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Abstract

:

The article presents a method for detecting earth faults in a compensated medium-voltage network, which can be used especially in fault current passage indicators, but also in standard protection devices. The method is based on the adaptation process of the zero-sequence current protection setting, with the adaptation factor depending on the current value of the zero-sequence voltage. In this article, a comparative analysis of the classical and adaptive zero-sequence current criterion is conducted, taking into account the errors of the measuring system. The results of simulations performed in the PSCad environment are also presented. For a representative set of example short circuits, it was shown that the effectiveness of the presented criterion can be more than 50% higher than that of the standard criteria, taking into account the range of detected transition resistances. A comparison of the proposed method with admittance criteria was also drawn, and it was shown that it is suitable for the detection of high-resistance earth faults.
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1. Introduction


Nearly 90% of all power outages to consumers come from medium-voltage (MV) networks [1]. In modern MV networks, about 75% of all faults are earth faults [2,3,4,5]. Of all earth faults, 85% are self-extinguishing ones [6].



Methods for locating earth faults in medium-voltage networks can be divided into two main groups: centralized and decentralized. In centralized methods, the necessary measurements are made at the high-voltage/medium-voltage (HV/MV) substation and the decision is made there. In decentralized methods, measurements are made by measuring devices scattered along the medium-voltage line, so it is necessary to ensure communication between them and the supervisory system.



Centralized methods for detection and localization of earth faults include impedance-based, artificial intelligence-based, and waveform-based methods.



In impedance-based methods, the grea test difficulty is estimating the impedance of the short-circuit loop and determining the unit impedance of the line. Many attempts have been made to solve this problem, which are described, for example, in [7,8,9,10]. The paper [11] compares ten different ways of determining the short-circuit loop impedance. A detailed description of the algorithm for the detection of earth faults in a compensated network based on impedance measurement is described in the paper [12]. The method, which is based on a series of equations, has been verified in practice and its efficiency has been proved to be high enough (for short circuits with    R F  < 500  Ω  ) to be implemented in selected ABB IED.



Methods based on artificial intelligence are quite widely described in the literature, and most of them are based on neural networks [13,14,15,16,17]. Methods using artificial intelligence can be very advantageous for use in networks with a high degree of complexity. The article in [14], which presents the possibility of extending the functionality of the fault detection system to include the precise location of the fault location, is noteworthy for proposing new neural network learning algorithms. Due to the computational complexity of the presented methods, their usefulness in practice, in our opinion, is rather questionable. In practice, it is difficult to find real implementations of devices and systems that would use artificial intelligence to locate short circuits. There is also little evidence of actual AI implementation in the numerous scientific articles related to this topic. Moreover, it should be noted that the number of research papers on these methods is decreasing year by year. However, this does not change the fact that the methods are very promising and may find wide application in the near future.



Regarding localization and detection using wave methods, the work in [18] reports five different types of wave locator, only some of which can be used for medium-voltage networks. Wave methods are mainly intended for use in transmission networks, but the works [19,20,21,22,23] discuss attempts to apply wave methods to locate faults in MV networks. However, the conclusions emphasize the main problem—due to the significant branching of this type of network, wave reflections can come from various sources, not only from the fault location. This makes it virtually impossible to apply these methods to an actual network. Nevertheless, they suggest that a very effective method based on wave theory is possible for some specific, unbranched network systems which may be developed.



Today’s MV grid is characterized by a certain, relatively high (although this depends on the country), saturation with smart grid devices, which can include bay terminals (IED) and reclosers, fault current passage indicators (FCPI) or smart electricity meters (AMI). For example, Canada will invest CAD 960 million in the near future in smart grid development. In China, up to 80% of meters will be of the AMI type, while the US goal is to reach 100% AMI meters in the near future. Germany will have more than 44 million AMIs in operation by 2026 [24]. In Poland, grid saturation with smart grid devices is, for the time being, low, but very large projects are underway to change this state of affairs. By 2027, there will be about 70% of AMI meters, there are already about 12–15 (depending on the region) reclosers for every 100 km of line.



The introduction of these devices into service has led to the proposal of decentralized fault detection methods, especially earth faults. Their idea is that localization is performed not on the basis of signals from a single measuring point (usually a line/feeder bay) but on the basis of measurements carried out at multiple locations on a given network.



Short-circuit localization in MV networks based on measurements made by smart electricity meters (AMI) is mainly based on the analysis of voltage asymmetry on the low-voltage side of transformers distributed along MV lines. Such an approach is presented in [25,26,27].



The most important role in the localization process is played by FCPIs, which are able to detect a fault and send an appropriate signal about its occurrence to the supervision system. Improvements in the reliability of network operation depend directly on the location of FCPIs, while reliability indices increase linearly (to the asymptote) as their number increases [28].



It should be noted that a separate problem is the detection of permanent short circuits (relevant to this article) and intermittent faults [29].



The basic idea of decentralized fault detection and localization is shown in Figure 1.



The key aspect of fault localization, therefore, remains not so much the identification of where the short has occurred, but its effective identification.



Standard methods for detecting Earth faults by FCPI, based solely on measuring the zero-sequence current or admittance criteria, are sometimes unreliable and ineffective during high-resistance faults, that is, those in which the transition resistance at the fault point is greater than    R F  = 1000  Ω  . This article presents a method for earth fault detection in a compensated medium-voltage network that can be applied to FCPI, which uses the idea of adapting the current setting of the earth fault criterion. The adaptation process uses the value of the zero-sequence voltage, which should be measured at the FCPI site, and simplified methods can be used here, as presented, for example, in [30].



The article is organized as follows. Section 2 presents an analysis of the effectiveness of earth fault detection by FCPIs, which are based on the zero-sequence current criterion. In particular, compensated networks were considered. Section 3 details the idea of the zero-sequence current adaptive criterion. Section 4 shows the results of simulation studies of adaptive protection conducted in the PSCad environment. Section 5 summarizes the entire article.




2. Efficiency of the Zero-Sequence Current Criterion in the Detection of Earth Faults


2.1. General Informations


In this article, “efficiency” will refer to the ratio of the number of correctly identified earth faults to all the faults that can occur in a given network. The main factor differentiating individual faults is the resistance of the transition between the phase conductor and ground   R F  .



In order to analyze the effectiveness of the zero-sequence current criterion in the detection of earth faults in the MV network by fault current passage indicators, it is necessary to calculate the characteristic quantities related to the earth fault current.



The most common relationships that describe the values of the earth fault current in MV networks with ineffectively earthed neutral points do not take into account the longitudinal impedances of the components of the power system [31,32]. Although such a procedure is not fully justified, these relationships ensure sufficient accuracy and can be used successfully to calculate the settings of various types of protection. The relationships that ignore longitudinal impedances are presented in the following formulas [33,34]:


    U ̲  0  =  β ̲   U L   



(1)






    I ̲   k 1   =  β ̲   U L   C S   (  d 0  − j s )   



(2)




where    U ̲  0  —zero-sequence voltage,   β ̲  —earth fault coefficient,   U L  —phase-to-earth voltage,   I  k 1   —current at fault location,   C s  —network ground capacity (equivalent),   d 0  —damping decrement of the network, s—earth fault compensation detuning coefficient.



The earth fault coefficient   β ̲   can be calculated from the following relationship:


   β ̲  =  1  1 +  R F  ω  C s   (  d 0  − j s )     



(3)




where   R F  —transition resistance between the phase conductor and the earth at the fault location,  ω —voltage pulsation.



Damping decrement of the network   d 0   can be calculated using the formula:


   d 0  =    G n  +  G L  +  1  R  n p      ω  C s    ≈  1   R  n p   ω  C s    ≈   I R   I  C S     



(4)




where   G n  —network ground conductance,   G L  —earthing coil conductance,   R  n p   —resistance in the neutral point of the network,   I R  —active current in the neutral point during a metallic earth fault,   I  C S   —capacitive current of a network.



The nominal value of the earth fault current of the earthing resistor (in the network with the neutral point earthed by the resistor, several hundred amps) or, for compensated networks, the value of the current forced on the primary side by the Active Current Forcing Automation (ACFA, several amps) system can be assumed to be   I R  .



The detuning coefficient s is given by the formula:


  s =    I L  −  I  C S     I  C S     



(5)




where   I L  —rated earth fault current of the compensating coil.



The value of the earth fault current flowing through a given point of the line (e.g., the place of installation of the protection, recloser, or fault current passage indicator) can be calculated according to the formula:


    I ̲   k b   =  β ̲   I  C S        d 0   2  +   ( s + a )  2     



(6)




where a—the relative value of the capacitive current of the entire line   I  C L    in the capacitive current of the network   I  C S   , i.e.,   a =   I  C L    I  C S     .



The value of the earth fault current flowing through the current transformer (CT) installed at the beginning of the line (in the switchgear) can be calculated according to the formula:


    I ̲   k Z   =  β ̲   I  C S        d 0   2  +   ( s +  a i  )  2     



(7)




where   a i  —the relative value of the share of the capacitive current   I  C L i    behind the considered point in the capacitive current of the network   I  C S    (see Figure 2), i.e.,


   a i  =   I  C L i    I  C S    .  



(8)







Formulas (1)–(8) are universal and can be used in a compensated network as well as in a network with a resistor-earthed neutral point. In the latter case,   s = − 1   should be assumed.



To assess the effectiveness of the zero-sequence current criterion, the earth fault protection setting should be calculated from the formula:


   I  0 s e t   =    k s   I  C L i     k  r r    + Δ  I  0 μ    



(9)




where   k s  —safety factor, assumed equal to 2,   k  r r   —return ratio, assumed in the range 0.85–0.98, here 0.98,   Δ  I  0 μ    —current error of the zero-sequence current filter.



The zero-sequence current criterion setting must also meet the second condition:


   k  s e n s   =    I  C S        d 0   2  +   ( s −  a i  )  2    − Δ  I  0 μ     I  0 n a s t     



(10)




where   k  s e n s    is the protection sensitivity factor, which for the selected   I  0 n a s t    setting should be greater than 1.5 and preferably greater than 2.



Problems with the proper selection of the current setting of the zero-sequence current criterion result mainly from the fact that these criteria, in systems with FCPI, obtain signals from atypical filters. These can be three series-connected Rogowski coils, three current transformers with ongoing construction (in silicone insulation) [35]. There are also other non-standard solutions, such as measurement coils made with PCB HDI technology [36].



The value of the current error of the zero-sequence current filter, depending on Formulas (9) and (10), should be given on the primary side of the filter, because the FCPI current setting is calculated on the primary side. Currently, it can be assumed that the value of this error (for the Holmgreen filter) is equal to   Δ  I  0 μ     = 0.5 A [37]. It is stated in [38] that this value is higher for non-standard zero-sequence current filters. However, in a further analysis, it will assume the value of   Δ  I  0 μ     = 0.5 A in the hope that it is correct and certainly taking into account the continuous development and improvement of the quality of the measuring instruments.




2.2. Compensated MV Network with ACFA


For the analysis of the operation of FCPI in the compensated network with active current forcing automation, it was assumed that the capacitive current value of the network will be equal to   I  C S    = 120 A, which is a typical value for European medium-voltage networks (especially Polish). The optimal value of the induction current of the compensating coil   I L   should be in the range [34,37,39,40]:


   I L  ∈  〈 1.05 … 1.15 〉   I  C S    



(11)







Another relationship can also be assumed, which is as follows:


   |   I  C S   −  I L   | <   I G   



(12)




where   I G   is a self-extinguishing current limit. The value of the   I G   current for the MV network is quoted in various publications, and practically each one mentions a different one. Some publications [41] indicate that the self-extinguishing arc current in the MV network is greater than the values given in Table 1.



Implementing the assumption given by Formula (11) indicates that for typical values of the network capacitance current   I  C S   , the values given in [37] can be taken as the most correct and safe.



As a result of Formula (11),   I L   = 132 A was assumed. For such a network, the value of the detuning factor is s = 0.1. It was also assumed that the system works with the active current forcing automation, with   I  A C F A    = 20 A. In this case, the damping decrement of the network is equal to   d 0   = 0.167. Nominal network voltage   U n   = 15 kV.



Table 2 shows the values of the earth fault coefficients  β  for different values of the transition resistance   R F   and the network with the assumptions as above.



Table 3 presents the calculated values of the earth fault current   I  k b    in place of the protection installation. Their values, similar to those of a network grounded through a resistor, were calculated according to Equation (6). Different values of the line capacitance behind the protection installation site are assumed. The table also shows the values of the   a i   factor.



The minimum value of the zero-sequence current protection setting   I  0 s e t    in the compensated network is calculated from Formula (9). Additionally, the second condition must also be checked:


   k  s e n s   =    I  C S        d 0   2  +   ( s −  a i  )  2    − Δ  I  0 μ     I  0 n a s t     



(13)







Based on Formulas (9) and (13), the settings of the zero-sequence current criterion for the compensated network were determined. They are presented in Table 4. The value of the sensitivity factor   k  s e n s    is also included there.



Figure 3 shows the values of the earth fault current   I  k z    at the FCPI installation site for different values of the transition resistance   R F   at the fault location. They are compared to the setting values. The intersection of the lines in the graphs shows the value of   R F  , above which the classically zero current criterion will not work.



The maximum values of the transition resistance   R  F m a x    at the fault location during single phase earth faults in the compensated network with the parameters set previously are, for different values of   I  C L i   , shown in Figure 4 and equal to:




	
For   I  C L i    = 1 A −   R  F m a x    = 4.5 k Ω ;



	
For   I  C L i    = 5 A −   R  F m a x    = 1000  Ω ;



	
For   I  C L i    = 10 A −   R  F m a x    = 500  Ω ;



	
For   I  C L i    = 15 A −   R  F m a x    = 300  Ω ;



	
For   I  C L i    = 20 A −   R  F m a x    = 200  Ω ;



	
For   I  C L i    = 25 A −   R  F m a x    = 120  Ω ;



	
For   I  C L i    = 30 A −   R  F m a x    = 100  Ω .








Figure 5 shows the values of the maximum detected transition resistances for different values of the detuning factor s. From the point of view of the efficiency of detecting earth faults by the FCPI, the correct value of the detuning factor s is very important, i.e., the Petersen coil should be selected for a given network with current according to the dependence (11). Any short circuit can be detected in a perfectly compensated network (that is,    I  C S   =  I L   ) only on lines whose   a < 0.22  , that is, in the case considered    I  C L i   < 26.4   A. In noncompensated networks, short-circuit current flow indicators (and protections) based on the zero-sequence current criterion will operate only in specific cases of short-circuits with very low transition resistances. It is worth mentioning here that the analyses are conducted for the minimum possible setting, i.e., the maximum sensitivity factor. Increasing the setting, and thus reducing the sensitivity, will reduce the effectiveness of the criterion.





3. Adaptive Zero-Sequence Current Criterion for the Compensated MV Network


A flowchart of adaptive zero-sequence current criterion for earth fault detection in compensated MV network is shown in Figure 6.



In the case of a compensated network, an adaptation of the earth fault criterion can be applied, in which the adaptation coefficient depends on the value of the earth fault coefficient (see Table 2). The setting of the adaptation criterion should be selected according to the dependence:


   I  0 s e t − a   =  k a     k s   I  C L i     k  r r    + Δ  I  0 μ   ,  



(14)







The sensitivity of the adaptation criterion can be checked from the classic condition determined by Equation (13).



The value of the criterion to determine the adaptation coefficient   k a   is the value of the earth fault coefficient  β . The value of  β  can be calculated from a sufficient formula:


  β =   U 0   U  0 m a x     



(15)




where   U 0  —RMS value of zero-sequence voltage during an earth fault,   U  0 m a x   —maximum RMS value of zero-sequence voltage during a metallic earth fault in a given network.



The maximum value of the zero-sequence voltage during a metallic earth fault is equal to the nominal value of the phase-to-earth voltage   U  L n   , that is:


   U  0 m a x   =  U  L n   .  



(16)







The value of the adaptation coefficient   k a   should be determined from the dependence:


   k a  =   β  I  C L i   + Δ  I  0 μ      I  C L i   + Δ  I  0 μ      



(17)




where   I  C L i   —value of the capacitive current of the i-th line section after installation of FCPI,   Δ  I  0 μ    —error (noise) of the zero-sequence current filter.



Table 5 presents the values of the zero-sequence voltage module for the compensated network as in Section 2.2. Furthermore, the calculated values of   U  0 p    on the primary side of the zero-sequence voltage filter as a function of the transition resistance   R F   are shown in Figure 7.



As a result of the analyses conducted in Section 2.2, the classic zero-sequence current criterion in the compensated network is effective for the vast majority of cases where the transition resistance is lower than approx.   R F   = 200  Ω . With this transition resistance for the considered networks, the value of the zero-sequence voltage on the primary side of the filter for the compensated network is equal to   U  0 p    = 5800 V ≈ 0.67   U  L n   .



Therefore, the justification for the adaptation of zero-sequence current protection occurs for zero-sequence voltages lower than 0.70   U  L n   . The lower operating limit of the adaptation criterion should be set to the   U 0   value equal to 0.15   U  L n   , which will make protection insensitive to the natural asymmetry of the network. Similarly, the zero-sequence voltage start-up elements are set at about 0.15   U  L n    in the admittance criteria [33,34,37].



Figure 8 shows the calculated values of the adaptation factor for different values of the capacitive current of the line downstream of the FCPI installation site. In turn, Table 6 shows the short circuit current values at the place of FCPI installation, the settings of the adaptation criterion and the information about the start-up of the criterion in the compensated network.



To verify the accuracy of the method, computational analyses were performed. The value of the earth fault current that flows at the FCPI location was determined according to relation (7). Furthermore, the settings of the adaptive overcurrent criterion were determined from relation (14) and the classic overcurrent criterion from Equation (9). The analysis was conducted for the network as before, that is, with a capacitive current equal to   I  C S    = 120 A.



Figure 9 shows the maximum determined transition resistances that FCPI can detect operating with the classical zero-sequence current criterion (  R  F m a x   ) and the adaptive criterion (  R  F m a  x a    ) for networks with different values of the compensation factor s.



Using the zero-sequence current adaptive criterion in a compensated network in the form proposed in this subsection, one can obtain, compared to the classical zero-sequence current criterion, a much wider range of   R F   transition resistances detected by the FCPI. Regardless of the value of the compensation detuning factor s, for a wide range of the participation factor a, the maximum detected transition resistances are equal to at least   R  F m a x    = 1500  Ω . This, in turn, allows the zero-sequence current adaptive criterion to qualify as a criterion for detecting high-resistance short circuits in a compensated medium-voltage network. Unfortunately, for uncompensated networks with a large share of the value of the capacitive current of the line behind the FCPI site in relation to the total capacitive current of the network, there is a risk of failure of protection based on the proposed criterion even during the occurrence of a metallic fault.



However, in such a situation, it should be emphasized that:




	(1)

	
It is not recommended to operate the network with the compensation detuning factor   s < 0  ;




	(2)

	
FCPI’s are installed deep in the network, and then the values of line capacitive current behind the location of a particular device are small; it is estimated that in the vast majority of networks, the situation that for a particular device   a > 0.1   will not occur.









Therefore, it can be considered that the proposed criterion can significantly improve the efficiency of earth fault detection using a modification of the classical overcurrent criterion, with the modification consisting of including in the setting the RMS value of the zero-sequence voltage measured in the network during an earth fault. For this measurement, for example, simplified methods of local measurement of the zero-sequence voltage can be used, which are described in [30].




4. Simulation Studies of the Adaptive Criterion


4.1. General Remarks


The adaptive zero-sequence current criterion for a compensated network is based on the dependence of the protection current setting on the RMS value of the zero-sequence current measured by a FCPI installed deep in the network. The value of the compensation factor   k a   is determined from relation (8), in which it is important to know the earth fault factor  β , the capacitive current of the line behind the location of the signaling device   I  C L i   , and the current error of the zero-sequence current filter   Δ  I  0 μ    . It is assumed that   Δ  I  0 μ     = 0.5 A [34,37,38,45], and this assumption was also made during all previous analyses.




4.2. Simulation Model


A simulation model was built for the study of new algorithms for the detection of earth faults by FCPI in a medium-voltage network in the PSCad 4.2 environment. Hardware platform: Lenovo notebook (Beijing, China), Intel® Core™i5-1035G1, 16 GB RAM, Intel® Iris™Graphics.



The model (Figure 10) represents an HV/MV substation supplied through a transformer with the YNd11 connection group with rated power   S  t r    = 25 MVA. The nominal voltage of the modeled MV network is equal to   U n   = 15 kV, which gives a nominal phase-to-ground voltage of   U  n L    = 8660 V. The network can operate with different ways of grounding the neutral point, including the neutral point grounded by a Petersen coil with any value of compensating current, with and without ACFA automation.



A network with any value of the capacitive earth fault current   I  C S    can be represented in the model, with the entire value of this current divided into two lines:




	
Fed from bay Y, which consists of five sections, with the possibility of making a short circuit at the end of each section and measuring electrical quantities at the beginning of each section. The sections are numbered from 1 to 5 (gray rectangles with arrows);



	
Fed from bay X, which consists of one section to represent the rest of the network that is not covered by a short circuit. The line fed from bay X is the so-called background of the network.









4.3. Simulations and Results


The procedure for simulation verification of the performance of the adaptation criterion includes the following steps:




	
Assumptions:   I  C S    = 120 A,   I L   = 150 A,   I  A C F A    = 20 A;



	
n-fold start of simulation for different values of   I  C L i   , that is, for different values of capacitive current of the line behind the site of the FCPI;



	
Aggregation of the values of the zero-sequence voltage   U  0 _ s    and the zero-sequence current   I  0 _ s    at the location of the FCPI, it is assumed that this can be the beginning of any sections 1–6 (see Figure 10, line sections are numbered in gray rectangles);



	
Determination in the spreadsheet of the value of the earth fault coefficient  β , the adaptation factor   k a   and the setting of the criterion   I  0 s e t − a   ;



	
Checking the start-up condition of the protection and evaluating the possibility of tripping it under the given conditions.








The start-up condition of the protection is given by the following relation.


   I  0 s e t − a   ≤  I  0 _ s    



(18)




where   I  0 s e t − a    is determined by Formula (14).



Table 7 compares the fact of start-up occurrence of the adaptive criterion and the classical zero-sequence current criterion under the same conditions. In total, Table 7 shows simulation results for 30 earth faults. The proposed zero-sequence current adaptive criterion was effective for 17 faults, accounting for 57% of all cases. The criterion is effective for all short circuits with a transition resistance less than or equal to   R  F m a x    = 1750  Ω . The adaptive criterion proved to have an advantage over the classical zero-sequence current criterion, i.e., entering the start-up state when the classical criterion is at rest, in 11 analyzed cases. This translates into the fact that the proposed adaptive zero-sequence current criterion is, in a compensated network with capacitive current   I  C S    = 120 A, earth fault compensation detuning coefficient s = 0.1 and the damping decrement factor   d 0   = 0.17, at least 37% more effective in detecting high-resistance ground faults than the classical zero-current criterion. Of course, these are rough estimates only for the cases considered, but it can be judged that the adaptive criterion is clearly more effective in detecting high-resistance earth faults.



Evaluation of the effectiveness of the adaptive criterion was also performed using the built simulation model for other values of the earth fault compensation detuning coefficient in a network with a total capacitive current equal to   I  C S    = 120 A.



Table 8 shows simplified simulation results, highlighting the start-up of the zero-sequence current adaptive criterion and the classical overcurrent criterion. Short circuits were simulated with transition resistances of   R F   = 1000; 1750; 2000  Ω .



Of particular importance in the cases analyzed is the situation in which the compensation detuning coefficient s is negative, i.e., the value of the capacitive current   I  C L    exceeds the value of the rated current of the Petersen coil connected at the neutral point of the network. This situation is quite common in practice [46,47] when, due to the expansion of the network,   I  C S    increases and the coil at the neutral point no longer has regulation capabilities. In such a situation, out of 15 simulated short circuits, the classical zero-sequence current criterion had a start-up in 3 cases, while the adaptive criterion had a start-up in 11 cases. This gives a relative increase in the number of detected short circuits of 53%.



In practice, a large overcompensation of the network, i.e., a situation in which the value of the compensation detuning coefficient is greater than   s = 0.15  , is rarely encountered [46,48]. If significant overcompensation already occurs, the adaptive criterion will also be more effective than the classical overcurrent criterion: In the 15 short circuits considered, an increase in the number of detected short circuits of 20% was observed. This low increase in the effectiveness of the adaptive criterion is related to the narrower range of transition resistances   R F   for which the adaptive criterion works. It is active only when    U 0  ∈  〈 0.15 ; 0.70 〉   U  0 m a x    .



To verify the effectiveness of the adaptive zero-sequence current criterion presented, Figure 11 shows the maximum values of the detected transition resistance   R  F m a x    in the modeled network assuming four different earth fault criteria. For a correctly compensated network, the adaptive criterion achieves performance comparable to the admission group criteria. However, it has an advantage over them: If the measurement of   U 0   is disturbed or unavailable, then the admittance criteria stop working completely. In the case of the adaptive criterion, only the adaptation stops working, and short circuits are then detected with the efficiency that the standard zero-current criterion has.



In addition, the graph shows the claimed effectiveness of the multi-frequency admittance criterion (MFA) developed by ABB [49]. This criterion is very promising, but it requires the use of precise measurements (the required phase angle of the zero-sequence component of the voltage), advanced calculations (analysis of individual harmonics) and thus, a high complexity of the FCPI itself. The method presented in this article has far fewer requirements.





5. Conclusions


The earth fault detection criterion for a compensated network, which uses the value of the zero-sequence voltage to adapt the current setting, is characterized by a much wider range of detected RF transition resistances compared to the classical zero-sequence current criterion. This criterion is particularly effective for networks in which the value of the earth fault compensation detuning factor takes the recommended values in the range of 1.05   I  C S    to 1.15   I  C S   . The maximum detected transition resistances are equal to at least   R  F m a x    = 1500  Ω  and are comparable to or higher than the resistances detected by the protections in the admittance group. This, in turn, allows one to qualify the adaptive zero-sequence current criterion to the group of criteria detecting high resistive short circuits in the compensated medium-voltage network. Simulation studies have shown that the use of the adaptive criterion makes it possible to achieve a significant increase in the number of detected earth faults compared to the classic zero-sequence current criterion.



The presented method can be useful, especially in low-cost FCPI, because there is no absolute necessity to precisely determine the vector of the zero-sequence voltage at the measurement site. In addition, it is possible, as also highlighted in the text, to use simplified methods to determine the zero-sequence voltage. Thus, it is possible to saturate the network with a larger number of FCPIs without incurring significant financial resources, which will promote the quality of the fault location, reduce the values of the SAIDI/SAIFI coefficients and improve the overall quality of the electricity supplied to consumers.
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	active current forcing automation
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	smart electricity meters



	FCPI
	fault current passage indicator
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	high density interconnect



	HV
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	intelligent electronic device
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	Multi Frequency Admittance criterion
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	medium voltage
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	Power System Computer Aided Design
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Figure 1. The idea of decentralized localization of a fault location in an MV network using FCPI as an example. 
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Figure 2. Earth fault current at the fault location and at selected points on the line. 
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Figure 3. The values of the   I  k z    and   I  0 s e t    currents in the compensated network for different values of   I  C L i   . 
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Figure 4. Maximum values of   R F  , the occurrence of which causes the tripping of the classic zero-sequence current criterion in the network with the neutral point grounded by a resistor and the compensated network with the given parameters. 
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Figure 5. Maximum detected values of transition resistance   R  F m a x    for the compensated network with a different value of the coefficient s. 
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Figure 6. Flowchart of adaptive zero-sequence current criterion. 
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Figure 7. RMS values of zero-sequence voltage in the network with the neutral point grounded by the resistor and in the compensated network as a function of the   R F   transition resistance. 






Figure 7. RMS values of zero-sequence voltage in the network with the neutral point grounded by the resistor and in the compensated network as a function of the   R F   transition resistance.



[image: Energies 15 09007 g007]







[image: Energies 15 09007 g008 550] 





Figure 8. Dependence of the adaptation factor   k a   on the value of the earth fault coefficient  β  for different values   I  C L i   . 
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Figure 9. Comparison of detected transition resistances   R F   for overcurrent protections operating with the classical zero-sequence current algorithm and the adaptive algorithm for different values of s: (1) s = −0.2, (2) s = −0.1, (3) s = 0, (4) s = 0.1, (5) s = 0.2. 
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Figure 10. MV network model used to test new earth fault detection methods by FCPI. 
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Figure 11. Maximum values of the detected transition resistance   R  F m a x    in the modeled network assuming different earth fault criteria. 
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Table 1. Values of self-extinguishing current limit.
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	Author
	    I G    
	Reference





	J. Zydanowicz
	18 A for 15 kV network

24 A for 20 kV network
	[42]



	J. Poll
	60 A
	[43]



	VDE
	60 A
	[44]



	W. Hoppel
	25–30 A
	[37]
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Table 2. Values of the earth fault coefficients and their modulus for various   R F   in the compensated MV network.
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    β ̲    

	
   β   






	
   R F      [ Ω ]   

	
1

	
0.997 + 0.001i

	
0.997




	
10

	
0.997 + 0.013i

	
0.977




	
100

	
0.802 + 0.090i

	
0.807




	
200

	
0.660 + 0.125i

	
0.672




	
500

	
0.420 + 0.135i

	
0.441




	
1000

	
0.257 + 0.108i

	
0.279




	
2000

	
0.143 − 0.170i

	
0.222




	
5000

	
0.061 − 0.033i

	
0.069
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Table 3. Calculated values of the earth fault current   I  k b    in place of the protection installation.
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   I  C L i     [A]

	
a

	
    R F        [ Ω ]    




	
1

	
10

	
100

	
200

	
500

	
1000

	
2000

	
5000






	
1

	
0.01

	
23.8

	
23.3

	
19.3

	
16.0

	
10.5

	
6.6

	
3.8

	
1.7




	
5

	
0.04

	
26.2

	
25.7

	
21.2

	
17.6

	
11.6

	
7.3

	
4.2

	
1.8




	
10

	
0.08

	
29.7

	
29.1

	
24.0

	
20.0

	
13.1

	
8.3

	
4.7

	
2.1




	
15

	
0.13

	
33.5

	
32.8

	
27.1

	
22.6

	
14.8

	
9.4

	
5.4

	
2.3




	
20

	
0.17

	
37.6

	
36.9

	
30.5

	
25.4

	
16.7

	
10.5

	
6.0

	
2.6




	
25

	
0.21

	
42.0

	
41.1

	
33.9

	
28.3

	
18.6

	
11.7

	
6.7

	
2.9




	
30

	
0.25

	
46.4

	
45.6

	
37.5

	
31.3

	
20.6

	
13.0

	
7.4

	
3.2
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Table 4. Current settings and the corresponding sensitivity factors—compensated network.
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	   I CLi    [A]
	a
	   I  0 set     [A]
	    k sens    





	1
	0.01
	2
	75.9



	5
	0.04
	7
	21.5



	10
	0.08
	13
	11.6



	15
	0.13
	19
	8.0



	20
	0.17
	26
	5.9



	25
	0.21
	32
	4.8



	30
	0.25
	38
	4.1
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Table 5. Values of zero-sequence voltage measured in the compensated network with the previously mentioned parameters with   U n   = 15 kV for various   R F   transition resistances.
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	   R F    [V]
	   β ̲   
	   U ̲   0 p    [V]
	   U  0 p     [V]





	1
	0.997 + j0.001
	8634.02 + j8.66
	8634.02



	10
	0.977 + j0.013
	8460.82 + j112.58
	8461.57



	50
	0.912 + j0.450
	7554.87 + j395.25
	7565.20



	100
	0.802 + j0.090
	6945.32 + j779.40
	6988.92



	250
	0.602 + j0.116
	5212.04 + j1001.43
	5307.38



	500
	0.420 + j0.135
	3637.20 + j1169.10
	3820.47



	1000
	0.257 + j0.108
	2225.62 + j935.28
	2414.15



	2000
	0.143 + j0.070
	1238.38 + j606.20
	1378.79



	4000
	0.092 + j0.023
	795.78 + j196.52
	819.49
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Table 6. Short-circuit current values   I  k Z    at the FCPI installation site, adaptation criterion settings   I  0 s e t − a    and information about the start-up of the criterion in the compensated network,   U n   = 15 kV,   I  C S    = 120 A, s = 0.1.
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   R F    [ Ω ]

	
a = 0.01

	
a = 0.05

	
a = 0.1

	
a = 0.2




	
  I  k Z    [A]

	
  I  0 s e t − a    [A]

	
Start-Up?

	
  I  k Z    [A]

	
  I  0 s e t − a    [A]

	
Start-Up?

	
  I  k Z    [A]

	
  I  0 s e t − a    [A]

	
Start-Up?

	
  I  k Z    [A]

	
  I  0 s e t − a    [A]

	
Start-Up?






	
1

	
28.9

	
1.8

	
✓

	
32.4

	
7.1

	
✓

	
37.0

	
13.7

	
✓

	
46.7

	
26.9

	
✓




	
100

	
23.0

	
1.8

	
✓

	
25.7

	
7.1

	
✓

	
29.4

	
13.7

	
✓

	
37.1

	
26.9

	
✓




	
500

	
11.3

	
1.0

	
✓

	
12.7

	
3.1

	
✓

	
14.5

	
5.7

	
✓

	
18.3

	
10.8

	
✓




	
1000

	
6.7

	
0.8

	
✓

	
7.2

	
2.1

	
✓

	
8.6

	
3.6

	
✓

	
10.9

	
6.7

	
✓




	
3000

	
2.5

	
1.8

	
✓

	
2.8

	
7.1

	
×

	
3.2

	
13.7

	
×

	
4.1

	
26.9

	
×




	
5000

	
1.6

	
1.8

	
×

	
1.8

	
7.1

	
×

	
2.0

	
13.7

	
×

	
2.5

	
26.9

	
×











[image: Table] 





Table 7. Comparison of the effectiveness of the zero-sequence adaptive criterion and classical zero-sequence current criterion.
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   R F    [ Ω ]

	
    a i    

	
Start-Up

	
Advantage of Adaptive Criterion?




	
Classic

	
Adaptive






	
1000

	
0.01

	
✓

	
✓

	
×




	
0.05

	
✓

	
✓

	
×




	
0.10

	
×

	
✓

	
✓




	
0.15

	
×

	
✓

	
✓




	
0.20

	
×

	
✓

	
✓




	
1500

	
0.01

	
✓

	
✓

	
×




	
0.05

	
×

	
✓

	
✓




	
0.10

	
×

	
✓

	
✓




	
0.15

	
×

	
✓

	
✓




	
0.20

	
×

	
✓

	
✓




	
1750

	
0.01

	
✓

	
✓

	
×




	
0.05

	
×

	
✓

	
✓




	
0.10

	
×

	
✓

	
✓




	
0.15

	
×

	
✓

	
✓




	
0.20

	
×

	
✓

	
✓




	
2000

	
0.01

	
✓

	
✓

	
×




	
0.05

	
×

	
×

	
×




	
0.10

	
×

	
×

	
×




	
0.15

	
×

	
×

	
×




	
0.20

	
×

	
×

	
×




	
3000

	
0.01

	
✓

	
✓

	
×




	
0.05

	
×

	
×

	
×




	
0.10

	
×

	
×

	
×




	
0.15

	
×

	
×

	
×




	
0.20

	
×

	
×

	
×




	
5000

	
0.01

	
×

	
×

	
×




	
0.05

	
×

	
×

	
×




	
0.10

	
×

	
×

	
×




	
0.15

	
×

	
×

	
×




	
0.20

	
×

	
×

	
×
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Table 8. Effectiveness of the zero-sequence current adaptive criterion in networks with different values of the earth fault detuning coefficient s.
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   R F     [ Ω  ]

	
   a i   

	
s = −0.1

	
s = 0.1

	
s = 0.2




	
Start-Up

	
Advantage?

	
Start-Up

	
Advantage?

	
Start-Up

	
Advantage?




	
Adaptive

	
Classic

	

	
Adaptive

	
Classic

	

	
Adaptive

	
Classic

	






	
1000

	
0.01

	
✓

	
✓

	
×

	
✓

	
✓

	
×

	
✓

	
✓

	
×




	
0.05

	
✓

	
×

	
✓

	
✓

	
✓

	
×

	
✓

	
✓

	
×




	
0.10

	
✓

	
×

	
✓

	
✓

	
×

	
✓

	
✓

	
×

	
✓




	
0.15

	
✓

	
×

	
✓

	
✓

	
×

	
✓

	
✓

	
×

	
✓
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