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ABSTRACT

Due to extensive outages occurring in recent decades, coupled with the impacts of climate change, the number and types of non-forecasted
faults are on the rise. This paper investigates the impact of the type and capacity of distributed generation resources on the resiliency of
distribution networks. Genetic and Grey Wolf Optimization algorithms are employed for simulation to address the problem of optimal
distributed generation resource allocation to enhance system resiliency. The results obtained by implementing the proposed model on a
real-world sample network, demonstrate that network resilience depends on the type and capacity of distributed generation resources
used in the network. When appropriately placed, Distributed Generations (DGs) can enhance network resiliency. The resilience index
increases significantly at first with an increase in the capacity of distributed generation resources and then decreases beyond a certain point
and Increasing the budget to a certain extent improves resilience, but allocating more budget does not necessarily lead to changes in the
resilience index.
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Introduction physical and cyber-related issues (e.g., malicious cyber-attacks,

communication signal interference). Such undesirable events can

. be highly hazardous, endangering billions of dollars and human
In recent decades, extensive power outages have occurred, y
ives.
primarily due to climate change, increasing the number and ] L ) )
) ) Various studies' data estimate the economic costs of power
severity of non-forecasted faults. To ensure an uninterrupted . ) ) ) )
o . . o interruptions resulting from faults in the global economy to be in
power supply to consumers, it is essential to consider reliability o } )
o . » . . N the hundreds of billions of dollars. For instance, Hurricane Sandy
criteria alongside traditional metrics. Faults with low probability ) o ] o
o ) o in 2012 caused $71 billion in damages, Hurricane Maria in 2017
but high impact, causing significant annual losses, pose a threat ] o ) )
o ° o . resulted in $90 billion in losses, and Hurricane Harvey in 2017
to the health of distribution networks, highlighting the necessity
. . o led to $125 billion in damages. Following the Great East Japan
of network expansion for improved resilience. [1] .
. ) o ) Earthquake in 2011, more than 24,000 people were reported as
Continuous and uninterrupted electricity delivery to consumers ) )
) . o = o killed or missing.
is crucial for maintaining resilience and the reliability of the
o . The most vulnerable part of the power systems in dealing with
power system. In recent decades, electricity consumption has S
o ) . ) faults is distribution networks. Nearly 90% of all power outages
seen a substantial increase, transforming electrical energy into an ) ) o8
) . ) ) ) . associated with various types of faults occur in distribution
essential element for industrial production, national security, N
networks.
commerce,  public  transportation,  healthcare,  and o .
o . . Many researchers are striving to find efficient ways to enhance
communications. Power interruptions and outages can occur due - R . . .
resilience in distribution networks against faults, with a focus on
to natural phenomena (e.g., storms, earthquakes, floods) or
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recovery methods. This work is concentrated on addressing
threats related to weather conditions and enhancing flexibility
using Distributed Generation (DG) resources. [2]

The integration of distributed generation (DG) resources into the
network introduces various challenges such as network loading,
voltage control, stability, network protection, and more. This
research delves into the role of DG in enhancing the resilience of
distribution networks.

Section Two focuses on the assessment of resilience in
distribution networks, introducing various measurement
metrics, comparing them, and delineating different types of
faults. It subsequently introduces various methods for improving
network resilience and investigates the enhancement of system
resilience through the introduction of the best approach.

Section Three deals with the definition of distributed generation
resources, highlighting their advantages and disadvantages within
the network, and studies the role of these resources in enhancing
system resilience. It proceeds to model distributed generation
resources and present mathematical formulations of their
resilience. It evaluates their placement within the network.
Section Four compares various resilience methods, examines the
results, and, by introducing a case study network, attempts to
calculate the location, capacity, and type of DG resources.
Subsequently, it endeavors to improve network resilience by
measuring the resilience index. Lastly, it compares different
simulation algorithms to obtain the best resilience index in the

system.

Definition of Resilience in Distribution

Systems

Resilience is defined as the ability of a system to maintain an
acceptable level of performance in the face of a severe fault and
to recover within an appropriate period. In recent decades, the
increase in widespread outages caused by non-forecasted faults,
including floods, storms, and network failures, has doubled the
importance of resilience studies in distribution networks.
Furthermore, it is expected that due to climate change, the
number and severity of non-forecasted faults will increase in the
future. Globally, the need to focus on network resilience and
ensure continuous load supply, considering the various
consequences of outages on social, political, and economic levels,
is more significant than ever.

Under normal circumstances, when a fault occurs in distribution
networks, maximum load is typically ensured by isolating the
fault location using manual or automatic switches and changing
the distribution network's configuration by maneuvering the
lines. However, when an unforeseen event occurs, distribution
substations and the main network may be without power, making
it impossible to supply the load through the network, or isolated
areas may be created within the network due to equipment
damage. In such cases, traditional resilience methods cannot
guarantee consumer energy supply after the fault occurs.
Resilience is a new concept in the field of power systems, and

most studies in this area have introduced the concept of

resilience, explored its impact on system operation, provided
formulations for its indicators, measured and improved it, and

quantified it using distributed generation resources. [3]

System Resilience Assessment

Resilience assessment can be categorized into two forms:
1. Qualitative Resilience Assessment

2. Quantitative Resilience Assessment

Flexibility Planning 5 love)
T and Operation

Lﬂ; Severe Fault Model

v

Distribution Network
Development Planning | S0 eve #2

Figure 1. Distribution Network Resilience Development

Sub-level #1

Network Development Planning
Based on Improving Flexibility

i

Planning

Qualitative assessment is defined as a method that does not
involve mathematical calculations to compute resilience.
However quantitative assessment is a method that involves
mathematical computations, domain modeling, or agnostic

measurements for evaluation [4,5].

Enhancing Resilience in Distribution Systems

Resilience against severe events relies on prior knowledge of the
system's behavior and its capability to recover from faults
without performance degradation. As depicted in Figure (1),
network identification is the first step in achieving system
resilience,  encompassing  system  topology, operational
constraints, physical characteristics, and distributed generation
capacity. Once network identification is accomplished, the
second phase involves the analysis of network vulnerability. The
occurrence and recovery speed of disturbances resulting from
faults depends on network vulnerability. Vulnerability analysis
can be performed by considering the system's response under
normal conditions, during, and after a fault. A flexible system
aims to maintain its functionality after a fault, demonstrating the
system's ability to preserve, adapt to severe events, and rapidly
recover the system to mitigate disturbances caused by various
faults.

In this section, the DRI (Distribution Risk Index) is utilized to
assess resilience in distribution networks. The key feature of this
index is its consideration of the resilience of distributed
generation resources alongside the load resilience index to
determine the overall network resilience. Given that the use of
distributed generation resources is indispensable for enhancing
network resilience, it is essential to prioritize the availability of

these resources during and after severe events.
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M
- GRIpg DRIj,,=DRI

In equation (1), DRI, represents the network's risk in providing
load supply. This index indicates the amount of lost load in the
distribution network during unforeseen events. The lower the
value of this index, the higher the network's resilience in ensuring
load supply.

Considering the presence of distributed generation resources in
the distribution network, which act as the main power source
during unforeseen events, the availability of these resources
during such events is of paramount importance and has a
significant impact on network resilience. Therefore, the GRIDG
index is defined to account for this. To calculate the DRIjg.q

index, equation (2) can be utilized [33]:
@
3)

In this equation, P...(W, F) represents the probabﬂity of section
failure due to an error, LS,.. is the amount of lost load in case of
section failure, Ssec is the sensitivity coefficient given to the
section based on the value or priority of the load, and K is the
total number of sections in the studied distribution network.

This article utilizes the Grey Wolf Optimization (GWO)
algorithm to address the problem of locating DG in the
distribution network. Grey wolves belong to the mammal family
and are positioned at the top of the food chain, signifying that
they are predators. Grey wolves prefer to live in groups, with
the average group size ranging from 5 to 12 members. The
leaders of the group consist of one male and one female, referred
to as the alphas. Alphas are primarily responsible for making
decisions regarding hunting, sleeping locations, wake times, and
more. Alpha decisions are imposed on the group, and a form of
democratic behavior is observed where one alpha follows another
within the group. In group gatherings, the entire group
acknowledges the alphas by lowering their tails. Since alpha
commands must be followed by the group, alpha wolves are
referred to as the dominant wolves, and alpha wolves are only
allowed to choose a mate within the group. Alphas are not
necessarily the strongest members of the group but are the best
at managing the group. This illustrates that organization and
order within a group are more important than raw power.
Subsequently, the results of optimizing with the Grey Wolf
Optimization algorithm are provided, and a comparison with the

genetic algorithm is presented.

Improving Resilience and Reliability Using
ENS Index

To present the importance of system interruption, the Energy
Not Supplied (ENS) index is introduced. The ENS value of the

consumer is calculated as follows [28]:
*)

In equation (4), I, represents the line current, A, is the fault rate
k for the K branch, and
DRI = 2 LS xP (W/F)xS§
wco] sec  sec

load secViued s the rated
voltage of the system. & and d are the load factor and repair time,
respectively. In this article, the value of ENS (Expected Network
State) is calculated after the placement of DGs, and the

improvement of resilience and reliability is studied using this

n

T
Z Load( r) 1. sec
LS = t=1I=1
“ sec T

index.

Algorithm Implementation and Numerical

Studies

Numerical Studies

In the previous section, we explained the algorithm for locating
DGs and studying resilience in the distribution network. Now,
using these algorithms and the required parameter values, as
described in this section, we will solve the problem of
determining the optimal number, location, and capacity of
distributed generations in networks labeled "44 Shin" and
"RBTS-BUS2". In this section, besides improving network
resilience, other research aspects will also be examined, such as
the impact of the presence or absence of renewable distributed
generation units and the effect of their placement on network

resilience and reliability indices.

Research Result Validation

In this section, the results of reference [33] are used as a
benchmark for comparing the results of this research. Due to the
random nature of DG sources, optimal locations have not been
considered. However, the DRI index, DG capacities, and
network loss values are implemented according to the Grey Wolf
Optimization algorithm. As observed, the results of this research

are similar and, in some cases, better than the reference [33].

Table 1. Results of Reference [33] and Validation

Budget DRI index

Amount of losses

DGs capacity (KW)
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Nir
ENS=ad) | ,\k‘:,q,‘ X Vareg
k=1

B1 111.3
B2=3B1 92
B3=6Bl 83.4
B4=15B1 70.5

2121 4.65
2420 4.93
2980 6.65
5520 6.72

Determination of the DR/ Index and

[solated Areas in the Network

In this section, a two-stage problem of improving distribution
network resilience using different optimization algorithms has
been addressed. Network resilience is studied over 24 hours
following a fault using the proposed model. The optimal
solutions are obtained after 50 iterations in the algorithm with an
initial population of 180 and a mutation rate of 0.3. It is assumed
that some DG units with sizes in multiples of 100 kVA and a

maximum of 1 MVA can be installed at candidate sites.

In the first stage, the capacities of DG units are determined
simultaneously. Four budget levels, from Bl to B4, are
considered. The value of Bl is equal to 100,000. The second
budget level (B2) is three times B1, the third budget level (B3) is
six times B1, and the fourth budget level (B4) is fifteen times B1.
The B4 level is assumed to cover all loads in the distribution
network after a fault. In this stage, to optimize the DRI index and
not exceed the budget level, the capacities of DGs for each
budget level are obtained. The maximum DG capacities for each
region at different budget levels are determined according to the
load that needs to be supplied in the isolated area, and the
minimum DG capacity for network stability. The results of the
first stage are presented in Table 2. Figure 2 shows the trend of
changes in DRI with changing budget levels.

Table 2. DRI value and DG unit capacities in Stage 1

Budget Level

Bl
Bl
B2=3B1
B3=6B1

B4=15B1

Maximum capacity
DG(KW)

DRI

142

111

92

83

70

115 Bl
110
105
100
95
90

B2

85 B3
80
75 B4

70 T
0 5 10 15 20

Figure 2. DRI value at different budgets

Comparison of Genetic Algorithm and
Grey Wolf Optimization after the First
Stage

The genetic algorithm, inspired by biological evolution, has been
used in many optimization problems and secks the best or the
closest solution to the best answer by searching through possible
solutions based on the principle of survival. On the other hand,
in Grey Wolf Optimization (GWO), to model the hierarchical
social structure of wolf packs, the best solution is considered as

the alpha (@). Among the best solutions, the second and third
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best are named beta () and delta (8). The remaining candidate
solutions are designated as omega (w). In this study, after
optimization with the genetic algorithm (GA), the solutions were
further optimized using the Grey Wolf Optimization algorithm.
As observed, the results calculated by the Grey Wolf
Optimization algorithm at different budget levels have improved
compared to the genetic algorithm, indicating the superiority of

this algorithm over the genetic algorithm in this objective

function.
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Figure 3. Comparison of genetic and grey wolf algorithms in
Stage 1

Determination of Optimal Locations and

Capacities for Distributed Generation

In the second stage of the problem, optimal locations for DG
units in the network have been identified to minimize network
losses, based on the regions identified in the first stage, for four
budget levels. The results of this stage are presented in Table 3,
and Figure 4 shows the optimal designs obtained at the end of the
second stage at different budget levels. By running the Grey Wolf
Optimization algorithm multiple times for each case and
obtaining the best results, confidence in the optimality of the
obtained results is ensured.

The results show that at budget level B1, an allocation of three
DG units with a total capacity of 1300 kW is made. At this level,
DGs are allocated based on priority load areas due to limited
costs and have the most significant impact on network resilience.
For budget level B2, four DG units with a total capacity of 1700
kW are allocated. At budget level B3, seven DGs with a total
capacity of 3100 kW are allocated. Finally, for budget level B4,
which is considered to supply all loads, seven DG units with a
total capacity of 4800 kW are allocated. With the increase in
budget levels at the initial stages, priority loads are supplied, and
network flexibility increases significantly. However, with the
continuous increase in budget levels to some extent, the increase
in resilience decreases significantly. From budget level B3 to B4,
despite the substantial increase in the budget level and the use of
more DGs, the DRI does not change significantly. The ENS
index, representing the absence of load supply in the network,
decreases after the presence of DG units in the network. This can
lead to improved network resilience and reliability.

As observed, the presence of DG units in the distribution
network enhances network resilience. To achieve the highest
redundancy level and obtain an optimal structure with minimal
losses, a two-stage DG planning approach is essential. In this

study, this approach has been utilized.
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Table 3. DG unit allocation and system losses in stage 2

Maximum capacity Optimal Amount of losses
. Budget Level IndexENS error mode
DG(KW) location (KW)
550 A5
250 A8 Bl 4.63 4.5038 x 107 )
single Fault
400 Al12
350 A7
750 All
B2=3B1 4.5034 x 107 singl
350 Al4 4.93 X single
Fault
100 A5
500 Al1
900 A13
300 A19
300 Al B3=6B1 6.54 3.0626 x 107
400 A22 : : X Multiplc Faults
204 A21
400 A17
700 A7
600 A9
900 All
900 Al5 B4=15B1 6.65 2.8824 x 107 )
single Fault
600 A5
237 Al13
800 Al6
to focus on the optimal design of the type and location of these
resources in network design and development statistics. In future
studies, the presented model can be used to address
comprehensive distribution network design issues, including the
design of each existing component. It is worth noting that with
: limited budgets, transitioning towards a distribution network is
Conclusion gets, g tow W

In this research, an attempt has been made to introduce the
concept of distribution network resilience in the presence of
distributed generation resources and model common natural
disasters such as floods and hurricanes. New resilience indices
have been presented to study the impact of these resources on
the network's resilience in terms of load supply and the resilience
of distributed generation resources (solar cells and conventional
gas resources) independently. Furthermore, the mathematical
formulation of improving system resilience was addressed. The
study also examined the impact of different types and capacities
of solar power plants and conventional gas resources on the
resilience of the distribution network. The optimization problem
of locating distributed generation resources to improve system
resilience was solved using genetic and grey wolf optimization
algorithms. The results obtained from implementing the
proposed model on a real-world sample network show that the
network's resilience depends on the type and capacity of the
distributed generation resources used in the network. Using DG
units at appropriate locations and sizes increases the network's
resilience. The magnitude of the increase in the resilience index
is initially significant and decreases after a certain budget
threshold. To achieve the highest level of resilience in the
distribution network and make optimal use of the available

capacity of distributed generation resources, it is recommended

possible.
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