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ABSTRACT Distribution systems are inevitably vulnerable to natural disasters, which causes multiple
damages within or outside the system. The disruption of supply demands microgrid formation, where the
objective is to maximize the restoration of critical loads. The complete restoration requires repair of damaged
regions which brings the need for an efficient crew selection, repair time estimation, and crew dispatch.
Ranking of load points and location are important considerations for strategic placement of distributed
generation units. Prioritization of damaged regions is required for efficient crew dispatch. These ranking
depends on multiple criteria based on subjective opinions of the experts. However, the existing methods
fail to take account of the same. This paper presents fuzzy approaches which fill the gap present in the
existing methods by explaining the theoretical solutions to ranking of load points, locations, crew selection,
estimation of repair times, and prioritization of the damaged regions.

INDEX TERMS Critical load, fuzzy logic, fuzzy theory, microgrid, natural disaster, repair crew.

I. INTRODUCTION

The power outages caused by natural disasters (floods,
hurricanes/cyclones, tsunamis and earthquakes) have raised
the importance of robustness and islanding capability of dis-
tribution systems. Weather related power outages accounts
almost 44% of total power system outages and leads to severe
power blackouts [1] which has been observed to increase [2]
in recent times.

The restoration of critical loads and minimization of outage
duration are major objectives of the system operators after
a natural disaster. Due to the multiple damages, main grid
may not be available for restoration of loads which enables
the need of microgrid formation. The necessity and a method
of microgrid formation is explained in [3] to increase the
distribution system resilience. The benefits of the microgrids
are explained in [4] with cost analysis from the view of natural
disasters.

The microgrids are achieved by integrating the distributed
generation (DG) into the conventional distribution system.
Integration of DGs introduces various operational complex-
ities in the distribution system. Despite of the operational

complexities, improper DG location degrades the system per-
formance instead of improving. Extensive research has been
carried out to solve the optimal DG placement (ODGP) prob-
lem considering different objectives of distribution system,
voltage stability margin improvement [5], minimization of
power loss and voltage deviation [6] and improvement
of reliability [7], [8]. Georgilakis and Hatziargyriou [9]
mentioned the state-of-art of ODGP problem, different
objective functions and optimization techniques. From the
literature, it is found that researchers have considered the nor-
mal operating conditions and operational constraints (voltage
limits, power balance and thermal limit) to solve ODGP
problem.

An outage management system is essential during multi-
ple outages in the system. Hierarchical outage management
scheme is discussed in [10] considering multiple microgrids.
The outage management system in [11] is aimed to identify
the faulted section using information from smart meters.
The outage management methods in the literature are not
considered the quick restoration of critical load points. The
repair crew ability to repair multiple faults in a single location
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is very important in case of natural disasters and researchers
have ignored this.

The consideration of natural disaster scenario for ODGP
enables the need of new constraints and objectives. The
objective of the system operators is to maximize the critical
load pickup and reduce the restoration time. The objective of
maximizing the critical load pick up after the natural disaster
needs the ranking/prioritization of loads. In the literature,
selection of DG location is done by checking the opera-
tional constraints of a system. However, it also depends on
many other factors which necessitates the consideration of
a location constraint. The early restoration of critical loads
needs prioritization of damaged regions. Also, the crew repair
abilities and repair time for different damaged regions are
required to be assessed before the crew dispatch.

The ranking of critical load points, finding location con-
straint and prioritizing damaged regions usually depends on
multiple criteria and each criterion gives a linguistic opin-
ion. In this paper, Fuzzy Multi Criteria Decision Making
(FMCDM) is used to solve the ranking problem. The applica-
tion of FMCDM in different fields can be found in [12]-[14].
Repair time depends on the severity of damage and number
of damages in a damaged region. A fuzzy rule based system
is developed for the estimation of repair time considering
linguistic information available about damage severity of the
system. The crew ability to repair a damage is determined by
considering crew repair skills, required resources and crew
resource handling capability. Fuzzy damage severity in a
damaged region is evaluated considering the damage severity
information. Fuzzy max-dot composition is applied to get a
fuzzy relational matrix between crew and damaged region
which gives the crew ability to repair a particular damaged
region.

Il. ISSUES WITH DISTRIBUTION SYSTEM RESTORATION
The distribution system restoration is done in two stages i.e.
1). Formation of microgrids for a quick restoration of critical
loads. 2). Restoration of loads after the repair/replacement of
damaged components.

A. MICRO GRID FORMATION

The objective of microgrid formation after natural disasters
is quick restoration of critical loads i.e. critical loads are
restored first. The objective is achieved by proper identifica-
tion of critical loads in the system and placing DGs at strategic
location in such a way that location is less/not affected with
disasters.

1) LOAD POINT WEIGHTS

The typical loads in an urban distribution system are hospi-
tals, government offices, public utilities, grocery, domestic
and commercial consumers, etc. The preference of aload type
over other load types can not be simply decided by a binary
opinion of yes or no, instead it is a range of subjective opin-
ions (strongly not, weakly not, equal, weakly and strongly)
and it differs from consumer to consumer and situation to
situation.
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TABLE 1. Linguistic opinions and fuzzy numbers (example).

Linguistic term Fuzzy number
Not applicable (NA) (0,0,0)
Very less (VL) (0,0,1)
Less (L) 0,3,5)
Medium (M) (4,6,8)
High (H) (6,8,10)
Very high (VH) (8,10,10)

In a distribution system, each load point is a mix of dif-
ferent load types, so each load type is a criterion for ranking
the load points. The opinions are collected for each load point
with regards to the importance of the load point from the point
of view of each load type. The linguistic opinions and their
associated triangular fuzzy numbers are given in the Table 1.
The fuzzy numbers illustrated in Table 1 are taken as example.
System operators are free to choose their own number of
opinions and associated fuzzy numbers. However, all fuzzy
numbers are taken in a fixed standard scale and each fuzzy
number must overlap with other numbers. The evaluation
of load type weights and load point ranking are explained
in section III-A.

2) DG LOCATION
The selection of strategic location for DG placement will
depend on many factors and their necessity is as follows:

o The availability of feeder section and vulnerability to
weather conditions: It shows the impact on DG avail-
ability during natural disasters.

o Space availability: It includes rooftops and ground space
which is required for the installation of DGs along with
microgrid control facilities and fuel storage.

o Accessibility of location: It helps in the early restoration
of DG damages and fuel supply.

o Public willingness: It handles the acceptance level of
households surrounded by the DG location.

« Critical loads: Consideration of critical loads near to or
around DG will help in maximizing the restoration of
critical loads.

The experts’ opinions are also collected to find the weight of
each factor. The opinions are also collected for each location
on how much that particular location is favourable for DG
placement from the point of view of each factor. Based on
these opinions, weights of factors and weights of locations
(fuzzy ranking of locations) are evaluated.

B. REPAIR AND RESTORATION

The objectives considered during the repair and restoration
process are minimization of repair time and maximization
of early restoration of critical loads. The problem becomes
critical because damaged regions may have multiple damage
types (ex. pole damage, line damage, transformer damage
and DG damages etc.) with different level of severity. Due
to the limitation of crew skills and available resources, it is
very important to prioritize the damaged regions and crew
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selection for repair of a damaged region. The demand to
determine the repair time for damaged region increases due
to multiple damages and severity levels.

1) CREW SELECTION

The repair crew selection for a damaged region is subjected
to the crew skills and resource handling capacity. The crew
selection process is simple if damaged region has a single
damaged component, but it is not a realistic consideration
during the natural disasters because multiple damages may
occur in a single area/region. The repair crew have expertise
in repairing particular types of damages and at the same time
they have some ability to repair other types of damages at
certain level. The crew selection for a particular damaged
region is needed to be done by coordinating the crew abilities
to repair damages, type and severity of damages along with
consideration of resource handling capability.

2) REPAIR TIME

In the literature, repair time of a failed component is assumed
as a constant value for particular damage. However, this
assumption will fail during the natural disasters because sin-
gle component damage is not a reasonable assumption at
these situations. During natural disaster, a damaged region
includes several component damages with a varying degree of
severity, which initiates the need of an effective methodology
to determine the repair time of a damaged region.

3) CREW DISPATCH

The crew dispatch to a damaged region is done in such a man-
ner that it satisfies the objectives of minimum restoration time
and an early restoration of critical loads. This requires the
prioritization of the damaged regions after which the repair
crew is dispatched based on the priority. The prioritization of
the damaged regions depends on several factors, which are
noted below:

o Minimum repair time

o More critical loads

« Less resources requirement

« Easy restoration of loads after repair

o Damaged regions containing DGs or near to substa-
tion/DGs

o Substation and DG damages

« Restoration of more number of consumers

« Interconnection of two microgrids or substation

o Accessibility of location

Ill. PROPOSED FUZZY BASED APPROACH

A. FUZZY RANKING BY MULTI CRETERIA

DECISION MAKING

A distribution system comprises several load points and each
load point can have different load types e.g. hospitals, public
utilities, etc. The decision of assigning one load point as
critical over the other load points should be made on the basis
of various load types present on that load point. Now, a load
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TABLE 2. Subjective decision and assigned number(example).

Subjective decision Assigned number
Strongly preferred 4
Weakly preferred 2
Equally preferred 1
Weakly not preferred 0.5
Strongly not preferred 0.25

type (say hospital) should be given more weight over the other
load types. The problem of assigning weights to the load types
is solved using fuzzy reciprocal matrix B = [a;] [15], where
aj is a positive number given to assign priority of 7™ load
type over k* load type. The ajx values are determined based
on the subjective decision of experts and Table 2 shows the
positive number assigned for each subjective decision. The
subjective decision and positive numbers given in Table 2 will
vary according to the system operators wish, but, the value
‘1’ is always associated with equal preference and remaining
value are taken more or less than ‘1’ based on its preference.

The weights of each load type is obtained by using a
geometric mean method to define the fuzzy mean number
corresponding to a row e; of B matrix and determination of
weights are as follows:

ej = (aj1(Dap()....)am) /™ n
ej/(e1(+)ea(+)...(+H)em) @

Now, the ranking of load points considering different load
types is evaluated using FMCDM [12]. A load point is rated
with respect to the load types by a set of K experts based
on the linguistic opinions given as an example in Table 1.
Let L = {Li, La, ..., L;} be the set of possible load points
considered for rating in the distribution system and C =
{Cq, C3, ...Cp} be the set of load types. Based on the linguis-
tic opinions on the load points given by the experts, a rating
%;; of ™ load point on j load type is calculated as follows:

Wi

1 K
T = Y &) ©)
t=1

The ratings thus found out can be summarized in the form of
a matrix D given as

D = [Fiflixm “)

here, [ is the total number of load points and m is the total
number of load types.

The D matrix is termed as the decision matrix which is used
to obtain Fuzzy Grey Relational Coefficient (FGRC) of each
load point which, as described in [12], is obtained as follows:

1. The D matrix is normalized into R matrix by a linear
scale transformation so as to have a comparable scale.

x.l. moxr
U /et W r
=\ o o |1 = max (&)
AR |
=~ l 1
where, X;; = (xl.j, xlf;‘, xl.j)
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2. After normalisation, hamming distance matrix H =
[cf,j]lxm is constructed by evaluating the hamming distance
between the possible load points L; and the referential
sequence L* is as follows:

dij = (Fa‘/. — Fj) 6)
The referential sequence L* is a set of ideal solution
written as:
= [?a‘j] where ?Sj =(0,1,0)forj=1,2,...,
is an element of R matrix.
3. The FGRC is thus obtained by the following equation:

m. and 7;;

m

T, =y Wiy, 7y) )
=1

minlminj ~,J+§max,maxjtz',~j

(dljJrCmax,mux,d,,)
Thereupon, the preference relationships between the load

points are obtained by fuzzy difference between ¢ ; and 7 ;
and is given as:

where, y(}’a‘j, Fij) =

Zij = 10,:(—)70, (®)

Z-j is also a fuzzy number as the complete analysis is dealt
with fuzzy numbers of expert linguistic opinions and thus for
an « cut it can be written as: Zl.‘" = [Zl‘]’l, Zl‘j’lr]

If Zl‘])‘r > 0 and Zij.‘l < 0 with some o values, then e;;

is obtained to evaluate fuzzy preference relation of the load
points which is given as

s
¢j="5:5>0 )

where S = S; + S,

S1 = [iogmz;(X)dx, and Sy = [, puz;(x)dx.
Thus fuzzy preference relation matrix is given as

E =lejlixi (10)

And the fuzzy strict preference relation matrix, for strict
comparison of load points, is written as

E* = [ejlixi (11)
where,
o= €jj — €ji; when ejj > €ji
v 0; otherwise

To obtain a rank of load points without comparison with
other load points, a non dominated degree is needed and is
written as

MNP (L) = min[1 — €} for je Qand j#i  (12)

The non dominated degree thus obtained is used for the
purpose of ranking each load points. Although, the method
mentioned above is illustrated by taking the example of load
points for the purpose of ranking, the same is used to obtain
DG location ranking/location constraint and prioritizing the
damaged regions for crew dispatch.
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B. FUZZY RULE BASE SYSTEM FOR REPAIR TIME

The repair time estimation of a damaged region is a key factor
for crew dispatch. As mentioned earlier, a damaged region
contains several damages with different degree of severity.
In general, the information regarding damage severity is
received in linguistic terms such as: very low severity (VLS),
low severity (LS), medium severity (MS), high severity (HS)
and very high severity (VHS). A triangular fuzzy number is
allotted for each linguistic term. The severity matrix SR is
constructed using these linguistic opinions.

SR = S/l (13)

here, S’3 is the severity of damage d; in damaged region DR;.
B is the severity index. n and N are the number of damage
types and damaged regions respectively.

Repair time for a damaged component varies based on the
severity of damage. Based on the expert knowledge, a fuzzy
rule base system is developed to determine the repair time
of a damaged region. The inputs are severity of damages in
a damaged region, given in linguistic terms and output is
also considered in linguistic terms (very less time, less time,
medium time, high time and very high time). These linguistic
terms are associated with a fuzzy number and repair time is
derived from this fuzzy number. Pictorial representation of
the fuzzy rule base system is shown in Fig.1

very low
low

e
(=]

medium
high

damage 1

damage severity

very high

1 dar;m ge i FU7i7‘y 1
. —| e e

- base 05

0 z 0

damage severity repair time

1
0

damage severity

u(x)
[=3

)

FIGURE 1. Fuzzy rule base system for evaluation of repair time.

C. CREW SELECTION BY FUZZY RELATIONS

The crew selection depends on the crew ability to repair a
particular damage and total damages and their severity in
a damaged region. The crew ability to repair a particular
damage depends on the crew skills and resource handling
capacity of the crew. The fuzzy membership value for a
relation between the crew and a damage type is determined
using the following membership function:

1; M(CR,-,dj) > Md_,- and Cap; > Capd/.
UR(CR;, dj) = {05 M(cr;.d) SM,?;"” or Cap; < Capzjl.m
b; otherwise
(14)

) M(CR d)_Mmm Cap, Ctlpmm
where, b = min

d; .
My; M"’"’ Capd —Cap"”” }’ Capdj 18

min

the resources required to repalr damage d, Cap is the
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minimum required resources to repair damage d;, Cap; is the
resource capacity of crew i, My; is the required skilled persons
to repair damage d;, M;"" is the minimum required skilled
persons to repair damage dj and M(cr;,4)) is the skilled persons
in crew i to repair damage d;.

The fuzzy relational matrix which is formed between crew
and damages is as follows:

P = [(CR;, d))exn 15)

here, c is the total number of crew.

The more membership value means a crew has more ability
to repair that damage and vice versa.

The severity of damage is a linguistic decision obtained
from local people or inspection team and each linguistic infor-
mation is associated with a triangular fuzzy number(example
A(ay, az, a3)). The linguistic terms in matrix SR are replaced
with these fuzzy numbers. These fuzzy numbers are used to
evaluate the yager’s indices [16] using «-cut approach. The
a-cut of fuzzy number A having a crisp interval is represented
as A, = [Aé, Ag ]land « € [0, 1]. The calculation of yager’s
indices are as follows:

max

o
Y(A) = / - VAl +ADda (16)
amm
here’ V _ amin_ganmx ’
Aé = (ar —apu + a; andAg = —(a3 —a)a + a3

The yager’s indices arranged in a matrix form is as follows:
Y =[Y; j(A)]nxn an

here, Y; j(A) is the yager’s indice for damage d; in a damaged
region DR;. The elements of the matrix Y is normalized and
elements are in the range of [0, 1] and these values represents
the severity of a damage for a particular damaged region
in a scale of 0 to 1 and it’s called as membership value
for damaged severity. The fuzzy damage severity relation
matrix (§) is given below:

S = [u(di, DR)]nxN (18)
here, 11(d;, DR;) = 145

The membership value represents the severity of a damage
d; in damaged region DR;.

Fuzzy max-product composition [17] is applied between
fuzzy relational matrices P and S to get the fuzzy relation
between a crew and a damaged regions, and it is as follows:

T(CRi, DR)) = & {i(CRi, di) @ (1 — pu(dy, DRy))} (19)
The fuzzy relational matrix 7 is written as:
T = [u(CR;, DRj)]cxn (20)

The membership value shows the crew ability to repair a
damaged region.
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D. DG PLACEMENT AND MICROGRID FORMATION

The optimal placement and size of DGs are determined using
Particle swarm optimization techinque by taking critical load
pick up as an objective function [18]. Different natural dis-
aster scenarios are simulated while the DGs placement to
make sure the avaialbility of DGs during any type of disaster
scenario. The objective function is formulated using weigths
of load points and is given by [18]:

N M
Obj(critical load) = max Z Z Wji 2D
i=1 j=1

here, Wji is the weight of j” load point restored after /" natural
disaster scenario. N is the disaster scenarios considered. M is
the total number of loads pick up by DGs for each scenario.

The ODGP problem is done by considering many con-
straints in the system. A location constraint is used to assure
the DG availability during post disaster scenario [18]. It
is formulated based on the weights of feeder sections and
added to objective function as penalty factor. The location
constraint (LC) is given by

Npg
LC =) Wrsk (22)
k=1
Npg is the number of DGs and Wrs  is the weight of the
feeder section in which the k”* DG is connected. For secure
operation of the system, operational constraints like voltage
and thermal limits are considered and given by

Vmin < V] < ymax (23)
I < Iimax 24)

Microgrid formation is required during post disaster, but,
operational constraints are not enough for secure microgrid
formation. Hence, DG capacity limits and power flow con-
straints are taken in consideration for secure operation of
microgrid and these are given by

PRl < Ppg, < PRE (25)

Qpe < Qe < QP (26)

P = Vi Yy Vi(g;iCos(By) + bySin(®y)  (27)
jen

0, =V; Z Vi(giiSin(9;) — b;jCos(0;) (28)
jen

IV. NUMERICAL EXAMPLE

In this section, a reliability test system RBTS bus 2 [19] is
considered to validate the proposed methods. The test system
is shown in Fig. 2. The necessary data for validation purpose
is hypothetically assumed for the test system. Sectionalizing
switches are available to isolated the feeder sections and
disconnect switches are used to connect/disconnect the load
points to the supply during the restoration process. The dis-
tribution system is represented as a graph and used during
clustering and restoration process. Five damaged regions
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FIGURE 2. RBTS bus 2 test system with damaged regions and DGs

are aribitorily taken for the study and locations are shown
in Fig. 2. The DG locations and size are taken from [18], and
locations are mentioned in Fig. 2. The capacity of DGs are
4.5 MW and 3.2 MW for DG 1 and DG 2 respectively. DGs
are placed during the system planning by simulating different
natural disaster situations.

TABLE 3. Requirements for different damages and crew abilities.

Requirements Crew capacity(Crew 1, Crew 2)
Resources | Skilled persons | Resource Skilled persons
di 1-4 2-4 (4.3) (3.3)
da 1-5 2-5 (5.:4) (5,3)
ds 1-4 2-5 (4,3) (3,5)
dy 1-4 1-3 (2,4) (2,3)

The requirement of resources and skilled persons to repair
a damage is given in Table 3, the minimum and maximum
values represents the requirement from low severity to high
severity respectively. Table 3 also contains the crew resource
handling capacity and total number of skilled personals to
repair a damage.
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TABLE 4. fuzzy rules.

Damages Repair time
Rule dq do | ... ‘ dn out put
1 VLS | VLS | ... VLS VLT
I [ vHs | vHs | ... VHS | VHT

A. ESTIMATION OF REPAIR TIME

As explained in the previous section III-B, a fuzzy rule base
system is developed for estimation repair time of a damaged
region. The generalized fuzzy rules are shown in Table 4, the
output is a repair time in hours and it is decided by repair
history of the damages. In this work, damage severities are
classified into five different severity levels and repair time is
also divided into five groups, each group is a triangular fuzzy
number. Based on the damage severity in a damaged region,
the respective fuzzy rule is fired and the respective output
fuzzy number is defuzzified to get repair time of a damaged
region.

In this demonstration, as mentioned earlier, each damaged
region has different damaged types with different damage
severity. The damage severity data is assumed and given in
Table 5. The estimated repair times for damaged regions DR1,
DR2, DR3, DR4 and DRS are 15, 17, 17, 20 and 20 hours
respectively.

TABLE 5. Damage severity in different damaged regions.

d1 da d3 dg
DRI MS MS MS HS
DR2 HS HS LS NA
DR3 | VHS HS MS NA
DR4 | VHS | VHS NA NA
DRS5 HS MS VHS | NA

B. FUZZY RANKING
The ranking problem is solved using FMCDM, which will
be done in two stages. In first stage, the weights of the each
criteria is determined and fuzzy weights for each alterna-
tive is evaluated in second stage. Here, the ranking of dam-
aged regions is taken to demonstrate the proposed ranking
approach. The ranking is done for two different cases i.e. with
and with out main grid availability for restoration. The hier-
archical structure of the ranking problem is shown in Fig. 3.
The experts subjective opinions are collected for each fac-
tor influencing the ranking of damaged region over another
factor. The fuzzy reciprocal matrix B is evaluated using
experts opinions and values given in Table 2. The fuzzy
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FIGURE 3. Hierarchical structure for ranking of damaged regions.

TABLE 6. Factors and weights for ranking of damaged regions.

During a post disaster scenario, medical facilities and food
availability are the primary concern and this is reflected in
Table 7 and got highest weight values. The govt. offices and
public utilities are very important to restore the normal life
of people and these loads together got next priority. The
commercial loads are not a concern during disaster scenarios
and it’s clearly reflected.

TABLE 8. Factors and weights for ranking of location.

Factor Weight Fuzzy number
Availability of feeder 0.2235 | (0.2011 0.2235 0.2458)
Vulnerability to weather conditions 0.185 (0.1665 0.1850 0.2035)
Space availability 0.3244 | (0.2920 0.3244 0.3568)
Public willingness 0.1229 (0.1106 0.1229 0.1352)
Critical loads 0.1442 | (0.1298 0.1442 0.1586)

The weight values in Table 8 are supported with the fol-

Factor Weight Fuzzy number
Repair time 0.2019 | (0.1817 0.2019 0.2221)
Critical loads 0.3142 | (0.2828 0.3142 0.3456)
Resources requirement | 0.1247 | (0.1122 0.1247 0.1372)
Easy restoration 0.1373 (0.1235 0.1373 0.1510)
Number of consumers 0.1099 | (0.0989 0.1099 0.1209)
Accessibility 0.1121 | (0.1009 0.1121 0.1233)

reciprocal matrix is given below:

1 0.75 2 0.75 3 1.5
1.33 1 3 3 3 2

B 0.5 033 1 1.5 1.5 0.75
T 1133 033 0.67 1 225 0.5
033 033 0.67 044 1 4
0.67 05 133 133 025 1

By using the eq. (2), the weights of each factor is determined.
The weights of each factor is given in Table 6. The weights
of factors influencing the ranking of load points and location
are evaluated using same process and are also represented by
triangular fuzzy numbers, as given in Table 7 and Table 8
respectively.

TABLE 7. Factors and weights for ranking of load points.

Factor Weight Fuzzy number
Hospital 0.2775 | (0.2498 0.2775 0.3053)
Govt. office 0.1599 | (0.1439 0.1599 0.1759)
Public utilities 0.157 (0.1413 0.1570 0.1727)
Grocery 0.2001 | (0.1801 0.2001 0.2201)
Domestic 0.1394 | (0.1255 0.1394 0.1533)
Commercial 0.0661 | (0.0595 0.0661 0.0727)

From Table 6, critical loads secure highest weight as objec-
tive of the DR ranking is early restoration of critical loads.
Repair time plays a key role to repair a damaged region, so, it
appears next to the critical loads. After repairing a damaged
region, it must help to restore some of the load points. Hence,
easy restoration secure third place. The resource requirement,
accessibility and number of customers appears in descending
order.
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lowing explanation. Space availability has got highest weight
because without any space/land, it’s impossible to place a
DG at that location. The availability of feeder section (both
technical feasibility and failure history) is required to make
sure the location feasibility to place a DG. The aim of the
DG placement is to restore the critical loads after a disaster
situation. So, it’s very important to consider vulnerability
of location to extreme weather conditions. The critical load
is a very important factor but without satisfying the space
availability, availability of feeder and vulnerability to weather
conditions, placing a DG cannot guarantee it’s availability to
pick the loads, so, it is placed in fourth position. If all other
factors are satisfied then public willingness is not taken in a
serious manner.

The linguistic ratings of each damaged region versus each
factor is collected and these opinions are used to construct the
fuzzy decision matrix D by using fuzzy numbers in Table 1
and equation (3), the matrix is given in Table 9.

TABLE 9. Fuzzy decision matrix.

F1 F2 F3 F4 F5 F6
(4,6,8) (8,10,10)  (8,10,10)  (8,10,10)  (8,10,10) (0,3,5)
(8,10,10) (0,0,1) (4,6,8) (4,6,8) (0,0,1) (4,6,8)
(0,0,1) (4,6,8) (4,6,8) (0,0,1) (0,0,1) (8,10,10)
(4,6,8) (8,10,10) 0,3,5) (8,10,10)  (8,10,10) (4,6,8)
(6,8,10) (6,8,10) 0,3,5) (6,8,10) (0,3,5) (0,3,5)

The decision matrix is normalized using eq. (5) and ham-
ming distance matrix is calculated using eq. (6). The ham-
ming distance matrix is given in Table 10.

The FGRC matrix is evaluated using eq. (7) and eq. (8), the
result is shown in Table 11.

The fuzzy preference matrix is constructed using eq. (9)
and eq. (10). The fuzzy strict preference matrix is evaluated
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TABLE 10. Hamming distance matrix.

TABLE 14. Feeder section/location weights and rankings.

(0.2,0.4,0.6) (0,0,0.2)  (0,0,0.2) (0,0,0.2) (0,0,0.2) (0.5,0.7,1) Feeder section | Weight | Rank | Feeder section | Weight | Rank
(0,0,0.2)  (09,1,1) (0.2,0.4,0.6)(0.2,0.4,0.6) (0.9,1,1)  (0.2,0.4,0.6) FS1 0.6853 7 FS8 0.7018 6
0.9,1,1)  (0.2,0.4,0.6)(0.2,0.4,0.6) (0.9,1,1)  (0.9,1,1)  (0,0,0.2) FS2 0.5998 11 FS9 0.6415 9
(0.2,0.4,0.6) (0,0,0.2)  (0.5,0.7,1) (0,0,0.2) (0,0,0.2) (0.2,0.4,0.6) FS3 0.6563 8 FS10 0.8865 2
(0,0.2,04) (0,0.2,04) (0.5,0.7,1) (0,0.2,0.4) (0.5,0.7,1) (0.5,0.7,1) FS4 1 1 FS11 0.5792 12
FS5 0.5428 13 FS12 0.6853 7
TABLE 11. Fuzzy grey relation coefficients. FS6 0.7465 5 FS13 0.7785
FS7 0.6046 10 FS14 0.8121 3

(0.5,0.7,1.1)(0.7,1,1.3) (0.7,1,1.3) (0.7,1,1.3) (0.7,1,1.3) (0.4,0.5,0.8)
(0.7,1,1.3) (0.4,0.5,0.6)(0.5,0.7,1.1)(0.5,0.7,1.1](0.4,0.5,0.6) (0.5,0.7,1.1)
(0.4,0.5,0.6)(0.5,0.7,1.1) (0.5,0.7,1.1) (0.4,0.5,0.6) (0.4,0.5,0.6) (0.7,1,1.3)

(0.5,0.7,1.1)(0.7,1,1.3) (0.4,0.5,0.8)(0.7,1,1.3) (0.7,1,1.3) (0.5,0.7,1.1)
(0.6,0.8,1.3)(0.6,0.8,1.3) (0.4,0.5,0.8) (0.6,0.8,1.3) (0.4,0.5,0.8) (0.4,0.5,0.8)

TABLE 12. Ranking of damaged regions.

. Case 1 Case 2
Damaged region - -
Weight | Rank | Weight | Rank
DR1 0.8436 3 1 1
DR2 0.6858 4 0.371 5
DR3 0.6069 5 0.5619 4
DR4 0.9362 2 0.7326 3
DRS 1 1 0.8658 2

TABLE 13. Load point weigths and ranking.

LP Weight | Rank LP Weight | Rank

LP1 0.9966 2 LPI2 | 0.5471 15
LP2 | 0.9004 6 LP13 | 0.5735 14
LP3 0.6207 12 LP14 | 0.9474 4
LP4 1 1 LP15 | 0.3816 20
LP5 0.9261 5 LP16 | 0.4938 19
LP6 | 0.8325 7 LP17 | 0.5424 16
LP7 0.7084 9 LP18 | 0.5949 13
LP8 0.6299 11 LP19 | 0.5424 16
LP9 | 0.3595 21 LP20 | 0.9699 3
LP10 | 0.5027 18 LP21 | 0.8062

LPI1 | 0.5326 17 LP22 | 0.6806 10

using eq. (11) and the results are shown in matrix E*.

0 0.5389 0.6014 0.0880 0.2674

0 0 0.1017 0 0
E'=10 0 0 0 0

0 04740 0.5414 0 0.1961

0 0.2790 0.3578 0 0

The non-dominated (ND) weights are evaluated for each
DR using eq. (12) and higher weighted DR gets the top
priority and results are shown in Table 12. The same process
is used to determine the ranking of load point and locations.
The Table 13 and Table 14 are the weights and ranking of LPs
and feeder sections respectively.

The effectiveness of proposed ranking method for priori-
tization of damaged regions are explained with the help of
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weight values given in Table 12 and Table 13. Firstly, case 1
is taken, the loads are isolated due to DRS5 and DR4 are more
critical and are easily restored with the help of DG 2 and
main grid by closing tie switch after repair of these damaged
regions. Both DR5 and DR4 are equally important, but DRS
stores more load point than DR4, hence, DR5 gets higher
priority than DR4. The load points isolated by DR3 are less
critical than DR1 and DR2. So, DR3 has given low priority
than others. In case 2, main grid is not available and changes
the complete restoration scenario. The loads isolated by DR1
are easily restored with DG 1 after DR1 repair. Due to the
capacity limitation of DG 2, the loads isolated by DR4 and
DRS5 are may not be restored. However, DR1 repair time
is comparatively less, so, DR1 has given high priority and
DRS5 and DR4 has ranked after the DR1. DR3 gives the easy
restoration of loads compare to DRS and DR4 but the loads
are less important.

However, the weights and rankings in Table 12, Table 13
and Table 14 are for illustration purpose. The weight values
depends on the subjective ratings of experts and changes from
person to person and situation to situation. The subjective
rating must reflect the system operators policies on system
priority load types and DG placement etc.

C. CREW SELECTION

The crew dispatch to damaged regions for repair needs the
ranking of damaged regions and crew ability to repair a
damaged region. This section demonstrates the evaluation of
crew ability to repair each damaged region. In this example,
two repair crews and four types of damages are considered for
evaluation purpose. The fuzzy relation matrix P is evaluated
using eq. (14) and data given in Table 3. This matrix gives
the fuzzy relation between crew and damage type, more the
membership value represents, more is the ability of the crew
to repair that damage.

p_ 0.5 1 03 03
~ 103 05 07 1

The fuzzy severity relation matrix SR is obtained by using the
data given in Table 5. The linguistic information in Table 5 is
replaced by triangular fuzzy numbers given in Table 1.

The yager’s indices are determined for severity matrix SR
using eq. (16), the severity matrix and its yager’s indices are
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TABLE 15. Fuzzy severity matrix.

DR1 DR2 DR3 DR4 DR5
di (4,6,8)  (6,8,10) (8,10,10) (8,10,10)  (6,8,10)
da (4,6,8) (6,8,10) (6,8,10) (8,10,10) (4,6,8)
ds (4,6,8) (0,3,5) (4,6,8) (0,0,0) (8,10,10)
ds (68,100  (0,0,0) (0,0,0) (0,0,0) (0,0,0)

given below:

6 8 95 95 8
6 8 8 95 6
6 275 6 0 95
8 0 0 0 0

SR =

The yager’s indices are normalized to get the fuzzy damage
severity relation matrix S, the element S;; represents the
membership value of damage d; in damaged region DR;,
higher values represents more severity in that region. The
fuzzy relational matrix is given below:

0.6 0.8 1 1 038
s 06 08 08 1 0.6
06 03 06 0 1

08 0 0O 0 O

The fuzzy max-product composition is applied on fuzzy
relation matrices P and S to get the fuzzy relation matrix 7
between repair crew and damaged regions using eq. (19) and
eq. (20). The membership values indicates the crew ability to
repair a damaged region.

T = 0.6 08 0.8 I 06
~ 108 04 05 05 07

D. REPAIR OF DAMAGED REGIONS

The repair of damaged regions needs the prioritizing/ranking
of damaged regions, so that optimal repair sequence is deter-
mined to achieve the objectives. The ranking of damaged
regions are done for two cases as mentioned in previous
section IV-E and the ranking details are given in Table 12. The
crew ability to repair a damaged region is demonstrated by T
matrix. According to the priority of the damaged regions, the
crew having a higher value of membership function in the T
matrix for a particular damaged region is being dispatched for
the repair purpose. As an example, in case 1, the DRS has the
highest priority to get repaired, and the crew 1 and crew 2 for
that damaged region have a value of 0.6 and 0.7 respectively.
As higher value of membership value represents better ability
to repair, crew 2 is, thus, selected as the dispatch crew to repair
the damaged region DRS. At the same time, crew 1 dispatched
to repair the damaged region DR4.

E. MICRO GRID FORMATION

The objective of the proposed fuzzy theory approach is to
maximize the critical load pick up after natural disasters. This
objective is achieved by proper ranking of load points, avail-
able locations and placement of a DG at a strategic location,
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so that DG is available after the natural disaster. The ranking
of load points and feeder section for DG placement is given
in Tables 13 and 14. Two DGs are placed in the test system
by considering the ranking values given in Tables 13 and 14.
Two DG are optimally placed at test system by considering
the location constraint along with the operational constraints
and DG locations are shown in Fig. 2. Two different cases are
considered for microgrid formation after a natural disaster.

DRI { DR2
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< I
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LP3 @
FS2
] FSl FSs |
v LP8
P2 Y Lp
Region 1 LP11
FSI1 iFs7 A
LPI8 i |=
DR3 S
o A L v [ o
| FS12 ]
- | e - LPIO Fso
a1 'ipie e
\ i |} pra
Region 3 LP17 h
MG 1
FS13 f“_H'_‘ LP13
LP20 A |
< I : I [ I -
l FS14 Hipn ™
Y rsio¥ )
DRS5 ¥ Region 2
Lp21 Y./ LP15 LPl4

FIGURE 4. Microgrid formation for case 1

1) CASE 1

In this case, main grid is available for restoration purpose.
Firstly, healthy system components are divided into three
clusters and named as region 1, region 2 and region 3 and are
shown in Fig. 4. As main grid is available in this case, region 1
is restored using main grid after the isolation of damaged
regions. The region 3 has a DG and microgrid (MG 1) is
formed in region 3 using the available DG. The MG 1 serves
all three load points (LP18, LP19 and LP20) in the region 3
as the DG2 capacity is sufficient to serve. The load point
restored immediately after isolation of damaged regions are
covered with blue dotted lines in the Fig. 4. As region 2
doesn’t have any possibility of restoration, the load points
in that region are in waiting for repair of any of damaged
regions i.e. DRS and DR4 or DRS5 and DR3. In the damaged
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region prioritization, DR5 and DR4 are in highest priority,
repair crew are dispatched simultaneously. As the repair time
of both regions are same and are repaired at the same time.
The repair of DR5 and DR4 restores the service to region 2
along with load points LP21 and LP22. At this situation MG 1
is merges with main grid and total restored load points are
shown under the green dotted lines in the Fig. 4. DRI and
DR2 are repaired with repair crew 2 and crew 1 respectively
and restores the supply to LP7 and LP9 respectively. Finally,
DR3 is repaired by crew 1 and restores the load points LP16
and LP17.

-------- ip7 LP9 |—
LP4 i
A FS4
FS3
- -
— LP6 FS6
N GN
LPS
MG k)
Region 1
I Fs1 “FS5 I
hl |
v LP8
L2 Y 1p
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MG 2 @ Y e i |/ DR
Region4 | FSI13 r———H - Region 3
Lr20 _ | DRS 1™ ) : FS10 [ i
T v gl
Y ez i
SRS - B S S

FIGURE 5. Microgrid formation for case 2.

2) CASE 2

In this case, main grid is not available for restoration purpose.
The healthy system components are divided into four clusters
named as region 1, region 2, region 3 and region 4. The
different regions are shown in Fig. 5. Region 1 and Region 4
are having DGs and have a chance of microgrids formation.
The region 2 joins with region 1 to form the microgrid MG 1
by DGI (blue dotted line), but due to the generation limit
of DG, it’s not possible to restore all load points in the
MG 1. Hence, based on load point ranking, highest ranked
load points are restored first and remaining kept isolated.
Microgrid MG 2 is formed in region 4 (blue dotted line) by
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using DG2. Damaged region DRI is repaired first because
the load point (LP7) isolated by DR1 is easily restored with
the help of DGI. The repair of DRS merges the region 3 with
MG 2 and repair of DR4 merges the region 3 with MG 1. But,
MG 1 is too big as compared to MG 2 and there is a long way
for power flow. So, DRS repaired first and MG 2 is extended
toregion 3 (shown in green dotted line). Again, DG 2 capacity
is not sufficient to restore all load points in the MG 3 and only
high priority loads are served with a priority basis.

Based on the system operators restoration policy, whether,
load shedding and/or curtailment is allowed during the micro-
grid operation or not. If the shedding is allowed, highly
critical load points are served continuously, on the other hand,
less critical load are shedding in timely manner to satisfy the
all loads in the microgrids. If the load curtailment is allowed,
all load points are restored with reduced demand and no
shedding of load points. The possibility of shedding of loads
within a load point is a way for load curtailment of a load
point.

Load flow analysis is done during the microgrid formation
after connecting each load point to verify the techincal feasi-
bility of microgrid formation.

V. CONCLUSION

The paper has presented different fuzzy based approaches to
solve the distribution system restoration issues after natural
disasters. The fuzzy multi criteria decision making is used for
ranking of load points, feeder sections/location and damaged
regions. The rankings have been found effective in choosing
preferable DG placement and micro-grid formation. During
a natural disaster, prioritization of damaged regions become
necessary. Our proposed method effectively ranks the DRs for
an optimal repair sequence and their rankings are justified, as
discussed in the result section, on RBTS bus 2 with necessary
data assumptions under two cases i.e with and without main
grid supply. Ranking of a DR is a precursory to its repair as
crew selection and dispatch becomes the next most important
issue. Our proposed method on fuzzy max-product composi-
tion and rule base system has been found to efficiently tackle
this issue with simple and feasible computations. The pro-
posed methods are validated on small test system. However,
the methods are having the ability to give the optimal solution
for large systems consisting of thousands of load points and
more number of DGs.
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