
The Influence of Power Source Dynamics on 
Wire Melting Rate in Pulsed GMA Welding 

Response rate of the power source is demonstrated to have a significant 
influence on the melting rate of the welding wire 

BY I. M . R I C H A R D S O N , P. W. BUCKNALL A N D I. STARES 

ABSTRACT. The welding wire melting 
rate during conventional direct current 
(DC) gas metal arc (CMA) welding may 
be modeled empirically by a simple ex
pression relating material constants, cur
rent and electrode extension. The resul
tant equation is found to be in good 
agreement when welding at moderate or 
high currents. 

In the case of pulsed GMA welding, it 
has already been shown that a good ap
proximation to the observed melting be
havior may be obtained by assuming that 
the DC equation is instantaneously valid 
and integrating over one pulse cycle. 
This article extends earlier work to con
sider the influence of power source dy
namics on the integrated expression. 

Calculations have been made for two 
cases: an idealized trapezoidal waveform 
and a more representative exponential 
form. Predictions indicate that under cer
tain circumstances response rate can 
have a significant influence over the wire 
melting rate at a given mean current. 

The val idity of this prediction has 
been tested experimentally for the ideal
ized trapezoidal waveform and results 
are presented for comparison. 

The significance of power source dy
namics is discussed with reference to sta
tic output characteristics and the resultant 
influence on metal droplet detachment. 
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Introduction 

The close relationship between gas 
metal arc welding (GMAW) process be
havior and welding power source char
acteristics has been reported by a num
ber of authors over the last 10 years (Refs. 
1-4), particularly with regard to pulsed 
current operations. Differences in arc be
havior and stability have been observed 
for welds made with nominally identical 
pulse parameters using different welding 
equipment. In the absence of external 
factors, it appears likely that these differ
ences are generated by arc-power source 
interactions and must therefore be re
lated to the dynamic response of the 
power source. The importance of dy
namic behavior has been recognized for 
some time in relation to short circuiting 
transfer in GMA welding (Refs. 5, 6); 
however, its influence on controlled 
transfer pulsed current operation has re-
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ceived relatively little attention. This 
work represents a preliminary examina
tion of the subject. 

Background 

GMA welding may be undertaken in 
a variety of operating modes character
ized in part by the form of metal transfer. 
For conventional applications, a near 
constant voltage power source output 
characteristic is employed in order to 
achieve arc length self adjustment, 
whereas constant current or hybrid out
put characteristics are often employed 
for pulsed welding applications. Under 
steady-state (non pulsed) conditions, the 
wire melting Wb rate has been linked to 
the wire properties and the operating cur
rent independent of the static power 
source characteristic by the expression 

Wh = al + p£l2 (1) 

where a and & are constants associated 
with arc and resistance heating, respec
tively, and to first order are dependent 
only on the wire composition and size. I 
is the current and I the electrode exten
sion, i.e, the length of welding wire car
rying current (Refs. 7, 8). This is not nec
essarily the same as the length of wire 
extending beyond the contact tube exit. I 
depends on the point of electrical contact 
within the contact tube and may change 
with tube wear or variation of wire sur
face conditions. ( also depends on the lo
cation of the arc root relative to the wire 
tip, which is in turn dependent on the 
shielding gas and wire compositions. 

This expression was derived from con-
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sideration of basic physical principles 
and has proved successful in terms of the 
modeling of melting rates under moder
ate and high current conditions. For 
pulsed current applications, the above 
expression must be modified; however, 
substitution of the mean current I in place 
of the DC level leads to a poor approxi
mation of the resultant melting. 

Allum (Ref. 2) reported that a more ac
curate description could be obtained by 
considering the melting equation in its 
time-dependent form and integrating 
over one pulse cycle viz: 

wb = jwb(t) dt 
One Pulse Cycle (2) 

Assuming that Equation 1 was instanta
neously valid and applied to a pure square 
wave pulse (with infinitely steep sides) he 
obtained an expression of the form 

W,=al + BW z + 0l[l 
{tP+tb) 

} 
(3) 

where the subscripts p and b refer to peak 
and base pulse values. It has been shown 
(Ref. 2) that the second term in the braces 
may account for a significant percentage 
of the total melting, particularly at low 
mean currents where W b may be in
creased by up to - 5 0 % as a result of the 
excess current term (lp-lb). 

Predicted Behavior 

Recent observations of arcs operating 
in high-pressure environments (1 to 60 
bar) (Refs. 9, 10) suggested that some fac
tor other than the conventionally quoted 
pulse parameters (lp, lb, tp, tb) has a mea
surable influence on wire melting rates. 
Similar behavior was also noted at at
mospheric pressure. This was tentatively 
ascribed to the power source dynamics, 
i.e., the rate of rise and fall of the current 
pulses. In practice, power sources do not 
have infinitely steep-sided pulses. The re
sponse (slew) rate dl/dt is f inite and 
should therefore be included when eval
uating the integral in Equation 2. 

Consider the idealized waveform 
shown in Fig. 1. The current in each of 
the four pulse periods is given respec
tively by 

A = /, + 

/, = L 

( ' . - ' » ) , 

/ , = / „ -

/„ = L 

( ' , - '») 

dl 

dt 
and on 

dl 
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ing 
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(4) 
On the rising edge of the pulse, the re
sponse rate is given by 

(5) 

(6) 
Forthe purposes of this discussion, it wi l l 
be assumed that the rise and fall rates are 
identical, i.e., t,=t; (unequal rates lead to 
a larger resultant analytical expression al
though the basic mathematical behavior 
remains unaltered). 
Performing the integral in Equation 2 
yields 

W.=al + B(il M J-y—, / r 
1 (',.+<,)- i'^',)diid,\ (7) 

This equation (equivalent to Equation 
3 with a response rate term) indicates that 
the melting rate is reduced (cf. Equation 
3) when large differences exist between 
peak and base current levels and when 
the response rate is slow. 

Experimental Procedure 

Predicted melting behavior has been 
examined experimentally. The equip
ment consisted of a Fronius TPS 500 
power source, a BOC TF2.0 and Fronius 
wire feed unit, a Fronius AW500 welding 
gun, a three-axis manipulation system 
and a power source control unit. 

The welding gun was fixed above the 
workpiece at a selected height and welds 
were made on a mild steel workpiece at
tached to a moving table. Welds were 
carried out on cleaned and degreased 

12-mm (0.5-in.) thick bright mild steel 
plate. All tests were made with an argon-
based shielding gas containing 5% C 0 2 

and 1.5% O,, at a flow rate of 20 L/min 
(42 ft3/h). Arc length and electrical ex
tension were determined from projected 
video recordings and voltage/arc-length 
correlations. 

Experiments were undertaken with 
fixed base pulse amplitude and duration. 
Peak duration and amplitude were then 
chosen to maintain selected mean current 
values. A range of welding gun-to-work-
piece separations was also examined. 

The Fronius TPS 500 power source is 
a primary inverter operating at a switch
ing frequency of 25 kHz, with a constant 
current output characteristic. The power 
source was driven from an external con
trol unit in response to a signal voltage. 

The control unit (Ref. 11), connected 
to a microcomputer, enabled the genera
tion and preprogramming of pulse wave
forms with independent control over the 
peak and base parameters, rise and fall 
rates, output characteristics, short circuit 
clearance parameters and intra pulse re
sponse rates (the rate of change of current 
in the peak or base period along the char
acteristic line when operating with non-
constant current output characteristics). 
For the data reported here, constant cur
rent output characteristics were em
ployed and pulse waveforms were of a 
trapezoidal form with response rates 
ranging from 40 to 425 A/ms. 

The form of Equation 7 indicates that 
slew rate should have a significant influ
ence on wire melting for resistive wires 
(where the R term dominates) trials were 
therefore made with 0.8-mm (0.03-in.) 
diameter Thyssen K-Nova and Bostrand 
BW1,(BS2901 Pt.1 A1 8) consumables. 

Results 

A number of weld tests were under
taken in order to examine the validity of 
the predicted melting expression (Equa
tion 7). In the case of the K-Nova con
sumable, the material constants a and 6 
were measured directly from a plot of W/l 
against i\ for a steady DC arc (Equation 1); 
whereas, the values for the BW1 consum
able were obtained using a Gauss New
tonian minimization technique applied to 
experimental data based on a range of op
erating conditions (Ref. 12). Conditions 
were chosen such that the response rate 
term of Equation 7 was small (contributing 
less than - 2 % to the melting rate predic
tion) and Equation 3 was assumed to be 
valid. The resultant values are 

K-Nova a = 5.5 x 10-» ms-'A-', 
Is = 3.74 x 10-t A-2S-' 

BW1 a = 5.5 x 1CHms-iA-i, 
B = 3.50x 1CH A-2S-1 
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Fig. 2 — 
Illustration of the 

influence of power 
source response 

rate on wire 
melting behavior. 
Solid lines repre

sent predicted 
behavior (Equation 
7) and dashed lines 
the behavior in the 

absence of the 
response rate term 

(Equation 3). 
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Sample results indicating the influ
ence of response rate on wire melting are 
illustrated in Fig. 2, with the welding pa
rameters given in Table 1. Data points 
represent measured melting rates, the 
solid curves correspond to the predicted 
behavior (according to Equation 7) and 
the dashed line shows the predicted 
value in the absence of the slew rate cor
rection term (Equation 3). 

This figure indicates that the melting 
rate decreases with decreasing slew rate 
and increases with increasing peak pulse 
height for a given mean current. Identical 
behavior is also shown in Fig. 3 (Ref. 1 3). 
Again the points represent measured val
ues, and the solid and dashed lines pre
dicted behavior according to Equations 7 
and 3, respectively (welding conditions 
are given in Table 2). 

In the case of Fig. 3, the initial curve 
positions were found to be displaced ver
tically above the measured values. How
ever, after taking due account of arc 
length variations as evidenced by fluctu
ations of the mean voltage, and changes 
in welding gun-to-workpiece distance 
resulting from the molten metal deposit 
on the workpiece surface (measured 
from calibrated video images), reason
able agreement between measured and 
calculated values was obtained. 

Discussion 

Curves presented here show typical 
behavior for small-diameter mild steel 
wires. The effect of power source re
sponse on wire melting rate becomes 
more pronounced as the difference be
tween peak and base pulse amplitudes 
increases or the response rate falls. The 
range of slew rates examined (-100 to 

425 A/ms) are typical of commercially 
available power sources, although some 
of the latest generation power sources 
may have a slightly faster response. 

The change in melting rate with re
sponse may be easily understood with 
reference to Fig. 4. Two waveforms are i l
lustrated, both of which have the same 
mean current. With reference to Equation 
4, the fast response waveform (solid line) 
spends a greater proportion of time at a 
high current, the I2 term therefore imparts 
a greater contribution to the melting rate 
in contrast to the corresponding slow re
sponse waveform (dashed line). 

The basis for the predicted behavior is 
the assumption that the DC melting ex
pression (Equation 1) is instantaneously 
valid for all operating currents. 

Good agreement between prediction 
and experiment exists when the wire 
melting constants are determined by nu
merical analysis. However, discrepan
cies have been noted with constants de
rived from DC welding studies. There are 
a number of possible explanations for 
this behavior. 1) The melting expression 
assumes a fixed value of electrical exten

sion I. The constants measured using 
high current DC techniques pertain to 
drop or streaming spray transfer where 
such an assumption is reasonably valid. 
Under pulsed conditions the electrical 
extension wi l l vary during the pulse. For 
the experimental conditions listed in Ta
bles 1 and 2, £ increases by -1-1 .5 mm 
during the base period, the measured 
value of I is therefore at best an average 
of the time-dependent value. 

2) The value of B is reported to be de
pendent on the mode of metal transfer (Ref. 
2), changing slightly with the transition 
from globular to spray transfer. & is there
fore strictly a time-dependent variable. 

3) The validity of the melting Equation 
1 is questionable at low current values, 
and modifications are required in order 
to model observed behavior more accu
rately. Detailed information on melting 
behavior at low currents has been pub
lished by Halmoy (Ref. 14). 

4) In practice, it is difficult to make an 
accurate measurement of arc length and 
electrical extension due to the phenom
ena of plasma climb and the tendency of 
the arc to burn on the surface of the 

Table 1 — Welding Conditions Relating to Fig. 3 

Base current 
Base duration 
Mean current 
Welding speed 

40 A 
12.5 ms 

100 A 
4 mm/s 

Wire type 
Wire diameter 
Electrode extension 
Gas flow rate 

K-Nova 
0.8 mm 
15 mm 
20 L/min 

Table 2 — Welding Conditions Relating to Fig. 2 

Base current 
Base duration 
Mean current 
Welding speed 

45 A 
12.5 ms 

100 A 
3 mm/s 

Wire type 
Wire diameter 
Electrical extension 
Cas flow rate 

BW1 
0.8 mm 
~12 mm 
20L/min 
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Fig. 3 — Influenceof the difference between peak and base pulse Fig. 4 — Current waveforms of different response rates for fixed pulse parame-
levels on wire melting behavior at different response rates. Solid ters (lp,b, tp,b) and mean current. Fast response — solid line, slow response — 
lines represent predicted behavior and dashed lines the behav- dashed line, 
ior in the absence of the response rate term. 

molten weld pool. The pool is generally 
some ill-defined height above the surface 
of the workpiece that is dependent on 
welding speed, deposition rate, arc force 
and shielding gas composit ion. Some 
measurement errors are therefore un
avoidable. 

The alternative approach adopted in 
this study determined a, & and £ directly 
for pulsed welding conditions using a 
minimization technique, which automat
ically yields a good fit between experi
ment and theory. However, the method 
presupposes the validity of the predic
tion. This approach can only be justified 
with reference to Fig. 2 where, in the ab
sence of a slew rate dependent term in 
the melting expression, the data must 
correspond to a horizontal line, the ver
tical position of which is defined by a 
and R. This is clearly inappropriate, par
ticularly for high peak currents. 

Due to the time-dependent nature of 
the current and associated arc voltage, 
the dynamic performance of the welding 
power source wil l have some influence 
on the total process power and the bal
ance of power appearing at the anode 
(wire), cathode (weld pool) and to a small 
degree, in the arc column. However, the 
trend is difficult to predict due to the non
linear nature of the voltage current char
acteristic of the arc. Further work is re
quired to determine the influence of 
dynamical response on fusion behavior, 
although preliminary results indicate a 
reduction in both fused plate and rein
forcement areas when response rate is re
duced (Ref. 13). 

In addition to the dependence of wire 
melting rate on pulse levels and power 
source dynamics, the mode of metal 
transfer is also observed to change. 
Under conditions of high slew rate, metal 
droplet sizes are typically of the order of 
the wire diameter or smaller for optimum 
welding conditions. Droplet sizes are ob

served to increase with decreasing slew 
rate, and at low response rates the mode 
of metal transfer changes from projected 
or streaming spray to drop or globular 
spray dependent on wire size and pulse 
conditions. 

A limited number of welds performed 
with an experimental power source at 
very high response rates (-3000 A/ms) 
were associated with the production of 
appreciable quantities of very fine spat
ter, of the order of 0.1 to 0.3-mm diame
ter. It has been suggested that this behav
ior may be associated with a physical 
shock imparted to the molten wire tip 
due to the rapid expansion/contraction of 
the plasma column (Ref. 1 5). This mech
anism may also be responsible for the 
changes in detachment behavior ob
served at moderate to low response rates. 

The results reported in this study refer 
to constant current (CC) power source 
output characteristics. However, the dy
namic response of a power source also 
has some implications for process con
trol and operation under constant voltage 
(CV) and hybrid (CV/CC) conditions. In 
particular, the instantaneous detachment 
forces wil l be dependent on voltage fluc
tuations and the rate of response of the 
power source during the peak period of 
the pulse, as well as on the leading and 
trailing edges. A fast response rate cou
pled with some degree of arc instability 
(natural noise) may therefore aid droplet 
detachment, although droplet sizes wi l l 
vary due to instantaneous changes in 
wire melting rate. 

Further Predictions 

The predictions made in this work 
have been based on an idealized trape
zoidal current waveform. However, most 
commercially available power sources 
exhibit pulse structures in which the slew 
rate varies continuously with time. The 

waveform function must therefore be 
known in order to determine the melting 
behavior. A more representative struc
ture, based on exponential control, is in
dicated in Fig. 5. 

The current during the peak portion of 
the pulse can be modeled by 

Xt) l(t) = l„ + (lp-lb)(l-e- )m 

where A, is a constant denoting the char
acteristic rise frequency. 

It is possible to derive a similar ex
pression for the base current relationship, 
which can then be considered in the in
tegral of Equation 2. However, the resul
tant expression is large and unwieldy. 

Alternatively, the difference between 
the idealized trapezoidal and exponen
tial waveforms may be considered. 

In each case the area under the peak 
portion of the curve is given by 

Area = jl(t)d\ t 
0 (9) 

For the trapezoidal waveform Equation 9 
gives 2 

pp 261/dt. 
and for the exponential waveform 

{'P-'b)i 

(10) 

Area VP A 
[yy 

Consideration of the equivalence 
case (where the areas under each curve 
are identical) leads to an expression for 
an equivalent response rate. Equating 10 
and 11 yields 

dt 
M'p-'*) 

2 1 
(12) 
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The constant X can be identified with 
the characteristic rise time tr of the expo
nential waveform 

A = 
1 

tr (13) 
where tr is the time required for the pulse 
to rise to (1-e-1) times the difference be
tween the peak and base levels, that is, to 
a level of | l b + ~63%(lp-lb)). 

Specifying the characteristic rise time 
tr uniquely defines the response behavior 
of a power source (with an exponential 
waveform output) independent of the 
pulse condition. Rise time therefore has 
greater significance than response rate, 
which varies continuously throughout 
the pulse. 

In the majority of welding applica
tions, the pulse duration is long enough 
such that the current very nearly ap
proaches the desired pulse level. In such 
cases, it approaches unity and Equation 
1 2 reduces to 

dl_ 
dt 

('P-M 
It, (14) 

The above approximation has been 
made with respect to the peak portion of 
the pulse. An identical expression can be 
derived for the base interval if equal rise 
and fall rates are assumed. Equation 14 
directly relates the rise time tr to the dif
ference between pulse levels and an 
equivalent trapezoidal response rate and 
may therefore be used in Equation 7 to 
determine the melting rate. 

Summary 

It has been shown that the signifi
cance of the response rate term increases 
as the difference between peak and base 
pulse levels rises. The importance of this 
term is greater for the more resistive con
sumables such as small-diameter mild 
steel or stainless steel welding wires. 
However, it must be stressed that under 
"normal" operating conditions, (i.e., 
large-diameter >1.2-mm mild steel weld
ing wires) with modern electronically 
controlled power sources, the influence 

of the slew rate term is small. 
Table 3 illustrates the relative impor

tance of the various terms of Equation 7 
for different consumables and slew rates 
based on a representative pulse condi
tion of lp=350 A, lb=50 A, tp=2.5 ms, 
tb=1 2.5 ms (100 A mean current) and £ = 
1 5 m m. 

The melting constants have been ob
tained from the indicated references, and 
the terms are defined by 

term 1 = al 

term 2 = (5il 

Kh-h)2tph 
term 3 

term 4 = 

(<,+<T 

3[tp +tb)dl/dt 
The contribution of the response rate 

Term 4 is therefore of the order of a few 
percent and is significant for the smaller-
diameter wires. This contribution wi l l 
rise with increased peak pulse amplitude 
or increased electrical extension. 

Conclusions 

The melting rate during pulsed GMA 
operation is dependent on the response 
rate of the welding power source, which 
becomes increasingly significant as the 
resistive contribution to wire melting in
creases. The overal I behavior can be pre-
dictecl from simple physical considera
tions, and the results are in good 
agreement with observed trends. 

Power source dynamics have a no
table influence on metal droplet detach
ment. In general, smaller droplets are ob
served under conditions of fast current 
response (Le., steep sided, near square 
wave pulses). This behavior has tenta
tively been associated with a physical 
shock mechanism generated by rapid 
changes occurring in the arc column. 
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RECOMMENDATIONS PROPOSED BY THE PVRC 
COMMITTEE ON REVIEW OF ASME NUCLEAR 

CODES AND STANDARDS 

Approved by the PVRC Steering Committee 

The ASME Board on Nuclear Codes and Standards (BNCS) determined in 1986 that an overall 
technical review of existing ASME nuclear codes and standards was needed. The decision to initiate 
this study was reinforced by many factors, but most importantly to capture a pool of knowledge and 
"lessons learned" from an existing generation of technical experts with codes and standards 
background. 

Project responsibility was placed with the Pressure Vessel Research Council, and activity was 
initiated in January 1988. Direction was vested in a Steering Committee which had overview of six 
subcommittees. 

Recommendations were provided by nuclear utilities and industry and these recommendations 
were combined with independent considerations/recommendations of the PVRC Subcommittees and 
Steering Committees. 

Publication of this document was sponsored by the Steering Committee on the Review of 
ASME Nuclear Codes and Standards of the Pressure Vessel Research Council. 

The price of WRC Bulletin 370 (February 1992) is $30.00 per copy, plus $5.00 for U.S. and 
Canada, or $10.00 for overseas, postage and handling. Orders should be sent with payment to the 
Welding Research Council, Inc. • 345 E. 47th St. • Room 1301 • New York, NY 10017 • (212) 705-
7956. 
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