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A B S T R A C T

In recent years, scientists have extensively focused on renewable energy resources such as wind power and solar
units to reduce the consumption of fossil fuels as the main source of environmental pollutions. One of the main
challenges for the production of wind and solar energies is that they often involve uncertainties due to the
stochastic natures of wind speeds and solar radiation. Therefore, the existing uncertainties in the resources of
wind and solar units must be considered in the planning procedure of distribution systems for having a reliable
performance. To consider uncertainties in the output power of renewable energy resources, a new formulation is
proposed to determine the optimal location and sizing of solar and wind units in the distribution system. To
achieve this, Particle Swarm Optimization (PSO) algorithm as a robust technique is employed to find the best
location and sizing of wind, solar and fuel cell units in the distribution system. The main objective of the present
work is to minimize the Total Harmonic Distortion (THD), the total power losses, the total cost of DG units
(including investments, replacement, operation and maintenance costs) and greenhouse gas emissions. Different
types of loads such as linear and non-linear loads as well as load growth are also considered in the distribution
system. To demonstrate the effectiveness of the proposed algorithm, 31-bus test system is considered as the case
study. Our findings show that the use of renewable energy resources significantly reduces the greenhouse gas
emissions in the mentioned system. Furthermore, the simulation results reveal that DG units must be added at
some years to keep the voltage within its allowable limits.

1. Introduction

In recent years, the consumptions of electrical energy have ex-
tensively increased and this motivated the distribution system compa-
nies to supply the required power by proper design and utilization of
networks. Hence, implementing the DG units in the distribution systems
is one of the main solutions to provide loads of the consumers. Among
various DG technologies, using of renewable energy resources such as
solar, wind, and biomass has been widely considered because of their
environmental benefits [1]. In fact, renewable energy resources gen-
erally require less maintenance expense than other DG technologies.
The costs of their operations are also low since their fuel is derived from
natural and available resources. Furthermore, the greenhouse gas
emissions such as carbon dioxide or other chemical pollutants can be
remarkably reduced by using renewable energy resources and conse-
quently their detrimental effects on the environment would be mini-
mized.

The installation of the DG units has a great role in the distribution
system performance. The placement and sizing of the DG units are very

crucial and challenging in the distribution system since the optimal and
strategic placement of DG units reduces the system power losses and
improves system voltage profile, reliability, voltage regulation, power
quality issues, etc. [2,3]. The installation of DG units can have either
positive or negative impacts [4]. Therefore, the installation of DG units
in the proper size and location in the distribution systems is the most
important problem.

Recently, many different algorithms have been widely implemented
and proposed to solve the DG unit optimization problems in different
systems. The main differences in these solutions are based on the for-
mulation of problem, methodology, constraints and also assumptions
being made. Some studies are based on the optimization of DG units in
the hybrid systems and they only find the optimal sizing of DG units. In
[5] PSO algorithm is implemented for the optimization of grid con-
nected micro-grid consisting of photovoltaic, fuel cell and ultra capa-
citor considering frequency control. This algorithm is also used in [6] to
optimize the reliable hybrid renewable energy system. In [7], the op-
timal sizing of hybrid grid-connected PV–Wind power systems is de-
termined in order to minimize the life cycle cost of the proposed system.
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Ref. [8] proposed a methodology for the optimization of a stand-alone
hybrid PV-Wind-Hydrogen system supplying a desalination unit. In this
research, the main purpose was to minimize the initial investment cost
of the system. Determining the optimal size of the PV-diesel generator
and the energy storage system in a stand-alone ship power system is
done in [9]. Minimizing the investment and fuel cost and also the CO2

emissions are the primary objectives of this paper. A method based on
Hybrid Big Bang–Big Crunch (HBB–BC) algorithm is proposed in [10]
for the optimization of a stand-alone PV, wind and battery bank hybrid
power system. The objective of the paper is minimizing the total present
cost of the hybrid system. In [11], Mine Blast Algorithm (MBA) is used
to find the optimal sizing of a hybrid PV/WT/FC system for a remote
area in Egypt to decline the annual cost of the hybrid system with load
coverage. The main focus of the accessed papers is only based on
finding the optimum sizing of the different DG technologies in hybrid
systems.

Extensive optimization analyses were performed in the distribution
systems by considering technical and economical constraints. In order
to reduce power losses, Ref. [12] proposed a multi-objective shuffled
bat algorithm for optimal placement and sizing of the DG units in radial
distribution systems. In this work, minimizing the voltage deviation is
also considered in its objective function. Ref. [13] used index vector
method to find the optimum DG locations. In the mentioned paper,
flower pollination algorithm is proposed to determine the optimal size
of DG units. A novel method for optimization of DG units is presented in
[14]. Minimizing the total power losses of the radial distribution system
was the main objective of this paper. The loss sensitivity factor was used
to find the optimal location of DG units. Also, intelligent water drop
algorithm is used for the optimal sizing of the DG units. Bacterial
foraging optimization algorithm is proposed in [15] for optimal loca-
tion and sizing of DG unit in the radial distribution system. Reducing
the total power losses and improving the voltage profile were the pri-
mary objectives of this study.

A hybrid method based on improved particle swarm optimization
algorithm and Monte Carlo simulation is proposed in [16] for optimal
DG placement and sizing in distribution networks in order to minimize
the costs of total power losses and improve the voltage profile and re-
liability of the distribution networks. Ref. [17] used PSO algorithm to
obtain the optimal location of DG units in the radial distribution sys-
tems and reduce the power losses. A Modified Teaching–Learning Based
Optimization (MTLBO) algorithm is proposed in [18] for the optimi-
zation of DG units in distribution systems. Ref. [19] applied meta-
heuristic algorithms including PSO, GA and Imperialist Competitive
Algorithm (ICA) to determine the optimal location and size of DG units
in a distribution system.

Ref. [20] proposed a problem formulation of renewable energy DG
unit location and size planning that considers various constraints, re-
levant uncertainties, and load variations aiming at maximizing benefits
of the distribution company. The main objective of [21] was to optimize
the size of DG units in a hybrid power system with wind and energy
storage units considering uncertainties. Ref. [22] introduced a new
application of multi objective particle swarm optimization with the aim
of determining optimal location and size of DG units and shunt capa-
citor banks simultaneously with considering load uncertainty in dis-
tribution systems.

Some studies also used mathematic programming such as Mixed
Integer Linear Programming (MILP) and Mixed Integer Quadratic
Programming (MIQP) to allocate DG units. Ref. [23] presented an op-
timization model formulated as a MILP, which determines the optimal
technology portfolio, the optimal technology placement, and the asso-
ciated optimal dispatch, in a micro-grid with multiple energy types. In
[24], a MILP approach is also implemented to solve the problem of
optimal type, size and allocation of DG units in radial distribution
systems. A method based on MIQP with quadratic constraints is pro-
posed in [25] to determine the optimal number, locations and sizes of
multiple types of DG units simultaneously for power loss minimization.

Besides the abovementioned objectives, some studies have also
considered power quality issues such as voltage sag, total harmonic
distortion in their objective functions. In [26], PSO algorithm is used to
find the optimal placement and sizing of DG units in distribution sys-
tems considering harmonic and protection coordination limits. Max-
imizing DG penetration level was the main objective of the mentioned
paper. In this work, the main constraints were bus voltage limits, total
and individual harmonic distortion limits, etc. Ref. [27] applied genetic
algorithm for the optimization of DG units in distribution systems. The
main constraints of this paper were voltage limits, feeder capacity, THD
limits and maximum penetration limit of DG units. In [28], Improved
Gravitational Search Algorithm (IGSA) is proposed to find the optimal
sizing and location of DG units in a distribution system. In this work,
the authors tried to minimize the total power losses, average total
voltage harmonic distortion, and voltage deviation in the distribution
system. In [29,30], the voltage sag is considered as another power
quality index. They used genetic algorithm to find the optimal alloca-
tion of DG units.

In most of previous works, the authors did not consider the un-
certainty of the output power of DG units and required loads in dis-
tribution systems. In addition, the load growth for different types of
loads was not considered in their optimization procedure. Furthermore,
loads did not vary with time and were assumed to be constant in pre-
vious studies. To incorporate the uncertainty and load growth, a new
methodology is presented for optimal sizing and placement of renew-
able energy resources in the distribution system. Therefore, the in-
novations of our paper based on literature reviews can be listed as
follows: (i) incorporating different types of loads such as linear and
non-linear loads in distribution system (ii) considering the time-varying
loads in the distribution system (iii) considering load growth for the
available loads in the mentioned system (iv) considering the un-
certainty of wind and solar power and load demand in the simulation
procedure.

In this paper, the optimization of distribution system based on wind,
solar and fuel cell is carried out via PSO algorithm. The backward/
forward sweep technique and harmonic power flow algorithm are im-
plemented for power flow simulation. The optimization objectives are
considered as follows: (i) the reduction of the system power losses, (ii)
the reduction of total costs of capital, operation, maintenance and re-
placement of DG units, (iii) the reduction of total harmonic distortion,
(iv) the improvement of voltage profile, and (v) the decrease of
greenhouse gas emissions in the radial distribution system.

The rest of this paper is outlined as follows: the components used in
the distribution system are stated in Section 2. Section 3 presents un-
certainty calculation. The problem formulation is described in Section
4. The PSO-based approach for solving the optimization problem with
harmonic consideration is given in Section 5. The simulation procedure
and results are given in Section 6, and finally, the conclusion is pre-
sented in Section 7.

2. Components used in distribution system

2.1. Renewable energy resources

Since the early 1970s, the exploitation of renewable energy re-
sources such as wind and solar power has become increasingly attrac-
tive and cost effective due to oil crisis [31]. Several environmental and
economical benefits made them very popular as alternative resources
for energy production in distribution networks. In fact, the main ad-
vantages of these resources are that they have minimum environmental
impacts and also low greenhouse gas emissions. To take full advantages
of these resources in the present study, renewable energy resources
including wind and solar power are used to install in the distribution
system. These units are briefly expressed in below.
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2.1.1. Wind generation
Excessive heat produced by the burning of fossil fuels in conven-

tional power plants has forced companies to generate alternative power
through renewable energy resources due to global warming problem.
Wind energy, which is also based on renewable resources, is a proper
choice since it is widely available throughout the world. Therefore, a
wind generator is used as a clean technology to produce electrical en-
ergy in this paper.

In this paper, different power-speed curves are used to calculate the
output power of wind turbines. The applied diagram of wind turbine
power versus wind speed characteristic is shown in Fig. 1.

The power of the wind turbine is described in terms of the wind
speed by the following equation [32]:

⎧

⎨
⎩

< >
× − − ⩽ <

⩽ ⩽

− −

− − − −

−

V V V V
P V V V V V V V
P V V V

0 ,
(( )/( ))

cut in cut off

WG cut in rated cut in cut in rated

rated rated cut off

max
3

(1)

in which −Vcut in cut in wind speed [m/s], −Vcut off cut out wind speed [m/
s], V wind speed [m/s], Vrated nominal wind speed [m/s], −PWG max
maximum power of wind turbine [kW].

2.1.2. Photovoltaic
Photovoltaic is also a renewable energy that is applied to produce

electricity directly from sunlight. Since the cost of the PV arrays de-
clines, these technologies now become more affordable than ever.
Therefore, in this paper, PV arrays are also chosen to generate elec-
tricity in the distribution system. Output power of PV arrays depends on
the solar radiation and can be calculated according to the following
equation:

= ∗ ∗P N P G /1000PV mpv t (2)

where PPV is the output power of PV arrays (W), Pmpv is the rated power
of each array under the condition =G 1000t , Gt is the global irradiance
incident on the titled plane (W/m2) and N is the number of modules
[33].

2.1.3. Fuel cell
The other DG units used to produce electricity in this study are fuel

cells. The main benefits of fuel cells in comparison with other DG
technologies are their high efficiency and also environment-friendly
[19]. The most commonly used fuel cell technologies are Proton Ex-
change Membrane fuel cells (PEM). In this paper, natural gas is used to
produce the required hydrogen for FC units. Therefore, it is important
to calculate the amount of electrical energy extracted from the FC units.

Generally, the 95% of Natural gas is composed of methane. Each
cubic meter of methane is equivalent with 1.29 cubic meter of hydrogen
gas. The equivalent heating value of hydrogen is 3.4 kWh/m3 in the
standard conditions. Therefore, by considering 50% efficiency for fuel
cell, each cubic meter of hydrogen gas produces 2.083 kWh according
to the following equation [19]:

∗ ∗ ∗ =η1.29(m ) 3.4 kWh
m

0.95 2.083(kWh)fc
3

3 (3)

Therefore, the required amount of fuel for producing 1 kWh of en-
ergy by the FC units is obtained as follows:

⎜ ⎟⎛
⎝

⎞
⎠

= =E m
kWh

1
2.083

0.48
3

(4)

2.2. Loads

The loads in the distribution system are composed of linear and non-
linear loads. The linear loads are modeled as a constant power while
non-linear loads are applied as harmonic current sources. The non-
linear loads contain two types of load including adjustable speed drive
(ASD) and variable frequency drive (VFD). Table 1 presents the har-
monic spectrum of the available non-linear loads in the distribution
system [27].

2.2.1. Load growth modeling
Many factors such as population growth, the construction of new

industrial plants would increase the electricity demands in networks.
Therefore, it is more important to consider the load growth factor at the
beginning of the network planning. To achieve this goal, we consider
load growth for available loads in the distribution system.
Consequently, new DG units should be considered to supply the growth
of loads. Added DG units in ith year would produce power for
(R− i + 1) years in the mentioned distribution system (R is the lifetime
of the project). In addition, these units impose costs in each year to the
network. For considering these costs, net present cost of added units
should be calculated.

The load curve for each year is obtained by multiplying the initial
load curve by the load growth coefficient for each type of load in the
mentioned year as follows:

= ∗P C PLoad
i

i Load
initial (5)

where PLoad
i is the load curve at i th year, Ci is the load growth coeffi-

cient for each type of load, and PLoad
initial is the initial load curve.

3. Calculation of uncertainty

There are different uncertainties in forecasting the output power of
wind turbine and PV arrays due to the stochastic natures of the re-
newable energy sources such as wind speed and solar radiation.
Therefore, for accurate planning and optimum using of renewable en-
ergy resources, the uncertainties should be considered in the forecasting
process.

To calculate the uncertainty, the profiles of solar radiation, wind
speed and load demand should be forecasted in the first stage. Then, the

Fig. 1. Wind turbine power versus wind speed characteristic.

Table 1
The harmonic spectrum of the available non-linear loads.

Harmonic
order

Load type

Six-pulse
type-1

Six-pulse
type-2

Six-pulse
type-3

PWM
ASD 1

PWM
ASD 2

Six-pulse
VFD

1 1 1 1 1 1 1
5 0.2 0.191 0.42 0.02 0.828 0.235
7 0.143 0.131 0.143 0.012 0.775 0.061
11 0.091 0.072 0.079 0.055 0.463 0.046
13 0.077 0.056 0.032 0.037 0.412 0.042
17 0.059 0.033 0.037 0.002 0.142 0.018
19 0.053 0.024 0.023 0 0.097 0.014
23 0.043 0.012 0.023 0.002 0.015 0.007
25 0.004 0.008 0.014 0.004 0.025 0.006
29 0.034 0.002 0 0 0 0.005
31 0.032 0.002 0 0 0 0.005
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output power of wind and PV units can be calculated according to Eqs.
(1) and (2). It should be noted that there always exist some deviations
between the forecasted values and the actual ones. To consider these
deviations, the following formulations suggested by [34] are employed
in the present study as follows:

= ∗dP P0.8Wind Wind (6)

= ∗dP P0.7PV PV (7)

= ∗dP P0.6Load load (8)

where dPWind, dPPV and dPLoad are the deviations for wind power, solar
power and load demand, respectively. These deviations have random
natures in reality. To consider this feature, dPWind, dPPV , and dPLoad are
multiplied by random variables (noise) derived from the white noise
block in MATLAB/SIMULINK. The white noise block generates random
variables to consider the uncertainty for wind power, solar power and
load demand (hourly throughout one year). In fact, 8760 scenarios are
considered to represent the uncertainties in the simulation procedure.
At final step, the mentioned random deviations are added to the fore-
casted values as follows:

= ∗ +P dP noise PWind un Wind Wind (9)

= ∗ +P dP noise PPV un PV PV (10)

= ∗ +P dP noise PLoad un Load Load (11)

where PPV un, PWind un and PLoad un are the final output power of PV and
wind units and load demand, respectively.

4. The problem formulation

In this paper, the main problem is finding the optimal size and
placement of renewable energy resources in the distribution system to
minimize the total cost of the system and satisfy the constraints. The
minimization of the total power losses of the distribution system, the
total cost of the DG units, and penalty for greenhouse gas emissions are
considered as the economical factors. Load balance constraint, voltage
and power flow limits, total harmonic distortion limit, and output
power of DG units are also considered as the main technical constraints.
These factors are determined as follows:

4.1. Cost of distributed generation units

Net Present Cost (NPC), which is known as one of the most im-
portant calculations in the projects, is a capital budgeting formula that
calculates the difference between the present cost of the cash inflows
and outflows of a project. NPC is a method of determining the current
cost of all future cash flows generated by a project after accounting for
the initial capital investment [35,36]. In this paper, NPC is used to
calculate the total cost of the renewable energy resources used in dis-
tribution system. The cost of each DG unit consists of capital, operation
and maintenance, and replacement costs. The NPC of each DG is de-
fined as follows:

⎜ ⎟= × ⎛
⎝

+ × + × ⎞
⎠

NPC N CC RC K OM
CRF ir R

1
( , )RE RE RE RE

(12)

= ∗ +
+ −

CRF ir R ir ir
ir

( , ) (1 )
(1 ) 1

R

R (13)

∑=
+=

∗K
ir
1

(1 )n

y

L n
1 (14)

= ⎡
⎣

⎤
⎦

−R
L

Y 1 if R is dividable to L
(15)

= ⎡
⎣

⎤
⎦

R
L

Y if R is not dividable to L
(16)

where CCRE, RCRE, and OMRE are capital, replacement and operation
and maintenance cost of DG units. R is the lifetime of the project, NRE is
the optimal number and L is the lifetime of each component. Capital
Recovery Factor (CRF ) is the ratio of a constant annuity to the present
value of receiving that annuity for a given length of time [37].

4.2. Cost of total power losses

Another significant factor considered in the objective function is the
real power loss of the distribution system. The net present cost of active
power loss (NPCLoss) is defined by the following equation:

= ∗ ∗NPC P C CRF ir R(1/ ( , ))Loss Loss Loss (17)

where CLoss is constant penalty for power losses. The real power losses of
distribution system (PLoss) is defined by the following equation:

∑ ∑ ∑= +
= = =

=

P P PLoss
i

n

Loss
i

n

h h

h h

Loss
h

1

(1)

1

( )
b

i

b

i
0

max

(18)

where nb is number of branches and hmax is upper limit of the con-
sidered harmonic orders.

4.3. Cost of greenhouse gas emissions

In this paper, the penalty for greenhouse gas emissions is considered
in the mentioned distribution system. The cost of greenhouse gas
emissions (NPCPollution) is considered in the objective function. In this
study, CPollution indicates the penalty coefficient ($/kg) for emission of
different greenhouse gases. This penalty factor is considered in the
following equation for calculating the NPCPollution:

= ∗ ∗NPC Pollution C CRF ir R(1/ ( , ))Pollution Pollution (19)

4.4. Cost of fuel

In this paper, natural gas was used to produce the required hy-
drogen for the fuel cells to provide electricity. The net present cost of
the purchased natural gas from grid (NPCfuel) is described as:

∑= × × ×
=

NPC P t C E
CRF ir R

[ ( ) ] 1
( , )fuel

t
fc fuel

1

8760

(20)

where E is the amount of fuel that is needed to produce 1 kWh of en-
ergy by the fuel cell.

4.5. Constraints

The constraints are significant parts of optimization process that
should be defined. The constraints considered in this paper consist of
two types such as equality and inequality. These constraints are briefly
described as follows.

4.5.1. Equality constraints
The produced power of renewable energy resources and input

power of the main bus should satisfy the required loads and power
losses in the distribution system; therefore, the load balance constraint
was formulated as follows:

+ = +P t P t P t P t( ) ( ) ( ) ( )RE Dis Load Loss (21)

where P t( )RE is the total produced power of DG units, P t( )Dis is the input
power of the main bus, P t( )Load is the required electrical loads in the
distribution system and P t( )Loss is the total power losses in the dis-
tribution system.

The injected reactive power from main bus (Q t( )Dis ) should satisfy
both the required reactive loads (Q t( )Load ) and reactive power losses
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(Q t( )Loss ) in the distribution system. Therefore, the reactive load bal-
ance constraint was formulated as follows [38]:

= +Q t Q t Q t( ) ( ) ( )Dis Load Loss (22)

4.5.2. Inequality constraints
The inequality constraints considered in this paper are as follows:

4.5.2.1. Voltage limits. At normal conditions, the voltage of each bus
must be kept within standard limits according to the following
equation:

⩽ ⩽V V V| |imin max (23)

where, Vmin and Vmax are the lowest and highest allowable values of
voltage. V| |i is the rms value of the i 'th bus voltage defined by following
equation:

∑= +
=

V V V| | | | | |i i h

h
i
h1 2

2
2max

(24)

4.5.2.2. Total harmonic distortion limits. The total harmonic distortion
at each bus must be kept less or equal to the maximum acceptable
harmonic distortion level (THDmax) described as follows:

⩽THD THD%i max (25)

It should be mentioned that the amount of THDmax is considered 5%
according to [39]. Total harmonic distortion at each bus is calculated
by following equation:

=
∑

×=THD
V

V
%

| |

| |
100i

h
h

i
h

i

2
2

1

max

(26)

4.5.2.3. DG constraints. Each DG unit produces the power between the
maximum and the minimum of its levels in the mentioned distribution
system:

⩽ ⩽P P Pi i i
min max (27)

4.5.2.4. Power flow limits. For safe operation of the system, the
transmitted apparent power through each branch must not exceed the
thermal limit of the line in steady state operation as follow:

⩽S Si i
max (28)

4.6. Objective function

The objective function is considered to minimize total net present
costs as follow:

= + + + +

+

ObjectiveFunction NPC NPC NPC NPC NPC

NPC
PV Wind FC Fuel Pollution

Loss (29)

5. Solution method

5.1. Harmonic power flow algorithm

To solve the optimization problem of DG units with harmonic dis-
tortion consideration in the distribution system, it is essential to per-
form harmonic power flow calculations for different harmonic orders
[40]. In this paper, the forward/backward sweep technique [41] is used
for harmonic power flow calculation. This technique can be divided
into two parts including backward current sweep and forward voltage
sweep [42,43].

Non-linear loads in the distribution system are modeled as current
sources that inject harmonic currents into the system. The fundamental

and the hth harmonic current of the non-linear loads with real power P
and reactive power Q are modeled as follows:

= ⎡

⎣
⎢

+ ⎤

⎦
⎥

∗

I
P jQ

Vi
i i

i

(1)
(1)

(30)

=I C h I( )h
i
(1) (31)

where C h( ) is the ratio of the hth harmonic current to its fundamental
one. The current of each branch, can be calculated by following equa-
tion:

=B A I[ ][ ]]i j
h

i j
h h

,
( )

,
( ) ( ) (32)

I h( ) is the system harmonic currents and Ai j
h

,
( ) is the coefficient vector of

harmonic currents between buses i and j. The backward current sweep
can be used to build the coefficient vectors (Ai j

h
,
( )). For example, if a bus

harmonic current flows through the branch, then the corresponding
position in the coefficient vector will be 1. Therefore, the coefficient
vector will only consist of 0 and 1 [41].

The branch voltage drop resulting from system harmonic vector can
be calculated by multiplying the branch impedance (Zi j

h
,
( )) and the

current of each branch:

=V Z BΔ i j
h

i j
h

i j
h

,
( )

,
( )

,
( )

(33)

After calculating the voltage drops, the bus voltage can be calcu-
lated by the forward voltage sweep as follow:

=V HA I[ ] [ ][ ]h
i j

h h( )
,
( ) ( ) (34)

where HAi j
h

,
( ) is the relationship matrix between bus voltage vector and

system harmonic current vector. Finally, the relationship between
voltage and power can be expressed as follows:

Fig. 2. Flowchart of the PSO algorithm.
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5.2. Particle swarm optimization

PSO algorithm is a population based stochastic optimization tech-
nique which was first introduced by Dr. Eberhart and Dr. Kennedy in
1995 [44]. This algorithm is based on a simple concept and can be
easily implemented with computer codes [45,46]. So, in recent years,
many researchers have used this algorithm for optimization problem.

In PSO algorithm, each particle represents a candidate solution for
the optimization problem. Their positions are changed with time based
on their present velocity, previous experience and the experience of
their neighbors.

The updated velocity and position of each particle in the (k+1)th
iteration are calculated using the following equations:

= ∗ + ∗ − + ∗ −+v w v c p x c p x( ) ( )t t
pbest

t
gbest

t1 1
( )

2
( ) (36)

= ++ +x x vt t t1 1 (37)

where vt is the particle velocity at the t th iteration, xt is the particle
position at the t th iteration, p pbest( ) is the personal best position or the
particle’s best position thus far, p gbest( ) is the best global position or the
best solution among all particles, w is the inertia factor, and c1 and c2
control coefficient. The flowchart of the PSO algorithm is shown in
Fig. 2.

The advantages of PSO algorithm in comparison with other opti-
mization algorithms are as follows [19]:

- PSO is a simple algorithm and users could easily develop this

Fig. 3. Flowchart of the proposed algorithm.
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algorithm with basic mathematical and logic operations.
- It does not require the good initial solution to start its iteration
process.

- PSO is much faster for power system optimization.

According to the abovementioned advantages of PSO algorithm, we
implemented PSO as a powerful algorithm to determine the optimal
location and size of DG units in the mentioned radial distribution
system.

5.3. Solution of the proposed objective function

In this paper, PSO algorithm is used to find the optimal location and
size of PV, wind and fuel cell units in the radial distribution system.
This algorithm is combined with a harmonic power flow algorithm. To
achieve the objectives of the paper, the initial population is generated
by PSO algorithm, as representatives of DG sizes and locations. Then
the given sizes with input power from main bus must provide required
power and power losses in the distribution system. The harmonic power
flow was done to compute the power losses, total harmonic distortion
and voltage of each bus in the mentioned distribution system. If the
THD and also voltage of each bus at each hour are not in their accep-
table ranges, PSO generates other sizes and locations for DG units. If the
produced power satisfies the required loads in the distribution system,
total harmonic distortion at each bus and voltages are within their
acceptable limits, the size and location are considered as the optimum.
For more illustration, the flowchart of proposed algorithm is shown in
Fig. 3.

To validate the proposed algorithm, the existing 34-bus electrical
system from [29] is selected as a comparative case study. In the men-
tion paper, GA algorithm has been used to find the optimal allocation of
DG units in distribution system. The objective function and all con-
straints employed in [29] are also implemented in our proposed algo-
rithm. Simulation results confirmed that the proposed algorithm is ro-
bust and effective for this case.

6. Simulation procedure

The developed methodology is applied to a 31-bus radial distribu-
tion system as presented in Fig. 4.

To optimize the size and location of DG units, the PSO algorithm is
implemented in MATLAB software. Lifetime of the project and interest
rate are chosen 20 years and 8%, respectively. The cost of each DG unit
consists of capital, operation and maintenance, and replacement costs.
The economic data are taken from [47–49] and are summarized in
Table 2.

It should be noted that the penalty for emission of different gases
and power losses are assumed to be 0.107$/kg and 0.06$/kWh, re-
spectively [50,51]. The line data of the mentioned radial distribution
system can be found in [52]. In this paper, different types of loads such

Fig. 4. 31-bus radial distribution system.

Table 2
The costs for the system components.

Type of DG
unit

Capital cost
($/kW)

Replacement cost ($/kW) O&M cost
($/kW)

PV 2500 2500 65
Wind 3500 2800 95
FC 2500 2500 70

Table 3
The peak of loads (p.u.) for each bus.

Bus number Type of load Peak of
load

Bus number Type of load Peak of
load

1 – – 17 PWM-ASD 2 0.025
2 Constant 0.032 18 Constant 0.026
3 Constant 0.026 19 Constant 0.028
4 Constant 0.079 20 Constant 0.042
5 Constant 0.038 21 Six-pulse

type 3
0.014

6 PWM-ASD 2 0.046 22 Constant 0.016
7 Constant 0.052 23 Constant 0.018
8 PWM-ASD 1 0.034 24 Constant 0.018
9 Constant 0.056 25 Six-pulse

VFD
0.022

10 Constant 0.066 26 Constant 0.024
11 Constant 0.042 27 Constant 0.025
12 Six-pulse

type 1
0.024 28 Constant 0.022

13 Constant 0.038 29 Constant 0.038
14 Constant 0.021 30 Six-pulse

type 2
0.033

15 Constant 0.035 31 Constant 0.015
16 Constant 0.045

Table 4
Power factor of each type of load.

Type of load Cos φ

Constant 0.8
PWM-ASD 1 0.88
PWM-ASD 2 0.5
Six-pulse type 1 0.9
Six-pulse type 2 0.75
Six-pulse type 3 0.88
Six-pulse VFD 0.9
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as linear and non-linear loads are applied in the mentioned distribution
system. The type of loads and their peaks for each bus are illustrated in
Table 3.

It should be also mentioned that the total loads were considered
15MW in the mentioned distribution system. Table 4 depicts the power
factor of each type of load in the distribution system. It is assumed that
all load patterns vary with time. The annual load profile is also used in
the simulation procedure. However, for more illustration, daily typical
load profile is shown in Fig. 5.

The yearly wind speed and solar radiation information were also

considered. To more visualization, the daily curves of wind speed and
solar radiation are depicted in Figs. 6 and 7.

6.1. Determining the optimal location and size for DG units

The PSO algorithm is applied to find the optimal sizing and location
of DG units including PV systems, wind turbines and fuel cells in the
radial distribution system. The mentioned DG units are examples of
inverter-based DG units. The inverter-based DG units would act as the
harmonic producing device in the distribution system. The typical

0 5 10 15 20 250.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

Time (Hour)

P.
U

Fig. 5. The daily load profile.
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harmonic spectrum of inverter-based DG units is shown in Table 5 [53].
The optimal size and location of DG units are shown in Table 6.
The objective function versus the number of iterations is shown in

Fig. 8.
The amounts of the produced power of each DG unit and input

power from main bus for providing the available loads are shown in
Fig. 9. The mentioned figure shows the percentage of total required
power in the distribution system provided by each component at each
hour.

Fig. 9 clearly shows that PV arrays and wind turbines produce
power between 7:00 AM–20:00 PM and 4:00 AM–21:00 PM respec-
tively. At the other times, fuel cells and input power from main bus
provide the available loads in the mentioned distribution system.

The voltage profile for the peak load condition after optimal sizing
and placement of DG units is shown in Fig. 10. From this figure, it is
obvious that the voltage profile was improved to a standard range by
optimal installation of DG units.

To show the efficiency of the proposed optimization procedure,
some buses are chosen to be analyzed with more details. Therefore, the
voltage variations of bus 2 in the day before and after DG installation
are shown in Fig. 11. Bus 2 is at the head of the mentioned radial
distribution system, and its voltage is mainly dominated by the main
bus. Therefore, its voltage is nearly maintained at 1 p.u. in all hours in
the day.

Fig. 12 depicts the voltage profile of bus 11 after optimal installa-
tion of DG units at each hour. It is clear that the voltage profile was
improved and kept within its acceptable limit in the condition in which
loads were varied all the day. Furthermore, the voltage variations were
within a safe interval ((0.95, 1.05)) at all hours for this bus.

The voltage variations of bus 17, in which the PV arrays were op-
timally installed, are shown in Fig. 13. Since PV arrays initiate to
produce power at 7:00 AM, its voltage greatly increases. Even though
there are voltage variations at each hour in the day, the voltage of each
bus is within the safe interval.

Fig. 14 shows the variations of the total power losses in the men-
tioned distribution system at each hour after and before the installation
of DG units. The figure clearly shows that total power losses have de-
creased during times between 00:00 and 6:00. In fact, available elec-
trical demands are supplied by the main bus and fuel cells during this
period. Consequently, the output power of PV arrays was equal to zero
and also the produced power by wind turbine was negligible. As shown
in Fig. 14, the power losses were remarkably reduced from 8:00 since
the PV arrays and wind turbines were capable to produce power after
this time.

The total harmonic distortion of the bus 17 at each hour is shown in
Fig. 15. As mentioned, PV arrays start to produce electrical power from
7:00. So, the harmonic currents are injected to the distribution system
at this time by PV systems. Since PV arrays produce power, THD of the
related bus is increased. According to results of this figure, it can be
concluded that the amount of THD is within the acceptable range when
the loads varied during the day.

Fig. 16 shows the THD of the buses at the peak load condition. From
this figure, it is obvious that the THD of the buses is within the standard
limit.

Different greenhouse gas emissions are shown in Table 7. As shown
in this table, the most portion of contamination is related to the pro-
duced carbon and carbon dioxide emissions due to the use of fossil fuels
in power plants. After installing of DGs, the emission of CO2 and C and
other greenhouse gases has dropped about 80%. Therefore, it can be
concluded that the emissions of greenhouse gases would be remarkably
reduced by applying renewable energy units in the distribution system
and reducing in the use of fossil fuels in power plants.

6.2. Considering the load growth

In this paper, load growth is considered for each type of available
loads in the distribution system. The peak of the available loads in each
year is shown in Fig. 17. It should be noted that the load growth will be
saturated after 10 years.

According to the load growth, new DG units must be considered to

Table 5
Harmonic spectrum of inverter-based DG units.

Harmonic order Inverter based DG

1 1
5 0.1941
7 0.1309
11 0.0758
13 0.0586
17 0.0379
19 0.0329
23 0.0226
25 0.0241
29 0.0193
31 0.0181

Table 6
Optimal size and location of DG units.

PV Wind Fuel cell Cost

Size (MW) 2.2 2 7.7 8.15 * 107

Location 17 18 15
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Fig. 8. Objective function in terms of iterations.
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install in the mentioned distribution system for supplying the added
loads in each year. The location and size of these DG units should be
optimized by considering the technical constraints. The simulation re-
sults are presented in Table 8.

According to this table, it is clear that DG units must be added at
some years to keep the voltage within its allowable limit. To investigate
the performance of the system, three scenarios are studied as follows:

(1) DG units are installed only at the beginning of the project at the
optimum location and size.

(2) New DG units are installed at 5th year according to Table 8.
(3) New DG units are installed at 5th and 9th year.

For demonstrating the performance of the mentioned scenarios, the
minimum magnitude of voltage occurred at each year is depicted in
Fig. 18.

It can be concluded from Fig. 18 that the voltage magnitude de-
creases to lower value than its minimum allowable limit at 5th year.
Therefore, new DG units must be optimally added in the system ac-
cording to the 2nd scenario to keep the voltages at their acceptable
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Fig. 9. The amount of the produced power of each DG unit and input power from main bus.
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limits. It is also observed that the voltage magnitude is improved after
installing the DG units until 9th year. However, the voltage magnitudes
have not been at the allowable limits from 9th year to the year which
the load growth still existed (10th year in this case). Therefore, in the
9th year, the other new DG units are considered to install in the system
according to the 3rd scenario. As shown in Fig. 18, the magnitude of the
voltage is at the acceptable limits in 9th and 10th years by im-
plementing the 3rd scenario. Therefore, these results confirm the ef-
fectiveness of the proposed method in the condition of the load growth
for the mentioned distribution system. Maximum amount of THD in
20th year is shown in Fig. 19. As shown, the THD is kept within its

standard limit by installing the DG units in their optimal sizes and lo-
cations.

In addition, the voltage profile at 20th year is shown in Fig. 20. The
figure shows that the voltage of each bus is within a safe interval (i.e.
(0.95–1.05)).

Fig. 21 illustrates the total power losses at 20th year. It can be
concluded from this figure that the installation of the DG units at their
optimal sizes and locations also reduces the total power losses when the
load growth exists.
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Fig. 12. Voltage profile of bus 11 at each hour.
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Table 7
Greenhouse gas emissions.

Scenario C SPM CH CO SO3 CO2 SO2 NOx

Without DG 18,690 13.7418 4.7987 0.109 2.1812 68528.7 141.7806 106.1173
With DG 4041 2.9712 1.0376 0.02358 0.4716 14,817 30.65 22.95
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Fig. 17. Peak load at each year.
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7. Conclusion

In this paper, PSO algorithm was used to find the optimal location
and size of renewable energy based DG units such as PV arrays, wind
turbines and fuel cells in the distribution system. Due to the stochastic
nature of wind speeds and solar radiation, the uncertainty in the re-
sources of wind and solar units were considered in the planning pro-
cedure of the distribution system to obtain a reliable performance.
Different types of loads such as linear and non-linear loads were con-
sidered in the system. These loads have been considered to vary with
time during a day. The proposed method was tested on 31-bus radial
distribution system to minimize the total power losses, total cost of DG
units, greenhouse gas emissions, and improve the voltage profile. The

results showed that voltages profile at each hour improved and total
power loss reduced by installing the optimum DG units. After installa-
tion of renewable energy resources, greenhouse gas emissions re-
markably reduced more than 80%. Furthermore, the load growth was
considered for each type of available loads in the distribution system. In
this case, with the increase of the demand in the distribution system at
each year, the voltage at some buses decreased to lower value than its
minimum allowable limit. Therefore, DG units were added to the
system at the optimal locations and sizes to keep the voltage at its
standard limit. Our findings showed that THD and voltage profile were
kept within their standard limit at each year when the DG units are
installed in their optimal sizes and locations. Furthermore, optimization
results indicated that total losses in the distribution system can be

Table 8
Simulation results.

Year PV Wind FC Vmin Vmax

Size (MW) Location Size (MW) Location Size (MW) Location

1 2.2 17 2 18 7.7 15 0.9673 1.026
2 – – – – – – 0.9548 1.005
3 – – – – – – 0.9520 1.000
4 – – – – – – 0.9502 1.000
5 2.9 17 2.7 18 9 15 0.9570 1.000
6 – – – – – – 0.9544 1.000
7 – – – – – – 0.9519 1.000
8 – – – – – – 0.9501 1.000
9 3.4 17 3.2 18 9.5 15 0.9540 1.000
10 – – – – – – 0.9521 1.000
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Fig. 18. Minimum magnitude of voltage occurred at each year.
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reduced substantially by optimizing the sizes and placements of DG
units in the condition of the load growth.
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