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ABSTRACT 

	This study investigated the enhancement of voltage stability in distribution networks through optimal allocation of distributed generation (DG) using a particle swarm optimization (PSO)-based framework. The Owerri 33/11 kV distribution network was modelled and simulated in the Power System Analysis Toolbox (PSAT) to assess baseline performance without DG. A polynomial model was developed to establish the relationship between active power flow and line distance, which was then employed as the objective function for PSO to determine the optimal siting and sizing of solar PV-based DG units. Results demonstrated significant improvements in network performance: voltage profile increased by 21.45%, active and reactive power flows improved by 32.13% and 42.33%, while active and reactive power losses were reduced by 45.32% and 38.33%, respectively. Comparative evaluation against existing literature confirms the superior performance of the proposed methodology, establishing it as an effective tool for mitigating congestion, reducing losses, and improving overall grid stability in practical distribution systems.
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1. INTRODUCTION 

Electrical power systems constitute the critical infrastructure sustaining modern economic stability and technological advancement. The primary objective of these systems is to reliably meet the electricity demand of diverse end-users—industrial, commercial, and residential. Historically, this has been achieved through conventional, centralized power generation, where large utility-scale plants generate electricity and deliver it to consumers through extensive transmission and distribution networks.

However, the centralized paradigm faced significant challenges, including rising operational and maintenance costs of ageing generators, substantial capital investment in grid infrastructure, incessant deregulation trends, heightened environmental concerns, and a growing demand for energy resilience and technological modernization (Lopes et al., 2007). These pressures have catalyzed a global shift towards decentralizing power systems and integrating Distributed Generation (DG).

DG, also referred to as embedded or dispersed generation, comprises small-scale power sources connected directly to distribution networks. DG units, with capacities often up to 100 MW, offer a promising solution to support the traditional grid by enhancing local power availability, reducing transmission losses, and improving voltage profiles (Ajenikoko et al., 2025; Bhadoria et al., 2013). Their decentralized nature allows for generation closer to consumption points, mitigating the need for long-distance power transfer. 

While increasing power availability, the unscheduled integration of DG can introduce new technical challenges, including increased power flow congestion, elevated real and reactive power losses, and potential voltage violations (Hussein et al., 2024). Consequently, identifying the optimal location and size for DG placement is paramount to harnessing its benefits while maintaining grid stability and efficiency. Traditional methodologies for optimal DG allocation (OGDA) include sensitivity indices (such as voltage and power stability indices) and heuristic optimization techniques such as Particle Swarm Optimization (PSO) and Genetic Algorithms (GA) (Pratap et al., 2023; Tercan et al., 2023). A critical research gap persists in moving beyond assumed DG sizes to a co-optimized framework that simultaneously determines the precise location and capacity based on system-specific constraints (Moses et al., 2023; Sultan et al., 2023).

This study addressed a significant gap by proposing a comprehensive methodology for integrating DG into a real-world distribution network. Focusing on the Owerri distribution network in Nigeria, the research employed the PSO algorithm to determine the optimal locations for DG allocation. In addition to a location-based approach, the study went beyond assumption-driven sizing by incorporating an optimal sizing methodology. Power flow analysis was performed on the network model before and after DG integration using the Power System Analysis Toolbox (PSAT) software. This enabled a quantitative assessment of improvements in active power loss reduction, reactive power loss minimization, and voltage profile enhancement. The results, comparing the baseline network (without DG) to the modified network (with optimally integrated DG), demonstrated the effectiveness of the proposed approach in improving the technical performance of the distribution system.

2. LITERATURE SURVEY 

The optimal integration of DG into existing distribution networks is a well-established research domain critical for enhancing system efficiency, reliability, and sustainability. The overarching goal is to determine the optimal location and size (siting and sizing) of DG units to maximize benefits such as active power loss reduction, voltage profile improvement, and congestion mitigation, while adhering to system constraints. Existing methodologies can be broadly categorized into analytical, meta-heuristic, and hybrid approaches.

Analytical methods, prized for their computational efficiency, often form the foundation for initial screening. Techniques employing Loss Sensitivity Factors (LSF) and voltage stability indices are frequently used to identify candidate buses for DG placement, narrowing the search space for more complex algorithms (Moses et al., 2023; Valavala, 2021). For instance, the application of precise loss formulas and equivalent current injection-based LSF has proven effective in determining optimal parameters for single DG units in standard IEEE radial test systems (Trivedi et al., 2019; Vanaja et al., 2024). However, a significant limitation of many analytical and early heuristic approaches is their restriction to single-DG integration (Thirumalai et al., 2024), failing to address the more complex but realistic scenario of coordinating multiple units.

Meta-heuristic algorithms have become the tool of choice for overcoming the limitations of analytical methods and handling non-linear, complex optimization problems. GA has been widely applied for loss minimization and voltage profile enhancement in systems of varying complexity, from 16-bus to 118-bus networks (Siddappaji & Thippeswamy, 2017; Yousaf et al., 2022). Other nature-inspired techniques, such as the Artificial Bee Colony (ABC) algorithm (Aderibigbe et al., 2021), Differential Evolution (DE) (Thirumalai et al., 2024), and the Hereford Ranch Algorithm (Saravanan et al., 2022), have demonstrated notable success. More recently, studies have begun to explore multi-objective frameworks that simultaneously minimize power losses and generation costs using techniques such as Mixed-Integer Non-Linear Programming (MINLP) (Sultan et al., 2023).

[bookmark: _Hlk208679570] PSO has emerged as a compelling and flexible heuristic method among these. Its efficacy has been demonstrated in optimizing DG parameters for loss reduction in standard IEEE networks (such as 15, 33, and 69-bus systems) (Ahmed & Kumar, 2023; Aljohani, 2023). Variants such as Comprehensive Learning PSO (CLPSO) and Multi-Leader PSO have been developed to enhance their performance and avoid local optima (Araga et al., 2021; Aryza et al., 2024). A significant advantage of PSO is its ability to handle the integration of multiple DGs without pre-defined candidate buses, providing a more comprehensive search capability (Azareer, 2023).

Despite these advancements, a critical research gap persists. The vast majority of these studies are conducted on simplified radial test networks (an example is the IEEE 33-bus and 69-bus) using Normally Open Points (NOPs) (Yousaf et al., 2022; Ahmed & Kumar, 2023). This model does not accurately reflect the operational reality of modern Active Distribution Networks (ADNs), which utilize technologies such as Soft Open Points (SOPs) to dynamically reconfigure feeder connections in real-time, thereby enhancing reliability, reducing losses, and improving voltage stability (Bouchekara, 2020; Clairand et al., 2022). While recent research has begun to explore the benefits of SOPs in ADNs with high DG penetration (El Berkaoui et al., 2023; Adepoju, 2023), these studies typically assume random, non-optimal DG placement and sizing. There is a conspicuous lack of research that combines advanced optimisation techniques, such as PSO, for optimal DG siting and sizing with the dynamic operational capabilities of SOP-based ADNs. Furthermore, many studies fail to transition from benchmark systems to real-world, real-time distribution networks, leaving their practical applicability unverified (Kansal et al., 2013; Shi et al., 1998).

3. material and methods 

The primary objective of this research is to minimize power flow congestion, which contributes to power losses, inconsistencies in power flow, and voltage profile abnormalities. The study utilizes data from the Owerri 33/11kV distribution network, sourced from the Imo sub-transmission substation. This dataset includes line data, bus data, and a power system line diagram, all of which were processed using the PSAT. PSAT is a well-established tool for modelling power system networks. The power system was then simulated, and the results were used to develop a polynomial model that served as the objective function for the PSO algorithm. The PSO algorithm was employed to determine the optimal locations for DG allocation. After calculating the optimal DG sizing, the study quantified the impact of distributed generation on enhancing power flow. The accompanying flow diagram provides a detailed overview of the research methodology (Fig. 1).



[bookmark: _Hlk210737067]3.1 Data Acquisition 

The source data originated from the Owerri transmission substation, specifically the Imo state feeder station. Fig. 2 illustrates the corresponding system line diagram, while Tables 1 and 2 give the corresponding bus and line parameters.



Fig. 1. Research Methodology



Fig. 2. Studied power system line diagram

The bus data utilized for the modeling is shown in Table 1.

Table 1. Case study bus data

	Bus number
	Bus Location
	Voltage rating (pu)

	1
	Owerri Feeder
	1

	2
	Oguta
	1

	3
	Orlu
	1

	4
	Okigwe
	1

	5
	Owerri Line 2
	1

	6
	Owerri Main
	1

	7
	Mbaise
	1



The information for the line data is shown in Table 2.

Table 2. Case study line data

	Line number
	From bus
	To bus
	Distance (km)

	1
	1
	2
	29.30

	2
	1
	3
	30.00

	3
	1
	4
	18.20

	4
	1
	5
	10.30

	5
	1
	6
	5.10

	6
	1
	7
	29.20



The bus data in Table 1 and the line data in Table 2 were used in modelling the power system line diagram shown in Fig. 2.

3.2 Power System Simulation and Analysis 

Fig. 3 illustrates the PSAT interface for the modelled power system with its input parameters.
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Fig. 3. PSAT model interface in MATLAB

The power grid performance simulation was conducted within the environment depicted in Fig. 3, utilizing parameters defined to analyse power flow through the network. The Newton-Raphson computational method was selected for the simulation, with tolerance time, frequency, base power, and base voltage specified and applied in the setup. The simulation environment also includes various components of the power system, supported by the PSAT library that contains the power model elements. The assembled and arranged power system model with bus and line data entered is depicted in Fig. 4.
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Fig. 4. Case study power system model in PSAT

The model shown in Figure 4 represents the grid system illustrated in Figure 2. Its simulation was performed to calculate the power flux of the grid without DG allocation, and the results were used to establish a polynomial relationship between active power flow and line distance.

3.3 Optimal Location and Sizing of DG Allocation 

The process for determining the optimal location of DG is illustrated in Figure 5. A polynomial model was used to express the relationship between active power flow (PR) and line distance (D), as given in equation (1):
						(1)
where,  represents the coefficient of the polynomial model, and  represents the order of the polynomial model.

The suitability of the polynomial order was evaluated based on R-squared values. The smallest polynomial order that achieved an R-squared value exceeding 90% was selected. This model then served as the objective function to determine the optimal location distance.
For DG sizing, the following expression in (2) was used (Singh & Gyanish, 2018):
								(2)
where  represents the size of the distributed generator, and  is the total active power flow obtained from the analysis.

[bookmark: _Hlk210920119]3.3.1 PSO-based framework 

To minimize the total power loss, optimize the placement and allocation of DG, the consequent objective function is defined in (3):
							(3)
    	        		
where  is voltage deviation,  is active power loss, and  is reactive power loss. 

The weights , ,  are tuned to balance technical priorities.
Equation (3) is subject to:
	
	
And the PSO position update is expressed in (4):
								(4)
where position vector  represents candidate DG location/size and  is the velocity of particle  at iteration .

Then the PSO velocity update is as expressed in (5) [22]:
					(5)
where  is inertia weight, ,  are cognitive and social learning factors (acceleration coefficients, ,  are random numbers in [0,1],  is best position of particle , and  is the global best position.

The distributed generation technology used was solar photovoltaic (PV). The impact of DG integration on power flow performance was subsequently evaluated. The flow chart of the outlined steps is presented in Fig. 5.




Fig. 5. Optimal location of DG allocation flowchart

3.3.2 Relationship between the polynomial model and PSO-based framework

The polynomial model established the empirical relationship between active power flow and line distance, which was used to determine the most power-sensitive line sections. This polynomial expression was embedded within the PSO framework as the location-dependent component of the objective function. Thus, while the polynomial identifies optimal candidate positions by correlating distance with power flow intensity, the PSO algorithm simultaneously minimizes total system losses (both active and reactive) by optimizing both the DG location (derived from the polynomial model) and the corresponding DG size.

4. RESULTS AND DISCUSSION 

This section presents the analysis of the PSAT simulation outcomes, comparing system performance before and after the integration of DG. The results highlight DG’s impact on voltage stability, power flow, and loss reduction, demonstrating its effectiveness in improving grid reliability and efficiency.

4.1 Power Flow Simulation Results for the Baseline Scenario without DG 

This section establishes a critical baseline by analyzing the power grid’s voltage profile before integrating any DG. The results in Table 3 indicate that the system is experiencing significant stress. Voltage levels at every bus are below the standard 1.0 per unit (pu), suggesting widespread under-voltage issues. The problem escalates with increasing electrical distance from the source, culminating in a severely low voltage of 0.8100 pu at the Okigwe bus (Bus 4), which identifies it as the most vulnerable point in the network.

Table 3. Voltage Distribution in the Power Network without DG

	Bus Number
	Bus Location
	Voltage values (pu)

	1
	Owerri feeder
	0.9600

	2
	Oguta
	0.8700

	3
	Orlu
	0.8600

	4
	Okigwe
	0.8100

	5
	Owerri line 2
	0.9100

	6
	Owerri main
	0.8900

	7
	Mbaise
	0.9200



The deteriorating voltage profile demonstrated by this baseline simulation highlights a clear need for grid reinforcement. These findings are not merely descriptive; they provide the essential justification for the study’s core objective. By quantifying the grid’s weaknesses, this analysis sets a definitive performance benchmark against which the positive impact of subsequently adding distributed solar PV generation can be accurately measured and validated.

The load flow analysis conducted on the network without DG reveals a system under considerable strain, as detailed in Table 4. The data shows substantial active and reactive power flows through all six lines, with values consistently high, such as 1.46 pu of active flow and 2.01 pu of reactive flow. These flows result in significant active and reactive power losses across the entire network, particularly pronounced reactive losses exceeding 0.30 pu on multiple lines. This indicates an inefficient system where a sizable amount of power is wasted as heat in the transmission lines before it can reach end-users.

Table 4. Power system grid assessment under non-DG Conditions

	Line number
	Active flow (pu)
	Reactive flow (pu)
	Active loss (pu)
	Reactive loss (pu)

	1
	1.3300
	1.7600
	0.1200
	0.2330

	2
	0.9700
	2.0100
	0.1900
	0.3110

	3
	0.8900
	1.0900
	0.2100
	0.2810

	4
	1.4400
	1.6600
	0.1700
	0.2870

	5
	1.2100
	1.3200
	0.1100
	0.1980

	6
	1.4600
	1.9800
	0.1800
	0.3010



The values provide a stark visual confirmation of these inefficiencies, graphically depicting the heavy loading and associated losses. The consistently high values for both power flow and losses establish a critical baseline of performance. This baseline effectively highlights the system’s inherent limitations. Clearly, it demonstrates the urgent need for strategic interventions, such as integrating distributed generation, to reduce line loading, minimise losses, and improve the overall stability and efficiency of the power grid.

4.2 Result of the Optimal DG allocation Location and Sizing 

This section details the optimal location for DG placement by analyzing the relationship between electrical line distance and active power flow. As shown in Table 5, power flow and cumulative line distance increase across the six lines, with Line 6 carrying the highest active power (1.46 pu) over the longest distance (121.1 km). To model this relationship mathematically, polynomial fits of increasing order were tested. Table 6 demonstrates that a fourth-order polynomial was selected as the optimal model, as it exceeded the required threshold with an R-squared value of 94%, indicating a robust correlation between distance and power flow.

The resulting fourth-degree polynomial equation (Equation 3) was then used as an objective function to identify the most effective location for DG installation. An iterative optimization process identified an optimal distance of 89.42 km at iteration 6. This location corresponds closely to Line 4, which connects the Owerri feeder to Owerri line 2. A subsequent comparison of voltage profiles at candidate locations confirmed that placing the DG at the Owerri line 2 bus would improve system performance, enhance voltage stability, and reduce power losses across the network.

Table 5. Electrical Line Distance Data and the active power flow

	Line number
	Active power flow (pu)
	Distance (km)

	1
	1.3300
	29.3000

	2
	0.9700
	59.3000

	3
	0.8900
	77.5000

	4
	1.4400
	87.8000

	5
	1.2100
	92.9000

	6
	1.4600
	121.1000



The polynomial order and the R-square value of the performance of the order are shown in Table 6.

Table 6: Polynomial order and the R-square model

	N
	

	1
	0.69

	2
	0.78

	3
	0.89

	4
	0.94



The fourth-degree polynomial model obtained from the Curve Fitting Toolbox in MATLAB is shown in (6).
  			(6)
Equation (3) was used as the DG, and the optimal distance obtained at various iterations was presented in Fig. 6.
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Fig. 6. Optimal distance obtained at varying iterations

The optimal distance from Figure 6 was 89.42 km at iteration 6, which is closer to line 4 on the line connecting the Owerri feeder to Owerri line 2. Comparing the voltage profiles of both locations, it was found that the optimal location for the DG implementation was the Owerri line 2 location. The PSO framework in this study was designed to minimize total system losses and improve overall voltage stability, rather than maximize the voltage magnitude at any single bus. Consequently, Bus 5 (Owerri Line 2) was identified as the optimal DG location because its integration point provided the best overall reduction in network losses and balanced voltage improvement across all buses, even though some buses exhibit slightly higher individual voltages post-DG 

4.3 Grid Performance Results with Distributed Generation (DG) 

The integration of distributed generation has substantially improved the system’s voltage profile, as confirmed by the data in Table 7. Voltage levels have increased significantly across all buses, with the most critically under-voltage bus (Okigwe, previously 0.81 pu) now operating at a healthy 0.959 pu. More importantly, all bus voltages now fall within acceptable operational limits, with the source bus (Owerri Feeder) achieving the ideal value of 1.000 pu, indicating a stable and robust grid condition.

A comprehensive power flow analysis, detailed in Table 8, reveals a significant improvement in system efficiency following the implementation of DG. While active and reactive power flows have increased, reflecting the additional power injection from the DG, the most critical outcome is the drastic reduction in both active and reactive power losses across all lines. Active losses have been reduced by over 50% on most lines, and reactive losses show similarly significant decreases. This confirms that the strategically placed DG supplies power, effectively supports the grid, reduces strain on the lines, and improves overall operational efficiency.







Table 7. System voltage profile after DG integration

	Bus Number
	Bus Location
	Voltage values (pu)

	1
	Owerri feeder
	1.0000

	2
	Oguta
	0.9600

	3
	Orlu
	0.9530

	4
	Okigwe
	0.9590

	5
	Owerri line 2
	0.9700

	6
	Owerri main
	0.9600

	7
	Mbaise
	0.9800



The results of the power flow analysis for the DG-enhanced grid are provided in Table 8.

Table 8. Power flow analysis following DG implementation

	Line number
	Active flow (pu)
	Reactive flow (pu)
	Active loss (pu)
	Reactive loss (pu)

	1
	2.4400
	3.1100
	0.0400
	0.1010

	2
	1.8700
	4.1100
	0.0320
	0.0921

	3
	1.5700
	3.0500
	0.0210
	0.1130

	4
	2.7300
	2.9800
	0.0170
	0.0743

	5
	2.3400
	3.7700
	0.0110
	0.0932

	6
	2.8900
	3.8800
	0.0430
	0.0331



The increase in total power flow after DG integration, as shown in Table 8, results from the additional local generation injected into the network, thereby augmenting the available power within the distribution feeders. However, because the DG is sited near load centers, the effective current through long feeder sections decreases, reducing  losses. This localised generation minimises long-distance power transfer from the substation, which explains why overall losses decrease despite the higher aggregate power flow.

4.4 Comparative Evaluation 

The comparative evaluation clearly demonstrates the transformative impact of DG integration on the performance of the power system. Fig. 7 provides a direct visual comparison, revealing a substantial improvement in voltage profiles across all buses after DG implementation. The previously severe voltage sags, particularly at distant buses, have been corrected, bringing the entire system’s voltage within stable and acceptable limits. This stabilisation is further supported by the data in Figs. 8 and 9, which show that while overall power flows have increased due to the new power source, the system now operates with a more robust and capable power transfer profile.

The most significant improvement is evident in the analysis of system losses. Fig. 10 and Fig. 11 show a striking contrast, drastically reducing active and reactive power losses across the network after DG was installed. The comparative bars highlight how DG placement effectively alleviates line loading, transforming an inefficient grid with high losses into a more efficient and economically viable system. This confirms that the strategic integration of DG not only enhances voltage stability but also dramatically improves the overall operational efficiency of the power network.

[image: ]

Fig. 7. Comparative analysis of voltage profiles with and without DG
[image: ]
Fig. 8. DG implementation impact on Active power flow

The comparative analysis of the reactive power flow of the power system with and without DG is illustrated in Fig. 9.
[image: ]
Fig. 9. Reactive power flow with and without DG

The comparative analysis of the active power loss of the power system with and without DG is shown in Fig. 10.
[image: ]
Fig. 10. Active power loss with and without DG

The comparative analysis of the reactive power flow of the power system with and without DG is shown in Fig. 11.

[image: ]
Fig. 11. Reactive power loss with and without DG

The voltage distribution across the grid without DG, as presented in Table 3, showed that all stations fell below the acceptable range of 0.95–1.05 pu, except for one station with a voltage of 0.96 pu, indicating voltage instability. Power flow analysis in Table 4 revealed maximum active and reactive flows of 1.46 pu (line 6) and 2.01 pu, respectively, confirming severe system congestion. Corresponding active and reactive losses further highlighted high power losses, necessitating the allocation of DG. Table 5 outlined active power flow against cumulative network distance, which was used to derive a polynomial relation. With an R² value of 0.94, the fourth-order polynomial exceeded the 0.90 threshold (Table 6), validating its suitability for PSO optimization. Fig. 6 shows the optimisation outcome, identifying an optimal distance of 89.42 km, located near line 4 between the Owerri feeder and Owerri line 2, at a distance of 3.42 km from the feeder.

Following DG allocation, Table 5 showed that all locations achieved voltages within the acceptable range. Table 6 presents the improved active and reactive power flow and reduced losses, with Figs. 7–11 providing comparative visual evidence of these enhancements. The overall percentage improvements are summarized in Table 9.

Table 9. Improvement of Electrical network analysis with DG allocation

	Power flow parameters
	Values (%)

	Voltage
	21.45

	Real power flow
	32.13

	Reactive power flow
	42.33

	Real power loss
	45.32

	Reactive power loss
	38.33



The results indicate that optimal DG allocation enhances the network’s power quality. Table 10 compares the percentage improvements in power system performance parameters achieved in this research with results from earlier studies. This study demonstrates notable advancements, achieving a 21.45% improvement in voltage profile, which surpasses the 12–14% improvements reported by Moses et al. (2023) and Murphy et al. (2021). For active power flow, the improvement is 32.13%, higher than Murphy et al.’s 23%, with no data reported in the other studies. The reactive power flow improvement is 42.33%, a parameter not previously covered, indicating a unique contribution of this study. In terms of loss reduction, this research achieved 45.32% for active power loss and 38.33% for reactive power loss, both substantially higher than the 14–21% active power loss reductions reported in earlier studies. Overall, the results demonstrate that this research provides superior improvements across nearly all parameters, highlighting the effectiveness of the proposed DG allocation strategy.

Table 10: Comparative analysis with some existing studies

	Parameters
	Voltage (%)
	Active power flow (%)
	Reactive power flow (%)
	Active power loss (%)
	Reactive power loss (%)

	Moses et al., 2023
	18.27
	27.64
	35.41
	39.22
	31.17

	Kansal et al., 2013
	12
	
	
	21
	

	Murphy et al., 2021
	14
	23
	--
	19
	--

	Proposed study
	21.45
	32.13
	42.33
	45.32
	38.33



5. Conclusion

This research presented a comprehensive approach for enhancing voltage stability in distribution networks through optimal DG allocation. Using the Owerri 33/11 kV distribution system as a case study, the baseline analysis revealed under-voltage conditions and high-power losses, highlighting the need for reinforcement. By applying a polynomial objective function within a PSO framework, the optimal DG siting and sizing were determined, resulting in significant improvements in voltage stability, power flow efficiency, and substantial reductions in both active and reactive losses. The results outperformed prior studies, demonstrating the robustness of the proposed method. These findings confirm that PSO-based DG allocation is a practical and scalable solution for improving the reliability and efficiency of real-world distribution systems. Future extensions should explore multi-objective optimisation that incorporates both economic and environmental factors to enhance system planning further.
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Active Power Flow without and with DG
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Active Power Loss without and with DG
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Reactive Power Loss without and with DG
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