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a b s t r a c t

Environmental concerns and fossil fuels uncertainties have resulted in promotion of multi-source and
multi-type distributed generation (DG). However, the development of DG has brought new challenges
to distribution system. This paper proposes a multiobjective optimization and decision-making method-
ology for determining size and site of multi-source and multi-type DG in distribution networks. The pro-
posed method is based on the combination of analytical method and multi-objective optimization
method and set pair of analysis (SPA). The comprehensive analysis of the loss sensitivity factor, voltage
profile and reliability gave DG candidate locations. The multi-objective optimization method is based on
an already-known but suitably modified Non-Dominated Sorting Genetic Algorithm (NSGA) to solve the
constructed formulations, which include maximizing benefits of DG owner and Distribution Companies
(DisCo) while meeting some constraints. The objective not only includes costs for DG investment, DG
operation and maintenance, purchase of power by DisCo but also involving quantization for improve-
ment of losses, voltage, reliability, etc. SPA, which is a multi-attribute decision analysis, is applied to
obtain the synthetic priority of pareto solutions and carry out rank stability analysis. Furthermore, the
proposed technique is applied to 37-bus distribution network. The results show that the proposed
method is fast, reliable and available to determine size and site of DG as well as balance benefits between
DG owner and DisCo.

� 2015 Elsevier Ltd. All rights reserved.

Introduction

With the strengthening of environmental protection conscious-
ness and sustainable development, distributed generation (DG),
which generally consists of various types of renewable resources
and is defined as electric power generation within distribution net-
work or on the customer side of the system, has been focus and
hotspot in the research area of electrical engineering [1,2]. The
integration of DG into the distribution system is one of the most
important applications. However, DG access affects the power flow
and voltage conditions on the system equipment. These impacts
may be either positive including voltage support, loss reduction,
transmission and distribution capacity release, improved utility
system reliability and power quality or negative like harmonic,
voltage sag, increment of fault currents and losses, which depend
on the distribution system operating conditions and DG

characteristics [1–4]. Therefore, the appropriate installation of
DG units into an existing distribution system plays a crucial role
in fully exerting DGs advantages as well as restraining disadvan-
tages [3–5].

At the moment, there have been considerable works with
respect to the allocation of DG units in the distribution system.
The various approaches on DG planning in the published litera-
tures can be listed as the analytical approaches [6–8], single or
multiobjective optimization method based on the meta-heuristics
approaches [9–11] and the method of combining both of them
[12,13]. In the published analytical studies, the optimal size and
location of DG are determined mainly by analyzing or exactly cal-
culating the systematical total losses. These analytical studies only
considered the loss improvement brought by DG, and most of them
have unrealistic assumptions like uniformly, increasingly, centrally
distributed load profiles, which may cause erroneous solution for
the real systems.

In the optimization method, previously many efforts have been
devoted to one objective formula. In order to minimize the DisCo’
investment and operating costs as well as payment toward loss
compensation [12], presented a model of DG capacity investment
to obtain DG size and site that meets the peak demand forecast.
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In [14], objective function was established by minimizing the sum
of feeder investments, DG investments, energy loss cost and the
additional cost of DG for peak cutting. A model for use in the prob-
lem of multistage planning of energy distribution systems includ-
ing DG was presented in [15].With the advent of electricity market
and the development of artificial intelligence optimization tech-
niques, the multiobjective optimization models become recently
more and more attractive. In [6], the problem is formulated with
two distinct objective functions, namely, social welfare maximiza-
tion and profit maximization. Ref. [11] proposed four objectives
formulation including cost of network upgrading, cost of power
losses, cost of energy not supplied, and cost of energy required
by the served customers to permit the planner to decide the best
compromise for the siting and sizing of DG resources into existing
distribution networks. Considering the technical impacts of DG on
distribution networks, [16] presented a multiobjective perfor-
mance index for distribution networks with DG such as reliability,
power quality, and loss. A multi-objective model of DG planning
with the consideration of investment costs, benefits and tradeoffs
associated with DG in terms of connection, losses and network
deferral, was proposed in [17]. From the perspective of profits
brought from DG [13], introduced three technical indexes (i.e. volt-
age bettered index, power loss bettered index and environment
bettered index) into the multiobjective formulations for maximiz-
ing DG benefits under certain constraints.

As far as having published documents are concerned, most have
the common characteristics such as only PQ constant type of DG is
considered, the optimization models are constructed from perspec-
tive of the unilateral (Either DisCo managing the existing distribu-
tion network or Independent Power Supplier (IPS) owning DG),
the multiobjective optimization give the pareto solution set which
need to be determined by the planning and construction workers.
However, not only there have been a number of DG technologies
available in the market today, but also there will be more and more
investors to participate in investing DG with the decline of DG tech-
nology cost and the gradual improvements of regulations. It must
be an inevitable trend for multi-type and multi-resource to access
the grid. Therefore, the coordination of interests between different
investors is a fundamental and urgent work. In addition, the con-
sumers will put forward higher request for power quality due to
the advent of the fierce competitive electricity market. In order to
continue to keep a leading role in the market competition, DisCo
has to give a commitment of continuous and reliable power supply
for customers, which is directly related with benefits for DisCo. All
of these bring about many new challenges for DG planning.

Provided that DisCo has to permit DG access by a certain pro-
portion due to country’s policy, this paper presents a multiobjec-
tive optimization and decision-making methodology for
determining the type, location and sizing of multi-source and
multi-type in medium voltage power distribution networks. The
candidate locations of DG were given by calculating active power
loss incremental factor, analyzing the systematical voltage change
and reliability requirements. Two objective functions were intro-
duced to maximize the benefits for both DG owner (that is IPS)
and DisCo. The multi-objective optimization method is based on
an already-known but suitably modified NSGA to realize simulta-
neous optimization of DG type, location and sizing. Additionally,
the set pair analysis is introduced to carry out multiobjective
decision-making analysis direct to the multiple solutions for mul-
tiobjective optimization results.

The rest of the paper is organized as follows: The next section
describes the method of determining DG candidate locations set.
A widely used loss sensitivity factor method is presented in this
section. Section ‘Multiobjective formulation’ gives introductions
of two objective formulations subjected to some constraints. The
proposed optimization model allows maximizing the DG cost

benefit ratio while maximizing benefits from improving grid not
only including costs for DG investment, DG operation and mainte-
nance, purchase of power by the distribution company but also
involving the quantization for improvement of distribution system
such as power losses, voltage quality, reliability, and environment.
In section ‘Optimization algorithm and decision-making analysis’, a
novel and fast multi-objective optimization technique and
decision-making analysis methodology are proposed to determine
type, location and size of DG in distribution network. Section ‘Nu
merical example’ portrays the test distribution systems used in
the paper. Numerical results along with some observations and
discussions are also included in this section. Finally, the major con-
tributions and conclusions of the paper are summarized in
Section ‘Conclusion’.

Determination of DG candidate locations set

Loss, voltage profile and reliability impacts of DG on the distri-
bution network have been studied in plenty of previous literatures.
The important conclusions that can be drawn from the published
literatures are that appropriate size and location of DG connected
with distribution system can decrease losses, improve voltage
and enhance the reliability, but the situation in their best improve-
ment is not uniform (i.e. the installation scheme of DG size and
location in which losses reduction may be the optimal is not nec-
essarily the best alternative in which voltage improvement can
arrive at the optimal).

This paper determines DG candidate locations set by calculating
the sensitivity factor of real power loss with respect to real power
injection from DG, studying the change of voltage profile employ-
ing base case load flow and analyzing the reliability impacts of DG
on distribution network, and etc.

DG candidate locations based on loss sensitivity factor

Loss sensitivity factor method has been widely used to solve the
capacitor allocation problem [18]. Its application in DG allocation
is new in the field and has been reported in [8,19]. Considering
with the size, complexity and specific characteristics of distribu-
tion networks, this study employed the loss sensitivity factor pro-
posed in [8] to determine candidate locations of DG. The sensitivity
factor of the total power loss with respect to the ith bus injected
real power (ai) in [8] is given by

ai ¼
@PL

@Pi
¼ 2½R�T M � ReðIÞ � cosðhiÞ

jVij
þM � ImðIÞ � sinðhiÞ

jVij

� �
ð1Þ

where hi is the angle of ith node voltage. Vi is the ith node voltage.
Re(I) and Im(I) denote real and imaginary parts of equivalent load
current vector I, respectively. R is the branch resistance vector is
given in (2). M is a matrix related with the bus-injection to
branch-current (BIBC) matrix, and its construction algorithms can
be found in [8].

½R�n�1 ¼ ½R1;R2; . . . ;Rn�T ð2Þ

Sensitivity factors are evaluated at each bus, firstly using the
values obtained from the base case power flow. The buses are
ranked in descending order of the values of their sensitivity factors
to form a priority list. The top-ranked buses in the priority list are
the alternatives locations which have effective obviously on the
reduction of system losses.

DG candidate locations based on voltage profile

Voltage profile change is one of DG influences on the distribu-
tion networks. Just as the same impacts of power loss, the voltage
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may be enhanced or decreased which is related to the location, size
and type of DG. The important conclusions from the published lit-
eratures are that the voltage profiles are enhanced when it hap-
pens following scenarios

� PQ types of DG, whose active and reactive power are constant,
access the buses expect the slack bus in distribution system
when DG injects reactive power to the grid instead of absorbing
reactive power from the grid.
� PU types of DG, whose active power and voltage are constant,

connect to the buses in distribution system where the voltage
magnitude is lower than that of DG.

Therefore, integrating with DG type, the bus of lower voltage
magnitude is taken as DG alternatives locations according to base
load flow. The buses are ranked in descending order of voltage
magnitude. The low-ranked buses in the priority list are the alter-
natives locations.

DG candidate locations based on power supply reliability

Power supply reliability is the primary concern for utilities.
Currently, many documents have reported DG influences on sys-
tematical reliability. Calculation results show that the interconnec-
tion of some controllable DG to the distribution network can greatly
improve the power supply reliability of the distribution network,
but other uncontrollable DG like wind power access to the dis-
tributed power distribution system may enhance or deteriorate
affect the reliability of the system due to their random fluctuations.
For the controllable DG, a conclusion from [20,21] is that DG only
affects the reliability of some buses in DG island. Therefore, this
paper selects the buses, at which the requirements for the reliabil-
ity is higher, as the DG candidate locations and only studies PU and
PQ types of DG which injects reactive power to the grid.

Determination method of DG candidate locations set

DG access not only concerns the connected bus, but also has a
deep influence upon nearby buses, which requires that DG layout
should not be excessive concentration. And restricted by the geo-
graphical position and local natural resources, DG installation loca-
tions are limited. Besides, it is still associated with the penetration
of DG permitted by DisCo as well as profits of DG owner. Therefore,
the maximum number of DG installation location is used to represent
the allowable ceiling, which is given by the Parties through mutual
negotiations. Here DG candidate locations set is proposed to deter-
mine one DG installation location when carrying out multiobjective
optimization, which is conducive to DG distribution uniformity on
the line as well as to avoid effectively excessive concentration of
DG layout. DG candidate locations set can be obtained by partitioning
method according to the topological structure of distribution system
and the maximum number of DG installation location. The method of
determining DG candidate locations set include three steps.

Step 1: to obtain DG candidate locations based on the sensitiv-
ity factor of real power loss, voltage profile and the reliability
requirements. DG candidate locations include such buses as the
top half of sensitivity factor, the low half of voltage magnitude
and all the high reliability.

Step 2: to partition distribution network into k area, which is
the maximum number of DG installation location. Partitioning
method is to carry on the load calculation starting from the end
of line according to depth-first search strategy. For one area, its
sum of bus load is approximately equal to the value of the total
load divided by k. Fig. 1 shows the schematic of partitioning distri-
bution network. When the maximum number of DG installation
location is equal to two, area A1 and A2 are shown in Fig. 1.

Step 3: to form DG candidate locations sets by combining candi-
date locations in view of partitioning area. One candidate location
set, which is corresponding to one area, is formed by abandon
and combination of having selected alternative locations. The prin-
ciple of abandon and combination is issued mainly on as following:

� To abandon the candidate locations which are not located in
installation locations area.
� To reserve all the candidate locations based on power supply

reliability for the sake of security.
� To keep back the candidate locations which come from loss sen-

sitivity factor and voltage profile.

Based on this method, all the candidate location set is given
according to the number of DG installation locations. Let take
Fig. 1 as an example to explain the formation of candidate location
set. Assuming that candidate locations from loss sensitivity factor
are [10 9 15 14 6 7 13 12], candidate locations from voltage profile
are [10 9 15 6 5 13 12 8], candidate locations for higher reliability
requirements are [11,7], then for A1, abandon [15] due to absence
of in A1, reserve [7] based on power supply reliability, reserve
[10,9,6] because they is included in candidate locations from both
loss sensitivity factor and voltage profile. One candidate location
set corresponding to A1 is [10 9 7 6].Then, when performing mul-
tiobjective optimization, only one location from A1 is selected as
possible installation location. That is, if 9 is chosen, 10, 7, 6 must
be not optional.

Multiobjective formulation

Due to the environmental concerns and fuel cost uncertainties
associated with the use of conventional energy sources, the atten-
tion has been directed toward implementing DG units in distribu-
tion systems. Moreover, with decrease of DG cost and perfection of
the laws and regulations, investment in DG is a very attractive
option for various crowds such as the consumer, DisCo,
Independent Power Suppliers (IPS), etc. From the view of IPS own-
ing DG, the problem of this paper is to find a Pareto front for the
siting and sizing of DG in the existing distribution networks
attached to DisCo. The multiobjective functions are given with
two distinct objective functions in Eq. (3), namely, DG cost benefit
ratio of IPS (BIPS) maximization and profits for DisCo (BDisCo) maxi-
mization so as to obtain compromise benefits between DisCo and
IPS. The detailed description of each objective function is as
follows:

max J ¼max½BIPS;BDisCo� ð3Þ

DGs cost benefit ratio of IPS

DGs cost benefit ratio of IPS is the ratio of annual benefits to
annual cost of investing in DG. The benefits include the earnings
obtained from selling electricity and the policy subsidies from
the governments due to the employment of renewable energy or
improvement of environment. The cost includes investment cost,
fixed operation and maintenance cost, variable energy generation
cost. All future costs and benefits are discounted to the present
time (with a discount rate r) to yield a net present value. The objec-
tive function is the following by

BIPS ¼
BANN

CINV
ð4Þ

BANN ¼ 8760
XN

i¼1

ðqDGi þ qAPiÞP
rate
i CFi ð5Þ
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CINV ¼
XN

i¼1

aDGi � Prated
i � Cfixed

i þ 8760
XN

i¼1

Cop
i � Prated

i � CFi ð6Þ

where BANN is the average annual yield of IPS investment in DG. CINV

is the annual investment cost. N is the number of installation DG.
qDgi is the power price of the ith DG that DG IPS sells energy to
the DisCo (yuan/kW h). qAPi is the subsidies of the ith DG granted
for policy considerations (yuan/kW h). Pi

rate is the rated installed
capacity from the ith DG. CFi is the capacity factor for the ith DG.
aDGi is the annually present value factor of the ith DG. Ci

fixed and
Ci

op are respectively the annually fixed investment cost
(yuan/MVA) and the hourly operation and maintenance cost (yuan
/MVA) for the ith DG.

Profits for DisCo

For the profits of DisCo, the analysis considers two main policy
scenarios of DisCo as described below.

� The DisCo is contracted to buy a fixed amount of power from
the transmission grid through bilateral contract with fixed price
� The DisCo buys the power from the IPS investing in renewable

DG without any requirement in accordance with certain propor-
tion of the policy limit.

Therefore, the model is the sum of the economic, environmental
and technical benefits brought by DG access to the distribution
networks. It can specifically reflect not only the systematical real
power loss reduction, voltage profile improvement, environment
change, network upgrading deferral, reliability enhanced, but also
the difference of payment from the central transmission grid and
IPS. The detailed expression is shown by following

BDisCo ¼ DBPloss þ DBImpu þ DBReli þ DBUpda þ DBEnvi þ DBSub ð7Þ

where BDisCo is the average annual yield of DisCo due to DG access to
the distribution network. DBPloss, DBImpu, DBReli, DBUpda and DBEnvi

are orderly the annual benefits for real power losses reduction, volt-
age quality enhance, change of energy not supplied, and deferral of
network upgrading and environmental protection. DBSub is the
annual benefits due to the energy price difference between the
transmission grid and IPS.

Annual benefits for power losses reduction
The real power losses reduction is the difference of real power

losses between with DG and without DG. The annual benefits for
real power losses reduction is calculated by

DBPloss ¼ qGPDPlosssmax ð8Þ

where qGP is the price of purchasing energy from the main grid
(yuan/kW h). DPloss is the power loss difference between with DG
and without DG under the condition of peak load. smax is the

maximum load’s loss hours, which means the equivalent hours that
is the ratio of the annual electricity loss to power losses under the
condition of peak load [22].

Annual benefits for voltage quality enhance
The advent of power market reform has result in the fact that

management of distribution system separated from that of trans-
mission system. In order to improve the competitiveness and vital-
ity, DisCo will have to give a promise that they provide their
customers with a reliable and continue electricity supply. While
the importance of maintaining a voltage level constant and close
to a nominal value are based on both the quality of power supply
and economical and technical factors such as avoiding increases in
losses, overheating of conductors, and malfunction of equipment,
which are directly related with the profits for DisCo.
Consequently, DisCo reinforces their power systems in order
to have better control over voltage variations [23]. Here the com-
pensation for users obtained by the statistical approach and the
prolonging for life of equipment estimated by empirical approach
are considered as quantitative indicators on voltage quality. The
annual benefits for voltage quality enhance is as follow.

DBImpu ¼
X
j2U
ðkwj � kwojÞBjmu ð9Þ

kj ¼
1 Vrated

j ð1� aÞ 6 Vj 6 Vrated
j ð1þ aÞ

0 others

(
ð10Þ

where the k is a binary variables. The subscript woi, wi are without
and with DG, respectively. Bjmu is the annual earnings from prolong-
ing for the service life of equipment, reducing compensations for
users, etc. due to the systematical voltage enhance. U is the load
node set required having higher requirements for voltage quality.
a is the significance level. Vj and Vj

rated are the real voltage magni-
tude and the nominal voltage at the ith load node.

Annual benefits for change of energy not supplied
DG can lead to significant reliability improvements of loads in

the islanded network under condition that automatic sectionaliz-
ing switches and reclosers can restrict the area of influence of a
fault during the fault phase [20,21]. In other words, DG access
can offset part cost incurred when there is unserved power in
the distribution system. Here the cost of the energy not supplied
is used to measure the economic losses incurred by power cus-
tomers during the period of power interruption or electric load
constraint. And annual benefits for change of energy not supplied
are employed to quantity reliability improvement. The following
Eqs. (10) and (11) is adopted.

DBReli ¼ quc � ðEENSwoi � EENSwiÞ ð11Þ

EENS ¼
Xn

i¼1

ðki � Ti � PiÞ ð12Þ

where EENS is the Expected Energy not Supplied. quc is the cost of
the energy not supplied. It can be estimated by statistics of cus-
tomers’ outage costs in accordance with the terms of the contract
or DisCo’s economic losses due to decline in sales for electricity. ki

is the load fault rate (number of faults per year). n is the number
of nodes in the isolated island. Ti is the average durations of the
fault (hour per time). Pi is the load value in the isolated island.
The method and equations for ki and Ti can be found in [20,21].

Annual benefits for deferral of network upgrading
As a consequence of placing DG in a system, branch currents

may diminish in some sections of the network, thus releasing more
capacity, but in other sections they may also increase to levels

Fig. 1. Schematic of DG installation locations area.
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beyond distribution line limits. In order to give the information of
DG influence on line capacity, here annual benefits for deferral of
network upgrading are employed to find the difference between
system with and without DG. And benefits for deferral of network
upgrading are quantified by reconstruction, residual, management
costs.

DBUpda ¼
ffiffiffi
3
p

CmarUav
XNb

i¼1

ðjIwi � IwoijÞ ð13Þ

where Cmar is annual investment costs for lines renovation
(yuan/kW h). It can be estimated by computing previous line trans-
formation cost and capacity amplification value. Nb is the number of
branches in the network. Uav is the average nominal voltage. Iwi and
Iwoi are the branch currents in distribution system with and without
DG, respectively.

Annual benefits from environmental change
In this century, environmental issues have reached a point that

ignoring them is not an option. Since electricity production has a
real impact on air emissions like CO2, SO2, CO, and NOx, environ-
mental impact should be important part of the DG planning prob-
lem. The emission function can be presented as the sum of all
types of emissions considered with suitable pricing or weighting
on each pollutant emitted [13]. In present study, only emission
CO2 is taken into account because the amount of other emission
is direct proportion to that of CO2 emission. The environmental
improvement was investigated in annual benefits from environ-
mental change in (13)

DBEvin ¼ ðEwoi � EwiÞCEnvib ð14Þ

where Ewoi is the annual electricity from main grid without DG
(kW h). Ewi is the annual electricity from main grid with DG
(kW h). b is the amount of CO2 emission per unit electricity
(kg/kW h). CEnvi is CO2 emission tax rate (yuan/kg).

Annual benefits due to the energy price difference
Apparently, the cost of renewable DG is currently higher than

that of traditional energy, which will reduce the revenue of
DisCo. But in order to achieve sustainable development of energy
industry, the government will adopt preferential policies to guide
some important support the development of the renewable energy
such as providing policy-oriented compensations, improving
bounty and penalty from environmental management. Therefore,

this paper assumes DisCo buys the power from the renewable
DG without any requirement in accordance with certain propor-
tion of the policy limit. And simultaneously, the market price fluc-
tuations are not taken into account for the sake of simplicity
although it does exist in a competitive market environment.
Eq.(15) is adopted to calculate annual benefits due to the energy
price difference between the main grid and DG.

DBSub ¼ qGPðEwoi � EwiÞ � 8760
XN

i¼1

qDGiP
rate
i CFi ð15Þ

The constraints

The optimization problem is subject to various operating con-
straints to satisfy the electrical requirements for the distribution
network, DG operation, etc. These constraints are discussed as
follows.

Power balance constraint
The total power generated must supply the total load demand

and the transmission losses

Psub þ
XN

i¼1

PDGi ¼ PLoss þ PLoad ð16Þ

where Psub is the power from the transmission grid. PDG is the power
of the DG connected to the distribution system. PLoss is the transmis-
sion losses. PLoad is the total load demand.

Maximum and minimum limits of nodal voltage
The nodal operation voltage is constrained between its mini-

mum and maximum limits.

Vmin
i 6 Vi 6 Vmax

i ; i 2 X ð17Þ

Distribution line capacity limits
Power flow through any distribution feeder must comply with

the thermal capacity of the line

Sij 6 Smax
ij ð18Þ

where Sij, Sij
max are respectively the real line capacity and the maxi-

mum line capacity.

Maximum number of DG installation location
The maximum number of DG installation location is defined as

the ceiling of allowable DG connected location. As described in the
previous sections, besides the geographical position and local nat-
ural resources, DG installation location is still associated with the
penetration of DG permitted by DisCo as well as profits of DG
owner. Therefore, here it is given by the Parties through mutual
negotiations.

NDG 6 Nmax
DG ð19Þ

where NDG, NDG
max are respectively the real number and the maximum

number of DG installation location

Maximum penetration of DG units in the system
The maximum penetration limit is calculated based on the total

load demand in distribution systemX
i2Xg

PDGi 6 k% �
X
i2XL

PLi ð20Þ

where Xg is the nodal set of DG. k% is the maximum penetration
limit as a percentage of the peak load. XL is the nodal set of load
in distribution network.Fig. 2. The segmented chromosome management of GA.
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Optimization algorithm and decision-making analysis

The optimization problem is constrained, nonlinear, with mixed
integer variables (due to the discrete size of DG units), and its com-
putation is fairly complicated thanks to the multiobjective and
power flow problem. In this section, an already-known but suitably
modified NSGA [24] is used for finding the noninferior solutions of
the multiobjective optimization algorithm and a multiobjective
decision-making based on the set pair analysis [25,26] is proposed
to obtain the synthetic priority of pareto solutions and the stable
interval of the entire sequence program.

The modified method based on NSGA

Compared with NSGA approach, the proposed modified method
based on NSGA mainly refers to Genetic Algorithm (GA) implemen-
tation. That is, genetic code and genetic operators are achieved by
the segmented chromosome management, as shown in Fig. 2,
whose purpose is to improve the GA’s local searching capacity,
accelerate the convergence rate and effectively prevent the prema-
ture convergence.

Population code
In line with characteristic of DG planning involving type, size

and siting of DG, the first important aspect of a correct GA imple-
mentation is the coding of the potential solution. That is, each solu-
tion is coded by using three segments, which orderly represent DG
type, DG location and DG size. Each segment is a vector, whose size
is equal to maximum number of installation DG units, in which
each element is represented by means of decimal encoding. In
addition, it is noted that, in the segment of DG size, the nonzero
values is for the size of DG unit while 0 is for no presence of DG
unit.

Select strategy
In order to ensure convergence towards the Pareto-optimal set

as well as to achieve a covering of the whole range of the
non-dominated solutions, a hybrid selection strategy containing
elitist-preserving approach and dual tournament selection is
employed in the algorithm. Elitism strategy is to copy a small pro-
portion of the fittest candidates, unchanged, into the next genera-
tion to guarantee fast convergence and combat problems of losing
optimal solutions. Dual tournament selection is the simplest tour-
nament selection involving randomly picking individuals from the
population and staging to a tournament to determine which one
gets selected. Here not only it can be implemented efficiently,
but also it is amenable to reaching a covering of the whole range of
the non-dominated solutions.

Cross and mutation
Cross and mutation are used to produce the next generation.

Integrating with the characteristic of chromosomes coding, the
method of segmented point cross and mutation, which mean that
type, location and size of one father chromosome is corresponding
to that of another father for cross and mutation (as shown in
Fig. 2), are put forward to achieve chromosomes evolution and
searching. At the same time, the new produced chromosomes must
satisfy all kinds of constraint.

The multiobjective decision-making based on SPA

Pareto solutions for multi-objective optimization planning can
provide some referential or optional schedules for both of parties
from which the decision-makers can choose a most suitable one
according to the certain situation or through consultations and

dialogs. However, considering with diversity of Pareto solution, it
is hard to find a mutually satisfying and convincing solution out
of numerous schemes. Furthermore, because the distribution net-
work planning with DG is affected by many random and uncertain
factors, the scheme from multi-objective function deviates from
the real case. Therefore, the integrated decision-making method

Fig. 3. The flowchart of DG optimization and decision-making.
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based on SPA is proposed to make the synthetic priority of pareto
solutions and show the influence of uncertainty on schemes.

SPA and its application in multiobjective decision-making
The set pair analysis (SPA) theory, proposed by Zhao Keqin, is a

identical-discrepant-contrary (IDC) decision analysis method,
which has been successfully applied in engineering application
and decision support system. The core of this decision theory is
to make a comprehensive decision by combining certainties deci-
sion with uncertainty decision. It involves three aspects such as
identical degree, discrepant degree and contrary degree when ana-
lyzing decision objects. Identical degree is to consider harmony
and identity between two decision objects, while discrepant
degree is to solve mutual contradictory and opposite. And contrary
degree is to investigate both interrelations and constraints
between decision objects. Zhao Keqin applied connection degree
to represent them. Assume that A and B are Sets. Then {A,B} is a
Set Pair H. The connection degree of H is shown in Eq. (21) [26,27].

l ¼ aþ biþ cj; aþ bþ c ¼ 1 ð21Þ

where l is the connection degree. a, b, c, respectively, represents
identical degree, discrepant degree and contrary degree. As coeffi-
cient of discrepant degree, i is between �1 and 1, i.e. i 2 ½�1;1�,
which depends on the situation. j is coefficient of contrary degree
and is specified as �1. More information of i and j and Computing
can be find in [25,26].

According to the ideas of Set Pair Analysis (SPA) and character-
istics of multiobjective decision-making problems, SPA in this
paper is applied to sequence pareto solutions and its stability anal-
ysis. In the course of reasoning, indexes as identical degree, con-
trary degree, discrepant degree, approximate degree are taken
into account. The approximate degree c is expressed as Eq. (22):

c ¼ a
aþ c

ð22Þ

The procedure of multiobjective decision-making based on SPA
Integrated with the specific circumstances of pareto solutions,

the procedure of multiobjective decision-making based on SPA is
as follow:

Step 1: select DG planning programs in pareto solutions from
the multiobjective optimization, and calculate corresponding
income value of various objective functions.

Step 2: form the decision-making matrix, where row number
represents the number of multiobjective and column denotes
down the number of pareto solutions. The element in matrix rep-
resents the value of multiobjective corresponding to planning
scheme. Then standardize it by Linear Projection Method (LPM),
whose mathematical model is shown in Eq. (23)

ykr ¼ dkxkr þ ekr ð23Þ

where k, r are the numbers of multiobjective and pareto solutions.
d, e are constants to be determined. The positive index, which is
the larger the value the better the scheme, employ Eqs. (23) and

(24) to determine d, e. On the contrary, the negative index, which
is the smaller the value the better the scheme, employ Eqs. (23)
and (25) to determine d, e [27].

yk ¼
1 xk ¼ 2 maxfxrg
0 xk ¼ 1

2 minfxrg

(
ð24Þ

yk ¼
1 xk ¼ 1

2 minfxrg
0 xk ¼ 2 maxfxrg

(
ð25Þ

Step 3: obtain the best and the worst solution from the stan-
dardized decision-making matrix and compute the identity degree,
contrary degree, discrepant degree and the approximate degree by
Eqs. (26)–(29).

ar ¼
1
n

Xn

k¼1

hkr

uk þ vk
ð26Þ

br ¼
1
n

Xn

k¼1

ðuk � hkrÞðhkr � vkÞ
ðuk þ vkÞhkr

ð27Þ

cr ¼
1
n

Xn

k¼1

ukvk

ðuk þ vkÞhkr
ð28Þ

cr ¼
ar

ar þ cr
ð29Þ

where u, v is the optimal and the worst solution. n is the total of
pareto solutions. h is the income value to be evaluated programs.

Step 4: get the priority level of planning programs based on
approximate degree and its stability analysis. The sort principle
is that the larger approximate degree is the better planning pro-
gram. The stability analysis is to analyze the uncertainty impact
through the small change of coefficient of the discrepant degree
i. While maintaining original sort, the interval of coefficient i is
determined by Eqs. (30) and (31) [28].

i 2 ½0;1� cqbp � cpbq 6 0

0 6 i 6min cpaq�cqap

cqbp�cpbq
;1

n o
cqbp � cpbq > 0

(
ð30Þ

i 2 ½�1;0Þ cqbp � cpbq P 0

max �1; cpaq�cqap

aqbp�apbq

n o
6 Di < 0 cqbp � cpbq < 0

(
ð31Þ

where p, q is the number of planning scheme, and their approxi-
mate degrees satisfy with cp < ck. The stable interval of the entire
sequence program refers to the intersection for the results given
by pairwise comparisons analysis.

The framework for DG optimization and decision-making

The proposed approach for DG siting and sizing include three
stages such as determination of DG candidate location sets, multi-
objective optimization based on the modified NSGA and
decision-making analysis according to application of SPA. The
flowchart of this approach is shown in Fig. 3.

Numerical example

Test system and simulation parameters

To demonstrate the performance of the proposed method, sim-
ulation is carried out on the 37-bus system. Its topological struc-
ture is shown in Fig. 4 and the branch, load parameters are be
founded in [9].Fig. 4. The topological structure for 37-bus system.

L. Zhang et al. / Electrical Power and Energy Systems 73 (2015) 465–474 471



The main GA parameters in our tests are: 0.9 for select rate; 0.9
for crossover rate; 0.05 for mutation rate; 100 for chromosome
numbers; 30 for max genetic generation. The maximum penetra-
tion limit of DG is 15% of total load demand in distribution net-
work. There are four kinds of DG to be considered as alternative
DG, while the maximum number of DG installation location is four.
For PQ DG, power factor is 0.9. For PV DG, the voltage magnitude is
1.0(p.u.). Other parameters of DG are listed in Table 1.

Furthermore, the employed method of power flow calculation is
the improved back/forward sweep method proposed in [29]. And
we assume that voltage base is 10 kV, power base is 10MVA and

convergence accuracy is 10�4. Maximum and minimum limits of
the nodal operation voltage are positive and negative 7% of the
nominal voltage, respectively. The fault rate on distribution feeder
is 0.05 time per kilometer per year, and average interruption dura-
tion for each time is 5 h. For DisCo, the fixed price of buying power
from the transmission grid is 0.35 (yuan/kW h) while that of buy-
ing from power from IPS is 0.57 (yuan/kW h). The unit cost on CO2

emission (CEnvi) is 1000 yuan. The annual earnings Bjmu due to the
voltage improvement is 5000 yuan, the significance level a is 0.05.
Conversely, a 5000 yuan fine is implemented when the voltage
decline.

Table 1
Parameters for the alternative DG.

DG
Code

DG
Type

Size for
unit DG
(kW)

Investment
cost (wan
yuan/kW)

O&M cost
(yuan/
kWh)

Emission
cost
(wanyuan/
kg)

Capacity
factor

Discount
coefficient

Policy
subsidies
(yuan/kW h)

The price of
energy (yuan/
kW h)

Failure rate
of DG (time/
year)

Average
interruption
duration of DG
(h/time)

T1 PQ 100 1.3 0.032 0 0.35 0.1006 0.25 0.55 5 50
T2 PV 44 4.56 0.013 0 0.29 0.0843 0.25 0.65 2 25
T3 PQ 200 1.82 0.320 0.2 1.0 0.1006 0 0.52 1 10
T4 PQ 60 0.98 0.195 0.3 1.0 0.1006 0 0.52 1 10

Fig. 5. The loss sensitivity factor at various nodes for 37 bus distribution test system.

Fig. 6. The voltage magnitude at various nodes for 37 bus distribution test system.

Fig. 7. Distribution of Pareto-optimal solutions for multiobjectives.
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Results and discussion

To demonstrate the model and the proposed optimization algo-
rithm, the simulation is carried on Matlab 2008rb. The Figs. 5 and 6
show the loss sensitivity factor and the voltage magnitude at var-
ious nodes for 37 bus distribution test system, respectively.

Here, the larger halves of the loss sensitivity factor are chosen
as DG candidate locations. The bus number is [18 17 16 15 29 28
14 13 27 12 26 25 11 10 9 24]. Conversely, the lower halves of
the voltage amplitude are selected for DG candidate locations.
The bus number is [18 17 16 15 14 13 12 29 28 27 11 19 26 10
9 25 10 8 20]. Furthermore, DG candidate locations for higher reli-
ability requirements are [6 7 23 20]. Therefore, [18 17 16 15 14 13
12; 29 28 27 26 25; 11 10 9 8 20; 21 23 6 7] is considered as the
final DG candidate location sets by combining the adjacent nodes
according to the maximal DG installation number.

The Fig. 7 presents the Pareto-frontier when genetic operation
reaches twenty times. And some objective function values for
trade-off Pareto-front solutions are listed in Table 2.

According to the objective function values for trade-off
Pareto-front solutions shown in Table 2, the standardized

decision-making matrix obtained from Pareto-optimal solutions
is shown as following

MT ¼

0:0054 0:4157
0:0100 0:4145
0:0151 0:4137
0:0434 0:4109
0:0535 0:4097
0:1263 0:3841
0:1802 0:3788
0:2126 0:3375
0:2711 0:3032
0:3274 0:2387
0:3329 0:2201
0:4293 0:2065
0:4573 0:2024
0:4686 0:1928
0:4755 0:1713
0:4972 0:1684

2
6666666666666666666666666666666664

3
7777777777777777777777777777777775

The optimal solution set U and the worst set V are obtained by
the decision matrix. That is, U = [0.4972,0.4157];
V = [0.0054,0.1684]. According to Eqs. (26)–(29), the identity
degree, contrary degree, discrepant degree and the approximate
degree for different schemes are shown in Table 3. By analyzing
table 4, the programmatic prioritization is 16, 15 14, 2, 1, 6, 13, 3,
5, 7, 12, 4, 8, 11, 9, 10. The intervals of the coefficients keeping
the sort stability are [�0.59,1], [�0.626,1], [�1,0.695],
[�1,0.344], [�0.12,1], [�0.036,1], [�1,0.057], [0.244,1],
[�0.016,1], [�0.006,1], [�1,0.016], [�0.451,1], [0.015,1],
[�1,0.154], [�1,1], [�1,1]. So the stable interval of the entire pro-
gram is [�0.006,0.016].

By analyzing comprehensive simulations results, some conclu-
sions are listed as following:

� The change in types, locations and sizing of DG, two objective
function values also change. Generally speaking, the solution
of increasing one objective function values will decrease
another objective. It is difficult that two objective function val-
ues simultaneously arrive at the optimal at one solution.
� The application of DG candidate location set can give the suit-

able candidate, which reduce greatly the size of search space
of GA and improve the performance of algorithm.
� The proposed modified NSGA can solve efficiently constrained,

nonlinear multiobjective optimization problem. And the solu-
tion approach presented here is simple, fast, reliable and
efficient.

The multiattribute decision-making analysis method here based
on SPA can implemented sorting of pareto solutions. The applica-
tion of SPA can touch on the uncertainties and the stability analysis
of programmatic prioritization can determine the interval of the
coefficient i maintaining original sort.

Conclusion

This study presents a multiobjective optimization and
decision-making analysis method which can be used to determine
the siting and sizing of multi-source and multi-type DG when con-
sidering with the benefits for both DG owner and DisCo. The pro-
posed optimizing decision-making processes included
determination of DG candidate location set, multiobjective opti-
mization and decision-making analysis for Pareto. The application

Table 2
The objective function values for trade-off Pareto-front solutions.

No. DG
type

DG
access
nodes

DG
capacity
(kVA)

DGs cost
benefit ratio of
IPS

Profits for DisCo
(wanyuan/yr)

1 T1 28 200 2.002 21281.01
2 T1, T1 27, 8 100, 100 1.916 21468.79
3 T1, T1 27,11 100, 200 1.888 22827.62
4 T1, T1,

T1
29, 9, 6 100, 200,

100
1.843 23432.89

5 T1, T1 15, 7 100, 100 1.732 23687.75
6 T1, T2 10,6 200,44 1.347 24552.23
7 T2, T1 29, 6 44, 200 1.326 25723.97
8 T2, T1 16,10 44, 100 1.101 29797.13
9 T1, T4 26,11 100, 60 0.868 31967.92

10 T1, T2,
T4

26,11,7 100, 44,60 0.739 34875.25

11 T2 17 44 0.525 34909.73
12 T1, T3 8, 6 100, 200 0.235 36530.85
13 T4, T3,

T1
26,9, 6 60,

200,100
0.194 36607.44

14 T3, T2 15, 7 200,44 0.082 36784.02
15 T2, T4,

T3,T4
16, 27,
10,20

44, 60,
200,60

0.061 36829.36

16 T3, T2,
T3

15,26,8 200,44,
200

0.043 36910.43

Table 3
The identity degree, contrary degree, discrepant degree and the approximate degree
for different schemes.

Scheme Identity
degree(ak)

Contrary
degree(bk)

Discrepant
degree(ck)

Approximate
degree(ck)

1 0.639 0.000 0.361 0.639
2 0.620 0.025 0.355 0.635
3 0.631 0.052 0.316 0.666
4 0.628 0.070 0.302 0.675
5 0.604 0.100 0.297 0.671
6 0.520 0.200 0.280 0.650
7 0.530 0.211 0.259 0.671
8 0.529 0.263 0.208 0.718
9 0.500 0.309 0.190 0.724

10 0.504 0.323 0.173 0.744
11 0.454 0.368 0.178 0.719
12 0.404 0.399 0.197 0.672
13 0.395 0.397 0.208 0.655
14 0.369 0.306 0.325 0.532
15 0.365 0.220 0.415 0.468
16 0.361 0.000 0.639 0.361
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of DG candidate location set can give the suitable search space of
GA which yields significant savings in computation. The con-
structed multiobjective formulations reflect and take care of the
benefit of different groups. And the proposed decision-making
analysis method based on SPA provides decision-support for differ-
ent interest groups. The simulations demonstrated the proposed
methodology is simple, faster and more robust. And it is more suit-
able for allocation of multi-sources and multi-types DG in a given
distribution networks as well as available to balance of benefits
between DGs owner and (DisCo).
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