<@ sustainability

Article

A New Restoration Strategy in Microgrids after a Blackout with
Priority in Critical Loads

Vasiliki Vita 1%, Georgios Fotis 1@, Christos Pavlatos ! and Valeri Mladenov 2

check for
updates

Citation: Vita, V,; Fotis, G.; Pavlatos,
C.; Mladenov, V. A New Restoration
Strategy in Microgrids after a
Blackout with Priority in Critical
Loads. Sustainability 2023, 15, 1974.
https:/ /doi.org/10.3390/su15031974

Academic Editors: Alberto-Jesus
Perea-Moreno and Mohamed
A. Mohamed

Received: 2 December 2022
Revised: 10 January 2023
Accepted: 17 January 2023
Published: 19 January 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Electrical and Electronics Engineering Educators, ASPETE—School of Pedagogical and
Technological Education, 14121 N. Heraklion, Greece

Department Fundamentals of Electrical Engineering, Technical University of Sofia, 8 Kliment Ohridski Blvd.,
Block 12, 1000 Sofia, Bulgaria

Correspondence: vasvita@aspete.gr

Abstract: The danger of a total blackout in a wide area or, even worse, in a country is always
present. The restoration methods after a blackout mainly focus on the strategy that the dispatchers
in the control centers of the Transmission System Operator will follow than the abilities that the
distribution’s microgrids have. This study suggests a restoration technique to improve distribution
system resilience following a blackout, using distributed generation for the restoration of important
loads. The goal of the restoration problem is to maximize the number of critical loads that are restored
following the catastrophic incident. Under the restrictions of the DGs and the network, the DGs
with good black start capability are restored first. Load weight and node importance degree are
suggested during the recovery path selection procedure, while taking node topological importance
and load importance into account. A mixed-integer linear program (MILP) is used to simulate
the issue, and the modified IEEE 39-bus test system is used to verify the efficacy of the suggested
restoration approach.

Keywords: blackout; black start; distributed generation (DG); load restoration; microgrids; mixed-integer
linear program (MILP); restoration path

1. Introduction

To maintain a constant system frequency, which is 50 cycles per second in Europe,
a power grid must constantly have the correct balance between generation and load (or
demand). The frequency will always alter when there is an imbalance. In the event of a
generator failure, the load will immediately surpass the generation capacity, causing the
frequency to decrease. It is possible to maintain grid functioning if the loss of generation is
within a manageable range by raising generation from the system’s hot reserve capacity,
which is accessible from the running power plants, and/or by turning to load-shedding.
On the other hand, if a sizable amount of load is dropped, the system will have extra
generation, which will increase the frequency. To lower the frequency to the appropriate
level in that situation, the generation capacity must be decreased [1].

A disturbance may be started by the tripping of a heavily laden line or transformer,
a bus fault, or a line fault with a nonoperational breaker. High-speed protection systems
allow the localization of faults and the discriminating clearing of errors. Therefore, variables
like outages on transmission lines, relay faults, equipment tripping due to overloads, etc.,
could spread the disturbance and have a greater impact, causing blackout. The blackout
state is described as, “the state where the operation of part or all of the transmission
system is terminated” by the European Network of Transmission System Operators for
Electricity (ENTSO-E) [2]. A blackout has a significant negative effect since it affects water,
transportation, and communications. Additionally, factories, shops, petrol stations, ATMs,
banks, and other services are out of service. Given that Europe is energy-dependent, the
conflict in Ukraine and the natural gas supply issue [3] enhanced the likelihood that such
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an event will occur soon. Additionally, a blackout can always be brought on by a terrorist
strike or a cyber-attack [4-7].

The development of a distribution system in islands can assist in lessening the negative
effects in the event of a widespread blackout. There is frequently the potential to supply
at least a portion of the typical load, even if the extent of local generation capacity is
constrained [8,9]. Damage to the customers serviced can be minimized if a portion of
the power system can continue to run as an island without interruption. Even if the
initial disturbance disconnects users, shortening the duration of the local outage has
considerable advantages. The resilience of distribution islands may be enhanced by the
growing penetration of Distributed Energy Resources (DERs). Operational difficulties
arise from the scattered nature of many renewable generators. A Distribution System
Operator (DSO) may encounter a greater variety of potential scenarios due to the stochastic,
weather-dependent availability of energy from sources like solar and wind power, which
further complicates issues [10-12].

Battery storage systems might enable more loads to be connected more frequently,
but there will still be remaining unavailability due to empty storage capacity unless they
provide dedicated reserves for power system restoration. Storage systems that typically
maintain their optimal depth of discharge across long lifetimes may be able to offer extra
reserves in times of need. However, there is not currently any regulation that may encourage
these storage system operation modes. Power outages can coincide with the destruction of
some communication equipment since blackouts may be caused by a natural disaster, such
as extreme weather conditions. Fast and reliable restoration of as many loads as possible
may be facilitated by DERs’ restoration-friendly behavior [13,14].

The focus on the restoration process within power system research is to restore the
power grid as we have known it for decades. Microgrid (MG) black start research is
currently in its early stages. The viability of choosing MGs as black start (BS) power is
examined in reference [15]. To find the extended BS pathways, uses the Dijkstra algorithm.
However, it primarily focuses on the conventional bulk power grid, which is connected to
Distributed Generators (DGs) and MGs.

The types of micro sources and their mitigation techniques are studied in [16]. The
serial restoration approach with a lengthy restoration period is used to give a BS strategy.
The issue of BS restoration protocols for MGs to use after a blackout occurs is addressed
in [17]. The analysis of the control tactics results in the identification of the set of guidelines
and requirements.

A dynamic model for micro sources and inverters is established in [18]. It suggests a
multi-agent technology-based restoration plan for the BS and subsequent islanded func-
tioning of MGs. Numerical simulations are used to identify and assess the collection of
rules and conditions. In [19], a series of steps for a successful BS operation including
microgeneration units has been recognized as improving distribution network resilience.
The control of the BS process, rather than the quantity of DGs, loads, and lines, is the focus
in the aforementioned sources.

In the literature, there are other restoration techniques after a blackout. To determine
the significance of nodes, the method of node contraction is introduced in [20]. The
ideal skeleton networks are created using a discrete particle swarm, with the network
reconfiguration efficiency as the optimization aim. Ref. [21] proposes a fuzzy chance
constrained model to deal with the ambiguity of operating time and operational lines.
This model is resolved using a hybrid fuzzy simulation approach that combines particle
swarm optimization (PSO) with the Dijkstra algorithm. According to the requirements
of hierarchical scheduling in the power system, reference [22] provides a hierarchical
collaborative optimization approach. The goals are described as total power generation
and network reconfiguration level. In [23], power system restoration plans are graphically
visualized to aid in assessing the restoration duration and the scheduled critical route.
A novel approach to estimate recovery time is applied in [24] and is based on machine
learning techniques used on prior restoration events. A unique restoration technique built
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on the A* Algorithm is provided in [25] with a focus on the quick and dependable supply
of consumers following a blackout. This work tries to combine the restoration techniques
previously mentioned, trying to create skeleton networks in islands, where the BS units are
restored first in order to help the non-black start (NBS) units restart, combining the MILP
solver method with Multi-Criteria Decision Making (MCDM) to evaluate the electric load
weight. The proposed algorithmic technique shows how MGs can work independently
from the distribution system or the transmission grid when a blackout occurs, until it will
be fully restored.

2. Past Blackouts and Future Threats for the Power Systems

The process of resuming generation without off-site power as part of system restoration
after a partial or complete shutdown is referred to in the power industry as a “black start”
(BS). Even though they are uncommon, these events have major economic and societal
impact, which makes the money and time invested in preparation for system restoration
using BS resources worthwhile. Table 1 gives a list of recent blackouts along with the
amount of damage these outages have caused [26,27].

Table 1. Significant blackouts in the 21st century.

Date Country/Region Outage Cause Afifrelcﬁ;duli’:r(:fle Duration
February 2021 USA Loss of generation due to cold weather 4.5 4 days
August 2019 Indonesia Fault in the transmission system, affecting Jakarta 21.3 9h

June 2019 Uruguay Cascading failures due to bad weather conditions 3.4 4h
December 2018 Canada High winds (up to 100 km/h) 0.6 4h
July 2018 Azerbaijan Unexpectedly high temperatures 8 8h
March 2018 Brazil Transmission line failure 10 1h
January 2018 Sudan Cascading failures 41.5 1 day
September 2017 USA Hurricanes Maria & Irma 6.7 10 days
March 2017 USA High winds (up to 100 km/h) 1 9 days
June 2016 Kenya Transformer short circuit due to animal approach 10 4h
March 2016 Sri Lanka Severe thunderstorm 10 16 h
December 2015 Ukraine Cyber-attack 0.2 6h
November 2015 Ukraine Power system failure 1.2 6h
March 2015 Turkey Power system failure 70 4h
January 2015 Pakistan Plant technical fault 140 2h
November 2014 Bangladesh HVDC station outage 150 1 day
August 2013 Philippines Voltage collapse 8 12h
May 2013 Thailand Lightning strike 8 10h
May 2013 Vietnam Crane operator 10 10h
October 2012 USA Hurricane Sandy 8 8 days
July 2012 India Cascading failure 620 12h
spembeon isa Ceqinblucuedty el 0Ky
November 2008 Western Europe Cascading failure caused by poor planning of 15 oh

power systems operations
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Table 1. Cont.
. Affected People .
Date Country/Region Outage Cause in Millions Duration
August 2005 Indonesia Cascading failure caused by loss of a single line 100 7h
September 2003 Ttaly Cascading fa111.1re caused by the loss of a single 56 12h
line due to a storm
Series of faults caused by tree falls on power lines
August 2003 USA, Canada in combination with human error and 55 4 days
software failure
January 2001 India Substation failure 226 12h
Most of the incidents shown in Table 1 did not lead to a total system failure. However,
employing BS resources frequently accelerated the healing process. Reconnecting the
system’s energized portion(s) will typically be the main goal of the restoration operation
to restart additional generating. After that, as soon as new resources became available,
priority loads were restored. Blackouts can occur from a variety of causes, such as bad
weather conditions, equipment malfunction, falling of trees and other objects getting in the
way of electricity lines, damage from accidents and vandalism, and many more.
In Figure 1, the warning and restoration times before a blackout event are presented.
It is obvious that for some events, such as regional storms, tornados, tsunamis, etc., there
is enough time (from hours to days) to be prepared for such an event. However, there
are events such as cyber-attacks or physical attacks where there is not enough time for
remedial actions.
: F g ‘ T C = cyber attack (ranging from state/pro
b o on left to good hacker on right)
£ | P i ‘ Lo m D = drought and associated water
v [T P { V
s |z | shortage
2 i E = earthquake (in some cases with
= I : .
& |2 - warning systems)
£ET i F = flood/storm surge
o ! )
2 e | H = hurricane
g 2 | =ice storm
v | O= major operator error
9 |y :
g P = physical attack
L o\Egl _ .
s [ @ R = regional storms and tornados
@ gl S = space weather
=Rl P.C T=tsunam|
V = volcanic events
A s g W= wild fire

0 seconds

minutes hours days weeks

Amount of warning time before the event

Figure 1. Warning and restoration times before a blackout event.

The preferred BS units have historically been gas turbines and hydropower units. His-
torically, power system generating has included coal, natural gas, nuclear, and hydropower
plants. These plants are simple to start on their own and run under control so that any
discrepancy between power supply and demand is quickly decreased by unit dispatch. Ad-
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ditionally, because of the inertia brought on by these traditional power plants, system-wide
outages have been extremely infrequent. Therefore, since a lot of the equipment designed
to restore power service will not function reliably, especially in context of a long-duration
large-area grid outage, it is necessary to develop the ability for much expanded reliance on
“smart grid” capabilities.

The non-dispatch ability of renewable energy sources is one of the key obstacles to
their integration into the electrical grid. Furthermore, most contemporary renewable energy
sources are connected to the grid via power electronics and, as a result, have no intrinsic
inertia, unlike synchronous production which has it naturally due to its rotating mass. Due
to this drop in system inertia, the system may be more susceptible to significant disruptions
that could cause widespread blackouts. To preserve system reliability, substantial changes
in operational procedures for the power system are needed.

Integrating wind and solar power at this phase of system repair can destabilize the
system due to the previously mentioned characteristics of these sources as the system is
substantially less stable during this phase of system restoration. Additionally, it might
be challenging to retain enough conventional plants to restart the system conventionally
as non-dispatchable renewable sources continue to penetrate the grid. Due to this, it is
crucial to carefully plan for system BS operation with non-dispatchable renewable energy
sources by adding weather forecast information and by using the right tools to manage the
intermittent nature of these sources as much as it is practicable [11,12].

3. Microgrid Development and Their Value to the Power System

The goal in the development of power systems is the transformation of conventional
power systems, which are based on centralized power generation and automation for
supervision and control, to decentralized and more flexible systems with dispersed power
generation and the expansion of automation at the power distribution level. The goal is
also to efficiently manage both the production of electricity from distributed energy sources
and the consumption at Medium Voltage (MV) and High Voltage (HV) levels [28].

Given their complex structure, the upgrading of distribution networks at the level of
supervision and control is a demanding process, the goal of which is to transform them
from passive systems, with the exclusive role of servicing load demand, to active systems
with distributed energy generation and automation in the context of a unified power system
in the smart grid standards [29,30]. In Figure 2, the main changes included in the evolution
of modern power systems into smart grids are briefly given. The concept of “intelligence”
refers to the ability to process information—to decide and control remotely in real time
through the use of information and communication technologies [31].

A central axis in the effort to upgrade the power systems into smart grids, as it is
illustrated in Figure 3, is the achievement of a two-way flow of information from the control
centers to the users—electricity producers and consumers—and vice versa, using advanced
telecommunications [32]. The Internet can contribute valuable services both in the storage
and transmission of information, as well as in energy management at the distribution
voltage level, while the evolving technological trend of the Internet of Things (IoT), which
systematizes the interaction of devices and devices with integrated sensors and actuators on
alocal scale, is expected to contribute to the creation of islands of advanced automation. The
service of electricity markets, operators of the distribution grids or transmission systems,
power companies, independent producers, large consumers, high voltage consumers, etc.,
creates increased demands on the computing power and reliability of the tools of a modern
power control center [33].
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Figure 2. The main changes in structure and operation between conventional control centers and
smart grids.

The development of advanced measurement and automation systems across the entire
range of electric power systems constitutes the third axis for the transition to intelligent
electricity networks. In terms of transport systems, the installation of high-precision sen-
sors with advanced capabilities, such as synchronized recording and access in the case
of Phasor Measurement Units (PMUs) or extended functionality (measurement, remote
control, protection, and debugging), under the general designation Intelligent Electronic
Devices (IED) provides the necessary network of terminal units for the development of
wide-area monitoring, control, and protection systems [34]. These systems are intended
to integrate the individual SCADA systems of the generating stations and the transmis-
sion system and their unified operation. Therefore, IEDs are the evolution of Remote
Terminal Units (RTUs), which are used in SCADA systems, and shape the dominant
trend that mandates the use of devices that combine sensor and actuator functions act-
ing as carriers of distributed intelligence. In the same vein, the classic actuators used in
automation—primarily, switching means for coupling (disconnectors, loads, and power
switches) and protection (switches driven by relays)—are being upgraded through the
ability to take measurements.

During the last twenty years, remotely accessible metering devices have been widely
used in distribution networks to record the electricity consumption of MV and HV users.
These are the Automatic Meter Reading systems (AMR systems) which support a one-
way flow of information from the meters to the control centers [35]. An evolution of this
early technology is Advanced Metering Infrastructure systems (AMI systems) that base
their operation on distributed smart meters, which are now being installed massively at
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MYV and HV consumers and support the two-way flow of information to and from the
control centers in almost real time. Therefore, they can support remote control functions,
incorporating actuator functions in the same unit according to the commands they receive
from the control centers. Overall, AMI systems offer the most comprehensive telemetry and
control infrastructure at the level of electricity distribution and, together with pre-existing
DSCADA systems serving the downstream parts of distribution networks, ensure, for the
first time, adequate supervision and control of the power systems up to the final consumers.

Electrical power | Telecommunications

installations & & Internet
equipment

Information
Technology

Figure 3. The three axes of development of smart grids.

There are two central principles that guide the process of restoring the electricity grid
after a blackout [36,37]:

Bottom-up: By using BS units to self-reactivate the region in islands, ready for resyn-
chronization with another area, the affected areas are recovered. BS units are isolated power
plants with the capacity to start on their own and perform independently when more local
loads are added.

Top-down: The energy from a safe system is transferred via interconnection lines
to a largely isolated system with a significant disturbance in order to reactivate it. The
disrupted TSO in this situation must ensure that it will comply to the restrictions on active
and reactive power flows on the interconnection lines set included in bilateral agreements.

The disrupted TSO in this situation must guarantee its intention to adhere to the
limits of active and reactive power flows on the interconnection lines set forth in bi-
lateral agreements. Due to the great dependability of the end loads in a distribution
system from the TSOs and the DSOs in case of a blackout, there have been various stud-
ies [38—40] examining strategy techniques in power restoration of MGs, which can operate
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as autonomous grids. In the following section, a new restoration strategy technique of MGs
is described in case of a blackout.

4. Problem Setup
The following presumptions are used to create the critical restoration strategy:

e Distribution systems function radially, yet have a mesh structure. As a result, it is
presumable that the distribution topology is radial following the blackout.

o  All the simulation instances involve DGs running in islanded mode since the main
grid power is unavailable following the catastrophic event.

o  The MGs would use their reserve power to power the other essential loads on the
distribution feeder they are connected to after first serving their own critical loads.

e  The combined output of the distributed generation inside the MGs, which is constant,
and the reserve energy for the duration of a simulation case make up the expected
power output of the MGs.

Open/close switches are present on distribution lines.

The loads are fixed amounts based on their highest demand.

The restoration method is decided on just once, just after the extreme event, and is kept
the same until the main grid power is restored to avoid frequent switching operations.

The distribution network is represented using a graph-theoretic approach, and the
network is reconfigured following fault isolation. The network is represented as a weighted
undirected graph, in which vertices represent load nodes and generation nodes (MGs),
edges represent distribution lines, including tie-lines, and also includes weighting of the
edges using their line impedances. The suggested approach uses the minimal spanning
tree (MST) once the sites of the extreme event and fault have been identified and eliminated
from the network [40]. In order to create a tree post-fault, radial architecture with minimal
power losses and more power available to be used restores the maximum number of
important loads. The approach looks for a path with the least amount of impedance from
the MG node to all the nodes. The model uses the discovered topology to determine a
resilient restoration strategy based on the quantity of important loads recovered.

4.1. Electric Load Weight Evaluating Process Using Multi-Criteria Decision Making

In an MG, there are various loads served, each with different criticality. Multi-Criteria
Decision Making (MCDM) can help us understand how critical each load is and therefore
should be prioritized during network restoration. MCDM is a research field that involves
the evaluation of many possible options in a circumstance or study topic that includes ev-
eryday life, social sciences, engineering, medicine, and many other disciplines [41,42]. The
MCDM approach used for efficient load selection is detailed in the following paragraphs.

Step 1. Create a matrix for decision making: Assume m different loads and # assess-
ment criteria for rating the loads. XZ-]- is the value of the criterion j for the load i, as these are
presented in Table 2.

Table 2. Decision matrix with weighted criteria for the loads of each node.

Assessment j Criterion —

Alternative Load (i) | 1 2 3 "
2 Xn X2 Xo3 . Xon
3 X31 X32 X33 “e XS"
m Xm X2 Xm3 s Xinn

Weight of the criterion — W1 W, W3 .. Wh
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Step 2. Calculate the Criterion Weight: Weight estimation might be subjective or ob-
jective. Variations in criterion weights are employed in the accepted technique to analyze
the divergence in the scale of alternative load supply. W; denotes the weight assigned to
criterion j. This method takes into consideration both sorts of weights. The objective weight
technique employs mathematical models such as entropy analysis [43], which may be used
to measure the level of uncertainty. Specifics of this method are provided below.

To avoid the impact of criterion units or measurement scales, the criteria must be
standardized using equations of relative optimal membership degree. Equation (1) can be
used to standardize the matrix values of the criterion j in the load i (i, j refer to Table 2).

Xij — mjinXij
Sii = 1
g maxX;; — minXj; @)
] ]

where:

S,j: the value of the criterion j, after standardization, of the load i.
Xij: the value of the criterion j for the load i.
The choice matrix is presented as follows standardizing all evaluation criteria:
S]l Slz “e. Sln
si=| Do @
E; is the weight of the criterion j, as defined by the concept of entropy, and is deter-
mined by the following equation:

£ EalSin(s)] .
I In(m)
Therefore, the criterion for the load weight, W]-, is:
1—E;
Wj=—— 4)
1T

The evaluation criterion is more significant the higher its entropy weight.

4.2. Evaluation of Distributed Generation (DG) and Black Start

The distinction between typical power systems and MGs stems mostly from the
distinction between DGs and gas or coal power plants, hence MGs are not able to easily
replicate the conventional power system’s BS approach. As a result, while establishing an
MG BS plan, the features of DGs must be considered. When compared to thermal power
plants, DGs have the following distinguishing features:

i.  The output power of DGs is variable. Using wind power and solar power as examples,
the output will vary depending on wind speed and light intensity.

ii.  PQ control, V/f and droop control, and other control algorithms are often used in
DGs. Different control mechanisms are used depending on the scenario [44—46].

iii. DGs start up without the need for an external power supply. Using a wind turbine,
when the wind speed meets the minimal need, energy is created automatically without
the need for external power.

iv.  The cylinder temperature divides the startup of typical coal or gas power plants into
cold, warm, and hot start. As a result, the traditional power system’s BS strategy must
consider the beginning time limits of thermal power producing units. DGs, on the
other hand, are not limited by beginning times; hence, MG recovery times are lower.
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The BS capability of DGs is that they have their own beginning power sources and
supply limited loads. In this work, the BS capacity evaluation model of DGs based on the
variation coefficient technique is built, considering the features of DGs. It uses real-time
output power, starting time, load capacity, and State of Charge (SOC) of DGs. The variation
coefficient approach is used to provide weight to each indicator, and the diversity sequence
method is used to pick DGs with strong BS capacity.

Since the capacity of DGs is affected by ambient conditions it does not refer to output
power in real time, but rather to the higher capability of its output power, which differs
from coal or gas power plants. Since restarting DGs with more load capacity means more
loads can be supplied simultaneously, this DGs’ load capacity must be considered. DGs
with strong voltage and frequency modulation capability may offer voltage and frequency
reference to the network, stabilizing it during the early BS stage.

The variation coefficient [47], as an objective weighing technique, calculates the index
data to determine the weight of each index. Indices with a high difference, according to
the variation coefficient technique, could be a quality indication of the assessed items and
represent valuable information on the index data change, thus higher weight is given to
the index. The following are the steps of the proposed method:

Create an assessment matrix

The index vector to evaluate object i is written as X; = [xj1, Xj2, Xi3, . .. , Xj,], where
n and m are the objects and evaluation indices, respectively. The matrix of evaluation is
X= [xi]-]nxm. wj is the index weight of index j while the vector of index weights is denoted

by w = [wy, Wy, - .., wy]".

Indices normalization

To exclude the influence of the dimension of the index, the original index value must
be normalized. It is preferable for a positive index, often known as an “efficiency” index, to
have a higher index value:

xl‘]‘
- _ 5
i 5)
]

A negative index, sometimes known as a “cost” index, should have a lower index value:
mjnxij

= ®)

In(5)and (6),i=1,2,...,mj=1,2,...,m; rij is the value of the index j of the object i
after normalization.

Calculation of the index weight

Equations (7) and (8) calculate the average value and standard deviation of each index
after normalizing it:

_ 1 .
rj:ZZ?:lrij,]zl,Z,...,m (7)
— /Ly 7)2 j=1,2
5=\ 3 iz (1= T) " F =12 m ®)
Equation (9) computes the variation coefficient of each index:
Sj .
V]-:r:j,]zl,Z,...,m ©)

where V; is the variation coefficient of the index j, 7; is the average value of index j and s; is
the standard deviation of index j.
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Each index weight is:

Vi ,
wj = j=12,...,m (10)

Receive a complete score

The comprehensive score vector G of each item is given by the following equation:
G =Xw (11)

where:

X: the evaluation matrix.
w: the weight vector.

Following this thorough assessment technique’s score of DGs, the DGs with strong BS
capacity are additionally picked out by the diversity sequence method and chosen to be
first during restoration.

4.3. Mathematical Formulation

The problem is formulated as a mixed-integer linear programming (MILP) optimiza-
tion problem after the post-fault topology has been chosen, with the goal of maximizing
the number of critical loads restored weighted by their priority for the shortest amount of
time while considering power flow, service time, operation, and connectivity constraints.
Based on the ranking of the loads (i.e., non-critical, semi-critical, and critical) and the
voltage stability index of the loads, MILP optimization generates the best load shedding
method [48]. The accuracy of the solution provided by an MILP Solver method is its
significant advantage. If the problem is clearly specified, the solution obtained with the
MILP Solver is the optimum one [49].

In the current work, the linear load flow has been used. Many researchers created
techniques to get linear power flow equations by making various assumptions and ap-
proximations [50-53]. These calculations are typically quicker than nonlinear power flow
(NPF) calculations, although they could be less accurate because the nonlinear equations
have been simplified. When utilized to solve extremely large networks such as the ones
examined in this paper and in real-time simulations, these linearized techniques may be
preferable to NPF calculations despite the accuracy loss. Consequently, linear load flow
offers easy implementation, reasonable accuracy, and low computational effort.

4.3.1. Objective Function

The complete load recovery process is broken down into several recovery steps to
simplify the decision-making process. The output constraint on each phase’s generators
is the key factor limiting the recovery load amount. By using load priorities, the system
should aim to optimize load pickup. So, the definition of the objective function is as follows:

F=maxy | wiyly ke M, i€ N, MCN (12)

where:

F: the objective function.

i: node number.

k: index for MGs.

N: total node number in the distribution network.

w;: priority weighting factor of critical loads.

r;: critical load status variable at node i.

I;: denotes the statues of MG k, which should be either 0 or 1.

The above-mentioned parameters are subject to certain constraints as they are dis-
cussed in Sections 5.1 and 5.2.
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4.3.2. Power Flow Constraints

The complex power flows at each node 7 are described through the power flow equa-
tions from [54] as follows:

Pk =nfp+ - p]k, VkeM,ieN (13)
QF = nfg; + iy Qf, VkeM,ieN (14)

k_ vk rifPJkerifQ;'( ; i
Vi=Vi- S ke M e N, jeY (15)

where:

Pk: active power flowing from MG k to node i.
Q;‘: reactive power flowing from MG k to node i.
Vik: voltage at node i which is supplied by MG k.
Vo: nominal voltage.

nf : variable node-MG assignment.

P;: active power that node i demands.
Qj: reactive power that node i demands.
j: index for children nodes.

N:node number.

Y: set of children nodes (Y C N).

rjj: resistance between nodes i and j.

x;j: reactance between nodes i and j.

4.3.3. Operation Constraints

If node i is a part of MG k, the voltage V¥ at that node should be within the range
stated in Equation (16) throughout the restoration procedure. The reactive power Q is
a magnitude that affects the voltage in the microgrid. By offering reactive power in the
microgrid (e.g., using capacitors), the voltage in the microgrid increases. When absorbing
reactive power (e.g., using reactors), the voltage in the microgrid decreases. Consequently,
reactive power and the voltage in the nodes affect each other. At the time of restoration,
the entire sum of the loads handled by MG k should not exceed its maximum active and
reactive power capacity, as Equations (17) and (18) describe.

0.90nf < |VF| <1100, Vke M, ie N (16)
0§2i1”?PiSP£Iﬂx, Vke M,ie N (17)
0< Zil nﬁh‘ < szx, Vke M,ie N (18)

where:

P capacity of active power of MG k (in kW).
Q¥ capacity of reactive power of MG k (in kVar).

4.3.4. Connectivity Constraints

Because the loads connected at each node in this study are radial, a radial topology
should be preserved during the restoration process, which means that a load can only be
serviced by one MG via a unique path:

Zﬁilnfgl, Vie N (19)
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5. Numerical Results
5.1. Restoration Strategy

The steps for parallel restoration with respect to critical loads as it was described in
Section 4 can be summarized into the following steps:

Step 1 (Initialization): Determine and collect network status data from lines, MGs,
switches, and loads. Immediately isolate faulted component from the network to avoid
propagation of the fault to other components using remote and manual controlled switches.

Step 2: Create possible network structure considering all tie-lines using graph theory.
Model the restoration problem as an MILP optimization problem.

Step 3: Read in the parameters of each DG in an MG, including the SOC of the energy
storage device on DG, real-time output power, and load capacity. These parameters are
given in Table 3.

Table 3. DG data for the IEEE 39-bus system and its classification.

Load

Output Starting . Black Control
NodeNo DG DG Type (kW) Time (min) Coapac.lty SOC Start DG Strategy Score
(%/min)
39 G1  Wind turbines with 570 3.50 6.28 0.0 NO PQ 0.25698
no energy storage
31 Gz  Wind turbines with 650 4.80 4.10 0.0 NO PQ 0.26789
no energy storage
32 G3 Battery 630 3.90 4.02 0.7 YES V/f 0.81546
33 G4  Wind turbines with 506 3.40 6.02 0.0 NO PQ 0.27456
no energy storage
34 G5 PV without 650 410 431 0.0 NO PQ 0.28974
energy storage
35 G6 Micro gas turbine 560 4.70 4.02 1.0 YES V/f 0.94587
36 G7 PV without 540 410 431 0.0 NO PQ 0.28758
energy storage
37 Gg  Wind turbines with 830 3.80 6.73 0.0 NO PQ 0.27895
no energy storage
38 G9 PV without 1000 430 471 0.0 NO PQ 0.28654
energy storage
3 G10 PV with 250 420 3.89 0.8 YES V/f 0.74658

energy storage

Step 4: DGs with strong BS capability are chosen to be restored first in accordance with
the complete score of BS capability.

Step 5: Analyze the MG network specifications and weigh the line based on how long
it has been operational.

Step 6: Create a weighted adjacency matrix using the weighted network in step 5
(Equations (1)—-(4)). Equation (4) is used to determine each node’s relevance degree. This
work chooses the highest node value significance degree (max Wy) as the significance
degree of the power supply node because the node of the power supply must be restored
in priority during network restoration.

Step 7: Restore the BS units using V/f control by the BS DGs to maintain a constant
voltage and frequency. The grid is connected in PQ control mode with the DGs that need
to be restored. High-BS DGs use a V/f control method to maintain constant voltage and
frequency, while those with poor scores use PQ control once the connection between BS
DGs is established.

Step 8: Restore DGs without BS capability and some more nodes containing
critical loads.
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Step 9: To maintain the steady operation of the network throughout the restoration
process, it is required to first provide the critical loads with a certain priority. It is also
necessary to assess whether the restrictions (13)—(19) are satisfied. Based on the restored
lines and nodes, go back to Step 8 and choose a new recovery path if a line operation fails
during the restoration process. Repeat Step 8 until the backbone network can be formed
by connecting all DGs. Once the BS procedure is successful and the MGs are fully back in
operation, activate the last loads.

Step 10: Since all DGs are interconnected forming a backbone network with crucial
load supply, restore more loads until all loads are restored.

Figure 4 depicts the flow chart for this restoration strategy.

5.2. Simulation Results

The suggested restoration approach is verified using the IEEE 39-bus system [55]
depicted in Figure 5. The IEEE 39-bus system represents a grid (containing microgrids)
after a major blackout. Before the blackout occurs, this bus system is connected to the
rest of the distribution system of the local Distribution System Operator (DSO) and the
Transmission System Operator (TSO). There are 10 generators in the system, of which
3 are BS units. The generators” data (DG type, the real-time output power, the capacity of
the load, and the SOC of each DG) are given in Table 3. The MILP problem in this paper is
solved using MATLAB R2022a.

The BS capability evaluation model for each DG is constructed in accordance with
Section 5.2, and the total score for the DGs’ BS capability (score) is determined. This score is
displayed also in Table 3. There are two DG groups: those with and without BS capabilities.
In Table 4, the importance degree of nodes in the 39-bus MG system is shown.

DGs without a BS capability must wait to be restored while DG3, DG6, and DG10,
which are BS power sources, are restored first. This way, the most critical loads are restored,
and three separate islands are created. The optimal restoration path represents the route
that derives from the restoration algorithm presented in the flow chart of Figure 4. The
BS unit of each island energizes the node from which both the rest NBS units will retrieve
the required voltage to start operating and to feed the most critical loads derived from
the MILP in the same island. These optimum restoration paths are presented in Table 5.
After that, more loads are supplied, and the three islands are synchronized. These different
restoration steps are depicted in Figure 6.

In Table 6, the total energizing time of each island and for the method presented in this
work is shown. Comparing the restoration time of each island, we find that Island 1 has
the lowest energizing time, which is 115 min, while for Island 2 and Island 3 the restoration
times are 145 min and 165 min, respectively. Thus, Island 1 is selected first and the other
two follow next. After having created the 3 islands, they are then synchronized.

A comparison with previous publications [56-58] where different methods have been
applied demonstrates the benefit of the proposed method presented in this work, shown in
Table 6. The approach in [56] focuses on coordinating the loading level of the generators
with the pickup of important loads. This optimization model is resolved using the global-
best harmony search (GHS). In [57], a unique graph theory based method for restoring
large-scale power systems that have been affected by total blackouts is presented. The
method then applies power system restoration, restoring the created islands in parallel. A
method based on the structure of the community of the complex network theory is used for
creating islands in [58]. The above-mentioned methods have also been applied to the IEEE
39-bus system, and each of them has also created 3 separate islands during its application.
The findings demonstrate that, although the findings are similar (similar islanding, etc.),
the suggested approach in the current work can find restoration paths more efficiently and
faster than the previous research works [56-58].
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Start
(After Blackout)

e |Initialization: Determine and collect network status Step1
data from lines, microgrids, switches and loads.

e Immediately isolate faulted component from the
network to avoid propagation of the fault to other
components using remote and manual controlled
switches other components using remote and manual
controlled switches *

o Create possible network structure considering all tie-
lines using graph theory Step 2
e Model the restoration problem as a MILP optimization

problem
v

* Read the parameters of the DGs

- Step 3
e Calculate the store of black start capability
No -
Black Start Waltl:g t:’be
? restore
o6’ Step 4

Analyze the MG network specifications and weigh the line Step 5

Create a weighted adjacency matrix using the weighted
network in step 5 using eq. (1)-(4). Step 6
Restore black start DGs adopting V/f control Step 7
Restore DGs without black start capability and some Step 8
more nodes
Step 9

Satisfy constant
condition
Equations

e All DGs interconnected to form backbone network with
crucial load supplied Step 10
e Restore more loads

Black start success - All loads restored

Figure 4. Flow chart of the restoration strategy.
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Figure 5. IEEE 39-bus system.

Table 4. Importance degree of nodes in the 39-bus MG system.

Importance Degree of Importance Degree of Importance Degree of

Node No. the Node Node No. the Node Node No. the Node
1 0.4997 14 0.6593 27 0.7499
2 0.5005 15 0.7002 28 0.7509
3 0.7539 16 0.7109 29 0.7520
4 0.7527 17 0.7255 30 0.4250
5 0.5768 18 0.7636 31 0.5999
6 0.5799 19 0.6293 32 0.4652
7 0.7452 20 0.7485 33 0.5492
8 0.7399 21 0.7598 34 0.5559
9 0.6435 22 0.7386 35 0.4359
10 0.4793 23 0.7496 36 0.5656
11 0.5876 24 0.7589 37 0.5099
12 0.7631 25 0.5198 38 0.5293
13 0.6097 26 0.7590 39 0.7390
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Table 5. Optimal restoration paths.

Black Start DGs DGs to Be Restored Critical Loads to Be Restored Optimal Restoration Path
DGS8 30—2—25—37
DG10 DG1 18 30—2—1—39
DG9 30—2—25—26—28—29—38
DG7 35—22—23—36
DG6 DG4 2 35—22—21—16—19—33
DG5 35—22—21—-16—19—20—34
DG3 DG2 12 32—10—11—=31
37
310 i
30 25 264 28 $ 29
v
2 2 *
N 38
18 24
1 4 17
3 GO)
v 35
15
21
22
) 2:
B 36
| = @)
34 33
9 31 10 G (4
@ "5
mmmm Restoration path from black start DG3 (Island 1)
EEE  Restoration path from black start DG6 (Island 2)
Restoration path from black start DG10 (Island 3)
s Synchronizing the 3 islands
B Last load supply

Figure 6. Optimal restoration paths in the IEEE 39-bus system.



Sustainability 2023, 15, 1974 18 of 21
Table 6. Methods for microgrid restoration after a blackout.
Method Island No Generation Bus  Total Energizing Time (min)
1 31,32 115
Proposed method 2 33, 34, 35, 36 145
3 30, 37, 39 165
1 31,32 165
Ref [56] 2 33, 34, 35, 36 185
3 30, 37, 38, 39 200
1 31, 32,39 195
Ref [57] 2 30, 37, 38 195
3 33, 34, 35, 36 180
1 31, 32,39 195
Ref [58] 2 30, 37, 38 195
3 33, 34, 35, 36 180

6. Discussion

The efficiency of the proposed method has been compared with other methods for
parallel restoration of separated islands in [56-58]. Comparisons were made for the IEEE
39-bus test scenario where critical loads and NBS generators are utilized in accordance
with the suggested methodology to produce several islands that will subsequently be
synchronized. The primary goal of an MG restoration is always the quick restoration of
NBS units. The proposed method has advantages in comparison to other methods in terms
of recovering critical loads. Since the initial restored system is vulnerable and has a small
amount of generation capacity, it is practical for system operators to only take on a few
crucial loads during the power system restoration. In comparison to other methods, the
critical loads are picked up much faster using the proposed method and the MCDM.

Given the way switches operate, the load characteristics and the unpredictable behav-
ior of electricity consumers, it is generally improbable that the power loads will change
unpredictably following a blackout. Therefore, the most significant aspects that will impact
the restoration procedure and determine the load of the generators are the pick-up char-
acteristics of loads and the balance between demand and generation. Even after a critical
load’s substation is restored, the load cannot be picked up until the restoration subsystem'’s
total active power output reaches a specific level. The suggested approach has a strong
theoretical basis and may be used to help operators plan for power system restoration
using a bottom-up approach.

7. Conclusions

In this study, a restoration method for MG BS is suggested. First, the electric load’s
weight is evaluated using Multi-Criteria Decision Making. Afterwards, a variation coeffi-
cient method is used to create the evaluation model of DGs’ black start capacity. A diversity
sequence technique eliminates DGs with strong BS capability. The importance level of
nodes is presented, helping to select the best recovery path under the constraints of DGs
and the grid. The BS power unit uses a V/f control method to give the parallel-restored DGs
reference voltage and frequency. A modified IEEE 39-bus MG system is used to confirm
the feasibility of the suggested strategy. The suggested method can be applied to other
radial distribution networks and can be tested on a real system to see how well it works in
real-world scenarios.
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