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The interturn short circuit fault is one of the common faults in power transformers. At present, research on interturn short circuit faults focuses on high, medium, and low voltage windings, while there is relatively little research on interturn short circuit in regulating windings. Specifically, there is a lack of reported studies on the transient electromagnetic processes, magnetic field distribution, and electromagnetic force characteristics of interturn short circuits in regulating windings unconnected to the circuit. This study presents an actual fault scenario involving interturn short circuits occurring in the untapped portion of the regulating windings of a specific power transformer. A field-circuit coupled model was established to analyze the transient electromagnetic processes during the fault, and the model’s effectiveness was validated by comparing its results with actual fault recording data. Additionally, the magnetic field distribution and electromagnetic force characteristics during the fault were analyzed, and discussions were carried out regarding various ratios of short-circuit turns in the regulating windings. The results indicate that even when an interturn short circuit occurs in the portion of the regulating winding that is not connected to the circuit, the current in the short-circuited turns can reach several tens of times the rated value. Additionally, the leakage magnetic field and the electromagnetic force experienced by the short-circuited ring also increase significantly. The short-circuit ratio has a significant impact on the current of the short-circuited ring, leakage magnetic field intensity, and electromagnetic force. This study contributes to a better understanding of the impact of interturn short-circuit faults in the untapped portion of the regulating windings, offering crucial technical support for fault diagnosis and prevention of power transformers.
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1 INTRODUCTION
The power transformer, as a crucial equipment within the power system, plays a pivotal role in ensuring system stability and reliable power supply. The malfunction of a power transformer has the potential to cause equipment damage as well as power supply interruptions, thereby yielding adverse impacts on the entire power distribution system (Dong et al., 2018). Interturn short circuit is one of the common faults in power transformers. During interturn short circuit, the short-circuit current on the short-circuit turns can surge to tens of times the rated value. This high current can generate abnormal temperature rises and electromagnetic forces, potentially causing deformation in the winding or even melting of the conductor. Simultaneously, it might induce significant vibrations, impacting the safety and operational lifespan of the equipment (Liu et al., 2023).
In-depth investigation of the causes of interturn short-circuit faults and analyzing the variations in voltage, current, leakage flux, and electromagnetic force during faults contribute to enhancing fault prevention, monitoring, and ensuring the stable operation of power systems (Venikar et al., 2016; Guillen et al., 2019). Due to variations in winding design and manufacturing processes among different types and specifications of transformers, the investigation of interturn short circuit has become complex (Li and Xian, 2017). Especially, for large power transformers, conducting experimental studies on interturn short circuit is highly challenging due to site constraints and significant costs involved. Developing appropriate models and conducting numerical simulation analyses serve as effective methodologies for analyzing interturn short circuit faults in transformers.
Currently, researchers have conducted extensive studies in this field and have achieved significant outcomes. The reference (Yang et al., 2018) conducted finite element simulation calculations based on the field-circuit coupling method for a rectifier transformer’s interturn short circuit, obtaining the fault current waveform at the line end. In another study (Ye et al., 2019), a simulation model was established using the FLUX software for a single-phase isolation transformer, and the internal electromagnetic field was investigated under different types of interturn short circuits. For different types of transformers, references (Pan et al., 2019; Pan et al., 2020; Yang et al., 2021) analyzed the variation patterns of current and magnetic fields under various interturn short circuit scenarios. The results revealed that near the short-circuited turns, the iron core experienced excitation saturation, accompanied by a sharp increase in leakage flux. Zheng et al. (2022) analyzed and summarized the leakage magnetic field distribution characteristics during high, medium, and low-voltage winding interturn short circuit faults, and proposed a leakage magnetic sensor deployment scheme inside the transformer. Apart from the electromagnetic characteristics of interturn short circuits, reference (Zhu et al., 2023) also delved into the mechanical aspects of these faults in transformers. Additionally, Soleimani et al. (2020) researched the early impact of insulation degradation on the internal temperature of a transformer and proposed a fault diagnosis method based on online sensors for predictive decision-making. Zhang Lijing and colleagues from Shanghai Jiao Tong University (Zhang et al., 2023) conducted finite element simulation analysis on single-phase double-winding transformer interturn short-circuit faults. They found that parameters related to electrical and thermal characteristics, such as top oil temperature, tank shell temperature, and winding current, could be utilized to identify early-stage interturn short-circuit faults. Furthermore, focusing on distribution transformers, references (Zhang et al., 2021; Xian et al., 2024) analyzed the variations in multiple physical parameters such as electromagnetic, mechanical, and temperature changes when a single-turn short circuit occurred at different positions in the low-voltage winding, and a method was proposed for identifying interturn short-circuit faults in distribution transformers.
Based on the above, existing research on transformer interturn short circuit faults primarily focuses on analyzing short circuits occurring in high, medium, and low-voltage windings. Discussions involve variations in voltage and current during faults, as well as the analysis of the electromagnetic, mechanical, and temperature distribution characteristics during faults. However, there is relatively little research on interturn short circuit in regulating windings. Specifically, there is a lack of reported research on the transient electromagnetic processes and characteristics of interturn short circuits in regulating windings unconnected to the circuit.
This paper takes an actual scenario of an interturn short circuit occurring in the untapped portion of the regulating windings of a three-phase power transformer. A field-circuit coupling model was established to analyze the transient electromagnetic processes during the fault, and the effectiveness of the model was validated by comparing its results with actual fault recording data. Additionally, the magnetic field distribution and electromagnetic force characteristics during the fault were analyzed, and discussions were carried out regarding various ratios of short-circuited turns in the regulating windings. This study contributes to a better understanding of the impact of interturn short circuit faults on the internal electromagnetic transient processes, offering vital technical support for the diagnosis and prevention of faults in power transformers.
The remaining sections of this paper are organized as follows: Section 2 establishes a field-circuit coupling model for interturn short circuit in power transformer regulating winding and validates the model’s accuracy. Section 3 analyzes the distribution characteristics of the internal magnetic field of the transformer following an interturn short circuit. Section 4 examines the alterations of the electromagnetic forces exerted on windings after interturn short circuits. In Section 5, the short-circuit current, leakage magnetic field, and electromagnetic force are discussed under different short-circuit turns ratios in regulating windings. Finally, Section 6 provides a summary of this paper.
2 MODEL
2.1 Fault description
This paper investigates a fault in a power transformer operating in a specific substation as a case study, the main electrical parameters of this transformer are shown in Table 1. The transformer experienced an unexpected trip-off during its regular operation, triggered by the sudden operation of the differential protection. Subsequently, the circuit breakers on the high, medium, and low voltage sides were tripped, leading to an unplanned shutdown. Subsequent analysis revealed that the fault was caused by inadequate sealing at the top of the high-voltage bushing of the transformer. Moisture infiltrated the oil tank through the bushing, resulting in insulation degradation between the upper two lead wires of phase B regulating winding, causing an interturn short circuit in the regulating windings.
TABLE 1 | Main electrical parameters of transformer.
[image: Table 1]The regulating windings of the transformer are of a spiral structure, and the short-circuit occurred between the upper fourth and sixth lead wires, causing coils d and e to form a short-circuit ring, as depicted in Figure 1.
[image: Figure 1]FIGURE 1 | Sketch map of short-circuit positions in regulating winding.
In Figure 1, coils a, b, c, d, e, f, g, and h represent the positive and negative eight-tap coils of the regulating winding. Before the interturn short circuit fault, coils a and b are connected to the high-voltage winding, while the other coils are not connected to the high-voltage winding.
2.2 Model and parameters
The transformer is a 220% ± 8% × 1.5%/115/10.5 kV three-phase power transformer, consisting of windings including low-voltage, medium-voltage, high-voltage, and regulating windings. The medium-voltage winding is divided into two parts: one part is located between the low-voltage winding and the high-voltage winding, and the other part is external to the regulating winding. From the core to the outer section, it is arranged as follows: low-voltage winding, medium-voltage winding 1, high-voltage winding, regulating winding, and medium-voltage winding 2.
According to the actual structure of the transformer, a three-dimensional geometric model of the transformer was established in finite element software, as shown in Figure 2A. The transformer core is of a three-phase five-column type, and its geometric model and dimensions are illustrated in Figure 2B.
[image: Figure 2]FIGURE 2 | (A) Transformer model; (B) The dimensions of the core.
Before the interturn short circuit, only coils a and b of the regulating winding are connected to the high-voltage winding. However, a short circuit occurred between the fourth and sixth leads of the upper section of the regulating winding, which involved coils d and e. The spiral structure winding is formed by parallel wires continuously wound around the core in a spiral fashion and parallel wires undergo permutation during the winding process. It is challenging to individually model various parts of the regulating winding when establishing the 3D model such as coils connected to the high-voltage circuit or the coils in the short-circuit section. To simplify the modeling process, the regulating winding is divided into three coils W1, W2, and W3 along the radial direction, as illustrated in Figure 3. The central coil W2 is designated as a coil with 16 turns of short-circuit, while the other two coils W1 and W3 represent the coils in the regulating winding that have not experienced interturn short circuit. The dimensional parameters of the windings are presented in Table 2.
[image: Figure 3]FIGURE 3 | Structure of windings.
TABLE 2 | The dimensional parameters of the windings.
[image: Table 2]To simulate the actual transformer interturn short circuit fault operating condition, a field-circuit coupled external circuit was established on the high, medium, and low voltage sides, as illustrated in Figure 4.
[image: Figure 4]FIGURE 4 | (A) High-voltage side circuit; (B) Medium-voltage side circuit; (C) Low-voltage side circuit.
In Figure 4A, UH represents the source of the high-voltage side; ZH_S represents the system impedance of the high-voltage side; ZH represents the impedance of high-voltage windings; Za ∼ Zh represent the impedance of regulating windings; Rk is the interturn insulation resistance (Zhang et al., 2015).
In Figure 4B, UM represents the sources of the medium-voltage side; ZM_S represents the system impedance of the medium-voltage side; ZM1 represents the impedance of medium-voltage winding 1; ZM2 represents the impedance of medium-voltage winding 2; Zm represents the load of medium-voltage side. In Figure 4C, ZL represents the impedance of low-voltage windings, and Zl represents the load of the low-voltage side.
Based on the actual measured voltage, the phase voltages of high and medium sources UH and UM are set as sinusoidal voltage with amplitudes of 182.5 kV and 92.5 kV, respectively. The system impedance can be approximately considered as inductive reactance. In accordance with the China national standard GB1094.5, the system impedances of the high and medium side ZH_S and ZM_S are set to inductive reactance of 7.697 Ω and 8.294 Ω, respectively. According to actual voltage and current data, the loads of the medium and low sides Zm and Zl are set as 37.89 + 7.698j Ω and 10.741–1.53j Ω, respectively.
The interturn short circuit is controlled by the value of the short-circuit contact resistance Rk. When the value of Rk is infinite, the transformer operates in a normal operating state. However, when the value of Rk becomes 0.5 mΩ, an interturn short circuit occurs.
2.3 Model validation
To validate the effectiveness of the field-circuit coupling model, the simulated data was compared with the actual measured voltage and current data of the high, and medium sides 50 ms before and after the interturn short circuit, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Comparison of actual measured data and simulated results: (A) Three-phase voltage of the high-voltage side; (B) Three-phase voltage of the medium-voltage side; (C) Three-phase current of the high-voltage side; (D) Three-phase current of the medium-voltage side.
From Figure 5, it can be observed that there is a slight discrepancy between the simulated results and the actual recorded fault data at certain peak points, but the overall waveforms are closely consistent.
To visually analyze the deviation between the simulation values and the actual values, the voltage average error Uo and current average error Io are defined by Eqs 1, 2.
[image: image]
[image: image]
Uas, Ubs, Ucs, Ias, Ibs, Ics are the simulated values of three-phase voltage and current, respectively; Uar, Ubr, Ucr, Iar, Ibr, Icr are the measured values of three-phase voltage and current, respectively.
The waveform of Uo and Io before and after short-circuit are shown in Figure 6. From Figure 6, it can be observed that the amplitude range of Uo on the high-voltage side is approximately between 4 ∼ 6.5 kV, while on the medium-voltage side, it is approximately between 2 ∼ 3.5 kV. After the short circuit fault, the current average error slightly increases. The maximum amplitude of Io on the high-voltage side before the short circuit is 0.0229 kA, which increases to 0.0873 kA after the short circuit. On the medium-voltage side, the maximum amplitude of Io before the short circuit is 0.0523 kA, which increases to 0.1019 kA after the short circuit.
[image: Figure 6]FIGURE 6 | (A) The waveform of Uo before and after short-circuit; (B) The waveform of Io before and after short-circuit.
The results of the voltage average error and current average error show a high consistency between the simulation results and the actual fault record data, confirming the effectiveness of the simulation model.
3 ANALYSIS OF MAGNETIC FIELD
When an interturn short circuit fault occurs in the transformer, currents far exceeding the rated value are generated in the short-circuited ring, resulting in a modification of the intensity distribution of the leakage magnetic field. The current of the short-circuit ring is illustrated in Figure 7. It can be seen that before the interturn short circuit, there was no current flowing through the coils d and e of regulating windings because coils d and e are not connected to the high-voltage winding. However, following the occurrence of the interturn short circuit, the current in the short-circuited ring reaches a peak of 61.1 kA. This indicates that even though coils d and e are not connected to the high-voltage winding, their current reaches high values after the interturn short circuit. This is attributed to the fact that coils d and e are located in the magnetic circuit, and the low impedance of the short-circuit ring, combined with the induced electromotive force after the short circuit, leads to a substantial current flow.
[image: Figure 7]FIGURE 7 | The current of short-circuit ring.
When the current in the B-phase winding reaches its maximum value before and after the interturn short circuit, the magnetic flux density distribution characteristics are depicted in Figure 8. It can be seen that the magnetic flux is mainly concentrated within the iron core. After the interturn short circuit, the leakage magnetic flux in the B-phase winding significantly increases, with the most significant changes occurring in the regulating winding and the high-voltage winding.
[image: Figure 8]FIGURE 8 | Distribution of magnetic flux density: (A) Before interturn short circuit; (B) After interturn short circuit.
The radial and axial components of leakage magnetic flux density before and after the interturn short circuit are illustrated in Figure 9. From Figures 9A, B, it can be observed that, before the short circuit, the highest radial leakage magnetic flux density is located at the upper and lower ends of the B-phase high-voltage winding, with a maximum value of 30.5 mT. After the short circuit, the highest radial leakage magnetic flux density shifts to the upper and lower ends of the B-phase regulating winding, reaching a maximum of 240 mT. According to Figures 9C, D, the highest axial leakage magnetic flux density before the short circuit is in the middle of the regulating winding, and the maximum is 88.6 mT. After the short circuit, the axial leakage magnetic flux density in the middle of the regulating winding is significantly higher than elsewhere, with a maximum value of 857 mT.
[image: Figure 9]FIGURE 9 | Distribution of leakage magnetic flux density: (A) Radial direction before interturn short circuit (B) Radial direction after interturn short circuit; (C) Axial direction before interturn short circuit; (D) Axial direction after interturn short circuit.
In order to further analyze the changes in the leakage magnetic flux density during the interturn short circuit fault, an observation path, with a length of 1.6 m, was established at the location where the leakage magnetic flux density variation is most significant, which is between the B-phase regulating winding and the high-voltage winding, as shown in Figure 10A. Three-dimensional curves depicting the leakage magnetic flux density variations over time along the observation path are shown in Figure 10B.
[image: Figure 10]FIGURE 10 | (A) The position of the observation path; (B) The distribution of leakage magnetic flux density overtime on the observation path.
As shown in Figure 10B, the maximum leakage magnetic flux density is located in the middle of the observation path, and the leakage magnetic flux density gradually decreases from the middle towards both ends. Before the interturn short circuit, the maximum leakage magnetic flux density at the middle of the observation path reaches 98.8 mT. When the transformer experiences a fault starting from 0 ms, the overall leakage magnetic flux density on the observation path rapidly increases, reaching a maximum of 794 mT, approximately 8 times higher, and slightly attenuating after the first peak.
4 ANALYSIS OF ELECTROMAGNETIC FORCE
When the current in the B-phase winding reaches its maximum value before and after the interturn short circuit, the distribution characteristics of the electromagnetic forces on the windings are illustrated in Figure 11. One can observe that the maximum electromagnetic force density occurs on the B-phase medium-voltage winding 1 during normal operation, reaching a maximum of 0.195 MN/m³. After the interturn short circuit, the maximum electromagnetic force density shifts to the short-circuit turns in the regulating winding, which is significantly higher than other locations, reaching a maximum of 47.4 MN/m³.
[image: Figure 11]FIGURE 11 | Distribution of electromagnetic force: (A) Before short circuit; (B) After short circuit.
To conduct a detailed and in-depth analysis of the electromagnetic force acting on short-circuit turns, the force is decomposed into radial components in the x and y direction and an axial component in the z direction. When the current of the short-circuit ring reaches its peak amplitude, the electromagnetic force density in the three directions is illustrated in Figure 11.
Combining Figures 12A, B, it can be seen that the short-circuit turns experience radial forces directed from the inside to the outside, and the radial force density in the x direction 35.5 MN/m3 slightly exceeds that in the y direction 33.5 MN/m3. As shown in Figure 12C, the short-circuit turns are subjected to an axial force compressing towards the middle, with the magnitude gradually decreasing from both ends towards the middle.
[image: Figure 12]FIGURE 12 | Distribution of electromagnetic forces density acting on the short-circuit turns in the x, y, and z directions after the interturn short circuit: (A) x-direction; (B) y-direction; (C) z-direction.
To calculate the magnitude of the electromagnetic force, the regulating winding is uniformly divided into right and left sides in the x-direction, front, and back sides in the y-direction, and upper and lower sides in the z-direction. The electromagnetic force acting on each part before and after the short circuit is depicted in Figure 13.
[image: Figure 13]FIGURE 13 | The force subjected to short-circuit turns: (A) The x-direction; (B) The y-direction; (C) The z-direction.
Combining Figures 13A, B, it can be observed that the regulating winding experiences a maximum radial force of 745.9 kN outward in the x-direction and a maximum radial force of 719.7 kN outward in the y-direction. From Figure 13C, it can be seen that the regulating winding experiences a maximum compressive axial force of 316.7 kN toward the center.
In summary, after the interturn short circuit, the maximum electromagnetic force acting on the regulating winding occurs at the first cycle of the short-circuit current, and the radial force is much greater than the axial force. Due to the maximum radial force acting on the midsection of the coil, deformation is most likely to occur.
5 INFLUENCE OF SHORT-CIRCUIT RATIOS
To investigate the variations in electromagnetic parameters under different short-circuit ratios, the regulating coil experiencing interturn short circuits was extended from one coil d to five coils d, e, f, g, and h.
The short-circuited ring current changes under the different short-circuit ratios are illustrated in Figure 14. One can see that the short-circuit current gradually decreases with the increase in the number of short-circuit coils. This is because the short-circuited ring is not connected to the circuit, and energy supply is provided through electromagnetic induction.
[image: Figure 14]FIGURE 14 | The current of the short-circuited ring under the different short-circuit ratios.
When a single coil is short-circuited, the maximum leakage magnetic flux density is 723 mT. When two coils are short-circuited, the maximum leakage magnetic flux density increases to 794 mT, with an increase of approximately 71 mT. With four coils short-circuited, the maximum leakage magnetic flux density reaches 820.5 mT, and when five coils are short-circuited, it reaches 834 mT, with an increase of approximately 13.5 mT. It can be observed that as the number of short-circuited turns increases, the leakage magnetic flux density gradually increases, but the rate of increase decreases.
Figure 15 indicates the distribution of leakage magnetic flux density at the same observation path shown in Figure 10A under different short-circuit ratios.
[image: Figure 15]FIGURE 15 | Distribution of leakage magnetic flux density under the different short-circuit ratios.
When one coil d is short-circuited, the maximum current peak on the short-circuited ring is 118.9 kA. When two coils d and e are short-circuited, the maximum current peak is 61.1 kA, representing a reduction of approximately 48.6%. When three coils d, e, and f are short-circuited, the maximum current peak is 42.2 kA, representing a reduction of approximately 30.9%, compared to the two coils’ short-circuited situation. Furthermore, when four coils and five coils are short-circuited, the maximum current peaks respectively are 32.5 kA and 26.2 kA, representing a reduction of approximately 23.0% and 19.4%.
Figure 16 shows the magnitude of radial and axial electromagnetic forces acting on the short-circuit turns under different short-circuit ratios. As the ratio of short-circuit coils increases, it has an increase in the radial and axial force acting on the short-circuit turns. When the short-circuit coils increase from 1 coil to 5 coils, the radial force increases from 607 kN to 798 kN, and the axial force increases from 249 kN to 358 kN.
[image: Figure 16]FIGURE 16 | Electromagnetic forces under different short-circuit ratios: (A) Radial electromagnetic forces; (B) Axial electromagnetic forces.
6 CONCLUSION
This paper takes an actual transformer as an example to establish a three-dimensional field circuit coupling model for the fault of interturn short circuit in the untapped portion of regulating windings. Through comparing simulation results with actual fault recording data, the effectiveness of the model was validated. The magnetic field distribution and electromagnetic force characteristics during the fault were analyzed, and discussions were carried out regarding different ratios of short-circuit turns in the regulating windings. The main conclusions are as follows:
1) Even though the coils d and e in the regulating winding are not connected to the high-voltage winding, the short-circuit current in the short-circuit ring reaches a peak of 61.1 kA when a short circuit occurs. Simultaneously, the maximum radial leakage flux density in the windings increases from 30.5 mT to 240 mT, and the highest axial leakage flux density increases from 88.6 mT to 857 mT. The most significant variation in leakage magnetic flux between the windings occurred in the region between the regulating winding and the high-voltage winding. Before the fault, the maximum flux density measured along the path was 98.8 mT, which increased approximately 8 times to a maximum of 794 mT after the fault occurred.
2) After the interturn short circuit, the maximum electromagnetic force density on the short-circuited turns in the regulating winding is significantly higher than at other locations, reaching a maximum of 47.4 MN/m³. The short-circuit turns experience both radial forces from the inside out and axial forces compressing towards the center. In the x-direction, the regulating winding experiences a maximum radial force of 745.9 kN, in the y-direction it undergoes a maximum axial force of 719.7 kN, and in the z-direction, it encounters a maximum axial force of 316.7 kN.
3) As the number of short-circuited coils increases from 1 to 5, the current on the short-circuit ring gradually decreases from a maximum peak of 118.9 kA–26.2 kA. Following the short circuit, the maximum leakage flux density in the observation path of the transformer increases gradually from 723 mT to 834 mT. The radial force on the short-circuit turns increases from 607 kN to 798 kN, and the axial force on the short-circuit turns increases from 249 kN to 358 kN.
The probability of an interturn short circuit fault in the regulating winding of the transformer, especially the portion not connected to the high-voltage winding, is relatively small. However, the damage caused to the transformer should not be ignored. This study holds significant importance in comprehending the impact of interturn short circuit faults in the untapped portion of regulating windings. This research provides crucial technical support for fault diagnosis and prevention in power systems, aiming to enhance their reliability and stability. Due to experimental limitations, this study only conducted a simulation analysis on this specific fault case. If possible, further research could be conducted in the future by combining relevant experiments to enhance the understanding of this phenomenon.
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Type SFSZ9-240000/220
Connection group number YNynod11
Rated frequency/Hz 50
Rated capacity/MVA 240/240/80

Rated voltage/kV
Cooling method
HV/MV/LV winding turns

Regulating winding turns
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Paramete Value/cm

Low voltage winding radius 71-755
Medium voltage winding 1 radius 82.5-887
High voltage winding radius 97.7-1087
Regulating winding radius 1167-119.7
Medium voltage winding 2 radius 1267-131
HYV, MV, and LV windings height 152

Regulating winding height 130






