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bypass method for heat input and arc pressure reductions without reducing the melting 

speed is demonstrated.     

 

Fig. 2.2 Non-consumable DE-GMAW experimental system using a PAW torch [17] 

Where, 𝐼𝑚, 𝐼𝑏𝑚, and 𝐼𝑏𝑝 stand for the melting, base metal and bypass current respectively 

and correspond to 𝐼,  𝐼1 and 𝐼2 respectively in Fig. 2.1. 

 

Fig. 2.3 Cross-section of weld made by non-consumable DE-GMAW using plasma bypass arc  Ibp =100 A, 
Ibm =145 A [17] 
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2.4 Non-Consumable DE-GMAW Using Unconstrained Bypass 
Arc 
 

While the pre-existence of a constrained pilot arc can ease the ignition of the bypass arc 

after the main arc has been established, its associated high cost for the equipment and the 

inconvenient large size of the bypass torch are all unwanted. In the non-consumable DE-

GMAW system shown in Fig. 2.4, the PAW torch in Fig. 2.2 is replaced by a GTAW 

torch. The bypass power supply is replaced by a bypass control circuit which controls the 

passing bypass current at the desired level. The main GMAW power supply provides 

Im = Ibm + Ibp, i.e., I = I1 + I2 in Fig. 2.1. Since the tungsten electrode is much easier to 

emit electrons then the work-piece, the majority of the current provided by the power 

supply would be bypassed such that the bypass current may exceed the desired level. The 

bypass control circuit provides an approach to reduce the bypass current to its desired 

level. The current principle I = I1 + I2 of DE-GMAW as shown in Fig. 2.1 is unchanged.  

 

 

Fig. 2.4 Principle of non-consumable DE-GMAW [17] 
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In the system in Fig. 2.4, the bypass control circuit is an Insulated Gate Bipolar Transistor 

(IGBT) which controls the on and off of the bypass loop. However, if no current sensors 

are used to provide the feedback to control the switch of the IGBT, this non-consumable 

DE-GMAW system would work in the open loop mode. Proper welding parameters, 

especially the proportion of the on-off ratio and the wire feed speed which controls the 

total current, must be set carefully to obtain the currents at their desired levels.  

 

The non-consumable DE-GMAW circuit was analyzed as shown in Fig. 2.5 [17]. The 

GMAW (main) arc and bypass arc were represented by their equivalent resistances. The 

two arcs are approximated as two resistors in parallel with the same voltage. The current 

distribution is thus determined by their resistances. Their corresponding current will be 

inversely proportional to their resistance. Since the equivalent resistance of the bypass arc 

is much smaller, an adjustable power resistor should be added to control the bypass 

current. On the other hand, the total current is determined by the wire feed speed. The 

currents can therefore be controlled in reasonable ranges.  

 

 

Fig. 2.5 Equivalent circuit of a single power supply based non-consumable DE-GMAW system [18] 
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Fig. 2.6 Adjustable resistor [18] 
 

The adjustable power resistor has been formed using four parallel power resistors with 

each in series with an IGBT (see Fig. 2.6) as its on-off control switch [18]. The resistance 

for each resistor has been designed such that the parallel circuit can provide adequate 

resolution for the resultant resistance incorporated with the on-off switch of the resistors. 

Fig. 2.7 shows the recorded currents for a control experiment using the non-consumable 

DE-GMAW process and control system shown in Fig. 2.4~2.6. 
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Fig. 2.7 A control example [18]. The bypass current is adjusted by changing the equivalent resistance of the 
power resistor to maintain the base metal current around the desired value that is 250 A 

 

Fig. 2.8 shows an example weld made on a lap joint, formed by 2 mm on 2 mm thick low 

carbon steel sheet, with the non-consumable DE-GMAW process and control system 

shown in Fig. 2.4~2.6. The travel speed was 1.65 m/min (65 IPM) while the wire was fed 

in at 14.0 m/min (550 IPM). The welding voltage was 32 volts. From this example weld, 

it can be seen that the DE-GMAW process made acceptable weld at a high speed. 

However, when applying the conventional GMAW by setting the bypass current to zero, 

the lap-joint formed by two 2 mm low carbon steel sheets was burned through [18].    

 

Fig. 2.8 Comparison of weld on lap joint made by controlled DE-GMAW and conventional GMAW 
process [18] 
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2.5 Metal Transfer in Non-Consumable DE-GMAW Using 

Unconstrained Bypass Arc 

The American Welding Society (AWS) classifies the metal transfer into three primary 

modes: spray transfer, globular transfer, and short-circuiting transfer. In the spray transfer, 

the liquid metal droplets transfer into the weld pool across the arc gap with diameters 

similar to or smaller than that of the wire. The International Institute of Welding (IIW) 

further classifieds the spray transfer mode into the projected spray (or drop spray), 

streaming spray, and rotating spray. In the globular transfer, the liquid metal droplets are 

also transferred across the arc gap but with diameters much greater than that of the wire. 

In the short-circuiting transfer, the melted metal is transferred when the droplet is in 

contact with the weld pool. For conventional GMAW, metal transfer plays a critical role 

in determining the arc stability and weld quality. In DE-GMAW, the dependence of the 

arc stability and weld quality on the metal transfer still exists.  

 

A major issue in GMAW is that it requires a current higher than the critical current [19] 

to produce the desired spray mode. However, such a high current may not be desired by 

the application. Specifically, in conventional GMAW, the current flows from the wire 

approximately around the wire axial direction. This direction determines the net effect of 

the electromagnetic force - the major detaching force, needed to produce the spray 

transfer. Under this condition, the current needs to be greater than the critical current in 

order to supply a sufficient detaching force for the spray transfer. However, in DE-

GMAW, the current from the wire flows into two directions: around the wire axial 

direction and toward the bypass electrode. The condition in the conventional GMAW that 
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determines the net effect of the distributed electromagnetic force field as the detaching 

force is changed. The metal transfer in DE-GMAW should be related to both the base 

metal current and bypass current [20-22].  

 

Studies found that, when the total current is high enough, the droplet forms a stream 

which bridges the electrode wire and the weld pool. Partial welding current can flow 

through the stream to the work-piece. However, the current path from the solid electrode 

wire to the work-piece still exists because of the existence of the main arc. This is a metal 

transfer that falls into the definition of neither the free flight transfer nor the bridge 

transfer. It has been referred to as the contacting stream spray transfer because of its 

similarity to the conventional stream spray transfer and the conventional short-circuiting 

transfer. 

 

In greater detail, when the bypass arc is present, partial melting current is forced to flow 

to the bypass electrode. Because the bypass tungsten electrode is at a different direction 

from the cathode on the work-piece, the bypass current forms an angle with the base 

metal current which flow from the droplet to the cathode on the work-piece. As a result, 

the convergence of the current in conventional GMAW is undermined so that the net 

electromagnetic force shifts toward becoming a detaching force. Hence, although the 

total current may be smaller than the critical current, the metal transfer still changes to the 

spray mode after the bypass arc is introduced. In addition to the change of the transfer 

mode, the effect of the bypass arc on the droplet trajectory can also be observed.  
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In the series of experiments shown in Fig. 2.9 [20], the total current is approximately the 

same (the wire feed speed is the same) but the bypass current varies. It can be seen that 

the droplets associated with the higher bypass current changed from globular transfer to 

spray transfer and became smaller with higher droplet rate. This suggests that the 

electromagnetic force was further shifted toward being a detaching force although the 

total current remained unchanged.  

 

 

(a) Bypass current = 0

 

(b) Bypass current = 72amps

 

(c) Bypass current = 108amps 
 

Fig. 2.9 Metal transfer experiments. WFS: 6.4 m/min (250IPM), diameter 1.2 mm steel wire. (a), (b), and 
(c) used different bypass currents 
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2.6 Consumable DE-GMAW and Analysis 

In non-consumable DE-GMAW, although extra heat input and arc force have been 

reduced, the energy absorbed by the bypass electrode is wasted. If the bypass electrode is 

a consumable wire, the waste can be eliminated while still providing the advantages 

associated with DE-GMAW. The resultant process is the consumable DE-GMAW shown 

in Fig. 2.10 and its heat input controllability as represented by the range of the deposition 

efficiency p  has been discussed earlier in Section 2.2 and especially mathematically 

analyzed in Eq. (2-8) ~ (2-11). The consumable wire is fed through a GMAW torch as the 

bypass electrode.  In Fig. 2.10, two power supplies running at the CV mode are used to 

provide the base metal and bypass current. The main wire is primarily melted by the 

anodes of the main arc and bypass arc whose currents are the base metal current and 

bypass current respectively.  The bypass wire is primarily melted by the cathode of the 

bypass arc. The main wire feed speed thus controls the sum of the base metal and bypass 

current, i.e., the total current I = I1 + I2, and the bypass wire feed speed determines the 

bypass current I2.     
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Fig. 2.10 Principle of consumable DE-GMAW 
 

In Fig. 2.10, two CV power supplies are used. In such a CV power supply based system, 

the total current and bypass current depend on the corresponding wire feed speed and 

voltage setting. First, the CV mode controls the length of the main arc, at a desired level 

corresponding to the setting of CV Welder #1 in Fig. 2.10, to balance the melting with 

the feeding of the main wire. The actual total current is the result of the adjustment on the 

melting current for the main wire. In the meantime, the actual bypass current is the result 

of the adjustment on the melting current for the bypass wire. When the actual bypass 

current is determined by the need to balance the melting and feeding for the bypass wire, 

the balance of the main wire determines the base metal current. Hence, balancing the 

melting with feeding for the two wires controls the base and bypass current. Second, the 

equilibriums, as determined by the voltage settings of the two CV power supplies, control 

the degrees of the balances. This is because that the realized arc lengths as a result of the 

balances affect the wire extensions and the wire extensions determine the resistive heats 

on the wires. As the resistive heats increase, the needed heats from the arc anodes to 
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balance the corresponding melting with feeding are reduced. The corresponding currents 

are thus reduced. Hence, both the currents are controlled by the wire feed speeds and 

voltage settings. However, the actual currents are not accurately controlled and also 

depend on other variables including the tip-to-work distance (for the main arc) and the 

positioning of the bypass wire in relation to the main wire (for the bypass arc). 

 

There are three major parameters that determine the resultant welds from DE-GMAW: 

base metal current, heat input, and mass input. Ideally, one needs a certain amount of 

metal be deposited on the joint to form a weld with the desired shape and penetration. 

When the mass input and joint geometry are given, the weld shape and penetration are 

primarily determined by the penetration capability of the arc. For DE-GMAW, this 

penetration capability is determined by the heat input and the force of the main arc. The 

heat input consists of the heat input from the droplets and the heat input directly imposed 

on the work-piece. When the mass input is given, the heat input from the droplets is 

approximately fixed. The heat input directly imposed on the work-piece is due to the 

cathode heat of the main arc determined by 𝑉𝑐𝑎𝑡ℎ𝑜𝑑𝑒𝐼1 and is thus controlled by the base 

metal current 𝐼1 since 𝑉𝑐𝑎𝑡ℎ𝑜𝑑𝑒 is a constant. On the other hand, the force of the main arc 

is proportional to the square of the base metal current 𝐼1. Hence, when the mass input is 

given such that the heat input is approximately given, the resultant weld is controlled by 

the base metal current. However, while the mass input can be controlled, the CV power 

supply based system shown in Fig. 2.10 does not provide an accurate control on the base 

metal current.  
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2.7 Control of Consumable DE-GMAW 

A method to produce desired welds is to control the base metal current and bypass 

current at desired levels such that the heat input determined by the total current (their sum) 

and penetration capability determined by the base metal current and heat input are 

accurately controlled. When CV power supplies are used, these two currents may be 

adjusted by their corresponding wire feed speeds in large ranges. The adjustments on the 

wire feed speeds affect the total mass input but it may be acceptable as long as the 

required minimal mass be deposited. 

 

Fig. 2.11 shows a method which feedback controls the base metal current by adjusting the 

main wire feed speed such that the base metal current may be adjusted in a large range. 

This is needed because the base metal current not only contributes to the total heat input 

but also is the most critical parameter to control the penetration capability when the mass 

and heat input are in a certain range. The bypass voltage is feedback controlled using the 

CV mode bypass power supply which adjusts the bypass current. The bypass current is 

changed such that the heat input is changed. However, the adjustment range for the 

bypass current, thus the heat input, is relatively small because the bypass wire feed speed 

is not changed. For open arc (rather than submerged arc) consumable DE-GMAW, the 

stability of the bypass arc relies on its arc length. Hence, the control system provides an 

accurate control on the arc pressure, an accurate control on the bypass arc stability which 

is critical for consumable DE-GMAW especially when the bypass arc is open, and 

approximate controls on the mass and heat input. 
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Fig. 2.11 A control for two CV power supply based consumable DE-GMAW system [23] 
 

The design of the control system in Fig. 2.11 needs the process being controlled to be 

modeled. As in conventional GMAW, the main arc voltage V1  is also automatically 

feedback controlled in the DE-GMAW process by the CV welder, and the location of the 

main wire tip is approximately fixed. The length of the bypass arc (l2), i.e., the distance 

from the bypass wire tip to the main wire, is determined by the balance between the 

melting and feeding of the bypass wire:  

𝑑𝑙2
𝑑𝑡

= (𝑣𝑚2 −𝑊𝐹𝑆2)𝑠𝑖𝑛𝜃                                                   (2.12) 

where vm2 is the melting speed of the bypass wire; θ is the angle between the two wires; 

and sinθ projects the bypass wire (length) to the direction of the bypass arc. When the 

given wire feeding speed WFS2 is balanced by the melting speed vm2, dl2
dt

= 0. 

The melting speed vm2 is determined by the bypass arc cathode power IVcathode and the 

resistive heating power rI22, where r is the resistance of the wire extension carrying the 

bypass current I2. The resistance r is proportional to the length of the wire extension (E2). 

It has been proved [24, 25] that the melting speed of a wire in GMAW can be expressed 

as k1I + k2EI2 where k1 and k2 are constants and E is the length of the wire extension. 

Hence, the melting speed for the bypass wire is  

                          𝑣𝑚2 = 𝑎1𝐼2 + 𝑎2𝐸2𝐼22                                                       (2.13) 
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where 1a  and 2a  are constants. When the welding arc is stable, the melting speed is equal 

to the wire feed speed: 

     𝑊𝐹𝑆2 = 𝑣𝑚2 = 𝑎1𝐼2 + 𝑎2𝐸2𝐼22                                      (2.14) 
If the bypass current (the control variable in subsystem 1) is changed to I2 + ∆I2 from I2, 

the equilibrium will be broken and the melting speed becomes  

2
2 1 2 2 2 2 2 2 2

2 2
1 2 2 2 2 1 2 2 2 2 2 2 2

2
2 1 2 2 2 2 2 2 2

( ) ( )( )

( ) ( 2 )

( 2 )

mv a I I a E E I I
a I a E I a a E I I a I E

WFS a a E I I a I E

= + ∆ + + ∆ + ∆

≅ + + + ∆ + ∆

= + + ∆ + ∆                              (2.15) 
where high order deviations have been omitted. Thus, Eq. (2-12) can be written as  

22
1 2 2 2 2 2 2 2( 2 ) sin sindl a a E I I a I E

dt
θ θ= + ∆ + ∆

                                  (2.16) 
after the bypass current is changed. Because the arc voltage is a linear function of the arc 

length and ∆V2 ∝ −∆E2sinθ where ∆V2 is the deviation of the bypass arc voltage from its 

previous value V2 at the equilibrium, model (2-16) can thus give  

2 2 2 2
2 2

( )d V V d V dl k I V
dt dt dt

λ α+ ∆ ∆
= = = ∆ − ∆

                                  (2.17) 
where k, λ, and α are coefficients. Hence  

2
2 2

d V V k I
dt

α∆
+ ∆ = ∆

                                                         (2.18) 
Subsystem 1 can thus be approximated as a first order model but the model parameters 

depend on the manufacturing condition parameters, such as E2, I2, θ, etc. as can be seen 

from Eq. (2-16). Using the control system, satisfactory welds have been made [23]. 

 

2.8 Variants of DE-GMAW and Double-electrode Arc Welding  

A few variants have been proposed to extend the DE-GMAW concept or beyond the 

exact definition of DE-GMAW. The indirect arc method [26] has been independently 
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proposed and developed at Shandong University, which establishes an arc between two 

consumable rods without the work-piece to be a part of the arc, either anode or cathode, 

will not be discussed below. It reduces the heat input to a minimum and shares a certain 

similarity with DE-DMAW but lacks the mechanism to adjust the heat input as the DE-

GMAW and its variants do.      

 

2.8.1 Dual-Bypass GMAW 

 

Fig. 2.12 Principle of DB-GMAW 
 

Dual-bypass GMAW process (DB-GMAW) is a variant of DE-GMAW [27-30] which, as 

can be seen from Fig. 2.12, is established from a conventional GMAW system by adding 

two GTAW torches to provide two bypass loops for the melting current. The main loop is 

the path that the base metal current (Ib) flows through, and the two bypass loops are the 
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paths that the two bypass current (Iright and Ileft) flow through. As illustrated in Fig. 2.12, 

the positive terminals of the three power supplies are connected together as a common 

positive terminal, and all of them are working in CC mode although CV may also be 

possible. The main torch is connected to the common positive terminal. The work-piece 

(or base metal) is connected with the negative terminal of the GMAW power supply. 

Each bypass GTAW torch is connected separately to the negative terminal of its 

corresponding GTAW power source. After the main arc is established between the tip of 

the electrode of the main GMAW torch and the surface of the work-piece, each bypass 

arc is established separately between the tip of the main electrode wire and the tip of its 

corresponding bypass electrode. The base metal current flows from the main electrode 

wire to the work-piece. The melting current for the main wire equals the sum of the base 

metal current and the two bypass currents:  

𝐼𝑚 = 𝐼𝑏 + 𝐼𝑙𝑒𝑓𝑡 + 𝐼𝑟𝑖𝑔ℎ𝑡                                                      (2.19) 
where,  

Im is the total welding current;  

Ib is the base metal current that flows through the work-piece; 

Ileft is the bypass current that flows through the left bypass torch; 

Iright is the bypass current that flows through the right bypass torch.  

 

Similar to DE-GMAW, DB-GMAW is also able to reduce the heat input of the welding 

process without reducing the deposition speed. As a result, the heat affected zone (HAZ) 

and the distortion of the work-piece can be reduced without affecting the productivity. 

Compared to DE-GMAW, more power supplies must be provided and the configuration 

of the system is more complicated to a certain extent.  
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For the metal transfer in DB-GMAW, the following has been found:  

• The electromagnetic forces generated by the two bypass arcs (left and right) 

enhance the shrinking of the droplet neck and increase the anode area on the 

bottom of the droplet. The resultant influence of the neck shrinkage and the anode 

enlargement increase the detaching forces of the droplet.  

• By changing the arc size and plasma flow speed, the bypass arcs increase the 

aerodynamic drag force of the droplet. As a result, the detachment of the droplet 

from the electrode wire is accelerated.  

 

2.8.2 Arc Assisted Hot-Wire GTAW 

In conventional gas tungsten arc welding (GTAW), the process often requires adding 

filler metals to produce desired welds. Currently, there are two primary approaches for 

filling the wire: cold wire GTAW and hot wire GTAW. In the cold wire GTAW process 

[31], the filler wire is added directly into the weld pool as is. In order to melt the wire 

faster, in the hot wire GTAW [32] as shown in Fig. 2.13, the filler wire is pre-heated by a 

resistive heat while it is being fed into the weld pool. This resistive heat is generated from 

a separate current (typically an alternating-current (AC)) supplied to the filler wire that 

flows from the wire directly into the weld pool. The current is properly adjusted so that 

ideally the temperature of the filler wire can reach its melting point as soon as it enters 

the weld pool.  
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Fig. 2.13 Principles of hot wire GTAW system [33] 
 

However, even if hot wire GTAW is applied, its deposition speed is still limited 

especially when the electric resistivity of the wire material is relatively low. To resolve 

this issue, researchers at the Harbin Institute of Technology invented an Arc Assisted Hot 

Wire GTAW system. In this system, a second arc is added to increase the pre-heat 

temperature of the wire using the system as shown in Fig. 2.14 [34, 35]. Although two 

arcs have been established on the surface of the filler wire in the arc assisted hot wire 

GTAW system, there is no arc between the two electrodes of GTAW torches. Therefore, 

the principle of the arc assisted hot wire GTAW is completely different from that of 

double-electrode based methods which are being discussed.  
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Fig. 2.14 Arc assisted hot-wire GTAW [35] 
 

2.8.3 Arcing-Wire GTAW and Double-Electrode Arc Welding 

To increase the deposition speed without increasing the weld puddle and freely control 

the penetration and mass input in GTAW, the arcing-wire GTAW [36] as shown in Fig. 

2.15 has been developed at the Adaptive Intelligent Systems LLC [47] as a modification 

of GTAW by adding an arc (referred to as the side arc), established between the tungsten 

electrode and a filler, into the existing gas tungsten arc (GTA). It shares a similarity with 

the DE-GMAW in the sense that the current in the main electrode equals the base metal 

current and the current in an added electrode. However, the purpose is changed from 

melting the main electrode to melting the added electrode only and the main electrode is 

changed from consumable to non-consumable. For convenience, the authors propose the 

double-electrode arc welding (DE-AW) as a new category of arc welding processes 

which includes DE-GMAW, together with its variants, arcing-wire GTAW and other 

possible variants which use a main electrode to establish an arc with the work-piece and 

arcs with an added electrode or added electrode group.  
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Fig. 2.15 Principle of arcing-wire GTAW [36] 
 

As shown in Fig. 2.15, the arcing-wire GTAW system also needs two power sources. The 

GTA power supply is used to generate the GTA between the tungsten electrode and base 

metal; the wire heating power supply is used to generate the side arc between the 

tungsten electrode and filler wire. Because the negative terminals of the two power 

sources are connected together onto the tungsten electrode as a common point, a GTA 

current loop and wire heating current loop are both formed. The wire is melted not only 

by the resistance heat but also the side arc. The melting efficiency of the filler wire is thus 

much higher than that in the conventional hot wire GTAW especially for highly 

conductive filler such as copper and aluminum wires. Analysis suggests that the 

deposition speed achievable by and the wire melting mechanism for arcing-wire GTAW 

are similar with those for GMAW but the arcing-wire GTAW offers the arc 

controllability similar as conventional GTAW. 
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Fig. 7.5 Cross-sections of Fillet Welding Experiments 
 

The cross-sections in Fig. 7.5 provide a clearer direct-view of the shaping of the weld 

beads. The re-entrant angles are large enough, greater than 90° required; the surfaces of 

the beads are relatively flat instead of convex or concave; and the leg-sizes of the weld 

beads comply with the industrial standards. Especially, the experimental results of the 

DE-SAW for fillet joints were accepted by shipyards.  

 

In the shipbuilding welding industry, the heat input into the work-piece is calculated by 

means of the product of total welding current and welding voltage divided by the 

traveling speed. Thus in the DE-SAW experiments, the average heat input is: 

 

430 𝐴𝑚𝑝 ×28 𝑉
45 𝐼𝑃𝑀

= 267.6 𝑊/𝐼𝑃𝑀                                               (7.1) 
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7.4 Weld Bead and Heat Input Comparison 

After the predictive control based DE-SAW for fillet joints had been proven to be reliable 

and repeatable, the conventional SAW for fillet joints is conducted as a reference to 

compare with the good performance of DE-SAW. According to the industrial standard 

provided by the shipyards, the general traveling speed of the tractor is 30 IPM and the 

total welding current used for fillet welding is 400 Amp approximately. Then, based on 

the mapping relationship between wire speed and welding current, 76 IPM was chosen as 

the constant wire speed of the tractor. All of the important parameters in conventional 

SAW experiment are listed in Table 7.4. Owing to the conventional SAW process has a 

long history already, it is unnecessary to prove its repeatability. 

 

Table 7.4 Parameters in Conventional SAW Experiment 

 Value Unit 

Original Main Wire Speed (W1) 193 (76) cm/min (IPM) 
Travel Speed (v) 76.2 (30) cm/min (IPM) 

Main Voltage (V1) 28 Volt 

Width of Tee 4.7 mm 

Width of Panel 4.7 mm 
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Fig. 7.6 Currents and Wire Speeds Plot in Conventional SAW Experiment 
 

It can be seen from the DAQ record (Fig. 7.6) that the total welding current is 400 A 

approximately as expected. The bypass current equals zero because there is no bypass 

loop in conventional SAW.  

 

 

Fig. 7.7 Weld Bead of Conventional SAW Experiment (Direction: R to L) 
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Fig. 7.8 Cross-section of Conventional SAW Experiment 
 

Fig. 7.7 and 7.8 illustrate the shaping of the weld bead in the conventional SAW 

experiment. Compared with the weld beads of DE-SAW shown in Fig. 7.4 and 7.5, the 

shaping of weld bead in conventional SAW shows slightly concave due to the excessive 

heat. Same as in DE-SAW, the heat input in the conventional SAW experiment can be 

calculated as well: 

  

400 𝐴𝑚𝑝 ×28 𝑉
30 𝐼𝑃𝑀

= 373.3 𝑊/𝐼𝑃𝑀                                                   (7.2) 

 

Summarizing the calculating results in Equations (7-1) and (7-2), it can be computed that 

the heat input in DE-SAW is about 72% of that in conventional SAW process. Therefore, 

by applying the predictive control based DE-SAW and the root opening between the tee 

and the panel, the decrease of heat input in the fillet welding, on the basis of guaranteeing 

the amount of metal deposition, is successful and remarkable.  

 

7.5 Experiments and Analysis on Large Panels 

In section 7.3,  
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Fig. 7.9 Currents and Wire Speeds 
 

Fig. 7.9 shows the recorded raw experimental data of experiment 7.5.1 and 7.5.2. It is not 

difficult to find that the wire feed speeds finished their dynamic adjustments swiftly and 

entered the steady state within 2 seconds approximately; both the base metal current and 

bypass current became quite stable, and maintained around their desired settings. 

Although the fluctuations of the welding currents in experiment 7.5.2, the process 

stability was still satisfied and the current fluctuations were within acceptable ranges.  

 

 

Fig. 7.10 Weld Beads 
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Fig. 7.10 illustrates the photos of the weld beads of experiment 7.5.1 and 7.5.2. It can be 

seen that the surfaces of the beads are flat and smooth. The shapes of the beads are quite 

uniform. No obvious flaws are found along the weld bead.  

 

From the two experiments on larger weld-pieces (4 inch tee and 6 inch panel), the good 

parameters for the predictive control algorithm verified with smaller work-pieces (1 inch 

tee and 4 inch panel) also work for the larger work-pieces (4 inch tee and 6 inch panel).  
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Chapter 8 Simplified Version of Predictive Control 
 

8.1 Background 

In the previous chapters, the predicative control system of the DE-SAW fillet process 

with root opening have been established based on the model analysis and proved to be 

effective experimentally. In order to real-time adjust the main wire feed speed coming 

from the tractor and the bypass wire feed speed simultaneously, however, the inner 

structure of the LT-7 tractor (or any other welding devices used in the workshop of 

Ingalls) has to be altered which is challenging to be accepted by the customers. If merely 

the bypass wire feed speed needs to be real-time adjusted while the predictive control 

algorithm can still be inherited, then it would be more convenient to transplant the control 

system from the laboratory to the actual welding environment in shipyards. Based on this 

requirement, a simplified version of the predictive control, i.e. namely the bypass wire 

predictive control algorithm, has been developed in this chapter.   

 

8.2 Algorithm Simplification 

Owing to the good control performance, the algorithm design of the predictive control 

introduced in Chapter 6 is still inherited in the simplified version system. The only 

drawback of the previous predictive control is that the adjustment on the main wire feed 

speed sending out from the LT-7 tractor is difficult to be realized in the real workshop. 

Unfortunately, the practical DE-SAW process must be treated as a two-input-two-output 

system (see Fig. 5.3) when using the predictive model. Thus, the model structure of the 
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DE-SAW process brings a lot of challenges for combining the predictive control with the 

simplified hardware experimental platform. 

 

Equation (6-17) shows the control law of the full version (two wires) predictive control. 

In that equation, the matrix “D = (ATQA + R)−1ATQ” can be calculated off-line in 

advance because A is known already from identification experiments; “Q” and “R” are 

from the design. Now that the adjustment of the input signals (wire feed speeds) and the 

importance of the changes of the inputs are determined completely by the weight 

matrices “Q” and “R”, then the control algorithm can be approximated to a single-input-

single-output control process as long as the weight of the inputs and the weight of the 

outputs are adjusted reasonably.  

 

In particular, in matrix “Q” as shown in Eq. (8-1), the diagonal entries in sub-matrix “Q1” 

determines the weights (importance) of the filtered base metal current values at each 

instants (from “k” to “k+N-1”); and the diagonal entries in sub-matrix “Q2” determines 

the weights (importance) of the filtered bypass current values at each instants (from “k” 

to “k+N-1”).  

𝑄 = �𝑄1 0
0 𝑄2

�                                                                   (8.1) 

 

In the full version predictive control discussed in Chapter 6, because the two outputs 

(base metal and bypass currents) are important equally, all the diagonal elements in “Q” 

matrix are set to 1. Now, if the sub-matrix “Q2” is set to a zero matrix, it means that the 

importance of the bypass current is completely ignored. In another word, only the base 
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metal current will be feedback controlled and the number of the process output has been 

simplified to one.  

 

For the process inputs (wire feed speeds), the weight matrix R is a 2 by 2 diagonal matrix 

as shown in Eq. (8-2). When using the full version predictive control algorithm 

previously, the penalty to the main wire (r1) is 10 and the penalty to the bypass wire (r2) 

is 1.  

𝑅 = �𝑟1 0
0 𝑟2

�                                                                   (8.2) 

 

The larger the penalty value is, the smaller the adjustment of the input will be. Therefore, 

if the penalty to the main wire (r1) is large enough, then the adjustment to the main wire 

would be approaching towards zero. As a result, only the bypass wire can be adjusted 

effectively as the process input.  

 

The calculation shows that when the penalty to the main wire (r1) is enlarged to 100000 

while the weight of the bypass current is set to zero, then the adjustment of the main wire 

speed would be zero until the fourth figures after the decimal point. That accuracy is high 

enough to consider that the base metal current is actually feedback controlled completely 

by the bypass wire speed merely and the main wire feed speed is sent out constantly. 

Therefore, the knob of the main wire speed on the panel of the tractor can be fixed at an 

appropriate position by the human operator. That is the simplified or bypass wire 

predictive control law.  
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By using the new weight coefficients, the control is approximated to a single-input-

single-output control process. The bypass wire feed speed will be the system input; the 

base metal current is the output signal. Thus, the new control law is coherent with the 

simplified version hardware platform. Meanwhile, the strategic decision of the predictive 

control algorithm has been inherited, so the good performance of the predictive control 

should be saved. In fact, the control logic is still the predictive control used in the full 

version control, but the decision of the control law performs as the simplified version 

apparently.  

 

8.3 Experiment and Analysis on Small Panels 

In order to test the feasibility of the new predictive control algorithm, a series of practical 

fillet DE-SAW experiments have been conducted. The small work pieces (1 inch tee and 

4 inch panel) are used first.  

 

Experiment 8.3.1 and 8.3.2: 

In the first two experiments, the desired welding current is set a little bit lower than that 

in the full version predictive control. Due to the main wire feed speed is uncontrollable, it 

has been set with the knob on the panel of the tractor (unit: gauge). Experiment 8.3.1 and 

8.3.2 are using the same parameters shown in Table 8.1. 
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Table 8.1 Experimental Conditions 

 Value Unit 
Original Main Wire Speed (W1) 4.25 gauge 
Original Bypass Wire Speed (W2) 381 (150) cm/min (IPM) 
Desired Base Metal Current (I1) 305 Amp 
Travel Speed (v) 114.3 (45.0) cm/min (IPM) 
Main Voltage (V1) 28 Volt 
Bypass Voltage (V2) 28 Volt 
Root opening between Tee & Panel 1.5 mm 

 

 

Fig. 8.1 Currents and Wire Feed Speeds 
 

Fig. 8.1 shows the recorded experimental data from experiment 8.3.1 and 8.3.2. It is not 

difficult to find that the bypass wire feed speed has being changed in real-time to 

maintain the base metal current around its desired setting. And the main wire feed speed 

is not changed at all due to the large penalty used in the simplified predictive control 

algorithm. The entire welding process is quite stable.  
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Fig. 8.2 Weld Bead Photos 
 

From the weld bead photo (Fig. 8.2), it can be seen that the welding performance is 

acceptable basically. The penetration of the two experiments is relatively low resulting in 

the slight uneven of the shapes and the convex of the beads. The performance of 

experiment 8.3.2 is similar to the first experiment. The stable process proves the 

feasibility of the new predictive control, but the penetration of the process needs to be 

increased properly. 

 

Experiment 8.3.3, 8.3.4 and 8.3.5: 

In experiment 8.3.3, the desired base metal current is increased by 5 Amp from 305 Amp 

to 310 Amp so that the penetration of the process can be increased a little bit. All the 

important parameters are listed in Table 8.2. Also, in order to prove the repeatability of 

the good performance, the same parameters have been repeated twice in Experiment 8.3.4 

and 8.3.5.  
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Table 8.2 Experimental Conditions 

 
 Value Unit 
Original Main Wire Speed (W1) 4.25 gauge 
Original Bypass Wire Speed (W2) 381 (150) cm/min (IPM) 
Desired Base Metal Current (I1) 310 Amp 
Travel Speed (v) 114.3 (45.0) cm/min (IPM) 
Main Voltage (V1) 28 Volt 
Bypass Voltage (V2) 28 Volt 
Root opening between Tee & Panel 1.5 mm 

 

 

Fig. 8.3 Currents and Wire Feed Speeds 
 

Fig. 8.3 shows the recorded experimental data from experiment 8.3.3, 8.3.4 and 8.3.5. It 

can be seen that the bypass wire feed speed in these three experiments has being changed 
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in real-time to maintain the base metal current around its desired setting. The entire 

welding process is still quite stable.  

 

 
Fig. 8.4 Weld Beads 

 

Fig. 8.4 illustrates the photo of the weld beads for Experiment 8.3.3, 8.3.4 and 8.3.5. It 

can be seen that the surface of the beads are flat and smooth after appropriately 

increasing the penetration. The shapes of the beads are uniform. No obvious flaws are 

found along the weld bead. From the experimental data recorded by the data acquisition 

and the photos of the weld beads, it can be seen that all the processes are stable. And the 

weld performances are satisfactory. Also, experiment 8.3.4 and 8.3.5 proved that the 

good performance by using the simplified predictive control algorithm is repeatable.  

 

8.4 Experiment and Analysis on Large Panels 

After confirming the good parameters for the simplified predictive control algorithm in 

section 8.3, and also proving the repeatability, the experiments are conducted on the large 

work pieces (4 inch tee and 6 inch panel) to simulate a more practical condition in the 

Ingalls shipyards. The welding parameters used in Experiment 8.4.1 and 8.4.2 are the 

same to those in Table 8.2.  
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Fig. 8.5 Currents and Wire Feed Speeds 
 

Fig. 8.5 shows the recorded raw experimental data. It is not difficult to find that the base 

metal current became stable after entering the stable status, and maintained around its 

desired setting. Also, the adjustment of the bypass wire is coherent to the expectation. 

Although the fluctuations of the welding currents in experiment 8.4.2 were a little more 

pronounced than those in the experiment 8.4.1, the process stability was still satisfied and 

the current fluctuations were within acceptable ranges. 

 

 

Fig. 8.6 Weld Beads 
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Fig. 8.6 illustrates the photos of the weld beads for experiment 8.4.1 and 8.4.2. It can be 

seen that the surfaces of the beads are flat and smooth. The shapes of the beads are quite 

uniform. No obvious flaws are found along the weld bead.  

 

From the two experiments on larger weld-pieces (4 inch tee and 6 inch panel) for 

practical condition simulation, the good parameters for the simplified predictive control 

algorithm verified with smaller work-pieces (1 inch tee and 4 inch panel) also work for 

the larger work-pieces (4 inch tee and 6 inch panel).   
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Chapter 9 Conclusion and Future Work 
 

9.1 Conclusion 

In this dissertation research, the major achievements could be summarized as: 

 

1. Double Electrode technology has been applied on the Submerged Arc Welding 

(SAW) process for the first time. 

2. DE-SAW provides an effective technology for fillet joints in shipbuilding that can 

reduce the heat input/energy consumption and assure the amount of metal 

deposition; this technology can be readily transferred to shipyards. 

3. Predictive control played a critical role in successfully developing the fillet 

welding of DE-SAW technology and the challenges existed in the realization 

process of DE-SAW for fillet joints have been systematically solved.  

4. The use of a root opening between the tee and the panel provides an effective way 

to reduce the penetration capability required to produce desired weld beads. The 

heat input reduction capability of the DS-SAW can thus be effectively utilized to 

produce desirable fillet welds with minimized heat input. 1.5 mm is recommended 

for fillet welding on 3/16” thick plates. 

5. Quantitative and qualitative analysis methods have been used to optimize the 

welding parameters for minimized heat input. The resultant optimized practice for 

DE-SAW of 3/16” fillet joints is to use 1.5 mm root opening, 45 IPM travel speed 

and 100 IPM initial main wire feed speed for 3/32 inch” (2.381 mm) diameter 

main wire. 
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6. By using the predictive control and the root opening between the tee and the 

panel, the fillet DE-SAW process results in 30% reduction approximately on the 

heat input from the shipyard single-wire benchmark.  

7. The simplified predictive control algorithm cooperating with the simplified 

hardware platform has been proved experimentally to be feasible. By using this 

algorithm, the simplified experimental platform can be used without changing the 

inner structure of the tractor. And it would be easier to transplant the control 

system to the practical on-site welding environment in the shipyards.  

8. The experiments on the larger work-pieces (4” tee and 6” panel) proved the 

repeatability of the two controls (full version predictive control and simplified 

predictive control) and as well as their robustness with respective to the work-

piece size.  

9. The simplified control algorithm/method can be considered as an alternative plan 

to the full version predictive DE-SAW control algorithm. In particular, if the 

internal structure of the LT-7 tractor or other SAW welding tractors using in 

shipyards is allowed to be reorganized, then the predictive DE-SAW control 

algorithm should still have the priority to be used; otherwise, the simplified 

control algorithm/method can be applied alternatively cooperating with the DE-

SAW control system. 

 

9.2 Future Work 

To improve the performance of the predictive control system for the fillet joint DE-SAW 

process with root opening, some possible future developments are listed below: 

124 
 



 

1. In the process model analysis of DE-SAW, the main wire and bypass wire feed 

speeds are chosen as the input signals that can be adjusted real-time to maintain 

the welding currents. Actually, when the wire feed speeds are fixed constantly, 

the welding voltages (main and bypass power supplies) can also be used as the 

adjusting variables to realize the control of the welding currents. This idea is well 

worth trying.  

2. In order to transplant the success of the predictive control algorithm of DE-SAW 

to the practical environment in the shipyards, the terminals, ports and cables of 

the entire control system might need to be redesigned according to the devices 

used in the shipyards.  

3. The simplified predictive control system illustrated in Chapter 8 can be tested in 

the shipyards in the future, so that improvement suggestions can be obtained from 

the human operators.  
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