
42 S. Arslan et al.: Sizing a medium frequency transformer design… 
________________________________________________________________________________________________________________________ 
 

A MEDIUM FREQUENCY TRANSFORMER DESIGN FOR SPOT 

WELDING MACHINE USING SIZING EQUATION AND FINITE 

ELEMENT ANALYSIS  
 

Serdal Arslan1 – İlhan Tarimer2 – M.E. Güven3 – Sibel Akkaya Oy4* 

 
1Department of Electrical Engineering, Faculty of Engineering, Harran University, Turkey 
2Department of Information Systems Engineering, Faculty of Technology, Muğla Sıtkı Koçman University, Turkey  
3Department of Electrical Engineering, Faculty of Technology, Gazi University, Turkey 
4Marine science and technology engineering, Faculty of Marine Sciences, Ordu University, Turkey 

 

ARTICLE INFO  Abstract:  

Article history:  

Received: 11.6.2018. 

Received in revised form: 3.10.2018. 

Accepted: 3.10.2018. 

 In this study, a medium frequency power 

transformer has been designed analytically and its 

sizes have been obtained. The transformer’s 

analyses were made numerically by 2D Ansys-

Maxwell Solver software package. The Solver has 

also helped to study suitable transformer core and 

winding samples. Unlike medium frequency 

transformer, which is generally driven by unipolar 

PWM method, the designed transformer is driven 

by bipolar PWM method in the study. The core 

losses were obtained for different core materials 

(Trafoperm N3 and Amorfous 2605SA1) by Ansys-

Maxwell numerical and analytical calculations. 

The calculated losses for no-load working 

conditions were compared with each other. The 

designed transformer has been analyzed for its no-

load and loaded working conditions magnetically. 

Finally, the radial and axial forces created in the 

windings have also been examined for loaded 

working condition. 
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1 Introduction 
 

Nowadays, spot welding is being used for combining 

metallic parts almost in every part of the industry. 

Due to its reliability, the spot welding is widely used 

in metal industry which needs serial production. 

Using spot welding machines gains importance by 

aiming to reduce production costs and to make quick 

and thorough weldings in industrial practices [1]. 

Gradually, medium frequency spot welding 

machines have become better than traditional 

welding technology.  Due to this, designs of welding 

transformer have also become important. Nowadays, 

the use of inverter technology in medium frequency 
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spot welding machines have begun to be seen 

frequently. Though the frequency is constant in the 

conventional spot-welding machines, the new 

generation spot welding machines’ frequency is 

medium and high. In terms of electricity and welding 

[2–4], there are several advantages in use of medium 

and high frequency spot welding machines. For 

example, they take more energy in same welding size 

and perform more efficiency. They last the electrode 

life because of low currents, present high-quality 

welding facility because of short welding time and 

reliable welding control [3, 5]. 

In terms of construction, voltage level, and rated 

power, transformer design is based on the range of 
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application first of all. Thus, considering the fact that 

while keeping production costs low, power engineers 

also have to make sure that imposed specifications 

are compatible. It can be clearly seen that transformer 

design is a complex task. In addition, depending on 

the transformer type and its operating frequency, the 

design methodology may vary significantly [6-7]. 

Zidaric and et al. [8] have determined hysteresis 

losses of medium frequency transformer under no-

load working condition analytically and they have 

also measured hysteresis loop of inverter. 

Štumberger and et al. [9] have studied harmonic 

spectrums and acoustic noise of the current and 

magnetic flux. Klopčič and et al. [10] have showed 

that asymmetric part of characteristics causes peaks 

at primary current and they have also applied several 

control technics for reducing such peak currents. 

According to the literature reviews [11-13], core 

model, core, and copper loss equations were not 

found for medium frequency spot welding machine 

due to commercial reasons. Computer aided FEM 

analysis is one of the indispensable methods for 

designing medium frequency electric machines [14]. 

Sakhno and et al. [15], have implemented a 2D eddy 

current solution to estimate the leakage impedance 

for a medium frequency welding machine 

transformer. In [16], a modification of the improved 

advanced hysteresis control for the resistance spot 

welding system was developed. In [17], the 

performances of hysteresis and proportional integral 

controls were shown to control saturation level in the 

magnetic core of a welding transformer in a middle-

frequency direct current resistance spot welding 

system (MFDC RSWS). In [18], the methods of PI 

control and particle swarm optimization PI control 

were compared in terms of current peaks and 

harmonics. In [19], the control of a MFDC RSWS 

was improved by a combined closed-loop control of 

the welding current and closed-loop control of the 

iron core saturation level. In [20], a new methodology 

for determining parameters of a dynamic RSW 

transformer model was presented. 

Unbalanced distribution in total fluxes can lead to 

high leakage fluxes that increase transformer 

impedance. However, the impedance of the 

transformer should be low. Therefore, in order to 

reduce the impedance, it is necessary to provide the 

interleaving of primary and secondary windings [21]. 

Petrun has reported that the core material (Trafoperm 

N2) which is used in medium frequency spot welding 

causes losses in 0.1 mm and 0.27 mm lamination 

thickness and different temperature values [22, 23]. 

He has stated that the increase of operating 

temperature may negatively affect the transformer 

core losses and Trafoperm N2 material is a suitable 

core for 0.1 mm spot welding transformer. 

In the present study, we have designed a medium 

frequency power transformer and have analyzed the 

transformer by finite elements method. We have also 

made numerical analysis of the transformer by finite 

elements method considering the three-dimensional 

structure model. The analyses have approved that the 

designed transformer is suitable in MFDC RSWS. 

We have obtained electromagnetic parameters as 

preliminary design. These parametric values are 

essential for application of the designed model. The 

core losses of the designed transformer were 

calculated by numerical analysis method for two core 

materials (Trafoperm N3 and Amorfous 26SA1).  

Dynamic analysis for spot welding system was made 

as considering core material “Trafoperm N3”. The 

designed transformer for the welding machine was 

driven by a bipolar PWM. 

 

2 Designing a medium frequency 

transformer for welding machines 
 

Medium frequency spot welding machines are 

machines that are supplied by 3-phase power due to 

their power requirements. The spot-welding machine 

consists of rectifier, inverter, and a medium 

frequency transformer [24]. The 3-phases plugged on 

to the machine are converted to DC voltages by a 

rectifier. In order to obtain the voltages within the 

range of 1–2 kHz (medium frequency), it is necessary 

to use an inverter for obtaining a medium frequency. 

The DC bar voltage is converted to medium 

frequency AC voltage by an inverter. The 

transformer with middle terminal which is designed 

to work at 1 kHz frequency converts inverter output 

power to welding current and voltage carrying same 

frequency. The equivalent circuit diagram of MFDC 

RSWS is shown in Figure 1.  

A narrow stitch image of welding and obtained deep 

penetration stitches without splashes [25] in a thesis' 

experimental works have been seen. In these 

experiments, the welding voltage has been kept low.   

Despite the higher welding voltage, the welding 

stitch is widening and it was noticed that the 

penetration was decreased [25]. For this reason, 

transformers which are used in medium frequency 

spot welding machines are reducing type 

transformers. The voltages of 5–15 volts at 

transformer outputs are converted to the DC voltages 

by a full wave rectifier circuit. 
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(a) 

 

 
 (b) 

 

Figure 1. Power conversion in control and 

transformer of medium frequency inverter 

(a), The circuit diagram of medium 

frequency transformer and load (b) 

 

 The asymmetrical design of the transformer in 

combination with slightly different characteristics of 

diodes in output rectifier can produce the 

inconvenient current spikes[10]. The only discrete 

diodes available suitable for high frequency and 

medium frequency spot welding are press-pack 

diodes which require liquid cooling and are 

complicated to integrate into a transformer. The 

recovery charge of the diodes also increases the 

rectifier losses [26]. 

 Since the transformer operates at 1 kHz, it is 

recommended to use high current capability 

combined with excellent reverse recovery 

characteristics high-speed diodes to rectify the output 

current.  

 As seen from Figure 1a, a DC link capacitor 

stores large amount of the energy. This increases the 

risk of IGBTs not to conduct current continuously in 

case of a fault. It can end up in personal injury, 

damage to the converter circuit, and drive down the 

time. As a result of these, equipment certification 

problems are seen as well. Using high speed fuses 

may prevent these problems, and protect the entire 

case. The fuses create inductance and voltage peaks 

in the circuit. Thus, they lead to the losses. There 

should be a careful selection of the driver circuits to 

make the IGBTs’ commutations well [27]. The 

equations for Figure 1 are given below: 

 

 1
1 1 1 1 10

di d
U R i L N

dt dt



= − + +  (1) 

 

 

2
2 2 2 2 1

2 3
2 3

0

( )
   ( )

D

L L

di d
R i L N U

dt dt

d i i
R i i L

dt




= + + +

+
+ + +

 (2) 

 

 

3
3 3 3 3 2

2 3
2 3

0

( )
  ( )

D

L L

di d
R i L N U

dt dt

d i i
R i i L

dt




= + − +

+
+ + +

 (3) 

 

 

2
1

0

1 1 2 2 3 3

0 ( ) 2

    

w
Fe

NB d
H B l

R dt

N i N i N i





= + +

− − +

 (4) 

 

                                          L

L

L

R
 =                           (5) 

 

where; R1, R2, R3 are primary and secondary 

resistances, RL, LL are load resistance and inductance, 

RFe is the effects of the eddy current losses accounted 

for by the resistor, Lσ1, Lσ2, Lσ3 are primary and 

secondary leakage inductances, U1 is secondary 

number of turns, i1, i2, i3 are primary current, 2nd and 

3rd secondary currents, UD1, UD2 are 1st and 2nd diodes’ 

voltage, H(B) is the magnetizing curve of the core 

material, B is magnetic field B (T), φ is magnetic 

flux, δ is air-gap length, µ0 is magnetic permeability 

of space, lw is flux path length in the iron core. Time 

constant of the load in Eq. 5 is about several micro 

seconds. 

 

2.1 Bipolar Pulse Width Modulation (PWM) 

Switching  

 

The switching signal has come up with interacting of 

sinusoidal reference signal and the triangular wave. 

The sinusoidal reference signal determines the 

frequency of the inverter output voltage. Therefore, 

the frequency of the main harmonic component of the 

output signal becomes the frequency of the sinusoidal 

reference control signal. Frequency modulation and 

amplitude modulation directly affect the waveform of 

the output voltage. As the modulation frequency ratio 

and the amplitude modulation ratio increase, the eddy 

losses occurring in the transformer decrease [28].  
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Since the transformer is an inductive load, the 

harmonics that have occurred in the load current are 

weak due to the number of pulses at the output of the 

inverter. Inverter welding frequencies are between 

400 and 2000 Hz frequencies typically. A frequency 

band from 1000 to 1200 Hz is used in the vast 

majority. It is thought that this frequency range is 

high enough to allow welding transformers to reduce 

their sizes by reducing magnetic core material. The 

same amount of conductor area must be maintained 

for a given output power. Raising the frequency 

higher leads to diminishing points in return. The size 

cannot be further reduced and parasitic losses from 

switching become greater [29]. 

 

2.2 Medium frequency transformer design 

 

The medium frequency transformers which are at 

1000 Hz to 5000 Hz are designed like conventional 

transformers. We have used a shell transformer core, 

since it produces less leakage inductance than the 

core one. The efficient length of the designed 

transformer's core is given in Figure 2.  

 

 
 

Figure 2. 2D view of the designed transformer 

 

The core cross sectional area and primary winding 

number of turns are calculated by equations 6–7. 
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where; U1, U2 are primary and secondary voltages 

(V), f is frequency (Hz), F is form factor, Bm is 

amplitude of AC flux component (T), Ac is core 

cross-sectional area (cm2).  

The total apparent power (Pt), and the producer factor 

are given in equations 8–9. The cross-sectional area 

of conductor limits the window size.   
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where; Pt is the total apparent power, ƞ is efficiency, 

Wa is core window area, Ku is frame filling factor, 

Kj is current density constant. The effective core 

length can be calculated by Eq. 10: 

 

 2 2ml w e c= + +  (10) 

       

where; e is frame height, w is frame width, c is width 

of leg (2.c is central leg of the shell type transformer).       

Sheet plates are packed as in insulated laminations, 

and they form the core of transformer. The core 

packaging factor affects the core dimensions. The 

lamination thickness is smaller than the skin depth. 

Therefore, it affects the eddy losses in the core.  

 

 
2




=  (11) 

 

 

where;  is skin depth,  is angular frequency, µ is 

relative magnetic permeability,  is conductivity. We 

have calculated the skin depths of the core and the 

copper as 0.385 mm, 2.1 mm respectively. 

In shell type transformers, primary and secondary 

windings are made as cylindrical packages and 

settled between each other’s in the same leg. In order 

to reduce effects of the leakage fluxes, the magnetic 

circuit turns around the windings in this structure. As 

the number of slices increases, the leakage flux 

decreases significantly [30]. In order to simplify 

production and to reduce the leakage currents for 

descending to an acceptable level, the winding 

structure was selected as three parts in primary and 

two parts in secondary. It is seen from the structure 

that the average length of the winding is long, but the 

average length of the magnetic circuit is short. Fig. 3 

presents average lengths for different sizes in the 

winding. 
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The Mean Length Turn, (MLT), is required to 

calculate the winding resistance and weight for any 

given winding [31]. 

 

 
 

Figure 3. Different winding lengths [30] 

 

The winding lengths of the transformers in Figure 3 

can be calculated by Eq. 12–14. The primary and 

secondary currents and current density can be 

calculated by Eq. 15–17. 
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where; I1, I2 are primary and secondary currents, dg is 

duty cycle, J1, J2 are primary and secondary current 

densities, Aw1, Aw2 are primary and secondary 

windings’ conductor cross section. KU is an estimate 

of what % of the wire volume is actual copper.   

The core window filling factor and resistance are 

given as in Eq. 18–20: 
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where; Wa is core window area, Ap, As are primary 

and secondary winding cross sections, Rp, Rs are 

primary and secondary resistances,  is resistivity.  

Primary and secondary total resistances are given by 

Eq. 21. When effect of winding temperature to 

resistance change (20=0.0039) is taken care, the total 

primary and secondary resistances are found by Eq. 

22: 

 

 ( )201 20T =  + −    (21) 
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where; 20 is temperature coefficient, T is material 

temperature as Celsius, Rp_tot,s_tot is change in winding 

resistances. Copper, core, hysteresis, eddy and 

additional eddy losses are calculated by Eq. 23–24: 
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where; Pw is copper losses, Pv is total core losses, Ph 

is hysteresis core losses, Pe is eddy-current core 

losses, Pe is excess core losses, kh is hysteresis core 

loss coefficient, kc is eddy-current core loss 

coefficient, k is excess core loss coefficient.  

The voltage regulation and efficiency are calculated 

by Eq. 26–27: 
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where; e(%) is  voltage regulation, η is frequency. 

 

Medium frequency transformer windings are 

produced as in the form of pancake. The conductors 

of pancake windings are wound around a rectangular 

formed core with the widest face of the conductor 

oriented either horizontally or vertically [32]. It is 

thought that the winding arrangement is made as in 

the form of pancake, since that leakage flux is 

decreased significantly [30] in such pancake winding 

configuration. On the other hand, as the frequency 

increases, the reactance increases and the active 

resistance changes. As a result of this, winding losses 

increase too. This problem can be reduced by using 

multi-wire litz winding or foil winding [33, 34].  

 

Taking 1 KHz the leather effect and flow density into 

consideration, primary folio conductor size was taken 

as 1.5 mm X 8 mm, secondary winding block 

conductor size was taken as 30 mm X 16 mm and 

cooling space was taken as 20 mm X 5 mm. 

Trafoperm N3 and 2605SA1 Amorphous material is 

used for the transformer core. The features of this 

material are given in Table 1:  

 

Table 1. Properties of Trafoperm N3 and Amorphous 

2605SA1 materials [35-36] 

 

 

3 Medium frequency transformer’s analysis 

by finite element methods 
 

Analytical solution can provide an accurate and 

sufficient solution for designing electrical machines. 

However, both 2-Dimensional (2D FEM) and 3-

Dimensional (3D FEM) solution gives more accurate 

estimations [37] under the changed geometry, 

nonlinear conditions magnetic saturation, and 

efficient fringing at the winding's terminals.  If 

electrical machines are designed by 3D finite 

elements method, important design parameters such 

as spinning flow, current density, winding 

inductance, and axial force can be determined with 

very high accuracy because real 3D structure of the 

machine is taken into account by 3D finite elements 

methods. When you use the method mentioned here, 

the cost and the time spent can be saved. The 

calculated parameters for the machine are given in 

Table 2.  

 

Table 2. Parameters of medium frequency spot 

welding machine 
 

Parameter  Value 

  

Unit Parameter  Value  Unit 

cA  22.6 cm2 R1 24.65 mΩ 

aW  34 cm2 RL 800 µΩ 

  10 µm R2,3 12.85 µΩ 

ml  
35.6 cm 2, 3L   1 nH 

1N  54 - LL 1 µH 

2,3N  1 - M2605SA1 5.8 Kg 

 

In terms of the parameters and in analytical data 

given in Table 2, a medium frequency transformer’s 

external and dynamic analysis circuits are prepared 

for no-load working and loaded working conditions. 

Next, the analyzes are done by Ansys-Maxwell 

Circuit Editor. Under the determined working 

conditions, the regarding circuit is drawn within the 

circuit editor; afterward its circuit model is exported 

as .sph extension. The .sph extension file contains 

winding resistances of transformer and its working 

state. This is imported to the excitations part of the 

transformer model in Ansys Maxwell transient 

analysis. Figure 5 shows primary winding’s current 

and change of transformer’s core losses respectively 

under no-load working condition regarding to core 

materials. 

Transformer core manufacturers define the loss 

factor regarding to the values of C, EI, U, and core 

 Trafoperm  

N3 Core 
Amorphous  

2605SA1 

Core 

Units 

Alloy 

%3 SiFe %5-10 

SiFeB 

- 

Saturation Flux 

Density (Bs) 

2.03 1.56 T 

Curie 

Temperature 

750 395 ºC 

Thermal 

Expansion 

12 7.6 10-6/°K 

– 

 10-6/°C 

Resistivity

2 2( 2 ) 2( 2 ) (2 )MLT D F E F B C= + + + + +  

0.4 1.3 μΩm 

Density 7650 7180 kg/m3 

Lamination 

Thickness 

0.3 0.025  mm 

Stacking 

Factor 

0.96 0.89 - 
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loss factor per kilogram. The amorphous transformer 

core (Metglas) determines core loss as given in Eq. 

28 [35].  

 

 1.51 1.746.5coreloss mP f B=  (28) 

 

where; Pcoreloss is total core losses (W/kg), f is 

frequency (kHz), Bm is amplitude of AC flux 

component (T). 

 

 

(a)       

 

(b) 

Figure 5. Change of primary winding’s current (a) 

and change of transformer’s core losses(b) 
 

We have calculated total core losses as 37.7 Watts per 

25 ▫C in regards to the manufacturer’s definition (by 

Eq. 28). We have also found the average core losses 

for Amorphous structured core as 35.8 W. On the 

other hand, when Trafoperm N3 material is used to 

make the core, core loss will be obtained as 460.3 

Watts. From Fig. 6, it is expected that the magnetic 

field density at the inner corners of the core is high. 

Magnetic field values in these zones are below the 

core saturation point guaranteed by the manufacturer. 

The core losses have increased proportionally 

regarding to the flux density. Therefore, there will be 

losses at inner corners of monophase transformers 

and at the connection points of three phase 

transformers [38], hence the heatings shall become 

higher than the others. 

 
(a) 

 

 
 (b) 

 

Figure 6. Change of magnetic flux and flux density 

Amorphous (a) and Trafoperm N3 (b), 

respectively 

 

During the loaded working analysis of transformer, 

the arm resistance of spot-welding machine including 

welding electrode’s and load’s resistances are taken 

as 100 µ, 800 µ respectively. Afterwards, the 

analysis has continued by decreasing load resistances 

(as to be 600 µ, 400 µ, and 100 µ).  

The load value of the short-circuited secondary 

winding of the welding machine's transformer is too 

small. Hence, these windings are forced less than the 

short-circuited transformer’s windings. That is why 

the windings are produced as forming with epoxy 

material. The forming by epoxy is convenient for 

reducing the heating effects to the windings.  

As is known, type of load material at spot welding 

machines is related to the size of the lamination 

material.  Due to this, secondary load currents change 

passing from several resistances and changes of load 

voltage are given in figures 7 and 8. 
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Figure 7. Change of secondary load current 

depending on load resistance 

 
Figure 8. Change of secondary load voltage 

depending on load resistance 

 

It is seen from figures 7–8 that as the load values 

decrease, the current passing through the load 

increases and voltages dropped on the load decrease.  

Therefore, it can be seen obviously that the time 

constant given in equation 5 shall change. 

In the study, the designed transformer which has 

Amorphous material core was simulated, and 

analyzes were made under the loaded working 

conditions. The findings obtained from these 

simulations are similar to the findings obtained by 

using Trafoperm N3 material. However, it is seen that 

the secondary winding’s current is about 200 A, 

which is higher than the other. 

 

4 Conclusions and discussions 
 

In the study, a medium frequency power transformer 

is designed and its transient parameters are calculated 

by using Maxwell 2D simulator. The analytical 

equations have figured out the transformer design 

thoroughly. The Trafoperm N3 core materials which 

have high Curie temperature and high performance 

were used in the analyses carried out. In case of using 

Trafoperm N3 core materials instead of using 

Amorphous 2605SA1 core material, it is seen that the 

core losses have increased about 12.8 (460.3/35.8) 

times. The error rate between the core losses’ value 

which was guaranteed by Amorphous core 

manufacturer and the core losses’ value which was 

obtained from numerical calculations is5 %. 

The fact that sheet thickness of amorphous core is 

thinner when compared with Trafoperm N3 sheet 

results from a significant decrease of eddy losses.  

It is thought that since Trafoperm N3 core has higher 

saturation flux density than amorphous core and 

since amorphous core works in a closer area to 

saturation in Figure 6, Trafoperm N3 is more suitable 

for 1kHz. Compared to Trafoperm N3 core, due to 

Amorphous 2605SA1 core’s low Cruie temperature, 

it is needed that the spot welding transformer 

performs the heat analyses. In addition, amorphous 

core is more expensive when compared with other 

siliceous steel.  

Although it is known that Amorphous 2605SA1 

material presents a good performance for more than 

10 kHz - 20 kHz frequency at power transformers 

nevertheless, we shall make trials to take the best 

magnetic outputs of Amorphous 2605SA1 material 

for 1 and 5 kHz frequency values as well.   

When compared with nanocrystal material, 

amorphous core has higher losses and it causes too 

much noise. However, the fact that nanocrystal 

material has lower Saturation Flux Density when 

compared with amorphous material increases size 

and core geometry costs.  

It shall be possible to investigate effects of 

temperature and noise level in low frequencies, from 

this time onwards, numerically and experimentally. 

We consider finding out effects of Litz copper wires 

wrapped in the primary windings to a power 

transformer's size in future works. In addition, it is 

planned to conduct a 5kHz amorphous core 

transformer design in the future.  
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