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a b s t r a c t

This paper presents a new approach to solve the reconfiguration problem by a switching operation in order
to reduce the power loss of distribution systems. By using the proposed heuristic technique, based on the
direction of the branch power flows, a better network configuration is obtained. This reconfiguration
algorithm starts with a radial topologic by opening all tie switches. At each step, after a normally open
vailable online 27 May 2008

eywords:
econfiguration
euristics
istribution systems
witching operations

switch is closed, the heuristic procedure establishes the switching-options significantly reducing (in most
cases) the number of candidate branches to be opened within a loop. Finally, the choice of the most
effective switching-option for loss minimization is obtained from the calculation of a few power flows. The
solution procedure is illustrated on a simple example and several test systems used by others authors are
included to demonstrate the effectiveness of the proposed method. The results obtained are satisfactory
and show that the method is very robust, in spite of its simplicity.
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. Introduction

In distributions systems, switches are used for both protection,
o isolate a fault and for configuration management, to reconfigure
he network. The network reconfiguration can be oriented to dif-
erent objectives. Under normal operating conditions, the network
s reconfigured to reduce the losses of the system and/or to bal-
nce load in the feeders. While distribution systems are structurally
eshed, they are normally operated as radial networks; however,

hanging the state of network switches changes configuration dur-
ng operation.

As consumer demands vary with time, each type of load has a
ifferent time profile and each feeder serves a different set of loads,
hen the load pattern on each feeder varies constantly, and with a
ifferent variation on each feeder. The operating conditions change
an be used to minimize, or at least reduce the system losses by
econfiguring the system from time to time.

This would not only improve the operating conditions of the
ystem, but it would also be used in planning studies, service

estoration and distribution automation when remote-controlled
witches are employed.

Combinatorial nature of the non-linear and discrete problem,
ith large number of integer and continuous variables, has led

∗ Corresponding author. Tel.: +34 956 028 015; fax: +34 956 028 001.
E-mail addresses: juanandres.martin@uca.es (J.A. Martı́n), antonio.gil@uca.es
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esearchers to explore heuristic solution techniques, because they
an be easily implemented. As well as this, they also are suitable
or real-time applications. If it is intended to determine an optimal
olution, a method of discrete optimization can be used. Never-
heless, the time in computational resources is too high and thus,
mpractical. On the other hand, methods based on heuristic tech-
iques allow to find a viable solution with a limited requirement of
PU time, so they are more adequate to be used in on-line processes.
lthough, heuristic techniques are simpler and faster, in general,

hese methods converge to a local optimum and no convergence to
global optimum is guaranteed.

Merlin and Back [1] introduced the concept of distribution
ystem reconfiguration for system loss reduction. Later, several
econfiguration techniques for power loss reduction have been
roposed, which can be grouped into different categories: blend
ptimization and heuristic techniques [2–5], purely heuristic tech-
iques [6–8] and finally, techniques based on artificial intelligence
9,10].

Unlike Merlin and Back, Civanlar et al. [6] were the first to sug-
est a purely heuristic algorithm, based on a branch exchange, using
simple formula to determine if a particular switching operation
ould increase or reduce system losses.

A different method has been proposed by Baran and Wu [7] to
dentify the branches to be exchanged using a heuristic approach,
hich searches over relevant spanning trees systematically.
Based on the methods described above, several improved works

ave been suggested [11–14], which use either branch exchange
11,12] or sequential switch opening [13,14]. However, McDermott
t al. [8] proposed a heuristic constructive algorithm that starts

http://www.sciencedirect.com/science/journal/03787796
mailto:juanandres.martin@uca.es
mailto:antonio.gil@uca.es
dx.doi.org/10.1016/j.epsr.2008.04.001
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Fig. 1. Directed graph of a DC network. (a) Single loop network and (b) equivalent
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ith all manoeuvrable switches opened, and at each step a switch
s closed.

Recent works on distribution systems reconfiguration for loss
inimization, using heuristic algorithms are described in [15,16].
euristics are applied in most cases to reduce the number of

witching-options considered. Even so, approximate loss formulas,
inearized costs, and other simplifying assumptions are typically
sed to avoid repetitive solution of system load flows.

In this paper, an efficient method for solving the reconfigura-
ion problem in distribution systems under normal operation to
educe active losses is developed. This new heuristic approach is
ased on the direction of power flows through the branches of the
etwork, that is, it takes into account the direction of the real and
eactive power flowing in each line. Throughout this paper, the
iscussion will be focussed on feeder reconfiguration by closing
single tie switch and opening a single sectionalizing switch to

reserve radiality of the two feeders that are under consideration.
s only one loop at a time is considered, the switch to be opened

for opening the loop) can be selected properly every time because
t corresponds to the actual operating condition. At each step, the
euristic procedure establishes the switching-options significantly
educing (in most cases) the number of candidate branches to be
pened within the loop. The choice of the most effective switching-
ption for loss minimization is obtained from the calculation of a
ew power flows, however, it does not ensure that the total num-
er of power flow computations are minimized. The effectiveness
f the method is demonstrated by several test systems used by
thers authors in the technical literature, which provide strict test
onditions.

The contents of this paper are briefly outlined below. Section 2
resents the proposed heuristic technique. In Section 3, the algo-
ithm used to solve the reconfiguration problem is developed.
umerical examples are discussed in Section 4. Finally, the con-
lusions are exposed in Section 5.

. Proposed heuristic technique

Considering a direct current (DC) network with a loop, this one
an be represented by a directed graph based on the direction of
he branch power flows, as it is shown in Fig. 1a. It can be seen
hat only one load is supplied by two feeders, that is, only one node
f the directed graph has in degree equal to two (the number of
dges entering in this node is two). The goal is to find the radial
onfiguration that will cause minimum resistive line losses.

An equivalent radial network to the meshed can be obtained by
ividing the doubly fed load, as it is represented in Fig. 1b.

The above configuration is not allowed, although it is the radial
onfiguration that causes minimal losses. Note that is necessary
o break the node (breakpoint) into two end nodes, one for each
eeder, for obtaining that configuration. A switch must be opened
o restore the radial configuration. For this reason, as there is only
ne load in the loop which is fed by the two feeders, and it cannot
e partitioned, then it is clear that the breakpoint must be the end
ode of one feeder. In this way, the direction of the branch power
ows is the same both in the optimal radial network and in the

nitial meshed network. This significantly reduces the number of
elevant candidate branches for realistic networks, because only
wo candidates for each loop must be considered and they are the
ranches entering in the breakpoint.
The decision about whether the load is transferred to one or
nother feeder is made depending upon the obtained results from
he two radial network’s power flow solutions.

An alternating current network (AC) with a loop is considered
ow for generalizing the considerations previously exposed for a DC

e
r
t
t
t

adial network.

etwork. The main difference with regard to a DC network is that in
n AC network there are an active power flow and a reactive power
ow. To deal with this drawback, the branch power flows of the AC
etwork are represented by two directed graphs, one based on the
irection of the branch active power flows (P-directed graph), and
nother one based on the direction of the branch reactive power
ows (Q-directed graph), as it is shown in Fig. 2a and b, respectively.

It can be appreciated that two breakpoints appear: the P-
reakpoint (the node of the P-directed graph which has in degree
qual to two) in Fig. 2a and the Q-breakpoint (the node of the
-directed graph which has in degree equal to two) in Fig. 2b.

According to DC problem, the two branches entering in the P-
reakpoint will be the candidate branches to consider, and one of
hem will be the branch that minimizes the resistive line losses due
o active line currents. Just the same way, one of the two branches
ntering in the Q-breakpoint will be the branch that minimizes the
esistive line losses due to reactive line currents. Taking into account

hat the total resistive line losses in a network is equal to the sum of
he resistive line losses due to both active and reactive line currents,
hree different cases can be addressed.
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.1. Case I: P-breakpoint and Q-breakpoint are the same node

In this case, only two candidates for the loop must be considered
nd they are the branches entering in the breakpoint as it is shown
n Fig. 3. This is the most favourable case and it usually happens

hen realistic networks are considered.

.2. Case II: P-breakpoint and Q-breakpoint are different nodes

Now, the candidate branches are the collection of the follow-
ng branches, as it is shown in Fig. 4: the branches entering in
he P-breakpoint, {k − 2, k − 1}; the branches entering in the Q-
reakpoint, {k + 1, k + 2} and the branches of the path between the
wo breakpoints, {k − 1, k, k + 1}. So, in this case the set of candidate
ranches are {k − 2, k − 1, k, k + 1, k + 2}. Note that the path which
as not the root node has been chosen, because in the branches of
hat path the power flows have the opposite direction.
.3. Case III: multiple Q-breakpoints

In this particular case, the candidate branches are all those
etween the two extreme breakpoints in the path (which has not

ig. 2. Directed graphs of an AC network. (a) P-directed graph and (b) Q-directed
raph.

t
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t
i
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-

Fig. 3. P-breakpoint and Q-breakpoint are the same node.

he root node of the single loop), {k − 1, k, k + 1} and the branches
ntering in the extreme breakpoints {k − 2, k + 2}. So, in this case
he set of candidate branches are {k − 2, k − 1, k, k + 1, k + 2}, as it
s shown in Fig. 5. This case takes place when capacitor banks are
onnected to the system.

The following comments about the algorithm can be noted:

In cases I and II, it is not necessary to look for any loop in the net-
work, because only branches entering and between breakpoints
are considered. In these cases, it is only necessary to look for the
breakpoint, and this task is implemented using the branch-node
incidence matrix of the directed graph of the electrical network,
once the power flow has been solved. However, when the effects
of the shunt capacitors have not been neglected (case III) it is nec-

essary to look for the single loop in the system, in order to identify
the extreme breakpoints.
The ‘radiality’ and connectivity are always ensured, because the
candidate branches are in the loop.

Fig. 4. P-breakpoint and Q-breakpoint are different nodes.
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of consecutive times that the selected branch like the best solution
coincides with the branch that was closed to form the loop (value
of variable REPETITIONS), is shown in the seventh column. When
REPETITIONS is equal to 3 the algorithm stops as it is seen in Table 1.
Fig. 5. Multiple Q-breakpoints.

In cases II and III, the number of radial power flows calculations is
greater than in case I, because the number of candidate branches
is larger.

. Algorithm description and example system

The proposed algorithm starts from a radial network with k tie-
ines initially opened, it closes only one switch at a time to introduce
mesh in the system and it comes back to the radial configuration
y opening the same or a different switch of the loop depending
pon the results obtained.

The complete algorithm constitutes simply in making exchanges
mong each of the open switches and the corresponding candidate
ranches in the loop, which were identified in the above section.

An exchange operation is defined as the action to close an open
witch and to open a closed switch in the loop formed. For each
oop, the number of operations performed is equal to the number of
andidate branches. For each configuration thus obtained, the total
osses are determined. The configuration that has resulted in the
mallest losses is chosen. This iterative procedure is repeated until
he radial configuration obtained is the same k-times consecutively.

The steps of the algorithm are the following.

Step 1 Generate a LIST of k tie-lines initially opened and set REPE-
TITIONS equal to zero.
Step 2 Close next switch i of the LIST.
Step 3 Calculate a power flow, taking into account that all the loops
that are not being analysed remain radial, but are included in the
load flow solution. Obtain the P-breakpoint and Q-breakpoint. If
it is necessary (case III), look for the loop to identify the extreme
breakpoints. Finally, select the candidate branches.
Step 4 For each switch j of the candidate branches
- open switch j,
- calculate a radial power flow,
- determine and save the total losses in the network,
- close switch j.

Step 5 Open the switch m that has resulted in the smallest losses.
Step 6 If switch i is the same than switch m then REPETITIONS is
increased by one; if not, REPETITIONS is set to zero and the LIST is
updated (switch i = switch m).
s Research 78 (2008) 1953–1958

Step 7 If REPETITIONS is less than the length of the LIST (k) then
the algorithm returns to Step 2; if not, the process ends.

Consider the small distribution network of Fig. 6 found in the
iterature [4], consisting of three radial feeders connected at the
oot node, with 13 sectionalizing switches and three tie switches.
nitially, open switches are represented by dotted lines, and closed
witches by straight lines. It can be seen from Fig. 6 that the network
s initially configured radial with all tie switches open, which, if all
losed, can form three independent loops.

Now, the example distribution system in Fig. 6 is used to illus-
rate how the algorithm works.

Step 1 Initially, the open switches are s14, s15 and s16. So
LIST = {s14, s15, s16} and REPETITIONS is set to zero.
Step 2 The next switch, s14, is closed.
Step 3 A power flow and the breakpoints are calculated. In this
case, node 7 is the P-breakpoint and nodes 6 and 7 are the Q-
breakpoints. Thus, the candidate branches are: s5, s6 and s8.
Step 4 A radial power flow and the total power losses are calcu-
lated for each network configuration. If s5 is opened the losses
are 1.346886 MW. On the other hand, for s6 and s8 the losses are
0.707749 and 0.493154, respectively.
Step 5 Switch s8 is chosen to be opened because is the one that
provides the smallest losses in the system.
Step 6 REPETITIONS is set to zero because switch s8 is not the
switch that was closed in Step 2 and LIST is updated.
Step 7 As REPETITIONS = 0, then the procedure is repeated, starting
from Step 2 and with the updated LIST = {s8, s15, s16}.

In Table 1, the results obtained when the algorithm is executed
re shown. Results for each iteration of the algorithm appear in
ows, while in columns the information corresponding to each step
f the algorithm is represented. The radial configuration obtained
rom the previous iteration is shown in the second column. Initially,
t corresponds with all open tie-switches. In the following columns,
he branch to be closed so as to create a loop, the breakpoints
btained when closing the branch, candidate branches and their
orresponding losses are shown, respectively. Finally, the number
Fig. 6. 14-Bus test system.
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Table 1
Results of the iterative procedure for the network of Fig. 6

Iter. LIST Branch to close Breakpoint Candidate branches Losses (MW) Rep.

P Q

1
s14,
s15,
s16

s14 7
6,
7

s8 0.493154
0s6 0.707749

s5 1.346886

2
s8,
s15,
s16

s15 6 6
s7 0.466127

0s5 1.334326

3
s8,
s7,
s16

s16 5

2,
5,
11,
13

s16 0.466127

1

s4 0.479291
s13 0.492832
s12 0.524912
s3 0.531118
s10 0.697460
s1 0.975079

4
s8,
s7,
s16

s8 7
6,
7

s8 0.466127
2s6 0.705026

s5 1.180735

s8,
6

s7 0.466127
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5 s7,
s16

s7 6

ter.: iteration, Rep.: REPETITIONS.

In this example, the final radial configuration has already been
eached by the third iteration. The reason why more iterations are
ecessary is because a change in a loop alters the flow pattern in
he network.

The number of iterations that are necessary to get the result
s influenced by the order with which the meshes are consid-
red. The attained solution also is influenced by this matter. In
his aspect, simulations with different systems have been per-
ormed, changing the order of execution of the closing operations.
or each investigated system (considering different initial orders)
ifferent final solutions have been reached. The power loss reduc-
ions corresponding to these solutions are identical or very similar.
n this particular example, it has been found that the final con-
guration obtained is the same in all possible different initial
rders.

. Test results and discussion

In this section, four test cases are discussed using the networks
resented by Baran and Wu [7], Chiang and Jean-Jumeau [3], Das
10] and Su and Lee [17] and Su et al. [9]. The numbering of branches
nd nodes coincides with the numbering used in the aforemen-
ioned references. The proposed method was implemented using

ATLAB v 6.5. The CPU timings were obtained using an AMD Turion
4, 1.6 GHz computer with 1024 Mb of RAM.
For these test cases, the initial order chosen to form the loops has
een based upon the following criteria: switch having “minimum
ranch index” is closed first. In all test cases, it has been found that
he final configuration obtained is the same in all possible different
nitial orders.

4

a

able 2
esults provided by the proposed algorithm for the test systems

est system Initial losses (kW) Final losses (kW)

aran and Wu [7] 202.68 139.55
hiang and Jean-Jumeau [3] 20.88 9.43
as [10] 227.53 203.86
ue and Lee [17] 711.73 624.81
3s5 1.334326

.1. Baran and Wu test system [7]

This system has 33 buses, 37 branches and 5 tie-lines. The nor-
ally open switches are s33, s34, s35, s36 and s37. For this case,

he initial losses are 202.68 kW. The proposed heuristic procedure
pens branches s7, s9, s14, s32 and s37. With this configuration the
osses are 139.55 kW. This solution is identical to those obtained
y a number of approaches available in the technical literature.
able 2 shows the results obtained using the proposed method.
able 3 shows that the time taken by the procedure is only 0.41 s
nd it requires 38 load flow solutions. Of these solutions, 29 radial
ower flow solutions are required and it is only necessary to find
he power flow solution of 9 meshed networks with only one loop.

.2. Chiang and Jean-Jumeau test system [3]

This test system has 69 buses, 73 branches and 5 tie-lines. The
ormally open switches are s69, s70, s71, s72 and s73. For this case,
he initial losses are 20.88 kW using the system data given in [3,18].
he proposed heuristic procedure opens branches s14, s58, s61,
69 and s70. With this configuration the losses are 9.43 kW. This
olution has also produced the same efficient configuration when
ompared with a number of approaches available in the technical
iterature. Table 2 shows the results obtained using the proposed

ethod. In this case, the time taken by the procedure is only 0.69 s
nd it requires 58 load flow calculations, as it is shown in Table 3.
.3. Das test system [10]

This network is taken from Ref. [10]; it has 69 buses, 79 branches
nd 11 tie-lines. In the initial configuration the branches s69 to s79

Saving (%) Open switches

31.1 s7, s9, s14, s32, s37
54.8 s14, s58, s61, s69, s70
10.4 s13, s28, s45, s51, s67, s70, s73, s75, s76, s78, s79
12.0 s7, s13, s34, s39, s42, s55, s62, s72, s83, s86, s89, s90, s92
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Table 3
Test systems characteristics, load flows and CPU times

Test system Buses/loops No. of load flows CPU time (s)

Meshed Radial
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[

aran and Wu [7] 33/5 9 29 0.41
hiang and Jean-Jumeau [3] 69/5 15 43 0.69
as [10] 69/11 25 58 0.98
ue and Lee [17] 84/13 39 94 1.73

re opened. For this test, the initial losses are 227.53 kW. The con-
guration obtained by the proposed heuristic method has branches
13, s28, s45, s51, s67, s70, s73, s75, s76, s78 and s79 opened.

ith this configuration the losses are 203.86 kW. This solution has
roduced a better configuration when compared with the configu-
ation suggested by Das [10] (branches s14, s28, s39, s46, s51, s67,
70, s71, s73, s76 and s79 opened) whose losses are 205.07 kW.
able 2 shows the results obtained using the proposed method. It
an be seen from Table 3 that in this case, the time taken by the
rocedure is only 0.98 s and it requires 83 load flow calculations.

.4. Su and Lee test system [17] Su et al. [9]

This system is a practical distribution network of the Taiwan
ower Company (TPC). It is taken from Refs. [9,17], and it consists
f 11 feeders, 83 normally closed switches, and 13 normally open
witches (84 buses, 96 branches and 13 tie-lines). The original con-
guration has branches s84 to s96 opened. For this case, the initial

osses are 711.73 kW. The configuration obtained by the proposed
euristic method has branches s7, s13, s34, s39, s42, s55, s62, s72,
83, s86, s89, s90 and s92 opened. With this configuration the losses
re 624.81 kW. This solution has produced a better configuration
hen compared with the configuration suggested in Refs. [9,17]

branches s7, s13, s34, s39, s41, s55, s62, s72, s83, s86, s89, s90 and
92) whose losses are 626.45 kW. Table 2 shows the results obtained
sing the proposed method. In this case, the time taken by the pro-
edure is only 1.73 s and it requires 133 load flow calculations, as it
s shown in Table 3.

. Conclusion

A new heuristic algorithm has been presented in this paper in
rder to minimize the total power losses in distribution systems.
he proposed algorithm is based on the direction of the branch

ower flows. Several tests have been performed, and the results
ave shown that global or very close to global optimum solutions

or the system losses have been attained. These solutions have pro-
uced equal or more efficient configurations when compared with
number of approaches available in the technical literature.

[

[

s Research 78 (2008) 1953–1958

The simulations on several small size systems have proved the
easibility of the proposed approach. The obtained results are quite
ood and they encourage the implementation of the strategy on
arge size networks.
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