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ABSTRACT

Arc welding process is an integral part towards building basic infrastructure of India. India consumes
alarmingly large quantum of energy in arc welding process. Moreover, the quantum of energy need is steadily
growing - making it virtually insensitive to both - growth in technology and process innov/ations. Globally,
energy efficiency parameters, for example, of evolving arc welding process are not uniform as there is phase
lag for modern technology and innovative processes to reach places. Welding professionals play a key role
here. Optimization in arc welding process intends to reduce stress in facility by drawing minimum energy,
maximizes productivity with requisite quality, simplifies process learning, reduces local and global impact on
environmental parameters etc. It will be detailed in this article that understanding of different loss centers in
energy flow helps evolve right technology to embrace right method or technique to simultaneously achieve
energy and process efficienc/, weld quality, and maintain balance in environment. Modern high-frequency
power electronics equipments, as if, re-discover the process to generate better productivity with energy
efficiency, reliability, compactness, better economics etc. They meet all the characteristic requirements of
optimum weld gap dynamics. This article discusses a futuristic, yet very much real, scenario for India by
interlinking all constituent elements of arc welding process. The aim Is to define compatibility among them.

Compatibility issue intends to inherently reduce diversity ofthe process.

INTRODUCTION

An engineering process is characterized
with productivity and quality. Arc
welding process (process of joining
metals), so long, was no exception.
However, significant amount of energy
with high intensity is consumed in
welding. Weld gap consumes [1] neariy
1340J to meltjust one gram ofsteel. It is
important to understand and establish
proper energy flow diagram between
resources and process. Traditional arc
welding process possesses poor
compatibility (Fig. 1) compared to other
electrical loads. Application and loading
specific equipment does not exist for
majority applications. All inputs to the
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mprocess are tpobile as locations of load
centers (weld gap) are not fixed. It
restricts use of narrow range of welding
equipments e.g. (3kW s P s I8KW i.e.
1:6) to feed much wider range of weld
gap loads (O.OSKW s P s 15kW i.e.
1:300). Large ratio of load range to
(60:1)
equipments bulky and less portable.

equipment range has made
Equipments are forced to operate at
light loads that tend to generate poor
energy efficiency. Light load behavior of
arc welding equipment is special. Poor
compatibility issue has inherently
escalated the life cycle cost of all

constituent elements of the process.

More number of equipments, than

perceived, along with welders is

deployed to deposit metal at joints to
complete requisite welding function

nationally.

Initially, evolution in arc welding took
place locally - around the weld gap.
There has been gradual Increase in
process diversity to handle large range
of inputs (material, gas, thickness of
metal etc.) and process parameters
(current la, welding speed, wire size,
shielding gas composition) to achieve
desired productivity along with nece-
ssary and varied quality engineering
parameters of welding joints. It was
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Rig. 1 ; Spread in weld gap loads is pooly supported by welding equipments

dealt with through proliferation of
welding methods or techniques such as
SMAW, GTAW and their derivatives etc.
Deposition rate [2] may drastically
change with methods. Gains in process
efficiency includes quality and
environmental aspects such as better
weld bead shape, penetration and
generation of reduced fumes, spatters
and particulate matters. However,
simultaneous existence of large process
diversity towards meeting one objective
i.e. making welding joint could be risky.
Process learning becomes complex.
Large companies handle complex
process learning better than small scale
players. Stricter quality standards bring
maturity of a process faster. However, it
makes process more complex for

learning. Automotive industry has
shown better process learning.
Ironically, quality engineering para-

meters in arc welding are not rigidly
structured for majority of applications.
This has led to wider acceptance of
simpler and inefficient methods using
inefficient technologies. The
mechanism for feeding energy to weld
gap changes with adopted method.
Traditional equipments feeding a
process have poor energy efficiency
parameters [4, 8] for wide range
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applications. Quality, productivity,
environmental issues [3] and energy
efficiency parameters change with
methods and or techniques applied.
Quantum of grid energy consumed
towards making ajoint could be different
in each different method. Process
diversity affects efficiency parameters of
integrated process. Overall energy
efficiency parameter of a process is
influenced by industrial fabric ofa nation.
Process learning at national level
becomes difficult if small scale industries
are dominant players in fabrication line.
The benefits of evolution of arc welding
process in totality have not yet reached
global users uniformly.

Arc welding is energy intensive process.
The process may be characterized the
manner energy is fed to weld gap.
Externally, any energy loss depletes
reserve, releases greenhouse gases and
causes warming [6]. Energy efficiency
parameters of a process affect both
passive grid and active equipment.
Ideally, the grid should be more than
insensitive to any process evolution and
its growth. It is possible when the grid
feeds process with minimum current. It
requires both process and equipment to
be energy efficient. It Is quite true for
developed world [8]. Such trend isyet to

be seen in India. India's present energy
need for arc welding is large (Rg. 1) and
the demand is growing at 10 -12 %
annually. It is more than that[5] In high-
growth information technology sector.
Influence of modem technology isyetto
be felt. Presence of large diversity has
made it difficult to quantify and
nationally integrate the energy need for
arc welding. Alternately, approximate
figure of national mCal deposition rate
(kg/hr) should be available. Improve-
ment in energy efficiency saves energy.
Saving energy through efficient means
would generate both short (efficiency
reserve) and long term (utilization)
relief. Furthermore, inefficient welding
processes emit more fumes and
particulate matters in the shop floor.

Characteristics of arc welding load are
different than other loads, say, of Rg. 1
as process makes an import:ant center
for optimization of energy flow. Welding
process (method) and its compatible
equipment are continuously evolving to
establish compatibility between source
and process.
optimizes the process and there by
reduces energy demand whereas
efficient equipment reduces stress on
grid vis-S-vis improving Its reliability and
availability. Equipment helps in process

An efficient method
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innovations as well. When evolution in
process and that in equipment moves in
synchronism, it yields better
compatibility. Process diversity is
inherently reduced. Reduction in
diversity, such as in computer industry,
helps integrate the optimum process at
national level easily. Energy efficient
equipment should be compatible to best
welding method to widen functionality of
the process. Can best of both be used for
energy and process optimization? This
article establishes that optimization of
complete arc welding process needs to
establish energy flow through a
sequence of cascaded stages each
behaving like a resistance for energy and
process efficiency, weld quality and have
minimal impact on environment at
source and at shop floor. Section 2
discusses prevalent Indian arc welding
process. Section 3 deals with evolution
in process around weld gap. Section 4
idealizes energy delivery mechanisms in
a cascaded system for wide-range
dynamic loads. Section 5 introduces a
term goodness factor in arc welding to
gauge compatibility. Section 6 defines
implementation means to establish
compatibility through inverter
technology. Finally, section 7
approximately quantifies gains at
national level.

ENERGY EQUAHON OF PREVALENT
ARC WELDING PROCESS IN INDIA

Complex nature of energy input to
existing diverse arc welding process has
made it difficult to quantify the global
impact of total arc welding process on
grid, environment etc. Weld quality,
productivity etc are local issues. Though
inverter technology makes slow but
gradual in roads, SCR based equipments
still dominate arc welding process in
India. Complex non-linear and wide
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range weld gap loads along with
pertaining perception of poor reliability
and availability issues of inverter
technology have hindered the spread of
inverters. Here, availability of power
source is critical as single equipment
feeds many point loads (Rg. 1). Energy

efficiency parameters for such loading

pattern are poor with old SCR
technology. |India, for example,
consumes alarmingly large power

(= 3500MW) at equipment level [4] for
arc welding applications. The demand is
growing at 10 -12% annually. In orderto
gauge cumulative impact on energy, all
arc welding loads are connected to a
hypothetical isolated grid [8], Large
centralized energy distribution network
in India also incurs large loss. Cascading
arrangement of energy flow from source
to process is shown in Rg. 2. Power loss
(Pr) at process end has cascading
impact (1) on sourcei.e. P, ,, as

(1)

where i, is efficiency at i* stage in r-stage
distribution network. Eqgn (1) may be
simplified for arcwelding as

pod'ss
where and are
efficiency (ri) in facility, equipment,

welding cable and process respectively.
Equipments feed rower"to weld gap [1]
to melt metal (M,«) to make welding
jointas
Jy _ntncl”o @)
1340

Energy conversion efficiency at weld
gap is called arc efficiency n”. It
depends [7] on welding method where
as melting efficiency varies with
welding current (1) |,
welded and energy intensity (kJ/mm~) of

metal to be

the process.
parameter is complex (2)
process end as it depends on adopted
method, productivity (kg/hr), and other
input conditions. It is complex process to
generalize, quantify and integrate at the
national grid level. In order to have feel
of the problem, certain assumptions [8]
are made to analyze local (around weld

Energy efficiency
even at

gap i.e. shop floor) and global impact.
Average deposition rate is considered as
basis for energy calculation. Let us
consider arc welding scenario of India.
Analysis of energy flow in existing Indian
process is comparatively simpler as it is
dominated by ‘constant current' (CC)
process such as SMAW (72%) and GTAW
(14%). Rest (14%) uses CV process
'GMAW. GMAW is more energy efficient
than SMAW, while GTAW is other way
round. Uncontrolled arc length along
with long and hot electrode in SMAW
cause more radiated heat loss to
surroundings. SMAW vyields moderate
(0.65) [11] as more lossisincurred in
wasted heated electrode while being
replaced. Power source, meanwhile. Is
kept wunder free-running mode.
Importantly, welders feel discomfort
holding hot electrode holder in high
temperature ambience. It restricts metal
deposition rate. Average deposition rate
2.5kg/hr [2] is considered.
Corresponding weld gap power required
is 7.5kW [2]. The popular equipments in
India have poor value of both n (0.6) and
pf(0.6) at 7.5kW weld gap power.

In electrically coupled cascaded system
harmonics and pf make impact on Pu\§
(1) aswell. T & D loss (P,,) [8] varies with
size of distribution network (R), pf, nand
process efficiency (n~”). In a 3-ph
system, with line current |, voltage V and
process Input power P
P-R

©)
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Efficiency of T & D (tHw») lines is
expressed as

n, - "

p -"Pr Y+ P?)

- ("1, viirom "dans "Finx i 4)

where Ris per phase resistance of T & D
systems. Though welding cable incurs
similar transmission loss, it will be
separately covered in details. Poor pf
forces grid capacity (MVA) to remain
under utilized as

mva = P, (5)

PJ

Poor pfand ri increases life cycle cost of
costly facility. Values of nin (4 and 5) are
measured by concerned sources. The
value of rirao for arc welding loads [8] is
considered as 0.8.

For clarity, elements of facility such as
generator and transformer etc are
assumed to have ideal n and pf
Influence of harmonics is also ignored.
Fall in n with percent loading and
reduced pf is ignored for simpler
representation. With this, the Indian
isolated welding grid would look like that
in Fig. 2. The equipments feed 1743

MW cumulatively to national weld gap
load:.. Hence, industry demand of total
deposition rate in India is 581 ton/hour.
Comparison between outputand various
loss centres are shown in Fig. 2a. The
grid feeds (Fig. 2b) 4510MW (3 % of
national grid) for melting load 216MW
through welding. Alternately, for each
watt consumed in melting, 71.5W
(equivalent) worth of coal is burnt.
Compatibility between source and
process is poor (Fig. 2b). A part of HAZ,
however, is required for proper welding
quality. The life cycle cost of electrical
infrastructure is large as installed grid
capacity (MVA) is not fully utilized. Each
loss segment of Fig. 2a contributes
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Fig. 2 : Energy flow in hypothetical Indian Arc Welding Grid
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Fig. 2a : Output vs loss comparison

differently. Total power loss depletes
energy reserve, causes environmental
issues and warming [6] and escalates life
cycle costs of different energy
infrastructure entities. Losses in process,
further, cause weld quality problems,
local warming, generation of dust and
particulate matters, discomfortto welder
and poor productivity. In addition, more
loss in equipment increases its size and
reduces its reliability estimate.

WELDING CABLE

Welding is large-current load. Still, the
role of welding cable is ignored In most
applications. It performs dual role in
modern arc welding processes carries
large current from equipment to weld
gap at differentjob locations and meets,
aswell, the rise time (di”~dt) requirement
of fast dynamic process. Rise time is not
critical for certain CC loads such as
SMAW. Long cable though adds flexibility
of use but incurs large integrated loss (=
357MW) in Indian arc welding process
(Fig. 2). Traditionally, 4V cable drop is
considered for deciding cable size as

1S000-|
16000

14000-
12000-
10000-

QMelling Load
BWeldmenl

OW efd Gap Load

8000-
6000-
4000- QGrid Power
2000-

m Equipment Power

B Generated Power
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Rg. 2b : Resource to weld gap energy flow

Cahledrop =l,p— =4y (6)

For fixed drop at rated I, and using (6)
we get

=Cons tant = N K.L (7

A

DC power loss inthe cable is

(8)

Efficiency of power delivery of the cable
is

PcaNc + P )

The value of riaw, (9), say, at 200A () is
0.83. Weight (WJ of cable increases
with Las

(10)

where p, L, A*and a respectively are

resistivity, length, area and density of
welding cable.
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Anyjob site ideally needs large inventory
of copper cable (10) to meet different
physical and electrical conditions. Cable
utility, say in SMAW, is optimized if
equipment is attached to one set of
cable with high rici* (>0.99) at rated
current. Welding methods using periodic
current pulses face more problems with
long cable. Cable with length L (cm) and
diameter d, (cm) introduces inductance

(Lcin nH) Inweld gap circuitas

(11)
Inductance of cable (U;) and that of
inverter output (y affect t; and in
pulsing current loads (say P-GMAW) as

(12)
E.g., apart from incurring large
transmission loss, a SOM, 50mm»

welding cable may introduce t or t,
around 3.3ms to current pulsing
applications. It would make impact on
functioning of the process, fume
generation in particular [3]. Benefits of
welding process such as P-GMAW are

compromised if Lisincreased.

Compact light-weight equipment is
more flexible [8] than long cable (10).
Large saving (= 350MW) is possible if
cable loss at nominal loading is
restricted to less than 1%. Light weight
(Wc) equipment is portable and it
simplifies cable sizing for
efficientand P-GMAW process.

energy

iRectifier +i @1
_[* PFC+ moil

ivdc A
G2

EVOLUTION IN ARC WELDING

PROCESS

As discussed in last section, in India
serially connected cascaded energy
delivery mechanism for traditional
processes (SMAW, GTAW) makes large
overall impact. Processes mostly follow
CC characteristics where arc voltage is
uncontrolled. Though both generate
acceptable weld quality for most
applications, they have poor productivity
and energy efficiency parameters.
SMAW, in particular, lacks automation
flexibility and produces large fumes and
particulate matters and poses welder
discomfort [2]. Therefore, metal
deposition rate isfurther restricted.

Conventional GMAW process is energy
efficient and is more productive as well
compared to SMAW and GTAW. GTAW
has inherent problem [24] of initiating
welding arc as well. GMAW is suitable for
wide current range applications, all-
metal-all-position welding and it
possesses automation flexibility for
further enhancement in productivity.
Duty factor of constant voltage (CV)
equipment is more than three-fold that
of SMAW counterpart. It is dominant
process in developing world [4]. Self-
regulation feature [16] of CV process
maintains constant average arc length
(h). Its high energy intensity arc yields
better and consumable wire with
small stick out (I) generates better ri,
(0.85) [17]. It is important to briefly

]
574
t: "o Fope !
o Sl If

WcfKpaca

Fig. 3 : Power Circuit Diagram of GMAW Process
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elaborate the GMAW process.
Schematic power circuit diagram of
GMAW process is shown in Fig. 3. The
dynamic equations for non-linear weld
gap in GMAW [16] are expressed as

" dt A (13)

v (14)

(15)

dt ' (16)
In steady state, Si - =0

H=l+h (17)

where'd" is PWM duty cycle of Inverter, n
is Np/N,, S, and S,, are feed rate and
melting rate respectively;

Koi and
modes of metal transfer
conventional GMAW process
short-circuit, globular and spray. Though
momentary, metal transfer changes [18]
arc length (l.e. change in arc voltage,
AV,J. Thevalues ofAV,, [18] in different
welding modes are

are constant. Three major
exist in
dip or

I) in presence of weld pool oscillation:
<0.5V

i) spraytransfer: 0.5s AV~ s1.0
ill) globulartransfer: 1.0 :SAV,58.0

iv) short-circuittransfer: AV,, 2:8.0V

Large slope ( dlJdvA*A, ) in CV chara-
cteristics causes sharp change in I, for
small AV,,. |. has major influence in arc
welding in wire melting and metal
transfer, penetration, bead formation,
arc stability, arc rooting, spatter, and
mechanical properties ofjoint etc. Large
swing in I, takes place in (ill) and (iv) to
effect droplet detachment. Waveforms
of weld gap variables at 150A and
corresponding welding joint are shown
in Fig. 4 and Fig. 5 respectively. Out of
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phase and |, indicates droplet

transfer is passive. Smooth metal
in dip

meeting too many parameters in real

transfer transfer demands

time such as

i) maintaining constant short-circuit
frequency (Rg. 4)

ii) minimizing standard deviation of
short-circuitcurrent amplitude

iii) profile control of I. such as dydt
before and after droplet detachment

iv) arc stability i.e. ensuring minimum
current post short-circuit

W .

rHS-viaw'

The condition for droplet detachment in
P-GMAWis

= Cons tan/ = £) (18)

(19)

P I

D is detachment parameter. li, provides

requisite arc stability. The metal transfer
rate in P-GMAW (M ~J is more (20)
than GMAW (Mc"\J process as

(20)

= Short Circuit
Frequency

Weld Voltage

Welding Current
I00A/Div

CH3 10,0v

Fig. 4 : Waveforms of GMAW in dip transfer

Fig. 5 : Welding joint at 150A under dip transfer
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ie. x\,,,,{P-GMAW)>x", {GMAW)]

where /.= and p is constant,
and,
T 7
A'=—-f]
T+ T 21)

One drop per pulse (ODPP) mode [21,
22] is preferred as it achieves better
control on dropletsize V as

ASJ

60 (22)

where Aand T are area of electrode wire
and cycle time (T) respectively. Once
proper parameterization is done [22], P-
GMAW is implemented through
programmed AV,, to bring Ipand *under
close control to achieve smooth spray
transfer. For ODPP, |. and V, are
required to be pulsed in phase (Fig. 7h)
to achieve active control on droplet size
(v) with defined deposition rate.
Equivalent circuit diagram to represent
steady state P-GMAW process may
resemble as two switchable power
sources (Fig. 7g). Steady state equations
during peak and background pulsing
conditions may be expressed as

+ (23)

(24)

where Vp is respective anode and
cathode drops; Ec” is energy required in
each droplet detachment cycle, and P
and Pp (Pp >> Ph) are base and peak

power. Practically, V,, therefore.
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Hence, P-GMAW may equivalenljy be
regarded as process of dynamically
modulating resistance ofweld gap like

l-L Al

Tlierefore, for P-GMAW, welding
controller should be able to

i) Control instantaneous weld gap
voltage V,A
ii) Control current profile of I, as

required in peak and back ground
durations

iii) Maintain minimum current I[, for arc
stability

iv) Maintain zero phase angle between
them i.e. negligiblet,and t*

Negligible values of t*and t, means the
controller or equipment should possess
small settling time. Fig. 6 [21] is
experimental waveform of ODPP that
resembles (23) and (26).

ROOTING FOR IDEAL CHARACTE-

RISTICS IN CASCADED ENERGY
DELIVERY SYSTEM IN ARC
WELDING

Poor ratio of energy utilized at work
piece to resource exhausted (Fig. 2a and
Fig. 2b) has made prevailing arc welding
process of die developing world, in
particular, not compatible to source or
resources. It is more critical as
equipments are mostly light-loaded (Fig.
1). Generally,
possesses high degree of functional
integrity [9]. It depends on multi-stage
input-output characteristics of a
cascaded system with or without
feedback signals. Input-output
characteristics may be improved
through closed loop feedback control.

compatible process

Ensuring proper control characteristics
in a fast dynamical process using
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Fig. 6 : In phase weld gap waveforms under P-GMAW

feedback needs high bandwidth
controller. Proper arc welding process
needs to possess control system with
fast dynamics for optimum [9] metal
transfer. Large controller bandwidth (32)
is required to emulate fast changing
profile of weld gap parameters.
Therefore, integrity [9] of the process
may be achieved in two ways either
through feedback control
desired characteristics and (or)
converting the power control network,
wherever desirable, to behave like ideal
resistance. loads, for
example, possess ideal characteristics
(Fig. 7a Fig. 7g) as output follows input.
Immediate noticeable benefit (Fig. 7b) is
that source feeds load with unity pfto
enhance the utility (5) ofthe grid.

emulate

Pure resistive

Traditional CC equipment uses only one
feedback signal i.e. arcing current I,. It
does not possess any feedback to
optimize pfand harmonics to make grid
compatible to process. Moreover, lack of
control on arc length (V~ allows the
equipmentto pump uncontrolled energy
to weld gap. It results in increase in
temperature of arc column Tc beyond its
optimal [10] value (=3000° C) to create
following problems:

i) More radiation loss In the process,

ii)  Fumes and particulate matters are
more around welder, more
welders' discomfort

ill)  Poorenergy efficiency
iv)  Poorweld quality
V) HAZ area ismore

If same source executes pulsing in [, in
certain manner [11], it brings energy
and quality benefits to the process.
Controlled actuation using PWM
techniques is useful to achieve control of
output variables that results through
time-Integration of actuated input. E.g.
increase In temperature of a body is
result of accumulated power in it. It is
used in temperature control of oven
[12], In SMAW [11] and in flow control
for smooth positioning [13, 14] of
pneumatic actuator etc. Power pulsing
i.e. simultaneous pulsing in voltage and
current enhances ri of equipment
feeding resistive circuit at light loads
[15]. This feature Is useful in arc welding
(Fig. 1) as high across the load efficiency
n«. is pre-requisite. Definite power
pulsing is possible if output behaves like
a resistive load.

Let us configure cascaded delivery
mechanism (Fig.2) into three simple
resistive networks such as in Fig. 7a, Fig.
7e and Rg. 7g to depict facility or grid,
equipment and weld gap respectively.
The resistive network possesses
following characteristics (consider
source resistance, m=0):

i) Z(F,/)-+o inFig. 7e and 7f signify
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that there is no extra harmonics,
and pf of respective circuit is unity.
They handle respective loads with
no circulating current. It means
there is no energy storage element
inthat stage.

i) Gain.BW — o0 ; it means current
rise ft) and fall time (t,) are
negligible. Sharp pulses in welding
(Fig. 7h) brings more benefits such
as fumes are much less,
productivity is more, quality is
better in P-GMAW.

iii) Resistive characteristics (Rg. 7f)
allow power pulsing in equipment
to achieve both n and ru. at same
high value at any power (current)
level (Fig. 7d).

Biased power pulsing in weld gap helps

the process to dynamically modulate its

resistance (26) to maximize its power
when droplet is detached. The pulse

(base) enables gradual heating of

electrode tip. Droplets are not

superheated. This lowers the amount of

“VW-
la »S

Load

FigJa: Resistive power fretwork

T2~ ! 3T

Rg.7b: Has unity Pf ar>dno hamiorics

0

Rg.7c: It possesses gsod
dynanic cap/Nilin.

N

Fig,7d’ YI"*cfehigfi ~nd
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generated fumes and particulate
matters etc. Power P is transferred [15]
to process with no noticeable fall in n- P-
GMAW process follows similar working
principle (Fig. 7g and Fig. 7h).

MEASURE OF COMPATIBILITY IN
ARC WELDING PROCESS

GOODNESS FACTOR

Welding controller [23] is lone active
element in complete energy flow
diagram as shown in Fig. 2. The solution
to process and energy efficiency
problems is linked with designing right
equipment compatible to P-GMAW. As
discussed in earlier sections,
optimization of arc welding process
dependson

i) Settling time (Tj) of equipment to
meet fast pulsing in P-GMAW

i) Compact and light weight
equipment to allow reduced cable
lossand cable inductance

iii) Unity pf and large n (= 1)

02

Fg.7©; A typcai Power hvertar

reducing loss in facility, equipment
etc

iv) Excellent as |, vary over wide

range.

Expression of flat efficiency curve should
ideally be insensitive to wide range
variable I,. One way to express it is

omay taNh(.x/J (27)

equipment

Egn (2) in welding needs the equipment
to possess high value of n (n"™x) and it
should remain flat i.e. insensitive to
welding I,. The value of 'x' is chosen to
incorporate minimum current 4 (= 20A)

forarc stability. Hence

mn., ™. =Tj,,, tanh(0.05/J (28)
Or,
GF = (29)
Or,

T1.~fanh(0.05/Jp/
GF n,f( P (30)

where weight of the equipment W and
settling time t, may t e expressed as

_rrif

-Varcl Jb

V2
-

Rg.7g; Egiivafent dranit representalon

VAB

Rg,7f:Qjtputwavelbrniso{mod0Orn
Wekiif)g ifvort.er; Ftesistivie

of PGMAW process

Varcl
| }Vafcgj IVoltaB8
T.b 2T
'b Current

Rg.7h: hi phase wavefortT® of PGMAW
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(31)

T. = (32)

Constants Kj and K, depend on inverter
topology and controller structure.
Numerator of (30) connects facility for
compatibility and its denominator is
linked to process. Sharp t, and t, (both
linearly vary with tJ in P-GMAW [3] in
ODPP generates minimum fumes and
particulate matters as no extra tip
heating takes place. Using (31) and (32)

in (30) we get GFas
cp  T1nItaDh(0.057Jp/

= iznh.{0.0S1Mpl (33)

Unity pfand ri close to unity at all loading
conditions make facility (grid)
compatible to equipment. Attaining
unity pfthrough a pf-corrector at input
(Rg. 3) converts welding load to grid as
resistive as shown in Fig. 8. Rest of the
constituent parameters of GF (33) varies
favorably with one basic parameter of
Inverter i.e. f,. Therefore, solution to
both energy and process efficiency
program is associated with designing a
PF-corrected high frequency welding
inverter. Cost, design complexity and ri-
vs-f, trade-off are certain limiting factors

to maximize GF (33).

POWER ELECTRONIC EQUIPMENT:
ENGINE TO MEET COMPLETE
COMPATIBILITY CRITERIA IN ARC
WELDING

SCR based traditional equipments or
welding choppers have long been
favored in arc welding process. They
employ secondary control operating at
low voltage. They are just capable to
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optimize the process as V, and |, are
only accessible parameters for control.
Absence of control on grid pfincurs large
loss (Fig. 2). Shifting control to primary
(Fig. 3) using inverter technology gets
access of grid parameters. Measured
feedback signals of grid voltage and
current and their phase angle enhances
functional integrity [9] to establish
compatibility among various entities of
Fig. 2. Maximum achievable GF makes
facility and resource compatible to
process. As discussed in last section,
equipment is portable (31) and process
compatible (32) if f, is large. Its upper
bound is limited by cost implication and
frequency dependent switching losses
taking place inside equipment. Following
issues help decide operating f,

1)  worstcase arc stability criteria

ii) optimum t; or t; for sharp P-GMAW
current pulses

i) minimum length ofwelding cable

iv) cost-vs-energy and process
efficiency trade off

Dynamically, problem of arc stability is
worst [10] with 100% CO, shielded
GMAW process. It experiences frequent
short circuits as well. Power source
needs to have Tj around 50 (jSec [10] to
ensure existence of arc post short
circuiting. Arc stability under argon
shielded atmosphere (>150 ~Js) is much
relaxed. P-GMAW is better suited under
argon shields. On the other hand, fine
droplettransfer (22) uses high frequency
(s 300Hz) pulsing. The values of Tp and
Tb are small. Inductance (11) in welding
cable (s 6M) in P-GMAW may delay
cun-ent pulses (32) (I; and t, (12) to
around 250 ps). Inverter with f, =100 kHz
is sufficient for optimum Tj (32) in arc
welding. In conventional Inverters, n
drifts away from optimality due to large

loss f(E,, + E™) in (34).
Therefore, inverter for optimized arc
welding process is topology sensitive.
The equipment with right topology
should possess high value of in (28).
Its value is restricted as high frequency
inverter (Fig. 7e) incur losses of multiple
origins as

switching

Plds- fs(“on + M) + 7272

Poc-Link + Ca
where PId\ is total loss in inverter; first
term f(E<, + E”) is switching loss,
second term isresistive loss, third term Is
free-wheeling loss, fourth one is loss
incurred in bridge rectifier and filter, and
last one is power consumed in control
power supply, gate drive circuit and in
equipment cooling. Equipment with high
n needs less cooling. Forced cooling
should be avoided as ambience in
welding is full of metallic particles. To
satisf/ (33), elements of P,” (34) should
be minimized. Procedure to achieve ri®
using (34) Isfollowing:

0 (fm,,+) -~ 0: It isalso important
in arc welding as no-load (EJ and
short-circuit (E”) conditions are
valid operating points. This
condition is, as well, useful [25] for
inverters operating at higher DC
bus voltage when boost converter
is used for active pf correction.
Phase shifted full bridge inverter
using ZVS-n-ZCS [26] topology
yields negligible switching loss.

ii) Inherently less in P-
GMAW as both n and d are
comparatively large. It needs less

(14). High f, helps reducing R*
as length of Litz
significantly reduced, is minimum
with inverter feeding unity pf load
true In phase shifted ZVS-n-ZCS
topology

wire Is
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mi) “nFin Means there is no free-
wheeling current through anti-
parallel diode of IGBT. It is also
true in ZVS-n-ZCS topology. Load
power factor is unity and output of
inverter behaves lilke a pure
resistive network as shown in Fig.
9. Unity pf load draws minimum
currentfor specific output power.

iv)  Pnc-LM is minimized when DC-linl<
feeds load with minimum i/p RMS
current, and by choosing small
value in DC-link capacitor with low
ESR. RMS current is less for unity
pf at source as well as at load.
Reactive power fed to DC-link is
negligible here.

V) is less as cooling need is
reduced In inverter operating at
high ). ZVS-n-ZCS topology
requires less gate power [9], and
high density logic needs negligible
power for control.

Once optimum value of is achieved
through phase-shifted full bridge ZVS-n-
ZCS PWM inverter, power pulsing with
large ratio of Pp/P* (24) in P-GMAW (Fig.
7h) helps flattening n (28) at light loads
[15] inherently.

Inp'it pf-corrected phase-shifted PWM
full bridge inverter using ZVS-n-ZCS
topology [26] is proper equipment for
arc welding. Its average n is 0.92 and

is 0.95. Rg. 9 shows that output
inverter current is in phase with voltage.
Hence, the compatible power source
converts arc welding loads to behave like
a resistance as shown in Fig. 9.

There are reasons behind welding
rectifiers still dominating arc welding
process in India. One major factor is
legacy i.e. inertia to change, and other is
lack of intent to process learning to
enjoy benefits. Learning helps

understand integrating impact of all

INDIAN WELDING JOURNAL OCTOBER 2010

Rg.8 ; Current in arc welding grid is resistive

Rg.9 : Load of modern inverter Is resistive

avenues of Inputs, in process activities,
productivity, quality engineering
parameters of output, cost, reliability
and availability and impact of process on
environment. Availability aspect is
critical as single equipment feeds
multiple weld gaps (Fig. 1). Comparative
study on perfonnance, reliability and
availability should be made properly.

Reliability is affected if power losses and
or surges (thermal, electric) are more.
Rectifier incurs 50% loss in Itand that for
inverter Is only 5%. Pseudo-perception
is that passive components dominated
rectifier withstands more surges. TTie
ratio of thermal time constants (tJ of
SCR to IGBT is 100:1. However, surge
handling capability is decided by the
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swiftness of action
conditions. The ratio of response time
for control and protection of SCR-to-
IGBT Is (IOmsec/SOOnsec) 20000:1.
Hence, proper IGBT based Inverter, even
ignoring benefits, is always more
reliable, available and suitable for use.
Equipment with increased availability
reduces life cycle cost. Heavy rectifiers
are static where as lightweight inverters
are casually handled in many

against fault

installations.

ENERGY SCENARIO WITH
COMPATIBLE ARC WELDING
PROCESS

Section 2 considered 400A welding
rectifier as base equipment. Its pf and

at 7.5kW are 0.6, W is 150kg and
Tsis 20ms. Its goodness factor (29) GF~
is 1.2 X 10". However, phase-shifted
ZVS-n-ZCS inverter yields pf of 0.95,

of 0.92, W of 20 kg and Tj of
0.1ms. Its goodness factor GFYzcs is
0.437. Measure of compatibility
Improves by (GF,«i/GFzvs"zcs) 3642. It is
difficult to quantify gains everywhere at
one go such as all round weld quality.
However, energy gains are quantifiable
and therefore presented here. Impact of
energy gains is far reaching. The
reformed arc welding grid is shown in
Rg. 10. It is obtained by replacing
welding equipment of Fig. 2 by ZVS-n-
ZCS inverter, and SMAW is replaced by P-
GMAW. Average deposition rate of 4.5

kg/hr is considered in P-GMAW [2, 19].
After comparing stage wise data
between Fig. 2 and Fig. 10 following
conclusions can be made

i) Though users are concerned about
energy meter reading as part of
process costing, the global impact
ismuch deeper.

i)  Potential of total electrical power
savings in grid is 3345 MW.
Warming through such large power
loss introduces vicious cycle of
energy use or waste [8]. Prospect
of gain is equivalent to ten medium
size power stations.

ill)  Saving in fuel (mostly coal in India)
iscloseto 12000 MWe. Accordingly,
emission of green house gases is
drastically reduced. To counter
emission 650 million trees would
have been required.

iv)  Reduction in loss in welding arc is
513 MW. It would bring comfort
level to welder and would generate
less fumes and particulate matters.
Spatter loss is also less.

v)  Reduction in loss in HAZ (264MW)
helps improve weld quality.

vi) Reduction in T & D loss with
improved grid pf enhances life
cycle cost of bulky and costly

infrastructure.

vii) Most of all, the demand of
integrated arc welding loads on

grid has drastically reduced

Laterally, larger duty cycle of CV
equipments (> 3-time) improve the
utility of each installed equipment to
enhance life cycle cost, require less staff
around welding. Large reduction in
weight in equipment through use of
inverter technology helps material
saving inside equipment, and needs less
energy in transport, manufacturing,
servicing and recycling etc.

CONCLUSION

In this article all round impact, baring
shielding gas, of integrated arc welding
loads have been discussed. Roots for
their remedies have also been suggested
through maximizing a parameter of arc
welding equipment called goodness
factor. It is achieved by converting each
stage to behave like a resistance load.
This approach guides to reduction in
process diversity. Reduced diversity
simplifies process learning. Combination
of modem power electronics inverter
with the help of right topology along with
optimal welding method are
instrumental to minimize energy use,
maximize productivity with enhanced
quality and have minimal impact on local
and global environment. Like quality
engineering parameters, constraints
from energy crisis, concerns on climate
change and other environmental issues
would accelerate the process to mature
globally. In that, the role of modern

(1130WW) {loesfvWj {978K<Wj {S6SMW5 P/d-W g =0.9
/Generator' "T&D {1063KW) ttJ"y"ip:r'rrl(/?/t ! éa QKmixs
:0.97 [ i =0,92 % Melting Weldin
i -=:0.94 S , . g
/ < By Pf =105 " B7tMW}. 3218MW} v Joint
\ { (S5f<WJ i WELD HAZ " 218MW
Ly . Ve IMEHT (s53Mw)
v «'K,
V.4ia27MVAI.-- (97<MVA) e»sh«Ewi
w'eld’'gXop
: : o { | Stags?wise oufput
Fuei Conversion 'i = 0.28 () MVA of tha; Stage
Fuel Input 41SOMWe [ ] Stag«»loss

Rg. 10 : Energy flow diagram of compatible of Isolated arc welding grid
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inverter technology is catalytic in nature.
The equipment consumes small power
at load end and makes an impact by
saving large power at grid. It helps
optimize utility of each stage in power
delivery mechanism leading to reduction
in life cycle cost. Reduction in loss checks
warming; increase in efficiency creates
energy reserve and reduces green house
gas emission.

REFERENCES

[1]

(2]

(3]

[4]

[5]

(6]

[7]

[8]

B. Bajcer, M. Hizenjak, K. Pompe,
and B. Jez, "Improvement of
efficiency and material efficiencies
by introducing multiple-wire
welding", Metalurgija, 2007, pp. 47
52.

G. R. Salter, "An economic view of
arc welding". Metal Construction,
1984, pp. 74-78.

B. Irving, "Inverter power sources
check fume emissions in GMAW"
February, Welding Journal, 1992,
pp. 53 57.

A. K Paul, "Energy efficiency
prospect of power electronics:
Example: Welding inverter" Indian
Welding Journal, April 2009, pp. 24
36.

A. Rouyer, "Energy Efficiency in
Data Centers Moving forward to
face tomorrow's Challenges"” PCIM
2009, Numberg, pp. 22 32.

R. Maity, K. Ghosh, G. Saha, A. Sur,
and S. Mazumdar, "Impact of
compact fluorescent lamps and
general lighting service lamps on
global warming” Inti. Conf. on
Lighting Technology, N. Delhi,
2008, pp. 130 135.

J. N. Dupont & A. R. Marder,
"Thermal efficiency of arc welding
processes" Welding Journal, 1995,
pp. 406s 416s.

A. K. Paul, "Rooting for
environment friendly arc welding
process in India" Indian Welding
Journal, April 2010, Vol. 43(2), pp.
14-24.

INDIAN WELDING JOURNAL OCTOBER 2010

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

A. K. Paul, "Experimental
exploration of functional integrity,
functional reliability and reliability
of modern power electronics
equipments". Accepted for
publication at International Journal
of Power Electronics.

M. Schellhase, and H. E.
Weinschenk, "Dynamic behavior of
consumable metal arcs" Proc. Arc
Physics & Weld Pool Behavior",
London, 1979, pp. 59 - 66.

J. Scemeliovas, "Determination of
pulse current optimal parameters
for manual arc welding"”, ISSN
1392-1207, Mechanica, 2005, pp.
6669

M. Gouy, "On a constant
temperature oven", J. Physique,
Vol. 6, Ser. 3,1897, pp. 479 483.

A. K. Paul, J. K. Mishra, and M. G.
Radke, "Sliding mode control of
pneumatic actuator for robotic
application” Proc. IEEE conf. IROS-
1993, Kobe, Japan, pp. 1268
1275.

A. K. Paul, J. K. Mishra, and M. G.
Radke, "Reduced order sliding
mode control of pneumatic
actuator" IEEE Trans, on Control
System Technology, 1994, pp. 271
276.

W-S. Choi, N-J. Park, D-Y. Lee and
D-S. Hyun, "A new control scheme
for a class-D inverter with induction
heating jar application by constant
switching frequency”. Journal of
Power Electronics,Vol. 5(4), 2005,
pp. 272 281.

G. -D. Wu, and R. W. Richardson,
"The dynamic response of self-
regulation of the welding arc",
Proc. Recent Trends in Welding
Science & Technology" Tennessee,
USA, 1989, pp. 929-933.

A. D. Watkins, H. 8. Smartt, and C.
J. Einerson, "Heat transfer in gas
metal arc welding"”, Proc. Recent
Trends in Welding Science &
Technology" Tennessee, USA,
1989, pp. 19-22.

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

S. Liu, T. A. Siewart, and H. G. Lan,
"Metal transfer mode in GMAW"
Proc. Recent Trends in Welding
Science & Technology", Tennessee,
USA, 1989, pp. 475 479.

L. Quintino and C. J. Allum, "Pulsed
GMAW: Interactions between
process parameters Part 2"
Welding & Metal Fabrication, April,
1984, pp. 126 129.

A. Amin, A, "Pulse current
parameters for arc stability and
controlled metal transfer in arc
welding" Metal Const. 15(5),
1983, pp. 272-277

P. Praveen, M. J. Kang, and P. K. D.
Yarlagadda, "Arc voltage behavior
in GMAW-P under different drop
transfer modes"”, Journal of
Achievements in Materials and
Manufacturing Engineering, 2009,
pp. 196 202.

S. Subramanium, D. R. White, J. E.
Jones, and D. W. Lyons,
"Experimental approach to
selection of pulsing parameters in
pulsed GMAW" Welding Journal,
May 1999, pn. 166s 172s.

M. HovartJi, & J. Borka, 'Up-to-
date, integrated, multi-functional
energy converters of welding
technologies’, IEEE PEMC, 2006,
pp. 70-75.

A. K. Paul, "Optimizing the
transition proce«s from sparking
for non-contact TIG welding
inverters" Proc. |IEEE ICTT, '06, pp.
1413-1418.

N. H. Kutkut, D. M. Divan, D. W.
Novotny, and R. H. Marion, "Design
considerations and topology
selection for a 120-kW IGBT
converter for EV fast charging",
IEEE Trans, on Power Electronics,
1998, pp. 169 177.

J. Dudrik, P. Spanik, & N. TMp,
"Zero-voltage and zero-current
switching full-bridge DC-DC
converter with auxiliary
transformer", IEEE Trans, on Power
Electronics, 2006, pp. 1328 1335.

33



