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ANALYSIS OF THE COVERED ELECTRODE WELDING PROCESS STABILITY ON THE BASIS OF LINEAR REGRESSION
EQUATION

ANALIZA STABILNOSCI PROCESU SPAWANIA ELEKTRODA OTULONA NA PODSTAWIE ROWNAN REGRESJI LINIOWE]

The article presents the process of production of coated electrodes and their welding properties. The factors concerning

the welding properties and the currently applied method of assessing are given. The methodology of the testing based on
the measuring and recording of instantaneous values of welding current and welding arc voltage is discussed. Algorithm for
creation of reference data base of the expert system is shown, aiding the assessment of covered electrodes welding properties.
Statistical factors of instantaneous values of welding current and welding arc voltage waveforms used for determining of
welding process stability are presented. The results of coated electrodes welding properties are compared. The article presents
the results of linear regression as well as the impact of the independent variables on the welding process performance. Finally
the conclusions drawn from the research are given.
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Omowiono proces produkcji elektrod otulonych w kontekscie ich wlasciwosci spawalniczych. Przedstawiono wskaZniki
wlasciwosci spawalniczych oraz stosowana dotychczas metodyke oceny. Oméwiono metodyka badai polegajaca na pomiarze
i rejestracji warto$ci chwilowych nat¢zenia pragdu spawania i napi¢cia tuku spawalniczego. Przedstawiono algorytm tworzenia
systemu bazy danych referencyjnych systemu eksperckiego, stuzacego do oceny wiasciwosci spawalniczych elektrod otulo-
nych. Oméwiono stabilno$¢ uktadu Zrédlo pradu — tuk spawalniczy. Przedstawiono wskaZniki statystyczne przebiegu wartosci

chwilowych nat¢zenia pradu spawania i napigcia tuku spawalniczego stuzgce do opisu stabilno$ci procesu spawania
Zestawiono wyniki badafi wlasciwosci spawalniczych elektrod otulonych. Przedstawiono wyniki regresji liniowej oraz
wplyw poszczegdlnych zmiennych niezaleznych na wynik procesu spawania. Zaprezentowano wnioski z wykonanych badan.

1. Introduction

Covered electrode production is a complex process where
many requirements should be met simultaneously. The func-
tional properties of these electrodes, i.e. chemical composi-
tion and mechanical properties of the deposited metal and the
whole range of the factors referred to as weldability are the ref-
erence points in this case [1, 2]. Inspection and verification of
mechanical and chemical properties of deposited metal is con-
ducted basing on the approved and standardised methods, i.e.
static tensile test (PN-EN 10002), impact test (PN-EN 10045)
or testing of chemical composition using method of emis-
sion spectrometry (PN-EN 26847). The quantitative methods
that make it possible to assess unambiguously the welding
properties of covered electrodes have not been found so far.
One of the most important components of the covered elec-
trodes weldability assessment is the stability of the welding
process [3]. It is well known fact that only the stable process
makes it possible to obtain a weld of a correct geometry, with
practically not changing width and height of a weld face and
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penetration depth, what in the result increases the probability
of obtaining the joint of the required mechanical properties
[4-6].

The traditional method to assess and verify electrodes
welding properties is the assessment made by a classifying
welder, who performs it on the basis of the process obser-
vation during numerous welding trials. It is natural that the
assessment made by a classifying welder is of a subjective
character, however it is the only method used in practice so
far. The classifying welder gains the experience and intuition
in the evaluation over the course of the years and uses it during
the assessment process. [3].

The range of testing during welding trials includes fol-
lowing components:

— the ability to stable the welding arc burning,
— the manner of the liquid metal transfer into the weld pool,
— behaviour of a liquid slag during welding,
— steady melting of the electrode (core and covering),
—  spatter size.
The main goal of the experimental research is the at-
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tempt to create the expert system aiding the assessment of
the covered electrodes welding properties on the basis of var-
ious tools of welding voltage and current real signals analysis.
The research into the description of the welding process using
voltage-current characteristics as the source of the valuable
information has been conducted for many years [4, 7, 8]. The
signals converted into a digital form can be easily stored in the
computer memory and analysed using a number of tools for the
descriptive analysis of signals. Analysis of the voltage-current
signals has not yet been applied in the assessment of a welding
process. This is partly due to the imperfection of the present
monitoring systems and lacking of the unambiguous assess-
ment criteria. Therefore those systems cannot be compared to
the knowledge and experience of a welder and his ability to
associating and assessing the welding conditions.

The basis of the expert system is the experience and
knowledge of a specialist, this time a classifying welder, which
becomes the knowledge base of the expert system being built.
The first stage of the process of the system creation consists
in the creating the reference base, i.e. repeated comparison of
analysis factors with expert evaluation (Fig. 1)

N

Output data
- welding properties,
stability of the welding process
- Expert assessment
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Fig. 1. Algorithm for creation of reference data base of the expert
system aiding the assessment of covered electrodes welding proper-
ties

The simplest tool that can be used for forecasting welding
properties of the electrodes is the method of linear regression.
This article presents two equations describing welding prop-
erties of rutile electrode of E380R11 type determined using
the linear regression and applying selected statistical factors.

Linear regression is the popular statistical tool used for
forecasting of the expected value of the output variable y for
known values of one or more input variables x. The expected
variable y is called the dependent variable while input values
x are independent variables. In the case of linear regression
the liner function provides the model of dependencies between
dependent and independent variables.

For one independent variable x the issue consists in
the determination of the straight line y = ax +b in the
best possible way fitted to the set of n experimental points
{(xX1,51),(X2,¥2)s- - - »(Xn,¥n)}. The equation of multiple linear
regression, where the dependent variable y values are the func-
tion of the independent variable x, is as follows:

y=b+aix;+arx; + ... +ax, (D)
where: y — dependent variable value to be determined

x; — independent variable (input data)
a; — regression coefficients

b — constant (the point of the intersection of a line with
y axis)
The goal is to determine the regression coefficients a
of the statistical model. The most often used method is the
ordinary least squares approach and its modifications.

2. Stability of the power source — welding arc relation

From the theoretical point of view the stability is the abil-
ity of the system to return to the state of equilibrium when it
becomes unbalanced due to various internal or external distur-
bances. Welding arc is a part of a electric circuit where current
flow is forced by the welding power source [9]. It is known that
welding arc is characterised by high dynamics and variability
which result from the specificity of the electric discharges oc-
curring between electrode and welded metal. During welding
the arc is influenced by various disturbances resulting from
a number of processes of physical and chemical nature, i.e.
gaseous and metal vapour ionisation processes, liquid metal
and slag transfer as well as weld pool refining metallurgical
reactions [8]. Thus the direct relation of the power source
— welding arc can be observed, that combines the welding
power source of the specified static characteristic Uy(I) with
the electrode of the specified properties determined by the
type of the coating and represented by the arc static char-
acteristic Uy(I). The point of the intersection of both curves
determines the optimum working point of the set “welding
power source — welding arc” (Fig. 2). Oscillations of the pa-
rameters U-I around this point are directly connected with
the welding power source dynamic characteristic and above
mentioned disturbances in the arc operation. The measure of
process stability is the speed of response of the system (power
source) to the appearing disturbances.

U =f(l), Conventional thyristor source DC, I=117 [A] U =f(l), Inverter source DC, I=120 [A]
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Fig. 2. The example of static real characteristics of the welding power
source Ud(I) Conventional arc characteristic Ut=20+0,041, real arc
operation U(I), Welding power source: conventional thyristor rectifier
and inverter equipment. Electrode: E 380 R 11, ¢3,2x350 mm

3. Processing and analysis of signals

In practice the signals processing and analysis are used
in all fields of science and technology. The signal processing
is the whole of the actions leading to depicting the observed
signal in the form suitable for its further analysis, including
standardisation and matching signals values, converting signal
analogue values into digital ones, filtration and averaging of
signals values in real time or transformation of the signal from
one value space to the another (e.g. Fourier or Wavelet Trans-
form, etc.) [11, 12]. The signals analysis should be understood
as a searching for and determining of signals characteristics




that makes it possible to identify information on the char-
acter and variability of the physical process being described
by the signal. In practice the majority of analogue signals
are converted into the digital form and all analysis operations
are conducted on this type of signals. Digital signals differ
from the analogue ones in that their values are described in
discrete-time domain as a sequence of instantaneous values of
the physical quantity being examined. In order to differentiate
constant and discrete signals in time, various notations (forms
of recording) are being used [11], namely:

— notation x(t) used traditionally in the recording of con-
stant analogue signals in time,

— notation x(n) is applied for the recording of discrete
time digital signals.

Fig. 3 shows the example of continuous (Fig. 3a) and
discrete (Fig. 3b) signals.
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Fig. 3. a. Analogue signal, continuous in time x(t) f, — frequency
[Hz], t — time [s]; b. Digital signal, discrete in time x(n) f, — fre-
quency [Hz], n — sequence of natural numbers, t; — sampling period
[ms]

Voltage-current signals stored in the computer memory
are the basis for further analysis using various statistic tools
or methods applied in the digital analysis of the signals. The
subject of this part of experimental research is the applica-
tion of the method of linear regression to determine the rela-
tion between expert assessment — performed by the classifying
welder, represented by the dependent variables y, and the para-
meters describing a welding process (determined on the basis
of instantaneous values of voltage and current waveforms),
represented by the independent variables x.

4. Description of a research station and a scope of
research

The central component of the research station is the
computer system for recording instantaneous values of weld-
ing voltage and current, which is based on multi-channel
analogue-to-digital converters A/D of LC-011/16 type. Fil-
tration system based on the noise galvanic separator is the
integral part of the slotted line.

For testing one type of rutile electrode E380R11 of di-
ameter 3,2x350 mm was selected. Besides the reference elec-
trodes of the first grade characterised by the very good welding
properties also defective electrodes of a clearly worse weld-
ability were tested. During research two constant current weld-
ing power sources were used:

— three-phase conventional thyristor rectifier (maximum
welding current 250 A),
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— inverter source (maximum welding current 200 A).

For both group of electrodes a series of trials of weld-
ing and measuring of digital signals of voltage and current
was performed. The recording of signals for three ranges of
welding current: 90, 110 and 130A was carried out in real
time. Padding welds were built up manually in flat position
on metallically pure steel grade S235JR testpieces of dimen-
sions of 150x80x5 mm. Welding speed was in the range of
23-25 cm/min, the angle between an electrode and material
was 70°.

Welding trials and recording of voltage and current wave-
forms were performed at Welding Department of the Institute
of Mechanic Technology, being the part of the Faculty of Me-
chanical Engineering and Computer Science of Cze¢stochowa
University of Technology.

Each time the samples of voltage and current signals were
correlated with the classifying welder assessments using con-
ventional criteria determined by the producer of the selected
electrode type. In this process five-grade marking scale was
applied where very good welding properties corresponded to
the higher marks (5 maximum) while poor one to the lower
marks (not less than 1).

Fig. 4 shows the example of current and voltage signals
samples obtained during the experiment for both welding pow-
er sources.
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Fig. 4. Examples of real current signals (blue colour) and voltage
(red colour). The current waveform for the inverter power source is
clearly more consolidated (narrower range of variability) if compared
to signals obtained for conventional source

In order to describe the welding process stability six sta-
tistical factors were selected as independent variable x [1, 2,
4, 13, 14]:

1. Mean value of welding voltage U,

2. Standard deviation from medium value of welding voltage
oy

3. Voltage coefficient of variation K, 7, which constitutes the
ratio of standard deviation to mean value:

Ko = —— - 100% @)
Um

Coefficient Kv makes it possible to illustrate the scatter
of voltage values, as is considers the mean value of the
measured voltage. Basing on research to date it was no-
ticed that with the increase of coefficient K, the stability
of arc burning deteriorates [2].

4. Short-circuit mean time Tz [ms]
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TABLE 1
Statistical factors, independent variables x — electrode of E 380 R 11type
Welding Conventional 3-phase thyristor Inverter
power Electrodes of good Electrodes of a worse Electrodes of good Electrodes of a worse
source weldability I grade weldability, defective weldability I grade weldability, defective
Current range | 90A | 110A | 130A | 90A | 115A 130A 90A | 110A | 130A | 90A | 110A 130A
U, [V] 20,1 | 19,6 21,0 | 26,1 | 29,1 32,9 19,2 | 20,5 204 | 269 | 28,6 33,8
oy [V] 4,7 4,6 49 6,1 5,5 3,7 4.8 5,1 5,5 6,2 6,1 4,0
K,y [%] 23,2 | 233 234 233 18,8 11,4 25,1 | 25,1 26,8 229 | 21,3 11,9
Tz [ms] 4,0 3,1 2,3 2,0 1,6 1,1 4,5 3,8 32 2,2 2,2 1,5
Tj [ms] 72 51 49 41 64 195 68 60 44 45 59 229
Zw [s7!] 14 20 20 24 16 5 15 17 23 22 17 4
5. Mean time of arc burning between short-circuits Tj [ms] TABLE 3

6. Average number of short-circuits during 1 second of weld-
ing Zw [s-1].

5. Research results

The Table 1 shows the values of six statistical factors
selected during research, which create a base of independent
variables x of six-fold regression equation.

The data prepared in such a way were set up in two Ta-
bles, separately for each welding power source. Independent
variables (statistical factors) were denoted with x1, xp, ..., Xg
symbols, whereas output dependent data, being the assessment
marks of classifying welder were denoted with symbol y.

TABLE 2
Independent data X;, x,, ..., x¢ and dependent data y. Conventional
3-phase thiristor welding power DC

Marking X1 Xy | X3 X4 X5 X¢ Y
Statistical factors| U, | oy Ky | Zw [Tz [ms]|Tj [ms]|Mark
90A (good) [20,11(4,67|0,23|13,85| 4,01 | 7222 | 5
90A (defective) |26,09(6,0810,23|24,36| 2,01 | 41,05 1
110A (good) |19,56(4,56(0,23119,74| 3,10 | 50,65 | 5
110A (defective) |29,06|5,48|0,19(15,64| 1,57 | 63,93 1
130A (good) [20,95|4,90|0,23|20,26| 2,35 | 49,37 | 5
130A (defective) [32,92(3,75|0,11| 5,13 | 1,09 |195,00| 1

Linear regression equation (6) in this case is a
six-component equation, what results from the application of
six independent variables xi, x;, ..., Xg

y=b+a1U, +ayoy +a3K,y + asZw + asTz + agTj

(©))

In order to determine the regression coefficients of statistical
model aj,ay, ..., ag for each dependent variable xi,xo, ...,
x¢ respectively, the MS Excel program was used applying the
table function REGLINP.

Linear regression equation describing the expected value
of dependent variable y, for both tested welding power sources
are as follows:

Independent data x;,x,, ..., x¢ and dependent data y. Inverter DC
welding power source

Marking X4 X2 | X3 X4 X5 Xg Y
Statistical factors| U, | oy K,y | Zw |Tz [ms]|Tj [ms]|Mark
90A (good) [26,93|6,18|0,23(22,05| 2,21 | 4535 | 2
90A (defective) {19,18(4,81/0,25|14,62| 4,49 | 6842 | 5
110A (good) |28,59(6,10(0,21(16,92| 2,21 | 59,09 | 2
110A (defective) |20,46|5,13|0,25(16,67| 3,82 | 60,00 | 5
130A (good) |33,81(4,02{0,12| 4,36 | 1,51 |22941| 2
130A (defective) [20,44|5,47|0,27|22,82| 3,16 | 4382 | 5

— for conventional rectifier:

y = 2641-084 U, + 0,76 oy + 0 K,y

4
-024Zw-139Tz + 001 Tj “

— for inverter power source:
y =3291-079U,+ 0ou+ 921 Ky 5)

- 029 Zw - 2,38 Tz - 0,002 Tj

Each equation includes six regression components, and
in each equation there is one component of x with the coeffi-
cient ¢ amounting to zero- factors K,y and oy assume zero
value in equation (4) and (5). Probably it is the result of the
strong correlation between these two factors; K, is the ratio
of standard deviation o to voltage mean value U,. Besides,
it should be stressed that the value of factor K,y is very high
in equation (5), what shows the strong influence of this factor
on the dependent variable y. On the other hand the lack of the
influence of the factor K, on the variable y in equation (4)
is surprising.

6. Conclusions
Separate factors aj, ay, ..., ag of the equation (4) and (5)

describe the influence of the independent variables xj, x,, ...,
X¢ on the value of the dependent variable y. In this particular



case both functions illustrate the relation between the statisti-

cal factors Ug,, oy, Kyy, Zw, Tz, Tj (independent variables x)

used in the analysis and the expected value of the assessment

of welding properties (dependent variable y).

1. Voltage mean value Ug, . The coefficient a in both equa-
tion occurs with negative sign, what means that higher
values of voltage corresponds to lower value of y, predict-
ed assessment of welding properties of electrodes. In the
other words the higher Ug, the worse welding properties
of electrodes.

2. Standard deviation oy occurs only for the conventional
power source. The coefficient with positive sign (+0,76),
what means, that higher values of the voltage standard
deviation is accompanied by higher factors of the welding
properties assessment.

3. Voltage coeflicient of variation K,y (only for inverter pow-
er source) shows very strong positive influence on the
predicted value of the assessment y; small increase of
K,y value in equation (2) means very high increase of
the assessment of welding properties. It can be observed
that coefficient K,y paradoxically shows reverse relation if
compared with the stability assessment criterion used for
the method 135 [1, 2]. In this case lower K, corresponds
to electrodes of the worse welding stability.

4. Average number of short-circuit Zw (during 1 second).
This factor has relatively small impact and reveals the neg-
ative influence of the number of short-circuits on the result
of the assessment; the smaller number of short-circuits the
better expected value of welding properties assessment y.

5. Short-circuit mean time Tz. The coefficients a for this in-
dependent variable occur with negative sign and are very
high in both equations, what indicates strong impact of this
parameter on the assessment result. The decidedly shorter
short-circuit times which are accompanied by decidedly
better welding properties are preferred.

6. Mean time of arc burning Tj. In both equations the influ-
ence of this factor is practically negligible.

The searching for the relations between statistical factors
describing a welding process and expert assessment is very
complex issue, nevertheless the results obtained have revealed
the potential prospects to use linear regression for the esti-
mation of coefficient value of electrode welding properties
assessment.

Received: 10 January 2014.

(1]

(3]

(4]

(5]

(7]

(8]

[10]

(1]

[12]

[13]

[14]

909

REFERENCES

J. Stania, Obiektywne metody oceny wiasciwosci spawal-
niczych 7Zrédet pradu za pomoca komputerowego urzadzenia
do rejestracji i przetwarzania danych. Ogélne oméwienie za-
gadnienia, Biuletyn Instytutu Spawalnictwa 2-3 (1991).

J. Stania, Obiektywna metoda oceny wilasciwosci spawal-
niczych Zrédel energii zrobotyzowanego spawania elek-
trycznego, Biuletyn Instytutu Spawalnictwa 4 (1992).

B. Slazak, J. Stania, Badania poréwnawcze elektrod
otulonych wysokostopowych ERWS 19-9 L produkowanych
przy zastosowaniu nowego szkla wodnego modyfikowanego
tlenkiem litu, Biuletyn Instytutu Spawalnictwa 6 (2006).

M. Weglowski, A. Kolasa, P. Cegielski, Ocena
stabilnosci procesu recznego spawania tukowego elektrodami
otulonymi, Przeglad Spawalnictwa 1 (2006).

T. Wegrzyn, J. Piwnik, Low alloy welding with
micro-jet cooling, Archives of Metallurgy and Materials 57(2),
1 (2012).

T. Wegrzyn, R. Wieszata, Main Alloy Elements in
Steel Weld Structures of Car Body, Archives of Metallurgy
and Materials 57(1), 2 (2012).

B.C. Sharm a, Process Stability Evaluation of Basic Coated
Manual Metal Arc Welding Electrodes, IE(I) Jurnal 86, March
2006.

B. Slazak,W. Malewski,A. Krysztafkiewicz,
T. Jesionowski, Evaluation of welding electrode ob-
tained from lithium oxide-modified water glass, Polish Jurnal
of Chemical Technology 3 (2006).

E. D ob aj, Maszyny i urzadzenia spawalnicze, WNT, Warsza-
wa 1994.

J. Wegrzyn, Fizyka i metalurgia spawania. Wydawnictwo
Politechniki Slaskiej, Gliwice 1990.

R.G. Lyons, Wprowadzenie do cyfrowego przetwarzania
sygnaléw. Wydawnictwo Komunikacji i Lacznosci, Warszawa
2006.

R. Bracewell, Przeksztalcenie Fouriera i jego zas-
tosowanie, WNT, Warszawa 1965.

M. Weglowski, A. Kolasa, P. Cegielski, Badania
wlasciwosci technologicznych spawalniczych zasilaczy inwer-
torowych, Przeglad Spawalnictwa 9-10 (2006).

M. Weglowski, Badania wlasciwosci spawalniczych
Zrédet energii elektrycznej z wewnetrzng przemiang czestotli-
wosci, Rozprawa Doktorska, Politechnika Warszawska, 2008.



