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Abstract A contemporary paper claimed that a method
using the resistance of impedance (active power) for arc
power calculation is more accurate than the conventional
approach, with consequences on the actual heat transfer to
the plate. However, despite the comprehensive reasoning,
no heat-related results are shown in this intriguing paper to
support the claim. Thus, the aim of this work was to apply
the proposed method for determining the weight of active
power in the total arc power. A series of weldments was
carried out, by using GTAW in constant and pulsed current
modes and short-circuiting GMAW with different induc-
tance settings. The effect of the active power on the heat
transfers to the plate was assessed by both bead cross-
section geometries and calorimetry. The results showed that
even a significant fraction of active power of the total power

was reached, no changes in bead geometry or heat input
were found. A review of the assumptions used in the primal
paper showed that an arc is better represented by an ER
circuit than by an RLC circuit. As a conclusion, the arc as
a reactance-free load presents no component such as non-
active power and the conventional approaches are accurate
methods to measure arc power, representing the actual ac-
tive power.

Keywords (IIW Thesaurus) Arc power . Active power .
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1 Introduction

Electric arc welding is a means of manufacturing that allows
for the joining of parts by fusion through the usage of heat
derived from the conversion of electric power. The energy that
is produced by the electric arc and transferred onto/into a plate
(heat input) is extremely important, not only for weld bead
geometric formation but also for metallurgical transforma-
tions, influencing the mechanical proprieties of the joint.
Moreover, heat input is proportional to the arc energy, which
in turn is a ratio of arc power and arc travel speed. Thus, the
arc power rating is a determinant factor to quantify the heat
provided. However, the methods for welding energy/arc pow-
er determinations give rise to discussions among researchers.

Literature shows differences in opinion between authors
regarding the methods that should be used to determine arc
power, if arithmetical average power, effective average power
or average instantaneous power, respectively quantified
by Eqs. 1, 2, and 3 (where Um and Im are the average
of voltage and current measured values, Uef and Ief are
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voltage and current RMS calculated values, U(k) and I(k) are
the instantaneous voltage and current measured values and n
is the number of samples).

Parithmetical ¼ Um:Im ð1Þ

Peffective ¼ U ef :I ef ð2Þ

Pinst ¼ 1

n
∑n

k¼1U kð Þ:I kð Þ ð3Þ

Bosworth [1] has found that the differences of applying the
different methods on the final value can reach 30%. Joseph
et al. [2], using calorimetry, stated that the only measure of
welding energy which is reasonably well correlated to current
variations is based on the instantaneous power. Nascimento
et al. [3] analysed all the methods mentioned above and the
respective consequences on the heat input and thermal effi-
ciency calculations. They claimed that the arithmetic mean
power method can be applied in a few cases, in which there
is no oscillation in current and voltage (like in spray transfer
gas metal arc welding), but it is safer to use the average in-
stantaneous power method (more laborious, yet generic).
They supported their claim based on the expectance theorem,
which says that the product of the means of two discrete var-
iables is the same as the mean of the product of these variables
only if the variables are independent of each other. More re-
cently, Melfi [4] showed that the method to calculate heat
input, using average instantaneous energy, was added to the
2010 edition of the ASME Boiler and Pressure Vessel Code:
Section IX (item QW409.1) for waveform-controlled
welding. The ISO/TR 18491:2015 standard is also using this
method in the guidelines for measurement of welding ener-
gies. The concept of Eq. 3 is the integral of power (different
from Eqs. 1 and 2), thus applicable to any current (DC and
AC) and welding conditions (from steady constant current to
unsteady pulsed current). Thus, average instantaneous power
seems to be gaining acceptance in the welding community.

However, a newly proposed approach by Wong and Ling
[5] instigates curiosity. The authors initially explain that the
conversion of electricity into heat in arc welding is tradition-
ally given by Joule’s law, as basically demonstrated in Eq. 4
(using the symbologies and interpretation from the authors of
the current paper), where PR is known as the heat value gen-
erated by arc power in fusion welding; Im is the mean welding
current value, obtained by averaging the instantaneous mea-
sured values of current; and R (if replacing R ) would stand for
the ohmic circuit resistance value, usually calculated from the
ratio of mean values of voltage (Um) and current (Im). A sup-
port for Wong and Ling’s explanation would be the fact that
many authors consider the arc behaving as an electrical resis-
tance, as cited in Kodama et al. [6], Ngo et al. [7] and Terasaki

and Simpson [8]. Nonetheless, still according to Wong and
Ling [5], the measurement of resistance is not as easy as cur-
rent measurement, because there is no direct measuring meth-
od to obtain the resistance. Therefore, an indirect measuring
method (considering a merely resistive arc) has to be used,
such as in Eq. 5, in which R is the average value of the
instantaneous ohmic resistance, U(k) and I(k) are the instanta-
neous voltage and current measured values and n is the num-
ber of samples.

PR ¼ R:Im ð4Þ

R ¼ 1

n
∑n

k¼1

U kð Þ
I kð Þ ð5Þ

However, under Wong and Ling’s [5] reasoning, a welding
arc cannot be treated as a single electrical resistance, due to self-
induced magnetic flux surrounding the arc. In another publica-
tion, Wong and Ling [9] further detailed a welding system
represented by an equivalent circuit, consisting of a resistor R,
inductor L and capacitor C connected in series (an RLC circuit).
Thus, the arc power calculated by Eq. 4, from voltage and
current signals as measured by instrumentation means, is in fact
composed of two components, a real part (due to resistance)
and an imaginary part (due to reactance). The key fact is that
Wong and Ling [5] suggest that the calculation to assess the arc
power rating should expunge the imaginary part of the power
rating, if heat transfer to the plate is the target. Trying to explain
Wong and Ling’s concepts, the power that is converted into heat
would represent basically the resistive power portion of the
welding circuit. However, inductive (L(t)) and capacitive
(C(t)) are portions of the electric power conserved as reactance,
so that they are not responsible for energy dissipation as heat.
Thus, the power rating in an electric arc free of the reactance
effects would be a more reliable approach.

Wong and Ling [5] state that the capacitance and induc-
tance effects in an electrical signal from arc welding are rep-
resented by the impedance of equivalent system Zin(t). The
input electrical impedance Zin(t) of the equivalent circuit is
obtained by probing the welding voltage and current simulta-
neously at the input port of the welding system.
Conventionally, the signal processing of Zin(t) is carried out
by applying the Fourier transform to the signals and later by
calculating the result in the frequency domain. However, the
drawback of this approach would be that the result does not
reflect Zin(t) in real time. Therefore, the Hilbert transform was
employed by Wong and Ling to calculate the time varying
Zin(t). The Hilbert transform of a real valued time domain
signal, x(t) (where ‘x’ is the variable in analyses, which means
either voltage or current in this article), yields the original
signal in its analytic form, x(t) = x(t) + jh[x(t)]. Although the
analytic signal is defined as a magnitude function of A(t) and
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an instantaneous phase function of θ(t), the Hilbert transform
is different from the Fourier transform. This feature is espe-
cially important to obtain Zin(t), because it is capable of pro-
viding the time-varying properties of the welding system. The
impedance may be presented in a polar or in a complex form
that is usually more convenient to be used. Henceforth, Zin(t)
shows a real part ‘Zr(t)’ and an imaginary part ‘Zx(t)’. The last
one is composed of inductive ‘L(t)’ and capacitive ‘C(t)’
portions.

In summary, Wong and Ling based their reasoning upon
errors that may occur by using Ohm’s law in order to calculate
the power rating, because the welding arc’s physical behav-
iour could not be described as a phenomenon strictly resistive.
To that extent, the concept of Eq. 4, aiming at the conversion
of electric power into heat in arc welding, should not be ap-
plied. In addition, by applying the Hilbert transform, Wong
and Lin demonstrated that an arc power based on Zr(t), Eq. 6,
is always lower than the arc power obtained by Pinst, because
Zr(t) is lower than R. Zr(t) would be the resistance of the
welding system expunging the influence of inductance, ob-
tained by the Hilbert transform.

PZr ¼ Zr tð Þ:I2m ð6Þ

Therefore, following Wong and Ling’s thinking and giving
names to their calculated powers, one could say that the in-
ductive portion of the actual arc power can be subtracted out
of the hereafter referred to as ‘Wong and Ling’s gross power’
(PR), Eq. 4. Consequently, a more realistic power representa-
tion can be reached (Eq. 6), which is related to heat transfer to
the plate and hereafter referred to as ‘Wong and Ling’s active
power’ (PZr), due to semblance to the terminology of utility-
supplied AC power. And in some welding processes in which
the variation of current is prominent (pulsed GMAW or
GTAW, short-circuiting GMAW, etc., or even a conventional
welding with the ground cable coiled), the weight of the dif-
ference between PR and PZr (difference hereafter referred to as
non-active power (PR-Zr)) becomes significant. Thus, accord-
ing to Wong and Ling, Eq. 4 should not be applied to mea-
surements of arc power in arc welding.

Despite the inquisitiveness behindWong and Ling’s theory
[5], Eqs. 1 and 2 (and, most recently, also Eq. 3) have been
conventionally used for a long time in arc welding to deter-
mine arc power and the correlated heat input. The demonstra-
tion of a potential inaccuracy of these equations would raise
serious consequences for welding technology. In addition,
Wong and Ling have not demonstrated in their paper the quan-
titative contribution of the active portion of the total power to
the actual heat transferred onto/into the plate. Thus, the objec-
tive of this work was to evaluate the method proposed by
Wong and Ling, comparing with the conventional methods,
and to determine the potential weight of Wong and Ling’s
active power on formation of weld beads.

2 Experimental procedure

The experimental procedure was split into three stages. In the
first stage, different ratios ofWong and Ling’s gross and active
powers were pursued by welding with GTAWat constant and
pulsed currents. The effect of these different ratios on the bead
geometry was evaluated. In the second stage, the same ap-
proach was applied, yet with other parameterization, to verify
the consistency of the trends. To complement the analysis, the
heat absorbed by the test plates in calorimetric measurements
was also analysed. Finally, in the third stage, the welding
process was exchanged to short-circuiting GMAW and the
different ratios of gross and active energies were reached by
changing the inductance in the power source.

Data acquisition (voltage and current) was carried out
by an A/D board at a rate of 5 kHz and 14 bits, for 10 to
30 s each run. The voltage probe was attached to both
contact tips and plate support, to eliminate the inductive
effect of the power source cables. The data were compiled
by a dedicated software, using a MATLAB® platform. A
digital 100-Hz FFT low-pass filter was used on the volt-
age and current data, to keep the data analysis condition
as close as possible to Wong and Ling’s paper [5], even
though being aware that such a low-pass band limit would
distort the waveforms. Wong and Ling’s gross power (PR)
was calculated using Eq. 4, while Wong and Ling’s active
power (PZr) was reached using Eq. 6. The average instan-
taneous power (Pinst ) was also calculated (Eq. 3), since
the calculation method is now applied in welding technol-
ogy and it would have the same meaning as that of the
gross power PR proposed by Wong and Ling. However, in
this section, the power analysis will be concentrated on
Wong and Ling’s calculation methods, since they are the
target of the study. Pinst is presented in the results only to
emphasize the differences from and similarities to PR.

2.1 Stage 1: constant × pulsed current in the GTAW
process

A secondary chopper power source (IMC MTE Digitec 600)
was used for welding, in GTAW (constant current) mode.
Bead-on-plate welding was carried out on ASTM 1020 test
plates of 198 × 38 × 9.5 mm, using a 4-mm diameter E3
Tungsten EWG elect rode (AWS Spec. A5.12M/
A5.12:2009), with an included angle of 30° and with an
electrode-plate distance of 2 mm. The weldments were
shielded by pure argon at a flow rate of 13 l/min. The exper-
imental design was according to Table 1.

Figure 1 presents the values of average instantaneous, gross
and active powers of the runs from Table 1. No inductance
effect was expected in constant current (run 1), i.e. active
power was almost the same as the gross or average instanta-
neous power. The use of pulsing made the difference between
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these powers relevant. The higher the pulsing ΔI (difference
between pulse and base currents), the larger the distance be-
tween active and gross powers (runs 2 to 3). However, for the
same ΔI but increasing pulsing frequency (runs 3 to 4), this
difference remained almost the same. The power values varied
according to the parameters, even though mean current was
set the same (voltage increased towards the pulsed condi-
tions). However, Pinst differs from PR due to the calculation
methods, despite the similar meanings.

From the thermal point of view, bigger bead cross-sections
(fused areas) would be expected as gross power is increased (if
the travel speed is the same, arc power is proportional to arc
energy). As seen in Fig. 2, this trend is observed for runs 2, 3
and 4 (pulsed current), yet diverging from the result from run 1
(constant current). This might be explained based on Silva and
Scotti’s [10] citation that bead geometry does not depend on
thermal effects only but also on mechanical effects, more in-
tense for pulsing currents. However, even limiting the analysis
only to the pulsed current runs, the effect of the active power on
the bead geometry cannot be easily separated from the Wong
and Ling’s gross power (the reason is that the bead cross-section
areas increased accordingly to both gross and active powers).

Trying to separate the effect of the active power on the bead
cross-section areas, the powers were normalized, taking run 1
as reference. The new fused areas were estimated in the same
proportion as the variations of the powers in relation to the
reference power. As seen in Fig. 3, for the same gross power

and analysing again only the pulsed conditions (runs 2, 3 and
4), the areas were approximately the same. The deviation of
these results to run 1 persists. Applying the same approach to
the active power, the results showed similarities. It is important
to mention that the low number of experiments and no repli-
cations, since the objective was to reach only clear trends, do
not allow for pointing out small differences. Therefore, it is not
possible to state that either active power or gross power would
be the governing factor on bead formation. On the other hand,
one cannot say either that active power has no effect on the
bead geometry, based on the same reasoning that bead forma-
tion depends on both thermal and mechanical effects (different
pulsing condition likely presents different mechanical effect).

2.2 Stage 2: constant × pulsed current inGTAW supported
by calorimetry

The same power source used in stage 1 was employed (GTAW
constant current static characteristic). Bead-on-plate welding
was carried out on a thinner plate (ASTM 1020 test plates of

Fig. 1 Values of average
instantaneous (Pinst ) and Wong
and Ling’s gross (PR) and active
(PZr) powers from the different
parameterizations in Table 1

Fig. 2 Relationship between the bead cross-section area (fused area—
average of three cross-sections) and Wong and Ling’s gross (PR) and
active (PZr) powers

Table 1 Parameterization of the runs from stage 1, at the same setting
mean current (335 A) and travel speed (12 cm/min)

Run Ib (A) Ip (A) Freq. (Hz) ΔI (A)

1 – 350 – –

2 300 400 5 100

3 200 500 5 300

4 200 500 10 300
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200 × 100 × 6.3 mm) to increase the scope of the results. A 4-
mmAWSEWTh2 electrode (angled to 60°) was used, with an
electrode-plate distance of 3.5 mm. The weldments were
shielded by pure argon at a flow rate of 15 l/min. The exper-
imental design concerning the parameterization was according
to Table 2. As seen, there are three increasing values of mean
current of DC with no-pulse operation mode (ΔI = 0), for
which inductance effect is not expected, and three pulse cur-
rent combinations, taking 200 A as the average value (ΔI of
100, 200 and 300 A), with expected inductance effect (the
same pulse and base durations were chosen—tp = tb = 0.25 s,
giving a pulsing frequency of 2 Hz). The travel speed used
was 12 cm/min in an automated linear torch carrier.

As seen in Fig. 4, if current is constant and increasing (runs
1, 2 and 3, where ΔI = 0), active powers, yet higher at each
current level, are again almost the same as the gross/average
instantaneous powers, regardless of the current intensity.
However, the difference between the powers became relevant
when using pulsing (runs 4, 5 and 6, where ΔI >> 0). The
higher the pulsingΔI (pulse and base currents), the larger the
difference between active and gross powers.

Aiming to expand the basis for the analysis of heat transfer
from the arc onto/into the plate, absorbed heat by the plate

during the weldments was also evaluated together with the
resultant cross-section area of the beads. Even though being
aware of the limitations of calorimetric methods for heat input
measurement, as stated by Hurtig et al. [11] and Liskevych
et al. [12], a fully automated cryogenic calorimeter, as de-
scribed by Liskevych and Scotti [13], was used. Different
from that recommended in the latter citation, all comparisons
were carried out following just one test condition to econo-
mize resources, i.e. plate trajectory of 395 mm and bead
lengths of 40 mm. In order to minimize (yet impossible of
avoiding) the intrinsic errors due to heat losses before mea-
surement, the test plates had large and fixed dimensions
(200 × 100 × 9.56 mm).

From the thermal point of view, both higher absorbed heat
from the calorimetric measurements and bigger bead cross-
sections as the gross power is increased (and so the arc energy)
would be expected. As seen in Fig. 5, these trends were ob-
served as much as for constant current experiments (run 3
towards 1) as for pulsed current experiments (run 4 towards
6). However, one can also deduce from Fig. 5 that active
power proportionally decreases from runs 4 to 6 (the differ-
ence between gross and active powers enlarges), although
both cross-section areas and absorbed heat increased. One

Fig. 3 a Relationship between the bead cross-section area (fused area—average of three cross-sections) and the gross power (PR) after normalization. b
Relationship between the bead cross-section area and the active (PZr) power after normalization

Table 2 Parameterization of the
runs from stage 2 Identification Runs Setting parameters Monitored parameters

Im (A) Ip (A) Ib (A) fp (Hz) Im (A) Irms (A) Um (V) Urms (V)

ΔI 0 1 249 – – – 251 251 12.9 12.9

2 224 – – – 225 225 12.6 12.6

3 206 – – – 206 206 12.9 12.9

ΔI 100 4 200 250 150 2 200 206 12.6 12.6

ΔI 200 5 300 100 2 202 225 12.9 13

ΔI 300 6 350 50 2 199 249 12.5 12.8
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must remember that as seen in Fig. 4, although numerically
different, Pinst is proportional to PR; the difference between
instantaneous power and active power would also enlarge.
This suggests that both thermal parameters are governed by
the gross power (whatever the means of calculation) rather
than by the active power.

2.3 Stage 3: variation of active power through inductance
setting in GMAW

Up to now, power component free of reactance (active power)
was reached using Wong and Ling’s calculations when puls-
ing current in GTAWwas used. However, from this approach,
mechanical action of the arc on the bead formation is also
changed as pulsed parameters are altered. In this stage,
short-circuiting GMAW was used, since from short-
circuiting transfer, low mechanical effect on bead formation

is expected (low arc length, low arc pressure, low droplet
momentum). Moreover, mechanical effect has been blamed
in this paper as a potential disguising effect of the arc power
on bead formation. For that, an inverter power source was
used to deposit beads on 150 × 38 × 6 mm plates of ASTM
1020 steels. There were three experiments with varying induc-
tance settings in the power source (−10, off and +10, meaning
lower, medium and higher inductance), while the other impor-
tant parameters were held the same, as follows: wire diame-
ter = 1.2 mm; AWS ER70S-6; contact-tip-to-work dis-
tance = 12 mm; welding speed = 4.2 mm/s; leading an-
gle = 90°; shielding gas = Ar + 25% CO2 at 14 l/min; setting
voltage = 19 V; wire feed speed = 2.84 m/min. The resultant
monitored parameters are expressed in Table 3.

Figure 6 presents the values of average instantaneous, ac-
tive and gross powers of each experiment. The gross powers
of the three experiments increased slightly from the lowest
inductance to the highest one. However, the active power
presents significant difference among the runs, turning smaller
as inductance increases (increasing the portion of the non-
active power).

Besides bead cross-section areas, heat-affected zone (HAZ)
areas were also determined, excluding the bead area in the
plate cross-section. As seen in Fig. 7, the difference between
Wong and Ling’s gross and active powers increases when
inductance is set at higher values (runs 1 to 3), suggesting an
inductance effect. In addition, active power and the areas
(fused and HAZ) have the same trends, which would support
Wong and Ling’s claim. However, there might be other side
effects of the process acting together in the bead heat transfer
onto/into the plate (bead and HAZ formation); a higher induc-
tance normally increases the short-circuit duration, reduces the
arcing time and increases the average current. Higher average
current increases the gross power; shorter arcing time reduces
the heat transferred to the plate.

Fig. 4 Values of average instantaneous (Pinst ) and Wong and Ling’s
gross (PR) and active (PZr) powers from the different parameterizations
in Table 2

Fig. 5 Relationship between bead cross-section area (fused area—average of three cross-sections) (a) and plate absorbed heat (b) andWong and Ling’s
gross (PR) and active (PZr) powers
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3 Discussion of results and a presentation of an
alternative model of a welding arc

The results presented in this work confirm that, if the method
proposed byWong and Ling [5] is applied, there is a portion of
active power in the gross arc power signal when reactance is
forced in the electrical circuit, such as by pulsing the current or
short-circuiting the arc. By means of the Hilbert transform, an
envelope of a time signal can be calculated and the active
power component (PZr) can be separated from the gross power
signal (PR). However, no evidence was found to say that a
smaller portion of PZr in the PR value would mean reduction
of the heat transfer onto/into the plate. The reasons for this
lack of fitting could be the inexistence of induction in the arc
(imprecise choice of a model for the arc), a signal distortion
due to filtering and an unsuitable application of the Hilbert
transform in this system.

Observing Fig. 8, one can note that the voltage and
current traces in actual arc welding are in phase, even
taking as an example an experiment in which the differ-
ence between Wong and Ling’s gross (PR) and active
(PZr) powers is significant. It is important to mention that
the calculations in this work were made after applying a
digital 100-Hz low-pass first-order filter in the signals,
similar to what was used in the primal paper (a 100-Hz
analog filter, without further specification). This cut-off
frequency might be too low for welding signals,

considering, for instance, that the increase and decrease
of current and voltage during the short-circuit transfers
(excluding the arcing time) take from 2 to 4 ms. The filter
can distort signals, affecting effective values of current
and voltage, which increases the uncertainty of the power
calculations.

Todoran et al.’s work [14] succeeds with the application of
the Hilbert transform in ideal circuits with reactance.
However, even in AC circuits, divergences on application of
the Hilbert transform are found in current literature.
Zhelbakov et al. [15], comparing methods of measuring reac-
tive power, concluded that the method based on the discrete
Fourier transform of the current and voltage is the most accu-
rate. The authors of the current work recognize that it is nec-
essary to decompose the signals in Fourier series and to re-
move the DC component to determine the phase shift between
voltage and current and find the reactive energy. However,
they consider it important to say that the theory of electric
circuits is normally applied to systems with steady load, that
is, the passive components (RLC) keep the same value (are
not time-dependent). In welding, the arc (load) varies with
time for several reasons, which can lead to the interpretation
that there is some reactive element in the circuit. Other reasons
for misinterpretations would be unbalanced analog filters for
voltage and current signals, considering the inherent inaccu-
racy of electronic components, low response time of the cur-
rent probe and cable inductance (Wong and Ling collected the
signals at the power source terminals). Thus, using either the
Hilbert or Fourier transform on arc signals, these arc variations
can induce a fake presence of reactive component.

The model of the welding arc utilized by Wong and Ling
[5] might also explain the lack of correlation between PZr and
the heat onto/into the plate. These authors represented an arc
as an RLC circuit, which presents a resonance characteristic.
For some period, RLC could simulate an arc and it would

Fig. 6 Values of average instantaneous (Pinst ) and Wong and Ling’s
gross (PR) and active (PZr) powers from the different parameterizations
in Table 3

Fig. 7 Relationship between bead cross-section (fused area) and heat-
affected zone (HAZ) areas (average of three cross-sections) andWong and
Ling’s gross (PR) and active (PZr) powers

Table 3 Monitored parameters of the runs from stage 3

Run Im (A) Irms (A) Vm (V)

1—(−10) inductance setting 145.1 147.4 18.9

2—(off) inductance setting 145.9 151.9 19.0

3—(+10) inductance setting 143.2 156.8 19.0
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justify a reactance effect in the current and voltage signal.
Nevertheless, it would not happen under DC voltage source
powering the circuit. For instance, as an RLC circuit, the ca-
pacitor would be fully charged due to the open voltage of the
power supply and current would become null. In addition, if a
pulse of current is applied over an RL circuit, a voltage surge
would appear in the di/dt transition, a fact that is not noticed in
welding arc. Therefore, an RLC circuit does not represent a
welding arc very well.

On the other hand, the authors of this work recognize that
to model the arc as an equivalent electrical circuit does not
seem to be an easy task. Rossi et al. [16], for instance, claim
that the arc column should not be treated as a pure ohmic
electrical resistance and the voltage drop in the plasma column
would be a function mainly of the energy needed for a recur-
rent and constant reionization of the arc column atoms.
However, they also warn that nothing is wrong with an elec-
trical resistance analogy for the arc column, especially when
applied in mathematical modelling of the arc and its effects.

Even though being difficult, effort has been placed on
modelling the welding arc for different purposes. Examples
of electrical circuit analogy application on arc modelling are
given by Kodama et al. [6], for whom arc voltage (Ua) is
expressed by Ua = Uao + Ra.I + Ea La, where Uao is a constant
component of arc voltage, Ra the electric resistance of the arc
column, Ea the electric field intensity in the arc column and La
the arc length. Another representation is from Ngo et al. [7],
who described that the average voltage output of a GMAW
power source can be represented by Ua = (Rs + Rp + Rn)I +
(Uw + Usheath) when the arc is ON, where Ua, Rs, Rp and Rn

represent, respectively, the average output voltage of the pow-
er source, the resistance of the power source, the parasitic
resistance in the circuit and the resistance between the contact
tip and the wire. Uw and Usheath would represent the voltage
drop between the electrode and the pool. Finally, the example

of arc representation from Terasaki and Simpson’s paper [8] is
through the equation Ua(t) = 118.6 exp{−0.0857 [La(t) +
1.054] − 1} exp{−0.000487 [I(t) + 349.2] − 1]. As seen, all
representations are based on the existence of two parameters,
resistance (R) and potential energy drop (E), i.e. an ER equiv-
alent circuit. Reactance is not included.

The authors of the present paper are in closer agreement
with the ER representation for an arc rather than with the RLC
representation. However, the way they represent the arc model
is as seen in Eq. 7, where Ua(t) is the instantaneous voltage
collected between the contact tip and the plate and I(t) would
be the instantaneous current being carried along the circuit at
the same time as voltage is measured. Rt is the summation of
all true time-dependent resistive segments of the circuit,
namely, the resistances between the contact tip and the wire,
of the free electrode extensions, of the droplet under formation
and of the weld pool (neglecting the resistance of other circuit
parts, such as plate and cables). E, in turn, would represent the
potential energy to overcome the needs to maintain the arc
column and the couplings arc-electrode/droplet and arc-weld
pool. That is, E corresponds to the energy supplier, like any
power source. E depends on the plasma atmosphere, but is
also time-dependent, since arc size varies with current level
and arc length.

U a tð Þ ¼ E tð Þ þ Rt tð Þ:I tð Þ ð7Þ

The model of Eq. 7 was deduced from observations of the
arc electrical dynamics. If current and voltage signals during a
process operation are recorded at a high sample rate during a
period and the ordered pairs are plotted in an I-U coordinate
plane, an arc work regime plot is established. These plots are
likely the best means of depicting the arc behaviour, because
the dynamic behaviour of the arc is expressed on a finite plane.

Fig. 8 Signals acquired from run 3 in Table 3. a Without a filter applied to the signals. b With a 100-Hz low-pass first-order digital filter applied
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For instance, in Fig. 9a, an arc related to pulsed GMAW is
presented. From I to II, the arc is in the base period, with low
current and voltage, and from III to IV, in the pulse period,
with high current and voltage. The base to pulse and pulse to
base transients are from II to III and from IV to I, respectively.
At each ordered pair, there will be a corresponding voltage. A
portion of this voltage is related to the resistive components,
and the remaining is due to the described potential energy (E).
As the demanded E and the product Rt.I are lower for lower
currents, Ua will be smaller.

Consider now Fig. 9b, from a conventional short-circuit
GMA welding. The arcing time starts when current is at the
highest (short-circuit current), indicated by (I). The current
and voltage decrease steadily during this period until the arc
is short-circuited (II). A droplet is formed at the wire tip. Then,
voltage drops sharply to a low value and current increases
slightly (III), in a transient status. From (III) to (IV), the drop-
let at the wire end is short-circuiting the pool, forming a vis-
cous metallic bridge between the droplet and pool surface
(short-circuit time). As the temperature of the system is pro-
gressively decreasing and the bridging is narrowing its diam-
eter (surface tension sucking the droplet, necking the metallic
bridge), the electrical resistance and consequently voltage in-
crease at the same pace (so does the current, due to the power
source characteristic). The arc starts again from IV to I, with a
steep voltage increase (another transient period). In short-
circuiting transfer, there are two reasonably steady regimes:
arcing time, which could be represented by an ER circuit, and
the short-circuit time, represented only by an R circuit. One
can figure out an arc work regime plot for a GTAW welding
with constant current; there would be just a point of coincident
ordered pairs or, at most, a cluster of ordered pairs close
together.

That being said and demonstrated, active power in arc
welding would be the total arc power. Consequently, all
electric energy consumed in the process is basically

transformed into heat, which goes in its majority onto/
into the plate and a fraction is lost to the environment.
The reason for Wong and Ling [5] having found active
powers (PZr) differing from their arc power (PR) calcula-
tions in some experiments would be that the use of the
Hilbert transform in this case was inappropriate. It would
be just one more method of calculation, without a physical
support. Table 4 exemplifies this statement by showing all
the calculated powers using the equations presented in this
work. One can see that, except for the constant current
parameterizations, each equation gives different results.
However, as seen in Section 1, the average instantaneous
power, quantified by Eq. 3, is the most justifiable method.

Fig. 9 Work regime of welding processes after several cycles at a given parameter setting. a Pulsed GMAW. b Short-circuit GMAW process

Table 4 Power (W) calculated by different equations using the same
data

Identification Parithmetical

(Eq. 1)
Peffective

(Eq. 2)
Pinst
(Eq. 3)

PR

(Eq. 4)
PZr
(Eq. 6)

Run 1—constant 4924.9 4924.9 4923.7 4920.2 4920.2
Run 2—pulsed

300/400 5 Hz
5124.3 5189.7 5174.7 5179.3 5120.5

Run 3—pulsed
200/500 5 Hz

5583.1 6035.3 5910.5 6063.8 5429.9

Run 4—pulsed
200/500 10 Hz

5658.8 6109.4 5986.7 6123.2 5497.1

Run 1—pulsed ΔI
0; Im 249

3234.5 3234.5 3234.5 3234.5 3233.1

Run 2—pulsed ΔI
0; Im 224

2841.0 2841.0 2841.0 2841.0 2837.5

Run 3—pulsed ΔI
0; Im 206

2667.2 2667.2 2667.2 2667.2 2666.8

Run 4—pulsed ΔI
100; Im 200

2466.9 2600.6 2560.1 2638.1 2528.0

Run 5—pulsed ΔI
200; Im 200

2557.2 2934.3 2796.5 3188.0 2603.3

Run 6—pulsed ΔI
300; Im 200

2557.9 3181.2 2876.0 4816.0 2486.9

R1 (−10
inductance)

2497.9 3007.0 2658.2 2931.8 2756.0

R2 (inductance
OFF)

2345.9 3005.7 2621.0 3119.0 2771.5

R3 (+10
inductance)

2142.8 3143.0 2555.1 3267.3 2725.3
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4 Conclusion

In this paper, the question whether inductive and/or capacitive
reactance is present or not in a welding arc, reflecting on arc
power and heat input measurements, was addressed. The pres-
ent experimental methodology and results and data analyses
led to the conclusion that the arc (not the welding circuit) is a
reactance-free (inductive or capacitive) load and, consequent-
ly, there is no power component such as non-active power.
Equation 3, for instance, can be used in any circuit or condi-
tions, such as AC, DC, and steady and variable loads.
Therefore, all net power (excluding losses to the environment)
is consumed in heat generation and transferred to the plate, as
have been traditionally assumed. In addition, the authors also
conclude that a model of arc would be composed of a potential
energy and an electrical resistance, yet both components are
time-dependent if the arc changes sizes in a transitorily
manner.
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