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Abstract: This work presents an optimal methodology based on an augmented, improved, subtraction-
average-based technique (ASABT) which is developed to minimize the energy-dissipated losses that
occur during electrical power supply. It includes a way of collaborative learning that utilizes the
most effective response with the goal of improving the ability to search. Two different scenarios are
investigated. First, the suggested ASABT is used considering the shunt capacitors only to minimize
the power losses. Second, simultaneous placement and sizing of both PV units and capacitors are
handled. Applications of the suggested ASAB methodology are performed on two distribution
systems. First, a practical Egyptian distribution system is considered. The results of the simulation
show that the suggested ASABT has a significant 56.4% decrease in power losses over the original
scenario using the capacitors only. By incorporating PV units in addition to the capacitors, the energy
losses are reduced from 26,227.31 to 10,554 kW/day with a high reduction of 59.75% and 4.26%
compared to the initial case and the SABT alone, respectively. Also, the emissions produced from the
substation are greatly reduced from 110,823.88 kgCO2 to 79,189 kgCO2, with a reduction of 28.54%
compared to the initial case. Second, the standard IEEE 69-node system is added to the application.
Comparable results indicate that ASABT significantly reduces power losses (5.61%) as compared
to SABT and enhances the minimum voltage (2.38%) with a substantial reduction in energy losses
(64.07%) compared to the initial case. For both investigated systems, the proposed ASABT outcomes
are compared with the Coati optimization algorithm, the Osprey optimization algorithm (OOA),
the dragonfly algorithm (DA), and SABT methods; the proposed ASABT shows superior outcomes,
especially in the standard deviation of the obtained losses.

Keywords: PV units; distribution losses minimization; capacitors; subtraction-average optimizer

MSC: 68T20

1. Introduction

The integration of renewable energy sources, such as photovoltaic (PV) distributed
generation, has gained significant attention in recent years due to its potential to reduce
greenhouse gas emissions and enhance energy sustainability. In parallel, the optimization
of power distribution systems has become crucial in maximizing energy efficiency and
minimizing power losses. One effective approach to achieving these objectives is through
the optimal placement and sizing of PV distributed generation and reactive power con-
trol within the power distribution system [1]. The introduction of efficient optimization
algorithms plays a key role in addressing the challenges associated with PV distributed
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generation and shunt capacitors in power distribution systems. However, existing algo-
rithms often face limitations in terms of accuracy, convergence speed, and robustness [2].
Therefore, there is a need to develop novel optimization techniques that can effectively
address these challenges and provide reliable solutions.

PV units are inexpensive to maintain and simple to apply; they have been developed
utilizing new materials and processes that opened access to this technology for a wide range
of people [3,4]. PV is the most widely used technology for distributed generation because of
its high efficiency, excellent cost–benefit ratio, and reduced carbon emissions [5,6]. In [7], an
adapted reptile search algorithm is introduced, featuring a fitness–distance balance method
and Levy flight motion. The primary focus is on optimizing the operation of distribution
networks (DNs) by integrating wind turbines and PV units. The central objective revolves
around cost reduction, which includes considerations such as electricity acquisition, costs
of PV and wind turbines units, and annual energy losses. In [8], a modified analytical
energy technique has been presented for locating PV and wind systems in power systems.
Minimization of the power losses and voltage deviations in addition to the maximization
of the loadability have been formulated in this study and solved by a particle swarm
optimizer (PSO) and a genetic algorithm (GA). Moving to [9], a Gorilla troop’s optimizer
(GTO) is employed to address the optimal allocation problem of PV–DGs equipped with
distributed static compensators on a 94-bus distribution network. The optimization process
encompasses three objective functions: total annual cost, system voltage deviations, and
system stability. Additionally, [10] employs a PSO integrated with scenario-based reduction
approaches and Monte Carlo simulations for PV and distributed static compensator units
on the IEEE 33-bus test network. This study specifically considers various seasonal loadings
in its optimization process.

Shunt capacitors are commonly used in power distribution networks to compensate
for reactive power and mitigate issues such as voltage drops, power factor deterioration,
and line losses [11]. Power flow must be efficiently controlled because of the rising global
demand for electricity. The shunt capacitor placement problem in power distribution
systems involves determining the optimal locations and sizes for placing shunt capacitors
in order to improve system performance and efficiency. However, identifying the most
effective locations and sizes for these capacitors is a complex optimization problem that
requires the application of advanced optimization algorithms [12,13]. The system’s lagging
current is opposed by the leading current that the capacitor injects into it. As a result,
system power losses are reduced, and voltage profile, power factor, and system stability
are all improved [14]. In reference to meta-heuristic optimization methods, a substantial
body of literature examines the reduction in joule loss, voltages profile improvement, and
the overall cost. Consequently, an approach known as multi-objective particle swarm
optimization (MOPSO) is presented in [15]. Because it requires less computing time, the
branch and bound technique is typically chosen for power losses minimization, employing a
power-flow simulation. The JAYA optimization technique [16] is suggested for power factor
adjustment in another study. In [17], the opposition Cuckoo optimization technique (OCOT)
was applied to boost the voltage profile. It should be noted that a number of metaheuristic
algorithms, including a genetic algorithm [18], a vortex search algorithm [19], the locust
search algorithm [20], a whale optimization algorithm [21], a crow search algorithm [22],
and a firefly algorithm [23], were employed in the authors’ earlier attempts to solve the
shunt capacitor placement problem in power distribution systems.

Moreover, simultaneous allocations of PV units and shunt capacitors in distribution
systems have been considered, where reactive power compensation provides the potential
to cut down on energy losses. It offers benefits including increased system stability, in-
creased voltage at distribution nodes, and power factor adjustment, all of which are subject
to various operational restrictions [24]. In [25], the slim mold algorithm was utilized to
develop an optimal allocation method for PV generators in distribution networks. The
objective was to control the tap positions of the distribution voltage regulators (DVRs)
and the injected reactive power of PV inverters. The aim was to reduce active and re-
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active power losses while enhancing voltage quality in the distribution network. The
study also investigated the integration of cascaded DVRs with capacitor banks and PV
units to regulate voltage levels in medium voltage distribution systems [26]. A quadratic
programming algorithm was employed, utilizing a linearized distribution system model.
Various PV units and load variation scenarios were considered. In another study [27], dif-
ferent DVR models were examined, incorporating continuous and discrete tapping stages.
The network reconfiguration potential of branching switching conditions was considered.
A chordal relaxation mixed-integer programming algorithm was employed to minimize
power loss or manage bus voltages, considering the binary form of control variables and
tap locations. Furthermore, in [28], an artificial rabbits’ optimization algorithm was applied
to allocate PV–static synchronous compensators in distribution systems. The objective was
either to provide ancillary services or to minimize both daily energy losses and the daily
voltage profile under 24 h load variations.

In optimization problems, the ultimate goal is to find the optimal solution, known
as the global optimum, which represents the best possible outcome for a given problem.
However, it is important to acknowledge that the algorithms employed in the optimization
processes may not always guarantee the discovery of the exact ideal solution. As a result,
the output obtained from these algorithms is referred to as quasi-optimal, signifying an ap-
proximate or near-optimal solution. The term “quasi-optimal” recognizes that the solution
may be close to the global optimum [29], but there is uncertainty about its exact equivalence.
The inherent challenge lies in the complexity of many optimization problems, which can
involve numerous variables, constraints, and intricate mathematical relationships. Algo-
rithms employed for optimization are designed to navigate this complexity and converge
towards solutions that minimize or maximize the objective function. However, due to the
computational challenges and the vast solution space, achieving the global optimum is not
always feasible within reasonable time frames.

The main concept of a recently introduced technique called SABT [30] is to modify
population individuals’ positions in the area of search space by subtracting the average
of the seeker agents. This method is advantageous since it is simple to use in applica-
tions of engineering and requires little adjustment to the parameters. The SABT outcomes
were compared with a variety of current methods along with additional contemporary ap-
proaches using several benchmarking simulations. The way the traditional SABT operates
is by deducting the means of the search results from the population’s distribution in the
query region. The main contributions of this study can be summarized as follows:

1. Introduction of ASABT designed to optimize the placement and sizing of shunt
capacitors and PV units in medium voltage distribution systems.

2. Application to a real-world Egyptian distribution system, providing practical insights
into its effectiveness with validation on a standard IEEE 69-node system, demonstrat-
ing its versatility and applicability across different network configurations.

3. Comparison with other algorithms including the Coati optimization algorithm [31],
the Osprey optimization algorithm (OOA) [32], and the dragonfly algorithm (DA) [33].

4. Performance enhancement in reducing distribution system losses, surpassing the
performance of the original SABT. Additionally, the proposed algorithm leads to a
notable increase in voltage levels across the distribution system.

2. Optimizing Model of PV Units and Shunt Capacitors in Distribution Feeders
2.1. Objective Function

The optimization of PV units and shunt capacitors in distribution feeders can minimize
energy losses, as shown in Equation (1).

LOSSEnergy =
NHR

∑
Hr=1

PLHR (1)



Mathematics 2024, 12, 625 4 of 22

PLHR =
NLine

∑
Line=1

I2
Line × RLine (2)

where LOSSEnergy represents the daily energy losses. HR indicates each hour, while
NHR refers to the number of hours (NHR = 24 per day) and PLHR refers to the power
losses in each hour. NLine indicates the total number of lines for distribution; ILine denotes
the current flowing through each line (Line); RLine stands for each line’s resistance.

2.2. Constraints Regarding the Control Variables
2.2.1. PV Units

PV units can be connected to any bus in the system, and their rating is limited to a max-
imum value, which can be mathematically modeled in Equations (3) and (4), respectively.(

2 < PVU j ≤ Nb
)

j=1:NPVU
(3)(

0 < PPVU,j ≤ PPVU,max,j
)

j=1:NPVU
(4)

where PVUj is the candidate terminal to connect PV units while NPVU is the maximum
number of PV units to be considered. PPVU,j and PPVU,max are, respectively, the candidate
and maximum sizing of the PV units installed at candidate terminals (PVj).

2.2.2. Shunt Capacitors

In similar way, the shunt capacitors units can be connected to any bus, and their rating
is limited to a maximum value as modeled in Equations (5) and (6), respectively.(

2 < CAPj ≤ Nb
)

j=1:NCAP
(5)(

0 < QCAP,j ≤ QCAp,max,j
)

j=1:NCAP
(6)

where CAPj is the candidate terminal to connect capacitors, while NCAP is the maximum
number of candidate shunt capacitors. QCAP,j and QCAP,max are, respectively, the candidate
and maximum sizing of the capacitors installed at candidate terminals (CAPj).

2.3. Constraints Regarding the Dependent Variables

Additionally, it is necessary to maintain the operational constraints regarding the depen-
dent variables [34], such as the voltages at each distribution node (Equation (7)), the secure
current flow (Equation (8)), and the power flow balance limitations (Equations (9) and 10)):

(Vk,min < Vk ≤ Vk,max)k=1:Nb
(7)

(ILine ≤ ILine,max)Line=1:NLine
(8)

Nb

∑
i=1

Pdi + PL= PSub +
NPVU

∑
j=1

PPVU,j (9)

Nb

∑
i=1

Qdi+QL= QSub +
NCAP

∑
j=1

QCAPj (10)

where Vk,min and Vk,max indicate the voltage nodes’ lowest and highest limits; ILine,max is the
maximum thermal capability of a distribution line; PSub and QSub correspond to the total
active and reactive power supplied from the substation, respectively; QCAPj is the reactive
power injection by capacitors which is located at terminal (j); NCAP refers to the number of
installed capacitive devices; Pdi and Qdi represent the real and reactive electricity demand
at terminal (i), respectively; Real and reactive systemic losses are denoted by the terms
PL and QL, respectfully.



Mathematics 2024, 12, 625 5 of 22

3. ASABT for Optimizing PV Units and Shunt Capacitors in Distribution Feeders

The usual SABT operates by deducting the average of the seeker members’ positions in
the field of search space [30]. The location and size of the capacitors in distribution systems
taken into account correlates to the dimension which matches the breadth of the region of
the area being searched. They have been determined based on where the algorithm looks
for solutions, as follows [35]:

SMk = Lrk + (Urk − Lrk)× rand(1, Dm)i = 1 : NSM, k = 1 : Dm (11)

where SMk denotes the seeker member’ position; Lrk and Urk are the boundaries of the
location and size of the capacitors in distribution systems, respectively; Dm is the problem
dimension which equals to two times of the number of capacitors (NCAP) dedicated for
the installation in the system; NSM is the number of the seeker members’ positions in
the population.

Each one of the examined options which regards to each seeker seems to provide a
workable response to the assessed component. The greatest and least results obtained of
the target function identify the most suitable and worst solutions, respectively. The SABT
methodology was based on mathematical concepts, including average values, shifts in
seeking indicative sites, and the direction of the variance between two objectively quantifi-
able quantities. The method used by the SABT to calculate the arithmetic average is wholly
original because it relies on a certain functional called the “v-subtraction operator” [36].
Therefore, each vector-based response in the SABT group was altered to comply with the
following equation.

SMk,new =

 SMk +
→
zk × 1

Ns

(
Ns
∑

k=1
(SMk −υ SMi)

)
i f rand(0, 1) ≤ CR

SMBEST + (SMR1 − SMR2)
→

×wk Else
, k = 1 : NSM (12)

Additionally, Equation (13) depicts the computational formulation of the SABT neigh-
borhood’s dual seeking alternatives’ (SMk and SMi) subtraction technique.

SMk −υ SMi = sign(Fitk(SMk)− Fiti(SMi))
(

SMk −
→
υ ⊙ SMi

)
(13)

Once each choice vector has been upgraded, the related worth of the objective is
determined and evaluated. The freshly produced alternative then takes the place of the
previous solution if it receives a better objective assessment, in accordance with (14).
Additionally, the outlined ASABT incorporates a participatory learning strategy based on
the leader’s answer. In this way, the mean result of the v-subtraction operator defines the
place of change of each seeking alternative (SMk) within the scope of the searching area. By
using this layout, the exploratory aspects are strong and productive.

SMk =

{
SMk,new

SMk

i f Fitk,new(SMk,new) ≤ Fitk(SMk)
Else

(14)

However, it is necessary to support the localized looking activity close to the greatest
potential region in order to enhance the exploitation searching characteristics. To achieve
this, as indicated in Equation (12), the suggested ASABT variation integrates a mechanism
for partnership to contribute knowledge that can be learned from the best response vec-
tor. To achieve balance between the investigative qualities and the increased exploiting
capabilities, as mentioned in Equation (12), a CR of 50% remains in place. The crucial
stages of the suggested ASABT are shown in Figure 1. To illustrate how this algorithm
works with capacitors and PV units, the proposed ASABT initially generated solutions
using Equation (11). On the other side, the solutions are changed through the updating
mechanism of the proposed ASABT using Equation (12). The modified solutions are
checked regarding the permissible limits, and they are preserved. Both initial and modified
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solutions are then considered to enter Block A. As shown in this block, each variable in each
generated solution is rounded to the nearest integer, where the places and sizes of both
devices are represented in integer numbers. Then, each generated solution is assigned to
the allocated devices. Therefore, the locations and sizes of the capacitors and PV units are
simultaneously specified. These devices are inserted into the system, where the load flow
is implemented, and the constraints are checked, and the objective function is estimated.
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4. Results and Discussion

The proposed ASABT is tested with two distribution feeders using a practical Egyptian
distribution system with 37 nodes and a standard IEEE distribution system with 69 nodes.
For both systems, the maximum sizing of the capacitors to be installed is 3600 kVAr and the
maximum number of them to be installed is set to be five. For each system, two scenarios
are addressed.
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• Scenario 1: optimizing shunt capacitors only to minimize the power losses considering
the peak loading condition.

• Scenario 2: optimizing PV units and shunt capacitors to minimize the energy losses
considering the variations in load and PV power productions.

Comparisons with several recent algorithms including Coati [31], OOA [32], and
DA [33] are implemented in addition to the proposed ASABT and SABT methods. They are
executed 20 different times. For all algorithms, the number of search agents is considered
to be 30, while the maximum number of iterations is set to 100.

4.1. First Case of a Practical Egyptian Distribution Feeder

In this section, the proposed methodology is applied for a real Egyptian distribution
feeder regarding Minoufia governorate which is called Tala radial distribution system. It
has 36 lines for distribution and 37 nodes. A connected one-line diagram using a standard
voltage of 11 kV is shown in Figure 2. For the nominal load condition, the sum of the real
(kW) and reactive (kVAr) are 4801.9 kW and 2975.9 kVAr, respectively. The permissible
range of the operating voltages is [0.9–1.1] PU.
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4.1.1. First Scenario

For the capacitor allocation on the first inspected feeder, the suggested ASABT is
employed as opposed to the conventional SABT in order to cut down on power losses.
The results of the ASABT and SABT for capacitor allocation are shown in Table 1. This
table shows the capacitor allocations with installed buses of 4, 5, 6, 11, and 25 gained by
the suggested ASABT, and corresponding sizes of 1350, 600, 1200, 1650, and 600 kVAr,
respectively. The SABT method, on the other hand, installs sizes of 1200, 1350, 750, 1200, and
750 kVAr for five buses at 4, 9, 12, 17, and 26, respectively. Figure 3 displays the convergence
properties of both the ASABT and SABT for solving this case. According to this figure,
the suggested ASABT outperforms the SABT in minimizing power losses where the SABT
method reduces power losses to 772.08 kW, whereas the suggested ASABT reduces them to
767.957 kW. The power losses in the system without inserting capacitors were 1766.2 kW.
Compared to the initial case, the suggested ASABT exhibits a considerable 56.4% reduction
in the power losses.
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Table 1. Obtained capacitors locations and sizes by the ASABT and SABT for the first scenario.

Algorithms Initial Proposed ASABT SABT

Parameters - Location (node) Size (kVAr) Location (node) Size (kVAr)

Allocation of Capacitors

- 4 1350 4 1200

- 5 600 9 1350

- 6 1200 12 750

- 11 1650 17 1200

- 25 600 26 750

Total installed Capacity - 5400 kVAr 5250 kVAr

Losses 1766.2 kW 767.957 kW 772.08 kW
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Figure 3. Convergences of the ASABT and SABT for solving scenario 1.

To depict the voltage profile across the system, Figure 4 displays the voltage magni-
tudes with and without the capacitors installed on all buses. As can be seen, the magnitudes
of the voltages have improved across the system, with the minimum voltage at bus 27 rising
from 0.642 PU to 0.9008 PU, giving an improvement of 40.22%.

To extend the study by comparisons with several other recent algorithms, Coati [31],
OOA [32], and DA [33] are implemented in addition to the proposed ASABT and SABT
methods. Figures 5–7 display the best, mean, and worst losses obtained by Coati, DA,
ASABT, SABT, and OOA for scenario 1 and the improving percentage compared to ASABT;
Figure 8 depicts their standard deviation. As shown, the proposed ASABT shows superior
outcomes compared to the others in finding the least four metrics. On the level of the
standard deviation of the obtained losses, the proposed ASABT shows an improvement of
29.18% compared to Coati, 49.58% compared to DA, 14.58% compared to SABT, and 48.02%
compared to OOA.

4.1.2. Second Scenario

In this scenario, the suggested ASABT is employed as opposed to the conventional
SABT for optimizing PV units and shunt capacitors to minimize the energy losses during
the day. Thus, the hourly variations in loading as a percentage of the peak loading condition
are considered, as displayed in Figure 9.
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The proposed ASABT and the conventional SABT are applied for this scenario and the
optimal placement and sizes of both the PV units and the capacitors are shown in Table 2.
The proposed ASABT selects five buses at 6, 10, 21, 25, and 29 to install PV units with sizes of
974, 559, 445, 726, and 497 kW, respectively. At the same time, it selects five buses at 7, 8, 14,
16, and 25 to install capacitors with sizes of 1363, 219, 1077, 1469, and 897 kVAr, respectively.



Mathematics 2024, 12, 625 11 of 22

In this regard, Figure 10 displays the hourly PV generation variation at the selected buses
using the proposed ASABT. Based on the obtained results using the ASABT, the energy
losses are reduced from 26,227.31 to 10,554 kW/day, with a high reduction of 59.75%
compared to the initial case. In comparison to the standard SABT, the proposed ASABT
achieves a reduction of 4.26%, where the SABT acquires energy losses of 11,024.55 kW/day.
Also, based on the PV units and the capacitors selected via the proposed ASABT, the daily
supplied energy is greatly reduced from 121.785 MW to 84.66 MW, with a reduction of
30.48% compared to the initial case. In this regard, based on an emission coefficient of
910 kgCO2 for each MW production [37], the emissions produced from the substation
are greatly reduced from 110,823.886 kgCO2 to 79,189 kgCO2 with a reduction of 28.54%
compared to the initial case.

Table 2. The obtained capacitors locations and sizes arranged by the ASABT and SABT for the
second scenario.

Algorithms Initial Proposed ASABT SABT

Parameters - Location (node) Size Location (node) Size

Allocation of PV distributed units

- 6 974 kW 12 521 kW

- 10 559 kW 15 546 kW

- 21 445 kW 16 453 kW

- 25 726 kW 29 563 kW

- 29 497 kW 37 738 kW

Allocation of capacitors

- 7 1363 kVAr 10 1696 kVAr

- 8 219 kVAr 11 869 kVAr

- 14 1077 kVAr 18 966 kVAr

- 16 1469 kVAr 23 1390 kVAr

- 25 897 kVAr

Energy losses/day (kWday) 26,227.3096 10,554 11,024.55275

Mathematics 2024, 12, x FOR PEER REVIEW 11 of 22 
 

 

The proposed ASABT and the conventional SABT are applied for this scenario and 
the optimal placement and sizes of both the PV units and the capacitors are shown in Table 
2. The proposed ASABT selects five buses at 6, 10, 21, 25, and 29 to install PV units with 
sizes of 974, 559, 445, 726, and 497 kW, respectively. At the same time, it selects five buses 
at 7, 8, 14, 16, and 25 to install capacitors with sizes of 1363, 219, 1077, 1469, and 897 kVAr, 
respectively. In this regard, Figure 10 displays the hourly PV generation variation at the 
selected buses using the proposed ASABT. Based on the obtained results using the 
ASABT, the energy losses are reduced from 26,227.31 to 10,554 kW/day, with a high re-
duction of 59.75% compared to the initial case. In comparison to the standard SABT, the 
proposed ASABT achieves a reduction of 4.26%, where the SABT acquires energy losses 
of 11,024.55 kW/day. Also, based on the PV units and the capacitors selected via the pro-
posed ASABT, the daily supplied energy is greatly reduced from 121.785 MW to 84.66 
MW, with a reduction of 30.48% compared to the initial case. In this regard, based on an 
emission coefficient of 910 kgCO2 for each MW production [37], the emissions produced 
from the substation are greatly reduced from 110,823.886 kgCO2 to 79,189 kgCO2 with a 
reduction of 28.54% compared to the initial case. 

Table 2. The obtained capacitors locations and sizes arranged by the ASABT and SABT for the 
second scenario. 

Algorithms Initial Proposed ASABT SABT  
Parameters - Location (node) Size Location (node) Size 

Allocation of PV distributed units 

- 6 974 kW 12 521 kW 
- 10 559 kW 15 546 kW 
- 21 445 kW 16 453 kW 
- 25 726 kW 29 563 kW 
- 29 497 kW 37 738 kW 

Allocation of capacitors 

- 7 1363 kVAr 10 1696 kVAr 
- 8 219 kVAr 11 869 kVAr 
- 14 1077 kVAr 18 966 kVAr 
- 16 1469 kVAr 23 1390 kVAr 
- 25 897 kVAr   

Energy losses/day (kWday) 26,227.3096 10,554 11,024.55275 

 
Figure 10. Hourly PV generation variation at the selected buses using the proposed ASABT. Figure 10. Hourly PV generation variation at the selected buses using the proposed ASABT.

Additionally, Figure 11 depicts the obtained hourly losses based on the PV units and
capacitors allocated by the SABT and the proposed ASABT and the regarding improvement
percentage. As displayed in Figure 11, based on the PV units and the capacitors selected
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via the proposed ASABT, substantial improvement in the power losses is attained in each
hour compared to the SABT. The improvement is more than 10% reduction from hour
8 to hour 16.
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In this scenario, Coati [31], OOA [32], and DA [33] are implemented in addition to
the proposed ASABT and SABT methods. Figure 12 displays their average converging
properties, while their statistical metrics are tabulated in Table 3. As shown, the proposed
ASABT shows superior outcomes compared to the others in finding the least four metrics.
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Table 3. Statistica data regarding the daily losses (kW/day) of the compared algorithms for the
second scenario.

ASABT Coati DA SABT OOA

Best 10,554.05 10,715.77 10,653.42 11,369.16 10,964.46

Improve in Best % - 1.51% 0.93% 7.17% 3.74%

Mean 10,887.33 11,663.58 11,058.18 11,889.02 11,918.46

Improve in Mean % - 6.66% 1.55% 8.43% 8.65%
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Table 3. Cont.

ASABT Coati DA SABT OOA

Worst 11,390.69 12,457.71 11,962.78 12,425.35 12,768.1

Improve in Worst % - 8.57% 4.78% 8.33% 10.79%

Standard Deviation (STd) 268.12 514.0318 332.08 293.5009 396.2263

Improve in STd % - 47.84% 19.26% 8.65% 32.33%

Compared to Coati, the proposed ASABT derives great improvement of 1.51%, 6.66%,
8.57%, and 47.84%, respectively. Compared to DA, the proposed ASABT derives great
improvement of 0.93%, 1.55%, 4.78%, and 19.26%, respectively. Compared to SABT, the
proposed ASABT derives great improvement of 7.17%, 8.43%, 8.33%, and 8.65%, respec-
tively. Compared to OOA, the proposed ASABT derives great improvement of 3.74%,
8.65%, 10.79%, and 32.33%, respectively.

4.2. Second Case of the IEEE 69-Distribution Feeder

The second system has 68 lines for distribution and 69 nodes. A connected one-line
diagram using a standard voltage of 12.66 kV is shown in Figure 13. For the nominal
load condition, the sums of the real (kW) and reactive (kVAr) are 3802 kW and 2694 kVAr,
respectively [38].
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4.2.1. First Scenario

For the capacitor allocation on the second inspected feeder, the suggested ASABT is
employed as opposed to the conventional SABT in order to cut down on power losses. The
results of the ASABT and SABT for capacitor allocation are shown in Table 4. This table
shows the capacitor allocations with installed buses of 11, 18, 49, and 61 gained by the
suggested ASABT, with corresponding sizes of 300, 300, 600, and 1200 kVAr, respectively.
The SABT method, on the other hand, installs sizes of 450, 1650, 300, 900, and 600 kVAr
for five buses at 19, 28, 46, 57, and 62, respectively. Figure 14 displays the convergence
properties of both the ASABT and SABT for solving this scenario. The power losses in the
system without inserting capacitors were 224.94 kW. According to this figure, the SABT
method reduces power losses to 153.06 kW, whereas the suggested ASABT reduces them to
144.5 kW. As a result, the suggested ASABT outperforms the SABT in minimizing power
losses by 5.61%. Additionally, from Table 1, the suggested ASABT defines 2400 kVAr
based on the total installed capacity of the capacitors, but the SABT approach allocates a
higher capacity of 3900 kVAr. In comparison to the SABT, the proposed ASABT exhibits a
considerable 38.46% drop in device capacity.

Table 4. Obtained capacitors locations and sizes by the ASABT and SABT for the third scenario.

Algorithms Initial Proposed ASABT SABT

Parameters - Location (node) Size (kVAr) Location (node) Size (kVAr)

Allocation of Capacitors

- 49 600 57 900

- 11 300 28 1650

- 18 300 19 450

- 61 1200 46 300

- 62 600

Total installed Capacity - 2400 kVAr 3900 kVAr

Losses 224.94 kW 144.449 kW 153.064 kW
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Figure 14. Convergences of the ASABT and SABT for solving scenario 3.

To display the voltage profile over the system, Figure 15 shows the voltage magni-
tudes with and without installing the capacitors at all the buses. As shown, the voltage
magnitudes are improved all over the system where the minimum voltage at bus 65 with
0.9029 PU is increased to 0.9308 PU, with improvement of 2.38%.
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Along with the suggested ASABT and SABT approaches, Coati [31], OOA [32], and
DA [33] are applied to broaden the study through comparisons with a number of other
contemporary algorithms. They are carried out 20 times in total. Coati, DA, ASABT,
SABT, and OOA’s best, mean, and worst losses for scenario 3 are shown in Figures 16–18,
along with the percentage improvement above ASABT, and their standard deviation is
shown in Figure 19. As can be shown, the proposed ASABT outperforms the others in
discovering the fewest number of metrics. The proposed ASABT exhibits an improvement
of 87.9% compared to Coati, 63.55% compared to DA, 83.64% compared to SABT, and
91.87% compared to OOA on the level of the standard deviation of the acquired losses.
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4.2.2. Second Scenario

In this scenario, the suggested ASABT is employed as opposed to the conventional
SABT to optimize the placement and sizes of PV units and shunt capacitors, aiming to
minimize energy losses throughout the day. Table 5 illustrates the optimal configurations
obtained using both the proposed ASABT and the conventional SABT. The results obtained
from the ASABT demonstrate a substantial reduction in energy losses from 3784.568 to
1359.819 kW/day, achieving a remarkable reduction of 64.07% compared to the initial case.
In contrast, the standard SABT yields energy losses of 1660.33 kW/day. Furthermore, by
employing the proposed ASABT to determine the PV unit and capacitor configurations,
the daily supplied energy decreases significantly from 79.432 MW to 60.03 MW, resulting
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in a reduction of 24.43% compared to the initial case. Consequently, based on an emission
coefficient of 910 kgCO2 for each MW production, the emissions generated from the
substation are greatly reduced from 72,283.328 kgCO2 to 54,627.009 kgCO2 compared to
the initial case.
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Table 5. Obtained capacitors locations and sizes by the ASABT and SABT for the fourth scenario.

Algorithms Initial Proposed ASABT SABT

Parameters - Location (node) Size Location (node) Size

Allocation of PV distributed units

- 10 141 kW 34 252 kW

- 58 292 kW 45 46 kW

- 61 911 kW 57 957 kW

- 62 426 kW 58 923 kW

- 64 764 kW 64 524 kW

Allocation of capacitors

- 2 1328 kVAr 4 349 kVAr

- 14 97 kVAr 5 1811 kVAr

- 36 465 kVAr 29 1522 kVAr

- 61 936 kVAr 63 897 kVAr

- 67 409 kVAr

Energy losses/day (kWday) 3784.568 1359.819638 1660.336971

Additionally, Figure 20 provides a visual representation of the hourly losses observed
in the initial case and with the implementation of the proposed ASABT. As depicted
in Figure 20, substantial improvements in power losses are achieved in each hour when the
PV units and capacitors are selected using the proposed ASABT, particularly exhibiting a
reduction of over 75% from hour 8 to hour 16 compared to the initial case. Comparing the
obtained hourly losses between the SABT and the proposed ASABT, Figure 21 illustrates
significant enhancements in power losses for each hour when employing the proposed
ASABT, with an average percentage improvement of 24.2% compared to the initial case.
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In this scenario, Coati [31], OOA [32], and DA [33] are implemented in addition to
the proposed ASABT and SABT methods. Figure 22 displays their average converging
properties while their statistical metrics are tabulated in Table 6. As shown, the proposed
ASABT shows superior outcomes compared to the others in finding the least four metrics.
Compared to Coati, the proposed ASABT derives great improvement of 23.31%, 32.65%,
26.11%, and 29.70%, respectively. Compared to DA, the proposed ASABT derives great
improvement of 5.41%, 12.85%, 1.69%, and 7.76%, respectively. Compared to SABT, the
proposed ASABT derives great improvement of 30.07%, 38.54%, 28.97%, and 9.37%, respec-
tively. Compared to OOA, the proposed ASABT derives great improvement of 18.22%,
24.20%, 34.05%, and 50.43%, respectively.
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Table 6. Statistica data regarding the daily losses (kW/day) of the compared algorithms for scenario 4.

ASABT Coati DA SABT OOA

Best 1359.819638 1773.137807 1437.588624 1962.268971 1662.829212

Improve in Best % - 23.31% 5.41% 30.70% 18.22%

Mean 1544.719253 2293.56277 1772.556797 2513.562926 2037.824553

Improve in Mean % - 32.65% 12.85% 38.54% 24.20%

Worst 2101.829729 2844.682706 2138.020503 2959.183888 3187.036325

Improve in Worst % - 26.11% 1.69% 28.97% 34.05%

Standard Deviation (STd) 204.3140806 290.6380761 221.5006561 225.4343624 412.1774451

Improve in STd % - 29.70% 7.76% 9.37% 50.43%
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4.3. Discussion

The simulation results demonstrate the effectiveness of the proposed ASABT in op-
timizing PV sources and shunt capacitors for energy efficiency improvement in distribu-
tion systems. The proposed ASABT derives great superiority over different compared
techniques considering both a practical Egyptian distribution system and the standard
IEEE 69-node systems. Two scenarios are investigated. The first one deals with the alloca-
tion of shunt capacitors only to minimize the power losses while the second one handles
the allocations of simultaneous PV units and shunt capacitors to minimize the energy losses
considering the variations in load and PV power productions.

4.3.1. Major Achievements

The proposed ASABT consistently outperforms the conventional SABT in minimizing
both power losses and energy consumption across various scenarios and distribution
feeder configurations. First, a practical Egyptian distribution system is considered. The
results of the simulation show that the suggested ASABT has a significant 56.4% decrease
in power losses over the original scenario using the capacitors only. Additionally, the
voltage magnitudes have improved across the system, with the minimum voltage showing
a notable 40.22% improvement. By incorporating PV units in addition to the capacitors,
the energy losses are reduced from 26,227.31 to 10,554 kW/day with significant reductions
of 59.75% and 4.26% compared to the initial case and the SABT, respectively. Also, the
emissions produced from the substation are greatly reduced from 110,823.88 kgCO2 to
79,189 kgCO2 with a reduction of 28.54% compared to the initial case. Second, the standard
IEEE 69-node system is added to the application. Comparable results indicate that ASABT
significantly reduces power losses (5.61%) as compared to SABT. Additionally, the voltage
magnitudes have improved throughout the system, with the minimum voltage showing
a notable improvement of 2.38%. By incorporating PV units in addition to the capacitors,
the results obtained from the ASABT demonstrate a substantial reduction in energy losses
from 3784.568 to 1359.819 kW/day, achieving a remarkable reduction of 64.07% compared
to the initial case. Consequently, the emissions generated from the substation are greatly
reduced from 72,283.328 kgCO2 to 54,627.009 kgCO2 compared to the initial case. For both
investigated systems, the proposed ASABT outcomes are compared with Coati optimization
algorithm, the Osprey optimization algorithm (OOA), the dragonfly algorithm (DA), and
the SABT methods, where the proposed ASABT shows superior outcomes especially in the
standard deviation of the obtained losses.

4.3.2. Difficulties and Challenges

The study acknowledges that the proposed ASABT involves enhanced mechanisms, in-
cluding collaborative learning and an adaptive constriction factor. The increased complexity
may pose challenges in terms of computational efficiency and implementation in large-scale
real-time systems. Also, the optimization of algorithm parameters, such as the number of
search agents and maximum iterations, could be challenging. Fine-tuning these parameters
for different distribution scenarios may require additional computational efforts.

4.3.3. Limitations

The study primarily focuses on minimizing power losses and energy consumption as
single objectives. Future research could explore multi-objective optimization to address
conflicting goals and trade-offs more comprehensively. The findings, although promising,
are based on simulation results. Real-world validation on operational distribution systems
would provide more concrete evidence of the algorithm’s practical applicability.

4.3.4. Suggestions for Future Research

• Extending the ASABT algorithm to handle multiple objectives, such as economic cost,
reliability, and environmental impact, would enhance its practical utility and relevance.
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• Conducting field trials and implementing the ASABT in operational distribution
systems would validate its effectiveness in real-world conditions and provide insights
into its scalability.

• Exploring the integration of ASABT with emerging technologies, such as machine
learning and advanced control systems, could further enhance its adaptability to
dynamic and evolving distribution environments.

5. Conclusions

In an effort to enhance search capabilities, this study introduced an improved version
of the augmented subtraction-average-based technique (ASABT), incorporating a shared
learning mechanism that is reliant on the best solutions. The developed ASABT method-
ology specifically focuses on minimizing energy dissipation losses in power distribution
systems through the optimization of photovoltaic (PV) distributed generation and shunt
capacitors. This optimization is crucial for maximizing energy efficiency in power dis-
tribution networks globally. The results of the study offer several notable benefits in a
global context:

• Energy efficiency: the optimized approach, as demonstrated by the enhanced ASABT algo-
rithm, contributes to minimizing energy dissipation losses in power distribution systems.

• Environmental impact: the incorporation of PV distributed generation and shunt
capacitors not only reduces power losses but also results in a substantial decrease in
associated CO2 emissions.

• Applicability across systems: the study’s findings, validated on both a practical Egyp-
tian distribution system and the standard IEEE 69-node system, highlight the algo-
rithm’s versatility and applicability across diverse distribution network configurations.

• Competitive optimization approach: the comparative assessment with the Coati op-
timization algorithm, the Osprey optimization algorithm (OOA), and the dragonfly
algorithm (DA) demonstrates the competitive performance of ASABT. Its effectiveness
in minimizing power losses and improving voltage profiles positions it as a reliable
and competitive optimization approach applicable to a wide range of power system
scenarios globally.

• Potential for integration: the incorporation of PV units in addition to the capacitor
banks led to significant reduction in the grid power supply and substantial decrease
in the associated CO2 emissions. However, the emissions were not taken into consid-
eration as a mathematical target. Therefore, it is recommended that is it formulated as
another objective function or additional constraint in future work.
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