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Abstract

:

The current study presents a novel approach to the selective identification and localization of voltage fluctuation sources in power grids, considering individual disturbing loads changing their state with a frequency of up to 150   Hz  . The implementation of the proposed approach in the existing infrastructure of smart metering allows for the identification and localization of the individual sources of disturbances in real time. The proposed approach first performs the estimation of the modulation signal using a carrier signal estimator, which allows for a modulation signal with a frequency greater than the power frequency to be estimated. In the next step, the estimated modulating signal is decomposed into component signals associated with individual sources of voltage fluctuations using an enhanced empirical wavelet transform. In the last step, a statistical evaluation of the propagation of component signals with a comparable fundamental frequency is performed, which allows for the supply point of a particular disturbing load to be determined. The proposed approach is verified in numerical simulation studies using MATLAB/SIMULINK and in experimental studies carried out in a real low-voltage power grid. The research carried out shows that the proposed approach allows for the selective identification and localization of voltage fluctuation sources changing their state with a frequency of up to 150   Hz  , unlike other methods currently used in practice.
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1. Introduction


One of the typical disturbances in power grids is voltage fluctuation [1]. According to the International Electrotechnical Commission (IEC) definition, voltage fluctuations are defined as fast changes of the instantaneous root mean square (RMS) value of voltage [2]. The occurrence of this phenomenon may lead to incorrect operation of other loads supplied from the same network that supplies the noxiousload [3,4,5,6]. If these loads are light sources, the voltage fluctuation can cause an obnoxious flicker [7,8], which may induce depressive or epileptic states. Incandescent and discharge light sources are the most sensitive to voltage fluctuations. However, research results from recent years show that LED lamps with built-in switching power supplies or supplied directly from the power grid are also sensitive to voltage fluctuations [9], which is also shown on the basis of a signal from a photodiode with a spectral sensitivity similar to that of the human eye [10,11]. Therefore, it is important to detect the voltage fluctuation [12,13,14], to locate voltage fluctuation sources [15] (e.g., by using histogram analysis for voltage fluctuation indices [16]; voltage fluctuation amplitude analysis [17]; kernel density estimation analysis for voltage fluctuation indices [18]; a multi-level perceptron neural network [19]; a Jacobian matrix for gradients of voltage amplitudes [20]; analysis of power of voltage fluctuations [21]; or analysis of active power changes [22]), and to eliminate disturbances caused by them [23].



Nowadays, appropriate steps to minimize voltage fluctuations in a power grid are undertaken when a complaint is filed by a power consumer. In this case, there is a need to identify disturbing loads in the power grid. Single-point methods for the identification of sources of disturbances are dominant in the literature (e.g., methods using analysis of interharmonic power direction [24]; analysis of the correlation of changes in the flicker severity and/or changes in the active and reactive power [25]; analysis of voltage/current harmonics [26]; analysis of the power of voltage fluctuations [21]; or analysis of active power changes [22]). However, in most cases, single-point methods only allow for one side (the power consumer or power supplier) to be determined at the point of common coupling, which is the main source of disturbance. Often, a multi-step iterative process is required to locate the dominant source of voltage fluctuations in the power grid. Multiple-point methods are characterized by greater diagnostic possibilities, which with the use of simultaneous measurements in the power grid allow one to determine the point of supply of the main source of disturbances in one step [16,17,18,19,20,27,28]. If many disturbance sources occur, then the identification of individual disturbing loads on the basis of one period of simultaneous measurements is possible only after eliminating the main source of disturbances. Moreover, the current solutions proposed in the literature do not allow for the identification of sources of voltage fluctuations that change their operating state with a frequency greater than the power frequency   f c   [29,30] (e.g., power electronic devices [31,32,33,34,35]). These disturbance sources can cause an obnoxious flicker, because in the demodulation process of the IEC flickermeter, the components of the modulating signal with the frequency   f i   in the band from   f c   to 3  f c   (associated with the disturbance source) become components of the flicker with the frequency    |   2  f c  −  f i    |   . The current methods of identifying sources of disturbance proposed in the literature do not differentiate sources changing their operating state with a low frequency from sources changing their operating state with a frequency greater than   f c   (e.g., in the case of two disturbance sources changing their operating state with a frequency   f i   and 2  f c  +  f i   current solutions proposed in the literature identify these two sources as one source and indicate only the supply point of the disturbing load, which is the most distant from the substation).



The current paper proposes a novel approach that allows for the selective identification and localization of many significant disturbance sources on the basis of one period of simultaneous measurement of the instantaneous voltage in the power grid. Localization is understood to indicate the supply point of the disturbance load. Identification is understood as the estimation of parameters associated with individual disturbance loads (e.g., by estimating the rate of changes in the operating state of individual disturbance loads). Identification allows a preliminary assessment of disturbance source types, and localization allows for the determination of which point in the power grid is supplied by a specific disturbance source. Selectivity is understood to indicate the supply point and parameters associated with particular disturbing loads. The proposed approach allows for identification of the supply point of a noxious load, considering the sources of voltage fluctuations changing their operating state with a frequency of up to 3  f c   (up to 150   Hz   for   f c   = 50   Hz   or up to 180   Hz   for   f c   = 60   Hz  ). The proposed approach uses a statistical assessment of component signal propagation of the estimated real voltage AM modulating signal. The implementation of the proposed approach in the existing infrastructure of smart metering allows for the individual source of disturbances in real time to be identified. The proposed approach is a complex concept, but the implementation of the algorithm in the smart metering infrastructure allows for the identification and localization of disturbing loads without expert knowledge. Currently, there are no solutions in the literature with the presented advantages of the proposed approach.




2. Algorithm for Selective Identification and Localization of Voltage Fluctuation Sources


The proposed algorithm for the selective identification and localization of individual voltage fluctuation sources is presented in Figure 1. The proposed approach consists of three main steps and is performed in an iterative process for 1 min intervals. In each iteration, first, the real AM modulating signal is estimated using carrier signal estimation according to the algorithm presented in Figure 2. A detailed description of the selected AM demodulation method, verification of its correctness, and its limitations are presented in [36].



In the next step, the estimated voltage modulating AM signal is decomposed using the enhanced empirical wavelet transform (EEWT) into N components. For individual i-th components, the fundamental frequency   f i   and the average of the amplitudes of voltage changes   A i   are determined (excluding outliers). The fundamental frequency   f i   is defined as the global maximum of the spectrum of the autocorrelation function of the i-th component signal. In the case of noisy non-stationary component signals, the estimation of the fundamental frequency should be performed for the spectrum after the regularization process using the moving average. The amplitudes of changes      k i    1   ,    k i    2   , …   of the i-th component signal are determined as a half of the difference between the values of local extremes separated by a period of time equal to at least 1/(1.5  f i  . The selection of the boundary for the distance between the adjacent extremes results from the quasi-periodic changes in the operating state of voltage fluctuation sources, so   f i   is the average fundamental frequency of the i-th component signal. Hence, the distance between the individual amplitudes      k i    1   ,    k i    2   , …   of the i-th component signal can have a deviation from the estimated value of 1/  f i   The mean   A i  (excluding outliers) of the amplitudes of changes      k i    1   ,    k i    2   , …   of the i-th component signal after filtration with a moving average filter with a cut-off frequency of 2  f i   is used to selectively identify sources of disturbances. Averaging with the exclusion of outliers is carried out to take into account the random nature of the real sources of voltage fluctuations and to exclude local changes resulting from switching processes. The correctness of the decomposition of the real voltage modulating AM signal and the determination of selected parameters associated with the influence of the i-th disturbing source is described in [37].



Finally, the selective identification and localization of voltage fluctuation sources are carried out by assessing the propagation of the i-th component of the modulating AM signal, assuming that the propagation of this component proceeds in the same way as the propagation of the resultant voltage fluctuation in the power grid (resultant modulation signal) [16,17,18,38]. The propagation of the resultant voltage fluctuation can be discussed with the use of the simple diagram shown in Figure 3. Without loss of generality, it is assumed that the impedance of the neutral line is zero, the transients in the circuit tend to zero, the supply voltage e(t) is undistorted, and the single-phase power system is considered. For the presented case, it is possible to use the representation of rotating vectors on the complex plane. Considering that voltage fluctuations are caused by disturbing loads that change their operating state, the impedance of a disturbing load can be described by the relation     Z  o b   ̲   t  =  |    Z  o b   ̲   t   |    e   j φ  t     . Based on the impedance, the admittance can be determined as     Y  o b   ̲   t  =  1    Z  o b   ̲   t     . Should the load be cyclically turned on and off, then the load admittance    |     Y  o b   ̲   t    | = |   1    Z  o b   ̲   t     |    cyclically changes from a value equal to 0 to a determined value   Y  o b   . For chaotic loads (e.g., arc furnaces) or loads equipped with additional soft-start systems, it is commonly observed that also after being switched on, the module and the argument of     Z  o b   ̲   t    or     Y  o b   ̲   t    are changed with time. For other power loads and the supply line, it is assumed that their impedance   Z l   is constant. In addition, for the impedance of individual line sections, it is assumed that their impedance modulus is proportional to the distance l.



Considering the assumptions and using Kirchhoff’s current and voltage law, the voltage at the load power supply terminals at the distance   l = a   is as follows:


    u  o b   ̲   ( t )  =      Z  o b   ̲   ( t )    U m    e   j ( ω t + φ  ( t )  −  γ z   ( t )  )        l  2       Z l  ̲    2  +      Z  o b   ̲   ( t )    2  + 2 l    Z l  ̲   ·    Z  o b   ̲   ( t )   cos  ( ψ − φ  ( t )  )      



(1)




where:


   γ z   ( t )  = arg       l    Z l  ̲   cos ψ +    Z  o b   ̲   ( t )   cos φ  ( t )   +       + j  l    Z l  ̲   sin ψ +    Z  o b   ̲   ( t )   sin φ  ( t )        .  



(2)







Equation (1) can be identified with amplitude and angle/phase modulation (AM-PM/FM) [39]. For a stiff power grid, the frequency change is usually not greater than ±50   mHz   [40]. Hence, simplifying for such power grid, the voltage fluctuation can be identified with amplitude modulation AM [41,42,43,44]. Equation (1) shows that the voltage fluctuation depends on the distance l. For l = 0   m  , the voltage amplitude is constant, so there is no voltage fluctuation. The greatest fluctuations occur for l = a   m  ; that is, at the point of supply of the disturbing load. The rate of the increase in the amplitude of voltage changes on the section from l = 0   m   to l = a   m   depends on the parameters of the supply line and the value of the load impedance seen from the terminals e(t). For loads supplied from the same circuit, not being the source of voltage fluctuations, at a distance of   l > a     m  , the voltage fluctuations are constant or are slightly suppressed by the supply line [16,17,18]. The discussed situation with a linear approximation of the dependence of the voltage fluctuation on the distance is shown in Figure 4. The propagation assessment for branching radial topology is carried out in the same way as for the assumed single-phase power supply circuit [16,45].



Assuming that the propagation of the modulating signal component proceeds in the same way as the propagation of the resultant voltage fluctuation in the power grid, the indication of the supply point of a noxious load is carried out by determining the distance   l  P i    for which the mean value of the amplitude changes in the i-th component signal (with a comparable fundamental frequency for selected measuring points) achieves its global maximum value.



The iterative process starts with N=1 (the number of decomposition signals associated with the individual voltage fluctuation sources) and is repeated with an increase in N until any two i-th component signals lead to the indication of the same supply point. N − 1 iteration is important in the process of locating supply points for disturbing loads. However, for the process of identifying (recognizing) disturbing sources, the N-th iteration can be used (or subsequent iterations with an increase in N), provided that for the fundamental frequencies of any two component signals whose propagation assessment leads to the indication of the same point, dependence:


   ∃  i , j ∈ 1 , … , N :  i ≠ j ∧  l  P i   ≈  l  P j        f i  =  2  f c  −  f j   ∨  f i  = n  f j    



(3)




is not satisfied, where   n ∈  1 , 2 , 3 , 4 , 5   ,   f c   is the power frequency, i.e., 50   Hz   or 60   Hz  . The dependence described by (3) for the fundamental frequency of any two component signals, whose propagation assessment leads to the indication of the same point, can result from an incorrect carrier signal estimation or an incorrect (redundant) decomposition of the modulating signal. A graphic representation of the process of selective identification and localization of voltage fluctuation sources is shown in Figure 5.



The algorithm performs selective identification and localization of disturbing loads on the basis of simultaneous recordings of instantaneous voltage values with a sampling frequency of at least 12   kHz   for the period of discrimination in which the influence of the disturbing source occurred. The sampling frequency of 12   kHz   results from the Kotelnikov-Shanon theorem and the necessity to consider the band of the signal up to the 40th harmonic of the modulating signal with the fundamental frequency equal to the maximum assumed rate of changes in the disturbing load state (the analysis up to the 40th harmonic results from the fact that in the case of an asymmetrical operating cycle of disturbance sources, the signal energy is concentrated around higher harmonics [37]). The selection of the period of discrimination that should be stored can be made dependent on the monitoring of the selected voltage fluctuation indicator. In the paper, the main consideration is a low-voltage network with a radial topology with branches (the topology most commonly used in low-voltage networks). Therefore, in the paper, the recording periods of instantaneous voltage values are stored when the short-term flicker   P  s t    at the end of the line is greater than 0.8. The adopted limit value results from the fact that the acceptable limit value of the indicator   P  s t    in the low-voltage network is 1.0 and considering the situation when voltage fluctuations may be suppressed by the capacitive nature of the line, resulting in a reduction in the   P  s t    value on the end of the line. In the future, the selection of the period of discrimination can be performed automatically by using the infrastructure of smart meters, which, within a separate structure of the power grid, will simultaneously record the instantaneous voltage values and store them in 10-min intervals (  P  s t    measurement period), if the indicator   P  s t    at the end of the line achieves the limit value. For the registered voltage samples, the algorithm presented in Figure 1 will be triggered, then the devices can delete recorded voltage samples from the memory and store in the memory only the result of the proposed algorithm.




3. Selected Configurations of Low-Voltage Networks


The research focused mainly on low-voltage networks, because the voltage fluctuations most often occur in them. Currently, most of the low-voltage networks in Poland are radial topologies with branches. The proposed approach was verified in experimental studies in a real power grid with the structure shown in Figure 6b and in simulation studies using the MATLAB/SIMULINK program, in which the network structures presented in Figure 6 were modeled.



Considering the negative impact of voltage fluctuations on other loads supplied from the same network as the disturbing load and technical limitations, experimental verification could only be performed in one network configuration. Therefore, additional simulation studies were carried out with consideration of many configurations of the low-voltage power network with the topology shown in Figure 6. The parameters of selected power networks presented in Figure 6 are presented in Table 1, Table 2, Table 3 and Table 4.




4. Verification of the Algorithm for Selective Identification and Localization of Voltage Fluctuation Sources


Simulation verification of the proposed algorithm for the selective identification and localization of voltage fluctuation sources was carried out for many power grid topologies, considering the influence of many disturbing sources that change their operating state with different frequencies. Considering the paper’s clarity, only five cases described in Table 5 were selected for each line presented in Section 3. Experimental verification of the proposed algorithm for the selective identification and localization of sources of voltage fluctuation was carried out for five cases described in Table 5 and for line 4.



The rates of changes in the operating state of disturbing loads in individual cases were selected in such a way that the adopted limit value   P  s t    = 0.8 was exceeded at the end of the line. The presented cases include the following:




	
identification of a “slow” voltage fluctuation source (changing its operating state with a frequency lower than the power frequency) and a “fast” voltage fluctuation source (changing its operating state with a frequency greater than the power frequency), which are supplied from the same supply point or a separate supply point;



	
identification of two “slow” sources of voltage fluctuation, which are supplied from the same supply point or a separate supply point;



	
identification of a “slow” source of voltage fluctuation and a “fast” source of voltage fluctuation, which result in a flicker of the same frequency and are supplied from a separate supply point.








For the selected frequency values, in most cases, it is impossible to correctly identify all the disturbing sources using other methods of voltage fluctuation source identification available in the literature. In the experimental verification, the source of interference was a 3   kW   convection heating system with the SSR-TRIAC control system (switching the heating system with a frequency of up to 50   Hz  ) and a 2   kW   convection–radiation heating system with the SSR-MOSFET control system (switching the heating system up to 150   Hz  ). In the simulation verification, the sources of voltage fluctuation were modeled as in the experimental verification to compare the results of simulation and experimental studies. In the research, disturbing sources were single-phase supplied, so all results presented in Section 4 are limited only to the phase in which the disturbance occurred. The presented approach can be performed in a similar way in the other phases, if voltage fluctuation occurs in them. In addition, a random operation of other loads supplied from the same network by random switching on and off of resistive loads up to 1   kW   at individual points   P 1  –  P 7   of the network was modeled in the simulation verification.



Figure 7 shows a graphical representation of the proposed approach for Case I for Line 1. The results for all cases considered are shown in Table 6, Table 7, Table 8 and Table 9. The individual tables present the simulation and experimental results (shown in brackets) of the proposed approach and compare them with other exemplary methods of identifying sources of voltage fluctuation using the statistical analysis of the rms value changes   δ V   [16,17,18,45] or the value of the short-term flicker indicator   P  s t    [24,25,46], which are currently used in real power grids to locate disturbing sources. Bold font with a grey background indicates the supply point of the disturbing load, which was determined using the proposed approach (columns and   A i  ) and the currently used methods (columns   P  s t    and   δ  V  m a x    , where   δ  V  m a x     is the maximum change in the rms value of voltage in the period of discrimination). Figure 8 shows a graphical representation that allows comparison of the proposed approach with other methods used in practice for Case I of Line 4 (numerical simulation research results for the power grid model in MATLAB/SIMULINK and experimental research results for the real power grid (LV network)).



The instantaneous voltage values at individual points in the network (the input data of the proposed approach) were recorded synchronously in the simulation variant and asynchronously with a 2   min   delay in the experimental variant. The asynchrony of the measurements in the experimental variant resulted from hardware limitations. It is worth noting that with the de-synchronization of the measurements in the experimental variant, there are visible problems in the correct location of the disturbing sources by the currently used identification methods. As a consequence, the currently used methods can incorrectly indicate a supply point of a disturbing load (see Table 9) when de-synchronization of the measurements occurs. Moreover, the currently used identification methods mainly allow one to locate the dominant source of disturbance. The problems of locating more sources of voltage fluctuation (especially in the case of the radial network) by the currently used methods of identifying the sources of voltage fluctuations are presentedin [16,17,18,38]. For the proposed approach, small de-synchronization (up to 2   min  ) of voltage measurements at individual points of the network does not cause problems in the correct location of disturbing loads. The proposed approach in each considered case allows the sources of disturbances in the power grid to be identified and for their supply point to be determined.




5. Conclusions


The current paper has presented a proposed algorithm for the selective identification and localization of the sources of voltage fluctuation in a power grid, which allows the determination of the supply point of individual disturbing loads. The presented approach first considers sources of voltage fluctuation, which change their operating state with a frequency greater than the power frequency. These types of disturbances are caused, for example, by power electronic devices, whose number in the power grid shows an increasing trend. Apart from the presented algorithm of selective identification and localization of disturbing loads, there are no solutions that would allow for the identification and localization of disturbing sources with the consideration of rapid voltage changes with a frequency of up to 150   Hz  .



The correctness of the proposed approach was verified in experimental and simulation studies. The research considered the branching radial topology common in low-voltage networks. The correctness of identification was verified for selected hybrid configurations of power networks in the considered topologies (network consisting of overhead and cable lines of different cross-sections and with different short-circuit power of the network and medium-voltage/low-voltage transformer). The considered sections of different line impedance and line nature can cause incorrect identification and localization of disturbing sources using the currently used statistical methods. This problem does not affect the accuracy of the proposed approach. The presented research results show that only the proposed algorithm for the selective identification and localization of voltage fluctuation sources allows the identification of voltage fluctuation sources and determination of their supply points with consideration of disturbing sources changing their operating state with a frequency of up to 150   Hz  . For disturbing loads that change their operating state with a frequency lower than the power frequency, there are problems with the correct identification of voltage fluctuation sources when using other methods used in practice for a stiff power grid with significant short-circuit power or for the measurement of de-synchronization at individual points in the network. In such a case, the proposed approach allows sources of voltage fluctuation to be identified (determination of the frequency of changes in the operating state of the disturbance source) and for their supply points to be determined.



The limitations of the proposed approach include the problem of correct identification of disturbing sources supplied from one point in the case of the relationship described by (3), which is closely related to the demodulation method used with carrier signal estimation. The second significant limitation may be the identification of sources changing their state with a comparable frequency because of the problem of correct division of the signal spectrum in the decomposition process with the use of the EEWT, which is described in [37]. The solution to the presented limitations can be the use of the decomposition method, in which the base signals will be a function describing the shape of voltage fluctuations caused by the influence of typical sources of voltage fluctuation in the power grid. The acquisition of base signals that require long-term recordings of instantaneous voltage values at many points in the power grid and the use of demodulation with carrier signal estimation will be the subjects of further research.
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Abbreviations


The following abbreviations are used in this manuscript:





	AM
	Amplitude modulation.



	EEWT
	Enhanced empirical wavelet transform.



	u(t)
	Instantaneous values of voltage.



	e(t)
	Instantaneous values of sinusoidal (undistorted) nominal supply voltage.



	   f c   
	Power frequency (50   Hz   or 60   Hz  )—nominal voltage frequency (carrier frequency).



	   f i   
	Estimated fundamental frequency of i-th modulating signal component in period of discrimination.



	     k i    j    
	Estimated j-th amplitude of i-th modulating signal component in period of discrimination.



	   A i   
	Mean of estimated amplitudes of i-th modulating signal component in period of discrimination (excluding outliers).



	N
	Number of voltage modulating signal components obtained using EEWT.



	l
	Distance from power station.



	   l  P i    
	Distance from power station of supply point of i-th disturbing load.



	   P  s t    
	Short-term flicker indicator.



	   P i   
	i-th supply point of loads in the power grid.



	   Z l   
	Line impedance per unit length.



	    Z  o b    t    
	Load impedance at time t.



	    Y  o b    t    
	Load admittance at time t.



	   δ  V  m a x     
	The maximum change in rms value of voltage in the period of discrimination.



	LV
	Low voltage.



	MV
	Medium voltage.



	S
	Cable/overhead line cross-section.



	R
	Cable/overhead line resistance of the length   l i  .



	X
	Cable/overhead line reactance of the length   l i  .



	Z
	Cable/overhead line impedance of the length   l i  .



	SCP
	Short-circuit power.



	SSR
	Solid-state relay.
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Figure 1. Proposed algorithm for selective identification and localization of individual disturbing load. 
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Figure 2. Algorithm for approximating the modulating signal using the estimated carrier signal [36]. 
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Figure 3. Diagram of a simplified single-phase power supply system for a disturbing load [18]. 
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Figure 4. Linear approximation of the dependence   δ  V  m a x   = f  l    [18]. 
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Figure 5. Graphic representation of the process of selective identification of supply point of voltage fluctuation source. 
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Figure 6. Low-voltage power grid configurations selected for testing: (a) radial topology, (b) branching radial topology. 
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Figure 7. Graphical representation of the proposed approach for Case I and for Line 1. 
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Figure 8. Comparison of the proposed approach (marked as (a)) with other methods (the method using the statistical analysis of the rms value changes   δ V   marked as (b) and the method using the statistical analysis of the   P  s t    value marked as (c)) for case I of Line 4 (simulation and experimental variant). 
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Table 1. Parameters of selected low-voltage power grid configurations with radial topology—Line 1.
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	Parameter
	SCP
	Type
	   l i   

(m)
	S

(   mm   2    )
	R

(m  Ω  )
	X

(m  Ω  )
	Z

(m  Ω  )





	Power System
	80 MVA
	-
	-
	-
	0.0
	2.2
	2.2



	Transformer
	315 kVA
	-
	-
	-
	9.2
	21.5
	23.3



	Section I
	-
	Cable line—Al
	200
	120
	51.0
	13.4
	52.7



	Section II
	-
	Overhead line—Al
	200
	70
	87.4
	66.0
	109.5



	Section III
	-
	Overhead line—Al
	200
	50
	122.7
	66.0
	139.4



	Section IV
	-
	Cable line—Cu
	25
	10
	45.8
	2.0
	45.8
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Table 2. Parameters of selected low-voltage power grid configurations with radial topology—Line 2.
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	Parameter
	SCP
	Type
	   l i   

(m)
	S

(   mm   2    )
	R

(m  Ω  )
	X

(m  Ω  )
	Z

(m  Ω  )





	Power System
	200 MVA
	-
	-
	-
	0.0
	0.9
	0.9



	Transformer
	630 kVA
	-
	-
	-
	3.8
	10.8
	11.4



	Section I
	-
	Cable line—Al
	200
	240
	25.6
	13.2
	28.8



	Section II
	-
	Cable line—Al
	200
	120
	51.0
	13.4
	52.7



	Section III
	-
	Cable line—Al
	200
	120
	51.0
	13.4
	52.7



	Section IV
	-
	Cable line—Cu
	25
	25
	28.8
	1.9
	28.8
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Table 3. Parameters of selected low-voltage power grid configurations with radial topology—Line 3.
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	Parameter
	SCP
	Type
	   l i   

(m)
	S

(   mm   2    )
	R

(m  Ω  )
	X

(m  Ω  )
	Z

(m  Ω  )





	Power System
	60 MVA
	-
	-
	-
	0.0
	2.9
	2.9



	Transformer
	100 kVA
	-
	-
	-
	35.2
	62.7
	71.9



	Section I
	-
	Overhead line—Al
	200
	70
	87.4
	66.0
	109.5



	Section II
	-
	Overhead line—Al
	200
	50
	122.7
	66.0
	139.4



	Section III
	-
	Overhead line—Al
	200
	35
	175.3
	66.0
	187.3



	Section IV
	-
	Cable line—Al
	25
	16
	47.0
	1.9
	47.0
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Table 4. Parameters of selected low-voltage power grid configurations with branching radial topology—Line 4.
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	Parameter
	SCP
	Type
	   l i   

(m)
	S

(   mm   2    )
	R

(m  Ω  )
	X

(m  Ω  )
	Z

(m  Ω  )





	Power System
	200 MVA
	-
	-
	-
	0.0
	0.9
	0.9



	Transformer
	630 kVA
	-
	-
	-
	3.8
	10.8
	11.4



	Section I
	-
	Overhead line—Al
	300
	70
	150.0
	31.4
	153.3



	Section II
	-
	Overhead line—Al
	250
	50
	150.0
	31.4
	153.3



	Section III
	-
	Overhead line—Al
	100
	35
	100.0
	69.1
	121.6



	Section IV
	-
	Cable line—Al
	50
	16
	50.0
	2.1
	50.0



	Section V
	-
	Overhead line— Al
	100
	35
	100.0
	69.1
	121.6



	Section VI
	-
	Cable line—Al
	50
	16
	50.0
	2.1
	50.0










[image: Table] 





Table 5. Selected cases for verification of the proposed algorithm for selective identification and localization of voltage fluctuation sources.
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Case

No.

	
Disturbing Load




	
3 kW Convection Heating

System with SSR TRIAC

Control System

	
2 kW Convection-Radiation Heating

System with SSR MOSFET

Control System




	
Rate of

Change in

Operating

State

  f i   (Hz)

	
Point of

Disturbance

Sources Supply

on Line 1–4

   P i   

	
Rate of

Change in

Operating

State

  f i   (Hz)

	
Point of

Disturbance

Sources Supply

on Line 1–3 (Line 4)

   P i   






	
I

	
0.5

	
   P 4   

	
100.5

	
  P 3   (  P 6  )




	
II

	
0.5

	
   P 4   

	
91.2

	
  P 3   (  P 6  )




	
III

	
0.5

	
   P 4   

	
8.8

	
  P 3   (  P 6  )




	
IV

	
0.5

	
   P 4   

	
91.2

	
  P 4   (  P 4  )




	
V

	
0.5

	
   P 4   

	
8.8

	
  P 4   (  P 4  )
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Table 6. The numerical simulation research results for Line 1.
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Case No.

	
Distancefrom the Power

Station l (m)

	
Modulating Signal Components Associated

with Individual Disturbing Load

	
   P st    (–)

	
   δ  V max     (V)




	
   u  mod 1    (t)

	
   u  mod 2    (t)




	
   f 1    (Hz)

	
   A 1    (–)

	
   f 2    (Hz)

	
   A 2    (–)






	
I

	
0

	
0.5

	
0.000

	
99.5

	
0.000

	
0.12

	
0.3




	
300

	
0.5

	
0.003

	
100.5

	
0.002

	
0.73

	
1.6




	
550

	
0.5

	
0.008

	
100.5

	
0.005

	
1.95

	
4.3




	
650

	
0.5

	
0.014

	
100.5

	
0.005

	
3.62

	
7.3




	
700

	
0.5

	
0.014

	
100.5

	
0.005

	
3.62

	
7.3




	
II

	
0

	
0.5

	
0.000

	
91.2

	
0.000

	
0.23

	
0.4




	
300

	
0.5

	
0.003

	
91.2

	
0.002

	
1.18

	
2.2




	
550

	
0.5

	
0.008

	
91.2

	
0.005

	
3.26

	
6.0




	
650

	
0.5

	
0.014

	
91.2

	
0.005

	
4.58

	
9.6




	
700

	
0.5

	
0.014

	
91.2

	
0.005

	
4.58

	
9.6




	
III

	
0

	
0.5

	
0.000

	
8.8 *

	
0.000

	
0.16

	
0.2




	
300

	
0.5

	
0.003

	
8.8

	
0.002

	
1.75

	
2.3




	
550

	
0.5

	
0.007

	
8.8

	
0.005

	
4.56

	
6.0




	
650

	
0.5

	
0.014

	
8.8

	
0.005

	
5.56

	
9.0




	
700

	
0.5

	
0.014

	
8.8

	
0.005

	
5.56

	
9.0




	
IV

	
0

	
0.5

	
0.000

	
91.2

	
0.000

	
0.18

	
0.3




	
300

	
0.5

	
0.003

	
91.2

	
0.002

	
1.14

	
2.1




	
550

	
0.5

	
0.007

	
91.2

	
0.005

	
3.16

	
5.9




	
650

	
0.5

	
0.014

	
91.2

	
0.009

	
5.97

	
11.2      2 ̲    




	
700

	
0.5

	
0.014

	
91.2

	
0.009

	
5.97

	
11.2




	
V

	
0

	
0.5

	
0.000

	
8.8 *

	
0.000

	
0.16

	
0.2




	
300

	
0.5

	
0.003

	
8.8

	
0.002

	
1.73

	
2.3




	
550

	
0.5

	
0.007

	
8.8

	
0.005

	
4.50

	
5.9




	
650

	
0.5

	
0.014

	
8.8

	
0.010

	
8.43

	
10.9     2   




	
700

	
0.5

	
0.014

	
8.8

	
0.010

	
8.43

	
10.9








*—The problem during decomposition. The resulting component has a significantly different frequency than 8.8 Hz, but has a negligibly small amplitude.      2 ̲    /    2   —The method of statistically assessing the propagation of voltage changes   δ V   using histograms allows for the correct indication of supply points of disturbing loads without/with a correct estimation of the rate of changes in their operating state.
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Table 7. The numerical simulation research results for Line 2.
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Case No.

	
Distancefrom the Power

Station l (m)

	
Modulating Signal Components Associated

with Individual Disturbing Load

	
   P st    (–)

	
   δ  V max     (V)




	
   u  mod 1    (t)

	
   u  mod 2    (t)




	
   f 1    (Hz)

	
   A 1    (–)

	
   f 2    (Hz)

	
   A 2    (–)






	

	
0

	
0.5

	
0.000

	
100.5

	
0.000

	
0.10

	
0.2




	

	
200

	
0.5

	
0.002

	
100.5

	
0.001

	
0.42

	
1.0




	
I

	
400

	
0.5

	
0.004

	
100.5

	
0.002

	
1.07

	
2.5




	

	
600

	
0.5

	
0.007

	
100.5

	
0.002

	
1.74

	
3.8




	

	
625

	
0.5

	
0.007

	
100.5

	
0.002

	
1.74

	
3.8




	

	
0

	
0.5

	
0.000

	
91.2

	
0.000

	
0.18

	
0.3




	

	
200

	
0.5

	
0.001

	
91.2

	
0.001

	
0.77

	
1.5




	
II

	
400

	
0.5

	
0.004

	
91.2

	
0.002

	
1.80

	
3.4




	

	
600

	
0.5

	
0.007

	
91.2

	
0.002

	
2.32

	
4.8




	

	
625

	
0.5

	
0.007

	
91.2

	
0.002

	
2.32

	
4.8




	

	
0

	
0.5

	
0.000

	
8.8 *

	
0.000

	
0.07

	
0.1




	

	
200

	
0.5

	
0.001

	
8.8

	
0.001

	
0.88

	
1.2




	
III

	
400

	
0.5

	
0.004

	
8.8

	
0.003

	
2.50

	
3.3




	

	
600

	
0.5

	
0.007

	
8.8

	
0.003

	
2.90

	
4.6




	

	
625

	
0.5

	
0.007

	
8.8

	
0.003

	
2.90

	
4.6




	

	
0

	
0.5

	
0.000

	
91.2

	
0.000

	
0.16

	
0.2




	

	
200

	
0.5

	
0.001

	
91.2

	
0.001

	
0.73

	
1.4




	
IV

	
400

	
0.5

	
0.004

	
91.2

	
0.002

	
1.76

	
3.3




	

	
600

	
0.5

	
0.007

	
91.2

	
0.004

	
2.83

	
5.4      2 ̲    




	

	
625

	
0.5

	
0.007

	
91.2

	
0.004

	
2.83

	
5.4




	

	
0

	
0.5

	
0.000

	
8.8 *

	
0.000

	
0.07

	
0.1




	

	
200

	
0.5

	
0.001

	
8.8

	
0.001

	
0.88

	
1.2




	
V

	
400

	
0.5

	
0.004

	
8.8

	
0.003

	
2.50

	
3.3




	

	
600

	
0.5

	
0.007

	
8.8

	
0.003

	
2.90

	
4.6     2   




	

	
625

	
0.5

	
0.007

	
8.8

	
0.003

	
2.90

	
4.6








*—The problem during decomposition. The resulting component has a significantly different frequency than 8.8 Hz, but has a negligibly small amplitude.      2 ̲    /    2   —The method of statistically assessing the propagation of voltage changes   δ V   using histograms allows for the correct indication of supply points of disturbing loads without/with a correct estimation of the rate of changes in their operating state.
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Table 8. The numerical simulation research results for Line 3.
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Case No.

	
Distancefrom the Power

Station l (m)

	
Modulating Signal Components Associated

with Individual Disturbing Load

	
   P st    (–)

	
   δ  V max     (V)




	
   u  mod 1    (t)

	
   u  mod 2    (t)




	
   f 1    (Hz)

	
   A 1    (–)

	
   f 2    (Hz)

	
   A 2    (–)






	
I

	
0

	
0.5

	
0.001

	
100.5

	
0.001

	
0.28

	
0.7




	
200

	
0.5

	
0.006

	
100.5

	
0.004

	
1.46

	
3.2




	
400

	
0.5

	
0.012

	
100.5

	
0.008

	
3.15

	
6.9




	
600

	
0.5

	
0.021

	
100.5

	
0.008

	
5.63

	
11.1




	
625

	
0.5

	
0.021

	
100.5

	
0.008

	
5.63

	
11.1




	
II

	
0

	
0.5

	
0.001

	
91.2

	
0.001

	
0.58

	
1.1




	
200

	
0.5

	
0.005

	
91.2

	
0.004

	
2.56

	
4.7




	
400

	
0.5

	
0.012

	
91.2

	
0.008

	
5.29

	
9.7




	
600

	
0.5

	
0.021

	
91.2

	
0.008

	
7.21

	
14.4




	
625

	
0.5

	
0.021

	
91.2

	
0.008

	
7.21

	
14.4




	
III

	
0

	
0.5

	
0.001

	
8.8

	
0.001

	
0.59

	
0.8




	
200

	
0.5

	
0.005

	
8.8

	
0.004

	
3.36

	
4.4




	
400

	
0.5

	
0.011

	
8.8

	
0.008

	
7.27

	
9.4      2 ̲    




	
600

	
0.5

	
0.021

	
8.8

	
0.008

	
8.67

	
13.6      2 ̲    




	
625

	
0.5

	
0.021

	
8.8

	
0.008

	
8.67

	
13.6




	
IV

	
0

	
0.5

	
0.001

	
91.2

	
0.001

	
0.54

	
1.0




	
200

	
0.5

	
0.005

	
91.2

	
0.004

	
2.49

	
4.7




	
400

	
0.5

	
0.012

	
91.2

	
0.008

	
5.21

	
9.6




	
600

	
0.5

	
0.021

	
91.2

	
0.014

	
9.09

	
16.5      2 ̲    




	
625

	
0.5

	
0.021

	
91.2

	
0.014

	
9.09

	
16.5




	
V

	
0

	
0.5

	
0.001

	
8.8

	
0.001

	
0.59

	
0.8




	
200

	
0.5

	
0.005

	
8.8

	
0.004

	
3.29

	
4.3




	
400

	
0.5

	
0.001

	
8.8

	
0.008

	
7.12

	
9.2




	
600

	
0.5

	
0.021

	
8.8

	
0.014

	
12.70

	
16.2     2   




	
625

	
0.5

	
0.021

	
8.8

	
0.014

	
12.70

	
16.2








     2 ̲    /    2   —The method of statistically assessing the propagation of voltage changes   δ V   using histograms allows for the correct indication of supply points of disturbing loads without/with a correct estimation of the rate of changes in their operating state.
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Table 9. The simulation and experimental (in brackets) research results in the real power grid—Line 4.
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Case No.

	
Distancefrom the Power

Station l (m)

	
Modulating Signal Components Associated

with Individual Disturbing Load

	
   P st    (–)

	
   δ  V max     (V)




	
   u  mod 1    (t)

	
   u  mod 2    (t)




	
   f 1    (Hz)

	
   A 1    (–)

	
   f 2    (Hz)

	
   A 2    (–)






	
I

	
0

	
0.5

	
0.000

(0.000)

	
100.5

	
0.000

(0.001)

	
0.03

(0.28)

	
0.1

(0.6)




	
300

	
0.5

	
0.008

(0.009)

	
100.5

	
0.004

(0.004)

	
2.23

(2.36)

	
5.4

(5.1)




	
550

	
0.5

	
0.018

(0.017)

	
100.5

	
0.009

(0.008)

	
4.52

(4.55)

	
10.8

(10.0)




	
650

	
0.5

	
0.018

(0.017)

	
100.5

	
0.012

(0.013)

	
4.74

(4.77)

	
11.6      2 ̲    

(11.5)




	
700

	
0.5

	
0.018

(0.017)

	
100.5

	
0.012

(0.013)

	
4.74

(4.74)

	
11.6

(12.1)    †  




	
650

	
0.5

	
0.022

(0.023)

	
100.5

	
0.009

(0.008)

	
5.95

(6.30)

	
13.9      2 ̲    

(14.8)




	
700

	
0.5

	
0.022

(0.023)

	
100.5

	
0.009

(0.008)

	
5.95

(6.32)    †  

	
13.9

(13.6)




	
II

	
0

	
0.5

	
0.000

(0.001)

	
91.2

	
0.000

(0.001)

	
0.09

(0.38)

	
0.1

(0.8)




	
300

	
0.5

	
0.007

(0.009)

	
91.2

	
0.004

(0.005)

	
3.34

(3.35)

	
7.0

(6.9)




	
550

	
0.5

	
0.015

(0.017)

	
91.2

	
0.009

(0.009)

	
6.76

(6.47)

	
13.9

(14.3)




	
650

	
0.5

	
0.015

(0.017)

	
91.2

	
0.012

(0.013)

	
8.31

(8.13)

	
16.0      2 ̲    

(17.1)




	
700

	
0.5

	
0.015

(0.017)

	
91.2

	
0.012

(0.013)

	
8.31

(8.08)

	
16.0

(16.0)




	
650

	
0.5

	
0.022

(0.024)

	
91.2

	
0.009

(0.009)

	
7.91

(7.83)

	
16.8      2 ̲    

(17.3)




	
700

	
0.5

	
0.022

(0.024)

	
91.2

	
0.009

(0.009)

	
7.91

(7.85)    †  

	
16.8

(18.1)    †  
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0.000

(0.001)

	
8.8

	
0.000

(0.000)

	
0.07

(0.59)

	
0.1

(0.9)




	
300

	
0.5

	
0.007

(0.009)

	
8.8

	
0.005

(0.006)

	
4.89

(5.53)

	
7.9

(7.4)




	
550

	
0.5

	
0.015

(0.017)

	
8.8

	
0.011

(0.012)

	
9.90

(10.57)

	
15.7

(14.1)




	
650

	
0.5

	
0.015

(0.017)

	
8.8

	
0.013

(0.017)

	
12.59

(14.0)

	
18.0      2 ̲    

(16.4)      2 ̲    
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10.76

(11.51)

	
18.7      2 ̲    

(11.5)      2 ̲    
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0.011
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10.76

(11.51)

	
18.7

(11.5)
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0

	
0.5

	
0.000

(0.000)
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0.000

(0.001)

	
0.08

(0.38)

	
0.1

(0.9)




	
300

	
0.5

	
0.007

(0.009)

	
91.2

	
0.004

(0.004)

	
3.32

(3.33)

	
7.0

(7.1)




	
550

	
0.5

	
0.015

(0.017)

	
91.2

	
0.009

(0.009)

	
6.72

(6.43)

	
13.8

(12.8)




	
650

	
0.5

	
0.020

(0.023)

	
91.2

	
0.012

(0.013)

	
8.98

(9.09)

	
18.1      2 ̲    

(18.7)




	
700

	
0.5

	
0.020

(0.022)

	
91.2

	
0.012

(0.013)

	
8.97

(9.07)

	
18.1

(19.5)    †  




	
650

	
0.5

	
0.015

(0.016)

	
91.2

	
0.009

(0.009)

	
7.01    †  

(6.49)

	
14.4    †  

(13.8)    †  




	
700

	
0.5

	
0.015

(0.016)

	
91.2

	
0.009

(0.009)

	
7.01

(6.51)    †  

	
14.4

(13.8)




	
V

	
0

	
0.5

	
0.000

(0.001)

	
8.8

	
0.000

(0.001)

	
0.07

(0.59)

	
0.1

(0.9)




	
300

	
0.5

	
0.007

(0.009)

	
8.8

	
0.005

(0.006)

	
4.86

(5.47)

	
7.9

(7.5)




	
550

	
0.5

	
0.015

(0.017)

	
8.8

	
0.010

(0.012)

	
9.83

(10.46)

	
15.6

(14.2)




	
650

	
0.5

	
0.020

(0.023)

	
8.8

	
0.014

(0.017)

	
13.10

(14.67)

	
20.3      2 ̲    

(19.0)




	
700

	
0.5

	
0.020

(0.023)

	
8.8

	
0.014

(0.017)

	
13.10

(14.61)

	
20.3

(20.0)    †  




	
650

	
0.5

	
0.015

(0.017)

	
8.8

	
0.010

(0.012)

	
10.04    †  

(10.47)

	
16.2    †  

(14.9)    †  




	
700

	
0.5

	
0.015

(0.017)

	
8.8

	
0.010

(0.012)

	
10.04

(10.48)    †  

	
16.2

(14.5)








     2 ̲    /    2   —The method of statistically assessing the propagation of voltage changes   δ V   using histograms allows for the correct indication of supply points of disturbing loads without/with a correct estimation of the rate of changes in their operating state. †—Incorrect indication of the point of disturbance source supply.
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