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Abstract

The growing interest for researches that focus on renewable energies, as
well as the increase in funding for this sector, is thanks to the advantages of
renewable energy namely the reduction of environmental impacts and their
great reliability. However, to maintain the correct operation of the electrical
grid and its quality, it is essential to study the impacts that these generating
sources have on the electrical system. The present research paper presents
a novel methodology that considers the optimal allocation of photovoltaic
distributed generation, capacitor bank, and fault current limiters reactors
in distribution feeders, whose purpose is minimizing simultaneous the short-
circuit current, active losses and harmonic distortion rate of distribution
feeders. For this, a Multi-objective Gray Wolf Optimize has been applied
and tested in three different distribution feeders. The result demonstrated
that during the entire optimization process, the greatest reduction of the
analyzed parameters, which are losses, harmonic distortion rate and short
circuit current are associated with the location and number of devices that
are allocated in the system.
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1. Introduction

Due to the growing demand for energy and greenhouse gas emissions,
countries around the world are implementing targets to reduce pollutants,
through improved energy efficiency and increased production of clean energy
[1]. It is important to highlight the increase in the implementation of dis-
tributed generation (DG) technologies, which provide energy efficiently and
are dispersed throughout the system. DG can provide several advantages to
the electrical system, such as reducing power loss due to the proximity be-
tween load and generation, improving power quality, reducing voltage drop,
improving the voltage profile and increasing the reliability of the power sys-
tem [2].

In addition, Photovoltaic (PV) energy is variable because it leans on
intermittent meteorological parameters which basically are solar radiation
and ambient temperature [3]. Therefore, using PV energy as power source
can produce problems in the power grid related to short-circuit currents,
voltage profile, reducing the power factor, loading, harmonic distortion rate
and power losses [4], [5]. Aforementioned problems can arise in particular in
the case of bidirectional plants namely distributed grids (DGs), in which there
exists interchange of power between the energy sources. This possibility may
have significant implications in terms of electrical grid voltage and frequency
while compromising the protection system reliability which is not configured
for this type of scenario. Moreover, the problem may be worse since the
penetration of active power affects the grid voltage by rising it, while reactive
power consumption can cause voltage drops. Therefore, the use of larger DG
units should be accompanied by an adequate voltage and frequency control
to ensure that maximum and minimum service voltage and frequency limits
are met [6], [7].

The integration of the DGs in the electrical grid can also affect the protec-
tion devices since they may generate variation in the feeders fault currents,
which implies the operation variation of the over current relays, causing them
to operate differently and compromising the reliability and selectivity of the
protection system [8].

Moreover, the insertion of DGs may increase harmonic distortion that lead
to higher temperatures in neutral conductors and distribution transformers.
This is considered harmful for electrical devices since it reduces their lifespan
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and damages the power grid [9].

In addition to the study of the effects of the DGs on the grid voltage
and frequency and harmonics distortion, it is also important to analyze the
behavior of the power system equipped with capacitors banks (CBs) and
fault current limiters (FCLs). In fact, the use of CBs in distribution system is
relevant to reduce power losses, ensure voltage stability and relocate some of
the power system capacity. Hence, it is important to highlight the relevance
of choosing properly the number and the location of CBs in the electrical
grid [10].

By the same token, the design of power systems should take into ac-
count the short circuit cases and therefore cope with these cases and operate
safely [11]. As it has previously been discussed, since PV plants generate
variable electrical power, short-circuit current can rapidly exceed safe levels.
Consequently, the use of limit fault current is crucial.

Thus, to mitigate the possible problems that may occur by the use of DGs,
this research paper studies a proposal for the simultaneous optimal allocation
of capacitor banks and fault current limiters in the electrical grid equipped
with PV plants. The aim is to minimize simultaneously the short-circuit
current, active losses and harmonic distortion rate of distribution feeders.

1.1. Related Works

In general, there are research works that studied the allocation of the
DGs and the use of the aforementioned devices in the electrical grid, but
separately. For example, in Al-Ammar et al. [10], the paper dealt with the
allocation of CBs in the electrical grid of 15 and 33 nodes of the IEEE using
the multi-objective optimization using the bee screening algorithm. More-
over, the research work carried out by Rahiminejad et al. [12] focused on
the allocation of DGs and CBs, as well as the reconfiguration of distribution
grids to minimize the active power losses and maximize the electrical grid
reliability. However, regarding the optimization based on the cost reduc-
tion, the research work presented by Ouali and Cherkaoui [13] proposed a
new methodology for the optimal investment in DG, based on the optimal
allocation of DGs and CBs to alleviate the constraints of the grid voltage
and reduce the cost of interconnecting renewable sources in medium voltage
grids.

In Bayat and Bagheri [14], the authors proposed a new and simplified
heuristic method for optimal allocation of DGs and CBs. The obtained re-
sults show that the approach presents optimal solution in a short time, in
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addition to the possibility to apply it to large distribution plants. Moreover,
in Ouali et al. [15] and Augusto et al. [16] optimization is used to minimize
the system reconfiguration costs. Shaheen and El-Sehiemy [17] used the im-
proved gray wolf algorithm to allocate DGs, CBs and voltage regulators with
the aim to minimize the costs of coordinated equipments, maximizing the
benefits arising from reduced energy losses and energy purchase. In addi-
tion, Venkatesan et al. [18] used a hybrid optimizer for optimal placement
and sizing of DGs and CBs. Indeed, the proposed hybrid method has a high
speed of convergence fulfilling an enhancement in the results in the different
conflicting objectives.

A coordinated allocation methodology of DGs considering their uncer-
tainties, CBs and soft open points in distribution networks using the bi-level
programming model is presented in Zhang et al. [19]. The allocated equip-
ment helped reduce energy losses and improve voltage profiles. In Quadri et
al. [20] a comprehensive teaching learning-based optimization is presented
for the optimal allocation of DGs in radial distribution systems to improve
network loss reduction, voltage profile, and annual energy savings. Single and
multi-objective formulations are considered and simulated in three IEEE test
networks. Mouwafi et al. [21] presents a two-stage procedure to determine
the optimal sizes and locations of GDs and CBs considering single-objective
and multi-objective functions. In stage-1 it selects candidate bars and in
stage 2 it uses the chaotic bat algorithm to find the sizes and locations of
DGs and CBs. The results show the superiority of the proposed procedure
to reduce the real total power loss and improve the voltage profile concerning
the literature.

In Naderipour et al. [22], the authors studied the allocation of CBs in
a microgrid with DG and different load levels. In fact, in this paper, the
objective function included minimizing the cost of energy losses, peak power
losses and the cost of capacitors. Indeed, the algorithm used allowed the
losses to be reduced and the voltage profile to be enhanced during injection
and non-injection of reactive power. In addition, in Pereira et al. [23], Ge-
netic Algorithm (GA) is used for the optimal positioning of DGs and CBs
based on technical and economic parameters. In order to preserve the horo-
seasonal and stochastic nature of the wind and solar energy dependency, the
methodology applied used a model that involves the sequential Monte Carlo
method and the diagonal band Copula model. Indeed, the algorithm demon-
strated a reduction of up to 73.4% in the analyzed feeders, with adequate
voltage levels and a return on investment of 7 years.

4
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In Hamidi and Chabanloo [24], the paper focused on allocating and siz-
ing fault current limiters using the GA to reduce losses and the negative
impacts of DGs. The proposed method was implemented in two test grids
and the obtained results demonstrated the efficiency of the method used.
Additionally, Mahmoudian, Niasati and Khanesar [25] determined the opti-
mal number and allocation of FCLs to improve the power grid reliability and
fault current reduction. The IEEE 39 and IEEE 57 Bus system were con-
sidered to evaluate the effectiveness and feasibility of the proposed method.
However, El-Ela et al. [26] studied the possibility of the optimal allocation
of different types of DGs units correlated with FCLs to minimize the power
losses, reduce the fault currents in the grid with size savings of the installed
FCLs. The proposed methodology is studied in 3 systems and acceptable
power losses and failure level reduction are achieved for both normal and
faulty operating conditions.

1.2. Contributions

Given the aforementioned state of the art, it is possible to verify that
there is no available studies that include the allocation of DGs, CBs and
FCLs simultaneously intending to minimize losses, harmonic distortion and
short-circuit current. Thus, this research paper presents a novel methodology
whose purpose is allocating the optimal number and place of DGs, CBs
and FCLs using the Multi-objective Grey Wolf Optimizer (MOGWO). After
the optimization procedures, the distribution network operator can choose,
through the Pareto curve, the most appropriate operating configuration for
the feeder, i.e, the application of this new approach can improve the planning
and operation of the electrical system performance, which is verified by the
validated simulation of three study case using IEEE grid test. A preliminary
study has been performed by some authors of this paper [27]. Figure 1 shows
the system description adopted in this paper.

The methodology developed in the paper is performed as follow: first,
software OpenDSS is used to model the electrical grid and MATLAB to apply
the optimization of the system. Then, during the simulation process, some
grid changes are applied using MATLAB. Then, the corresponding results
are simulated in OpenDSS with the purpose of quantitatively identify the
impacts of the aforementioned devices (DGs, CBs and FCLs) on generating
losses, harmonic distortion rate and short-circuit current.
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Figure 1: Example of the IEEE 13 bus system with PVs, CBs and FCLs installed.

1.83. Article Structure

This paper is structured in 6 sections. First, section 1 presents the in-
troduction, the related work, and the research contributions. In section 2,
the theoretical foundation of the topic discussed in this article is set out.
Then, sections 3 and 4 present the methodology and define key parame-
ters for modeling and simulation of the studied systems, in addition to the
problem formulation and the optimization model used. The results of the
performed simulations and the corresponding discussions are presented in
section 5. Finally, the conclusions of the work are presented in section 6.

2. Theoretical Foundation

This section studies the theoretical foundation, highlighting the impact
of DG, CBs and FCLs insertion on the electrical power system.

2.1. Impacts of the Distributed Generation

DG can be implemented with renewable and non-renewable generation.
Moreover, it can be connected to the grid or operate autonomously. In fact,



O J oy Ul W N

OO U UGG O BB B DEDASEDLDDEDNWWOWWWWWWWWWNNNRNONNRNONNNONNNONNR R R PR R PR Re
OB WNROWVWOJdJNTNEWNRPROWVWOJANNBEWNROO®®AIdAATAWNROW®O-JAU®WNROWOWTJONU S WNRF O WO

the introduction of DG into the distribution system can significantly affect
the power flow of the electrical grid, which can be both positive or negative,
depending on the operational characteristics of the distribution system and
the characteristics of DG [28]. The following aspects can be highlighted: the
system capacity, the power quality, the protection, the voltage regulation,
the losses, and the short-circuit current.

With the insertion of DG in the system, the amount of the power that
travels through cables, power lines and transformers in the network increases.
However, transformers suffer the most from this increase in the power capac-
ity of the system [29] since that the power flow becomes bidirectional. In
these new working conditions, the transformer is strained due to the reverse
power flow.

In terms of the power quality, the insertion of DG can negatively affect
the power system since frequency is one of the most important and sensitive
parameters related with the power quality. Moreover, since there is a strong
dependency between power and frequency, the installation and connection
of DG to the grid will directly affect the frequency of the power system.
In addition, DG can be a source of harmonics in the grid which can be
either from the generation unit itself, the power electronics devices, or other
equipment [30].

Nowadays, distribution grids are equipped with protection devices which
purpose is to eliminate faults whenever they occur. However, as it has pre-
viously been discussed, the insertion of DG units increases the possibility
of having problems related with fault currents, which can be worse due to
bidirectional power flows in distribution grids and can be rose, compared to
normal conditions without DG [30]. Hence, the operation of the protection
devices should be coordinated, which means that DGs should be synchro-
nized with the grid operation [31] and recloser should be selected based on
the DG size, type and location [32].

The system efficiency is affected by the electrical line resistance. Besides,
it depends on the electrical grid topology and the loading rate [33]. In addi-
tion, DG location and capacity affects the system efficiency since when DG
is inserted into a distribution grid, this increases the power flow near to load,
which may reduce losses locally. Thus, the exceeded power is injected in the
electrical grid whenever is needed. The variation of the active power AP, at
bus k is defined by the following Eq. 1.

APkZPDk—DGkXPDGk (1)

7
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where Ppy, is the active power (W) required at bus k, DG, is the binary
variable to determine the presence of DG at bus k, Ppgy is the active power
(W) inserted by DG at bus k.

2.2. Capacitor Bank in the Electric Power System

In electrical power systems, CBs are used to enhance the reactive power
when they are connected in parallel to the load, in such a way that the
power factor is corrected and losses in the lines are decreased. However,
the connection in series is to conserve the voltage at a certain level. Eq. 2
describes the variation of the reactive power AQy, (kvar) inserted at the bus

k:

AQr = Qpr — CBy, X Qe (2)

where @) py, is the reactive power (kvar) demanded at bus k, C' By, is the binary
variable to determine the presence of C'B at bus k and Q¢ is the reactive
power (kvar) injected by C'B at bus k.

2.3. Fault Current Limiters in the Electric Power System

The purpose of using FCLs is to control the short-circuit currents levels
in the cases that they exceed the nominal levels tolerated by the electrical
grid [24]. To do so, FCLs should fulfill the following requirements: small
impedance in normal operating conditions, high impedance during short-
circuit currents cases, rapid elimination of faults with the capacity of fast
returning to the normal operating of the grid. In addition, it is important
that FLCs have good reliability during prolonged duration joined with main-
taining the good quality of the plant operation, which also means less costs
for maintenance [25], [26].

In this research paper, air-core FCLs are used thanks to their good relia-
bility when reducing short-circuit current, in addition to the existence of this
type of devices with important operation intervals. Eqs. 3, 4 and 5 describe
the calculation of the corresponding RLC impedance Zgyc.

1 )
ZRrc = (5 + J)* Xrre (3)
XRrro = ?/I;LLC (4)
RLC
8
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X
g = mLc (5)
Rprc

where Xpgrc is the reactance of the FCL, Rgy ¢ is its resistance, Qgrpc cor-
responds to its rated power, Vgpo is its rated voltage and ¢ corresponds to
its quality factor.

3. Allocation Methodology of DGs, CBs and FCLs

To quantitatively analyze the impacts that DGs, CBs and FCLs can cause
on the system losses, harmonic distortion rate and short-circuit current, a
Multi-Objective Grey Wolf Optimizer (MOGWO) implemented in MATLAB
is used in conjunction with OpenDSS software to analyze the IEEE 13, 34
and 123-node feeders. The developed methodology uses the OpenDSS soft-
ware to model the network and perform the power flow, curt-circuit, and
harmonic analyses, while MATLAB applies the system optimization. During
the simulation process, network changes are made in MATLAB and each
change is simulated in OpenDSS.

3.1. Validation of IEEE networks

Before performing the optimization step, first the validation step is carried
out by calculating the percentage error between phase voltages and the lines
current values of the modeled network which were obtained by solving the
power flow problem using OpenDSS, and the values of these parameters in
the IEEE report. Once the validation is effectuated, the power system can
undergo the necessary changes to perform the optimization.

3.2. OpenDSS Usage Methodology

OpenDSS is an electrical distribution system simulator software that op-
erates in the frequency domain, in which voltages and currents are in sinu-
soidal steady state.

3.2.1. Distributed Generation

The Photovoltaic Panel model is an aggregated model of a solar panel
model together with an inverter that is able to quickly find the maximum
power point of the panel (MPP).
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According to [34], the program execution process in the presence of the
photovoltaic panel is divided into six steps, which are described below:

Step 1 - Calculation of the output power of the photovoltaic
panel: The output power, Ppc(t), of the panel is calculated according to
Eq. 6.

Ppe(t) = Py X irrad x irradiance(t) X PToyme[Temp(t)] (6)

where: ¢ is the time interval, irrad is the base value of the radiance per
EW/m?, irradiance(t) is the value of the irradiance curve in the time in-
terval t, PToume[Temp(t)] is the value of the correction factor in the time
interval t due to temperature.

Step 2 - Inverter state check: The inverter state at the time instant
t depends on its state at the previous time instant, ¢ — 1. Therefore, Eq. 7
changes the inverter state to ON when the state at Ppc(t — 1) =0 is OFF.

%eutin x KV A

tatus(t) = ON, if Ppc >
Status(t) = ON, if Ppc > 100

(7)

where %cutin is a percentage of the inverter’s nominal power, Status(t)
indicates whether the inverter is on or off, KV A is the inverter’s power in
kVA.

Therefore, Eq. 8 switches the inverter state to OFF when the state at
P,.[t—1] > 01is ON.

%cutin x kV A
100

Status(t) = OFF, if Ppc < (8)

Step 3 - Calculation of the active power required by the inverter:
The desired active output power of the inverter, P, (), is calculated using
Eq. 9. In this step, the maximum active power limit is also verified through
the property Pmpp of the photovoltaic panel and the active power limit,
Prim(t), which results from an eventual operation of the volt-watt function

of an InvControl (C,,,) element that can control the panel.

10
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0, Status(t) = OFF
P.(t) =< Primmin(t), if Ppc(t) x EFF > Prinuin(t) 9)
Poo(t) x EFF

. % PmppXx Pmpp
min( SRR P (1), Prim(t) of Chu
PLimMin(t) = { ( 100 %me)lpxlg’rr)q))p g ( ) (10)
100

where Pr;pmarin is the minimum Active Power limit and EF'F is the efficiency
of the inverter.

Step 4 - Calculation of the reactive power required by the inverter:
The desired reactive power of the inverter, ()., is defined separately from
the active power and can be specified as a fixed kvar value or as a function
of a constant power factor. The inverter will try to keep the reactive power
value constant at the kvar value that has been specified, regardless of the

current value of the active power output.

Step 5 - Checking the inverter’s reactive power limits: The desired
reactive power after checking its limits is presented in the Eqs. 11 and 12.

i _ :zc(t>7 Zf Q:zc < ‘QLzmzt(t”
Q%cll) = { Q)]s if Qat) > [Qroman(?)] (1)
. = Qrimitne, )], if Qe < —|QLimitne, ()]
Q% cll) ‘{ QDT 1Qumn (] < Q)] (12)

Eq. 11 is used when the desired value of the reactive power, @’ , is

positive and Eq. 12, when it is negative. Furthermore, Eq. 13 and Eq. 14
present the limits of the reactive power supplied and absorbed, respectively,
as a function of the active power supplied to the grid.

07 Zf Pac<Pmm
|QLimit(t)| = %7 Zf Pmm Z Pac(t) < Pma;c (13)
kvarMax, if P,.(t) > Ppax

07 Zf Pac < Pmin
’QLimitneg (t)’ = %Zfl%y Zf Pmm Z Pac(t) < Pmax (14)
kvarMaxAbs, if P,.(t) > P

11
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Step 6 - Inverter capacity check: The maximum inverter capacity
corresponds to its power rating in kVA. Active and reactive power that are

supplied to the grid can be defined, P,.(t) = P..(t) and Quc(t) = Q7 4(t),
respectively. If the maximum capacity of the inverter is exceeded, the inverter
limits the value of |S(t)| to the maximum power value defined by the user
in the variable kV A. Therefore, the values of P, (t) and/or Q” ,.(t) must be
reduced to meet one of the following three priorities: power factor priority,
active power priority and reactive power priority.

The Eqgs. 15 and 16 present the active and reactive power values that the
inverter must supply to the grid when the inverter capacity is exceeded in

the case of power factor (PF) priority.

P..(t) = kVA X |PF| (15)
Qac(t) = kVA X V1 — PF? x Signal(PF) (16)

Eq. 17 presents the new reduced reactive power value that is delivered to
the circuit when the inverter capacity is exceeded in the case of active power
priority. If the active power is greater than or equal to the inverter capacity,
the new active power value that is delivered to the grid becomes the kVA
rating and, therefore, the reactive power becomes null, according to Eq. 18.

Qac(t) = \/k;VA2 - Pac(t)2 (17)

Puft) = { KVA, if 1%?7(5;) > KV A (18)

Eq. 19 presents the new reduced active power value that is delivered to
the circuit when the inverter capacity is exceeded. If the reactive power is
greater than or equal to the inverter capacity, the new value of the reactive
power becomes the capacity of the inverter itself, according to Eq. 20, but
this can only happen if the inverter is capable of providing or absorbing
reactive power without any active power.

Pac(t) = \/kVA2 - Qac(t)2 (19)

12
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Quelt) = { kV A x Signal(Q”aégiz&t;f Q7 ac(t)| > kV A (20)

Finally, the apparent power supplied by the photovoltaic panel at an
instant ¢ can be written according to Eq. 21.

S(t) = Paclt) + jQuc(t) (21)

Figure 2 illustrates the irradiation curve used to model the photovoltaic
panel for the 24-hour interval. It can be seen in Figure 2 that the highest
irradiation is found at 12 hours. The irradiation has a null value in the time
interval between 0 and 6 hours and after the 20 hour mark. During fault mode
simulation, the most critical case for three-phase and single-phase faults are
always analyzed.

1 .
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Figure 2: Daily Irradiation Curve used in the methodology

3.2.2. Power Flow

The Power Flow solution method in OpenDSS works directly from the
system’s nodal admittance matrix, that is, using the system’s nodal voltages
and injected currents phasors. The elements available in the software are
categorized into three groups: control element, power delivery element (PD)
and power conversion element (PC) [35] and to find the power flow solution,

13
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the method uses an iterative fixed-point algorithm, as decribed in four steps
below.

Step 1 - Initial step: It consists of performing a direct solution of the
nodal admittance matrix, YSystem , considering that the compensation current
is null for all PC elements.

Step 2 - Calculation of compensation currents for each PC ele-
ment: OpenDSS calculates the compensation current injected by each PC
element and stores all injected currents in the vector Im] .

Step 3 - Solution for a new vector of nodal voltages: With the
updated vector of injected currents, a new solution of the system: Vnodal =
[Yiystem) 1 X finj is calculated using KL USolve, which is the solver used by
OpenDSS.

Step 4 - Convergence test: In this step, the convergence of the system
to a solution is checked. If convergence is reached, the iterative process ends
at this step. Otherwise, the system returns to steps two and three until
convergence or until the maximum number of iterations is reached. In the
default configuration, the Power Flow Solving Algorithm converges when
error; < 0.0001 V 1.

Figure 3 illustrates the load curve profile that will be used to model the
daily behavior of the network.

1.1
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>
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0.5 | | | |
5 10 15 20
Time (hour)

Figure 3: Load curve multiplier for daily simulation

The network behavior in the 24 hours time frame was used as input in the
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optimization of the losses and the harmonic distortion rate. In this study,
the impacts of the harmonic distortion rate on distributed loads will not be
analyzed, since loads have been considered, mathematically, as concentrated
loads grouped in a certain location of the power system. In addition, the
allocation of DGs, CBs and FCLs can only take place on the fixed nodes of
the network.

3.2.3. Harmonics

According to [35], in harmonic analysis the user can define several har-
monic spectra to represent harmonic sources of interest. In addition, the
software has several spectrum standards already defined. After spectrum
definition, harmonic sources can be connected to load, generator, voltage
source, current, and other power conversion elements as desired. The pro-
gram starts by running an instantaneous power flow to initialize the problem.
After that step, the harmonic sources are then initialized to the appropriate
magnitudes and phase angles for each solution.

OpenDSS allows the use of two commands for harmonic analysis: Har-
monics, which is the most suitable method when there is no time and control
action involved, and HarmonicT, which defines the harmonic solution mode
with time and control actions involved.

It is worth mentioning that in both commands there must be a successful
power flow solution so that the rotatory machines and harmonic sources can
be started. The processes of the two modes are similar, the loads are con-
verted into harmonic current sources and initialized based on the power flow
solution according to the Spectrum multiplier. Generators are converted into
a voltage source through their subtransient reactance with the voltage spec-
trum specified for each generator. Finally, the matrix Yy sten, is constructed
for each frequency and solved with injections from all harmonic sources fol-
lowing Eq. 22.

[h = szystem X Vh (22)

where: [, is the phase current a,b,c for the harmonic h and V}, is the phase
voltage at each node for the harmonic h. The THD calculations are defined
by the Eqgs. 23.
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(23)

where: [y is the total harmonic current by phase, Ir is the fundamental
harmonic component of the current and ¢ the h-th harmonic component
of the current.

3.2.4. Short Circuit

OpenDSS describes the power system by constructing its nodal admit-
tance matrix. The study of short-circuit current can occur through two
methods [36]: Fault Simulation which consists of a simulation of a specific
fault determined by the location and definition of one or more fault objects
in the feeder and Fault Study which consists of a general study of the faults
in the feeder.

The simulation of a specific fault allows the application of different types
of faults (single-phase, two-phase and three-phase, among others). Fault
simulation in Fault Simulation mode consists of applying a resistor that can
have its resistance value determined between the desired phase and the fault
point. This type of simulation also allows the application of several faults
simultaneously, which allows a more accurate study of the fault points.

In the Fault Study mode, the program builds a nodal admittance model
(Y matrix) of the system. The voltage sources are converted to Norton
equivalents and the resulting admittance is incorporated into the system Y
matrix. After building the nodal admittance model, OpenDSS solves the Eq.
24 for the phase voltages of each node:

Iinj = Y:eystem X V:) (24)

where I;,,; is the injected current and Vj, is the phase voltage at each node.

The fault study of the mode in question is based on a polyphase Thevenin
equivalent on each bus. The first step of this method is based on the calcula-
tion of the open circuit voltage vector on each bus. This is done by running
a direct solution immediately after starting the Fault Study mode.

Since the matrix Yjygen already assumes that the voltage sources are
shorted, the short-circuit matrix is determined by injecting a current of 1 +
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jO A into each bus node. Then, the short-circuit matrix, Z,. represented in
Eq. 25, is calculated for each bus, as shown in Eq. 26.

Zn Zip Zi3

Zee= | Zo1 Zon Zas (25)
Z31 Zza 33

Ye = Zs_cl (26)

The short-circuit currents, I,., are now calculated according to Eq. 27.

-[sc = }/sc X ‘/sc (27)

Eq. 27 represents the fault current of all phases of OpenDSS. These
currents are the short-circuit currents that would flow from each node if all
nodes on the bus were shorted to node 0, which represents the ground node.
Note that these currents will not be equal if the impedances are not balanced
(or the open circuit voltages are not balanced).

Finally, it is important to note that in this solution mode OpenDSS only
reports adjacent phase faults (1-2, 2-3, 3-4, etc.). It does not report failures in
phases 1-3, for example. This is a peculiarity that can eventually be changed
by using an interface with MATLAB that makes it possible to extract the
matrix Z. from OpenDSS.

4. Problem Formulation and the Optimization Model Used

This section describes the formulation of the optimization problem and
the Grey Wolf optimization method applied.

4.1. Problem Formulation

Optimization algorithms should include information related with the prob-
lem objectives and the corresponding decision variables from the one hand
and specify the constraints and problem type, from the other one. In fact,
the objective definition consists in planing the goals to be fulfilled by acting
on the decision variables. Similarly, constraints defines the limits that should
be respected by the variable values.

In this paper, same objective functions are used for grids with 13, 34 and
123 buses, while constraints are adapted for each type of the mentioned grid.
The following relations given by Eqs. 28, 29 and 30 describe the objective
functions applied for this study.
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24
Min f; = Z Loss; (28)
i=1
Min fo = mean(z THD;) (29)
j=1
Min f3 = mean(z TriFault, + Z SingFaulty,) (30)
k=1 k=1

where Loss; are the total active power losses for each time interval ¢ in hours,
used to calculate f; which is the sum of the daily losses. T'H D; corresponds
to the harmonic distortion rate of the feeder node j — th, used to evaluate fs
which is the averages of the harmonic distortion rate. n corresponds to the
number of the studied nodes network. TriFault, and SingFault, are the
three-phase and single-phase fault current, respectively at node k — th.

Constraints that correspond to each network type are described by Eqgs.
31, 32 and 33.

nepiz < 6,npcr13 < 6,npgiz < 6 (31)
nepse < 16, npcorss < 16, npgss < 16 (32)
nepizs < 63, npcrizs < 63, npgizs < 63 (33)

where ngpg, correspond to the number of CBs, npcyr, is the number of FCLs,
npap is the number of DGs used in the grid composed of z nodes. Such
maximum values (6, 16 and 63) are large enough not to reduce the search
space of the algorithm, whose values were defined after an exhaustive analysis
search was performed with multiple simulations.

The power flow and voltage limits are expressed using Eqs. 34, 35 and

36.

zn: Pisp _ zn: ‘Picalc =0 (34)
i=1 =1
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n

DQr- Qre=o0 (35)

=1

V'Z_min S V; S V;maz vz € Qn (36)

where n are the grid buses, P;), is the specified active power, P, is the calcu-
lated active power, (), is the specified reactive power, Q. is the calculated
reactive power, all of them are provided to OpenDSS, V; is the voltage at
the system bus, V™™ is the minimum voltage limit, V"% is the maximum
voltage limit and §2,, is the system bus.

4.2. Pareto Curve in Multi-Objective Optimization

Pareto optimization is a key concept in multi-objective optimization prob-
lems that is grounded on that they cannot be enhanced at the same time
[37]. In fact, [37] defines Pareto optimization as the minimization of the
n components of f, with k& = 1,...,n, of a vector function f of a vector
variable z in a universe U, where f(z) = (fi(2), ..., fn(z)). Indeed, the deci-
sion vector x, € U is Pareto optimal whenever there is no x, € U such that
v = f(x,) = (vy,...,v,) dominate u = f(z,) = (u,...,u,). Thus, there is no
z, € Usothat: Vie{l,.,n}, vy < u;, & Fie{l,..,n}, v, < u.
Hence, the set of vectors that fulfill this condition is called the Pareto-optimal
set. Moreover, the corresponding set of objective vectors is called the non-
dominated set.

4.8. Multi-Objective Gray Wolf Optimizer

Gray wolf optimization algorithm is an optimization technique that is
inspired by the hierarchy and the hunting strategy of gray wolves. According
to this algorithm, the pack of wolves represents the optimizer and the prey is
considered the solution [38]. Alpha wolf («) is the leader of the group while
the second and third leaders are beta (/) and delta (0) respectively, asked to
assist the other wolves and contribute during decision making of wolf (). As
the organization of wolves pack is hierarchical, omega (w) wolves are those
characterized by with the lowest ranking in the group. In addition, when
searching for the solution that optimizes the problem, Gray wolf optimization
algorithm adopts the same manner of wolves group when hunting. Indeed,
during the hunting stage, wolves surround the prey. This is exactly is applied
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by the Gray wolf optimization algorithm and is mathematically described by
the Eqgs. 37 and 38.

D=|C-X,(t) - X(1)] (37)
X(t+1)=X,t)—A-D (38)

where t indicates the iteration, ff, C and D are coefficient vectors, )Zp is
the position vector of the prey and X indicates the position vector of gray
wolves. Vectors A and C are calculated according to the Eqgs. 39 and 40.

A=2i-r—a (39)

C=2-1 (40)

The components of @ decrease linearly from 2 to 0 with iterations, and 7]
and 75 are random vectors ranging from 0 to 1. The Eqgs. 39 and 40 allow
the position of the wolves to be updated according to the position of the
prey. Random value vectors, 71 and 73, allow wolves to be placed in different
positions to encircle prey. The hunting stage is led by the a wolf and the
and ¢ wolves. The proposed mathematical model obeys Eqs. 41, 42 and 43.

Do =|Cy- X, - X|, Dy =|Co- X — X|, D5 = |C5 - X5 — X]| (41)

— — — — — —

1 :Xa_Al'(5a>7X2:Xﬁ_AZ'(55)7X32X5_X3'<55) (42)

X(t+1) = w

The idea here is that the wolf makes attack to the prey when this stops
moving. Indeed, this behavior is mathematically modeled by reducing the
value of @. In addition, gray wolves search for prey based on the position of
the a, f and ¢ wolves, since they are the wolves with the most importance in
the pack. In order to mathematically model diversity, the vector A is defined

(43)
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with random values greater than 1 or less than —1, to have global search
space and avoid local solutions.

According to [39], to integrate multi-objective optimization in GWO it
was necessary to include two new components in the optimization process.
The first component is a file that has the function of storing non-dominant
Pareto-optimal solutions. The second component consists of a leader selec-
tion engine that assists in choosing alpha, beta and delta solutions.

In multi-objective optimization, solutions cannot be easily compared due
to Pareto optimal concepts. However, the leader selection mechanism is
designed to deal with this problem. As described above, there is an archive of
the best non-dominated solutions that were obtained, so the leader selection
engine chooses the least congested segments of the search space and offers one
of its non-dominated solutions as alpha, beta, or delta wolves. The Algorithm
1 explains in detail the step-by-step optimization process of MOGWO.
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Algorithm 1 Multi-Objective Gray Wolves Optimizer (MOGWO)

NN NN N NN NN N D — ko b b b e e

30:
31:
32:

Initialize the wolf population X; (i = 1,2,...,population size)
Initialize vectors a, A and C

Calculation of the objective function value for each agent

Search for non-dominated solutions and update the file with them
X, = leader selection in the file

Exclude « from file, to avoid selecting the same leader

X = leader selection in the file

Exclude g from file, to avoid selecting the same leader

X5 = leader selection in the file

Add back the o and (8 in the file

t=1;
: while t < Maximum number of iterations do

for i «+ 1 to population size do
Update the position of each search agent
end for
Update vectors a, A and C
Calculation of the objective function value for each agent
Find the non-dominated solutions
Updates the file with the non-dominated solutions found
if file is full then
Reorganize the file to add the new solution
end if
if non-dominated solutions are out of file then
update the file to add the new solutions

end if
X, = leader selection in the file
Exclude « from file, to avoid selecting the same leader
Xp = leader selection in the file
Exclude g from file, to avoid selecting the same leader
X = leader selection in the file
Add back the o and f in the file
t=1t+1

end while

return the file =0

To carry out the optimization using MOGWO, it is necessary to pre-
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viously define the population size and the maximum number of iterations.
Therefore, a population of 100 wolves has been used with a maximum num-
ber of 400 iterations for networks of 13, 34 and 123 nodes. MOGWO was
chosen because it was successfully implemented in other [40] optimization
problems, which justifies its utility in this study.

4.4. Definition of Decision Variable Vectors

In this subsection, the vectors of decision variables implemented in the
coding of the power system are further explained. These vectors were divided
to achieve better simulation time and better algorithm efficiency.

4.4.1. DGs Vector

The Photovoltaic Panel used in the simulation was modeled to provide
the corresponding power to each load that is allocated to the 13, 34 and
123 nodes. During the simulation process, the optimizer checks which panels
should be activated according to the DGs vector to obtain the best result to
minimize losses, short-circuit current and harmonic distortion rate.

4.4.2. CBs Vector

For the allocation of CBs, the strategy implemented chooses a power value
of the CB between the values of 50, 100, 150, 200, 300, 400, 500, 600, 700
and 800 kvar, which are values defined in the [41] norm. The CBs that were
previously allocated to the network before optimization are kept throughout
the optimization process.

4.4.3. FCLs Vector

The strategy used for the allocation of FCLs chooses the value of the
impedance of the reactor between the values of 5, 10, 12, 15, 18, 20, 25 and
30 ohms. The optimizer selects one of the possible values of impedance for
the RLC and allocates it in the system in order to obtain a better result for
minimizing losses, short-circuit current and harmonic distortion rate.

4.4.4. Network Nodes Vector

The vectors relative to the nodes of the IEEE 13, 34 and 123 nodes were
separated into 3 groups: three-phase, two-phase and single-phase. The 34-
node network only has three-phase and single-phase nodes, whereas networks
with 13 and 123 nodes have three-phase, two-phase and single-phase nodes.
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5. Results

In this section, the results of the validation of each simulated network are
presented. Following the validation results, the results from the optimization
process with MOGWO are presented and discussed. Two points have been
chosen at the extremes of the Pareto curve generated by the MOGWO and a
point near the knee of this same curve, to show the impacts of the amounts
of DGs, CBs and FCLs that are allocated based on Pareto solutions. Fur-
thermore, the values of short-circuit current, losses and harmonic distortion
rate of the chosen points are compared with the initial values of each feeder,
before performing the optimization.

Two different hours in the available 24 hours a day range have been se-
lected to capture the power system network state under very different working
conditions. Hours chosen have been t = 5 and t = 16 (Figure 3), which rep-
resent the time of the day with lowest and highest power load, respectively.
The impact of the allocation of DGs, CBs and FCLs on the network voltage
profile of each point chosen on the Pareto curve at these hours is analyzed.

5.1. Validation of IEEE Feeds in OpenDSS

To carry out all the steps described in this study, it is first necessary to
validate the model in the software used for the simulation. To carry out the
validation, the OpenDSS software was used and the results were compared
with those available in the IEEE report [42]. Table 1 details the difference
between the values obtained in the IEEE report for the 13-node system and
the values obtained in the simulation for the voltage values. Table 2 details

the differences in current values between the report and the simulation in
OpenDSS.
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Table 1: Difference in Voltage values between the simulated network and the report pro-

vided by the IEEE.

Node Phase A Phase B Phase C
Mag Ang Mag Ang Mag Ang

650 0.01% 0.00% 0.00% 0.00% 0.00% 0.00%
632  -1.99% 0.00% 1.26% -0.07% 1.30% 0.03%
633  0.66% -1.56% 1.26% -0.02% 1.31% 0.02%
634 0.69% -2.17% -0.51% 0.34% -0.55% -0.39%
645 - - 1.28%  0.00% 1.30% 0.05%
646 - - 1.27% -0.02% 1.30%  0.08%
671  0.73% -1.89% 1.20% -0.05% 1.32%  0.02%
680 0.73% -1.89% 1.20% -0.05% 1.32%  0.02%
684  0.73% -1.50% - - 1.33%  0.02%
611 - - - - 0.56%  0.07%
652  0.73% -0.95% - - - -

692 0.73% -1.69% 1.20% -0.05% 1.31% 0.02%
675  0.74% -0.72% 1.20% -0.07% 1.32% 0.03%

Table 2: Difference in Current values between the simulated network and the report

provided by the IEEE.

2*Node Phase A Phase B Phase C
Mag Ang Mag Ang Mag Ang
RG-632 0,00% 0,00%  0.00% 0.00% 0.00% 0.00%
632-633 -0.70% 0.00% -1.33% -0.01% -1.40% 0.10%
632-645 - - -0.20% -0.17% 1.28% -1.35%
632-671 -0.76% -0.63% -1..36% -0.40% -1.01% 0.30%
633-Transf - - -1.33%  -0.01% -1.38% 0.09%
Transf-634 - - -1.32%  -0.01% -1.39%  0.09%
645-646 - - 1.28%  -0.02% 1.28%  0.05%
671-680 0.00%  0.00%  0.00%  0.00% 0.00% 0.00%
671-684 0.59% -0.20% - - -0.01%  0.35%
671-692 - - - - -1.30%  0.63%
684-611 - - - - - -
684-652 0.59% -0.20% - - - -
692-675  -0.74% -6.80% 1.58% -1.29% -1.50% 0.89%

In summary, it is important to highlight that the errors found for the
voltage and current values can be explained due to the fact that OpenDSS
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uses a different power flow calculation method than the one used in the IEEE
reports. Furthermore, each type of simulation used has a maximum number
of iterations and admits a specific error for convergence, which evidently
produces different results.

For the 34-node feeder, it is observed that the voltage values presented
similar results to the results available in the IEEE report, however, the cur-
rent values, in some cases, presented a percentage difference. This difference
is due to the fact that OpenDSS models the distributed loads at 2/3 of the
line while in the IEEE report these loads are modeled at 1/3 of the line. The
34-node network has a greater amount of distributed loads, which justifies
the increase in the percentage error in the current value at some points in
the network.

In the 123-node feeder, the percentage errors presented values very close
to zero, which shows that the modeling can simulate the 123-node network
very close to the simulation performed in the IEEE tests. The absence of
distributed loads contributed to a better percentage error of line currents
compared to the 34-node network.

5.2. Optimization Results

To evaluate the performance of the proposed methodology, three case
studies were conducted and their results were compared with the respective
Base Case results (without optimization).

5.2.1. IEEE 13-node network (Case Study 1)

Pareto curve obtained by the application of MOGWO in IEEE 13 node
network shows better performance in the knee region, which describes the
most attractive operation point [43]. For the results analysis, three points
are selected to be studied in depth: the first point is at the knee of Pareto
curve and the two other points are situated at the end of the curve (Figure 4).
Then, a comparison of these values with those obtained without performing
any optimization is detailed.

Table 3 describes the enhancements in the reduction related with THD
rate, active power losses and short current levels thanks to the application
of MOGWO. Whereas Table 4 describes the devices number distributed at
the aforementioned points on the Pareto curve.
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Figure 4: Optimization result in the 13-node Network with the chosen points.

Table 3: Comparison of values with and without optimization in the 13-node network

Without

Parameters L MOGWO
Optimization
(Case Base 1) Point 1 Reduction Point 2 Reduction Point 3 Reduction
THD (%) 11.86 4.06 65.77% 6.95 41.40% 11.26 5.06%
Loss(kW) 2199.7 1584.76 27.96% 1986.49 9.69% 2384.19 -8.39%
S. circuit(A) 45262 47326.5 -4.56% 40865.88 9.71% 37668.5 16.78%

Table 4: Devices number distributed at each selected point of Pareto curve in the 13-node
network

Devices Point 1 Point 2 Point 3

DGs 4 2 1
CBs 2 2 2
FCLs 1 1 2

Table 3 shows that there is a raise in the short-circuit current in point 1
accompanied with losses in point 3. Therefore, as shown in Table 4, although
the number of elements is similar, the places of their allocation have different
consequences in term of rate of THD, active power losses and short circuit
current.

The effect of using these devices in the case of three- phase fault current
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in the 13-bus grid is described in Figure 5.

x10%

I \Vithout optimization | |
N Point 1
[CPoint 2
[ IPoint3

Three-Phase Fault Current (A)

633 634 671 692 675 670 632 680
Bus

Figure 5: Three-Phase Fault Current of the 13-bus grid

The figure shows that the three-phase short circuit current is reduced in
all the nodes. Moreover, node 634 has the greatest reduction in fault current
compared with the other three-phase nodes of this network. This result is
detailed in Figure 6 in which the active power losses in the 13-node network
are represented during 24 hours.

Following the results described in this figure, the active losses reduction
happens between 9 hour and 18 hour for points 1 and 2. However, point 3
faces an increment in these losses since the FCLs number is higher and the
photovoltaic DGs allocated are less than in the other points.

Figure 7 describes the average harmonic distortion rate during 24 hours.
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Figure 6: Daily active power losses in the 13 IEEE node Network
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The results show that the harmonic distortion rate are reduced in the
three analyzed points in this case of grid. Exceptionally point 3 faced an
increase in the harmonics rate in node 611 and maintained it in node 645.

5.2.2. IEEE 34-node network (Case Study 2)

The Pareto curve of the 34-node feeder is represented in Figure 8, for non-
dominated solutions. Figure 8 details the three points chosen to be analyzed
and compared with the system values before optimization.

4
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Figure 8: Pareto Curve for the 34-node Network with the chosen points

The chosen points are compared with the initial values of the system.
The comparison of the optimization values with the initial values are shown
in Table 5 and Table 6 details the number of devices allocated at each chosen
point.

Table 5: Comparison of values with and without optimization in the 34-node network

Without

Parameters L MOGWO
Optimization
(Case Base 2) Point 1 Reduction Point 2 Reduction Point 3 Reduction
THD (%) 8.79 5.1 41.98% 6.966 20.75% 8.3 5.57%
Loss(kW) 4591.5 2946.41 35.83% 3981.83 13.28% 4461.48 2.83%
S. circuit(A) 43751 42322.5 3.27% 41519.59 5.10% 41240 5.74%
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Table 6: Number of devices allocated at each chosen point in the 34-node network

Devices Point 1 Point 2 Point 3

DGs 6 6 4
CBs 3 3 3
FCLs 3 5 5

The largest reductions presented in Table 5 for the analysis of losses
and harmonic distortion rate, are associated with a greater amount of DG
allocation at points 1 and 2. On the other hand, the reduction of the short-
circuit current is linked to a greater amount of FCLs allocation.

The harmonic distortion rate gets a greater reduction at point 1 due to
less amount of FCLs. This is due to the fact that the FCLs and CBs together
create a resonant circuit that causes an increase in the harmonic distortion
rate, as can be seen in points 2 and 3, which present lower harmonic distortion
rates when compared to point 1.

The amount of FCLs also influences the system losses. Losses at the point
are lower due to the lower amount of FCLs and are higher at points 2 and 3
due to the higher amount of FCLs. In view of this, it is observed that despite
the increase in losses at points 2 and 3, there was a reduction compared to
the initial values of the system.

Next, it is important to analyze the impacts that the allocation of DGs,
CBs and FCLs have on each node of the network, so Figure 9 illustrates
single-phase fault current in the 34-node network.

Figure 9 shows that some nodes obtained values higher than the initial
values, such as node 890, which obtained a greater increase in relation to
the others at point 1. It is worth mentioning that, due to the fact that the
objective function calculates the average of the three-phase and single-phase
faults in each node, it appears that the reduction of the three-phase fault
current values had a greater contribution to the minimization of the average
of the fault currents.

Figures 10 and 11 illustrate the losses and harmonic distortion rate of the
34-node network, respectively. From Figure 10 it is possible to verify that,
at some times of the day, the analyzed points presented values equal to the
initial values of the network. However, in some points it is possible to verify
that there was a greater reduction of losses in point 1 in relation to points 2
and 3, this fact is associated with the greater amount of FCLs allocated in
points 2 and 3.
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Figure 11: Average daily harmonic distortion rate on the 34-node network
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Figure 10: Daily losses on the 34-node network

Figure 11, details the harmonic distortion rate in the 34-node network
loads that are not distributed and it can be seen that in all analyzed cases
there was a reduction in the harmonic distortion rate when compared to the
initial value of the network . It is worth noting that point 1 obtained a
greater reduction than points 2 and 3.

5.2.8. IEEE 123-node network (Case Study 3)

Similarly to the simulations of Case Study 1 and Case Study 2, after
the simulation of the 123-node feeder (Case Base 3), the Pareto curve was
obtained and the three points chosen to be analyzed and compared with the
system values before the optimization are summarized in Table 7.

Table 7: Comparison of values with and without optimization in the 123-node network

Without

Parameters L MOGWO
Optimization
(Case Base 3) Point 1 Reduction Point 2 Reduction Point 3 Reduction
THD (%) 10.19 9.54 6.38% 9.63 5.51% 9.89 2.94%
Loss(kW) 1609.8 1384.48 14.00% 1391.50 13.56% 1402.63 12.87%
S. circuit(A) 532641 521819.5 2.03% 521761.59 2.04% 521703 2.05%

When analyzing the 7 Table, it is verified that there was a reduction in
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all parameters analyzed in the network. Table 8 quantitatively details the
elements that were allocated in the 123-node network for each chosen point.

Table 8: Number of Devices allocated in the 123-node network

Devices Point 1 Point 2 Point 3

DGs 19 17 10
CBs 22 24 18
FCLs 34 31 18

Losses were reduced at all analyzed points and it is noted that the smallest
reduction occurred at point 3 due to the small amount of capacitor bank
allocated at this point. At the other points, the amount of capacitor bank
allocated manages to supply the increase in losses caused by the existence
of a greater number of RLCs. Figure 12 illustrates the network losses of 123
nodes in a 24-hour period.
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Figure 12: Daily network losses of 123 nodes

Regarding the harmonic distortion rate, it is noted that at point 1 there
was the greatest reduction and at point 3 there was a smaller reduction.
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These differences are associated not only with the number of devices allocated
at each point, but also with the location of these devices throughout the
system. Figure 13 details the average daily harmonic distortion rate of the
123-node feeder nodes. From the Figure, it is possible to verify that the
average harmonic distortion rate of all nodes were reduced and, again, point
1 obtained better reductions than points 2 and 3 in all analyzed nodes. In
addition, point 3 obtained values higher than the values of points 1 and 2
in some nodes. Despite this observed difference, all points presented values
lower than the initial values of the network.

Finally, it is worth mentioning that the algorithm was tested and also
had a high performance with different load and irradiance profiles using the
same 3 IEEE test networks, i.e., showing its robustness in different scenarios.
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Figure 13: Harmonic Distortion Rate in the network of 123 after the simulation
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6. Conclusion

The correct insertion of distributed generation (DG) is important to ob-
tain all the positive impacts that these elements can provide to the system.
They can lead to reductions in losses and better energy quality indices. How-
ever, its wrong allocation can cause an increase in losses, change in short-
circuit current and harmonic distortion rate. These changes also influence the
allocation of devices such as capacitor banks and fault current limiters, which
were objects of study in this research work. So, this paper proposes a new
methodology for optimal allocation of photovoltaic distributed generation,
capacitor bank, and fault current limiters in order to simultaneously reduce
short-circuit current, losses and harmonic distortion rate through the Multi-
objective Gray Wolf Optimizer, allowed to reach satisfactory time limits to
simulate in three case study.

The results that correspond to the IEEE 13-node network show that it
is the network that obtained the best reductions in the harmonic distortion
rate, although the 4.56% increase in the short-circuit current at point 1 and
the increase of 8.39% of losses at point 3. Moreover, the 34-node network
fulfilled the best loss reductions, compared with the other studied networks.
In addition, the large amount of loads distributed in the network only allowed
the analysis of only five nodes in the simulation referring to the optimization
of the average harmonic distortion rate. Regarding the 123-node network, the
greatest reductions occurred in losses and the short-circuit current suffered
the smallest reduction when compared to the 13 and 34-node networks. It
also stood out for obtaining voltage values within the appropriate voltage
range, unlike what was observed in the 13 and 34 node networks. Finally,
following the results, the choice of the optimum number and the location of
elements allocated and deliver good operating option for the system related
with short-circuit current, losses and harmonic distortion rate.

As future work, it is envisaged to include in the modeling of the prob-
lem the allocation of protection devices in the network, the use of other
DG sources (such as wind power), the inclusion of energy storage elements
(battery banks), and the active filters to enhance THD correction.
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