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ABSTRACT Traditionally, the energy supply in off-grid communities has relied on diesel generating units
based microgrids (MGs) but global environmental concerns and advancements in renewable energy technol-
ogy are pushing for the transformation of these systems into renewable-based MGs. This transformation is a
more complex hybrid system, with dispatchable and non-dispatchable resources, and requires novel planning
and design tools to ensure the security of supply in the future. This paper presents a methodology that jointly
optimizes the capacities and locations of dispatchable and non-dispatchable distributed generating units and
battery energy storage system employed in a stand-alone MG serving conventional residential and electric
vehicle charging load. The complex dual optimization problem is solved innovatively in two sequential
steps. In the first step, the capacities of solar photovoltaic panels, wind turbines, battery energy storage
system, and diesel generator are determined without actually considering the system design itself. While in
the second step, a novel and simple methodology is developed which determines the sub-optimal capacities
of distributed generation units along with their actual locations in the distribution system. To determine the
optimal locations of distributed generation units, we defined a novel factor, losses-voltage-factor (LVF),
which ensures reduced losses and better voltage quality. The proposed methodology gives a robust design
that not only results in reduced losses and better voltage quality but also have higher reliability. The proposed
technique is very practical, which can easily be applied for the planning and design of the practical active
distribution networks.

INDEX TERMS Power system planning, renewable energy sources, battery energy storage, distributed

generation, electrical vehicle.

I. INTRODUCTION

The electrical power system is transforming from centralized
bulk system, with large-scale electric power generation sys-
tem connected to the transmission network, to a decentralized
system, with multiple small-scale electric power generating
units connected directly to distribution system near the con-
sumers. This type of small-scale generation is called dis-
tributed generation. The concept of distributed generation has
evolved into idea of microgrid (MG), essentially a miniature
version of the conventional grid [1]. Featuring distributed
generators (DGs) and/or energy storage system, it embodies
the capability to “island”, isolate from the main grid, while
operating parallel to it [2], [3]. Furthermore, for isolated and
remote areas where supplying electricity through national
grid is in-feasible due to techno-economic constraints,

standalone MG is considered as a viable attractive alternative
and thus adopted in many regions and countries [4]—[7]. The
popularity of MGs is increasing, because they offer bene-
fits in terms of renewable energy (RE) sources integration,
greenhouse gases (GHG) emission reduction, power quality,
reliability and resiliency, and economics [8], [9].

RE sources such as solar and wind are best suited for
distributed generation because they are inexhaustible, non-
polluting, and locally available [10]. The power output of
RE sources technologies, i.e., solar photovoltaic (PV) panels
and wind turbines (WTs) depends upon the natural resources,
i.e., sun and wind which are stochastic, random, and inter-
mittent as they depend upon climatic changes, weather, and
time of the day and year. So, the output power of PV and
WT may not follow the load which jeopardizes the reliability
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and power quality and can also cause voltage and fre-
quency instability [11]-[13]. The special techno-economic
challenges that arise due to integration of RE sources must
be met for the stable and effective operation of system.

The problems associated with the RE sources can be
addressed by storing energy during surplus generation hours
by utilizing energy storage system and re-dispatching it
appropriately afterwards when needed or by employing a
diesel generator (DG) as a backup [14]-[19]. Several types
of energy storage technologies are available and among them
battery energy storage system (BESS) is most commonly uti-
lized. The cost of BESS per kilowatt is strongly related to its
capacity and it also has limited life cycles, therefore, supply-
ing the demand at 100% reliability by using RE sources and
BESS only may result in extremely high cost. Furthermore,
the energy stored in BESS depends upon sporadic RE sources
and during the operation of MG the output of RE sources and
BESS can become inadequate to supply the load. Therefore,
a dispatchable backup source, i.e., DG must be deployed
along with PV, WT, and BESS to supply a load effectively
and economically.

Transportation sector is one of the major contributors of
the GHG emissions [20], [21]. The conventional vehicles
use fossil fuels and emit GHG, i.e., carbon dioxide, nitrogen
oxides, and carbon monoxide. Electric vehicles (EVs) have
gained significant attention of both academia and industry
since the last decade because of the escalating demand for
fuel frugality and their eco-friendlier nature. Continuous
improvements in EVs predict their vast penetration in the
future electric power system, and the power demand diagram
of the future grid would be conspicuously different from the
present one without EVs [22], [23]. Therefore, significant
number of EVs must be contemplated for future power system
planning and design to ensure customers daily travel. So,
the planning and design of future power system will not be
alike the conventional power system, where all of the involved
technologies should be considered at the planning and design
stage.

In this paper, a technique for the planning and design of
MG employing PV, WT, BESS, and DG is developed. The
MG supplies conventional residential load and EV charging
load. The planning and design problem is solved in two steps.
In the first step, the capacity optimization of PV, WT, BESS,
and DG is done without considering the dynamics of the test
system. The capacity optimization is done on the basis of cost
minimization and GHG emissions reduction. In the second
step, the optimal locations of PV, WT, BESS, and DG and
capacities for each location are determined. A very simple
and practically implementable methodology, based upon the
real power losses reduction and voltage quality, is developed
to determine the optimal locations of distributed generation
systems. Instead of installing distributed generation system
at single location, the proposed methodology installs dis-
tributed generation units at multiple locations which results
in better voltage quality, lesser losses, and robust system
design. The proposed methodology is tested on real world
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17 bus primary distribution system. Simulation results show
that a system with distributed generation systems installed at
multiple locations is more economical, robust, and stable as
compared to single location. Simulation results also show that
the proposed system design supplies the load economically
and reliably.

The remainder of the paper is organized as follows.
Section II discusses the literature review and research gap,
Section III presents the proposed methodology. Results and
Discussions are discussed in Section IV and Section V con-
cludes the paper.

II. LITERATURE REVIEW AND RESEARCH GAP

In literature, different methodologies have proposed for the
planning and design of MGs employing RE sources and
energy storage technologies. The literature can be divided
into two main classes. The first class discusses the capacity
optimization of distributed generators and energy storage
system. While the second class deals the location optimiza-
tion and capacity and location optimization of distributed
generators and energy storage system.

In the recent literature, considerable work has been done
in the first class. In [24], a methodology for the capacity
optimization of PV, WT, BESS, and super-capacitor has been
proposed. The capacity optimization is done based upon the
three objectives: 1) cost minimization, 2) reliability maxi-
mization, and 3) GHG emissions reduction. In [25], opti-
mal capacities of PV, WT, DG, pumped storage, and BESS
are determined based upon initial investment, operation, and
maintenance costs minimization. In [26], sizing of PV, WT,
BESS based MG is done on the basis of energy cost and reli-
ability. In [27], a cost function, based upon the minimization
of cost and maximization of customer satisfaction, is formu-
lated for planning of grid-connected MG employing PV, WT,
and BESS, and mixed integer linear programming is used
to solve the optimization problem. In [28] a methodology
has been developed for capacity optimization of a system
employing PV, WT, and BESS. The proposed methodology
is based upon the five key principles: i) higher reliability,
ii) lesser fluctuations in the power sold to the main grid,
ii) full use of the complementary attributes of wind and
solar, iv) optimization of BESS charge-discharge rate, and
v) minimization of total cost. In [29], sizing of PV and BESS
is done on the basis of levelized cost of energy. In [30],
optimal sizing of a residential MG employing PV, WT, and
BESS is done based upon the cost minimization. In [31],
a methodology has been proposed for the planning and design
of residential small grid employing PV, WT, BESS and DG.
The proposed technique is based upon the cost cost mini-
mization, curtailment of GHG emissions, reduction of dump
energy, and reliability maximization. In [32], the sizing of a
standalone system employing PV, WT, BESS, and DG is done
on the basis of three objectives, i.e., 1) minimization of cost,
il) maximization of job creation, and iii) maximization of
human development index. A pareto-optimization evolution-
ary algorithm is used to solve the optimization problem.
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Similarly, some more techniques dealing with the plan-
ning and design of RE sources based MGs are discussed
in [33]-[37].

In [38], a technique to determine the optimal size and
location of WT is proposed. The technique is based upon
the maximization of wind power generation. A novel chaotic
symbiotic organisms search algorithm is used to determine
the optimal sizes and location of distributed generators in
radial distribution system. This distributed generators sizing
and sitting problem is based upon minimization of real power
losses and improvement of voltage stability [39]. A plan-
ning technique to determine the optimal sizes, locations and
mix of conventional generators and RE sources is proposed
in [40]. The proposed planning model considered invest-
ment, operation and maintenance, GHG emissions, and fuel
costs. A methodology for sizing and location optimization
of single PV distributed generator is developed in [41]. The
methodology is based upon minimization of line losses, while
keeping the voltage within permissible limits. In [42], back-
tracking search optimization algorithm is used to determine
the optimal location of distributed generators. The location
optimization is done based upon the the network real power
loss reduction and enhancement of voltage profile. In [43],
optimal size and location of distributed generator are found
on the basis of minimizing power losses, operational cost
minimization, and voltage stability improvement. Bacterial
foraging optimization algorithm is used to find the optimal
size of distributed generator. A methodology based upon
annual energy losses minimization for the integration of con-
ventional and renewable distributed generators is proposed
in [44]. Ant Lion Optimization Algorithm is used for optimal
sizing and location of distributed generators in a distribution
system in [45]. The sizing and location optimization is done
based upon the real power losses minimization and voltage
profile improvement. Similarly, some more techniques deal-
ing with the capacity and location optimization of RE sources
are discussed in [46]-[49].

The literature deals with the capacity optimization of
RE sources based MGs and location and sizing optimization
of distributed generators. A new type of load, i.e., EV load,
in future it would be major part of the power system load,
is not considered properly for location and sizing opti-
mization. Moreover, to the best knowledge of the authors
no methodology has been developed so far that jointly
determines the sizes and locations of multiple dispatchable
and renewable distributed generators and energy storage
system.

Ill. PROPOSED METHODOLOGY

Let M = {0,1,..., 11} denotes number of months, D =
{0,1,...,29} be the set containing number of days within
amonth, and H = {0, 1, ..., 23} contains the hours number
within a day. The indexing of a whole year is done by carrying
cross product (m,d,h) € M x D x H. The inter-month,
inter-day, and inter-hour transitions follow (m, d + 29, h) =
(m+1,0, h),and (m,d, h+23) = (m, d + 1, 0) respectively.
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TABLE 1. Characteristics of EVs.

EV Battery bank  Charg./Disch. rate ~ Maximum Mileage
Type (kWh) (kW) (mi)
Tesla S70 70 11 240
Nissan Leaf 24 6.6 126
Th!nk City 24 6.6 100

For the purpose of brevity the indexes m,d, and h are
removed and only index ¢ will be used.

Let F' = (P}, Py, P}, S, Ph) be the state of the system
at time ¢. Sj is the SOC of BESS at time ¢, Pj is power
supplied or taken by of BESS in MW at time ¢, P} is the
power generated by PV and WT in MW at time ¢, P}, is the
power output of DG in MW at time 7, and P} is the total load
power demand in MW at any time ¢. The system states get
updated after every one hour. In the next two subsections we
will model the system states.

A. LOAD MODELING

The total load is sum of EV and non EV load, P; = P, +Pj.
In this study, three types of EVs are considered, i.e., Think
City, Nissan Leaf, and Tesla S 70. The total number of EVs
in the system are determined based upon the their penetration
level in the system, N,, = Zil: | PV p is the penetration
level, v, is the percentage of ¢ class of EV, ¢; is the total
number of classes of EVs and ny, is the number of houses.
The EV charging load depends upon the departure and arrival
times, daily mileage traveled, charger rating of EV, and bat-
tery bank size. The charger rating and battery bank size can
be obtained from manufacturer and given in Table 1. It is
assumed that the EVs are charged at constant rate at their
rated charging capacity. The departure and arrival times, daily
mileage, and charging time depends upon the user behavior
and can be approximated using lognormal distribution.

k¢4 = logNormal(3.375, 0.5) 1
?e,c,d — logNormal(Adp, \/g) @
294 = loaNormal(Agr, ¥/3) 3)

where x4 represents the total miles traveled by the ¢ EV
of ¢ class at day d, T and 7 are departure and arrival times,
and Ay, and A, are average departure and arrival times
respectively. After determining the daily distance covered by
an EV the energy required to charge it is calculated as follows

EC
B = g eecdzi + 50k ecasey (@)

where 1, is indicator function, / is total energy required to
charge the EV, X is charge depletion distance, and E,, is the
energy capacity of the EV’s battery bank. The time required
to fully charge the EV whose battery status is known is
calculated using rf,’lg,’d = hecd [pecd | T, is time needed to
charge an EV and p¢, is the charging rate of ¢ class of EV.

The charging rate of each EV must be within manufacturers’
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specified limits, i.e., 0 < p&© d < poer. It is assumed
that the EVs owners will start charging their cars after arriv-
ing home. So, the charging load of EVs is determined as
following

d
fh; (Te ,c,d +y) pgv (y<tecd)
hg
5 (G5 e N ey )
chg chg (y>rchg )
where
y=12 et 41

and

766 d +y> ¢ c,d
where P, 4 is the hourly charging load of e’ EV of ¢ class

atdayd. The index d in P},

of-charge of battery bank of an EV at any time ¢ is estimated
as given below

¢4 canbe replaced by ¢. The state-

e,C,1

chg

SOCESHA = SOCEE! + At

(0)

ev
where SOC,, is the state of charge of EV. At every time ¢ the
state-of-charge of battery bank of EV must remain within the
permissible limits, i.e., SOCS™! < SOC4S! < SOCS™™,
As, it is already mentioned that total load is sum of EV load
and non-EV load. The non-EV load is taken from real world
residential demand (P;) data with resolution of one hour.
Due to confidentiality the exact location of residential load
demand data is not declared.

B. DISTRIBUTED GENERATION SYSTEM MODELING

The distributed generation system consists of dispatchable
source, i.e., DG, RE sources, i.e., PV and WT, and BESS.
We are interested in determining the power output of DG, PV,
and WT at any time ¢, and power supplied/taken and energy
state of BESS at any time ¢.

The output power of RE sources is P!, = NpVP —i—Nw,Pwt,
where N,,, is the number of PV panels, P!, v is the power output
of one PV panel in MW at time ¢, N,,; is the number of WTs,
P!, is the power output of one WT in MW at time . The
number of PV panels and WTs are subjected to N, 1:’5”’ <Ny <
N and NJi" < Ny, < N respectively. The power
output of single WT is calculated as in [50]

Pwt = l(Vci<Vt<Vr)§(Vt) + I(VrSVt<Vco)P:vt (7)

where P}, is the rated power of WT, ¢(v) is the function that
approximates the variation in wind power output with wind
speed, V' is wind speed at time ¢, v, Ve, and v, are cut-in,
cut-out, and rated wind speeds of WT. The characteristics of
GE 1.5xle WT (shown in Fig. 1) are used to model the power
output of WT. The power output of PV system is estimated
using following equation [51]

Pl = npApd' (1 — 0.0005(T) — 25)) ®)
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FIGURE 1. Power curve of GE 1.5xle WT.

where 1, is efficiency of PV panel, 1 ! is solar irradiation
at time ¢ in MW /m?, Apy is area of PV panel in m?, and
T! is atmospheric temperature in °C at time 7. We define the
difference between generation and demand as x = P}, — P} .

The power output of BESS is
P% = |:1(0<x‘<Pg"”‘) + 1(7Pg“"<x’<0):| x!
+ [l(x’>PZ‘”") - 1(x’<—Pg’““‘):| Pgmx (9)

where is the maximum power rating of BESS. A pos-
itive value of Pp represents charging and a negative value
represents discharging of BESS. The BESS power constraint
Pgi” < |P%| < PE% will always be satisfied by (9). The
change in energy level of BESS is determined using equation
given in [51]

max
P B

_ 1
Sk = SETA 4 Ph(Lr-oy® + 1(x,<0)n—d)m (10)

where 7¢ is charging efficiency and n? is discharging effi-
ciency. In (10) a positive value of Pp will result in an
increase in energy level of BESS while a negative Pp will
decrease in energy level of BESS. At every time ¢ the energy
level of BESS must remain within the permissible limits
Sg”i” < Sg < Sg**. The BESS has limited number of life
cycles. Therefore, for realistic analysis it is critical to calcu-
late the cycles of BESS. The BESS annual life is estimated as
following [52]

11 29 23 |Pmdh
Beye = ZZZ'— Smax (1D
m=0d=0 h=0

where B, are annual BESS cycles. In this study, we assume
that after completing life cycles BESS must be replaced

Hence, the life of BESS in years is calculated as Tg = | B”"l

Ty is the total number of life cycles and T is the life of
BESS in years. As mentioned earlier, to improve the system
reliability and economy a DG is also employed along with
BESS. The DG serves as backup and supplies power only
when power output of RE sources and BESS become inade-
quate to supply the load demand. The power output of DG is
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calculated using the following mathematical expression

Pl = (P = x"pr _pt _p (12)
At every time ¢ the DG must remain within its minimum and
maximum allowable operational limits Pgi” < Pj) < Pj*.
As both BESS and DG serves as backup, so it is crucial to
develop an operation framework for them in which they sup-
ply the load demand while operating within their operational
constraints. We define following two conditions and five rules

Cl1:if Pj, > P§™ then Pj, = Pp™

C2:if P,y < P"  then P}, = Pp"
VY ifx*™ >0 and Sé—i—AtPg'A’ < S§* then Pg'm

= and S5 = Sh + PLAt (13)
T2V if '8 >0 and Sh+AtPYA > SHO then PLFA
=0 and SEHA = Sp (14)

T3V if '8 <0 and Sh+AtPA > SHM then P!
=P%+At —Xi+Ar and SH_At —ng-l-P%At
(15)
T4V if x'T8 <0 and Sh+AtPYA <SP then PLFA
=P —xiar and SEFA =SEm (16)
T5V if '8 =0 then Pl " =0and S5 =S4 (17)

The conditions C1 and C2 are necessary conditions for
I;Vi=1,2,...,5.Hence, I'; = Cland I'; = C2 Vi =
1,2,...,5. It is important to note that the BESS power and
energy constraints will always be satisfied.

C. PROBLEM FORMULATION

Cost plays a key role in every engineering design. In this
study, for realistic analysis we have assumed initial invest-
ment cost, operation cost, maintenance cost, and replacement
cost.

We define Cr = Y (Cg, Cp, Cp) be the system’s total
cost. C is the initial investment, operation, and maintenance
cost of RE sources, Cp is the initial investment, replacement,
operation, and maintenance costs of BESS, and Cp incorpo-
rates the initial investment, replacement, operation, and main-
tenance costs of DG. The cost of RE sources is calculated as
following

Cr = C5,Np P, +CCN,PW,

. Z O NP, + C NPl
(1 +d)y!

where CIEV is the initial investment cost of PV in $/MW,
Cy, is the initial investment cost of WT in $/MW, CJI" is
operation and maintenance cost of PV in $/MW /yr, CO" is
operation and maintenance cost of WT in $/MW /yr, [ is the
year index, n; is the years of operation, and d is the discount
rate. The total cost of BESS depends upon the energy and

(18)
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power capacity of BESS and modeled as given below

m Cam
Cp = CESp™ + ChPp™ + Z TraT
N =t CHSE™ + ChPE™ )
- (1 +a)bs
where
I =Tg, 2T, .....,n; — Tp

where C}, is the initial investment cost in $/MWh associated
with energy capacity of BESS, Cg is the initial investment
cost in $/MW associated with power capacity of BESS,
Cp" is the operation and maintenance cost in $/MW /yr,
and the third term in (19) constitutes for the replacement
cost of BESS. The cost associated with the diesel generation
system is modeled as following

Ndg ng "M (dg )

r,i Cl r,i

=26 Pdg+ZZ P
P z" (1+d)

Ndg n; n

+ZZZ(1 I"dy (vl +¢P3)f O

i=1 j=1 t=1

where

5 = Llgr 2000, 3lyg, ...y — L,
where Cg; is investment cost of i* DG (in this study, to make
system economical and efficient we have assumed multi-
ple small DGs instead of considering one single large DG)
in $/ MW, Pd is the rated capacity of i DG in MW, ngg 18
the total number of DGs, €' is the life of z[h DG, N, is the
total operation time of i DG in hr, M} dg is the operation

and maintenance cost of i DG in $/hr, f, is the fuel price
in $/ltr, Pilg is the power output of i"* DG, W is the fuel
curve slope coefficient of /" DG, and ¢’ is the fuel curve
intercept coefficient of i DG. In (20), the first term represent
the initial investment cost of diesel generation system, second
term stands for the replacement cost, third term stands for the
present worth of the cost associated with the operation and
maintenance costs and fuel cost of diesel generation system.

As discussed earlier that one major advantage of
RE sources is the reduction of GHG emissions. In this study,
we modeled the GHG emissions in terms of cost. When
electric energy is generated using conventional generators it
results in GHG emissions and a correction cost is required to
mitigate the damage caused by them tabulated in Table 2. This
correction cost would be a saving if RE sources are employed
for generation instead of fossil fuel based generators. This
saving is termed as emission reduction benefit cost (ERBC)
and calculated using the following equation

G =3y 3 1

j=1r=1t=1

%) Lt <0) + Prlii=0)] E'E!
(1 +dy-!

2L
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FIGURE 2. Primary distribution system.

TABLE 2. Greenhouse gases emission data.

Greenhouse gases CO, CO SO, NOx
Emissions (kg/MWh) 1000.7 1.55 9.993  6.46
0.0037 0.16  0.97 1.29

Correction Cost ($/kg)

where C,pe is ERBC in $, E” is the emission of r™ type of
GHG gas in kg/MW , and E/ is the correction cost of r™ type
of greenhouse gas in $/kg.

We propose the following objective function for the mini-
mization of life cycle cost and GHG emissions.

obj: J = \/ (J1 X) = J> (X))> = min (22)

X)=0 ¢=1,2,,...,
sr. |80 & " (23)
hX)<0 1=1,2,,....q
where
X = [Npv, Nus, EF™, PE™, PR™] (24)

where Jj (X) is the total cost of system which is the
sum of cost of RE sources (18), cost of BESS (19), and
cost of diesel generation system (20), J, (X) represents the
GHG emissions, which are modeled in terms of ERBC (21),
g, represents the equality constraints, and h, represents
the inequality constraints. The system constraints are listed
below:

The Primary System Constraint (Generation = Demand):

Ph4+ Py Py —P, =0 V>0 (25)
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The renewable generation system constraints:

N < Npy < Nj* (26)
N™Mim < N, < NM (27)
BESS constraints:
PRin < |P| < PR Vi >0 (28)
Spin < §b < STV >0 (29)

Diesel generation system constraints:
PR < Py < PR (30)
EV load constraints:

SOCE™Mn < SOCES! < SOCE™™ Ve, c,t >0 (31)
0 <pso <pS™™ Ve,c,t >0 (32)

ev

The system is operated using the rules and an efficient
metaheauristic technique, i.e., Teaching Learning Based
Optimization, i.e., TLBO is used to solve optimization prob-
lem formulated in (22).

Consider 17-bus distribution system shown in Fig 2.
We divide the distribution system in three zones, i.e., Zone-1,
Zone-2, and Zone-3 and each zone is treated as indepen-
dent MG. In order to determine the optimal location of gen-
eration system we define the following factor for each zone.

Npus
I = ZP,f-ef Vi=1,2,..., Npus (33)
J=Lj#
where l]’c is the Losses-Voltage Factor (LVF) when generation
system is placed at i, P is the vector of power which flows
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TABLE 3. Optimal capacities of different MG topologies.

PV WT BESS BESS DG Cost Renewable Energy Served ~ Non-Renewable Energy Served
MW) MW) MWh) MW) @MW) (c/kWh) (GWh) (GWh)
10 4 16.8 2.5 4 26.6 19.9 4.55
from bus j, and # is a vector whose elements are length of line x10°
that is connected to j and its order is 1 x (ColumnsOfPlf )
For example, if generation system is placed at bus-2 then 72
2 3 4 p5 pb p7 5 pb6 p7
I7 = [Pi] ]+ [P} P} P} P[] sl Ly la] + [P} P} P]] - 71
[slsis] + [P] - ls] + [P]] - [l7]. We define a vector,
Ly = |17 ... lf"””s], that contains the values of /s of all %
(&)
buses. The optimal location corresponds to the bus number 6.9
for which the value of /¢ is minimum. The power generation “
share that is employed in each zone is determined using o8
following 6.7
nzu.v [
XZ — Ziil P; (34) 6.6
Npus pi . . .
Ziil P; 0 50 100 150 200 250

where z is the zone number, 7y, is total number of buses in
the distribution system, n;, . is the number of buses in zone
number z, X is the vector that contains optimal capacities
of PV, WT, BESS, and DG determined for whole system,
and X? is a vector that contains the optimal capacities of
distributed generation resources that are employed in z"* zone.

IV. RESULTS AND DISCUSSIONS

The first step of the proposed methodology is to determine
the optimal capacities of PV, WT, BESS, and DG that supply
the load at lower cost and reduced GHG emissions. The
cost function formulated in (22) is solved using TLBO. The
variation in global best with the number of iterations is shown
in Fig. 3. It can be observed that TLBO reaches optimal
solution quickly. The optimal capacities that correspond to
the optimal solution are tabulated in Table 3. As BESS is
characterized by its power (MW) and energy (MWh) capac-
ities that is why both power and energy capacities of BESS
are given. The system serves around 80% of the total energy
demand using RE sources.

The load power demand, power generated by RE sources,
power output of BESS, and power output of DG for 24 hours
are shown in Fig. 4, and the variation in energy level of
BESS for the 24 hours is shown in Fig. 5. During the
first two hours the output power of RE sources is zero and
load is supplied by BESS and DG. The negative values of
BESS output means BESS is supplying power. At the end
of second hour the power output of BESS becomes zero
because battery is discharged completely. It can be observed
from the Fig. 4 that DG is used as backup which supplies
load only when output of RE sources and BESS becomes
insufficient to supply the load. Moreover, the BESS operates
within its power and energy constraints. For example, from
hour 12 to 16 the excessive power is available but BESS takes
the amount of power that is within its maximum MW rating,
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FIGURE 3. Global best vs iteration number.
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FIGURE 4. Variation in power. (a) Load power demand (b) Power
generated by RE sources, (c) Power output of BESS,
(d) Power output of DG.

i.e, 2.5 MW. After reaching the maximum energy capacity
level, i.e., 16.6 MWh BESS stops charging and the excessive
power is dumped.

The second step is the determination of optimal loca-
tions of distributed generation systems such that system has
reduced line losses and better voltage quality. The distributed
generation system is composed of PV, WT, BESS, and DG
coupled system. As discussed earlier, the distribution system
is divided into three zones (Zone-1, Zone-2, and Zone-3) and
optimal location for distributed generation system for each
zone is determined independently. The capacity of distributed
generation systems for each zone are determined as given
in (34). To determine the optimal locations the values of
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FIGURE 5. Variation in energy level of BESS.

LVF (33) are calculated for each bus of the three zones
and shown in Fig. 6a. In Zone-1 the LVF is minimum for
bus number 4 and maximum for bus number 7. Hence, for
Zone-1 the optimal location for the placement of distributed
generation system in bus number 4 and worst location is
bus number 7. Similarly, in Zone-2 the minimum value of
LVF is for bus number 15 and bus number 9 while maximum
LVF corresponds to bus number 8. Therefore, in Zone-2 the
best location for the deployment of distributed generation
system is bus 9 or bus 15 and worst location is bus number 8.
Similarly, the best and worst locations in Zone-3 are bus
number 11 and bus number 12 respectively.

To validate the proposed technique the distributed genera-
tion systems are placed at the optimal locations and system
is operated and voltages at all the buses are calculated and
shown in Fig. 6b. The upper limit of non-critical voltage
window is considered as 1.05 pu and lower limit of non-
critical voltage window is assumed as 0.95 pu. It can be
observed that all bus voltages are above 0.98 pu. To show
the effectiveness of the proposed methodology the distributed
generators are also placed at the worst locations of Zone-1,
Zone-2, and Zone-3. The bus voltages that correspond to the
worst locations are shown in Fig. 6c. It can be observed that
the voltages for the worst locations of distributed generation
systems are scattered and voltage of bus 16 and 17 are at the
lower limit of non-critical voltage window. Therefore, it can
be deduced from Fig. 6b and Fig. 6¢ that the quality of voltage
for optimal locations is better. Moreover, line losses for best
and worst locations are calculated and compared. The line
losses for worst locations are 2.7 times the losses for optimal
location. So placing the generation system at optimal location
can result in considerable savings. The above discussion
proves that the smaller value of LVF ensures better voltage
quality and reduced system losses.

The optimal location of distributed generation system is
also determined without dividing the distribution system in
different zones. The value of LVF is calculated for each bus
and shown in Fig. 7a. It can be observed that LVF value is
minimum for bus number 9 and maximum for bus number 7.
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FIGURE 6. (a) LVFs for multiple distributed generating units. (b) Bus
voltages corresponding to optimal locations of multiple distributed
generation units. (c) Bus voltages corresponding to worst locations
of multiple distributed generation units.

Hence, for single point distributed generation system feeding
the optimal and worst locations are bus number 9 and bus
number 7 respectively. The bus voltages when the system
is fed from bus number 9, i.e., optimal location, are shown
in Fig. 7b. It can be observed that the voltage at buses 2-6 are
below the non-critical voltage window which is unaccept-
able. Similarly, the distributed generators are placed at
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FIGURE 7. (a) LVFs for single location. (b) Bus voltages corresponding to
optimal locations of multiple distributed generation units. (c) Bus
voltages corresponding to worst location of single distributed
generation system.

worst location, i.e., bus number 7, and bus voltages are deter-
mined and shown in Fig. 7c. It can be observed that except the
generation bus, all bus voltages are below the lower limit of
non-critical voltage window. Line losses for best and worst
locations are calculated and the line losses for worst case
are 6.35 times of the optimal location.
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Line losses for single point distributed generation sys-
tem feeding at optimal location are 3.36 times more than
that of multiple point distributed generation systems feeding
at the optimal locations. It can also be observed from the
Fig. 6a and Fig. 7a that value of LVF for multiple dis-
tributed generation systems typology are significantly less
than that of single generation system topology. Due to this
reason the voltages for single generation system are of very
poor quality as compared to multiple generators topology
Fig. 7b and Fig. 6b. Moreover, the system with multiple
generation facilities is more robust and reliable as compared
to single generation facility. In case of outage of a line in any
zone some portion of load of defected zone can be supplied
by supplying power from the neighboring zones. In addition,
preventive maintenance of the generation facilities can be
performed with lesser load shedding with multiple distributed
generation systems topology. Hence, the proposed methodol-
ogy provides a solution which serves load with green energy,
at better voltage quality, reduced system losses, reduced
GHG emissions, and higher system reliability.

V. CONCLUSION

In this paper, capacity and location optimization of multiple
distributed generating units in a standalone MG system are
jointly determined based on dual optimization concept par-
ticularly considering EV charging load in addition to a typ-
ical conventional residential load. The mathematical models
of all given generating units like PV, WT, BESS, DG, and
EV-load have also been formulated. The primary optimiza-
tion determines the optimal sizes of distributed generators and
energy storage system based upon minimization of cost and
GHG emissions. A relatively simple and more realistic sub-
optimization algorithm has been developed that determines
the optimal locations of distributed generators consequently
based on the voltage quality improvement and real power
losses reduction. The proposed methodology has been tested
on a real-world 17-bus primary distribution system. It has
been observed that the proposed multiple objective design
fulfills the power demand with a very good voltage quality
and reduced losses. Furthermore, a comparison has been
made for a single optimal location system and proposed
multiple optimal locations system in terms of real power
losses and voltage profiles to justify that the proposed scheme
supplies load with reduced losses and better power quality.
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