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Shunt capacitor banks are essential for reactive power compensation, ensuring voltage stability, and reducing system losses. These banks consist of multiple units with components in series and parallel. A few component failures do not immediately affect the safe operation of the capacitor bank, but component breakdown can lead to voltage redistribution. Under combined factors such as system overvoltage and equipment aging, and others can trigger an avalanche effect causing capacitor breakdown, resulting in significant safety accident risks. Practical operation experience shows that partial component breakdown generates many transient disturbance signals. Quantitative analysis of these signals can detect capacitor bank anomalies early. This paper proposes the quantitative extraction of transient disturbance characteristics using the Prony algorithm and estimates the phase and number of capacitors that break down to judge capacitor anomalies. The simulation part verifies the theoretical analysis and detection algorithm’s correctness through numerical simulations and PSCAD (Power Systems Computer Aided Design) electromagnetic transient simulations. The numerical simulations consider different signal lengths, noise levels, attenuation coefficients, and oscillation frequencies. In the PSCAD simulation environment, verification models are built under varying sampling frequencies, numbers of breakdown components, signal lengths, and signal-to-noise ratios. These simulation results verify the accuracy of the detection algorithm under different conditions.
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1 INTRODUCTION
Capacitor banks are an important means of reactive power compensation to ensure the safety and operational efficiency of power grid operations. Capacitor banks have a variety of long-term adverse factors, such as frequent casting and cutting operations, overvoltage, harmonics, and manufacturing process defects. Shunt capacitor bank insulation faults are frequent, with component breakdown being the most common internal fault (Santoso, 2007). In recent years, several capacitor bank explosions have been induced by internal insulation failure, seriously affecting the stability of the power grid and personnel and equipment safety.
Capacitors are usually equipped with internal component protection and external unbalance protection to ensure the safe operations of shunt capacitor banks (Institute of Electrical and Electronics Engineers. Std 1036-2010, 2010). Most capacitor units are equipped with internal fuse protections to isolate faulty components. Thus, when a few components within the capacitor break down, the remaining normal components can continue to operate (Beere, 1987). The capacitor fault characteristics will not reach the unbalance protection action conditions and will not cause the protection to trip. The overvoltage increases the fault section of the intact components, making breakdown failure more probable. Therein, most shunt capacitor banks easily develop into significant faults from internal weak faults (Xiaoyu et al., 2015). Bringing security risks to shunt capacitor bank operations. When the overvoltage develops to a certain degree, internal faults expand in the capacitor and protection action, ultimately causing the shunt capacitor bank to fail and shut down. If the protection fails to act in time, several component breakdowns will cause the capacitor to exhibit short-circuit faults, leading to capacitor explosions and other accidents. Therefore, timely and sensitive monitoring and localization of capacitor bank component breakdown is vital for ensuring the safety of capacitor banks.
For capacitors equipped with online monitoring devices, traditional state characteristic parameters such as capacitance and dielectric loss factor can be measured directly or indirectly calculated to achieve early detection and diagnosis of component breakdown faults in capacitors (Li and Li, 2017). Capacitance is the primary and most intuitive state characteristic parameter of capacitors, as component breakdown faults cause capacitance changes. Dielectric loss is the energy lost under the action of electric fields, and the dielectric loss factor reflects the overall insulation status of capacitor equipment. Monitoring and analyzing these two state parameters can detect component breakdown faults in capacitors and assess their severity. Moghaddam (Moghaddam, 2017) designed an insulation online monitoring and fault diagnosis system based on virtual instrument technology and LabVIEW software. This system used the capacitance change rate and dielectric loss as feature inputs to establish a fuzzy fault diagnosis model. However, the accuracy of the model membership functions should be improved. Directly measuring these state parameters requires specific monitoring equipment (such as a dielectric loss measurement device), has very high precision requirements, and is usually only applicable to single capacitors, indicating its economic inefficiency.
With the widespread application of power quality analyzers, fault recorders, and other waveform monitoring devices, important data foundations have been provided to diagnose and analyze capacitor group breakdown faults based on power disturbances (Silverstein and Follum, 2020). Previous studies have mainly explored online monitoring and fault analyses for parallel capacitor groups based on voltage/current monitoring data. However, these have primarily utilized steady-state quantities to define new characteristics for analyses and calculations, thus obtaining information on component breakdown faults in parallel capacitor groups.
For instance, Jie et al. (2022) evaluated and calculated steady-phase and amplitude changes in the unbalanced currents of capacitor groups before and after faults. This method can quickly determine the branches of faulty capacitor units and calculate the number of faulty capacitor units. Additionally, Shilong et al. (2020) proposed a scheme based on an unbalanced neutral current to enhance the online monitoring capability of internal faults in parallel capacitor groups. Jouybari-Moghaddam et al. (2017) used the compensation current of the neutral point to define differences in the steady-state phase quantities of unbalanced neutral point currents before and after faults to determine the faulty phase. They applied the positive or negative coefficients of the compensation current to judge the faulty arm. Pavan and Das (2020) defined the negative sequence compensation current for locating the faulty phase and faulty arm, allowing for isolating the occurrence of breakdown faults in both arms with the same or different faulty phases. Goodarzi and Allahbakhshi (2022) utilized discrete Fourier transforms to extract the neutral point voltage and current steady-state phasors. They located the faulted phase by detecting the unbalanced neutral point current changes before and after the fault.
Actual analyses revealed that although the breakdown of capacitor units changes the steady-state voltage and current, these changes are relatively small and easily affected by factors such as system voltage fluctuations. This poses significant limitations for precise diagnosis. In contrast, the transient components of breakdown fault disturbances offer salient features, easy disturbance separation, and rich information content. As a result, exploring parallel capacitor group fault diagnosis methods based on the transient feature analysis of breakdown fault disturbances has vital engineering significance (Wischkaemper et al., 2016).
This paper analyzes the physical process of component breakdown and fault transient characteristics of shunt capacitor banks in detail. We analyze the waveform characteristics of fault transient processes on the key monitoring points of shunt capacitor banks, derive and analyze the quantitative relationship between the key parameters of the transient signals on the R-C circuit, and introduce the transient power perturbation feature extraction-based shunt capacitor bank anomaly estimation method based on the signal characteristic parameter extraction algorithm (e.g., Prony’s algorithm). Finally, numerical analyses and electromagnetic transient simulations verify the proposed method to estimate capacitance. The capacitor state detection based on analyzing the capacitance change is of important theoretical value and engineering significance for improving capacitor state perceptions.
2 TRANSIENT CHARACTERIZATION OF CAPACITOR BANK STRUCTURES AND COMPONENT BREAKDOWN
2.1 Shunt capacitor bank structure and operational characteristics
In Figure 1, the existing capacitor bank for reactive power compensation and filtering is connected directly in parallel to the 10 kV bus. Each phase of the capacitor bank consists of several capacitor units in series and parallel. The number of series and parallel units is determined primarily by the capacity of a single capacitor unit to withstand the voltage level decisions. The capacitor unit structure is shown in Figure 1, where each capacitor unit consists of several elements in series and parallel. Each capacitor element is series-connected to the internal fuse. When a single capacitor element breakdown occurs, the internal fuse quickly isolates the fault, and the capacitor unit returns to normal operations. When many components break down, the capacitor withstand voltage is no longer uniformly distributed, making it easy to induce avalanche with capacitor breakdown, resulting in a significant safety accident.
[image: Figure 1]FIGURE 1 | Diagram showing the shunt capacitor bank element structure.
2.2 Transient characterization of a capacitive element in breakdown
The capacitive element adopts an internal fuse structure, and its fault process includes two stages: capacitive element breakdown and fuse melting. The energy in the system is redistributed when in a breakdown state, equivalent to the fault capacitive element in series being directly shorted, resulting in a transient signal. When the capacitive element allows more current to flow, the fuse rapidly melts (about 1 ms) (Xu et al., 2022), and the faulty element is isolated. The same series section of the capacitor progresses in the charging state. Analyzing the component breakdown fault process shows the internal fuse impedance and capacitor unit lead impedance are much smaller than the system impedance. Thus, the calculation is ignored.
The current production technology of capacitors and components is generally used to highlight the folded edge of aluminum foil structures to achieve the series-parallel connection. Therefore, the components of the lead pieces for the resistance and inductance can be disregarded. Figure 2 shows the simplified circuit for the decoupling equivalent three-phase shunt capacitor bank component breakdown fault. The [image: image], [image: image], and [image: image] are the three-phase symmetrical power supply terminal voltage, [image: image] and [image: image] are the system positive-sequence equivalent resistance and equivalent inductance, [image: image], [image: image], and [image: image] are the port three-phase currents, and [image: image], [image: image], and [image: image] are the three-phase capacitance values.
[image: Figure 2]FIGURE 2 | Simplified circuit of three-phase capacitor bank element breakdown fault after decoupling.
Three assumptions are made to simplify the analysis. 1) The system is in a steady state when a component fails. 2) The number of series segments in the double-star capacitor bank is 1. 3) The internal fuse can effectively fuse and isolate the faulty component, preventing the occurrence of arcing. It is assumed that a capacitor unit in the left arm of phase A of the double-star capacitor bank experiences component breakdown at time [image: image], and the fuse blows at time [image: image]. These two actions are equivalent to a switch closing and a switch opening. In Figure 2, [image: image] is the capacitance of the breakdown capacitor, [image: image] is the equivalent capacitance of the remaining components in the same faulty series segment as the breakdown component, [image: image] is the equivalent capacitance of the non-faulty series segments within the capacitor unit, [image: image] is the equivalent capacitance of the remaining capacitor units in the left arm in parallel with the faulty capacitor unit, and [image: image] is the equivalent capacitance of the right arm.
Assuming the port voltage for the A-phase shunt capacitor bank is [image: image], the voltage on [image: image] before fault is [image: image] ([image: image] is the number of series segments in the capacitor unit). The [image: image] moment [image: image] is closed, making the component [image: image] break down. The faulty series segments ([image: image] + [image: image]) are shorted, and the intact component [image: image] connected in parallel with [image: image] is discharged to the point of breakdown. At this time, the voltage on [image: image] abruptly changes to [image: image], increasing the amplitude of the total voltage of non-faulty segments. As [image: image], the amplitude of the current in the branch where the faulty capacitor unit is located increases. According to Kirchhoff’s current law (KCL), the other capacitor units connected in parallel with the faulty capacitor unit and non-faulty phase-parallel capacitor bank will also discharge to the breakdown element.
The above analysis derives the internal discharge current circuit diagram for the component breakdown moment of the fault phase shunt capacitor bank, as shown in Figure 3. The breakdown occurs in the positive half of the voltage. The discharge current is reversed if the breakdown occurs in the voltage’s negative half. The breakdown component in the branch circuit discharge current is used to blow the fuse current. The component is usually near the peak voltage breakdown when the frequency current is just over zero. Further, the actual capacitor unit of the external circuit in the presence of inductance delays the frequency current injection into the fault branch circuit (Yan et al., 2016). Moreover, the interval between the component breakdown [image: image] and the moment of faulty branch being removed [image: image] is extremely short (less than 1 ms) (Technical Committee for Standardization of, 2011). Therefore, the faulty branch discharge current does not contain the industrial frequency component. The fault branch discharge current is expressed, as shown in Equation 1 (Jiabi, 2021).
[image: image]
where [image: image], [image: image], [image: image], and [image: image] are the amplitude, angular frequency, attenuation coefficient, and initial phase angle of the transient discharge current caused by element breakdown, respectively. Figure 4 shows the voltage and current waveforms of a typical capacitive element breakdown. The component breaks down at the peak of the positive half-cycle in the voltage waveform of phase A. The diagram shows that the faulty phase voltage waveform undergoes a sudden change toward zero at the moment of component breakdown. In contrast, the direction of the change in the current waveform has the opposite polarity. After the fuse blows, the oscillation magnitude of the transient current is greater than the transient voltage, giving a larger ratio of the transient component amplitude to the fundamental frequency amplitude. The duration of this transient process depends on the magnitude of the decay factor and indirectly depends on the line impedance parameters. The transient current typically tends to zero within 1–2 cycles.
[image: Figure 3]FIGURE 3 | Discharge current circuit inside the capacitor bank in case of component breakdown.
[image: Figure 4]FIGURE 4 | The voltage and current transient disturbance waveforms caused by capacitor element breakdown.
3 CAPACITANCE ESTIMATION ALGORITHM BASED ON ATTENUATED TRANSIENT SIGNAL CALCULATIONS
3.1 Calculation of capacitance parameters based on attenuated oscillatory transient signals
The transient characterization of double-star shunt capacitor bank component breakdown faults in Section 2 suggests that the transient voltage and current components at the port of the shunt capacitor bank caused by component breakdown faults are high-frequency attenuation signals. Neglecting the resistance and inductance inside the shunt capacitor bank simplifies the R-C circuit model. The resistance value [image: image] is small, and the capacitance [image: image] is large, with a simplified circuit shown in Figure 5. In the diagram, [image: image], [image: image], and [image: image] represent the port voltage, the voltage across the resistor [image: image], and the voltage across the capacitor [image: image], respectively.
[image: Figure 5]FIGURE 5 | Simplified R-C circuit of the shunt capacitor bank.
Assuming [image: image] is the instantaneous value of the port current signal of the shunt capacitor bank, it can be expressed as:
[image: image]
in the Equation 2, [image: image], [image: image], [image: image], and [image: image] represent the amplitude, angular frequency, phase angle, and attenuation coefficient of the port current, respectively.
According to the voltage and current differential equations [image: image] of the capacitive element, [image: image] and [image: image] are given by Equation 3 (Wen-hai et al., 2014):
[image: image]
The combined simplification is shown in Equations 4, 5.
[image: image]
[image: image]
Therefore, further derivations of the circuit parameters [image: image] and [image: image] held deduce the relationship for the attenuation oscillation signal parameters as:
[image: image]
Both the [image: image] and [image: image] parameter calculations are affected by the signal amplitude and attenuation coefficient. When the attenuation coefficient is [image: image], Equation 6 degenerates to the calculation of the circuit parameters under a steady-state sinusoidal signal.
3.2 Algorithm for quantitative transient signal extraction
The transient signal characteristics generated manifest primarily as attenuation and high-frequency attenuation signals when the capacitive element breaks down. The industrial frequency steady-state and noise signals are shown in Equation 7 (Bollen et al., 2005). The [image: image], [image: image], [image: image], and [image: image] are the amplitude, frequency, attenuation coefficient, and initial phase of the [image: image] th frequency component, respectively, and [image: image] is Gaussian noise. It is sufficient to make [image: image] to represent the discrete sampled signal. An effective signal analysis tool is required to separate the fault transient characteristic parameters from the mixed signals and compute them to meet the computational needs of the fault diagnosis and analysis.
[image: image]
Existing common methods for power signal feature extraction include the fast Fourier transform (FFT), wavelet analysis, singular value decomposition (SVD), TLS-ESPRIT algorithm,and Prony algorithm. The FFT is a frequency-domain analysis of the signal that calculates the amplitude and phase of the signal components at different frequencies. However, it cannot estimate the attenuation coefficient of the signal. The results of the wavelet analysis are easily affected by matches between the basis function and the analyzed signal. The SVD reconstructs the characteristic signal and noise separation. However, the separate SVD calculations cannot provide the specific value of the signal characteristic quantity. The TLS-ESPRIT algorithm is applied primarily to frequency estimation. The Prony algorithm can effectively estimate the frequency, decay coefficients, and phase information of signals, demonstrating strong adaptability in analyzing signals containing multiple frequency components and decay. In scenarios with significant noise interference, the Prony algorithm performs well in signal reconstruction and noise suppression, effectively extracting signal characteristics. Relative to some other complex signal processing algorithms, the Prony algorithm holds an advantage in computational efficiency, swiftly and accurately obtaining the signal’s characteristic parameters.
Taking all the above factors into consideration, utilizing the Prony algorithm for calculating transient signal characteristic parameters is reasonable, as it can accurately extract signal frequency, decay coefficients, and other parameters, while possessing high computational efficiency and applicability (Hauer et al., 1990). The principle of this method is briefly described below.
Prony’s algorithm uses a combination of [image: image] exponential terms to achieve an approximate fit to the original data. This approach fits equally spaced sampled data with a linear combination of exponential terms. From this, information such as the amplitude, phase, damping factor, and signal frequency can be analyzed. As early as 1795, Prony proposed a linear combination of complex exponential functions to describe the mathematical model of equally spaced sampling data, often referred to as the Prony model, which gives an approximate solution for linearization. The method quantitatively writes the transient signal of the capacitor casting or breakdown in mathematical expressions. The capacitance estimation can be realized by extracting the transient perturbation signal based on Prony’s approach. The steps are as follows:
The original signal of Equation 7 is sampled at equal intervals. The Prony mathematical model is described as:
[image: image]
where [image: image] is the model order, [image: image] is the number of sampling points, [image: image], and [image: image] and [image: image] are complex numbers of:
[image: image]
The fitted values [image: image] and [image: image] in Equation 9 contain the fault information consisting of the amplitude, phase, frequency, and attenuation coefficient of the original signal. The error [image: image] is the difference between the original signal and the fitted signal as:
[image: image]
The key to computing the signal parameters for the Prony model is to find the chi-solution of the linear constant coefficient difference equation corresponding to Equation 8 when [image: image] takes a minimum value. Considering [image: image] as the coefficient vector of the equation and [image: image] as the solution, the characteristic polynomial of [image: image] is:
[image: image]
The recursive difference equation of Equation 8 can be constructed as:
[image: image]
The equation for [image: image] is obtained by relating the difference expression of Equation 12 to the error expression in Equation 10, as shown in Equation 13.
[image: image]
The minimum value of [image: image] can be found using the method of least squares, and the parameter [image: image] at [image: image] is required. The obtained solution set [image: image] is substituted into the characteristic Equation 11 to obtain the characteristic root [image: image]. The characteristic root is then substituted into Equation 8 to obtain the linear equation about [image: image] and its solution vector, as shown in Equation 14.
[image: image]
 where [image: image] and [image: image]. The vector [image: image] is then substituted back into the polynomial [image: image], from which the characteristic parameters of each frequency component of the signal can be calculated as shown in Equation 15.
[image: image]
The model order [image: image] and noise level in practical applications impact the calculation results of the Prony algorithm. A larger [image: image] and lower noise level give more accurate calculation results. However, a greater [image: image] will increase the algorithm’s computational requirements and redundancy terms. The component thermal breakdown fault perturbation signal contains an intermediate frequency steady-state component and a high-frequency attenuation component. Therefore, the electrical breakdown fault signal contains a steady-state component at power frequency and two high-frequency attenuation components. Therein, the value [image: image] is taken theoretically. In practice, this value needs to be increased appropriately to improve the calculation accuracy.
4 SIMULATION VERIFICATION
4.1 Numerical simulation verification
The attenuated oscillating signal flowing under the R-C circuit is generated by direct simulations based on MATLAB to verify the correctness of the algorithm. The circuit parameters are [image: image] and [image: image] with a signal sampling frequency of 10 kHz. The signal [image: image] consists of 2 components: an industrial frequency component and a high-frequency component at several hundred Hz.
[image: image]
where [image: image] represents the steady-state industrial frequency, [image: image] represents the high-frequency attenuation component, [image: image], [image: image], [image: image] , [image: image], [image: image], and [image: image] are the amplitudes, frequencies, and phases of the two signals, respectively, and [image: image] is the attenuation coefficient of the high-frequency transient signals. The [image: image] and [image: image] are in units of A, [image: image] and [image: image] are in units of Hz, and [image: image] and [image: image] are in units of degrees.
According to experience, the current parameter is set as:
[image: image]
The corresponding voltage and current waveforms are deduced based on the differential equation of the R-C circuit, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Current (A) and voltage (B) waveforms of the R-C circuit based on numerical simulations.
The capacitance and resistance parameters are calculated using the traditional FFT and based on the proposed electric power perturbation feature. The electric power perturbation feature approach utilizes the Prony algorithm to extract characteristic parameters from the attenuated oscillating signal. Some values of the parameters in Equation 17 are modified appropriately, and the effects of the signal length, noise signal, signal attenuation coefficient, and signal oscillation frequency on the two calculation methods are considered. The error is calculated as:
[image: image]
4.1.1 Impact of signal length on circuit parameter calculations
The circuit parameters are calculated using the attenuated oscillating signal [image: image] in the mixed signal from Equation 16. The effects of different signal lengths on the calculation results are considered. The circuit resistance and capacitance calculation results are shown in Tables 1, 2, respectively. The calculation errors for the resistance and capacitance based on the FFT are smaller, but these errors are influenced by the signal length. This is because the signal tends to be more sinusoidal in the steady state as the signal length increases. Therefore, the calculations based on the FFT are more accurate, but the Prony algorithm is less affected by changes in the signal length.
TABLE 1 | Effect of signal length on the resistance calculations.
[image: Table 1]TABLE 2 | Effect of signal length on capacitance calculations.
[image: Table 2]4.1.2 Effect of noise on the circuit parameter calculations
The same attenuation oscillatory signal [image: image] is used to consider the impact of noise on the circuit parameter calculations. Tables 3, 4 show that the resistance and capacitance calculation errors based on the FFT transform are smaller and less affected by noise changes, while the Prony algorithm is significantly affected by noise, and its error increases for smaller signal-to-noise ratios. This is because the FFT transformation is relatively stable and produces smaller errors when calculating resistance and capacitance, with a relatively small impact from noise. In contrast, the Prony algorithm demands a higher level of signal accuracy, and once disturbed by noise, it significantly affects the extraction of signal frequency components, leading to increased calculation errors. Particularly, as the signal-to-noise ratio decreases, the influence of noise on the Prony algorithm becomes more pronounced, resulting in a significant increase in errors.
TABLE 3 | Effect of noise on the resistance calculations.
[image: Table 3]TABLE 4 | Effect of noise on the capacitance calculations.
[image: Table 4]4.1.3 Signal attenuation coefficient effect on parameter calculations
The impacts of the attenuation coefficient on the circuit parameter calculations are shown in Tables 5, 6. The attenuation coefficient of the FFT-based resistance and capacitance calculations has a small impact. A smaller attenuation coefficient gives less computational error. When the signal attenuation coefficient is small, the signal tends to be a steady-state sinusoid; therefore, the FFT-based calculations are more accurate. The Prony algorithm is affected by the attenuation coefficient because large attenuations shorten the available signal duration and increase the errors.
TABLE 5 | Effect of attenuation coefficient on the resistance calculations.
[image: Table 5]TABLE 6 | Effect of attenuation coefficient on the capacitance calculations.
[image: Table 6]4.1.4 Effect of signal oscillation frequency on the parameter calculations
The impacts of the oscillation frequency on the circuit parameter calculations are shown in Tables 7, 8. The signal oscillation frequency does not significantly affect the FFT-based capacitance calculation but impacts the Prony algorithm-based capacitance calculations. This is because in the FFT algorithm, frequency components are averaged onto different frequency points, while the Prony algorithm can more accurately determine the frequency components of the signal. Therefore, in the case of complex or difficult-to-distinguish signal frequencies, the capacitance calculation using the Prony algorithm will be more significantly affected.
TABLE 7 | Effect of oscillation frequency on the resistance calculations.
[image: Table 7]TABLE 8 | Effect of oscillation frequency on the capacitance calculations.
[image: Table 8]A comprehensive analysis of the impact of the signal length, signal-to-noise ratio, attenuation coefficient, and oscillation frequency on the two calculation methods found the following. 1) The FFT-based loop resistance and capacitance calculations are affected by the signal length as longer signals gradually tend to be steady-state sinusoids. The noise greatly impacted the calculations, but the attenuation coefficient and oscillation frequency had no significant impact. 2) The Prony algorithm is significantly affected by noise, mainly in the parameter extraction algorithm. The impact of the attenuation coefficient and oscillation frequency are smaller, and the signal length has no impact.
4.2 PSCAD/EMTDC simulation verification
4.2.1 Introduction to the simulation and analysis model and parameters
A PSCAD was built based on the actual 10 kV capacitor bank as a simulation analysis model to verify the correctness of the quantitative extraction based on transient signals, as shown in Figure 7. The total simulation time was 5 s, the capacitor element breakdown time was 3.93 s, and the fuse time was 3.931 s (because it is shorter, so the component breakdown of the short-circuit state is negligible). The arc-canceling coil grounds the center point of the system. The capacitor bank is a single-star connection with an internal fuse structure and neutral point ungrounded operational mode.
[image: Figure 7]FIGURE 7 | Simulation model for the 10 kV capacitor breakdown.
The capacitor bank parameters are set as shown in Table 9. The [image: image] is the rated capacitance of the single-phase capacitor bank, [image: image] is the rated capacitance of the capacitor unit, [image: image] and [image: image] are the number of parallel and series segments of the capacitor bank unit, and [image: image] and [image: image] are the number of parallel and series components inside the capacitor unit.
TABLE 9 | Simulation parameters for the single star shunt capacitor bank.
[image: Table 9]4.2.2 Impact of the four influencing factors on the two calculation methods
The capacitance parameters are calculated using the traditional FFT and the proposed electric power perturbation feature method. The proposed method utilizes the Prony algorithm to extract the characteristic parameters of the attenuated oscillating signal. Some of the parameter values from Figure 5 are modified appropriately, and the effects of the sampling frequency, number of breakdown elements, signal length, and signal-to-noise ratio on the two calculation methods are considered. The error calculations are shown in Equation 18.
The following conclusions are made from Table 10. 1) The sampling frequency and signal length significantly affect the FFT-based capacitance calculations. As the sampling frequency decreases or the signal length increases, the signal gradually tends toward a steady-state sinusoid. The noise has a noticeable impact on the calculation results. 2) The Prony algorithm is also significantly affected by the sampling frequency and signal length, but the results are opposite to the traditional FFT. As the sampling frequency increases or the signal length decreases, the power disturbance characteristics are more obvious, and the noise has greater effects on the signal feature parameter extraction.
TABLE 10 | Comparison of the two signal analysis methods under various fault situations.
[image: Table 10]In addition, with an increased number of component breakdowns, the results of both algorithms change, which can be quantitatively analyzed to determine the specific number of component breakdowns.
5 CONCLUSION
This study focuses on the diagnosis of faults in parallel capacitor banks, using the Prony algorithm for quantitative feature extraction of transient disturbance signals, and based on the quantitative relationship between transient signals and capacitance to achieve the judgment of capacitor abnormalities. Experimental results show that high-frequency transient disturbance signals generated during capacitor switching or breakdown contain critical information about the capacitor’s condition, manifested as decay oscillations ranging from hundreds of Hz to kHz. Through multiple sets of numerical simulations and validation using PSCAD electromagnetic transient simulations, the accuracy and effectiveness of the method have been proven, providing new analytical tools and theoretical basis for the condition monitoring and health management of parallel capacitor banks.
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