value of the light intensities within the field
of view (FOV) of the sensor. The FOV of the Jurca sensor is much larger
than the size of the camera image. However the cameras FOV is sufficiently
large to assume that the intensities outside this FOV will not significantly
contribute to the signal.

For each CMOS-P image in figure 4.9 and figure 4.10 the signal SPm

is calculated. The values of SPm are shown in figure 4.11 as a function of
the laser power, for both welding speeds v=80 mm/s and v=120 mm/s.
The Jurca-P signal responses are also shown in the figure, for comparison.
The response of the extracted signal SPm is similar to the response of the
Jurca P signal SP , which confirms that the SPm signal is qualitatively
comparable to the Jurca P signal.
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Figure 4.11: The extracted SPm signal from the CMOS-P images and the
Jurca P signal SP as a function of the laser power for two welding speeds.

Due to the logarithmic sensitivity of the CMOS camera the signal SPm

is mainly determined by the higher grey levels in the CMOS-P images,
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which originate from the keyhole area. This supports the conclusion drawn
in section 4.1.6, that the Jurca sensors mainly respond to radiation from
the keyhole area. These responses can be explained by the intensity distri-
butions in the CMOS-P images.

At v =80 mm/s the signal SPm increases with increasing laser power,
due to the increasing size of the weld pool, as shown by the images 4.9a
to 4.9d. Between P = 700 W and P = 800 W the keyhole fully penetrates
the material and a local low intensity spot appears inside the highest in-
tensity area of the images in figures 4.9e and 4.9f. This low intensity area,
the so-called dark spot, is clearly shown in figure 4.12a. This figure depicts
the grey level intensities along the horizontal centreline of the weld pool.
The grey level distribution for a fully penetrated keyhole weld at P=800 W
displays a local minimum behind the centre of the laser beam. This min-
imum is not observed during partially penetrated keyhole conditions, at a
laser power P=700 W.

The dark spot is caused by the opening of the keyhole at the bottom
side of the workpiece. The camera observes the colder environment below
the workpiece through the keyhole. As the laser power is increased the size
of this dark spot increases and its intensity decreases. This results in a
decreasing SPm signal with increasing laser power. This is similar to the
Jurca P signal SP response. However, the occurrence of this dark spot does
not result in a sharp decrease in SPm during keyhole penetration, as is the
case at higher welding speeds.

At v = 120 mm/s, a similar response of the extracted signals is observed
for the partially penetrated welds (P <1100 W), see figure 4.11. The signal
SPm increases with increasing laser power, as does the Jurca P signal SP .
As the keyhole fully penetrates the material, between 1100 W and 1120 W,
the extracted signal SPm suddenly decreases from 2.4× 107 to 1.8× 107, a
25 % drop. This is a similar response as observed with the photodiode based
sensors during keyhole penetration for welding speeds above 100 mm/s.
An explanation for this sharp decrease is offered by means of the grey level
distribution in figure 4.12b. As the keyhole fully penetrates the material the
size of the area from which the most intense emissions (grey levels >100))
originate suddenly retracts to a much smaller area. This effect is clearly
visible in the CMOS-P images in figure 4.10d and figure 4.10e. This effect
is not observed at the lower welding speed of v=80 mm/s, in figure 4.12a.
This explains the absence of a signal drop in the SPm and the photodiode
based signals at these lower welding speeds.
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Figure 4.12: The grey level distribution along the horizontal centreline of
the weld pool for a fully and a partially penetrated keyhole weld at two
welding speeds, (a) v = 80 mm/s and (b) v = 120 mm/s. The intensity
distributions are taken from the CMOS-P images in figure 4.9 d, e and
figure 4.10 d, e.

Emissions recorded by CMOS-P camera

The occurrence of a dark spot in the images recorded with the CMOS-P
camera suggests that the Jurca P sensor is not only sensitive to plume
radiation. If this were the case, the emissions by the hot gas inside the
keyhole would dominate the thermal radiation from the keyhole walls and
no lower intensity spot could appear. On the other hand, the Jurca P is
also not solely sensitive to the surface radiation from the molten pool and
keyhole walls, as otherwise the iso-grey contours in the CMOS-P images
would be as smooth as the contours in the CMOS-IR image in figure 4.8.
It is most likely that the Jurca P and CMOS-P camera are sensitive to the
plume radiation superimposed on the thermal radiation from the hottest
weld pool surfaces. The thermal radiation from the melt surface determines
the general response of the sensor, explaining the similarities between the
Jurca P and Jurca T sensor responsse. The plume emissions are the cause
of the high noise level on the Jurca P signal and the irregularities in the
contours of the CMOS-P images.

4.2.3 CMOS-IR camera response

The CMOS-IR camera is sensitive to a small wavelength band in the IR
region (922 ± 10 nm), see section 3.4. The iso-grey contours of a number of
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1 mm

(a) P = 400 W, partial penetration

(b) P = 500 W, partial penetration

(c) P = 600 W, partial penetration

(d) P = 700 W, partial penetration

(e) P = 800 W, keyhole penetration

(f) P = 900 W, keyhole penetration

Figure 4.13: CMOS-IR contour images of the weld pool at v=80 mm/s, the
workpiece moves from right to left.

1 mm

(a) P = 500 W, partial penetration

(b) P = 700 W, partial penetration

(c) P = 900 W, partial penetration

(d) P = 1100 W, partial penetration

(e) P = 1300 W, keyhole penetration

(f) P = 1500 W, keyhole penetration

Figure 4.14: CMOS-IR contour images of the weld pool at v=120 mm/s,
the workpiece moves from right to left.
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recorded images at 6 increasing laser powers are shown in figure 4.13 and
figure 4.14.

Keyhole area IR emissions

The most intense emissions are observed around the centre of the laser
beam. This area is similar to the CMOS-P recordings in figures 4.9 and 4.10,
with the presence of a dark spot for a fully penetrating keyhole. The
increasing size and the reduction of the intensity minimum of this dark
spot with increasing laser power are shown in figures 4.15b and 4.16b.
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Figure 4.15: The grey level distribution along the horizontal centreline of the
weld pool recorded with the CMOS-IR camera. (a) Two partially penetrated
welds and (b) two fully penetrated keyhole welds, both at v = 80 mm/s.
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Figure 4.16: The grey level distribution along the width of the weld pool
through the centre of the laser beam recorded with the CMOS-IR camera. (a)
Two partially penetrated welds and (b) two fully penetrated keyhole welds,
both at v = 80 mm/s.
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The position of the minimum in this dark spot is located behind the
centre of the laser beam. This is caused by the backward bending of the
keyhole. At increasing welding speed the dark spot moves backwards as
shown in figure 4.17. This effect was also reported by Beersiek (2001).
Furthermore, the geometry of the dark spot changes from a round shape
to an elliptic shape. This is probably caused by the fact that an increasing
area of the keyhole opening at the bottom is hidden under the melt pool,
as the welding speed is increased. This is also illustrated in figure 4.17.

a) Schematic v = v0 v1 > v0 v2 > v1

keyhole

b) Recorded v=60 mm/s v=100 mm/s v=140 mm/s

Figure 4.17: Dark spot inside the keyhole area moving backward relative to
centre of the laser beam with increasing welding speed. The recorded images
(CMOS-IR) are post-processed with a digital filter, which accounts for the
smooth iso-grey levels.

Melt pool area IR emissions

The recordings of the CMOS-IR camera in figures 4.13 and 4.14 show a
tail behind the keyhole region, which was not seen in the recordings of the
CMOS-P camera. The images show the melt pool and the hot surround-
ings. The iso-grey contours in the melt pool behind the keyhole region are
flattened, which is probably caused by the flow around the keyhole. Behind
this flattened structure the iso-grey contours becomes more U-shaped. A
further analysis is given in section 4.3.

For partially penetrated welds the length of the melt pool grows with
increasing laser power, see figure 4.15 a, while the width of the melt pool
grows only marginally, see figure 4.16a. For a penetrated keyhole the length
and the width of the melt pool are insensitive to an increase in laser power,
as illustrated in figure 4.15. Due to the opening of the keyhole on the
bottom side of the workpiece an excess in laser power is transmitted through
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the material and is lost for the welding process. However, variations in laser
power do influence the keyhole shape, which is the reason for the variations
in the emissions from this keyhole area measured by the photodiode based
sensors and recorded by the CMOS camera.

4.2.4 Conclusions

The conclusions based on the CMOS-P and CMOS-R recordings are:

• The Jurca sensors respond mainly to radiation from the keyhole area.

• The full penetration of the keyhole, detected by the photodiode based
sensors as a sharp decrease in the signal strength (v >100 mm/s),
is caused by a retraction of the area from which the most intense
emissions originate.

• The dark spot observed in CMOS images can be applied to discrimi-
nate between a fully and a partially penetrated keyhole for all welding
speeds (Ridderinkhof, 2002).

• The gradual decrease of the photodiode based signals at increasing
laser power during full penetration keyhole welding is caused by the
increasing size and decreasing intensities in the dark spot.

• The occurrence of a dark spot in the images recorded with the CMOS-
P camera suggests that the Jurca P sensor is not only sensitive to
plume radiation. It is most likely that the Jurca P and CMOS-P cam-
era are sensitive to the plume radiation superimposed on the thermal
radiation from the hottest weld pool surfaces.

• The melt pool shape (length and width) is almost insensitive to laser
power variations for a fully penetrated keyhole weld and can therefore
not be used for monitoring and control.
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4.3 Melt isotherm in CMOS-IR camera images

CMOS-IR images, such as the iso-grey contour image in figure 4.18, are
representative for the temperature distribution on the surface of the weld
pool. However, determining which iso-grey level has which temperature is
not straightforward, as the emission coefficient is temperature dependent
and unknown. This is therefore not attempted in this thesis.

1 mm

AA

Figure 4.18: Iso-grey contour plot of a typical CMOS-IR image of a fully
penetrated weld (P=1100 W,v=60 mm/s). The cross-section AA indicates
the width of a iso-grey contour. The + marks the centre of the laser beam.

However, a first attempt to identify the melt isotherm (melt pool shape)
in the CMOS-IR images was made by comparing the iso-grey contours with
the actual weld width. The widest part of a iso-grey contour that fits the
weld width should correspond to the melt iso-grey contour. The actual
weld width was measured in metallurgical cross-sections of several welds.
Photographs of several cross-sections are shown in figure 4.19. The cross-
sections AA of the iso-grey contour which width equals the actual weld
width, are also indicated in the figure. With this fit method an iso-grey
level of 128 was identified as the melt iso-grey level. However, the fit method
was not very accurate. The gradient of the grey level distribution along the
cross-section of the weld is very steep, as can be seen in figure 4.19 (bottom).
Hence, a small error in the measured weld width results in a large error in
the grey level. The standard deviation of the fit method was approximately
6.

The actual value of 128 is not comparable with the CMOS-IR recordings
presented in section 4.2.3, because the angle of the optical filters in front
of the camera was not kept constant and therefore their transmittancy was
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Figure 4.19: Photographs of metallurgical cross-sections of several welds
(top) and the corresponding intensity distributions along cross-section AA
of a CMOS-IR image similar as indicated in figure 4.18 (bottom).

varied slightly. The iso-grey contours of 128 ± 6 are shown in figure 4.3.
Clearly the obtained iso-grey contours have a flattened tail. This was not
expected because the weld surface striations pattern, which indicates the
solidification front, has a more V-shaped tail, as shown in figure 4.21a.
Therefore, it is not very likely that the obtained grey level of 128 is indeed
the melt isotherm.

1 mm

Figure 4.20: Contours with grey values 122, 128 and 134 (128 ± 6) showing
a flattened tail.

A similar conclusion can be drawn from the laser weld pool simulations
by de Lange (2003a,b). His two-dimensional model takes into account the
heat balance and the fluid dynamics of the melt pool, and uses a simplified
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solidification pattern

1 mm

(a)

500µm

(b)

melt isotherm

500µm

(c)

Figure 4.21: (a) A photograph of the weld bead surface, indicating solid-
ification striations, (b) simulated isotherms showing the characteristic V-
shape tail of the melt isotherm for low carbon steel with v=60 mm/s and
P=800 W, (c) an enlarged part of CMOS-IR iso-grey contour image in fig-
ure 4.18 showing the tail of the melt pool (v=60 mm/s and P=1100 W).

keyhole model for the absorption of the laser power. The inclusion of the
latent heat into the model proved to be of considerable importance for the
melt pool shape. An interesting characteristic that was obtained from the
simulations is that the latent heat causes the melt pool tail to close in a
V-shape. The isotherms just below the melt isotherm have a more rounded
U-shaped tail, see figure 4.21b. This characteristic is also visible in the
recoded CMOS-IR image in figure 4.21c. The highest intensity iso-grey
contour shown has a clear V-shape tail and the iso-grey contours below this
one have a more U-shaped tail. Ducharme et al. (1994) observed a similar
melt pool tail during laser welding of thin sheets in their experimental work.
This V-shape characteristic can serve as a better indication on the location
of melt isotherm.
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CHAPTER 4. STEADY STATE PROCESS BEHAVIOUR

Obviously the width of the melt iso-grey contour with the V-shaped tail
in figure 4.18 is larger than the width of the actual weld. A possible expla-
nation for this discrepancy is that the plume and soot above the workpiece
scatter the IR emissions originating from the surface and thereby increasing
the width of the melt pool iso-grey contour in the recorded images. The
scattering effect by the plume and soot is less near the tail of the melt pool
because it is further away from the keyhole which ejects the plume and
soot. Therefore the sharp V-shape tail is less disturbed than the area near
the keyhole where the width of the iso-grey contours were measured.
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Chapter 5

Process dynamics

For the purpose of controller design and for a better understanding of the
process, the transient behaviour of the laser welding process is investigated
in this chapter. Typical time constants of the process were determined us-
ing various measurements. Firstly, the dynamic responses of the photodiode
based sensors (Jurca and Weldwatcher) to laser power variations are an-
alyzed using system identification techniques. With this analysis typical
keyhole dynamic behaviour is determined. Secondly several geometric char-
acteristics of the melt pool, recorded by the CMOS camera, were analyzed
with regard to their temporal response.

5.1 Introduction

From a control point of view, laser beam welding is a fast, non-linear and
multivariable problem. The design of a feedback controller can be carried
out empirically or based on models. Model based controller design is pre-
ferred in this thesis, as it opens the possibility for optimizing the design.
With such models the dynamic response of the process outputs to chang-
ing inputs can be simulated. Given the complex nature of the process and
its emissions, it is very difficult to obtain an analytical model from first
principles, which is suitable for controller design. Therefore, in this thesis
a dynamic model of the welding process was determined experimentally by
means of linear parametric system identification. An introduction to this
technique will be given in the next section.

In figure 5.1 an overview of the overall laser welding process is depicted.
It consists of the laser source, the welding process and the sensors (Jurca,
Weldwatcher and CMOS camera). With system identification the dynamic
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CHAPTER 5. PROCESS DYNAMICS

relationship between the measurable input and output signals in figure 5.1
can be obtained.

Pd Pm ’quality’

SW , SP , SR, ST

Laser Process Sensors

Figure 5.1: Overview of the overall system and the measurable signals applied in
the identification.

As discussed in the chapter 4 the laser power is an important process
input and is a suitable input to control the weld depth. Therefore, the
laser power is applied as input signal in the identification technique. As
output signals of the identified models the photodiode based sensor signals
were applied. Also some camera based melt pool characteristics were ap-
plied as output signals to obtain information on the dynamic response of
the melt pool. In order to investigate the influence of the welding speed,
identification was carried out at different welding speeds.

5.2 System identification

System identification is a technique with which a mathematical dynamic
model of a physical process can be constructed, based on measured input
and output data. In this section a short introduction is given. Detailed
information on system identification can be found in e.g. Ljung (1999) and
van den Hof (1997). The identification procedure involves several steps,
which are introduced successively.

5.2.1 Experimental data collection

In this first step the input and output signals of a process have to be se-
lected. As only linear system identification is applied in this thesis a linear
relationship between the input and the output signals must be looked for.
The input signal(s) should be tailored in such a manner that all expected
dynamics of the process are excited, see also section 5.3.1. Prior knowledge
of the process can be used in the design of the experiments. Both input
and output data are then measured. The measured data may have to be
preprocessed for the next steps in the identification procedure. Examples
of this preprocessing are splitting up the measured data in a so-called work-
ing set and a validation set (see section 5.2.3), removing the means from
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5.2. SYSTEM IDENTIFICATION

the data, additional digital filtering, etc. Preprocessing can improve the
accuracy of the identified models significantly.

5.2.2 Selection of model set

In the second step the structure and the order of several model candidates
have to be selected. In this thesis the process is considered as a black
box, where both the structure and the order of the dynamic model have to
be determined. In such a black box model the model parameters do not
necessarily have a physical meaning.

The assumed structure of the data generating system (the physical pro-
cess) is depicted in figure 5.2 and can be written as:

y(k) = G0u(k) + H0e(k) (5.1)

with u(k) the measured input, y(k) the measured output and e(k) some
unknown white noise disturbance. Here G0 relates the input u(k) to an
undisturbed output and H0 represents the noise generating part of the
process. All signals are sampled at discrete time intervals and k indicates
the sample number.

G0

H0

G

H−1Predictor
model

Assumed
process

ε(k)

e(k)

u(k) y(k)++

+-

Figure 5.2: Schematic drawing of the assumed physical process structure G0,H0

and the predictor model G,H.

The assumed data generating system (G0,H0) in figure 5.2 can be de-
scribed with a parametric model which consists of two rational functions
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G(q, θ) and H(q, θ). The function G(q, θ) describes the dynamics of the pro-
cess and the function H(q, θ) models the noise generation. The parameters
of the model are represented in the parameter vector θ. The shift operator
q is commonly used in discrete signal theory, with s(k−1) = q−1s(k) where
s is a sampled data sequence. This model (G(q, θ),H(q, θ)) is called a pre-
dictor model as it can provide a prediction of the output data based on the
history of the measured input u(k) and output y(k) data. The prediction
error made by the model can be written as:

ε(k, θ) = H−1(q, θ)
(

y(k) − G(q, θ)u(k)
)

. (5.2)

This error is visualized in the block diagram in figure 5.2. The error ε
serves as a signal that indicates how well a model is able to describe the
dynamics of the measured data. If the prediction model (G(q, θ),H(q, θ)) is
equal to the data generating system (H0,G0), then ε = e. However, also in
the situation that the model differs from the data generating system, the
model pertains its role as predictor. There are a number of methods for
the estimation of the parameters θ (identification), based on the prediction
error (Hof, 1997). In this thesis the parameter vector θ which minimizes
the mean square of the error ε(k, θ) is estimated.

The functions G(q, θ) and H(q, θ) of a model are written as discrete
transfer functions. A discrete transfer function can be mathematically rep-
resented in the polynomial form:

G(q, θ) =
B(q−1, θ)
A(q−1, θ)

= q−nk
b1 + b2q

−1 + b3q
−2 + · · · bnb

q−(nb−1)

1 + a1q−1 + a2q−2 + · · · anaq−na
. (5.3)

The roots of the denominator A(q−1, θ) are the so-called poles of the transfer
function. The number of poles na determines the order of the transfer
function. The roots of the nominator B(q−1, θ) are called the zeros of
the transfer function. The number of (sample) time delays in the transfer
function is nk. For sampled data typically nk=1, if there is no dead time.
The coefficients of the polynomials are collected in the parameter vector θ.

The order and structure of a model have to be selected beforehand and
determine a specific model set. The model structures applied in this thesis
are shown in table 5.1, in which each model structure is written in transfer
form and denoted with an appropriate name.

The ARX model structure name is an acronym in which AR refers to
the AutoRegressive part A(q−1, θ)y(k) of the model and the X refers to the
eXogenious term B(q−1, θ)u(t). The ARX and ARMAX model structures
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Model Structure G(q, θ) H(q, θ)

ARX B(q−1, θ)
A(q−1, θ)

1
A(q−1, θ)

ARMAX (ARM) B(q−1, θ)
A(q−1, θ)

C(q−1, θ)
A(q−1, θ)

OE, Output Error
B(q−1, θ)
F (q−1, θ)

1

Table 5.1: Transfer functions of the model structures used in this thesis.

have a common denominator A(q−1, θ) in G(q, θ) and H(q, θ). However,
the nominator in an ARMAX model is C(q−1, θ). In the Output Error
(OE) model structure the two transfer functions G(q, θ) and H(q, θ) are pa-
rameterized independently, with H(q, θ)=1 and the denominator of G(q, θ)
denoted by F (q−1, θ).

The choice for applying a specific model structure in an identification
problem can be an important issue. In this thesis this choice was based on
the accuracy of the fit that could be obtained. The choice of the model
structure also influences the computational effort which is required to solve
the identification problem.

The identification procedure was carried out using the system identi-
fication toolbox in Matlab (Mathworks, 2002). The names of the models
were taken from this toolbox. The name of a model starts with the name
of the model structure, followed by a series of numbers, which represent
the order (na), the number of zeros+1 (nb) and the number of delays (nk)
of the model, respectively. The order in which these numbers are rep-
resented depends on the model structure. For an ARX model the nota-
tion is ARXna nb nk whereas for an Output Error model the notation is
OEnb nf nk. For example an ARX4 2 3 and an OE2 4 3 are both fourth or-
der models with one zero and three sample delays. The ARMAX model
structure has an independent noise model of which the order is the same
as the process model but the number of zeros nc can be different. The
notation is ARMna nb nc nk.

5.2.3 Obtaining a best model fit

From several model candidates a best model fit can be derived. Generally
a good model fit describes the output of the process accurately with the
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lowest possible order.
A lot of information on the model fits can be revealed by comparing the

measured output signal y(k) with the output signal that is simulated by
the identified model. This refers to the evaluation of the simulation error:

εsim = y(k) − G(q, θN )u(k), (5.4)

where θN is the estimated parameter set.
In this thesis the weighted mean square (WMS) of this simulation error:

WMS = 100 % ·
(
1 −

√
(
∑

εsim(k)2)√∑
(y(k) − y(k))2

)
(5.5)

was applied to give an indication on the accuracy of the fit. This WMS is
a measure for the standard deviation of the simulated error εsim divided
by the standard deviation of the measured output y(t). It is calculated
for a validation data set, which is different from the data set on which the
parameter vector θ is identified in order to prevent over-fitting of the model.

A final validation of the identified model is its applicability for the
intended purpose. If the model is accurate enough to be applied for its
intended purpose it can be considered a successful identification. The steps
in the identification procedure, described above, are iteratively applied to
derive a best model fit.

5.3 Laser source dynamics

The laser source is a part of this overall system and as such its internal
dynamics is important. System identification was applied to obtain a dy-
namic model of the Haas laser, with the demanded laser power Pd as input
and the measured laser power Pm as output, see figure 5.1.

5.3.1 Design of the input signal

For identification in general the applied input signals are broad-banded, to
guarantee that the measured data contains information over a sufficiently
wide frequency range. All dynamics in the process should be excited as
equally as possible. In this thesis a Random Binary Signal was used. Such
a signal has several advantages. First of all, the frequency spectrum can
be tailored, so that most energy can be put in a desired frequency range.
According to the documentation (Haas LASER GmbH, 1998), the band-
width of the Haas laser does not exceed 1 kHz. Therefore the RBS input
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signal was limited to frequencies up to 2 kHz, in all experiments. Secondly,
the signal is binary, which means the signal value can only have one of two
levels. This is not necessarily an advantage for the identification of the
laser, but it is an advantage for the identification of the welding process.
An input signal with a bounded amplitude can constrict the process to
the linear parts of operation, for instance operating in a fully penetrated
welding condition only. At the same time it offers the possibility to do
this with a maximum amplitude, which increases the signal-to-noise ratio
of the measured data. Depending on the welding regime the amplitude of
the RBS was selected to obtain a sufficient excitation.

5.3.2 System identification of the laser

The frequency spectrum of the input Pd and output Pm are shown in fig-
ure 5.3. The output shows a faster decay than the input at frequencies
above 1000 Hz, indicating a sufficiently high frequency content in the in-
put.

Pm

Pd

Frequency [Hz]

M
ag

ni
tu

de
[-
]

100 101 102 103 104
10−4

10−2

10 0

10 2

10 4

Figure 5.3: The spectrum estimate of Pm (output) and Pd (input).

In figure 5.4 the validation input and output data of the laser source
are shown. The best model fit is a second order ARX2 1 6 model with the
following discrete transfer function for a sample frequency of fs=20 kHz,

Gl(q) =
Pm

Pd
= q−6 0.04016

1 − 1.663q−1 + 0.7037q−2
. (5.6)

As can be seen in figure 5.4 the ARX2 1 6 model describes the dynamic
response of the laser source very accurately, resulting in a WMS value of
96 %. The laser source has a settling time (decay of transients within
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Figure 5.4: Input Pd and output Pm data and the best model fit response
on a validation set for the identification of the laser source.

1% of final value) of approximately ts ≈ 1.2 ms. A large part of this
response time is caused by the 6 sample delays (0.3 ms). The complex pole
pair at q = 0.83 ± 0.11i, originating from the roots of the denominator of
the transfer function, has a natural frequency of fn = 700 Hz. The laser
source dynamics behaves like a low pass filter with the break point at this
frequency. This dynamics originates from the internal controller of the laser
source.

5.4 Dynamic responses in the full penetration regime

Identification in the full penetrated keyhole welding regime was carried out
for two welding speeds. In this way the influence of the welding speed
on the dynamic response of the process can be analyzed. The applied
welding settings are shown in table 5.2. These process settings result in a
fully penetrated keyhole weld (K-type). As input the measured laser power

Welding speed RBS laser power range
v=80 mm/s Pm=800-1800 W
v=120 mm/s Pm=1000-1900 W

Table 5.2: Process settings applied for the identification of the photodiode based
sensors in the fully penetrated keyhole welding regime.
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Figure 5.5: Comparison of measured output ∆SW with two model fits (top).
The measured laser power ∆Pm as input (bottom), SW = 3.41, Pm =
1450 W, v=120 mm/s.

Pm was applied. By using the measured laser power the dynamics of the
welding process and the sensor can be identified without the presence of
the dynamics of the laser, see figure 5.1. The laser source dynamics does
however limit the frequency contents of the input signal, as demonstrated
in section 5.3.2. As output in the identification the four photodiode based
sensor signals, SW ,SP ,ST and SR, were applied.

5.4.1 Dynamic response of the Weldwatcher sensor

In the identification with the Weldwatcher signal SW as output, two ac-
ceptable model fits are derived. In figure 5.5 these models, an ARM4 2 2 1
and an ARM4 2 4 20, are shown.

For the dynamic identification, the mean values Pm and SW were re-
moved from the measured data. The models relate the variations of the
measured laser power ∆Pm to the variations of the Weldwatcher signal
∆SW . Consequently, the models are only valid near this point of opera-
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tion, with:
Pm = Pm + ∆Pm

Sw = SW + ∆SW .
(5.7)

Both the ARM4 2 2 1 model and the ARM4 2 4 20 model are fourth order
models with a negative gain. The negative gain indicates that an increasing
laser power results in a lower Weldwatcher signal, which was already shown
in section 4.1.1. The accuracy of the model fits are almost the same with
a WMS value of 51.9 % for the ARM4 2 2 1 and a WMS value of 51.4
% for the ARM4 2 4 20. The difference between the two models is that
the ARM4 2 2 1 is a non-minimum phase model and the ARM4 2 4 20 is
not. In a non-minimum phase system the initial response to a step-like
input is in the opposite direction with respect to its final value. This
behaviour is illustrated in the step response in figure 5.6. The ARM4 2 4 20
does not exhibit non-minimum phase behaviour and has a delay time of
1 ms (20 sample periods), instead. This delay time is almost equal to the
duration of the initial opposite response of the non-minimum phase model
ARM4 2 2 1. Apparently the noise level on the output signal is such that
the non-minimum phase behaviour can, in this case, be approximated as a
time delay with the same WMS value for the fit.
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Figure 5.6: Step response of the Weldwatcher signal SW models to a unit
step in the laser power for both the ARM42 2 1 and the ARM42 4 20 model.
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Inspecting the measured output data ∆Sw in figure 5.5 indicates that
the non-minimum phase behaviour is indeed occurring in the response of
the Weldwatcher signal. Therefore it is considered to be a real physical
effect and not a numerical artefact. A possible explanation of this non-
minimum phase behaviour is demonstrated in figure 5.7. This figure shows
schematically the longitudinal section of the keyhole shape at two laser
power levels in a steady state situation. At the high laser power level,
the keyhole opening at the bottom is larger than at the lower laser power
level. This explains the negative gain of the model as already discussed in
section 4.2. In the transition (dynamic) phase from the low power to the
high power level, the larger keyhole opening at the bottom has to be created
first. To create this larger keyhole opening, initially an excess of material
has to be evaporated, which leads to a higher signal strength. Therefore,
temporarily a higher signal strength is present, whereas in the final steady
situation the signal strength is lower than before the laser power increase.
This is a characteristic of non-minimum phase behaviour.

Plume

Plume
Laser

Keyhole wall at
low power level

Keyhole wall at
high power level

Keyhole

v

Figure 5.7: Longitudinal section of the schematic keyhole shape at two power
levels.

As the non-minimum phase behaviour seams to be present in the mea-
sured data, the ARM4 2 2 1 model, which also displays this behaviour, was
selected as the best model fit. The discrete transfer function describing the
process dynamics is represented by:

G(q) =
∆SW

∆Pm
= q−1 7.30 × 10−6 ( 0.93 − q−1)

1 − 2.45q−1 + 1.54q−2 + 0.32q−3 − 0.40q−4

fs = 20 kHz, v = 120 mm/s, SW = 3.41, Pm = 1450 W.

(5.8)

The dominant dynamics belonging to the model is shown in the pole-
zero map in figure 5.8. The zero with a real positive part q = 1.08 outside
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the unit circle is a characteristic of the non-minimum phase behaviour.
The dynamics of the complex pole pair in q = 0.96± 0.12i is caused by the
analog low-pass filter inside the Weldwatcher signal. The natural frequency
of this pole pair is fn = 418 Hz, which is approximately the break point for
the analog filter. The Weldwatcher signal SW does not contain significant
energy in frequencies above 500 Hz.
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Figure 5.8: Pole-zero map of ARM42 2 1 model.

For a lower welding speed of v = 80 mm/s an ARM4 2 2 1 model struc-
ture was also identified as best fit. The dynamic behaviour of this model
is very similar to the ARM4 2 2 1 model found at v=120 mm/s. This illus-
trates the importance of the low-pass filter in the overall response of the
signal. The settling times of the models were ts =7 ms for v = 80 mm/s
and ts =8 ms for v = 120 mm/s. The identified models and their settling
times are summarized in table 5.3 on page 83.

5.4.2 Intrinsic process dynamics in the Jurca signals

As no analog filter is present in the Jurca monitoring system, its signals
could give rise to aliasing effects when recorded with a data acquisition
system that also has no analog filter, like the dSPACE board. Therefore,
the Jurca signals used for identification were recorded with the Siglab ac-
quisition board, as introduced in section 3.2 on page 26. This system au-
tomatically applies a low-pass anti-aliasing filter at the Nyquist frequency
and has a sampling rate of fs=51 kHz.

Furthermore, the Jurca P and Jurca T sensor signals have a poor
signal-to-noise ratio as already mentioned in section 4.1.1. This high noise
level originates from the highly fluctuating emissions from the welding pro-
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cess, mainly caused by the keyhole intrinsic dynamics, as discussed in sec-
tion 2.1.5 on page 11. In figure 5.9 an energy spectrum of the Jurca P
signal, recorded during a fully penetrated weld, is shown. The spectrum
is obtained by applying a discrete fourier transformation (DFT) on eight
identical experiments. These eight spectra are subsequently averaged to
obtain the spectrum as shown in the figure. Significantly higher energies
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Figure 5.9: Energy spectrum of the Jurca P signal during full penetration
K-type welding conditions, P=1000 W, v=120 mm/s

can be observed in a frequency band from 4 to 6 kHz. This intrinsic dy-
namics of the process is probably caused by the oscillatory motion of the
keyhole geometry. According to Klein (1996) eigen frequencies of the key-
hole can range from 1-7 kHz. Furthermore, significant energy is present in
all frequencies up to 15 kHz, explaining the high noise levels on the signals.
Frequencies above 15 kHz were damped by the anti-aliasing filter in the
SigLab system.

Zweers (2000) demonstrated that compared with a partially penetrated
weld, a K-type weld is characterized by an increase in energy in the fre-
quency band from 7-10 kHz for both the Jurca P and Jurca T signals.
However, it was not possible to extract a reliable on-line signal from this
frequency band which could be used for control purposes. The signal-to-
noise ratio on such a signal was too low.
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Noise reduction for Jurca signals

For system identification the high frequency components on the Jurca T
and Jurca P signals (output signal) are merely undesired noise components,
as they are not correlated to the input Pm which does not contain any
energy in frequencies above 1 kHz. The poor signal-to-noise ratio hinders
the possibility of identifying reliable dynamic models using the Jurca P and
Jurca T signals as output in the identification. To improve the signal-to-
noise ratio the output signals were averaged over eight experiments with
identical inputs. In this way the stochastic component of the signals was
reduced. In figure 5.10 the response of a Jurca T sensor is shown for both
a single recorded signal ST (top graph) as well as the signal averaged over
eight experiments STa (bottom graph).
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Figure 5.10: Jurca T signal of a single experiment ST in the top graph
and the averaged signal STa from eight identical experiments in the bottom
graph.

It is clear that the noise level was reduced significantly in the averaged
signal. Similar averaging was carried out for the other two Jurca signals,
SR and SP . To further increase the accuracy of the identification, a digital
low pass filter with a cutt-off frequency at 2 kHz (5th order Butterworth
filter) was applied to the averaged Jurca signals, also. The identification,
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using these averaged and filtered Jurca signals as outputs, is discussed in
the following subsections.

5.4.3 Dynamic response of Jurca T and Jurca P signals

In the identification with the Jurca T and Jurca P signal as output, second
order Output Error models were identified as best model fits. The settling
times of these models are summarized in table 5.3 on page 83, for both
welding speeds (v=80 mm/s and v=120 mm/s). The settling times of the
models derived for a welding speed of v = 80 mm/s are significantly higher
than the settling times derived for the models at v=120 mm/s. This implies
an influence of the welding speed on the dynamic response of the Jurca T
signal and Jurca P signal, which is not observed in the Weldwatcher signal
response. The accuracy of the fits, with WMS values between 50 % and
63 %, is comparable with the identified model with the Weldwatcher signal
as output. As an example, a small time interval of the variations on the
measured averaged Jurca T signal ∆STa and the identified OE2 2 1 model
fit are shown in figure 5.11.
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Figure 5.11: Comparison of measured averaged Jurca T signal STa as output
and the best model fit, an OE2 2 1, at v = 80 mm/s.

5.4.4 Dynamic response of Jurca R signal

The reflected laser radiation measured by the Jurca R sensor SR appeared
to anticipate on the measured laser power Pm (input). This non-causal
behaviour implies that the laser power measurement inside the laser source
is delayed with respect to the actual laser power on the workpiece, see also
figure 5.1. In order to be able to apply system identification and to quantify
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this delay, 15 sample delays (0.29 ms) were added to the output signal SR.
With this artificially delayed output signal a causal relationship between
the input and the output was created.

The identification with this data resulted in zero order Output Error
models as best model fits for both welding speeds. The results are given
in table 5.3. The accuracy of the models is very high with a WMS value
around 96 %. The models have no dynamics and can be considered as a
gain with a delay time of approximately 0.21 ms. Consequently the Jurca R
signal SR reacts 0.08 ms before a change in laser power is measured by the
laser source Pm. In figure 5.12 the result of the identification for the Jurca R
signal during full penetration welding at v=120 mm/s is shown.

OE1 0 12 model
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Figure 5.12: Comparison of measured averaged Jurca R signal and the best
model fit, an OE1 0 12, at v = 120 mm/s.

The fact that the measurement of the laser power Pm is slightly delayed
compared with the real physical laser power present on the workpiece could
also influence the other identified models. However, non-causal behaviour
was not detected for the other output signals. Furthermore, the delay
period of 0.08 ms is negligible compared with other time constants obtained
in this thesis.

5.4.5 Overview and concluding remarks

The system identification results with the photodiode based sensor signals
as output are summarized in table 5.3. These results are valid in the full
penetration (K-type) welding regime.

From the dynamic identification of the photodiode based sensor re-
sponses and the identified models the following conclusions can be drawn:
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Output Speed Settling time Delay model WMS
SW 80 mm/s 7 ms - ARM4 2 2 1 59 %
SW 120 mm/s 8 ms - ARM4 2 2 1 52 %
STa 80 mm/s 10 ms - OE2 2 1 59 %
STa 120 mm/s 4 ms - OE2 2 1 56 %
SPa 80 mm/s 9 ms - OE2 2 1 50 %
SPa 120 mm/s 4 ms - OE2 2 1 63 %
SRa 80 mm/s - -0.08 ms∗ OE10 11 95 %
SRa 120 mm/s - -0.06 ms∗ OE10 12 97%

Table 5.3: The settling times of the best model fits obtained with Pm as input and
the photodiode based signals as outputs, during full penetration welding conditions.
∗ non-causal behaviour

• The low signal-to-noise ratio on all sensor signals caused by the in-
trinsic dynamic behaviour of the welding process hinders the system
identification. It leads to a poor accuracy of the identified models,
typically with a WMS value of ≈55 %. An exception is the derived
model for the Jurca R signal response, with a WMS ≈96 %. Despite
the poor accuracy, the models with the Weldwatcher signal as output
will prove to be accurate enough for controller design in chapter 6.

• The dynamic behaviour of the Weldwatcher signal SW is dominated
by its internal analog filter, with a cut-off frequency of 418 Hz.

• The dynamic response of the Jurca P and the Jurca T sensor are very
similar. The settling times of the derived models are almost identical.
Moreover, decreasing settling times at increasing welding speed were
observed for both sensor signals, indicating an influence of the welding
speed on the dynamic behaviour of the welding process.

• The time scales for the extrinsic dynamic behaviour of the keyhole
found by other authors (2-10 ms), presented in table 2.1 on page 12,
are in the same order as the time scales derived in the identification
of Jurca P and Jurca T signals as carried out in this thesis.

• The reflected laser radiation measured by the Jurca R sensor anti-
cipated on the internal laser power measurement of the Haas laser.
The time interval between the two signals is approximately 0.08 ms,
which is negligible compared to all other times scales derived in this
thesis. No extrinsic dynamics was found in the reflected radiation.
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5.5 Identification in partial penetration overlap
welding

The dynamic models obtained in the previous section are valid during fully
penetrated keyhole welding. Identification of the process during partial
penetration overlap welding was solely carried out for the purpose of de-
riving a dynamic model to design and optimize a feedback controller. The
Weldwatcher was applied as a feedback signal, as will be discussed in sec-
tion 6.2. Therefore, the variation of this signal was used as output ∆SW

in the identification here. The input in the identification was the variation
on the measured laser power ∆Pm. The identification was carried out for
a welding speed of v =50 mm/s at an averaged laser power of Pm = 650 W
and a laser power variation of ∆Pm = ±200 W. With these process settings
a partially penetrated overlap weld was produced.

A typical small time interval of the measured input and output data as
applied in the identification is shown in figure 5.13. An ARX4 2 2 model
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Figure 5.13: Comparison of model output with measured output ∆SW

response (top) on RBS modulation of the laser power ∆Pm (bottom).
Pm = 650 W, SW = 3.95, v = 50 mm/s.
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(fs=20 kHz) was derived as best model fit for the process:

Gp(q) =
∆SW

∆Pm
= q−2 −1.5 × 10−4 + 2.1 × 10−4q−1

1 − 0.88q−1 − 0.45q−2 + 0.06q−3 + 0.37q−4

fs = 20 kHz, v = 120 mm/s, SW = 3.95, Pm = 650 W.

(5.9)

This best model fit is a fourth order model with a 0.1 ms delay (2 sam-
ple periods), for which the response to the measured input signal is also
shown in figure 5.13. The discrete pole-zero map of this model is shown in
figure 5.14. The dominant dynamics, from the first complex pole pair in
0.91±0.08i, (fn = 401Hz, ζ = 0.72) originates from the analog low pass fil-
ter inside the Weldwatcher sensor, similar to that observed in section 5.4.1.
In that section a bandwidth for the analog filter inside the Weldwatcher
sensor of 418 Hz was obtained. This is in reasonable agreement with the
401 Hz found here, considering the accuracy of the models. Furthermore, a
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Figure 5.14: Pole-zero map of the identified model (ARX4 2 2) derived for
penetration welding.

zero at q = 1.41 outside the unit circle is shown, indicating the presence of
non-minimum phase behaviour and a zero in z = 0, ensuring that a total
of 2 sample delays is achieved. This latter zero adds no dynamics to the
model but solely complements the number of delays.
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5.6 Dynamic response of melt pool characteristics
in overlap welding

5.6.1 Introduction

In section 4.2.3 it was observed that for fully penetrated keyhole welds the
melt pool shape is almost insensitive to variations in the laser power, see
figure 4.15b and figure 4.16b on page 60. Therefore, no dynamic response
of melt pool characteristics during full penetration can be identified. Dur-
ing partially penetrated welding, however, the melt pool shape can be ef-
fected by varying the laser power. Therefore, in this section the dynamic
behaviour of several melt pool characteristics is analyzed during partial
penetration overlap welding conditions. The dynamic response of the melt
pool characteristics was identified for three welding speeds and various laser
powers. In table 5.4 the different process settings are specified.

Welding speed RBS laser power range
v=60 mm/s Pd=700-1000 W
v=100 mm/s Pd=800-1300 W
v=140 mm/s Pd=1300-1900 W

Table 5.4: Process settings for identification of the melt pool characteristics during
partially penetrated overlap welding.

5.6.2 Extracted melt pool characteristics

The length and width of four iso-grey contours, with grey levels 100, 110,
120 and 130, were extracted from the images on-line and applied as output
in the identification. These characteristics are illustrated in figure 5.15. The
absolute value of the grey levels in the figure are not directly comparable
to the grey levels in the CMOS-IR images in section 4.2.3 or section 4.3, as
the filter mounting in the camera set-up is different. However, the shape of
the melt pool can be used for comparison with previous shown CMOS-IR
images in chapter 4.

The lowest grey level of 100 is the contour close to the boundary between
solid and liquid material. The grey levels of 110 to 130 belong to contours
within the liquid material, as discussed in section 4.3.

The extracted signals are denoted by L for the length or W for the
width of a contour, followed by a number which indicates the grey level of
the iso-grey contour. For example L120 is the length of the contour with a
grey level of 120.
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1 mm
laser beam

100 110 120 130

L100

L120

W130

Figure 5.15: Iso-grey contour lines (100, 110, 120 and 130) of a recorded
CMOS-IR image and the WOI’s as used for obtaining the length and width
of these contours in real time, indicated with the dashed rectangles (100 pix-
els ≡ 1 mm).

WOI

To extract the melt pool characteristics at the highest possible sample
rate, the Window of Interest (WOI) of the camera was adjusted to the
smallest possible size. In figure 5.15 the two WOIs, used to extract the
width and the length of the iso-grey contours are shown. Only one of the
two WOIs was applied during each experiment. For the extraction of the
width of an iso-grey contour, a WOI of 24x112 pixels was applied. This
WOI was positioned behind the centre of the laser beam, as the largest
width of the contours is located there. The extracted width signal is a
measure for the largest width of a contour present in this WOI. With a
WOI of 372x8 pixels the length of an iso-grey contour was determined.
The length signal was constructed by averaging the length of the contour
over 6 of the 8 rows in the WOI.

The extracted signals were exported from the image processing PC by
a DA (Digital to Analog) PCI card and recorded by the dSpace data ac-
quisition PC as described in section 3.2 on page 26. With both WOIs the
widths and lengths of the different iso-grey contours can be extracted at a
typical sampling rate of 2.2 kHz. The exported signals were recorded by the
dSpace acquisition board at a sampling rate of fs=20 kHz and re-sampled
for identification at 10 kHz. For more details see appendix F.

5.6.3 Identification of melt pool characteristics

The input signal for the identification of the melt pool characteristics is the
demanded laser power Pd, modulated as a Random Binary Signal (RBS),
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as in section 5.3. In this case the RBS only contains frequencies up to ≈
100 Hz. The identification was carried out at a sample rate of fs=10 kHz.
As output in the identification the above mentioned extracted melt pool
characteristic signals were applied.

In figure 5.16 an example of one of the identified melt pool characteristic
responses is shown, with ∆Pd as input and ∆L100 as output. This is the
dynamic response of the length of the iso-grey contour of a grey level of
100. The derived best model fit is an OE1 2 80. This model has a settling
time (1% final value) of ts=86 ms of which 8 ms is a time delay. The fit
has a WMS value of 81 %.

The results of the identification of the other iso-grey contour lengths and
widths are summarized in tables 5.5 and 5.6, for all three welding speeds.
The accuracy of the fits varies between 85 % and 43 %, where especially at
the higher iso-grey levels the accuracy is the lowest.
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Figure 5.16: Comparison of measured output L100 with the best model fit
(top). The laser power variations ∆Pd as input (bottom), with L100=253
[pixels], Pd=1167 W, v=100 mm/s.
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Iso-grey contour lengths
Signal Speed Settling time Delay Model structure WMS
L100 60 mm/s 115 ms 16 ms OE1 2 155 84 %
L100 100 mm/s 86 ms 8 ms OE1 2 80 81 %
L100 140 mm/s 48 ms 2 ms OE1 2 20 60 %
L110 60 mm/s no response
L110 100 mm/s 78 ms 7 ms OE1 2 70 67 %
L110 140 mm/s 37 ms 6 ms OE1 2 60 68 %
L120 60 mm/s no response
L120 100 mm/s 23 ms 6 ms ARX2 2 55 49 %
L120 140 mm/s 27 ms 5 ms OE2 1 45 43 %
L130 60 mm/s no response
L130 100 mm/s 25 ms 5 ms ARX2 2 50 43 %
L130 140 mm/s 23 ms 2 ms ARX2 2 1 65 %

Table 5.5: Typical response times of the derived identified models, with Pd as input
and the iso-grey contour lengths as outputs at three welding speeds.(fs=10 kHz)

Iso-grey contour widths
Signal Speed Settling time Delay Model structure WMS
W100 60 mm/s 90 ms 1 ms OE1 1 10 67 %
W100 100 mm/s 80 ms 2 ms OE1 1 20 85 %
W100 140 mm/s 98 ms 2 ms OE1 1 20 74 %
W110 60 mm/s 40 ms 3 ms OE1 1 30 66 %
W110 100 mm/s 41 ms 3 ms OE1 1 30 84 %
W110 140 mm/s 55 ms 3 ms OE1 1 30 59 %
W120 60 mm/s 29 ms 3 ms OE1 1 25 66 %
W120 100 mm/s 28 ms 3 ms OE1 1 25 74 %
W120 140 mm/s 27 ms 1 ms OE1 1 10 54 %
W130 60 mm/s 25 ms 1 ms OE1 1 10 51 %
W130 100 mm/s 18 ms 1 ms OE1 1 10 72 %
W130 140 mm/s 15 ms 1 ms OE1 1 5 57 %

Table 5.6: Typical response times of the derived identified models, with Pd as input
and the iso-grey contour widths as outputs, at three welding speeds.(fs=10 kHz)
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5.6.4 Concluding remarks

The following conclusions can be drawn from the identification of the dy-
namic behaviour of the melt pool characteristics, during partially pene-
trated overlap welding.

• The settling times obtained in section 5.4 for the photodiode based
signals are smaller than the settling times obtained for the melt pool
characteristics. This supports the observation that the melt pool
dynamic behaviour is slower than the keyhole behaviour.

• The time scales for the extrinsic dynamic behaviour of the melt pool
found by other authors is 20-50 ms, presented in table 2.1 on page
12. These are similar to the time scales of the iso-grey contours inside
the melt pool (grey levels 110, 120 and 130), obtained in this thesis.
The iso-grey contour of 100, close to the boundary between solid
and liquid material showed an even slower temporal behaviour up to
approximately 100 ms

• The characteristic lengths and widths of the contours nearest to the
keyhole area have the fastest response. The width of the contour
representing the highest intensities W130, nearest to the keyhole has
settling times which are comparable with the Jurca signals SP and
ST , obtained in the previous section.

• The dynamic responses of the length signals L100 and L110 are weld-
ing speed dependent. Decreasing settling times are observed for in-
creasing welding speed, see table 5.5. For the higher grey level con-
tours (L120 and L130) this effect is not observed.
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Chapter 6

Feedback control

In this chapter the feedback strategies developed to control the weld depth
are discussed. The weld depth is controlled in partial penetration overlap
welding and full penetration is maintained in butt welding. In the latter the
feedback control is also applied to optimize the welding speed.

6.1 Introduction

In a feedback system the variable being controlled is measured by a sensor
and its information is fed back to the process to influence the controlled
variable (Franklin et al., 1994). The principle and the components of such a
system are shown in figure 6.1 as a block diagram. The central component

R
Controller Actuator Process

Sensor
S

Y

Ym

U

Disturbances

Figure 6.1: Block diagram illustrating the closed loop feedback principle.

is the process or plant, of which the output Y is to be controlled. In
this thesis the plant is the laser welding process and the output Y is the
weld depth. In this case the output Y is not the same as the measured
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variable Ym, as the weld depth cannot be measured directly. The variable
Ym in this thesis is the emitted process radiation which is measured by the
Weldwatcher signal resulting in the signal SW . For SW a correlation with
the weld depth was obtained in chapter 4. The actuator is the device that
can influence the controlled variable Y through the input of the process U .
For the laser welding process the applied actuators are the laser and the
manipulator systems. The input variables U of the process are thus the
laser power P and the welding speed v. The controller adjusts the input
variable U in such a way that the output Y is kept at a desired reference
level R, despite disturbances that act on the plant.

Objectives

Feedback control was applied on the laser welding process for two weld
configurations with different objectives.

1. Controlling the weld depth in overlap welding, in section 6.2

2. Maintaining full penetration in butt welding in sections 6.3 and 6.4.

The feedback system should make the process less sensitive to distur-
bances like welding speed variations, protection glass contamination (lead-
ing to a reduced laser power on the workpiece surface), small focal shifts,
gas flow fluctuation, etc.

Laser welding process sensors

As already mentioned above, the Weldwatcher signal is applied as sensor
signal in all the feedback strategies. The advantage of the Weldwatcher
signal over the other photodiode based sensors is that the sensor has the
highest signal-to-noise ratio due to its analog filter. Furthermore, the fact
that the sensor is not mounted on the laser head is a practical advantage
as it introduces no additional load for the manipulator.

Actuators for the laser welding process

The considered actuators for the laser welding process are the laser source
(power) and the manipulators (welding speed). The fast response time
of the laser source, typically 1 ms, makes the laser power a favorable in-
put compared with the welding speed. Another advantage of applying the
laser power as input is that the keyhole and thus the energy input in the
workpiece is manipulated directly.

92
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The response time of the welding speed depends on the manipulator
system and its control settings, and is typically of the order of 40-80 ms.
This makes it a less favorable input for ‘fast’ manipulation of the welding
process.

6.2 Weld depth control in overlap welding

The objective in overlap welding is to join two overlapping plates without
actually fully penetrating the bottom plate, see figure 6.2. This weld type

lack of fusion partial penetration full penetration

Figure 6.2: Three typical weld geometries.

is applied for example in applications where the bottom plate is a visual
part or in products with a closed back side where contamination of an inner
part due to weld residue is not acceptable.

The feedback system in overlap welding should be able to maintain a
partially penetrated weld during speed variations. Speed variations are a
realistic disturbance. In real welding applications they may be the result
of limitations of the manipulator system (e.g. robot or gantry system). To
maintain the high tracking accuracy needed in laser welding applications,
the manipulator often has to decelerate when approaching seam corners
and sharp turns.

6.2.1 Feedback design

Reference generator

The linear correlation between the Weldwatcher signal and the weld depth
as presented in section 4.1.5 on page 51 is applied as a measure for the
weld depth. Unfortunately, this relationship depends on the welding speed,
which had to be taken into account in the feedback design. From a desired
welding depth dref [mm] and the measured welding speed vm [mm/s] a
corresponding reference signal Sref [-] for the Weldwatcher sensor output
was calculated, using:

Sref = 4 · 10−4 vm + 1.54 dref + 1.89. (6.1)
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This equation was extrapolated (last square fit) from figure 4.7 on page 52.
It was implemented in a reference generator in order to calculate the ref-
erence signal Sref belonging to a certain weld depth on-line. The welding
speed vm was derived from the measured x position of the XY-table by
applying a discrete differentiating filter with a second order low-pass filter,
represented by:

F (q) =
vm

x
=

1.9852(q − 1)
q2 − 1.985q + 0.9851

, fs = 20 kHz. (6.2)

The cut-off frequency of the low pass filter is approximately 30 Hz.

Controller design

For the design of the controller the dynamic model for overlap welding
of equation 5.9 on page 85 and the dynamic model of the laser source in
equation 5.6 on page 73 are combined. This results in a total dynamic
model of the process with the demanded laser power Pd as an input and
the Weldwatcher signal SW as output. The aim of the controller design is to
make the closed loop process fast enough to suppress the negative effects of
sudden changes in welding speed and robust enough for other disturbances,
such as possible non-linearities in the process that are not represented in
the dynamic model.

The transient behaviour of the melt pool is estimated to have typical
time constants of 30-100 ms, see section 2.1.5 and tables 5.5 and 5.6 on
page 89. From these time constants, a bandwidth of approximately 150 Hz
for the closed loop system was derived as a first estimated criterion for the
controller design. The bandwidth is defined as the maximum frequency at
which the output of a system is attenuated by a factor of 1

2

√
2 times the

input (Franklin et al., 1994).
To make sure that no steady state errors occurred a Proportional-

Integral (PI) controller was applied. Moreover, to suppress the high fre-
quency process and measurement noise an additional first order low pass
filter was incorporated in the controller, supplying additional roll-off. The
general discrete transfer function of the implemented controller is given by

CPI(q) = KP

[
1 +

KI

(q − 1)

] 1
q − τ

= KP
(q − 1 + KI)
(q − 1)(q − τ)

, (6.3)

where KP is the proportional gain, KI the integral gain and τ [s] a time
constant which determines the cut-off point for the filter characteristics in
the frequency response.
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Figure 6.3: Frequency response of the closed loop system for two propor-
tional gains, KP = 10 and KP = 40, respectively.

The tuning of the PI controller was carried out directly in the discrete
time domain by root locus design, using MATLAB’s root locus design tool
(rltool) (Mathworks, 1998). The pole of the PI controller is located in q=1.
The zero was placed in q = 0.913, resulting in a KI=0.087. The pole from
the low pass filter was placed in q = 0.731 to ensure additional roll-off
for frequencies above 1 kHz. The bandwidth of the closed loop system
can easily be manipulated by changing the proportional gain. For instance
with a KP =10 a bandwidth of only 40 Hz is obtained, see figure 6.3. This
property was used for the experimental tuning of the controller, which
proved to be necessary, as will be discussed in section 6.2.3. With KP =40
an initial closed loop bandwidth of 150 Hz was reached. The obtained
transfer function of the controller can be written as:

Cp(q) =
40(q − 0.913)

(q − 1)(q − 0.731)
, fs = 20 kHz. (6.4)

The relevant area of the root locus of the controlled process, with the
obtained closed loop poles, are shown in figure 6.4. The complex pole pair
at 0.91 ± 0.08i, (fn = 401 Hz and ζ = 0.72) is the dominant pole pair,
which corresponds to the dynamics of the analog filter in the Weldwatcher
sensor, as already found in section 5.4.1. The other complex pole pair
in 0.83 ± 0.11i, fn = 704 Hz, ζ = 0.803 originates from the laser source
dynamics, see section 5.3.2 on page 73 .

The controller from equation 6.4 was implemented on the dSPACE con-
troller board with a sample frequency fs = 20 kHz. The block diagram of
the closed loop system is shown in figure 6.5. Its performance was tested
in overlap welding experiments carried out on the XY-table.
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Figure 6.4: Relevant part of the root locus of the closed loop process. Sev-
eral high frequency poles are not shown. The closed loop pole locations are
indicated by *, for KP = 40.
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Figure 6.5: Block diagram of system used in closed loop experiments, with
the PI controller to control the weld depth in the grey area.

6.2.2 Start-up procedure

The feedback system was designed to operate during partially penetrated
welding conditions. The dynamic model on which the controller is based,
is only valid in this welding regime. During the start-up phase of the weld
these conditions will not yet be present. Therefore, the process has to reach
a certain welding depth before the controller can be activated. To make the
activation of the controller straightforward, the control system is designed
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to operate around a nominal laser power Pn. This nominal laser power is
also the laser power during the start-up phase. After the start-up phase, the
controller is activated and the laser power variations ∆P from the controller
are added to the nominal power, see figure 6.5. In this way no initial states
need to be set in the controller during its activation. The controller was
activated by a trigger which detects when the weld has reached a given
x-position.

6.2.3 Controller performance

The performance of the feedback system was tested by applying changes in
welding speed. As a benchmark, a longitudinal section of an uncontrolled
overlap welding experiment is shown in figure 6.6. The longitudinal section
indicates the weld depth along the welding direction. A constant laser
power of 1100 W was applied and the welding speed was decreased from
an initial 100 mm/s to 60 mm/s at a position of 46 mm along the weld.
At a welding speed of 100 mm/s the weld is only partially penetrated (the
desired weld depth). As the welding speed is reduced to 60 mm/s the
weld fully penetrates the bottom plate. After the speed change the average
Weldwatcher signal is clearly higher, indicating the deeper penetration.
During the first controlled welding experiments the designed bandwidth
of 150 Hz proved to be too high to obtain a smooth welding process. The
process and the signals fluctuated considerably during closed loop operation
and irregular weld surfaces were obtained. An example of such a weld bead
surface is shown in figure 6.7.

To smoothen the process the bandwidth of the closed loop system was
reduced by lowering the proportional gain KP of the controller. Taking
KP = 10 yields a closed loop bandwidth of approximately 40 Hz, see fig-
ure 6.3. With this bandwidth a trade-off between an acceptable fluctuation
level of the welding process and a sufficiently fast response was obtained
experimentally. An example of the weld bead appearance with this closed
loop bandwidth is shown in figure 6.8.
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Figure 6.6: Longitudinal section of a weld produced in an uncontrolled ex-
periment together with the corresponding Weldwatcher signal, which is low
pass filtered at 20 Hz. Pd=1100 W . The weld is grey and base material
white.
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Figure 6.7: Surface appearance of a controlled overlap weld showing severe
irregularities in the weld bead width. The closed loop bandwidth is 150 Hz
with KP =40.
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Figure 6.8: Smooth surface appearance of a controlled overlap weld with a
closed loop bandwidth of 40 Hz, KP = 10.
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In figure 6.9 the demanded laser power Pd and the Weldwatcher signal
SW during a controlled overlap welding experiment with this closed loop
setting is shown. In this experiment the welding speed was as before reduced
from an initial 100 mm/s to 60 mm/s at 46 mm along the weld. The
controller was activated after a start-up phase of 15 mm. As an example this
phase was deliberately chosen to be long, but it could easily be shortened
to only 1-3 mm by choosing different initial process settings. The controller
was deactivated after 85 mm.

In the experiment the desired welding depth was set to the centre of the
bottom plate, dref=1.125 mm. A longitudinal section of the weld resulting
from this experiment is shown in figure 6.10. Clearly, the weld has not pen-
etrated the material and the weld depth is maintained close to the desired
level. At the lower welding speed the weld is slightly deeper. Furthermore,
larger variations are present in the weld depth compared to the partially
penetrated part of the uncontrolled benchmark experiment in figure 6.6.
The behaviour of the welding process with an active controller is, despite
the lower bandwidth, still slightly more irregular than an uncontrolled par-
tially penetrated weld with a constant laser power.

Moreover, some porosities are visible in both the benchmark weld as
well as the controlled overlap weld. These porosities are not observed in
single plate butt welds and are probably caused by the (air) gap between
the two plates in overlap welding.

6.2.4 Conclusions on controlled overlap welding

• A feedback system to control the weld depth in overlap welding was
developed. The objective to maintain a constant weld depth during
welding speed variations was achieved, without penetrating the work
piece. The small variations in the weld depth during the controlled
welding experiments are within acceptable boundaries.

• A bandwidth of the closed loop system of 40 Hz proved to be sufficient
to compensate for a sudden large (40 %) welding speed change. Higher
bandwidths led to irregularities on the surface of the welds.
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Figure 6.9: The response of the feedback system, with a closed loop band-
width of 40 Hz, to a sudden speed change (v=100 mm/s to v=60 mm/s) at
46 mm. The demanded welding depth was set to dref=1.125 mm, resulting
in a reference signal of Sref =4.02 for v=100 mm/s and Sref =3.86 for
v=60 mm/s, respectively.
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Figure 6.10: Longitudinal section of a weld produced in the controlled
welding experiment in figure 6.9, together with the corresponding laser
power, which is low pass filtered at 20 Hz. The reference weld depth was
dref=1.125 mm. The weld is grey and base material white.
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6.3 Full penetration control in butt welding

As shown in section 3.5 full penetration is an essential quality for butt
welds produced in FEP04. In many cases full penetration is achieved by
using a surplus of laser power so that the process is less sensitive to the
disturbances. In this thesis a feedback approach is taken in order to ensure
full penetration.

Two different controller approaches are applied in this thesis to maintain
full penetration during laser welding. Firstly, in this section, a controller
was designed based on an identified model, similar to the approach in sec-
tion 6.2. Secondly, in section 6.4 a different approach for maintaining full
penetration will be presented. With the latter control approach it is pos-
sible to minimize the laser power required for a fully penetrated weld and
simultaneously optimize the welding speed.

6.3.1 Controller design

The dynamic model with which the controller for full penetration was de-
signed is the identified model of section 5.4.1 on page 75, combined with
the model for the laser source from equation 5.3 on page 72.

A PI controller was tuned using a root locus design, in a similar way as
discussed in the previous section. The objective was to make the controller
robust enough for disturbances, such as e.g. non-linearities in the process.
At the same time the controller should be fast enough to keep the process
in a K-type full penetration welding condition. As a design criterion a
bandwidth of 200 Hz was used for the tuning of the PI controller. This
bandwidth was estimated on the basis of the typical time constants for the
keyhole dynamics of 5-10 ms, as obtained in section 5.4.

However, during experimental tuning of the PI controller, a closed loop
bandwidth of only 40 Hz proved to be sufficient. The initial bandwidth
of 200 Hz led to very irregular process behaviour. For the experimental
tuning several disturbances, such as welding speed changes and artificial
laser power fluctuations were applied in order to asses the controller’s per-
formance.

The PI controller applied has the following discrete transfer function:

Cf =
100(q − 0.97)

(q − 1)(q − 0.70)
, (6.5)

with a sampling rate of fs=20 kHz. The controller was able to compensate
for the applied disturbances and at the same time yield a smooth process
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behaviour. A block diagram of the implemented controller is shown in
figure 6.11. A reference value of Sref = 3.25 was applied corresponding to
a K-type full penetration welding condition for all welding speeds above
60 mm/s. How this reference value affects the efficiency process will be
discussed in subsequent sections. A start-up phase, similar to the one
in section 6.2, was applied. The process had to reach fully penetrated
keyhole welding conditions before the controller could be activated. Again
the controller operated around a nominal power Pn and was triggered by
the x position of the XY-table.

Nominal
power

Controller
Cf (q)

XY-table

Laser

Welding
process

&.
sensor

Sref e

x v

Pm

SW

Pd∆P

Pn

+

+
+

−

Trigger

Figure 6.11: Block diagram of system used in closed loop experiments, with
the PI controller to maintain full penetration of the keyhole in the grey area.

6.3.2 Controller performance

The performance of the control system is demonstrated by applying two
types of artificial disturbances. The first disturbance is a drastic increase
in welding speed. In figure 6.12 a controlled bead-on-plate welding exper-
iment is shown, in which the welding speed was increased from 100 mm/s
to 160 mm/s, with an acceleration of 2500 mm/s2. A start-up phase of
10 mm was used in order to reach K-type full penetration. Visual inspec-
tion proved that full penetration was maintained during the controlled part
of the experiment, despite the sudden welding speed change.

Heat input considerations

For further investigation of the performance of the controller, the average
points of operation (v and P ) before and after the speed increase were
taken from figure 6.12 and compared. At v = 100 mm/s the average laser
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Figure 6.12: The response of the feedback system to a welding speed change
from v=100 mm/s to v=160 mm/s (at 45 mm) during a controlled fully
penetrated bead-on-plate weld, Sref=3.25.

power was approximately P ≈ 1000 W, whereas after the speed increase at
v = 160 mm/s the average laser power was approximately P ≈ 1600 W.
In figure 6.13 these two points of operation are included in the bead-on-
plate process window of figure 3.10 on page 37. It is clear that the point of
operation at v = 160 mm/s and P ≈ 1600 W is located significantly further
away from the boundary of the process window than the point of operation
at v = 100 mm/s and P ≈ 1000 W. For v = 160 mm/s the controller
applies approximately 220 W more laser power than needed to maintain a
K-type fully penetrated weld.

The reason for the difference in efficiency at different welding speeds
originates from the constant reference level Sref . This is demonstrated in
figure 6.14, where the response of the Weldwatcher signal SW is shown as
a function of the demanded laser power Pd. The low signal strength just
after the keyhole has penetrated the workpiece is defined as Slow. As already
mentioned in section 4.1 this level is higher for higher welding speeds. As
the controller tries to keep the Weldwatcher signal SW equal to the desired
reference signal, Sref=3.25, the distance to the partially penetrated state,
in terms of excess laser power, is determined by the difference between Sref
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Figure 6.13: Process windows for K-type fully penetrated bead-on-plate welds
made in FEP04 material. The two average points of operation from figure 6.12
are indicated with a back dot.

and Slow at the actual welding speed. This difference increases with higher
welding speeds, see figure 6.14. Therefore, the controlled process, fixed to
Sref = 3.25, will operate further away from the boundary of the process
window at higher welding speeds, using more laser power than required for
K-type full penetration.

Robustness of the controller

Further inspection of figure 6.12 shows the nature of the transient behaviour
of the process changes after the welding speed is increased. Before the ac-
celeration, at v=100 mm/s, Pd and SW display rapid fluctuation. After the
acceleration, at v=160 mm/s, this rapid fluctuating behaviour is reduced
and instead a low frequency (≈ 18 Hz) oscillatory behaviour dominates.
Both effects will be discussed below, starting with the latter.

The low frequency oscillatory behaviour at v=160 mm/s was caused by
an external disturbance, namely flexibilities in the manipulator set-up. The
controller compensated for these disturbances in order to maintain K-type
full penetration. This led to the low frequency oscillatory behaviour in the
process related signals. The strong acceleration (2500 mm/s2) of the XY-
table excited the flexibilities in the set-up. This is the same disturbance
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Figure 6.14: Weldwatcher signal SW , as a function of demanded laser power
Pd, at two welding speeds. The signal level just after full keyhole penetration
is indicated with Slow. The reference signal Sref=3.25.

as discussed in section 4.1.4 on page 50. These vibrations can be reduced
by lowering the acceleration of the XY-table. In figure 6.15 a controlled
experiment is shown which is similar to the experiment in figure 6.12, except
for the acceleration of the XY-table which is lowered to 500 mm/s2. This
considerably reduced the vibrations in the set-up. The controlled welding
process no longer exhibited the low frequency oscillatory behaviour after
the more gradual speed increase. In robot systems these kind of flexibilities
can also be expected. The controller designed here can compensate for this
type of disturbance, maintaining a fully penetrated weld.

The second observed effect in the controlled experiment in figure 6.12 is
the decline of the rapid fluctuations after the speed increase. This effect is
related to the point of operation (v and P ) of the process and its distance to
the partially penetrated welding regime. The identified model on which the
controller is designed, is only valid during K-type full penetration welding.
The closer the process operates to the partially penetrated welding regime,
the more the identified model will deviate from the physical process and
hence more fluctuating behaviour occurs, due to the unmodelled dynamics.
As was demonstrated in the preceding paragraph, the controlled process in
figure 6.12 operates closer to partial penetration at v=100 mm/s than at
v=160 mm/s, see figure 6.13.
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Figure 6.15: Controlled fully penetrated bead-on-plate weld experiment, sim-
ilar to figure 6.12, with a lowered acceleration of the XY-table.

In the extreme case, where the process operates near the transition from
a K-type to an M-type penetrated weld, the system shows a non-linearity.
This is the sharp increase in signal strength as the keyhole closes at the
bottom side of the workpiece. In this region the gain of the process will
deviate considerably from the gain in model on which the controller is based.
The sign of the gain will be the same but its magnitude is considerably
larger, see figure 6.14. A larger gain of the process has a similar effect as a
larger proportional gain KP of the controller. It results in a higher closed
loop bandwidth, which is the cause for the rapid fluctuating behaviour.

This effect is demonstrated in figure 6.16, showing the process related
signals of a controlled experiment with a deliberately chosen too high ref-
erence signal Sref=3.5. In figure 6.14 it can be seen that at a welding
speed of 120 mm/s a reference level of Sref=3.5 corresponds to a signal
level that indicates the transition from a K-type to an M-type penetrated
weld. This reference signal yields a higher bandwidth for the closed loop
system, resulting in highly fluctuating behaviour of the process.

In addition, in the experiment the nominal laser power Pn was arti-
ficially reduced linearly by 500 W/s, starting at 25 mm, see figure 6.16.
A nominal power decrease simulates the effect of the contamination of the
protection glass in the laser head optics. In reality this contamination takes
place at a far slower rate and will not be as severe as is simulated here.

Despite the larger amplitudes of the signals, the weld was fully pen-
etrated along the length of the controlled experiment with no clear weld
bead irregularities. The nominal power disturbance was compensated by
the controller.
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Figure 6.16: Response of a controlled bead-on-plate welding experiment with
an artificial disturbance in the nominal laser power Pn.

6.3.3 Conclusions on full penetration control

• A feedback controller based on a linear identified model of the Weld-
watcher sensor was successfully implemented. The controller was able
to maintain fully penetrated welding conditions during sudden speed
disturbances and changes in nominal laser power.

• The transient keyhole behaviour as identified in section 5.4 was char-
acterized by typical time scales of 5-10 ms. Nevertheless, a 40 Hz
bandwidth of the closed loop system was sufficient to keep the key-
hole open and maintain fully penetrated welding conditions during
the applied disturbances. This implies that the melt pool dynamics
might be a better estimate of the necessary bandwidth required for
controller design.

• The efficiency in terms of laser power with which the controller is able
to maintain full penetration depends on the choice of the reference
level Sref and the applied welding speed. For every welding speed
a different reference level would yield an optimum efficiency. In a
production environment where only a constant welding speed is used,
the reference signal Sref can be chosen such that the process operates
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with a minimum amount of laser power without the risk of losing full
penetration. In a situation where the welding speed varies, a welding
speed dependent reference signal could be applied, as in section 6.2.1.
This is not a preferable option as in that case a relationship between
an optimal Sref signal level and the welding speed should be obtained.
A better solution will be presented in the following section.

6.4 Full penetration using a switching controller

To avoid the limitations of the controller as presented in the previous section
a new control approach (Postma et al., 2001) to maintain full penetration
of a weld will be introduced in this section. An additional aim of this
controller is to minimize the laser power necessary for a fully penetrated
weld. The clear distinction in the Weldwatcher signal strength between an
M-type and a K-type weld as introduced in section 4.1, was used to design
the controller. The principles of the switching controller are described in
the following subsections.

6.4.1 Threshold condition

In figure 6.17 the Weldwatcher signal response as a function of laser power
is shown for two welding speeds. The high signal strength of SW just
before keyhole penetration occurs, is defined as Shigh. This signal strength
corresponds to an M-type penetrated weld.

The Slow level is already defined in the previous section and is the
Weldwatcher signal strength just after full keyhole penetration. With the
definition of Slow and Shigh a threshold level Str can be defined in such a
way that:

Slow < Str < Shigh (6.6)

is valid for all welding speeds v > 100 mm/s. For example a Str=4.5
complies to this definition for both indicated welding speeds in figure 6.17.
For welding speeds below 100 mm/s a threshold level cannot be defined, as
the Weldwatcher signal does not show the sharp decrease in signal strength
during full keyhole penetration for these welding speeds, see figure 4.4 on
page 48.

6.4.2 Controller design and tuning

The basic idea of the controller is straightforward. The controller is ac-
tivated as soon as a fully penetrated welding condition is reached (either
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Figure 6.17: Weldwatcher signal SW , as a function of laser power P , at
two welding speeds. The signal level of M-type penetration is indicated by
Shigh and the signal level just after full keyhole penetration by Slow

K-type or M-type), which is achieved through a start-up phase. In this
state a discrimination between a fully and a partially penetrated weld can
be made by comparing the on-line Weldwatcher signal SW with the thres-
hold Str. If:

SW > Str (6.7)

the keyhole is closing or is already closed at the bottom of the workpiece.
In this state the controller has to increase the laser power in order to keep
the keyhole open and maintain a fully penetrated welding condition.

If:
SW < Str (6.8)

the keyhole is open at the bottom side of the workpiece and a fully pene-
trated K-type welding condition is present. The controller can reduce the
laser power until it is no longer sufficient to keep the keyhole open. In
this way, with suitable increase and decrease rates of the laser power, the
process can be kept near the boundary between a K-type and an M-type
weld. The desired point of operation is the Slow level where the keyhole has
penetrated the material with the minimum amount of laser power required.

Due to the non-linear behaviour of the process around the threshold
value, an experimental approach for the controller design and the tuning
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of its parameters was applied. Both the structure of the controller as well
as the increase and decrease rates of the laser power were experimentally
determined and tuned. In the following subsections the effects that play an
important role in the experimental tuning of this switching controller are
explained.

Laser power increase rate

It is most important that the controller should respond fast enough to the
closing of the keyhole on the bottom side. A first estimation of the rate
required for the laser power increase can be given by considering a welding
speed change as a disturbance. This is a realistic disturbance for welding
sharp corners where fast deceleration and acceleration are required. The
boundary between a K-type and an M-type weld in the process windows in
figure 3.9 on page 37 has a slope of approximately:

∆P

∆v
≈ 8 J/mm. (6.9)

Consider a welding speed increase with a strong acceleration of 2500 mm/s2,
the maximum acceleration of the XY-table, see table 3.2. The required laser
power increase rate to follow this speed disturbance and maintain K-type
welding conditions is:

∆P

∆t
=

∆P

∆v
· ∆v

∆t
≈ 8 · 2500 = 20 kW/s, (6.10)

assuming the process instantaneously reacts to the speed increase. This is
the minimum required rate to increase the laser power for such a distur-
bance and can serve as a first estimation in tuning the controller. Other
disturbances can also result in the closing of the keyhole and therefore,
generally, the laser power increase should be set as high as possible.

However, the laser power increase can not be chosen unlimitedly high. A
too high increase rate of the laser power can lead to long periods of excessive
use of laser power. The cause of this effect is explained in figure 6.18a. Here
the desired point of operation is indicated with (x). At this point fully
penetrated keyhole conditions are present with a minimum required laser
power. Notice that this point is the same as the Slow level defined earlier.
At this point the Weldwatcher signal SW is below the threshold condition
and the laser power will be decreased. When, due to some disturbance or
the reducing laser power the keyhole starts is close, the on-line Weldwatcher
signal SW will rise above the Str, for example to point (1). At this point
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the controller has to increase the laser power in order to open the keyhole
at the bottom side of the workpiece. If the rate of this power increase
is set too high, the process could show significant overshoot and end up
in point (2). This point is far away from the desired point of operation
and excessive laser power is applied for a longer period, depending on the
laser power decrease rate. This is an undesirable effect when the goal is to
minimize the applied laser power.
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Figure 6.18: Possible process behaviour around the non-linear Weldwatcher
signal response, during the transition from an M-type to a K-type of pene-
tration and vice versa.

Laser power decrease rate

The rate at which the laser power is decreased should be set an order lower
than the rate at which the laser power is increased. This has several rea-
sons. Decreasing the laser power too fast, e.g. at the same rate as the
power increase, can lead to overshooting to the partially penetrating key-
hole region. This is explained in figure 6.18b. Again the desired point of
operation is indicated by (x) and the laser power is decreased in this point.
If the rate at which the laser power is decreased is set too high the process
could end up in point (2) in the figure. At this point the weld is partially
penetrated and the Weldwatcher signal SW is below the Str. Therefore, the
laser power will decrease further to point (3) and fully penetrated welding
conditions will be lost permanently.

Furthermore, decreasing the laser power at a similar rate as the laser
power increase leads to very irregular welding conditions as the process
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switches around the threshold level Str too strongly. By choosing the laser
power decrease rate lower than the increase rate, the welding process is
predominantly in a state in which the keyhole fully penetrates the workpiece
and remains close to the desired point (x).

Threshold level

The choice of the threshold level has an influence on both the choice of
the increase and decrease rates of the laser power. For example, if the
threshold level is chosen relatively high compared to the Slow level, a closing
keyhole will be detected relatively late. In figure 6.18b this is indicated in
point (1). In the meantime, between the desired point (x) and point (1),
the laser power will still be decreased further even though the keyhole is
already closing or is already closed. Consequently, it will take longer before
the increase in laser power can correct for the closing of the keyhole and
the process could end up in point (3) and full penetration will be lost, as
explained before.

As a general design criterion, the threshold level should be chosen as
close as possible to the Slow level. A limitation on this design criterion is
the fact that the Slow level depends on the welding speed and has its highest
value at the highest welding speed, see also figure 6.17. A threshold level Str

valid for all welding speeds should therefore be chosen as close as possible to
the Slow level at the highest welding speed. As a consequence the difference
between Str and Slow will be larger at lower welding speeds. Therefore, the
increase and decrease rates of the laser power should be tuned at lower
welding speeds. The influence of the speed dependence of the Slow level on
the controller performance will be demonstrated in section 6.5.2.

Switching controller structure

An acceptable balance between the increase and decrease rates of the laser
power and the threshold value was obtained experimentally. The structure
of the switching controller as applied can be given by:

If SW > Str ⇒ ∆P = Ṗup
Ts

(q − 1)
+ KPup (SW − Str), and

if SW < Str ⇒ ∆P = Ṗdown
Ts

(q − 1)
+ KPdown (SW − Str)

(6.11)

and is shown in the block diagram in figure 6.19.
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Figure 6.19: Block diagram of switching controller with the Weldwatcher
signal SW as input and the variation on the laser power ∆P as output.
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fs
is the sample time.

The controller consists of two sections: one section with a proportional
action and one section with a constant integral action. The parameters in
the two sections switch between two values when the on-line sensor signal
SW crosses the threshold value Str, hence the name switching controller.

After the experimental tuning the following controller parameters proved
to result in stable controller operation. A threshold value of Str=4.2 can
discriminate between a fully and a partially penetrated keyhole for welding
speeds above 100 mm/s. The increasing rate of the laser power was estab-
lished through a proportional part of KPup = 100 W, to ensure the required
fast increase in laser power and a constant part of Ṗup = 10 kW/s, to guar-
antee the laser power reaches a certain final level. This constant rate is
lower than the minimum required rate as discussed in equation 6.10, how-
ever, together with the proportional part, it is sufficient to maintain full
penetration, as will be shown in the following sections. For the laser power
decrease a rate of Ṗdown= -500 W/s and a KPdown = 0 W was obtained.

6.4.3 Controller performance

In figure 6.20 the performance of the switching controller is demonstrated in
a bead-on-plate weld experiment. For similar reasons as already discussed
in section 6.2.3 a start-up phase was applied. The initial process settings
were: v = 100 mm/s and P = 900 W. After 25 mm the switching controller
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was activated and at 45 mm a sudden speed increase to v=120 mm/s was
initiated. In this example the applied controller parameters are not the opti-
mal settings as mentioned in the previous section, in order to demonstrate
the ability of the controller to maintain full penetration. The threshold
condition was Str = 3.8 and a Ṗdown of -2000 W/s was applied.

Fully penetrated weld pool

Visual inspection showed the resulting weld was fully penetrating the work-
piece over the complete length of the controlled experiment. At the position
of the speed increase, at 45 mm along the weld, the feedback signal SW ex-
ceeds the threshold value (Str = 3.8) for a considerable time and distance,
20 ms and 2.3 mm respectively. During this period the keyhole was closed,
but the melt still penetrated the material. Figure 6.21 shows this part from
figure 6.20 in more detail, together with a photograph of the corresponding
weld bead surface on the bottom side of the workpiece. The weld bead is
visible at the bottom of the workpiece and full penetration is maintained
even during the strong welding speed increase. The closing of the keyhole,
indicated by the increase in signal strength SW , is visible in the weld by a
temporary contraction of the weld bead width. The process was temporar-
ily near or in a state of M-type penetration, but no welding defect in the
form of partial penetration occurred.

The controller was able to maintain a fully penetrated weld because the
melt pool response is slower than the keyhole response. A relatively slow
response of the controller on the closing of the keyhole does not immedi-
ately lead to a failure in the weld. In this example this effect is deliberately
enhanced by applying controller parameters that are slightly different to
the optimal controller parameter settings. With the optimal controller pa-
rameters as introduced in the preceding section the effects of the temporal
closure of the keyhole cannot be seen.

Heat input considerations

During the welding speed increase in figure 6.20 the controller increases
the laser power at a rate of approximately 22 kW/s. This rate is the sum
of the constant rate of Ṗup= 10 kW/s and the proportional response of
12 kW/s with KPup=100. This is higher than the calculated minimum in
equation 6.10.

The laser power is increased from an average of P ≈ 890 W at 100 mm/s
to P ≈ 1005 W at a welding speed of 120 mm/s. It can be verified in
figure 6.13 on page 104 that these two welding settings are both close to
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Figure 6.20: The response of the switching controller to a sudden speed
change (at 45 mm), during a fully penetrated bead-on-plate weld experiment.
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Figure 6.21: Magnified section of figure 6.20, showing the Weldwatcher
sensor response and a photograph of the appearance of the weld bead on the
bottom side of the workpiece.
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the boundary between K-type and M-type full penetration. It confirms
that the controller is using the minimum amount of laser power required to
keep the keyhole open. This is a property that is inherently present in the
switching controller.

6.5 Optimizing welding speed using feedback

The switching controller presented in the previous section uses the mini-
mum required laser power to produce a fully penetrated weld (K-type), at
a given welding speed. This offers the possibility to optimize (maximize)
the welding speed.

6.5.1 Speed optimization

A second feedback loop was developed with the welding speed as input on
the process. Depending on the demanded laser power Pd, actuated by the
switching controller, the demanded welding speed vd is either increased or
decreased, on-line. As a reference, a limit on the demanded laser power is
defined at Plim = 1800 W. If Pd < Plim the welding speed is increased by
50 mm/s2 and otherwise the welding speed is decreased by 20 mm/s2. The
increase and decrease rate of the welding speed are automatically compen-
sated by the switching controller actuating the laser power. If the welding
process operates at Pd=1800 W, the switching controller still has the ability
to react to disturbances other than the speed changes, because the maxi-
mum laser power is 2000 W. In figure 6.22 a block diagram of the combined
system is shown.

It should be noted that in many industrial applications it is not possible
to regulate the welding speed on-line. In such cases the second feedback
loop can easily be implemented off-line. For instance the welding speed can
be adjusted in between production runs, depending on the averaged laser
power used by the switching controller in the previous runs.

The system was tested on the Gantry workstation, allowing for the
welding speed to be actuated on-line. The combined controller was imple-
mented on the dSPACE controller board of the Gantry system, operating
at a 2 kHz sampling frequency. The controller parameters for the switching
controller as given in section 6.4.2 on page 113 were applied to ensure stable
operation for all welding speeds.
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Figure 6.22: Block diagram of the system used in close loop control with
the switching controller and the controller to optimize the welding speed on
the Gantry manipulator.

6.5.2 Controller performance

In figure 6.23 an example of a controlled bead-on-plate welding experiment
is given. The initial process settings of Pd = 1400 W and v = 150 mm/s
were deliberately set at some distance from the laser power limit Plim, in
order to demonstrate the performance of the controller. The controller
was activated at a position of 10 mm along the weld and subsequently the
laser power and welding speed were automatically increased to an optimum
level. During the complete controlled welding experiment the weld was fully
penetrating. The final process settings were a laser power of 1800 W, the
limit of the laser power, and a welding speed of 220 mm/s. These were the
process setting during the last 40 mm of the weld.

At the beginning of the welding experiment, for welding speeds below
200 mm/s, the difference between the threshold level Str = 4.2 and the SW

signal was larger than at the higher welding speeds at the end of the experi-
ment. This is caused by the lower Slow level at the lower welding speeds, as
discussed in section 6.4.2 on page 112. Due to the larger difference between
the Slow and the threshold level, the closing of the keyhole was detected
slightly later than at the higher welding speeds. This resulted in the more
spiky SW signal at the lower welding speeds as shown in figure 6.23. This
behaviour has no influence on the weld quality.

Heat input considerations

In order to inspect the performance of the controller with respect to its
ability to optimize the welding speed, the laser power Pm and welding speed
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Figure 6.23: Response of the combined feedback system during a bead-on-
plate weld experiment, both the laser power (Pd) and the welding speed (vd)
are actuated.

v are compared with the process windows determined in section 3.5.4 on
page 37. The points with label batch #1 and gas tube #1 in figure 6.24
represent the actual laser power Pm and welding speed v at several positions
along the experiment shown in figure 6.23. The process windows in the
figure were determined for the same batch of material and gas supply tube.
As can be seen the points of operation of the controlled experiment are
located close to the boundary between K-type and M-type welds. From the
initial conditions, v = 150 mm/s and Pd = 1400 W, the controller optimized
the welding speed and laser power, remaining close to this boundary.

Other material batches and gas flow supply

In figure 6.24 the points of operation of two other similar welding exper-
iments are also shown. In one experiment a different batch of the same
FEP04 material was used, labelled with ‘batch #2 and gas tube #1’.
In the other experiment, labelled with ‘batch #2 and gas tube #2’, the
gas tube was also changed. The only difference between gas tube #1 and
gas tube #2 is the angle of the opening between the workpiece and the gas
tube, cf. figures C.2 and C.2 in appendix C. In both cases there is a signifi-
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Figure 6.24: The process windows from figure 3.9 on page 37, together with
the points of operation of three controlled experiments with different FEP04
batches and different shielding gas supplies.

cant difference in the controlled process settings from the first experiment.
The small differences in the material of batch #2 and the small changes in
the gas supply tubes resulted in different process settings for which K-type
full penetration can be achieved.

In figure 6.25 the points of operation of a controlled butt weld and a
bead-on-plate weld experiment are compared. As already demonstrated in
the process windows, less power at the same welding speed is required to
achieve fully penetrating keyhole conditions in the case of real butt welds,
compared with bead-on-plate welds. This behaviour is also clearly observed
in the points of operation of the controlled experiments in figure 6.25. Note
that the process windows are for batch #1 whereas the controlled experi-
ments are carried out on batch #2.

The presented controller is able to automatically find the optimal weld-
ing settings near the boundary of partial penetration without losing full
penetration. In this way the boundary of the process window is determined
automatically.
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Figure 6.25: The process windows from figure 3.10 on page 37, together
with the points of operation of a controlled bead-on-plate and a controlled
butt weld experiment.

6.5.3 Conclusions

• A switching controller was developed that uses the sudden decrease
in signal strength in the Weldwatcher signal during full keyhole pen-
etration to maintain fully penetrated K-type welding conditions.

• The switching controller uses the minimum amount of laser power
required for a K-type weld at each welding speed. This property was
utilized to automatically optimize the welding speed, given a laser
power limit.

• The system was tested by applying sudden welding speed changes,
different FEP04 batches and changes in shielding gas flow supply and
was successful in all cases. Small changes in the material and in the
gas flow supply had a significant influence on the maximum achievable
welding speeds. With the presented controller these settings were
automatically obtained.

• The switching controller requires a signal that can detect full keyhole
penetration. In this thesis the Weldwatcher signal was applied for
this purpose. However, this sensor is only able to detect full keyhole
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penetration for welding speeds above 100 mm/s, hence the presented
controller only operates at these welding speeds. Ridderinkhof (2002)
constructed a signal from CMOS camera images that was able to
detect full keyhole penetration for all welding speeds. This signal
could be used to operate the controller at all welding speeds.
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Chapter 7

Conclusions and discussion

7.1 Conclusions

In this thesis several feedback strategies to control the weld depth during
CW laser beam welding were realized. The welds were made in a mild steel,
FEP04, often used in TWB. Full penetration of a weld is an important
quality for such material. Visual inspection of the welds revealed that two
types of fully penetrated welds can be distinguished. In M-type penetration
welding, the weld has penetrated the workpiece but the keyhole has not. In
K-type penetration welding the keyhole has also penetrated the workpiece.

To realize feedback strategies, optical emissions from the welding pro-
cess were measured and used as feedback signals to keep the process at a
desired weld depth. The optical emissions were measured using commercial
photodiode based sensors. Relationships between the weld depth and opti-
cal emissions from the welding process were obtained. For overlap welding
a linear relationship between the signals and the weld depth was found.
This relationship depends on the welding speed, which is in accordance
with observations by other authors.

Furthermore, a distinct decrease in emission levels from the weld pool
was measured during the transition from a partially penetrated keyhole to
a fully penetrated keyhole. This phenomenon was observed for welding
speeds above approximately 100 mm/s. At lower welding speeds such a
clear distinction between a fully and a partially penetrated keyhole weld
could not be made. The reason for this phenomenon and its absence at
lower welding speeds (<100 mm/s) was found in the geometry of the weld
pool, as recorded by the CMOS camera.

In order to tune the controllers the dynamic behaviour of the welding
process and its measured emissions was obtained using system identifica-
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tion. Using this technique dynamic mathematical models were estimated.
The obtained dynamic behaviour also provided information on the dynam-
ics of the welding process. The dynamics obtained from camera recorded
images revealed and quantified the difference in dynamic behaviour between
the melt pool and the keyhole. With this information, desirable closed-loop
bandwidths for the feedback controllers were estimated.

Feedback control strategies were applied with two different objectives.
One of the designed feedback systems was able to control the weld depth
during overlap welding of two FEP04 plates (2x 0.7 mm), without fully
penetrating the bottom plate. The linear relationship between the Weld-
watcher signal and the weld depth was applied in the controller scheme. A
PI controller was tuned based on an identified dynamic model, using the
laser power as an actuator. A closed-loop bandwidth of only 40 Hz proved
to be sufficient to compensate for sudden large changes (50 %) in the weld-
ing speed. The controller was able to maintain a certain weld depth within
acceptable boundaries.

Other feedback control strategies were developed to maintain full pene-
tration of the weld. Full penetration of the weld is a very important quality
demand for butt welds. In order to maintain a fully penetrated weld two
types of control strategies were applied. Firstly a PI controller was tuned
on the basis an identified model of the welding process. This controller
was able to maintain full penetration during several disturbances, such as
variations in laser power and welding speed. However, the amount of laser
power used in this feedback scheme is often an excess of the minimum laser
power required for full penetration.

A second new switching controller introduced in this thesis was able to
maintain fully penetrating welding conditions with a minimum amount of
laser power. Here the distinct signal difference between a K-type and an
M-type penetrated weld was used to design the controller, which operates
on the boundary between these two types of weld, without lack of penetra-
tion. With this switching controller the welding speed with which a fully
penetrated weld can be made was optimized.

7.2 Discussion and suggestions for future research

The feedback systems designed to control the weld depth, either fully or par-
tially penetrated, prove that feedback control in laser welding is a promising
development.

A limitation of the photodiode based sensors is that in general their
signals are very difficult to relate to a given weld quality. In this thesis
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only one type of material in a controlled environment was welded, and even
then a certain signal strength is not unambiguously related to a certain
welding state (depth).

In order to realize more widely applicable feedback systems (e.g. for
a large range of materials and plate thicknesses) it is important that the
relationship between the quality to be controlled and the measured signal(s)
is unique and independent of welding parameters. Camera based signals
are promising candidates for such a purpose. The spatial distribution of the
weld pool emissions may provide opportunities to relate a quality and/or
defect to a certain feature in the image that is unique.

In the process of selecting such features and relating them to certain
qualities a good numerical model of the laser welding process could be an
useful aid. Solving the laser absorption phenomenon, the keyhole dynamics
and the flow of the liquid phase poses a formidable challenge, but is a
necessity in the development of a realistic model.

Furthermore, the opportunities of feedback to stabilize the laser welding
process should be investigated. In this thesis the objective was to control
the weld depth for a material for which the welding process was inherently
stable. For some materials, e.g. specific aluminium alloys, this is not the
case and the process shows unstable (keyhole) behaviour, which is an im-
portant reason for weld defects in these materials. Feedback control could
provide opportunities to stabilize welding processes of this type and further
develop the laser welding technology.
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Appendix A

Spectral sensitivities

A.1 Spectral response Jurca system

The spectral response of the Jurca sensor system is achieved by a com-
bination of the optical filter and a photodiode. In figure A.1 the relative
spectral response of this combination is shown for the three Jurca sensors.
The transmittance of the optical filters were measure with the Agilent spec-
troscopy system (Agilent, 2000).
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Figure A.1: Spectral response of the three Jurca sensors. Filter and photodiode
characteristics are combined.
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APPENDIX A. SPECTRAL SENSITIVITIES

A.2 Spectral response Weldwatcher system

The Weldwatcher sensor consisted of a photodiode with an optical filter
in front. The transmittancy of the filter was measured with the Agilent
spectroscopy system (Agilent, 2000) and is shown in figure A.2.

Wavelength [nm]

T
ra

ns
m

it
ta

nc
e

[%
]

200 400 600 800 1000
0

10
20
30
40
50
60
70

Figure A.2: Measured transmittance of the optical filter used in Weld-
watcher sensor (Agilent, 2000).

A.3 Spectral response CMOS camera systems

The spectral sensitivity of the CMOS camera systems is determined by
the spectral response of the CMOS chip itself (C-CAM Technologies, 2002)
and the optical filters applied in front of the chip. Two combinations were
applied, resulting in the CMOS-P and CMOS-IR camera configurations, re-
spectively. A Melles Griot 03swp624 interference filter was applied in both
set-ups to eliminate the Nd:YAG laser radiation. The individual character-
istics of the chip and the two filter combinations are shown in figure A.3.

The total response of the camera with the two optical filter combinations
is shown in figure A.4.
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A.3. SPECTRAL RESPONSE CMOS CAMERA SYSTEMS
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Figure A.3: Spectral response of the Fuga 1000 chip (top) and the transmittance
of the different applied filters (bottom).
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Figure A.4: The total spectral response (filter+chip) of the two applied camera
set-ups.
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Appendix B

FEP04 material properties

Table B.1 lists the chemical composition of the FEP04 steel material.

Element Content Element Content
N 28 ppm C 0.047 %

Mn 0.227 % P 0.01 %
S 0.013 % Si 0.005 %
Al 0.047 % Cu 0.01 %
Sn 0.01 % Cr 0.02 %
Ni 0.02 % Mo 0.002 %
Fe remainder

Table B.1: Composition of FeP04 steel material.
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Appendix C

Shielding gas supply

In figure C.1 the geometry of a typical shielding gas tube, as used in this
thesis, is shown. This tube was mounted in two different gas supply sys-
tems. In figure C.2 and figure C.3 an overview of the two gas supplies are
shown. The gas supplies both consists of a shielding gas tube to protect
the weld from oxidation and a cross flow jet, which protects the focussing
optics protection glass from contamination. Both gas flow supplies can be
mounted on the HAAS optics. The main difference in the shielding gas
supplies is the angle of the gas tube opening above the workpiece, compare
figure C.2 with figure C.3. The stand-off distance of the tubes relative to
the workpiece was approximately 1 mm.

Figure C.1: Typical gas tube geometry as used in both shielding gas supplies.
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Figure C.2: Overview gas support denoted as gas supply 
 1.

Figure C.3: Overview gas support denoted as gas supply 
 2.
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Appendix D

Method for determining
focal position

Before each new series of experiments the focal point of the laser beam
relative to the surface of the workpiece was verified. For this, several spot
welds with a duration of approximately 150 ms at P=250 W were produced,
each at a different z-position. The spot welds were made on 1 mm thick
aluminium plates with an anodic surface layer. An example of such a series
of spot welds is shown in figure D.1. The diameter of the molten aluminium
was measured. The smallest diameter corresponds to the smallest beam
waist diameter, which for a focussing lens with a focal length of f=100 mm
is 0.3 mm .

zf=-0.8 mm -0.4 mm 0 mm 0.4 mm 0.8 mm

1 mm

Figure D.1: Spot welds on anodic treated aluminum surface at 5 different focal
positions.

The z-position belonging to the smallest spot weld is then considered
to be the focal point. The z-position with the focal point on the surface
of the workpiece is defines as zf =0, see figure D.1. The focal position
zf is therefore always relative to the workpiece surface with a negative
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APPENDIX D. METHOD FOR DETERMINING FOCAL POSITION

sign into the material. With this method the focal position relative to the
surface of the workpiece can be determined repeatably with an accuracy of
approximately 0.1 mm.

144



Appendix E

Mechanical testing

E.1 Tensile tests

The geometry of the tensile test samples as used in this thesis is shown
in figure E.1. This geometry is not a standard geometry as applied in the
ASTME8 standards.

The test results on the different butt welds and base materials are shown
in table E.1.

50 mm

Overall length 100 mm

Width=5 mm

Figure E.1: Geometry and dimensions of the tensile test samples.

E.2 Cupping test results

The results of the cupping tests carried out for the produced butt welds in
FeP04 (0.7 mm) steel are shown in table E.2. The samples failed (a crack
appears) at the indicated heights and pressures. The relative height (%) in
the right column is measured against the averaged height obtained from a
cupping test on the base material. The base material failed at an average
height of 11.2 mm and 7.9 bar.
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Process setting Yield Tensile Maximum
strength strength elongation

base material 185 N/mm2 310N/mm2 40 %
K-type penetration
(1100 W, 120 mm/s) 195 N/mm2 308N/mm2 29 %

M-type penetration
(1100 W, 120 mm/s) 185 N/mm2 308N/mm2 31 %

M-type penetration
(900 W, 120 mm/s) 170 N/mm2 309N/mm2 30 %

Partial and M-type
(900 W, 120 mm/s) 195 N/mm2 310N/mm2 30 %

Table E.1: Tensile test results determined by 0.2 % offset method as outlined in
the ASTM E6.

Punch from top
Process setting height pressure height

K-type penetration (1000 W, 80 mm/s) 9.6 mm 7 bar 85.4 %
K-type penetration (1600 W, 80 mm/s) 9.7 mm 7 bar 86.3 %
K-type penetration (1200 W, 140 mm/s) 9.7 mm 7.1 bar 86.3 %
K-type penetration (1800 W, 140 mm/s) 10.0 mm 7.6 bar 89.0 %
K-type penetration (1400 W, 200 mm/s) 9.8 mm 7.5 bar 87.2 %
K-type penetration (2000 W, 200 mm/s) 9.5 mm 7 bar 84.8 %
partial penetration (800 W, 140 mm/s) 3.6 mm 1 bar 32.0 %
K- and M-type edge (1000 W, 140 mm/s) 9.6 mm 7.5 bar 85.4 %

Punch from back
Process setting height pressure height

K-type penetration (1000 W, 80 mm/s) 10.0 mm 7.5 bar 89.0 %
K-type penetration (1600 W, 80 mm/s) 10.0 mm 7.5 bar 89.0 %
K-type penetration (1200 W, 140 mm/s) 9.8 mm 7.5 bar 87.2 %
K-type penetration (1800 W, 140 mm/s) 10.0 mm 7.5 bar 89.0 %
K-type penetration (1400 W, 200 mm/s) 9.7 mm 7.1 bar 86.3 %
K-type penetration (2000 W, 200 mm/s) 9.8 mm 7.5 bar 87.2 %
partial penetration (800 W, 140 mm/s) 9.6 mm - 85.4 %
K- and M-type edge (1000 W, 140 mm/s) 9.9 mm - 88.1 %

Table E.2: Erichsen cupping tests results for welds produced at different process
settings in both fully and partially penetrated welding regimes.
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Appendix F

Sample rate of extracted
signals from CMOS images

For the on-line extraction of the melt pool characteristic features as dis-
cussed in section 5.6.2 on page 86, the Colibrie software (Voortman, 2001;
Ridderinkhof, 2002) was used. This process imaging software has no syn-
chronization with a timer and therefore the sample rate of extracted signals
is not constant. For an image with a WOI of approximately 3000 pixels
a typical sampling rate for an extracted signal of approximately 2.2 kHz
was obtained, as mostly the sample time between two images was 0.48 ms.
However, occasionally the sample was as large as 5 ms, as shown in fig-
ure F.1. This large sample time occurred only in between two images and
was back to 0.48 ms immediately thereafter.

The 5 ms interval which occurs occasionally was at least a factor 3 times
smaller than the smallest time scales obtained for the melt pool charac-
teristics. Furthermore, during the identification the time sections where
excitation of the process took place (the transient parts in the signal) did
not suffer from a decrease in sample rate. This was verified in each iden-
tification. If a decrease occurred in this transient phase it was not used
for system identification. In this way it was possible to use the extracted
signals in system identification in a reliable way.
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APPENDIX F. SAMPLE RATE OF EXTRACTED SIGNALS FROM
CMOS IMAGES

interval number

ti
m

e
be

tw
ee

n
sa

m
pl

es
[s

]

0 500 1000 1500 2000 2500
0

1

2

3

4

5

6
×10−3

Figure F.1: Time between two consecutive extracted signal values from CMOS-IR
recorded images.
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Summary

During laser welding small parameter variations can result in defects and
loss of quality in the weld. An important quality in Tailor Made Blanks is
the weld depth. In this thesis a number of feedback control strategies are
developed to control the weld depth on-line.

As it is difficult to measure the weld depth on-line, optical weld pool
emissions were measured and correlated with the weld depth. For overlap
welding a linear relationship was found between the measured emissions and
the weld depth. In butt welding a distinct and fast decrease in emissions
was measured when the keyhole penetrated the workpiece.

To tune the controllers the dynamic behaviour of the process and the
measured emissions was obtained by using system identification. Camera
recordings were used to identifiy and quantify time constants for the melt
pool and the keyhole dynamic behaviour.

Three feedback control systems for the laser welding process were devel-
oped. All systems used the Weldwatcher sensor signal as a feedback signal
and the laser power as an input on the process.

The first control system was able to maintain a certain weld depth
during overlap welding, in which the weld does not fully penetrate the
workpiece. For the tuning of the PI controller an identified dynamic model
was used. A bandwidth of the closed loop of only 40 Hz proved to be
sufficient to compensate for large speed disturbances and a smooth process
behaviour. A too high bandwidth led to irregular weld surfaces.

In the second control system a PI controller was applied to maintain
full penetration during butt welding. The controller was tuned on the basis
of an identified dynamic model of the process. The control system was able
to maintain full penetration during variations in welding speed and laser
power. The efficiency in terms of laser power with which the controller was
able to maintain full penetration depended on the reference signal level and
the applied welding speed. For each welding speed a specific reference level
yielded an optimum efficiency. In a production environment where only a
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constant welding speed is used, the reference signal can be chosen such that
the process operates with a minimum amount of laser power without the
risk of losing full penetration.

In a third feedback system a switching controller was designed and
tuned experimentally. The distinct decrease in weld pool emissions during
keyhole penetration was used to maintain a fully penetrated weld. The
controller was able to use the minimum amount of laser power required for
full penetration at all welding speeds above 100 mm/s. With this controller
the welding speed was automatically optimized (maximized) without the
risk of losing full penetration, given a laser power limit. Small changes in
the material and in the gas flow supply had a significant influence on the
maximum achievable welding speeds. The switching controller was able
cope automatically with these changes automatically.
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Samenvatting

Tijdens het laserlasproces kunnen kleine verstoringen de oorzaak zijn van
kwaliteitsverlies van een las. Een belangrijke kwaliteit voor een las in een
Tailored Made Blank is dat deze over de volledige diepte van het materiaal
aangebracht is. In dit proefschrift zijn een aantal regelsystemen ontwikkeld
om de lasdiepte on-line te controleren.

Het is erg moeilijk om de lasdiepte van een las on-line te meten. In
plaats daarvan zijn optische emissies van het laserlas proces gemeten en
gerelateerd aan de lasdiepte. In een overlaplas configuratie is er een lineaire
relatie gevonden tussen de lasdiepte en de gemeten emissies. Voor een I-
naad las is er een duidelijke en abrupte vermindering in de emissies gemeten
op het moment dat de keyhole volledig door het materiaal boort.

Het dynamische gedrag van het laserlas proces en de gemeten emissies
is bepaald met behulp van systeemidentificatie. Het dynamische gedrag
van het proces is gebruikt om de regelsystemen te kunnen ontwikkelen
en optimaliseren. Camera opnamen van het lasbad zijn gebruikt om de
typische tijdconstante van zowel de keyhole als het smeltbad in kaart te
brengen.

Er zijn in totaal drie feedback systemen ontwikkeld om de lasdiepte te
regelen. Bij al deze systemen is het Weldwatcher monitoring systeem als
sensor gebruikt en het laservermogen als actuator.

Met het eerste feedback systeem kan een bepaalde lasdiepte bij over-
lap lassen worden geregeld, zonder dat de las over de volledige diepte van
het materiaal wordt aangebracht. Hierbij is een PI controller gebruikt, die
aan de hand van een met systeemidentificatie gevonden dynamisch model
is geoptimaliseerd. Een geloten lus bandbreedte van 40 Hz blijkt voldoende
te zijn om te kunnen compenseren voor sterke lassnelheid variaties. Een
hogere bandbreedte leidt tot erg onregelmatige las oppervlakken, welke
ongewenst zijn.

In het tweede systeem wordt een I-naad las over de volledige dikte van
het materiaal gehandhaafd door middel van feedback. De gebruikte PI
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controller is geoptimaliseerd aan de hand van een dynamisch model. De
regeling is in staat de las over de volledige materiaaldikte te handhaven, on-
danks de aangebrachte verstoringen in zowel de lassnelheid als het laserver-
mogen. De hoeveelheid laservermogen die deze regeling gebruikt is vaak
meer dan nodig is om de las volledig door het materiaal te houden. Dit is
afhankelijk van de gekozen referentie waarden en de lassnelheid. Voor elke
lassnelheid bestaat er een referentie waarde die een minimaal laservermogen
gebruik oplevert. In een productie omgeving, waar vaak met constante snel-
heid gelast wordt, kan de referentie zo gekozen worden dat de regeling een
minimaal laservermogen gebruikt zonder dat de volledige doorlas verloren
wordt.

Een derde regeling maakt gebruik van een ‘switching controller’. Deze
regeling is geheel experimenteel ontworpen en geoptimaliseerd. De scherpe
en snelle vermindering in de emissies als de keyhole het materiaal door-
boort is gebruikt om de las volledig door het materiaal te houden. De
‘switching controller’ is in staat dit te doen met het minimale benodigde
laservermogen, gegeven een bepaalde lassnelheid . Omdat de ‘switching
controller’ het minimale vermogen gebruikt was het mogelijk de lassnelheid
on-line te optimaliseren (maximaliseren), gegeven een laservermogenslim-
iet. Kleine variaties in schutgas voorziening en in materiaal batches blijken
een grote invloed te hebben op de maximaal haalbare las snelheden. Met
de ontwikkelde regelingen werden deze invloeden duidelijk en wordt er au-
tomatisch voor gecompenseerd.
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