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Features of multi-agent evaluation
of microgrid systems efficiency in parallel operation
with the power system according to the reliability criterion

Abstract. Ensuring reliable electricity supply to consumers in the face of destruction of critical energy infrastructure
and shortage of generating capacities in Ukraine requires the development of distribution systems and their management
systems. The purpose of the study was to substantiate the development of models for ensuring the optimal structure of
electrical distribution networks under the conditions of connecting micro-networks according to the reliability criterion
in conditions of limited investments. The paper uses a method for assessing the structural reliability of complex electrical
systems with microgrid structures and forms a rational power distribution of such structures according to the criterion
of optimising the reliability indicators of the studied electric power system. A mathematical optimisation model based
on a computational system was proposed, designed to solve non-convex problems with minimising integral reliability
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Features of multi-agent evaluation...

indicators, considering financial constraints and the investment efficiency curve. Based on the research, the possibilities of
optimisation using the BARON solver available on the NEOS server were examined. The results of the model’s performance
are demonstrated using examples, considering the parameters of distribution system objects and their limitations on
network components. An algorithm and programme for solving the problem of targeting power flows of microgrid structures
in multi-node regional power systems are proposed. Algorithms and scenarios for the response of dispatching services are
developed, provided that investments are limited, which will ensure the survivability of the power system as a whole. It is
established that the development of rational electricity flows of microgrid structures will minimise the under-supply of
electric energy by specific load nodes and determine their shares in covering the demand of the energy island in conditions
of power shortage. The findings can be used in the operational management of power systems

Keywords: integrated reliability indicators, microgrid structure, power distribution systems, load balancing, microgrid

dispatching scenarios

INTRODUCTION

In Ukraine, the structure of electricity generation capac-
ities and power grids is undergoing significant changes,
primarily due to the destruction of electricity infrastruc-
ture as a result of hostilities, which leads to disruption of
existing electricity supply schedules, emergency outages,
and significantly increases the integral reliability indica-
tors, which reduces the efficiency of electricity distribution
systems. All this determines the need for appropriate re-
structuring of the network infrastructure based on modern
“smart” systems, the introduction of automation systems
for controlling electric networks, regulating the operating
modes of electric networks and electricity consumption us-
ing manoeuvrable capacities, and the introduction of mi-
cro-networks. These issues are of considerable scientificand
practical interest and are considered by many researchers.

V. Kozyrskyi et al. (2020) proved that ensuring the relia-
bility of power grids requires the introduction of partition-
ing devices and optimised the number and location of these
devices. It was pointed out that the proper configuration of
partitioning equipment significantly reduces repair costs
and increases the reliability of power supply. The mathe-
matical model developed by the authors allows assessing
the economic feasibility and stability of the network for end
users and is aimed at minimising losses from under-supply
of electricity to consumers, but the authors did not con-
sider the presence of microgrid structures in their models.

H. Kruhliak et al. (2023) explored dynamic energy com-
ponent management using state-of-the-art IT technolo-
gies. It offers a real-time energy management strategy. The
synthesis of a micro-network control system, in particular,
its real-time power balance, was investigated. Technical
platforms for implementing the principles of energy man-
agement and remote control of electric receivers are pro-
posed. From the text of the material, it is not clear how the
existing micro-network control systems regulate the relia-
bility of the power supply system.

I. Blinov et al. (2022) focused on the problems of reg-
ulating the modes of electric distribution networks in
Ukraine. Researchers have proposed to implement such
regulation through the management of inverters of renew-
able energy sources, primarily solar power plants connect-
ed to this network, according to the “Smart Grid” concept.

The researchers did not consider the expediency of com-
plex regulation of modes with a restriction in the form of
integral reliability indicators.

The paper by O. Kyrylenko et al. (2021) considered op-
tions for using electricity storage systems in electric net-
works. The researchers formalised a general approach to
solving the problems of efficient use of electricity storage
systems in electric networks as a means of improving the
reliability and uninterrupted power supply to consumers.
Mathematical models for evaluating the efficiency of their
use and determining the optimal configuration are pro-
posed, in particular, for regulating the modes of electrical
networks in accordance with the “Smart Grid” concept. The
researchers focused on improving consumer reliability, but
did not investigate how this affects the reliability of distri-
bution system objects.

H. Bielokha et al. (2023) proposed a transition to low-car-
bon economic development through profound changes in
the functioning of energy systems through the use of their
hybrid forms, which the researchers consider to be key ac-
tive agents. However, it is noted that the stochastic nature
of renewable energy creates problems that are proposed to
be solved based on the mathematical approach of the logic
of service dominance. This approach opens up new oppor-
tunities, in particular, in interaction with other participants
in the energy markets and in preserving the environment.
It is indicated that the developed models for optimising the
technical and economic indicators of hybrid energy sys-
tems helped to reduce costs by 14.7%, but the duration of
interruptions in power supply systems was not considered.

E. Bardyk & N.P. Bolotnyi (2023) developed a fuzzy
classifier to assess the technical condition of power trans-
formers in case of ambiguity in diagnostic data. The re-
search was based on fuzzy set theory and optimisation
methods using the Takagi-Sugeno fuzzy inference system.
The results consist in creating a prototype of an expert sys-
tem for assessing the technical condition of transformers
from the standpoint of reliability. This approach formalises
expert assessments of the condition of transformers, which
allows making objective decisions about their maintenance
strategy. It is worth noting that the power transformer is
a key element of electrical distribution networks, but the
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influence of processes occurring in it from the existing mi-
crogrid structures that it heals has not been studied.

The optimal composition, location, and coordina-
tion of the operation of switching devices and protective
equipment in the context of ensuring the reliability of
air distribution networks was determined by V. Popov et
al. (2022). To solve the problem, various reliability indi-
cators were simultaneously optimised and an approach
based on a modified greedy optimisation algorithm was
proposed, which automatically adjusts the weights of in-
dicators at each iteration to evenly improve all aspects
of reliability, but when determining the optimal com-
position of reliability improvement tools, the presence
of microgrid structures in networks was not considered.

H. Bila et al. (2022) considered the global optimisation
problem using the BARON (n.d.) package — a computing sys-
tem for solving non-convex optimisation problems to global
optimality. It is proposed to use this software to solve purely
continuous, integer and mixed-integer nonlinear problems
by combining constraints, interval analysis, and duality in
the arsenal of reductions with advanced concepts of branch-
es and connections and forming a path through the hills
and valleys of complex optimisation problems in search of
global solutions, but in this paper a generalised description
of the capabilities of the optimisation package was made.

In the study A. Zharkin et al. (2022), methods for de-
termining optimal shutdown locations in distribution net-
works were considered and the use of remote-controlled
switching devices was proposed, which is important for
cyclic load changes. It is indicated that new technological
solutions have made it possible to reduce energy losses
and conduct dynamic network management. Strategies
and management algorithms based on the economic effect
criterion were implemented, but the presence of microgrid
structures was not considered.

A method for quickly and accurately determining the
bestlocation of a partitioning device in distribution networks
with a tree structure has been developed by V. Bezruchko et
al. (2023). Its application to medium-voltage networks with
a vacuum switch was investigated. Systems with automatic
load switching and a secondary switch were analysed and the
reduction of under-supply of energy to consumers was op-
timised, but inaccuracy in the development of a mathemat-
ical model for determining reliability indicators was made.

The analysis of scientific sources shows that the com-
bination of modern tasks to ensure the reliability and qual-
ity of electricity supply to consumers in the conditions of
increasing the share of renewable energy sources and the
introduction of Smart Grid technologies determines the
relevance of creating optimal scenarios for the develop-
ment of regional micro-networks to improve the reliabil-
ity indicators of the electric power system to which they
are connected, with initially defined means of improving
reliability in conditions of limited investment resourc-
es. That is why the purpose of the current study was to
develop and substantiate approaches aimed at ensuring
the managed functioning of regional micro-networks to

Gai et al.

improve the reliability of electricity supply to consumers.
In order to achieve this goal, the task of creating algorithms
and scenarios for the development of micro-networks was
solved under the condition of limited investment resources
and the need to provide electricity to consumers in case of
various emergencies in a centralised power supply system.

MATERIALS AND METHODS

To ensure optimal scenarios for the development of elec-
trical distribution networks, including microarrays, the
theory and methods of mathematical programming were
used. Optimisation problems were formulated as non-line-
ar programming problems. The AMPL modelling language
was used to describe them. The problems were solved using
the BARON (Branch And Reduce Optimisation Navigator)
solver — a computational system for solving non-convex
optimisation problems up to global optimality — from the
NEOS server (GAMS/BARON, n.d.; NEOS Server..., n.d.).
The development of the model and all calculations were
carried out with reference to the real economic relation-
ship between the distribution system operator and the su-
pervisory authority — the National Commission for State
Regulation of Energy and Public Utilities (NCREPU) (Res-
olution No. 374, 2018)

The model for improving the reliability of the power
supply system, in terms of reducing the resulting SAIDI
(System Average Interference Duration Index), is based
on the typical scheme shown in Figure 1. It consists of
sections of lines between the corresponding nodes of the
scheme L;, loads P, and the number of consumers in these
loads N.. Loads, if they are combined by certain conditions,
form groups of loads that are indicated by large Latin let-
ters and are accepted by the zones of microgrid formation.
The diagram contains heterogeneous means of operational
switching: B_1 — input switch, DS _i - disconnectors, RR i —
reclosers, etc.

156,56 ©

L12,C12 L45, C45

P32
Bt 4 PP N
L13,C13 ﬁ L34,C34 L47, C47, 7

L38, C38

B_1
L01, co1

0 v P2N2

Figure 1. Typical electrical diagram
of distribution system facilities.
Note: B_1 - input switch; Lij — section length, Cij — price
characteristic of energy transfer by section, DS _i — discon-
nector, RCR i - recloser, Pi — power consumption of the load
node, Ni — number of load node subscribers

Source: compiled by the authors
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The network structure was developed in accord-
ance with the technical requirements of IEC TS 62898-
4:2023 (2023). The presence of microgrids in the structure
of the electrical distribution network, from the standpoint
of power supply reliability, significantly depends on the
possibility of microgrids operating in island mode. There
are several options for the microgrid operation mode in the
absence of a centralised power source:

1) offline operation is not possible;

2) “black” start is possible;

3) autonomous operation of the microgrid system with
a certain load limit is possible;

4) full autonomous operation of the microgrid system
is possible.

These modes of operation of microgrid structures af-
fect the effectiveness of certain means of improving the re-
liability of both technical and organisational ones. Accord-
ingly, in the developed mathematical models, to assess the
optimal specification of measures and the choice of places
and the number of installed elements for improving reli-
ability, zones of development of microgrid structures are
considered, in which it is impossible to achieve the relia-
bility targets by available means.

When analysing the resulting reliability of the struc-
ture, individual reliability indicators of all consumers con-
nected to this structure were calculated. Based on these
values, the resulting assessment of the effectiveness of the
structure as a whole was compiled according to method of
V. Kozyrskyi et al. (2020).

To solve this problem, the classical methods of
V. Kozyrskyi & O. Gai (2013) and R. Allan (2013) for de-
veloping a series of replacement schemes individually for
each consumer were used, indicating the typical time of
power supply restoration: a transparent rectangle means
that the time of power supply restoration is proportional
to the time of emergency restoration, and a shaded rec-
tangle is proportional to the time of fault detection and
localisation. The following assumptions were made re-
garding the possible, from the standpoint of reliability,
features of the functioning of microgrids of the structure
in accordance with the previously developed operating
modes in accordance with the technical requirements of
IEC TS 62898-4:2023 (2023), namely:

1) Ni - Ni'
2)N;=N;- (D),
3) Ni =X;- Ni (1)
4)N, =0,

where f(t) — function of changing the time and efficiency
of the specified “black” start mode, the value of which lies
in the range from 0 to 1 and changes in time in accord-
ance with the capabilities of the means of automatic start
of microgrids of the structure in island mode of operation;
x, — indicator that reflects the possible degree of provid-
ing power to consumers of the microgrid system in offline
mode and takes the value 0 < x, < 1.

RESULTS AND DISCUSSION

As part of the study, the structural reliability for the circuit
in Figure 1 was analysed, and a corresponding series of re-
placement schemes for all P, consumers was generated, as
shown in Figure 2.
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Figure 2. Replacement schemes in terms
of reliability for consumers

Notes: Roman numerals I-IV — zones of microgrid struc-
tures; 01,..., 56 — equivalent elements of the replacement
scheme for the corresponding sections in terms of structural
reliability; reliability indicators; P, - power consumption of
the load node, N, - number of load node subscribers
Source: compiled by the authors

It is worth noting that in the case shown in Figure 2,
consumers 3 and 4 are in identical conditions, and there-
fore, 4 substitution schemes were chosen, which are indi-
cated by Latin numbers, which are possible zones for the
development of microgrid structures. It is accepted that
consumers are equidistant from the location of the oper-
ational field repair team of the distribution system opera-
tor, and therefore, the model of finding the recovery time is
simplified and taken as a basis:

Lfast switching = 2 hours,
trepair = 6 hours. )

Accordingly, the reliability indicators for these struc-
tures were calculated using the equation (Kozyrsky &
Gai, 2013):

Wpj Zijj'
Yo 3)
i =T

where j — total number of power grids on which the pow-
er supply to the i-th consumer depends; w,, - frequency of
power supply failures in the Pi-th consumer; z,, - time to
restore power supply in Pi-th consumer; w, - failure rate of
the j-th section; 7, - time of restoration of power supply to
the j-th section,;

Reliability indicators SAIDI . and SAIFI, . ob-
tained as a result of the operation of a particular dis-
tribution system facility are defined by the following
expressions:
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itpi-Npi
SAIDIpractical = 2 ,P ,P ’
ZLNPL 4
SAIFT oiea) = 2208 @
practical — YiNpi

where i — total number of actual emergencies in the elec-
trical network of the distribution system operator under
study; Yn. - total number of consumers that are discon-
nected during long emergency breaks is actually the alge-
braic sum of the products of the failure rate for each con-
sumer group w,, by the number of accounting points N, in
this group; n = 3 N,, - total number of accounting points
(in the selected research object, it is assumed that this
number is equal to the number of authentic substitution
schemes, which are indicated by Roman numerals in Fig. 2,
thatisn=4).

For theoretical research, the study moves on from the
actual data on outages (t,,, N,), which form a certain sam-
ple, up to the mathematical expectation of a certain event,
which is characterised by the normal distribution law and
the time for restoring power supply z,, and failure rate w,,
are determined.

Z;pj wpj'Npj

SAIDIiheoretical = ¥ Np;
X} wpjNpj ®)
SAIFIipeoretical = W:

where j - total number of combined consumer groups
(G =1.IV).

Based on a sufficiently large sample of data corre-
sponding to the objects of distribution system operators:

SAIDIpractical = SAIDItheoretical! (6)
SAIFIpractical = SAIFItheoretical-

It is assumed that the transition from the state of nor-
mal operation of groups of electric consumers, when in an
emergency situation in the electrical network, groups of
consumers are de-energised according to Figure 2 (which
corresponds to the state x; = 1), to the state of operation of
the system with microgrid structures according to criterion
4 is carried out in accordance with equation (1) (which cor-
responds to the state x; = 0). In this case:

_ LTy wpj-Npj(x))

SAIDItheoretical - YjNpj
(7)
™ wpiN, i"(x7)
SAIFItheoretiCal = %

To describe the effectiveness of investments (Eff(x)) in
newly developed microgrids, a logistic or sigmoidal func-
tion is used:

Eff() =1— —a= ®)

where k — parameter that determines the steepness of the
transition, and x0 — point where the function reaches the
value 0.5 (Fig. 3).

Gai et al.
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Figure 3. Graph of the dependence
of capital investment efficiency
in the development of microgrid structures
Source: compiled by the authors

Accordingly, having similar expert assessments for
each possible microgrid structure, the investment level
was optimised according to the criterion of minimising
the SAIDI indicators of the overall structure, provided
that the investment fund is limited (C). Thus, two optimi-
sation functions are formed:

XjNpj

{SAIDI — ZiTey@pyNpy(xp) min,

X7 wpjNpj(x;)
ZjNpj
¢ Eff () < C,

OSXjﬁL

(saIFI = - min,

(10)

where j - total number of combined consumer groups
¢ = L..IV); ¢, - amount of capital investment for the full
implementation of the development of microgrids of
the structure according to the fourth feature based on
expression (1); Eff(x) — sign of the efficiency of capital
investments during the transition from the first to the
fourth features of the functioning of microgrids of the
structure according to the reliability criterion based on
expression (1).

Thus, the search for the optimal solution with a lim-
ited financial resource C leads to the most efficient distri-
bution of the levels of internal electricity supply to con-
sumers for the existing power supply scheme and possible
microgrid structures. The results of the mathematical
experiment are interpreted and it is indicated that as a
result of optimisation, the smaller is x, the more efficient
is this microgrid structure to be involved in the reliability
management of the object of study. Problem (9) and (10)
are described using the AMPL code:
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# parameters and variables

param n := 4; param C_1 := 7;

param p{i in 1..n}; param c{i in 1..n};
param k{i in 1..n}; param x0{i in 1..n};

var x{i in 1..n} = 0 = 1;

# objective and constraints
minimize obj: sum {i in 1..n} p[il*x[i];

subject to conl: sum {i in 1..n} c[i]*(1.0-1.0/(1.0 + exp(-k[i]l*(x[i]-x0[i1)))) = C_1;

option baron_options ¢barstats outlev=1 maxtime=120’;
problem NLPa: obj,x,conl;

Accordingly, the input data for the AMPL test case and the BARON solver run are formed as follows:

# prepare the Data
data;
# Data SAIDI

let p[1]1:=263.8919308; let p[2]:=149.9870317; let p[3]1:=819.27233u0; let p[u]:=3U6.4U81268;

# Data SAIFI

#let p[1]1:=0.7330331412; let p[2]1:=0.5015489914; let p[3]1:=2.494776657; let p[u]:=1.1992u3516;

let c[1]:=5; let c[2]:=5; let c[3]:=9; let c[u]:=6;

let k[1]:=10; let k[2]:=10; let k[3]:=10; let k[u4]:=10;

let x0[1]:=0.5; let x0[2]:=0.7; let x0[3]:=0.3; let x0[4]:=0.5;

display p,c,k,x0;
display C_1;

solve NLPa; display obj, _solve_time;
display x;

A mathematical experiment was performed for the
scheme shown in Figure 1, in accordance with the initial
information provided by the distribution system operator
regarding the number of accounting points (N,), which
are part of the scheme for certain groups of consumers
Pi (Table 1) and parameters of line lengths of the electric
power circuit segment (Table 2). Using expression (5), the

reliability indicators of the research object for the imple-
mentation of the recommended innovations are calculat-
ed and obtained:

X Tpjwp; Np;

SAIDIeoretical = % Np; = 1,579. 6 min;
n “Npi
SAIFIipeoretical = % = 4.93 times.

Table 1. Parameters of combined load groups of the electric power scheme segment

Pi I

111 1\

N. 323

570 274

Notes: Pi - power consumption of the load node, N, - number of load node subscribers

Source: compiled by the authors

Table 2. Parameters of line lengths of the power circuit segment

Land plot
number ij

01 12 13

34 45 56 47

2.7 3.2 1.5

3.6 2.2 1.8 4.1

Notes: L, - plot length
Source: compiled by the authors

Asaresult of calculations using the BARON solver from
the NEOS server, a result was obtained that shows that the
optimal value of the indicator SAIDI =780.4984666 to find
this value, 692 iterations were implemented, which helped
to distribute a limited investment resource of 7 units

between a possible four microgrid structures (Fig. 1) in
the ratio 1 — 0.654453; 2 - 0.930648; 3 — 0.300806; 4 -
0.640115, it is worth noting that the closer the result is to
zero, the more investment resources should be spent on
this particular facility:
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Iteration Open nodes Time (s) Lower bound Upper bound
11 0.06 592.312 780.498

* 138 6 0.32 741.616 780.498

* 531 9 0.70 780.105 780.498

692 0 0.83 780.498 780.498

Calculating duals

**% Normal completion ***

Wall clock time: 0.84

Total CPU time used: 0.83

Total no. of BaR iterations: 692

Best solution found at node: 531

Max. no.
All done

of nodes in memory: 13

Gai et al.

BARON 23.3.11 (2023.03.11): 692 iterations, optimal within tolerances.

Objective 780.498U666

Objective lower bound = 780.497572145, upper bound = 780.498352643

barstatus = 1, modelstatus =1
max nodes in memory = 13
optimum found at node 531
Baron run time (excluding setup) = 0.83 seconds
obj = 780.498

_solve_time = 0.846831

x [*] :=

1 0.654453

2 0.930648

3 0.300806

4 0.640115

i

sum{i in 1 ..

Table 3 summarises the results of calculations and
evaluates the effectiveness of capital investments in the

n} cl[il*(1 - 1/(1 + exp(-(k[il*(x[i] - x6[i1))))) = 7

development of microgrid structures according to the re-
liability criterion.

Table 3. Initial information on investment efficiency and modelling results in the NEOS Solver

1 I 1 v SAIDI_ ~ SAIFI_, A A% RIG%
5 5 9 6
0.5 0.7 0.3 0.5
X su 0.654 0.931 0.301 0.640  780.498 799.10 50.59 7.23
X 0.669 0.919 0.309 0.618 2.462 2.468 50.06 715

j SAIFI

Note: j - total number of combined consumer groups (j = I..IV); ¢, - amount of capital investment for the full implemen-
tation of the development of microgrid structures according to the 4 feature according to expression (1); x,; - point
where the function Eff(x)) reaches a value of 0.5; x, ,,, — solutions of the objective function for certain combined groups
of consumers (j = I..IV) when optimising SAIDI; x, ., — solutions of the objective function for certain combined groups of
consumers (j = I..IV) when optimising SAIFI; A, A,% - reduction of the reliability indicator in named and conventional units,
A, % / C - value of capital investment efficiency per conventional unit of resource spent from the investment programme

Source: developed by the authors using NEOS Solver (n.d.)

Table 3 summarises the results of a mathematical ex-
periment that determines the optimal distribution of avail-
able limited investment capital, provided that it is directed
to increase a certain legally regulated reliability indicator
(SAIDI and SAIFI are considered in the model). It is worth
noting that the use of limited investment capital in this way
partially compensates the owners of microgrid structures for

investment in their development and significantly improves
the reliability indicators of distribution system operators.
For example, in the proposed version, the improvement in
reliability indicators will be slightly more than 50%, while
%/ C — efficiency of capital investments per conventional unit
of resource spent from the investment programme is slight-
ly more than 7% per 1 conventional unit of resource spent.
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The study by A. Muhtadi et al. (2021) focuses on in-
tegrating microgrids into electrical distribution systems to
improve their reliability. At the same time, the research-
ers focused more on key aspects of microgrids based on
distributed energy resources (DER) and modelled the im-
pact of DER, electric vehicles (EV), and energy storage
systems (ESS) on network sustainability. It is worth not-
ing that approaches to ensuring reliability vary: since the
current study focuses more on mathematical optimisation
and algorithms, while A. Muhtadi et al. (2021) analyse the
impact of specific technologies and management strategies
on the practical aspects of implementing DER, ESS, and EV
to improve network reliability and sustainability.

M. Sandelic et al. (2021) explores the issue of sustain-
able electricity supply using microgrids using distributed
energy resources, which is consistent with this research.
Special attention in the study was paid to improving the
methods of reliability assessment through the analysis of
wear of power electronics and its impact on the system,
this approach is more technical, considering the algorithms
and response scenarios of dispatching services under the
condition of limited investment, which allows ensuring the
survivability of the power system. It is important to note
that the study by M. Sandelic et al. (2021) did not analyse
the impact of the reliability of microgrids on the develop-
ment of new procedures for designing and planning future
microgrids, which is an important aspect for ensuring the
long-term reliability and efficiency of microgrids.

Comparison of the findings of this study with the sci-
entific proposals of V.K. Garg et al. (2020), who developed
the optimal PV-BESS-based microgrid structure to provide
stable electrical energy in the face of load changes and
power shortages in rural India, showed that their study did
not analyse the possible risks or limitations that may arise
when implementing microgrids, in particular, in terms of
the reliability of power supply systems.

Comparison of this study with the approaches of
C.A. Cortes et al. (2017), who proposed an iterative pro-
cedure for optimal design of the microgrid topology in
active distribution networks, based on graph breakdown,
integer programming and performance index for optimal
design, however, the researchers did not consider the re-
liability indicators of microgrids under variable load and
equipment failures, which affects the survivability of both
microgrids and the distribution system as a whole, and did
not form recommendations on the influence of the relia-
bility of microgrid structures on the development of new
patterns of design and planning of electrical networks of
distribution system operators.

When analysing the results, it is worth referring to the
study by S. Peyghami et al. (2021), which developed the
reliability model of power electronic converters and inves-
tigated their impact on the reliability of the power system,
but their study does not cover the analysis of the possible
impact of reliability on the survivability of the power grid
in conditions of failures in the power system itself, and did
not conduct mathematical optimisation and did not form

algorithms that allow minimising integral reliability indi-
cators, considering financial constraints.

B. Zhang et al. (2020) developed a hierarchical struc-
ture for evaluating the reliability of an electric power sys-
tem and considered it from the level of a power electronic
converter to the general system. However, it is worth noting
that the developed models allow obtaining an estimate of
the reliability indicators of microgrid structures consider-
ing the system level, but do not form an integral assessment
of the reliability of the influence of microgrid structures on
the resulting efficiency of distribution systems as a whole.

When comparing the results, it is worth referring to
material of X. Guo et al. (2024), where the researchers re-
viewed an integrated index system that takes into account
two-level performance and reliability indices, and proposed
an agent-based model for modelling physical objects and
energy dispatching strategies. The researchers focused on
developing indexes, but did not consider exactly how the
integrated reliability assessment index system takes into
account the interaction between maintenance strategies
and limited investment resources.

Comparison of the results obtained with the findings
of K. Pang et al. (2024), who proposed a new method of
long-term planning based on deep learning in the face of
various uncertainties, in which the micro-network acts as a
backup energy source. They show that in the development
of microgrid, it is important to resolve the issue of redistri-
bution and dating of various technical solutions according
to the criterion of minimising reliability indicators with a
limited investment resource.

In order to compare the conclusions obtained, it is nec-
essary to refer to the study by P.S. Meera et al. (2022), which
provides an overview of the impact of distributed genera-
tion on reliability, considers various methods for evaluat-
ing the reliability of the distribution network — analytical,
simulation, and hybrid, which affect the optimal placement
of switching devices, the use of distributed generation and
network reconfiguration, in contrast to this study, where
the proposals are evaluated not only from the standpoint
of the facility owner, but also consider aspects of improving
the efficiency of the distribution system operator as a whole.

It is advisable to compare the findings with the devel-
opments of A. Nargeszar et al. (2022), which assessed the
impact on the reliability of microgrids of changes in the
energy characteristics of renewable resources, such as wind
speed, tidal flows, and solar radiation, based on the devel-
oped equations, but these researchers, unlike the present
study, did not interpret the proposed models on the level
of centralised power supply and did not assess the possible
impact of the reliability of microgrid structures on the effi-
ciency of the system as a whole.

When formulating and approving the investment pol-
icy of a distribution system operator in terms of ensuring
the planned performance in terms of reliability, it takes a
long time to develop adequate responses and scenarios.
This introduces significant restrictions on the develop-
ment of timely management decisions and assessments of
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effective areas for the development of investment policy
to optimise comprehensive indicators of the reliability of
the distribution system operator.

As a result of the current study, a mechanism for par-
tial compensation of the cost of forming microgrid struc-
tures through the rational allocation of funds from the
investment programme of the distribution system opera-
tor, the purpose of which is to increase the efficiency of
electricity supply to consumers in modern conditions, has
been proposed. A method for finding the optimal values
of reliability indicators has been developed based on the
distribution of the “depth” of microgrid structures at the
facilities of distribution system operators, which is formed
by the distribution system operator. It is indicated that
this approach can be used as an additional tool for the de-
cision-making system in the operational dispatching man-
agement of regional energy systems and the assessment of
effective areas for the development of investment policy,
the purpose of which is to optimise the integral reliability
indicators of the distribution system operator.

CONCLUSIONS

As aresult of the research, the main goal was achieved - to
substantiate the creation of models for ensuring the op-
timal structure of electrical distribution networks under
the conditions of connecting microgrids, considering the
criterion of reliability and limited investment. A method
for assessing the structural reliability of complex elec-
trical systems with microgrid structures was developed,
which helped to develop a rational power distribution of
such structures, optimising the reliability indicators of the
electric power system under study. The proposed mathe-
matical optimisation model based on a computational sys-
tem proved to be effective for solving non-convex prob-
lems with minimising integral reliability indicators, taking
into account financial constraints and the investment
efficiency curve. The use of the BARON solver available
on the NEOS server confirmed the possibility of optimi-
sation, demonstrating the results using examples, consid-
ering the parameters of distribution system objects and
their restrictions on network components. Using the ba-
sic example, the efficiency of the proposed solutions was
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demonstrated in the form of slightly more than 50% im-
proved integral reliability indicators and the relative co-
efficient of investment efficiency per conventional unit of
resource spent from the investment programme was deter-
mined, which was slightly more than 7% per 1 convention-
al unit of resource spent. An algorithm and programme for
solving the problem of targeting power flows of microg-
rid structures in multi-node regional power systems was
developed, which allows ensuring the survivability of the
power system under the condition of limited investments.
The results of the study showed that the development of
rational electricity flows of microgrid structures minimises
the under-supply of electric energy by specific load nodes
and determines their recommended shares in covering
demand in conditions of power shortage. The results ob-
tained are recommended for use in operational and stra-
tegic management of energy systems, which would help to
increase their reliability and efficiency of using a limited
investment resource.

An important area for further research is to combine
methods and models for optimising the number and types
of reliability enhancement equipment with the introduc-
tion of microgrid structures to increase the investment
attractiveness of such technical solutions. It is also ad-
visable to conduct additional research on the efficiency
of investments in each specific microgrid structure and to
form integral dependencies of the technical and economic
efficiency of island modes and the development of a solu-
tion based on a multi-criteria Pareto-optimal for a certain
group of reliability indicators, since the developed model
showed that the optimal solution is slightly different for
different reliability indicators.
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Oco6UMBOCTI MyNIbTUAreHTHOI OLLIHKU e(PEeKTUBHOCTIi po6oTu
cUucTeM MiKporpig npu napanenbHi po6oTi 3 eHeprocucrteMoro
3a KpuTepieM HaginHoOCTI

AHoTaUif. 3a6e3reueHHs HAZiTHOTO eJIeKTPOTIOCTaYaHHS CIIOKMBAUIB 38 YMOB PYiiHYBaHHSI KDUTUYHOI €HEPTeTUYHOT
indpacTpykTypu Ta nediunTy reHepyBaJIbHUX MOTY)KHOCTEI B YKpaiHi OTpedye PO3BUTKY CUCTEM PO3TIOAITY Ta CUCTEM
KepyBaHHSI HUMU. MeTo10 JoCTiasKeHHS 6y/10 OOIPYHTYBaHHS CTBOPEHHS MOfesielt 3abe3neueHHs ONTUMaIbHOI CTPYKTYpU
PO3MOAINbHNUX eIeKTPUYHUX MepeX 32 YMOB MPUESHAHHS MiKpOMepesk 3a KpUTepieM HaliifHOCTi B yMOBaxX 0OMeXeHUX
iHBeCcTUIIiiHUX BKIaZeHb. B po60Ti 3aCTOCOBAHO METO[, OLIiHIOBaHHS CTPYKTYPHOI HAAIHOCTI CKIAAHUX eeKTPUIHUX
CUCTEM 3 MiKpOTpif, CTpyKTypamu Ta chOpMOBAHO palliOHAIbHMIT PO3IOAI MOTYKHOCTI TAKMX CTPYKTYP 3@ KpUTepieM
ONTMMi3allil MOKa3HMKIB HaJliiHOCTi AOCIIKyBaHO1 e/IeKTPOeHepPreTUYHOI cucTeMU. Bysio 3alIpolIoOHOBaHO MaTeMaTUYHY
MOJIe/b OINTMMi3allii Ha OCHOBI 06UMCTIOBAILHOI CHCTeMM, TPU3HAUYEHY /IS PO3B’SI3aHHS HeOYK/IMX 3a7a4 3 MiHimizallieo
iHTerpaybHMX MOKA3HMKIB HAIiHOCTI, BpaxoByIoun hiHaHCOBi 06MeskeHHS Ta KpUBY e(eKTMBHOCTI KamiTaaoBkiageHb. Ha
OCHOBI JOC/Ti/I3KeHb PO3IISIHYTI MOXKIMBOCTI ONTMMI3allii 3 BuKopucranHusam coiisepa BARON, noctynHoro Ha NEOS cepsepi.
Pe3ynbTaT epeKTUBHOCTI MO JeMOHCTPYIOThCS Ha TIPUKIALax, BPAXOBYIOUM IMapaMeTpu 06’ €KTiB cuCTeM PO3IOLITY
Ta ix 06MeKeHHS Ha KOMIIOHEHTH Mepexki. 3aITporoOHOBAHO aITOPUTM i MpOrpamy IJisl pO3B’sI3yBaHHS 3a1aui alpecHOCTi
MIOTOKiB MOTYKHOCTI MiKpOTPif, CTPYKTYp y 6araToBy3/I0BUX perioHaIbHUX eHeprocucTeMax. ChopmoBaHO airopuTmu ta
ClieHapii pearyBaHHS IUCTIETYEPCHKIX CTyKO 32 YMOBM 06MeKeHOCTi iHBECTUIIITHUX BKIaJeHb, 110 O3BOIUTH 3a6e3MeunTn
SKMBYUICTh €HePrOCUCTEeMMU B LiiIoMy. BcTaHOB/IEHO, 1110 HOPMYBaHHSI palliOHaJbHMX MTOTOKIB eJIeKTpoeHeprii Mikporpiz,
CTPYKTYD L03BOIUTD MiHIMi3yBaTy HEJOBIAITYCK €JIEKTPMYHOI eHeprii KOHKPeTHMMY By3/1aMy HaBaHTa)XeHHS i BUSHAYaTU
iX YaCTKM y TIOKPUTTI IOTIUTY €HePTroOCTPOBA 32 YMOB AedilluTy MOTYKHOCTI. Pe3ynbTaTi DOCTiIKeHHSI MOKHA BUKOPUCTATU
B OIepalliifHOMY yIIpaB/liHHI eHeprocucreMamMmu

Knio4oBi cnoBa: iHTerpajibHi MOKa3HUKM HAIiHOCTi; MIiKpOTpiZ CTPYKTYpM; CUCTEM PO3IOLIY eeKTPOeHeprii;
6aaHCYBaHHS HaBaHTaKeHHS ; ClieHapii nucreTyepusanii Mikporpiz
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