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Abstract— Sustainable and efficient energy solutions are needed in the fast-growing energy sector. Meeting these objectives requires

smart distribution networks that maximize energy utilization, eliminate losses, and improve system reliability. However, these networks’
usefulness and durability depend on their ability to quickly recover from faults. Intelligent distribution networks can self-heal, which speeds
up restoration and ensures energy delivery. This paper proposes a comprehensive strategy for intelligent distribution network self-healing
after flaws. Restoration involves identifying and isolating the damaged area using offline and online methods. Online approaches, notably
islanding, have helped restore services in the affected region. This paper presents a novel linear mathematical approach to optimize
online islanding. The model estimates the boundaries of islanded microgrids and the appropriate number of microgrids for faults, enabling
quick restoration. This analysis also seeks to determine the fault-affected area’s system layout. A mathematical model defines the ideal
arrangement in the first layer of the two-layered approach. The next layer analyzes unit participation in the intelligent distribution
system, focusing on rescheduling, allocation, and organization. Additionally, the study identifies the best energy storage solutions to aid
restoration. The recommended strategy uses adaptive load reduction and demand response to maximize system recovery. The mathematical
model benefits from various strategies, including faster execution and better outcomes. This research advances intelligent distribution
networks by combining advanced mathematical modeling, self-healing, and smart load control. These upgrades boost distribution networks’
effectiveness.

Keywords—Smart grid, energy storage solutions, self-healing, adaptive load reduction, optimization, enhanced system effectiveness.

1. INTRODUCTION

Ensuring uninterrupted provision of power to customers is of
utmost importance. In radial distribution networks, energy is sent
from the supply side to the consumers located at the far end of
the network. In the event of a mistake occurring in the distribution
network, it is imperative to promptly rectify the flaws within the
system. Due to this separation, the flow of energy to certain
loads may be interrupted, causing these loads to lose power
[1, 2]. The integration of technical capabilities and communication
infrastructure into existing networks has the potential to result in
the development of networks that are more durable, dependable,
and effective and that allow greater user interaction [3, 4]. This
type of network implementation is usually referred to as the
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"smart grid." One of the most prominent features of this network
is its capacity for self-healing, which enables it to automatically
rectify and recover from errors. The implementation of this
strategy ensures that the smart grid will operate in a safe and
efficient manner. The term "self-healing" refers to the capability
of the system to instantly recognize errors and limit the negative
impacts of those errors by taking the required actions, thus rapidly
restoring a state of normalcy and stability through the process
of restoration. In the field of service recovery, several studies
have been conducted under both centralized and decentralized
self-healing systems. Each of these systems has its own set of
advantages and disadvantages [5–9].

The implementation of self-healing mechanisms in smart grids
has been the subject of study in a number of different types of
research. These methods involve the employment of multi-factor
methodologies, which integrate software and physical components
for the purpose of exploiting vulnerabilities. There are significant
improvements that can be made to the simulation of smart grids
by using agent-based modeling methodologies. In specific research
projects, an agent-based model has been utilized as an intelligent
system for providing protection, while a fuzzy multi-agent system
has been utilized as a method for providing self-healing [10–12].
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The use of principles derived from multi-agent systems has resulted
in a self-healing approach. The feeder agent, zone, switch, and
distributed generation resources work together to automatically
restore the network inside of these systems. The employment of
artificial neural networks is crucial in these systems for anticipating
the output of distribution tanks. The field of smart networks faces
a huge issue in developing a self-healing control system that
must be solved. Due to this attribute, power systems have the
capability to autonomously restore the grid in the event of technical
malfunctions. To enhance the operational adaptability of distributed
power systems, the proposed designs for managing these systems
aim to enable coordination between the central control system and
the distributed control systems [13–17].

The efficiency of the self-healing control technology is evaluated
in terms of its ability to detect faults, isolate the damaged area,
restore power in the power distribution system, and identify
inadequacies. In addition to this, the study investigates whether or
not the system is capable of preserving the stability of microgrids
while operating independently [6, 8, 18]. A novel technique
is proposed for voltage regulation, with a specific focus on
managing the input of reactive power. This technique is based on a
complete architectural model that considers the various sun sources
distributed over the terrain. Recently, demand response programs
(DRPs) have become important concepts in the power and energy
industries [19–21]. Integrating many types of loads, including
residential, commercial, and industrial loads, into demand response
programs could facilitate their integration as intelligent and adaptive
loads. Researchers explore four fundamental characteristics of
demand response in smart grid systems. The aspects encompassed
are programs, issues, approaches, and anticipated expansions. The
authors have examined the consequences of demand response
programs in combination with the operation of several microgrids
within active distribution networks. The energy management
system (EMS) intended for individual structure microgrids includes
a systematic demand response mechanism [21–23].

In research to investigate and build a smart network in public
places that uses a microgrid system. Solar power generation
sources, integrated heating and cooling systems, energy storage
systems (ESS) and responsive loads are all parts of public space
infrastructure [24, 25]. Research has also been conducted to
strategically allocate different units based on companies’ demand
and price concerns. Another topic that has been examined is
the influence of demand response on scheduled power generation
[26, 27]. Furthermore, a paradigm is introduced to examine issues
pertaining to real-time management challenges in smart grids. The
demand response algorithms devised for this study were formulated
via a multi-objective methodology. These algorithms take into
account the energy expenses of residential customers in addition
to the network load factor [28, 29]. A simulation for an energy
management tool is being created for buildings that are connected
to the electricity grid. The plan incorporates an energy center that
encompasses vehicle-to-home connectivity, wind turbines, demand
response systems, and diesel generators [30–32].

Recent research has focused on enhancing energy management
and recovery in active distribution networks. The study examines
an ideal framework for managing energy flexibility and using self-
healing techniques in active distribution networks that incorporate
renewable energy sources (RES) and electric vehicles (EV).
This model uses demand response techniques that, along with
the flexibility of renewable energy sources, make the energy
distribution network more efficient and better use these sources.
These studies are crucial in advancing and optimizing active
distribution networks, particularly in relation to the integration of
renewable energy sources [33–35].

Within the framework of the approach that was developed,
a strategy that is founded on mathematical modeling is utilized
in order to successfully restore service in the problematic area.
Using this method, the optimal configuration of isolated microgrids
and the occurrence of those configurations after a fault can be

identified in an efficient manner. Following the occurrence of the
problem, the affected zone is isolated, which may include turning
off and then restarting particular switches. It is important to note
that the switches that are linked to the main network are not taken
into consideration when choosing the microgrid configuration that
will be the most effective within the region that is impacted by
the incident. This is done for the purpose of ensuring that the
system functions independently inside the problematic area, apart
from its connection to the upstream network, which prevents it
from being connected to an islanded state. Establishing distinct
microgrids in the issue area is the first phase of the process.
These microgrids will be set up using the optimal configuration
that was discovered through the use of a mathematical linear
model in the first layer. Following this, the secondary layer will
attempt to address the particular problem of limited involvement in
the intelligent distribution system. Over the course of this phase,
approaches for individual involvement are combined by employing
load allocation tools and load response strategies through the
utilization of a mathematical linear model. One of the most crucial
aspects of this proposed technique is the utilization of an optimal
approach, which significantly cuts down on the amount of time
needed for problem-solving while simultaneously guaranteeing the
finest potential outcome. In addition, the model incorporates a
variety of technologies, such as adaptive load demand response
mechanisms, diverse decentralized energy production sources, and
energy storage, in order to improve the effectiveness of the
operation of the recovery process. In contrast to the graphs, smart
algorithms, and nonlinear models that were typically utilized in
earlier research, this work takes a different approach, which is
one of the innovative aspects of this work. This work, on the
other hand, utilized a linear modeling approach to efficiently fix
defective systems, which distinguishes it from other studies that
have been conducted in this sector.

2. MODELING
The primary aspect of network self-healing following a mistake

is the minimization of the self-healing period and the effectiveness
of the suggested solution in restoring the highest achievable network
capacities. The self-repair method should minimize the duration
of network downtime and meet the customer’s expectations while
also being both viable and implementable. The comprehensive
examination of the intelligent distribution system is the primary
emphasis of this work. The performance of this system is improved,
and the regulation of electricity is achieved through the utilization
of a combination of distributed generation sources and energy
storage. The system that is being investigated is considered to be a
balanced system. The model under consideration does not take the
distribution of reactive charges into account. Microturbines have a
limited capacity for performance when subjected to heavy loads.

This intelligent system makes use of distributed generation and
energy storage resources in order to successfully manage variations
that are associated with both distributed and non-distributable
generation. Controllable consumers and uncontrollable consumers
are the two categories that can be used to classify consumers. A
two-step strategy is suggested as a means of optimizing the units
that make up the distribution system [36]. In addition, this system
is incapable of managing and distributing the electricity that it
receives in an equitable manner, which may result in power outages
for some loads and, as a consequence, increased operational costs.
In order to handle system challenges, this model makes use of
a linear methodology, which demonstrates pioneering research in
this field [37].

The primary objective of effective self-repair of the distribution
system is to reinstate the highest load capacity using the fewest
switches, a factor that must be taken into account in the proposed
method of self-repair for the distribution network. Eqs. (1) and (2)
display the values of the two retrieved load functions and the best
switching number. In this designated strategy, it is imperative to
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prioritize maximum load recovery while adhering to the network’s
technical constraints while minimizing the number of switches
required.

f1 =
∑

iNres Si

(1)

f2 = Nsw (2)

The variables Nsw, Si, and Nres represent the quantities
of switches required to achieve the final configuration of the
distribution network, the restored load, and the number of electric
buses in the network, respectively. During the first stage of
the process, a novel goal function is taken into account to
address the challenges associated with rearrangement problems.
This objective function plays a crucial role in the regulation
and administration of energy distribution. The objective function
takes into account crucial factors, such as allowable voltage
variations, and assesses and evaluates the voltage values based on
the preunit. In the objective function, a coefficient is included to
represent the cost associated with allowable voltage deviations.
This coefficient is expressed in terms of dollars and takes into
account potential financial repercussions. The subsequent phases
of this objective function independently analyze and assess the
expense of collecting various loads with varying significance. The
prioritization of loads takes into account factors such as mobility,
interruptibility, adaptability, and the feasibility of detaching the
load. An additional parameter in this goal function is the integer
variable representing the number of interconnected lines. This
variable is designed to minimize the interconnection of lines in
the system, resulting in the formation of island microgrids. This
is particularly significant in specific circumstances and for the
purposes of resource management and power distribution.

Min
∑
t

(∑
k,t c

delv |∆vk,t| −
∑
k c

DpDk,t (k, t)+∑
k c

LS1pLS1
k,t (k, t) +

∑
k c

LS2pLS2
k,t (k, t)+∑

k c
LS3pLS3

k,t (k, t) +
∑
k c

LS4pLS4
k,t (k, t) +

∑
k,j

(k, j)

) (3)

During the initial semester, costs are incurred as a consequence
of voltage fluctuations that exceed the rated voltage. These costs
are calculated using the absolute value function. Because if the
absolute value is not used, the goal function tries to minimize and
go to the smallest voltage allowed. It is necessary to find a suitable
replacement to stop the model from becoming nonlinear because
the absolute value function introduces nonlinearity. The purpose of
incorporating the absolute value in the initial term of the model
is to ensure that the model focuses on voltages that exceed the
minimum permissible threshold. Here, the voltage deviation term
is substituted with the sum of two positive variables, Xp(k,t) and
Xn(k,t), in the first term of Eq. (4), maintaining the same nominal
value. By utilizing Eq. (5), these two variables have the ability
to transform the modeling of voltage deviation values from a
non-linear to a linear form.

Min
∑
t

(∑
k,t c

delv (Xp (k, t) +Xn (k, t))−∑
k c

DpDk,t (k, t) +
∑
k c
|SS|pLS1

k,t (k, t) +∑
k c

LS2pLS2
k,t (k, t) +

∑
k c

LS3pLS3
k,t (k, t)+∑

k c
LS4pLS4

k,t (k, t) +
∑
k,j X (k, j)

) (4)

∆Vk,t = (Xp(k, t)−Xn(k, t)) (5)

Eq. (6) displays the permissible voltage value for each defective
passage.

1−∆V ≤ Vk,t ≤ 1 + ∆V (6)

The equations for the distribution of active and reactive AC
loads are represented by Eqs. (7) and (8), correspondingly. These
two relations exhibit a high degree of non-linearity, which leads
to the solver being unable to find a solution. Therefore, in the
subsequent formulation, these two relations will be expressed as
linear equations.

Pk,j,t =

Xk,j
(

Vk,t

∑
j Vj,t (GK,J cos θk,t +BK,J sin θk,t)

)
, ∀k

(7)

Qk,j,t =

Xk,j
(

Vk,t

∑
j Vj,t (GK,J sin θkj,t −BK,J cos θkj,tt)

)
, ∀k

(8)

Because the load distribution equations in Eqs. (7) and (8) are
non-linear, these two relations are linearized. In order to linearize,
the following assumptions must hold: The voltage consistently
remains in close proximity to the nominal value. Given the minor
difference in voltage angles, we can approximate the sine of θ as
equal to θ and its cosine as equal to one. Thus, the voltage of a
bus can be represented in the following manner:

Vk,t = 1 + ∆V (9)

The voltage fluctuations must remain within the permissible
range. Therefore, based on Eq. (9), Eqs. (7) and (8) undergo the
following modifications:

Pk,j,t =∑
j ((1 + Vk,t + Vj,t)Gk,j +Bk,j · θkj,t) , ∀k (10)

Qk,j,t =∑
j (1 + Vk,t + Vj,t) (Gk,jθkj,t −Bk,j) , ∀k (11)

Eqs. (10) and (11) remain non-linear as a result of the
multiplication of two variables. Given the anticipated minuscule
value of the product of ∆Vj,t.θkj,t and ∆Vk,t.θkj,t, the nonlinear
terms are thus eliminated from Eqs. (8) and (9). As a result, Eqs.
(12) and (13) represent linear equations for load distribution.

Pk,j,t =∑
j ((1 + Vk,t + Vj,t)Gk,j +Bk,j · θkj,t) , ∀k (12)

Qk,j,t =∑
j (Gk,jθkj,t − (1 + ∆Vk,t + ∆Vj,t)Bk,j) , ∀k (13)

Eqs. (12) and (13) contain non-linear active and reactive load
distribution equations, as a result of the multiplication by Xk,j .
In order to linearize these equations, it is imperative to eliminate
the variable Xk,j from the load distribution equations. The
binary variable should be multiplied by the active and reactive
injection power. The load distribution equations in this scenario
can be readily linearized. Within these equations, the variable M
represents a substantial numerical value.

Pk,j,t ≤M ×Xk,j (14)

Pk,j,t ≥ −M ×Xk,j (15)
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Eq. (16) represents the equilibrium of active power in each bus,
while Eq. (17) represents the equilibrium of reactive power in each
bus.

Pkj,t = PGk,t + PEk,t − PDk,t+
PWT
k,t + P pVk,t + PEsi,t − PEsi,t

(16)

Qkj,t = qGk,t − qDk,t + qWT
k,t + qPVk,t (17)

As per Eq. (18), the apparent power of each production source
must not beyond the permissible limit:

(
PGk,t

)2

+
(
qGk,t

)2

≤ Smaxk
2 (18)

Eq. (18) is a non-linear equation, which significantly prolongs
the problem-solving time. To address this, the polygon-based
linearization method is employed to linearize Eq. (19). The radius
of the circle is chosen from the polygon s, where x represents the
number of edges of the polygon for linearization. Consequently,
the linearized Eqs. (19) to (22) take the place of the non-linear
Eq. (16).

Sk = Smaxk

√
2π
η

sin

(
2π

η

)
(19)

−
√

3
(
PGk,t + Sk

)
≤ qGk,t ≤ −

√
3
(
PGk,t − Sk

)
(20)

−
√

3

2
Sk ≤ q◦k,t ≤

√
3

2
Sk (21)

√
3
(
pGk,t − Sk

)
≤ qGk,t ≤

√
3
(
pGk,t + Sk

)
(22)

Battery storage enhances the distribution system by storing
energy during periods of low demand and by discharging and
minimizing the extraction of energy during periods of high demand.
Regarding Eq. (23), the specified boundaries for both the process
of charging and discharging are outlined.

−P c,maxk · λk,t ≤ pEk,t ≤ pdch,maxk · φk,t (23)

The battery can only undergo charging or discharging processes
at any given moment, as specified by the constraint outlined in Eq.
(24).

λk,t + φk,t ≤ 1 (24)

Eq. (25) represents the state of battery charge, while Eq. (26)
represents the lowest and maximum state of battery charge.

sOCk,t = SOCk,t−1−
T

ECk

(
φk,tP

E
k,tπ

−1
a + λk,tP

E
k,1πc

) (25)

0 ≤ SOCk,t ≤ SOCmaxk (26)

Although there are some limitations in linear models,
microturbine modeling has primarily relied on linear models
as one of the proposed methods. This approach aims to reduce
complexity and simplify the modeling process, ensuring the ability
to obtain a convergent response. By avoiding non-convex nonlinear
equations, the linear model allows for a more manageable and
predictable analysis. The issue might be characterized as a mixed
integer linear programming difficulty within the GEMS software.

The power output of the microturbine unit i at time t must fall
within the specified operating range as defined in Eq. (27). The
lowest and maximum operating range of the microturbine vary
depending on the time. The values of these two variables may
not necessarily be equivalent to d and z. The maximum operating
limit is specified in Eqs. (28) and (29). Eq. (30) represents the
mathematical model for the upper and lower limits of the ramp of
the microturbine.

pg
(k,t)
≤ pg ≤ pg(k,t) (27)

pg(k,t) ≤ pg

max
max

(k,t) [Uk,t − Zk,t+1] + SDkZk,t+1 (28)

pg(k,t) ≤ pg(k,t−1) +Rk,tuk,t−1 + SUkyk,t (29)

pg
(k,t)
≥ pgmin(k,t)uk,t (30)

pg
(k,t)
≤ pg(k,t−1) + RDk,tuk,t−1 + SUkZk,t (31)

Eqs. (32) and (33) specify the expenses associated with
initiating and ceasing operations of microturbines. These costs are
subsequently employed in Eqs. (3) and (4) to determine the target
function and plan the deployment of microturbines.

STC(K,T ) = SUKyk,t (32)

SDC(K,T ) = SDKZk,t (33)

The state of unit i at time t is determined by the input ui,t.
The initiation and termination of the microturbine’s operation is
dictated by variables yi,t and zi,t. The constraints associated with
the activation and deactivation of microturbines are most accurately
explained by Eqs. (34) and (35). However, the inclusion of these
two equations renders the model non-linear. Eqs. (34) to (36) are
employed as a substitute for Eq. (32) in order to linearize the limit
of the minimum shutdown time. Eq. (37) imposes a constraint
on the microturbine’s operation, specifically on its ability to start
up and shut down. This constraint is based on the microturbine’s
past on and off states. Eq. (38) demonstrates that the microturbine
transitions between the on and off states at time t, and it is
not possible for both states to be active simultaneously. Eq. (36)
demonstrates that a, b, and c are all binary variables.

(yk,t−1 −UTk)× (uk,t−1 − uk,t) ≥ 0 (34)

(yk,t−1 −DTk)× (uk,t−1 − uk,t) ≤ 0 (35)

yk,t − Zk = uk,t − uk,t−1 (36)

yk,t + zk ≤ 1 (37)

yk,t, zk,t, uk,t ∈ {0, 1} (38)

Eqs. (39) to (43) represent the lower bound for the duration
that each microturbine remains operational, whereas Eqs. (44) to
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(46) indicate the minimum duration for which each microturbine
remains inactive.

∑s

t=1
(1− uk,t) = 0 (39)

∑Uk−1
t=T ≥ UTkyk,r,

∀Γ = ξk + 1 ...T−DTk + 1
(40)

∑T
t=Γ uk,t − yk,t ≥ 0,

∀T = T −DTk + 2 ...T
(41)

ξk = min
{
T,
(
UTk − U0

k

)
uk,t

}
(42)

∑k

t=1
uk,t = 0 (43)

∑Γ+DTT−1
t=Γ (1− uk,t) ≥ D1zk,Γ,

∀T = ξk + 1 . . . T −Dk + 1
(44)

∑T
t=Γ 1− uk,tzk,t ≥ 0,

∀Γ = T −DTΓ + 2 ...T
(45)

ξ = min
{
T2

(
DTk − S0

k

)
[1− uk,t−0]

}
(46)

The load power in each bus pDi,t is determined by the cumulative
power consumption of residential devices, which are assigned
different priorities, as stated in relation 47. The load collector’s
role is to aggregate the power from devices with varying priorities
across different buses, and continuously provide the total power
of the distribution system for each priority to the management
control section of the distribution system. Eq. (48) demonstrates
that the aggregate load of the highest priority devices in each bus
is lower than the combined power of the highest priority devices
in all residences within each bus. Eqs. (49) and (50) illustrate the
boundaries for load removal in the case of loads with priority 2
and 3, whereas Eq. (49) demonstrates the limits for disconnecting
unmanageable loads.

pDk,t = ploadl Dk,t + pload D
k,t+

pload D
k,t + pload D

k,t

(47)

0 ≤ pLSIk,t ≤ ploadl Dk,t (48)

0 ≤ pLS3
k,t ≤ pload 3Dk,t (49)

0 ≤ pLS3
k,t ≤ pload 3Dk,t (50)

0 ≤ pLS4
k,t ≤ pload 4Dk,t (51)

Eq. (52) facilitates the creation of efficient microgrids in
the system by establishing active and reactive load distribution
connections. Furthermore, they also ensure the radial nature of the
system. The value of NT also represents the upper limit for the
number of interconnected lines, as calculated by Eq. (53). Eq. (53)
states that if there is a loop inside the fault occurrence area, one of
the open lines of the system must be chosen within this loop. This
ensures that the system remains in a radial condition and prevents
any loops from forming in the system.

Table 1. Information on scattered production sources and batteries.

Wind Turbine Energy storage system Photovoltaic
location Minimum charge location Minimum charge power Initial charge location power

3 20
8 60 5 0.1 100 0.6 6 40

12 60 10 0.1 100 0.8 10 50
15 50 14 0.1 150 0.7 19 50
17 40 18 0.1 150 0.5 27 60
22 40 20 0.1 250 0.9
26 80 32 0.1 250 0.7
30 70

∑
k,j
x (k, j) ≤ NT (52)

NT =
∑

k
Nk −

∑
u

Nu (53)

However, after the rearrangement is completed, the matter of unit
involvement in the new system must be addressed and resolved.
During this stage, the planning is conducted for the distribution
and storage of production sources that are spread out, and the
quantity of load harvesting is determined. The objective function
of the second layer incorporates all the significant objectives
involved in modeling the individual participation problem. The
objective function 52 represents the cumulative costs associated
with production, pollution, startup, and shutdown of microturbines
from the first to fourth semesters. The fifth term corresponds to
the clients’ sales profit. During semesters 6 to 9, the expenses
associated with acquiring priority loads 1 to 3 and load interruption
are displayed. The 11th and 12th terms display the expenses
incurred in purchasing electricity from the upstream network and
the revenue generated from selling electricity to the upstream
network. Some studies assume the production cost of microturbines
to be a quadratic function. However, in order to decrease the
computing burden, a linear model has been employed for the
production cost function of microturbines. Thus, the objective
function has been modified by replacing the nonlinear term with
a linear term, resulting in Eq. (2) representing a linear model.
Additionally, a linear coefficient has been incorporated into the
goal function to account for the cost of pollution.

Min
∑
t

(∑
k,t c

delv |∆vk,t| −
∑
k c

DpDk,t (k, t)+∑
k c

LS1pLS1
k,t (k, t) +

∑
k c

LS2pLS2
k,t (k, t)+∑

i c
LS2pLS2

i,t +
∑
i c
LS3pLS3

i,t +
∑
i c
LCpLCi,t

)
cttµ

(54)

Eqs. (55) and (56) illustrate the allocation of active and reactive
loads. However, in this context, x (k, j) does not function as a
variable. Instead, it reflects the state of the system lines gained
from step one. Hence, Eqs. (12) and (13) are not required to
linearize these two relations.

pk,j,t = x (k, j)×∑
j ((1 + ∆vk,t + ∆vj,t)Gk,j +Bk,j,t · θkj,t) , ∀k (55)

Qk,j,t = x (k, j)×∑
(Gj,tθkg,t − (1 + ∆vk,t + ∆vj,t)Bk,j), ∀k (56)

3. RESULTS
The information shown in Table 1 presents information regarding

the quantity of scattered production sources and energy storage
systems in the system that was studied, as well as their placement.
It is made up of eight wind turbines, four solar sources, and six
energy storage units as its components. Not only that, but Table 2
contains information that is particularly pertinent to microturbines.
According to the system that is being investigated, it is presumed
that the amount of electricity that is consumed by each residential
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Table 2. Information on scattered production sources and batteries.

MT location Power maximum Incremental rate Discount rate Minimum
on time

Minimum shut-
down time

Initial state of
microturbines

Start-up and
shut-down costs
of microturbines

12 750 200 200 1.5 1.5 1 5
15 750 200 200 1.5 1.5 1 5
18 800 250 250 1.5 1.5 0 5
20 100 100 100 1.5 1.5 0 5
23 750 200 200 1.5 1.5 0 5
25 650 200 200 1.5 1.5 1 5
29 650 200 200 1.5 1.5 1 5

Table 3. Information on scattered production sources and batteries.

Parameters Amount Parameters Amount
CG 0.2 CLS1 4.5
CD 0.38 CLS2 3.5
Cemi 0.08 CLS3 2.8
σi 0.009 CLS4 6
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of 5 is deemed to be 20 kilowatts. As a result of the minimum battery charge requirement, battery 5 reaches its lowest 

charge by receiving a charge of 20.7 kilowatts at 17:00. All the remaining batteries are depleted until they reach the 
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part of the load response program, the first priority loads are given the utmost importance and have the highest cost 

associated with their collection. However, no first priority loads were selected at 17 and 19 hours. 

Fig. 3. Load coefficients.

house is 12 kW. It is possible to divide the intelligent gadgets that
are present in every home into three distinct categories: devices
that are adjustable, devices that are interruptible, and devices
that are detachable. Home appliances that have a power rating
of 1.8 kW or higher are considered to be uncontrolled types of
appliances. A total power capacity of 4.5 kW is deemed to be
available for devices with first priority, which includes mobile
loads, and this capacity is measured for each individual residence.
There is a capacity of 3.2 kW for devices that have second
priority, which includes loads that are affected by interruptions.
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The capacity of devices with third priority, which includes loads
that can be adjusted, is determined to be 2.5 kW. The data of
microturbines is presented in Table 3.

Figs. 1 to 6 display the coefficients for wind, solar, load, and
energy price. In order to evaluate the suggested model in the
initial layer, a fault occurring between buses 7 and 8 is taken into
account. By separating the connection between busses 7 and 8, the
faulty area has been divided into four distinct island microgrids.
The initial observation on the outcomes is that the microturbines
17 and 24, which are connected to the upstream grid, do not
produce any power. Fig. 6 illustrates the energy price at 17 and
19 hours, indicating that during these two hours, the energy price
is below $0.1 per kilowatt-hour. Given that the production cost of
microturbines is $0.1/kWh, the program’s inclination is to procure
electricity from the upstream grid rather than manufacturing
microturbines in order to minimize operational expenses.

The battery is charged to 5 units because the minimum battery
charge is 40 kilowatts. The initial battery charge state of 5 is
deemed to be 20 kilowatts. As a result of the minimum battery
charge requirement, battery 5 reaches its lowest charge by receiving
a charge of 20.7 kilowatts at 17:00. All the remaining batteries
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are depleted until they reach the minimum level of battery charge.
There were no power outages during the 17th and 19th hours. In
order to minimize operational expenses, the load will be reduced
to 958.5 kilowatts at 17:00 and 1100.6 kilowatts at 19:00.

Figs. 5 and 6 display the quantity of selection for the third
and second priority loads on each bus, respectively. As part of
the load response program, the first priority loads are given the
utmost importance and have the highest cost associated with their
collection. However, no first priority loads were selected at 17 and
19 hours.

Third priority loads are assigned the lowest value as a result of
their diminished significance. Thus, based on Fig. 5, the highest
level of harvesting has happened within these specific time periods.
Based on Fig. 6, the load of the second priority in various buses
is significantly lower. Fig. 6 shows that busses 24 and 25 have the
highest sampling rate due to their substantial load.

4. CONCLUSION
The process of restoring the distribution system after an error

has occurred is one of the procedures that are included in the
self-repair functionality of intelligent distribution systems. The
process of recovery is comprised of two stages: the first stage
is the identification of the defect, and the second stage is the
involvement of the unit. Academics that are interested in finding
a solution to the rearrangement problem in large distribution
systems face a considerable challenge in the form of increased
execution time. In the past, researchers have frequently utilized
graph theory, smart algorithms, and non-linear models in order
to solve the problem of rearrangement. On the other hand, these
methods have led to much higher execution times, which has
rendered them nearly impossible to use in operational settings.
In this study, a novel linear model is presented as a solution to
the problem of post-error rearrangement. Through the utilization
of mathematical solvers, the strategy considerably reduces the
amount of time required to solve the problem and guarantees the
achievement of the best possible solution. The primary layer is
responsible for transforming the problematic area into one or more
isolated microgrids by utilizing the approach that was described
prior to this. This is a huge advantage of the technique that
has been described since it makes it possible to create ideal
isolated microgrids in real time once a fault event has occurred.
Furthermore, the problem of unit involvement in an intelligent
distribution system has been solved by the adoption of a linear
model in the second tier. This model makes use of the redesigned
arrangement that was obtained from the system’s initial stage.
Both distributable and non-distributable production sources and
storages, in addition to load response technologies, are utilized by
the intelligent structure that is described in this article. Adjustable
loads, interruptible loads, and movable loads are the three main
categories that the load response tool recognizes as belonging to
controlled loads. The self-repair mode of the system also promotes
economic optimization, which results in lower costs. This is
accomplished through the exploitation of load response plans and
the resources that are already present in the system. The numerical
findings that were presented, in conjunction with the comparison
to techniques that are already in use, guarantee that the proposed
method will perform at its highest possible level.
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