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ABSTRACT 

The study introduces the detailed sequence of operations necessary to determine the self- and mutual inductances of 

power transformers from numerically simulated open-circuit and bucking experiments. Parameters of a welding 

style transformer are compared to those of a normal step-down transformer of equivalent ratings. The investigation 

identifies the different patterns of magnetic flux circulation when the two transformers operate with rated load. 

Implications of the high reactance of welding transformers on the consumption of reactive power and power factor 

are analyzed. 
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1. INTRODUCTION 

Welding is the process of using heat to join metals. Generally, welding is the preferred joining method, and most 

common steels are weldable [1]. The most popular welding machines use the arc welding methods. These include: i) 

the stick welding or shielded metal arc welding (SMAW); ii) the mig welding or gas metal arc welding (GMAW); 

and iii) the tig welding or gas tungsten arc welding (GTAW). Beyond the three arc welding techniques, there are 

other important processes to be considered like brazing, soldering and oxyacetylene welding. The resistance spot 

welding system (RSW) is one of the most efficient material-joining processes in the automobile industry. The RSW 

process utilizes currents in the range of 1-200 kA with durations ranging from a few cycles to one second to 

generate Joule heating. RSW transformers operate within a middle-frequency range of around 1 kHz [2]. Some 

welding systems use low-frequency transformers that operate at the utility mains frequency of 50 or 60 Hz. These 

systems are the least expensive but the transformers are often bulky and massive. 

In many electric welding systems, a potential difference of 50-70 volts is required to strike an electric arc. After the 

arc is struck, an essentially constant current supply is desired [3]. The welding transformer converts the high voltage 

and low current from the utility mains into a low voltage and high current, usually in the range of 55 to 590 amperes. 

In the illustration of figure 1(a), it is presented a cross-sectional view of a conventional step-down transformer 

wherein the two windings are mounted in separate limbs of the transformer’s magnetic core. The transformer shown 

in figure 1(b) is designed for use in a welder. This special transformer provides a low-reluctance path for the leakage 

flux between the primary and secondary windings. The low-reluctance path is the result of moving a magnetic shunt 

in and out of the transformer core. 

 
Figure 1.Cross-sectional views: (a) conventional transformer; (b) welding style transformer. 
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In the present analysis, it is only considered the case of a gapped and fixed magnetic shunt placed in the center of the 

transformer’s window. The inclusion of the magnetic shunt to provide a low-reluctance path substantially alters the 

circulation of magnetic fluxat load operation. In the conventional transformer, a substantial proportion of the total 

flux produced by each winding follows a path through the outside air, and much noise is propagated outside the 

transformer. In the illustration of figure 2(a), tot denotes the total flux generated by the winding magnetomotive 

force, int is the flux crossing the transformer’s window, and ext is the flux that passes through the outside air. In the 

welding transformer shown in figure 2(b), the external flux extpractically vanishes, and the flux int that circulates 

internally, through the central gapped limb, represents almost the entire generated magnetic flux tot. 

When compared to a conventional transformer with the same winding specifications such as number of turns, rated 

currents and voltages, the welding transformer possesses a much higher leakage inductance, and this is the main 

difference between the two types of transformer. Higher leakage inductance means less fluctuation in the electric 

current drawn from the power supply over a wide range of load conditions. Due to the higher leakage inductance, 

the welding style transformer is able to withstand the short-circuit conditions on the welding output side. 

 
Figure 2. Circulation of magnetic flux on load conditions: (a) conventional transformer; (b) welding style transformer. 

In the present study, parameters of a welding style transformerare compared to those of an equivalent conventional 

transformer with same rated voltages, currents and winding specifications. The investigation is mainly related to the 

different patterns of circulating fluxes as well as to the determination of the leakage inductance of the two types of 

transformers.The numerically simulated open- and short-circuit tests to calculate inductances follow the approach 

described in [4]. 

2. PROBLEM DESCRIPTION 

The comparative study involves two different transformers. Both transformers have the same rated voltages, currents 

and specifications of the windings.  The primary windings contain 40 turns and are rated for 162.63 volts; the 

secondary windings contain 22 turns and are rated for 89.45 volts. The main differencebetween the two transformers 

under investigationis the inclusion of a gapped central limb in the welding style transformer. A cross-sectional view 

of the conventional transformer is presented in figure 3(a), and a cross-sectional view of the welding transformer is 

presented in figure 3(b).The geometrical detailsof the transformers’ magnetic cores are indicated in figure 3, with 

the dimensions in centimeter. Rated values of the windings are summarized in table 1. 
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Figure 3. Cross-sectional views: (a)conventional transformer;(b) welding style transformer. Dimensions in centimeter. 

 

Table 1. Rated values of the two windings; annotated voltages and currents represent peak values. 

Primary Secondary 

Number of turns, Np=40 Number of turns, Ns=22 

Voltage, vp=162.63 V Voltage, vs=89.45 V 

Current, ip= 191.43 A Current, is=348.05 A 

 

 

The two-dimensional simulation software “finite element method magnetics”(FEMM)has been used to obtain the 

numerical solutions [5]. This is a current-driven finite-element program that works with prescribed currents rather 

than voltages.A cross-sectional view of the finite element model is presented in figure 4. The cores of the two 

idealized transformers are formed by a magnetically linear material, with a constant relative permeability of 1000.  

The light gray regions S1, S2 and S3 that appear in the centre of the draw allow the use of the technique of material 

re-identification as well as the use of a single finite-element mesh in the different magnetostatic solutions [6]. In the 

field solutions related to the conventional transformer, the material properties of regions S1, S2 and S3 are simply 

specified as “air”. In the field solutions related to the welding transformer, the material properties of regions S1 and 

S3 are the same of the magnetic core with relative permeability r=1000, and the material property of region S2 is 

specified as air. 

The numerical model includes an external, rectangular boundary not indicated in figure 4. Along the external 

boundary, the magnetic vector potential A is made equal to zero. This is a “Dirichlet boundary”, and is used to close 

the domain of analysis [7]. Each winding is modeled by two non-contiguous rectangular regions, and the properties 

of these regions include the specification of the coil’s number of turns and terminal current.In addition, each pair of 

regions representing a stranded coil must be defined as series-connected[8]. 

 

 

Figure 4. Cross sectional view of the finite element model. 
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3. TRANSFORMER EQUIVALENT CIRCUIT 

Consider the transformer equivalent circuit shown in figure 5. The evaluation of the transformer parameters 

previously discussed in [4] has considered the simple case wherein the windings have equal numbers of turns.In the 

present study, it is considered the more general case in which the windings may have different number of turns. This 

equivalent circuit representsa transformer with lossless magnetic core, and only the ohmic loss in the two conductive 

windings is taken into account. In this circuit, Rp and Rs represent the resistance of the primary and secondary 

windings, respectively. The leakage reactances of the primary and secondary windings are represented by xp and xs, 

respectively. The magnetizing reactance is represented by Xm, and appears in the circuit’s vertical branch.Whenever 

convenient, all quantities may be referred to the primary side ofthis particular step-down transformer. Secondary 

voltages and currents must be scaled up and down, respectively, by the turns ratioNp/Ns=1.818. Resistances and 

inductive reactances of the primary and secondary circuits must be related by the rated turns ratio squared, 

[Np/Ns]
2
=a

2
=3.306. 

 

 
Figure 5.Transformerequivalent circuit. 

4. OPEN-CIRCUIT AND BUCKING TESTS 

4.1. Self-inductance and open circuit test 

In the open-circuit test, the secondary is open-circuited, so that the terminal current is is=0.  The primary winding 

carries the steady-state magnetizing current. This is a distorted and periodic current,and its peak value usually 

represents a small percentage in the range of 1 to 5 per cent of the winding full-load current [9]. In the present 

magnetostaticanalysis, the effect of the magnetizing current is simulated by specifying a direct current ip=1.9143 A 

that represents 1.0 per cent of the primary current peak value. 

The simulated open-circuit test is used to determine the total primary reactance xp + Xm. Specification of primary 

currents and number of turns for the open-circuit test is summarized intable 2. In this particular simulation, a 

magnetomotive force of 76.572 ampere-turns is applied to each transformer magnetic core.  

 
Table 2.Specification ofcurrents for the open-circuit test. 

 

Primary coil 

Terminal 

current (A) 

Number of turns Total current (A) 

Left end-

side 

Right end-

side 

Left end-

side 

Right end-

side 

1.9143 -40 +40 -76.572 76.572 

 

4.2. Mutual inductance and stored energies 

The mutual inductance in a two-winding system may be determined by a difference measurement involving two 

tests, one with the two winding currents oriented to have their fluxes adding, the other with the fluxes bucking each 

other [10]. If Wa denotes the magnetically stored energy of the first test and Wb the energy stored in the second one, 

the system’s mutual inductance Mreferred to the primary circuit is 
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whereip is the primary current and isp is the secondary current referred to the primary circuit.The two currents is and 

isp are numerically equal. 

Specification of the direct currents and winding connections related to the experiment wherein the two winding 

currents are oriented to have their fluxes adding is summarized in table 3. Information related to the experiment 

wherein the two winding currents are oriented to have their fluxes bucking each other is summarized in table 4. 

 
Table 3. Specification of currents and winding connections for the experiment with adding fluxes. 

Primary coil Secondary coil 

Terminal 

current (A) 

Specified number of turns Terminal 

current (A) 

Specified number of turns 

 Left-end side Right-end side  Left-end side Right-end side 

191.43 -40 +40 348.05 +22 -22 

 
Table 4.Specification of currents and winding connections for the experiment with the fluxes bucking each other. 

Primary coil Secondary coil 

Terminal 

current (A) 

Specified number of turns Terminal 

current (A) 

Specified number of turns 

 Left-end side Right-end side  Left-end side Right-end side 

191.43 -40 +40 348.05 -22 +22 

 

 

5. INDUCTANCE CALCULATIONS 

In the following, it is presented the sequence of numerical operations required to calculate self- and mutual 

inductances of the conventional transformer. Inductance calculations for the welding transformer are presented in 

the Appendix. 

 

5.1. Self-inductance calculations 

The magnetostatic solutions that represent the open-circuit test are used to determine the self-inductances of the two 

windings using the energy approach [11]. When the terminal current of the 40-turn primary winding isip=1.9143 A, 

the total magnetic energy stored in the modeled domain is W=22.4507 mJ. The self-inductance Lpof the primary 

winding is calculated by 

 
.mH 2529.12

9143.1

)0224507.0(2

))((

2

2


pp
p

ii

W
L       (2) 

When the terminal current of the 22-turn secondary winding is 3.4805 A, the total magnetic energy stored in the 

modeled domain is W=22.4551 mJ. The self-inductance Lsof the secondary winding is given by 

 
mH. 7073.3

4805.3

)0224551.0(2

))((

2

2


ss
s

ii

W
L       (3) 

 

Computed self-inductances Lp and Ls are correctly related by the turns-ratio squared, i.e., 

.
22

40
306.3
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p

L

L

      (4) 

 

5.2. Mutual inductance calculations 

The calculation of mutual inductances is based in two experiments wherein both windings carry currents. In this 

particular analysis, the terminal direct currents of the primary and secondary windings are equal to the peak values 

of the rated currents, to know, ip=191.43 Aandis=348.05 A, respectively. In the illustration of figure 5, p denotes the 

flux generated by current flowing in the primary winding and sdenotes the flux generated by current flowing in the 

secondary winding. 

 

In the experiment illustrated in figure 5(a), the two winding currents are oriented to have their fluxes adding.In this 

simulated experiment, the magnetic stored energy is Wa=891.313 J. In the experiment illustrated in figure 5(b), the 
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two winding currents are oriented to have their flux bucking each other, and the magnetic stored energy is 

Wb=6.80253 J. The mutual inductance Mp, referred to the 40-turn primary circuit is 

mH. 0685.12
)43.191)(43.191(2

80253.6313.891



pM

      (5) 

 

The mutual inductance Ms, referred to the 22-turn secondary circuit is 

mH. 6508.3
)05.348)(05.348(2

80253.6313.891



sM       (6) 

 

The ratio of computed mutual inductances is Mp/Ms=3.306, equal to the rated turns-ratio squared.  

 

 
Figure 6. Orientation of winding currents; (a) fluxes adding; (b) fluxes bucking each other. 

 

5.3. Leakage inductance calculations 

If Lp denotes the total or self-inductance of the primary winding, and Mp denotes the transformer’s mutual 

inductance referred to the primary side, the leakage inductance lpof the primary winding is given by the subtraction, 

mH. 1844.0 ppp MLl       (7) 

 

In a similar fashion, the leakage inductance lsof the secondary winding is given by  

mH.0566.0 sss MLl       (8) 

 

The ratio of computed leakage inductances is lp/ls=3.26,close to the rated turns-ratio squared. 

 

6. COMPARATIVE STUDY 

6.1. Equivalent circuits 

Consider the simplified equivalent circuits presented in figure 7. The equivalent circuitof the conventional 

transformer appears in figure 7(a), and the equivalent circuit of the welding transformer is shown in figure 7(b). All 

inductive reactances in these diagrams are related to an operating frequency of 60 hertz with numerical values in 

milliohm.  
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Figure 7.Equivalent circuits; (a) conventional transformer; (b) welding transformer.  Reactance values in milliohm. 

 

A close observation of the two equivalent circuits clearly shows thatthe welding transformer possesses much higher 

leakage reactances. The leakage reactances of the welding transformer are seven times greater than those of the 

conventional transformer.This has clear implications on the transformers’ performance in terms of power 

consumption and power factor. 

Time-harmonic finite element analyses at a frequency of 60 hertz have been used to simulate the operationwith rated 

load.In these simulations, the two winding currents are oriented to have their flux bucking each other. The peak 

value of the primary current is ip=191.43 A, and the peak value of the secondary current is is=348.05 A.Results from 

the operation with rated load show that both transformers draw from the supply network the same mean real power, 

to know,  P=2.148kW.  The consumption of reactive power, on the other hand, differs considerably. Whilst the 

consumption of reactive power of the conventional transformer is 1.274kvar, the consumption of the welding 

transformer is 8.963kvar, seven times greater. This has a clear consequence on the power factor. Whereas the 

conventional transformer represents a 0.86 power-factor load, the welding transformer represents a very low 0.23 

power-factor load. 

The high reactance of welding transformers limits the fluctuations of the transformer current but each welder 

represents a low power factor load. With several welders working simultaneously, these lagging power factor loads 

can create a significant voltage drop and unbalanced load conditions for the power system. Methods for improving 

the power quality on the welding circuits of industrial power distribution systems are discussed in [12], [13] and 

[14]. 

 

6.2.Flux density distributions 

6.2.1. No-load operation 

The flux densitydistributions for the two transformers’ open-circuit operating condition are shown in figure 8. 

 
Figure 8. Flux lines for the no-load operating condition; (a) conventional transformer; (b) welding transformer. 

 

With the aid of these plots, it is possible to observe that, in both cases, the magnetic fluxes are mainly confined to 

the magnetic cores. In the conventional transformer, the storage of magnetic field energy in the magnetic core 

represents 98.9% of the system’s stored energy. In the welding transformer, the storage of magnetic field energy in 

the magnetic core, including the magnetic shunt, represents 95.1% of the system’s stored energy. 
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6.2.2. On-load operation 

The plots of the flux density distribution for the two transformers operating with rated load are shown in figure 9. In 

both magnetostaticfield solutions the two winding currents are oriented to have their flux bucking each other. The 

dc-value of the primary current is ip=191.43 A, and the dc-value of the secondary current is is=348.05 A. 

Examination of the flux distributions reveals that,in the conventional transformer, a substantial proportion of the 

total flux produced by each winding follows a path through the outside air, and much noise is propagated outside the 

transformer.In the welding transformer, on the other hand, the external flux circulation practically vanishes. In this 

style of transformer, the flux generated by each winding circulates internally, following a path through the central 

magnetic shunt. 

 

 

 
Figure 9. Flux lines for operation at rated load condition; (a) conventional transformer; (b) welding transformer. 

 

 

7. APPENDIX 

INDUCTANCE CALCULATIONS OF THE WELDING TRANSFORMER 

In the following, it is presented the sequence of numerical operations required to calculate self- and mutual 

inductances of the welding transformer. 

 

A.1. Self-inductance calculations 

The field solutions that represent the open-circuit test are used to determine the self-inductance of the two windings 

using the energy approach. When the terminal current of the 40-turn primary winding is ip=1.9143 A, the total 

magnetic energy stored in the modeled domain is W=23.8626 mJ. The self-inductance Lpof the primary winding is 

calculated by 

 
.mH 0235.13

9143.1

)0238626.0(2

))((

2

2


pp
p

ii

W
L       (A-1) 

When the terminal current of the 22-turn secondary winding is 3.4805 A, the total magnetic energy stored in the 

modeled domain is W=23.8668 mJ. The self-inductance Lsof the secondary winding is given by 

 
mH. 9404.3

4805.3

)0238668.0(2

))((

2

2
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Computed self-inductances Lp and Ls are correctly related by the turns-ratio squared, i.e., 
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A.2. Mutual inductance calculations 

In this particular analysis, the terminal dccurrents of the primary and secondary windings are numerically equal to 

the peak values of the rated currents, to know, ip=191.43 A andis=348.05 A, respectively. In the experiment wherein 

the two winding currents are oriented to have their fluxes adding, the magnetic stored energy is Wa=906.997 J. In the 

experiment wherein the two winding currents are oriented to have their fluxes bucking each other, the magnetic 

stored energy is Wb=47.5903 J. The mutual inductance Mp, referred to the 40-turn primary circuit is 

mH. 7260.11
)43.191)(43.191(2

5903.47997.906



pM

      (A-4) 

 

The mutual inductance Ms, referred to the 22-turn secondary circuit is 

mH. 5472.3
)05.348)(05.348(2

5903.47997.906



sM

      (A-5)

 

Computed mutual inductances are correctly related by the turns ratio squared.

 

 

A.3. Leakage inductance calculations 

If Lp denotes the total or self-inductance of the primary winding, and Mp denotes the transformer’s mutual 

inductance referred to the primary side, the leakage inductance lpof the primary winding is given by the subtraction, 

mH. 2975.1 ppp MLl       (A-6) 

 

In a similar fashion, the leakage inductance lsof the secondary winding is given by  

mH. 3932.0 sss MLl       (A-7) 

 

The ratio of computed leakage inductances is lp/ls=3.26, and this is close to the rated turns-ratio squared. 

 

8. CONCLUSIONS 

In the present study, the leakage reactancesof a welding style transformer are compared to those of a normal step-

down transformer of equivalent ratings. The paper explains how to use static numerical field solutions to compute 

the self- and mutual inductances of power transformers. Open-circuit tests are used to determine the self-inductance 

of the transformers windings, andbucking tests are used in the calculation of mutual inductances.A unique finite-

element model has been used in all computations.  During the pre-processing stage, the most important feature is the 

correct specification of current flow directions in the regions that represent the end-sides of the transformers’ 

windings. At the post-processing stage, the most important task is the calculation of self- and mutual inductances 

from the numerical field solutions. The investigation identifies the different patterns of magnetic flux circulation 

when the two transformers operate with rated load. Results from the operation with rated loadhelp to understand the 

effects of the high reactance of welding transformers on the consumption of reactive power and power factor. 
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