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ABSTRACT

Distributed generation (DG) sources are becoming more popular nowadays because of their technoeconomic and environmental benefits.
These benefits are maximized only when the DG sources are properly planned and installed in the distribution networks. Several studies
have been carried out in this field considering various objectives and constraints, for single as well as multiple DG placement and sizing. In
this paper, an optimization methodology based on particle swarm optimization is used for the optimal planning of multiple DG sources in a
meshed distribution network. The solution consists of the possible DG locations, DG capacities, and its operating power factor. The
objectives considered are the improvement of reliability indices namely the system average interruption frequency index and system average
interruption duration index, reduction of real power loss, and voltage profile improvement. Unlike other works, reliability evaluation is done
considering many realistic constraints and it is used as one of the criteria for DG planning. Reliability indices are evaluated using the
encoded Markov cut set algorithm. The real power loss and the voltage index are obtained by means of a simple load flow technique. The
stochastic nature of the renewable DG output and the load are taken into account during the reliability evaluation along with islanding
probability. The optimal planning of DG sources is done for bus 4 of the Roy billinton test system consisting of seven feeders, 102 nodes, and
106 components. Optimal planning for solar based DG sources is done considering three different load models namely residential,

commercial, and mixed load.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5115207

I. INTRODUCTION

In recent years, there is a tremendous increase in the integration
of distributed generation (DG) sources into the main grid. This
increased penetration is attributed to the various advantages of having
these sources located near the loads. In addition to the economic and
environmental benefits, the major technical benefits of DG' are
reduced losses, increased reliability, improved voltage profile, reactive
power support to grid, and improved power quality and stability. The
capacity of DG varies from few kilowatts (kW) to megawatts (MW)”
and they are usually located in the distribution network. DGs can be
either renewable based like photovoltaic, wind, tidal, etc. or conven-
tional type like microturbines, fuel cells, oil based, etc. When DGs are
introduced into the network, the power flow becomes bidirectional
and this can cause many undesirable effects in the existing traditional
distribution network which is designed to be a passive network.
Renewable based DGs have intermittent power output characteristics
and this can lead to decreased reliability and power quality unless
properly planned. Hence, careful planning is needed for the installa-
tion and operation of these types of sources. Proper placement and siz-
ing of DG sources are required to maximize the benefits of DG
integration.

Most of the works in the literature focused on finding the optimal
location and size for single or multiple DGs considering minimization
of losses, improvement of voltage profile, cost benefit maximization,
reliability improvement, short circuit mega-volt amperes (MVA), and
voltage stability. The optimization approaches that have been applied’
include both classical methods like linear programming and evolution-
ary algorithms like Particle Swarm Optimization (PSO), Genetic
Algorithm (GA), Artificial Bee Colony, and nondominated sorting
GA. Optimal siting and sizing of DG are done for a meshed network”
considering losses, voltage profile, and short circuit MVA.
Multiobjective PSO is used for DG integration,” considering maximi-
zation of DG owner’s profit and minimization of Distribution
Company’s cost. The importance of optimal integration of DGs® in a
distribution network and the various techniques used for obtaining the
optimal solutions are discussed. An adaptive robust short-term plan-
ning of electrical distribution systems considering siting and sizing of
renewable energy based DG units is done” using mixed integer liner
programming. A new two-step optimization algorithm is proposed”
for optimal placement of a wind turbine generator in a distribution
network. The locations and power factors of the generators are
obtained using lightning attachment procedure optimization in the
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first stage and then, the optimal capacities of the wind generators are
determined analytically. A simulated annealing based method is pro-
posed” for optimal integration of DG sources with a reliability crite-
rion. Optimal siting and sizing of multiple DGs are obtained using the
weighted sum method'” and the problem is solved using GA and PSO.
The objectives considered are the reduction of real and reactive power
loss, improvement of voltage profile, stability, reliability, and sensitiv-
ity. The optimal planning of DG sources'' is done without changing
the traditional relay protection schemes. Different load models as well
as the feeder failure rates'” are also considered. A comprehensive
review'* " about the various methodologies used, objectives, and con-
straints considered for the optimal siting and sizing of DG sources is
presented.

Most of the optimal DG planning works done so far in the litera-
ture have considered the distribution network to be radial. For a
meshed distribution network, the sectionalizing/tie switches are
opened and the network is considered as radial during analysis. Only a
few works have considered reliability during the DG planning process
for a meshed network. Most of the authors who considered reliability
as an objective function have evaluated the energy not supplied (ENS)
index obtained from the power flow analysis or the system average
interruption frequency index (SAIFI) and the system average interrup-
tion duration index (SAIDI) values obtained from the failure/repair
rate available. The effects of DG failures or the DG islanding probabil-
ity are not taken into account during reliability evaluation. In this
paper, the above-mentioned drawbacks are addressed and the optimi-
zation for the siting and sizing of the multiple DGs in a meshed distri-
bution network is done using particle swarm optimization. The
objectives considered are maximization of reliability, minimization of
real power loss, and improvement of voltage profile. While evaluating
reliability, adequacy of the DG to supply the load during islanding,
DG mechanical failure, starting/switching probability of the DG, and
the distribution network failure are taken into account. The stochastic
nature of the output of renewable energy based DG sources and the
load are also taken into consideration. The DG planning solutions are
obtained for solar energy based DGs for three types of load profiles
namely residential, commercial, and mixed load. The proposed solu-
tion methodology is tested on bus 4 of the Roy billinton test system
(RBTS) which has 7 feeders, 102 nodes including 38 load points, and
106 components. The tie lines are removed from the test system to
consider it as a radial network and then, the simulations are repeated
to obtain the DG planning solutions. This is performed to compare
the DG planning solutions obtained for the meshed and radial
network.

Il. PROBLEM FORMULATION

The multiobjective function is formulated with the help of the
weighted sum method. Four indices are evaluated namely, the sys-
tem average interruption frequency index (SAIFIpg), system aver-
age interruption duration index (SAIDIpg), real power loss
(Plosspi)> and voltage index (Vingexnc)- Each index is divided by its
corresponding base value for normalization. The weights can be
fixed depending upon the importance of the objectives and the
system behavior. The reliability indices evaluated are the expected
values and they are obtained analytically by means of the encoded
Markov cut set (EMCS) algorithm. The power loss and voltage
index are obtained from load flow analysis.

ARTICLE scitation.org/journalirse

A. Objective function

The objective function is to minimize the function, F, formulated

asin (1)
SAIFIpg SAIDIpg

F=w*|—F— | +W|—

L SAIFInopG SAIDInopG
Minimize , (1)

+ ws ( PlossDG > oy < VindexDG )
P 10ss NoDG Vindex NoDG

wr+wy +ws+wyg =1, (2)

where F is the objective function; SAIFI and SAIDI are the reliability
indices; and Pj,g and Vipqe, are the power loss and voltage indices. wy,
wy, w3 and wy are the weights associated with each index with the
sum of the weights equal to one as given in (2). SAIFI and SAIDI are
evaluated using (3) and (4)

> AN
YN

S UN;
2N

where /; is the failure rate, N; is the number of customers at load point

i, and U; is the annual outage time of load point i.'° Real power loss,

Pjoss and voltage index, Vi, gex are given by (5) and (6).

SAIFI =

3

SAIDI =

(4)

Pross = ZZ:I (IanRm)y (5)
Vindex = ZZ(I - Vl)a (6)
i—1

where I,,, is the current and R,,, is the resistance of the branch m, N is
the total number of branches in the system, V; is the voltage of node i
and n is the total number of nodes. The voltage index is calculated
using (6) so as to minimize the voltage deviation of all nodes from the
flat voltage profile.

B. Constraints

The objective function is minimized subjected to the following
constraints given in (7)-(12).

(1) Power balance constraints
PG = PD + PL0557 (7)
QG = QD + QLoss7 (8)

where Pg and Qg are the total real and reactive power generation,
Pp and Qp are the total real and reactive power demand, and Py
and Qs are the total real and reactive power loss of the distribu-
tion network.

(2) Voltage limits

Vmin S Vi S Vmax: (9)
where Vi, and V., are the minimum and maximum voltage of

the i node.
(3) DG capacity limits

DGmin S DGcap S DGmax (10)
where DG,;, is the capacity of the installed DG and DG,;, and

DGipax are the minimum and maximum capacity of the installed
DG source.
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(4) DG node limits
Bus; < DGoqe < Busy, (11)

DGi,04. is the location for the DG installation; Bus; and Bus,, are the
first and last node, respectively, in the list of nodes available for DG
installation.

(5) Operating power factor (PF) limits

=

PFminSPFDGSPFmax (12)

where PFpg is the operating power factor of the DG, PF,, is the
minimum operating power factor, and PF,,, is the maximum oper-
ating power factor of the DG.

The solar DG along with the voltage source inverter can func-
tion similar to a static synchronous compensator (STATCOM).
STATCOM can regulate the voltage at its terminal by controlling the
amount of reactive power injected into or absorbed from the grid.
During day time, the inverter exchanges reactive power with the grid
using the inverter capacity remaining after real power injection. It
operates as a STATCOM with full inverter capacity in nighttime as
well as during any time of the day to provide critical grid support.

The following four cases for DG output are analyzed.

(a)  Type 1: Only real power is generated and there is no reactive power
support to the grid. Power factor will be maintained at unity.

(b)  Type 2: Real power is supplied and reactive power is absorbed.
Operating power factor of the DG will be lagging.

(c) Type 3: Both real and reactive power is generated. Operating
power factor of the DG will be leading.

(d) Type 4: Operating power of the DG can be either lagging or
leading.

I1l. SOLUTION METHODOLOGY

The multiobjective optimal DG integration problem is solved
with the help of particle swarm optimization along with EMCS and
load flow algorithms. In each iteration of the PSO algorithm, the reli-
ability indices are evaluated by means of the EMCS algorithm and the
loss and voltage indices are obtained by performing the load flow anal-
ysis. Then, the fitness function is calculated from the obtained indices
using the weighted sum method.

A. Particle swarm optimization

Particle swarm optimization, proposed by Kennedy and
Eberhart, is an evolutionary algorithm inspired by social behavior of
birds."” A set of particles are initialized randomly and then, they are
made to fly through the search space in search of the global minimum.
This is achieved by updating the velocity and position of the particles
as in (13) and (14). PSO is almost similar to the genetic algorithm
except that it does not have any evolutionary operators like crossover
or mutation. PSO is used for single or multiple objective functions
either as a maximization or minimization algorithm. It has a fewer
number of operators and is easy to implement and the time taken to
converge to the final solution is very less.

Viii =w * Vi + Cy * rand * (localbest; — X;)

ARTICLE scitation.org/journalirse

where V;; and V; are the velocity, X;,; and X; are the position of the
particle for the (i+ 1)™ and i iteration, respectively, w is the inertia
weight, and C; and C, are the positive constant coefficients.

B. Encoded Markov cut set (EMCS) algorithm

The EMCS algorithm is an analytical method for reliability
evaluation'® which uses both minimal cut set and Markov model-
ing to calculate the reliability. The method is algorithmic in nature
and hence can be used for the reliability centric optimal planning
of the distributed generation systems. The following reduction
techniques are applied in order to simplify and thus bring down
the number of system states. During reliability evaluation, only
one load point will be considered at a time. The components which
do not belong to any of the paths connecting the source and the
load are removed from the network. The remaining components, if
possible, are reduced with the help of series parallel combinations.
The maximum number of simultaneous failures is also limited to
three. These reduction techniques reduce the number of system
states drastically. Prime number encoding for the components
helps in creating a unique ID for each set of lines. Then, the con-
cept of Petri Nets is used to identify the minimal tie sets. The
remaining sets of lines are further classified into tie sets, cut sets,
and minimal cut sets. The individual load point indices are evalu-
ated first and then, the system reliability is evaluated based on the
number of customers. After incorporating DG into the network,
reliability is evaluated considering the DG mechanical failure rate,
its adequacy to supply the load during islanding, and its starting/
switching probability. The variation in the output of renewable
energy based DG sources and the load are taken into account by
developing the capacity probability table (CPT) and demand prob-
ability table (DPT). CPT and DPT are convolved to find out the
adequacy rate of the DG to supply the load. This detail is used
while developing the 10 state Markov model'” for the system. Each
component is represented by two states, namely UP and DOWN.
The state transition matrix for the Markov model is developed and
then solved with the help of Kolmogorov equations. The 10 state
Markov model used for the distribution system reliability analysis
is shown in Fig. 1.

C. Load flow analysis

The load flow method used in this paper is based on two matri-
ces,”’ namely, the bus injection to branch current matrix (BIBC) and
branch current to bus voltage matrix (BCBV). For meshed distribution
networks, to account for the loops, new branches are added without
altering the bus current injections. Load flow solution is obtained by
solving (15)-(19)

B I
{ Bnew} = [BIBC] { Bnew} , (15)

where B is the branch current of the radial network, B, is the current
corresponding to the new branch which has to be added to make the
system meshed, and I is the bus current injection.

+ C, * rand * (globalbest, — Xi), 13
? (e i~ Xi) (13) AV B
= [BCBV] , (16)
Xiy1 = Xi + Vi, (14) 0 Buew
J. Renewable Sustainable Energy 11, 066301 (2019); doi: 10.1063/1.5115207 11, 066301-3
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Ay

Ay
AV 1
|: ] = [BCBV][BIBC] [ ]
0 Bhew
_ A M I , (17)
M N Bnew

where AV is the difference in node voltages. After applying Kron’s
reduction, (17) simplifies to (18)

AV = [A - M"N"'M][1] = [DLE][I]. (18)

Since the DGs considered in this research are integrated into the grid
by means of power electronics interface, a constant power factor
model is used for modeling DGs. The equivalent current injections are
calculated for the DGs”' and then incorporated into the load flow
technique. If the voltage at the node is Vg, then the equivalent cur-
rent injection, Ipg, is given by

Ppg +j i
InG = (—DGVDJGQDG) : (19)

where Ppg and Qpg are the real and reactive power output of the
installed DG source, respectively.

ARTICLE scitation.org/journalirse

FIG. 1. Markov model for the distribution
system.

IV. IMPLEMENTATION OF THE OPTIMIZATION
ALGORITHM

The proposed optimization algorithm is implemented with the
help of the following step by step procedure. The flow chart for the
algorithm is given in Fig. 2.

(1) Input the line data, load data, reliability data, number of custom-
ers, annual renewable DG output data, and the connection matrix
for the given meshed distribution network.

(2) Evaluate the two matrices, BIBC and BCBV and the bus current
injections, I for the given system.

(3) Run the load flow for the test system without DGs and obtain
the real power loss (Piossnonpc) and the voltage deviation index
(Vindex NoDG) as per (5) and (6)

(4) Reduce the system states by applying various reduction techniques
and limiting the maximum number of simultaneous failures to three.

(5) Using prime number encoding, generate the master list of all the
system states and with the help of Petri Nets identify the minimal
tie sets. Classify the remaining states into tie sets, cut sets, and
minimal cut sets.

(6) With the help of Markov modeling and state transition matrix,
obtain the load point reliability indices and then the system reli-
ability indices, SAIFI and SAIDI for the system without DGs.

J. Renewable Sustainable Energy 11, 066301 (2019); doi: 10.1063/1.5115207
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CS and MCS FIG. 2. Flow chart for the optimization

algorithm.
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and starting or
switching probabilit

2

Markov
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(7) Initialize the population sets for PSO, namely {P;, P, ..., P,},

{N}, N,, ..., N} and {PF,, PF,,..., PF,} and its initial velocities,
where “0 | is the number of particles in a population, P; is the real
power output of the DG sources, N; is the location for DG installa-
tion, and PF, is the operating power factor of the DGs. Specify the

possible DG location nodes, ie., between Bus; and Bus,, the

False

minimum (DG,,;,,) and maximum capacity (DGy,x) for the DGs
and the range of operating power factor.

(8) Calculate the equivalent bus current injection for DG using (19)
and then perform the load flow algorithm given by (15)-(18).

(9) Generate DPT and CPT. Convolve the two tables to obtain the
adequacy rate.
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FIG. 3. Single line diagram for the RBTS Bus 4 distribution network.

(10) Markov modeling for the system is done with the DG failure rate
and the starting/switching probability data.

(11) Calculate the reliability indices as per Egs. (3) and (4).

(12) Evaluate the objective function in terms of all four indices by
means of the weighted sum method using (1) and (2).

(13) Calculate the velocity and position of the new particles using (13)
and (14).

(14) The set of particles of the each iteration is considered as the local
best (localbest;).

(15) Evaluate the fitness function for the updated set of particles by
repeating the procedure from step 8 until step 12. Set the global
best to be the particle set which gives the minimum value among
all the particles and the local best to be the solution which gives
the minimum for each set of particles.

(16) Repeat steps 14 and 15 until the maximum number of iterations is
reached or when the solution has converged to the minimum

value.

The final solution will be the DG capacities, DG locations, and 1200
the operating power factor depending upon the number of DGs to be 2 1000 | ::0:” :a:a;
. olar data
installed. E 800 - «=@=Solar data 3
V. RESULTS AND DISCUSSION ; 600 -

The multiobjective problem is solved using the PSO algorithm in £ a0
MATLAB installed in a personal computer having Intel” Core™, E; 200 |
2.5 GHz, 8 GB RAM. The population size for the PSO algorithm is 100 o

and the positive constant coefficients C1 and C2 are 2 each. The test
system considered is bus 4 of RBTS which is commonly used for reli-
ability studies and it is a meshed system. It has 7 main 11kV feeders

namely F1-F7, 102 nodes, and 106 components” as shown in Fig. 3.
The data required for reliability studies such as the failure and repair
rate are available for all the components for the test system. They have
a total of 38 load points and 4779 customers. The total real power load
of the system is 40 MW. Some loads are connected at the secondary
side of the 11/0.415kV transformer, whereas few are directly con-
nected to the 11kV feeder. All the tie lines and switches are assumed
to be 100% reliable. Only overhead lines are considered for the reliabil-
ity analysis. It is assumed that the DGs are operated always in parallel
with the grid supply. The DG failure rate is considered to be 2 failures
per year for the solar DG. The repair time is assumed to be 48 h. The
probability to start or switch DG is assumed to be 0.95 with a repair
time of 12 h."” During islanding, it is assumed that the DG gets dis-
connected if it is not able to supply the load. It is assumed that dur-
ing islanding, DG will be supplying the load if it is located in the

0 5 10 Hours 15 20 25

FIG. 4. Three different sets of annual irradiation data for solar based DG sources.
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FIG. 5. Hourly data for the different load models.

same lateral having the load node. Three DGs are considered for the
analysis along with three types of customer load patterns, namely resi-
dential, commercial, and mixed load. The test system is divided into
three regions with feeders 1, 2, and 3 in region 1, feeders 4 and 5 in
region 2, and feeder 6 and 7 in region 3. For solar DG, three regions
are considered with three different annual irradiation data as shown in
Fig. 4. The solar irradiation data are taken from the NREL database for
three different sites in California, namely, San Francisco, San Jose, and
Santa Rosa.”” Figure 4 shows the solar irradiation data for 24h for a
partial cloudy day in the month of June. The per unit load is mod-
eled™ as per the following equation:

L(t) = P,PaPy(t), (20)

where P, is the percentage of weekly load in terms of annual peak
load, P4 is the percentage of daily load in terms of the weekly peak
load, and Py, is the percentage of the hourly load in terms of the
daily peak. The load models for different customers used in this
research are shown in Fig. 5. For the base case, no DGs are inte-
grated into the network. But four switched capacitor banks each of
1 MVar capacity are installed at nodes having minimum voltage
namely 18, 19, 34, and 87. For this base case, the value of reliability
index, SAIFI is obtained as 0.0616 and SAIDI as 3.2261. The real
power loss and the voltage index for the same case with peak load
are 0.2930 p. u. and 4.9707, respectively. During optimization, the

TABLE I. Optimal DG planning solutions for residential load.

ARTICLE scitation.org/journalirse

value of the weights wy, w,, ws and wy is considered to be equal to
0.25 so as to give equal importance for all the objectives. The mini-
mum and maximum limit for the power factor is set at 0.85 and
1.00, respectively. Voltage at each node should be maintained
between 0.95 and 1.05 p. u. DGs are installed only at the 11kV
nodes and the capacity varies from 1 MW to 10 MW.

A. Case 1-Residential load

The optimal DG planning solutions are obtained for solar based
DG sources and are given in Table L. In this case, when the load is resi-
dential in nature, the minimum fitness function value is obtained for
type 3 solar based DG. The corresponding DG capacities are 3.21, 3.35,
and 4.08 MW installed at nodes 49, 42, and 35, respectively. Their
operating power factors are 0.86, 0.87, and 0.92. Figure 6 shows the
hourly box plot of voltage for all the 102 nodes. Load variation for the
first day in the month of January is considered for the plot. It is clear
from the figure that all the node voltages are well within the voltage
constraint. When type 3 solar DGs are placed at nodes 49, 42, and 35,
the voltage index improves to 1.74. From Fig. 7, it can be concluded
that the SAIFI index is improved by 6.5% when type 2 solar based DGs
are installed at nodes 46, 16, and 49 having capacities 1.33, 5.27, and
209 MW. Their operating power factors are 0.91, 0.96, and 0.92,
respectively. For the same solution set, the SAIDI index is improved by
6.8%. Real power loss is reduced by 74% for type 3 DGs as shown in
Fig. 8. In practice, DGs can be operated at lagging or leading power fac-
tor and for this case, the fitness function is obtained as 0.7272.

B. Case 2—Commercial load

The optimal DG planning solutions for commercial load are
given in Table II. The minimum fitness function value of 0.6543 is
obtained for type 3 solar DGs. Figure 9 illustrates the hourly box plot
of all node voltages when type 3 DGs are installed in the network. The
variations in node voltages are much more when compared with the
residential load. This can be attributed to the difference in the load pat-
tern for commercial load when compared with the residential load.

Nature of DG DG node DG size (MW) DG PF SAIFI SAIDI Pioss (p.u.) Vindex (p-u.) Fitness function
Solar 49 1.99 Unity 0.0588 3.0794 0.1020 3.3209 0.7313
type 1 16 3.43 Unity

28 522 Unity
Solar 46 1.33 0.91 lagging 0.0576 3.0073 0.1269 3.7093 0.7616
type 2 16 5.27 0.96 lagging

49 2.09 0.92 lagging
Solar 49 3.21 0.86 leading 0.0606 3.1463 0.0768 1.7419 0.6429
type 3 42 3.35 0.87 leading

35 4.08 0.92 leading
Solar 49 5.60 0.96 leading 0.0578 3.012 0.1906 1.9195 0.7272
type 4 16 4.86 0.98 lagging

17 6.27 0.86 leading

J. Renewable Sustainable Energy 11, 066301 (2019); doi: 10.1063/1.5115207 11, 066301-7
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FIG. 6. Hourly box plot of voltage for a day-residential load.

The maximum node voltage deviation is obtained for solar, type 2
DGs and the corresponding voltage index is 3.7048. The best DG plan-
ning solution is obtained for type 3 solar DGs when installed at nodes
49, 35, and 42. From Fig. 10, it is clear that the maximum improve-
ment in reliability indices is obtained for type 1 solar DG sources and
the percentage improvement for SAIFI and SAIDI is 4.7% and 4.5%,
respectively. Figure 11 depicts the percentage improvement for reduc-
tion in real power loss and voltage index for all types of DGs. Highest
percentage improvement is obtained for type 3 DGs.

C. Case 3—Mixed load

Usually, the loads will not be purely residential or commercial in
nature. In order to consider the realistic scenario which prevails in the
distribution network, a mixed load scenario is also analyzed. In this
case, the load comprises residential, industrial, and commercial loads.
The DG planning solutions obtained are given in Table ITI.
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FIG. 7. Percentage improvement in reliability indices for residential load.

The best solution is obtained for type 3 solar DGs when
installed at nodes 16, 28, and 62. Figure 12 shows the hourly box
plot of node voltages for the mixed load condition. The highest
voltage index value of 3.8032 is obtained for type 2 solar DGs. The
variation in the node voltages is highest for this case among all the
obtained solutions.

Under the peak load condition, the minimum voltage value
obtained for the base case is 0.8969 p. u. whereas it is improved to
0.9502 for residential and 0.9505 for commercial customers. The volt-
age index is best for type 3 solar DGs when load is residential in nature
and the worst for type 2 solar DGs for the mixed load condition.
Figure 13 compares the voltage profile plot of the best and the worst
DG planning solutions obtained in terms of voltage index with the
base case. It is clear from the plot that all the node voltages are within
the limits of the voltage constraint.
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FIG. 8. Percentage improvement in real power loss and voltage deviation for resi-
dential load.
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TABLE II. Optimal DG planning solutions for commercial load.
Nature of DG DG node DG size (MW) DG PF SATFI SAIDI Pioss (p-u.) Vindex (p- U.) Fitness function
Solar 49 2.21 Unity 0.0587 3.0794 0.1025 3.3643 0.7335
type 1 16 1.91 Unity

29 443 Unity
Solar 15 3.07 0.89 lagging 0.0590 3.0808 0.1201 3.7048 0.7670
type 2 47 1.67 0.90 lagging

63 2.62 0.94 lagging
Solar 49 2.74 0.92 leading 0.0606 3.1461 0.0759 1.9847 0.6543
type 3 35 4.43 0.94 leading

42 3.06 0.87 leading
Solar 48 5.76 0.90 lagging 0.0592 3.1293 0.1172 2.9547 0.7314
type 4 49 5.30 0.87 leading

16 441 0.87 lagging

The improvements in the real power loss and voltage deviation
indices are higher compared to the reliability indices. The percentage
improvement in the loss reduction can be attributed to the reduced
distance between the source and the load. The percentage improve-
ment in the reliability indices is limited, because many realistic factors
are considered for reliability analysis and hence, the results obtained
will be more pessimistic in nature. Also it is clear from the results that
improvement in real power loss reduction or voltage profile does not
guarantee an increase in reliability. For all the cases, solar type 3 DGs
give the best performance. It can be concluded that the system perfor-
mance improves if DG provides reactive power support. Type 3 DGs
will supply reactive power in addition to real power which results in
improvement of the grid power factor. Since the node voltages for the
case without DG sources is not very high, more amount of reactive
power needs to be supplied by the DGs for the improvement of the
voltage profile. Hence, the DG power factor is not close to unity. Type
2 DGs can handle the overvoltage condition which occurs when the

DG penetration increases. In this paper, only three DGs are installed
simultaneously and all the loads are considered to be inductive in
nature. Hence, type 3 DGs give the best fitness function value for all
the cases.

Table IV shows the variation in DG locations and DG capacities
with variation in weights of the objective function. For the compari-
son, type 1 solar DGs are considered. It is observed that when the
weights vary, the capacity as well as the nodes for DG installation
varies widely along with the fitness function value. The fitness function
is minimum when the weights wy, w,, w3 and wy are set at 0.1, 0.1,
0.1, and 0.7 and maximum when the values are 0.7, 0.1, 0.1, and 0.1.
The time taken by the algorithm to converge to the optimal solution is
around 1484.33 s. The PSO algorithm is repeated 20 times with 2000
iterations for each run. The convergence characteristic of the optimiza-
tion algorithm is shown in Fig. 14.

Table V shows the DG planning solutions obtained for the RBTS
BUS 4 radial network for residential load. The meshed system is
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FIG. 9. Hourly box plot of voltage for a day-commercial load.
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FIG. 10. Percentage improvement in reliability indices for commercial load.

converted into a radial system by removing the tie lines. The best solu-
tion is obtained for type 3 DGs. But when compared with the meshed
network results of Table I, it is clear that the values of SAIFI, SAIDI,
Ploss, and Vi qex are very much higher for the radial network. The volt-
age profile improves by 61.3% for the meshed network with DG com-
pared to the radial network. Upon integration of type 3 DGs into the
system, the real power loss reduces by around 25.72%. The reliability
of the meshed system is also higher compared to the radial network as
multiple paths are available for connecting different sources and the
load. SAIFI is improved by 68.8% and SAIDI is improved by around
13.38% for solar type 3 DGs.

VI. CONCLUSION

A novel PSO based DG planning methodology giving due impor-
tance to reliability along with power loss and voltage profile is pro-
posed in this paper. The optimization is done for a 102 bus meshed

TABLE |II. Optimal DG planning solutions for mixed load.
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FIG. 11. Percentage improvement in real power loss and voltage deviation for com-
mercial load.

distribution network connected to bus 4 of RBTS. Reliability is evalu-
ated using an encoded Markov cut set algorithm considering many
realistic parameters like DG failures, probability of successful starting
and switching of the DG, and probability of islanding during failures.
The stochastic nature of renewable DG output as well as the load is
taken into consideration during the reliability analysis along with dif-
ferent types of renewable DG sources and customers.

Unlike other works, when all these factors are considered for DG
planning, it gives the distribution network operator a clear picture
about the various implications of placement of the renewable energy
sources on the distribution network performance. The advantage of
the proposed method is that the entire process including Markov
modeling, finding the minimal cut sets, reduction of the system states
and load flow can be written in an algorithmic manner and hence, the

Nature of DG DG node DG size (MW) DG PF SAIFI SAIDI Pioss (p-u.) Vindex (p-u.) Fitness function
Solar type 1 49 3.38 Unity 0.0603 3.1494 0.0881 3.0685 0.7183
28 7.42 Unity
24 3.79 Unity
Solar type 2 46 2.63 0.92 lagging 0.0576 3.0073 0.1207 3.8032 0.7611
16 2.37 0.87 lagging
49 1.21 0.93 lagging
Solar type 3 16 5.81 0.90 leading 0.0602 3.1529 0.0776 2.7287 0.6921
28 7.18 0.86 leading
62 3.90 0.88 leading
Solar type 4 48 4.36 0.83 leading 0.0589 3.1276 0.1327 2.9883 0.7449
49 9.93 0.94 lagging
47 1.57 0.90 lagging
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method can be extended for larger networks and there is no bias in the
calculations.

Among the DG planning solutions obtained for all the cases,
there is a maximum improvement of about 7% each in the SAIFI and
SAIDI indices. Real power loss reduces by 74% and the voltage profile
index improves by 67% when compared with the case without DG

TABLE IV. Variation in DG planning solutions for solar, type 1 DGs with variation in
weights.

W1, Wa, W3, Wy DG locations DG capacities  Fitness function
0.7,0.1,0.1, 0.1 15, 49, 16 6.52,1.00, 3.51 0.7851
0.1,0.7,0.1, 0.1 49, 46, 16 1.02, 4.55, 2.02 0.7823
0.1,0.1, 0.7, 0.1 11, 61, 33 3.08, 4.89, 5.88 0.3592
0.1,0.1,0.1, 0.7 49, 42, 35 2.07, 3.30, 4.66 0.2273
0.2,0.3,04, 0.1 11, 62, 35 4.72,2.69, 5.87 0.5926
0.3,04,0.1,0.2 17,49, 15 1.61,2.07,1.02 0.6909

sources. It can be concluded that the inherent uncertainty in the gener-
ation of renewable energy based DG sources will not degrade the net-
work performance but improves, if they are properly planned and
installed in the distribution network. Real power loss reduction or volt-
age profile improvement does not guarantee an increase in the reliabil-
ity indices. Hence, reliability is given due importance along with other
technical constraints for DG planning in this paper. The distribution
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FIG. 14. Convergence characteristics of the optimization algorithm.
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TABLE V. Optimal DG planning solutions for the radial network.
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DG Type DG node DG size (MW) DG PF SATFI SAIDI Pioss (p-u.) Vindex (p-u.) Fitness function
Solar 49 2.25 Unity 0.1851 3.6209 0.1153 4.8195 0.9231
type 1 18 4.9 Unity

34 9.88 Unity
Solar 48 1.86 0.90 lagging 0.1903 3.6338 0.1264 4.9006 0.9526
type 2 15 1.34 0.92 lagging

33 9.97 0.98 lagging
Solar 18 9.78 0.82 leading 0.1940 3.6322 0.1034 4.4993 0.8987
type 3 33 6.04 0.86 leading

34 491 0.95 leading
Solar 15 3.43 0.90 lagging 0.1843 3.5874 0.1189 4.8364 0.9265
type 4 49 5.76 0.97 leading

34 8.76 0.92 lagging

network performance can be further enhanced if the installed DGs are
able to provide reactive power support to the grid in addition to real
power. Moreover, when the distribution network is operated as a
meshed system, there is an improvement in reliability, power loss
reduction, and voltage profile when compared with the radial topology.
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