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ABSTRACT

	The integration of Distributed Generation (DG) into radial distribution systems has introduced significant challenges to conventional protection schemes, particularly the coordination of Directional Overcurrent Relays (DOCRs). Bidirectional fault currents caused by DG penetration often result in miscoordination, non-selective tripping, and reduced reliability. This study develops and evaluates an adaptive protection framework using metaheuristic optimization techniques to enhance DOCR performance in DG-integrated networks. Two optimization methods, Particle Swarm Optimization (PSO) and the Coronavirus Optimization Algorithm (CVOA), were implemented in MATLAB/Simulink and applied to the IEEE 34-bus radial test system. The optimization problem was formulated to minimize relay operating times while satisfying coordination time interval (CTI) constraints. Simulation results show that DG integration significantly increases fault current magnitudes, compromising traditional relay settings. Optimization restored coordination, with CVOA achieving superior performance in terms of total operating time (4.72 s), reliability (σ = 0.07), and CTI margins (≥0.32 s), while PSO offered faster convergence and slightly lower computation time. These findings demonstrate that adaptive metaheuristic optimization can effectively address DG-induced protection challenges, with CVOA emerging as a robust solution for maintaining selectivity, reliability, and stability in modern radial distribution systems.
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1. INTRODUCTION 

Modern power systems are increasingly sensitive to disturbances that, if not effectively controlled, may damage equipment, jeopardize operator safety, and destabilize supply networks. Protective relays are deployed to detect and isolate problematic portions depending on sensitivity, selectivity, dependability, and speed. In distribution networks, utilities want to assure uninterrupted power transmission, which includes coordinated installation of protective devices to reduce consumer interruptions while preserving cost-effectiveness [1;2]. Traditionally, radial distribution networks defined by unidirectional power flow have relied on overcurrent relays (OCRs) and fuses for protection. However, the increased penetration of Distributed Generation (DG), particularly solar photovoltaics and wind turbines, has challenged this paradigm by creating bidirectional fault currents. This development challenges standard static relay settings and increases risks of maloperation, non-selective tripping, and lengthy outages [3; 4]. Optimal coordination of OCRs has therefore become a critical issue in current distribution systems. Relay coordination must minimize operating delays without breaking coordination margins while maintaining dependable sequential operation of primary and backup protection [5-7]. The inclusion of DG complicates this effort, since fault contributions vary with penetration levels, intermittency, and network layout. If not effectively addressed, these variances can lead to fuse–relay or relay–relay miscoordination, lowering protection dependability and even disrupting the network [8]. The implications of miscoordination are serious. DG may boost fault current levels or reroute fault routes toward substations, hence increasing the possibility of equipment damage, voltage instability, or cascading outages. Moreover, shortened relay working durations in DG-integrated systems can cause synchronous generators to lose synchronism or induction generators to draw excessive inrush currents [9]. These characteristics underscore the necessity for adaptive protection techniques capable of altering relay settings dynamically to preserve coordination under changing fault contributions and operational conditions.
Recent studies have examined several adaptive and optimization-based techniques. [10] employed a microgenetic method for overcurrent relay coordination, whereas [11] gave a thorough overview of adaptive algorithms, stressing problems such as topology estimation and fault detection. Heuristic and metaheuristic approaches, including Particle Swarm Optimization (PSO) and Genetic Algorithms, have shown promise for enhancing selectivity and reducing relay operation time [12-14]. Nevertheless, many methods remain hampered by high computational complexity, limiting application to low DG penetration or unfeasible requirements for global relay recalibration.
This study tackles these shortcomings by creating and evaluating adaptive relay coordination strategies for DG-integrated radial distribution systems using metaheuristic optimization. Specifically, it compares Particle Swarm Optimization (PSO) with the more modern Coronavirus Optimization Algorithm (CVOA) to discover optimal relay settings under varied DG penetration. The models are implemented and validated in MATLAB/Simulink using the IEEE 33-bus and Ayepe 34-bus test systems [15-17]. By focusing on both optimization efficiency and protection reliability, the research gives practical insights toward resilient and sustainable adaptive protection frameworks for smart distribution grids.

2. methodology 

This work utilizes a simulation-based technique to analyze and increase protection coordination in radial distribution systems with integrated Distributed Generation (DG). Simulation gives a safe and controlled environment to examine failure situations, variable DG penetration levels, and relay coordination mechanisms that would be impossible or risky to reproduce in real networks. The methodology integrates system modeling, optimization problem formulation, and metaheuristic algorithm implementation.
All simulations are performed in MATLAB/Simulink 2023a, chosen for its robust capabilities in numerical computation, system modeling, and optimization. A radial distribution network, DG units, and Direct Overcurrent Relays (DOCRs) are modeled in detail, and optimization techniques are implemented inside the environment to determine adaptive relay settings.
Two metaheuristic optimization strategies are considered:
i.              Coronavirus Optimization Algorithm (CVOA) is a recent population-based search method with strong exploration ability, utilized as the principal optimization tool.
ii.             Particle Swarm Optimization (PSO)—a classical swarm intelligence method, employed here as a baseline for comparison.

System Modeling
Radial Distribution System Model
The IEEE 34-bus radial distribution feeder is used as the test network. Radial systems normally exhibit unidirectional power flows; however, DG integration introduces bidirectional current flows and modifies fault contributions.
The active and reactive power balance at each bus i is expressed as:
		 1 
Load flow is solved using the forward/backward sweep method with branch current and bus voltage updates given as:
				2
Distributed Generation Model
DG units are represented as synchronous generator-based sources at selected buses of the IEEE 34-bus feeder. The injected power at a DG bus is:
				 3
				 4
	 5 
The total fault current in the DG-integrated system is:
​ 			 6
For synchronous generator-based DG:
						7
For inverter-based DG:
					8
2.2.3 	Relay Model (Direct Overcurrent Relay)
DOCRs are modeled using their inverse time–current characteristics:
				9
Coordination between primary and backup relays is ensured by the Coordination Time Interval (CTI) condition:
		10

Problem Formulation
Objective Function
The optimization seeks to minimize the total operating time of all relays:
				   11
Relay operating times and decision vector are defined as:
			    12
   13
Constraints
CTI Constraint:
			    14
Relay Operating Time Limits:
values .
 			      15
Pickup Current Bounds:
			      16
Time Dial Setting Range:
			       17
 
Application of Corona Virus Optimization Algorithm for Optimal relay settings
The Coronavirus Optimization Algorithm (CVOA) is applied to determine the optimal relay settings, specifically the Time Dial Settings (TDS) and pickup currents (Ipickup​) in order to minimize total relay operating times while ensuring proper coordination. The optimization problem is defined in Section 3.3 (Equations 11–17), and the following steps describe the CVOA procedure adapted for this study: 
Step 1. Initialize the input parameter.
i. Population size N = 30
ii. Maximum iteration  = 200
iii. Spreading rate = 0.05 
iv. Recovery probability 
v.  Immunity fraction: proportion of best solutions preserved each iteration.
The decision variables are initialized as:
, 
where each  is a candidate relay setting vector generated randomly within the defined bounds.
Step 2.  The IEEE 34-bus test system data (bus, line, load, DG) are loaded into 
MATLAB/Simulink. The fault current levels at different buses are computed for both grid-only and DG-integrated scenarios.
Step 3. Generate the Herd Immunity Population
Using: HIP = 					
where each row corresponds to one individual solution and each column corresponds to a decision variable (pickup current or TDS).
Step 4. Compute fitness from the objective function for each candidate solution.
	
	Subject to the coordination constraints:
		
and bounds on  and 
Step 5. Inject the three-phase fault (infection) into the distribution system to create a 
fault scenario:

This mimics the spread of the virus and promotes exploration of the search space.
Step 6. Compute the recovery. Some infected individuals “recover” by moving closer 
to the current global best solution:

where  is the recovery factor (). This ensures exploitation of promising areas in the search space.
Step 7: update the immunity population using:
	
where   is a binary valve equal to one when the new case        inherited a valve from any infected case,
Step 8: update the vital cases
The updated population is formed by combining immune, recovered, and newly infected individuals. Poorly performing candidates are replaced with better solutions
Step 9: repeat step 7 – step 8 until the termination criterion which is normally depends 
on the maximum iteration reached.
Step 10: Display the optimal values for TDS and pick up current
Step 11: Stop
2.5	 Application of PSO for Optimal Relay Settings
PSO is applied as a benchmark algorithm, where each particle represents a candidate relay setting. Its process involves:
1. Random initialization of particles (relay settings).
2. Fitness evaluation using Eq. (3.11).
3. Updating of personal best (pbestp_{best}) and global best (gbestg_{best}).
4. Velocity and position updates:


5. Iteration until maximum generations or convergence.
6. Output of optimal relay settings.
The comparative implementation flow of CVOA and PSO is summarized in Figure 1.
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Figure 1: The PSO and CVOA Implementation Flowchart	

3. results and discussion

This chapter delineates the findings of the study, concentrating on the efficacy of adaptive relay coordination in radial distribution networks incorporating Distributed Generation (DG). The analysis evaluates the Coronavirus Optimization Algorithm (CVOA) against Particle Swarm Optimization (PSO) to assess how adaptive optimization addresses the protection challenges introduced by DG integration, particularly changes in fault currents, relay operating times, coordination time intervals (CTIs), and optimization efficiency.
Four scenarios were analyzed to guarantee a thorough assessment:
1. Base Case (No DG)—A conventional grid-connected system serving as the reference.
2. With DG (Manual Relay Settings)—Relay coordination with unmodified manual settings under DG penetration.
3. Optimized Settings (CVOA + DG)—Adaptive coordination using CVOA-based optimization.
4. Optimized Settings (PSO + DG)—Adaptive coordination using PSO-based optimization.

Fault Current Analysis
The integration of DG significantly increased fault current levels across the system. For example, at Bus 5, fault current rose from 2.31 kA (base case) to 3.82 kA with DG, representing a ~65% increase. Similarly, Bus 18 experienced a rise from 3.01 kA to 4.67 kA (~55% increase). This higher short-circuit contribution improves relay speed but complicates coordination due to bidirectional flows. Without optimization, these elevated currents cause CTI violations and compromise selectivity.
 
Relay Settings and Operating Times
Manual relay settings performed adequately in the base case but failed under DG integration, leading to longer operating times and reduced selectivity. Optimization via CVOA and PSO refined pickup currents and time dial settings, yielding faster operations. For instance, relay R1’s operating time was reduced from 0.82 s (manual) to 0.74 s (CVOA) and 0.76 s (PSO). Across all relays, CVOA consistently achieved slightly lower operating times than PSO, enhancing protection speed.
 
Coordination Time Interval (CTI)
Maintaining CTI ≥ 0.30 s is essential for selectivity. In the base case, all pairs satisfied this requirement. However, under DG with manual settings, CTIs dropped below the threshold (e.g., R4→R5 reduced to 0.17 s), causing miscoordination. Optimization successfully restored margins, with CVOA achieving CTIs of 0.32–0.34 s and PSO achieving 0.30–0.33 s. Thus, both methods ensured selectivity, though CVOA maintained higher safety margins.
 
Optimization Performance
The optimization efficiency was assessed using total relay operating time (ΣTop), reliability, and convergence. CVOA achieved the lowest (ΣTop), (4.72 s) compared to PSO (4.89 s). Reliability analysis confirmed that CVOA yielded more consistent results (σ = 0.07) than PSO (σ = 0.10). Although PSO converged faster (150 iterations vs. 300 for CVOA) and required less computation time (15.6 s vs. 18.3 s), CVOA consistently produced superior solutions with higher selectivity margins.
 
Comparative Summary
Table 1 summarizes the overall performance. In the base case, manual settings provided satisfactory operation (Avg. time = 0.91 s, Min CTI = 0.32 s). With DG integration, manual settings failed (Avg. time = 1.10 s, Min CTI = 0.17 s). Optimization restored coordination, with CVOA outperforming PSO in speed, reliability, and total operating time, while PSO retained a slight advantage in computation speed.
Overall, the results demonstrate that DG integration compromises traditional relay coordination, but adaptive optimization techniques such as CVOA and PSO effectively restore reliability. CVOA, in particular, provides superior coordination margins and consistency, making it more suitable for adaptive protection in DG-rich networks.
 

TABLE 1. Performance Comparison of Relay Coordination Methods with and without Optimization

	Performance Metric
	Manual (No DG)
	With DG (Manual)
	With DG + CVOA
	With DG + PSO

	Avg. Relay Operating Time (s)
	0.91
	1.10
	0.84
	0.87

	Min CTI (s)
	0.32
	0.17 (Fail)
	0.32
	0.30

	Total Operating Time ΣTop (s)
	4.85
	5.38
	4.72
	4.89

	Convergence Iterations
	–
	–
	92
	105

	Std. Deviation (Reliability)
	–
	–
	0.07
	0.10

	Avg. Computation Time (s)
	–
	–
	18.3
	15.6



4. Conclusion
This research examined the improvement of adaptive relaying in radial distribution systems incorporating Distributed Generation (DG) through the optimization of directional overcurrent relays (DOCRs) with Particle Swarm Optimization (PSO) and the Coronavirus Optimization Algorithm (CVOA). The results indicated that although PSO exhibited quicker computational convergence and decreased relay operation durations, its solutions were less reliable, sometimes leading to miscoordination. Conversely, CVOA regularly generated more dependable relay settings, preserving sufficient Coordination Time Intervals (CTIs) and facilitating effective coordination between primary and backup relays at diverse DG penetration levels. The results affirm that adaptive optimization is essential for tackling the issues posed by DG integration, with CVOA demonstrating superior efficacy in preserving protection selectivity, dependability, and stability in contemporary distribution networks.


4. RECOMMENDATION
Subsequent research should concentrate on formulating more sophisticated and adaptable protection solutions that include the advantages of various optimization methodologies. Hybrid metaheuristic techniques, such as the integration of Particle Swarm Optimization (PSO) with Genetic Algorithms (GA) or Artificial Bee Colony (ABC) with Cuckoo Search Optimization Algorithm (CVOA), possess significant potential to achieve accelerated convergence, enhanced accuracy, and globally optimal relay coordination in intricate distributed generation (DG)-integrated systems. Furthermore, integrating machine learning or deep learning techniques into adaptive relay coordination could facilitate real-time modification of settings by utilizing past fault data and operational conditions of the system. Predictive and self-learning frameworks would be especially beneficial in smart grids, where distributed generation penetration and system dynamics fluctuate frequently, hence offering resilient, selective, and reliable protection across various operating conditions.
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