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Abstract

:

The integration of distributed generation (DG) into distribution networks introduces uncertainties that can substantially affect network reliability. It is crucial to implement appropriate measures to maintain reliability parameters within acceptable limits and ensure a stable power supply for consumers. This paper aims to optimize the location, size, and number of DG units to minimize active power losses and improve distribution System (DS) reliability while considering system operational constraints. To achieve this objective, multiple tests are conducted, and the particle swarm optimization (PSO) technique is implemented. The simulation studies are performed using the ETAP software 19.0.1 version, while the PSO algorithm is implemented in MATLAB R2018a. ETAP enables a comprehensive evaluation of the DG system’s performance, providing valuable insights into its effectiveness in reducing power losses and enhancing system reliability. The PSO algorithm in MATLAB ensures accurate optimization, facilitating the identification of the optimal DG unit location and size. This study uses a modified IEEE-13 bus unbalanced radial DS as the test system, assessing the effects of photovoltaic (PV) and wind DG units under various scenarios and penetration levels. The results demonstrate that the optimal DG unit location and size of either a single PV or wind DG unit significantly reduce power losses, improve DS reliability, and enable effective load sharing with the substation. Moreover, this study analyzes the impact of DG unit uncertainty on system performance. The findings underscore the potential of optimized DG integration to enhance DS efficiency and reliability in the presence of renewable energy sources.
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1. Introduction


The interest in distributed generation (DG) sources in recent times is increasing worldwide because of the increasing power demand, high transmission losses, and high carbon footprints and GHG emissions produced by fossil-fuel-based energy generation sources. Similarly, some other technical reasons such as the diminishing of traditional energy sources, reliability issues in the distribution system (DS), deregulated energy market and cost constraints in the installation of the new generating plants, and the expansion of transmission lines are also forcing power utility companies to utilize DG sources for power generation. The International Energy Agency (IEA) describes DG as “a type of generating plant that is tied to the grid at the distribution level voltages to serve a customer on-site and at the same time to provide support to a distribution network” [1]. DG sources include wind turbines, PV systems, fuel cells, small hydro generation plants, and reciprocating engines. The DG capacity varies from a few kilowatts up to tens of MW. DG sources are not centrally planned nor dispatched while connected to a DS. DG technologies are categorized based on the type of power they can deliver into the system. Reference [2] categorized DG technologies into the following four types:




	
Type 1: It can only deliver active power into the system. Examples of type 1 DG include photovoltaic (PV), fuel cells, and microturbines.



	
Type 2: It can simultaneously deliver active and reactive power into the system. Type 2 DGs include doubly fed induction generators (DFIG) used in wind farms and synchronous generators.



	
Type 3: It can only deliver reactive power into the system. An example of a type 3 DG is synchronous compensators (gas turbines).



	
Type 4: It can deliver active power; however, it consumes reactive power from the system. An example of a type 4 DG is induction generators used in wind farms.








DG sources can be operated in parallel with the utility DS and can help power utility companies in achieving loss minimization, voltage profile improvement, reliability enhancement, peak load shaving, cost savings, and building sustainable energy infrastructure [3]. However, the power produced from these sources is unstable, and DS operators face difficulty in integrating them into a DS [4,5]. DSs are designed to deliver power to end users and are passive in nature, but DG source integration makes them active DSs. Additionally, the power flow changes from unidirectional to bi-directional. The integration of DG sources into the utility DS needs to be effectively managed and controlled to ensure the reliable operation of the DS and utility grid stability. Thus, the relationship between the DG sources and utility DS is becoming important as DG plays a prominent role in the power distribution landscape, and proper coordination between them becomes essential for optimizing the overall system performance and ensuring sustainable and efficient power DS. Therefore, the optimal location and sizing of DG sources are of the utmost importance before integrating them with the utility grid. DG optimal location and sizing can mitigate power losses, improves voltage profile, minimizes the time period and frequency of interruptions in the system, and enhances utility grid reliability and end customer satisfaction [6]. DG non-optimal location and sizing can lead to increased power losses and a rise in a voltage profile that directly affects the reliability of DSs [7]. This issue arises because an increase in power losses can lead to reducing the operational efficiency of the DS by limiting the amount of power supplied to the end consumers, and voltage beyond the permissible limits creates frequency interruption problems in the system that can lead to malfunctioning and potential damage to the electrical equipment both in the utility DS and consumer premises that can negatively affect the DS reliability, as it is closely linked with the proper functioning of the utility DS and satisfying consumer electricity demand without any interruptions in the system.



Reliability can be described as “the ability of a system or equipment to perform its required function for a given period of time under steady-state conditions” [8]. The reliability of a power system is vital because it ensures continuous power supply to the end users’ and customers’ satisfaction. Most of the reliability problems in power systems are because of the failures that occur in a DS which contributes to 80–90% of the power outages [9], and DS reliability is always of concern for power utility companies and DS operators. Moreover, reliability analysis helps to identify the effectiveness of a DS and provides recommendations for new DS components needed to enhance the system’s reliability. Therefore, reliability is an essential aspect in the operation, planning, and designing of a DS and it needs to be addressed to provide the end users with highly reliable power and minimal interruptions.



Hence, research on the power losses and reliability estimation of a DS with DG sources is necessary to overcome the time period and frequency of interruptions in the system, to serve the end customers with a continuous power supply. When integrating DG sources into the system, the type, location, size, and number of DG units are design criteria that directly affect the power losses and DS reliability. Figure 1 presents a typical power system model with DG sources integration at the DS.



This article is divided into seven sections. The remaining article is classified as follows: Section 2 comprehensively explores the literature related to the proposed study and presents the problem formulation along with the contributions of the present study. Section 3 explains the test system used in the study and the modifications made to the test system. Section 4 briefly elaborates on the study methodology. Section 5 discusses the study results and analysis based on the study outcomes. Section 6 evaluates the test system performance during uncertainties of the DG sources. Finally, Section 7 concludes the article and gives recommendations on the future scope of the proposed study.




2. Literature Review


The impact analysis of the optimal location and sizing of DGs on DS parameters such as power loss mitigation, reliability and voltage profile enhancement, system stability, power quality, and protection systems are studied by different researchers based on using various techniques like performing multiple tests on the system, hit and trial methods, analytical methods, and applying different optimization techniques.



Some research studies focused on the impacts of the installation of DG on the voltage profile, power losses, and reliability of a DS based on performing different tests and applying analytical techniques. Reference [10] investigated the effects of DG installation on power losses and voltage drop in a DS at different points using an IEEE-37 bus radial DS and suggested that DG installation at the most critical bus furthest from the feeder greatly reduced system power losses and voltage drop. In reference [11], the power losses, voltage profile, and reliability of an IEEE-14 bus system are evaluated by using PV as a DG source, and it is observed that by placing DG at buses that deliver power to the system, the weakest buses significantly reduce power losses and enhance the voltage profile and system reliability. In [12,13], a case study is performed on an 11 kV distribution feeder modeled in ETAP software to evaluate the effect of DGs (synchronous and induction generators) on the voltage profile and power losses of a DS. The results show that the synchronous generator’s optimal placement and size consideration lead to better a voltage profile and power loss mitigation than the induction generator, which contributed to greater power losses compared to the system without DG because the induction generator absorbed reactive power from the system. The researchers in references [14,15] analyzed the impact of wind turbine DG on DS reliability by changing the size, number, and distance of DG units from the feeder by using bus 2 of the Roy Billinton Test System (RBTS). The researchers suggested that a single DG injection near the load point or at the far end of a feeder positively affects reliability and multiple DG unit injections at various locations further increase reliability, whereas multiple DG unit injections at a single point negatively impact the system reliability, and by varying the DG size, the reliability of the system remains unchanged. References [16,17] examined the impact of a single DG placement on the reliability of a DS based on performing multiple tests by using bus 2 of the RBTS and suggested that single DG optimal placement has a more positive effect on the reliability than the installation of multiple DG units at various locations. Similarly, reference [18] analyzed the DG placement in DS by using bus 2 of the RBTS and suggested that DG installation at the weakest bus of the system achieved mitigation in power losses and an enhancement in reliability. Reference [19] performed the impact analysis of DG on the reliability of a real DS considered as a case study modeled in ETAP software and suggested that system reliability is improved by the installation of a single DG near load points and is further improved when multiple DG units are placed at various locations in a DS. In [20], the researchers evaluated the reliability of a modified IEEE-13 bus unbalanced DS after DG placement and found that the system reliability is greatly improved after optimal DG placement. Reference [21] also considered a modified IEEE-13 bus system for investigating the impacts of the high penetration of DG sources on the smart grid DS reliability in the grid-connected and islanded modes. Study outcomes show an improvement in reliability indices after distributed energy resource integration. Moreover, reference [22] proposed an analytical algorithm for optimal DG placement and sizing in a DS by testing it on an IEEE-34 bus DS, and it is suggested that power losses are mitigated and reliability is enhanced based on the proposed approach.



Similarly, some researchers applied different optimization techniques to investigate the DS performance after DG source integration. In [23], the DS reliability is evaluated based on a hit and trial method and an artificial neural network (ANN) by using bus 2 of the RBTS, and it found that the reliability of the system is greatly enhanced by applying the ANN technique compared to the hit and trial method. In [24], a genetic algorithm (GA), and in [25], grey wolf optimization (GWO) are applied on an IEEE-33 and a 69 bus DS for optimal DG placement and sizing with the objectives of overcoming power losses and improving the system voltage profile. In [26,27], particle swarm optimization (PSO) is implemented on an IEEE-33 bus DS to obtain the optimal placement and size of a type 1 (PV) DG unit, and it is suggested that multiple PV units integrated into the system overcome the power losses and enhance the voltage profile and reliability to a great extent. Similarly, the impact of type 1–3 DG units integrated on the DS voltage profile and power losses is examined as a case study in reference [28] by applying PSO on a 50 bus 11.5 kV practical DS through integrating open DSS with MATLAB, and it is found that type 2 DG contributes more to power loss reduction and voltage profile enhancement compared to the other type of DGs. In [29], a PSO-based approach is proposed for selecting optimal DG sitting and capacity allocation with the objectives of power loss minimization, voltage stability improvement, and achieving cost benefits by testing it on an IEEE-34 bus DS. Additionally, in reference [30], PSO is applied for obtaining optimal DG placement and size in an IEEE-33 bus DS, and the study findings depict that the PSO technique shows better results for power loss mitigation and voltage profile and reliability enhancement compared to other methods. In reference [31], PSO and the gravitational search algorithm (GSA) are proposed for the optimal placement and sizing of type 1 and type 2 DGs by applying them on an IEEE-33 bus DS, and the study outcomes show that multiple type 2 DG integration shows greater power loss reduction, enhancement in the voltage profile, and system reliability by using PSO and GSA. In [32], the crow search algorithm (CSA) is proposed for multiple types of optimal DG placement and sizing to minimize power losses and voltage deviation by applying it on IEEE-13, 34, and 123 unbalanced radial DS. Reference [33] proposed a multiobjective whale optimization algorithm (MOWOA) for optimal DG placement and sizing to achieve loss minimization, voltage profile enhancement, and maximizing annual cost savings by applying it on IEEE-33 and 69 bus DSs. Furthermore, the co-evolutionary multiswarm PSO technique [34] and the artificial hummingbird algorithm (AHA) [35], that also considers the uncertainties of DG sources and load, are suggested for the optimal location and sizing of type 1 and type 2 DGs in DS by applying them on an IEEE-33 bus and a real DS. The study findings show that optimal DG placement and sizing by applying the proposed techniques resulted in power loss minimization and increased system stability along with the voltage profile being within operational limits while considering the uncertainties. The researchers in [36,37] also used the artificial hummingbird optimizer technique for the equivalent circuit modeling of PV modules in order to maximize the PV modules’ efficiency and extract the maximum power from them. Similarly, some other optimization techniques such as multi-objective PSO (MOPSO) [38], ant colony optimization (ACO) [39], the dragonfly algorithm [40], and the lightning search algorithm (LSA) [41] are proposed by the researchers in the literature for obtaining optimal DG unit placement, sizing, and number in radial DSs. The efficacy of all these optimization techniques is proved by applying them on different IEEE distribution test systems and on real DSs as a case study for achieving power loss mitigation, reliability enhancement, voltage stability control, and other additional benefits in radial DSs.



Furthermore, several optimization techniques are also proposed in the literature for effectively managing the operational reliability of DSs and reducing power losses. For instance, in [42], the jelly fish search (JFS) algorithm, and in [43], a social network search (SNS) algorithm are proposed for the optimization of power network reconfiguration within IEEE-33 and 69 bus DSs, respectively, to improve the DS reliability. In [44], a modified JFS search algorithm is suggested for managing optimal network reconfiguration in medium-voltage distribution feeders with the objective of minimizing the power losses and enhancing the overall system reliability. Additionally, reference [45] proposed the equilibrium optimization algorithm (EOA) for configuring power DS with the optimal allocation of multiple DG units by implementing it on IEEE-33, 69, and 137 bus DSs.



Problem Formulation and Study Contributions


From previous research studies, most of the work is concentrated towards the impacts of the optimal location and sizing of DG units on DS power losses and voltage profiles. Few researchers have explored the impacts of the optimal location, sizing, and number of DG units on the reliability of DSs. Moreover, limited literature is available on determining the penetration level of different types of DG sources in DSs. Additionally, from studying the literature, it is noticed that most of the research is conducted on balanced radial DSs and not much attention is given to unbalanced radial DSs. In practice, many DSs exhibit unbalanced characteristics, particularly when the connected load is unevenly distributed across the three phases. Therefore, it requires the careful consideration of the optimal DG placement and sizing to effectively handle load imbalances. Thus, this research study aims to explore the impacts of the location, size, and number of DG units on the active power losses and reliability of unbalanced radial DSs in addition to the effects of increasing DG penetration level on the system’s operational performance. The comparison of the proposed study with previous literature studies is illustrated in Table 1. The contributions of this research study are as follows:




	
The study presents the optimal DG location and sizing for the mitigation of power losses and enhancing the reliability of unbalanced power DSs.



	
Identifies the benefits and limitations of different DG locations, sizes, and numbers of units for utilities in a DS at various locations.



	
Identifies the penetration level of different types of DG sources in a DS to aid in the proper design, planning, and expansion of the DS with DG integration, including a comparative analysis of power loss mitigation and reliability enhancement for renewable energy DG integration into the DS under uncertainties and varying generation capacity.








The reliability evaluation of a DS involves specific DS reliability indices defined by IEEE in the document “IEEE Std 1366-2022 (Revisions of IEEE Std 1366-2012)” [46]. The proposed study examines several of these reliability indices, and their detailed description is provided in Table 2.





3. Test System


In this proposed study, an IEEE-13 bus unbalanced radial DS [47,48], as shown in Figure 2, is considered as a test system for the analysis of DG placement and sizing and its effect on the related parameters of a system. The IEEE-13 bus DS is a relatively high-loaded, short, and unbalanced 4.16 kV feeder, providing a comprehensive analysis of the common features of DSs. The total system load is 4.053 MVA with a real load of 3.466 MW and a reactive load of 2.102 MVAR. The features of the test system include:




	
A 5 MVA 115 kV/4.16 kV delta/star-connected substation transformer operating in swing mode of operation.



	
A 0.5 MVA 4.16 kV/0.48 kV star/star inline transformer connected between bus 633 and bus 634.



	
Voltage regulator at a substation comprising three single-phase star-connected units.



	
Two underground cables and eight overhead lines with different lengths and configurations.



	
Two shunt capacitors banks, one with a three-phase connection connected at bus 675 and the other with a single-phase connection connected at bus 611.



	
Switch connected between bus 671 and 692.



	
Unbalanced star and delta connected spot and distributed loads.








IEEE-13 bus DS is modeled in ETAP software 19.0.1 version as shown in Figure 3. The modifications in the system are made by changing the single-phase parameters of overhead lines and underground cables into three-phase. Additionally, a DS low-voltage circuit breaker is used instead of a switch. The voltage regulator is not connected to the system because, in ETAP, the voltage can also be regulated from the transformer. Table 3 presents the line data parameters of the test system and the modification made in the line configurations of the test system.




4. Methodology


The proposed research study aims to mitigate the active power losses and enhance the reliability of the DS by performing multiple tests on the test system and applying the PSO technique. First, a base case study is evaluated by performing multiple tests to obtain the optimal DG location and size, and then its impact on the mitigation of active power losses and reliability is examined, considering the system’s operational constraints. After that, the PSO technique using MATLAB software R2018a is implemented to obtain the optimal DG location and size in unbalanced radial DSs, and the results are compared with the base case study. In this proposed study, type 1 (PV) and type 2 (DFIG-based wind turbine) DG sources are integrated into the modified IEEE-13 bus unbalanced DS, and different scenarios are considered. Figure 4 illustrates the conceptual framework of the proposed study.



4.1. Objective Function and System Operational Constraints


This study’s objective function is considered as the mitigation of active power losses represented by Equation (1).


  O b j e c t i v e   F u n c t i o n =   M i n i m i z e     ∑  i = 1    N b      P  i l o s s      



(1)




where    N b    represents the total number of buses in the system and    P  i l o s s     represents the losses at each bus in the system.



System Operational Constraints


Equality Constraints



	
The sum of power delivered by the utility substation and DG must be equal to the total load demand of the DS and total losses.







    P  s u b s a t i o n   +  P  D G   =      P  l o a d   +  P  l o s s     



(2)






    Q  s u b s a t i o n   +  Q  D G   =      Q  l o a d   +  Q  l o s s     



(3)






Inequality Constraints


	
The voltage variation limit at each bus is considered as ±5%, and, therefore, the voltage variation ranged from 0.95 to 1.05 pu.







    V  min   ≤  V i    ≤    V  max     



(4)





	
The branch current limit must be less than the rated current limit of the line.







    I  b r a n c h   ≤      I  r a t e d       



(5)





	
In the test system, bus 1 is considered as a utility bus (reference bus) and DG cannot be placed on the reference bus.







   U t i l i t y   B u s ≤   D  G  l o c a t i o n     ≤    N b    



(6)





	
By calculating the DG penetration level, the size of a DG can be determined. Equations (7) and (8) determine the penetration level for both types of DG, respectively.







   S i z e   o f   T y p e   1   D G   =      ∑   P  r e a l   l o a d       100     ∗   P e n e t r a t i o n   L e v e l   



(7)






   S i z e   o f   T y p e   2   D G   =      ∑   S  t o t a l   l o a d       100     ∗   P e n e t r a t i o n   L e v e l   



(8)







4.2. Base Case Study


A base case study is evaluated based on performing multiple tests by considering different scenarios to obtain the optimal DG location and size. In the base case study method, the optimal DG location and size are selected such that maximum active power loss mitigation and system reliability enhancement are achieved. The size of a DG based on increasing penetration level is also varied in order to achieve greater mitigation of active power losses and system reliability enhancement along with the satisfaction of the system operational constraints. The reliability data of the components such as the active failure rate, passive failure rate, repair time, and switching time required for reliability analysis are taken from references [49,50] and are illustrated in Table 4. Additionally, Table 5 presents type 1 and type 2 DG reliability data.




4.3. Particle Swarm Optimization (PSO)


The PSO technique proposed by reference [51] is a population-based metaheuristic optimization technique motivated by the societal behavior of fish schooling and bird flocking. As an optimization technique, PSO gives a population-based search procedure in which a randomly generated group of swarms moves in a multi-dimensional search space with randomly generated velocities. In every iteration, each particle changes its position with its personal experience known as “   P  b e s t    ” and the experience of a neighboring particle known as “   G  b e s t    .” For updating the velocity and position of particles, Equations (9) and (10) are used, respectively.


   v i     t + 1   =   w  v i    t    +    c 1   r 1  (   P   b e s  t i   t  −    x i    t  )   +    c 2   r 2  (   G   b e s t  t  −    x i    t  )  



(9)






   x i     t + 1   =    x i    t    +    v i     t + 1    



(10)




where w represents the weight of inertia, and    c 1    and    c 2    represent social acceleration and cognitive acceleration coefficients, respectively. Similarly,    r 1    and    r 2    represent randomly generated numbers between 0 and 1,    v i t    represents the present velocity of particle  i  at iteration  t ,    v i  t + 1     is the updated velocity of particle  i  at iteration  t ,    x i t    represents the present position of particle  i  at iteration  t ,    x i  t + 1     is the updated velocity of particle  i  at iteration  t ,    P  b e s  t i   t    represents the personal best of particle  i  at iteration  t , and    G  b e s t  t    represents the global best of the group.



Similarly, for finding the value of the weight of inertia at each iteration, Equation (11) is used.


   w  m a x   =    w  m a x     −      w  m a x     −    w  m i n      t  m a x       ∗   t  



(11)




where    w  m a x     and    w  m i n     represent the maximum and minimum values of the weight of inertia, and  t  and    t  m a x     represent the present iteration and total number of iterations, respectively.



Table 6 displays the selection of the control parameter values of the PSO algorithm. Regarding the selection of the social acceleration coefficient (   c 1   ) and cognitive acceleration coefficient (   c 2   ), as discussed in reference [52], it is important to take the following points into consideration.




	
If    c 1    >    c 2   , particles attract more towards their own personal best position, resulting in too much scattering of particles.



	
Conversely, if    c 2    >    c 1   , particles attract more towards the global best position and rush prematurely towards the optimal position.



	
On the other hand, if    c 1    =    c 2   , particles attract towards the average position.








Table 7 briefly describes the PSO algorithm implementation steps required for achieving the optimal placement and sizing of DG unit(s) in the proposed test system. Based on the algorithm steps, the layout of the PSO flow chart is presented in Figure 5.





5. Results and Discussion


5.1. Base Case Study


In the base case study, multiple tests are performed based on different scenarios. To obtain the optimal DG location and size, the maximum active power loss reduction and system reliability enhancement along with system operational constraint limits within specified limits are considered based on power flow and reliability analysis, described in detail below.



5.1.1. Scenario 1: System without DG Integration


In this scenario, the power flow analysis based on the Newton Raphson method with maximum iterations of 100 and accuracy of 0.0001 is run in ETAP software 19.0.1 version on a modified IEEE-13 bus DS to examine system active power losses without DG integration. After running the load flow analysis, system active power losses are identified as 139 kW. Then, the system reliability analysis is also conducted to determine the system reliability indices without DG integration.




5.1.2. Scenario 2: Single Type 1 DG Integration


In this scenario, a single type 1 DG (PV) at a penetration level of 15% based on Equation (7) is integrated into the system at all the buses except the utility bus (reference bus/slack bus), and its effect on the system active power losses and reliability is analyzed. It is noticed that when a type 1 DG is installed at buses 675 and 692 individually, the maximum active power loss reduction is achieved compared to other buses. Overall system losses when a type 1 DG is installed at bus 675 become 97 kW and at bus 692 become 99 kW (Figure 6), contributing to percentage active power loss reductions of 30.2% and 28.7%, respectively. System reliability is also enhanced compared to the system without a DG (Table 8). It is also noticed that at other buses, a reduction in active power losses and an enhancement in the system voltage profile constraint are achieved; however, the system reliability is not enhanced compared to the system without a DG.



Then, the impact of the increasing penetration level of the type 1 DG on the active power loss reduction, reliability, and system operational constraints is determined by gradually increasing the penetration level of the type 1 DG from 15% in steps of 5% (Equation (7)). It is noticed that at the 45% penetration level, buses 675 and 692 contributed to the maximum active power loss mitigation along with the system constraints within the operating limits. As the penetration level is increased above 45%, the power losses in the system start to increase again, which means that up to a maximum of 45% penetration of the type 1 DG can be integrated into the system. At the 45% penetration level, the overall active power losses when the type 1 DG is installed individually at bus 675 become 43 kW, and at bus 692, they become 44 kW (Figure 6), contributing to 69% and 68.3% power loss reduction, respectively. However, the system reliability was not affected by the increasing penetration level of the type 1 DG and remained the same as at a penetration level of 15%. The parameters considered in the modeling of the type 1 DG module are presented in Table 9.



Table 8 depicts that the reliability indices SAIFI, SAIDI, CAIDI, and ASUI are reduced and ASAI is increased when a single type 1 DG is individually placed at buses 675 and 692, respectively, compared to the system without a DG. This shows that an overall enhancement in the system reliability is achieved.




5.1.3. Scenario 3: Single Type 2 DG Integration


In this scenario, a single type 2 DG (wind) at a penetration level of 15% based on Equation (8) is integrated into the system in the same manner as in scenario 2. It is noticed that when the type 2 DG is installed at buses 675 and 692 individually, the maximum active power loss reduction is achieved with almost the same system behavior as in scenario 2. The overall system losses when the type 2 DG is installed at bus 675 become 84 kW (39.5% reduction), and at bus, 692 they become 86 kW (38% reduction) (Figure 7). The system reliability is also enhanced compared to the system without a DG (Table 10).



Similarly, the effect of increasing the penetration level (based on Equation (8)) of the type 2 DG and its impact on the system performance is noticed in the same manner as in scenario 2. For the type 2 DG at a penetration level of 40%, the maximum active power mitigation is achieved along with the system constraints within the operating limit. As the penetration level increased above 40%, the losses in the system started to increase again, which means that up to a maximum of 40% penetration of the type 2 DG can be integrated into the system. At the 40% penetration level, the overall active power losses when the type 2 DG is installed individually at bus 675 become 35 kW (75% reduction), and at bus 692, they become 36 kW (74% reduction) (Figure 7). However, the system reliability was not affected by the increasing penetration level of the type 2 DG and remained the same as at the penetration level of 15%. The basic parameters of the type 2 DG module considered in modeling are presented in Table 11.




5.1.4. Scenario 4: Multiple Type 1 DG Integration


In this scenario, multiple DG units of type 1 are integrated into the system at a penetration level of 45% because, from scenario 2, the maximum penetration level of the type 1 DG can be 45%. It is noticed that when the DG units are installed at buses 675 and 684, power losses are reduced to the maximum level compared to other buses along with system constraints within the operational limits. Active power losses are reduced to 49 kW (64.7%) when type 1 DGs are installed on these buses (Figure 8). However, the system reliability is not enhanced compared to the system without DGs.




5.1.5. Scenario 5: Multiple Type 2 DG Integration


In this scenario, multiple DG units of type 2 are integrated into the system in the same manner as in scenario 4 at a penetration level of 40%. Greater mitigation in active power losses is noticed when type 2 DGs are integrated at buses 675 and 671 compared to other buses along with system constraints within the operational limits. Active power losses are reduced to 39 kW (72%) when type 2 DGs are integrated into these buses (Figure 8). However, the system reliability is not enhanced compared to the system without DG as in scenario 4.





5.2. PSO Results


After the base case study, a metaheuristic PSO technique is implemented on a modified test system to achieve an optimized optimal DG location and size using MATLAB software. Different scenarios are examined, and all the system operational constraints, as discussed in Section 4, are considered to obtain the optimal DG location and size in each scenario. Then, its impact on the mitigation of active power losses, reliability, and system operational constraints are investigated using ETAP software.



After implementing the PSO algorithm in MATLAB software, the optimal location for a single type 1 DG is achieved at bus 675 with a size of 1.53 MW (Table 12), contributing to a total active power loss reduction of 65.5% (Figure 9). The system reliability and voltage profile constraint are also enhanced versus the system without a DG, as shown in Table 13 and Figure 10, respectively. For a single type 2 DG, the optimal DG location is achieved at bus 692 with a size of 1.57 MW, contributing to the total loss reduction of 73.4% and system reliability and voltage profile enhancement.



The optimal locations for multiple type 1 DGs are found to be buses 675 and 671 with DG capacities of 0.7964 MW and 0.6921 MW, respectively. For multiple placements of type 2 DGs, the optimal locations are buses 692 and 684 with DG capacities of 0.8045 MW and 0.7086 MW, respectively. Active power loss mitigation of 64% and 71.2% is achieved along with enhancement in the voltage profile constraint of the system when multiple DG units of type 1 and type 2 are placed at the respective buses. However, the system reliability did not improve versus the system without DGs (Table 13). Detailed descriptions of the system power losses per phase and voltage per phase in each scenario are illustrated in Appendix A (Table A1 and Table A2), respectively.



Figure 11 shows the comparison of the system reliability indices in each scenario. It can be seen from Figure 11 that reliability indices SAIFI, SAIDI, and ASUI are greatly reduced with single type 2 DG integration, contributing to greater system reliability improvement. CAIDI is mostly reduced with multiple type 1 DG integration; however, other reliability indices are not improved in this scenario compared to the system without DGs. The ASAI (average system availability index) is also greatly enhanced with single type 2 DG integration. Figure 12, Figure 13 and Figure 14 shows the visual representation of the proposed test system in different scenarios within the ETAP environment, including the system without DG integration, system with single type 1 DG integration and system with single type 2 DG integration, respectively. The color-coded indications in the Figures are as follows: red shading indicates system alerts, yellow shading indicates marginal system operation, and green shading denotes normal system operation.




5.3. Analysis Based on Results


From the above base case study and PSO technique, the overall behavior of the test system under different types of DG integration and scenarios is investigated, and observations are given in the next paragraphs.



Regarding the active power loss mitigation, when a single type 1 or type 2 DG is integrated into the system at buses 675 or 692, greater active power loss mitigation is achieved. The system reliability is also improved versus the system without DGs. It is because bus 675 is found to be the weakest bus in the system and power to it is supplied by bus 692. A maximum of 45% penetration for type 1 and 40% penetration for type 2 DGs can be allowed into the system to achieve the maximum active power loss reduction, enhancement in reliability, and improvement in the system operational constraints along with maximum load sharing with the substation. It is noticed that the type 2 DG contributed the most to the active power loss mitigation compared to the type 1 DG because it simultaneously supplies active and reactive power to the system. This in turn mitigates system losses more significantly than the type 1 DG which only supplies active power to the system. Therefore, less penetration of the type 2 DG is required than the type 1 DG. Moreover, integrating multiple type 1 or type 2 DG units into the system achieved the mitigation of active power losses and an enhancement in the system voltage profile constraint; however, the system reliability did not improve compared to the system without DGs. Greater power loss mitigation is achieved with a single DG integration compared to the integration of multiple DGs of either type.



Similarly, system reliability enhancement is more dominant when a single type 2 DG is integrated into the system compared to a single type 1 DG. Moreover, system reliability can only be enhanced compared to the system without DGs when the DG is optimally placed. By increasing the penetration level of both types of DGs, the system reliability remained the same. Regarding the placement of DGs, it is noticed that if the DG is placed at the far end from the substation, more active power mitigation and improvement in voltage profile constraint can be achieved compared to a DG placed near the substation, but the reliability is mainly dependent on optimal placement.



In the context of optimization techniques, PSO is more robust and gives more accurate results in terms of determining the exact location and DG penetration level. Additionally, from the optimization technique, it is noticed that DG is placed at those buses where the power losses are significantly reduced, the voltage profile constraint is improved, and reliability enhancement is also achieved (for single type 1 or type 2 DGs). Therefore, metaheuristic optimization techniques decrease the computational complexities and computational time compared to performing multiple tests on the system and the random selection of DG unit(s).



From the study outcomes, it is recommended that a single type 1 or type 2 DG, either at the system’s weakest bus or at the bus which delivers power to the weakest bus, should be integrated into the system to achieve maximum active power loss mitigation and reliability enhancement versus the system without DGs. It is advisable that multiple DG units, either of type 1 or type 2 should not be integrated into the system because it mitigates the system power losses and enhances the voltage profile; however, system reliability is at risk.





6. Uncertainty of DG


A major challenge for renewable-based DG sources is their uncertainty in generation defined as “the unplanned variations in the power generated by non-dispatchable renewable energy sources such as solar or wind”. The uncertainty in PV-based DG is due to the fact that the PV output entirely depends upon solar energy and only four to six hours of peak may occur in the energy provided by the sun. Similarly, the output of wind-based DG depends upon the wind speed hitting the turbine blades, and the wind speed may not be constant during the whole day. Thus, because of these reasons, uncertainty in renewable-energy-based power generation sources occurs.



Renewable-based DG source integration into systems only impacts the system’s performance positively by considering their uncertainties during the planning phase [7]. Therefore, in this research study, the uncertainties of DG sources based on the optimized results of the PSO technique for single type 1 and type 2 DGs are also considered, and its impact on the mitigation of active power losses, reliability, and system behavior is observed. A single PV of the optimized size of 1.53 MW is integrated at bus 675 of the system, and the uncertainty in its output is considered by varying the temperature and setting the irradiance to fixed, and then by varying the irradiance and setting the temperature to fixed. It is observed that when the temperature remains in the range of 5 to 35 degree centigrade and the irradiance is in the range of 700 W/m2 to 1000 W/m2 (Figure 15), the type 1 DG contributed to greater active power loss mitigation (47.5–67.5%), system voltage profile constraint improvement, and load sharing with the substation. However, the system reliability is not affected during the uncertainty of type 1 DG. Additionally, it is examined that the PV output is mainly dependent upon the irradiance rather than the temperature; the greater the irradiance and the lower the temperature, the better the PV performance.



Similarly, to evaluate the PV performance based on real-time varying irradiance and temperature, the latest data of the year 2022 for the Islamabad region, Pakistan, are taken from reference [53]. Then, the PV performance is analyzed for all four seasons’ typical days (Figure 16). It is observed that during the winter season, the PV performance is the worst with the maximum generation of 801.4–882.2 kW from 11:00 am to 01:00 pm, contributing to a total active power loss reduction of 43.2–46.7% with the system voltage profile constraint slightly out of the operational limits. For the spring season, the PV performance is noted to be significantly better with a maximum generation of 953.3–1318 kW (49.5–60.4% power loss reduction) from 9:00 am to 2:00 pm, along with the voltage profile constraint within the specified operational limits. For the summer season, the PV performance is also better with a maximum generation of 902–1344 kW (47.5–61.2% power loss reduction) from 10:00 am to 3:00 pm, along with a voltage profile constraint within the operational limits, although the temperature reached up to 37 °C; however, the maximum irradiance occurred during this period. The PV performance during the autumn season is found to be average with the system voltage profile constraint within operational limits and a maximum generation of 922–995.3 kW (48.2–50.3% power loss reduction) from 11:00 am to 1:00 pm. Thus, based on the distinct seasonal variations in the Islamabad region, the PV performance is substantially better during the spring and summer seasons.



Similarly, the uncertainty in the output power generated by wind is considered at different percentages of power generation, and its impact on the power loss reduction, reliability, and voltage constraint are evaluated. It is noticed that when wind power generation is in the range of 60–100%, greater mitigation in the system active power loss and enhancement in the voltage profile constraint are achieved, along with maximum load sharing with the substation (Figure 17). The reliability of the system also remains unaffected during the uncertainty of type 2 DG.




7. Conclusions and Future Recommendations


The proposed research study investigated the effects of integrating DG on reducing active power losses and improving reliability in an unbalanced radial DS, taking into account system operational constraints. The results of the study indicate that the optimal location, sizing, and number of DG units in a DS greatly reduce power losses, enhance the reliability and operational constraints of the DS, and also allow for maximum load sharing with the substation. The use of optimization techniques such as PSO provides improved and more accurate results in determining the optimal placement and sizing of DG units and eliminates computational complexities compared with the base case study method approach, which involves performing multiple tests on the system.



Based on the study’s findings, it is recommended that the optimal location for DG placement is at the weakest bus in the system or at the bus that supplies power to the system’s weakest bus. Additionally, maximum penetration levels of 45% for type 1 (PV) and 40% for type 2 (wind) DG should be allowed in the system. This study also suggests that integrating either a single type 1 DG or type 2 DG into the system is the best option, as multiple DG units overcome system power losses and satisfy the system operational constraints; however, the system reliability is at risk. In particular, integrating a single type 2 DG is recommended for greater power loss reduction, reliability, and system operation constraint enhancement and allowing for maximum load sharing with the substation, as it simultaneously provides active and reactive power to the system. Furthermore, the study revealed that during uncertainties in type 1 DG, the best performance occurs when the temperature remains constant within the range of 5–35 °C and the irradiance falls between 700 W/m2 and 1000 W/m2, and the performance is best during the spring and summer seasons. Similarly, for type 2 DG, the best performance is when the wind power generation ranges from 60% to 100%. During uncertainties and increasing penetration levels in both types of DG, the system reliability remains unaffected.



The proposed study is performed on an IEEE-13 bus unbalanced radial DS with the integration of PV and wind DG units. Future studies can be conducted on other IEEE unbalanced/balanced radial DSs and practical DSs, as well as evaluating the impacts of all four types of DG units and the inclusion of energy storage systems. Moreover, this study addresses the uncertainty of DG units and suggests that future studies should also consider the uncertainty in the system load as well. Additionally, other optimization techniques can be applied in future studies and the results can be compared to this proposed research. Furthermore, techno-economic and environmental analysis can also be included in future research studies related to this proposed research.
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Table A1. Test system per phase power losses for optimized results in each scenario.






Table A1. Test system per phase power losses for optimized results in each scenario.





	
Buses

	
Scenario 1

	
Scenario 2

	
Scenario 3

	
Scenario 4

	
Scenario 5




	

	
P. Losses (kW) per Phase

	
P. Losses (kW) per Phase

	
P. Losses (kW) per Phase

	
P. Losses (kW) per Phase

	
P. Losses (kW) per Phase




	
A

	
B

	
C

	
A

	
B

	
C

	
A

	
B

	
C

	
A

	
B

	
C

	
A

	
B

	
C






	
Utility-650

	
13.4

	
10.1

	
8.7

	
5.6

	
4.4

	
4.0

	
4.1

	
3.4

	
2.6

	
4.3

	
3.5

	
3.2

	
4.2

	
3.6

	
2.8




	
650-632

	
17.3

	
5.2

	
41.2

	
3.5

	
1.3

	
15.0

	
3.2

	
1.1

	
13.0

	
3.9

	
1.4

	
20.9

	
3.7

	
1.2

	
12.3




	
632-633

	
0.5

	
0.2

	
0.3

	
0.4

	
0.2

	
0.3

	
0.2

	
0.1

	
0.2

	
0.4

	
0.2

	
0.3

	
0.4

	
0.2

	
0.3




	
633-634

	
2.3

	
1.7

	
1.4

	
2.2

	
1.5

	
1.1

	
2.0

	
1.3

	
1.0

	
2.2

	
1.6

	
1.1

	
2.0

	
1.5

	
1.0




	
632-645

	
0.0

	
0.5

	
0.7

	
0.0

	
0.3

	
0.0

	
0.0

	
0.1

	
0.0

	
0.0

	
0.2

	
0.0

	
0.0

	
0.2

	
0.0




	
645-646

	
0.0

	
0.0

	
0.5

	
0.0

	
0.0

	
0.3

	
0.0

	
0.0

	
0.1

	
0.0

	
0.0

	
0.3

	
0.0

	
0.0

	
0.2




	
632-671

	
10.1

	
4.5

	
16.6

	
1.3

	
0.6

	
3.8

	
1.0

	
0.4

	
2.3

	
1.4

	
0.3

	
2.9

	
1.3

	
0.5

	
2.5




	
671-680

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
671-684

	
0.0

	
0.0

	
0.5

	
0.0

	
0.0

	
0.3

	
0.0

	
0.0

	
0.1

	
0.0

	
0.0

	
0.1

	
0.0

	
0.0

	
0.3




	
684-611

	
0.0

	
0.0

	
0.8

	
0.0

	
0.0

	
0.4

	
0.0

	
0.0

	
0.2

	
0.0

	
0.0

	
0.3

	
0.0

	
0.0

	
0.1




	
684-652

	
0.6

	
0.0

	
0.0

	
0.3

	
0.0

	
0.0

	
0.1

	
0.0

	
0.0

	
0.4

	
0.0

	
0.0

	
0.2

	
0.0

	
0.0




	
671-692

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
692-675

	
0.6

	
0.9

	
0.7

	
0.2

	
0.7

	
0.5

	
0.1

	
0.4

	
0.2

	
0.1

	
0.5

	
0.4

	
0.2

	
0.6

	
0.4
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Table A2. Test system per phase voltages for optimized PSO results in each scenario.






Table A2. Test system per phase voltages for optimized PSO results in each scenario.





	
Buses

	
Scenario 1

	
Scenario 2

	
Scenario 3

	
Scenario 4

	
Scenario 5




	

	
Volatges (pu) per Phase

	
Volatges (pu) per Phase

	
Volatges (pu) per Phase

	
Volatges (pu) per Phase

	
Volatges (pu) per Phase




	
A

	
B

	
C

	
A

	
B

	
C

	
A

	
B

	
C

	
A

	
B

	
C

	
A

	
B

	
C






	
Utility

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0




	
650

	
0.956

	
0.952

	
0.965

	
0.995

	
0.993

	
0.994

	
1.03

	
1.02

	
1.01

	
0.994

	
0.992

	
0.993

	
1.01

	
1.00

	
0.999




	
632

	
0.915

	
0.956

	
0.913

	
0.965

	
0.997

	
0.961

	
0.996

	
1.0

	
0.994

	
0.963

	
0.990

	
0.961

	
0.995

	
1.0

	
0.998




	
633

	
0.911

	
0.954

	
0.910

	
0.962

	
0.996

	
0.959

	
0.993

	
0.998

	
0.992

	
0.961

	
0.988

	
0.958

	
0.992

	
0.996

	
0.991




	
634

	
0.889

	
0.933

	
0.891

	
0.940

	
0.976

	
0.941

	
0.972

	
0.988

	
0.974

	
0.939

	
0.975

	
0.940

	
0.970

	
0.996

	
0.972




	
645

	
0.915

	
0.952

	
0.913

	
0.965

	
0.994

	
0.961

	
0.995

	
0.998

	
0.993

	
0.962

	
0.988

	
0.960

	
0.994

	
0.998

	
0.997




	
646

	
0.915

	
0.952

	
0.912

	
0.964

	
0.993

	
0.960

	
0.994

	
0.997

	
0.992

	
0.962

	
0.986

	
0.957

	
0.991

	
0.996

	
0.995




	
671

	
0.884

	
0.964

	
0.874

	
0.946

	
0.991

	
0.934

	
0.992

	
1.02

	
0.998

	
0.943

	
0.990

	
0.933

	
0.991

	
0.999

	
0.996




	
680

	
0.884

	
0.964

	
0.874

	
0.945

	
0.989

	
0.932

	
0.989

	
1.01

	
0.996

	
0.942

	
0.988

	
0.931

	
0.989

	
0.998

	
0.995




	
684

	
0.883

	
0.965

	
0.873

	
0.943

	
0.987

	
0.930

	
0.988

	
0.999

	
0.989

	
0.942

	
0.985

	
0.930

	
0.990

	
1.0

	
0.991




	
611

	
0.884

	
0.964

	
0.871

	
0.945

	
0.981

	
0.932

	
0.987

	
0.998

	
0.985

	
0.941

	
0.980

	
0.928

	
0.988

	
0.999

	
0.990




	
652

	
0.880

	
0.963

	
0.870

	
0.943

	
0.979

	
0.931

	
0.985

	
0.997

	
0.984

	
0.939

	
0.977

	
0.927

	
0.986

	
0.997

	
0.987




	
692

	
0.884

	
0.964

	
0.874

	
0.945

	
0.991

	
0.930

	
0.999

	
1.02

	
0.998

	
0.942

	
0.989

	
0.933

	
0.995

	
1.01

	
0.993




	
675

	
0.873

	
0.968

	
0.869

	
0.949

	
0.994

	
0.934

	
0.998

	
1.01

	
0.996

	
9.937

	
0.993

	
0.932

	
0.992

	
1.0

	
0.992











References


	



Adefarati, T.; Bansal, R.C. Integration of Renewable Distributed Generators into the Distribution System: A Review. IET Renew. Power Gener. 2016, 10, 873–884. [Google Scholar] [CrossRef]

	



Payasi, R.P.; Singh, A.K.; Singh, D. Planning of Different Types of Distributed Generation with Seasonal Mixed Load Models. Int. J. Eng. Sci. Technol. 2012, 4, 112–124. [Google Scholar] [CrossRef]

	



Khan, S.; Rehman, S.U.; Rehman, A.U.; Khan, H. Optimal Placement of Distributed Generation in Power System for Power System Loss Reduction Using ETAP. Int. J. Eng. Technol. 2019, 16, 7–19. [Google Scholar] [CrossRef]

	



Duong, M.Q.; Tran, N.T.N.; Sava, G.N.; Scripcariu, M. The Impacts of Distributed Generation Penetration into the Power System. In Proceedings of the 2017 International Conference on Electromechanical and Power Systems (SIELMEN), Iasi, Romania, 11 October 2017; pp. 295–301. [Google Scholar]

	



Petinrin, J.O.; Shaabanb, M. Impact of Renewable Generation on Voltage Control in Distribution Systems. Renew. Sustain. Energy Rev. 2016, 65, 770–783. [Google Scholar] [CrossRef]

	



Sailaja, C.V.S.S.; Prasad, P.V.N. Determination of Optimal Distributed Generation Size for Losses, Protection Co-Ordination and Reliability Evaluation Using ETAP. In Proceedings of the 2016—Biennial International Conference on Power and Energy Systems: Towards Sustainable Energy, PESTSE 2016, Bangalore, India, 21–23 January 2016; pp. 1–6. [Google Scholar]

	



Meera, P.S.; Hemamalini, S. Reliability Assessment and Enhancement of Distribution Networks Integrated with Renewable Distributed Generators: A Review. Sustain. Energy Technol. Assess. 2022, 54, 102812. [Google Scholar] [CrossRef]

	



Gana, M.A.; Dalyop, I.A.; Mustapha, M. Assessment of Reliability of Distribution Network with Embedded Generation. SSRG Int. J. Electr. Electron. Eng. 2020, 7, 34–37. [Google Scholar] [CrossRef]

	



Dat, H.T.; Tuyen, N.T.B.; Diem, N.N.P.; Binh, L.Q. Research of Distribution Network Reliability Assessment by ETAP Software. GMSARN Int. J. 2022, 16, 33–46. [Google Scholar]

	



Hasibuan, A.; Isa, M.; Yusoff, M.I.; Rahim, S.R.A.; Nrartha, A. Effect of Installation of Distributed Generation at Different Points in the Distribution System on Voltage Drops and Power Losses. Proc. AIP Conf. 2021, 2339, 020134. [Google Scholar]

	



Kamaruzaman, M.Z.; Wahab, N.I.A.; Nasir, M.N.M. Reliability Assessment of Power System with Renewable Source Using ETAP. In Proceedings of the 2018 International Conference on System Modeling & Advancement in Research Trends, Moradabad, India, 23–24 November 2018; pp. 236–242. [Google Scholar]

	



Aman, M.A.; Ren, X.C.; Tareen, W.U.K.; Khan, M.A.; Anjum, M.; Rizwan; Hashmi, A.M.; Ali, H.; Bari, I.; Khan, J.; et al. Optimal Siting of Distributed Generation Unit in Power Distribution System Considering Voltage Profile and Power Losses. Hindawi Math. Probl. Eng. 2022, 2022, 5638407. [Google Scholar] [CrossRef]

	



Aman, M.A.; Ahmad, S.; ul Asar, A.; Noor, B. Analyzing the Diverse Impacts of Conventional Distributed Energy Resources on Distribution System. Int. J. Adv. Comput. Sci. Appl. 2017, 8, 390–396. [Google Scholar]

	



Ahmed, S.; Sardar, S.; Noor, B.; Assar, A.U. Analyzing Distributed Generation Impact on the Reliability of Electric Distribution Network. Int. J. Adv. Comput. Sci. Appl. 2016, 7, 217–221. [Google Scholar] [CrossRef]

	



Ahmed, S.; Asar, A.U.; Sardar, S.; Noor, B. Impact of Distributed Generation on the Reliability of Local Distribution System. Int. J. Adv. Comput. Sci. Appl. 2017, 8, 375–382. [Google Scholar] [CrossRef]

	



Faisal, A.; Yongzhi, M. Impact of Single DG on the Reliability of the Distribution System. IOSR J. Electr. Electron. Eng. 2020, 15, 14–19. [Google Scholar]

	



Saeed, W. Optimal Placement of Distribution Generating in Distribution System Based on Cost Worth & System Reliability Indices. Univ. Thi-Qar J. 2016, 11, 13–35. [Google Scholar]

	



Mahboob, A.; Mehdi, H.; Noor, A.; Khan, M.A. Reliability Based Optimal Distributed Generation Placement for a Radial Distribution Network. In Proceedings of the 7th International Conference on Engineering and Emerging Technologies (ICEET), Istanbul, Turkey, 27–28 October 2021; pp. 1–6. [Google Scholar]

	



Idowu, K.; Uhunmwangho, R.; Okafor, E.C.N.; Big-Alabo, A. Reliability Improvement Study of a Distribution Network with Distributed Generation. Appl. Model. Simul. 2021, 5, 53–65. [Google Scholar]

	



Prakash, K.; Islam, F.R.; Mamun, K.A.; Lallu, A.; Cirrincione, M. Reliability of Power Distribution Networks with Renewable Energy Sources. In Proceedings of the 2017 4th Asia-Pacific World Congress on Computer Science and Engineering, Mana Island, Fiji, 11–13 December 2017; pp. 187–192. [Google Scholar]

	



Refaat, S.S.; Abu-Rub, H.; Trabelsi, M.; Mohamed, A. Reliability Evaluation of Smart Grid System with Large Penetration of Distributed Energy Resources. In Proceedings of the 2018 IEEE International Conference on Industrial Technology (ICIT), Lyon, France, 20–22 February 2018; pp. 1279–1284. [Google Scholar]

	



Bhadoria, V.S.; Pal, N.S.; Shrivastava, V.; Jaiswal, S.P. Reliability Improvement of Distribution System by Optimal Sitting and Sizing of Disperse Generation. Int. J. Reliab. Qual. Saf. Eng. 2017, 24, 1740006. [Google Scholar] [CrossRef]

	



Ahmed, S.; ul Asar, A. Reliability Enhancement of Electric Distribution Network Using Optimal Placement of Distributed Generation. Sustainability 2021, 13, 11407. [Google Scholar] [CrossRef]

	



Kashyap, M.; Mittal, A.; Kansal, S. Optimal Placement of Distributed Generation Using Genetic Algorithm Approach. In Proceeding of the Second International Conference on Microelectronics, Computing & Communication Systems (MCCS 2017); Lecture Notes in Electrical Engineering; Nath, V., Mandal, J.K., Eds.; Springer: Cham, Switzerland, 2018; pp. 587–597. [Google Scholar]

	



Sobieh, A.-R.; Mandour, M.; Saied, E.M.; Salama, M.M. Optimal Number Size and Location of Distributed Generation Units in Radial Distribution Systems Using Grey Wolf Optimizer. Int. Electr. Eng. J. 2017, 7, 2367–2376. [Google Scholar]

	



Rind, M.H.; Rathi, M.K.; Hashmani, A.A.; Lashari, A.A. Optimal Placement and Sizing of DG in Radial Distribution System Using PSO Technique. Sindh Univ. Res. J. Sci. Ser. 2019, 51, 653–660. [Google Scholar] [CrossRef]

	



Shankar, H.C.; Mohan, N.; Ravishankar, B.S.; Kumar, K.J.S.; Devaru, D. Reliability Analysis for an Optimal DG Placement and Sizing for a Radial Distribution System. In Proceedings of the 2022 IEEE 2nd Mysore Sub Section International Conference (MysuruCon), Mysuru, India, 16–17 October 2022; pp. 1–9. [Google Scholar]

	



Muhammad, S.; Yousif, M.; Imran, K.; Ahmed, U. Strategy for Sizing and Placement of Distributed Generation in a Radial Distribution Network. In Proceedings of the 6th International Electrical Engineering Conference (IEEC 2021), Karachi, Pakistan, 25–26 March 2021; pp. 1–6. [Google Scholar]

	



Ramavat, S.R.; Jaiswal, S.P.; Goel, N.; Shrivastava, V. Optimal Location and Sizing of DG in Distribution System and Its Cost–Benefit Analysis. In Applications of Artificial Intelligence Techniques in Engineering; Malik, H., Srivastava, S., Sood, Y.R., Ahmad, A., Eds.; Springer: Cham, Switzerland, 2019; pp. 103–112. [Google Scholar]

	



Jaleel, A.M.; Abd, M.K. Reliability Evaluation of Electric Distribution Network with Distributed Generation Integrated. Int. J. Intell. Eng. Syst. 2021, 14, 306–319. [Google Scholar] [CrossRef]

	



Parihar, S.S.; Malik, N. Optimal Allocations of Multipe DGs in RDS Using Pso and Its Impact on System Reliability. Facta Univ. Electron. Energ. 2021, 34, 219–237. [Google Scholar] [CrossRef]

	



El-Saeed, M.S.; El-Hameed, M.A.; Gwaad, A.F.A. El Crow Search Algorithm for Allocation of Multi-Type Distributed Generation in Unbalanced Radial Distribution System. Egypt. Int. J. Eng. Sci. Technol. 2018, 24, 7–23. [Google Scholar]

	



Prasad, H.; Subbaramaiah, K.; Sujatha, P. Optimal DG Unit Placement in Distribution Networks by Multi-Objective Whale Optimization Algorithm & Its Techno-Economic Analysis. Electr. Power Syst. Res. 2023, 214, 108869. [Google Scholar]

	



Derakhshan, G.; Shahsavari, H.; Safari, A. Co-Evolutionary Multi-Swarm PSO Based Optimal Placement of Miscellaneous DGs in a Real Electricity Grids Regarding Uncertainties. J. Oper. Autom. Power Eng. 2022, 10, 71–79. [Google Scholar]

	



Ramadan, A.; Ebeed, M.; Kamel, S.; Ahmed, E.M.; Tostado-Véliz, M. Optimal Allocation of Renewable DGs Using Artificial Hummingbird Algorithm under Uncertainty Conditions. Ain Shams Eng. J. 2023, 14, 101872. [Google Scholar] [CrossRef]

	



Shaheen, A.; El-Sehiemy, R.; El-Fergany, A.; Ginidi, A. Representations of Solar Photovoltaic Triple-Diode Models Using Artificial Hummingbird Optimizer. Energy Sources Part A Recover. Util. Environ. Eff. 2022, 44, 8787–8810. [Google Scholar] [CrossRef]

	



El-Sehiemy, R.; Shaheen, A.; El-Fergany, A.; Ginidi, A. Electrical Parameters Extraction of PV Modules Using Artificial Hummingbird Optimizer. Sci. Rep. Vol. 2023, 13, 9240. [Google Scholar] [CrossRef]

	



Haider, W.; Ul Hassan, S.J.; Mehdi, A.; Hussain, A.; Adjayeng, G.O.M.; Kim, C.H. Voltage Profile Enhancement and Loss Minimization Using Optimal Placement and Sizing of Distributed Generation in Reconfigured Network. Machines 2021, 9, 20. [Google Scholar] [CrossRef]

	



Godha, N.R.; Bapat, V.N.; Korachagaon, I. Ant Colony Optimization Technique for Integrating Renewable DG in Distribution System with Techno-Economic Objectives. Evol. Syst. 2022, 13, 485–498. [Google Scholar] [CrossRef]

	



Singh, H.; Sawle, Y.; Dixit, S.; Malik, H.; García Márquez, F.P. Optimization of Reactive Power Using Dragonfly Algorithm in DG Integrated Distribution System. Electr. Power Syst. Res. 2023, 220, 109351. [Google Scholar] [CrossRef]

	



Shokouhandeh, H.; Ghaharpour, M.R.; Lamouki, H.G.; Pashakolae, Y.R.; Rahmani, F.; Imani, M.H. Optimal Estimation of Capacity and Location of Wind, Solar and Fuel Cell Sources in Distribution Systems Considering Load Changes by Lightning Search Algorithm. In Proceedings of the 2020 IEEE Texas Power and Energy Conference (TPEC), College Station, TX, USA, 6–7 February 2020; pp. 1–6. [Google Scholar]

	



Shaheen, A.; El-Sehiemy, R.; Kamel, S.; Selim, A. Optimal Operational Reliability and Reconfiguration of Electrical Distribution Network Based on Jellyfish Search Algorithm. Energies 2022, 15, 6994. [Google Scholar] [CrossRef]

	



Shaheen, A.; El-Sehiemy, R.; Kamel, S.; Selim, A. Reliability Improvement Based Reconfiguration of Distribution Networks via Social Network Search Algorithm. In Proceedings of the 23rd International Middle East Power Systems Conference, MEPCON 2022, Cairo, Egypt, 13–15 December 2022; pp. 1–6. [Google Scholar]

	



Shaheen, A.; El-Seheimy, R.; Kamel, S.; Selim, A. Reliability Enhancement and Power Loss Reduction in Medium Voltage Distribution Feeders Using Modified Jellyfish Optimization. Alexandria Eng. J. 2023, 75, 363–381. [Google Scholar] [CrossRef]

	



Shaheen, A.M.; Elsayed, A.M.; El-Sehiemy, R.A.; Abdelaziz, A.Y. Equilibrium Optimization Algorithm for Network Reconfiguration and Distributed Generation Allocation in Power Systems. Appl. Soft Comput. 2021, 98, 106867. [Google Scholar] [CrossRef]

	



1366-2022 (Revisions of IEEE Std 1366-2012); Power and Energy Society IEEE Guide for Electric Power Distribution Reliability Indices. IEEE: New York, NY, USA, 2022.

	



Distribution System Analysis Subcommittee Report IEEE. Radial Distribution Test Feeders. 2001. Available online: https://doi.org/10.1109/PESW.2001.916993 (accessed on 1 June 2022).

	



IEEE. IEEE 13 Node Test Feeder Document. Available online: https://cmte.ieee.org/pes-testfeeders/resources/ (accessed on 1 June 2022).

	



Allan, R.N.; Billonton, R.; Sjarief, I.; Goel, L.; So, K.S. A Reliability Test System for Educational Purposes-Basic Distribution System Data and Results. IEEE Trans. Power Syst. 1991, 6, 813–820. [Google Scholar] [CrossRef]

	



Brown, R.E. Electric Power Distribution Reliability; Marcel Dekker: New York, NY, USA, 2002. [Google Scholar]

	



Kennedy, J.; Eberhart, R. Particle Swarm Optimization. In Proceedings of the ICNN’95-International Conference on Neural Networks, Perth, WA, Australia, 27 November–1 December 1995; Volume 4, pp. 1942–1948. [Google Scholar]

	



Engelbrecht, A.P. Computional Intelligence an Introduction, 2nd ed.; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2007. [Google Scholar]

	



NUST. Weather Station Islamabad Region Real Time Solar Irradiance and Temperature. Available online: https://uspcase.nust.edu.pk/downloads/weather-station-data/ (accessed on 15 January 2023).








[image: Energies 16 05907 g001 550] 





Figure 1. A typical power system model with DG sources. 
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Figure 2. Single line diagram of test system. 
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Figure 3. Modified test system single-line diagram on ETAP software. 
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Figure 4. Conceptual framework of study. 
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Figure 5. PSO flowchart for achieving optimal DG location and size. 
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Figure 6. System power losses with 15% and 45% type 1 DG integration at each bus. 
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Figure 7. System power losses with 15% and 40% type 2 DG integration at each bus. 
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Figure 8. System power losses in different scenarios. 
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Figure 9. PSO-based percentage power loss reduction with DG integration in different scenarios. 
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Figure 10. System voltage profile constraint in different scenarios. 
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Figure 11. System reliability comparison in different scenarios: (a) SAIFI, (b) SAIDI, (c) CAIDI, (d) ASAI, and (e) ASUI. 
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Figure 12. ETAP system view without DG integration. 
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Figure 13. ETAP system view with optimized type 1 DG integration. 
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Figure 14. ETAP system view with optimized type 2 DG integration. 
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Figure 15. Percentage active power loss mitigation of type 1 DG during uncertainties. 
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Figure 16. PV performance during seasonal variations: (a) winter, (b) spring, (c) summer, and (d) autumn. 
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Figure 17. System power losses during uncertainty of type 2 DG integrated at bus 692. 
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Table 1. Proposed study comparison with previous literature studies.






Table 1. Proposed study comparison with previous literature studies.





	
Reference

	
Study Objectives

	
Methodology

	
Distribution System (DS)

	
DG Uncertainty




	
1

	
2

	
3

	
4

	
5

	
6

	
7






	
[3]

	
✓

	

	

	
✓

	

	
✓

	

	




	
[6]

	
✓

	
✓

	

	
✓

	

	
✓

	

	




	
[10]

	
✓

	

	
✓

	
✓

	

	

	
✓

	




	
[11]

	
✓

	
✓

	
✓

	
✓

	

	
✓

	

	




	
[14,15,16,17]

	

	
✓

	

	
✓

	

	
✓

	

	




	
[18]

	
✓

	
✓

	

	
✓

	

	
✓

	

	




	
[20,21]

	

	
✓

	

	
✓

	

	

	
✓

	




	
[23]

	

	
✓

	

	
✓

	
✓

	
✓

	

	




	
[24,25]

	
✓

	

	
✓

	

	
✓

	
✓

	

	




	
[26,27]

	
✓

	
✓

	
✓

	

	
✓

	
✓

	

	




	
[29]

	
✓

	

	
✓

	

	
✓

	

	
✓

	




	
[30,31]

	
✓

	
✓

	
✓

	

	
✓

	
✓

	

	




	
[32]

	
✓

	

	
✓

	

	
✓

	

	
✓

	




	
[33]

	
✓

	

	
✓

	

	
✓

	
✓

	

	




	
[34,35]

	
✓

	

	
✓

	

	
✓

	
✓

	

	
✓




	
[38,39,40,41]

	
✓

	

	
✓

	

	
✓

	
✓

	

	




	
PS

	
✓

	
✓

	
✓

	
✓

	
✓

	

	
✓

	
✓








Note 1 = power losses, 2 = reliability, 3 = operational constraints/voltage profile, 4 = without optimization, 5 = with optimization, 6 = balanced DS, 7 = unbalanced DS, PS = proposed study.
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Table 2. IEEE-defined specific DS reliability indices evaluated in this proposed study.
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Reliability Indices

	
Description

	
Mathematical Expression

	
Unit






	
Load Point Reliability Indices




	
Average Failure Rate

	
The rate at which electrical equipment or network fails is called the average failure rate of that equipment.

	
    λ i  =   ∑  j ε  N e      λ  e , j       

	
Failure per unit time (f/yr)




	
Annual Outage Duration

	
The annual outage duration also termed as “annual unavailability” is the total time of power interruptions in a one-year duration.

	
    U i  =   ∑  j ε  N e      λ  e , j   .    r  i j       

	
Hours per year (h/yr)




	
Average Output Duration

	
It is the ratio of annual outage duration of power over the average failure rate.

	
    r i  =     ∑  j ε  N e      λ  e , j   .    r  i j         ∑  j ε  N e      λ  e , j         

	
Hours (h)




	
System Based Reliability Indices




	
System Average Interruption Frequency Index (SAIFI)

	
It is an estimation of the number of sustained interruptions an average customer experiences in a one-year duration.SAIFI can vary from 1 to 10 (how often). It can be enhanced by minimizing the frequency of interruptions that customer experiences.

	
   S A I F I =     ∑ i    N i       N t      

	
f/customer.yr




	
System Average Interruption Duration Index (SAIDI)

	
It is an estimation of the number of interruption hours an average customer experiences in a one-year duration.SAIDI can vary from a few minutes to several hours (how long). It can be enhanced by minimizing the duration of interruptions that customers experience.

	
   S A I D I =     ∑ i    U i   N i       N t      

	
h/customer.yr




	
Customer Average Interruption Duration Index (CAIDI)

	
It is an estimation for how long an average interruption persists and is taken as a measure of reaction time of utility to system contingencies.It can be enhanced by a faster response and repair time to interruptions.

	
   C A I D I =     ∑ i    U i   N i       N i      

	
h/customer interruption




	
Average System Availability Index (ASAI)

	
It is the fraction of time customers have the availability of power during the reporting time. It is also known as “Service Reliability Index.” A high ASAI value indicates a high level of reliability.

	
   A S A I =       ∑ i    N i  .8760 −   ∑ i    U i     N i          ∑ i    N i  .8760       

	
Per unit (pu)




	
Average System Unavailability Index (ASUI)

	
It is the ratio of time customers are supplied with power over the time the customer required for a given time period.

	
   A S U I =   1 −   A S A I   

	
Per unit (pu)








Note    λ i    represents the average failure at load point  i ,   j ε  N e    represents total number of equipment whose fault will interrupt load point  i , and    λ  e , j      represents average failure rate.    U i    represents annual outage duration at load point  i , and    r  i j     represents failure duration at load point  i  due to a failed element  j .    N i    and    N t    represent total number of customers interrupted and served, respectively.
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Table 3. Test system line data parameters.
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	Bus A
	Bus B
	Length (ft)
	Given Configurations
	Modified 3-Phase Configurations





	632
	645
	500
	603
	601



	632
	633
	500
	602
	602



	633
	634
	0
	Transformer
	Transformer



	645
	646
	300
	603
	601



	650
	632
	2000
	601
	601



	684
	652
	800
	607
	606



	632
	671
	2000
	601
	601



	671
	684
	300
	604
	602



	671
	680
	1000
	601
	601



	671
	692
	0
	Switch
	Circuit Breaker



	684
	611
	300
	605
	602



	692
	675
	500
	606
	606



	Utility Bus
	650
	0
	Transformer
	Transformer







Note: 601 phase sequence is “BACN”, 602 phase sequence is “CABN”, and 606 phase sequence is “ABCN”.













[image: Table] 





Table 4. Reliability data of components.
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	Components
	Active Failure Rate
	Passive Failure Rate
	Repair Time
	Switching Time





	Transformer 1
	0.015
	0.015
	15
	1



	Transformer 2
	0.015
	0.015
	200
	1



	Circuit Breaker
	0.004
	0.006
	4
	1



	Transmission Lines
	0.065
	0.065
	5
	1



	Cables
	0.04
	0.04
	30
	3



	Bus Bars
	0.001
	-
	2
	1



	Capacitor
	0.02
	-
	4
	1



	Utility Grid
	0.643
	-
	12
	1
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Table 5. Type 1 and type 2 DG reliability data.
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	DG Type
	Active Failure Rate
	Repair Time
	Switching Time





	Type 1
	1.254
	5
	2



	Type 2
	0.02
	60
	1
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Table 6. Control parameter values of PSO.
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	Parameters
	Values





	Population size
	50



	Maximum iterations
	100



	Minimum weight of inertia (   w  m a x    )
	0.4



	Maximum weight of inertia (   w  m i n    )
	0.9



	Social acceleration coefficient (   c 1   )
	1.5



	Cognitive acceleration coefficient (   c 2   )
	2.0
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Table 7. PSO algorithm implementation steps.






Table 7. PSO algorithm implementation steps.





	Step 1: Set the initial conditions of PSO and initialize particles with random positions and velocities.



	Step 2: Generate a random location and size of DG and check their constraints limits.



	Step 3: Call the load flow function and calculate the power losses based on each particle objective function fitness value.



	Step 4: For every particle, compare the fitness value with    P  best    . In case the value of fitness is less than the    P  best    , set it as the new    P  best    ; otherwise, the previous position will be the    P  best    .



	Step 5: Select a particle with the minimum    P  best     among all the particles and compare it with    G  best    . In case it is lower than the    G  best    , set it as the present overall    G  best    .



	Step 6: By using Equations (9) and (10), update the velocity and position of the particles.



	Step 7: In case the number of iterations reaches its limit, move to the next step and print the results, or else set iteration   t = t + 1   and return to step 3.
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Table 8. System reliability indices for type 1 DG integration.
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	Bus Number
	SAIFI (f/cust.yr)
	SAIDI (h/cust.yr)
	CAIDI (h/cust.interruption)
	ASAI (pu)
	ASUI (pu)





	Without DG
	1.0981
	20.4971
	18.666
	0.9977
	0.00234



	675
	1.0777
	17.1042
	15.870
	0.998
	0.00195



	692
	1.0784
	17.1246
	15.879
	0.998
	0.00195



	680
	2.2754
	26.2338
	11.529
	0.997
	0.00299



	671
	2.2754
	26.2338
	11.529
	0.997
	0.00299



	652
	2.273
	26.1946
	11.524
	0.997
	0.00299



	684
	2.2741
	26.2272
	11.533
	0.997
	0.00299



	611
	2.2735
	26.2239
	11.535
	0.997
	0.00299



	646
	2.2946
	26.3242
	11.472
	0.997
	0.00301



	645
	2.2953
	26.3275
	11.470
	0.997
	0.00301



	632
	2.2975
	26.3386
	11.464
	0.997
	0.00301



	633
	2.2964
	26.3331
	11.467
	0.997
	0.00301



	634
	2.2947
	25.9997
	11.33
	0.997
	0.00297



	650
	2.3371
	26.5421
	11.357
	0.997
	0.00303










[image: Table] 





Table 9. Basic parameters of type 1 DG module.
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	Parameter
	Description





	Manufacturer
	LONGi



	Power Rating
	540 W



	Short Circuit Current (Isc)
	13.85 A



	Open Circuit Voltage (Voc)
	49.50 V



	Current at Maximum Power (Imp)
	12.97 A



	Voltage at Maximum Power (Vmp)
	41.65 V



	Temperature Coefficient of Isc
	+0.048%/°C



	Temperature Coefficient of Voc
	−0.270%/°C



	Temperature Coefficient of Pmax
	−0.350%/°C



	Module Efficiency
	21.1%



	Standard Testing Conditions
	Cell Temperature (25 °C) and Irradiance (1000 W/m2)
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Table 10. System reliability indices for type 2 DG integration.
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	Bus Number
	SAIFI (f/cust.Yr)
	SAIDI (h/cust.Yr)
	CAIDI (h/cust.interruption)
	ASAI (pu)
	ASUI (pu)





	Without DG
	1.0981
	20.4971
	18.666
	0.9977
	0.00234



	675
	0.8035
	15.9775
	19.884
	0.9982
	0.00182



	692
	0.8042
	15.9979
	19.893
	0.9982
	0.00183



	680
	1.0414
	21.1638
	20.322
	0.9976
	0.00242



	671
	1.0414
	21.1638
	20.322
	0.9976
	0.00242



	652
	1.039
	21.1246
	20.331
	0.9976
	0.00241



	684
	1.0401
	21.1572
	20.341
	0.9976
	0.00242



	611
	1.0395
	21.1539
	20.351
	0.9976
	0.00241



	646
	1.0606
	21.2542
	20.040
	0.9976
	0.00243



	645
	1.0613
	21.2575
	20.031
	0.9976
	0.00243



	632
	1.0635
	21.2686
	19.999
	0.9976
	0.00243



	633
	1.0624
	21.2631
	20.015
	0.9976
	0.00243



	634
	1.0607
	20.9297
	19.735
	0.9976
	0.00239



	650
	1.1031
	21.4721
	19.465
	0.9975
	0.00245
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Table 11. Basic parameters of type 2 DG module.
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	Parameter
	Description





	Type
	Doubly Fed Induction Generator (DFIG)



	Power Factor
	0.85



	Efficiency
	95%



	Average Speed of Wind
	10 m/s



	Cut in Speed
	4 m/s



	Cut out Speed
	25 m/s



	Swept Area
	2828 m2



	Density of Air
	1.225 kg/m3
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Table 12. PSO-technique-based optimized results of study.
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	S. No
	Scenarios
	Location (s)
	Size (s) MW
	Active Power Losses (kW)





	1
	Single type 1 DG
	675
	1.53
	48



	2
	Single type 2 DG
	692
	1.57
	37



	3
	Multiple type 1 DGs
	675 and 671
	0.7964 and 0.6921
	50



	4
	Multiple type 2 DGs
	692 and 684
	0.8045 and 0.7086
	40
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Table 13. PSO-based reliability results of study.
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	Reliability

Indices
	without DG
	Single Type 1 DG
	Single Type 2 DG
	Multiple Type 1 DG
	Multiple Type 2 DG





	SAIFI (f/cust.yr)
	1.0981
	1.0777
	0.8042
	2.0531
	1.0595



	SAIDI (h/cust.yr)
	20.4971
	17.1042
	15.9979
	21.9809
	22.3539



	CAIDI (h/cust.interrupt)
	18.666
	15.870
	19.893
	10.706
	21.099



	ASAI (pu)
	0.9977
	0.9980
	0.9982
	0.9975
	0.9974



	ASUI (pu)
	0.00234
	0.00195
	0.00183
	0.00251
	0.00255
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