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Abstract: The paper presents a decision-making algorithm that has been developed for the optimum
size and placement of distributed generation (DG) units in distribution networks. The algorithm that
is very flexible to changes and modifications can define the optimal location for a DG unit (of any type)
and can estimate the optimum DG size to be installed, based on the improvement of voltage profiles
and the reduction of the network’s total real and reactive power losses. The proposed algorithm
has been tested on the IEEE 33-bus radial distribution system. The obtained results are compared
with those of earlier studies, proving that the decision-making algorithm is working well with an
acceptable accuracy. The algorithm can assist engineers, electric utilities, and distribution network
operators with more efficient integration of new DG units in the current distribution networks.
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1. Introduction

The worldwide continuous integration of distributed generation (DG) units in the electric power
systems is a result of electricity markets’ privatization, of environment protection from emissions and
of technological progression. The unadvised and uncontrolled installation of DGs in the distribution
network during the past two decades brought in serious problems and challenges to the distribution
networks. Such problems are the inevitable bidirectional power flow in the modern distribution
networks, in contrast to unidirectional power flow from higher to lower voltages, and the very
important problems of voltage drop and power losses [1,2]. Researchers from all over the world are
studying the above-mentioned problems and have featured various techniques and methodologies
for selecting the optimum sitting and sizing of DGs in an effort to improve the voltage profiles and
minimize or even eliminate power losses of modern distribution networks with DG.

A new particle swarm optimization method has been proposed in [1], aiming to improve the
power quality and the reliability of a distribution system by identifying the optimal number of DGs to
be connected and their most suitable location within the system. The proposed method was tested
on the IEEE 30-bus system, producing results that have shown considerable reduction in the total
system’s power losses, improvement in the buses voltage profiles and reliability. Jamian et al. [3]
used multiple types of optimization techniques to regulate the DG’s output in order to compute its
optimal size. Comparative studies of a new proposed rank evolutionary particle swarm optimization
method with evolutionary particle swarm optimization and a traditional particle swarm optimizations
were conducted. The implementation of evolutionary programming and particle swarm optimization
allowed the entire particles to move towards the optimal value in a more rapid way. Their applied
technique demonstrates a reduction in power losses, achieved when an optimal DG size is selected.
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Evolutionary particle swarm optimization presented better results than the conventional particle
swarm optimization due to its reduced iterations and computing time.

Devabalaji and Ravi [4] have proposed a combined methodology for the optimal size and sitting
of multiple DGs and distribution static compensators. They have used the loss factor to determine
the optimal location and the bacterial foraging optimization algorithm to determine the optimal
size. The used objective function was formulated for minimizing power loss, operational costs, and
voltage profile enhancement of the system The proposed methodology was tested on IEEE 33-bus
and 119-bus radial distribution system with different load factors obtaining very useful results and
demonstrating the benefits developing within radial systems by the implementation of DGs and the
distribution of static compensators. In [5] combined nature inspired algorithms for the optimal location
and sizing of DGs have been used. A two-step optimization technique has been proposed for DG
integration. In the first step, the best size of DG is determined through particle swarm optimization
metaheuristics and the results obtained are checked for reverse power flow using the negative load
approach. Then, optimal location is determined by loss sensitivity factor and weak bus methods in
search of possible bus locations. In the second step, the optimal sizing of DGs is determined by using
three nature inspired algorithms, i.e., particle swarm optimization, gravitational search algorithm,
and a combination of the previous two algorithms. The effectiveness of the proposed technique has
been proved through its testing on the IEEE 30-bus system.

A study conducted by Kotb et al. [6] used genetic algorithms to define the optimal location and
size of several DG units. Three main objectives have been selected, i.e., voltage, real and reactive
power losses, and DG size, aiming to reduce the total power losses and to improve the voltage profiles.
A 69-bus radial distribution test system for testing and verification purposes has been used in their
study. The proposed methodology suggested that the installation of three DG units of the same size in
three different positions of the 69-bus radial distribution test system resulted in the reduction of power
losses and in voltage profiles enhancement. A similar technique that combines a genetic algorithm
with the particle swarm optimisation method for the sitting and sizing of DGs within distribution
networks has been proposed in [7]. The suggested technique aimed at voltage improvement, voltage
stabilisation, and power losses reduction for radial systems. The genetic algorithm has been used in
order to locate the optimum DG installation location while the particle swarm optimisation method
has been used to compute the DG’s optimum size. A 33-bus radial system and a 69-bus radial system
were used in order to test the proposed technique.

In a similar way in [8], genetic and particle swarm optimization algorithms have been exploited
for the optimal placement and sizing of both a DG and a capacitor. The performance of these
algorithms has been tested by applying the proposed methodology to a 12-bus radial distribution
system. The produced results have presented that the proposed methodology is more effective and
capable of providing better results than other analytical methods. Following, Parizad et al. [9] tried
to determine the optimum location and the size of DG in terms of reducing losses and stabilizing
voltage, using two different methods. The first approach aimed at real power losses reduction through
the development of an exact loss formula that determined the best location for DG installation. In
the second approach, a voltage stability index to position DG in the optimum location was used.
Power flow was computed by applying the forward-backward sweep method. Two distribution
systems of 33-bus (radial) and 30-bus (loop) have been used in the study. The proposed techniques
revealed significant improvement in terms of voltage profiles and power losses reduction. In [10],
fuzzy logic has been applied for locating the optimum placement of a single DG unit and a new
analytical expression for DG sizing implemented in radial networks was proposed. The aim of this
study was to improve the voltage profile and minimize real and reactive power losses. Three different
distribution systems (a 12-bus, a 33-bus, and a 69-bus) were utilized in order to demonstrate that
the proposed methodologies can be applied in radial distribution systems of different sizes and
arrangements. The results have presented that the appropriate installation of a DG unit has resulted
in significant reduction in real and reactive power losses as well as in a noteworthy voltage profile
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improvement. Contrasting the majority of other researchers that use the Newton-Rapson method,
a forward-backward sweep algorithm for load flow analysis was applied.

Mabhat et al. [11] introduced a methodology for defining both the optimal size and location of wind
type DG in primary distribution systems aiming in the reduction of system’s real power loss. The exact
loss formula was used to trace system losses and their methodology was implemented in both a 33-bus
and a 69-bus radial distribution system. An analytical study for the calculation of the optimum size
and allocation of DG units at optimal positions was presented in [12]. The above-mentioned technique
aimed to reduce distribution systems power losses and to improve voltage profiles by applying a
sensitivity index in order to identify the optimal DG connection location. The 13-bus IEEE radial
distribution test system has been used for verification purposes and the main conclusion was that
minimum losses and an improved voltage profile can be achieved by integrating a single DG unit of
optimum size in an optimum location rather the integration of several DG units.

A very interesting study has been presented by Di Silvestre et al. [13]. The authors are
concerned with reducing energy losses of an islanded medium voltage distribution network aiming
at the improvement of electricity distribution efficiency. One of the proposed actions taken was
the installation of distributed photovoltaic (PV) generation units. The NSGA-II multi-objective
optimization algorithm has been implemented for defining the optimal location and size of the
PV units. The most significant contribution of this study, as compared to others, is that economic
factors have been taken into account such as: utilities” costs and subsidies to customers. The application
of the proposed methodology on an existent medium voltage distribution network of Lampedusa
Island has proven that the PV generation units installation leads to significant advances in terms of
investment payback, voltage drop, and greenhouse gas emissions reduction.

Safigianni et al. [14] were concerned with the impact of mixed DG technologies penetrating a
medium voltage power distribution network. Power flow and short-circuit analyses were conducted
aiming to determine the impact of DG penetration in terms of current, losses, voltage profiles,
and short-circuit levels of the examined network. Their general conclusion was that arbitrary DG
accommodation leads not only to network sterilization, but also to the violation of technical constraints.
Balamurugan et al. [15] conducted load flow and short circuit studies in an effort to investigate the
impact of photovoltaics on the distribution systems. They implemented their analysis on the IEEE
34-bus system, with their main focus on the system’s total power losses, phase imbalances, fault levels,
and voltage profiles. They have concluded that the higher the penetration level, the higher the
improvement of the DG’s impact in terms of power losses and voltage profile. They have also observed
that the same positive impact was sustained even when DG was installed in several different places
within the distribution system.

To this direction this paper presents a decision-making algorithm for the optimum size and
placement of DG units in distribution networks. The proposed algorithm is relatively simple,
very flexible to changes and modifications, and can support any type of DG unit. It is implemented
in MATLAB (R2014b, MathWorks, Natick, MA, USA) and the power systems software NEPLAN
360 (NEPLAN AG, Zurich, Switzerland) is used for the load flow analysis, something that simplifies
significantly the simulation process. The algorithm has been tested on the IEEE 33-bus radial
distribution system and the obtained results are compared with those of earlier studies, proving
that the decision-making algorithm is working well and has an acceptable accuracy. The proposed
decision-making algorithm can assist engineers, electric utilities, and network operators to handle
more efficient the increasing installation of DG in distribution networks.

2. The Impact of Distributed Generation in Voltage Profile and Power Losses

2.1. Voltage Profile

DG is supposed to support and improve the system’s voltage, but the question that is raised
is up to what extent is this statement accurate, since it has been demonstrated that the penetration
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of DGs in the distribution system may cause overvoltages or undervoltages. Furthermore, specific
DG technologies vary their output power level over time, as in the case of photovoltaics and wind
generators. As a consequence, voltage fluctuations occur that in turn deteriorate the power quality
delivered to consumers [2].

Moreover, overvoltages and undervoltages in distribution networks with DG have been reported
due to the incompatibility of DGs with the existing voltage regulation methods. In general,
the distribution networks are regulated with the help of voltage regulators, capacitors, and the
tap changing of transformers. These methods were designed for radial (unidirectional) power flow
and have been proved to be very reliable and efficient in the past. However, nowadays, the installation
of DGs in distribution networks have had a substantial impact on the voltage regulation methods
performance due to the meshed (bidirectional) power flow, introduced by DGs to the networks.

On the other hand, the implementation of DG has had a positive impact on the distribution
networks for the reason that they contribute to the reactive compensation for voltage control,
to frequency regulation, and they operate as spinning reserve in the case of main system’s fault indices.

2.2. Power Losses

It has been proved that the DG can minimize the power losses (both real and reactive) of
distribution networks due to their installation near the load centers. Several studies, most of which
were presented earlier, demonstrated that the location and the size of a DG unit play an important
role in the power losses elimination. Consequently, the specific location of a DG in a distributed
network and DG’s specific capacity resulting in minimum power losses is in general identified as the
optimum location. The DG allocation process is very similar to the capacitor allocation procedure
aimed at power losses reduction. The main difference between the two processes is that DG units
exhibit impact upon both real and reactive power, while the capacitor banks influence only the reactive
power flow. It has been proven, that in the case of networks with increased power losses, installing a
relatively small DG unit strategically connected to the network, may result in substantial power losses
reduction [16,17].

The losses in a network are dependent on the system operating conditions and are given by (1),
known as exact loss formula [18].

P =) ) aj(PPj+ QiQ;j) + bij(QiP; — P.Q;) )

i=1j=1

where:
1’1']'
Lli]' = 7ViVjCOS((5,' — (5]>,
rij .
bij = V,V/ Sll’l((si — (5]),

Pand Q are net real and reactive power injection in each bus, 7;; is the line resistance between buses i
and j, V and ¢ are the voltage and load angle at corresponding buses.

3. The Propose Decision-Making Algorithm

A decision-making algorithm for the optimum size and placement of a DG unit in distribution
networks has been developed. The algorithm that is relatively simple, flexible to changes and
modifications can estimate the optimum DG size, and can define the optimal location for a DG
unit (of any type) to be installed, based on the improvement of voltage profiles and the reduction of
the network’s total real and reactive power losses. The algorithm has been implemented in MATLAB
and the load flow analysis is performed with the use of NEPLAN 360, one of the most reliable power
systems software [19].
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The flow chart of the developed decision-making algorithm is presented in Figure 1, and has the
following structure:

Step 1: Define Network Model, Distributed Generation (DG) parameters, and number of test DGs.

Step 2: Perform Load Flow analysis to obtain steady-state base case parameters for Bus voltages and Line losses.

Step 3: Sort Buses in ascending order of voltage deviation from nominal voltage for DG placement in the same order.

Step 4: For each test DG, connect DG at given Bus, perform Load flow analysis and store the results as a scenario.

Step 5: Repeat Step 4 for every Bus in ordered list.

Step 6: Sort all Load flow scenario results for all DGs placed at all buses according to lowest line losses
or best voltage profile.

Step 7: Select a scenario with lowest line losses or best voltage profile for optimum DG size and placement.

Network Model

Distributed Generation
(DG) Parameters

Number of test DGs (n),

obtain base case parameters for
Bus voltages and Line losses

|

Sort Buses in ascending order of
voltage deviation from nominal voltage
with individual buses denoted by index

i and total buses to test as k

Perform Load Flow Analysis to ]

Set DG index j=

YES

j>n?
Ve

|J=j+1| |SetBusindex i=1|

YES 4k\7g
Yoo

Place DG j at Bus i and
perform a Load Flow

Store results of Load
Flow scenario

Sort all Load Flow scenario results for
all DGs placed at all buses accordingto  f«——
lowest line losses or best voltage profile

l

Select scenario with lowest

line losses or best voltage

profile for optimum DG size
and placement

Figure 1. The flow chart of the proposed decision-making algorithm.




Energies 2017, 10, 1433 60f 13

4. IEEE 33-Bus Radial Distribution System

The IEEE 33-bus radial distribution system is shown in Figure 2. It consists of thirty-three buses
and thirty-two lines (branches). All of the buses have a voltage level of 12.66 kV. The maximum and
minimum voltage limits for all buses are considered at +5%. The network is fed by a synchronous
generator, while it is loaded from 3.715 MW and 2.3 MVar connected to thirty-two buses of different
power factors. Tables 1 and 2 present the line data and load data of the examined system.

19 20 21 22

26 2 28 29 30 31 32 33

L L L L
ECEEGEEL

8 9 10 11 12 13 14 15 16 17 18

Figure 2. Single line diagram of the IEEE 33-bus radial distribution system [20].

Table 1. Line data of the IEEE 33-bus radial distribution system [20].

Line Impedance
Line Name From Bus  To Bus Length (km)

Resistance (Ohm/km) Reactance (Ohm/km)

BRANCH-1 1 2 1 0.0922 0.0470
BRANCH-2 2 3 1 0.4930 0.2511
BRANCH-3 3 4 1 0.3660 0.1864
BRANCH-4 4 5 1 0.3811 0.1941
BRANCH-5 5 6 1 0.8190 0.7070
BRANCH-6 6 7 1 0.1872 0.6188
BRANCH-7 7 8 1 1.7114 1.2351
BRANCH-8 8 9 1 1.0300 0.7400
BRANCH-9 9 10 1 1.0440 0.7400
BRANCH-10 10 11 1 0.1966 0.0650
BRANCH-11 11 12 1 0.3744 0.1238
BRANCH-12 12 13 1 1.4680 1.1550
BRANCH-13 13 14 1 0.5416 0.7129
BRANCH-14 14 15 1 0.5910 0.5260
BRANCH-15 15 16 1 0.7463 0.5450
BRANCH-16 16 17 1 1.2890 1.7210
BRANCH-17 17 18 1 0.7320 0.5740
BRANCH-18 2 19 1 0.1640 0.1565
BRANCH-19 19 20 1 1.5042 1.3554
BRANCH-20 20 21 1 0.4095 0.4784
BRANCH-21 21 22 1 0.7089 0.9373
BRANCH-22 3 23 1 0.4512 0.3083
BRANCH-23 23 24 1 0.8980 0.7091
BRANCH-24 24 25 1 0.8960 0.7011
BRANCH-25 6 26 1 0.2030 0.1034
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Line Impedance

Line Name From Bus  To Bus Length (km)
Resistance (Ohm/km) Reactance (Ohm/km)
BRANCH-26 26 27 1 0.2842 0.1447
BRANCH-27 27 28 1 1.0590 0.9337
BRANCH-28 28 29 1 0.8042 0.7006
BRANCH-29 29 30 1 0.5075 0.2585
BRANCH-30 30 31 1 0.9744 0.9630
BRANCH-31 31 32 1 0.3105 0.3619
BRANCH-32 32 33 1 0.3410 0.5302
Table 2. Load data of the IEEE 33-bus radial distribution system [20].
Load Location (Bus Bar) Real Load (kW) Reactive Load (kVAR)
L2 2 100 60
L3 3 90 40
14 4 120 80
L5 5 60 30
L6 6 60 20
L7 7 200 100
L8 8 200 100
L9 9 60 20
L10 10 60 20
L11 11 45 30
L12 12 60 35
L13 13 60 35
L14 14 120 80
L15 15 60 10
Ll6 16 60 20
L17 17 60 20
L18 18 90 40
L19 19 90 40
L20 20 90 40
L21 21 90 40
L22 22 90 40
L23 23 90 50
124 24 420 200
L25 25 420 200
L26 26 60 25
L27 27 60 25
128 28 60 20
L29 29 120 70
L30 30 200 600
L31 31 150 70
L32 32 210 100
L33 33 60 40
Total load 3715 2300

5. Results and Comparison

5.1. Produced Results

The IEEE 33-bus radial distribution system was modelled with the help of NEPLAN 360 software.
Two different types of DGs (photovoltaic (PV) and wind generator) have been coupled with the
examined distribution system in order to test the proposed decision-making algorithm. Four different
sizes of PVs and three different sizes of wind generators, of typical type and commonly used in the



Energies 2017, 10, 1433 8of 13

distribution networks, have been selected for the above testing. Table 3 presents the sizes of the seven
DG units that have been exploited in the simulations [21].

Table 3. The sizes of the distributed generation (DG) units used in the simulations [21].

DG Name Injected Real Power (MV) Consumed Reactive Power (MVar)
DGI1-PV 0.5 -
DG2-PV 1.0 -
DG3-PV 2.0 -
DG4-PV 4.0 -
DG1-WG 1.65 0.731
DG2-WG 2.0 0.582
DG3-WG 3.0 0.875

It must be mentioned that in all of the simulations the loads of all buses were kept constant with
values equal with those presented in Table 2.

A load flow analysis using the extended Newton-Raphson method is performed to the examined
distribution system without connecting any DG to the network (base case load flow). For each bus,
the voltage profile is calculated. The base case voltage profiles and the nominal values in each bus are
presented in Figure 3, while in Figure 4 are presented the base case power losses in each branch of
the system.
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Figure 3. Base case voltage profiles of the IEEE 33-bus radial distribution system with no DG.
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Figure 4. Base case power losses of the IEEE 33-bus radial distribution system with no DG.

Buses are sorted in ascending order considering the voltage deviation from the nominal voltage.
Seventeen buses have violated the lower limit of 95%. Each one of the seven DG units has been
connected to the seventeen buses and load flow analyses are conducted calculating the network’s
voltage profiles and power losses (real and reactive). In total, one hundred and nineteen load flow
analyses have been conducted.

Representative results are presented for three selected buses in Figures 5-8. The three selected
buses are bus 18, which presents the lowest base case voltage profile within the network, bus 33 that
presents the lowest base case voltage profile in the second longest branch of the network, and bus 6 for
its “nodal” /strategically point within the network. Figures 5-7 present the voltage profiles of network
buses when each one of the seven DG units has been connected at buses 18, 33, and 6, respectively,
while Figure 8 presents the total network apparent power losses when each one of the seven DG units
has been connected at buses 18, 33, and 6, respectively.
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Figure 5. Voltage profiles of network buses when different DG unit sizes have been connected at bus 18.
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Figure 6. Voltage profiles of network buses when different DG unit sizes have been connected at bus 33.
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Figure 7. Voltage profiles of network buses when different DG unit sizes have been connected at bus 6.
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Figure 8. Total network apparent power losses when different DG unit sizes have been connected at
bus 6, 18 and 33 respectively.

5.2. Comparison of Results

Table 4 presents the produced results as well as the results of other methodologies that have
been also applied and tested on the IEEE 33-bus radial distribution system and have been presented
in [9-11]. The decision-making algorithm results are comparable to these produced by the other
methodologies, something which clearly implies that the proposed decision-making algorithm is well
working and has an acceptable accuracy.

Table 4. Comparison of proposed method’s results with other methodologies.

DG Size (MW)

Methodology
Bus 6 Bus 18 Bus 33
Proposed decision making algorithm 2.0 1.0 1.65
Parizad, Khazali, Kalantar [9] 2.4818 0.8471 1.2872
Injeti, Kumar [10] 25 0.9 1.2
Mabhat, Ongsakul, Mithulananthan [11] 2.9 1.7 0.8

6. Discussion

The produced results show that both DG types (PV that injects real power to the network and a
wind generator that injects real power to the network but consumes reactive power) have a significant
impact to the voltage profiles of the buses. In all of the examined cases the DG PV units have increased
the voltage levels, with this increase to be proportional to the DG PV unit capacity. On the other
hand, the DG wind generator units had presented a totally different impact on the voltage profiles
of the distribution network. The improvement that has been achieved in the voltage profiles was
not proportional to the DG wind generator unit capacity. Moreover, something that concerns both
types of DG units (PV and wind generator) and has been observed throughout the simulations is that
the connection position of DG unit is of paramount importance, not only to the bus that the DG is
connected and to its neighboring buses, but also for the whole network since it can result in a totally
different performance.

As far, concerning the total network power losses, the results have shown that the size of the
connected DG, independently from the DG type, plays an important role since it has been observed
that the bigger the size of the DG the bigger the impact on the total network power losses of the system.
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Furthermore, the position that is installed the DG unit (of any type) is of paramount importance,
since its influence on the total power losses of the network (both real and reactive) is totally different.
Moreover, it has been observed that the impact to the total power losses is proportional to the size of
the DG unit.

The proposed decision-making algorithm results, produced for the IEEE 33-bus radial distribution
system, have been compared with results obtained from previous methodologies for the same
distribution system. The comparison has shown that the proposed algorithm is efficient and can
provide good solutions for the optimum size and placement of DG units in distribution networks.

It should also be mentioned that parameters not been taken into account in the current work are
the annual load variability and economic issues associated with the DG unit installation. Loads of a
distribution network present considerable variations during days, weeks, and months resulting in
substantial variations in network’s power losses and voltage profiles. The initial installation cost per
kW of DG is generally higher than the one of large centralized plants, and moreover, the cost of different
types of DGs varies. On the other hand the majority of the DGs are pollution free, have reduced
running costs but even so significant differences among the different DG types should be taken into
account when discussing their advantages. In an effort to promote and encourage the installation of
DG units in the distribution networks, several European and national support mechanisms have been
introduced. Among them, the most popular is the feed-in tariff, where the DG owners are compensated
at a price that allows them to recover the cost of their investment in a relatively short period of time.
As a future work, the before mentioned parameters will be studied and taken into account targeting
the further development of the proposed algorithm and will also be applied to a study of an existent
distribution network.

7. Conclusions

In this paper, a decision-making algorithm has been developed for the optimum size and
placement of DG units in distribution networks. The proposed algorithm has been tested on the
IEEE 33-bus radial distribution system and the obtained results have been compared with those of
earlier studies, proving that the decision-making algorithm is well working and has an acceptable
accuracy. The algorithm can assist engineers, electric utilities, and distribution network operators in
the more efficient integration of new DG units in the current distribution networks. Future work will
be the improvement of the proposed algorithm taking into consideration both the DG installation cost
and the variability of the loads during the year, as well as the application of the algorithm in a real
distribution network.

Conflicts of Interest: The author declare no conflict of interest.
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