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Abstract— This paper introduces a novel FEM-based 
model designed to analyze the electromagnetic-thermal 
dynamics of resistance spot welding (RSW) transformers 
used in battery manufacturing. The RSW process, 
inherently multi-physics and sensitive to temperature 
fluctuations, involves phase changes within the metal 
materials. This complexity, combined with frequent 
electrode connections and disconnections during welding 
(variable structure), renders traditional steady-state 
analysis methods inadequate for accurately capturing 
temperature and electromagnetic parameters under 
thermal steady-state conditions and the effect of changing 
power electronics parameters (frequency, number of 
cycles, and firing angle) on continuous operation is also 
unpredictable. The study proposes a method capable of 
determining temperature trends during electrode opening 
(rest period). It simplifies the temperature characteristics 
and material properties of the welding spot. These 
variations are equated and simplified as a constant 
temperature and an equivalent material, respectively. The 
proposed model, rooted in  FEA and experimentally 
validated, enables a bidirectional electromagnetic-thermal 
simulation through steady-state thermal analysis. This 
simulation generates results for temperature and 
electromagnetic values during steady-state operation, 
demonstrating close agreement with experimental results. 
Consequently, the developed model showcases its 
capability in predicting the impacts and sensitivities of 
various factors such as voltage cycle number, firing angle, 
and rest period duration within the RSW process. 

Index Terms— Electromagnetic-thermal analysis, Finite 
Element Method (FEM), Resistance Spot Welding (RSW), 
Thermal steady-state conditions, Welding transformer. 

 

I. INTRODUCTION 

ESISTANCE spot welding (RSW) is an industrial process 

that welds metal plates by the circulation of a high current 

through the secondary of a step-down transformer. Widely 

employed in the welding industry for joining metal sheets and 

parts, RSW plays a pivotal role in vehicle body assembly [1].  

During the welding process, two electrodes compress metal 

sheets, typically driven by air pressure in a pneumatic cylinder, 

servo actuator, or hydraulic system. Thermal energy is 

introduced into the system through a step-down welding 

transformer (WT) [2]. The WT under investigation operates 

with a single-phase AC power supply. It utilizes two Silicon 

Controlled Rectifiers (SCRs) or thyristors connected in parallel, 

where one conducts current during the positive half-cycle and 

the other during the negative half-cycle. In Fig. 1 the model of 

a step-down welding transformer is depicted, where 𝐿1 and 𝑅1 

represent the equivalent leakage reactance and resistance of the 

primary winding, while 𝐿2 and 𝑅2 denote those in the secondary 

winding [5][6]. The control of the welding process involves 

adjusting the firing angle, also known as the trigger time, of 

each SCR alternately for each control cycle. The firing angle 

values, ranging from 0 to 180 degrees, linearly correspond to 

fire times between 0 and 10 milliseconds, for a 50 Hz supply 

frequency. 

Typically, the welding cycle generates current by modulating 

several voltage cycles with specific firing angles to achieve the 

required energy transfer. A complete welding cycle comprises 

an incremental ramp (gradual increase in the firing angle over 

multiple cycles), cycles with the desired firing angle, and, in 

some cases, a decremental ramp (gradual decrease of the firing 

angle over several cycles). Fig. 2 shows the general scheme 

depicting the voltage and current patterns of the WT. 
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Fig. 1: Welding transformer structure with a single-phase AC power supply. 

 
(a) 

 
(b) 

Fig. 2: General representation of voltage and current in a WT: (a) applied 

voltage; (b) supply current. 

In traditional transformers, a continuous supply voltage is 

applied to the primary winding without variable structures or 

phase changes in the materials connected to the secondary side. 

Consequently, the transformer temperature increases steadily 

until reaching a steady-state value. In such cases, 

electromagnetic-thermal modeling and loss mapping 

simulation of the transformer, treating it as a heat source, can 

be employed to obtain transient and steady-state temperatures 

[7]-[14]. Therefore, a uniform multi-physics simulation is 

employed to achieve continuous energy conversion between 

electrical, magnetic, and thermal domains in the 

electromagnetic-thermal coupling. This approach allows for 

obtaining both thermal (temperature) and electromagnetic 

(voltage, current, and magnetic field) results. Due to the 

inherent stability of the transformer's structure and material 

phases, the simulation enables continuous transient and steady-

state thermal analysis on the fixed structure and materials of the 

model. Hence, transient and steady-state temperature 

distributions are obtained, corresponding to transient and 

steady-state conditions, respectively, in conventional 

transformers. 

However, the RSW transformer brings about complexities 

due to the intermittent nature of electrode connection 

throughout the welding process. Moreover, variations in the 

structure, material composition, and phase at the welding spot 

add to the inherent variability. Additionally, temperature 

limitations during the metal melting process—where the 

material maintains a constant temperature corresponding to its 

melting point—further complicate the utilization of 

conventional methods. These distinct characteristics inherent to 

the RSW process require specialized modeling and simulation 

approaches to accurately capture its dynamic and temperature-

sensitive nature.  The accurate prediction of the steady-state 

temperature in the RSW transformer, serving as a thermal spot-

welding source, is crucial due to its highly non-linear and 

pulsating operation, impacting 

various transformer characteristics such as voltage, current, 

magnetic field, and operating temperature of the welding spot 

and electrode junction. 

The existing studies in RSW literature predominantly focus 

on the temperature rise of the electrodes and the nugget (molten 

metal at the welding spot) and lack an approach to predict the 

steady-state temperature across different parts of the 

transformer. Moreover, these discussions are often limited to 

specific time periods, typically covering only one or a few 

welding cycles. H. Eisazadeh et al. [15] developed a multi-

physics finite element (FE) simulation coupling the RSW 

phenomenon with the ability to adjust welding parameters. 

Their model primarily derives nugget growth through a multi-

physics analysis involving temperature and welding cycle 

duration. However, the study does not address the steady-state 

temperature of the RSW transformer.  

In [16], a comparative analysis of three power supply types 

in the RSW—DC mode, standard sinusoidal, and standard 

single-phase AC RSW mode adjusted by the firing angle of the 

SCRs—was conducted. The results of thermal and electrical 

dynamic resistance analysis were extracted for a limited time 

span of 14 welding cycles at a frequency of 50 Hz. Notably, this 

approach did not consider steady-state temperature analysis, 

where the cycles of welding and rest are frequently repeated. 

Additionally, the investigation did not encompass the 

temperature assessment of transformer components, such as 

windings, core, and frame. Similarly, [17] proposed a FEM-

based multi-physics model for the RSW process, incorporating 

electrical, thermal, and mechanical coupling. The model was 

designed to simulate nugget growth and some quantities, 

including the dynamic resistance. However, the analyses were 

conducted within limited time intervals of welding cycles, and 

the steady-state temperature of the transformer was not  

investigated.  Other studies also possess this deficiency [18]-

[23]. 

To address these gaps in the existing literature, this study 

places  special  emphasis on  determining the  steady-state 

temperature of the RSW transformer using multi-physics 

modeling and simulation. Initially, a method is proposed to 

track temperature variations during electrode opening, 

encompassing the rest period or post-welding phase. 

Subsequently, a novel approach is introduced, equating and 

simplifying the transient temperature characteristics and 

material properties of the welding spot load across the welding 
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cycle. This cycle spans pre-welding, welding, and post-

welding. The alignment of these factors with a constant 

temperature and an equivalent material is carefully crafted to 

ensure a consistent temperature rise in the electrodes. 

In the thermal model employed for the two-way 

electromagnetic-thermal analysis, the temperature of the 

welding spot is established as equivalent to the determined 

constant temperature. Subsequently, the electromagnetic model 

receives the voltage signal encompassing the entire welding 

cycle. As a result, the electromagnetic (transient) and thermal 

(steady-state) multi-physics coupling analysis enables the 

determination of steady-state temperature, voltage, current, and 

magnetic field exhibited by the RSW transformer during 

continuous operation. This analysis predicts steady-state 

temperatures across varying power electronics parameters of 

the control panel: frequency, welding cycle numbers, welding 

firing angles, and rest period times. One specific case is 

compared and validated against experimental results to assess 

the accuracy and reliability of the proposed model. 

Indeed, the conventional methods for common transformers 

used previously to determine steady-state temperature in RSW 

transformers were insufficient due to the non-constant 

structure, complex, multi-physics, time-dependent, and 

temperature-dependent nature of the RSW process. On the other 

hand, previous works did not address the steady-state 

temperature of RSW transformer components. In this regard, 

the innovation of this paper is to provide an approach to 

equalize the spot welding, enabling the determination of the 

steady-state temperature of transformer components, as well as 

the electromagnetic characteristics (voltage, current, and 

magnetic field) at this steady-state temperature. This approach 

can be extended to other electromagnetic systems and processes 

with variable material phases and structures that are time- and 

temperature-dependent. 

II. ELECTROMAGNETIC-THERMAL MODELLING AND 

SIMULATION OF THE RSW TRANSFORMER 

A. Modelling 

The RSW transformer is modeled in 3-D. The load of the 

developed model is the electrical resistance of the welding spot 

lead considering the hydraulic forces applied to the electrodes. 

In fact, due to the constant forces during the entire welding 

process of the battery strap, their effect on the reduction of the 

electrical resistance of the welding spot has been taken into 

account. This consideration prompts a two-way multi-physics 

analysis conducted in an electromagnetic-thermal manner. 

B. Two-Way Approach 

During the iterative process, both forward and backward, 

temperature and specific resistance undergo updates, 

respectively. In the forward iteration, Electro-Magnetic (E-M) 

loss is transmitted and mapped into the thermal model. 

Conversely, in the backward iteration, temperature is relayed to 

the electromagnetic model while material properties are 

adjusted based on the new temperature (Fig. 3). Indeed, in this 

method based on the two-way coupled FEM-based software 

tools ANSYS Maxwell (electromagnetic analysis) and ANSYS 

Icepak (thermal analysis) [24], the losses are initially calculated 

in the electromagnetic module. The electromagnetic physics 

simulation of the transformer's performance incorporates 

temperature-dependent “Bulk Conductivity” for the primary 

and secondary copper as well as the iron core, as copper losses 

and eddy current losses are the dominant and main sources of 

heat generation in this transformer. The temperature effect on 

hysteresis losses is neglected. 

In the first iteration, losses are calculated at all nodes and 

elements of the FE transformer model at ambient temperature 

(25 degrees Celsius). Then, these losses are transferred to the 

thermal model of the transformer and mapped to corresponding 

nodes and elements. At this stage, the temperature increase of 

the transformer components and the surrounding air is 

determined based on the transferred power losses, and the 

thermal characteristics of the components are established. The 

calculated temperature is then transferred and mapped to the 

corresponding nodes and elements in the electromagnetic 

module. In this module, the electromagnetic properties of 

materials, including bulk conductivity, are updated based on the 

new temperature, and electromagnetic analysis and loss 

calculation are performed again at the new temperature. In the 

next iteration, the newly calculated losses are transferred back 

to the thermal module and mapped to corresponding nodes and 

elements. The thermal module recalculates and updates the 

component temperatures based on these updated power losses 

and transfers the new temperatures to the electromagnetic 

module. This process continues until the electromagnetic 

(current, voltage, magnetic field, and losses) and thermal 

(temperature) values converge within an acceptable range. 

The methodology followed relies on the "temperature-

dependent electrical resistance" inherent to the material 

properties of the transformer components: windings (copper), 

core (steel), and load (lead). In the proposed model, the material 

properties of the welding connection spot are differentiated 

based on the operational phases: during the welding operation 

period (when electrodes are connected), the properties are set to 

emulate lead; during the rest period (when electrodes are 

opened), they are modeled to simulate air. 

C. Multi-Physics Simulation 

Based on the proposed Finite Element Analysis (FEA), the 

RSW transformer electrical-magnetic-thermal performance has 

been accessed through a multi-physics approach. The welding 

voltage, referred to as the "electrical field," is applied to the 

primary winding for varying cycle numbers and firing angle 

values. Simultaneously, via the "magnetic field" interface, this 

voltage induces a response in the secondary copper ingot. When 

the electrodes are connected, this leads to the circulation of a 

current across the ingot, generating the necessary heat, termed 

the "thermal field," for welding. Consequently, in each 

iteration, electromagnetic and thermal values corresponding to 

the new temperature, current, and voltage are determined. The 

3-D modeling, components, and characteristics of the RSW 

transformer are illustrated in Fig. 4. The resin mold containing 

the transformer is meticulously modeled to ensure that the 

thermal simulation accurately reflects real and practical 

conditions, taking into account the thermal properties of the 

resin. 
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III. PROPOSED FEM-BASED MULTI-PHYSICS APPROACH FOR 

DETERMINING THE STEADY-STATE CHARACTERISTICS 

A. Basis of the Electromagnetic-Thermal Interaction 

In the RSW system, the principles of electromagnetic-thermal 

energy conversion follow the common equations (1) to (6). 

Based on Fig. 1: 

𝑉𝑠 = 𝑅1𝐼𝑆 + 𝐿1

𝑑𝐼𝑆

𝑑𝑡
+ 𝑒1   (1) 

𝑉𝐿 = −𝑅2𝐼𝐿 − 𝐿2
𝑑𝐼𝐿

𝑑𝑡
+ 𝑒2    ,    𝑒1 = 𝑛𝑒2     ,      𝑉𝐿 = 𝑅𝐿𝐼𝐿 (2) 

 𝐼𝐿(𝑡) =
√2𝑈

𝑍
[𝑠𝑖𝑛(𝜔𝑡 + 𝛼 − 𝜑) − 𝑒

−
𝜔𝑡

𝑡𝑎𝑛𝜑sin (𝛼 − 𝜑)] (3) 

𝐼𝐿,𝑟𝑚𝑠

=
√2𝑈

𝑍
√[

1

2
+

1

𝜋
tan(𝜑) 𝜎(1 − 𝑒−𝜉)(𝑒𝜉𝜎 − sin(𝜑) cos(𝛼)] 

(4) 

𝑄 = 𝑅𝐿𝐼𝐿,𝑟𝑚𝑠
2 𝑡𝑤𝑒𝑙𝑑   ,    𝑡𝑤𝑒𝑙𝑑 = 𝑁𝑇       ,    𝑇 = 1/𝑓 (5) 

𝜌𝑐
𝜕𝑇

𝜕𝑡
=

𝜕

𝜕𝑥
(𝑘

𝜕𝑇

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝑘

𝜕𝑇

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝑘

𝜕𝑇

𝜕𝑧
) + 𝑄 (6) 

where 𝑉𝑠, 𝑉𝐿, 𝐼𝑆, 𝐼𝐿 , 𝑒1, 𝑒2, and 𝑛 are source voltage, load 

voltage, source current, load current, induced voltage in the 

primary winding, the induced voltage in the secondary ingot, 

and the transformer turns ratio, respectively; in (3) [16], 𝑈 is 

the root mean square (rms) value of the fundamental sinusoidal 

source voltage on the load side, 𝑍 = 𝑅 + 𝑗𝐿, 𝐿 and 𝑅 are the 

equivalent inductance and resistance, respectively, 𝜔 = 2𝜋𝑓 is 

the fundamental angular frequency, 𝑓 is the frequency of the 

fundamental sinusoidal source voltage, 𝑡 is the time, 𝛼 is the 

firing angle, 𝜑 = 𝜔𝐿/𝑅 is equal to the phase difference 

between the input voltage and the corresponding current and 

represents the power factor angle; 𝐼𝐿,𝑟𝑚𝑠  is the rms value of 𝐼𝐿 , 

𝜎 = sin (𝛼 − 𝜑), and 𝜉 =
2𝜋

tan(𝜑)
 ; 𝑄 is the internal heat energy 

of the welding resistance load, 𝑁 is the number of welding 

voltage cycles. Eq. (6) is the heat transfer equation [8] where 𝜌, 

𝑐, 𝑇, 𝑡, 𝑘, and (𝑥, 𝑦, 𝑧), are the material density, specific heat 

capacity, temperature, time, thermal conductivity, and spatial 

components of the cartesian coordinate system, respectively. 

According to these equations, the model, boundary conditions, 

and electric-magnetic-thermal fields are discretized and a multi-

physics analysis is performed based on FEM. 

B. The Proposed FEM-Based Approach 

To achieve the main study objective of evaluating the steady-

state temperature of the transformer, a critical step involved 

aligning the temperature characteristic of the load at the 

welding spot (depicted in red in Fig. 4 (b)) within a welding 

cycle of a battery strap with a "constant temperature." This 

determined constant temperature was carefully set to ensure a 

comparable temperature increase in the transformer, matching 

the temperature rise experienced throughout the entire welding 

cycle—from pre-welding through welding and into the post-

welding rest period. Indeed, this “Equivalent Constant 

Temperature (ECT)” at the welding spot serves as a thermal 

source, generating a temperature increase that matches the 

temperature rise induced by the time-dependent temperature 

characteristic of the real (practical) welding cycle in the 

transformer. 

During the welding process of each battery strap, a series of 

steps are performed. Firstly, the temperature of the lead at the 

welding point is gradually raised until it reaches the melting 

point (pre-welding). Subsequently, the lead is melted at the 

melting point (welding). Finally, the electrodes are separated, 

and the temperature is reduced (post-welding). The sequential 

repetition of this process for each battery strap leads the 

transformer to reach its steady-state temperature. However, 

achieving the steady-state temperature necessitates a real-time 

multi-physics transient simulation spanning several hours. 

Conducting such a two-way electromagnetic (transient)-

thermal (transient) simulation with a time step at the 

microseconds or, at most, milliseconds scale, consumes an 

excessive amount of time and computational resources, making 

it practically unfeasible or highly inefficient. 

To address this challenge, the proposed methodology 

introduces an innovative technique based on an ECT. This 

technique aims to “equalize” the complete three-stage welding 

process for each battery strap, encompassing pre-welding, 

welding, and post-welding. Through the utilization of the ECT, 

the intricate and multi-physics nature of the RSW performance 

is effectively “simplified”. The ECT, which represents the 

thermal equivalent of the repetitive welding process, has been 

employed in the analysis of the two-way electromagnetic 

 

 
Fig. 3: Two-way electromagnetic-thermal analysis process. 

      
(a) 

 

 
(b) (c) 

Fig. 4: The RSW transformer model: (a) transformer components; (b) welding 

spot load; (c) resin mold of the transformer. 
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(transient)-thermal (steady-state) simulation. Consequently, the 

electromagnetic and temperature characteristics have been 

obtained in thermal steady-state conditions. The proposed 

FEM-based multi-physics approach for determining the steady-

state characteristics of the RSW transformer is illustrated in Fig. 

5. The subsequent sections provide a comprehensive and 

detailed description of this innovative approach. 

IV. THREE-STAGE TEMPERATURE CHARACTERISTICS AND 

ITS EQUIVALENT CONSTANT TEMPERATURE 

This section presents the proposed approach and 

methodology for acquiring the three-stage temperature profile 

during battery strap welding, along with its ECT. In the battery 

strap welding process using these types of transformers, 

typically, the necessary thermal energy for melting the strap is 

provided with a trigger command of 35% (117 degrees). 

However, considering the specifications of the battery strap 

welding spot, the current and frequency level of these 

transformers, as well as operators' experience in assessing the 

quality of the welding spot in practice and on the battery 

production line, the firing angle for a new transformer is 

typically set between 40% and 55% (81 to 104.4 degrees). Over 

time, as the transformer's performance declines due to factors 

such as the deposition of scales in the cooling pipes and the 

degradation of insulation laminations due to heat, the firing 

angle may increase up to 60% (72 degrees). 

Hence, for the validation of the 3-D model of the transformer 

and its FEM analysis, simulation results were initially 

compared with experimental values for a firing angle of 30% 

(firing angle of 126 degrees). The reason for this is that in the 

battery strap welding production line it is not feasible to use an 

oscilloscope for extracting voltage and current signals. 

Consequently, an RSW transformer was tested in the 

laboratory. Furthermore, aiming for repetitive usage and 

preventing battery strap welding in the test setup, a maximum 

firing angle of 30% has been employed for the excitation 

voltage. In this regard, in the test setup, a voltage supply of 20 

cycles has been applied to the transformer. The concluding 

second 15 cycles consist of cut-off cycles with a firing angle of 

30% of the sinusoidal supply voltage (firing angle of 126 

degrees), which has a frequency of 50 Hz and an effective value 

of 400 Vrms. The initial cycles encompass 5 incremental ramps 

with a consistent pitch. In the investigated production line, 

decreasing ramps are not employed at the end of the voltage 

cycles. The laboratory test setup and the comparison of 

simulation and experimental results are illustrated in Fig. 6 and 

Fig. 7, respectively. 

As illustrated in Fig. 7, for the same input voltage, the 

simulated input current closely tracks the experimental input 

current, validating the accuracy of the FEM-based modeling 

and simulation. In addition, as another validation for the voltage 

and current results in the proposed FEM-based physics 

modeling and simulation approach, the power factor (PF) of the 

transformer has been calculated and compared with the values 

of [25]. In [25], the PF of single-phase RSW transformers has 

been investigated, and a similar equivalent circuit to the one 

used in this paper has been employed (Fig. 1). The calculated 

PF values for two firing angles in this work, 40% (108 degrees) 

and 50% (90 degrees), are 0.64 and 0.72, respectively, based on 

the following equations. These values are consistent with [25], 

which provides maximum values of 0.62 and 0.70 for firing 

angles of 117 and 81 degrees, respectively. 

𝑃𝑆(𝑡) = 𝑉𝑆(𝑡). 𝐼𝑆(𝑡) (7) 
𝑆𝑆 = 𝑉𝑆,𝑟𝑚𝑠 . 𝐼𝑆,𝑟𝑚𝑠 (8) 

𝑃𝐹 =
𝑃𝑆,𝑎𝑣𝑒

𝑆𝑆
 (9) 

where 𝑃𝑆(𝑡) and 𝑃𝑆,𝑎𝑣𝑒 are input instantaneous active power and 

its average value, respectively; 𝑉𝑆(𝑡) and 𝐼𝑆(𝑡) are the 

instantaneous input voltage and current and 𝑉𝑆,𝑟𝑚𝑠 and 𝐼𝑆,𝑟𝑚𝑠 

are their corresponding rms values, respectively; 𝑆𝑆 and 𝑃𝐹 are 

input apparent power and power factor, respectively. 

In the following, the temperature characteristic and its ECT 

have been derived for a total of 20 cycles of the supply voltage. 

The fundamental sinusoidal supply voltage is 400 Vrms at a 

frequency of 50 Hz. The 15 cycles are obtained with a 40% 

firing angle (firing angle of 108 degrees). The first 5 cycles 

consist of a uniform incremental ramp waveform with a 

consistent step. Simulations have been executed for an ambient 

temperature of 25 degrees Celsius. 

A. Pre-welding 

This initial stage commences with electrode connection and 

current establishment. The battery strap lead, initially at 

ambient temperature, is positioned between the electrodes, 

gradually increasing in temperature until reaching the melting 

point of lead (327.5 degrees Celsius). The pre-welding 

temperature profile of the welding spot (the welding lead) is 

derived through electromagnetic (transient)-thermal (transient) 

analysis. 

By applying the welding voltage to the primary winding of 

the transformer, the temperature characteristic of the welding 

lead has been determined through the transient electrical-

magnetic-thermal simulation based on the “temperature-

dependent electrical resistance”. 

In Fig. 8, the profile of the welding load (the welding spot) 

temperature increase during the pre-welding stage is illustrated. 

In this figure, the temperature represents the volumetric average 

temperature of the welding load (the welding spot) at each 

moment. The characteristic of temperature rise during pre-

welding has been illustrated in Fig. 9. After 220ms of electrode 

contact and current passing through, the entire welding lead has 

reached the melting point temperature. 

B. Welding 

At this stage, after the  welding lead reaches the melting point 

during the pre-welding phase, the energy received from the 

source is utilized in a constant temperature process (at the 

melting point of lead) for melting and consequently welding. In 

this manner, the molten lead (weld nugget) continues to grow 

until complete melting occurs, leading to the formation of a spot 

weld (Fig. 10 (a)). 

In this characteristic, due to the small size of the welding 

solder and the short welding time (especially during the pre-
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welding period), any temperature increase of the solder beyond 

its melting temperature has been neglected.   

In addition, the heat required to raise the temperature of lead 

from 25°C to its melting point (327.5°C) and the heat required 

for the solid-to-liquid transformation at the melting temperature 

are calculated to be 23 𝑚 and 39 m joules, respectively, where 

𝑚 represents the mass of lead in grams, considering the specific 

heat capacity and latent heat of lead. Therefore, considering the 

ratio between these two energies and the time ratio of 220ms 

(start of complete nugget formation) to 400ms (end of energy 

application), it becomes evident that the available time for 

raising the temperature of molten lead beyond its melting point 

is limited and negligible. For longer durations of energy 

application (e.g., 30 cycles: 600ms), it is possible to consider an 

increase in the temperature of the molten lead beyond its 

melting point. 

C. Post-welding 

After completing the battery strap welding, the electrodes are 

separated and the current is interrupted. The time interval  

 
Fig. 5: The proposed FEM-based multi-physics approach for determining the steady-state characteristics of the RSW transformer. 

  
                               (a)                                    (b) 

Fig. 6: Experimental test setup. (a) The test setup for RSW transformer. (b) Control panel components. 
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between electrode separation and their reconnection for the next 

battery strap welding is the post-welding or rest period, during 

which air is present between the electrodes. To determine the 

temperature profile of the welding spot (between the 

electrodes), it is necessary to establish the temperature 

characteristics of the air between the electrodes during post-

welding. To determine the temperature characteristic of the rest 

period, the proposed approach suggests considering the average 

temperature of the air around the welding spot during each time 

interval as the temperature of the welding spot (air between the 

electrodes) in the subsequent time interval. The concept 

underlying this approach revolves around the thermal 

interchange between the ambient air surrounding the electrodes 

and the air present between them. In the last instance of 

electrode connection during the welding process (𝑡0), the 

molten lead (at its melting temperature 𝑇0) is placed between 

the electrodes. At this specific moment, the average 

temperature of the ambient air surrounding the welding spot is 

computed (𝑇1) within a volume equal to the volume of the 

welding spot (Fig. 4 (b)) in a transient thermal analysis. The 

temperature profile of the welding spot during the electrode 

connection period (Fig. 10 (a)) has been considered as the input  

for this analysis, corresponding to the time interval of [0, 𝑡0 ]. 
In the subsequent step where the electrodes are separated, the 

temperature 𝑇1 (the temperature of the surrounding air at the 

welding spot in the previous stage) is considered as the 

temperature of the welding spot between the electrodes (now 

consisting of air). This approach is based on the assumption that 

after the separation of the electrodes, the surrounding air at the 

welding spot (between the electrodes) is drawn into this point 

(spot). In this step, the average temperature of the ambient air 

surrounding the welding spot (𝑇2) has been determined. The 

 

 
(a) 

 
(b) 

Fig. 7: Input voltage (blue) and input current (yellow) of the transformer at a 

frequency of 50 Hz and firing angle of 30%: (a) simulation; (b) Experimental 

(each division on the oscilloscope corresponds to 250 V / 50 A). 

input applied to the welding spot in the thermal analysis of this 

stage comprises temperature values within the range of [0, 𝑡1 ]. 
This includes the temperature characteristic of the solder during 

the electrode joining period, ranging from [0, 𝑡0 ], and the 

temperature characteristic of the air between the electrodes, 

ranging from [𝑡0, 𝑡1 ]. Taking into account the displacement and 

heat transfer between the air within the welding spot (between 

the electrodes) and the surrounding air, 𝑇2 is regarded as the 

temperature of the air at the welding spot in the subsequent 

stage. This methodology has been pursued until the end of the 

post-welding (rest period). The implementation of this 

approach is depicted in Fig. 11 and Table I for a 4.8 s rest 

period, providing a visual representation of the process. 

Therefore, the temperature reduction characteristic during the 

post-welding has been established. The post-welding 

temperature characteristic is illustrated in Fig. 10 (b). At the end 

of the post-welding, the welding spot temperature has nearly 

reached the ambient temperature. 

D. Equivalent Constant Temperature (ECT) 

The temperature characteristic of the welding spot (Fig. 10 

(b)) presents the thermal behavior of this region (between the 

electrodes) during a complete welding cycle of a battery strap. 

The periodic repetition of this characteristic in consecutive 

welding of battery straps, accompanied by the temperature rise 

resulting from the current passage (losses) in the core, 

windings, and copper ingot, brings the transformer (especially 

the transformer frame and core) to a steady-state temperature. 

Achieving the steady-state temperature in transient thermal 

analysis requires conducting an extensive sequence of 

consecutive welding cycles, equivalent to several hours of real-

time, through multi-physics simulations. However, this 

computational method demands an exceedingly high amount of 

computational resources and time, making it nearly unfeasible 

or highly inefficient. Moreover, because of the time-dependent 

nature of the welding temperature characteristic, it cannot be 

directly integrated into steady-state thermal analysis for multi-

physics simulations. To overcome this challenge, the proposed 

approach in this study is the Equivalent Constant Temperature 

(ECT) method. The ECT of the welding spot is determined in a 

way that the resulting temperature increase in the transformer 

matches the actual temperature rise caused by the welding 

spot’s characteristic temperature (Fig. 10 (b)). In fact, the basis 

of this method is to ensure that ECT generates the same 

temperature increase in the transformer as the sequence of 

actual temperature characteristics within a specified time 

interval. Consequently, it can be expected that with an 

appropriate approximation, the steady-state temperature of 

transformer in simulation, using the ECT, closely approximates  

the actual steady-state temperature of the transformer. 

 
Fig. 8: The temperature characteristic of the welding load (the welding lead) 

during the pre-welding period at a firing angle of 40% (108 degrees). 
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𝑡 = 60 (𝑚𝑠) 𝑡 = 92 (𝑚𝑠) 

  
𝑡 = 122 (𝑚𝑠) 𝑡 = 220 (𝑚𝑠) 

Fig. 9: The characteristic temperature contour of the welding lead during the 
pre-welding period at a firing angle of 40%. 

 
(a) 

 
(b) 

Fig. 10: The characteristic temperature of the welding spot and its ECT. (a) The 

characteristic temperature of the welding lead during the pre-welding (blue) and 

welding (red) period for the 20 welding voltage cycles at the firing angle of 
40%; (b) the temperature characteristic of the welding spot (between the 

electrodes) during a complete welding cycle of a battery strap for 20 cycles at 
a 40% firing angle voltage: pre-welding (blue), welding (red), post-welding 

(green), and ECT (black). 

In a transient single-physics thermal analysis, multiple 

sequential welding temperature profiles are applied to the 

welding spot, and the resulting temperature increase in the 

transformer (especially in the electrodes) is extracted. 

Simultaneously, the ECTs are applied to the welding spot 

within the same time interval. The ECT that yields a 

temperature increase close to the temperature increase of the 

sequential temperature profiles in the transformer is considered 

as a substitute equivalent thermal source. The equivalent 

thermal source is positioned between the electrodes. Its 

material, thermal properties, temperature (ECT), and 

electromagnetic properties are modeled in a way that ensures it 

is equivalent to the real thermal and electromagnetic conditions. 

In other words, this modeling approach simplifies the  
 

𝒕𝟎 = 𝟒𝟎𝟎 (𝒎𝒔) 𝒕𝟏 = 𝟔𝟎𝟎 (𝒎𝒔) 𝒕𝟐 = 𝟖𝟎𝟎 (𝒎𝒔) 

 

𝑰𝒏𝒑𝒖𝒕:                         𝑰𝒏𝒑𝒖𝒕:                            𝑰𝒏𝒑𝒖𝒕: 

 

 
(a) (b) (c) 

Fig. 11: The first three steps of determining the temperature of the air at the 

welding spot (between the electrodes) during the post-welding stage. 

Determination of: (a) 𝑇1; (b) 𝑇2; (c) 𝑇3 (also see Table I). 

   Table I: The temperature of the air inside and surrounding the welding point 

during post-welding in ºC for 20 welding cycles and a resting period of 4.8 s 
(also see Fig. 11). 

𝑻𝒊𝒎𝒆 (𝒎𝒔) 400 600 800 … 4800 5000 5200 
𝑻𝒔𝒘 327.5* 279.7 245.3 … 31.2 29.2 27.3 

𝑻𝒂𝒎𝒃 279.7 245.3 216.9 … 29.2 27.3 25.5 
𝑇𝑠𝑤: The average temperature of the welding spot. 

𝑇𝑎𝑚𝑏: The average temperature of the ambient air surrounding the welding 

spot. 

*: This temperature is the molten lead temperature at the welding spot in the 

final moment of welding. The other temperatures listed in the Table represent 
the temperature of the air inside or surrounding the welding spot. 

𝑇𝑖𝑚𝑒 = 𝑡𝑖, 𝑇
𝑠𝑤 = 𝑇𝑖, 𝑇

𝑎𝑚𝑏 = 𝑇𝑖+1, 𝑖 = 0,1,2, . . . ,24. 

 

 
𝐴𝑣𝑔. 𝑇𝑒𝑚𝑝. = 33.4 [𝐶𝑒𝑙. ] 𝐴𝑣𝑔. 𝑇𝑒𝑚𝑝. = 33.2 [𝐶𝑒𝑙. ] 

(a) (b) 

Fig. 12: Rise in electrode temperature for 20 cycles at a 40% firing angle voltage 

due to: (a) actual temperature characteristic at the welding spot; (b) 𝐸𝐶𝑇 =
100.1 [𝐶𝑒𝑙. ]. 

Complicated and multi-physics welding process, which 

involves material and phase transitions (during electrode 

contact, the material between them is solid and molten lead, 

while during electrode separation, the material between them is  
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Fig. 13: The process of obtaining ECT (CT: a constant temperature). 

 

air), by providing an equivalent representation at the welding 

spot. The thermal properties of the source material have been 

considered equivalent to the thermal properties of air (since the 

duration of electrode separation during continuous welding 

(post-welding) is longer than the duration of electrode contact). 

Additionally, its electromagnetic properties have been modeled 

based on the electromagnetic properties of lead (as lead is 

located between the electrodes during electrode contact and 

transformer electromagnetic performance).  

As an example, consider Fig. 12, which illustrates the 

contour and average increase in electrodes temperature for one 

welding cycle, along with its corresponding ECT.  The 

temperature rise due to the ECT closely aligns with the increase  

 
Table II: The ECT in ºC corresponding to different welding conditions (firing 

angle, rest period and number of input voltage cycles). 

Firing Angle Rest Period (sec.) 20 cycles 30 cycles 

40% 

(108 deg.) 

3.8 111.3 137.1 

4.8 100.1 123.7 

5.8 91.6 113.7 

50% 

(90 deg.) 

3.8 150.6 185.6 

4.8 135.4 167.5 

5.8 124.0 153.9 

 

   
(a) (b) (c) 

Fig. 14: Steady-state temperature of the RSW transformer frame for an input of 

20 voltage cycles with a firing angle of 40% and a rest period of 4.8s: (a) 

experimental;( b) simulation; (c) the components in the welding line. 

 

resulting from the welding temperature characteristic. The 

flowchart of the process of obtaining the ECT is illustrated in 

Fig. 13. Based on this approach, Table II shows the ECTs for 

different welding conditions. 

V. RESULTS AND EXPERIMENTAL VALIDATION 

The temperature and electromagnetic characteristics of the 

RSW transformer have been predicted using the two-way 

electromagnetic (transient)-thermal (steady-state) analysis. The 

material between the electrodes is modeled using an equivalent 

material at a constant temperature (the ECT) as discussed in the 

previous section. The temperature of the remaining 

components, such as the core, windings, and copper ingot, also 

increases based on the “temperature-dependent electrical 

resistance” concept. The cooling effect of water-cooling pipes 

has been applied as boundary conditions on the surface of the 

copper ingot in the simulation. This is due to the fact that both 

the cooling pipe and the ingot (transformer's secondary) 

material are made of copper (the boundary material is 

unchanged), and the water temperature inside the pipe 

connected to the large source remains nearly constant with 

minimal changes, always equal to the ambient equilibrium 

temperature (Fig. 14). 

In each iteration of the electromagnetic-thermal simulation, 

the temperature and electromagnetic properties are successively 

updated in the electromagnetic specifications (losses) and the 

newly adjusted temperature, respectively. This iterative process 

results in the steady-state temperature of the transformer. 

Simulations have been executed for an ambient temperature of 

25 ºC. 

A. Temperature results 

Fig. 14 illustrates the steady-state temperature of the 

transformer frame for an input of 20 voltage cycles with a firing 

angle of 40% and a rest period of 4.8 s. As observed, the 

simulation closely follows the experimental results, indicating 

the effectiveness of the proposed approach. In order to achieve 

a more accurate comparison between simulation and 

experimental results, a transformer with an identical design to 

previous models has been constructed, incorporating PT100 

temperature sensors placed before the resin encapsulation. The 

steady-state temperatures of the transformer components are 

illustrated in Fig. 15. The term "steady-state temperature" in an 

electromagnetic system refers to a constant temperature that 

various components reach after operating for a specific 

duration. In this state, the temperature only exhibits minor 

fluctuations (Fig. 15). 
One primary reason for the lower temperature in simulations 

compared to the experimental temperature is attributed to the 

omission of the higher temperatures reached by the molten lead 

beyond its melting point. This has been explained in Section 

IV.B. Another major reason for the small discrepancy is the 

limitation of space and time for processor analysis, which sets 

the simulation time step to be in the millisecond scale for two-

way simulations. This results in the simulated current and 

voltage peaks being slightly lower than their actual values (see 

Appendix for more details). Another reason to consider is the 
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(a) (b) 

 
 

(c) (d) 

 
(e) 

 
(f) 

Fig. 15: The steady-state temperatures of the fabricated transformer 
components for an input of 20 voltage cycles with a firing angle of 40% and a 

rest period of 4.8 s: (a) core; (b) primary winding; (c) secondary winding (ingot) 

for an ideal cooling water pipe without deposits; (d) secondary winding (ingot) 
for the cooling water pipe with a 50% reduction in the effective cross-sectional 

area due to sedimentation; (e) the fabricated RSW transformer, along with the 

incorporated PT100 temperature sensors; (f) the steady-state temperatures 
recorded by the PT100 sensors. Channels: primary winding (yellow), secondary 

winding (blue), and core (orange). 

 
Fig. 16: Comparison of primary winding current: electro-magnetic analysis 

(Elec.Mag.) and electro-magnetic-thermal (Elec.Mag.-Thermal) analysis. 

 
𝐴𝑣𝑔. 𝐵 = 1.58 [𝑇] 𝐴𝑣𝑔. 𝐵 = 1.38 [𝑇] 

(a) (b) 

Fig. 17: The  maximum magnetic flux density of the transformer core: (a) 

electro-magnetic analysis; (b) electro-magnetic-thermal analysis. 

fouling of the cooling water pipes. Since RSW transformers 

operate continuously in battery production lines, the 

accumulation of deposits in the pipes can lead to a reduction in 

cooling effectiveness over time. Hence, the temperature of the 

ingot at the investigated point in the simulation, assuming ideal 

and clean pipes, is 35.2 degrees Celsius (Fig. 15 (c)), which is 

lower than the corresponding experimental value of 38.8 

degrees Celsius. However, when considering the cooling effect 

associated with a roughly 50% reduction in the effective cross-

sectional area of the pipe due to fouling, the temperature 

increases to 39 degrees Celsius (Fig. 15 (d)). Therefore, this 

approach can also be used to predict the temperature conditions 

resulting from the fouling of the cooling water pipes. 

B. Electrical results 

Fig. 16 illustrates the primary winding current considering the 

effect of steady-state temperature (electromagnetic-thermal 

analysis) compared to the case without considering it (only 

electromagnetic analysis). The reason for the lack of high 

smoothness in the plot is that the time step used in this 

simulation was in the millisecond scale. The current amplitude 

was reduced by 10% when accounting for the temperature 

effect due to the increased electrical resistance. This reduction 

highlights the significance of incorporating steady-state thermal 

analysis for accurate prediction of current and voltage. This 

difference becomes more pronounced at higher percentages of 

the firing angle, increased the number of welding voltage 

cycles, and shorter rest period. 

C. Magnetic results 

Fig. 17 illustrates the distribution of the maximum flux 

density of the magnetic field of the RSW transformer core. The 

average flux density varies by approximately 15%. This 

variation can be even greater at different firing angles, number 
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of welding voltage cycles, and rest periods. Considering that the 

RSW transformer core typically operates near saturation during 

welding, it is crucial to consider the impact of steady-state 

temperature on the flux density of core in transformer design. 

The effect of temperature on the magnetic field of the RSW 

transformer core depends on the welding operating point, and it 

cannot generally be described by a simple direct or inverse 

relationship. This influence varies under different conditions, 

such as firing angles, number of voltage cycles, rest periods, 

and cooling arrangements. On the other hand, at a specific 

welding point with defined operating conditions, considering 

that an increase in temperature leads to an increase in resistance 

and a decrease in current, determining the voltage drop 

accurately, which is the difference between the supply voltage 

and the induced voltage in the winding, is not a straightforward 

path because the magnetic field in the core depends on the 

induced voltage created in the winding. Therefore, predicting 

the magnetic field in the core at a specific operating point, as 

proposed in this paper, requires an electromagnetic-thermal 

analysis. 
  

VI. CONCLUSION 

In this study, a novel FEM-based approach was proposed to 

predict the temperature and electromagnetic behavior of a RSW 

transformer under steady-state thermal conditions. The 

complexity of the RSW process, with its inherent temperature 

dependency and involvement of phase transitions (melting) and 

structural changes (like electrode separation and connection), 

makes conventional transient and steady-state thermal analyses 

inadequate for determining the steady-state temperature of the 

RSW transformer. The proposed approach has successfully 

determined the temperature characteristic of the welding spot 

and its corresponding ECT. Leveraging the ECT alongside a 

two-way electromagnetic-thermal analysis, it is possible to 

predict and experimentally validate the temperature and 

electromagnetic characteristics across various power 

electronics parameters such as firing angles, welding voltage 

cycle counts, and rest periods. These prediction capabilities 

hold significant potential for application in both the design and 

operational phases of welding transformers. The insights gained 

from these predictions offer valuable guidance for optimizing 

the transformer performance and efficiency. Additionally, this 

approach can be extended to other electromagnetic systems and 

processes with variable material phases and structures that are 

time- and temperature-dependent. 

APPENDIX 

This Appendix presents the simulation details. The number 

of Tetrahedral (Tet.) elements of the FE model is specified in 

Table III. The  specifications of simulations are provided in 

Table IV. A personal computer was employed for running the 

simulations. In case of utilizing high-performance computing 

processors (such as cloud computing), the processing time of 

the simulations can be significantly reduced. 

The specifications of the computer used were as follows: 

• Processor: Intel(R) Core (TM) i7-10750H CPU @ 2.60 GHz   2.59 

GHz. 

• Installed RAM: 16.0 GB (15.8 GB usable). 

• Solver: DRS4 (in ANSYS Electronics 2021 R2). 

Table III: Mesh specifications of the FE model of the main components of the 
RSW transformer. 

Component 
Num. 

Tets. 

RMS 

Edge 

Length 

(𝑚𝑚) 

Min. 

Tet. Vol. 

(𝑚𝑚3) 

Max. 

Tet. Vol. 

(𝑚𝑚3) 

Mean 

Tet. Vol. 

(𝑚𝑚3) 

Core 67894 8.036 0.006 85.817 26.717 

Frame 1295 50.582 5.705 2740.11 212.629 

Spot 

Welding 
4150 0.529 8.426e-5 0.030 0.005 

Ingot 4294 13.407 8.657e-6 6729.19 66.835 

Windings 32371 5.631 0.012 30.907 7.241 

Total Number of Elements: 143195 Tets. 

Table IV: The specifications of simulations. 

Simulations Analysis Type 
Time Step 

(ms) 

Execution 

Duration 

(hours) 

Space 

(GB) 

Voltage and Current 

only due to Elec.Mag. 

Analysis 

Elec.Mag. (Tr) 0.2 71.0 67.8 

Pre-welding 
Elec.Mag. (Tr)-

Thermal (Tr) 
1 65.8 64.0 

Post-welding Thermal (Tr) 200 2.2 34.3 

ECT (for each CT) Thermal (Tr) 200 0.7 5.4 

Temp. and Elec.Mag. 

Characteristics in 

Thermal Steady-State 

Elec.Mag. (Tr)-

Thermal (SS) 
1 562.5 464 

Tr: Transient Analysis. SS: Steady-State Analysis. 

CT: Constant Temperature. ECT: Equivalent Constant Temperature. 
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