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Introduction: Due to the need for safety and aesthetics, 10 kV urban power grids are gradually dominated by all-cable lines. However, this trend also brings new challenges. Cables, which are equivalent to capacitors at industrial frequency, are prone to resonate with the voltage transformers (PTs) in the system, causing drastic changes in current and voltage and posing a threat to the stable operation of the system. In addition, the intrusion of lightning waves into the substation will lead to different residual magnetization in the PT core, which further changes the core inductance value and affects the ferromagnetic resonance of the system to a certain extent.
Methods: In order to deeply investigate the influence of remanent magnetism on the ferromagnetic resonance of the system, this paper establishes a simulation model of a 10 kV all-cable line based on the PSCAD software, and adopts a UMEC transformer capable of simulating the saturation characteristics to construct the PT, and simulates the intrusion currents by using a DC current source in order to generate remanent magnetism. By this method, the effect of remanent magnetization on the ferromagnetic resonance of the system is explored at different magnitudes and directions.
Results: The results of the study show that the residual magnetization has a significant effect on the ferromagnetic resonant inrush current of the voltage transformer. When the remanent magnetization value is positive and less than 0.6 pu, the ferromagnetic resonance inrush current of PT can be effectively suppressed, and the smaller the remanent magnetization value is, the better the suppression effect is. However, negative remanent magnetization cannot suppress the ferromagnetic resonance of the PT, but may exacerbate the inrush current, leading to more serious consequences.
Conclusion: This study helps to improve the stability of the power grid and also provides a valuable reference for future grid design and maintenance.
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1 INTRODUCTION
Cable lines have the advantages of long service life, large communication capacity, stable transmission quality, small external interference, good confidentiality, etc., Nowadays, with the continuous development of cities, more and more overhead lines are replaced by cables (Liu, 2024; Zheng et al., 2024). In the 10 kV system, the proportion of all-cable lines is increasing, which will lead to an increase in the capacitance to ground in the system, providing the necessary conditions for the occurrence of ferromagnetic resonance. Ferromagnetic resonance is a common resonance phenomenon in power systems, which is mainly caused by the saturation of nonlinear iron cores (Cao et al., 2023). Ferromagnetic resonance will lead to continuous oscillation of system voltage, resulting in voltage instability and power quality degradation; the current increase caused by resonance will lead to an increase in the copper loss and iron loss of the power equipment, thus causing overheating of the equipment, and the appearance of these situations is extremely destructive both for the power system and the electrical equipment (Chen et al., 2024).
For the core of a PT, saturation is one of its inherent properties (Kulkarni and Khaparde, 2004; Dasgupta, 2005; Vecchio and Poulin, 2010). The cable line is capacitive to ground, while the excitation impedance of the PT is large and the core is inductive. When the system is in normal operation, the inductive impedance is larger than the capacitive impedance exhibited in the circuit, and the neutral voltage offset is small; when certain non-simultaneous operations occur in the power system, for example, asymmetrical closing operation of a certain phase of the circuit breaker in the cable line (Chen, 2022), and abnormal switching of the circuit breaker of the shunt capacitor bank (Wang et al., 2022), etc., the inconsistency in the volt-ampere characteristic of the PT will lead to the saturation of the iron core, and it will cause a serious ferro-magnetic resonance phenomenon (Andrei et al., 1989; Zhong et al., 2021); in the actual power system, when lightning weather occurs so that the overhead lines on the adjacent system is struck by lightning, although the lightning arrester will be a strong inrush current into the earth, but in a short time there will still be a part of the continuation of the current along the transmission line propagation and ultimately invade the power system, which will lead to changes in the magnetic field around the core within the PT, the residual remanence of magnetic field will, to a certain extent, affect the ferromagnetic resonance of the system. Ferromagnetic resonance of the system.
In the existing literature to analyze the influence factors of PT ferromagnetic resonance characteristics mainly focus on the internal parameter factors, such as the different values of the distribution line parameters (Chen et al., 2021), the different parameters of the PT body (hysteresis loss, leakage magnetism, etc.) (Ping and Wang, 2004), the different types of faults occurring (whether or not the neutral point is grounded) (Wang, 2021), etc., and very few studies have taken into account the effect of the remanent magnetism that exists in the PT iron core on the ferromagnetic resonance generated by the system. In this paper, the 3/5 core UMEC (unified magnetic equivalent circuit) transformer in PSCAD software is used to simulate the PT (Zhang and Wen, 2009), and a DC current source is used to simulate the remanent magnetism, taking phase A as an example, connecting the DC current source to phase A of the PT and withdrawing the excitation after 1 s, and then changing the magnitude and direction of the current to change the magnitude and direction of the remanent magnetism. The size and direction of the residual magnetism is changed by changing the size and direction of the current, and the waveform of the line current of phase A of the voltage transformer is observed to analyze whether ferromagnetic resonance occurs in the PT under this operation, and to propose the effective suppression measures of the residual magnetism on the ferromagnetic resonance of the PT according to the simulation results.
2 FERROMAGNETIC RESONANCE PRINCIPLE
PT is a special transformer used to convert high voltage to low voltage for use by measurement or protection equipment, and its main functions include the following three points (Liu et al., 2024): 1. Reducing the high voltage in the power system to a standard value (e.g., 110 V or 100 V), so that the voltage can be monitored and recorded using a standard measuring instrument without direct contact with the high-voltage line; 2. PT provides voltage signals for the protection relay to identify abnormal conditions such as overvoltage or undervoltage and trigger the corresponding protection action. 3. Provides voltage signals for identifying abnormal conditions such as overvoltage or undervoltage and triggering the appropriate protective action; 3. Voltage transformers provide electrical isolation, protecting downstream measuring equipment, personnel and systems from the direct effects of high voltage. When ferromagnetic resonance occurs, the basic schematic is shown in Figure 1 (Zhao, 2018; Yaohua et al., 2019).
[image: Figure 1]FIGURE 1 | Basic principle of ferromagnetic resonance.
The relationship between the electric potential [image: image] and the inductor voltage [image: image] and the capacitor voltage [image: image] can be obtained, see Eq. 1.
[image: image]
The ground capacitive reactance [image: image] of the line is greater than or equal to the inductive reactance [image: image] of the component coils, which makes the core saturated (Gbt, 2020; Quan and Li, 2022), and the line undergoes series resonance (Sa, 2021), the relationship between which is shown in Eq. 2, and the fault will generate a sufficiently large electromagnetic inrush current; in the series resonant loop, the angular frequency [image: image] is equal to 2π times of the power supply frequency [image: image], which is converted into the relationship between the ground The relationship between the capacitance [image: image] and coil inductance [image: image] and the power supply frequency [image: image] is shown in Eq. 3.
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Therefore, through the above expression we can find that the ferromagnetic resonance does not have a uniform intrinsic frequency, which is related to the saturation depth of the nonlinear core, which further indicates that it is closely related to the magnitude of the current, so that the existence of ferromagnetic resonance phenomenon can be intuitively found through the current in the system.
To determine whether ferromagnetic resonance occurs in a real system, the current in the primary winding is the most suitable monitoring quantity: the current of the PT in normal operation is about zero milliamps to a few milliamps, while it will increase to tens of milliamps or even several amps when ferromagnetic resonance occurs (Fen-Yan and Bao, 2017; Yuan et al., 2022).
3 MODEL BUILDING
The simulation model of PSCAD is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Simulation of all-cable line simulation on 10 kV side.
This study focuses on simulating fully cabled lines on the 10 kV side in a substation. In a power system, the electrical energy generated by a power plant is transmitted to the end-users through transformers and transmission lines, and these key electrical devices form the infrastructure of the power system. The simulation model used in this paper reproduces this process in detail and is modeled as in Figure 2. The generator is connected to a three-phase double-winding step-down transformer and connected to the incoming side of the busbar, and the bus-side circuit breaker is used to control the system casting and switching, which serves as the generating and transmitting part of the system. The terminal voltage of the generator is 110 kV, the frequency is 50 Hz, the amplitude angle is 10°, and the value of the internal resistance of the power supply is 10; in PSCAD V4.6, the transformer has been added with the option of the J-A model, which can take into account the hysteresis; the J-A model was proposed by two scholars D.C. Jiles and D.L. Atherton in 1986, based on the theory of magnetic domains, and takes into account the effect of hysteresis. The J-A model is special in that it can consider the saturation and hysteresis characteristics of the core at the same time, and it can also simulate the magnetization and demagnetization process, and it also takes into account the magnetic domain change and energy loss, so that the results of the simulation of the transformer are more close to the actual situation (Tian et al., 2024), so in this paper, we choose the J-A model of transformer to reflect the hysteresis characteristics, in which the hollow core resistance is the same as the hysteresis characteristics, and the hysteresis characteristics are the same as the hysteresis characteristics, in which the hollow core resistance is the same as the hysteresis characteristics. Hysteresis characteristics, in which the hollow-core impedance is set to 0.2 pu, and the maximum value of magnetic flux density is generally set to 1.7 T (Xuyang et al., 2011). The component parameters of the transformer are shown in Table 1, and the nominal values of copper loss and positive sequence leakage reactance are given in reference (Yang et al., 2022).
TABLE 1 | Transformer element parameter.
[image: Table 1]At the same time in the bus outlet side of the configuration of a 3/5 core column UMEC transformer, with this component to simulate the PT, the internal structure of the model is shown in Figure 3. PT 3/5 core column arrangement is also known as the three-phase five-pillar type, which means that the core of the PT has five columns, in which three columns on the head of the assembly of the magnet coils, which is often referred to as “three-phase”; the two columns on the side as its closed circuit. This is often referred to as the “three-phase”; the two posts on the side as its closed circuit. The core arrangement is a key design factor that determines the performance and suitability of the transformer. The link group of the core is Y0/Y0/D with a capacity of 300 VA.
[image: Figure 3]FIGURE 3 | PT internal structure.
The excitation characteristic is a key parameter of the PT, which describes the relationship between the magnetic flux density of the core and the excitation current. When the magnetic flux density in the core grows to a certain critical value, even if the excitation current continues to increase, the rate of increase of the magnetic flux density still slows down, and the core enters a saturated state, which will affect the accuracy of the transformer. In engineering practice, by applying a voltage to the low-voltage end of the PT and make the high-voltage end of the method of open-circuit, to test the relationship between the applied voltage and the current flowing through the end of the PT is the excitation characteristics of the PT. According to this principle and method, the voltage and current parameters of each saturation point in Table 2 are obtained, and the excitation characteristic curve is drawn in the origin software as Figure 4. The knee point of the curve is point k, which represents the saturation voltage point of the iron core. Before the k point, the curve is first in the linear region, the voltage and current of the curve in this region is linear growth, and then with the increase of current, the voltage undergoes a nonlinear change to reach the knee point k. After the k point, the iron core is saturated, and even if the excitation current continues to increase, the enhancement of flux density is still slowed down.
TABLE 2 | I-U data at different saturation voltages.
[image: Table 2][image: Figure 4]FIGURE 4 | Different excitation characteristic curves of PT.
In PSCAD software, the core saturation of PT can be simulated by setting the values of 10 segmentation points on the internal I-V curve. According to the literature (Chen et al., 2023), it is known that when the saturation depth is 1.0 pu, the core of PT will not be saturated; when the saturation depth is 0.6 pu, the PT will be saturated, and the system will appear ferromagnetic resonance phenomenon. Therefore, this paper focuses on the PT saturation point voltage at 0.6 pu, and the curve data at 0.6 pu is selected for simulation.
The cable is capacitive at industrial frequency, the inductance and resistance parameters are very small and negligible, and the equivalence diagram is shown in Figure 5 below.
[image: Figure 5]FIGURE 5 | Cable equivalent line diagram.
In the document “Shanghai medium and low voltage distribution network technical guidelines” in the cable line distribution requirements (GBT, 2015): 10 kV cable line using XLPE cross-linked polyethylene insulated copper core cable, out of the line is generally 6 back, the cross-sectional area selected 3 * 400 mm2; for the power supply distance is also the same requirements: for the 10 kV line, the cable length of the central urban area per response 1.5 km, the cable length of urbanized areas per response 2 km, so the simulation of this paper cable length selected as 1 km per response. The cable length in urbanized areas is 2 km per response, so the cable length of the simulation in this paper is selected as 1 km per return, and the cable line is replaced by the total set of parameters, i.e., the total length of 6 km. The parameter values are based on the actual data in the distribution network of Shanghai (Chaolong et al., 2020), to ensure that the simulation results are accurate and reliable, and the values of various parameters of the cable under the length of the unit are shown in Table 3, and the values of the parameters of the cable line with 6 returns of 1 km are calculated and added to the model. The parameter values of six 1 km cable lines are calculated and added to the model.
TABLE 3 | Parameter value per unit length of cable.
[image: Table 3]4 DETERMINATION OF THE SIZE OF REMANENT MAGNETIZATION
Residual magnetism is the state in which a portion of the core of a PT remains magnetized even after the magnetization process is removed by an external voltage. This phenomenon usually occurs when a system is subjected to a transient overvoltage, such as under circuit breaker operation, which may cause the core to magnetize to a point close to the saturation point, where the core retains a certain level of magnetic flux even after the overvoltage has disappeared.
The amount of residual magnetism in the core after power failure depends on the magnitude of the current during energization and the test time. Literature (Jin et al., 2009) proposed a formula for the derivation of the size of the residual magnetism: take the power supply [image: image] as a sinusoidal waveform, the power supply voltage expression as Eq. 4, where [image: image] is the rms value of the power supply voltage, the primary side of the PT column to write the voltage equation, you can get the flux [image: image] and the relationship between the [image: image] as Eq. 5, the two sides of the equation were integrated over [image: image], which further led to Eq. 6.
[image: image]
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[image: image]
The residual magnetism [image: image] existing in the transformer core at the moment of [image: image] can be found out when the circuit breaker operates at any moment of [image: image]. According to Eq. 6, it can be seen that the waveform of the residual magnetism is a cosine wave, and the size of the amplitude varies within the range of [image: image]; however, due to the limitation of the PSCAD software, it is not possible to determine the number of turns of the primary-side windings, and therefore it is not possible to find out the magnitude of the residual magnetism directly [image: image]. In this paper, a new method of measuring the size of the remanent magnetism is selected, the PT saturation point voltage is set to 0.6 pu, first applied to the PT phase A DC source is not put into use, the external circuit breaker BRK initial state of the circuit breaker is closed, to be gradually converged to a stable value of the current in the system after the disconnection, at this time, the iron heart of the PT will be due to the disappearance of the current to zero and the generation of the remanent magnetism, the stabilization of the PT primary side of the current value as well as current disappearance The value of current in the primary side of the PT during stabilization and the residual remanent magnetism after the current disappears can be read directly in PSCAD. Change the bus terminal voltage, the current flowing through the primary side of the PT under the action of different voltages is different, and the size of the remanent magnetism remaining in the core after disconnection is also different, record the current value and magnetic flux value of phase A under each test, the relationship between different current values and remanent magnetism is shown in Table 4, and depict the relationship between the remanent magnetism magnetic flux [image: image] and the current i, as shown in Figure 6 (Zhang et al., 2011). Due to the magnetization nature of the core, the remanent magnetization cannot exceed the maximum magnetization characteristic curve specified for the core material, which is saturated at [image: image], so the general value range is [image: image].
TABLE 4 | Relationship between DC current and magnitude of remanent magnetization.
[image: Table 4][image: Figure 6]FIGURE 6 | Residual magnetization versus current.
5 SIMULATION ANALYSIS
Firstly, the accuracy of the constructed model should be checked to distinguish whether the PT is in ferromagnetic resonance when the core is saturated by observing and comparing the current waveform graphs. In the literature (Zhao, 2020), the author Li Xuyang considered that the PT may be affected by the saturated over-excitation inrush current and cause errors in the detection results, and thus proposed a method for the detection of ferromagnetic resonance in power transformers, that is, the waveform symmetry method is used to distinguish the ferromagnetic resonance inrush current: for the normal operation of current, the current is sinusoidal, with the same period of oscillation; and for the resonance of the inrush current, the waveform is For the resonant inrush current, the waveform is spiky and alternates between positive and negative spikes. This accuracy analysis is simulated based on this study.
When the PT core is not saturated, the circuit breaker operates normally, measure the A-phase line current [image: image] on the primary side of the PT, and select the current curves of three cycles [image: image], [image: image], [image: image], as shown in Figure 7A, at this time, the primary side of the PT line current is sinusoidal, and there is no saturation phenomenon, and the size of the PT is about 0.4 mA; when the PT core saturates, and the voltage at the saturation point is 0.6 pu, and the same measurements of the PT A-phase line current on the primary side, selected three cycles of the current curve, as shown in Figure 7B, it is observed that at this time the [image: image] is a cusp waveform, the size of the sudden increase to 70 mA or so; half of the cycle waveforms are enlarged, as shown in Figure 7C, it can be seen that the current wave positive and negative cusp pulses symmetrically alternating with the results of the above study, that is, saturation phenomenon occurs, and therefore further verified that the model of the Accuracy.
[image: Figure 7]FIGURE 7 | (A) Normal operation of [image: image]. (B) [image: image] at ferromagnetic resonance (C) Enlargement of [image: image] in (B).
5.1 Process of ferromagnetic resonance under added remanent magnetization
Change the positive and negative connections of the current source in order to change the positive and negative direction of the residual magnetism, the current source side circuit breaker BRK1 is disconnected after the system is stabilized, and at this time there is residual magnetism in the iron core.
5.1.1 Ferromagnetic resonance process under different magnitudes of remanence in the positive direction
When the current source side is disconnected and not working, the PT initially has no remanent magnetization, and the waveform of the A-phase current wave is shown in Figure 8. From the figure, it can be seen that when the PT ferromagnetic resonance occurs, the positive and negative pulses of the A-phase current wave are in the form of spikes symmetrical about the time axis and last for a long time, with a peak value of up to 90–100 mA, and the sustained high level of current is extremely easy to cause damage to the PT.
[image: Figure 8]FIGURE 8 | Waveform with no remanent magnetization.
When remanent magnetization is added to the PT, a remanent magnetization value of 0.4–0.9 pu is applied to the PT with a forward interval of 0.4–0.9 pu and a current interval of [3,26.1] mA, respectively, and the comparative changes of the current waveforms are shown in Figure 9. From Figure 9A, it can be seen that when the positive remanent magnetization is applied to the PT in the interval of 0.7 pu–0.9 pu, the current waveform is similar to that of a lightning wave, generating a huge instantaneous value of current in the first 0.1 s. The current is approximately linear with respect to time before reaching the peak value, and then decreases rapidly and tends to be flat after reaching the peak value. The larger the size of the applied remanent magnetization, the larger the instantaneous peak value of the current, and none of them is smaller than the ferromagnetic resonance inrush current when there is no remanent magnetization, and the final stabilized saturation current is between 20 and 30 mA; when the range of the positive remanent magnetization is applied to the PT is between 0.4 pu–0.7 pu, as shown in Figure 9B: 0.6 pu remanent magnetization is applied, and the current appears as an instantaneous value in the first 0.1 s, but at this time the instantaneous peak value is smaller than that when 0.7 pu remanent magnetization is applied. Peak value is smaller than the instantaneous peak value of the current when 0.7 pu remanence is applied, and it is also smaller than the inrush current of the ferromagnetic resonance when no remanence is applied, and the aberration occurs after 0.2 s instead of leveling off; when 0.4–0.5 pu remanence is applied, the instantaneous peak value of the current in the first 0.1 s disappears, and the whole tends to be leveled off, and the current magnitude is between 0 and 10 mA.
[image: Figure 9]FIGURE 9 | Waveforms of A-phase current of PT under different magnitudes of remanent magnetization in positive direction. (A) Waveforms of A-phase current of PT when the applied remanence size is 0.7 pu to 0.9 pu; (B) Waveforms of A-phase current of PT when the applied remanence size is 0.4 pu to 0.7 pu.
The waveform details of the above currents are shown in Figure 10. Figures 10B shows that when the applied remanent magnetization value is 0.6 pu, the A-phase current on the primary side of the voltage transformer has aberrations, with a peak value of about 55 mA; from (c) of Figure 10, it can be found that when the applied remanent magnetization value is 0.7 pu, although the current aberration disappears, the amplitude of the current at this time reaches 100 mA, which is close to twice the former value!, the excessive resonant inrush current will bring damage to the PT’s.
[image: Figure 10]FIGURE 10 | Detail of the waveform of Figure 9. (A) Waveform of A-phase current of PT when 0.4 pu remanence is applied; (B) Waveform of A-phase current of PT when 0.6 pu remanence is applied; (C) Waveform of A-phase current of PT when 0.7 pu remanence is applied.
In summary, when the direction of the remanent magnetization is positive, the remanent magnetization value is less than 0.6 pu on the ferromagnetic resonance overcurrent has a suppression effect, and the smaller the remanent magnetization is, the more obvious the suppression effect on the ferromagnetic resonance inrush current is, and when the value of the remanent magnetization is around 0.4 pu, the PT is already close to the normal operation state.
5.1.2 Ferromagnetic resonance process under different magnitudes of remanence in the negative direction
The positive and negative poles of the A-phase DC power supply connected to the PT are switched, and according to the relationship between the DC current and the magnitude of remanent magnetism in Table 4 above, a negative remanent magnetism value of 0.4–0.9 pu is applied to the PT with a current interval of [−26.1, −3] mA, and a comparative change graph of the A-phase current waveform is obtained. In order to make the results more observable, the contrast plots are divided into two groups, as shown in Figure 11.
[image: Figure 11]FIGURE 11 | Waveforms of A-phase current of PT under different magnitudes of remanent magnetization in negative direction. (A) Waveforms of A-phase current of PT when the applied remanence size is −0.6 pu to −0.4 pu; (B) Waveforms of A-phase current of PT when the applied remanence size is −0.9 pu to −0.7 pu.
Simulation results show that, when the PT ferromagnetic resonance occurs, after applying remanent magnetization with negative direction and size of 0.4–0.9 pu to phase A, the waveform of [image: image] does not change compared with that without remanent magnetization, and it is still a cusp-shaped positive and negative pulses alternating symmetrically, whereas the value of the current is greatly increased in these cases, and the peak value is close to 200 mA, which is much higher than the peak value of the ferromagnetic resonance current when there is no remanent magnetization, and it is even several times as much as the peak value when there is no remanent magnetization several times. It can be seen that the applied remanent magnetization in the negative direction fails to suppress the ferromagnetic resonance regardless of the magnitude.
6 CONCLUSION
The voltage transformer in the full cable line is susceptible to ferromagnetic resonance due to certain operational reasons, which generates overcurrent and damages the safety of the equipment. This paper is based on the phenomenon that exists in the actual power system, when the current wave invades into the voltage transformer, residual magnetism will be left in the iron core, and the simulation is used to analyze the influence of residual magnetism in different sizes and directions on the ferromagnetic resonance, and the comparison of the obtained data, and ultimately, a method is found for realizing the effective suppression of the ferromagnetic resonance. The conclusions are as follows:
(1) When the system is subjected to a positive lightning intrusion wave, a positive remanent magnetization value of less than 0.6 pu can effectively suppress the ferromagnetic resonance inrush of the voltage transformer, and the smaller the remanent magnetization value, the better the suppression effect. The smaller the remanent magnetization value, the better the suppression effect. When the remanent magnetization value is 0.4 pu, the PT is close to the normal operation state.
(2) When the system is subjected to reverse lightning intrusion wave, the negative remanent magnetization cannot suppress the ferromagnetic resonance of the PT, but may exacerbate the inrush current, leading to more serious consequences.
In this paper, the range of remanent magnetism values that can effectively suppress PT ferromagnetic resonance in 10 kV all-cable lines is determined through simulation and analysis, which provides a reference for future research on methods of avoiding PT damage and gives future scholars a technical basis for optimizing the stability of power grids.
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