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Abstract. Power transformers are among the most critical components in
electrical energy systems, serving to convert voltage levels and ensure the reliable
transmission of power. Therefore, modeling and analyzing possible transformer
faults in advance is essential for maintaining system continuity and operational
safety. In this study, a three-dimensional model of a laboratory-based power
transformer was developed using ANSYS@ Maxwell. Manufacturer data were
utilized during the modeling process, and electromagnetic analyses were
conducted considering the core geometry, winding configuration, material
properties, and associated losses. The model accuracy was verified by comparing
the simulated turns ratio, no-load losses, and load losses with the factory test
results. Subsequently, phase-to-phase and phase-to-ground short-circuit faults
were simulated on the model. The variations in current, voltage, and
electromagnetic force before and after the faults were analyzed in detail. The
results reveal the impacts of fault conditions on magnetic saturation, winding
stress, and voltage imbalance within the transformer. Overall, the findings
provide valuable insight into the short-circuit behavior of power transformers and
serve as a useful reference for the early detection of faults and the improvement
of protection systems in power networks.
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1 Introduction

Transformers are among the most critical components involved in the transmission
and distribution of electrical energy. Therefore, faults occurring in these components
may lead to severe consequences. Since the continuity of energy supply is of great
importance today, the detection of faults that arise in transformers has become equally
significant. Approximately 30% of transformer failures originate from winding-
related faults [1]. Faults occurring in transformer windings constitute a major threat to
the uninterrupted and reliable delivery of electrical power to consumers. Such faults
typically begin with the weakening of winding insulation as a result of lightning im-
pulses, partial discharges, or switching operations. The degradation of insulation leads
to arc formation between windings and the emergence of high-amplitude short-circuit
currents due to conductor-to-conductor contact. This situation causes severe mechani-
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cal and thermal stresses on the windings, which may ultimately result in permanent
damage. If the fault is not detected and eliminated at an early stage, the transformer
may be completely taken out of service, making prolonged power outages inevitable
[2].

A winding-to-ground fault occurs when weakened insulation allows the winding to
come into direct contact with ground potential. In such faults, the sudden reduction of
internal winding resistance and winding-to-ground impedance generates high-
amplitude short-circuit currents and pronounced dielectric stresses [3]. A winding-to-
winding (phase-to-phase) fault involves a direct conductive contact resulting from
insulation breakdown between two phase windings. In this condition, the magnetic
flux distribution becomes distorted, short-circuit currents rise sharply and abruptly,
and intense mechanical forces develop on the windings—Ileading to irreversible dam-
age unless immediate intervention is applied [4,5].

Electromagnetic analyses performed in ANSYS@Maxwell provide highly accurate
results for transformer design and fault modeling. In multiphase transformer struc-
tures, the finite element analysis (FEA) technique enables the optimization of magnet-
ic flux distribution, winding impedances, and losses. For example, in the study con-
ducted by Hacan, Kabas, and Ogiiten [6], a three-phase transformer was designed
using ANSYS@Maxwell to minimize volume and losses. Similarly, Alpsalaz and
Mamis [7] investigated the time-dependent behavior of high-frequency harmonics and
electromagnetic forces under inter-winding arc and short-circuit conditions using a
MATLAB@ANSYS Maxwell co-simulation environment. In addition, Oziipak [8]
examined magnetic flux density, short-circuit current, and winding-core mechanical
strength under various loading conditions in distribution transformers, identifying
critical stress regions during fault events. These studies demonstrate that ANSYS
@Maxwell is an effective tool for detailed modeling of transformers under both nor-
mal operating conditions and fault scenarios.

2 Method and Modelling

In this section, a three-phase transformer was modeled in Ansys@Maxwell using the
data provided by the manufacturer. The accuracy of the designed model was verified
by comparing the simulation results with the manufacturer’s specifications. Key fac-
tory parameters—such as guaranteed no-load losses and voltage ratio—were evaluat-
ed against the model outputs, confirming the validity and reliability of the developed
transformer model. The data provided by the manufacturer are presented in Table 1.

In the first stage, the simulation was carried out under fault-free operating conditions.
In this case, the current, voltage, and force waveforms corresponding to normal oper-
ating conditions were obtained.
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Table 1. Transformer Data

Factory Info Data

HV/LV Voltages 10,000/400 V
HV/LV connection Type YNynO
Number of Phases 3

Core Losses 220 W

Number of HV/LV Turns 1750/70

Fig. 1. Ansys@Maxwell Transformer Model
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Fig. 2. Transformer Core Loss
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Fig. 3. Low Voltage Side Voltages
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Fig. 5. Electromagnetic force on the windings



Electromagnetic Fault Analysis of a Power Transformer Using ... 319
3 Fault Analysis

Winding-to-winding faults in transformers typically originate from the weakening of
turn-to-turn or layer-to-layer insulation and rapidly progress into localized short-
circuit regions due to high-voltage impulses, switching transients, or the mechanical
forces induced by short-circuit currents. These faults lead to rapid rises in current—
often challenging the thresholds of differential protection systems—and cause abrupt
changes in winding impedance [9]. Winding-to-ground faults, on the other hand, usu-
ally occur when the dielectric strength of the oil—paper insulation between the wind-
ing and the core deteriorates due to moisture ingress, aging, or contamination, often
preceded by partial discharge activity [10]. According to CIGRE failure statistics,
winding-to-winding and winding-to-ground faults rank among the most critical failure
modes in large power transformers, constituting a substantial portion of total trans-
former faults [11]. Thermal degradation of insulation, along with moisture and de-
composition by-products in the oil, significantly accelerates the progression of these
fault types, leading to early dielectric breakdown [12].

In the simulation process, the transformer model created in the Ansys@ Maxwell
was transferred to the Twin Builder circuit platform. The fault scenarios were then
implemented and analyzed within the Twin Builder simulation environment.

3.1 Winding-to-Ground Fault

The simulation was executed for 0.1 s. At 0.05 s, phase A of the low-voltage side was
connected to ground, creating a phase-to-ground fault. Following the fault initiation,
the low-voltage side exhibited the waveforms presented below.
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Fig. 6. Low-Voltage Side Phase Voltage in Phase-Ground Fault
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Fig. 7. Low-Voltage Side Phase Currents in Phase-Ground Fault
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Fig. 8. Electromagnetic Force on the Windings in Phase-Ground Fault

3.2  Winding-to-Winding Fault

In the winding-to-winding fault model, the A and B windings were short-circuited at
0.05 s. Following the initiation of the fault, the low-voltage side produced the wave-
forms presented below.
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Fig. 9. Low-Voltage Side Phase Voltage in Phase-Phase Fault
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Fig. 10. Low-Voltage Side Phase Current in Phase-Phase Fault
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Fig. 11. Electromagnetic Force on the Windings in Phase-Phase Fault

The faults were applied at t = 0.05 s, allowing a clear comparison between the pre-
fault steady-state condition and the post-fault transient response.

In the winding-to-ground fault scenario, the current waveforms exhibited an instan-
taneous and pronounced rise in the faulted phase. The current in the affected phase
increased to several times its nominal value, while distortions appeared in the other
phases due to magnetic coupling and asymmetric flux distribution. The voltage wave-
forms collapsed in the faulted phase, producing nearly zero or severely suppressed
voltage levels. Mechanical force analysis confirmed this behavior: following the fault,
large and repetitive electromagnetic force peaks emerged in the corresponding phase,
resulting in significant radial and axial stresses on the windings. Such behavior is
characteristic of a low-impedance ground short-circuit.

In contrast, the winding-to-winding (interturn) short circuit produced an entirely
different transient response. Since only a few turns were shorted, the terminal currents
initially remained close to their nominal sinusoidal form, with only minor distortions.
However, the induced voltage waveforms exhibited an abrupt drop and sharp distor-
tion at the instant the fault was applied, indicating localized disruption in flux linkage
within the winding. More importantly, mechanical forces increased dramatically after
the fault and reached levels significantly higher than those observed in the winding-
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to-ground fault. This is attributed to the very large localized circulating currents gen-
erated within the shorted loop. Consequently, although an interturn fault may present
limited external electrical symptoms, it causes much more severe internal electrome-
chanical stresses and becomes considerably more difficult to detect with conventional
protection schemes.

4 Conclusion

In this study, a three-phase distribution transformer was modeled in the Ansys@
Maxwell and dynamically co-simulated with Twin Builder to examine the transient
behavior of two fundamental internal fault scenarios: winding-to-ground (phase-to-
ground) and winding-to-winding (interturn) short-circuit faults. The faults were ap-
plied at t = 0.05 s, allowing a clear comparison between the pre-fault steady-state
condition and the post-fault transient response.

In the winding-to-ground fault scenario, the current waveforms exhibited an instan-
taneous and pronounced rise in the faulted phase. The current in the affected phase
increased to several times its nominal value, while distortions appeared in the other
phases due to magnetic coupling and asymmetric flux distribution. The voltage wave-
forms collapsed in the faulted phase, producing nearly zero or severely suppressed
voltage levels. Mechanical force analysis confirmed this behavior: following the fault,
large and repetitive electromagnetic force peaks emerged in the corresponding phase,
resulting in significant radial and axial stresses on the windings. Such behavior is
characteristic of a low-impedance ground short-circuit.

In contrast, the winding-to-winding (interturn) short circuit produced an entirely
different transient response. Since only a few turns were shorted, the terminal currents
initially remained close to their nominal sinusoidal form, with only minor distortions.
However, the induced voltage waveforms exhibited an abrupt drop and sharp distor-
tion at the instant the fault was applied, indicating localized disruption in flux linkage
within the winding. More importantly, mechanical forces increased dramatically after
the fault and reached levels significantly higher than those observed in the winding-
to-ground fault. This is attributed to the very large localized circulating currents gen-
erated within the shorted loop. Consequently, although an interturn fault may present
limited external electrical symptoms, it causes much more severe internal electrome-
chanical stresses and becomes considerably more difficult to detect with conventional
protection schemes.

A comparison of the two fault types leads to the following conclusions:
¢ A winding-to-ground fault produces high terminal currents, voltage collapse,
and moderate levels of mechanical stress.
eAn interturn fault exhibits limited external electrical indications, yet generates
extremely high internal electromagnetic forces and poses a greater risk of
winding deformation.
eUnder healthy operating conditions, all current, voltage, and force compo-
nents are balanced and sinusoidal. Both fault types disrupt this balance;
however, each produces a distinct electrical-mechanical signature.
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In conclusion, the Maxwell-Twin Builder co-simulation successfully captured the
multiphysics nature of transformer faults. The findings indicate that, although inter-
turn faults exhibit weak electrical signatures, their mechanical effects are severe, ne-
cessitating advanced detection techniques such as flux-based indicators and
force/vibration monitoring. In contrast, winding-to-ground faults produce more pro-
nounced current and voltage deviations, allowing them to be detected more easily
using conventional protection methods. This study demonstrates that the reliable di-
agnosis of internal transformer faults requires the combined assessment of both elec-
tromagnetic and mechanical analyses.
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