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A B S T R A C T   

Power system planning engineers aim to create a reliable, and efficient grid to meet load demand, while avoiding 
costly investments in advanced distribution technologies. Recent extreme weather and cyber events have 
exposed the vulnerability of the power grid and posed a new requirement for system resiliency, which denotes its 
ability to keep serving critical loads even with adverse events. Additionally, a push for integrating distributed 
energy resources provides multiple opportunities and challenges. The resiliency-driven planning strategies for 
system resources are still in their infancy, and more investigation is needed. This paper presents a systematic 
method for enabling highly resilient power distribution systems by suggesting strategies to utilize distributed 
energy resources and automated switches in efficient way. Topology-based and novel feasible-network-based 
scores are developed for resiliency measure and to guide selection of appropriate strategies given multiple op
tions. Efficiency of the developed algorithm was substantiated on the modified IEEE 123 node system and 
provides the most resilient feasible network. The proposed algorithm can be employed by power system engi
neers for resiliency-driven planning and system upgrades.    

Abbreviations and symbols 
ACB Aggregate Betweenness Centrality 
AHP Analytical Hierarchy Process 
BCE Branch Count Effect 
CL Critical Load 
Cn Clustering coefficient 
D Diameter of a graph 
d Geodesic distance of a graph (i.e. the number of edges) 
DER Distributed Energy Resource 
DG Distributed Generation 
Fc Critical fraction of nodes 
FN Feasible Network 
FNRI Feasible Network Resiliency Index 
G Graph of a power network 
lq Average path-length 
n Node of a graph 
NC Normally Closed (switch) 
NO Normally Opened (switch) 
OB Overlapping Branches 

pc Percolation threshold 
PCWL Path Combination Without Loop 
PDS Power Distribution System 
PF Penalty Factor 
PNF Possible Network Fraction 
PN Possible Network 
PoA Probability of Availability 
PR Path Redundancy 
RoS Recurrence of Sources 
SO Switching Operations 
TRI Topological Resiliency Index 
λ2 Algebraic connectivity 
ρ Spectral radius 
χ(p) Susceptibility function of the bond occupation probability 

͞
µ Natural connectivity 
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1. Introduction 

1.1. Topicality of resiliency-related studies 

A successful transition to a reliable and resilient electricity system 
requires careful consideration of a range of interrelated issues to meet 
the expectations of consumers, utilities and society [1]. Continuous and 
uninterrupted power delivery to the customer is the core aspect of 
maintaining a high power system reliability and resiliency [2]. Electric 
energy has become an indispensable entity for industrial production, 
national security, trade, public transport, hospitals’ operation, and 
communications. Concurrently, the frequency and impact of threats that 
affect the electric distribution grid is growing. Power outages and 
blackouts can happen due to unfavorable natural phenomena (e.g. 
storms, earthquakes, floods, hurricanes) or cyber physical issues (e.g. 
malicious unauthorized control signals, disruptions in control signal 
communications). Such unfavorable events could be hazardous, costing 
billions of dollars and/or human lives. 

Data from various studies lead to cost estimates from storm-related 
outages to the USA economy at dozens billion dollars annually. The 
weather-related power outages, which took place between 2003 and 
2012, cost the American economy more than $300 billion [3]. The total 
cost of U.S. billion-dollar disasters over the last 5 years (2015-2019) 
exceeds $525 [4], while until October 2020 there have been 16 devas
tating natural disasters with losses exceeding $1 billion each to affect the 
country [5]. In 2015, a synchronized and coordinated cyber-attack 
compromised three Ukrainian regional electric power distribution 
companies, and the following outages affected nearly 225 thousand 
customers [6]. It is evident, that natural disasters and cyber-attacks can 
cause significant damage of power system, with distribution networks 
being the most vulnerable sections in confronting natural disasters. 
Nearly 90% of all hurricane related outages occur in distribution grids 
[7]. Therefore, many researchers try to find efficient ways to increase 
distribution grids resiliency against natural disasters, using quick 
restoration methods [8]. However, an extensive research towards 
resiliency enhancement is still needed [9, 10]. 

1.2. Methods to quantify the resiliency 

To improve the existing resiliency of the system, the means to 
quantify it must be determined. Several quantifiable and graph-based 
metrics for network architectures resiliency estimation are proposed in 
scientific literature [11]–[14]. The choice of appropriate metrics for the 
conducted study was made basing on the multiple interacting criteria 
which affect the resiliency of a power distribution system. Such criteria 
are available paths and their edge counts, number of available power 
sources, reconfiguration options, and probability of availability of 
power sources. 

The paper [15] illustrates a time dependent quantifiable resiliency 
metric in the context of systems and networks. A methodology to assess 
engineering resiliency and interdependency for subsystems of a 
multi-system networked infrastructure under extreme natural hazardous 
events is proposed in [16], and the power outage restoration steps 
during hurricane Katrina are outlined as an example. In [17] authors 
developed a framework for resiliency-oriented design for distribution 
power grids to protect them against devastating natural events, such as 
earthquakes and inundations. A method to quantify the resiliency of a 
power distribution system (PDS) using percolation theory and complex 
network analysis is presented in [18]. Researchers estimated resiliency 
as an aggregation of four factors [18]: topological resiliency, failure rate 
of network’s equipment, power flow feasibility and intensity of a threat 
(’weather factor’). In [19] measurement indices to quantify the resil
iency of cyber-physical transmission systems are defined. The quanti
tative model and metrics of distribution electrical grids’ resiliency is 
developed and discussed in [12], where the author considers an analo
gous measure of availability as a basic metric for resiliency and defines 

brittleness and resistance as the two key resiliency-related principles. A 
novel formulation for measuring and enabling resiliency of a PDS is 
proposed in the article the [13] and examined, using a model of two 
geographically proximal industry standard CERTS microgrids. And in 
[20] islanding and fault reconfiguration strategies are applied for 
resilience enhancement of active distribution networks. 

1.3. Planning strategies to enable resiliency of the power distribution 
system 

Several definitions are used in the scientific literature to describe 
varied conceptualizations of resiliency as well as their limitations. In this 
paper, the resiliency of the power distribution system is defined as the 
ability of the network to resist discontinuity of power supply to critical 
loads (CLs) during stressful operating conditions, and recover from any 
damages during unfavorable events [21]. CLs are considered as loads 
that are extremely important for the community, such as hospitals, data 
centers, fire department, police station, etc. There are multiple ways to 
increase the resiliency of the power distribution system [9]. For this 
study planning for injection of distributed energy resources (DERs) (i.e. 
decentralized energy generation and storage systems placed at or near 
the point of use) and additional automated switches are chosen. 

DERs greatly increase the reliability of the system by helping avoid 
the impact of a blackout on it. As the penetration of distributed gener
ation (DG) in centralized electricity systems increases, it is in the best 
interest of utilities to allocate DG in an optimal way so that it improves 
voltage profile, reforms reliability and reduces losses [22, 23]. To more 
fully integrate DGs policymakers and utilities should determine pros
pects to standardize and rationalize interconnection procedures, intro
duce and implement interoperability standards, and identify the 
modernization investments preferences to maintain and improve the 
reliability and flexibility of electrical networks [24, 25]. Distribution 
system expansion planning strategies encompassing DERs were studied 
in several scientific papers. The authors had proposed different ap
proaches to find an optimal allocation of DERs, focusing on minimiza
tion of the system’s power and energy losses [26, 27, 28], dealing with 
schedulable and intermittent power generation patterns [29], aiming to 
reduce DG’s investment and costs for network upgrading and mainte
nance [30]. Optimum allocation of different DG technologies and clus
tering a PDS into a set of microgrids is presented in [31] as a strategy for 
enhancing reliability and supply-security. 

Another way to enhance resiliency is a suitable placement of addi
tional automated tie-line switches, which can increase the number of 
possible restoration paths in case of a disturbance. Switches can quickly 
isolate faulted area/areas of a distribution system and redirect power 
flow to loads. The optimal switch placement problem is a combinatorial 
problem and involves a nonlinear and non-differential objective func
tion [32]. The methodology for the optimal switch allocation to decrease 
energy losses and improve service restoration in radial distribution 
networks is presented in [33, 34]. The allocation of switches to improve 
reliability is analyzed in [35]. In [36] the placement of 
remote-controlled switches is considered as a weighed set cover prob
lem, and the method to determine the set of switches to be upgraded for 
an existing distribution system is proposed. However, in the named 
papers the positioning of switching devises is was focused on power 
system’s reliability satisfaction. This work presents a systematic 
approach for PDS planning with respect to resiliency performance and 
gives an insight on DERs integration and additional automated switches 
installation from the resiliency perspective. 

The proposed methodology for resiliency-driven grid planning is 
aimed to assure uninterrupted supplyу тwфы reinforcement by means of 
additional switch placement and deployment of distributed energy re
sources. In order to quantify the feasibility of a planning decision, a 
resiliency score is used. The resiliency factors are estimated using graph 
theoretic means and distribution system analysis, and weighted ac
cording to their impact on the power system. The scores are computed 
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with the multi-criteria decision-making tool, analytical hierarchy pro
cess (AHP). The main contributions of the approach proposed in this 
study can be summarized as follows:  

• Developing a comprehensive method for enabling high-resilient 
power distribution networks.  

• Assessing the impact of additional DERs and tie-lines with automated 
switches on the resiliency performance of power distribution 
networks.  

• Proposing an algorithm, which employs composite topology-based 
and feasible-network-based resiliency indices, to quantify the feasi
bility of a planning decision in terms of resiliency performance of a 
power system. 

The rest of the paper is organized as follows. The applied method
ology and the proposed algorithm are defined in Section 2. Descriptions 
of the test model and simulation tools are given in Section 3. The 
simulation procedure and results are discussed in Section 4. The effi
ciency of the proposed method is examined with contingency scenarios 
and devastating natural events in Section 5 55followed by conclusions in 
Section 6 and Appendix. 

2. Methodology and proposed algorithm 

For the purposes of distribution network development and resource 
planning two resiliency assessment approaches were chosen: 1) 
topology-based, and 2) feasible network (FN)-based [37]. The first 
approach is based on topological resiliency calculation using graph 
theory postulates and is inspired by the methodology from [18]. In this 
study the fusion of topology-based indicators (i.e. metrics) is applied to 
come up with an independent comprehensive indicator – topological 
resiliency index (TRI). In contrast to [18], the ’weather factor’ is not 
considered in the TRI equation due to its limited representativeness, 
given that each ’low-frequency & high impact’ threat has a unique na
ture, and it is difficult to generalize unfavorable events into a certain 
coefficient [38]. Additionally, relative importance of key factors to 
determine composite resiliency index was estimated using the semantic 
Saaty scale [39], which allows to avoid additional computations of 
dominant eigenvector and liner transformation needed to obtain crisp 
scores or make transitions to fuzzy scores based on fuzzy judgements, as 
in [18]. 

Basing on the hypotheses and resiliency estimation approaches, 
introduced in [37], FN-based resiliency metrics were mathematically 
formulated. These metrics are presented in Section 2.2 and can be 
employed as a mathematics-based structured technique for organizing 
and analyzing complex decisions. The FN is defined as an operationally 
feasible configuration of the studied PDS, which can be formed with a 
certain combination of switches, is able to serve all the CLs, and satisfies 
the radiality criteria and the operation constraints. FNs can be derived 
from possible networks (PNs), which have the traits of the FN except of 
the constraints satisfaction. Thus, the PN is a broader term: each FN is 
simultaneously a PN, while a PN cannot be a FN by default. After 
FN-based indicators for different network planning scenarios are 
calculated, a composite feasible network resiliency index (FNRI), rep
resenting the state of the whole power grid, can be obtained. 

For the following analysis, the PDS is considered as a graph G(N, E) 
with N vertices and E edges. The descriptions of each chosen approach 
and explanations to the metrics choice are given further. 

2.1. Topology-based resiliency metrics 

Several indicators of network efficiency (diameter, average path 
length, natural connectivity), redundancy (clustering coefficient) and 
robustness (aggregate betweenness centrality, algebraic connectivity, 
clustering coefficient, critical fraction of nodes) were chosen to build up 
a comprehensive topological resiliency metric. These indicators capture 

some key topological characteristics of the PDS (i.e. efficiency, redun
dancy, robustness) and are informative and versatile for the analysis 
conducted in this work. Definitions and mathematical expressions for 
the selected metrics are provided below.  

1) The diameter D of a graph G is the maximum geodesic distance d (i.e. 
the number of edges) in the shortest path that connects two most 
remote nodes [40]. It can be represented as 

D = max
{

d
(
ni, nj

)
: ∀
(
ni, nj

)
∈ N

}
, (1)   

where ni and nj are nodes of the graph G.  

2) Aggregate Betweenness Centrality (ACB) is defined as the average 
difference betweenness centrality between the most central vertex n 
of the graph, which has the highest value of betweenness, and all 
others [41]. For node ni it can be calculated by 

ACB(ni) =

∑N

n=1
Ωq

ni
⋅
∑

i∕=n∕=

σij(ni)

σij

N
, (2)   

where σij is the total number of shortest paths from node i to node j; 
σij(ni) is the number of those paths through the node ni; Ωni

q is the degree 
of node ni in the q-th network configuration. ACB metric represents the 
concentration of the network topology around a central location.  

3) Algebraic Connectivity λ2 is the second smallest eigenvalue of 
normalized Laplacian matrix (i.e. degree matrix minus adjacency 
matrix) of the network. It quantifies the network’s structural 
robustness and fault tolerance [42]. Larger values of λ2 correspond to 
enhanced fault tolerance and robustness against network partition 
(division into islands).  

4) The critical fraction of nodes Fc is determined as a fraction of nodes, 
which is expected to be sufficient for critical loads supply after a 
random amount of nodes has been damaged due to an unfavorable 
event [18]. This metric is closely related to a percolation threshold. 
The percolation model assumes the presence of an underlying 
network structure, where nodes (site percolation) or links (bond 
percolation) are independently occupied with probability p. 
Nearest-neighbor occupied sites or bonds build clusters so, that for p 
= 0 only clusters of size one can be found in the system, while for p =
1 a unique giant cluster spans the entire network [43]. 

During normal condition, when all components are working as they 
should be, p equals 1. During a severe unfavorable event, all the nodes of 
the distribution system are affected, such that each node is functional 
with a probability p and damaged with a probability 1 – p [18]. At in
termediate values (0 < p < 1) the network can be found in two different 
phases: a) the nonpercolating mode, where the number of nodes within 
each cluster is much smaller than the size of the network; b) the 
percolating mode, where a single macrocluster, which is commensurate 
in size with the entire network, is formed. The network-dependent 
quantity, that separates these two phases, can be referred as a percola
tion threshold. It is commonly used to study network robustness against 
random failures and is usually denoted by pc [43]: 

pc = arg
{

max
p

χ(p)
}

, (3)  

where χ(p) is the susceptibility function of the bond occupation proba
bility p. 

Thus, for p < pc a spanning cluster, proportional to the size of the 
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entire network, exists, while for p > pc the PDS is fragmented into small 
clusters. According to Molloy-Reed criteria, the scenario when at least 
critical loads are fed during a fault (or multiple faults) in a studied 
network, can be observed if percolation threshold can occur [44]. Given 
that, in this paper the critical fraction of nodes is defined as 

Fc ≡ pc = 1 −
1

k0 − 1
, (4)  

where k0 is the ratio 〈k2〉/〈k〉 [14], which must be calculated from the 
pre-perturbed graph, i.e. before the removal of any sites [45]; 〈k〉 = 2 |E|

|N|

is the first moment of the degree distribution of G, which represents the 
average degree of the nodes in the distribution grid; 〈k2〉 is the second 
moment of the degree distribution of G, which reflects the variance 
measuring the spread in the degree and defined as the square of the 
standard deviation of 〈k〉. According to [45], percolation threshold 
transition is observable when 〈k2〉 is 2 times as big as 〈k〉.  

1) Average path-length lq estimates the shortest distance d (i.e. the 
minimum number of branches) that need to be traversed in order to 
reach a node nj from a node ni [46] 

lq =
1

N(N − 1)
∑

i,j
d(ni, nj) (5)   

This metric will provide a limited view of network reachability and 
efficiency in power distribution systems.  

1) The clustering coefficient Cn of a certain topology of the graph G is 
defined as the average of the local clustering coefficients for all the 
nodes in G [40] 

Cn =
1
N
∑

i∈N

yi
(

di

2

),
(6)   

where yi is the number of links between neighbors of ni; di is the degree 
of the node ni. This value represents the probability that two neighbors 
of a node are neighbors themselves. 

1) The spectral radius ρ is the largest absolute value among the eigen
values of the adjacency matrix of the graph G [47] 

ρ = max
1≤i≤N

|λi| (7)   

The smaller the spectral radius, the higher the robustness of a 
network, and the better it is protected against cyber-attacks [48].  

1) Natural connectivity µ͞, is a scaled average eigenvalue of the graph 
adjacency matrix [49] 

μ = ln

[
1
n
∑n

j=1
eμi

]

, (8)   

where µ is the i-th eigenvalue of the adjacency matrix. 
Larger values of µ µ correspond to higher strength (robustness) to 

branch or node removals. 
It can be noted that the topology-based indicators define in

terrelations between vertices and edges within a single interconnected 

graph G(N, E) (i.e. within a single interconnected PDS). Since the net
work’s integrity is crucial for topological metrics, their appropriateness 
for defining resiliency of PDS with microgrids [18] is arguable, which 
will be additionally examined through this study. Moreover, the intro
duced topology-based metrics consider network’s anatomy, while 
ignoring the quantity and the availability of sources. Therefore, these 
metrics can be suggested for PDS planning strategies aimed on the 
additional switches’ installation, and they are less applicable for DERs 
deployment. 

2.2. FN-based resiliency metrics 

Elaboration of primary FN-based indicators was inspired by the 
previous studies [13, 14, 37]. Mathematical expressions of the devel
oped FN-based metrics are introduced further.  

1) Branch Count Effect (BCE). This is represented by the ratio of the total 
number of connected branches for each path combination without 
loop (PCWL) in a possible network to the number of all critical loads. 
For each PN, the average value of all corresponding similar PNs is 
considered. 

BCEq =
1

NqMq

∑Nq

i=1

∑Mq

j=1
μij, (9)   

where μij is the length of the valid path pij, which connects the source 
with the critical load (CL) in the i-th possible network Pi, and it is equal 
to μij =

∑

ez∈pij

ez; ez is the z-th edge of the valid path pij; the subscript q 

represents the q-th feasible network being considered, q=1…Q; Q is the 
total number of FNs; Nq is the total number of PNs for the q-th FN, Mq is 
the total number of critical loads in the q-th FN.  

2) Overlapping Branches (OB) is the total number of common branches in 
each PCWL in a PN. The average value of all similar PN is considered 
for the corresponding FN. 

OBq =
1

Nq

∑Nq

i=1

∑Mq

j=1
Eij,Eij ∈ ∩

j
pjorEij ∈ p1 ∩ p2 ∩ ... ∩ pMq , (10)   

where Eij is the sum of the ‘critical’ (i.e. overlapping) edges in the i-th PN 
Pi.  

3) Switching Operations (SO) is the total number of changes in status of 
the switches, to create different FNs and feed all CLs. 

SOq =
∑B

b=1

⃒
⃒S1

b − Sq
b

⃒
⃒, q = 1 ÷ Q, (11)   

where the subscript b represents the order of the switch; B is the number 
of switches (breakers) in the q-th FN; S1

b is the state of the b-th switch in 
the first (initial) FN (equals 1 if the switch is closed and 0 if opened); Sq

b 
is the state of the b-th switch in the q-th FN.  

4) Recurrence of Sources (RoS). It refers to the ratio of the number of 
available sources used to supply all CLs to the number of all CLs in 
each PN. The average value of all similar PNs is considered for the 
corresponding FN. 
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RoSq =
1

NqMq

∑Nq

i=1

(
∑Mq

j=1
Ai + 1

)

,Ai =

⎧
⎪⎨

⎪⎩

1, v1
i1 ∕= v1

ij

0, v1
i1 = v1

ij

(12)   

Here Ai represents the verification of equality, v1
i1 is the first vertex 

of the valid path pi1, v1
ij is the first vertex of the valid path pij.  

5) Path Redundancy (PR) is defined as the ratio of total number of paths 
available for all CLs connecting to all sources to the total number of 
CLs in each FN. 

PRq =

⃒
⃒Tq
⃒
⃒

Mq
, (13)   

where the |Tq| is the cardinality of available sources in the q-th FN.  

6) Probability of Availability and Penalty Factor (PoA & PF): This factor 
has two components to distinguish the source feeding power to the 
CL. PoA is based on reliability of the source, and the PF is based on 
the losses in distribution. If the CL is drawing power from the main 
grid, the PoA & PF should be highest because main grid will be more 
reliable compared to DGs. However, reliability of all DGs to supply a 
CL may be assumed same but a high penalty should be considered, if 
power is drawn from a DG located in other MG than from a DG 
located in same MG, where CL is located.  

PoA&PFq =
1

NqMq

∑Nq

i=1

∑Mq

j=1
PoAij⋅PFij,

PoAij =

⎧
⎪⎨

⎪⎩

0.98, v1
ij = 1

0.95, v1
ij ∕= 1

PFij =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

0.9, v1
ij = 1

1, v1
ij ∕= 1, μij ≤ χ, v1

ij ∈ μij

0.8, v1
ij ∕= 1, μij > χ, v1

ij ∈ μij

(14)   

where χ is some critical number of edges in the µij, which should be 
intuitively evaluated by a user, basing on network’s structure. 

7) Possible Network Fraction (PNF): This is the number of possible net
works with similar switch configurations, which can be combined in 
a one FN. 

PNFq =
Nq

Mq
(15)    

8) Aggregate Betweenness Centrality (ACB), as defined by (2). This metric 
was chosen for both topological-based and FN-based resiliency, since 
it substantially captures the information about the importance of the 
nodes in a given network’s pattern and can be referred to both sets of 
indicators. 

2.3. Algorithm 

For enabling resiliency through feasible network solutions and their 

resiliency quantification, the modified algorithm from [37] was imple
mented. Since the network topology should be based on its feasibility, 
the same algorithm can be applied for topology-based resiliency esti
mation. In such a case each FN will represent a unique grid topology. 
The applied algorithm is shown in Fig. 1. 

To determine the operationally feasible network solutions to serve all 
critical loads during normal operation and contingencies, at first it is 
necessary to determine the CLs and available power sources. At the next 
step all possible paths from critical load to all sources are to be found, 
and paths containing more than one CL and/or more than one source are 
to be eliminated. The code written in Python was employed for valid 
paths search. To maintain the radial nature of the power distribution 
system, the paths with loops must be removed from the list. For this 
purpose the loop elimination technique [46] was implemented. On the 
next stage possible network configurations without loops and with 
similar switch configurations are combined in sets. Each set corresponds 

Fig. 1. Algorithm for enabling resiliency through feasible network solutions 
and their resiliency quantification 
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to a unique feasible network. Afterwards the power flow calculations 
and constraints checking are to be made in GridLAB-D and MATLAB 
Simulink. The Simulink model was created in compliance with [47] and 
adjusted in accordance with the current study’s objectives. The simi
larity of the calculation results extracted from both GridLAB-D and 
MATLAB Simulink was considered as a proof of correct simulation. 
Feasible networks, which satisfy all the operation constraints, are to be 
stored, and the resiliency quantification is to be performed for each FN. 
Such a resiliency quantification should be based on the earlier intro
duced topology-based or FN-based resiliency metrics. An insight about 
the resiliency performance of the PDS can be obtained from corre
sponding composite resiliency indexes (i.e. TRI and FNRI), which can be 
determined in the following several steps. 

Topological resiliency of a power distribution network depends on 
the eight graph-theory-based metrics introduced in Section 2.1. All the 
metrics are interdependent, and they change with the transformation of 
the network’s configuration. The vector ℜ

→
T provides insights into the 

topological resiliency of each given FN. 

ℜ
→

T =
[
D,ACB, λ2,Fc, lq,Cn, ρ, μ

]
(16) 

Obviously, not all metrics capture aspects of resiliency equally good. 
Since unique numerical solutions are preferred for easier interpretation, 
the Analytic Hierarchy Process is a feasible approach to quantify resil
iency based on the defined criteria. The process of resiliency estimation 
using AHP implies assigning weights to the network metrics. Then the 
method organizes the criteria in a hierarchical manner to satisfy the 
multi-criteria analysis [14]. The criteria were compared pairwise, using 
the semantic Saaty scale [39], which indicates how many times more 
important one criteria over another with respect to the primary goal of 
resiliency assurance. The dominance of one particular metric over others 
is to be defined by a user (e.g. distribution system operator), basing on 
his/her experience and awareness on the system’s state. The pairwise 
comparison was then checked for consistency to ensure the user-defined 
comparisons provide proper results. An inconsistency of 10% is toler
ated in AHP. In the next step the output resiliency values ℜT for each 
topology are to be obtained. For n feasible architectures a composite 
topological resiliency index of the whole power grid can be calculated as 

TRI = ℜmax
T +

(
1 − ℜmax

T

)∑n− 1

q=1
wqℜTq, (17)  

where ℜmax
T corresponds to the network configuration with the highest 

topological resiliency value; ℜTq is the topological resiliency value of the 
q-th FN, which is lower than the maximum one; wq is the normalized 
weight assigned to the q-th resilient configuration ℜTq. Values of wq must 

be assigned to resilient configurations in a descending order and, obvi
ously, their sum must be less than 1 in order to obtain a non-distorted 
TRI, which obeys the inequality 0 ≤ TRI ≤ 1. In this paper the 
normalized weights were calculated on the basis of a geometric pro
gression so that 

wq = w1(1/2)q− 1
, (18)  

where w1 = 1 is the normalized weight of ℜmax
T . 

FN-based resiliency of a power distribution network depends on the 
eight metrics discussed in Section 2.2. The vector ℜ

→
FN provides insights 

into the feasible-network-based resiliency of each given FN: 

ℜ
→

FN = [BCE,OB, SO,RoS,PR,PoA&PF,PNF,ACB] (19) 

Similarly, AHP was chosen to make the resiliency evaluation of a 
certain FN, and pairwise comparison coefficients have been assigned to 
each element of ℜ

→
FN. 

For n FNs a composite resiliency index of the whole power grid can 
be calculated by the equation 

FNRI = ℜmax
FN +

(
1 − ℜmax

FN

)∑n− 1

q=1
wqℜFNq, (20)  

where ℜmax
FN corresponds to the network configuration with the highest 

FN-based resiliency value; ℜFNq is the FN-based resiliency value of the q- 
th FN, which is lower than the maximum one; wq is the normalized 
weight assigned to each q-th resilient configuration ℜFNq in a descending 
order. The sum of wq must be less than 1 in order to obtain a result, 
which obeys the inequality 0 ≤ FBRI ≤ 1. 

2.4. Operation constraints 

Each network configuration should satisfy operation constraints, e. 
g., power balance, voltage limit at each node, feeder current capacity 
limits. It can be noted that constant load demand values are considered 
in this work. To model a different operating state of the PDS, power flow 
should be recalculated for a different snapshot of load demand values. 

Voltage limits constraints 
⃒
⃒Vmin

i

⃒
⃒ ≤ |Vi| ≤

⃒
⃒Vmax

i

⃒
⃒ (21) 

Branch capacity constraints 
⃒
⃒Ifi
⃒
⃒ ≤

⃒
⃒
⃒Imax

fi

⃒
⃒
⃒

|Iri| ≤
⃒
⃒Imax

ri

⃒
⃒

(22) 

Fig. 2. Modified IEEE 123 node test feeder with 4 DERs and additional switches depicted  
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DG real and reactive power constraints 

Pmin
DG ≤ PDG ≤ Pmax

DG

Qmin
DG ≤ QDG ≤ Qmax

DG
(23) 

In the equations (21)-(23) Vi is the voltage in the i-th node, Ifi is the 
forward flow capacity of the i-th distribution line; Iri is the reverse flow 
capacity of the i-th distribution line; PDG and QDG are the available real 
and reactive power capacities of the injected DGs. Indices min and max 
represent the maximum and minimum allowable limits of the corre
sponding values. It is accepted in this work that voltage deviations 
should not exceed ±0.05 p.u. violation threshold [50]. 

3. Case study description 

The proposed algorithm for resiliency computation has been tested 
on the modified IEEE 123 node test feeder, which represents the un
balanced and multi-phase radial distribution network with 11 (origi
nally) three-phase switches and load demand values as per [51] and is 
shown in Fig. 2. To increase the number of possible paths from the 
sources to CLs and to avoid loops formation, an additional normally 
closed (NC) switch was placed between the nodes 67 and 72. In Fig. 2 
this switch is displayed as a blue-colored one. 

Seven different scenarios (cases) of the distribution network devel
opment were formulated, and descriptions of the considered cases are 
given in Table 1. Cases are designed on the basis of expedient ways of 
network development with respect to the aim of its resiliency increase. 
These ways imply injection of additional DERs and allocation of 
redundant automated NO tie-switches across the network. DERs were 
deployed in the nodes, which are more likely to be present in as many 
PNs as possible, and positions for new switches were chosen with regard 
to the optimal switch allocation principles presented in [34]. Also it is 
assumed, that the distribution capacity into a geographic space is 
limited, and therefore some areas are excluded from the consideration 
for DG deployment. DERs deployment scenarios start with Case 1 by 
injection of two DG units. Here the quantity of two corresponds to the 
principle that an independent DER is required to feed each CL, which 
was described earlier in Section 2.3 and reflected in Fig. 1. 

MATLAB Simulink was used for simulations of the studied PDS. The 
structure of the modified IEEE 123 node test feeder modeled in MATLAB 
Simulink is shown in Appendix, Fig. A1, and the explanations to ele
ments’ reference designations are given in Appendix, Table AI. The 
weather data is not embedded to the model, and it is assumed that the 
DERs continuously operate at their rated power ratings, without dis
ruptions or power quality distortions. 

4. Simulation results and discussion 

According to the algorithm Fig. 1, in the first step all the valid paths 
must be determined. For this purpose the depth-first search algorithm 

was applied to the graph of the modified IEEE 123 bus system (Fig. 2). 
First, consider Cases 1-3, where the system is reinforced by means of 
additional DG installation. After elimination of loops and paths which 
contain more than one CL or/and more than one power source, possible 
networks were obtained: 2 PNs for Base case, 17 PNs for Case 1, 31 PNs 
for Case 2, and 47 PNs for Case 3. Some of the PNs have the same switch 
configurations. Thus, they are combined into six unique feasible net
works. The list of possible networks and their combinations to feasible 
networks are shown in Appendix, Table AII. 

The color map Table 2 corresponds to the studied cases. The unique 
network configurations with corresponding switch configurations for 
these six FNs are shown in Table 3. The 0 corresponds to a normally 
opened switch, while the 1 corresponds to a normally closed switch. 
Numbers of switch operations (SO) are provided as well. 

Note that not all colors from Table 2 are present in Table 3 for FN 
color selection. This can be clarified with an example. FN1 topology can 
be formed in the Base case and in Cases 1-3, but in Table 3 FN1 is 
highlighted in purple, which corresponds to the simplest scenario 
needed to make FN1 viable. The same is true for the FN3: it can be 
formed in Case 1 and Case 2, but only Case 1 with PN3 and PN15 is 
necessary for its existence, while Case 2 just adds one more possible 
network PN26. 

Secondly, consider Case 4, where the system is reinforced with 
additional automated switches. Nine PNs were obtained, which corre
spond to nine unique FNs. The unique feasible network configurations 
with all the sectionalizing and tie-line switches statuses are placed in 
Table 4 (FN1_sw–FN9_sw). Here and further the subscript ’_sw’ states for 
presence of the additional switches. The 0 corresponds to a NO switch, 
while the 1 corresponds to a NC switch. 

Next, consider Cases 5-7, where the system is reinforced by means of 
additional DG and switches combining. After elimination of loops and 
paths that contain more than one CL or/and more than one power 
source, possible networks were obtained: 54 PNs for Case 5, 106 PNs for 
Case 6, and 157 PNs for Case 7. Some PNs have the same switch con
figurations. Thus, they are combined in thirteen unique feasible net
works (see Appendix, Table AIII). 

Here purple highlight corresponds to the Case 4, where just addi
tional switches are present. The unique feasible network configurations 
with all the sectionalizing and tie-line switches status for Cases 5-7 are 
shown in Table 4. FN1_sw–FN9_sw are the same as for the Case 4, while 
four unique configurations FN10_sw–FN13_sw can appear only when 
two DERs are added (Case 5). 

All the six unique feasible networks in Table 3 and all the thirteen 
feasible networks in Table 4 are operationally feasible with ±0.05 p.u. 
bus voltage violation threshold. Thus, the topological resiliency metrics 
can now be quantified for all the unique topologies, and then the TRI can 
be found. As far as none of the topology-based metrics from Section 2.1 
takes into account the number of sources and paths between the sources 
and the CLs, the only topology of the modified IEEE 123 bus system is 
required as the input. In this paper FNs from Table 3 and Table 4 
represent different possible topologies. By comparison of FNs’ switch 
statuses, it can be noted that there are four FNs from Table 3, which are 
similar to four FNs from Table 4. Besides, to create a FN5 from Table 3 
the studied IEEE 123 node distribution network must be split into two 
microgrids, which operate in an islanded mode or, likewise, one part is 
interconnected with the swing bus 150, while the other one is isolated. 

Table 1 
Distribution network development scenarios description.  

Case 
name 

Description 

Base case The modified IEEE 123 bus system topology with 12 switches and one 
main source (swing bus 150). 

Case 1 Two DERs of 450 kW rated power were injected in the nodes 49 and 56. 
Case 2 Three DERs of 300 kW rated power were injected in the nodes 49, 56, 

and 21. 
Case 3 Four DERs of 225 kW rated power were injected in the nodes 49, 56, 21, 

and 105. 
Case 4 Base case, but with two additional normally opened (NO) tie-line 

switches installed between nodes 36 and 57 and between nodes 55 and 
81. 

Case 5 Combination of Case 4 and Case 1. 
Case 6 Combination of Case 4 and Case 2. 
Case 7 Combination of Case 4 and Case 3.  

Table 2 
The color map for PNs and performed studies conformance.  

I.M. Diahovchenko et al.                                                                                                                                                                                                                      



Electric Power Systems Research 197 (2021) 107327

8

In this case diameter D and average path length lq metrics become 
infinite, and their calculation is possible only separately, i.e. individu
ally for each microgrid/part, which raises a challenge to find a way to 

compare topology of FN5 with other topologies on a resiliency basis. 
Thus, the topological metrics cannot be applied for defining resiliency of 
the FN5 and are appropriate for resiliency estimation of connected 

Table 4 
Switches status for Cases 4-7.  

Table 5 
Topology-based network metrics.  

Table 3 
Switches status for Base case and Cases 1-3.  
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distribution networks only. Therefore, the TRI will be used for estima
tion of resiliency-based switch placement planning. Using this meth
odology, we can adequately compare the FN1 (Base case) with the 
feasible networks obtained by additional switches allocation (namely 
FN2_sw–FN9_sw). 

Given that FN5 cannot be considered for topology-based resiliency 
calculation, it was excluded from the list. Thus, fourteen unique topol
ogies are defined. Results of topology-based metrics computation are 
listed in Table 5. 

While assessing the significance for each criterion, it is essential to 
take into account that some metrics contribute to strengthen the resil
iency, while others decrease it. The influence of the network metrics on 
topology-based resiliency scores are shown in Table 6. For higher TRI it 
is necessary to take such system planning or operating actions, that the 
metrics with negative impact become lower (to be shrunk), while met
rics with positive impact become higher (to be risen). 

Using the Saaty scale and considering the data from Table 6, the 8 ×
8 pairwise comparison matrix (Table 7) was assigned to all the feasible 
topologies. The inputs are to be subjectively determined by users (e.g. 
planning engineers, distribution system operators), basing on their 
experience and awareness about the system’s state. All the eight criteria 

defined in Section 2.1 are compared pairwise with respect to the 
objective, which is to maximize the resiliency of the power distribution 
system. 

The AHP scores were obtained using input values and pairwise 
comparative weights. The degrees of interaction are identified by the 
significance ratio between maximum and minimum input values of the 
network metrics. The AHP pairwise comparison matrix has an incon
sistency of 3.76%, which satisfies the established 10% inconsistency 
threshold. The calculated results are shown in Fig. 3. 

From Fig. 3 it is seen that Topology 9 demonstrates the highest 
topology-based resiliency, which corresponds to the FN6_sw from 
Table 5. The worst performance is assigned to the Topology 3 (FN3, 
FN10_sw). For different PDS reinforcement scenarios the composite TRI 
values were calculated by the formula (17). The results are summarized 
in Table 8. Installation of additional tie-line switches helps to enhance 
TRI 1.5578 times, compared to the initial stage of the network. 

The topology-based resiliency is derived from the graph theory. The 
TRI and topology-based resiliency indicators are applicable for PDS 
planning strategies aimed on the additional switches installation, and 
can provide an insight about how resilient is one particular FN (topol
ogy) compared to another. However, for PDS planning strategies focused 
on DERs deployment the TRI is not applicable since it does not take into 
consideration the location of sources in regard to CLs. To escape this 
disadvantage, the topological resiliency vector ℜ

→
T can be fortified by 

some distance-class metrics with assigned nodes or by incorporation of 
the path length between assigned nodes. Besides, additional studies on 
topology-based resiliency for PDS development planning can be useful. 
The existing body of literature has produced some blended upshots 

Table 7 
Pairwise comparison matrix with weight coefficients for topology-based metrics.  

Table 6 
The influence of the network metrics on resiliency scores.  

Fig. 3. Topology-based resiliency scores from AHP  

Table 8 
TRI for different network reinforcement scenarios.  

Case name Brief characteristic TRI scores 

Base case No DG or additional switches 0.5977 
Case 1 2 DERs added 0.6516 
Case 3 4 DERs added 0.7626 
Case 4 Base case + additional switches 0.9312 
Case 5 2 DERs + additional switches 0.9314  
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related to measuring the structure of power networks and connections 
between topological structure and performance [45, 52, 53]. The anal
ysis of the topological structure of the Western, Eastern, and Texas In
terconnects of the North American electric power network, provided in 
[52], led to the conclusion that power grids are neither scale-free nor 
small-world in topological structure. Although this inference refers to 
transmission layer, it casts doubt on the possibility of the tolerance of 
distribution network to intentional threat analysis, while considering 
them as scale-free networks with known degree distribution law, as in 
[45, 53]. 

On the next stage the FN-based resiliency scores and FNRI are to be 
obtained. Note that q-th feasible networks from Table 3 and Table 4 will 
have different resiliency scores for Base case and Cases 1-7, due to 
changes in the number of available power sources. In case when the CL is 
being fed from the main grid, Probability of Availability is assumed to be 
0.98 and Penalty Factor is assumed to be 0.9, and PoA of each DG is 
considered 0.95. PF is assumed to be 1, if both DG and CL are close to 
each other, and PF is assumed to be 0.8, if DG and CL are remote. The 
closeness estimation is subjective: if a distance between a DER and a CL 
surpasses 8 nodes, the power source is considered as a remote, otherwise 
it is close. Due to higher comprehensiveness of this method FN-based 
resiliency scores were calculated separately for scenarios with DG 
deployment, additional switch placement, and combination of both 
actions. 

To compare Base case and Cases 1-3 with injection of DG units, 13 
subcases A1-A13 were formed. The network metrics are quantified for 
all the FNs and listed in Table 9. The 8 × 8 pairwise comparison matrix 
(Table 10) was assigned to all the FNs. The criteria defined in Section 2.2 
are compared pairwise with respect to the objective of PDS resiliency 

maximization. The influence of different indicators on FN-based resil
iency scores is shown in Table 7. For higher FNRI indicators with 
negative impact should be reduced, while indicators with positive 
impact should be improved. 

The AHP values were obtained using input values and pairwise 
comparative weights. The AHP pairwise comparison matrix has an 
inconsistency of 5.1%, which satisfies the 10% inconsistency threshold, 
defined earlier. The calculated results are shown in Fig. 4. 

The chart clearly shows that FN-based resiliency score moderately 
increases with DG units added. The FN5 (Case 3 with 4 DERs) has the 
highest resiliency rate, while FN1 (Base case) has the lowest. The 

Table 9 
Network metrics for FNs for the base case and cases 1-3.  

Table 10 
Pairwise comparison matrix with weight coefficients for FN-based metrics.  

Fig. 4. Resiliency scores for the Base case and Cases 1-3 from AHP  
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resiliency increase ratio between subcases indexed A12 and A1 is 4.758. 
Obviously, additional distributed energy sources help to increase sys
tems’ reliability and resiliency. However, the criticality of DERs pres
ence and their quantity depends on the network’s configuration. To 
assist power system planners with adding certain amount of DERs, a 
cost-benefit evaluation of resiliency improvements of the PDS can be 
used. The cost-benefit analysis can help to compare proposed resiliency- 
oriented measures and assist in decision-making on whether or not to 
invest in additional distributed generators, but this aspect is out of the 
scope of this paper. 

Additional tie-line switches provide nine feasible networks, namely 
FN1_sw–FN9_sw, instead of only two FNs for the Base case, which means 
more paths are available to supply CLs. The FN-based resiliency metrics 
are quantified for all the PDS possible configurations for the Case 4. The 
results are listed in Table 11. The resiliency scores, calculated with AHP, 
are shown in Fig. 5. 

From Fig. 5 it can be summed up, that the most resilient are FN2_sw 
and FN4_sw, while the worst scenario is FN8_sw. None of the added 
automated switches are engaged in FN2_sw formation, while for FN4_sw 
architecture only the connection link between the nodes 55 and 81 is 
crucial. Thus, to exhibit the influence of additional FNs creation, the 
FNRI should be calculated, which will be done in the subsequent step. 

Finally, the FN-based resiliency scores of the hybrid network rein
forcement scenario are to be computed. To compare Cases 4-7 with DG 
deployment and redundant tie-line switches, 44 subcases C1–C44 were 
formed. The network metrics are quantified for all the FNs and listed in 
Table 12. The resiliency scores from AHP are presented as a chart in 
Fig. 6. 

From Fig. 6 it is seen, that subcase C42 demonstrates the highest FN- 
based resiliency, and the lowest resiliency is supervised in C21, which 

correspond to the FN12_sw and FN6_sw from Table 12, respectively. 
Now let us calculate the FNRI by means of the formula (20) for all the 
considered network reinforcement planning scenarios. Since the charts 
in Fig. 4, Fig. 5, and Fig. 6 have different scales, the resiliency scores for 
these cases were transformed to a single scale to make the comparison. 
After such a unification the maximums of the compared charts are of the 
same value. The FNRI outputs are summarized in Table 13. 

The studied IEEE 123 node PDS has the resiliency rate of 0.2652 for 
the Base case. The column ’Improvement ratio’ indicates the ratio of the 
FNRI increase with respect to the Base case. For example, injection of 
DERs in the nodes 49 and 56 helps to enhance the composite resiliency 
score of the whole network 2.4938 times. Initial PDS replenishment with 
automated switches rises FNRI 1.4955 times, which complies with the 
improvement rate, obtained using TRI, with a 4% tolerance. The com
bined reinforcement by means of 3 DERs and additional switches 
deployment amplifies the network’s resiliency rate 3.4891 times (FNRI 
= 0.9254), while the fourth DER seems to be excessive, since it does not 
make a sufficient contribution to FNRI improvement. Preliminary esti
mation of further PDS reinforcement by means of the DGs number in
crease to 5 and then to 6 demonstrated scanty FNRI enhancement and, 
therefore, is inexpedient. 

The FNRI is an illustrative instrument, which provides distribution 
planning engineers with an insight about the resiliency of a PDS and can 
help to make a pairwise decision about the infrastructural investments. 
It is directly targeted on CLs saving and takes into account the number 
and locations of available sources. For the considered modified IEEE 123 
bus system, the optimum planning decision lies between Case 3 and Case 
6 (see Table 13). Case 6 provides 0.81% better composite resiliency rate, 
compared to Case 3. However, if the 4 DERs installation cost shows 
better trade-off than the deployment of 3 DERs and two tie-line switches, 
than Case 3 also can be considered as a PDS development scenario. As 
noted earlier, cost-benefit analysis of resiliency-oriented measures is 
beyond the scope of this work. The following notes summarize the 
planning and operational strategies to be taken by the distribution sys
tem operator (DSO) and network planners for each of the system up
grade scenarios evaluated in Section 4. 

• For the initial state of the PDS (i.e. not reinforced) it is suggested to 
choose the Topology 9 (see Fig. 3) with the switches’ statuses as in 
Table 4. 

• For PDS planning strategies aimed on DERs deployment, the Case 
A12, which corresponds to the FN5 with 4 DERs as per Table 3 and 
Table 9, has the highest priority (see Fig. 4). The FNRI estimation shows 
that installation of the 4 complementary generation units allows to 
enhance resiliency 3.3463 times, compared to the Base case (see 
Table 13). 

• For PDS planning strategies focused on adding tie-lines with 

Table 11 
Network metrics for FNs for the case 4 (Base case with additional switches).  

Fig. 5. Resiliency values for PDS with additional tie-switches from AHP  
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Table 12 
Network metrics for FNs for the base case and cases 4-7.  

Fig. 6. Resiliency scores for the Cases 4-7 from AHP  
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automated switches, the Case B2, which corresponds to the FN2_sw as 
per Table 4 and Table 11, ensures the highest resiliency performance 
(see Fig. 5). Compared to the initial state of the PDS, the TRI improve
ment ratio is 1.5578, and the FNRI improvement ratio is 1.4955. The TRI 
and the FNRI scores coordinate with a 4% tolerance. 

• The best results can be reached with the hybrid network rein
forcement scenario, where both DERs and tie-line switches are injected. 

The DSO should adhere to the Case 42 (see Fig. 6), which corresponds to 
the FN12_sw, as per Table 4 and Table 12. Compared to the Base case, 
the highest FNRI improvement ratio achieved is 3.5172. 

In such a way, the proposed methodology can identify the most 
resilient feasible network, which should be understood as a configura
tion with a highest resiliency score (i.e. the highest value of FNRI or TRI) 
for a particular planning scenario. Basing on the results of the calcula
tions presented in this work, a summary of the applicability and validity 
the of topology-based vs. FN-based resiliency metrics is provided in 
Table 14. 

5. Contingency scenarios 

Using the comprehensive indicators of complex network’s resiliency 
presented in the previous sections, power system engineers will be able 
to make long-term strategic planning decisions before any contingency 
occurs. This section is aimed to examine the applicability of the devel
oped algorithm for resiliency-driven operational decision-making (i.e. 
for post-contingency planning). The resiliency scores presented in this 
section reflect the ability of the PDS to supply the loads during particular 
contingency scenarios. In contrast with the applications of the resiliency 
metrics in Section 4, the following paragraphs describe the resiliency of 
the power distribution system with respect to possible failures (that 

Fig. 9. Contingency II scenario: two faults occur on main, on the lines 13-18 
and 50-51 

Fig. 7. Contingency I scenario: substation bus 150 and nodes 1, 2 are damaged 
due to inundation 

Table 14 
Agreement and complementarity of the topology-based and FN-based composite 
resiliency indicators.  

TRI FNRI  

• founded on existing measures in 
graph theory;  

• uses alternative measures, based on 
the graph theory;  

• individual indicators are focused on 
resiliency performance of the whole 
system;  

• individual indicators are focused on 
uninterrupted supply of CLs;  

• considers the aspects of network’s 
efficiency, redundancy, robustness;  

• considers the aspects of remoteness of 
a CL from sources, reliability, 
importance of the particular nodes, 
robustness;  

• sensitive to interrelations between 
nodes and branches and applicable 
for interconnected PDSs (connected 
graphs);  

• applicable for interconnected feeders 
and for PDS with microgrids;  

• useful for resiliency-driven methods 
focused on additional tie-lines and/or 
switches placement, but less appli
cable for methods focused of DERs 
deployment  

• useful for resiliency-driven methods 
focused on DERs deployment, as well 
as for methods focused on additional 
tie-lines and/or switches placement  

Fig. 8. Resiliency scores for Contingency I scenario  

Table 13 
FNRI for different network reinforcement scenarios.  

Case name Brief characteristic FNRI scores Improvement ratio 

Base case No DG or additional switches 0.2652 1 
Case 1 2 DERs added 0.6614 2.4938 
Case 2 3 DERs added 0.7519 2.8351 
Case 3 4 DERs added 0.8875 3.3463 
Case 4 Base case + additional switches 0.4022 1.4955 
Case 5 2 DERs + additional switches 0.8808 3.3208 
Case 6 3 DERs + additional switches 0.9254 3.4891 
Case 7 4 DERs + additional switches 0.9329 3.5172  
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might occur but have not yet). 
Given that the PDS subjected to a hazardous event can be split into 

several parts, the FNRI would be more illustrative for post-contingency 
operation. In order to demonstrate the usability of the discussed FN- 
based resiliency metrics to minimize the chances of interruption of 
CLs supply (i.e. to mitigate the consequences), three different contin
gency scenarios have been formulated for the modified IEEE 123 node 
test feeder. For resiliency analysis against contingencies the distribution 
network FN12_sw, developed according to Case 6 (3 DERs and addi
tional tie-line switches are installed, FNRI = 0.9254), is considered. For 
the further considered scenarios it is assumed, that when a fault or a 
hazardous event occurs, the protection system isolates the faulted/ 
damaged area. Note that since the graph of the studied PDS changes 
after a contingency happens, different FNs can be optimal for different 
contingencies. 

Contingency I: It is assumed that the supply substation bus 150 and 
nodes 1, 2 are damaged due to a natural unfavorable event, such as an 
inundation (Fig. 7). The influenced area is circled in a red dotted line. In 
this case the bulk of the PDS operates as a microgrid in an islanded 
mode, and nodes 3-6 are unsupplied due to the lost connection. All the 
thirteen feasible networks listed in Table 12 are operationally possible. 
However, the number of PNs within these FNs is reduced, and some FN- 
based resiliency metrics will change. The new resiliency scores for the 
modified IEEE 123 node test feeder exhibited to this contingency are 
shown in Fig. 8. Based on that, the distribution system operator should 
choose the FN11_sw, which corresponds to the highest resiliency mode. 
To reconfigure the PDS accordingly, the DSO should perform 2 switch
ing operations: to close the switch between nodes 54 and 94 and to open 
the switch between nodes 55 and 81. 

Contingency II: Let us consider the scenario when the three-phase 
lines 13-18 and 50-51 are tripped due to a fault, e.g. a short circuit 
(Fig. 9). In this case nine configurations FN1_sw–FN9_sw are feasible. 
Due to the absence of the line 13-18, there is no need to open the switch 
13-152 for FN1_sw, FN5_sw, FN6_sw for loop elimination, and the same 
is true for the switch 18-135 for FN7_sw–FN9_sw. This will ensure the 
possibility of mains supply. Additionally, an operator can open the 
switch 151-300 to save the load 51. The computed FN-based resiliency 
metrics are shown in Fig. 10. The DSO should choose the configuration 
with the highest score, i.e. FN3_sw. To make the transition to this 
configuration the operator should close the switches 13-152 and 54-94 
and open the switches 151-300 and 55-81. 

Contingency III: It is assumed that a severe hurricane hit the system, 
and about the half of the nodes and connecting lines are damaged 
(Fig. 11). As a result of the hurricane, two islands are formed. The supply 
of critical loads is only possible with FN3_sw and FN4_sw. After the 
significant changes in architecture, both FN3_sw and FN4_sw demon
strate about the same resiliency rate. However, FN4_sw should be 
preferable, since it connects the CL, node 76, and the DER, node 56, with 
the shortest path. 

6. Conclusions 

In this study, a method to determine long-term strategies for power 
distribution system (PDS) resiliency enhancement is presented. The 
proposed methodology is quantitative, comparable for different systems, 
and can be utilized by power system planning engineers to select among 
multiple system upgrade options enabling resiliency. Particularly, the 
topology-based and feasible-network (FN)-based metrics were applied 
for the resiliency-driven distribution system planning. Two composite 
resiliency indices, TRI and FNRI, are introduced to provide distribution 
planning engineers with an insight about the resiliency of a network and 
to choose an appropriate decision about the infrastructural investments. 
The pros and cons of the both resiliency-targeted algorithms are dis
cussed. The TRI is calculated from the topology-based resiliency, which 
is derived from the graph theory. This approach can be sufficient for PDS 
planning strategies aimed on the additional switches installation, but is 
not suggested for strategies focused on DERs deployment. The proposed 
FN-based approach is directly targeted on CLs saving and takes into 
account the number and locations of available sources. The FNRI can 
also be employed in the planning phase to justify the cost of associated 
infrastructure improvements. 

The effectiveness of both TRI and FNRI were substantiated on the 
modified IEEE 123 node system and the results show the resiliency 
improvements numerically. For the considered PDS, the planning 

Fig. 11. Contingency III scenario: a hurricane hit the system  

Fig. 10. Resiliency scores for Contingency II scenario  
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strategies focused on adding tie-lines with automated switches demon
strated TRI improvement ratio of 1.5578, and the FNRI improvement 
ratio of 1.4955. The TRI and the FNRI scores are coordinate with a 4% 
tolerance, which demonstrates a good consistency of both composite 
resiliency indices with each other. The best resiliency improvement was 
supervised when DERs and tie-line switches were injected simulta
neously, and the highest FNRI improvement ratio reached 3.5172. 

The use of AHP is computationally efficient and fast, and the 
inconsistency of the solution does not exceed 5.1% for the studied cases. 
The employed pairwise comparison can be modified as necessary, 
depending on how the system planning engineer defines resiliency fac
tors. This allows flexibility in the method to incorporate more factors 
into calculations. Applicability of the FN-based method for post- 
contingency operational decision-making was examined with three 
contingency scenarios, including faults within the feeder and severe 
damages caused by weather unfavorable events. After planning and 
implementation are done, the PDS can be tuned to its most resilient 
state. When a contingency happens, the proposed metrics can be utilized 
for providing a DSO with the real-time information about the most 
resilient network configuration for critical loads restoration. With 
respect to the system’s operating state, the distribution system operator 
can choose the most appropriate FN, considering the results of cost- 
benefit analysis for connecting additional DERs at the certain point of 
time. This allows to ensure that all CLs are energized even in post- 
contingency mode, and that a system operates in the most resilient 
configuration. Planning strategies should consider each state and utili
ty’s unique circumstances, as well as recognize that the potential value 
to the PDS of any particular distributed energy source and/or automated 
switch deployment is dependent on location and performance, among 
other factors. 

Extension of the proposed method to account for varying operational 
conditions (i.e. for varying load demand) will be considered in a future 
work. The resiliency-driven strategies presented in this paper are mostly 
focused on the PDS planning and anticipation of impending threats and 
can serve as an auxiliary tool for post-contingence planning. During 
prospective research the aspects of network’s reconfiguration after the 
contingency will be studied in more detail, and operational (post-con
tingency) decisions the network operator can make to reduce the con
sequences will be determined. Such a study may include (a) 

development of a separate set of resiliency metrics for restoration stage, 
(b) utilization of graph-search algorithms to find an optimal reconfigu
ration problem solution, (c) evaluation of how quickly the PDS can 
recover with minimum cost and restore supply to downed CLs. As a 
result, the system should be able to effectively withstand the threat by 
minimizing damage to its components and provide continuous service to 
the CLs. 
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Fig. A1. Modified IEEE 123 bus system in MATLAB Simulink  
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