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Optimal Placement of Distributed Generation Units
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Abstract—Due to increasing penetration of renewable dis-
tributed generation (DG), conventional distribution networks have
been gradually transforming into their active form, where micro-
grids may serve as fundamental building blocks. As the primary
step towards microgrid planning, optimal DGs placement and siz-
ing can reduce the total energy losses by localizing power supply to
loads. In this paper, a DG optimal placement method by minimizing
the total energy losses is proposed, where the planning is formulated
as a non-linear programming (NLP) problem. AC optimal power
flow (OPF) is used to solve this planning problem by considering
operational constraints and uncertainties in load and renewable
power generation of the network. IEEE 33-bus test system and
a real 404-bus distribution system operated by Saskatoon Light
and Power in Saskatoon, Canada are used to validate the proposed
method. The proposed method also shows superior performance
compared to existing methods.

Index Terms—AC optimal power flow, distributed generation,
microgrid planning, non-linear programming, optimal placement,
uncertainty modeling.

I. INTRODUCTION

W ITH continuous increase in global energy demand, re-
newable energy sources are enablers for tomorrow’s

sustainable power grids. The degree of utilization of renewables
in today’s energy market can be seen through simple statistics.
As per the World Wind Energy Association (WWEA), with the
addition of 93 GW wind power capacity in 2020, the total wind
power generation capacity worldwide reached 744 GW, which
could supply 7% of the world’s energy demand. According
to International Renewable Energy Agency (IRENA), the total
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solar photovoltaic (PV) installed capacity worldwide in 2020 is
709 GW.

Increasing penetration of renewable distributed generation
(DG) in distribution networks brings environmental benefits,
as well as challenges for planning study due to uncertainties
associated with renewables. Implementation of microgrids in
distribution networks is an effective way to integrate both con-
ventional and renewable DG units and minimize energy losses
by localizing power generation and load consumption [1], [2]. A
microgrid is defined in IEEE Std. 2030.7-2017 as “a group of in-
terconnected loads and distributed energy resources with clearly
defined electrical boundaries that acts as a single controllable
entity with respect to the grid and can connect and disconnect
from the grid to enable it to operate in both grid-connected or
island modes”. As per IEEE Std. 1547.4–2011 [3], [4], a mi-
crogrid, as the fundamental building block of active distribution
systems, can reduce power losses, and improve voltage profile
and reliability.

Recognizing advantages of microgrids by planners, operators
and investors, microgrid planning and implementation in dis-
tribution systems have attracted significant research interests.
Long power lines to distribution areas are mainly responsible
for increased energy losses, and thus, optimal allocation and
sizing of DGs facilitates locally supplying power to loads, and
reduces energy losses [5], [6]. Improper allocation of DGs may
cause operational issues in the system, such as voltage swells.

Among optimal DG placement methods, metaheuristics (such
as evolutionary algorithms and simulated annealing), mathemat-
ical programming (such as linear programming (LP), mixed
integer linear programming (MILP), non-linear programming
(NLP), and mixed integer non-linear programming (MINLP)),
and metaheuristic search techniques (such as Tabu search opti-
mization and group search optimization) are popular for solving
optimization problems.

For the planning problem, commonly used power flow study
methods include the backward forward sweep load flow [7],
probabilistic load flow [6], DistFlow equations [8], Sequential
Quadratic Programming (SQP) to solve the optimal power flow
(OPF) [9], and AC optimal power flow (OPF) [10]. The AC OPF
approach has the ability to model operational characteristics of
the network, which ensures that all operational constraints are
satisfied during a planning study.

In [11], the planning problem is formulated as a MINLP to
define the microgrid topology and find optimal locations and
sizes of DGs, energy storage systems, and AC–DC converters to
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ensure reliable power flow with the minimum deployment and
operational costs. A similar study is conducted in [12] using a
deterministic branch-and-bound nonlinear solver for optimiza-
tion. The method proposed in [13] simultaneously determines
sizes, locations and types of DGs and shunt capacitor banks
by solving the MINLP problem. An MINLP problem for the
profit maximization in [14] is solved by Grey Wolf Optimization
algorithm for simultaneously determining the optimal size, site,
type, and number of DGs, energy storage system (ESS) and
distributed reactive source (DRS). The overall planning costs
including unit commitment and switching costs associated with
dispatchable units are minimized in [15] by forming a nonlinear
convex programming problem to obtain optimal sizes of dis-
tributed energy resources.

In [16], Genetic Algorithm (GA) is utilized in planning for
siting and sizing of DGs and placement of switches, utility
profits are considered by decreasing outage costs and improving
customer’s satisfaction in terms of reliability. Particle Swarm
Optimization (PSO) and GA-based optimization techniques are
used in [5] to find optimal sites and sizes of renewable energy
sources for autonomous operation. The investment master prob-
lem of a planning study minimizes investment costs in [17]
including microgrid operation and unserved energy costs to
determine the optimal generation mix. Improved PSO is used to
determine optimal number, locations, sizes and mix of DGs and
capacitor banks to maximize the net profit in [18]. Minimizing
the mismatch power in island mode is considered as the main
objective to determine optimal sizes and locations of DGs in
[19]. Optimal allocation of DGs including sizing, siting, and the
optimal order of joining in the test system is proposed in [20]
using Craziness-based PSO algorithm to reduce power supply
costs including buying costs, power losses, communication and
load shedding costs.

Teaching Learning Based Optimization (TLBO) is used to
solve the optimization problem in [21] that jointly optimizes ca-
pacities and locations of dispatchable and non-dispatchable DGs
and ESS. A Column and Constraint Generation (CCG) method
is used to solve the two-stage robust optimization problem in [8],
[22], where costs and profits are optimized in [22] to determine
optimal locations, sizes and mix of DGs; while minimizing the
system damage is considered as the objective of DGs allocation
in [8]. Optimal size, number, and site of DG, ESS, and DRS are
determined in [23] by Cuckoo Optimization Algorithm (COA)
and Imperialist Competitive Algorithm (ICA). A combinatorial
optimization technique is proposed in [10] to solve the optimal
sizing problem by utilizing a meta-heuristic technique based
on a tailor-made GA for hybrid AC–DC microgrids. Decision
theory-based approaches are used in [9] to obtain the best sizing
and siting solutions considering reduction of energy costs while
providing ancillary services to the network. The Simulated
Annealing (SA) approach is investigated in [24] to determine
optimal sizes and locations of a mix of DGs at a minimum cost
subject to reliability targets. The Group Search Optimization
(GSO) algorithm are utilized in [6] for optimal DG placement
considering the improvement of the system load factor and
decreasing losses. Different types of DGs are optimally allo-
cated for annual energy loss minimization while maintaining

Fig. 1. Research streams of microgrid planning.

the voltage profile within acceptable limits by using Tabu Search
Optimization algorithm in [25], [26], [27].

Although metaheuristic techniques are commonly used in
microgrid planning study, they don’t guarantee the global so-
lution all the time, which may lead to improper allocation of
DGs. Mathematical programming formulation is therefore used
in this study to place DGs optimally by minimizing the total
annual energy losses and improving the voltage profile of the
distribution network.

The microgrid planning study in the literature can be divided
into two streams [23] as shown in Fig. 1: 1) optimal allocation of
resources such as DG, DRS, and ESS; and 2) reconfiguration of
network by placing TIE lines and optimal microgrid formation.
Optimal placement and sizing of DGs is one fundamental task
in microgrid planning [15], [28].

Different factors and indices have been used to select candi-
date locations for DG placement in the literature. The losses-
voltage-factor (LVF) is used in [21] that ensures reduced losses,
the improved voltage profile, and a higher reliability. The loss
sensitivity factor (LSF) and the voltage sensitivity factor (VSF)
are used in [2] to determine optimal locations of DGs by reducing
the system loss and improving the voltage profile, respectively.
The total voltage deviation (VD) and voltage sensitivity index
(VSI) are used in [29] for DG placement. Candidate buses
can also be selected based on regional conditions and utility
decisions [6]. All these factors to place DGs have been calculated
with the voltage profile of a base network at the beginning of a
planning study without considering the change in voltage levels
due to the load growth, which is a common phenomenon of a
distribution system. Therefore, DG locations selected based on
these factors might become improper with the changed voltage
levels.

To address this challenge, it is important to consider the
change in the voltage profile during the planning period. A new
index named “Voltage Regulation Index (VRI)” is defined in this
paper by considering the change in the bus voltage profile due to
the load growth during a planning period. The main contributions
of the paper include:

1) The planning problem is formulated as a non-linear pro-
gramming (NLP) for optimal DG placement by mini-
mizing the total energy losses and improving the voltage
profile of distribution networks;

2) Candidate locations for DG placement are selected by
defining a new index, VRI, considering the change in the
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bus voltage level due to the load growth during a planning
period;

3) A non-linear AC OPF model is formulated to perform the
power flow analysis by considering operational constraints
of the network (such as the voltage limit, branch current
limit, DG integration limit, load variation, and uncertain-
ties of DGs);

4) The performance of four commercially available PV mod-
ules are analyzed using historical solar data over one
year to calculate their capacity factors (CFs), and the PV
module with the highest CF is selected in the planning
study; and

5) The proposed method is validated using IEEE 33-bus
test system and a real large three-phase unbalanced 404-
bus distribution system operated by Saskatoon Light and
Power, a Canadian electric utility in Saskatoon, Canada.

The paper is arranged as follows: the proposed optimal DG
placement methodology is introduced in Section II; modeling
of load, DGs and their uncertainties are conducted in Sec-
tion III; the mathematical problem formulation is presented in
Section IV; the proposed method is validated using IEEE 33-bus
system and a real distribution system from Saskatoon Light and
Power in Sections V and VI, respectively; and conclusions are
drawn in Section VII.

II. THE PROPOSED METHODOLOGY FOR DG PLACEMENT

In this paper, an optimal DG placement methodology for
microgrid planning in distribution networks is proposed through
a NLP problem formulation and AC OPF to address operational
constraints. The proposed methodology is shown in Fig. 2.

The following are four major steps of the proposed method
for optimal placement of DGs:

A. Modeling of Load and DGs Considering Uncertainties

Load and renewable DGs vary stochastically. In this planning
study, uncertainties associated with load and renewable power
generation are modeled with a probability analysis by analyzing
historical load and solar data over one year. The normal and
beta distribution are used to model uncertainties of load and
PV power generation, respectively. The details are discussed in
Section III.

B. Selection of Candidate Buses for DG Placement

The load usually increases over time in a distribution network
due to new customers, which eventually changes the bus voltage
profile of the network. A new index for DG placement, VRI, is
defined in (1) to account for the change in bus voltages due to
load growth during a planning period.

V oltage Regulation Index (V RI) =
Vibase

− Viafter

Viafter

(1)

where Vibase
is the voltage at bus i of the base network and

Viafter
is the voltage at bus i considering the load growth. A

annual load growth of 1.4% [30] for a planning period of five
years is considered in this study. The bus voltages during the

Fig. 2. The flowchart of the proposed optimal DG placement method.

planning period are calculated as follows:

Viafter
= Vibase

(1 + x%)y (2)

where x% is the annual load growth and y is the planning period
in years.

C. Power Flow Analysis

The power flow analysis is performed by formulating a non-
linear AC OPF model such that all operational constraints (volt-
age limits, load variations, uncertainties in PV power generation)
are satisfied for optimal DG placement in a distribution network.

D. Planning Problem Formulation

In this study, the planning is formulated as non-linear pro-
gramming problem for optimal placement of DGs in distribution
networks. The objective function is to minimize the total annual
energy losses and improve the voltage profile. The details of the
problem formulation is discussed in Section IV.

III. MODELING OF LOAD, DGS AND THEIR UNCERTAINTIES

Modeling components of a distribution network, such as load
and DGs, is an essential aspect of microgrid planning.

A. Modeling of Load

The load profile is assumed to follow the IEEE-RTS [27]
system’s load model. This system provides the hourly peak
load data as a percentage of the daily peak load over one year
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Fig. 3. Hourly load variation pattern of the IEEE-RTS system over one year.

considering seasonal variations in the load pattern. Fig. 3 shows
the hourly load variation pattern of the IEEE-RTS system over
one year.

B. Modeling of DGs

In this planning study, both dispatchable DGs (biomass power
generation units) and non-dispatchable DGs (PV units) are opti-
mally placed in a distribution network to minimize energy losses
and satisfy operational constraints of the network. Modeling of
these DGs is discussed below.

1) Modeling of Biomass Power Generation Units: The
biomass power generation unit is modeled as dispatchable, i.e.,
its output is constant at the rated power without uncertainties.
Therefore, the biomass unit can be selected based on its rated
capacity.

2) Modeling of PV Units: The PV unit is modeled as non-
dispatchable. The output power of PV units depends on many
factors including PV modules’ characteristics, the amount of
solar irradiance, and the ambient temperature. Its output power
is calculated by

TCell = TA + s∗
(
NOCT − 20

0.8

)
(3)

I = s [ISC +Ki (TC − 25)] (4)

V = VOC − (Kv ∗ TC) (5)

FF =
VMPP ∗ IMPP

VOC ∗ ISC
(6)

PPV (s) = N ∗ FF ∗ V ∗ I (7)

PPV (s) =
PSTC∗s [1 +Kp (TC − 25)]

SSTC
(8)

where TCell, TA, and NOCT are the cell, ambient, and nominal
operating temperature, respectively; PSTC , and SSTC are the
power and solar irradiation at standard test conditions (STC),
respectively; ISC and VOC are the short circuit current and open
circuit voltage, respectively;Ki,Kv, andKp are the temperature
coefficient of the current, voltage, and power, respectively; FF
is the fill factor; VMPP and IMPP are the voltage and current

at the maximum power point (MPP), respectively; and PPV (s)
is the PV power generation for the irradiance, s.

C. Probabilistic Model of Uncertainty

Modeling uncertainties associated with variations of load and
renewables in a distribution network is essential to integrate
renewable DGs effectively in a planning study. Uncertainties
are modeled in this study using the probability density function
(PDF) discussed below.

1) Uncertainty Model of Load: The uncertainty in load vari-
ations is modeled using one year load data by a normal PDF
[24].

f (Pl) =
1

σP

√
2π

exp

(
− (Pl − μP )

2

2σ2
P

)
(9)

f (Ql) =
1

σQ

√
2π

exp

(
− (Ql − μQ)

2

2σ2
Q

)
(10)

where f(Pl) and f(Ql) are normal PDFs, μP and μQ are means
of the normal distribution, σP and σQ are standard deviations of
the normal distribution for active and reactive load, respectively.

2) Uncertainty Model of PV Units: The uncertain nature
of solar irradiance makes the output power of PV units un-
certain, which needs to be modeled properly to integrate PV
units effectively in a planning study. The uncertainty of solar
radiation is modeled by analyzing one-year solar irradiance
data downloaded from the POWER Data Access Viewer (https:
//power.larc.nasa.gov/data-access-viewer/), and then, the beta
PDF [3] can be determined by

f (s) =
(α+ β)

(α) + (β)
∗ s(α−1) ∗ (1 − s)(β−1) (11)

0 ≤ s ≤ 1, α ≥ 0, β ≥ 0 (12)

α =
μ ∗ β
1 − μ

, β = (1 − μ) ∗
(
μ ∗ (1 + μ)

σ2
− 1

)
(13)

where f(s) is the beta PDF of the solar irradiance; s is the solar
irradiation in kW

m2 ; α and β are shape parameters of the beta
distribution; μ and σ are the mean and standard deviation of
historical data, respectively.

3) Combined Load-Solar Model: To incorporate the load
variation and the output power of PV units as multi-state vari-
ables in the planning problem formulation, the continuous PDFs
of load and solar irradiance have been divided into several states
[31]. In each state, the load and solar irradiance are within
specific limits. The number of states is carefully selected for
both normal and beta PDFs because a large number of states
increases the computational burden, while a small number of
states may affect the result accuracy. In this study, nine states
for load and ten states for solar irradiance have been considered.
The probability of each load and solar irradiance state can be
calculated as follows:

γ (Lt) =

∫ l2

l1

f (l) dl (14)
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TABLE I
TECHNICAL SPECIFICATION OF FOUR SOLAR PV MODULES

γ (St) =

∫ s2

s1

f (s) ds (15)

where γ(Lt), and γ(St) are the probability of the load and solar
irradiance at the state t, respectively; l2, l1 and s2, s1 are the
upper and lower limits of the load and solar irradiance at the
state t, respectively.

A combined load-solar model is generated consisting of
(9 load states× 10 solar irradiance sates) = total 90 states,
assuming that the load and solar irradiance states are indepen-
dent. Based on this assumption, the probability of any combina-
tion of load and solar irradiance state is obtained by convolving
the two probabilities, as given in (16).

γ (Ct) = γ (Lt) × γ (St) (16)

where γ(Ct) is the probability of the combined load-solar model
at state t.

D. Selection of PV Units

Different types of PV panels with specific characteristics
and specifications are available in the market. It is important
to evaluate their performances before installing them in large
scale into the system. Therefore, A brief study to select PV units
demonstrated below based on the uncertainty model of solar
irradiance is adopted in this paper. Four different PV panels are
considered in Table I, and one of them will be chosen in this
study in term of their capacity factor (CF).

A beta PDF for each time segment is generated using the
hourly solar irradiance data for the site under study, and the CF
for each PV module can be calculated as follows [32]:

Capacity Factor =
Paverage

Prated
(17)

Paverage =

T∑
t

Pt × γ (St) (18)

where Paverage and Prated are the average power generated and
the rated power of the PV module, respectively; Pt is the output
power at state t; St is the solar insolation at state t; γ(St) is
the probability of solar insolation at state t; and T is the total
number of solar insolation states. As shown in Fig. 4, among

Fig. 4. The capacity factor of four types of PV panels.

the four types of PV modules, the HiKu6 Mono PERC module
manufactured by Canadian Solar has the highest CF (0.1553),
and thus, is chosen in this study.

IV. MATHEMATICAL FORMULATION

A. Assumptions

The following assumptions are made to implement the pro-
posed DG placement method:

1) The system under study is in grid-connected mode, so the
total DG integration is limited below the total demand of
the network.

2) PV units are adopted as non-dispatchable DGs.
3) The biomass power generation unit is modeled as the dis-

patchable DG, and assumed to operate with a power factor
of 0.95 [26], [19] as per the interconnection guideline of
our local utility company, Saskatoon Light and Power [33].

B. Objective Functions

Different objectives have been selected for optimal DG place-
ment in existing studies, such as minimizing costs, minimizing
the total energy losses, minimizing emissions, maximizing prof-
its, and improving reliability. However, one fundamental reason
to implement microgrids in a distribution network is supplying
load locally by DGs to minimize energy losses. Therefore, the
optimal DG placement problem is formulated to minimize the
total energy losses in this paper by

min .OF =

T∑
t=1

PLosst × γ (Ct)× 8760 (19)

PLosst =
∑
ϕ

N∑
i

N∑
j

Iϕi,j,t
2 × rij (20)

where OF is the objective function to minimize the total annual
energy losses, Plosst is the total active power loss in p.u. in the
network at state t; T is the total number of states; N is the total
number of nodes in the network; Iϕi,j,t is the current flow in
p.u. between nodes i and j of phase ϕ at state t; and rij is the
resistance of a line between nodes i and j.
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C. Constraints of the Problem

The constraints in this problem are explained below:
1) Voltage Limit:

Vmin ≤ vϕi,t ≤ Vmax ∀i �= 1 (21)

where Vmin and Vmax are the minimum and maximum voltage
limits, respectively; and vϕi,t is the voltage in p.u. of node i
of phase ϕ. In this paper, Vmin = 0.95 p.u. and Vmax =
1.05 p.u. are used for all buses of the network except the slack
bus (bus 1). The slack bus has a constant voltage of 1 p.u. and a
zero-degree phase angle.

2) DGs Capacity Limit:

SBmin
≤ Sϕ

Bi,t
≤ SBmax

∀i = m (22)

PSmin
≤ Pϕ

Si,t
≤ PSmax

∀i = m (23)

where SBmin
and SBmax

are the minimum and maximum ca-
pacity of biomass power generation units, respectively; Sϕ

Bi,t

is the capacity of the biomass generation unit at bus i; PSmin

and PSmax
are the minimum and maximum capacity of PVs,

respectively; PPVi
is the capacity of PV unit at bus i; and m is

the total number of candidate buses.
3) Power Factor Constraint: The power factor is maintained

constant at the point of interconnection of a biomass power
generation unit by

Pϕ
Bi,t

= Sϕ
Bi,t

× cos θ (24)

Qϕ
Bi,t

= Sϕ
Bi,t

× sin θ (25)

wherePϕ
Bi,t

andQϕ
Bi,t

are real and reactive power in p.u. of phase
ϕ injected from the biomass power generation unit at node i and
state t, respectively; Sϕ

Bi,t
is the capacity of the biomass power

generation unit of phase ϕ at node i and state t; θ is the angle
between the corresponding voltage and current.

4) Line Current Limit:

Iϕi,j,t ≤ Imax ∀j = n (26)

where Iϕi,j,t is the current flow in p.u. of phase ϕ between nodes
i and j at state t; Imax is the maximum limit of the current; and
n is the total number of lines between buses.

5) Penetration Level of DGs:∑
SB = bm% of demand (27)∑
PS = pv% of of demand (28)

where SB is the capacity of the biomass power generation unit,
and PS is the capacity of the PV unit.

6) Generation-Demand Constraint:∑
Sload ≥

∑
SDG gen (29)

where Sload is the load of the network, and SDG gen is the
generation capacity of DGs.

D. AC OPF

AC OPF analysis is used to solve the power flow problem in
this study by satisfying operational constraints of the network
and limitations of the problem formulation.

1) Power Flow Equations: Real and reactive power flow of
phase ϕ in a three-phase distribution network between nodes i
and j is calculated by

Pϕ
i,j,t =

vϕ
2
i,t

zϕij
cosθϕij −

vϕi,t × vϕj,t
zϕij

cos
(
δϕi,t − δϕj,t + θϕij

)
(30)

Qϕ
i,j,t =

vϕ
2
i,t

zϕij
sin θϕij −

vϕi,t × vϕj,t
zϕij

sin
(
δϕi,t − δϕj,t + θϕij

)

− bϕij × vϕ
2
i,t

2
(31)

where Pϕ
i,j,t and Qϕ

i,j,t are real and reactive power in p.u. of
phase ϕ between nodes i and j at state t; zϕij , θϕij , and bϕij are the
impedance in p.u., the angle of impedance, and the susceptance
in p.u. of phase ϕ between nodes i and j; vϕi,t, δ

ϕ
i,t, and vϕj,t, δ

ϕ
j,t

are the voltage in p.u., and the angle in radians of phase ϕ at
nodes i and j, respectively.

2) Power Balance Equations: Real and reactive power are
balanced at node i of the network by satisfying the following
power balance equations:

Pϕ
Gi,t

+ Pϕ
Bi,t

+Pϕ
Si,t

× (%PVt)− Pϕ
Li,t

× (%Lt)=
∑
j

Pϕ
i,j,t

(32)

Qϕ
Gi,t

+Qϕ
Bi,t

− Qϕ
Li,t

× (%Lt) =
∑
j

Qϕ
i,j,t (33)

where Pϕ
Gi,t

and Qϕ
Gi,t

are real and reactive power in p.u. of
phase ϕ injected from the grid substation at node i and state t;
Pϕ
Bi,t

and Qϕ
Bi,t

are real and reactive power in p.u. of phase ϕ
injected from the biomass generation unit at node i and state t;
Pϕ
Si,t

is real power in p.u. of phase ϕ injected from a PV unit at
node i and state t; Pϕ

Li,t
and Qϕ

Li,t
are real and reactive load in

p.u. of phase ϕ connected to node i at state t; Pϕ
i,j,t and Qϕ

i,j,t

are real and reactive power in p.u. of phase ϕ between nodes i
and j at state t.

3) Branch Current Equation: The current flow in the branch
between nodes i and j is calculated as follows:

Iϕi,j,t =

√(
Pϕ

i,j,t
2
+Qϕ

i,j,t
2
)

vϕi,t
(34)

where Iϕi,j,t is the current flow in p.u. of phase ϕ between nodes
i and j at state t; Pϕ

i,j,t and Qϕ
i,j,t are real and reactive power

in p.u. of phase ϕ between nodes i and j at state t; vϕi,t is the
voltage in p.u. of phase ϕ at node i.

4) Power Loss Equation:

Plosst = 0.5 ×
∑
ϕ

N∑
i

N∑
j

(
Pϕ

i,j,t
2
+Qϕ

i,j,t
2
)
× rϕij(

vϕi,t
)2 (35)
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Fig. 5. IEEE 33-bus radial distribution test system (base case).

TABLE II
RESULTS OF OPTIMAL DG PLACEMENT IN IEEE 33-BUS TEST SYSTEM

where Plosst is the total active power loss in p.u. in the network
at state t; Pϕ

i,j,t and Qϕ
i,j,t are real and reactive power in p.u. of

phase ϕ between nodes i and j at state t; rϕij is the resistance in
p.u. of phase ϕ between nodes i and j; vϕi,t is the voltage in p.u.
of phase ϕ at node i.

V. VALIDATION USING IEEE 33-BUS TEST SYSTEM

In this paper, IEEE 33-bus test system [5], [18] in Fig. 5 is
used as the base case to validate the proposed method. In this
base case, there are no DGs, and real and reactive power demand
of the test system are 3.715 MW and 2.3 MVAr, respectively.
The base voltage and base MVA are 12.66 kV and 100 MVA,
respectively. The total annual energy loss in the base case is
667.183 MWh, and the minimum nominal bus voltage is 0.9477
p.u. The simulation is carried out in GAMS using the CONOPT
solver on a laptop computer with Intel i7, 2.6 GHz, and 16 GB
RAM.

A. Results and Discussions

Biomass (BM) power generation and PV units are optimally
placed in the IEEE 33-bus test system using the proposed
method. The main objective is to minimize the total annual
energy loss of the system and improve the bus voltage profile.
The results for two scenarios, “Without DGs” and “With DGs”,
are tabulated in Table II. The average voltage profile of the
network for all 90 states is shown in Fig. 6.

Table II shows that the total annual energy loss is reduced
from 667.183 MWh to 213.654 MWh by integrating 1023 kVA
biomass generation (74.08% of the total DGs) and 358 kW
PVs (25.92% of the total DGs). The total annual energy loss
is reduced 67.98% by integrating 31.61% DGs of the total

Fig. 6. The average bus voltage profile of IEEE 33-bus test system for all 90
states.

Fig. 7. The bus voltage profile of IEEE 33-bus test system for three states.

demand of the network, and the voltage profile in Fig. 6 is also
considerably improved.

Among 90 states considered, two extreme states and a typical
state based on variations of load and PVs are demonstrated to
observe their voltage profiles:
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Fig. 8. Electrical single line diagram of one substation of the distribution system operated by Saskatoon Light and Power in Saskatoon, Canada.

1) Extreme State 1: PV power generation is 5.42% of the installed
PV capacity, and load is 99% of the total load of the system.

2) Extreme State 2: PV power generation is 87.81% of the
installed PV capacity, and load is 16.59% of the total load
of the system.

3) A Typical State: PV power generation is 62.54% of the
installed PV capacity, and load is 55.9% of the total load
of the system.

Fig. 7(a) shows the voltage profile of the system in Extreme
state 1. Before DG placement, voltages of some buses are below
0.95 p.u. due to a higher loading; after DG placement, all bus
voltages are within the specified limits. Fig. 7(b) shows the
voltage profile of the system in Extreme state 2, and voltages
of all buses are within the limits before and after DG placement
due to a lower loading. Fig. 7(c) shows the voltage profile of the
system in a typical state, voltages are considerably improved
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TABLE III
RESULTS OF OPTIMAL DG PLACEMENT IN IEEE 33-BUS TEST SYSTEM

after DG placement although all bus voltages are still within the
limits before DG placement.

Our study indicates that the voltage profile of the network
during all other states can be maintained within the permissible
limits by optimally placing DGs in the test system.

B. Comparison of the Proposed and Existing Methods

To validate effectiveness of the proposed method, the results
using the proposed method in IEEE 33-bus test system are com-
pared with that using several existing methods in [5], [6], [27].
The optimal DG placement problem in IEEE 33-bus test system
is solved using GA and PSO in [5]; using Tabu Search (TS) in
[27]; and using Group Search Optimization (GSO) and Adaptive
Group Search Optimization (AGSO) in [6]. The comparison in
Table III validates the effectiveness of the proposed method.
The proposed method only requires a smaller DG capacity to
achieve a larger energy loss reduction compared to the five
existing methods. These results also support the fact that the
mathematical programming can find a global solution better than
the metaheuristics.

VI. VALIDATION USING A REAL DISTRIBUTION SYSTEM

A. Real Distribution System of Local Utility

The proposed method is validated using a real 404-bus dis-
tribution system as shown in Fig. 8, which is one substation
of a large distribution network operated by Saskatoon Light
and Power in Saskatoon, Canada. The model is developed by
utilizing existing lines and load data of two distribution feeders
within the substation. Based on the given operation data, the
network appears to be unbalanced among three phases.

In the base case of this modeled system, there are no DGs.
The two feeders are energized from the 25/14.4 kV, 33.3 MVA
grid substation. The real and reactive power demand of the base
case are 12.288 MW (3.987, 4.345, and 3.956 MW on phases
a, b, and c, respectively) and 5.951 MVAr (1.931, 2.104, and
1.916 MVAr on phases a, b, and c, respectively), assuming 70%
loading of distribution transformers and 90% power factor.

If considering 1.14% annual load growth over a planning
period of five years, the real and reactive power demand becomes
13.172 MW (4.274, 4.657, and 4.241 MW on phases a, b, and c,
respectively) and 6.380 MVAr (2.070, 2.256, and 2.054 MVAr
on phases a, b, and c, respectively).

The base voltage and base MVA are 14.4 kV and 100 MVA,
respectively. The total annual energy losses obtained in the base
case is 1246.02 MWh, and the minimum bus voltages are 0.974
p.u., 0.971 p.u., and 0.974 p.u. at phases a, b, and c of the

TABLE IV
RESULTS OF OPTIMAL DG PLACEMENT IN THE REAL DISTRIBUTION SYSTEM

Fig. 9. The average bus voltage profile of the real distribution system for all
90 states.

unbalanced distribution system, respectively. The simulation is
carried out in GAMS using the CONOPT solver.

B. Results and Discussions

Biomass (BM) power generation and PV units are optimally
placed in this system using the proposed method to minimize the
total annual energy losses and improve the bus voltage profile.
The results of two scenarios, “Without DGs” and “With DGs”,
are tabulated in Table IV. The average voltage profile of the
system for all 90 states is shown in Fig. 9.

Table IV indicates that the total annual energy losses is re-
duced from 1246.02 MWh to 532.13 MWh by integrating 2700
kVA biomass power generation (47.86% of total DGs) and 2941
kW PV power generation (52.14% of total DGs) into the system.
That means the total annual energy losses is reduced by 57.29%
by integrating 38.54% DGs of total demand of the system. The
voltage profile in Fig. 9 is also considerably improved along with
the energy loss reduction. After integrating DGs, the minimum
bus voltages are 0.983 p.u., 0.980 p.u., and 0.983 p.u. at phases
a, b, and c, respectively.

Two extreme states and a typical state defined in Section V
based on variations of load and PV power generation are also
analyzed in this large real system to observe the voltage profiles
in these states. Fig. 10(a) shows the voltage profile of the system
in Extreme state 1, and the bus voltages of all phases are main-
tained above 0.95 p.u. before and after DG placement. Fig. 10(b)
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Fig. 10. The bus voltage profile of the real distribution system for three states.

shows the voltage profile of the system in Extreme state 2, and
the voltages of all buses are within the specified limits before
and after DG placement. Fig. 10(c) shows the voltage profile
of the system in a typical state, and the voltages of all buses
are considerably improved and maintained within the specified
limits due to optimal placement of DGs. Based on our study, the
voltage profiles of all other states are also maintained within the
permissible limits.

VII. CONCLUSION

In this paper, an effective method is proposed to allocate
DGs optimally in microgrid planning by defining a new index,
Voltage Regulation Index, to select candidate locations for DG

placement in distribution networks. The objective is formulated
to minimize the total annual energy losses of the system sub-
ject to certain operational constraints considering uncertainties
associated with load variations and renewable energy sources.
Non-linear programming and AC optimal power flow are used
to obtain optimal solutions of this planning problem.

Case studies for an IEEE 33-bus test system and a 404-
bus real distribution system using the proposed method are
demonstrated, where dispatchable and non-dispatchable DGs
are optimally placed, and the voltage profile of the system
can be maintained within the permissible limits under various
system operating conditions. The proposed method is proven to
be effective by comparing with several existing methods in the
literature.
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