
A Model for Heat and Mass Input 
Control in GMAW 

Steady-state model is developed to help control weld reinforcement 
and heat input in gas metal arc welding 

BY H. B. SMARTT AND C. ). EINERSON 

ABSTRACT. This work describes deriva
tion of a control model for electrode 
melting and heat and mass transfer from 
the electrode to the workpiece in gas 
metal arc welding (GMAW). Specifi
cally, a model is developed which al
lows electrode speed and welding speed 
to be calculated for given values of volt
age and torch-to-base metal distance, as 
a function of the desired heat and mass 
input to the weldment. Heat input is 
given on a per unit weld length basis, 
and mass input is given in terms of trans
verse cross-sectional area added to the 
weld bead (termed reinforcement). The 
relationship to prior work is discussed. 

The model was demonstrated using 
a computer-controlled welding machine 
and a proportional-integral (PI) con
troller receiving input from a digital f i l 
ter. The difference between model-cal
culated welding current and measured 
current is used as controller feedback. 
The model is calibrated for use with car
bon steel welding wire and base plate 
with Ar -C0 2 shielding gas. Although the 
system is intended for application dur
ing spray transfer of molten metal from 
the electrode to the weld pool, satisfac
tory performance is also achieved dur
ing globular and streaming transfer. Data 
are presented showing steady-state and 
transient performance, as well as resis
tance to external disturbances. 

H. B. SMARTT and C. J. EINERSON are with 
Idaho National Engineering Laboratory, 
EG&G Idaho, Inc., Idaho Falls, Idaho. 

Introduction 

In recent years, there has been a sig
nificant growth in the use of mechanized 
welding systems as cost-effective substi
tutes for shielded metal arc welding. Per
haps the most popular process for such 
substitution is gas metal arc welding 
(GMAW) and its variants, especially for 
arc welding applications using robots. 
Yet the GMAW process is subject to the 
same fundamental l imitations as vir tu
ally all other arc welding processes. Con
trol of the process is limited to those fac
tors to which machine builders are ac
customed, such as electrode speed, 
welding speed, current, and voltage. The 
factors that the welding engineer would 
like to control , such as reinforcement 
area, weld heat input, macro- and mi -
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crostructure, and mechanical and phys
ical properties of the weld, are not d i 
rectly controllable except in isolated 
cases. 

This work is an effort to indepen
dently control two of the above factors, 
namely the reinforcement (defined as the 
transverse cross-sectional area of the 
metal added during welding) and the 
heat input to the base metal per unit 
length of weld bead. This paper de
scribes the development of a relatively 
simple, steady-state model of the gas 
metal arc welding process that supports 
direct, independent control of heat and 
mass input to the weld. The application 
of this model, including software and a 
computer-control led G M A W machine 
design, is discussed. 

Background 

The gas metal arc welding process 
employs a consumable electrode pass
ing through a copper alloy contact tube 
— Fig. 1. Electrical current, imposed on 
the electrode by a voltage drop between 
the contact tube and the metal to be 
welded (workpiece), supports an arc be
tween the electrode end and the work-
piece. The electrode is melted by inter
nal resistive power and heat transferred 
from the arc. Droplets of molten metal 
are detached and transferred from the 
electrode to the weld pool by a combi
nation of gravitational, Lorentz, surface 
tension, and plasma forces (Ref. 1). Heat 
is transferred to the base metal directly 
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Fig. 1 — Gas metal arc welding torch show
ing electrode and terms used in model de
velopment. 

irom the arc and by molten metal 
droplets. The electrode, molten droplets, 
weld pool, and solidified weld bead be
hind the weld pool are protected from 
oxidation by a shielding gas which may 
be Ar, C 0 2 , or mixtures such as Ar with 
0 2 , H 2 , He, or C 0 2 in various combi
nations. 

Prior efforts at modeling the process 
have concentrated on the electrode 
melting rate. For electrode positive 
welding, electrode melting rate (m1) has 
been determined empirical ly by 
Lesnewich (Ref. 2) for mild steel to be 
of the form 

m'=(Cl+C2A)l + 
C3LI-

A 
(1) 

where A is electrode cross-sectional 
area, I is current, L is electrical exten
sion, and Cf, C2, C3, and i are constants. 
More recently, Waszink and Van den 
Heuvel (Ref. 3) derived an expression of 
similar form for spray transfer of mild 
steel 

m'=CJ + 
C,LI2 

(2) 

where C4 and C5 are constants. 
In both cases, electrode melting rate 

is given as a function of electrode ex
tension (L), which is the distance from 
the point of current entry into the elec
trode to the electrode end at the arc. 
Electrode extension is not easily mea
sured since the effective point of current 
entry into the electrode is not known. In 
addit ion, locating the electrode end is 
not a trivial problem due to the presence 
of the arc. Thus, using such expressions 
for real-time control of the process 
would be diff icult. (It should be noted 
that the above authors did not represent 

their work as being suitable for real-time 
control.) Nonetheless their work is of 
considerable importance. The relation
ships between their work and the pre
sent paper are discussed in Appendix 
A. The expression for electrode melting 
rate needs to be derived in terms of the 
contact tube to the base metal distance 
and voltage drop, parameters that are 
easily measured. 

The G M A W process may be per
formed with the electrode at a positive 
or a negative potential wi th respect to 
the workpiece, using either a constant 
current, power, or voltage power sup
ply, wi th either pulsed or steady elec
trode speed and/or welding current. 
However, the most common operating 
conditions are electrode positive, using 
a constant voltage power supply, wi th 
constant electrode speed and current. 
This work is limited to such conditions. 

The process operating region is 
shown in Fig. 2A as a function of elec
trode speed and welding speed and in 
Fig. 2B as a function of heat input and 
reinforcement, for specified values of 
open circuit voltage and contact tube-
to-workpiece distance. Lines of constant 
value of heat and mass input to the weld
ment have been superimposed on the 
operating region. Of interest is the fact 
that changes in either electrode speed 
or welding speed wi l l change both the 
heat and mass inputs to the weld. Inde
pendent adjustments of heat and mass 
inputs require combined changes of 
both electrode speed and weld speed in 
some unique ratio. 
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The present approach uses a process 
model to calculate the parameters re
quired to obtain desired values of heat 
and mass input to the weld. Although it 
would be best to develop a model that 
would give exact solutions, the model 
is an approximation which is fitted to 
the process periodically, based on an 
error signal fed into a controller. The 
controller output updates the model to 
correspond more closely to the process 
conditions. There are several desired 
characteristics of such an approach. 
One, the steady-state process output 
should closely approximate the desired 
output. Two, the process should be sta
ble, yet responsive in the presence of 
transients. This includes changes in the 
desired input, as well as during starting 
of the weld. Three, the process should 
be tolerant of external disturbances. This 
work addresses these items. 

where V w is voltage drop along the elec
trode, n,1 is efficiency of heat transfer 
from the arc to the electrode, Va is volt
age drop across the arc, 8 is density, S 
is electrode feed speed, D is electrode 
diameter, R is welding speed, and H m is 
total heat required to melt a unit volume 
of material, given as 

Hll,=\1
TCpdT+Hf 

(4) 

where Cp is specific heat, T0 and Ts are 
ambient and superheat temperatures, 
and Hf is heat of fusion. 

Heat input to the base metal per unit 
length of weld (H) is given by (Ref. 8) 

H 
EIlj 

R 

Output voltage of the power supply 
(E) is given by 

E = E.+nJ = H 
dl_ 

dt (7) 

(5) 

where EQ is open circuit voltage of the 
supply (i.e., at zero load), n is the effec
tive slope of the supply [i.e., the com
bined effects of power supply slope and 
secondary circuit resistance), H is sec
ondary circuit inductance, and t is time. 
Current is maintained by the power sup
ply consistent with the contact tube-to-
workpiece resistance, which is deter
mined by the electrode extension and 
arc resistance, and the contact tube-to-
workpiece voltage. Power consumed by 
the process is approximated as the sum 
of that consumed by resistive heating of 
the electrode and that consumed in the 

Model Derivation 

Portions of the model derivation have 
been presented in Refs. 4 - 7 . The com
plete model derivation is shown in Ap
pendix A. In summary, the power re
quired to melt the electrode is given by 

/Vw + 77'/Va = 
SSHJCPjt 

AR (3) 

where E is secondary circuit voltage 
drop, n, is heat transfer efficiency from 
the process to the base metal, and R is 
welding speed. 

Weld bead reinforcement (G), de
fined as the transverse cross-sectional 
area of the deposited metal, is given by 

G = 
SD-n 

AR (6) 

IE = IVn. + IV, 

Finally, Ohm's law is used 

IV, = I2K, 

(8) 

(9) 

where Ra is arc resistance and both sides 
of Equation 9 are multiplied by the cur
rent. In normal GMAW, current is con
trolled by changing electrode speed, and 
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Fig. 3 — Analytical solution of GMA W electrode melting model show
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Fig. 4 — Digitized current as a function of 
time, (top) unfiltered, digitized at 250 Hz, 

abd (bottom) filtered with FIR-IIR and I-Hz 
Butterworth low-pass filters. 
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Fig. 5 — GMAW control system block diagram. 

reinforcement is controlled by chang
ing welding speed. Thus, heat and mass 
inputs to the weld are not controlled in
dependently. Yet, such independence 
can be obtained by solving Equations 
3-9, appropriately. 

It can be shown (see Appendix A) that 

E^rjAGI + nrjAGI2 

KD1H 

and 

R 
SnD-

4 ( ; 

(10) 

d i ) 

where S is electrode speed, R is weld
ing speed, G is reinforcement, and H is 
heat input per length of weld. Also, cur
rent (I) is given by 

I = K'0+K\{CT) 

+K\ E„ + K\ S 
(12) 

Equations 1 0-1 2 may be solved itera-
tively. Limits for these equations may be 
deduced by considering that in Equation 
8, as V w goes to zero, arc length ap
proaches the contact tube-to-workpiece 
distance. In this case, the arc transfers 

to the contact tube and the process is 
uncontrollable. The other l imiting case 
is for Va to go to zero, and in this case, 
the electrode stubs into the weld pool. 

Equations 10 ,11 , and 12 were solved 
and the solutions plotted as a function 
of the ratio of reinforcement to heat input 
(C/H). A typical plot is shown in Fig. 3. 
The current (I) is valid for any values of 
reinforcement and heat input which give 
G/H ratios in the range of 0 to 50 mm3/J. 
The electrode speed (S) and welding 
speed (R) are only for a heat input of 
1 250 J/mm, although solutions may be 
found for other heat inputs in a similar 
manner. 

Sensing 

Electrical current is measured during 
welding by obtaining the voltage drop 
across a calibrated shunt placed in the 
secondary current loop. The resulting 
voltage signal is noisy, corresponding to 
a current variation too great to allow di
rect measurement of voltage to be use
ful for control l ing the process. The so
lution to this problem is to filter the sig
nal, in this case by a digital, linear dif
ference technique. 

The shunt voltage (X,) is measured in 
sets of 30 values taken at the rate of 3600 
per second. The last 20 of these values 
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Table 1 

Test 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 

— Computerized GMAW Data for 0.89-mm-Diameter Electrode'3' 

Contact Tube 
to Workpiece 

Distance 
(mm) 

12.7 

15.88 

19.05 

Open Circuit 
Voltage, E0 

(V) 

30.0 

32.0 

34.0 

30.0 

32.0 

34.0 

30.0 

32.0 

34.0 

Weld Speed, 
R (mm/s) 

3.81 

Electrode Speed, 
S (mm/s) 

183.8 
171.7 
158.4 
121.1 
175.3 
157.0 
138.3 
176.8 
197.3 
213.5 
164.0 
183.8 
17 1.7 
154.8 
121.1 
159.2 
195.9 
175.3 
138.3 
213.5 
197.3 
179.0 
164.0 
154.8 
121.1 
183.3 
171.7 
195.9 
138.3 
157.0 
175.3 
213.5 
164.0 
174.0 
197.3 

Weld Current, 
I (A) 

192 
186 
185 
165 
210 
213 
193 
237 
248 
253 
227 
130 
175 
172 
153 
201 
205 
198 
177 
230 
232 
226 
228 
168 
144 
174 
172 
192 
172 
181 
190 
213 
205 
209 
212 

Reinforcement, 
C (mm2) 

29.94 
27.97 
25.81 
19.73 
28.56 
25.58 
22.53 
28.80 
32.14 
34.78 
26.72 
29.94 
27.97 
25.22 
19.73 
25.94 
31.92 
28.56 
22.53 
34.78 
32.14 
29.16 
26.72 
25.22 
19.73 
29.94 
27.97 
31.92 
22.53 
25.58 
28.56 
54.78 
26.72 
29.16 
32.14 

(n'-",,) 

8.6 
9.0 
9.9 
l I.O 
9.9 

11.4 
11.1 
10.9 
10.5 
10.0 
11.0 
7.4 
7.9 
8.9 
9.8 

10.3 
8.3 
9.0 
9.9 
8.5 
9.5 

10.1 
11.0 
8.5 
8.8 
6.8 
7.5 
7.1 
9.5 
8.9 
8.4 
7.2 
9.6 
9.0 
B.l 

Calculated R 

Variable 
(n') 

0.1026 
0. 1083 
0. 1 1 16 
0.1346 
0.1055 
0.1069 
0.1222 
0.1016 
0.0942 
0.0930 
0.1084 
0.1091 
0.1 148 
0.1208 
0.1415 
0.1133 
0.1047 
0.1122 
0.1337 
0.1001 
0.1013 
0.1068 
0.1084 
0.1236 
0.1415 
0. 1 126 
0. 1 167 
0.1 I 17 
0.1376 
0.1266 
0.1169 
0.1033 
0.1209 
0.1160 
0.11 14 

i 

Constanl 
(n') 

0.1019 
0.1080 
0.1125 
0.1373 
0.1065 
0.1095 
0.1249 
0.1036 
0.0956 
0.0911 
0. I 106 
0.1070 
0.1132 
0. 1204 
0.1425 
0. I I48 
0.1037 
0. I 120 
0.1347 
0.0993 
0. 1017 
0.1079 
0.1106 
0.1226 
0.1409 
0.1097 
0. 1 146 
0.1092 
0.1380 
0.1261 
0.1159 
0.1060 
0.1214 
0.1 157 
01101 

(a) Electrode is AWS A5 18 ER70S-6 

are processed by a simple finite impulse 
response (FIR) filter (Ref. 9) 

(13) 

where h, = 0.05. Thus, Y is the average 
of 20 data points (Xj). The first ten val
ues are discarded to remove any arti
facts associated with the relay switch
ing used for mult iplexing. At approxi
mately one-third second intervals, the 
value from the finite impulse filter (Y) is 
processed using a simple infinite im
pulse response (IIR) filter (Ref. 9) 

Z = CY0 + %b,Zl 
(14) 

where C = 0.5 and bj = 0.25. Thus, Z, 
the measured current, is a weighted, 
moving average of past Z values and the 
present Y value. The results of this sim
ple technique may be seen in Fig. 4 
where a sample of measured current is 
shown wi th and without f i l tering. The 

current signal is also filtered using a dig
ital, first-order, low-pass Butterworth f i l 
ter (Ref. 9) having a 1-Hz cut-off fre
quency, shown for comparison pur
poses. It may be noted that a hardware 
low-pass filter should be placed in front 
of the digital filter if concern exists re
garding aliasing errors. 

Welding System 

Controller 

In the process control scheme, the dif
ference between measured current (fil
tered) and calculated current is used as 
the error signal input (e(t)) to a propor
tional-integral (PI) controller (Ref. 10) 
which calculates a change in the parame
ter (CT) corresponding to the contact tube-
to-workpiece distance in Equation 12 

A(CT) = Kpe(t) 

= K,\'oe{tyit (15) 

where Kp and K; are controller propor
tional and integral gains. Integral error 

is calculated using Simpson's rule (Ref. 
11). Thus, the value of CT is continu
ously adjusted to reduce the difference 
between measured and calculated cur
rent (but the actual contact tube-to-
workpiece distance is not changed). The 
maximum change in CT is limited to ±10 
mm at any time step. This allows weld
ing with globular metal transfer. The cor
responding control system block dia
gram is shown in Fig. 5. 

Welding Hardware 

The gas metal arc welding system de
veloped for this work consists of a com
puter controlled welding head, position
ing table, operator panel, and a weld
ing power supply. Two power supplies 
have been used. These are a Linde SVI-
300, which is a conventional 300-A con
stant voltage supply, and a Philips 460-
A transistor-regulated supply operated 
in a constant voltage mode. In either 
case, the system described in this work 
connects to the contactor and secondary 
(welding) circuits of the power supply. 
No other connections are required. A 
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Fig. 7 — Measured cur
rent and voltage as a 
function of time for a 

weld (T22) made using 
a good set of controller 

gains. Time increases 
from right to left. 

Current 

Voltage 

30/1 
5V 

diagram of the system is shown in Fig. 
6. In operation, desired values of weld 
bead reinforcement (fill) and heat input 
per length of weld are set on the opera
tor panel in units of mm 2 and J/mm, re
spectively. The system then controls 
electrode speed and welding speed, 
based on model solutions and current 
feedback, to give the desired values. 

Software 

Software for the computer is written 
in the HPL language (Ref. 12). The pro
gram operates in two major loops. The 
first loop monitors status of the operator 
panel prior to welding and displays de
sired heat input and reinforcement area 
values. Provisions are made to jog the 
weld table and electrode for setup. The 
second loop is entered upon actuation 
of the weld start/stop switch. In the sec
ond loop the power supply contacter is 
activated and the electrode feed and po
sitioner table motors are driven at speeds 
calculated by the process model. Cur
rent is monitored and adjustments made 
to bring the current to the model solu
t ion, while welding speed is simultane
ously adjusted to maintain the correct 
reinforcement. Desired heat input and 
reinforcement values may be changed 
during welding. Releasing the weld 
start/stop switch causes a downslope to 
zero electrode speed and welding speed 
along with deactivation of the power 
supply contactor. The first loop is then 
reen tered. 

Experimental Studies 

An initial series of 35 welds was made 
for model calibration using three contact 
tube-to-workpiece distances, three open 

Time{s) 15 20 25 

Time (s) 

Fig. 8 — Behavior of controller during Weld T22. A — Digitized current as a function of time; B — current as a function of time as measured by 
the computer-controlled GMA welding machine; C— current calculated by the model as a function of time; D — controller error signal as a 
function of time; E — CT calculated by the model as a function of time; F — electrode speed as a function of time; G — welding speed as a 
function of time; H — calculated heat input per length of weld; I — calculated reinforcement as a function of time. 
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circuit voltages, and a variety of elec
trode speeds. These welds were made 
with 0.89-mm (0.035 in.) diameter Type 
ER70S-6 electrode, A r - C 0 2 shielding 
gas, on 1 2.7-mm (Vi-in.) thick Type A-36 
steel plate in a bead-on-plate configura
tion. Results are given in Table 1. 

Test welds, using the model to con
trol reinforcement and heat input, were 
made on both 9.5- and 1 2.7-mm (3.8-
and '/>-in.)-thick plate. Initial welding tri
als indicated that model performance is 
not adequate for open loop control of 
the G M A W process. Consequently, a 
feedback control scheme was developed 
in which actual welding current is mea
sured and compared to the value pre
dicted by Equation 12. 

Additional welds were made to quan
tify the heat transferred to the base metal, 
in order to determine a value for the heat 
transfer efficiency (n,). These welds used 
a 76.2 X 1 27 X 1 2.7-mm (3 X 5 X 56-in.) 
plate specimen which was immersed in 
a l iquid nitrogen calorimeter (Ref. 13) 
to measure heat input. Weld beads 60 
to 1 00 mm (2.4 to 4 in.) long were de
posited in the flat position. This work is 
described elsewhere (Ref. 14). A series 
of welds was then made using the model 
to control reinforcement and heat input 
with feedback control. A major portion 
of the welds were made to determine 
suitable controller gains and identify re
alistic test parameters, thus data are not 
shown for all welds in this paper. 

Controller Gains 

Digital PI controllers may be tuned 
in the same manner as analog PI con

trollers provided the sampling^frequency 
is relatively high. Following Astrom and 
Wittenmark (Ref. 10), using the transient 
response method of Ziegler and Nichols, 
the controller gains were estimated to 
be in the ranges of Kp = 0.02 to 0.4 and 
Kj = 0.02 to 4.0. In this work, values in 
these ranges were used as starting points 
and further tuning was done empirically. 
Addit ional tuning was necessary be
cause the sampling frequency in this 
work is moderately low and the esti
mated gain ranges are large. Nonethe
less, the controller gains are in the esti
mated ranges found by the transient re
sponse method. 

Welds were made (using the Philips 
power supply) to evaluate effects of 
changing proportional and integral gains 
in Equation 15. For example, Fig. 7 
shows current and voltage measure
ments taken with a HP 71 32A strip chart 
recorder during a weld (T22) made with 
a heat input of 1 600 J/mm (41 kj/in.), re
inforcement area of 40.4 mm2 , Kp = 0.07 
and K| = 0.05 and changes in CT limited 
to ±10 mm. Figure 7 shows a stable 
process start-up with spray transfer of 
metal. In similar experiments, gains for 
use with a Linde SVI power supply were 
found to be IC = 0.1 and K, = 0.1 5 with 
changes in CT not limited. 

Figure 8A-8I illustrates in more de
tail the behavior of the controller dur
ing weld T22 . In Fig. 8A, weld current 
is shown, taken at a digit iz ing rate of 
250 Hz. Data were taken by a separate 
data acquisition system (Hewlett-
Packard Model 9000 Series 200 com
puter with an internal analog-to-digital 
converter). In Fig. 8B, welding current 

is shown as measured (filtered) by the 
welding system computer, and the cur
rent calculated by the model is shown 
in Fig. 8C. The error signal in Fig. 8D is 
the difference between current values 
shown in the two previous figures. The 
resulting controller output (CT) is shown 
in Fig. 8E. CT rapidly (< 3 s) approaches 
its steady-state value. This results in sim
ilar, rapid attainment of nominal steady-
state values for electrode speed (S) and 
welding speed (R), Fig. 8F and G. Weld 
heat input per length of weld is shown 
in Fig. 8H, and calculated reinforcement 
is shown in Fig. 81. Reinforcement is 
controlled by ensuring that the ratio of 
electrode speed to weld speed satisfies 
Equation 11. Consequently, in all welds 
the plot of G vs. t is similar, and the only 
variations are due to round-off errors. 

Steady-State Performance 

In order to evaluate the steady-state 
error of the control model, a series of 30 
welds was made, three each at rein
forcement areas of 1 5, 20, 25,...60 mm2 . 
The respective heat inputs per length of 
weld were set to achieve spray transfer 
of molten metal to the weld pool. Heat 
input levels wi th in a set of three welds 
were identical. Reinforcement areas 
were measured by sectioning, 
macroetching, and using a digitizer and 
area-measuring algorithm on macropho-
tos of approximately 3X magnification. 
Heat inputs were measured using a liq
uid-nitrogen calorimeter technique de
scribed elsewhere (Refs. 13, 14). Mea
sured reinforcement is plotted as a func
tion of desired reinforcement in Fig. 9A; 
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measured heat input per length of weld 
is plotted as a function of desired values 
in Fig. 9B. In both cases, measured val
ues are very close to desired values, and 
the behavior is very linear. 

Transient Performance 

Although this work is mainly con
cerned with the development of a con
trol model, some examples of controller 
dynamic performance are also pre
sented. Three transient events have been 
examined in this work. The first of these 
is the start of the process. As described 
above, the controller does not function 
during the first second of welding. Pro
vided parameters have been selected to 
obtain spray transfer of molten metal to 
the weld pool , the start of the process, 
at least with the Philips transistorized 
power supply used, is completed before 
the controller activates. A resulting 
process start is seen in Fig. 4. This be
havior is essentially equal to a conven
tional GMAW start. The use of a com
puter data-acquisition system to obtain 
welding current values during the first 
several seconds of welding illustrates the 
rapid rate at which the electrode melt
ing process approaches equil ibrium. In 
Fig. 4, it is seen that current is very close 
to the steady-state level within less than 
about 0.1 s. (The apparently slow ap
proach to steady state shown in Fig. 7 is 
due to the fact that strip chart recorders 
generally function as low-pass filters. In
deed it does not require much filtering 
to introduce error into the data as may 
be seen by the effect of the 1 -Hz low-
pass Butterworth filter in Fig. 4, where 
it apparently has required about 0.5 s 
for the current to reach nominal steady 
state.) The controller used in this work 
does not function for the first three pro
gram iterations, i.e., the first second of 
welding. Thus, the rapid attainment of 
nominal steady-state current during 
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Fig. 10 — Heat input 
per length of weld as 
a function of time for 
Weld T65. Note step 
decrease in H at 7 s, 
followed by step 
increase in H at 17 s. 

start-up in weld T22 is due to the fast re
sponse of the transistorized power sup
ply. The open-loop process is highly 
damped and stable over most of the op-
erating range, presumably due to the 
strong coupling between the electrical 
and thermal aspects of the process. The 
behavior of the process for times greater 
than about 1 s is dominated by the char
acteristics of the controller. It is impor
tant in application of a feedback con
troller to the process that it remain sta
ble. The present controller results in sta
ble dynamics and damping is adequate. 

The second transient event studied 
involved step changes in desired heat 
input whi le maintaining reinforcement 
constant. In Fig. 1 0, heat input per length 
of weld is plotted as a function of time 
for a weld in which the initial heat input 
was set at 1 600 J/mm with reinforcement 
held at 40.4 mm 2 . About 7 s into the 
weld the heat input was changed step-
wise to 1 400 J/mm (36 kj/in.) and then 
returned to about 1 600 J/mm at 1 7 s into 
the weld. There is slight overshoot in the 

heat input value, fol lowed by rapid 
decay to the new value for both changes. 
This behavior is representative of a 
slightly underdamped second-order sys
tem. The response of the system is good, 
requiring about 3 s to pass the transients. 
The amount of overshoot is small 
enough to be acceptable. 

The third transient, representative of 
some extreme disturbance, involved ex
tinguishing the arc briefly. Fig. 11A 
shows current plotted as a function of 
time for Weld T45. At about 3.6 s into 
the weld a wire was inserted into the arc, 
shorting it. The disturbance lasted ap
proximately 1 s. The resulting error sig
nal (e(t)) is plotted as a function of time 
in Fig. 11 B. Although this is a major tran
sient event, the controller is sufficiently 
robust to overcome the disturbance 
rapidly. 

Conclusions 

This work presents derivation and 
evaluation of a steady-state model of the 

B 

Time (s) 
15 20 25 

Time (s) 

Fig. 11 — Controller behavior for Weld T45 in which the arc was extinguished briefly at 3.6 s. A — Digitized current as a function of time; B • 
controller error signal as a function of time. 
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G M A W process, suitable for feedback 
control. The model is based on physical 
consideration of the process, and sim
plif ications have been made to al low 
timely computation. A simple feedback 
control scheme is used to demonstrate 
model application. At least two aspects 
of the control scheme are unusual and 
deserve comment. First, a steady-state 
model solution is used to control a dy
namic process. Second, a multivariable 
process is controlled using a single feed
back loop. 

Three phenomena occur in the 
G M A W electrode melting process. 
These are electrical current f low, heat 
flow, and mass transfer. Of the three, the 
flow of electrical current dominates the 
behavior of the process, for it is current 
that generates heat and produces the 
major forces resulting in mass transfer. 
The t ime constant associated with 
changes in electrical current is much 
smaller than those associated with heat 
and mass transfer. But even so, heat and 
mass transfer occur at sufficiently high 
rates that their time constants can be ef
fectively ignored. In addit ion, the 
process is stable during open loop op
eration. Thus, we are able to use a 
steady-state model solution for control 
purposes, even though this is not nor
mally considered good practice. 

The opportunity to use a single feed
back loop for control results from dom
ination of the process by the flow of elec
trical current. If we select the correct 
current, we wi l l obtain the correspond
ingly correct heat transfer. The func
tional form of the model contributes to 
the low steady-state error, and allows us 
to obtain the correct mass transfer. 

In welds made with the control model 
during this work, various droplet trans
fer modes have been encountered. Sat
isfactory operation has been obtained 
during globular, spray, and streaming 
transfer. This allows the operating range 
to be shown in terms of heat input and 
reinforcement. Figure 2B presents such 
an operating range for carbon steel wire 
and base metal, A r - 0 2 shield gas, and 
certain other conditions such as voltage, 
contact tube-to-workpiece distance, and 
electrode diameter which may affect the 
position of the operating range in the 
domain. 

It should be noted that our ability to 
take advantage of unique aspects of the 
GMAW process to simplify the control 
scheme does not imply that a similar ap
proach can be used successfully for 
other processes. 

Therefore, in summary are the fol
lowing: 

1) A steady-state model of G M A W 
electrode melting and workpiece heat 
and mass inputs has been successfully 
applied to the problem of independently 

controlling weld heat and mass inputs. 
2) A simple proportional-integral 

controller has been developed, and con
troller gains determined to allow stable 
operation; a digital signal fi ltering rou
tine is included. 

3) A computer-control led G M A W 
machine has been developed which is 
suitable for use as a front end to either 
a conventional constant-voltage or a 
transistor-regulated power supply. 
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Appendix A 

Mathematical Basis for a Model of Weld 
Heat and Mass Input Control 

Consider the electrode volume ele
ment (of cross-sectional area A and 
length dx) shown in Fig. 1. Applying 
conservation of energy to that volume 
element with sign convention based on 
energy transport into (or generation 
within) the element being positive, gives: 

dU AQ AW 
dt At At (Al) 

where U is internal energy of the ele
ment, t is time, Q is heat, W is work, and 
t is time. Since 

AW 

At 
is zero, we need only solve for 

two terms of (A1) 

f-«wn~f 
(A2) 

and 

AQ 
At 

{Qx+dx-Qx) + 

I2P(T) 
dx 

(DTidxeoT*) (A3) 

where 8 is density, Cp is specific heat, T 
is temperature, t is time, x is location, I 
is current, p is electrical resistivity, D is 
electrode diameter, e is emissivity, and 
a is the Stefan-Boltzmann constant. The 

three terms on the right side of Equation 
A-3 are heat conduction up the elec
trode, Joule heating of the electrode, and 
heat loss from the electrode by radia
tion. 

Substituting Equations A2 and A3 into 
A l and expanding Q x + C j x in a Taylor 
series in x (Ref. 11), we now have 

SCpAdx 
dt 

Qx-Qx + ^ d x + 
dx 

1 d'Qx , , 
2 dx2 

+—p{T)dx-Dndx£oT4 

(A4) 

Dividing by dx and taking the l imit as 
dx-»0 

<5cpA^ = f ^ 4 P ( r ) -
1 dt dx A 

DKECJT4 (A5) 

Fourier's Law states 

dT 
Qx = -kA 

dx 

where k is thermal conductivity. Thus, 
dividing by A 

ScPyi-_-A*L+ 
dt dx 

A A 
(A-6) 

Using the chain rule, 

dT 

dt 

But 

dx 

dx dT 

dt dx 

dt 

dt~ dx 
(A7) 

where S is electrode speed. Substituting 
Equation A7 in Equation A6, we have 

SCpS 
dt 

-d\k 
dT^ 

dx 

dx 
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A 
DneoT* 

(A8) 
Assuming that radiation heat loss from 
the electrode is small 

SCpS 
dx 

-d\k 
dx 

dx 
-P(T) 

(A9) 
where the left-hand term is internal en
ergy and the right-hand terms are con
duction and Joule heating, in that order. 
This equation wi l l be evaluated at the 
point x = L (in Fig. 1) and T = Tm , i.e., 
the melting temperature. 

Neglecting a change in sign conven
t ion, Equation A9 is the same as Equa
tion 1 in Waszink and Van den Heuvel 
(Ref. 3). Thus from this point one may 
derive their Equation 8, see our Equa
tion 2. 

In the next part of the derivation, con
sider the tip of the electrode (x = L). It is 
recognized that power, Iz, is generated 
at the surface of the l iquid tip by elec
tron absorption, where z is a voltage. 
Part of this power heats the liquid drop 
and increases its temperature. There is 
also heat f low from the anode spot to 
the solid through the liquid tip. This heat 
flow is the conduction term in Equation 
A9. Waszink and Van den Heuvel have 
characterized this heat f low as Q' in the 
expression: 

(A10) 
are constants, 

Q'=(pI~H*m'-Q'* 
where (p* , H* , and Q " 
and m' is mass flow rate. 

However, the amount of heat con
ducted through the drop to the solid 
electrode can also be expressed as a 
fraction, n,', of the total power: 

ff-W (All) 
where Va is arc voltage and T|'Val is also 
equal to the conduction term in Equa
tion A9. 

The Joule heating term in Equation 
A9 can be expressed as IVW, where V w 

is the voltage drop in the electrode. 
To evaluate the internal energy, one 

assumes that the l iquid/solid interface 
occurs at x = L, and that the tempera
ture at this point is Tm. Although we do 
not know the functional form of 

dT 
dx 

i.e., the temperature distribution along 
the length of the solid electrode (and 
therefore cannot evaluate 

we can calculate the amount of internal 
energy which the electrode must con
tain at the point where it just melts. This 
is given simply by 

ASSJT
T"-(Cp(T)dt + Hf) 

where Ht- is the heat of fusion. 

Summing these components gives 

A8SJ*"(Cp(T)dt + Hf) = 

ivw + r,'rva (A12) 

which states that, at steady state, the 
power required to just melt the electrode 
is the sum of the Joule heating contribu
tion and the power conducted from the 
anode spot to the solid portion of the 
electrode. (This result wi l l be used later.) 

Now consider the heat input (H) to 
the workpiece per unit length of weld 
given by 

where E is voltage, I is current, R is weld
ing speed, and n, is the heat transfer ef
ficiency. 

The weld bead reinforcement (G), de
fined as the transverse cross-sectional 
area of the deposited metal, is given by 

G=sp^ 
AR 

(A14) 
where S is the electrode speed and d is 
the electrode diameter. 

The output voltage of the power sup
ply E is given by 

E = E.+nI=H 
dl_ 

di 

H = 
ElT] 

R (A13) 

(A15) 
where E0 is the open circuit voltage of 
the supply (i.e., at zero load), n is the ef
fective slope of the supply (i.e., the com
bined effects of power supply slope and 
secondary circuit resistance), H is the 
power supply secondary circuit induc
tance, and t is time. 

Current is maintained by the power 
supply consistent with the contact tube-
to-base-metal resistance, which is de
termined by the electrode extension and 

Table 2 -

Test 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 

Equations 10 and A-23 — I and S Predictions 

Current 
(A) 

Measured 

192 
186 
185 
165 
210 
213 
193 
237 
248 
253 
227 
180 
175 
172 
153 
201 
205 
198 
177 
230 
232 
226 
228 
168 
144 
174 
172 
192 
172 
181 
190 
213 
205 
209 
212 

1 

Calculated 

195.2 
190.7 
180.7 
161.9 
215.7 
206.9 
202.6 
239.6 
243.3 
246.5 
237.5 
189.7 
183.6 
159.3 
159.9 
192.4 
211.2 
203.9 
186.2 
234.6 
229.4 
224.5 
218.4 
157.4 
157.8 
180.6 
168.2 
200.5 
167.2 
166.9 
187.5 
221.4 
199.3 
207.4 
215.3 

Electrode Speed, S 

Measured 

183.8 
171.7 
158.4 
121.1 
175.3 
157.0 
138.3 
176.8 
197.3 
213.5 
164.0 
183.8 
171.7 
154.8 
121.1 
159.2 
195.9 
175.3 
138.3 
213.5 
197.3 
179.0 
164.0 
154.8 
121.1 
183.8 
171.7 
195.9 
138.3 
157.0 
175.3 
213.5 
164.0 
179.0 
197.3 

mm/s) 
Calculated 

186.2 
175.0 
155.6 
1 19.3 
178.9 
153.6 
143.5 
178.2 
194.6 
209.6 
169.5 
191.3 
178.3 
144.9 
125.5 
153.9 
200.3 
179.3 
143.9 
216.7 
195.7 
178.1 
159.3 
146.9 
130.5 
189.2 
168.7 
202.6 
135.2 
147.2 
173.5 
219.8 
160.5 
177.9 
199.6 

Quadratic 
Root From 

Equation A-23 

0.00386 
0.00287 
0.00123 

-0.00216 
0.00605 
0.00372 
0.00280 
0.01000 
0.01148 
0.01283 
0.00921 
0.00311 
0.00200 

-0.00013 
-0.00303 

0.00163 
0.00571 
0.00382 
0.00084 
0.00984 
0.00796 
0.00638 
0.00468 

-0.00153 
-0.00402 

0.00186 
0.00041 
0.00383 

-0.00184 
-0.00013 

0.00142 
0.00682 
0.00170 
0.00316 
0.00504 
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arc resistance, and the contact tube-to-
workpiece voltage. Power consumed by 
the process is the sum of that consumed 
by resistive heating of the electrode and 
that consumed in the arc as 

IE = IK + IV, ( A . 1 6 ) 

where V w is the voltage drop along the 
electrode and Va is the voltage drop 
across the arc. 

Finally, Ohm's law is used to deter
mine power consumption in the arc 

Substituting Equation A15 into Equation 
A20, ignoring the inductance term 

lie 

solving for S 

I E..+nl) = A8SH...+\ n')i2%, 
(A21) 

rearranging terms, and combining 

[n-(\-ir)%i]f- + 

EJ-A5SHm=0 
and solving for I 

(A22) 

IV. = I2Sl, (A-1 7) 
-E..+ 

where both sides of Equation A-1 7 are 
multiplied by the current, and Ra is the 
arc resistance. Solving Equation A12 for 
IVW and substituting in Equation A1 7 

^ + 4 ( n - ( 1 - r r R ) ( ^ | j 

IVu = ASSH„, 

where 
rft*. (A18) 

2 [ ( l - 1 ' R - » ] 

(A23) 
Equation A14 is substituted into Equa
tion A13, giving 

77 = 
ElT]*G 

AS (A24) 

H,„=\i:Cp(T)dT+Hf ( A 1 9 ) 

Combining Equations A1 6 and A18 

IE = A8SHm + (1 - ? ? ' ) / X (A20) 

Substituting Equation A1 5 into Equation 
A24, again neglecting the inductance 
term, gives 

If 
Eor\*Gi + nijGT 

AS (A25) 

Table 3 — Equations 10 and 12 — I and S Predictions 

Test 
No. 

2 
3 
4 
5 
6 
7 
8 
9 

ID 

I I 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
10 
31 
32 
33 
S4 
35 

Current, I 

(A) 
Measured Calculated 

192 
186 
185 
165 
210 
213 
193 
237 
248 
253 
227 
180 
175 
172 
153 
J i l l 

205 
198 
177 
230 
232 
226 
228 
168 
144 
174 
172 
192 
r i 
181 
190 
213 
205 
209 
212 

194.9 
190.7 
184.1 
171.4 
213.0 
203.1 
199.4 
233.6 
240.6 
247.1 
230.0 
182.5 
177.9 
169.96 
159.1 
191.5 
208.4 
200.6 
188.3 
238.2 
224.1 
221.8 
214.3 
154.3 
145.7 
167.2 
161.5 
197.0 
173.8 
180.3 
186.6 
228.0 
204.6 
210.9 
218.5 

Electrode Speed, S 
(mm/s) 

Measured Calculated 

183.8 
171.7 
158.4 
121.1 
175.3 
157.0 
138.3 
176.8 
197.3 
213.5 
164.0 
183.8 
171.7 
154.8 
121.1 
159.2 
195.9 
175.3 
138.3 
213.5 
197.3 
179.0 
164.0 
154.8 
121.1 
183.8 
171.7 
195.9 
138.3 
157.0 
175.3 
213.5 
164.0 
179.0 
197.3 

185.9 
175.9 
157.8 
124.8 
177.2 
151.5 
141.8 
174.9 
193.0 
209.9 
165.6 
185.7 
173.9 
152.3 
125.0 
153.4 
198.7 
177.0 
145.2 
219.0 
195.5 
176.5 
157.1 
144.6 
122.3 
178.1 
163.3 
199.8 
139.4 
156.5 
172.9 
224.7 
163.7 
180.8 
202.6 

S-
Eorj*Gi + nrjGI-

AH (A26) 

where I is equivalent to Equation A23, 
Equation A26 is the same as Equation 
10, and 

R = ^ 
G (A27) 

Note that Equation A27 is the same 
as Equation 11, and Equations A23 and 
A26 are both functions of I and S. 

Two terms in Equation A23 need 
evaluation, r\' and Ra. The first, r\', is ef
ficiency of heat transfer from the arc to 
the electrode, which for our purposes is 
defined as 

n 

dQ 

dt 

El 
(A28) 

where Q is heat transferred from the arc 
to the electrode. 
Results from Waszink and Van den 
Heuvel (Ref. 3) give 

dQ 

dt 
6 7 - 0 . 7 x l O W - 1 2 5 

(A29) 
for an electrode diameter of 1.2 mm, 
where electrode melting rate is 

SSKD2 

m = 

The electrode diameter used in this work 
was 0.89 mm, but Equation A29 (which 
is the same as Equation A11) is used as 
the best available approximation. Sub
stituting Equation A29 into A28 gives 

,_ 6 7 - 3 4 1 5 5 - 1 2 5 

(E +nl)l 
(A-30) 

For conditions used in this work, values 
of n,' have been calculated and listed in 
Table 1. 

A statistical analysis program, SAS 
(Ref. 1 5), was used to determine the arc 
resistance (Ra) values which give the best 
agreement between actual and calcu
lated currents; values range between 
0.10 and 0.1 5 Q. In addit ion, the best-
fit Ra values were obtained for n,' = 
0.092, this fit being of the functional 
form: 

SRo =K0 + K,(CT) + K2E-

K3I + K4(CT)E0 

where K0, K, 
A-31) 

K2, K3, and K4 are con
stants and CT is contact tube-to-work
piece distance. Using the average TJ' and 
associated Ra values, Equation A23 was 
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eva lua ted ; the ca lcu la ted current values 
are l isted in Table 2 . The standard dev i 
a t ion of the ca lcu la ted cur rent was ± 7 . 5 
A , fo r the e l e c t r o d e speed it w a s + 5 . 1 
mm/s . H o w e v e r , cer ta in w e l d s resulted 
in negative values for the quadrat ic term 
in Equat ion A 2 3 . Arb i t ra r i l y e l im ina t i ng 
these nega t i ve va lues gave a s tandard 
dev ia t i on for cu r ren t of + 5 . 8 A , and for 
e lect rode speed of ± 3 . 9 mm/s . 

Ca lcu la t ion of Equation (A23) proved 
to be too t i m e c o n s u m i n g for c o n t r o l 
l ing the w e l d i n g hardware w i t h the soft
w a r e used , w h i c h is in an i n te rp re t i ve 
l anguage . T o o v e r c o m e th i s p r o b l e m , 
the l iberty was taken of using a SAS-de-
r ived (Ref. 15) equat ion for current : 

7 = K\t +K\ (CT) + K'2 E0 + K'} S 

(A-32) 
w h e r e the K1 terms are again constants. 
Equat ionA32 is the same as Equat ion 1 2. 
Results o f us ing th is e q u a t i o n in p lace 
of Equat ion A 2 3 are s h o w n in Tab le 3 . 
Equa t ion A 3 2 is s l i gh t l y less accu ra te 
than Equat ion A 2 3 in p red ic t ing current . 

Equa t ion A 2 6 is of t he same func 
t i o n a l f o r m in I as L e s n e w i c h ' s Equa-
t i o n l 2 (our Equat ion 1) and Wasz ink and 
Van den H e u v e l ' s s im i l a r Equa t ion 37 
(our Equa t i on 2) . It may be no ted that 
the f unc t i ona l f o r m of Equat ion A - 2 6 is 
governed by the subst i tut ion of Equation 
A1 5 into Equat ion A 2 4 . That is, the order 
o f Equa t ion A 2 6 in I is d e t e r m i n e d by 
the p r o d u c t of I t imes the g o v e r n i n g 
e q u a t i o n f o r t he p o w e r s u p p l y . If the 
power supply is l inear in I the heat input 
to the w e l d w i l l be quadrat ic in I. 

Recent w o r k by K im , ef al. (Ref. 16), 
has s h o w n tha t there are c o n d i t i o n s 
under w h i c h the quadrat ic f unc t i on form 
discussed above does not h o l d . Spec i f i 
ca l ly , the anode spot on the l i qu id d rop 
on the e lec t rode w i r e end may enve lop 
the d rop , ex tend ing on to the w i r e above 
the d r o p . Th is results in an offset or j og 
in the me l t ing rate vs. current curve . W e 
have not a t t emp ted to i n c l u d e th is a d 
d i t iona l term in our analysis, but rely on 
the con t ro l l e r to compensa te for its oc 
cur rence. 

Appendix B 

Terminology 

m ' e Electrode me l t ing rate 
A Electrode cross-sect ional area 
I Ca lcu la ted current 

L 

Ci-C s 

Vw 

Tl' 

Va 

8 
S 

H m 

1) 
R 

cp 
T 

Hf 

To 
Ts 

l-l 

1-

n 
G 

Eo 

n 
H 
t 

Ra 
Q 
K0-K4 

CT 

K'crK'] 
Y 

hi 
Xi 

z 

c 
bi 

Kp 
eft) 

Ki 
J 
U 
W 
x 

P 
e 
a 
k 

Tn, 
Z 

<p*,H*, 

Electrode extension 
Constants 
Voltage drop along electrode 
Arc to electrode heat transfer 

efficiency 
Voltage drop across arc 
Density 
Electrode feed speed 
Total heat required for a unit 
volume of material to go from 

T0 to Ts 

Electrode diameter 
Welding speed 
Specific heat 
Temperature 
Heat of fusion of a unit volume 
of material 
Ambient temperature 
Superheat temperature 
Heat input per unit length of 
weld to base metal 
Secondary circuit voltage drop 
Process to base metal heat 
transfer efficiency 
Weld bead reinforcement 
Power supply open circuit 
voltage 
Effective power supply slope 
Secondary circuit inductance 
Time 
Arc electrical resistance 
Heat transferred to electrode 
Constants 
Contact-tube-to-base metal 
distance 
Constants 
Finite impulse response filter 
output 
Constant 
Shunt voltage measurement 
Infinite impulse response filter 
output = J 
Constant 
Constant 
Controller proportional gain 
Error signal input to controller 
as function of time 
Controller integral gain 
Measured, filtered current = Z 
Internal energy 
Work 
Distance down along 
electrode 
Electrical resistivity 

Thermal emissivity 
Stefan-Boltzmann constant 
Thermal conductivity 
Melting temperature 
voltage of absorbed electron 

Q'* Constants 
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