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Abstract- Distribution network restoration occurs after a 
default affecting all or part of the network by altering its 
topological configuration while maintaining operating 
constraints. Optimal reconfiguration can be obtained at the 
expense of prohibitive cost due to combinatorial explosion 
on open/closed state switches. In this case, operators focus 
on a configuration that, even if not optimal, respects 
admissible voltage limit, maximizing number of restored 
load and radial network structure constraints. A slightly 
modified Kruskal’s algorithm, an instance of minimum 
spanning tree (MST) algorithms, is used to reach radial 
network structure and maximum restored load objective by 
representing distribution networks, designed according to 
a meshed architecture, as connected undirected graph. 
Proposed approach is based on different dimensionless 
weights assignment for edges associated with 
sectionalizing faulted zone switches and tie-switches. 
Furthermore, when distribution network includes more 
than one feeder, resulting solution do not respect radial 
network structure constraint. Heuristics rules associated to 
binary decision trees are then used to overcome this 
difficulty. Kirchhoff’s spanning tree algorithm allows to 
obtain all spanning trees and an implementation is used to 
enumerate and generate the number of MST and MST 
respectively. Simulation results obtained from fictitious 
multi-feeders’ distribution network, modified three feeders 
IEEE 16 bus and IEEE 15 bus single feeder distribution 
system test cases demonstrates the effectiveness of the 
proposed approach.    
 
Keywords: Network Reconfiguration, Minimum 
Spanning Trees, Kruskal’s Algorithm, Binary Decision 
Tree, Admissible Voltage Limit, Radial Network Structure 
Constraint Heuristic’s Rules. 

 
1. INTRODUCTION                                                                         

Distribution networks become increasingly 
sophisticated and penetration of distributed power 
generation and control means ensure more reliable 
exploitation in terms of energy quality and service 
continuity while respecting operational constraints. 
Despite introduction of decentralized production which 
have bring changes in operating paradigms [1-2], 
particularly intelligent systems, distribution networks, 

becoming active electrical circuits set in which power 
flows and voltages are governed not only by loads but also 
by power sources, are subject to changes in topology and 
defaults whose impact on customers must be minimized 
[3]. Network reconfiguration after a default occurrence 
therefore becomes main concern for operators to satisfy 
operating constraints and continuity of service through 
power losses minimization, admissible voltage limit and a 
radial configuration. 

Several approaches were used to distribution network 
reconfiguration based on switches states modification. A 
review of distribution network restoration methods is 
presented in [4]. These methods for solving the restoration 
problem are categorized as either centralized or 
decentralized. Centralized methods utilize expert systems, 
heuristic algorithms, graph theory, and multi-agent 
systems to solve the problem according to specific rules 
and procedures derived from domain-specific knowledge 
and heuristics. Decentralized methods employ 
mathematical programming and meta-heuristic algorithms 
to solve the problem based on a mathematical optimization 
model.  

In [5] state-of-the-art reconfiguration techniques for 
service restoration in distribution systems are discussed. 
These techniques take into account various practical 
considerations other than mathematical programming and 
traditional artificial intelligence techniques. They 
incorporate factors such as load variations, load priority, 
cold load pickup, network connectivity representation, and 
distributed generation penetration to enhance the 
practicality of the solution.  Binary decision trees [6] 
allows to find optimal radial configuration with some 
operating heuristics avoiding combinatorial explosion due 
to switches states changes. After a default, concerning area 
(zone) is isolated from the rest of the network and all the 
switches (sectionalizing switch and tie-switch) are put in 
an unknown state that must be determined (open or closed) 
by depth-first search algorithm through binary decision 
trees. Obtained results lead generally only to local 
optimum configurations. Depth-first search and breadth-
first algorithm [7] were used in an unweight graph 
representing distribution network to obtain optimal 
reconfiguration maintaining radial topology.   
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Branch and bound and reallocating branch exchange 
lines were used with only approximate local optimums 
solutions [8]. Metaheuristic methods try to find optimal 
configurations including genetic algorithm [9], Tabu 
search [10], Ant Colony [11], Particle Swarm 
Optimization [12], which while yielding convincing 
results, are only applicable to small-scale networks. 
Switching operation minimization was adopted [13] using 
evolutionary methods combined with heuristics on a 
Brazilian local distribution network comprising more than 
a hundred buses, without resorting to network 
simplification. Mixed Integer Programming gives 
significant results allowing to find optimal configurations 
reducing losses and maximizing the reallocation of loads 
but in a prohibitive time [14-16].  

Two heuristics methods based on switches ranking and 
load shedding are proposed in [17] to find an effective and 
fast solution switch selection indices analytical approach 
and graph-based method. Proposed method does not detect 
loops when distribution network contains more than one 
power source. Several studies about distribution network 
reconfiguration based on altering network configuration in 
steady-state and restoration state were performed using 
minimum spanning tree algorithms with the aim of 
primarily reducing power losses [18-21]. In [22] Edmond's 
maximal spanning tree search algorithm has been 
proposed to generate an optimal radial network from a 
meshed distribution network. It assimilates the distribution 
network as a directed (oriented) graph in order to create a 
radial network that has feeders with higher load-carrying 
capacity and rejects those with lower load-carrying 
capacity. In [23], a modified version of Prim's algorithm is 
used to construct a spanning tree. This algorithm includes 
the assignment of weighting coefficients to all branches in 
the de-energized area, aiming to reduce the number of 
switching operations.  Harmony search algorithm [24] 
investigates the impact of limiting the number of switching 
on the loss reduction of the network. However, the number 
of actions on the switches to obtain an optimal 
configuration is previously determined.   

In this paper, proposed approach objective is to 
minimize switching operation to obtain configurations 
structures not necessarily optimal after a default in a multi-
feeder and a single feeder distribution network.  Obtained 
configuration must spans all but the default zone. A 
modified version of Kruskal's algorithm, based on graph 
theory is used for this purpose. It consists on a simple 
heuristic that assigns dimensionless weight to tie-switches 
and sectionalizing switches, depending on their connection 
to the default area. Therefore, distribution network is 
represented as non-complete planar undirected weighted 
graph where vertices and edges represent electrical buses 
(or zones) and lines (or switches) respectively.  However, 
Kruskal’s algorithm provides only a single configuration 
which limits exploration of other configurations. To obtain 
all spanning trees (ST) configurations, Kirchhoff’s 
algorithm is used. This algorithm is based on Laplacian 
matrix of the related graph involving adjacency and 
degrees matrices.  

From obtained ST, the number of MST configurations 
can be determined by implementing a pseudo-code given 
in next section.  Resulted MST configurations for a multi-
feeder’ distribution network doesn’t correspond generally 
to radial network constraint which is not the case for a 
single feeder distribution network. To obtain radial 
configuration, heuristics rules associated to binary 
decision tree is used where only tie-switches states will be 
altered, sectionalizing switches remaining closed. Using a 
simple heuristic based on tie-switches states allows 
objective to obtain a particular configuration constituting 
a solution respecting only two operating constraints: radial 
network configuration (overloaded or not and feeding all 
loads) and admissible voltage limit. Proposed approach is 
evaluated on fictitious multi-feeders’ distribution network 
from, modified IEEE 16 bus three feeders and IEEE 15 bus 
single feeder test distribution networks. 

 
2. DISTRIBUTION NETWORK 

RECONFIGURATION 
Distribution network reconfiguration under steady-state 

normal operation or after default occurrence is formulated 
as multi-constraints (bus voltage and branches current 
limits) and multi-objective problem (minimize active 
power losses, out-of-service areas and switching 
operations, maximize loads). In a multi-feeders meshed 
distribution network operating radially containing 
sectionalizing and tie-switches, each feeder supplies a set 
of zones connected by sectionalizing switches, while tie-
switches ensure continuity of service between zones 
supplied by different feeders after a default or topology 
change. Reconfiguration strategies maintaining radial 
network structure, admissible voltage drop, balance feeder 
loadings and maximum load power flow is based on actual 
topology alteration by changing switch’s status.  

A part of reconfiguration techniques is based on graph 
theory by assimilating distribution network structure 
representation to a weighted undirected planar graph in 
which nodes represent supplied zones and edges represent 
electrical lines equipped with switches. Greedy algorithms 
class, a spanning tree instance, is used in normal operation 
and for a single feeder distribution network to obtain radial 
structure. The problem consists in a complete or non-
complete connected undirected weighted planar graph to 
find an edge’s subset constituting a tree including all 
vertices such that sum edge’s weight is minimal (or 
maximal). Weighted edges are generally assigned 
according to desired reconfiguration (loss minimization, 
maximum load power flow). In the proposed approach, 
distribution network reconfiguration after a default in a 
particular zone is based on open/close action’s 
minimization on switches. For this purpose, edges in 
related graph will have a dimensional weight so that 
open/close actions apply to the tie-switches only. 
Nevertheless, for multi-feeders meshed distribution 
network, obtained configuration may not respect radial 
network constraint since the same zone can be supplied by 
two or more different feeders. In this case a radial 
configuration respecting admissible voltage drop and 
balancing loads, even not optimal, must be identified using 
adapted problem’s heuristics.  
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Kruskal algorithm, used in this paper, provide a unique 
configuration which perhaps not corresponds to an 
appropriate solution. To explore different configurations, 
Kirchhoff's spanning tree algorithm is used to determine 
the number of minimum spanning trees. To generate all 
spanning trees for undirected weighted graph Algorithm S 
[25] is implemented [26]. Distribution network 
performance is evaluated on the basis of the voltage 
profile. Then maintaining voltage profile within 
admissible limits is the main concern of operator’s 
distribution networks. In distribution network, due to the 
negligible ratio between the reactive power generated by 
the line and the apparent maximum power transited by the 
same line, voltages across successive sending-end and 
receiving-end buses are determined with no quadrature 
axis of voltage drop account. In this case, voltage drop is 
found for the entire network and not for each line section: 

1 1

1 1

3

1

n n

ka k kr k
k k

n n

k k k k
nom k k

V i R i X

p R q X
V

= =

= =
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= + 
 

∑ ∑

∑ ∑
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where, ΔV is voltage drop from supply bus to the n-load 
bus application, nomV  nominal voltage, ika, ikr, pk and qk are 
active and reactive load current and power at bus k, Ri and 
Xi lines sections resistance and reactance from supply bus 
to k-load application, while r(i-j), x(i-j) represent resistance 
and reactance of line section between buses i and j.  

 
Figure 1. Radial distribution network 

 
From Figure 1, for the section (1-3) and section (1-4) 

voltage drops are: 
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Generally, voltage drop is less than or equal admissible 
voltage drop admV∆  estimated approximately at 6÷8% of 
the rated voltage: ( )6 8 % adm nomV V V∆ ≤ ∆ = ÷ . If for 
example ( ) ( )1 3 1 4V V− −∆ < ∆  , then ( )1 3admV V −∆ = ∆ .  

2.1. Counting Minimum Spanning Trees 
Suppose an undirected complete weighted planar graph 

G= (V, E, W), where V, E and W represent respectively 
vertices, edges and edge’s weight of G. A spanning tree is 
a subgraph GT of G containing all the vertices of G and has 
no cycles (no loops). From G objective is to find a tree T, 
such that sum of weighted edges is minimal. Determining 
such tree T is called a minimal spanning tree problem. 
Kruskal’s algorithm, an instance of MST, is based on 
sorting edge’s weight in ascending order so that each edge 
with a minimum weight is added to the tree without 
forming a cycle [27]. Thus, Kruskal's algorithm grows the 
tree by adding one edge at a time. It selects the smallest 
edge that does not create a cycle and ensures the inequality 
|MST| < V–1 is satisfied such as |MST|=E < V–1, where 
|MST| is the number of edges in obtained tree. From Figure 
2a, by applying Kruskal’s algorithm, a tree T of Figure 2b 
containing all vertices A, B, C and D is obtained with a 
minimal cost of 6. 

 

 
Figure 2. a) Undirected graph, b) Kruskal’s minimum spanning tree  

 
The number of spanning trees for an incomplete 

undirected weighted graph is obtained using Kirchhoff’s 
spanning trees procedure, stated as follow [28]: 
1. Create a square adjacency matrix A[n][n] for the given 
graph, n corresponding to matrix dimension. 
2. Create a square degree matrix D[n][n] from the given 
graph. D[n][n] is a diagonal matrix obtained from 
adjacency matrix where each diagonal element 
corresponds to vertex degree, the number of edges attached 
to each vertex, while non-diagonal elements are set to zero. 
3. Calculate Laplacian matrix L[n][n] by subtracting 
adjacency matrix from degree matrix: L=D−A 
4. Calculate co-factor of any element in the Laplacian 
matrix, such as: 

( ) ( ) ( )1 det 1i j i j
ij ij ijc L M+ += − = −  

where, ijc  is co-factor of element corresponding to row i 
and column j in L[n][n], ijM  is minor of matrix L[n][n], 
and co-factor ijc  is the number of spanning trees. 

Let minMST represents minimum cost of spanning tree 
and countMST is the number of minimum spanning trees. 
For example, for the undirected weighted graph in Figure 
2a obtained results are (nodes A, B, C and D correspond to 
rows 1, 2, 3 and 4 respectively in matrices A, D and L): 
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Among N’s spanning trees (ST), the four MST are 
numbered according to their order of classification in a N’s 
list are: 
• ST 3: (A, C) (A, B) (A, D)  
• ST 4: (A, C) (A, D) (B, D) 
• ST 7: (B, D) (C, D) (A, D) 
• ST 8: (C, D) (A, D) (A, B) 
 
2.2. Proposed Method 

To illustrate proposed method, consider a fictitious 
multi-feeders meshed distribution network operating 
radially containing sectionalizing switches and tie-
switches, according to Figure 3a [6]. Feeders A, B and C 
supply, respectively zones (1, 2), (3, 4), and (5, 6). 
Switches are labelled according to zones they connect. In 
normal operation (Figure 3a), circuit breakers CB, A, CB 
B, CB, C and sectionalizing switches 12, 34, 56 are closed 
while tie-switches 13, 24, 35 and 46 are open. Loading 
capacity are 50 kVA and 45 kVA for feeders A and C, 
respectively. Zone load demands are in Figure 3a. After a 
default in zone 3, circuit breaker CB, B and tie-switches 
13, 35 and sectionalizing switch 35 open to isolate this 
zone from network until it is restored. As consequence, 
zone 4 is unsupplied. Zone 4 can be supplied in radial 
structure from either feeder A or C by closing tie-switches 
24 or 46, respectively, sectionalizing switches 12 and 56 
remaining closed. 

To ensure supplying zone 4, distribution network is 
formulated as a planar connected undirected weighted 
graph G= (V, E, W) where V represents a load zone, E 
switches and W a weight associated to edges. On this graph 
edges related to sectionalizing switch will have same 
weight, edges related to tie-switch will have a slightly 
higher but same weight, and edges related to faulty zone 
will have prohibitive weights. Weights assigned to edges 
are considered as dimensionless. Figure 3b illustrates this 
graph state network representation where for simplicity 
sectionalizing and tie-switched are omitted, and weights 
are assigned as 1 and 2 to edges related to sectionalizing 
switch and tie-switches respectively, and 100 to edges 
connected to faulty zone 3. Adopted approach is to modify 
only tie-switches state, sectionalizing switches remaining 
closed. 

In order to execute Kruskal’s algorithm edges 
corresponding to sectionalizing switches/tie-switches 
already open between zones in normal operation will be 
re-established and to obtain minimum spanning tree where 
default zone is removed the criterion is  |MST|=E < V−2. In 
this case N=1, minMST is 6 and countMST is 1.  

Although a minimum spanning tree represented in 
Figure 3c is obtained, this configuration doesn’t respect 

operating radial structure constraint; feeders A and C are 
connected through zones 1, 2, 4, 6 and 5. To obtain radial 
configuration, binary decision tree is used where only tie-
switches states will be altered, sectionalizing switches 
remaining closed. The binary decision variable xn denotes 
the status (open or closed) of the nth tie-switch: 

1 if the -th tie-switch is closed
0 if the -th tie-switch is open n

n
x

n


= 


 

 

 
 

 
 

Figure 3. a) Fictitious meshed distribution network in normal operation 
[6], b) Distribution network graph representation after a default in Zone 

3, c) Minimum spanning tree obtained from Kruskal’s algorithm, d) 
Optimal radial structure configuration 

 
In our case, since there are 2 binary decision variables 

x12 and x46 corresponding to two tie-switches 12 and 46, 22 
tie-switches combinations states are obtained. In order to 
generalize, a set of closed tie-switches containing related 
binary decision variable is determined and decision table 
is then obtained in which each row corresponds to a 
combination of open/closed decision variables. Since 
switches are labelled according to zones they connect, the 
set of closed tie-switches is composed of zones belonging 
to different feeders. More generally, if there are m tie-
switches, there will be 2m combinations which can cause a 
combinatorial explosion. But since the number of tie-
switches is generally much lower than sectionalizing 
switches, combinatorial explosion can be avoided (around 
few dozen or hundreds of cases). 
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However, for a multi-feeder’s network with a 
significant number of zones, the number of combinations, 
although reduced, does not allow to determine radial 
configurations for each combination (that doesn’t 
constitute a loop). To circumvent this difficulty and obtain 
radial structures, some heuristic rules are adopted. 
Nevertheless, these rules are quasi-optimal, adapted to 
some configurations and needing to be refined for others. 
These rules determine whether more than two zones 
belonging to two different feeders connected by a tie-
switch according to the state of their respective circuit 
breakers (closed or open) constitute a circuit. From the set 
of closed tie-switches composed of zones belonging to 
different feeders, heuristic rules can be stated as follows: 
• Rule 1: Direct Circuit Detection 

If two zones belong to two different feeders, if these 
two zones are connected by a tie-switch belonging to 
closed tie-switches set, if circuit breakers in both zones are 
closed. Then a loop is detected. 
• Rule 2: Indirect Circuit Detection 

If two zones belong to two different feeders, if these 
two zones are connected by a tie-switch belonging to 
closed tie-switches set, if the circuit breaker of one of the 
two zone is closed and the other is open, if the zone whose 
circuit breaker is open is connected by a tie-switch 
belonging to closed tie-switches set to another zone of 
another feeder whose circuit breaker is closed. Then a loop 
is detected.  
• Rule 3: Indirect Circuit Detection 

If there is more than one zone belonging to the same 
feeder whose circuit breaker is open, if each of these zones 
is a member of closed tie-switches set, if each of these 
zones is connected to a zone of a different feeder whose 
circuit breaker is closed. Then a loop is detected. 
• Rule 4: No Circuit Detection 

If two zones belong to two different feeders, if these 
two zones are connected by a tie-switch belonging to 
closed tie-switches set, if the circuit breaker of one of the 
two zones is closed and the other is open, if the zone whose 
circuit breaker is open is not connected to any other zone 
of another feeder. Then no loop detected (probably radial 
configuration). 

For Figure 3c, Table 1 resume tie-switches states 
according to binary decision variables x12 and x46 and rule 
2. Two radial configurations are obtained and compared in 
pairs to find an optimal solution according to the maximum 
power delivered by each of the feeders A and C, each pair 
representing a potential solution: 
1. (A –1–2–4) and (C –5–6)  
2. (A –1–2) and (C –5–6–4) 

The two radial configurations of first pair feeder A 
supplies zones 1, 2 and 4, and feeder C supplies zones 5 
and 6, respectively, while for second pair the two radial 
configurations a supplies zones 1 and 2 and 4, and feeder 
C supplies zones 5, 6 and 4, respectively. Two options for 
selecting optimal configuration for each pair are possible: 
admissible voltage drop according to Equation (1), and/or 
Load Balancing Index (LBI) [6].  

 

Table 1. Tie-switches binary decision variables 
 

Combination x12 x46 Decision 
1 0 0 Excluded 
2 0 1 Allowed 
3 1 0 Allowed 
4 1 1 Excluded 

 
Lack of data about distribution network electrical lines 

characteristics (resistance and reactance particularly) 
doesn’t allow to use equation (2), and since supplied power 
at each zone is known, LBI will be used. In accord to [6], 
LBI is a comparison indicator such as: 

( )
1

1 n

avg i
i

LBI y y
n =

= −∑  (2) 

where, n is the number of active primary feeders, yi is the 
normalized loading on feeder i and yavg is the average of 
the normalized loadings yi (actual loading divided by 
loading limit). LBIs of each configuration are compared to 
select optimal one, lowest index configuration (practically 
much lower than 1) being preferred. LBI1 and LBI2 for 
configurations 1 and 2 respectively are 0.0788 and 0.0707. 
Noticed that LBI2 < LBI1, therefore second configuration 
represents optimal solution (Figure 5d). 

 
3. CASE STUDIES 

Proposed method including Kruskal’s algorithm and 
the heuristic rules is implemented in CLIPS [29], a 
programming language belonging to the declarative and 
logical language paradigm, designed primarily as a tool for 
the development of rule and object-based expert systems, 
in order to take advantage of its flexible structure 
representation of distribution network components and set 
manipulation functions. Kruskal’s algorithm is 
implemented and integrated as an external function written 
in C language with CLIPS. Three cases are presented, a 
fictitious four feeders twenty zones [6], modified three 
feeders IEEE 16 bus system and IEEE 15 bus system 
single feeder [30]. 
     
3.1. Case 1 

Figure 4a represents fictitious test meshed distribution 
network operating radially containing four feeders A, B, C 
and D associated with circuit breakers CB A, CB B, CB D 
and CB D, respectively. The network also includes 
normally closed sectionalizing switches and open tie-
switches.  Each feeder supplies zones connected by closed 
sectionalizing switches. Total MVA demand of each zone 
is listed in Table 2. The loading capacity of each feeder is 
10 MVA. Consider a permanent fault in zone 7, breaker 
CB B cleared the fault (remaining open) and switches 5, 6, 
18 and 22 were opened to isolate the faulted zone; as a 
consequence, zones 6, 8, 9 and 10 became no longer 
supplied. Operator’s objective following fault in zone 7 is 
to ensure continuity supplying for healthy zones 6, 8, 9, 
and 10. Figure 4b represents undirected graph obtained 
when zone 7 is in default. Kruskal's algorithm finds 
configurations ensuring power supply zones that remain 
healthy from graph in Figure 4b. According to adopted 
method minMST is 22 and countMST is 60. 
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Figure 4. a) Fictitious 20 zones distribution network [6],  

b) Corresponding weighting undirected graph 
 

Table 2. Zone loads [6] 
 

Zone No. Load Zone No. Load Zone No. Load Zone No. Load 
1 1.6 6 1.5 11 3 16 1.5 
2 0.7 7 1.5 12 3.5 17 2 
3 1.8 8 1 13 0.7 18 1.8 
4 0.5 9 0.5 14 1 19 1.5 
5 1.9 10 0.8 15 0.6 20 0.5 

 
Table 3 resumes results obtained from [24] where ST 

5804 corresponding to a configuration obtained by 
Kruskal’s algorithm: 

 
Algorithm 1. Kruskal’s algorithm 

 

(3,8)(9,10)(8,9)(4,5)(3,4)(14,15)(11,16)(2,3)(11,12) 
(1,6)(1,2)(18,19)(17,18)(19,20)(13,14)(6,11)(12,13) 
(16,17) 

 
Each number in parenthesis represents a zone and both 

correspond to switch between two zones. For instance, (3, 
8) corresponds to tie-switch between zones 3 and 8 
denoted by number 19 in Figure 4a. Obtained 
configuration doesn’t respect radial structure constraint, 
closed tie-switches 17, 19, 21 and 25 forming loops 
between feeders A, C and D. Possibility to find 
configurations respecting radial structure constraint and 
service continuity, is to exploit obtained MST by binary 
decision tree application on closed tie-switches 17, 19, 21 
and 25. The four decision variables 17 19 21,  ,  x x x and 25x
give 24 combinations. Applying heuristic rules, two 
combinations among the sixteen combinations are allowed 
and tabulated in Table 4, other combinations being 

excluded (for simplicity, only combination 7 and 13 
appear). Figures 5a and 5b resume these two 
configurations. LBIs being equals (LBI1= LBI2= 0.0491) 
for these two radial configurations, both can be considered 
as optimal. 

 
Table 3. Network reconfiguration ST 5804 

 

Switch State Switch State Switch State 
1 Closed 11 Closed 21 Closed 
2 Closed 12 Closed 22 Open 
3 Closed 13 Closed 23 Open 
4 Closed 14 Closed 24 Open 
5 Open 15 Closed 25 Closed 
6 Open 16 Closed 26 Open 
7 Closed 17 Closed 27 Open 
8 Closed 18 Open 28 Open 
9 Closed 19 Closed 29 Open 
10 Closed 20 Open   

 
Table 4. Tie-switches binary decision variables for fictious network 

 

Combination x17 x19 x21 x25 Decision 
7 0 1 1 0 Allowed 
13 1 1 0 0 Allowed 

 
In comparison with [31], where breadth-first search 

technique is used with binary decision tree and binary 
decision variables, obtained results are quite similar with a 
greatly reduced number of combinations in our approach.  

 

 

 
 

Figure 5. a) first radial configuration, b) second radial configuration for 
Fictitious 20 zones distribution network 

 
Table 5 provides an overview of MST costs and 

number of MST for defaults on each zone of distribution 
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network of Figure 4a. To validate the proposed approach, 
in addition to the ST 7, nine additional MST were 
randomly selected: ST 15, ST 19, ST 20, ST 26, ST 31, ST 
40, ST 50, ST 51 and ST 52. Table 6 resume allowed 
structure with minimum LBI for each MST combination. 
By calculating the standard deviation, it is possible to 
estimate whether the results obtained are within acceptable 
ranges. For n samples, standard deviation is expressed as:  

( )2
1

1
1

n

i
i

x
n

σ µ
=

= −
− ∑  (3) 

 
Table 5. MST number and MST cost on default on each zone for 

fictitious distribution network 
 

Default Zone costMST minMST Default Zone costMST minMST 
1 265 23 11 212 23 
2 130 24 12 287 24 
3 170 24 13 412 24 
4 NaN NaN 14 207 24 
5 520 23 15 416 23 
6 105 22 16 416 23 
7 60 22 17 312 24 
8 120 23 18 416 24 
9 NaN NaN 19 312 24 
10 520 23 20 416 23 

 
Table 6. Allowable radial configurations for default in zone 7 

 

 N x17 x19 x21 x25 LBI 
ST 7 7 0 1 1 0 0.0491 

 N x17 x19 x24 x27 LBI 
ST 15 11 1 0 1 0 0.0491 

 N x17 x19 x23 x28 LBI 
ST 19 11 1 0 1 0 0.0491 

 N x19 x21 x23 x27 LBI 
ST 20 13 1 1 0 0 0.0491 

 N x17 x20 x24 x27 LBI 
ST 26 13 1 1 0 0 0.0491 

 N x20 x21 x24 x27 LBI 
ST 31 13 1 1 0 0 0.0491 

 N x17 x20 x23 x29 LBI 
ST 36 13 1 1 0 0 0.0491 

 N X x20 x21 x25 LBI 
ST 40 7 0 1 1 0 0.0491 

 N x17 x21 x23 x26 LBI 
ST 51 11 1 0 1 0 0.1077 

 N x17 x21 x23 x28 LBI 
ST 52 11 1 0 1 0 0.1077 

       
Where, σ, μ, and xi are standard deviation, average 

value of samples and value of each sample. From Table 6, 
n=10 and represents the total number of optimal 
configurations, xi is the LBI value of the optimal 
configuration corresponding to each ST and μ is the 
average LBI value of the optimal configurations. From 
obtained results, μ=0.06082, σ=0.0247, standard deviation 
is very small. Therefore, it can be concluded that for a 
default in zone 7 each of the 60 MST can be a potential 
solution.  
 
3.2. Case 2 

The IEEE 16 bus distribution system in Figure 6a 
operates at 12.66 kV and contains three feeders 1, 2 and 3 
(data of this distribution system are in [30]). This network 
is modified according to Figure 6b where feeders 1, 2 and 
3 becomes A, B and C, respectively, and zone 1 is 

aggregate of buses 4 and 5, zone 4 is aggregate of buses 8 
and 10, zone 5 is aggregate of buses 9 and 11, zone 7 is 
aggregate of buses 13 and 14. Buses 6, 7, 12, 15 and 16 
renamed as zone 2, 3, 6, 8 and 9, respectively. Added 
branches representing tie-switches have electrical 
characteristic of original branch 6-7 in [30], R= 0.0250 
(pu) and X=0.0250 (pu), base quantities are Ub=12.66 kV 
Sb=100 MVA. Corresponding weighted undirected planar 
graph to Figure 6b is in Figure 7. Total active and reactive 
demand of each zone is listed in Table 7. Tables 8 and 9 
provide an overview of minMST and countMST, MST and 
binary decision variables, respectively, for defaults on 
each zone of distribution network of Figure 7. 

 

 
 

 
 

Figure 6. a) Original [30], b) modified IEEE 16 bus distribution system 
 

 
 

Figure 7. Undirected weighted graph of modified IEEE 16 bus 
distribution system 

 
For each default zone’s ST in Table 9 corresponds an 

MST and according to binary decision variable to this 
MST one or more radial configurations can be obtained by 
applying heuristics rules. 
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Table 7. Load demand of modified IEEE 16 bus [30] 
 

Zone PL 
(kW) 

QL 
(kVAR) Zone PL 

(kW) 
QL 

(kVAR) 
1 5004.56 2006.26 6 4500 -1700 
2 2000 -400 7 2001.23 -198.34 
3 1500 1200 8 1000 900 
4 5001.23 3601.23 9 2100 -800 
5 5600.41 1300.41    

 
Table 8. MST numbers and MST cost on default on each zone in 

modified IEEE 16 bus  
 

Default Zone minMST costMST Default Zone minMST costMST 
1 6 9 6 4 9 
2 3 10 7 6 9 
3 6 9 8 3 10 
4 4 9 9 6 9 
5 4 10    

 
For example, in default zone 5, for each MST two 

radial configurations are obtained from Table 10 where 
each combination N corresponds to a radial configuration 
according to binary decision variables values (other 
combinations are excluded).   Some radial configurations 
are identical as represented in Figure 8. Voltage drops for 
each section of the four STs are: 
• ΔV(C-9) = 68.017 V; ΔV(C-6) = 123.721 V 
• ΔV(C-4) = 117.595 V; ΔV(A-3) = 117.379 V 
• ΔV(A-4) = 130.808 V; ΔV(A-6) = 332.555 V 

Based on obtained results, all voltage drops are below 
admissible voltage drop ΔVadm=0.7596 kV ÷ 1.0128 kV. 
However, pair of configurations ST 1-ST 2 can constitute 
a potential solution. Table 11 resume voltage drops for 
radial configurations obtained by applying heuristics rules 
in other zones. 

 
Table 10. Radial configurations according binary decision variables for 

a default in zone 5 
 

 N x (1-4) x (4-7) x (6-9) 
ST 1 3 0 1 1 

 5 1 0 1 
 N x (3-6) x (4-7) x (6-9) 

ST 2 3 0 1 1 
 6 1 1 0 
 N x (1-4) x (3-6) x (6-9) 

ST 3 5 1 0 1 
 6 1 1 0 
 N x (1-4) x (3-6) x (4-7) 

ST 4 3 0 1 1 
 6 1 1 0 

 
3.3. Case 3 

Figure 9 represents IEEE 15 bus subsystem distribution 
network used for this case. It operates at a nominal voltage 

11 kVnomV = , with fifteen (15) buses, fourteen (14) 
branches and a single feeder in bus 1 (solid lines in Figure 
9). Distribution network data characteristics can be found 
in reference [30]. Modifications have been made by adding 
branches to reconfigure network in a case of fault 
occurrence (hashed lines in Figure 9). Added branches (5-
14), (7-11), (8-15), (10-14) and (13-15) have 
characteristics chosen from branch (3-4), such that R= 
0.4827 (p.u) and X= 0.4722 (p.u). Solid lines represent 
sectionalizing switches, while hashed lines represent tie-
switches. Under normal operating conditions, added 
branches are normally open. 

Table 9. MST and binary decision variables on default on each zone in 
modified IEEE 16 bus  

 

Default 
zone ST MST Binary decision 

variables 
1 1 (7,8)(5,8)(5,6)(4,5)(2,5)(2,3)(8,9) (5-8) (2-5) 
 2 (7,8)(5,8)(5,6)(4,5)(3,6)(2,3)(8,9) (5-8) (3-6) 
 3 (7,8)(4,5)(2,5)(2,3)(6,9)(8,9)(5,6) (6-9) (2-5) 
 4 (7,8)(4,5)(2,5)(2,3)(4,7)(8,9)(5,6) (4-7) (2-5) 
 5 (7,8)(4,5)(3,6)(6,9)(5,6)(8,9)(2,3) (3-6) (6-9) 
 6 (7,8)(4,5)(3,6)(2,3)(4,7)(8,9)(5,6) (3-6) (4-7) 

2 1 (6,9)(8,9)(7,8)(1,4)(3,6)(4,5)(5,6) (1-4)(3-6) (6-9) 
 2 (1,4)(3,6)(5,6)(7,8)(5,8)(8,9)(4,5) (1-4)(3-6) (5-8) 
 3 (1,4)(3,6)(5,6)(7,8)(8,9)(4,5)(4,7) (1-4)(3-6) (4-7) 

3 1 (8,9)(7,8)(4,7)(4,5)(1,4)(1,2)(5,6) (4-7) (1-4) 
 2 (8,9)(7,8)(4,7)(4,5)(2,5)(5,6)(1,2) (4-7) (2-5) 
 3 (8,9)(7,8)(1,4)(1,2)(5,6)(5,8)(4,5) (1-4)(5-8) 
 4 (8,9)(7,8)(1,4)(1,2)(5,6)(4,5)(6,9) (1-4)(6-9) 
 5 (8,9)(7,8)(4,5)(2,5)(5,6)(5,8)(1,2) (2-5)(5-8) 
 6 (8,9)(7,8)(4,5)(2,5)(5,6)(1,2)(6,9) (2-5)(6-9) 

4 1 (7,8)(5,8)(5,6)(2,5)(2,3)(1,2)(8,9) (5-8) (2-5) 
 2 (7,8)(5,8)(5,6)(1,2)(3,6)(2,3)(8,9) (5-8) (3-6) 
 3 (7,8)(1,2)(2,5)(6,9)(8,9)(2,3)(5,6) (6-9)(2-5) 
 4 (7,8)(1,2)(6,9)(8,9)(5,6)(3,6)(2,3) (6-9)(3-6) 

5 1 (6,9)(8,9)(7,8)(4,7)(1,4)(1,2)(2,3) (6-9)(4-7)(1-4) 
 2 (6,9)(8,9)(7,8)(4,7)(3,6)(2,3)(1,2) (6-9)(4-7)(3-6) 
 3 (6,9)(8,9)(7,8)(3,6)(2,3)(1,2)(1,4) (6-9) (3-6) (1-4) 
 4 (3,6)(2,3)(1,2)(1,4)(4,7)(7,8)(8,9) (3-6) (1-4) (4-7) 

6 1 (8,9)(7,8)(4,7)(4,5)(1,4)(1,2)(2,3) (4-7)(1-4) 
 2 (8,9)(7,8)(4,7)(4,5)(2,3)(2,5)(1,2) (4-7)(2-5) 
 3 (8,9)(7,8)(2,3)(5,8)(1,4)(1,2)(4,5) (1-4) (1-2) 
 4 (8,9)(7,8)(2,3)(5,8)(4,5)(2,5)(1,2) (2-5) (1-2) 

7 1 (8,9)(5,8)(5,6)(4,5)(1,4)(1,2)(2,3) (5-8)(1-4) 
 2 (8,9)(5,8)(5,6)(4,5)(2,5)(2,3)(1,2) (5-8)(2-5) 
 3 (8,9)(5,8)(5,6)(4,5)(1,2)(3,6)(2,3) (5-8)(3-6) 
 4 (8,9)(4,5)(1,4)(2,3)(6,9)(5,6)(1,2) (1-4)(6-9) 
 5 (8,9)(4,5)(6,9)(5,6)(3,6)(1,2)(2,3) (6-9)(3-6) 
 6 (8,9)(4,5)(6,9)(5,6)(1,2)(2,5)(2,3) (6-9)(2-5) 

8 1 (3,6)(5,6)(4,7)(4,5)(6,9)(1,2)(2,3) (3-6) (4-7) (6-9) 
 2 (4,7)(6,9)(2,3)(4,5)(2,5)(5,6)(1,2) (4-7) (6-9) (2-5) 
 3 (4,7)(6,9)(2,3)(4,5)(5,6)(1,2)(1,4) (4-7) (6-9) (1-4) 

9 1 (5,6)(7,8)(4,7)(4,5)(1,4)(1,2)(2,3) (4-7)(1-4) 
 2 (5,6)(7,8)(4,7)(4,5)(2,5)(2,3)(1,2) (4-7)(2-5) 
 3 (5,6)(7,8)(4,7)(4,5)(1,2)(3,6)(2,3) (4-7)(3-6) 
 4 (5,6)(7,8)(5,8)(1,4)(2,3)(1,2)(4,5) (5-8)(1-4) 
 5 (5,6)(7,8)(5,8)(3,6)(4,5)(1,2)(2,3) (5-8)(3-6) 
 6 (5,6)(7,8)(5,8)(4,5)(1,2)(2,5)(2,3) (5-8)(2-5) 

 

 
 

Figure 8. Radial configurations from Table 8 
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Table 11. Voltage drops in radial configurations of modified IEEE 16 
bus 

 

Default 
Zone       

1 

ST1 Section C-9 B-3 B-6  
 ΔV(V) 68.017 269.874 232.961  

ST2 Section C-9 B-2   
 ΔV(V) 68.017 410.290   

2 ST1 Section C-9 B-3 B-1  
 ΔV(V) 68.017 304.751 149.423  

3 

ST1 Section C-9 B-2 B-6  
 ΔV(V) 68.017 185.290 232.961  

ST5 Section C-9 B-1 B-6  
 ΔV(V) 68.017 405.684 232.961  

4 

ST1 Section C-9 C-6 C-5  
ST2 ΔV(V) 68.017 235.24 320.682  
ST3 Section A-3 A-5 A-6  
ST4 ΔV(V) 117.379 130.808 332.555  

6 

ST1 Section C-9 C-6 C-5 C-4 
ST2 ΔV(V) 68.017 123.721 246.042 117.595 
ST3 Section A-3 A-4 A-5  
ST4 ΔV(V) 117.379 130.808 242.778  

7 

ST1 Section A-3 B-9 B-6  
 ΔV(V) 117.379 243.802 232.961  

ST4 Section A-3 B-8   
 ΔV(V) 117.379 317.799   

8 ST1 Section C-9 B-3 B-1  
 ΔV(V) 68.017 304.751 149.723  

9 

ST1 Section A-3 B-8 B-6  
 ΔV(V) 117.379 137.690 232.961  

ST4 Section A-3 B-6 B-7  
 ΔV(V) 117.379 232.961 261.168  

 

 
 

Figure 9.  IEEE 15 bus distribution network [30] 
 

Assume a default in bus 4 after which this bus is 
isolated from the rest of the network. Thus, buses 5, 14 and 
15 are no longer supplied, even though they are not faulty. 
Figure 10a represents the undirected graph associated to 
distribution network according to adopted method. In this  
minMST is 16 and countMST is 2. Figure 10b-c represent 
obtained MST configurations ST 17 and ST 26, later one 
corresponding to Kruskal’s algorithm application: 

 
2. Algorithm Kruskal’s 

 

ST 17:(12,13)(13,15)(5,14)(10,14)(9,10)(2,9)(1,2) 
(11,12)(6,7)(3,11)(2,3)(2,6)(6,8) 

ST 26: (12,13)(5,14)(10,14)(9,10)(2,9)(1,2)(11,12) 
(6,8)(8,15)(6,7)(3,11)(2,3)(2,6) 

 
Network sections (1-5), (1-7), (1-8) and (1-15) voltage 

drops in (p.u) for ST 17 are in Table 12. For ST 26 network 
sections (1-5), (1-7) (1-13) and (1-15) voltage drops in 

(p.u) are in Table 13. Voltage drops in considered sections 
are within the allowable voltage limit and configuration ST 
26 is selected for distribution network reconfiguration. 

 

    

 

 
 

Figure 10. a) IEEE 15 bus network graph, b,c) Related Minimum 
Spanning Trees: ST 17, ST 26 

 
Table 12. ST 17 Voltage drops 

 

( )1 5V −∆   ( )1 7V −∆   ( )1 8V −∆  ( )1 15V −∆  

0.0254 0.0253 0.0229 0.0409 
 

Table 13. ST 26 Voltage drops 
 

( )1 5V −∆  ( )1 7V −∆  ( )1 13V −∆  ( )1 15V −∆  

0.0254 0.0253 0.0292 0.0346 
 

4. CONCLUSIONS  
Distribution network reconfiguration after a default is 

one of the challenges for operators. Reconfiguration can 
be obtained by state’s switches modification while 
respecting operating constraints as admissible voltage 
limit, maximizing number of restored loads, minimizing 
power loss and maintaining network radial structure. An 
optimal solution is not sought during first phase of the 
reconfiguration due to combinatorial explosion due to 
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switches open/close actions. In this case, operators focus 
on a configuration respecting radial network structure 
(overloaded or not and feeding all loads) and admissible 
voltage limit constraints. 

Kruskal’s algorithm, a minimum spanning tree 
instance, associated to Kirchhoff’s algorithm to count 
MST, allows solving this problem by considering 
distribution network as a related undirected planar 
weighted connected graph and assigning dimensionless 
weights to links (considered as sectionalizing and tie-
switches). However, resulting configuration may not 
respect radial structure constraint, particularly for 
distribution network with multiple feeders. In this case, 
heuristics rules are used in conjunction with binary 
decision tree notion to determine tie-switches that can 
create loops after applying Kruskal’s algorithm. Obtained 
results on fictitious multi-feeder distribution network, 
modified three feeders IEEE 16 bus and IEEE 15 bus 
single feeder distribution systems test cases largely meet 
the assigned objectives: a radial network structure with 
voltages respecting admissible limits.  
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