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a  b  s  t  r  a  c  t

For  maximizing  the  customer  satisfaction  and  retention,  improvement  of  service  reliability  is  a  major
concern  for  electric  utilities.  Service  reliability  can  be improved  by placing  switches  and  reclosers  at
appropriate  locations  in  the  distribution  system  so  that supply  from  the  main  substation  to  the  healthy
load  points  can  be  maintained  after  isolating  the faulted  section.  This  paper  presents  a formulation  for  an
optimal placement  of switches  and  reclosers  in  a  distribution  system  for maximizing  system  reliability
while  minimizing  the  associated  investment  and  outage  costs  considering  uncertainties  in  load  data,
system  failure and  repair  rates.  The  uncertainties  have  been  incorporated  in  the  formulation  using point
estimate  method  (PEM).  The  proposed  formulation  has  been  tested  on  13,  58  and  IEEE 123-bus  test
systems  using  differential  evolution  (DE)  and  mixed  integer  nonlinear  programming  (MINLP)  method.
The obtained  results  establish  the  effectiveness  of  the consideration  of  data  uncertainties  in  improving
the  distribution  system  reliability  and  maximizing  utilities’  profits.

© 2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

In a power grid, faults are more frequent in distribution sys-
tem as compared to other parts of the system leading to supply
interruptions of the customers [1]. For maximizing the customer
satisfaction and retention, improvement of service reliability while
minimizing the associated cost is a major concern for electric util-
ities. In distribution systems, switches and reclosers are primarily
used for the isolation of the faulted feeder section, network recon-
figuration and reliability improvement [2]. Service reliability can
be improved by placing switches and reclosers at appropriate loca-
tions in the distribution system so that healthy parts of the system
can be energised after isolating the faulted section of the system.

Therefore, for improving the service reliability, a strategy for
optimal placement of the switches and reclosers needs to be
evolved.

In the literature, studies have been carried out to investigate the
problem of optimal placement of switching devices in a distribu-
tion system. In [2] the problem of sectionalizing switch placement
problem has been solved using simulated annealing (SA) method
to find the optimal number and locations of the switches. In [3]
a graph-based switch placement scheme is proposed to support
the priority customers by single or multiple distributed generators
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in the event of faults. An immune algorithm (IA) based approach
is proposed in [4] for optimal switch placement in a distribution
system to minimize the investment and outage cost considering
different customer classes. A particle swarm optimization (PSO)
based three-state approach is presented in [5] to simultaneously
find the optimal number and locations of sectionalizer and breaker
switches in a distribution system. In [6] an ant colony optimiza-
tion (ACO) based methodology is proposed for optimal placement
of sectionalizing switches in a distribution system with distributed
generation (DG) to improve system reliability while minimizing
the cost of switches. Another ACO based multiobjective optimiza-
tion approach is presented in [7] for placement of switches and
protective devices in distribution system for reliability improve-
ment. In [8] a multiobjective switching device placement problem
has been solved using non-dominated sorting genetic algorithm
II (NSGA-II) considering DG unavailability, equipment cost and
network reliability with no island network operation. A mixed-
integer linear programming (MILP) based approach is proposed in
[9] for placement of sectionalizing switches in a distribution sys-
tem considering customer outage cost and the costs associated with
switch installation, operation and maintenance. Another method
to determine the optimal number and locations of sectionalizing
switches using MILP approach has been proposed in [10]. In this
work, the problem of switch placement in distribution network was
considered in the presence of DG for minimizing the total associ-
ated cost in order to achieve a specified level of reliability. In [11]
a PSO based multiobjective optimization problem is proposed for
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Fig. 1. Radial distribution system with 3 feeders and 3 load points with one switch
and  one recloser.

placement of switches in radial distribution system for minimizing
the number of customers not supplied (CNS). The developed algo-
rithm requires only the number of customers per load point and
network topology. However, this work does not use failure rates
and repair rates of the system components.

In all the above studies, a static loading condition has been con-
sidered. However, the switches and reclosers, once installed in the
distribution system, are expected to be in operation over a consid-
erable period of time, during which, the loading condition of the
system, failure rates and repair rates are likely to vary. Therefore,
there is a need for considering the uncertainties in the loading con-
ditions, failure rates and repair rates in optimal placement of the
switches and reclosers in a distribution system.

Towards this goal, in this paper, these uncertainties have been
incorporated in the problem of optimal placement of switches and
reclosers in a distribution system.

The paper is organized as follows: The basic concept of reliability
calculation in the presence of switches and reclosers is explained in
Section 2. The proposed problem formulation is explained in Sec-
tion 3. Procedure for incorporating the uncertainties using three
point estimate method (3PEM) is presented in Section 4. Results
obtained are presented in Section 5 and the final conclusions are
drawn in Section 6.

2. Distribution system reliability calculation with switches
and reclosers

The reliability of a distribution system is assessed by evaluating
the adequacy of supply at the customer load point. In practice the
basic indices used are [12,13]: (a) average failure rate (�) f/yr, (b)
average outage duration (r) h/failure and, (c) average annual outage
time (U) h/yr.

The procedure for calculating the average load point reliability
indices in the presence of reclosers and switches in a distribution
system is explained next.

Consider the case of a distribution system protected by a circuit
breaker (CB) at the feed point, a recloser in the ith segment and a
switch in the jth segment. For a fault in the ith feeder and other
downstream feeders, the recloser will open instead of the circuit
breaker (CB) to interrupt the fault current. As a consequence, all
the loads upstream to ith feeder segment will not experience any
interruption. Hence, interruption rate (�) for these loads is set equal
to 0 and for all the loads downstream to ith faulted segment, the
interruption rate is set equal to ‘�i’ (the failure rate of ith segment).
For faults in the jth segment and other downstream segments, all
feeders upstream to jth segment will have an interruption time
equal to the isolation time corresponding to the faulted segment,
while the loads downstream to jth switch will have an interruption
time equal to the repair time of the faulted segment.

For example, in Fig. 1, for faults in segment F2 and F3, load L1 will
not experience any supply interruption as the fault will be cleared
by opening of the recloser and ‘�’ will be zero for L1. For faults
in F2 and F3, loads L2 and L3 will have an interruption rate equal

to the interruption rate of the faulted feeder. Further, for a fault
in F3, recloser will open to interrupt the fault and switch SW will
be opened afterwards to isolate the faulted segment. Recloser will
then be closed to resume supply to L2. The interruption time of L2
will now be equal to the isolation time ‘riso,3’. Supply to L3 will be
resumed only after the repairs are completed, i.e. after ‘r3’ hours.

Let XR,i and XS,i be the binary variables representing recloser and
switch respectively in line i. Also, let

XR,i/XS,i = 0, if a recloser/switch is connected in line i

= 1, if a recloser/switch is not connected in line i

For the system shown in Fig. 1, for calculation of the equivalent ‘�’
and ‘r’, first bus-injection to branch-current (BIBC) matrix is formed
following the procedure given in [14]. The [BIBC] matrix contains
values of 0 and 1 only.

If bibc(i, j) = 1, it implies that jth load is downstream of ith feeder,
where, bibc(i, j) denotes the (i, j)th element of the [BIBC] matrix.
Therefore, failure of ith feeder will result in outage of jth load and
the supply can be resumed only after the feeder is repaired. Hence,
the failure rate (�i,j) and repair time (ri,j) of jth load due to failure
of ith feeder can be written as,

�i, j = �i

ri,j = ri

(1)

If bibc(i, j) = 0, it implies that jth load is upstream of ith feeder.
Therefore, placement of reclosers/switches will help in isolating
the faulted ith feeder, thereby, improving the availability of supply
at jth load. Hence, the failure rate (�i,j) and repair time (ri,j) of jth
load due to failure of ith feeder can be written as,

�i, j = �i

∏
k�F(i,j)

XR,k

ri,j = ri

∏
k�F(i,j)

XS,k + riso,i

⎛
⎝1 −

∏
k�F(i,j)

XS,k

⎞
⎠ (2)

where,

F(i, j) = Path(1,  i) ∩ Path(j, i) (3)

Further, Path(1, i) is the path from root node to ith feeder including
ith feeder and Path(j, i) is the path from jth node to ith feeder includ-
ing ith feeder. F(i, j) is the feeder sections common to paths Path(1,
i) and Path(j, i).

Following the above procedure, the calculated values of equiv-
alent ‘�’ and ‘r’ for the network shown in Fig. 1 are given in Table 1.
In this system, feeder segment F2 has a recloser and feeder segment
F3 has a switch. Hence,

XR,1 = XR,3 = 1, XR,2 = 0
XS,1 = XS,2 = 1, XS,3 = 0

The [BIBC] matrix for this network is given below,

(4)

Using the elements of [BIBC] matrix, Eq. (2) and the values of XR,i
and XS,i, the values of ‘�’ and ‘r’ for the system are given in Table 2.
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