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ABSTRACT

Distributed generation (DG) in radial distribution systems helps improving energy efficiency by reducing 
technical losses, which enhances power quality, improves reliability, decreases network congestion, and 
provides other benefits. Although DG must be useful in distribution systems with commercial losses, better 
relationships and solutions are necessary, especially those that include renewable sources. In this research, 
we used photovoltaic panels, wind turbines, and capacitors to evaluate the effects of compensating real 
and reactive power in distribution systems with a high percentage of commercial losses. As the search for 
the best place to compensate the network necessitates considering a combination of real power, reactive 
power, and nodes, we considered finding solutions using three metaheuristic algorithms: a genetic algorithm 
(GA), a particle swarm optimization (PSO), and a bat-inspired algorithm (BA). The main results showed 
that locating and sizing renewable-energy sources and capacitors, according to commercial losses, help 
reducing technical losses and power generation costs. Wind turbines reduced technical losses further 
because they had both the lowest investment costs and a large amount of available resources compared 
with the results obtained with photovoltaic panels, which showed only some technical loss reduction 
and a small increase in costs. The hybrid system also showed a good reduction, especially when fewer 
photovoltaic panels were used.

Keywords: Capacitors, commercial losses, distributed generation, photovoltaic panels, technical losses, 
wind turbine.

RESUMEN

El uso de la Generación Distribuida (GD) en sistemas de distribución radial ayuda a mejorar la eficiencia 
energética mediante la reducción de pérdidas técnicas, lo que mejora la calidad de la energía eléctrica, 
mejora la confiabilidad, reduce la congestión de la red y proporciona otros beneficios. Aunque la GD 
puede ser usada en sistemas de distribución con pérdidas comerciales, se necesitan mejores relaciones y 
soluciones, especialmente aquellas que incluyan recursos renovables. En esta investigación, hemos usado 
paneles solares, turbinas eólicas y capacitores para evaluar los efectos de la compensación de potencia
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activa y reactiva en sistemas de distribución con altos porcentajes de pérdidas comerciales. Debido a que 
la búsqueda de las mejores ubicaciones para compensar la red necesita considerar combinaciones de 
potencia activa, potencia reactiva y nodos de ubicación, consideramos tres algoritmos metaheurísticos: 
algoritmo genético (GA), enjambre de partículas (PSO) y algoritmo basado en murciélagos (BA). Los 
resultados principales muestran que la localización y dimensionamiento de los recursos de energía 
renovables y capacitores, considerando pérdidas comerciales, ayudan a reducir las pérdidas técnicas 
y los costos de generación. Las turbinas eólicas redujeron las pérdidas técnicas porque tenían bajos 
costos de inversión y una gran cantidad de recursos disponibles en comparación con los resultados 
obtenidos con los paneles solares, los que mostraron solo alguna reducción de pérdidas técnicas y un 
pequeño aumento en los costos. El sistema híbrido también mostró una buena reducción de las pérdidas, 
especialmente cuando se utilizaron menos paneles solares.

Palabras clave: Capacitores, pérdidas comerciales, generación distribuida, paneles solares, pérdidas 
técnicas, turbinas eólicas.

identifying abnormalities via computing applications 
[3, 18-19], and smart metering [8].

Although these actions help to identify and reduce 
power losses, researchers must develop new methods 
to guarantee power grid sustainability. DSO and 
governments spend large amounts of money to 
normalize power grids and prevent user fraud [1]. 
However, the network deteriorates again after a few 
years because of both fraud and the expenditure of 
resources for maintenance, which decreases the 
opportunity for better investment in the network. 
Therefore, as continuous user fraud degrades the 
electrical installations and causes critical damage 
to other equipment, we propose locating generators 
and capacitors according to commercial losses to 
improve energy efficiency. In this proposal, we 
assume that electricity regulation allows DSOs to 
participate in organizing user generation to maintain 
network optimization; similarly, DSOs can install 
new DGs to enhance the network and reduce the 
effects of commercial losses.

This article evaluates the application of renewable 
sources and capacitors in networks with commercial 
losses to reduce technical losses and power 
generation costs. For this purpose, we propose 
to install photovoltaic panels and wind turbines, 
which use energy resources that are normally 
available in cities. We define the objective function 
as the minimization of technical losses and power 
generation costs and use electrical constraints as 
the power balance, power generation limits, voltage 
limits, and current limits. As commercial losses are 
associated with each load node, we include them in 

INTRODUCTION

Total power losses of distribution systems break 
down into technical losses and commercial losses. 
Technical losses are losses produced by network 
parameters that increase costs, increase network 
congestion, reduce power transfer, and create voltage 
stability problems. Commercial losses result from 
energy theft, errors in metering, billing, and data, and 
differences in energy balances [1–3]; their greater 
impacts include interference in network expansion 
and negative environmental effects.

In Latin American countries, some distribution 
systems suffer a large percentage of power losses, 
becoming inefficient and causing major problems 
for distribution system operators (DSO) because 
of the high costs of maintenance. Consequently, 
electricity companies, government entities, and 
researchers are continually interested in finding 
new methods to improve network efficiency.

On the one hand, feeder restructuring [4], DG 
[4-8], capacitor placement [4, 9], and network 
reconfiguration [10-11] can reduce technical 
losses. From these listed solutions, one remarkable 
technique is to install renewable energy sources 
close to loads. In [12], authors use this method for 
improving reliability and power losses; in [13] and 
[14] authors use it to reduce power losses in rural 
areas. On the other hand, disconnecting illegal users, 
reviewing billing and data, calibrating meters and 
other activities to normalize services usually reduce 
commercial losses [2-3, 15-17]. To mitigate this 
problem, some applications focus on detecting and 
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the algorithms as constraints to limit the number of 
renewable energy sources and capacitors. Besides, 
the problem considers finding the real and reactive 
power of generators and capacitors, likewise, the 
installation nodes. In addition, we use metaheuristic 
algorithms such as GA, PSO, and BA to solve the 
problem and determine the best results.

LOAD AND POWER LOSSES

Technical losses
Technical losses negatively affect distribution 
systems because they reduce the network’s energy 
efficiency. We calculated this type of loss in a 
distribution system as (1) shows [20]:

 

PLosses =

Aij (PiPj +QiQj )
j=1

n

∑
i=1

n

∑ + Bij (QiPj + PiQj )
 (1)

where Pi and Qi are the real and reactive power 
injected into the node i. Pj and Qj are the real and 
reactive power injected to the node j. (2) and (3) 
define parameters Aij and Bij.

 Aij =
Rij cos(δ i −δ j )

ViVj
 (2)

 Bij =
Rij sin(δ i −δ j )

ViVj
 (3)

Rij is the resistance of the branch between the nodes 
i and j. Vi and di are the voltage magnitude and the 
voltage angle of the node i. Vj and dj are the voltage 
magnitude and the voltage angle of the node j.

Technical losses increase as the power network 
becomes more congested because of the increase 
in branch current. Hence, commercial losses are an 
important issue, because they significantly increase 
branch currents. In this work, we contributed to 
the problem’s solution by considering the location 
of renewable sources and capacitors near the 
commercial losses to reduce technical losses and 
improve energy efficiency.

Commercial losses
One way of calculating commercial losses is to 
consider the difference between the power supplied 

and the power consumed. Indeed, the consumption 
must include the power of loads and other technical 
losses associated with the network of the load node 
i. Hence, we calculated real and reactive powers 
related to the commercial losses in node i as in 
(4) and (5).

 PNtLossi = PGi − (PLossi + PLi )  (4)

 QNtLossi =QGi − (QLossi +QLi )  (5)

PNtLossi and QNtLossi are the real and reactive power 
related to the commercial losses. PGi and QGi are the 
total real and reactive power supplied to node i. PLossi 
and QLossi are the real and reactive power related 
to technical losses at node i. Finally, PLi and QLi 
are the total real and reactive power consumption 
billed to the users connected to node i.

This calculation of commercial losses for each node 
of the distribution system is useful to identify the 
power compensation needs and benefits related to 
technical losses and power generation costs. In this 
research, we considered the commercial losses as 
the constraints to select the maximum number of 
generators and capacitors.

Energy Consumption
We determined the total power consumed in the 
distribution system by the sum of the power of 
loads, commercial losses, and technical losses, as 
shown in (6):

 PT = PLi
i=1

nPQ

∑ + PNtLossi
i=1

nPQ

∑ + PLossk
k=1

nb

∑  (6)

where i is the node number and k is the branch 
number. nPQ is the number of PQ nodes, and nb is 
the number of branches. PLi is the power consumed 
by users, and PNtLossi represents the commercial 
losses at each load. Finally, PLossk represents the 
technical loss at each branch k.

The total energy consumed in the power system is 
equal to the real power losses multiplied by the time 
of consumption. This total energy corresponds to the 
consumption of a day (24 hours) as expressed in (7):

 ET = PTh *ΔTh
h=1

24

∑  (7)
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where ET is the total energy consumed during a day, 
h is the hour, PTh is the power produced per hour, 
and ΔTh is the time divided by hour.

Load and Commercial Losses
Daily load data is useful to represent variation in 
power consumption at nodes for simulations. We 
considered the maximum power consumption of 
a load and represented variations during the day. 
The power varies with the multiplication of the 
maximum power of node i and the differential 
power representing the changes during the day, as 
expressed in (8):

 PLi−h = PLi *ΔPLi−h  (8)

where PLi-h is the real power in the time h of load 
node i, PLi is the constant real power of load node 
i, and ΔPLi-h is the per unit value at time h.

Commercial losses (PNtLossi-h) are equal to the 
multiplication of the power of load (PLi-h) and 
the percentage of commercial losses at each node 
(%PNtLossi), as expressed in (9):

 PNtLossi−h = PLi−h *%PNtLossi  (9)

Figure 1 shows a typical load demand curve of 
residential users to represent the consumption 
of all nodes in the network during a day. Power 
values are expressed per unit; we created this curve 
considering data of studies about typical residential 
electricity consumption in Colombia [21]. In addition, 
Figure 1 shows the commercial loss estimation 
during the day, assuming that it is 16% of the power 

consumed in the load node, based on the historical 
data of power losses of some distribution systems 
in Colombia [22]. As load is expressed per unit, 
application to the power system has been performed 
by multiplying each hour by the nominal value of 
each load in the network.

Renewable Energies Data
To conduct this research, we obtained the energy 
resources from a historical database with data 
measured in the municipality of Riohacha, located 
to the north of Colombia [23].

Figure 2 shows the daily wind speed and solar 
radiation curves used for the simulations. We used a 
photovoltaic panel of 350 W, producing an equivalent 
of eight hours a day in the zone, according to the 
data represented in this figure. Moreover, we selected 
a small wind turbine with 1100 W and maintained 
the power factor of 0.98. In addition, we calculated 
the power produced by renewable generators using 
the resources represented in Figure 2.

The total energy that photovoltaic panels or wind 
turbines produce during a day is equal to the 
multiplication of the power produced according 
to the resources defined in Figure 2 and the hour 
period of the day, as shown in (10):

 EG = PGh *ΔTh
h=1

24

∑  (10)

where EG is the total energy produced by renewable 
generators during a day, PGh is the power produced 
per hour, and ΔTh is the time divided by hour.

Figure 1. Real power demand and commercial 
losses. Source: The Authors.

Figure 2. Daily solar and wind resources. Source: 
The Authors.



Ingeniare. Revista chilena de ingeniería, vol. 24 Nº 4, 2016

604

Number of Renewable Sources
The compensation model involved determining 
the maximum number of photovoltaic panels and 
wind turbines at each node i, as shown in (11) 
and (12). These equations calculated the expected 
values that represented the maximum real power 
to compensate commercial losses at the same node 
in all hours (maximum real power of commercial 
losses at peak demand) and the maximum power 
capacity of the available renewable generators. In 
this study, batteries were not considered to store 
energy to reduce investment costs:

 Npi =
Max(PNtLossi )
Max(PPanel )

*wp  (11)

 Nwi =
Max(PNtLossi )
Max(PTurbine )

*ww  (12)

where Npi and Nwi are the number of panels and wind 
turbines to be installed at node i. PNtLossi is the real 
power related to commercial losses to compensate at 
node i. PPanel and PTurbine are the real power produced 
by photovoltaic panels and wind turbines. wp and 
ww are constants that define the compensation from 
each renewable source. In this research, the test 
was conducted considering photovoltaic panels as 
wp=1 and ww=0, wind turbines as wp=0 and ww=1, 
and hybrid generators with changes in wp and ww 
between 0 and 1.

Number of Capacitors
We determined the maximum numbers of capacitors 
needed to compensate the reactive power related 
to the commercial losses at each node i using (13). 
In other words, we calculated this value using the 
maximum reactive power related to commercial 
losses at the same node in all hours (maximum 
reactive power of commercial losses at peak demand) 
and the maximum power capacity of the available 
capacitors:

 Nci =
Max(QNtLossi )
Max(QCapacitor )

 (13)

where Nci represents the number of capacitors 
installed at node i. QNtLossi is the reactive power 
related to commercial losses used to compensate 
node i. In addition, QCapacitor is the reactive power 
of capacitors.

Capacitors supply reactive power during the day; 
we calculate the energy as expressed in (14):

 ECT = QCh *ΔTh
h=1

24

∑  (14)

where ECT is the total energy supplied by capacitors 
during a day, h is the hour, QCh is the reactive power 
supplied per hour, and ΔTh is the time divided by hour.

Power Generation Costs
We defined the total generation cost, CT, as the sum 
of the cost of generating power with conventional 
sources CG and the cost of generating power with 
renewable sources CRen, as (15) shows:

 CT = CG +CRen  (15)

The first term of (15), CG, represents the cost of 
generating power with conventional sources. Its 
value is the sum of the power produced by thermal 
and hydro sources [24], as (16) shows:

 

CG = (aTi  PTi
2 +bTiPTi  +cTi )

i=1

n

∑

+ (bHiPHi  +cHi )
i=1

n

∑
 (16)

where i is the node number and n is the number 
of nodes. Other terms such as aTi, bTi, and cTi are 
constants of the thermal generation cost. Moreover, 
bHi and cHi are constants of the hydro generation costs. 
Finally, the terms PTi and PHi are the power supplied 
by thermal and hydro generators. We simulated 
the cost of generating with these conventional 
sources according to the typical values found in the 
Colombian electricity market in 2015.

The second term of (15), CRen, represents the cost of 
generating power with renewable energy sources. 
The value is the sum of the power generation costs 
introduced by photovoltaic panels and wind turbines, 
as expressed in (17):

 CRen = (cSiPSolari )
i=1

n

∑ + (cWiPWindi )
i=1

n

∑  (17)

where i is the node number and n is the number 
of nodes. cSi and cWi are constants of the solar and 
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wind power generation costs. PSolari and PWindi are 
the power supplied by photovoltaic panels and wind 
turbines. We simulated the cost of generating with 
these renewable energy sources according to the 
typical values found in the Colombian electricity 
market in 2015, which can represent high costs 
according to the technologies used.

Consequently, we calculated the daily costs of 
generating power with both conventional and 
renewable DG by multiplying the total cost per 
hour and the periods during the 24 hours of a day 
[8], as expressed in (18):

 CE = CTh *ΔTh
h=1

24

∑  (18)

where CE is the total cost of producing electricity 
during a day, h is the hour, CTh is the power generation 
cost, and ΔTh is the time divided by hour. This final 
energy cost allows us to evaluate the best location 
for and size of renewable energy sources.

OPTIMIZATION MODEL

This problem considers the minimization of technical 
losses and power generation cost, as (19) shows:

 Min w1 CTi
i=1

ng

∑ +w2 PLossk
k=1

nb

∑
⎛

⎝
⎜

⎞

⎠
⎟  (19)

(PReni, QReni, QCapi)

This problem is subject to the following constraints:

PGi
i=1

n

∑ − PLi
i=1

n

∑ − PLoss = 0 Real power balance

QGi
i=1

n

∑ − QLi
i=1

n

∑ −QLoss = 0 Reactive power balance

PGi
Min ≤ PGi ≤ PGi

Max Real power limits

QGi
Min ≤QGi ≤QGi

Max Reactive power limits

NPi ≤ NPi
Max Number of photovoltaic panels

NWi ≤ NWi
Max Number of wind turbines

PReni ≤ PNtLossi Commercial losses

QCi ≤QNtLossi Commercial losses

iij ≤ iij
Max Line current from i to j

i ji ≤ i ji
Max Line current from j to i

Vi
Min ≤Vi ≤Vi

Max Voltage level at node i

where PLossk represents the technical losses at 
branch k. CTi is the total power generation cost 
(including renewable energy sources). The term 
ng is the number of generators, and the term nb is 
the number of branches. Additionally, w1 and w2 
are the weighting factors that multiply technical 
losses and power generation costs. In this research, 
w1 and w2 were intended to normalize the values 
of both functions defined in (19) to equilibrate the 
algorithms’ search process. Doing so ensured that 
all functions were homogeneous; otherwise, any 
of them would have been at a disadvantage. We 
calculated the values of w1 and w2 by performing 
multiple simulations to obtain the values that best 
fit for the assessed problems.

PGi and QGi are the real and reactive power generation. 
PL and QL are the total real and reactive power of 
loads. PLoss and QLoss are the total real and reactive 
power related to technical losses. Vi is the voltage 
at node i, iij is the current from nodes i to j, iji is the 
current from nodes j to i, and PGi

Min and PGi
Max are 

the minimum and maximum real power generation, 
respectively. QGi

Min and QGi
Max are the minimum 

and maximum reactive power generation. iijMax and 
ijiMax are the maximum line currents from nodes i 
to j and j to i. Vi

Min and Vi
Max are the minimum and 

maximum voltage at node i. Npi and NWi are the 
number of photovoltaic panels and the number of 
wind turbines located at node i. Npi

Max and NWi
Max 

are the maximum number of photovoltaic panels 
and wind turbines to locate at node i. PReni and QCi 
are the real power supplied by renewable energy 
sources and the reactive power supplied by capacitors. 
PNtLossi and QNtLossi are the real and reactive power 
related to commercial losses at each node i.

OPTIMIZATION ALGORITHMS

Problem codification
Each individual or particle inside the metaheuristic 
algorithm corresponds to a solution of the problem. 
Hence, we used the codification shown in Figure 3 
to represent the changing values and find the final 
solution that represents the real power and location 
node of generators and capacitors.

In Figure 3, the terms x, y, and z represent the power 
supplied by photovoltaic panels, the power supplied 
by wind turbines, and the node number of a generator 
located in the distribution system, respectively. 



Ingeniare. Revista chilena de ingeniería, vol. 24 Nº 4, 2016

606

Moreover, v and w represent the power of capacitors 
and the node number of a capacitor located in the 
distribution system, respectively. Finally, the term 
i represents the generator or capacitor number, and 
the term n represents the number of generators or 
capacitors.

For instance, Figure 3a shows that the length of 
section I is three times the number of renewable 
generators to be located because the values of real 
power, reactive power, and node number must be 
allocated. In addition, Figure 3b shows that the 
length of section II is twice the number of capacitors 
to be located because the values of reactive power 
and the node number must be allocated.

x1 y1 z1 … xi yi zi … xn yn zn

(a)

v1 w1 … vi wi … vn wn

(b)

Figure 3. Problem codification: (a) section I: location 
and size of renewable sources; (b) section 
II: location and size of capacitors. Source: 
The Authors.

Genetic Algorithm
The evolution of living organisms inspired this 
metaheuristic, as presented in [25]. GA relies on 
the competition of bodies for resources and their 
capacity to adapt and survive. One of the algorithm’s 
main characteristics is elitism: the best individuals of 
each generation are inserted into the next generation; 
these individuals are best able to adapt or adjust to 
environmental conditions. Additionally, the algorithm 
uses a crossing method based on a random point 
or single-point crossover, where individuals are 
recombined using the sections to the right and left 
of a random cutting point. Moreover, a mutation is 
considered as a random selection of an allele from 
an individual, which is modified.

This algorithm considers the following steps [26]:
1. Randomly initialize current population.
2. While the number of generations is lower than 

the limit nr, do:
 a. Create an empty temporal population.
 b. While the temporal population is not full
  i. Select parents.
 ii. Cross parents with probability Pc.

 iii. If a crossover point is presented
  1. Mutate descendants with probability Pm.

  2. Add descendants to the temporal
   population.
 iv. Else if.
  1. Add parents to the temporal population.
 v. End if.
 c. End while.
 d. Update the generation counter.
 e. Determine the elite individuals in the current
  population.
 f. Establish as new current population the
  temporal population.
 g. Insert elite individuals to the new
  current population.
3. End while.

The literature shows some applications of this 
metaheuristic to power system planning, such as 
the integration of renewable resources in smart 
grids [27], the location and size of DG [28–33], 
and renewable DG [34, 35]. In this research, we 
used the algorithm to find the location and size of 
photovoltaic panels, wind turbines, and capacitors. 
After all simulations have been completed with this 
algorithm, we compare them with the solutions of 
the next two algorithms.

Particle Swarm Optimization
This metaheuristic is based on populations and the 
social behavior of flocks of birds in flight [36], and 
it uses iterative and stochastic methods. A particle, 
xi, is a potential solution to the problem studied, and 
movement is achieved to improve the best solution.

This algorithm considers the following steps [26]:
1. Randomly initialize the population.
2. Initialize the velocity of particles.
3. Evaluate the fitness and select the best location.
4. While the number of generations is lower than 

the limit nr, do:
 a. Update the velocity of all particles using (20).
 b. Update the new position of particles using (21).
 c. Find the new best solutions.
5. End while.

In (20), the velocity changes using the best local 
position of particles pBestik and the previous position 
of each particle xki. In this equation, the term w is 
the factor of inertia of the particle, k is the number 
of iterations, φ1 and φ2 are weights that control 
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the cognitive and social components, and rand1 
and rand2 are random numbers between 0 and 1. 
Finally, the term gi represents the particle with the 
best fitness [26].

 

vi
k+1 = w∗vi

k

+ϕ1 ∗rand1 ∗(pBesti − xi
k )

+ϕ2 ∗rand2 ∗(gi − xi
k )

 (20)

The algorithm also updates the velocity with the 
differences between the best particle located in the 
solution and the previous position of each particle. 
The algorithm uses a random number to generate 
various velocities for particles moving toward the 
global optimum. In this work, we defined ϕ1 and 
ϕ2 as 0.3 and 0.5, respectively.

The algorithm calculates the new position of each 
particle i, xi

k+1, using the current position of each 
particle, xi

k, and the new velocity of each particle, 
vi

k+1, as shown in (21).

 xi
k+1 = xi

k + vi
k+1  (21)

This metaheuristic approach shows important 
applications in DG planning, such as those carried 
out by [37–41]. As we did with GA, we used PSO 
to find the location and size of photovoltaic panels, 
wind turbines, and capacitors. After all simulations 
were completed, we compared the three algorithms 
presented in this research to identify the best solutions 
for the problem.

Bat-inspired Algorithm
This algorithm is based on the behavior of bats 
as they search for prey [42]. This last algorithm 
implemented performs a search of the best solutions, 
starting with an initial population of bats and moving 
with a calculated frequency and velocity through 
iterations.

This algorithm considers the following steps [42]:
1. Randomly initialize the population of bats.
2. Initialize the velocity.
3. Define the frequency of bats using (19).
4. Define the pulse rates ri and the loudness Ai.
5. Evaluate the fitness and select the best location 

of bats.
6. While the number of generations is lower than 

the limit nr, do:

 d. Generate new bats with the velocity by 
adjusting frequency, as in (20).

 e. If a random number is greater than the pulse 
rate ri, generate new solutions around the best.

 f. Generate new bats by flying randomly.
 g. Evaluate the fitness for each position of the 

bats.
 h. If a new solution is smaller than the current 

solution, and a random number is greater 
than the loudness Ai, save the new solution.

 i. If a new solution is smaller than the best 
solution, save the new best solution.

7. End while.

We defined the frequency between the maximum, 
fmax, and minimum value, fmin, and multiplied it by 
a random number β with uniform distribution, as 
shown in (22).

 fi = fmin + ( fmax − fmin )β  (22)

The BA updates the new velocity of each bat vi
k+1 

using the previous velocity vi
k, the current position 

of each bat xi
k, the best position of bats xbest, and 

the frequency fi, as shown in (23).

 vi
k+1 = vi

k + (xi
k − xbest ) fi  (23)

The BA calculates the new position of each bat i, 
xi

k+1, using the current position of each bat, xi
k, and 

the new velocity of each bat, vi
k+1, as shown in (21).

This metaheuristic has been used for important 
applications in DG planning [43-45]. Like the 
procedure applied to other algorithms, we used this 
last algorithm to find location and size of photovoltaic 
panels, wind turbines, and capacitors. After all 
simulations have been completed, we compared the 
results with the solutions found with other algorithms.

TEST SYSTEMS AND SIMULATIONS

Distribution Test Systems
In Latin American countries, it is common to use 
radial distribution systems, some of which have large 
commercial losses. For that reason, we considered 
two test systems: 33-node and 69-node radial 
distribution systems.

Figure 4 shows the diagram of the 33-node radial 
distribution system, which considers a total load 
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of 3715 kW and 2300 kVAr and a total supply of 
3926 kW and 2443 kVAr. The voltage limits at load 
nodes are defined as VMin=0.9 p.u. and VMax=1.1 p.u.

Figure 5 shows the 69-node radial distribution 
system according to the data reported in [46]. This 
distribution system considered a total load of 4014 
kW and 2845 kVAr and a total generation 4265 
KW and 2957 KVAR. The voltage limits at load 
nodes are considered as 10% of the rated voltage 
or VMin=0.9 p.u. and VMax=1.1 p.u.

Scenarios for Simulation
In this research, we used three tests to identify the 
solutions to the problem. The first test considered 
finding solutions to an objective function with 
BA, PSO, and GA algorithms, testing photovoltaic 
panels, wind turbines, and hybrid sources for the 
33-node and 69-node radial distribution systems. 
The second test consisted of locating between one 
and nine hybrid renewable sources and capacitors 
to identify the amount of power compensation 
required to reduce the technical losses and power 
generation costs for the two radial distribution 
systems. Finally, the third test consisted of finding 
suitable power compensations for hybrid renewable 
sources with capacitors.

RESULTS AND ANALYSIS

Convergence of the Algorithms
Figure 6 shows a comparison of the three metaheuristic 
algorithms used to solve the same problem. The 
output of the metaheuristic algorithms presented 
in this Figure corresponds to the average of the 
solutions through iterations. Results show that 
the BA algorithm converged faster than the other 
two algorithms and quickly reduced the objective 
function defined in (18). However, the GA algorithm 
converged after a larger number of iterations to find 
good results. The PSO began to reduce the objective 
function after several iterations but remained at a 
local minimum.

These results allow us to conclude that BA obtains 
the best results for the problem under investigation 
with less computational effort. For that reason, 
this algorithm becomes an important alternative 
for finding the location of renewable DG in radial 
distribution systems with commercial losses.

Figure 4. 33-node radial distribution system.

Figure 5. 69-node radial distribution system.

Figure 6. Average of solutions using PSO, GA, 
and BA.
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Location and Size of Renewable Energy Sources 
and Capacitors
Figure  7 and Figure  8 present the objective 
function reduction in the 33-node and 69-node 
radial distribution systems, respectively. The test 
consisted of evaluating the objective function with 
constraints, considering a base case with no sources 
and cases with photovoltaic panels and capacitors, 
wind turbines and capacitors, and hybrid solutions 
with capacitors. The fitness corresponds to the value 
presented (19) as the minimization of technical losses 
and power generation costs. For both figures, the 
percentages of the fitness reduction accord with the 
base case; in other words, the maximum value of 
the fitness occurs when no generation is installed.

From the perspective of the algorithms, the results 
that Figure 8 presents show that the BA obtains better 
results for all scenarios tested, although GA is close 
to the best solution found. Additionally, PSO found 

no good results for any of the proposed scenarios, 
which concurs with the results shown in Figure 6.

From the perspective of the sources, the results 
show that the objective function reduces according 
to the renewable energy source used to compensate 
for the real power. The wind turbine was the best 
technology for reducing technical losses and power 
generation costs because of the amount of power 
it can supply during the day. Photovoltaic panels 
obtained less reduction of technical losses because 
of the cost of technology, which does not allow a 
large reduction of the objective function. Hybrid 
solutions offer a good reduction of the objective 
function for both distribution systems.

Table 1 shows the results for fitness, power generation 
costs, and technical losses for the three algorithms 
used to solve the problem. The test consisted of 
finding the location of generators in five nodes 
of the radial distribution system according to the 
maximum compensation of commercial losses to 
determine the impact on technical losses and power 
generation costs.

In this table, the term PV represents the photovoltaic 
panels, the term WT the wind turbines, and the term 
Hybrid the combinations of both sources (PV and 
WT). Additionally, the term Ploss represents the 
technical losses and the term Cap the capacitors. 
Moreover, the term PV+Cap represents the installation 
of photovoltaic panels and capacitors, the term 
WT+Cap the installation of wind turbines and 
capacitors, and the term Hybrid+Cap the installation 
of photovoltaic panels, wind turbines, and capacitors. 
Finally, the fitness, generation cost, and power losses 
are expressed in percentage values according to 
the base case; in other words, the maximum value 
occurs when no generation is installed.

The fitness is reduced in all cases, but the 
reduction is maximized for the technical losses, 
and power generation costs are slightly increased 
to accomplish the objective. These conditions 
were presented because of the cost of renewable 
energy sources, particularly that of photovoltaic 
panels. The results obtained in this research 
related to power generation costs are limited to 
the conventional and unconventional generation 
technologies available in Colombia in the year 
2015; however, decreasing technology costs will 

Figure 7. Fitness reduction for the 33-node radial 
distribution system.

Figure 8. Fitness reduction for the 69-node radial 
distribution system.



Ingeniare. Revista chilena de ingeniería, vol. 24 Nº 4, 2016

610

allow better options to optimize these generation 
costs and improve energy efficiency.

For the 33-node radial distribution system, the two 
nodes found most frequently among all solutions 
are 30 and 32. For the 69-node radial distribution 
system, the nodes found most frequently among all 
solutions are 61 and 64. These results do not mean 
that those nodes must always be preferred, because 
the algorithms found them in combination with three 
other nodes, as defined in the experiment of this 
research with commercial loss constraints expressed 
in (19). If those results must be determined, we 
recommend performing a new test for a different 
number of generators, considering the results found 
in the next simulations shown in this paper.

Effects of number of sources
Figure 9 shows the location and size of different 
numbers of renewable energy and capacitor sources 
installed for the 33-node and 69-node radial 
distribution systems. For these simulations, we 
used hybrid sources, considering that photovoltaic 
panels and wind turbines located in the same 
node can provide similar power to the network; 
in other words, wp=0.5 and ww=0.5, as defined 
in (11) and (12). In this figure, we observed 
that when the number of sources increased, the 

fitness decreased. This is more notable for a lower 
number of generators and capacitors because of 
the importance of compensating large commercial 
losses, particularly for nodes located far from 
the main source. The slopes of the curves behave 
similarly when the fitness decreases, although 
the percentages of the curves are in different 
bases or according to each base case. Therefore, 
the previous data allow us to assert that when 
the number of locations of renewable generation 
sources increases, the technical losses decrease 
significantly, and thus energy efficiency improves.

Table 1. Fitness, power generation costs, and technical loss results.

Case Algorithm Source
Fitness

(%)
Generation 
Cost (%)

Ploss
(%)

Nodes to locate 
PV and WT

PV
(kW)

WT
(kW)

Nodes to 
locate Cap

Cap.
(kVar)

33-node

BA
PV+Cap 94.9 100.4 89.4 30, 14, 33, 8, 17 102 0 32, 31, 8, 18, 30 145
WT+Cap 93.4 99.9 87.0 8, 31, 28, 30, 32 0 129 30, 7, 25, 4, 29 167
Hybrid+Cap 93.8 100.2 87.4 32, 31, 14, 30, 29 67 60 29, 25, 30, 32, 31 166

PSO
PV+Cap 96.3 100.6 91.9 25, 31, 8, 30, 28 129 0 30, 27, 31, 15, 33 102
WT+Cap 95.3 99.9 90.8 24, 20, 30, 10, 32 0 86 27, 30, 32, 29, 22 107
Hybrid+Cap 95.6 100.2 91.0 26, 27, 24, 30, 29 57 64 30, 20, 11, 23, 32 106

GA
PV+Cap 94.9 100.5 89.3 30, 32, 8, 18, 14 119 0 30, 31, 18, 32, 29 135
WT+Cap 93.6 99.8 87.5 30, 31, 32, 14, 15 0 110 30, 32, 18, 33, 29 127
Hybrid+Cap 93.9 100.2 87.7 18, 32, 31, 30, 8 62 64 30, 25, 18, 32, 31 160

69-node

BA
PV+Cap 92.7 101.2 84.2 59, 33, 61, 64, 68 256 0 64, 11, 61, 6, 10 186
WT+Cap 88.9 99.7 78.0 59, 65, 61, 14, 64 0 261 17, 61, 64, 59, 10 186
Hybrid+Cap 90.8 100.5 81.0 64, 12, 23, 51, 61 139 134 16, 64, 59, 41, 61 182

PSO
PV+Cap 94.7 100.6 88.7 61, 59, 46, 68, 21 141 0 33, 8, 61, 20, 22 141
WT+Cap 91.8 99.8 83.8 21, 40, 59, 61, 45 0 201 35, 50, 27, 61, 17 126
Hybrid+Cap 93.8 99.8 87.8 7, 61, 22, 45, 27 9 89 61, 59, 29, 17, 20 143

GA
PV+Cap 93.2 101.2 85.2 62, 64, 61, 26, 65 250 0 61, 11, 59, 65, 25 159
WT+Cap 88.9 99.7 78.0 61, 21, 66, 59, 64 0 268 61, 64, 62, 11, 65 190
Hybrid+Cap 91.0 100.6 81.4 62, 64, 59, 24, 61 156 102 64, 25, 21, 61, 17 189

Figure 9. Fitness reduction according to number 
of sources located.
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Compensation
Figure 10 shows the reduction of the objective 
function for different percentages of hybrid sources 
for the 33-node (Figure 10a) and 69-node (Figure 10b) 
radial distribution systems. The percentage of sources 
are according to the maximum power to compensate 
at each node and are obtained with the terms wp and 
ww, as shown in (11) and (12). The test involved 
changing the percentage of sources (photovoltaic 
panels and wind turbines) and considering capacitors 
to identify the effects on the different terms in the 
objectives (fitness, generation costs, and technical 
losses). The percentage of the objectives obtained 
in this Figure are according to the base case, where 
the initial percentage (100%) corresponds to the 
values with no generation or capacitors installed.

Figure 10 shows that the technical loss reduction is 
higher when compensation is achieved with a low 
percentage of solar resources and high percentage of 

wind resources because of the amount of resources 
available for the test. Technical losses decreased 
for photovoltaic panels because of the resources 
available during the day, but power generation costs 
increased slightly. Wind turbines help to reduce 
technical losses and power generation costs, making 
them the best option evaluated. This implies that 
the compensation is better when the hybrid has a 
larger percentage of wind turbines, although in the 
results, the generation costs remain close to the 
initial value or the base case.

CONCLUSIONS

In this paper, we present the location and size 
of renewable energy sources and capacitors in 
distribution with commercial losses. The results 
show that compensation in nodes with a considerable 
value of commercial losses helps reduce the general 
objective function, defined as minimization of 
technical losses and power generation costs.

Application of this method resulted in technical loss 
reduction for most cases evaluated. Furthermore, the 
results related to the power generation costs were not 
uniform; some cases increased and some decreased, 
but all values were close to the base case. For example, 
in the 33-node radial distribution system, the use of 
photovoltaic panels reduced technical losses up to 
10.7% and increased generation costs up to 0.5%. 
Moreover, the use of wind turbines reduced technical 
losses up to 13% and reduced power generation costs 
up to 0.1%. In the same system, the use of hybrid 
sources reduced technical losses up to 12.6% and 
increased the power generation costs up to 0.2%. 
When we apply the same method to the 69-node 
radial distribution system, the use of photovoltaic 
panels reduced the technical losses up to 15.8% and 
increased power generation costs up to 1.2%. In 
addition, the use of wind turbines reduced technical 
losses up to 22% and reduced generation costs up to 
0.3%. Finally, in the same system, the use of hybrid 
sources reduced the technical losses up to 19% 
and increased the generation costs up to 0.5%. All 
these results show that installing renewable energy 
sources and capacitors in distribution systems with 
commercial losses is a good option for improving 
energy efficiency; but, we can obtain better results 
if the renewable energy generation technologies 
reduce the costs, as these are limited to local values 
in this research.

(a)

(b)

Figure 10. Fitness reduction with percentage of 
compensation for the (a) 33-node and 
(b) 69-node radial distribution systems.
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When testing the best hybrid solutions, the results 
showed that the objective function reduced up to 6.85%, 
but the best power generation costs resulted from the 
use of more wind technologies than photovoltaic 
panels. From the three metaheuristic algorithms used 
in this research to find the location of photovoltaic 
panels, wind turbines, and capacitors (PSO, GA, 
and BA), the BA algorithm converged faster than 
the other two and could find better solutions. The 
results showed that BA obtained an average fitness 
of 92.42% for the 33-node radial distribution system 
and 88.9% for the 69-node radial distribution system. 
The results obtained with GA were close to the best 
results, but GA required a larger number of iterations 
to find the solutions reported.

In future works, we will be investigating new 
methods that reduce the effects of commercial losses 
on power quality, reliability, and stability. We will 
consider new models to mitigate these effects by 
using the smart grid.
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