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The article discusses the pulsed arc processes carried out by periodic switching of the volt-ampere characteristics of the 
arc power source having different slope. At the same time, the commutation of the mentioned characteristics itself is 
realized not forcedly, but automatically based on the information about the current state of the system «power source–
arc». The main aim is to find out how effective is this method of gas-shielded pulsed arc welding with consumable elec-
trode. The article presents the results of theoretical investigations and computer modelling of self-oscillating processes, 
occurring in the system under consideration. A formula was derived for a preliminary evaluation of the pulse repetition 
rate of the welding current. By varying the value of a certain parameter appearing in this formula, it is possible to set 
the desired repetition rate of the indicated pulses. 9 Ref., 7 Figures.
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Pulse process of gas-shielded consumable electrode 
welding can be realized in different ways [1–7]. To-
day, it is believed that two methods are the most ef-
ficient:

● by means of supply on the arc of additional volt-
age from special pulse generator, connected in paral-
lel to main arc power source;

● periodic switching of volt-ampere characteris-
tics of arc power source having different slope.

The second method is particularly attractive from 
point of view that it contains potential possibilities to 
realize a pulsed welding mode not only due to forced 
switching of volt-ampere characteristics of arc power 
source as it is realized in work [5]. For example, it is 
possible to bring into the «power source–arc» system 
a feed back providing switching of indicated charac-
teristics automatically based on information on cur-
rent state of this system.

It is assumed that such a solution will allow getting 
the new useful properties not typical for the pulsed arc 
welding system with forced switching of volt-ampere 
characteristics.

It should be noted that the systems, work of which 
is based on a principle of change of its parameters 
depending on current state of the system, in a con-
trol theory are referred to a system class with variable 
structure [8].

This paper will consider the pulsed arc process-
es formed in a system with automatic switching of 
volt-ampere characteristics. The aim is to determine 

how effective the indicated method of pulsed arc 
welding is.

Figure 1 schematically shows the «power source–
arc» system including arc power source (SP) with two 
volt-ampere characteristics, slope of which S1 and S2 is 
different, and welding circuit (WC) with consumable 
electrode. Besides, a logical switching device (LSD) 
was added, which, depending on current state of the 
system, characterized with output voltage of power 
source us = us(t), is connected to a welding circuit or 
electric circuit with parameter S1 or with parameter 
S2, i.e. changes the structure of the system itself on 
certain law.

Mathematical description of the system. Based 
on a scheme, presented in Figure 1, and known prop-
erties of arc self-regulation [9] let’s make the equa-
tions describing the dynamic processes, taking place 
in the considered system:
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where ux = const is the open circuit voltage; i = i(t) is 
the welding current; S = |∂us/di| is the absolute val-
ue of slope of output volt-ampere characteristic, be-
ing equal S1 or S2 depending on switch K position; 
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ua = ua(t) is the arc voltage; L is the welding circuit 
inductance; R is the sum resistance of supply leads, 
electrode extension and slider contact in a torch noz-
zle; u0 is the sum of near-electrode voltage drops; Sa = 
= |∂ua/di| is the absolute value of slope of volt-ampere 
characteristic of arc; E is the electric field intensity 
in the arc column; l = l(t) is the arc length; H = const 
is the distance between the edge of current-supplying 
nozzle and free surface of welding pool; h0, h = h(t) is 
the initial and current values of electrode extension; 
ue = const, vm = vm(t) is the rate of feed and melting 
of electrode, respectively; M = dvm/di is the slope of 
current characteristic of electrode melting; D = d/dt 
is the operator of differentiation; t is the current time.

Some idealization in relation to the real volt-am-
pere characteristics of welding current source, namely 
their approximation to linear functions, was used for 
compiling equations (1). Figure 2 shows the graphic 
interpretation of the system of equations (1) in form 
of a structural scheme. The welding circuit WC, in-
cluded in this system, from point of view of theory of 
automatic regulation presents itself a closed systems 
with a natural negative feedback on electrode melting 
rate vm, which provides self-stabilization (self-regula-
tion) of arc length l(t) at set rate ve and set distance H, 
and relay voltage feedback us(t) provides automatic 
switch of a system structure.

Let’s write a law of switching as:
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where u1 and u2 are the threshold values of us(t).
We reduce the system of equations (1) taking into 

account expression (2) to one differential equation
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in which TL, T are the coefficients determined by the 
relationships
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and the right part has a form

Figure 1. Scheme of «power source–arc» system (see designations in the text)

Figure 2. Structural scheme of «power source–arc» system with 
variable structure (see description in the text)



4 ISSN 0957-798X THE PATON WELDING JOURNAL, No. 7, 2019

SCIENTIFIC AND TECHNICAL

                                                                                                            

                                                                                                                                                                                                    

 

1 1

2 2

, ( ),

, ( ),

   

   

g S S
g

g S S

==  =  

(5)

where

 1 1 2 2, .   e e
x x

v v
g u S g u SM M= − = −

 
From expressions (4), (5) it can be seen that coef-

ficient T, present in equation (3), and the right part of 
this equation g has a stepwise change during system 
switching from one characteristic to another, i.e. in 
switching of the connections between the system el-
ements. As for value 2

LT  then it, according to (4), is 
constant and in the majority of practical cases is sig-
nificantly lower than T since L << (S + Sa + R)2/EM. 
This allows instead of equation (3) further on using 
reduced equation
 (TD + 1)us(t) = g. (6)

The threshold values u1 and u2, included in expres-
sion (2), are selected based on the following condi-
tions:
 u1 = g2 + ξ,   u2 = g1 + ξ, (7)

where x > 0 is the some value selected by technolog-
ical reasons.

In order to trace the dynamic process, described 
in equation (6), let’s consider sequentially two pro-
cesses obeying two different differential equations 
(T1D + 1)us(t) = g1 and (T2D + 1)us(t) = g2.

Let’s start from the moment, when switching ele-
ment K is set in position 1, as shown in Figure 1. At 
this stage the welding process takes place according 
to differential equation (T1D + 1)us(t) = g1. Consider-
ing the initial condition us(0) = us0 the solution of this 
equation will have the following form:
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(point P corresponds to the initial condition us(0) = us0 
in Figure 3).

According to (8) us(t) voltage with rise of t increas-
es and tends to its set value g1 = ux – S1veM

–1. How-
ever, in moment of time t, when us(t) becomes equal 
to the threshold value u2 = g1 – x, there is switching 
of the system from characteristic 1 to characteristic 
2 according to law (2) (switch K in Figure 1 is set in 
position 2 at that). A working point of the considered 
dynamic process (see Figure 3) «stepwise» transfers 
from point a in point b. At that voltage us, being equal 
to u2, remains unchangeable, but there is a stepwise 
decrease of welding current i = i(t). This is the end of 
the first stage.

The dynamic process on the second stage is regu-
lated by differential equation
 (T2D + 1)us(t) = g2. 

Solution of this equation considering initial condi-
tion us(t1) = u2 takes the form
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Based on (9) voltage us(t) starting from moment 
of time t1 will decrease tending to set value g2 = ux – 
S2veM

–1. As soon as us(t) becomes equal to u1 = g2 + x 
in accordance with (2) there is switching of the sys-
tem from characteristic 2 to characteristic 1. At that 
the working point «stepwise» transfers from point c 
into point d. Respectively, there is «stepwise» rise of 
welding current i = i(t).

Now voltage us(t) again starts rising in accordance 
to equation
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where t2 is the moment of time, when us(t) = u1. Rise 
of us(t) will continue until reaching threshold u2 in 
point a. Further the processes in the system will be 
precisely repeated.

Thus, «slow» movements of the working point on 
sections da and bc periodically alternate with «quick» 
(stepwise) movements on sections ab and cd provok-
ing oscillations us(t) of relaxation type. Therefore, 
movement trajectory a→b→c→d→a is a stable cy-
cle indicating steady state self-oscillating mode in 
the considered system. Periodic change of us(t) takes 
place from u1 to u2, i.e. in the limits of earlier set zone 
(and it, if necessary, can be pretty narrow).

Figure 4 shows that «relaxation» oscillations 
of voltage us(t) have a saw-tooth nature. Period of 
self-oscillations Tk is determined by sum of two time 
intervals Dt1 and Dt2. Interval Dt1 during which volt-
age us(t) rises from u1 to u2 is determined according to 
equation (10) by relationshipFigure 3. Cyclogram of set self-oscillating mode: 1 — us = ux – 

S1i; 2 — us = ux – S2i (see designations in the text)
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Similarly, a time interval Dt2 during which voltage 
us(t) reduces from u2 to u1, is determined in accor-
dance with (9) by expression
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Formulae (11) and (12) taking into account rela-
tionship (7) acquire the next form:
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where Δg = g2 – g1 = (S2 – S1)veM
–1.

Respectively,
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A period of relaxation Tk (at earlier selected values 
of S1 and S2) depends only on value of parameter x, 
varying which it is possible to set desired frequency 
f = 1/Tk of self-oscillating process of the considered 
system.

The results of computer modelling. Figures 5–7 
present the results of modelling of the self-oscillat-
ing processes setting in the considered system at the 
next values of parameters of robotic arc welding: ux = 
= 50 V; u0 = 18 V; S1 = 0.05 V/А; S2 = 0.4 V/А; Sa = 
= 0.02 V/А; R = 0.01 Ohm; L = 5·10–4 H; E = 2 V/mm; 
ve = 20 mm/s; M = 0.31 mm/(А·s); H = 17 mm.

Figure 5, in particular, shows that the output volt-
age of arc power source us(t), as it should be expected, 
has a saw-tooth shape and welding current i(t) has a 
pulsed nature. The current pulses appear in the mo-
ments of «spontaneous» transfer of current state of the 
considered system from point c to point d (Figure 3).

Diagram i(t), presented in Figure 6, was obtained 
at x = 8 V. Comparing the diagrams, presented in Fig-
ures 5 and 6, it is possible to see that increase of x 
provokes rise of pulse repetition rate f = 1/Tk.

Figure 4. Diagram of change of us(t) voltage at set threshold val-
ues u1 and u2 (see description in the text)

Figure 7. Diagrams i(t) at x = 2.5 V: 1 — L = 5·10–4 H; 2 — L = 
= 5·10–3Figure 5. Diagrams at x = 2.5 V: a — us(t); b — i(t)

Figure 6. Diagram i(t) at x = 8 V
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Let’s come back to the issue of how significant is 
the effect on the self-oscillating process of a small 
parameter TL not considered by us and depending ac-
cording to (4) on system inductance L. To solve this 
problem, instead of simplified equation (6), initial 
equation (3) was used in computer modelling.

Figure 7 presents the results of modelling obtained 
at two different values of inductance: L = 5·10–4 H 
(curve 1) and L = 5·10–3 H (curve 2). Let’s firstly com-
pare current pulses i = i(t) in Figure 7 (curve 1) with 
current pulses in Figure 5, obtained at L = 0. They vir-
tually do not differ from each other neither by shape 
no on height. Respectively, small inductances (i.e. 
when L < 5·10–4 H) do not have significant effect on 
dynamics of relaxation process i = i(t).

Let’s now compare curves 1 and 2 in Figure 7. 
Height of the pulses reduced only 1.5 times at sig-
nificant (10 times) increase of inductance L. At that, 
shape of pulses is somewhat changed (pulse «tip» was 
smoothed), but nature of relaxation oscillations virtu-
ally remains without noticeable changes.

Conclusions

1. The results of theoretical consideration and com-
puter modelling allow making a conclusion about the 
fact that a satisfactory mode of pulsed arc consumable 
electrode welding can be realized using the ideas of 
the system with variable structure.

2. Peculiarities of realizing the considered method 
of pulsed arc welding lie in the fact that switching of 

the volt-ampere characteristics is provided not forced-
ly, but automatically based on information about pres-
ent state of arc welding process.

3. The main advantage of considered method is a 
simplicity, reliability and low cost of its realizing.
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