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Abstract: This paper presents a control system for manual pulsed Gas Metal Arc  
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1 Introduction 

Pulsed Gas Metal Arc Welding (GMAW) process is one of 
several types of welding process, frequently employed in 
industry. It is performed either as an automated robotic 
process or as a manual process. In many applications of 
the pulsed GMAW process high weld quality is of concern, 
and therefore, it must be considered how such quality is 
obtained. In GMAW many different aspects contribute to 
the overall quality of the weld, and one important and 
significant aspect is the performance of the algorithms 
controlling the welding process. In this paper, an overall 
controller for the manual pulsed GMAW process is 
suggested. This includes two main aspects with respect to 
control, namely, arc length control and metal transfer 
control. 

Arc length control is used for keeping a steady and 
stable arc despite disturbances during the welding process, 
which, for example, could be an uneven movement of the 
welding gun or irregularities in the workpiece. Arc length 
control can be performed by a PI-control strategy as 

reported by Ozcelik et al. (1998). Another linear control 
strategy is reported by Zhang et al. (2002), in which 
robustness is also taken into account. In Abdelrahman 
(1998), Moore et al. (1999) and Naidu et al. (2003) the 
GMAW process is considered as a Multi-Input  
Multi-Output (MIMO) system and non-linearities are 
cancelled using an additional feedback signal for each 
controller output. A similar approach is used by  
Jalili-Kharaajoo et al. (2003), but it uses sliding mode 
control for the purpose of robustness. However, in most 
welding machines used for manual welding only one 
controller output is adjustable and that is the machine 
terminal voltage. Thus, the MIMO approach of 
Abdelrahman (1998), Moore et al. (1999), Naidu et al. 
(2003) and Jalili-Kharaajoo et al. (2003) is in general not 
suitable for the manual welding process, which is of 
concern in this paper. The arc length dynamics can be 
characterised as a non-linear system, and therefore, a  
non-linear control strategy is proposed in this paper. The 
proposed non-linear controller is based on feedback 
linearisation, which has the advantage that linear system 
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theory can be applied when considering stabilisation and 
performance. This method was also presented in a  
recent paper (Thomsen, 2005a), but the paper only 
addressed spray GMAW and the pulsed GMAW was not 
considered. 

Metal transfer control refers to the task of providing 
detachment of liquid metal drops from the tip of the 
welding electrode, and in pulsed GMAW this is done by 
forcing current pulses onto the process. In general it is 
desirable to have One Drop Per Pulse (ODPP), and also,  
in many applications a low-pulse energy is preferred. 
ODPP can be regarded as a robustness property, and  
thus, ODPP should be fulfilled despite disturbances  
in the process. Traditionally, pulsed GMAW is carried out 
by a metal transfer controller, which uses a fixed pulse 
shape and a fixed pulse frequency. However, using  
this control method, the pulses need to be oversized  
(in terms of magnitude and duration) to ensure drop 
detachment in the presence of disturbances. In this paper, a 
metal transfer controller, which can handle disturbances 
without using oversized pulses, is proposed. The basic aim 
is to obtain a uniform drop size prior to pulse initiation  
by integrating the melting speed. The proposed metal  
transfer controller is also explained by Thomsen (2005b) 
and is a continuation of the work by Thomsen (2004). 
Other work in the area of pulsed GMAW typically  
involves tuning pulse parameters in the traditional  
control scheme. Also, work has been done on pulse  
shapes, for example, the double pulse approach by Zhang 
and Li (2001). 

The primary objective in this paper is to give a full 
overview of the pulsed GMAW process and evolve a novel 
high-performance control strategy for the whole welding 
system and process. 

2 Gas metal arc welding 

In the following, the pulsed GMAW process is described 
and a mathematical model of the process is presented. 
Also, the related hardware is described and an overview of 
the control system is given. 

2.1 The GMAW process 

The GMAW process is illustrated in Figure 1. The welding 
machine outputs a voltage at the terminals, which powers 
an electrical circuit consisting of the anode cable, the 
cathode cable, the electrode and the arc. The energy 
produced in the arc and the electrode melts the electrode 
and causes drop growth and drop detachment from the  
tip of the electrode. The electrode, consumed, is replaced 
by a new electrode and is supplied by a wire feed system. 
Energy generated in the arc also melts the workpiece  
and melted workpiece material and detached liquid  
metal drops from the electrode form a weld pool.  
When the weld pool cools down and solidifies, the weld  
is complete. During the welding process, the arc is 
protected from the ambient air using some shielding gas, 
typically, pure argon or a mixed gas of argon and carbon 
dioxide. 

Figure 1 Illustration of the GMAW process. A consumable 
electrode is fed by a wire feed system (not shown) 
through the contact tube (tip). The electrode  
melts and liquid metal drops detach and fall into  
the weld pool 

 

GMAW can be divided into at least three modes of 
operation depending on the current. These modes are the 
short arc mode the globular mode and the spray mode.  
In the short arc mode, the tip of the electrode with the 
pendant drop is periodically short circuited with the 
workpiece, causing a sudden increase in current and 
thereby a release of energy, which detaches the drop. 
Typically, the short arc mode can be used up to an average 
current of around 200 A depending on the electrode 
material and diameter. In the spray mode, the electrode is 
ideally never short circuited with the workpiece. In the 
spray mode the current is stronger, typically, a minimum of 
250 A, and because of the strong current, drops are 
detached from the electrode without touching the 
workpiece. The globular mode refers to the region, with 
respect to current, between the short arc mode and the 
spray mode. In this mode the size of the drops detaching 
from the electrode is in general larger and more irregular 
compared to the drops in the spray mode. The globular 
mode produces a poor weld, and thus, this mode is 
normally avoided. In ordinary spray welding, a strong 
current is maintained during the welding process. 
However, a similar drop detachment behaviour can be 
obtained by shifting the current between a high and a low 
level. This is referred to as pulsed GMAW. During the time 
intervals with a low current level, also denoted as the base 
periods, the arc is maintained but ideally no drop 
detachments occur. During the time intervals with a high 
current level, also denoted as the pulse periods, drops are 
detached from the electrode. Ideally, one drop should be 
detached for every pulse period. In this paper, the focus 
especially is on control of the pulsed GMAW process, 
though, ordinary spray welding can also be included in the 
framework. 

2.2 System overview 

Traditionally, welding machines were built on transformer 
technology, such that, a high voltage and a weak current 
are transformed into a low voltage and strong current. 
Also, a large choke was included in the machine to 
maintain the arc during welding and to provide the desired 
dynamic characteristics. In modern welding machines  
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the voltage and current, likewise is transformed but rather 
through a switched voltage converter. Basically, the net 
supply voltage is rectified into a DC voltage and then  
the voltage is converted by a switching circuit and  
a transformer into a controlled and lower output voltage. 
Ideally, the transformer has no influence on the dynamics 
of the process. Afterwards, the voltage is evened by some 
hardware filter. As an example the power supply part of  
a Migatronic Flex 4000 welding machine is shown in  
Figure 2 (see Thomsen, 2004). 

Figure 2 Main components of the power supply part of a 
Migatronic Flex 4000 welding machine 

 

The switched circuit in the power supply is essentially 
controlled by the algorithm controlling the welding 
process. A general framework of a controller for the pulsed 
GMAW process is illustrated in Figure 3 where it is 
assumed that it is only possible to measure the machine 
terminal voltage Ut and the current I. These measurements 
can be considered as the standard available measurements 
in manual welding. The output from the welding machine 
is the control voltage, which ideally is equal to the 
machine terminal voltage Ut. 

Figure 3 The cascade coupled control system for the  
manual pulsed GMAW process 

 

Two main tasks can be identified for control of the pulsed 
GMAW process. These tasks are arc length control and 
metal transfer control, which can be configured in the 
cascade coupled control structure shown in Figure 3.  
As previously described, control of the GMAW process 
can be divided into base periods and pulse periods. 
Normally, arc length control is performed in the base 
period while metal transfer control is performed in the 
pulse period. 

The main objective in arc length control is to keep  
a steady arc length in spite of disturbances such as 
unevenness in the workpiece and uneven movement of the 
welding gun. Arc length control is performed by adjusting 
the current reference control signal Irc to keep the arc 
length la at the arc length reference lar. As arc length control 
is performed during the base period, the control signal Irc is 
simply connected to the current reference signal Ir during 
this period. The objective in metal transfer control is 
basically to provide drop detachment from the electrode. 

This is done during the pulse period by forcing a current 
pulse onto the process by shaping the current reference 
signal Ir. Therefore, in the pulse period the control signal Irc 
from the arc length controller is disregarded. By inserting a 
current controller in the welding machine, the welding 
current is determined by this control loop, and thus, the 
welding machine acts as a controlled current source. Such 
internal current controller provides a direct way to shape 
current pulses and handle extreme situations such as short 
circuits, which might otherwise damage the machine. It is 
believed that such current controller is normally included 
in modern welding machines, and likewise it is included in 
the present control system. In Figure 4, a typical current 
shape generated by modern welding machines is shown. In 
the base period the current is shaped by the arc length 
controller and the current control loop keeps the current 
close to the set point. Similarly, the current is shaped by 
the metal transfer controller during the pulse period. 
Normally, in modern welding machines, the length of the 
base periods and the pulse periods are fixed, and thus, the 
pulse frequency is also fixed. Such a scheme can be 
denoted as a Fixed Frequency Metal Transfer Controller 
(FFMTC). 

Figure 4 Sketch of the current during the pulse period  
and base period 

 

2.3 Dynamical model 

For control a suitable model of the welding process is 
needed. Such a model can be found in numerous works, 
for example, by Naidu et al. (2003) or Thomsen (2004). 
The main parts of the model will be presented as follows. 
Basically, the important aspects with respect to control  
are the electrical circuit, the drop dynamics, the drop 
detachment criteria and the melting rate. 

The GMAW process constitutes an electrical circuit, 
which can be described by Equation (1). Ut is the machine 
terminal voltage, Rw is the cable resistance, Lw is the  
cable inductance, ls is the electrode length, ρr is the 
electrode resistivity and I is the welding current. 

t w w s r aU R I L I l I Uρ= + + +  (1) 

Ua is the arc voltage, which can be modelled as in 
Equation (2), see, for example, Naidu et al. (2003). U0 is a 
constant voltage potential, Ra is the arc resistance and Ea is 
a constant describing the relationship between arc length 
and voltage 

0a a a aU U R I E l= + +  (2) 

Equation (1) describes the current dynamics in the GMAW 
process. However, as described in the previous section, in 
general welding machines are equipped with an inner 
current control loop that determines the current dynamics. 
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The inner closed loop dynamics can be approximated by a 
first-order system as in Equation (3) (see Thomsen, 2004). 
τi is the time constant for the system and Ir is input, that is, 
the current reference: 

1 1
r

i i

I I I
τ τ

= − +  (3) 

The pendant drop attached to the tip of the electrode can 
be modelled as a mass-spring-damper system as described 
by Watkins et al. (1992), Choi et al. (2001) and Wu et al. 
(2004). The mass-spring-damper system is given by 
Equation (4), where md is the mass of the drop, xd is the 
position of the drop (with respect to the electrode), bd is the 
damping coefficient, kd is the spring constant and FT  
is the sum of other forces: 

d d T d d d dm x F b x k x= − −  (4) 

FT is stated in Equation (5) and consists of a gravity force 
Fg, an electromagnetic force Fem, an aerodynamic drag 
force Fd and a momentum force Fm accounting for the 
change of mass of the drop: 

emT g d mF F F F F= + + +  (5) 

The electromagnetic force Fem will dominate the other 
forces with strong currents. Strong current is present in the 
pulse periods and therefore the electromagnetic force, 
which is described by Equation (6), is important with 
respect to metal transfer control. A derivation of the 
electromagnetic force can be found by Amson (1965) and 
Lancaster (1986) and also see Jones et al. (1998) for the 
significance of the electromagnetic force in pulsed 
welding. µ0 is the permeability of free space, rd is the 
radius of the drop, re is the radius of the electrode and θ an 
angle representing the area of the conducting area of the 
drop. 

µ θ
π θ

θθ

  
= − −   −  

 +  +−  
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em
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d

e

I r
F

r
 (6) 

In the literature prediction of drop detachments is either 
described by the Static Force Balance Model (SFBM),  
that has been extended to a Dynamic Force Balance Model 
(DFBM) or described by a model based on the Pinch 
Instability Theory (PIT). The SFBM drop detachment 
criterion is stated in Equation (7), and it predicts drop 
detachment by comparing the surface tension force Fs of 
the drop with the external forces FT exerted on the drop 
(see Watkins et al., 1992). re is the radius of the electrode 
and γst is the surface tension. 

π γ> = stSFBM detachment if: 2T s eF F r  (7) 

In the SFBM, the dynamics of the drop is not taken into 
account when predicting the occurrence of drop 
detachment. However, in Choi et al. (2001) dynamics are 
accounted for by including the inertia of the drop in the 
model. This gives the DFBM as stated in Equation (8). 

π γ+ > = stDFBM detachment if: 2T d d s eF m x F r  (8) 

The drop detachment criteria given by SFBM and DFBM 
rely on the axial forces acting on the drop. However, the 
drop detachment criterion based on the PIT relies on the 
radial forces acting on the drop. The PIT criterion states 
that drop detachment occurs if the drop radius rd exceeds a 
critical drop radius rdc. The PIT criterion (see Lancaster, 
1986) is stated in Equation (9), where µ0 is the 
permeability of free space and ρe is the density of the 
electrode material. 
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The melting speed can be modelled in two ways: that is, 
the anode heating and the Ohmic heating (see Lesnewich, 
1958). The anode heating represents the kinetic energy of 
electrons bombarding the electrode, and also, the energy of 
condensation when electrons are absorbed into the lattice 
of the electrode material. Ohmic heating is caused by  
the energy loss from the current flowing through the 
electrode material. The melting speed model is stated in  
Equation (10) where k1 and k2 are constants used for the 
anode heating and the Ohmic heating, respectively: 

2
1 2m sv k I k l I= +  (10) 

In Table 1, the units and values of the parameters used in 
this section are shown. In Sections 3.3 and 4.2, these 
parameters are used for numerical simulation. Moreover, 
in Table 2, the variables used in the model are given. 

Table 1 Model parameters 

Symbol Unit Value Description 

R
w
 Ω 0.004 Cable resistance 

L
w
 H 15 × 10−6 Cable 

inductance 

ρ
r
 Ω/m 0.2821 Electrode 

resistivity (steel) 

r
e
 m 5 × 10−4 Electrode radius 

U0 V 15.7 Arc voltage 
constant 

R
a
 Ω 0.022 Arc resistance 

E
a
 V/m 636 Arc length factor 

τ
i
 s 6.7 × 10−6 Time constant 

K1 m/(s A) 3.7 × 10−4 Melting speed 
constant 

K2 1/(A2 m) 6.6 × 10−4 Melting speed 
constant 

v
e
 m/s 0.267 Wire feed speed 

b
d
 kg/s 0.0008 Drop damping 

constant 

k
d
 N/m 3.5 Drop spring 

constant 

µ0 (kg m)/(A2 s2) 1.257 × 10−6 Permeability of 
free space 

θ rad 0.5π Conducting area 

γst N/m2 2 Steel surface 
tension 
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Table 2 Model variables 

Symbol Description 

l
a
 Arc length 

I Current 

U
t
 Terminal voltage 

l
s
 Electrode stick-out 

m
d
 Mass of drop 

x
d
 Drop extension 

F
T
 Total axial force 

F
g
 Gravity force 

Fem Electromagnetic force 

F
d
 Drag force 

F
m
 Momentum force 

F
s
 Surface tension force 

r
d
 Drop radius 

rdc Critical drop radius 

v
m
 Melting speed 

l
c
 Contact tip to workpiece distance 

3 ARC length control 

As described in the previous section arc length control is 
one of the main tasks in GMAW. The arc length is 
determined by the melting speed vm, the wire feed speed ve 
and disturbances in the contact tip to workpiece distance lc. 
From Equation (10), it can be seen that the melting speed 
depends on the current dynamics, which is described by 
Equation (3). If disturbances are neglected a nominal 
model describing the arc length dynamics can be derived: 

2
1 2 ( )a m e c a el v v k I k I l l v= − = + − −  (11) 

Let us use Equations (3) and (11) for setting up a state 
space description of the arc length process. Let x be  
a vector containing two states x1 and x2, where x1 = I and  
x2 = la. Moreover, u = Ir is the input and y = la is the output. 
Now, the non-linear dynamic system can be formulated: 

( ) ( )x f x g x u= +  (12) 

( )y h x=  (13) 

where 

( )
τ−  

= =    + − −   

11
2

1 1 2 1 22

/( )
( )

( )
i

c e

xf x
f x

k x k x l x vf x
 (14) 

1

2

( ) 1/
( )

( ) 0
ig x

g x
g x

τ   = =   
  

 (15) 

2( )h x x=  (16) 

This model is used for developing an arc length controller. 
A non-linear controller based on feedback linearisation  
is developed. Such controller has the advantage that,  
non-linearities can be accounted for, and also, in operating 
points need to be selected and therefore only one controller 
has to be tuned. Moreover, the feedback linearisation 
approach has the advantage that it is possible to tune the 
system using standard linear techniques. 

3.1 Feedback linearisation 

The idea in feedback linearisation is to use a 
transformation z = T(x) and apply some feedback control 
law u that transforms the non-linear system into a linear 
system (see Khalil, 2002). Then, having obtained a linear 
system ordinary linear control design methods can  
be applied for stabilisation and performance. Given the 
non-linear system in Equations (12) and (13), the goal is to 
find some transformation z = T(x) that transforms the 
system into the system stated in Equations (17) and (18). 

[ ]( ) ( )c cz A z B x u xγ α= + −  (17) 

cy C z=  (18) 

The terms γ (x) and α (x) are functions of the original 
states x. The matrices Ac, Bc and Cc are on the control 
canonical form stated in Equation (19). 

[ ]0 1 0
, , 1 0

0 0 1c c cA B C
   

= = =   
   

 (19) 

Basically, if it is possible to find a transformation  
that transforms the original non-linear system into a 
system on the form stated in Equations (17) and (18), then 
the system feedback is linearisable. This means that the 
system can be linearised using the control law stated  
in Equation (20): 

1
( ) ( ) , ( )

( )
u x x x

x
α β ν β

γ
= + =  (20) 

Inserting this control law into (Equation (17)) gives a 
linear system having input ν : 

c cz A z B ν= +  (21) 

cy C z=  (22) 

In general, it is not trivial (or if possible at all) to find a 
transformation T(x) that transforms a non-linear system 
into the form given in Equations (17) and (18). Also,  
the non-linear system might be partially feedback 
linearisable, leaving some internal dynamics. However, for 
some non-linear systems the system is fully linearisable, 
and moreover, a transformation can be found using a 
standard approach (see Khalil, 2002). In fact, this is the 
case for the dynamic arc length model derived in the 
previous section. 

The relative degree ρ equals the number of derivatives 
of h(x) before dependence on the input u is obtained. For 
the dynamic arc length model the relative degree is equal 
to two, as dependence of u is obtained for the second 
derivative of h(x). As the system order also equals two the 
system feedback is fully linearisable. Standard expressions 
for γ (x) and α (x) are stated in Equations (23) and (24): 

γ −= 1( ) ( )p
g fx L L h x  (23) 

1
( ) ( )

( ) fx L h x
x

ρα
γ

= −  (24) 

Lf and Lg are Lie derivatives with respect to f(x) and g(x), 
respectively (see Khalil, 2002). For example, 
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( )fL h x = ( ( ) / ) ( ).h x x f x∂ ∂  Using ρ = 2 and Equations (12) 

and (13) the functions γ (x) and α (x) can be calculated: 

( )( )1 2 1 2

1
( ) 2 c

i

x k k x l xγ
τ

= + −  (25) 

( )1 2 2 2

1
( ) ( )

( ) ix x f k x f
x

α γ τ
γ

= − −  (26) 

The transformation T(x) is given by the output equation 
h(x) and its first derivative. 

1 1 2

2 2 2

( )( )

( )( ) ( )f

h xz T x x
z

L h xz T x f x

      
= = = =      
      

 (27) 

Now, having found a transformation T(x) and the functions 
γ (x) and α (x) the system stated in Equations (12) and (13) 
has been transformed into a system having the structure of 
Equations (17) and (18). In this representation, the first 
state z1 is the arc length la and the second state z2 is the 
derivative of the arc length, that is, dla/dt. 

3.2 Non-linear arc length control 

The objective is to control the arc length. This means, the 
arc length controller must be stable and should drive the 
arc length la = x2 towards the reference arc length lar = r. 

Now, the idea is to develop a state feedback controller 
that is able to drive the two states towards some settings. 
The first state z1 is the arc length, which must be  
driven towards some reference r. The second state z2 
equals the derivative of the first state, and thus, z2 must be 
driven towards the derivative of the reference. Therefore, 
the error dynamics must be considered. Firstly, let us 
define the error e: 

[ ],
T

e R z R r r= − =  (28) 

Now, using Equation (17), describing the system 
dynamics, the error dynamics can be derived: 

[ ]( ) ( )c c ce A e B x u x B rγ α= − − +  (29) 

The feedback on error dynamics can be linearised using a 
control law that cancels the non-linear terms, and then 
leaves a linear part that can be stabilised by the state 
feedback Kc e where Kc = [kc1 kc2]: 

[ ] 1
( ) ( ) , ( )

( )cu x x K e r x
x

α β β
γ

= + + =  (30) 

If the control law, stated in Equation (30), is inserted into 
the error dynamics the following result is obtained: 

( )c c ce A B K e= −  (31) 

Hence, using Equation (30) for the control law the error 
dynamics becomes linear, and moreover, the error 
dynamics is stable if the matrix (Ac − BcKc) is stable 
(Hurwitz). Thus, ensuring stability, and also performance, 
is a matter of choosing Kc. 

However, disturbances and uncertainties might result in 
a steady state offset in the arc length. For some 
disturbances and uncertainties an offset can be removed by 

including integral control in the control law. Therefore, let 
us introduce a variable σ, which is the integral of the arc 
length error e1. This dynamics can be added to the 
dynamics describing the arc length process to obtain an 
augmented system. Let us define a new state vector  
ψ = [e1e2σ]T. Now, the augmented system is given by: 

1
( ) ( ) , ( )

( )
u x x x

x
α β ν β

γ
= + =  (32) 

where 

[ ]
   
   = = =   
      

0 1 0 0

0 0 0 , 1 , 1 0 0

1 0 0 0
c c cA B C  (33) 

Again, a control law can be found which linearises the 
system, and now Ka = [ka1 ka2 ka3]. 

[ ] 1
( ) ( ) , ( )

( )au x x K r x
x

α β ψ β
γ

= + + =  (34) 

Now, the following closed loop dynamics is obtained. 

( )a a aA B Kψ ψ= −  (35) 

Hence, using Equation (34) for the control law the ψ 
dynamics becomes linear, and moreover, the ψ dynamics is 
stable if the matrix (Ac − BcKc) is stable. As before, 
ensuring stability and performance is a matter of choosing 
Ka. For instance, the feedback vector Ka can be obtained 
from a pole placement approach, in which, the closed loop 
is shaped to some prototype design (see Franklin et al., 
1994). Here, the closed loop dynamics is shaped as a 
Bessel filter. For purpose of simulation in Section 3.3 the 
following feedback vector is used: Ka = [6.23 × 105;  
1.22 × 103; 1.27 × 108]. In Figure 5, the arc length control 
system is sketched. 

Figure 5 The control structure. The second order system 
generates the reference signals. γ (x) and α (x) 
feedback linearises the system and T(x) transforms 
the original process states into the z states 

 

From Equation (34), we see that both the reference r, the 
first derivative of r and the second derivative of r are 
needed. As shown in Figure 5, these signals are provided 
from a second order system filtering the original reference 
signal lar. 

The control law in Equation (34) is a state  
feedback control law. Thus, it is assumed that the states  
ψ1 = e1 = r − z1 and ψ2 = e2 = dr/dt − z2 can be measured. 
Both z1 and z2 depend on the states x1 and x2, that is, the 
current and the arc length. Normally, the current is 
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measured directly in the system by a current sensor  
(hall sensor), but only the arc length is indirectly 
measured. The arc length can be estimated using the arc 
voltage model in Equation (2). Thus, the current I and the 
arc voltage Ua must be measured to calculate the arc length 
la. However, in most welding systems the arc voltage is not 
measured, but instead the voltage Ut at the welding 
machine terminals is measured. The terminal voltage Ut 
includes voltage drops over the cables, the electrode and 
the arc. The cable current dynamics is very fast as the 
cable inductance is rather low, and therefore, a steady state 
expression for Ut can be used: 

1 1 0,t a w r sU R I U R R lρ= + = +  (36) 

ls0 is the expected or average length of the electrode, which 
is set to 0.005 m. Now, using Equations (2) and (36), an 

arc length estimate, 2 1
ˆˆ ˆ
ax l z= = , can be found: 

1 0
2 1

ˆ ˆ ˆ t a
a

a

U R I U R I
l x z

E

− − −
= = =  (37) 

Hence, the estimate 2x̂  or 1̂z  in Equation (37) is used 

instead of x2 or z1 in Equation (34). 

3.3 Model uncertainty 

The feedback linearisation controller described in the 
previous section uses a model of the real process to cancel 
non-linear terms. However, this model is not exact and 
therefore robustness should be addressed. Here, robustness 
of the closed loop system is investigated by simulation. 

Figure 6 shows a simulation of the nominal arc length 
system Equations (12) and (13) with disturbances in  
the contact tip to workpiece distance lc. In Figure 6, the 
current I, the arc length la and the contact tip to workpiece 
distance lc are shown, which has a nominal value of  
0.015 m. The reference arc length is set to 3 mm, and 
20 Hz bandlimited noise is applied to lc to simulate 
disturbances from the hand-held welding gun. Also, at 
time t = 0.5 s the contact tip to workpiece distance is 
changed from an average of 15–10 mm. The parameters 
used for simulation are shown in Table 1, where the 
melting speed constants are derived from melting rate 
constants in Moore et al. (1997). Also, values for U0, Ra, Ea 
and ρr are obtained from Moore et al. (1997). The other 
parameters are realistic estimates when considering a real 
welding process. However, it should be noted that precise 
values are not of concern in this paper, as the values are 
used only for numerical simulation. 

In the control law Equation (34) values for γ (x), α (x), 
T1(x) and T2(x) must be calculated. These terms depend on 
uncertain parameters and variables. For example, γ (x) 
depends on the melting speed coefficients k1 and k2, the 
contact tip to workpiece distance lc, the current time 
constant τi, the current measurement, and the estimate of 
the arc length which again depends on the arc length 
model. Probably, all of these parameters and variables 
contain some uncertainty and this results in an overall 
uncertainty in γ (x). To investigate uncertainty a number of 
simulations are performed with perturbed terms γ (x), 
α (x), T1(x) and T2(x). In turn, each of the terms is chosen 

either larger or smaller than the nominal value, while the 
other terms are held at the nominal value. In Figures (7) 
and (8), the arc length for each simulation is shown.  
The uncertainties used in each simulation are shown in 
Table 3. In Table 3, Kγ, Kα, KT 1 and KT 2 denotes  
the multiplicative uncertainty used for each term.  
For example, Kγ is the multiplicative uncertainty on γ (x). 
Moreover, the disturbances in the contact tip to workpiece 
distance lc, shown in Figure 6(c), are included in the 
simulations. 

From Figure 7(a) and (b) it can be seen that despite 
large perturbations (a factor 5 and a factor 0.2) in γ (x) the 
closed loop system is stable and the disturbances in lc can 
be handled. However, as it can be seen in Figure 7(c)  
and (d) perturbations in α (x) affect the closed loop 
behaviour much more. In fact, for a relative small positive 
perturbation in α (x) (a factor 1.04) the system almost 
becomes unstable. On the other hand, if α (x) is lowered  
to 0.6 times the nominal value the ability to handle 
disturbances is rather low. 

Figure 6 Simulation of the nominal system: (a) the welding 
current I, (b) the arc length l

a
 and (c) the contact tip 

to workpiece distance l
c 

 

Figure 7 The arc length for perturbations in γ (x) and α (x):  
(a) positive perturbation in γ (x), (b) negative 
perturbation in γ (x), (c) positive perturbation  
in α (x) and (d) negative perturbation in α (x) 

 



122 J.S. Thomsen 

 

Figure 8 The arc length for perturbations in T1(x) and T2(x): 
(a) positive perturbation in T1(x), (b) negative 
perturbation in T1(x), (c) positive perturbation  
in T2(x) and (d) negative perturbation in T2(x) 

 

Table 3 Model uncertainty 

Figure Kγ Kα K
T1

 K
T2

 

Figure 7(a) 5 1 1 1 

Figure 7(b) 0.2 1 1 1 

Figure 7(c) 1 1.04 1 1 

Figure 7(d) 1 0.6 1 1 

Figure 8(a) 1 1 2 1 

Figure 8(b) 1 1 0.4 1 

Figure 8(c) 1 1 1 5 

Figure 8(d) 1 1 1 0.2 

From Figure 8(a) and (b) it can be seen that perturbations 
(a factor 2 and a factor 0.4) in T1(x) affects the steady state 
value of the arc length, but otherwise the closed loop 
system is stable and disturbances in lc can be handled. 
From Figure 8(c) and (d) it can be seen that even large 
perturbations (a factor 5 and a factor 0.2) in T2(x) can be 
tolerated, that is, the closed loop system is stable and 
disturbances can be handled. 

From the simulations it can be seen that uncertainties 
in the four terms affect the stability and behaviour of the 
closed loop system. However, some uncertainties have a 
significant effect on the closed loop system, while some 
uncertainties have a rather insignificant effect. For γ (x) 
large perturbations can be tolerated, and thus, uncertainty 
in γ (x) only has a small effect on the closed loop system. 
Uncertainty in α (x), on the other hand, has a significant 
influence on the closed loop system. If α (x) is a few 
percent too large the system becomes unstable, and if α (x) 
is too small the system easily becomes rather slow. 
However, α (x) does not have to be exact, and it seems that 
an α (x) around 60% and up to 100% of the real value 
could be used. Uncertainty in T1(x) and T2(x) are less 
significant than uncertainty in α (x). Especially for T2(x) 
large perturbations can be accepted. However, uncertainty 
in T1(x) affects the steady state offset on the arc length. 
Though, in practice such offset could easily be removed by 
tuning the parameters in T1(x). 

4 Metal transfer control 

In pulsed GMAW current pulses are used for detaching 
drops from the tip of the electrode, such that, one drop is 
detached for every pulse. Lack of drop detachment or 
multiple drop detachments for each pulse will have a 
negative effect on the quality of the weld. Thus, an 
objective in pulsed GMAW control is to obtain ODPP. This 
can also be regarded as an objective of robustness. 
Moreover, in many applications it is important to avoid 
heating up the electrode or the workpieces too much.  
For example, this could be the case when welding with 
alloys or when welding in thin materials. In pulsed 
GMAW most heating is generated in the pulse period, and 
thus, minimisation of the energy per pulse used for 
detaching one drop is desirable. Therefore, a second 
objective in pulsed GMAW control can be defined as 
minimisation of the energy per pulse used for detaching 
one drop. 

Three models for drop detachment have been 
presented, that is, the SFBM, the DFBM and the model 
based on the PIT. In both the SFBM and the DFBM, drop 
detachment depends on the total force FT. Because of the 
strong pulse current the electromagnetic force Fem is the far 
most significant force of the forces included in FT. From 
Equation (6), it can be seen that Fem depends on the size of 
the drop, that is, drop radius rd. In DFBM, the drop 
detachment criterion also depends on the acceleration of 
the drop, and a large acceleration is caused by large 
changes in the total force FT which is dominated by Fem. 
Therefore, as Fem depends on the magnitude of the current 
the DFBM also becomes dependent of the change in 
current, that is, dI/dt. However, the acceleration not only 
depends on the change of force, but again, on the size of 
the drop, as small drops for some applied force obtain a 
higher acceleration than large drops. In the detachment 
model based on the PIT the criterion for drop detachment 
depends on the drop radius rd, on the position of the drop 
xd, and on the magnitude of the current. The position xd 
both depends on the magnitude of the total force, and also 
it depends on the change in the total force (or change in 
current), as a sudden change in force gives rise to drop 
oscillations, and thus, change in xd. The conclusion is that 
no matter which drop detachment criteria is considered 
drop detachment depends on the drop size. It also appears 
that the change in current is another important factor. 
However, in this paper only the drop size is considered. 

Now, let us assume that the pulses are given by some 
fixed shape, such that, all pulses are identical. Also, 
suppose that because of disturbances the size of the drop 
immediately before initiation of the pulse period differ 
from period to period. Then, conventional (over-sized) 
pulse shapes must be used to ensure drop detachment for 
all possible drop sizes. For example, if the drop is 
relatively small, then some specified pulse shape might not 
be able to detach the drop. So, to ensure drop detachment, 
also for the small drops, the pulse height or duration must 
be increased. However, for large drops, the given pulse 
shape will be over-sized in the sense that the drop is 
detached in the beginning of the pulse, and thus, the rest of 
the pulse just contributes to excess melting and a large heat 
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input into the workpiece. Therefore, in this case the 
objective of minimal energy for drop detachment is not 
fulfilled. 

Now, it appears that at least two methods for obtaining 
drop detachments at minimal energy are feasible. One 
method is to adjust each pulse shape according to the drop 
size at the beginning of each pulse. Another method is to 
make sure that the drop size at the commencement of each 
pulse is constant, and thereby a fixed and minimised pulse 
shape can be used. In practice, it is difficult to derive the 
shape of a pulse based on the drop detachment models as 
these models are not precise, and therefore, it is better to 
tune a pulse shape from practical experiments. For this 
reason the latter method is used, that is, to use a fixed 
pulse shape but ensuring a uniform drop size prior to pulse 
initiation. So, this uniform drop size approach becomes the 
basic idea in the metal transfer control algorithm presented 
in this paper. 

4.1 Model based metal transfer control 

A control mechanism is required to provide a uniform drop 
size prior to pulse initiation, and also, in the control 
mechanism it must be possible to control the arc length. 
This can be done allowing the arc length controller to 
operate in the base period, but instead of having a fixed 
pulse frequency, the length of the base period is adjusted 
according to the size of the drop. In one full cycle the total 
melting of electrode consists of the length of melted 
electrode xmp in the pulse period and the length of  
melted electrode xmb in the base period. These lengths can 
be expressed by the melting speed vm. In each cycle the 
start of the pulse period is denoted by t0, the end of the 
pulse period is denoted by t1, which is also the beginning 
of the base period, and the end of the base period is 
denoted by t2. 

( )= ∫
1

0
mp , d

t

m st
x v I l t  (38) 

( )= ∫
2

1
mb , d

t

m st
x v I l t  (39) 

The total length of melted electrode xmt is given by 

mt mp mbx x x= +  (40) 

During welding, the melting speed vm can be calculated by 
using the melting speed model stated in Equation (10). The 
current I and the stick-out ls are needed to calculate the 
melting speed, but only the current is measured.  
To overcome this problem ls is simply assumed to be the 
nominal value. 

Each drop starts growing from the point of the  
previous detachment, and continue to grow until 
detachment occurs again. Normally, drop detachment  
takes place during the following pulse period, and 
therefore, a drop begins and ends in a pulse period.  
To ensure a uniform drop size prior to pulse initiation the 
melting speed must be integrated from detachment of  
the previous drop, but in practice it is difficult to calculate 
the exact point of drop detachment during the pulse period. 
However, unless a significant disturbance is applied to  
the process it can be expected that the drop detaches at 

approximately at the same point during each pulse period. 
This makes it possible to integrate the whole pulse period, 
and thus, a condition for pulse initiation can be  
derived. The condition is given in Equation (41) and states 
that the new pulse period must be initiated when some 
specified length of electrode xmtSet has been melted during 
the pulse and base period. Moreover, to increase 
robustness of the method a minimal cycle time TcMin is used 
as an additional condition in Equation (41). tc is the cycle 
time. 

Initiate pulse if: 

mt mtSet mtSet cMinx x x T≥ ∧ ≥  (41) 

Now, with this condition a uniform drop size prior to  
pulse initiation is provided. Let us denote this metal 
transfer controller as the Uniform Drop Metal Transfer 
Controller (UDMTC). An example pulse and base period 
are sketched in Figure 9, where the melting speed is 
integrated from t0 and until condition Equation (41) is 
fulfilled. 

Figure 9 Sketch of the current during the pulse period  
and base period. New pulse initiated at t2 

 

The pulse shape illustrated in Figure 9 is the so-called 
chair form, which is used in several modern welding 
machines. Other pulse shapes could likewise be used as  
for example, the double pulse suggested by Zhang and  
Li (2001). 

4.2 Metal transfer control simulations 

In Thomsen (2004), an extensive simulation system for 
GMAW was presented. This simulation system (developed 
in Simulink) will be used for validation of the metal 
transfer control approach described in the previous section. 
Other works on simulation includes Wang et al. (2004) and 
Wang et al. (2003). Basically, the simulation system used 
in this paper is an implementation of the model described 
in Section 2.3. The simulation system is sketched in Figure 
10. The arc length la is measured by an arc length estimator 
and controlled by the arc length controller. The metal 
transfer controller applies a reference current Ir to the 
process. Other inputs to the process are the wire feed speed 
ve, the contact tip to workpiece distance lc, and drop 
detachment events, which reset the states of the process. 
The current dynamics is considered to be a part of the 
welding process and is simply approximated by a first 
order filter having a time constant τi. The process also 
consists of equations describing electrode melting and 
drop dynamics. The DFBM criterion is used for 
determining drop detachment events. 
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Figure 10 Simulation system used for investigation of  
the metal transfer control approach 

 

To enable numerical simulation many parameters are 
needed. Some parameters are shown in Table 1, though, 
the wire feed speed is set to 0.1 m/s. A complete list of all 
parameters and values can be found by Thomsen (2004). 

To illustrate the robustness of the proposed metal 
transfer controller plots from four simulations are shown 
with comparison to the normal modern approach, namely 
the FFMTC. In the first simulation the FFMTC is used and 
in the second simulation the UDMTC is used. In both the 
first and the second simulation no disturbances are  
applied to the process. In the third and fourth simulation 
the FFMTC and the UDMTC are used again, but this time 
disturbances in the contact tip to workpiece distance are 
included. 

For comparing the two controllers the same pulse 
shape is used, and also, the FFMTC is adjusted to have the 
same average frequency as the UDMTC in the simulations 
without disturbances. Moreover, in the no disturbance 
situation the fixed pulse shape (which is used in both 
methods) is tuned to a minimum, such that, no or only a 
few pulse periods lack drop detachment. In this way the 
minimal energy objective is fulfilled, but on the other hand 
the robustness (ODPP) objective is not necessarily 
obtained. 

In Figure 11, the results from the first and the second 
simulation are shown. The current using the FFMTC is 
shown in Figure 11(a), the current using the UDMTC  
is shown in Figure 11(b), and the contact tip to workpiece 
distance lc is shown in Figure 11(c). Drop detachments are 
indicated by stars on the current plots. As it can be seen 
there is one pulse in (a) without drop detachment. This 
might seem odd as lc is constant, but the reason is the 
irregularity of drop oscillations. Thus, the FFMTC is 
already showing lack of robustness. 

In Figure 12, the results from the third and the forth 
simulation is shown. As in Figure 11 the currents and drop 
detachments for FFMTC and UDMTC are shown, and 
also, the contact tip to workpiece distance lc is shown. lc is 
generated by 20 Hz bandlimited noise around the nominal 
value to simulate irregular movements of the welding gun 
in manual welding. Furthermore, a positive step equal to 
0.003 m at 0.2 s and a negative step of 0.004 m at 0.3 s  
are included. These steps simulate edges in the workpiece. 
With these disturbances applied the FFMTC has five 
pulses without drop detachment and the UDMTC has  
one pulse without drop detachment. Thus, the UDMTC is 
far more robust than the FFMTC. 

In Figure 13, it can be seen why the UDMTC is more 
robust than the FFMTC. In (a) the cycle time tc is shown 
for the FFMTC, and the maximal tc is fixed as it should be. 
However, in (b) the cycle time is adjusted according to the 
UDMTC. The problem for the FFMTC occurs when it is 
trying to detach a small drop. The UDMTC, on the other 
hand, waits until the drop is big enough and then initiates 
the pulse period. Notice that, for robustness the minimal 
total cycle time TcMin (see Equation (41)) is set to be a little 
less than the fixed frequency of the FFMTC. 

Figure 11 (a) Current and drop detachments using the  
FFMTC, (b) current and drop detachments  
using the UDMTC. Stars indicates drop  
detachments and (c) contact tip to workpiece  
distance 

 

Figure 12 (a) Current and drop detachments using the  
FFMTC, (b) current and drop detachments  
using the UDMTC. Stars indicates drop  
detachments and (c) contact tip to workpiece  
distance 

 

Figure 13 Cycle time using: (a) the FFMTC and  
(b) the UDMTC 
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5 Conclusions 

In this paper, a controller for the manual pulsed GMAW 
process has been presented. The control system consists of 
a current controller, a metal transfer controller and an arc 
length controller. This can be considered as the normal 
framework for control of the pulsed GMAW process. 
However, in this paper, new controllers have been 
suggested for both arc length control and metal transfer 
control. 

For arc length control a non-linear controller has been 
described. The controller is based on a non-linear SISO 
model of the arc length process and uses feedback 
linearisation for cancellation of non-linear terms. This 
method has the advantage that traditional linear techniques 
can be used for tuning the controller. Also, no operating 
points need to be selected, and therefore, only one linear 
controller needs to be tuned for all arc length settings and 
wire feed speed settings. The feedback linearisation 
method is based on an exact model of the process. 
However, it cannot be expected that such model is 
available, and therefore, robustness of the closed loop 
system is investigated by simulation. This is done by 
testing the effect of different uncertainties in a simulation 
environment. The simulation approach does not provide a 
precise robustness analysis, but rather, it provides 
information of practical value for the system designer. 

For metal transfer control two important objectives are 
described, that is, ODPP and minimal energy for drop 
detachment. In this paper a metal transfer controller is 
proposed which can handle these objectives. The controller 
is based on obtaining some specified drop  
size before initiation of each pulse period, and thus the 
pulse frequency is not fixed. The advantage is an increased 
robustness towards ODPP objective. Also, it is possible to 
lower the energy used for drop detachment. The arc length 
controller and the metal transfer controller have only been 
tested in simulation. Thus, tests on the real welding 
process still need to be carried out for both controllers. 
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