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Abstract: Currently, with the quick increase in global population, the energetic crisis, the environmen-
tal problematic, and the development of the power electronic devices generated the need to include
new technologies for supporting and potentiating electrical distributions systems; Distribution Static
Compensators (D-STATCOMs) are highly used for this task due to the advantages that this technology
presents: reduction in power loss, operation costs, and chargeability of branches, among others. The
possibility to include this kind of technology within the electrical system has shown the need to
develop efficient methodologies from the point of view of quality solution, repeatability and process-
ing times by considering operation and investment costs as well as the technical conditions of the
electrical grids under a scenario of variable power demand and then representing the real operation
of the electrical grid. With the aim to propose a solution for this requirement, this paper presents a
new Discrete-Continuous Particle Swarm Optimization (DCPSO) algorithm to solve the problem of
the optimal integration of D-STATCOMs into Electrical Distribution Systems (EDSs). In this case, the
objective function is the minimization of annual operating costs by using a weighted mono-objective
function composed of the annual power loss and the investment cost and by including all constraints
associated with the operation of an EDS in a distributed reactive compensation environmentinside
the mathematical formulation. In order to evaluate the effectiveness and robustness of the proposed
solution method, this study implemented two tests systems (i.e., 33- and 69-bus), as well as four
comparison methods, and different considerations related to the inclusion of D-STATCOMs in the
EDSs. Furthermore, for evaluating the repeatability of the solution obtained by each solution methods
used, each algorithm was executed 100 times in Matlab software. The results obtained demonstrated
that the proposed DCPSO/HSA methodology achieved the best trade-off between solution quality
and processing time, with low standard deviation values for EDSs of any size.

Keywords: D-STATCOM devices; electrical distribution networks; particle swarm optimization
algorithm; discrete continuous optimization algorithm; power loss; annualized investment costs
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1. Introduction

In recent years, the world’s population growth has generated a considerable increase
in power demand, affecting the quality of electrical services in terms of power loss, voltage
profiles, and branch loadability, among others [1]. In order to solve this problem, the
electrical sector and multiple authors have developed various Distributed Energy Resources
(DERs) that can be used to improve the operational conditions of electrical grids [2], e.g.,
voltage profiles, power loss, branch loadability, power factor, operating costs, and others.
DERs include distributed generators, energy storage systems, ultracapacitors, and D-
STATCOMs [2,3]. These technologies provide the grid with active and reactive power in
order to improve the technical, economical, and environmental indicators related to the
operation of the grid [4]. However, the positive or negative effects of these devices on the
electrical grid depend on the location and sizing of the DERs within the electrical system [5].
Therefore, the key to improving the technical and economical conditions of EDSs is to use an
optimization algorithm to solve the mathematical formulation that represents the problem
of the optimal integration of DERs into electrical grids.

The injection of reactive power into EDSs is widely used in electrical industries for
improving the operating conditions of the electrical network [6]. This technology mainly
aims to improve voltage profiles and branch loadability, as well as aiming to reduce the
power loss. The main advantage of D-STATCOMs is that they operate with power from the
grid and do not depend on external energy resources that can be highly variable during
some periods of time (e.g., photovoltaic generation and wind generation) [7]. Thus, they
reduce the impact of DERs on the electrical network in scenarios of low power generation.
This does not happen with Distribution Static Compensators (D-STATCOMs) because they
take their power from the grid and convert it from active to reactive power; afterwards,
they supply this power to the grid at specific locations and at a different power level. As a
result, they enhance the technical and economic conditions proposed by the operator or
owner of the EDS. After describing the advantages of D-STATCOMs, the purpose of this
study is to solve the problem of the optimal integration of D-STATCOMs into EDSs while
reducing annual operating costs caused by the annual power loss and investment costs
associated with D-STATCOMs.

In the literature, different authors have solved the problem studied here using commer-
cial software and open source solution methodologies based on sequential programming.
For example, ref. [8] addressed the problem of the optimal reconfiguration and allocation
of distributed generators based on photovoltaic systems and D-STATCOMs in an EDS. For
that purpose, they proposed a combination of a fuzzy multi-objective approach with three
metaheuristic optimization algorithms: a genetic algorithm, a particle swarm optimization
algorithm, and an ant colony optimization algorithm. They used three objective func-
tions: voltage profile improvement, power loss reduction, and branch loadability reduction
through a weighted mono-objective function. The problem with this solution methodology
is that it excludes the variation in power generation (associated with PV systems) and
power demand (associated with users). Consequently, its results cannot represent a real
solution for the authors because the behavior of sunlight and the users varies significantly
throughout the day. In addition, their paper does not present an analysis of the repeata-
bility of and processing times required by the different hybrid methodologies they used.
Another study [9] presented a solution to the problem of optimal location and sizing of
D-STATCOMs in EDSs to reduce the power loss. In it, the power loss cost was analyzed
with and without D-STATCOMs in electrical grids. As a result, the authors proposed an
index vector method for radial distribution networks considering the reconfiguration of the
network. They compared their results with those of optimization techniques reported in
other studies and demonstrated the effectiveness of the proposed methodology. However,
in that paper, they did not analyze the convergence or processing times of the solution meth-
ods. In [10], the authors solved the problem of the optimal integration of D-STATCOMs
in electrical distribution systems by considering a techno-economic index as the objective
function and by using the gravitational search algorithm as the solution algorithm. The
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results obtained in the 33-bus test systems demonstrate the effectiveness of the solution
proposed but does not compare the results obtained with other works reported in the
literature. Furthermore, they did not analyze the processing time required by the solution.
By using the same test systems, the authors of [11] evaluated a solution methodology that
used an improved version of bald eagle search optimization algorithms for solving the
problem studied here and by using the reduction in power loss as the objective function.
The results obtained showed superior computational characteristics than all compared
works, by demonstrating that the integration of D-STATCOMs in the electrical grid caused
significant loss reduction, voltage profile improvement, and voltage stability enhancement.
However, in this paper, the processing times and repeatability of the solution used were not
analyzed. Finally, in [12], a discrete-continuous version of the vortex search algorithm was
proposed, which allowed a reduction in the complexity of the problem of optimal location
and sizing of distributed energy resources in electrical distribution systems. The authors
used two optimization solvers from GAMS (i.e., COUENNE and BONMIM) to make a
comparison. The results they reported demonstrate the effectiveness of the proposed
method, as well as its adequate convergence and solution quality in relation to the two
GAMS solvers used for comparison. They implemented a mathematical model that uses a
reduction in annual operating and investment costs as the objective function, including
all the constraints associated with the operation of the EDSs in an environment of reactive
compensation. However, they did not report the processing times required by the proposed
solution or the methods used for comparison, and they did not evaluate the repeatability
of the solution obtained with each method. Due to the complete mathematical model
proposed in this work, it is used in this paper for representing the problem of the optimal
integration of D-STATCOMs in electrical grids.

In the literature, multiple solution methodologies for evaluating the effect of D-
STATCOMs on EDSs have been reported. They are mainly focused on the technical
operation of these devices inside the electrical grid [13–15]. However, few studies have
investigated methodologies associated with their optimal integration of D-STATCOMs in
electrical grids by considering the economic impact of these devices under a scenario of
variable power demand, which is currently a gap in the state of the art due to its repre-
sentation of the real operation of electrical systems and the currents needs of electrical
distribution companies. For generating a realistic scenario that can be applied in real EDSs,
the mathematical formulation should include the effect of variations in power generation
(related to renewable energy resources) and power demanded by users, as well as the
economic impact related to the annual power loss and investment costs (such as the mathe-
matical model reported in [12]). Furthermore, the works reported, in most cases, did not
analyze the results obtained from the point of view of repeatability and processing times;
these technical aspects are important for guaranteeing that the solution method will be able
to obtain a solution of good quality with short processing times each time it is executed.

In view of these needs and different problems identified in the state of the art reviewed
in this article, we used the mathematical formulation described in [12], whcih permits
addressing the problem of the optimal integration of D-STATCOMs in electrical grids
for reducing the annual power loss and investment costs. For solving this problem and
finding the location and sizing of D-STATCOM that present the best results in economic
terms, a master–slave strategy that combines a new Discrete-Continuous version of the
PSO (DCPSO) in the master stage with an hourly power flow method based on Successive
Approximations (HSA) in the slave stage is proposed. The master stage locates and alters
the size of the D-STATCOMs in the EDS, and the slave stage evaluates the objective function
and the constraints of each possible solution proposed by the master stage. The purpose
of this DCPSO/HSA methodology is to solve the problem of optimal integration of D-
STATCOMs in EDSs while reducing the annual operating costs associated with the power
loss and the investment costs of the integration of D-STATCOMs. This study implemented
two test systems (i.e., 33- and 69-bus) and four other methods to make a comparison and,
thus, evaluate the effectiveness, robustness, and repeatability of the DCPSO/HSA: (1)
COUNNE and (2) BONMIN from GAMS (General Algebraic Modeling System), which
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comprises commercial solver software; (3) a master–slave methodology that combines the
genetic algorithm and particle swarm optimization (GA/PSO); (4) a Discrete-Continuous
version of the Vortex Search Algorithm (DCVSA). The selection of these solution method-
ologies was based on their outstanding results reported in the literature and their wide
implementation to solve the problem of the optimal integration of DERs into EDSs. Further-
more, all these solution methodologies used HSA as the evaluator of the objective function
and the constraints thanks to its excellent results in terms of convergence and processing
times reported in [16]. The results obtained in this study demonstrate the superiority of
the DCPSO/HSA over the other four methods in terms of solution quality and processing
times for EDSs of any size. Additionally, this study evaluated the standard deviation of
all the solution methods, which showed good results in terms of repeatability. The main
contributions of this paper are listed below:

• A new Discrete-Continuous Particle Swarm Optimization method (i.e., DCPSO) to
solve problems with discrete and continuous variables;

• A new master–slave methodology (i.e., DCPSO/HSA) to solve the problem of optimal
integration of D-STATCOMs into EDSs that reduces operating and investment costs;

• The best results reported in the literature (in terms of solution quality, repeatability,
and processing times) in the solution to the problem of the optimal location and sizing
of D-STATCOMs in EDSs.

As the main contributions to the mathematical sciences, this paper presents the following:

• A complete description of a mathematical model and codification that represents
the problem of the optimal integration of D-STATCOMs in electrical networks for
reducing the annual operating cost, which can then be used as basis for developing
new mathematical solution methods;

• An efficient comparison method (DCPSO) for evaluating the performance of the new
mathematical method developed in terms of quality solution, repeatability of the
solution, and processing times.

Finally, from the point of view of applicability, this paper presents the following
contributions:

• A methodology that allows the integration of electrical grid operators within their
electrical networks reactive power by using a distributed static compensator that
considers the reduction in energy purchasing and investment costs;

• A numerical validation of the positive effect for installing distributed static compen-
sators in electrical grids in economical and technical terms;

• A fast and efficient methodology that allows the electrical grid’s operators to solve the
problem of the optimal integration of D-STATCOMs in electrical networks, allowing
the exploration of multiple load scenarios in short processing times, which is vital
inside the public and private processes for obtaining contracts around the world due
to the short time-period offers for carrying out this kind of process.

This paper is structured as follows. Section 2 presents the mathematical problem
that represents the optimal integration of D-STATCOMs by considering operating and
investment costs in a scenario of a variable power demand. Section 3 describes the solu-
tion methodology, including the DCPSO and the hourly power flow method used here to
evaluate the objective function and its set of constraints. Section 4 details the test systems
and considerations used to solve the problem addressed here. Section 5 reports the simula-
tion results obtained by the proposed methodology and the other four methods used for
comparison, as well as their respective analyses. Finally, Section 6 draws conclusions and
proposes future studies.

2. Mathematical Formulation

The D-STATCOM’s devices allow injections inside the electrical system reactive power
in a controlled manner realtive to the electrical network by obtaining different technical
and economic benefits that are related to the objective function fixed by the operator of
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the electrical grid [17]. The benefits are more commonly related to the reduction in power
loss, improvements in voltage profiles, chargeability of the branches, harmonic mitigation,
power loss cost, energy purchasing cost, and investment costs, among others [18–20]. It is
important to highlight that these benefits depend on the location and sizing of D-STACOMs
within the electrical network, for which it is vital to propose a mathematical model that
evaluates the effect of the integration of D-STATCOMs, allowing the identification of the
location and nominal power of D-STATCOMs that present the best impact in terms of an
objective function established by the grid operator [21]. This paper seeks to reduce the
annual operating costs of distribution systems. For modelling this problem, in this paper,
was used the non-linear, non-convex formulation reported in [12] to represent the problem
of optimal location and sizing of D-STATCOMs in electrical distribution systems. The said
formulation, presented in Equation (1), uses a weighted multi-objective function to reduce
the annual operating cost Acost of distribution systems by considering the annual power
energy loss (F1) and the investment costs associated with the purchase of D-STATCOMs (F2).

min Acost = F1 + F2, (1)

The equations that describe each objective function are presented and explained below.

F1 = CkWhTPloss (2)

Equation (2) describes the cost of the annual power loss and calculates the power
loss for one day of operation (Ploss) by taking into account the annual average active and
reactive power demand of the electrical network and the parameters that represent the
electrical system (see Equation (3)). Additionally, the total power loss obtained in this
equation is multiplied by CkWh and T, which are the energy cost per kWh and a constant
used to evaluate the implemented time horizon (1 year).

Ploss = ∑
h∈H

∑
i∈N

∑
j∈N

YijVihVjh cos
(

δih − δjh − θij

)
∆h (3)

Equation (3) is used to calculate Ploss. In this equation, H and N represent the sets
that contain all the periods of time used and the buses that compose the electrical network,
respectively. Yij and δij are the magnitude and angle of the nodal admittance matrix
associated with buses i and j, respectively. Vih and Vjh denote the voltages at nodes i and
j, respectively, at hour h. In addition, variables δih and δjh represent the voltage angle for
the same buses in the same period of time. Finally, ∆h denotes the fraction of time that has
passed when the data about power demand for one day of operation are obtained. In this
study, those values change every 1/2 h.

F2 = T
(

k1

k2

)
∑

k∈N

(
α
(

QD-STATCOM
k

)2
+ βQD-STATCOM

k + γ

)
QD-STATCOM

k (4)

The annual investment cost associated with the integration (location and sizing) of
D-STATCOMs in electrical systems is described in Equation (4). In the latter, k1 and k2
are two constants used to annualize the operating cost and useful life. α, β, and γ are the
constants that compose the mathematical model used to obtain the variable investment cost
of the integration of the D-STATCOMs. This equation operates as a function of the reactive
power assigned to each D-STATCOM located in the electrical network (QD-STATCOM

k ).
This mathematical formulation considers all the technical constraints that represent

electrical distribution systems in a D-STATCOM environment. The set of constraints used
here is presented in Equations (5) to (10), which are explained below.

Pg
ih − Pd

ih = ∑
i∈H

∑
j∈N

YijVihVjh cos
(

δih − δjh − θij

)
(5)
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Qg
ih + QD-STATCOM

i −Qd
ih = ∑

i∈H
∑

i∈N
YiiVihVih sin(δih − δih − θii) (6)

Vmin ≤ Vih ≤ Vmax (7)

Iij ≤ Iij,max (8)

xiQD-STATCOM
min ≤ QD-STATCOM

i ≤ xiQD-STATCOM
max (9)

∑
i∈N

xi ≤ ND-STATCOM
available , (10)

The nodal active and reactive power balance is guaranteed by Equations (5) and (6). In
these equations, Pg

ih and Qg
ih represent the active and reactive power, respectively, generated

at bus i in period h. Pd
ih and Qd

ih are the active and reactive power, respectively, demanded
at the same bus and period. Note that, in these equations, QD-STATCOM

i is the reactive power
injected by the D-STATCOM into bus i in period h. The voltage and current limits are
established by Equations (7) and (8), where Vmin and Vmax are the minimum and maximum
allowable bus voltage, respectively, and Iij and Iijmax are the current conducted through
the branch and the maximum allowable level for such branch, respectively. The reactive
power limits assigned to each D-STATCOM located at bus i are presented in Equation (9),
which establishes the maximum (QD-STATCOM

max ) and minimum (QD-STATCOM
min ) limits for the

injection of reactive power. Furthermore, in said equation, xi is a binary variable that takes
a value of 1 when a D-STATCOM is located at a bus, and it is 0 when it is not located at
the bus. Finally, Equation (10) limits the maximum number of D-STATCOMs that can be
installed in the distribution system.

The parameters associated with the mathematical model previously described are
found in Table 1 and described in [12,22].

Table 1. Parameters used to evaluate the mathematical model

Par. Value Unit Par. Value Unit

CkWh 0.1390 USD/kWh T 365 Days
∆h 0.50 h α 0.30 USD/MVAr3

β −305.10 USD/MVAr2 γ 127,380 USD/MVAr
k1 6/2190 1/Days k2 10 Years

3. Proposed Solution Methodology

This paper proposes a master–slave methodology that combines the DCPSO and
the HSA to solve the problem of optimal integration of D-STATCOMs into EDSs while
reducing the annual operating cost related to the power loss and investment costs. The
next subsection explains the stages proposed in the DCPSO/HSA.

3.1. Discrete-Continuous Particle Swarm Optimization Method

Although the DCPSO uses the same steps as the traditional PSO [23] described in
Algorithm 1, its main difference is the codification used to represent the problem. More
precisely, the DCPSO uses a discrete-continuous codification to integrate the discrete
and continuous variables that represent the problem of optimal location and sizing of D-
STATCOMs in EDSs into a single vector. The proposed codification, presented in Figure 1,
is composed of a vector of size 1 × 2ND-STATCOM

available . This vector is divided into two parts to
generate information about the location and power established for each D-STATCOM to be
installed in the EDS. The first half of the vector contains the buses where the D-STATCOMs
will be located; the second half contains the power that will be injected by each one of
them. Note that the first position in the first and second parts stores the information on
the first D-STATCOM to be located; the second position stores information on the second
D-STATCOM and so on. As an example, Figure 1 shows the codification used to locate
and size three D-STATCOMs in an EDS. In this case, the first D-STATCOM is located at
Bus 2, with a reactive power of 0.11 kVAR; the second one is installed at Bus 10, with a
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power of 1.18 kVAR; the third D-STATCOM is located at Bus 29, with a power of 2 kVAR.
As observed, the location and sizing data established for each possible solution proposed
by the DCPSO are included in the same codification, which eliminates the need for a binary
optimization algorithm to solve the location problem, which is commonly used in the
literature [24].

                        Bus location                   Reactive power injected by D-STATCOM 

 

2 10 29 0.11 1.18 2 

 
Half of vector size 

Figure 1. Proposed Discrete-Continuous codification.

Algorithm 1: Pseudo-code for the DCPSO algorithm
Data: Read EDS data and optimization parameters
for iter = 1 : itermax do

if iter == 1 then
Generate the particle swarm;
Calculate the objective function by each particle by using the HSA and
Equation (1) (Slave stage);

Select the solution and position obtained by each particle as the best
particle solution and position;

Select the best solution achieved by the particle swarm and its associated
position as the best swarm solution and position;

else
Calculate the velocity vector;
Update the position of the particle swarm;
Calculate the objective function by each particle by using the HSA and
Equation (1) (Slave stage);

Update the best particle solution and position;
Update the best swarm solution and position;
if Has any stopping criterion been met? then

A solution has been found;
Finish optimization process;
Print the best swarm solution and position as the solution to the
problem ;

Break;
else

Continue;
end

end
end

Algorithm 1 describes the iterative process of the DCPSO. As observed, it is similar to
the classic PSO; however, the difference is the creation of particles that compose the swarm
by using the codification proposed here. All the data related to the electrical system and the
optimization algorithm parameters are read before starting with the iterative process of the
DCPSO. Then, the process starts, and the particle swarm is generated at the first iteration.
Note that, since the classic PSO algorithm was developed for continuous variables, in the
DCPSO, it is necessary to approximate each value fixed for the location of D-STATCOMs in
the EDS to the next discrete number, always satisfying the maximum number of buses in
the EDSs. The values assigned by each particle as power to be injected by the D-STATCOMs
should only satisfy the maximum reactive power value allowed for them inside the EDSs.
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The effect of the D-STATCOMs in the EDS is evaluated after generating the particle
swarm algorithm. The hourly power flow operates by considering the D-STATCOMs’
information contained in each particle, the power generation associated with the photo-
voltaic systems, and the power demanded by the users using the HSA (slave stage). This
evaluation provides the values of the objective function and constraints associated with the
reactive power values injected. Since we are in the first iteration of the DCPSO, the value
of each objective function obtained for the different particles is fixed as the best particle
solution, and their positions are stored as the best particle position. In this case, the particle
with the lowest objective function value is assigned as the incumbent (best swarm solution).

From the second iteration onwards, the velocity vector is calculated at each iteration.
This and the current information of each particle are used to update the position of the
particle swarm. Subsequently, the HSA runs for each particle, and the best particle solution
and position are updated with the objective function values obtained, as well as the best
swarm solution and position. Finally, the stopping criterion of the maximum number of
iterations (itermax) is analyzed. If this value is achieved, the iterative process is completed,
and the algorithm is printed; as a result, the best swarm solution and position are obtained
until the current iteration. Otherwise, a new particle swarm is generated and the iterative
process continues.

3.2. Hourly Power Flow Method Based on Successive Approximations

This study implemented the HSA proposed in [16]. The latter employs an iterative
power flow method based on successive approximations, updating the data about power
demand and distributed generation at each iteration until it analyzes the fixed period of
time. The hourly power flow method proposed in [16] includes updating the reactive
power injected by the D-STATCOMs at each iteration. This allows the calculation of the
hourly power loss of an electrical system during an operation day and evaluates all the
constraints this system represents in a distributed energy environment (i.e., distributed
generators + D-STATCOMs). Equation (1) is calculated with the value of power loss for
one day of operation, the sizing of the D-STATCOMs integrated into the grid, and the
guarantee that all constraints were satisfied. In the particular case that some constraints are
not satisfied, the objective function is penalized by adding a large value (10,000 in this case),
with the aim that this solution will not be considered as a solution to the problem; this
value is obtained through trial and error. Thus, the annual operating cost for a particular
location and the sizing of D-STATCOMs in the EDS (recommended by the DCPSO) are
evaluated. The steps required to run the HSA are described in Algorithm 2.

Algorithm 2: Slave stage algorithm: HSA
Data: Data reading and assignment of HSA parameters
for h = 1 : 24 do

1. Load the power demanded by the loads during period h;
2. Load the reactive power provided by the D-STATCOMs during period h;
3. Solve the AC power flow for period h using the successive approximation
method [25];

4. Calculate the objective function for period h by using Equation (1);
5. Evaluate the constraints for period h;

end
Add the objective function values of all the periods;

The successive approximation method and the HSA used here can be found in [16,25].

4. Test Systems, Methods Used for Comparison, and Considerations

This section presents the test systems, parameters, scenarios, and considerations
used here for evaluating the effectiveness, robustness, and repeatability of the proposed
DCPSO/HSA.
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4.1. 33-Bus Test System

Figure 2a illustrates the electrical diagram of the 33-bus test system, which is composed
of 33 buses, 32 branches, and 1 slack generator. The parameters of this test system are
described in [26], where voltage values of 12.66 kV and 100 kVA were used as the base
values. In order to establish the maximum operating current of this electrical system, a
power flow with the maximum power demand reported in Figure 3 was run, obtaining a
maximum current of 380 A. A 400 kcmil conductor was selected for all the branch segments
of the network. Furthermore, the voltage limits for this system were set at 10% of the fixed
nominal voltage.

AC
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1 2
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Figure 2. Electrical diagram of (a) the 33-bus test system and (b) the 69-bus test system [12].
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Figure 3. Active and reactive power demand in a Colombian EDS [12].

4.2. 69-Bus Test System

Figure 3b presents the electrical diagram of the 69-bus test system. This electrical
network contains 33 buses, 32 branches, and 1 slack generator. The parameters of this test
system are described in [23], where voltages of 12.66 kV and 100 kVA were used as base
values. It also presents a maximum current of 380 A when a power flow is run with the
maximum power data reported in Figure 3 and a 400 kcmil conductor for all the branch
segments in the electrical grid. As in the 33-bus test system, the voltage limits assigned in
this system were set at 10% of the fixed nominal voltage.

Considering the hourly variation of active and reactive power consumption, Figure 4
presents the consumption data of an EDS in intervals of 0.5 h. This figure shows the power
demand behavior of a Colombian EDS [12]. These data were used for both test systems,
resulting in annual operating costs of 112.74 USD × 103 and 119.70 USD × 103 in the 33-
and 69-bus test systems, respectively. These costs are associated with the power loss over a
year of operation.
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Figure 4. Comparison of operating and investment costs in the 33-bus system

4.3. Methods Used for Comparison and Parameters

In this study, two solver methods of GAMS (i.e., BONMIN and COUENNE), which
is commercial software, were used for comparison [12]. In addition, two optimization
methods based on sequential programming were also implemented: a discrete version of
the vortex search algorithm (DCVSA) [12] and the GA/PSO proposed in [26]. The latter
was selected since it is the most commonly used methodology for the optimal integration of
distributed energy resources in the specialized literature. The optimization parameters of
BONMIN, COUENNE, and the DCPSO were also taken from the literature. The parameters
of the GA/PSO and DCPSO/HSA were tuning by using a PSO algorithm, thus obtaining
the optimization parameters reported in Table 2. The selection and implementation of the
PSO for proposing a discrete-continuous version is associated with the excellent results
that present this algorithm for solving electrical problems as the optimal power flow and
optimal location of distributed energy resources, among others [27–29]. Furthermore, in
this paper, the hybrid methodology GA/PSO was used as a comparison method for the
same reason; this solution methodology is highly used in the specialized literature for
solving electrical planning problems and presents excellent results in terms of quality
solution, repeatability, and processing times [30–32]. For obtaining the descriptions and
mains steps that compose the comparison methods used, please refer to the documents
cited previously.

Table 2. Parameters of the proposed master–slave methodology.

Method GA PSO DCPSO

Number of
particles 12 30 99

Selection
method Tournament Cognitive and social component:

1.4
Cognitive and social component:

1.93 and 1.79

Population
update
method

Cross over: simple Speed (max–min): (0.1–0.1)
Inertia (max–min): (0.7–0.001)

Speed (max–min): (0.05–2)
Inertia (max–min): (0.1–0.2)

Mutation Binary simple R1 = R2: Random R1 = R2: Random

Stopping
criterion

Generational cycles:
(200)

Maximum iterations:
(200)

Maximum iterations:
(219)

5. Simulation Results

Tables 3 and 4 show the simulation results obtained for the optimal integration of
D-STATCOMs in the 33- and 69-bus test systems, respectively. These tables detail, from
left to right, the solution methodology used, the bus location and power assigned to each
D-STATCOM, the annual operating cost and the reduction percentage obtained by each
methodology, the processing time required for solving the problem discussed here, the
standard deviation (STD) percentage obtained after 1000 executions, and the worst voltage
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profile and current obtained when the hourly power flow is executed considering the
integration of D-STATCOMs. The analysis of the results for the 33- and 69-bus test systems
is presented below.

5.1. 33-Bus Test System

The simulation results of the optimal integration of D-STATCOMs into the 33-bus test
system are presented in Table 3. A total reduction of 12.63% obtained by DCPSO/HSA with
respect to the base case (without D-STATCOMs integrated in the EDS) was calculated by
analyzing the results in terms of Acost. By comparing these results with those of the other
solution methodologies, we can see that the proposed solution achieved the same impact in
terms of annual operating cost as the DCVSA/HSA, while the GA/PSO produced a 12.62%
reduction. The worst results in terms of Acost reduction were obtained by the BONMIN and
COUENNE solvers: 9.13% and 4.56%, respectively. These results indicate that DCPSO/HSA
produced a significant improvement of 63.89%, 27.71%, and 0.07% compared to COUENNE,
BONMIN, and GA/PSO, respectively.

Table 3. Simulation results obtained by different methodologies in the 33-bus test system.

Methodology Bus/Power
(MVAr)

Acost (US D/year)
Reduction (%)

Time (s) STD (%) Vworst (p.u) Imax [A]

Without
STATCOMs [0–2] 112,740.90 - - - - - - [0.9–1.1] 380

COUENNE
16/0.0109
17/0.0224
18/0.2065

107,589.50/4.56 3.03 0 0.92 336

BONMIN
17/0.0339
18/0.0227
30/0.2395

102,447.29/9.13 7.59 0 0.91 334

GA/PSO
14/0.1599
30/0.3497

31/0.11166
98,511.63/12.62 6417.91 0.0974 0.92 323

DCVSA
14/0.1599
30/0.3591
31/0.1072

98,497.90/12.63 59.64 0.0414 0.92 323

DCPSO/HSA
14/0.1599
30/0.3591
32/0.1072

98,497.90/12.63 23.05 0.2555 0.92 323

It is important to remember that Acost is composed of the annual power loss and
the investment costs related to the D-STATCOMs. Figure 2 presents the operating and
investment costs obtained by each solution methodology.

Note that the lowest annual power loss energy costs were obtained by the proposed so-
lution methodology and the DCVSA, outperforming the reduction achieved by COUENNE,
BONMIN, and GA/PSO by 13.40%, 8.26%, and 0.014%, respectively. The COUENNE
and BONMIN solvers obtained a reduction in investment costs of 161.36% and 111.56%,
respectively, because they decided to install D-STATCOMs with lower power values than
DCPSO/HSA. These lower investments generated a smaller impact on power loss costs,
which affected the annual operating costs calculated by these solvers. The GA/PSO solution
method obtained an increase of 0.004% in investment costs with respect to DCPSO/HSA.
Therefore, the DCPSO/HA methodology achieved a lower cost of power loss with a smaller
investment in D-STATCOMs. Finally, the annual power loss and investment costs of the
DCVSA and the DCPSO/HSA are the same in the 33-bus test system.

The proposed methodology needed a longer processing time than the commercial
solvers, i.e., COUENNE and BONMIN; it required 6.6 s and 2.03 s more, respectively.
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However, the solution quality obtained by these solvers is low compared to that of the
DCPSO/HSA; therefore, their shorter processing times are not important. In addition, the
DCPSO/HSA required a considerably shorter processing time than the GA/PSO and the
DCVSA, that is, 99% and 61% shorter, respectively. These results demonstrate that, in the
33-bus test system, the proposed methodology achieved the best trade-off between solution
quality and processing time.

All the solution methodologies discussed here are considered adequate since all their
STDs, after 1000 executions, were lower than 0.25%. These values demonstrate the high
repeatability of the best solution achieved by the solution methods each time they were
executed. Finally, regarding voltage and current limits, all the solution methods satisfied
the maximum allowable levels (see columns 6 and 7 in Table 3).

5.2. 69-Bus Test System

The results achieved by each solution methodology in the 69-bus test system are
reported in Table 4. The results of COUENNE and BONMIN are not presented because
these solvers failed to solve the mathematical formulation for the 69-bus test system. This
proves the high effectiveness of the solution methods based on the sequential programming
used here.

Table 4. Simulation results obtained by different methodologies in the 69-bus test system.

Methodology Bus/Power
(MVAr)

Acost (US D/Year)
Reduction (%)

Time (s) STD (%) Vworst (p.u) Imax (A)

Without
D-STATCOMs [0–2] 119715.63 - - - - - - [0.9–1.1] 380

GA/PSO
21/0.0.0839
61/0.4600
64/0.1139

102,990.79/13.97 6417.91 0.0974 0.92 344

DCVSA
21/0.0839
61/0.4601
64/0.1139

102,990.79/13.97 202.66 0.1367 0.92 343

DCPSO/HSA
21/0.0839
61/0.4601
64/0.1139

102,990.79/13.97 54.34 0.1444 0.92 343

The annual operating costs of the 69-bus test system obtained by all the solution
methods are similar to those calculated for the 33-bus test system. The best results were
achieved by the DCPSO/HSA and the DCVSA. These two methods produced a 12.63%
reduction in Acost with respect to the base case and achieved a 0.079% reduction compared
to the GA/PSO. The annual power loss and investment costs obtained by each method are
presented in Figure 5. This Figure shows that both methods (i.e., the DCPSO/HSA and the
DCVSA) obtained a reduction of 0.079% and 4 × 10−5 in relation to the annual power loss
energy and investment costs achieved by GA/PSO, respectively. Therefore, with a similar
investment cost, the proposed methodology improved the reduction in power loss costs
obtained for the 69-bus test system.
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Figure 5. Comparison of operating and investment costs in the 69-bus system.

The proposed methodology (i.e., DCPSO/HSA) improved the processing times re-
quired for solving the problem of optimal integration of D-STATCOMs into DESs. The said
methodology achieved a reduction in processing times of 99.15% and 73.18% compared to
the GA/PSO and the DCVSA, respectively. This confirms that the DCPSO/HSA offers the
best trade-off between solution quality and processing times. Furthermore, the STD values
obtained by the solution methods are lower than 0.15%. Every time the solution methods
were executed for the 69-bus test system, all the solutions obtained were close to the best
one. Finally, columns 6 and 7 in Table 4 confirm that all the solution methods respected the
voltage and current limits fixed for the 69-bus test system.

6. Conclusions and Future Work

This paper proposed a new optimization methodology (i.e., DCPSO/HSA) for solving
the problem of optimal integration of D-STATCOMs into EDSs to reduce the annual power
loss and investment costs. Said methodology was compared with four other methodologies
that have been implemented in the literature to solve the problem discussed here. These
five methodologies were evaluated in the 33- and 69-bus test systems.

The results show that all the solution methodologies reduced investment costs and
annual power loss, with additional economical and technical benefits for EDS operators.
Furthermore, the worst voltage and current in the 24 h operation scenario presented in
Tables 3 and 4 indicate that the integration of the D-STATCOMs into the EDS improves
voltage profiles and reduces the current in the branches, thus improving the loadability of
the EDS.

The results were similar in both test systems; that is, the DCPSO/HSA and DCVSA
took the first place in terms of the reduction in annual operating costs, with better results
than the COUENNE and BONMIN solvers in terms of solution quality. The GA/PSO
required a lower investment level to obtain a lower annual power loss cost in both test
systems. In terms of solution quality, the DCPSO/HSA and DCVSA produced the same
results; however, in terms of processing times, the DCPSO/HSA was the fastest compared
to the other sequential programming methods (i.e., the DCVSA and the GA/PSO). The
COUENNE and BONMIN solvers were faster than the DCPSO/HSA, but they achieved
negative results in terms of solution quality (reduction in annual operating costs). Hence,
this advantage was not considered by the authors. Finally, all the solution methods studied
here presented standard deviation values lower than 0.2%; therefore, all of them are
considered adequate in terms of repeatability.

Based on the results obtained in the 33- and 69-bus test systems and the comparison
above with other methods reported in the specialized literature, it can be concluded that
the proposed methodology (i.e., the DCPSO/HSA) is the most efficient solution method
for solving the problem of the optimal integration of D-STATCOMs into EDSs because it
presents the best trade-off between reductions in annual operating costs (annual power
cost + investment cost) and processing times required for electrical systems of any size.
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One of disadvantages of this work is related to the lack of inclusion of renewable ener-
gies and energy storage systems. However, the main objective of this study was to evaluate
the effect of distributed reactive energy in the electrical grid, which was reached. Based on
what was last mentioned, future studies can investigate the integration of distributed gen-
erators and batteries with D-STATCOMs into EDSs in order to include renewable sources
and the management of electrical resources EDSs. For that purpose, the mathematical
component proposed in this paper should be reformulated, and the solution methodology
should be adapted. Other disadvantages of the proposed methodology are associated with
the longer processing times required for solving the problem studied here in comparison
with the commercial software, such as COUENNE and BONMIN of GAMS. This problem
can be addressed by using parallel processing tools to evaluate the objective function and
the constraints of each individual in the population of DCPSO, which allow a reduction in
the required processing times. This reduction in processing time can be used for improving
the exploration performed by the algorithm or to analyze large EDSs during shorter pro-
cessing times. Finally, for solving the problem of the optimal integration of D-STATCOMs
in distribution systems, new Discrete-Continuous methodologies that consider the quality
solution, processing times, and repeatability of the solution in the analysis of the results
can be proposed. Furthermore, the mathematical model can include objective functions
related to the technical and environmental aspects, such as the reduction in power loss,
improvement in the voltages profiles, reduction in the chargeability of the electrical system,
and reduction in CO2 emissions.
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Abbreviations

DCPSO Discrete-continuous particle Swarm optimization algorithm.
D-STATCOMs Distribution static compensators.
EDS Electrical Distribution Systems.
HSA Hourly power flow Method based on successive approximations.
GAMS General algebraic modeling system.
BONMIN Solver of GAMS.
COUNNE Solver of GAMS.
GA Genetic algorithm.
PSO Particle swarm optimization algorithm.
DCVSA Discrete-continuous version of the Vortex Search Algorithm.

α
Constant of quadratic term of investment cost of the integration of the
D-STATCOMs.

β Constant of lineal term of investment cost of the integration of the D-STATCOMs.
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∆h
Fraction of time that has passed when the data about power demand for one day
of operation are obtained.

δih Voltages angle at nodes i at hour h.
δjh Voltages angle at nodes j at hour h.
γ Constant of investment cost of the integration of the D-STATCOMs.
H Set that contains all the periods of time used.
N Sets that contains he buses that compose the electrical network.
θij Angle of the nodal admittance matrix associated with buses i and j.
Acost Weighted multi-objective function to reduce the annual operating cost.
k1 Constant used to annualize the operating cost.
k2 Constant used to annualize the useful life.

ND-STATCOM
avalaible

Variable that limit the maximum number of D-STATCOMs that can be installed
in the distribution syste.

Pd
ih Active power generation consumed at node j in period of time h.

Pg
jh Active power generation injected at node i in period of time h.

Qd
ih Reactive power generation consumed at node i in period of time h.

Qg
ih Reactive power generation injected at node i in period of time h.

QD-STATCOM
k Reactive power assigned to each D-STATCOM located in the electrical network.

QD-STATCOM
max Maximum limit for the injection of reactive power by D-STATCOMs.

QD-STATCOM
min Minimum limit for the injection of reactive power by D-STATCOMs.

T Constant used to evaluate the implemented time horizon.
Vih Voltages at nodes i at hour h.
Vjh Voltages at nodes j at hour h.
Vmax Maximum bus voltage allowable in the electrical system.
Vmin Minimum bus voltage allowable in the electrical system.
Yij Magnitude of the nodal admittance matrix associated with buses i and j.
Ckwh Energy cost per kWh.
F1 Cost of the annual power loss.
F2 Annual investment cost associated with the integration of D-STATCOMs.

xi
Binary variable that takes a value of 1 when a D-STATCOM is located at a bus,
and 0 when it is not.
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