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As the core component of transformer, when the transformer is hit under short-circuit condition, the huge electromagnetic force will seriously aggravate the axial vibration of winding and even cause the damage of winding structure. In this paper, the electromagnetic load of transformer winding under short-circuit impact is solved, and based on the “spring-mass” model, the time-varying process of vibration displacement in the initial stage of short-circuit consists of 50 Hz and 100 Hz components. The axial dynamic process of inner winding is calculated by the simulation analysis method for transient structural field. It is found that the winding with the largest axial vibration displacement is not the winding with the largest axial electromagnetic force, and the axial vibration distribution of the winding is M-shaped. Based on the calculation model of one winding span, the axial vibration of the winding under non-uniform load is presented, which has an obvious stepped distribution at the interval of the spacers. And the vibration of the wingding between two spacers is larger than that at the end compression position. Finally, through the winding vibration test of the model transformer, the accuracy of the winding vibration model and the winding vibration distribution law are verified.
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1 INTRODUCTION
As the core device of power transmission system, the operational reliability of power transformer directly affects the safety and stability of the power grid (Wu et al., 2023; Mitra et al., 2020; Tenbohlen et al., 2018). The mechanical deformation of windings is the main cause of transformer faults, among which the axial instability problem of windings caused by short-circuit conditions is particularly prominent. Therefore, the mechanical deformation under the short-circuit impact of windings is of great significance for improving the reliability of transformer and maintaining the safe and stable operation of power grid (Wang et al., 2016; Hong et al., 2021).
During the short-circuit process, axial electromagnetic excitation will cause significant vibration responses in the windings. This dynamic process may cause damage to the insulation structure and axial instability, thus leading to serious faults in the transformer (Zhang and Li, 2016).
In contrast, the radial electromagnetic force may cause the coil to bend or warp, but the amplitude of its dynamic displacement is relatively limited. Therefore, the study of the dynamic process of the axial vibration response of winding under the short-circuit condition of the transformer is a key theoretical basis for accurately evaluating the short-circuit resistance performance of the transformer, identifying potential fault modes and optimizing the mechanical structure (Shi et al., 2021; Kumar and Bakshi, 2022).
At present, the research on the axial vibration process of transformer windings under short-circuit conditions has been investigated, such as material mechanical property analysis, axial dynamic calculation methods, transient vibration characteristics, multi-physical field coupling algorithms and vibration monitoring technologies (Wu et al., 2024; Yan et al., 2024; Li et al., 2019). Most traditional short-circuit verification methods adopt static mechanical analysis. Although it can quickly obtain the magnetic field distribution and stress field characteristics, it fails to consider the time-varying influence of winding dynamic response and transient current on the leakage magnetic field. In recent years, researchers have proposed dynamic calculation methods to improve the accuracy of transformer short-circuit calculation (Jin et al., 2022). In Watts (1963), the axial mass-spring-damping equivalent model established provides a theoretical framework for the quantitative analysis of winding vibration. In Ji et al. (2020), the fault diagnosis method based on discrete frequencies and wideband vibration characteristics through the modal analysis method was summarized, but its research object did not cover the dynamic process of external short circuits. In Wang et al. (2019), Shan et al. (2021), the research was conducted respectively from the distribution characteristics of electromagnetic force and the transient displacement response, but did not fully consider the influence of material parameter differences. In Jin et al. (2023), the magnetic-structure bidirectional coupling algorithm proposed effectively reveals the influence mechanism of multi-physics field interaction on the vibration process.
Furthermore, the synergistic effect of electrical-thermal-mechanical stress during the long-term operation of the transformer will lead to the degradation of the mechanical properties of insulating materials, thereby changing the natural frequency characteristics of the windings (Zhang et al., 2020; Naranpanawe et al., 2019), and affecting their vibration response and the mechanical strength of the windings. In Zhang et al. (2022), the influence mechanism of the thermal accumulation effect of insulating materials on the short-circuit resistance capacity of windings by constructing a correlation model between thermal aging and mechanical property degradation is analyzed, and revealed deformation law and vibration response characteristics caused by multiple short-circuit impacts by using winding vibration detection technology. However, it lacked consideration of the cumulative factors of dynamic impact forces caused by multiple short-circuits.
In conclusion, the SFSZ9-40,000 kVA/110 kV transformer is taken as object and systematically conducts research on the axial dynamic process of the winding under short-circuit impact. Firstly, a three-dimensional electromagnetic-mechanical coupling model is established for electromagnetic load calculation, and the dynamic displacement characteristics of the winding are analyzed in combination with the analytical method. Secondly, a finite element model is constructed to simulate the axial dynamic process, and a cross-segment calculation model is established to reveal the vibration characteristics under non-uniform loads. Finally, the accuracy of the model and vibration distribution law were verified through vibration test. This research provides theoretical support for the improvement of the short-circuit resistance capacity and the structural optimization design of transformer.
2 CALCULATION OF ELECTROMAGNETIC LOAD UNDER SHORT-CIRCUIT IMPACT
To analyze the dynamic process of the winding under short-circuit impact, a three-phase power transformer of model SFSZ9-40,000 kVA/110 kV is taken as a prototype for modeling and finite element. Table 1 shows the parameters of transformer.
TABLE 1 | Transformer parameters.	Product model	SFSZ9-40,000/110
	Rated capacity/kVA	40,000
	Rated voltage/kV	110% ± 8% × 1.25%/38.5
	Short-circuit impedance/%	10.39
	Connection group	Ynyn0
	Cperation mode	High-low operation


In this model, the high-voltage winding is the outer winding and the low-voltage winding is the inner winding. Both the high-voltage and low-voltage windings are composed of 68 coils. The outer winding and inner windings are precisely modeled. The three-dimensional model of transformer is shown in Figure 1. When conducting electromagnetic analysis, components such as spacers and braces that have little impact on the electromagnetic field can be ignored, and the eddy current effect of the wires can also be disregarded. Simulate the situation where the high-voltage and low-voltage windings of the transformer are subjected to short-circuit impact during operation, conduct coupling simulation calculations of the circuit and the magnetic field, and the electromagnetic field results under short-circuit impact is solved.
[image: Illustration of a transformer core with three cylindrical coils on the left attached to a gray, rectangular core. On the right, a close-up view of a single coil with orange windings and spaces between the segments.]FIGURE 1 | Three-dimensional finite element model of transformer.The equation of the axial electromagnetic force is as follows (Jin et al., 2022).
F=bIm212+e−2γt−2e−γt⁡cos⁡ωt+12cos⁡2ωt(1)
where, γ is the attenuation time constant of the transient component.
It can be known from Equation 1 that the short-circuit electromagnetic force acting on the coil has three components. They are the attenuated aperiodic component, the periodic component of attenuation with a frequency of ω, and the steady-state components with a frequency of ω, respectively.
After the short-circuit current has attenuated completely and stabilized, the frequency of the electrodynamic force is twice that of the power grid. The electromagnetic force acting on the winding is proportional to the square of the excitation current. Therefore, the acceleration of the vibration signal obtained with the electromagnetic force as the load is also proportional to the square of the excitation current.
Because the short-circuit current flowing through the low-voltage winding is much greater than that through the high-voltage winding, the electromagnetic force of the low-voltage winding is much greater than that of the high-voltage winding. When the winding structure and materials are similar, the inner winding is more prone to deformation and damage. Therefore, in this section, the low-voltage winding is selected for electromagnetic force analysis.
Figure 2 shows the frequency domain diagram of the axial electromagnetic force of the top coil of the winding after Fourier decomposition during a short circuit of 0.02 s. In the initial stage of the short circuit, the amplitude of the fundamental frequency component (50 Hz) accounts for the main part. Figure 2 shows the frequency domain diagram of the axial electromagnetic force of the top coil of the winding after Fourier decomposition during the 1-s short circuit process. At this time, the amplitude of the second harmonic component (100 Hz) is the main part. If the electromagnetic force after short-circuit stabilization is simulated, it will be found that the amplitude of the 50 Hz component is nearly 0, indicating that the fundamental frequency of the winding load is 100 Hz. The analytical calculation and finite element results are consistent, demonstrating the accuracy of the simulation model.
[image: Two bar graphs compare the axial electromagnetic force of the first disk against frequency in hertz. Graph (a) shows peaks around 25, 50, and 100 hertz with the highest peak near 50,000 newtons. Graph (b) displays similar peaks but with the highest peak near 30,000 newtons at 50 hertz. Both graphs have frequency on the x-axis ranging from 0 to 200 hertz and force on the y-axis.]FIGURE 2 | Fourier decomposition of axial electromagnetic force. (a) The frequency domain diagram of 0.02 s axial electromagnetic force. (b) Axial electromagnetic force frequency domain diagram.It can be seen from Figure 3 that the force acting on the low-voltage winding is inward and the high-voltage winding is outward. The electromagnetic force acting on the low-voltage winding is much greater than that on the high-voltage winding, which is consistent with the theoretical analysis.
[image: Simulation of volume-force vectors in a cylindrical structure. Left panel (a) shows a top view with concentric rings and multicolored arrows indicating force direction and intensity. Right panel (b) provides a side view with similar arrows inside the cylinder. Both include a color scale from blue to red representing force magnitude, labeled in Newton meters cubed.]FIGURE 3 | Winding electromagnetic force vector diagram in 0.01 s. (a) Vector diagrams of electromagnetic force for high-voltage and low-voltage windings. (b) Vector diagram of electromagnetic force of low-voltage winding.As shown in Figure 4, it is the curve of the axial electromagnetic force acting on the low-voltage winding coil varying with time. At 0.01 s after the short circuit, the axial force of the first winding was the greatest, reaching 152 kN. The calculated value of its analytical equation was 155kN, with an error of 1.9%. Due to the symmetrical structure of the transformer winding, the magnitudes and variation laws of the axial forces of the topmost 1st coil and the bottom most 68th coil are basically the same. However, since the radial magnetic leakage at the position of the 35th winding in the middle is almost zero, the 35th winding is basically not subject to axial force.
[image: Graph showing the oscillation of current over time in milliseconds for five different disks. The y-axis represents current in kiloamperes, ranging from -150 to 150. The x-axis shows time from 0 to 200 milliseconds. The disks are represented by curves in black, blue, green, cyan, and orange, with varying peak amplitudes and frequencies.]FIGURE 4 | Axial electromagnetic force curves of low-voltage winding.3 AXIAL VIBRATION MODEL OF WINDING
Considering that the axial vibration amplitude of the winding in actual engineering is much larger than that in the radial direction, only the axial dynamic analysis and calculation are carried out. According to the structural characteristics of the transformer windings, each coil is regarded as a rigid body with the same mass. The insulating pad block is regarded as an elastic and damping element. Since the mass of the pad block is very small compared to that of the coil, a massless spring can be used as a substitute. Therefore, the axial dynamic process under the short-circuit impact of transformer winding can be simplified as the “spring-mass” model, as shown in Figure 5.
[image: Diagram of a multi-degree-of-freedom mechanical system with multiple masses, springs, and dampers. Masses \(m_1\) to \(m_N\) are connected vertically with springs \(K_1\) to \(K_{N+1}\) and dampers \(C_1\) to \(C_{N+1}\). Each mass is subjected to forces \(F_1\) to \(F_N\), and displacements \(Y_1\) to \(Y_N\).]FIGURE 5 | “Spring-mass” model.Use YN to represent the axial displacement of the linear pie unit. CN is the coefficient of friction. KN the elastic coefficient of the pad block. mg is the mass of the line pie element, the equation of motion of the system can be obtained by Equation 2.
m1d2Y1dt2+C1dY1dt+K1Y1+K2Y1−Y2=F1+m1gm2d2Y2dt2+C2dY2dt+K2Y2−Y1+K3Y2−Y3=F2+m2g…mNd2YNdt2+CNdYNdt+KNYN−YN−1+KN+1YN=FN+mNg(2)
where, mNd2YN/dt2 represents the inertial force of the coil unit, CNdYN/dt represents the friction force of the coil unit in insulating oil, and KN is the elastic force of winding.
To simplify the equation, an approximate setting is made as Y1 = Y2 = … = YN = Y.
Md2Ydt2+CdYdt+KY=F+Mg(3)
When the initial compression of the winding is kept consistent and unchanged, the elastic coefficient K is equal and is a constant. The magnitude of the C is related to the oil temperature of the transformer and is also set as a constant. Formula 3 can be derived based on Formula 1.
Md2Ydt2+CdYdt+KY=12⁢bIm2+Mg+bIm2⁢e−2γt−2bIm2⁢e−γt⁡cos⁡ωt+12⁢bIm2⁡cos⁡2ωt(4)
The natural oscillation frequency of winding is obtained by Equation 5.
μ≈KM(5)
The general solution of Equation 4 is obtained by Equation 6.
Y=Ae−Ct2M⁡sinμt+α+D+Ee−2γt+Fe−γt⁡cosωt+ξ+G⁡cos2ωt+β(6)
Through the above calculation, it is found that the vibration of winding under short-circuit impact consists of two parts. One is caused by the mechanical natural frequency of vibration system. The second type is caused by forced vibration under electromagnetic load. At the initial stage of a short-circuit, both the first harmonic and second harmonic components exist simultaneously. After the short-circuit current has completely attenuated, only the second harmonic vibration component remains. The amplitude of the vibration acceleration of winding is directly proportional to the square of the current. Due to the nonlinear characteristics of insulation spacer, the vibration signal will also contain high-order harmonic components. When the natural frequency approaches the first and second amplitudes of the excitation, the amplitudes of the two terms F and G will increase. To prevent resonance in the winding, the natural frequency of the winding should be kept away from the excitation frequency to reduce the damage of vibration to the winding.
4 AXIAL DYNAMIC RESPONSE CALCULATION OF WINDING
4.1 Calculation of the axial dynamic process of winding
The dynamic process of axial vibration of transformer is analyzed by using the transient structure. Calculate and analyze the vibration of the windings of a 40,000 kVA/110 kV power transformer. Taking the low-voltage winding as the research object, with the original height of the winding as the zero point, the upward vibration displacement of the winding is positive and the downward vibration displacement is negative. The transient calculation results are as follows.
As shown in Figure 6, the axial vibration displacement curves of the 1st and 68th winding are presented. It can be seen that the displacement of winding is continuously changing. The windings vibrate under the action of electromagnetic force. At the initial stage of short-circuit, due to the relatively large electromagnetic force, the winding vibrates more violently. Due to the damping effect of insulation spacer and the attenuation of the short-circuit aperiodic component, the amplitude of the winding attenuates rapidly and gradually transitions to the steady state. However, the time when the axial displacement of the coil reaches its peak lags slightly behind the time when the short-circuit current reaches its peak. The reason is that due to the elastic effect of the insulating pads between the wire discs, each wire disc of the transformer winding has inertia. When the wire disc is subjected to the maximum dynamic force, its vibration displacement continues to increase, and the vibration displacement reaches the maximum after a delay of 0.5 ms.
[image: Two line graphs show displacement in millimeters versus time in seconds for different short-circuit currents. Graph (a) depicts 100%, 80%, and 60% short-circuit currents, peaking at approximately 0.1 to -0.3 mm. Graph (b) also shows these currents, peaking at about 0.3 to -0.1 mm. Gray, red, and blue lines represent 100%, 80%, and 60% currents, respectively.]FIGURE 6 | Axial vibration displacement curve of winding. (a) The average vibration displacement of the first winding. (b) The average vibration displacement of the 68th winding.Under the condition of 100% short-circuit current, the maximum axial vibration displacement of the first winding is −0.330 mm, and the 68th winding is 0.318 mm. Under the action of axial force, the upper part of transformer winding is subjected to downward pressure, while the lower part is subjected to upward pressure. This results in an increase in the pressure on the middle part of the winding coil and a decrease in the pressure at the upper and lower ends of the winding. Due to the self-weight of the winding and the spacer block, the pressure of the upper part of the coil decreases and the pressure of the lower part increases, resulting in the axial vibration displacement of the first coil being slightly greater than that of the 68th coil. Meanwhile, through the dynamic response calculation of 60%, 80% and 100% electromagnetic loads, it was found that with the decrease of short-circuit current, the vibration of the upper and lower end line discs was significantly weakened.
Figure 7 shows the axial vibration displacement distribution of the 1st and 68th winding at the time of 0.01 s, where the transparent winding represents the initial position of this winding. It can be observed that the direction of the maximum amplitude of the top end of winding is downward vibration, and the direction of the maximum amplitude of the bottom end of winding is upward vibration. Under the compression of the two end pads, the winding shows an arched vibration trend among each pad.
[image: Diagram showing two elliptical models with colored contour maps. The left model (a) ranges from -0.42138 (blue) to -0.21603 (red), and the right model (b) ranges from 0.17022 (blue) to 0.42214 (red). Each model has a corresponding color scale indicating varying values.]FIGURE 7 | Axial vibration displacement nephogram of winding in 0.01. (a) The vibration displacement cloud map of the first winding. (b) The 68th piece is the vibration displacement cloud map.Figure 8 Clearly shows that due to the action of the axial short-circuit force, the upper and lower end line discs are squeezed towards the middle. Although the resultant force on the middle line disc is the smallest, its pressure is greater than that of the two end line discs. The equivalent stress of the middle line disc at 0.01 s is 57.4 MPa.
[image: Graph showing stress in megapascals versus time in seconds for three disks: first disk in black, thirty-five disk in red, sixty-eight disk in blue. Peaks decrease from first to sixty-eight disk.]FIGURE 8 | Stress curves with time of each winding.4.2 Calculation of axial vibration distribution of windings
In order to obtain the distribution law of axial vibration, the average vibration displacement of the coil vibration under uniform load was taken. Through calculation, it was found that the position with the most intense axial vibration of the winding was not located at the end with the greatest axial force. As shown in Table 2, at the same time, the axial vibration displacements at the 10th and 60th coils are much greater than those at the upper and lower end coils. However, the maximum attenuation rates occur at the upper and lower end coils of the winding, which are 64.2% and 65.4%, respectively.
TABLE 2 | Axial vibration displacement of winding.	Winding number	0.01 s axial displacement (mm)	0.2 s axial displacement (mm)	Attenuation rate
	1	−0.330	−0.118	64.2%
	10	−1.439	−0.642	55.4%
	34	−0.110	−0.078	29.1%
	35	−0.060	−0.035	41.7%
	60	1.330	0.559	58.0%
	68	0.318	0.110	65.4%


From Figure 10a, it can be observed that the maximum axial vibration displacements of the upper and lower parts of winding are respectively distributed at approximately 1/6 and 5/6 of the winding. In order to further analyze the axial vibration distribution law of the winding, it is now regarded as a uniform load to solve the average axial vibration displacement of each coil. The average axial vibration displacement of each winding at 0.01 s was processed and made as b in Figure 9. The research finds that the coil with the largest displacement does not occur at the end of the winding subjected to the greatest axial electrodynamic force, but at the 10th and 60th coils, which are −1.439 mm and 1.330 mm respectively.
[image: 3D color-coded cylindrical model on the left showing displacement values from -1.8059 to 1.7118, with red indicating maximum and blue minimum. Line graph on the right displays displacement against disk number for three short-circuit current levels: 100% (black), 80% (red), and 60% (blue).]FIGURE 9 | Axial vibration displacement of winding with the time of 0.01 s. (a) Cloud diagram of winding vibration displacement. (b) Winding vibration displacement distribution curve.[image: A two-part image contains a 3D model and a line graph. The 3D model on the left is colored in a gradient scale from red to blue, indicating value ranges from a maximum of 0.92942 to a minimum of -0.92366. On the right, the graph shows displacement (in millimeters) versus cake number, with three curves representing 100%, 80%, and 60% short-circuit current conditions. The black, red, and blue lines illustrate varying displacement patterns across the cake numbers.]FIGURE 10 | Axial vibration displacement of winding with the time of 0.01 s. (a) Cloud diagram of winding vibration displacement. (b) Winding vibration displacement distribution curve.The axial vibration displacement of the winding is distributed in an “M” -shaped pattern. Therefore, there is no absolute correspondence between the vibration displacement and the electrodynamic force law. The upper and lower end line discs are compressed by the end rings, which offsets part of the vibration energy of the system, resulting in the extreme points of axial vibration displacement not appearing at the upper and lower ends. Through the calculation of the axial vibration distribution under different short-circuit currents, it is found that the magnitude of the short-circuit current does not affect the vibration displacement distribution law, but only changes the magnitude of the vibration displacement.
Compared Figure 10 with Figure 9, it can be found that the vibration displacements of each part have decreased significantly with the attenuation of short-circuit current and short-circuit force. At 0.2 s, the displacement of the 14th winding is −0.67 mm, and the displacement of the 57th winding is 0.58 mm. The overall distribution law of its axial vibration displacement is approximately the same as that of 0.01 s, still showing an “M” -shaped regular distribution, but the position where its maximum vibration displacement occurs has changed.
As shown in Table 3, when the winding displacement distribution is 0.01 s, the vibration displacement of winding at the upper and lower symmetrical parts is asymmetric, and the degree of asymmetry is approximately 8.2%. When the short circuit reaches 0.2 s, its asymmetry increases to 14.3%. This asymmetric difference in displacement stems from the cumulative effect of forces, and this difference will intensify as the short circuit develops.
TABLE 3 | Axial vibration displacement of winding.	t(s)	Maximum axial displacement in the forward direction (mm)	Reverse maximum axial displacement (mm)	Asymmetry degree
	1	−0.330	−0.118	64.2%
	68	0.318	0.110	65.4%


5 CALCULATION OF THE CIRCUMFERENTIAL DISTRIBUTION OF THE VIBRATION OF THE LINE PIE
At present, the load of windings is usually simplified as a uniformly distributed load model for analysis. However, since the magnetic field inside and outside core window are not exactly the same, the electromagnetic force is not uniformly distributed along the circumferential direction, which in turn causes differences in the vibration of the wire sheet along the circumferential direction.
Previously, the existing vibration models only compared the vibration responses inside and outside the window, but did not analyze the circumferential vibration distribution of winding. Only reference (Tenbohlen et al., 2018) mentioned that the suspended part of the coil has no contact with the pad block, so it may have different vibration responses in the axial and amplitude directions from insulation spacer and winding. However, the research on the circumferential distribution of the winding vibration under uneven load excitation has not been involved. Therefore, in order to analyze the circumferential distribution of axial vibration, one-quarter of the winding was axially divided into five spans for axial dynamic simulation, as shown in Figure 11. The circumferential non-uniform load of the cross-span model is shown in Figure 12.
[image: Diagram showing two figures: (a) a circular schematic with labeled X and Y axes, various colored sections, and radial lines, suggesting a cross-sectional view; (b) a 3D model of a layered structure with grids and labeled points, marking "Inside" and "Outside" regions.]FIGURE 11 | One span simulation model. (a) Cross-sectional model. (b) Finite element measured point distribution.[image: Two diagrams labeled (a) and (b) showing body force density distribution on a structure. Both images feature a color gradient scale from red (maximum) to blue (minimum) with numerical values ranging from zero point one eight zero eight five six to zero point zero two six seven four two. Arrows depict flow direction and intensity across the structure.]FIGURE 12 | Circumferential non-uniform load. (a) Main view. (b) Top view.A quarter-circular circumferential vibration distribution was made at 20 measured points across 5 spans, as shown in Figure 13. Under circumferential non-uniform loading, the vibration of the winding shows a distinct stepwise distribution along the circumferential direction with the spacers as intervals. The amplitudes of the winding segments between every two spacers are basically the same, and the vibration displacements of the winding segments at both ends of a spacer will increase or decrease in a jumping manner. It is precisely due to the compression of all the spacers along the axial direction that the vibration of the winding sections between the spacers is not synchronous. The vibration of the spacers and the adjacent winding sections can no longer be analyzed as a uniform load. As a result, under the circumstances of the non-uniform circumferential distribution of the leakage magnetic field and electromagnetic force, the vibration of each winding section is distributed in a stepwise manner. Through careful observation, it can also be found that the amplitude distribution of the winding segment between the two spacers also follows a certain pattern. Due to the compression of the spacers, the vibration displacement in the middle of the line pie section is slightly greater than that at both ends of the radial line pie section. If the grid is divided more finely, this conclusion should be more obvious. Moreover, the magnetic flux density is the greatest at the main open circuit, and the outer side of the inner winding is closer to the main open circuit. Therefore, the vibration on the outer side is more intense than that on the inner side. The following will explore the reason for the most intense vibration in the fourth span from an electromagnetic perspective.
[image: Two graphs compare displacement in millimeters against circumferential finite element points. Graph (a) shows displacement for the 10th and 16th disks, with distinct lines for inside and outside disks. Graph (b) depicts the 53rd disk using similar parameters. Both graphs include inset zoomed sections highlighting specific data points with changes in displacement trends.]FIGURE 13 | Circumferential distribution of winding vibration. (a) The vibration circumferential distribution of the 10th and 16th winding. (b) The vibration circumferential distribution of the 53rd and 60th winding.The circumferential distribution of radial magnetic flux density of winding was obtained by solving the electromagnetic field under the short-circuit impact of the coil, as shown in Figure 14. The radial magnetic flux density of each coil reaches the peak at the 4th span, and the distribution law of the radial leakage magnetic field of each coil is similar to the circumferential distribution law of vibration. It is precisely because the radial magnetic flux density reaches its maximum at the 4th span that the axial electromagnetic force load is the greatest at this point, thereby causing the winding vibration to be the most intense at this location.
[image: Two line graphs showing radial magnetic flux density over cross-number. Graph (a) features decreasing values from negative zero point one five to negative zero point two five, with a red rectangle highlighting a dip around cross-number three. Graph (b) shows increasing values from zero point one six to zero point two four, with a red rectangle around a peak near cross-number three point five. Both graphs share similar axes labels.]FIGURE 14 | Circumferential distribution of winding radial leakage flux density. (a) The 10th winding radial magnetic flux density. (b) The 60th winding radial magnetic flux density.Therefore, when conducting winding vibration analysis, the leakage magnetic field can be calculated firstly. The circumferential distribution of the axial vibration of winding can be approximately estimated by combining the calculation of the radial magnetic field with the viewpoint of the stepwise distribution of vibration.
6 VIBRATION TEST FOR TRANSFORMER WINDING
Since the 40,000 kVA/110 kV power transformer used in this paper cannot undergo vibration tests due to the reasons of the test conditions, in this section, under the condition of ensuring the operability of the test, a 800 kVA/6 kV transformer prototype is taken as an example for vibration test. This transformer is a three-phase transformer specially customized by the research group for experimental research. Its windings are wrapped with insulating paper and exposed. Vibration signals can be directly obtained by arranging vibration sensors on the surface of windings, ensuring that the obtained vibration signals have less interference. The flowchart of the vibration test is shown in Figure 15. The sensor probe is adhered to the winding with wax, which will not interfere with the leakage magnetic distribution of the transformer and can obtain a good vibration signal.
[image: Transformer prototype connected to a vibration sensor, leading to a control system and a data acquisition system. The control system shows a monitor with transformer controls, and the data acquisition system displays a waveform on a laptop.]FIGURE 15 | Schematic diagram of transformer vibration test.Since the distribution of the circumferential spacers is different from that of the 40,000 KVA transformer in the previous section, the sensor is arranged near the window where the axial electromagnetic force is relatively large. Three measured points are respectively arranged. Measured points 1 and 3 are located at nearly 1/6 and 5/6 of the axial direction with the maximum vibration displacement, and measured point 2 is located in the middle of the winding, as shown in Figure 16.
[image: A coil structure with layered winding displays three labeled measurement points in red text. Each is marked along the winding's vertical curvature with attached wires leading away, suggesting monitoring or testing.]FIGURE 16 | Placement positions of three vibration acceleration sensors.As shown in Figure 17, the amplitude of fundamental frequency vibration acceleration at each measuring point of the winding exhibits a significant increasing trend with the rise of current percentage, and shows an approximate linear relationship with the square of current percentage. This result not only verifies the accuracy of the winding vibration model, but also fully demonstrates the scientific correctness of the test scheme.
[image: Line graph showing acceleration in meters per second squared versus the square of the current percentage. Three lines represent measurement points: point 1 (gray squares), point 2 (red circles), and point 3 (blue triangles). All lines show a positive trend with increasing current percentage, with point 2 exhibiting the lowest slope.]FIGURE 17 | Relationship between different load current and vibration acceleration.As shown in Figure 18, it is the spectral diagram of the axial vibration of measured points 1 to 3 at the rated current. It can be found that the amplitude of winding vibration acceleration at points 1 and 3 is much greater than that at measured point 2. According to the setting of the measured points, the results are in line with the analysis of the axial vibration distribution in Section 4. The vibration signals at points 1 to 3 contain vibration signal components exceeding 100 Hz, and their amplitudes show a decreasing trend as the frequency increases. This might be due to the very small excitation voltage, but the vibration of the core is still transmitted to the winding. The vibration of the structural components and the core jointly cause the vibration signal of the winding to contain a small amount of high-order harmonics.
[image: Three bar graphs labeled (a), (b), and (c) display frequency against acceleration. Each graph shows spikes at various frequencies, with the highest peak around 100 Hertz. Panel (a) shows a maximum acceleration slightly above 3 times ten to the minus third meters per second squared, while panels (b) and (c) show a peak below 2 times ten to the minus third meters per second squared.]FIGURE 18 | Frequency response of winding vibration at the state of load test. (a) Measured Point 1. (b) Measured Point 2. (c) Measured Point 3.7 CONCLUSION
In this paper, a finite element simulation model was established based on actual transformer, and the electromagnetic load of the winding, the axial dynamic process and the circumferential distribution of vibration were simulated and calculated using this model. Combined with the test results, the following conclusions were obtained.
	(1) Under short-circuit impact, the electromagnetic load of the winding and the time-varying process of the axial vibration of the winding both contain 50 Hz and 100 Hz components before the short-circuit reaches a steady state.
	(2) The winding with the greatest axial vibration displacement is not the upper and lower end winding with the greatest axial electromagnetic force. The axial vibration distribution of the winding follows an “M” shaped pattern.
	(3) With the passage of short-circuit time and the accumulation of winding vibration, the asymmetry of the upper and lower vibration of the winding increases, and the attenuation rate of the upper and lower ends of the winding is the greatest.
	(4) Under uneven load, the axial vibration of the winding shows a distinct stepped distribution along the circumferential direction with the spacers as intervals, and the vibration of the suspended winding section between the two spacers in the radial direction is greater than that at the end compression area.
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