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ABSTRACT

Due to simplicity of arrangement, initial-cost implication and ease of process learning the shielded metal arc
welding process (SMAW) is more popular in developing and underdeveloped countries. Apparently, this manual
process needs simple constant current power source. Large number of welding consumables have made the arc
characteristics of the process quite diverse; the current range for this non-linear process is wide. The input energy
source to feed the arc controller could have diverse output characteristics, it could be from infinite bus i.e. the
national grid or moderate size diesel generators in isolated locations (e.g. for pipeline welding) or from mini and
micro grids in emerging economies. To make the power controller ideally compatible to the process behavior, that
includes the wide range non-linear arc characteristics, as well as to the varied input source, it should be able to
create requisite joint characteristics drawing minimum input current from the input source. This article details the
features of arc controller meeting the wide range applications in the presence of source constraints and details one
such equipment with experimental details. It also details the design of mini grid compatible arc controller.

Keywords: Arc characteristics; mini grid; micro grid; power electronics topology; robust control technique;
second order sliding mode (SOSM) control; soft-switching converter.

1.0 INTRODUCTION

From the points of view of productivity and quality of welding
joint, prospect of all metal welding, energy efficiency,
automation flexibility, comfort level to welder, environmental
and health issues, etc. the GMAW [1], [2] process has been
proven to be much superior. SMAW process [3]-[10] is still
popular due to following reasons:

1. The process is simple and can create quality joints suitable
for wide range applications

2. Itscontroller is simple and cheap

3. It is popular in emerging economies because, apart from
process simplicity, its total infrastructure involves minimum
cost[3]
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4. Pipe welding joints use SMAW method to create root pass
welding, etc.

The complete arrangement of SMAW process consists of
welding consumables, workpiece, welders and the power
controller. Not so long ago, depending upon applications as
well as affordability aspects of the users the configuration of
power controller used to be different ranging from welding
transformers to high-end power electronics controllers. The
parameters for optimizing the equipment change in
applications.

Scope of controllers for SMAW process could be dictated [3],
[5] by the characteristics of input energy source, geographic
locations, economic conditions, characteristic requirements of
welding joint, etc. Input energy source, in certain part of the
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Fig. 1 : Arc Controller using inverter technology

world, in particular, could play significant role on choice of
power controller. It is estimated that by year 2030 around 60%
of world's population would rely on mini or micro grid fed by
renewable sources [11], [12]. Their capacity could be as low as
a few kW where power drawn by SMAW controller could play a
spoiler to the performance of the mini or micro grid. Even, in
India, majority percentage of weld metal deposition is through
SMAW. In emerging economies the process is most popular
where E6013 electrodes are preferred, the process is
controlled by welding transformer. Its optimization needs
efficient design of magnetic circuit [3] to tackle the non-
linearity of the welding arc. The process characteristics are
complex due to the need of wide range current, different types
of electrodes and their coating compositions, etc.

The design of power controller for control of constant current
(CC) SMAW process appears to be simple [5]. To cater wide
range applications with high energy efficiency and power
density the inverter technology is essentially used. Schematic
diagram of full bridge inverter based power controller for
control of SMAW process is shown in Fig. 1. Affordability,
sound knowledge base and easy availability of components for
manufacture and or easy access to service and repair help
decide the configuration of arc controller for several
customers. This is particularly true for emerging economies.
This article, using comparative analysis proposes a control
function dominant simple full bridge inverter topology to cater
the applications of complete customer base of SMAW process.
The rest of the article is organized as follows: Section 2 defines
the spectrum of energy source that could feed an arc controller.
Section 3 briefly discusses the dynamic behavior of SMAW
process. Section 4 discusses different power controllers used
for control of CC arc. Section 5 details the proposed power
controller configuration. Section 6 elaborates practical
implementation of proposed power controller with requisite
experimental results. Finally, Section 7 details the
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configuration of mini or micro grid compatible controller for
creating quality welding joints.

2.0 INPUTENERGY SOURCE

The customer base as well as application domain of SMAW
process is in many ways quite different from other popular arc
welding processes. The input energy source for feeding the
SMAW controller could be one of the following:

Infinite bus or the national electrical grid

2. Insolated source such as diesel generator

3. Mini or micro grid where more than one small to moderate
size sources are synchronized

The national grid is the ideal energy source for feeding power
electronics controllers for control of non-linear loads. Its
output parameters (voltage and frequency) are robustly
stable. It has been experienced with practical data that, when
compared with the same available from installations in
American and European continents, the failure rate of power
controllers is more in emerging economies and developing
countries. It could be attributed to fluctuation of electrical
parameters of the energy source.

The nature of input source of electrical power is fast changing.
Thanks to renewable energy sources it is estimated that by
year 2030 majority of households will be fed with electrical
power involving micro or mini grid. The capacity of each mini
grid could be small. Therefore, the preferred power electronic
converters connected to mini grid should be such that they do
not create much disturbance to the mini grid performance.

3.0 SMAW PROCESS

In SMAW, for quality welding joint the amount of heat energy
(H) reaching out to the base metal is,

=Vl
R

R is speed of manually-fed electrode tip, V,. is arc voltage at
currentI, and nis arc efficiency. The expression of V. is

v

arc

V.+V.+Eh+RI ...
Five parameters such as anode drop V,, cathode drop V,, arc
length (h) factor E and arc resistance R, define the arc. Their
respective value changes with operating point of arc, electrode
material and coating used in it. The coating has major influence
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on arc characteristics. E.g. the set current for E6010 electrodes
is small where V, _is needed is more.

arc

In the manual CC process the arc length h is not constant. In
order to have control over H the process follows the CC
characteristics. If connected to positive terminal, the melting
rate vm of electrode is

v, =CV,I

1" A a

For a particular electrode the melting rate constant C, and V,
are considered constant.

The quality of welding joints created by SMAW depends on the
stability of arc [8]. For smooth metal transfer at reduced
welding fumes and spatters, the parameter F should be
minimum [9].

F=KI’, K is constant

For F to be minimum, the form factor of I, should be ideally
unity. The ripple L, in I, should be minimum. It is clear from (1) —
(4) that the designed controller should be such that the good
welding joints are created at a particular value of I, achieving
optimal form factor i.e. the ripple current I. ~ 0. Moreover, the
controller should be able to generate requisite arc force and
the material transfer process from electrode tip to weld pool
should be spatter free.

4.0 POWER CONTROLLER FOR SMAW

The primary aims of the controller is to feed ripple free current
and the response time should be small. The dynamic equation
for controlling the process [7] is

dl
= L] a
dt

Ve +RJI, +V

arc

L, is inductance of controller and R; is its resistance. Input to
the process V.. is related to power controller through the duty
cycle D of theinverter,

v =DVdC
oc n
V,. is voltage of DC bus, n is turns ratio of TR (Fig. 1). The

maximum open circuit voltage V (max) is

Y, ) = Dol
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The power delivered to arcis

arc arc” a

For controller's universal acceptance and for optimized
performance of the process [10], the optimization of the
controller is important. The parameter to be optimized is
quantified as Goodness Factor GF

GF P
Wt

Where pf, n., W and T, respectively are input power factor,
efficiency, weight of controller and settling time of the
controller. The design of the controller is such that the first two
parameters are maximized and the last two minimized. The
value of W and T are reduced through increase in switching
frequency and also by reducing the power loss. Moreover, the
controller should,

1)
2)
3)
4)

Be affordable to users anywhere globally
Be able to weld all type of applications
Have negligible failure rate

Have minimum component count and they should be easily
and cheaply available.

),
6)

Be compact and light weight

Controller's output characteristics should assist the welder
to get desired joint quality

Over the years, several type of controllers have been used.
They are listed as below:

Welding transformer

Welding rectifier

Full bridge (FB) inverter

Resonant controller

vk e

Soft-switched inverter

6. Robust power controller
4.1 Welding Transformer and Rectifier

Welding transformer [3] is the simplest and cheapest power
source for feeding SMAW process. Its component count is
minimum but its application potential is limited. E.g. It is
suitable for welding using E6013 electrodes, etc. where arc re-
ignition during current reversal of AC waveform is not a
problem. It is not directly compatible to DC grid as well. It is
most popular in emerging economies.
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Rectifier technology could resolve several weakness of welding
transformer. However, it is too sluggish (1.: large) to take care
of fast changing dynamics of welding arc. Its power density as
well as efficiency is poor. For a particular value of I,, it draws
large current from input source. It is not suitable for mini grid.

4.2 Full Bridge Inverter

To make arc controllers compact, energy efficient and effective
to handle dynamic issues of the process the inverter
technology [10] was introduced. Among several available
topologies the full-bridge inverter (Fig. 1) is able to effectively
handle the complete range of operating conditions of arc. Its
component count is moderate, they are affordable and easily
available. It is compact and efficient. Power density and
settling time could further be improved if the switching
frequency is increased, it is restricted due to large high-
frequency losses. There are components available [13] that
efficiently switch the inverter at high frequency; they are costly
and difficult to source, at least, for customers from emerging
economies.

The conventional FB inverter uses proportional plus integral
(PI) control functions where due to asymptotic time
convergence the value of 1, tends to be large. As shown in
Fig. 2 that, for 20 kHz FB inverter, while welding using E6010
electrodes, in particular, there was oscillations in current i.e.
the value of ripple current I, was large. Repeated arc breaks
were noticed. The frequency of occurrence of arc breaks was
reduced when the value of V,(max) was increased.

-
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Fig. 2: Waveforms for (a) 3.15mm mm E6010 at 20m,
(b) 3.15 mm E6010 at 110m, [VMT: Terminal voltage
of controller, Time: 50ms/D]

4.3 Resonant and Soft-Switched Converters

Resonant [14] or soft-switched [16] inverter topologies are
used to reduce the high-frequency component of power loss in
welding inverters. Here, the power switching devices are
turned on or off in such a way that during switching transitions
the power loss in each semiconductor device is minimized.
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Because of reduced switching losses the operating frequency
can be increased in series resonant (SRC) or parallel resonant
(PRC) converters [14]-[16]. But, they are less suitable for wide
range arc welding applications where the load characteristics is
extreme because short circuit, open circuit and arcing — all are
valid operating point. It is difficult to maintain both zero current
at turn off and zero voltage at turn on under all operating
situations. Secondly, the controller characteristics (e.g.
switching frequency) also shift with change in loading
condition. The number of high frequency critical component
count increases. Each power device (Q1-Q4) needs separate
gate drive. Sourcing certain critical passive power components
atlow cost is not easy even for countries such as India.

Though the basic inverter block for power delivery in soft-
switched welding controller is the full bridge inverter (Fig. 1),
their switching pattern is different [17]. In soft-switched
inverter the power loss in each high frequency active power
component is minimized by ensuring out of phase transitions of
voltage and current [18], [19] during switching transitions. It
generates optimal performance of the process because each
power switching device can enjoy either zero current or zero
voltage during switching transitions. The recovery loss in D1
and D2 can as well be minimized. The switching frequency of
these inverters could be more than 100 kHz. These inverters
are equipped to weld wide range applications with increased
efficiency. The controller could be designed to optimize its
goodness factor GF. However, to minimize the high frequency
losses the active and passive power components' count is more
than resonant inverter discussed above. Their availability at
low price in developing countries is poor.

5.0 ROBUST SMAW CONTROLLER

It has been realized that the design of high frequency
converter for effectively and efficiently handling the arc load
may not be a real challenge. Manufacturing them in a cost
effective manner with all components sourced from outside the
country of origin is a big problem. It has been already proposed
and experimentally verified [7] that the choice of robust control
function for effective actuation of arc control could resolve
several issues of welding inverter. The high frequency inverter
can handle many dynamic issues of arc load effectively
because the settling time is reduced. The robust control
concepts (e.g. SOSM), contrary to PI control idea, on the other
hand, could achieve finite time convergence of the controlled
variable i.e. the arc current. There by, the value of T, is
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inherently reduced even when the inverter is switched at 20
kHz. When SOSM control [22] is used, the natural choice of
sliding surface for first order constant current process [7], [21]
isthe currenterroreis

e=(I, 1)

ref -

Using suitable control function ugg, the following two
conditions are satisfied, i.e.
de

—=0=
dt

dl
a :0
dt

e=1I,-1,=0 and

The two pre-requisite conditions (11) make SOSM control
ideally suited for control of SMAW. The second condition, in
particular, ensures that the ripple current I, is minimized. For
constant value of reference L,

al, 1 .oV, R
dt - L] oc arc St a
As ¢ contains input V,. (5), therefore, for robust control
performance, popularly used super twisting control [22] is
applied. The control input u., is expressed as

0.5
Usosm = p1|e| sgn(e)+ p, .[sgn(e)dr

Where p, and p, are gains of the SOSM controller. The inverter
output Vs linearly related to ug,.

5.1 Implementation of Fractional Order Control
Function

Though, now a days, in most control applications the controller
implementation is mostly through microcontrollers [20], here,
for simplicity, hardware approach was considered. A control
idea is considered to be friendly to design engineer if it is easily
implementable both in hardware and software domains. Here,
an analog-switch (S1-S4) based basic circuit for generating
PWM signals from error is shown in Fig.3. Translating
fractional-order function (13) in simple hardware circuits
appears to be problematic. At small error the dominant first
part of (13) could be approximated through addition of a few
more structures as shown in Fig.3. The structure or gain
switching takes place in such a manner that as error moves
towards origin the impact of nonlinear part is increased. Then,
(13) could be simplified as,

Ugosu=Pok £+ Py jsgn(e)dc =p,(e)e+p, Isgn(e)dt
Where, k, = /e
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Fig. 3 : Circuit to design the SOSM control function

R

6.0 PRACTICAL EXPERIMENTATION AND RESULTS

Capability of 400A rated SOSM controller to weld wide range
welding applications was addressed in [7], [21]. Unlike PI
control (Fig. 2), the performance of controller for value of
V.(max) at 80 V was satisfactory for each type of electrodes.
The range of current performed was from 30A to 350A without
any quality issue. There was no problem even when the length
of welding cable was increased. This proved that the cable
inductance hardly played any role. The form factor of I, was
close to unity. Under such conditions the welding quality
appeared to be good and spatter free. To further study the
robustness features, more welding experiments were
performed at reduced value of V,.(max) at 57.6V. There was no
degradation in performance in the current range from 35A till
310A. It essentially means that the controller could robustly
handle arc nonlinearity and parametric variations caused by
change in cable length, operating conditions, change in
electrode material, change in welder, etc. A few experimental
results are shown in Fig. 4 and Fig. 5, where it appears clear
that the robust arc controller could achieve superior current
control and the ripple content in it was negligible. Therefore,
SOSM based arc controller for CC process could be regarded as
an ideal for creating high quality wide range welding joints.

M: Usost SV/D _ ¥ Ui 5V/D
4+ rr o _“W
I- r' n""""'""'
\ "
Vit 20V/D | Vi 20V/D
a* £
I: 50A/D d I: 50A/D i
I: 20A/D I: 20A/D

Fig. 4 : Waveforms under SOSM control
for 2.5 mm E6010 electrode (@) at 20 m at 35A,
(b) at 110 m at 35A, [Time: 50ms/D]
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Fig. 5 : Waveforms for (a) 6.3 mm E7018 at 20m,
(b) 6.3 mm E7018 at 110m, [VMT: Terminal voltage
of controller, Time: 50ms/D]

The impact of controller performance or the influence it makes
could be felt on three fronts — process, controller and the
welder. It is clear from Fig. 4 and Fig. 5 that, when compared
with performance to PI (Fig. 2), the arc stability feature was
superior [7], [21] even when different electrodes were used.
The comparative performance of two controllers is listed in
Table 1 [21]. It is also clear from Table 2 that welders'
comfort level in SOSM control would be superior to PI and

generating better process performance.

Table 1 : Gain in 400A SMAW Arc Controller

Parameter Conventional Robust FB
FB Inverter Inverter
V..(max) needed >80V <64V
Peak power rating 28.8 kW 23 kW
Maximum
delivered power 8.74kW @280A 10.0kW @310A
Power utilization 30.34% 43.6%
Maximum current
@ 100% duty cycle 280 A 310A
Maximum efficiency 88% @ 280A 92.0% (at same
at 100% duty cycle loading as in PI)
Weight 32 kg 28 kg

7.0 ARCCONTROLLER FOR EMERGING ECONOMY

Mini grids fed from renewable energy sources are emerging as
a solution to feed electricity to consumers in remote areas. The
capacity of each mini grid in emerging economies is not large.
The industrial activities in those places could be presumed to be
small. With emergence of mini grids, now there is hope for
small-scale industrial activities coming up on remote areas. Till
the industrial activity is in full swing, the metal joining process
there could mostly be relying on SMAW process. The preferred
electrode could be E6013 having maximum diameter of
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Table 2 : Welders' Comfort Level and Gain in Process

Parameter Conventional Robust FB
FB Inverter Inverter
Welders' Needs more Good at
comfort zone voltage small voltage
Ripple I, 10% at 280A <1% at 310A
@ 110m
Ripple I, 20% at 250A 4.5% @ 35A
@ 110m
Arc Break Prominent at small Nil
current
Art stability Poor due to arc non- | Good and robust
linearity and also by in entire current
cable drop at large range
current
Arc radiation More Less

3.15mm. Ideally, 130A capacity arc controller would be good
enough to cater applications in those areas. The ideal
controller should draw minimum current from the source to
feed requisite power P, to arc for welding. For a controller with
large value of GF (9), if the ratio of V, . to V,(max) is maximized
then the power drawn from the source is minimized. It has
been noticed in earlier Section that the robust controller could
improve the ratio greatly. Similar design exercise is performed
here as well.

It is easy to make weld joints using E6013 electrode. The
welding can be made using controlled DC source of either
polarity, the process set up is friendly with AC power source as
well. It essentially means that the contribution of space charge
voltages V, and V. (2) is less significant from arc ignition point
of view. The arc, as if, behaves more like a resistive load.
Therefore, when fed from the DC source, for a particular
application setting, the controller may be optimized by
minimizing the value of V_(max) where the robust controller
have an edge.

Using the power controller used in Section 5.0 a few more
experiments were conducted to study the characteristic
need of E6013 electrode. It was noticed that for welding
full capacity of 3.15 mm E6013 electrode the value of
V,(max) needed was 33V.

7.1 SMAW Controller Compatible to Mini Grid

The capacity of power controller for feeding 3.15 mm 6013
electrode is approximately 3.0 kW, it is fed from single phase
supply. The power circuit is shown in Fig. 9, its major



Paul et al.

: Efficient SMAW Arc Controller for Wide Range Applications and also for Emerging Economies

components are listed in Table 3. The DC link capacitor C,. is
chosen in such a manner that the permissible ripple in V,_ is
around 25-30 %, it results in improved input power factor. The
RMS current handling ability of C,. needs to be large, the power
loss in it should be negligible. In full bridge configuration the
selection of Q1-Q4 is important. The turn off loss in this
topology is negligible. Therefore, the losses occurring during
conduction and turn-off are major. Moreover, the small
secondary DC voltage of around 33V allows Schottky diodes
could be used for D1, D2 for secondary rectification. Their
conduction loss is small and reverse recovery loss is negligible.
With such power circuit configuration, the efficiency of the
controller is very high.

BR
/N
L—
N oy | W
/N
Workpiece
Fig. 6 : Arc Controller for mini grid application
Table 3 : Parameter of Full-Bridge Controller
D e 0.90 D1+ D2 DSS 2X160-01A
fs 20 kHz Q1-Q4 IKWS0N60T
Vo(Max) 33V L1 40uH, 130A
Cy 400uF, 400V TR1 Turns Ratio: 9:1:1
* +
Vit 20V/D Vit 20V/D

SWW' WW"M

annmwwd. WWW%WMJLW JMWW*J‘#%\‘J\ MJM#JWW{'A
2 I,: 50A/D I,: 50A/D

Fig. 7 : Waveforms under SOSM control for 2.5 mm E6013
electrode (@) at 60 m at 80A, (b) at 20 m at 80A,
[Time: 25ms/D]

Several experiments were conducted to validate the single
phase robust controller. Both 2.5 mm and 3.15 mm sized E6013
electrodes were tested. As shown in Fig. 7 that the current
control was smooth at 80A when 2.5 mm electrode was used.
There was no arc breaks noticed as well. It was demonstrated
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and shown in Fig. 8 that for value of Voc(max) merely at 33V
DC the controller could make good welding joint (Fig. 9) at
120A. There was no problem in welding when the length of the
cable was increased.

Optimized use of V,(max) allowed intelligent choice of
materials. The high frequency power components such as for
D1, D2 low voltage high current Schottky diode were used. The
conduction loss was reduced and high frequency reverse
recovery loss was negligible. Similarly, equivalent series
resistance of MKP dielectric for C,. was also negligible. The
conduction loss of anti-parallel diodes and turn-off loss of
Q1-Q4 for this topology are also small. The major power losses
taking place in Q1-Q4 could be attributed to conduction loss
and turn-on loss. The choice of these devices was based on
lower value of V(sat) and smaller turn on loss. Therefore, the
efficiency and power density of the proposed controller would
be high.

Vit 20V/D Vi 20V/D

e Bop | gemus PRy

%Mﬁwwﬁ#\h it w ww.»w}m wm»’r oY mw.%ﬂ

1.: 100A/D I,: 100A/D
+ +

Waveforms under SOSM control for 3.15 mm
E6013 electrode (a) at 20 m at 120A,
(b) at 60 m at 120A, [Time: 25ms/D]

Fig. 8 :

Fig. 9 : Spatterless welding joint made
using 3.15mm E6013 electrode at current 120A

8.0 CONCLUSION

In this article, a robust control function based wide range arc
controller suitable for welding using complete range of
consumables for SMAW process was detailed. It was
established that, for a particular application, the controller
ensured optimal use of open circuit voltage, thereby, the
controller could draw minimum current from the source. Using
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this feature, a new power controller was designed to ensure its
compatibility to mini grid. The controller inherently optimized
the energy use for applications in SMAW. The component count
of this active controller was minimum, they were easily
available. Features such as compatibility to mini grid, high
operating efficiency, easy availability of components, high
reliability feature made the controller attractive for applications
in remote areas. The controller was otherwise simple where
commonly available components were used. The repairability
aspect was also high.
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