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ABSTRACT 

Two common problems for a typical Power distribution system are voltage collapse & instability. Challenge is to identify 
the vulnerable nodes and apply the effective corrective actions. This paper presents a probabilistic fuzzy approach to 
assess the node status and proposes feeder reconfiguration as a method to address the same. Feeder reconfiguration is 
altering the topological structures of distribution feeders by changing the open/closed states of the sectionalizing and 
ties switches. The solution is converge using a probabilistic fuzzy modeled solution, which defines the nodal vulnerability 
index (VI) as a function of node voltage and node voltage stability index and predicts nodes critical to voltage collapse. 
The information is further used to plan best combination of feeders from each loop in distribution system to be switched 
out such that the resulting configuration gives the optimal performance i.e. best voltage profile and minimal kW losses. 
The proposed method is tested on established radial distribution system and results are presented. 
 
Keywords: Branch Voltage; Three Phase Load Flow; Voltage Stability Index (SI); Radial Distribution System (RDS); 

Monte Carlo; Probability Distributions; Fuzzy Set; Node Vulnerability Index (VI); Feeder Reconfiguration 

1. Introduction 

Power distribution systems, especially in developing 
countries, are steadily approaching towards its maximum 
operating limits and voltage stability is a major concern. 
Voltage instability makes the system unreliable and re-
sults in system collapse and blackout. Around 30% to 40% 
of total investments in the electrical sector go to distribu-
tion systems, but same have not received the technologi-
cal impact as generation and transmission systems. 

The voltage instability can be addressed using the vari-
ous techniques. One of the control options for managing 
RDS is feeder reconfiguration. Reconfiguration is open-
ing and closing the sectionalizing and tie-switches in a 
RDS. It modifies the network structure and thus reduces 
the real power losses, and improves voltage stability. 
However reconfiguration is effective only when tie- 
switches are planned at optimum location and the best 
combinations are selected for the same. 

Distribution systems have combinations of loads like 
industrial, commercial, domestic, lighting etc. and each 
of them peak at different times of the day and need to be 
effectively captured, while planning reconfiguration or lo- 
cating tie switches for an existing RDS expansion system. 

There are methods proposed by various authors on 

various methods for reconfiguration. B. Venkatesh and 
Rakesh Ranjan propose a method that uses fuzzy adapta-
tion of Evolutionary Programming (FEP) as a solution 
technique [1]. Takanobu proposed distribution network 
expansion planning method by network reconfiguration 
and generation of construction plans [2]. Dong-Joon Shin 
represents an approach for service restoration and opti-
mal reconfiguration of distribution network using genetic 
and Tabusearch method [3]. B. Venkatesh, Rakesh Ran-
jan, H. B. Gooi developed a new method for optimal re-
configuration of radial distribution systems which maxi-
mizes a fuzzy index developed using a maximum load 
ability index [4]. R. Ranjan, B. Venkatesh, D. Das pro-
posed novel method for selecting an optimal branch con-
ductor for radial distribution networks based on fuzzy adap-
tion of evolutionary programming [5]. P. V. V. Rama 
Rao and S. Sivanagaraju proposes plant growth simula-
tion algorithm to enhance speed and robustness and does 
not require external parameters for loss minimization and 
load balancing [6]. 

This paper discusses the plan of optimizing the Radial 
distribution system via feeder reconfiguration using prob-
abilistic fuzzy modeled solution. The proposed solution 
calculates node vulnerability index and use the same for 
reconfiguration. The solution is based on concept of prob-
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abilistic fuzzy rules and is suitable for modeling real world 
systems, where we have both statistical and non-statistical 
uncertainties. Probabilistic part of the model uses Monte 
Carlo simulation (MCS) and considers input parameters 
as random variables with predefined probability distribu-
tion shape. Further for calculating vulnerability index, paper 
uses fuzzy based algorithm, and uses fuzzified node vol- 
tage and node voltage stability index as inputs. Based on 
vulnerability index of nodes, a scheme for planning tie 
and sectionalizing switches to achieve loss reduction is 
presented. While the scope of the feeder reconfiguration 
problem discussed here is limited to the discussion of 
losses, the results developed provide significant insight 
into useful characteristics associated with the modeling 
and properties of related feeder reconfiguration problems. 
The above technique can be used for long term distribu-
tion network expansion planning purposes also. 

The paper is organized as follows. In Section 2, the me- 
thodology & steps used are discussed. Section 3 defines 
formulas and calculation algorithm used. Section 4 des- 
cribes nodal vulnerability index computations, Section 5 
elaborates the reconfiguration planning & calculations 
showing reduction in losses and Section 6 concludes the 
paper. 

2. Methodology 

Paper presents RDS reconfiguration planning using fol-
lowing steps: 
 Define the load flow & stability index formulas & 

calculation algorithm; 
 Infuse randomness in input variables in line with real 

time scenario by modeling input data as random vari-
ables with predefined distribution to address combi-
nation of loads; 

 Use Monte Carlo simulation and generate output dis-
tribution for nodal voltages & voltage stability index 
and calculate node vulnerability index; 

 Use Node vulnerability index as basis for RDS recon-
figuration planning; 

 Recalculate the losses after applying proposed recon-
figuration. 

3. Formulas & Calculation Algorithm 

3.1. Load Flow & Stability Index Calculation 
Formula’s & Algorithm 

For simulation purpose this paper uses a load flow algo-
rithm, based on concept described by R. Raina, M. Tho-
mas, R. Ranjan [7] and modified to suite the probabilistic 
model (for Monte Carlo simulation). The algorithm cal-
culates the total real and reactive system power loss, nodal 
voltages and stability index. 

The load flow calculation algorithm uses the basic sys-
tems analysis method and circuit theory and requires only 

the recursive algebraic equations to get the voltage mag-
nitudes, currents & power losses at all the nodes. 

This load flow methodology also evaluates the total real 
and reactive power fed through any node. Using concept of 
simple circuit theory, the relation between the bus voltages 
and the branch currents in Figure 1 can be expressed as: 
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i j ij ij ij ij

bg bg b ba bb bc
i j ij ij ij ij
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i j ij ij ij ij
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where; 

i = Voltage of phase a at node i with respect to 
ground; 

i = Voltage drop between two phases a and b at 
node I; 

= Voltage Drop between nodes i and j in phase a; 
= Current through phase a between nodes i and j; I

aa
ij = Selfimpedance between nodes i and j in phase a; Z
ab
ijZ = Mutual impedance between phase a and b be-

tween nodes i and j; 
, ,a a aPi Qi Si = Real, reactive and complex power loads 

at phase a at ith bus; 
phaseSij = Complex power at phase (a, b and c) between 

nodes i and j; 
phasePLij = Real power loss in the line between node i 

and j; 
phaseQLij = Reactive power loss in the line between 

node i and j; 
phaseSLij

a aa ab ac aa

= PLijphase + jQLijphase. 
Rewriting (1) 
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Following equations gives the branch currents between 
the nodes i and j: 
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Figure 1. Three phase four wire line model. 
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The real and reactive power losses in the line between 
buses i and j are written as; 

a a a a
ij ij ij i ij
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This algorithm computes the real & reactive power and 
uses the formula given in Equation (2). Receiving end 
power at any phase, say phase A, of line between the nodes 
i and j is expressed as: 

a a a a
ij ij kj kP jQ P jQ PL        (2) 

K = index of all nodes fed through the line between 
nodes i & j. 

mn = index of all line connected between nodes m and 
n through the line between nodes i and j. 

The simulation also calculates the voltage stability in-
dex (SI) for all the nodes of the radial distribution system 
using the load flow results. There are several methods to 
estimate or predict the voltage stability condition of a power 
system. The simulation utilizes the voltage stability index 
defined by N. C. Sahoo, K. Prasad [8] to indicate the 
voltage stability condition at each bus of the system. Sta-
bility index (SI) for the bus j, for atypical branch as 
shown in Figure 2 is defined as: 

2 4i iSI V P           (3) 

The value of SI varies from 0 to 1. For stable operation 
of the RDS, Stability Index (SI) should be nearing one. 

3.2. Infusing Randomness in Inputs & Monte 
Carlo Simulation to Address  
Combination of Loads 

Monte Carlo simulation principle is described in Figure 
3. The principle is based on considering input parameters 
as random variables and with predefined distribution shape. 
Probability distribution shape describes the likelihood of 
same future events. Uncertain input parameter is consid-
ered as a random variable P and numbers of realizations 
Pi of P are generated and load flow algorithm is run for 
each of them producing an output Ri. Set of outputs Ri 
represents the set of realizations of the random variable R. 

 

Rij+jXi

Viαi Vjαj

 

Figure 2. Electrical equivalent of one branch. 

For simulation purpose connected load is assumed to 
be varying based on Table 1 probability distribution shape. 
This simulation is run on a typical 19 bus distribution 
system from the D. Thukram, H. M. W. Banda, and J. 
Jerome [9] for 500 trails and distribution of output results 
are used as input for calculating node vulnerability index 
and input data are given in Appendix of this paper. 

3.3. Mote Carlo Simulation Results 

The simulation is run for 500 trails and distribution of 
results is tabulated as frequency distribution. Table 2 pro-
vides the Real, Reactive power loss values corresponding  

 

 

Figure 3. Sketch for Monte Carlo simulation method. 
 

Table 1. Probability distribution for connected load. 

Probability Distribution Shape 
Nodes 

Shape Data 

2, 7, 13, 
18, 19 

a c b  

a = 20% 
b = 100% 
c = 130% 

4, 10, 16 

a c b  

a = 90% 
b = 100% 
c = 140% 

5, 12, 15 

a c b  

a = 15% 
b = 100% 
c = 105% 

3, 6, 8, 9, 
11, 14, 17

NORMAL DISTRIBUTION  

Mean = 1.0 (100%)
SD = 0.1 (10%)
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to 90% (0.9) cumulative probability. The value of 90% 
(0.9) cumulative probability signifies that for a simulation 
run of 500 trails, 90% time values were less than 138.4 
kW/66.9 KVAr. 

Table 3 shows the simulation distribution results for 
selected nodal voltages based on 500 trails including mini-
mum nodal voltage corresponding to 90% cumulative 
probability. 

Table 4 shows the simulation distribution results for 
node stability index based on 500 trails. Minimum stabil-
ity index corresponding to 90% cumulative probability is 
also calculated. 

The simulation results obtained above are used as in-
put for calculating vulnerability index. 

4. Nodal Vulnerability Index Computations 

As vulnerability is not a statistical uncertainty, this paper 
proposes fuzzy approach and uses voltage and stability 
index of each node to calculate the vulnerability index.  

The bus voltages and the SI are selected as the crisp input 
parameters and expressed as fuzzy set notation. The fuzzy 
“If-Then” rules are then used to evaluate the vulnerability 
index of each node and defuzzification provides the crisp 
value of the output. For calculation purpose a triangle 
membership functions is assumed for bus voltage and sta-
bility index profile and are represented in fuzzy set nota-
tion. The bus voltage profiles are divided into five trian-
gular membership functions, as indicated in Figure 4. 

Fuzzy Interpretation of voltage (V); 
If V < 0.925, then “Unstable (UN)”; 
If V < 0.925, then “Unstable (UN)”; 
If V = 0.9 - 0.95, then “Less Stable (LS)”; 
If V = 0.925 - 0.975, then “Moderately Stable (MS)”; 
If V = 0.95 - 1.0, then, “Stable (S)”; 
If V > 0.975, then, “Over range (Over)”. 
Similarly the stability index profiles are divided into five 

triangular membership functions using fuzzy set notations, 
as given in Figure 5. 

 
Table 2. Distribution data for real & reactive power. 

Data Loss Std. Div. Minimum Maximum 90% Cum Probability Value 

Real Power Loss kW 121.15 13.49 85.97 165.16 138.4 

Reactive Power Loss KVAr 58.56 6.52 41.55 79.83 66.9 

 
Table 3. Distribution data for voltage magnitudes (sample nodes). 

Phase A Phase B Phase C 
Node 

Mean StDev 90% Prob Mean StDev 90% Prob Mean StDev 90% Prob

2 0.979 0.0011 0.977 0.980 0.0010 0.979 0.985 0.0015 0.983 

4 0.970 0.0016 0.968 0.971 0.0015 0.969 0.974 0.0016 0.972 

9 0.940 0.0032 0.936 0.939 0.0033 0.935 0.947 0.0032 0.943 

10 0.922 0.0044 0.917 0.921 0.0046 0.915 0.933 0.0041 0.928 

12 0.921 0.0046 0.915 0.919 0.0047 0.913 0.921 0.0046 0.915 

17 0.915 0.0048 0.908 0.914 0.0048 0.908 0.916 0.0048 0.910 

18 0.915 0.0050 0.909 0.914 0.0051 0.907 0.916 0.0048 0.910 

19 0.916 0.0052 0.910 0.914 0.0056 0.907 0.916 0.0052 0.909 

 
Table 4. Distribution data for stability index (sample nodes). 

Phase A Phase B Phase C 
Node 

Mean StDev 90% Prob Mean StDev 90% Prob Mean StDev 90% Prob

2 0.799 0.0104 0.786 0.812 0.0094 0.800 0.802 0.0098 0.790 

4 0.908 0.0048 0.902 0.909 0.0047 0.903 0.921 0.0054 0.914 

9 0.828 0.0093 0.816 0.822 0.0097 0.809 0.836 0.0094 0.824 

10 0.864 0.0073 0.855 0.862 0.0075 0.852 0.877 0.0072 0.867 

12 0.807 0.0127 0.791 0.799 0.0132 0.782 0.828 0.0118 0.813 

17 0.830 0.0090 0.819 0.831 0.0090 0.819 0.835 0.0087 0.824 

18 0.837 0.0091 0.825 0.835 0.0093 0.823 0.839 0.0091 0.827 

19 0.843 0.0090 0.832 0.839 0.0094 0.827 0.844 0.0087 0.833 
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Fuzzy Interpretation of stability index (SI); 
If SI < 0.85, then “Unstable (UN)”; 
If SI = 0.8 - 0.9, then “Less Stable (LS)”; 
If SI = 0.8 - 0.9, then “Less Stable (LS)”; 
If SI = 0.9 - 1.0, then, “Stable (S)”; 
If SI > 0.975, then, “Over range (Over)”. 
Using fuzzy “If-Then” rules as shown in Table 5, Vul-

nerability index is calculated. Fuzzy “If then” rules, 
strengths of triangular membership function, output range 
and output calculation formulas are shown in Appendix,  

 

 

Figure 4. Fuzzy number representation of voltage. 
 

 

Figure 5. Fuzzy number representation of stability index. 

Table S4, of this paper. The above procedure is repeated 
for all the nodes to calculate the output vulnerability in-
dex for all 500 trails results. Figure 6 shows the scatter 
plot of vulnerability index mean value of all trails. 

A cut-off level of vulnerability index value of 0.15 is 
proposed as unreliable node and prone to voltage collapse. 
The results obtained are further plotted using box plot. 

In descriptive statistics, boxplot graphically depict groups 
of numerical data through their five-number summaries. 

Figure 7 shows the boxplot of nodal vulnerability in-
dex distribution for all nodes at a glance. We can note that 
for node 10 to 19, some distribution of vulnerability in-
dex falls below the cut-off value of 0.15. This means that 
for simulation of 500 random trails, some combination of 
input data resulted vulnerability index less than 0.15. 

To further study the node vulnerability index, probabil-
ity of vulnerability index values coming below 0.15 is 
calculated and results are shown on Table 6. The proba-
bality is based on vulnerability index distribution results 
for 500 trails. 

We can safely assume that if probability is less than 
5%, node can be considered safe as they are about the 
cutoff values 95% times. However nodes with probablity 
greater than 5% need addressing. 

5. Reconfiguration 

In radial distribution system, network reconfiguration is 
performed by closing/opening the tie-in and sectionalisa-
tion switches. Conventional load flow techniques take 
large number of iteration and huge computational time to 
decide on optimal reconfiguration. The proposed method 
narrows down the reconfiguration to only nodes which 
have unacceptable vulnerability index. The objective be-
hind reconfiguration is to make unacceptable vulnerabil-
ity index value to acceptable level which intern will re-
duce the power loss and will make system more stable. 

Objective function of above can be expressed as below 
mathematical model. 

 
Table 5. Sample fuzzy “if then” rules. 

R1 If V < 0.925 & SI < 0.85 Then “UN” Min Av & SIa 

R3 If V = 0.925-0.975 & SI < 0.85 Then “UN” Min Av & SIa 

R9 If V = 0.95-1.0 & SI = 0.8 - 0.9 Then “MS” Min Cv & SIc 

R10 If V > 0.975 & SI = 0.8 - 0.9 Then “S” Min Dv & SId 

R11 If V < 0.925 & SI = 0.85 - 0.95 Then “UN” Min Av & SIa 

R13 If V = 0.925 - 0.975 & SI = 0.85 - 0.95 Then “MS” Min Cv & SIc 

R14 If V = 0.95 - 1.0 & SI = 0.85 - 0.95 Then “S” Min Dv & SId 

R16 If V < 0.925 & SI = 0.9 - 1.0 Then “UN” Min Av & SIa 

R21 If V < 0.925 & SI > 0.975 Then “UN” Min Av & SIa 

R25 If V > 0.975 & SI > 0.975 Then “O” Min Ev & SIv 
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Figure 6. Scatterplot of vulnerability index mean. 
 

 

Figure 7. Boxplot of nodal vulnerability index. 
 

Table 6. Distribution data for vulnerability index (sample 
nodes). 

Node Phase Mean StDev Minimum
Probability of Value 

Less than 0.15 
A 0.601 0.000 0.601 0.0% 
B 0.601 0.000 0.601 0.0% 1 
C 0.601 0.000 0.601 0.0% 
A 0.223 0.199 0.000 35.8% 
B 0.141 0.189 0.000 51.8% 12 
C 0.353 0.123 0.000 5.0% 
A 0.406 0.089 0.084 0.2% 
B 0.368 0.101 0.027 1.6% 13 
C 0.401 0.091 0.083 0.3% 
A 0.329 0.095 0.041 3.0% 
B 0.309 0.097 0.012 5.1% 14 
C 0.350 0.096 0.056 1.8% 
A 0.373 0.092 0.088 0.8% 
B 0.317 0.106 0.000 5.8% 16 
C 0.361 0.095 0.064 1.3% 
A 0.285 0.095 0.000 7.8% 
B 0.283 0.099 0.000 9.0% 17 
C 0.327 0.099 0.014 3.6% 
A 0.333 0.107 0.000 4.4% 
B 0.307 0.111 0.000 7.8% 18 
C 0.356 0.104 0.014 2.4% 
A 0.387 0.104 0.027 1.1% 
B 0.337 0.121 0.000 6.1% 19 
C 0.395 0.104 0.001 0.9% 

PVI95% ;  for all nodes 95% 0.95
1 1

n a a a
ij ijSL PL jQL  i ij   is minimum (i.e. Losses 

are minimum); 
where: 

PVI95% = Probability of VI value greater than 0.15; 
N = Number of nodes in RDS. 
The proposed method can be used for an RDS having 

existing tie-in & sectionalising switches. The method can 
also be used as planning tool for identifying the best lo-
cation of installing new tie-in switches in an existing 
RDS or for a RDS expansion. For planning new tie/sec-
tionalising switches, the proposed method considers nodes 
with low VI, its distance to nearest healthy node on other 
lateral, installation limitation, cost of installation etc. as 
input. The flow chart of algorithm for proposed method 
is shown in Figures 8 and 9. 

This simulation is run on a typical RDS from the D. 
Thukram, H. M. W. Banda, and J. Jerome [9], which is 
without the tie-in switches. The result selects 5 - 10 as 
possible reconfiguration. Refer Figure 10. 

 

Start

Identify the nodes with low 
Vulnerability Index

Select upstream node, if 
two or more nodes with 

low VI are on same lateral

Check if installation 
limitation permits to install 

at tie switch between 
above two nodes

Identify a potential node 
with-in 1 km radius of 

Selected node on 
seperate lateral

Installation 
permits?

Increase the radius 
from selected nodes 
and identify potential 

node on separate 
lateral

No

Run the simulation 
and identify  VI & Total 

Loss

Yes

Nodes above 
VI cut-off ?

Additional Tie-in 
switch would be 

needing

No

Repeate the 
step for new 
configuration

Yes

Solution 
Converge

 

Figure 8. Flowchart for planning reconfiguration tie-in 
switches. 
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ify the nodes with 
 Vulnerability Index

Ide
upstre
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ntify the nearest 
am node on same 
  with tie-in switch

Upstream 
tie-in 

avaiable?
Identify the nearest down 

stream node on same 
lateral  with tie-in switch

No

Close the tie 
switch

Yes

To
open

secti
from

 break the loop, 
 the immediate 
upstream 

onalizing switch 
 tie-in switch 

Calc
losse

ulate the system 
s & Vulnerability 

Index

Identify the second tie-in 
switch on same lateral

Is VI
-in acceptable 

Limit?
with

No

Yes

Tie-in switch 
avaibale?

Yes

Look for other 
methods for VI 
improvement

No

Solution 
Converge

End  

Figure 9. Flowchart for reconfiguration with existing tie-in 
switches. 

 

 

Figure 10. Shows a practical 19 bus distribution feeder used 
for the modeling and simulation purpose with 5 - 10 recon-
figuration. 

Table 7 shows Real & Reactive power with reconfig-
uring node 5 - 10. 

The real power loss has been reduced by 28%, when 
compared to results before reconfiguration as shown in 
Table 2. 

Figure 11 shows the scatter plot of vulnerability index 
mean value of all trails with reconfiguration node 5 - 10. 
The mean VI has increased drastically and is well above 
0.15 cut-off value, when compared to the results before 
reconfiguration value as shown in Figure 6. 

Figure 12 shows the boxplot of nodal vulnerability 
index distribution for all nodes at a glance with reconfigu-
ration 5 - 10. All nodes have distribution of vulnerability 

 
Table 7. Distribution data for real & reactive power with 
reconfiguring node 5 - 10. 

Data Loss Std. Div. Minimum Maximum 
90% Cum 
Probability 

Value 

Real Power 
Loss kW

87.54 9.47 62.75 117.48 99.7 

Reactive 
Power Loss 

KVAr 
42.31 4.58 30.33 56.78 48.2 

 

 

Figure 11. Scatterplot of vulnerability index mean after 
reconfiguration 5 - 10. 

 

 

Figure 12. Boxplot of nodal vulnerability index. 
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index well above cut-off value of 0.15, when compared 
to the results before reconfiguration as shown in Figure 
7. This means that for simulation of 500 random trails no 
combination of input data resulted vulnerability index 
less than 0.15. 

The method was also tried on the reconfiguration of 
RDS with existing tie-in-switches in place. 

6. Conclusions 

This paper uses the application of probabilistic fuzzy 
approach to assess the node status and proposes recon-
figuration as a method to address the same. Solution is 
converge using a probabilistic fuzzy modeled solution. 
The accessing the node status, a unique index name ‘Vul-
nerability index’ is proposed which is a function of node 
voltage and node voltage stability index. 

Reconfiguration is proposed for the nodes which have 
an acceptable VI value and is achieved by selecting a 
reconfiguration which gives an acceptable value of VI, 
and the optimal performance i.e. best voltage profile and 
minimal kW losses. The proposed method is tested on 
established RDS and results are presented. Considering 
the fact that input uses repeated random sampling, pro-
posed methodology covers and model all possible sce-
narios and comparison can be drawn for a wide variation 
in loads. The method can be used for design studies, ini-
tial stages planning also. 
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Appendix Then the corresponding membership values for each 

zone of the five triangular membership functions can be 
defined as given in Table S4. A. Input Data 

Input connected load data for the feeder are given in 
Table S1, Conductor data for the feeders are given in 
Tables S2 and S3. 

The strengths for five triangular membership functions 
are shown in Equation (5). 

Table S5 shows the output ranges for vulnerability index 
assumed and uses defuzzification calculations given in 
Equation (4) to find the crisp value of vulnerability index. 

B. Fuzzy “If-Then” Rules 
For a node; Voltage = V and Stability Index = SI. 
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Table S1. Input load data. 

Phase Load in kVA 
Node 

A B C 

2 64 32 64 
3 68 32 60 
4 25 35 40 
5 40 32 28 
6 26 19 18 
7 60 50 50 
8 46 33 21 
9 76 92 82 

10 21 26 16 
11 46 46 68 
12 60 50 50 
13 27 33 40 
14 19 19 25 
15 27 30 43 
16 48 64 48 
17 40 30 30 
18 33 33 34 
19 54 62 44 

 
Table S2. Conductor data. 

Conductor type Resistance 
PU/km 

Reactance 
PU/km 

1 0.008600 0.003700 

2 0.012950 0.003680 

 
Table S3. Conductor code & distances. 

Sending End 
Node(IR) 

Receiving End 
Node(IR) 

Conductor 
Code 

Distance in 
km 

1 2 1 3 
2 3 2 5 
2 4 1 1.5 
4 5 2 1.5 
4 6 1 1 
6 7 2 2 
6 8 1 2.5 
8 9 1 3 
9 10 1 5 

10 11 1 1.5 
10 12 1 1 
11 13 2 5 
11 14 1 3.5 
12 15 1 4 
12 16 2 1.5 
14 17 1 6 
14 18 2 5 
15 19 1 4 

(Tie Switch) 5 10 1 2 

Table S4. Membership function representation. 

 Membership Voltage Values SI

UN Av SIa 

LS Bv SIb 

MS Cv SIc 

Stable Dv SId 

Over Ev SIe 

 
Table S5. Output range considered for vulnerability index 
calculation. 

Unr = 0 
LSr = 0.5 
MSr = 0.75 
Sr = 0.9 

Over = 1 
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