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Abstract 

The Gas Metal Arc Welding Process is characterized by many important process outputs, all of which should 
be controlled to ensure consistent high performance joints. However, application of multivariable control 
methods is confounded by the strong physical coupling of typical outputs of bead shape and thermal 
properties. This coupling arises form he three dimensional thermal diffusion processes inherent in welding, 
and cannot be overcome without significant process modification. This paper presents data on the extent of 
coupling of the process, and proposes process changes to overcome such strong output coupling. Work in 

- rapid torch vibration to change the heat input distribution is detailed, and methods for changing the heat balance 
between base and fill material heat are described. 

Introduction 

The application of control methods to welding has a long and successful history, yet the development of a fully 
autonomous welding process that can consistently maintain high quality welding has not been achieved. More 
importantly, the use of such control methods has not advanced the quality of welding through better process 
regulation. This failure is linked both to inadequate control approaches and to basic process limitations that 
control alone cannot overcome. 

Welding is actually a locally applied reprocessing of the base material with some new alloying elements added 
through the wire feed. As such it is a process dominated by thermal processes. A highly diffuse energy 
transport, best represented by a distributed parameter model, characterizes these thermal processes. However, 
for the purposes of applying feedback control to the process, specific spatially distinct outputs must be 
identified for measurement, and these can be broken down into geometric and thermal history features as 
shown in Fig. 1. For example, note that the width, depth and height (W, D and H) of a bead cross section are 
a parametric description of a general cross-section, and the choice of these measurements is made assuming a 
well-behaved cross section shape. Likewise the thermal features of heat-affected zone width (HZ) are chosen 
assuming that its extent in the cross section is well reflected by the width on the surface. Finally, the centerline 
cooling rate, key to control of thermally activated processes in many material and post weld stress 
concentrations, is only examined at one point, which is assumed to be the critical region. 

With any manufacturing process it is apparent that control can be exerted in several places, depending upon the 
availability of measurements and the nature of the available process inputs. The most common form of process 
control is in fact simply machine control, which can be defined as feedback control of any machine 
characteristic. Mechanical power, in the form of force or displacement control, is among the most common of 
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these and is particularly effective for serial processes where the process trajectory is a primary determinant of 
output geometry. 

In welding, many methods of machine control have been employed, including current-controlled power 
supplies, automatic voltage control for Gas Tungsten Arc Welding (GTAW), servo-controller wirefeed velocity 
in Gas Metal Arc Welding (GMAW), and torch trajectory control. In fact, the canonical welding robot is the 
culmination of efforts to achieve a high level of certainty in the welding machine characteristics. 

Fig. 1 The Welding MIMO Diagram and Associated Weld Cross Section 

When one encounters the entire process output control problem, which can be defined as shown in Fig. 1, 
several problems appear. The lack of sufficient inputs in Fig. 1 becomes immediately evident. Fig. 2 also 
indicates that direct measurement of the outputs is often difficult, particularly with regard to the weld depth. 
Thus when approaching process control instead of machine or equipment control, several new problems arise, 
typically involving process coupling and inaccessible measurements. The problem of measurement has been 
well documented and researched, and various techniques for video (e.g. Richardson and Gutow, 1986). 
thermal imaging, (Kahn et al., 1986) and ultrasonic measurement (Loti, 1984; Hardt and Katz, 1984) have 
been proposed and executed to some degree of success. In addition, the use of on-line calibrated estimators 
(Song, 1992) has shown acceptable output "measurement" to be permissible. Even with such 
accomplishments, however, the input-output coupling inherent in this process constrains the total process 
control problem, and so we introduce an approach to solving this problem below. 

Output Coupling in Welding 

The outputs shown in Fig. 1 include the bead geometry and the thermal effects of passing a concentrated heat 
source past the weld joint. All five of these outputs are determined by the heat and mass transfer from the weld 
torch to the plate. In fact, as a first approximation it is evident that the temperature distribution set up in the 
weldment by the heat source determines all of these outputs. 

Let us consider the simplest model of welding where no mass.transfer occurs and the welding torch is modeled 
as the simple point source welding model first proposed by Rosenthal (1941). This model assumes pure heat 
conduction and a point source moving at a constant velocity. The solution of this problem takes the form 
(Carslaw and Jaeger, 1959): 

where 
T = temperature in the material To= initial temperature 77 = heat source efficiency 
a = thermal diffusivity p = density v = source velocity 
x,y,z = Cartesian coordinates, centered on the point source, with x in the direction of travel 



Assuming for the moment no phase transformation in the weldment, this source sets up a set of isotherms in 
the weldment, that, when viewed in the reference from of the torch, resemble those shown in Fig. 3. Further 
examination of this model reveals that the point source mandates that (for example) pool half-width and depth 
will always be the same for a semi-infinite plate. A thinner plate can change this relationship, but no manner of 
torch modulation can. In other words, the pool geometry simply scales with heat input, but the aspect ratio of 
the pool cannot be controlled independently. 

Point Sourc* 

Fig 3. Isotherms Predicted by Eqn 1 (point source) and Eqn 2 (Gaussian source) 

If the source is instead modeled as a distributed heat flux .r 

a solution similar to that of Eqn 1 can be found (Tsai, 1983; Song, 1992): 

In this case the pool aspect ratio is now changed, as shown in Fig 3. However, the aspect ratio is still fixed for 
a given heat source distribution function 0. 

Despite the approximate nature of the above solutions, this strong output coupling is evident in experimental 
results for several different welding situations. Doumanidis and Hardt (1990a, b, c), in attempting to control 
the Heat-Affected Zone width (HZ) and maximum cooling rate (CR) of a weld, found that the basic input- 
output map of the process showed very little reachability as the inputs were varied. In fact, HZ and CR were 
shown to be so strongly coupled as to be uncontrollable. 

Again the classical thermal conduction model provides a useful tool for examining sensitivity and 
decoupledness. Under the assumptions of an infinite plate geometry-homogeneous, isotropic, temperature- 
invariant material properties with no phase transformations-and conductive heat flow with no surface losses. 
the steady-state temperature field developed by either a line or point moving source can be solved for the 
maximum width of the Tm and Th isotherms and centerline cooling rate at Tc. This yields the following 
expressions of the welding outputs as functions of the heat input Q, torch velocity v and preheat temperature 
To: 

where : 
Ql = heat rate input for torch 1 

/ 
Q2 = heat rate for torch 2 



v = travel speed 
Tm = melting temperature 
Tfi = HZ critical temperature 
Tc = cooling rate critical temperature 
To = Ambient Weldrnent Temperature 
f = NB - (q,-n2) f (n3-n2) = I ,  

The coefficients cl, 02.03 and the exponents no, nb, nc depend on the geometry and material of the plates as 
well as on the specific environmental and process conditions. 

Q 
Equations 3 and 4 show that HZ and CR both strongly depend upon the factor &/Â¥ the "heat per unit length". 

Accordingly, if only Q and v are available as inputs (which is typically the case), HZ and CR cannot be 
independently modulated. 

In the case of geometric outputs, such simple conduction solutions are less illustrative, but empirical data is no 
less compelling. In an investigation of input-output modeling for Gas Metal Arc Welding, Hale and Hardt 
(1990a) demonstrated that the reachability of the process was very small when torch speed v and wirefeed rate 
(essentially Q) are inputs and when pool width, W, depth, D, or reinforcement height, H, are outputs. As 
shown in Fig. 4, which is based on empirical data, the input-output map for GMAW shows a very narrow 
range of operation when pool width and reinforcement height are considered. A similar map exists for width 
and depth as outputs. Notice also that the figure shows a non-unique input output mapping over a large range 
of operation. Finally, if we consider the process outputs to be the pool width and the heat affected zone, 
empirical evidence again indicates little process latitude, as shown in Fig. 5. 
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Process Control 

Despite this strong coupling, some measure of multivariable feedback control can be achieved. For example, 
Hale and Hardt (1990b) and Song and Hardt (1992) have shown that simultaneous control of W and H and W 
and D can be achieved., as shown in Figs. 6 and 7. 

However, the limited reachability of the process severely limits the range of operations. More importantly, it 
makes parameter disturbances in the process nearly impossible to ebninate. This happens because a parameter 
change has the effect of shifting the range of operation to a new location of the output plane. If this moves the 
range outside the change, as Fig. 8 shows schematically, then when a simple disturbance is introduced (in this 
case welding over a small void, simulating a "fill" disturbance), the closed-loop system is unable to reach 
equilibrium, as Fig. 9 shows, since the desired operating point is no longer in the reachable range. 



Fig. 6 ~xperimental and Simulated Step Responses for 
Zero Tracking Controller Step Commands = AW = 0.25 
, in and A H = 0.06in. (From Hale and Hardt, 1990b) 

Fig. 8 Shift in Reachable Range Caused by 
Parameter Disturbance 

Fig 7 Step Response for a Two Variable Control System 
for GTAW (from Song, 1992) 

(The controller is a one-step ahead direct adaptive 
system, using a thermally based estimator for depth 
feedback and video measurement for width feedback) 
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Fig. 9. Effect of Limited Reachability on Disturbance 

Rejection. Disturbance is a 3/16" x 3/32" groove 
in a flat plate 



Process Modification for Improved Reachability 

These results indicate that while the process of welding as currently practiced can benefit from the application 
of advanced feedback control methods, the true power of multivariable/ adaptive methods cannot be realized 
because of the highly coupled nature of the process outputs. As the brief discussion above indicated, this 
coupling directly results from the basic heat diffusion physics of the process. For the case of manual welding, 
such coupling may in fact be advantageous, since it reduces the demands on the operator. However, for truly 
improved process control, it is necessary to change the basic design of the process. This could be as exotic as 
totally separating heat source and mass transfer, as suggested by Singer(1985), or by far more straightforward 
methods, as suggested by the heat transfer analysis presented above. 

As that simple discussion made evident, the pool geometry (or more correctly the weldment isotherms) are of a 
fixed geometry for a given plate material and a given heat source. However, the shift from a point source to a 
Gaussian-distributed source does have the effect of altering the isotherm aspect ratio. In turn this implies that 
the heat input distribution can be arbitrarily varied in real-time, and that a greater variety of temperature 
distributions can be achieved in the weldment. The implication follows that the pool shape and pool-heat- 
affected zone relationship can be modified. 

pendence of the HZ and CR 

As discussed earlier, if no changes are made the cooling rate (CR) and heat-affected zone (HZ) are so closely 
linked as to be uncontrollable in a MIMO sense. However, it has been shown (Doumanidis and Hardt, 1989) 
that by adding additional heat sources trailing the "primary" torch, a measure of decoupling can be achieved. 
While the details are omitted here, the effect is evident from examination of Eqns 2 and 3. In these, the 
ambient temperature To plays a different role in the two equations. This implies that if To can be modulated, a 
new control input will be achieved. The additional source or sources trailing the torch play this role, by 
effectively using the primary torch (which creates the molten zone) as a "pre-heating" source of the secondary, 
trailing source (See Fig. 9). This same effect can be achieved by using a heat distribution that can be varied to 
the rear of the weld location, as shown in Fig. 9. This is essentially an infinite set of trailing torches, and 
provides the maximum range of independent modulation of the HZ and CR. 

When this two torch scheme was implemented, the new inputs to the process became Ql and Qz.. A new 
input-output map could then be created, which Fig. 9 shows. Although some range of independent operation 
is now apparent with the two-torch method, the reachability is still quite limited. 

Fig. 9 Schematic of Two Source Heat Input. 
The ~ e a d  size (Tm isotherm) and the HZ (Th isotherm) 

Fig. 10 Reachability for HZ and CR When a Two Source 
are completely determined by Ql, while Qg is used to System is Used. 

respond the preheat provided by Ql to modulate the CR. 

Note that this data was gained by having two distinct torches but also by using theconcept of "mechanical 
multiplexing," wherein a single torch is moved rapidly between the Qi location and the Q? location. The 
residence time in each, integrated over time, equates to a relative heat input, provided that the traverse rates and 



dwell times are considerably faster than the characteristic heat diffusion times of the weldment. As discussed 
in Doumanidis and Hardt (1989). this range can be improved by going to a continuously variable source 
distribution to the rear. Such a distribution could, in fact be attained by either magnetic deflection of an 
autogemous arc, or through rapid mechanical scanning of a concentrated source, such as a laser or plasma arc. 

Case 11: Gaining Indeoendence of W and HZ 

A desirable condition for control of welding would be to independently regulate the width of the weld bead and 
the attendant heat affected zone. However, as Fig. 3 points out, the W and HZ are simply different isotherms 
within the same temperature field. Thus they cannot be expected to be decoupled unless the dismbution of heat 
input is varied. That this is the case is illustrated by data obtained from GMA welding tests (see Hale, 1990) 
where both W and HZ were measured by etching transverse cross sections. Note here the nearly compete 
coupling of outputs over a large range of heat input (/) and travel speed (v). 

To overcome this problem, the concept of a variable heat input distribution can again be exploited. As 
discussed in Masmoudi and Hardt (1992), for this problem, it entails a high frequency (- 6 Hz) transverse 
oscillation of the heat source while the torch progresses along the weld line. Although similar to the common 
practice of weaving, this action is intended not to weld wide joints, but rather to add variable transverse 
dismbution to the heat source. The results of GTAW experiments (Masmoudi and Hardt, 1992) indicate that 
this can effectively decouple W and HZ. The change in the surface isotherm with and without weaving is 
shown in Fig. 1 1, and the increase in reachability of the process is illustrated in Fig. 12. 

Discussion 

It is clear that GMAW, while a productive process, is not well designed for used in a multivariable control 
setting, owing to the highly coupled nature of the heat and mass transfer involved. In the above three cases, 
the process has been modified incrementally to allow some greater range of temperature dismbution variation 
and to afford some measure of control of the mass transfer independent of the heat input. Both of these 
problems can be generalized and separated if one departs from the conventional GMAW process. In our 
current work we are exploring just such options along several fronts: 

Active control of three-dimensional temperature distribution with a scanned point heat source: Exploration of 
the general distributed parameter thermal control problem, but with system identification and control methods 
borrowed from self-tuning control theory 

Development of spray or stream welding for independent mass transfer control: Independent creation of the 
liquid filler material, but at a precisely controlled mass and enthalpy rate. 

High frequency vibration of the electrode to control droplet detachment: Partial decoupling of the droplet 
volume and heat content from the arc heat through precise timing and feedback control of droplet detachment. 

These three methods will then be exploited to create a welding process with far greater reachability and 
controllability than conventional processes. 

Conclusions 

Welding is a process that is amenable to numerous forms of feedback control. However, when one 
concentrates on the Process Control, one must deal with the multivariable, non-linear, highly coupled 
nature of the process. Simple single variable control designs can perform well, especially when adaptive 
techniques are used to deal with the non-linear behavior, (e.g. Suzuki and Hardt, 1990). However, as detailed 
above, the coupling present in the existing processes, and in particular, GTAW and GMAW, precludes 
exploiting multivariable control to its fullest. 

The origin of this problem is traced here as a one of an uncontrolled temperature dismbution in the weldment. 
No manner of feedback can overcome this basic physical process; however, rather simple process 
modifications have been shown to greatly increase the process latitude. In their generalized form, they involve 
providing a controlled heat flux distribution into the weldment, and also perhaps, a controlled mass and 
heat flux from filler material. 
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