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2 List of parts 

This paper serves as an introduction to, and a summary of, a licentiate thesis com-
prising the following parts. 

Part I 
S.  Adolfsson.,  K.  Ericson,  B.  Ågren:  On Automatic Detection of Burn-through in 
GMA Welding - Weld Voltage Analysis. Research Report TULEA 1995:15, Division 
of Signal Processing,  Luleå  University of Technology, Sweden, January 1995. 

This paper addresses the problem of how to detect burn-through automatically when 
welding with Gas Metal Arc (GMA) in pulsed mode. Experiments with three dif-
ferent types of T-joints are performed in order to provoke burn-through. During the 
experiments, voltage and current are measured from the welding process. The en-
vironment around the measurements is highly disturbed by electrical noise. Several 
measurement techniques are accordingly used in order to prevent the interference 
from disturbing the measurements. Some physical phenomena of the welding pro-
cess are surveyed, and their connection to the measured welding voltage and current 
are discussed. A robust detection system is developed. The feature selected for the 
detection system is the interquartile range of amplitude of  bandpass-filtered voltage. 
The results obtained from the detection system indicate that it is possible to detect 
burn-through in the welds automatically by analyzing the weld voltage; and that, 
allowing for some time delay, the same could be achieved in real time. 

Part II 
S.  Adolfsson:  On Automatic Detection of Burn-through Using a Parametric Model. 
Research Report TULEA 1995:16, Division of Signal. Processing,  Luleå  University 
of Technology, Sweden, January 1995. 

This paper addresses the problem of automatic detection of burn-through in weld 
joints. Gas metal arc (GMA) welding with pulsed current is used, and welding 
voltage and current are recorded. A Least - Squares estimation procedure is used 
where a linear discrete-time model, an  autoregressive  model with extra input (ARX 
model), is identified from the data under normal welding conditions. The ARX 
model, seen as a predictor, used in other situations gives prediction errors that is 
used in a square law detector to detect burn-through. Short-circuitings and other 
welding phenomena introduce transients in the weld voltage. These transients re-
duce the performance of the first version of the detector, which thus is extended with 
a short-circuiting detector and some transient suppressing algorithms. The results 
obtained from the compound detector thus formed indicate that it is possible to 
detect burn-through in the welds automatically. The work also indicates that it is 
possible to design an on-line monitoring system for robotic GMA welding. 
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Part ILL 

S.  Adolfsson,  K.  Ericson, A. Grennberg : Automatic Detection of Burn-through in 
GMA Welding Using a Parametric Model. Submitted for publication in Mechanical 
Systems and Signal Processing. Academic Press. 

Part III consists mainly of excerpts from Part I and Part II. The background and 
presentation of the problem comes from Part I and the signal processing is taken 
from Part II. 

Part IV  

B.  Ågren,  J-0. Gustaysson, S.  Adolfsson  : Quality Monitoring and Control for 
Pulsed Arc Welding of Aluminium. In Proceedings of EURO JOIN, pages 51-58, 
Paris, France, November 1991. 

The possibility of designing a computer-based monitoring system for robotic pulsed 
GMA welding of aluminium has been investigated. Electrical signals from the weld-
ing process have been measured, i.e. arc voltage and welding current. The signals 
have been processed by different signal processing techniques: pulse-shape analysis 
and spectral analysis in particular. The results from the analysis indicate that it 
is possible to detect defects in the welds. The work also indicates that it might be 
possible to build an on-line monitoring system for robotic GMA welding. 
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3 Introduction 
This licentiate thesis deals with quality control of pulsed Gas Metal Arc (GMA) 
welding. The purpose is to detect weld defects automatically during a robotic weld-
ing pass using the measured weld voltage and current. 

In order to reduce costs and increase productivity, the production line is automa-
tized. Robots are used for this purpose in the field of welding also. A bottle-neck is 
the quality control of the produced weld joint. Often this time consuming control 
is carried out off-line by an experienced welding operator. The need for automatic 
quality control is thus great in order to be more cost efficient. 

Developing a quality monitoring system of the welding process demands knowledge 
in various fields. Apart from knowledge of the welding process, it requires knowledge 
of how to monitor the process adequately. Parameters such as current and voltage 
are to be measured in an environment heavily disturbed by electric noise. Finally, 
developing such a system requires knowledge of signal processing and statistics to 
extract the information from the measured signals when identifying the different 
defects. 

These requirements have led to research cooperation between the Department of 
Signal Processing, University of Karlskrona/Ronneby, the Department of Computer 
Science and Electrical Engineering,  Luleå  University of Technology, and the Depart-
ment of Production and Materials Engineering, University of Lund. 

Another consequence of the interdisciplinary nature of the problem is that the 
present licentiate thesis covers three different topics: the welding technology, mea-
surement techniques, and signal processing. 

The licentiate thesis deals with: 

• Instrumentation: Two data acquisition systems were developed. One system 
was used when welding aluminium plates, and a second system was used when 
welding steel plates. 

• Measurement techniques used to suppress interference in the recordings of the 
weld voltage and current. 

• Development and implementation of detection algorithms. 

• Summing up of relevant technology of the pulsed GMA welding. 

Part IV was written first, followed by Part I, Part II, and finally Part III. The reason 
why the papers are arranged in the present order is that Parts I, II and III cover all 
three different topics mentioned above, while Part IV emphasizes signal processing. 
The chosen order thus simplifies reading the thesis. 



4 Description of each part 

Part I — On Automatic Detection of Burn-through in GMA Welding 
-Weld Voltage Analysis 

In Part I of this thesis the automatic detection of burn-through is treated. The 
application dealt with is quality control for pulsed Gas Metal Arc welding of steel. 

Chapter 1 gives a survey of the literature available on the automatic detection sys-
tems, and a definition of burn-through is presented. 

Chapter 2 introduces the reader to the technology of pulsed GMA welding, which 
includes the control of arc stability, metal transfer, and arc length criteria. 

Chapter 3 is devoted to the experiments. Commercial welding equipment is used 
for the welding experiments. A system based on a Hewlett Packard data acquisition 
system is employed for data acquisition. The weld process studied is pulsed GMA 
of steel; and the signals measured are weld voltage and current. Of considerable im-
portance is the section dealing with how the measurements are performed when they 
are conducted in an environment heavily disturbed by electrical noise. Experiments 
with three different types of T-joint are performed in order to provoke burn-through. 

Chapter 4 is concerned with the analysis of the weld voltage and current, and a 
detection algorithm based on these observations is designed. The measured weld 
voltage and current are examined visually. The developed algorithm is based on 
the fact that a broadband signal component occurs in the weld voltage when burn-
through is present. Comparisons between power spectra for weld voltage when there 
is no burn-through, and when burn-through is present, show that the main differ-
ence is above 4 kHz. The weld voltage is, thus,  bandpass  filtered between 4 — 11.8 
kHz. The  bandpass  filtered voltage shows larger amplitude variations when burn-
through occurs as opposed to when it is absent. A convenient and simple measure 
of the spread of the  bandpass-filtered voltage is the variance. Due to the many 
short circuitings and other extreme values even when no burn-through is present, 
this measure will not work properly. Another measure of the spread of data is the 
interquartile range. This measure is obtained by excluding 25 % of the extreme 
values at both ends of the ordered values in a data set. It is a robust estimate of 
the spread of data since change in the upper and lower 25 % of the data does not 
affect it. This measure is applied consecutively to 3000 samples (corresponding to 
1 mm of the weld joint) of the  bandpass-filtered voltage. If the interquartile range 
is higher than a threshold value, a burn-through indicator is turned on. 

The detection algorithm is tested on real welding signals and gives promising results, 
with a high rate of detection for burn-through. The results of the test are shown in 
tabular form in chapter 5 , and some of these results are also illustrated with figures. 

Chapter 6 ends the paper with a discussion of the observations, the detection algo-
rithm and test results. 
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Part II — On Automatic Detection of Burn-through Using a Parametric 
Model 

In Part II of this thesis the same welding process and measured data are studied as 
in Paper I. A definition of burn-through, a description of some test objects used, and 
a brief introduction to the technology of pulsed GMA welding are given in chapter 1. 

In chapter 2 the reader is introduced to the theory of ARX modeling and the theory 
of the square law detector. The weld process is described statistically as an ARX 
process with the weld current as the extra input. The purpose of the proposed 
square law detector is to test the absence contra presence of burn-through. The 
discrete time ARX model can be expressed as a one-step predictor. The prediction 
error e[n] obtained from the ARX model is used in a hypothesis test. The prediction 
error is assumed to be white and Gaussian, with zero mean and variance u2  when 
the weld joint is normal. The hypothesis test is based on the assumption that any 
change in the weld process will cause an increased prediction error. The proposed 
square law detector algorithm calculates the sum of the squares of the prediction 
error. If the sum of the squares of the prediction error in a data window is found to 
be greater than a specified threshold, the burn-through indicator turns on. 

Chapter 3 is concerned with the problem of estimation and validation of the ARX 
model and evaluation of the square law detector. The ARX model is identified from 
the weld voltage and current assuming normal weld. Least squares estimation is 
used. In order for the detection algorithm to function according to the theory pre-
sented in Chapter 2, the obtained prediction error from the ARX model should be 
white and Gaussian distributed. An autocorrelation test is applied to the predic-
tion error to test the whiteness. The test results show that the hypothesis that the 
prediction error is white noise with mean zero can not be rejected. It is also shown, 
however, that the prediction error is not consistent with a Gaussian distribution 
due mainly to the many high voltage transients in the weld voltage. The detection 
algorithm must therefore be modified. 

Chapter 4 is devoted to a description of a compound detector. This detector consists 
of two parts: A square law detector with a limiter at the input and a short-circuiting 
detection algorithm. The two-sided limiter, which is applied to the prediction er-
ror, is used to reduce the effects of the voltage transients of unknown origin. The 
short-circuiting detection algorithm, on the other hand, uses the following piece of 
information in order to detect burn-through: If several consecutive large transients 
originating from short-circuitings occur, then there is probably a burn-through in 
the weld joint. Finally, median filtering is used to enhance the difference between 
normal welds, and welds with burn-through. 

The detection algorithm is tested on real welding signals and gives promising results 
with a high rate of detection for burn-through. The results of the test are shown in 
tabular form in chapter 5, and some of these results are also illustrated with figures. 

Chapter 6, the final chapter, includes a discussion of the ARX model, the nonlinear- 
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ity  of the welding process, the selection of the detection threshold, how to calculate 
probability density function after a median filter, and why the detector could be 
used to detect other disturbances. 

Part III — Automatic Detection of Burn-through in GMA Welding Using 
a Parametric Model 

Part III consists mainly of excerpts from Part I and Part II. The background and 
presentation of the problem comes from Part I, and the signal processing is taken 
from Part II. The article has been submitted for publication in Mechanical Systems 
and Signal Processing. Academic Press. 

Part IV — Quality Monitoring and Control for Pulsed Arc Welding of 
Aluminium 

Part IV of the present thesis treats detection of irregular bead-shape appearance. 
The application dealt with is quality control for pulsed arc welding of aluminium. 
For the welding experiments a commercial welding equipment is used, and a data 
acquisition PC-based system is developed. The weld process studied is pulsed arc 
welding of aluminium, and the signals measured are arc voltage and welding cur-
rent. All the runs in the experiments are made with the bead-on-plate method; 
and the classification of acceptable and defect welds is made visually according to 
bead-shape appearance, where irregular beads or beads with porosities have been 
classified as not acceptable. Irregular bead shape caused by uneven wire feed speed 
or insufficiently clean plates has been investigated. 

Two methods of analysis are developed and tested in order to detect irregular bead-
shape appearance. 

• The first method is analysis of the signal shape. This method uses signals from 
an acceptable weld to teach the system the shape of an adequate signal. The 
shape of a measured signal is then compared to the learned 'reference shape'. 
After low pass filtering of the calculated detection parameter, an alarm is 
triggered if the deviation from the nominal value exceeds a given threshold. 

• The second method is an analysis of the spectral contents of the signals. This 
method uses signals from an acceptable weld to teach the system what the 
spectral content in an adequate signal should be. The spectral content for a 
measured signal is then compared to the learned 'spectral content'. After low-
pass filtering of the detection parameter, which is calculated by two different 
methods, an alarm is triggered if the deviation from the nominal value exceeds 
a given threshold. 

Both methods are tested on real welding signals and give promising results, with a 
high correlation between the detection parameter and detection of weld defect. 
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5 Comparison between the parts 

Signal Processing - approach 

The most important difference between Parts 1,11 and III on the one hand, and Part 
IV on the other hand, is the approach to signal processing. In Parts 1,11 and III 
the same effort is made to understand the weld process, the measuring technique 
and signal analysis. This is reflected in Part I by devoting separate chapters to the 
technology of pulsed GMA welding, the instrumentation and the close observations 
of the weld voltage and current. The detection algorithms of Parts 1,11 and III are 
based on the knowledge derived from these chapters. Part IV gives more prominence 
to signal analysis, and less attention to the understanding of the weld process and 
the measuring technique. 

The two different approaches are also reflected in the use of a different measuring 
system in Parts 1,11 and III as compared with Part IV. Far more effort has been put 
into making correct measurements in Part 1,11 and III. As an example of the less 
strict control of measurements in Part IV can be given the transient in the beginning 
of the voltage peak pulse in figure 3 in Part IV. This peak is probably an effect of 
the induction of the weld current into the measuring circuit of the weld voltage. 

Signal model 

Figure 1 facilitates understanding of the difference between the detection algorithms 
used in the different parts. 

The continuous time weld voltage u(t) is modeled in terms of the output from an 
unknown linear and time-invariant weld process, and corrupted by an additive signal 
component: 

u(t) = i(t) * h(t) + s(t), 

where i(t) denotes the continuous time weld current and * denotes convolution (see 
figure 1). The impulse response h(t) represents the welding process for normal weld, 
and is unknown. s(t) is the unknown signal component that cannot be explained by 
the linear model.The continuous weld voltage and current are filtered, sampled and 
digitized. u[n] = u(nTs) and i[n] = i(nTs) denote the observation of the welding 
voltage and current at the sampling instant nTs. 

In Part I it was observed that an extra signal component in the weld voltage u[n] 
occurs during burn-through. This phenomenon could be explained by the model by 
a change in weld process H(f), or a change in the s(t). The detection parameter 
used was interquartile range of the amplitude of the band pass filtered sampled weld 
voltage u[n]. 

In Part II an ARX model is identified from the weld voltage and current assuming 
the weld is normal. See figure 1. The detection algorithm is based on the assumption 
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Figure 1: Block diagram of the signal model. 

that any change in the weld process H(f), which corresponds to a different process 
to the estimated ARX process, will cause increasing prediction error e[n]. 

Part III uses the same detection algorithm as in Part II. 

In Part IV, the first method uses weld voltage u[n] from a normal weld to teach the 
system the shape of a weld voltage. The shape of a measured weld voltage is then 
compared to the learned 'reference shape'. 

The second method uses weld voltage u[n] from a normal weld to teach the system 
the spectral content for a normal weld voltage pulse. The spectral content for a 
measured weld voltage pulse is then compared to the learned 'spectral content'. 

Comparison between the interquartile range and the compound detection 
algorithm 

A comparison between the detection algorithms used in the different parts is only 
possible for the detection algorithm in parts I and II, since the same batch of data 
is applied in the evaluation of the two algorithms. In part I, the detection algorithm 
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was based on the interquartile range measure. In part II, a compound detection 
algorithm was used. 

Relevant criteria for comparison are the number of false alarms and the number 
of detections of burn-through. The results are summarized in table 1. Of the 34 
burn-throughs in the weld joint, there are 4 and 2 false alarms respectively for the 
IQR and the compound detection algorithm. The number of detections is 30 and 
31 for the respective detection algorithms. Although the data material is not suffi-
ciently large to draw any definite conclusion, with the results are nonetheless with 
accordance to the general impression: Due to the transient suppressing algorithms 
in the compound detector the parameter after the median filter MPLRk  fluctu-
ates less than the IQR parameter during normal weld (Cf figure 4.4, part II). As a 
consequence of the transient suppressing algorithms and the short-circuiting algo-
rithm, the number of false alarms is fewer for the the compound detection algorithm. 

In order to verify these statements further experiments must be carried out, and 
larger batch of data must be collected. 

Table 1: Comparison between the interquartile range and the compound detection 
algorithm 

Number of 
Detection algorithm 	Burn-throughs Detection Non-detection False Alarms 

Part I, IQR 	 34 	30 	4 	 4 
Part II, Compound ARX 	34 	31 	3 	 2 

Welding of aluminium and steel 

The welding situation is different for Parts I, II and III on the one hand, and Part 
IV on the other. Parts I, II and III cover welding of steel using the  ESAB  ARISTO 
500. Part IV cover welding of aluminium using the  ESAB  LAK  500  R.  

In pulsed GMA welding, the criterion for detachment of one droplet per pulse is 
governed by the equation 

I;Tp  = K2 

where Ip is the peak current, Tp is peak pulse time, K2 is a constant depending on 
the material, and  n  2. Within the total pulse time, the equation does not give 
the time when the droplets are detached from the electrode. The parameters should 
be adjusted so that the droplets are formed in the peak pulse time, and detached 
in the background pulse time in order to achieve stable control of the weld puddle, 
and low heat input to the weld joint. A metal transfer type of this kind can be 
seen when welding with steel (see figure 4.4 in Part I). Note the small voltage peak 
during the background pulse time. For a short moment, just before the detachment, 
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a neck is formed between the electrode tip and the droplet. It is probable that this 
neck causes an increase in wire resistance, thereby giving an increased weld voltage. 

Another metal transfer type of the droplet can be seen when welding with alu-
minium: A voltage transient of approximately 2 V can be clearly seen during peak 
pulse time (see figure 3, left diagram, Part III). This is not, however, an optimal 
condition for metal transfer, as explained above. 
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6 Contributions 
Although a lot of emphasis has been given to instrumentation and measurement 
techniques, the main scientific contribution to the present Licentiate Thesis is the 
development and implementation of some signal detection algorithms for use in au-
tomatic fault detection in pulsed GMA welding processes. 

• The algorithms for detecting burn-through presented in Parts I and II, and 
two of the three algorithms for detecting defect welds in Part IV have been 
developed by Stefan  Adolfsson.  

• The other contributions have been made by Stefan  Adolfsson  in collaboration 
with his coworkers 



7 Ideas for further work 

A continuation of the project could contain the following elements: 

• Since the weld voltage and current seem to be periodic square waves, the 
following model could have been of use: 

M-1  
u[n] = s[n] + E  A  cos(2r  fin  + Oj), 

m- 
i[nj = E Bi  cos(27rfin + ai ) 

i=o  

where the parameters Ai  and  Bi  are the amplitudes of the ith cosine, A are 
the frequencies (in hertz) where  h  is the fundamental frequency, 0, and ai  are 
the phases (in radians). s(t) is the unknown signal component that cannot be 
explained by the linear model. But since it is known that the total pulse time 
T changes according to the principle indicated in Part I, chapter 2, figure 2.4, 
part a, the above signal model does not agree with the measured weld voltage 
and current: The dominating frequency, (fl  = 1/T), will be a function of time. 

• In the proposed detection algorithms in the Licentiate thesis, only one or two 
parameters are used. The performance may be improved if several parameters 
are fed into a detection algorithm. The parameters of the ARX model could, 
for example, be estimated recursively together with the estimated variance of 
the prediction error. These parameters might be used in an artificial neural 
network to detect burn-through. 

• According to the preliminary investigation, in Part I, the signal s[n] during 
burn-through is of broadband character. A more thorough investigation of the 
signal properties could form a useful follow-up to the present project. 

• The origin of this broad band signal component could be traced to the fact 
that the arc does not go directly down from the electrode to the weld pool, but 
goes back and forth at random on the lower edge of the standing plate of the 
T-joint. Visual observations of the arc during the welding pass confirm this 
assumption. The presence of the broad band signal component during burn-
through could be the result of the welding equipment used in the experiment. 
It is not self-evident that the component will be present when using different 
welding equipment. 

Further studies of the welding process in which the process is recorded on 
video together with the registration of weld voltage and current are proba-
bly necessary to fully understand the process. By studying the arc path in 
three dimensions, and by relating the arc length to the weld voltage, a deeper 
knowledge of the origin of the unusual appearance of the weld voltage can be 



obtained. 

• The proposed detection algorithms in Parts I and II are designed to detect 
burn-through in the weld. The detector could, however,be used to detect dis-
turbances of the process stability in general. The process stability, i.e the 
characteristics of the welding process, should not change during welding in an 
uncontrolled manner. This is important to ensure weld quality. Disturbances 
in the weld process can be caused, for example, by variations in wire feed 
rate, or by disturbances in the supply of the shield gas. In order to fully test 
the two suggested algorithms in Parts I and II, further experiments must be 
performed, in which the process is disturbed in several different ways. 

• To enhance the performance of the IQR-measure, a similar approach should 
be adopted to that outlined in Part II. That is, the short-circuitings detector 
should be used. 

• The tests presented in Parts I and II should be seen as pilot tests due to the 
few specimens available. In order to fully exploit the methods, further exper-
iments must be carried out, and a larger batch of data collected. 

• It is possible to implement the methods presented here on a digital signal 
processor, to allow execution in real time. Evaluation of the algorithms can 
then be carried out on welds in an industrial environment. 

xiv  
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Abstract 

This paper addresses the problem of how to detect burn-through automatically when 
welding with Gas Metal Arc (GMA) in the pulsed mode. Experiments with three 
different types of T-joint are performed in order to provoke burn-through. Dur-
ing the experiments, voltage and current are measured from the welding process. 
The environment around the measurements is highly disturbed by electrical noise. 
Several measurement techniques are accordingly used in order to prevent the inter-
ference from disturbing the measurements. Some physical phenomena of the welding 
process are surveyed, and their connection to the measured welding voltage and cur-
rent are discussed. A robust detection system is developed. The feature selected 
for the detection system is the interquartile range of amplitude of bandpassfiltered 
voltage. The results obtained from the detection system indicate that it is possible 
to detect burn-through in the welds automatically by analyzing the weld voltage, 
and that, allowing for some time delay, the same could be achieved in real time. 
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List of symbols 

Roman Symbols 
A 	wire cross-sectional area 	 [mm2]  
C 	constant 	 [V]  
h 	sampling rate 	 [Hz] 
F 	pulse frequency, F = 11T 	 [Hz] 
I 	source current 	 [A] 
4 	background current 	 [A] 

mean current 	 [A] 
4 	peak current 	 [A]  
j 	density of current 	 [A/mm3] 
Ki 	constant 	 [Al 
K2 	constant 	 [Ans]  
K3 	constant 	 [m/As] 
K4 	constant 	 [mm/As] 
L inductance of the network 	 [H]  
'ea 	length of arc 	 [mm]  
.e, 	length of wire electrode stickout 	[mm] 
Re 	resistance of the wire electrode stickout [9] 
I?, 	internal resistance of the welding source [2] 
T 	total pulse time, T = Tp  +  Tb 	[s]  
Tb 	background pulse time 	 [s] 
Tp 	 peak pulse time 	 [s) 
Ua 	arc voltage 	 [V] 
Uan 	anode voltage fall 	 [V] 
Ub 	background voltage 	 [V] 
U, 	cathode voltage fall 	 [V] 
Liao 	column voltage fall 	 [V] 
Ue 	wire electrode stickout voltage 	[V] 
Up 	peak voltage 	 [V] 
U. 	weld voltage, U. = U, + Ua 	 [V]  
Wb 	wire burn-off rate 	 [mm/sj 
Wf 	wire feed rate 	 [mm/si 
Ws 	weld speed 	 [mm/si 

Greek Symbols 

ßi 	constant 	 [9] 
02 	constant 	 [V] 
03 constant 	 [W] 
/34 constant 	 [V/mm] 
(/) 	volume of metal detached per pulse [mm3] 



Chapter 1 

Introduction 

Background 

An ongoing process of automatization of the production lines is implemented in in-
dustry in order to reduce production costs. Automatization of quality control should 
be seen as past of the cost reduction, as also should be quality control of welding. 

An automatic detection system should be capable of classifying different weld defects 
such as porosity, metal spatter, irregular bead shape, excessive root reinforcement, 
incomplete penetration and burn-through. Detecting and identifying defects require 
profound knowledge of the welding process. Adequate monitoring of the process is 
also required. Parameters such as current and voltage, wire feed rate, and shielding 
gas flow should be measured in an environment characterized by significant electrical 
noise disturbance. Finally, identification of defects requires knowledge of signal pro-
cessing and statistics in order to extract the information from the signals measured. 

Monitoring systems of weld parameters such as ADM III, Arc guard, and Weld-
check have been commercially available for some years [7, 81. They all work in a 
similar way. Voltage, current and other process signals are measured, presented and 
compared with preset nominal values. An alarm is triggered if the deviation from 
preset values exceeds a given threshold. However, the performance of ADM III, Arc 
guard, and Weldcheck has not, to the authors' knowledge, been well-documented. 
There are also other data acquisition systems described in reports which deal with 
automatic weld detection systems, which are not commercially available but which 
have been developed for scientific purposes [16, 23, 26, 25, 27]. 

In the field of short arc welding of steel, both physical analysis of the welding 
process [13, 6, 3] and statistical analysis of real welding signals have been made 
[16, 19, 18, 121. The problem of classifying the weld with respect to quality still 
remains, however. 

3 
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Burn-through 

To the authors' knowledge there is no precise definition of burn-through in welding 
literature. In AWS A3.0, Standard Welding Terms and Definitions [9], the term 
burn-through is described as 'a nonstandard term for excessive melt-through or a 
hole'. In Welding technology. Volume I of Welding Handbook, AWS [9] the defini-
tion of 'excessive melt-through' is given as 'a hole through the weld metal, usually 
occurring in the first pass'. No definition of a 'hole' was found. 

In the present paper, a 'burn-through' is defined as a hole in the weld joint or in the 
weld metal where the hole can be detected by the following experiment. Illuminate 
the front side of the weld joint. If any light can be detected on the rear side of the 
workpiece, there is a burn-through in the weld joint. An example of a burn-through 
can be seen in figure 1.1. 

Burn-through is caused by a disturbance in the heat balance as a result of an ex-
cessive heat input to the work piece, or insufficient heat conduction along the joint. 
The heat input is mainly determined by weld current, weld voltage and welding 
speed. An unstable welding process due to fluctuating wire feed rate and disturbed 
gas shielding can also cause variation in the heat input. 

Heat conduction can be disturbed by improper joint preparation and clamping. 
The work piece should be properly clamped onto the backing support. The joint 
gap should also be kept narrow. The larger the gap between the work pieces, the 
greater the probability that burn-through will occur [27]. 



a)  

I I 
i  

Figure 1.1: Photo of the a) front and  b)  rear side of a T-joint with burn-through. 
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Aim and organization of the report 
The present study discusses pulsed Gas Metal Arc (GMA) welding. An algorithm 
to detect and locate burn-through in T-joints is proposed. The algorithm is based 
on some signal processing tools, and is developed by studying the voltage and the 
current of the welding process. 

The report is organized as follows. Chapter 2 outlines the theory of pulsed GMA 
welding and includes the control of arc stability, metal transfer, and arc length 
criteria. Chapter 3 describes a number of experiments. Burn-through is provoked 
in weldings in a controlled way while the weld voltage and current from this process 
are monitored. As the environment around the measurements is highly disturbed by 
electrical noise, a variety of measurement techniques is used to prevent interference 
disturbing measurement. In chapter 4, observations of measured weld voltage and 
current are analyzed visually, and a detection algorithm based on these observations 
is accordingly developed. In chapter 5, the performance of the detection algorithm is 
tested, and the test result given. Chapter 6 includes a discussion of the observations, 
the detection algorithm, and test results. 
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Chapter 2 

Theory 

2.1 Pulsed GMA welding 

The GMA welding process employs a consumable wire electrode passing through 
a copper contact tube. See figure 2.1. Electrical current supports an arc between 
the end of the electrode and the work piece. The electrode is melted by resistive 
heating, and heat from the arc. The region surrounding the weld puddle is purged 
with shield gas to prevent oxidation and contamination of the weld joint [3, 4, 5, 11]. 

Figure 2.1: a) A schematic illustration of an equipment for pulsed GMA welding.  
b) A diagram of an arc voltage as a function of the distance from the wire electrode 
tip. 

The following symbols, illustrated in figure 2.1 and 2.2, may be of use in the ensuing 
discussion. I denotes the electric current of the weld process.  R,  denotes the internal 
resistance of the welding source. L denotes the inductance of the network. Re  
denotes the resistance of the wire electrode stick-out, i.e the part of the electrode 
between the contact tube and the arc. The notations  P,  and La  denote the length 

7 



8 	 Chapter 2. Theory 

of the electrode stick-out and the arc length respectively. U. denotes the voltage 
over the wire electrode stick-out. U. denotes the voltage between the electrode tip 
and work piece, and is called the arc voltage. The arc voltage consists of three 
components. Anode voltage fall, (Jan,  column voltage fall, Ile„, and cathode voltage 
fall, U. These are related by 

U. =-- U.. + 	+ U.. 	 (2.1)  

Uv,  denotes the weld voltage and is given by 

= 	+ U. 	 (2.2) 

In pulsed GMA welding the amplitude of the current alternates between two levels. 
See figure 2.2. The advantage of this method is that the mean current, and thus 
the average heat input to the work piece, is lower than in direct current (DC) GMA 
welding. Thanks to the smaller heat transfer, it is possible to weld thinner plates 
with pulsed GMA than with DC GMA welding.  

P 	Tb 

p  

e 

d 
C 

e 
n 

Time 

Figure 2.2: A schematic illustration of the weld current in pulsed GMA welding. Tp  
and  Tb  denote the peak pulse time and background pulse time respectively; and lb 
and Ip  denote the peak current and background current respectively. 

To limit the heat input to the work piece, the current is low during part of the current 
cycle. This part of the cycle is dubbed 'background pulse time' and is represented 
by  Tb.  The current during this part of the cycle comprises background current and 
is represented by 4. The current must exceed a specified critical value in order to 
obtain a stable arc, i.e the arc must neither go randomly over the work piece nor be 
extinguished [2, 4, 5]. This limit is given by the expression 

1"b > K1 	 (2.3) 

where K1  is an empiric constant. 

During peak pulse time, Tp, the current is high. The electrode is molten, and a 
droplet is detached, and transferred to the work piece. The main force for detaching 
a droplet and transferring it is the electromagnetic force induced by the peak current, 
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Ip. The gravity of the droplet mass plays a minor role. The criterion for detachment 
of one droplet per pulse is governed by the relationship 

IT = K2 	 (2.4) 

where K2 is a constant depending on the material, and 71, 2 [2, 4, 5, 21]. 

It is desirable that the droplets are of the spray type, i.e. the droplet size should be 
in the order of an electrode diameter [2, 15]. See figure 2.3. If the droplets are larger 
than the electrode diameter, globular metal transfer results, leading to a greater 
probability of short-circuiting, spatter, uneven weld bed and other fusion defects. 
The approximate droplet volume is given by [2]  

•C  • •-• K3 A (.47; Ib Tb ) 	 (2.5)  

where K3 is a constant and A is the electrode cross-sectional area. 

Wire feed rate, W1  should match the burnoff rate  Wb,  so that a constant arc length 
is maintained. This is important to avoid burn-backs and stubbing-in, which can 
cause defective welds [13] . The mean current 	is linked to the wire burn-off rate 
by [2, 4, 5]  

Wb  = K4Ini  

where K4 is a constant and  Im  is expressed by 

IpTp  + Ian =  Tp  Tb  . 

(2.6) 

(2.7) 

Figure 2.3: Illustration of the creation of melted drops on a wire electrode tip. 
Successive modes of metal transfer in GMA steel welding with increasing mean 
current from left to right [14 

2.2 Synergic Control 

Control criteria 

The peak current of the current source used in the present study is current-controlled. 
This means that a preset current value will be given independent of the impedance of 
the welding process. Some welding sources have an option preventing the electrode 
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from getting stuck during short circuitings by disconnecting the current control when 
the peak voltage decreases the some preset value. The current can thereby increase 
until the short-circuit is broken. An example of this will be given below. 

To select the optimal welding parameters Wf,  /p,  4,Tp and  Tb,  by trial and error 
is a time-consuming procedure. Some manufacturers of welding sources thus use 
synergic control to simplify the choice. With this method the operator just chooses 
one parameter e.g. the wire feed rate. The remaining parameters are adjusted 
automatically to their optimal values according to some optimization criteria. The 
criteria to be met are [2, 4, 51: 

1. Arc stability: Background current must exceed a minimum limit for stable 
arcing. 

2. Metal Transfer: Spray type metal transfer must be produced. 

3. Arc length: A constant arc length must be maintained. 

Arc stability criterion 

If other conditions such as clean metal surfaces and a proper shield gas flow are 
maintained, a stable arc is sustained if the background current is kept above a 
certain minimum value as outlined in the equation given in (2.3). 

Metal transfer criterion 

Figure 2.4 indicates two ways of modulating the mean current. In part a, the pulse 
width is kept constant while the pulse repetition rate is varied. In part  b,  the pulse 
repetition rate is held constant while the pulse width is varied. By also allowing 
control of the amplitude of the background current, a constant droplet size can 
be maintained. Constant droplet size can be maintained when the mean current 
is decreased by increasing the background pulse time if the background current is 
increased to the same extent. This is seen from the relation ( 2.5 ) and (2.7). As 
neither the peak current nor the peak pulse time is changed, conditions for spray 
mode are not affected. This can be seen in the equation (2.4) which, together with 
equation (2.5), determines the spray mode. 

Arc length criterion 

By measuring the weld voltage, a rough estimate of arc length can be obtained [15]. 
The voltage over the electrode stick-out is small compared to the arc voltage, and 
has been omitted from the following discussion [15]. When stationary, the voltage 
over the arc can be expressed as [10, 15] 

U. = 01/ + ß2 + + 	 (2.8) 

where (31, ß2, 03  and 04  are empirical constants. Assuming that the time constant 
of the process is much less than the time constant of the pulse duration and fixed 
current, equation 2.8 can be expressed as 
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Figure 2.4: Illustration of the common types of synergic control: a) The pulse width 
is kept constant while the pulse repetition rate is varied.  b)  The pulse repetition 
rate is held constant while the pulse width is varied. 

Ua  = K5 + 04& (2.9) 

where  C  is a function of the current. A change in arc length will therefore cause a 
change in arc voltage, and thus also a change in weld voltage. This makes it possible 
to estimate the arc length by measuring the weld voltage. 

As the arc length can be estimated, it is possible to build a control system that 
keeps the arc length constant [2]. 

According to equation (2.6), the burn-off rate can be controlled by changing the 
mean current. This can be used to adjust wire burn-off rate to match the wire feed 
rate in accordance with the following equation:  

dt  Wf  Wb 	 (2.10) 

Thus, when Wf=  Wb,  which implies that dPa/dt = 0, a constant arc length can be 
maintained [2]. 

d a  
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Experiments  

3.1 Aim of the experiments - Provoked burn-
through 

The aim of the experiments is to provoke burn-through in weldings in a controlled 
manner while monitoring the weld voltage and current from this process. Burn-
through was provoked using two types of specimen. See figure 3.1. Part  c  shows a 
T-joint where gaps have been cut out in the standing plate. In the present report this 
specimen is called a 'T-joint with step disturbance'. Part  d  shows a T-joint where one 
end of the standing plate is placed on a claque so that a triangular gap is achieved. 
This specimen is called a 'T-joint with ramp disturbance'. A third specimen shown 
in parts a and  b  is a T-joint with the standing plate in perfect contact with the 
laying plate. This specimen was used to produce normal or reference weldings, and 
is thus called a 'reference T-joint'. A weld joint judged to be an acceptable weld by 
an experienced welder using visual inspection, is called a 'normal weld'. 

 

a) b) 

MMIL 
50 mm 

d) 

	  MMI°  

60 mm 	 145 mm 

Figure 3.1: Illustration of steel T-joints used in the experiments to provoke burn-
through in weld joints: a) Reference T-joint, front view.  b)  Reference T-joint, side 
view.  c)  T-joint with step disturbance, front view.  d)  T-joint with ramp disturbance, 
front view. 
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3.2 Instrumentation 

Overview 

A schematic overview of the experimental set-up is shown in figure 3.2. It is made 
up of welding equipment consisting of a welding source, a welding torch, a welding 
table and instrumentation for recording weld voltage and current. The welding torch 
is attached to a carriage, which runs on a rack. The carriage obtains its linear thrust 
from a motor mounted on the carriage with appertaining linear toothed transmission 
gear. The speed of the welding torch is denoted by W,. The welding torch is fixed 
at an angle of 45 degrees to the welding table; and the distance between the contact 
tube tip and the plate is 15 mm. As the torch is moved along the work piece, the 
joint is filled with a solution of electrode wire and work piece material. See figure 3.3. 

Figure 3.2: A schematic overview of the experimental setup for measuring weld 
voltage and current from a GMA welding process. A carriage moves the torch. This 
is supplied with current from a weld source. The voltage between the contact tube 
of the weld torch and the welding table (more specifically an insulated aluminium 
plate, see figure 3.4 for details) is measured. The current fed to the torch is measured 
with a sensor placed around the return conductor of the weld source. The measured 
signals are buffered and fed to a data acquisition system. 

Figure 3.3: Schematic close-up view of the positioning of the welding torch in the 
experiment. As the torch is moved along the work piece, the joint is filled with a 
solution of electrode wire and work piece material. 

The weld voltage is measured between an electrode applied to the contact tube and 
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a reference electrode screwed into an aluminium plate which serves as an insulated 
welding table. See figure 3.4. The aluminum plate is placed on an insulating plate 
and this is in turn placed on the welding table. The return conductor is mounted 
with a screw on the aluminum plate.  

Figure 3.4: Schematic close-up views of the welding table used in the experiments: 
a) top view  b)  side view. Compare with figure 3.2. 

The purpose of this arrangement is to ensure full control of the current path. This 
will be further explained in the section "Interference" below. The current is mea-
sured with a current transformer which is mounted around the return conductor. 
Thanks to the transformer, the output is galvanically insulated from the ground. 
The voltage is measured with an instrumentation amplifier which is galvanically 
insulated from the ground by an opto-coupled buffer. 

The outputs from the current and voltage sensors are connected to an acquisition 
system, Hewlett Packard 3565S module, where the signals are filtered, sampled, dig-
itized and temporarily stored. The data is then transferred to a personal computer, 
PC 486, via an HPIB interface, for permanent storage. 

Welding equipment 
Commercial welding equipment, an  ESAB  ARISTO 500, was employed for the ex-
periment.  ESAB  ARISTO 500 can weld using synergic control. To modulate the 
mean current, the  ESAB  ARISTO 500 uses the current modulation indicated in 
figure 2.4, part a, i.e. the pulse width is kept constant while the pulse repetition 
rate is varied. The arc length is controlled according to the relations outlined in 
section 2.3. The wire feed rate was set at 5.0 m/min, giving the parameters shown 
in table 3.1. The welding speed was set at 1  cm/s.  The electrode filler material used 
in the experiment was  ESAB  OK 12.51, with a diameter of 1.2 mm. The shield gas 
used was 90%Ar/5%02/5%CO2. 
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PARAMETER 
./-7, peak current 	 300 A 
4 	background current 	40 A 
Up 	peak voltage 	 27 V 

peak pulse time 	2.3 ms  
Tb 	background pulse time 	6.2 ms 
WI  wire feed rate 	5.0 m/min 
W, welding speed 	10 mm/s 

Table 3.1: List of nominal welding parameters 

Specimen 

The specimens were each comprised of two rectangular 250  x  50  x  2 mm plates of 
mild steel SS 1312. For the T-joint with step disturbance, the dimension of the 
gap was 1  x  60 mm. See figure 3.1, part  b.  The dimension of the T-joint with 
ramp disturbance is 145, mm and 3 mm for the two short sides of the triangle. See 
figure 3.1, part  d.  

Sensors 

In pulsed welding there are large amplitude differences between peak and background 
currents. Furthermore, the peak pulse time Tp  is short, (see table 3.1). Thus, the 
rise time for the current is short. The large amplitude difference and the short rise 
time of the current make high demands on the current sensor. In the experiment, 
a current sensor,  LEM  Module LT 500 - S, was used. The  LEM  module has a 
measuring range from 0 to 800 A, a bandwidth from 0 to 100 kHz and a slew rate 
greater than 50 A/ps. The bandwidth of the current measuring system is limited by 
the bandwidth of the measuring buffer which is 35 kHz. The rise time of the whole 
system will thus be less than 25 µ,s, which is approximately 1 % of the peak pulse 
time. 

The voltage is measured between the contact tube and the aluminium plate. See 
figure 3.4, part a. This voltage comprises the weld voltage superimposed on a volt-
age drop caused by the weld current flowing through the contact resistance between 
the contact tube and the electrode wire. 

Due to the difficulties in measuring directly on the wire electrode during the exper-
iments, one of the sensor electrodes is placed on the contact tube. It would have 
been more accurate to measure the voltage drop with a slide contact placed directly 
on the welding electrode just directly before its point of contact with the contact 
tube. A test was, however, conducted to estimate the voltage drop. One of the 
measuring electrodes was then placed on the electrode immediately before the point 
of contact with the contact tube and the other electrode was placed on the contact 
tube. A GMA weld was performed with the same welding parameters as those used 
in the burn-through experiments. A voltage drop of 0.2 V was found when the weld 
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current changed between 4 (= 40 A) and I„ 	300 A). Thus the contact resistance 
was found to be less than 1 ing2. This means that the welding current is overesti-
mated by less than 0.3 V during peak pulse time, and by less than 0.04 V during 
background pulse time. 

The alternative to measuring the weld voltage by putting one of the measuring elec-
trodes on the wire electrode just by the feeding system was rejected [20, 1]. This 
configuration picked up noise from the DC/DC-converter. Furthermore, the current 
in the return conductor tended to interfere as a result of magnetic induction in the 
loop made up from wire electrode, the welding arc, the aluminium plate and the 
leads of the voltage probing electrodes. 

Weld voltage measurement requires a device with a high slew rate in order to avoid 
distortion of the measurements. The bandwidth of the voltage measuring system is 
limited by the bandwidth of the measuring buffer, which is 35 kHz. The rise time 
of the entire system will thus be less than 25 its, which is approximately 1 % of the 
peak pulse time. 

Location of burn-through 

The movement of the torch is recorded together with the weld voltage and current. 
The position and velocity are calculated from the known distance, 5 mm, between 
the teeth of the rack. The teeth are illuminated by a laser which is attached to the 
carriage together with a photo sensing device. The measurement is based on the 
triangulation method [1]. The signal from the positioning system is sampled into a 
separate channel of the acquisition system. As the wire electrode hits the workpiece, 
the arcing starts. Thus the start of a welding pass can be estimated by the voltage 
drop due to the short circuitings of the weld voltage. Due to irregularities in the 
teeth of the rack and difficulties in manipulating the knob used for speed adjustment, 
the estimated position of burn through has an error of 2 mm. 

Interference 

The environment around the measurements of the weld process is highly disturbed 
by electrical noise. Several sources exist and they are inherent in the welding pro-
cess, as well as being external. The most important noise source originates from 
the weld source, which contains a power module based on a high frequency chopped 
DC/DC converter. The current of high frequency can, therefore, be coupled to the 
measuring system, and introduce voltage noise. To avoid capacitive and inductive 
coupled interference, shielded, and where possible, twisted cables are used between 
the sensor terminals and the measuring buffer module. Other high power consum-
ing electrical machines in the environment interfere due to large current transients 
through the mains. To prevent such transients reaching the monitoring equipment, 
a separate mains supply is used. 

As already mention, the weld current is measured by a current placed around the 
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return conducter of the weld source. To monitor the weld current, a current probe 
is placed around the ground lead of the weld source. See figure 3.4. To be sure of 
measuring the entire weld current, the ground lead is not connected to the welding 
table as is normal but is instead connected to an aluminium plate which is placed 
on the welding table. The dimensions of the plate are 0.5  x  0.5  x  0.02 m. The plate 
is electrically insulated from the welding table by a plate of pertinax of the same 
dimensions. The somewhat poorly defined current return loop through the welding 
table to the ground is thus eliminated. 

To break the ground loops between the weld process and the monitoring equipment, 
opto insulation and transformer coupling are used, as outlined in the section sensors. 

Data acquisition system 
The data acquisition system used in the experiments is a Hewlett Packard 3565S 
module connected to a LEO 486/66 IBM-compatible PC via an HPIB interface. A 
block diagram of the acquisition system is shown in figure 3.5. The weld voltage 
and current are sampled and digitized in the HP3565S. Once the signals have been 
recorded, they are transferred to a PC 486, where they are stored in a 500  Mbyte  
memory in  MATLAB  format. The LEO 486/66 is equipped with acquisition soft-
ware for controlling the HP 3565S module. 

Figure 3.5: Block scheme of the data acquisition system. 

The weld voltage and current signals are filtered to avoid aliasing with an effective 
bandwidth of 12.8 kHz, and sampled with an effective sampling rate of 32.768 kHz 
with a resolution of 14 bits. This is accomplished in a few steps. A block diagram 
of the Hewlett Packard 3565S module is shown in figure 3.6. First, the signals are 
filtered with an analogue elliptic filter. The analogue filter has a cut-off frequency 
of 102.4 kHz. Its magnitude has less than a 0.1 dB ripple in the  passband,  and has 
80 dB attenuation in the  stopband  [24]. ( Swept sine measurements were made in 
order to measure the phase shift of the elliptic filter.) The phase shift was measured 
to ensure that it was less than 2 degrees between 0-12.8 kHz. The signals are 
subsequently sampled with a resolution of 14 bits and a sampling frequency of 262 
kHz. Thereafter, the data is filtered by a multistage decimator filter. The multistage 
decimator filter consists of 3 FIR filters, each a 12th order low pass filter with 
intermediate decimation by a factor of two. Each of the FIR filters has a flat 
amplitude function of up to 12.8 kHz, and the phase is linear [24]. The procedure 
outlined assures a well-defined  A/D  procedure which allowing a steep roll-off of the 
amplitude characteristic of the total lowpass filter function while still allowing a 
linear phase over the complete  passband  [22]. 
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Figure 3.6: Block scheme of the input module of the data acquisition system HP 
3565S channel. 

3.3 Measurement 

Experimental procedure 
Before starting to measure, the specimen is positioned in the middle of the aluminum 
plate and fixed by a fixture. Since the torch is attached to the carriage, the welding 
speed is determined by the speed of the carriage. The weld speed is set at 10 mm/s. 
The carriage is started manually by the operator, who then starts the weld source. 
This in turn sends a trigger signal to the acquisition system, which starts to record 
data. The beginning of the weld varies with the with type of specimen. For the 
T-joint with step disturbance, the operator starts the weld one centimeter before 
the cut. For the T-joint with ramp disturbance, the weld is started approximately 
two centimeters from the lower end of the standing plate. See figure 3.1. For the 
reference T-joint, the weld is started in the middle of the work piece. 

Recorded data 

For all measurements, three channels were used: one for the weld voltage, one for the 
weld current and one for the position sensor. 33 experiments in total were conducted. 
Eleven experiments were conducted for the T-joint with step disturbance, reference 
T-joint and ramp disturbance per se. The recording time of the measured signals 
was 4, 5 and 10 s for step disturbance, reference and ramp disturbance respectively. 
There were 34 burn-throughs in all in the weld joints produced; 11 burn-throughs in 
the T-joint with step disturbance; 23 burn-throughs in the T-joint with ramp dis-
turbance, and no burn-throughs in the reference T-joints. As previously mentioned 
in the "Data acquisition system" section, the sampling frequency was 32.768 kHz, 
and the resulting lowpass filter had an upper frequency limit of 12.8 kHz. 
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Analysis  

4.1 Observations 
General 

Figures 4.1, 4.6 and 4.9 show photos of samples of the three different T-joints. 
Registrations of corresponding weld voltage and current are shown in figures 4.2, 
4.7 and 4.10. For a T-joint with step disturbance or ramp disturbance, episodes 
of burn-through are indicated below the voltage diagrams, (insert  c).  The type of 
disturbance is indicated at the bottom of the figures, (insert  d).  The observations 
described below are typical of the weldings, though considerable deviations from the 
normal pattern can occur. 

Reference T-joint 

A typical appearance of the voltage for the reference T-joint is shown in figure 4.2. 
The peak voltage and background voltage seem to be constant throughout welding, 
except for a few short circuiting seizures as, for example, at 12, 19, 27, 34 and 38 
mm. The short-circuitings occur mainly immediately after peak voltage as can be 
seen in figure 4.3. 

If severe short circuiting occurs, the weld source will start operating in the short 
circuiting mode. In figure 4.2, past  b,  the short circuiting mode is indicated by an 
abrupt increase in the background current at 0.53 mm. 

There is a decreasing trend in voltage during the background pulse time. There is 
also normally a small voltage peak in that interval. See figure 4.4. This could be 
caused by the drop detachments [2, 4, 5, 21]. 

A phenomenon often seen in the registration of the weld voltage is increased fluc-
tuation in the peak voltage immediately before short circuiting occurs. Every other 
peak voltage is low, and every other is high. See figure 4.5. The voltage varies 
between 26.5 V and 27.5 V. 

19 
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T-joint with step disturbance 

Figure 4.7 shows the typical appearance of the voltage for a T-joint with ramp dis-
turbance. When a burn-through occurs, for example, between 17 to 27 mm, there 
is a decrease in background voltage. In the same time interval, the peak voltage 
increases, or remains constant. Closer examination of the weld voltage during burn-
through reveals that a stochastic - probably broad band - signal component occurs. 
Compare figure 4.4 with figure 4.8. During peak pulse time, the peak voltage in-
creases from 27 V to 27.5 V, or has a normal trapezoid appearance. At the end of 
the burn-through, several short circuitings occur. 

T-joint with ramp disturbance 

For the T-joint with ramp disturbance, a stochastic signal component similar to that 
in T-joints with step disturbance is found. Furthermore, for the T-joint with ramp 
disturbance, the weld voltage shows a large number of short circuitings when burn-
through is present. See figures 4.10 and 4.11. Note that such short circuiting arises 
during burn-through, and not, as in the T-joint with step disturbance, immediately 
after burn-through. 
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a)  

Figure 4.1: Reference T-joint: Photo of the a) front and  b)  rear side of a welded 

joint. 
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Figure 4.2: Reference T-joint: a) Measured current and  b)  measured voltage. 

Figure 4.3: Reference T-joint: Close-up view of a) measured voltage and  b)  measured 
current when short circuiting occurs. 
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a) 	 b) 
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Figure 4.4: Reference T-joint: Close-up view of a) measured voltage and  b)  measured 
current during normal condition. The arrows indicate assumed drop detachments. 

Figure 4.5: Reference T-joint: Close-up view of a) measured voltage and  b)  measured 
current before, and during, a short-circuiting seizure. Note that every other peak 
voltage is low, and every other high. 
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a)  

b)  

Figure 4.6: T-joint with step disturbance: Photo of the a) front and  b)  rear side of 

a welded joint. 
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Figure 4.7: T-joint with step disturbance: a) Measured current and  b)  measured 
voltage.  c)  The actual locus of burn-through (BT).  d)  Position and type of distur-
bance (PST). 
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Figure 4.8: T-joint with step disturbance: Close-up view of a) measured voltage and  
b)  measured current during burn-through. 
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a)  

b)  

Figure 4.9: T-joint with ramp disturbance: Photo of the a) front and  b)  rear side 
of a welded joint. 
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Figure 4.10: T-joint with ramp disturbance: a) Measured current and  b)  measured 
weld voltage.  c)  The actual locus of burn-through (BT).  d)  Position and type of the 
disturbance (PST). 
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Figure 4.11: T-joint with ramp disturbance: Close-up view of a) measured voltage 
and  b)  measured current during burn-through. 
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4.2 Method 

Power spectral density comparison 

A comparison between the weld voltage of figures 4.4, 4.8 and 4.11 indicates that a 
broad band signal component in the weld voltage occurs during burn-through. To 
analyze the spectral content of the broad band signal component, the power spectral 
density of the signal was estimated. Estimation of the power spectral density is 
based on the periodograms method. This is described in Appendix A. The method 
is implemented with the command 'spectrum' in the  MATLAB  Signal Processing 
Toolbox [14]. With this command, the 8192 data samples are divided into 16 
sections, with 512 points in each section. The sections are cletrended. In order 
to reduce the effect of spectral leakage, a  Hanning  data window is applied to the 
sections of the signal prior to computing the periodogram. To lower the variance of 
the estimate, the modified periodograms of the sections of the signal are averaged 
95 % confidence interval is also calculated and plotted by the routine. The result 
of the power estimation of the weld voltage for normal weld of a reference T-joint, 
and for a burn-through when welding a T-joint with step, disturbance is shown in 
figure 4.12. A comparison between the two power spectral densities shows that the 
main difference is above 3 kHz. 
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Figure 4.12: Power spectra/ densities of a) the weld voltage from a reference T-joint 
during normal welding and  b)  weld voltage from a T-joint with step disturbance 
during burn-through. The dotted curve represents the 95 % confidence limits. 

Filtering the data 

Since the main difference in the power spectra of the weld voltage for normal welds, 
and for the welds during burn-through, occurs for frequencies over 3000 kHz; and as 
the Hewlett Packard 3565S input module is fully aliased protected in the frequency 
range 0 — 12.8 kHz, the weld voltage is  bandpass-filtered with a discrete-time filter 
with the following specification [24]: The maximum pass-band ripple of the magni-
tude of the discrete-time filter, < 0.1 dB. The minimum stop-band attenuation of 
the discrete-time filter is 80 dB. The lower stop band edge of the discrete-time filter 
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is fi  = 3 kHz. The lower pass-band edge of the discrete-time filter is f2  = 4.0 kHz. 
Upper pass-band edge of the discrete-time filter is 12  = 11.8. The upper stop-band 
edge of the discrete-time filter is f2  = 12.8. This filter was designed with an elliptic 
filter of an order 8 in  MATLAB,  Signal Processing Toolbox [14 The magnitude 
response of the elliptic filter is shown in figure 4.13. 

In order not to distort the phase of the output relative to the input, the phase-shift 
of the filter should be zero. One technique for achieving this is to process the data 
forwards and then backwards through the same filter [22]. A more thorough descrip-
tion of zero-phase filter operation is presented in Appendix  B.  Figure 4.14 shows the 
result of applying the bandpassfilter to the voltage. 

2000 	.0 5000 IMO 12000 14000 14000 
Frequency (RIM) 

Figure 4.13: Magnitude for the designed elliptic  bandpass  filter used to filter the 
weld voltage. 
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Figure 4.14: a) Weld voltage and  b)  bandpass-filtered ( 3.0 - 12.8 kHz) weld voltage 
from welding a T-joint with step disturbance. 

A robust estimate of spread of data 

Note that the peak-to-peak amplitude of the  bandpass-filtered voltage in figure 4.14 
is higher when burn-through is present. A detection method based on the spread of 
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the amplitude of the  bandpass  filtered voltage seems possible. However, the anal-
ysis is complicated by the fact that several short circuitings occur. These events 
induce transients, and thus broadband voltage. This means that some of the energy 
in the  passband  originates from these short circuitings, and not from the observed 
stochastic signal components which were discussed in the 'Observations' section. 
These components were supposed to be characteristic of burn-through. In order to 
reduce the influence of the transients, interquartile range was chosen (IQR) [17]. 
IQR is less sensitive to extreme values than, for example, variance [17]. The in-
terquartile range is defined as follows: 

Let the data samples from a part, say 1 mm, of a weld be ordered. Call the 
limit that delimits the upper 25 % of the data, Q3, and the limit that delimits 
the lower 25 % of the data, Q1. Then 

IQR 	Q3  — 	 (4.1) 

Detection algorithm 

The feature selected as the detection parameter is the IQR of the amplitude of 
the  bandpass-filtered voltage. The  bandpass-filtered voltage is divided into  N  sec-
tions, with 3000 samples in each section. These 3000 samples correspond approx-
imately to 1 mm in weld length. Call the section of  bandpass-filtered voltage if, 
where  i  == 1,. . ,  N.  Calculate the interquartile range for each section, IQR, where  
i  -= 1, 	,  N.  If IQRi  is found to be larger than some empirical threshold value, 
then burn-through is assumed. 

Figure 4.15, part a, depicts the result of the IQR taken from a reference T-joint. 
Figure 4.15, past  b,  depicts the result of the IQR taken from a T-joint with step 
disturbance. Figure 4.15, part  c,  depicts the result of the IQR taken from a T-joint 
with ramp disturbance. Note that the interquartile range of the beginning of the 
welding pass is large. This does not account for the presence of burn-through, how-
ever. This is due to the process not being stabilized, which leads to a large number 
of short-circuitings. 
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Figure 4.15: IQR as a function of position for a) reference T-joint (cf figure 4.2),  b)  
T-joint with step disturbance (cf figure 4.7) and  c)  T-joint with ramp disturbance 
(cf figure 4.10). The two curves at the bottom of each diagram indicate (by rising) 
when IQR > 0.08, (upper curve) and IQR > 0.1 (lower curve). 
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Test of the detection algorithm 

The IQR from three records, from each of the three different T-joints were used to 
determine a suitable detection threshold for the algorithm. Two thresholds, 0.1 and 
0.08 were chosen using visual inspection. 

The test was designed as follows: If the IQR exceeds the threshold, and there is a 
burn-through, the test has a detection. If the IQR does not exceed the threshold, 
there is a nondetection. If the IQR exceeds the threshold, and there is no burn-
through, the test has a false alarm. 

When welding a T-joint with ramp disturbance, the joint at the lower end of the 
specimen will be of good quality. As the welding continues, however, the weld joint 
deteriorates. First, there will be some burn-throughs. The weld will then degenerate 
until there will be insufficient deposit to fill the joint. Thus, it can be difficult to 
decide whether there is a burn-through or if it should be assumed that the weld 
has degenerated completely. For this reason, only the two first burn-throughs will 
be taken into account. The rest of the burn-through is ignored in this study. See 
figure 4.16. 

Figure 4.16: Photo of a welded T-joint with ramp disturbance. Arrows 1,2 and 
3 indicate the position of burn-throughs. Arrow 4 indicates the beginning of a 
deteriorated part of the weld joint. Only the two first burn-throughs will be taken 
into account in the test. 
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Results 

The results of the test are shown in Tables 5.1 and 5.2. Two different thresholds, 
0.08 and 0.1, were used. 

Table 5.1: 	Threshold -= 0.08 

Type of T-joint Number of burn-throughs Detection Nondetection False Alarms 

Reference 0 — — 3 
Step disturbance 11 10 1 0 
Ramp disturbance 23 23 0 8 

Table 5.2: 	Threshold =- 0.1 

Type of T-joint Number of burn-throughs Detection Nondetection False Alarms 

Reference 0 — — 1 
Step disturbance 11 10 1 0 
Ramp disturbance 23 20 3 3 

To illustrate the results, the data and the test results for six of the specimens, two 
of each kind, are shown below, together with photos of the corresponding T-joint. 
Two figures are given for each specimen. The first figure, parts a and  b,  show photos 
of the front and rear side of the T-joints. The second figure, part a shows the weld 
voltage. Part  b  shows the corresponding IQR. The two curves at the bottom of this 
diagram indicate (by rising) when IQR > 0.08 (upper curve) and IQR > 0.1 (lower 
curve). Part  c  of the figure shows the actual locus of the burn-throughs. Part  d  
shows the type and position of the disturbance along the weld joint. 
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a)  

Figure 5.1: Reference T-joint: Photo of the a) front and  b)  rear side of a welded 
joint. 
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Figure 5.2: Reference T-joint: a) Measured weld voltage.  b)  Corresponding IQR. 
The two curves at the bottom of this diagram indicate (by rising) when IQR > 0.08 
(upper curve) and IQR > 0.1 (lower curve).  c)  The actual locus of burn-throughs 
(BT).  d)  No disturbances as this is a reference T-joint. 
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a)  

b)  

Figure 5.3: Reference T-joint: Photo of the a) front and  b)  rear side of a welded 
joint. 
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Figure 5.4: Reference T-joint: a) Measured weld voltage.  b)  Corresponding IQR. 
The two curves at the bottom of this diagram indicate (by rising) when IQR > 0.08 
(upper curve) and IQR > 0.1 (lower curve).  c)  The actual locus of burn-throughs 
(BT).  d)  No disturbances as this is a reference T-joint. 
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a)  

b)  

Figure 5.5: T-joint with step disturbance: Photo of the a) front and  b)  rear side of 
a welded joint. 
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Figure 5.6: T-joint with step disturbance: a) Measured weld voltage.  b)  Corre-
sponding IQR. The two curves at the bottom of this diagram indicate (by rising) 
when IQR > 0.08 (upper curve) and IQR > 0.1 (lower curve).  c)  The actual locus 
of burn-throughs (BT).  d)  Position and type of the disturbance (PST). 
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a)  

Figure 5.7: T-joint with step disturbance: Photo of the a) front and  b)  rear side of 
a welded joint. 
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Figure 5.8: T-joint with step disturbance: a) Measured weld voltage.  b)  Corre-
sponding IQR. The two curves at the bottom of this diagram indicate (by rising) 
when IQR > 0.08 (upper curve) and IQR > 0.1 (lower curve).  c)  The actual locus 
of burn-throughs (BT).  d)  Position and type of the disturbance (PST). 
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a)  

b)  

Figure 5.9: T-joint with ramp disturbance: Photo of the a) front and  b)  rear side 

of a welded joint. 
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Figure 5.10: T-joint with ramp disturbance: a) Measured weld voltage.  b)  Corre-
sponding IQR. The two curves at the bottom of this diagram indicate (by rising) 
when IQR > 0.08 (upper curve) and IQR > 0.1 (lower curve).  c)  The actual locus 
of burn-throughs (BT).  d)  Position and type of the disturbance (PST). 
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a)  

b)  

Figure 5.11: T-joint with ramp disturbance: Photo of the a) front and  b)  rear side 

of a welded joint. 
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Figure 5.12: T-joint with ramp disturbance: a) Measured weld voltage.  b)  Corre-
sponding IQR. The two curves at the bottom of this diagram indicate (by rising) 
when IQR > 0.08 (upper curve) and IQR > 0.1 (lower curve).  c)  The actual locus 
of burn-throughs (BT).  d)  Position and type of the disturbance (PST). 



Chapter 6 

Discussion 

It is difficult to obtain an accurate statistical description of the weld voltage as 
there are several high voltage transients. These extreme values are generally non-
stationary, and of short duration. The advantage of the proposed method for de-
tecting burn-through is that it is a simple measure of spread of data and that it is 
not as sensitive to extreme values as, for example, the variance estimate. 

The most severe problem is the short-circuitings. A few short-circuitings are prob-
ably not detrimental to the quality of the joint, but may influence the estimate of 
the interquartile range. Even though IQR excludes 50 % of the extreme values, the 
burn-through indicator can give a false alarm. 

To improve the detection performance of the algorithm it can be extended with a 
short-circuiting detector: When short-circuitings occur, locate corresponding sam-
ples of the  bandpass  filtered weld voltage and remove it from the data sequence. One 
can also apply a two sided limiter to the data sequence in order to further reduce 
the effect of other extreme transients before calculating the IQR. The algorithm 
could perhaps also use the fact that several, consecutive, short-circuitings may be 
an indication of burn-through. This must, however, be investigated further. 

In chapter 5, typical weld voltages and IQR for the bandpassed voltages for three 
different T-joints are shown. See figures 5.2, 5.4, 5.6, 5.8, 5.10 and 5.12 parts a and  
b.  It is assumed that there is generally a correspondence between the spread of the 
amplitude of the  bandpass  filtered voltage and the welding quality of the joint, i.e. 
the more the  bandpass  filtered voltage fluctuates, the poorer the weld quality. From 
the figures one can see that there are several examples where the  bandpass  filtered 
voltage seems to be severely disturbed, while the weld joint seems to be normal, 
at least on visual inspection. More profound examination of the welded joint could 
nonetheless show that the weld is a of a poor quality. Thus an increasing IQR could 
be a sign of a deteriorating weld quality, although it does not lead necessarily to a 
burn-through. 

Figure 4.15, part  b,  shows the IQR for a T-joint with step disturbance. There 
is one burn-through at 17 — 27 mm in the weld joint, seen in figure 4.7, which is 

48 
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from the same experiment. This burn-through is detected when using a detection 
threshold of 0.08. When using the higher threshold 0.1 ,however, two burn-throughs 
are indicated. This is not a serious problem in a practical situation. By setting 
the alarm once, the operator is informed that there is at least one burn-through in 
that part of the weld joint and something must be done to correct the welding. The 
actual threshold is thus not critical as long as the number of false alarms is kept low. 

A most valuable quality of a detection algorithm is that it allows execution in real 
time. In order to perform the zero-phase  bandpass  filtering of the weld voltage, 
data was processed forwards and then backwards through the same filter, thereby 
making it impossible to carry out that the filtering operation in real time. However, 
by using a data buffer of say 3000 samples, which corresponds to a time delay of 
about 1 s, the two filtering steps can be carried out in real time. A burn-through 
will then be detected, at least 1 s (corresponding to 9.5 mm) after it has been created. 

From figure 4.12 it can be seen that the main difference between the spectral es-
timate of a weld during burn-through and that of a normal weld appears in the 
frequency band 4— 13 kHz. There is a significant disturbance in the frequency band 
9 — 10.5 kHz. This is probably caused by the weld source, which contains a power 
module based on a high frequency chopped DC/DC converter. Probing calculations 
have shown that the test will not be significantly influenced by the inclusion or ex-
clusion of this part thanks to the robustness of the IQR measure. However, in order 
to maintain the performance of the detection algorithm, the threshold value must 
be adjusted to a different value. 

A different and complementary approach to the detection problem is to build in into 
the detection system physical information about the welding process in order to im-
prove detection performance. However, the physical mechanism of the weld process 
and its reflection on the weld voltage and current is not clearly understood [27]. It 
is plausible that irregularities of the welding process, e.g. due to disturbances in 
the supply of the shield gas or due to impurities in the weld joint, are reflected in 
the weld voltage. This is probably what is detected with the detection algorithm 
when the IQR rises from the normal level of 0.05. In an industrial process it would 
therefore be helpful for the welder in charge to have, for example, a flashing alarm 
lamp, which warns that the IQR for the welding process is exceeding the normal 
value. 

In the present report, a broad band signal component is found during burn-through. 
This may be the result of the fact that the arc does not go directly from the electrode 
directly down to the weld pool but, goes at randomly, back and forth on the lower 
edge of the standing plate of the T-joint. Further study of the welding process, in 
which the latter is recorded on video, while weld voltage and current are registered 
, is probably necessary to gain a full understanding of the process. By studying 
the arc path in three dimensions, and relating the arc length to the weld voltage, 
a deeper knowledge of the origin of the appearing of the weld voltage can be achieved. 
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Finally, the observed phenomena are probably dependent of the actual welding 
equipment used in the experiments. It is not likely that equipment of different 
brand will show the same behavior. A suitable detection threshold has thus to be 
determined for each piece of equipment, and for each type of welding required. 

Summary 

A method for detection of burn-through has been presented. It consists of a mea-
suring system for acquisition of weld voltage and current, and a signal processing 
tool for analyzing the recorded data. The detection algorithm, including the IQR-
measure, is found to be robust method for detection of burn-through, but can also 
be used as an alarm indicating that the welding process is not working properly in 
other aspects. If some delay is allowed, the detection can be performed in the real 
time. It is the intention of some of the authors of this report to develop further 
methods which are more reliable, using the information gained from the occurrence 
of short-circuiting. 



Appendix A 

Power spectral density estimation 

The spectral density estimation of the voltage is based on Welch's averaged  peri-
odgram  method [22]. The data x[n] is partitioned into  K  blocks of length M. A 
window function, denoted f  [n]  is applied to each data block. For each block with 
no overlap a modified  periodgram  is formed as follows 

M-1 
Im(jW) = 	E  x[n] f [n]e-"w 12  

MU n=0 

where  

^4-1 
U= 7,v7  E f [n]2  

n=0 

The factor U is a scaling factor equal to the average power in the window function. A 
normalizing factor, MU, is required for the estimate to be asymptotically unbiased 
[22]. The spectral density estimate is formed by averaging the modified  periodgrams  

1K 
IM(3W) = .17 Ei(jw) 

The variance of the spectral estimate is [22] 

V[I(jw)] -K I(jw)  

(A.1)  

(A.2)  

(A.3)  

(A.4)  

51 



x[n] g[n] h[n] 

(a) 

r[n] 

of the filter operation  

Appendix  B  

Zero-phase filter implementation 

In order not to distort the phase of the output relative to the input, the phase 
characteristics of the filter is should be zero. One technique is to process the data 
forward and then backward through the same filter [22]. The filter operation is 
indicated in figure B.1. 

Let h[n] be the impulse response of the causal filter with an arbitrary phase charac-
teristic. Assume that h[n] is real and denote its Fourier transform by 1/(e3w). Let 
x[n] be the data that to be filtered and denote its Fourier transform by X(e3w). Call 
the output signal g[n], and denote its Fourier transform by G(e3w). 

g[-71] 	h[n] 

(6) 

Figure B.1: Block diagram 

The outputs g[n] and r[n] are obtained as 

G(  )=  X(  )H(e3 )) 
R(e-1  ) =  X  -31H(e-3w)H(e3w) 	(B.1) 

R(e)VJ) --= G(e-  )H(e3w) 

but H(e-3w)= H*(el ) if h[n] is real which gives 

R(e3w) = X(e-)v)IH(el)I 2 	 (B.2) 

with s[n] = r[—n] 

S(e3't) = R( 	) 	 (B.3) 
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and finally the output is obtained as 

S(e3w) = IH(e3w)12X  (ein 	 (B.4) 

Thus, the resulting sequence s[n] has zero-phase distortion. 
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Abstract 

This paper addresses the problem of automatic detection of burn-through in 
weld joints. Gas metal arc (GMA) welding with pulsed current is used, and welding 
voltage and current are recorded. A Least - Squares estimation procedure is used 
where a linear discrete-time model, an  autoregressive  model with extra input (ARX 
model), is identified from the data. A prediction error is obtained from the model. 
The error is used in a detection algorithm to detect burn-through. Short-circuitings 
and other welding phenomena introduce transients in the weld voltage. These tran-
sients reduce the performance of the first version of the proposed detector, which 
must be extended with a short-circuiting detector and some transient suppressing 
algorithms. The results obtained from the resulting compound detection algorithm 
indicate that it is possible to detect burn-through in the welds automatically. The 
work also indicates that it is possible to design an on-line monitoring system for 
robotic GMA welding. 
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List of symbols 

Roman Symbols 
A 	wire cross-sectional area 	 [mm2] 
AIC 	Akaike Information Criterion 
al , ... ,  ap 	scalar ARX coefficients 
b0, . . . ,  b,. 	scalar ARX coefficients 
a1,. • • 1 i4 	estimated scalar ARX coefficients  

bo,  • • • , br 	estimated scalar ARX coefficients 
Dk 	 the output sequence from the level detector 
e[n] 	prediction error 	 [V] 
f  [n] 	the amplitude limited prediction error 	 [V] 
fs 	 sampling rate 	 [Hz]  
G threshold for alarm  
H matrix of measured arc voltage and current 
h[n] 	vector of measured arc voltage and current 
I 	 source current 	 [A] 
i[n] 	weld current at the sampling instant 	 [A]  
Ib 	background current 	 [A] 
Ii,, 	peak current 	 [A] 
L inductance of the network 	 [H]  
La 	length of arc 	 [mm] 
4 	length of wire electrode stickout 	 [mm] 
M 	sample size 
m 	number of parameters in the ARX model 
M PLRk 	the output sequence from the median filtering of PLRk 
MSk 	the output sequence from the median filtering of  Sk  
N sample size in the hypothesis test 
Pk 	 sum of the squares of the prediction errors 
PLk 	sum of the squares of amplitude limited prediction errors  
P  LRk 	the output sequence from the short-circuit detector 
P1 	false alarm probability  
q-i 	delay operator 
Re 	resistance of the wire electrode stickout 	 [9] 
R.i. 	internal resistance of the welding source 	 [Q]  
i'ee[i] 	autocorrelation of the prediction error for the ARX model  
Sk 	the output sequence from the short-circuit detector 
T 	total pulse time, T = T„ +  Tb 	 [sj  

Tb 	background pulse time 	 [s] 
Tp 	peak pulse time 	 [s] 
T, 	sampling period 	 [s] 



U vector of measured arc voltage 	[V] 
u[n] 	weld voltage at the sampling instant [V] 
ü[n] 	predicted value of u[n] 	 [V] 
(fa 	arc voltage 	 [V] 
(Jan 	anode voltage fall 	 [V] 
Ub 	background voltage 	 [V] 
Ue 	cathode voltage fall 	 [V] 
Uca 	column voltage fall 	 [V] 
Ue 	wire electrode stickout voltage 	[V] 
Up 	peak voltage 	 [V] 
Uu, 	weld voltage,Uia  = Ue  + Ua 	[V] 
w[n] 	the signal after the prediction filter 	[V]  

Wb 	wire burn-off rate 	 [mm/si 
WI 	wire feed rate 	 [mm/s] 

Greek Symbols 
E[n] 	white-noise process of the ARX process 
cr2 	variance of e[n] 
172 	estimated variance of 02] 

parameter vector with dimension m 
estimated parameter vector 

2 
xAr 	chi-squared with  N  degrees of freedom 
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Chapter 1 

Introduction 

1.1 General 

The objective of the present report is to detect burn-through automatically in pulsed 
current Gas Metal Arc (GMA) welding using signal processing. During the exper-
iments, weld voltage and current are measured. Different test objects are used to 
provoke burn through. 

In a previous report it was shown that the spectral density of the arc voltage is 
changed during burn-through [1]. The estimated variance of the voltage in a spec-
ified frequency band was used to detect burn through. In the present report the 
same data is used to describe the welding process as an  autoregressive  model with 
an extra input (the current) called the ARX model [15, 171. A prediction error 
is obtained from the model. The error is used in a detection algorithm to detect 
burn-through. Short-circuitings and other welding phenomena introduce transients 
in the weld voltage. These transients reduce the performance of the proposed de-
tector, which must be extended with a short-circuiting detector and some transient 
suppressing algorithms. 

The report is organized as follows. In chapter 2 an ARX model of the welding 
process and a square law detector is described. Chapter 3 deals with estimation and 
validation of the ARX model and evaluation of a detector. A modified detection 
algorithm is presented in chapter 4. Results based on experimental data, using 
the modified detector, one presented in chapter 5. The report concludes with a 
discussion in chapter 6. First, however, a definition of burn-through, a description 
of some test objects used and a brief introduction to the technology of pulsed GMA 
welding will be given. 

1.2 Welding technology 

1.2.1 Burn-through 
To the author's knowledge there is no precise definition of burn-through in welding 
literature. In "AWS A3.0, Standard Welding Terms and Definitions" [8], the term 
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burn-through is described as 'a nonstandard term for excessive melt-through or a 
hole'. In "Welding Technology, Vol. 1 of Welding Handbook, AWS" [8] the defini-
tion of 'excessive melt-through' is given as 'a hole through the weld metal, usually 
occurring in the first pass'. No definition of a hole could be found. 

In the present paper, a burn-through is defined as a hole in the weld joint or in the 
weld metal, in which the hole can be detected by the following experiment. First, 
illuminate the front side of the weld joint. If any light can be detected on the rear 
side of the workpiece, there is a burn-through in the weld joint. An example of a 
burn-through can be seen in figure 1.1. 

a)  

b)  

Figure 1.1: Photo of the a) front and  b)  rear side of a T-joint with burn-through. 
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1.2.2 Test objects 
Burn-through was provoked using two types of specimen. See figure 1.2. Part  c  
shows a T-joint, where gaps have been cut out in the standing plate. In the present 
report this specimen is called a 'T-joint with step disturbance'. Part  d  shows a T-
joint where one end of the standing plate is placed on a claque so that a triangular 
gap is achieved. This specimen is called a 'T-joint with ramp disturbance'. A 
third specimen shown in parts a and  b  is a T-joint with the standing plate in 
perfect contact with the laying plate. This specimen was used to produce normal 
or reference weldings, and is thus called a 'reference T-joint'. A weld joint judged 
to be an acceptable weld by an experienced welder using visual inspection is called 
a 'normal weld'. 

a) 

50 mm 

c) 

  

250 mm  

   

   

   

   

   

d) 

JIMIL  
145 mm 

$ 3 mm 

Figure 1.2: Illustration of steel T-joints used in the experiments to provoke burn-
through in weld joints. a) Reference T-joint, front view  b)  Reference T-joint, side 
view  c)  T-joint with step disturbance, front view  d)  T-joint with ramp disturbance, 
front view 

1.2.3 Pulsed GMA welding 
The GMA welding process employs a consumable wire electrode passing through 
a copper contact tube. See figure 1.3. Electrical current supports an arc between 
the end of the electrode and the work piece. The electrode is melted by resistive 
heating, and heat from the arc. The region surrounding the weld puddle is purged 
with a shield gas to prevent oxidation and contamination of the weld joint [3, 4, 5, 9]. 

The following symbols can be of use in the ensuing discussion: see figures 1.3 and 1.4. 
The electric current of the weld process is denoted I. The internal resistance of the 
welding source is denoted  R.  The inductance of the network is denoted L. The 
resistance of the wire electrode stick-out, i.e the part of the electrode between the 
contact tube and the arc, is denoted  R.  The length of the electrode stick-out and 
the arc length are denoted 4 and .ea  respectively. The voltage over the wire electrode 
stick-out is denoted If,. The voltage between electrode tip and work piece is called 
the arc voltage and is denoted Ua. The arc voltage consists of three components. 
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wire electrode 

current source 

e  Ue 

	 Uan 

work piece 
Uco 

weld table 

} Ri 

Figure 1.3: A schematic illustration of equipment for pulsed GMA welding. The 
voltage between the contact tube of the weld torch and the welding table is measured. 
The current fed to the torch is measured with a sensor placed around the return 
conductor of the weld source. The measured signals are buffered and fed to a data 
acquisition system. 

Anode voltage fall, (Jan, column voltage fall, Uca, and cathode voltage fall, U. These 
are related by 

Ua  = (Jan  + Uca 	 (1.1) 

The weld voltage is denoted U„, and is given by 

(1.2) 

In pulsed GMA welding, the amplitude of the current alternates between two levels. 
See figure 1.4.  

P 	Tb 

411.- 

Time 

Figure 1.4: A schematic illustration of the current weld in pulsed GMA welding. T, 
and  Tb  denote the peak pulse time and background pulse time respectively; and 4 

and 4 denote the peak current and background current respectively. 

e 

d 
C 

e 
n 

p  
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To limit the heat input to the work piece, the current is low during part of the 
current cycle. This part of the cycle is denoted background pulse time  Tb,  and the 
current during this part is denoted background current,  /b.  The current must exceed 
a critical value in order to obtain a stable arc. 

During peak pulse time, Tp, the current is high. Then the electrode is molten, and 
a droplet is detached and transferred to the work piece. The main force, to detach 
a droplet and transfer it, is the electromagnetic force induced by the peak current, 4,. 

Two examples of recordings of the weld voltage and current are shown in figure 1.5. 
Parts a and  b  show the results of normal weld, and parts  c  and  d  show the result 
from a welding during burn-through. Figure 1.6 shows close-up views of the record-
ings in figure 1.5. 

During burn-through a broadband signal occurs in the weld voltage. The signal 
appears to be stochastic. The amplitude of stochastic signal is in the order of two 
magnitudes less than normal peak voltage, but prolonged over several pulses. In 
some burn-throughs there are also several short-circuitings between the wire elec-
trode and the workpiece. This is reflected in the weld voltage as short transients 
(in order of pulse length), almost zero voltage events. However, there are also some 
short-circuitings in the normal welds, although they do not occur so frequently [1]. 

When welding a T-joint with ramp disturbance, the joint at the lower end of the 
specimen will be of good quality. As the welding continues, however, the weld joint 
deteriorates. First, there will be some burn-throughs; then the weld will deteriorate 
until there will be insufficient deposit to fill the joint. Thus, it can be difficult to 
decide whether there is a burn-through or if it can be assumed that the weld has 
deteriorated completely. The two first burn-throughs only will thus be taken into 
account. The rest of the burn-through is not dealt with in this study as it has 
already been covered in the preceding research report [1]. 
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Figure 1.5: Normal weld: a) Measured voltage and  b)  measured current. During 
burn-through:  c)  Measured voltage and  d)  measured current. 
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Figure 1.6: Normal weld: Close-up view of a) measured voltage and  b)  measured 
current. During burn-through: Close-up view of  c)  measured voltage and  d)  mea-
sured current. 



Chapter 2 

Model 

2.1 An  autoregressive  model with extra input 
Changes in electrode stickout, droplet mode, and shielding gas can cause changes 
in impedance [13). A change in impedance will influence the weld voltage. Thus a 
convenient way of sensing the state of the welding process is to measure and analyse 
the weld voltage and current. 

In order to describe the welding process statistically, it is seen as an ARX process, 
with the weld current as the extra input. 

Let u[n] = Ua(nTs) + II e(nTs) and the extra input i[n] = I(nTs) denote the ob-
servation of the welding voltage and current at the sampling instant nTs. The 
input-output relationship for the ARX process is then given by:  

P  
u[n] = —  E  aku[n — lc] +  E  bki[n — Ic] + E[71], 	 (2.1) 

k=1 	 k=0 

where the coefficients  ak,  bk  are to be determined, and e[n] is a noise process. In 
the following, the sequence E[n] is assumed to consist of uncorrelated samples of a 
Gaussian process with zero mean and variance cr2. 

Introduce 

A(q) = 1 + 	akq-k  , 	 (2.2) 
k=1. 

and 

, 
B (q) = E bkq-k, 	 (2.3) 

k=0 

where q-1  denotes the delay operator. Then the equation 2.1 can be written as 

A[q]u[n] = B[q]i[n] + EH. 	 (2.4) 

Assuming the system to be stable and stationary, it can be written 

11 
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B[q] . 	e[n]  
u[n] -= 	z  [n]  + 

and can be illustrated by the block diagram in figure 2.1. 

(2.5) 

Figure 2.1: A block diagram of the ARX model. 

The discrete-time process can then be identified by choosing a convenient value for  
(p,  r), estimating a2, and the coefficients of the polynomials A(q), B(q) together with 
their standard deviations [15, 17]. This is performed in two steps: 

Step 1 Determination of system coefficients. For  n  = 1, 2, ... , M, equation 2.1 repre-
sents a set of linear algebraic equations which can be written in vector-matrix 
form as follows: 

U=H8+E. 	 (2.6) 

With standard notation 

U  -=  [u[1], 	u[M]]T, 	 (2.7) 

[a l ,  ..., ap, bo, 	briT, 	 (2.8)  

E=  [r[1], 	e[M]r , 	 (2.9)  

h[n] =  [—ufri 

and 

—13], 	[n],...,i[n — r]]T, 	(2.10) 

liT[1]  
H=  (2.11) 

[M] 

With assumptions for the stochastic process  E  outlined in page 11, the least 
squares estimate of 0 is coincident with the maximum likelihood estimate, and 
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can be obtained by minimizing the equation error 11U— 110I1. The result may 
be expressed: 

= (HTH)-11-ITU, 	 (2.12) 

and (72  is estimated as 5-2  by 

Er2  = IIU —  H/M. 	 (2.13) 

The standard deviations of  ak  and bk  are obtained from estimates of the co-
variance of 0 [15, 17]. 

aov[0] = (HT H)-1.6-2. 	 (2.14) 

Step 2 Determination of the model order. The choice of model order  (p,  r) is made 
according to the Akaike Information Criterion (AIC) [15, 17]. When there are 
several competing models, the Akaike criterion chooses the one which gives 
the lowest value of AIC, defined by: 

2(p + r + 1)  
AIC = log(ü2) + 	 (2.15) 

It should be noted that both the goodness of fit, i.e. &2, and the number of 
parameters are taken into account in this formulation. In order to reduce the 
amount of computations, only model orders where  p  is equal to r are consid-
ered. 

Steps 1 and 2 must be executed interactively. 

2.2 A linear prediction model 

The discrete time ARX structure in equation (2.1) can be expressed as a one-step 
predictor as  

P 	 P  

ü[n] —  E  eiku[n —  k]  +  E  bkiRn — Ic], 	 (2.16) 
k=1 	 k=o  

where ü[n] is the predicted value of u[n], åk  and ik  are the estimated values of  ak  
and bk  respectively. The difference between the actual value u[n] and the predicted 
value ü[n] is given by  

P 	 P  

e[n] = u[n] — ü[n] = u[n] +  E  etku[n —  k]  —  E  bki[n —  k], 	(2.17) 
k=1 	 k=0 

where e[n] is called the prediction error. The predictor can be illustrated by the 
block scheme in figure 2.2. A prediction error filter for a stationary process has the 
following important property: 
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Whitening property: If an ARX process of the order  p  is applied to an ARX 
prediction error filter with the same model parameters as the true ARX pro-
cess, the prediction error is white. 

The detection algorithm to be presented in the paper is based on the assumption 
that any change in weld process, which corresponds to a different process to the 
estimated ARX process, will cause increasing prediction error, and also cause the 
prediction errors to be dependent [7, 6]. 

ATEC)  

e[r]l 

(2.18) 

(2.19) 

B(q)  
A(q) 

ü(q) 

Prediction error e[n] 

Figure 2.2: Block diagram of linear ARX prediction model. 

2.3 A square law detector 

The objective of the detection algorithm is to test the absence contra presence of 
burn-through. Give the symbols 1/0  and H1  respectively to these hypotheses. The 
prediction error e[n] obtained from the ARX model is used in the hypothesis test. 
The hypothesis test is based on the assumption that any change in the weld process 
will cause an increased prediction error. 

The following hypothesis test model for the unknown signal problem is applied [11, 
18]: 

: e[n] = w[n] + E[n]  n  = 1, 	,  N  
Ho  : e[n] = E[n] 	n  = 1, . . ,  N  

where w[n] is a signal due to burn-through after the prediction filter, and E[n] is 
assumed to be a white gaussian process with zero mean and known variance (3-2. The 
generalized likelihood ratio test statistic for the unknown signal problem is [11, 18]  

N  
P N e2[i] 

cr2  
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The probability law of a sum of the squares of  N  statistically independent gaussian 
random variables with zero-mean and unit variance is Chi-squared with  N  degrees 
of freedom and is denoted xl [11, 18]. The statistic 

1 	IV  
p =  

Na2  F=1 

of the square law detector has the probability density 

N  •  P  — x2N, 	 (2.21) 

when no burn-through is present. The threshold for this statistic is calculated from 

Pr(X2N >  G)  =  PF 	 (2.22) 

where  PF  is the specified false alarm probability. 1/0  is rejected if  P  >  G.  

Note that the hypothesis test for the unknown signal problem coincides with the 
hypothesis test for the variance i.e [14, 19, 16] 

: a? > crj 
H0 : 	= 

The following square law detector algorithm is proposed: 

1. Subtract the mean values from the weld voltage and current before they 
are filtered by the estimated ARX model. 

2. The weld current consists of a sequence of pulses. Give each pulse an 
index,  k,  defined by the position of the pulse in this sequence. 

3. Locate the start sample of the first current pulse. Then locate the corre-
sponding sample of the prediction error. Calculate the sum of the squares 
of the succeeding  N  samples of the prediction error as:  

N  
(2.24) Pk 	Arcr2 E

z=i
e2[i] 

where (72  is the variance of the noise e[n] from the ARX process. (In the 
experiment the total pulse time is approximately 278 samples. Thus  N  
is set at 278.) 

4. Repeat step 2 for each succeeding current pulse. 

5. Form the detection parameters  N  • Pk. If any of them is found to be 
greater than a specified threshold  G,  the burn-through indicator turns 
on. 

The proposed detection algorithm is illustrated by the block scheme in figure 2.3. 

(2.20)  

(2.23) 
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Ein]  

7\-Z 

if  n}  u[n]  
B(q) 
A(q) 

ä(q) Ä(q) 

e[n] 

Square and 
Summation 

Pk 

Figure 2.3: Block diagram of the proposed detection algorithm for burn-through. 



Chapter 3 

The Theory Applied to the 
Measurements 

3.1 	Estimation of the ARX process 

The ARX process is identified from the weld voltage and current of a normal weld. 
The least squares estimation method outlined in section 2.1 is used. Before estima-
tion of the ARX process, the mean is subtracted from the weld voltage and current. 
The number of data points was taken as M = 4000, i.e the data accomplish approx-
imately 14 current pulses. 

The AIC-number is plotted in figure 3.1 as a function of the number of parameters 
to be estimated. The AIC-number has its minimum when the number of param-
eters is 17. Assuming the same length,  p,  of the polynomial A(q) and B(q), this 
corresponds to an eighth order ARX model. 

Figure 3.1: AIC number as function of number of parameters to be estimated i.e 
rn=p+r+1 where  p  and r are the length of the polynomials A(q) and B(q). The 
minimum is found for m = 17. 

The results of the estimation of an eighth order ARX model are given in table 3.1. 
Figure 3.2, part a, shows the weld voltage (continuous line), and the estimated weld 
voltage (dashed line) for a normal weld. Figure 3.2, part  b,  shows a closed-up view 
of the weld voltage (continuous line) and the prediction weld voltage (dashed line). 

17 



ARX Model 

Parameter al a2 a3  04 
Estimated parameter -1.0987 0.3833 -0.4637 0.1704 
Standard deviation ±0.0112 ±0.0166 ±0.0171 ±0.0179 

Parameter as as a7  as 
Estimated parameter -0.0902 0.0904 -0.0639 0.0825 
Standard deviation ±0.0178 ±0.0171 ±0.0164 ±0.0108 

Parameter  bo  b1 62 63  
Estimated parameter 0.0426 -0.0565 0.0272 -0.0256 
Standard deviation ±0.0005 ±0.0010 ±0.0013 ±0.0015 

Parameter 64 b6  66  67  bo  
Estimated parameter 0.0145 -0.0064 0.0058 -0.0048 0.0036 
Standard deviation ±0.0016 ±0.0015 ±0.0013 ±0.0012 ±0.0006 

Parameter cr2  
Estimated parameter 0.0035 

Time (s) Time (s) 

009.  

,o 

15 
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The prediction errors are shown in figure 3.3. Note that 10 ms corresponds to a 
weld length of about 1 mm. 

Table 3.1: Parameter estimates with estimated standard deviations for the eighth 
order ARX process. The number of data points was M = 4000. 

Figure 3.2: a) Measured weld voltage (continuous line) and estimated weld voltage 
(dashed line).  b)  Close-up view of measured weld voltage (continuous line) and 
estimated weld voltage (dashed line). 

3.2 	Validation of the ARX model 
An autocorrelation test is applied to the prediction error in order to test whiteness. 
An example of the prediction error during a normal weld is shown in figure 3.3. By 
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Figure 3.3: The Prediction error of the estimated ARX model during normal weld-
ing. 

assuming that e[n] is white noise with zero mean it can be shown that its normal-
ized autocorrelation function, iee  [i]  /fee [01, is asymptotically Gaussian distributed 
N(0, 1/M), where M is the number of samples [15, 17]. 

The following hypotheses are tested 

a) e[n] is white noise with zero mean: 

Figure 3.4 shows the estimated normalized autocorrelation function. Assum-
ing that normalized autocorrelation function is gaussian distributed, 99 % 
confidence interval limits can be drawn [15, 17]. It can been seen from the 
diagram in the figure that the normalized autocorrelation function is within 
the indicated limits: the hypothesis that e[n] is white noise with mean zero 
can thus not be rejected. 

Normalized autocorrelation 

.8 

0.8 

0.4 

0.2 

25 

Figure 3.4: Normalized autocorrelation fee[i]ifee[0] of the prediction error for the 
ARX model of order  p  = 8 with 99 % confidence interval limits. 
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Figure 3.5: a) Normal probability plot of the prediction error sequence of 4000 data 
points for the estimated ARX model.  b)  The corresponding histogram plot for the 
prediction error.  

b) e[n] is Gaussian distributed: 

Figure 3.5, part a, shows a normal probability plot of the prediction error. If 
the prediction error is gaussian distributed, the plot will be linear [12]. Other 
distribution types will introduce curvature in the plot. The figure 3.5 shows a 
curvature in the plot, which indicates that the prediction error is not gaussian 
distributed. 

Figure 3.5, part  b,  shows a histogram plot for the prediction error. Apart from 
the long tails, the sample density function plot is asymmetric about the mean, 
indicating that the prediction error is not gaussian distributed. The mean of 
the prediction error is nonetheless zero. 

An .X2  test was also applied to the prediction error in order to test if the pre-
diction error is consistent with a gaussian distribution [14]. The outcome of 
this test (not included in this paper) shows that the hypothesis that e[n] is 
gaussian distributed could be rejected at the significance level of a = 0.001. 
This is probably primarily due to the long tails in the histogram. Cf figure 3.5 
part a. This non-gaussian behavior of the prediction error will be commented 
on in the next chapter.  

c) ein]  is Laplace distributed: 

An )(2  test was applied to the prediction error in order to test if the prediction 
error is consistent with a Laplace distribution [14]. The outcome of this test 
(not described in this paper) shows that the hypothesis that e[n] is laplace 
distributed could be rejected at the significance level of a = 0.001. 
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3.3 	Evaluation of the square law detector 

In order to evaluate the detector, two batches, each of 400 samples of the param-
eter Pk originating from data from normal welds and welds during burn-through 
respectively, are used. They are illustrated in figure 3.6. A sample length of 400 
pulses corresponds to a 4 rum weld joint. The corresponding relative frequency plot 
is shown in figure 3.7. High voltage transients are reflected as a bar at the value 
6. This bin represents the relative frequency for all Pk's values above 6 in the dia-
grams in figure 3.7. The figure shows that the two relative frequencies are not well 
separated. 

100 130 200 250 300 
	

400 

Pulse index k 

Figure 3.6: a) The parameter Pk during normal weld.  b)  The parameter Pk during 
burn-through. Pk is based on 278 samples of the prediction error. Note that the 
base 10 logarithm of the parameter Pk is computed before plotting. 
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Relative frequency plot 
a)  0.2 
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0.1 	 - 

0.05 -  
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b)  0.2 
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0.1 	 

0.05 

I. 
IMIAL44; —  3 	4 	5  

Figure 3.7: The relative frequency plot: a) The parameter Pk  during normal weld 
and  b)  the parameter Pk  during burn-through. 

For a normal weld, the prediction error may be white, though probably not gaussian 
distributed, as indicated in figure 3.5, part a. As the prediction error is not gaussian, 
then Pk  is not chi-squared distributed. It was also shown that the prediction error 
is not consistent with a Laplacian distribution. As the probability density for the 
prediction error is not known, then it is not evident how the threshold  G  should be 
calculated given a false alarm probability  PF.  

A drawback of the square law detector is that it is sensitive to high voltage tran-
sients such as short-circuitings and other transients of unknown origin. Examples 
of transients of the last type were shown in figure 3.2 at 0.05 s. As mentioned in 
section 1.2, short circuitings occur frequently even if there is no burn-through in the 
weld. Both types of high voltage transients will broaden the relative frequency plot 
of the Pk. 

Conclusion: It does not seem to be possible to discriminate between normal welds 
and burn-through using this method. A more robust detection algorithm must be 
developed. 

o
p 

 



Chapter 4 

A Compound Burn-through 
Detector 

4.1 General 
The purpose of the square law detector in section 2.3 is to detect the stochas-
tic, broad band, long lasting signal component which occurs during burn-through. 
There are two drawbacks with the proposed detector. First, it is assumed that the 
distribution of the prediction error is known. This proved not to be true in chapter 
3. Second, the detector is sensitive to high voltage transients. These will cause large 
prediction errors, which in turn will give large values even when the weld can be 
assumed to be normal. On the other hand, if there occur several consecutive large 
transients originating from short-circuitings, then there is probably a burn-through 
in the weld joint, as outlined in section 1.2. This information can be usefully used 
in an improved burn-through detector algorithm. 

A compound detector will now be discussed. This consists of a square law detector, 
with a limiter at the input. This detector is used to find the stochastic, broad band 
signal. Furthermore, the compound detector comprises a voltage level-detector to 
find short-circuitings. Finally, median filtering is used to enhance the difference 
between normal welds and welds with burn-through. 

4.2 A robust square law detector 
The following design provides a robust square law detector: 

1. Subtract the mean values from the weld voltage and current before they 
are filtered by the estimated ARX model. 

2. Limiter. Apply a two-sided limiter to the prediction error in order to 
reduce the effect of the extreme values. See figure 4.1. The value of the 
limiter is set at twice the standard deviation of the prediction error dur-
ing a burn-through without short-circuitings. (This is found to be 0.1 
V in the test set in the present report) The output sequence from the 

23 
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limiter can be written: 

f[i] =L[e[i]], for  i  =1,...,N. 

Lx]Ixl-lx-0 21 

0.2 

(4.1) 

0.2 

-02 

Figure 4.1: The input-output relation for the limiter. 

3. The weld current consists of a sequence of pulses. Give each pulse an 
index,  k,  defined by the position of the pulse in this sequence. 

4. Locate the start sample of the first current pulse. Then locate the cor-
responding sample of the amplitude limited prediction error. Calculate 
the sum of the squares of the succeeding  N  samples of the error PLk  ( L 
stands for limited) as: 

PLk 	N772  Z-1 f
2 [ i ] 
	

(4.2) 

where s2  is the estimated variance of the amplitude limited prediction 
error of a sequence of a transient-free prediction error. 

(In the experiment described in the present report, the duration of a pulse 
period of the current is approximately 278 samples. Thus  N  is set at 278.) 

Figure 4.2, parts a and  e,  show the relative frequency plots of Pk for a 
normal weld, and a weld during burn-through respectively. These plots 
are identical with those in figure 3.7. The influence of the limiter on the 
relative frequency plot of the prediction error is seen in figure 4.2, parts  
b  and f. It can be seen that the relative frequency bin at 6 has been 
reduced for both a normal weld and a burn-through. 

5. Short circuit detection. Check if the actual voltage pulse has samples of 
less than a specified value. If so, assign the corresponding PLk  the value 
1, i.e. assume that the voltage pulse originates from a normal weld. If 
this is not the case, retain the calculated value in step 4. Denote the new 
sequence PLRk  (  R  = remove short-circuitings). 
(The influence of the removal of the short-circuitings on the relative fre-
quency plot of the limited prediction error is seen in figure 4.2, parts  c  

- 0:2 
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and  g.  It is seen that the variance is still reduced. The limit used for 
the short circuit test is chosen to 5 V in the experiment described in the 
present report.) 

6. Repeat step 4 for each succeeding current pulse. 

7. Median filtering. Apply a median filter to the sequence PLRk. Call the 
resulting sequence MPLRk. 

(In the experiment outlined in the present report, the length of the me-
dian filter is chosen to be 21. The influence of the filtering can be seen 
in figure 4.2, parts  d  and  h.  The length of the median filter is set ad hoc 
by studying the performance of the algorithm on a few weldings.) 

8. Discriminator. Let the pulse sequence pass a level detector. If a specified 
threshold is exceeded, an alarm is registered. The output Dk is then set 
at one; it is otherwise set at zero. 

( In the experiment of the present report the alarm level is set ad hoc. It 
can be seen from figure 4.2, parts  d  and  h,  that the plots of the relative 
frequencies of the quadratic sums still overlap. Note that the distribu-
tions are not expressed in known generic distribution functions. It seems, 
however, to be possible to decide a reasonable detection limit to discrim-
inate between the two cases. The level is set at 2.0. 

Note that due to the median filtering, 10 pulses in a sequence of 21 can 
have values that exceed the alarm limit, without the alarm being set. Ten 
pulses correspond to a weld joint length of approximately 1 mm.) 

The proposed robust square law detection algorithm is illustrated by the block 
scheme in figure 4.3. 
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Figure 4.2: Relative frequency and cumulative relative frequency plot. Illustration 
of the influence of the improvements of the detection algorithm. The left ordinate of 
the diagrams denotes the relative frequency, and the right ordinate, the cumulative 
relative frequency. Parts a and  e  show relative frequency plots for a normal weld, and 
a weld during burn-through respectively, when the detector developed in chapter 2 
is used. (These plots are identical with those in figure 3.7). Parts  b  and f show the 
corresponding plots when the prediction errors are limited. Parts  c  and  g  show the 
plots after removal of samples originating from short-circuiting sequences, and the 
corresponding parameter PLRk  is set at 1. Finally, parts  d  and  h  show the plots 
after the median filtering has been included in the process. 
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Figure 4.3: Block diagram of the robust square law detector. 
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4.3 A short-circuit detection algorithm 

The following detection algorithm is designed to detect short-circuitings. 

1. The weld voltage consists of a sequence of pulses. Give each pulse an 
index,  k,  defined by the position of the pulse in the sequence. 

2. Short-circuit detection. Check if the actual voltage pulse number  k  has 
samples less than the preset value. If so, assign a parameter  Sk  the value 
1, else assign the value 0. (In the experiments of the present reports, the 
preset value is 5 V) 

3. Median filtering. Apply a median filter to the sequence  Sk.  Denote 
the output sequence MSk. (In the experiments described in the present 
report, the length of the median filter is set ad hoc to 11 by studying the 
algorithm on a few weldings. 

Note that due to the median filtering, 5 pulses in a sequence of 11 can 
indicate burn-throughs without the MSk  being set at 1.) 

4. Discriminator. Let the pulse sequence MSk  pass a level detector. If the 
threshold 0.5 is exceeded, an alarm is triggered. 



IF Short-circuiting 

then  Sk  = 1 

else  Sk  = 0  

Sk  

Median 
Filter 

MS k  
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4.4 Synthesis 
There are now two possibilities to indicate burn-through: the robust square law de-
tection algorithm, and the short-circuitings detection algorithm. Only one of these 
needs to be set in order to indicate a burn-through. Thus a compound detection al-
gorithm is composed by connecting the two detectors in parallel. This is illustrated 
by the block scheme in figure 4.4. 

01] I 

Two Sided 
Limiter 

fin] 

Square and 
Summation 

PLk  

IF Short-circuiting 
then PLk  = 1 

MPLRk  

PLRk  

Median 
Filter 

Alarm 

Dk 	 

	-COR  

Figure 4.4: Block diagram of the compound detection algorithm. 
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4.5 Test of detection algorithm 

A test of the compound detection algorithm is performed. The test is designed as 
follows. If the alarm comes on and there is a burn-through, the test gives detection; 
and if the alarm does not comes on, there is non-detection. If the alarm turns on 
and there is no burn-through, the test has a false alarm. The alarm level is set at 
2.0, as in section 4.2. 



Chapter 5 

Results 

The results of the test are shown in Table 5.1 

Table 5.1: Threshold = 2 

Type of T-joint 	Number of burn-throughs Detection Non-detection False Alarms 

Reference 	 0 	 — 
Step disturbance 	 11 	 11 

	
0 
	

1 
Ramp disturbance 	 23 	 20 

	
3 

To illustrate the outcome, the data and the test results for nine specimens, three of 
each kind, are shown. Nine figures are given. The definitions of the parameters used 
are repeated for the benefit of the reader. Compare with figure 4.4. PLk  denotes 
the sum of the squares of the amplitude limited prediction errors.  Sk  denotes the 
output sequence from the short-circuit detector. MSk  denotes the output sequence 
from the median filtering of  Sk.  Dk denotes the output sequence from the level 
detector. Alarm is the output of the total burn-through indicator. 

The top diagram of each figure, part a, shows the weld voltage, and part  b  shows 
the PLk. Part  c  shows the corresponding  Sk,  M  Sk,  Dk parameters and Alarm. Part  
d  of the figure shows the actual locus of the burn-throughs. Part  e  shows the type 
and position of the disturbance along the weld joint. 
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Figure 5.1: Reference T-joint: Measured weld voltage is shown in part a. The 
corresponding parameters PLk, as well as  Sk,  MS, Dk and Alarm, are shown in 
parts  b  and  c  respectively. Compare with the block-diagram in figure 4.4. The 
actual locus of burn-through (BT) is shown in part  d  (No burn-throughs, as this is 
a reference T-joint). The Position and type of the disturbance (PST) is shown in 
part  e  (No disturbances, as this is a reference T-joint). The welding speed was set 
at 1  cm/s  in the experiment. 
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Figure 5.2: Reference T-joint: Measured weld voltage is shown in part a. The 
corresponding parameters PLk, as well as  Sk,  MSk, Dk and Alarm, are shown in 
parts  b  and  c  respectively. Compare with the block-diagram in figure 4.4. The 
actual locus of burn-through (BT) is shown in part  d  (No burn-throughs, as this is 
a reference T-joint). The Position and type of the disturbance (PST) is shown in 
part  e  (No disturbances, as this is a reference T-joint). The welding speed was set 
at 1  cm/s  in the experiment. 
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Figure 5.3: Reference T-joint: Measured weld voltage is shown in part a. The 
corresponding parameters PLk, as well as  Sk,  MSk, Dk and Alarm, are shown in 
parts  b  and  c  respectively. Compare with the block-diagram in figure 4.4. The 
actual locus of burn-through (BT) is shown in part  d  (No burn-throughs, as this is 
a reference T-joint). The Position and type of the disturbance (PST) is shown in 
part  e  (No disturbances, as this is a reference T-joint). The welding speed was set 
at 1  cm/s  in the experiment. 
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Figure 5.4: T-joint with step disturbance: Measured weld voltage is shown in part a. 
The corresponding parameters PL, as well as  Sk,  MSk, Dk and Alarm, are shown 
in parts  b  and  c  respectively. Compare with the block-diagram in figure 4.4. The 
actual locus of burn-through (BT) is shown in part  d.  The position and type of the 
disturbance (PST) is shown in part  e.  The welding speed was set at 1  cm/s  in the 
experiment. 
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Figure 5.5: T- joint with step disturbance: Measured weld voltage is shown in part a. 
The corresponding parameters PLk, as well as  Sk,  MSk, Dk and Alarm, are shown 
in parts  b  and  c  respectively. Compare with the block-diagram in figure 4.4. The 
actual locus of burn-through (BT) is shown in part  d.  The position and type of the 
disturbance (PST) is shown in part  e.  The welding speed was set at 1  cm/s  in the 
experiment. 
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Figure 5.6: T-joint with step disturbance: Measured weld voltage is shown in part a. 
The corresponding parameters PLk, as well as  Sk,  MSk, Dk and Alarm, are shown 
in parts  b  and  c  respectively. Compare with the block-diagram in figure 4.4. The 
actual locus of burn-through (BT) is shown in part  d.  The position and type of the 
disturbance (PST) is shown in part  e.  The welding speed was set at 1  cm/s  in the 
experiment. 
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Figure 5.7: T-joint with ramp disturbance: Measured weld voltage is shown in part 
a. The corresponding parameters PLk, as well as  Sk,  MSk, Dk and Alarm, are shown 
in part  b  and  c  respectively. Compare with the block-diagram in figure 4.4. The 
actual locus of burn-through (BT) is shown in part  d.  The position, size and type 
of the disturbance (PST) is shown in part  e.  The welding speed was set at 1  cm/s  
in the experiment. 
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Figure 5.8: T-joint with ramp disturbance: Measured weld voltage is shown in part 
a. The corresponding parameters PLk, as well as  Sk,  MSk, Dk and Alarm, are shown 
in parts  b  and  c  respectively. Compare with the block-diagram in figure 4.4. The 
actual locus of burn-through (BT) is shown in part  d.  Position and type of the 
disturbance (PST) is shown in part  e.  The welding speed was set at I  cm/s  in the 
experiment. 
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Figure 5.9: T-joint with ramp disturbance: Measured weld voltage is shown in part 
a. The corresponding parameters PLk, as well as  Sk,  MSk, Dk and Alarm, are shown 
in parts  b  and  c  respectively. Compare with the block-diagram in figure 4.4. The 
actual locus of burn-through (BT) is shown in part  d.  The position and type of the 
disturbance (PST) is shown in part  e.  The welding speed was set at 1  cm/s  in the 
experiment. 



Chapter 6 

Discussion 

General 

Detectable differences were found in the welding voltage and current between a nor-
mal weld and welds during burn-through. This fact may be used to guide a weld 
operator. The experiment presented in this paper should, however, be seen as a 
pilot test due to the few specimens available. One specimen for each type of dis-
turbance has been used for developing the detection algorithm, and for setting the 
alarm limit. The remaining specimens are used to evaluate the proposed detection 
algorithm. In order to fully exploit the method, further experiments and a larger 
batch of data must be collected. 

Due to the lack of physical insight into the welding process, a black-box model based 
approach is adopted to detect if burn-through is present. Both the ARX model pa-
rameters, estimated from measured weld voltage and current, and the prediction 
error, are easy to obtain. Thus, the suggested detection method needs little a priori 
knowledge of the weld process. Due to the simplicity of the detection algorithm 
it does not require a large storage capacity, or complicated calculations. If the al-
gorithm is implemented on a digital signal processor, fast signal processing can be 
achieved. Thus, it is possible to build an on-line automatic detection system for 
detection of burn-through in robotic GMA welding. 

Although the prediction error will no longer be white, comparative calculations have 
shown that the number of system parameters in the ARX model can be reduced fur-
ther without affecting the test results negatively. 

The current swing is large, from 40 A to 300 A, and as the welding process is highly 
non-linear, it is surprisingly how well the prediction error of the proposed ARX 
model passes the residual test 114 On the other hand, it transpired that the pre-
diction error is probably not gaussian distributed. A more appropriate approach, 
perhaps, could be to model the process around the two working points: One model 
during the background pulse time, and another during peak pulse time. This can 
be accomplished by cutting out data from the two parts, and creating two separate 
data sequences. The two different ARX models could then be estimated. Presum-
ably little is gained with this method, because the cuts will cause transients at the 
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seams, which in turn will cause transients in the prediction error. The prediction 
error obtained will thus still not be consistent with a gaussian distribution. 

Selection of the threshold is of central importance in the design of the detection 
algorithm. Two conflicting requirements must be considered. First, the threshold 
should be low enough to ensure that probability of detection is not too small. Second, 
the threshold should be high enough to ensure that false alarm probability is not 
too large. In practice, the false alarm probability must be low when, for example, 
welding hundreds of meters of a tube. In such a case, the welding process should 
not be allowed to be stopped every meter due to false alarms. A ten meter weld 
joint corresponds to approximately 100000 pulses, yielding a false alarm probability 
of  PF  = 10-5. A threshold based on this false alarm probability will be derived in 
the following section. 

Probability density function after a median filter 

In the proposed detection algorithm, there exist three free parameters that must be 
chosen before using the algorithm on the data. These parameters are the threshold 
for the alarm, and the lengths of the two median filters in the algorithm. The pa-
rameters are not chosen by optimal criteria, but are set ad hoc by studying visually 
the performance of the algorithm on a few weldings. 

A more rigorous approach to the problem could be adopted if, for instance, the den-
sity functions of PLR were known. It is possible to calculate the density function for 
the sequence after the median filter if the density function for the sequence before 
the filter is known [10]. The influence of a median filter on a density function can 
be derived as follows: 

Let X1, X2,.. , Xi  denote a random sample of the stochastic variable  X  with proba-
bility density function f  (x).  Let F(x) denote the distribution function of  X.  Denote 
the median of X1, X2, , X1  as  Y.  It is then possible to express density functions 
of the median  Y  in terms of F(x) and f(x) as 

1!  
gm(Y) = (rn — 1.)!(1 — m)! iF(Y)r-1[1  F(Y)]t-m  (0, 	(6.1) 

where 1 is the length of the median filter and m = (1 + 1)/2 if 1 is odd. In the 
experiment 1 was set at 21, which yields m =- 11. 

It is also possible to calculate a quantile  G  for the median  Y  if the density function 
of  X  is known. From equation (6.1) it can be shown that the probability that  Y  is 
less than a specified  G,  can be written as 

/ 
Pr(Y  < G)  =  E 	_ elf(' — 73)1--, 

where  G  is called the quantile of F(x) of order  p  [10]. That is 

1! 
(6.2) 
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Pr(X <  G)  = F(G) =  p 	 (6.3) 

It is possible to obtain an approximate threshold value even if the parameter PLR 
is not gaussian distributed, or has some other known distribution. This is possible 
as the cumulative sum shown in part  c  of figure 4.2 can be seen as an estimate of 
the distribution function of the PLR. Choose the false alarm probability for the 
parameter MPLR as in the discussion above, then 

Pr(MPLR <  G)  = 0.99999. 	 (6.4) 

The corresponding false alarm probability  (PF  =1—  p)  for the parameter PLR can 
be calculated from equation ( 6.2), which yields 

Pr(PLR <  G)  Pe 0.88. 	 (6.5) 

An approximation of the threshold value  G  is obtained by considering figure 4.2 part  
c.  The threshold value is found to be  G  1.2. 

However, if the extreme values of the PLR originating from a normal weld are omit-
ted, the PLR may be more consistent with a gaussian distribution. Assume that 
this modified PLR is Gaussian distributed  N(µ,  o-2). The mean estimated as the 
sample mean 	i  and variance can be estimated as the sample variance 6-2  0.1. 
The threshold value  G  = 1.35 is then obtained. Thus, in this case, the alarm is 
triggered if MPLR >  G  = 1.35, given a false alarm probability of  PF  = 10-5. 

With the same data set as in the test in chapter 5, and with the higher threshold level  
(G 	1.35), results obtained in this test show that all burn-throughs are detected, 
although the number of false alarms is increased substantially. The great number of 
false alarms indicates that the selected threshold is not correctly estimated, for two 
reasons. First, assume that the parameter is gaussian distributed and the probability 
of a false alarm is set at  PF  = 10-5, then a false alarm is obtained every ten meters. 
Thus, in order to achieve a good estimate of the tails of the distribution function, 
data from a normal weld of several hundred meters must be collected. In the previous 
example, approximately 400 pulses were used, which corresponds to a 4 mm weld 
joint. Second, the generic form of the density function of the parameter is not 
known. The tails in the histogram, for the parameter, are too long and too thick in 
order to be gaussian distributed. See figure 4.2 part  c.  

Detection of the disturbances of process stability 

The proposed compound detection algorithm is designed to detect burn-through in 
welds. However, the detector could be used to detect other disturbances of the weld 
process. The process stability, i.e. the characteristics of the welding process should 
not change in an uncontrolled manner during welding. This is an important factor to 
ensuring weld quality [20]. To the authors' knowledge, a strict definition of process 
stability does not, however, exist. However, it seems reasonable that the following 
criteria must be fulfilled to maintain the stability of a weld process [1]: 
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1. Arc stability: Background current must exceed a minimum limit for stable 
arcing. 

2. Metal Transfer: Spray type metal transfer must be produced. 

3. Arc length: A constant arc length must be maintained. 

For example, the short-circuitings, which are probably caused by the electrode mak-
ing contact with the work piece, indicate that the arc length criteria is not fulfilled 
in the experiments. 

Thus, the developed detector can be used to detect other instabilities in welding. 
If disturbance in, for example, wire feed rate or shielding gas flow is reflected in 
changes in the weld voltage, the outputs MSk  and Dk, or some other function of the 
prediction error, could thus be used to trigger a lamp or a bell to alert the weld in 
charge, indicating that the process is deteriorating. This could give time to correct 
the process before burn-through, or other weld defects occur. 
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Automatic Detection of Burn-through in 
GMA Welding Using a Parametric Model 

Stefan  Adolfsson Klas Ericson  Anders  Grennberg  

Abstract 

This paper addresses the problem of automatic detection of burn-through 
in weld joints. Gas metal arc (GMA) welding with pulsed current is used, and 
welding voltage and current are recorded. A Least - Squares estimation proce-
dure is used where a linear discrete-time model, an  autoregressive  model with 
extra input (ARX model), is identified from the data under normal welding 
conditions. The ARX model, seen as a predictor, used in other situations gives 
prediction errors that is used in a square law detector to detect burn-through. 
Short-circuitings and other welding phenomena introduce transients in the 
weld voltage. These transients reduce the performance of the first version of 
the detector, which thus is extended with a short-circuiting detector and some 
transient suppressing algorithms. The results obtained from the compound 
detector thus formed indicate that it is possible to detect burn-through in the 
welds automatically. The work also indicates that it is possible to design an 
on-line monitoring system for robotic GMA welding. 

1 Introduction 

An ongoing process of automatization of the production lines is implemented in in-
dustry in order to reduce production costs. Automatization of quality control should 
be seen as part of the cost reduction, as also should be quality control of welding. An 
automatic detection system should be capable of classifying different weld defects 
such as porosity, metal spatter, irregular bead shape, excessive root reinforcement, 
incomplete penetration and burn-through. Monitoring systems of weld parameters, 
such as ADM III, Arc guard, and Weldcheck have been commercially available for 
some years [1, 2]. They all work in a similar way. Voltage, current and other pro-
cess signals are measured, presented and compared with preset nominal values. An 
alarm is triggered if the difference from preset values exceeds a given threshold. The 
performance of ADM III, Arc guard, and Weldcheck has not, however, been well 
documented to the authors' knowledge. 

In the field of short arc welding of steel, both physical analysis of the welding 
process [3, 4, 5] and statistical analysis of real welding signals have been made 
[6, 7, 8, 9]. The problem of classifying the weld with respect to quality still remains, 
however. 

The objective of the present article is to detect burn-through automatically in 
pulsed current Gas Metal Arc (GMA) welding using the signal processing methods. 
Due to lack of physical insight into the welding process, a black-box model is adopted 
to check if burn-through is present. The weld voltage and current during normal 
welding conditions are used to describe the welding process as an  autoregressive  
model with an extra input, the current. This is known as the ARX model [10, 11, 12]. 
The least squares method is used in order to estimate the system parameters. The 
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ARX model, seen as a predictor, used in other situations gives prediction errors 
that is used in a square law detector to detect burn-through. Short-circuitings and 
other welding phenomena introduce transients in the weld voltage. These transients 
reduce the performance of the first version of the detector, which thus is extended 
with a short-circuiting detector and some transient suppressing algorithms. The 
detection algorithm is tested on real welding signals, giving promising results with 
a high rate of detection for burn-through. 

A brief introduction to welding technology is given in the following section. This 
is done in order to facilitate the understanding of the conditions for the signal 
processing developed in the present paper. 

2 Welding Technology 

2.1 Burn-through 

To the author's knowledge there is no precise definition of burn-through in welding 
literature. In "AWS A3.0, Standard Welding Terms and Definitions" [13], the term 
burn-through is described as 'a nonstandard term for excessive melt-through or 
a hole'. In "Welding Technology, Vol. 1 of Welding Handbook, AWS" [13] the 
definition of 'excessive melt-through' is given as 'a hole through the weld metal, 
usually occurring in the first pass'. No definition of a hole could be found. 

In the present paper, a burn-through is defined as a hole in the weld joint or 
in the weld metal, in which the hole can be detected by the following experiment. 
First, illuminate the front side of the weld joint. If any light can be detected on the 
rear side of the workpiece, there is a burn-through in the weld joint. An example of 
a burn-through can be seen in figure 1. 

Burn-through was provoked using two types of specimens. See figure 2. Part  c  
shows a T-joint where gaps have been cut out in the standing plate. In the present 
report this specimen is called a 'T-joint with step disturbance'. Part  d  shows a T-
joint where one end of the standing plate is placed on a claque so that a triangular 
gap is achieved. This specimen is called a 'T-joint with ramp disturbance'. A 
third specimen shown in parts a and  b  is a T-joint with the standing plate in 
perfect contact with the laying plate. This specimen was used to produce normal 
or reference weldings and is thus called a 'reference T-joint'. A weld joint, judged 
to be an acceptable weld by an experienced welder using visual inspection, is called 
a 'normal weld'. 

2.2 Pulsed GMA welding 

The GMA welding process employs a consumable wire electrode passing through a 
copper contact tube. See figure 3. Electrical current supports an arc flowing from the 
end of the electrode to the work piece. The electrode is melted by resistive heating, 
and heat from the arc. The region surrounding the weld puddle is purged with shield 
gas to prevent oxidation and contamination of the weld joint [5, 14, 15, 16]. 

In pulsed GMA welding the amplitude of the current alternates between two 
levels. See figure 4. The advantage of this method is that the mean current, and 
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Figure 1: Photo of a) the front and  b)  the rear side of a T-joint with burn-through. 

thus the average heat input to the work piece, is lower than in direct current (DC) 
GMA welding. Due to the smaller heat transfer, it is possible to weld thinner plates 
with pulsed GMA than with DC GMA welding. 

To limit the heat input to the work piece, the current is low during a part of 
the current cycle. This part of the cycle is denoted 'background pulse time' and 
represented by  Tb.  The current during this part of the cycle comprises background 
current, and is represented by  Ib.  The current must exceed a critical value in order 
to obtain a stable arc [17, 14, 15]. 

During peak pulse time, Ti,, the current is high. At this stage the electrode is 
molten, and a droplet is detached and transferred to the work piece. The main force 
for detaching a droplet and transferring it is the electromagnetic force induced by 
the peak current, I. Anode voltage fall, Ua„, column voltage fall, U,,,„ and cathode 
voltage fall, Uc, are related by 

Ua  =  U„„  +  U,,  + Lic.  (1) 

where U,, denotes the arc voltage [18]. IA, denotes the weld voltage and is given by 

U„, = I/a  + Ue 	 (2) 

where Ue  denotes the voltage over the wire electrode stick-out. Two examples of 
recordings of the weld voltage and current are shown in figure 5. Parts a and  b  show 
the results of a normal weld; and parts  c  and  d  show the result of a welding during 
burn-through. 
During burn-through, a broadband signal occurs in the weld voltage [19, 20]. The 
signal appears to be stochastic. The amplitude of the stochastic signal is in the 
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Figure 2: Illustration of steel T-joints used in the experiments to provoke burn-
through in weld joints. a) Reference T-joint, front view  b)  Reference T-joint, side 
view  c)  T-joint with step disturbance, front view  d)  T-joint with ramp disturbance, 
front view. 

order of two magnitudes less than normal peak voltage, but prolonged over several 
pulses. In some burn-throughs there are also several short-circuitings between the 
wire electrode and the workpiece. This is reflected in the weld voltage as short 
transients (in order of pulse length), almost zero voltage events. However, there 
are also some short-circuitings in the normal welds, although they do not occur as 
frequently [19]. 

When welding a T-joint with ramp disturbance, the joint at the lower end of the 
specimen will be of a normal weld quality. As the welding continues, however, the 
weld joint deteriorates. First, there will be some burn-throughs; then the weld will 
deteriorate until there will be insufficient deposit to fill the joint. Thus, it can be 
difficult to decide whether there is a burn-through, or if it can be assumed that the 
weld has deteriorated completely [19]. Only the two first burn-throughs will thus be 
taken into account. 
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Figure 4: A schematic illustration of the weld current in pulsed GMA welding. Tp  
and  Tb  denote the peak pulse time and background pulse time respectively; and lb 
and I, denote the peak current and background current respectively. 

3 Theory 

3.1 An  autoregressive  model with extra input 
Changes in electrode stickout, droplet mode, and shielding gas can cause impedance 
changes [18]. A change in impedance will influence the weld voltage. Thus a conve-
nient way of sensing the state of the welding process is to measure and analyse the 
weld voltage and current. 

In order to describe the welding process statistically, it is modelled as an ARX 
process with the weld current as the extra input [10, 11, 12, 201. 

Let u[n] = Up(Ts) + Ue(nTs ) and the extra input i[n] = I(nTs) denote the 
observations of the welding voltage and current at the sampling instants nTs. The 
input-output relationship for the ARX process is then given by:  

P  

u[n] = — 	aku[n —  k]  + 	bki[n —  k]  + e[n], 	 (3)  

	

k=1 	 k=0 

where the coefficients  ak ,  bk  are to be determined, and e[n] is a noise process. For 
a normal ARX process the e[n] form a white noise process. When the e[n] can be 
assumed to be Gaussian the following test can be constructed. Since the experiments 
show that the Gaussian assumption not is valid the test will be modified by several 
nonlinear operations. 

The discrete time ARX structure in equation (3) can be expressed as a one step 
predictor 

P 	 P  

	

ü[n] --= — 	äku[n —  k]  + 	bkiRn —  k], 	 (4) 
k=1 	 k=0 

where ü[n] is the predicted value of u[n], and ük  and  k  are the estimated values of  
ak  and bk  respectively. Least squares estimation is used to obtain the coefficients  ak  
and bk  by minimizing the summed squared prediction errors [10, 11, 121 
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Figure 5: Diagrams of the weld voltage and current. Normal weld: a) Measured 
voltage and  b)  measured current. During burn-trough:  c)  Measured voltage and  d)  
measured current.  

N 

E  e2[n], 	 (5) 
n=1 

where e[n] is obtained as the difference between the actual value u[n] and the pre- 
dicted value ü[n], given by  

P 	 P  

e[n] = u[n] — ü[n] = u[n] +  E  aku[n —  k]  —  E  bkz[n —  k]. 	(6) 
k=1 	 k=0 

A prediction error filter for a stationary process has the following important prop-
erty: 

Whitening property: If an ARX process of order  p  is applied to an ARX pre-
diction error filter with the same model parameters as the true ARX process, 
the prediction error is white [22]. 

The detection algorithm to be presented in the present paper is based on the 
assumption that any change in weld process, which corresponds to a different process 
than the estimated ARX process, will cause an increasing prediction error [21, 22j. 

3.2 A square law detector 

The objective of the detection algorithm is to test the absence contra presence of 
burn-through. Give the symbols 1/0  and H1  respectively to these hypotheses. The 
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prediction error e[n] obtained from the ARX model is used in the hypothesis test. 
The hypothesis test is based on the assumption that any change in the weld process 
will cause an increased prediction error. 
The following hypothesis test model for the unknown signal problem is applied [23, 
24]: 

: e[n] = w[n] + E[n]  n  = 1, . ,  N  
H0 : e[n] = s[n]  

where  N  is the sample size in the hypothesis test, w[n] is a signal due to burn-through 
after the prediction filter, and s[n] is assumed to be a white Gaussian process with 
zero mean and known variance cr2. The generalized likelihood ratio test statistic for 
the unknown signal problem is [23, 24] 

1 N  
P=e

z[i]  
Na2  L-` 

The probability law of a sum of the squares of  N  statistically independent Gaussian 
random variables with zero-mean and unit variance is Chi-squared with  N  degrees 
of freedom and is denoted x2N  [23, 24]. The statistic 

1  N  p 	 E2  [i]  
N  cr2  

of the square law detector has the probability density 

(9)  

N  •  P  x2N, 	 (10) 

when no burn-through is present. The threshold for this statistic is calculated from 

Pr(X2N >  G)  =  PF 	 (11) 

where  PF  is the specified false alarm probability. Ho  is rejected if  N  •  P  >  G.  

If the Gaussian assumption were true the following square law detector would 
be proposed. C.f. the block scheme in figure 6: 

1. Select a normal weld. Subtract the mean values from the weld voltage and 
current. Estimate the parameters äk  and bk  of the ARX model together 
with the variance 15-2  of the noise E[71]. These estimated parameters are 
used in the following steps. 

2. Subtract the mean values from the weld voltage and current before they 
are filtered by the estimated ARX model. 

3. The weld current consists of a sequence of pulses. Give each pulse an 
index,  k,  defined by the position of the pulse in this sequence. 

4. Locate the start sample of the first current pulse. Then locate the corre-
sponding sample of the prediction error. Calculate the sum of the squares 
of the succeeding  N  samples of the prediction error as: 

(7)  

(8)  
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1 
Pk -=" 	E  e2  [7:1 	 (12) 

• 

where o 2  o-2  is the estimated variance of the noise e[n] from the ARX model. 

5. Repeat step 4 for each succeeding current pulse. 

6. Form the detection parameters  N  • Pk. If any of these is found to be 
greater than a specified threshold  G,  the burn-through indicator turns 
on.  

ATFo 

n 

lä(q) 

eIn]  

	®  u[n] B(q) 
A(q) 

Square and 
Summation 

Pk 

Figure 6: Block diagram of the square law detector. 

4 Experiments 

4.1 Instrumentation 
A schematic overview of the experimental setup is shown in figure 7. The exper-
imental setup is made up of welding equipment consisting of a welding source, a 
welding torch, a welding table and instrumentation for recording weld voltage and 
current. The welding torch is attached to a carriage, which runs on a rack. The 
carriage obtains its linear thrust from a motor mounted on the carriage. The speed 
of the welding torch is denoted by Ws. The welding torch is fixed in at angle of 45 
degrees to the welding table. The distance between the contact tube tip and the 
plate is 15 ram. As the torch is moved along the work piece, the joint is filled with 
an alloy of electrode wire and work piece material. 
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measurement  
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data 
acquisition 
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Figure 7: A schematic overview of the experimental setup for measuring weld voltage 
and current from a GMA welding process. A carriage moves the torch. This is 
supplied with current from a weld source. The voltage between the contact tube of 
the weld torch and the work piece is measured. ( The second electrode is actually 
placed on an aluminium plate on which the work piece stands. The aluminium plate 
is isolated from the welding table). The current fed to the torch is measured with a 
sensor placed around the return conductor of the weld source. The measured signals 
are buffered and fed to a data acquisition system. 

The weld voltage is measured between an electrode applied to the contact tube 
and a reference electrode screwed into an aluminium plate which serves as an insu-
lated welding table. The aluminum plate is placed on an insulating plate which is 
placed on the welding table. The return conductor is mounted with a screw on the 
aluminum plate. 

The purpose of this arrangement is to ensure full control of the current path [19]. 
The current is measured with a current sensor,  LEM  Module LT 500-S, equipped 
with a transformer. The sensor is mounted around the return conductor. Thanks to 
the transformer, the output is galvanically insulated from the ground. The voltage 
is measured with an instrumentation amplifier which is galvanically insulated from 
the ground by an opto-coupled buffer. 

The outputs from the current and voltage sensors were connected to a data 
acquisition system, a Hewlett Packard 3565S module, where the signals are filtered, 
sampled, digitized and temporarily stored. The sampling frequency is 32.768 kHz, 
and the resulting lowpass filter has an upper frequency limit of 12.8 kHz. The data 
are then transferred for permanent storage to a personal computer - PC 486 - via 
an HPIB interface. The recording equipment is further specified in [19]. 

Commercial welding equipment, an  ESAB  ARISTO 500, was used for the ex-
periment. The  ESAB  ARISTO 500 is able to weld with synergic control. The wire 
feed rate was set at 5.0 m/min, which gives the parameters shown in table 1. The 
welding speed was set at 1  cm/s.  The electrode filler material used in the exper-
iment was  ESAB  OK 12.51 with a diameter of 1.2 mm. The shield gas used was 
90%Ar/5%02 /5%CO2. 

The specimens were each comprised of two rectangular 250  x  50  x  2 mm plates 
of mild steel SS 1312. For the T-joint with step disturbance, the dimension of the 
gap was 1  x  60 mm. See figure 2 part  c.  The dimension of the T-joint with ramp 
disturbance was 145 mm, and 3 mm for the two short sides of the triangle. See 
figure 2 part  d.  
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PARAMETERS  

4 	peak current 	 300 A 
lb 	background current 	40 A 
Up 	peak voltage 	 27 V 
Tp 	peak pulse time 	2.3 ms  
Tb 	background pulse time 	6.2 ms 
Wf wire feed rate 	5.0 m/min 
W, welding speed 	10 mm/s 

Table 1: List of nominal welding parameters 

4.2 Estimation of the ARX process 
The ARX process is identified from the weld voltage and current of a normal weld. 
Before estimating the ARX process the mean was subtracted from the weld voltage 
and current. The number of data points was taken as M =- 4000, i.e the data 
accomplished approximately 14 current pulses. An eighth order ARX model was 
found to be adequate to obtain a white prediction error. The results of the estimation 
of an eighth order ARX model are given in table 2. An example of a sequence of the 
prediction error during a normal weld is shown in figure 8. xYv  tests were applied to 
the prediction error in order to test if the prediction error was Gaussian or Laplacian 
distributed [25]. The outcome of these tests - not included in this article - shows 
that the hypothesis, e[n] is Gaussian or Laplacian distributed, could be rejected at 
the significance level of a = 0.001. 

4.3 	Evaluation of the square law detector 
In order to evaluate the detector, two batches, each of 400 samples of the parameter 
Pk originating from data from normal welds and welds during burn-through respec-
tively, are used. These are illustrated in figure 9. A sample length of 400 pulses 
corresponds to a 4 min weld joint. A corresponding relative frequency plot is shown 
in figure 10, parts a and part  e.  High voltage transients are represented as a bar 
at the value 6. This bin represents the relative frequency for all Pk:s values above 
6 in the diagrams in figure 10, parts a and part  e.  The figure shows that the two 
relative frequencies are not well separated. Thus this detector can not be used to 
detect burn-through. 

A drawback of the square law detector is thus that it is sensitive to high voltage 
transients such as short-circuitings and other transients of unknown origin. Exam-
ples of transients of the last type are shown in the diagrams in figure 11 at 0.05 
s. Note that the prediction error filter is not flexible enough to predict the weld 
voltage when the transient occurs. It appears that the filter introduces a phase 
delay between the weld voltage and the predicted weld voltage. See figure 11 part  
b.  As mentioned in section 2.2, short circuitings occur frequently even if there is no 
burn-through in the weld. Both types of high voltage transients will broaden the 
relative frequency plot of the Pk. 

Conclusion: It does not seem to be possible to discriminate between normal welds 
and burn-through using this method. A more robust detection algorithm must be 
developed. 
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ARX Model 

Parameter al a2 a3  a4 
Estimated parameter -1.0987 0.3833 -0.4637 0.1704 
Standard deviation ±0.0112 ±0.0166 ±0.0171 ±0.0179 

Parameter as  as a7  as 
Estimated parameter -0.0902 0.0904 -0.0639 0.0825 
Standard deviation ±0.0178 ±0.0171 ±0.0164 ±0.0108 

Parameter  bo  b1  b2 b3  
Estimated parameter 0.0426 -0.0565 0.0272 -0.0256 
Standard deviation ±0.0005 ±0.0010 ±0.0013 ±0.0015 

Parameter b4 b5  b6  b7  b8  
Estimated parameter 0.0145 -0.0064 0.0058 -0.0048 0.0036 
Standard deviation ±0.0016 ±0.0015 ±0.0013 ±0.0012 ±0.0006 

Parameter 2 

Estimated parameter 0.0035 

Table 2: Parameter estimates with estimated standard deviations for the eighth 
order ARX process. The number of data points was M = 4000.  
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Figure 8: The prediction error of the estimated ARX model during normal welding. 
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Figure 9: a) The parameter Pk  during normal weld.  b)  The parameter Pk  dur-
ing burn-through. Pk  is based on 278 samples of the prediction error. Note the 
logarithmic scale. 
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Figure 10: Illustration of the influence of the improvements of the detection algo-
rithm using relative frequency and cumulative relative frequency plots. The left 
ordinate of the diagrams denotes the relative frequency and the right ordinate, the 
cumulative relative frequency. Parts a and  e  show relative frequency plots for a nor-
mal weld and a weld during burn-through respectively when the detector developed 
in section 3 is used. Parts  b  and f show the corresponding plots when the prediction 
errors are limited. Parts  c  and  g  show the plots after removal of samples originating 
from short-circuiting sequences, and the corresponding parameter PLRk  is set to 1. 
Finally, parts  d  and  h  show the plots after the median filtering has been included 
in the process.  
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5 A Compound Burn-through Detector 
The purpose of the square law detector in section 3.2 is to test the absence contra 
presence of burn-through. There are two drawbacks with the proposed detector. 
First, it is assumed that the distribution of the prediction error is Gaussian dis-
tributed, which it is not the case. Second, the detector is sensitive to high voltage 
transients. These will cause large prediction errors, which in turn will give large val-
ues even when the weld can be assumed to be normal. On the other hand, if there 
are several consecutive large transients originating from short-circuitings, there is 
probably a burn-through in the weld joint, as outlined in section 2.2. 

In the following a compound burn-through detector will be discussed. This 
consists of a square law detector with a limiter at the input. The detector is used 
to find the stochastic, broad band signal. Furthermore, the compound detector 
comprises a voltage level-detector to find short-circuitings. Finally, median filtering 
is used to enhance the difference between normal welds and welds with burn-through. 

5.1 A modified square law detector 

The following design provides a modified square law detector: 

1. Subtract the mean values from the weld voltage and current before they 
are filtered by the estimated ARX model. 

2. Limiter. Apply a two-sided limiter to the prediction error in order to 
reduce the effect of the extreme values. The value of the limiter is set 
at twice the standard deviation of the prediction error during a burn-
through without short-circuitings. (This is empirically found to be 0.1 
V in the test set in the present article). The output sequence from the 
limiter can be written: 

f  [i]  =L[e[i]], for  i  = 1, . . ,  N. 	 (13) 

3. The weld current consists of a sequence of pulses. Give each pulse an 
index,  k,  defined by the position of the pulse in this sequence. 

4. Locate the start sample of the first current pulse. Then locate the cor-
responding sample of the amplitude limited prediction error. Calculate 
the sum of the squares of the succeeding  N  samples of the error PLk  ( L 
stands for limited) as: 

1 N  
PLk = 	E f 2  [i] 	 (14) 

Ns2  

where s2  is the estimated variance of the amplitude limited prediction 
error from the sequence used when identifying the ARX model. 
In the experiment described in the present article, the duration of a pulse 
period of the current is approximately 278 samples. Thus  N  is set at 278. 
Figure 10, parts a and  e,  show the relative frequency plots of Pk for a 
normal weld, and a weld during burn-through respectively. The influence 
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of the limiter on the relative frequency plot of the prediction error is seen 
in figure 10, parts  b  and f. It can be seen that the relative frequency bin 
at 6 has been reduced for both a normal weld, and a burn-through. 

5. Short circuit detection. Check if the actual voltage pulse has samples of 
less than a specified value. If so, assign the corresponding PLk  the value 
1, i.e. assume that the voltage pulse originates from a normal weld. If 
this is not the case, retain the calculated value from step 4. Denote the 
new sequence PLRk  (  R  = remove short-circuitings). 

The influence of the removal of the short-circuitings on the relative fre-
quency plot of the limited prediction error is seen in figure 10, parts  c  
and  g.  It is seen that the variance is further reduced. The limit used for 
the short circuit test is 5 V in the experiment described in the present 
article. 

6. Repeat step 4 and 5 for each succeeding current pulse. 

7. Median filtering. Apply a median filter to the sequence PLRk. Call the 
resulting sequence MPLRk. 
In the experiment outlined in the present article, the length of the median 
filter is chosen to be 21. The influence of the filtering can be seen in 
figure 10, parts  d  and  h.  The length of the median filter is set ad hoc by 
studying the performance of the algorithm on a few weldings. 

8. Discriminator. Let the pulse sequence MPLRk  pass a level detector. If 
a specified threshold is exceeded, an alarm is registered. The output Dk 

is then set at one; it is otherwise set at zero. 

In the experiment of the present report the threshold is set ad hoc. It 
can be seen from figure 10, parts  d  and  h,  that the plots of the relative 
frequencies of the quadratic sums still overlap. It was not possible for the 
authors' to express the relative frequency in known generic distribution 
functions. It seems, however, possible to find a reasonable detection limit 
to discriminate between the two cases. The level is set at 2.0. Note 
that due to the median filtering, 10 pulses in a sequence of 21 can have 
values that exceed the threshold without the alarm being set. Ten pulses 
correspond to a weld joint length of approximately 1 mm. 

5.2 A short-circuit detector 
The following detection algorithm is designed to detect short-circuitings. 

1. The weld voltage consists of a sequence of pulses. Give each pulse an 
index,  k,  defined by the position of the pulse in the sequence. 

2. Short-circuit detection. Check if the actual voltage pulse number  k  has 
samples less than the preset value. If this is the case, assign a parameter  
Sk  the value 1, otherwise assign the value 0. In the experiments included 
in the present article, the preset value is 5 V. 
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3. Median filtering. Apply a median filter to the sequence  Sk.  Denote 
the output sequence MSk. In the experiments described in the present 
article, the length of the median filter is set ad hoc at 11 by studying the 
algorithm on a few weldings. 
Note that due to the median filtering, 5 pulses in a sequence of 11 can 
indicate burn-throughs without the MSk  being set at 1. 

4. Discriminator. Let the pulse sequence MSk  pass a level detector. If the 
threshold 0.5 is exceeded, an alarm is triggered. 

5.3 Synthesis 
There are now two possibilities to indicate burn-through: the modified square law 
detector, and the short-circuit detector. Only one of these needs to be set in order 
to indicate a burn-through. Thus a compound detection algorithm is composed by 
connecting the two detectors in parallel. This is illustrated by the block scheme in 
figure 12. 
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Figure 12: Block diagram of the compound detector. 
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5.4 	Test of the compound detector 
The compound detector is tested on 33 specimens. Eleven experiments were con-
ducted for the T-joint with step disturbance, reference T-joint and ramp disturbance. 
The recording time of the measured signals was 4, 5 and 10 s for step disturbance, 
reference and ramp disturbance respectively. There were 34 burn-throughs in all in 
the weld joints produced; 11 burn-throughs in the T-joint with step disturbance; 23 
burn-throughs in the T-joint with ramp disturbance, and no burn-throughs in the 
reference T-joints. 

The test is designed as follows: If the alarm turns on and there is a burn-
through, the test results in a detection; and if the alarm does not turn on, there is 
a no detection. If the alarm turns on and there is no burn-through, the test results 
in a false alarm. As mentioned in section 5.1, the threshold is set at 2.0. 

6 Results 
The results of the test are shown in table 3. To illustrate the results of the data, the 
test result for the T-joint with a step disturbance, are shown in figure 13. Compare 
with figure 12. The top diagram of the figure, part a, shows the weld voltage, and 
part  b  shows the PLk. Part  c  shows the corresponding  Sk,  MSk, Dk parameters and 
Alarm. Part  d  of the figure shows the actual location of the burn-throughs. Part  e  
shows the type and position of the disturbance along the weld joint. 

Table 3: The results of the test of the compound detector. The threshold for the 
alarm is set at 2. 

Type of T-joint 	Number of burn-through Detection Nondetection False Alarms 

Reference 	 0 	 — 
Step disturbance 	 11 	 11 

	
0 

Ramp disturbance 	23 	 20 
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Figure 13: Illustration of the detection of burn-through when welding a T-joint with 
step disturbance: Measured weld voltage is shown in part a (Note the different scale 
compared with figures 5 and 11). The corresponding parameters PLk, as well as  Sk  
MSk Dk and Alarm, are shown in parts  b  and  c  respectively. Compare with the 
block-diagram in figure 12. The actual locus of burn-through (BT) is shown in part  
d.  The position and type of the step disturbance (PST) are shown in part  e.  
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7 Discussion 

Due to the lack of physical insight into the welding process, a black-box model is 
used. Both the ARX model parameters, estimated from measured weld voltage 
and current, and the prediction error, are easy to obtain. The suggested detection 
method thus requires little a priori knowledge of the weld process. The detection 
algorithm it does not require a large storage capacity or complicated calculations. 
Then the algorithm can be implemented on a digital signal processor and fast signal 
processing can be achieved. Thereby it is possible to build an on-line automatic 
detection system for detection of burn-through in robotic GMA welding. 

Note that neither the short-circuitings nor the broadband signal component alone 
is enough to detect burn-through. Compare figure 13 part  c  with part  d.  This 
exemplifies the need of the more complicated compound detector. 

Although the prediction error will no longer be white, preliminary comparative 
calculations have shown that the number of system parameters in the ARX model 
can be reduced further without affecting the test results negatively (not described 
in this article). 

The current swing is large from 40 A to 300 A and the welding process is highly 
nonlinear. Thus it is surprising how well the prediction voltage follows the measured 
voltage , see figure 11 part a. The limitation of the orders for the model polynomials 
and the sudden changes of the current and voltage cause prediction errors from delay, 
see figure 11 part  b.  This is also seen in figure 8 where spikes are seen in many cases 
originating from the sudden and periodic current changes. This is probably the 
main reason for the prediction error being non-Gaussian. In any case it seems to be 
reasonably white. 

Selection of the threshold for the parameter PLk  is of central importance in the 
design of the detection algorithm. Two conflicting requirements must be considered. 
First, the threshold should be low enough to ensure that probability of detection 
is not too small. Second, the threshold should be high enough to ensure that false 
alarm probability is not too large. In practice, the false alarm probability must 
be low when, for example, welding hundreds of meters of a tube. In such a case, 
the welding process should not be allowed to be stopped every meter due to false 
alarms. A ten meter weld joint corresponds to approximately 105  pulses, yielding a 
false alarm probability of  PF  = 10-5. 

The proposed compound detector is designed to detect burn-through in welds. 
The detector could, however, be used to detect other disturbances in the weld pro-
cess. The process stability, i.e. the characteristics of the welding process should not 
change in an uncontrolled manner during welding. This is an important factor for 
ensuring weld quality [26]. To the authors' knowledge, a strict definition of process 
stability does not exist. It seems, however, reasonable that the following criteria 
must be fulfilled to maintain the stability of a weld process [5, 14, 15]: 

1. Arc stability: Background current must exceed a minimum limit for stable 
arcing. 

2. Metal Transfer: Spray type metal transfer must be produced. 

3. Arc length: A constant arc length must be maintained. 
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For example, the short-circuitings, which are probably caused by the electrode 
making contact with the work piece, indicate that the arc length criterion is not 
fulfilled in the experiments. 

Thus, the developed detector can be used to detect other instabilities in welding. 
If a disturbance in, for example, wire feed rate or shielding gas flow is reflected 
in changes in the weld voltage, then the outputs MSk  and Dk could be used to 
trigger a lamp or a bell to alert the weld in charge, indicating that the process is 
deteriorating. This could give time to correct the process before burn-through, or 
other weld defects occur. 

Finally, detectable differences were found in the welding voltage and current 
between a normal weld and welds during burn-through. This fact may be used to 
guide a weld operator. The experiment presented in this paper should, however, be 
seen as a pilot test due to the few specimens available. One specimen for each type 
of disturbance has been used for developing the detection algorithm, and for setting 
the threshold. The remaining specimens are used to evaluate the proposed detector. 
In order to fully exploit the method, further experiments and a larger batch of data 
must be collected. 
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List of symbols 

Roman Symbols 

ai, • • • ,  ap 	scalar ARX coefficients  
bo, 	,  b, 	scalar ARX coefficients 
al, • • • , ay 	estimated scalar ARX coefficients  

bo,  • • • , hr 	estimated scalar ARX coefficients 
Dk 	 the output sequence from the level detector 
e[n] 	prediction error 	 [V] 

f[n] 	the amplitude limited prediction error 	 [V] 
fs 	 sampling rate 	 [Hz] 

threshold for alarm 
source current 	 [A] 

i[n] 	weld current at the sampling instant 	 [A]  
/b 	background current 	 [A] 
1,7 	peak current 	 [A] 

inductance of the network 
.ea 	length of arc 	 [mm] 
Le 	 length of wire electrode stickout 	 [mm] 

sample size 
number of parameters in the ARX model 

MPLRk 	the output sequence from the median filtering of PLRk 
M  Sk 	the output sequence from the median filtering of  Sk  

sample size in the hypothesis test 
Pk 	 sum of the squares of the prediction errors 
PLk 	sum of the squares of amplitude limited prediction errors 
PLRk 	the output sequence from the short-circuit detector 

false alarm probability 
-1  

q 	delay operator 
Re 	resistance of the wire electrode stickout 	 [9]  
R, 	internal resistance of the welding source 	 [9]  
Sk 	the output sequence from the short-circuit detector 
s2 	estimated variance of f[n] 

total pulse time, T = Tp +  Tb 	 [s]  
Tb 	background pulse time 	 [s] 
T„ 	peal( pulse time 	 [s] 
T, 	sampling period 	 [s] 
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u[n] 	weld voltage at the sampling instant [V] 
ü[n] 	predicted value of u[n] 	 [V] 
U. 	arc voltage 	 [V] 
(Ian 	anode voltage fall 	 [V] 
Ub 	background voltage 	 [V] 
U, 	cathode voltage fall 	 [V] 
Uc. 	column voltage fall 	 [V] 
Ue 	wire electrode stickout voltage 	[V] 
Up 	peak voltage 	 [V] 
Uip 	weld voltage,Uw  = Ue  + U. 	[V] 
w[n] 	the signal after the prediction filter 	[V]  
Wb 	wire burn-off rate 	 [mm/sj 
WI 	wire feed rate 	 [mm/sj 

Greek Symbols  
e [n] 	white-noise process of the ARX process 
cr2 	variance of  E.  [771 
(5.2 	estimated variance of  e [n]  
.„2  

N 	chi-squared with  N  degrees of freedom 
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Abstract 

The possibility to design a computer based monitoring system for robotic pulsed 
GMA welding of aluminium has been investigated. Electrical signals from the welding 
process have been measured, e.g. arc voltage and welding current together with a laser 
detector for drop detachment verification. The signals have been processed by different 
signal processing techniques, especially pulse-shape analysis and spectral analysis. The 
results from the analysis indicate that it is possible to detect defects in the welds. The 
work also indicates that it might be possible to build an on-line monitoring system for 
robotic GMA welding. 

1 Introduction 

Gas metal arc welding is widely used for welding aluminium and its alloys[1]. However, 
due to the fact that the welding process itself is difficult to control, not many robotized 
applications have been established. This can first of all be related to the problems associ-
ated with the task of welding aluminium with short arc welding, which in turn limits the 
range of plate thickness to that above 3 mm. 

Over the years improvements were made, introducing fixed pulsed power sources giving 
the opportunity to weld thinner sections[2], but the problems have remained. The process 
was still too unstable to use in an automated environment. Later synergic power sources[3] 
which had the ability to keep a controlled spray arc at low mean currents were introduced. 
These new power sources had the ability to keep a controlled spatter-free arc at a wide 
range of currents and was ideally suited for robotic welding. 

But even though the process has been much more stable when using these new power 
sources, there are still great difficulties in detecting and correcting weld errors during the 
weld pass. In the case of welding steel a great deal of research has been done, trying 
to monitor the weld quality, but in the case of aluminium hardly anything has been 
made. In the field of short arc welding of steel, both theoretical analysis of the welding 
process[4, 5, 6] and statistical analysis of real welding signals[7, 8, 9, 101 have been made. 
One of the problems in the statistical analysis of the measured signals from the welding 
process is the large proportion of welds which are difficult to classify according to their 
quality [1 1] . 

The present study describes some ideas related to the problem of detecting quality 
defects in pulsed arc welding of aluminium. The goal has been to build a system for 
sampling some weld signals and then identify weld errors by analyzing the measured 
signals by different signal processing methods. Some of the methods presented here have 
been presented before by the same authors[12]. 
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2 Experimental equipment 

2.1 Data acquisition system 

A PC-based system has been built for the data acquisition. The system is built around 
an IBM PS/2 model 60 (see figure 1). 

The computer is equipped with an analog-digital  I/O-board  which is connected to 
different sensors. The sensors are used for measuring the arc voltage, the welding current 
and to coordinate the data acquisition with the motion of the robot. 

Discussions are going on concerning the sample rate which is necessary to measure the 
weld signals with sufficient exactitude. According to Rehfeldt[13] the minimum sample 
rate for short-arc welding is about 1 MHz, but while the pulsed arc welding is more 
stable[2] a sample rate of 20 kHz has been used in this experiments. 

The weld signals, the arc voltage and the welding current, are low-pass filtered through 
a 12th order Butterworth filter with a cut-off frequency of 9 kHz before it is sampled with 
20 kHz for 4 s. That gives an attenuation of approximately 11 dB at 10 kHz. The  A/D  
converter has a resolution of 12 bits and the welding speed has been set to 15 mrn/s for 
the experiments. 

2.2 Welding set-up 

For the experiments a commercial welding equipment consisting of a robot,  ABB  MI 
2000 AW, and a transistorized welding-power source,  ESAB  LAK  500  R,  have been used, 
The welding-power source has the ability to weld with synergic pulsed spray transfer[3] 
which has been used in these experiments. The experiments have been made on aluminium 
plates,  SIS  41401, and the electrode filler material has been  ESAB  OK 18.15, that is similar 
to the alloy of the base material. All the runs in the experiments have been made with 
the bead-on-plate method and the classification of acceptable and defect welds has been 
made according to bead-shape appearance, where irregular beads or beads with porosities 
have been classified as not acceptable. Irregular bead shape caused by uneven wire feed 
speed or insufficiently cleaned plates has been investigated. The current has been chosen 
to produce signals which have a pulse period of approximately 150 samples, which in the 
case of the  LAK  500 corresponds to 140 A. 

3 The signals measured 

Examples of data collected from an acceptable weld are shown in figure 2. In the left 
diagram the continuous line shows the arc voltage and in the right diagram the weld 
current. The dotted line in both diagrams shows the result of the drop detection. A low 
level on the curve indicates that a laser beam is broken by material which is transferred 
from the electrode wire to the weld pool. 

In the ideal case this signal is periodic [3], where every period of the signal consists of 
one part with high current and one part with low current. Let one period of the signal 
be denoted a pulse. Divide the pulses into two kinds, adequate and inadequate pulses. In 
this paper an adequate pulse will be regarded as a pulse which has been measured when 
an acceptable weld has been produced by the welding system. All other pulses will be 
regarded as inadequate pulses. 

'ISO eqv. AlMg4.5 
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In figure 2 it can be seen that the weld voltage is more fluctuating than the weld 
current. This is understandable since the system is highly inductive[4], which also implies 
that the arc voltage will be much more sensitive to disturbances than the weld current. By 
comparing the arc voltage and the signal from the drop detection in figure 2, it is possible 
to see that for every pulse in this experiment, one droplet of material is transferred from 
the electrode wire to the weld pool. This ought to be the case for an adequate pulse, 
whereas in an inadequate pulse several droplets can be transferred from the electrode wire 
to the weld pool[14]. When the droplet is detached from the electrode wire it is usually so 
that the arc voltage takes its maximum value[14]. For an acceptable weld, this transition 
should take place just before the current decreases to the low level[15]. Examples of an 
adequate and an inadequate pulse are shown in figure 3. 

4 Analysis of signals measured 

Assume that the signals considered satisfy the following conditions: 

• the signals are cyclostationary[16]. 

• an ideal pulse can be written as a weighted sum of three suitably chosen base func-
tions. 

The first item given above is approximately valid for real welding signals. This assumption 
is based on the physical properties of the welding process[14]. Considering the second item, 
the analysis has shown that in the experiments performed an adequate measured pulse 
can be fairly well approximated as a sum of three suitably chosen base functions. The 
suitable base functions have to be chosen according to the welding parameters. 

The analysis of the signals can be made in many different ways depending mainly on 
the goal for the analysis. In this study the aim is to develop methods for monitoring the 
quality of the weld, and investigate the possibility to control the welding process. Based 
on this goal the following two methods have been investigated: 

• analysis of the absolute shape of the pulse. Here the deviations in shape from the 
closest pulse in a set of master pulses are analysed. 'Closest' here means the least 
residual. 

• the spectral content in a pulse. The spectral content is compared to the spectral 
content in a set of master pulses. 

The above mentioned set of master pulses is derived from real measured signals. 

4.1 Analysis of the pulse shape 

The method presented here is based on the assumption that for an acceptable weld with 
given welding parameters, the pulse shape will almost always be the same. This gives 
an opportunity to study the residuals between a set of assumed adequate pulses and a 
given pulse extracted from the measured signal. This analysis has been carried out on 
measurements of the arc voltage for several different welds of different quality. Some of 
the acceptable welds are used to teach the system what an adequate pulse should look 
like. 

The method to calculate the measurement of the quality of the weld is based on the 
assumption that an adequate pulse can be better approximated as a weighted sum of a few 
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suitably chosen base functions than an inadequate pulse when the residuals of the shape are 
used as a distance measure. To choose the base functions the following method has been 
used: Assume that the  n  pulses u,,  i  = 1, ,  n  are examples of adequate pulses measured 
from an acceptable weld. Put the  n  pulses into a matrix U, where the uis are the columns 
in U. By using SVD2, the matrix U can be written as U = Q1EQ2T, where the columns of 
Qi are the eigenvectors of UUT, the columns of Q2 are the eigenvectors of UTU and where 
the diagonal elements of  E  are the square roots of the non-zero eigenvalues, in decreasing 
order, of both UUT  and UTU[171. The matrices Qi and Q2 are both orthonormal. Now 
choose the columns of Qi  as an orthonormal set {}r_i  of base functions. What  SVD  
does is that it sorts the base functions in decreasing order with respect to the energy 
content in the part of the signals which is built on that base function. This energy can be 
derived from the values of the elements in  E.  It is clear that all the columns u of U can 
be expressed as  

	

ui  -= 	 (1) 
J=1. 

In this experiment the number of adequate base functions,  n,  has been set to 25 and 
the ratio between the energy in the part of the signal which is built of (pi, and the part 
which is built of 9e2  is in average about 4000. This is due to the fact that the pulses in 
the columns of U can be fairly well approximated by using only the first term in the sum 

	

(1). An example of the base functions ipi, 	, (Ai  is shown in figure 4. 
In the figure the base function (pi  can be looked upon as the "basic shape" of the pulse 

for an acceptable weld. The functions {40}.2  are then added to <pi  to make the weighted 
sum fit a given pulse as well as possible. The main variation between adequate pulses 
takes place at the moment when the droplet leaves the electrode wire, before the current 
decreases to the low level[3]. An adaptation of the sum to this variation can partly be 
made by using only 402  and 923. That is because for an adequate pulse the main variation 
in time should be inside the interval where the peaks in 992  and cp3  are located. 

A part of the above given set of functions, {cpin_i, is then used to analyse a given 
arc voltage signal from the welding process. Extract from the signal a sequence of pulses,  
p„  =.- 1,..,m.   A given pulse  p,  can be written as 

3 

Pi = E 	+ i 
.1=1 

where  e,  represents the residuals between the given pulse and the approximated pulse by 
the sum in (2). Observe that only three base functions have been used. The c,3  are chosen 
according to the least squares criterion, which means that they are chosen to minimize 
the length of the residuals  e,.  That is, the co are given by 

3 
min (p, 	cijcpi)2  cj3 E R (3) 

The residuals  e,  contain information about the deviation between the analysed pulse and 
an assumed adequate pulse. If the pulse shape is close to the shape of an adequate pulse 
this deviation should be relatively small, otherwise it will be larger. Consequently the 
residuals can be used as a measure of the status of the signal and as an indicator of the 
quality of the weld. 

2Singular value decomposition 
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Since the welding process it rather "slow", it is not the status of single pulses that 
decides the quality of the weld. "Slow" here means that the process is thermally slow, 
so the important issue is not the amount of energy transferred in every pulse, but the 
average energy in an interval of a given length[18]. A consequence of this is that in the 
analysis the central issue will be the status of a sequence of pulses and not the status of 
single pulses. Thus one can allow a few inadequate pulses if the surrounding pulses are 
adequate. Therefore a new sequence of values based on the residuals  Ei  can be formed, 
which is not so sensitive for the shape of single pulses. 

One way of doing this is to begin by forming a sequence  y„  i  = 1, ,m, where  y,  is 
the mean energy per component in the residuals et. If the length of the base functions 
mentioned above are  k  elements the yis will be given by 

yj 
 1 T  
=  7c*  Ei  

Let this sequence of yis pass through a moving median filter of length /, and call the output 
sequence xi. In the experiments / was set to 13. Then  x,  is given by xi = median(y2 _6, 

yi+6),  i  -= 7, ... , m — 6. This filter allows in principle 6 inadequate pulses in 
a sequence of 13 pulses without indicating any defects in the weld. 6 pulses correspond 
to a time of less than 0.05 seconds, which in the experiments is a much shorter time than 
the acceptable time for failure during the welding process. The reason to choose a median 
filter instead of a filter which gives the mean value as output is that a median filter is 
more robust against extreme values, and is therefore not so sensitive for single pulses. 
The outputs,  x,,  can be seen as a measure of the residual effects after passing through a 
low-pass filter. 

Some results of this method on measured signals are shown in figure 5. The first part 
of the signal (0 - 0.9 s) is an example of an acceptable weld, the second part (1.0 - 3.4 
s) is an example of a weld where there have been disturbances to the wire feeding and 
the third part (3.5 - 5.5 s) is an example of a weld which has been disturbed by a wire 
crossing the seam. All the peaks above 30 units on the plot of the xis, are related to a 
defect which can be seen by inspection of the welded joint. The defects in part two are 
more severe than the defects in part three, which are also indicated on the plot of the xis. 
This indicates that is should be possible to construct an on-line quality monitoring system 
for the welding process by setting an alarm level on the xis. 

4.2 Spectral distance measure 

Two distance measures which use ratios of the spectra of two transients are presented 
below. The justification for using spectral distance measures lies in the fact that spectral 
information is important for discriminating an acceptable weld from a defect weld[12]. 

The Symmetrized Itakura distance measure between two spectra U(w) and P(w) is 
defined as[19] 

dsi(U,P) =log((ruip(0)rp/u(0)) 	 (5) 2  
where  

ir 

ruip(o) = 1U(4412/1P(w)12CLW- 	 (6) 
2ir 

and 

(4) 

5 



If the two spectra U() and P(w) are equal their distance is zero. This distance measure 
effectively provides a comparison between the two spectra of the process u and p[20). 
Another distance measure proposed by Itakura and Saito is[21] 

s(U,  P)  = ( c. -21) f ir 	(w)12  /iP(w)i2 	— log(
u
p) 1 

The theoretical background leading to Symmetrized Itakura and Itakura-Saito distance 
measure is beyond the scope of this paper. However, there is one important difference 
between the two measures that ought to be mentioned. The Symmetrized Itakura distance 
is insensitive to the level of the transient signal, i.e. it does not depend on the amplitude 
of the signal. This can be expressed as[19) dsi (aU, bP) = dsi(U,  P),  for a,  b>  0. 

4.2.1 Classification procedure 

The classification procedure is as follows[21): create a reference class of u adequate weld 
pulses u3 ,  j  = 	n;  calculate the spectral distance  cl,,  i  = 1, ..., m between the unknown 
experiment pulses pi,  i  = 1, ..., 7n and the adequate reference pulses 113,  j  = 1, ..., ; 
average the  n  distance values and denote it di; let this sequence of di  pass through a 
moving median filter of length I, see section 4.1, and call the output sequence xi. If xi  is 
found smaller than a threshold value, the weld is classified as an acceptable weld, otherwise 
as defect and the alarm signal turns on. 

4.2.2 Experimental procedure 

This experiment uses the theory described above. The effective data length for discrimi-
nating between adequate and inadequate pulses is 70 samples, (see figure 3). The reason 
why only 70 samples out of 150 samples were used from each pulse is that the interesting 
part of the pulse is the transient, which here is caused by drop detachment. The transient 
lies between the 10th and the 80th sample, (see figure 3), which is cut out for further 
calculation. Successive sections are then multiplied by a  Hanning  window and spectra 
calculated using an 512-point FFT. The two distance measures are then calculated using 
the spectra and the energy, cr2, in the transient. 

In the experiment one pulse,  ui,  was used to represent the reference class 'adequate' 
pulse. The left diagram in figure 3 shows the reference pulse used in the experiment. The 
discrimination procedure to be taken is as follows. 

1. For the reference pulse,  ui,  cut out the transient. Calculate cr. Multiply the time 
series by a  Hanning  window and compute the IU(w)12  

2. For each pulse, pi, cut out the transient. Calculate ap2  . Multiply the time series by 
a  Hanning  window and compute the P,(w)12  

3. For each pulse  p,  calculate a distance di using the reference pulse,  Ui,  in the category 
'adequate' pulses and determine the average distance, which in this experiment is 
the same as di, i.e  d  = c11. 

4. Let this sequence of di  pass through a moving median filter of length 1=13. 

Results achieved using this procedure by analysing real data are shown in figure 6. These 
results indicate that it is possible to detect defects in the weld using the two distance 
measures. 
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5 Summary 

In this project a data acquisition system has been built for collecting signals from a 
robotic welding process. The system is based on a PC equipped with an analog-digital  
I/O-board  which is connected to different sensors, which measure the arc voltage and 
the weld current. A laser detector for drop detachment verification has also beed tested. 
Since the measured signals are periodic they can be divided into pulses consisting of one 
period of the signal. These pulses have then been used in the analysis. The analysis 
of the pulses is based on different methods using either the shape of the pulses or the 
frequency content in the pulses. The analysis of the shape compares the pulses measured 
with master pulses which are known to be measured when an acceptable weld has been 
produced. The difference is transformed into a distance measure. The spectral analysis 
compares the spectra of a part of the measured pulses with the spectra of a part of master 
pulses. The ratio is transformed into a distance measure. In both methods of analysis the 
distance measure is low-pass filtered to take into consideration the physical properties of 
the welding process. The output from a floating median filter is used as an indicator of 
the weld quality. Analysis of real welding signals using either of these methods indicates 
that it is possible to detect defects in a weld joint. 
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Figure 3: Examples of measured pulses. The left diagram shows an example of an adequate 
pulse which has been used in calculating the spectral distance. The right diagram shows an 
example of a pulse which is classified as an inadequate pulse. 
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Figure 1: The principles for the data acquisition system connected to the robot and the 
welding power source. 

Figure 2: Examples of measured weld signals. Left diagram: arc voltage and drop detection. 
Right diagram: weld current and drop detection. 



• 
% 	1 	. 

•••••%- 
a 
0 

SO 

250 

200 

150 
Xi 

100 

2 	 3 

Time (s) 

2 	 3 

Time(s) 

<P2 	 Co 3 
	

9a.1 

Figure 4: Example of the first four base functions. The base functions are derived from 
real voltage data. The first three base functions have been used in the analysis of the pulse 
shape. Observe that the amplitude is scaled so that the energy for all base functions is 
equal to one. 

Figure 5: This diagram shows an example of the analysis of a real weld. To the left is the 
arc voltage and to the right is the filtered residual effect when the pulses are analysed with 
respect to the pulse shape. The measured signal to the left consists of three parts: The first 
part of the signal (0- 0.9 s) is an example of an acceptable weld, the second part (1.0 - 3.4 
s) is an example of a weld where there have been disturbances in the wire feeding and the 
third part (3.5 - 5.5 s) is an example of a weld which has been disturbed by a wire crossing 
the seam. Note that the disturbances observed in the arc voltage are clearly seen in the 
residual effect too. 
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Figure 6: The left diagram shows Symmetrized Itakura distance measure and the right 
diagram shows Itakura - Saito distance measure for the welding voltage in figure 5. Note 
that Itakura - Saito distance measure is logarithmisized before plotting. Also note that the 
disturbances seen in the arc voltage are clearly seen in the distance measure too. 
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