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improved Service Restoration Technique
by Using Dijkstra Algorithm in Distribution Systems
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Abstract - This paper presents a fast and effective methodology for service restoration in large-scale distribution
systems. The service restoration problem is formulated as a constrained optimization problem and requires the fast
computation time and superior solution because the more unfaulted out-of-service area should be restored as soon as
possible. The proposed methodology is designed to consider the fast computation time and priority service restoration by
dijkstra algorithm and fuzzy theory in large-scale distribution systems. Simulation results demonstrate the validity and
effectiveness of the proposed methodology on a 26-bus and 140-bus system.
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1. INTRODUCTION

Customer satisfaction and service reliability are primary
concerns in the power industry. Serval studies on
utilities’ experience suggest that customer satisfaction is
closely correlated with service interruption frequency and
duration. Service interruption duration can be significantly
decreased via effective service restoration procedures.

The main objective in service restoration procedures is
to restore as mush load as possible by transferring
de-energized loads in the unfaulted out-of-service areas
via network reconfiguration to other supporting feeders
without violating operation and electrical constraints.

In the past, there have been considerable effort
addressing service restoration. Castro et al. [1] suggested
algorithms based on tree searching techniques utilizing
switch tables that could be defined by an operator in
1980. Castro Jr. et al. [2] proposed a method in which
they combined the service restoration and load balance
between each feeder in 1985. Aoki et al. [3] presented an
algorithm for load transfer by automatic sectionalizing
switch operations in distribution systems on an outage
occurrence subject to the transformer and line-capacity
constraint in 1987. Also Aoki et al. [4] developed a
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method in which loads in an outage area were transferred
to the transformers adjacent to the affected area based on
current and voltage constraints in 1988. Aoki et al. [5]
suggested a non-combinatorial algorithm based on the
effective gradient method, also Aoki et al. [6] presented
an another algorithm for emergency service restoration in
which load restoration priority could be considered in
1989. N.D.R. Sarma et al. [7] presented a new technique,
wherein the network was reduced by merging certain set
of nodes together and this reduced network was analyzed
for finding alternate paths of power supply to the affected
load points in 1991. Y. Imamura et al. [8] suggested an
application method of fuzzy evaluation for efficient line
transfer in 1993. K. Song et al. [9] improved service
restoration procedures of [8] in 1995. Y. H. et al. [10,11]
and Q. Zhou et al. [12] presented the combined fuzzy
theory and heuristic method for fast service restoration. J.
Kim et al. [13) proposed an outage restoration method by
Object-Oriented Programming in 2000.

The previous approaches have service restoration
procedures without a numerical computation or are
suitable for a small distribution system. From a
computational viewpoint, the service restoration problem
is a NP-complete problem. NP-complete problems
typically require time consuming combinatorial
optimization algorithms to solve for a global optimal
solution. However, the global optimal solution is
unnecessary for the service restoration because there may
exist many solutions restoring power to out-of-service
areas. For this reason, the service restoration procedure
must be designed to consider the fast computation time
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and appropriate convergence property.

In this paper, we apply dijkstra algorithm, having the
combinatorial
optimization algorithms, to search an appropriate solution

computation  time less then other

for service restoration in large-scale distribution systems.
To satisfy a radial structure constraint, kruscal algorithm
is included in the service restoration procedure. We also
adopt fuzzy theory to restore priority restoration area
when a distribution system is not restored perfectly.
Numerical examples demonstrate the wvalidity and
effectiveness of the proposed methodology on a 26-bus
and 140-bus system.

2. PROBLEM FORMULATION

The service restoration problem is formulated as a
constrained multi-objective optimization problem. Because
distribution systems are normally operated in radial
structure, we can regard service restoration problem as a
finding problem of minimum spanning tree in graph
theory.

2.1 Define of service restoration terms
In the follows we define the number of terms

commonly used in this paper in order to make the
presentation of this paper clearer.

Tie switch : A normally open switch connecting two
adjacent feeders.

Faulted area A portion of the feeder which is
experiencing a permanent fault.

Unfaulted out-of-service area : A portion of the feeder

downstream from the faulted area which can be separated
from the faulted area by opening a normally closed
switch.

Adjacent feeder ° A feeder with tie switches to the
faulted or overloaded feeder.

Secondary feeder : A feeder with tie switches to the
adjacent feeders but no tie switch to the faulted or
overloaded feeder.

Boundary switch : A normally open switch that connects
the unfaulted out-of-service area or the area with
overloaded line sections.

2.2 Object Function and Constraints

In this paper, the objective function for the service
restoration problem is can be written as follows.

minimize E= (i_;e A (i4]) (n
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where,

E : objective function

i, j @ vertex or bus

U : set of all vertex or bus (U=1,2,,n)

d; . cost between { and j

x;i - the decision variable between { and j (x;=0 or 1)

Equation (1), the consider
constraints for a real solution of the service restoration
structure, line
capacity, and feeder capacity in this paper, which are

represented in (2).

objective  function,

problem. The constraints are radial

[Constraints]
(Flow constraint between i and k [i-j-k section])

o | 1+ Jis start point
(k§eux"’ (i.‘;v!':‘zvx" —1: 7 is end point @A)
0 : otherwise

(Line and Feeder capacity constraints)

2L;<b; (iU, jeD) (2B)

where,
i, j : vertex or bus
U : set of all vertex or bus (U=1,2,,n)
xi - the decision variable between i and j (xy=0 or 1)
D : set of all downstream bus from bus {
L; : load amount at bus j
b; : limit capacity at bus {

In above equation, the meaning of (2.A) is equal to
radial operation condition in distribution systems, which is
considered by kruskal algorithm that is one of the greedy
search algorithm. The minimized objective function
becomes the solution for service restoration while
operation constraints is satisfied.

3. OVERVIEW OF DWKSTRA AND
KRUSCAL ALGORITHM

3.1 Dijkstra Algorithm

A graph G=(V,E) is a collection of vertices V and
edges E. A vertex is a point in space, and an edge is a
connection between two vertices. We will also refer to a
vertex as a node and, in the context of trellises, as a
state. We will refer to a branch as a single edge. The
edge between the vertices a and b is denoted as (a, b).
A path from a vertex a to a vertex b is a list in which
successive vertices are connected by edges in the graph;
it is a list of adjacent branches. A weighted graph is one



in which numerical weights are assigned to each edge.
The cost of a path is the sum of the weights along the
path.

Dijkstra algorithm is so useful method to solve the
problem of finding the shortest path from a vertex in a
graph to a destination. It tumms out that one can find the
shortest paths from a given vertex to all vertices in the
graph, hence this problem is sometimes called the
single-source shortest path problem.

Dijkstra algorithm works on the undirected and
non-negative weight graph G=(V,E). It finds shortest
paths from the source vertex to all other vertices. The
main idea of Dijkstra algorithm is to change temporary
labels associated with vertices into permanent ones. The
permanent label of a vertex denotes the shortest path
weight from the source vertex to the current vertex. For
vertex i, we denote as follows.

A ={je=(i,/)eE,j has temporary label}  (3)

We allocate a permanent label 0 to a vertex s, a
temporary label C(s, j) to j€A(s) , and a temporary label
o to all other vertices . Denote P to be the set
containing all the vertices with permanent labels, and
T=V-P to be the set containing all the vertices with
temporary labels. Steps of the dijkstra algorithm are
shown as follows.

[STEP 1] Initialize a temporary labe!.
If starting vertex s has a connecting path o a vertex,
temporary label become Cfs/), the others become oo .

[STEP 2] Select a shortest path.

Prepare a temporary label Cls,) and select a minimum
value then selected temporary label set a permanent
label.

[STEP 3] Compare a detour path.

Adjacent vertices of the determined permanent label
reconstruct the value of the temporary label. Compared a
temporary label to detour path.

{STEP 4] Ending.

If all vertexes are compared then Dijkstra procedure is
ending, otherwise go to STEP 2

3.2 Kruskal Algorithm

Kruskal algorithm is that of finding a minimum
spanning tree in a directed or undirected graph. This
method is one of the greedy search algorithms, creates a
forest of trees. Initially the forest consists of single
vertex trees. At each step, edges are added to join two
trees together. If it were to form a loop, it would simply
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link two vertices that were already part of a single
connected tree. The basic algorithm looks like the
following.

(STEP 1]

The forest is constructed with each vertex in a separate
tree.

[STEP 2]

if it forms a cycle, reject it.

[STEP 3]

Else add it to the forest.

Adding it to the forest wilt join two trees together.

3.3 Diikstra—Kruskal Algorithm

Dijkstra algorithm is suitable for a shortest path
problem to find from the source vertex to all other
vertices, but it has sometimes loops in solutions. Kruskal
algorithm can surely find a spanning tree, is a radial
structure condition in a distribution system, in networks.
But the solution quality of kruskal algorithm is less then
it of dijkstra algorithm. Therefore, we find a solution by
dijkstra algorithm and then kruskal algorithm is
performed on the solution. If the solution has not ‘loops,
the same solution can be obtained by kruskal algorithm.
Otherwise, edges with higher weights in the solution is
removed in kruskal algorithm procedure. For the example
related to dijkstra and kruskal algorithm, a graph with
six vertices and ten edges is shown in Fig. 1.

Fig. 1. The undirected graph with associated edge

weights

For the representation of a graph, a adjacency matrix
is usually used. If G=(V,E) has m vertices labeled 1, 2, ...
, m, then the adjacency matrix of the graph is the mXm
matrix in which the i, jth element is the number of edges
joining vertex { to vertex j. If the graph is undirected,
then the adjacency matrix is symmetric. For the graph in
Fig. 1, the adjacency matrix is follows.
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Table 1. The adjacency matrix with Fig. 1

1 2 3 4 5 6
1 0 2 6 o o ©
2 2 0 3 8 7 o
3 6 3 0 2 8 oo
4 oo 8 2 0 1 8
5 00 7 8 1 0 2
6 o o oo 8 2 0

At each step, the algorithm determine the vertex (€T
with the minimum temporary label, the vertex (€T with
the permanent label, the predecessor index of vertex i,
and the temporary values of all the vertex j€A(s). This
procedure is repeated until all vertices become permanent
ones. In the end, the last result of this procedure has a
shortest path in given weight graph G=(V,E). The
shortest path for Fig. 1 can be found by the above
mentioned procedure as follows.

Fig. 2. The short path for Fig. 1

After a solution is obtained by dijkstra algorithm,
kruskal algorithm is performed to check whether the
solution has loops or not. For the example, we assume
that the graph in Fig. 3 is obtained by dijkstra algorithm.

Fig. 3. The graph with a loop

As shown in Fig. 3, this graph has a loop that is
configured by three edges(3-4, 3-5, and 4-5). In Fig. 3,
thick lines are obtained by kruskal algorithm procedure,
and one edge must be added to make a spanning tree. In
the procedure of kruskal algorithm, the selected all
vertices are included in trees. It is assume that vertex 1
and 2 are included in tree 1 and vertex 3, 4, and 5 are
included in tree 2, respectively. If the edge between
vertex 3 and 5 in the same tree is added, a loop is
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created and then this selection is rejected. Therefore, a
spanning tree can be certainly obtained by kruskal
algorithm after the performance of dijkstra algorithm.

4. PROPOSED ALGORITHM

4.1 The weigh decision for dijkstra aigorithm

We must determine the weight of edges to find
shortest paths by dijkstra algorithm in distribution
system, which requires loads of bus i and j to change
non-negative number between bus [ and j. Much of the
available data relating to loads of a bus are neither
deterministic nor probabilistic. For instance, statements
such as “load at bus A is approximately 2MW" or “load
at bus B is mainly industrial type" are clearly neither
deterministic nor probabilisticc. To handle linguistic
variables of knowledge representation used by domain
experts, the fuzzy set approach provides a means to deal
with this kind of imprecision or uncertainty. In this
paper, each load type is divided into five load levels very
small(VS), small(S), medium(M), large(L), and very
large(VL), which are associated the membership function
#(x) in (4).

x>0 @)

Each load level has its own parameters m and a for
the membership function u(x). Note that m, which is
usually denoted as the mean of the function, gives the
most possible value of the fuzzy variable. The other
parameter a, which is called the spread of the function,
describes the degree of fuzziness with the fuzzy variable.
In this paper, the parameters m and a for the
membership functions of the five linguistic variables VS,
S, M, L and VL are based on parameters in [11], which
are modified for the proposed methodology and
summarized in Table 2.

Table 2. Summary of membership function parameters
m and «a

commercial | 0.130 | 0.280 | 0.570 | 0.740 | 0.850
m | industrdal | 0.150 | 0.350 | 0.540 | 0.720 | 0.900
residential | 0.120 | 0.220 { 0.450 | 0.680 | 0.860
commercial | 0.022 | 0.056 | 0.057 | 0.074 | 0.176
a industrial | 0.017 | 0.033 | 0.048 | 0.069 | 0.135
residential | 0.025 | 0.062 | 0.092 | 0.096 | 0.243




The weight between bus { and j, the membership
function of the sum of two variables, is obtained by (5).

/‘ii(k)=_——l—__—,,_ )
14 (£ iy
ag
where
k=1i+]

m; = mi tm
@y = ait a;

In this paper, the weight between bus i and j is
determined by loads and load types of the bus, which can
restore priority restoration area by wusing fuzzy
parameters when distribution system is not restored
perfectly. Fuzzy parameters depend on the exact load
estimation and operator’'s experience, which may
significantly affect the system topology in large-scale
distribution systems. Therefore, the service restoration
procedure may be obtained different solutions as a daily
load curve and the information of priority restoration
areas in the same case.

4 2 Procedure of the proposed methodology

In this paper, we handle a mathematical method to
solve the formulated problem that is to decide the least
cost path for service restoration. In order to solve the
service restoration problem effectively, we propose the
methodology based on dijkstra algorithm that is most
effective to solve the shortest path problem. To perform
the dijkstra algorithm, weights on the graph are
determined by loads and load types. Dijkstra algorithm
searches a optimal solution for service restoration by
using the weight and adjacency matrix. But dijkstra
algorithm sometimes finds the graph with loops, so
kruskal algorithm is performed to find the complete
solution from the graph with loops.

Outage such as muitiple faults and transformer faults,
which have large effect, requires many switching
numbers, while outage in the feeder with light loads and
the end of a feeder is relieved by simple operation. For
this reason, we use "level” concept to reduce the
computation time.

As shown in Fig. 4, level-0 is the faulted area. At
first, the proposed methodology considers a level-1 feeder
and then search an optimal solution. If unfaulted out-of
servoce area is not restored, level-1 is step up to level-2.
The procedure is repeatedly proceeded until level-3 as
previous procedure. Faulted area is restored by the load
transfer operation through from level-0 to level-3.

The above mentioned procedure consists of the simple
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comparison and accumulation operation and the flowchart
of the proposed methodology is shown in Fig. 5.

LEVEL-3 LEVEL-3
LEVEL-2 LEVEL~2
LEVEL-1 LEVEL-1
LEVEL-0
LEVEL-Y LEVEL-1
LEVEL-2 LEVEL-2
LEVEL-3 LEVEL-3

LEVEL-0 : Faulted Area

LEVEL-1 : Adjacent Feeder

LEVEL-2 : Adjacent Feeder with LEVEL-1 Feeder
LEVEL-3 : Adjacent Feeder with LEVEL-2 Feeder

Fig. 4. Level concept for service restoration
input data

(Start vertex, line configuration, load
amount, line and feeder capacity)

Determine the weight
by fuzzy theory
Ta.

Y.

I Construct an adjacent matrix ]

Y

Input a temporary label
of adjacent paths

| Select a shortest path

Y

I Compare a detour path ]

Compare with all vertices
Yes

I Performe kruscal algorithm l i

atisfy line and feeg®
capacity?
Yes

Display a restoration
configuration

ted line or feeder

t

Cut a selected terminal load in I

Select a prioirty terminal load for
cut in dissatisfacted line or feeder

Dispatch a selected terminal load in
dissatisfacted line or feeder

Fig. 5. Flowchart of the proposed methodology
5. NUMERICAL SIMULATION
The proposed methodology is implemented in C language

on an Intel Pentium II 350MHz Processor with an
adjacency matrix to represent the database of the
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distribution  systems. The proposed methodology is
simulated for the effectiveness and validity on a 26-bus
and 140-bus system.

5.1 26-bus system

This system consists of 3 feeders, 26 buses and 31
branches as shown in Fig. 6.

P,
e E ;zzde'

AREA 2
2.\

N

Fig. 6. Initial configuration of a 26-bus system

The proposed methodology simulate some general cases
with the same fuzzy parameter which is regardless of load
types, which are primary and secondary adjacent outages,
and priority restoration cases. For simulation results, all
secondary adjacent outages are restored in our simulation,
but the four primary adjacent outages cannot be restored
for feeder and line capacity constraints. The simulation
results are compared with results of previous approaches
[89,14], which are shown in Table 3.

Table 3. Comparison result with other approaches

Outage Reference | Reference | Reference | Proposed
Section [81 9] [14] ;) Methodology
SF | SEA | SF | SFA | SE|SFA|:SF-.|'SFA
4 2
1-5 4 4 2 4 2
2 5 4
7 5
1-7 7 5 8 7 5
9 3 10
10 |- - [ -1 -T-1-1T-71-
21 |u| 4 |- - (-1 -1T-71-
2-13 |13 2 | -1 - -1-T-1-
216 |- | - [ - - [-1T-1-71+-
320 120 3 [ - | - [200 3 - [ -
25 6 25 6
3-26 2% 4 26 4 % 4 26 4
4-5 4 2 2
20-21 - - - - - -

SF : Service Failure Area
SFA : Service Failure Amount [MW]
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Service restoration procedures in [8] and [14] cannot
consider all alternative solutions, which is reason that some
cases cannot be restored. Four cases cannot be certainly
restored for feeder and line constraints and the other all
cases can be completely restored through the proposed
methodology, which show that the proposed methodology is
suitable for service restoration in distribution systems.

We also handle a priority restoration case in a 26-bus
system. To show the simulation result for priority service
restoration, we assume the outage between bus 1 and bus
7 as shown in Fig. 7.

[ aenr ]
N
A & AREA 2
7 R

Fig. 7. The result of the outage between bus 1 and 7

In Fig. 7, bus 7 cannot be restored. If bus 7 is a priority
restoration area, bus 7 should be preferentially restored.
Fuzzy parameters are appropriately determined for the
priority restoration procedure in hard constraints of this
system. The proposed methodology finds a system topology
as shown in Fig. 8

AREA 2

Fig. 8. The result of priority service restoration

52 140-bus system

This distribution system is a real system of K city in



kyong-gi province. The real distribution system model
consist of 2 transformers, 8 feeders, and 140 buses.
Loading ratio is set 80% of full loads for wvarious
simulation results from this simulation. Also, this system
is composed of CNCV 325mr, ALOC 160zr and ALOC 95
my. Initial topology of the 140-bus system is shown in
Fig. 8.
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Fig. 9. The initial configuration of the 140-bus system

We simulate the outage between bus 20 and bus 21
and the result of this case is shown in Fig. 10. As
shown in Fig. 10, unfaulted out-of-service area is divided
into three small groups and restored by boundary
switches with adjacent feeders. The system is satisfied
with constraints of distribution system which are line,
feeder capacity and radial operation condition. The
computation time takes 0.301 seconds for the result of
this case.

T 8]
Group 1
2o oo o
N 00
1
19 2 Ll 1 17 o 1] H U D 108
Graun 2 3 x SR te
112
[}
1MLt i21 b 1 1 17
i
* iz '
L ) a
et et eswl
& T t
Ta@e@ 75 T 137
140
i)

Fig. 10. The configuration for the outage between bus
20 and bus 21.

Also, we simulate the case of priority service
restoration. In this case, we allocate 90% of full load to
this system for the occurrence of restoration failure areas.
This case is the same with the outage between bus 20
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and bus 21 as shown in Fig. 10. The restoration failure
result of this case is shown in Fig. 11. When outage is
not restored completely, the proposed methodology
preferentially restore the bus with commercial and
industrial types. For this reason, various load types are
considered by fuzzy parameters in Table 2, which can
restore priority restorative area. As shown in Fig. 11, bus
41 is not restored when all bus is assumed residential
type. After all bus are assigned to various load type, bus
41 with industrial type is restored and bus 44 with
residential type is not restored by the proposed
methodology as shown in Fig. 12. The computation time
of this case takes 0.451 seconds.
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Fig. 11. Failure configuration for the outage between
bus 20 and 21 when all bus is residential
type
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Fig. 12. Priority restoration result for the outage
between bus 20 and 21 by the proposed
methodology.

The proposed methodology is successfully applied on a
26-bus and 140-bus system and has the computation
time under 1 second. Also priority restoration can be
performed by adjusting fuzzy parameters with load
compositions and types.
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6. CONCLUSION

In this paper we propose an efficient methodology for
service restoration in large-scale distribution systems.
The main object in service restoration is to restore as
mush loads as possible in the acceptable computation
time when an outage is occurred in distribution systems.
Dijkstra algorithm searches a good solution for service
restoration in distribution systems and kruscal algorithm
is used for satisfying the radial structure constraint. Also,
fuzzy theory is used for determining the weight of edges
in dijkstra algorithm, which can preferentially restore
priority restoration areas when distribution system is not
restored perfectly. Simulation results demonstrate the
validity and effectiveness of the proposed methodology on
a 26-bus and 140-bus system.
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Tel : 02-817-7966

E-mail : anneal@dreamwiz.com
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Tel : 031-200-6836

E-~mail @ hoon_kim@samsung.com
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