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Abstract: The topology of a distribution network can be represented by a bus injection to branch
current (BIBC) matrix. It has been introduced and used for load flow analysis of distribution
networks. In this paper, a method for BIBC matrix modification is developed to use in applications
which require a topology change representation. Proposed method that reflects the changes in
configuration in the system BIBC matrix is implemented in distribution network reconfiguration
problem. With providing potential solutions for network operational and planning requirements
such as necessitate changes in configurations to transfer the loads to a different substation, ease the
loading of equipment, conduct planned maintenance and reduce network losses during the normal
operation with renewables, storage and other uprising technologies, reconfiguration may also be
useful for emergencies, accidents, attacks and weather-related disasters. The BIBC modification
process provides the knowledge of possible switches to open and the direction of power flow without
any need to further radiality or continuity check. The proposed method needs only initial network
topology information that makes it suitable to apply on any distribution network and to use with
any search method or heuristic/meta-heuristic optimization algorithm. Efficiency of the method is
investigated on systems with voltage dependent and time varying loads.

Keywords: BIBC modification; distribution network reconfiguration; grid search; time varying loads;
voltage dependent loads

1. Introduction

In power network, distribution networks play an important role as it is the final part
to supply consumers. Due to its radial structure, unbalanced distributed loads with a great
number of branches and nodes may cause challenges in network planning, state estimation,
distributed energy sources integration, switching operations and load flow analysis. Linear
methods for distribution network analysis have an important role both in planning and
operation to deal with these challenges [1]. Linear approaches are widely used in power
flow analysis [2–4], power loss estimation with distributed generation [5,6], and power
network optimization studies [7].

One of the direct approaches [2] that only use the conventional bus–branch-oriented
data, has been widely implemented for load flow calculations of distribution networks [8–11].
Bus injection to branch current matrix is introduced for the first time with this approach to
develop a formulation for load flow analysis of the distribution network [2]. To solve dis-
tribution load flow directly, two relationship matrices are developed based on topological
structure of distribution system: branch current to bus voltages (BCBV) and bus current
injections to branch currents (BIBC). These two matrices are used to form a direct approach
for load flow instead of time-consuming iterative methods which use the Jacobian matrix
or Y admittance matrix [12–14]. Later, considering from a different angle BIBC is used for
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deriving a power loss formulation [6] to develop an analytical method for distributed gen-
eration placement problem. Branch currents are expressed by bus current injections to form
the BIBC matrix and this provides the direct calculation of branch currents corresponding
to the variation in bus current injections which is used to obtain power loss. This analytical
formula leads a discussion about power loss estimation of a network after any topology
change. Reflecting the network topology change in BIBC matrix can be useful to implement
network operational requirements such as necessitate changes in configurations to transfer
the loads to a different substation, ease the loading of equipment, and conduct planned
maintenance, etc. These operations are called as reconfiguration which is simply changing
the topology of distribution network by opening or closing pre-installed switches, while
keeping the radial structure of feeders. Those sectionalizing switches are widely used in
primary distribution systems to increase service reliability [15]. Network reconfiguration
can be used to reduce power losses to relieve overloads or to provide power to all customers
in a fault or outage [16]. Reconfiguration is one of the most discussed problems in power
system optimization in last forty years and generally methods have been implemented to
use reconfiguration as a loss minimization technique. As well as being used as a tool for
planning and operation in normal state of networks with renewables, storage and other
uprising technologies, reconfiguration may also be useful for emergencies, accidents, at-
tacks, and weather-related disasters. Such disturbances may cause damage in distribution
network and repairs required to restore energy may take hours [17]. Changing topology
may increase network resiliency by providing the ability to tolerate, adapt and recover
from disasters [18]. Although a basic control action—a switching operation—involves in
reconfiguration, discrete nature of switches, many switching combinations and radiality
constraint transform the optimization problem into a mixed integer form. Hence majority
of the methods for solving this problem are based on heuristic techniques.

The essential challenges of reconfiguration problem are to decide a switching proce-
dure that ensures all loads are supplied and network remains radial as well as a need for
fast loss estimation with simple calculations. The switching operation in reconfiguration
have two types: branch exchange and loop cutting. The branch exchange method works
in a radial system by opening and closing switch pairs, loop cutting opens switches in an
initially meshed system until it becomes radial [19]. In early studies loop cutting is used
for line loss minimization with a heuristic approach [20] while other use branch exchange
method for the same objective. A simple formula with assumptions was derived by Civan-
lar et al. [21] for change in loss reduction to eliminate switching options. Baran and Wu [16]
follow the same approach of Civanlar and use reconfiguration for loss minimization and
load balancing with a heuristic method. However, their spanning tree method does not
ensure global optimal solution since algorithm depends on initial branch selection and
does not examine all possible trees. Goswami and Basu [22] presented a heuristic algo-
rithm based on optimal flow pattern which is determined by solving Kirchhoff’s Voltage
Law (KVL) and Kirchhoff’s Current Law (KCL) equations of network. Nature inspired
metaheuristic algorithms are also used for solving reconfiguration problems. These are
genetic algorithm (GA) [23], ant colony search algorithm (ACO) [24], harmony search
algorithm (HSA) [25], particle swarm optimization algorithm (PSO) [26], bacterial foraging
optimization algorithm (BFOA) [27], fireworks algorithm (FWA) [28], improved cuckoo
search algorithm (ICSA) [29], selective firefly algorithm [30], adaptive shuffles frogs leaping
algorithm (ASFLA) [31], hybrid grey wolf and particle swarm algorithm (GWO-PSO) [32],
stochastic fractal search algorithm (SFS) [33] which have complex parameter selection and
tuning despite some of them require less computation time.

Generally, in reconfiguration studies an optimal configuration is determined for a
specific time point, but for realistic systems with time varying loads optimal time intervals
and different reconfigurations may be considered within a specific time period. Variation
of load during the time period is usually evaluated using different load types with dif-
ferent characteristics, like residential, commercial and industrial [34]. Optimization for
such systems generally solved with heuristic methods that focus on operation expenses
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minimization considering switching loss and deteriorations of switches’ lifespan [35]. Prob-
lems are also modelled as multi-objective considering placement of renewables [36–38],
electric vehicles [39], load balancing [40], maximum voltage deviation, etc. A number of
reconfiguration studies used BIBC matrix for load flow calculations [28,41].

In reconfiguration problem, besides its large combinatorial solution space and discrete
nature of switches, changing switch status on/off with certain constraints such as radiality
and continuity and representing the changed topology for further analysis are the main
challenges. Most of the studies first randomly change the switch status on or off and check
if the new network ensures the radial structure and continuity then, reorder the network
data for power flow calculations and loss estimation. Therefore, infeasible switching
operations are created and then eliminated with further controls that causes computational
burden. Moreover, power loss calculations with load flow analysis are time-consuming.

Introduction of BIBC matrix for power flow analysis [2] and presentation of an analyt-
ical formula for power loss estimation using BIBC matrix [6] constituted the motivation
of this paper. A method is introduced for BIBC matrix modification to reflect the network
topology changes. Proposed method removes the necessity of controlling both radiality
and continuity constraints. The method provides branch numbers in the formed loop after
closing a switch which are the candidate switches to open and shows changed current flow
directions. Thus, the system remains radial, all loads are supplied without any further
checks, and power loss of new configuration is obtained using the analytical formula [6]
instead of power flow analysis.

Proposed modification method is implemented in a grid search algorithm which
ensures the exact solution to reconfiguration problem by trying all switching combinations.
The algorithm is performed both with the analytical power loss formula and power loss
estimation with power flow analysis. The analytical power loss calculation assumes system
loads as constant current which might be convenient for distribution networks rather than
the conventional constant power approach. Due to non-identical results for examined
systems with 33 and 69 bus in literature, the exact solution is also calculated with power
flow analysis using voltage dependent load models to investigate effects of different loads
and compare results with an analytical loss formula. In terms of calculation time, grid
search may fall behind the heuristic or metaheuristic approaches, in this study it is chosen
to reach the exact solution without any concerns, like local optima or parameter tuning, and
shows the effectiveness of using proposed BIBC modification method and the analytical
power loss calculation together in terms of time and calculation simplicity.

The rest of the paper is organized as follows: The formulation of power loss is given
in Section 2, BIBC modification is explained in detail in Section 3, a grid search algorithm is
presented in Section 4, load models used in the paper given in Section 5, Section 6 develops
the reconfiguration analysis, results are discussed in Section 7 and conclusion is given in
Section 8.

2. Analytical Power Loss Calculation for Distribution Networks

Total power loss of a system can be calculated using branch currents and line resis-
tances. Branch current and bus current injection relationship is obtained by applying KCL.
Loads are assumed as constant currents. Branch currents vector B is obtained with bus
current injections vector I and bus injection to branch current matrix BIBC as in (1) [2].

[B]nb = [BIBC]nbx(n−1)[I](n−1)x1 (1)

Here, n is the number of buses, nb is the number of branches, I is the bus current
injection vector excluding swing bus. Total power loss can be written by using resistances
R and branch currents B as follows [6]:

Ploss =
nb

∑
i=1
|Bi|2Ri = [R]T |[BIBC][I]|2 (2)
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To use (2) in reconfiguration, changes on system topology should be represented in
the equation. Although bus current injections remain constant for the new configuration,
BIBC matrix which represents the branch currents is changed. Resistance vector also needs
to be revised for the lines removed and added. The changes are shown in (3) with revised
resistance vector as rR and reconfigured BIBC matrix as rBIBC.

Plossr = [rR]T |[rBIBC][I]|2 (3)

Plossr provides the power loss of reconfigured network and rR is achieved with ex-
changing the line resistance of removed branch with the added one. Modifying BIBC
matrix and building rBIBC matrix will be detailed in Section 3.

3. BIBC Matrix Modification for Topology Change Representation

To change topology of a distribution network, a tie switch is closed, a loop is formed,
and a sectionalizing switch is opened to satisfy radiality. Bus current injections do not
change when a loop formed, but new branch need to be added to network. Similarly,
existing branch will need to be removed when a switch is opened. As bus injections do not
change, BIBC matrix will need to be modified to calculate power loss with (3) for the new
network configuration.

A six-bus system in Figure 1a is used to explain BIBC modification process. Branch cur-
rents of the six-bus system is given in (4).

[B] = [BIBC][I]
B1
B2
B3
B4
B5

 =


1 1 1
0 1 1
0 0 1

1 1
0 0
0 0

0 0 0 1 1
0 0 0 0 1




I2
I3
I4
I5
I6

 (4)
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Branch-6 (B6) is the branch to close, ܤ௖௟. A loop is formed as in Figure 2a. After 
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in Figure 2b. 
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ᇱ = ଺ܫ − ଺ (5)ܤ

Figure 1. The 6-bus system base configuration (a) and BIBC matrix (b).

Assume there is a tie switch between bus 4 and 6 as shown with dashed line in Figure 1a.
BIBC matrix is given as a table in Figure 1b to explain further steps clearly.

Branch-6 (B6) is the branch to close, Bcl . A loop is formed as in Figure 2a. After adding
B6, current injections of bus 4 and 6 will be like in (5). B6 is represented as on table in
Figure 2b.

I′4 = I4 + B6 I′6 = I6 − B6 (5)



Energies 2021, 14, 2738 5 of 16Energies 2021, 14, x FOR PEER REVIEW 5 of 17 
 

 

  

(a) (b) 

Figure 2. The 6-bus system mesh configuration (a) and BIBC matrix (b). 

Nonzero rows of B6 column give the information of branches which formed a loop. 
The branch to open, ܤ௢௣, should be selected from one of the branches B2, B3, B4, B5 or B6 
itself to keep the system radial. Assuming Branch-4 is opened, B4 row should be equal to 
zero as in (6). In this case, B6 is equal to the sum of injection currents of buses 5 and 6 as in 
(7). 

ସܤ = ହܫ + ଺ܫ − ଺ܤ = 0 (6)

଺ܤ = ହܫ + ଺ (7)ܫ

BIBC matrix is updated with using (7). Branches those formed a loop are affected 
with added line. Opened branch, B4, row of BIBC matrix become zero as in Figure 3b. 
Negative value on the B5 row indicates power flow direction is changed on 5th branch. 
Closed line B6 is replaced with opened one B4 on BIBC matrix and branch currents of 
reconfigured system as in Figure 3a are given in (8). 

  

(a) (b) 

Figure 3. The 6-bus system new configuration (a) and BIBC matrix (b). 

[ܤݎ] =  [ܫ][ܥܤܫܤݎ]

⎣
⎢
⎢
⎢
⎡
ଵܤ
ଶܤ
ଷܤ
଺ܤ
⎦ହܤ

⎥
⎥
⎥
⎤

=

⎣
⎢
⎢
⎢
⎡
1 1 1
0 1 1
0 0 1

    
1 1
1 1
1 1

0 0 0    1 1
0 0 0    1 0⎦

⎥
⎥
⎥
⎤
 

⎣
⎢
⎢
⎢
⎡
ଶܫ
ଷܫ
ସܫ
ହܫ
⎦଺ܫ

⎥
⎥
⎥
⎤

 (8)

Given procedure above can be implemented as follows: Branch to close, ܤ௖௟, be-
tween bus j and k, is selected. A temporary vector, ݌݉݁ݐ, is obtained with subtracting ܫ௞ 
column of BIBC from ܫ௝ column ൫ൣܫ௝൧ −  ൯. To keep radiality, one of the branches of the[௞ܫ]
loop should be opened (ܤ௢௣). In BIBC matrix, an XOR operation is performed between 
 that give the branches of the loop. Finally, in ݌݉ݐ ௢௣ row and the nonzero rows ofܤ
௖௟ܤ ,matrix name of the opened branch is exchanged with  closed one ܥܤܫܤݎ . 

For the system in Figure 1a, branch to close (ܤ௖௟), B6, is connected from bus 4 to bus 6 
and ݌݉ݐ vector is obtained as in Figure 4. B4 is selected as branch to open ܤ௢௣ and XOR 
operation is done between B4 row and B2, B3, B5 which are nonzero rows of ݌݉ݐ vector. 
Opened branch B4 is changed to closed branch B6, and the ܥܤܫܤݎ matrix is obtained as 
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Figure 2. The 6-bus system mesh configuration (a) and BIBC matrix (b).

Nonzero rows of B6 column give the information of branches which formed a loop.
The branch to open, Bop, should be selected from one of the branches B2, B3, B4, B5 or B6
itself to keep the system radial. Assuming Branch-4 is opened, B4 row should be equal to
zero as in (6). In this case, B6 is equal to the sum of injection currents of buses 5 and 6 as
in (7).

B4 = I5 + I6 − B6 = 0 (6)

B6 = I5 + I6 (7)

BIBC matrix is updated with using (7). Branches those formed a loop are affected with
added line. Opened branch, B4, row of BIBC matrix become zero as in Figure 3b. Negative
value on the B5 row indicates power flow direction is changed on 5th branch. Closed line
B6 is replaced with opened one B4 on BIBC matrix and branch currents of reconfigured
system as in Figure 3a are given in (8).

[rB] = [rBIBC][I]
B1
B2
B3
B6
B5

 =


1 1 1
0 1 1
0 0 1

1 1
1 1
1 1

0 0 0 1 1
0 0 0 1 0




I2
I3
I4
I5
I6

 (8)
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Given procedure above can be implemented as follows: Branch to close, Bcl , between
bus j and k, is selected. A temporary vector, temp, is obtained with subtracting Ik column of
BIBC from Ij column

([
Ij
]
− [Ik]

)
. To keep radiality, one of the branches of the loop should

be opened (Bop). In BIBC matrix, an XOR operation is performed between Bop row and the
nonzero rows of tmp that give the branches of the loop. Finally, in rBIBC matrix name of
the opened branch is exchanged with closed one, Bcl .

For the system in Figure 1a, branch to close (Bcl), B6, is connected from bus 4 to bus 6
and tmp vector is obtained as in Figure 4. B4 is selected as branch to open Bop and XOR
operation is done between B4 row and B2, B3, B5 which are nonzero rows of tmp vector.
Opened branch B4 is changed to closed branch B6, and the rBIBC matrix is obtained as in
Figure 4.
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Modification methodology of BIBC matrix can be implemented using pseudo code
given below:

Algorithm

1. Determine branch to close Bcl between bus j and bus k.
2. Build a temporary vector. Nonzero rows give the branch numbers of loop:

tmp = |BIBC(:, j− 1)− BIBC(:, k− 1)|
3. Choose branch to open Bop in the loop using tmp vector. Make tmp(op) = 0.
4. Form [rBIBC] by performing XOR logical operation between open branch row BIBC(op, :)

and each row of BIBC matrix where tmp = 1.
5. Exchange the open branch Bop with closed branch Bcl in the branch current vector [B] to

obtain new branch current vector [rB] of the new configuration.

Modification steps of BIBC matrix for a pair of closed opened switches are used in
searching all possible switching options systematically, which explained in detail with grid
search algorithm in Section 4.

4. Problem Definition and Grid Search Algorithm for Reconfiguration

The use of reconfiguration to obtain minimum power loss can be obtained as in (9)
where Ploss is for the total loss of network and Bi is the current of branch i subject to
voltage, current and radial topology constraints as in (10). Current of each branch (Bi)
must be under its permissible limit. Voltage magnitude (Vi) at each node must be between
pre-defined range.

min Ploss =
nb

∑
i=1
|Bi|2Ri (9)

Bi < Bmax

Vmin < Vi < Vmax (10)

radial network structure

In reconfiguration studies, majority of search methods for the best network topology
are based on heuristic algorithms as considerable number of switching and discrete nature
of switch increase complexity of the problem.

However, grid search algorithm is the only method that allows examine of all possible
switching combinations in a network thus ensures the exact solution. In grid search, tie
switches number of the network, k, number of tie switches which are included in recon-
figuration, n, are identified, all possible tie switch combinations are listed, and search
process starts. Tie switch combinations are listed as vectors to enable choosing how many
of those are used for reconfiguration. Once a tie switch is closed and the first candidate
branch in the loop is opened, second tie switch is closed, and the first candidate branch
of the new loop is opened, and this is repeated until the last tie switch. After the last
tie switch is closed, all branches in the loop are opened one by one and power loss is
calculated. Then algorithm starts to go back to the first loop step by step. At each step
the whole topology of network changes due to new formed loops. Grid search is per-
formed by a recursive function to ensure all combinations are examined. Proposed method,
changing the network topology with BIBC modification, provides feasible switching com-
binations at each step through its capability of keeping system radial and operable without
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additional checking for radiality or continuity. Steps of algorithm is given as follows:

Algorithm

1. Read system data, create BIBC matrix, identify number of tie switches, k.

2. Decide number of switches to close, n. List combinations
(

k
n

)
. Repeat for each

combination vector.
3. Choose branch to close Bcl , cl = 1..n
4. Close branch Bcl , create tmp vector.
5. Open branch Bop, op = 1..lenght(tmp)
6. Calculate rBIBC and rR
7. if cl 6= n do cl = cl + 1, turn 3 else if op 6= length(tmp) do

Calculate power loss for new configuration op = op + 1, turn 5 else
Calculate power loss for new configuration cl = cl − 1, turn 3 end

8. Choose the configuration with minimum power loss as solution.

Flowchart of algorithm is given in Figure 5.
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5. Distribution Network Load Modelling

Loads with different characteristics and types may be present in real distribution
networks. As proposed method with analytical formula take network loads as constant
current injections, conventional power flow studies in literature generally assume loads as
constant power. To investigate effect of load characteristics in reconfiguration studies, in
this paper static load modelling is considered, and analysis for distribution system with
different load characteristics is performed. A backward-forward sweep method [42] for
distribution systems power flow analysis is used to compare reconfiguration results with
the proposed method.
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5.1. Static Load Model

Static load model is commonly expressed in a polynomial or an exponential form.
Here, voltage dependent static load model for active and reactive load powers are repre-
sented in exponential form as:

P = P0

(
V
V0

)np
Q = O0

(
V
V0

)nq
(11)

where P0 and Q0 are real and reactive load powers at nominal voltage V0. V is bus voltage.
np and nq indicate load exponents. Different values of load exponents represent specific
loads like pumps, motors, lighting etc. [43]. For example, np = nq = 1 indicates a constant
current load and it is used in power flow analysis to calculate power loss and compare
results with the proposed method that uses analytical formulation. Lower or upper values
of np, nq present different load characteristics that might be connected to distribution
system. In distribution networks, loads with similar characteristics are grouped and defined
as residential, commercial and industrial load types.

5.2. Time Varying Load Model

Distribution networks for different load types with variation in time are also con-
sidered in this study. A distribution system with residential, commercial and industrial
load types is generated. Each load type has specific load profile for considered time pe-
riod. Characteristics of different load types, varying in time, is also modelled as voltage
dependent active and reactive powers. Different np, nq values might apply for the loads of
same network during different seasons, weeks or days. Even day and night characteristics
of a distribution system might be different in real distribution networks, as shown in
Table 1 [44].

Table 1. Example data for voltage dependent loads.

Load Type Summer/Day Summer/Night Winter/Day Winter/Night
np nq np nq np nq np nq

Residential 0.72 2.96 0.92 4.04 1.04 4.19 1.30 4.38
Commercial 1.25 3.50 0.99 3.95 1.50 3.15 1.51 3.40

Industrial 0.18 6.00 0.18 6.00 0.18 6.00 0.18 6.00

6. Analysis and Results

Reconfiguration process using proposed BIBC matrix modification is applied to test
systems. A 33-bus system [16] and 69-bus test system [45] are used to demonstrate the
validity and reliability of proposed method. In grid search algorithm, two approaches are
used to estimate power loss with proposed method and power flow based method:

Grid Search 1 (GS-1): Grid search for proposed method calculates power loss of system
using analytical equation given in (3). Topology changes are represented with rBIBC
matrix and line data changes with rR vector. Here, system loads are assumed to be constant
current injections.

Grid Search 2 (GS-2): A backward-forward sweep method is used for power flow
analysis to calculate power loss. System loads are modelled with the voltage dependent
formula given in (11). Even though the rBIBC matrix is used for changing topology, line
data of systems need to be reordered appropriately for power flow calculations.

6.1. Reconfiguration for 33-Bus System

Grid search is applied to the 33-bus system. Normally open branches between related
buses are detected by reading system data as 33 (8–21), 34 (9–15), 35 (12–22), 36 (18–33)
and 37 (25–29). Total active and reactive loads of base system are 3715 kW and 2300 kVAr
respectively. Power loss is calculated for the base case as 176.62 kW. In loss calculation
GS-1 uses analytical equation (3) and GS-2 run a backward-forward sweep algorithm for
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power flow analysis for system loads with different load exponents. BIBC matrix is formed,
then combinations of tie switches are listed, first one is chosen, and algorithm starts to
search. We assume the first tie switch combination is [33-34-35-36-37]. Branch 33 is closed,
tmp vector is calculated using the BIBC matrix to identify branches in the loop. The first
branch in the loop is opened, BIBC matrix is modified then, second tie switch on line 34 is
turned off, second loop is formed and first branch in second loop is opened. BIBC matrix
is modified, and the same steps repeated for branches 35 and 36. As the last branch 37 is
closed, the last loop is formed, the first branch in the loop is opened, the BIBC is modified
and power loss is calculated. Then, all the branches in the last loop are opened one by one
and power loss is calculated. Recursive function go one loop back and open the next branch
in the previous loop, same search order is repeated for the last loop. Here, the recursive
function enables to repeat same steps for every branch in each loop. Thus, power loss for
completely changed system topology for each closed-opened branch pair can be calculated.

The optimal open branch configurations for GS-1 and GS-2 are given in Table 2.
Proposed BIBC modification method is used in both. GS-2 is run for voltage dependent
static load models. Here, exponents for load models are chosen between a wide range from
0 to 5 to compare final configurations, power losses before and after reconfiguration with
the proposed method GS-1. GS-2 results with np = nq = 1 is for constant current load and
give the same results with GS-1 as expected. GS-1 is almost nine times faster than GS-2.

Table 2. The 33-bus system reconfiguration results.

GS-1

Load model Final
configuration

Power loss before
reconfiguration (kW)

Power loss after
reconfiguration (kW) CPU time (s)

constant
current 7-9-14-32-37 176.37 127.36 19

GS-2

Load
exponents

Final
configuration

Power loss before
reconfiguration (kW)

Power loss after
reconfiguration (kW) CPU time (s)

np = nq = 0
constant
power

7-9-14-28-32 202.676 135.385

~170

np = nq = 0.5 7-9-14-28-32 188.676 131.474
np = nq = 1

constant
current

7-9-14-32-37 176.628 127.371

np = nq = 1.5 7-9-14-32-37 166.124 122.556
np = nq = 2 7-9-14-32-37 156.872 118.121

np = nq = 2.5 7-9-14-32-37 148.649 114.021
np = nq = 3 7-9-14-32-37 141.279 110.216

np = nq = 3.5 7-9-14-32-37 134.634 106.676
np = nq = 4 7-9-14-31-37 128.611 103.201

np = nq = 4.5 7-9-14-31-37 123.118 99.917
np = nq = 5 7-9-14-31-37 118.087 96.856

In literature, most of the studies calculate base power loss of 33-bus system as
202.67 kW and optimal configuration as 7-9-14-32-37, which reduces power loss to 139 kW.
Minimum bus voltage is 0.913 pu and 0.937 pu before and after reconfiguration, re-
spectively [46,47]. Same base power loss is achieved with constant power load model
(np = nq = 0) and exact results obtained via GS-2 is given on Table 2. Configuration of
7-9-14-28-32 reduces losses to 135.38 kW where minimum bus voltage is 0.915 pu after re-
configuration.

Final configuration is the same for most load exponent values, but power loss differs
from proposed method GS-1. As voltage dependency increase with higher values of load
exponents, final reconfigurations are changed to 7-9-14-31-37. Yet those higher values of
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load exponents are not typical load characteristics of distribution systems, to swap open
branch 31 with 32 also do not cause a big difference in power loss. So, the variation in
power loss value depends on the load model rather than the configuration here.

After all, 33-bus system provides the same final configuration as GS-1 for load expo-
nents values from 1 to 3.5 and only one branch changes in final configuration with very
small loss reduction for other load exponents. For constant power load model, mostly
used in literature, final configuration is same as GS-1 although the exact GS-2 results show
that power loss reaches its minimum with a very small reduction when open branch 37 is
changed with 28.

In final configuration for higher values of load exponents, 4 to 5, although they are
not typical loads for distribution systems, only open branch 32 changes to 31 which do not
cause a big topology change. Results for 33-bus system shows proposed method GS-1 with
constant current load type approach represents distribution system well and get the results
9 times faster than the GS-2.

6.2. Reconfiguration for 69-Bus System

In 69-bus system, normally open switches are on branches 69 (11–43), 70 (13–21),
71 (15–46), 72 (50–59), 73 (27–65). Total active and reactive loads of base system are 3802 kW
and 2694 kVAr, respectively. Active and reactive load levels of 69-bus system are very close
to each other. Thus, 69-bus test system is introduced in a capacitor allocation problem
in the literature. In order to investigate effects of load types to reconfiguration in such a
system, loads are considered only residential, only commercial and only industrial using
voltage dependent load formula. Load exponents are chosen from Table 1 for summer
season as in Table 3 for GS-2. Reconfiguration for the system with constant current and
constant power loads is taken into account to compare results with proposed method and
studies in literature, respectively.

Table 3. The 69-bus system reconfiguration results.

GS-1

Load model Final configuration Power loss before
reconfiguration (kW)

Power loss after
reconfiguration (kW) CPU time (s)

constant
current 14-55-61-69-70 191.50 90.79 216

GS-2

Load exponents Final configuration Power loss before
reconfiguration (kW)

Power loss after
reconfiguration (kW) CPU time (s)

np = nq = 0
constant power 14-58-61-69-70 224.99 93.44 3341

np = nq = 1
constant current 14-58-61-69-70 191.50 90.79 3429

np = 0.72 nq = 2.96
residential 13-55-61-69-70 181.01 89.39 3580

np = 1.25 nq = 3.50
commercial 13-55-61-69-70 168.46 87.69 3660

np = 0.18 nq = 6.00
industrial 13-55-61-69-70 175.09 87.74 3700

Final configuration obtained with GS-1 is 14-55-61-69-70. For the constant current
loads shown in Table 3, GS-2 gives same power loss of 90.79 kW as GS-1. The difference
in final configuration is not essential because it occurs due to sensitive calculations that
changes with second open branch. Power loss is changed from 90.7965 to 90.7982 kW by
opening branches 58 to 55, respectively. Thus, the final configuration for GS-1 and GS-2
can be accepted as the same due to the unremarkable loss change of 0.0017 kW.
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69-bus system has variety of optimal configuration results in literature [48]. The ones
with the same power loss of 224.9 kW, have different final power loss values in the range
between 96.1 kW and 99.6 kW after reconfiguration. To compare with literature, minimum
power loss for constant power load model is calculated in GS-2 as 93.44 kW and final
configuration is 14-58-61-69-70. A few numbers of the studies in literature could reached
the same configuration with higher final loss value.

Reconfiguration results for 69-bus system with only residential, commercial or in-
dustrial loads have the same final configuration and only one branch, 13 instead of 14, is
different from the GS-1 solution.

Changing open branch 14 to 13 in GS-1 gives the minimum power loss as 90.87, which
is 0.08 kW higher than the exact solution. Therefore, the unlike final configuration can be
assumed identical due to very small difference.

Even with the negligible final configuration differences for different load types, in
terms of speed, proposed method outperforms with 16 times faster calculation speed for
69-bus system.

6.3. Reconfiguration for Networks with Time Varying Loads

Reconfiguration might be made yearly, monthly, daily or hourly. Switching cost, life
of switches and calculation time limits do not provide an opportunity to make optimal
switching for each time step in real time. Here, 33-bus system is reorganized with time
varying loads. Base active power values of loads at each bus is given in Figure 6. All loads
operate at 0.98 power factor. Hourly varied loads are generated using profiles given in
Figure 7. Base power are taken as peak values of given time period, 24 h. Industrial and
commercial loads reach their peak values in working hours and residential loads in the
evening as expected.
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Assume there is k number of possible configurations for the system. Grid search
estimates power loss, Plossi(t) for a specific time. Total power loss of each configuration,
TotalPowerLossi, for the given time period can be calculated as follows:

TotalPowerLossi =

t∫
0

Plossi(t)dt i = 1 . . . k (12)

The configuration that causes minimum total power loss minimum is accepted as final
configuration for the system.

In studies with time varying loads, reconfiguration problem approach generally
prioritizes cost minimization rather than only power loss minimization. For a given time
period, number of switching operations, cost of switching operations and switching time
interval decisions are main concerns of cost calculation beside power loss minimization.
However, in this study reconfiguration with time varying loads was examined to see the
effects of load modelling in reconfiguration and to validate efficiency of proposed method.
For this reason, system loads given in Figure 6 are assumed as only residential, commercial
or industrial and load profiles in Figure 7 are used to obtain reconfiguration results both
with GS-1 and GS-2 as given in Table 4. Different load types with different load exponents
for day and night of seasons are given in Table 1. GS-2 is run for each case. Results for
residential and commercial load type gave the same configuration as in GS-1. Although
the final configuration for system with only industrial loads is different in GS-1 and GS-2,
changed open branches does not cause a big topology variation.

Table 4. Reconfiguration results of systems with time varying loads.

GS-1

Load type Final
configuration

Power loss
before

reconfiguration
(kW)

Power loss after
reconfiguration

(kW)
CPU time (s)

residential 9-14-16-27-33 1438.40 875.01 588.1
commercial 9-14-16-27-33 1400.10 851.73 590.6
industrial 9-14-16-27-33 1720.50 1046.60 585.1

GS-2

Load type Season Load exponent Final
configuration

Power loss
before

reconfiguration
(kW)

Power loss after
reconfiguration

(kW)
CPU time (s)

residential

summer/day np = 0.72 nq =
2.96 9-14-16-27-33 1453.40 877.75 3732.7

summer/night np = 0.92 nq =
4.04

winter/day np = 1.04 nq =
4.19 9-14-16-27-33 1422.30 870.48 3726.2

winter/night np = 1.30 nq =
4.38

commercial

summer/day np = 0.72 nq =
2.96 9-14-16-27-33 1374.00 846.08 3720.9

summer/night np = 0.92 nq =
4.04

winter/day np = 1.04 nq =
4.19 9-14-16-27-33 1351.50 840.20 3766.6

winter/night np = 1.30 nq =
4.38

industrial

summer/day
summer/night

winter/day
winter/night

np = 0.18 nq =
6.00 9-14-15-28-33 1814.90 1068.32 3880.5
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As all possible configurations for every time step is calculated with the proposed
method, results for each time step or any time interval can also be obtained with given
calculation times in Table 4. Proposed method GS-1 is around 6 times faster than GS-2.

7. Discussion

In literature, decision of switch to close/open, control of radiality/continuity, parame-
ter setting of the method, calculation time of power flow analysis, convergence of heuristic
or metaheuristic algorithms to local optima are the main challenges of reconfiguration
problem. Proposed BIBC matrix modification does not only provide the new topology of
network after reconfiguration but also provides the knowledge of formed loops, changed
current flow direction. Thus, it enables to examine all switching options with a well or-
ganized grid search algorithm without any need to further check radiality/continuity or
parameter setting and it gives the exact reconfiguration result which minimize power loss.
As proposed method GS-1 assumes network loads as constant current, to compare results
and validate method’s effectiveness, a sweep based power flow algorithm, GS-2, is also
used in analysis to investigate effect of different load types using a voltage-dependent
load model. In Table 5, results are also compared with existing methods in literature.
Once the final configuration is obtained by GS-1, final power loss is recalculated using
a backward-forward sweep algorithm to be able to compare with other methods which
use conventional power flow analysis. Also, loads are modelled as constant power in
GS-2 which gives the exact solution of reconfiguration problem by trying all configuration
options with grid search.

Table 5. Comparison of GS-1 with other methods.

Method

Final
Configuration

(Opened
Switches)

Final Power
Loss (kW)

Power Loss
Reduction (%)

Min. Bus
Voltage (pu)

33 bus system
GS-1 7-9-14-32-37 138.37 31.74 0.9067
GS-2 7-9-14-28-32 135.38 33.2 0.9193

ASFLA [31] 7-9-14-28-32 139.98 30.93 0.9413
CSFSA [49] 7-9-14-32-37 138.91 31.79 0.9423

GWO-PSO [32] 7-9-14-32-37 139.55 31.14 0.9378
SFS [33] 7-9-14-32-37 139.55 31.15 0.9378

ICSA [29] 7-9-14-32-37 139.55 31.15 0.9378
69 bus system

GS-1 14-55-61-69-70 94.07 58.17 0.9594
GS-2 14-58-61-69-70 93.44 58.45 0.9777

ASFLA [31] 14-57-60-61-70 98.59 56.16 0.9459
GWO-PSO [32] 14-57-61-69-70 98.56 56.17 0.9494

SFS [33] 14-55-61-69-70 98.62 56.17 0.9495
ICSA [29] 14-57-61-69-70 98.64 56.15 0.9495

For 33-bus and 69-bus systems with various load types, final configurations are
identical or very similar to proposed method GS-1 as presented in Sections 6.1 and 6.2.
Moreover, the 33-bus system with time varying loads is tested using voltage dependent
residential, commercial and industrial loads that differs during the day for each season. The
results demonstrate the effectiveness of proposed approach for residential and commercial
loads by using various load exponents for voltage-dependent loads in GS-2 analysis which
give the same final configuration as GS-1. Effects of various reactive load exponents
might not be essential because distribution system loads commonly operate with power
factors close to 1, which cause small values of reactive power, but the difference in final
configuration for industrial loads may occur due to very high reactive load exponents with
an almost zero active load exponent. Overall, various load types are considered separately
to see the difference with the constant current load approach in the proposed method.
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In actual distribution networks that need to balance residential, commercial and industrial
loads together, the proposed method can be applied as discussed above.

In terms of calculation time, according to analysis of 33-bus and 69-bus systems and
systems with time varying loads, as number of possible switching options increase, spent
time to examine all options also gets longer. Proposed method with grid search find the
final network topology of 33-bus system with minimum power loss in almost 20 s while
calculation time rise to 216 s for 69-bus system. Yet in any case, compare to results with
power flow analysis, calculation time of proposed method GS-1 is 9 times faster for 33-bus
system, 16 times faster for 69-bus system and almost 7 times faster for systems with time
varying loads. While grid search is quite convenient to be used as an exact solution method
in distribution network reconfiguration for 33-bus and 69-bus systems, it may not be
possible to achieve results in reasonable duration for larger and more complicated systems.
Proposed BIBC modification method for network topology change allows estimation of
power loss with analytical expression instead of power flow analysis and it is possible to
implement the method in any other search algorithms to shorten the execution time.

8. Conclusions

This paper has presented a method for BIBC matrix modification to represent network
topology changes. Proposed method is implemented in distribution network reconfigu-
ration problem to get an exact solution. An analytical expression was used to calculate
power loss based on BIBC matrix and bus current injections. Reconfigured topology and
power loss of network are obtained with the proposed modification of the BIBC matrix,
which ensures radiality and continuity of system. Final configuration for the minimum
power loss is reached with a grid search algorithm that examines all possible switching
operations using a recursive function. Proposed method assumes system loads as constant
current injections thus validation of method is verified by analyzing systems with voltage
dependent load models using a sweep algorithm based power flow analysis. For voltage
dependent load model, various load exponents are tested to investigate effects of load
types. As distribution system loads operate at power factor close to unity, higher reactive
load exponents do not affect results substantially.

According to the results, constant current approach used in proposed method could
represent most of the distribution network loads and it is highly reliable for residential and
commercial loads. It might be less efficient for systems with high level of industrial loads
because characteristics of industrial loads tend to close constant power with higher reactive
load impact and might cause different reconfiguration results. Although calculation time
certainly depends on the system topology rather than the size of network, a small system
with same number of switches that creates longer loops may have equal possible switching
options of a big system with same number of switches which creates very small loops,
it is verified that using proposed analytical loss calculation formula instead of power
flow analysis (considering the exact solution method examines each possible switching
option), substantially reduces the calculation time. As presented in this work, the method
for modification of BIBC matrix has made it possible to use in different applications like
reconfiguration. Furthermore, reconfiguration strategy with proposed BIBC modification
which gives the information of possible topologies after closing a tie switch removes the
necessity of radiality/continuity check constraint of the problem. The proposed BIBC
modification method, that needs only initial network topology information, is a practi-
cal tool for reconfiguration studies with any search method or heuristic/meta-heuristic
optimization algorithm.
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