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Abstract: This research develops a comprehensive method to solve a combinatorial problem consisting of distribution system
reconfiguration, capacitor allocation, and renewable energy resources sizing and siting simultancously and to improve power
system’s accountability and system performance parameters. Due to finding solution which is closer to realistic characteristics, load
forecasting, market price errors and the uncertainties related to the variable output power of wind based DG units are put in
consideration. This work employs NSGA-II accompanied by the fuzzy set theory to solve the aforementioned multi-objective
problem. The proposed scheme finally leads to a solution with a minimum voltage deviation, a maximum voltage stability, lower
amount of pollutant and lower cost. The cost includes the installation costs of new equipment, reconfiguration costs, power loss cost,
reliability cost, cost of energy purchased from power market, upgrade costs of lines and operation and maintenance costs of DGs.
Therefore, the proposed methodology improves power quality, reliability and security in lower costs besides its preserve, with the
operational indices of power distribution networks in acceptable level. To validate the proposed methodology’s usefulness, it was
applied on the IEEE 33-bus distribution system then the outcomes were compared with initial configuration.
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1 Introduction

Lately, distribution automation (DA) has attracted
attention which is widely used in smart grids
environment. So it has been widely grown as an
important issue [l1]. One of the most important DA
functions, is the distribution system reconfiguration
(DSR)  process.  Distribution  feeders  include
sectionalizing switches and the tie switches. Main goal of
DSR is to find the best and optimal configuration of the
distribution network and modify its topological structure
with varying the status of sectionalizing and tie switches
in order to achieve; several goals. These goals are: 1)
obtaining the minimum active power losses, 2) meeting
the energy demand, 3) solving overload’s problems (load
balancing), 4) volt/Var support (maximizing load-ability),
5) system restoration and 6) maintaining system
reliability [2]. Significant amount of the energy that is
generated in power plants is wasted in generation,
transmission and distribution levels where distribution
networks play more important role regards causing
power losses about 5%—13% of the total power generated
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[3]. In this regard, effective methods to reduce power
losses in the distribution network have been studied in
Refs. [4, 5]. The DSR is a multi-objective problem that it
is non-linear, combinatorial optimization problem with
numerous constraints, including topology constraints,
electrical and operating constraints as well. There are
several publications solving this problem via different
techniques. DSR was firstly proposed by MERLIN and
BACK [6] as an efficient method for reducing power
losses. As well as, many publications have presented
application of optimization algorithms to solve DSR
problem [7—15] which were focused on the optimization
algorithms’ efficiency that were selected as an
optimization tool to find the best switching combination
in the network leads loss minimization. According to
review of research works, it is obvious that the existence
of RESs and/or capacitors plays an important role in
distribution network and is really beneficial for
distribution network. Their benefits are: economics,
environmental and technical. The economic benefits
include reduction of transmission and distribution costs,
electricity price and saving of fuel. The environmental
benefits are reducing sound pollution and emission of
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greenhouse gases; and the technical viewpoints are
reducing line loss, peak shaving, improving voltage
profile of system and load factors and increasing power
quality [16—19]. In other words, optimization problem of
DSR with considering different kinds of DG’s and/or
capacitors placement improves integrity, reliability and
efficiency of the system. There are papers which
consider DG or/and capacitor placemen besides DSR
problem. A technique presented in Ref. [20], to solve both
DSR and DG placement problems, simultaneously,
studies critical system condition in distribution systems
as well. FAZEL and HOSSEINI [21] show that the
influence of network configuration and location plus size
of DG should be taken into account in the planning
process at the same time. In this work, DSR problem, for
taking network configuration effect into account that
runs in offline mode with constant loads, and optimal
DG allocation and sizing problems are studied at the
same time. In order to realize power loss minimization
an optimum switching operation plan for DSR and DG
size at the same time was presented in Ref. [22]. The
DSR problem is solved considering various optimum
switching operation plan for DSR and DG size
simultaneously [23]. A  multi-objective  function
considering mixture of power loss saving, voltage profile,
voltage unbalance and current unbalance of the system
has been proposed in Ref. [24] to figure out an optimal
solution for DSR and DG allocation in both balanced and
unbalanced networks. A novel method had been
proposed in Ref. [25] in order to find an optimum DSR
and DG placement in distribution system for obtaining
power loss minimization and voltage stability
improvement. Both the DSR and capacitor placements
are considered at the same time to reduce power loss in
Refs. [26, 27]. A literature review pointed out some study
efforts to solving DSR problem, and somewhat,
simultaneous DSR with allocation of DG units and
capacitor siting and sizing; however, most of the work
presented, has focused on loss minimization and there is
no paper covering all aspects of power distribution
network, and also almost all the papers assume that the
load demand and/or market price is constant in time
horizon in planning period with no associated
uncertainties. Therefore, it seems that the planning of
power system by considering uncertainties is the most
important challenge for the decision makers. Generation
and consumption balance must maintain in real time and
the power grid must be capable of transferring the
required energy of consumers to them. Due to several
factors, e.g. economical, geographical, climate change
and stuff, it is not able to provide a high accurate load
forecasting for future load demand. Next, the electric
system is highly capital intensive, and the investments
have long lead times and multi-decade economic

lifetimes. Thus, power grids planning and managements
are higher valuable, which leads to high power quality at
relatively low costs. It gives the impression, existence of
a methodology to solve the optimal DSR and sitting and
sizing of renewable energy resources (RESs) with
constant and variable output power besides capacitor
placement at the same time in an uncertain environment
that considering the DisCo’s perspective is necessary.
This research work offers a novel approach from the
DisCo’s perspectives to solve the multi-objective
problem which consists of DSR problem and allocation
RESs that have constant and variable output power
respectively beside capacitor placement, all at the same
time. Note that all the uncertainties in future load
demand and market price and the output power of
wind-based DGs which are not constant are considered
to solve the mentioned multi-objective problem. In this
research work, problem formulation with various
uncertainties, such as wind power generation, load
demand and market price is introduced into a novel
model for tree and objective function and its constraints
present in section 2.

2 Problem formulation

The objective of applying optimal DSR and
allocation of RERs and capacitor placement all at the
same time is maximizing/minimizing defined objective
functions subjected to the operating constraints via
detecting the optimal radial configuration of distribution
network and optimal allocation of RERs and capacitor at
the same time. For this propose, implementing a
multi-objective optimization framework is capable to
offer flexible implement for who are the decision makers.
In order to solve multi-objective problem, several
traditional methods scalarize the objective vector into a
single objective but, the solution which is funded
extremely depends on the weight vectors which were
used in the scalarization process and users should have
knowledge about the underlying problem and set these
weights correctly. Also, solving these kinds of problems
whose objective function is made up of several terms via
weighted approach is not able to guarantee finding the
best and optimal value for all terms and it may be with
improving one term, the others get worse. What is more
is that designers may be interested in a set of
Pareto-optimal points, instead of a single solution. Since
genetic algorithm uses a population of points, hence they
may be able to discover multiple Pareto-optimal
solutions at the same time. In Fact, if all of objective
functions need to be minimized, a feasible solution x is
supposed to overcome an additional feasible solution y
(x>y); if and only if, z{x)<z(y) for =1, -+, k and
z{(x)<z(y) for least one objective function ;. If
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considering solution is not dominated by other solutions
in the solution space, it is supposed to be Pareto optimal.
The Pareto optimal group is the set of all possible
non-dominated solutions in X and, for a given Pareto
optimal group the corresponding objective function
values in the objective space are called the Pareto front.
It is recognized from the proof-of-principle simulation
effects that NSGA II can keep stability and uniform
reproductive potential across non-dominated individuals.
The principle of NSGA II is described in detailed that is
out of scope of this research work, and more detail about
this approach is coming Ref. [28]. In order to say short
and into the point, in this research work, 1) the DisCo
is responsible for providing demand;
2) Planning and operation of distribution system is based
on cost reduction and improving system performance
parameters as well; 3) The offered approach's main aim
is finding the best and optimal distribution network’s
radial configuration and defining the best site and size of
new RERs and capacitors by optimizing different
objective functions dependently and simultaneously
subject to the operating constraints; 4) NSGA 1I is used
to solve the distribution network problem planning.

customer’s

2.1 Uncertainty modeling of wind power generation,
load demand and market price
2.1.1 Modeling of wind power generation’s uncertainty
As known, wind has an intermittent nature and its
speed is not constant. In other words, the output power of
wind turbines depends on the wind speed at the site
besides the parameters of the power performance curve.
The wind turbine power generation’s uncertainty is able
to be modeled probabilistically applying recorded
historical data of wind speed [29]. A remarkable
expression that was suggested for modeling the wind
speed’s behavior is Rayleigh probability distribution
function (PDF) that is expressed as Eq. (1). Weibull PDF
with the shape index equal to 2 is a Rayleigh PDF.

wY vY
ool ] 0
c c
With the purpose of incorporating the wind turbines
output power as a multi-state variable in the planning
formulation, the continuous PDF is divided into some

states in which every has its own limits. Probability of
each state is:

A A" @

The Rayleigh PDF is generated heading for a
specific time segment and then by using Eq. (3), the
output power during the different states is determined for
this segment.
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Figure 1 illustrates probabilities of wind power.
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Fig. 1 Wind power probabilities in different states
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2.1.2 Uncertainty modeling of electricity prices and load
demands

The probable factors which are modeled in
deregulated environment are electricity prices and load.
Note that they have direct relation to each other, strongly,
in this way that increase/decrease of each one leads to
the increase/decrease of the other one. In order to model
the uncertainty of the load and price parameters, the
waveforms of these parameters are divided into Ny
stages in every year shown in Fig. 2. The vertical axis in
Fig. 2 demonstrates the demand/price level factors. Note
that as clearly seen from Fig. 2 the load and price level
factors are supposed to be normally distributed close to
their chosen expected values and each normal
distribution is separated into 5 areas in which every
area’s probability is determined. Although, the expected
price and demand values are dependent in each demand
level, the variations of these two parameter around their
expected values can be assumed independently.

It is supposed that the amount of ¢ in each demand
is 1% of estimated amount of it. By means of the
performance of the electricity market members, the cost
of electricity is determined.

Equation (4) determines the electricity cost in state
S and demand level dl.

EP; = pla., (4)

Equation (5) shows the load demand in bus 7, in
year y, demand level d/ and state s:

Si?v,dl,s = Slﬁ)eadel,s (1 + a)y (5)

The aforementioned modeling of the output power
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It can be seen that:

%av Da rank(L) = rank(E) )

di=1 |—e= If the graph is connected, then:
di=2 <‘: rank(L) =n-1 (10)
rank(L) <n—-1 11)

...... Otherwise, it is disconnected.

=Ny |- == == =1 T _1 €| Though, matrix L is able to obtain over this method:
dI=Ny |-— i ____ O Let G be a graph with n vertices and its Laplacian matrix
! : I L is defined as the difference of the graph’s degree
s Duration/h matrix D (a diagonal matrix with vertex degrees on the
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Fig. 2 Demand and price level factor uncertainty modeling

of wind turbines, the load and the market price is utilized
to generate the combined wind, load and price model. In
this work, the wind speed and load—price pattern are
supposed to be independent. The states of each demand
level are independent (the correlation between load and
price is already considered in their mean value of D, and
Aar)- Based on this statement, the probability of any
combination of load, price and wind turbines output
(%) can be achieved by convolving these probabilities
as given in the following equation:

C(s)=[load(s) price(s) wind(s)] (6)

b (7

L=
2.2 Novel technique for tree

In order to find a best radial topology of distribution
network this research work, a novel algorithm is used to
solve the spanning tree problem which check radial
structure of the distribution network over simulation
[30, 31]. Actually, it checks two structures of a graph to
find out the graph is tree or not. These features of tree
with n vertices are: The number of edges in the tree is
n—1. The tree is a connected graph.

This method is used to find out the connectivity or
dis-connectivity of the graph. Now suppose that
Laplacian matrix and incidence matrix are defined as L
and E respectively, therefore:

L=EE" (®)

diagonals) and its adjacency matrix 4 (a (0,1)-matrix
with 1°s at places corresponding to entries where the
vertices are adjacent and 0’s otherwise) :

L=D-4 (12)
where elements of L are:

deg(v;), ifi=j

l; =1—1 ifi# jand v;isadjacenttov, (13)

0, otherwise

where deg(v;) is the degree of the vertex i.

2.3 Objective functions

This research proposes a multi-objective function to
optimize by means of NSGA II. It considers DisCo’s
economical, technical and environmental viewpoints.
The extraction multi-objective function by taking
mentioned viewpoints into account is used to minimize
the DisCo’s cost and improve system performance
parameters, simultaneously and dependently. Proposed
multi-objective function and its terms are described in
detail in the following and meanwhile, the uncertainties
in future load demand, market price and wind power
generation are incorporated into the mathematical
formulations.
2.3.1 Cost minimization of DisCo

Offering the cost effective service to consumers
within standard ranges is the main goal of distribution
system company. Therefore, the proposed cost function
is incorporated by means of some criteria: Installation of
wind-based DG units and distpachable DG units,
operation and maintenance costs, capacitor installation
cost, cost of network reconfiguration, cost of power loss,
cost of purchased active power from power market, cost
of upgraded lines and reliability cost. The proposed cost
function is expressed in Eq. (14) and its details are
described by

CDiscoCost = CWT—Installation + CWT—O&M + CDG—Installation +

CDG—O&M + CUpgrades + Ccapacitor + CRC +
CLosses +CM + C'ENS (14)

This cost function requires to be minimized by
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considering DisCo’s economic viewpoints.

1) RERs installation, operation and maintenance
costs

It is assumed that the cost of RERs includes the
installation, operation and maintenance costs.

The cost functions of RERs are well-defined as
follows:

CRERS-Installation = z (WTCapPWT(n) + DGcapPDG(n)) (1 5)

WTom CFWT(dl s )Td1”§PWT(n)
Crers-0&M = ZZZZ s ) *
: A (1+RIR)

(16)

DTy CFDGleﬁprG(n,y)
A+d)”

where

min(CFyr a5,y Brrny)) < CFwrar,s,py Brrny) <
max(CFWT(dl,s,y)PWT(n,y))

min(CFpg a5, Fpon,y)) < CEpaar, s,y Focmn,y) <
maX(CFDG(dI,s,y)PDG(n,y)) a7

1+ Ilntrest rate ( 1 8)

+1 Inflationrate

1+ RIR =

2) Capacitor installation costs

The capacitors which are commercially available
are discrete. Choosing integer capacitor sizes, rounding
the continuous optimal values, may not guarantee a best
or an optimal solution. Thus, it is probably best to look
on optimal capacitor placement as an integer
programming problem. Consequently, this research work
considers discrete capacitors. In practical capacitors,
there are a specified number of standard sizes and are
integer multiples of the size Oj. The maximum fixed
capacitor size is:

Onax = LOg (19)

where O is 150 kVar.
The total cost of capacitor placement is expressed as

CCapacitor = Z(ch +chch) (20)

Table 1 shows some commercially available

capacitor sizes with $/kVar which are used in the analysis.

Note that just fixed capacitors are used and the marginal
cost of capacitors (K;) are used to calculate the total
yearly cost which are given in Table 1. The fixed cost of
the capacitor, K4, is selected as $1000 (the maintenance
and running costs are neglected) [32].

3) Cost of reconfiguration

In DSR problem with maintaining the radial
structure of the network, the network topology is

1841
Table 1 Possible sizes of capacitors and sizes

o Size/($-kVar ")
150 0.500
300 0.350
450 0.253
600 0.220
750 0.276
900 0.183
1050 0.228
1200 0.170
1350 0.207
1500 0.201
1650 0.193
1800 0.187
1950 0.211
2100 0.176
2250 0.197
2400 0.170
2550 0.189
2700 0.187
2850 0.183
3000 0.180
3150 0.195
3300 0.174
3450 0.188
3600 0.170
3750 0.183
3900 0.182

changed to improve the system performance parameters.
Principles need to be considered in the reconfiguration of
network are: First, the radial structure of the network
must be held; Second, maintain the constraints of
distribution network, e.g. bus voltages and thermal limits
of feeders

Here, the DSR cost is supposed as

Cre = Csw (x(’k) _x(k)) (21)

4) Line upgrades cost
For load growth and voltage security the overloaded
lines must be upgraded:

[1(k .5, )| < Lo yy» Vs 83 (22)
I , Yy <Yps
T T vy @)
M Tcapirys VY 2 Yupys
KM (k).C
CUpgrades = Z—KM Vk (24)

 (1+RIR)" o
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5) Power loss cost

Distribution systems are well known for a higher
R/X ratio compared to transmission systems and
significant voltage drops can result in substantial power
and energy losses along distribution feeders. As a result,
loss reduction in distribution systems is one of the

greatest challenges to many utilities around the world. So,

minimizing power losses of system is a good objective
and is commonly aimed in literatures. The total
electricity cost will decreased when major amount
of losses in all levels of the power system is reduced,
thus accelerate the economic growth of utilities by
reducing the total cost of producing electricity. Also, in
the electricity market viewpoint, less power losses leads
improving the efficiency and flexibility of distribution
companies. Following equation is used to compute the
cost of losses:

. 2 .
Ross(s,y) + ]Qloss(s,y) = Z ](k,s,y) x (R(k) + ]X(k)) (25)
k

c
T % Ploss(s ) X7y X CP—loss
CLosses Z Z Z[ +

v dl s (1+ RIR)”

T % Qloss(s,y) X ﬂ'sc X CQ—loss J (26)

(1+RIR)”

6) Cost of purchased active power from power
market by DisCo

The ending process in transfer of the electricity
from generation towards consumers is the FElectricity
purchasing from power market via transmission lines by
DisCo.

Portion of this power demand is for distribution
system customers and the rest is spent in line and
equipment as power losses. This purchased power

demand is evaluated by:
PM 41,5y = PDiar sy + Boss(ar,s) ~ Fpcon,y) X CEpears) —
Byrnyy X CFyran,s) (27)
Equation (28) indicates the cost of exchanging

active power among each distribution network and power
market over upstream network.

CM =222

y dl s

Ty X PM y)><7r x ER

il 28
(1+ RIRY’ 29

7) Reliability cost

Distribution networks are the main prominent
infrastructure in directly or indirectly integrated to power
demand. In power grids, failures due to human or natural
factors and outage occurrences are common. Distribution
companies have a responsibility to satisfy their
consumptions even in such cases. Estimating the energy
not being supplied (ENS) due to interruptions is a

momentous topic to be calculated for all consumers. The
Cgns can be defined by considering the failure rate in
each branch and the amount of the interrupted loads in
failure happenings. In case of failures, the lower quantity
of this index that is indicated as below, guarantees stable
operation of electrical grids.

T X A X LNS 1y o ) X Cins X g X 705
CENS_ZZZ[Z = WD) 8 W }

y d s (1+RIR)y

(29)

2.3.2 Minimizing voltage deviation

The voltage deviation from the desired values is an
important parameter in security and power quality
indices of the system. The objective function for
minimization of voltage deviation is proposed as

EDIIA x[Z Vrmd)J (30)

dl s

2.3.3 Maximizing voltage stability

Voltage stability is defined as the ability of a system
to keep voltage in satisfactory level where the system can
control both power and voltage when the load increases
[33]. Equation (31) is used to formulate voltage stability
factor. In Fig. 3, supposing two-bus section of
distribution system, voltage stability factor for any bus
“m+1” is accessibility as follows:

VSFm+1 = 2Vm+1 - Vm (3 1)
V(m)dFa(m) V(m+ 1 )*5(m+ 1)
i(j)
| () |
m m+1
P(m+1)+Q(m+1)

Fig. 3 Two-bus section of radial distribution system

Distribution system voltage stability situation can
be justified aggregating the values of VSF,., for all the
buses.

Ny -1
VSFouarsy = 2, (Zua=7,) (32)
n=1

The higher value of VSFi, indicates more voltage
stable operation.

Sysi = %an x min(VSFtotal(dl,s)) (33)
s

where fys; is the objective function related to voltage
stability factor of power system and it must be
maximized to develop the voltage stability.
2.3.4 Environmental impacts

Current global trends in energy supply are patently
unsustainable-environmentally, economically, socially.
Without crucial operation to system, increased fossil
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fuel energy consumption and energy related emissions of
carbon dioxide will be more than double by 2050. So, the
current path must be changed, but this will take an
energy revolution and low carbon energy technologies
will have a crucial role to play. Hence, in planning and
operation contexts, minimization of the emission amount
is treated as a significant purpose. If the fuel
consumption rate is decreased, the amount of producing
carbon dioxide and other air pollutant emissions will be
reduced and then environmental conservation progress is
achieved. The formula for calculating an emission from
network is as follows:

Smission = Egria + Epg (34)
Egiq = ZZZﬂf XT g X Pyys.a1,v) *Kria
y dl s
Epg = Z%ZPDT@) x CFDT(d/,s,y) X7 X Ty X K p
y s
(35)

A carbon footprints in a system and the emission
can be calculated respectively, as follows:

Korip = Kco,-rip + M co,mo, Kno,-Grip (36)

Kpr = Kco,-pr +Mco,no,Kno,-pT

2.4 Constraints

In this research work, finding the optimal plane of
distribution network is set as an optimization manner
formulated as hard-limit constrained:

Mentioned constraint needs to be stratified in the all
states and all demand levels as well.

1) Power flow equation:

N, bus

Nbus
Q[ _QDG _QWT _Qcap = Vt Z VnY;n Sin(é‘[ _5n _gin) =0
n=1
(38)
where i is the Bus number.
2) Slack bus voltage and angle (Substation Bus):
¥ I=1p.u. (39)
01=0 (40)
3) Voltage limits at other buses:
Vil <1721 < Vi (1)
[ Gin <163 <[ | (42)
4) Line thermal limits:
({07 T ) < s )

5) Maximum penetration of DGs units in the system:

ZPDG < MPL % Fp peaic (44)

3 Simulation and result

This section is devoted to present result and
outcomes of proposed robust multi-objective approach
the DisCo’s and
environmental perspectives with consideration of all
uncertainties. All this actions have done by means of
MATLAB software. Note that the proposed method has
been applied on a 33-bus radial distribution system. Its

solved from techno-economic

scheme is illustrated in Fig. 4.
The network information containing branches’
resistance and reactance as well as the amounts of the

B_PDG_PWT=VianYm cos(0; =6, —60,) =0 (37) real and reactive load demand are stated in Table 2.
n=1
fe--=e=eecsceccccccccccccnccaa- -
E 26 27 28529 30 31 32 33
BT I I .
e RN E
23 omdee pocsececscecoceco- 1 E
SNSRI ARARLERARE
o . :
Substation ot
T P11t hAT T
19 ommtee § §
[} [}
20 om—teg E E
2] o=———tm—y—e E E
tecccacccccacccasaaad :
2= E
4

Fig. 4 33-bus radial distribution network
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Table 2 33-bus radial distribution network

Line No. Send bus Receive bus R/IQ X/Q P/KW Q/kVar
1 1 2 0.0922 0.047 100 60
2 2 3 0.493 0.2512 90 40
3 3 4 0.3661 0.1864 120 80
4 4 5 0.3811 0.1941 60 30
5 5 6 0.819 0.707 60 20
6 6 7 0.1872 0.6188 200 100
7 7 8 0.7115 0.2351 200 100
8 8 9 1.0299 0.74 60 20
9 9 10 1.044 0.74 60 20
10 10 11 0.1967 0.0651 45 30
11 11 12 0.3744 0.1298 60 35
12 12 13 1.468 1.1549 60 35
13 13 14 0.5416 0.7129 120 80
14 14 15 0.5909 0.526 60 10
15 15 16 0.7462 0.5449 60 20
16 16 17 1.2889 1.721 60 20
17 17 18 0.732 0.5739 90 40
18 2 19 0.164 0.1565 90 40
19 19 20 1.5042 1.3555 90 40

20 20 21 0.4095 0.4784 90 40

21 21 22 0.7089 0.9373 90 40

22 3 23 0.4512 0.3084 90 50

23 23 24 0.898 0.7091 420 200

24 24 25 0.8959 0.7071 420 200

25 6 26 0.2031 0.1034 60 25

26 26 27 0.2842 0.1447 60 25

27 27 28 1.0589 0.9338 60 20

28 28 29 0.8043 0.7006 120 70

29 29 30 0.5074 0.2585 200 600

30 30 31 0.9745 0.9629 150 70

31 31 32 0.3105 0.3619 210 100

32 32 33 0.3411 0.5302 60 40

33 21 8 2 2 — —

34 9 15 2 2 — —

35 12 22 2 2 — —

36 18 33 0.5 0.5 — —

37 25 29 0.5 0.5 — —

Solving considered multi-objective function by all networks’ constraints. Every single of these solutions

means of NSGA II results in several non-dominated is capable to select for setting as the final strategy.

solutions which all these obtained Pareto fronts satisfy Because of various switching combination and size and



J. Cent. South Univ. (2017) 24: 1837—-1849

1845

site of RERs and capacitors in Pareto fronts the objective
functions’ amounts are different. The probability of
selection for each feeder consideration all non-dominated
solutions is presented in Fig. 5.

N e e oy
EN N S o

=
o

Probability of each Feeder in all
obtained non-dominated solutions

5 10 15 20 25 30 35
Branch No.

Fig. 5 Probability for every feeder of optimal networks

Likewise, the probability distribution functions for
each of the objective functions are gained to show the
variation of these parameters and they are shown in
Fig. 6.

To study on the efficiency of the obtained optimal
solutions with consideration of uncertainties related to
load demand, market price and wind turbines output
power, a statistical investigate on the non-dominated
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solutions has been accomplished. It is obvious that,
DisCo benefits from optimal DSR and simultaneously
the existence of RERs and capacitors in distribution
system. As a result, voltage stability is improved and
both the voltage deviation and Emission are reduced.

4 Best compromise solution

A designer or decision maker must select best
solution from Pareto optimal sets which have gotten, in a
reasonable way. The probably best manner is using fuzzy
set theory that has capability to specify the best
compromised solution [34]. Fuzzy membership function
is capable to describe the corresponding satisfaction
degree of every single objective function of each Pareto
optimal, as well. It should be note that; all objective
functions in following formulation is for a case that all of
them should be minimized. Consequently, considering
this formulation needs several modification where both
cost function and fitness function are in mind.

1, obj; < obj™
obj™™ —obj. .
b= W , obj™" <obj; <obj™ (45)
i - i
0, obj; = obj™
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Fig. 6 Probability density function for non-dominated solutions: (a) DisCo’s Profit; (b) /VD (Voltage Deviation); (c) fys; (Voltage
Stability index); (d)fEmission
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1@
h= Dk (46) 1000
Nop i1
h; is able to be either 0 or 1 , that 0 shows full 800'F
dissatisfaction and 1 satisfaction to the i-th value of
objective function. To obtain each solution's standard - 600
satisfaction degree Eq. (46) is used, and with comparison, E
the Pareto that has a maximum amount of / is identified 400 [
as the best compromise solution. Applying fuzzy set
theory to non-dominated solutions obtained from NSGA 200 1

IT in order to find the best compromise solution leads to
the following result. The optimal solution containing the
distribution network structure, site and size of RERs and
capacitors are indicated in Fig. 6 and Table 3.

26 27 28.29 30 31 32 33
> LIS T
2 P

13 14 |15 16 17 18

12
[

Substation I

19
20 $
21
22

Fig. 7 Optimal 33-bus radial distribution network

Table 3 Optimum site and size of DGs and capacitors

Installed equipment Bus No. Size
DG 8 100 kW
WT 7 500 kW
Capacitor 10 600 kVar

Voltage amplitude is capable to be assumed as a
main index that has an effect on power flow, power
losses, power quality, voltage stability and etc. Hence, it
has taken into account as a hard limit constraints which
all solutions have had to keep the voltage of buses in a
standard range.

Figure 8 shows the buses voltage after optimum
DSR and installation of new equipment. It shows that
voltage amplitude has been well-kept in suitable range.

In order to have a comprehensive looking into
power system parameters such as voltage deviation,
voltage stability index, power losses and energy not
supplied, by taking all the states in the planning period
into account the probability distribution functions are
provided. The probability density functions for
operational indices are shown in Fig. 9. As it is clear, the
voltage deviation, power losses and energy not supplied
are decreased and the voltage stability index is
maximized.

Improvements in the operational features of the
power system with considerable reduction in the cost of

096 098 1.00 1.02 1.04 1.06
Voltage of buses

Fig. 8 Buses’ voltage after allocation

DisCo are the results of robust approach that has
proposed and implemented in this paper. The NSGA 11
and fuzzy set theory together, have made a strategy of
which detail has been given before. The results validate
the effectiveness of the proposed approach in solving the
simultaneous distribution network reconfiguration and
siting and sizing of renewable energy resources and
capacitors. It is clearly seen that this approach has
improved the operational features of power system and
has guaranteed that the Disco benefits from DSR and
adding new generation capacities and capacitors in the
distribution network.

5 Conclusions

This research work has offered an approach to
figure out the optimum switching combination of power
distribution network, optimum sites and sizes of
renewable energy resource and capacitors simultaneously
with consideration the uncertainties of load, price and
output power of wind turbines. The NSGA II and fuzzy
set theory have used in turn to solve proposed
multi-objective functions. The NSGA II has provided
non-dominated allowing the DisCo’s to
exercise his/her personal preferences in choosing each of
those solutions based on the operating conditions of the

solutions

system and the costs, and the fuzzy set theory has been
used to find the optimum compromise solution among
non-dominated solutions. The proposed scheme is solved
from the DisCo’s point of view. As a result of the
proposed multi objective approach, DisCo benefits from
aspects of
distribution network are improved. It should be noted
that, the distribution system’s operational features have

cost minimization and the operational

been taken into account as hard limit constraint. Finally,
the provided results have validated the effectiveness of
the proposed methodology.
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Oloss(ds) Reactive power loss corresponding to state s
Nomenclature and load level dl
n Bus number RuwtjX(k) Impedance of line &
v Wind speed Chp_ioss Cost of active loses
P,, Output power of wind turbine during state w Co-loss Cost of reactive losses
Vei Cut-in speed of wind turbine PM 5 Purchased active power from power market
v, Rated speed of wind turbine through transmission line in state s and load
Veo Cut-off speed of wind turbine level .
) ] PD 5 Load demand in state s and load level dl
Vaw Average wind speed in state w . .
o ) Ak Failure rate of feeder £ (fail’km/year)
Taq Time interval of each demand/price level o
D Load level factor e Repair time of feeder & (h)
i .
, Price level fact VD Voltage deviation
dl rice level factor
o ) v, Real voltage of the n-th bus
p Peak electricity price . .
] Viated Nominal voltage (1 per unit)
D .
SP ok Peak load of bus i in base year . . .
P Load i rat WTou Operation and maintenance costs of wind
o oad growth rate .
turbine
Sfy,dz,s Load demand of bus i, in year y, demand CFyr Capacity factor of wind turbine unit
. Evi Cll)l_?nd s;ate 1 bined 5 Maximum apparent power flow established
s robability ot each combined state in line that connected bus i and bus j
1 1 : . .
7y Probability of load in each state Vi Admittance of line that connected bus i and
e Probability of price in each state busj
zt Probability of wind speed in each state MPL Maximum penetration limit as a percentage
RIR Real interest rate b (())fbt.he tlf’ eakf loa?
) ) i obj jective function
WTcap Capital costs of wind turbine o )
] ) ) ) Ny Number of objective function
Py Capacity of the connected wind turbine unit =
fysi Voltage stability factor of power system
on bus n
DG, Capital costs of dispatchable DG units Keoyr CO; emissions from the distpachable DG’s
Ppo Capacity of connected dispatchable DG Y lg kf/(k;V'h?d el "
unit on bus 1 COyNO, arbon dioxide equivalency factor
Csw Cost of switching Kxo,-pr NO, emissions from the distpachable DG’s
Ky Feed cost for capacitor placement n kg/(kW’.}l) L
o ] Kno,—grip  NO; emissions from the grid in kg/(kW-h)
c 2
K; Annual capacitor installation cost for each
compensated bus
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