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Abstract

:

Space charge measurement accuracy is crucial when assessing the suitability of cables for high-voltage direct current (DC) systems. This study assembled state-of-the-art analysis technologies, including time-domain deconvolution, to mark electric field estimation accuracy, which the present techniques achieve. The pulse electroacoustic method was applied to a 66 kV-class extruded cable, and waveforms were obtained and analyzed to reproduce the electric field distribution. The DC voltage was set to be sufficiently low so that the analysis results can be compared with Laplace’s equation. The statistical analysis of 81 waveforms under a DC voltage of 30 kV showed that the estimation accuracy was −0.3% ± 19.9% with a 95.4% confidence interval, even with the deconvolution parameter optimized. The estimated accuracy using the “reference” waveform is applied to waveforms at higher voltages since similar estimation accuracies were confirmed for waveforms obtained under a DC voltage of 45 kV.
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1. Introduction


Space charge accumulation and the resultant distortion of an electric field in cable-insulating walls are critical issues in polyethylene cables when used in high-voltage direct current (DC) transmission systems [1,2,3]. Although the space charge measurement has not been required in the test procedures for DC cables so far [4], its importance has been emphasized [5,6,7]. Along with the development of insulating materials for the high-voltage DC usage [8,9,10,11], space charge measurements have been applied to 500 kV-class cables with a 23 mm insulation thickness [12,13]. However, technological issues continue to make the data analysis difficult. The electric field distribution estimated by the space charge waveforms is sometimes unstable. This is because the impulse response (IR) of the observation system convolutes the observed waveform to distort its shape. Thus, deconvolution processing is applied to resolve the distortion. However, the convolution is expressed by the Fredholm integral equation of the first kind, and the analysis deals with ill-posed problems. Therefore, numerical low-frequency oscillations are frequently provided for distributions in the charge and electric field; an example is shown below. These numerical components in the waveform become unstable when the pulse signal width is much shorter than the insulation wall area. Such situations occur when the space charge measurement is applied to full-sized cables [14] since the pulse generator used has a short pulse width to fit its development process.



The analysis began by optimizing the deconvolution parameter so that one waveform can accurately reproduce the electric field distribution [15]. However, this process does not guarantee the accuracy of the analysis in other waveforms due to the abovementioned analysis instability. The analysis error range must be evaluated; however, little attention has been paid to the accuracy of space charge data analysis. This study employed a statistical method for evaluating the direction of the analysis results under a renowned experimental condition. The importance of the uncertainty estimation is highlighted for space charge waveforms observed for power cables. Such waveforms provide several insights, such as the field enhancement in long-term operation, and the knowledge acquired can be reflected in cable insulation design. This study proposed a method for evaluating the accuracy of space charge data analysis.



Several data processing techniques have been developed for analyzing space charge waveforms. Among the data processing techniques, the deconvolution technique has been recently updated to mitigate the aforementioned low-frequency oscillations by performing the data processing in the time domain [16], which has been developed in chemical and audio engineering [17,18,19]. Although time-domain deconvolution of space charge data has been reported [20,21,22,23], its robustness has only recently been acknowledged. Additionally, physical signal damping of space charge waveforms has also been investigated. Examples include diffusion due to the cable’s cross-sectional geometry, attenuation during the signal propagation through the insulation wall, and the effect of temperature gradients [24,25,26,27,28]. This study assembled such evaluation metrics to mark the estimation accuracy of the current technology. The accuracy evaluation reveals the key factors that arise from the analysis error range and is expected to show a direction for the analysis to become more sophisticated.



This study only deals with a simple situation where charges are induced only in inner and outer semiconductor screens and no space charges are accumulated. To detect such simple data, low DC voltage was applied and no temperature gradient was applied to a 66 kV-class extruded cable. This study concluded that the so-called “reference” waveforms were suitable for accuracy estimation. The proposed method does not require any additional measurements because such waveforms are acquired in a regular test scheme.



All measurements were carried out for the situation where charges were induced only at the electrode/insulation interfaces. However, the procedures are the same even for situations where charge accumulation occurs because analytical procedures cannot discriminate the charge origin. It follows that the analysis accuracy evaluated in this study is expected to be adopted for such latter situations. For this reason, the experimental scheme described below is referred to as the “space charge measurement”.




2. Methodology for Accuracy Evaluation


2.1. Basic Concept


Figure 1 shows the method for obtaining space charge waveforms from a regular measurement scheme to evaluate the analysis accuracy. The observation of space charge waveforms is performed under the two voltage conditions, VL and VH, and the system’s IR is extracted from the waveforms obtained under the VL condition. The basic concept of the accuracy evaluation is as follows:



	
The accuracy evaluation is performed for field distributions estimated from waveform analyses. The field calculated for a coaxial cable using the Laplace equation is considered a reference for comparison.



	
The aforementioned accuracy evaluation provides the maximum error range of the analysis because higher DC voltages provide improved signal-to-noise ratios in the waveform.



	
The optimum IR of the system can be observed in the waveforms obtained under the VL condition. This provides an optimum analysis close to the Laplace field for waveforms observed under both VL and VH conditions.







2.2. Evaluation Flowchart


Figure 2 shows the computational flowchart for evaluating the estimation accuracy. The flowchart is categorized into three stages, from optimizing the deconvolution parameters to evaluating the estimation accuracy by analyzing waveforms obtained under the VL and VH conditions. The main flowchart begins with the selection of a waveform, v, obtained under the VL condition. The waveform v is in the form of a train of nanosecond pulses detected along the radial direction of the cable insulation wall. In the first flowchart stage, the pulse observed near the detector is regarded as an IR, which is extracted using a Tukey window. This stage performs the following time-domain deconvolution based on Tikhonov’s regularization [29]:


v′ = (tHH + λI)−1Hv



(1)




where H is the system response matrix obtained by shifting IR with an appropriate time interval, λ is the regularization parameter, I is the identity matrix, and t is the transposing operator. To optimize λ, loop computation was introduced by minimizing the assessment function in the L-curve method [30]. The deconvolution result, v′, is convoluted using a Gaussian-shaped pulse to obtain Gv′, and its norm is used for the assessment. To obtain the optimum tail position of the IR, the loop computation is doubled.



Further Gv′ correction is required as the ultrasonic waves generated within the insulation wall are partly attenuated by geometrical diffusion due to the cable curvature, and partly by dissipation when traveling through an insulator. The frequency spectra of charge pulses induced at the outer and inner screens are compared. The recovery function, f, for conducting data correction is the reciprocal of the comparison result. This process is consistent with a previous report [25].



In the second flowchart stage, the analysis accuracy is evaluated by applying the optimized deconvolution function (tHH + λI)−1H to several waveforms, v, observed under the VL condition. The deconvoluted results are integrated into the radial direction to compare with the Laplace field. Two parameters are introduced for evaluation: one is the coefficient of determination (R2), and the other is the error rate, which is the ratio of the estimated electric field to the Laplace field along with the insulation thickness. The electric field is estimated by integrating kf(Gv′), where k is the quantity needed to transform the piezoelectric outputs to the charge amount. The k-value is determined so that the double integration of kf(Gv′) matches the applied voltage at the inner screen position. In the last flowchart stage, which conforms to the second item of the basic concept, the evaluation result obtained in the second stage is verified as to whether it can be adapted to the v observed under the VH conditions.



The aforementioned evaluations are repeated by changing the IR of the system. This operation is represented by the first loop in the flowchart and conforms to the third basic concept.





3. Experimental Procedure


The cable used for the space charge measurement was a polyethylene-insulated extruded cable manufactured for a rated alternating current voltage of 66 kV. The cross-sectional area of the cable’s conductor was 150 mm2. The inner and outer diameters of the insulation were 16 and 34 mm, respectively. The length of the cable was approximately 1.5 m. Figure 3 shows the schematic of the setup following the pulsed electroacoustic method [31,32] adopted for the cable structure [33,34]. Parts of the cable jacket and outer conductor were removed from the measurement point to attach an acoustic coupler to the outer screen and to apply square pulses. The rest of the cable serves as a coupling capacitor through the inner conductor to apply most of the pulse voltage to the measuring point [34]. Charges induced by applying the DC voltage receive a Coulombic force to generate ultrasonic waves, and their train is detected using a piezoelectric device. A DC voltage of VL = 30 kV is applied to the inner conductor so that the maximum electric field matches with the experimental condition for ‘reference measurement’ described in [15]. Another voltage VH was set to be 45 kV. A coaxial cable-based Wagner-type pulse generator [35] was handcrafted to apply square pulses with a 110 ns width and 1.5 kV voltage to the measurement point under a 50 Hz frequency. Both leading and trailing edge times of the pulse were approximately 20 ns. The limited cable length serves as the lumped capacitance, and the reflection of the pulse at the cable end can be ignored. Under both the VL and VH conditions, no space charge accumulations were observed. All measurements were conducted at room temperature.



The detector setup comprised a polymer coupling architecture [36] and a piezoelectric device made of polyvinylidene fluoride sheet with a 110 μm thickness. The detected signals were amplified by 60 dB (Spectrum SPA 1232) and obtained by averaging the waveforms 512 times using a digital phosphor oscilloscope (Tektronix MDO 4104–6). Under the VL, VH, and grounded conditions, nine waveforms were obtained. The VL data were subtracted from the grounded data to generate 81 v waveforms. This subtraction also canceled out any unwanted background signals [37]. A similar treatment was given to the VH data. The validation of the number of waveforms will be provided in Appendix A.




4. Results and Discussion


4.1. Optimization of Deconvolution Parameters (The First Stage of the Evaluation)


Figure 4 shows examples of the raw waveforms observed via measurement. Acoustic pulses were observed from the outer to inner screens, as they were detected at the time t = 0 and 4.8 μs, respectively. A latter acoustic pulse was also propagated to the detector’s opposite direction and was reflected at the conductor interface to be detected at t = 5.5 μs. This study mainly adopts such analyzer-friendly time-scale representation. Examples of the analysis results using this subtracted waveform v are shown below.



Data analysis began by extracting the pulse from the outer screen and its classification as the IR. The optimization searched for the best parameters needed to perform deconvolution against v. Figure 5 shows examples of the deconvolution results obtained by changing the regularization parameter, λ, while fixing the tail position at t = 4.39 μs. A Gaussian pulse, G, with a 220 ns full width at half maximum was used for the convolution. The low-frequency oscillation was confirmed when the deconvolution was performed in the frequency domain, whereas it was suppressed when the computation was performed in the time domain. Figure 5 also shows the attenuation correction result, f(Gv′). The analysis hereinafter excluded the reflection observed at t = 5.5 μs.



Each waveform depicted in Figure 5a was integrated along the radial direction to obtain its field and potential distribution, as shown in Figure 6. The field is enhanced near the screen when λ = 0.22, whereas it is enhanced in the bulk area when λ = 2.8 × 10−4. Such field enhancement is due to the slight heave in charge distribution, as shown in Figure 5a. The field distribution depicted in Figure 6a is consistent with the Laplace field under an R2 value of 0.30 when λ = 0.22 was used. The error rate was estimated to be 0.42% ± 63% from its average and the standard deviation along with the insulation thickness. The R2 value was 0.98, with an error rate of 1.0% ± 2.6% when λ = 5.0 × 10−4 was used. The R2 value is just an arithmetic index, but it is beneficial for optimization because it only requires the consideration of single parameters. The potential distribution experienced a minor distortion, as shown in Figure 6b, because the value at the inner screen was set to match with VL. The error rate of the field estimation was highlighted to be 16% ± 30% when the waveform obtained for the traditional frequency domain was used, although this is not shown to avoid complexity.



The L-curve method indicated that the optimum value existed around λ = 5.0 × 10−4, although this is not shown to prevent complexity. Various λ values were used to calculate the R2 and error rate of the field distribution; Figure 7 shows the results. The error rate was at its minimum for both the average and standard deviations when the R2 value was at its maximum. The optimum λ value was slightly lower than that indicated by the L-curve, similar to the case reported in [23].



The analysis was also repeated by changing the IR’s tail position. The λ value in each tail position was optimized, and the estimated field distribution was compared with the Laplace field; Figure 8 shows the result. Moreover, the best field distribution was obtained by setting the tail position to t = 4.39 μs. Under this condition, the error rate shows its minimum value for the average and standard deviation.




4.2. Accuracy Evaluation for VL Data (The Second Stage of the Evaluation)


Field distribution analysis was performed for 81 waveforms obtained under the VL condition using the optimized IR described above. Figure 9 shows some analysis examples. The estimated field is consistent with the Laplace field, with an error rate of 0.8% ± 12.0% and a 95.4% confidence interval of 0.8% ± 24.1%. These results demonstrate a certain degree of uncertainty when estimating the electric field distribution, even though the analyzed waveforms were obtained using the same method as the “reference” signal.



Such a range of error rates can be explained by error propagation. Average error rate values along the insulation thickness were recorded for each analysis result, and the histogram representation (Figure 10) showed a dispersion of 0.8% ± 6.7%. The histogram for the standard deviation of the error rate along the insulation thickness showed a deviation of 9.2%. The root-sum square of the two deviations is 11.4%, and double its value is close to the confidence interval. The results indicate that the error introduced along each electric field distribution has a significant impact on the uncertainty. The heaving remained in the field distribution, as shown in Figure 9. Its mitigation is considered the key factor in advancing the analysis.




4.3. Accuracy Evaluation for VH Data (The Third Stage of the Evaluation)


Field distribution analyses similar to those performed under the VL condition were performed for 81 waveforms obtained under the VH condition using the optimized IR described above, and the confidence interval of the estimation was 2.4% ± 22.9%, which is consistent with the result obtained in the second stage. This shows that the estimation accuracy evaluated using the “reference” waveform can be adapted to waveforms observed under higher voltage conditions.




4.4. Accuracy Evaluation in Various IRs


All the aforementioned analyses were performed on the basis of the IR extracted from the waveform depicted in Figure 4. Several evaluation stages were repeated for the other 80 subtracted waveforms, and their analysis accuracies were evaluated. Figure 11 summarizes the results. The bars in Figure 11a represent the confidence interval areas. The general trend demonstrates that the accuracies estimated for the VL data are almost similar to those estimated for the VH data. This again demonstrated that the estimation accuracy can be evaluated using only the VL data. The confidence interval width narrowed as its center value approached the origin. Such a relation is reproduced in Figure 11b to increase visibility. The results indicate that the ideal IR provides both a low estimation error rate and a narrow confidence interval width. The best response obtained in this study had a confidence interval of −0.3% ± 19.9%.



The findings of this study have practical applications in cable testing. The testing voltage, VH, is selected to be high enough to possibly induce space charge accumulation in the insulation. However, the analysis of accuracy cannot be performed for such data because the field distribution itself is the subject of investigation, and the waveforms obtained are distorted. The proposed evaluation flowchart is still applied in such a situation because the accuracy evaluation can be assessed using only the VL waveform.





5. Conclusions


This study employed space charge measurement to evaluate the electric field in cable insulation, and to mark the estimation accuracy of current analysis techniques. A computational program that only requires “reference” waveforms acquired in a regular measurement scheme was constructed. Space charge waveforms were observed by applying a DC voltage, VL, of 30 kV to a 66 kV-class extruded cable. Under the viewpoint of the 95.4% confidence interval, the error range of analysis of the electric field was found to be −0.3% ± 19.9% against the estimated value, even after optimizing the deconvolution parameter. The error analysis revealed that the heaving in the estimated field distribution remained and affected the estimation accuracy.



The accuracy estimated using the “reference” waveform was effective for waveforms observed at higher voltages; thus, the accuracy estimated using the “reference” waveform is expected to be effective even when the test voltage is high enough to induce space charge accumulation and field distortion.



Future study will be conducted for situations where the temperature gradient across the insulation requires additional addressing with regards to signal attenuation. The accuracy evaluation is expected to be reflected in cable insulation design to reduce the margin against uncertainty and to contribute to the economic benefits.
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Appendix A


Figure A1 shows the accuracy of the electric field distribution as a function of the number of waveforms analyzed. The IR used herein was the one optimized in Section 4.1. The field distributions described in Section 4.2 and Section 4.3 were used for the analysis. The averaged value of the error rate achieved its convergence when the number of waveforms was larger than approximately 40. The standard deviation represented by the error bar was almost consistent for the number of waveforms. The analyzed group includes 81 waveforms, which were confirmed to include all the distortions concerned.





[image: Energies 15 04920 g0a1 550] 





Figure A1. Variations in the error rate of the electric field distribution, obtained by changing the number of waveforms analyzed. The circles and triangles represent the results obtained for waveforms under the VL and VH conditions, respectively. The error bar represents their standard deviation. Plots were horizontally shifted to increase visibility. 
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Figure 1. Schematic of the measurement schedule. Waveforms obtained under short-circuited and voltage-applied conditions are subtracted to create the data to be analyzed. 
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Figure 2. Flowchart for evaluating the analysis accuracy. 
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Figure 3. Cross-section schematic of the space charge measurement for a cable based on the pulsed electroacoustic method. 
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Figure 4. Acoustic waveform examples for voltage-on and -off conditions. The waveforms were vertically shifted to increase visibility. The arrow represents the tail position of the IR used for analysis in Figure 5, Figure 6 and Figure 7. 
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Figure 5. Results of the deconvolution performed on time domain (a) and frequency domain (b) obtained for the subtracted waveform shown in Figure 4, where the tail of the IR is shown by an arrow. The deconvoluted pulse was replaced by the Gaussian shape to be represented as Gv′ with gray curves. Attenuation correction was superimposed to be represented as f(Gv′) with black curves. The waveforms in (a) were vertically shifted, and the horizontal line was inserted in (b) to increase visibility. 
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Figure 6. Estimated electric field (a) and potential (b) obtained by integrating the charge distribution shown in Figure 5a. The gray curve in (a) shows the field distribution calculated from Laplace’s equation. This curve was extrapolated to the inner and outer semiconductive layer areas to increase visibility. 
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Figure 7. The R2 value and error rate of the estimated field distribution against the Laplace field obtained by changing the regularization parameter, λ, for the IR used in Figure 5 and Figure 6. The error bar represents the standard deviation of the error rate along the insulation thickness. 
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Figure 8. R2 value and error rate of the estimated field distribution obtained by IRs optimized for various tail positions. The error bar represents the standard deviation of the error rate along the insulation thickness. 
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Figure 9. Examples of charge (a) and electric field distribution (b) estimated for several space charge data obtained by applying the DC voltage of VL. The gray curves in (b) represent the field curve calculated from Laplace’s equation. The 95.4% confidential interval area is also shown. These curves were extrapolated to the inner and outer conductive layer areas to increase visibility. 
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Figure 10. Histogram of the estimation accuracy of the electric field against the Laplace field evaluated for 81 waveforms obtained under the VL condition. 
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Figure 11. (a) Mutual relationship between the estimation accuracies of the electric field distribution estimated for the space charge waveforms, v, obtained for VL = 30 kV and VH = 45 kV. Each plot represents the accuracy evaluation results for the different 81 IRs. The error bars represent the width of a 95.4% confidence interval. The relationship between the mean and the confidence interval of the error rate under the VL condition was reproduced in (b) to increase visibility. 
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