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Abstract

:

The coordination of optimal overcurrent relays (OCRs) for modern power networks is nowadays one of the critical concerns due to the increase in the use of renewable energy sources. Modern grids connected to inverter-based distributed generations (IDGs) and synchronous distributed generations (SDGs) have a direct impact on fault currents and locations and then on the protection system. In this paper, a new optimal OCR coordination scheme has been developed based on the nonstandard time–current characteristics (NSTCC) approach. The proposed scheme can effectively minimize the impact of distributed generations (DGs) on OCR coordination by using two optimization techniques: genetic algorithm (GA) and hybrid gravitational search algorithm–sequential quadratic programming (GSA–SQP) algorithm. In addition, the proposed optimal OCR coordination scheme has successfully employed a new constraint reduction method for eliminating the considerable number of constraints in the coordination and tripping time formula by using only one variable dynamic coefficient. The proposed protection scheme has been applied in IEEE 9-bus and IEC MG systems as benchmark radial networks as well as IEEE 30-bus systems as meshed structures. The results of the proposed optimal OCR coordination scheme have been compared to standard and nonstandard characteristics reported in the literature. The results showed a significant improvement in terms of the protection system sensitivity and reliability by minimizing the operating time (OT) of OCRs and demonstrating the effectiveness of the proposed method throughout minimum and maximum fault modes.
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1. Introduction


1.1. Background


One of the major technical challenges facing the microgrid (MG) is the relay coordination for the different operations of the network. The different operation modes of MG result in frequent variations, thereby leading to changes in the fault current magnitude and its direction. The protection scheme needs to guarantee the optimal operation in all network scenarios, which include meshed and radial configurations as well as the connected grid and islanded modes of MGs. In case of a fault in the grid connection mode, the fault current will be fed from distributed generators (DGs) and the utility grid. On the other hand, when the grid is in islanded mode, the supply of the fault current will result from DGs as the only connection present in the MG [1,2]. These changes in the fault current have a significant impact on the basic requirements of the protection system such as speed, reliability, and sensitivity, which then result in some protection issues such as delay in tripping, false tripping, loss of mains, and blinding of protection [3,4]. In recent years, the coordination problem of overcurrent relays (OCRs) has obtained wide attention in the protection system research area. These studies are focused on addressing and preserving the protection schemes’ reliability in interconnected MGs to acquire the optimal configuration for protection approaches in MGs. Optimal relay coordination methods regarding whole previous studies can be divided into five methods, namely, optimization techniques, new constraints, dual-setting protection schemes, new or modifying objective functions, and nonstandard characteristics (NSCs) [3]. Figure 1 illustrates the classification of OCR coordination methods. The mutual goal among these methods is to obtain the optimal OCR coordination. Initially, the optimization techniques played an essential role in the optimal OCR coordination, starting with simple ways and passing through nature-inspired algorithms and advanced artificial intelligence [3].




1.2. Literature Review


Metaheuristic techniques such as genetic algorithm (GA) have been applied successfully for reducing the tripping time of relays and avoiding miscoordination problems [5]. For miscoordination problems that are associated with both discrete- and continuous-time multiplier settings, in ref. [6], the particle swarm optimization (PSO) algorithm proved its effectiveness to deal with complex coordination problems. In addition, hybrid techniques have been established to improve metaheuristic techniques. For instance, a hybrid particle swarm optimization and moth–flame optimization (PSOMFO), which is a combination between the PSO and MFO to improve their achievement, and the outcomes proved its effectiveness compared to PSO and MFO algorithms individually [7]. In ref. [8], the authors proposed a hybrid gravitational search algorithm and sequential quadratic programming (GSA–SQP) algorithm that introduces a robust high-quality solution to solving the OCR coordination problem. It is effective due to it taking the pros of both GSA and SQP techniques; it has been tested and evaluated on various test systems. Secondly, some papers proposed and considered the effect of the new or reduced constraints on solving the OCR coordination problem. For the distribution system with a combination of the DGs in ref. [9], the study relieved about 43% of burdensome constraints from the process of coordination optimization compared to the two standards. A considerable number of constraints is an optimization problem; the inactive inequality constraints in the OCR coordination problem have been detected and removed by using a new proposed index. It is defined as a ratio for each OCR pair. The given results illustrate that the proposed index detected and removed more than 90% of unused constraints [10].



Dual-setting directional overcurrent relays (DOCRs) can operate in both directions which are forward and reverse; it is another solution that has been introduced for overcoming challenges relating to the MGs’ protection systems. In ref. [11], a new coordination scheme using dual-setting DOCRs has been proposed to determine two optimum pairs of settings for each relay in connected and disconnected DGs. The obtained results appear to demonstrate the effectiveness of the proposed approach and reduce the overall operation time (OT) by roughly 50% compared to the traditional coordination scheme that utilizes the DOCRs with a pair of settings. A novel protection scheme for dual-setting DOCRs in MGs with DGs has been introduced in ref. [12]. This scheme uses a dual-protection setting in the main and backup operation topologies in one relay. Two strategy cases of one-point and three-point have been executed by the optimization. During utilization of the three-point coordination strategy, the total OT has been reduced by 57% compared with the conventional dual-setting method. The proposed method proves its applicability for both grid-connecting and islanding modes and improves the system’s reliability by eliminating the demand for communication between relays. One of the suggestions made by many authors to contribute to preventing the miscoordinations is modifying the objective function. Multiple modifications in the objective function for DOCRs for meshed networks have been suggested by Alam et al. in ref. [13]; it minimized the OT for main and backup relays simultaneously. In ref. [14], a novel objective function is proposed to direct the settings of the OCRs towards optimal solutions suitably. The proposed approach showed a significant reduction in the OT of relays and avoided miscoordinations among them.



Investigation of alternative methods to standard protection schemes has required a considerable amount of effort by researchers by employing NSCs, which will be taken into consideration in this literature. There is limited literature on designing OCR coordination schemes based on NSCs for a power network equipped with DGs. For example, a hybrid application uses an inverse-time characteristic and a definite-time characteristic in parallel with the absence of the DG units has been proposed in ref. [15]. This novel hybrid NSC entails no complexity or additional cost, whereas the problem of dynamic coordination has appeared in these hybrid NSCs which require careful application. Thus, they can lead to miscoordination and less flexibility. In addition to the fault current characteristic, there are some NSCs based on the fault voltage that have been proposed and applied [16,17]. The authors in ref. [16] added per-unit voltage to measure the IEC standard characteristics (SCs) to reduce the overall OTs of the relays. In ref. [4], a significant reduction in the total OT of the OCRs has been achieved by employing the fault voltage natural logarithm function in the denominator of the characteristic equation. However, this logarithm function had a limited effect on the obtained characteristic. In another study [18], a new scheme excluded the time multiple setting (TMS) and utilized fault voltage in the numerator as a logarithm function. The relay OTs are not raised when the location of the relay moves to the source due to TMS elimination. To achieve lower OTs in comparison with SCs, an NSC-based algorithm function has been introduced in [19]. However, the major disadvantage of NSCs in refs. [4,16,18] is the inability of applying the approaches within existing industrial OCRs. In addition, the new requirements of measuring the fault voltage beside the fault current will increase the problem’s complexity.



To mitigate and avoid the limitations in the SCs such as the inverse time–current characteristics of MG systems, a new NSC based on adding the auxiliary variable to the conventional OCR OT equation is presented by ref. [20], which aims to achieve a fast protection scheme based on well-defined time–current characteristics (TCCs). All of these auxiliary variables are measured as coordination constraints; however, it is inapplicable in existing industrial OCRs. Therefore, a piece-wise linear (PWL) characteristic has been proposed in ref. [21] to preserve the coordination time interval (CTI) between the primary and the backup relay pairs for the entire range of the fault current. The successive straight lines were joined together to formulate the new characteristic curve and a tabular format is used to adjust the curve for the existing industrial relays. For obtaining the optimal coordination of OCRs in meshed networks, the piece-wise linear characteristic (PWLC) has been evolved as a novel method [22]. It used variables coefficients, namely A and B, of the PWLCs of the OCRs for adjusting purposes and obtaining a more flexible TCC with the normally inverse (NI) standard; however, the proposed method was not tested by changing the location and the size of the DGs to evaluate their effect on the performance of the proposed approach. There are some researchers who have considered the SCs’ constant parameters as variable set points, which is another NSC format [23,24]. This NSC format aims to develop flexible TCCs by creating necessary CTI for the range of the entire fault current between the primary/backup pairs of the relay. To improve the selectivity and sensitivity in the OCR coordination and avoid the NI standard curve disadvantages, an optimal coordination scheme based on nonstandard time–current characteristics is presented in refs. [25,26]. However, the nonstandard time–current characteristics are created by using the logarithmic function and constant coefficients, which lead to significantly minimizing the overall operational time on maximum fault currents, but it showed limited behavior on minimum fault currents. Table 1 shows an overview of the literature review that has been introduced above.




1.3. Contribution of The Paper


It can be seen that there are some drawbacks or imperfect points that create a research gap. There is a significant need to find an alternative to the NI standard curve for more flexible and dynamic protection coordination schemes for radial and ring distribution networks (DNs) and MGs, especially at far-end faults (minimum faults). In addition, ensuring the CTI selectivity between OCRs and minimizing the tripping time in different operating modes are required. For filling this discussed research gap, optimal OCR coordination based on a new nonstandard time–current characteristic (NSTCC) with dynamic coefficients to provide a fast and reliable response in different network scenarios is proposed. An optimization task to present the OCR coordination problem has been solved by applying two optimization techniques, namely GA and GSA–SQP algorithms. The main and key contributions of this article are ordered as follows:




	
For improving the performance of the protection system by integrating the DG units and during the occurrence of different fault currents in the MGs, the novel NSTCC is created with consideration to the constraints of the existing model.



	
In the OCR scheme, an optimum coordination approach is utilizing NSTCC to reduce the total OT compared to traditional SCs and other NSCs presented in the literature. This paper achieves a significant reduction in total OT without a miscoordination record.



	
The proposed new optimal scheme based on NSTCC is developed with a lower number of constraints compared to the optimal coordination in the literature because it uses just one flexible coordination scheme. Therefore, the new proposed approach in this work achieves the optimal solution with minimum computational costs.



	
There is no communication required between the OCRs in the proposed optimal coordination strategy in this work, where the measurement of the current is acquired locally. Therefore, the proposed approach provides adequate robustness to the OCR coordination approach, decreasing the demand for communication infrastructure. Moreover, it reduces the computational cost as well as the requirement to gain way in large quantities of the MGs and grid data.



	
The sensitivity improvement for the proposed optimal scheme is shown by comparing the results of the NSTCC and the standard curves under different testing and MG operation modes.



	
Finally, a comparison analysis has been provided for the proposed optimum coordination approach under various faulty conditions for two DNs types: radial networks (IEEE 9-bus test system and IEC MG benchmark) as well as meshed networks (IEEE 9- and 30-bus test system). This comparison proves the proposed approach’s superiority over others, especially for minimum fault in islanding mode.









1.4. Outline of Paper


This paper is categorized as follows: Section 2 presents the problem statement and suggested solution. Section 3 illustrates the novel optimal OCR protection scheme methodology and the proposed NSTCC. The MG topology and the distribution grid with the simulation analysis and results are represented in Section 4. Finally, Section 5 presents the summary, conclusions, and the suggested future work of this paper.





2. Problem Statement: OCR Coordination


OCR is considered the most common apparatus for protection as applied in distribution systems. An OCR is used in measuring the current passing through it and also determines if a signal for opening a circuit breaker is to be sent or not [27]. Relays are of different types, some of which include definite-time OCRs and directional relays. However, one of the most preferred types is the inverse-time OCR since it is a protection relay with a time characteristic used for grading and, thus, can allow some loads to specifically draw more currents in a very short period of time [28]. OT is part of inverse-time OCRs, and is found to be in inverse proportionality with the fault current as indicated by the relay. OCRs are in two forms: electromechanical and digital. Electromechanical OCRs have dominated the market for the past two decades. This is because they were not expensive and had well-known performance, resulting from many years of application. The second form, which is the digital OCR, has several advantages over the electromechanical type and is more likely to be preferred in the future for the following reasons [29,30]: first, they are economically competitive, since they are cheap to acquire, similar to the electrochemical types. Second, they have increased reliability since they have properties that can detect and report any internal problems in the relay, thus avoiding any possible malfunction operation. Third, they have smart grid natives since they are compatible with the concept of the smart grid due to their digitalized nature. Further, they have a multifunctionality ability; thus, they can perform other added tasks such as measuring the current and voltage values as well as performing protection work. Finally, they have the flexibility ability, which arises from their capability to define TCCs, which are arbitrarily set by the user [28].



To achieve the maximum operation of OCRs, two parameters should be set. These consist of the TSM and plug setting multiplier (PSM). The former is determined based on the minimum load current as well as the maximum fault current. The required interrupting capacities of overcurrent protective devices can be determined by helping the maximum fault currents, while the minimum fault currents are utilized in overcurrent device coordination operations [31]. The maximum fault currents have ratings from 50 to 200%, at intervals of 25%, whereas minimum fault currents have ratings from 0.05 to 1, with 0.05 intervals. TSM is calculated in such a way that the system for protection can disconnect easily from the power system’s faulty part [28,32]. The digital relays, which are new in the market, however, are able to make these parameters be set at intervals of 0.01 [33]. In general, the structure of OCR coordination problems in MGs is complex and intensive. This is especially seen in linked distribution systems, in which the burden of computation increases as the size and the network intricacy also increases. Figure 2 illustrates the coordination constraint between primary and backup relays, in which is horizontal axis represents the fault location and the vertical axis represents the tripping time. As ordinarily in a coordination approach, the fault is isolated firstly by using the primary OCR (Rp). If the Rp does not operate, the fault will be isolated by using the backup OCR (Rb) after a particular time, called CTI, which is represented in Figure 2 between the green curve and black curve [3].



Most renewable energy sources such as wind turbines and photovoltaic systems have been used power electronic inverters for connecting to the MG system. In MGs, the inverter-based distributed generations (IDGs) have been used in protection; however, the inverters have a limitation of the generated fault current: 150% of the current rating [34]. This makes the conventional overcurrent devices either stop responding or respond at a much larger operating time [4]. New challenges and opportunities appeared due to the growing wind turbine energy share, which led to a preference in the use of doubly fed induction generators (DFIG) over fixed-speed wind turbine systems. The connection of the wind farm to the network contains a low-voltage ride-through (LVRT) ability that is the most important requirement. Furthermore, owing to the DFIG essentially working the same to synchronous distribution generations (SDGs), power factor control might be applied at a reduced cost [35]. The contribution of fault current from synchronous distribution generations (SDGs) can rise to about ten times the current rating [27]. In general, the fault currents in MGs are dependent on the ratio of ratings between SDGs and IDGs. Likewise, the fault current contribution ability (FCCA) of IDG is very low (110%). This means that the mode used is the islanding mode; the OCRs may be unsuccessful in the case the MG only has IDGs. This is because the ratio of IDGs to SDGs in the mixture causes difficulty in the protection coordination as well as low fault current. In general, the DOCR aims to deal with bidirectional flow of power failures evenly. In addition, if the MG is able to operate in the loop and radial topology, the relay coordination and the detection scheme under primary fault becomes complex using different types of DGs. In order to handle the protection challenges in MGs, a fast and robust optimal protection scheme is required. The main objective of this article is to present an optimal and fast coordination scheme that minimizes OCR operational times for all operation and fault scenarios in MGs.



2.1. Problem Description: Illustration-Based Analysis


MGs with sources of renewable energy must be protected to ensure that the operating conditions are reliable and safe [28,29,30,31,32,33,34,35,36]. The coordination of OCRs in distribution systems can be done easily, especially those in radial structures and weakly meshed MGs [37,38]. However, in interconnected and meshed systems, each of the given relays acts as backup relays, where several delays are set as a backup for one relay. Figure 3a shows the single-line diagram of DN with three distribution lines (  D  L 1  ,   D  L 2   ,    D  L 3   ) protected by overcurrent relays (   R 1  ,    R 2   ,     R 3   ). Figure 3a illustrates the OCR coordination from the side of the load to the source. For instance, a fault at the F1 point results in    R 1    primary relay and    R 2    backup relay. If the    R 1    is unable to detect the fault or tripping delays, the    R 2    will have time delays. Figure 3b shows the effect of the fault location on the fault current. It can be noticed that the fault current is increased whenever closer to the main source. Figure 3c is an illustration of the OCR coordination curves in three modes, which are a conventional network (that has no sources of renewable energy), a power network with DG, and an islanding mode. Ordinarily, the OCR operating time, in the no-DG case, is high due to a CTI ranging from 0.2–0.5 s, stressing the network equipment, possibly causing the relay to fall into the precise time region. This is more so for maximal fault modes (when faults occur near the source) [29,34,36].



The conventional protection scheme experiences more challenges because of the different fault characteristics between the distribution systems in the presence and absence of sources of renewable energy. The rising number of sources of renewable energy in the network has widened the variation range between the minimum and maximum levels of fault current. Consequently, the calculation of the traditional protection setting will not meet the system requirements of the main protection: sensitivity, speed, and selectivity [4,28]. For instance, when the fault occurs at the F2 point for a distribution grid that has DG as illustrated in Figure 3c, the fault current value will go up in the    R 2    primary relay and go down in the    R 3    backup relay, resulting in a time delay causing disconnection or OCR coordination failure [30,36]. Figure 3c illustrates the effect of the connection between the DG and the fault current,     I f   . For    R 2   , maximum fault current for DG power network,     I  f , m a x   w i t h   D G    , goes up while it goes down for    R 3    when comparing with the maximum fault current during the absence of DG,    I  f , m a x   n o   D G    . Generally, the fault characteristics of a DN with DG have been altered because of loading/generation level changes, variations in the network typology, islanding, fault point resistance, and the location of the fault point in relation to the main relay. Alterations of the fault current will result in OCR miscoordination; for instance, the    R 3    will possibly not operate once there is a failure on    R 2    for the minimum fault current,    I  f , m a x   i s l a n d i n g    , in which the current value will be reduced compared with the distribution network in the absence of DG,    I  f , m i n   n o   D G    . For the islanding case, the fault current is too low, making its detection based on the conventional scheme difficult [28,30]. As a result, the conventional coordination and protection scheme will not have the capacity to handle the issue, which makes the development of a new time–current characteristic to address the challenges of DG protection very important. Furthermore, a DG-equipped system of protection for DN is needed to respond to the faults in all modes of DG operation, e.g., grid and islanded. This study proposes and develops various quick and intelligent schemes of protection and coordination. The coordination schemes’ main objective is calculating the PSM and coordination curves which reduce the OT.




2.2. The Coordination of Overcurrent Relay


The traditional coordination between OCRs is generally obtained with the assumption that the conditions and network parameters such as resistance, current, and voltage during a fault will remain constant [34,36]. Equation (1) describes the CTI between the OT for the primary relay and backup relay for short circuits that occurs, for instance, at the F2 point [34,36,39]. The CTI presentation is such that the time of coordination between the backup relay,    t  R 3    , and the main relay,     t  R 2    , is equal to or more than the designated CTI.


   t  R 3   −  t  R 2   ≥ CTI  



(1)







Figure 3b illustrates how DG addition to the distribution grid affects the scheme of coordination protection [40,41]. The fault current variations will result in a CTI between the primary relay and backup relay that is lesser than the chosen CTI, causing a miscoordination. Calculations of the OCR operating time, t, in traditional methods are based on constant fault currents as well as known fault currents,   I s c  , as shown in Equations (2) and (3).


  t =    A        I s c   I p      B  − 1     × TMS  



(2)






  t =    A        I s c   I p      B  − 1   + C   × TMS  



(3)




where TMS represents the time multiplier setting,   I s c   represents the short-circuit current, and   I p   represents the pickup current. Parameters A, B, and C in Equations (2) and (3) are related to a variety of relay characteristics that are defined on the basis of the standard of relay [42,43]. In general, numerical OCRs have the capability to update and modify the time operating characteristics based on real-time measurements. In this paper, the numerical OCRs provide the ability to use different time operating characteristics, such as the standard characteristics (IEC, ANSI), or generate new nonstandard operating characteristics. The proposed nonstandard time characteristic in this paper, NSTCC, aims to minimize the total tripping time and improve the performance of power protection in terms of selectivity and sensitivity.





3. The Proposed Methodology: Nonstandard Time Current Characteristics


This section aims to introduce optimal OCR coordination based on a new nonstandard time–current characteristic (NSTCC) with dynamic coefficients to reduce the tripping time associated with the value of fault currents. The proposed NSTCC scheme will be compared to the traditional OCR scheme (inverse definite minimum time (IDMT)) [29,36]. Further, there are different applications, such as the thermal stress issues occurring in the equipment (such as transformers and cables), that can use the proposed NSTCC. The next equation represents the proposed NSTCC, and the logarithmic function therein [19] is the basis of this equation.


  t =   A − 1.35 ×   log  e      I s c   I p       × TMS  



(4)







To ensure OCR coordination selectivity, the grading time should be kept constant and free from the network’s location of the fault or the current level of the fault. Equation (4) represents the NSTCC for all relays through the use of logarithmic [19,36] and variable coefficients (A) with a range between 2 and 6.5; the time of grading will not be affected by the degree and point of fault. This will make the selectivity of the protection system better and independent of the fault location or current. Moreover, it was difficult for the normal inverse curves to detect the minimum fault. The NSTCC offers ample area for the detection and coordination of the OCRs in the minimum fault, as illustrated in Figure 4, to ensure selectivity without missing the tripping time. The following section describes an optimization task for determining the TMS based on Equation (4) that reduces the OT to a minimum. Therefore, coordination on the basis of nonstandard tripping characteristics will result in an optimal time of grading in relation to the time of tripping.



The effect of adding renewable energy sources connected to the DN on the PSM and miscoordination problems that appear between OCRs during the maximum and minimum faults is shown in Figure 3b. Generally, the ratio between short-circuit current and the pickup current (Isc/Ip) is presented as a PSM. This section presents the importance of using NSTCC in coordinating the OCRs as illustrated in Figure 4. The fault’s location near or at the end of the protected zone is responsible for obtaining the OCR coordination task. The fault’s location near the protected line (maximum fault current) is covered by the F1 point, while the end of the protected zone (minimum fault current) is related to the F2 point. The two scenes were selected to attain the required CTI, cover on time attributes, and raise the OCR OT because of the addition of sources of renewable energy as shown in Figure 3 and Figure 4.



It can be noticed that in Figure 4, the curve of the standard time–current characteristic (STCC) has high values of fault currents at both maximum and minimum fault currents. This curve represents the inverse definite minimum time (IDMT) overcurrent relay. As seen in Figure 4, the OTs of the STCC at the minimum and maximum fault current are    t 6    and    t 8   , which are unchangeable values. Then, two variables’ coefficients A and B for the maximum and minimum faults are required to reduce the tripping time effectively to control the two sides of the curve of the STCC. The researchers in the available literature such as [20,44] used this approach to reduce the operating time; however, this leads to increasing the number of constraints which is another disadvantage. In addition, the authors in ref. [25] have proposed the curve of the nonstandard scheme (NSS), which is represented by the black curve in Figure 4; they have used Equation (4) with constant coefficient A equal to 5.8. Yet, due to the curve being constant as seen in Figure 5, the fault currents at minimum faults, especially in islanding mode, are still slightly high-valued and there is a delay time that will lead to miscoordination problems between OCRs at    t 7    as seen in Figure 4. In this work, this gap can be filled by using the NSTCC which reduces the tripping time compared with the STCC at maximum and minimum faults and nonstandard curve in ref. [25] by making the coefficient A a variable needed to have optimal value to achieve the best reduction in the total OT for relays. The coefficient A in the proposed NSTCC is controllable at both the maximum and minimum fault currents as shown in Figure 4; the blue curves represent the NSTCC and they illustrate how just the one variable coefficient A can control at both ends of the curve and reduce the OCR tripping time. It can be seen that the NSTCC can decrease the OT from    t 5    to    t 3    and from    t 2    to    t 1    at minimum and maximum faults.



For the first point, the minimum tripping time (maximum fault current) must be guaranteed by each OCR in the DN. A lower OT is provided by using the NSTCC curve which is represented by the red dotted line compared to NSS which is demonstrated by the black line, as shown in Figure 5. With the existence of the DG units at the grid at the minimum fault current (islanding current) for the second point, the OCR OT will be increased more than the distribution grid in absence of the DGs. The avoidance of any miscoordination problem or nonoperational cases can be achieved by applying the proposed NSTCC curve, which minimizes the OCR tripping time as illustrated in Figure 5.



3.1. Formulating the OCR Coordination Problem


This study formulates the problem of OCR coordination in a DN that has DGs as a problem of optimization to discover the TMS which minimizes the OT for OCRs, insuring the selectivity between the primary relay and backup relay. This part introduces the suggested approach, mathematical formulae of the optimization for solving the issue of coordination, and the performance of the OCR optimization techniques in the MG protection in comparison to the traditional protection approaches.



Objective Function


The main variable for the OCR coordination issue in Equation (4) is the TMS which manages the OT of the relay. In this section, the operational time for OCRs and the coordination problem, as described in Section 2, is formulated as an objective function. This objective function (OF) minimizes the overall OT for the main relay and backup relay. The operational time, t, for the total number of relays, x, and total number fault locations, y, is formulated as follows [29,36]:


  O F =   ∑   j = 1  x    ∑   k = 1   y        t  j , k    



(5)




where j is the relay number (j = 1, 2, …., x), k is the fault location number (k = 1, 2, …, y), and      t  j , k     is the operational time for j relay at k fault. In this work, the NSTCC is used to calculate the total tripping time, OT, where the coefficient A is controllable at both the maximum and minimum fault currents. Equation (5) can be rewritten as follows:


     arg   min   A      ∑   j = 1  x    ∑   k = 1  y   t  j , k    



(6)







There are various constraints taken into consideration during application of the OF in Equations (5) and (6) as shown below:




	
Coordination Criteria and Selectivity








The selectivity constraint for OCR coordination aims to add operational time delays between the primary and backup OCRs, to minimize power outages on the network based on the location of the fault. The backup OCR will not work except when the main OCR is nonoperational. The formulation of the criteria for selectivity can be done based on CTI as constraints of inequality:


   t  b     −  t p  ≥ CTI  



(7)




where    t p    represents the OT for primary relays and    t b    represents the OT for backup relays. Generally, the CTI (in seconds) is between 0.2–0.5 to guarantee selectivity [29,30,31,32,33,34,35,36,37]. The value of CTI is dependent on various parameters like relay type and circuit breaker speed. This study works with a CTI from 0.2 to 0.5.



	
Relay Setting, Operating Time Bounds:






To keep the limitations of operational time, the constraints should be presented for the minimal and maximal OCR operational time. Nevertheless, the protective relays should have quick operation taking the minimum possible time; if the OCR operation takes more time, there will be damage to the equipment and an unstable power system. The minimal and maximal operation time bounds are shown below:


  T M  S  m i n   ≤ T M  S j  ≤ T M  S  m a x    



(8)






  O  T  m i n   ≤ O  T j  ≤ O  T  m a x    



(9)




where   T M  S  m i n     and   T M  S  m a x     are the minimal and maximal TMS values of relay j and     O  T  m i n     and   O  T  m a x     represent the minimal and maximal time of operation needed for the relay j [28,30]. The OCRs’ operation must be within the protection scheme’s normal operation time. As a result, the PSM needs to be set in the domain of the minimal and maximal values in the minimum and maximum fault currents in the relay, even with light overloads.



	
Proposed Setting of Coefficient Bounds:






In this study, the characteristic coefficient in Equation (4) is considered as a decision variable, as presented in Equation (6). In previous studies, the inverse curve requires more than one variable coefficient to shift it upwards and downwards [20,45], which leads to greater OCR tripping times with a slight shift in steepness and increase in the number of constraints. This causes miscoordination between primary and backup relays. For development purposes, the NSTCC is formulated in Equation (4) with just a single variable coefficient, which is A. The NSTCC tends to shift the curve downwards by changing    A i    values; this leads to a reduction in OCR tripping times and the reduction of constraints. As a result, the OCR coordination performance is guaranteed. The following equation shows the maximum and minimum bounds of the variable coefficient A:


   A  m i n   ≤  A j  ≤  A  m a x    



(10)




where    A  m i n     and    A  m a x     represent the minimal and maximal variable coefficient needed for relay j. It has been chosen to be between 2 and 6.5 in this study.





3.2. Optimization Methods for Solving the OCR Coordination Problem


In Section 3.2, the OCR coordination problem in a network connected to DGs is presented as an optimization task. This section presents two optimization algorithms, namely GA and GSA–SQP, as common and new powerful optimization algorithms for solving OCR coordination problems [8,37].



3.2.1. Genetic Algorithm Optimization (GA)


For solving complicated optimization problems, the genetic algorithm (GA) has been vastly used as an iterative optimization technique [46,47]. The GA technique considers various applicable solutions to obtain the best solution; it proves its worth in the power system protection coordination problem. Using GA in [37,47] was solely for power grids, without considering nonstandard OCR curves and renewable energy sources. In this study, the GA methodology is utilized as an innovative iterative optimization model to transact with the overcurrent coordination problem for a distribution system with DGs. Generally, the simulation of the GA is used with a specific population size, where the possible solutions for the proposed optimization problem are described by the population. Chromosome populations or individuals are the possible solutions in the population [37,39]. In the next step, an OF evaluates all solutions for the current generation; this step is called the fitness function (Equation (6)). The result of the fitness value is mainly associated with the proposed optimization problem for each solution. Creating a new population uses fitness evaluation by utilizing selecting, crossing, and mutating techniques.



In this paper, the general GA flowchart for the proposed ORC coordination problem is presented in Table 2. The process of the GA model launches for a profile group of first-generation OCR OTs. Therefore, for each OCR OT profile, Equation (6) of the objective function is used to evaluate fitness. Thus, an appropriate selection technique picks the parent OCR operating time profiles. For the next generation, the selection of the best performance (better fitness value or fittest solution) will be selected. These profiles are chosen for crossover as well as for creating a new generation (population); this step known as reproduction. From the profiles of the parent, the common genes of parents are retained to create the profile of a new generation of the OT whereas the residual genes are chosen at random from the parents. Nevertheless, the power network or relay constraint might be violated by the child OT profile; consequently, for examination purposes, whether the profile of the child is under the constraints or not, a feasibility test has been applied. Sometimes the child profiles are assigned to the impracticable zone. Then, the solution of the child, in this case, will be refused and an alternative one will be generated by randomizing the uncommon genes until the feasibility of the child profile is realized. At the initial time and for the initial iterations, the expectation about child profile will be varied and far away from parent OCR operation solutions. Nonetheless, in each iteration, the profiles of both children and parents are nearer to each other, and the search directs closely to the optimum OCRs operation time profile. Achieving the greatest number of iterations or reaching the proposed threshold is the goal of this process, which will be repeated many times until meeting this goal.




3.2.2. A Hybrid Algorithm Gravitational Search Algorithm–Sequential Quadratic Programming (GSA–SQP)


The GSA–SQP algorithm is presented by refs. [8,48] as a powerful optimization solver for OCR coordination. Firstly, the GSA–SQP algorithm is presented as a multipoint method of search that is based on probability through using the gravitational search algorithm (GSA). Secondly, non-linear programing (NLP) techniques such as sequential quadratic programming (SQP), which are the single-point method of search, have the disadvantage of getting trapped in a local optimum point when the first option is closer to the local optimum. The NLP techniques offer a globally optimal solution if the correct first choice is made [48]. The study by ref. [48] suggested a hybrid of GSA with SQP to take advantage of the methods while overcoming their drawbacks. The SQP routine is introduced in GSA as a local technique of search to boost the convergence. Initially, the GSA method is performed and the best fitness for each generation is chosen in each interaction. From this, the corresponding agent is set as the initial value of the variables in the SQPP technique. The SQP routine is then executed according to the local search’s adopted probability of local search (   α  LS    ), improving the best fitness obtained from GSA in the current interaction. This is how the algorithm of GSA–SQP offers the global optimal solution. For calculating the optimal setting of the OCRs, several agents that represent a complete solution set are presented as the control variable of the OCR coordination problem, X.


  X =   T M  S j 1  ,   … . , T M  S j m  ,   I  p j 1  , … . ,   I  p j m  ,    A j 1  ,   … . ,  A j m     



(11)




where N is the population size (agents in the system), j = 1, 2,…; N and m are the numbers of the relay in the grid. The process of the GSA–SQP started with a set of the first-generation OCR operation time profiles based on the power network and fault calculation data. Then, for each OCR operation time profile, the objective function (Equation (6)) is used as an evaluation and fitness approach in this work. Thus, the best and worst solutions will be selected. For the next generation, a random number will be generated and compared to the constant    α LS   . In the case that the random number is less than the    α LS   , the model will calculate the gravitational constant at time t, G(t), masses of agents, M(t), and the total force that acts on the i-th agent at time t, F(t), to update the velocity and position of the searching agent. In case of a random number larger than the    α LS   , the SQP method will be used to update the next generation by selecting the new agent as the best agent. Finally, the GSA–SQP model will select the optimal solution among all solutions which is helped to achieve the global solution as shown in Figure 6. The parameters of the algorithm applied for the optimal coordination problem in this paper are: constant G0, the initial gravitational which is set to 100, and constant α, a user-specified value which is adjusted to 20. Both constants G0 and α control the GSA performance. t is the current iteration while    t  m a x     is the maximum iteration number which is set to 200; N is adjusted to 50;    α  LS     is 95. For miscoordination problems, β has been used. Miscoordination decreases with increasing β; however, the relay OTs rise. Thus, for omitting the miscoordination, a fit β value should be selected. In addition, there are other parameters related to local search that should be calculated throughout the process which are: G(t), the gravitational constant at time t, M(t), the masses of agents, F(t), the total force that acts on the i-th agent at time t, and a(t), the acceleration of the i-th agent. For meshed network case studies, the weighting factors are chosen as    α 1    and    α 2    which are set to 2 and 15, respectively. IEEE 9-bus system β is set to 500 and the IEEE 30-bus system is set to 1000.






4. Simulation Results and Discussion


This section aims to present the results of the proposed nonstandard OCR coordination approach, NSTCC, using radial and meshed distribution systems and under different operating scenarios. Throughout this section, the NSTCC will be compared to the conventional OCR coordination scheme and nonstandard OCR scheme developed by ref. [25]. For solving the OCR protection coordination problem, GA and hybrid GSA–SQP optimization techniques are used in this study based on the following network scenarios:




	
Radial Networks: IEEE 9-bus test system and IEC MG benchmark.



	
Meshed Networks: IEEE 9-bus and IEEE 30-bus meshed networks.








4.1. Radial Networks


In this part, an IEEE 9-bus test system and IEC MG benchmark have been carried out as a radial network. Figure 7 shows the flowchart for the implementation of NSTCC in radial networks. Afterwards, the short-circuit calculations in various modes and locations were achieved. In this section, the GA method has been used to obtain the optimal setting (TMS and the coefficient A) for OCRs based on STCC [25], NSS [25], and the proposed NSTCC in this paper. Furthermore, the NSTCC has been compared with the STCC and NSS in terms of reducing the relays’ operation time, OT, and ensuring the CTI selectivity. For solving the OCR protection coordination problem, the GA technique is used in this section based on the presented network configurations in Figure 7.



4.1.1. The Radial 9-Bus Test Systems


The proposed network system is developed based on the Canadian Urban Benchmark 4-bus feeder distribution system [49]. As shown in Figure 8, the IEEE 9-bus consists of one DG and 10 OCRs as well as 2 directional OCRs, DOCRs, which are R8 and R10. A utility main source feeds this radial distribution capacity of short circuit = 500 MVA as well as the ratio of X/R = 6 and all lines with length = 500 m. The system is associated with the utility throughout a transformer of 20 MVA, 115 kV/12.47 kV. The simplified network, as shown in Figure 8, presents the OCRs and DOCRs. The plug setting (PS) and the current transformer ratio (CTR) for each OCR are stated as follows: for R1 and R5, the PS and CTR are 1.128 and 100/1, respectively, while 1.130 and 200/1 are the values of the PS and CTR for the R2 and R6. For all R3, R7, R8, and R9, the values of PS and CTR are 1.132 and 300/1, respectively. 1.135 and 400/1 are the PS and CTR values for all R4, R10, and R11. Lastly, the PS and CTR of the R12 are 1.140 and 600/1, respectively [25]. In the following subsection, the results of the proposed NSTCC, STCC, and NSS schemes are presented over different fault and power network model scenarios, as discussed in the previous section.



	
Radial IEEE 9-Bus System without DGs: Mode 1 test results






This mode represents a conventional power network, which is fed only via the main utility feeder without DGs, as shown in Figure 8. The GA optimization technique is used to evaluate the performance of the NTSCC method and compare it with the conventional STCC and the NSS [25]. In general, the optimized values of TMS, the overall OT, and coefficient A in mode 1 for all OCRs are presented in Table 3. The acquired settings and the total tripping time were computed by utilizing MATLAB software and GA methodology. As shown in Table 3, the NSTCC approach achieved the minimum overall OT of all OCRs which equals 8.224 s, compared to the STCC and NSS methods which are equal to 9.352 and 8.848 s, respectively. In addition, the optimized value of coefficient A for the NSTCC approach has been chosen as approximately 5 for all OCRs as shown in Table 3, which is a suitable value for maximum current faults in this conventional power network case.



	
Radial IEEE 9-Bus System with DGs: Mode 2 test results






Integration of the DGs in the network leads to raising the complexity of obtaining the optimal OCR coordination. This mode tests and evaluates the NSTCC on the network that is fed by all types of DGs, as illustrated in Figure 8. Table 4 shows the optimized values of TMS, the overall OT, and coefficient A in mode 2 for all OCRs. The total OT of the NSTCC in mode 2 of all OCRs equals 9.327 s, while the overall OTs for the STCC and NSS are 11.282 and 10.353 s, respectively. As with mode 1, an appropriate optimized value of coefficient A has been selected in mode 2 for the NSTCC approach, which is approximately 5 for all OCRs as illustrated in Table 4. As a result, the NSTCC scheme has recorded the lowest overall OT in Table 4 and optimal optimized value of the coefficient A.



	
Radial IEEE 9-Bus System under the islanding condition: Mode 3 test results






The grid’s operational way in this mode is called islanding mode. Applying the NSCC on the network with this mode shows the reliability and effectiveness of the proposed approach with a low fault current. Over the islanding mode, a comparison has been made between the proposed approach and other approaches in the Table 5, in terms of the optimized values of TMS and the overall OT. Similarly, the NSTCC approach achieves the minimum overall operational time of all OCRs compared to STCC and NSS approaches. The overall OT of all OCRs in mode 3 is 1.3728, 1.34, and 1.187 s for STCC, NSS, and NSTCC, respectively. It can be noticed that the optimized value of coefficient A in the Table 5 (islanding mode) for the NSTCC approach has been chosen to be approximately 2, which is suitable for detecting the minimum fault currents, and it is considered the key contribution of this NSTCC approach without delaying time during the optimization task.



	
Discussion of the Radial IEEE 9-Bus System results






In this section, the performance of proposed NSTCC, NSS, and STCC approaches on the radial IEEE 9-bus system over the different operation modes is presented. The overall OT for operation modes shown in Figure 9 was obtained by using the GA algorithm. The previous subsections show that the NSTCC approach reduced the overall OT of OCRs for all modes compared to NSS and STCC approaches. For example, the NSTCC reduced the overall OT in Mode 2 by 17.32% and 9.91% compared to NSS and STCC approaches, respectively.




4.1.2. The Radial IEC MG Test System


IEC MG benchmark connected to various DG technology types has been used to evaluate the NSTCC in this section. As shown in Figure 10, it has 4 DGs (two wind turbines and two synchronous generators), 5 transformers, and uses 15 OCRs as well as 5 DOCRs which are R1, R3, R5, R8, and R9, Refs. [49,50] give all details about IEC MG. The PS and CTR for each OCR and DOCR are described as follows: for R1, R2, R3, R4, R5, R6, R8, R9, R10, R12, and R15, the PS and CTR are 0.5 and 400/1, respectively. Whereas for R11 and R14, the PS is 0.65 and CTR is the same as the previous OCRs, which is 400/1. The PS and CTR values of the R13 are 0.88 and 400/1. Finally, for R7, the PS and CTR are 1 and 1200/1, respectively [25]. A short circuit on different lines was calculated for each mode in this study. The three-phase faults at different transmission lines in the MG are illustrated in Figure 10. In Figure 10, the DG is considered as a PMSG system where the contribution of fault current is low, similar to our case with the PV system, compared to the DFIG system, which is considered as high fault: around 7 times the full load. However, the DFIG condition will be protected by the first relay after the generator in this work.



These fault cases are: a fault on the line DL-5, named F1; a fault on the line DL-4, named F2; a fault on the line DL-2, named F3; a fault on the line DL-3, named F4; and a fault on the line DL-1, named F5. To optimize the TMS for the coordination of OCRs, GA optimization processes have been carried out to test the NSTCC using MATLAB simulations. For fault conditions, the primary OCR should isolate the fault firstly. If it fails to trip the fault, after allowable CTI, the backup OCR must be operated; it is assumed to be operated between 0.2 s and 0.5 s. Three operational modes have been implemented in this IEC MG.



	
The radial IEC MG Simulation Results in Mode 1






In this case, the main source is only connected to the IEC MG; however, all the DGs are off. For comparative purposes, the results of the TMS and the operating times for all relays that were obtained from the literature [29,36,51,52] are presented in Table 6. The authors in ref. [25] did not evaluate the IEC MG as a radial system. It can be noticed that the proposed obtained OT equals 2.42 s for the proposed NSTCC, which is a considerable reduction from those reported in the Table 6.



	
The radial IEC MG Simulation Results in Mode 2






In this operational mode, the MG is connected to the main grid and the DG units. The results of the TMS and the operating times for all relays that were obtained from the literature [29,36,51,52] are presented in Table 7. It can be guaranteed that the value of the coordination between the primary and backup relays is achieved by obtaining the lowest tripping time for the NSTCC among the approaches reported in Table 7. The total OT was equal to 4.69 s for NSTCC compared to 11.6 s as the lowest OT value obtained from literature, which equals a 60% reduction for using NSTCC. The coefficient A’s optimized value equals approximately 4.8 too according to the maximum fault current in this mode.



	
The radial IEC MG Simulation Results in Mode 3






In mode 3, the MG operates in islanding mode, in which the main grid is in off-grid mode and the load is supplied by all the DG units. The results of the OCR coordination obtained from the literature [29,36,51,52] are shown in Table 8. In this case, too, the proposed approach NSTCC outperformed the other approaches that are reported in Table 8. The proposed NSTCC achieved an OT equal to 4.055 s as the lowest value among others in Table 8. Consequently, the coordination problems may not exist, which means the selectivity is guaranteed. The optimized value of coefficient A has been chosen as 6 in this mode to obtain the lowest OT value in Table 8.



	
Discussion of the radial IEC MG results






In this section, the performance of the proposed NSTCC and approaches from the literature [29,36,51,52] on the radial IEC MG over the different operation modes is presented. The overall operation time, OT, for relays was obtained by using the GA algorithm and is shown in Figure 11. The previous subsections show that the NSTCC approach reduced the overall OT of OCRs for all modes compared to approaches in the literature [29,36,51,52]. For example, compared to the literature approaches [29,36,51,52], the NSTCC reduced the overall OT in Mode 1 by 63.55%, 55.5%, 45.0%, and 47.7%, respectively.





4.2. Meshed Networks


In this section, IEEE 9- and 30-bus meshed networks have been implemented to evaluate the proposed NSTCC approach. Figure 12 shows the flowchart for the implementation of NSTCC in radial networks. Afterwards, the short-circuit calculations in various modes and locations were performed. The MATLAB software is used to implement the proposed equation with the constant coefficient 5.8 and with the variable coefficient A for obtaining the short-circuit calculations. The optimal setting, TMS, the coefficient A, and Ip for OCRs have been obtained by using the MATLAB software and applying the hybrid GSA–SQP algorithm for the NSTCC approach. Finally, the NSTCC with a constant coefficient 5.8 and a variable constant A has been compared with the STCC to show the effectiveness of the proposed approach in terms of reducing the OT considerably and ensuring the CTI selectivity.



The main steps of using the hybrid GSA–SQP by applying it in the MATLAB software can be shown as follows:




	
The objective function for the IEEE 9-bus system is run on the MATLAB software; it includes the short-circuit calculation values for all points that have been illustrated in Figure 13 from point A to L.



	
For example, when the fault occurs at the point A: for primary R1, backup R15, and R17, the fault current was 24779 A, 9150 A, and 15632 A, respectively. The OT of primary and backup relays for faults in A have been calculated based on Equation (4). The best value of the A parameter in Equation (4) will be determined by solving the cost function in Equation (6) by using GSA–SQP in the MATLAB platform.








4.2.1. Description of the Meshed 9-Bus Test Systems under Study


For solving the OCR coordination problem, the NSTCC is applied to this 9-bus test system by using the hybrid GSA–SQP algorithm. This grid consists of 12 lines and 24 OCRs, and every line has two relays at both ends as illustrated in Figure 13. The power is received via bus 1, which is represented by a source of 100 MVA, 33 KV and more details about this grid are given in [48]. Twelve fault points have been considered, indicated from A to L (one on each line) as shown in Figure 13. For these fault points, Table 9 shows the primary–backup relationship of relays and the CTI is taken at a minimum of 0.2 s. In case of fault at different points, the short-circuit analysis has been conducted to find the current seen by the relays.



The optimized TMS and Ip values and OTs based on a hybrid GSA–SQP algorithm are compared with obtained results in ref. [8]. The NSTCC reduces the overall operational time of primary OCRs to 1.869 s compared to the results that are illustrated in Table 10. The coefficient A’s optimized value is selected to be approximately 6.25 by MATLAB software operations in this case to obtain the lowest OT. The corresponding values of CTI are shown in the Table 9. The optimum results ensure the coordination between primary and backup relays. Further, the CTI is improved by using the NSTCC approach; the sum of CTI values equals 7.392, which is reduced compared with the sum of CTI values in ref. [8], which equals 8.892. The NSTCC scheme results in the best settings.




4.2.2. Description of the Meshed 30-Bus Test Systems under Study


The IEEE 30-bus system is considered as a meshed test system in this study to evaluate the proposed approach’s efficiency in solving large, meshed networks. As shown in Figure 14, it has 19 lines and 38 DOCRs and it receives power from three distribution substations by bus 1, 6, and 13; each one is represented by a source of 132 MVA, 33 KV as well as with two DG units. The nineteen fault points are labeled as L1 to L19; for each line, there is one fault point as shown in Figure 14. The primary–backup coordination of relays for these fault points and CTI values are illustrated in Table 11 and the optimal TMS, Ip, and A for the meshed 30-bus test system is presented in Table 12. The configurations of the short circuits’ current values and more information can be found in ref. [53]. The TMS range is between 1.1 to 1 and for Ip, from 1.4 to 5.9. The minimum value of the CTI is set as 0.3 s.



The optimized values of TMS, Ip, and OTs utilizing NSTCC with the hybrid GSA–SQP algorithm are illustrated in Table 12. It can be noticed from these results that NSTCC is the best approach and achieved the minimum overall OT of all OCRs of 12.231 s compared to 26.826 s and 19.727 s, for the STCC and NSTCC with constant coefficient A, respectively, as it is shown in Table 12. The CTI values calculated from the optimized TMS and Ip are shown in Table 11 and the coordination between primary and backup relays are ensured by the optimal results. Therefore, this signifies that the NSTCC can be efficiently used for solving the OCR coordination problem for the meshed and large-scale power systems.




4.2.3. Discussion of the Meshed Network Results


In this section, the performance of proposed NSTCC and approaches from the literature (STCC and NSTCC with constant coefficient A) on the IEEE 9- and 30-bus meshed networks are presented. The overall OTs for operation modes are shown in Figure 15 and were obtained by using the hybrid GSA–SQP algorithm. The previous subsections show that the NSTCC approach reduced the overall OT of OCRs for all modes compared to approaches from the literature. For example, the NSTCC reduced the overall OT in the meshed 30-bus test system by 54.4% and 37.9% compared to the literature approaches STCC and NSTCC with constant coefficient A, respectively.






5. Conclusions


An approach for the optimal coordination of OCRs in MGs that integrate DGs has been presented in this article. The approach has been successful in sustaining constant CTI between the primary and backup relay pairs and offering lower tripping times than the recent NSS introduced in the literature for different fault currents. The proposed NSTCC applies to long radial feeders and large meshed grids. The NSTCC is implementable when there is sufficient variance in the maximum and minimum fault currents. The GA algorithm was applied with several tests in radial networks, including the IEEE 9-bus test system and benchmark IEC MG that both integrate DGs under various operational modes. In all operational modes (grid-connected and islanding mode), better total operational times have been obtained by the proposed approach. Additionally, the hybrid GSA–SQP algorithm was carried out based on the proposed scheme in the 9- and 30-bus IEEE standard meshed power system to solve the OCR coordination optimization problem. This illustrates the superiority of the NSTCC in reducing operational time in meshed networks; hence, it is effective in both radial structures and meshed systems. These results broaden our understanding of the concept of using nonstandard curves in industrial relays to obtain optimal, flexible, and reliable outcomes. Regardless, future research could continue to explore the extent of applicability this proposed scheme has in the coordination of overcurrent relays with distance relays in radial networks. In addition, applying the proposed approach to hardware in the loop to confirm its reliability is possible.
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Figure 1. Overcurrent Relay Coordination Methods. 
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Figure 2. Coordination Constraint between Primary and Backup relay. 
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Figure 3. (a) The single-line diagram of the distribution grid with DG under three fault modes, (b) the relationship between fault current and fault location, and (c) the miscoordination between the primary and backup relays and fault characteristics with the absence and presence of DG. 
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Figure 4. A Standard Tripping Current Characteristic (STCC), Nonstandard Scheme (NSS) and Proposed Nonstandard Tripping Current Characteristic (NSTCC). 
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Figure 5. Proposed Nonstandard Time–Current Characteristics with variable coefficient A (NSTCC) and Nonstandard Scheme with constant coefficient A (NSS). 
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Figure 6. The flowchart of the GSA–SQP algorithm. 
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Figure 7. Flowchart of the Implementation of the NSTCC in Radial Networks. 
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Figure 8. The IEEE 9-Bus MG system. 
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Figure 9. The overall OT in Modes 1, 2, and 3. 
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Figure 10. IEC MG Benchmark (Large-Scale Network). 
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Figure 11. The overall OT in Modes 1, 2, and 3 for the radial IEC MG by different approaches from the literature (Saldarriaga-Zuluaga et al. 2020 [29], El-Naily et al. 2019 [36], Kar 2017 [51], Saldarriaga-Zuluaga et al. 2020 [52]). 
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Figure 12. Meshed Networks Flowchart of the Proposed NSTCC. 






Figure 12. Meshed Networks Flowchart of the Proposed NSTCC.



[image: Energies 15 04980 g012]







[image: Energies 15 04980 g013 550] 





Figure 13. IEEE 9-Bus MG system, meshed network. 






Figure 13. IEEE 9-Bus MG system, meshed network.



[image: Energies 15 04980 g013]







[image: Energies 15 04980 g014 550] 





Figure 14. IEEE 30-Bus MG system (Large-Scale Network). 
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Figure 15. The overall OT in NSTCC with constant coefficient A, STCC by Radosavljević et al., 2016 [8], and NSTCC for the meshed 9- and 30-bus MGs. 
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Table 1. A Literature Review Comparison Analysis for Protection of Radial and Meshed Networks.
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Ref.

	
Year

	
Coefficient Types of Coordination Protection Scheme

	
Number of Variables

	
Modes of the Operation

	
DNs Types

	
Curve Used




	
Constants

	
Variables

	
One

Variable

	
Two

Variables

	
Three

Variables

	
Without

DGs

	
Grid-

Connecting

	
Islanding

	
Radial

	
Meshed

	
IEC

NI Standard

	
Logarithmic Function






	
[15]

	
1993

	
✓

	
✗

	
✗

	
✗

	
✗

	
✓

	
✗

	
✗

	
✗

	
✓

	
✓

	
✗




	
[16]

	
2014

	
✓

	
✗

	
✗

	
✗

	
✗

	
✓

	
✓

	
✗

	
✗

	
✓

	
✓

	
✗




	
[17]

	
2017

	
✓

	
✗

	
✗

	
✗

	
✗

	
✓

	
✓

	
✗

	
✓

	
✗

	
✓

	
✗




	
[18]

	
2018

	
✗

	
✓

	
✗

	
✗

	
✓

	
✗

	
✓

	
✗

	
✓

	
✗

	
✓

	
✗




	
[19]

	
2007

	
✓

	
✗

	
✗

	
✓

	
✗

	
✓

	
✗

	
✗

	
✓

	
✗

	
✗

	
✓




	
[20]

	
2017

	
✗

	
✓

	
✗

	
✗

	
✗

	
✗

	
✓

	
✗

	
✓

	
✓

	
✓

	
✗




	
[21]

	
2017

	
✓

	
✗

	
✗

	
✗

	
✗

	
-

	
-

	
-

	
✓

	
✓

	
✓

	
✗




	
[22]

	
2022

	
✗

	
✓

	
✗

	
✓

	
✗

	
✓

	
✗

	
✗

	
✗

	
✓

	
✓

	
✗




	
[23]

	
2015

	
✗

	
✓

	
✗

	
✓

	
✗

	
✓

	
✓

	
✗

	
✗

	
✓

	
✓

	
✗




	
[24]

	
2017

	
✓

	
✗

	
✗

	
✗

	
✗

	
✗

	
✓

	
✓

	
✓

	
✓

	
✓

	
✗




	
[25]

	
2021

	
✓

	
✗

	
✗

	
✗

	
✗

	
✓

	
✓

	
✓

	
✓

	
✗

	
✗

	
✓




	
[26]

	
2022

	
✓

	
✗

	
✗

	
✗

	
✗

	
✓

	
✓

	
✗

	
✓

	
✗

	
✗

	
✓




	
Proposed approach

	
✗

	
✓

	
✓

	
✗

	
✗

	
✓

	
✓

	
✓

	
✓

	
✓

	
✗

	
✓
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Table 2. The procedures of the GA technique.
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	Stages
	Explanation





	Stage 1: Initiate the inhabitants
	Applying IEEE9 and IEC MG models and calculating the short circuits.

Early possible profiles of the OCR operation time (1000 profiles).



	Stage 2: Population assessment
	For each solution, the prime assessment can be obtained via solving the optimum OF, Equation (5) under bounds from Equations (6) to (9).



	Stage 3: Selecting
	The two most excellent OCR OT profiles will be selected as a parent.



	Stage 4: Crossing
	For the following generation, a child profile will be launched, which will keep the popular genes while the rest of them will be chosen from the parent’s profile at random. The child profile must be a solution within the bounds of possibility.



	Stage 5: Mutating
	In each iteration, a single gene is mutated to update the child profile randomly. In this study, the setting of mutation is 0.1



	Step 6: The model output and optimal solution
	Reaching the maximum number of iterations (200 iterations) by repeating the stages that have been mentioned above, starting with stage 2.
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Table 3. The Overall OT for STCC, NSS, and NSTCC Curves in IEEE 9-Bus (DGs- Mode 1).






Table 3. The Overall OT for STCC, NSS, and NSTCC Curves in IEEE 9-Bus (DGs- Mode 1).





	
Relays

	
STCC [25]

TMS

	
NSS [25]

TMS

	
NSTCC




	
TMS

	
A






	
R1

	
0.010

	
0.010

	
0.010

	
5.003




	
R2

	
0.139

	
0.171

	
0.300

	
5.000




	
R3

	
0.239

	
0.264

	
0.395

	
5.002




	
R4

	
0.322

	
0.345

	
0.486

	
5.000




	
R5

	
0.010

	
0.010

	
0.010

	
5.001




	
R6

	
0.139

	
0.171

	
0.300

	
5.000




	
R7

	
0.235

	
0.264

	
0.396

	
5.000




	
R8

	
0.319

	
0.345

	
0.479

	
5.017




	
R9

	
0.367

	
0.384

	
0.501

	
5.000




	
R10, R11, R12

	

	

	

	




	
Overall OT(s)

	
9.352

	
8.848

	
8.224
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Table 4. The Overall OT for STCC, NSS, and NSTCC Curves in IEEE 9-Bus (DGs- Mode 2).
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Relays

	
STCC [25]

TMS

	
NSS [25]

TMS

	
NSTCC




	
TMS

	
A






	
R1

	
0.010

	
0.010

	
0.010

	
5.001




	
R2

	
0.139

	
0.171

	
0.276

	
5.084




	
R3

	
0.237

	
0.264

	
0.397

	
5.001




	
R4

	
0.321

	
0.345

	
0.437

	
5.001




	
R5

	
0.010

	
0.0100

	
0.010

	
5.001




	
R6

	
0.139

	
0.166

	
0.277

	
5.022




	
R7

	
0.062

	
0.161

	
0.177

	
5.004




	
R8

	
0.237

	
0.258

	
0.373

	
5.017




	
R9

	
0.010

	
0.010

	
0.010

	
5.003




	
R10

	
0.010

	
0.010

	
0.010

	
5.002




	
R11

	
0.118

	
0.132

	
0.191

	
5.001




	
R12

	
0.367

	
0.384

	
0.466

	
5.001




	
Overall OT(s)

	
11.282

	
10.353

	
9.327
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Table 5. The Overall OT for STCC, NSS, and NSTCC Curves in Radial IEEE 9-Bus—Mode 3.
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Relays

	
STCC [25]

TMS

	
NSS [25]

TMS

	
NSTCC




	
TMS

	
A






	
R1

	

	

	

	




	
R2

	

	

	

	




	
R3

	

	

	

	




	
R4

	

	

	

	




	
R5

	
0.010

	
0.010

	
0.010

	
2.000




	
R6

	
0.039

	
0.077

	
0.291

	
2.050




	
R7

	
0.137

	
0.129

	
0.438

	
2.049




	
R8

	

	

	

	




	
R9

	

	

	

	




	
R10

	

	

	

	




	
R11

	

	

	

	




	
R12

	

	

	

	




	
Overall, OT(s)

	
1.373

	
1.34

	
1.187











[image: Table] 





Table 6. The Overall OT for the radial IEC MG—Mode 1.
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[36]

	
[29]

	
[51]

	
[52]

	
NSTCC




	
Relay

	
TMS

	
TMS

	
TMS

	
TMS

	
Coefficient A

	
TMS Proposed






	
R1

	

	

	

	

	

	




	
R2

	
0.128

	
0.0500

	
0.05

	
0.0500

	
4.800

	
0.0501




	
R3

	

	

	

	

	

	




	
R4

	
0.259

	
0.1787

	
4.58

	
0.2306

	
4.800

	
0.3977




	
R5

	

	

	

	

	

	




	
R6

	
0.402

	
0.3223

	
2.16

	
0.7715

	
4.886

	
0.9223




	
R7

	
0.290

	
0.2060

	
0.05

	
0.055

	
4.826

	
0.1117




	
R8

	

	

	

	

	

	




	
R9

	

	

	

	

	

	




	
R10

	
0.128

	
0.0500

	
0.05

	
0.0500

	
4.801

	
0.0500




	
R11

	

	

	

	

	

	




	
R12

	
0.010

	
0.0500

	
0.05

	
0.0500

	
4.800

	
0.0504




	
R13, R14, R15

	

	

	

	

	

	




	
OT(s)

	
6.64

	
4.99

	
4.4

	
4.19

	
-

	
2.42
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Table 7. The Overall OT for the radial IEC MG—Mode 2.
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[36]

	
[29]

	
[51]

	
[52]

	
NSTCC




	
Relay

	
TMS

	
TMS

	
TMS

	
TMS

	
Coefficient A

	
TMS






	
R1

	
0.174

	
0.137

	
0.217

	
0.3893

	
4.801

	
0.188




	
R2

	
0.139

	
0.050

	
0.050

	
0.050

	
4.800

	
0.251




	
R3

	
0.087

	
0.050

	
0.050

	
0.050

	
4.801

	
0.050




	
R4

	
0.278

	
0.189

	
0.235

	
0.421

	
4.801

	
0.066




	
R5

	
0.172

	
0.115

	
0.197

	
0.394

	
4.801

	
0.050




	
R6

	
0.401

	
0.320

	
1.550

	
0.819

	
4.853

	
3.000




	
R7

	
0.284

	
0.244

	
0.050

	
0.273

	
4.820

	
0.103




	
R8

	
0.223

	
0.191

	
0.567

	
0.606

	
4.801

	
0.050




	
R9

	
0.069

	
0.050

	
0.050

	
0.050

	
4.808

	
0.050




	
R10

	
0.141

	
0.050

	
0.050

	
0.050

	
4.801

	
0.050




	
R11

	
0.244

	
0.218

	
0.470

	
0.452

	
4.802

	
0.144




	
R12

	
0.150

	
0.050

	
0.050

	
0.050

	
4.840

	
0.050




	
R13

	
0.194

	
0.167

	
0.325

	
0.746

	
4.800

	
0.245




	
R14

	
0.116

	
0.100

	
0.104

	
0.172

	
4.801

	
0.145




	
R15

	
0.170

	
0.136

	
0.280

	
0.297

	
4.801

	
0.115




	
OT(s)

	
17.48

	
13.66

	
11.6

	
12.48

	
-

	
4.69
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Table 8. The Overall OT for the radial IEC MG—Mode 3.
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[36]

	
[29]

	
[51]

	
[52]

	
NSTCC




	
Relay

	
TMS

	
TMS

	
TMS

	
TMS

	
Coefficient A

	
TMS






	
R1

	
0.173

	
0.137

	
0.548

	
0.389

	
6.000

	
0.154




	
R2

	
0.105

	
0.050

	
0.050

	
0.050

	
6.000

	
0.050




	
R3

	
0.086

	
0.050

	
0.050

	
0.050

	
6.000

	
0.050




	
R4

	
0.211

	
0.157

	
0.938

	
0.529

	
6.000

	
0.365




	
R5

	
0.209

	
0.155

	
0.862

	
0.862

	
6.000

	
3.000




	
R6

	
0.181

	
0.151

	
0.685

	
0.243

	
6.000

	
3.000




	
R7

	

	

	

	

	

	




	
R8

	
0.248

	
0.218

	
0.519

	
0.499

	
6.000

	
0.376




	
R9

	
0.069

	
0.050

	
0.050

	
0.050

	
6.000

	
0.050




	
R10

	
0.112

	
0.050

	
0.050

	
0.050

	
6.000

	
0.050




	
R11

	
0.265

	
0.240

	
0.490

	
0.431

	
6.000

	
0.415




	
R12

	
0.105

	
0.050

	
0.050

	
0.050

	
6.000

	
0.050




	
R13

	
0.193

	
0.167

	
0.778

	
0.100

	
6.000

	
0.200




	
R14

	
0.116

	
0.099

	
0.372

	
0.104

	
6.000

	
0.117




	
R15

	
0.177

	
0.148

	
0.670

	
0.630

	
6.000

	
1.827




	
OT(s)

	
15.56

	
12.63

	
9.99

	
8.96

	
-

	
4.055
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Table 9. CTI for the Meshed 9-bus Test System.
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	Backup

Relay
	Primary

Relay
	CTI

(s)
	Backup

Relay
	Primary

Relay
	CTI

(s)





	15
	1
	0.200
	11
	13
	0.200



	17
	1
	0.218
	21
	13
	0.200



	4
	2
	0.200
	16
	14
	0.200



	1
	3
	0.200
	19
	14
	0.200



	6
	4
	0.200
	13
	15
	0.200



	3
	5
	0.200
	19
	15
	0.201



	8
	6
	0.200
	2
	16
	0.200



	23
	6
	0.203
	17
	16
	0.200



	5
	7
	0.200
	2
	18
	0.309



	23
	7
	0.200
	15
	18
	0.317



	10
	8
	0.200
	13
	20
	0.322



	7
	9
	0.200
	16
	20
	0.322



	12
	10
	0.200
	11
	22
	0.309



	9
	11
	0.200
	14
	22
	0.320



	14
	12
	0.203
	5
	24
	0.318



	21
	12
	0.235
	8
	24
	0.315
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Table 10. Optimal TMS, Ip, and A for the Meshed 9-bus Test System.
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Relay

	
STCC

[8]

	
NSTCC with Constant Coefficient A

	
NSTCC




	
TMS

	
Ip

	
    T  O  primary      

	
TMS

	
A

	
Ip

	
    T  O  primary      

	
TMS

	
A

	
Ip

	
    T  O  primary      






	
R1

	
0.276

	
2.500

	
0.629

	
0.680

	
5.800

	
0.500

	
0.201

	
0.645

	
6.250

	
0.500

	
0.029




	
R2

	
0.091

	
2.500

	
0.332

	
0.107

	
5.800

	
0.500

	
0.157

	
0.102

	
6.250

	
0.500

	
0.155




	
R3

	
0.197

	
2.500

	
0.524

	
0.264

	
5.800

	
0.500

	
0.146

	
0.267

	
6.250

	
0.500

	
0.161




	
R4

	
0147

	
2.500

	
0.408

	
0.243

	
5.800

	
0.500

	
0.171

	
0.234

	
6.250

	
0.500

	
0.176




	
R5

	
0.139

	
2.500

	
0.470

	
0.110

	
5.800

	
0.500

	
0.143

	
0.118

	
6.250

	
0.500

	
0.159




	
R6

	
0.219

	
2.500

	
0.509

	
0.528

	
5.800

	
0.500

	
0.042

	
0.500

	
6.250

	
0.050

	
0.646




	
R7

	
0.221

	
2.500

	
0.515

	
0.553

	
5.800

	
0.500

	
0.044

	
0.521

	
6.250

	
0.050

	
0.674




	
R8

	
0.138

	
2.500

	
0.467

	
0.109

	
5.800

	
0.500

	
0.141

	
0.117

	
6.250

	
0.050

	
0.157




	
R9

	
0.148

	
2.500

	
0.402

	
0.244

	
5.800

	
0.500

	
0.157

	
0.234

	
6.250

	
0.500

	
0.163




	
R10

	
0.312

	
3.525

	
0.912

	
0.263

	
5.800

	
0.500

	
0.143

	
0.265

	
6.250

	
0.500

	
0.158




	
R11

	
0.148

	
2.500

	
0.402

	
0.107

	
5.800

	
0.500

	
0.157

	
0.102

	
6.250

	
0.500

	
0.155




	
R12

	
0.197

	
2.500

	
0.766

	
0.630

	
5.800

	
0.500

	
0.186

	
0.602

	
6.250

	
0.500

	
0.027




	
R13

	
0.092

	
2.500

	
0.334

	
0.175

	
5.800

	
0.500

	
0.101

	
0.145

	
6.250

	
0.500

	
0.091




	
R14

	
0.272

	
2.500

	
0.619

	
0.288

	
5.800

	
0.500

	
0.118

	
0.166

	
6.250

	
0.500

	
0.076




	
R15

	
0.190

	
2.500

	
0.508

	
0.299

	
5.800

	
0.500

	
0.123

	
0.165

	
6.250

	
0.500

	
0.075




	
R16

	
0.189

	
2.500

	
0.508

	
0.172

	
5.800

	
0.500

	
0.100

	
0.146

	
6.301

	
0.500

	
0.092




	
R17

	
0.500

	
0.542

	

	
0.287

	
5.800

	
0.890

	
0.000

	
0.179

	
6.250

	
0.813

	
0




	
R18

	
0.072

	
1.979

	
0.232

	
0.034

	
5.800

	
1.553

	
0.103

	
0.010

	
6.364

	
0.500

	
0.015




	
R19

	
0.315

	
1.693

	

	
0.302

	
5.800

	
0.537

	
0.000

	
0.130

	
6.250

	
1.035

	
0




	
R20

	
0.064

	
2.201

	
0.205

	
0.017

	
5.800

	
0.785

	
0.033

	
0.010

	
6.250

	
0.500

	
0.014




	
R21

	
0.482

	
0.597

	

	
0.188

	
5.800

	
1.445

	
0.000

	
0.116

	
6.250

	
1.632

	
0




	
R22

	
0.092

	
1.902

	
0.229

	
0.049

	
5.800

	
0.668

	
0.093

	
0.010

	
6.250

	
0.500

	
0.015




	
R23

	
0.424

	
0.682

	

	
0.214

	
5.800

	
0.871

	
0.000

	
0.222

	
6.354

	
0.817

	
0




	
R24

	
0.101

	
0.964

	
0.271

	
0.010

	
5.800

	
0.500

	
0.019

	
0.010

	
6.250

	
0.500

	
0.019




	
OT(s)

	
8.892

	
2.377

	
1.870
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Table 11. CTI for the Meshed 30-bus Test System.






Table 11. CTI for the Meshed 30-bus Test System.





	Backup

Relay
	Primary

Relay
	CTI

(s)
	Backup

Relay
	Primary

Relay
	CTI

(s)
	Backup

Relay
	Primary

Relay
	CTI

(s)





	1
	3
	0.300
	15
	19
	0.300
	25
	24
	0.300



	2
	4
	0.514
	15
	36
	0.463
	28
	1
	0.301



	2
	22
	0.300
	16
	19
	0.310
	28
	2
	0.413



	3
	4
	0.300
	16
	34
	0.301
	28
	10
	0.300



	3
	21
	0.436
	16
	36
	0.488
	29
	1
	0.319



	4
	5
	0.300
	17
	19
	0.301
	29
	2
	0.431



	4
	18
	0.305
	17
	34
	0.305
	29
	9
	0.301



	5
	6
	0.300
	17
	35
	0.349
	30
	29
	0.300



	6
	7
	0.331
	18
	38
	0.300
	31
	28
	0.300



	6
	8
	0.300
	19
	37
	0.301
	32
	30
	0.300



	7
	27
	0.302
	20
	2
	0.443
	33
	31
	0.300



	8
	26
	0.300
	20
	9
	0.300
	34
	32
	0.300



	9
	12
	0.300
	20
	10
	0.317
	35
	17
	0.606



	10
	11
	0.300
	21
	1
	0.327
	35
	33
	0.317



	11
	13
	0.300
	21
	9
	0.301
	36
	16
	0.507



	12
	14
	0.300
	21
	10
	0.317
	36
	33
	0.302



	13
	15
	0.300
	22
	20
	0.300
	37
	5
	0.453



	14
	16
	0.301
	23
	21
	0.647
	37
	23
	0.300



	14
	17
	0.378
	23
	22
	0.300
	38
	34
	0.302



	15
	19
	0.300
	24
	18
	0.458
	38
	35
	0.342



	15
	35
	0.332
	24
	23
	0.300
	38
	36
	0.474
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Table 12. Optimal TMS, Ip, and A for the Meshed 30-bus Test System.






Table 12. Optimal TMS, Ip, and A for the Meshed 30-bus Test System.





	
Relay

	
STCC [8]

	
NSTCC with Constant Coefficient A

	
NSTCC




	
TMS

	
Ip

	
    T  O  primary      

	
TMS

	
A

	
Ip

	
    T  O  primary      

	
TMS

	
A

	
Ip

	
    T  O  primary      






	
R1

	
0.304

	
3.816

	
0.901

	
0.647

	
5.800

	
1.595

	
0.458

	
0.550

	
4.301

	
2.294

	
0.274




	
R2

	
0.346

	
1.500

	
0.713

	
0.3223

	
5.800

	
2.207

	
0.352

	
0.331

	
4.185

	
2.594

	
0.164




	
R3

	
0.276

	
2.756

	
0.946

	
0.395

	
5.800

	
1.895

	
0.707

	
0.323

	
4.199

	
2.501

	
0.441




	
R4

	
0.258

	
2.693

	
0.766

	
0.424

	
5.800

	
1.669

	
0.525

	
0.477

	
4.089

	
1.892

	
0.237




	
R5

	
0.263

	
1.659

	
0.661

	
0.317

	
5.800

	
1.690

	
0.436

	
0.2932

	
4.212

	
2.438

	
0.317




	
R6

	
0.160

	
1.981

	
0.607

	
0.1801

	
5.800

	
1.831

	
0.443

	
0.1756

	
4.123

	
2.028

	
0.301




	
R7

	
0.173

	
1.824

	
0.430

	
0.203

	
5.800

	
1.529

	
0.215

	
0.2582

	
4.024

	
1.620

	
0.041




	
R8

	
0.157

	
1.587

	
0.372

	
0.190

	
5.800

	
1.500

	
0.199

	
0.227

	
4.121

	
1.689

	
0.074




	
R9

	
0.313

	
3.353

	
0.901

	
0.622

	
5.800

	
1.656

	
0.523

	
0.535

	
4.131

	
2.537

	
0.293




	
R10

	
0.312

	
3.525

	
0.912

	
0.713

	
5.800

	
1.500

	
0.487

	
0.746

	
4.188

	
2.174

	
0.278




	
R11

	
0.280

	
2.784

	
1.053

	
0.910

	
5.800

	
2.214

	
0.910

	
0.410

	
4.388

	
2.538

	
0.736




	
R12

	
0.217

	
3.594

	
0.765

	
0.440

	
5.800

	
1.500

	
0.525

	
0.392

	
4.099

	
1.946

	
0.252




	
R13

	
0.249

	
2.618

	
0.872

	
0.431

	
5.800

	
1.525

	
0.712

	
0.3734

	
4.141

	
2.523

	
0.538




	
R14

	
0.216

	
2.140

	
0.772

	
0.285

	
5.800

	
1.500

	
0.550

	
0.188

	
4.181

	
1.706

	
0.243




	
R15

	
0.233

	
1.606

	
0.757

	
0.298

	
5.800

	
1.500

	
0.612

	
0.283

	
4.116

	
1.836

	
0.408




	
R16

	
0.268

	
3.071

	
0.793

	
0.507

	
5.800

	
1.500

	
0.463

	
0.5937

	
4.089

	
1.660

	
0.083




	
R17

	
0.147

	
1.629

	
0.318

	
0.246

	
5.800

	
1.620

	
0.187

	
0.207

	
4.058

	
1.924

	
0.010




	
R18

	
0.241

	
2.493

	
0.735

	
0.439

	
5.800

	
1.500

	
0.562

	
0.416

	
4.119

	
1.946

	
0.312




	
R19

	
0.241

	
2.839

	
0.728

	
0.447

	
5.800

	
1.627

	
0.535

	
0.468

	
4.116

	
2.142

	
0.320




	
R20

	
0.144

	
2.398

	
0.499

	
0.254

	
5.800

	
1.500

	
0.430

	
0.217

	
4.143

	
1.943

	
0.256




	
R21

	
0.1604

	
1.500

	
0.377

	
0.201

	
5.800

	
1.855

	
0.277

	
0.179

	
4.194

	
1.874

	
0.106




	
R22

	
0.1702

	
4.008

	
0.694

	
0.358

	
5.800

	
1.945

	
0.624

	
0.363

	
4.144

	
2.518

	
0.449




	
R23

	
0.210

	
2.568

	
0.731

	
0.401

	
5.800

	
1.500

	
0.646

	
0.405

	
4.092

	
2.096

	
0.468




	
R24

	
0.202

	
2.236

	
0.772

	
0.302

	
5.800

	
2.158

	
0.764

	
0.346

	
4.084

	
2.168

	
0.596




	
R25

	
0.252

	
2.663

	

	
0.365

	
5.800

	
2.885

	
0.000

	
0.329

	
4.599

	
3.105

	
0.000




	
R26

	
0.111

	
1.510

	
0.625

	
0.100

	
5.800

	
1.500

	
0.334

	
0.116

	
4.089

	
1.623

	
0.293




	
R27

	
0.122

	
1.636

	
0.557

	
0.100

	
5.800

	
1.500

	
0.285

	
0.107

	
4.021

	
1.597

	
0.210




	
R28

	
0.193

	
2.549

	
0.963

	
0.259

	
5.800

	
1.808

	
0.690

	
0.235

	
4.174

	
2.157

	
0.572




	
R29

	
0.164

	
2.673

	
0.731

	
0.2801

	
5.800

	
1.500

	
0.597

	
0.269

	
4.064

	
1.742

	
0.375




	
R30

	
0.184

	
3.672

	
0.901

	
0.378

	
5.800

	
1.797

	
0.808

	
0.366

	
4.101

	
2.371

	
0.589




	
R31

	
0.219

	
3.069

	
0.903

	
0.401

	
5.800

	
1.559

	
0.734

	
0.390

	
4.119

	
2.159

	
0.541




	
R32

	
0.209

	
3.217

	
0.953

	
0.473

	
5.800

	
1.500

	
0.910

	
0.487

	
4.159

	
1.906

	
0.685




	
R33

	
0.286

	
3.177

	
0.843

	
0.582

	
5.800

	
1.500

	
0.582

	
0.604

	
4.092

	
2.209

	
0.285




	
R34

	
0.252

	
3.661

	
0.834

	
0.629

	
5.800

	
1.500

	
0.631

	
0.712

	
4.098

	
1.962

	
0.329




	
R35

	
0.229

	
2.453

	
0.729

	
0.301

	
5.800

	
1.718

	
0.301

	
0.312

	
4.072

	
2.089

	
0.302




	
R36

	
0.100

	
1.500

	
0.222

	
0.140

	
5.800

	
4.168

	
0.315

	
0.123

	
4.636

	
2.725

	
0.161




	
R37

	
0.214

	
2.355

	
0.703

	
0.385

	
5.800

	
1.500

	
0.606

	
0.408

	
4.084

	
1.930

	
0.408




	
R38

	
0.194

	
2.888

	
0.790

	
0.352

	
5.800

	
1.644

	
0.690

	
0.217

	
4.108

	
2.046

	
0.418




	
OT(s)

	
26.826

	
19.727

	
12.231
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