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Abstract: The paper is focused on the transformer 

operating at 10 kHz and supplying a DC welding 

machine via two diode, full-wave rectifier. The 

transformer is constructed as a modular one (in order to 

increase output current). Proper design of transformer 

windings is used in order to reduce magnetic core 

saturation. The turn-to-turn ratio is 50:1 and the output 

current is 10 kA. The aim of the paper is an analysis of 

transformer in respect of power losses and coupling 

ratio. The analysis is based on a FEM numerical 

calculations carried out using ANSYS software.  

Key Words: Modular transformer, FEM analysis, 

ANSYS, DC welding. 

1. INTRODUCTION 

Modern requirements for spot welding systems, 

particularly used as portable or movable systems (e.g. in 

automotive industry), are high power density and 

compact design [1]. The power density can be increased 

by increasing frequency of power conversion in welding 

machine. Nowadays the most used frequency is 1 kHz. 

Also some apparatus are operating at 10 kHz [2].  

Incerasing of switching frequency in transformer 

supplying DC welding machine increases number of 

switches in rectifier and causes with increased power 

losses in the rectifier. Authors of the paper proposed a 

system with two diode full-wave rectifier in order to 

reduce power losses in this part of the welding system. 

A scheme of the system is shown in Fig. 1. Because of 

high output current (at the level of 10 kA) during 

switching diodes considerable overvoltages occure. It 

results from leakage inductances in transformer. 

Overvoltages can be reduced by proper design of the 

transformer. 
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 Fig. 1. Scheme of the system for resistance spot welding 

with two diode full-wave rectifier. 

The work reported in the paper is carried out in order 

to find a design of transformer with minimized leakage 

inductances and good coupling ratio. Because of high 

operating frequency (in comparison to grid frequency) 

proper design of windings has been proposed. 

2. THE TRANSFORMER 

The transformer considered in the paper is made of 

proper number of modules [3], [4]. An example solution 

is shown in Fig. 2. The transformer in the example is 

made of 12 modules. Each module consists of two pairs 

of primary and secondary windings (the same in the 

shape), and one magnetic core (embracing all windings). 

The transformer considered in the paper can be made of 

different number of modules, but the same arrangement 

of windings and magnetic cores.  

Single module, which is also independent 

transformer, has turn to turn ratio about 20:1 (assuming 

12-module design). The module is shown in cross-

section in Fig. 3. One can observe cooling water 

channels inside of the secondary. The channels are very 

important in respect of transformer coupling coefficient. 

Each is made of copper pipe and connected (soldered) to 

the secondary pipe. It operates as a part of secondary, so 

the distance between primary and secondary in 

neighbour of the channel is the same as along the pipe 

circumference. This idea is also explained in the section 

focused on results of numerical modelling. 

 

Fig. 2. Idea of 12 module transformer; primary (yellow), 

secondary (red), magnetic core (grey), interconnections 

are neglected. 
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Fig. 3. Cross-section of the transformer module 

 

Primary windings of the transformer are made of litz 

wire with proper area of cross section. The cross-section 

area of single wire can be reduced (comparing typical 

cross-section recommended for given current) due to 

pulse operation of transformer (average duty ratio of load 

current is about 0.2). It allows to use higher current 

densities than in classical transformer. Assumed pulse 

current density in primary windings is about 30 A/mm2. 

It means that satisfied cross-section of litz wire is 2 mm2. 

Secondary winding of the transformer is made of the 

copper tube shaped in proper cross-section profile. 

Assuming water cooling for the windings additional pipe 

with smaller cross-section is arranged inside of the 

secondary pipe and connected mechanically and 

electrically (soldered). Dimensions of the outer copper 

pipe depends on shape and dimensions of magnetic core. 

The wall thickness is assumed as 1 mm. 

The transformer is designed for operation at 10 kHz. 

A ferrite magnetic core can be used for such frequency. 

For the prototype design E-shaped magnetic core is 

proposed. The final arrangement of the core for 12-

module transformer has been obtained using two cores 

E64/10/50 with EE configuration and F44 magnetic 

material [5]. 

The transformer is connected with two diode full-

wave rectifier. The scheme of connections between 

modules in 12-module transformer is shown in Fig. 4.  
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Fig. 4. Connections between modules in transformer and 

the rectifier 

One can observe that in order to obtain required 

output parameters (8 V and 10 kA) supplying 

transformer from grid voltage (400 VRMS) three primary 

are connected in series and all secondary are connected 

in parallel. 

The other example solution of the transformer taken 

into consideration and reported in part in the paper is a 

solution which contains 48 smaller modules (with a turn-

to-turn ratio 8:1 each). This solution is considered as a 

solution with rectangular primary wires and the 

secondary pipe without cooling channel. 

3. NUMERICAL MODEL OF TRANSFORMER 

Results presented in the next section have been 

obtained by numerical calculations based on FEM 

method. A tool for calculations was ANSYS commercial 

software with mechanical interface and APDL (ANSYS 

Parametric Design Language) macros [6]. Numerical 

models were based on 2D geometry with planar 

symmetry and harmonic analysis. The planar symmetry 

was possible to use assuming transformers as infinitely 

long. The results has been recalculated to given finite 

length using intrinsic ANSYS properties. Geometry of 

two different models is shown in Fig. 5. Because of 

symmetry only ¼ part of model is shown.  

Material parameters are assumed as linear (magnetic 

core operated at linear part of magnetization curve far 

from saturation level). The load in the model is assumed 

as two different resistor. The first one with very small 

resistance (1 m) reflects diode in forward direction and 

electrodes. The second one is large resistance (1 M) 

which reflects diode in reverse direction. Such 

configuration allows to use harmonic calculations 

(sinusoidal waveforms). It was much more effective than 

transient analysis of transformer. 

 

a)  

b)  

Fig. 5. Geometry of transformer models, a) 48-module 

design (8:1 turn-to-turn ratio), b) 12 –module design 

(17:1 turn-to-turn ratio; with cooling channel) 
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Operation at relatively high frequency causes 

intensification of skin effect in transformer windings. In 

order to calculate correctly distribution of current density 

in the windings a FEM mesh with proper density is 

required. A minimum mesh density required for skin 

effect calculations is such density which results with two 

layers of finite elements at skin depth. The mesh 

generated in the models used for calculations presented 

in the paper was double dense (four layers of elements at 

skin depth). Part of mesh in the model is shown in Fig. 6. 

 

 

Fig. 6. Mesh of finite elements in 12-module transformer 

The mesh presented in Fig. 6 is generated by 

PLANE55 finite elements with triangular option. Wires 

(turns) of primary and secondary are connected to the 

external circuit made by CIRCU124 elements. A first 

type boundary condition was applied to magnetic field 

(magnetic vector potential in z direction Az=0) at external 

surface of magnetic core. The results of calculations have 

been obtained in two sets, real and imaginary part 

(harmonic analysis based on complex numbers). 

4. RESULTS OF CALCULATIONS 

Two types of results have been obtained from 

calculations, spatial distributions of field quantities and 

properties of transformer as a two-port network. The 

most important in the first group is a current distribution 

in windings. It corresponds to ohmic power losses 

distribution (as a square function). The most 

representative in the second group is efficiency of the 

transformer. 

The first examined transformer has been transformer 

built of 48 modules. A current distribution in the 

windings of transformer is shown in Fig. 7. One can 

observe that primary turns are located very close to 

secondary pipe surface (each primary wire is adjacent to 

the secondary).  

 
Fig. 7. Current density distribution in 8:1 module 

Such arrangement results with very good coupling 

ratio, but the current flow (particularly in the windings 

connected to forwarding diode) produces very high 

power losses. The highest power losses are generated in 

the part of secondary pipe which is located in the 

neighbour of the second secondary. So, such operation is 

not enough efficient because of small heat removal. 

In order to increase heat removal, a design with water 

channel has been proposed. Because dimensions of 

module in 48 modules transformer was too small to 

arrange cooling channel, a new transformer made of 12 

larger modules has been proposed. Current distribution 

in the module such transformer is shown in Fig. 8. 

 

 
Fig. 8. Current density distribution in 17:1 module 

 

One can observe that primary turns in 8:1 module are 

made of copper bars rectangular in cross-section, while 

turns in 17:1 module are made of circular litz wire. In 

both cases the current is flowing only in one pair 

primary/secondary, while the second one remains in the 

idle state. The cooling channel in module 17:1 is also a 

part conducting current. One can also observe that the 

current flowing in one secondary winding generates the 

current flowing in the second secondary in opposite 

direction. This current is a source of additional power 

losses and can be slightly reduced by increasing distance 

between two secondary tubes. 

A single module of transformer consists of two 

primary windings and two secondary ones. Primary 

windings are connected in parallel. The secondary are 

connected to the load via rectifying diode in such way, 

that one secondary winding is carrying current in a 

positive pulse and the second winding in negative one (as 

was mentioned in previous section). Because the 

magnetic core is embracing both of windings, the 

magnetic flux in magnetic core is an alternating flux 

density and the DC saturation effect is eliminated. 

Distribution of magnetic flux in the magnetic core of 

17:1 module is shown in Fig. 9.  

Magnetic flux density is uniform (homogeneous) in 

major part of magnetic core. Inhomogeneity occurs at the 

corners of the core. Magnetic flux density at outer 

corners is smaller than average value, while the flux at 

inner corner is considerably higher (it can reach 

saturation level). The influence of those areas is mall 

because of very small area of increased flux density. 
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Fig. 9. Current density distribution in 8:1 module 

 

Very important qualitative analysis of transformer is 

analysis based on two-port network model of 

transformer. Numerical FEM calculations are carried out 

in order to determine parameters of transformer in short-

circuit state and idle state of the transformer. As the 

results parameters of equivalent circuit and characteristic 

of efficiency have been obtained. Parameters calculated 

for single module of the transformer and for final 

transformer made of 12 modules are gathered in Table 1.  

 

Table 1. Equivalent parameters of the transformer 

Param R1 R2 Ls1 Ls2 Lm k 

Unit m  mH nH H - 

Module 942 14 1.3 78 268 0.9997 

Full tr. 706 1.14 0.99 6.5 67 0.9997 

 

It is important to note, that the results of final 

transformer are obtained neglecting influence of 

interconnections. Characteristics of efficiency for final 

transformer vs. load resistance is presented in Fig. 10.  

 

 
Fig. 10. Efficiency of 12 module transformer 

 

The efficiency has been calculated taking into 

account only ohmic losses - power losses in magnetic 

core are neglected. The rated load resistance of the 

transformer is 0.8 m. It results with the efficiency of 

transformer about 97%..  

5. CONCLUSIONS 

The transformer for supplying DC welding machine 

is presented in the paper. In order to reduce power losses 

in the rectifier, the transformer is connected to the load 

via two diode full-wave rectifier. Modified design of 

transformer has been used in order to increase coupling 

ratio and increasing frequency 10 kHz is applied in order 

to increase power density.  

The results presented in the paper are the results of 

numerical FEM modelling based on ANSYS commercial 

software. Two different solution of transformer have 

been proposed, with modules having turn-to-turn ratio 

8:1 and 17:1, respectively. The first solution has very 

high coupling ratio, but heat removal is no sufficient 

(only air cooling).  

The second solution has a cooling channel which is 

also part of secondary. It exhibits also very high coupling 

ratio (k=0.9997), and the efficiency of transformer at 

rated load (RN=0.8 m) is 97%. It results only from 

ohmic losses. Power losses in magnetic core have been 

neglected. 
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