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Abstract: In this paper, the impact of the winding arrangement on the efficiency of the resistance
spot welding (RSW) transformer is presented. First, the design and operation of the transformer
inside a high power RSW system are analyzed. Based on the presented analysis, the generation of
imbalanced excitation of the magnetic core is presented, which leads to unfavorable leakage magnetic
fluxes inside the transformer. Such fluxes are linked to the dynamic power loss components that
significantly decrease the efficiency of the transformer. Based on the presented analysis, design
guidelines to reduce the unwanted leakage fluxes are pointed out. The presented theoretical analysis
is confirmed by measurements using a laboratory experimental system. The presented experimental
results confirm that the proposed improved winding arrangement increased the efficiency of the
transformer in average for 6.27%.

Keywords: DC-DC converter; resistance spot welding; transformer; efficiency; dynamic power loss;
design

1. Introduction

Resistance spot welding (RSW) systems have a very important role in modern industry.
Considering the automotive industry alone, their importance is striking, as nowadays three new
cars are produced every second worldwide [1,2]. An interesting fact is that three to five thousand
welding spots are required to produce a contemporary personal car. Such a high amount of welding
spots requires, on the one hand, the use of fully automated welding systems that are based on robot
arms and on the other hand consumes large quantities of energy. Therefore welding systems should be
designed as high power density devices where the efficiency of the whole system is crucial.

RSW systems can be generally divided in two groups—systems that produce AC and systems
that produce DC welding currents. Nowadays the DC RSW systems are generally replacing the older
AC RSW systems due to several advantages [3,4]. A typical contemporary high power RSW system
consists of a AC-DC converter that operates at a frequency around 1 kHz, which is generally classified
as a medium frequency RSW system [4–7]. A medium frequency RSW system with a DC welding
current is shown in Figure 1.

The first part of the discussed system is the AC-AC converter, which consists of a passive input
rectifier, a DC-link and H-bridge inverter. The full-wave input rectifier produces a DC voltage Udc
from phase voltages ua, ub and uc, whereas the H-bridge inverter generates a pulse-width modulated
(PWM) voltage with modulation frequency of 1 kHz. The presented AC-AC converter supplies the
primary side of a welding transformer and is in high power RSW system usually not mounted on a
robot arm.
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Figure 1. Schematic presentation of a typical resistance spot welding system [5].

The second part is a welding transformer, which consists of a three winding transformer with one
primary and two secondary windings and an integrated center-tapped full-wave output rectifier.
The main task of this transformer is to adequately increase the level of the primary current ip,
consequently a turn ration of 55:1 is used. The high alternating currents is1 and is2 in both secondary
windings are rectified to a DC welding current il using a center-tapped output rectifier where two
special high current diodes are used.

The third part of the RSW system is a welding gun that is connected to the output rectifier.
The main task of a welding gun is to produce weld of prescribed quality, for what adequate electrical,
mechanical and thermal conditions have to be fulfilled [2,4]. Due to very high welding currents in
such systems, the welding transformer and the welding gun have to be placed together as close as
possible to reduce high ohmic power losses [3]. Consequently both discussed parts are mounted on
a moving robot arm, whereas the high power density of the welding transformer is one of the main
goals in its design process.

In the RSW systems, the majority of the power loss occurs in the second and third part of the
system due to very high currents. Therefore these parts are generally cooled using a cooling liquid [3,6].
By reducing the generated power loss in these parts consequently less cooling is required and the
power density of the devices can be increased. In this paper the main focus was to analyze the
impact of the winding arrangement on the power loss of the welding transformer. For this purpose,
a laboratory experimental system was assembled that enabled comparisons of different winding
arrangements. The obtained results have shown that an adequate winding layout reduced the power
loss in the welding transformer significantly. The main contribution of presented research work is
that presented experimental results are supported by a sound theoretical background, where also
guidelines for the designing of high power transformers with center-tapped output rectifiers are
discussed. The presented theoretical background and design guidelines are indispensable in the design
process of the device, as they give an adequate starting point and can be applied to any contemporary
design method (e.g., applying adequate winding layout in an finite element model of the device, where
the dimensions of the winding can be furthermore optimized).

The paper is organized as follows. In the first section an introduction for the discussed problem
is given. In the second section operation and the power loss inside a RSW system are discussed.
In the third section the laboratory experimental system is presented, whereas in the fourth section
the obtained results are presented and discussed. The fifth section gives a conclusion, where also the
outline for future work is presented.
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2. Design, Operation and Power Loss Inside a RSW Transformer

Design, operation and power loss inside a RSW transformer are inseparably interconnected.
Power loss inside the transformer depends both on the operation as well as the design of the
transformer, where the main focus of this paper is reduction of power loss by improving the design of
the transformer.

2.1. Design of the Welding Transformer

A typical welding transformer is assembled from an iron core on which three windings are placed
as shown in Figure 2.

iron core

primary windings

secondary winding 1

secondary winding 2
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branch

right 
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branch

Figure 2. A typical design of a welding transformer [1].

The iron core consists of a wound sheet tape of a soft magnetic material that is wound on a
model to obtain adequate geometry. The iron core is usually cut in two C-like segments to simplify
the assembling process of the transformer [3,6,7]. The primary winding is generally obtained from a
rectangular wire that is wound to adequate coils that fit on the iron core segments [3,7]. The primary
winding is assembled using 4 such coils that are connected in series and have combined 55 winding
turns. Due to high currents is1 and is2 the secondary windings consist of massive copper conductors
that represent 1 winding turn and can be also equipped with adequate cooling channels [3,6].
In the presented case the massive secondary turns were furthermore divided into two halves of
individual cross sections 17 mm × 2 mm, where the total cross section of a secondary winding was
17 mm × 4 mm. In the presented case both the primary as well as the secondary windings consist
of two parallel branches that are placed on the opposite parts of the core. The final assembly is
furthermore mechanically reinforced as the transformer is exposed to high mechanical stress due
to high currents in the windings [1]. The presented transformer is designed for operation at the
frequency of 1 kHz.

2.2. Operation of the Welding Transformer inside the RSW System

The presented transformer is only a part of the RSW system. The transformer is on the primary
side connected to the H-bridge and on the secondary side to the output rectifier, as shown in Figure 1.
Both connected parts determine the operation of the transformer, that is, how the electromagnetic
variables inside the discussed transformer change with time. These variables generate power loss
inside the transformer, therefore the analysis of operation is crucial. The operation of the RSW system
can be broken down into 4 characteristic states that depend on the state of the H-bridge converter.
These 4 states are shown in Figure 3.

In the presented case, Tp represents the time of one modulation period, TON is the time period in
which relevant transistors are set in such a way that the transformer is supplied from the DC-link and
TOFF is the time period when all the transistors are not conducting and thus separate the transformer
from the DC-link voltage. The typical 4 operation states hence correspond to conduction states of
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switches S1, S2, S3 and S4 of the H-bridge converter, which supplies the primary winding of the
transformer either with voltage up = Udc, up = 0 or up = −Udc . The primary current ip corresponds
to the waveform of the generated voltage up, where the current increases or decreases according to the
individual switching state. Each conducting switching state (states 1 and 3 in Figure 3) is followed by a
short additional state (states 2a and 4a), where absolute value of ip continuously decreases to 0 despite
all transistors are already turned off. In these states the current ip flows through the free-wheeling
diodes of the H-bridge. However, the impact on power loss of these states is in this paper neglected
due to a very short duration of these two states.
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Figure 3. Pulse-width modulation with corresponding current and voltage on the primary side of the
resistance spot welding (RSW) transformer [8].

The presented states in the primary winding generate also 4 main states in the secondary winding.
These states depend on the output rectifier and are shown in Figure 4.

On the secondary side of the transformer the currents is1 and is2 flow only when individual rectifier
diodes are polarized in a conducting way. Due to the inductive nature of the load, the presented
converter operates in the continuous conducting mode on the secondary side of the transformer,
that is, the current il flows also in states 2 and 4, where it splits equally trough the two secondary
windings [4,6]. Analogous to the primary side, there are also two brief switching states 2a and 4a that
are in the presented analysis omitted. The generated continuous DC welding current il is finally used
to generate welds of adequate quality.
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Figure 4. Typical states of the secondary side of the RSW transformer and output rectifier [8].

2.3. Power Loss Inside the Welding Transformer

Power loss inside the welding transformer can be in general separated in the iron core and
winding power loss components. Both components are heavily dependent on used materials, design
as well as the operation of the transformer [3,7].

The operation of the RSW system is for the needs of the presented analysis divided into 4
characteristic states as discussed in previous subsection. These 4 states can be furthermore combined
into 3 characteristic conduction states of the transformer:

• State 1: The electrical current flows through the secondary winding 1 and the primary winding,
• State 3: The electrical current flows through the secondary winding 2 and the primary winding,
• State 2b and 4b: The electrical current flows only through the secondary windings.

These three states are determined by the direction of the currents and the activity of the windings
in the transformer as shown in Figure 5.

In each of the presented state the excitation of the magnetic subsystem is substantially different;
the currents in individual windings generate magneto-motive force (mmf) Θ along the iron core,
which furthermore generates the magnetic flux and linkage between primary and secondary windings.
The generated magnetic flux is, however, flowing not only in the magnetic core. Due to imperfections
of the used materials (permeability of the iron core is not infinite, permeabilities of copper and air are
not zero), magnetic flux is generated also in the areas around the core. Such areas include all the areas
where mmf is generated, that is, areas where windings are located.

Due to the specific design, mmf in the iron core window acts predominantly along the y-direction.
According to the presented conduction states, the distribution of the mmf Θy (x) in the iron core
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window can be easily approximated by considering that the density of current in the windings is
uniform. According to the Ampere’s Law, Θy is therefore changing linearly in respect to the length of
the core window (x-axis) as shown in Figure 6a).

is1 ip is2

state 1 state 3 states 2b and 4b

Figure 5. Current direction and winding activity for all four characteristic switching states of the RSW
system [8].
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Figure 6. Two types of distribution of windings and a comparison of magneto-motive force for all
states: (a) distribution of winding layout 1 and (b) distribution of winding layout 2 [8].

The obtained results have shown that the mmf distribution Θy (x) in different conducting states
changes significantly. As the magnetic flux Φy is a direct consequence of Θy (x) and in the transformer
window only linear magnetic materials (copper, air, insulation) are used, the distribution of the flux
Φy (x) in this area corresponds to the Θy (x). The significant changes in Θy (x) consequently generate
significant changes in Φy (x). As this leakage flux is changing mostly in electrically conducting
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materials (windings and iron core), the corresponding induced voltage generates unwanted eddy
currents that increase the power loss in the device.

By analyzing the original winding layout shown in Figure 6a it was shown that the distribution
of mmfs in individual conduction states is very imbalanced with relative high peak values. Moreover,
the change of distribution Θy (x) between the states is significant. The generated mmf is acting in the
y-direction, hence also the corresponding leakage flux will flow across the transformer window in this
direction. This leakage flux changes significantly with time and induces voltages in the conducting
materials of the transformer. The discussed induced voltage in the windings is causing the so called
proximity effect, whereas the induced voltage in the iron core is causing additional eddy currents.
Both effects are qualified as so called dynamic power loss, because they are generated due to changes
of electromagnetic variables. These loss components increase the total loss significantly and should
therefore be minimized. The imbalanced leakage magnetic field distribution Φy (x) furthermore leads
to imbalanced flux in the iron core and can cause local iron core saturation in addition to increased
power loss. This can again lead to increased power loss of the device, as the magnetizing current in
the primary windings increases, which can be visible as characteristic current spikes in the primary
current [6,9].

The key for discussed loss reduction was clear; the winding layout of the transformer should
be designed in such a way that the distribution of the produced mmfs Θy (x) is in all conduction
states balanced, whereas the peak values of Θy along the x axis should be held as low as possible.
This can be achieved, for example, using the winding arrangement shown in Figure 6b. In comparison
to original winding layout shown in Figure 6a, in this case the secondary windings are divided in two
parallel branches that balance the mmf distribution in all states. Importantly also the peak values in
Θy (x) are reduced for more than 50 %, therefore the changes between the distributions in individual
conducting states are significantly smaller. In this way the dynamic loss components of the transformer
were significantly reduced what was confirmed with the experimental analysis presented in following
subsections.

3. Laboratory Experimental System

The presented simplified theoretical analysis was applied due to the very complex nature of
the problem. In a real transformer, Θy (x) is due to possible skin and proximity effects not changing
necessarily linearly in respect to x-axis. Consequently also Φy (x) in the core window can be distorted
(however still imbalanced in a similar fashion as in the discussed linear analysis). Furthermore,
the windings outside of the transformer core produce mmf that cannot be approximated using only
the component in the y-axis. Lastly, the connections between the transformer and output rectifier
should be considered as they impact the operation of the whole system significantly. Due to these facts
simulation analysis would require very complex models (e.g., a 3D finite element model) where the
theoretical background of the increased additional loss components could be overlooked. Such models
furthermore cannot include all the effects, especially the increased eddy currents in the iron core that
occur due to leakage magnetic fields that are perpendicular to core lamination. Consequently the
analysis was carried out using a laboratory experimental systems that is presented below.

The laboratory experimental system was designed in such a way that changes of various winding
arrangements could be performed. For this purpose a typical industrial RSW transformer was adjusted
with additional bus system on the secondary side of the transformer, as shown in Figure 7. This system
consisted of three buses; upper and lower buses (marked by 1 and 3 in Figure 7) were connected to
both diodes of output rectifier, whereas the middle bus (marked by 2 in Figure 7) represents the center
tap of the transformer and therefore the negative potential of the full wave rectifier.

The presented buses were designed in such a way that changing of the position of secondary and
primary windings was possible. In order to enable the discussed analysis, also secondary windings
of the transformer were adjusted. In a typical industrial RSW transformer, both secondary windings
consist of single massive copper conductors that are equipped with cooling channels. In contrast to
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this, the secondary windings of the laboratory transformer were split into two halves as shown in
Figure 2, where the cooling channels were omitted. In this way, comparable results for the presented
analysis were obtained.

transformer

output 

rectifier

bus
plastic

frame

1

2

3

Figure 7. Design of the laboratory experimental system [1].

The drawback of the additional bus system was, however, that the total resistances on the
secondary side of the transformer were increased in comparison to a compact industrial RSW
transformer [5]. The measured total resistances for both winding arrangements are shown in Table 1.
Measurements of resistances were performed using an adequate bridge based DC micro ohm meter
which measured a DC resistance.

Table 1. Total resistance of individual windings for both winding arrangements.

Primary Winding Secondary Winding 1 Secondary Winding 2

distribution of winding layout 1 Rp = 23.7 mΩ Rs1 = 0.137 mΩ Rs2 = 0.184 mΩ
distribution of winding layout 2 Rp = 23.7 mΩ Rs1 = 0.106 mΩ Rs2 = 0.111 mΩ

From the obtained measurements it was shown that the total secondary resistance (windings
combined with the bus system) was lower for proposed winding arrangement in comparison to the
original arrangement. This was due to slightly shorter net path of the currents trough the winding
combined with the connection between the transformer and the output rectifier. Furthermore, the total
resistances of both secondary branches were better balanced compared to the original arrangement.
An imbalance of secondary resistance can lead to drift of magnetic flux inside the core and consequently
to its saturation [6,8,9]. Furthermore, the iron core of the transformer was equipped with several
measuring coils as shown in Figure 8.

These measurement coils were used to calculate the density of magnetic flux inside the core,
where in each measurement coil induced voltage ui(t) was measured. The densities of magnetic flux
B(t) were obtained by (1)

B(t) =
1

NmS

∫
ui(t)dt, (1)

where S represents the cross-section of the core and Nm represents the number of turns of the
measurement winding. The laboratory experimental system was finally mechanically reinforced
using an adequate plastic frame.
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Figure 8. Placement of measuring coils on the core of laboratory RSW transformer [1].

4. Results

The discussed laboratory experimental system was tested for both winding arrangements using
equal operation conditions. The tests were performed in such a way that the load resistance Rl and
inductance Ll of the system were fixed, whereas the duty ratio of the H-bridge inverter was increased
from 0.3 to 0.8 with a step of 0.1. The efficiency was determined by measuring the voltages and currents
on the primary and secondary side of the transformer. Measurements were performed using the high
performance measuring device DEWETRON DEWE-2600, where the voltages were measured directly
and for the measurements of the currents special low frequency Rogowski’s coils (CWT 3LFR and
CWT 150LFR) were used.

Measured voltages for duty ratio of 0.6 are shown in Figure 9.
The obtained result have shown that the induced voltages in the secondary windings were

slightly higher in the proposed winding arrangement in comparison to the original one. The RMS
values of induced voltages in the secondary windings in the case of winding arrangement 1 were
Us1RMS = 5.129 V and Us2RMS = 5.225 V. Compared to this, when winding arrangement 2 was applied,
these values were Us1RMS = 5.249 V and Us2RMS = 5.268 V. This increase was attributed to lower
leakage magnetic fields in the transformer window combined with lower total resistances on the
secondary side of the transformer when improved winding arrangement was applied. Corresponding
currents are shown in Figure 10.

The difference between all the currents in both analyzed winding arrangements was significant.
The average steady state value of output welding current il was in the presented operation point for
1780 A higher, what accounts for 12.7 %. This increase was attributed to higher induced voltages in both
secondary windings as well as lower total resistances on the secondary side of the RSW transformer.

Based on measured voltages u(t) and currents i(t) during the welding cycles, average input as
well as output powers for different duty ratios were calculated. All the average power values P were
determined using orthogonal decomposition technique in the time domain, where measured currents
were decomposed into orthogonal and co-linear components in respect to adequate voltages [10,11].
In this way, from measured primary voltage up and current ip the average input power of the
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transformer Pin was calculated and from measured secondary voltages us1 and us2 as well as currents
is1 and is2 average output powers of the transformers Pout1 and Pout2 were calculated, respectively.
The total output average power was determined by Pout = Pout1 + Pout2. Based on the obtained Pin and
Pout, total power loss Ptr and efficiency ηtr of the transformer were calculated by (2) and (3), respectively.

Ptr = Pin − Pout (2)

ηtr =
Pout

Pin
(3)

-500

0

500

u
p
 (

V
)

a)
ARRANGEMENT 1 ARRANGEMENT 2

-10

0

10

20

u
l (

V
)

b)

-20

0

20

u
s1

 (
V

)

c)

0 5 10 15 20

t (ms)

-20

0

20

u
s2

 (
V

)

d)

8.5 9 9.5

t (ms)

Figure 9. Comparison of measured primary and secondary voltages for both winding arrangements:
(a) voltage in the primary winding up, (b) output voltage ul, (c) voltage in the secondary winding 1 us1

and (d) voltage in the secondary winding 2 us2.

In addition to Ptr, also the total power loss of the output rectifier Prect was determined. For this
purpose furthermore the voltage ul and current il on the output of the rectifier were measured. Based on
these measurements, the average power supplied to the load Pload was determined. The power loss in
the full-wave rectifier was obtained by (4)

Prect = Pout − Pload, (4)

whereas the efficiency of the output rectifier was calculated by (5) respectively.

ηrect =
Pload
Pout

. (5)
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Figure 10. Comparison of measured primary and secondary currents for both winding arrangements:
(a) current in the primary winding ip, (b) welding current il, (c) current in the secondary winding 1 is1

and (d) current in the secondary winding 2 is2.

Due to the difference in the output currents for both winding arrangements, the obtained results
were compared in respect to the output current instead of the duty ratio. The obtained results are
presented in Figure 11.

The obtained results have shown that the efficiency of the transformer with improved winding
arrangement was significantly higher; the efficiency improved for around 5% at low and around
6.7% at high welding currents, where the average efficiency difference between both distributions of
windings was 6.27%. This increase corresponded to around 0.73 kW or 6 kW less total power loss
in the transformer at low and high welding currents, respectively. In this way Ptr was decreased
for 31.7–34.7%. This decrease of power loss was a direct consequence of the decreased leakage
magnetic field inside the transformer window and generates the additional dynamic power loss
component. Due to improved winding arrangement the proximity effect between all the winding
coils was significantly reduced. Furthermore, as the leakage magnetic flux entered the iron core
perpendicular to the lamination of iron core, the dynamic loss inside the iron core was reduced also.
Changes of magnetic flux that enters the iron core perpendicular to lamination generate eddy currents
that are due to unfavorable direction not limited by the lamination. This effect can increase the iron
core power loss significantly [12]. The decrease of Ptr consequently enables to reduce the cooling of
the transformer what furthermore increases the efficiency of the whole RSW system. In this way also
weight of the transformer can be reduced, whereas the power density is improved.
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Figure 11. Comparison of determined power loss and efficiency of the transformer (a,b) and output
rectifier (c,d) for both winding arrangements.

In contrast to the transformer, the efficiency and power loss of the rectifier depended only on the
output current. Therefore the results were comparable for both winding arrangements. It is worthwhile
to note that the rectifier power loss was even higher than power loss of the transformer.

Using the measurement coils on the core as presented in Figure 8 distribution of magnetic flux
inside the iron core was determined. The obtained results are presented in Figure 12, where the
imbalance of magnetic flux in the iron core was observed.
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Figure 12. Results of the calculated densities of magnetic flux density B for: (a) arrangement 1 and
(b) arrangement 2.
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The calculated densities of magnetic flux were substantially different in all three core parts when
original winding arrangement was analyzed (Figure 12a)). In contrast to this, all three densities of
magnetic flux were balanced when the improved winding arrangement was analyzed. The observed
non-uniform distribution of B was a direct consequence of imbalanced distribution Θy (x) trough all
4 characteristic states. As Θy (x) was balanced in all the states if improved winding arrangement was
applied, consequently also a uniform distribution of B inside the core was achieved. A non-uniform
distribution of B can lead to local iron core saturation and consequently to increased power loss and
decreased operation reliability of the device.

5. Conclusions

In the paper, the impact of winding arrangements on dynamic power loss inside a RSW
transformer was analyzed. The layout of the windings along the transformer’s core has direct impact on
amplitudes and distribution of leakage magnetic fields around these windings. First a sound theoretical
background for improvement of winding arrangements is discussed, where the negative consequences
of discussed phenomena were pointed out. The negative consequences include increased dynamic
power loss inside the windings (proximity effect) and the iron core (increased eddy currents) as well
as non-uniform distribution of magnetic flux density inside the core, which can lead to local saturation.
The theoretical analysis was confirmed by experimental results. The obtained experimental results have
shown that the losses inside the transformer were significantly decreased when the arrangement of the
windings was improved with accordance with the presented theoretical background. The efficiency of
the improved transformer was in average increased for 6.27 %. With the experimental analysis it was
furthermore shown that the improved winding arrangement results in a better distribution of magnetic
flux density inside the core. Consequently, local saturations of the core were avoided, whereas the
magnetic material inside the device was better utilized. The presented analysis therefore points out
basic guidelines when designing a high power DC-DC converter that utilizes a transformer with a
center tapped rectifier. Future work will be focused on analysis of the non-uniform distribution of the
magnetic field on the operation and losses of the whole system for RSW.
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