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Abstract
Adding filler wire control to autogenous laser beam welding of squared butt joints offers a means to widen up the tight fit-up
tolerances associated with this process. When the gap width varies, the filler wire rate should be controlled to assure a constant
geometry of the resulting weld seam. A dual mode sensing system is proposed to estimate the joint gap width and thereby control
the filler wire rate. A vision camera integrated into the welding tool together with external LED illumination and a laser line
projection enables two sensingmodes, one surface feature extractionmode and one laser triangulation-basedmode. Data from the
both modes are fused in a Kalman filter, and comparisons show that the fusing of the data gives more robust estimation than
estimates from each single mode. A feed-forward control system adaptively adjusts the filler wire rate based on the estimations of
the joint gap width in front of the keyhole. The focus is on keeping the data processing simple and affordable, and the real-time
performance of the sensor and control system has been evaluated by welding experiments. It is shown that the proposed system
can be used for on-line control of the filler wire rate to achieve a constant weld geometry during varying joint gap widths.

Keywords Laser beam welding . Filler wire . Squared butt joints . Varying gap width . Feature extraction . Laser triangulation .

Sensor fusion

1 Introduction

Autogenous laser beam welding (LBW) requires tight fit-up
tolerances, accurate fixturing, and LBW tool manipulation in
order to avoid defects such as lack of fusion, undercut, and
underfill. [1]. Even though the joint geometry can be con-
trolled by careful joint preparations, this is costly, so widening
the fit-up tolerances can save manufacturing time and money.
Adding filler wire to the LBW process makes it less sensitive
to variations in joint gap width and hence lowers the demands
for the joint tolerances [2]. While autogenous LBW only al-
lows a gap width tolerance of approximately 10% of the thick-
ness of the work pieces, LBW with filler wire considerably
increases the ability to fill the gap. Sun and Kuo [3] showed
that a gap width of 1 mm could be bridged using filler wire
when welding 2-mm-thick stainless steel sheets. Yang et al.

[4] performed a study on the correlation between the process
parameters (laser power, welding travel speed, and filler wire
feed rate) and the weld bead width dimensions. They found
that the upper widths of the weld bead and the fusion zone
were significantly affected by the filler wire feed rate.
However, to achieve a good weld seam geometry and avoid
defects when the joint gap width varies, this gap should be
measured, and the filler wire feed rate be continuously adapted
to the current gap width.

The filler wire can be added either in the leading or trailing
welding direction, where the leading direction most often is
preferred [5]. However, a leading direction wire feed will ob-
scure the joint in front of the laser interaction zone; hence,
optical sensors configured coaxially with the laser beam are
not able to measure the joint gap width in that case. Prasad
et al. [5] have performed a stability study of an off-axis leading
filler wire configuration to enable gap width measurements in
front of the laser beam. They showed that this configuration is
feasible, which is why it was chosen for the work presented in
this paper.

Several researchers have addressed the issue of handling
varying joint gap width in LBW. Coste et al. [6] proposed a
control system for laser power, travel speed, laser beam
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oscillation, and filler wire rate during CO2 welding of high-
thickness plates. Measurements of the joint gap width were
conducted using a commercial optical sensor from SERVO-
ROBOT, and it was shown that gap widths up to 1.5 mm could
be bridged when welding 8-mm-thick castings. A model,
using a back propagation neural network and a genetic algo-
rithm, was proposed by Zhang et al. [7], describing the rela-
tionship between laser power, filler wire feed rate, joint gap
width, and misalignment. Experimental results, when measur-
ing the joint gap width using a laser triangulation sensor (dis-
tance measurement by angle calculation) during welding,
show promising results for obtaining desired geometric prop-
erties by using the model together with the gap width mea-
surements. Huang et al. [8] propose an adaptive filler wire
feed rate model describing the relationship between welding
travel speed, gap width, seam reinforcement, filler wire rate,
and laser power. A laser triangulation sensor measures the gap
width during welding, and laser power and filler wire rate are
controlled according to the proposed model. A laser
triangulation-based machine vision system to monitor joint
gap width and other features was suggested by Huang and
Kovacevic [9]. Position information and geometrical features
of the weld joint such as its depth, width, plate misalignment,
and cross-sectional area were obtained and monitored in real-
time, and a joint tracking implementation was presented.
Adaptive filler wire control based on a scanning laser-
photoelectric cell sensor and a wire feed controller is sug-
gested by Chen et al. [10]. Welding experiments, where the
welding travel speed and filler wire feed rate were controlled,
showed that controlling the welding travel speed is preferred
with wider gaps while adjusting the filler wire rate is better
with narrow gaps.

This paper describes a method using sensor fusion [11] to
combine data from a dual mode sensor system to obtain a
better result than what would be possible if the sensing modes
were used separately. The use of multi-sensor and sensor fu-
sion strategies to monitor and control the LBW process has
been presented in several publications, e.g., [12–17], however
to the authors’ knowledge not for joint gap width estimation
and filler wire feed rate control. In this work, a dual mode
sensing system, based on a single camera, LED illumination,
and a laser line projection, is proposed for estimation of the
joint gap width. The system switches between capturing cam-
era images, from either using LED illumination for surface
features or from the laser line projection for triangulation. In
both cases, the joint gap width is the target.

Measurements from the two sensing modes are fused
together to get a more accurate and robust gap width esti-
mate. The filler wire rate is then adapted based on this
estimate in order to avoid weld imperfections when the
joint gap width varies. Promising results from initial
welding experiments using the proposed estimation and
control system are presented.

2 Experimental set-up and procedure

This chapter describes the set-up of the LBW equipment to-
gether with the sensor and control system used in the welding
experiments. The material used and the experimental proce-
dure are also described.

2.1 Laser beam welding set-up

An industrial robot, ABB IRB4400, was used for LBW tool
manipulation. It is a 6-axis robot with a maximum payload of
60 kg, with a position repeatability of 0.19 mm and a path
repeatability of 0.56 mm (at 1.6 m/s). The laser source was a
6-kW fiber laser, IPG Ytterbium Fiber Laser (YLR-6000-S)
with a wavelength of 1070 nm, and the LBW tool was from
Permanova Lasersystem AB. The optical fiber delivery was
600 μm in diameter, and the focal length of the collimator and
focusing lenses were 160 and 300 mm, respectively. This set-
up gave a laser beam spot diameter of 1.12mm and a Rayleigh
length of 13.7 mm. The continuous wave laser power was
2300 W, the welding travel speed was 15 mm/s, and the laser
beam focus was on the surface of the work piece to provide
keyhole welding.

A Fronius VR 1500 4R/W/E Roboter was used to feed
filler wire in the leading direction, in an off-axis configuration
mounted on the robot, see Fig. 1. The filler wire was fed at a
30° angle in the horizontal plane, and 30° in relation to the
welding direction along the joint. This configuration in the
leading direction has been evaluated in detail by Prasad et al.
[5]. The reason for using this configuration is that a leading
position of the filler wire obscures the top view in front of the
joint and makes measurements of the joint gap near the pro-
cess interaction zone impossible from a camera that is config-
ured coaxial with the processing laser beam. The wire feed
rate was calculated to result in a 15% weld seam reinforce-
ment also with varying gap width as suggested in [5].

Argon was supplied for shielding on the top side of the
work piece with a flow rate of 32 l/min through a 10 mm in

Fig. 1 Filler wire and laser beam configuration. a Side view in the
vertical plane in line with the welding direction. b Top view in the
horizontal plane coaxial with the laser beam
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diameter tube, and to the root side through a gas channel
integrated in the fixture. Argon was also supplied in front of
the focusing lens of the LBW tool to protect it against spatter
from the process.

2.2 Sensor and filler wire feeder control

A dual mode sensor system has been developed utilizing a
vision camera, a LED illumination, a laser line projection,
and a trigger system for on-line estimation of the gap width.
The camera captures top surface features in an area in front of
the keyhole, when the scene is illuminated by the LEDs, and a
laser line projection, when the scene is illuminated by the laser
line. These both modes are activated by the triggering system,
which allows the camera to alternate between exposure of the
LED illumination and the laser line projection.

The camera was a high dynamic range (120 dB) CMOS
camera, coaxially integrated in the LBW tool as shown in
Fig. 2. The camera was triggered at a frame rate of 200 frames
per second (FPS) (100 FPS for the top surface feature mode
and 100 FPS for the laser triangulation mode). The wave-
length of the LED illumination and the laser line projection
were centered at 450 nm, and a matching optical band pass
filter was placed in front of the camera. This wavelength was
chosen since the spectral range between 400 to 500 nm gives
minimal disturbances from the process spectral emissions,
while still obtaining good sensitivity of the CMOS sensor
[18]. This wavelength range is also within the spectral trans-
mittance of the LBW tool optics. The size of the camera image
was 640 × 300 px, and the corresponding spatial resolution on

the work piece surface was 20 μm× 20 μm giving a field of
view of approximately 13 mm × 6 mm. The LEDs and the
laser lines are mounted to move together with the LBW tool
by the robot.

The filler wire feeder communicated with the robot con-
troller via a measurement and control computer that could
adjust the filler wire rate according to the estimated measure-
ments of the joint gap width.

2.3 Materials and experimental procedure

The work piece material was 2-mm-thick sheet metal plates
(40 mm× 300 mm) of stainless steel (SS316). The plates were
laser cut to get a squared butt joint configuration with four
sections with technical zero gap, and three sections with vary-
ing gap width, see Fig. 3. The sections with varying gap had a
maximum gap width of 0.1, 0.2, and 0.3 mm, respectively.
The plates were tack welded in the four sections with technical
zero gap before welding to avoid distortions during welding.
The filler wire was stainless steel (SS316), 1 mm in diameter,
and the wire feed rate was defined by calculations to result in a
15% weld seam reinforcement as described in [5].

Three different test cases were evaluated:

& Test case 1: Autogenous welding
& Test case 2: Welding with a constant filler wire feed rate
& Test case 3: Welding with an adaptive filler wire feed rate

3 Gap width estimation

A data processing algorithm is presented that estimates the
gap width by fusing data from the two sensing modes. The
first mode captures images of the surface features in front of
the keyhole to enable feature extraction. The other mode uses
laser triangulation to capture a line profile on the surface per-
pendicular to the joint, also in front of the keyhole. Data from
these two modes are then fused together in a Kalman filter [19]

to continuously estimate the joint gap width, here denoted ξ̂cl.

3.1 Image processing of surface feature data

Figure 4 shows a typical image from the camera while the
LED illuminates the scene. Only a small portion of the cap-
tured image, a region of interest (ROI) IROIc at a short distance
in front of the keyhole, is here used to measure the joint gap
width gc. Limiting IROIc to 50 × 100 px reduces the computa-
tional cost, making it suitable for real-time computing.

The gap width gc from the surface feature data in IROIc is
calculated by first summing the pixel intensity values of each
row:Fig. 2 The LBW tool, trigger unit, camera, and illumination
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αm ¼ 1

N
∑N

n¼1IROIc ym; xnð Þ ð1Þ

where αm is the intensity sum of row m, and N is the number
of columns. Applying this to all rows gives an intensity vector

α ¼ amð ÞMm¼1, shown in Fig. 5a, where M is the number of
rows in IROIc. In order to see where possible changes occur, a
first derivative of α is calculated as:

α
0
m ¼ αmþ1−αm ð2Þ

giving a vector of first derivates α
0 ¼ α

0
m

� �M−1
m¼1

, see Fig. 5b.

The gap width, gc, is defined as the distance between the
maximum and minimum derivative, marked by dotted lines
in Fig. 5b and c.

The calculation of the derivative vector, α′, is sensitive to
noise in the intensity sum α caused by irregularities in the
surface texture and scratches near the joint. A scratch will
show up as a large value in α′, an indication that can be
misinterpreted as the joint edge and may lead to false detec-
tions. To avoid this, the pixel intensities in IROIc are increased
by adding an intensity offset based on the mean intensity in

every IROIc, Imean ¼ 1
MN ∑

M
m¼1∑

N
n¼1IROIc ym; xnð Þ making the

surface area apart from of the joint area in every acquisition
saturated. The result is shown in Fig. 6. This measure will
effectively remove the noise from the image and improve
the robustness of the estimates.

To avoid false detections in segments where tack welds
obscures the joint, automatic detection of the presence of
a tack weld is implemented. The mean intensity Imean is
calculated in the current IROIc and then compared with the
Imean from the previous IROIc. If the change in mean in-
tensity between two consecutive images is larger than a
threshold, Ti, it is assumed that a tack weld (or some other
disturbance) is present and the gap width measurement gc
is not trusted. The estimated variance of gc, Rc, is used to
convey this information to the Kalman filter:

Rc∈
1

Ι
∑Ι

ι¼1 rι−r
� �2

; Imean;k−Imean;k−1≤Tt

106; Imean;k−Imean;k−1 > Tt

8<
: ð3Þ

where rι = gr, ι − gc, ι ∈O, a set of in total Ι residuals be-
tween estimated gap width measurements gc, ι and a ref-

erence gr, ι, and r ¼ 1
Ι ∑

Ι
ι¼1rι. The reference gap width gr, ι

in O has been acquired by Ι manual measurements of the
gap width in a sequence of images with no tack welds.

3.2 Image processing of the laser triangulation data

Figure 7 shows a typical image from the camera while the
laser line illumination is on, and it is used for laser triangula-
tion to calculate a line profile on the surface across the joint. A
ROI is selected, IROIl, around the intersection point of the
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Fig. 4 Image with the LED
illuminated scene in the camera
coordinate system
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Fig. 3 Drawing of the work
piece used with four segments
of technical zero joint gaps and
three segments of varying gaps
with a maximum of 0.1, 0.2,
and 0.3 mm each
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projected laser line and the joint gap, and it is used to calculate
the gap width measurement gl.

IROIl is binarized into a black and white image, and the
pixels corresponding to the laser line are then thinned to
have a width of just 1 px to obtain a line profile. Thinning
is conducted by selecting the first and the last white pixel
for each row in IROIl and then selecting the median to
represent the line profile. However, if the width of the
white laser line is below a threshold, Tl, this row data is
associated to the joint gap. In this fashion, the gap width,
gl, is given by the number of rows that is associated with
the gap. If the triangulation measurement is disturbed, e.g.,
by a tack weld, the total intensity (sum of all the pixel
intensity values in IROIl) will considerably change.
Hence, a threshold value, Td, is used, and when the average
intensity of IROIl is below this value, it is assumed that a
tack weld (or some other disturbance) is present, and the
gap width measurement gl is not trusted. The measurement
of gl and its corresponding variance Rl are then treated in a
similar fashion as the measurement of gc in the Kalman
filter.

3.3 Sensor fusion implementation

The gap width measurements from the two sensing modes,
i.e., gc and gl, are fused together in an implementation of a
Kalman filter where the gap width measurements gc and gl
together with the respective variances, Rc and Rl are used as
inputs. The model used in the filter assumes that the gap width
is constant between two consecutive image frames; however,
a noise component is added to allow for a certain change. The
state transition model is given by:

ξkþ1 ¼ ξk þ Twk ð4Þ

where the scalar state vector ξk represents the joint gap
width at time instant (image frame index) k and wk ∈ N(0,
Q) is the state noise, and Q is the state noise variance. T is
the time between two image frames. In the case of one
single measurement, the observation equation is:

ĝk ¼ ξk þ Rkvk ð5Þ

where ĝk is the measured gap width at time instant k,
Rk ∈ {Rc, k, Rl, k}, is the weight of the respective variances,
and vk ∈ N(0, 1) is the measurement noise for each mode
and C = 1.

When using two sensing modes in the filter, the observa-
tion equation is:

ĝk ¼ Cξk þ Rkvk ¼ 1
1

� �
ξk þ Rc;k 0

0 Rl;k

� �
vk ð6Þ
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Fig. 5 a The intensity vector α. b The first derivative of α, α′, where the
estimated gap width is marked by the vertical dotted lines. c The image
IROIc, rotated 90°, where the gap width is indicated by the vertical
dotted lines
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Fig. 6 The pixel intensity of IROIc, has been increased. a The pixel
intensity profile, α. b α’, where the max and min value of α′ is marked
by the vertical dotted lines. c The image IROIc, rotated 90°, where the gap
width is indicated by the vertical
dotted lines
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The Kalman filter is defined by a measurement update Eq.
(7) and a time update (prediction) Eq. (8)

ξ̂kjk ¼ ξ̂kjk−1 þ Pkjk−1CT CPkjk−1CT þ Rk
� �−1

gk−Cξ̂kjk−1
� �

Pkjk ¼ Pkjk−1−Pkjk−1CT CPkjk−1CT þ Rk
� �−1

CPkjk−1
ð7Þ

ξ̂kþ1jk ¼ ξ̂kjk
Pkþ1jk ¼ Pkjk þ T2Q

ð8Þ

where ξ̂k is the mean value, and Pk the covariance of the new
normally distributed random variable based on the measured
gap widths gk ∈ {gc, k, gl, k, gcl, k} where gclk is defined as:

gcl1 ¼ gc1
0

� �
; gcl2 ¼ gc1

gl2

� �
; gcl3 ¼ gc3

gl2

� �
;

gcl4 ¼ gc3
gl4

� �
; gcl5 ¼ gc5

gl4

� �
;…

ð9Þ

i.e., a new update of data from each mode is used with the
previous data from the other mode as the data is updated with
a new camera image.

The output from the system is the estimated gap width ξ̂k in
front of the keyhole, which is used in next section to adjust the
filler wire feed rate to an appropriate value.

3.4 Adaptive control of filler wire feed rate

Variations in joint gap width are measurable perturbations
from the nominal welding situation with a constant gap
width. The filler wire feed rate is led by feed-forward of
the estimated gap width as shown in Fig. 8. The nominal
filler wire feed rate, v, is thus adjusted by Δv, based on

the estimated gap width, ξ̂k . The control scheme includes

the transfer function G1(s) representing the dynamics of
the sensing arrangement and G2(s) representing the wire
feed mechanism. The transfer function G1 sð Þ ¼ eτd1s

models a time shift, a consequence of the arrangement
where the gap width estimation is captured in IROIl and
IROIc, at a distance d ahead of the keyhole. The time τd1 is
consequently a function of the welding travel speed νt and
the distance d, such as τd1 = d/νt. The transfer function G2

sð Þ ¼ e−τd2s
1þτs models the delay time and a time constant in

the wire feed mechanism (τd2 = 0.01, τ = 0.144). This
transfer function has been found by experimental system
identification [20]. When τd2 is known and the welding
travel speed νt is decided, this information should in turn
decide the distance d such that τd2 − τd1 = 0.

The adaptive filler rate control enables a more con-
sistent weld seam geometry compared to welding with a
constant filler rate when the joint gap width varies
along the joint.

4 Results

The sensing system and adaptive control law have been
tested during several welding experiments. Table 1 gives

100 200 300 400 500 600

50

100

150

200

250

300

Fig. 7 Image when the laser line
illumination is active. IROIl is
marked by the black rectangle in
the camera coordinate system

Fig. 8 Feed-forward control of the filler wire rate v
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the parameter values used in the data processing algo-
rithm described in Sect. 3. The threshold for change in
intensity between two consecutive image frames,Ti, has
been experimentally derived to obtain a sufficient esti-
mation performance. The threshold for the triangulation
laser line width, Tl, has been defined by measuring the
nominal width of the laser line in the captured images.
The threshold for the average intensity of IROIl, Td, has
been defined by comparing the average intensity when
only the joint gap is present with the case where a tack
weld is visible in IROIl. The state noise variance Q has
been experimentally derived to obtain a sufficient esti-
mation performance.

4.1 Gap width estimation

Gap width estimations for the three different test cases defined
in Sect. 2.3 are presented, and comparisons are made of esti-
mates using a single sensing mode, either the surface feature

data, ξ̂c, or the laser triangulation data, ξ̂l, and also in a com-

bination of both sensing modes, ξ̂cl. Figure 9 shows the raw,
unfiltered measurement from surface feature extraction, gc,
and the laser triangulation sensing, gl, from a complete
welding of test case 1 (welding without filler wire control).
The measurements are noisy, and large disturbances in the
laser triangulation measurements, gl, is visible in the four joint
positions of the tack welds. The filtered laser triangulation

measurements, ξ̂l, surface feature estimate, ξ̂c, and the fused

estimate from both sensing modes, ξ̂cl, are shown in Fig. 10
together with the reference measurement, gr. The

measurements are less noisy, and the outliers caused by tack

welds are eliminated. The laser triangulation sensing mode, ξ̂l,
slightly underestimates the gap width while the surface feature

measurements, ξ̂c, overestimates. By fusing the two sensing

modes together, a better fit between the estimate, ξ̂cl, and
reference, gr, is obtained.

A summary of the test cases is given in Table 2 where
the maximum and mean error, the standard deviation, and
the 1-norm of the error are presented. The errors in the

laser triangulation estimate, ξ̂l, and the surface feature

estimate, ξ̂c, are similar in test case 1, although the surface

feature estimate, ξ̂c, shows a slightly better fit. The results

from the fused estimation, ξ̂cl, are however better in all
comparisons. The maximum error in the surface feature

sensing, ξ̂c, is larger than in the laser triangulation esti-

mate, ξ̂l, in test case 2. The mean error is the same, and
the standard deviation and the 1-norm are comparable.

The maximum error of the fused estimate, ξ̂cl, is larger
than the error in laser triangulation estimate but smaller
than the error in the surface feature estimate, and the
fused data estimate shows better results in all other cases.
The laser triangulation estimates are better than the sur-
face feature estimate in test case 3. The laser triangulation
estimate gives the smallest maximum error in this case,
but the fused data estimate gives the best results in all
other cases.

Figure 11 shows histograms of the total sum of errors
during all experimental evaluations. Observations of
Fig. 10 indicated that the laser triangulation slightly un-
derestimates the gap width while the surface feature ex-
traction sensing is somewhat overestimated. This is con-
firmed by the histogram in Fig. 11, and it also shows that
the distribution of errors in the fused data case is better
centered around zero.

Table 1 Parameters used during welding experiments

Ti Rc Tl Rl Td Q
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Fig. 9 Unfiltered data from the surface feature extraction gc and the laser
triangulation gl during a complete welding sequence
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Fig. 10 Data from the surface feature sensing mode, ξ̂c, laser
triangulation sensing mode, ξ̂l , fused data ξ̂cl, and the reference
measurements, gr, for a complete welding sequence
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4.2 Adaptive wire feed rate control

The work piece weld seam geometry has been scanned on
the top surface using a 3D-scanning system (ATOS Core
80) to evaluate the performance of the wire feed rate con-
trol. Figure 12 shows typical results from the scanned
surfaces of two of the welded work pieces at the position
where the joint gap width was 0.3 mm. The result from

using a constant filler wire rate (test case 2) is shown in
Fig. 12a, and the result from using adaptive filler wire rate
is shown in Fig. 12b. It is clear that the geometry of the
weld seam (weld reinforcement) is significantly more con-
sistent when using an adaptive filler wire rate. However, a
constant filler wire rate results in a weld seam geometry

Table 2 Summary of the results from the three different test cases

Test case no./
sensing mode

Max
error

Mean
error

Standard
deviation

1-norm

1/Laser triangulation 0.078 0.014 0.020 27.5

1/Surface feature 0.075 0.013 0.019 25.6

1/Fused data 0.057 0.010 0.016 20.3

2/Laser triangulation 0.030 0.010 0.013 18.3

2/Surface feature 0.056 0.010 0.016 18.3

2/Fused data 0.040 0.007 0.012 14.4

3/Laser triangulation 0.019 0.010 0.013 20.5

3/Surface feature 0.121 0.016 0.020 30.6

3/Fused data 0.036 0.008 0.011 15.1

Fig. 11 The distribution of errors, in mm, in all gap width estimations in the three sensing modes (ξ̂c; ξ̂l; ξ̂cl )

Fig. 12 3D-scanning of the top surface of the weld seam when the gap
width was 0.3 mm. a Constant filler wire rate. b Adaptive filler wire rate
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that is significantly affected by joint gap changes when
going from a closed gap to a 0.3-mm gap width.

A laser triangulation scanner (scanCONTROL LLT2810-
25) has been used to measure the seam reinforcement along
the entire weld seam, and the results are shown in Fig. 13. The
reinforcement is almost constant along the first 100 mm of the
joint path (before the position when the 0.2-mm gap width
starts). The reinforcement is decreased when welding with a
constant filler wire rate (test case 2) along the 0.2-mm gap
width segment, approximately between the joint positions
100 and 150 mm. The opposite is true when using an adaptive
filler wire rate (test case 3), then a significant increase of the
reinforcement is visible. In the 0.3-mm gap width segment,
approximately between the joint positions 200 and 250 mm,
the difference in reinforcement between both these cases is
even more prominent.

5 Discussion

Using an optical sensor system integrated in the LBW tool to
measure the joint gap width during LBW is challenging due to
significant process disturbances. High intensity spectral emis-
sions from the process can easily saturate the detectors, and
evaporated material and smoke from the keyhole may obscure
the field of view. Besides, there could typically be surface
scratches on the work piece near the joint that would interfere
the measurements, and tack welds that completely would ob-
scure the joint. These issues have been addressed in this work,
and a sensor system and a data processing algorithm are rela-
tively insensitive to those disturbances is presented in Sect. 3.

The results from the welding experiments show that both
the surface feature mode and the laser triangulation mode are
able to measure the joint gap width with a mean error less than
0.016 mm. Although the two sensor modes show good accu-
racy used separately, fusing the measurements significantly
improves the estimation performance, with a mean error less
than 0.01 mm.

Results from measurements of the weld seam reinforce-
ment, when the filler wire rate was constant, showed that the
reinforcement was decreased as the gap became wider. This
was expected since at wider gaps, the volume to be filled
increases, and with constant filler wire rate, the gap cannot
be successfully bridged. However, with controlled filler wire
rate, the reinforcement was increased when the gap width
increased. This indicates that too much filler wire was added
to compensate for the gap width, and that the system needs to
be tuned. Besides form tuning of the filler wire rate, the system
showed promising results for avoiding defects when welding
squared butt joint with varying gap width.

6 Conclusions and future work

Using high power LED and laser line projection at a wave-
length of 450 nm, where a reduced amount of spectral process
emissions is present, a matching optical bandpass filter in
front of the camera, and a camera with high dynamic range
made it possible to obtain good image information of the area
in front of the melt pool where the joint is located. Increasing
the intensity of the gray scale image from the camera, so that
the area outside the joint becomes saturated, made it less sen-
sitive to scratches enabling more robust measurements of the
gap width. The issue of tack welds was addressed by analyz-
ing the average intensity in the camera images. Normally, the
mean intensity of two consecutive images should not change
very much; however, when something disturbs the measure-
ment, e.g., a tack weld, the change in mean intensity of the
image is larger. This enabled detection of tack welds, and the
estimated gap width could still be robust by assuming that the
gap width does not change during welding over the tack weld.

A Kalman filter used to enable model-based estimation and
sensor fusion of the dual mode sensing proved that sensor
fusion gives more accurate estimates than single mode
sensing.

Adaptive filler wire control resulted in a more consistent
weld seam geometry even in the presence of gap width
variations.

Future work includes more welding experiments with larg-
er gap widths to further verify the robustness of the system.
Tuning of the system should also be conducted in order to
obtain a constant reinforcement of the weld seam, indepen-
dently of the variations in joint gap width.
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