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The electrical distribution network is a critical and complex system in terms
of safety and reliability, because it is composed of different components
(switches, reclosers, etc.). The improvement of its reliability is therefore one
of the most important tasks through the good management of remote-
controlled switches and reclosers in this network. This paper presents an
analytical model based on graph theory to evaluate SAIDI and SAIFI indices
based on the network architecture and the location of remote-controlled
reclosers and switches. These indicators have been used to formalize a multi-
objective mathematical model that respects the real operation constraints of
equipments in smart grid. The applied model, in this article, was evaluated on
an IEEE 13 bus network using the TOPSIS method to determine the optimal
location of the switches and reclosers and to improve the overall reliability of
the distribution network.
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1. INTRODUCTION

Power distribution networks need to be more reliable and intelligent due to customer requirements
and the complexity of topologies. It’s become very complex and operate within normal operating limits [1].
Which requires the using the automatic devices for protection, monitoring and metring that use dedicate
communication link [2, 4]. The reclosers and remote controlled switches have taken a crucial part by network
managers to monitor, detect and automatically clear electrical faults and reconfigure distribution networks to
reduce the fault number and outage time.

The current situation has encouraged electrical utilities to focus their efforts on improving
the reliability of the electricity distribution network [5], which requires significant investments in protection
and switching devices such as reclosers, fuses and disconnectors [6]. The tree architecture of the electrical
distribution network and the high number of electrical faults put the utilities operator in permanent difficulties.
The optimal location of reclosers, switches and protection devices in distribution networks is one of the most
effective strategies for increasing reliability and relieving the operator [7]. However, the choice of location
remains a complex task requiring non-linear hard NP multi-objective problems using reliability indices based
abstract mathematical formula.
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Basically, two approaches can be used to evaluate the reliability indices of the distribution system:
analytical formulation and Monte Carlo simulation (MCS) [8]. More importantly, analytical techniques are
generally used to evaluate the average values of reliability indicators [9, 10] and characterize the difficulty of
formulating indicators given the complexity of the architecture of the electricity networks. Monte Carlo
simulation is able to provide information on index variability and is flexible enough to accommodate complex
operating conditions. But this method requires a very important calculation time per machine [11].

In recently published work, methodologies have been proposed to improve the reliability of
the distribution power system by reducing reliability indices, The work [12] has adopted a Monte Carlo
simulation approach to assess reliability and cost in a power system using a parallel computing environment,
however, and to deal with the problem of evaluation and reliability optimization in a good computation time,
researchers have opted for the analytical method based on binary values. In [13], the author minimizes 3
objectives SAIDI, SAIFI and cost using an analytical model however the exact formula of the indicators is not
addressed. In [14] a new nonlinear binary programming model aiming at minimizing the reliability indices
SAIDI and SAIFlI of a distribution feeder this model allows to evaluate with precision
the indicators, despite this formula is complex but is very accurate and easy to be used for the optimal location
of recloser and switches. In [15], the authors present a multi-objective optimizations to obtain
the best reliability of the distribution network while minimizing the costs of the system. In [16], the authors
propose an analytical model capable to represent the interactions between the protection and switching devices
installed on the electricity distribution network, which makes it possible to optimize the two SAIDI and SAIFI
indicators. These works shows that the reliability depends on 3 parameters, an accurate and simple evaluation,
the optimization model of the evaluated parameters and finally the equipment used to optimize these indicators.

In this paper the problem is solved in its integrity by using a new formulation of reliability indices
based on the graphs the indices are exactly assess in relationship with the location of the remote-controlled
swictes and the recloser. The formula clearly describes the optimization problem of reliability by studying
the behavior of equipment in the smart grid, the evaluation of these indicators is automatic simple to machine-
coded using the force of the adjacent matrix, which allows us to generat a set of scenarios.
These scenarios are subsequently treated by TOPSIS.

2. RESEARCH METHOD
2.1. Mathematical modeling of distribution networks

Distribution networks are generally designed as networks of complex trees with loops, in normal
operation, the electrical networks operate in radial architecture. when a fault occure the swiches and recloser
change the configuration of electrical networks in order to supply customers while respecting the radiality of
the network. From the foregoing considerations, it is possible to represent an electrical distribution network
using a tree structure, as shown in Figure 1.

O—O—O0—0—0
Power flow
(O—)
©)

Figure 1. The electrical distribution network presentation

The source of electrical energy is the zone 1 of the graph, the electrical connection between the all areas of the
electrical network is presented by arrows representing the direction of the power flow which allows us to define
the downstream zones of a given section.

Mathematical model of electrical distribution networks Let G = <V, E> be a graph, where V is a set

of N vertices, and is a set of M edges between vertices. The adjacent matrix is the matrix representation of the
graph representing the topology of the electrical network.
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is defined as follows: ,* = _; if there is a path between vertex i and vertex j or i = j; 0 otherwise.
1]

The Graph G* transitive closure of G and the matrix A* presentation of the G* are shown in
Figure 2.
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Figure 2. Failure propagation

Wt
A the transposed matrix of the adjacent matrix A* of a graph. It determines the elements j of the

predecessor electrical network of the sections i denoted P. Fig 2 shows the graph of failure propagation which
groups the upstream zones of the fault zone.
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2.2. Formulation of the problem

To represent the location of remote controlled switches and reclosers in the radial distribution
network, the discrete variables were used to indicate the installation of the recloser or RCS in a section i of the
power grid and are defined as follows [9]:

y [0 if a recloser in i (5)
i1 if not

v = 0 if a RCSin i (6)
i1 if not

The location matrix is defined as follows:

Pe = (i, j)1<ien = (@%j %) 1<i<n )
1<j<n 1<j<n

8)
Py =(Pi,j)<icn = (ati,j-yi)Kisn
I<j<n I<j<n

The transitive closure of P, is noted by P, and the transitive closure of P, is noted by Py* .

The two matrices PX* and Py* respectively express the paths connecting the area of the electrical

network to the upstream zones through the recloser and the remote controlled switch, which will allow us to
define the protected area in the electrical networks. They are used to precisely locate areas protected by cut-off
devices in the radial network.

Figure 3 shows in red the failure propagation between sections i and j caused by a fault in i.
The current faults propagates in the upstream zones and generates an electrical faults in the zones downstream
of all the zones affected by the faults.

Figure 3. The fault rate in electrical networks

The 1”. describes the fault rate in j caused by fault in i.

The fault rate is limited by the location of the recloser, however the use of a remote controlled switch
minimizes the outage time by the fast and automatic isolation of the sections affected by the fault. Figure 4
shows the Failure propagation in electrical networks with and without recloser.

Recloser emplacement

C(i,j) =1 = The Load j is not protected against fault in i €.0j) =0 = The load j is protected against fault in i

Figure 4. Failure propagation in electrical networks with and without recloser
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If we use a recloser in the path between the fault location and power source, the default propagation must be
limited to the downstream area of the recloser.

In order to detect all sections of the power grid affected by the fault, we define the matrix as follows:

P A =C,(iJ) 9)

If we use a remote controlled switch in the path between the fault location and power source,
the fault propagation must be limited to the downstream area of the remote controlled switches.

P,A =C,(iJ) (10)

If CX (i,j)#0, it means that the j is not protected against fault with recloser/switch from

the faultin i. If CX (i, j) =0t means that a recloser/switch is installed in the path between i and j. Evaluation

*
of repair time and fault rate in radial feeder networks. If a i =1, this implies that the load j is downstream

of the section i of the electrical network, each fault in i generates a power outage in j and
the restored electrical power is related to the repair of the section i.
In this case, the fault rate and the repair time are identical in all the sections j.

Aj =4 (11)

i = (12)

If a; j=0, it means that the load j is downstream of the section i of the electrical network,

the installation of the reclose rans Remote controlled switches will make possible to isolate the faulty
section i. and decrease the outage time.

B = A Cyi ) (13)

fi =1 Cy i )+ gy §:Cy i ) (14)

2.3. Formulation of reliability indices

To evaluate the reliability of electricity grids, many indices are used by utilities, according to IEEE
Std 1366- 2012 [17]. Power utilities frequently use SAIDI and SAIFI to assess the reliability of the power grid.
The (SAIDI) gives the average interruption time per consumer for one year and the (SAIFI) gives
the average of the system index of the frequency of interruptions [18].

PRI | | R
saipl = =1 ‘nl (15)
2N
i1
n n
XX AN
i=1j=1
SAIFI = ——1 (16)
2N
i=1
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These indices depend on the ability of the protection devices to eliminate faults as quickly
as possible and to reconfigure the network topology and strongly related on the location of the reclosers and
the remote controlled switches. We replace the fault rates (13) and repair times (14) by their formulas for
getting the formulations of SAIDI and SAIFI.

n n
RIEDIFE R
1=1j=1 if a. =1
n ]
2 N
SAIDI = =1 17)
XX (500 0)| 5O, () + e -Cy G D N,
i=1j=1 if a.=0
n 1
> N,
i—1
n n
XX AN
1=1j=1 if 2" -1
SAIFI =1 i=1" (18)
X 3 (38,6 )N,
i—1j=1 .
if a.. =0
i=1 '

2.4. Formulation of cost function

All decision made by the electrical network engineers to minimize the reliability indices required
investments to either the equipments level or the annual maintenance of the equipments [19].The optimal
solution that improves the reliability of the electrical distribution system through a set of decisions involving
the use of protections and switches devices by an acceptable price remains one of the challenges. The notion
of cost is paramount for investments given the complexity of the proposed solutions and the limitation of
resources for most energy distributors operating in a competitive market [20].

The cost of the solution is the sum of the fixed costs associated with capital investment on switches
and protection devices and the cost of interruptions [21]. This cost is described by the following equation:

Cost = FC +Ct*ENS (19)

ENS is the total not distributed energy described as follows:
n n
= J =

Ct is the cost of energy, in this paper Ct=0,079 euro/kwh. FC: the cost of purchasing equipment (switches and
reclosers) in euro including maintenance.

2.5. Constraints

To choose the location of the swiches ans reclosers in electrical networks, functional constraints must
be taken into account to limit the search space and focus on the feasible scenarios; the maximum number of
reclosers in line, the coordination between equipments and the location of the switches relative to the recloser.
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One of the most important constraints of the objective function is the coordination of protection
devices (reclosers). The number of devices that can be installed in series is limited for the purpose of
maintaining coordination [22]. In this article the maximum number of reclosers in series is limited to 3 to
exploit the maximum functionality of the equipment in an optimal coordination level [15].

2.6. Multicriteria decision analysis based on the TOPSIS method

To determine the number and location of switches devices in a distribution network, we will need
a multi-criteria decision analysis method; TOPSIS is one of the most widely used multi-criteria decision
analysis methods [23], [24]. This method ranks the alternatives according to the proximity between
the alternatives and the ideal alternatives, which are obtained by calculating the distance of the alternatives
from the positive ideal and the ideal negative alternatives.
The Specific steps of TOPSIS method:
STEP 1: is to establish a decision matrix for the ranking. The structure of the matrix can be expressed as

follows[24]:
C C, C3 Ch
A 41 42 43 Un 1)
b2 1 22 223 Zon
A 231 23 233 Z3n
% m Im2 m3 Zmn
In decision matrix, AI denotes the alternatives| , i:1,2,...,m . Cj represents jth criteria, related

to ith alternative. zij is the performance ratings for each alternative AI with respect to each criteria Cj .

STEP 2: Calculation of the normalized decision matrix R using normalization vector:

R=(ijh<i<m (22)
1<j<n
Where :
Z-.
7 =+2 (23)
n
2i=17j

STEP 3: Calculation of the weighted normalized matrix V by multiplying the columns of the normalized
decision matrix R by the associated weights w; € R satisfying

n
2w =1 9
j=1
V = (Vi) 1<i<n (25)
1<j<m
where :

Depending on the purpose and the decision-makers, different evaluation criteria have different
weights, hence the need to calculate the weighted normalized decision matrix [25].
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STEP 4: Determination of the positive ideal solution PIS and of the negative ideal solution NIS.
The PIS is the one with the best level for all of the attributes considered. The NIS is the one with the
worst attribute values.

STEP 5: Calculation of the Euclidean distances of each alternative AI from the positive ideal solution PIS and

from the negative ideal solution NIS:

d = /Z(vij -v;)? (27)
j=L
d* = /Z(vij ~v;")? (28)
j=1

The relative closeness to the ideal solution is calculated, and the ranking of the alternatives in
descending order is done. The closeness coefficient of each alternative is calculated as follows [26]:

and,

di”

CCi=—t—
d" +d;”

(29)
The ranking of alternatives is determined by comparing CC,; values.

3. RESULTS AND ANALYSIS
3.1. Implementation and solving using topsis

In order to test the impact of the location of reclosers and switches devices on the reliability indicators
and to choose the optimal solution, we used the IEEE 13 bus network. The table below lists
the different electrical values of the IEEE 13 bus. For each branch of this network we propose a variable repair
time of 3 to 6 hours as shown in Table 1, this time is linked to the permanent fault and a fixed isolation time of
0.08 h corresponding to the recloser intervention time to eliminate the transient faults.

Table 1. Lists the different electrical values of the IEEE 13 bus

Branch Li (KVA) N of Customer Fault rate Repaire time Isolement time
1 0 0 01 3 0,08
2 0 0 0,15 4 0,08
3 150 55 0,2 6 0,08
4 630 80 0,25 3 0,08
5 220 200 0,15 2 0,08
6 720 47 0,1 2 0,08
7 445 10 0,1 4 0,08
8 30 4 0,15 5 0,08
9 340 200 0,2 6 0,08
10 400 10 0,25 3 0,08
11 630 117 0,15 3 0,08
12 1250 145 0,1 2 0,08
13 630 70 01 2 0,08

3.2. SAIDI and SAIFI calculation

In this case we use 2 reclosers in section 2; 7 and a remote controlled switch in 4. The Figure 5 shows
the fault rate matrix after allocation of 2 reclosers and remote a controlled switch. After the calculation of fault
rate matrix and the time outage matrix using the (13) and (14) formula, we shown in Figure 5 that the fault rate
matrix depende on the location of renclencheurs. The outage time matrix rij the depende on remote controlled
switch placement. Using the formula (17) and (18) the SAIDI and SAIFI are given below:

SAIDI =6,1726 h/year ~ SAIFI=1,5724 fault/year

Int J Elec & Comp Eng, Vol. 9, No. 6, December 2019 : 4625 - 4636
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Figure 5. The fault rate matrix

3.3. Solving the optimisation problem using TOPSIS

In this study, a multi-objective approach to improve the reliability of the power grids was proposed
and presented in Figure 6 and it was evaluated by a succession of simulations of a program implemented on
MATLAB. Based on data of the Table 2 the Table 3 summarizes all results of the proposed method solved by
TOPSIS. It groups together 15 randomly selected scenarios. These scenarios respect the optimization
constraints of the problem.The weights of the objectives are considered identical and equal to 0.33 and this
makes it possible to make a decision based on the importance of the objectives.

Read network data
Establish the adjacent
maftrix
| —
Randomly insert a Th o | : :
recloser / switches e transitive closure Classify scenarios by
of the graph TOSIS steps
Combine formulas (9) l
check the operating . and (10), (13), (14) to :
constraints evaluate SAIDI and solution
SAIFI

Evaluate the cost
function

Introduce TOPSIS
weights

I

Figure 6. Flowchart of the solution

Table 2.The annual cost of breaking devices inclusding the maintenance

Device Cost(euro/Year)
Recloser 6000
Remote controlled switch 2500

An analytical multicriteria model based on graph theory ... (Anass Lekbich)
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Table 3. Results of proposed method solved by TOPSIS
Location of recloser Location of RCS Cci
S1 1 5;8;11 0,238708312312
S2 1,5 7;11 0,305864790650
S3 38 5 0,367792744184
S4 1,6;7 11 0,362636079079
S5 1;8;11 6;7; 0,384202788741
S6 1 7;8 0,224218416516
S7 1;8;11 6;13 0,382044331560
S8 1;8;11 7,13 0,389774195945
S9 1,11 7;8 0,271773052270
S10 6;9;13 7;11;12 0,476612015637
s11 2;5 8;11 0,359388826131
S12 1,7;8,11 4 0,492740199948
S13 4;7:8;11 5;6;13 0,671437126953
S14 3 - 0,358417236519
s15 3 4;7,8;11 0,414252992138

The best scenario according to the TOPSIS method is scenario number 6 see the Table 4.

The advantage of our method is the flexibility in terms of decision making as well as the simplicity of
implementation on machine, we can manipulate several objectives and choose different weight. The optimal
location of reclosers and switches corresponding to the best objective functions value are chosen as the final
solution in IEEE 13 bus the best solution are a recloser in 1 and 2 switches in 7 and 8.

Table 4. The best scenario according to the TOPSIS

S6 recloser in 1 swicthes in 7;8 SAIDI=5,4226 SAIFI=2 Cost=12739,8 euro/Year

4.

CONCLUSION
In this article, we have proposed an analytical model to evaluate the two reliability indices SAIDI and

SAIFI. This simple machine-implemented model uses the adjacent matrix to determine fault propagation paths,
which allows accurate evaluation of fault rates and repair times for each network area. After evaluation of the
reliability indices, a multi-objective mathematical model is proposed to find the optimal location of
the switches and reclosers using the TOPSIS method. Since the multi-objective problem is a difficult problem
and takes a long time to resolve, the TOPSIS method breaks many senarios that respect the exploitation
constraints and solves the problem of improving the reliability via the positioning of reclosers and
the location of switches in an efficient calculation time.
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