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Abstract. This paper aims to serve as a valuable resource for researchers and industry professionals, offering insights into mitigating the cumulative effects of short circuits and improving the reliability and lifespan of power transformers. This paper investigates the impact of multiple short-circuit events on power transformer windings, with an emphasis on their cumulative effects. A systematic review of research conducted over the past decade is presented, focusing on the influence of short circuits on transformer windings. The article analyzes simulation and experimental studies, discussing their key results and insights. The findings reveal that each short-circuit event contributes to the accumulation of facts such as heat, stress and electromagnetic forces, resulting in cumulative deformation of the transformer windings. This progressive deformation accelerates the transformer’s aging process, reduces its mechanical and electrical stability, and negatively affects its operational parameters. Over time, the cumulative impact significantly increases the likelihood of winding failures and transformer breakdowns, especially under subsequent short circuits or overloads. This article aims to serve as a valuable resource for researchers and engineers seeking to mitigate and evaluate the cumulative effects of short circuits on power transformers in future studies.
INTRODUCTION
Electricity is one of the main parts of all sectors, requiring the reliable and continuous operation of power systems to deliver stable and high-quality energy to consumers. At the heart of these systems, power transformers play a crucial role in transmitting and distributing electricity, ensuring the stability of the power network [1]. However, as one of the most critical and expensive components, power transformers are prone to failures, particularly those caused by short-circuit events [2], [3], [4]. Such failures disrupt system reliability and cause substantial financial losses for manufacturers and consumers alike [5], [6], [7]. 
Short-circuit failures remain a significant challenge in the energy sector [2], [3], [8], [9], [10], [11]. These events often lead to mechanical deformation of transformer windings. Multiple short circuits causing cumulative damage characterized by progressive deformation, reduced mechanical strength, and accelerated transformer aging [5], [6], [12], [13]. Transformers that have been in service for over 20 years show a marked decline in their resilience to short-circuit impacts due to aging insulation and mechanical support systems [2]. While international standards such as IEC and IEEE are in place to improve short-circuit tolerance, repeated short circuits continue to degrade transformer performance, shortening their operational lifespan [14]. Recent studies report that over 30% of transformer failures are due to insufficient short-circuit tolerance [3], [12], [13], [15]. The cumulative effects of short circuits are particularly problematic because they are often hidden and progressive. Each short-circuit event contributes to the accumulation of mechanical stress and thermal damage [16], which may not be immediately visible but significantly reduces the transformer's ability to withstand future faults. This makes it difficult for operators to predict when a transformer will fail, leading to unplanned outages and costly repairs. Furthermore, the impact of transformer failures extends beyond replacement costs, as they can disrupt the power supply to critical infrastructure, even leading to blackouts. For example, a single transformer failure can cost energy companies millions of dollars in repair and replacement expenses, not to mention the indirect losses associated with power outages. In 2011, a power outage incident caused an estimated $60 million in economic losses [17].
To better understand the effects of short-circuit faults, researchers have developed simulation models, such as finite element models [18], [19], [20] for analyzing transformer failure and equivalent circuit models for diagnosing winding behavior [21]. However, challenges persist in accurately calculating plastic deformation and predicting cumulative damage caused by repeated short-circuit events. These limitations underscore the need for further investigation into the cumulative effects of multiple short circuits on transformer windings. 
This paper systematically reviews the cumulative impact of multiple short-circuit events on power transformer windings by synthesizing recent research findings, including simulation and experimental studies. The article identifies critical gaps in existing studies, particularly in assessing cumulative deformation, and provides insights into improving transformer diagnostics, durability, and lifespan. By addressing these challenges, this work aims to advance academic research while offering practical guidance for industry professionals to enhance power system reliability and reduce operational risks. 
 
LITERATURE REVIEW
2.1 Studies on Short-Circuit Tolerance. Scientists and researchers have conducted studies in areas such as the cumulative deformation of power transformers, the thermal accumulation effect of short circuits, the determination of elastic modulus based on the degree of polymerization, analyze transient vibration signals under the influence of short circuits, simulation of the effect of short circuits on transformer windings. These studies have led to several important findings.
A team of researchers led by Shuhong Wang at Xi'an Jiao tong University developed a model to study plastic deformation in transformer windings using ANSYS and Maxwell software [2]. Their research revealed that short-circuit currents are particularly intense in the low-voltage windings of transformers, where the resulting dynamic electromagnetic forces initially reach their peak amplitude and then gradually diminish. The study notes that when plastic deformation occurs in the winding material, the hardening criterion adjusts the yield limit as plastic strain increases, enabling the calculation of cumulative deformation. This process depends on factors such as the total strain increment, the current stress state, and the specific properties of the yield function. Furthermore, it was found that plastic deformation only takes place when the maximum stress exceeds the yield stress level of the windings. Also, the model was further utilized to investigate the impact of pre-stress on winding deformation. The findings demonstrated that the maximum plastic cumulative deformation in the winding discs forms a "V" shape pattern relative to the applied pre-stress. And, the minimum total plastic deformation closely matches the pre-stress amplitude specified in the transformer's initial parameters. The study also observed rapid and significant strain variations in the winding when electromagnetic forces acted in radial and axial directions. The article misses key points: the effect of short circuits on elastic deformation, environmental impact, and insulation aging. Simulations lack comparison with experiments. Claims about superconducting transformers lack supporting details.
Scientists of China Electric Power Research Institute [12] studied cumulative plastic deformation of power transformer insulating paper due to short circuit under various conditions. The following results were obtained: The cumulative deformation of the insulating paper is positively related to the number and impact of short circuit. The aging process, polymerization degree, and elastic modulus decrease, while cumulative deformation increases. As the magnitude of the short-circuit force increases, cumulative deformation and elastic modulus increase. The impact of multiple short circuits on cumulative deformation is greater for long-interval than for short-interval. One 80 MPa short-circuit force impact to cumulative deformation of insulation paper is approximately equivalent to the six 50 MPa short-circuit force impacts. And one 120 MPa short-circuit force impact to cumulative deformation of insulation paper is approximately equivalent to the four 80 MPa short-circuit force impacts. The article is well-written but overlooks some details. Environmental factors like temperature, vibration, and operational conditions are ignored. Short-circuit force variations in transformers of different sizes are not explored. Testing 150 conditions is thorough but could benefit from more variables like temperature ranges and paper types.
Ming Hui Duan and other researchers [13] developed a two-wire vibration model to illustrate the relationship between forces and mechanisms. They emphasize that cumulative effect of power transformer divided two group: thermal accumulation and force accumulation. They also analyzed transient vibration signals under the influence of short circuits. Experiments revealed that 95% of the deformation in the insulating pressboard strain occurs during the first load, with only minor increases in deformation as the load continues. After 22 short-circuit impacts, there were no significant changes in short-circuit impedance. The authors emphasized that the damage to the winding under short-circuit stress is a cumulative process. When the winding deforms or experiences looseness faults, the vibration entropy and half-frequency ratio increase, while the dominant frequency ratio decreases. Gradually, slight deformation accumulates over time, eventually leading to complete damage to the winding. The drawbacks of article: the article covers the cumulative effect of short circuits but could expand to include electrical performance, environmental factors, and maintenance strategies. Research doesn’t explore temperature, humidity.
Zongxi ZHANG, Yun FENG, Rui LIU, Qiang OU, and Junwen REN proposed the obtaining radial buckling stress (ORBS) method to analyze the radial stability of transformer windings. This method is based on the non-equivalent force differences observed at various heights [14]. The actual stress in transformer windings was simulated using the finite element method in the COMSOL Multiphysics software. The simulation revealed that the magnetic field lines connect the upper and lower parts of the winding, and the radial component of the leakage flux increases, while the axial component decreases. The deformation stress intervals obtained by simulation showed a difference of 1.59% when compared with the deformation stress intervals obtained from the test method. Transformers experiments multiple short circuits were conducted by gradually increasing the short-circuit current. These experiments showed an increase in impedance, while the capacitance remained nearly unchanged. The article highlights that after multiple short circuits if the winding does not experience permanent deformation, it means that the maximum stress is lower than the critical stress. According to the authors, when analyzing radial stability, it is essential to focus on the critical force or steps of buckling deformation. When calculating the permissible voltage [22] the dimensions of the winding and the conductor must be considered. If only the radial width is excluded, the permissible voltage calculated according to the IEC standard shows a 42% higher value. The research article on the mechanical stability of power transformer windings identifies several drawbacks, including the notable challenge of determining the critical force boundary.
Electric Power Research Institute of State Grid Tianjin Electric Power Company’s researchers [23] studied how the degree of polymerization and the elastic modulus of insulation cardboard change with different levels of heat accumulation. The article highlights that during a short circuit, an adiabatic process occurs, leading to thermal accumulation in the transformer winding. This causes the degree of polymerization to decrease from 800 to 400, and even to 280, which can result in plastic deformation. Experiments conducted on insulation cardboard under cyclic loading demonstrated that the response of elastic deformation is rapid and plastic deformation is small. In experiments, it was observed that with an increase in heat accumulation time, the stress-strain cycle curve also increases. Additionally, as the heat accumulation time or the number of cycles increases, the maximum strain rises. The maximum strain values of insulation cardboard with different levels of thermal accumulation grow differently as the number of cycles increases. Furthermore, with increasing heat accumulation time, the elastic modulus of the insulation materials decreases. The article's limitations include limited focus on mechanical deformation and insulation wear due to electromechanical forces. Real-world factors like load fluctuations, ambient temperatures, and prolonged use are not fully addressed. The study assumes an adiabatic process for short circuits under 10 seconds, which may not reflect heat dissipation in longer or repeated cases. Findings are specific to oil-paper and cardboard insulation, limiting applicability to transformers with other insulation systems.
Conducting high short-circuit tests on large-capacity power transformers is both expensive and poses significant risks. To address this issue, a research team at Xi'an Jiao tong University evaluated the reliability of simulation calculations by comparing them with analytical calculations conducted on a real-type transformer [24]. The study utilized a 3D model of a 110 kV transformer in ANSYS software to carry out numerical simulations. The researchers examined the relationship between stress and deformation in transformer insulation and simulated the winding's mechanical behavior under short-circuit conditions. The results showed that as the short-circuit current passing through the winding increases, both the deformation and maximum equivalent stress also increase. Moreover, electromagnetic forces were found to concentrate in areas where plastic deformation had already occurred, further intensifying damage in those regions. After repeated short-circuit events, the winding was significantly damaged. Similarly, short-circuit tests on an operational transformer revealed that electromagnetic forces accumulate in deformed areas of the winding, heightening the risk of additional damage during future short-circuit incidents. The deformation width obtained as a result of the simulation showed an average difference of 11.1% compared to the deformation width obtained as a result of the experiment. The article details electromagnetic-mechanical coupling but is limited to a 110 kV transformer, lacks analysis of aging effects, does not focuses high and low-voltage behavior.
Yuxin Miao and his team investigated the magnetic force characteristics of windings with cumulative damage resulting from short circuits [25]. Their findings revealed that such damage typically manifests as radial warping, axial tilt, and axial displacement. A comparison of healthy and damaged windings showed the following: In axially descended windings, magnetic leakage at the top and bottom shifts radially, while the overall leakage flux distribution slightly moves upward. In radially warped windings, the outward-warped areas experience an increase in leakage flux, including a rise in the maximum leakage flux. Conversely, in inward-warped sections, leakage flux decreases but causes a rise in leakage flux in nearby windings. In windings with axial tilt, the leakage flux significantly increases near the wire closest to the main channel side. The study also demonstrated that the harmonic response of damaged windings in the 100-200 Hz frequency range shows higher vibration signal amplitudes than healthy windings. This difference is especially prominent in axially tilted windings, where a noticeable variation occurs at 300 Hz. Furthermore, axial descent in windings results in increased axial forces at the top, leading to a shift in stress distribution upward. In radially warped windings, stress tends to concentrate in neighboring coils. The cumulative damage effects of short circuits on windings are well-covered, but some gaps remain: the study is based on a specific prototype, a 40,000 kVA/110 kV transformer, which may not generalize well to other transformer designs, sizes, or configurations. It highlights specific damage modes, such as radial warping, axial tilt, and axial dislocation, but overlooks others and excludes external factors like aging, temperature, and humidity. The lack of experimental validation reduces practical reliability.
The cumulative impact of repeated short circuits leads to plastic deformation, aging, and deterioration of material properties. Simulation and experimental tests reveal that electromagnetic forces and heat accumulation are key contributing factors. However, certain gaps remain, such as the exclusion of environmental factors and insulation aging, which emphasizes the need for further improvements to enhance transformer reliability and protection.
2.2 Finite Element Models. Finite Element Analysis (FEA) is a commonly used computational method to simulate and analyze the physical behavior of complex systems, including power transformer windings [26], [27]. Recently, it has become the preferred approach for studying transformer short-circuit characteristics [28]. By dividing the winding structure into smaller elements, FEA evaluates electromagnetic forces, mechanical stress, and deformation during short circuits with high precision.
In the context of short circuits, FEA plays a crucial role in evaluating:
· Electromagnetic forces from high fault currents causing mechanical stress on windings [29].
· Mechanical stress and deformation caused by these axial and radial forces [28], [30].
· Thermal effects like localized heat generation that accelerate insulation wear [26], [31].
FEA is often preferred over experimental methods for several reasons:
· Testing transformers before operation often leads to 30% failures, increasing expenses [29], [32].
· Obtaining transient process or core loss results experimentally is challenging [33].
· It ensures accurate results and insights often unachievable in experiments [29].
Studies confirm that FEM results closely match experimental outcomes, proving its reliability [32]. Additionally, several advanced software tools are commonly used for FEA in transformer studies:
· ANSYS Maxwell: examined the impact of electromagnetic forces on transformer performance [34], analyzed internal electromagnetic forces during both normal operation and short-circuit conditions [35]. Additionally, employed to model the current, magnetic flux density, and heat distribution in the coils It was used to model the current, magnetic flux density, and heat distribution in the coils [33], as well as ANSYS Workbench used to obtain the temperature profile of an oil-immersed distribution transformer [36]. 
· COMSOL Multiphysics: utilized to model the thermal characteristics and heat transfer of the porcelain bushing in both 2D and 3D models [37], to simulate winding damage caused by repeated short circuits by analyzing mechanical responses under various short-circuit loads [6]. Also, transient currents during short-circuit faults in transformers were examined, employing a 3-phase fault and an equivalent model to analyze electromagnetic forces [38]. Furthermore, applied to investigate the mechanical behavior of transformer windings during external short-circuit faults [39], analyze factors influencing transformer winding radial strength using a 2D axisymmetric magnetic-structure model [40], and study heat dissipation and ferrofluid effects inside a transformer [41]
· OrCAD / PSpice. The transformer winding model was created using OCAD and analyzed with PSpice to study the effects of axial shifting and radial deformation on its performance [42].
These tools enhance understanding of transformer behavior, improving design and testing.
FEA studies show the effect of short-circuit forces on transformer performance. It helps detect inter-turn faults by calculating leakage inductance, which is more accurate than traditional methods. Leakage inductance is higher in secondary windings due to more turns and lower current, impacting fault detection. FEA compares 2D and 3D models, with 3D providing more detail on magnetic energy and leakage inductance, especially at coil ends [27]. FEA also shows that radial forces are strongest in the middle of windings, while axial forces are strongest at the top and bottom [35]. It detects stress distribution in the windings, pointing out regions that may deform under electromagnetic forces. FEA results can also evaluate the winding's fatigue life, illustrating how repeated stress impacts the transformer's durability [43].
FEA offers several advantages in transformer studies. It provides accurate calculations of leakage inductance and magnetic flux during short-circuit conditions, which simplifies solving electromagnetic field problems [27], [35]. It also helps analyze mechanical stresses and deformations in transformer windings, identifying critical failure points. The FEM can be used to study winding deformations and other important parameters [44]. FEA simulates different short-circuit scenarios, helping engineers predict failures and design stronger transformers [43]. It shows where the highest stresses are in windings during short-circuits, improving transformer safety and reducing the risk of failures in electrical systems.
FEA is a key tool for studying transformer windings, helping to analyze leakage inductance, electromagnetic forces, and mechanical deformations. However, its accuracy depends on computational complexity, model assumptions, and validation. 3D FEA requires high computing power, while 2D models are faster but may not fully capture leakage flux and winding interactions. The accuracy of results relies on numerical methods and input parameters like core material properties, winding geometry, and nonlinear magnetic behavior. Simplified assumptions, such as ideal boundary conditions, can cause differences between simulations and real transformer performance [27], [35].
Modeling limitations impact the accuracy of FEA. The challenge of linking electromagnetic forces with mechanical stresses makes achieving precise results more difficult [43]. During faults, windings experience strong electromagnetic and mechanical stresses, making multi-physics simulations essential. These simulations require precise material definitions and validation with experimental data [45]. To ensure reliability, FEA results must be compared with experimental or analytical methods. Differences can arise due to simplifications in boundary conditions or material modeling. Hybrid approaches combining FEA with analytical techniques improve accuracy [27], [35]. Modeling limitations impact the accuracy of FEA. The challenge of linking electromagnetic forces with mechanical stresses makes achieving precise results more difficult [43]. During faults, windings experience strong electromagnetic and mechanical stresses, making multi-physics simulations essential. These simulations require precise material definitions and validation with experimental data [45]. To ensure reliability, FEA results must be compared with experimental or analytical methods. Differences can arise due to simplifications in boundary conditions or material modeling. Hybrid approaches combining FEA with analytical techniques improve accuracy [27], [35]. Additionally, FEM is time-consuming and difficult to build models for some complex structures, which further complicates the process of obtaining reliable results.
Emerging trends in FEA improve transformer winding stress analysis through advanced simulations. Coupled electromagnetic-structural models enhance understanding of hoop and compressive stresses, while 3D Finite Element Modeling provides a precise view of radial and axial forces. Assessing electromagnetic force distribution and material stress along the winding structure helps identify critical zones and refine the design. These advancements enhance fault detection and mechanical stress evaluation, contributing to the design of stronger and more durable transformers [43].
2.3 Experimental Analysis. Experimental studies are essential for understanding how electrical and mechanical stresses affect transformers. Power transformers experience various stresses, such as short-circuit conditions and thermal fluctuations, which impact their windings, insulation systems, and overall performance. By analyzing these effects, researchers can develop better diagnostic techniques to detect failures before they lead to catastrophic faults, enhancing transformer reliability and longevity [37], [46].
Laboratory experiments provide a controlled environment to study transformer behavior, which is difficult to replicate in real-world conditions. These tests are crucial for evaluating the mechanical strength of transformer windings under short-circuit forces [47], tracking radial deformations and winding displacements caused by operational stresses [48], and validating computational models like FEA to predict electromagnetic and thermal effects [20]. Through controlled testing, researchers can refine simulation models and enhance transformer designs, ultimately improving performance and durability.
To assess transformer conditions, experimental studies focus on key parameters. Radial and axial deformations are identified using image processing and ultra-wideband transceivers [48], while short-circuit current response helps evaluate winding strength and reliability under fault conditions [47]. Additionally, frequency response analysis (FRA) detects internal faults and winding shifts by analyzing changes in impedance and resonance frequencies [42]. These measurements aid in developing more resilient transformers, ultimately enhancing power system stability and efficiency. If off-load tapping is used on the HV winding, the size and direction of the force along the Y-axis change compared to when no tapping is applied [32].
While experimental tests provide valuable real-world data and validate theoretical models, they also have limitations. Short-circuit tests generate strong electromagnetic forces that may damage transformer windings [46], [49], and these experiments can be costly and restricted by safety concerns [37].
To complement experimental studies, simulations offer a faster and safer way to analyze transformer behavior. They simplify data collection [37] and allow for testing scenarios that may not be feasible in real life [49]. Additionally, simulation results allow us to predict the progression of potential issues [50]. Moreover, simulations are cost-effective and enable rapid testing of various conditions. However, they rely on assumptions that may not always be accurate and cannot fully capture all real-world complexities. Therefore, combining both experimental and simulation approaches ensure a more comprehensive understanding of transformer performance. 
2.4 Cumulative Effects of Short Circuits. After a short-circuit fault, the windings undergo hidden damage that builds up over time, so it is important to study how windings are affected by repeated short-circuits [23], [28]. Electromagnetic forces from these faults cause stress and deformation in the windings [2], [6]. A model that incorporates the electromagnetic and mechanical properties of transformer windings can aid in studying stress buildup and evaluating the coil's capacity to endure short circuits through simulation [2], [28].
Electromagnetic forces generated by multiple short circuits cause mechanical deformation of windings [2]. The failure of insulation spacers contributes by concentrating stress and causing uneven stress distribution in the nearby disks and conductors. Over time, these effects accumulate, resulting in significant winding deformation and structural damage after repeated short circuits [6]. The deformation expands over time and leads to irreversible damage [28].
The cumulative effect in transformers can manifest as both the accumulation of forces and thermal. Heat generated by repeated short circuits weakens the insulation, which in turn reduces its mechanical strength [23], [42]. Electromagnetic forces increase stress, especially in medium-voltage windings, making them more likely to deform [28]. Older transformers, especially those over 20 years old, lose their ability to resist short circuits due to material wear [2], [6]. The insulation spacers in these transformers wear out, causing further winding damage after several short-circuit events [6]. Understanding these effects is important for designing transformers that are more resistant to short circuits [2].
METHODOLOGY
Figure 1 shows a flowchart of the article writing process. This diagram shows the main steps in writing an article and their sequence. The process begins with an introduction and ends with a list of references. Each step corresponds to a section of the article and helps to understand the structure of the research.
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FIGURE 1. Flowchart of the article writing process.

A comprehensive literature search was conducted using scientific databases such as IEEE Xplore, Scopus, and ScienceDirect to gather relevant studies. Keywords such as power transformers, short circuit effects, cumulative damage, transformer windings, electromagnetic forces, and insulation aging were used to identify articles. The selection criteria included peer-reviewed articles, conference papers, and technical reports published between 2015 and 2024, with a focus on the cumulative damage effects of short circuits on transformer windings.
In the study was examined key parameters such as transformer type, short-circuit conditions, experimental setups, simulation models, and findings from selected research. The study placed special emphasis on examining mechanical deformation, thermal influences, and insulation aging caused by repeated short circuits. Both qualitative and quantitative approaches were used—qualitative analysis identified trends, common findings, and research gaps, while quantitative analysis focused on measuring deformation, stress distribution, and insulation degradation over multiple short-circuit events. The effects were categorized into mechanical deformation, thermal accumulation, and insulation aging for a clearer understanding. Additionally, real-world transformer failure cases were analyzed to compare theoretical and simulation-based results with practical observations. This validation process helped strengthen the reliability of the study’s conclusions, providing a solid foundation for further research on transformer short-circuit resistance.
The findings reveal that repeated short circuits significantly reduce the mechanical strength of transformer windings, leading to cumulative deformation and increased failure risks. To address this, recommendations include developing methods to predict how many short-circuit events a transformer can withstand, improving diagnostic tools to monitor winding health, and using advanced materials to enhance durability. A critical gap identified is the lack of accurate models to determine the number of short-circuit events a transformer can endure before failure. Future research should focus on creating fatigue analysis models that integrate mechanical, thermal, and electrical stress factors, as well as exploring new materials and designs to improve transformer resilience to repeated short circuits.
The cumulative impact of repeated short circuits leads to plastic deformation, aging, and deterioration of material properties. Simulation and experimental tests reveal that electromagnetic forces and heat accumulation are key contributing factors. However, certain gaps remain, such as the exclusion of environmental factors and insulation aging, which emphasizes the need for further improvements to enhance transformer reliability and protection.Currently, there are variants of DFIG brushless, multipole without gearbox, rotor 5-phase DFIG and others. But the issues of modeling and application of hybrid DFIG in wind farms have not been studied enough. The advantage of the hybrid shuttle is that its technical characteristics have higher indicators compared to other alternative options. In addition, the shape of the output voltage is considered very close to the sine wave.

ANALYSIS AND DISCUSSION
4.1 Impact of Short Circuits on Transformer Windings. Short circuits impose significant thermal and electromagnetic stresses on transformer windings, leading to mechanical deformation and insulation degradation. Research highlights that repeated short-circuit incidents result in localized heating, which weakens insulation and accelerates material fatigue.
The interaction between short-circuit currents and leakage magnetic fields generates intense electrodynamic forces, leading to winding deformation [51]. These forces, combined with uneven temperature distribution, result in increased hot spot temperatures, which further elevate winding displacement, stress, and total deformation [52]. 
The radial deformations caused by short-circuit currents are proportional to the magnitude of the forces and their duration, with inward deformation observed in low-voltage windings and outward deformation in high-voltage windings. Additionally, axial displacement is most pronounced at the winding’s center, where force imbalances cause bending and potential misalignment [51]. These cumulative effects of heat and electromagnetic forces contribute to distinct deformation patterns, such as axial tilt and radial warping, which significantly impact transformer performance and longevity. 
4.2 Aging Process of Transformers. Short-circuit events accelerate transformer aging by gradually degrading structural and thermal resilience. Repeated short-circuit forces lead to cumulative deformation and structural fatigue, increasing failure risks over time [51]. Additionally, repeated short-circuit forces and uneven temperature distribution cause axial conductor displacement and decrease the mechanical stability of windings [51], [52].
Experiments show that repeated short-circuit forces result in cumulative deformation, which weakens the structural integrity of transformer windings. This process, known as mechanical aging, increases the risk of failure over time [51]. The combination of electromagnetic forces and uneven temperature distribution further exacerbates axial conductor displacement, reducing the overall mechanical stability of the windings [51], [52].
Excessive heat generated during short-circuit events leads to insulation aging, winding damage, and deformation of structural components, ultimately compromising transformer performance and increasing the risk of failure [41], [52]. To mitigate these effects, advanced cooling techniques, such as ferrofluid-based insulation oil, have been developed. These techniques effectively reduce hotspot formation, thereby extending transformer lifespan [41].
4.3 Industrial and Practical Implications. Power transformer manufacturers and operators face significant challenges due to the cumulative effects of short circuits. Repeated short-circuit forces cause gradual winding displacement, leading to internal misalignments that compromise operational reliability [51]. Additionally, uneven temperature distribution exacerbates mechanical wear, accelerating the degradation of insulation materials and increasing the risk of failure [52]. 
Several strategies can be used to extend the life of transformers. The use of advanced cooling systems, such as ferrofluid-based cooling, effectively reduces hot spot temperatures and extends transformer life [41]. Additionally, improved winding materials and the cylindrical transformer design for low-power applications offer advantages like reduced leakage flux, core loss, and volume, along with better heat dissipation and built-in winding protection, enhancing efficiency and minimizing size for compact, energy-efficient systems [33]. By implementing these improvements, manufacturers and operators can significantly improve transformer durability, ensuring greater reliability and reduce operational risks.
OPEN ISSUES AND FUTURE DIRECTIONS
5.1 Unresolved Issues in Transformer Short-Circuit Studies. Despite extensive research on transformer short-circuit behavior, several key challenges remain unresolved. One major issue is the cumulative mechanical degradation caused by multiple short-circuit events, which is difficult to predict and quantify accurately [51]. Existing models often fail to capture the long-term effects of repeated short circuits on winding displacement and insulation aging, leading to uncertainties in transformer lifespan estimation [52]. Additionally, the influence of uneven temperature distribution on transformer mechanical stability requires further investigation, as it significantly impacts insulation performance and structural integrity.
5.2 Future Research Directions. Another critical challenge is the lack of accurate prediction methods for determining how many short-circuit events a transformer winding can endure before failure. Current methodologies mainly focus on assessing individual short-circuit impacts but fail to account for the cumulative effect over time. Developing reliable fatigue analysis models that integrate mechanical, thermal, and electrical stress factors is essential to enhance transformer design and operational reliability.
CONCLUSIONS
This review systematically examined the cumulative effects of multiple short-circuit events on power transformer windings, with a focus on understanding how repeated short circuits degrade mechanical strength and ultimately lead to transformer failure. The study revealed that short circuits impose significant electromagnetic and thermal stresses, causing progressive mechanical deformation, insulation degradation, and accelerated aging. Over time, these cumulative effects reduce the transformer’s ability to withstand further short-circuit events, leading to operational failures and substantial financial and operational losses.
A critical finding is the need to determine how many short-circuit events a transformer can endure before failure. Current methodologies often fail to account for the long-term cumulative damage caused by repeated short circuits, making it challenging to predict the remaining operational lifespan of transformers in service. Advanced simulation tools and experimental studies have provided valuable insights into stress distribution and deformation patterns, but further research is needed to develop accurate predictive models that integrate mechanical, thermal, and electrical stress factors.
This review is highly relevant for both researchers and industry professionals, as it highlights the importance of improving transformer design, diagnostics, and maintenance practices to enhance reliability and reduce risks. By addressing the identified gaps, such as the need for advanced fatigue analysis models and the incorporation of environmental factors, future research can contribute to the development of more resilient transformers. Additionally, the adoption of innovative cooling techniques, improved winding materials, and advanced simulation tools can significantly extend transformer lifespan and improve power system stability.
In conclusion, this review not only advances academic understanding of transformer short-circuit behavior but also provides practical recommendations for industry stakeholders. Future work should focus on developing comprehensive models that account for cumulative damage, integrating multi-physics simulations, and exploring new materials and designs to mitigate the effects of short circuits. By doing so, the energy sector can achieve greater reliability, efficiency, and sustainability in power transmission and distribution systems.
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