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Abstract


Optimal coordination of distance and directional overcurrent relays (DR–DOCR) aims to achieve a fast, selective, and reliable protection scheme for transmission and sub-transmission systems. However, it constitutes a complex, nonlinear, and highly constrained optimization problem. In particular, single-setting DOCR characteristics used in conventional DR-DOCR coordination introduce additional challenges in lowering relay operating times while satisfying the coordination time interval (CTI) constraint. To address this issue, this paper proposes a novel DR-DOCR coordination approach that leverages a two-level DOCR characteristic. The objective is to exploit this characteristic, which partitions the relay curve into primary and backup protection regions in a highly flexible manner, thereby enabling easier avoidance of CTI violations. In addition, an enhanced variant of the red-tailed hawk algorithm, called ERTH, has been newly developed to solve this challenging problem. The proposed method is validated on versions of the 8-bus and 33-kV portion of the 30-bus power networks that have been modified to include renewable energy sources. Results demonstrate that the proposed method achieves total relay operating times of 23.681 s and 70.742 s for the 8-bus and 30-bus power systems, respectively. These values correspond to an 80.4% and 81.2% reduction compared to the conventional coordination scheme optimized by the ERTH algorithm, which yields 120.702 s and 376.757 s, respectively. Moreover, the ERTH algorithm exhibits superior performance in attaining near-global optimal solutions compared to the original RTH and other competitive optimization algorithms. In particular, for the 30-bus system under the conventional coordination scheme, the second-best result after ERTH is obtained by the teaching-learning-based optimization algorithm with a total relay operating time of 415.885 s. This indicates a 9.4% improvement achieved by ERTH (376.757 s) and a significantly higher improvement of 83% (70.742 s) achieved by the proposed strategy integrating ERTH with the two-level DOCR-based coordination scheme.






Keywords:


directional overcurrent relays; distance relays; optimal coordination; metaheuristic algorithms; enhanced red-tailed hawk algorithm; renewable energy sources












1. Introduction


Power system protection is a crucial subject that has been studied by researchers over the years to ensure the reliable delivery of electrical energy to consumers, prevent damage to the power system during short-circuit faults, and avoid the accumulation of fault-induced stress on power system components, thereby enabling their long-term operation. In protection systems, relays undoubtedly play a critical role in detecting faults and taking appropriate actions. Distance relays and directional overcurrent relays are widely used to protect transmission and sub-transmission systems [1].



Distance relays (DRs) consist of two protection zones, namely Zone-1 and Zone-2. Zone-1 operates instantaneously for faults occurring up to 80% of the protected line, whereas Zone-2 operates with a time delay and provides protection up to 120% of the line length [2]. On the other hand, directional overcurrent relays (DOCRs) operate based on current magnitude and have two main setting parameters: time dial setting (TDS) and plug setting (PS) [3]. In addition to these parameters, directional overcurrent relays can exhibit various instantaneous and time-delayed operating characteristics in accordance with the International Electrotechnical Commission (IEC)-60255 and some other standards [4]. The DOCRs serve as backup relays in transmission systems; they can function as both primary and backup relays in sub-transmission systems [5]. Therefore, to ensure the secure operation of power systems, DRs and DOCRs must be properly coordinated.



The optimal DR–DOCR coordination aims to minimize relay operating times while satisfying the coordination time interval (CTI) constraints between DRs and DOCRs, as well as among DOCRs themselves, thereby enabling selective fault isolation, rapid relay operation, and reliable protection performance [6]. A review of the literature on this topic indicates that recent studies commonly include optimization algorithm-focused improvements in relay operating times, relay characteristic-based innovations, renewable energy source (RES)-adaptive strategies, or combinations of these tendencies. Building on the first approach, it can be observed that several existing algorithms, as well as newly developed problem-specific algorithms, have been proposed to achieve high success in reducing relay operating times. For example, in study [7], an extended continuous-domain ant colony optimization (xR-ACO) and ant colony optimization–linear programming (ACO-LP) methods are employed to solve the coordination problem and are tested on IEEE 3-, IEEE 6-, IEEE 8-, and IEEE 30-bus power systems. In study [8], an improved seagull optimization algorithm (ISOA) is applied to IEEE 8- and IEEE 14-bus power systems. In study [9], the grey wolf optimization (GWO) algorithm is proposed for optimal coordination of DRs and DOCRs, and the results for both small- and large-scale power systems are compared with those obtained using the genetic algorithm (GA) and particle swarm optimization (PSO). In study [10], a total of eight optimization techniques—including classical algorithms such as PSO and GA, as well as recently developed methods like the teaching–learning-based optimization (TLBO) algorithm and the African vulture optimization algorithm (AVOA)—are tested on power systems of different sizes. In addition, the modified school-based optimization (MSBO) [2], enhanced white shark optimizer (EWSO) [3], crow search algorithm (CSA) [11], nutcracker optimizer algorithm (NOA) [12], sine-cosine algorithm (SCA) [13], and enhanced equilibrium optimizer (EEO) [14] are also included.



On the other hand, the relay characteristic curve is another factor that can significantly affect coordination performance. In addition to the conventional use of relay characteristics as defined by standards such as IEC and ANSI, the increasing adoption of digital relays in recent years has led to the proposal and widespread use of various non-standard characteristics with different designs in many studies. In the context of optimal DOCR coordination, some of the used non-standard characteristics include dual-setting [11,15], logarithmic function-based [16], piecewise linear [17], shifted user-defined two-level [18], and exponential function-based relay characteristics [12]. Furthermore, in [19], the dual-setting DOCR characteristic is adopted for DR–DOCR coordination. In [13], a dual DOCR characteristic incorporating the inverse-time curves defined by IEC and ANSI/IEEE standards is proposed for optimal DR–DOCR coordination.



As can be observed from the literature review, studies focusing on DOCR coordination with improvements in relay characteristics have been steadily increasing, whereas such studies on DR–DOCR coordination remain limited. However, it is evident that the number of such studies has to be increased for DR-DOCR coordination, as they can provide effective solutions for DR–DOCR coordination. Considering this gap in the literature, this study proposes a new DR-DOCR coordination scheme based on a two-level DOCR characteristic. In this context, the relay characteristic used in [18] for DOCR coordination is adapted in this study for DR–DOCR coordination. By doing so, the difficulty of encountering CTI violations arising from the coordination of these two relay types with different operating principles is alleviated, aiming to achieve much lower relay operating times than conventional DR–DOCR coordination approaches based on single-setting DOCRs. It should be noted that a dual DOCR characteristic is used for DR–DOCR coordination in [13]. However, since the proposed strategy in [13] relies on standard inverse characteristics, its flexibility is restricted, thereby reducing the benefits of the two-level approach. Therefore, as adopted in this study, user-defined curve control and the incorporation of a shift parameter in a two-level DOCR characteristic provide greater flexibility to avoid CTI violations while reducing relay operating times.



Renewable energy sources (RESs) are undoubtedly positioned as a key solution for enabling humanity to reduce its dependence on fossil-based resources and to achieve a sustainable and clean energy future. However, in recent years, concerns have emerged regarding their environmental impacts, such as the extensive land use associated with large-scale solar installations and the potential disruption of bird migration routes by wind turbines. In addition, insufficient precautionary measures may lead to various environmental risks and hazards [20]. Nevertheless, the appropriate approach is not to limit the deployment of renewable energy systems, but rather to develop effective strategies to mitigate these adverse effects while increasing their share in the current energy mix, as addressed in [21].



As in other areas of electrical engineering, the increasing penetration of RESs introduces additional challenges in power system protection. RESs can be connected to the grid either directly using synchronous or induction generators, or via a power electronic interface [22]. In this context, the fault current contribution of RESs varies depending on the generator type and the mode of grid connection. Synchronous generator-based RESs, such as hydro plants, that are directly connected to the grid can contribute fault currents of up to ten times their rated current during the sub-transient and transient periods following a fault. In contrast, for inverter-interfaced RESs, the fault current contribution is typically limited to about 1.1–1.2 times of their rated current to ensure the protection of power electronic components responsible for energy conversion between the RES and the grid [23]. While this limitation enhances the operational security of RES units, it may complicate the discrimination between fault and normal operating conditions by relays, specifically in microgrids dominated by inverter-interfaced RESs. On the other hand, for RESs based on induction generators, although the fault current contribution can reach relatively high levels during the first few cycles following a fault—albeit lower than that of synchronous-based ones—it rapidly decays to negligible levels in subsequent cycles corresponding to backup protection operations [3].



Nevertheless, due to the inherent variability of renewable energy generation—particularly the significant intermittency and uncertainty associated with wind and solar energy sources, which constitute a major share of modern renewable energy portfolios—substantial variations in load currents may occur. Undoubtedly, the accurate determination of load currents, in addition to fault currents, is of great importance in setting the parameters of DOCRs. Otherwise, under high load current conditions, relays may incorrectly interpret these currents as fault conditions. Therefore, in this study, in accordance with the structure of modern power systems, possible variations in load currents arising from the generation uncertainty or disconnection of inverter-interfaced RESs, such as wind and solar energy systems, are also taken into consideration.



Moreover, the optimization technique used inherently affects the overall performance of the optimization process. In this paper, an enhanced version of the red-tailed hawk (RTH) algorithm, called ERTH, is proposed to solve the optimal coordination problem of DRs and DOCRs. Originally introduced by Ferahtia et al. in 2023, the RTH algorithm emulates the high-soaring, low-soaring, and stooping/swooping hunting behaviors of red-tailed hawks for solving real-world optimization problems [24]. Owing to its limited number of control parameters and the well-established modeling of this unique animal’s impressive hunting mechanism, the RTH algorithm has been successfully applied to various engineering optimization problems and has demonstrated promising performance [25,26]. However, despite its superior performance in the exploitation phase, the RTH algorithm may suffer from insufficient exploration capability, which can lead to premature convergence to local optima—a common drawback of many metaheuristic algorithms. Accordingly, in this study, three strategies are integrated into the original RTH algorithm to enhance its exploration performance and thereby establish a proper and more powerful exploration–exploitation balance. These strategies include chaotic initialization, effective tracking of the best individual and its neighborhood, and a diversity enhancement procedure based on the differential evolution (DE) algorithm. Table 1 provides a summary of the literature on optimal relay coordination in the manner of employed relay characteristics, optimization algorithms, and the inclusion of RES or renewable energy–based distributed generation (DG) effects.



The main contributions of this study can be summarized as follows:




	
A novel two-level DR–DOCR coordination approach, incorporating user-defined curve design and shift parameter control, is developed to provide an alternative to conventional single-level schemes with the aim of improving coordination performance.



	
An enhanced RTH algorithm, referred to as ERTH, is proposed to solve the optimal coordination problem, and its performance is rigorously evaluated through comparative analyses involving twelve state-of-the-art optimization algorithms, including arctic puffin optimization (APO) [27], electric eel foraging optimization (EEFO) [28], EEO [14] golden jackal optimization (GJO) [29], GWO [30], honey badger algorithm (HBA) [31], jellyfish search optimizer (JS) [32], kepler optimization algorithm (KOA) [33], mantis search algorithm (MSA) [34], PSO [35], TLBO [36], and the original RTH algorithm.



	
The proposed method aims to enable low relay operating times while satisfying all coordination and relay-setting constraints, thereby offering a fast and selective protection scheme, as required by power system protection engineers. In addition, the proposed framework is tested through simulations on RES-integrated 8-bus and 30-bus power systems and explicitly considers the effects of renewable energy sources and associated variations in load currents, providing practical insights for the reliable protection of power networks with RES-based generation.








The remainder of the paper is structured as follows. Section 2 describes the optimal coordination problem of DRs and DOCRs for both the conventional single-setting DOCR-based and the proposed two-level DOCR-based coordination schemes. Section 3 introduces the proposed ERTH algorithm. Section 4 presents the simulation results. Section 5 provides a discussion and outlines directions for future research. Finally, the conclusions are presented in Section 6.




2. The Problem Formulation


The problem formulation is structured under two scenarios:



Scenario 1: The conventional DR–DOCR coordination approach employing single-level DOCRs.



Scenario 2: The proposed DR–DOCR coordination scheme employing two-level DOCRs.



2.1. Scenario 1: Conventional Single-Setting DOCR-Based Problem Formulation


This subsection presents the problem formulation of the conventional DR–DOCR coordination based on the single-level relay characteristic [1,10,14]. This coordination scheme, including the relay operating characteristic curves, the fault locations, and CTI constraints, is illustrated in Figure 1. In the figure, the primary and backup relays are represented by R2 and R1, respectively. A total of five CTI constraints (CTI1–CTI5) are defined for four different fault locations (F1–F4). Among these, CTI1, CTI3, and CTI5 represent the CTI constraints between the DOCRs and DRs, whereas CTI2 and CTI4 denote the CTI constraints between the DOCRs.



2.1.1. Objective Function


The objective function of the problem is defined as the sum of the primary and backup DOCR operating times, the Zone-2 operating times of the distance relay, and a penalty term incorporated to eliminate constraint violations. Accordingly, the objective function can be formulated as follows:


  OF =   OF   1   +   OF   2   + P e n  



(1)




where


    OF   1   =   ∑    k , m   ∈   Ω   R P          ∑  f ∈   F   pri          t   p r i , k , f       +   ∑  g ∈   F   back          t   b a c k , m , g            



(2)






    OF   2   =   ∑  d ∈   Ω   D          t   Z 2 , d        



(3)






      P e n = P e n C T I + P e n T         P e n C T I =    ∑  j = 1     N   R P          ∑  c ∈   Ω   CTI        δ   1   × max   0 ,   CTI   min   −   CTI   j , c                  P e n T =    ∑  n = 1     N   R          ∑  f ∈   F   pri        δ   2   × max   0 ,   t   min   −   t   p r i , n , f                 



(4)




where     t   p r i , k , f     is the operating time of the primary DOCR   k   obtained for fault location   f ,   while     t   b a c k , m , g     is the operating time of the backup DOCR   m   obtained for fault location   g  . The sets     F   pri     and     F   back     represent the fault locations associated with the CTI constraints of the primary and backup DOCRs, respectively. Under Scenario 1,      F 1 ,   F 3 ,   F 4    ∈   F   pri     and      F 1 ,   F 2 ,   F 3    ∈   F   back    .     Ω   R P     denotes the set of DOCR pairs in the considered power system;     t   Z 2 , d     indicates the Zone-2 operating time of distance relay   d  ;     Ω   D     represents the set of distance relays;     CTI   j , c     denotes the value of the   c  -th CTI constraint corresponding to the   j  -th relay pair;     CTI   min     is the minimum CTI value (i.e., 0.2–0.5 s [37]);     Ω   CTI     represents the set of CTI constraints (CTI1–CTI5) illustrated in Figure 1;     N   R P     is the number of relay pairs;     t   min     is the minimum DOCR operating time;     N   R     represents the total number of DOCRs in the system; and     δ   1     and     δ   2     are the penalty coefficients with values of 500 and 1000, respectively.



According to IEC standards, the operating times of the primary and backup DOCRs are calculated using Equation (5) [12].


    t   r   =   TDS   r   ×    α           I     f   r , h         PS   r         β   − 1     



(5)




where     TDS   r     and     PS   r     denote the time dial setting and pickup setting values of DOCR   r  , respectively;     I     f   r , h       represents the fault current flowing through the relay   r   for a fault at location   h  ; and   α   and   β   are the relay characteristic coefficients with values of 0.14 and 0.02, respectively [8].



For the coordination problem addressed under Scenario 1, the decision variables are defined as given in Equation (6).


    D V   s c n 1   =        TDS   r                       ∀ k ∈   Ω   R         PS   r                             ∀ k ∈   Ω   R         t   Z 2 , d                           ∀ d ∈   Ω   D         



(6)




where     Ω   R     denotes the set of DOCRs.



Accordingly, the decision variable vector for Scenario 1,     D V   s c n 1    , comprises the relay setting parameters of DOCRs and the Zone-2 operating time parameters of DRs, forming a unified optimization variable set for the DR–DOCR coordination problem. By solving the formulated optimization problem for Scenario 1, the optimal TDS and PS values of each DOCR, as well as the optimal Zone-2 operating time of each DR,     t   Z 2 , d    , are obtained.




2.1.2. Constraints


The problem constraints consist of the CTI constraints illustrated in Figure 1 and the constraints associated with the relay setting parameters that constitute the decision variables of the problem. For a selective protection coordination, the CTI must be maintained both between DOCRs themselves and between DOCRs and DRs. In this context, the CTI1–CTI5 constraints shown in Figure 1 are, respectively, given in Equations (7)–(11). At fault F1, there are two CTI constraints, CTI1 and CTI2. Equation (7), corresponding to CTI1, denotes the CTI constraint between the primary DOCR and Zone-2 of the backup DR, while Equation (8), corresponding to CTI2, represents the CTI constraint between the primary and backup DOCRs. At fault point F2, the CTI constraint between Zone-1 of the primary DR and the backup DOCR, denoted as CTI3, is given in Equation (9). Equation (10) defines the CTI constraint between the primary and backup DOCRs at fault point F3. Lastly, Equation (11) corresponds to CTI5, which denotes the CTI constraint between the primary DOCR and Zone-2 of the primary DR at fault point F4. On the other hand, the constraints related to     t   Z 2    ,   TDS   and   PS   relay setting parameters are provided in Equations (12)–(14), respectively.


    CTI   min   ≤   t   Z 2 , d   −   t   p r i , k ,  F 1              ∀ k ∈   Ω   R   ,   ∀ d ∈   Ω   D    



(7)






    CTI   min   ≤   t   b a c k , m ,  F 1    −   t   p r i , k ,  F 1              ∀   k , m   ∈   Ω   R P    



(8)






    CTI   min   ≤   t   b a c k , m ,    F 2    −   t   Z 1 , y           ∀ k ∈   Ω   R   ,   ∀ y ∈   Ω   D    



(9)






    CTI   min   ≤   t   b a c k , m ,  F 3    −   t   p r i , k ,  F 3              ∀   k , m   ∈   Ω   R P    



(10)






    CTI   min   ≤   t   Z 2 , y   −   t   p r i , k ,  F 4            ∀ k ∈   Ω   R   , ∀ y ∈   Ω   D    



(11)






    t   Z 2   min   ≤   t   Z 2   ≤   t   Z 2   max    



(12)






    TDS   min   ≤ TDS ≤   TDS   max    



(13)






    PS   min   ≤ PS ≤   PS   max    



(14)




where     t   Z 1 , y     is the Zone-1 operating time of distance relay   y  .     t   Z 2   min     and     t   Z 2   max     represent the minimum and maximum bounds of the Zone-2 operating time of DRs, respectively.     TDS   min     and     TDS   max     denote the minimum and maximum bounds of the TDS values of DOCRs, respectively.     PS   min     and     PS   max     are the minimum and maximum bounds of the PS values of DOCRs, respectively.



Considering that the DR operates instantaneously in Zone-1 (i.e., with zero delay), a time delay is defined for the Zone-2 operating time of DRs, starting from 0.2 s, to allow the Zone-1 operation of nearby DRs to complete. In this study,     t   Z 2   min     and     t   Z 2   max     are set to 0.2 s and 5 s, respectively.     TDS   min     and     TDS   max     are generally determined based on the values specified by the relay manufacturer, and in this study, they are taken as 0.05 and 1.2, respectively. On the other hand, if the PS value is chosen lower than the maximum load current, the relays may sense normal operating currents as fault conditions; conversely, if it is set too high, actual fault currents may be perceived as normal operating conditions. In this study,     PS   min     and     PS   max     are selected as 1 and 1.5 times the maximum load current, respectively.





2.2. Scenario 2: The Proposed Two-Level DOCR-Based DR-DOCR Coordination Scheme


The representation of the proposed DR–DOCR coordination is illustrated in Figure 2. Within the scope of the proposed coordination scheme, the two-level relay characteristic presented in [18] is adapted for DR–DOCR coordination. Unlike the conventional single-level DOCR characteristic shown in Figure 1, the proposed method considers each DOCR to have a two-level structure, thereby enabling the assignment of distinct setting parameters to DOCRs for primary and backup protection duties. In addition, for the considered two-level DOCRs, the user-defined selection of the   α   and   β   coefficients in Equation (5), together with the availability of a shift adjustment between the primary and backup relay characteristics, provides flexibility in the proposed coordination method. This flexibility helps avoid CTI violations and achieve lower relay operating times.



On the other hand, the proposed coordination scheme increases the number of considered fault locations to five (F1–F5) and the number of CTI violation constraints to six (CTI1–CTI6). The main motivation for this modification is that, in the region corresponding to fault point F5 in Figure 2, the Zone-2 curve of the backup DR and the curve of the primary DOCR become very close to each other, which may lead to a CTI violation in this region. This shortcoming observed in previous studies in the literature [1,10,14] is addressed within the scope of the proposed protection coordination scheme, thereby aiming to ensure a more secure and reliable protection coordination.



2.2.1. Relay Operating Time Calculation for Two-Level DOCRs


In the proposed protection coordination scheme, each DOCR can be assigned two distinct setting groups for primary and backup protection duties. In this context, the primary and backup operating times of the   r  -th DOCR are calculated using Equations (15) and (16), respectively.


    t   p r i , r   =   TDS   r , 1   ×      α   r , 1             I     f   p r i , r , h         PS   r , 1           β   r , 1     − 1     



(15)






    t   b a c k , r   =   TDS   r , 2   ×      α   r , 2             I     f   b a c k , r , h         PS   r , 2           β   r , 2     − 1    +   t   r   s h    



(16)




where     f   p r i , r , h     and     I     f   b a c k , r , h       denote the fault currents flowing through the   r  -th DOCR for primary and backup protection, respectively, and     t   r   s h     represents the shift setting parameter of the   r  -th DOCR.




2.2.2. Extension of the Problem Constraints Considering the New Fault Location and Decision Variables


The CTI constraint (CTI6) between the primary DOCR and the backup DR at the newly considered fault location in Figure 2 is given in Equation (17). In addition, the constraints associated with the additional setting parameters, which are used in the calculation of relay operating times in Equations (15) and (16) and define the user-defined and shift-based structure of the two-level DOCRs in the proposed relay coordination, are provided in Equations (18)–(20).


    CTI   min   ≤   t   Z 2 , d   −   t   p r i , r ,  F 5              ∀ r ∈   Ω   R   ,   ∀ d ∈   Ω   D    



(17)






    α   min   ≤ α ≤   α   max    



(18)






    β   min   ≤ β ≤   β   max    



(19)






      t   s h     min   ≤   t   s h   ≤     t   s h     max    



(20)








2.2.3. The Coordination Problem for Scenario 2


For the proposed coordination scheme, the optimization problem is formulated as follows:


        Minimize   O F : Equation ( 1 )       Subject   to         O p e r a t i n g   t i m e   e q u a t i o n s :   E q u a t i o n s     15     a n d   ( 16 )                                             C T I   c o n s t r a i n t s :   E q u a t i o n s   ( 7 ) –   11     a n d   ( 17 )                                                                       R e l a y   s e t t i n g   c o n s t r a i n t s :   E q u a t i o n s   ( 12 ) –   14     a n d   ( 18 ) – ( 20 )          F 1 ,   F 3 ,   F 4 ,   F 5    ∈   F   pri     a n d      F 1 ,   F 2 ,   F 3    ∈   F   back                                                                            



(21)







The decision variables of the optimization problem are defined as given in Equation (22).


    D V   s c n 2   =                TDS   r , 1               ∀ r ∈   Ω   R         PS   r , 1                     ∀ r ∈   Ω   R         α   r , 1                         ∀ r ∈   Ω   R              β   r , 1                         ∀ r ∈   Ω   R               TDS   r , 2                 ∀ r ∈   Ω   R           PS   r , 2                     ∀ r ∈   Ω   R           α   r , 2                           ∀ r ∈   Ω   R           β   r , 2                           ∀ r ∈   Ω   R           t   Z 2  , d                          ∀ d ∈   Ω   D           t   r   s h                             ∀ r ∈   Ω   R          



(22)







As seen in Equation (22), there are totally ten different decision variables within Scenario 2. Unlike Scenario 1, where each relay has a single TDS and PS value, in Scenario 2, each DOCR is assigned separate TDS and PS values for its primary and backup protection functions. Furthermore, the values of   α   and   β  , which are taken as fixed in Scenario 1, are considered as decision variables in the optimization problem in Scenario 2, i.e., as user-defined relay setting parameters. In this context, the optimized values of     TDS   r , 1    ,     PS   r , 1    ,     α   r , 1    , and     β   r , 1     determine the lower portion of the DOCR characteristic corresponding to relay’s primary protection function in Figure 2, while the values of     TDS   r , 2    ,     PS   r , 2    ,     α   r , 2    , and     β   r , 2     define the upper portion of the DOCR curve for the backup protection task. The level of separation between the lower and upper curves in this split characteristic is determined by the shift parameter     t   r   s h    . In this way, by splitting the DOCRs into primary and backup characteristic curves under Scenario 2, the relay operating times can be obtained at lower values, while the CTI violations can be easily overcome. Accordingly, the proposed method allows for greater flexibility in the relay characteristics by utilizing the numerous decision variables given in Equation (22), and it is expected to achieve lower relay operating times compared to conventional coordination approach.






3. Enhanced Red-Tailed Hawk Algorithm


This paper proposes an enhanced red-tailed hawk algorithm (ERTH) to solve the DR–DOCR coordination problem described in Section 2. In this context, the present section first introduces the original RTH algorithm and then details the mathematical modifications and structural improvements incorporated into the proposed ERTH algorithm.



3.1. The Original RTH Algorithm


The RTH algorithm is a metaheuristic optimization algorithm inspired by the hunting behavior of red-tailed hawks. Red-tailed hawks are carnivorous birds of prey commonly found in regions such as Alaska, Canada, Panama, and the West Indies. Unlike many other hawk species, red-tailed hawks conserve energy by minimizing wing flapping and gliding with a dihedral wing angle, enabling them to travel longer distances efficiently. Rodents constitute the largest portion of their diet; however, they also prey on fish, birds, and reptiles. During gliding, red-tailed hawks can reach speeds of 32–64 km/h, while during diving their speed can increase up to 190 km/h [24].



The hunting behavior of red-tailed hawks consists of three main phases—high soaring, low soaring, and swooping—which form the search mechanism of the RTH optimization algorithm. Prior to these phases, the optimization process begins with the random initialization of the population individuals. The equation corresponding to this initialization phase is given in Equation (23).


    X   i   0   =   p   3   ×   u b − l b   + l b  



(23)




where the vectors   u b   and   l b   are the upper and lower bound values of the decision variables, respectively, and     p   3     represents a random number between 0 and 1.



3.1.1. High Soaring


In the RTH algorithm, the position update of individuals during the high-soaring phase is computed using Equation (24). In this phase, red-tailed hawks fly at high altitudes to identify suitable hunting areas. Here, this high-altitude flight actually corresponds to the exploration stage of the optimization process. In this stage, the search space is explored broadly by the algorithm, and promising regions in the search space are attempted to be discovered.


    X   i   t + 1   =   X   b e s t   t   +     X   m e a n   t   −   X   i   t     × L e v y ( D ) ×   T F   t    



(24)




where     X   i   t     and     X   i   t + 1     are the current and next-iteration positions of the   i  -th individual, respectively, while     X   b e s t   t     and     X   m e a n   t     represent the position of the best individual and the mean position vector of the individuals in the population, respectively.   L e v y ( D )   represents the Lévy flight distribution function and is calculated according to Equation (25).


      L e v y ( D ) =   c   1      μ × σ       ν       δ   − 1                σ =      Γ   1 + δ   × s i n (   π δ   2   )   Γ       1 + δ     2     × δ ×   2         1 − δ     2                 



(25)




where   D   denotes the problem dimension. The parameters   μ   and   ν   are random numbers uniformly distributed between 0 and 1, while     c   1     and   δ   are constant parameters with values of 0.01 and 1.5, respectively.



On the other hand, the term     T F   t     in Equation (24) denotes the transition factor function, which is defined as follows:


    T F   t   = 1 + s i n ( 2.5 +    t     T   m a x      )  



(26)




where     T   m a x     is the maximum number of iterations.




3.1.2. Low Soaring


In the low-soaring phase, red-tailed hawks descend toward the food-rich locations identified during the previous high-soaring phase and perform close-range flights around their prey to determine the optimal moment for attack. Within the optimization framework, this process can be considered as the transition phase between the exploration and exploitation stages. In this transition phase, the algorithm tends to search for promising regions in the search space in order to reach the global optimum, while simultaneously performing local searches.



The low-soaring behavior of red-tailed hawks is modeled in the RTH algorithm as expressed in Equation (27).


    X   i   t + 1   =   X   b e s t   t   +     a   i   t   +   b   i   t     ×     X   i   t + 1   −   X   m e a n   t      



(27)




where     a   i   t     and     b   i   t     express the directional coordinates and are calculated as follows:


         a   i   t   =   R   i   t   × s i n (   θ   i   t   )       b   i   t   =   R   i   t   × c o s (   θ   i   t   )               R   i   t   =   R   0   ×   e   1   ×   r o −    t     T   m a x              θ   i   t   = A ×   e   2   ×   1 −    t     T   m a x                    a   i   t   =      a   i   t     m a x     a   t              b   i   t   =      b   i   t     m a x     b   t              



(28)




where     e   1     and     e   2     represent random numbers varying between 0 and 1. The parameters     R   0    ,   A  , and   r o   denote the control parameters of the RTH algorithm, whose values vary within the ranges of 0.1–2, 5–25, and 0.1–2, respectively [24].




3.1.3. Swooping


In this phase, red-tailed hawks initiate a sudden attack toward the prey from the best position identified during the low-soaring stage. Algorithmically, the process corresponds to the exploitation phase. Rather than performing large-scale searches across the entire search space, it focuses on intensively searching within a limited region in the search space to achieve the best possible solution.



The position update in the swooping phase is performed according to Equation (29).


        X   i   t + 1   =   τ   i   t   ×   X   b e s t   t   +   a   i   t   ×   S t e p 1   t   +   b   i   t   ×   S t e p 2   t             τ   i   t   =   s i n   2   ( 2.5 −    t     T   m a x      )              S t e p 1   t   =   X   i   t   −   T F   t   ×   X   m e a n   t         S t e p 2   t   =   G   i   t   ×   X   i   t   −   T F   t   ×   X   b e s t   t                G   i   t   = 2 × ( 1 −    t     T   m a x      )      



(29)









3.2. The Proposed ERTH Algorithm


In this study, the ERTH algorithm is proposed to solve the optimal DR-DOCR coordination problem. The ERTH algorithm is designed to enhance the exploration capability of the original RTH algorithm and establish a strong exploration–exploitation balance, thereby preventing it from being trapped in local optima. The ERTH algorithm is derived from the original RTH framework through three enhancements detailed below: chaotic initialization, effective tracking of the best individual and its neighborhood, and a diversity enhancement strategy based on the differential evolution algorithm.



3.2.1. Chaotic Initialization


In metaheuristic optimization algorithms, the optimization process is generally initiated by assigning random positions to individuals. However, due to this random assignment, individuals may fail to achieve a well-distributed coverage of the search space. Because of randomness, some individuals may be located close to each other, leading to promising regions of the search space being overlooked. To overcome these drawbacks, recent studies in the literature have increasingly preferred chaotic initialization procedures instead of random position assignment [38]. Chaotic initialization enables a more comprehensive and well-distributed placement of individuals across the search space at the beginning of the optimization process. For this reason, in the ERTH algorithm, the initial positions of individuals are determined using a chaotic initialization procedure instead of the random initialization employed in the original RTH algorithm. Among the commonly used chaotic maps in the literature, the logistic map, whose mathematical model is given in Equation (30), is adopted for the applied chaotic initialization procedure.


    z   i + 1   = λ   z   i     1 −   z   i      



(30)




where   λ   is a control parameter that takes values in the range of 3.8 to 4, and it is set to 4 in this study. The initial state variable,     z   1    , is considered a random number within the interval of 0 to 1. Accordingly, the initial positions of the population individuals are obtained as follows:


    X   i   0   =   z   i   ×   u b − l b   + l b  



(31)








3.2.2. Effective Tracking of the Best Individual and Its Neighborhood


The position of the best individual significantly influences the hunting or food-searching behavior of the other individuals. Incorporating the best individual’s position into the swarm’s position update mechanism enables individuals to move away from ineffective regions of the search space and toward promising areas, thereby allowing them to search more efficiently for better solutions. As a result of this behavior, the convergence performance of the algorithm can also be improved. However, a critical point is that individuals are expected to gradually shift their focus toward the best individual. Otherwise, if the swarm members concentrate on the best individual at the early stages of the optimization process, other potentially effective regions may be overlooked. On the other hand, an effective exploration of the neighborhood of the best individual increases the likelihood that other swarm members will also identify better solutions around it. Accordingly, the position update rule given in Equation (32) is incorporated into the ERTH algorithm to ensure the effective tracking of the best individual and its neighborhood.


    Y   i   t   =         ω X   i   t   +   r   1   ×     X   b e s t   t   −   X   i   t     ,                             i f       p   1   > 0.5         X   b e s t   t   +   r   2   ×   s   1   ×    t     T   m a x      ,                                   o t h e r w i s e              



(32)




where the parameters     r   1    ,     r   2    , and     p   1     are random numbers uniformly distributed in the range of 0 to 1, whereas     s   1     is a random number within the interval of −2 to 2. The parameter   ω  , similar to the inertia weight in the PSO algorithm, controls the tendency of an individual to follow the best individual. In the ERTH algorithm, the value of   ω   decreases iteratively as follows:


  ω = 1 −    t     T   m a x       



(33)







To prevent individuals from losing their current positions against moving away from promising regions while following the best individual and its neighborhood, and to enhance their foraging efficiency, the next position is determined based on a comparison between the trial position,     Y   i   t    , obtained at this stage of the optimization process and the current position,     X   i   t    , as follows:


    X   i   t + 1   =         Y   i   t   ,               i f       f (   Y   i   t   )   <   f (   X   i   t   )           X   i   t   ,               o t h e r w i s e                                      



(34)








3.2.3. Diversity Enhancement Strategy Based on the Differential Evolution Algorithm


A well-designed metaheuristic algorithm is expected to explore regionally promising areas of the search space during the initial iterations and, in the subsequent iterations, to focus on these regions, enabling convergence toward near–global optimal solutions through an effective exploitation process. However, the optimization process does not always progress in this manner, and algorithms may become trapped in local optima. In this context, maintaining diversity among individuals is essential for effectively exploring the search space without premature convergence. In this study, to preserve population diversity, the mutation, crossover, and selection mechanisms of the differential evolution (DE) algorithm are incorporated into the ERTH algorithm.



Mutation Operator: The mutation operation used to generate the mutant position vector     V   i   t     is performed as follows:


    V   i   t   =   X   b e s t   t   + F ×     X   r 1   t   −   X   r 2   t      



(35)




where     X   r 1   t     and     X   r 2   t     represent the positions of two individuals randomly selected from the population. The parameter   F  , set to 0.5, is a control factor that scales the difference between the position vectors of these randomly selected individuals.



Crossover Operator: After obtaining the mutant vector, a crossover operation is applied in the second phase. Based on the position vectors     X   i   t     and     V   i   t    , the trial vector     U   i   t     is generated as follows:


    U   i , j   t   =         V   i , j   t   ,                   i f         p   2 , j   ≤ C R   o r   ( j ∈   Ω   CR   )         X   i , j   t   ,                 o t h e r w i s e                                                                  



(36)




where     V   i , j   t     denotes the value of the mutation vector in the   j  th dimension. The variable     p   2 , j     is a random number uniformly distributed between 0 and 1, and   CR  , set to 0.5, represents the crossover control parameter. The set     Ω   CR     denotes the indices of the vector dimensions selected randomly for crossover. In this study, the number of randomly selected indices in the     Ω   CR     is taken as one-fifth of the total problem dimension based on the trial-and-error procedure.



Selection: In the final stage, the next generation vector is determined by comparing the trial vector     U   i   t     with the current position vector     X   i   t    , similarly to Equation (34). Accordingly, the position vector for the next generation is defined as given in Equation (37), depending on whether     U   i   t     provides a better solution than     X   i   t    .


    X   i   t + 1   =         U   i   t   ,               i f       f (   U   i   t   )   <   f (   X   i   t   )           X   i   t   ,                 o t h e r w i s e                                      



(37)








3.2.4. Workflow of the ERTH Algorithm


The flowchart of the IRTH algorithm is presented in Figure 3. In the initial stage, the initial positions of individuals are determined according to the chaotic initialization procedure using the formulation given in Equation (31). Then, the transition between the original RTH algorithm stages and the newly incorporated stages of the ERTH algorithm is controlled by the condition     t  /    T   m a x     ≥   q1   ×   rand1. If this condition is satisfied, the optimization process continues based on the stages of the original RTH algorithm. Otherwise, the algorithm proceeds with the newly introduced stages of the ERTH algorithm. At this point, the stage to be used for updating the positions of individuals is determined by the condition rand2   ≥   q2. If the condition rand2   ≥   q2 is satisfied, the positions of individuals are updated according to Equation (37); otherwise, they are updated using Equation (34). Here, rand1 and rand2 denote random numbers uniformly distributed between 0 and 1, while q1 and q2 are control parameters determined through a trial-and-error procedure and set to 0.25 and 0.8, respectively.



As the termination criterion of the algorithm, the maximum number of function evaluations (    N F E   m a x    ) is employed. During the iterative process, the algorithm stops when     N F E   m a x     is reached; otherwise, the iteration counter is increased, and the optimization process continues.






4. Simulation Results


The proposed method is implemented on the modified versions of the 8-bus and the 33 kV portion of the 30-bus test systems. For the experiments conducted on these power systems, both Scenario 1 and Scenario 2, described in Section 2, are considered. Load and fault currents seen by the relays are obtained using DIgSILENT PowerFactory. The bounds of the decision variables for Scenarios 1 and 2 are presented in Table 2 and Table 3, respectively. The coordination design parameters, namely the minimum operating time of the DOCRs (    t   min    ) and the minimum coordination time interval (    CTI   min    ), are set to 0.05 and 0.2 s, respectively. Due to the instantaneous operating characteristic of DRs in Zone-1, the operating time is taken as     t   Z 1 , y     = 0.



On the other hand, to evaluate the performance of the ERTH algorithm, in addition to ERTH, the APO, EEFO, EEO, GJO, GWO, HBA, JS, KOA, MSA, PSO, TLBO, and the original RTH algorithms are also employed to solve the problem, and the obtained results are presented comparatively in this section. Among the comparison algorithms, as shown in Table 1, GWO, EEO, and TLBO have been previously proposed in the literature for solving the optimal DR–DOCR coordination problem. The parameter settings of these algorithms, along with their corresponding values, are presented in Table 4. All simulation experiments are performed using MATLAB R2025b through a personal computer with 8 GB RAM and 2.7 GHz CPU speed. The population size is 500, and     N F E   m a x     is set to 500,000 and 1,000,000 for the 8-bus and 30-bus systems, respectively. Due to the stochastic nature of metaheuristic optimization algorithms, each algorithm is run 20 times independently.



4.1. 8-Bus Test System


The single-line diagram of the modified 8-bus power system is shown in Figure 4. In this system, unlike the benchmark model, a 20-MW renewable energy source is assumed to be connected to bus no. 2 to reflect the structure of modern power systems. As mentioned before, since most renewable energy sources are inverter-interfaced, their contributions to fault currents are limited. Therefore, the fault current contribution from the renewable energy source is neglected in this study. However, the integration and disconnection of this source may significantly affect the system load currents [3]. In this context, the maximum load currents flowing through the relays (    I   L m a x    ) are calculated by considering both operating conditions of the source, i.e., when it is in service and out of service.



On the other hand, as shown in Figure 4, the 8-bus test system includes a total of 14 relay locations at the sending and receiving ends of each transmission line and 20 relay pairs [39].



For the 8-bus power system under Scenario 1, the optimal DR and DOCR settings obtained using the ERTH algorithm are presented in Table 5. The relay operating times and the corresponding CTI values for these settings are given in Table 6 and Table 7 for DOCR–DOCR and DR–DOCR coordination, respectively. Since the DR operating times for the DR–DOCR coordination are already provided in Table 5, they are not repeated in Table 7 to avoid redundancy.



As observed from Table 6, and consistent with the relay characteristic curves shown in Figure 1, the relay operating times and CTI values obtained for the F1 fault location are lower than those obtained for the F3 fault location due to the inverse-time behavior of the DOCR characteristic. On the other hand, for the critical fault locations F1 and F4 in terms of CTI violations, the CTI values (CTI2 and CTI5 in Table 6 and Table 7, respectively) are close to the minimum allowable limit of 0.2 s. Nevertheless, the minimum CTI requirement is satisfied for all relay pairs at all fault locations.



The optimal relay settings obtained using the ERTH algorithm under Scenario 2 are presented in Table 8. Compared with the objective function (OF) value obtained for Scenario 1 in Table 5, the OF value in Scenario 2 is reduced by approximately 80%. In addition, Table 9 and Table 10 present the relay operating times and CTI values obtained under Scenario 2 for DOCR–DOCR and DR–DOCR coordination, respectively. Compared with the relay operating times and CTI values given for Scenario 1 in Table 6 and Table 7, significantly lower values are achieved in Scenario 2. In particular, the CTI values for all fault locations and all relay pairs are observed to be close to the minimum CTI requirement (    CTI   min    ) of 0.2 s.



The significant difference between Scenarios 1 and 2 can also be visually observed in Figure 5, which illustrates the primary and backup relay operating times for DOCR–DOCR coordination at the F1 and F3 fault locations. For Scenario 2, all primary relay operating times at the F1 and F3 fault locations are seen to lie on the minimum operating time limit of 0.05 s. Similarly, when the backup relay operating times are examined, it is observed that the high, widely varying backup operating times observed for different relay pairs in Scenario 1 are significantly lower and closer in Scenario 2.



These results indicate that, within the scope of Scenario 2, the flexibility provided by the two-level DOCR characteristic used for the proposed DR–DOCR coordination enables the coordination constraints to be satisfied more easily at lower relay operating times.



Table 11 presents the minimum (Min), maximum (Max), average (Avg), and standard deviation (Std) values, along with the average CPU time (CPUavg), obtained from 20 independent runs of different optimization algorithms for Scenarios 1 and 2 on the 8-bus power system.



When the results are examined, it is observed that, for Scenario 1, the ERTH algorithm provides significantly lower Min, Max, and Avg values compared with the other algorithms. On the other hand, it is observed that the Std value obtained by the ERTH algorithm is relatively high. The higher Std indicates that the ERTH algorithm does not reach near-global solutions in every run; however, the considerably low Avg value obtained via ERTH demonstrates that, compared with the other algorithms, it is more effective in exploring the promising regions of the solution space.



For Scenario 2, the JS, RTH, and ERTH algorithms exhibit closer performance. However, the ERTH algorithm yields a lower Min value, indicating that it is more effective than the other algorithms at approaching the global optimum.



On the other hand, in Scenario 2, compared to Scenario 1, the increase in the number of decision variables leads to a higher problem dimensionality, which in turn results in a greater computational burden during the iterative updating of population solutions by the algorithms. As shown in Table 11, this is reflected in the difference in average CPU time between Scenarios 1 and 2. In terms of computational cost, it is observed that the ERTH and RTH algorithms require higher computation times compared to the other algorithms. However, the lower CPUavg value of ERTH relative to RTH indicates that the additional mechanisms incorporated into ERTH impose less computational overhead than the original stages of the RTH algorithm. At this point, it should be noted that several factors contribute to the high computational cost of the original RTH algorithm. First, the position update mechanism involves computationally expensive operations such as the Lévy flight mechanism, Gamma functions, and trigonometric calculations, which significantly increase the per-iteration cost. Second, the population mean vector is computed and utilized in all phases of the RTH algorithm—namely high soaring, low soaring, and swooping—for updating individual positions, resulting in additional computational overhead at each iteration.



However, it should be emphasized that although both RTH and ERTH yield higher CPUavg values compared to the other algorithms, the superior performance of ERTH compensates for this drawback. Indeed, as illustrated by the convergence curves obtained for the 8-bus power system in Figure 6, the ERTH algorithm is capable of producing effective solutions even in early iterations. Particularly for Scenario 1, it is observed that a value close to the average OF value of 136.804 s—obtained by TLBO as the second-best algorithm in this metric—is achieved by ERTH at approximately 123,300 NFE.




4.2. 30-Bus Test System


Figure 7 shows the single-line diagram of the modified 30-bus test system. The system is actually the 33 kV portion of the IEEE 30-bus system and is widely used in coordination studies [18,40]. It is assumed that renewable energy sources with a rated generation capacity of 20 MW are installed at bus nos. 15 and 18. Similar to the approach applied in the 8-bus power system, the maximum load currents flowing through the relays were obtained by considering all possible combinations of these energy sources being in service or out of service. The system includes a total of 38 relay locations and 62 relay pairs. However, for the fault locations considered in this study, the primary-backup relay pairs 1–21, 2–20, and 16–36 were excluded from the analysis because the fault current flowing through the backup relay was lower than the corresponding load current.



For the 30-bus power system, the optimal relay settings obtained using the ERTH algorithm for Scenario 1 are presented in Table 12, while the corresponding relay operating times and CTI values are presented in Table 13 and Table 14, respectively. An examination of the results shows that there are no violations of the CTI2 and CTI5 constraints, which are critical for CTI violations. On the other hand, the optimal relay settings for Scenario 2 obtained using the ERTH algorithm are presented in Table 15, and the relay operating times together with the values of six CTI constraints (CTI1–CTI6) at five different fault locations (F1–F5) are provided in Table 16 and Table 17. It is observed that the OF value, which was obtained as 376.757 s in Scenario 1, decreases to 70.742 s in Scenario 2, corresponding to an approximately 81% reduction, close to the decrease obtained for the 8-bus system. This significant difference between Scenario 1 and Scenario 2 is also evident in the relay operating times shown in Figure 8.



According to the statistical optimization results obtained for the 30-bus power system presented in Table 18, the superiority of the ERTH algorithm over the competing algorithms becomes much more prominent compared to the results obtained for the 8-bus power system. It is observed that the ERTH algorithm performs as the best method in Min, Max, and Avg values. This effective performance can also be observed in the convergence curves obtained for the 30-bus system, as shown in Figure 9.



On the other hand, an examination of the CPUavg values presented in Table 18 indicates that the RTH and ERTH algorithms are computationally expensive compared to the other algorithms. However, as illustrated in Figure 9, for Scenarios 1 and 2, values close to the second-best average OF values—obtained by TLBO and JS at the end of the optimization—are achieved by ERTH at approximately 344,900 and 83,920 NFE, respectively. This indicates that although the ERTH algorithm results in a high computational cost by the end of the optimization process, it is capable of attaining competitive solutions at much earlier stages. In other words, even before reaching half of the total computational effort, ERTH can produce better results compared to the other algorithms.



All these results indicate that the ERTH algorithm is a highly effective method for solving the coordination problem in both small- and large-scale power systems, with particularly strong performance in large-scale power systems.




4.3. Performance Evaluation Under Consideration of Multiple Fault Types


Three-phase short-circuit (3-L) faults are considered the most severe type of fault in power systems due to the high magnitude of the resulting fault currents and their associated impacts. Therefore, fast and reliable protection measures are required against such faults. Accordingly, in the majority of relay coordination studies, fault currents corresponding to three-phase short circuits are typically employed. However, in practical power systems, in addition to three-phase faults, line-to-line (L-L) and single line-to-ground (L-G) faults may also occur, and their occurrence probabilities are, in fact, higher than those of three-phase faults.



In this context, to evaluate the performance of the proposed method under different fault conditions, the objective function values associated with line-to-line and single line-to-ground faults, in addition to the three-phase short-circuit fault, are incorporated into the problem formulation. Accordingly, the modified objective function considered in this study is defined as the summation of relay operating times obtained for these three fault types based on their respective fault currents, i.e.,     OF   TOT     =     OF    3 - L      +     OF    L - L      +     OF    L - G     . Consequently, the number of coordination time interval (CTI) constraints is also tripled. Within this framework, a single relay setting group must satisfy all CTI constraints for all fault types, which significantly increases the complexity of the optimization problem.



The simulations are carried out on the 30-bus power system. The TLBO and JS algorithms—which provide the second-best results for Scenarios 1 and 2 in Table 18, respectively—are considered for comparison purposes. The minimum objective function values obtained from 20 independent runs are presented in Table 19. Consistent with the previous results, the ERTH algorithm is observed to outperform both the TLBO and JS algorithms again in this experiment.



On the other hand, for Scenario 1, the objective function (  OF  ) value previously obtained as 376.757 s for the three-phase short-circuit fault in Table 18 is observed to increase to 382.036 s (i.e.,     OF    3 - L     ) due to the increased number of constraints. In contrast, for Scenario 2, when the proposed two-level DOCR-based coordination scheme is employed with the ERTH algorithm, a result (70.656 s) very close to that reported in Table 18 (70.742 s) is achieved under this extended analysis. This clearly demonstrates the effectiveness of the proposed coordination scheme in handling increased constraint conditions. Furthermore, under line-to-line and single line-to-ground fault conditions, the fault currents flowing through backup relays decrease, which—due to the inverse-time characteristics of the relays—results in higher values of     OF    L - L      and     OF    L - G      compared to     OF    3 - L     . However, considering the results obtained by the ERTH algorithm, this increase remains quite limited in Scenario 2 compared to Scenario 1. This effect is also evident in Figure 10, where the operating times of primary and backup relays at fault location F1 are presented.




4.4. Sensitivity Analysis for Penalty Coefficients


In optimization problems where metaheuristic methods are employed, avoiding infeasible solutions is typically achieved by incorporating a penalty term into the objective function. Accordingly, in this study, a penalty function given in Equation (4) is added to the objective function defined in Equation (1) in order to prevent CTI violations and to ensure that relay operating times do not fall below a specified minimum value. In this context, the coefficients included in the penalty function are of critical importance and are generally determined through a trial-and-error process. In the literature on optimal relay coordination, studies employing similar penalty functions assign penalty coefficients over a wide range of values, such as 100 [41], 1000 [42], and 10,000 [43] to prevent violations of CTI constraints, and 1000 [44] and 100,000 [43] to avoid violations of relay operating time constraints.



In this study, since     CTI   min     is set to 0.2 and     t   min     is 0.05 s, the penalty coefficients associated with relay operating time violations are selected to be relatively larger. Accordingly, four different combinations of (    δ   1    ,     δ   2    ), namely (100, 200), (250, 500), (500, 1000), and (2500, 5000), are considered. A sensitivity analysis is conducted using the ERTH algorithm based on 20 independent runs for the 30-bus power system. The 30-bus system is selected because the number of backup relays per primary relay is relatively high, making the satisfaction of coordination constraints more challenging.



According to the results presented in Table 20, it is observed that the value of the objective function increases as the penalty coefficients increase. In this context, higher penalty coefficients tend to degrade the search performance of the algorithm, whereas lower penalty values may lead to infeasible solutions. On the other hand, within the scope of Scenario 1, CTI violations are significantly higher for lower penalty coefficients compared to those in Scenario 2. These results also demonstrate that the proposed two-level DOCR-based coordination scheme in Scenario 2 is more effective in handling CTI violations. Indeed, it is observed that the penalty coefficient combination at which the algorithm achieves its best performance, without leading to infeasible solutions, is (    δ   1    ,     δ   2    ) = (500, 1000).





5. Discussion and Future Research Directions


This study introduces two main innovations for optimal DR–DOCR coordination. The first is the proposal of a two-level DOCR-based DR–DOCR coordination scheme as an alternative to the conventional single-level DOCR characteristic-based coordination widely adopted in the literature, including recent studies. In conventional coordination approaches, the single-level DOCR characteristic is often insufficient to effectively handle the challenges imposed by CTI constraints, leading to relatively high operating times for both primary and backup relays. In the proposed method, the DOCR characteristic is divided into two distinct levels corresponding to primary and backup protection regions. In addition to this structural modification, the relay characteristic curve is endowed with enhanced flexibility through user-defined parameters (    α   r , 1    ,     α   r , 2    ,     β   r , 1   ,     β   r , 2    ) as well as a shift parameter (    t   r   s h    ) that controls the separation between the two levels. With these features, the proposed coordination scheme effectively mitigates CTI violations while significantly reducing relay operating times, bringing them close to the minimum allowable relay operating time (    t   min    ). The results obtained from the 8-bus and 30-bus test systems clearly demonstrate the effectiveness and significance of the proposed characteristic.



The second contribution of this study is the development of an enhanced version of the RTH algorithm, referred to as ERTH, for solving the coordination problem. The results indicate that the ERTH algorithm outperforms all algorithms considered, including recently applied methods for optimal DR-DOCR coordination such as GWO, EEO, and TLBO, particularly in terms of convergence toward the global optimum. Furthermore, the superior performance of ERTH in terms of both average and maximum objective function (OF) values demonstrates its robustness, consistency, and stability.



On the other hand, one of the primary drawbacks of the proposed method is that, similar to all non-standard relay characteristics, it is not directly applicable to the electromechanical relays that are still widely deployed in existing power system protection infrastructures. In this context, the proposed approach requires the use of digital relays, which may introduce additional costs. However, considering the technological advancements achieved by relay manufacturers, it is reasonable to expect that digital relays will play a much more significant role in power system protection in the near future. As also evidenced in Table 1, the use of non-standard relay characteristics has been increasingly adopted in recent studies. Moreover, with the growing penetration of renewable energy sources, power systems are increasingly exposed to challenges such as fluctuations in load currents [3], reverse fault currents under grid-connected and islanded operating modes in microgrids [11], and both short- and long-term variations in network topology [45]. Under such conditions, achieving reliable protection using conventional electromechanical relays becomes highly challenging, thereby making the adoption of digital relays essential.



Another limitation of the proposed DR–DOCR coordination approach is the significant increase in the number of decision variables compared to the conventional coordination scheme (from 3 to 10). While this increase provides enhanced flexibility in shaping the relay characteristic, it also enlarges the problem dimension and consequently increases the computational burden of the optimization process. Indeed, the results indicate that the use of the proposed relay characteristic leads to approximately a 1.5–2 times increase in computational effort. This implies that, in order to obtain optimization results within comparable time frames to conventional approaches, additional computational resources—and thus extra hardware cost—may be required. Nevertheless, it should be noted that the higher relay operating times obtained with conventional coordination approaches may impose cumulative thermal and mechanical stress on power system equipment during fault conditions, potentially leading to severe damage and significantly higher long-term costs. In this regard, the proposed method offers a more reliable and cost-effective solution from a system-level perspective.



The ERTH algorithm is observed to provide highly effective solutions for the coordination problem considered in this study. A potential shortcoming of ERTH is its computational requirement during the optimization process. However, as demonstrated by the convergence curves, ERTH is capable of reaching solution levels—often only attained by other algorithms at the end of the optimization process—at much earlier stages. This indicates that ERTH can still deliver effective performance even under lower computational time, making it a competitive and efficient optimization tool.



Under the current hardware conditions considered in this study, it is not deemed practical to employ all the investigated algorithms within a real-time relay coordination framework. However, when combined with advancements in supercomputing technologies, the strong performance demonstrated by the ERTH algorithm suggests that this integration could evolve into a powerful tool for real-time relay coordination applications.



Recent developments in relay coordination studies indicate a growing focus on addressing the challenges introduced by synchronous-based DGs, which can be based on either thermal or renewable energy sources. Due to their high fault current contributions, synchronous-based DG units can significantly alter fault current levels when they are connected to or disconnected from the system, thereby complicating protection coordination. To mitigate these effects, some studies in the literature have incorporated fault current limiters to restrict excessive fault currents [46]. Additionally, adaptive protection schemes based on assigning predefined relay setting groups in real time, in accordance with changing network topologies, have been proposed as an effective solution [47]. In contrast, the renewable energy sources considered in this study are inverter-interfaced types, which contribute relatively limited fault current. As part of future work, it is planned to extend the proposed method to scenarios involving synchronous-based renewable energy sources.



On the other hand, another research area closely related to power system protection is power system stability. Protection coordination schemes should ensure relay operating times that prevent generators from losing stability under fault conditions. Indeed, recent studies have incorporated transient stability constraints into DOCR coordination problem [48]. In this regard, future research will focus on extending the proposed method by integrating transient stability constraints into the DR–DOCR coordination framework, which, to the best of the authors’ knowledge, has not yet been addressed in the literature.




6. Conclusions


In this study, a new two-level DOCR-based DR-DOCR coordination is proposed. The proposed DR-DOCR coordination aims to achieve lower relay operating times by facilitating the avoidance of CTI violations more effectively than conventional coordination through the flexibility provided by using the two-level DOCRs. In addition, a novel variant of RTH, called ERTH, is proposed to solve the coordination problem.



The proposed method introduces two main novelties: a two-level DOCR-based coordination scheme and the use of the ERTH algorithm for optimization. It is compared with the conventional single-level DOCR coordination scheme and 12 competing optimization algorithms. Results obtained on modified 8-bus and 33 kV portions of the 30-bus test systems, including renewable energy integration, show that the proposed coordination scheme reduces relay operating times by approximately 80% and 81%, respectively, compared to the conventional method. The ERTH algorithm outperforms all other algorithms in achieving the minimum objective function, providing additional reductions of 7.5% and 9.4% compared to the second-ranked algorithms for the conventional coordination scheme in the 8-bus and 30-bus systems, respectively. Overall, a minimum reduction of 83% in relay operating times is achieved, especially for the 30-bus system, when both the proposed coordination scheme and the ERTH algorithm are employed, compared to combinations using the conventional coordination scheme and other algorithms. The method is also validated under three-phase, phase-to-phase, and single-phase-to-ground faults, demonstrating effective coordination with low relay operating times for all fault types.



The proposed scheme employs a non-standard relay characteristic, requiring digital relays. Although their higher cost may be considered a drawback, the reduced stress on power system equipment and prevention of potential damage due to shorter operating times outweigh this disadvantage. Moreover, increasing renewable energy penetration further necessitates the use of digital relays. Although the ERTH algorithm introduces a relatively high computational burden, convergence results indicate that it produces effective solutions even in early iterations.



Based on these findings, the proposed method is an effective and practical approach for DR-DOCR coordination. Future work will focus on incorporating different objective functions, additional constraints such as transient stability, and extending the method to systems with various types of renewable energy sources (e.g., synchronous and inverter-interfaced).
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Figure 1. The conventional coordination of DRs and DOCRs. 
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Figure 2. The proposed coordination of DRs and DOCRs. 
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Figure 3. Flowchart of the ERTH algorithm. 
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Figure 4. Single-line diagram of the modified 8-bus test system. 
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Figure 5. Relay operating times obtained using ERTH for the 8-bus system under different scenarios for DOCR-DOCR coordination at fault locations (a) F1 and (b) F3. 
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Figure 6. Convergence curves obtained via different algorithms for the 8-bus system under (a) Scenario 1 and (b) Scenario 2. 
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Figure 7. Single-line diagram of the modified 30-bus test system. 
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Figure 8. Relay operating times obtained using ERTH for the 30-bus system under different scenarios for DOCR-DOCR coordination at fault locations (a) F1 and (b) F3. 
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Figure 9. Convergence curves obtained via different algorithms for the 30-bus system under (a) Scenario 1 and (b) Scenario 2. 
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Figure 10. Relay operating times obtained using ERTH for the 30-bus system under multiple fault type considerations at fault location F1: (a) three-phase short circuit, (b) line-to-line fault, and (c) single line-to-ground fault. 
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Table 1. Summary of the literature review in the field of optimal relay coordination.
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Ref.

	
Year

	
Coordinated Relays

	
Relay Characteristic Used for DOCRs

	
Optimization Method

	
Consideration of RES/RE-Based DG Effects




	
Algorithm

	
Novelty






	
[11]

	
2020

	
DOCRs

	
Dual setting

	
CSA

	
🗴

	
🗸




	
[15]

	
2021

	
DOCRs

	
Dual setting

	
PSO

	
🗴

	
DG (unspecified)




	
[16]

	
2021

	
DOCRs

	
Logarithmic function-based relay characteristic

	
PSO, GA

	
🗴

	
🗸




	
[18]

	
2022

	
DOCRs

	
Two-level, user-defined, and shifted

	
fmincon (MATLAB R2025b command)

	
🗴

	
🗴




	
[17]

	
2022

	
DOCRs

	
Piece-wise linear characteristic

	
PSO

	
🗴

	
🗴




	
[3]

	
2024

	
DOCRs

	
IEC standards

	
EWSO

	
🗸

	
🗸




	
[12]

	
2025

	
DOCRs

	
Exponential function-based characteristic

	
NOA

	
🗴

	
🗴




	
[9]

	
2018

	
DRs and DOCRs

	
IEC, ANSI, and manufacturer (AREVA)-based standards

	
GWO

	
🗴

	
🗴




	
[7]

	
2019

	
DRs and DOCRs

	
Standard inverse

	
xR-ACO

	
🗸

	
🗴




	
[13]

	
2019

	
DRs and DOCRs

	
Dual characteristic

	
SCA

	
🗴

	
🗴




	
[2]

	
2021

	
DRs and DOCRs

	
Standard inverse

	
MSBO

	
🗸

	
🗸




	
[8]

	
2022

	
DRs and DOCRs

	
Standard inverse

	
ISOA

	
🗸

	
🗴




	
[10]

	
2023

	
DRs and DOCRs

	
Standard inverse

	
TLBO

	
🗴

	
🗴




	
[14]

	
2024

	
DRs and DOCRs

	
Standard inverse

	
EEO

	
🗸

	
🗴




	
[19]

	
2025

	
DRs and DOCRs

	
Dual-setting, user-defined

	
GWO

	
🗴

	
🗸




	
Proposed

	
Present

	
DRs and DOCRs

	
Two-level, user-defined, and shifted

	
ERTH

	
🗸

	
🗸








🗸 = present/included; 🗴 = absent/not included.













 





Table 2. The upper and lower bounds on relay settings for Scenario 1.
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	     TDS   r     
	     PS   r     
	    t   Z 2 , d     (s)





	0.05–1.2
	1 ×     I   L m a x    –1.5 ×     I   L m a x    
	0.2–5










 





Table 3. The upper and lower bounds on relay settings for Scenario 2.
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	     TDS   r , 1     
	     PS   r , 1     
	     α   r , 1     
	     β   r , 1     
	     TDS   r , 2     
	     PS   r , 2     
	     α   r , 2     
	     β   r , 2     
	    t   Z 2 , d     (s)
	    t   r   s h     (s)





	0.05–1.2
	   1   ×     I   L m a x        – 1.5   ×     I   L m a x     
	0.14–80
	0.02–2
	0.05–1.2
	   1   ×     I   L m a x        – 1.5   ×     I   L m a x     
	0.14–80
	0.02–2
	0.2–5
	0.001–5










 





Table 4. Parameter settings of comparison algorithms.






Table 4. Parameter settings of comparison algorithms.





	Algorithm
	Year
	Control Parameter
	Value





	APO [27]
	2024
	F, C
	0.5, 0.5



	EEFO [28]
	2024
	-
	-



	EEO [14]
	2024
	a1, a2, GP
	  2 −  2   ×    (   t  /  (   T   m a x     − t ) )  , 1, exp   ( − (  4 ×     t  /  (   T   m a x     − t )   )   2   )  



	GJO [29]
	2022
	C1
	2



	GWO [30]
	2014
	a
	   2 −  2   ×    (   t  /    T   m a x     )   



	HBA [31]
	2022
	C,   β  
	2, 6



	JS [32]
	2021
	-
	-



	KOA [33]
	2023
	    T  ¯   ,     μ   0    , γ
	3, 0.1, 1.5



	MSA [34]
	2023
	A,   a  ,     P   c    ,   ρ  ,   p  ,   P  
	1, 0.5, 0.2, 6, 0.5, 2



	PSO [35]
	1995
	    c   1    ,     c   2    ,   w  
	1.5, 1.5, 0.9



	TLBO [36]
	2011
	-
	-



	RTH [24]
	2023
	    R   0    ,   A  ,   r o  
	0.5, 15, 1.5



	ERTH
	Present
	    R   0    ,   A  ,   r o  ,   F  , CR,   ω  
	0.5, 15, 1.5, 0.5, 0.5, 1  −   t  /    T   m a x      










 





Table 5. Optimal relay settings obtained using the ERTH algorithm for the 8-bus system under Scenario 1.
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	Relay No.
	     TDS   r     
	     PS   r     
	     t   Z 2 , d     





	1
	0.322
	102.072
	1.111



	2
	0.279
	512.603
	1.159



	3
	0.427
	90.362
	1.083



	4
	0.306
	103.053
	0.857



	5
	0.092
	569.120
	1.047



	6
	0.400
	123.000
	1.016



	7
	0.658
	20.346
	1.154



	8
	0.391
	131.688
	1.034



	9
	0.103
	515.502
	1.057



	10
	0.309
	108.154
	0.866



	11
	0.420
	103.052
	1.094



	12
	0.274
	560.792
	1.167



	13
	0.320
	106.296
	1.130



	14
	0.670
	20.044
	1.165



	OF(s)
	120.702
	
	










 





Table 6. Relay operating times and the CTIs for the DOCR-DOCR coordination using ERTH for the 8-bus system under Scenario 1.
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Primary Relay

	
Backup Relay

	
Fault F1

	
Fault F3




	
     t   p r i     

	
     t   b a c k     

	
CTI2

	
     t   p r i     

	
     t   b a c k     

	
CTI4






	
1

	
6

	
0.632

	
0.833

	
0.200

	
0.664

	
0.877

	
0.213




	
2

	
1

	
0.775

	
0.975

	
0.200

	
0.812

	
1.054

	
0.242




	
2

	
7

	
0.775

	
0.975

	
0.200

	
0.812

	
1.014

	
0.202




	
3

	
2

	
0.782

	
0.982

	
0.200

	
0.801

	
1.028

	
0.227




	
4

	
3

	
0.579

	
0.779

	
0.200

	
0.594

	
0.798

	
0.204




	
5

	
4

	
0.454

	
0.667

	
0.214

	
0.492

	
0.692

	
0.200




	
6

	
5

	
0.690

	
0.956

	
0.266

	
0.715

	
1.204

	
0.489




	
6

	
14

	
0.690

	
0.996

	
0.306

	
0.715

	
1.062

	
0.347




	
7

	
5

	
0.787

	
0.987

	
0.200

	
0.813

	
1.564

	
0.751




	
7

	
13

	
0.787

	
1.026

	
0.239

	
0.813

	
1.454

	
0.641




	
8

	
7

	
0.688

	
0.981

	
0.293

	
0.716

	
1.054

	
0.339




	
8

	
9

	
0.688

	
0.976

	
0.288

	
0.716

	
1.238

	
0.523




	
9

	
10

	
0.466

	
0.677

	
0.212

	
0.504

	
0.704

	
0.200




	
10

	
11

	
0.588

	
0.788

	
0.200

	
0.603

	
0.808

	
0.205




	
11

	
12

	
0.788

	
0.988

	
0.200

	
0.808

	
1.036

	
0.228




	
12

	
13

	
0.790

	
0.990

	
0.200

	
0.826

	
1.064

	
0.238




	
12

	
14

	
0.790

	
0.990

	
0.200

	
0.826

	
1.026

	
0.200




	
13

	
8

	
0.652

	
0.852

	
0.200

	
0.684

	
0.897

	
0.213




	
14

	
1

	
0.800

	
1.008

	
0.208

	
0.826

	
1.408

	
0.581




	
14

	
9

	
0.800

	
1.000

	
0.200

	
0.826

	
1.513

	
0.687











 





Table 7. Relay operating times and the CTIs for the DR-DOCR coordination using ERTH for the 8-bus system under Scenario 1.






Table 7. Relay operating times and the CTIs for the DR-DOCR coordination using ERTH for the 8-bus system under Scenario 1.





	
Primary Relay

	
Backup Relay

	
Fault F1

	
Fault F2

	
Fault F4




	
CTI1

	
    t   b a c k    /CTI3

	
     t   p r i     

	
CTI5






	
1

	
6

	
0.383

	
0.854

	
0.911

	
0.200




	
2

	
1

	
0.337

	
1.013

	
0.959

	
0.200




	
2

	
7

	
0.380

	
0.994

	
0.959

	
0.200




	
3

	
2

	
0.377

	
1.005

	
0.883

	
0.201




	
4

	
3

	
0.505

	
0.788

	
0.656

	
0.201




	
5

	
4

	
0.404

	
0.679

	
0.841

	
0.205




	
6

	
5

	
0.357

	
1.067

	
0.814

	
0.201




	
6

	
14

	
0.475

	
1.027

	
0.814

	
0.201




	
7

	
5

	
0.259

	
1.202

	
0.949

	
0.205




	
7

	
13

	
0.343

	
1.177

	
0.949

	
0.205




	
8

	
7

	
0.466

	
1.015

	
0.832

	
0.203




	
8

	
9

	
0.369

	
1.092

	
0.832

	
0.203




	
9

	
10

	
0.400

	
0.690

	
0.857

	
0.200




	
10

	
11

	
0.507

	
0.798

	
0.666

	
0.200




	
11

	
12

	
0.379

	
1.012

	
0.892

	
0.202




	
12

	
13

	
0.340

	
1.025

	
0.965

	
0.201




	
12

	
14

	
0.375

	
1.008

	
0.965

	
0.201




	
13

	
8

	
0.382

	
0.873

	
0.930

	
0.200




	
14

	
1

	
0.311

	
1.151

	
0.965

	
0.200




	
14

	
9

	
0.257

	
1.198

	
0.965

	
0.200











 





Table 8. Optimal relay settings using ERTH for the 8-bus system under Scenario 2.






Table 8. Optimal relay settings using ERTH for the 8-bus system under Scenario 2.


















	Relay No.
	     TDS   r , 1     
	     PS   r , 1     
	     α   r , 1     
	     β   r , 1     
	     TDS   r , 2     
	     PS   r , 2     
	     α   r , 2     
	     β   r , 2     
	     t   Z 2  , d      
	     t   r   s h     





	1
	0.202
	88.042
	0.358
	0.248
	0.213
	88.000
	0.245
	0.248
	0.282
	0.186



	2
	0.272
	344.021
	0.200
	0.257
	0.232
	344.971
	0.314
	0.288
	0.273
	0.175



	3
	0.253
	74.000
	0.305
	0.241
	0.239
	74.001
	0.218
	0.254
	0.259
	0.223



	4
	0.269
	69.046
	0.329
	0.249
	0.219
	69.172
	0.311
	0.245
	0.263
	0.203



	5
	0.155
	380.001
	0.527
	0.536
	0.124
	380.000
	0.186
	0.279
	0.294
	0.184



	6
	0.274
	82.101
	0.359
	0.253
	0.316
	82.000
	0.163
	0.232
	0.295
	0.213



	7
	0.453
	14.000
	0.550
	0.303
	0.312
	14.000
	0.349
	0.222
	0.270
	0.194



	8
	0.284
	88.071
	0.300
	0.235
	0.381
	88.053
	0.226
	0.259
	0.267
	0.194



	9
	0.159
	344.009
	0.205
	0.259
	0.233
	345.302
	0.221
	0.275
	0.286
	0.110



	10
	0.282
	74.001
	0.321
	0.263
	0.325
	74.011
	0.140
	0.432
	0.260
	0.240



	11
	0.210
	69.018
	0.424
	0.256
	0.242
	69.000
	0.320
	0.220
	0.259
	0.195



	12
	0.267
	380.003
	0.230
	0.291
	0.192
	380.000
	0.267
	0.225
	0.264
	0.175



	13
	0.245
	82.000
	0.272
	0.232
	0.271
	82.000
	0.140
	0.217
	0.280
	0.197



	14
	0.227
	14.000
	0.536
	0.209
	0.363
	14.017
	0.221
	0.215
	0.267
	0.208



	OF(s)
	23.681
	
	
	
	
	
	
	
	
	










 





Table 9. Relay operating times and the CTIs for the DOCR-DOCR coordination using ERTH for the 8-bus system under Scenario 2.






Table 9. Relay operating times and the CTIs for the DOCR-DOCR coordination using ERTH for the 8-bus system under Scenario 2.





	
Primary Relay

	
Backup Relay

	
Fault F1

	
Fault F3




	
     t   p r i     

	
     t   b a c k     

	
CTI2

	
     t   p r i     

	
     t   b a c k     

	
CTI4






	
1

	
6

	
0.050

	
0.252

	
0.201

	
0.054

	
0.254

	
0.200




	
2

	
1

	
0.050

	
0.250

	
0.200

	
0.053

	
0.257

	
0.203




	
2

	
7

	
0.050

	
0.250

	
0.200

	
0.053

	
0.253

	
0.200




	
3

	
2

	
0.050

	
0.250

	
0.200

	
0.052

	
0.254

	
0.203




	
4

	
3

	
0.053

	
0.254

	
0.201

	
0.055

	
0.255

	
0.200




	
5

	
4

	
0.050

	
0.253

	
0.203

	
0.055

	
0.255

	
0.200




	
6

	
5

	
0.050

	
0.250

	
0.200

	
0.053

	
0.261

	
0.209




	
6

	
14

	
0.050

	
0.251

	
0.201

	
0.053

	
0.255

	
0.203




	
7

	
5

	
0.050

	
0.252

	
0.202

	
0.053

	
0.275

	
0.221




	
7

	
13

	
0.050

	
0.252

	
0.202

	
0.053

	
0.277

	
0.224




	
8

	
7

	
0.050

	
0.251

	
0.201

	
0.053

	
0.257

	
0.204




	
8

	
9

	
0.050

	
0.250

	
0.200

	
0.053

	
0.276

	
0.223




	
9

	
10

	
0.050

	
0.253

	
0.203

	
0.054

	
0.254

	
0.200




	
10

	
11

	
0.050

	
0.250

	
0.200

	
0.052

	
0.252

	
0.200




	
11

	
12

	
0.050

	
0.251

	
0.201

	
0.052

	
0.254

	
0.203




	
12

	
13

	
0.050

	
0.250

	
0.200

	
0.053

	
0.254

	
0.202




	
12

	
14

	
0.050

	
0.251

	
0.201

	
0.053

	
0.253

	
0.200




	
13

	
8

	
0.052

	
0.252

	
0.200

	
0.055

	
0.256

	
0.201




	
14

	
1

	
0.050

	
0.253

	
0.203

	
0.053

	
0.284

	
0.232




	
14

	
9

	
0.050

	
0.253

	
0.203

	
0.053

	
0.299

	
0.246











 





Table 10. Relay operating times and the CTIs for the DR-DOCR coordination using ERTH for the 8-bus system under Scenario 2.






Table 10. Relay operating times and the CTIs for the DR-DOCR coordination using ERTH for the 8-bus system under Scenario 2.





	
Primary Relay

	
Backup Relay

	
Fault F1

	
Fault F2

	
Fault F4

	
Fault F5




	
CTI1

	
    t   b a c k    /CTI3

	
     t   p r i     

	
CTI5

	
     t   p r i     

	
CTI6






	
1

	
6

	
0.245

	
0.253

	
0.082

	
0.200

	
0.053

	
0.242




	
2

	
1

	
0.232

	
0.253

	
0.064

	
0.209

	
0.052

	
0.229




	
2

	
7

	
0.220

	
0.252

	
0.064

	
0.209

	
0.052

	
0.218




	
3

	
2

	
0.223

	
0.252

	
0.059

	
0.200

	
0.051

	
0.222




	
4

	
3

	
0.206

	
0.254

	
0.062

	
0.201

	
0.054

	
0.205




	
5

	
4

	
0.213

	
0.254

	
0.094

	
0.200

	
0.054

	
0.210




	
6

	
5

	
0.244

	
0.255

	
0.063

	
0.232

	
0.052

	
0.242




	
6

	
14

	
0.217

	
0.253

	
0.063

	
0.232

	
0.052

	
0.215




	
7

	
5

	
0.244

	
0.261

	
0.070

	
0.200

	
0.052

	
0.242




	
7

	
13

	
0.230

	
0.261

	
0.070

	
0.200

	
0.052

	
0.228




	
8

	
7

	
0.220

	
0.253

	
0.064

	
0.203

	
0.052

	
0.218




	
8

	
9

	
0.236

	
0.262

	
0.064

	
0.203

	
0.052

	
0.234




	
9

	
10

	
0.210

	
0.254

	
0.086

	
0.201

	
0.053

	
0.207




	
10

	
11

	
0.209

	
0.251

	
0.059

	
0.200

	
0.051

	
0.208




	
11

	
12

	
0.214

	
0.252

	
0.059

	
0.200

	
0.051

	
0.213




	
12

	
13

	
0.230

	
0.252

	
0.063

	
0.201

	
0.052

	
0.228




	
12

	
14

	
0.217

	
0.252

	
0.063

	
0.201

	
0.052

	
0.215




	
13

	
8

	
0.215

	
0.254

	
0.080

	
0.200

	
0.054

	
0.213




	
14

	
1

	
0.232

	
0.264

	
0.066

	
0.201

	
0.052

	
0.230




	
14

	
9

	
0.236

	
0.272

	
0.066

	
0.201

	
0.052

	
0.234











 





Table 11. Statistical optimization results obtained via different optimization algorithms for the 8-bus test system.






Table 11. Statistical optimization results obtained via different optimization algorithms for the 8-bus test system.





	
Algorithm

	
Scenario 1

	
Scenario 2




	
Min

	
Max

	
Avg

	
Std

	
CPUavg

	
Min

	
Max

	
Avg

	
Std

	
CPUavg






	
APO

	
199.503

	
213.121

	
206.052

	
3.821

	
54.969

	
279.687

	
334.767

	
303.066

	
13.658

	
90.447




	
EEFO

	
134.783

	
145.931

	
140.295

	
2.896

	
63.981

	
26.444

	
31.300

	
28.734

	
1.256

	
111.453




	
EEO

	
132.953

	
158.776

	
147.137

	
6.579

	
53.069

	
33.783

	
135.446

	
44.127

	
21.676

	
83.894




	
GJO

	
146.035

	
165.086

	
157.045

	
5.283

	
51.792

	
26.685

	
31.886

	
29.070

	
1.275

	
91.275




	
GWO

	
143.101

	
159.615

	
151.578

	
4.284

	
52.483

	
26.660

	
31.206

	
28.680

	
1.345

	
92.723




	
HBA

	
141.226

	
153.258

	
147.474

	
3.695

	
55.127

	
25.419

	
29.949

	
27.401

	
1.056

	
88.746




	
JS

	
141.482

	
145.606

	
143.346

	
1.089

	
52.226

	
24.316

	
25.234

	
24.654

	
0.254

	
84.675




	
KOA

	
136.221

	
146.894

	
141.882

	
2.610

	
59.188

	
29.003

	
34.892

	
31.423

	
1.804

	
87.256




	
MSA

	
144.064

	
153.650

	
148.683

	
2.596

	
55.968

	
36.811

	
52.700

	
40.488

	
3.736

	
96.944




	
PSO

	
131.462

	
152.210

	
140.069

	
5.357

	
67.982

	
26.149

	
31.610

	
28.788

	
1.715

	
98.907




	
TLBO

	
130.863

	
141.846

	
136.804

	
2.723

	
57.860

	
25.713

	
36.581

	
28.455

	
2.874

	
86.450




	
RTH

	
130.476

	
144.749

	
137.451

	
4.192

	
81.825

	
23.873

	
28.321

	
25.178

	
1.091

	
143.160




	
ERTH

	
120.702

	
140.336

	
127.638

	
5.830

	
79.214

	
23.681

	
28.720

	
24.848

	
1.428

	
136.047








Bold values signify better results.













 





Table 12. Optimal relay settings obtained using the ERTH algorithm for the 30-bus system under Scenario 1.






Table 12. Optimal relay settings obtained using the ERTH algorithm for the 30-bus system under Scenario 1.











	Relay No.
	     TDS   r     
	     PS   r     
	     t   Z 2 , d     





	1
	0.364
	486.387
	1.410



	2
	0.358
	213.376
	1.254



	3
	0.436
	202.783
	1.368



	4
	0.448
	170.285
	1.297



	5
	0.344
	54.066
	0.822



	6
	0.153
	128.233
	0.812



	7
	0.108
	190.268
	0.881



	8
	0.113
	151.663
	0.503



	9
	0.444
	268.936
	1.246



	10
	0.432
	261.329
	1.340



	11
	0.364
	248.054
	1.219



	12
	0.436
	148.086
	1.216



	13
	0.309
	216.973
	1.125



	14
	0.404
	97.106
	1.185



	15
	0.255
	189.565
	1.139



	16
	0.322
	398.777
	1.260



	17
	0.235
	175.707
	1.144



	18
	0.566
	64.218
	1.268



	19
	0.459
	91.008
	1.156



	20
	0.120
	457.253
	1.162



	21
	0.170
	220.542
	1.986



	22
	0.243
	226.534
	0.825



	23
	0.286
	160.604
	1.008



	24
	0.505
	74.906
	1.347



	25
	0.448
	191.187
	1.186



	26
	0.050
	188.295
	0.901



	27
	0.051
	112.640
	1.100



	28
	0.271
	271.918
	1.309



	29
	0.177
	286.326
	1.323



	30
	0.264
	224.186
	1.103



	31
	0.451
	142.331
	1.381



	32
	0.311
	252.160
	1.231



	33
	0.599
	104.902
	1.383



	34
	0.442
	172.892
	1.277



	35
	0.218
	400.838
	1.302



	36
	0.171
	133.679
	1.198



	37
	0.397
	62.777
	1.030



	38
	0.362
	135.228
	1.611



	OF(s)
	376.757
	
	










 





Table 13. Relay operating times and the CTIs for the DOCR-DOCR coordination using ERTH for the 30-bus system under Scenario 1.
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Primary Relay

	
Backup Relay

	
Fault F1

	
Fault F3




	
     t   p r i     

	
     t   b a c k     

	
CTI2

	
     t   p r i     

	
     t   b a c k     

	
CTI4






	
1

	
28

	
0.928

	
1.131

	
0.203

	
0.976

	
1.183

	
0.206




	
1

	
29

	
0.928

	
1.130

	
0.201

	
0.976

	
1.226

	
0.249




	
2

	
28

	
0.690

	
1.144

	
0.454

	
0.743

	
1.238

	
0.495




	
2

	
29

	
0.690

	
1.150

	
0.461

	
0.743

	
1.326

	
0.583




	
3

	
1

	
1.007

	
1.207

	
0.200

	
1.022

	
1.232

	
0.211




	
4

	
2

	
0.896

	
1.101

	
0.205

	
0.934

	
1.173

	
0.238




	
4

	
3

	
0.896

	
1.099

	
0.203

	
0.934

	
1.157

	
0.223




	
5

	
4

	
0.528

	
1.095

	
0.567

	
0.550

	
1.167

	
0.617




	
5

	
37

	
0.528

	
0.851

	
0.323

	
0.550

	
0.900

	
0.350




	
6

	
5

	
0.365

	
0.622

	
0.257

	
0.373

	
0.633

	
0.260




	
7

	
6

	
0.218

	
0.418

	
0.200

	
0.249

	
0.479

	
0.230




	
8

	
6

	
0.212

	
0.413

	
0.201

	
0.231

	
0.457

	
0.226




	
9

	
20

	
0.937

	
1.138

	
0.200

	
0.961

	
1.295

	
0.334




	
9

	
21

	
0.937

	
1.138

	
0.201

	
0.961

	
1.245

	
0.284




	
9

	
29

	
0.937

	
1.140

	
0.202

	
0.961

	
1.291

	
0.330




	
10

	
20

	
0.891

	
1.202

	
0.311

	
0.947

	
1.791

	
0.844




	
10

	
21

	
0.891

	
1.184

	
0.293

	
0.947

	
1.534

	
0.586




	
10

	
28

	
0.891

	
1.165

	
0.274

	
0.947

	
1.388

	
0.441




	
11

	
10

	
0.948

	
1.150

	
0.202

	
0.962

	
1.167

	
0.205




	
12

	
9

	
0.857

	
1.061

	
0.204

	
0.890

	
1.110

	
0.220




	
13

	
11

	
0.820

	
1.022

	
0.201

	
0.841

	
1.049

	
0.208




	
14

	
12

	
0.822

	
1.022

	
0.200

	
0.850

	
1.062

	
0.212




	
15

	
13

	
0.729

	
0.935

	
0.206

	
0.761

	
0.978

	
0.218




	
16

	
14

	
0.806

	
1.007

	
0.201

	
0.853

	
1.069

	
0.216




	
17

	
14

	
0.432

	
1.016

	
0.584

	
0.466

	
1.104

	
0.638




	
17

	
35

	
0.432

	
1.285

	
0.853

	
0.466

	
2.857

	
2.392




	
18

	
4

	
0.897

	
1.097

	
0.200

	
0.936

	
1.180

	
0.244




	
18

	
24

	
0.897

	
1.099

	
0.201

	
0.936

	
1.150

	
0.214




	
19

	
15

	
0.770

	
0.970

	
0.200

	
0.799

	
1.075

	
0.276




	
19

	
16

	
0.770

	
1.078

	
0.308

	
0.799

	
1.153

	
0.354




	
19

	
17

	
0.770

	
1.078

	
0.308

	
0.799

	
1.182

	
0.383




	
20

	
22

	
0.428

	
0.632

	
0.204

	
0.467

	
0.673

	
0.206




	
21

	
3

	
0.375

	
1.117

	
0.743

	
0.407

	
1.287

	
0.880




	
21

	
23

	
0.375

	
0.789

	
0.414

	
0.407

	
0.820

	
0.413




	
22

	
2

	
0.577

	
1.092

	
0.514

	
0.586

	
1.125

	
0.539




	
22

	
23

	
0.577

	
0.782

	
0.204

	
0.586

	
0.787

	
0.201




	
23

	
24

	
0.648

	
1.092

	
0.444

	
0.672

	
1.118

	
0.446




	
23

	
37

	
0.648

	
0.848

	
0.200

	
0.672

	
0.890

	
0.218




	
24

	
25

	
0.949

	
1.149

	
0.200

	
0.980

	
1.199

	
0.220




	
25

	
-

	
0.979

	
-

	
-

	
1.013

	
-

	
-




	
26

	
8

	
0.206

	
0.410

	
0.204

	
0.230

	
0.452

	
0.222




	
27

	
7

	
0.135

	
0.362

	
0.227

	
0.142

	
0.386

	
0.245




	
28

	
31

	
0.956

	
1.188

	
0.232

	
0.982

	
1.212

	
0.230




	
29

	
30

	
0.676

	
0.887

	
0.211

	
0.717

	
0.934

	
0.217




	
30

	
32

	
0.816

	
1.017

	
0.201

	
0.828

	
1.033

	
0.204




	
31

	
33

	
1.000

	
1.203

	
0.203

	
1.033

	
1.240

	
0.206




	
32

	
34

	
0.891

	
1.091

	
0.200

	
0.915

	
1.117

	
0.201




	
33

	
35

	
0.997

	
1.201

	
0.204

	
1.041

	
1.493

	
0.452




	
33

	
36

	
0.997

	
1.200

	
0.202

	
1.041

	
1.591

	
0.551




	
34

	
16

	
0.881

	
1.081

	
0.200

	
0.925

	
1.168

	
0.243




	
34

	
17

	
0.881

	
1.082

	
0.202

	
0.925

	
1.205

	
0.279




	
34

	
38

	
0.881

	
1.081

	
0.200

	
0.925

	
1.176

	
0.251




	
35

	
15

	
0.708

	
0.958

	
0.250

	
0.756

	
1.006

	
0.249




	
35

	
17

	
0.708

	
1.106

	
0.398

	
0.756

	
1.457

	
0.701




	
35

	
38

	
0.708

	
1.067

	
0.359

	
0.756

	
1.102

	
0.345




	
36

	
15

	
0.311

	
0.970

	
0.659

	
0.331

	
1.062

	
0.732




	
36

	
16

	
0.311

	
1.097

	
0.786

	
0.331

	
1.273

	
0.942




	
36

	
38

	
0.311

	
1.078

	
0.767

	
0.331

	
1.154

	
0.824




	
37

	
19

	
0.705

	
0.909

	
0.204

	
0.730

	
0.944

	
0.214




	
38

	
18

	
0.879

	
1.080

	
0.201

	
0.909

	
1.109

	
0.200











 





Table 14. Relay operating times and the CTIs for the DR-DOCR coordination using ERTH for the 30-bus system under Scenario 1.






Table 14. Relay operating times and the CTIs for the DR-DOCR coordination using ERTH for the 30-bus system under Scenario 1.





	
Primary Relay

	
Backup Relay

	
Fault F1

	
Fault F2

	
Fault F4




	
CTI1

	
    t   b a c k    /CTI3

	
     t   p r i     

	
CTI5






	
1

	
28

	
0.380

	
1.157

	
1.182

	
0.228




	
1

	
29

	
0.395

	
1.178

	
1.182

	
0.228




	
2

	
28

	
0.619

	
1.193

	
1.040

	
0.214




	
2

	
29

	
0.633

	
1.239

	
1.040

	
0.214




	
3

	
1

	
0.403

	
1.219

	
1.080

	
0.288




	
4

	
2

	
0.358

	
1.137

	
1.067

	
0.230




	
4

	
3

	
0.472

	
1.128

	
1.067

	
0.230




	
5

	
4

	
0.769

	
1.131

	
0.616

	
0.207




	
5

	
37

	
0.502

	
0.875

	
0.616

	
0.207




	
6

	
5

	
0.457

	
0.628

	
0.399

	
0.412




	
7

	
6

	
0.593

	
0.450

	
0.672

	
0.209




	
8

	
6

	
0.600

	
0.436

	
0.293

	
0.210




	
9

	
20

	
0.224

	
1.214

	
1.042

	
0.204




	
9

	
21

	
1.049

	
1.190

	
1.042

	
0.204




	
9

	
29

	
0.385

	
1.212

	
1.042

	
0.204




	
10

	
20

	
0.271

	
1.446

	
1.133

	
0.207




	
10

	
21

	
1.095

	
1.341

	
1.133

	
0.207




	
10

	
28

	
0.418

	
1.269

	
1.133

	
0.207




	
11

	
10

	
0.392

	
1.158

	
1.011

	
0.207




	
12

	
9

	
0.389

	
1.085

	
1.005

	
0.211




	
13

	
11

	
0.398

	
1.036

	
0.919

	
0.206




	
14

	
12

	
0.394

	
1.042

	
0.978

	
0.206




	
15

	
13

	
0.396

	
0.956

	
0.927

	
0.212




	
16

	
14

	
0.378

	
1.038

	
1.043

	
0.217




	
17

	
14

	
0.753

	
1.061

	
0.578

	
0.566




	
17

	
35

	
0.870

	
1.733

	
0.578

	
0.566




	
18

	
4

	
0.400

	
1.138

	
1.064

	
0.204




	
18

	
24

	
0.450

	
1.125

	
1.064

	
0.204




	
19

	
15

	
0.369

	
1.021

	
0.894

	
0.263




	
19

	
16

	
0.490

	
1.115

	
0.894

	
0.263




	
19

	
17

	
0.374

	
1.130

	
0.894

	
0.263




	
20

	
22

	
0.397

	
0.651

	
0.953

	
0.209




	
21

	
3

	
0.994

	
1.193

	
0.857

	
1.129




	
21

	
23

	
0.633

	
0.806

	
0.857

	
1.129




	
22

	
2

	
0.676

	
1.108

	
0.620

	
0.205




	
22

	
23

	
0.430

	
0.784

	
0.620

	
0.205




	
23

	
24

	
0.699

	
1.105

	
0.771

	
0.236




	
23

	
37

	
0.382

	
0.868

	
0.771

	
0.236




	
24

	
25

	
0.237

	
1.174

	
1.078

	
0.269




	
25

	
-

	
-

	
-

	
1.128

	
-




	
26

	
8

	
0.297

	
0.429

	
0.692

	
0.209




	
27

	
7

	
0.746

	
0.374

	
0.174

	
0.926




	
28

	
31

	
0.425

	
1.200

	
1.105

	
0.203




	
29

	
30

	
0.427

	
0.909

	
1.044

	
0.279




	
30

	
32

	
0.415

	
1.025

	
0.873

	
0.230




	
31

	
33

	
0.384

	
1.221

	
1.170

	
0.211




	
32

	
34

	
0.385

	
1.104

	
1.006

	
0.225




	
33

	
35

	
0.305

	
1.332

	
1.183

	
0.200




	
33

	
36

	
0.201

	
1.369

	
1.183

	
0.200




	
34

	
16

	
0.379

	
1.125

	
1.074

	
0.203




	
34

	
17

	
0.263

	
1.142

	
1.074

	
0.203




	
34

	
38

	
0.730

	
1.127

	
1.074

	
0.203




	
35

	
15

	
0.431

	
0.982

	
1.091

	
0.211




	
35

	
17

	
0.437

	
1.244

	
1.091

	
0.211




	
35

	
38

	
0.904

	
1.084

	
1.091

	
0.211




	
36

	
15

	
0.828

	
1.017

	
0.406

	
0.792




	
36

	
16

	
0.949

	
1.179

	
0.406

	
0.792




	
36

	
38

	
1.300

	
1.117

	
0.406

	
0.792




	
37

	
19

	
0.451

	
0.927

	
0.829

	
0.201




	
38

	
18

	
0.389

	
1.094

	
1.044

	
0.567











 





Table 15. Optimal relay settings using ERTH for the 30-bus system under Scenario 2.






Table 15. Optimal relay settings using ERTH for the 30-bus system under Scenario 2.


















	Relay No.
	     TDS   r , 1     
	     PS   r , 1     
	     α   r , 1     
	     β   r , 1     
	     TDS   r , 2     
	     PS   r , 2     
	     α   r , 2     
	     β   r , 2     
	     t   Z 2  , d      
	     t   r   s h     





	1
	0.221
	326.000
	0.312
	0.282
	0.178
	326.000
	0.185
	0.252
	0.271
	0.213



	2
	0.178
	155.000
	0.332
	0.204
	0.325
	155.000
	0.290
	0.356
	0.301
	0.187



	3
	0.167
	154.000
	0.325
	0.227
	0.255
	154.010
	0.310
	0.337
	0.263
	0.205



	4
	0.191
	116.000
	0.301
	0.203
	0.233
	116.000
	0.336
	0.242
	0.263
	0.184



	5
	0.245
	54.001
	0.352
	0.230
	0.298
	54.000
	0.273
	0.664
	0.269
	0.244



	6
	0.222
	128.000
	0.222
	0.238
	0.179
	128.504
	0.226
	0.248
	0.261
	0.204



	7
	0.183
	128.011
	0.361
	0.225
	0.213
	128.000
	0.333
	0.258
	0.365
	0.169



	8
	0.237
	112.286
	0.293
	0.223
	0.248
	112.000
	0.309
	0.627
	0.337
	0.228



	9
	0.243
	185.276
	0.308
	0.256
	0.256
	185.000
	0.324
	0.237
	0.344
	0.191



	10
	0.277
	207.000
	0.215
	0.223
	0.249
	207.000
	0.390
	0.242
	0.268
	0.150



	11
	0.218
	166.000
	0.322
	0.290
	0.295
	166.268
	0.140
	0.255
	0.279
	0.226



	12
	0.189
	99.078
	0.348
	0.217
	0.184
	99.000
	0.271
	0.246
	0.276
	0.211



	13
	0.139
	179.000
	0.317
	0.229
	0.205
	179.007
	0.304
	0.229
	0.314
	0.167



	14
	0.337
	73.000
	0.248
	0.272
	0.216
	73.004
	0.307
	0.336
	0.345
	0.213



	15
	0.216
	131.000
	0.238
	0.256
	0.050
	131.000
	0.140
	0.222
	0.266
	0.245



	16
	0.251
	270.000
	0.279
	0.281
	0.139
	270.072
	0.351
	0.252
	0.379
	0.193



	17
	0.201
	130.135
	0.379
	0.233
	0.259
	127.000
	0.233
	0.250
	0.306
	0.146



	18
	0.241
	45.660
	0.335
	0.208
	0.280
	45.002
	0.317
	0.280
	0.265
	0.206



	19
	0.250
	91.000
	0.299
	0.228
	0.251
	91.017
	0.338
	0.190
	0.262
	0.157



	20
	0.219
	326.000
	0.156
	0.231
	0.247
	326.001
	0.322
	0.260
	0.307
	0.001



	21
	0.219
	155.023
	0.329
	0.260
	0.050
	155.041
	0.316
	0.228
	0.337
	0.208



	22
	0.265
	154.000
	0.294
	0.289
	0.235
	154.113
	0.350
	0.310
	0.257
	0.197



	23
	0.231
	116.000
	0.308
	0.265
	0.287
	116.006
	0.322
	0.241
	0.265
	0.156



	24
	0.191
	54.043
	0.322
	0.204
	0.246
	54.000
	0.327
	0.247
	0.309
	0.192



	25
	0.259
	128.003
	0.255
	0.240
	0.201
	128.001
	0.310
	0.230
	0.257
	0.189



	26
	0.235
	128.001
	0.251
	0.378
	0.250
	128.000
	0.381
	0.404
	0.348
	0.198



	27
	0.238
	112.393
	0.151
	0.212
	0.282
	112.000
	0.339
	0.214
	0.351
	0.352



	28
	0.265
	185.000
	0.287
	0.393
	0.212
	185.095
	0.276
	0.312
	0.371
	0.184



	29
	0.230
	207.051
	0.145
	0.242
	0.081
	207.007
	0.283
	0.234
	0.362
	0.192



	30
	0.249
	166.098
	0.153
	0.225
	0.298
	166.016
	0.333
	0.305
	0.382
	0.156



	31
	0.250
	99.557
	0.236
	0.228
	0.230
	99.000
	0.306
	0.222
	0.388
	0.177



	32
	0.224
	179.000
	0.298
	0.308
	0.147
	179.021
	0.140
	0.257
	0.273
	0.227



	33
	0.247
	73.000
	0.315
	0.213
	0.254
	73.039
	0.395
	0.370
	0.269
	0.217



	34
	0.186
	131.020
	0.321
	0.213
	0.225
	131.003
	0.338
	0.239
	0.267
	0.179



	35
	0.239
	270.000
	0.327
	0.375
	0.229
	270.000
	0.372
	0.256
	0.367
	0.088



	36
	0.216
	127.000
	0.317
	0.229
	0.052
	127.067
	0.140
	0.253
	0.272
	0.226



	37
	0.203
	45.000
	0.355
	0.216
	0.247
	45.021
	0.310
	0.283
	0.269
	0.205



	38
	0.176
	91.001
	0.311
	0.231
	0.123
	91.000
	0.279
	0.229
	0.393
	0.214



	OF(s)
	70.742
	
	
	
	
	
	
	
	
	










 





Table 16. Relay operating times and the CTIs for the DOCR-DOCR coordination using ERTH for the 30-bus system under Scenario 2.






Table 16. Relay operating times and the CTIs for the DOCR-DOCR coordination using ERTH for the 30-bus system under Scenario 2.





	
Primary Relay

	
Backup Relay

	
Fault F1

	
Fault F3




	
     t   p r i     

	
     t   b a c k     

	
CTI2

	
     t   p r i     

	
     t   b a c k     

	
CTI4






	
1

	
28

	
0.050

	
0.250

	
0.200

	
0.053

	
0.253

	
0.200




	
1

	
29

	
0.050

	
0.250

	
0.200

	
0.053

	
0.254

	
0.201




	
2

	
28

	
0.050

	
0.251

	
0.201

	
0.055

	
0.257

	
0.202




	
2

	
29

	
0.050

	
0.251

	
0.201

	
0.055

	
0.259

	
0.204




	
3

	
1

	
0.050

	
0.251

	
0.200

	
0.051

	
0.252

	
0.200




	
4

	
2

	
0.050

	
0.251

	
0.201

	
0.053

	
0.256

	
0.204




	
4

	
3

	
0.050

	
0.250

	
0.200

	
0.053

	
0.254

	
0.201




	
5

	
4

	
0.050

	
0.252

	
0.202

	
0.053

	
0.257

	
0.204




	
5

	
37

	
0.050

	
0.251

	
0.201

	
0.053

	
0.254

	
0.201




	
6

	
5

	
0.051

	
0.252

	
0.201

	
0.052

	
0.252

	
0.200




	
7

	
6

	
0.050

	
0.251

	
0.201

	
0.059

	
0.260

	
0.201




	
8

	
6

	
0.050

	
0.251

	
0.200

	
0.056

	
0.257

	
0.201




	
9

	
20

	
0.050

	
0.250

	
0.200

	
0.052

	
0.276

	
0.224




	
9

	
21

	
0.050

	
0.250

	
0.200

	
0.052

	
0.253

	
0.202




	
9

	
29

	
0.050

	
0.251

	
0.201

	
0.052

	
0.257

	
0.206




	
10

	
20

	
0.050

	
0.261

	
0.211

	
0.054

	
0.345

	
0.290




	
10

	
21

	
0.050

	
0.252

	
0.201

	
0.054

	
0.262

	
0.208




	
10

	
28

	
0.050

	
0.252

	
0.202

	
0.054

	
0.266

	
0.211




	
11

	
10

	
0.050

	
0.250

	
0.200

	
0.051

	
0.252

	
0.201




	
12

	
9

	
0.050

	
0.263

	
0.213

	
0.053

	
0.267

	
0.214




	
13

	
11

	
0.050

	
0.265

	
0.215

	
0.052

	
0.267

	
0.215




	
14

	
12

	
0.050

	
0.251

	
0.201

	
0.052

	
0.253

	
0.200




	
15

	
13

	
0.050

	
0.250

	
0.200

	
0.053

	
0.255

	
0.202




	
16

	
14

	
0.050

	
0.251

	
0.201

	
0.054

	
0.254

	
0.200




	
17

	
14

	
0.050

	
0.251

	
0.201

	
0.055

	
0.256

	
0.200




	
17

	
35

	
0.050

	
0.260

	
0.210

	
0.055

	
0.407

	
0.351




	
18

	
4

	
0.051

	
0.252

	
0.201

	
0.054

	
0.258

	
0.204




	
18

	
24

	
0.051

	
0.252

	
0.201

	
0.054

	
0.256

	
0.202




	
19

	
15

	
0.050

	
0.256

	
0.206

	
0.053

	
0.258

	
0.205




	
19

	
16

	
0.050

	
0.250

	
0.200

	
0.053

	
0.254

	
0.202




	
19

	
17

	
0.050

	
0.250

	
0.200

	
0.053

	
0.260

	
0.207




	
20

	
22

	
0.050

	
0.251

	
0.201

	
0.055

	
0.255

	
0.201




	
21

	
3

	
0.050

	
0.251

	
0.201

	
0.056

	
0.261

	
0.205




	
21

	
23

	
0.050

	
0.252

	
0.202

	
0.056

	
0.256

	
0.200




	
22

	
2

	
0.050

	
0.250

	
0.200

	
0.051

	
0.253

	
0.202




	
22

	
23

	
0.050

	
0.251

	
0.201

	
0.051

	
0.251

	
0.200




	
23

	
24

	
0.050

	
0.252

	
0.201

	
0.053

	
0.253

	
0.200




	
23

	
37

	
0.050

	
0.250

	
0.200

	
0.053

	
0.254

	
0.201




	
24

	
25

	
0.050

	
0.250

	
0.200

	
0.052

	
0.253

	
0.201




	
25

	
-

	
0.050

	
-

	
-

	
0.052

	
-

	
-




	
26

	
8

	
0.050

	
0.254

	
0.204

	
0.057

	
0.258

	
0.201




	
27

	
7

	
0.050

	
0.250

	
0.200

	
0.053

	
0.256

	
0.203




	
28

	
31

	
0.051

	
0.253

	
0.202

	
0.053

	
0.255

	
0.203




	
29

	
30

	
0.050

	
0.252

	
0.202

	
0.053

	
0.258

	
0.204




	
30

	
32

	
0.050

	
0.251

	
0.201

	
0.051

	
0.251

	
0.200




	
31

	
33

	
0.050

	
0.251

	
0.201

	
0.052

	
0.252

	
0.200




	
32

	
34

	
0.051

	
0.251

	
0.200

	
0.052

	
0.253

	
0.200




	
33

	
35

	
0.050

	
0.250

	
0.200

	
0.053

	
0.285

	
0.232




	
33

	
36

	
0.050

	
0.250

	
0.200

	
0.053

	
0.258

	
0.205




	
34

	
16

	
0.050

	
0.250

	
0.200

	
0.053

	
0.255

	
0.202




	
34

	
17

	
0.050

	
0.251

	
0.201

	
0.053

	
0.262

	
0.209




	
34

	
38

	
0.050

	
0.254

	
0.204

	
0.053

	
0.258

	
0.205




	
35

	
15

	
0.050

	
0.256

	
0.206

	
0.054

	
0.257

	
0.202




	
35

	
17

	
0.050

	
0.253

	
0.203

	
0.054

	
0.285

	
0.231




	
35

	
38

	
0.050

	
0.253

	
0.203

	
0.054

	
0.255

	
0.200




	
36

	
15

	
0.050

	
0.256

	
0.206

	
0.055

	
0.257

	
0.203




	
36

	
16

	
0.050

	
0.251

	
0.201

	
0.055

	
0.261

	
0.207




	
36

	
38

	
0.050

	
0.254

	
0.204

	
0.055

	
0.257

	
0.202




	
37

	
19

	
0.050

	
0.250

	
0.200

	
0.053

	
0.255

	
0.202




	
38

	
18

	
0.050

	
0.251

	
0.200

	
0.052

	
0.252

	
0.200











 





Table 17. Relay operating times and the CTIs for the DR-DOCR coordination using ERTH for the 30-bus system under Scenario 2.






Table 17. Relay operating times and the CTIs for the DR-DOCR coordination using ERTH for the 30-bus system under Scenario 2.





	
Primary Relay

	
Backup Relay

	
Fault F1

	
Fault F2

	
Fault F4

	
Fault F5




	
CTI1

	
    t   b a c k    /CTI3

	
     t   p r i     

	
CTI5

	
     t   p r i     

	
CTI6






	
1

	
28

	
0.321

	
0.252

	
0.067

	
0.204

	
0.052

	
0.318




	
1

	
29

	
0.312

	
0.252

	
0.067

	
0.204

	
0.052

	
0.310




	
2

	
28

	
0.320

	
0.254

	
0.082

	
0.219

	
0.054

	
0.317




	
2

	
29

	
0.312

	
0.255

	
0.082

	
0.219

	
0.054

	
0.309




	
3

	
1

	
0.221

	
0.251

	
0.055

	
0.208

	
0.051

	
0.220




	
4

	
2

	
0.251

	
0.254

	
0.062

	
0.201

	
0.052

	
0.249




	
4

	
3

	
0.213

	
0.252

	
0.062

	
0.201

	
0.052

	
0.211




	
5

	
4

	
0.213

	
0.255

	
0.063

	
0.206

	
0.052

	
0.210




	
5

	
37

	
0.219

	
0.253

	
0.063

	
0.206

	
0.052

	
0.217




	
6

	
5

	
0.218

	
0.252

	
0.057

	
0.204

	
0.052

	
0.217




	
7

	
6

	
0.211

	
0.256

	
0.164

	
0.201

	
0.057

	
0.204




	
8

	
6

	
0.211

	
0.254

	
0.075

	
0.262

	
0.055

	
0.206




	
9

	
20

	
0.257

	
0.263

	
0.057

	
0.286

	
0.051

	
0.256




	
9

	
21

	
0.287

	
0.252

	
0.057

	
0.286

	
0.051

	
0.286




	
9

	
29

	
0.312

	
0.254

	
0.057

	
0.286

	
0.051

	
0.311




	
10

	
20

	
0.257

	
0.299

	
0.068

	
0.201

	
0.053

	
0.254




	
10

	
21

	
0.287

	
0.256

	
0.068

	
0.201

	
0.053

	
0.284




	
10

	
28

	
0.320

	
0.259

	
0.068

	
0.201

	
0.053

	
0.317




	
11

	
10

	
0.218

	
0.251

	
0.055

	
0.225

	
0.051

	
0.217




	
12

	
9

	
0.293

	
0.265

	
0.061

	
0.215

	
0.052

	
0.291




	
13

	
11

	
0.229

	
0.266

	
0.057

	
0.257

	
0.051

	
0.228




	
14

	
12

	
0.226

	
0.252

	
0.063

	
0.282

	
0.052

	
0.224




	
15

	
13

	
0.264

	
0.252

	
0.066

	
0.201

	
0.052

	
0.262




	
16

	
14

	
0.295

	
0.252

	
0.069

	
0.310

	
0.053

	
0.292




	
17

	
14

	
0.295

	
0.254

	
0.073

	
0.233

	
0.054

	
0.291




	
17

	
35

	
0.317

	
0.310

	
0.073

	
0.233

	
0.054

	
0.313




	
18

	
4

	
0.212

	
0.255

	
0.064

	
0.201

	
0.053

	
0.210




	
18

	
24

	
0.258

	
0.254

	
0.064

	
0.201

	
0.053

	
0.256




	
19

	
15

	
0.216

	
0.257

	
0.062

	
0.200

	
0.052

	
0.214




	
19

	
16

	
0.329

	
0.252

	
0.062

	
0.200

	
0.052

	
0.327




	
19

	
17

	
0.256

	
0.255

	
0.062

	
0.200

	
0.052

	
0.254




	
20

	
22

	
0.207

	
0.253

	
0.106

	
0.201

	
0.053

	
0.203




	
21

	
3

	
0.213

	
0.256

	
0.128

	
0.209

	
0.054

	
0.209




	
21

	
23

	
0.215

	
0.254

	
0.128

	
0.209

	
0.054

	
0.211




	
22

	
2

	
0.251

	
0.252

	
0.055

	
0.202

	
0.051

	
0.250




	
22

	
23

	
0.215

	
0.251

	
0.055

	
0.202

	
0.051

	
0.214




	
23

	
24

	
0.258

	
0.252

	
0.063

	
0.202

	
0.052

	
0.257




	
23

	
37

	
0.219

	
0.252

	
0.063

	
0.202

	
0.052

	
0.217




	
24

	
25

	
0.207

	
0.252

	
0.059

	
0.250

	
0.052

	
0.206




	
25

	
-

	
-

	
-

	
0.060

	
-

	
0.052

	
-




	
26

	
8

	
0.287

	
0.256

	
0.147

	
0.200

	
0.055

	
0.283




	
27

	
7

	
0.315

	
0.253

	
0.069

	
0.282

	
0.052

	
0.312




	
28

	
31

	
0.337

	
0.254

	
0.061

	
0.310

	
0.052

	
0.336




	
29

	
30

	
0.332

	
0.254

	
0.077

	
0.285

	
0.052

	
0.329




	
30

	
32

	
0.223

	
0.251

	
0.054

	
0.328

	
0.051

	
0.222




	
31

	
33

	
0.219

	
0.252

	
0.061

	
0.327

	
0.052

	
0.218




	
32

	
34

	
0.216

	
0.252

	
0.059

	
0.214

	
0.052

	
0.215




	
33

	
35

	
0.317

	
0.266

	
0.063

	
0.207

	
0.052

	
0.315




	
33

	
36

	
0.222

	
0.254

	
0.063

	
0.207

	
0.052

	
0.220




	
34

	
16

	
0.329

	
0.253

	
0.064

	
0.202

	
0.053

	
0.326




	
34

	
17

	
0.256

	
0.256

	
0.064

	
0.202

	
0.053

	
0.254




	
34

	
38

	
0.343

	
0.256

	
0.064

	
0.202

	
0.053

	
0.341




	
35

	
15

	
0.216

	
0.257

	
0.083

	
0.285

	
0.053

	
0.213




	
35

	
17

	
0.256

	
0.266

	
0.083

	
0.285

	
0.053

	
0.253




	
35

	
38

	
0.343

	
0.254

	
0.083

	
0.285

	
0.053

	
0.340




	
36

	
15

	
0.216

	
0.257

	
0.072

	
0.200

	
0.053

	
0.213




	
36

	
16

	
0.329

	
0.256

	
0.072

	
0.200

	
0.053

	
0.325




	
36

	
38

	
0.343

	
0.256

	
0.072

	
0.200

	
0.053

	
0.340




	
37

	
19

	
0.212

	
0.253

	
0.062

	
0.207

	
0.052

	
0.210




	
38

	
18

	
0.215

	
0.251

	
0.061

	
0.332

	
0.052

	
0.213











 





Table 18. Statistical optimization results obtained via different optimization algorithms for the 30-bus test system.






Table 18. Statistical optimization results obtained via different optimization algorithms for the 30-bus test system.





	
Algorithm

	
Scenario 1

	
Scenario 2




	
Min

	
Max

	
Avg

	
Std

	
CPUavg

	
Min

	
Max

	
Avg

	
Std

	
CPUavg






	
APO

	
943.434

	
1700.943

	
1333.431

	
205.211

	
274.699

	
1473.968

	
2143.999

	
1819.670

	
219.482

	
450.962




	
EEFO

	
437.463

	
486.158

	
461.496

	
12.115

	
290.664

	
99.486

	
136.333

	
121.701

	
10.409

	
547.713




	
EEO

	
469.560

	
582.868

	
501.079

	
27.936

	
227.565

	
147.609

	
320.279

	
176.306

	
36.653

	
425.698




	
GJO

	
418.824

	
1853.008

	
800.730

	
396.156

	
243.925

	
94.074

	
110.443

	
101.523

	
3.845

	
448.010




	
GWO

	
431.961

	
473.260

	
453.974

	
11.170

	
239.154

	
88.113

	
99.927

	
92.748

	
3.264

	
443.689




	
HBA

	
479.626

	
631.188

	
564.356

	
37.344

	
260.922

	
90.388

	
128.924

	
106.697

	
11.028

	
436.148




	
JS

	
437.237

	
455.872

	
446.169

	
5.661

	
244.232

	
76.933

	
97.127

	
86.060

	
5.833

	
397.169




	
KOA

	
449.542

	
542.721

	
490.775

	
26.891

	
250.104

	
122.653

	
147.255

	
134.887

	
6.810

	
386.413




	
MSA

	
424.448

	
512.654

	
468.811

	
28.210

	
265.697

	
141.543

	
186.881

	
159.965

	
11.665

	
442.487




	
PSO

	
444.525

	
520.711

	
488.471

	
21.541

	
273.926

	
103.642

	
135.546

	
123.853

	
7.967

	
409.818




	
TLBO

	
415.885

	
468.950

	
438.641

	
15.491

	
259.015

	
108.132

	
214.442

	
135.787

	
25.548

	
382.835




	
RTH

	
419.725

	
506.170

	
448.016

	
22.897

	
352.284

	
78.461

	
98.442

	
86.530

	
4.741

	
917.970




	
ERTH

	
376.757

	
403.537

	
390.744

	
8.742

	
338.701

	
70.742

	
72.812

	
71.521

	
0.508

	
861.348








Bold values signify better results.













 





Table 19. Optimization results obtained for multiple fault type consideration.






Table 19. Optimization results obtained for multiple fault type consideration.





	
Scenario

	
Algorithm

	
     OF   TOT     

	
     OF    3 -  L     

	
     OF    L - L      

	
     OF    L - G      






	
Scenario 1

	
TLBO

	
1411.616

	
455.046

	
469.938

	
486.632




	
ERTH

	
1223.166

	
382.036

	
408.554

	
432.576




	
Scenario 2

	
JS

	
341.716

	
117.129

	
109.894

	
114.693




	
ERTH

	
215.526

	
70.656

	
71.799

	
73.071











 





Table 20. Sensitivity analysis results.






Table 20. Sensitivity analysis results.





	
Parameter

	
Scenario 1

	
Scenario 2






	
     δ   1     

	
100

	
250

	
500

	
2500

	
100

	
250

	
500

	
2500




	
     δ   2     

	
200

	
500

	
1000

	
5000

	
200

	
500

	
1000

	
5000




	
Min OF (s)

	
359.480

	
363.366

	
376.757

	
388.498

	
69.455

	
69.852

	
70.742

	
71.308




	
Avg OF (s)

	
364.984

	
369.822

	
390.744

	
414.291

	
69.769

	
70.603

	
71.521

	
72.011




	
Avg   P e n C T I   (s)

	
15.181

	
0.624

	
0

	
0

	
1.391

	
0.046

	
0

	
0




	
Avg   P e n T   (s)

	
0

	
0

	
0

	
0

	
0.327

	
0.008

	
0

	
0
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