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ABSTRACT

Transformers are one of the basic components of electrical power systems and play a critical role in
energy conversion. However, overvoltages and environmental stresses can cause failures in transformer
insulation systems. These failures can negatively affect reliability by reducing the lifetime of insulation
systems and can lead to serious losses in power transmission. Moreover, sudden failures increase
economic costs and reduce the overall efficiency of power systems. For this reason, a 3 MVA, 34.5 kV
dry-type distribution transformer was modeled using COMSOL Multiphysics software. Based on IEC
60076-3 and IEC 60060-1:2010 standards, a lightning impulse voltage with an amplitude of 170 kV and
nominal operating voltage were simultaneously applied to the modeled transformer. Electric field
strength, magnetic flux density, and electric potential distributions were analyzed under composite
voltage conditions. Under these conditions, the effects of electrical stress on the insulation strength are
discussed in detail. The results obtained show the negative effects of composite voltage signal
components on the insulation performance of the transformer and potential areas for improvement.
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L. INTRODUCTION

Transformers are critical devices to ensure energy conversion in electrical power systems and to realize
the transmission of electrical energy efficiently. Transformers, which play a critical role in the
generation, transmission, and distribution stages of electrical energy, are among the main components
of the electrical power system. Efficient operation of transformers is of great importance to reduce
energy losses and increase system reliability. However, these devices are subjected to various electrical
and mechanical stresses during their operational life, which increases the probability of failure [1, 2].

Surge overvoltages caused by lightning discharges, switching events, and insulation failures are some
of the most common conditions that can cause faults in electrical power systems [3]. Overvoltages
damage the insulation of devices, causing arcing and short-circuit currents [4]. The insulation of energy
transmission systems is especially stressed due to transient overvoltages [5]. Switching-induced
overvoltages can cause inter-phase faults in electrical equipment and degradation of insulation systems
[6]. Lightning discharges can cause economic losses and equipment failures in power systems [7]. In
transformers, which are widely used in electrical power systems, one of the main causes of failures is
degradation in the insulation system. Insulation failures are caused by various factors such as high
electric field intensity, moisture accumulation, thermal aging, and dielectric breakdowns in the
insulation material. Such failures negatively affect energy conversion processes and reduce system
reliability [8]. In addition to insulation failures, other problems such as partial discharges and arcing are
among the main factors that negatively affect the performance of transformers.

The effects of harmonic voltages on the insulation material are associated with partial discharge
behaviors in transformers [9]. These partial discharges usually occur at micro-gaps, surfaces, or
geometrical irregularities in the insulation material. This process can result in irreversible damage to the
insulation structure and severely reduce the transformer's lifetime. Electrical stress due to ionization
increases the risk of failure by straining the dielectric strength of the insulation, especially in high
voltage applications [9, 10].

The IEC 60076-3 standard includes the testing of transformers under a lightning impulse voltage with a
characteristic of 1.2/50 ps and the evaluation of the effects of this impulse voltage on the transformer
[11]. The effects of overvoltages on the electric field and potential distribution within windings is a topic
that continues to be extensively researched today. Electric field concentrations cause localized
weakening of the insulating material and hence the initiation of partial discharges. This process weakens
the dielectric strength of the insulating material, threatening the performance and safety of the device
[10].

The short-term but high amplitude effects of lightning impulses can cause permanent deformations and
performance losses in transformer insulation systems. In addition, the total strain caused by transient
overvoltages combined with the operating voltage forces the dielectric strength limits of the insulation
material and increases failure rates. The costly repairs and power outages caused by such events require
further research to ensure the safe and efficient operation of transformers.
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Although there are studies in the literature on electric field and magnetic field analysis of transformers,
transformer analysis under composite voltage is a subject that needs to be researched in the literature. In
recent years, there has been a growing number of studies focusing on the modeling of the
electromagnetic characteristics of transformers using various analytical methods. In the study conducted
by Oziipak et al. [12], magnetic behaviors were evaluated through the combined use of the Finite
Element Method (FEM) and Artificial Neural Networks (ANN). These approaches highlight the
increasing significance of numerical analyses in accurately modeling transformer performance. In
another study [13], the effects of subharmonics on electromagnetic behavior and losses in transformers
were investigated using the FEM, and the importance of numerical analyses in transformer performance
modeling was emphasized.

In the literature, electromagnetic analyses of transformers are generally carried out using FEM-based
software such as ANSYS Maxwell and COMSOL. In the study by Oziipak [10], the effects of lightning
impulse voltage on the winding insulation of a 15 MVA dry-type transformer were analyzed using
ANSYS Maxwell. Similarly, Hu et al. [14] conducted an electric field distribution analysis ofa 110 kV
transformer using COMSOL. Unlike previous works, this study investigates the behavior of a 34.5 kV
transformer under composite voltage (AC + impulse) conditions, which have been studied to a limited
extent in the literature, and analyzes both magnetic flux density and electric field distribution
simultaneously.

In addition to these studies that examine the effect of impulse voltage on transformers, there are other
studies in the literature on electric field analysis under composite voltage.

Ispirli et al. [15] analyzed the electric field distribution of silicone rubber insulators used at 66 kV and
110 kV voltage levels by the finite element method. The study was carried out under composite voltage
consisting of AC and DC. Yazici et al. [16] investigated the effect of composite voltages on the
disconnector in terms of electrical stress. In Comsol Multiphysics software, the electric field and electric
potential distribution of a 170 kV disconnector under composite voltage consisting of AC and impulse
voltage components were analyzed.

In addition to the aforementioned electromagnetic analysis studies, the importance of accurate thermal
modeling in transformer design has also been emphasized in the literature. Seddik et al. [17] performed
a comprehensive 2D and 3D thermal analysis of power transformers using the Finite Element Method,
emphasizing the significance of temperature distribution on transformer reliability. Likewise, Tsili et al.
[18] conducted a coupled 3D thermal-fluid analysis of power transformers to evaluate internal cooling
mechanisms and their effects on hot spot temperatures. These studies emphasize that combining
electromagnetic and thermal field analyses is essential for designing reliable and efficient transformers.

The effects of composite voltages on transformers, especially electrical stress and potential distribution,
have been discussed in a limited way in the literature. Therefore, the electric field distribution and
potential effects of composite voltages on the transformer need to be studied in more detail. This study
aims to comprehensively investigate the electric and magnetic field effects of composite voltages on
transformers. In particular, the electrical stress and potential changes in transformer insulation systems
caused by composite voltages consisting of AC and impulse voltage components have been investigated.
The results of the COMSOL Multiphysics-based analysis contribute to the development of reliable and
durable insulation solutions in transformer design. This study is expected to provide a better
understanding of the effects of composite voltages on transformers and provide benefits to improve the
safety of power systems. Unlike earlier studies that examined either AC or impulse voltage effects in
isolation, this study provides a unified analysis under composite voltage conditions by combining both
waveform components simultaneously. The developed model not only includes realistic time-domain
waveform definitions, but also incorporates the nonlinear B-H characteristics of the transformer core,
providing a more accurate estimation of the electromagnetic behavior under real-world conditions.
Furthermore, the voltage profiles used in the simulations are based on [EC 60076-3 and IEC 60060-
1:2010 standards, enhancing the reliability and applicability of the model [11, 19]. These aspects
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distinguish this work from prior studies and underline its novelty in the context of transformer insulation
evaluation.

II. COMPOSITE VOLTAGES

Electrical power system components can be exposed not only to the operating voltage but also to
different voltage components [15]. Composite voltages consisting of AC and DC [20, 21] or AC and
impulse voltage [16, 22] can stress the insulation performance of the devices in the electrical power
system different from the nominal operating conditions. If the insulation performance of the devices in
the power system is stressed differently from the nominal operating conditions, it may increase the risk
of failure. Therefore, testing of electrical power system components under composite voltages is critical
for both verifying design criteria and determining the limits of insulation systems [16, 23].
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Figure 1. Lightning impulse voltage caused by external overvoltage in an electrical power system.

The IEC 60060-1:2010 standard specifies the basic methods and criteria for testing under composite
voltages [19]. According to this standard, the voltage components that constitute the composite voltage
should be characterized by the voltage value and time delay parameters. Figure 2 shows the voltage and
time delay parameters of the composite voltage components according to IEC 60060-1:2010. In Figure
2, At is the time delay parameter and U+ and U- are the amplitude of the voltage components.

At

Y

Figure 2. Voltage and time delay parameters of composite voltage components according to IEC 60060-1:2010
standard [19].
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Lightning impulse voltages are used to test the insulation performance of power systems and to assess
the reliability of equipment [24, 25]. The IEC 60060-1:2010 standard defines in detail the characteristics
and application methods of the lightning impulse voltage signal. The standard lightning impulse voltage
is defined by four parameters, Um peak value, T1 front time, T2 tail time, and polarity [26, 27]. Figure
3 shows the standard lightning impulse voltage signal with these parameters.

For a standard lightning impulse voltage with 1.2/50 pus characteristic, the value of 1.2 ps refers to the
front time of the waveform and 50 ps refers to the time to 50% of the peak value. According to these
values, the amplitude of the impulse voltage increases rapidly and decreases slowly with time.
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Figure 3. Lightning impulse voltage signal according to IEC 60060-1:2010 standards [28].

HI. SIMULATION STUDY

This section presents a simulation study to investigate the behavior of transformer insulation systems
under lightning impulse voltages and composite voltages. In the study, the electric field distribution,
potential concentrations, and magnetic flux density in the insulation system were analyzed in detail using
COMSOL Multiphysics software. The Magnetic Fields module (AC/DC Module) was employed for
magnetic flux density analysis, while the Electrostatics module was used for electric field distribution
studies.

In the present study, a 3 MVA dry-type distribution transformer with a mantel core structure was
modeled and analyzed under composite voltage. The transformer geometry was created based on a shell-
type core structure using the built-in CAD tools of COMSOL. Key components such as the core, primary
and secondary windings, and surrounding air domain were modeled in 3D. The dimensions were
selected based on typical design values for medium-voltage dry-type distribution transformers. The
structural features and geometrical dimensions of the model are presented in Figure 4. The parameter
values of the designed transformer are given in Table 1. Tetrahedral elements were used for meshing
the model, with a maximum element size of 5 mm.
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Figure 4. The designed transformer, (a) front view, (b) top view, (c) mesh model.

The magnetic core was modeled using a nonlinear B-H curve to accurately represent the saturation
behavior of the laminated core steel. The core of the transformer was modeled in the software
environment by considering the B-H curve and sheet metal properties of the magnetic material.
Insulating regions were modeled using dielectric constants of & =4, corresponding to epoxy resin-based
insulation. Copper was used for the winding material with standard conductivity and relative
permeability values. The magnetic B-H curve of the core material used in the design is presented in
Figure 5.

Table 1. Parameter values of the designed transformer

Parameters Values
Rated Power 3 MVA

Primary Voltage 345kV
Secondary Voltage 400 V
Frequency 50 Hz

The analysis of the modeled transformer was carried out under nominal operating conditions and
lightning impulse voltage. For this purpose, AC and lightning impulse voltage were applied
simultaneously to the high voltage windings of the transformer in COMSOL Multiphysics software.
Figure 6 (a) illustrates the time variation of the nominal operating voltage applied to the transformer
windings. The frequency of the nominal operating voltage is 50 Hz and the amplitude is 34.5 kV.

The lightning impulse voltage required to analyze the transformer under composite voltage in the
COMSOL Multiphysics software was generated in the MATLAB/Simulink environment and imported
into COMSOL Multiphysics. The time dependent variation of the lightning impulse voltage signal
generated in MATLAB/Simulink environment is given in Figure 6 (b). The impulse voltage in Figure 6
(b) has a front time of 1.2 us and a tail time of 50 ps. The transient behavior of the composite voltage
signal was analyzed using a time-dependent solver; considering the IEC 60060-1:2010 standard [19],
the total simulation time was set to 50 ms and the time step to 0.1 ps in order to accurately resolve the
fast-rising front of the impulse voltage component. In the COMSOL Multiphysics environment, a
relative tolerance of 10™* was selected to ensure numerical accuracy during the transient analysis. To
confirm the reliability of the simulation, sensitivity analyses were conducted by varying the time step
and mesh resolution. The observed variation in peak field values was found to be less than 2%, ensuring
statistical consistency in the obtained data.
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Figure 5. B-H curve of the core used in transformer design.
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Figure 6. Applied to the windings of the transformer, (a) nominal operating voltage, (b) lightning impulse

voltage with 1.2/50 us standard.

For the analysis of the designed transformer under composite voltage, a positive impulse at positive
half-cycle, positive impulse at negative half-cycle, negative impulse at positive half-cycle, and negative
impulse at negative half-cycle signals are generated. Figure 7 presents the AC (nominal operating

voltage) signal as well as the positive and negative impulse voltage signals.
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voltage.

Faults caused by lightning impulse voltages in electrical power systems vary depending on the timing
of the impulse application and the amplitude of the operating voltage. Such voltages can impact the
power system at any phase of the operating voltage, leading to faults of varying severity. To evaluate
the most critical scenarios, this study examines the application of positive and negative lightning impulse
voltages at the positive and negative peaks of the AC waveform. Positive impulse voltages with a peak
value of 170 kV, as specified in the IEC 60076-3 standard, were applied to the designed transformer at
4.9988 ms and 14.9988 ms, as shown in Figure 7 (a) [19]. Similarly, negative impulse voltages with a
peak value of 170 kV were applied at 24.9988 ms and 34.9988 ms, respectively.

The AC and lightning impulse voltage signals in Figure 7 (a) are superimposed to obtain a composite
voltage for the analysis of the transformer. For the analysis of the transformer, the lightning impulse
voltage signal was superimposed on the AC signal with a period of 50 ms. The lightning impulse voltage
was applied at the positive half-cycle (t=4998.8 us and t=24998.8 us) and negative half-cycle (t=14998.8
and t=34998.8 us) of the AC. The composite voltage signal generated in MATLAB/Simulink to be
applied to the transformer for analysis in COMSOL Multiphysics is given in Figure 7 (b).

A. SIMULATION STUDY RESULTS

In this section, the results of the magnetic and electric field analysis of the transformer designed using
COMSOL Multiphysics software under composite voltage are presented. The transformer is analyzed
under nominal operating voltage and impulse voltage; magnetic flux density, electric field distribution,
and electric potential distribution are analyzed in detail.

The composite voltage signal shown in Figure 8 was applied to the high voltage windings of the modeled
transformer in COMSOL Multiphysics software.
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Figure 8. Composite voltage signal applied to the high voltage windings of the transformer in COMSOL
Multiphysics software.

The magnetic flux density distribution obtained for t=5 ms of the composite voltage signal applied to
the high voltage windings of the designed transformer is given in Figure 9. The maximum value of the
magnetic flux density is obtained as 1.82353 T for this moment when the positive impulse voltage
reaches its peak value at the positive half-cycle of the nominal operating voltage.

The distribution of the electric field and electric potential at t=5 ms are shown in Figure 10. At the peak
of the positive lightning impulse voltage, the maximum electric field strength was determined to be

78436.2 V/m. The electric potential distribution in the transformer volume increased on the windings as
can be seen in Figure 10 (c).
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Figure 9. Magnetic flux density obtained at t=5ms: (a) in the cross-section, (b) in the volume, (c) on the surface.
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Figure 10. (a) electric field distribution (xz plane view), (b) electric field distribution (isometric view), (c)
electric potential distribution obtained for t=5 ms.

The magnetic flux density distribution obtained for t=15 ms of the composite voltage signal is given in
Figure 11. The magnetic flux density is 1.60468 T for this time when the peak value of the negative
impulse voltage is obtained in the negative half-cycle of the AC.
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Figure 11. Magnetic flux density obtained at t=15ms: (a) in the cross-section, (b) in the volume, (c) on the
surface.

The electric field and electric potential distribution obtained for t=15 ms are shown in Figure 12. The
amplitude of the electric field strength and potential distribution obtained for the moment t=15 ms due
to the positive impulse voltage at the negative half-cycle of the nominal operating voltage is smaller
than the values obtained for t=5 ms. The maximum electric field strength for t=15 ms is 42343.2 V/m
and the maximum electric potential on the transformer is 69469.1 V.
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Figure 12. (a) electric field distribution (xz plane view), (b) electric field distribution (isometric view), (c)
electric potential distribution obtained for t=15 ms.
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Figure 13 shows the magnetic flux density in the transformer volume at 25 ms when the negative impulse
signal is applied at the positive half-cycle of the AC and the composite voltage reaches its peak value.
The maximum magnetic flux density generated by the composite voltage signal in the transformer
volume at this time is 1.59325 T.
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Figure 13. Magnetic flux density obtained at t=25ms: (a) in the cross-section, (b) in the volume, (c) on the

surface.

The electric field and electric potential distribution of the composite voltage signal for t=25 ms are
shown in Figure 14. At the moment of the peak value of the negative lightning impulse voltage, the
maximum amplitude of the electric field strength was 39690.8 V/m. Due to the negative impulse voltage
in the positive half-cycle, a negative electric field strength was formed in the transformer volume.
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Figure 14. (a) electric field distribution (xz plane view), (b) electric field distribution (isometric view), (c)
electric potential distribution obtained for t=25 ms.
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The magnetic flux density distribution at t=35 ms for the composite voltage signal is shown in Figure
15. For t= 35 ms at the negative half-cycle of the operating voltage, the magnetic flux density is obtained
as 1.86759 T.
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Figure 15. Magnetic flux density obtained at t=35ms: (a) in the cross-section, (b) in the volume, (c) on the
surface.

The electric field and electric potential distribution obtained for t=35 ms of the composite voltage signal
are shown in Figure 16. At the negative half-cycle of the operating voltage, the maximum amplitude of
the electric field strength is 79481.2 V/m for t=35 ms of the composite voltage.
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Figure 16. (a) electric field distribution (xz plane view), (b) electric field distribution (isometric view), (c)
electric potential distribution obtained for t=35 ms.

The magnetic flux density distribution obtained for the composite voltage signal at t=40 ms is given in
Figure 17. Due to the decrease in the peak value of the composite voltage signal at t=10 s, the magnetic
flux density, electric field strength, and electric potential in the transformer volume decreased. For this
time value, the magnetic flux density was obtained as 0.0986952 T.
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Figure 17. Magnetic flux density obtained at t=40ms: (a) in the cross-section, (b) in the volume, (c) on the
surface.
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The electric field and electric potential distribution obtained for t=40 ms are shown in Figure 18. Due
to the decrease in the amplitude of the composite voltage, the electric field strength was obtained as
129.412 V/m. The electric potential distribution obtained for t=40 ms is almost zero in all regions for
the transformer volume.
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Figure 18. (a) electric field distribution (xz plane view), (b) electric field distribution (isometric view), (c)
electric potential distribution obtained for t=40 ms.
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The magnetic flux density results for the peak value of the nominal operating voltage of the designed
transformer are presented in Figure 19. As a result of the analysis performed at t = 45 ms, the maximum
magnetic flux density observed in the transformer volume was obtained as 1.15711 T.
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Figure 19. Magnetic flux density obtained at t=45ms: (a) in the cross-section, (b) in the volume, (c) on the
surface.
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The electric field and electric potential distribution at t=45 ms are shown in Figure 20. At the peak value
of the nominal operating voltage, the maximum electric field strength was obtained as 18854.7 V/m.
The electric potential is uniformly distributed on the surface of the transformer.

Time=0.045 s Volume: Electric field norm (V/m) o Time=0.045 s Volume: Electric field norm (V/m) o Time=0.045 s Volume: Electric potential (V) o
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Figure 20. (a) electric field distribution (xz plane view), (b) electric field distribution (isometric view), (c)
electric potential distribution obtained for t=45 ms.

B. COMPARISON OF THE RESULTS OBTAINED

A composite voltage signal was applied to the high voltage windings of the transformer model designed
in COMSOL Multiphysics. In order to analyze the magnetic flux density, electric field distribution, and
electric potential over the volume of the transformer, the composite voltage signal was analyzed at six
different time moments. The six different time moments were chosen by considering the positive and
negative impulse voltage at the positive half-cycle of the nominal operating voltage, the positive and
negative impulse voltage at the negative half-cycle of the nominal operating voltage, the zero crossing
point of the nominal operating voltage and the maximum value of the nominal operating voltage in the
positive region. The signals applied to the designed transformer and the results obtained are presented
in Table 2.

Table 2. Signals applied to the high voltage windings of the designed transformer and the analysis results

obtained
Applied o Maximum Maximum Electric Potential
Signal Analysis Time Magnetic Electric Field Strength W)
Flux Density (T) (V/m)
Positive Half Cycle t=5 ms 1,82353 78436,2 138445
Positive Impulse
Negative Half Cycle t=15ms 1,60468 423432 69469,1
Positive Impulse
Positive Half Cycle t=25ms 1,59325 -39690,8 -69467
Negative Impulse
Negative Half Cycle t=35ms 1,86759 -79481,2 -138469
Negative Impulse
Nominal Operating
Voltage (Zero Crossing t=40 ms 0,0986952 129,412 0,0111031
Point)
Nominal Operating
Voltage t=45m 1,15711 18854,7 34500

(Positive Peak Value)
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As a result of the analysis performed in COMSOL Multiphysics software, the magnetic and electrical
behavior of the designed transformer under composite voltage signal is presented in Table 1. Att=15
ms, when the positive impulse voltage reaches its peak value, the magnetic flux density is 1.82353 T,
the maximum electric field strength is 78436.2 V/m and the maximum electric potential is 138445 V.
These results show the effect of the impulse voltage on the magnetic core of the transformer and the
increase in the electric field distribution.

In the region where the positive impulse voltage is applied in the negative half-cycle, the maximum
magnetic flux density is 1.60468 T, the maximum electric field strength is 42343.2 V/m and the
maximum electric potential is 69469.1 V for the peak value of the composite voltage at t = 15 ms. These
results show the effect of the positive impulse in the negative half-cycle on the transformer volume.

At t=25 ms, a negative electric field strength of 39690.8 V/m was formed on the transformer due to the
effect of the negative impulse voltage on the positive half-cycle of the operating voltage. The maximum
amplitude value of the electric potential on the transformer was 69467.

At the time t=35 ms, the results are very similar to those obtained at the time t=5 ms for the negative
impulse voltage at the negative half cycle of the AC. At this moment, the magnetic flux density on the
transformer volume is 1.86759 T and the amplitude of the electric field strength is 18854.7 V/m. The
slight difference observed between the magnetic flux densities for the positive and negative half-cycle
impulse voltages (1.82353 T vs. 1.86759 T) is attributed to the nonlinear and asymmetric behavior of
the transformer core material. Due to the hysteresis effect and structural asymmetries within the core,
the magnetic saturation point can vary depending on the direction of the applied magnetic field. This
phenomenon is supported by the work of Aboura et al. [29], where hysteresis-based modeling showed
similar deviations in flux density under polarity changes.

A significant decrease in magnetic flux density, electric field, and potential magnitudes was observed at
t = 40 ms corresponding to the zero crossing point of the nominal operating voltage. At this time, the
magnetic flux density is 0.0986952 T, the maximum electric field strength is 129.412 V/m and the
electric potential is 0.0111031 V. This indicates that the decrease in the composite voltage amplitude
affects the magnetic and electrical parameters of the transformer significantly.

Finally, at t = 45 ms, when the nominal operating voltage reaches its peak value, the magnetic flux
density is 1.15711 T, the maximum electric field strength is 18854.7 V/m and the electric potential is
34500 V. It was observed that the electric potential distribution is uniform over the transformer surface
for t =45 ms.

The findings of this study reveal notable increases in both electric field intensity and magnetic flux
density under composite voltage conditions. The electric field rose from 18,854.7 V/m during normal
operation to 78,436.2 V/m under transient stress, while the magnetic flux density increased from 1.15711
T to 1.82353 T. Similar behavior was reported by Oziipak, who investigated a 33/11 kV dry-type
transformer subjected to a 1000 kV lightning impulse. In that study, the electric field increased from
0.85%10% V/m to 1.45%10° V/m, and the magnetic flux density from 1.84 T to 3.64 T. These results
confirm that significant rises in electromagnetic parameters are typical under high-stress conditions such
as lightning surges or switching events. The consistency between the outcomes of this study and those
found in the literature supports the reliability of the simulation model and underlines the importance of
accounting for such extreme conditions in transformer design and insulation analysis.
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IV. CONCLUSION

In this study, a detailed analysis of the magnetic flux density, electric field strength, and electric potential
distribution of a 3 MVA distribution transformer under a composite voltage signal is carried out. The
analyses performed using COMSOL Multiphysics software are expected to make a significant
contribution to the literature on the behavior of transformers under composite voltage conditions.

The results show that the lightning impulse voltage causes electrical stress on the transformer insulation
system. It was found that the maximum magnetic flux density increased by 57.59% and the maximum
electric field strength was 316% higher for positive impulse voltage at positive half-cycle compared to
nominal operating conditions. a In addition, composite voltage signals with a larger amplitude impulse
voltage component are known to stress transformers even more in terms of electric field strength and
magnetic flux density. This plays a critical role in understanding the potential causes of dielectric
breakdown and thermal stresses in the insulating material.

Consequently, such analysis under composite voltages is critical for the safe and efficient operation of
transformers. It is expected that these analyses will contribute to the understanding of the factors
affecting the insulation system by providing important data for the evaluation of insulation and safety
criteria in transformer design. Furthermore, the proposed COMSOL Multiphysics model allows
researchers and engineers to simulate a range of voltage stress scenarios that go beyond traditional AC
or impulse-only testing. This enables the development and testing of new insulation design strategies
without the need for immediate physical prototyping. The modular nature of the model supports its
expansion with different voltage types, material properties, and transformer configurations, enhancing
its potential contribution to the transformer insulation literature.

In addition to providing a detailed analysis of the transformer under composite voltage conditions, the
presented simulation model can serve as a foundational reference for evaluating insulation performance
under multiple types of stress. By modifying the waveform parameters or transformer geometry, the
model can be adapted for different transformer types and stress scenarios. This flexibility positions the
model as a potential base for future studies aiming to develop advanced insulation structures or to
evaluate the aging characteristics of insulation under complex voltage conditions. In addition, the
obtained results are valid for the simulated 3 MVA, 34.5 kV dry-type distribution transformer and can
be considered as a reference for transformers with similar design and voltage levels. However, variations
in transformer structure, insulation material, or applied voltage waveform may result in different
outcomes. Therefore, testing the model under different configurations would help to improve the
generalizability of the results.

Future studies may extend the current analysis by incorporating different impulse waveforms (such as
switching surges), temperature variations, or environmental factors like humidity. Coupling

electromagnetic and thermal analyses could also provide deeper insight into long-term insulation
performance, thus supporting the development of more robust transformer designs.
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