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Abstract 

Welding machines are one of the most important application areas of power electronics. 

Controlling the fast dynamics of these machines while keeping the efficiency high is a 

challenging task. Several topologies and control methods have been proposed in the literature. 

This paper presents a modular structure for a 9.6 kW welding inverter. The design process is 

explained in detail. Simulation and experimental results are provided to show that the proposed 

system can be a viable solution. 
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1. INTRODUCTION 

 

Welding is an important industrial application area of power electronics. While it was dominated by 

transformer-based designs in the past, the situation has changed dramatically in the last two decades. 

Nowadays the situation is other way around since the raw materials such as steel and copper cost more 

now, power electronic semiconductors are cheaper and more readily available, and finally digital 

controllers can easily handle difficult tasks [1-2]. With the advent of semiconductors, the switching 

frequencies keep increasing causing reduction in the size of welding machines. However, increased 

frequencies also increase the switching losses and radiated EMI. There are papers in the literature 

suggesting different methods to alleviate these problems. One of the proposed solutions is to use modular 

systems. Modular AC-DC power converter structures with three-wire and four-wire were compared in [3]. 

It was concluded that the prior one has better power factor correction and harmonic content. The proposed 

structure utilized modified buck converters. Power factor correction stage is a requirement now in many 

countries. A PFC phase modulated resonant transition converter is presented in [4]. 

 

Resonant mode converters are widely used to reduce the switching losses [5]. The problem with resonant 

mode is that the current peaks are very high and the control is more complicated. Most of the welding 

inverters have two secondary windings. A topology with two current-doubler rectifiers proposed in [6]. 

The proposed topology has reduced conduction losses due to the lower inductor current, at the cost of 

increased size and cost. A novel method is proposed in [7] to control the bus voltage and to improve the 

power factor by utilizing pulsed currents.  

 

This paper presents the design and implementation of a 300 A, 9.6 kW output welding inverter with 

modular structures. Each module has a dual-forward converter as these converters provide a safe and 

simple operation in terms of magnetic saturation and switching. In order to reduce the switch voltages, the 

primary terminals of the two transformers are connected in series while the secondary terminals are 

connected in parallel to share the load current. A closed loop controller is designed to keep the load 

current constant.  
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The design steps of the converter power stage are described in Section 2. Both power and control designs 

are explained. Section 3 and 4 give the simulation and experimental results. 

 

2. CONVERTER DESIGN 

  

Modern welding machines utilize power electronic converters. Half-bridge, dual forward or full bridge 

converters are used depending on the power level. Some manufacturers prefer to use resonant mode 

operation for reduced losses at the cost of more complicated design. In this work dual forward converter 

has been used. The advantage of these converters is that the two switches are turned on and off 

simultaneously reducing the complexity of gate drives, and that the flux resetting of the transformer is 

achieved automatically. On the other hand, the flux of the transformer is unidirectional and this causes the 

transformer to be larger. The topology selected for this application is shown in Figure 1. As seen at the 

figure, there are two dual-forward converters with the inputs connected in series and the outputs 

connected in parallel. This structure allows the use of lower voltage MOSFETS and thus increased 

switching frequencies [8].  Other advantages are that the transformer turns ratios can be decreased, and 

the system can be designed for higher input voltages (i.e. operating from three-phase input). 

 

Both converters operate in-phase, reflecting half of the bus voltage to their secondary windings when the 

switches are on. Energy is transferred to the load through the forward biased diodes. The maximum 

possible value of the duty cycle ratio is 50%, and when the switches are turned off the energy transfer 

seizes. The magnetizing current flows through the diodes of the primary resetting the flux before the end 

of the period. Meanwhile, the load current flows through the freewheeling diodes at the secondary 

windings of each converter. 

 

 
Figure 1. Series-Input Parallel-Output connected dual forward converter structure 

 

Due to the parallel secondary structure, the load current is equal to the sum of the two transformer 

secondary currents. If all elements are identical and the switching is balanced, these currents are equal. 

 

In the following sub-sections, the design steps of the converter are described for a 300 A welder. The 

supply is a three-phase 50 Hz AC source. The switching frequency is selected as 50 kHz, large enough to 

reduce the size and low enough for acceptable power losses. 

 

2.1. Design of the Power Stage 

 

The output voltage of the welding machine where the converter will be used and thus the lowest output 

power is defined by the international standard EN60974-1. Accordingly, the output voltage equation for a 

welding current of 𝐼𝑊 = 300𝐴 is found as 𝑉𝑎𝑟𝑐 = 𝐼𝑊 × 0,04 + 20 = 32 𝑉. This means that the welding 

power is 9.6 kW. 
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Considering the secondary rectifier voltage drop (1 V) and output shock and transmission drops 

(approximately 2 V), the lowest output voltage value in the transformer secondary side is calculated as 35 

V. The power to be transferred to the secondary should be 𝑃𝑆 = 300 × 35 = 10.5 kW. Based on these 

values the design parameters for each transformer are given in Table I. 

 

Thickness of conductive skin at 50 kHz is 𝜀 = 66.2 ÷ √50000 = 0.3. 2ε thick foil conductors with a 

much higher filling ratio have been used for the windings. Core selection is realized based on the 

following equation; 

 

𝑊𝑎𝐴𝑐 = 𝑃𝑜𝐽104/(4η 𝐵𝑓𝐾)    (1) 

 

Table 1. Design Data 

Minimum dc bus voltage  203 V 

Maximum dc voltage 270 V 

Output power 5250 W 

Output voltage 50 V 

Output current 150 A 

Regulation 0.5% 

Targeted efficiency 95% 

Maximum duty cycle ratio 47% 

 

where 𝑊𝑎𝐴𝑐 is the area product (𝑚4), 𝑊𝑎 is the window area, 𝐴𝑐 is the core cross-section area, J is the 

current carrying capacity (A/m²), 𝑃𝑜 is the  power, B is the magnetic flux (Wb/m²), f is the switching 

frequency, K is the filling coefficient, and η is the efficiency. If 𝐽 = 2.5  𝐴/𝑚𝑚2 and 𝐾 = 0.2 are chosen 

the area product (𝑊𝑎𝐴𝑐) is found to be 25.58 𝑐𝑚4. EE 6527 of Cosmo Ferrites has been selected as the 

core. The properties of the core are listed in Table II. 

 

Table 2. Properties of the selected core 

Magnetic material CF139 Core cross-section area (cm²) 5.3 

Magnetic line length (mm) 147 Volume (mm³) 78200  

Window height (cm) 1.21 AL (nH) 8100 

Window section (cm²) 5.4 Average lap length (cm) 14 

Area product (cm
4
) 28.6   

 

Turn number of the primary winding can be calculated by using the following equation. 

 

𝑁𝑝 =
𝑉𝑖𝑛 (min)𝑑(𝑚𝑎𝑥)

𝑓𝐴𝑐 𝛥𝐵
  (2) 

 

If the saturation level is chosen as 𝛥𝐵 = 0.3𝑇, the turn number is found to be 12 for the given data.  

Transformer conversion rate is found as follows: 

 

𝑛 =
𝑁𝑝

𝑁𝑠
=  

𝑉𝑖𝑛 (nominal) ∗ 𝑑(𝑚𝑎𝑥)

𝑉𝑜𝑢𝑡
=

270 × 0.47

50
= 2.5 

 

Then 𝑁𝑠 is found as 4.8 and it is rounded up to 5 turns, changing the turns ratio to 2.4. Based on these 

numbers the primary and secondary coil inductance values are calculated as 1.17 mH and 202.5 µH. The 

transformer has been wound with sandwich technique as primary/2-secondary-primary/2 as shown in Fig. 

2. Nominal duty cycle value is found as 0.32 from the following equation. 

 

𝑑 = 𝑛𝑉𝑜/𝑉𝑖
𝑛𝑜𝑚    (3) 
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Figure 2. Sandwich winding structure of the transformer 

 

The extreme values are found by using the minimum and maximum input voltages as 0.22 and 0.38. 

Based on these values the primary and secondary maximum rms currents are found as 38.5 and 61.6 A, 

respectively. Copper folio conductors have been used in the transformer. The thickness of the sheet is 0.33 

mm for the primary.  Two folio layers, each with a thickness of 0.3 mm, have been used in the secondary, 

with a layer of isolation in between.  

 

Average length of turn for the primary is 14 cm. Therefore, the conductor length is 168 cm yielding 2.73 

mΩ primary winding resistance and 4.88 W copper loss. Similar calculations result in 70 cm conductor 

length, 500.7 µΩ conductor resistance and 4.66 W power loss. Total copper loss is 9.54 W and as a result 

the regulation is 

 

𝛼 = P𝑐𝑜𝑝𝑝𝑒𝑟/P𝑜 = 0.18%  (4) 

 

which is better than the specified design value. 

 

The core loss data of the core is given as 600 kW/m
3
 in the data sheet for 50 kHz. Therefore, the core loss 

is 47 W, making the total power loss is around 57 W and the efficiency of the transformer is around 99%. 

The switch selection has been made as 650 V, 40 A FGH40N60UFD IGBT devices of Fairchild company. 

Two of these devices were paralleled for each switch. The switching energy of one device is given as 1.89 

mJ at 400 V. Considering the operation voltage of the converters in this application is around 250 V, this 

energy can be scaled to 1.18 mJ. At 50 kHz switching frequency the switching loss is calculated as 59.1 

W per switch (two devices in parallel). As there are two of them in one bridge and there are two bridges, 

total switching loss is 236.4 W. The on-state voltage of the devices is around 2.2 V, and with the 62.5 A 

primary current and 0.32 duty cycle ratio the conduction loss is around 44 W per switch, totaling to 176 

W for the converters. 

 

The flux-reset diodes have been selected as 600 V, 30 A STTH30R06 devices of ST. These devices have 

1.1 V forward voltage drops. Considering that they carry only the magnetizing inductance, their power 

loss has not been calculated. 

 

On the secondary diode selection was made as 60 A, 300 V ultrafast diodes FFA60UP30DN of Fairchild. 

These are modules including two diodes. Two of these modules are connected in parallel for the forward 

diode, and three of them connected in parallel for the freewheeling diode. Each diode has 1.5 V drop. This 

means at 150 A, there is a power loss of 225W total in each converter module. Since there are two 

secondary modules, total conduction loss is 450 W. The reverse recovery loss of these diodes are 

negligible. All the power loss values are summarized in Table III. The overall efficiency is estimated to be 

around 90.8%.  
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Table 3. Power losses of the converter 

Transformer Loss (W) 114 

IGBT Switching Loss (W) 236 

IGBT Conduction Loss (W) 176 

Secondary Diode Loss (W) 450 

Total Loss (W) 976 

Efficiency (%) 90.8 

 

2.2. Controller Design 

 

The feedback control design for the converters is described in this sub-section. The function of the 

controller is to keep the welding current constant and therefore a current controller needs to be designed. 

The controller structure is shown in Fig. 3. 

 

 
Figure 2. Current control feedback structure 

 

The current is sensed by a sense resistor and fed back. The open loop transfer function is found as 

follows: 

 

G(s) = 𝐺c(𝑠)𝐺𝑝𝑤𝑚(𝑠)𝐺𝑝𝑠(𝑠)  (5) 

 

In (5), 𝐺c(𝑠) is the controller transfer function, 𝐺pwm(𝑠) is the transfer function of the PWM block, and 

𝐺ps(𝑠) is the power stage transfer function. These functions are defined as follows: 

 

𝐺𝑐(𝑠) = 𝐾𝑝 + 𝐾𝑖 𝑠⁄   (6) 

𝐺𝑝𝑤𝑚(𝑠) = d(𝑠) V𝑠𝑎𝑤𝑡𝑜𝑜𝑡ℎ⁄   (7) 

𝐺𝑝𝑠(𝑠) =
1

n

1

𝑠2LC+𝑠
L

R
+1

  (8) 

 

Calculations for a stable control system yield 𝐾𝑝 = 6 and  K𝐼 = 16504. The capacitor at the output is 

very small and could be ignored, reducing the system order to one.  

 

3. SIMULATION RESULTS 

 

The converter whose schematic is shown in Fig. 4 was simulated in LTSpice with the closed loop 

controller. In the simulation, a 540 V DC source is used at the input. 50 kHz switching pulses are sent to 

the switches of the two converters simultaneously. A resistor is connected as the load. The average value 

of the load voltage is expected to be approximately 32 V while the average value of the load current is 

expected to be approximately 300 A. As shown in Fig. 5, the currents through each inductors are 150A. In 

order to show the effectiveness of the controller, the load is decreased 50% after the steady state is 

reached. Fig. 6 shows the response. 
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Figure 4. Simulated converter structure 

 

 
Figure 5. Inductor currents 

 

A test was also performed to see the effect of unbalanced transformers. In the previous results the 

transformers have been assumed identical. Fig. 7 shows the response of the converter if the magnetizing 

inductance values (Lm) of the transformers are 966 mH and 1066 mH respectively. As seen on the results, 

the current is shared equally in spite of the differences. 

 

 

 
Figure 6. Response to load change (upper trace: load voltage, lower trace: inductor current). 
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Figure 7. Non-identical transformer response to inductor currents 

 

4. EXPERIMENTAL RESULTS 

 

The system was built and tested in the laboratory. The test set-up is shown in Fig. 8. Fig. 9 shows the 

operation at 300 A. Fig. 10 shows the current and voltage at MIG welding at 160 A load current. As seen 

from the graphs the converter response is as expected. The load current is shared between the two 

converters equally. 

 

 
Figure 8. Experimental set-up 

 

 
Figure 9. Current (Ch. 1, upper trace) and voltage (Ch.4, lower trace) at 300 A. 
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Figure 10. Current (Ch.1, lower trace) and the voltage (Ch. 4, upper trace); MIG operation at 160 A. 

 

5. CONCLUSION 

 

The design and implementation of a welding inverter utilizing two identical modules of dual-forward 

converters are described. The modules are connected in series at the primary side and in parallel at the 

secondary side. This allows the use of lower voltage devices and higher switching frequencies. A 

controller design is also given to obtain constant welding current. Simulation and experimental results 

show that the controller performance is good, the welding current can be adjusted as desired, and the 

current is shared among the modules even when there is a mismatch between the modules. 
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