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Reconfiguration of distribution system with distributed
generation using an adaptive loop approach

Darko Šošić, Predrag Stefanov
∗

A new concept of switches selection in the meta-heuristic optimization process of optimal distribution network recon-
figuration has been proposed. Based on the adaptive set of selectable candidates, the proposed concept determines the
switch status. This approach prevents the creation of unfeasible solutions (non-radial and unconnected configurations), and
significantly reducing the number of searches and accelerating the optimization process. Unfeasible solutions, created by
meta-heuristic optimization rules, can be corrected by means of the proposed adaptive loop concept. The correct parts of the
unfeasible solution are retained, while only the defective parts are replaced by the adaptively formed loops from the currently
available conditions that respect the correct switching operations. In this way, the basic characteristics of the optimization
process have been retained to the greatest possible extent. Tests were performed on a two different size standard distribution
networks.
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1 Introduction

The reconfiguration of the distribution network is one
of the most important management functions that opti-
mize the operation of distribution networks. Optimal re-
configuration ensures optimal status of switching devices
from the aspect of different, user-defined optimization cri-
teria. These optimization criteria are usually related to
minimizing the loss of real power in distribution network,
balancing the load on branches of network, and reliability
indices of consumers supply. The optimal solution must
fulfil the thermal limitations related to the elements of
the distribution network, as well as provide the appropri-
ate voltage for all consumers. A radial configuration of
the distribution network is preferred in order to facilitate
the easy adjustment of relay protection and regulation de-
vices, irrespective of the presence or absence of connected
distributed sources.

As such, the reconfiguration problem is classified as
a mixed integer/binary nonlinear non-differentiable con-
strained optimization problem. Instead of the classical op-
timization algorithms [1, 2], a series of heuristic methods
have been proposed to solve this problem [3–6]. In [6] a
new heuristic approach is proposed for reconfiguration of
a distribution network in the presence of distributed gen-
eration. The heuristic algorithms are very fast to solve
the reconfiguration problem and are appropriate for real
time distribution automation. However, the solutions of
heuristic methods strongly depend on the initial config-
uration of the network. While on the other hand, meta-
heuristic methods enable better, spread search of the so-

lution space and, depending on the applied method, they
can find solution that is close enough to the global opti-
mum. Therefore, meta-heuristic methods have been used
more frequently in recent years for solving this problem:
ant colony algorithm [7], gray wolf optimizer [8], parti-
cle swarm optimization [9], cuckoo search algorithm [10],
genetic algorithm [11], etc. In addition to meta-heuristic
methods, in recent years, the number of papers utilizing
other artificial intelligence tools such as fuzzy logic and
clustering algorithms [12, 13] has also increased. In [14],
the authors proposed parallel-based genetic algorithm
for network reconfiguration in power system planning
whereas in [15], they put forward a mixed approach of
heuristic and meta-heuristic method. A method for load
restoration after natural disasters considering coordina-
tion of system reconfiguration and creation of separate
microgrids using mixed-integer second-order cone pro-
gramming was proposed in [16]. These methods were used
in single-criterion or multi-objective optimization algo-
rithms. In [17], the fast NSGA was used for minimization
of real power losses thereby improving voltage profile and
load balancing index with minimum switching operations.
Hybrid optimization algorithm combining the concept of
fuzzy Pareto dominance with shuffled frog leaping algo-
rithm aimed at recognizing optimal non-dominated solu-
tions is presented in [18]. A multi-objective gravitational
search algorithm for distribution feeder reconfiguration
with distributed generators was proposed in [19]. Af-
ter solving multi-objective problem and obtaining Pareto
front, the most preferred solution is chosen using a fuzzy
decision-making tool.
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Although these methods focus on the problems of cri-
terion function non-differentiability and the premature
stopping in local optimum, new problems are encoun-
tered since they are mostly combinatorial methods by de-
fault. These problems are mainly associated with a large
number of searches, and with a significant number of dis-
carded unfeasible solutions. The reason for solution re-
jection can be violation of the allowed limits of control
variables (real numbers), or creation of non-radial or un-
connected configurations (integer/binary numbers). Con-
sequently, this creates space for further improvement of
these methods.

Regardless of the optimization methods in many of
the above-mentioned papers the fundamental loop con-
cept was used [20]. Fundamental loops are used to reduce
the number of created unfeasible solutions. This concept
represents a major advancement regarding binary cod-
ing [21], but there is a serious deficiency that is reflected
in the possibility of forming islands or unconnected parts
of the network. If an unfeasible solution is generated dur-
ing an optimization process, it is discarded and the new
one is created instead. This is the main reason why a
new approach of branch coding has been proposed in this
paper, and it has been dubbed the adaptive loop concept.

Based on the fundamental loop concept, the proposed
procedure determines the solutions based on the adap-
tive selection of loops. In other words, aimed at ensuring
the radial structure of network, a selection of switches
is being performed successively for each control variable
thus preventing the creation of an unconnected network.
This greatly reduces the number of searches and accel-
erates the process of generating the population. It is
possible to correct unfeasible solutions that are created
with meta-heuristic optimization rules by utilizing the
proposed adaptive loop concept. Furthermore, with this
concept, from every unfeasible solution, the maximum of
correct data is extracted, and only the bad data set is cor-
rected. In this way, the obtained corrected solution is the
closest to the considered unfeasible solution, by which the
basic characteristics of the selected optimization process
remain unchanged. Therefore, using the adaptive loop
concept prevents rejection of irregular solutions that are
generated using the operators of optimization algorithm.
The total calculation time decrease is exactly what occurs
caused by this, since the corrected solution is compared
with the already existing solution in the “knockout” se-
lection stage and, therefore, only better one goes to the
next population.

In distribution network real-time measurements are
limited and network observability is not achieved unless
pseudo measurements are used. Pseudo measurements of
active and reactive power injections and consumptions
are based on forecasted and historical data. According
to [22], methods for load forecasting can be determinis-
tic and probabilistic, depending on chosen level of uncer-
tainty. In this paper, probabilistic fuzzy representation of
power injections and consumptions are used. For these
reasons, the authors used the previously developed fuzzy
load flow [23].

Adaptive loop concept has been implemented and
tested by means Differential Evolution (DE) [24], which
proved to be an excellent choice when solving some other
power systems problems [25, 26]. The testing of the opti-
mization process was carried out on the two standard test
distribution networks (IEEE 33 and 119-bus system) with
controllable switches in all branches. The reduction of real
power losses in the network with/without distributed pro-
duction is considered in proposed algorithm.

After the introductory considerations in which the lit-
erature has been reviewed and the main idea of this paper
presented, we propose the general formulation of the opti-
mization problem of distribution network reconfiguration,
focusing on the concept of adaptive loops for the creation
of the initial population and the correction of unfeasi-
ble solutions. After the applied optimization algorithm is
described we give a complete overview of the used opti-
mization and present the simulation results of proposed
method on IEEE 33-bus and IEEE 119-bus test systems.

2 Mathematical problem

The optimal reconfiguration provides status of distri-
bution network switching equipment in terms of different
optimization criteria. In order to create a connected radial
configuration of the distribution network with the optimal
value of the considered criteria function, it is necessary
to find a set of control variables related to switching ele-
ments status that need to be opened in a given operating
mode (or in a certain time interval) in this process. In or-
der to simplify presentation of the proposed algorithm a
static problem is considered, related to a single operating
regime with a given load and production. In this paper,
the reduction of real power losses is considered

F = min

Nb
∑

i=1

RiJ
2
i

where Ri is resistance of the i -th branch, Nb is the num-
ber of branches of the observed distribution network, Ji
represents the current that flow through the i -th branch.

2.1 Constraints

The generated distribution network configuration must
overcome the imposed topological and operational con-
straints that system operator has to consider when mod-
ifying the distribution network. These constraints are
current flow limits through branches, voltage deviation
limits, network connectivity and radial operation. The
last stated constraint occurs due to technical reasons,
such as voltage regulation and simplification of protec-
tion schemes. The feasible solutions are those that fulfil
the next set of constraints:

1) Power flow equations as equality constraints

Ji = Ii +
∑

q∈α

Jq . (1)
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2) Branch capacity constraints

|Ji,min| ≤ |Ji| ≤ |Ji,max| , i = 1, . . . , Nb . (2)

3) Node voltage constraints

|Vj,min| ≤ |Vj | ≤ |Vj,max| , j = 1, . . . , Nbus . (3)

4) All buses are supplied

loop(A) = 0 . (4)

5) Radial network structure is maintained [8]

det(A1) = 1 or − 1 . (5)

Above, Ii is load current in the receiving node of the i -
th branch, α is the set of all downstream branches that
are connected to the i -th node, Ji,min and Ji,max are
lower and upper limit of the line current of i -th branch,
respectively. Vj is voltage of j -th bus, while Vj,min and
Vj,max are lower and upper limit of j -th bus voltage, re-
spectively. A is connection matrix which has one row for
each branch and one column for each node. In this ma-
trix if branch i is directed from node j , element Aij is
equal to 1, and if it is directed toward node j , element
Aij is equal to −1, otherwise element Aij is zero. The
loop is iterative function that examines if the considered
network is connected. In each iteration this function cal-
culates absolute sum of each element of a corresponding
column in matrix A , and nodes whose sum is equal to 1
determine which branch (row) will be removed from the
matrix A [8]. The iterative procedure ends when there
are no more nodes whose sum is equal to 1. There are two
possible outputs from the loop function. In the first case,
matrix A is not empty and the remaining branches form
a loop, while in the other case an empty set indicates that
the network is connected. Since there is Nb = Nbus − 1
branches in the network, if there is a loop in a network,
one node is left without supply. A1 is connection matrix,
which is the same as matrix A where the first column
corresponding to the reference node in the network is re-
moved.

3 Adaptive loop concepts

In the optimal reconfiguration problem, the number
of control variables is equal with the number of switch-
ing elements. By simultaneously changing the status of
switching elements, the network configuration changes in
order to optimize the criteria function. Developed heuris-
tic methods generally allow changing the status of only
one pair of switching elements [4, 27]. Using this proce-
dure, the created solution is very dependent on the initial
state of the distribution network and generally does not
allow finding of global optimum. Simultaneous consider-
ation of many switching actions makes the reconfigura-
tion problem extremely difficult, which was the reason for
the introduction of meta-heuristic methods in solving this

problem. The necessity of creating a radial structure and
supply of all consumers further complicates this problem,
since in many cases the configurations that have loops or
unconnected customers could be created.

Great progress in this area has been achieved by apply-
ing the fundamental loops concept [20]. Assuming, that
an available switching device exists in each branch of the
distribution network, the number of control variables has
been reduced to the number of independent – fundamen-
tal loops of the network formed according to the positions
of normally open switches in the initial configuration. The
possibility of switch status change is related to determi-
nation of their belonging to individual fundamental loop.
Since some branches belong to one or more fundamental
loops, the choice of control variables is not independent,
as is usually adopted in the application of this concept.
However, this does not prevent the possibility of forming
islands or isolating a group of consumers. Additionally,
this is the main disadvantage of this approach. Generated
unfeasible solutions are then rejected and the procedure
is repeated until a feasible solution has been obtained.

With the adaptive loop concept solutions with loops
or unconnected configuration of distribution network are
avoided. The choice of control variables is related to the
successive analysis of the loops that change depending on
the variables chosen up to then. This procedure can be
used in the initial population formation as well as the un-
feasible solution correction obtained using the optimiza-
tion operator. A detailed overview of the necessary steps
for these two cases is given in the following sections.

3.1 Creation of the initial population

As stated above, sets of branches are not unchange-
able. Yet, they change with every change in the network
configuration. In order to simplify the explanation of the
adaptive loops concept, the distribution network config-
uration will be represented by an oriented graph. The
direction of the oriented branch goes from the sending
end to the receiving end, ie it coincides with the nat-
ural power flow of the radial distribution networks and
is uniquely determined for each feasible configuration. In
addition, two operators “←” and “→” have been intro-
duced, which are used to define the search direction and to
collect the allowed candidates for individual control vari-
ables. The first operator “←” indicates that the search
and the addition of a branch into the corresponding set is
done in opposite direction from the orientation of the net-
work branches, while the other operator “→” indicates
that the search is done in the same direction.

Each solution a is defined by a vector of control vari-
ables ta . Elements of this vector, ta = [ta1, ..., tae] , are
the indexes of those network branches in which switching
equipment is in the normally open state. All other switch-
ing elements are in the closed position. In order to enable
the radial configuration, the length of the control vector
is determined by the number of the fundamental loops of
the network – e . The algorithm for creating the initial
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Fig. 1. Flowchart of the algorithms: (a) – creation of the initial population, (b) – correction of unfeasible solutions, (c) – proposed
optimization algorithm

population elements using the adaptive loop concept is
described in the following steps:

• Select an arbitrarily feasible solution t0 that will serve
to initialize the iterative process. A set of possible
values of the k -th control variable is a set of branch
indexes that can be switched off in order to preserve
the radial structure when the t0k switch is closed. This
set is labelled with Lck , and its formation is described
below.

• Add all branch indexes on the path from the sending
(receiving) end of the branch t0k , using the operator
“←”, to the set Lsk(Lrk).

• Form a set of candidates Lck , using a relation

Lck = {t0k}+ (Lsk
⋃

Lrk) \ (Lsk
⋂

Lrk). (6)

Branches corresponding to this set constitute an adap-
tive loop.

• Arbitrarily choose one branch of set Lck to be switched
off (twk).

• Close the t0k switch, open the twk switch, and reorient
the graph.

• If k < e go back to step 2, otherwise proceed to the
next step.

• Assign the vector t0 an arbitrarily chosen solution
from the already formed initial population and con-
tinue the process of creating it.

The described procedure is repeated Np times. Fig-
ure 1(a) shows the flowchart of this algorithm. The pro-
posed algorithm for creating the initial population is il-
lustrated on the distribution network shown in Fig. 2(a),
with three fundamental loops. Red dashed lines repre-
sent the branches with tie switches. In further analy-
sis, it has been assumed that the vector t0 consists of
the following elements t0 = [13, 14, 15], yellow dashed
lines in Fig. 2(b). Assuming that in each branch there is
a switching device, three sets of fundamental loops are
L1 = [2, 3, 4, 7, 13], green contour in Fig. 2(b), L2 =
[3, 4, 5, 6, 10, 11, 14], brown dashed contour in Fig. 2(b),
and L3 = [2, 7, 8, 9, 10, 11, 12, 15], blue dashed contour in
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Fig. 2. Fundamental loop concept: (a) – example of distribution network, (b) – fundamental loops; selection of control variables
(c) – the first, (d) – the second

Fig. 3. Creation of the initial population: adaptive loop for control variable (a) – the first, (b) – the second, (c) – the third, and
(d) – a feasible solution

Fig. 2(b). It is noted that there are several branches that
belong to more than one fundamental loop, and in the
case of independent searches double choice of the same
branch is not prevented, which leads to forming an un-
feasible configuration with unconnected parts of the sys-
tem. For example, by selecting a third element from the
first fundamental loop (L13 = 4), Fig. 2(c), and the first
element from the second fundamental loop (L21 = 3),
Fig. 2(d), an unfeasible solution is created regardless of
the choice of the third control variable, since one node of
the network remained unconnected.

When applying the adaptive loop concept let us as-
sume that for the first control variable the same value, as
is the case in the previous example, is assigned (tw1 =
L13 = 4). This means that the switch in branch 13 is
closed and the switch in branch 4 is open, Fig. 3(a).

After the reorientation of the graph, for the branch
t02 = 14 the path to the supply bus is formed, ie the
sets Ls2 and Lr2 are filled. Since operator “←” is used,
it is necessary to find the shortest path from both ends
of the open branch to the supply bus. Starting from the
sending end, green dot in Fig. 3(b), and receiving end,
brown dot in Fig. 3(b), the following sets of branches is
obtained Ls2 = [6, 5, 13, 7, 1], black contour in Fig. 3(b),
and Lr2 = [11, 10, 2, 1], gray contour in Fig. 3(b). Apply-
ing (6), a set of allowed values for second control vari-
able (tw2) is created, Lc2 = [2, 5, 6, 7, 10, 11, 13, 14], red
dashed contour in Fig. 3(b). In order to preserve the ra-
dial structure, it is necessary to close the switch t02 = 14
and open the switch on an arbitrary selected branch from
the set Lc2 . Let the sixth allowed value from the Lc2

be selected for the second control variable (by random
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selection), ie tw2 = 11. After the reorientation of the
graph, Fig. 3(c), the described procedure should be re-
peated for the last control variable. The elements of the
set Ls3 are [9, 8, 7, 1], while the elements of the set Lr3

are [12, 14, 6, 5, 13, 7, 1]. Applying (6), a set Lc3 , the el-
ements of which are [5, 6, 8, 9, 12, 13, 14, 15], is created.
Closing the switch in branch number 15 and selecting any
allowed value for the third control variable, a connected
radial network is created at which further optimization
calculations can be made. Assume that the value of 1 is
obtained using a random number generator. In this case,
the vector of the control variables has the following ele-
ments ta = [4, 11, 5], Fig. 3(d).

As has been shown, it is necessary to create a new set
of allowed elements for each control variable while access-
ing adaptive loops. This additional search slows down the
process of creating the initial population, but time savings
are achieved by making each created solution feasible. Us-
ing the fundamental loop concept, the initial process will
be repeated more times compared to the proposed con-
cept because there is no possibility of preventing the cre-
ation of a solution that does not have a radial structure.

3.2 Correction of unfeasible solutions

Operator rules of selected meta-heuristic algorithm
can create an unfeasible solution. In order to avoid the
rejection of such solution, it is necessary to correct it,
while, simultaneously, it is desirable to keep as many com-
ponents of that solution as possible. Before correction, it
is necessary to determine the “good” and “bad” control
variables of the observed vector. The adaptive loop con-
cept can be used for this purpose.

Suppose it is necessary to check the feasibility of the
vector ua = [ua1, . . . , uae] . The parent of the generated
vector, xa , is used to verify the feasibility of the vector
ua . The orientation of the graph is based on the base
state, u0 = xa . The iterative procedure involves a suc-
cessive analysis of each control variable.

(1) If the k -th control variable is identical to an already
considered one in the same vector, such a control
variable is declared unacceptable and its replacement
is required, otherwise proceed to the next step.

(2) Using the operator “→” the Rkm set is filled with
downstream branches starting from receiving end of
disconnected branch. In this case, due to branching
of the network, there are several possible paths that
need to be checked:

• If at the end of any path, obtained by searching with
the operator “→”, there is a branch corresponding
to a control variable j from the vector u0 , the search
process continues from the branch u0j using the oper-
ator “←”. If any such formed path ends in the supply
bus of the network, the control variable is declared
acceptable, otherwise such variable is declared unac-
ceptable. Whenever a decision variable is confirmed
by the adaptive loop concept as acceptable, it is nec-
essary to open the switch uak and close the switch

u0j , and the new orientation of the graph should be
determined.

• If the ends of the downstream paths, created by
the operator “→”, does not continue to one of the
branches defined by the control variables of vector
u0 , such variable is declared unacceptable.

(3) If k < e go back to step 1.

(4) In the case of unacceptable variables, replace them
with acceptable solutions using the procedure for
creating the initial population. In this procedure,
good variable dictates the network configuration from
which the repair process begins.

The described process can better be understood by
example. Assume that the vector u0 = x0 = [13, 14, 15]
is chosen for the parent. Also, assume that the vector
ua = [3, 4, 11] is created using the optimization operator
rules. As can be seen from previous, this combination of
branch exclusion is unacceptable. The verification process
begins with the first control variable ua1 = 3. Since in
this solution there are no identical variables the verifica-
tion of each variable is reduced to the use of step 2 of the
described algorithm. The path set Rkm is filled using
the operator “→”, where k represents a regular num-
ber of control variables and m the number of possible
paths. In this case, two paths are created R11 = [4, 5, 6]
and R12 = [4]. The first path, R11 , can be continued
with a branch u02 = 14, while the second path, R12 , is
continued by the branch u01 = 13. The search process
continues from branch u02 (arbitrarily selected) using
operator “←”. The vector R11 receives the final form
R11 = [4, 5, 6, 14, 11, 10, 2, 1], Fig. 4(a). Since the path
ends in the supply bus, the first control variable is de-
clared acceptable. After closing the switch in branch 14
and opening the switch in branch 3 it is necessary to re-
orient the graph of the observed distribution network (red
arrows with a star indicate a change in the power flow due
to the disconnection of the branch), Fig. 4.

After this, the process is continued by verifying sec-
ond control variable, ua2 . By turning off the switches in
the branch ua2 , it is not possible to form the requested
path R21 , Fig. 4(b). Therefore, the second control vari-
able is declared unacceptable and the verification pro-
cess is continued by examining the last (third) control
variable. Sets obtained using the operator “→” are now
R31 = [14] (the branch u02 = 14 has changed status
when checking the first variable), whose path is contin-
ued by branch u01 = 13 and R32 = [12] which con-
tinues with branch u03 = 15. The search process con-
tinues from branch u03 (arbitrarily selected) using op-
erator “←”. The path set R32 receives the final form
R32 = [12, 15, 9, 8, 7, 1], Fig. 4(c). Since the path ends in
the supply bus, this control variable is also declared as
acceptable.

After opening the switch in branch 11 with the closing
of the switch in branch 15 and the corresponding reorien-
tation of the graph, the control variable ua2 can be cor-
rected. Starting from the ends of branch 13 (in this case
corresponding to the only unused variable of vector u0 ),
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Fig. 4. Validation of generated solution control variables: (a) – the first, (b) – the second, (c) – the third, and (d) – correction of
unacceptable control variable

the sets Ls2 = [7, 1] and Lr2 = [5, 6, 14, 12, 15, 9, 8, 7, 1]
are created. Applying (6), a set of allowed candidates for
second control variable, Lc2 = [5, 6, 8, 9, 12, 13, 14, 15], is
obtained, Fig. 4(d). The selection of the switch that will
be turned off is made using the random number generator.
Assume that the value of 2 is obtained using a random
number generator. In this case, the vector of the control
variables has the following elements ua = [3, 6, 11].

4 Optimization algorithm

The described adaptive loop concept can be applied
to any meta-heuristic optimization algorithm. In the pro-
posed optimization algorithm, the distribution network
reconfiguration is solved using the DE algorithm because
of its reliability and versatility [24].

Like all evolutionary methods, DE works with a pop-
ulation of vectors that represent potential solutions to
the observed problem. This optimization method has only
a few control variables (mutation and crossover factors)
which can remain fixed throughout the entire optimiza-
tion procedure. In the context of the problem considered
in this paper, it is not possible to apply the classical DE
since it works with real numbers. Rather, it is necessary
to work with a modified version [26] that works with in-
tegers. The basic algorithm operations are initialization,
mutation, crossover, selection and evaluation.

The control variables are directly coded as integer
values within its corresponding bounds. The initializa-
tion process can generate Np , individuals randomly, and
should try to cover the entire search space uniformly in
the form

Xp(0) = round
(

X
L
p + rm (XU

p −X
L
p )

)

, p = 1, . . . , Np ,

where, r is a random number in the range [0, 1], XL and

X
U are lower and upper bound of control variable, and

round is a function that rounds the real number to the
nearest integer.

A mutant individual is generated according to

Vp(t+ 1) = Xr1(t) + round
(

Fm

(

Xr2(t)−Xr3(t)
))

,

p = 1, . . . , Np ,

where random indices r1, r2, r3 , ∈ [1, . . . , Np] are integer
and mutually different. The mutation factor, Fm , is a
constant and has to be set by the user.

While the population diversity is small, the candidate
individuals will rapidly gather together so that the indi-
viduals cannot be further improved, which may result in
a premature convergence. Aimed at increasing the local
diversity of the mutant individuals, a binomial crossover
is introduced. In the crossover operation, each gene of the
i -th individual is reproduced from the mutant vectors and
the current individual, where the crossover factor, Cr , is
a constant and has to be set by the user, and zrand ran-
domly selected the parameter which might take values
from the range [1, e]

upz(t+ 1) =

{

xpz(t) rm > Cr ,

vpz(t+ 1) rm ≤ Cr ∨ z = zrand .

In DE, each population vector is crossed with a randomly
generated mutant vector. Since the current population of
vectors already satisfies all bound constraints, only contri-
butions from mutant vectors (Vp) potentially violate pa-
rameter limits. Consequently, bounds need to be checked
only when a mutant parameter is selected for the target
vector (upz) . In this paper, the bounce-back method for
bounds correction was used. This method replaces a vec-
tor that has exceeded one or more of its bounds by a valid
vector that satisfies all boundary constraints. This strat-
egy takes the progress toward the optimum into account
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by selecting a parameter value that lies between the base
parameter value (Xr1) and the bound being violated. As
the population moves toward its bounds, the bounce-back
method generates vectors that will be located even closer
to the bounds [24].

The evaluation function of an offspring is one-to-one
“knockout” comparison to that of its parent. The com-
petition means that any parent will be replaced by its
offspring in the next population if the fitness of the par-
ent is worse than that of its offspring, and vice versa.
The described procedure continues until the convergence
criterion is satisfied.

5 Algorithm

The proposed optimization algorithm that includes a
new selection of individuals, as well as their verification
and correction, in every iteration of the algorithm, can be
described by the following steps:

1 Collecting all relevant data and adjusting the parame-
ters of the optimization algorithm.

2 while p ≤ Np do

3 Creating the p-th vector of the initial population by
using the algorithm given in Section 3.1

4 Power flow calculation

5 Constraints verification of control variables

6 if Constraints = 1 then

7 Criterion function evaluation of the p-th vector

8 p = p+ 1

9 end if

10 end while

11 condition = 1 , Niteration = 0

12 while condition do

13 Niteration = Niteration + 1

14 for p = 1 to Np do

15 Creation of mutant vectors, Vp

16 end for

17 for p = 1toNp do

18 Creation of target vectors, Up

19 end for

20 for p = 1toNp do

21 Validation of the target vector by using
the algorithm given in Section 3.2

22 if Up unfeasible then

23 Correction of target vector, Up , by using the al-
gorithm given in Section 3.2

24 end if

25 Power flow calculation

26 Constraints verification of control variables

27 Criterion function evaluation of the vector Up

28 if (Constraints= 0) and (F (Xp) < F (Up)) then

29 Xp goes into the next population

30 else if (Constraints= 0) or (F (Up) < F (Xp))

31 Up goes into the next population

32 end if

33 end for

34 if Convergence = 1 then

35 condition = 0

36 end if

37 end while

Figure 1(c) shows the flowchart of proposed algorithm.
The constraints are considered in two places (rows 6
and 28) in the algorithm. The first constraints valida-
tion, (1) – (5), is done in the process of creating an initial
population. If any constraint is violated, the if command
(rows 6 – 9) will not be executed, so the counter p will
not be increased by one. Only when all constraints are
satisfied (line 6) such a vector will be remembered at the
p-th position in the initial population and the counter
is increased by one. The second constraints validation is
made after changes in control variables that occur as a
result of optimization algorithm operators. If one of the
constraints, (1) – (5), is violated (line 28) the parent Xp

will be passed to the next generation, since he is cer-
tainly feasible. If all constraints are satisfied (line 30) the
offspring, Up , will go to the next population only if it is
better than the parent, Xp .

Two conditions were used as the criteria of conver-
gence. The first condition relates to the maximum num-
ber of iterations, and for the second convergence criterion
the repetition of the best solution was selected. In other
words, if the best solution does not change during a pre-
determined number of iterations, the algorithm stops.

6 Test results

In this paper, two cases of distribution network recon-
figuration were considered. In the first case, it is assumed
that power consumption of all buses is known. This was
done in order to compare the proposed algorithm with
the fundamental loop concept. Forward/backward sweep
method was used for power flow calculations [28]. Due to
low observability of the distribution network, consump-
tion in all nodes is not known. However, it is possible to
predict the range of power consumption for each node of
the network. In recent years, there is a growing presence of
renewable energy in distribution systems. Wind turbines
are the most commonly used renewable energy sources in
distribution systems. Because of the stochastic nature of
the wind it is not possible to accurately predict produc-
tion at any point of time. In the second case, uncertainty
in production and consumption is modelled using fuzzy
numbers. The uncertainty of the supply voltage was also
considered, which is also represented by the fuzzy number
(V1 = 0.95 pu, V2 = V3 = 1 pu, V4 = 1.05 pu), Fig. 5(a).
For the power of it is assumed that will certainly be higher
than SL1 = 85%, most likely lies between SL2 = 90%
and SL3 = 110% , and will be less than SL4 = 115%
of expected consumption, Fig. 5(b). It was assumed that
the data from [29, 30] represent the expected power of
consumption. Production is also shown with a trapezoidal
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Fig. 5. Fuzzy membership function(a) – bus voltage,(b) – power of consumption,(c) – power of production

Fig. 6. Test systems:(a) – 33 bus,(b) – 119 bus

fuzzy number, Fig. 5(c), where the coordinates are defined
by the following set [0, 50, 100, 100]%. For the fuzzy load
flow calculation, the previously developed algorithm was
used, [23].

All tests were performed on two standard test distri-
bution network, 33 and 119-bus system, which are shown
in Fig. 6. Tie branches are marked with red numbers and
dashed lines, and for the second test network main stream
feeders are marked with blue lines.

In the optimization calculations, the number of pop-
ulation members was Np = 50 . The following val-
ues were adopted for optimization algorithm parameters:
Fm = 0.9, Cr = 0.8. For the first convergence criterion,

the value of 100 iterations was selected. For the second
convergence criterion, a value of 8 iterations was selected.

The first test system has in total 33 buses and 5 tie
switches. The total real and reactive demand is 3.715 MW
and 2.3 Mvar, respectively. All other necessary data
(branch impedance, load, branch current limit) can be
found in [29]. For the base state, shown in Fig. 6(a),
with supply bus voltage Vsb = 12.66 kV, the losses in the
observed distribution network are 202.68 kW. The time
required for the execution of one load flow was 0.01 s.

Table 1 shows the results of the analysis performed
on 33 bus network. The first column shows considered
cases: FL - Fundamental Loop, AL – Adaptive Loop,
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Fig. 7. Comparative analysis of different concepts(a) – 33-bus system, (b) – 119-bus system

Table 1. Results for 33 bus system

Case Open branches
Ploss NI

Time

(kW) (s)

FL 37 7 34 11 32 142.76 98 452.8

AL 37 7 14 9 32 139.55 18 73.4

ALF 37 7 14 8 36 64.51 25 95.2

ALF – Adaptive Loop Fuzzy. The second column shows
the values of control variables, ie the ordinal numbers of
branches that should be opened in order to minimize real
power losses. The results of the optimization are shown
in the third column, while the fourth column shows the
required number of iterations of the optimization algo-
rithm. The fifth column shows the execution time of the
algorithm.

The results from the first two rows of Table 1 serve
to compare the results of the proposed method and the
fundamental loop concept when consumption in nodes is
known. On the one hand, better solutions are obtained for
a significantly smaller number of iterations compared to
the case when the fundamental loop concept was applied.
Fig. 7(a) show the comparison of results obtained using
different concepts for 33-bus system. The solid line shows
the change of the best solution during iterations, while the
dashed line displays the change of the mean value of the
examined criterion function of all population elements.
In addition to this, the dash dot line shows the change
of the worst solutions during iterations. As can be seen
from Fig. 7(a), using the fundamental loop concept, the
final solution is achieved in three steps (flat segments in
Fig. 7).

By conducting a detailed analysis of the best vector
within each population, it was found that they were not
constant along the entire segment. However, this change
in the control variables of the best vector did not cause
major changes in the value of the criterion function, which

directly affected the speed of convergence of the entire
optimization process.

Power flow calculation is the most demanding process
when the fundamental loop concept is applied. The fact
is that the load flow calculation for a single configuration
takes a very short time, as mentioned earlier, but due
to the large number of created solutions related to the
rejection of unacceptable solutions, the number of power
flow calculation drastically increase. In average, 88% of
the time is spent on a power flow calculation when the
fundamental loop concept is used.

The third row in Tab. 1 presents the results of the pro-
posed algorithm when uncertainties in consumption and
production are observed. The wind turbines are placed
in three buses, receiving ends of the branches 11, 23 and
28, wherein it is assumed that all generators have the
same nominal power (1MVA), and the same power fac-
tor (pf = 0.95). Generator production profile is shown in
Fig. 5(c). On the one hand, the only difference between
the AL and ALF approach is in the power flow calcula-
tion that is a bit more complex for a fuzzy approach and
requires a longer calculation time. On the other hand,
smaller losses of real power were obtained due to the pres-
ence of distributed generators.

The second test system has in total 119 buses and
15 tie switches. The total real and reactive demand is
22.71 MW and 17.04 Mvar, respectively. Branch imped-
ance and load data for calculation of the observed criteria
function for the 119-bus test distribution network can be
found in [30]. It is assumed that main stream feeder (blue
line) can be loaded with a maximum current of 750 A,
while the laterals can be loaded with a maximum current
of 400 A. The losses in the observed distribution network
are 1.31 MW, and this applies for the base state, which is
shown in Fig. 6(b), with supply bus voltage Vsb = 11 kV.
The time required for the execution of one load flow is
0.05 s.

The first two rows of Tab. 2 show the results for both
concept, the fundamental loop and the adaptive loop, for
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Fig. 8. Number of created individuals:(a) – 33 bus,(b) – 119 bus

Table 2. Results for 119 bus system

Case Open branches Ploss (kW) NI Time (s)

FL 9 23 44 38 54 47 41 60 66 85 126 80 62 102 5 1315.76 100 6312.8

AL 42 26 23 51 122 58 39 95 71 74 97 129 130 109 34 912.43 50 1283.4

ALF 42 26 22 50 122 60 39 125 126 70 76 129 130 109 34 659.08 62 1747.6

the 119-bus test system. Because of the complexity of
the problem with 15 control variables, the fundamental
loop concept has converged after reaching the maximum
number of iterations. As shown in the second row (AL) of
Tab. 2, better solutions for a smaller number of iterations
were found for this test network using the adaptive loop
concept.

By applying the adaptive loop concept, the calcula-
tion time increases proportionally with increasing dimen-
sionality of the problem. Moreover, the total duration of
the calculation is significantly higher compared to the
proposed concept due to the greater dimensionality of
the problem and the difficulty of forming feasible solu-
tions using the fundamental loop concept. As can be seen
from Fig. 7, the presented curves in the fundamental loop
concept for the worst solution and for the mean value
of the criterion function of the entire population were
slightly changed during the entire optimization process.
This means that a large number of generated solutions
were worse than existing ones, ie the population changed
very slowly during iterations. On the other hand, this is
not the case when the concept of adaptive loops is ap-
plied.

The results shown in the third row of Tab. 2 refer to the
proposed algorithm when uncertainties in consumption
and production are observed. Three wind turbines are
placed in system, receiving ends of the branches 71, 73
and 110, wherein it is assumed that all generators have
the same nominal power (1MVA), and the same power
factor (pf = 0.95). In this case, smaller losses of real
power were obtained due to the presence of distributed
production.

The results shown in Tab. 1 and 2 point out that using
the fundamental loop concept with only one base state,
which is most often applied in the literature [7, 9–11, 17],
does not perform a complete search of the entire solu-
tion space and the obtained solution represents a local
optimum. With the adaptive loop concept, this search is
expanding, and better solutions were found. Another ad-
vantage of the adaptive loop concept is a smaller number
of iterations, with a shorter computation time.

Significantly more solutions are formed when the fun-
damental loop concept is used. Fig. 8 shows the total
number of individuals created in each population using
both concepts in the case when the reduction of real
power losses is considered for both test systems. The
largest number of generated vectors occurs during the
formation of the initial population in the context of both
concepts. Nevertheless, when the adaptive loop concept is
used, this number is almost two times smaller. The reason
for this improvement is the fact that using the adaptive
loop concept only radial configuration can be created,
while this is not the case with fundamental loop concept.
On the other hand, there is no possibility of preventing
the creation of solutions that would violate operational
constraints related to voltages, limitation of branch load,
and so, the number of these solutions is approximately
identical in the initial population regardless of the chosen
concept.

The results of the proposed algorithm are compared
with the solutions found in the literature. The nominal
value of the supply bus voltage is assumed for the verifi-
cation purposes of all solutions. Table 3 shows the results
of the comparison. The data from the fourth column of
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Table 3. Comparison results for test distribution systems

Test Method Ploss (kW) Open branches

33 Bus Proposed method 139.55 37 7 14 9 32

Ahmadi (31) 139.98 7 9 14 28 32

Souza (32) 139.55 7 9 14 32 37

Baran (28) 182.21 11 31 28 35 33

de Oliveira (33) 139.55 7 9 14 32 37

Duan (34) 139.55 7 9 14 32 37

Mendoza (20) 139.55 7 9 14 32 37

119 Bus Proposed method 912.43 42 26 23 51 122 58 39 95 71 74 97 129 130 109 34

Srinivasa Rao (35) 1091.40 42 26 22 52 122 61 124 125 74 71 128 129 130 131 32

Zhang (30) 912.43 42 26 23 51 122 58 39 95 74 71 97 129 130 109 34

Abdelaziz (36) 920.05 23 26 33 39 42 51 58 71 74 95 97 109 122 129 130

Tab. 3, which are taken from the references, are adapted
to the numbering shown in Fig. 6(b).

Better speed in finding the optimal solution in the case
of adaptive loop concept is a direct consequence of the
proposed algorithm for correction of unfeasible solutions.
If the operation of selected optimization algorithm pro-
duces an unfeasible solution in terms of network config-
uration (unconnected and/or non-radial), it is corrected
and should not be discarded. That is why every member
of the population is only processed once, which was not
the case in the algorithms that used fundamental loop
concept or binary coding.

7 Conclusion

This paper presents the adaptive loop concept for en-
coding the distribution network branches in solving the
optimal reconfiguration of the distribution network. Fol-
lowing this concept, a permitted set of solutions that can
be chosen is successively created for each control vari-
able. Due to this approach, creation of unfeasible solu-
tions (unconnected and non-radial) is disabled. Verifica-
tion and correction of unfeasible solutions that are created
using an optimization algorithm operator rules can be
performed by applying the proposed adaptive loop con-
cept. Two standard different test distribution networks
were used for testing the characteristics of the proposed
concept. The uncertainty of the distributed generators
production was considered using a fuzzy numbers. The
proposed concept has shown better characteristics regard-
ing the fundamental loop concept for all considered cases.
Furthermore, the optimal value of criterion function was
found in a shorter time and for a smaller number of iter-
ations by utilizing the proposed concept.
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