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ABSTRACT

The article proposes a solution to the problem of improving the quality and efficiency of control systems for transactive energy
systems, which are characterized by repeated periodic changes to their architecture. Information technologies are expanding the
capabilities of microgrids, one such technology being the Internet of Energy (IoE). I0E is a global interconnected network consisting
of smart grids interacting with each other via information technologies. IoE facilitates the convergence of cyber-physical and
economic indicators of network operation, providing the ability to improve control quality by predicting expected changes in
dynamics. The proposed solution for I0E control optimization is based on load change forecasting technology, ensuring efficient
power distribution between generators and an optimal generator on/off schedule. The optimization criterion and constraints are
formulated mathematically. The proposed load forecasting technology is based on the use of the eigenvalues of the state matrices of
the transactive energy system. The results of calculating the eigenvalues calculated by the methods of the first group (the Power
method and the Khilenko method) and the second group (the Krylov method and others) are presented. The article considers a
transactive system with a variable structure based on the Internet of Energy, which can consist of a different set of generation sources,
solving an optimization problem based on technical and economic criteria. The solution of the optimization problem of minimizing
the cost of primary fuel for diesel generators to reduce costs and reduce CO2 emissions using power distribution programs for
forecasted load schedules and forecasted RES schedules is demonstrated using examples of two transactive systems.
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INTRODUCTION

The development of modern energy is moving
towards diversification of both generators and
consumers of electricity.

At the same time, the introduction of new
solutions in various industries leads to the
emergence of new consumer groups (autonomous
cars, cryptocurrency transactions, etc.) [1], [2], [3].
and an increase in the efficiency of electricity
generators (increased efficiency of solar panels,
wind generators, etc.) [3], [4], [5] creates additional
volumes of electricity that can be quickly used in
local networks.

Accordingly, transaction energy systems that
ensure the interaction of individual clusters of

© Khilenko V., Bielokha H., Denysiuk S., Stepanov O.,
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generators and producers are increasingly becoming
a standard solution for meeting the needs and
ensuring the efficient functioning of the energy
market for all its participants. In general, the further
development of the energy market with the
expansion of the involvement of distributed energy
resources requires the use of the latest advances in
information technology to provide the ability to
effectively and safely manage complex distributed
systems with Big Data processing [6], [7], [8].

An important problem of ensuring the stable
operation of the power system is to ensure real-time
control, which involves a certain level of control
center speed.

Solving this problem in the conditions of
growing volumes of information, the number of
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power grid participants, the complexity of the
network structure and other factors requires the use
of specialized software and algorithmic support.

The interaction between systems with several
heterogeneous energy carriers makes it possible to
achieve affordable and clean energy, using energy
resources in a more expedient way ensuring the stable
functioning of the power system requires the use of
multi-criteria optimization and smart control methods
to determine the optimal system structure at a given
time and the optimal distribution of energy received
from different sources in order to maximize the
efficiency of the entire system as a whole. A solution
to this problem can be based on the use of load
change forecasts, which is especially important for
systems with periodically variable architectures,
where generator activation and deactivation as usual
performed according to predetermined schedules. An
adequate, real-time forecast of expected load
increases or decreases will enable the control system
to immediately respond and make the necessary
adjustments to  generator  operating  modes.
Consequently, this control optimization will improve
the stability of the power system and ensure efficient
generator operation, delivering economic benefits
through optimized fuel consumption. (At the same
time, this affects the solution of an important
problem: the smart control system must to maximize
the reduction of emissions into the environment and
minimize the costs of energy production.). The load
change forecasting technology presented below is
based on the estimation of the eigenvalues of the state
matrices of a transactive power system. In the current
work, without loss of generality, a model comparative
analysis is carried out using the example of the
operating parameters of two microgrids with different
types of renewable energy generators.

In this case, the proposition that a transactive
(TE) power system allows interaction in such a way
that all levels of energy production and consumption
can exchange information with each other and,
accordingly, carry out purchase and sale operations is
considered valid. This approach offers several
advantages over the traditional energy system, such as
better use of network assets, increased customer
satisfaction, and reduced energy costs [9].
Automation and robotics are the basis of energy
systems, requiring the creation of appropriate smart
control systems and the solution to the scaling
problem.

THE THEORETICAL BACKGROUNDS

The application of such a concept as transactive
energy in combination with Microgrid has created

new paradigms for study in this sector. Theoretical
research on this topic is relevant, given the interest
of the energy market in systems that integrate
renewable energy sources (RES) in the Microgrid
network and, accordingly, improve the solution of
environmental problems in certain territories. Thus,
Microgrids built on the TE ideology are an attractive
solution, but the implementation of which is
associated with a number of technological problems.
The general scheme of the TE system that combines
Microgrid clusters based on traditional generators
and RES clusters is shown in Fig. 1.

Cluster of Centralized
Energy Metworks

(1)

Cluster of
Microgrids

Smart Control
System

Technical Support
Subsystems

RES Cluster
(t3)

(12)

Cybersecurity System

!

NRES Clustier

(t4)

Fig. 1. The general diagram of the transactive

system
Source: compiled by the authors

The problem of synchronizing the functioning
of individual clusters with different inertia (ti) is
emphasized by the transition process parameters
presented in Fig. 1, which can be significantly
different for different clusters.

Internet of Energy IoE is driving the convergence
of cyber, physical, and economic performance of the
electricity grid [10], [11], [12], [13]:

— most loE devices will have and/or require
connectivity to the Internet.;

— loE devices must work together to perform
various functions in the electricity value chain and
its demand;

— new market participants will emerge, such as
aggregators, consumer buyers, distributed producers
(DERS), and microgrids;

— a large amount of data will be generated,
stored, or processed in real time.

Connecting devices to the Internet of Energy
poses a cybersecurity challenge for grid operators
and all parties involved. This requires investments in
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technology to ensure the integrity and security of all
devices on the network.

The sheer scale of 10T networks, which can
span thousands of devices, poses challenges for
scaling security mechanisms. Solutions must
maintain performance while protecting the vast
number of devices on the network.

Modern technologies, including blockchain,
artificial intelligence (Al), edge computing, and
guantum-resistant cryptography, are used to ensure
the cybersecurity of 10E systems [14].

The authors of the article [15] indicate that
blockchain can transform the Smart Grid by moving
from a centralized to a decentralized architecture,
increasing security against attacks through data
immutability and transparency, and optimizing
transactions through smart contracts for peer-to-peer
energy trading.

The article [16] highlights the low scalability
and high energy consumption of traditional
blockchains, and concludes that future systems
require modern architectures and adapted legal
frameworks for local markets.

In addition, thorough verification of interacting
devices may be required to prevent data from being
disseminated through unauthorized devices or
connections. Data sent to the cloud must also be
verified to avoid risks to sensitive data.

In a transactive energy market, Microgrid
clusters that are part of a transactive system and
other participants, with their specific energy
production and consumption profiles, can use market
signals to exchange energy services in the electricity
distribution network. Energy trading can incentivize
Microgrids to fully utilize local energy production to
provide affordable energy to their consumers. A
transactive energy market can facilitate the use of
demand response when available energy resources
cannot fully meet local loads and imported energy is
expensive. The main goal of such a market is to use
value-based signals to incentivize market players to
provide efficient generation and demand decisions
by managing their flexibility, taking into account the
technical constraints of the network. It should be
recalled that Microgrids originated with the idea of
self-sufficiency of their facilities, however, this
scenario quickly changed with the realization that
transactive methods can be used strategically to gain
economic advantages [17]. In this context, demand
response and transactive energy programs have
become widely discussed in research aimed at
balancing consumption and generation in the power
system [18]. TE includes characteristics that allow
the distribution system to operate with flexibility of

both consumers and producers in the balance
between demand and supply.

Traditionally, in a transactive energy system,
four main subsystems are distinguished [19], [20],
[21]:

- a physical system that includes the production,
storage, transmission and distribution of energy
together with consumer Smart devices;

- an information system built on the basis of
collecting, processing, organizing and transmitting
information both in the energy system and in energy
markets;

- a transactive system;

- a regulation system.

The combination of Transactive Energy (TE)
and the Internet of Energy (IoE) creates a digital
ecosystem where energy functions as a dynamic
digital asset.

Further, instead of the terms “transactive
system” and “regulation system”, we will use the
terms “trading platform” and “management system
(smart management system)” as more accurately
reflecting the functional tasks being solved. In
addition, given the level of cyber threats has
increased significantly at the current time, the above
list of subsystems is supplemented by a cyber
protection subsystem, which is allocated as a
separate component, and the trading platform,
physical and information subsystems will be
combined into the block "technical support
subsystems" as shown in Fig. 1.

Let us consider the algorithms for controlling
the power grid of a distributed power system
operating in island mode and requiring guaranteed
power sources and including

— generators of guaranteed power, the problem
of non-optimal operating modes and inefficient use
of fuel.

— renewable energy sources and storage
systems.

and compare the functioning of a transactive
network with various control strategies using the
example of Microgrid systems, the structure of
which is shown in Fig. 2.

Uncertainty renewable power source requires
forecasting currently there are many forecasting
methods based on including using artificial
intelligence methods [22].

Multi-objective optimization in transactive
systems it is based on various methods a priori post-
prior and others [23], [24].
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Fig. 2. Microgrid
(DG1, DG2 — guaranteed power sources; PV — solar
generator; ESS — energy storage systems; Load — load;
DC/DC and DC/AC — converters)

Source: compiled by the authors

RESEARCH AIM AND OBJECTIVES

The purpose of the article is to consider a
transactive system based on the Internet of Energy
with a variable structure that can consist of a
different set of generation sources, considering
sustainability issues and solving an optimization
problem based on technical and economic criteria.

The tasks that are solved in the work:

— formulation of the optimization problem of
multi-covariate optimization.

— finding the eigenvalues of the matrices of the
transactive system under variable regimes to confirm
its stability.

— solving the optimization problem of
minimizing the costs of primary fuel consumption of
diesel generators to reduce

— construction of algorithms and power
distribution programs for predicted load schedules.

RESEARCH METHODS

For research, general methods of electrical
engineering are used. For research of stability of a
transactive system, methods of Danilevsky, Fadeev,
Newton, Power and Khylenko method are used.

When solving problems of multi-objective
optimization of Microgrids, the lexicographic
method and methods of nonlinear programming are
used to find the minimum of individual functions.
Algorithms and a program in the Matlab language
are developed.

MATERIALS AND METHODS

The architecture of the electricity grid is
increasingly transforming, in particular to one with
two-way flows of energy and information. This
architecture creates a cyber-physical requirement,
where both physical devices and information
components must meet this architectural need. As
the architectural requirements change, the cyber-
physical and economic aspects of the network must
be designed in a way that ensures interoperability.

This provides an opportunity for the
development of standards to ensure interoperability.

The emergence of new market participants
creates the need for more devices, platforms and
economic structures, not to mention regulatory
changes to manage and control their participation in
electricity markets.

A mechanism for storing, managing and
protecting data collected in real time is necessary to
protect the interests of all stakeholders.

Let us consider the features of building systems
taking into account the basic provisions of IoE, the
representation of a decentralized (distributed) power
system as a set of connected power cells using multi-
agent control systems built on the same control
principles.

An important element of IoE is, of course, the
presence of smart meters or sensors that constantly
monitor all processes in this network, helping IoE
understand daily schedules and consumers adjust
their energy consumption and usage patterns [25].

The monitoring and control system may have
some other additional functions according to the size
of the microgrid and real-world applications, for
example, tariff and market trading management and
ancillary services such as frequency regulation,
voltage regulation, improvement of electricity
quality and reliability, demand response capabilities,
change of related operating modes to microgrid
monitoring and control systems [25], [26].

We note in advance that both when choosing
the system architecture and when changing the
architecture, it is important to use multi-criteria
optimization and control methods to determine both
the system structure and the optimal distribution of
energy received from different sources. Solving this
generalized problem, taking into account the scaling
of the system, requires a separate study and is
beyond the scope of the current work.

Microgrid systems, which are presented in this
study, are built and operate according to the
following basic principles:

— decentralized of the network;
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— formation and maintenance of local power
balances and independent balancing of the system;

— implementation of bidirectional power flows
between participants;

— dynamic change of participant types in the
transactive system;

— presence between power equipment not only
electrical connections and interaction provided by
power networks, but also information connections
and interaction;

— possibility of interaction with the centralized
power system and its subjects, which ensures the
optimal combination of traditional centralized and
distributed energy for users.

But for practically all generators and variables

V=V, V,,...,.V,)" that describe their dynamics, the
following relations will be valid [22]:

M)

| m|t2t0+z'é_1(m) - | m|t<t0+ré_1(m)’

where [\/rgn“is the modulus of magnitude, 7 ,(m)is

the boundary layer interval for the m-th variable v,
me@, 6 is the set of all integers from 1 to n
inclusive. The selection of variables included in the
vector V is carried out in accordance with the tasks
of analysis and modeling of the power system, and
as a rule include current, voltage, energy storage
parameters and other indicators.

The presence of a boundary layer is associated
with technological features characteristic of power
system equipment, in particular with the presence of
transient processes. As is known, the speed of
transient processes can differ significantly from the
speed of steady-state modes.

In the general case, the description of the
mathematical model of the dynamics of TE network
will be presented in the form of a system of
differential equations

V= fi(V,0), Vi) =V (i=1,_n], 2)

where V =(\/1,V2,....,Vn)T, t, is the initial moment of
integration. In the case of using piecewise-interval

linearization, the right-hand side of the equation (2)
is rewritten as follows

where A is nxn matrix, and the vector B takes
into account some additional influences.

As the main criterion for the efficiency of the
smart grid management system, and, accordingly,
the network as a whole, we will consider the cost of

electricity. The value of this criterion will be
distinguished using a weighting factor. Accordingly,
the objective function is to minimize the specific
costs of primary fuel F(P) for the local power
system, which supports the continuity of power
supply. We will consider the task of optimizing the
operation of the power system as a task of
maximizing (minimizing) the complex objective
function

F — max

F=k f; +K,d
f, =max f(v;)
¢ =max¢(v;)

f and ¢ determine separate indicators (in the
simplest case, two main ones) of the operation of
Microgrids (in particular, producers' profit, fuel
consumption, etc.).

Note that changes in the architecture can be
both predictable (related to the natural operating
schedules of generators of certain types) and
emergency. We will plan that the smart control
system should provide control of the power grid in
both cases, with the possibility of connecting, if
necessary, to external networks or generators. The
modeling problem in solving such a problem and the
choice of mathematical methods and computational
algorithms is an accompanying separate problem
and will be considered below.

At the same time, maximizing the efficiency of
the entire system, in addition to achieving the best
indicator according to the above main criterion,
should include:

— maximum reduction of emissions into the
environment;

— minimization of energy production costs.

We will consider the application of the
indicated approach to the analysis of the state and
dynamics of the thermal energy system, the
implementation of the corresponding control
algorithms, the calculation of control parameters and
economic indicators with optimized control and
arbitrary control for two specific thermal energy
networks.

The systems when  solving
management problems, we will assume that.

1. There are no losses in the lines and system
elements.

2. Only active power consumption is considered
(reactive power and higher harmonics are absent).

In the example of the first model TE system, we
will consider a Microgrid, which structurally
consists of the following elements (Fig. 2): two

(4)

network
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sources of guaranteed power supply DG1, DG2, a
solar PV generator, an energy storage system ESS
and a load (without W- wind generator).

The multi-objective optimization problem of
transactive systems consists of several conflicting
objectives: environmental, economic, technical, in
contrast to traditional optimization problems that do
not correspond to a single solution.

Each solution that does not violate the given
constraints can be chosen as optimal. To achieve the
given objectives in the multi-objective optimization
problem while satisfying the given constraints, it is
necessary to determine data for various parameters,
including the load and generated power of each
generator, the power and charging/discharging time
of the ESS.

A number of works ([10], [18], [21]) consider
the problem of optimal energy management of
several energy nodes, each of which is an energy
system with several energy management levels, in
order to plan electricity demand profiles and manage
their internal energy resources to reduce overall
energy costs and CO, emissions. An important task
of the current study is the selection of mathematical
tools and computational algorithms for more
accurate forecasting of demand dynamics, taking
into account significantly different rates of transient
processes in different energy producers-generators.

The optimization problem of a transactive
system is described by the function

FO)=01.00, (%), 1091 - ()

The optimization process consists of the
corresponding objective functions, each of which is
optimized according to its own criteria:

- fi(x)=f,.(P,t) economic
contour (economic criteria);

—f,(x) = f,(P,t) technical (energy contour)

(technical criteria);

—f,(x)=f,(P,t) ecological and social
contour (optimization according to environmental
criteria).

Solving a multi-criteria optimization problem
using the lexicographic method consists in
performing the ranking of criteria and solving
individual optimization problems for given contours.

It should be noted that in the approaches of
transactive energy, one of the main criteria of the
objective function is the reduction of the cost of
electric energy, for transactive systems it is the
economic criterion. The next is the technical one.
Since the impact of the local network on the
environment is usually less than the impact of
traditional energy systems, due to the availability of

(financial)

renewable energy sources, we will set it as the last
criterion [27], [28], [29].

This paper considers in detail the optimization
according to the technical criterion — minimizing the
fuel consumption of diesel generators.

Diesel generators are used as guaranteed power
sources at fixed speeds and provide -efficient
operation on fuel only in a limited range of loads
[30]. For most engines, this load range is
approximately 70-100 % of the nominal load.

The fuel consumption cost can be accurately
approximated by a second- or third-degree
polynomial function or cubic spline (cubic spline
interpolation accurately models the curve with
minimum residuals) of the generated electricity with
coefficients obtained from its fuel consumption
curve, or a specific fuel consumption curve provided
by the manufacturer or actually measured [29], [30],
[31]. Accurate fuel consumption modeling is an
important issue for optimal planning of diesel
generators, with fuel consumption being a function
of optimization.

Optimization of the total cost of electricity of a
transactive system:

OPHC(P) = Y. C(P) = Y Co(B) +
j i=1 ) i=1 i ) (6)
+ZCWi (B,1)+ ZCDGi (B,1)+ ZCBi (B.1)

The objective functions are arranged according
to the lexicographic order f,(x) from the most

important to the least important f, (x)
Let us write the lexicographic problem as

Lex minimize f(x), f,(x),...f, (X) , xe s (7)

When solving the problems, the following
restrictions apply:

1. There are no losses in the lines and elements
of the system.

2. Only active power consumption is taken into
account (reactive power and higher harmonics are
absent).

I:)DER min < PDER = I:)DER max
PDG min < IDDG < PDG max . (8)

Pessmin < Pess < Pess max

The main source of energy is solar generators.
During periods of insufficient energy from solar
generators, other types of generators are connected
to the operation, including subsystems of guaranteed
power supply.
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In particular, these can be wind generators and
diesel generators. It should be noted that the specific
fuel consumption of diesel generators nonlinearly
depends on the power of the generators.

A combined optimization method is proposed,
based on nonlinear programming when solving
individual optimization problems and optimization
methods based on rules that establish the priority of
using renewable energy sources and storage systems.

To solve the optimization problem of a separate
circuit, a step-by-step algorithm for power
distribution between distributed generation sources
has been developed, which optimizes the operation
of the microgrid system according to the appropriate
criteria.

TES energy management using Internet of
Energy technology, which contributes to effective
real-time energy management, smart-monitoring and
decision-making analysis [32], [33].

RESEARCH RESULTS

The Microgrid (Fig.2), which is part of the

considered transactive system, must be in the energy

balance, which means that the sum of the consumed
power of the load B, (t) must be equal to, or less

than, the power of all distributed sources P (t),
energy storage systems P.;(t) and the power of
guaranteed power sources Ppg; (t)

n r k m
D Poci () + D Poyi(t) £ D" Pegsi (t) = D Poagi (1) - (9)
i—1 i-1 i—1 i—1

Fig. 3 shows a model hourly daily load
schedule.

200

100 -

50

Fig. 3. Daily load schedule

Source: compiled by the authors

MATLAB is used for simulations and the
results show optimization from the system in
Fig. 4.

The power distribution by generators and
battery is shown in Fig. 4. The power selection
program should calculate the optimal power
distribution between generators and take into
account the forecast indicators of their dynamics.
The calculated data is based on LCOE and data on
fuel costs and diesel generator parameters [34], [35],
[36].

This task is a component of the above-
mentioned task of selecting mathematical methods
and computational algorithms adequate for obtaining
adequate forecasts of the dynamics of the power grid
and calculating the values of the control parameters
of the Microgrid.

200 T
P.KW
150

100

50

) — = | _I_\—’J;:[_ﬁ*‘—'_\—
2 4 8 10 12 14 1

6 18 20 22 24
I
Fig. 4. Power distribution by system elements
(red line - DG1 power; blue line - DG2 power;
yellow - solar generator; purple - storage

system power)
Source: compiled by the authors

6

Table 1 presents the calculation results for the
following model matrix:

a(Ll) 100 10 50 50
100 -120 50 10 50
10 50 -105 40 10 (10)

50 10 40 95 10
50 50 10 10 -85

The elements of the model matrix A correspond
to the values of individual indicators describing the
state of the power grid, the description of which is
given in the form of a system of ordinary differential
equations (2) with a linearized right-hand side in the
form of (3).

Table 1. Determination of the largest eigenvalue at
a(1,1)=-1200 with a given range of permissible
changes in eigenvalues (-999-+999)

Power method Khilenko Laverrier
method -Newton method
-1213.11 -1213.11 -179.15
Fadeev Danilevsky
method Krylov method method
-179.15 -179.15 -179.15

Source: compiled by the authors

Table 1 shows that the computational methods
used to determine eigenvalues can be roughly
divided into two groups (the first group includes the
Power method and the Khilenko method; the second
group includes the Krylov method, the Laverrier-
Newton method, and others).

The general theoretical importance of
calculating matrix eigenvalues, on the one hand, and
the increasing importance of using prediction in
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modern control systems, on the other, make the
development of new methods relevant.

The Khilenko method was developed to address
the design of complex, high-dimensional dynamic
systems and is focused on predicting their dynamics,
as its algorithms are directly linked to mathematical
transformations of system models represented as
systems of differential equations. Therefore, it was
natural to use this method to solve power system
control problems. As an alternative, Krylov's
method, in its classical description, and, as shown in
Table 1, its use generally requires adjusting the
computational ~ parameters.  Accordingly,  this
complicates control automation and underlies the
advantages of the Khilenko method (as a
representative of the first group of methods and
focused on working with large models) for use in
power grid control systems. The use of the Khilenko
method (as well as other methods of the first group,
in particular the Power method, does not require the
researcher's prior knowledge of the range of
eigenvalues of the mathematical model of the power
system — see Table 1, and, accordingly, provides a
more robotic functioning of the control system,
which requires less intervention from a human
administrator.

Obviously, in further developments in the control
systems of power numbers, the matrix derived from
the vicoristic methods of another group can lead to
incorrect results and unstable energy management. A
detailed comparison of the results of the methods of
the first group (power method and Khilenko’s
method) with the methods of another group
(Laverrier-Newton, Fadeev, Krylov, Danilevsky
methods) is given in [37], [38].

The correlation of forecast indicators with the
varying values of the power numbers allows the
matrix to more accurately determine the moments
when different generators are turned on and,
apparently, to optimize the expenditures of the
primary fuel.

To solve the problem of optimized power
distribution of several generators operating in
parallel, nonlinear programming is used.

The optimization problem is defined by the
function f., (P,t), according to the formula

tecl

minF, (7)), (11)
where Pis the generator power, F specific fuel
consumption of guaranteed power sources.

The function is calculated under the following
restrictions:

— the sum of the powers by which the generator
powers change must be equal to the load change

APyi + APy +...+ APy = AR, (12)

— the change in the power of each generator
must lie within the following limits
—AR <Apy;; <AR,
—AR < Apy; < AR,
_APi = Apni = AP|
— the generator power must not be greater than
the maximum power

(Apyi + Pyigy) < Prac
(AP2i + Pyiy)) < Pomax s
(APni + Pri—y)) < Pamax
The flowchart based on the developed

algorithm for optimizing current costs is presented in
Fig. 5.

(13)

(14)

(C START D)

Initial conditions
- curves of costs C from
power P for each
generator
- initial values of power

Specify the current value
» of the load power Pload
and the i-th interval.

K

AP, =P oagpci — (Pii-1) + Pagizgy +++ Prgicgy)

Yes

No

min F;(7;)

P = Pyi_gy + Apy

Poi = Poigy + APy

Pri = Pagicg) + APy

Setting initial conditions for
the next calculation.
The obtained power values are
the initial conditions for the
calculation on the next

interval.

C END )
Fig. 5. Flowchart

Source: compiled by the authors
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In MATLAB, the fmincon function (constrained
nonlinear multivariable minimum function) is used
to search for the minimum value of fuel
consumption.

In Fig. 6 presents the specific consumption of
primary  fuel with optimal (quasi-optimal)
management with corresponding changes during the
day.

500 g —/

450 '_] =

—
e = i
400 e

350 | |
2 4 6 8 10 12 14 16 18 20 22 A

Fig. 6. Specific consumption of primary fuel for
the optimized system (red line) and
non-optimized system (blue line)

Source: compiled by the authors

The uniform (non-optimized) power
distribution across generators (System with non-
optimized control) presented in Fig. 6 should be
used in the absence of information about individual
dependences of fuel consumption on power and it
should be calculated using the expression for each
interval:

F

I:)IoadDG I:)IoadDG
| H10addG | _ p | TloaddG |,
unlf[ K 1 K

+F2 [ I:)IoalijDG )—FK + Fk ( RO&EDG j

where k is the number of generators, B,,qpg 1S part

of the load that comes to the generation from the
diesel generators.

At intervals 10-13 there is no fuel consumption,
the generators are turned off, consumption occurs
from the solar generator and energy storage system.

, (19)

200 7]
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Pload kW
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At night, consumption occurs exclusively from
diesel generators.

Compared to the uniform distribution of load
power for a given load schedule across operating
sources of guaranteed power, the use of the optimal
algorithm in local systems allowed primary fuel
consumption to be reduced by 2.1 % due to the
redistribution of electricity generation among
generators. In addition, fuel delivery costs will also
be further reduced.

A study of 5 different load schedules was
conducted, 4 of which are presented in Fig. 7. The
results are listed in Table 2. Depending on the load
schedules, fuel consumption savings vary in the
range of 1.5-2.3 %.

Table 2. Calculation results in tabular form

Power | Pmean, | Pmin, | Pmax, | Fmean, | Funiform, | F %
graph | kW | kW | kW | g/W g/w
1 115 30 190 126 129,2 | 2,1
2 119 40 190 | 127,7 130 1,8
3 117 55 190 131 133,4 | 1,55
4 118 50 190 130 1332 | 2,3
5 121 60 190 | 125,2 128 2,28

Source: compiled by the authors

Unlike renewable energy sources, whose energy
production capabilities are sometimes limited by the
instability of climatic conditions, uninterruptible
power supply modules are usually used in microgrid
systems to compensate for such types of energy
shortages at consumers, as well as in cases of
damage and losses in the power system.

In the example of the second model TE system
(Fig. 2), we will consider Microgrid system in which
a wind generator (W) is introduced, and the battery
(ESS) is connected to the AC bus via a bidirectional
converter.

(3
=
=]

._.
= @
= —J

Pload kW

n
= =
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5
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100

Pload, kW
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Fig. 7. Daily load schedules
Source: compiled by the authors
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The presence of a wind generator expands the
capabilities of the system. The distribution system
works in such a way that the selection of energy
power from renewable sources is a priority,
depending on the price function, time of day and
restrictions.

As indicated earlier, the objective function is to
minimize costs, including the specific primary fuel
consumption F(P) for the local power system of the
system, which ensures continuity of power supply
with maximum use of energy from renewable
sources.

The introduction of renewable energy sources
into the local system leads to diesel fuel savings, but
increases the installed capacity and cost of power
equipment of the hybrid system, and also affects the
reliability and operating modes of the components of
the energy complex.

Energy balance of the system taking into
account the wind generator capacities Pw:

n r | k
D Pogi )+ D Poyi () + D Ryi (1) £ D Pegsi (1) =
i=1 i=1 i=1 i=1 (16)
= z Roadi ®)
i=1
Similar calculations were performed for the

daily load schedule (Fig. 8) and for the system under
consideration.

2

=3

0 Pload kW
150
100

50

Fig. 8. Load profile

Source: compiled by the authors

The dependence of the total specific primary
fuel consumption for all diesel generators for the
optimized system (red line) and the non-optimized
system (blue line) on the power is shown in Fig. 9.

300 F,g/W
. 2
1 e
200 =S I
9
0

0 20 40 60 80 100 120 P,kW 160

Fig. 9. Dependence of specific fuel consumption
on power with optimized and non-optimized

control
Source: compiled by the authors

Analysis of the obtained results shows
significant fuel savings at low powers up to 50 kW
(specific  fuel consumption with  optimized
distribution is 7.4-11.3 % lower than with non-
optimized distribution). At powers close to
maximum, the difference is up to 2 %.

When forming optimization functions, it is
important to take into account the components of the
cost of electricity from a diesel generator. The price
per 1 kWh of diesel generator energy Cpg(t)

consists of current costs, which are fixed
maintenance costs and a percentage of the price for a
diesel installation, and variable costs that are
associated with the cost of primary fuel and depend
nonlinearly on the generated power.

Fuel costs are also affected by transient
processes that occur when the load power changes:

Cpe (1) =kFpg (Pog) +AC+Cq,.,  (17)

where C,, is current consumption, kFps(Pyg) is a

function of variable consumption of primary fuel
from generated power, AC is a function of fuel
consumption in transient operating modes.

The fuel consumption schedule Cpg(t) has a

similar appearance to the primary fuel consumption
Pog (t) because the fuel price is the most influential

component of the total cost than the other price
components.

The power distribution by generators and
storage systems is presented in Fig. 10 (blue line —
DG1 and DG2 power, yellow line — solar generator,
red line — storage system power, purple line — wind
generator) and corresponds to the optimal power
distribution by generation sources (wind generator,
solar generator, DG generators and storage system).

200
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.
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2 4 24

Fig. 10. Power distribution by system elements
Source: compiled by the authors

DISCUSSION OF RESULTS

It should be emphasized that for both
considered Microgrid systems, the power selection
program must calculate the optimal power
distribution across generators and take into account
the forecast indicators of their dynamics. This task is
a component of the above-mentioned task of
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selecting mathematical methods and computational
algorithms to obtain adequate forecasts of the
dynamics of the power grid and calculate the values
of the Microgrid control parameters.

In the considered transactive energy systems on
based Internet of Energy, when using correct
computational procedures, the application of an
optimal control algorithm compared to uniform
distribution of load power according to specified
load modes on operating sources of guaranteed
power allowed to reduce the primary fuel
consumption by at least 1.5 % due to the
redistribution of electricity production between
producers. At the same time, an increase in the
number of components of the power system led to an
increase in the effect of using optimal control.

These calculations show that:

— network scaling and the effect of control
optimization are correlated functions;

— the importance of optimal control increases
with the growth of the power system dimension and
allow us to assume a further increase in the
efficiency of using optimal (optimized) control
algorithms when scaling TE systems.

Further improvement of the quality of smart
control systems in this case, taking into account the
different energy content of the power system
components, should be based on the use of
decomposition models [37, 38], which will reduce
the load on the computing unit and speed up
calculations. Consideration of this issue goes beyond
the scope of this work and requires additional
research.

Further development of the work is the use of
other optimization algorithms to find the best option,
verification of the algorithm using digital twins,
study of cyber security problems in Microgrids with
Internet of Energy using blockchain technologies
and machine learning.

CONCLUSIONS

When moving to complex transactive energy
systems, improving their economic performance
requires the use of optimal control algorithms,
including the issue of minimizing the time it takes to
make a decision on switching modes when changing
the architecture of the energy system.

Two transactive system with different power
supply sources were considered, which have
guaranteed power sources to cover energy in the
event of uncertainty in renewable sources. The
primary fuel consumption of diesel generators was
optimized using the developed algorithm and a
program based on it. This allowed reducing fuel
transportation costs and reducing CO, emissions.
The modeling results show a cost reduction of up to
11% depending on the load schedules and system
composition.

Arbitrary choice of mathematical support and
appropriate algorithms for use in power grid control
systems  without taking into account the
technological features of their elements, in particular
different durations of transient processes, etc., can
lead to incorrect results and, accordingly, unstable
operation of the power grid. Minimizing significant
errors in management decision-making requires the
use of specialized problem-oriented methods and
algorithms that utilize forecast data. The proposed
load forecasting technology is based on the use of
eigenvalues of the state matrices of a transactive
energy system. Information technology is expanding
the capabilities of microgrids, one such technology
is the Internet of Energy. An important element of
IoE is the presence of smart meters or sensors that
constantly monitor all processes in this network,
helping 1oE understand daily schedules and
consumers adjust their energy consumption and
usage patterns.
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ABSTRACT

VY crarTi mpOMOHYETHCS BUPIMICHHS MPOOIEMH MiABHIICHHS SKOCTI Ta €(pEKTHBHOCTI CHCTEM KEPYBaHHS TPAaH3aKTUBHIUMHU
CHEPreTUYHIMHU CHCTEMaMH, SKi XapaKTepH3yIOThCA TEPIONMYHUMH 3MiHAMH iXHBOI apxitekrypu. I[HdopmamiiiHi TexHomorii
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PO3MIMPIOIOTE MOMJIMBOCTI MikpoMepesk, ofHiero 3 Takux TexHomoriii € Inreprer emeprii (IoE). IoE — me miobamsHa
B33a€MOIIOB’sI3aHa MEpeXkKa, IO CKIAJAEThCS 3 IHTENEKTyaIbHHX MEpeX, IO B3a€MOIIIOTH OOHA 3 OTHOI0 3a IOMOMOTOI0
iHpopmariiiaux TexHonorii. IoE cmpuse xoHBepreHmii kiGepdi3MdHMX Ta €KOHOMIYHHMX MOKAa3HUKIB POOOTH Mepeiki, HaJarouw
MOXJIMBICTB ITOKPAIyBaTH SIKICTh KePYBaHHS IUIIXOM IPOTHO3YBAHHS OYiKyBaHMX 3MiH Y JUHAMIIl. 3alporoHOBaHe PIIEHHS IS
ontuMizanii kepyBaHHs [oE 6a3yeThcsi Ha TEXHOJIOTI] MPOrHO3YBaHHS 3MiHHM HaBaHTAXEHHS, 110 3a0e3mnedye eeKTUBHUIN PO3IONiT
TIOTY)KHOCTI MIJK F'eHepaTopaMH Ta ONTHMAaIBHUH rpadik yBIMKHEHHs/BUMKHEHHS reHeparopa. Kpurepiit ontumisariii Ta oOMexxeHHs
cOopMyIb0BaHI MaTeMaTH4HO. 3alpONOHOBAaHA TEXHOJIOTIS IPOTHO3YBAaHHS HaBaHTAXKEHHS 0a3yeThcsl Ha BUKOPHUCTAHHI BIIACHHUX
3Ha4YEeHb MAaTPHIlh CTaHIB TPAH3AKTHBHOI eHepreTHYHoi cucteMu. [IpeicTaBieHo pe3ybTaTi po3paxyHKy BIACHHX 3HaUYeHb MaTpPHIIb,
PO3paxOBaHUX METOIAMH IEPIIO] Ipyny (METOX MOTYXKHOCTI Ta MeTox XileHka) Ta apyroi rpynu (merox Kpmmosa Ta iHmm). Y crarti
PO3IIISIAETECS TPaH3aKTHBHA CHCTEMa 3i 3MIHHOIO CTPYKTYpPOIO Ha OCHOBI IHTepHeTy eHeprii, sika MOXe CKIagaThcs 3 pi3HOro
HaOOpy JUKepen TeHepallii, cucTeMa KepyBaHHS BHUPINIYE 3aJady ONTHUMi3allii Ha OCHOBI TEXHIKO-€KOHOMIYHUX KpuTepiiB. Pobora
3aIPOIIOHOBAHOI CHCTEMH KepyBaHHS IEMOHCTPYEThCS Ha IMpHKIALaxX IS JBOX TPAaH3aKTMBHUX CHCTEM MpH PO3B'I3aHHI 3a1adi
onTHMi3alii MiHIMi3alii BapTOCTi NepBUHHOTO MajyBa ISl TU3eb-TEHEePaTopiB 3 METOI0 3HWKEHHS BUTPAT Ta 3MEHIICHHS BUKHIIB
CO2 3a 10MOMOror0 PorpaM po3MOIITY MTOTYKHOCTI JJIsl POrHO30BAaHKX rpadikiB HaBaHTakeHHs Ta rpadikiB BJIE

KirouoBi cioBa: TpaH3aKTHBHa €HEpreTHyHa CHCTeMa, [HTepHeT eHeprii; MikpoMmepe)ka; ONTHMI3amis KepyBaHHS; METO[
Kpwmosa; meron Xinenka
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