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About Journal

is interested in the results of research in the field of green and renewable energies.
The scope of publications of this journal in the field of green energy is extensive and it
welcomes novel and innovative studies. Due to the increasing influence of renewable
energy in power systems, studies, research, and reports resulting from scientific
achievements in this specific area have risen compared to previous decades. This journal
is ready to publish specialized articles in all fields related to green energy and
interdisciplinary topics related to this scientific branch in the form of open access, which
is published annually in four issues as free and open access by Arak University, Iran.

is ready to receive the latest research results ranging from analytical methods,
numerical simulation, experimental research, and development studies concerning the
knowledge and application of green energy.

The following articles are acceptable:

o Research articles are expected to present innovative solutions, new concepts, or
creative ideas that can help solve existing or emerging technical challenges in the
field of green and renewable energy.

o Review articles are expected to provide enlightening and specialized reviews,
trainings, or case studies on an important topic, timely and widely in the field of
green and renewable energies.

o Applied articles are expected to share the results of the industry's valuable
experiences in dealing with challenging technical issues, developing/adopting
new standards, applying new technologies or solving complex problems in the
field of green and renewable energies. These articles can have a significant impact
on the strategic plans of the industry in the coming years.
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Aims and Scope

is interested on the qualified international multidisciplinary research results

related to all aspects of green energy. The scope of is very broad, and welcomes
original, novel fundamental and engineering research. We also publish reviews and
industrial reports of green energy and its impact on the eco-environment.

We welcome research papers that focus on, but are not limited to, the following areas:

Each

Policies and Strategies for Green Energy Systems

Fundamental And Industrial Applications for Green Energy Systems

Energy Conversion, Control Techniques, and Grid Interactive Systems for Green
Energy Systems

Environmental Impacts of Energy Technologies and Pollution Control

Materials And Catalysis for Green Energy Systems

Green Energy Consumption

Artificial Intelligence, Machine Learning, and Computational Methods in Green
Energy Systems

Public Awareness and Education for Green Energy Systems

Solar Energy and Photovoltaic

Wind Energy

Hydrogen Energy and Energy Storage

Biofuel and Bioenergy

manuscript will go through a rigors peer-review process. you can visit our

Instructions for Authors page for information on preparing your manuscript.
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Guide for Authors

-Submitting a manuscript to a journal means that the manuscript is not under review or
has not been published anywhere in any other language before.

-The submission of the manuscript for publication by the author, implicitly or explicitly,
implies the approval of the organization or body where the author works and has used
its affiliation.

-By submitting the manuscript, all authors officially declare their agreement to grant the
copyright of the manuscript in case of acceptance to Arak University and .However,
the authors are responsible for all the contents published in the manuscript, and the
journal is only a reviewer and publisher.

- All authors are required to declare any actual or potential conflicts of interest, including
financial, personal, or relationships with individuals or organizations that could affect
their work.

- Each of the authors must declare their contribution and role in the manuscript on the
Title Page to the journal. The statement of approval of all authors and their role in the
manuscript is the responsibility of the corresponding author.

- Authors should note that all manuscripts sent to are checked with Authenticate's
CrossCheck software to analyze the authenticity of the content. In this analysis, the
overlap and similar texts presented in the submitted manuscripts will be determined.

- makes its manuscripts open to access after publication and there is no charge
(APC) for reviewing and publication of manuscripts, and readers can download and use
the articles for free.

- All authors, if they had financial support in conducting research related to this
manuscript, should briefly state their role. If financial source(s) have no role in the results
of the research published by the article, this should also be mentioned by the authors.

- Acknowledgments to individuals and institutions can be mentioned in a separate section
at the end of the manuscript before References, and they must not be included as
footnotes or in any other form. In this section, it is recommended to mention the names
of those who have collaborated during the research (such as those helping in the language
correctness aspect of the manuscript, assisting in writing the manuscript or proofreading
it, and other cases).

- Non-commercial use of the manuscript will be governed by the Creative Commons
Attribution-NonCommercial 4.0 International License, which is currently available at the
link ( ). This certificate allows others
to use the authors' work in a non-commercial way and utilize it in their research work,
although in the new work, they need to acknowledge the authors and mention its non-
commercial nature.
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2.

Submission to this journal is online and you will be accompanied in all the steps of
creating a user account and uploading files. All correspondence, including notification of
the editor's decision and request for revision, will be made via email. To submit your
manuscript, just click on the Submit Manuscript option on the journal page. Then, click
on Register to create an author account. A message will be sent to your email containing
your username and password. Then, log in to the manuscript submission system on the
Users login page, where you need to enter the username and password and submit your
new manuscript. Once you are logged in, you can change your password by clicking on
My Home in the top menu. For the next time, just log in to your account. Please include
the names, addresses, and email addresses of at least three potential academic reviewers
with the paper. Please include reviewers’ names and their academic rank, affiliation, and
contact information (mail address is mandatory). However, only the editor has the right
to decide on the use of suggested reviewers. All the submitted manuscripts undergo the
process of plagiarism check with IThenticate software and the review process begins.
According to the journal policy, there is a difference between the requirements for initial
and revised submission files. Required files for initial submission include three files:
JGERI_Main_Manuscript, JGERI_Form_for_Copyright_Transfer_Statement and
Conflict_ of_ Interest_ Disclosure and JGERI_Cover_Letter, all three of which must be
sent to the journal in PDF format. You can use the links below to download the
requirements and suggestions files of these three files.

¢ JGERI_Guideline_for_Main_Manuscript
¢ JGERI_Guideline_for_Cover_Letter
¢ JGERI_Form_for_Copyright_Transfer_Statement and Conflict_of_ Interest_ Disclosure

3.

If the submitted manuscript, after going through the initial review process, is evaluated
by the officials and reviewers of the journal and a decision is made to make corrections
and revisions in the form of minor or major, the authors are obliged to make the
corrections and prepare the response letter to the reviewers within the time specified by
the journal. Three files must be sent to the journal at this stage: WORD and PDF files of
the revised manuscript (changes should be highlighted), PDF file of the response to the
reviewers (including the comments and responses of each of the reviewers separately),
Title Page and Authorship file in WORD format (containing two main forms: Title Page
and Authorship). The link to download the necessary files along with their requirements
and instructions is given below. Points raised in the file JGERI_Revised_Manuscript
must be followed for compiling the revised manuscript. The authors are obliged to submit
the revised file in PDF and WORD format to the journal. Also, different parts of the file
JGERI_Form_for_Title_Page_and_Authorship needs to be completed and signed by the
corresponding author, but JGERI_Response_to_the_Reviewers_Comments is suggested
by the journal and it is not necessary to follow all the points of that file. It should be noted
that all the stages of page layout and editing in the form of final publication are the
responsibility of the journal. In the completion stages of this process, the cooperation of
the authors is needed, and we will inform you at each stage. Thus, the minimum
requirements for file compilation are provided in the template file.
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4,

After announcing the final acceptance of the manuscript (reviews may happen several
times), the files JGERI_Revised_Manuscript and JGERI_Form_for_Title_Page_ and_
Authorship will be sent to the paging unit for page layout and final editing. After the final
acceptance announcement, the authors will be asked to send a graphic abstract included
in a single file. Then, the process of compilation of the manuscript will be completed by
the journal and finally, the proof version of the manuscript will be sent to the authors.
The authors are obliged to check the proof file completely and report to the journal if they
find any ambiguity or error in the final file. In some cases, along with the final proof file
of the manuscript, there may be a series of errors and ambiguities in the manuscript,
which are sent to the author in the form of comments along with the proof version of the
manuscript. The corresponding author is obliged to clarify and resolve these problems
and ambiguities in the specified time.

5.

After announcing the initial acceptance, the information of the article without its content
will be indexed in the Articles in the Press section of the website. After including the
article in the issue selected by the journal, the desired article will be indexed in the
Current Issue unit along with Vol, No, and pp. Also, the electronic file of the article can be
introduced in all scientific references through the DOI link. The important point is that,
after acceptance and indexing, the names of the authors cannot be changed, that is, it will
not be possible to add, delete, or change the order of the names of the authors and their
organizational affiliations.
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Restructuring the distribution system in the presence of
distributed generation (DG) sources is an effective solution to
reduce the cost of power generation and improve the technical and
economic parameters of networks. This paper models the optimal
design of the location and capacity of DGs in a distribution system
as a multi-objective optimization problem. The technical
parameters of the problem include network losses, voltage stability
index, and voltage profile improvement. Moreover, the economic
parameters of the problem are the capital and operation costs of
the system. The optimization problem presented in this paper is of
mixed-integer nonlinear programming (MINLP) type, so the
enhanced imperialist competition algorithm (EICA) is adopted to
minimize the objective function. In this algorithm, adding a new
implementation phase to the ICA increases searchability and thus
enhances the algorithm's efficiency over ICA. The proposed
method is first implemented on a standard IEEE 33-bus system.
Then, a real network is incorporated to optimize the technical and
economic parameters. The analysis and comparison of the results
demonstrate the efficacy of the suggested algorithm in the optimal
design of the system compared to the original ICA .In this article,
we are finally able to bring the voltage profile and voltage stability
index of the "Rahdarkhaneh"” distribution feeder close to 1 pu and
significantly reduce the network losses.

1. Introduction

Population growth, economic development, and industrialization of countries have
increased the consumption of electrical energy, making it necessary to develop and
expand distribution systems and increase investments in this industry. The expansion of
distribution systems results in escalated losses, voltage drops, and, thus, a decrease in
node voltage stability and load imbalance. Power loss has always been a considerable
amount due to the large scale of the distribution network, low X /R ratio, and voltage drop
along the path of distribution network feeders, so that it is estimated that more than 13%
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of the total power produced in the networks is wasted in distribution networks [1]. In
recent years, various measures have been taken to optimize and shift the distribution
networks from the traditional structure to the new structure, and DGs have played an
essential role in these changes and the new structure [2-5].

1.1. Motivation

DGs provide many advantages for both consumers and distribution companies. If these
sources are optimally located, the loss will significantly be reduced, the voltage profile will
improve, and by installing DG in weak buses, the operation of the distribution system will
perhaps be stabilized. Also, government incentives, low cost of energy transmission, low
investment risk, and high efficiency have highlighted the economic importance of DGs in
recent years. On the other hand, misplacement of DGs in the network causes problems,
such as increasing losses, overvoltage, or voltage drop in the network, and increasing the
costs of energy generation and transmission. Hence, researchers have widely discussed
optimizing the location and capacity of DGs in the distribution system.

1.2. Literature review

So far, numerous researches have been carried out to optimize the operation of DGs in
distribution systems. Most of these studies have used metaheuristic methods to solve the
problem of optimizing the location and size of these resources in power systems. For
example, authors in [3-5] used mixed particle swarm optimization, multi-objective
particle swarm optimization, and the coyote optimization algorithm to minimize power
losses and improve the voltage profile in the distribution network, respectively. Also, the
optimal location of DGs in an unbalanced distribution network was found by using a
genetic algorithm [6]. The differential algorithms, firefly algorithm, and gray wolf
algorithm are other methods employed in [7-12] to find the optimal location of DGs,
respectively. On the other hand, studies have pursued various objectives in locating DGs.
For instance, the effect of installing photovoltaic (PV) DG on reducing losses and
improving the voltage profile in a real rural distribution system in Yogyakarta, Indonesia
was investigated in [10]. The voltage and reactive power control methods using PVs on a
standard 33-bus system were evaluated in [11]. The simultaneous installation of DGs and
DSTATCOM in distribution networks to minimize power loss and voltage deviation and
maximize the voltage stability index was introduced [12] using the Lightning Search
Algorithm (LSA). Also, increasing the system’s reliability has been a concern of
researchers in the optimal design of the location and capacity of DGs [13]. Four heuristic
algorithms for reducing distribution network losses in the presence of DGs were
compared in [14]. In some studies, the problem of restructuring and reconfiguring the
distribution network has been solved to reduce power losses and improve the reliability
index [15-18]. However, many studies on locating DGs in the distribution system have
only examined the network’s technical parameters in the objective function. For example,
the problem of locating DGs to reduce power losses was implemented in [5] and [7].
Authors in [2] discussed the economic aspects of the presence of DGs in the network with
the objective function of maximum saving and improvement of the voltage profile. Also,

Journal of Green Energy Research and Innovation 1(3) (2024) 1-15
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in most articles, studies have been conducted only on standard IEEE networks, while in a
few cases, DG location has been done on the real case [10, 13, 19-23]. On the other hand,
using a powerful search algorithm to find the optimal solution needs to be considered.

1.3.  Research gap

Therefore, to overcome the shortcomings in the research related to the optimal
allocation of DGs in the distribution system, this paper presents a new optimal location
and sizing of DGs. The method is a nonlinear multi-objective optimization problem in
which, in addition to the technical parameters, the economic parameters of the system are
also examined. Moreover, the objective function is minimized by the EICA algorithm,
which improves the efficiency of the algorithm by adding two separate steps to the
conventional ICA.

1.4. Contributions and Novelties

The research contributions are as follows:

1- Locating scattered production resources by a new EICA algorithm

2- Solving the problem of location and capacity of DG in three different modes on a real
feeder

3- Dramatically improving the technical and economic parameters of the network
The rest of the paper is organized as follows. Section 2 is dedicated to the formulation and
layout of the problem. Section 3 describes the solution method. Section 4 presents the
analysis of the results, and finally, Section 5 provides the conclusion.

2. Problem formulation

This section presents the formulation of a comprehensive DG location problem. The
objective function considered here includes technical and economic functions, taking into
account network constraints, expressed as cost minimization.

2.1. Objective function

The proposed method’s objective function is formulated as a multi-objective nonlinear
programming (NLP) function. From a technical point of view, reduction of losses,
improvement of voltage profile, and enhancement of grid voltage stability are considered.
DG investment cost, DG repair and maintenance cost, and DG power generation cost are
the economic aspects of the optimization problem [26]. Therefore, the total objective
function is formulated as Equation (1):

Min(f)=FrorarL-cost+K1f,+Kafvs (1)

Where coefficients Kz and K; are weighting coefficients for the contribution of each
voltage stability index and voltage profile in the objective function, respectively, and
FroraL-cost is the total cost function calculated by Equation (2) [28, 30-32]:

FTOTAL-COST:Finstallation+Fmaintenance+F0peration + FReduction-loss (2)
Where Finstaliation, Fmaintenance, Foperation; and Freduction-loss are the costs of investment and
installation, repair and maintenance, power generation, and reduction of the cost of

purchased power calculated by Equation (3)-(6), respectively.
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Finstallation = iin Z,C=DlG COSTisstalation,ij (3)
Frnaintenance = 2% - 5% COSTopainy X 2, (1+inf R)/(1+int T ))! (4)
Foperation= S - 128 TyX G X Geosiy X 20, (1HINFR)/(1+int T ) (5)
FRreduction-loss = TjX Cenergy-market X (L0Ss + X147 Poaqg-

NDS Cpg )X X, (1+infR)/(1+int T))! (6)

where (inf R), (inf T), (T), and (Tj) denote the inflation rate, interest rate, time horizon,
and duration of DG power generation in one year, respectively. Also, f, is the voltage
regulation index determined by Equation (7):
f,= Zfi“] (Vi-Viate)® (7)
Also, parameter fvs; is the voltage stability index in the distribution network, which is
defined as Equation (8):

! i=1..N,, (8)

frsi = min (SI(n;))

This index for the evaluation of all network nodes is mentioned in [16] and [24] as
given in Equation (9), where Sl is the voltage stability index in the ith bus. This value must
be positive for all buses for the stable operation of the distribution system.

SI()=|Viq [*-4[PR .1 +Q X 1]|Vi1 |-4[PR .1 +Q X 4] 9)
2.2. Problem constraints

The constraints of the optimization problem are described below:

2.2.1. Power balance constraint

The presence of DG in the network should satisfy the condition of active and reactive
power balance in all network buses. Network buses are satisfied as Equation (10)and (11)
[34, 35]:
Pgi — Py — Vi X}-1 V;Y;j cos(8; — 6, — 6;) = 0 (10)
Qgi — Qai = Vi X)_1 VY sin(6; — 6; — 6;;) = 0 (11)
2.2.2. Voltage limits

The presence of the DG in the network should maintain bus voltages within their
allowable range, as given in Equation (12) [36]:
vy <ymax , i=1...,N; (12)
2.2.3. Lines capacity limits

The limits of line capacity are given in Equation (13):
|S;[<[S{"*| , =1,..,Ny (13)
2.2.4. Generators' power generation limits

The limit on generation units' output power is provided by Equation (14):
Pa" <Py <Pgi®* (14)

The paper adopts the forward-backward sweep method [17, 25, 33] to solve the
problem described in Equation (10)-(14).
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3. Methodology

The DG optimal location problem presented in this research is a multi-objective
optimization problem that simultaneously considers the optimization of economic and
technical parameters of the network. The proposed method is formulated as a nonlinear
problem solved by metaheuristic methods in MATLAB software. Therefore, EICA [28-30],
a new optimization strategy based on human socio-political evolution, is used in this
paper to solve the proposed problem. In the following, a brief description of this algorithm
is provided, and then the improvement of ICA is discussed using two separate solutions.
EICA adds a new implementation step to standard ICA. Through this implementation, a
country (neighbor) is randomly selected for each colony in each empire. If the neighbor is
better, the colony moves to the neighbor in the same empire, and if the neighbor is weaker,
the colony moves away from its neighbor. Also, the newly created colony replaces the
current colony if it is better. Therefore, the efficiency of the algorithm is expected to
improve. The proposed problem is solved by EICA through the following steps:

Step 1: Initialization of variables

After recalling information on loads and lines, the DGs' size and location are randomly
selected. Power flow is performed to minimize Equation (1) to determine the value of the
imperialist and colonies of the empires. Countries are created with a random position
(Npop) and distributed by the empire (Nimp = Npop/5). The status of all the countries is
evaluated, and the worthiest country is determined as the emperor.

Step 2: For each empire, step 3 is repeated.

Step 3: For each colony in the current empire, steps 4 to 6 are repeated.

Step 4: Implementation of Phase I: Every colony except the emperor is moved by
Equation (15):

X enew=Xc+(4xrand-1)+(Xipmp-Xc) (15)

Xcnew is evaluated, and if it is better than X, it replaces X..

Step 5: Implementation of Phase II: A neighboring colony Xnn is randomly selected. If
Xnb is better than X, S = +1; otherwise, S = -1. Colony Xcnew is created according to
Equation (16):

Xenew=Xc+ randxs +Xyp-Xc) (16)
Xcnew is evaluated, and if it is better than X, it replaces X..

Step 6: If there is a colony with a lower cost than the imperialists, it trades its position
within the corresponding empire.

Step 7: Total power (Timp), normalized total power (NTimp), and probability (Pimp) for
all empires are calculated by Equation (17)-(19):

Nimp X .
Timp=fitness (X, ) +kx Zie1 let;ess(x'mp) (17)
imp
NTinp=Timp-max(Timp ) (18)
| NTimp
Pimp= 2:\2,1“}, N, (19)
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Step 8: Transfer the worst colony from the weakest empire to the empire with the
highest probability of winning based on (Pimp).

Step 9: Destroy the weak empires.

Step 10: Repeat Step 2 until the termination criterion, i.e., reaching the maximum
number of iterations (MaxlIter) or a certain number of objective function evaluations, is
met. Figure 1 shows the above steps in the EICA algorithm.

4. Results

This section presents the analysis of optimizing the DG's location and capacity in the
distribution network using the proposed method in two test systems. This research was
designed in four scenarios for each test system, where the number of DGs differed in each
scenario. The proposed optimization method was solved for each scenario using both the
ICA and EICA algorithms.

4.1. Standard IEEE 33-bus system

To evaluate the presented method, an IEEE standard 33-bus system given in [19] and
[27] was studied as the first test system. The simulation results are given in Tables 1-4,
while the voltage profile is illustrated in Figure 2. The location and power factor of DGs
were different among the scenarios. Installation, maintenance, and operation costs were
assumed to be the same in the two algorithms.

According to the values given in Tables 1-4, it can be seen that after optimizing the location
and capacity of DGs in the 33-bus network, the technical objectives of the problem were
placed in favourable conditions.

The formation and
early t of
empires

Colony=Xc N The first step of
Emperor= Ximp v implementation

\ 4

A
A 4

The second step of

implementation
CREmE! Yes Convergence?
response Yes
A 4
A ) .
Is there Xc? Ximp evaluation

Assessment of
imperial power

Update each
empire's winning

probability
Eliminate the Moving the worst colony from
. < the weakest empire to the
weakest empire empire with the most potential

Figure 1. The flowchart of EICA.
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Figure 2. Voltage profile of the 33-bus system.
Table 1. DG capacity (KVA) for the 33-bus system.
DG Scenario 1 Scenario 2 Scenario 3 Scenario 4
No. ICA EICA ICA EICA ICA EICA ICA EICA
DG1 1000 1000 1000 1000 1000 1000 1000 1000
DG2 982 1000 1000 1000 1000 1000 1000 1000
DG3 915 1000 856 1000 947 1000 828 1000
DG4 - - 762 1000 588 1000 847 1000
DG5 - - - - 736 1000 965 1000
DG6 - - - - - - 653 1000
Table 2. DG power factor for the 33-bus system.
DG Scenario 1 Scenario 2 Scenario 3 Scenario 4
No. ICA EICA ICA EICA ICA EICA ICA EICA
DG1 0.82 0.9 0.8 0.8 0.8 0.92 0.96 0.8
DG2 0.98 0.8 0.98 0.93 0.9 0.88 0.8 0.88
DG3 0.98 0.9 0.98 0.88 0.95 0.93 0.98 0.99
DG4 - - 0.95 0.91 0.91 0.8 0.96 0.89
DG5 - - - - 0.94 0.91 0.96 0.99
DG6 - - - - - - 0.98 0.88
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Table 3. DG location (bus number) for the 33-bus system.

DG Scenario 1 Scenario 2 Scenario 3 Scenario 4
No. ICA EICA ICA EICA ICA EICA ICA EICA
DG1 12 12 31 30 30 2 33 33
DG2 32 30 33 12 12 26 32 12
DG3 24 24 31 26 24 12 26 5
DG4 - - 15 24 23 30 25 33
DG5 - - - - 26 24 13 33
DG6 - - - - - - 32 24

Table 4. Economic parameters of the system (k$) for the 33-bus system.

Parameter Base Scenario 1 Scenario 2 Scenario 3 Scenario 4
ICA EICA ICA EICA ICA EICA ICA EICA
Installation cost - 954 954 | 1272|1272 | 1590 | 1590 | 1908 | 1908
Repair cost - 848 848 | 1131 | 1131 | 1414 | 1414 | 1697 | 1697
Operation cost - 3395 | 3515 | 4239 | 4687 | 5005 | 5858 | 6202 | 7030
Loss cost 418 71 31 82 27 26 27 33 35
purchase cost of 13509| 2974 | 2600 | 352 - - - - -
Loss reduction profit - 346 387 336 391 392 390 384 383
Purchase reduction profit - 10535{10909{13157/14545|/15533|18181(19249({21818
Gross profit - 10882(11296(13493/14963/15925|18572|19634/22201
Net profit - 5684 | 5978 | 6850 | 7846 | 7916 | 9709 | 9826 [11566
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Figure 3. Diagram of the 133-bus system (Rahdarkhaneh feeder).

Thus, the two algorithms stabilized the voltage within the allowed range, and EICA
provided a smoother voltage profile.

4.2. The 133-bus system

The actual 133-bus road distribution company located in the city of Borujerd, Iran, was
selected as the second test system according to Figure 3. The simulation results are
reported in Tables 5-8, while the voltage profile is illustrated in Figure 4. DGs' installation
location and power factor differed in different scenarios, and the costs of installation,
repairs, and operation in each scenario were assumed to be the same in the two
algorithms.
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Table 5. DG capacity (kVA) for the 133-bus system.

DG Scenario 1 Scenario 2 Scenario 3 Scenario 4
No. ICA EICA ICA EICA ICA EICA ICA EICA
DG1 1000 1000 1000 1000 1000 1000 1000 1000
DG2 914 1000 1000 1000 1000 1000 1000 1000
DG3 909 1000 938 1000 752 994 841 911
DG4 0 0 839 1000 935 1000 783 998
DG5 0 0 0 0 729 853 765 337
DG6 0 0 0 0 0 0 722 1000
Table 6. DG power factor for the 133-bus system.
DG Scenario 1 Scenario 2 Scenario 3 Scenario 4
No. ICA EICA ICA EICA ICA EICA ICA EICA
DG1 0.83 0.84 0.8 0.89 0.81 0.88 0.98 0.88
DG2 0.99 0.99 0.98 0.99 0.99 0.89 0.91 0.81
DG3 0.99 0.88 0.99 0.88 0.88 0.97 0.97 0.87
DG4 0 0 0.99 0.88 0.97 0.88 0.98 0.88
DG5 0 0 0 0 0.99 0.92 0.88 0.99
DG6 0 0 0 0 0 0 0.99 0.99
Table 7. DG location (bus number) for the 133-bus system.
DG Scenario 1 Scenario 2 Scenario 3 Scenario 4
No. ICA EICA ICA EICA ICA EICA ICA EICA
DG1 124 93 131 7 130 40 132 127
DG2 132 7 133 2 133 51 75 2
DG3 132 127 131 127 133 2 127 51
DG4 0 0 113 93 133 20 127 93
DG5 0 0 0 0 130 51 122 127
DG6 0 0 0 0 0 0 129 3
Table 8. Economic parameters (k$) of the 133-us system.
Parameter Base Scenario 1 Scenario 2 Scenario 3 Scenario 4
ICA EICA |[ICA EICA |ICA EICA |ICA EICA
Installation cost - 954 954 | 1272 | 1272|1590 | 1590 | 1908 | 1908
Repair cost - 848 848 | 1131 1131|1414 | 1414|1697 | 1697

Operation cost

3307 | 3515 | 4426 | 4687 | 5174 | 5679 | 5988 | 6164

Loss cost 645 | 77 25 61 23 55 21 32 27
purchase cost of 9025/ 0 0 0 0 0 0 0 0
Loss reduction profit - 568 | 621 | 582 | 622 | 590 | 624 | 614 618

Purchase reduction profit
Gross profit
Net profit

10264|10909/13736/14545/16058/17624|18584| 19074
10832|11530/14320/15168/16648/18249|19199/196921
5722 | 6212 | 7490 | 8077 | 8469 | 9566 | 9605 | 9941
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Figure 4. Voltage profile of the 133-bus system.

In the voltage stability index curve, despite the optimal performance of the two
algorithms, the EICA solution in Scenario 4 recorded a flat graph close to one. Finally,
solving the problem using both ICA and EICA algorithms in the worst scenario reduced
the network loss by 41 and 17.5 kW, respectively, reflecting the ability of the EICA
solution.With the optimal location of DGs using the ICA and EICA algorithms, the cost of
network losses ($417,000) was reduced by 94% in the best case. The purchase of energy
deficiency from the upstream network was zero in three scenarios in the EICA algorithm
and two scenarios in the ICA algorithm, so the net profit was higher in these scenarios.
The profit from loss reduction, the profit from energy purchase reduction, gross profit,
and net profit from scenarios 1 to 4 were ascending, showing better results of solving EICA
in the optimization problem. Also, despite the faster convergence of the ICA algorithm, the
optimal convergence value was lower in the EICA algorithm.

Journal of Green Energy Research and Innovation 1(3) (2024) 1-15



11 B. Rostami et al.

35 Scenario Num: 3 -DGType: 2 -Grid: 133Bus

EICA
ICA

Fitness

O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
10 20 30 40 50 60 70 80 90 100110120130140150160170180190200

Iteration Num

Figure 5. Convergence curve of both algorithms in Scenario 3 on the 133-bus system.

In addition, applying the proposed optimization method to the 133-bus network and

comparing the results in Tables 5-8 shows that the EICA solution and the ICA solution
stabilized the voltage in the nominal range in four scenarios, and EICA recorded a
completely smooth voltage profile in all buses. Also, according to the network stability
index curve, the EICA solution was significantly superior to the ICA, and the four scenarios
presented a flat graph close to one in terms of stability.
The optimal location of DGs reduced network losses by, on average, 314 kW, and the cost
of losses in the EICA solution was reduced by 96%. In solving ICA, the average loss
reduction was 91%. Moreover, the installation and repair costs were proportional to the
number of DGs in scenarios 1 to 4, and by adding a new DG, $600,000 would be added to
the costs.

In solving the optimization problem by the two algorithms, the cost of purchasing energy
shortage from the upstream network became zero, so the profit due to the reduction of
losses, the profit of reducing energy purchase, and the gross profit increased from
scenarios 1 to 4, respectively. Also, the net profit in the EICA solution was, on average,
$600,000 more than that in the ICA solution due to more optimal DG placement. Although
the EICA solution converged faster than the ICA solution, it had a lower optimal
convergence value than the ICA algorithm.

Therefore, by summarizing the mentioned items, it is concluded that:

1) The EICA algorithm recorded a good performance in terms of the optimal location of
DG in the distribution network.

2) Multi-objective DG location optimized the technical and economic parameters of the
distribution system.

3) The significant reduction in loss costs and not needing to purchase energy from the
upstream network in the real network showed the effectiveness of the proposed method
in reducing system costs and increasing net profit.
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5. Conclusion

This paper focused on determining the location and capacity of DGs as a multi-
objective MINLP problem solved in MATLAB. The presented optimization problem was
solved using the EICA algorithm for two test systems. First, the optimal location of DG was
implemented on a standard 33-bus system to evaluate the proposed method. Then, the
presented method was used to optimize a real network's technical and economic
parameters. The results were compared with a standard ICA solution to show the better
performance of the EICA algorithm. The results demonstrated that the proposed method
effectively reduced the costs of the system, including the cost of losses and the cost of
purchasing energy, compared to the other methods. Also, multi-objective optimization
made the network technical parameters, such as voltage profile, network voltage stability
index, and network losses, reach the desired value in addition to the system costs.
According to the simulation results and the analysis of the results for different scenarios,
the proposed method can be of interest to distribution network operators. The important
results obtained in this article in summary are:

1- Reducing network losses
2- Reducing installation costs
3- Improvement of feeder voltage profile and stability

6. Future works

In the continuation of this research, future researchers are suggested to work on the
following topics:
1- Positioning considering uncertainty
2- Positioning in the presence of electric vehicles
3- Considering the effect of climate change on the production of renewable resources
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In this paper, the effect of a battery energy storage system (BESS)
as a spinning reserve is considered to control the frequency of a
microgrid consisting of a diesel generator, photovoltaic, BESS, and
electrical loads. In this stand-alone microgrid, the output power of
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diesel generators and the BESS are subject to variations to
compensate for power fluctuations caused by the load and output
power of photovoltaic. Therefore, secondary control, in addition to
the primary control, has been proposed to deal with frequency
deviation and accelerate the operation of spinning reserve. The
scheme is simulated in a hybrid power plant, where results show
the effectiveness of the secondary control on frequency deviation
damping of the microgrid, thus improving dynamic stability.
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1. Introduction

In the past, frequency has not been a major problem for most power systems due to
low electricity demand in comparison to power resources. Recently, for economic and
environmental reasons, power systems have operated at their maximum capacity and
near their boundaries, which may affect frequency stability. Therefore, in addition to
providing a reliable power supply, the technologies of new power generation controllers
should be more efficient and upgraded to control the basic parameters of the network,
such as frequency [1-3]. Due to the need to supply remote areas, smaller stand-alone
power grids have no access to interconnected networks to deliver electricity and feed the
load. Connecting these areas to the main grid is a time-consuming and costly project, or in
some cases physically impossible, where sensitive protection devices need to be devised
to prevent devastating faults [4]. These grids usually supply their energy through a
distributed generation system, called a microgrid. Electricity in microgrids is traditionally
generated using diesel fuel. The high cost of such generation of electrical energy and its
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environmental problem have encouraged the utilization of renewable energy resources
[5-7]. These resources have many advantages for power systems, but their output power
is uncertain and probabilistic. Therefore, the widespread integration of power systems
faces some challenges. On the other hand, spinning reserve (SR) is one of the most
important ancillary services to maintain system reliability during hazardous events. In
microgrids, due to the presence of renewable sources with uncertain output, the
frequency of the system experiences more oscillation than usual; so, they should be
controlled so that network frequency and stability are kept within acceptable boundaries.
A developing network is divided into primary, secondary, and tertiary control hierarchy,
which focuses on power delivery and frequency control by balancing generation and load.
Increased penetration of renewable energy to 50% of the total energy requires new
solutions to maintain the stability of such a system [8].

Power systems integrated with intermittent renewable power generation require
more advanced control, as well as an SR to maintain the stability of basic parameters such
as voltage and frequency. This SR can be supplied by generation on the demand side [9].
Another solution is to use optimal control for power resources in microgrids. This method
is becoming more important today due to the lack of SR [10]. Hybrid power plants are an
optimal approach for remote networks |[11]. Increasing the penetration of renewable
energy such as photovoltaic is leading to more fluctuations in the grid frequency. Storage
systems with a combined heat pump can participate in frequency treatment [12]. Other
cases of energy storage technologies e.g. batteries [13], and flywheels [14], can also help
frequency control in a microgrid. However, these technologies are complex and costly, and
their effects on operating and maintenance costs have not yet been entirely evaluated
[15]. In the case of events such as load failure or generation shortage, system stability will
be affected and may lead to a critical situation. As a result, energy storage devices help the
enhancement of the stability of microgrids. Among the main energy storage devices are
battery energy storage systems (BESS), flywheels, and capacitive units [16-18]. The
benefits of installing renewable energy resources are reduced if the SR is fully allocated
to them. One solution is adopting inverters for storage systems and applying proper
control. Therefore, a combination of renewables and storage systems performs the roles
of primary and secondary frequency control and shares the total SR [19]. A frequency
control method using the fuzzy PI controller is proposed in [20] to ensure active power
balance and frequency fluctuations damping in a microgrid power system. The integration
of BESS with such a system compensates for the fluctuations of renewable energy output
to have an acceptable frequency response. Reference [21| provides a multitasking
program for a large-scale BESS that stores excess PV energy and provides a secondary
control strategy. In [22], during high fluctuation power, the BESS adjusts the output of PV
to ensure that the net power injected from the PV/BESS system into the grid is smooth.
For this purpose, an improved dynamic BESS model with charge controller feedback is
proposed. Additional BESS capacity may be available to improve the efficiency of the
energy storage system. This means that the frequency correction reserves by this
approach are more economical [23]. The frequency control service is given significant
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importance, and a concise overview of the interconnections between energy storage,
energy production, and energy consumption components may be found in reference [24].
Furthermore, a comprehensive evaluation of BESS grid applications in the last decade is
employed to gauge advancements in technological and economic research, as well as the
health condition and charge level. This work introduces a novel approach to examining
the duty cycle of BESS applications. It enhances the understanding of BESS operations and
facilitates their integration with technical and economic operations [24]. This is achieved
by performing a comprehensive evaluation of the grid application and integrating the
BESS. The review study [25] encompasses comprehensive and impactful research that
specifically examines the current advancements in hybrid PV-BESS systems. This report
additionally encompasses a meticulous evaluation of the research projects that were
carried out with hybrid PV-BESS systems. The review examines the merits and limitations
of these investigations, together with the limitations they may encounter, and the
possibility for further enhancement. The study [26] investigates, evaluates, and classifies
the uses of BESSs based on the time constants associated with each application. The
literature [27] aims to investigate the power quality problems arising from wind turbines
in the electrical system, and how BESS can mitigate or minimize these disruptions in the
network. Wind power, thermal power, and hydropower all contribute to system
frequency regulation. The technique described in [28] allocates reserve capacity among
these three power sources. In multi-objective chance constraint programming, the
optimization goals of the economics and frequency stability are considered. The research
presented in [29] proposes the integration of an energy storage system (ESS) into the
control loop to regulate the frequency in cases of network instability or when the average
frequency between connected areas deviates from zero.

According to the literature, frequency control is one of the most important issues in
power systems especially in microgrids including renewable resources. Considering the
advantages and disadvantages of frequency control methods, this paper proposes a
hybrid control system including BESS and secondary control for SR in a microgrid.

Due to frequency deviation, the secondary control decides how much the diesel
generator and BESS output will change. The effect of secondary control on the diesel
generator due to mechanical parts increases response time, fuel consumption, and cost,
but there is no problem with reducing inertia. On the other hand, the effect of secondary
control on the battery is very effective in improving the frequency but low inertia may
cause some problems. Thus, the proposed method considers these two resources for SR
with the following features:

% The secondary control for several diesel generators and BESS is designed to participate
in frequency control.
% In this paper, the BESS acts as a spinning reserve, in which:

A. Daily load profile is more realistic and peak load day is considered (summer day load

profile).

B. Diesel generators have less fluctuation and do not have a high peak at outage time.
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C. The frequency fluctuations are decreased as a result of applying the proposed
control system.

2. Modeling and formulation
2.1. Primary control and governor

The governor is the primary control of a generator that controls the active power
output of a generator. After a load change, the governor immediately changes the diesel
torque and its generation to supply the load. It causes an imbalance between mechanical
torque and electrical torque in the generator shaft. So, the rotor velocity and the frequency
are changed. On the other hand, the primary controller of BESS is integrated with its
controller to regulate the output power and the frequency. The primary controller
regulates the frequency around the nominal value after a short time by changing the load
which has been shown in Figure 1. The frequency deviation is proportionate to the
amount of load increase/decrease and the control parameters of primary control which
was configured in the governor of diesel generators or BESS frequency controller.

As indicated in Figure 2, the modified output power of a diesel generator or BESS can
be computed due to Equation (1):

P/ = P, + AP; (D

P;: is the modified active power of the power source i.

P;: is the initial active power value of power source i.

AP;: is the active power change in the power source according to primary control.

AP;: is determined by the total frequency deviation and the corresponding primary

control gain K, ; (i.e. the inverse of the droop value)

AP; = Af * Kpr ; (2)
K

P
Af: is the total frequency deviation.

f.i - is the primary control gain of generator i: [MW/HZ];

Af can be calculated as follows:

_ APTot
Af =50 o (3)

. Kyt is the summation of the primary control gain of all generators and BESS;

APr,,: is the total active power change by the primary control.

Frequency by secondary control
1pu (( \ Time

=

Steady state
deviation

Frequency by primary control
Inertial

Response V\/ Governor

Action

Frequency

Figure 1. Frequency deviation followed by load increase [6].
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F(Hz)

N LoaP2

Power Power
P1 1/ P2 P2
Unit 1 Unit 2

Figure 2. Dividing the power by units parallel to specific droop.

2.2. Secondary control

As a result, at the primary control, a change in the load of the grid causes the steady-
state frequency deviation. Restoring the frequency value to the nominal value and
eliminating the error requires supplementary control action. Secondary control adjusts
power supply set points to keep the frequency at the nominal value. The secondary control
operates much slower than the primary control and compensates for the frequency
deviation after the operation of the primary control. The secondary control can be
considered as an SR that can deliver the required active power to the grid for frequency

error correction [2].

3. Case study and its components

The understudy network is an islanded microgrid that consists of two diesel generators
that supply the network load, BESS, and a PV power plant. Diesel generators have similar
settings and their active power generation values at nominal power are 0.85 (MW) on
average. Output power for PV and BESS are 2.84 and 3 MVA respectively [2]. Table 1
tabulates the list of generation units adopted in the system, and provides their capacity.
Single-line diagram of these units and configuration of the main bus, load, diesel
generators, PV, and BESS are illustrated in Figure 3.

Main Bus

! o0 .4 .

Diesel 1  Diesel 2 PWM Converter

AC

Diesel b
Load Generators

PV “

BESS

Figure 3. Single-line diagram of a hybrid power plant.
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Table 1. Generation units of the system.

5- Main components 4- Capacity 3- Unit
8- Diesel generator x 2 7- 1.02 6- [MVA]
11- PV 10- 2.8 9- [MWp]
14- BESS 13- 23 12- [MWh]

3.1. Secondary controller model

The secondary controller includes five slots which are shown in Figure 4. The first left
slotis the frequency measurement, which provides the frequency in the reference bus and
sends the signal to the secondary controllers. The second left slot is the secondary
controller which receives the measured frequency and sends the control signals to keep
the frequency at the nominal value. The third slot is the controller of the BESS. And the
last two slots are the diesel governor models [2].

The control signal (dp_sec) as an active power is added to the initial set point of the
control models. The model of diesel governors and BESS controller need to be adjusted by
adding one input of (dp_sec) to each one, and its value has been used utilizing new
summation points to the original power set point of each model.

The secondary controller is the sub-system, which is attached to the secondary slot
model. The input of this sub-system is the frequency, which is provided by the frequency
measurement device. The output is active power change, which is sent to the governors

Secondary frame

dp_Diesel
Frequency Secondary >
Measurment Control
| dp_BESS| l'-":
t PV Control I —

Figure 4. Composite frame model of the secondary controller.

Secondary Controller

dp_Diesel
fmax
S A e
rror
F 1 1 = Ki S Secondary ‘
> 1+Ts > K Ky, +§ Calculation
4 dp BESS
fmin

(oo ]

Figure 5. The secondary controller designed with seven blocks.
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of the diesel generators (dp_Diesel), and the power controller of the BESS (dp_BESS). The
secondary controller is designed by seven blocks (Figure 5) and described as follows:

1. Time delay: represents the reaction of the secondary control compared to the
primary control.

2. Gain 1/f: returns the value of the frequency from Hz to per unit value.

3. Constant signal: the set value of the frequency which is 1 [pu].

4. Primitive controller type PT1: has been obtained from the global library of
PowerFactory, which has the transfer function of 1/(K+sT).

5. Signal divider: it divides the control signal between the attached blocks to
determine their contribution to the secondary control. This block has a main role
in secondary control.

6. Constant signal: changes per unit to (MW) value.

7. Constant signal: changes per unit to (MW) value.

The secondary control for active power is distributed between the diesel generators
and BESS according to Equation (4) [5]:
Kp; = Paisp.i/ 2i=8 Paisp i (4)
Kpj: is the power-sharing factor of the secondary control for the power source (j).
P (disp, j): is the dispatch power of the power source to be applied in secondary control.
n: is the number of the attached power sources in the secondary controller.
Pj = Pprimary,j + Kpj- dPsecondary (5)
Pj: is the output power of the power source.
P (primary, j): is the output power of the power source, which is defined by the primary
controller.
dPsecondary: is the total power change demanded by the secondary controller.

3.2. Load and PV profile

The load profile is an estimation of the total energy required by the power system or
subsystem over a given period (hours, days, and so on). In this simulation, the load profile
is daily (24 hours) and depicted in Figure 6.

The output power of PV modules is a function of solar radiation. PV is simulated as a
negative charge. Therefore, it is similar to the load in the system, but the parameters have
negative values. The PV output power characteristics are modeled for a sunny day and
shown in Figure 7.
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Figure 6. Load profile for the simulated day.
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Figure 7. PV power profile for the simulated day.

4. Simulation

Primary and secondary controls in this paper are used to control active power and
frequency. in the studied microgrid BESS, diesel generators, and PV are considered as
energy resources. PV plant injects all accessible energy into the network by solar
radiation, thus the primary and secondary control on the PV plant control section cannot
be applied. In this study, the first diesel generator is disconnected from the network when
the PV plant is operated at 6:30 a.m. and reconnects at 8 p.m. The total operating time is
10.5 hours. On the other hand, the second diesel generator disconnected at 7 am and
reconnected to the network at 7:30 pm. The total operating time for the second is 11.5
hours. The network frequency fluctuates during the disconnection and connection of
diesel as well as the connection time of the PV plant. To control the frequency, three
strategies are introduced in this study:

Strategy 1: In the first strategy, primary control is applied to diesel generators and
BESS.

Strategy 2: In the second strategy, primary and secondary control are applied to diesel
generators and BESS.

Strategy 3: In the third strategy diesel generators and BESS perform primary control,
but BESS participation is more for secondary control.

4.1. Output power of diesel generators

Figure 8 shows the output power for each diesel generator for all strategies. In the first
strategy, because diesel generators do not participate in the secondary control, the
amount of diesel output is constant, Figure 8(a). In the second strategy due to secondary
control of the diesels, the output power fluctuations are visible in Figure 8(b). In this
strategy, network reliability is decreased because of continuous changes in diesel
generators output which reduces their lifetime. In the third strategy, due to more BESS
participation, diesel generators experience fewer fluctuations, as shown in Figure 8(c).
Therefore, the issue of repair and maintenance and its costs is varied due to the operation
of diesel generators. This combination of secondary control consisting of BESS and diesel
has better results in power and frequency fluctuations and it is more reliable and efficient.
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Figure 8. (a) Output power of diesel generators of strategy 1.
(b) Output power of diesel generators of strategy 2.
(c) Output power of diesel generators of strategy 3.

4.2.  BESS output power

This paper aims to survey batteries' performance on spinning reserves to control
frequency and increase network reliability; three important points should be investigated.
The first one is the fluctuations of charge (power consumption from the network) and
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Figure 9. (a) BESS output power of strategy 1.
(b) BESS output power of strategy 2. (c) BESS output power of strategy 3.

discharge (power injection to the battery). The second one is the changes in battery state
of charge (SOC), which affect battery lifetime. The third one is the reaction of the BESS
control system and the secondary control) to the entry and outage events of diesel
generators, load, and PV. Figure 9 indicates the fluctuating output power of BESS. These
fluctuations are more evident when PV generates power during the daytime. Figure 9(a)
shows constant value output for diesel, which has no role in frequency correction but the
BESS control system responds quickly to these fluctuations. In Figure 9(b), after applying
secondary control on diesel generators and BESS, it Causes changes in BESS production
and consumption. It is quite clear that power generation and consumption are lower
compared to strategy three. The charge rate of strategy three is higher than others
because the output of PV and diesel generators is more than the amount of load
consumption which indicates there is excess power in the network and it is better to
utilize this excess power in spinning reserve. Strategy 3 minimizes fluctuations in battery
charge and discharge. Comparing three strategies to describe BESS's response in network
events indicates that the third strategy operates better than others. Moreover, battery SOC
changes are in a respectable performance range in all three strategies [30].
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Figure 10. Frequency during a day
(a) Strategy 1. (b) Strategy 2. (c) Strategy 3.

4.3. Frequency analyzing

Frequency deviation analysis for three strategies is surveyed in this section. Figure 10
describes the frequency fluctuation of the network in 24 hours. As can be seen, when
secondary control is not utilized in Figure 10(a), the frequency response after the
mentioned events is not reasonable because of its fluctuations, but it is satisfactory for the
third strategy as shown in Figure 10(c). The result of the second strategy is also
acceptable, but the output of diesel generators changes, and as mentioned before this
approach is not economical.

5. Conclusions

In this paper, secondary control is introduced for controlling frequency deviation and
rapid control of the SR in an islanded microgrid. The secondary control operates in such
a way that the diesel generator and BESS have participated in secondary control. Three
strategies in the presence of diesel generators, PV, and BESS have been investigated and
the best one has been introduced.

As aresult, the outcomes of the proposed method are as follows:

e Using BESS as a SR contributes to:
» preventing the use of diesel generators (as spinning reserves), thus reducing
the variable cost of the system (including fuel and repair/maintenance) and air

pollution (greenhouse gases).
Journal of Green Energy Research and Innovation 1(3) (2024) 16-29
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» saving surplus energy of PV.
» increasing the response time of the system and thus stability.

e Power fluctuation is compensated based on the primary and secondary control of
BESS; therefore, the output power of diesel generators becomes more constant and
closer to the nominal value.

Frequency deviation becomes lower when the primary and secondary control is
performed by the BESS.
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the primary frequency response has decreased significantly. As a
result, in the event of disturbances, the frequency changes with a
relatively higher slope and it may violate its permissible range. To

solve this problem, several methods have been presented so far
that create artificial inertia by power electronic converters
connected to storage devices or renewable generation. Therefore,
the models make the operation of these sources similar to
traditional power plants and increase their contribution to the
frequency response during storage contribution events. In this
paper, the sensitivity analysis of energy storage contribution to
providing inertia for the primary frequency response has been
carried out. IEEE 3-bus and 118-bus networks are used as test
networks. MATLAB software is also adopted for optimization. The
results show the impact of each storage parameter on the
frequency response and how it is possible to meet the frequency
response limitations of the network by managing the storage
devices.
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1. Introduction

Distributed generations (DGs) such as photovoltaics (PVs) and wind turbines (WTs)
have expanded in recent years in power systems and some cases have replaced fossil units
|1]. Renewable energy sources (RESs) are highly dependent on climate changes and high
fluctuations in their output power are observed. To deal with and eliminate these
fluctuations, energy storage systems (ESS) are usually used, which have many advantages
such as high response speed, stable power transmission, and no dependence on climatic
conditions. One of the issues regarding ESS is their optimal placement in the network,
determining their optimal size, and managing their charging status in the network. Adding
storage devices to the network requires an initial investment cost, but with its optimal
design and management, the total costs of network operation can be reduced. Many
studies have been presented in the field of optimal design of ESS. Reference |2] reviewed
these methods and their design criteria. Reference [3]| provided a review of battery
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technology for energy storage. ABB company has designed a storage system and a special
converter for it, which provides inertial response in power systems with high reliability.
The speed of this system is very high and its ability to reduce frequency deviations has
been well proven |3]. In reference [4], storage batteries were used to provide the primary
frequency response. In fact, the combined storage system including a battery and a
supercapacitor was used to provide the primary frequency response of an isolated
microgrid. The principles of providing primary frequency response using storage devices
are based on the management and planning of coordinated charging of storage devices.
Reference [5] suggested the implementation of a market for frequency response reserve
(FRR) in the future grid, specifically targeting generators and load resources equipped
with under-frequency relays. The purpose of [6] was to investigate the notion of
orientational smoothing in conjunction with the frequency management of deloaded
photovoltaic (PV) systems to enhance self-balancing, decrease reliance on battery energy
storage systems (BESS), and guarantee a consistently higher availability of regulatory
reserves. Study 7] optimized temporary main frequency control parameters during rotor
speed recovery using an analytically determined technique to limit secondary frequency
deviation induced by DFIG inertial control. Optimized parameters included termination
time and active power. Literature [8] focused on the current research trend that aims to
increase the participation of wind turbine generators in rapidly regulating the grid
frequency (inertia emulation), in addition to conventional power system alternators.
Reference [9] presented an adaptive primary frequency support technique for clusters of
electric vehicles (EVs) that are limited by the operation region specified by their charging
behavior. In reference [10], a DC microgrid was investigated from the point of view of
secondary frequency response. This microgrid included RESs and the use of energy
storage improved the operation of the microgrid. Energy storage is one of the important
components of microgrids that reduce the fluctuations of DGs and improve the operating
conditions of the grid both in islanded and grid-connected conditions. In reference [11],
integration of ESS units was adopted to provide the secondary frequency response of
power systems. In the future, small storage units will be integrated to create a frequency
response control service. The method of load frequency control was described in [12]
using ESS. In literature [13], the tertiary control of a set of microgrids was presented. In
that study, voltage, and frequency control were presented to restore these parameters to
their desired nominal value in a set of islanded microgrids. This method is activated when
the existing methods for controlling energy storage and generators do not work
successfully. This method performs well as a strong support in networks containing a high
level of DGs. In reference [14] a storage battery was used to control the voltage and
frequency of microgrids. In that study, storage devices with high response speed were
incorporated. The results showed that voltage and frequency were able to follow their
reference signals suitably. A variety of adaptive control methods for WTs have also been
provided, among which the pitch angle control and the rotor speed control have been
provided. The results prove that the adaptive control method provides considerably
better results than other frequency control methods. From the point of view of the rate of
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change of frequency (RoCoF), frequency drop, and reduction of frequency deviation in
steady state have been provided. The stepping method of inertial control can reduce the
RoCoF, but it leads to a secondary frequency drop [15]. The traditional networks contain
a high capacity of synchronous generators (in the form of hydropower, thermal, gas, coal,
combined cycle, or nuclear) with high inertia. The high inertia prevents severe frequency
deviations in the case of events. Therefore, in the past, the behavior of primary or
secondary frequency response was not crucial [ 16]. Hydroelectric, nuclear, and fossil fuel-
based units are naturally effective in providing primary frequency response in two ways.
First, due to the high mechanical and kinetic energy of these generation units, these
generators provide a high level of inertia response for the grid whenever they are
connected to the grid. Second, the inherent characteristic of these units is that they are
usually kept connected for a long time, and this leads to a longer persistence of inertia in
the network [17]. The emergence of clean energies and their high penetration level in the
power system can be considered the main factor of the emergence of frequency response
limitations in power system problems. Frequency recovery, the discussion on the
frequency stability of the network against disturbances, and the adjustment of the
frequency response of the network against sudden incidents of the network are among
the priorities of recent research on the operation of power systems. Also, the solutions to
increase the penetration level of DGs in the system and the approaches to provide as much
inertia as possible are among the most important recent challenges of the frequency
response studies of the power system. The effects related to the uncertainty of the
behavior of these DGs in the frequency of their power system are technically and
economically important [18]. Another economic effect of frequency response limitations
in network operation is that the network operator must adjust and plan DGs in such a way
that at any moment there are units connected to the network that guarantee sufficient
frequency response for a network. New planning of power plant units by considering
frequency limitations means adding extra costs of network operation [19]. In reference
[20], the effect of energy storage in improving the stability of the frequency response was
considered. It was shown that the presence of an ESS device of 1 to 2 MWh next to a 10
MW wind farm can provide the possibility of automatic central control during 29 days of
the month. Also, the investigation of the capabilities of ESS in the implementation of
automatic central control in the wind research park was considered. Reference [21]
reviewed the ESS technology and the progress made in this field. It was mentioned that
with the current state of the electricity market, it is difficult for ESS units to compete with
traditional electricity generation units. In reference [22] determined the optimal capacity
of network storages and optimal control of these systems to provide network frequency
improvement. Frequency deviations of power systems, which are usually caused by the
fluctuations of grid-connected wind generators, are one of the main factors limiting the
penetration of distributed RESs. Reference [23] investigated the effect of frequency
response limitations in network operation and in the presence of energy storage.
Considering the limitation of the RoCoF in planning the generation of power plants and
the use of energy storage can have a great impact on the frequency behavior of the
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network. In reference [24], the placement and determination of the optimal size of ESS to
control the primary frequency response of an isolated section of the Mexican power grid
was presented. The paper showed that the increase in the level of penetration of DGs leads
to problems with network frequency. In order to provide the desired frequency response,
energy storage batteries were used. In reference [25], the benefits of using energy storage
in the market of providing fast frequency response in the national network of England
were evaluated. Using equipment with fast response speed can reduce the power
imbalance between supply and demand. A real-time strategy for controlling storage
devices was presented. Controlling the charge level of energy storage has a significant
effect on the life of the storage. In reference [26], ESS was used to prevent under-
frequency load shedding. The under-frequency load shedding is one of the temporary
measures to prevent the frequency violation at a value lower than the set limit. This action
is taken to restore the network to a safe state. By using energy storage and power
electronics converters [27], power can be quickly injected into the network, and
frequency deviations can be avoided when a power imbalance occurs in the network. In
reference [28], lithium-ion batteries were adopted as a tool for fast power transfer in
sudden events and stabilization of frequency response. This reference showed how these
storage batteries should be installed and utilized in the network. Also, in this research, the
charging level of ESS after passing the transient frequency states was optimized.
Determining the charge level of energy storage has a significant effect on increasing the
life of these equipment. In reference [29], the simultaneous contribution of WTs and ESS
to the electricity market to provide frequency response was discussed. In literature [30],
the design of the frequency droop controller in hybrid electric vehicles to control the
primary frequency response was analyzed. To better understand the primary frequency
response control in the presence/absence of ESS, special designs are proposed in this
paper and the stability margin of each of these designs is determined. RES and ESS have
little or no inertia. Increasing the penetration level of these sources has led to a decrease
in network inertia and an increase in the probability of frequency deviation or sudden
network collapse. The inertia of the network was not very important in the past, but today,
with the penetration of DGs and the change in the dynamic characteristics of the network,
the discussion of providing the inertial response and the primary frequency response has
received much attention from scholars. One of the most novel approaches to increase
network inertia is to utilize the control methods of power electronic converters to show
behavior similar to synchronous machines, called virtual inertia, in these sources. This
study intends to provide an inertial response for ESS to maintain the frequency stability
of the network against the occurrence of sudden events.

The contribution of this paper is to provide an inertial response for ESS with fast
response capability. Also, investigating the effect of providing this response in
establishing frequency response and network behavior after sudden events is considered
among other contributions of this work. Considering the new model of the problem and
applying the novel algorithm for this problem are other innovations of current research.
Other parts of the paper are structured as follows. In Section 2, the description of the
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proposed model is presented. In Section 3, simulations are performed, and a summary of
the results is presented in Section 4.

2. Modeling and problem formulation
2.1. Providing the virtual inertia

Inertia response can be created by using fast storage devices because these devices can
be charged or discharged at their maximum nominal rate in less than 1 ms. This section
of the paper focuses on the primary frequency response, which is dedicated to a period of
tens of seconds. Without any specific control strategy, the output level of energy storages
( ps in per-unit or p.u. and P, in MW) remains at its initial value (i.e., pgo or Py, ) after some
time (several seconds) after the event. Therefore, fast ESS does not contribute to the
transient stability of the network. A method is presented to control the ESS so that they
can create virtual inertia Hy in the network. The main idea of this design focuses on
controlling the output power of the storage device so that it adjusts its output power
based on the local frequency of each of the storage devices. If the local frequency in terms
of per-units is f; and the nominal frequency of the network is fz = 60 Hz, then the
corresponding virtual rotation speed is denoted by w; = 2nf; and the nominal rotation
speed is expressed by wg = 2mfp; therefore, Equations (1) and (2) are established.

Aps = ps — pso = —2H;Aw; (1)
Aps € [ps = Dso, Bs — Pso (2)

It can be seen that the control signal completely depends on the local frequency. Virtual
inertia can be represented by Hy = ]‘;gﬁfif (in seconds) where J; is in MWs. Therefore, the

virtual kinetic energy of the storage device is Eg = % Jsw? and the virtual mechanical

frequency is ws = wi:’B, and r shows the virtual poles of the device. Therefore, the

relations can be rewritten as Equation (3):
—AFs = Es = Jsws;0s & —Aps = 2H;0;0; = 2H;w; (3)
Control signals can be measured on the generator side (rotation speed) or the network
side (connection point frequency). To achieve real results, storage dynamics, response
time, and communication delay are also considered in the simulation. In this paper, ESS is
equipped with a dynamic response adjustment controller. The local frequency w; can be
adjusted using the active power output of the storage control module and the connection
point voltage using the reactive power of this module. In this paper, a simplified dynamic
model of the storage system is presented, which has two lagging-phase blocks with time
constants Trp and Tsp. Therefore, the inertial response provided by the module is equal to
K,p = —2H,w?. This study assumes that the grid power plants are divided into two
categories: thermal power plants and gas power plants. Each of these plants has its
characteristics and is of special importance from the point of view of dependence on
natural gas. It is also assumed that the management of unit commitments will be divided
into two parts [31]. The first part (upstream) is related to daily planning (or day-ahead
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planning) to comply with the restrictions related to daily energy exchange contracts and
the general status of power plants in terms of start/shutdown or initialization (binary
variables of the problem) should be specified. The second part (downstream) is related to
daily operation (same day) in which any uncertainty or fluctuations are answered in the
form of adjusting the power generation of power plants (real continuous variables). In
this stage, uncertainty has shown itself and usually, the final result of this stage is obtained
based on mathematical expectation of probable events. In this paper, uncertainty is
considered on the limits of gas supply lines. Also, to understand the effect of natural gas
pricing on the problem, separate case studies will be examined. In the following, the
mathematical model of the problem is discussed and then the stochastic form of the
problem is presented. Figure 2 shows the output power of the storage device and the
frequency deviation in different values of the virtual inertia of the storage devices. The
higher the virtual inertia, the better the frequency response of the system. Also, higher
values of virtual inertia require higher charging and discharging capacity of ESS.

It can be seen in Figure 3 that if the storage capacity is less than 30 MW, by increasing
the charging and discharging capacity, the advantages of virtual inertia in improving the
primary frequency response will be reduced.

/_Fs
Wi SKSP 1

1+ sTg 1 + sT,p [P
Wref P-o BS_/

Figure 1. Simplified structure of the grid-connected storage system.
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Figure 2. The effect of virtual inertia on the frequency response of the power system
considering the dynamics of the storage battery.
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Figure 3. Dynamic simulation by considering the upward charge/discharge limit of storage
and dynamics of the storage batteryH, =9s..

0 2 4 time (s)
0.1 ,r?‘—\“.' A Saammpmee TS 0 L
| 4 /
AR / -
- NN S 3 0,002
R R s
g [N £ -0.004
. =
‘3‘ 1 k .\ -"/. s > .5
s 0 ™ 7 == > S 0.006
¥ | E / o
g L\ g
5 ; [\ i _ 3 -0.008
% -0.05 ’ \ 7 ~ e - §
/ \ 7 S oo
0. 1({ Vi
it 2 4 time (s) -0.012 ¥
........................... without storage ———-— OMW initial output
————— SMW initial output — .. — .. —.  —5MW initial ontput
-------------- 10MW inifial output ——— —10MW initial output

Figure 4. Dynamic simulation with variable initial output of the storage by considering the
storage dynamics.

Figure 4 illustrates that the initial output values of the storage devices play a significant
role in the behavior of the primary frequency response. The charging state of the storage
devices helps to prevent the frequency drop, and the discharge state of the storage devices
brings a worse situation in terms of the frequency nadir compared to the state without
the use of the storage device. It should also be noted that the storage units with an initial
output of -10 MW contribute to the inertial response exactly after the event, but the
storage units with an initial output of 10 MW do this only after the frequency drops. These
results seem reasonable. Storage devices usually have less free capacity to respond to
frequency reduction.

2.2. The problem of minimization of ESS’s planning cost

Usually, the generation planning of the power plant is done in 24-hour intervals, and
economic load dispatch is carried out every 15 minutes. In fact, after the implementation
of the economic load dispatch program every 15 minutes, the necessary measures will be
determined to provide transient stability in the next period. To ensure that the frequency
or the post-event rate of change occurs within the allowed range, the problem of economic
load dispatch is solved.
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The purpose of this method is to find the lowest contribution cost of ESS. Under-
frequency events are discussed in this paper and the constraints related to the lowest and
highest rate of change of frequency are considered in the problem.

2.2.1. Formulation of the storage planning problem

The vector x = [xq, X5, ..., Xy ]! represents the non-negative virtual inertia provided by

the storage (decision variables of the optimization problem). The upper and lower limits

D — T
of these variables are denoted by mathematical symbols H = [Hl, H,, ...,HN] and H =

[ﬁl, H,,..,H ]T. The problem of economic planning of storage is formulated as Equations
(4-7):

ine T
mxln. c'Xx (4)
S.tifye (5)
rbr,r;axb (6)
xTL € {O, [I:In; I:In]}; forvn € N (7)

In these equations, N = {1,2,..., N} shows the set of storage units, c is the cost of virtual
inertia, fbﬂéinxis the minimum frequency, and rbrr;ax"expresses the rate of change of

frequency of each bus b € Bduring any given e € ¢ event.

2.3. Iterative solution to problem-solving

Searching in the solution space requires simulating the transient stability of the
problem. It seems impractical to provide a comprehensive method for the final results in
the real world. To reduce the computational burden, an algorithm for the planning
problem is presented in this section. As shown in Figures 5 and 6, linearization can be
used to approximate the role of virtual inertia of the storage devices at the minimum
frequency of each bus and the highest rate of change of its frequency. The accuracy of the
proposed method is optimal. Based on these linearizations, the mixed-integer linear
problem is presented and an iterative method will be presented to solve it.

59.52 . — 7  —
t zfim |[H1=2] — fr. |[4,H2]
559.51 -7 le,neml[Hlﬁz] / """ zl,rgnl[4>Hz]__
=
% 395
2
59.49 T T T T T T T I T T ’I L] 1 L] 1 L] 1 I 1 I |>I
0 2 4 o6 8 10 00 1.6 32 48 64 80
FSD 1 vitual mertia (s) FSD 2 vitual inertia (s)

Figure 5. Minimum frequency linearization in a network with two storage devices.
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Figure 6. Linearization of the RoCoF in a network with two storage devices.

2.3.1. Formulation of the linearized planning problem

Considering that H < x < H, each of the solution zones {xn:ﬂn <x, < ﬁn} can be
divided into Zn sections. The favorable virtual inertia of the nth storage is shown by a
vector (Z, + 1) x 1,named h,, = [h, o = Hp, By 1, wrhyz = Hn]T. The present settings of
the virtual inertia are represented by H = [hy, h,, ..., hy]T. The only difference between

vectors Hyp, = [, Ang, .| and H = [..., hy, ... ] is in the virtual inertia settings of the nth

storage. Moreover, a vector Hn,—l = [...,hn,_l, 0, hypgq) o ]T with h,; =0 and Z, =
{0,1, ..., Z,} is defined. The metrics under study and their limits are provided as m € M =
{fmin (—r)max} and M,, € {€,, —7},}, respectively. Therefore, the marginal gain of the zth
part of virtual inertia's contribution to the nth storage is given as Equation (8). Also, the
equivalent index of the rate of change of frequency or the minimum frequency is
represented as Equation (9). With a planning

scheme, the value is defined as Equation (10), which shows the value of participated
inertia, H, in the range [hy,_1, hy, |- Figure 7 illustrates the definition of parameters.

I’_\Inz [.” hnfl ' hn' hn‘+1 ]
I:I ['“ hnfl hn hn‘+1 ]
Hn z—-1 [ e n-1 h n,z—1 h n+1 ]

------------- -

the only different element

% selected metric
m‘ﬁmz ’_-";Je\
rn |H 1, 2—1 =,|\_’ SlOpe
m . .
L [ E—— »e a,.,1zlla  FSD n inertia
H L ___1... 4L ... ces Ly
h n
h,, =0 ,
hn,O = ]in hn_.z—l hn,z hn,Zn :Hn

Figure 7. Demonstration of parameters adjustment.

Journal of Green Energy Research and Innovation 1(3) (2024) 30-48



M. Mohseni et al.

mb,e Iﬁn,z—l

air)r,le,n[z]lH = h o —h ,fOT Z€Zy (8)
n,z n,z—1
Vpeln = Mp — Mpely 9)
hn,z - hn,z—l; if hn,z < hn
Ahn,z = 0, if hn < hn,z—l (10)

hy — hy z—1; otherwise

The objective function in Equation (11) deals with minimizing the overall cost of the
contribution of storage devices. In the constraints of Equation (12), the parameter
apnlz] |Hdn,z or Ah,, , is linearized in the form of z-segment virtual inertia related to the
nth storage named d,, , or apy, [z]ydy, - Hence, Ynee zee, ApnlZln (dn,z — Ahn,z) is the linear
improvement of the considered indices, and vy’ |H is the minimum improvement
necessary for each index to observe its limits. Equation (13) represents the upper limit of
the virtual inertia d,, ; related to the z th part. Equations (14) and (15) state that none of
the storage devices can produce virtual inertia between zero and H,,. The (z + 1) th part
can establish

inertia only when the zth part proposes the whole inertia between h,, , — h, ,_4, and

these constraints are given in Equations (16) and (17).

ming,:c'd (11)
s.t: forvbeB,e€egmeM (12)
Ynenzez, Wen [Z]|H(dnlz — Ahn,z) >vp.ly forvb€B,e€e,z€Znn€N (13)
U, , € {0,1} (14)
dn,z < un,z(hn,z - hn,z—l) (15)
un,Ohn,O = dn,O (16)
un,z+1(hn,z - hn,z—l) < dn,z'z * Zn (17)

The linearized problem of the contribution of power plants has made it possible to
implement iterative algorithms. Here, a two-step method to solve the problem is
introduced. This method has two loops. The outer loop, denoted by s, updates the solution
space and divides the solution space. The inner loop, denoted by k, will improve the
required criteria when there is a violation in the RoCoF or the frequency nadir from the
allowed limit. Equation (18) gives the relationship related to updating the outer loop.

K k=1 Kk (s, k—
vy = v 4 B (My, — | dGHD) (18)
At the end of each outer loop s, the algorithm updates the center of the solution space
of the problem HG*D using the obtained optimal solution d*|ysx,) = d*®%). To

guarantee the convergence of the proposed method, the coefficient a,(ls) € [0,1] is used to
break the solution space. Again, the virtual inertial space of each storage device is divided
into a new space. Therefore, the marginal profit and its related restrictions are as follows.

In other words, it can be said that in the planning stage, based on the base load, the on
and off status of the power plants and their working pointis determined from the previous
day, taking into account the energy reserve, and based on that, a contract with the gas
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supply company is drawn. Then, any difference that occurs on the current day will be
determined by operation. In fact, in operation, on/off status is not an issue anymore, and
the only goal is to change the generation capacity of power plants. Therefore, there is a
possibility of some difference in the operating point of the power plants, their gas
consumption, or measures such as load shedding, so that the load can be fully met and the
security restrictions of the network are respected.

(s)
i a
W1 = ma 420 -5 (1), - )| 19
a ol
iz, = min i d® = (5, = i) (20)

2.3.2. Sensitivity analysis of the problem

On the left side of Figure 8, the value in terms of related to bus 4 is shown for times t =
1,2, and 3 s. According to the obtained results, the changes in the frequency nadir have an
almost linear relationship with the injected power AP. Hence, the sensitivity of the
AAFN™  AAf

0Ap op
These changes are provided on the right side of Figure 8, where the nonlinear behavior of
OAfpe"

frequency nadir to the injected power at other points can be found from

at any moment is clearly observed. Similar results to Figure 8 are provided in Figure

9, which shows the RoCoF with respect to injected power. In this case, bus 1 (two nods
away from bus 69), bus 4 (two nodes away from bus 69), bus 43 (eleven nodes away from
bus 69), and bus 17 (eleven nodes away from bus 69) are considered.

Figure 10 depicts the time-dependent changes of indices for bus 1 due to the injection
of reactive power into bus 4.

,busLAS " (10 2 Hz) L6 . busl CAVASS (10 2 HZ/MW)
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Figure 8. The minimum changes of frequency with respect to injected power.
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Figure 10. The change of time-dependent indices of bus 4 due to power injection into bus 4.
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Figure 11. The RoCoF in bus 1 due to active power injection into bus 4.

The change of

active power injected to bus 4 in time steps of 1.5 s with 0, 1, and 2 MW

changes in the power value was analyzed. The graphs related to these changes are also

shown in Figure

11. The results show that the output power of the storage devices has a

small effect on the network frequency. Therefore, the estimation of each part can be

estimated by reconstructing the frequency measurements in each bus.
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3. Simulations and results analysis

In this paper, two networks have been examined. A three-bus network, which includes
4 generation units, 2 fast storage units, and 3 network load units. In this network, events
usually occur in generation unit No. 4. The other network is the modified IEEE 118-bus
network, which includes 8 fast storage units. The capacity of all storage units is considered
equal to 15 MW. Also, the costs related to the energy supply of storage devices are
different from each other. The energy storage capacity is also assumed to have no limit.
There is a possibility of an event in four points of the network, where the generators
located in bus 80 (the 389 MW unit), bus 100 (the 415 MW unit), bus 61 (the 386 MW
unit), and bus 59 (the 433 MW unit), are among these cases. The permissible value of the
frequency nadir and the maximum RoCoF are assumed to be 59.5 Hz and 0.5 Hz,
respectively.

3.1. Case studies

In this paper, various study cases have been considered, each of which can represent a
different aspect of simulation. These study cases are:

Case I: First, the effect of each technical parameter on the frequency response of the
sample power system is investigated. A network with 10 traditional 120 MW units (1.2
p.u.) and variable inertia between 2.5 to 3.5 s (with steps of 0.1 s) and time constants
T,,=058T,,=25s, T, ,=5.5 has been considered. An event is assumed in which the

load suddenly increases by 1 p.u. from the basic value of 10 p.u. and the amount of energy
stored in the storage device is equal to zero. For all storage devices, we have T, =0.1s

andT, =0.5s . The purpose of this case is to somehow analyze the sensitivity of the model

to the technical parameters of the problem.
Case II: In this case, the planning of the 3-bus network is carried out in such a way that
it is necessary to solve the differential equations of the frequency swing in each case.

3.2. Simulation results
3.2.1. Casel

3.2.2.1. Impact of inertia of storage on frequency response

Figure 12 shows the effect of changing the inertia of energy storage on the frequency
response of the power system. The output power of the storage device, the output power
of the traditional power plants, and the frequency deviation in different values of the
virtual inertia of the storage devices are shown. The higher the virtual inertia, the better
the frequency response of the system. The frequency deviations or the distance between
the frequency nadir and the nominal frequency are reduced and the intensity of the
maximum RoCoF is also reduced. The deviation of the power balance of the network is
answered with the simultaneous contribution of traditional power plants and energy
storage. The more the inertia of grid storage devices increases, the contribution of storage
devices to the power supply increases, and the share of traditional power plants
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decreases. Therefore, higher values of virtual inertia require higher charging and

discharging capacity of ESS.

3.2.1.2. Impact of the rated power of storage on frequency response

Figure 13 depicts the effect of rated power of energy storage on the frequency response

of power systems. As can be seen, with the increase in charging and discharging capacity,

the frequency response of the power system shows more improvement. Also, the

contribution of ESS will increase.
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Figure 12. The effect of virtual inertia on the frequency response of the power system by

considering the dynamics of the storage battery. (a) Frequency response (upper right), (b)

storage output power (upper left), and (c) output power of traditional generators (bottom).
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Figure 13. The effect of the rated power of the storage device on the frequency response of

the network forH, = 9s . (a) Frequency response (upper right), (b) storage output power

(upper left), and (c) output power of traditional generators (bottom).
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3.2.1.3. Impact of the rated power of storage on frequency response

Figure 14 shows the effect of the initial charge of the storage device on the frequency
response. As it is known, the initial output values of the storage devices play a significant
role in the behavior of the primary frequency response. The charging state of the storage
devices helps to prevent the frequency drop and the discharging state of the storage
devices brings a worse situation in terms of the frequency nadir compared to the state
without the storage device. It should also be noted that the storage units with an initial
output of -10 MW contribute to the inertial response exactly after the event, but the
storage units with an initial output of 10 MW do this only after the frequency drops. These
results seem reasonable. Storage devices usually have less free capacity to respond to
frequency reduction.

3.2.2. Casell

Figure 15 shows the maximum RoCoF and the minimum frequency nadir of the
network in the inertial space of storage batteries, which is divided into two categories: the
possible space and the impossible (unacceptable) space. This space shows the importance
of virtual inertial services and the non-linear relationship between selected parameters
(such as the frequency nadir and RoCoF) with the virtual inertia of the network. To
simultaneously meet the requirements of the RoCoF and the frequency nadir, it is
necessary to find the intersection of the acceptable space of the two regions.

Table 1 lists some boundary points related to RoCoF and frequency nadir. As it is
known, some of the solutions have provided only the constraint related to the frequency
nadir, while others have provided that of the RoCoF, and some have met both constraints.
The solution with the lowest allowed cost by observing both conditions is selected as the
best solution to the optimization problem. In Table 1, red values are unacceptable while
green ones are acceptable. The best solution obtained, which has the lowest cost among
the allowed solutions, is marked with blue color.
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Figure 14. Investigating the effect of the initial charge level of the storage on the frequency
response of the network for H, =9s . (a) Frequency response (upper right), (b) storage output

power (upper left), and (c) output power of traditional generators (bottom).
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Figure 15. Maximum RoCoF (left) and frequency nadir (right) in different inertias of test
network storages.

Table 1. Boundary points of constraints on frequency nadir and RoCoF.

Frequency
Hi Hz RoCof i Cost ($)
nadir

0 2.1053 0.5246 59.4823 421.0526

0 2.5263 0.5090 59.4997 505.2632

0 2.9474 0.4943 59.5159 589.4737
0.5263 1.6842 0.5206 59.4868 442.1053
0.5263 2.1053 0.5052 59.5038 526.3158
0.5263 2.5263 0.4907 59.5198 610.5263
1.0526 1.2632 0.5167 59.4911 463.1579
1.0526 1.6842 0.5015 59.5079 547.3684
1.5789 0.8421 0.5128 59.4954 484.2105
1.5789 1.2632 0.4979 59.5120 567.4211
2.1053 0 0.5246 59.4823 421.0526
2.1053 04211 0.5090 59.5159 589.4737
2.1053 0.8421 0.4943 59.5159 589.4737
2.6316 0 0.5052 59.5038 526.3158
2.6316 2.4211 0.4907 59.5198 610.5263

4. Conclusions

The formation of virtual inertia is one of the different methods of controlling ESS. By
using power electronic converters connected to these sources, it is possible to contribute
to the primary frequency response or inertial response if an event is detected. Since
storage devices are highly capable of quickly increasing their power from the lowest value
to the highest value, they can provide a significant improvement in the frequency
response. In this paper, the storage parameters effective in the improvement of the
frequency response of the network were investigated and the sensitivity analysis of the
contribution of ESS to providing inertia for the initial frequency response was discussed.
The effect of power capacity and energy storage, the amount of virtual inertia designed
for it, etc. on the improvement of frequency response parameters such as RoCoF and
frequency nadir were analyzed and investigated. Also, an optimization-based method for
the optimal management of ESS was presented, which determined the best necessary
inertia for each of the storages. These inertias were chosen in such a way that in addition
to providing the boundary constraints of the problem, the amount of operating costs of
the storage devices was minimized.
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The Power Quality (PQ) issue refers to the occurrence of irregular
voltage, current, or frequency that leads to failure or incorrect
functioning of equipment used by end users. The PQ meter is
utilized to monitor a diverse range of power supply characteristics,
all of which possess the capacity to impact the effectiveness of both
operational procedures and machinery. The dynamic voltage
restorer (DVR) performs the role of a specialized power device
employed to mitigate the voltage drop experienced at the terminal
of a sensitive load. DVR can be controlled by various control
designs. This work conducts a comparative analysis on a normally
managed voltage system and a medium-power DVR controlled by
a neural network (NN), fuzzy logic (FL), or adaptive neuro-fuzzy
inference system (ANFIS) by utilizing an output voltage regulator.
The identification and rapid compensation of voltage
perturbations, such as voltage sag, are essential elements in
monitoring and controlling DVRs. The conventional PI controller is
commonly employed in regulating DVRs. While the traditional
controller possesses certain merits, it is not free of limitations. One
such downside pertains to its utilization of constant gains, which
can impede its capability to provide optimal control performance
in instances where system parameters undergo fluctuations.
Possible solutions have been proposed to effectively tackle this
issue, such as the use of NNs, FL, or ANFIS controllers.
Furthermore, to attain both rapid dynamic response and
robustness, a modified d-q converted three-phase voltage
regulator was adopted. Instead of employing a conventional three-
phase regulator, this particular regulator is operated by means of
an NN, FL, ANFIS, or PI controller. The suggested voltage regulator
offers a prompt solution for rectifying voltage irregularities, such
as voltage sag, by promptly restoring the voltage to the nominal
magnitude. The primary source of power adopted in this study is a
wind turbine unit.

1. Introduction

In a review of previous articles and research, it can be seen that the increasing
prevalence of extremely responsive end-user devices has garnered the interest of both
end consumers and providers concerning power quality [1]. The observed phenomenon
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can be attributed to the growing prevalence of a wide array of advanced electrical and
electronic devices, including but not limited to computers, programmable logic
controllers, and variable-speed drives. Today, the demand for electricity is so high that it
is almost impossible to even imagine human life without it. This has imposed a lot of strain
on governments to meet the huge demands for electricity. Therefore, the provision of
quality energy has turned into one of the basic foundations of any country’s macro-
policies [2]. Voltage fluctuations can occur throughout or across a substantial segment of
the system due to issues arising at either the transmission or distribution level.
Furthermore, under heavy load conditions, the system may experience a significant
voltage drop. Voltage sags can occur at any given point in time, with magnitudes ranging
from 10 to 90 percent and durations spanning from half a cycle to one minute [3].
Moreover, the nature of faults might vary, resulting in either balanced or unbalanced
conditions, with magnitudes that may deviate from anticipated values. These magnitudes
are impacted by factors such as the proximity to the fault and the interconnections among
transformers.

In contrast, voltage swell is a sudden rise in the supplied voltage, measuring between
110% and 180% of the root-mean-square (RMS) voltage at the fundamental frequency of
the network. This phenomenon persists for a duration spanning from 0.5 cycles to 60
seconds |[3]. The relative infrequency of voltage swells in distribution networks
diminishes their significance in comparison to voltage sags.

Several potential approaches to preventing voltage sag have been discussed in [4],
including previous research in the field. The equipment and approaches that had been
utilized were all taken into consideration with regard to voltage sags in radial and mesh
grids. Within the scope of these investigations, the publications about issues that are
associated with voltage sag have been categorized according to a set of predetermined
criteria. Among these aspects is the evaluation of the unpredictability of the demand for
electricity or the availability of renewable sources. A presentation has been made
regarding the recommendations that pertain to the voltage sag research. The
incorporation of the uncertainties associated with renewable energy sources and the
usage of electricity serve as the foundation for these proposals. Reference [5| makes a
contribution to creating a mitigation mechanism that is both cost-effective and efficient
for voltage sag situations, both with and without the presence of distributed generation
(DG) and renewable energy resources (RES). In [6], the optimal placement of DG units is
determined in a network with unbalanced loads. To address this, parametric and cost
functions have been developed to formulate the problem. A novel approach is employed
to solve the unbalanced load flow problem, specifically utilizing the group search
optimizer algorithm, which is a newly modified swarm intelligence algorithm discussed
in this paper. The technique that has been provided in [7] is capable of evaluating the
performance of voltage sag at wind turbine connection sites in a manner that is both
efficient and precise. Furthermore, it offers a reliable long-term performance evaluation
of the tendency and degree of voltage sag occurrence anticipated to generate wind turbine
disconnection. The reduction and control of voltage sag in wind turbines, which is quite
intriguing, have been the subject of articles published [8]. The primary objective of [9] is
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to investigate the impact that a voltage drop has on a wind turbine system equipped with
a double-fed induction generator. Wind power converting systems can be modeled by
space vector technology. Several different grid voltage disturbances are taken into
consideration in this paper, and the performance of the system is analyzed.

The identification of voltage disturbances, such as voltage sag, and the prompt adjustment
to mitigate these disturbances are two essential elements of DVR control. In a given
scenario, it is commonly observed that a single-phase ground fault is responsible for
inducing the most significant voltage drop. It can be inferred from this observation that
the equilibrium of the voltage’s typical waveforms is disrupted as the voltage decreases.
When the d-q transformation is used for the three balanced power line voltages, the
resulting value will be equivalent to the DC value that is directly related to the peak input
voltage. This will enable accurate detection of voltage disturbances. In this instance, it is
sufficient to compare the DC peak with the reference value [10] so that the voltage
disturbance is accurately identified. Conversely, if the three input voltages are not in a
state of balance, the result of the d-q transformation will encompass both the component
of current ripple and the component of direct current. In the given situation, the inclusion
of a low-pass filter (LPF) is important to effectively attenuate the alternating current (AC)
component and accurately discern the precise occurrence of the voltage perturbation.
Although the LPF may effectively attenuate the AC ripple, it is incapable of bypassing the
inherent time delay necessary for accurately detecting the precise occurrence of a voltage
disturbance. Furthermore, due to the prevalence of unbalanced line voltages during
normal sag voltage scenarios, it becomes imperative to provide a zero-sequence voltage
into the line. To facilitate the provision of a zero-phase sequence voltage, the system
necessitates the incorporation of three single-phase inverters, along with either a five-leg
transformer or three single-phase transformers. In the given case, it is unfeasible to use
the commonly used three-phase d-q transformed voltage control method [11-12] to
regulate the output voltage. To rectify the asymmetrical voltage disruption, it is important
to employ a voltage regulation mechanism for the inverter.

Currently, there is a notable increase in public interest in many techniques encompassed
under artificial intelligence (Al), including NNs, FL, and genetic algorithms (GA). A novel
method for detecting voltage disturbances is formulated and suggested, employing NNs,
FL, or ANFIS control, in this research as its novelty and main contributions.

The identification of voltage disturbances can be achieved even in scenarios characterized
by very imbalanced voltage conditions. The reason for this is that these methodologies
enable the measurement of the magnitude of the three-phase voltage. An alternative
approach to attaining a rapid dynamic response involves the utilization of a modified d-q
transformed voltage regulator in the context of an inverter. The control of the regulator
for the three voltage phases in this approach is achieved by the utilization of various
control mechanisms, such as NNs, FL, ANFIS, or PI controllers. The application of voltage
regulators enables the quick adjustment of voltage perturbations, such as voltage sag,
thereby restoring the voltage level to its nominal value promptly.

The employment of a DVR is commonly acknowledged as a highly economical strategy for
addressing voltage sags and swells, notwithstanding the existence of various alternative
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options. The incorporation of a PI controller in a DVR result in a design that is both
uncomplicated and capable of delivering satisfactory performance in a wide range of
operational scenarios. The fundamental concern that necessitates attention in the context
of conventional controllers pertains to the tuning of controller gains. There is a potential
for the controller to exhibit inadequate control performance using fixed gains when
changes occur in the quantities of the system and operation status and one of the
motivations and the necessity of this research is to solve this problem.

The use of NNs, FL, or ANFIS methodologies can be employed to effectively address a
diverse set of operational scenarios. Nevertheless, a challenge occurs concerning the
parameters linked to the number of neurons in the NN approach or membership functions
in the fuzzy method, along with the rules, which heavily rely on the expertise of the
professionals. In the case that it becomes necessary to modify the settings, the sole
method available is a process of experimentation and refinement. The ANFIS method is
employed to effectively tackle the previously mentioned problem and improve the
controller's adaptability. The ANFIS approach involves the generation of a fuzzy inference
system by employing a chosen set of input and output data. In contrast, the outcomes of
the simulation revealed that both an NN and a simplistic FL controller exhibit a
satisfactory disposition. This implies that the utilization of an ANFIS controller structure
may not be essential for achieving improved outcomes. However, it would also indicate
that building an ANFIS controller is comparatively less complex than alternative
methodologies. This paper presents an analysis of the DVR and its underlying functioning
concept. Furthermore, the present study examines the suggested controller, which
encompasses potential options, such as an NN, FL, or ANFIS controller. Subsequently, the
outcomes of the simulations conducted using the MATLAB/Simulink platform provide a
comparative analysis of the suggested solutions regarding their performance in voltage
sag and swell, respectively. After conducting a comparative analysis of the injection
voltages employed in different methodologies, the findings are presented in this article
along with detailed explanations and a concluding statement.

The paper is organized as follows. Section 2 explains the DVR. Then, Section 3 discusses
its operating principles. Section 4 presents the DVR scheme. Section 5 presents the neural
network-controlled disturbance detector. Voltage regulator by adopting a modified d-q
transformation method is discussed in Section 6. The neural network method is
implemented in Section 7. Section 8 is dedicated to the fuzzy logic control of the DVR.
Section 9 is related to the design of the DVR with an ANFIS controller, and Sections 10-12
present the simulation results and suggestions for future research.

2. Dynamic Voltage Restorer (DVR)

The DVR is connected in series to provide voltage to the system so that load voltage is
properly regulated. The DVR was developed around three decades ago [13]. The
customary placement site for this component is within a distribution system, more
precisely positioned between the power source and the feeder responsible for the
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Figure 1. A schematic of a DVR.

important load. If a disturbance occurs, its primary objective is to promptly raise the load
voltage to avert any power interruptions to the load mentioned [14]. Various control
algorithms and circuit topologies can be employed to develop a DVR [15-16].

In addition to its core function of voltage oscillation compensation, a DVR may be
enhanced with supplementary features, including the adjustment of voltage harmonics,
the mitigation of voltage transients, and the restriction of fault currents [17]. The full
design of a DVR consists of several key components, namely a voltage injection
transformer, an output filter, energy storage equipment, a voltage source inverter (VSI),
and a control platform. Figure 1 shows the ultimate arrangement of the DVR.

2.1.  Voltage Injection Transformer

By utilizing the high-voltage windings, this transformer facilitates the establishment of
a connection between the DVR and the distribution network. Moreover, it is capable of
effectively integrating the injected compensating voltages produced by the VSCs with the
supply voltage. This transformer’s design holds significant relevance due to its
susceptibility to saturation, overrating, overheating, cost, and performance. It is
conceivable that the injected voltage may encompass fundamental harmonics, switching
harmonics, and potential components of the DC voltage [18]. When the transformer
design is not acceptable, the injected voltage could possibly cause saturation in the
transformer. This saturation could result in the DVR not operating effectively [19].

2.2.  Output Filter

The major function of the output filter is to mitigate the presence of high-frequency
switching harmonics. This filter is tasked with regulating the harmonic voltage content
generated by the VSI, ensuring its compliance with relevant standards. The rating of the
load VA is approximately 2% [20], which is a low value.

2.3. Voltage Source Inverter

A VSl is a power electronic system comprising switching devices such as IGCTs, IGBTs,
and GTOs. It can generate a sinusoidal voltage with adjustable frequency, magnitude, and
phase angle as required. The utilization of the VSI in the DVR application serves the

Journal of Green Energy Research and Innovation 1(3) (2024) 49-76



Voltage Sag Reduction by ANFIS in Wind ...

purpose of either temporarily substituting the supply voltage or creating the missing
portion of the supply voltage [21].

2.4. DCEnergy Storage Device

The DC energy storage device is responsible for providing the DVR with the necessary
power during the compensatory procedure. Various alternative storage methods have
been suggested, including flywheel energy storage [22], superconducting magnetic
energy storage (SMES) [23], and supercapacitors [24-25]. These possess the advantage of
exhibiting a rapid response time. The utilization of a lead-acid battery represents an
alternate option [21-22]. The time-consuming process of extracting energy from batteries
has led to the perception that batteries have limited suitability for usage in DVR
applications [ 16]. Finally, conventional capacitors are an alternative that can be employed
[26-27].

2.5. Control system

The primary goal of the control system is to preserve a consistent voltage at the load
connection point, even in the presence of disturbances within the system. The inclusion
of a voltage correction mechanism is a common practice in the control system of the
general design. The function is responsible for ascertaining the appropriate reference
voltage to be injected by the DVR. Moreover, the VSI control, as elucidated in this study,
consists of a Pulse Width Modulation (PWM) controller integrated with a PI controller.
The controller input is a type of error signal that is obtained by comparing the reference
voltage with the injected voltage value, as depicted in Figure 2. Once a PI controller
processes the error, the resulting output is fed into a PWM signal generator. This
generator is responsible for regulating the operation of the DVR inverter, ensuring the
appropriate injected voltage is provided.

3. Operating Principle of DVR

One of the principal roles of the DVR is to dynamically regulate the bus voltage by
injecting a voltage, denoted by Vinj. This is achieved by employing a voltage injection
transformer. The management of the momentary magnitudes of the three injected phase
voltages is designed to mitigate or prevent any adverse effects that may arise from a bus
malfunction on the load voltage VL. This suggests that any variations in voltage resulting
from disruptions in the alternating current feeder will be counterbalanced by a
corresponding voltage. There is no discernible association between the nature of a
malfunction or any event that transpires within the system and the operational capacity

PWMVSI-

Figure 2. A classical PI controller.
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of the DVR. Due to the infinite impedance of the step-down transformer for the zero-
sequence component, it is possible to achieve a more economic configuration by solely
addressing the positive and negative sequence components of the voltage disturbance
observed at the input of the DVR. This argument holds true for the majority of practical
instances.

The DVR offers two operational modes: standby mode and turbo mode. During the
standby state (Vinj =0) of the voltage injection transformer, the low voltage winding is
found to be short through the converter. The absence of semiconductor switching is a
characteristic of this operational mode, as the triggering of individual inverter legs is
designed to create a short-circuit path for the transformer connection. The DVR will
mostly utilize this mode for the majority of its operational duration. During the boost
mode, characterized by a positive Vinj, the DVR encounters a disruption in its supply
voltage. Consequently, it responds by introducing a compensatory voltage via the voltage
injection transformer.

4. DVR scheme

The conventional power circuit of a DVR comprises several components as depicted in

Figure 3. Switches S1, S2, and S3 are employed for maintenance. Both the charging
transformer (TR1) and the rectifier (REC) possess a power rating that is significantly
inadequate. In the standby state of operation, the sole requirement is to charge the
capacitor responsible for energy storage. During the standby state, it is observed that all
switches in the inverter are in the off mode. Additionally, the secondary winding of the
series transformer (TR2) is found to be short-circuited by bypass thyristors (BS).
In standby settings, the series transformer must possess a low leakage reactance to
minimize the undesired voltage drop across the transformer. In the event of a voltage
distribution breakdown, the bypass switches (BS) are deactivated by means of control
over the inverter. The process involves introducing the regulated voltage into the series
transformer, thereby transferring the energy held in the DC capacitor. After deactivating
all bypass switches, the inverter is regulated to rectify the voltage disturbance. The
control block diagram of the DVR consists of three main components, namely the voltage
regulator component, the phase tracking component (PLL), and the voltage magnitude
tracking control component, as depicted in Figure 4.

S1

s2 Lo  s3
2 TR2 —]——
TR1
*, 2 e

T BS

Cap

Figure 3. The configuration of the DVR.
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Figure 4. The control configuration of the DVR.

The initial stage involves the utilization of NN, FL, or ANFIS control methods by the
magnitude tracking component to ascertain the magnitude of the input voltage Vs(t). The
aforementioned methodologies possess the capability to expeditiously monitor the
magnitude of the input voltage, particularly in instances where voltage perturbations,
such as voltage sag, are present.

Additionally, the phase tracking component is tasked with ascertaining the phase angle
of the input voltage Vs(t) during the system's standby state. Conversely, in the event of a
phase leap and voltage sag occurring in the input voltage waveform, the phase tracking
component generates a reference waveform that remains unaffected by the fluctuations
in the input voltage waveform. The phase-locked loop (PLL) module is tasked with the
responsibility of accurately monitoring and adjusting the phase of the input voltage signal.
Its primary objective is to produce a sinusoidal reference waveform in-phase with the
input signal. This synchronized reference waveform is then utilized for control objectives.
The voltage regulator assumes the responsibility of regulating the single-phase inverter
to rectify any disruptions in the input voltage. The achievement of this objective is
facilitated by employing the outcomes of the phase tracking module and the voltage
magnitude tracking module.

The voltage regulator block generates a signal known as PWM. Figure 4 illustrates that
the voltage regulator acquires phase information from the phase tracking component and
magnitude information from the magnitude tracking portion. These components will be
further elaborated upon in the following sections. The load voltage reference Vir* is
generated by monitoring the magnitude of the input voltage. When the input voltage level
is within acceptable limits, the value of Vir* will be equivalent to the magnitude (Vsr) of
the input voltage. Conversely, when the input voltage exceeds the voltage tolerance
threshold, the magnitude of Vir* will assume a fixed value equivalent to the reference
voltage. In the context of a single-phase inverter, the voltage regulator's voltage reference
is established based on the disparity between the input voltage's magnitude and the
magnitude of the reference voltage.

5. Neural Network Controlled Disturbance Detector

Previous studies have shown evidence that NNs possess the capability to undergo
training processes that enable them to perform intricate tasks across several fields of
application. These tasks encompass but are not limited to pattern recognition,
identification, classification, speech processing, visual analysis, and control systems.
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The artificial neural network (ANN) control system is classified as a non-linear control
method. The system possesses the capability to adapt and arrange itself. ANN enables the
monitoring of nonlinear interactions by utilizing input and output data, hence eliminating
the requirement for a comprehensive mathematical model [28]. The categorization of
ANN control can be based on the network's architecture, which often falls into four
distinct categories: feedforward neural networks, feedback NNs, local approximation
NNs, and fuzzy NNs.

Considering the input voltage as v =V_ sin(«t + ), it can be rewritten as Equation (1) by

adopting the trigonometric formula.

v =V, cos(0) sin(wt) + V,, sin(0) cos(wt) (1D
Equation (1) reveals that the equation consists of sinusoidal terms, includingsin(»t) and
cos(wt), along with magnitude terms that are contingent upon 4.

Equation (2) can be derived from Equation (1) by applying the delta rule of the NN, as
stated in reference [28].
Y = WX (2)

Where Y denotes the estimated value by the delta rule. Also, W and X are calculated by
Equation (3) as follows:
W = [V, cos(8) V, sin(6)] 3)
X = [sin(wt) @2 cos(wt)]”
Figure 5 depicts an instance of the adaptive linear combiner that is controlled by an NN
and employs the delta rule. In the given context, the output of this specific instance is
determined by a linear combination of its two inputs, denoted by sin(»t) and cos(wt).

The weight vector W is utilized to assign weights to the components of the input vector,
thereby forming several coefficients. Subsequently, the weighted inputs are calculated,
leading to the generation of a linear output known as the inner product Y. X might consist
of either continuous analog values or binary data. Both types of values are potentially
attainable. This implies that the weights undergo continuous fluctuations and can assume
values that are either positive or negative.

During the training phase, the linear combiner is provided with input patterns and their
corresponding desired replies. The adaptation method automatically sets the weights to
ensure that the output responses to the input patterns closely approximate the desired
responses for each pattern. A potential formulation of the equation that characterizes the
adaptation process can be denoted as Equation (4).

Wk +1) =W(k) + uX(k)e(k) (4)
Where 4 is the training rate.
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Figure 5. An NN-controlled adaptive linear combiner.

The weighting factor, represented by W, will attain its maximum value of Y if the training
operation is successful. By monitoring W, it was feasible to obtain the maximum value of
the input voltage instantaneously without any temporal delay.

Additionally, the utilization of an NN-driven approach enables the independent tracking
of the peak phase voltages, hence presenting another advantageous aspect of this
methodology. If a disturbance affects solely one- or two-phase voltages, it becomes
feasible to exclusively regulate the phase voltages associated with those specific
disturbances. In the context of the synchronous reference frame approach, however, the
task of independently identifying and regulating corresponding phases poses significant
challenges.

6. Voltage regulator by adopting a modified d-q transformation method

Figure 6 displays the control design of a voltage regulator for a single-phase inverter.
The utilization of a standard voltage regulator with three-phase d-q transformation in
[29-30] was rendered impracticable due to the discrepancy between the controlled
inverter system, which is a single-phase inverter, and the required three-phase inverter.
Alternatively, if it is feasible to find the g-axis component (Vgs) in Figure 6, despite the
anticipated voltage of the inverter capacitor being the d-axis component (Vus), the
commonly used three-phase d-q transform can be employed. The utilization of the phase
shift filter is a technique that can be employed to obtain the g-axis variable, commonly
referred to as Vys. Nevertheless, this approach exhibits a high degree of sensitivity towards
variations in the frequency of the voltage employed as the input. Furthermore, the
performance of a phase shift filter is notably suboptimal when utilized for voltage
transients, such as instances of voltage sag. In the context of this article, it is assumed that
the energy storage remains constant, while the voltage regulator is tasked with initiating
PWM. The normal three-phase voltage regulator is modified to function as a single-phase
voltage regulator, as seen in Figure 6.

T vds
[VCR sin @ [sin 8 —cosO
Ver cos @] | vy | Llcos®  sin@

Figure 6. The control block diagram of the voltage regulator for single-phase inverter.
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The g-axis variable can be defined with the assumption that the voltage of the inverter
filter capacitor is a d-axis variable.

Vas = Ve(t) = Vegsing (5)
Vgs = Vercos @ (6)
in which 4 denotes the phase shift between the voltage of the capacitor and the voltage of
the utility input, v (t). By utilizing the control block configuration depicted in Figure 6, it
becomes feasible to attain Equations (7-8).

Vge = Versin@ sin8 + Vg cos @ cos 0 (7)
Vge = Vercos @ sin® —Vegsin cos 6 (8)
Assuming that the inverter capacitor voltage is properly regulated, we have v_, =v_, and

#=0.Thereby, Equations (9-10) will be expressed noting Equations (7-8) as follows:

Viae = Vrer (9)
Vie=0 (10)
Considering the g-axis variable, we have

Vs = Vyep cos 6 (11)
Vref = Vsg — Vir (12)

However, Equations (9-10) can only be effectively used in ideal circumstances. In reality,
it becomes imperative to account for other factors, such as compensating for the time
delay caused by the inverter LC filter and the adverse impacts of dead time on the inverter
switches. To mitigate the suboptimal effects, a PI controller and a feed-forward control
scheme incorporating Vde and Vge components have been employed. The magnitude (Vge)
is effectively regulated to a value of zero, resulting in the utilization of the d-axis
controller's output for the generation of the PWM signal. It is crucial to consider that the
g-axis variable (Vgs) can solely be obtained from Equation (11) by the utilization of the
voltage reference (Vref) and phase tracking information (cos9) as mentioned in references

[31-32].

7. Implementation of Neural network method

The utilization of the synchronous reference frame (SRF) approach is based on the
instantaneous values of the source voltage (v, , v, , v, )- This approach is employed to

generate the reference voltages (v ,v; ,v.) necessary for implementing the neural

ca cc

network method [33]. The adoption of reference voltages is necessary for the
implementation of the NN approach. Abnormal situations and deviations in supply
voltage can be identified by examining the disparity between the d-voltage of the supply
and the d-reference value. This action is undertaken in the event of an occurrence that
deviates from the usual, commonly known as an abnormal state. The control methodology
generates a reference voltage that accurately represents the three phases. The reference
voltage is transmitted via a controller, subsequently generating a switching signal to
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facilitate the activation of the power switching components within the VSI. This
guarantees that the DVR will effectively provide the necessary reference voltage as
demanded by the system. Lastly, it is imperative to guarantee that the load voltage
remains consistent with its designated reference standard.

This method has the potential to be employed for the mitigation of other forms of voltage
oscillations, such as voltage sag/swell, voltage unbalance, and harmonic voltage.
However, the focus of this study is solely on investigating voltage sag/swell as a form of
voltage disturbance. The load-rated voltage is produced by applying the voltage difference
between the reference voltage and the injected voltage to the voltage source, resulting in
the generation of the load-rated voltage, as illustrated in Figure 7. The DVR operates in a
state of low power consumption throughout its normal functioning, hence avoiding any
instances of voltage sag or swell. The DVR is considered to be in a state of constant
equilibrium during its operation under these specified conditions.

The Multilayer Feed Forward Neural Network (MLFFN) is a widely adopted topology in
contemporary applications [34-35]. This specific network is comprised of several output
neurons and some intermediate neurons, also called hidden layers. Initially, the
transmission of data across the network is facilitated by the input layer. Subsequently, the
information propagates through the concealed levels and ultimately emerges via the
output layer. Figure 8 illustrates a block diagram of a three-layer MLFFN interconnected
by weight matrices W and bias vectors b. These weight matrices and bias vectors serve as
the free parameters inside the network.
]

. P&Q . |vavev
Sln-COSW Transformation

Vdre:

Reference voltage
PI-Controller «—v+cav+bviecem]| calculation in
l a-b-c

PWM VSI

Figure 7. The control of the injected voltage by adopting the traditional PI controller (CPI).
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Figure 8. An NN for modeling.
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The ANN utilizes training to modify the weight matrix (W) and bias vector (b). The ANN
is designed to approximate its function to that of the system in a manner that is executed.
Furthermore, the ANN aims to reduce the discrepancy between the observed output y and
the reference function, given by ». Each of the inputs in the input column vector X is
allocated with a suitable weight, represented by W. The transfer function f receives an
input that consists of the sum of the weighted inputs, in addition to the bias term. The
activation vector, denoted as a, is calculated by Equation (13):

a=Yw.x+b) (13)
In the context of generating their output, neurons possess the capability to utilize a wide
range of differentiable transfer functions. The tan-sigmoid transfer function, commonly
referred to as the tansig function, is employed in both the input layer and the hidden layer
in this specific case.

. 2
tansig(a) = —z — 1 (14)

In contrast, the output layer employs the linear transfer function known as purelin.

purelin(a) = a (15)
The present study used the least mean square error (LMS) approach for training
supervision. During this procedure, the learning rule is applied based on a predetermined
set of desired network behaviors, encompassing the subsequent aspects:

{x1, y1} {x2, y2} - A v} (16)
in which the variable x denotes an input provided to the network, while the variable y
indicates the related output that aligns with the target. After each input is applied to the
network, the network's output is assessed in relation to the target. A distinction exists
between the goal output and the network output, and this distinction is utilized to
ascertain the inaccuracy. The average of the sum of the errors is calculated as follows:

€= %Zﬁﬂ e(k)? (17)

e=251 (v -y ) (18)
n&k=1\Y y
The potential output of the network is y’, whereas the output of the target can be denoted

by y. The primary objective of the LMS method is to iteratively modify the weights and
biases of the linear network to find the minimum mean square error to the greatest extent
possible [36].

8. Fuzzy Logic Control of DVR

Due to the increasing adoption of power semiconductor switches in bespoke power
devices, the system exhibits non-linear characteristics, rendering it challenging to
conceptually characterize and intricate in nature. The fuzzy logic system is an exceptional
and robust approach that exhibits the ability to concurrently employ quantitative
information and experiential knowledge [37]. FL is an approach applied in the control
system method and can be incorporated in various systems, spanning from compact,
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embedded microcontrollers to extensive, networked, multi-channel PC or workstation-
based data gathering and control systems [38-39]. [tis a computational approach that can
be employed for problem-solving in the domain of control systems.

In recent years, there has been an increasing demand for FL-controlled applications
because of the advancing complexity of contemporary technology. In several cases
pertaining to the control process, the absence of a mathematical model or the excessive
computational demands in relation to available computer processing power and memory
may impede its implementation. In these particular cases, a system that relies on
empirical criteria may demonstrate more efficacy. Furthermore, FL proves to be a highly
suitable option for cost-effective applications that rely on affordable sensors, low-
resolution analog-to-digital converters, and single-chip microcontroller processors with
a capacity of either four bits or eight bits. The enhancement of system performance can
be achieved by the incorporation of additional rules, while the integration of new features
facilitates seamless system upgrades. The integration of an additional layer of intelligence
into the preexisting control mechanism represents one of the various methods by which
fuzzy control can be employed to augment the efficacy of conventional controller systems
that are currently operational.

An additional approach to exert control is through the utilization of FL control in the
context of voltage injection within a DVR. This design philosophy deviates from previous
approaches by incorporating the expertise of controller design specialists. The concept
originates from the fuzzy set theory. There exist scenarios where it is not feasible to
establish accurate mathematical formulations, thus making FL controllers an attractive
substitute. One benefit of utilizing this controller is its ability to mitigate the inaccuracy
and transient overshoot associated with PWM.

The conventional PI controller is substituted with the fuzzy logic controller (FLC) to attain
the intended outcomes. The voltages produced by the three-phase source undergo a
conversion process into the d and q coordinates, as described in reference [38]. A
comparison is conducted between the reference values for Vs and V4 and the altered
values, resulting in the acquisition of voltage errors. The processing of these problems is
carried out by a pair of FL controllers. In order to generate PWM inverter signals, the
outputs produced are subsequently converted back into the three-phase domain and
subsequently compared with a carrier signal.

Contrary to conventional controllers, the application of a mathematical model of the
regulated system process is not a prerequisite for the implementation of a fuzzy logic
controller. Therefore, it is necessary to possess a comprehensive understanding of the
system's operational procedures and the associated control prerequisites. The designer
of the fuzzy controller must establish the control input variable, control strategy and
decision, and solution output variable to determine the information data that enters the
system, how they are processed, and the information data that exit the system. The FLC
comprises three main components that serve as its building blocks. The user's text does
not contain any information to be rewritten. The three components are the fuzzifier,
inference engine, and defuzzifier.
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8.1. Fuzzifer

To guarantee the effective functioning of the FLC, it is imperative that all control and

solution variables, which play a crucial role in creating the control surface, are formulated
using fuzzy set notations accompanied by linguistic labels. The process of decomposing
each system variable into fuzzy regions is achieved by employing a set of three distinct
classes of linguistic labels, which are described by their respective membership grades.
This is undertaken to streamline the procedure. One method for quantifying the extent to
which a variable is linked to a certain category or label is to employ the concept of
membership grade. The term "fuzzification" refers to the procedure of converting
input/output variables into linguistic labels. When the program is executed, it utilizes
reference fuzzy sets for the inputs d and q, as depicted in Figures 9 and 10. The fuzzy sets
are subsequently employed to establish a fuzzy set that expresses the notion
corresponding to the label in a semantic manner. To ensure a seamless and solid control
surface, it is important to establish an overlap between successive labels. The design of
the overlap should be such that the cumulative vertical points of the overlap do not exceed
a value of one.
The membership function of input-d and input-q is constructed using a direct method, as
depicted in Figures 9 and 10. The use of an error rate signal, such as the discrepancy
between the actual signal and its converted version, is a prudent choice. However, the
input signals themselves are employed in this study to simplify and expedite the response
time for the FL approach.

1 1 1 1 T = L L 1 1
1 08 -06 0.4 02 0 02 04 0.6 0.8 1
input variable "input1”

Figure 9. Membership function input-d.

T T T T T T
S ML

1 1 1 1 1 I 1 1
-1 -0.8 -06 0.4 -02 0 02 04 06 0.8 1
input variable "input1”

Figure 10. Membership function input-q.

Journal of Green Energy Research and Innovation 1(3) (2024) 49-76



Voltage Sag Reduction by ANFIS in Wind ...

8.2. Inference Engine

The control surface is subject to a set of regulations that dictate its functioning,
specifically in terms of establishing a connection between the input variables of the
system and the corresponding output variables. The proposition (fuzzy proposition)
implies (fuzzy proposition), exemplifying a frequently employed rule. The set of rules for
the fuzzy controller is obtained from the MacVicar-Whelan decision table, as shown in
Table 1. The table shown in this context proposes a clear and specific course of action for
a particular set of uncomplicated rules since it solely necessitates a single input. These
principles are employed to ascertain the most appropriate course of action for control.
Every rule that contains at least some level of truth (a value greater than zero for
membership grade) in its premises is activated upon reading a set of input variables. This
action facilitates the development of the control surface by its proper modification. In the
case a given set of input variables is received, every rule is triggered. Once all the rules
have been executed, the final control surface is characterized as a fuzzy set. This is
achieved by utilizing linguistic labels defined by membership grades. The purpose of this
representation is to symbolically reflect the output of the controller.

8.3. Defuzzifier

For the system to function efficiently, it is necessary to transform the fuzzy set that
represents the controller output in linguistic labels into a crisp solution variable for which
a defuzzifier is utilized. There are several different defuzzification strategies from which
one might choose. When it comes to estimation, the two methods that are utilized the most
frequently are the Mean of Maxima (MOM) and the Center of Area (COA). It is typical
practice to implement this method in the majority of control applications. This method
delivers a result that is very responsive to all of the rules that are being executed, and it
does so by calculating the centroid of the ultimate fuzzy region, which is also widely
referred to as the control surface. As a consequence, the results tend to transmit without
interruption throughout the control surface. It is executed using reference fuzzy sets
shown in Figures 11 and 12 for outputs d and q.

Table 1. The fuzzy control rules.

No. Rule
1 Ifinput 1 is S, then output 1 is S.
2 If input 1 is M, then output 1 is M.
3 If input 1 is L, then output 1 is L.

- I I I T I I
-1 08 06 04 04 06 08 1

02 0 02
output variable "output1”

Figure 11. The membership function output-d.
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0 T T T 7 i
-1 05 0 05 5
output variable "output1”

Figure 12. The membership function output-q.

9. Design of DVR with ANFIS Controller

The Adaptive-Neuro-based Fuzzy Inference System (ANFIS) is a variant of the Fuzzy
Inference System (FIS) that may be integrated into adaptive networks. The ANFIS serves
as a fundamental framework for developing a collection of fuzzy rule bases, which
incorporate the necessary membership functions to establish the desired input and
output pairings as defined. The produced Fuzzy Inference System (FIS) transfers the
qualities of the input to the membership functions of the input, thus influencing the rule
base. A correspondence exists between the established rules and a collection of output
attributes, whereby the output attributes are converted into the output membership
function to generate a singular, definitive result.

9.1. Creating Neuro-Fuzzy Inference System

The proposed ANFIS controller is trained using the generated FIS by mapping the
calculated input-output data. A hybrid learning algorithm is used to train the proposed
ANFIS controller during 45 epochs. Figure 13 shows the structure of the generated FIS
with two inputs and a single output, each having two membership functions. Here, unlike
the FL, which is described later, there are two inputs for each structure, one of which is
the actual signal (Vp or Vq) and an error rate signal between this actual signal, and the
transformed actual signal is another input.

x1 x2

. [
b e
-2 GLO8E

x1l =x2
Layer 1 Layer 2 Layer 3 Layer 4 Layer 5

Figure 13. The structure of the generated neuro-fuzzy inference system.
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Table 2. System and DVR parameters and constants.

Voltage source 22.5kV,50 Hz
Basic load 2000 kVA
Load 2500 kVA
Tr. basic load 2.5kV,20000,380
Tr. load 2.5kV, 20000,380
DC link voltage 100V
frez\ilvel\flcy 10 kitz
DVR Filter L 6 mH, 0.2 Ohm
Filter C 20 uF, 0.2 Ohm

Injection Tr. 1.5kV,100,1000

10. Simulation

The performance enhancement of the DVR in mitigating voltage sag and swell is
demonstrated by the simulation of a simplified distribution system in
MATLAB/SIMULINK, using the suggested controller. Table 2 presents a summary of the
system's parameters and the constant value. It is assumed that the load bus voltage
remains constant at 1 per unit (p.u.) during voltage sags and swells. Several figures depict
the simulation findings that were deemed to be the most noteworthy.

The phrase "line voltage notch" pertains to a decrease in the supplied voltage that
manifests as a dip in the waveform of the line voltage. This phenomenon is observed when
the electrical current transitions between the phases. During the notching interval, a
transient short circuit occurs between the two commutating phases, leading to a decrease
in the line voltage. The supply impedance is the primary determinant of the extent to
which voltage reduction is limited.

The use utilization of the conventional PI controller is a widespread practice in the
regulation of DVRs. Nonetheless, this traditional controller relies on constant gains, which
may result in inadequate control performance in the presence of parameter fluctuations
within the system. Throughout this inquiry, a comprehensive analysis has been conducted
to compare the performance of the DVR under two distinct scenarios: one utilizing the
standard PI controller, and the other employing advanced control techniques such as NN,
FL, or ANFIS controllers. In the initial situation, the DVR is tasked with showcasing the
smoothness and appropriateness of the signal shape of the injected voltage. In the second
scenario, the waveform of the load voltage signal is susceptible to either being accepted
or rejected. Implementation of the NN, FL, ANFIS, and PI controller for three phases is
shown in Figure 14.

The main structure of all four methods is the same and only the voltage regulator design
differs from each other. For example, the voltage regulator design of NN, FL, and PI
methods are demonstrated in Figures (15-17), respectively.

DVR system has some structure inside, e.g., the LC filter of DVR shown in Figure 18.
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Figure 14. A schematic of DVR implementation by MATLAB/SIMULINK software.
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Figure 15. The regulator structure of DVR for NN.
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Figure 16. The voltage regulator structure of DVR for FL.
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Figure 17. The voltage regulator structure of DVR for PI controller.
Figures 19 and 20 show a three-phase voltage sag simulated for PI and NN methods,

respectively. The simulation started with a supply voltage of 100% and a phase (B)-to-
ground fault with 1.8 Ohm fault resistance occurs from 0.019 sec to 0.085 sec, resulting in
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sagging as per Figures 19(a-e) and 20(a-e) for the PI and NN methods, respectively.
Furthermore, Figures 19(c) and 20(c) illustrate the voltage injected by the DVR, along
with the related load voltage after correction. The load voltage is sustained at a value of 1
p.u. due to the presence of the DVR. The comparison of these two signals in Figures 19(c)
and 20(c) demonstrates the better injection of voltage by the NN method. The load
voltages of the two methods are acceptable but, the se of the NN method results in more
balanced and better shape of voltage. Figure 21 is a comparison between the sSource
voltage and the critical load voltage in NN, showing that an acceptable compensation is
done.

Figure 18. The LC filter structure of DVR.

(a) source voltage (pu)

(b) load voltage (pu)

{c) injection voltage
T

= h
0 0.02 0.04 0.06 0.08 0.1 012 0.13

Figure 19. The PI controller signals 1 Phase (B) to ground fault, (a) Source Voltage [pu], (b) Load
Voltage [pu], (c) Injection Voltage, (d) Load Current [pu], (e) Fault Voltage [pu].
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Figure 20. NN controller signals1 Phase (B)-to-ground fault, (a) source voltage [pu], (b) load
voltage [pu], (c) injection voltage, (d) load current [pu], and (e) fault voltage [pu].
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Figure 21. NN controller signals1 Phase (B)-to-ground fault, (a) V source, and (b) V critical load.

Figure 22 shows the three-phase voltage sag simulated for the FL. method. The simulation
started with a supply voltage of 100% and two phases (B and C)-to-ground faults with 0.1
Ohm fault resistance, each phase occurring from 0.019sec to 0.085sec and causing sagging
as shown in Figure 22(a-e) for the FL method. Furthermore, Figure 22(c) illustrates the
voltage injected by the DVR and the corresponding load voltage with correction. The load
voltage is sustained at a value of 1 p.u. due to the presence of the DVR. The load voltage of
this method is acceptable. Figure 23 is a comparison between the source voltage and
critical load voltage in FL, reflecting an acceptable compensation. The ANFIS method is
modeled as shown in Figure 24. Values of d and g assumptions as actual signals and an
error rate signal between the actual signal and transformed actual signal make two inputs.
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Here, the ANFIS method could be designed like the FL. method, but as there is no need to
define a membership function in this method and it itself does that, this method is more
comfortable and somehow more accurate than the FL method. For example, Figure 25
shows the membership function of inputl-q that is designed by the ANFIS method. To
check the accuracy of the ANFIS work, there is a training data check and test shown in
Figure 26.

(a) source voltage (pu)
T T

..... w

(c) III]L‘CTII‘II‘I mlts\ge
50 T T
\
. a i i i
0.4 ! ! (d) load: current (pu)! : !

0.4 i i i i i i

o 0.02 0. Il-l 0.1 ll(| 0.08 0.

Figure 22. FLC signals 2 Phases- (B and C)-to-ground faults, (a) source voltage [pu], (b) load
voltage [pu], (c) injection voltage, (d) load current [pu], and (e) fault voltage [pu].

(a) ¥ source
T

i i i i i
0 0.02 0.04 0.06 0.08 0.1 012 013

Figure 23. FLC signals 2 phases (B and C)-to-ground faults, (a) V source, and (b) V critical load.
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Figure 27 shows a three-phase voltage sag simulated for the ANFIS method. The
simulation started with a supply voltage of 100% and two phase (B and C)-to-ground
faults with 0.1 Ohm fault resistance, each occurring from 0.019sec to 0.085sec and causing

sagging as shown in Figure 27(a-e) for the ANFIS method.

ANFIS
’ BLOCK

Vabe (pu]_"| Transform |—qu—>(selectot)_> -

|
—Varet (pu
—Varet (pu—>]

Figure 24. The voltage regulator structure of DVR for FL.
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Figure 26. The ANFIS training data test.
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Figure 25. The membership function input1-q.
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Figure 27. ANFIS controller signals two phases (B and C)-to-ground faults, (a) source voltage
[pu], (b) load voltage [pu], (c) injection voltage, (d) load current [pu], and (e) fault voltage [pu].
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11. Comparing Injection Voltages of The Methods

Three injection voltages of the controllers of various methods in the same conditions
(fault in B & C phases with R=0.1 Ohm) are shown in Figures 28-31. There aren’t any
special parameters that show which method can possibly better measure Total Harmonic
Distortion (THD) in various DVRs so their comparison may turn out to be a good practice.
However, it seems that all methods are acceptable, but as shown in these figures, the PI
controller doesn’t perform as accurately as the other methods. Finally, the ANFIS method
is a good choice because of its simpler design.

12. Conclusion

A DVR is a highly efficient device designed to mitigate the voltage drop experienced in
distribution networks. This article discussed the control strategies that can be employed
to mitigate voltage sag by utilizing the DVR technology. The recommended controller was
constructed by utilizing the usual PI controller, NN, FL, and ANFIS training methodologies.
The controller was subsequently trained using the input and output data that were
provided. The efficiency of the recommended DVR with NN, FL, and ANFIS controller was
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Figure 28. The PI controller injection voltages. Figure 29. The FLC injection voltages.
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Figure 30. The ANFIS controller injection voltages. Figure 31. The NN controller injection voltages.
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superior to that of the traditional PI controller in mitigating the voltage sag on the test
system under investigation. This scenario pertained to the evaluation of the application of
a one or two-phase to ground fault.

This study demonstrated the application of MATLAB/Simulink for modeling and
simulating a DVR. A control system was developed by the d-q-o approach. The control
mechanism in question utilized a scaled error between the source side of the DVR and its
reference in order to correct for sags and swells. The simulation findings demonstrated
that the performance of various DVRs across four distinct approaches was satisfactory in
mitigating voltage sags and swells. The accuracy of the PI controller was comparatively
lower than that of the alternative methodologies. Upon careful consideration, it can be
argued that the ANFIS technique was a prudent selection due to its relative ease of
construction.

Furthermore, the results of the simulation indicated that the DVR exhibited commendable
voltage control capabilities and effectively mitigated voltage sags and swells. The DVR
exhibited the ability to effectively manage both balanced and unbalanced conditions with
ease. Additionally, it introduced the requisite voltage component to promptly rectify any
deviation in the input voltage, hence facilitating the preservation of the output voltage at
a consistent level and guaranteeing its equilibrium. The final achievements of this
research were as follows:

e Constructing a controller by utilizing the usual PI controller, NN, FL, and ANFIS
training methodologies and using the input and output data

e Improving the efficiency of the recommended DVR with NN, FL, and ANFIS controller
versus the traditional PI controller in mitigating the voltage sag on the test system
under investigation

e Using a scaled error between the source side of the DVR and its reference to correct
for sags and swells

e The ability to effectively manage both balanced and unbalanced conditions with ease

In future research, other methods can be used instead of the ANFIS method. Also, the

evaluation indices of the proposed method can be considered stricter to help improve the
quality of the network voltage.
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Environmental concerns, advancements in the new energy
industry, and rising power generation and transmission costs are
driving the electricity industry towards innovation. This has led to
the installation of distributed energy resources (DERs) in many
regions. Virtual power plants (VPPs), which manage decentralized
energy systems by aggregating the capacity of various distributed
generations (DGs), storage devices, and distributable loads, are
used for trading energy and services. The research focuses on the
planning of price-based unit commitment (PBUC) managed by
VPPs over a 24-hour period. Simulation results demonstrate that
the proposed framework effectively develops strategies for VPP
market production and consumer interaction, especially with load-
shedding capabilities. A key aspect of the study is examining the

impact of uncertainties on VPP strategies. Probability density
functions and the Monte Carlo method are used to model and
assess these uncertainties. Simulations without energy price and
demand uncertainties indicate that the model is suitable for
strategizing VPP market production and consumer interaction.
However, simulations that include market price uncertainties and
predicted VPP loads show that VPP profits are influenced by
market volatility. Increased price and demand fluctuations
significantly affect VPP strategies, sometimes resulting in losses
during certain periods.

Article type:

Research Article

1. Introduction

Due to the gradual exhaustion of fossil fuel-based energy sources and widespread
concern about environmental protection, renewable energy sources (RES) and demand
response (DR) technology are deployed in the power system [1-3|. However, insufficient
management as well as the bottleneck of technology are the main obstacles to their further
development.
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1.1. Literature review

The use of distributed algorithms in the multi-player strategy optimization problem
accelerates the convergence of the bidding method, which confirms the usability and
effectiveness of the proposed models [4]|. The problem of planning DERs has been
investigated from aspects of various models including modeling techniques, solution
methods, reliability, diffusion, uncertainty, stability, DR, and multi-objective perspectives
in the framework of microprocessors and VPPs. This allows researchers with different
perspectives to look for possible applications in microgrid planning and VPP [5].
Reference [6] outlines the unique operational requirements of DC distribution systems
and highlights the challenges and opportunities they create for the market. The DC
distribution systems have been introduced to the market, including tradable services,
design objectives, market participants, design options, and performance metrics. A
minimal cost estimation model was presented to determine the optimal DG picker
portfolio. The proposed scheduling framework for the IEEE Reliability Testing System has
been tested in relation to the IEEE 69-bus distribution network [ 7]. Literature 8] presents
anew VPP model that presents all available full-scale distributed renewable technologies.
The proposed VPP operates as a single plant in the wholesale electricity market to
maximize profits from its performance to meet demand. In the electricity market, three
common mediums to long-term electricity decomposition methods are built on average
tracking times and point prices, where the latter is predicted by the ARIMA model, while
the relationship between point prices and costs is also predicted. The margin of the VPP
is obtained. The marginal cost can also be adjusted based on the ARIMA model. Based on
the aforementioned factors concerning investment and complementary benefits, a VPP
measurement model has been developed [9-10]. The proposed optimal decision model
maximizes the use of clean energy to achieve higher economic benefits while reaching
rational control of performance risks [11-12]. The proposed method is also easy to track
for VPP operators because of less computation. Finally, power curves are obtained per
hour, which the operator takes advantage of to increase or decrease the market price.
Also, comparative results of deterministic and uncertainty cases are presented. The
results show that the profit margin at the maximum strength is reduced by 25.91% and
the VPP is resisting the uncertainty of the day's market price [13]. In Reference [14], the
effect of combining distributed energy generation technologies on major electricity price
changes in different EU energy markets is investigated using a maximum entropy
econometric approach. Knowing how much each unit of electricity produced by each
technology can change the price of electricity can be very useful for formulating optimal
strategies in a decision on a portfolio of electricity technologies. In this study, the VPP
model uses renewable energy sources such as wind power plants (WPP), solar power
plants (SPP), biogas power plants (BPP), and pumped-hydro storage power plants (PHSP)
as energy storage system (ESS). The purpose of VPP is to maximize daily net profit over
24 hours. The proposed mixed-integer linear programming (MILP) is modeled in GAMS
software and solved using CPLEX [15]. This paper examines the VPP bidding strategy in
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the energy services and regulatory market. The performance of distributed energy
sources (DER) and battery energy storage within a VPP is analyzed. The VPP bidding
strategy includes the spin reserve contract and the bid/bid contract of the day. A robust
two-step optimization model is proposed to determine the VPP buying/selling power of
each contract to maximize the profit of VPP [16]. With the rapid development of
renewable energy, VPP technology has gradually become a key technology for solving
large-scale renewable energy development. The optimization of gas-VPP’s stochastic
dispatching is discussed [17]. The effects of resource utilization techniques, for example,
processing time (PT), response time (RT), computational cost, and energy consumed by
resources have also been analyzed [ 18]. The authors in [19] examine two different sources
of uncertainty: the stochastic, applied approach to market price uncertainty, and the
information gap decision theory (IGDT), incorporated in the model of counting for
uncertainty in wind power generation. Uncertainty is involved in the problem through
random electricity prices as well as uncertain wind power generation. The bidding
problem for a working day is set as a Markov Decision Process (MDP) that is solved using
a kind of stochastic dual programming algorithm [20-21]. The Stack Berg two-stage game
model is linearized and solved with the Column Generation and Constraint (CC&G)
algorithm. In addition, the thermal unit operating in automatic generation control (AGC)
mode guarantees optimal real-time scheduling of total actuators for the entire dispatch
cycle [22]. Experimental results show that the proposed DRL-based algorithm can
successfully learn the characteristics of DGs and industrial user demands. It can be
learning to choose measures to minimize the cost of VPPs [23-24]. Reference [25]
investigates the real-time multi-stage random power management strategy of a VPP using
a three-tiered language protocol based on the computer programmer's compiler, which
utilizes the possibility of storing the battery in a VPP.

The problem addressed [26] is the participation planning of price-based unit
commitment (PBUC) that is resolved by the VPP over a fixed period (24 hours). Price and
demand have uncertainty in this problem and normal logarithmic and normal probability
functions have been used to model these uncertainties. The Monte Carlo method is used
to investigate the impact of the possible variables mentioned on how the VPP strategy is
implemented. The study network consists of 2 samples. In the first case, the presence of
CHP units in the network is neglected. The objective function is to maximize the profit of
VPPs for the market taking into account its constraints. In reference [27], a model for
developing a strategy for proposing VPP production to the electricity wholesale market is
presented, in which the desired optimization problem is a Price-based Unit Commitment
(PBUC) participation planning problem, while Supply and demand balance constraints
and VPP security constraints are also considered in the problem. It is worth mentioning
that in the mentioned model, the market prices in the studied period are available as input
Information without error in forecasting. In other words, VPP strategies are formulated
in the absence of uncertainty in price and predicted demand. Also, in reference [28], it was
mentioned how to set the price of the power plant taking into account the uncertainty of
the price. To model the uncertainty, the probability density function has been used. In this
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method, it is necessary to examine the pricing in such a way that the market is considered
daily and the producers and consumers present their offer curves hourly, in blocks of
energy and price.

1.2. Main contributions

The hypotheses made in the article are:
The target problem in this research is the participation planning of PBUC, which is
solved by VPP in a certain period (24 hours).

[.  Probability density functions are used to model uncertainty.
II. ~ The Monte Carlo method is used for the effect of these uncertainties on the
indicators of the problem.
[II.  Among the highlights of this research is the investigation of the effects of
uncertainty on the strategy of the virtual power plant.

1.3.  Structure of the paper

In the following, the structure of the article is described. In the second part, we examine
the objective function and constraints of the problem (taking into account CHP units). In
the third section, the network under study and assumptions together with simulation
scenarios are introduced. In the fourth part, the review, simulation, and analysis of results
for VPP 1 considering the energy market are discussed, and finally, in the fifth part,
conclusions and suggestions are provided.

2. Objective function and constraints of the problem (taking into account CHP
units)

One of the most important issues addressed in research today is the replacement of
traditional generation units with other units. Alternative power plants, renewable energy
sources, and CHP units are among the problems faced by dispersed power plants, which
are defective in their control. The VPP needs to be adjustable at any time. One of the
reasons for accepting the replacement of traditional units with VPPs is the production of
electricity at a price close to the traditional ones. It is important to note that cogeneration
units typically require more investment than conventional energy conversion systems.
However, their energy consumption is much lower; in other words, the average cost of
converting one unit of energy into CHP units is lower than other methods [28].

The objective function of the problem of economic distribution of cogeneration is given
in Equation (1) [26]:

, N
min fros = L2y Ci(P) + 275 €05, Hy) + XLy Ce(To) (1
Equality constraints include Equations (2)-(3):
N.
Y P+ Y 0 =Py (2)

N N
Zj:cl H] +Zkil Tk = Hd (3)
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Inequality constraints are provided in Equations (4)-(10):

mini;naxp

F (4)
minji:"axf

0, (5)
min; M3%c

o (©)
minkmaxh

T, (7)

C;(P;) = a; + b;P; + C;P} (8)

Ck(Tk) = Qg + kak + C'kaZ (10)

here, the minimum fuel cost is fcost, and production costs of traditional power plants,
cogeneration, and thermal units are c, ¢j, ck, aj, b;, ci. Also, aj, by, ¢j, dj, ej, fj are the fuel cost
coefficients of cogeneration unit j, ak, bk, ck are the fuel cost coefficients of the thermal unit
k. The output power of the traditional and cogeneration units is given by Pi and 0j. The
heat generated in the cogeneration unit and heat in the thermal unit are shown as Hj and
Tk. Heat demand and power demand are denoted by Ha and Pd. Also, Np, N¢, and Nn indicate
the number of traditional power units, cogeneration, and heat. Pim» and Pimax are the
minimum and maximum power output of traditional units, Ojm» and Ojmax express the
minimum and maximum power output of cogeneration units, Hmn and Hjmax are the
minimum and maximum heat production of cogeneration units, and minimum and
maximum heat production of thermal units are denoted by Tx™in and Tk™ax, Also, in this
study, binary coding methods, sequential selection, and two-point combinations are used.
The coded variables include Ut with string length 1, Pdg, Pcapacity, and Pcurt with string length
8. The initial population size is 200, the probability of a cut is 0.95, and the probability of
a mutation is 0.05. The number of iterations for the Monte Carlo simulation is 100
iterations. The single-line diagram of the first virtual power plant is shown in Figure 1. To
ensure the accuracy of the results of the algorithm implementation, the simulation results
are compared with the results of [27].

Electrochemical
Storage

Figure 1. Single-line diagram of VPP 1.
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2.1. Simulation and Analysis of Results for VPP 1 Considering Energy Market

Due to the disconnected loads in the system, it is possible to disconnect up to a
maximum of 25 kW at 7-8 and 11-18 hours. Also, the cost of the load interruption to pay
the consumer is obtained by the relationship C(P) = 0.01PZ + P, where P is the power not
supplied. The binary variable Upc was used to indicate the switched on/off status of the
DG. The DG production cost function is calculated according to C (dg) = 0.01Pdg? + 8.5Pdg.
The maximum profit is 29227$. Table 1 provides the hourly input data including the
amount of load, energy price, hourly retail, wholesale, and reservation amounts. Figure 2
provides the hourly deterministic baseline simulation considering the energy market. As
mentioned earlier, the minimum battery life is 5 kWh.

Table 1. Hourly input data [27].

Load Energy price ($/MWh) Hour | Load Energy price ($/MWh)
Hour .
(kW) retail Wholesale | Reservation | retail | (kW) retail Wholesale | Reservation
1 97 9 11.5 12.5 13 | 135 11 14.5 15
2 92 9 11.5 12.5 14 | 128 11 14.5 15
3 90 9 11.5 12.5 15 1 115 11 14.5 15
4 88 9 11.5 12.5 16 | 105 11 6.5 7
5 90 9 11.5 12.5 17 1 104 9 6.5 7
6 92 9 11.5 12.5 18 | 105 9 6.5 7
7 95 9 11.5 12.5 19 | 108 9 6.5 7
8 100 9 11.5 12.5 20 | 108 9 6.5 7
9 105 9 11.5 12.5 21 | 106 9 6.5 7
10 | 110 11 11.5 12.5 22 | 104 9 14 14.5
11 | 120 11 14.5 15 23 | 102 9 14 14.5
12 1135 11 14.5 15 24 98 9 14 14.5
15 ”
1 100
10 1]
20 {1 #
0
- 15 1 60
£0 g z
= 10 =40
5
5 1 20
10
0 0
® 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 2%
Time (hour) Time (hour) Time (hour)
(a) State of charge of the (b) Interrupted load (c) Electrochemical storage
storage device charge
40 400 120
35 300 100
30 20 80
225 60
= 100 H
20 24
15 ’ 20
10 100
5 -200 -20
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
Time (hour) Time thour) Time (hour)
(d) Storage remaining capacity (e) Profit (f) Bid for energy market

Figure 2. Hourly Deterministic Baseline simulation considering the energy market.
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To study the effect of uncertainty on energy price forecasting and demand on the VPP
strategy, various scenarios are defined as tabulated in Table 2. In these scenarios, the
standard deviation rate has different values, indicating market price volatility [6].

In the first scenario, the results are similar to the base case and are only averaged over
the results after 100 iterations. As a result, they do not differ significantly from the base
case, so the results of this section are ignored. In the sixth scenario, by applying standard
deviation S = 0., the product has high fluctuations (relative to standard deviation 0.02).
As has been stated, production has changed to the standard deviation. Expected VPP
profits in the energy market under price uncertainty are provided in Table 3, and bid for
the energy market in different iterations is given in Figure 3.

Table 2. Scenarios.

Scenario | Standard Price Demand
number | deviation | uncertainty | Uncertainty

0.00
0.02
0.05
0.10
0.15
0.02
0.05
0.10
0.15

V00N O U W IN -
ANANANANANENANANES

ANANANANER S PR P

Table 3. Expected VPP profits in the energy market under price uncertainty.

Scenario number 1 2 3 4 5
Profit ($) 30012 28534 19856 5610.7 463.9693
| A
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Figure 3. Bid for the energy market in different iterations (S = 0.05).
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Figure 4. Bid for the energy market in different iterations (s = 0.10).
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Figure 5. Bid for the energy market in different iterations (s = 0.15).
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2.2.  Sixth to Ninth Scenarios (In the Presence of Price and Demand Uncertainty)

In this case, in addition to the energy price, the load is also uncertain and the normal
density function is used for modeling. It is seen from Figures 4-10 that despite the
uncertainty of the load along with the uncertainty of the price, changing the production of
DG, electrochemical storage device, bid and sell strategy, and profit of the plant is affected.

2.3. Simulation and Analysis of Results for VPP 1 in the Reserve Market

In this case, the problem is solved by considering the possibility of involving the VPP in
the spinning reserve market. It is worth noting that DG and disconnected loads are spin
reserve resources. The maximum capacity of the DG to supply the reservation is 30 kW as
we can see in Figure 6(a).

Figure 6(b) shows the charge and discharge of the electrochemical device. During 1-8
hours, the amount of VPP load is low. Therefore, the device is charged. The device is then
discharged at high load times. At hours 7-8 and 15-11, the retail price is lower than the
energy price. So, in this case, the maximum profit will be generated by cutting off, as we
can see in Figure 6(c).

In Figures 6(d)-(g), respectively, the amount of VPP bid for rotational energy and
reserve and profit and the remaining storage capacity are shown. The VPP bid rate for and
spinning reservation is zero when DG is not switched off. In Figure 6(d), the positive
values represent the VPP purchase from the market and the negative values represent the
VPP energy sold to the market. In this case, the maximum profit is 106 x 2.8651. Table 4
provides the VPP expected profit in the energy market under uncertainty of demand for
scenarios 6-9. Table 5 presents the expected VPP profit in the reserve market under price
uncertainty for scenarios 1-9.

Table 4. VPP expected profit in the energy market under uncertainty of demand.

Scenario number 6 7 8 9

Profit ($) 12625 | 6432.6 | 210.53 | -12.8107
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Figure 6. Baseline simulation results with reservation market in mind.

Table 5. Expected VPP profit in the reserve market under price uncertainty.
Scenario number 1 2 3 4 5 6 7 8 9
Profit (1000%) 2993 | 1984.8 | 751.18 | 87.094 | 1.6253 | 1980.8 | 300.76 | 56.643 | 1.0093

2.4. Case Study II (VPP 2)

In this section, a new network is considered. This network is based on the previous
network with the addition of 4 new units. These 4 units comprise one traditional power

generation unit (P1), one heat generator unit (T1), and two CHP units (01, H1, 02, H2) as
shown in Figure 7.
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Figure 7. Virtual power plant single line diagram 2.

The objective function and constraints of the four units are given in Equations (11)-
(23):

Ci(P) =5%XP (11)
C1(01, Hy) = 650 + 4.5 X 0; + 0.0345 x 02 + 0.0042 x H; + 0.0003 x H? + 0.00031 x 0; x H;
(12)
C,(0,,Hy) = 250 + 6 X 0, + 0.0435 X 0% + 0.0006 x H, + 0.00027 x HZ + 0.00011 x 0, X H,
(13)
C;(T) =3.4T, (14)
feost = C1(P1) + C1(01, Hy) + C3(02,Hy) + C1(T1) (15)
Constraints:
0, + 0, + P,=150 (16)
H, + H, + T;=15 (17)
1.000000781914894 x H, — 0,-105.7446809 < 0 (18)
0.177777778 X Hy + 0,-247 < 0 (19)
-0.169847328 x H; — 0,+98.8< 0 (20)
1.158415842 x H, — 0,-46.88118818 < 0 (21)
0.151162791 X H, + 0,-130.6976744 < 0 (22)
0.067681895 x H, — 0,+45.07614213 < 0 (23)

Four binary variables are assigned to indicate the on and off status of the four units
added to this section. Having a value of zero indicates that the unit is off. Simulation of this
system has been done by genetic algorithm over 24 hours.

2.5. Simulation and Analysis of Results for VPP 2 Considering Energy Market

Figure 8(a) shows the production diagram of the dispersed generation unit during the
period under study. As shown in this figure, the DG is switched on at hours 5-1, 11-11, and
24-22, because the maximum benefit is obtained by staying on the DG. Figure 8(b) shows
the status of the load interruption at different times. As stated in the problem
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assumptions, a definitive load is allowed between hours 7-8 and 18-11. However, since
the DG is off at hours 16-18 and the retail price is high, there is no need for a definitive
load. Figure 8(c) illustrates the amount of charge and discharge of the electrochemical
storage device. Similar to the previous simulation, the positive values indicate the storage
device charge and the power transfer to the grid (power injection to the grid) and the
negative values denote the storage device discharge and power absorption from the grid.

Figure 8(g) shows the production rate (power and heat) for cogeneration unit 1. The
power generating unit is switched off during the hours 4-8, 13-12, and 17-24, and power
generation is done through other sources. Given the constraints in the problem, the
second cogeneration unit and the first power-generating unit must produce a total of 150
kW. Referring to Figures 8(h) and (i), this is well evident. And, the total power of these
three producers will be 150. It is also switched off during hours 6-8, 12-31 and 20-22. As
explained above, the cogeneration unit and the first heat-generating unit compensate for
this shortfall in aggregate and produce 15 kW of heat in total.

Units are switched on and off due to the use of a genetic algorithm, coding and applying
binary variables (U1, U2, U3, U4), and applying the bit transfer method. The power plant
biddings to the market are visible in Figure 8(d). It is observed that it always has negative
values, which means selling energy to the market. The reason for this and the difference
with the base grid is the application of the new power generation capacity to the
equilibrium of energy production and consumption. Figures 8(d) and (e), respectively,
show the results of the bid for the energy market and the amount of VPP profit during the
study period. The maximum profit is 8.0864x103. With the increase in production units,
there will be opportunities for more production and more profit for the plant.

20,
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100 T v T 40
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g 50 W 220 |’“|_|—|_n g o %
1] 4 0 -10,
5

5 10 15 20 25
0 5 20 25 0 20 25 Time (hour)
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Figure 8. Simulation results of the new grid considering the energy market.
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Figure 8(f) shows the amount of remaining battery capacity per hour. As mentioned
earlier, the minimum battery life is 5 kWh.

2.6.

Similar to the first network simulation (VPP1), in this section, the results are simulated

Second to fifth scenarios (in the presence of energy price uncertainty)

for uncertainty in the energy price, and the normal logarithmic function is used for
modeling. Table 6 provides the expected VPP profit (including CHP units) in the energy
market under price uncertainty for scenarios 1-5.

The results are compiled for different scenarios and are ignored because of their
similarity to the first network. In Figures 9(g) and (h), the amount of output is reduced
relative to the base case. This is in line with the description of the preceding sections.

2.7.  Sixth-ninth scenarios (in the presence of uncertainty in price and demand)

In this section, the results are simulated for uncertainty in demand, and the normal
function is used to model. Given the uncertainty of demand along with price uncertainty,
the dispersion rate increases, and the results change (predominantly, decrease). Table 7
tabulates the expected VPP profit (including CHP units) in the energy market under price

uncertainty for scenarios 6-9.

Table 6. Expected VPP profit (including CHP units) in the energy market under price

Scenario number

Profit ($)

on

uncertainty.

1 2 3

4 5

7448.3 | 6957.7 | 947.48 | 613.69 |987.834
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Figure 9. Simulation results of the new grid (in the presence of price uncertainty and S = 0.02)

considering the energy market.
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2.8. Second to fifth scenarios (in the presence of energy price uncertainty)

This section provides the results for scenarios 1 to 5, where the focus is on the Virtual
Power Plant (VPP) profit in the reserve market under energy price uncertainty. Table 8
highlights the expected VPP profit (with CHP units) for each scenario, showing a range
from $419.77 in scenario 5 to $24,565 in scenario 1.

2.9. Sixth-ninth scenarios (in the presence of uncertainty in price and demand)

In this section, the results are simulated for uncertainty in demand, and the normal
function is used to model. Given the uncertainty of demand along with price uncertainty,
the dispersion rate increases, and the results change (predominantly, decrease) as shown
in Table 9. Simulation results of the new network (in the presence of price and demand
uncertainty and S = 0.02) with respect to the reserve market are provided in Figure 10.

Table 7. VPP expected profit (including CHP units) in the energy market under uncertainty of

demand.
Scenario number 6 7 8 9
Profit ($) 6577.8 | 712.02 | 489.76 | 643.780

Table 8. Expected VPP profit (with CHP units) in the reserve market under price uncertainty.

Scenario number 1 2 3 4 5
Profit ($) 24565 | 17680 | 8367.5 | 2230.3 | 419.77
Table 9. VPP expected profit (including CHP units) in the energy market under uncertainty of
demand.
Scenario number 6 7 8 9
Profit ($) 6577.8 | 712.02 | 489.76 | 643.780
150 = Energy Market Capacity I 40 Reserve 40
Ewu Reserve Market Capacity 520 ---- E"E'alv-‘ e é 2 J_HJ_‘-\J_\‘\IUW
50 W : - : :_; e =
" W I H
0 5 10 15 20 25 0] 5 10 15 20 25 00 5 10 15 0 25
Time (hour) Time (hour) Time (hour)
(a) Average DG generation for (b) Average load status (c) Average charge and
the market interrupted at different times discharge status of the
electrochemical storage device
0 2000 10
1000 =
-200 . : : : ~10005 5 10 15 20 25 -10 ;
0 ’ Tme houn 2 2 Time (hour) ’ ° Time (hm‘,?) 20 2
(d) Average bid for the energy ~ (€) Average profit per hour (f) Average remaining storage
market capacity Instrument
20 T T T T 150 60
10 ;100 1 ;40
2N\ \/W/ g
“10 % 5 10 15 20 25 O
0 ® Time mo?,?, 20 2 Time (hour) 0 > Time .m&?, 20 2

(g) Average output of CHP1 for (h) Average output of CHP2 for (i) Average power output of

the energy market the energy market unit 1 for the energy market
<PF Power Generation 150 Power Generation
51 00 Heat Generation ] =100 Heat Generation
3 x 50
LLE&EJ;;I; 0 ﬂl‘—"ﬂ—lfl_dih
0 5 10 15 20 25 0 5 10 15 20 25
Time (hour) Time (hour)

(j) output of unit 2 for the energy market (k)

Figure 10. Simulation results of the new network with respect to the reserve market.
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3. Simulation results of standard deviation to mean Monte Carlo stop

Standard deviation to average ratio (in the presence of price uncertainty and s = 0.02)
given the reserve market is illustrated in Figure 11.

Figure 11(a) provides the standard deviation to average profit ratio at hour 17 taking
into account price uncertainty per standard deviation 0.02, while Figure 11(b) depicts
the standard deviation to average energy purchase and sale by applying price
uncertainty per standard deviation 0.02, 24-hour time.

4. Conclusions

In this research, the introduction of two networks and the simulation and analysis of
the results related to each of them were discussed. The reason for choosing CHP units as
distributed generation units in this research is the energy production of these units with
a cost close to the cost of traditional power plants.

Also, the uncertainty of price and demand was applied to affect different parameters of
the problem along with different scenarios. To model these uncertainties, logarithmic and
normal functions were used. Also, in this research, the binary coding method, sequential
selection, and two-point combination were used. The coded variables include Ut with a
string length of 1, Pdg, Pcapacity, and Pcurt with a string length of 8.

The size of the initial population is 200, the cut-off probability is 0.95 and the mutation
probability is 0.05. The number of iterations in the Monte Carlo simulation is 100. From
the results of the simulation, it can be pointed out the effect of different amounts of
standard deviation on the production units in such a way that with increased standard
deviation, the dispersion has increased and the nature of those products has undergone
decreasing changes.

It can also be stated that the profit of the power plant increases due to different reasons
such as the connection of the virtual power plant into the reservation market because of
the high reservation price compared to other energy market rates and the addition of CHP
units due to the increase in production opportunities. Also, the profit increase is 8.0864 x
103 compared to the base scenario.

Due to the addition of production units, the opportunity for production will increase
and the power plant will earn more profit. From the study of different scenarios, it can be
concluded that the use of the Monte Carlo method is a suitable tool to stop the simulation
process because by increasing the number of iterations in this method, convergence is
achieved and ideal results appear.
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Rdg,i,t
R,

Vt(Vl,t' VZ,t' ey VN,l,t)

Vi

0.02) given the reserve market.

Bus indices

Time index

Setting of VPP branches

Setting of DGs

Settings of the allowed clock (time) that may be interrupted if load interruption is
necessary.

Setting of interrupted loads

Setting of electrochemical storage

Setting of the VPP curve (node)

VPP’s bid for the energy market (positive and negative values indicate the amount
of buying from the energy market and selling to the energy market, respectively)
Binary values showing the state of participation of a DG

Binary values indicating the DG startup

Binary values indicating the DG shutdown

VPP-supplied load if the bid for spinning reserve and market for generation is not
called.

VPP-supplied load if the bid for spinning reserve and market for generation is
called.

VPP’s power loss if the spinning reserve for generation is not called.

VPP’s power loss if the spinning reserve for generation is called.

Load not-supplied for trading in the electricity market

DG generation for the electricity market

Total real power generation at the node (pathway)

Real power injection to node i

The charge/discharge amount of the electrochemical storage in kWh (negative
and positive values indicate the discharge and charge states, respectively)

Reactive power generated at node i

Total reactive power injected to node i

Load not-supplied to provide spinning reserve service
DG generation for market spinning reserve

VPP bid for market spinning reserve

Apparent power flow from node i to node j

Voltage amplitude vector

Voltage magnitude at node i
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0:(61: 62¢ -,0n,0) | Voltage angle vector
0;, Voltage angle at node i
AR, Establishment of a proper reserve by VPP
pmax Refers to the heating rate of transformer capacity connection or contractual
exch capacity for power exchange between VPP and the upstream network
LOAD, The total expected load of VPP,
MSR; Ability to increase DG reservation kW/min
MUT;, MDT; Limitation on the minimum time of operation and DG shutdown per hour
N, Number of VPP nodes.
Prti Upper limit for breaking on interruptible load
Pgit Real power demand at node i
Pyn, PRy Upper and lower limits on DG generation
St The installed capacity of the electrochemical storage in kWh
Qait Reactive power demand at node i.
Rygui Raga Limits of increasing and decreasing DG in kWh
Rstr—chis Rstr—dchii Maximum rate of charge and discharge of electrochemical storage in kW
s Capacity of the line between node i and node j
o7, Tf{ f The number of hours DG units were on/off in t hours
ymax ymin Maximum and minimum voltage magnitude at node i
PEt Price at energy market
PRt Price at spinning reserve market
PLt Retail energy rate of the VPP
Cag,it(Pag,it) The cost function of DG generation
Cintit(Peurtit) The consumer's fixed cost curve for interrupting its load
Cstr(Pgreir) Operating cost of electrochemical storage
SCagie, SHC4q: DG startup and shutdown costs
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Cryptocurrency mining requires high consumption power. In
recent years, because of the increase in the price of
cryptocurrencies and due to the cheap price of electricity in Iran,
mining Bitcoin and other cryptocurrencies has been very
profitable. Some miners are legally engaged in cryptocurrency
mining, but many miners do it illegally and without permission.
Since cryptocurrency mining is an operation that consumes a lot of
electricity, it is one of the reasons for the lack of electricity,
especially in the summer season, and it has caused power outages
and financial losses to various industries. In this paper, different
methods of detection of illegal mining are reviewed. In this
research, by collecting the small number of researches done in the
world, a comprehensive study of this issue has been tried. The
methods of identifying miners and related consumers are divided
into several different categories. Some of them are based-on data
mining and mostly to identify consumers who use the output of the
converter for the miner device. The second category is related to
people who illegally get their electricity from behind the meter or
unmetered branches, which are much more difficult to identify
than the first type. These methods will be mentioned more in this
article. Finally, some suggestions are provided for better
identification of these consumers. Furthermore, at the end of the
paper, some renewable and new sources of electrical power are
discussed for using as an electricity power for miners instead of
traditional fossil fuel and gas planes.

1. Introduction

More than a decade has passed since the introduce of digital currencies or

cryptocurrencies. Although this innovation has important advantages and capabilities,

some of them have also led to some challenges, the mostimportant of which is the increase

in electricity consumption, especially in low-price countries, where compared to the rest

of the world, the price of electricity for consumers is very low. Because of this reason,

cryptocurrency mining is very cost-effective. It requires a lot of power energy and it

increases electricity consumption in our country significantly. Therefore, it seems

necessary to conduct research in order to detect illegal miners. The first article related to
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Bitcoin was published in 2008 by the pseudonym Satoshi Nakamura [1]. In the past
decade, although cryptocurrency mining machines have made many improvements in
terms of power consumption, they still belong to the high-consumption systems.
Cryptocurrency mining imposes a lot of consumption on the power network |[2].
According to reports in 2013, every day one billion watt per hours of electricity is spent
for Bitcoin mining [3]. That is about the electricity consumption of 30,000 American
households. This year, the mining speed was around 60 tera hash per second. With the
advancement of technology, not only the hash speed is increased, but also the power
consumption of miners decreased drastically. However, by increasing the number of
miners, the problem of high-power consumption still remains.

According to research, about 0.55% of the world's electricity is consumed in the digital
currency industry [4]. According to statistics, about 5% of the total Bitcoin mining was
done in Iran in April 2021. Which more percentage of it is illegal. Miner detection is done
for two reasons. The first reason is to identify delinquent consumers in electricity
consumption, and the other reason is to identify the location of hidden miners that are
robbed. This article is more about the first goal. But the stated methods can also be used
for the second purpose. Identification of illegal consumers of cryptocurrency mining is a
type of anomaly detection in electricity consumption [5]. The conventional method of
identifying consumption anomalies is to compare the consumption of each user with his
consumption at similar times in the past [6]. Of course, this method cannot be used for
consumers who use unauthorized branches. Some articles |7] have presented methods
based on game theory, in which by placing a series of hardware in the distribution
network, it is possible to monitor and examine the amount of consumption in different
parts and identify significant changes in consumption.

Since this method requires special hardware, it cannot be used everywhere. Rahimi et
al. |8] presented a method based on statistics and with artificial intelligence tools, which
is based-on a smart network. In this method, sudden changes in consumption are detected
first, then users are divided by clustering and high consumption consumers are identified.
Some researchers identify mining farms by using the analysis of electricity current
characteristics such as current harmonics or identifying specific noises created by
cryptocurrency mining power supply devices [6]. This method is also not very effective
because there are various devices whose current harmonics or their produced noises are
similar to miners and actually make it very difficult to detect a miner. Some methods use
clustering to predict the amount of consumption in the next hour and identify any
excessive consumption [9]. It is presented in a method based on time series analysis [10],
in which the amount of monitor consumption and abnormal consumption is detected
using Internet of Things tools. It is presented in a method for detecting abnormality of
consumption, which has divided the data into three categories of consumption on working
days, holidays and abnormal consumption. After detection of unusual uses, they are again
divided into three categories, one of which is miners [11].

Data analysis through different protocols such as NetFlow and IPFIX and data mining
and statistical analysis is another way to identify miners [12,13]. An example of these
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supervised learning processes in machine learning is the method presented by some
papers |14]. In this method, the important discriminative features are extracted from the
data flow and the data flow classification operation is performed. In some articles [15],
they identify the communication flows between miners and mining pools by analyzing the
packets of the Internet network and according to the IP address and MAC address. In this
work, packets that have a series of special features and use protocols of miners are
detected as suspicious data for extraction. Then, by using the active method and
communication with the sender of these packets, it is possible to find out their connection
with the miners. Some researches have comprehensively analyzed Bitcoin mining
theoretically [3]. Some papers [16,17] have investigated various economic aspects of
cryptocurrency mining and analyzed it based-on game analyzing. A lot of research has
been done in connection with activities and unauthorized users of cryptocurrencies [18].
Some of these unauthorized activities are private-key theft, spam and malwares. Huang et
al. [19] have presented a comprehensive study of cryptocurrency mining malware. Some
researchers developed methods that associate the mining bot with its mining pool. In
addition, some methods have been able to estimate the number of infected devices
produced, identify the income and the duration of infection with mining malware [20].

In this paper, firstly, some important concepts of cryptocurrencies and their extraction
are explained. Then the common illegal methods of extracting cryptocurrencies are
reviewed. The methods of bypassing the identification of miners are also described
briefly, and in the main part, various methods for the detection of miners will be discussed.
At the end of the paper, some renewable energy sources are illustrated that are explored
for electricity production as a sustainable and eco-friendly alternative to traditional fossil
fuels [21].

2. Related Concepts

In this section, some contents related to cryptocurrencies and their mining are
explained.

2.1. Encryption and Hash

The main basis of cryptocurrencies is digital encryption. In general, cryptography is
divided into several different categories. Key-based encryption includes symmetric and
asymmetric encryption [22]. The difference between these two methods is in their key. In
symmetric methods, encryption and decryption operations use the same key. The
important feature of these methods is their very high speed, and these methods are used
for high volume data. An example of this method is MD5. The major disadvantage of these
methods is that if the key is leaked during transmission, the entire encrypted data will be
revealed. On the other hand, asymmetric methods include methods where the encryption
key is different from the decryption key. That is, we encrypt with one key (public key), but
the decryption is done with another key (private key). Naturally, in this type of method,
revealing the public key does not cause much problem, and the important thing is the
private key. Since in these methods, key transfer is not done like in symmetrical methods,
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the risk of key leakage is also eliminated. The most famous of these methods can be called
RSA and El-Jamal [22]. These methods are mostly used to transfer very important and
short data (such as data containing a symmetric encryption key)

There is another type of encryption that is not based on a key. Hashing is one of these
methods. In hash operation, the input data of any size (naturally, there are limits to the
data length) is entered into the algorithm and the encrypted data is output as a block with
a specific length [22]. This operation is not reversible. The output block is the same input
data that has been changed with operations such as shift, addition, division and logic.
These methods have high speed, but their most important disadvantage is collision.
Collision means that the algorithm takes two different data inputs, but a same output
block is produced for them. In fact, when the collision occurs, the algorithm will lose its
credibility. A famous example of these methods is SHA, which started with SHA-1 and now
SHA-256 is used as an encryption method in Bitcoin and many cryptocurrencies. In fact,
Bitcoin mining machines are always running SHA-256.

2.2. SHA-256

In encryption, data is converted into a secure format that cannot be read unless you
have the key. In encryption, data may be unbounded, but in hashing, data of arbitrary size
is converted to fixed-size data. In SHA-256 hash, a 512-bit data string is converted into a
256-bit string. In hash encryption, the hash data is encrypted in such a way that it is not
reversible. For this reason, it is almost impossible to convert the mentioned 256-bit hash
to its original 512-bit form. The Bitcoin encryption algorithm is SHA-256, which is an
extended version of SHA-1,2. What each miner executes billions of times per second is the
hashing algorithms and the speed of each miner is determined by the number of hashes
per second. SHA-2 is shown in the Figure 1. This algorithm is a combination of logical
relations of shift, inflectional combination (and), exclusive arc, exponentiation and
contradiction.

2.3. Transaction and Blockchain

A digital coin is a chain of digital signatures of previous owners. Anyone who sells it,
with a digital signature on the hash of previous transactions and the public key of the next
owner, it transfers it and adds this signature to the end of the chain of previous signatures.
In the Figure 2, person #1 hashes the public key of person 2 with the chain of previous
transactions and then digitally signs it and transfers it to person 2.
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Figurel. Hashing diagram of SHA-2.
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Figure2. Chain of blocks in a blockchain.

For person 2, during the digital signature, the previous chain must be confirmed, while
with the private key, he can access his coin and sell it. The problem is that the buyer cannot
understand whether the seller is selling for the first time or not. One solution is to have a
verification center that works with centralized reason and has all the problems of
centralized systems. In fact, by surveying the majority of nodes (miners), the buyer can be
informed that the seller will not sell the coin a second time. The solution is to use the time
constant as a distributed time server, whose job is to perform the time constant of each
block and hashing with the previous blocks. To implement a distributed time server, you
must use the work confirmation method. The hash starts with zero bits, the more the
number of zeros, the average processing tasks increases exponentially. The difficulty of
the work is determined based on the average output of the hash, when the speed
increases, the difficulty of the work increases.

2.4. Miners

The operation of confirming the transaction by the miners, which leads to a reward for
them, is called the mining operation. As mentioned before, miners perform hash
operations many times every second. Four generations of Bitcoin miners have been made,
and recently the fifth generation of them, which have more speed and less power
consumption, has been presented. Bitcoin mining has been done in five generations by
different hardware [3]. In the first generation of this hardware, the main processor i.e.,
CPU was used. The second generation of miners used graphics processors or GPUs. The
third generation of miners used FPGA for mining. ASIC circuits are used in the fourth and
fifth generation of cryptocurrency miners. The circuit of this type of miner is designed in
such a way that they only implement the hash algorithm and cannot be used in other
processing applications. Table 1 compares these different generations.

Table 1. Comparison of different generations of miners in terms of speed and power

consumption.
Miner Generation Hardware Speed (Hash) Power Consumption per GH/Sec
1 CPU 1to 5 MH/Sec 4000 W
2 GPU 0.33 GH/Sec 210W
3 FPGA 100 to 500 MH/Sec 50w
4 ASIC 10 to 30 TH/Sec 0.35W
5 ASIC 70to 112 TH/Sec 0.0295W
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3. Detection Methods of Mining

The most common illegal methods for mining can be divided into several types. Which are
mentioned below.

e Unauthorized branching of the meter

e Using a power distribution system without meter

e Abuse of manufactories with agricultural and industrial electricity

e Using power to extract currency instead of using it for licensed applications

e Branching from remote lines

e Crypto jacking: Using the processor of users when they work with popular sites

and software

The main discussion of this paper is to review the methods of miner detection. Here,
various methods of miner detection are discussed.

e Statistical processing of meter consumption

e Data mining and processing of meter parameters

e Consumption processing with anomaly detection methods

e Tracking the electricity leakage in a group of consumers

e Analysis of parameters of power distribution lines

e Tracking through the Internet addresses and profiles (Mac, IP, wallet)

e Analysis and tracking of data flows on the Internet

e Sound and heat tracking

e Antiviruses

In the following section, each of these methods is explained.
3.1. Statistical processing of meter consumption

Most of the ordinary consumers and people use the miner for the first time. They use
home branches and only one miner device. It is not difficult to identify these consumers
according to the changes in their consumption compared to the same period of the
previous year, and it is easy to identify the consumers who use meter branches to extract
cryptocurrency. The main problem of this method is that many illegal electricity
consumers use the branches that bypass the meter. Therefore, it is difficult to identify
them by statistical processing of meter [6]. Also, some other illegal consumers use
electricity to extract cryptocurrency instead of their authorized applications, such as in
industry or agriculture. Therefore, there is no significant statistical change in their
consumption. For example, they remove some parts of their production lines that are less
economical than mining and use miners on holidays.

3.2. Data mining and processing of meter parameters

In some paper [6] by using data mining and analysis of the parameters measured by
the meter, it is possible to trace electricity consumers with miners. This method, like the
previous method, is used to identify people who use meter branches to consume the
electricity of their miners. One of the limitations of this method is that the meter must be
intelligent in order to measure some different parameters of the distribution network. In
some of the few researches, the analysis and data mining of parameters of meter is
employed for miner detection [5]. For this purpose first, a repeating patterns are

Journal of Green Energy Research and Innovation 1(3) (2024) 96-109



A Survey of Different Methods for Miner Detection ... 102

identified, then learning operations are performed with the decision tree to distinguish
between miners and non-miners. In this method, firstly, according to the noticeable
changes in consumption compared to similar times, the relevant consumer is selected.
Then, by processing the parameters measured by the meter, the validity of the miner is
confirmed or rejected. Various parameters and characteristics are checked to detect
whether the consumer is a miner. For example in the article [5], parameters such as date
and time, Power, Cos(Fi), Cos(Fi) L1, L2, L3, Voltage L1, L2, .3 and Reactive Power is used
for detection. The main challenge of this method is related to the high false positive error
rate. It is because of the similarity of network parameters of miners and some other
devices such as water pumps or even electric heaters. Most of these devices are detected
instead of miners and the positive detection error increases.

3.3. Anomaly detection methods

Some methods used the abnormalities in consumption for miner detection.
Cryptocurrency miners are abnormal and they are distanced among other electricity
consumers. These consumers are tracked by data mining and anomaly detection
approaches [11].In this state, consumers are divided into three categories of consumption
on working days, holidays and unusual consumption based on consumption time. Then
the unusual consumers are again divided into three other categories, one of them is
miners. Some other methods [23] have been presented anomaly detection of consumption
based-on cloud processing, but they use only for detection of high-consumption
customers and not only cryptocurrency miners

3.4. Miner detection based-on reference points

One of the methods of detecting unusual consumers among a set of electricity
consumers is based-on batch monitoring |7]. In these methods, consumers are divided
into several groups, usually based on geographic location. Then, the main electricity
distribution line of that area is monitored with a reference meter, and the total
consumption of that area is stored in memory by the meter at certain time. The same work
is done by the smart meters of each consumer, at the certain time. For example, every
hour, the consumption value of the meter is stored. Then this information is read and
analyzed from the consumers' meters and the reference meter. Naturally, the
consumption value measured by the reference meter has a difference to summation of the
all consumption in the network. It is because of the loss energy in the network. If this
difference is greater than a certain limit, it means that there is an unauthorized branching
in that area without a meter. The most important challenge for this method is related to
all consumers. All of them must have a smart meter. In addition, the hours of the meters
must be accurate.

3.5. Analyzing the parameters of power

Some techniques, proposed methods for analyzing the parameters of power lines.
These methods are based-on the measurement of power harmonics in the power
distribution network [6]. These approaches often have a false positive error. It is because
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some high consumption devices have behavior similar to miners in the distribution
network. They increase the false positive error of miner detection. In addition, in a
distribution power network, most of these parameters are merged together and they do
not provide discriminative features. One of the important challenges of this method is the
need to have hardware measuring for all consumers to measure these parameters.

3.6. Detection based-on Internet addresses and profiles (Mac, IP, and wallet)

Most of the miners have to use a wallet or mining pool to store or sell their
cryptocurrencies. One of the traditional methods for miner detection is based-on the
tracking the address of wallets or mining pools in the Internet. Today this method usually
is not used. It is because miners use anti-tracking techniques. Some methods use traffic
control for detection. They monitor and control the packets that have the same keys. That
means, for example, the source and destination IP address, port, and protocol are the same
[24]. By monitoring the network, it is possible to identify active miners connected to the
pool by analyzing the address. In the flowing discussion of this part, each type of this
method is explained. (i.e., identification based on MAC address, IP address and wallet
address).

3.6.1. Miner Detection based-on MAC address

Mines, like any other device that connects to the Internet, have two identification
addresses, IP address and MAC address. Normally, MAC addresses are fixed and stored in
the ROM. Therefore, changing their address is difficult. One of the methods of miner
detection is based-on the MAC address. Recently, most ASIC devices have been used for
Bitcoin mining. However, GPU rigs are often used for Ethereum. Miners have a specific
MAC address range. It is easier to detect some second-hand miners than new ones.
Because they have been used before and many of their traces, including their MAC
address, have been recorded in some places such as mining pools. This is a traditional
method to track mostly mobile phones and their network standards. Because mobile
phone can connect to the network without router. It is hard to use this technique for miner
devices, because most miner devices are connected to the network with an intermediary,
such as a router, and it makes hard to track it by its address [15]. All in all, the use of
routers by users makes it difficult to identify a miner by MAC address. Most of the new
routers have a section called Mac clone, which it can be covered any desired MAC address
for the router, and this MAC address is visible in the WAN network and can filter. Besides,
there are other ways to bypass miner identification using a MAC address. One of these
methods is to use a VPN with a fixed server address.

3.6.2. Miner Detection based-on IP address

Each device used a temporary address to connect to the Internet. This address is called
[P for identification in the network. This address can be changed every time the device is
connected to the Internet. Since miner devices are permanently connected to the Internet,
this address usually remains constant, unlike most common devices, the IP address of the
device is fixed for a long time. Because the IP changes in a mining pool can disrupt the
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mining process [15]. There are different ways to prevent the miner detection by IP
address. To prevent the miner from being identified by the IP address, users usually use
VPNs with a fixed address or VPS. Miner usually cannot register VPN settings on itself. To
solve this problem, the purchased VPN must be set on a modem or router. Since the
stability of the Internet connection is very important in mining, it is more appropriate to
use a router because it allows the user to define two separate Internet connections for it.
If one of its accesses is interrupted or disturbed, the network automatically uses an
alternative Internet connection. If a large number of miners are used, a switch must be
used to connect all of them to the router.

3.6.3. Miner detection based-on wallet address

In the process of mining, the wallet address must be connected to the mining pool to
deposit currency to the wallet. The request the cash from the miming pools is done in
three ways: automatically based on a time period, reaches the value to a certain level, and
by a manual request of user. Therefore, connecting to the mining pool to pay or receive is
necessary and must be done through the connection. Internal users usually use an IP
address that does not belong to their countries and they usually use the Internet
connected to their mining rig by using a VPN with a fixed server address. If this is not
possible, they use VPN individually and then enter their panel in the mining pool.
Therefore, IP identification with this method, i.e., wallet, is very difficult. Another method
of detection that is related to wallet address is used in local digital exchanges. It is
intercepted and determined whether the input of digital currency is through mining. This
method can be bypassed. Users almost use an interface to transfer their currency of wallet
to local exchanges. Usually, users use an intermediary address such as the address of their
Trust wallet and first transfer the currency to this address and then deposit it to the local
exchange. Therefore, it makes more difficult to detect miner by wallet address |3].

3.7. Analyzing and tracking the data flows on the Internet

One method to miner detection is related to data processing and data streams in the
Internet. Different clustering and classification methods are usually used for this purpose.
Among the few comprehensive researches, it can be mentioned in the research article [15]
in which a very large amount of data streams are used in the Internet. An example of this
research was conducted in the Czech Republic. It is the most complete article ever
published in this field. In this article, among the 3.6 billion internet data streams, which
includes 27.8 billion packets and a volume of nearly 100 terabytes of data, a small number
of data have been selected. This selected data includes 16 million streams containing 117
million packets in 54 GB format. Therefore, in most cases, it is impossible to prepare and
process such a heavy volume of data. For this reason, we have to go to the information
that has been filtered and reduced.

3.8. Sound and heat detection

One of the basic methods of miner detection is the methods based-on sound and heat.
Cryptocurrency mining systems generate a lot of heat due to high power consumption and
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heavy processing. This heat can be detected with heat detection devices. Furthermore, to
cool the miners, ventilation and powerful cooling systems must be used, which produces
sound. They can be detected by sound detection. Nowadays most of the modern
cryptocurrency mining systems can mine by low noise of sound and with proper
ventilation systems. Therefore, this method often fails due to the presence of new mining
systems |3].

3.9. Antiviruses to detect malware

In some cases, illegal malwares attempt to extract currency by installing them on
computer systems without the permission of the user [25]. It is names as cryptojacking.
This challenge is different from the previous challenges and the problem of detection of
electricity consumers is not raised in it, but this method is in the form of malware
detection. It is the software added to the browser as an extension or intentionally placed
inside the website by the designer of that website and uses the processing power of users
illegally. This method is known as cryptographic attack or cryptojacking. The
corresponding malware code connects the mining bot to the mining pool. Comprehensive
research has been done on the malware associated with this type of illegal activity and the
number of infected devices has been estimated. The methods for estimating the income
and duration of infection with mining malware have also been stated [20].

These unauthorized activities can only be done for some sites that have many users
that they are active on the site for a long time. These malwares can be detected by
installing updated antiviruses. As it is mentioned before, some of them are not malware,
but the site designer put them on the site page to use the user's processor. An example of
this code is the CoinHiv Java library in web pages, which is used to mine Monero currency
by the processors of site users. Table 2 shows the summarization of all of miner detection
methods and their challenges that explained in this section.

Table 2. List of different methods for miner detection and their challenges.

Row | Reference Miner Detection Method Challenges
Statistical processing of meter Require a smart meter, cannot
1 [6] . :
consumption used for illegal branches
2 [5,6] Data mining and processing of meter Require smgrt meter, cannot used
’ parameters for illegal branches

3 [11,21] Anomaly detection methods Can be misleading by users

4 [7] detection based-on reference points Require smart meter for all users
5 [6] Analyzing the parameters of power Require measurement instrument,

have false positive problem

6 [15] Detection based-on MAC address Can be misleading by users

7 [15 Detection based-on IP address Can be misleading by users

8 [3] detection based-on wallet address Require processing and analyzing

huge data

9 [15] Analyzing and tracking the data flows on | Require processing and analyzing
the Internet huge data

10 [3] Sound and heat detection Can be bypassed easily by users

11 [20] Antiviruses to detect malwares It is used rarely
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4. Proposed and research results to reduce illegal miners

Here some proposed ways are introduced to decrease the unauthorized mining.

¢ Only low consumption miners and rigs should have a legal license

e Using a meter for all electricity consumers

e Using intelligent meters and reference points to calculate and detect
electricity leakage in each area

e Inform people in order to use low power miners

e Processing meter data in order to detect illegal miners

e Monitoring the digital currency exchanges and transfers of cryptocurrency to
these exchanges

e Cooperation with the telecommunications system in order to track the illegal

miners through the Internet

Using up-to-date antiviruses to detect mining malware

Using the new energies for mining

Amending electricity price and imposing heavy penalties on violators

Public information in order to detect offenders and use a public information

system

¢ Smart and continuous monitoring of industrial and agricultural electricity
consumers

e Setting up smart laboratories to identify miners

e Recognition of mining and servicing and support of authorized
cryptocurrency miners

e Establishing specific rules related to the mining, buying and selling of
cryptocurrency

e Block some sites that teach illegal mining

5. Conclusion and Suggestions

In this paper, an overview of different methods of detecting unauthorized
cryptocurrency mining was done. Also, some methods to bypass the detection and
tracking of miners were mentioned. Although most of these tracking methods can be
bypassed with different techniques, they work well in many cases and can detect miner
devices accurately. Most of the challenges of this part can be solved by coordinating the
government departments of countries. For example, with the cooperation of the
telecommunication company and the electricity distribution company, it is possible to
track unauthorized miners through the Internet. Some other proposed method for this
challenge is related to use smart meter especially for agricultural and industrial electricity
consumers. Also, all branches in each country must use the meter. Using private source of
power may help some of these challenges. In general, using the private company for
electricity production and new energies decreases most of the problems of this area.
Naturally, if the production and consumption of electricity are done by the non-
governmental sector at their expense, the field of better management will be provided,
and perhaps it will be profitable for the electricity producers to carry out the extraction
as well.
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The last suggestion for mining is related to using renewable and new source of
electricity power for mining of cryptocurrency. Using renewable sources of electricity
power to mine crypto such as Bitcoin and cryptocurrency has been investigated in several
studies. It has been found that using sustainable energy, such as hydropower or solar
photovoltaic systems, can be financially and economically superior to using conventional
fossil fuel systems [26]. Some studies have analyzed the feasibility of using renewable
energy sources to power individual miners, shipping containers holding multiple miners,
and commercial mining farm containers [27]. The profitability and return on investment
of using renewable energy for mining vary depending on factors such as geographic
location, solar flux, utility rates, and energy laws. While it may be negative in some
locations with low-cost electricity, it can be substantial in other locations, ranging from
34% to 104% in U.S. cities. Overall, some studies suggest that using renewable energy
sources for cryptocurrency mining can be financially viable and environmentally friendly
[28].
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