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ABSTRACT

The Distribution Networks are the most widespread part of electrical power systems. Researcher
has been trying to in the solutions to reduce high energy losses associated with them due to the
low voltage level of the supply framework. Capacitors based techniques have been proposed to
reduce these losses. These techniques minimize power losses, improve stability, and enhance the
voltage profile of the distribution system under normal operating conditions. Finding optimal place
and proper size of the capacitor is still a very hot area of research. In this research work, an
innovative procedure based on the Archimedes optimization Algorithm (AOA) is presented to
solve the optimal capacitor placement as well as sizing problem to improve the voltage profile
and reduce the energy losses in the network. The suggested AOA based technique, is implemented
on IEEE 33 bus network to find the optimal locations to place the capcitors in the distribution
network. The performance of AOA is also compared with a standard model to verify the
effectiveness of the scheme. By using AOA active power losses reduced upto 23.62% and reacrive
losess by 21.86% respectively. The simulation results reveal that AOA based technique offer better
results regarding the capacitor placement for voltage profile improvement of buses and significant
reduction in active power losses as comapred to previous studies.

Key Words: Optimization, voltage, Archimedes, capacitor.

1. INRODUCITON

A distribution system, with radial structures is used to distribute power to end users. Through
connected transmission networks, the primary distribution substation gets powers from th
generating station or onwards distribution. The radial distribution system (RDS) remains a pasy
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network while transferring powers to the customers from the substations. Normally, the power
flows in RDS are unidirectional. In distribution networks R/X ratio is relatively higher than the
transmission system, which implies that the power loss in distribution network is higher as
compared to the transmission network. High R/X ratio and voltage drop results in power loss in
distribution network. In a majority of nodes, RDS experiences sudden collapses within voltage
during the time of crucial load condition owing to lower voltage stability indexes. This research
work proposes an RDS loss sensitivity factor (LSF) for every node. LSF will help to identify the
appropriate bus having high losses that will be probably optimal place for the capacitor placement.

Currently, various techniques are used whereby situating scattered resources and injecting reactive
powers through capacitor bank to obtain improvements in voltage levels and to reduce the power
loss. Though the capacitor situating method seems to be reliable, the improvement in voltage
profiles was less than desired voltage levels i.e. 1.0 p.u. Because of the passivity of RDs, it is not
reliable. This is because the distribution network is passive, which means that there is no active
control of the voltage levels. In a passive network, the voltage level at any given point in the
network depends on the load demand and the network impedance. As a result, the voltage drop
across the network cannot be controlled and may not be sufficient to compensate for the losses.
Various solutions are put forward in the recent years to incorporate electric resources on the basis
of renewable energy sources for overcoming the passivity of RDS and to improving the feasibility
of the systems along with voltage profiles.

2. LITERATURE REVIEW
In distribution networks the R/X ratio is relatively higher than the transmission system, which
implies that the power loss in distribution network is higher as compared to the transmission
network. It has been stated that 13% of the total power produced is lost as I°R losses in distribution
network [1]. And it directly impacts the cost of energy as well as imbalance in voltage profile of
the distribution feeder. Therefore, reducing distribution losses has been one of the primary
concerns in ensuring the economic and efficient operation of these systems. One approach to
reducing distribution losses is to improve the design and layout of the network to minimize the
distance between the sources and loads, reduce the impedance of the network, and improve the
power factor [1]. In the meantime, a rapid increase in load requirement generates more voltage
instability in the network. While there are several methods to reduce or overcome the losses such
as higher voltage levels, induction of capacitors, reconductoring and reconfiguration of networks.
Network reconfiguration is one of the commonly used approaches as it does not entail additional
installation of equipment and it is cost effective [2]. Distribution system reconfiguration (DS
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refers to the process of altering the physical configuration of the distribution system, typically by
adjusting the status of switches, to improve its operational performance. The main objective of
DSR is to resolve the radial operating framework of the distribution system in order to reduce
overall power loss while taking into account the operational constraints of the system. Radial
distribution systems are designed with a single power source, such as a substation, feeding a
number of branches that are not connected to each other, forming a tree-like structure. The main
disadvantage of radial distribution systems is that the further a load is located from the substation,
the more voltage drop it experiences, leading to higher energy losses and poor voltage regulation.
DSR can be used to address this problem by changing the configuration of the distribution system
so that the loads are supplied with a lower voltage drop, leading to reduced energy losses and
improved voltage regulation. This is done by changing the status of switches that control the
connection of the different sections of the distribution system, with the objective of minimizing
the overall power loss and maximizing the voltage profile. [3]. Hence the optimal amalgamation
among these two issues gets to be an important and complex problem. Within the power system
optimization domain, the most commonly used approach is to reduce distribution network losses
and improve voltage profile, by employing multi-objective optimization techniques. Then placing
the distributed generation at optimal points in the system. DG may be active or reactive power
source. To overcome reactive power losses of the distribution network, the most widely method is
capacitor bank placement in distribution network, but the major issue arises optimum placement
i.e location selection and the optimum size of the capacitor. This issue is being resolved by
optimization techniques based on multi objective functions.

Static Var compensator (SVC) is one of major device of Flexible AC Transmission (FACTS),
improves power factor and reduces reactive power losses of the RDS with Optimum Power Flow
using Artificial Bee Colony algorithm [4]. Like other devices of FACTS, STATCOM is used for
voltage profile improvement in distribution network, optimal location for placement of
STATCOM was located by using ABC Algorithm [5]. Moth-Flame Optimization was developed
for optimal placement and sizing of the capacitor in radial distribution network, gave improved
results with respect to base model [6]. Loss sensitivity method used for optimal placement
selection for capacitor placement to overcome reactive power losses, the branch with maximum
reactive losses is identified and capacitor is placed using accelerated particle swarm optimization
[7]. Instead of Newton Raphson method for power flow analysis, Forward-backward Sweep
Method (FBSM) is used for power flow analysis of IEEE-33 radial bus bar network. Plant growth
simulation algorithm (PGSA) achieved 25.36% loss reduction [8]. Sine cosine algorithm
considering power loss index for identification of optimal placement of capacitor was used
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IEEE-69 bus network, cost of generation is also considered while developing optimization
objective function [9]. . Evolutionary algorithm is tested on IEEE-34 node Algerian-Djanet
distribution system for capacitor placement and achieved 5% loss reduction comparable to base
network [10]. Loss sensitivity factor was considered for bus selection by using Flower Pollination
Algorithm (FPA) on IEEE-12 and IEEE-28 Bus network and resulted in 24.46% cost reduction
(M. & Manjappa, 2018). Genetic algorithm resulted promising results on IEEE-15 bus bar by
placing capacitor under fault conditions [11]. Particle Swarm Optimization is implemented, The
objective function was modeled to reduce the system power loss and consequently to increase the
net saving as well as voltage profile improvement. Quantum- Behave PSO (QPSO) technique is
tested on an IEEE 33- nodes test system level of a smart grid [12]. Mirjalili proposed Grey Wolf
Optimization algorithm in 2014, the algorithm was tested on IEEE-69 bus bar network with 50%
and 70% loading to optimize the size and placement of capacitor in distribution network [13].
Genetic algorithm resulted in 13.67% loss reduction and minimum voltage of network improved
from 0.8687pu to 0.9269pu [14]. Bellman-Zadeh method was used for optimal capacitor placement
and loss reduction on distribution network of Bosnia and Herzgovina , resulted in loss reduction
of 7.5% [15]. By using DigSILENT Power Factory for multi objective including cost of capacitor,
losses and voltage profile is implemented on local distribution network providing considerable
improvement [16]. Sperm Whale Algorithm integrating High voltage nd low voltage distribution
network was tested with variable power supply to achieved loss reduction of 6.281% after
capacitor bank placement with reference to basic network. [17]. Backward Forward Sweep (BFS)
integrated with PSO was implanted on IEEE-30 and IEEE048 Bus bar for optimal placement of
capacitor to reduce network losses [18]. Honey Bee Mating Optimization Algorithm was
implemented on 34 bus network and reduced losses upto 30% (Jahromi, Dehghanian, Khademi,
& Jahromi, 2021). Based on loss index method, Harmony Search Algorithm implemented on 15
bus network reduced 40% losses considering THD [19]. Genetic Algorithm resulted in 12.3% loss
reduction for 15 node test network [20].

3. Mathematical Model of Problem

Let’s consider there are two buses m and n with a distribution line having resistance Rmn and
reactance Xmn. The voltage at bus m and n is given by Vm and Vn respectively, current flowing
through the branch is Imn. Load at Bus n is connected having active load P, and reactive load QL.
the power flowing through the branch will be Pmy and Qmn respectively as shown in Fig.1
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Fig. 1 Two Bus Model Power flow[21]

Whereas B,,, is the total active while Q,,,, is the total reactive power flow through the branch
active and reactive power loss in the branch can be calculated as follow:

2 2
PLOSSpp = Ry 2t omn’) (1)

Vin

(Prmn®+Qmn®) @)

QLoSSppn = Xmn )

So, total active and reactive power flow between two nodes will be sum of active load and
reactive load and loss in the branch.

Bon = Proaa + PLOSSpp (3)

Qmn = Qroaa + QLOSSpp (4)

After substituting values, we have

(Pmn*+Qmn®)
Bon = P+ Rpp V2 (5)
(Pmn®+Qmn?)
Qmn = QL+ Xmn V2 (6)

Whereas the voltage at node n will be calculated as under:
2 2
U2 = V2 = 2(BunRomn + QunXimn) + (Ryn® + Xy ?) o)

Vi
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If network has i number of buses, than the power loss of the network can be calculated as sum of
losses between all nodes and all branches, total active and reactive power loss the system will be
called as,

PTotal loss — Z?:lof pranches Ploss,i (8)
Qrotat loss = Z?:lof pranches Qloss,i 9)
Here, the main requirement is to detect the optimal place for the capacitor placement, the
capacitor is placed at the branch having maximum reactive power loss, this is termed as Loss
Sensitivity Factor (LSF).
Candidate Busgor capacitor placment = Branch with Max (Qjoss)

(10)

Whereas,
Capacitorg;,. (Kvar) < (Qyss 0f Branch) (11)
Capacitor;,,(Farad) = S8 size (A1) - 5o v = /v (12)

Vnode

Fitness Function: Objective is to find a location for capacitor’s placement that minimize the
network losses and improve voltage profile of the system. Here, N,,. is total number of branches
in network. This is multi objective function problem given as,

A N
minimize PTotalloss = Zizbf Ploss,i
N : _ o N
Objective Function F (P,Q,V) = { minimize Qrotaiioss = 2iy Quoss,i - (13)

.. B
maximize Vaverage = (Zi:ulses Vi)/Npr

Where voltage of the nodes will remain within minimum and maximum values as given in the

equation below.

Vminimum < Vbranch < Vmaximum (14)

4. Archimedes optimization Algorithm (AOA)
This algorithm is based on famous Archimedes Principle [22]. This principle states that “When an
object is completely or partially immersed in float, the fluid exerts an upward force on the subject
equal to weight of the fluid displaced by the object”. This upward force on the object is known as
buoyancy force. This is illustrated by the given below:
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Object weight
Object mass

Displaced fluid

l

Buoyancy force = Weight of displaced water
a b

Figure 2 a An object is immersed in a fluid, and b The volume of fluid displaced [23]

Archimedes optimization Algorithm [23] was introduced in September 2020 based on Archimedes
Principle. Let we consider many objects with different shapes are immersed in a fluid of same
tank. Now the every object has its own buoyancy force. If some object is in a equilibrium state and
floating on the fluid, its means

Fbuoyancy = Wobject

Db Vp Ay = Po U, A,  Which resulted in a, = % (15)
o Yo

Here p is density, v is volume and a is acceleration associated with object and fluid.

The search space of an algorithm refers to the set of all possible solutions that can be generated
and evaluated by the algorithm to solve a particular problem. The search space can be thought of
as a multidimensional space, where each dimension represents a possible solution to the problem,
and the goal of the algorithm is to search through this space in order to find the best solution that
satisfies the problem constraints. The search space can be very large and complex, particularly for
problems that involve a large number of variables or constraints. In such cases, it is often necessary
to use heuristic search algorithms or optimization techniques to efficiently explore the search space
and identify the best solutions. Here the lower limit of dispersed fluid is Ib and upper limit is ub.
Considering lower and upper bonds the search space is created for N number of objects O. Here
Object O will be capacitor, whereas Ib and ub are the minimum and maximum size of capacitor.
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0, = lb; + rand * (ub; — lb;) whrei=1,2,..,N (16)

Initial volume and density for each i,;, object will be random, here acceleration of each object will
be calculated as

den; = rand and vol; = rand
acc; = lb; + rand * (ub; — 1lb;) @an
Density and volume of the object ith will be updated in every iteration t+1 by using equation
denf*! = den! + rand (denyes; — denf) (18)

volf*' = vol! + rand (volp.s — volt) (19)

In the beginning, collision between objects occurs and, after a period of time, the objects try to
reach at equilibrium state. This is implemented in AOA with the help of transfer operator TF which
transforms search from exploration to exploitation, defined as under:

TF = exp (Hﬂ) (20)

max

where transfer TF increases gradually with time until reaching 1. Here t and t,,,, are iteration
number and maximum iterations, respectively

Exploration Phase: If the TF is less than 0.5, it shows collision between objects, this leads to
change in acceleration of the object, mathematically given below:

denyr+ volymy+ acc
acc?“ — mr mr mr (21)

t denft+ vorftt

where den,,,,,, vol,,, ,acc,, represent the volume, density and acceleration of fluid.

Exploitation Phase: If the transfer operator is greater than 0.5, it shows no collision between the
objects, this leads to change acceleration of object by equation given below,

den + vol + acc
accf“ — best best best (22)

denft+ vorttt

where denpy.:, V0lpest ,aACCHese YEPresent the density, volume and acceleration of best object
during t+1 iteration.
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This calculation can be utilized for non-straight issues, non-ceaseless and non-differentiable space
work also. AOA can likewise work for time subordinate target capacities, multi-dimensional and
requirement improvement with punishment utilities. Along these lines, by thinking about these in
addition to focuses, we choose AOA as improvement system for the arrangement of issue which
is underestimated right now.

The overall steps or stages of AOA can be described as follows:

Step1l. Read line data, load data and execute power flow and calculate all system
parameters for without Capacitor case.
Step 2. Initialize AOA Parameters population size, number of iterations and limits.
Step 3.  Generate population by execution of power flow and calculate system parameters.
Equation 17
Step4.  Set Iteration=1
Step 5.  Update density and volume of each object, here density will candidate bus and
volume will be size of capacitor. Using equation 18 and 19
Step 6. If T.F < 0.5: In exploration phase, update capacitor location on different buses,
Compute the fitness value. Replace the old value with new one if new value is better than
old candidate bus. Using equation 21.
a. Compute the fitness function and the probability for solution.
Step7. If T.F>0.5: Exploitation stage, Using equation 22
a. For every candidate bus, select a capacitor size and depending on probability and
produce a new size of capacitors.
b. Compute the fitness value. Replace the old capacitor value with new one if new
position is better than old size.
Step 8.  Evaluate each capacitor and location and select the one with best fitness value.
Step 9.  Save the best solution in the memory.
Step 10. iteration = iteration + 1 until iteration = Maximum Iterations

5. Testing and Results
The AOA algorithm was implemented and tested in MATLAB R2020a on a laptop with an Intel
i7 8th Generation CPU 8550u 3.7 GHz processor, 8 GB RAM, 128 GB Solid State Drive M2 type,
and 64-bit Windows operating system. The algorithm was configured with a maximum of 100
iterations and a population size of 30 particles. Power flow analysis was conducted using the
Newton Raphson method and the MATPOWER Toolbox function.
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Figure 3 IEEE 33 bus bar Power Distribution Network

The Voltage Sensitivity index is used to select the appropriate bus for capacitor placement. The
IEEE-33 bus bar standard network was utilized for testing and simulation purposes. This network
consists of one slack bus and 32 PQ buses, with a total of 37 branch buses. The connectivity
diagram of the distribution network is illustrated in Figure-4 above. To demonstrate the
effectiveness of capacitor placement, simulations were conducted on the IEEE-33 network by
placing capacitors at Bus 3 and 6. The comparative change in voltage profiles of the distribution
network showed a significant increase in the average voltage from 0.9485pu to 0.9624 pu,
indicating an improvement in the voltage profile of the network. Overall, the use of the Voltage
Sensitivity index for bus selection and capacitor placement, coupled with simulations on the IEEE-
33 network, provided valuable insights into the effectiveness of capacitor placement in improving
the voltage profile of distribution networks.
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Figure 4 Voltage Comparison of IEEE 33 buses before and after capacitor placement
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Figure 5 Reactive Power Losses comparison in IEEE 33 distribution network before and after
capacitor placement
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Figure 6 Active Power Losses comparison in IEEE 33 distribution network before and after
capacitor placement

Table 1Comparitve result after capacitor placement

Base Candidate Buses | Candidate Buses ] )

0]
Parameter Model with 5% with 10% Candidate Buses with 15%
Candidate Buses - 6, 3 6,3,4,5 6,3,4,5,28
Capacitor Bank size 1.6240 ,0.4700, 2.2370, 0.2073
[MVAR] i 0.1259, 2.5559 -0.2266, -1.0605 -0.0377, -0.0991, 0.0457
Minimum Voltage 0.9131 0.9194 0.9231 0.9335
Maximum Voltage 1 1 1 1
Average Voltage 0.9485 0.9534 0.9551 0.9624
Active Loss 202.6771 178.6507 170.6793 154.8050
Percentage Active - -11.85% -15.79% -23.62%
Loss Reduction
Reactive Loss 135.141 121.8241 113.6783 105.5996
Percentage Reactive | -9.85% -15.88% -21.86%
Loss Reduction
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The impact of capacitors on distribution network losses can be seen in Figures 5 and 6. The total
active power losses were reduced from 202.6771 kW to 154.8050 kW, representing a 23.62%
reduction. The reactive power losses decreased from 135.141 kVAR to 105.5996 kVAR,
indicating a 21.86% reduction, thanks to the capacitor placements at buses 6, 3, 4, 5, and 28. The
capacitor sizes, expressed in MVAR, were calculated as 2.2370, 0.2073, -0.0377, -0.0991, and
0.0457. Capacitors placed at buses 4 and 5 absorbed reactive power, while those at buses 6, 3, and
28 delivered reactive power. If we increase the number of candidate buses for capacitor
placements, the voltage can be further improved. However, excess capacitors can result in a
massive loss of power flow in the network, violating voltage upper limits and standards. The
processing time of the system was 44.56 seconds.

6. Conclusions

The increasing population in cities and overloading of power systems have led to several problems,
including low voltage profiles and rising reactive power supply during faulty conditions. To
address these issues, this paper proposes the use of the Archimedes optimization algorithm (AOA)
to reduce distribution network losses and improve the voltage profile by placing capacitors at
optimal locations with optimum size. The proposed model was tested on the IEEE 33 Bus Network
with varying and constant loads, and the results were compared to those of the base model. The
simulation results demonstrate the significant impact of capacitor placement in reducing losses
and improving the voltage profile of the network. The AOA algorithm was successful in finding
optimal capacitor placement locations, which resulted in a reduction in active and reactive power
losses. Moreover, the voltage profile was significantly improved, resulting in more stable and
efficient power distribution. Overall, the proposed model and AOA algorithm provide a promising
solution to the challenges faced by power systems due to increasing overloading in cities. By
optimizing capacitor placements, power losses can be reduced, and the voltage profile of the
distribution network can be improved, leading to a more reliable and efficient power supply.
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