
Active Metal Transfer Control by 
Monitoring Excited Droplet Oscillation 

Downward momentum of the oscillated droplet is employed to 
enhance droplet detachment and detachment controllability. 

BY Y. M. ZHANG,  L IGUO E AND R. KOVACEVIC 

ABSTRACT. Controlled metal transfer 
implies controllable heat and mass in- 
puts and improved weld quality. Success 
of previous methods has been hindered 
by uncertainty in droplet detachment. In 
the proposed approach, an oscillation of 
the droplet is excited by switching the 
current from a peak level to a base level 
to initiate an active detachment period. 
The droplet oscillation is then monitored. 
When the droplet moves downward, the 
current is switched back to the peak 
level, which creates an ejection action 
and concludes the active detachment 
period. The droplet is detached by down- 
ward momentum and the increased cur- 
rent-induced electromagnetic force. 
Growth period of the succeeding cycle 
begins. The utilization of downward mo- 
mentum eliminates the need for a very 
high current to detach the droplet, which 
is conventionally used in pulsed gas 
metal arc welding (GMAW-P). This elim- 
ination guarantees that no unexpected 
detachment occurs during the growth 
period. Also, reliable high-frame rate 
vision monitoring of the oscillating drop- 
let guarantees that downward momen- 
tum wil l  correspond with the ejection 
action. Hence, the metal transfer process 
can be precisely controlled. Experimen- 
tation has been conducted to demon- 
strate the effectiveness of the proposed 
approach in achieving the desired metal 
transfer process. 

Introduction 

Gas metal arc welding (GMAW) is the 
most widely used arc welding process. In 
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comparison with gas tungsten arc weld- 
ing (GTAW), GMAW has a much higher 
productivity. This higher productivity is 
attributed to its consumable electrode. 
As the electrode melts, a droplet devel- 
ops at the end of the electrode until 
detaching and transferring to the weld 
pool. This process - -  referred to as metal 
transfer process-- plays a significant role 
in determining the arc stability and weld 
quality. The control of this process his- 
torically has been an active research area 
in welding (Refs. 1-4). 

Droplets transfer to the weld pool 
in three major distinct modes: short- 
circuiting, globular and spray (Ref. 5). 
Spray transfer can be further classified as 
drop (projected) spray and streaming 
spray based on drop size. (The diameter 
of the drop is approximately equal to the 
diameter of the electrode in drop spray or 
much smaller in streaming spray.) When 
welding current is small and/or arc length 
is short, the droplet may not be detached 
until it contacts the pool, resulting in 
short-circuiting transfer. If the current in- 
creases but is not large enough to gener- 
ate sufficient electromagnetic force to 
detach the droplet, the droplet may sur- 
pass the electrode wire and be detached 
mainly by gravity. The resultant transfer is 
globular. When the current further 
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increases to the level higher than the so- 
called transition current (Ref. 6), transfer 
wil l become drop or streaming spray. 

Streaming spray is characterized by its 
directional transfer of droplets. Because 
droplets are very small in size and trans- 
fer frequency is very high, arc length does 
not change significantly during welding. 
The resultant welding process is very 
stable. However, high-speed impact of 
droplets may produce finger-shaped 
penetration, which is associated with 
poor mechanical properties (Ref. 7). In 
globular transfer, instability, spatters and 
a broad weld pool can always be ex- 
pected. Hence, its application in pro- 
duction is rare. On the other hand, drop 
spray is generally characterized by uni- 
form droplet size, regular detachment, 
directional droplet transfer and insignifi- 
cant spatters; thus, it is often the preferred 
process (Refs. 4-8). However, the current 
range for generating drop spray is very 
narrow and varies with many welding 
conditions, i.e., electrode material, elec- 
trode diameter, shielding gas and elec- 
trode extension (Refs. 9- 10). The narrow 
range generates two problems: 

1) The current and heat input asso- 
ciated with drop spray are too high to 
apply to thin-sectioned or heat-sensitive 
materials. 

2) Because the narrow range is de- 
pendent upon welding conditions, drop 
spray may not be guaranteed by using 
pre-selected welding parameters. 

Previous Efforts and Their Analyses 

Pulsed GMAW 

In an effort to solve the above two 
problems, pulsed current has been used 
(Refs. 3, 8-13). In GMAW-P, a low base 
current is used to keep the arc on and a 
higher peak current is used to melt the 
electrode and detach the droplet. Hence, 
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average current and heat input can be 
lowered so that the high-heat input prob- 
lem can be resolved. However, the sec- 
ond problem is much more difficult. A 
solution to this problem in GMAW-P is to 
produce one and only one drop per 
pulse, called one-drop-per-pulse (ODPP) 
(Reg. 11-13), by properly selecting the 
duration of the peak current. To guaran- 
tee the detachment, i.e., to avoid one- 
droplet-multiple-pulses (ODMP), the 
peak current must be larger than the tran- 
sition current (Ref. 13). At such a high 
current, droplets can form and transfer 
very quickly. The range of the peak cur- 
rent duration for generating ODPP is 
therefore narrow. If the duration of the 
peak-current period is longer, multiple 
drops may be detached in a single pulse 
(Ref. 14), resulting in a streaming spray 
transfer. Or, if the duration is shorter, 
ODMP may occur (Ref. 11). Optimal 
peak-current duration depends upon 
welding parameters and conditions. To 
determine the optimal peak-current du- 
ration, studies have been conducted to 
experimentally correlate wire feed 
speed, peak-current level, peak-current 
duration, base-current level and base- 
current duration for given electrode ma- 
terial, electrode wire diameter and 
composition of shielding gas (Refs. 
11-13). However, because of the nar- 
rowness of the optimal range and its de- 
pendence upon welding conditions, 
such an open-loop selection of the dura- 
tion is often not robust with respect to 
welding parameters and conditions. 

The above intuitive observation can 
be supported by a more detailed analy- 
sis. In fact, in GMAW-P, a droplet keeps 
growing as the electrode is melted during 
peak-current period. The change in 
droplet volume and gravity cause both 
geometry and mechanics of the droplet 
to change gradually. Before the droplet 
detaches, detaching force and retaining 
force are balanced. For given material 
and diameter of the electrode, maximum 
surface tension, the major retaining force 
generated at the interface between the 
solid wire and the melted droplet, is 
fixed. When the surface tension required 
to balance the increasing detaching force 
exceeds this maximum, the droplet de- 
taches. Hence, the detachment of the 
droplet in conventional GMAW-P is a 
natural result of progressive development 
of force balance. Also, both detaching 
and retaining forces are dependent upon 
many welding parameters and condi- 
tions difficult to accurately control dur- 
ing welding. Hence, the progressive 
nature of force balance in GMAW-P 
causes the detachment instant to vary 
with welding parameters and conditions. 

The detachment 
instant of an in- 
dividual droplet 
influences the m 
development of I 
droplets in suc- 
ceeding cycles. 
Such influence 
is accumulated. If 
welding parame- 
ters and conditions 
vary so that the 
volume of the 
detached droplet 
is smaller than the 
volume melted in a Fig. 1 - -  Experimental setup. 
cycle, the detach- 
ment instant will 
shift toward the front edge of the peak 
current pulse. Accumulated effect will fi- 
nally result in two droplets detached in 
some single-peak duration. Otherwise, if 
the volume of the detached droplet is 
larger than the volume melted in a cycle, 
some cycles may have no drops at all. 

D e t a c h m e n t  D e t e c t i o n  

If the detachment instant can be de- 
tected, welding current may be switched 
to the base current after detachment to 
prevent multiple drops in a single pulse. 
Based on this idea, arc voltage and weld- 
ing current have been sensed to detect 
the detachment instant (Refs. 15-18). 
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Audio emissions caused by the arc jump 
from the tip to the root of the droplet have 
also been used (Ref. 16). To acquire a 
more reliable signal, Wang and Li (Ref. 
19) welded mild steel using a mixed 
shielding gas (85%Ar and 15%CO 2) and 
aluminum using pure argon. It was found 
that the arc root on the pendent droplet 
forms a metal vapor source emitting arc 
light. When the neck breaks, the arc root 
covering the pendent droplet extin- 
guishes instantaneously and promptly 
"jumps" onto the new tip of the electrode 
wire. This change decreases the arc emis- 
sion flux significantly. After the detach- 
ment of the droplet, arc root spreads on 
the electrode tip and arc light flux in- 
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Fig. 2 - -  Experimental observation o f  the excited droplet  osci l lat ion and detachment. 
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creases. Based on this phenomenon, arc 
light flux variation has been used as a sig- 
nal to detect the detachment. 

Although these methods can obtain 
ODPP, detachment instant and droplet 
size are variable. In the present work, an 
approach will be proposed to achieve 
ODPP with controlled detachment in- 
stant and droplet size. 

Experimental Setup and Conditions 

The experimental setup is shown in 
Fig. 1. The power supply is an inverter arc 
power source. This power supply can be 
used for either constant current (CC) or 
constant voltage (CV) mode. In this work, 
CC mode is used. 

Mild steel electrode wire is used. The 
diameter is 1.2 mm (0.045 in). Pure argon 
and 95%Ar + 5%CO 2 have been used as 
shielding gas. The arc voltage levels are 
25 V for pure argon and 30.5 V for 
95%Ar + 5%CO2. Peak current is about 
220 A, lower than the transition current, 
and base current is about 50 A. 

The high-frame rate imaging system 
shown in Fig. 1 will be used to monitor 
the motion of the droplet during experi- 
ments. (High-speed photo cameras have 
been used to film the metal transfer pro- 
cess [Reg. 20-22] for off-line analysis.) 
Resolution of the high-frame rate camera 
used is 128 x 128, but 800 frames of im- 
ages are outputted from the camera in a 
second as video signal for on-line com- 
puter analysis. The laser is projected by 
the left lens to travel toward the droplet/ 
wire and then the image plane (Fig. 1 ) as 
a set of parallel lights. Lights blocked by 
the droplet/wire will not reach the right 
lens and the image plane. The rest of the 
laser lights wil l illuminate the image 
plane and be viewed by the camera. It is 
known that the intensity of arc 
light quickly decays as the travel distance 
increases. If the distance from the arc to 
the right lens is sufficient, the arc light will 
be weaker than the parallel laser lights on 
the image plane. Consequently, the cam- 
era can image the geometry of the droplet 
and wire. This method is referred to as 
laser back-l ight ing technique (Ref. 21). 
An image-processing algorithm has been 
developed to analyze the image in real 
time (Refs. 23, 24). 

Proposed Approach 

Principle 

When the welding current is suddenly 
changed, an oscillation will be excited 
on the droplet at the electrode tip. This 
oscillation is referred to as excited oscil- 
lation o f  droplet. In Fig. 2, the current is 
about 220 A before it is switched to 50 A. 

Recorded vertical coordinates of the 
droplet tip given in the figure are obtained 
by the high-frame rate imaging system. 
Before the current is switched, no signifi- 
cant oscillation is observed. After the cur- 
rent is switched, oscillation occurs. 

In the proposed approach, a pulse 
cycle is divided into two periods: growth 
period and detachment period. In the 
growth period, a current waveform, 
which is designed based on the desired 
average current and is below the transi- 
tion current, is used. When the growth pe- 
riod ends, current is switched to the base 
level and the process enters the detach- 
ment period (at t = 3 ms in Fig. 2). As 
shown by the vertical coordinates of 
droplet tip (Fig. 2), the sudden change in 
welding current causes the droplet to 
oscillate vertically. When the droplet 
moves down, the current is changed back 
to a normal level (at t-- 16 ms in Fig. 2). 
The increased electromagnetic force and 
downward momentum detach the 
droplet. Hence, the proposed approach 
utilizes the mechanical momentum to re- 
duce the level of electromagnetic force 
required for droplet detachment so that 
high current can be avoided. 

The elimination of the use of high cur- 
rent not only reduces superheating-related 
fumes and material property damage, 
large drop initial speed caused high-speed 
impacts and resultant spatters, and burn- 
ing-through of thin-sectioned materials; it 
also resolves the problem of detachment 
irregularity associated with previous 
methods. In fact, in conventional GMAW- 
P, peak current must be larger than the 
transition current to guarantee that 
droplets be naturally detached with a size 
similar to the diameter of electrode. How- 
ever, in the proposed approach, detach- 
ment of the droplet is not a natural 
transition. The droplet is detached by an 
active control action. Hence, the current 
can be lower than the transition current. 
Under this current, a natural detachment 
can occur only when the droplet is signif- 
icantly larger than the diameter of the 
electrode. In our case, the increase of the 
droplet is controlled by the used current 
level and growth duration. Hence, no 
unexpected detachment could occur. 

Note that mechanical oscillation has 
been used to control metal transfer (Ref 4). 
In that case, oscillation is generated by a 
mechanical approach. The droplet is de- 
tached during the oscillation. The periodi- 
cal detachment is a result of a forced 
periodical oscillation. In the proposed ap- 
proach, oscillation is generated electri- 
cally. Also, detachment is caused by an 
electrical action and is a result of mechan- 
ical momentum and electromagnetic 
force combined. 
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Fig. 4 - -  Independence of droplet oscillation 
frequency on the excitation level. A - -  With 
higher excitation level, about 180 A; B - -  with 
one lower excitation level, about 150 A. 

Current Control 

The proposed approach must be 
able to be implemented at different 
current, or heat input, levels to meet the 
requirement from a wide spectrum of ap- 
plications. To this end, a specific wave- 
form of the current as shown in Fig. 3 
(i.e., inserting a duration of base level 
current after detachment) can be used to 
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control the average current. The insertion 
of base level current will divide the peak 
current duration into two periods: the 
ejection pulse and the succeeding growth 
period. To avoid a sudden increase in the 
detaching force, transition of the current 
from the inserted period to the succeed- 
ing growth period can be smoothed using 
a pre-set waveform - -  Fig. 3. 

The current waveform in Fig. 3 will be 
used to achieve ODPP transfer in control 
experiments. 

Monitoring of Excited Oscillation 

To synchronize the ejection pulse and 
oscillation phase, the excited oscillation 
of the droplet must be precisely monitored 
in real time. The high-frame rate camera 
system has been used to monitor the 
droplet oscillation with a 15 mm 2 field of 
view. The corresponding resolution is 0.12 
mm. It can be seen from the images given 
in this work that the resolution of the cam- 
era is sufficient to extract the geometrical 
parameters of the droplet. 

Note that for a practical application of 
the proposed approach in GMAW, a sim- 
pler sensor should be developed to mon- 
itor the droplet oscillation. The research 
team is currently working on the devel- 
opment of a low-cost, non-image sensor. 

O s c i l l a t i o n  a n d  D e t a c h m e n t  

In principle, the proposed approach 
takes advantage of the momentum of ex- 
cited oscillation to reduce the current 
level required for droplet detachment. 
However, in order to guarantee the de- 
tachment, certain conditions need to be 
satisfied. Discussion of these conditions 
requires an analysis of excited oscillation 
of the droplet. 

Oscillation Frequency 

Based on previous theoretical work 
about droplet oscillation (Refs. 25-28), 
oscillation frequency is mainly deter- 
mined by the mass of the droplet. The os- 
cillation amplitude, on the other hand, is 
dependent upon the amplitude of the 
current decrease used to excite the oscil- 
lation. This amplitude of current decrease 
is referred to as exc i t a t i on  leve l  (Fig. 2). If 
the current waveform in Fig. 3 is used, the 
excitation level will equal I p -  I b. 

Figures 4 and 5 demonstrate two sets 
of excited oscillations. In the two oscilla- 
tions shown in Fig. 4A and 4B, masses of 
droplets are roughly the same, but the ex- 
citation levels are different. It is found that 
the oscillation frequencies are both about 
160 Hz, despite the difference in the ex- 
citation level. In Fig. 5, the second droplet 
in Fig. 5B has greater mass than the sec- 
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Fig. 6 - -  Exper imenta l  observat ion o f  the 
phase match. A - -  Experiment 1; B - -  Experi- 
ment  2. 

ond droplet in Fig. 5A due to larger/p. As 
can be seen in the figure, the span from 
the first to fifth peak in resultant oscilla- 
tions is 25 ms and 28 ms for these two 
cases. Their oscillation frequencies are 
160 and 143 Hz, respectively. The droplet 
with greater mass in Fig. 5B results in a 
slower oscillation. 

Phase Match and Beneficial Amplitude 

Examine the experiments shown in 
Fig. 6. In these experiments, the peak cur- 
rent Ip is 220 A and the base-level current 
I b is 43 A. The excitation level is about 
180 A. The duration of Ip is 17.5 ms and 
the duration of I b is changed to examine 
its influence on detachment. 

As shown in Fig. 6A, when the dura- 

tion of I b is 9.8 ms, the droplet is de- 
tached. However, if a shorter duration 
(i.e., 6.3 ms) is used, the droplet is not de- 
tached. This is quite understandable. In 
fact, for the duration of 6.3 ms, the 
droplet is moving upward when the cur- 
rent is switched to the peak level. To 
detach the droplet, the downward mo- 
mentum of the droplet must be combined 
with the step increase in the detaching 
electromagnetic force. This combination 
is referred to as phase  match .  

The role of phase match in detaching 
the droplet is also demonstrated in Fig. 6B. 
When the duration of I b is 9.8 ms, the 
droplet is detached because of the phase 
match. However, when the duration is in- 
creased to 12.3 ms so that the phase match 
condition is not satisfied, the droplet is not 
detached. In this case, the droplet can only 
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be detached when it grows to a sufficient 
size and transfer occurs in globular mode. 
Therefore, phase match is a necessary 
condition for the proposed approach. 

The excited oscillation is a damped 
process. Its amplitude decays in each 
succeeding oscillation cycle. If the 
duration of I b is too long so that the os- 
cillation amplitude significantly decays, 
the maximum downward momentum of 
the droplet may become insufficient to 
detach the droplet together with ejection 
pulse. The oscillation amplitude mea- 
sures the maximum momentum of the 
droplet available to enhance the detach- 
ment. Hence, the oscillation amplitude 
in the cycle when the ejection action is 
applied is referred to as benef ic ia l  am- 
pl i tude. It is apparent that the beneficial 
amplitude depends upon excitation 
level, droplet mass, decaying time, elec- 
trode material, etc. To maximally take 
advantage of the downward momentu m, 
the ejection action should be applied as 
soon as the downward motion of the 
droplet is detected (based on analysis of 
vertical coordinates of the electrode tip 
after the oscillation is excited). 

Ejection Level and Detachment 

Another important parameter in de- 
taching the droplet is the level of current 
difference when the current is switched 
back from the lower level to the higher 
level. This difference is referred to as the 
eject ion level - -  Fig. 2. (If the current 
waveform in Fig. 3 is used, the ejection 
level will be !p -  I b and be equal to the ex- 
citation level. However, different current 
levels may be used for growth period and 
ejection pulse so that the ejection level 
differs from the excitation level.) Phase 
match is the condition that ensures the 
momentum of excited oscillation can be 
used to enhance the detachment. The 
beneficial amplitude measures how 
much the excited oscillation can help 
for detachment. Because droplet 
detachment is a result of ejection action 
and droplet downward momentum, the 
ejection level also plays a critical role in 
detaching the droplet. Figure 7 shows that 
when the ejection level is 170 A, the 
detachment is achieved. However, when 
the ejection level reduces to 100 A, the 
droplet is not detached. It is evident that 
when the beneficial amplitude decreases, 
the required ejection level increases. 

In addition to phase match, beneficial 
amplitude and ejection level, detachment 
is also dependent upon mass, electrode di- 
ameter, electrode material, etc. In fact, the 
detaching force increases as the mass in- 
creases because of gravity. The surface ten- 
sion varies with the electrode diameter and 

material. When the current is switched 
from the base level to the high level, the 
amplitude of oscillation, which was initi- 
ated by applying a nonzero excitation 
level, increases because of an increase in 
the detaching electromagnetic force. In 
this case, the "spring force" is provided by 
the surface tension. When the droplet 
moves downward too far, the liquid-solid 
interface may not be able to provide suffi- 
cient surface tension. As a result, the 
"spring" is broken. The droplet is detached. 
Hence, the influence of the mass, elec- 
trode diameter and electrode material on 
the detachment is quite understandable. 

For a specific application, the elec- 
trode diameter and material are given. 
The given diameter of the electrode de- 
termines a rough range of the droplet 
size. Under such a condition, the possi- 
ble range of the desired size of the droplet 
for generating the drop spray is nar- 
rowed. Hence, the mass of the droplet 
can be regarded as roughly fixed when 
analyzing the detachment. Also, the 
maximum possible surface tension that 
can be provided by the electrode is cer- 
tain for the given diameter and material 
of the electrode. In the proposed ap- 
proach, the ejection action will be 
applied as soon as the phase-match 
condition is satisfied. Under these as- 
sumptions, the required excitation and 
ejection levels are roughly fixed. There- 
fore, if the oscillation of the droplet can 
be monitored so that the phase-match 
condition is satisfied, the detachment 
control of the droplet can be guaranteed. 

Control Experiments 

In conventional GMAW-P, pulse pa- 
rameters must be carefully determined 
through trials prior to welding in order to 
achieve ODPP. When welding parame- 
ters and conditions change, optimal 
pulse parameters for obtaining ODPP 
will generally alter and need to be re- 
determined by experiments. 

For the proposed approach, the 
droplet is detached by an active ejection 
action. Because of the elimination of 
high current, the droplet does not detach 
without the active ejection action. 
Hence, metal transfer can be controlled 
to achieve ODPP independent of weld- 
ing parameters and conditions with cur- 
rent waveform as shown in Fig. 3. 

In the following control experiments, 
duration of the ejection pulse is 2 ms. 
Desired transfer rate and average cur- 
rent are specified as input parameters. 
Based on these input parameters, dura- 
tion of the growth period and the in- 
serted base current period can be 
automatically determined. 
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Fig. 7 - -  D e t a c h m e n t  a n d  e ject ion level. 

Average Current Level 

In Fig. 8, the shielding gas is 95%Ar + 
5 % C O  2 and its flow rate is 17 L/min. The 
desired average current is changed from 
100 A to 165 A. The transfer rate setting 
is 30 Hz for 100 A and 65 Hz for 165 A. 
The rest pulse parameters are determined 
accordingly. The resultant current wave- 
form is given in Fig. 8B. 

Figure 8D shows that despite the 
change in average current and transfer 
rate (Fig. 8C), ODPP is not affected. The 
transfer processes are shown in Fig. 8A 
and 8B. 

Shielding Gas 

In conventional GMAW-P, detach- 
ment occurs when the detaching force is 
too large to be balanced with the maxi- 
mum surface tension, which could possi- 
bly be provided by the interface of the 
solid electrode and liquid droplet. The 
change in shielding gas alters the maxi- 
mum surface tension. Hence, optimal 
pulse parameters in conventional 
GMAW-P are influenced by shielding gas. 

For the proposed active metal transfer 
control, surface tension required to bal- 
ance the detaching force is much less 
than the maximum possible surface 
tension that can be provided by the inter- 
face between solid electrode and liquid 
droplet during growth period. This is 
because the elimination of high current 
reduces the detaching force. Hence, the 
droplet does not detach during the 
growth period when the shield gas is 
changed. Similarly, the combination of 
downward momentum and ejection ac- 
tion produces a very powerful detaching 
force. To balance this detaching force, 
surface tension must be very large. The 
ejection level has been designed so that 
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Fig. 8 - -  On-line adjustment of  the average current using the active control o f  metal transfer. A - -  Metal transfer process with 100 A o f  average current; 
B - -  metal transfer process with 165 A o f  average current; C - -  welding current; D - -  droplet tip coordinate. 
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Fig. 9 - -  Active metal transfer control experiment using pure argon. A - -  Metal transfer process with 100 A o f  average current; B - -  metal transfer 
process with 165 A o f  average current; C -  welding current; D - -  droplet tip coordinate. 
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Fig. 10 - -  Active control o f  metal transfer under different contact tube-to-work distances. A - -  13.5 mm of  contact tube-to-work distance; B - -  
22.5 mm o f  contact tube-to-work distance. 

the detaching force caused by downward 
momentum and ejection action can not 
be balanced by the maximum possible 
surface tension, which could be gener- 
ated using different shielding gas. Hence, 
the independence of metal transfer from 
shielding gas in the proposed approach is 
quite understandable. In the experiment 
shown in Fig. 9, the shielding gas is pure 
argon instead of 95%Ar + 5%CO 2. Its 
flow rate is 17 Llmin. Other settings, av- 
erage current and transfer rate are the 
same as in Fig. 9. It can be seen that the 
change in shielding gas does not prevent 
ODPP from being achieved. 

Electrode Extension 

When electrode extension changes, the 
melting rate of the electrode alters for the 
given wire speed or welding current. As a 

result, pulse parameters may need to be re- 
optimized in conventional GMAW-P. 
When the proposed approach is used, 
careful selection of pulse parameters be- 
comes unnecessary. 

Figure I 0 illustrates the results of ex- 
periments conducted using two different 
contact tube-to-work distances, 13.5 mm 
and 22.5 mm. Shielding gas is (95%)Ar + 
5%CO 2 and its flow rate is 17 Umin. The 
average current is I00 A. It can be seen 
that ODPP is achieved in both cases. 

It is known that the robustness of sta- 
bility of the metal transfer process against 
variation in the contact tube-to-work dis- 
tance is very useful for manual GMAW. 
Hence, the proposed approach offers a 
potential method to improve the quality 
of manual welding if a lost-cost compact 
sensor can be developed to monitor the 
droplet oscillation. 

Conclusions 

A novel approach is proposed to con- 
trol the metal transfer process. This ap- 
proach takes advantage of downward 
momentum of oscillation of the droplet 
to reduce the current level required to de- 
tach the droplet. The reduction in the cur- 
rent level guarantees the droplet is not 
detached unless the active ejection ac- 
tion is applied. Also, the oscillation, 
which is excited by an active excitation 
action, is on-line monitored by a high- 
frame rate imaging system. The phase 
match between excited oscillation and 
ejection action is guaranteed. Hence, the 
detachment of the droplet is precisely 
and reliably controlled. Experimentation 
demonstrated effectiveness of the pro- 
posed approach. 

A significant limitation of the devel- 
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oped contro l  system is the use of the 
imaging system. To actual ly  apply the 
proposed metal transfer control pr inciple 
to GMAW, a low-cost compact  sensor 
must be developed. 
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