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Abstract: Renewable Distributed Generation (RDG) is a promising alternative to conventional power generation methods 

because it reduces power losses and dependence on central power generation. However, when DG is deployed, it doesn’t 

always provide the reactive power needed for proper voltage regulation leading to low voltage on some buses. To achieve the 

maximum benefits of a DG unit, a combined DG and D-STATCOM allocation is evaluated. The selection of the optimal 

capacity and position of these compensators requires appropriate optimization methods to be solved. The real and reactive 

power loss reduction and voltage profile improvement was selected as objective function and the Artificial Bee Colony (ABC) 

optimization algorithm was used to solve the optimal allocation problem under variable load conditions. Four case studies, 

including combined DG / D-STATCOM at the same location (Case III) and combined DG / D-STATCOM at separate 

locations (case IV), were considered under different load factors of normal, light and peak loading conditions. The 

performance analysis of these approaches was tested on the standard IEEE 33-bus radial distribution system. The MATLAB 

2021b environment was used for the simulations. The outcomes showed that applying optimal DG and D-STACOM at 

separate locations resulted in a better percentage real power loss reduction of (76.34%, 75.95%, and 75.41%) compared to 

combined DG/D-STATCOM at the same location, which recorded (72.41%, 71.62% and 71.12%) under normal, light and 

peak loading conditions. Similarly, optimal DG/DSTATCOM at separate locations recorded better reactive power loss 

reduction (72.71%, 72.71%, and 72.11%) compared to DG/D-STATCOM at the same location, which recorded (66.57%, 

66.57%, and 65.98%) under the said loading conditions. However, DG/D-STATCOM at the same location offered slightly 

better voltage profile improvement. 

Keywords: Distribution Static Compensator (D-STATCOM), Distributed Generation (DG), Artificial Bee Colony,  

Distribution System 

 

1. Introduction 

The conventional power system structure consists of three 

main sections: generation, transmission and distribution 

systems, and are clearly distinguished by either step-up or 

step-down power transformers. The system was not initially 
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designed with the intention of distributed generation (DG) 

integration. However, growth in load demand requires 

building new generating stations and extension of 

distribution and transmission systems, which is undesirable 

from an economic and environmental point of view. 

Especially when many countries are trying to meet the 

greenhouse gas emissions reduction targets set by the Kyoto 

Protocol [1, 2]. Hence, the power system planning and 

expansion have led to the evolution of the power system 

driven by the penetration of renewable energy sources, low 

carbon policies and decentralization to fulfill the growth in 

load demand. 

Recently, there has been a lot of focus on RDG sources as 

the have the potential to replace traditional energy sources. 

However, incorporating DG systems into utility grid can 

cause reactive power issues, which can compromise the 

stability of the network. As more large-scale DGs are 

connected to the power distribution network, this integration 

challenge is expected to escalate, leading to technical issues 

that may affect the power quality of the entire network 

system [3]. Identifying the optimal locations and capacity of 

DGs in the power distribution system has become a challenge 

[4]. However, Enormous benefits can be achieved from DGs 

if carefully selected, sized, and placed in electrical power 

systems. This can help ensure that DGs are used effectively 

and efficiently, and provide the most significant possible 

benefits to utilities, consumers, and the environment [5]. 

Several studies are present in the literature that reviewed 

optimization techniques for optimal DG placement and sizing 

in power distribution system for power loss minimization and 

voltage stability [6, 5]. 

Custom Power Devices (CPD) plays a vital role in 

improving the power quality and reliability of the distribution 

system (DS). Among the CPD devices, D-STATCOM is the 

most reliable due to its good performance and excellent 

features [7]. Its features make it simple for reactive power 

and unbalanced load compensation in keeping with the 

network requirements. But the benefit of these compensators 

also depends heavily on their positions and ratings in the 

power DS [8]. Sirjani and Jordehi discussed a reviewed 

article on the optimal allocation of D-STATCOM in the 

electrical power distribution system [9]. 

Several research papers have been published that explain 

various methods used in the optimal allocation of DG or 

D-STATCOM independently in distribution networks. 

Biogeography-Based Optimization [10], Shuffled Frog Leap 

Algorithm [11] Swarm Month Flame Optimization [12] etc. 

were used for optimal deployment of DG in the DS. 

Similarly, the Weighted Artificial Fish Swarm Algorithm 

[13], Voltage Stability Index and Bat algorithm [14], Immune 

Algorithm [15], Ant Colony Algorithm [16], Firefly 

algorithm [17] etc. were used for optimal allocation of 

D-STATCOM in power DS. 

Studies show that while researchers have mainly focused 

on placing DG or D-STATCOM individually, implementing 

combined DG/D-STATCOM has the potential to further 

reduce system losses and improve voltage stability Some 

researchers have attempted simultaneous allocation of DG 

and D-STATCOM in the DS. Penguins Optimization 

Algorithm was utilized for simultaneous placement of DG 

and D-STATCOM with an objective of total power loss 

reduction [18]. Gravitational Search Algorithm was used for 

D-STATCOM and DG allocation on the IEEE- 33 bus RDS. 

The objective was to minimize active power loss and 

improve voltage profile in [19]. Similarly, voltage stability 

index and variation technique were employed voltage to 

place DG and D-STATCOM optimally on radial DS, with the 

objective of minimizing power loss and harmonic distortion 

[20]. Modified Multi-objective Particle Swarm Optimization 

was utilized to determine the optimal location of PV and 

wind DG with D-STATCOM [21]. This resulted in improve 

voltage stability, reliability as well as reduce pollution. 

Artificial Fish Swarm Optimization method was utilized to 

allocate DG and D-STATCOM optimally, aimed to reduce 

power loss and improve voltage profile on the IEEE 14 and 

33 bus RDS [22]. 

The Artificial Bee Colony (ABC) swarm optimization 

algorithm is population-based stochastic optimization method 

that have successfully handle nonlinear and discrete optimal 

problems. Extensive studies proved that ABC is still far more 

efficient than GA, DE, and the PSO optimization methods 

and requires fewer control parameters to be tuned [23]. Also, 

it is easy to use, fast, and compatible with power system 

controller design, allowing for simple and quick convergence. 

Such features have motivated the use of ABC to solve 

different kinds of engineering problems such as constrained 

multi-objective problem [24] DGs allocation [25] 

bioinformatics [26], soft computing [27], DG and capacitor 

placement with network reconfiguration [28] etc. 

From the literature survey, researchers have used the 

optimal placement of these compensators to solve power loss 

and voltage issues in the distribution system. However, 

integrating DG into the system can make voltage regulation 

more complex over long distances, especially when dealing 

with varying loads. This can result in voltage drops and 

fluctuating reactive power flow, affecting the system's ability 

to maintain voltage stability and potentially increasing power 

losses. Based on the available literature, authors have 

prioritized the optimal deployment of combined DG and 

D-STATCOM by focusing on the system's normal loading 

but have not taken into account multi-level loads in the radial 

distribution system. Therefore, this study addresses these 

issues by examining the optimal allocation of combined DG 

and D-STATCOM, comparing their placement at the same or 

separate locations using the ABC optimization method. The 

study also considers multi-level loads (normal, light, and 

peak) to determine the impact of load variations on DG and 

D-STATCOM's size and verify how optimal solutions should 

adapt to the changing load conditions. 

The rest of the article is as follows: the problem formulation 

and the objective functions are explained in Section 2. The 

methodology considered is described in Section 3. Simulation 

results are presented and explained in Section 4, followed by 

the conclusion of the manuscript in Section 5. 
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2. Problem Formulation 

2.1. Power Flow Analysis 

The traditional methods for analyzing power flow work 

well for transmission systems, but they are not as effective for 

distribution systems because of the radial structure of the 

networks. To address this, the Bus Injection to Branch Current 

(BIBC) matrix and forward sweep load flow approach was 

used to determine line losses and bus voltages. Figure 1 

illustrates a schematic representation of a basic two-bus power 

distribution system. 

 

Figure 1. Schematic representation of a simple 2-bus distribution network. 

The network power flow computation is conducted using 

the equations obtained from Figure 1. 

2.1.1. Computation of the Load Current 

The computation of the load current at bus i is expressed 

as: 

�� � ����	
��� �∗ = ���	�		
���∗
� for i = 1, 2………... NBus  (1) 

Where; NBus represents the total number of buses, 

��  Is the load currents 

�� 	&	���  are the bus i active and reactive power demand 

��∗ Is the bus i voltage conjugate 

2.1.2. BIBC Matric Formulation 

Kirchhoff’s Current Law (KCL) is applied to the network 

to establish the relationship between load currents (��) and 

branch currents ( ��	 ). The network branch currents are 

expressed in matrix form as; 

���	� � 	 ������ ∗ ����            (2) 

Where; BIBC is the load current injection to the branch 

current matrix and contains only 0 and 1 values. 

2.1.3. Forward Sweep 

To calculate the bus voltages at the receiving end, simply 

subtract the corresponding branch voltage drop from the 

sending end voltage values. This is possible because the 

voltage values of the source buses are already known. The 

forward sweep formula is expressed as; 

�	 � �� � ��	 ∗ ���	  �!�	"         (3) 

2.1.4. Power Losses 

Eq. (4) and (5) are used to calculate the real and reactive 

power losses. 

��	#$%&&' � (��	() ∗ ��	            (4) 

��	#$%&&' � (��	() ∗ �!�	           (5) 

By summing up all of the power losses of each individual 

branches, the overall real and reactive power losses of the 

system are expressed in (6) and (7) 

�*#$%&&' � ∑ ��	#$%&&',-.&�/0             (6) 

�*#$%&&' � ∑ ��	#$%&&',-.&�/0             (7) 

Refer [19, 16] for the DG and D-STATCOM Models. 

2.2. Objective Function 

The combined DG/D-STATCOM placement aims to 

minimize power losses and improve voltage profile. The 

optimal position and capacity of compensators are selected to 

achieve this goal. 

The power loss reduction by DG/D-STATCOM 

deployment is computed as; 

10 � �2,4566,�7	89:;<	=>/=@A2B2CDE
�2,4566,�7	F;95<;	=>/=@A2B2CDE           (8) 

Where the �*,G%&&,�		HIJKL	MN/M�O*P*QRSis total power loss 

reduction after DG/D-STATCOM placement & 

�*,G%&&,�		TKI%LKMN/M�O*P*QRS is the system overall power loss 

of the distribution system before DG/D-STATCOM 

placement. 

Minimization of Bus Voltage Deviation 

Optimal placement of DG and D-STATCOM in the 

distribution system improves the voltage profile of the 

system. The concept of the voltage deviation index is 

represented as; 

∆�M � ���,<;9�����,<;9 �
)
              (9) 

Where ��,LKI & �� are the bus i reference and the actual 

voltage. Hence, the average voltage deviation is the 

summation of normalized ∆�Mfor all buses, given in (10). 

1) � ∆�M�HVW � ∑ #��MX%LY',-.&�/0 HIJKL	MN/M�O*P*QRS  (10) 

Where NBus is the overall number of buses. 
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The objective function is mathematically formulated in eq. 

(11) as; 

Min #Z0' � 	[\]	#^0	10  	^)	1)'	     (11) 

The fitness function is given as 

Fitness = 
0

0�%T	K_J�TK	I.X_J�%X	           (12) 

Where ^0	 & ^)  are the weight factors used for 

constraints handling. The objective function is defined with 

the succeeding constraints; 

Power balance equality constraints 

∑ �MN/MO*P*QRS#�' � ∑ �M�  ,-.&�/0,-.&�/0 	�$    (13) 

∑ �MN/MO*P*QRS#�' � ∑ �M�  ,-.&�/0,-.&�/0 	�$    (14) 

Where �MN/MO*P*QRS& �MN/MO*P*QRS are the active and 

reactive power generated at bus i with the DG/D-STATCOM; 

�M�, �M� are the overall active and reactive power demand 

of the load, �$ , �$  are the system active and reactive power 

losses respectively. 

The inequality constraints are the voltage magnitude, DG 

and D-STATCOM limits given as: 

��Y�X `	�� `	��YHa for i= 1,….. NBus     (15) 

�MN,Y�X ` �#�'MN/M�O*P*QRS ` �MN,YHai = 2…... NBus (16) 

�MN,Y�X ` �#�'MN/M�O*P*QRS ` �MN,YHai = 2…... NBus (17) 

Here, max and min represent the maximum and minimum 

of the parameter values. 

In this work, the PV DG source supplies active power only 

and reactive power is supplied by the D-STATCOM. 

3. Methodology 

3.1. Artificial Bee Colony Optimization Algorithm 

The Artificial Bee Colony (ABC) algorithm is a 

metaheuristic search technique that was introduced by 

Karaboga in 2005 [29]. It was based on the behavior of honey 

bees. Bee colonies have a well social structure and are divided 

into three distinct groups; employed bees, onlooker bees and 

scout bees. The employed bee exploit food source and share 

information on the nectar amount with the onlooker bee. The 

onlookers use a dance called wrangle dance to assess the food 

source of employee bees. If the number of visiting bees doesn't 

increase, the food source is abandoned, indicating low quality. 

In that case, the employed bee becomes a scout. In a bee 

colony, there are scout bees that search for new food sources 

to avoid overexploiting one location. These scout bees 

conduct a random search to explore the environment and find 

new food sources (solution). A detailed description of the 

ABC algorithm can be found [30]. The flowchart of the ABC 

algorithm is represented in Figure 2. 

 

Figure 2. Flowchart for the ABC optimization algorithm [31]. 

3.2. Implementation of Optimal Combined DG and 

D-STATCOM Allocation 

The flowchart for the implementing of the optimal 

allocation of combined DG and D-STATCOM using the 

ABC algorithm is presented in Figure 3. 
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Figure 3. Flowchart of the optimal deployment of combined DG and D-STATCOM using ABC Algorithm. 

4. Simulation Results and Discussion 

The algorithm for the optimal allocation of DG and 

D-STATCOM was developed in the MATLAB environment 

(R2021b version) and its effectiveness was evaluated on the 

IEEE 33-bus radial distribution system. The total network 

requirements for active and reactive power of the test system 

are 3715kW and 2300kVAR at a nominal voltage of 12.66 kV 

under normal loading conditions. Similarly, the system 

loading decreased by 25% and raised by 30% to consider light 

and peak system loading conditions. The total network 

requirements for active and reactive power of the test system 

under light and peak loading conditions are 2786.25kW, 

1725kVAR and 4829.5kW, 2990kVAR, respectively. The 

one-line diagram, line data and bus data of the standard IEEE 

33-bus test system can be found [32]. Here, four case studies 

were considered for simulation as follows; 

Case I: The base case without DG and D-STATCOM 

compensation. 

Case II: The system with optimal DG placement. 

Case III: The system with DG and D-STATCOM optimally 

sited in the same location. 

Case IV: The system with DG and D-STATCOM optimally 

sited at separate locations. 

Tables 1, 2 and 3 summarizes the simulation results of the 

test system under normal light and peak loading conditions 

respectively. The results of the simulation for the test system 

under normal loading are displayed in Table 1. After 

conducting a power flow analysis of the network's base case, 

the system active and reactive power loss was found to be 

201.7749kW, 134.9912kVAR. The ABC method was applied 

to determine the optimal position and size of DG, combined 

DG/D-STATCOM at the same location as well at separate 

locations (case II, III, and IV), respectively. The result show 

that DG was optimally placed at bus 25, with a size 2711kW 

(case II), the total active and reactive power loss decrease 

from the initial value to 101.3768kW, 72.9192kVAR. This 

corresponds to percentage power loss reduction of 49.76% 

and 45.98%, respectively. In case III, the placement of both 

DG/D-STATCOM at the same location resulted in a further 

substantial improvement in the percentage reduction of real 

and reactive power loss to 72% and 66.57%, respectively. 

The optimal capacity and position of DG and D-STATCOM 

was found to be 2717kW and 1800kVAR at bus 25, as 

presented in Table 1. However, when DG and D-STATCOM 

were optimally sited at separate positions in case IV, it was 

observed that the system’s power loss reduction was slightly 

better than in case III which further improved to 76.33% and 

72.70% respectively. The study found that bus 5 and 30 were 

the optimal positions of DG and D-STATCOM, with 

capacity of 2713kW, and 1200kVAR respectively. 

Interestingly, the D-STATCOM size decreased from 1800 

kVAR in case III to 1200 kVAR in case IV, as captured in 

Table 1. 

Table 2 presents the simulation results of the test system 
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under light loading conditions. In the base case, the system's 

active and reactive power loss was 113.4984kW, 

75.9326kVAR. The result shows that by optimally placing 

DG at bus 5, the total active and reactive power loss 

reduction decreased from the initial value to 57.4619kW, 

41.0045kVAR. This corresponds to an improvement 

percentage power loss reduction of 49.76% and 45.98%, 

respectively. Comparing case III and case IV, it was revealed 

that case IV offered better real and reactive percentage power 

loss reduction of 76.34% and 72.71%, compared to case III 

which recorded 72% and 66.57%, respectively. The results 

also revealed that the optimal locations for DG and 

D-STATCOM in case IV were selected at bus 5 and 30 with 

a capacity of 2028kW and 900kVAR, respectively. 

The simulation results for the test system during peak 

loading conditions is shown in Table 3. In The base case 

system, active and reactive power loss was 340.9995kW, 

228.1352kVAR, respectively. with DG optimally placed at 

bus 5 in Case II, the percentage of total active and reactive 

power loss reduction improved to 48.87% and 45.31%, 

respectively. Comparing case III and IV, case IV offered 

better real and reactive percentage power loss reduction of 

75.41% and 72.11%72.71%, while case III recorded 71.12% 

and 65.98%, respectively. The analysis also shows that the 

size of the D-STATCOM decreased from 2300 kVAR in case 

III to 1500 kVAR in case IV as captured in Table 3. 

Table 1. Performance evaluation of the simulation results considering normal loading. 

Case Study (Light Load Factor =1.0) Base Case 
Optimal DG 

allocation 

DG/D-STATCOM 

allocation in the same 

location 

DG/D-STATCOM 

allocation at separate 

positions 

DG capacity (Position) - 2711kW (25) - - 

DG and D-STATCOM capacity (Positions) - - 2717kW, 1800kVAR (25) 2713kW, 1200kVAR (5, 30) 

Total active and reactive power loss (kW, 

kVAR) 
201.7749, 134.9912 101.3768, 72.9192 56.4783, 45.1269 47.748, 36.8369 

Percentage active and reactive power loss 

reduction 
- 

49.76% 

45.98% 

72% 

66.57% 

76.34% 

72.71% 

Minimum bus voltage p.u, (location) 0.9134 (18) 0.950 (18) 0.9661 (18) 0.9838 (18) 

Performance voltage deviation index 0.119168 0.03098 0.01216 0.012669 

Table 2. Performance evaluation of the simulation results considering light loading. 

Case Study (Light Load Factor =0.75) Base Case 
Optimal DG 

allocation 

DG/D-STATCOM 

allocation in the same 

location 

DG/D-STATCOM 

allocation at separate 

positions 

DG capacity (Position) - 2030kW (5) - - 

DG and D-STATCOM capacity (Positions) - - 2033kW, 1348kVAR (5) 2028kW, 900kVAR (5, 30) 

Total active and reactive power loss (kW, 

kVAR) 
113.4984, 75.9326 57.4619, 41.0045 32.2068, 25.3869 27.2958, 20.7201 

Percentage active and reactive power loss 

reduction 
- 

49.37% 

46% 

71.62% 

66.57% 

75.95% 

72.71% 

Minimum bus voltage p.u, (location) 0.9352 (33) 0.9629 (18) 0.9748 (18) 0.9707 (18) 

Performance voltage deviation index 0.067009 0.017503 0.006789 0.006904 

Table 3. Performance evaluation of the simulation results considering peak loading. 

Case Study (Light Load Factor =1.3) Base Case 
Optimal DG 

allocation 

DG/D-STATCOM 

allocation in the same 

location 

DG/D-STATCOM 

allocation at separate 

positions 

DG capacity (Position) - 3000kW (5) - - 

DG and D-STATCOM capacity (Positions) - - 3000kW, 2300kVAR (5) 3000kW, 1500kVAR (5, 30) 

Total active and reactive power loss (kW, 

kVAR) 
340.9995, 228.1352 174.3492, 124.7714 98.4864, 77.8244 83.8441, 63.6336 

Percentage active and reactive power loss 

reduction 
- 

48.87% 

45.31% 

71.12% 

65.98% 

75.41% 

72.11% 

Minimum bus voltage p.u, (location) 0.8875 (33) 0.929 (33) 0.9486 (33) 0.9703 (33) 

Performance voltage deviation index 0.201289 0.067776 0.030119 0.031093 

 

The voltage deviation index measures how far the bus 

voltage deviates from the nominal voltage. A lower index 

value indicates better network performance. Based on the 

results presented in Tables 1, 2, and 3, it was found that case 

III, which involves placing the DG/D-STATCOM at the same 

location, had the lowest voltage deviation index values of 

0.01216, 0.006789, and 0.030119, under normal, light, and 

heavy loading conditions, respectively. 

Figures 4, 5, and 6 display the performance outcome of the 

bus voltage profile effect in solving cases I to IV of the test 

system network under normal, light, and peak loading 

conditions. 
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Figure 4. Comparison of voltage profile for the cases I-IV under normal loading condition. 

 

Figure 5. Comparison of voltage profile for the cases I-IV under light loading condition. 

 

Figure 6. Comparison of voltage profile for the cases I-IV under peak loading condition. 
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The performance outcome of the bus voltage profiles for 

solving cases I - IV under normal, light and peak loading 

conditions are displayed in Figures 4, 5 and 6 respectively. 

The figures compare the impact of each case on the system bus 

voltage. 

The normal loading condition in Figure 4 revealed that 

placing the DG in an optimal position improved the bus 

voltage profile significantly compared to the base case (Case 

I), even though some nodes were on the step line. To ensure 

proper functioning, a minimum bus voltage of 0.95p.u was set. 

Comparing Cases III and IV, it was found that both had better 

voltage profiles than Case II. However, Case III showed a 

slight improvement in the voltage profile compared to Case IV, 

as shown in Figure 4. 

Figure 5 revealed that optimal placement of the combined 

DG and D-STATCOM (case III) during light loading 

significantly improved the voltage profile compared to other 

cases. Moreover, the bus voltage was better during light 

loading than under normal loading conditions. 

In Figure 6, the voltage profile at different buses during 

peak load is compared. The results show that as the load 

increases, the voltage violations at the buses become more 

noticeable, exceeding the permissible operating limit. 

Additionally, placing both DG and D-STATCOM at the same 

position resulted in a better improvement in voltage profile 

compared to other cases. 

The above analysis concludes that the placement of 

combined DG and D-STATCOM reduces the total system 

loss and enhance the voltage profile in the system. 

Interestingly, it was discovered that when DG and 

D-STATCOM are placed at different locations, it resulted 

in a better reduction of power loss compared to when they 

were placed in the same location. Nevertheless, the voltage 

profile was slightly better when both DG and 

D-STATCOM were placed on the same bus, as opposed to 

being placed on separate buses. 

5. Conclusion 

This paper examines the ABC-based optimal deployment of 

combined DG and D-STATCOM with different load factors 

of (normal, light and medium loads) in radial DS. These 

compensating devices can be optimally placed in the same or 

separate locations. The study revealed that optimal placement 

of combined DG and D-STATCOM at separate locations 

(case IV) is more effective in reducing the total power loss 

than placement at the same location (case III). The findings 

also revealed that optimal DG and D-STATCOM placement at 

different locations resulted in better performance with lower 

compensators ratings compared to placement at the same 

location. However, combined DG and D-STATCOM 

placement in the same location has resulted in a slight 

improvement in the voltage profile compared to placing them 

at separate locations. The findings are presented in a table for 

easy comparison. Also, the study has demonstrated that the 

ABC algorithm can solve complex nonlinear optimization 

problems with many decision variables. Future research 

should consider these compensators' installation and 

operational costs in real-time radial distribution systems. 

Additionally, exploring newer optimization methods could 

also be beneficial. 
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