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Abstract

In this paper a new scenario-based approach is proposed to design optimized

decrease the total design costs including investment and operation c

energy not supplied cost. Different considered objective functions ha

results show that the proposed method j
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1 Introduction

aced to issues including significant load growth, demand
growth, limited fossil sources, distribution network
eliability due their radiality, and customers' geo-
graphic expansion [2]. On the one hand, due to environ-
mental policies, new challenges have emerged in utilizing
power generation sources for power system designers, and
power system investors have little desire to construct fossil
fuel plants [3]. Furthermore, the connection of distributed

ir pollution cost as well as the microgrids
eighted coefficients method as a single-

t parameters is modeled using scenario

ptimize the objective function, and also the effect

g oroposed algorithm are investigated using sensitivity

generation resources to the current distribution networks
has not provided the technical and economic benefits for
investors, while it was expected that increasing the penetra-
tion rate of distributed generation sources would increase
the power quality, but due to the power fluctuations caused
by voltage and frequency difference in renewable energy
resources, the desired results have not been obtained [4].
The increasing penetration of renewable energy
resources (RER) and their stochastic behaviors on the
one hand and also, sharp fluctuations of electricity prices
on the other hand have created substantial challenges for
optimal operation of microgrids (MQG) [5]. Therefore, the
appropriate solution to solve the above-mentioned prob-
lems is to create small independent grids or the so-called
"microgrids". Microgrid, which is composed of integrat-
ing several distributed resources at low and medium volt-
age levels, is one of the most suitable ways to generate
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power in future distribution networks. According to the
definition of the American Energy Agency [6], various ref-
erences have addressed the microgrids design issues with
different perspectives. In [7], an overall overview of the
various methods used to design microgrids is presented.
Reference [8] proposed an optimal method in order to
design multiple microgrids with respect to the distribution
system reliability and security. The main purpose of this
paper is to cluster distribution networks into a set of microg-
rids with consideration of network reliability [9]. In [1], lin-
earization system can be implemented mainly using three
techniques, such as sampled sensitivity, Zbus matrix and
analytically. The sampled based technique is easier to imple-
ment but processing time is slow, while the Zbus matrix
method is the more precise linear model, but it is unable to
capture non-linear behavior. The analytical method is chal-
lenging to implement but its processing time is very quick
ensuring the maximum possible precision of linearization.
A multi-objective economic approach is proposed to design
a unit microgrid taking into account the probabilistic char-
acteristics of renewable distributed generations. Desi
self-repair microgrids to tolerate contingencies in dist
tion network is examined in [10]. In this reference, the dis
bution network is partitioned into a set of micggarids aimin

oversize for voltage regulation in the distribution
system [12]. Reference [13] proposed an optimal model to
design microgrids, taking into account the uncertainty of
renewable distributed generations such as wind turbines
and photovoltaic systems. In this paper, the objective
function involves the installation and operating costs of

generation units and the energy storage resources, while
the reliability and environmental aspects are not consid-
ered. In [14], the microgrid is designed using Graph the-
ories. In this paper, the grid structure design L

ing WT and
Phosphgis

nd electrical storage a
(BESS) is i

attery Energy Storage
tigated to minimize operation cost
ugh the design of multiple micro-
mentioned studies, the design of
g all economic, technical, environ-
ility aspects regarding the uncertainty
esign parameters is not reported in previous
Y In addition, with respect to the problem type,
which is a non-linear and non-convex problem, it is much
ore desired to employ novel and improved optimization
lgorithms to achieve more optimal results. To this end,
in this paper an optimal and comprehensive approach is
proposed with regard to the economical, technical, envi-
ronmental, and reliability aspects aiming to introduce an
economic and reliable structure considering the power
exchange between microgrids and upstream network in
order to increase the system reliability and reduce the load
shedding in islanding mode for multiple microgrids.

The above calculations have been evaluated under the
probabilistic environment in which the scenario gener-
ation method is used to cover the problem uncertainty.
The proposed objective function is optimized using a new
intelligent algorithm named Cuckoo optimization algo-
rithm, with the consideration of various network operat-
ing and technical constraints.

Fig. 1 shows the microgrids design concepts including DGs
placement and microgrids bounding in distribution network.

In general, the paper contributions are as follows:

e Various types of di stributed generation resources

are designed optimally and coordinated.

* The microgrids electrical boundaries are determined

using switch placement.




= ) g
&gN DER
&

. ‘NCL CL‘

— [NCLHCL s

Optimal

S— -
Switch /
Position /(
Optimal >& } \ Microgrid
Resource - Electric
Allocation

Boundaries

Fig. 1 The concepts of method proposed to design microgrids

* Cost, reliability and air pollution are considered at
the same time.

* The load and production uncertainty are modeled
using scenario generation method.

A new optimization algorithm called Cuckoo algorithm

is employed. In Section 2, the probabilistic mod of

resources as well as the network load consumption
sented. Section 3 describes the proposed methodolo
mulation. The algorithm used for optimizaian is report

In this section, the
modeling using sce

ey

here u represents the load average value, o is the stan-
deviation of network load probability distribution,
and p? depicts the microgrids power consumption, where
a number is obtained for 7, (p”) for each p”. It is worth to
notice that the above relation shows the annual peak load.
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2.2 Wind Turbine

The wind speed is continuously changing and the exact
speed could not be determined for a particular geographic
area. Referring to the prior data of wind speedg gLtic-

0<sV<V,orV, <V<co

V+C)P™ V. <V<V
V,<V <y,

©)

Where the variables V , V. and V, represent the cut-
speed, rated speed and connection speed of wind tur-
bine, respectively, and By, depicts the wind turbine rated
power under its rated speed.

2.3 Solar Cell

The solar radiation rate and the air temperature of the
ambient where the solar cells are located cause the vari-
ability of the generation capacity of solar power resources.
In this paper, a beta probability distribution function is used
to show the sunlight variation curve [20], in which the gen-
eral relation between beta distribution and the shape param-
eters Q and ¢ are presented in Eq. (4).

T(&+9)

——=2 T x5 x(1-8)", 0<85<1
F(S)={T(&)+T(p) )
0 otherwise
P, =P x906 (11 k(T T 5
PV s16 % X( + ( c r@f)) : ( )

STG
Equation (5) shows the power generated by solar mod-
ules under different environmental conditions. The solar
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module output power is determined according to the above
relation. In this relation, & is the thermal coefficient and
P, is the power generated under the rated conditions.

GI,’\"G’
ditions, and 7, and 7  are the temperature around the cell

G, are solar radiations in standard and normal con-
and the standard temperature.

2.4 Combined Heat and Power Generation

resources (CHP)

The combined heat and power sources are known as one
of the most economical and most efficient power genera-
tion sources, which are capable to simultaneously gener-
ate electrical power and heat. These resources are made
in three types, whereas only the electrical power type is
used in this paper. The fuel cost of these units is calcu-
lated using Eq. (6) as shown in [21]. In this relation, a,
p and y are the generation cost coefficients of combined
heat and power generation units, and PCHP is the source
generated power.

Pop(G)=a + PPy +7.Foyp .

2.5 Generation a nd Reduction of Scenarios

consideration of the uncertainty h
lenge for distribution system gy

6, ={(CLwl)(Cyr)(Clwl)]
vyl oyl =1
o, ={(Clyl).(CCw?)....(Clyl))
wltyl++yl =1

@®

&)

S=¢,x¢, xo, (10)

Z‘!Q“Vw“//s:l . (11)

SeN;

generated scenarios.
It should be noted

to optimally choose useful
scenarios, which reduces
o greatly decreases the
complexity. The backward sce-
teps are described below:

atrix between scenarios as C(S,S")

scenario and add it to the previous scenario
algorithm until sufficient scenarios are selected
e probability of each scenario that is not selected
to the probability of the closest selected scenario.

= arg{r;gy 2w c<s,S'>}N.‘. ={s,} (12)
TS
S = arg{ISILINI};VIS xC(S,S )}NS . (13)

More detailed information on available methods for
scenario reduction is provided in [23].

3 Problem Formulation

3.1 Economic assessment

In this section, we perform an economic assessment for
installation of distributed resources and power switches,
including investment and operation costs to design micro-
grids. It is worth noting that proposed method is a static
method in which all investments are made in the first year
of the design horizon.

3.1.1 Investment cost

The investment cost of distributed generation resources
and switches involves the installation cost and the costs
concerned with the land. Equation (14) presents the costs
of distributed generation and switches for all scenarios.



N, [ Npg
C =Z(ZICDG “xn) +Z[Csfx9,jffj, (14)

Where IC,.Ij_G is the sources construction cost, P,D\G
is the amount of sources generated power and r]ff is a
binary variable to install source i in the scenario s. In addi-
tion, ICW

binary variable to install switch m in scenarios.

is the switches installation cost and G,f": isa

3.1.2 Repair and Maintenance Cost

This cost involves the annual costs of the periodic and sea-
sonal repairs associated with installed distributed genera-
tion resources and power switches, which is presented by
Eq. (15) and is modified using inflation and interest rates
as Eq. (16). In Eq. (15), MC,.DG is the resources repair and

maintenance cost and P~ shows the sources generated

is the repair and
is the

switching rate of switch m in scenario s. In Eq. (16), In fR

: Sw

power in scenario s. In addltlon, Mc,
; : : sw
maintenance cost of installed switches and 7,

and In 7R represent the inflation rate and interest rate in the
operation horizon, respectively

, z(chﬂG pDG+chSW )

s=1 \_i=1

N, T 1 l
CPV(Cz):szZ(lili{II:j

§ t

3.1.3 Operating cost
The operating cost incl
as he combined he

a7

—) . (18)

It is worth noting that renewable resources lack the pri-
fuel cost and their operating costs are considered
terms of maintenance and repair costs.

3.2 Technical assessment

This section addresses the technical aspects of microgrid
design, including the air pollution cost due to the fossil fuel
based distributed generations and the network losses cost.
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3.2.1 Air pollution cost
According to the Kyoto treaty and the need to reduce green-
house gases, consideration of this discussion in microgrids
design has become an important goal of desigzs

distribution networks. In this paper, the cg
tion is modeled according to the Egs.

C,= ZZ[ cHPexp(é foHP)

s=1 i=1

Where £°
combined
lution and

ystem loss calculation requires running the
w program on the studied system. In this paper,
the backward-forward power flow method has been used
as a reliable and suitable method for high-resistivity dis-
tribution networks [25]. Due to the problem probabilistic
modeling, the system loss is also presented probabilistic
using scenario generation method in Eq. (21), and the cur-
rent cost of loss is calculated using Eq. (22).

Ns Nb

CS = zz(Rb X ]bz,s ) C/os: (21)
s=1 b=l
1+In /R j
CPV =€ Z"(l+lntR (22)

is the
is the dollar per kilowatt cost of

Were R, is the network line resistant, I,
lines current and C,
energy loss.

3.3 Reliability Assessment

One of the most important goals to convert radial distri-
bution networks into a set of interconnected microgrids
is the need to increase the distribution networks reliabil-
ity level. Due to the distribution networks radial structure
and the low reliability of these networks, clustering the
distribution networks as a set of interconnected microg-
rids improves the network subscribers' reliability [25].
The proposed method also assesses the distribution sys-
tem reliability which is discussed in the following.
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3.3.1 Cost of energy not supplied

Energy not supplied is one of the most important indica-
tors to evaluate distribution networks reliability, which
provides complete information about the behavior and
performance of system. This indicator shows the amount
of power loss due to the contingencies at network lines,
which is calculated annually. It is important to note that
this paper assumes that faults only occur at network lines
and other network equipment is 100 % reliable. Eq. (23)
represents the subscribers interruption cost for different
scenarios, whose current cost is calculated using Eq. (24)
for different years of operation.

Nyeg
y ZC x Ay XLy x B2 x D" P x T

int

C6 _ Z b=1 L res=1 (23)
+ Z PSmp x 7;rep
rep=1
1+1n ij
CPV(C,)=C : 24
z( 1+IntR
Where 4, is the lines failure rate, L, is the length o

tribution network lines, PBD is the power amount of i
rupted load, and C,  is the cost of each subscriber out
per kWh. In addition, P and T represg

s

of interrupted power due to repairs and 4

3.4 Objective function and prob
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- Distributed resources switches

Fig. 2 The decision diagram to design microgrids

Network mformation MinZ 128)
st (29} (37)

The considered objective functions have converted
into a single objective function using weighted coeffi-
cients method [26].

F(1)=C,+CPV(C,)+CPV(Cy)
F(2)=CPV(C,)+CPV(Cy)

F(3)=CPV(C,)

as shown in Eq. (28).
imizati oblem is carried out under various
al constraints. In this paper, the
lude the allowed range of buses
range of feeders' current, the maxi-
Gs, each source capacity range and the
glibrium constraint for each microgrid, as well as
¢ power Hlow equations, which are formulized using con-
straints (29) to (34) and Egs. (35) to (37). Constraint (29)
indicates the permitted voltage range for network buses,
hile in this paper, the allowed range of bus voltages is
considered to be between 0.95 and 1.05. In addition,
the network lines allowed current is limited using con-
straint (30). Constraint (31) shows the maximum amount
of distributed generation resources to be installed in the
distribution network and the constraints (32) to (34) present
the allowed range to install CHP units, solar cells and wind
turbines. In addition, Eq. (35) imposes the power equilib-
rium constraint to the created microgrids, which makes the
microgrids to be completely independent and stand-alone.
Finally, Egs. (36) and (37) show the power flow equations.

ymsy, <V VseN, (29)
1, <I™ VseN, (30)
NI)G

Y. PP <P™ VseN, (3D
i=1

P < Poyp <Py VYseN, (32)
PI" <P, <PM™ VseN, (33)
B <P, <P VseN, (34)




Ny
P+ B, Vi (35)
b=1

_Pt,[s)+ Z Pllt)i", ]1SZY ktscos( Jitss _6,"’“5 _ij)

ieNpg beNb (36)
QI s + z QIDGS = Vj 1,5 z Y;;'I/k,t,s Sin(aj,l,s _6/(,1‘,: _Ojk) N
ieNpg beNb
G37)

Where V' depicts the bus voltage and 7, shows the cur-
rent flows through line &. In addition, Y, is the line admit-
tance, (3 and J, are the voltage angles of buses i and .
0, P,L,’f and P, show the installed DGs generated active

and reactive power, the network active and reactive power
consumption and loss, respectively [21].

4 Optimization Algorithm
According to the problem objective function, which is a
non-linear and non-convex model with a large number
of binary variables and integers, obviously it is not pos-
sible to use mathematical methods to solve the problem
Hence, in this paper, the Cuckoo algorithm is used
mize the objective functlon [26].

have a greater chance to
oos, while other eggs

groups is the next destination of other
M. All groups migrate toward best current
area. Each group settles in a region close to the current best
gtion. Considering the number of eggs that each cuckoo
nd cuckoos distance to the current optimal region,
some egg laying radius is calculated. Then, cuckoos begin
to lay eggs in nests within the egg laying radius. This pro-
cess continues until the best location for egg laying (most
profit) is obtained. This optimal location is where the most
numbers of cuckoo come together.
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One of the most important problem modeling parts is
to determine the input vector for intelligent algorithms
variables. The proposed input vector for the Cuckoo
algorithm in order to simultaneously model tj

of global search, in addition
finding the problem opti-
, this algorithm has a less
an other metaheuristic algorithms.
ated in Fig. 4 depicts the proposed
microgrids under uncertainty using

per, in order to validate the proposed approach per-
formance, a 33-bus standard distribution network is used
to implement the proposed method [27]. The costs associ-
ated with the construction and operation of resources and
switches are obtained from [28-30]. Also, the forecasted
load demand and market price profiles are illustrated in
Fig. 5 (a) and 5 (b) respectively. The used demand pro-
file is divided into three various periods namely low load
period (00:00 AM to 6:00 AM), off-peak period (6:00 AM
to 3:00 PM) and peak period (3:00 PM to 12:00 PM) [31].
It is worth noting that the design horizon for the proposed
problem is considered to be 10 years.

This paper aims to optimally design the multiple micro-
grids in an intelligent distribution grid, taking into account
the economic, technical and environmental aspects and

Resource Location Resource Capacity Location and Number of Switch

Number of Network Buses
SaU|T HIOMIBN JO JaquINN

Fig. 3 The proposed input vector for Cuckoo algorithm
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Resuﬁ = ows the results obtained for optimal placement
| d sizing 0f DG resources as well as the switch location for
Finish microgrids boundaries based on the obtained average values

rom probability distribution. According to Table 1, three

Fig. 4 The proposed algori icrogrids are selected for this particular system, and three
DG resources are allocated to each microgrid. Three types
of DG power resources include solar cells, wind turbines and
CHP units are considered for each microgrid.

In addition, Table 2 shows different objective functions
optimal values for three different modes of DG resources
penetration index (PI). The resources penetration rate is
defined as the ratio of the resources installed capacity
to the network consumption. According to Table 2, it is
clear that with increased penetration of distributed gener-
ation resources, the investment and operational costs may
increase, while this may improve the technical indicators
and system reliability.

Fig. 6 (a) shows the network voltage profile in the both
traditional and the multiple microgrids based structures.

ling the weighted coefficients in the problem Table 1 Optimal placement of distributed generation source

objective function depends on the network designers' pol- Kind of source Location (Bas)  Capacity (KW)
icies and strategies, and depending on their goals and pri- }SIZ;trccr:(s);lfmiliiitncny and 12.19.33 200, 150, 175
orities, they could have different values between zero and P

. e .. . Wind Turbine 4,9,30 125, 100, 75
one. In this paper, sensitivity analysis is used to determine

. T . . Solar Cell 17, 24,27 50, 100, 75
the exact impact of optimization coefficients and weighted oarte T B

The switch 1, 6,25 -

coefficients on the intended problem.




Table 2 Problem objective function for microgrid design

objective functions Amounts ($)
objective functions

PI=100% PI=75% PI=50%
Investment cost 2.25846 1.17388 8.12694
maintenance cost 3.8617 8.5792 7.4648
Cost of operation 5.8977 3.6619 4.5091
Cost of air pollution 664.7 1913.7 2846.3
The cost of casualties 6.1084 6.3198 3.5297
Cost of reliability 4.591 6.6425 1.8846
Total cost 9.45786 2.41335 5.394405

According to Fig. 6 (a), the voltage variations of different net-
work buses are much less than that of the traditional one and
the voltage level is under different loadings within its allowed
range, thus, the system power quality has been improved.
Therefore, the proposed method increased the voltage sta-
bility margin of the distribution network and prevented the
voltage collapse phenomenon in the distribution network.
In addition, Fig. 6 (b) depicts the network loss dia-
gram in two conventional and restructured conditions.
According to Fig. 6 (b), in the case where the i

0.99
0.98
0.97
0.96
0.95
0.94
0.93
0.92
0.91

0.9

magnitude of voltage

23 25 27 29 31

number of bus

-s-Traditional

==Microgrid

9 11 13 15 17 19 21 23 25 27 29 31
NUMBER OF LINE

(b)
Fig. 6 (a) Network voltage profile (b) System total loss
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current passing through lines, and thus, reducing invest-
ment costs in distribution feeders, as well as postponing
the distribution network upgrade. Reducing the system

loss may increase the distribution lines equg

prove the distribution network reli-
cation of DG resources as well as

rids. By changing the weighted coefficients
grresponding to the system loss function from 0
to 1, various degrees of system loss could be obtained,
which depends on the operational policies and distribution
network planners decisions. The exact value of weighted
coefficients and their effects on the design problem is
determined using sensitivity analysis.

In this study, the energy not supplied index is used as
an indicator to evaluate the system reliability. Fig. 8 shows
the amount of network energy not supplied in microg-
rid-based and conventional conditions for different design
years. As can be seen, in the case where the distribution
networks are designed as a set of multiple microgrids, the
amount of energy not supplied significantly reduced due
to the splitting the distribution network into smaller parts.
It is worth to notice that the reliability assessment is car-
ried out under uncertainty conditions.

Fig. 7 DG optimal location and multiple microgrids boundaries
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Fig. 8 Energy not supplied values along design horizon

Fig. 9 (a) shows probability diagram of the system energy
not supplied index for different scenarios. In distribution
networks reliability assessment, the failure rate and repair
rate are assigned to each network line, and then, the reliabil-
ity indicators are calculated based on the faults occurred on
each feeder. Fig. 9 (b) shows the probability distribution of
the air pollution caused by fossil fuel sources. In addition,
Fig. 9 (c) shows the probability distribution of microgg
design total cost including the investment cost of reso
and switches, operating cost, loss and air pollution cost
well as energy not supplied cost for different

Pperators
ince the renewable

esources generation fluctu-
microgrids reliability in both

pnario in scenario-based planning, selection of a single
among the obtained solutions has become one of
the d¢
expected value obtained from the probabilistic distribution of

Bion makers' challenges. In practice, the average or

uncertain variables is used for the distribution system plan-

ning, which has the highest probability to other scenarios.
However, in recent years various methods are pro-

posed to reduce the risk of costly scenarios [12]. In this

Q Q Q Q Q Q Q
r\/% Y /\Q q’\' ,»:\'} o)") c)'\/

N
Emission Cost (S)

Q O O O O O O O O
SEL L L LSS
Total planning cost ($)x102
©
Fig. 9 (a) The probability distribution of energy not supplied.

(b) The probability distribution of total design cost. (c) The probability
distribution of microgrids design total cost.

paper, we used the sensitivity analysis method to examine
the effect of weighted coefficients on system design quan-
tity. In this method, the problem is performed for various
values that weighted coefficients could have, and the best
design in terms of obtained quantities is the optimized
weighted coefficient.




Table 3 shows the impact of weighted coefficients different
values on the total cost of the network design. According to
Table 3, taking into account all the coefficients may reduce
the system total cost. Therefore, designing the microgrids
with consideration of all economic, technical and environ-
mental aspects as well as reliability may reduce the network
design total cost, while all the three coefficients are consid-
ered equal to 1 in this paper. In addition, Table 3 shows the
results obtained from sensitivity analysis of weighted coeffi-
cients on microgrids boundaries. As is shown, as the network
reliability weight is higher the microgrid number increases,
while its ultimate value in this particular network is equal
to 6. In addition, as the economical part weight is higher,
the microgrids numbers reduces toward a single microgrid,
in other words, small microgrids are more reliable and large
microgrids are more economic.

In order to illustrate the efficiency and performance of
the optimization algorithm used in solving the proposed
problem, the Cuckoo algorithm convergence curve is com-
pared with other conventional optimization algorithms
(Genetic Algorithm and Particle Swarm Optimgation
Algorithm) in Fig. 10. As can be seen, the p

66327.7
59789.5
53454.5
53664.8
47456.4
45786.9

== COA

PSO

0 100 200 300 400 500 600 700
Iteration number

Fig. 10 The proposed algorithm convergence curve
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values. This is due to the two local and global explorers
in cuckoo optimization algorithm which achieve the more
desired value in less time.

It is worth to notice that in the scenario-baseg

rio. In this paper, we u
nd the final s

ed a risk-neutral strategy
ario (single solution).

onomic and reliability assessments
ugh investment costs are increased in
onventional distribution network is split-
multiple networks, the decrease of reliabil-
echnical costs due to the loss reduction and voltage
provement is far greater which reduces the entire
system cost. According to the obtained results, the best way
to design microgrids is to consider three different system
aspects at the same time, which imposes the least cost to
the distribution system designers. Depending on the plan-
ners and grid owners’ risk-taking or risk-averse policies, dif-
ferent conditions of weighted coefficients could be selected
regarding their needs and the microgrid characteristics.

6 Conclusion

In this paper, a non-linear mixed integer planning model
is proposed to economic and reliable design of multiple
microgrids taking into account the uncertainties in load
consumption and renewable resources power generation.
The proposed method is used to determine the location,
number, type and capacity of renewable and controlla-
ble DGs as well as to determine the microgrids electri-
cal boundaries in intelligent distribution networks. In this
paper, the scenario generation method is utilized to cover
the system parameters uncertainties and the backward
scenario reduction method is used to reduce the scenarios
in order to increase the computational speed. The results
show that clustering the distribution network into a set
of interconnected microcircuits improves the economic,
technical and reliability specifications of the distribution
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network. In this study, the sensitivity analysis has been
used to illustrate the effect of weighted coefficients on
the microgrid design. The results show that by changing
the different functions weighted coefficients, the obtained
structure for microgrids may be extensively changed,
while the optimal selection of these coefficients depends
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