
1949-3053 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TSG.2016.2609681, IEEE
Transactions on Smart Grid

1

Reliability Optimization of Automated Distribution
Networks with Probability Customer Interruption

Cost Model in the presence of DG units
Alireza Heidari, Member, IEEE, Vassilios G. Agelidis, Fellow, IEEE, Mohsen Kia, Josep Pou, Senior

Member, IEEE, Jamshid Aghaei, Senior Member, IEEE, Miadreza Shafie-khah, Member, IEEE, João P. S.
Catalão, Senior Member, IEEE

Abstract—Distribution automation systems in terms of au-
tomatic and remote-controlled sectionalizing switches allows
distribution utilities to implement flexible control of distribution
networks, which is a successful strategy to enhance efficiency,
reliability and quality of service. The sectionalizing switches play
a significant role in an automated distribution network, hence
optimizing the allocation of switches can improve the quality
of supply and reliability indices. This paper presents a mixed-
integer nonlinear programming aiming to model the optimal
placement of manual and automatic sectionalizing switches and
protective devices in distribution networks. A value-based reli-
ability optimization formulation is derived from the proposed
model to take into consideration customer interruption cost and
related costs of sectionalizing switches and protective devices.
A probability distribution cost model is developed based on
a cascade correlation neural network to have a more accu-
rate reliability assessment. To ensure the effectiveness of the
proposed formulation both technical and economic constraints
are considered. Furthermore, introducing distributed generation
into distribution networks is also considered subject to the
island operation of DG units. The performance of the proposed
approach is assessed and illustrated by studying on the bus 4 of
the RBTS standard test system. The simulation results verify the
capability and accuracy of the proposed approach.

Index Terms—Distribution automation system, sectionalizing
switch placement, power distribution system reliability, customer
interruption cost model.

NOMENCLATURE

Ljtkfr Annual average load of type k at Load Point j of
feeder fr at year t .
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γ Annual load increase rate.
CCc CB capital investment cost.
ICc CB installation cost.
CCf Fuse capital investment cost.
ICf Fuse installation cost.
CCs Sectionalizing switch capital investment cost.
Ctemp Interruption cost ($/kW) of temporary faults.
ICTijtkfr Interruption cost of Load Point j of type k because

of temporary interruption in section i of feeder fr
at year t.

ICs Sectionalizing switch installation cost.
MCs,t Sectionalizing switch annual operation and main-

tenance cost.
T Sectionalizing switch and fuse life period.
MCc,t Total maintenance cost of a CB.
MCf,t Total maintenance cost of a fuse.
NCT Total number of customer types.
NLPf Total number of load points in feeder f .
NLP Total number of load points.
Nac Total number of available CB for installation.
Naf Total number of available fuses for installation.
Nas Total number of available switches for installation.
Nc Total number of installed CBs.
Nfr Total number of feeders.
Nf Total number of installed fuses.
Nq Total number of possible fault locations.
Ns Total number of installed sectionalizing switches.
λ′ijtfr Temporary failure rate of Load Point j because of

failure in section i of feeder fr at year t.

I. INTRODUCTION

Nowadays, there is an increasing interest in the analysis of
power distribution systems, including demands to improve the
reliability of distribution networks by implementing distribu-
tion automation systems (DASs). The application of DASs in
distribution networks can be defined to monitor, coordinate
and operate distribution network component to restore supply
to the customers during a fault. In fact, a DAS is not just a
remotely control and operation of substation and feeder equip-
ment but it can provide a reliable and self-healing distribution
network that is able to rapidly react to real-time events by
taking appropriate actions. Hence, an economic analysis of
DASs is necessary because of its large investment cost [1].
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It has been estimated that approximately 70% of interrup-
tions in supplying demand are related to the failure in primary
distribution networks [2]. Thus, considerable effort has been
devoted to reduce the effects of failures by utilizing DAS in
terms of automatic protective devices such as circuit breaker
(CB) and sectionalizing switches. One of the functions of
DASs is to determine the placement of remote control switches
to isolate fault and restore service to the customers. The proper
number, location and type of such protective devices play
an important role in the reliability of distribution networks
by minimizing the impact of the interruption. In addition,
the optimum number and location of manual and automatic
switches and protective devices are important to minimize
capital investment cost and maximize customer benefits [3].

Sectionalizing switches are commonly used in primary dis-
tribution networks to improve the service reliability. Recently,
more attention is being paid to the use of optimization tech-
niques to solve the sectionalizing switch placement problem.
In order to solve the optimal sectionalizing switch placement
problem, heuristic algorithms such as genetic algorithm [2],
ant colony [4], simulated annealing [5] and immune algorithm
[6] have been widely utilized. In [7], the optimal numbers and
locations of two sorts of automatic switches (i.e., sectionalizer
and circuit breaker) in the distribution system are determined
by using a trinary particle swarm optimization method. The
feeder-switch relocation problem, with the aim of customer
interruption cost reduction, was solved by using a heuristic
approach in conjunction with simple numerical computation in
[8]. In [9], the mixed-integer linear programing was employed
to model the sectionalizing switches placement problem con-
sidering the switch cost and outage of customers. An approach
to solve the composition and placement problem of switches
in distribution automation networks was developed in [10].
Additionally, the decomposition approach was used in [11] and
the alliance algorithm was used in [12] to solve the problem
of optimal allocation of switches. In [2], a solution framework
based on a memetic algorithm concept with a structured popu-
lation was presented for the switch allocation problem. These
references considered various elements, such as the switch
cost, customer outage cost, and optimal number and location of
sectionalizing switches for improving the reliability of power
distribution networks. However, but the dispersion of customer
interruption cost data, which is important information that can
have a significant effect on the accuracy of the reliability
assessment, was not considered.

The accuracy of the reliability analysis can be affected
directly by the customer interruption cost model. There are
two different approaches to model the customer interruption
cost. The customer survey approach provides customer outage
cost data that could be modeled as a customer damage function
(CDF) [9], [13]. This model determines the aggregate or aver-
age cost of interruption for each customer sector as a function
of duration. The main disadvantage of the aggregate or average
cost model (AAM) is that the dispersed nature of data within
a specified customer group is neglected. The dispersed nature
of customer interruption costs at specified failure duration has
been designated as the probability distribution model (PDM)
[14]. The results presented in [13], [14] demonstrated that the

PDM had a considerable effect on predicting the expected
customer interruption cost.

Until recently, grows of distributed generation (DG) has
been limited due to economic reasons. However, increased
attention to power quality, environmental awareness, market
deregulation and reduction in the price of photovoltaic and
wind driven generation have all contributed to increasingly
integrate DGs into the network. In power distribution reliabil-
ity analysis, DG unit can potentially improve network relia-
bility by reducing the interruption durations and increasing
the restoration speed when a fault occurs. However, such
improvement depends on the operation mode of the DG units,
such as islanding mode, while the protection requirements
are met. On this basis, presence of DG units in distribution
systems adds more complexity for finding the optimal switch
and protective device placement optimization.

The main contribution of this paper is to propose a mixed-
integer nonlinear programming (MINLP) formulation to solve
the optimal allocation of sectionalizing switches and protective
devices problem in presence of DG units. The proposed
method provides the minimum reliability cost while limiting
the number of installed switches and protective devices. The
PDM cost model is based on a cascade correlation neural
network (CCNN) that takes into account the costs associated
with switches and protective devices, such as capital invest-
ment, installation, annual operation and maintenance costs.
Moreover, this paper considers the interruption costs arisen
from temporary faults.

II. PROBLEM FORMULATION

The concepts related to distribution networks reliability,
protection and operation, required to define the problem and
the proposed formulation, are presented in this section.

A. Failures and Interruptions

An Interruption can be defined as a complete loss of service
to one or a group of customers, and is categorized by its
duration as either momentary or sustained [15]. According to
IEEE Standard 1366 [16], the interruption with a total duration
less than 5 min is classified as a momentary interruption.
Otherwise, the interruption is considered as a sustained in-
terruption. The failures that occur in the distribution networks
always lead to customer interruptions and can be considered as
permanent or temporary. The permanent failures will happen
by the most serious events and always cause the sustained
interruptions occur, which require to dispatch a repair crew to
handle them. On the contrary, the temporary failure will clear
themselves away after a short period of time. It should be noted
that a temporary failure can cause either a momentary or a
sustained interruption. In this paper, failure is considered either
as the occurrence of a permanent failure on a feeder’s line or
transformer or occurrence of a sustained interruption due to
the failure of any component of the distribution network.

B. Network Structure

Distribution networks can be divided as radial, spot or
secondary. Radial networks are the most prevalent and the



1949-3053 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TSG.2016.2609681, IEEE
Transactions on Smart Grid

3

focus of this paper. The radial distribution network is basi-
cally served by the substation and consists of one or more
distribution feeders. Each feeder is split into one or more
line sections and laterals with sectionalizing switches and
protective devices. This is the most frequently form of network
configuration, each feeder can operate radially for effective
coordination of protective devices, as presented in Fig. 3. In
addition, supply can be restored from an alternative supply or
neighbour feeders by tie switches (TS).

C. Sectionalizing Switches and Protective Devices

In general, to mitigate the effects of failures to a minimum
acceptable level, utilities install protective devices along the
distribution network feeders. The protective device considered
in this paper consists of a CB with overcurrent and automatic
reclosing relays at the substation, and sectionalizing switches
and fuses along the feeders and on the laterals. Automatic
sectionalizing switches can isolate a faulted section after the
operation of an upstream CB. Fuses are low cost protective
devices and can sense the fault. They have interruption capa-
bility but do not have automatic reclosing capability. In this
paper, fuses are installed on laterals and a constraint is defined
to avoid putting the fuses on the main feeders.

D. Basic Operation of Distribution Networks

Reliable distribution networks try to minimize the impact
of failures to the customers by utilizing more switches and
protective devices and minimizing the number of customers
affected with protective device operations. Due to cost con-
strains, only a limited number of switches and protective
devices can be installed on feeders and laterals. However,
types and locations of these devices vary depending on utility
practices and networks topology. Sectionalizing switches can
be located at both sides of each line sections, and protective
equipment is usually located at the beginning of line sections
on the feeders or laterals. Operation of distribution networks
can be evaluated according to the type, number and location
of switches and protective devices.

For instance, when a fault occurs in the Line Section 3
(LS3) of the network shown in Fig. (1a), the following steps
should be performed:

Step 1 (fault clearance): The fault clearance functions open
the protection breaker CB1 (Fig. (1)b). Therefore, during the
clearance of this fault, all load points are interrupted.

Step 2 (fault separation): Separation of sectionalizing
switches, S1 and S6 open in Fig. (1)c. The separated area
now contains the faulty line, LS3. There are two restorable
areas following the fault separation; the area which contains
the Load Point (LP1) and the area which contains the Load
Point 4 and 5 (LP4 and LP5).

Step 3 (power restoration): The following switch actions
are required to restore power to the two separate restorable
areas: 1) Separation switch S1 is remote-controlled and has a
switching time of 1 minute. Power to Load Point 1 is restored
by (re)closing the protection breaker CB1 which is also remote
controlled. The LP1 is therefore restored in 1 minute. 2) Power
to LP4 and LP5 is restored by closing the TS. Because the

tie switch (TS) has an actuation time of 30 minutes, loads 4
and 5 are restored in 0.5 hours. The network is now in the
post-fault condition as illustrated in Fig. (1)d.

However, LP2 and LP3 experienced the outage duration
equal to the repair time of LS3 which is much longer than
the switching time.

It is worth to note that, when a fault occurs in the Lateral
Section 2 (L2), as there is no protective device in this lateral,
the previous switching actions will be followed to clear this
fault. Thus, additional installation of protective devices on
the lateral or sectionalizing switches on the main feeder will
increase the reliability of the network.

Consider the fully automated network with protective de-
vices shown in Fig. 2. When a fault occurs in LS3, all the load
points can be restored after isolation of the faulty section by
the sectionalizing switches. Furthermore, the outage duration
of the load points was equal to the switching time of CB1
and the sectionalizing switches. In the case of fault in L2,
the presence of protective devices such as a fuse or CB will
lead to isolate the fault without interrupting other parts of the
system. In this case, just LP2 experiences the outage equal to
the repair time of L2.

Although LP2 and LP3 would experience a shorter outage
time in Fig. 2 compared to Fig. 1, the switching and protective
device costs in the network shown in Fig. 2 are much higher
and the necessity of doing optimization is more important to
balance the cost of reliability and switching devices.
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CB1 TS

S1 S6 S8

Sub2
Sub1

LP1 LP2

LS1 LS2

L1 L2 L3 L4 L5

LS3 LS4 LS5 LS6

LP3 LP4 LP5

CB1 TS

S1 S6 S8

Sub2
Sub1

LP1 LP2

LS1 LS2

L1 L2 L3 L4 L5

LS3 LS4 LS5 LS6

LP3 LP4 LP5

CB1 TS

S1 S6 S8

Sub2
Sub1

LP1 LP2

LS1 LS2

L1 L2 L3 L4 L5

LS3 LS4 LS5 LS6

LP3 LP4 LP5

CB1 TS

S1 S6 S8

(a) 

(b) 

(c) 

: Normally closed devices 

: Normally open devices 

: Interrupted load points 

(d) 

Fig. 1. Sample of radial distribution network and fault restoration steps. (a)
Fault occurred in LS3, (b) fault clearance step, (c) fault separation step, and
(d) fault restoration step.

E. Distribution Networks Reliability Indices

A variety of indices are defined in [17] to evaluate the
reliability of distribution networks. The basic indices that
normally provide service reliability data from an individual
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Fig. 2. Sample of fully automated radial distribution network and fault
restoration steps. (a) Fault occurred in LS3, (b) fault clearance step, (c) fault
separation step, and (d) fault restoration step.

customer viewpoint are called single load point indices. These
include the load point average failure rate (λ), average outage
duration (r), and average annual outage duration (U ). The
most frequently used customer oriented indices can be cal-
culated using these three basic indices, given as the system
average interruption frequency index (SAIFI), system average
interruption duration index (SAIDI) and energy not supplied
(ENS). These indices are not sufficient to represent the cost
of reliability. The expected interruption cost (ECOST) index
reflects the impacts of the interruption duration, failure rate
of equipment, load variation, customer type and customer
damage function [17]. On this basis, the index can be utilized
to associate the reliability with the customers’ cost. The
contingency based analytical method, which is employed to
calculate the ECOST in distribution networks for a typical
feeder, is well described in [5].

ECOST =

Nq∑
i=1

NLP∑
j=1

NCT∑
k=1

λi × CDFijk(rij)× Ljk (1)

where λi is the average failure rate of the distribution network
equipment i, CDFijk(rij) is the customers damage function
that depends on rij , rij being the failure duration of jth load
point, and Ljk is the average load of kth type customer located
at the jth load point.

F. PDM Training Data

Interruption cost evaluation demonstrates that the mone-
tary values expose a large deviation and, in some cases,
the standard deviation is more than four times the mean
value [18]. Taking into consideration the dispersed customer

interruption cost data in the analysis, the actual data need to
be transferred into a flexible mathematical model. A normality
transformation has been used to represent the full range of
interruption cost data. According to this systematic procedure,
the customer interruption cost data can be transformed into
a normal distribution in which the PDM is developed to
represent the data [18]. In this approach, the data collected
from the survey for the specified duration are transformed
into a group of data, which are illustrated by a normal
distribution using the normality transformation. The following
transformation is selected in this paper:

b =

{
aα−1
α if α 6= 0

log(a) if α = 0
(2)

where a is the original data, α is the power exponent and b is
the transformed value.

The distributed nature of the transformed interruption cost
data for a particular customer sector and a specific outage
duration can be determined by four parameters: the normal-
ity power transformation factor α, the mean of the normal
transformed distribution µ, the variance of the normal trans-
formed distribution σ2 and the proportion of zero-valued data
Pz . These parameters for industrial and residential customer
sectors are taken from [18].

In this paper, regression analysis is used to predict the
distribution pattern for intermediate durations. The relation
between the studied duration (d(min)) and each of the four
parameters is described by (3)-(10) which are derived by the
least square method [18]:

Industrial customers:

α = −0.487+0.0537 log(d)−0.0821 [log(d)]2+0.0256 [log(d)]3

(3)

µ = 0.3263 ∗ 100.3933log(d) (4)

σ2 = 3.8757+0.5985log(d)−1.7895[log(d)]2+0.5371[log(d)]3

(5)

Pz =

{
0.3333− 0.1346log(d) d < 4 hours
0.0047 d ≥ 4 hours

(6)

Residential customers:

α = −0.4552 + 0.1709log(d) (7)

µ = −11.8902 + 4.986log(d) (8)

σ2 = 14.8429− 10.2288log(d) + 1.9692[log(d)]2 (9)

Pz = 0.8771[log(d)]−3.7322 (10)

where the log base is 10. To determine the parameters of the
normal distribution and the zero cost, (3)-(10) can be used as
the cost models.
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According to the architecture of cascade networks [19], the
three input vectors related to the cascade correlation neural
network for PDM are defined as I1, I2, and I3. The first
two inputs imply the type of customers and I3 emphasizes
the interruption duration. The output layer consists of four
parameters of PDM (i.e. α, µ, σ2 and Pz). The values sampled
with 10 minutes duration are chosen as the training data for
the cascade correlation neural network [13].

It should be noted that the customer interruption cost cannot
be directly described by the PDM data. These data have
to be transferred back to the original form to generate the
actual customer interruption cost. The procedure to calculate
the customer interruption cost using PDM is more complex
compared to the customer damage function method [18]. The
cascade correlation neural network presented in [19] is used
to obtain four parameters of PDM for different types of
customers.

The procedure used by PDM to compute the customer
interruption cost for duration of failure di can be implemented
by the following steps:

1) Calculate Pz , α, µ and σ2 from di using CCNN for the
specified type of customers.

2) A random number A1 is generated for a customer by
using a uniform random generator R(0, 1).

3) If AR ≤ Pz , the customer is assigned a zero outage cost.
4) If AR > Pz , the parameters (α, µ and σ2) are distin-

guished from the existing di and another random number
A2 is generated to sample a transformed cost b.

5) The customer outage cost a ($/kW ) is used to assess
the reliability indices. It is calculated using the following
inverse transformation:

a =

{
(1 + α · b)1/α if α 6= 0

log−1(b) if α = 0
(11)

III. PROPOSED FORMULATION

A. Objective Functions

In Fig. 3, a set of possible locations to install sectionalizing
switches and protective devices is shown. Total cost of reli-
ability (TCR) is formulated as explicit nonlinear function of
decision variables indicating the installation of sectionalizing
switches and protective devices on the sections of a radial
distribution network. The binary decision variables are defined
as follows:

Xsfr =

 1 if a sectionalizing switch is installed on
location s of feeder fr,

0 otherwise.

Yffr =

 1 if a fuse is installed on location f of
feeder fr,

0 otherwise.

Zcfr =

 1 if a CB is installed on location c of
feeder fr,

0 otherwise.

Sub2Sub1

LP2

LP3n

CB

: Circuit Breaker

: Tie Switch

: Sectionalizer Switch

: Fuse

LP1

LP3

L1 L2

S1 S2 S3 S4

L3

T1

T2

Fig. 3. Possible locations for sectionalizing switches and protective devices
in a radial distribution network.

A contingency simulation based technique is used to formu-
late the TCR as a mathematical function of basic reliability
indices and the above mentioned binary variables as follows:

TCR = UCR+ CIC (12)

where UCR denotes the utilities cost of reliability including
costs of sectionalizing switches and protective devices and
CIC represents the customer interruption cost.

UCR = SC + FC + CBC (13)

where SC (switch cost) represents the sectionalizing switch
cost including the costs of capital investment, installation and
maintenance as follows.

SC =

Nfr∑
fr=1

Ns∑
s=1

(CCs + ICs)×Xsfr

+
T∑
t=1

Nfr∑
fr=1

Ns∑
s=1

MCs,t ×Xsfr

(14)

FC (fuse cost) is defined as the fuse cost as follows:

FC =

Nfr∑
fr=1

Nf∑
f=1

(CCf + ICf )× Yffr

+

T∑
t=1

Nfr∑
fr=1

Nf∑
f=1

MCf,t × Yffr

(15)

CBC (CB cost) is defined as the CB cost as follows:

CBC =

Nfr∑
fr=1

Nc∑
c=1

(CCc + ICc)× Zcfr

+
T∑
t=1

Nfr∑
fr=1

Nc∑
c=1

MCc,t × Zcfr

(16)

The CIC consists of ECOST and the interruption cost due
to temporary faults (ICT).

CIC =

Nfr∑
fr=1

T∑
t=1

Nq∑
i=1

NLP∑
j=1

NCT∑
k=1

(ECOSTijtkfr+

ICTijtkfr)(1 + γ)t−1

(17)

where ICTijtkfr is defined by:
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ICTijtkfr = CtempLjtkfrλ
′
ijtfr (18)

The objective of the proposed formulation is to accurately
model the sequence of events after a contingency in the
network. It is achieved by minimizing the total cost of re-
liability in terms of customer outage cost in conjunction with
sectionalizing switch and protective device capital investment,
installation, and annual operation and maintenance costs. Also,
taking into consideration the load increase rate during a
time horizon under study, the average load of load points is
multiplied by (1 + γ)t−1 [9].

The objective function is minimized according to the fol-
lowing assumptions.

1- The feeders are operated as radial feeders.
2- The protective equipment is completely coordinated. In

the case of changes in the capacity of generation units, network
configuration and network’s load, the protection setting should
be recalculated and re-tuned [20].

3- No installation of fuses in the main feeder allowed.

B. Constraints

This section presents economic and technical constraints
which are incorporated to the proposed mixed-integer non-
linear programming model. The sectionalizing switches and
CBs are expensive devices. Therefore, adding more switches
and protective devices in distribution system can increase the
UCR cost. The following economic constraints are defined to
limit the number of switches and protective devices which are
available to be installed in the case of budget limitation:

Nfr∑
fr=1

Ns∑
s=1

Xsfr ≤ Nas (19)

Nfr∑
fr=1

Nf∑
f=1

Yffr ≤ Naf (20)

Nfr∑
fr=1

Nc∑
c=1

Zcfr ≤ Nac (21)

The technical constraints are based on network config-
uration and utilities practices. In fact, in the case of in-
stalling a mandatory switch in a particular section, the re-
lated binary variable should be set to one. The following
constraints are defined to restrict the continuous decision
variable CDFijktfr(rij) based on the location and number of
switches and protective devices thanks to the switching time
of sectionalizing switches, actuation time of fuses, and repair
time of faulted equipment.

CDFijktfr(rij) ≥ CDFSwitchingijktfr × (1−Yffr)×Zcfr (22)

CDFijktfr(rij) ≥ [CDFRepairijktfr × (1−
sj∑
s=si

Xsfr)]

× (1− Yffr)× Zcfr

(23)

In fact, the CDFijktfr(rij) is a set of positive continuous
variables and depends on the location and number of installed
switches and protective devices. To show how the constraints
(22) and (23) can restrict the customer outage cost based on the
existence or in-existence of the switches and protective devices
between the contingency (fault) location and load points, a
simplified feeder shown in Fig. 3 consisting 2 line segments
(L1, L2) and 2 load points (LP1, LP2) is considered. There
is one possible location to install CB which is assumed that
Zcfr = 1 . Furthermore, there are three and two possible
locations to install sectionalizing switches (S1-S3) and fuses,
respectively. Also, because this test system has 2 line segments
and 2 transformers (T1 and T2), there are four possible fault
locations (fault in L1, L2, T1 and T2). Based on the (22)
and (23), for instance, if a fault occurs in transformer (T1)
which is connected to the load point 1 (LP1), the following
set of constraints can be defined to restrict the continuous
variables. Note that, CDFSwitchingijktfr and CDFRepairijktfr are the
fixed values and present CDF values related to the duration of
failure equal to the switching and repair times, respectively.
The LP1 is assumed to be residential, thus k and fr stand for
1.

CDF2111(r21) ≥ CDFSwitching2111 (24)

CDF2111(r21) ≥ CDFRepair2111 (25)

CDF2211(r22) ≥ CDFSwitching2211 × (1− Y11) (26)

CDF2211(r22) ≥ CDFRepair2211 × [1−X21 −X31]× (1− Y11)
(27)

IV. NUMERICAL EXAMPLE

A. Test System

The modified low voltage test network in this study is a
radial distribution network at Bus 4 of the RBTS, including
38 load points, 51, 38 and 7 possible sectionalizing switches,
fuses and CB locations, respectively [21]. The modified test
network without TS is presented in Fig. 4. The essential
reliability data, such as customer data, equipment failure data,
maximum and average load at each load point are provided
in [21]. The related fix costs associated with sectionalizing
switches and protective devices are presented in Table I [22].
The cost of maintenance for a switching device is considered
to be 2% of the cost of capital investment. The life time
of a switch device is presumed to be fifteen years [9]. The
reliability data of protective devices are taken from [3]. The
rate of load growth of the test network is considered to be 3%.
Furthermore, the related data of the customer damage function
are extracted from [13]. The proposed formulation performed
in the GAMS software and the branch-and reduce optimization
navigator (BARON) solver is used to work out on the problem.

Note that, the simulations performed on an Intel(R)
Core(TM) i5-2500 CPU@3.30GHz with 8 GBs of random-
access memory. The performance of the cascade correlation
neural network in terms of root-mean square (RMS) error
convergence was 0.9s for 12 epochs.
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TABLE I
SECTIONALIZING SWITCH AND PROTECTIVE DEVICE FIXED COSTS.

Device Cost($)
CB 6000

Automatic Switch 4700
Manual Switch 2500

Fuse 1500

LP11

F3

F2

F1

F7

F6

F5

F4

LP12 LP13
LP14

LP15 LP16
LP17

LP8 LP9 LP10

LP1 LP2 LP3
LP4

LP5
LP6

LP7

LP32 LP33
LP34

LP35 LP36
LP37

LP38

LP29 LP30 LP31

LP26 LP27 LP28

LP18
LP19

LP20
LP21

LP22 LP23
LP24

LP25

1

2

3

4

5

6
8

9
11

12

7 10

13 15 17

14 16 18

19

20

21

22 24
25

27 29
30

23 26 28

56 58 60 63 65

50 52 54

44 46 48

57 59
61

62 64
66

67

51 53 55

45 47 49

31 33 36 39 41

32
34

35
37

38 40
42

43

CB
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n
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t 
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4

Sectionalizing 

switch

Fuse
CB3

CB2

CB1

CB7

CB6

CB5

CB4

Fig. 4. Modified distribution test network (38 load points (LP), 51 section-
alizing switches, 38 fuses and 7 CBs).

B. Simulation Results

In order to proceed the proposed formulation on the test
network, different case studies are performed. In Case 1, CBs,
sectionalizing switches, and fuses are placed in all possible
sections, as the base case. The TCR value is 92.365 (k$/yr)
(including UCR= 44.008 (k$/yr) and CIC= 48.357 (k$/yr)).
This case might be good for the customers because of the
highest reliability level. But is not a desired option for the
utilities due to the higher cost. Thus, the optimal number of
protective devices is a tradeoff challenge for the utilities to
keep the reliability of the network at the reasonable levels
while meeting cost constrains. In Case 2, the optimal location
and number of manual switches and protective devices are
investigated. The value of TCR is 70.676 (k$/yr) which is
23.5% less than for the Case 1. The results obtained by the
proposed formulation suggest installing seven CBs and show
that the best locations to install CBs are the start section of
the main feeders (CB1-CB7), confirming the performance of
the proposed formulation. Note that the AAM cost model is
used to evaluate the above cases.

To have a more accurate reliability analysis, in Case 3,
the optimum location and number of manual sectionalizing

TABLE II
OPTIMAL SOLUTION RESULTS (CASE 2, 3)

Study Case Case 2 Case 3
Number of Switches 6 14

Location of Switches* 17B,26B,39B,48B 5E,10B,15B,17B,21B,26B,36B
54B,63B 39B,46B,48B,52B,54B,60B,63B

Number of Fuses 34 38
Number of CBs 7 7

TCR UCR 15.743 21.945
CIC 54.933 255.570

TCR (k$/yr) 70.676 277.515

* Every line section has two candidate locations for sectionalizing switch
installation which are shown as B for the beginning of a line section and
E for the end of a line section.

switches and protective equipments are evaluated by consid-
ering the PDM cost model. The comparison between Case 2
and 3 is depicted in Table II. The higher CDF is made by
the PDM result in the higher value for TC. Also the number
of switches and fuses are increased due to the higher CDF.
However, despite these higher values, the PDM cost model can
provide a more realistic reliability analysis [18]. The optimal
number of fuses in Case 3 is 38, and the proposed optimization
formulation suggests putting fuses in all possible locations
because of their lower cost compared to the cost of customer
outage.

The automatic protective devices and sectionalizing
switches can greatly enhanced the reliability of power dis-
tribution systems. The automated restorative service avoids
the required acting of manual switching schedule and can
provide a remarkable improvement in the reliability of the
system by reduction in the outage cost. Therefore, in Case 4,
the reliability worth of utilizing DAS in terms of automatic
sectionalizing switches (RWDAS) based on the TC is inves-
tigated. DAS in terms of automatic and remotely controlled
switches installation can provide benefits for the distribution
utilities. These benefits can be quantified in terms of reduction
on the customer outage duration and number of affected
customers during a fault by fast restoration of service to the
unfaulted parts of the network. To do this, as mentioned before,
the faulted part of the network needs to be isolated by remote
and automatic sectionalizing switches and the unfaulted parts
will be supplied by the main substation or alternative routes.
The RWDAS can be evaluated as follows:

RWDAS = TCR− TCRDAS (28)

where TCRDAS and TCR are the network TCR with and
without DAS, respectively. Note that, the PDM cost model is
used in this case.

The value of RWDAS, when comparing with Case 3, is
12 351 ($/yr) which is a major benefit for distribution utilities.
It can be seen that automatic switches can decrease the
objective functions (TCR and ECOST) despite the fact that the
higher number of installed switches is offered. On the other
hand, the more installed automatic switches provides more
reductions on the interruption time of customers, consequently
amending the objective functions and continuity of supply. By
inspecting the results, it is important to change the manual
switch devices with automatic devices to reduce the restoration
time which is a crucial measure to decrease the customer
outage costs. The detailed results of Case 4 are presented in
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TABLE III
OPTIMAL SOLUTION RESULTS (CASE 4)

Study Case Case 4
Number of Switches 15

Location of Switches 5B,10B,15B,17B,21B,26B,33E,36E
39B,41E,48B,52B,54B,60B,63B

Number of Fuses 38
Number of CBs 7

TCR (k$/yr) 265.164

TableIII. Furthermore, the program execution time for Case
4 is around 8.5 seconds, which is evident for this case. To
show the scalability of the proposed formulation, a distribution
network comprising 420 feeders is considered which has been
produced by replicating 60 times the distribution network
connected to bus 4 of the RBTS. In this case, the optimal
locations of protective and sectionalizing devices are the same
of Case 4. The optimal solution is achieved in approximately
410 seconds which shows the applicability of the proposed
formulation to the bigger system.

V. IMPACTS OF DG UNITS ON THE OPTIMAL SWITCH AND
PROTECTIVE DEVICE PLACEMENT

A. DG Model

The DG operated in distribution systems can be represented
by a two-state model where the generator has either full or zero
capacity (Fig. 5). Since the DG is normally defined as a small
generation unit (<15MW), the partial capacity state is ignored
in this paper. The partial capacity state is typically used for
generation units of 100MW or higher [23]. The forced outage
rate (FOR) and repair time of DG are assumed to be 0.01 and
44h, respectively [21]. It should be noted that, in the case of
active failure into the system, the DG should be disconnected
immediately. Once the faulty sections are isolated, the DG
supply the healthy parts of the system via operating in island
mode.

DG Up DG Down

dg

dg

Fig. 5. Two-state model for DG units.

The probability of availability and unavailability of the two-
state model for DG can be expressed by:

Pavailable =
µdg

λdg + µdg
(29)

Punavailable =
λdg

λdg + µdg
(30)

where λdg is the expected failure rate and µdg is the expected
repair rate of a DG unit.

B. Results

Location and capacity of DG units are important to improve
the quality of service in distribution networks [24], [25].
The level of improving depends on operation of DG systems

in island mode which is adopted in this paper. Islanding
will occur when a part of distribution network including DG
systems becomes electrically isolated to the rest of the network
and continues to be energized by the DGs. Island formation
would be successful in case that the DG systems can supply
the customer demand within the island. It is assumed that,
after forming the island, the customers within the island will
supply continuously with DG systems.

The probability of an island is given by [26]:

PIP = (

NLPf∑
j=1

(PGDG × PGLPj ))× (1− Pf ) (31)

where PGDG presents the DGs’ probability to generate power
greater than or equal to a certain level, PGLP presents a load
point’ probability to have a certain value, and Pf denotes as
the forced outage rate of a DG.

The major players in renewable energy generation are
photovoltaic, wind, fuel cell and biomass. The increase in fuel
price has prompted distribution network operators to invest
in renewable energy sources. In this paper, two DG systems
are considered including a diesel generator (2 MW output
rating) and two wind turbines (1 MW output rating each).
The output power probability function of the wind turbines,
network demands and reliability data of the DG units are
extracted from [27].

As the addition of DG units into the feeders supplying the
load points with high CDF and heavier load density would be
more useful to reduce the TC of the network, in Case 5, feeder
four (F4) is selected for adding a DG unit into the modified
test network. The optimal location and number of switches
and protective devices of Case 5 are presented in Table IV.
Note, the DAS and PDM cost model are considered in this
case.

The results demonstrate that introducing DG at the end of
feeder four can decrease the TCR by about $7 675 (k$/yr)
compared to Case 4. This is because of that the feeder four
consisting of commercial customers with slightly high CDF
and has the highest load demand of the entire test system.
As can be seen, 17 switches are selected to be placed in the
network by the proposed formulation. In fact, introducing DG
units can decrease the objective function effectively despite of
increasing in the number of installed switches. This is due to
the fact that the more installed switches can provide a greater
decrement of the customers interruption time.

To demonstrate how increasing in the number of DG units
can affect the optimum switch placement problem, the number
of introduced DG units in the system is considered to be varied
from one to seven. Table IV presents the proposed location
and number of switches and variation in TCR as the number
of added DG units is increased. It can be evidenced that the
number of sectionalizing switches increased as the number
of DGs increased. For instance, by adding seven DGs, the
proposed MINLP algorithm suggests to install eighteen more
switches compared to the Case 4. Therefore, adding more
switches enables a decrease of the customer outage cost and
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TABLE IV
NUMBER OF DGS IMPACT ON OPTIMAL LOCATION AND NUMBER OF SWITCHES

Number Location Number Location TCR
of DG of DG of Switches of Switches (k$/yr )

1 F4 17 5B,10B,15B,17B,21B,26B,33E,36B,36E 257.49039B,41E,46B,48B,52B,54B,60B,63B

2 F1,F4 20 3B,5B,7E,10B,10E,15B,17B,21B,26B,33E 236.60936B,36E,39B,41E,46B,48B,52B,54B,60B,63B

3 F1,F3,F4 22 3B,5B,7E,10B,10E,15B,17B,21B,23E,26B,28E 215.49533E,36B,36E,39B,41E,46B,48B,52B,54B,60B,63B

4 F1,F3,F4,F7 24 3B,5B,7E,10B,10E,15B,17B,21B,23E,26B,28E,33E 201.73536B,36E,39B,41E,46B,48B,52B,54B,58B,60E,63B,65E

5 F1,F3,F4,F6,F7 27 3B,5B,7E,10B,10E,15B,17B,21B,23E,26B,28E,33E,36B,36E 184.97339B,41E,46B,48B,50E,52B,52E,54B,54E,58B,60E,63B,65E

6 F1,F2,F3,F4,F6,F7 30 3B,5B,7E,10B,10E,13E,15B,15E,17B,17E,21B,23E,26B,28E,33E 169.46436B,36E,39B,41E,46B,48B,50E,52B,52E,54B,54E,58B,60E,63B,65E

7 F1,F2,F3,F4,F5,F6,F7 33 3B,5B,7E,10B,10E,13E,15B,15E,17B,17E,21B,23E,26B,28E,33E,36B,36E 156.46239B,41E,44E,46B,46E,48B,48E,50E,52B,52E,54B,54E,58B,60E,63B,65E

consequently reducing the objective function (TCR) relevant
to the solution.

VI. COMPARATIVE STUDY

To illustrate the benefits of the proposed mixed-integer
nonlinear programming (MINLP) formulation in this paper, a
comparison has been done with the other methods available in
the technical literatures [1], [2], [3], [4], [5], [7], [9], [10], [12],
[22] and [26] and the results are presented in Table VI. The
heuristic algorithms in most of the cases cannot provide the
accurate results due to exploring a limited region of the search
space while there is the possibility of getting stuck into a local
optimum solution [9] and [26]. However, parameter tuning and
lack of information in terms of the quality of solution are two
drawbacks of the heuristic methods, especially if the aim is to
provide a useful technique for a company. To find the exact
solution to the problem, mathematically optimizing methods
such as mixed integer linear programming, have proven to
attain the global optimal solution in a bounded number of
steps, besides providing an accurate and flexible model.

The reliability of a distribution system can directly affected
by customer outage duration. Since the outages are due to both
permanent and temporary faults therefore assuming the tempo-
rary faults in the proposed approach brought a more pragmatic
assessment of the customer reliability which was neglected in
some of the cited literatures. However, since the effects of
the interruption durations, load variations, equipments failure
rate and customer types and damage functions are associated
with the reliability through the ECOST index, the better
way to express the effects of customer interruption cost on
the reliability is using this index compare to the reliability
indices such as SAIDI, SAIFI, and ENS. Another important
factor which has a considerable effect on the reliability of a
distribution network is the customer outage cost. As mentioned
before it is difficult to assess the real values of the cost and for
this reason a PDM cost model based on the cascade correlation
neural network is proposed in this paper to provide a more
realistic assessment of the distribution systems reliability while
considering the dispersed nature of data in a specified group of
customers. Furthermore, as mentioned before DAS can bring

remarkable benefits to the distribution systems in terms of
improving reliability.

VII. CONCLUSION

This paper presented a formulation to identify the opti-
mal number, types and locations of protective devices and
sectionalizing switches in distribution networks. A MINLP
formulation has been performed to assess the effects of DAS in
improving the reliability indices of a distribution network. The
objective was to minimize the TC while installing the mini-
mum number of protective devices and switches. Furthermore,
to have a more accurate model for the reliability assessment,
which can provide better solutions to meet the utility practices,
the PDM interruption cost model is considered. The advan-
tages of the proposed formulation has been accredit in terms of
case studies on Bus 4 of the modified RBTS. Numerical results
have corroborated the efficient performance of the formulation.
Also, in the case of adding DG units, the effects of DAS
and the PDM on the optimal protective and switching devices
placement have been investigated and discussed.
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