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Abstract

:

Electrical arc fault detector development requires many tests to develop and validate detection algorithms. The use of artificial intelligence or mathematical transformation requires the use of consequential datasets of current signatures corresponding to as many different situations as possible. In addition, one of the main drawbacks is that these experiments take a great deal of time and are often laborious in the laboratory. To overcome these limitations, a virtual test bench based on the modeling of a modular 230 VAC electrical circuit has been developed. The simulated network is composed of different home appliances (resistor, vacuum cleaner, dimmer, etc.) and its configurations are those of single and combined loads. The fault modeled is an electric arc, modeled by active diode switching, which can be inserted at any point of the circuit. This arc model takes into account the random variations in the restrike and arc voltage. All the appliance models are validated by comparing the frequential (harmonic distortion) and temporal (agreement index) signatures of the measured currents in real situations to those obtained by modeling. The results obtained using the model and experiment network show that the current signatures are comparable in both cases. Further, two detection algorithms are tested on those current signatures obtained by the modeling and experimentation. The results are comparable and provide identical detection thresholds.
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1. Introduction


The detection of arc phenomena in domestic electrical installations is essential for home safety [1]. Many reports show that a significant number of fires are related to electrical problems (overcurrent, short circuit, insulation worst fault gold contacts, etc.) [2]. However, the new European Legislation (IEC62606) will make the use of fault detectors obligatory to prevent such faults [3,4].



Protective devices (arc fault circuit interruptor, AFCI) are placed upstream the power line, and the detection is often undertaken from the analysis of voltage and mainly the line current [1,3,4].



The development of arc fault detection algorithms also occurs from the analysis of the current signature (measured at the power supply level) by extracting the main features linked to the arc fault. It is therefore necessary to have as large a database as possible, covering as many fault situations as possible.



The experimental construction of such a dataset is time-consuming and complex. It is difficult, if not impossible, to cover all the arc situations (arc position, cable length, type of fault, etc.).



To overcome these difficulties, one solution is to fully model a domestic power network in which an arc fault is inserted at any point along the line. The experimental conditions can be changed very easily. It will then be possible to build up a very large dataset current signature and, above all, complete database of arc-current signals for the development of a detection algorithm.



Some authors have developed and presented many models of loads for load classification and power consumption [5,6,7]. In contrast, others have developed arc fault models to study the behavior of the arc and the electrodes [8,9,10]. However, the electrical behavior of the arc and the load in a domestic electrical network have not been thoroughly developed.



This article also presents a highly adaptable simulator platform (reproducing a domestic electrical network) composed of various household load models that can be assembled indifferently (single load and load combinations). Moreover, an arc fault can be inserted at any point of the circuit. This platform allows us to develop and evaluate algorithms for fault detection, thus enabling reduced development time.



Figure 1 shows a schematic diagram of an electrical installation where the line current and voltage are extracted to build a dataset rapidly. A wide variety of appliances can be connected with different circuit configurations (single or masking load) defined by the main standards (in normal operation or with an arc fault).



The loads can be in different operating modes (transient state, steady state, variable power, etc.). The line lengths can easily be modified. The series arc defect can be inserted at different positions. The simulation environment enables perfectly developing or evaluating the detection algorithm performances.



The modeling of the electrical circuit includes the supply sources, different domestic loads, and an arcing fault. The Matlab Simulink package was chosen as a software platform. The Matlab Simulink tool box provides a graphical interface for designing the models based on their physical and mechanical or electrical behavior. SimPowerSystems provides analysis tools and libraries of components for the modeling and simulation of power systems.



The article is organized as follows. In Section 2, the experimental test bench is described as well as different load connection configurations. In Section 3 of the article, a series arc fault model is proposed.



Each model is validated from experiments with real loads. To achieve a perfect coincidence of the measured and simulated current signatures as well as in the time and frequency domains, a comparison is realized by analyzing the THD (total harmonic distortion) and the index of agreement (d) [11].



Then, the domestic load models based on a universal motor (vacuum cleaner and drill) and arc fault are presented.



In the last section, the detection performance of two algorithms is evaluated by comparing the detection results from the experimental current signatures and the signatures obtained from modeling. The first detection algorithm is based on the correlation and the second on the evolution of the crest factor. The circuit considered is that of combined loads in the presence of an electric arc in series in the line, a configuration for which the detection is more difficult to achieve [1,12,13,14,15,16,17,18,19,20].




2. Experimental Measurements


Laboratory test platform (Figure 2) is composed of arc fault generator, a carbonized wire support, oscilloscope, current and voltage probes, power source control, and power outlets to connect different loads. A series arc fault is generated using carbonized path (Figure 3) between two domestic copper wires (IEC 62606 standard) [4] and a domestic power supply (230 V–50 Hz). Carbonized path method is based on a cable insulation damaged by a 12 kV transformer, which provides 30 mA current source [21].



Data acquisition (current and voltage) is carried out by a Lecroy oscilloscope WavePro 950, Nancy, France with a sampling frequency of 20 kHz. The arc voltage is also measured in order to confirm and measure the arc presence. Table 1 shows the probe characteristics.



American (UL 1699) [3] or European (IEC 62606) [4] standards define the requirements and all standard tests to be performed, the circuit configurations, as well as the procedure to follow for the testing of the protection devices. Table 2 summarizes the main characteristics of domestic appliances tested in this work.



To test the effectiveness of our model, this article focuses on the configuration of combined loads (see Figure 4). An arc can appear between two domestic loads or upstream. These configurations are those for which the detection of the presence of an arc is the most difficult to achieve (masking load).




3. Fault Modeling


3.1. Arc Fault Model


Several authors have presented in the literature arc fault models based on physical and electrical behavior [22,23,24,25]. However, an electrical arc is a non-linear and time-varying phenomenon. This article proposes an arc model that takes into account the evolution over time of positive and negative restrike voltages.



Current and voltage measured signatures are represented in Figure 5 when an arc is in series with a resistive load, where, after zero-crossing, the voltage increase will cause the ionization of the isolator. An arc is produced when voltage reaches the restrike value. This value may vary greatly from one cycle to the other and depends on the gap width, the surface condition of the electrodes, the temperature, and the presence of ionized air [1,22,24].



Figure 6 shows the measurement of arc and restrike voltage for 4 home appliances (Load 1, resistive; Load 2, vacuum cleaner; Load 3, dimmer; and Load 4, masking load) in Table 2. In the case of Figure 6, Load 1 shows the measured restrike voltage behavior and the arc voltage evolution when an arc is produced in series with a resistive load from an experimental test. In this figure, arc voltage does not have the same value over time (variation between 25 and 30 volts), restrike voltages for positive and negative half cycles are not identical for the same period, and there is a random variation in the values of restrike voltages over time.



The experimental results show a random variation in the restrike voltage for all appliances in Table 3. The lowest values are obtained for a resistive load (+/−8.6 volts). The highest values are therefore obtained for the dimmer. For this appliance only, the restrike voltage increases throughout the experiment. The evolution of the standard deviation of the restrike voltage appears to be related to its mean value and increases as the mean value of the restrike voltage increases.



In the case of universal motor loads (vacuum cleaner), the voltage values obtained are higher; the average value is approximately equal to 48 V.



All these remarks have led us to take into account in the proposed arc model only the random variation in the restrike voltage. Furthermore, two different values for the arc voltage are considered:   V p   and   V n   for the positive and negative alternance.



The model proposed in this work is based on two DC sources connected opposite in series with a diode [24] and a voltage source (  V p   or   V n  ) representing the arc voltage. Figure 7 shows the model proposed to generate an arc fault in electric line. For the restrike voltage, a control circuit is designed by using (1). When the line voltage reaches the restrike voltage (  V r  ), the switch (  S 1   for the positive alternance or   S 2   for the negative one) is closed so the current flows across the arc circuit. Restrike voltage   V r   can be set differently depending on the positive or negative half cycle. The inductance L introduces a phase shift, related to the impedance of the arc.


   V r  = V  r  a v g   + V  r  s t d   × X ,    ∀ X ,   − 1 ≤ X ≤ 1  



(1)




where   V r   is the restrike voltage,   V  r  a v g     is the average value, and   V  r  s t d     is the standard deviation value of restrike voltage; X is the random variation between −1 and 1.



Due to the random behavior of arc fault, the restrike voltage as well as the arc voltage values are measured and their evolution in time is estimated. Therefore, the value to be considered in the model is estimated from the variations in the average measured value and the standard deviation obtained in the measurements of restrike and arc voltage; this value is represented in Equation (1).



The voltage values included in Figure 6 are provided in Table 4.



Figure 8 shows the high similarity over 1 s between the signatures of the arc fault current obtained by simulation and measurements.




3.2. Model Validation


Electrical signatures can be defined primarily in terms of shape and frequency. The waveform is the main difference between different loads. Moreover, these differences can be expressed in terms of periodic functions as a combination of integer frequencies. The verification of the agreement between measured and simulated signals is performed in the frequency domain (total harmonic distortion, THD) and time domain (index of agreement, “d”) [11]. The THD is defined as the ratio of RMS values for the total harmonics and the RMS value of the fundamental component (  h 1  ), according to (2).



Detection methods for electric arcs often rely on low- and high-frequency analysis, utilizing wavelet and Fourier transforms [26,27,28,29]. These techniques enable the examination and extraction of frequency ranges concerning the behavior of the arc, such as re-ignition of the discharges, formation of the arc spot in the electrode, or energy produced in the hot surface. As the objective is to recreate the waveform accurately, the electric arc model proposed provides low-frequency behavior.



To validate the frequency domain, it is essential to thoroughly analyze all signals within the low-frequency domain, where, considering that the signals have been acquired at a frequency of 10 kHz, the analysis of the proposed THD value performed up to 1 kHz, corresponding to the 20th harmonic.


  THD % =       ∑  n = 2 , 3 , 4  20   h  n  2      h 1    × 100 %  



(2)




where   h 1   is the first harmonic value and   h n   is the second to twentieth harmonic value.



The index of agreement (d) [11] is calculated by using (3), which permits evaluating the similarity between the simulated value “P” and the measured value “O”.


  d = 1 −      ∑  i = 1  k    (  O i  −  P i  )  2       ∑  i = 1  k     |   P i  −  O ¯   | + |   O i  −  O ¯   |   2       



(3)




where   P i   is simulated value,   O i   is the measured value, and   O ¯   is the median value of measured signal.



A value for “d” higher than 0.9 will provide good agreement between the measured and simulated signatures.



The estimation of d is completed from the signals represented in Figure 9; each point corresponds to the calculation on a half-period of the current signal. The time concordance is correct, as shown by the high value of d (greater than 0.98).



The frequency agreement is good, as shown by the results in Figure 10. A small variation in the THD is nevertheless observed for the measured signals, unlike the simulated signals. There is also an underestimation of the THD for the modeled signals.





4. Load Modeling


4.1. Vacuum Cleaner Based on Universal Motor Model


The domestic installation to be modeled consists of a main power supply (220 V–50 Hz) and domestic load model [30,31,32,33,34]. Unlike some conventional models from the literature that are interested in studying the evolution of the mechanical properties (torque evolution…) [35,36,37], the model presented accurately reproduces the waveform of current and voltage input.



Domestic appliances such as vacuum cleaner or drill machines are composed of a universal motor whose models are based on the equations of an electrical and mechanical equivalent circuit [37,38,39]. To improve the performance of these models, two blocks are added to take into account the torque and power variations, represented in Figure 11.



Equations (4) and (5) represent the different equations for modeling electrical and mechanical parts:




	
The electrical part:


  u  ( t )  −  (  L a  +  L f  )    d  d t    i  ( t )  − e  ( t )  =  (  R a  +  R f  )  i  ( t )   



(4)







	
The mechanical part:


   T e   ( t )  =  T L  + D ×  w m  + J   d  d t     w m   



(5)




where   R a   and   R f   are rotor and stator winding resistance,   L a   and   L f   are rotor and stator winding inductance,   i ( t )   is the current, J is the inertial moment, and   w n   is the angular velocity.








For a vacuum cleaner, the load torque varies directly with the square of the angular velocity according to (6) [35,40].


   T L  =  T  L 0   +  K T  ×  w  m  2   



(6)




where   T L   is the load torque,   K T   is the torque constant, and   w m   is the angular velocity.



Figure 12 represents the electrical modeling of the motor in Matlab inserted on the line.



For a drill that is piercing, the load torque increases and the velocity decreases according to (7).


   T L  =  T  L 0   +    K T   w m     



(7)




where   T L   is the load torque,   K T   is the torque constant, and   w m   is the angular velocity.




4.2. Simulation Result for a Vacuum Cleaner Model


The experiments are conducted using a Philips FC9302 230 V—50 Hz vacuum cleaner, Nancy, France whose parameters are described in Table 5.



The appliance is modeled using Matlab Simulink and the electrical network by SimPowerSystem. Figure 13 shows the appliance model in Matlab Simulink.



Current signatures of the measured (Figure 14) and modeled (Figure 15) signals for a vacuum cleaner are presented. The similarities among the waveforms between the two signatures are presented in Figure 16 with the calculus of the index of agreement. The current–voltage curves are also similar. These results show a very good agreement with a value of d higher than 0.97.



Frequency analysis provides a THD equal to 65% for the modeled current and a value of 72% for measured current (see Figure 17), which show a good concordance between the measured and simulated current. This difference can be due to harmonics produced by the power electronics switching.





5. Combined Loads


The next step is to verify that the signatures of the measured and simulated line currents are identical for a circuit with combined loads. The UL 1699 [3] and IEC 62606 [4] specify the combined load configurations when using a vacuum cleaner and a resistive load for testing. Load is shown in Table 2.



5.1. First Configuration (Arc Upstream)


The first combined load configuration involves an arc in series with the vacuum cleaner and a resistive load (Figure 18).



The high value for “d” equal to 0.9 shows a very good performance between modeled and measured current signatures. The variation in d comes from the random nature of the arc, by definition difficult to reproduce identical to the real arcing current signature (Figure 19).



In this configuration, the THD obtained from the modeled signal (around 12%) is reduced compared to the measured signals (around 17%) (Figure 20). But, the results remain the same order of magnitude. These differences in frequency and time domains are mainly due to the impedance variations phenomenon produced in the impedance of the carbonized path. The deterioration in the insulation causes variations in the electric arc impedance and even in some particular conditions the appearance of glowing contacts.




5.2. Second Configuration (Arc Between Two Home Appliances)


The second configuration involves the vacuum cleaner load connected with an arc in series with the resistive load (Figure 21). Current signatures of second configuration are observed in Figure 22 for measured signal and Figure 23 for modeled signal.



In the presence of an arc, the index of agreement gradually decreases in time from 0.97 to 0.9, as shown by the results in Figure 24. Nevertheless, these results (  d > 0.9  ) show that the modeling provides good performance. For frequency analysis, the results are more reduced in the presence of an arc fault. The THD calculated from modeled signals remains sensibly constant over time and does not exceed 8%. For experimental measurements, THD values vary and stabilize around 15% but remain higher than those obtained by simulation (Figure 25).



Fluctuations observed in the measured signal correspond to a transition phase (from the initiation to the stabilization of the arc), during which the arc characteristics change over time. Our model meanwhile does not take into account this phenomenon.





6. Detection Test


To test the robustness of the house appliances and the arc fault models, two detection algorithms are tested by comparing results obtained by simulation (Matlab Simulink) and experimentation.



Different arcing fault detection approaches have been proposed in the literature with algorithms based on frequency, time or time/frequency analysis, or on machine learning such as discrete wavelet analysis (DWA) [12,13,14,15,16,17,41,42,43,44] and artificial neural network (ANN) [18,19,20,45,46,47,48]. In this article, arc detection with a correlation method and the crest factor is tested.



6.1. Correlation Method


This method is based on the random behavior of an arc-current signature. The calculus of the correlation coefficients, according to (8)), occurs between two following periods regarding current signature [20,49].


   r  x y   =      ∑  i = 0  N   (  x i  −  x ¯  )  ·  (  y i  −  y ¯  )           ∑  i = 0  N   (  x i  −  x ¯  )    2   ·      ∑  i = 0  N   (  y i  −  y ¯  )    2        



(8)




where   x i   and   y i   are the two following periods of signal test,   x ¯   and   y ¯   are the median values of x and y, respectively, and N is the number of samples for one period.



The first configuration involves an arc in series with a vacuum cleaner and a resistive load. Figure 26 represents the average correlation coefficient value and standard deviation versus the number of tests. Each test comprises 10 current periods.



The variability in the results is represented by the standard deviation. In our case, the results show a very close approximation between the measured and modeled signals. To distinguish an arc fault, the threshold value can be placed at 0.65. During the normal operation, the measured and modeled currents have the same signature; the correlation coefficient value is very close to the value “1”.



On the contrary, when an arc occurs, the current signature tends to vary between two successive periods. This is proved by the low value of the correlation coefficient around 0.2 in Figure 26.



Finally, Figure 26 shows very good agreement between the detection results obtained from the measurements and from those models.



The second masking configuration (Figure 21) involves the vacuum cleaner load connected with an arc in series with the resistive load. Figure 27 shows the results for the correlation coefficient algorithm.



In this case, the results show a small difference regarding the algorithm responses between the measured and modeled signals. The difference is mainly due to random behavior of the arc fault current signatures. Also, to distinguish an arc fault, the same threshold value 0.65 can be retained.




6.2. Crest Factor Method


The second tested algorithm is based on the calculation of the revised crest factor (RCF) by using (9), which evaluates the wave distortion [50].


  RCF = CF × FF =    V  m a x    V  r m s     ×    V  r m s    V  a v     =    V  m a x    V  a v      



(9)




where CF is the crest factor, FF is the form factor, and   V  m a x   ,   V  r m s   , and   V  a v    are the maximum, root mean square, and average value.



According to (9), for a perfect sinusoidal signal, the value of revised crest factor equals to   π / 2   and in presence of an arc fault this value increases.



The results of Figure 28 and Figure 29 represent the RCF value of voltage versus the RCF value of current.



As no variation occurs regarding the voltage when an arc is produced, the RCF voltage is approximately 1.57. On the contrary, the RCF current value varies according to wave distortion of current.



The first masking configuration (Figure 18) involves an arc in series with the vacuum cleaner and resistive load. Figure 28 shows the RCF results for the measured and simulated signals; a very good similarity between the two results can be observed.



The two distinct zones shown in Figure 28 correspond to the results obtained without the presence of an arc (NO: normal operation) and in the presence of an arc fault (AF: arc fault).



The results obtained for measurements and without the arc model are very close (zone 1). As expected, in the presence of an arc, the current factor of RCF values increased and is between 1.7 and 1.8 in the case of modeling. In the case of the measured signals, the RCF value range is wider (1.7 to 2), although a majority of points have values between 1.7 and 1.85.



A detection threshold set at 1.65 on the RCF current must allow in this case a detection of the occurrence of an arc.



The second masking configuration (Figure 21) involves the vacuum cleaner load connected with an arc in series with the resistive load.



Figure 29 shows the crest factor algorithm results for the second configuration.



In this configuration, the results in the absence of the arc are very close. In the presence of an arc, the results show that the values obtained for the RCF factor are between 1.65 and 1.7 for modeling, and for measured signals the values are between 1.7 and 1.95.



These differences are due to the random behavior of arc fault signature and the acquisition noise in the measurement. However an optimum choice of the detection threshold is capable of determining the presence of an arc on the power line.





7. Conclusions


We propose in this work to free ourselves of long experiments in order to develop and test the effectiveness of algorithms for detecting the presence of the electrical arcs in a circuit. We have developed different models of home appliances (vacuum cleaner, drill, and power system) that can be assembled according to different configurations. To compare the theoretical and experimental results, this article chooses to compare the harmonic distortion (frequency domain) and index of agreement (time domain).



The arc model takes into account of the random value over time of the voltage level of restrike. The signing of the measured current coincides with that of the model. For combined loads (vacuum cleaner and resistive load), the arc is inserted between the two loads and in series with the resistive load. In the two cases, a good concordance in the calculation of the total harmonic distortion and a value of the index of agreement above 0.9 show also that the simulated curves are in good concordance with the experimental curves. Two additional tests on the comparison detection performance are presented.



The detection results performed on the experimental and simulated signals are very close. The choice of an optimum level (0.8 for the method based on the correlative analysis and 1.65 for the method based on the calculation of the crest factor) enables the detection of an arc in the electrical circuit. The main advantage of this system is the possibility to build many different configurations of the electric network by varying the number and type of loads. Furthermore, an arcing fault may be inserted anywhere in the electric line. Using modeling is a useful tool for development and testing regarding a reliable arc fault method of detection based on the supervision of the current and voltage at the main supply source.
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Figure 1. Architecture of proposed simulation environment. 






Figure 1. Architecture of proposed simulation environment.



[image: Electronics 13 04099 g001]







[image: Electronics 13 04099 g002] 





Figure 2. Laboratory test platform. 
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Figure 3. Sample of carbonized wires to test arc fault based on IEC 62606 standard. 
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Figure 4. Masking load circuit configuration. 
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Figure 5. Line voltage and current measured signatures (resistive load). 
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Figure 6. Re–strike voltage (red) and arc voltage (blue) measured for 4 different loads. 
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Figure 7. Electric–model of the arc fault. 
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Figure 8. Measured and simulated arc fault currents on a resistive load. 
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Figure 9. Index of agreement (d) of arc fault current on a resistive load (Load 1). 
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Figure 10. THD of arc fault current on a resistive load (Load 1). 
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Figure 11. Universal motor representation. 
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Figure 12. Universal–motor model. 
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Figure 13. Appliance model in Matlab Simulink. 
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Figure 14. Vacuum–cleaner measurement current signature. 
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Figure 15. Vacuum–cleaner modeled current signature. 
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Figure 16. Indexof agreement of the measured and modeled currents. 
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Figure 17. THD of the measured and modeled currents. 
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Figure 18. First configuration of masking load. 
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Figure 19. Evolution of the index of agreement (blue) results for first masking load configuration of Figure 18. 






Figure 19. Evolution of the index of agreement (blue) results for first masking load configuration of Figure 18.



[image: Electronics 13 04099 g019]







[image: Electronics 13 04099 g020] 





Figure 20. Evolution of THD results for first masking load configuration of Figure 18. 
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Figure 21. Second configuration of masking load. 
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Figure 22. Measurement current signature for second masking load configuration of Figure 21. 
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Figure 23. Modeled current signature for second masking load configuration of Figure 21. 
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Figure 24. Evolution of the index of agreement results (blue) for second masking load configuration of Figure 21. 
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Figure 25. Evolution of THD results for second masking load configuration of Figure 21. 
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Figure 26. Average correlation coefficient value for first masking load configuration of Figure 18. 
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Figure 27. Average correlation coefficient value for second masking load configuration of Figure 21. 
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Figure 28. Crest factor algorithm results for first masking load configuration of Figure 18. 
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Figure 29. Crest factor algorithm results for second masking load configuration of Figure 21. 
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Table 1. Probe characteristics.






Table 1. Probe characteristics.





	Load
	Voltage
	Current





	Model
	Lecroy PPe 20 kV
	Lecroy AP015



	Bandwidth
	DC-100 MHz
	DC-50 MHz



	Max. peak
	20 kV
	50 A










 





Table 2. Home appliance characteristics.
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	Load
	Description
	Value





	Load 1
	Resistance
	48.1  Ω 



	Load 2
	Vacuum cleaner
	1250 W



	Load 3
	Dimmer
	1000 W



	Load 4
	Vacuum cleaner + Arc fault + Resistance
	1250 W + 80.2  Ω 










 





Table 3. Statistical parameters for some loads.
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Load

	
Load 1

	
Load 2

	
Load 3

	
Load 4




	
Resistive

	
Vacuum Cleaner

	
Dimmer

	
Masking Load






	
Positive

	
Restrike avg [V]

	
85.78

	
124.44

	
167.56

	
148.46




	
Restrike std [V]

	
14.7

	
19.12

	
29.18

	
25.65




	
Arc avg [V]

	
23.03

	
47.47

	
28.98

	
44.54




	
Arc std [V]

	
2.61

	
21.04

	
9.99

	
9.72




	
Negative

	
Restrike avg [V]

	
−86.41

	
−116.92

	
−165.76

	
−142.85




	
Restrike std [V]

	
14.41

	
14.70

	
27.97

	
30.59




	
Arc avg [V]

	
−23.29

	
−48.88

	
−30.39

	
−47.52




	
Arc std [V]

	
2.81

	
19.34

	
4.25

	
13.72











 





Table 4. Characteristics of the tested loads.
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	  V  r  a v g     = 150 V
	  V p   = 25 V



	  V  r  s t d     = 30 V
	  V n   = 30 V



	R = 1  Ω 
	L = 300  μ H










 





Table 5. Vacuum cleaner model parameters.






Table 5. Vacuum cleaner model parameters.





	  R a   = 1.651  Ω 
	   J = 0.0001  Kg ×  m 2    



	    R f  = 1.164  Ω   
	   K = 0.45    V  rad / s    A   



	  L a   = 1.651 mH
	  T  L 0    = 0.22 Nm



	  L f   = 24.7 mH
	    K T  = 0.0145 ×  10  − 6    Nm   rad s     
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