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Restoration of Distribution System with Distributed Energy Resources 
using Level-based Candidate Search

Dong-Eok Kim† and Namhun Cho*

Abstract – In this paper, we propose a method to search candidates of network reconfiguration to 
restore distribution system with distributed energy resources using a level-based tree search algorithm. 
First, we introduce a method of expressing distribution network with distributed energy resources for 
fault restoration, and to represent the distribution network into a simplified graph. Second, we explain 
the tree search algorithm, and introduce a method of performing the tree search on the basis of search 
levels, which we call a level-based tree search in this paper. Then, we propose a candidate search 
method for fault restoration, and explain it using an example. Finally, we verify the proposed method 
using computer simulations.
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1. Introduction

When faults occur in distribution system owing to 
lightning, wildlife, weather, and trees, etc., protective 
devices such as relays and circuit breakers are triggered to 
protect the system by isolating the faults. In this scenario, 
as customers downstream are disconnected from the feeder, 
they experience outages. The identification of the fault is 
generally time consuming, and it may take even longer to 
both identify and resolve the root causes of the faults. 
However, as the rapid restoration of electricity service is a
key performance indicator (KPI) to evaluate the performance
of power distribution systems, it is recommended that the 
electricity supply be reconnected as soon as possible by 
isolating the faults and reconfiguring the distribution 
network using alternative feeders. This is an important part 
of the service-restoration process, and in this paper, we refer 
to it as fault restoration. Once the cause of a fault is fully 
resolved, then the network is restored to the original state. 

In the past, the fault-restoration process has been 
adequately dealt with by experienced engineers in a control 
center using remotely operating switches [1]. Many studies 
have been performed to identify ways of enhancing the 
service-restoration process. In [2], the authors proposed a 
technique that involved using a traveling wave to identify 
the fault location, where the technique is embedded into 
relay equipment. The phenomenon called the “cold load 
effect,” which occurs because of the loss of load diversity 
for a long time after an outage caused by faults, has been 
studied in [3], [4], and is important to estimate the need for 
fault restoration. Reference [5] reported the overloading 

operation of transformers that may be required for the 
restoration process. In addition, a restoration method that 
involves transferring the load was proposed in [6, 7], and 
this adequately performed its intended function. 

Recently, as large numbers of distributed energy 
resources (DERs) are integrated into distribution systems, 
grids have become much more complex. In this environ-
ment, it is difficult to determine the optimal decision for 
fault restoration using only human experience, and thus 
the decision process should be addressed by employing 
enhanced computer technology. To do this, various 
approaches have been proposed. In [8-10], service-
restoration methods using a heuristic search were proposed 
and compared. In [11], a network reconfiguration method 
using a tree search algorithm was proposed. In addition, 
several techniques have been developed which utilize 
switching allocation in the grid to realize better restoration 
and operation, and some techniques focus on network 
partitioning for service restoration [12-14]. Based on 
simulation results, the above-mentioned methods are 
suitable; however, they are based on searching the entire 
network at once. In particular, the process of searching 
potential candidates for fault restoration requires long 
computation times, even with simplified distribution 
networks, because networks are very complicated. 

In this paper, we propose a fault-restoration method that 
searches for potential fault candidates using a level-based 
tree search algorithm. First, we show a way of representing
a distribution system using DERs and represent it on a tree 
graph, and we explain how to change the original tree 
graph into a simplified one. Second, we explain the 
concept of the general tree search algorithm, after which 
we introduce a method to achieve the tree search using 
subgraphs of the original tree graph. As the subgraphs are 
segmented by search levels, in this paper, we call it a level-
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based tree search method. Finally, we use an example to 
explain the candidate search method for fault restoration 
using a level-based tree search. We perform computer 
simulations to verify the proposed method. In addition, we 
discuss additional requirements for the proposed method in
the discussion section.

2. Representation of Distribution Network using 

DERs

2.1 Calculation of Net-power using DERs

Fig. 1 shows a power distribution network with DERs 
and its graphical representation. In this work, as seen in Fig. 
1(a), we distinguish between remotely controllable (type 2) 
and uncontrollable (type 1) DERs, and DERs in a section 
are grouped together unless stated otherwise. For type-1 
DERs, we assume that they are operated with unity power 
factor. Then, the combined power of type-1 DERs in each 
section is expressed as:

����(�) = ����(�)�����_��� (1)

where �����_��� is the rated power of an aggregated DER 
of a section, that is, the total capacity of the DERs in the 
section, and ���� is a constant that expresses the amount 
of power that is generated from them. � is the time 
instance on the basis of an hour. We assume that ���� can 
change, for instance, ����(� − 1) = 1.0 before the fault 
and ����(�) = 0.9 during the fault restoration. 

On the other hand, type-2 DERs can directly contribute 
to the fault-restoration process by generating as much real 
and reactive power as possible. The aggregated power of 
type-2 DERs in a section is expressed 

����(�) = ����(�) + �����(�) (2)

where ����(�) = min(|�����_���|, ����	_���(�)),
����	_���(�) = (����(�)|�����_���| + ����(� − 1)/ℎ���)	and 
���� = (�����_���

� − ����
� )�.� . |�����_���| is the rated 

(apparent) power of the DER, ����	_��� is the maximum 
real power that we can expect from the energy source, 
where ����(�)|�����_���| is the portion obtained from 
renewable sources such as solar and wind, and ����(� −

1)	/	ℎ��� is the portion obtained from energy storage 
( ℎ��� = 1) ; ���� is limited by |�����_���| . ���� is the 
reactive power that is produced by type-2 DERs, and it is 
limited by �����_��� and ����.

Then, the net power of the loads and DERs in the �th 
section is expressed as

��(�) = ��,�(�) − ����,�(�) − ����,�(�) (3)

Here, the total reactive power to be generated from type-
2 DERs in the stream of a feeder should be less than the 
expected reactive power withdrawn by loads from the 
feeder, i.e., 

∑ ����,�(�)�∈��
≤ ∑ ��,�(�)�∈�� (4)

which is chosen the feeder rate × (1.0 – load power factor 
(PF)); the feeder rate is equal to the feeder transformer rate. 

In addition, we should consider the possibility that feeder
transformers can run under overload conditions during the 
fault restoration without the support of DERs owing to 
sudden changes, e.g., weather changes. Therefore, it is 
necessary to expect or estimate not only the net power but 
also the load power in the zones. In [5], it is reported that 
transformers can be operated under a 150% equivalent 
overload condition for 1 h without affecting their life-time.

Fig. 1. (a) Distribution network with DERs, (b) Tree graph representation of (a) with nodes and edges, (c) Simplified graph 
of (b), and (d) Simplified figure of (a)
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2.2 Graph representation

Fig. 1(a) can be changed to a (tree) graph with nodes 
and edges, as seen in Fig. 1(b), where all feeders are 
merged to a root node, and sections (zones) and switches 
are changed to nodes and edges, respectively. The node 
number = zone number +1. To satisfy the radial 
configuration of distribution networks, the graph must be 
in the form of tree. In the graph, a section with loads 
including line losses is changed to a circle node, and a 
section with loads and DERs or with DERs only is changed 
to a rectangular node. A normally closed switch is changed 
to an edge with a solid line, and a normally open switch, 
such as a tie switch, is changed to an edge with a dotted
line; for convenience, we call it a tie-edge. 

The graph can be simplified according to the following 
rules: 

1) All edges representing tie-switches and the 
corresponding nodes are retained in the simplified graph. 
2) The edges representing switches to be opened owing to 
fault isolation and the corresponding nodes are retained in 
the simplified graph. 3) All degree-one nodes [11] and 
their edges are merged to the degree-two nodes to which 
the degree-one nodes are connected until there are no 
more degree one nodes in the simplified graph. 4) After 
removing all degree-one nodes, all nodes with three 
degrees or more are retained in the simplified graph. 5) 
Degree-two nodes that are not connected to any edge 
representing a tie-switch are merged to a node; however, if 
there is an additional rule, such that a node for which the 
net power should not exceed a specified limit, then the 
respective degree-two nodes will be exempt from rule 5). 
In this way, a graph with more than one thousand nodes 
could be simplified to one with a couple of ten nodes [11]. 
Using this process, we obtain the graph seen in Fig. 1(c), 
where the edge numbers in parenthesis are ones that are 
renumbered in sequence. The version of the figure with 
zones and switches obtained from the simplified graph is 
shown in Fig. 1(d), where transformers are omitted and the 
zones with double solid lines represent those with DERs. 

The information pertaining to the net power of nodes 
(zones) for Eq. (3), Fig. 1(c) and (d) are presented in 
Table 1.

3. Candidate Search for Network Reconfiguration

When a fault occurs in a section of a distribution 
network, the section is isolated using opening switches, 
and electricity service to other sections downstream is 
stopped. Then, by reconfiguring the network using operating
switches, the service is temporarily restored, and in this 
paper, we refer to this as fault restoration. Once the cause 
of the fault is fully resolved, the network is returned to the 
original configuration. In this section, we introduce a 
method to reconfigure a network using the tree searching 
algorithm. 

3.1 Tree search algorithm

The basic tree search algorithm is explained in [15]:

����…��������

= �	�	�	
� = ���� ⊕ {��� , �

�}	, ���� ∈ �
���…����� ,

�� ∈ ����(����) ∩ ����(��), �′ ≠ ���	
�

   (5)

where � denotes trees expressed with edges, ��� is an edge 
(not ordered in sequence), and ⊕ denotes the “exclusive 
or” of two sets. � and � denote the sets of trees and cuts, 
respectively. The cut is the set of edges that divide an 
original set (graph) into two subsets, which can be obtained 
by manipulating the graph incidence matrix [16]. 

In Fig. 2, the initial tree �� is given as: �� =
{��, ��, ��, ��, ��, ��, ��}. �

�� represents tree sets that can 
be obtained by cutting (disconnecting) �� and by 
connecting one of the tie-edges; it is expressed as 
���	(����) = �	�	|	� = ��⊕ {��, �

�}	, �� ∈ ���(��), �′ ≠ ���
in Eq. (5), where ���(��) = {��, ��, ��} and {��, �

�} ∶
{��, ��}, {��, ��}. Similarly, ����� refers to tree sets that 
are obtained by disconnecting both �� and �� and by 
connecting both tie-edges of �� and �� , where 
��	(����	(���)) represents each set of ��� . Here, it should 
be noted that, as ����� = ����� , we search for only one 
of ����� and ����� to avoid duplication. In addition, it 
should be noted that the tree search proceeding more level 
than the number of tie-edges always gives an empty set. 
For instance, in Fig. 2, as there are only two tie-edges, it 
always results in ���������� = {∅} . Thus, we should not 
search for these expected empty sets to reduce the 
computation time. For the graph of Fig. 2, tree sets to be 
searched are listed in Table 2. Here, we use the term “tree 

Table 1. Power of load and DERs

(a) for original graph (Fig. 1 (c))

Node |��|, PF �����_��� ���� |�����_���| ���� ����

10 1.10, 0.95 1.0 0.9 - - -

11 0.01, 1.00 - - - - -

13 - - - 1.5 0.7 3.0

(b) for simplified graph (Fig. 1 (d))

Node |��|, PF �����_��� ���� |�����_���| ���� ����

11 (7) 1.11, 0.95 1.0 0.9 1.5 0.7 3.0 Fig. 2. Initial tree graph of a network



Restoration of Distribution System with Distributed Energy Resources using Level-based Candidate Search

640 │ J Electr Eng Technol.2018; 13(2): 637-647

search depth.”
In addition, it is possible to search for only trees that 

include certain edges or to exclude any of them. In order to 
search for trees that definitely include edges, we skip the 
search of the edges. For instance, in Fig. 2, assuming that 
we need to keep the edges of �� and �� connected to the 
root node, then it is not necessary to search for any of the 
tree sets ���� , ����� , ���� , ���� , ����� , and ����

(underlined in Table 2). On the contrary, if we definitely 
need to cut at least one of �� and ��, then we search only 
for the tree sets underlined in Table 2. In summary, when 
assuming that � is the set of trees and �� is the subset that 
includes certain edges, and they are obtained by skipping 
the search for the edges, then the complement set �� only 
includes trees that cut at least one of the edges that 
definitely remained :

�� = � ∖ �� (6)

where it represents � ∖ �� = {	� ∈ �	|	� ∉ �� 	}. Lastly, we 
like to mention that, in some perspectives, the skipping 
method (used to obtain only ��) is similar to the process of 
merging nodes 2 and 5 to the root node, and performing the 
tree search with the reduced graph. 

3.2 Level-based tree search

When a graph is given, searching trees with (5) 
guarantees that all trees for the graph are found; the 
corresponding set of trees for the graph is expressed as �. 
However, if the graph is complicated, a large computation 
time is required to obtain the trees. In this case, instead of 
searching for the original graph, we can search most of the 
trees with the sub-graphs. The set of total trees can be 
expressed as

� = �� ∪ �� (7)

where �� is the set of trees searched with sub-graphs, and 
�� is the set of remaining trees that can only be searched 
with the original graph.

3.2.1 Forward and backward search (FBS)

In this subsection, we explain how to search trees using
sub-graphs, which we refer to as a “forward and backward 
search (FBS).” Fig. 3(a) shows an initial tree graph that is 

divided into two subgraphs, as shown in Fig. 3(b). Assume 
that the tree search with the left graph is a level 1 search, 
and that with the right graph is a level 2 search. The initial 
tree graph in Fig. 3(a) includes three streams (connected 
edges without a tie-edge) ����,� = {��, ��} , ����,� =
{��, ��, ��} , and ����,� = {��, ��} , where ����,� is the 
shared one by level 1 and level 2 graphs, and ����,� is the 
shared one by level 2 and imaginary next-level graphs.

The set of trees (���) searched in level 1 is divided into 
two subsets of ���� and ����, where ���� is the set whose 
tree includes all elements of ����,�, and ���� is the set of 
the remaining trees in ��� : ���� = ��� ∖ ����. Similarly, 
the set of trees (���) searched in level 2 is divided into two 
subsets of ���� and ����, where ���� is the set whose tree 
includes all elements of ����,�, and ���� is the remainder:
���� = ��� ∖ ���� . For instance, a tree of set ���� is
����,� = {��, ��, ��, ��, ��} , and a tree of set ���� is
����,� = {��, ��, ��, ��, ��} . In addition, ����� is the set 
whose tree includes all elements of ����,�.

Then, �� is the set of trees (��,�) that can be obtained by 
all possible combinations of edges (����,� ⊕ ����,� ) and 
trees ���,� : 

��,� = (����,� ⊕ ����,�) ∨ ���,� (8)

where ∨ denotes disjunction of two sets. Searching trees 
with (8) will be called forward search since it is processed 
in the sequence of – 1) searching trees of ����,� in level 1, 
2) removing the shared edges of ����,� from the trees, 3) 
searching trees of ���,� in level 2, and then 4) combining
them. Likewise, �� is the set of trees (��,� ) that can be 
obtained by combining trees ����,� and edges (�����,� ⊕
����,�), which will be called backward search :

��,� = ����,� ∨ (�����,� ⊕ ����,�) (9)

where �� = �� ∪ �� in (7) and �� = �� ∖ �� . For instance, 
����,�(= ���,�) = {��, ��, ��, ��, ��} , (����,� ⊕����,�) =
{��, ��} , and ���,�(= ����,�) = {��, ��, ��, ��, ��} ; then,
��,� = {��, ��, ��, ��, ��, ��, ��} . In this manner, we can 
obtain 24 trees for Fig. 3(a), while the total number of 

Table 2. Tree set to be searched for Fig. 2.

Depth Tree set

1 ����     : (��� =) ��, ��, ��, ��, ��, ��, ��

2

������� : (������ =) ����, ����, ����, ����, ����, ����;   
     ����, ����, ����, ����, ����; 
     ����, ����, ����, ����;
     ����, ����, ����;
     ����, ����; 
     ����

(a)                     (b)

Fig. 3. Tree graph (a) original and (b) sub-graphs
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trees is 26. It should be noted that the remaining two 
trees of set �� – ����� = {��, ��, ��, ��, ��, ��, ��} and 
����� = {��, ��, ��, ��, ��, ��, ��} in Eq. (5) can only be 
searched with the original graph because they would be an 
empty set for the sub-graphs. The remaining examples are 
listed in Table 3.

3.2.2 Fast search (FS)

Furthermore, if there is an additional subgraph, as shown 
in Fig. 4, the previously obtained set ��

(�) becomes set 

���
(�) in the current process level, where the number in 

brackets denotes the process level and ����
(�) is the set of 

trees, including the edges of {��, ��} shared by the 
subgraphs: ����,�

(�)
= ����,�

(�) . Then, trees in set ���
(�) are 

sorted into groups ����
(�) and ����

(�), and the level-based tree 
search is performed. 

If the graph that is given is very complex and we need to 
find at least some of the trees relatively, then we can carry 
out the search using 

���,� = (����,� ⊕ ����,�) ∨ ����,� (10)

In this case, only the first part of the forward search 
(first forward search) is performed, but the second part of 
the forward search (second forward search) ���,� =
(����,� ⊕ ����,�) ∨ ����,� is skipped as well as the 
backward search. In addition, because ���

(�)
= ���

(�) so that 
it includes only trees with edges that are shared with the 

next subgraph, the sorting process is not required. In this 
work, the search with (10) will be called “fast search (FS).”

Level-based candidate search for fault restoration
Fault restoration is based on the concept of transferring 

loads from a main feeder with an insufficient margin to 
alternative feeders with sufficient margins. In this subsection, 
we propose a level-based candidate search method for fault 
restoration, which applies the level-based search method 
introduced in subsection 3.2. 

Fig. 5 shows a simplified distribution network and its 
graphical representation. The simplified network has four 
feeders, 26 zones, and 32 switches. For better matching 
between two figures, feeders are left in the graph instead of 
merging them to a root node. In Fig. 5(a), zones with 
double lines represent those with DERs, and in Fig. 5(b), 
square nodes represent the same. 

Here, the level is determined by the number of passing 
tie-switches (tie-edges in the graph) from a chosen feeder 
to the others. For instance, when a fault occurs at zone 5 
(node 6 in the graph), which is fed by feeder 2, we refer to 
feeder 2 as a level-0 (main) feeder, and feeder 1 and 3, 
which are reached by passing the tie-switch once from 
feeder 2, as level-1 (alternative) feeders. Feeder 4 is a 
level-2 feeder because it is reached by passing tie-switches 
twice from feeder 2. Feeder 4 is also a level-1 feeder for 
feeders 1 or 3.

In addition, we applied the search level, which enables 
us to perform the tree search level by level with sub-graphs, 
instead of searching for the original graph of the whole 
network. For instance, in search level 1, edges and nodes 
related to level-0 and level-1 feeders are included, and the 

Table 3. Level-based tree search result for Fig. 3.

(����,� ⊕����,�) ���,� 	(���) ��,�	(��) (18 set)

{��, ��}
{��, ��}
{��, ��}

����,�

{��, ��, ��, ��, ��}
{��, ��, ��, ��, ��}
{��, ��, ��, ��, ��}
{��, ��, ��, ��, ��}

{��, ��, ��, ��, ��, ��, ��}
{��, ��, ��, ��, ��, ��, ��}

⋯
{��, ��, ��, ��, ��, ��, ��}

⋯
{��, ��, ��, ��, ��, ��, ��}

����,�
{��, ��, ��, ��, ��}
{��, ��, ��, ��, ��}

����,� 	(����) (�����,� ⊕����,�) ��,�	(��) (6 set)

����,�
{��, ��, ��, ��, ��}
{��, ��, ��, ��, ��}

{��, ��}
{��, ��}
{��, ��}

{��, ��, ��, ��, ��, ��, ��}
⋯

{��, ��, ��, ��, ��, ��, ��}

(a)                     (b)

Fig. 4. Tree graph (a) original and (b) sub-graphs

(a)

(b)

Fig. 5. (a) Simplified figure of a distribution network: 4 
feeders, 26 zones, and 32 switches, (b) Graphical 
representation of (a): fault that occurred at zone 5 
(node 6).
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rest are excluded from the tree search, as shown in Fig. 6. 
Parts of the edges obtained from search level 1 will be 
combined with edges to be obtained from the next search 
level, so they become tree sets, as in (8) and (9). In 
addition, it should be noted that for the tree search in the 
respective search level, the search depth is limited to a 
value of ���,���, where ���,��� increases by 1 if there are 
tie-switches between two different feeders.

In this work, the �th level-0 and �th level-1 feeders in 
the �th search level are expressed as ���,��.� and ���,��.�, 
respectively. Further, the initial edge sets in the �th search 
level are expressed as ����,�� = �����,��,��

� , ����,��,��� , 
where ����,��,��

� = �����,��,��, ����,��,��, ����,��,���� ,  
����,��,�� and ����,��,�� are the respective edges for the 
streams of level-0 feeders and those for level-1 feeders, 
respectively, and ����,��,�� and ����,��,���	 are tie-edges 
between level-0 feeders and those between level-0 and 
level-1 feeders, respectively. Moreover, tree sets for the 
� th search level are expressed as ��� = {���.�, … , ���.�} , 
where ���� is the set of a tree, which includes all elements 
of ����,��,�� and ���� = ��� ∖ ����. For instance, for the 
search level-1 in Fig. 5(b), ���,�� = �� , ���,��.� = �� , 
���,��.� = �� , ����,��,�� = {��, ��, ��, ��, ��, ��		��, ��} ,
����,��,�� = {∅} , ����,��,��� = {��, ���, ���, ���} , ����,��,��.� =

{���, ���, ���, ���, ���, ���}, ����,��,��.� = {���, ���, ���, ���, ���, ���} , 

and ���,��� = 2 : �� − ��, �� − ��.
Now, we explain the method based on FBS using Fig. 6: 
1) Choose a fault node (or fault nodes), and determine 

the initial level-0 and level-1 feeders. To isolate the fault, 
the fault node and the edges connected to the node are 
removed. By connecting one of the tie-edges and leaving 
the remainder intact, we obtain an initial tree (Fig. 6(a)).

2) In the respective search level (� = 1), perform the 
first forward search; all edges (����,��,��) connected to the 

feeders whose levels are equal to the search level 
(alternative feeders ; ���,�� ) will be omitted from this 
forward search.

2-A1) After obtaining tree sets (���� ), calculate the 
feeder margin with the net power of the corresponding 
nodes.

��,� = ��,��� + ��,��� − |∑ ���∈��
| (11)

where ��,� , ��,��� , and ��,��� are the margin, rated limit, 
and tolerance of the � th feeder, respectively. ∑ ���∈��

represents the sum of the net power of nodes connected to 
the � th feeder. In addition, the feeder margin for an 
emergency without any DER support is given as

��,�� = ��,���� − |∑ ��,��∈��
| (12)

where ��,�� and ��,���� are the emergency margin and 
limit for the �th feeder, respectively. ∑ ��,��∈�� represents 
the sum of loads connected to the �th feeder.

2–A2) If any set does not satisfy the margin conditions 
of both (11) with (3) and (12), then sort the sets and save 
��� sets among them; the sets should be sorted in the order 
of the smallest squared sum of only negative feeder margins
obtained with (11). Then, select the best ���,� sets among 
them and save the data of the tree sets and feeder margins, 
which will be kept during the entire process (we refer to it 
as a back-up set). Likewise, sort the sets regarding (12) and 
select ���,�� sets. Then, only ���,� sets that are not 
included in the ���,� sets among the ���,�� sets, and 
���,�� randomly picked sets among the sets that are not 
included in both ���,� and ���,� sets will be saved as well, 
after which the rest will be deleted. The total number of 
data sets to be saved is ���(= ���.� + ���.� + ���.�), and 
��� is limited to a fixed value and is less than the total 
number of sets obtained in this stage. In Fig. 6(a), ��� = ∅
because there is no previous search level, and a tree set is 
����.� = {��, ��, ��, ��, ��, ��, ���, ���, ���, ���, ���, ���, ���, ���,

���, ���, ���, ���}.

2– B)	Perform	the	second	forward	search	for	the	rema
ining trees and obtain tree sets (����). Check the margin 
conditions as in 2–A1). If any set does not satisfy the 
conditions, sort the sets and save the data as in 2–A2). In 
Fig. 6(a), a tree set is ����.� = {��, ��, ��, ��, ��, ��, ��, ���, ���,

���, ���, ���, ���, ���, ���, ���, ���, ���} . Now, we have the 
data of set ����� = ���, where ����� represents the set of 
full trees obtained through search levels 0 to 1.

3) Proceed to the next search level (� = � + 1; 	� = 2) : 
3–A) Perform the first forward search and obtain tree 

sets (����). Combine the trees with the edges of (���� ⊕
����,��,��) to have the full trees: ������� = (���� ⊕
����,��,��) ∨ ���� ; the data of ���� were saved in (2-A2).
Check the margin conditions for the full trees. If any set 
satisfies the conditions, go to 5). Otherwise, sort the sets
and save the data. 

3–B) Do the same for tree sets ���� obtained with the 

(a)

(b)

Fig. 6. (a) simplified graph of level 1 (initial tree graph), (b) 
simplified graph of level 2(���,��� = 2, ���,��� =
2)
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second forward search. Combine the trees with the edges 
saved in the previous search level to have the full trees: 
������� = (���� ⊕ ����,��,��) ∨ ���� . Check the margin 
conditions. If any set satisfies the conditions, go to 5). 
Otherwise, sort the sets and save the data.

3–C) Perform the backward search. Combine the edges 
of (����� ⊕����,��,��) with the trees saved in the previous 
search level to have the full trees: ������ = ���� ∨
(�����⊕ ����,��,��) , ����,��,�� = ����,��,�� ; the data of 
���� were saved in (2-B). Now, we have the data of set 
�����; if there remain more to be searched, set ����� is
sorted into two groups and the corresponding data are 
saved, where one group includes only trees with ����,��,��
and the remaining trees are in the other group. 

4) Now, we searched for all feeders. If there are sets that 
satisfy the margin conditions, then go to next step; despite 
having searched for all feeders, if we do not have any 
satisfactory set, then generate a predetermined number of 
best sets among the back-up set and check whether there 
are any available sets (any set that slightly violates the 
margin).

5) Select the best set from among the sets that satisfy the 
margin conditions, considering also the switching number, 
voltage variation, and line losses, while solving the power-
flow problem for the set.

In order to apply FS, only the second forward and 
backward searches are skipped, which are the processes in 
2–B), 3–B), and 3–C). The flow chart is shown in Fig. 7.

In addition, Fig. 8 shows a graph of the search level 1 
for multiple faults, where ����,��,�� = {��, ���}, ���,��� =
3 : �� − ��, �� − ��, and �� − ��. It should be noted that 
multiple faults can be dealt with either by a) solving one 
fault, changing the network configuration accordingly, and 
then solving the other fault on the changed network, or b) 
solving the faults simultaneously, as shown in Fig. 8.

4. Simulation Results

To verify the proposed method, we carried out computer 
simulations using MATLAB, where the algorithm was
written using a MATLAB m-file. 

Fig. 9 shows a simplified distribution network with 
seven feeders, 45 zones, and 59 switches; there were 14 tie-
switches. The feeder rate (feeder transformer’s rated 
capacity) is 10 MVA. Load data of the zones are given in 
Table 4, where all loads are assumed to have a power factor 
of 0.95. DERs are placed in zones 2, 3, 4, 5, 6, 11, 16, 23, 
29, 32, 42, and 43, and the data are listed in Table 5. For 
instance, in zone 2, there are only type-2 DERs, and the 
combined capacity of the DERs is 1000 kVA. The DERs 

Fig. 7. Flow chart

Fig. 8. Simplified graph of level 1 for multiple faults 
(initial tree graph)

Fig. 9. Distribution network: 7 feeders, 45 zones, 59 
switches; 14 tie-switches
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are expected to generate 800 kW (= 1000×0.8) from 
renewable sources during the fault restoration. Then, as 
1000 kWh of energy is stored, it is expected that they can 
generate an additional 200 kW of real power for 5 h. In 
zone 11, the combined capacities of type-1 and type-2 
DERs are 1000 kVA and 500 kVA, respectively. Assuming 
that type-1 DERs are operated at unity power factor, they 
are expected to generate 900 kW during the restoration. 
Type-2 DERs in zone 11 are expected to generate 400 kW 
from renewable sources. As no energy is stored in the 
DERs, they can generate 160 at capacity. In normal 
conditions, the total load fed by feeder 1 is 9500 kVA 
(9025 kW, 2966 kVar), and the reacitive power generated 
from type-2 DERs in zone 11 is less than 2966 kVar; thus, 
the DERs can generate up to 500 kVA (400 kW, 166 kVar). 
In addition, | ∑ ��,��∈��

| = ∑ |��,�|�∈�� in (12) because the 
power factor for all loads is the same, i.e., 0.95. We 
assumed that | ∑ ���∈��

| ≃ ∑ |��|�∈�� in (11).
First, we assume that a fault occurred in a zone, one-by-

one from zones 1 to 45. Then, we carried out the level-base 
FS and FBS methods to obtain the candidates for each fault, 
and we observed the search level to obtain the candidates, 
feeder-margin violation of the best among the candidates, 
and computation time for the methods. The tolerance ��,���
in (11) is chosen to be 500 kVA, and the number of data
sets, ���.� and ��� , for each first, second, and backward 
searches are limited to 20 and 50, respectively. The results 
are listed in Table 6. The first number in the brackets of the 

level denotes the search level, and the second number in 
brackets denotes the first forward, the second forward, 
and backward searches for 1, 2, and 3, respectively; for 
instance, (2,1) represents that the method carried out up 
to the first forward search in search level 2 to obtain 
candidates satisfying the margin condition. In the feeder 
margin, there are negative values underlined which are less 
than the tolerance. This means that the method searched all 
feeders, but could not find suitable candidates; thus, it 
examined the back-up sets and generated the best candidate 
from among them. For instance, for the case of a zone-8 
fault, even though the FBS method was carried out up to 
the backward search in search level 3, it could not find a 

Table 4. Load (kVA, PF: 0.95)

1-12 13-24 25-36 37-45
4,500 1,500 1,500 1,000
1,000 1,500 1,000 1,500
4,000 2,000 3,000 1,000
3,000 1,500 2,000 2,000
100 2,000 2,500 2,000

1,000 2,000 1,000 1,000
1,000 2,000 1,000 1,000
1,000 1,000 1,000 1,000
1,500 1,500 3,000 1,000
1,500 1,500 2,500
2,000 1,500 2,000
1,500 1,500 2,000

Table 5. Distributed energy resources (kVA, Energy stored: 
kW)

Zone �����_��� ���� |�����_���| ���� ����

2 - - 1,000 0.8 1000
3 - - 1,000 0.8 600
4 - - 1,000 0.8 800
5 - - 2,000 0.8 1,200
6 - - 1,000 0.8 800
11 1,000 0.9 500 0.8 0
16 1,000 0.9 500 0.8 0
23 1,000 0.9 500 0.8 100
29 1,000 0.9 500 0.8 100
34 1,000 0.9 500 0.8 100
42 500 0.9 1,000 0.8 1,500
43 500 0.9 1,000 0.8 1,500

Table 6. Comparison of FS and FBS methods

Zone
Level Feeder Margin Time (s)

FS FBS FS FBS FS FBS

1 (2,1) (2,1) -100 -100 2.3 2.6
2 (2,1) (2,1) -100 -100 < 1.0 < 1.0
3 (1,1) (1,1) 900 900 < 1.0 < 1.0
4 (1,1) (1,1) 900 900 < 1.0 < 1.0
5 (1,1) (1,1) -100 -100 < 1.0 < 1.0
6 (1,1) (1,1) 900 900 < 1.0 < 1.0
7 (1,1) (1,1) 900 900 < 1.0 < 1.0
8 (1,1) (1,1) 900 900 < 1.0 < 1.0
9 (3,1) *(3,3) -700 -700 29.6 219.9

10 (3,1) *(3,3) -700 -700 10.5 70.6
11 (2,1) (2,1) 400 400 21.4 24.0
12 (1,1) (1,1) 400 400 < 1.0 < 1.0
13 (1,1) (1,1) 400 400 < 1.0 < 1.0
14 (1,1) (1,1) 400 400 < 1.0 < 1.0
15 (3,1) (3,1) -100 -100 24.2 211.5
16 (3,1) (3,1) -100 -100 13.1 107.3
17 (2,1) (2,1) -100 -100 9.9 9.7
18 (1,1) (1,1) -100 -100 < 1.0 < 1.0
19 (1,1) (1,1) 400 400 < 1.0 < 1.0
20 (2,1) *(2,3) -600 -600 53.9 415.2
21 (2,1) *(2,3) -1100 -500 13.1 173.7
22 (1,1) (1,1) 300 300 < 1.0 < 1.0
23 (1,1) (1,1) 400 400 < 1.0 < 1.0
24 (1,1) (1,1) 400 400 < 1.0 < 1.0
25 (1,1) (1,1) 400 400 < 1.0 < 1.0
26 (1,1) (1,1) 400 400 < 1.0 < 1.0
27 (3,1) *(3,3) -600 -600 29.3 194.7
28 (2,1) (2,1) 400 400 6.0 6.1
29 (1,1) (1,1) 400 400 < 1.0 < 1.0
30 (1,1) (1,1) 400 400 < 1.0 < 1.0
31 (1,1) (1,1) 400 400 < 1.0 < 1.0
32 (1,1) (1,1) 400 400 < 1.0 < 1.0
33 (2,1) (2,1) 400 400 19.5 19.9
34 (2,1) (2,1) 400 400 8.9 8.9
35 (1,1) (1,1) 400 400 < 1.0 < 1.0
36 (1,1) (1,1) 400 400 < 1.0 < 1.0
37 (1,1) (1,1) 400 400 < 1.0 < 1.0
38 (4,1) *(4,3) -600 -600 8.2 41.1
39 (3,1) (3,1) -200 -200 2.6 3.9
40 (1,1) (1,1) -200 -200 < 1.0 < 1.0
41 (1,1) (1,1) -100 -100 < 1.0 < 1.0
42 (1,1) (1,1) 400 400 < 1.0 < 1.0
43 (1,1) (1,1) 400 400 < 1.0 < 1.0
44 (1,1) (1,1) 400 400 < 1.0 < 1.0
45 (1,1) (1,1) 400 400 < 1.0 < 1.0
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candidate, so it generated the best one in the back-up sets, 
which is a candidate where the feeder margin is -700 kVA. 
As observed in the result, the FBS method searches for 
more candidates than the FS method, and thus it requires a 
greater computation time in most cases that examine 
beyond the first forward search in search level 2. In the 
case of the fault that occurred at zone 21, the FS method 
gives a candidate where the feeder margin is -1100 kVA, 
while the FBS method gives a candidate where the feeder 
margin is -600 kVA, which is better.

Now, we assume that multiple faults occurred in zones 4 
and 28, and the zones are isolated. It should be noted that 
as DERs must not be islanded according to the grid code, 
DERs in zone 4 are disconnected from the grid. The 
emergency limit of feeders (��,���� in (9)), which is the 
feeder transformer’s permissible overloading condition, is 
set to 150% of the rate of feeders (the feeder transformer’s 
rate, ��,��� in (11)) under the assumption that the cause of 
the faults is resolved within 1 h, and that the network is 
restored to the original state. The candidates for multiple 
faults can be obtained sequentially (sequential method) or 
simultaneously (simultaneous method). For the sequential 
method, a candidate for a zone-4 fault is obtained and the 
network is changed according to the candidate by opening 
and closing the respective switches. Then, a candidate for a 
zone-9 fault is obtained based on the changed network, 
which is listed in Table 7(a). On the other hand, Table 7(b) 
shows the results for zone 4 and zone 9 faults, which are 

Table 7. Candidate for multiple faults obtained (a) with 
sequential method

(7.2s)
Switching Feeder Margin Emerg. FM

Opened Closed Min Std. Min Std.

4 4,5,8 11,12 900 1,071 4400 386

4→28 32,37,38,41 25,42,44 300 2,273 2500 3,230

(b) with simultaneous method

(380s)
Switching Feeder Margin Emerg. FM

Opened Closed Min Std. Min Std.

4, 28
4,5,8,

32,37,38,41
11,12,

25,42,44
300 2,273 2500 3,230

addressed at the same time (simultaneous method), where 
both results were obtained with t he FS method. In the 
tables, the min and std under the feeder margin denote the 
minimum value and standard deviation of seven feeder 
margins, respectively. The min and std under the “emerg.” 
feeder margin represent the same for the emergency 
margin. As seen in the results, the sequential method and 
simultaneous method give the same best candidate, but 
the latter takes a much longer computation time. Thus, we 
believe that the sequential method is a better choice from 
the perspective of efficiency. 

In addition, we tested other multiple faults that occurred 
in zones 4 and 9 using the sequential method, where Table 
8(a) and (b) shows the results with FS and with FBS, 
respectively. According to Table 8(a), the best candidates 
regarding the standard deviation of feeder margins for 
the normal condition-(1), switching number-(2), and the 
standard deviation of feeders for emergency condition-(3). 
For candidate (1), 18 switchings are required, and based 
on the expected net powers, feeders 3 and 6 respectively 
experience margin shortages of 0.7 MVA and 0.1 MVA for 
the normal condition, while feeder 3 may experience a 
margin shortage of 1.1 MVA for the emergency condition. 
For candidate (2), 14 switchings are required, and feeders 3 
and 4 respectively experience margin shortages of 0.7 
MVA and 0.6 MVA for the normal condition, and  feeder 3 
may experience a margin shortage of 1.1 MVA for the 
emergency condition. For candidate (3), 14 switchings are 
required, and feeder 4 and 6 respectively experience margin
shortages of 1.1 MVA and 0.1 MVA for the normal condition, 
and  feeder 3 does not suffer any margin shortage. The aim 
of this paper is not to propose the best solution from among
the three candidates; however, from the perspective that 
candidates (2) and (3) give chance to severely violate the 
feeder margin for emergency, candidate (3) may be prefered. 
Table 8(b) lists the best candidate from the persepctive of 
the standard deviation of feeder margins for the normal 
condition-(1). The results regarding (2) and (3) are the 
same as those of Table 7(a). For candidate (1) with FSB, 
only feeder 3 experiences a margin shortage of 0.7 MVA 
for the normal condition, and this implies that the FSB 
method is capable of obtaining better candidates than FS.

Table 8. Candidates for multiple faults obtained sequentially (a) with FS.

Switching Feeder margin (MVA)

Opened Closed Normal Emerg.

4 4,5,8 11,12 0.9 (F1,5,6) 4.4 (F3)

4→9

(1) 3,13,14,16,32,33,41 9,10,19,25,34,42 -0.7,-0.1 (F3,6) -1.1 (F3)

(2) 3,13,14,16,32 9,10,19,25 -0.7,-0.6 (F3,4) -1.1 (F3)

(3) 3,13,14,16,33 9,10,19,34 -1.1,-0.1 (F4,6) 0.4 (F3)

(b) with FBS

Switching Feeder margin (MVA)

Opened Closed Normal Emerg.

4 4,5,8 11,12 0.9 (F1,5,6) 4.4 (F3)

4→9 (1) 3,13,14,16,32,33,56 9,10,19,25,34,50 -0.7,0.8 (F3,6) -1.1 (F3)
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Fig. 10. Example of DER2 operation during service
restoration

5. Discussion

In this work, we assumed that once the best candidate 
for fault restoration is determined, and the network is 
changed accordingly, the configuration remains unchanged 
until the fault has been fully resolved. Consideration the
grid code, whereby DERs must cease to be energized when 
a local electric power system (EPS) is not energized, it is 
not appropriate to change the network configuration 
repeatedly because it means that the EPSs for DERs would
repeatedly change. We believe that such cases should be 
avoided, especially if DERs need to be applied for fault 
restoration.

In addition, the candidate is selected based on the 
expected values of net powers and loads; however, there is 
no guarantee that the net powers during fault restoration 
will be similar to the expected values. In this case, DERs 
that are remotely controllable must be operated under the 
condition that the feeder margin is satisfied. The simplest 
way to achieve this is to let the DERs generate powers 
accordingly based on the measured power at the feeder 
every five minutes, as shown in Fig. 10. Although the 
feeder limit for an emergency may be exceeded for a short 
time owing to delays in the communication and control, 
they are not expected to last for long periods. The purpose 
is to avoid violating the feeder thermal limit for long 
periods, which would lead to the malfunction or shortening 
of the life-time of the feeder transformer or other passive 
power equipment. While there are many other ways to 
control DERs, the condition of the distribution system 
should be observed, and DERs should be controlled 
accordingly during the fault restoration. 

6. Conclusion

In this paper, we proposed a candidate search method for 
the fault restoration of a distribution system. We introduced 

a method of representing a distribution system with DERs 
into a simplified tree graph without the need for much 
modification from those of a normal distribution system. 
The proposed method is based on the tree search algorithm, 
but involves searching trees with subgraphs of the original, 
making it more efficient. We explained the proposed 
method using an example, and verified it by performing 
computer simulations using MATLAB. We showed that the 
application of the fault restoration would be successful 
when applied while considering the proper operation of 
DERs. 
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